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ABSTRACT

A murine model of breast carcinoma, HTH-K, derived from a spontaneous tumour in a 
colony of BALB/c-«ew transgenic mice, was established as a transplantable tumour and 
cell line. HTH-K formed comedo-type, metastatic and highly angiogenic breast 
carcinomas. The model was further characterised in terms of its cellular infiltrate, cytokine 
network and the molecular basis for its angiogenic phenotype. HTH-K tumours shared 
several features with the equivalent human malignancy and were subsequently used to 
study anti-tumour effects of interleukin-12 (IL-12).

Treatment of HTH-K-bearing mice led to tumour regression and cure which was related 
to the duration of IL-12 treatment. Sequential molecular and phenotypic changes were 
studied in IL-12 treated tumours. IFN-y mRNA was detected 8 hours after the first 
treatment. mRNA expression for the IFN-y inducible genes p2-microglobulin and 
indoleamine dioxygenase was subsequently induced, together with the chemokine IP-10. 
IL-12 treated tumours had an abundant cellular infiltrate, mainly CD8+ T cells, showed a 
significant reduction in vasculature and had increased apoptotic tumour cells throughout 
treatment. The success of IL-12 may be due to its ability to produce a distinct sequence of 
molecular and phenotypic changes in tumours leading to an anti-tumour immune 
response, toxicity against tumour cells and an anti-angiogenic effect.

The anti-angiogenic effects of IL-12 were then studied in detail. VEGF and MMPs were 
implicated in the angiogenic process in HTH-K, and IL-12 downregulated local 
production of these proteins. A number of in vitro and in vivo experiments led to the 
conclusion that IL-12 acted in at least two ways: removal of the pro-angiogenic stimulus 
and blocking the release and activity of MMPs.

The results suggested that IL-12 might be usefully combined with agents such as the 
inhibitor MMP inhibitor Batimastat (BB-94). When given sequentially for short periods 
of time, the two agents produced httle toxicity and showed similar anti-tumour effects to 
those seen with prolonged IL-12 therapy. These results suggest that IL-12 may be used 
with other agents with reduced toxicity but maintenance of its anti-tumour effects.
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Chapter One Introduction

INTRODUCTION

Cytokines

Characterisation

Cytokines are small proteins or glycoproteins, produced by a variety of cell types, that 
deliver signals between cells (Balkwill, 1997). Most cytokines are secreted, although 
some may be membrane-bound and many are stored in the extracellular matrix. Cytokine 
family members include interleukins (ILs), interferons (IFNs), tumour necrosis factors 
(TNFs), pro-angiogenic factors, chemokines, colony stimulating factors (CSFs) and 
other growth factors. All these molecules act through specific cell surface receptors 
coupled to signal transduction and second messenger pathways (Callard and Gearing,
1994). Most cytokines are growth or differentiation factors and they also regulate the 
expression of other cytokines. Some activate leukocytes and coordinate leukocyte 
migration (Balkwill, 1998). Many cytokines exert a range of functions depending on their 
target cell, the abundance of other cytokines in the microenvironment and their own local 
concentration (reviewed in Balkwill, 1997). Cytokines are often multifunctional with 
many overlapping actions. Table 1.1 describes some of the actions of cytokines.

Cell proliferation 

Cell differentiation 

Cellular activation 

Cell growth inhibition 

Apoptosis 

Chemokinesis 

Celhcell adhesion 

Cell: matrix adhesion 

Induction of antiviral state

Table 1.1. Some of the actions of cytokines (adapted from Balkwill, 1997).
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Chapter One Introduction

Classification

Cytokines can be classified according to several criteria, for instance function, cellular 
origin or similarities in protein structure. An example of a classification based on cellular 
origin is the T helper lymphocyte cytokine profile. T helper (Th) lymphocytes can be 
divided into two subgroups according to the different cytokines they produce. Thl 
lymphocytes produce IFN-y and IL-2 and favour the establishment of cellular immune 
responses. Th2 lymphocytes produce IL-4, IL-6 and IL-10 and promote humoral 
immunity (Mosmann & Coffman, 1989). These cytokine groups are antagonistic, in that 
IFN-y inhibits the production of Th2 cytokines and IL-4 downregulates Thl cytokine 
production. Finally, some diseases characteristically show a Thl cytokine profile whereas 
other are typically Th2. For example, asthma is a Th2-associated disease (Robinson et al.,
1992), whilst autoimmune diseases are generally associated with Thl cells and cytokines 
(Adorini et al., 1996).

Whilst a classification relative to function can be useful, a classification based on 
structural similarities is generally favoured. Table 1.2 shows the main cytokine families, 
based on their structural homologies, and gives examples of specific family members.

Cytokine family Typical 3-D structure Members

Haematopoietins 4 a-helical bundles IL-2, IL-3, IL-4, IL-6, IL-7,

GM-CSF, IL-10, IFN-a, IFN-p,

IFN-y, M-CSF

Epidermal Growth p-sheet EGF, TGF-a
Factor
p-trefoil P-trefoil FGFa, FGFp, IL-la, IL-ip

TNF jelly roll motif TNF-a, TNF-p, LTp

Cysteine knot Cysteine knot NGF, TGF-pi, TGF-P2, TGF-

P3, PDGF, VEGF

Chemokines triple-stranded, anti parallel IL-8, MIP-la, MIP-ip, PF-4,

p-sheet in Greek key motif MCP-1, IP-10

Table 1 .2 . Cytokine families, according to structural differences and receptor types. 

Only some members are shown for each family (adapted from Callard and Gearing, 
1994). A list of the abbreviations used for all the cytokine names is shown in page 14.

18



Chapter One Introduction

Cytokine receptors

Most cytokine receptors are glycoproteins that form several superfamilies based on their 
structural and functional homologies (Callard and Gearing, 1994). The simplest form of 
cytokine receptor consists of a homodimer in which two receptor molecules bind a single 
molecule of the ligand. The G-CSF (granulocyte-colony stimulating factor) receptor is 
one such example (reviewed in Callard and Gearing, 1994). Cytokine receptors may also 
consist of different subunits, one of which binds the ligand and the other(s) of which 
transduce signals upon hgand binding. For example, the IL-2 receptor consists of three 
subunits (a, p and y chains) (Minami et a l, 1993). The TNF family of receptors is 
distinct from other cytokine receptors. TNF receptors bind several ligands, including 
TNF-a, TNF-p, Fas and CD40. Whilst the extracellular domain characteristically presents 
a cysteine-rich amino-acid motif, some TNF receptors have a cytoplasmic “death domain” 
motif, which is essential for transducing apoptotic signals (Naismith & Sprang, 1998). 
Chemokine receptors form another distinct family of cytokine receptors. They are all 
heptahelical rhodopsin-like receptors and often bind more than one ligand (Balkwill, 
1998).

Signalling pathways

Growth factors such as EGF and PDGF signal through receptors that have intrinsic 
tyrosine kinase activity. Signalling through the EGF and PDGF receptors results in 
activation of kinase cascades linking protein tyrosine kinases, PTKs, to serine/threonine 
kinase cascades that ultimately activate nuclear transcription factors (Hanks et al, 1988; 
Ullrich & Schlessinger, 1990). The receptors for other cytokines (such as the 
interleukins) have no catalytic activity and thus recmit additional molecules for signal 
transduction. Recmitment of these molecules leads to tyrosine phosphorylation and 
activation of a family of kinases called the Janus activated kinases (Jaks). Jaks promote 
tyrosine phosphorylation of a variety of proteins, including the Stats (signal transducers 
and activators of transcription). Once dimerised. Stats are recmited to the nucleus where 
they initiate transcription (reviewed in Schindler et al., 1996).
The range of cytokine effects is achieved because individual cytokines recruit different 
signalling molecules. For example, IL-10 activates two members of the Jak family, Jakl 
and Tyk2 whereas IL-12 activates Jak2 and Tyk2 (Ihle, 1996a). Further, although able to 
activate a number of Stat proteins, some cytokines signal preferentially through one 
member of the Stat family. For instance, IL-4 activates Stat 6 whereas IFNs a and -y 
stimulate the activation of Stat 1 for signalling (reviewed in Ihle, 1996b).
Cytokines exert a range of activities and thus use more than one signalling pathway. 
Moreover, the different signalling pathways can interact. Cytokines that stimulate cell 
proliferation generally signal through other signalling pathways, especially the Ras/MAP
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Chapter One Introduction

kinase pathway (Kamitz & Abraham, 1995), These include cytokines such as the IL-ls. 
Members of these cytokine families activate members of the MAP kinase familly called 
ERK, INK and p38, resulting in increased binding of the transcription factors AP I and 
NFkB to DNA (Treisman, 1996).

Cytokines in cancer therapy

Some properties of cytokines make them of interest in cancer research. As shown in Table 
1.1, cytokines play a role in a variety of cellular functions including cell proliferation, 
differentiation, cell survival/death and the regulation of cellxell and cellrmatrix 
interactions. Cytokines can also affect tumour vasculature, extracellular matrix synthesis, 
influence leukocyte infiltration, antigen expression and promote the establishment of anti
tumour immune responses (Burke & Balkwill, 1996). Cytokines may thus influence 
several aspects of tumour cell biology and eventually contribute to tumour regression.

Due to the complex set of interactions between members of the cytokine family and 
because their actions may have systemic effects on the tumour-bearing host, the effects of 
cytokine therapy have been evaluated in animal models (mostly murine) (Burke & 
Balkwill, 1996). Several cytokines have potential in cancer therapy, with the most 
experimental animal model data being available for TNF-a, the IFNs, IL-2 and IL-12. Of 
these cytokines, IL-12 has produced the most promising results in animal models to date.

In humans, cytokine therapies have not fulfilled the predictions of preclinical studies in 
animal models. To date, the major clinical successes are for IFN-a therapy in 
haematological malignancies and high risk melanoma (Burke & Balkwill, 1996). The 
reasons for this apparent failure of cytokine therapies are diverse, including an optimistic 
interpretation of animal model data and, because of a perturbation of the cytokine 
network, severe side effects and toxicity (Burke & Balkwill, 1996).

Endogenous cytokines in tumours

Conversely, endogenous cytokine production by tumour cells may play a role in tumour 
pathology and influence the tumour response to treatment with exogenous cytokines or 
other conventional therapies. Tumour cells produce cytokines that may contribute to the 
immunosupressive features of the tumour microenvironment and also provide growth 
factors for the tumour (Chouaib et a l, 1997). TGF-p, for instance, is a potent inhibitor of 
T cell growth, induces T cell anergy and inhibits antigen presentation (Letterio & Roberts, 
1998). These activities of TGF-[3 may favour tumour growth in vivo (Wojtowicz-Praga,
1997). Other cytokines produced by tumour cells that may contribute to tumour growth.
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Chapter One Introduction

angiogenesis and formation of metastasis, include TNF-a and the chemokine MCP-1 
(monocyte chemoattractant protein-1). TNF-a expression was detected in ovarian cancer 
biopsies, locahzed to epithehal cells and infiltrating macrophages, and correlated with 
tumour grade (Naylor et al, 1993). MCP-1 expression was also detected in ovarian cancer 
biopsies and correlated with the phenotype and profile of the immune cell infiltrate (Negus 
e ta l,  1997). This is of importance because there is evidence to suggest that the cellular 
infiltrate may be the source of pro-angiogenic growth factors (Sunderkotter et a l, 1994).

As mentioned above, IL-12 showed the most promising anti-tumour effects in animal 
models. The work presented in this thesis focused on the mechanisms involved in the 
anti-tumour effects of this cytokine using a murine model of breast cancer. The following 
sections of this chapter describe in detail the biology of IL-12.

Interleukin-12

Characterisation

The cytokine IL-12 was independently discovered by three different groups as T cell 
stimulatory factor, TSF (Germann et a l, 1987), NK cell stimulatory factor, NKSF 
(Kobayashi et at., 1989) and cytotoxic lymphocyte maturation factor, CLMF (Gately et 
at., 1986). In 1989 these were all found to be the same cytokine (Kobayashi et a l, 1989).

Structure and relationship to other cytokines

IL-12 is a disulfide-linked heterodimeric cytokine. It is composed of two subunits, of 
35kDa (p35) and 40 kDa (p40), encoded by unrelated genes (Gately et al., 1998). The 
p35 subunit of human IL-12 consists of 197 amino acids, possesses seven cysteine 
residues and three potential N-linked glycosylation sites, whereas the p40 subunit 
consists of 306 amino acids containing 10 cysteine residues and four potential N-linked 
glycosylation sites (Dwyer, 1996). The amino acid sequence of the p35 subunit shows 
homology to other cytokines such as IL-6 and G-CSF (Gately et al., 1998) whereas the 
p40 subunit is related to the IL-6 receptor and the T cell surface antigen CD4 (Dwyer, 
1996).

Mouse IL-12 is fully active on human cells but human IL-12 does not act on mouse cells 
(Gately et al., 1996). The amino acid sequence of the mouse p40 subunit is 70% identical
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Chapter One Introduction

to human IL-12 p40, whereas the p35 mouse subunit is 60% identical to the human IL-12 
p35 (Gately et a l, 1996).

IL-12 is biologically active as the p35/p40 heterodimer (Gubler et a l,  1991). A large 
excess (5- to 500-fold) of free p40 chain is secreted by transformed B cell lines and 
normal monocytes (D'Andrea et a l, 1992). It has been suggested that the p40 subunit 
may work as a physiological antagonist of IL-12 (Gillessen et al, 1995; Ling et a l,
1995). In addition, p40 subunits can form homodimers that bind to the IL-12 receptor 
(Ling et a l,  1995), increase the differentiation of CD8+ Thl cells in vitro and decrease 
CD4+T cell function in vitro and in vivo (Piccotti et a l, 1997).

Cellular sources of IL-12

IL-12 is produced primarily by monocytes/macrophages (D'Andrea et a l, 1992), but also 
by dendritic cells (MacAtonia et a l, 1995), Langerhans cells (Kang et a l, 1996), 
kératinocytes (Schwarz, 1996), microglia (Suzumura et a l, 1998) and transformed B 
cells (Trinchieri, 1995).

Different celbcell interactions affect IL-12 production by monocytes/macrophages. 
Interaction between CD40 ligand on T cells and its monocyte receptor stimulates 
monocytic IL-12 production (Shu et a l, 1995). CD40 ligand also stimulates macrophages 
to produce IL-12 mRNA and protein but the accumulation of p35 mRNA in these cells is 
regulated by a different mechanism (Kato et a l, 1996).

Stimuli for IL-12 production

Regulation o f IL-12 production by other cytokines

Several cytokines such as IL-10, TGF-p, IL-4 and IL-13 downregulate IL-12 production 
(D’Andrea et al, 1993; Skeen et a l, 1996). TGF-p not only inhibits IL-12 production but 
also impairs the ability of T and NK cells to respond to IL-12 (Pardoux et a l,  1997). The 
action of IL-4 and IL-13 is more complex in that these cytokines can both stimulate or 
inhibit IL-12 production. When present during antigenic stimulation, both IL-4 and IL-13 
inhibit the production of IL-12 by macrophages (Skeen e ta l,  1996) and peripheral blood 
mononuclear cells (PBMC) (D'Andrea et a l, 1995). However, if IL-4 and IL-13 are 
present before stimulation, they prime macrophages and PBMC to increase IL-12 
production (D'Andrea et a l, 1995).
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Chapter One Introduction

Other cytokines stimulate IL-12 production by dendritic cells and phagocytes. IFN-y 
induces IL-12 mRNA expression in a murine macrophage cell line (Yoshida et al., 1994) 
whereas TNF-a synergises with prostaglandin E2 (PGE2) in the activation of dendritic 
cells and, consequently, increase IL-12 production (Rieser etal., 1997).
Finally, although EL-12 production is downregulated by IL-10, EL-12 induces IL-10 
(Gerosa et a l, 1996) suggesting the existence of a feed back loop regulating the action of 
these two cytokines.

Microorganisms that affect IL-12 production

Bacteria, vimses and parasites such as E^ishmania spp. or Trypanosoma gondii regulate 
IL-12 production (reviewed in Gately & Mulqueen, 1996). In most cases infection with a 
microorganism stimulates IL-12 release from antigen presenting cells such as dendritic 
cells or macrophages (for an up-to-date review, see Romani et al., 1997). One exception 
to this is in HIV infection, where IL-12 production by PBMC from HIV patients is 
reduced compared to healthy controls (Chehimi et al., 1994).

IL-12 receptors

EL-12 receptors are mainly found on activated T and natural killer (NK) cells (Desai et al, 
1992; Chizzonite et al., 1992). Their expression is regulated by a number of cytokines 
such as IFNs o/y and by EL-12 itself (Gately et al., 1998). There is evidence for one high 
affinity (Kd=5-20pM) and one low affinity (Kd=2-6 nM) IL-12 binding site, and a third 
medium-affmity site has also been described (Gately et al., 1998). The cDNAs for the 
high affinity and the low affinity IL-12 receptor subunits were cloned and designated IL- 
12 receptor pi subunit (Chua et al., 1994) and IL-12 receptor p2 subunit (Presky et al.,
1996). These occur as dimers/oligomers on the cell surface and co-expression of both 
receptor subunits is necessary for the generation of human high affinity IL-12-binding 
sites (Presky etal., 1998). The p2 subunit of the IL-12 receptor is stmcturally related to 
gpl30, the signal transducing component of the EL-6 receptor (Gately et al., 1998).

The contribution of the two receptor subunits to high-affinity binding and IL-12 signalling 
is different in mice and humans (Presky et al., 1998). In the mouse, the pi subunit 
mediates high-affinity binding, whereas the p2 subunit is responsible for signal 
transduction (reviewed in Gately et al., 1998). In contrast, in humans both subunits 
contribute to EL-12 binding, but the p2 subunit is responsible for signalling (Gately et al.,
1998). These differences in the IL-12 binding affinities between mice and humans may 
explain the discrepancy found in EL-12 binding to B cells (Gately et al., 1998); it was 
suggested that B lymphocytes may express only the pi subunit of the IL-12 receptor
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which would explain why murine EL-12 binds to mouse B cells with greater affinity than 
that found for humans (Gately et al., 1998).

The expression of the p2 subunit of the EL-12 receptor has recently been described as a 
possible differentiation marker in Thl cells (Rogge et al., 1997) and see below, in 
Induction o f cytokines by IL-12).

Signalling pathways

Binding of Kv-12 to its receptor results in phosphorylation of two members of the Jak 
family of kinases, Jak2 and Tyk2 (Bacon et a l, 1995). These in turn induce tyrosine 
phosphorylation of Stat 3 and Stat 4 in T cells (Jacobson et a l, 1995). A current 
hypothesis is that upon IL-12 stimulation dimerised Stat 4 migrates into the nucleus, 
binds specific DNA sequences that are similar to the IFN-y activated site (GAS)-like 
sequence (Yamamoto et al., 1997) and ultimately stimulates the transcription of several 
genes, some of which may be cell-specific. Further, similar to other cytokines that 
stimulate cell proliferation, IL-12 signalling results in increased kinase activity of tyrosine 
phosphorylated proteins, namely two isoforms of the MAP kinase family (Pignata et al., 
1994). A model of IL-12 signalling is shown in Figure 1.1.

Following these initial observations, Stat 4 -/- mice were generated by two independent 
groups (Kaplan et al., 1996), (Thierfelder et al., 1996). These mice are viable and have 
no detectable defects in haematopoiesis. However, lymphocytes from these mice have 
severely impaired IFN-y production, cellular proliferation and Thl differentiation in 
response to IL-12. These results indicate an essential role for Stat 4 in EL-12 signalling.
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Fig 1.1. Model of the IL-12 signal transduction pathway, based on current experimental 

evidence. Please see text for details.

Effects of IL-12 on T and NK cell proliferation

IL-12 has immunomodulatory effects on T and NK cells. Initial studies showed that IL- 

12 induced the proliferation of activated CD4-t- and CDS-t- lymphocytes (Gately et a i,
1991). However, in contrast with other cytokines with similar activities, such as EL-2 or 

IL-7, IL-12 does not stimulate the proliferation of resting T cells (reviewed in Hendrzak 

& Brunda, 1995).

Different co-stimuli such as B7/CD28 and IL-2 synergise with IL-12 to increase human 

and murine T cell proliferation (Hendrzak & Brunda, 1995). Despite synergizing with EL- 

2 in inducing T cell proliferation, IL-12 inhibits high-dose IL-2-induced proliferation of 

CD84- T cells (Hendrzak & Brunda, 1995) and TCR-yô-i- lymphoblasts (Perussia et al.,
1992).
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Besides its effects on T cells, IL-12 stimulates the proliferation of NK cells in vitro, but 
its effects are relatively weak compared to IL-2 or IL-7 (Naume et al., 1993). IL-12 
synergises with IL-4 in increasing NK cell proliferation (Hendrzak & Brunda, 1995).

Effects of IL-12 on T and NK cell cytotoxicity

IL-12 stimulates the cytolytic activity of T and NK cells and increased NK cell activity is 
detected in the spleen, liver, lungs and peritoneal cavity of mice treated with murine IL-12 
(Hendrzak & Brunda, 1995). IL-12 synergizes with IL-2 to induce cytoxicity and 
increase gene expression of the cytolytic components perforin/granzyme in human NK 
cells (DeBlaker Hohe et al., 1995). Nevertheless, compared to other cytokines such as 
IL-2 or IL-7, IL-12 has relatively modest effects on NK cell lytic activity (Naume et a l,
1993).

IL-12 augments the cytotoxicity of human CD8+ T cells and tumour infiltrating 
lymphocytes (TIL) (Hendrzak & Brunda, 1995) and references therein) and upregulates 
perforin and granzyme gene expression in peripheral blood leukocytes (PBL) and T cell 
lines (Cesano e ta l, 1993). Similar to its effects on T cell proliferation, IL-12 synergises 
with IL-2 in inducing T cell cytotoxicity,but inhibits high-dose IL-2-induced CTL activity 
(Hendrzak & Brunda, 1995). Despite exerting mainly stimulating effects on T and NK 
cells, IL-12 on its own or in combination with IL-2, induces NK cell apoptosis after a 
period of cellular activation (Ross & Caligiuri, 1997).

IL-12 also induces the up-regulation of cell-surface molecules in NK and T cells, namely 
CD69, CD 18 and receptors for IL-2 ,TNF, IL-4 and IL-12 (Hendrzak & Brunda, 1995) 
and references therein).

Induction of cytokines by IL-12

IL-12 plays a central role in directing the development of Thl-type immune responses 
(O'Garra, 1998; Trinchieri, 1998). It regulates the proliferation of Thl but not ThO or 
Th2 T cell clones (Kennedy et al, 1994) and stimulates IFN-y production by PBL, T and 
NK cells (Chan etal, 1992; Naume et al, 1993; reviewed in O'Garra, 1998). The ability 
to induce IFN-y is one of the main features of IL-12. Further, it synergises with several 
factors such as IL-lj3 (Hunter e ta l, 1995), IL-2 (Chan et a l, 1992), IL-15 (Hendrzak & 
Brunda, 1995) IFN-y-inducing factor (IL-18) (Okamura et a l, 1998) and B7/CD28 
(Kubin et a l, 1994) to increase IFN-y production. In mouse T cell clones, IFN-y and, to 
a less extent, IFN-a, are involved in the IL-12-induced differentiation of Thl cells and 
subsequent IFN-y production (Wenner et a l,  1996). In human T cells, however, IFN-a 
is more potent than IFN-y in inducing IL-12 responsiveness and Thl differentiation
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(Rogge et al., 1997). Besides stimulating IFN-y production, IL-12 induces other 
cytokines like GM-CSF, IL-8 and, to a lesser extent, TNF-a and IL-2 (Hendrzak & 
Brunda, 1995).
IL-12 inhibits the production of Th2 cytokines such as IL-4 by CD4+ (Manetti et a l,
1993) and CD8+ (Croft et at., 1994) T cells. Moreover, IL-12 can reverse established 
Th2 cytokine responses and a transient induction of IFN-y is seen in established Th2 
clones after IL-12 stimulation (Manetti et a l, 1994). Other reports have suggested that 
commited Th2 cells no longer respond to IL-12 stimulation due to a defect in IL-12 
signalling (Hilkens et al, 1996; Szabo et a l, 1997). Further, in the presence of low 
amounts of IL-4, the development of Th2 cells may actually be enhanced by IL-12 
(Schmitt et a l, 1994) and IL-12 can increase the production of IL-4 by ThO and Th2 cell 
clones (Jeannin et a l, 1996). Moreover, human CD4^ and CD8'" T cell clones secrete both 
IFN-y and IL-10 in response to IL-12 (Gerosa et a l, 1996).

The ability of IL-12 to induce IFN-y varies between different mouse strains (reviewed in 
Hendrzak & Brunda, 1995). Euthymie mice, for example, have lower IFN-y serum levels 
in response to IL-12 when compared to Nude (athymic) mice. Further, in Balb/c but not 
in C57BL/6 mice, IL -la and TNF-a are required for IL-12-induced IFN-y production 
and development of Thl cells (Shibuya e ta l, 1998).

Effects of IL-12 on humoral immunity

The notion that IL-12 promotes cellular immunity is widely accepted. Its action on 
humoral immunity, however, remains controversial. Some studies have shown that IL-12 
selectively inhibits the production of certain IgG subtypes, particularly those associated 
with a Th2-type response, such as IgGl and IgE (Gracie & Bradley, 1996; Morris et al,
1994). This effect is IFN-y dependent. Other reports show that IL-12 enhances the 
production of most IgG subtypes (Metzger et a l,  1996). The initial isotype switch 
(favouring Thl-type subtypes of Ig) is IFN-y-dependent but the subsequent antibody 
production may be mediated by direct binding of IL-12 to activated B cells (Metzger et al,
1997). This increase in antibody production in response to IL-12 may explain its action as 
a vaccine adjuvant (see below).

Effects of IL-12 on haematopoiesis

IL-12, on its own or in synergy with a number of other haematopoietic growth factors, 
stimulates growth and differentiation of haematopoietic cells in vitro (reviewed in (Bennett 
& Perussia, 1996). IL-12 synergises with IL-3 increasing the formation of haematopoietic 
precursors of the erythrocytic and monocytic lineages (Fardounjoalland et a l,  1995). It
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also synergises with IL-4 and stem cell factor increasing murine erythropoiesis (Dybedal 
et al., 1995) and in combination with the haematopoietic growth factor Flt-3-Ligand 
promotes haematopoietic stem cell proliferation (Jacobsen et al., 1995).
Despite its effects in stimulating haematopoiesis in vitro, administration of IL-12 to mice 
causes anaemia, neutropenia and decreased haematopoiesis (see below, in Toxicity). 
These effects of IL-12 on haematopoiesis in vivo are mediated by IFN-y. Administration 
of IL-12 to IFN-y -/- mice does not induce anaemia and does not decrease haematopoiesis 
(Quesniaux & Ryffel, 1996).

The role of IL-12 in disease: endogenous IL-12

Endogenous IL-12 in infectious diseases

As mentioned above, several pathogens stimulate IL-12 production. The induction of IL- 
12 may determine the nature of a subsequent adaptive immune response to the infection, 
favouring Thl cell-mediated responses.

Experimental Leishmania major infection in mice represents a good example of a disease 
where Thl cytokines are associated with resistance whereas Th2 cytokines increase 
susceptibility to the infection (Romani et al., 1997). Endogenous IL-12 is required for 
controling Th2 cytokine production during L. major infection of both resistant and 
susceptible mice. However, in mice infected with L. donovani, studies using antibodies 
against IL-12 have shown that endogenous IL-12 controls liver parasite load in 
susceptible Balb/c but not in resistant CBA/n mice (Engwerda et al., 1998). Other studies 
where endogenous IL-12 plays a role in the establishment of a protective immune 
response include murine models of Mycobacterium tuberculosis, M. avium, 
Cryptosporidium parvum (Romani et al., 1997), Toxoplasma gondii and Trypanosoma 
cruzi (Gazzinelli, 1996) infection.

There is some controversy on the role of endogenous IL-12 in viral infections. In 
experimental infections of immunocompetent mice with lymphocytic choriomeningitis 
virus (LCMV), IL-12 neutralisation does not affect viral replication and T-cell responses 
(Orange & Biron, 1996). Further, IL-12 -/- (knock-out) mice effectively control liver 
damage induced by mouse hepatitis virus (MHV) (Schijns et al., 1998). IL-12 deficient 
animals produce a polarized Thl-type response in response to infection, with high levels 
of IFN-y and normal virus-specific IgG2a/IgGl ratios, suggesting that endogenous IL-12 
is not required for anti-viral defense (Schijns et al., 1998). In contrast, in murine 
cytomegalovirus (MCMV)-infected mice, neutralization of endogenous IL-12 increases
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susceptibility to the infection and abrogates NK cell-dependent IFN-y production (Orange 
& Biron, 1996).

A role for endogenous IL-12 in human infectious diseases has also been investigated. For 
instance, in tuberculosis and, to a less extent, leprosy patients the expression and 
production of IL-12 is higher than in healthy subjects (reviewed in Romani et al., 1997). 
Further, anti-IL-12 antibodies inhibited the T-cell proliferative response to M. leprae, 
domonstrating an important role for IL-12 in the generation of cell-mediated immunity to 
mycobacterial infections (Romani et al., 1997). In contrast, HIV patients have impaired 
IL-12 production compared with healthy controls (Romani et al., 1997).

A recent study demonstrated for the first time an essential role for IL-12 in resistance to 
intracellular bacterial infections. This study shows that IL-12 receptor-deficient 
individuals have increased susceptibility to mycobacteria and salmonella infections (Jong 

etal., 1998).

Endogenous IL-12 in autoimmune disease

Studies in murine models of collagen-induced arthritis (Matthys et al., 1998), Insulin- 
dependent Diabetes Mellitus (IDDM) (Rabinovitch et al., 1996), experimental allergic 
encephalomyelitis (Leonard e ta l,  1995) and experimental autoimmune uveitis (Tarrant et 
al., 1998) have suggested that IL-12 may contribute to the development and pathology of 
autoimmune diseases. Also, administration of IL-12 antagonists [the (p40)2 homodimer, 
see above] inhibits the differentiation of Thl cells and the development of IDDM in non 
obese diabetic (NOD) mice (Trembleau et al., 1995b).

Endogenous IL-12 also plays a role in human autoimmune diseases. For example, 
multiple sclerosis (MS) patients have increased production of IL-12 from activated T 
cells. The increase in IL-12 production and the subsequent induction of IFN-y may 
contribute to disease pathogenesis and progression (Balashov et al., 1997). In contrast, 
IL-12 expression is impaired in patients with lupus erythematosus (Liu & Jones, 1998). 
These patients have increased levels of IL-10, which may be responsible for inhibiting IL- 
12 production (see above). It is unclear what role IL-12 plays in the pathology of this 
disease.

Endogenous IL-12 in tumours

A role for endogenous IL-12 in tumours was first demonstrated in mice bearing the AK-5 
histiocytic tumour (Hegde et al., 1995). Spontaneous regression of AK-5 tumours
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correlated with increased serum EL-12 levels and enhanced NK cell cytotoxicity (Hegde et 
al., 1995). Endogenous IL-12 was also necessary for the spontaneous rejection of P815 
mastocytomas in DBA/2 mice (Fallarino e ta l, 1996). In this model, neutralisation of IL- 
12 in vivo prevented tumour regression and eliminated the production of IFN-y (Fallarino 
etal., 1996).

Endogenous IL-12 may contribute to tumour regression, but it remains unclear whether 
levels of IL-12 indicate a good clinical outcome in cancer patients. In ovarian cancer IL-12 
ascitic-fluid levels correlate with disease progression (Zeimet et al., 1998), whereas in 
metastatic renal cell cancer patients (Lissoni et a l, 1998) serum levels of IL-12 indicate a 
favourable prognosis.

IL-12 therapy of infectious diseases

In mouse models of infectious diseases, IL-12 administration results in protection from 
the pathogen and in many cases cures infected mice. For example, exogenous IL-12 
protects mice against Salmonella spp, MCMV, Histoplasma capsulatum and Leishmania 
spp infections reviewed in (Gazzinelli, 1996; Romani et al., 1997). The actions of IL-12 
involve in many cases the co-operation with other cytokines, such as IFN-y, TNF-a and 
IL-lp (Romani etal., 1997).

IL-12 therapy may, however, contribute to a poor disease outcome. In HIV infection, for 
example, IL-12 protects CD4+T cells against apoptosis, restores NK cell activity and 
restores IFN-y production in response to antigen. However, it may also enhance HIV 
replication in host cells (see (Gazzinelli, 1996) and references therein).

IL-12 therapy of autoimmune diseases

In autoimmune diseases characterised by a predominant Thl cytokine profile, the ability 
of IL-12 to induce the production of Thl cytokines and promote cell-mediated immunity 
may contribute to disease pathology and progression (Trembleau et al., 1995a). IL-12 
induces a rapid onset of IDDM in genetically susceptible NOD mice (Adorini et al.,
1996). This correlates with an increase in the production of Thl cytokines by islet- 
infiltrating CD4+ and CD8+ T cells and the selective destmction of islet p cells (Adorini et 
al., 1996). However, this effect of IL-12 depends on the schedule of administration of the 
cytokine. Weekly injections of IL-12 prevent the onset of IDDM in female NOD mice 
whereas daily injections exacerbate the disease (O'Hara et al., 1996). Administration of 
IL-12 with type II collagen induces severe arthritis in DBA/1 mice (Germann et ah,
1995). This effect depends on the induction of IFN-y by collagen-specific CD4+ T cells
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(Germann etal,, 1995). Confirming these results, administration of anti-IL-12 antibodies 
prevent the development and progression of collagen-induced arthritis in both wild-type 
and IFN-y -/- mice (Matthys et a l, 1998).

IL-12 therapy in models of asthma

A potential clinical role for IL-12 in asthma was first described in animal models of the 
disease. IL-12p40 -/- mice have increased eosinophilic airway inflammation and enhanced 
serum levels of IL-4 and TNF-a compared to wild type mice (Gately et a l,  1998); the 
excess eosinophilic accumulation can be inhibited by an anti-IL-4 antibody. These results 
suggest that IL-12 may regulate the cytokine profile in asthma, promoting Thl cytokines 
and inhibiting the production of Th2 cytokines such as IL-4. Further, in a nonhuman 
primate model of chronic asthma, IL-12 administration inhibited both allergen-induced 
airway hyperreactivity (AHR) and eosinophil accumulation in the lungs (Gately et at., 
1998) and references therein).

Further, IL-12 expression is downregulated in bronchial biopsies from asthmatic patients 
(reviewed in Gately et at., 1998); and production of IL-12 from whole blood cultures is 
reduced in patients with allergic asthma compared to healthy controls (Gately et a l, 
1998).

IL-12 as a vaccine adjuvant in infectious diseases

Because of its immunomodulatory properties, the use of IL-12 as a vaccine adjuvant has 
been evaluated in infectious disease models. In these studies the aim is to achieve long- 
lasting cell-mediated immunity, overcome the problem of immunological tolerance and 
reverse a pre-existing Th2 response (Bliss et al., 1996a). Examples of murine models in 
which IL-12 works as a vaccine adjuvant include immunization with particulate or soluble 
listerial preparations (Miller et a l, 1998), immunization against L. major (Scott et al.,
1996); vaccination with attenuated cercariae of Schistosoma mansoni (Wynn et al., 1996), 
immunization with both MHC class I and Il-restricted peptides in a model of influenza 
virus infection (O'Toole et al., 1996) and immunization with HIV-1 vaccine constructs 
(Ahlers et al., 1997). In all these studies IL-12 promotes a Thl cell-mediated responses.

However, in a murine model of immunization with a soluble antigen, IL-12 promotes a 
Thl response but does not supress, and may actually support, a Th2 recall response 
(Bliss et al., 1996b). Splenocytes from IL-12-treated mice express both IL-4 and IFN-y 
during the primary response. The Thl promoting activity of IL-12 is dose-dependent, but 
escalating doses cannot abrogate the Th2 recall response (Bliss et al., 1996a). Moreover, 
IL-12 administration to mice sensitised to a respiratory syncytial virus antigen reduced
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vaccine-associated lung eosinophilia, reverted Th2 cytokine production, but did not 
eliminate and sometimes increased the disease (Openshaw & Hussell, 1998).

Anti-tumour effects of IL-12 as an adjuvant

The role of IL-12 as an adjuvant has been studied in the context of tumour 
immunotherapy. In poorly immunogenic murine tumours retroviral transfection of tumour 
cells with an IL-12-B7-1 construct reduces tumour growth (Zitvogel et al., 1996) and in 
mammary adenocarcinoma-bearing mice, injection of an adenoviral vector encoding both 
IL-12 and B7-1 mediates tumour regression and confers resistance to rechallenge by the 
same tumour (Putzer et at., 1997). Further, IL-12 potentiates the curative effect of a 
vaccine based on IL-2 transduced tumour cells (Vagliani et a l, 1996).

Adjuvant effects of IL-12 have been reported in studies involving adoptive transfer of 
human NK cells into SCID mice bearing acute myelogenous leukemia (Cesano et a l,
1994) and melanoma (Hill et al., 1994). In the leukemia model IL-12 administration 
increases NK cell survival producing more potent anti-tumour effects, whilst in the 
melanoma model IL-12 synergises with IL-2 increasing NK cell anti-tumour activity.

IL-12 therapy of cancer

Comparison to other cytokines

Since its discovery and characterization as a potent immunomodulatory molecule, the anti
tumour action of IL-12 has been studied in detail. IL-12 was the most promising cytokine 
in pre-clinical studies and was more effective than IL-2 or IFN-a in melanoma and lung 
carcinoma models (reviewed in Hendrzak & Brunda, 1995). Further, IL-12 had anti
tumour activity over a broader range of doses than IL-2 in murine renal cell carcinoma.

The anti-tumour action of IL-12 in experimental cancer

The anti-tumour effects of IL-12 were first reported in murine models of melanoma, renal 
cell carcinoma (RENCA) and reticulum cell sarcoma (Brunda et al., 1993). Systemic IL- 
12 administration prolonged survival of tumour-bearing mice and reduced the incidence of 
metastasis in all three models. Further, IL-12 administration led to the complete 
regression of established tumours in RENCA-bearing mice (Brunda et al., 1993). These 
and other murine models in which the anti-tumour effects of IL-12 have been studied are 
shown in Table 1.3.
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Tumour model Reference

Melanoma (Brunda et al., 1993)

Reticulum cell sarcoma (Brunda er a/., 1993)

Renal cell carcinoma (RENCA) (Tannenbaum et al., 1996),

(Brunda gf a/., 1993)

MC-38 colon adenocarcinoma (Nastala et a l, 1994)

MCA-105 and MCA-207 sarcomas (Nastala et al., 1994)

OV-HM ovarian carcinoma (Mu etal., 1995)

CSAIM fibrosarcoma (Zou etal., 1995)

C26 colon adenocarcinoma (Tannenbaum et al., 1996)

MB49.1 bladder carcinoma (Hunter gf a/., 1997)

H5V hemangiosarcoma (Vizier er a/., 1998)

Table 1.3. Some of the murine models in which the anti-tumour effects of IL-12 have 
been studied (for a detailed review, see (Brunda et al., 1996a) and references therein).

In all the studies mentioned above treatment of established tumours with IL-12 could be 
delayed, allowing the tumour to grow for longer, but the anti-tumour effects of systemic 
IL-12 were maintained and mice were resistant to a subsequent rechallenge with the same 
tumour.

The anti-metastatic ejfects of IL-12 in experimental cancer

IL-12 inhibits the formation of metastasis and prolongs survival of mice bearing the B 16 
melanoma (Brunda et al., 1993), M5076 reticulum-cell sarcoma (Brunda et al., 1993), 
MC-38 adenocarcinoma (Nastala et al., 1994), C51 colon carcinoma (Rodolfo et al.,
1996), OV-HM ovarian carcinoma (Mu et al., 1995) and intrasplenic graft of FBL-3 
erythroleukemia (Cui et al., 1997) models. In most cases the inhibition of metastasis after 
IL-12 therapy accompanies the regression of the main tumour.
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IL-12 gene delivery

Despite its ability to produce systemic effects in the immune system, there is growing 
interest in studying the local action of IL-12 in tumours. These studies aim at producing 
effective anti-tumour responses without increasing toxicity (see below, in Toxicity o f IL- 
12 ).

Injection of melanoma tumour cells together with IL-12-transfected fibroblasts delayed 
tumour onset and growth (Tahara et at., 1994). The effect of IL-12-transduced cells on 
tumour growth was related to the amount of IL-12 released by each fibroblast clone 
(Tahara et a l,  1994). Further, delivery of IL-12-transfected fibroblasts at the site of 
established MCA207 sarcomas supressed tumour growth in a dose dependent manner 
(Zitvogel et a i, 1995) and this was confirmed in less immunogenic tumours.

A different gene delivery approach involved transfecting tumour cells with retroviral 
(Tahara et al, 1995; Nanni et al, 1998; Zilocchi et al., 1998) or adenoviral (Chen et al.,
1997) vectors expressing both subunits of IL-12. IL-12-producing tumours grow slower 
in vivo and induce resistance to rechallenge with the same tumour. Further, transfection 
of C26 colon carcinoma cells with an IL-12 defective herpes simplex virus vector also 
delays tumour growth and produces local and systemic anti-tumour immunity (Toda et 
a i,  1998). However, the only study comparing the anti-tumour efficacy of 
adenocarcinoma cells retrovirally transfected with IL-12 to that of systemic exogenous IL- 
12 revealed that the latter is as effective (if not more) when given i.p. to tumour-bearing 
mice (Cavallo et a l, 1997).

Other gene delivery approaches include systemic administration of adenoviruses encoding 
IL-12 (Siders et a l, 1998) and intradermal injection of IL-12 cDNA (Tan et a l, 1996) to 
mice. These treatments inhibit the formation of hepatic metastasis (Siders et a l, 1998) and 
delay tumour emergence and growth (Tan et a l, 1996) in RENCA-bearing mice. The 
systemic administration of IL-12 cDNA to RENCA-bearing mice is as effective as 
systemic protein administration and produces less toxicity (Tan et a l, 1996).

IL-12 is also superior to IL-2 or IFN-y when a gene-gun technology approach is used 
(Rakhmilevich et a l,  1997). IL-12 transfected cells produce less protein but have 
enhanced anti-tumour activity compared to those transfected with IL-2 or IFN-y 
(Rakhmilevich e ta l,  1997).
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Anti-tumour effects of IL-12: mechanisms of action

At the initiation of work in thesis there was little information concerning the mechanisms 
by which IL-12 exerted its anti-tumour effects. Earlier studies showed that the anti
tumour action of IL-12 required the establishment of an immune cell infiltrate in the 
tumours and also the induction of IFN-y.

The cellular infiltrate

IL-12 treatment of tumour-bearing immunocompromised (nude) mice is ineffective, 
showing that that this cytokine requires the presence of immune cells to exert its anti
tumour effects (Brunda et al., 1993). Further, experiments using blocking antibodies to T 
cell subsets showed that CD8+ T cells are essential for the anti-tumour action of IL-12 
(Brunda et a l,  1993). Other studies confirmed these observations and showed an 
increased CD8+T cell infiltrate after IL-12 therapy (Brunda et al., 1996b). With regards 
to other T cell types, it remains unclear as to whether IL-12 also requires CD4+ cells to 
produce its anti-tumour effects. Initial studies in a murine colon carcinoma model suggest 
that CD44- T cells inhibit the infiltration of CD8+ T cells into the tumour, thus reducing 
the anti-tumour action of IL-12 (Martinotti et al., 1995). In contrast, other reports have 
shown that depletion of CD4+ T cells during IL-12 therapy reduces the number of 
tumour-infiltrating CD84- T cells, abrogating the anti-tumour effects of IL-12 (Nastala et 
al, 1996; Zou et al., 1995).

The role of NK cells in the anti-tumour effects of IL-12 also remains controversial. In 
some models depletion of NK cells has no effect on the anti-tumour action of IL-12 
(Brunda, 1993; Nastala et al., 1994) whereas other studies have shown that these cells are 
required for IL-12 to induce its anti-tumour effects (Martinotti et al., 1995).

Besides T and NK cells, macrophages are also involved in the anti-tumour effects of IL- 
12. A macrophage infiltrate is seen in RENCA (Tannenbaum et al., 1996), melanoma 
(Tahara et al., 1994), ovarian and fibrosarcoma (Yu et al., 1996) tumours after IL-12 
therapy. The presence of this macrophage infiltrate may increase tumour antigenic 
presentation and promote CD8+ T cell-mediated tumour cell killing during IL-12 therapy. 
Moreover, macrophages also have tumouricidal activity mediated by nitric oxide (NO) 
(Stuehr and Nathan, 1989). IL-12 primes macrophages for NO production (Wigginton et 
al., 1996b) and restores depressed NO production by macrophages from tumour-bearing 
mice (Wigginton et al., 1996b). In some cases, the anti-tumour effects of IL-12 may be 
explained due to the action of infiltrating macrophages as antigen presenting cells (APC), 
cytokine producers and tumour cell killers (Tsung et al, 1997; Siders et al., 1998).
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Induction o f IFN-y

Despite one report of a direct effect of IL-12 on colon carcinoma cells (Hiscox et al.,
1995), it is generally accepted that IL-12 acts mainly on immune cells (Brunda et at., 
1996b) exerting its anti-tumour effects indirectly through the induction of other cytokines 
and increasing the cytotoxic activity of T and NK cells. As mentioned above, IL-12 
induces IFN-y production by T lymphocytes and NK cells (reviewed in (Hendrzak & 
Brunda, 1995). Further, high serum IFN-y levels are detected after EL-12 therapy of 
tumour-bearing mice (Nastala et al., 1994) and IFN-y-blocking antibodies abrogate the 
anti-tumour effects of IL-12 in some models (reviewed in Brunda et al., 1996b).

Despite proven essential, the role of IFN-y in mediating the anti-tumour effects of IL-12 
is not completely understood. IL-12 administration to IFN-y deficient mice induces an 
increased macrophage infiltrate in the liver and spleen (Car et al., 1995) suggesting that 
some actions of IL-12 may not require IFN-y. Further, IFN-y systemic therapy does not 
produce anti-tumour effects equivalent to those seen with EL-12 (Brunda et a l,  1995).

The following sections will briefly describe some of the biological activities of IFN-y that 
may contribute to the anti-tumour effects of IL-12.

Biological activities of IFN-y

IFN-y is a pleiotropic cytokine with immunomodulatory and antiviral properties (Young 
& Hardy, 1995). It acts on a variety of cell types including fibroblasts, endothelial cells, 
immune cells and tumour cells. Depending on the target cell and the concentration at 
which it is used, IFN-y can inhibit endothelial cell proliferation (Friesel et al., 1987), 
induce tumour cell apoptosis (Burke et al., 1997) and up-regulate the expression of cell 
surface molecules in most cells. The clinical application of IFNs has been studied in 
different diseases including viral infections, neoplastic malignancies and rheumatoid 
arthritis (Cirelli & Tyring, 1995).

IFN-y exerts many of its activities by inducing the transcription of several genes and the 
synthesis of specific proteins including enzymes, surface antigens and oncogenes. These 
molecules mediate some of its actions in vitro and in vivo . Some of the genes induced by 
IFN-y are shown in Table 1.4.
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MHC proteins

p2 microglobulin

Nitric oxide synthase (iNOS)

Indoleamine 2,3-dioxygenase (IDO)

Inducible protein 10 (IP-10)

Monokine induced by IFN-y (Mig)

Table 1 .4 . Some IFN-y inducible genes (reviewed by De Maeyer & De Maeyer- 

Guignard, 1992)

The major histocompatibility complex (MHC) proteins, MHC class I and II, are inducible 
by IFN-y and are particularly relevant in the context of tumour immunotherapy. Their up- 
regulation indicates an increase in antigenic presentation that may contribute to the 
development of an anti-tumour immune response.

Other IFN-y inducible genes that may mediate some of its anti-tumour effects include the 
enzymes inducible nitric oxide synthase (iNOS) and indoleamine 2,3 dioxygenase (IDO). 
The enzyme iNOS is inducible in cells in response to several stimuli such as LPS and has 
been shown to be cytotoxic and/or cytostatic for tumour cells (reviewed in Moncada et al.,
1991). Expression of iNOS is controlled by a variety of effector molecules including 
cytokines such as IFN-y (Moncada et a l, 1991) and IL-12 (see above).

IDO catalyses the oxygenation of L-tryptophan to L-kynurenine. Depletion of the essential 
amino-acid tryptophan resulting from IFN-y treatment is one of the mechanisms by which 
IFN-y exerts its anti-proliferative effects (Taylor & Feng, 1991), and may contribute to its 
anti-tumour action.

Two IFN-y-inducible chemokines, Mig and IP-10 may also contribute to the anti-tumour 
effects of IFN-y. These are potent monocyte and T cell chemoattractants (Farber, 1997) 
and thus their expression may determine the extent and composition of the cellular 
infiltrate in the tumours after IFN-y therapy. Besides having chemoattractant properties, 
IP-10 and Mig induce tumour necrosis in vivo (Sgadari etal, 1997; Sgadari et al., 1996a) 
and have anti-angiogenic (i.e. block neovascularisation, see below in Angiogenesis) 
properties in vitro and in vivo (reviewed in Farber, 1997).
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Clinical studies with IL-12

Human trials

Due to the promising results obtained with IL-12 therapy of tumour-bearing mice, a multi 
centre clinical trial began in 1994, but was abandoned due to two toxicity-related deaths 
(Lotze et al, 1996; Leonard et al., 1997). In Phase I (dmg tolerance) trial there were no 
significant signs of toxicity and the trial proceeded into Phase II. In the Phase I trial 
patients received a pre-dose of IL-12 before daily administration of the cytokine, but in 
Phase n  IL-12 was injected daily from the first day of treatment. These differences in the 
scheduling of the cytokine may have contributed to the increased toxicity and, as 
mentioned above, the two deaths (Lotze et al, 1996; Leonard et al., 1997). A second 
chnical trial started in 1995, and involved the direct injection of IL-12-transfected 
fibroblasts into the tumour (Lotze et a l,  1996). A reduction in tumour growth was 
observed in three melanoma patients and one with head and neck cancer, out of a total of 
13 (Lotze et al., 1996).

Two IL-12 clinical trials have recently started, one in melanoma (Sun et al., 1998), the 
other in advanced renal cell carcinoma (Motzer et al., 1998) patients. In the melanoma 
study, tumour cells are transfected with IL-12 using a gene-gun technique and 
reintroduced into autologous hosts. Pre-clinical evaluation suggests that some 
immunological changes such as increased cellular infiltrates in the skin occured in all 
treated groups which indicate a positive response to the cytokine (Sun et al., 1998). The 
second study is investigating the effect of escalating doses of IL-12 (given 
subcutaneously) on treatment-associated toxicity and responses to the cytokine. On the 
basis of the Phase I results a Phase II trial is to be conducted in previously untreated 
patients with renal cell carcinoma (Motzer et al., 1998).

Toxicity of IL-12

Despite promoting hematopoietic cell proliferation/differentiation, administration of mlL- 
12 to normal mice causes anaemia, leukopenia, thrombocytopenia and specific depletion 
of mature neutrophils and red cell precursors in the bone marrow (reviewed in Hendrzak 
& Brunda, 1995). IL-12 treated mice also develop splenomegaly, which consists of 
increased splenic extramedulary haematopoiesis of the erythroid, myeloid and 
megakaryocytic lineages (Tare et al., 1995).

In humans, toxicity observed after IL-12 therapy includes fatigue, fever, leukopenia and 
in some cases thrombocytopenia (see (Leonard et al., 1997) for details).
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Due to two treatment-related deaths in the IL-12 trial mentioned above the effect of pre
dosing on IL-12-associated toxicity and TFN-y production was investigated in murine and 
non human primate models (Leonard et al., 1997). This study demonstrated that prior 
exposure to IL-12 has a powerful abrogating effect on the toxicity induced by subsequent 
daily IL-12 administration (Leonard et al., 1997). Pre-dosing with IL-12 decreases the 
overall IFN-y production induced by subsequent IL-12 administration, which may be 
responsible for the decrease in toxicity, but other biological effects of IL-12 such as 
immune cell activation are unaffected.

However, in melanoma and mammary carcinoma-bearing mice a pre-dose of IL-12 
reduced both treatment-associated toxicity and therapeutic efficacy (Coughlin et al.,
1997). These conflicting results may be explained by the different route of administration 
used in the two studies. In the study performed by Leonard et al (Leonard et al., 1997) 
IL-12 was administered by subcutaneous injection whereas in the study done by Coughlin 
et al (Coughlin et al., 1997) it was given intraperitoneally.
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The work described in this thesis focused on the anti-tumour action of IL-12 in a murine 
breast cancer model. The following sections briefly describe the problem of breast cancer, 
the biology of this disease and, finally, existing animal models of breast cancer.

Breast cancer

Epidem iology

Breast cancer is the most common malignancy in women, representing 30% of new 
cancers annually. According to recent studies, approximately one in 12 women will 
develop the disease, and the incidence is still rising in western countries (Program, 1990).

Genetic and environmental contribution

Several environmental and genetic factors contribute to the development and prognosis of 
breast cancer. A relationship between cholesterol intake and steroid hormone metabolism 
has led to the idea that dietary fat may be an aethologic agent (Wynder et a l, 1986).

Genetic factors are responsible for the development of familial breast cancer and generally 
relate to the presence of highly dominant genes such as the breast and ovarian cancer 
susceptibility gene BRCAl (Ellisen & Haber, 1998). These account for 4-5% of the total 
cases of breast cancer. BRCAl is mutated in the germline and the normal allele is lost in 
tumour tissue from hereditary breast cancer (Hall et a l, 1990). Complete somatic deletion 
of one allele of BRCAl occurs in approximately 50% of sporadic breast cancers 
(Takahashi e ta l, 1995).

A family of transmembrane protein tyrosine kinases (the c-gr6Bl-4 family) has been 
studied extensively in breast cancer. One member of this family, c-erbB2, was initially 
identified due to its amplification in a primary human adenocarcinoma (King et al, 1985; 
Schechter et al, 1985; Semba et a l, 1985). It is overexpressed in a range of human 
epithelial tumours (Lofts & Gullick, 1992) and in breast cancer c-erbB2 amplification is a 
useful prognostic marker associated with poor clinical outcome (Slamon et a l,  1987). 
Further, c-erbB2 amplification correlates with an increased risk of disease recurrence in 
women with node-negative breast cancer (Andrulis e ta l,  1998) and serum concentrations 
of c-erbB2 show a strong correlation with breast tumour size (Krainer et a l, 1997).
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Pathology

Breast cancer can be broadly divided into two major groups, in situ (non invasive) 

carcinoma and invasive breast carcinoma, where cells disseminate into the surrounding 

nonnal tissue. In situ carcinoma is further divided into ductal and lobular types. Ductal 

carcinoma in situ (DCIS) is classified according to differences in cytology, and two types 

may be distinguished, comedo (high grade) and non-comedo (low grade) tumours. 

Comedo DCIS has a characteristic central area of necrosis, with proliferating cells within 

the ducts (reviewed in Veronesi et al, 1995). These tumours usually have a high rate of 

proliferation, are oestrogen receptor negative and express high levels of c-erbB2 (Brower 

et a l ,  1995). An example of the histology of human comedo DCIS is shown in Figure 

1 . 2 .

M

Figure 1.2. Characteristic histology of comedo DCIS. (taken from Millis, 1984)

Immunology of breast cancer

Cellular infiltrates

The extent and composition of the cellular infiltrate has been characterised in detail in 

breast cancer. In some cases, the cellular infiltrate can be used as a prognostic marker.
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For instance, in c~erbB2 expressing tumours, a high macrophage infiltrate correlates with 
a high oncogene expression and a better prognosis (Pupa et al., 1996). In contrast, others 
have associated a high tumour leukocyte (macrophage and T cell) infiltrate with poor 
differentiation and increased malignancy in human breast cancer (Zuk & Walker, 1987).

As mentioned earlier, tumours produce chemokines that can attract immune cells into the 
tumour. Further, the level of MCP-1 expression correlates with histological grade in 
invasive breast carcinomas (Valkovic et al., 1998). Moreover, macrophages 
(Sunderkotter et al., 1994) and T cells (Blotnick et al., 1994) produce a variety of growth 
factors such as VEGF, bFGF and TGF-p that may contribute to endothelial cell growth, 
blood vessel formation and the establishment of an immunosupressive tumour 
microenvironment. Thus the presence of an abundant cellular infiltrate within tumours 
may contribute to tumour growth.

Immunotherapy

As mentioned above, breast cancer cells express the neu/c-&rbB2 oncogene. 
Immunotherapeutic approaches have been developed against breast cancer antigens, 
including a variety of oncogenic proteins and in particular neu (the murine homologue of 
c-erbB2). For instance, FVB/N mice vaccinated with the full-length or the truncated 
neufc-erbB2 are protected against a neu/c-erbB2 expressing mammary tumour cell line 
(Chen et al., 1998).

Other evidence to suggest that neu/c-cibB2 may induce protective immunity include the 
detection of high serum levels of neu/c-QvbB2 (Krainer et al., 1997) and high titre of 
specific neu/c-erbB2 antibodies (Disis et a i, 1997) in breast cancer patients.

Animal Models of Breast Cancer 

Induced models

Mammary carcinomas have been induced by chemical and physical agents in both rats and 
mice, although chemicals are more efficient than radiation. The most widely used 
chemicals include the carcinogen 7,12-dimethylbenzanthracene (DMBA) or a direct acting 
alkalating agent, nitrosomethylurea (NMU) (reviewed in Gould, 1995). Breast tumours 
induced by either DMBA or NMU in rats are adenocarcinomas, sometimes invading the 
surrounding tumours but rarely metastasizing to distant sites (Gould, 1995).
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Transgenic/spontaneous models

Transgenic tumour models are raised by inserting one or more oncogenes into the 
germline under the control of a promoter that localises the expression of that gene to the 
tissue of interest. Examples of transgenic mouse models that develop breast tumours 
include two colonies in which the activated neu/c-erbB2 oncogene was introduced into the 
germline under the control of the mouse mammary tumour virus (MMTV) promoter 
[Muller et al, 1988; Bouchard et a l,  1989). In the model of Muller et al mammary 
tumours arose synchronously in all mice, were polyclonal in origin and appeared to 
involve a single genetic event (Muller et a i, 1988). In contrast, in the model developed by 
Bouchard et al tumours were monoclonal in origin, developed in a stochastic pattern and 
the sole expression of the activated oncogene was not sufficient to induce malignant 
transformation (Bouchard etal., 1989).

A third transgenic model involving neulc-erbBl was developed by Guy et al (Guy et a l,
1992). In this model, transgenic mice carrying the unactivated neu/c-erbBl oncogene 
develop spontaneous mammary tumours that metastasise to the lung with a higher 
frequency than in the two models mentioned above (Guy et al., 1992). This unactivated 
neu model may be more clinically relevant as in human breast cancer overexpression of 
the unactivated neu/c-erbBl is associated with poor clinical outcome (Slamon et al., 
1987).

Despite being useful for studying tumour development, the use of transgenic mice models 
in therapeutic studies presents some disadvantages such as a low tumour incidence, on 
some genetic backgrounds.

Xenografts

Other animal models of breast cancer include human breast cancer tumours or cell lines 
growing in immunocompromised mice (reviewed in Clarke, 1996). Recently it was 
demonstrated that the implantation of intact tissue specimens in SCID mice 
immunosupressed with etoposide resulted in a 50% success rate of tumour take 
(Visonneau et al., 1998). These xenograft models are particularly useful to study the 
effect of an anti-tumour agent (or agents) acting directly on tumour cells. However, they 
cannot be used to study tumourihost interactions, such as the development of an anti
tumour immune response or the establishment of a syngeneic tumour vasculature. 
Moreover, xenografts are particularly unsuitable for studying the anti-tumour effects of 
IL-12, where the establishment of an immune response against the tumour plays an 
important role.
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Syngeneic models

There are some syngeneic murine models of breast cancer. Some lines derive from 
spontaneous mammary adenocarcinomas (Morecki et al, 1997; Chao et al, 1989; 
Colombo et al, 1990; Rak et al., 1989), others from chemically induced mammary 
adenocarcinomas (Aruga et al., 1997), and all have been used to evaluate different anti
tumour therapies. In these reports it remained unclear whether the tumours share any 
genetic or phenotypic similarities with the human disease. However, a recently 
established subline of a mammary adenocarcinoma developed in neu transgenic mice had 
high tumourigenicity when injected into nude mice and shared several features with 
human breast cancer, such as estrogen receptor expression (Sacco et al., 1998).

As it was recently shown that tumours need their own blood vessel supply to grow and 
metastasise, there is growing interest in studying the process of neo vascularisation 
(angiogenesis) in tumours. The next sections of this chapter will briefly describe the 
process of tumour angiogenesis, focusing on breast cancer.

Angiogenesis

Definition

Solid tumours need to form new blood vessels to grow beyond a certain size (Folkman, 
1971). The process of forming new blood vessels from pre-existing ones is termed 
angiogenesis (Folkman, 1971). Angiogenesis is involved in physiological processes such 
as embryonic development, wound healing and the menstrual cycle, but also contributes 
to the pathogenesis of diseases like rheumathoid arthritis and cancer (reviewed in Colville- 
Nash & Willoughby, 1997). Moreover, the angiogenic profile (vascularization) of a 
particular tumour reflects not only the rate of tumour progression, but also its invasive 
phenotype (Folkman & Hanahan, 1991). Finally, it was recently shown that blocking the 
angiogenic process inhibits tumour invasion and metastatic spread (Skobe et al., 1997).

The regulation of angiogenesis: pro- and anti-angiogenic molecules

The process of angiogenesis is co-ordinated in a complex fashion, by positive and 
negative regulators that promote (pro-angiogenic) or inhibit (anti-angiogenic) blood vessel 
formation. The pro-angiogenic molecules include members of the FGF and VEGF 
families (reviewed in Bussolino etal, 1997; Colville-Nash & Willoughby, 1997; Nicosia,
1998). They can stimulate endothelial cell proliferation, migration and endothelial cell 
differentiation into mature blood vessels. The expression of these growth factors has been
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described in a variety of tumours (reviewed in Colville-Nash & Willoughby, 1997). For 
instance, VEGF was expressed in lung, thyroid, gastric, kidney, ovary, breast and 
cervical carcinomas (Nicosia, 1998).

In contrast, negative regulators of angiogenesis block the action of the pro-angiogenic 
molecules and stop the neovascularization process, by acting directly or indirectly on 
endothelial cells. These molecules include cytokines like TFN-o/y, chemokines such as IP- 
10, Mig (see above) and inhibitors of MMPs (see below) (reviewed in Bussolino et al, 
1997; Colville-Nash & Willoughby, 1997; Jackson etal, 1997).

The angiogenic switch

As a result of the effects of pro- and anti-angiogenic molecules on endothelial cell 
proliferation and neovascularisation of tumours, the term ‘angiogenic switch’ was coined 
to explain why a tumour suddenly becomes angiogenic (Hanahan & Folkman, 1996). The 
‘switch’ occurs whenever the balance between positive and negative regulators of 
angiogenesis in a tumour shifts towards the pro-angiogenic molecules, either by an excess 
production of these or a reduction in anti-angiogenic factors (Hanahan & Folkman,
1996). This ‘switch’ ultimately leads to neovascularisation and tumour growth. Due to the 
increasing number of pro- and anti-angiogenic molecules discovered, the regulation of the 
‘angiogenic switch’ is complex and not completely understood.

Table 1.5 summarises some of the pro-angiogenic and anti-angiogenic molecules known, 
their effects on angiogenesis in vivo, endothelial cell proliferation and migration in vitro.

The regulation of angiogenesis: extracellular matrix

Matrix metalloproteinases (MMPs) are enzymes capable of degrading components of the 
extracellular matrix (ECM) and basement membrane (BM) (Chambers & Matrisian,
1997). These molecules belong to a large family of proteins, classified according to their 
ability to degrade a particular substrate(s), such as gelatin (Gelatinases) and interstitial 
collagen (collagenases) (reviewed in Jones & Walker, 1997). As a result of their ability to 
degrade components of the ECM, MMPs are implicated in several processes in which 
there is an active connective tissue remodelling such as wound healing (Cornelius et al.,
1995) and joint destruction in arthritic conditions (Vincenti et al., 1994). MMPs may also 
play a role in metastasis (reviewed in Chambers & Matrisian, 1997) and in angiogenesis 
(Rabbani, 1997; Moses, 1997). By degrading components of the BM and ECM such as 
collagen or proteoglycans, MMPs may enable endothelial cells to proliferate beyond the 
blood vessel boundaries and differentiate into blood-vessel like structures (Moses, 1997).
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Moreover, MMPs promote angiogenesis in vitro whereas their natural inhibitors (tissue 
inhibitors of metalloproteases, TIMPs) inhibit angiogenesis in vitro (Moses, 1997).

Elevated expression of several members of the MMP family has been reported in cancer 
(Jones & Walker, 1997), their level of expression correlating with prognosis and survival 
in different tumours, which suggests a role for these enzymes in tumour progression. 
Moreover, gelatinase A (MMP-2)-deficient mice bearing melanoma and lung carcinomas 
show reduced tumour progression and angiogenesis compared to wild type mice (Itoh et 
al., 1998). This is the first study demonstrating a specific role for an MMP in 
angiogenesis and tumour progression. On the other hand, MMP-9 and the uPA/uPA 
receptor complex (another family of ECM-degrading proteases) are essential for tumour 
cell intravasation into blood vessels (Kim et a l, 1998) and their expression may explain 
why only a proportion of tumour cells has the ability to form metastasis.
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Factor Angiogenesis m vivo ECprolifaation

invitm
EC migration in vitro

FGFs -t- 4- +

VEGFs + 4- 4-

PDGF + 4- +/ -
PD-ECGF + 4- 4-

Stimulators EGF 4- 4-

TGF-a -H +/-* 4-

GM-/G-CSF + 4- 4-

IL-8 4- 4- 4-

TGF-p + / -  * +/- -

TNF-a +/- - -k *

IFNs + / - * 4 - /-  * 4 - /-

IL-1 -f-/- +1- -

Inhibitors PF4 - - -

IP -10 - - -

Mig - - -

TSP-1 - - -

Angiostatin - - -

Endostatin - - -

Table 1.5 Some of the pro- (stimulators) and anti- (inhibitors) angiogenic molecules

and their action in vivo and in vitro. EC: endothelial cell; +, Stimulatory effect; -,

inhibitory effect; + /-, both effects have been reported; *, concentration dependent. The

contents of this table were adapted from (Bussolino et al., 1997; Colville-Nash &

Willoughby, 1997; Jackson et a i,  1997 and Sunderkotter et al. 1994). A list of the

abbreviations is shown in page 14.

Angiogenesis and breast cancer

Tumour vascularisation and the expression of pro-angiogenic factors has been used as

biologic and prognostic indicators in breast cancer (Engels et al, 1997; Folkman, 1995).
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For instance, VEGF expression correlates with the incidence of micrometastases in breast 
cancer patients (Relf et a l, 1997).

These observations have been confirmed in animal models. Transfection of MCF-7 (a 
breast cancer cell line) cells with a full length cDNA encoding the shortest isoform of 
VEGF enhances tumour growth and vascular density in vivo (Zhang et al., 1995). 
Further, VEGF is essential for the initial growth of breast carcinoma cells in nude mice 
but other pro-angiogenic growth factors (such as bFGF) compensate for the loss of 
VEGF when tumours reach a certain size (Yoshiji et at., 1997).

Recent reports have suggested that the expression and/or activation of certain oncogenes 
correlates with the tumour angiogenic phenotype. Fibroblasts transformed with mutant 
neu/c-erbBl release elevated amounts of VEGF in vitro (Petit et at., 1997) and antibodies 
against neu/c-erbB2 downregulate VEGF production by human tumour cells in vitro and 
in vivo (Petit et a l, 1997). These observations suggest a possible role for neulc-erbB2 in 
regulating tumour angiogenesis.

MMPs and breast cancer

The expression of several MMPs and TIMPs has been studied in breast cancer (Davies et 
al, 1993b; Heppner etal, 1996; Iwataet al., 1996). The most common MMPs present in 
human breast cancer are MMP-1, MMP-2, MMP-9 and stomelysin 3 (MMP-11) (Iwata et 
al., 1996; Kossakowska et al., 1996; Remade et al., 1998). As for the expression of 
TIMPs, TIMP-1 and -2 were present in all samples in two independent studies (Iwata et 
al., 1996; Kossakowska gf aA, 1996).

The role of these enzymes in breast cancer pathology, formation of metastasis and 
angiogenesis is not clear. Increased MMP-9 levels are detected in plasma of patients with 
colon and breast cancer, but there is no significant correlation with metastatic disease 
(Zucker et al., 1993). On the other hand, a significant correlation between activated 
MMP-2 and VEGF expression is seen in human breast cancer tissues (Kurizaki et al.,
1998) and the amount of activated MMP-2 is significantly higher in biopsies from 
malignant disease compared to normal breast or benign samples (Davies et al., 1993b).

A detailed study of the expression of different MMPs and TIMPs in breast tumour 
specimens revealed a complex expression pattern of the different enzymes and their 
inhibitors (Heppner ef a/., 1996). For instance, MMP-2 was found mainly in the stroma 
whereas MMP-9 was expressed by endothelial cells and other MMPs appeared to be 
expressed by the tumour cells (Heppner et al., 1996).
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Aims of thesis

The main aim of this thesis was to contribute to the understanding of the anti-tumour 
mechanisms of IL-12 using a novel syngeneic model of murine breast cancer.

First, the biology of this model was studied in detail in vivo and in vitro.

Second, the action of IL-12 on the tumour microenvironment was investigated by 
studying:

• cellular and molecular changes induced by systemic IL-12 compared with those 
induced by systemic IFN-y.

• involvement of IFN-y and IFN-y -inducible genes in the anti-tumour effects of IL-12.

• the anti-angiogenic effects of IL-12.

Finally, we combined these observations in therapeutic experiments in vivo, to optimize 
the administration of IL-12 with other agents.
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Characterization of a novei murine transpiantabie 

breast tumour, HTH-K

INTRODUCTION

As mentioned in chapter 1, some transplantable breast cancer models are currently 
available and their use in therapeutic experiments has been well documented. However, 
few of these models share histological or molecular features with the human disease.

The novel syngeneic murine breast tumour model, HTH-K originated in a colony of 
Balb/c/ngw transgenic mice. It arose over the left shoulder in the mammary line of a 13- 
month-old female mouse, and had a comedo-type histology as first described by Thomas 
et at (Thomas etal., 1996). These initial observations were extended and a detailed study 
of HTH-K is described in this chapter. It is a poorly differentiated comedo-type 
carcinoma with large areas of necrosis, characteristic of the tumours described by 
Bouchard et al in the founder mice of the neu transgenic colony (Bouchard et al., 1989). 
This type of tumour has a similar counterpart in human breast cancer pathology, the 
poorly differentiated ductal carcinoma in situ (DCIS). Poorly differentiated DCIS are high 
grade human tumours composed of cells with very pleomorphic, irregularly spaced nuclei 
and frequent mitoses. Necrosis is usually present (Holland et a i, 1994).
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The aims of this chapter were to characterise the murine breast cancer model HTH-K by 
studying:

• its growth pattern and natural history in vivo, particularly the development of an 
extensive vasculature and the composition of its host cell infiltrate. These features of 
HTH-K were compared to those seen in human breast cancer.

• the cytokine profile of the tumour in vivo and its relation to the tumour angiogenic 
phenotype.

A cell line was also established from the transplanted tumour. These cells were used to 
study the cytokines expressed by the tumour cells in vitro and their contribution to the 
tumour phenotype in vivo.
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MATERIALS AND METHODS

Mice

FemaleBALB/c nice from the Special Pathogen Free (SPF) Unit, Clare Hall Laboratories, 
South Mimms, UK, 5-6 weeks of age, were used in all experiments. The mice were 
housed in sterile isolators at 20°C (La Calhene Ltd, Cambridge). All isolator supplies 
were sterilised, and all items were sprayed with 2% Tegedor (TH Goldschmidt, 
Middlesex) before entering the isolator.

Tumour passage

The HTH-K breast carcinoma was passaged every 13-15 days toBALB/cnice. At the start 
of each experiment mice were injected subcutaneously (s.c.) in the right flank with 0.1 ml 
of tumour homogenate or 0.1 ml of a cell suspension from the in vitro culture, containing 
approximately 1x10  ̂cells.

Tumour growth

The growth of the HTH-K tumour was evaluated by measuring the tumour every other
day. Mice were killed if tumours grew beyond an area of 1.44cm^. Tumour volumes were
calculated using the following formula:

Volume= (Width^xLength)/2 
Survival was determined as a percentage of mice ahve in each group throughout time. 
Mice killed because of excessive tumour growth (beyond 1.44 cm2) were considered 
“dead” for the purpose of survival analysis.

H istology

At post-mortem examination tumours were removed in full and placed in either liquid 
nitrogen (LNj) or paraffin. These were processed by the Histopathology Unit at the 
ICRF, according to standard procedures. Histology was evaluated in Hematoxilin/Eosin 
stained sections obtained from paraffin embedded material. Frozen tumour sections were 
used for immunohistochemistry (except for the c-erbB-2 antibody, where paraffin fixed 
material was used), according to the manufacturers instructions.
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Immunohistochemistry

Antibodies

All antibodies were purchased from Pharmingen (San Diego, CA) unless otherwise 
stated. A panel of antibodies against mouse surface molecules was used to characterise the 
cellular infiltrate in this model: anti-CD3 for T-lymphocytes; anti-mac-3 for 
monocytes/macrophages; anti-CD4 for helper T lymphocytes; anti-CD8 for cytotoxic T 
lymphocytes. An anti-CD31 antibody (kindly provided by Dr. Roy Bicknell, Oxford) was 
used as an endothelial cell marker for the detection and quantification of blood vessels. 
Finally, an anti-c-erbB2 antibody (DAKO, UK) was used to investigate the expression of 
the c-neu/c-tvhQ2 protein in the tumours.

Methods

The appropriate antibody concentrations were determined using spleen, thymus and 
mammary gland sections as positive controls. Negative controls were obtained by 
omitting the primary antibody. All tissue sections were treated with hydrogen peroxide 
(HjOj) to block endogenous peroxidase prior to staining. Before applying the primary 
monoclonal antibody, sections were blocked with 1% normal rabbit serum (DAKO, UK). 
For the anti-CD3 antibody, a standard 3-step alkaline-phosphatase system was used. 
Briefly, the primary antibody was applied at the appropriate concentration, followed by a 
biotinylated secondary polyclonal antibody (Rat anti-hamster, Jackson Immuno Research 
Labs, Baltimore, MD) and, finally, by a streptavidin-alkaline phosphatase conjugate 
(Pharmingen, San Diego, CA). Each incubation was performed at room temperature (RT) 
for 40 mins. Between each step, sections were washed twice with Phosphate Buffered 
Saline (PBS)/1% Bovine serum albumin (BSA), for 5 mins. Staining was developed 
using the Vector-Red kit (Vector Laboratories, Peterborough, UK), and sections were 
counterstained with 1% Toluidine Blue. For the remaining antibodies, a two-step 
peroxidase method was used. Sections were processed as above, but a rabbit anti-rat 
antibody (DAKO) conjugated with peroxidase was employed to detect the primary 
antibody. Staining was revealed using the chromogen 3,5-diaminobenzidine (DAB, 
Sigma chemicals, UK Chemicals, Poole, UK) by incubating the sections for 3-4 mins at 
RT. Toluidine blue was used for counter staining, as above.
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Quantitative microscopy

Tumour components throughout growth

An image analysis system (LUCIA, Nikon, UK) with a Chalkley array (Graticules Ltd, 
UK) was used to determine the proportion of each component of the tumour sections. 
Tumour areas consisted of mainly tumour cells, stroma consisted of fibroblast-like cells 
and extracellular matrix and necrosis was composed mainly of cell fragments and cell 
debris. The modified Chalkley array consists of 25 randomly arranged points; the 
proportion of points coincident with any tissue component is proportional to its area and 
volume fractions (Curtis, 1960). Sections from paraffin embedded material were stained 
with Hematoxilin/Eosin and analysed after 3 days, 7 days and 14 days. Results are 
representative of 4 tumours/time point.

Cellular Infiltrates

These were identified by light microscopy at a magnification of xlOOO under oil 
immersion. For each time point 4 sections were counted, 1 section from each of 4 
animals. Twenty randomly chosen high power fields (HPF) were counted for each 
section using a 10 x 10 index grid (Graticules Ltd) and the LUCIA image analysis system 
(Nikon, UK). Only cells with cytoplasmic staining, nuclear counterstaining and 
appropriate morphology were included in the evaluation. Results represent the mean 
infiltrating cells in 80 HPF/time point. Each HPF measured 0.012 mm .̂

Blood vessels

For the detection and quantification of blood vessels with the anti-CD31 antibody, 
sections were observed at a magnification of x400 with the aid of a Chalkley grid 
(Graticules Ltd, UK). For each time-point 4 sections were counted, equivalent to 4 
animals per time point. The blood vessel areas were determined by counting 20 randomly 
chosen HPF for each section. Results are given as the proportion of blood vessel areas to 
the remaining areas determined for each section (the mean of 4 tumours/time point, plus 
standard deviations).

RNA isolation, cDNA synthesis and RT-PCR

Total RNA was isolated from tumours using Tri Reagent (Molecular Research Center, 
Cincinnati, Ohio) following the manufacturers instructions, and the pellet was 
resuspended in diethyl pyrocarbonate (DEPC) treated water. First strand cDNA synthesis
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was performed with 5pg of total RNA, using the Ready-to-go kit (Pharmacia Biotech, 
Upsaala, Sweden), following the manufacturers instructions. Murine primers used for the 
RT-PCR analysis were obtained from several sources. IFN-y, TNF-a, TGF-p, IL -la, 
IL-2, IL-4, IL-6, IL-10, IL-12 and M IP-la primers were obtained from Clontech (Palo 
Alto, CA). IP-10 primers were designed according to (Gomez Chiarri et a i,  1996) and 
glyceraldehyde phosphate dehydrogenase (GAPDH) primers were obtained from REF. 
We also used sets of primers for VEGF, bFGF, MMP-1, -2, -3, -7, -9 and TIMPs -1, -2 
and -3. VEGF primers and all MMPs and TIMPs primers were designed using a prime-it 
programme by Sylvie Kossodo (VEGF) and Thomas Leber (MMPs) in the Biological 
Therapies Laboratory. bFGF primer sequences were designed using a prime-it 
programme. Two gl of cDNA were used for each amplification and negative controls 
were obtained by omitting the cDNA. All PCR reactions were carried out using a Perkin- 
Elmer Gene-Amp kit (Perkin-Elmer, Norwalk, USA). All reactions were performed using 
a Techne PCR machine (Cambridge, UK), but different reaction cycles were used for 
each set of primers. For Clontech primers the following protocol was used; 1 cycle, 94®C 
(5 mins), 60®C (1 min), 72°C (30 seconds); 35 cycles, 94°C (45 seconds), 60°C (45 
seconds), 72°C (2 mins); 1 cycle 72°C (7 mins).
For the remaining sets of primers, the protocol for amplification was developed as 
described in the original reference. AU PCR reactions were resolved on a 1.2% agarose 
gel, with ethidium bromide (Sigma chemicals, UK chemicals, UK) staining.

Tissue culture conditions and procedures

All cell lines used in this thesis were grown in a humified atmosphere at 37°C (5% CO2 ) 

under pyrogen free conditions. Pasteur pipettes were triple baked and all other material 
(pipettes, tissue culture flasks and tubes) were plastic. Tissue culture medium and foetal 
calf serum (FCS), (Gibco, BRL) were chosen for their low endotoxin content and regular 
mycoplasma screening was carried out on all cell lines.
AU remaining reagents were obtained from Sigma Chemicals (UK), unless stated 
otherwise.

Establishment of the HTH-K cell line

A cell line was established from the HTH-K tumour after 14 days of growth in vivo. The 
tumour material was processed as described by Dairkee et al (Dairkee et al., 1997), with a 
few modifications. Briefly, tumour tissue was minced mechanically and suspended in a 
mixture consisting of collagenase type I at 200 units/ml and hyaluronidase at 100 units/ml

55



Chapter 2 The m odel

(Sigma chemicals, UK) in Dulbeco’s Modified Eagles Medium (DMEM) supplemented 
with 10% FCS, 2mM L-glutamine, lOOU/ml penicillin, lOOpg/ml streptomycin, 
fungizone and gentamycin sulfate (complete DMEM medium). The cell suspension was 
incubated at 37®C and turned on a tube rotator for 1-6 hours (hrs). The cell suspension 
was finally centrifuged and plated in complete DMEM.

During early passage the cultures were trypsinized differentially to select for the more 
adherent epithelial cells and remove contaminating fibroblasts. After these treatments, 
cells were passaged upon reaching confluency by routine trypsinization (0.2% 
trypsin/0.05% EDTA solution), every 3-4 days.

The epithelial characteristics of the HTH-K cells were investigated following the protocol 
of Foster et al (Foster et a l, 1997). Briefly, cytospins were produced with lOOpl of a cell 
suspension at 8x10^ cells/ml. Cells at a range of passages were stained for an epithelial 
marker, E-cadherin. Cytospins were observed using the LUCIA image analysis system as 
above. A hundred cells were counted per high power field and 3 high power fields (at 
x400 magnification) per cytospin. Cells were considered positive based on their overall 
epithelial morphology (a cobblestone-like appearance) and E-cadherin staining.

Enzyme linked immunosorbent assay (ELISA)

A mouse-VEGF ELISA kit was obtained from by R&D Systems (Abingdon, Oxon, 
UK). The assay was developed according to the manufacturers instructions. Results 
obtained represent the amount of VEGF (pg/ml) detected in the supernatant, and were 
found to be within the linear range of the assay.

In  situ apoptosis detection assay

We used a variation of the original Tunel protocol to detect apoptotic cells in the HTH-K 
tumour, using an apoptosis-detection kit (Promega, Madison, WI). Briefly, paraffin 
embedded sections were deparaffinized in fresh xylene, rehydrated through graded 
ethanol washes (100%, 95%, 80% and 50%), fixed in 4% paraformaldehyde (5 mins), 
permeabilized with Proteinase K (Sigma chemicals, UK Chemicals, UK) (8 mins) and 
blocked with 0.3% H 2 O2  in Methanol (10 mins). Sections were washed twice in PBS for 
5 mins at RT, between each procedure. Finally, sections were incubated with 
equilibration buffer for 10 mins at RT, and incubation buffer for 60 mins at 37°C. Both 
buffers were provided in the kit, but we used biotinylated nucleotides (Boehringer 
Manheim, Germany) instead of the FITC-labeled ones suggested in the manufacturers
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instructions. The reaction was terminated by immersing the slides in 300mM sodium 
chloride, 30 mM sodium citrate for 15 mins at RT. Sections were then incubated with a 
PBS/2% BSA solution for 10 mins at RT and finally covered with extra-avidin peroxidase 
(Sigma chemicals, UK) for 30 mins at 37®C. Colour was developed with the DAB 
peroxidase substrate. Slides were counterstained with Toluidine Blue.
Only brown stained nuclei of tumour cells were scored as positive, and a total of 20 HPF 
was counted for each section (4 sections per time point) using a 10x10 index grid 
(Graticules Ltd, Tonbridge, UK) and the LUCIA image analysis system, as above. 
Results are given as a percentage of apoptotic cells to the total number of cells counted.

Statistical analysis

Statistical evaluation of tumour components and apoptotic cells was done using a two 
sample unpaired Student’s T test. Finally the statistical evaluation of blood vessel areas 
was performed using a risk difference test. All tests were used under the advise of the 
ICRF Medical Statistics Group (Institute for Health Sciences, Oxford, UK).
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RESULTS

Growth of the transplanted HTH-K tumour

Figure 2.1 shows the growth rate of the transplanted HTH-K tumour. These tumours 
grew quickly, reaching the limit tumour size of 1.44 cm^ within 13-15 days. Further, this 
growth pattern was maintained throughout time, even after several passages in vivo. In 
some mice after 12-13 days the tumours produced skin ulcerations (data not shown). 
These mice were killed even if the tumour was smaller than 1.44 cm .̂

1.5-1

1.25-
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2015100 5
Days after tumor implantation

Figure 2.1. Growth of the transplanted HTH-K tumour. Tumour volume was plotted 
against time. Results are representative of 4 mice.

After evaluating its growth in vivo, the transplanted" HTH-K tumour was characterized in 
terms of its histology, cellular infiltrate, blood vessel content and tumour cell apoptosis 
throughout growth.
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Histology of the transplanted HTH-K tumour

The HTH-K tumour is a comedo-type metastatic breast carcinoma. It grew as a solid rim 
of cells around a central area of necrosis. After 6-7 days of growth it had a high blood 
vessel content and was also haemorragic (Fig. 2.2). If left to grow for more than 14 days 
it started to invade the peritoneum and metastasized to the lungs (data not shown).

Using an image analysis system we determined the tumour components throughout 
growth. As shown in Table 2.1, after three days, necrotic areas occupied almost half 
(46.1%) of the total tumour. Throughout growth, the proportion of tumour areas 
increased and the necrotic areas decreased (Table 2.1). The proportion of stromal areas 
showed little variation throughout growth and represented approximately 1/4 of the total 
tumour.

3days 7days 14days

Tumour 25.2+8.6 46.2+4.5^ 51.2+4.2""

Stroma 28.7±7.4 33.2±5.0 28.4±6.9

Necrosis 46.1+4.3* 20.6+1.1 20.4+5.2

Table 2.1
Components of the HTH-K tumour after 3 days, 7 days and 14 days. Results show the % 
of each component (plus standard deviation) at a particular time point and are 
representative of 4 mice.*: necrotic areas were greater after 3 days than after 7 or 14 days 
(p<0.05). tumour areas after 7 and 14 days were significantly greater than tumour areas 
at the 3 day time point (p<0.05).
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Figure 2.2. Typical 

histologic appearance of 

the transplanted HTH-K 

tumour, after 3, 7 and 14 

days of implantation. 
Sections were stained 

with Hematoxilin/Eosin 

and observed under a 

light microscope at xlOO 

(3 and 14 days) and x600 

(7 days) magnification. 
T: tumour cell areas;

B: blood vessels;

N: necrotic areas;

S: stromal areas.
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Cellular infiltrate in the transplanted HTH-K tumour

The cellular infiltrate in the tumours was composed mainly of Mac-3+ 
monocytes/macrophages and CD8+T cells (Fig. 2.3). The number of infiltrating cells 
varied throughout tumour growth, and was highest after 14 days (Table 2.2). At this time 
point there were an average of 40.3 Mac-3^ and 19.8 CD8T’ cells in the 80 high power 
fields used for quantitation. Of the total number of infiltrating cells after 7 days, 57% 
expressed the Mac-3 antigen and 22% were CD8-positive. At this time point, the 
remaining infiltrating cells were CD4+T cells (19% total) and NK cells (less than 1%). 
These proportions showed little change throughout tumour growth, and after 14 days 
there were 25% CD8+ T cells, 23% CD4+ T cells and 52% Mac-3+ cells (of the total 
number of infiltrating cells). The Mac-3 expressing cells were found mainly in areas of 
necrosis (Fig. 2.3a), whereas CD8+ T cells were found mainly within tumour areas but 
also in the stroma (Fig. 2.3b).

3 days 7 days 14 days

CD3 12 ±4.6 30.5 ±2.1 37.3 ±9.5

CD4 nd 14.3 ±2.1 17.8 ±2.2

CD8 nd 15.5 ±2.6 19.8 ±2.2

Mac-3 21 ±2.8 41 ±1.4 40.3 ±3.8

Table 2.2
Phenotypes of the cellular infiltrate in the transplanted HTH-K tumour. 
Immunohistochemical staining was performed in tumour sections and cells counted as 
described in Materials and Methods. Results show the number of infiltrating cells in 80 
high power fields (mean of 4 tumours/time point plus standard deviations), nd: not done; 
due to the small number of infiltrating cells at the 3 days time point, it was not possible to 
determine the number of CD4^ and CD8^ T cells accurately.
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Figure 2.3. Cellular infiltrates within the transplanted HTH-K tumour, a: Mac-3 staining, 

for monocytes/macrophages in necrotic areas (cell fragments and cell debris can be 

observed in this particular section), b: CD8-T cells staining, for cytotoxic T cells. 

Sections were observed at x400 magnification. T: tumour areas; N: necrotic areas; S: 

stroma.
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neu expression by the transplantable tumour

Immunohistochemical staining for the neulc-erbhl antigen indicated that the transplanted 

HTH-K tumour (Fig. 2.4) expressed lai'ge amounts of this antigen. The expression was 

localized to tumour cells within tumour islands (Fig. 2.4).

X

Figure 2.4. The transplanted HTH-K tumour expressed neu/c-erbhl. Tumour sections 

(after 7 days) were stained for neulc-erbB2 and observed under a light microscope at 

xlOOO magnification. This section is representative of 4 tumours/time point. T: tumour 

areas; B: blood vessels ; S: stroma.
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Blood vessel content of the HTH-K tumour

The HTH-K tumour was highly vascularized after 7 days of growth (Fig 2.2). The blood 

vessel areas were quantified in CD-31 stained sections using the Chalkley array and the 

LUCIA image analysis system, as indicated in Materials and Methods. After 7 days of 

growth the blood vessel areas represented 9.8% of the total tumour, and after 14 days 

increased to 15.6% (Fig. 2.5). These increases in vascularized areas were significant 

(p<0.005 for 7 and 14 days compared to the 3 day time point).

r .

' a =4^.,

I*"

Figure 2.5. Immunohistochemical staining for the endothelial cell marker CD-31 (arrows) 

identified blood vessels within frozen sections of the HTH-K tumour. This picture was 

taken under x 1000 magnification.
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3 days 7 days 

Time (days)

14 days

Figure 2.6. Blood vessel areas in the transplanted HTH-K tumour. Staining for the 
endothelial cell marker CD-31 identified blood vessels within frozen tumour sections. 
These were observed and quantified under x400 magnification. **: vascularized areas 
were significantly increased after 7 and 14 days, compared to the 3 day time point 
(p<0.005).
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Tumour cell apoptosis in the transplanted HTH-K tumour

The apoptotic index was determined as a proportion of apoptotic cells to the total cells 
counted. Apoptotic tumour cells were quantified after 3,7 and 14 days of tumour growth 
(Fig. 2.7). There was a minor increase in the apoptotic index after 14 days (from 3.07% 
at 7 days to 4.6% at 14 days), although this was not significant.

3 days 7 days 14 days

Days after tumour implantation

Figure. 2.7. Incidence of apoptosis in the transplanted HTH-K tumour, determined using 
the Tunel technique, as described in Materials and Methods. Results are shown as a 
proportion of apoptotic cells to the remaining tumour cells (mean of 4 tumours/time point 
plus standard deviations). The differences between the different time points were not 
significant.
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Cytokine profile of the transplanted HTH-K tumour

The HTH-K tumour expressed a number of cytokines, which may account for its 
phenotype in vivo (Table 2.3). The presence of chemokines such as IP-10 and JE (murine 
MCP-1) may explain the cellular infiltrate found within the tumours. One other 
chemokine, M IP-la, could not be detected at any time point throughout tumour growth 
(Table 2.3).

Lymphocyte-associated cytokines such as IL-2 and IL-4 and other pro-inflammatory 
cytokines such as TNF-a, IL-6 and IL -la were not expressed in the HTH-K tumour 
(Table 2.3). On the other hand, TGF-p and IL-12 were present at all time points of 
tumour growth (Table 2.3).

Other cytokines including IFN-y and IL-10 showed a variable expression throughout 
tumour growth (Table 2.3). These could be detected after 3 days but not after 7 or 14 
days (Table 2.3).

As predicted from its high blood vessel content (Fig. 2.6), the HTH-K tumour expressed 
several pro-angiogenic factors, such as VEGF and bFGF (Table 2.3). Figure 2.8 shows 
the expression of some of the molecules that may have contributed to the tumour’s 
angiogenic phenotype. VEGF, for example was detected at all time points analysed (Fig.
2.8). Further, even taking into account the limitations of RT-PCR as a quantitative assay, 
the expression of IP-10 (a chemokine with angiostatic effects) appeared to decrease 
throughout tumour growth (Fig. 2.8).

MMPs may also contribute to the angiogenic profile of HTH-K, and 2 members of this 
family were detected: MMP-2 and MMP-9. MMP-2 was present at all time points 
throughout tumour growth (Table 2.3), but MMP-9 was only detected after 14 days (Fig.
2.8). As for their natural inhibitors, TIMPS, TEMP-1 and -2 were detected at all time 
points (Table 2.3) whereas TIMP-3 could not be detected after 14 days (Fig. 2.8).
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Tumour growth in vivo

Cytokine 3 days 7 days 14 days

IFN-y + - -

TNF-a - - -

TGF-p + + 4-

IL -la - - -

IL-2 - - -

IL-4 - - -

IL-6 - - -

IL-10 + - -

IL-12 + + 4-

M IP-la - - -

IP-10 + + -

JE (MCP-1) + + 4-

VEGF 4- -1- 4-

bFGF + + 4-

MMP-1 - - -

MMP-2 + + 4-

MMP-3 - - -

MMP-9 - - 4-

TIMP-1 + + 4-

TIMP-2 + + 4-

TIMP-3 + + -

Table 2.3
Cytokines detected, by RT-PCR, in the transplanted HTH-K tumour during growth in 
vivo. The presence (+) or absence (-) of each cytokine was registered. Results shown are 
representative of 4 tumours/time point. All samples were normalised for loading using 
GAPDH primers. Abbreviations are shown in page 14.
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Figure 2.8. The expression pattern of molecules that may contribute for the angiogenic 

profile of the HTH-K tumour. The expression of VEGF, IP -10, MMPs and TIMPs was 

investigated by RT-PCR in tumour sections at several time points throughout growth. All 

samples were normalised for loading using GAPDH primers. Results are representative 

of 4 tumours/time point.

69



Chapter 2 The model

Morphology of the HTH-K cell line

A cell line derived from the HTH-K tumour was established in vitro. These cells were 

passaged every 3-4 days upon reaching confluency. This cell line was shown to have 

epithelial characteristics such as a cobblestone-like appearance (Fig. 2.9) and stained 

strongly for E-cadherin (data not shown). It has maintained its morphological 

characteristics throughout time.

m

Figure 2.9. The HTH-K cell line. Cells were cultured in vitro, and maintained their 

epithelial morphology throughout time. Cells were observed under an inverted light 

microscope, at x 1000 magnification.
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Cytokine profile of the HTH-K cell line

The RT-PCR analysis of the HTH-K cell line gave some indications on the cellular origin 
of the different molecules detected in the transplantable tumour in vivo.

Both IP-10 and JE were expressed by the tumour cells, but other factors such as IL-10, 
IL-12 and IFN-y were absent (Table 2.4). However, TGF-p was expressed in the HTH- 
Kcell line (Table 2.4).

The HTH-K cell line also expressed the pro-angiogenic factors VEGF and bFGF (Table 
2.4). As for the MMPs, MMP-9, as well as all TIMPs, were expressed by the tumour 
cells but MMP-2 could not be detected (Table 2.4). Thus, IFN-y, IL-10, IL-12 and 
MMP-2 were probably stromal derived cytokines.

The cytokine profile of the HTH-K cell line has not changed even after repeated passages 
in vitro (data not shown).

Finally, the production of VEGF was investigated by ELISA in the HTH-K cell line. 
These cells released between 150 and 200 pg/ml VEGF into the culture medium after 24 
hrs. These results confirmed that the HTH-K cells released VEGF in vitro, suggesting 
this may be one factor contributing to the angiogenic phenotype of the tumour in vivo.
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Cytokine Cell line Transplanted tumour

IFN-y - +/-*

TNF-a - -

TGF-p + +

IL -la - -

IL-2 - -

EL-4 - -

EL-6 - -

IL-10 - +/-*

IL-12 - +*

M IP-la - -

IP-10 4- +/-

JE + +

VEGF + +

bFGF + +

MMP-1 - -

MMP-2 - +*

MMP-3 - -

MMP-9 + +/-

TIMP-1 + +

TIMP-2 + +

TIMP-3 + +/-

Table 2.4
Cytokines detected, by RT-PCR, in the HTH-K cell line and in the transplanted tumour 
during growth in vivo. The presence (+) or absence (-) of each factor was registered. 
When a cytokine had variable expression throughout tumour growth (Table 2.3) the 
notation +/- was used. All samples were normalized for loading using GAPDH primers.
*: expressed by the tumour but not by the cell line.
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When reinjected back intoBALB/cmice, the HTH-K cell line produced tumours with a 
similar phenotype to the transplanted ones. These tumours were studied in terms of their 
growth patterns and histology in vivo.

Growth of the HTH-K cell line-derived tumour

The HTH-K cell line produced tumours that grew similarly to those passaged from mouse 
to mouse (Fig. 2.10). These tumours reached 1.44 cm  ̂within 17-20 days (Fig. 2.10), 
which is slightly slower than the transplantable line (Fig. 2.1). However, this difference 
was not significant, and may reflect differences in the number of cells transplanted. 
(p>0.05, using the Log rank test).

1.5-1

1.25-

^ 0 .75-

0 .25-

2010 150 5

Transplantable
tumour

Cell line- 
derived tumour

Days after tumour implantation

Figure 2.10. Growth of the HTH-K cell line-derived tumour. Tumour volume (cm^) was 
plotted against time. Results are representative of 4 mice.
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Histology of the cell line-derived tumour

In the cell line-derived tumours the histologic features of the original HTH-K tumour 

(Fig. 2.2) were maintained, such as a central area of necrosis and extensive 

vascularization (Fig. 2.11a). The cellular infiltrates also consisted of 
macrophages/monocytes and CD8-I- T cells, as in the transplanted tumours (data not 

shown).

Finally, these tumours also expressed high amounts of neu/c-erbB2 (Fig. 2.11b). The 

expression of this protein localized to tumour cells and was found mainly within tumour 

cell islands (Fig. 2.11b). The intensity and pattern of expression of neu/c-erbBl was 

similar to that seen for the original transplantable tumour (Fig. 2.4).

Figure 2.11. The cell line-derived tumour maintained the histologic features of the 

transplanted tumour line, like the central are of necrosis and extensive vascularization,

a. Tumour sections were stained with Hematoxilin/Eosin and observed under a light 

microscope at x400 magnification. T: tumour cell areas; B: blood vessel areas; N: 
necrotic areas. S; stroma.
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Figure 2.11.

b . The cell line-derived tumour expressed neulc-erbBl. Tumour sections (after 7 days) 

were stained for the neulc-erbB2 antigen and observed under a light microscope at x600 

magnification. This section is representative of 4 tumours/time point. T: tumour areas.
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DISCUSSION

In this chapter, the HTH-K tumour was studied in terms of its histology and the 
molecular basis for its phenotype in vivo. Besides sharing histological similarities with 
the human disease, the HTH-K tumour is also similar with respect to neu/c-erbB-2 
immunohistochemistry. The neu/c-erhBl oncogene has been implicated in the pathology 
and prognosis of human breast cancer and its detection and amplification was associated 
with relapse and decreased survival (Slamon et a i, 1987). Because of its potential role in 
tumour development and prognosis, the neu/c-erbB-2 oncogene has been the subject of 
extensive research in tumour immunotherapy. Several epitopes from the c-erbB2 antigen 
ehcited in vitro anti-tumour cytotoxic T lymphocytes (CTLs) (Kawashima et al., 1998). 
Further, high-titer neu protein-specific antibody was detected in patients with early-stage 
breast cancer (Disis et al., 1997). Thus the HTH-K tumour is a model in which it is 
possible to study immunotherapeutic approaches against the Mgw/c-erbB-2 oncogene in a 
syngeneic and immunocompetent host.

The blood vessel content of the HTH-K tumour increased significantly throughout 
growth. The cytokine profile of this tumour may explain its angiogenic phenotype. The 
expression of pro-angiogenic molecules such as VEGF and bFGF provide the positive 
stimuli for endothelial cell differentiation and angiogenesis (see chapter 1 for details). 
Further, the HTH-K tumour cells themselves express these angiogenic growth factors, 
and produce VEGF in vitro.

VEGF and its receptors were implicated in the pathology and angiogenic profile of human 
breast cancer (Obermair et al, 1997; Dirix et al, 1997; Brown et al., 1995). In patients 
with DCIS lesions in particular, VEGF expression was strongly associated with the 
degree of vascularization and this relationship was greater in patients with high rather than 
low grade DCIS lesions (Guidi etal., 1996). As mentioned before, histologically HTH-K 
would correspond to a high grade DCIS.

Other molecules that may contribute to the process of angiogenesis were detected in the 
HTH-K tumour, namely MMP-2 and MMP-9. Further, throughout growth, the pattern of 
expression of the latter may explain the tumour’s ability to establish such an extensive 
vasculature and also to form metastasis. In human breast cancer, pro-MMP-9 expression 
correlated with the increment of intratumoural microvessel density (Kurizaki et al., 1998) 
and the production and activation of pro-MMP-9 increased with breast cancer progression 
(Rha et al., 1997). This was consistent with the notion that in human breast cancer MMP- 
9 expression predominates in endothelial cells li ,ning the tumour vasculature (Heppner et
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al., 1996). In the HTH-K model, the tumour cells express MMP-9 mRNA, but other cell 
types may also produce it. Finally, the expression of TIMPs was also investigated and 
correlated to a large extent with the expression of the corresponding MMPs. TEMP-1, -2 
and -3 were all detected, but in the case of TIMP-3, its pattern of expression was opposite 
to that seen for MMP-9. This would suggest that the decrease in the amount of inhibitors 
at later time points may allow for angiogenesis and the formation of metastasis.

The expression of other cytokines may also indicate potential “core” cytokines involved in 
growth and angiogenic behaviour of this tumour. The expression of IP-10 throughout 
tumour growth, for example, may indicate it is acting as an anti-angiogenic factor 
(Arenberg et at., 1996), its reduced expression correlating with increased blood vessel 
formation. Finally, the presence of the chemokines IP-10 and IE (murine MCP-1) may 
explain the mechanism by which the tumour developed a cellular infiltrate (discussed in 
detail below).

The cellular infiltrate of the HTH-K tumour consisted mainly on Mac3-h cells (monocytes 
and macrophages) and CD8+ T cells, as determined by immunohistochemical staining of 
frozen tissue sections. Mac-3+ infiltrating cells were found mainly in necrotic areas, 
whereas CD8+T cells were found within tumour areas but also in the stroma. This 
correlated with studies done in human breast cancer where most of the mononuclear 
cellular infiltrate consisted of CD8+ T cells which were mainly found in stromal areas, but 
could also be detected in tumour islands (Bhan & DesMarais, 1983). Also, a greater 
number of mononuclear cells was found in poorly differentiated (high grade) breast 
tumours (Zuk & Walker, 1987) and in c-erbB2 overexpressing breast carcinomas (Pupa 
et a i,  1996). As mentioned above, histologically HTH-K would correspond to a high 
grade (poorly differentiated) tumour. Further, an abundant macrophage and T cell 
infiltrate correlated with increased malignancy (Zuk & Walker, 1987), and macrophages 
were associated with angiogenesis and bad prognosis in invasive breast cancer (Leek et 
a i,  1996). Also, lymphocytes expressed VEGF (Freeman et aL, 1995) and lymphocyte- 
induced angiogenesis may contribute to tumour progression (Miguez et al, 1986; Sidky & 
Auerbach, 1976). The contribution of the infiltrating cells to the angiogenic process in the 
HTH-K model remains to be clarified.

The HTH-K cell line was successfully established from the transplantable tumour and 
was used to dissect some of the mechanisms by which HTH-K developed an extensive 
vasculature. The expression of several cytokines by the tumour cells indicated the source 
and potential roles for these molecules in vivo. The HTH-K cells expressed VEGF and 
MMP-9 (but not MMP-2) in vitro, indicating that the source (probably not unique) of 
these molecules in the tumour in vivo may be the tumour cells themselves. Also, as
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mentioned above, the HTH-K cells produced VEGF protein in vitro. IP-10 was also 
expressed by the tumour cells indicating that they expressed both pro- and anti-angiogenic 
factors. The regulation of the expression of IP-10 by the HTH-K tumour cells both in 
vivo and in vitro needs to be determined.

Finally, the expression of MMP-9 by the tumour cells may correlate with the tumour’s 
invasive properties. The expression of both MMP-9 and tPA/uPA by tumour cells 
determined their ability to intravasate into blood vessels and extravasate to other tissues 
(Kim et a i,  1998). The mechanism by which the HTH-K tumour establishes its 
vasculature and forms metastasis and the contribution of MMP-9 to these processes needs 
to be determined.

When injected back into BALB/c mice, the HTH-K cell line produced tumours with a 
similar phenotype to the original transplantable ones. The histologic features of the 
comedo-type tumours were maintained, such as a central area of necrosis, extensive 
vasculature and abundant cellular infiltrates. These cells may thus be manipulated in vitro- 
for instance by transfecting them with anti-sense vectors against IP-10 or MMP-9- and 
observe the effects on tumour growth, angiogenesis and formation of metastasis in vivo.

In the next chapter of this thesis the anti-tumour effects of IL-12 against this agressive and 
highly angiogenic tumour model are described. Molecular and cellular changes induced by 
IL-12 were evaluated, and its anti-tumour effects compared to those induced by IFN-y.
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Multiple molecular and cellular changes associated 

with tumour stasis and regression during IL-12 therapy 

of the HTH-K tumour model

INTRODUCTION

A cytokine such as IL-12, with its immunomodulatory properties and its abihty to induce 
IFN-y production, may change the cellular and molecular profile of the tumour 
microenvironment and lead to tumour regression. As described in Chapter 2, the HTH-K 
tumour is very agressive and angiogenic. A highly effective anti-tumour response is 
necessary in order to increase survival in this rapidly fatal tumour model. In this chapter 
the anti-tumour effects of IL-12 were investigated in the HTH-K model.

One of the most striking features of IL-12 is its ability to stimulate IFN-y synthesis and 
release by T and NK cells. Further, IFN-y is thought to be important in mediating the 
effects of IL-12 (Brunda et at., 1995). In a number of transplantable tumour models, 
antibodies against this cytokine almost completely abrogate the anti-tumour effects of IL- 
12 (Nastala et a i, 1994). IFN-y induces a number of IFN-y-induced proteins (Young & 
Hardy, 1995) including the enzyme indoleamine-2,3-dioxygenase (IDG, E.G. 
1.13.11.42), the chemokine IP-10 and the major histocompatibility complex (MHC) 
antigens classes I and II. These proteins may all contribute to the anti-tumour effects of 
IFN-y, by reducing the tumour's essential nutrient supply (IDG) (Burke et al., 1995); 
limiting its blood vessel formation; attracting T lymphocytes (IP-10) (Farber, 1997) and 
finally allowing the presentation of tumour antigens to cells of the immune system (MHC 
class I). Further, these may play an important role in the IFN-y mediated anti-tumour 
effects of IL-12.

The anti-tumour activities of IL-12 cannot, however, all be linked to IFN-y or related 
gene products, since IFN-y therapy does not mimic the effects shown by IL-12 (Brunda 
et al., 1995). The establishment of a cellular infiltrate after IL-12 therapy is at least 
partially independent of IFN-y (Car et al., 1995), but the mechanisms involved in the 
process have not been studied in detail.
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The aim of this chapter was to characterise the effects of IL-12 therapy in the
microenvironment of the HTH-K transplantable tumour. This was done by studying:

• the effects of IL-12 on the survival of HTH-K-bearing mice and the tumour growth 
rate throughout treatment;

• some signs of toxicity induced by systemic IL-12 therapy of HTH-K tumour bearing 
mice;

• the most effective IL-12 treatment schedule;

• the sequence of cellular and molecular changes induced by IL-12 in the tumours with 
time;

The anti-tumour effects of IL-12 were compared to those induced by IFN-y therapy.
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MATERIALS AND METHODS

Tumour treatment

The HTH-K tumour, passaged from mouse to mouse, was used in all experiments. 
Starting 3 days after tumour injection, mice were treated intraperitoneally (i.p.) daily with 
IL-12 or IFN-y, for the duration of the experiment. Control groups were injected with 
control diluent (phosphate buffered saline, PBS, containing 0.1% murine serum albumin, 
MSA) throughout the same period until the tumour size limit (1.44 cm^) was reached.

Cytokines

Recombinant murine IL-12 was a kind gift of Dr. Michael Brunda (Hoffman-LaRoche, 
Nutley-New Jersey). It had a specific activity of 2.3x10* Roche Units/mg. For each 
experiment, mice were injected i.p. with l|xg IL-12/day in a volume of 0.1 ml. Rat IFN-y 
was provided by Roussel UCLAF (Romainville, France). It had a specific activity of 
1x10  ̂Units/mg. For each experiment, mice were injected i.p. with l|ig IFN-y /day in a 
volume of 0.1 ml. Both IL-12 and IFN-y were diluted in PBS/0.1% MSA (Sigma 
chemicals, UK) to a final concentration of 10 pg/ml and stored in 1ml aliquots at -70°C 
prior to use.

Survival analysis

Survival of control (untreated), IL-12 treated and IFN-y treated mice was evaluated as 
described in Chapter 2. Results are presented as survival of mice vs. time and mean 
tumour volume vs time.

Evaluation of toxicity induced by IL-12

On the same day of tumour measurement (every other day), control (untreated) and IL-12 
treated mice were weighed and their overall appearance was recorded. When mice were 
killed spleen and liver sections were obtained and processed for histology (see chapter 2). 
These were examined for signs of toxicity like splenomegaly and extramedullary 
proliferation (spleen); increased mononuclear infiltrates and hepatic cell necrosis (liver).
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RNA isolation and northern blotting

As described in Chapter 2, total RNA was isolated from tumours using Tri Reagent 
(Molecular Research Center, Cincinnati, Ohio) following the manufacturers instructions. 
15 jig of total RNA were resolved on a 1% denaturing formaldehyde-agarose gel and 
blotted by capillary transfer onto a nylon membrane (Hybond N+, Amersham). RNA was 
then crosslinked to the nylon membrane using a Stratalinker (Stratagene, Cambridge,

UK), and blots were pre-hybridized for 2 hrs at 42®C, and hybridized using 45% 
Formamide (Gibco BRL, Paisley, UK), 7% Sodium Dodecyl Sulphate (Sigma 

Chemicals, UK) in phosphate buffer (pH 7.2). Blots were incubated overnight at 42®C in

hybridization buffer with a radioactively labeled (^^P-dCTP, Amersham) c-DNA probe. 
Probes for (3-actin, p 2-microglobulin, crg-2 (murine IP-10) and granzyme B were all 
labeled by random priming using the Prime-It Labelling kit (Stratagene, Cambridge, UK). 
After hybridization blots were briefly rinsed with 2 xSSC, 0.1% SDS at room 
temperature (RT) and then washed to high stringency with O.lx SSC, 0.1% SDS twice 
for 15 mins at 60°C. After washing, blots were exposed to BIOMAX X-ray films 
(Kodak) at -70°C for 16 to 72 hrs.

cDNA synthesis and RT-PCR

Total RNA was obtained as above, precipitated, and the pellet resuspended in DEPC 
treated water. First strand cDNA synthesis was performed with 5pg of total RNA, using 
the Ready-to-go kit (Pharmacia Biotech, Upsaala, Sweden), following the manufacturers 
instructions.
PGR
Murine primers were obtained from several sources. IFN-y and glyceraldehyde phosphate 
dehydrogenase (GAPDH) primers were obtained from Clontech (Palo Alto, CA). 
Perforin and granzyme B primer sequences were taken from (Tannenbaum et aL, 1996). 
Identity of these primer sequences was verified by checking degrees of homology with all 
sequences available in GeneBank. All PCR reactions and the program used for Clontech 
primers were developed as described in Chapter 2. For the remaining sets of Primers, the 
protocol for amplification was developed as described in the original reference 
(Tannenbaum etal, 1996). All PCR reactions were resolved on a 1.2% agarose gel, with 
ethidium bromide (Sigma chemicals, UK) staining.
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cDNA probes

^actin

This was kindly provided by Dr. L. Kedes, Stanford University, CA, USA
Northern analysis. The 0.7 kb Eco Rl-Hind III fragment in Bluescript was used for
northern analysis.

Murine IP-10 (crg-2)

This was kindly provided by Dr. Joshua Farber, NIAID, NIH, Bethestha, MD, USA. 
Northern analysis The 0.56 kb Eco R1 fragment in Bluescript was used for northern 
analysis.

Marine p-2-microglobulin (MHC-I)

This was kindly provided by Dr. Dimitris Kioussis, National Institute for Medical 
Research, London, UK.
Northern analysis. The 1.8 kb Xbal cDNA fragment in a Bluescript derivative was used 
for northern analysis.

Granzyme B

This was kindly provided by Dr. Charles Tannenbaum, Cleveland Clinic Foundation, 
OH, USA.
Northern analysis The 0.9 kb Eco R1 fragment was used for northern analysis. 

Statistical analysis

Statistical evaluation of survival data and tumour volumes was performed using the non 
parametric one-tailed Mann-Whitney U test. Statistical evaluation of cellular infiltrates and 
apoptotic cells was done using a two sample unpaired Student’s T test. Finally the 
statistical evaluation of blood vessel areas was performed using a risk difference test. All 
tests were used under the advice of the ICRF Medical Statistics Group (Institute for 
Health Sciences, Oxford, UK).
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RESULTS

Assessment of survival

IL-12 had a clear anti-tumour effect in this model. Mice receiving IL-12 survived longer 
than mice receiving control diluent alone (Fig 3.1, p=0.014) and there was a correlation 
with duration of treatment. 15 days of daily IL-12 therapy produced a 5 fold increase in 
survival when compared to mice receiving control diluent alone. After this time point, 
continued therapy increased the chances of complete tumour regression (1/8 complete 
regression with 15 days of treatment and 7/8 complete regressions with 45 days of 
treatment), and produced a significant difference in survival over control (p=0.014, after 
45 days of treatment). For the 45 days therapy, mice were first injected daily for 30 days 
and then received l|xg EL-12 twice weekly for the remaining 15 days. With this treatment 
schedule, significant reductions in tumour mass were observed in IL-12 treated mice 
compared to controls (p=0.01). IFN-y therapy did not cause a significant increase in 
survival (Fig 3.1) but a delay in tumour growth was observed (Fig 3.2). Initially IFN-y 
had a significant effect on tumour size (p=0.05 at the first 7 days) but after 14 days of 
treatment this was no longer apparent (Fig 3.2).
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Figure. 3.1. Effects of IL-12 and IFN-y therapy on survival of mice bearing the HTH-K 
transplanted tumour model. Forty mice were injected with approximately 1x10^ tumour 
cells each, as described in Materials and Methods. Treatment started three days after 
tumour injection. Eight mice were given control diluent (PBS/MSA), eight were treated 
i.p. with Ipg IL-12/day, for 12, 15, or 45 days (30 daily doses plus twice weekly for the 
remaining 15 days) and the remaining eight were treated i.p. with Ipg IFN-y/day until 
they had to be killed. There was a significant increase in survival between IL-12 treated 
tumours (for 45 days) and controls (p=0.014).
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Figure 3.2. IL-12 induces tumour growth inhibition and regression. IL-12
(Ipg/mouse/day) was given for 15 or 45 days (30 daily doses plus twice weekly for the 
remaining 15 days) and IFN-y (Ipg/mouse/day) was given until tumours reached the legal 
limit. Tumour growth is represented as volume (cm^) and was plotted as the mean tumour 
volume of mice ahve at every time point analysed. IL-12 therapy (45 days) resulted in 
significantly (p=0.01, for the duration of treatment) smaller tumour volumes, compared to 
controls. Initially, IFN-y therapy showed a significant delay in tumour growth (p=0.05 
for the first 7 days), compared to controls,
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Toxicity

After 10 daily injections of EL-12 there were some signs of lethargy and “mffled” coats in 

treated mice compared to controls (data not shown). These signs of toxicity were 

maintained throughout treatment (data not shown). Other signs of toxicity included 

splenomegaly and extra-medullary proliferation in the spleen (Fig 3.3) and increased 

cellular infiltrates in the liver (Fig 3.4). This organ had an overall pale appearance (data 

not shown) indicating increased areas of hepatic cell necrosis compared to livers from 

control mice (Fig 3.4). Weight measurements showed that IL-12 treated mice had slight 

reductions in weight compared to their littermate tumour-bearing controls (Fig. 3.5). 

However, these differences were not significant (p>0.05). IFN-y-treated mice showed no 

signs of toxicity throughout treatment (data not shown).

a

Figure 3.3. Splenic cellularity is increased in IL-12 treated mice, a) spleen section from 

control mice, after 14 days of tumour growth, observed at x40 magnification, b) spleen 

section from control mice, observed at x400 magnification, c) spleen section from mice 
treated with IL-12 for 10 days, observed at x40 magnification, showing signs of 

splenomegaly, d) spleen section from IL-12 treated mice, at x400 magnification with 

evidences of extramedular cellularity (arrows). Sections are representative of 3 mice per 

group.
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m

Figure 3.4. Signs of hepatic necrosis after EL-12 therapy for 10 days. Livers were 

processed for histology and observed at xlOO magnification. C: liver section from control 

(untreated) mice after 14 days of tumour growth. IL-12: liver section from mice treated 

with EL-12 for 10 days showing hepatic cell necrosis (N) and increased cellular infiltrates 

(arrows). Sections are representative of 3 mice per group.
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Figure 3.5. Weights of HTH-K-bearing mice untreated (control) or treated with IL-12. 
Results are shown as the mean weight of mice (in grams) alive at every time point 
analysed. The differences between the groups were not significant.
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IFN-y and IFN-y inducible genes

mRNA expression for IFN-y and some IFN-y inducible genes was studied at four time 
points during treatment with IL-12 (8hrs, 24 hrs, 3 days and 7 days). In 3 separate 
experiments, IFN-y mRNA was detected by RT-PCR after 8hr of IL-12 therapy and 
could then be detected at all time-points up to 7 days (Fig 3.6). IFN-y mRNA was not 
detected at 8hr in control treated tumours, but could be detected after 24 hrs. IFN-y 
treated tumours, however, did not show IFN-y at any time-point analysed (Fig 3.6). 
IFN-y mRNA was not detectable in any sample by northern blotting.

Northern analysis showed a strong IP-10 induction in IL-12 treated tumours 24 hrs after 
start of therapy, although it could be detected 8hrs after the first injection (Fig 3.7). IFN-y 
treated tumours also showed an increase of IP-10 after 24hrs but this was not sustained 
and after 3 days the level of expression of this chemokine was much lower (Fig 3.7). 
Control tumours had low levels of expression of IP-10 for all the time points analysed. 
Using northern analysis we next studied MHC class I expression by probing for murine p 
2-microglobulin. mRNA for this protein was first detected on IL-12 treated tumours 8hrs 
after the start of treatment. IFN-y treated tumours showed induction of p 2-microglobulin 
24 hrs after treatment began. Its expression peaked 3 days after the first injection, in both 
groups (Fig 3.7). Control tumours had low levels of expression for p 2-microglobulin, 
peaking at 3 days (Fig 3.7).

Expression of T cell effector molecules

mRNAs for perforin and granzyme B were first detected by RT-PCR after 24 hrs of IL- 
12 therapy (data not shown). Further, expression of granzyme B, but not perforin, could 
be detected by northern analysis in IL-12 treated tumours (Fig 3.7). with a strong 
induction 3 days after the start of therapy (Fig 3.7). IFN-y treated and control tumours 
showed low levels of expression of both granzyme B and perforin, which could only be 
detected by RT-PCR (data not shown).
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Figure 3.6. Analysis of mRNA expression for IFN-y, by RT-PCR, as described in 

Materials and Methods. Samples were normalized for loading using GAPDH primers and 

a positive control (+), provided with the amplimer sets, was used to confirm the identity 

of the PCR products. The mRNA levels are representative of 3 mice/group/time point (all 

three mice provided identical results). C; control. IL-12: IL-12 treated. IFN-y: IFN-y 

treated.
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Figure 3.7. crg-2 (IP-10), p 2-microglobulin (MHC class I), and granzyme B mRNA 

expression was analysed by northern analysis. To estimate loading of mRNA from 

untreated controls, IL-12 and IFN-y treated tumours, blots were exposed to a cDNA 

probe for p-actin (a house-keeping gene). The mRNA levels of a paiticular gene, for each 
time point, are representative of 3 mice/group/time point (all three mice provided identical 

results).
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Cell counts

The cellular infiltrate in the tumours was composed mainly of Mac-3+ 
monocytes/macrophages and CD3+ T cells (Table 3.1 and Fig 3.8). After 24 hrs of 
therapy IL-12 treated tumours had higher numbers of CD3+ cells than control tumours, 
and this was maintained for the duration of treatment. However, for the first 7 days of 
treatment, this difference was not significant. After 7 days, IL-12 treated tumours had 
significantly more CD3+ T cells than controls (Table 3.1 and Fig 3.8, p=0.005). This 
difference was maintained after 14 days (Table 3.1, p=0.01). CD8+ cytotoxic T cells 
accounted for a majority of the CD3-t- cell population (64% at 14 days. Fig 3.8). CD44- T 
cells were also present but did not show any significant variation between IL-12 treated 
and control tumours at any time point analysed (Table 3.1 and Fig 3.8). IFN-y treated 
tumours had smaller infiltrates than IL-12 treated tumours, but these were more abundant 
than controls (Table 3.1 and Fig 3.8). Further, in IFN-y treated tumours there was a 
smaller increase (not significant) in the cellular infiltrate throughout treatment, compared 
to controls.
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24 hours 7 days 14 days

Control IFN-y IL-12 Control IFN-y IL-12 Control IFN-y IL-12

CDS 12 14 23.5 30.5 45.3 92* 37.3 47 81.3*

±4.6 ±2.8 ±2.1 ±2.1 ±3.5 ±4.2 ±9.5 ±4.6 ±10.9

CD4 nd nd nd 14.3 21 24.5 17.8 20.5 26

±2.1 ±1.8 ±1.3 ±2.2 ±2.1 ±1.8

CDS nd nd nd 15.5 25.3 62* 19.8 25 52.3*

±2.6 ±1.3 ±2.16 ±2.2 ±4.1 ±2.9

Mac-3 21 19 23.5 41 52 46.5 40.3 49 40.3

±2.8 ±1.4 ±2.4 ±1.4 ±3.6 ±2.1 ±3.8 ±4.2 ±1.5

Table 3.1.
Phenotypes of the cellular infiltrate on IL-12 treated, IFN-y treated and control tumours. 
Results show the number of infiltrating cells in 80 high power fields (mean of 4 
tumours/time point plus standard deviations). Each high power field was observed under

xlOOO magnification and measured 0.012 mm^. nd: not done; due to the small number of 

infiltrating cells at the 24 hr time point, it was not possible to determine the number of 
CD4 and CDS T cells accurately. *: after 7 days, IL-12 treated tumours had more CD3-I- 
(CD8+) T cells than controls (p=0.005) and this difference was maintained at 14 days
(p=0.01).
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Figure 3.8. Proportion of Mac-3 and CD3 (CD4-I- and CD84-) T cells in IL-12 treated, 

IFN-y treated and control tumours. Results show the total number of infiltrating cells in 

80 high power fields (mean of 4 tumours/time point plus standard deviations). CD3+ T 

cells were divided into their CD8-I- and CD4-I- subpopulations. ID, 7D and 14D: 24hrs, 7

days and 14 days of IL-12 treatment, nd: due to the small number of infiltrating cells at 

the 24 hr time point, it was not possible to determine the number of CD4-I- and CD8-I- T 

cells accurately. *: after 7 days, IL-12 treated tumours had more CD3-1- (CD8-1-) T cells 

than controls (P=0.005) and this difference was maintained at 14 days (P=0.01).
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Blood Vessel Counts

CD-31 staining revealed a significant difference between the proportion of vascularized 
areas in IL-12 treated and control tumours. After 7 days control tumours were highly 
vascularized compared to the IL-12 treated group, and this difference was maintained at 
14 days (Fig 3.9) (p<0.01 for both time-points analysed). After 14 days of therapy, IFN- 
Ytreated tumours were only marginally less vascularized than control tumours (Fig 3.9). 
Differences between the three groups were clearly visible macroscopically (not shown). 
When removed after 7 days of daily therapy, IL-12 treated tumours were much paler than 
control or IFN-y treated tumours.
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Figure 3.9. Vascularization within the tumours is reduced after IL-12 therapy, but not 
after IFN-y therapy. Tumour sections were stained for CD-31, and blood vessel areas 
determined using the Chalkley array. Sections were observed at x400 magnification. 
Results are shown as the proportion of blood vessel areas to the remaining areas in the 
tumour system (the mean of 4 tumours/time point, plus standard deviations). C: control. 
IL-12: IL-12 treated. IFN-y: IFN-y treated. **: IL-12 treated tumours have significantly 
smaller vascularized areas than controls (P<0.01).
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Levels of apoptosis

In IL-12 treated, IFN-y treated and control tumours, apoptosis was detected in situ using 
the Tunel technique. IL-12 treated tumours had a higher incidence of tumour cell 
apoptosis at all time-points analysed, compared to IFN-y treated and control tumours (Fig
3.10, p<0.001, at 7 days, compared to control tumours). IFN-y treated tumours also 
showed significantly higher levels of apoptosis than controls at 24 hrs and 7 days (Fig
3.10, p<0.01), but not after 14 days of treatment. In control tumours, the number of 
apoptotic cells did not show significant variation at all time points analysed (Fig 3.10).
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14 days IL-12
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Figure 3.10. IL-12 therapy induces tumour cell killing by apoptosis. Sections were 
stained using the TUNEL technique. Time points after treatment were 24 hrs, 7 days and 
14 days. Twenty high power fields were counted for each section (4 tumours per time 
point). Each high power field was observed under xlOOO magnification and measured 
0.012 mm^. Results are shown as the proportion of apoptotic cells to the total number of 
cells (the mean of 4 tumours/time point plus standard deviations). C: control. IL-12: EL- 
12 treated. IFN-y: IFN-y treated. *: significantly higher than controls (p<0.01); **:

p<0.005; ***: p<0.001; ns not significant.
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DISCUSSION

In experimental cancer models, IL-12 produces more effective anti-tumour responses than
most other cytokines. Although some of the actions described here have been described in
other models (Tannenbaum et al, 1996; Tsung et aL, 1997) in this chapter a number of
reported and novel actions of IL-12 were defined in a new murine breast carcinoma
model, and the temporal sequence of these events was also determined. This is also the
first study to compare the molecular and cellular changes induced in tumours by IL-12
with those induced by IFN-y. A dose of Ipg/mouse/day was used for each cytokine. As
IFN-y (M.W. of 15.9) is biologically active as a homodimer and IL-12 is a heterodimer
molecule (M.W. of 62.6), these doses were reasonablv comnarable. However, the half

 ̂ !(Callard and Gearing, 1994) 
life of IL-12 is considerably longer than that of IFN-y and this should oe laxeh into
account when assessing the results. The dose of IFN-y used in this study is equivalent to
a clinically achievable dose in tumour patients, and gives a similar pharmacokinetic profile
(Malik graZ., 1991).

In this model the actions of IL-12 in the tumour microenvironment involve a variety of 
events exerted at different levels: the establishment of an anti-tumour immune response; 
direct toxicity against tumour cells and anti-angiogenic effects. The observation that after 
IL-12 therapy tumour cell apoptosis occurs early on, and is sustained throughout 
treatment, has not been reported before, and the range of molecular and cellular changes 
have not been studied in a single model. Data from the present work and many other 
experimental tumour studies suggest that cytokines such as IFN-y produce some but not 
all the effects induced by IL-12, and thus achieve only partial anti-tumour responses. 
Finally, the results presented suggest that induction of the chemokine IP-10 and activation 
of the infiltrating cells are some of the key changes seen after IL-12 therapy. A diagram of 
the sequence of cellular and molecular events that occurs in IL-12 treated tumours is 
summarized in Figure 3.11.

Data from this chapter and other published work (Tannenbaum et al, 1996; Tsung et a l,  
1997) suggests that one of the first actions of IL-12 against a developing tumour results in 
the establishment of an immune response. This involves the production of IFN-y by 
infiltrating cells (Nastala gf a/., 1994). mRNA for IFN-y was detected at very low levels 
in IL-12 treated HTH-K tumour as early as 8 hr after the start of treatment. Following this 
early presence of IFN-y, several genes were induced, such as IP-10. This protein is an 
IFN-y-inducible chemokine, an attractant of T lymphocytes with anti-angiogenic 
properties (Farber, 1997). mRNA for IP-10 was detected after 8 hrs of IL-12 therapy. In 
IFN-y treated tumours IP-10 was only detected 24 hrs after the first treatment, and its

98



Chapter 3 IL-12 therapy o f  the HTH-K model

induction was not sustained. There was a quantitative difference between the infiltrates in 
IL-12/IFN-Y treated tumours and controls after 24 hrs, which suggests the induction of 
IP-10 may have contributed to the recruitment of cellular infiltrates into the tumours. The 
sustained induction of this chemokine in IL-12 treated tumours may account for the higher 
level of infiltrating CD8+ T cells seen in these but not in IFN-y treated or control tumours 
at later time points. These results have recently been confirmed in RENCA-bearing mice. 
Antibodies against IP-10 (and Mig) reduced the number of infiltrating cells into the 
tumours and thus partially abrogated the anti-tumour effects of IL-12 in this model 
(Tannenbaum et fl/., 1998).

The presence of local or systemic IFN-y led also to the induction of other genes, like p-2- 
microglobulin, which was detected in IL-12 treated tumours 8 hrs after the first injection, 
p 2-microglobulin continued to be expressed at high levels after 7 days of therapy, in both 
IL-12 and IFN-y treated tumours. This suggests that antigen presentation via MHC class I 
is an important step in the establishment of an immune response by IL-12, mediated by 
IFN-y. Further, we could only find evidence of T cell activation in IL-12 treated tumours. 
mRNA for granzyme B and perforin was detected 24 hrs after start of treatment in IL-12 
treated tumours, but not in IFN-y treated or control tumours. The mRNA levels for 
granzyme B in IL-12 treated tumours were higher than those for perforin, confirming 
previous studies suggesting IL-12 is a strong inducer of granzyme B (Salcedo et a l,
1993). The detection of their specific mRNA confirmed the presence of activated 
cytotoxic T cells after IL-12 therapy, as determined by immunohistochemistry. Further, 
immunohistochemical detection of the very early activation antigen CD-69 also indicated 
the presence of activated T cells in IL-12 treated tumours, but not in IFN-y or control 
tumours (data not shown). These observations confirm other reports (Nastala et a l,
1994) suggesting an essential mechanism developed during the anti-tumour actions of IL- 
12 is the establishment of an immune response. The involvement of CD8+ cytotoxic T 
cells has been previously suggested (Brunda et a l, 1993), but the results shown in this 
chapter suggest that antigen presentation and subsequent T cell activation occurs via MHC 
class I after IL-12 therapy.

Following early IFN-y production and the establishment of an immune response, a 
subsequent phase in the actions of IL-12 involves toxicity against tumour cells. This may 
be mediated by other IFN-y inducible genes, such as the enzyme indoleamine-2,3- 
dioxygenase (IDO). This protein is involved in the degradation of tryptophan which may 
be one of the mechanisms by which IFN-y produces its anti-proliferative effects (Burke et 
a l,  1995). IDO was detected in IL-12 and IFN-y treated tumours, but not in controls, 
after 3 days of daily therapy and could still be detected after 7 days (data not shown). By 
reducing the tryptophan content of tumour cells, IDO may reduce their viability and ability
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to grow. The detection of mRNA for IDO in both IL-12 and IFN-y treated tumours 
suggests that toxicity against tumour cells, through the induction of IDO, may be 
necessary for the development of an anti-tumour response, but it is not sufficient, as 
shown by (Burke et a l, 1995).

Other effects developed during the anti-tumour actions of IL-12 involve an anti- 
angiogenic response. The anti-angiogenic effects of IL-12 have been reported in other 
tumour model systems (Voest et al, 1995; Majewski et al., 1996). After 7 days of daily 
treatment there was a reduction in the vascularity of IL-12 treated tumours when 
compared to controls, and this effect was maintained after 14 days of therapy. IFN-y 
caused a lesser and transient anti-angiogenic effect throughout the course of treatment. 
These observations could also be explained by the levels of expression of the chemokine 
IP-10. This chemokine has anti-angiogenic properties (Sgadari et al., 1996a). and is 
involved in the anti-angiogenic effects of IL-12 in other models (Kanegane et al., 1998). 
Our data suggests that its sustained induction at the tumour site is necessary for a full anti- 
angiogenic effect to develop. However, we do not discount the possibility of other 
cytokines, chemokines or cytokine antagonists being involved in the process.

All the events described above may contribute to the reduction in tumour volume and 
mass observed after IL-12 therapy. IL-12 is not capable of acting directly against tumour 
cells in vitro (Brunda et a l, 1993) but some of its secondary products may affect their 
growth and survival in vivo. TNF-a was not induced in IL-12 treated tumours (data not 
shown), suggesting the anti-tumour effects of IL-12, at least in this model, do not require 
this cytokine. However, IFN-y (Burke et al., 1997), CD8+ cytotoxic T cells via the 
perforin-granzymes (Berke, 1995) and inhibition of angiogenesis (Hanahan & Folkman, 
1996) all induce cell death by apoptosis, and each one of these mechanisms was detected 
after IL-12 therapy. IL-12 treated tumours showed a higher incidence of apoptosis, 
compared to IFN-y treated or control tumours, immediately after 24 hrs of treatment. This 
may be the result of the early development of an anti-tumour immune response and 
toxicity against tumour cells, possibly through the induction of nitric oxide synthase 
(Wigginton et a l, 1996b). The levels of apoptosis are sustained throughout treatment as a 
result of the remaining actions of IL-12, induction of other toxic factors such as IDO, 
maintenance of an anti-tumour immune response and anti-angiogenic mechanisms. The 
combined action of these effects led to the eradication of the established tumour.
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Despite its potent anti-tumour effects, administration of IL-12 to HTH-K bearing mice 
produced similar signs of toxicity to those previously reported for this cytokine such as 
splenomegaly and extramedular cellularity in the spleen (Tare et aL, 1995); increased 
cellular infiltrates and necrosis in the liver (Myers et al., 1998). Systemic IL-12 treatment 
produced also some external signs of toxicity and led to minor weight loss.

As mentioned above, the anti-tumour effects of IL-12 in the HTH-K model involve the 
production of IFN-y at the tumour site and the subsequent induction of several IFN-y- 
inducible genes. The toxic effects seen after IL-12 therapy of HTH-K bearing mice may 
be due to the production of IFN-y and the systemic effects of this cytokine, such as the 
increased adhesion molecule expression seen in other models (Ogawa et aL, 1998). 
However, in IFN-y -/- mice, IL-12 administration produces some signs of toxicity, 
namely an inflammatory infiltrate in the lungs, increased adhesion molecule expression in 
the liver and increased extramedulary haematopoiesis in the spleen (Car et aL, 1995). It is 
unclear from the present work whether the toxicity seen after IL-12 therapy is IFN-y- 
dependent.

Individual cytokine therapy of human tumours has been of limited success (Gutterman,
1994). An understanding of the sequence of molecular and cellular events in an 
experimental tumour successfully treated with a cytokine may lead to the design of 
sequential or combination cytokine/biological therapies that can achieve similar results 
with acceptable toxicity.

In this chapter novel evidence as to how IL-12 acts on the tumour microenvironment was 
shown. The ability to produce a sequence of changes in the microenvironment which 
ultimately lead to tumour regression may explain why IL-12 is so effective against a wide 
range of tumour models.

Finally, despite inducing IP-10, little is known about the mechanisms developed by IL-12 
against an angiogenic tumour. The next chapter will focus on the anti-angiogenic effects 
of IL-12 in the HTH-K tumour.
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IL-12 REGULATES VEGF AND MMPs IN THE HTH-K 
BREAST CANCER MODEL

INTRODUCTION

The HTH-K breast carcinoma expresses several pro-angiogenic molecules such as VEGF 
and bPGF and inhibitors of angiogenesis such as IP-10 and TGF-p. Further, the detection 
of several MMPs and their inhibitors, TIMPs, suggest these may also contribute to the 
angiogenic profile of the HTH-K tumour. However, the role played by each of these 
factors in the angiogenic profile of HTH-K has not been determined.

The anti-angiogenic actions of IL-12 are thought to be largely due to the local IFN-y 
production and its subsequent induction of the angiostatic chemokine IP-10 (Voest et al, 
1995; Angiolillo et aL, 1996) In chapter 3 it was demonstrated that after IL-12 therapy 
there is an induction of IP-10 at the tumour site, which may contribute to reduced blood 
vessel formation (see chapter 3 for details). While induction of IP-10 may explain the 
anti-angiogenic action of IL-12 in some tumour models (Angiolillo et at, 1996; Voest et 
aL, 1995), we present evidence in this chapter that in the HTH-K tumour IL-12 also 
regulates the levels of VEGF, MMP-9 and TIMP-1 in the tumour microenvironment.
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In this chapter the anti-angiogenic effects of IL-12 were investigated by studying:

• the molecular changes in vivo after IL-12 therapy, focusing on factors that contribute 
to the tumour angiogenic phenotype.

• the main pro-angiogenic factor(s) in the HTH-K tumour, identified using the HTH-K 
cell line and an in vitro angiogenesis assay.

• the effects of IL-12 and IFN-y treatment in vitro, using the HTH-K cell line, on the 
production of the main pro-angiogenic factor(s) in this tumour.

• the stromal reactions contributing to the angiogenic process in the HTH-K tumour and 
their modulation by IL-12.
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MATERIALS AND METHODS

Details of mice used for all animal experiments, tumour model, quantification of the blood 
vessel content of HTH-K and VEGF ELISA were described in detail in Chapter 2.

Tumour protein analysis

Three days after tumour implantation tumour-bearing mice were treated with IL-12 
(Ipg/day) for 45 days, as described in Chapter 3, and tumour protein analysis was carried 
out after 24 hrs, 7 days and 14 days.

Reagents

An MMP inhibitor, BB-2116, was kindly provided by British Biotech Pharmaceuticals 
(Oxford, UK). This inhibitor was used at a concentration of 30mM. Anti-mouse VEGF 
blocking antibody (Santa Cruz, Autogen Bioclear UK Ltd, Wiltshire, UK) was used at a 
concentration of 0.5 pg/ml and an IFN-y blocking antibody (R&D systems, Abingdon, 
UK) was used at Ipg/ml.

Cell lines

The mouse T cell line EL4-nob was orovided by Dr. Doreen Cantrell (Lymphocyte 
Activation Laboratory, ICRF). The macrophage cell line J774 was also used (for details 
see (Yoshida et a l, 1994). Both were cultured in RPMI 1640 with 10% foetal calf serum 
(FCS, Sigma, UK), supplemented with L-glutamine (2mM), penicillin (100 U/ml) and 
streptomycin (100 pg/ml). The bEND rat endothelial cell line was provided by Dr. Roy 
Bicknell (ICRF, Oxford), and was grown in DMEM with 10% FCS and antibiotics, as 
above.

Anti-proliferative experiments using the HTH-K tumour cell line

HTH-K cells were seeded into 6-well plates at a concentration of 1x10  ̂cells/well in 2 mis 
of medium (with or withour the cytokine), and analysed at 24, 72 and 96hrs. Conditioned
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medium (CM) was obtained by culturing 1x10* cells/ml in the absence of FCS for 24 hrs 

in 75 cm  ̂ tissue culture flasks (Nalge Nunc International, Denmark). Supernatant was 
collected, spun at 3500 xg and stored at -20°C prior to use.

Triton X-114 extraction of proteins and Western blotting

Protein extraction
One ml of ice cold extraction buffer (1.5 % TX-114/TBS'^\ 50 mM Tris-HCl, pH 7.4,

150 mM NaCl, 2 mM Mĝ "̂ , 5 mM Câ "̂  ions) was added to 1 cm  ̂ tumour tissue, which 
was cut using a clean scalpel. The detergent mixture was mixed 3 times and spun at 
13000 xg. The supernatant was incubated at 37 °C for 5 min and then centrifuged at 
13000 xg for 2 mins. The lower detergent phase, containing hydrophobic protein, was 
separated from the upper aqueous phase, containing hydrophilic proteins (for details, see 
(Bordier, 1981).

Western blotting
Protein concentrations were determined using the method indicated by BIO-RAD (BIO
RAD laboratories, Hertfordshire, UK). Western blotting of both cell culture supernatants 
and protein extracts from tumour tissue was performed according to the method of 
[Cornali, 1996 #1431]. The resulting nitrocellulose membranes were blocked with 5 % 
low fat milk powder and treated with a specific anti-murine VEGF antibody (Autogen 
Bioclear UK Ltd, Wiltshire, UK), used under non-reducing conditions; and anti-TIMP-1 
antisera (Oncogene Research Products, Cambridge MA, USA), under reducing 
conditions (10% p-mercaptoethanol). Both antibodies were used at a concentration of 
0.5pg/ml. Primary antibodies were labelled with HRP linked IgG (Sigma, UK). The 
protein was detected using the BCL system (Amersham Life Science, Buckinghamshire, 
UK). VEGF detection required only 1-5 mins exposure, but TIMP-1 could only be 
detected after 15 mins-1 hr. The resulting autoradiogram was scanned using a U-max 
scanner (Thames Valley Systems, USA) and the Abode Photoshop 3.0 software package. 
NIH Image 3.1 software package was used to quantify the different intensities.

Gelatin zymography

The supernatant from cell culture experiments or protein extract from solid tumours was 
loaded onto PAGE-acrylamide gels containing 1% gelatin (Porcine skin type I, bloom 
300, Sigma chemicals) as previously described in (Leber & Balkwill, 1997). After

106



Chapter 4 Anti-angiogenic effects

electrophoresis the gel was soaked in 2.5% TX-lOO (Sigma) for one hour. The gel was 
then incubated in low collagenase buffer (50 mM Tris (pH 7.6), 0.2M NaCl, 5mM CaClj 
and 0.2% (v/V) Brij-35) for 18 hours at 37°C. After this incubation the gel was briefly 
rinsed in distilled water and then stained for one hour at RT in stain working solution. 
The staining solution was prepared by mixing 10ml of a 0.2% coomassie blue 
(Pharmacia, Upsaala, Sweden) stock solution and 190ml of destain (1:3:6 glacial acetic 
acid : methanol : distilled water). Gelatinolytic activity for a fixed number of cells was 
calibrated to a fixed amount of standard proMMP-2 to give relative gelatinase activity. The 
gel was scanned and quantified as above.

In  v itro  endothelial cell angiogenesis assay

bEND cells were seeded onto collagen type I gels (with a collagen concentration of 
0.5mg/ml and 250 pl/well) at a cell density of 2.5x10'̂  cells/well, in 24 well plates (Nulge 
Nunc International, Denmark). This three-dimensional cell culture system has been 
previously described (Kuzuya et a l, 1995). Test reagents were added after 24hrs and 
changed every 2 days. The results were quantified after 4 days. Cells were observed 
under an inverted light microscope (Nikon, UK) using the LUCIA image analysis 
system. Twenty measurements of endothelial cell length were made per high power field 
and 3 high power fields were studied per well. Experiments were performed in triplicate.

Co-culture experiments

EL4-nob (T) cells and J774 macrophages were cultured in 24 well plates at a cell density 
of 2.5x10"  ̂ cells/well. Co-cultures were seeded at a 1:1 and 1:4 macrophage/T cell ratio, 
with each cell type having at least 2.5x10"  ̂ cells/well. Co-culture supernatants were 
collected, concentrated with ice-cold acetone, and their protein content determined (see 
above). These supernatants were analysed by zymography and western blotting, as 
indicated above. In some experiments, T cell supernatants were treated with an IFN-y 
blocking antibody (R&D systems, Abingdon, UK).

Statistical analysis

The statistical program Statview was used for data analysis. An unpaired t test was used 
for the analysis of the endothelial cell angiogenesis assay, the ELISA assay and cell 
growth experiments involving the HTH-K cell line.
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RESULTS

Blood vessel content in  v i v o  correlates with molecular changes at the 
tumour site

As described in Chapter 3, IL-12 had significant anti-tumour activity in the HTH-K 
model. Fifteen days of daily IL-12 therapy produced a 5-fold increase in survival when 
compared to mice receiving control diluent alone.

Analysis of protein extracts from the HTH-K tumour showed that VEGF was expressed 
after 24 hrs in both control and IL-12-treated tumours (Fig. 4.1). A 7-fold decrease in 
VEGF levels was first noted in IL-12 treated tumours after 7 days, and this was 
maintained during tumour regression (Fig. 4.1). The decline in VEGF levels in IL-12- 
treated tumours correlated with a reduction in blood vessel content (Fig. 4.2), increased 
haemorrhage and necrosis in the tumour. This was most evident after 14 days of IL-12 
therapy (Figs. 4.2 and 4.3).

Protein extracts from these tumours had gelatinolytic activity which co-migrated with the 
murine forms of proMMP-2 and proMMP-9 (72 and 103 kd, respectively). In untreated 
tumours, these enzymes did not show any significant change throughout the period of 
tumour growth (Fig. 4.1). In contrast, daily IL-12 therapy led to a 5-fold reduction in 
proMMP-9 at 7 days (Fig. 4.1) and this effect was maintained for the duration of 
treatment. ProMMP-2 levels remained unchanged (Fig. 4.1). As the tumours were 
resolving after 14 days of IL-12 therapy, there was a dramatic increase in TIMP-1, which 
accompanied the decrease in proMMP-9. TIMP-1 could not be detected in control 
tumours (Fig. 4.1). There was no uPA or tPA-type activity, MMP-1 or MMP-7 in these 
tumours (data not shown).
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VEGF 46 kd

MMP-9 103 kd

MMP-2 72 kd

Timp-1 1 . ■4 29 kd

Figure 4.1. Western blotting and zymography of protein extracts in control and IL-12 
treated tumours. VEGF and TIMP l were analysed by western blotting. MMP-9 and 
MMP-2 levels were analysed by zymography. Results shown are representative of 3 
separate experiments (3 tumours/time-point in each experiment).
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Figure 4.2. Vascularization of the tumours is reduced after IL-12 therapy. Methods are 
described in Chapter 2. Sections were observed at x400 magnification. Results are shown 
as the proportion of blood vessel areas to the remaining areas in the tumour system (the 
mean of 4 tumours/time point, plus standard deviations). C: control; IL-12: IL-12-treated 
tumours. **: IL-12 treated tumours have significantly smaller vascularized areas than 
controls (P<0.01).
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Figure 4.3. Histology of the HTH-K tumour 14 days after tumour implantation. Control 
and IL-12 treated sections were stained for hematoxilin/eosin and observed at x200 
(control) and x400 (IL-12-treated). B- blood vessel; N- haemorragic necrosis; T: tumour 
cells. Sections are representative of 4 tumours/group/time point.
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In order to further understand the anti-angiogenic action of IL-12, several in vitro 
experiments were performed.

The HTH-K cell line responds to IFN-y but not IL-12 treatment in  vitro

As described in chapter 2, the HTH-K cell line secreted VEGF into the culture medium 
when cultured for 24 hrs (Fig. 4.4). Treatment of HTH-K cells in vitro with 5ng/ml IL- 
12 did not affect their growth or their ability to make VEGF (Fig 4.4 and 4.5). The same 
dose of IL-12 increased IFN-y mRNA in murine splenocytes, showing that the cytokine 
preparation was active in vitro (data not shown). Exposure of the HTH-K tumour cells to 
IFN-y (1000 U/ml) for 24 hrs decreased the levels of VEGF by 40% (Fig. 4.4, p<0.01). 
IFN-y at the same dose had little effect on cell growth during 7 days of culture (Fig. 4.5). 
To determine whether this effect of IFN-y was dose-dependent, a lower dose of IFN-y 
(10 U/ml) was tested on the HTH-K cells. This lower dose did not reduce VEGF 
production by the HTH-K tumour cells (Fig. 4.4) and also had no effect on cell growth 
during 7 days of culture (Fig. 4.5).

300-1
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O
LU>
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Control IL-12 (5ng/ml) iFN-y (10 U/ml) IFN-y (1000 U/ml)

Treatment

Figure 4.4. The HTH-K cell line produces VEGF in vitro. These cells were cultured in

the presence or absence of IL-12 (5ng/ml) and IFN-y (10 and lOOOU/ml) for 24hrs.

Supernatants were analysed for the presence of VEGF by ELISA. Results shown are 
representative of three experiments. *: cells treated with IFN-y (lOOOU/ml) had reduced 
levels of VEGF compared to cells with medium alone (P<0.01)
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Figure 4.5 Cell growth experiments with the HTH-K cell line. Cells were untreated 
(control), treated with IFN-y (lOOOU/ml) or IL-12 (5 ng/ml) for 24 hrs, 4 and 7 days. 
Results shown are representative of three experiments (each done in triplicate). **: after 4 
days, cells treated with IFN-y had reduced cell numbers compared to cells with medium 
alone (P<0.01), but this effect was not sustained.
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I n  v itro  angiogenesis assay

VEGF stimulates endothelial cell differentiation in vitro, leading to the formation of tube 
like structures (Pepper et aL, 1995). bEND cells cultured in medium alone showed little 
tube formation (Fig. 4.6, i). In contrast, conditioned medium (CM) from the HTH-K 
tumour cells had a similar effect to that described for VEGF (Fig. 4.6, ii). Treatment with 
CM (1 in 10 dilution) significantly increased endothelial cell length (Fig. 4.6ii and 4.7) 
compared to cells in medium alone (Fig. 4.6i and 4.7; p=0.0015). However, in the 
presence of a VEGF blocking antibody (Fig. 4.6iii and 4.7; p<0.001) or the MMP 
inhibitor BB-2116 (Fig. 4.6iv and 4.7; p<0.001) endothelial cell elongation stimulated by 
HTH-K conditioned medium was inhibited. A rabbit anti-mouse IgG (Sigma, UK) was 
used as a negative control (data not shown). These results confirmed VEGF as a major 
angiogenic factor in this tumour model (see chapter 2 for details), and were consistent 
with observations in vivo (Fig. 4.1).

Finally, the use of BB-2116 suggests that, in this in vitro model, MMPs are necessary for 
the angiogenic process to occur. Incubation of endothelial cells with this MMP inhibitor in 
the presence of HTH-K CM blocked collagen invasion and differentiation of the cells into 
tube-like structures (Fig 4.6iv). MMPs may be involved in the angiogenic process either 
by stimulating the release of pro-angiogenic cytokines from the endothelial cells or by 
allowing endothelial cells to degrade collagen.
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Figure 4.6. In vitro angiogenesis assay to evaluate the ability of HTH-K cells to induce 

angiogenesis. Control cells (with medium alone) showed reduced tube formation (i). CM 

from the HTH-K tumour cells induced endothelial cell morphogenesis and tube formation 

(ii). This effect was blocked by a VEGF blocking antibody (iii) and an MMP inhibitor, 

BB-2116 (iv). Cultures were observed after 4 days at x400 magnification. Results are 

representative of 3 experiments.
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Figure 4.7. Endothelial cell length. Results shown in the graph represent the mean 
endothelial cell length after 4 days of culture±STD. All measurements were done in 
triplicate. *: CM increased endothelial cell length significantly, compared to cells in 
medium alone, p=0.0015; **: CM increased endothelial cell length significantly, 
compared to cells with the VEGF blocking antibody+CM (P<0.001) or BB-2116+CM 
(P<0.001).
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IL-12 regulates MMP-9 and TIMP-1 production in macrophage and T cell 
lines

The action of IL-12 was evaluated in co-cultures of murine T cell (EL4-nob) and 
macrophage (J774) cell lines. Treatment of T cell: macrophage co-cultures (1:1 or a 4:1 T 
cell to macrophage ratio) with IL-12 led to a decrease in proMMP-9 (Fig. 4.8a) and a 3-4 
fold increase in TIMP-1 production relative to comparable co-cultures in the absence of 
IL-12 (Fig. 4.8a). The mechanism involved was dissected further. First, macrophages 
(the only source of MMPs in this system) were incubated with supernatants from IL-12- 
treated T cells, and a similar downregulation in pro-MMP-9 production was observed 
(Fig. 4.8b). Second, this effect could be abrogated by treating the supernatants with an 
IFN-y blocking antibody (Fig. 4.8b). This indicated that IL-12-induced IFN-y (produced 
by the T cells) was responsible for downregulating pro-MMP-9 production from 
macrophages.

However, the same mechanism could not explain the effects of IL-12 on TIMP-1 
production. IL-12 induced up-regulation of TIMP-1 could not be blocked by an antibody 
against IFN-y (Fig. 4.6B). This suggested that the increased TIMP-1 production by 
macrophages may be due to a direct effect of IL-12 on these cells and not mediated via 
IFN-y.

Finally, the HTH-K cells released low levels of proMMP-9 into the culture medium but 
this was not affected by IL-12 or IFN-y treatment (data not shown). TIMP-1 could not be 
detected in the HTH-K cell culture supernatants.
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Figure 4.8. Co-culture experiments with J774 macrophages and EL4-nob T cells. Co
culture supernatants were collected and analysed by western blotting (TIMP-1) and 
zymography (MMP-9) as mentioned in Materials and Methods.

A; M- macrophages alone; T- T cells alone; 1:1 and 4:1- T cell/macrophage ratios. 

Results shown are representative of 3 experiments.

B: IL-12-induced reduction in pro-MMP-9 (detected by zymography) could be blocked 

by an antibody against IFN-y. TIMP-1 production (western blotting), however, could not 
be explained by the same mechanism. M- macrophages alone; T- T cells alone; 1:1 and 
4:1- T cell/macrophage ratios. Ab- supernatants were treated with an IFN-y blocking 
antibody. Results shown are representative of 3 experiments.
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DISCUSSION

In the HTH-K tumour, 7 days of IL-12 treatment resulted in a dramatic decrease in VEGF 
levels, which was associated with a decrease in tumour blood vessel content and, as 
shown previously, an increase in tumour cell death by apoptosis (Chapter 3). The decline 
in VEGF in the HTH-K tumours resulted in similar effects to those seen in a model of 
glioma (Benjamin & Keshet, 1997). In that model, a tetracycline-regulated system was 
used to study the conditional switching of VEGF expression in tumours. Shutting off 
VEGF production resulted in endothelial cell apoptosis and regression of newly formed 
blood vessels and was associated with increased necrosis and hemorrhages within the 

tumour.

Others have suggested that IL-12 does not act directly on tumour cells (Brunda et a l,  
1993) but that IFN-y is a key mediator of the response of tumours to IL-12 (Chapter 3 
and Brunda et a l, 1995). Thus the effect of IFN-y treatment of the HTH-K tumour cell 
lines was investigated. IFN-y reduced VEGF production by the HTH-K tumour cells in 
vitro. This may explain the reduction in VEGF levels in vivo. This effect of IFN-y was 
independent of its action on cell growth, and may be worthy of further study in other 
models. Recently, tumour cell responsiveness to IFN-y was shown to be critical in IL-12- 
induced tumour regression and anti-angiogenic effects (Coughlin et al., 1998a). This may 
explain the response of the HTH-K tumour to IL-12 and the anti-angiogenic
effects seen after therapy.

Besides tumour cells, endothelial cells can also be a source of VEGF (Ladoux & Frelin, 
1993). IFN-y was shown to inhibit endothelial cell growth (Friesel et at., 1987) and the 
IFN-y inducible chemokine IP-10 is suggested to have similar effects (Sgadari et al., 
1996a). Thus, IL-12-induced IFN-y may be acting at different levels in this tumour 
leading to the reduction in VEGF. Although IP-10 is involved in the anti-angiogenic 
effects of IL-12 (Sgadari et a l, 1996b), it remains unclear what role it plays in the 
process.

As shown in Chapter 3, there was a significant increase in the number of infiltrating cells 
in the HTH-K tumour after IL-12 therapy. The cellular infiltrate has been proposed as one 
of the main sources of MMPs and their inhibitors in ovarian (Naylor et al., 1994) and 
breast (Heppner et al., 1996) cancer. However, in the present study, as treatment 
progressed, IL-12 treated tumours had reduced proMMP-9 and increased TIMP-1 levels. 
The regressing tumours (after 14 days of daily therapy) consisted mainly of infiltrating
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cells and necrotic tissue. Further, amongst infiltrating cells, T lymphocytes were the most 
abundant, exceeding macrophages by 2 fold (see Chapter 3, for details). The interaction 
between monocytes and T cells at a particular cellxell ratio leads to changes in MMP-9 
and TIMP-1 production (Lacraz et a i,  1994). Results from the use of co-cultures in the 
present work suggest that IL-12 acts on the infiltrating cells, leading to reduced MMP-9 
and increased TIMP-1 levels in the tumour. Preliminary results suggest that this effect is 
not direct, but is mediated by IFN-y. Using IFN-y blocking antibodies, it was 
demonstrated that IFN-y (produced by T cells in response to IL-12) dowregulates MMP-9 
production by macrophages. IFN-y has been previously shown to downregulate MMP-9 
production by mouse peritoneal macrophages (Xie et a i, 1994).

However, in human breast cancer, MMP-9 was also locahzed to endothelial cells lining 
tumour blood vessels (Heppner et aL, 1996). In the HTH-K tumour, the dramatic 
decrease in MMP-9 may thus be the result of the action of IL-12 on the infiltrating cells 
and the reduction in tumour vasculature. Finally, as mentioned before, MMP-9 was 
shown to promote angiogenesis (Quian et aL, 1997) whereas TIMP-1 inhibited 
angiogenesis (Thorgeirsson et aL, 1996).

Other studies have shown that the anti-angiogenic properties of IL-12 are maintained in 
immunocompromised mice (Voest etaL, 1995). Results described in this chapter suggest 
that IL-12 may act at two levels in angiogenesis. The first involves the IL-12-mediated

induction of IFN-y, leading to a reduction in pro-angiogenic stimuli (such as VEGF) at

the tumour site. This may require the action of other IFN-y inducible genes (such as IP- 
10) and explains most of the effects observed in those models. Second, IL-12 also acts on 
the cellular infiltrate, leading to a reduction in MMP-9 and an increase in TIMP-1. In the 
HTH-K tumour, both these mechanisms may be necessary to achieve blood vessel 
regression and repress angiogenesis. A summary of the effects of IL-12 on the tumour 
microenvironment is shown in Figure 4.9.
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Figure 4,9. Schematic representation of the temporal sequence of events produced by IL-12. Scale start 3 days after tumour injection 
(day 0 of treatment). Molecular changes were studied over 7 days and phenotypic changes over a 14 day period.
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Chapter 4  Anti-angiogenic effects

IL-12 therapy of cancer patients has been of limited success due to unexpected toxicity 
(Leonard et aL, 1997). The data presented here suggest that the use of synthetic MMP 
inhibitors, combined with IL-12, may reduce toxicity and produce more effective anti
tumour responses than either agent alone. Subsequent work investigated this possibility 
(Chapter 5).
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Anti-tumour effects of IL-12 and an MMP inhibitor

INTRODUCTION

As shown in chapter 3, prolonged IL-12 therapy was effective against the HTH-K 
tumour. However, as in other studies and in clinical trials, IL-12 therapy of HTH-K- 
bearing mice was associated with some toxicity, particularly splenomegaly and hepatic 
necrosis.

The anti-tumour action of IL-12 on HTH-K-bearing mice was exerted at different levels, 
producing an immune response, toxicity against tumour cells and anti-angiogenic effects 
(Chapter 3). Further, the anti-angiogenic action of IL-12 involved at least two 
mechanisms, reduction of VEGF and inhibition of MMP activity at the tumour site 
(Chapter 4). These results suggested that EL-12 could be combined with other anti- 
angiogenic agents and in particular with MMP inhibitors, to reduce toxicity but maintain 
its potent anti-tumour effects.

Batimastat (BB-94) is an MMP inhibitor with reported anti-tumour and anti-metastatic 
activities in rat (Eccles et al., 1996) and mouse (Davies et al, 1993a; Sledge et a i, 1995) 
models. Also, it has been used in phase I trials in patients with lung cancer (Wojtowicz- 
Praga et a l,  1998) and in patients with malignant ascites (Parsons et a i,  1997). Its 
mechanisms of action are not completely understood, but it may allow the development of 
a host connective tissue capsule around the tumour (Davies et al., 1993a). Due to the 
potential role of MMPs in angiogenesis, an agent such as BB-94 may have anti- 
angiogenic effects.

As IL-12 therapy was associated with an increase in a naturally occurring MMP inhibitor 
after 14 days, we reasoned that sequential IL-12/BB-94 might be effective.
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The aims of this chapter were:

• to evaluate a schedule of a short course of IL-12 followed by BB-94 in terms of mouse 
survival, tumour growth rates and changes in tumour histology.

• to evaluate whether IL-12 followed by BB-94 showed increased toxicity compared to 
IL-12 alone.
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MATERIALS AND METHODS

Reagents

BB-94, [4-(N-hydroxyamino)-2R-isobutyl-3S-(thiophen-2-ylthiomethyl)-succinyl]-L- 
phenylananine-N-methylamide, was provided by British Biotech (Oxford, UK). It has a 
molecular weight of 478 and was supplied in a 25ml volume (500mg) in 2.5% ethanol, 
2.5% PEG 400 and 1% methyl cellulose. It was diluted 1 in 8 with Dextrose for injection. 
The final dose was 40 mg/kg/day injected in a volume of 0.3ml. Placebo (control) 
injections contained the BB-94 diluent.

Treatment schedules

To evaluate the anti-tumour effects of IL-12 followed by BB-94, two experiments were 
conducted. In each experiment a treatment group consisted of six mice. There were two 
control groups in each experiment. All injections were i.p. and treatments started three 
days after tumour implantation. The control group was treated daily with PBS/MSA or 
BB-94 diluent. A second group was treated with Ipg IL-12 daily for 10 days. The third 
group received BB-94 daily for 10 days and the fourth group was injected with IL-12 
daily for 10 days followed by BB-94 daily for 10 days.

Statistical analysis

Statistical evaluation of survival data and tumour volumes was performed using the non 
parametric one-tailed Mann-Whitney U test. Mouse weights and tumour areas were 
analysed using a standard t Test.
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RESULTS

Anti-tumour effects

Assessment o f survival

In two separate experiments, 10 days IL-12 therapy prolonged survival of HTH-K- 
bearing mice but did not result in complete tumour regression (Fig 5.1a and b). During 
treatment, IL-12 treated tumours grew slower than controls, but after treatment ceased the 
tumours recovered and reached 1.44cm^ within 2-3 days (Fig 5.2 a and b). BB-94 on its 
own had little effect on survival of tumour bearing mice in both experiments. The rate of 
tumour growth was very similar between BB-94-treated and control mice in both 
experiments (Figs 5.2 a and b). IL-12 treatment was followed by BB-94 for a further 10 
days and the survival of mice was significantly prolonged, compared to controls or either 
agent alone (Fig. 5.1 a and b, p<0.05 compared to controls). This increase in survival 
was reflected in a delay in tumour growth compared to controls (p<0.05) or either agent 
alone (Fig 5.2 a and b).

Other treatment groups included IL-12 treatment for 10 days followed by BB-94 for 20 
days; and IL-12 (10 days) followed by BB-94 (10 days) followed by IL-12 for another 
10 days. These treatments produced one cure per group but overall there was no 
significant increase in survival compared to IL-12 (10 days) followed by BB-94 (10 days) 
(data not shown).
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Figure 5.1. Survival analysis of HTH-K-bearing mice, untreated (control), treated with 
IL-12 (10 days), BB-94 (10 days) or IL-12 (10 days) followed by BB-94 (10 days), as 
described in Materials and Methods, a) first experiment, b) second experiment. Taken 
together, the results of both experiments show that mice treated with IL-12 followed by 
BB-94 survived longer (p<0.05) than control mice.
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Figure 5.2. IL-12/BB-94 therapy of HTH-K-bearing mice delayed tumour growth. For 
both experiments mice were divided into 4 groups, as described in Materials and 
Methods, a) first experiment, b) second experiment. Taken together, the results of both 
experiments show that IL-12 combined with BB-94 delayed tumour growth compared to 
controls (p<0.05). Tumour growth is shown as volume (cm^) and is plotted as the mean 
tumour size of mice alive at every time point analysed.
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Tumour histology

After 10 days IL-12 therapy, tumours of treated mice showed similar changes in histology 
to those seen with prolonged IL-12 therapy, such as increased necrotic areas, increased 
cellular infiltrates and decreased blood vessels compared to controls (see chapter 4 for 
details).

In both experiments BB-94 treatment on its own had little effect on the overall histology 
of the tumours, compared to controls (Fig 5.3). Treated tumours developed as usual, with 
a large central area of necrosis and a high blood vessel content (Fig 5.3). When removed 
from the mice, BB-94 treated tumours appeared as “bloody” as control tumours (data not 
shown).

The combination of IL-12 and BB-94 produced similar changes in tumour histology to 
those seen with prolonged IL-12 therapy (see chapter 4 for details). Tumours treated with 
the combination of the two drugs had reduced vascularity and increased necrosis, 
compared to controls (Fig. 5.4). Upon removal from the mice, these tumours appeared 
paler than controls (data not shown).
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mm
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Figure 5.3. Tumour histology does not change after BB-94 therapy of HTH-K-bearing 

mice, a: tumour section in control mice, after 10 days of growth, b: tumour section after 

10 days of BB-94 treatment. Sections were observed at x400 magnification and aie 
representative of 6 mice (three mice per experiment). T: tumour cells; N: necrosis; B: 
blood vessels; S: stroma.
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Figure 5.4. Changes in tumour histology after IL-12+BB-94 therapy of HTH-K-bearing 
mice.Tumour section was obtained after 10 days of 11,-12 treatment followed by 10 days 
of BB-94. It was observed at x400 magnification and is representative of 6 mice (three 
mice per experiment). T: tumour cells; N: necrosis; ; S: stroma.
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Toxicity
IL-12 treatment of HTH-K bearing mice induced some signs of toxicity as described in 
chapter 3. These consisted of lethargy and ruffled coats, a minor loss in body weight, 
increased ceUularity in the spleen, hepatic cell necrosis and increased cellular infiltrates in 
the liver (see chapter 3 for details).

There were no signs of toxicity in BB-94 treated mice (data not shown). These mice had 
very similar weights to controls (Fig 5.5) and did not show any signs of splenic or 
hepatic toxicity (data not shown).

IL-12 therapy followed by BB-94 did not increase toxicity compared to IL-12 alone for 
10 days (see chapter 3 for details). Mice treated with the two agents showed similar signs 
of lethargy and coat changes (data not shown) and splenic extramedular ceUularity was 
increased compared to controls (Fig 5.6). However, in these mice the total body weight 
was similar to control mice (Fig 5.5) and in the liver the cellular infiltrate and hepatic 
toxicity were less pronounced than in the IL-12 treated ones (Fig 5.7).

Control
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BB-94

IL-12+BB-94 
(10 days)

29-

27-

2 5 -D)

2 1 -

19-

17-

0 5 10 15 20 25
Days

Figure 5.5. Total body weight of HTH-K-bearing mice. Untreated (controls), EL-12 
treated (10 days), BB-94 treated (10 days) and IL-12+BB-94 treated mice were weighed 
every other day. The results show the mean weight of mice alive at each time point (the 
mean of 12 mice per group). The differences between the groups were not significant 
(p>0.05).
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Figure 5.6. Histologic changes in the spleen associated with some toxicity after treatment 

with IL-12+BB-94. Sections were processed for histology as described in Materials and

Methods and are representative of six mice per group, a: spleen section from control mice 

observed at x400 magnification, b: spleen section from IL-12+BB-94 treated mice 

observed at x400 magnification, showing some signs of extramedullar ceUularity 

(arrows).
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a

Figure 5.7. Histologic changes in the liver of IL-12+BB-94 treated mice. Sections were 

processed for histology as described in Materials and Methods and are representative of 

six mice per group, a: liver section from control mice observed at x400 magnification.

b: liver section from IL-12+BB-94 treated mice observed at x400 magnification showing 

signs of moderate hepatic necrosis (N) and increased cellular infiltrates (arrow).
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DISCUSSION

IL-12 produced anti-angiogenic effects against the HTH-K tumour. These effects 
led to the reduction of VEGF and the inhibition of MMP activity at the tumour site 
(chapter 4). These observations suggested that IL-12 could be combined with other anti- 
angiogenic agents and/or MMP inhibitors to maintain its anti-tumour effects but reduce 
toxicity. In this chapter IL-12 followed by an MMP inhibitor, BB-94, produced a delay in 
tumour growth in mice bearing the HTH-K tumour. More importantly, treatment with the 
two agents was well tolerated by did not produce increased toxicity compared to that 
induced by IL-12 alone (see chapter 3 for details). BB-94 on its own was totally 
ineffective against HTH-K, which overruled the possibility of an additive effect when the 
two agents were administered.

Because of the toxic effects seen after prolonged IL-12 therapy, several studies have 
reported the combination of IL-12 with other cytokines and/or other anti-tumour agents to 
produce similar anti-tumour effects but reduce toxicity. IL-12 combined with IL-2 
(Wigginton et al., 1996a), TNF-a (Lasek et a i, 1997), GM-CSF (Golab et al., 1998) 
and, recently, IL-18 (Coughlin et at., 1998b) against established tumours in mice, 
produces more effective responses than either agent (or agents) alone without increasing 
toxicity. Further, in the study by Coughlin et al, the synergistic activity of IL-12/IL-18 
involves the inhibition of angiogenesis (Coughlin et at., 1998b).

With regards to other anti-tumour agents, treatment of Lewis lung carcinoma-bearing mice 
with IL-12 plus TNP-470 (an angiogenesis inhibitor) (Voest et al., 1995) or IL-12 plus 
radiotherapy (Teicher et al., 1997) produced potent anti-tumour effects without increasing 
toxicity.

The idea of combining an anti-angiogenic cytokine with an MMP inhibitor is novel, and 
the preliminary results shown in this chapter suggest that the combination may produce 
potent anti-tumour effects without increasing toxicity. Other combinations, schedules and 
doses of both agents need to be tested before reaching any conclusions (see Future Plans, 
for details).
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SUMMARY AND FUTURE PLANS

Summary

In this thesis a novel breast tumour model, HTH-K, was characterized in detail. A profile 
of molecular and phenotypic markers was defined for this model and these were studied 
throughout the process of tumour growth and angiogenesis. For example, the expression 
of pro-angiogenic factors such as VEGF and MMP-9 and the downregulation of anti- 
angiogenic molecules such as IP-10 and TIMP-3 correlated with the onset of angiogenesis 
in this model.

Histologically, HTH-K is similar to human ductal cell breast carcinoma in situ (DCIS). It 
has a large central area of necrosis, an extensive vasculature and an abundant cellular 
infiltrate that is phenotypically similar to that seen in human breast cancer. The detailed 
characterisation of the model indicated that HTH-K is suitable for study breast tumour 
biology and novel anti-tumour therapies. Further, to our knowledge HTH-K is the first 
model of ductal cell carcinoma in situ. Certain features of the model, such as the 
formation of an extensive vasculature, recruitment of an abundant cellular infiltrate and 
expression of neulc-erbB2, make it a unique system in which to study these aspects of 
tumour biology.

An epithelial cell line was established from the solid transplantable tumour. This cell line 
expresses some of the molecular markers detected in the HTH-K tumour in vivo, and was 
used to study the molecular mechanisms responsible for the tumour’s phenotype. For 
instance, using an in vitro angiogenesis assay, VEGF, produced by the tumour cells, was 
shown to be the main pro-angiogenic factor. The tumour cells also express other 
molecules that may contribute to the process of angiogenesis, such as the matrix 
metalloprotease MMP-9. The expression of MMP-9 by these cells may also explain the 
invasive ability and the metastatic potential of the tumour in vivo. When injected back into 
Balb/c mice, these cells produce tumours with a similar phenotype to the original 
transplantable one. Thus these cells may be manipulated in vitro (see below, in Future 
Plans) and used to observe the effects of this manipulation in vivo.
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We used the breast tumour model HTH-K to study the anti-tumour effects of a promising 
anti-tumour cytokine, IL-12.

When this project first started, httle was known concerning the mechanisms of the anti
tumour action of IL-12. Early studies had shown that induction of IFN-y and the 
establishment of an immune cellular infiltrate within the tumours contributed to the anti
tumour effects induced by IL-12. Thus the action of IL-12 in the HTH-K tumour 
microenvironment was studied and compared to the effects of systemic IFN-y. In the 
HTH-K tumour IL-12 induced a cellular immune response, toxicity against the tumour 
cells and potent anti-angiogenic effects. These sequential actions induced tumour cell 
apoptosis and led to tumour regression. These effects of IL-12 were accompained by the 
induction of IFN-y and several IFN-y-inducible proteins at the tumour site. The induction 
of these proteins may explain some of the effects seen after IL-12 therapy. On the other 
hand, IFN-y therapy induced only some of these genes transiently at the tumour site and 
consequently produced only partial anti-tumour effects. In conclusion, the anti-tumour 
action of IL-12 in the HTH-K model involves multiple and sequential effects exerted at 
different levels within the tumour, whereas other cytokines (such as IFN-y) produce 
some but not all of these actions and thus do not have such potent anti-tumour effects. 
The results obtained in this part of the thesis identified some markers of response to IL-12 
treatment that had not been described before and could be used when assessing the anti
tumour effects of this cytokine in other models.

Despite producing potent anti-tumour effects, IL-12 treatment of HTH-K-bearing mice 
produced some signs of toxicity that had been previously associated with prolonged 
exposure to this cytokine in other models and in clinical trials. These included 
splenomegaly due to extramedullary proliferation in the spleen and increased cellular 
infiltrates and hepatocyte necrosis in the liver. In the HTH-K model, toxicity appeared to 
be well tolerated, even with prolonged treatment schedules (Ipg/mouse/day for 30 days 
followed by three times weekly for 15 days). Besides minor lethargy and ruffled coating, 
in all the experiments there were no toxicity-associated deaths in fL-12-treated mice.

The anti-tumour action of IL-12 was further analysed by focusing on its anti-angiogenic 
effects. The ability of IL-12 to block angiogenic processes in vitro and to block 
angiogenesis induced by human tumour cells in a xenograft model in vivo had already 
been reported but the present work demonstrated that IL-12 blocked angiogenesis in a 
syngeneic tumour model in vivo.

We showed that IL-12 acts at different levels to block the angiogenic process in the HTH- 
K model, producing effects against the tumour cells and also regulating the cellular
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composition of the tumour stroma. IL-12 does not act on HTH-K tumour cells, but IFN-y 
(which is induced by IL-12 in the tumours) downregulates VEGF production by these 
cells, without affecting cell proliferation. This observation is novel, may be worth 
investigating in other studies, and could identify certain tumour subtypes that may be 
particularly sensitive to IL-12 or IFN-y therapy. In the stroma, IL-12 treatment results in 
the infiltration of mainly CD8+ T cells. The resulting proportion of infiltrating cells 
(Tcells/macrophages) is thus different compared to controls, where a 1:1 ratio is seen 
throughout tumour growth. The establishment of a particular immune cell infiltrate after 
IL-12 therapy leads to reduced MMP-9 and increased TIMP-1 production by these cells. 
This in turn may result in reduced ECM turnover and decreased angiogenesis. This was 
the first study showing that IL-12 therapy regulates the levels of MMP/TIMPs in 
tumours, which could contribute to the anti-angiogenic properties of this cytokine and 
may also explain its potent anti-metastatic effects reported in other models. Further, the 
observation that a particular proportion of the immune cellular infiltrate determines the 
amount of MMPs available locally should be investigated in other processes in which 
MMP activity plays a role in disease pathology, such as rheumathoid arthritis.

The observation that IL-12 modulates the expression of MMPs and their inhibitors in the 
HTH-K tumour suggested that IL-12 combined with an MMP inhibitor (such as 
Batimastat, BB-94) might produce effective anti-tumour effects without increasing 
toxicity. IL-12 was administered to tumour-bearing mice for a short period of time, 
known to induce some but not all its anti-tumour effects, followed by BB-94. The 
combination of the two agents prolonged survival of the mice compared to controls and 
did not increase toxicity compared to IL-12 or BB-94 alone. Interestingly, BB-94 on its 
own was completely innefective against the HTH-K tumour. Although preliminary, these 
results are encouraging and will be continued in future studies (see below).
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Future Plans

A number of experiments have been designed to extend the observations described above.
These experiments will use some of the ideas developed throughout this thesis, and the
HTH-K cell line. Some examples include:

• using the HTH-K cell line and an anti-sense approach to block the expression of IP-10 
and MMP-9 by these tumour cells in vitro. These cells will be reinjected into Balb/c 
mice, to determine the role of IP-10 and MMP-9 in tumour growth, angiogenesis and 
formation of metastasis in vivo.

• determining the net metalloprotease activity in the tumour before and after IL-12 
therapy. This will be done by evaluating the collagenolytic activity present in tumour 
protein extracts. Further, a measure of the collagen content of the tumours after IL-12 
treatment may provide a measure of reduced ECM turnover and indicate one 
mechanism by which IL-12 reduces angiogenesis and blocks the formation of 
metastasis.

• combining IL-12 with other anti-angiogenic molecules, to mimic the anti-tumour 
effects of IL-12 but reduce toxicity. These will include:

Other treatment schedules and doses of IL-12+BB-94 to try and produce better 
responses (complete tumour regression);
IL-12 combined with VEGF-blocking antibodies and antibodies against VEGF 
receptors, such as flk-1 (KDR);
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A large part of this thesis was included in the following papers (reprints enclosed)

Sergio Dias, Hilary Thomas and Frances Balkwill. Multiple cellular and Molecular 
changes associated with tumour stasis and regression during IL-12 therapy of a murine 
breast cancer model. International Journal o f Cancer. 75, 151-157 (1998).

Sergio Dias, Robert Boyd and Frances Balkwill. IL-12 regulates VEGF and MMPs in a 
murine breast cancer model. International Journal o f Cancer. 78, 361-365 (1998).

Sergio Dias, Hazel Holdsworth and Frances Balkwill. Characterisation of a novel 
murine breast carcinoma model. Submitted for publication.
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