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Abstract

Transgenic mice carrying the activated rat c-neu oncogene under 
transcriptional control of the MMTV promoter were backcrossed to 
BALB/c mice, with the aim of developing a model for cancer therapy. A 
total of 86 of 268 transgene positive mice in the first five generations 
developed 93 histologically diverse tumours (median age of onset 18 
months). The cumulative incidence of breast tumours at 24 months was 
18%, and overall tumour incidence 31%. As well as expected c-neii 
expressing breast cancers, lymphomas and Harderian gland carcinomas 
developed. All of the mammary carcinomas, Harderian gland carcinomas 
and lymphomas expressed c-erb B2. Virgin mice had fewer mammary 
tumours than those with two litters (p= 0.006), further litters did not 
affect tumour incidence. Breast carcinomas metastasised to the lungs, 
and lymphomas were widely disseminated. The tumours showed a range 
of architectural patterns which resembled human breast cancers or 
lymphomas. This diversity was reflected in S-phase fraction and 
aneuploidy.

Mammary tumours transplanted to nude mice showed variable responses 
to IFN-a and -y. A tumour transplanted to BALB/c mice responded to IL- 
12. Groups of mice treated prophytactically with IFN-a and -y, and IL-2 
and IL-7 from the third and fourth generations respectively were studied 
for tumour development. No statistically significant differences were 
noted between the groups except an increased incidence of B-cell 
lymphomas in the IL-7 treated group.

There was a significant decline in transgene positivity with successive 
generations (X^ test for trend p<0.001) but transmission of transgene, 
litter number and offspring viablity was not changed in homozygotes. 
The diversity, histologic and biologic resemblance to human cancer 
suggests the model has potential for evaluating novel therapies. Genetic 
and environmental manipulations are underway to increase tumour 
incidence and decrease age of onset.
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C hapter O ne______________________________________________________________________________________ Introduction

Chapter One 

Introduction

Cancer as a m ultistep process

A w ealth  of evidence illustrates that cancer is a m ultistep  process associated w ith 

changes at a genetic level. Cytogenetic and histological changes can be recognised in 

the developm ent of an increasing num ber of hum an  tum ours. H istologically these 

tissues range from  apparently  norm al tissue w ith a relatively low proliferative rate 

through a spectrum  to rapidly proliferative solid tum ours w hich behave aggressively 

and  are likely to m etastasise. It is the ability of cancer cells to invade other tissues 

and  spread to other parts of the body w here they can generate m étastasés w hich is the 

m ajor property  leading to the death of the host.

Over a period of years independent cellular events result in cum ulative changes in cell 

behaviour m ost of w hich are explicable by accum ulated changes in genes (Fearon & 

Vogelstein, 1990). M any of these m utations will occur in non-coding DNA and be of no 

consequence. Some will alter genes w ith profound effects on cell behaviour. G reater 

understand ing  of these changes and how  they influence the developm ent of cancer is 

essential to progress in the treatm ent and prevention of the disease.

The Problem  of Breast Cancer

Epidem iology

O n a w orldw ide basis breast cancer is the m ost com m on m alignancy in w om en, w ith 

570,000 new  cases in the w orld each year (18% of all female cancers). The lifetime risk 

for a wom an in the UK has now  reached 1 in 12, and the incidence continues to rise in 

the W est (Program , 1990). The age standard ised  incidence in  the U nited K ingdom  is 

the highest in the w orld w ith  nearly 30,000 new  cases and  15,000 deaths each year, it 

being the com m onest single cause of death  in those aged 35-54 years (Austoker, 1994; 

M cPherson K, 1994).

Aetiology and R isk factors

The reason for the recent rise in incidence is not clear, and is not explained by im proved 

life expectancy. It m ay be related to longer duration  of exposure to oestrogens as a 

consequence of earlier m enarche and later m enopause (King et al., 1993; O ttm an et a l,
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1986; Program , 1990), Nevertheless only 30% of w om en who develop the disease have 

an iden tifiab le  risk  factor m aking  it d ifficu lt to define h ig h  risk  g ro u p s for 

in terventional stud ies (Atiba & M eysken, 1992). Hence long term  success in breast 

cancer m ust be linked to decreasing the incidence (Robert, 1994). The likelihood is that 

the developm ent of breast cancer is a m ultistage process, influenced by different factors 

extrinsic and  intrinsic to the host. A lthough the cause is unknow n  epidem iologic 

evidence points to three areas: endocrine factors, environm ent and genetics.

Endocrine Factors

The age of m enarche, m enopause and first pregnancy have been linked to the incidence 

of breast cancer in num erous studies. The m ost im portant interval appears to be the 

time betw een m enarche and first pregnancy. In one study  alm ost a tw o-fold increase 

was seen in the incidence of breast cancer in wom en w ith m enarche before 12 com pared 

w ith those w here it occurred after 13 (Pike et al., 1981). S tarvation and  strenuous 

physical activity, w hich delay m enarche, m ay underlie  som e of the in terna tional 

differences in breast cancer incidence. N ulliparous w om en have a h igher incidence 

than parous w om en, although  age at first p regnancy  is an even m ore pow erfu l 

determ inant and a first pregnancy after the age of 35 m ay actually increase the risk 

(Trichopoulos et al,  1983).

Evidence concerning the influence of horm one replacem ent therapy and the potential 

effect of oral contraceptives on breast cancer incidence is equivocal (M cPherson & 

Drife, 1986)

Environmental Factors and Diet

The im portance of endocrine factors is suggested by the incidence of breast cancer in 

Japanese w om en who m igrate from Japan, w here the incidence of breast cancer is low, 

to N orth  America, w here it is high (Buell, 1973). Cohort studies in countries w ith  a 

g rad u al increase in incidence dem onstra te  that risk is re la ted  to year of b irth  

(Lilienfeld et al., 1975).

A relationship betw een fat or cholesterol intake and steroid horm one m etabolism  has 

led to em phasis on d ietary  fat as a possible aetiologic agent. In ternational stud ies 

re la tin g  age-ad justed  cancer m orta lity  rates an d  n a tional p e r capita  fat in take 

dem onstrate  a d irect correlation (W ynder et al., 1986). In spite of this com pelling 

indirect data, epidem iologic studies correlating dietary fat and  breast cancer incidence 

have been inconclusive. A nim al m odel w ork  suggests fat is a tu m o u r prom oter, 

a lthough in rats some studies show  that total calorie intake and  not d ietary  fat, is the 

significant factor (Boissonneault et a l,  1986; K lurfeld et al., 1989).
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There also appears to be an increased risk of breast cancer, after a latency of 10-15 

years, in w om en exposed to radiation before the age of 40 years. (Boice et al., 1979). 

This relates to large radiation exposures such as experienced by survivors of atom ic 

bombs or repeated fluoroscopies during therapy for tuberculosis.

Genetics

There is now  unequivocal evidence that a small proportion of breast cancer cases, 4-5%, 

are due to highly penetran t dom inant genes (Claus et a l,  1991). Familial breast cancer 

is m ore likely w ith early age at presentation, several affected relatives, bilaterality  

and a history of related cancers (A nderson & Badzioch, 1985; Evans et al,  1994).. The 

genes are relevant to both sporadic and inherited forms of the disease (M arcus et al., 

1996). There m ay be m ore than five genes causing fam ilial b reast cancer; the m ost 

im portant of w hich (BRCAl)  was first m apped  to chrom osom e 17q21 in 1990 (Hall et 

ai,  1990). The breast and ovarian cancer susceptibility gene, BRCAl,  is m utated  in the 

germ line and the norm al allele is lost in tum our tissue from hered itary  breast and 

ovarian cancer (Hall et al., 1990; Miki et al., 1994). Somatic po int m utations in B R C A l  

in sporadic tum ours are very rare but complete somatic deletion of one allele of BRCAl  

occurs in approxim ately 50% of sporadic breast cancers (Takahashi et al., 1995). The 

candidate gene, a tum our suppressor gene, encodes a 190kD protein w ith sequence 

hom ology and biochemical analogy to the granin protein family (Jensen et al., 1996). It 

is a regulated secretory protein whose expression increases during  pregnancy (Lane et 

al,  1995). It appears to function through a novel m echanism  not previously described 

for tum our suppressor gene products (Jensen et al., 1996) Recently a second im portan t 

gene associated w ith a predisposition to breast cancer has been cloned and  given the 

nom enclature BRCA-2 (Schutte et al., 1995)

N atu ral H istory

M ost patients present w ith a lum p in the breast or increasingly, through breast cancer 

screening program m es, w ith a m am m ographie abnorm ality and a small or indétectable 

lum p. Up to 5% of patients present w ith m etastatic disease w here the prim ary m ay be 

occult. The na tu ra l h istory  of breast cancer is characterised by a long d u ra tio n  and  

m arked  heterogeneity  w ith in  and  betw een  patien ts. The preclin ical an d  clinical 

phases can be m easured  in years and  decades. Patients lie on a con tinuum  from  

aggressive disease at one end to indolent disease at the other. Similar heterogeneity is 

found in a range of m easurable biological indices.
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P atho logy

Breast cancers are derived from  the epithelial cells lining the term inal duct lobular 

un it (TDLU). Cancer cells w ithin the basem ent m em brane of the TDLU are classified 

as in situ or non-invasive, w hereas in invasive breast cancer cells have dissem inated 

into the surrounding norm al tissue. In situ carcinoma is divided into ductal and lobular 

types. Ductal carcinom a m situ (DCIS) is classified on the basis of cytological features 

and  w ith in  the categorisation there are clear cytological differences betw een  the 

m ajor types.

Broadly DCIS can be divided into com edo and non-com edo, or high-grade and  low- 

grade. Com edo DCIS is associated w ith a m uch higher incidence of invasive cancers in 

patien ts treated conservatively. Com edo DCIS usually expresses the c-erbB2 protein, 

has a high proliferation rate and is oestrogen receptor (ER) negative. M icroscopically 

com edo lesions show  a solid proliferation of m alignant cells w ithin the ducts, w ith 

characteristic central necrosis, which m ay be extensive. A new  classification for DCIS 

w as p ro p o sed  in 1994, based  on cy tonuclear d iffe ren tia tio n  and  arch itic tu ra l 

differentiation. Three categories have been defined;

Poorly d ifferen tiated  DCIS: com posed of cells w ith  very p leom orphic, irregu la lry  

spaced  nuclei, w ith  coarse, clum ped chrom atin , p rom inen t nucleoli and  frequen t 

m itoses. A rchitectural differentiation is absent or m inim al. The grow th  p a tte rn  is 

solid or pseudo-cribriform  and micropapillary. Necrosis is usually present.

W ell-differentiated DCIS: com posed of cells w ith  m onom orphic, regu larly  spaced 

nuclei containing fine chrom atin, inconspicuous nucleoli and  few mitoses. N ecrosis is 

uncom m on, the third category lies betw een these two groups (Holland et al,  1994).

The previous classification of invasive breast cancers d iv ided  them  into ductal and  

lobular types - both arise from the TDLU and the term inology is no longer appropriate. 

In situ and invasive cancers are now  identified on the basis of characteristic patterns of 

grow th  and cellular m orphology (Sainsbury et al., 1994). Some have specific features - 

classified as invasive cancers of special type w hilst others are of 'no special type' (the 

com m onest subgroup  of in filtrating  m am m ary  carcinom as). This has p rognostic  

significance as certain special type tum ours are of m uch better prognosis than those of 

no special type.

The m ost im portant m orphological prognostic features of breast tum ours are histologic 

g rade and the presence of lym phatic invasion. G rade describes the degree of tum our 

d iffe ren tia tion . L ym phatic invasion  (presence of tu m o u r em boli w ith in  b reast 

lym phatics) occurs in 25% of tum ours and  is associated w ith a poorer outlook, as is
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vascular invasion (tum our em boli in tum our blood vessels). These features are then 

related to stage of disease and the num ber of involved axillary nodes.

Receptor status

To obtain m ore quantitative inform ation about the biology of a tum our, for prognostic 

an d  therapeu tic  reasons, o ther param eters have been in troduced . These include 

oestrogen and progesterone receptor status (ER and PR), m easurem ent of DNA, tum our 

cell kinetics and  oncogene expression. In add ition  to horm one receptor status, 

epiderm al grow th factor receptor status is a useful prognostic predictor (Sainsbury et 

n i ,  1994).

Staging

Staging is the g rouping  of patients according to their extent of disease. The m ost 

w idely used staging system  is that adopted by the UICC (International Union against 

Cancer), the TNM (acronym of Tum our, Node, M etastasis) system.

M anagem ent

Surgery

M ost patien ts w ith early breast cancer are m anaged w ith  surgery  initially. M odern 

b reast conserving surgery  entails a w ide local excision of the tum our along w ith  

d issection  of the axillary lym ph nodes. The latter is u n d ertak en  for p rognostic  

inform ation.

R a d io th era p y

R adiotherapy has been used to treat inoperable cancers since the] 1920s (Keynes, 1929). 

M ore recently it has been used after surgery to prevent local recurrence. W ith m oderate 

doses of radiation, eradication of any subclinical bu rden  of residual cancer cells is 

possible whilst enabling breast conservation. W ide local excision w ithout subsequent 

irrad ia tion  results in a 15-40% risk of local recurrence com pared w ith  5-10% after 

radiotherapy (Jacobson et al,  1995; McCormick, 1994).

A djuvant therapy

Local control in breast cancer has not translated  into im proved survival. E ither the 

patien t is cured by local treatm ent or she dies of distant m étastasés at around the sam e 

tim e she w ould  have died w ithout local intervention. This is because m étastasés w ere 

established prior to the time of diagnosis.
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The rationale for adjuvant systemic treatm ent is based on the prem ise that system ic 

therapy  is m ore likely to cure microscopic m etastatic disease than treatm ent at the 

tim e of relapse, w ith  m acroscopic m étastasés. It is a com plex issue influenced by 

intrinsic sensitivity to horm ones, chem otherapy, risk of relapse and time to relapse. 

Oversim plifying a complex subject: the treatm ent of choice for postm enopausal w om en 

is horm onal therapy and, for pre- and perim enopausal w om en w ith involved lym ph 

nodes, it is chem otherapy.

Hormonal Therapy-Tamoxifen

Tamoxifen, an oestrogen receptor partia l agonist, is the m ost w idely used ad juvan t 

therapy in the treatm ent of breast cancer. W hen ER and PR status first becam e w idely 

available they w ere used to predict horm one responsiveness, ER an d  PR positive 

tum ours being m ore likely to respond to horm onal m anipulation. N evertheless the 

accuracy was not absolute - some ER positive tum ours being horm one resistant and some 

ER negative ones horm one responsive. These findings, and  the lack of toxicity of 

tam oxifen, have lead to tam oxifen being given to v irtually  all postm en o p au sa l 

wom en, and increasingly to prem enopausal women, w ith invasive breast cancer. In the 

UK there has been an im provem ent in the outlook of breast cancer in recent years. The 

reasons are unclear but the greater involvem ent of specialists in its m anagem ent and 

hence w ider use of tamoxifen is believed to explain m uch of this im provem ent.

Tamoxifen is also used to prevent breast cancer in genetically predisposed w om en. For 

p rophylaxis only w om en at h igh  risk of the disease could  justify  tak ing  a d ru g  

regularly  on a long term  basis. In this respect the only d rug  sufficiently well tolerated 

to be acceptable is tamoxifen. The question of preventitive tam oxifen use is considered 

fu rther in C hapter 3.

C hem otherapy

The use of ad juvan t chem otherapy in w om en w ith  h igh  risk disease started  in the 

1970s. It translated into a survival benefit for w om en w ith four or m ore positive lym ph 

n o d es  (B onadonna et al., 1985) and  now  the use of system ic chem otherapy  is 

w idespread in the m anagem ent of breast cancer.

The need for new treatments

The concept of b reast cancer as a system ic disease a t p resen ta tion  explains the 

relatively h igh  m orbid ity  and  m ortality. Existing therapeu tic  m odalities have no t 

a ltered  the prognosis significantly in decades. The accepted m anagem ent has no t 

changed  greatly  in recent years - early  detection, op tim al su rgery  com bined w ith

page 19



Chapter O ne______________________________________________________________________________________ In troduction

rad io therapy  and  adjuvant treatm ent are all s tandard  bu t cure rates have plateaued, 

w ith  one-third of patients w ith localised disease eventually  dying from it and two- 

th irds of those w ith nodal involvem ent (Cam el et al., 1996). Unless early detection 

can be im proved the only hope for further im provem ent lies in new  systemic therapies 

(McVie, 1995).

A lthough there are some exciting new  agents appearing, d ru g  resistance rem ains a 

p rob lem . C hem otherapy  is ap p a ren tly  able to reduce the vo lum e of d isease  

dram atically bu t a significant risk of subsequent relapse rem ains (Overm oyer, 1995). 

D ealing  w ith  th is 'm in im al re s id u a l d isease ' still rep resen ts  a cha llenge in 

eradicating breast cancer in high risk patients. It seems logical at this po in t that an 

im m unological m odality has a role w here cytotoxic therapy has failed.

The genes involved in breast cancer developm ent

G enes involved in the developm ent of breast cancer, w hich are transfo rm ing  or 

activated by specific events, have been identified from the study  of tum our virology, 

cytogenetics, cell biology and carcinogens (Barbacid, 1986; Bishop, 1983; H un ter & 

Cooper, 1985; Klein & Klein, 1985);. These transform ing genes are collectively term ed 

oncogenes. The term  is used  to describe any gene w hich contributes d irectly  to 

m alignant change in a cell. Oncogenes which have been activated by m utation  are 

often  called dom inan t oncogenes reflecting the fact that they exert their cellu lar 

effects in spite of the presence of a norm al gene product from the hom ologous allele.

M any oncogenes are m u tated  norm al cellular genes essential to norm al biological 

p rocesses such as cell division. These are called proto-oncogenes. Their cellu lar 

function is enhanced by m utations w hich activate or enhance the cellular functions of 

the encoded proteins. Examples include the over-expression of grow th factor receptors 

and  the expression of m utant ras signalling proteins.

Conversely, tum our suppressor genes are norm al cellular genes w hose functions are 

inactivated  by m utation  (Ponder, 1988). They inactivate the cellular functions of the 

encoded proteins. One example is inactivation of norm al BRCA-1 gene.

The characteristics and  term inology associated w ith  proto-oncogenes and  tu m o u r 

suppressor genes are sum m arised in Table 1.1.
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Proto-oncogenes Tumour suppressor genes

N u m b er of alleles in Two Two

norm al somatic cells

Effect of m utations on Enhanced Reduced

c e llu la r  fu n c tio n  of

gene product

Table 1.1 Characteristics of proto-oncogenes and tum our suppressor genes 

Regulation of cell grow th

Cellular hom eostasis depends on a balance between cellular proliferation, cell grow th 

an d  apoptosis (Evan et al., 1992). Proliferation is controlled by a series of signalling 

m echanism s betw een and  w ithin  cells, the genes involved in this process include 

cytokines, cytokine receptors, including tyrosine kinase transm em brane receptors, 

nuclear transcription regulators, cell adhesion molecules and tum our suppressor gene 

products.

Breast cancer progresses as a result of the acquisition of progressive genetic changes. 

These are likely to involve oncogenes or tum our suppressor genes. The growth of norm al 

and  m alignant glands is controlled by endocrine horm ones and local grow th factors. 

H ere I will concentrate on cytokines and their receptors as relevant to the control 

m echanism s involved in the developm ent of breast cancer.

c-erbB2 and Breast Cancer

Phosphorylation is a frequent biochem ical process in cell m etabolism . T ransfer of a 

h igh energy phosphate group from  ATP or GTP to another m olecule by kinases is 

w idespread  on the am ino acids serine and  threonine bu t on tyrosine residues it is 

restric ted  and  h igh ly  significant. The p h o sp h o ry la tio n  of ty rosine  re sid u es  is 

perform ed by tyrosine kinases specific for particular substrates, for exam ple specific 

g ro w th  factor receptors. T yrosine ph o sp h o ry la tio n  then  alters the activ ity  of a 

molecule, activating or inactivating an  enzymic function or m odifying the b inding  of 

proteins.

The tran sm em b ran e  p ro te in  ty rosine  k inases are the p rin c ip le  recep to r type 

im plicated in neoplastic transform ation and  several 'types' are now  recognised. The 

m em bers of the type I subgroup are relevant to this thesis. The type I grow th factor
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receptor family consists of at least four genes {c-erb Bl-4). Each gene encodes a distinct 

p ro te in  w hich functions as a transm em brane p ro te in  tyrosine kinase (U llrich & 

Sclessinger, 1990). erbB2 w as identified independently  by different groups (King et al., 

1985; Schechter et al., 1985; Semba et al., 1985) and this gave rise to synonym ous 

designations as c-erbB2 and HER-2. The initial identification w as facilitated th rough 

its am plification in a p rim ary  hum an  adenocarcinom a (King et al., 1985). There is 

considerable hom ology betw een specific functional regions in each of the receptor 

m olecules, in particular the kinase dom ain, suggesting that they are all derived from  

a com m on ancestral precursor (Hanks et al,  1988).

Relevance of erbB2 to hum an cancer

A role for EGFR and erb B2 in hum an cancer is based on a num ber of observations:

• O verexpression of EGFR and erbB2 m R N A / protein  is docum ented in a range of 

h u m an  ep ithelia l tum ours as a resu lt of gene am plification , transcrip tiona l 

u p regu la tion  or a com bination of the tw o (Gullick, 1991). By contrast p ro tein  

overexpression to the same degree is not seen in norm al tissue.

• Transfection of EGFR into im m ortalised NIH3T3 fibroblasts in the presence of an 

activating  ligand  resu lts in a transform ed pheno type (Di Fiore et al., 1987a). 

Transfection of erb B2 into NIH3T3 fibroblasts is also transform ing.

• Transgenic mice w ith the m utated neu gene (rodent hom ologue of erbB2), u nder the 

control of the MMTV prom oter, develop bilateral m am m ary tum ours w ith a high 

frequency (M uller et a l,  1988).

• A ntibodies directed against the erbB2 protein lim it the grow th of m alignant cells 

in vitro and in vivo (Weis et a l,  1995).

R elationship betw een rodent gene, neu and hum an counterpart, c-erbB2

The c-neu proto-oncogene (rat hom ologue of the h u m an  c-erbB2 oncogene) is a 

m em brane bo u n d  185kDa receptor m olecule w ith  tyrosine kinase activity. In a 

chem ically  transfo rm ed  neuroblastom a cell line, ra t c-neu is activated by a po in t 

m utation  w hich results in a single am ino-acid substitution (valine to glutam ic acid) in 

the transm em brane dom ain of the p ro te in  (Barbacid, 1986; B argm ann et a l,  1986a). 

This results in constitutive activation of its intrinsic tyrosine kinase function (Press et 

a l ,  1990). Hence, in the apparen t absence of ligand, constitu tive levels of tyrosine 

phosphory la tion  are seen and  thus a constitutive m itogenic signal is applied. The 

m utan t neu gene, bu t not the norm al neu gene, can transform  NIH3T3 cells (Bargmann et
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al., 1986b). In contrast, spontaneous hum an  neoplasia involving erb-B2 appears to 

involve gene am plification a n d /o r  overexpression of structurally intact transcripts and 

proteins. Substitution of the corresponding ammo-acid in hum an c-erbB2 protein w ould 

require two m utations in the gene although the hum an c-erbB2 gene can transform  the 

fibroblasts by overexpression (Di Fiore et a l,  1987b). The overexpression of c-erbB2 

mRNA and p ro tein  has been dem onstrated  in hum an  breast cancer using  no rthern  

analysis and im m unohistochem istry of tum our biopsies and  cell lines, respectively 

(Slamon at al., 1987). In hum an  adenocarcinom as, particu larly  breast and  stom ach 

cancers, it is o v erex p ressio n  of c-erbB2 (d e te rm in ed  by  n o rth e rn  b lo t or 

im m unocytochem istry), and not activation, w hich is found (van de Vijver et al., 1987; 

Yokota et al., 1986). O verexpression usually  occurs as a result of am plification b u t 

increased transcript levels have also been found in the absence of amplification.

C linical significance of c-crbB2

The m ost significant oncogene study  was carried out by Slamon and colleagues. They 

correlated the am plification of the c-erbB2 (H E R -2/neu ) oncogene w ith prognosis in 

189 p a tien ts  an d  found, on m ultivaria te  analysis, that it w as an  in d ep en d en t 

prognostic m arker (Slamon et al,  1987). The interpretation of c-erbB2 as a prognostic 

factor in breast cancer is still not clear (H arada et al., 1994; R avdin & C ham ness, 

1995).

It is now  know n that in vitro the adjuvant horm onal agent tam oxifen influences the 

regulation of both erbB2 and  erbBS. W hether such in vitro findings will translate into 

clinical relevance is uncertain. H ow ever this m ust be borne in m ind given increasing 

detection of DCIS (the h igh grade, com edo-type expresses c-erbB2 highly) and  the 

m ore w idespread  use of tam oxifen in breast cancer patien ts (Brinster & Palm iter, 

1984).

C ytokines and Breast Cancer

In spite of encouraging advances in the m anagem ent of breast cancer the prognosis for 

patien ts has no t changed significantly(Robert, 1994). The biology of the d isease is 

such that it is likely to be system ic at p resen tation  and  therefore its app ro p ria te  

m anagem ent shou ld  also be system ic. There is controversy  su rro u n d in g  optim al 

trea tm ent, rang ing  from  h igh  dose chem otherapy  w ith  au to logous bone m arrow  

su p p o rt, to less in ten siv e  ch em o th e rap y  or h o rm o n al th e rap y . The d isease  

encom passes a broad spectrum  and it is not yet possible to pred ic t ideal therapy for 

each ind iv idual tum our.

M ost of the grow th  and  differentiation of the m am m ary gland occurs during  sexual
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m atu ra tio n , and  then  cyclically d u rin g  p regnancy  and  lactation. The process is 

controlled by endocrine horm ones and local cytokines in vivo. The changes in norm al 

and m alignant breast ductal epithelium  are influenced by a num ber of biological agents 

(L ippm an et al., 1986). C onditioned m edia from  oestradiol-treated  breast cancer cell 

lines stim ulate  the g row th  of o ther cell lines. M onoclonal antibodies specific for 

tum our-derived  cytokines can inhibit this grow th (Ennis et al,  1991). This suggests 

that cytokines act in an autocrine or paracrine fashion to induce their effects on breast 

cancer cells (Bates et al., 1989; Dickson & Lippm an, 1995; L ippm an et al., 1986). The 

grow th  and regulation of breast cancer cells is complex. It involves the interaction of 

tu m o u r cells, strom a, circulating  horm ones and  the m icroenvironm ent, possib ly  

m ediated by tum our or strom al derived cytokines. The role of exogenous cytokines w ith 

their pleiotropic effects w ithin this 'netw ork' is uncertain, though some m ay m odulate 

the release of specific endogenous cytokines.

The outcome of clinical trials using cytokines in the treatm ent of breast cancer has been 

disappointing for a num ber of reasons:

• Inclusion of patients w ith advanced refractory disease

• Use of cytokines alone w here combination therapy m ay be m ore effective

• Assessm ent of their efficacy against criteria used for cytotoxic agents 

Clinical experience w ith the IFNs is outline in Table 5.1.
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Interferon Dose range No. of Response References 

____________ patients_______________________

Human 3-9 mu

Leukocyte IF N -a

55 20 (36%) (G ordon et al., 1982; 

G u tte rm a n  et al., 1980; 

Medenica & Slack, 1985);

Lym phoblastoid 0.5-30 mu 138 

IF N -a

1 (1%) (Usui et ai,  1983) (Goodwin 

& W, 1985; Usui gf 1983); 

(Laszlo et a!., 1986 Silver, 

et al, 1983;Sarna et al, 1985;

Recombinant 3-86 mu 101

IF N -a

3 (3%) (Quesada & Gutterman, 1983;

Quesada et ai, 1984; Shervvin 

et al., 1983 Padr-!.\;utpnan, 

et al, 1985; Muss, et al, 1984; 

N e th e rse ll ,  d , 1984, 

Lenzhofer,cf al, 1984;

R ecom binant or 3-30 mu 

Fibroblast IFN-P

19/̂  1(5%) (B a r re ra s  et r?/., 1988;

Bruntsch et ai, 1984; Quesada 

et ai,  1982; W akasugi et al., 

1982)

Recombinant

IF N - y

2mg/m^ 15 0 (0%) (Muss et al., 1986)

Table 1,1 Outcome of clinical trials of IFNs in the treatment of breast cancer

^Excludes one trial in which responses were observed in the skin in 10 of 11 patients 

receiving IFN-p but criteria not fulfilled for complete or partial response.

In addition to the trials outlined in evaluable disease (Table 1.1), hum an leukocyte 

IFN -a has been used in an adjuvant setting. Thirty-two patients with loco-regional 

recurrence of breast carcinoma were entered into a controlled trial of adjuvant IFN-a. 

All had histological confirmation of recurrence, local treatm ent with radiotherapy, 

and negative staging investigations. The patients were then random ised to either 

observation alone, or treatm ent with hum an IFN-a 3 x 10^ U sc daily for one year. 

There were no differences in the rate of local or distant relapse between the groups and 

it was therefore concluded that IFN-a was of no value in this setting (Fentiman et al.,

1987). Intralesional IFN-a alone and in combination with IFN-y has been succesfully 

used to treat cutanous m étastasés. In combination with tamoxifen evidence also
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suggests that IFN -a has a role in upregulating oestrogen receptor expression (Seymour 

& Bezwoda, 1993; van den Berg et al., 1987).

Clinical experience w ith IFN-y in breast cancer is m ore lim ited and as a single agent it 

appears to have a different spectrum  of activity from that of IFN-a. IFN-y has been 

found  to have poten t in vitro activity and  activity in a num ber of m urine tu m our 

m odels. There are few direct clinical com parisons of the tw o agents. IFN-y is less 

effective than IFN -a in both AIDS-associated KS (Krown et al., 1987) and  m elanom a 

(Ishihara et al., 1989). In m etastatic renal cell carcinom a responses were com parable 

w ith  those seen w ith  IFN -a (Aulitzky et al., 1994). In ovarian cancer IFN-y has been 

used  in traperitoneally  (ip) as an ad junct to conventional chem otherapy  (Pujade 

Lauraine et ai,  1996; Pujade-Lauraine et al., 1993; W elander et al., 1988).

O ther cytokines have not been as w idely  used in the trea tm ent of b reast cancer 

a lthough sm all num bers of patients treated  w ith IL-2 w ere included in tw o of the 

early trials of IL-2 w ith d isappoin ting  outcom es (Rosenberg et al., 1987; W est et al.,

1987)

In the long term  the role of cytokines is likely to be in the setting of m inim al residual 

disease or as an adjunct to conventional treatm ent (Dutcher, 1996). In spite of the 

largely disappointing long-term  results from the clinical use of interferons to date they 

rem ain  an appropriate  m odel for cytokine therapy as they are poten t inhibitors of 

ep ithelial cell grow th.

Cytokines and Tumourigenesis

Cytokines are regulatory proteins which influence m any aspects of tum our cell biology, 

including proliferation, survival and death, m otility, surface antigen expression, and  

celkcell or ce lkm atrix  in teractions. They m ay also con tro l neo v ascu lariza tio n , 

extracellular m atrix  synthesis, leucocyte infiltration, strom al cell proliferation, and  

local im m une response through intercellular com m unication w ith  a w ide range of cell 

types (review ed in (Balkwill, 1994; G utterm an , 1994). D espite the d iv ers ity  of 

m olecular structures and properties they possess a num ber of com m on features. They are 

all low m olecular w eight polypeptides (usually less than  80kD), w hich b ind  to h igh 

affinity cell surface receptors and induce changes in m acrom olecular synthesis in target 

cells. Cytokines m ay act in a paracrine, autocrine and juxtacrine m anner at picom olar 

concentrations. They occupy an in term ediate position betw een endocrine secretions, 

w hich  act system ically, and  neuro transm itters, w hich act locally at synaptic gaps. 

The natural range of cytokine action is w ithin a zone of tissue, although they m ay also 

sp ill over into the circulation. Their in vivo p roduc tion  is usually  transien t and
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tightly controlled. M ost cytokines are produced by m ore than one cell type, and show 

p le io tro p y  in their actions. They p lay  a w ide role in developm ent, im m unity , 

inflam m ation, tissue repair, regulation of cell grow th and  differentiated function.

The cytokine family includes the interferons, IFNs, a ,p , y and  C3; the tum our necrosis 

factors, TNFs, TNF-a and lym photoxin-a and -P (LT-a and -P ); interleukins, ILs, 1-16, 

the colony stim ulating  factors, CSFs, G-CSF, M-CSF, GM-CSF; the transfo rm ing  

g row th  factors, TG F-a,and P, steel factors and LIF (leukaem ia inhibitory factor) as 

w ell as grow th factors such as epiderm al grow th factor, EGF, and  platelet derived  

g row th  factor, PDGF (reviewed in Burke et al, 1993)(Burke et al., 1993). One of the 

m ost im portan t aspects of this group  of cell regulators is their ability to act in a 

netw ork, w hereby cytokines can induce other cytokines and alter the expression of 

othercytokine receptors. The response of a target cell or tissue to a given cytokine is 

dependen t on the local concentration of the cytokine, the target cell type and the other 

cytokines and regulatory molecules interacting w ith the cell or tissue at that m om ent 

in time. Sporn and Roberts drew  an analogy between cytokines and a code or alphabet, 

a com plex signalling language in w hich the ultim ate cellular response is determ ined 

by the sum  of the signals received at the cell surface (Sporn & Roberts, 1988). 

Cytokines m ay antagonise or synergise to enhance effects on target cells. The existence 

of natu ra l cytokine antagonists - in the form of soluble receptors, viral hom ologues to 

receptors, or proteins that bind to target receptors w ithout causing signal transduction- 

fu rther complicates the network. Cytokine receptors transm it regulatory 'inform ation' 

to the next signalling com ponent in the intracellular environm ent. These then connect 

w ith cytoplasm ic pathw ays w hich transm it proliferative signals to the nucleus.

C ytokines have a broad role in tum ourigenesis and tum our therapy. This includes 

direct effects on tum our cells or actions on strom al com ponents such as vasculature, 

extracellular m atrix  and cells of the im m une system . Their effects are sum m arised  

below:

A ntitum our effects of exogenous cytokine therapy

* Inhibit tum our developm ent and progression.

* Augm ent im mune response to a tum our through effector cells

* Enhanced target cell recognition.

* Deleterious effects on tum our vasculature.

* Influence nutritional status of tum our.
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Tumour-enhancing effects of endogenous tum our cytokines

* Act as autocrine or paracrine grow th factors

* Indirect effects - suppression of im m une cell effector function.

* Enhanced establishm ent of tum our stroma and vasculature

* Local effects on adhesion molecules.

* Enhanced spread by m ediation of bone, cartilage and m etalloproteinase ECM 

destruction.

W hen investigating the cytokine netw ork attention is now  shifting from  ind iv idual 

cells to tissues in order to understand  their true physiological role. The com plexity of 

the cytokine n e tw o rk  - the ability  to cross regu la te  each o thers p ro d u c tio n , 

dysregulated cytokine/ cytokine receptor production and overall response to cytokines 

- dem ands a m ore complex experim ental system. C onsequently  anim al m odels are 

highly relevant for looking at cytokines in the tissue m icroenvironm ent.

As well as the cellular com ponents of a particu lar tissue, the in tercellular m atrix  is 

now  recognised as an im portant participant in the cytokine netw ork (Liotta & Stetler 

S tevenson, 1991). There is increasing evidence to suggest that adherence to m atrix  

induces cells to m ake cytokines, that cytokines induce cells to alter m atrix and  that 

m atrix  can presen t cytokines to cells. The process of cell-to-cell adhesion influences 

cytokine production  and response to cytokines (N athan & Sporn, 1991). In norm al 

g landu lar tissue the basem ent m em brane, a form  of extracellular m atrix, separates 

epithelial cells from the underly ing strom a. This basem ent m em brane is partially  lost 

in invasive carcinom a of the breast (Siegal et al., 1981). M atrix m etalloproteinases 

(MMPs) are a family of proteolytic enzym es involved in degradation  of the basem ent 

m em brane and degradation  of extracellular proteins such as type IV collagen. U ntil 

now  the role of endogenous cytokines in the tum our m icroenvironm ent has received litle 

a tten tio n  and  g reater u n d ers tan d in g  of this aspect of tu m o u r bio logy m ay be 

fundam ental to overcom ing the failure of systemic cytokine therapy evident h itherto  

in the treatm ent of solid tum ours (Balkwill, 1994). The m etalloproteinases appear to 

be elevated  in tum ours of h igh  g rade and  m etastatic potential. The tw o type IV 

collagenases (gelatinases) of m olecular w eights 72kDa (MMP-2) and 92kDa (MMP-9) 

are capable of degrad ing  type IV collagen, gelatin and  fibronectin (Liotta & Stetler 

Stevenson, 1991).
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Cytokines in Clinical Use 

The interferons

The interferons, IFNs, are a family of secreted m ultifunctional proteins first identified 

in 1957 as being produced by vertebrate cells in response to viral infection (Isaacs and 

L indem ann, 1957). Of the four types: alpha(a), beta(P), gamma(y) and omega(co), the 

first two are term ed type I interferons and are m ade by virtually  all cells, w hereas 

IFN-y (type II) is m ade only by T lym phocytes and large granular lym phocytes. To 

date there have been nearly 30 genes identified which encode for IFN -a species, two 

for P, and at least 5 for co (Charlier et al., 1993; Mege et al,  1991) and one for IFN-y. A 

large num ber of stim uli can induce the synthesis of type I and type II in terferons 

(IFNs). In relation  to breast cancer the in terferons (IFNs) a  and P are know n to 

m o d u la te  TGF-p expression, increase oestrogen receptor (ER) content and  inh ib it 

ce llu lar pro liferation . They augm ent the cytostatic effect of tam oxifen an d  the 

cytotoxic effect of a num ber of chem otherapeutic agents (Kerr et al., 1989'Kerr, 1989 

'7; van den Berg et a l , 1987; Laszlo et a l , 1986; W adler et al, 1990; Pouillart et a l , 

1982).The interferons are com ponents of the vertebrate defence system  against viral, 

bac teria l and  parasitic  infections as w ell as certain  tum ours. They exert their 

activities by inducing a large variety of proteins, several of w hich m ay have tum our- 

su ppresso r activities (Lengyel, 1993). Some proteins encoded by the tu m our virus 

oncogenes (eg. EBNA-2 from  Epstein Barr virus) im pair the induction  or action of 

p articu la r p ro teins by IFNs and  thereby m ay overcom e their tu m our su p p resso r 

function. The IFNs are know n to have activity against a num ber of tum our types.

H istorically, the aim  of cytokine therapies was to increase the im m une response to 

tum our cell antigens, bu t anti-tum our effects can also be achieved by direct cytokine 

action on tum our cells, destruction of the tum our m icrovasculature, a n d /o r  alteration of 

the local n u tritio n a l balance (Balkwill, 1994; G u tterm an , 1994; U rabe, 1994) . 

O ptim ising the dose and schedule of cytokines in clinical use is com plicated and  does 

no t follow the rationale of adm inistration  of conventional chem otherapy. The an ti

proliferative effects of the cytokines are dose-related. Hence the dose regim en w ill 

v a ry  w h e th e r  m ax im al a n tip ro life ra tiv e  e ffec t is re q u ire d  o r o p tim a l 

im m unom odulatory dose. It is not know n w hich of the effects of the interferons is m ost 

im portant for obtaining a tum our response and hence w hat should influence scheduling 

an d  dose. C linical trials of conventional chem otherapy  seek to d e term in e  the 

m axim um  tolerated dose (MTD) (Phase I) and then the an titum our activity of this 

dose (Phase II). In vivo and  clinical w ork  w ith  IFNs to d ate  suggest a d isparity  

betw een  MTD and optim al an titum our dose (G utterm an et ah, 1982; M aluish et al.,

1988); . Doses below  the MTD have been adm inistered in m elanom a and  other solid
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tu m o u rs (Kopp et al., 1993; Satake et al., 1993). C linical and  anim al s tud ies have 

attem pted to define the optim um  m ode of adm inistration and regimen. To com pare the 

toxicity of anticancer agents in  different species a form ula w as devised  in w hich 

surface area to volum e ratios were taken into account (Freireich et ah, 1966).

Interferon -a

Clinical trials of system ically adm inistered  cytokines have m et w ith som e success: 

m ost notably interferon (IFN)-a in hem atologic m alignancies (Talpaz, 1994; Urabe, 

1994). In hairy cell leukaem ia chronic treatm ent has been show n to im prove survival 

(F rassoldati et al., 1994). The overall response rate was 90% w ith  70% of patien ts  

show ing com plete norm alisation of their blood. Nevertheless m any patients appeared  

to develop  n eu tra lis in g  an tibod ies. This m ay in terfe re  w ith  the efficacy of 

recom binant interferons (Steis et al,  1988). The toxicity of IFN -a is dose-related and  

the m ain sym ptom  is of a chronic flu-like illness. Prolonged adm inistration is better 

tolerated at low er doses.

At doses near the MTD clinically m eaningful responses to IFN -a have been seen in 

low -grade lym phom a, AIDS-associated Kaposi’s sarcoma, m elanom a, m yelom a, renal 

cell carcinom a, ovarian carcinom a and glioma review ed in (Mier & Atkins, 1993) A 

num ber of studies have evaluated the role of IFN -a, alone and in com bination w ith  

chem otherapy, in patients w ith follicular lym phom a (Rohatiner & Lister, 1991). In a 

com parison  of chloram bucil p lus IFN -a2b and  chloram bucil alone there w as no 

difference in actuarial su rv ival at 3 years (75% in both  arm s), b u t a significant 

prolongation of rem ission duration  in favour of m aintenance IFN a -2 b  (Andres et al.,

1988). In a sm all phase II study in refractory myelom a responses w ere d isappointing 

bu t subsidence of pain and im provem ent of perform ance status were seen (Ganjoo et al.,

1993).

The m ost encouraging use of IFN -a in solid tum ours to date is a recent s tudy  in high- 

risk m elanom a. In patients w ith deep tum ours or those w ith lym ph node disease at 

h igh risk of relapse, IFN-a2b has been used  as an ad juvant (Kirkwood et al., 1996). 

The Eastern Cooperative Oncology G roup (ECOG) conducted a random ised controlled 

tria l of h igh  dose in travenous IF N -a  trea tm en t for one m o n th  fo llow ed  by 

in term ediate dose sc for 48 weeks, versus observation, in 287 patients. The treated  

g roup  had  significant pro longation  of relapse-free and  overall surv ival com pared 

w ith  the control group. W ith a m edian  follow -up tim e of 6.9 years, there w as an 

increase in m edian disease free survival from 1 to 1.7 years and  overall survival from  

2.8 to 3.8 years. The greatest benefit was seen in patients w ith involved lym ph nodes. 

N o adjuvant therapy has previously show n an im pact on survival in this disease.
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There has been little experience of IFN therapy alone in the m anagem ent of breast 

cancer. In the lim ited num ber of studies w here it has been used this is generally in 

com bination w ith other therapy w here a synergistic effect was required  and a direct 

an titum our effect was not the prim ary aim  (Kennedy et al, 1994). IF N -a  was used as 

an adjuvant agent in 32 breast cancer patients after loco-regional recurrence, bu t results 

w ere d isappointing (Fentiman et al,  1987).

Interferon-y

As a single agent IFN-y appears to have a different spectrum  of activity from  IFN -a, 

a lthough  experience is m ore lim ited. W hilst sharing  m any an tip ro liferative and  

an tiv iral effects w ith IFN -a and P, IFN -y has d istinct im m un o m o d u la to ry  effects 

including macrophage activation, induction of MHC class II genes and more pronounced 

synergistic interactions w ith cytokines such as TNF-a and IL-2. For these reasons, the 

early clinical studies w ith IFN-y concentrated on treatm ent doses and schedules that 

w ere capable of enhancing the im m une function in patients w ith both m alignant and 

infectious diseases(Jaffe & Sherw in, 1986) . IFN-y has now  been tested in m any 

ad v an ced  cancers, how ever in so lid  tu m o u rs the re su lts  have been  large ly  

d isappointing. Its use is in part lim ited by its greater toxicity than IFN-a. IFN-y has 

been used in head and neck cancer (Richtsmeier et nl,  1990) , colorectal cancer (Brown 

et a l ,  1991) , renal cell carcinom a(A ulitzky et al., 1989; A ulitzky et al., 1994) and  

ovarian  cancer (Pujade Lauraine et a l ,  1996; Pujade-L auraine et al., 1993). In 100 

patients in com plete rem ission from SCLC, IFN-y had no activity as adjuvant therapy 

(Jett et al., 1994), bu t was effective in a very small trial (8 patients) of head and  neck 

cancer pa tien ts, receiving IFN-y in 24 h o u r infusions once p er week for 4 w eeks 

(Richtsmeier et al., 1990). Renal cell carcinom a has been the focus of a num ber of trials. 

Early indications were that a biologically defined low dose of IFN-y once per week for 

a m edian  period  of 10 m onths resu lted  in 30% of patien ts respond ing  w ith  either 

partia l or com plete response (Aulitzky et al., 1989). These results were no t confirm ed 

in a larger s tu d y  of unselected patients (A ulitzky et al., 1994)  ̂ as those w ith  poor 

prognosis features and large tum our burden  did not respond to this non-toxic dose. In 

ano ther s tudy  w ith  35 patien ts w ith renal cell carcinom a a 15% response ra te w as 

d e m o n s tra te d  (E llerhorst et al., 1994). In this latter s tudy  toxicity was m inim al and 

treatm ent com pared favourably w ith IL-2 or IFN-a.

A s tu d y  involving interferon-y at a dose of 2 m g/m 2  in 15 patients w ith  advanced 

breast cancer d id  not show any clinical responses (Muss et al., 1986). H ow ever, in the 

context of advanced disease this is not surprising. The potential role of the interferons 

in the trea tm ent of breast cancer m igh t be m issed as their use to date  has been 

restric ted  to heavily  p re treated  patients w here they are know n to be ineffective in
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overcom ing m echanism s of acquired  d ru g  resistance (W adler & Schw artz, 1990; 

W adler et a l,  1989).

IFN -y has also been used in a num ber of studies in patien ts w ith  ovarian  cancer 

(D 'Acquisto et al., 1988; Pujade Lauraine et al., 1996) . Some responses were observed in 

patients w ith m inim al residual disease. A large European m ulticentre phase II trial of 

i.p. IFN-y in patients after chem otherapy w ith persistent residual disease at second 

look laparotom y has recently been conducted. A dose of 20 M U /m ^ was adm inistered 

twice per week for 3-4 m onths. 31% of patients responded to therapy (23%, com plete 

response, 8% partial response), w ith fever being the m ost com m on clinical adverse 

reaction. Both young age and tum our burden  were predicitive factors of response, w ith 

figures of 52%, 35% and 16% response in patients less than 50 years, betw een 50-59 

years and m ore than 60 years respectively (Pujade Lauraine et al., 1996).

There is evidence that IFN-y acts synergistically  w ith  o ther cytokines and  m ore 

conventional therapeutic agents. IFN-(3 and -y combined w ith cytotoxic drugs produced 

a rem ission rate of 47% in patien ts w ith  m etastatic colorectal cancer (Klein et a l ,  

1991). In contrast IFN-y alone had no effect on a group of 50 patients w ith advanced 

colorectal cancer (Brown et al,  1991).

There is som e indication that low dose IFN-y ad juvant therapy  m ay have adverse 

effects. A random ised  Phase III trial in m elanom a w as halted  p rem aturely  as the 

num b er of relapses and deaths suggested  those receiving IFN-y fared w orse than 

un treated  patients (Meyskens et al., 1990) . Likewise, time to progression and survival 

w ere inferior in patien ts  w ith  SCLC trea ted  in com plete rem ission  w ith  IFN-y 

co m p ared  to con tro l pa tien ts , a lth o u g h  the d ifferences w ere n o t sta tis tica lly  

significant (Jett et al,  1994) .

IL-2

In terleu k in -2  (IL-2) is a 15kDa p ro te in  w hich  w as the firs t of a series  of 

lym phocytotrophic horm ones to be recognised and  characterised as p ivotal for the 

generation and regulation of the im m une response. Originally recognised as T cell 

g row th  factor (M organ et al., 1976), it is responsible for signalling  T lym phocyte 

pro liferation  (Smith, 1988). Its adm inistration, either alone or w ith  LAK cells, can 

m ediate the regression of m etastatic cancer in mice and  hum ans (Puri & Rosenberg,

1989). The availability of recom binant cytokines has m ade its use feasible w ith in  the 

setting  of clinical trials. IL-2 has been asssessed alone and in com bination w ith  other 

cytokines or adoptive cellular therapy in patients w ith  m etastatic cancer.

The early clinical studies w ith IL-2 (Quaife et al., 1987; Rosenberg, 1985); W est, 1987
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#33 show ed that it could bring about the regression of m etastatic disease in some 

patien ts w ith advanced malignancy. W ith greater experience it has become apparen t 

that response rates vary w ith different m odes of adm inistration. Toxicity was m arked 

and  m ainly attributable to high dose therapy. M ost side effects are explained by a 

capillary leak syndrom e w hich leads to fluid retention and organ dysfunction, a high 

p ro p o rtio n  of p a tien ts  also experience hypo tension  d u rin g  h igh  dose therapy . 

A pproxim ately  15-20% of patien ts w ith  advanced renal cell cancer and  m alignan t 

m elanom a respond to 'high dose' therapy. The initial enthusiasm  for IL-2, based on 

the results of Rosenberg and colleagues, has waned. Lower dose therapy, w hich is less 

toxic, and can hence be given in an outpatient setting, appears to have a lower response 

rate bu t the long-term  survival figures from  such an approach are not yet know n 

(Facendola et al,  1995; Hjelm et ni,  1995).

In vivo study of the immunologic consequences of continuous infusion of low dose rIL-2 

has been undertaken  in 90 patients w ith advanced cancer (Caligiuri et al., 1993). A t 

doses of 10 and 30 p g /m2 per day a gradual expansion of NK cells was seen in the blood 

w ith  no evidence of a plateau over a three m onth period. At this dose level only high 

affinity IL-2 receptors were saturated  such that NK cells were selectively expanded 

w ith  only  m in im al toxicity. U nlike the conven tional p arad ig m s of cytotoxic 

chem otherapy w here a direct dose response curve appears to exist this novel approach 

m ay  resu lt in responses to m ore physiologic levels w ithou t the associated severe 

system ic toxicity (Caligiuri et a!., 1993).

IL-7

Interleukin-7 (IL-7) is a 25kDa glycoprotein, first purified  in 1988 by N am en and  co

w orkers (N am en et al,  1988). In spite of prom ising in vitro and  in vivo p roperties , 

w hich influence B and T cells (see C hapter 6), the toxicity in hum ans has lim ited its 

clinical use and there are no published studies of its use in this setting.

IL-12

Interleukin-12 (IL-12) is a heterodim eric cytokine w hich plays an im portan t p a rt in  

induction  of cell-m ediated im m unity. H um an IL-12 is inactive on m ouse cells b u t 

m urine IL-12 is active on hum an cells (Schoenhaut et a l,  1992) . Through its effects on 

T cells recom binant IL-12 (rIL-12) has therapeutic activity in a variety of syngeneic 

m urine  tum our m odels and is being evaluated  in clinical trials in cancer. In m urine 

tum our m odels it appears to have an an titum our effect w hich is greater than IL-2. As 

yet the clinical use of IL-12 has been ham pered by toxicity (Cohen, 1995)..O ccasional 

responses have been seen in renal cell cancer during  Phase I studies (Dutcher, 1996).
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N e v e rth e le ss  dose , sch ed u le  an d  ro u te  of a d m in is tra tio n  are y e t to be 

determ ined(C ohen, 1995; Stern et ah, 1996).

The best established indications for cytokine therapy are the treatm ent of hairy  cell 

leukaem ia, HCL, w ith IFN -a and the am elioration of m yelosuppression by G-CSF and 

GM-CSF. Elsew here the success of cytokine therapy has been sporadic and  often 

unpredictable (Oettgen, 1991). In addition to responding cells other tissue com ponents 

are im p o rtan t determ inan ts  of cytokine action. C onsequently  the effects of the 

interactions of strom al cells, m atrix and adhesion molecules and their receptors can 

only be fully evaluated in intact organisms.

Cytokines have a different m odality of action, as an adjunct to the im m une system , 

from  that of conventional chem otherapy. In the long term  the role of cytokines is 

likely to be in the setting of m inim al residual disease or as an adjunct to conventional 

treatm ent.

Cytokines and anim al m odels 

The need for new  anim al models

M uch of the clinical use of cytokines has been based on em pirical principles. Better in 

vivo inform ation is required  to predict the optim al dosage, com binations, routes of 

adm in istra tion  m ore accurately. At the present time the m ajor anim al m odels - in 

syngeneic mice or hum an tum our xenografts in nude mice have significant limitations.

Problem s w ith existing anim al m odels and  cytokine therapy

i) Species specificity of some cytokines

T here are lim itations w hen extrapolating  from  anim al m odel w ork using  h u m an  

cytokines to clinical use, related to the species specificity of the different cytokines. 

Some cytokines, such as IFNs, are strongly species specific w hereas others TNF, lL-1 

an d  lL-2 cross species barriers. The availability  of purified  m urine cytokines has 

facilitated their study  and dem onstrated  their m arked potency. H um an IFNs induce 

2,5A synthetase activity in hum an tum our xenografts bu t do not enhance m urine NK 

activity or alter the level of the enzym e in m urine tissue. Sim ilarly m urine IFNs do 

no t induce 2,5A synthetase in hum an tissues (Balkwill et al,  1982). H um an TNF binds 

to the m urine p55 receptor bu t not to m urine p75 receptor. M urine TNF binds to both 

h u m an  receptors. Theoretically species specific cytokines could induce o ther non 

species specific cytokines in the hum an tum our xenograft model.

Of the cytokines used in this study lL-2 and lL-7 are cross species reactive w hilst IFN-
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a  and  IFN-y are species specific. M urine IL-12 works on hum an cells bu t the converse is 

not true.

ii) Comparison luith human clinical studies

M any studies have dem onstrated  that cytokine therapy prolongs survival of tum our 

bearing mice, bu t partial and  complete remission as defined in clinical studies (greater 

th an  50% reg ressio n  an d  com plete d isap p ea ran ce  of all assessab le tu m o u r, 

respectively) m ay not be seen, or can only be assessed post m ortem . In anim al m odels 

the end points of tum our stasis, reduction in grow th rate, or a reduction in num ber of 

m étastasés, m ay be useful in term s of u nderstand ing  m echanism s, b u t w ould  no t 

necessarily translate into a useful clinical outcome.

iii) Wide variation in scheduling and differing pharmacokinetics between humans 

and animals

Due to the incom pletely defined m ode of action of m ost cytokines and the apparen t 

lack of a dose-response relationship in m any studies, clinical and anim al studies have 

attem pted to define the optim al m ode of adm inistration and regimen. A com parison of 

the toxicity of anticancer agents in several species and m an was devised based on a 

form ula in w hich surface area to volume ratios between species were taken into account 

(Freireich et a l,  1966). The value of this form ula has been confirm ed by its use to 

calculate appropriate  doses w hen using recom binant hum an  IFN-y to treat a hum an  

ovarian  tum our xenograft in nu d e  mice (Malik et al., 1991). Using this m ethod  of 

calcu lation  com parable peak  p lasm a and  in traperitoneal levels of rhlFN -y w ere 

obtained in m ouse and hum an (Malik et al, 1991).

iv) Few tumour lines have been studied

O nly a small num ber of tum our lines have been studied and m any behave as highly 

aggressive, m alignan t tum ours. In hu m an s renal cell carcinom a and  m alignan t 

m elanom a are the two m ain solid tum ours in w hich cytokine therapy has been used 

(Rosenberg et a l,  1987; W est et al,  1987). Those tum ours w hich respond are likely to 

be of low grade and  slow  grow ing. This m akes the highly proliferative cell lines 

described poor m odels for tum ours responsive to cytokine therapy in clinical practice.

v) Immunogenicity of some syngeneic tumours

Some syngeneic tum ours are highly im m unogenic. W hen treated  w ith cytokines a 

response to the allograft, and not the tum our itself, m ay be seen.
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C ytokine therapy of experim ental anim al m odels 

Interferon - a

IFN -a  and nude mouse xenografts

In terferon-a therapy prolongs survival of tum our bearing mice in a dose and schedule 

dependent manner. Xenografts from breast, colon, melanoma, osteosarcoma and ovarian 

tum ours have been w idely used to look at the d irect an titum our activities of the 

various types of IFN -a (Balkwill, 1985; Balkwill et a l ,  1982; Balkwill et a l ,  1980; 

Brosjo et ai,  1985; Crane et al., 1978). M ore recently it has been com bined w ith  other 

agents such as horm ones and cytotoxic chem otherapy (French et al,  1995; Josui et al., 

1992; Laurent et al,  1994; Tanaka et al,  1994);.

IFN-a  in syngeneic systems

The indirect antitum our effects of IFNs have been well docum ented in transplantable 

m urine tum our models. Tliey are most effective where tum our burden is low and tum our 

cytostasis is the usual finding (Gresser, 1989). Regression of established tum our w as 

rarely seen, the effects being to increase survival rather than effect a cure (Balkwill et 

al., 1989; G resser et al., 1985). IF N -a has also been reported  to act on tu m o u r 

vasculature in these models (Dvorak & Gresser, 1989).

IF N -a  and Métastasés

The majority of m odels of m etastasis are based on the iv injection of transp lan tab le 

tum our cells which are then entrapped in organs such as the lungs and spleen. IFNs-a/p 

generally have activity in these m odels and a host com ponent is necessary for response 

(Gresser et al,  1990; Kaido et al., 1993; Yasui et al., 1990). A com petent im m une system  

was required for optim al effects, and mice were resistant to rechallenge w ith  tum or 

cells (Gresser et al., 1990). H owever, in the Colon 26 m urine colon carcinom a m odel, 

treatm ent w ith IF N -a  com m encing 2 hours after the injection of tum or cells had  a 

s ign ifican t an tim etasta tic  effect th a t w as also ap p a ren t in NK defic ien t m ice 

(Ram ani & Balkwill, 1987; Ram ani et al., 1986). A significant an tim etastatic effect 

w as also seen in the Colon 26 m urine colon carcinoma m odel treating w ith IF N -a .

Interferon-y

IFN -y and nude mouse xenografts

IFN-y, like IFN -a, show s strict species specificity. As a resu lt its d irect effects on 

grow th of tum our cells can be exam ined in the nude m ouse xenograft system . M any
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stud ies have com pared the effects of IFN -a and IFN-y on sc xenografts. Generally, 

IFN-y was not as effective as IFN -a w hatever the injection route, despite being able to 

alter surface antigen expression (Balkwill et al,  1987). H ow ever, IFN-y w as active 

against ovarian  cancer xenografts g row ing ip in nu d e  mice (Balkwill et al., 1986b; 

Balkw ill & P ro ietti, 1986): M alik /et al, 1991). IFN-y, ad m in is te red  ip  at doses 

equivalen t to those given in clinical trials, increased the surv ival of m ice bearing  

hum an  ovarian cancer xenografts grow ing as ascites or solid tum our (M alik et a l ,  

1991). Mice bearing ascites were cured of peritoneal disease. In solid ovarian tum ours, 

there w as a g radual decline in the num ber of pro liferating  cells follow ing IFN-y 

treatm ent. Endlabelling studies show ed an increase in DNA fragm entation  w hich 

reached a m axim um  at 14 days. These changes were associated w ith an up regulation of 

p53 and  hypophosphory la tion  of the p roduc t of the re tinoblastom a pro tein , Rb. 

C ontinual exposure to the cytokine was m ore effective than higher doses three times 

per week, and the anim als only needed  14 days treatm ent to achieve a significant 

increase in survival (Burke et al, subm itted).

IFN -y ill syngeneic systems and metastatic models.

IFN -y inhibited  tum ours grow ing in syngeneic mice including m urine osteogenic 

sarcom a and a chemically induced fibrosarcom a (Crane et al., 1978; C iovarelli et al., 

1986), although in m any cases tum our stasis was the m ost com m on finding (Balkwill, 

1985). Response to treatm ent depends on tum our bu rd en  and schedule. IFN-y had  

an titum our effects in experim ental lung m étastasés m odels of colorectal cancer and 

m elanom a (Kondo et al., 1987). In contrast to antitum our effects in vivo, p re treatm ent 

of colon 26 cells w ith mIFN-y n% vitro significantly increased the num ber of lung tum our 

nodules w hen cells were injected i.v. into im m unocom petent mice and nude mice. NK 

cells appeared to be involved since no effect was observed in NK depleted or deficient 

mice (Ramani & Balkwill, 1987).

IF N -a  and -y in  combination

IFN -a, in com bination w ith IFN-y, was effective in the Renca m odel of m urine renal 

cell carcinoma. A synergistic effect was observed w hen m urine IFN -a was com bined 

w ith low dose IFN-y (1-10 un its/m l). This combination w as less effective in nu d e  mice 

and  75% of the euthym ie were show n to be im m une to rechallenge. A lthough IFNs m ay 

directly  inhibit the grow th of Renca tum our this s tu d y  dem onstrates that specific 

im m une response plays a dom inant role although a direct effect is evident.
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IL-2

IL-2 and nude mice xenografts

Early anim al experim ents w ere lim ited by problem s w ith  toxicity. This included  

developm ent of ascites, splenom egaly, lym phadenopathy , gastro in testinal effects, 

general weakness and m alaise (Ettinghausen & Rosenberg, 1986; M arincola et al,  1992; 

M oore et al,  1991; Papa et al,  1986).

IL-2 has been used in com bination w ith allogeneic hum an LAK cells in tum or xenograft 

m odels. A ntitum our effects are seen in hum an squam ous cell carcinoma tum ours of of 

the head  and  neck (Sacchi et al., 1990; Sacchi et a i ,  1991)., xenograft m odels of 

haem atological m alignancies (G reenberg, 1986; M ule et a l ,  1987; T alm adge et al., 

1987 Greenberg ef al, 1986; Mule et a/, 1987; Talm adge ef al, 1987; Voa et aZ, 1990).i the 

MCF-7 breast carcinoma cell line both in vitro and in nude mice (Paciotti & Tam arkin,

1988).

lL-2 and syngeneic and metastatic models

M uch of the early w ork w ith IL-2 investigated the com bination of IL-2 and LAK cells 

(Rosenberg et al., 1986; Schwarz et al,  1989). Therapeutic efficacy was dependen t on 

tum our burden  and  the dose of both IL-2 and  LAK (Mule et al., 1985). M ost anim al 

experim ents have entailed m etastatic m odels of tum our lines syngeneic to C57/BL6 

mice. These dem onstrated  tum our regression , p rim arily  by enhancing the cytolytic 

activ ity  of NK and  LAK cells (H erberm an et al., 1975; H irabayash i et al., 1995; 

Lafreniere & Rosenberg, 1985; M ule et a l,  1985).

IL-2 in combination with other agents.

Com binations of IL-2 w ith other cytokines have been extensively studied (review ed in 

Brunda, 1992)(Brunda, 1992). Synergistic interactions betw een IL-2 and IFN -a w ere 

first dem onstrated  in the M5076 reticulum  cell sarcom a m odel (Brunda et a l ,  1987). 

and  have since been show n in other m odels (Hornung et al,  1988; Rosenberg et al,  1988; 

Sakura et al., 1989; T ruitt et a l ,  1989) follow ing perilesional (Silagi et a l ,  1988) or 

system ic treatm ent (ligo et al,  1988).

IL-7

IL-7 has a role in the early developm ent of B lym phocytes (N am en et a l,  1988) and  

stim ulates the proliferation of m urine (Grabstein et a l,  1993) and  hum an  m ature T- 

lym phocytes (A rm itage et al,  1990).

page 38



C hapter O ne______________________________________________________________________________________ Introduction

IL-7 and nude mouse xenografts

IL-7 alone has no effect on the survival of hum an colon carcinom a-bearing nude mice. 

H ow ever the addition of hum an  T-cells significantly prom oted survival of the nude 

m ice in com parison  w ith  mice receiving either treatm ent alone. The effect w as 

a b ro g a te d  by  IFN-y as it by the ad d itio n  of an tibod ies to IFN-y. S ystem ic 

ad m in is tra tio n  of IFN-y w as also less effective than  lL-7 and  h u m an  T-cells, 

suggesting that the continuous local release of cytokines is im portant in the action of 

lL-7 (M urphy et al,  1993).

lL-7 and syngeneic models

A ntitum our cytotoxic T lym phocytes (CTLs) generated in lL-7 are of equivalent potency 

to those generated  w ith lL-2 (Jicha, 1991). Presence of lL-7 in the m edium  in w hich 

CTL are cultured can support their grow th in vitro for prolonged periods in the absence 

of repeated  stim ulation w ith tum our stim ulating cells or tum our antigen. They also 

retain antigenic specificity and the ability to reject tum ours in vivo w hen subsequently  

injected intravenously (Lynch & Miller, 1994). In the Renca renal cancer and the MCA- 

38 colon carcinom a m odels twice daily rhulL-7 injections ip substantially  decreased 

the num ber of pulm onary m étastasés formed (Komschlies et al, 1994).

IL-12

Syngeneic systems and models of métastasés

IL-12 has show n prom ising preclinical results in a range of anim al cancer models, such 

as B16F10 m elanom a, Renca renal adenocarcinom a and M5076 reticulum  cell sarcom a 

(Brunda et a l,  1993). Injected peritum ourally  or system ically IL-12 caused com plete 

regression  of large tum ours and  an tim etastatic effects in these and o ther m odels 

(B runda et a l ,  1993); N astala, 1994 #112; Gately, 1994 #111 (review ed by Gately et al,

1994). IL-12 m ediates its antitum our effects through the im m une system. It is effective 

in NK deficient mice injected w ith B16F10 m elanom a (Brunda et al., 1993) or bearing 

Renca or MCA-207 tum ours, suggesting that these cells do not play a m ajor role. The 

an ti-tum our effect was reduced in nude mice in both of these models, suggesting a role 

for T cells. In contrast to these studies IL-12 was effective as an anti-tum our agent in T- 

and  B-cell deficient SCID mice bearing  a X5563 B cell lym phom a (O 'Toole et al., 

1993). In som e m odels the IL-12 effect w as abrogated  by trea ting  the m ice w ith  

n e u tra liz in g  an ti-lFN -y  antibodies (N astala et al., 1994). W hilst the induction  of 

IFN-y m ay be necessary for the anti-tum our effect of IL-12, it is not sufficient since IL-
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12 therapy in tum our-bearing nude mice resulted in an 8 fold increase in serum  IFN-y as 

com pared to euthym ie controls (Brunda et al,  1993). M oreover, m urine IFN-y was not 

as effective as IL-12 in producing an an ti-tum our effect in the Renca tum our bearing 

mice.

IL-12 is m ore effective than IL-2 in a num ber of m odels. Synergistic effects w ere 

observed w ith the combination at low doses bu t the m ost effective therapy was still an 

optim al dose of IL-12 alone (Brunda et al,  1993). Investigation of cytokine expression 

in tum ours of mice receiving m urine rIL-12 suggests that IL-12 initiates a cytokine 

netw ork in w hich IL-12 responsive cells w ithin the tum our express IFN-y which acts 

in a paracrine fashion to induce chem okines w hich attract T cells w hich are then 

activated and act cytolytically (Tannenbaum  et al,  1996). Further w ork using cytokine 

gene-engineered tum our vaccines is investigating  the use of system ic IL-12 w ith  

carcinom a cells engineered to release local IL-2 (Vagliani et al, 1996).
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A nim al M odels - The advantages and lim itations of each

The advantages and  disadvantages of existing anim al m odels of hum an cancers are 

sum m arised in Table 1.3 below.

M odel A dvantages D isadvan tages

Nude mouse Histology and ultrastructure of Take rate of prim ary tum ours

and hum an hum an counterpart m aintained. variable, often low.

tumour Direct actions of species specific No competent immune system.

xenografts cytokines can be examined. hence effects secondary to

Close histological resem blance cytokines not evaluable.

to hum an disease. Xenogeneic response induced

Response to chem otherapy against tum our w ith some

comparable to humcin tumours. cytokines, eg.IL-2.

M etastatic behaviour Only orthotopic transplants

assessable. m etastasise .

T ransp lan tab le R eadily  available . Selected by successive passage -

tumours Easy to use, reproducible. only serves as m odel for

T u m our/ host relationships can anaplastic tum our.

be studied. Immunogenic.

Lack diversity.

Different m echanism  of 

m etastasis.

Few m am m ary tum our models. 

H istology different from hum an 

tumours.

Spontaneous Tum ours develop at reproducible M orphology does not resemble

models times and frequencies. hum an morphology.

MMTV Types Uniform genetic background.

Carcinogen- R eadily  available . Immunogenic.

induced Tum ours develop readily. N eed for m anipulation (ie. Rx

tumours w ith  m utagen).

M etasta tic Can observe metastatic process. Tum ours m ay be anaplastic.

models W ide range of histological types Tumours often immunogenic.

-Spontaneous a v a ila b le . M étastasés arise after

-E xperim ental Develop m étastasés sooner than entrapm ent (Different m echanism

spontaneous model. from  that in hum ans).

T able 1.3 The advantages and disadvantages of exisiting anim al m odels
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H aving outlined the pitfalls w ith existing anim al m odels it is clear that a transgenic 

m odel which develops tum ours stochastically, in an im m unocom petent m ouse, w ith 

histology which resembles the hum an tum our counterpart and a non-im m unogenic 

tum our w ould have several advantages.

Transgenic Oncogene Mice

Background

M olecular analysis of tum origenesis is often ham pered by the accessibility of tissue 

specim ens at different stages in the m ultistep  pathw ay. This has m ade transgenic 

mice a valuable tool for the study  of m olecular events involved in this stepw ise 

progression to the tum our phenotype. The transgenic m ouse m odel system  has become 

the experim ental system  of choice for the assessm ent of the transform ing activity of 

oncogenes in the m am m ary epithelium  (Cardiff, 1996).

As w ith the genes involved w ith the developm ent of cancer, m ost m ouse m utations 

created by transgenic technology fall into two groups - dom inant gain-of function and 

recessive loss-of function. The gain-of-function m utations are m odelled by introducing a 

gene sequence attached to a prom oter which determ ines the developm ental stage and 

tissue  specificities of expression. The p ro d u c tio n  of novel p ro te in  resu lts  in a 

corresponding phenotypic alteration in the mouse. Loss of function m utations requires 

the inactivation of both alleles in order to exert a cellular effect, hence the description 

as recessive. Loss of function has also been m odelled using knockout mice w here coding 

sequences of genes are interrupted.

H isto ry

Tlie technology to introduce exogenous foreign genes stably into chromosom al DNA has 

been available for over a decade now  and over this period transgenic mice have been 

used to study complex processes such as im m unity, developm ent, gene regulation and 

pathogenesis (Jaenisch, 1988).

Production

A num ber of m ethods have been used  for the production  of transgenic mice. These 

include m icroinjection into the one-cell em bryo (Brinster et al., 1985); infection of 

preim plantation  em bryos w ith retroviral vectors containing foreign DNA (Brinster & 

Palm iter, 1984); infection and transfection of embryonic stem  (ES) cells and infection of 

postim plan ta tion  anim als (Jaenisch, 1988). The m ost com m on m ethod  of producing  

transgenic mice is by microinjection of linear DNA into the pronucleus of the m ouse
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zygote (Figure 1.1). This leads to stable integration of the injected DNA in 10-40% of 

the injected embryos. In the majority of animals this integration takes place at the one 

cell stage, leading to the integration of foreign DNA into every cell of the transgenic 

animal including the primordial germ cells. Integration usually occurs at a single site 

but multiple copies of the transgene can be incorporated. The transgenic 'founders' thus 

produced will then transmit the gene in a Mendelian fashion to approximately 50% of 

their offspring.

Figure 1.1 Microinjection of linear DNA into the pronucleus of the mouse zygote.

Using microinjection the site of transgene integration is essentially random, preventing 

selection of specific gene m utations and therefore lim iting the u tility  of this 

approach. In the past year or so powerful technical advances have made it possible to 

generate and select site-specific homologous recom bination events in p luripotent 

embryonic stem (ES) cells. ES cells can be maintained in vitro, genetically modified 

through homologous recombination, and returned to the blastocoel, where they may 

ultimately contribute to the germ line of the resulting mouse. This technique of gene 

targetting enables the production of transgenic mice bearing a selective modification or
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inactivation of v irtually  any gene for w hich cloned DNA  is available. By crossing 

m ice heterozygous w ith respect to the inactivated  target gene, hom ozygous null 

m utan ts can then be generated. As a result anim al m odels can be generated w ith the 

sam e m utations as h um an  syndrom es. These anim als have p roved  to be highly  

susceptible to tum our developm ent indicating  that they are a po ten t in vivo assay 

system  for tum our suppressor genes (M atzuk & Bradley, 1994).

Promoter

Expression of a transgene in a m ouse is directed by a tissue specific prom oter. The 

m am m ary gland has been a popular organ for targeting of transgenes because of the 

ava ilab ility  of re la tively  m am m ary-specific p ro m o ters (P attengale et n i ,  1989). 

A lthough the prom oters used in m am m ary transgenic mice are better than  those in 

o ther transgenic m odels they still have significant lim itations (Edw ards et al., 1996).. 

The m am m ary tum our virus long term inal repeat (MMTV LTR) has been used  m ost 

w idely  and , to a lesser extent, m ilk-protein  prom oters such as beta-lactoglobulin  

(W atson et a l,  1991) and w hey acidic pro tein  (WAP) p ro m o te r/ enhancer elem ents 

(A ndres et nl., 1988). All three prom oters direct high level expression of linked genes 

to the m am m ary epithelium , but their behaviours differ in several im portan t respects.

All the prom oters are horm one sensitive and are only fully active du rin g  pregnancy 

and  lactation, although MMTV LTR is transcriptionally  active du ring  all stages of 

m am m ary epithelial differentiation. WAP prom oter/enhancers are expressed at h igh 

levels only in m id pregnant and lactating m am m ary glands (Andres et al,  1987; A ndres 

et nl., 1988). C onsequently the epithelial cell types expressing the MMTV oncogene or 

WAP oncogene fusion genes m ay differ in their states of differentiation. C learly it is 

the resting  g land w hich is of greatest relevance to the developm ent of cancer in 

hum ans (W ebster & M uller, 1994).

Like m any prom oters the MMTV LTR has proven to be prom iscuous, it is active in  the 

H arderian  gland, sem inal vesicles, epididym is, salivary glands and  p rosta te  g land 

(Pattengale et nl., 1989). This lack of com plete specificity of the prom oters m ay result 

in the oncogene being expressed elsewhere. Such unw anted  expression m ay be lethal 

(Stocklin et nl., 1993) or m ay produce tum ours in o ther organs w hich are difficult to 

d istinguish from métastasés arising from the m am m ary tum ours (Guy et al., 1992a).

Transgenic Mice As M odels of Malignancy

The constructs in troduced  into the germ line usually  have an oncogene (activated, 

cellular or viral) or tum our suppressor gene under transcriptional control of a prom oter. 

N orm al tum ourigenesis involves two events, m utation of a single cell and  expansion of
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the re su ltan t clone. In transgenic mice the presence of a hetero logous p rom oter 

expedites the norm al process of carcinogenesis by one step. The transgene is usually  

expressed in a tissue specific m anner, the tissue being determ ined by the regulatory  

elem ents of the hybrid gene. Thus the prom oter region of the m ouse m am m ary tum our 

virus (MMTV) placed upstream  of the coding sequences for c-myc and H-ras, targets 

their expression preferentially  to tissues in w hich MMTV is expressed in greatest 

quan tities, ie. breast, salivary  epithelium , and  lym phoid  tissues. For this reason  

m odels of breast cancer often involve the oncogene of interest under the control of the 

MMTV prom oter. H ow ever in m ost m urine transgenic m odels of cancer, tum ours are 

m onoclonal and only become apparent after a variable latency period. It seems highly 

likely that synergistic m utations are required for tum our formation.

Specific exam ples of transgenic oncogene mice as m odels of different m alignancies are 

detailed below. M any of these illustrate a process of m ultistep tum our progression and 

enable the m olecular characterisation  of tu m o u r cell p ro lifera tion  an d  tu m o u r 

angiogenesis.

Non-m am m ary m odels

Haematological and lymphoid tumours

R epresentatives of m ost classes of genes im plicated in neoplasia and pro liferation  

have been tested in relation to the haem opoietic system. Oncogene transgenic m ouse 

m odels of lym phom as, acute and  chronic leukaem ias and  lym pho- and  m yelo

proliferative syndrom es have all been developed.

T ransgenic mice have m ade it possible to test the hypothesis that deregulated  myc  

expression prom otes the developm ent of B lym phoid tum ours w ith in  a few m onths of 

b irth  (A dam s et a l ,  1985). In mice expressing a m u ta ted  H-ras h u m an  cD NA 

controlled by CD2 regulatory sequences, high thymic expression of H-ras is seen and 

som e lines develop transplantable clonal T lym phoid tum ours (Suda et al., 1987)..

Gastrointestinal tumours.

Liver carcinogenesis has been investigated  in a num ber of transgenic m odels. Two 

m odels involving the HBV large surface antigen and the HBx gene suggest that HBV 

m ay p red ispose  ind iv iduals to cancer by  altering  hepatocyte d ifferen tiation  and  

d riv in g  regeneration  (Kim et al., 1991). Sustained proliferation is also a feature of 

liver tum ours seen in TGF-a transgenic mice (Halter et al., 1992).

The SV40 T antigen is tum ourigenic in liver and pancreatic tum ours (Sandgren et al,
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1989). The antigen appears to prom ote karyotypic instability w hich m ay be central to 

m any  form s of tum origenesis. In the pancreas a m u tan t H-rns allele or SV40 T 

an tigen (O rn itz  et al,  1992) were associated w ith  developm ent of acinar tum ours, 

w hereas mx/c produced mixed acinar-ductal tum ours (Sandgren at al,  1989).

Skin cancer models

The epiderm is is com posed of one m ain cell type - the keratinocyte, which undergoes a 

progression  of steps in differentiation to produce a h ard y  and  renew al protective 

covering. In transgenic mice the four major epiderm al keratin prom oters have been used 

to targe t differentiation-specific and  keratinocyte- or ep iderm al- expression  of a 

grow th factor or oncogene.

M odels of breast cancer

The overexpression or amplification of a num ber of oncogenes has been dem onstrated in 

breast cancer using Southern and northern  analysis and  im m unohistochem istry  of 

tum our biopsies and cell lines (Slamon et al., 1987). N evertheless transgenic m odels 

are better able to address questions about the causal association betw een expression of 

a gene and tum our progression.

As described above targeting oncogene expression to m am m ary epithelium  has been 

possible by using a m am m ary specific transcriptional elem ent such as the MMTV Long 

Term inal Repeat (LTR) or the W hey acidic protein gene (WAP) p rom oter (M uller, 

1991). These prom oters stim ulate h igh levels of transgene expression in m am m ary 

epithelium . Ha-ras strains prom oted by MMTV LTR have displayed a high incidence 

of m am m ary tum ours (Sinn et a l,  1987; Tremblay et al,  1989), w hereas in the W A P /v- 

H a-ras transgenic strains m am m ary tum ours are relatively rare and  follow pregnancy 

(A ndres et a l,  1988): Nielsenjcf al, 1992; In transgenic anim als bearing the ras gene 

u n d e r the ze ta-g lobin  p ro m o ter spo rad ic  m am m ary  tu m o u rs  arise w h ich  are 

m orphologically identical to those arising in the mice w ith M M TV-driven oncogenes 

and  hence are likely to be caused by expression of the sam e transgene(Cardiff, 1996).

Two m odels involving the activated c-neti oncogene have been developed. In the m odel 

of M uller et al tum ours arose synchronously in all mice, involved the entire g land and 

were polyclonal in origin. Developm ent of tum ours in these mice appeared to involve a 

sing le genetic even t (M uller et a l,  1988). This is the only transgenic m odel of 

m am m ary cancer w here a single oncogene has been found sufficient for the m alignant 

transform ation of m am m ary cancer. M uller and cow orkers noted a 100% incidence of 

polyclonal tum ours w ith a m edian onset of 89 days in their mice(M uller et al,  1988). In 

mice w ith the same transgene, developed by Bouchard et a l , tum ours w ere m onoclonal
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and appeared betw een 5 and 10 m onths in a stochastic pattern  in 28 to 50% of mice, 

depending  on the line (Bouchard et al,  1989). A m odel developed m ore recently w ith 

the unactivated neii oncogene under control of an MMTV prom oter was also associated 

w ith  the developm ent of m am m ary tum ours in transgenic mice. These tum ours 

appeared  to m etastasise to lung  w ith h igher frequency than  described in the tw o 

m odels of M uller and Bouchard, bu t the latency to tum our developm ent is 8 m onths or 

m ore (Guy et al,  1992a). This suggests that there m ay be tw o or m ore genetic events 

required  prior to m am m ary tum origenesis in this m odel. P rim ary tum ours arising in 

m odels w ith the activated gene also behave m ore aggressively. This unactivated  neii 

m odel m ay be m ore clinically relevant as in hum an breast cancer overexpression of 

unactivated neii is associated w ith poor clinical outcome (Guy et al,  1992b).

Mice bearing  MMTV-zunf-l, MMTV- int-2 and  M M TV-TGF-a transgenes develop  

m am m ary  hyperp lasia  (Dickson & Lippm an, 1995; Kw an et al., 1992; M atsui et al.,

1990). Double transgenic mice have been used to investigate oncogene cooperativity  

(M uller, 1991) . The W nt-1  and int-2  p ro to o n co g en es co operate  in m am m ary  

carcinogenesis - tu m o u rs  (hyperp lasias) arising  earlier in the transgen ic  m ice 

possessing both oncogenes (Kwan et al., 1992).

Importance of genetic background

It is well docum ented that genetic background influences tum our susceptibility. The 

effect is illustrated  w ell in haem opoietic tum ours. Placing Ep-myc transgenes on 

differing genetic backgrounds alters the kinetics and tum our type as well as tum our 

susceptibility. O n a C57B1/6, SJL or BALB/c background Ep-/ni/c transgenes resulted in 

B lym phoid tum ours alm ost exclusively, but seven of eight founder C 3H /H eJ transgenic 

mice developed T lym phom as. In the both C57B1/6 and C 3H /H eJ mice an increase in 

size and  num bers of pre-B cells w as seen along w ith  sim ilar levels of E\i-myc  

transcripts in the spleen and  thym us, consistent w ith  B lym phoid  expression of the 

transgene (Yukawa et al., 1989). This suggests the difference in tum our type is unlikely 

to be an effect of the transgene alone - the strom al environm ent m ay be im portan t as 

conventional C 3H /H eJ mice repopulated  w ith transgenic C57B1/6 cells also developed 

T lym phom as (Yukawa et a l,  1989). The effect of genetic background is also seen w ith 

mice harbouring the SV40 large T antigen gene in a C57B1/6J genetic background. In 

this m odel the level of transgene RNA expression is considerably h igher than  in 

transgenic mice harbouring  the sam e transgene on an FI genetic background. The FI 

hybrids are C56B1 mice crossed w ith NZW  mice w hich appears to have a dom inant 

negative effect on SV40 large T antigen expression. Choroid plexus papillom as appear 

later and less frequently, resulting in longer survival of the anim al (Cho et a l,  1989). 

O ur ow n experience also suggests that background is likely to m odulate incidence.
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natural history and biology of the tum our.

Use of transgenic mice for therapeutic studies

Relatively little has been published about the use of trasgenic mice for the assessm ent 

of anticancer therapy. A ttem pts to develop transgenic mice commercially have proved 

difficult. The H arvard  'oncomouse' was patented  in 1988, and licensed exclusively to 

D uPont for developm ent. The mice w hich possess the v-Ha-ras transgene and  develop 

m am m ary tum ours were used to assess the efficacy of cancer chem otherapy agents in 

b reast cancer (D exter et al., 1993). A sim ilar, earlier stu d y  used  the W AP ras 

transgenic m ouse w ith an activated, hum an c-Ha-ras gene on the Y chromosome. A dult 

m ales develop salivary a n d /o r  m am m ary adenocarcinom as (Nielsen et al,  1992)..

Tum our regression of m am m ary and salivary gland carcinomas in ras transgenic mice 

has been show n using inhibitors of the enzym e farnesyl-protein transferase (FPTase) 

w hich interferes w ith the function of ras oncoproteins. The tum ours reappear w hen 

treatm ent is stopped but m ost regress again w hen it is reintroduced (Kohl et al., 1995). 

A nother study involved transgenic mice that express the rat nen oncogene in m am m ary 

ep ithelial cells. In traperitoneal injection of a m onoclonal an ti-recep tor an tibody  

specific for the oncogene product prevented tum our developm ent in these transgenic 

m ice in a dose-dependent m anner. H alf the mice, w hen injected w ith an ti-receptor 

antibodies, d id  no t develop tum ours even after 90 weeks of age (K atsum ata et al.,

1995).
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R ationale

A lthough mice transgenic for oncogenes have been available for a decade, their use as 

a m odel for experim ental therapeutics has been limited. If feasible such mice could be 

useful for preclinical investigation  of prophylaxis, p rim ary  therapy  and  ad juvan t 

treatm ent.

The rationale for this study  was to investigate the potential of oncogene transgenic 

mice as m odels for new  cancer therapies which more closely resem ble hum an cancer. 

There was a need for a m odel w ith the following salient characteristics;

* Inbred

* Immunocompetent

* Develops spontaneous tumours

* Tum ours resemble those seen in hum ans - biologically and m orphologically

Transgenic mice carrying the activated rat c-neit oncogene under the transcriptional 

control of the MMTV prom oter were bred to BALB/c mice. This PhD thesis entailed a 

detailed  exam ination and docum entation of the diverse tum ours w hich arose in five 

successive generations of such mice in respect of biology, natural history, proliferation 

and  other indices. The cytokine sensitivity of the tum ours has been investigated after 

transplantation into nude mice and , in one case, syngeneic mice. Longterm  prophylactic 

trea tm ent w ith cytokines has been carried out to investigate the effect on tum our 

developm ent. This baseline inform ation provided  an assessm ent of the feasibility of 

this m odel as a tool for cancer, and in particular cytokine, therapy.
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Chapter 2 

Materials and Methods

All reagents u sed  w ere obtained from  Sigma (G illingham , U.K.) un less o therw ise 

s ta ted .

Mice

N ude mice

Fem ale nude mice of m ixed genetic background (bred by the ICRF anim al unit, C lare 

Hall) aged 6-12 weeks were used for transplan t experim ents. The mice w ere allow ed 

food and w ater ad  libitum  and housed  in sterile isolators at 20°C (La C alhene Ltd, 

Cam bridge). All isolator supplies w ere sterilised, and all item s entering the isolators 

w ere sprayed w ith 2% Tegedor (TH Goldschm idt, Middlesex).

BALB/c mice

Inbred male and female BALB/c mice (ICRF breeding unit, Clare Hall) aged 6-12 weeks 

w ere used for backcrossing, test-crossing and  tum our transplantation. The mice w ere 

allow ed food and w ater ad libitum  and  housed in sterile isolators at 20°C (La Calhene 

Ltd, C am bridge) or the specified pathogen-free un it at Clare H all from  b irth  un til 

tum our developm ent or death from other causes.

Founder mice

Transgene-positive m ale founder mice of the FI generation  (C57BL/6 x C3H) w ere 

obtained from Professor Paul Jolicoeur, Instituts de Recherches de cliniques de M ontreal, 

M ontreal, C anada. These had  been generated  by m icroinjecting a 8.2kb SacII-EcoRI 

chim eric DNA fragm ent containing the activated ra t c-neii cDNA u nder transcrip tional 

control of the MMTV LTR, as described in Bouchard et al. (1989)(Bouchard et a l,  1989). 

One-cell (C57BL/6 x C3H) F2 em bryos w ere collected, microinjected and transferred into 

pseudopregnant CD-I females as described in (Hogan et al,  1986),'
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The founder mice w ere initially m aintained in sterile isolators at 20°C (La Calhene 

Ltd, C am bridge) in the quaran tine  u n it un til the next generation  w as b red  after 

successful uterine transfer. These mice were then backcrossed onto BALB/c mice.

All anim al experim ents were perform ed under Home Office licence.

U terine transfer

Embryos from pregnant female mice in the quarantine colony w ere collected, introduced 

into a pseudopregnan t female (m ated w ith  a vasectom ised m ale) and at 21 days the 

offspring were tailsnipped to screen for the transgene.

In vivo  passage

Tum ours transplanted into nude mice were m inced finely w ith scissors and 0.1 or 0.05ml 

tum our suspension w ith RPMI and injected subcutaneously into a lateral site on each 

m ouse. The tum ours were assessed histologically for any changes in m orphology at 

successive early passages and  at regu lar in tervals thereafter. The v iru lence of the 

lym phom a (see C hapter 4) led to its being frozen dow n once recoverability had  been 

established. The tum our passaged into BALB/c mice (see C hapter 5) w as initially  

injected into offspring from  subsequent generations and w hen no suitable transgene- 

negative offspring rem ained it was injected into m ice from  earlier generations and  

female BALB/c mice.

Anim al techniques

Protocol for nude mouse transplants

In experim ents w ith  tum our transplants the sam e principles w ere applied throughout: 

IFN -a was given sc and IFN-y ip and later sc. The diam eters of tum ours w ere m easured 

w eekly w ith calipers and tum our volum es calculated from the formula: Vol = (longest 

d iam eter) x (shortest diam eter)^ (Gately et al,  1994). The mice w ere killed w hen the 

m axim um  tum our diam eter approached 2cm. In each experim ent the in tention  w as to 

treat eight mice in each group, and in every case at least seven mice w ere assessable. 

Cytokine sensitivity was assessed by logrank survival of the eight mice in each group  

and by changes in tum our volume over time.

H om e Office regulations do not state explicitly the exact m axim um  size of a tum our 

p rio r to an anim al being killed. In an anim al w ho is not d istressed and  in reasonable
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condition, w here the tum our is not ulcerated the m axim um  diam eter of any tum our is 

taken as up  to 20 mm. Hence the m ajority of mice are killed w hen their tum ours reach 

this size. Because of the way in w hich tum our volum e is calculated a 20mm long thin 

tum our w ould have a com paratively sm aller volum e than a spherical tum our. In each 

graph  of tum our volum e the last points in the line represen t the final tim e po in t at 

w hich the volum e of tum our could be m easured before it was necessary to sacrifice the 

mouse.

Peripheral blood

Mice were bled by cardiac puncture and blood collected in EDTA tubes for determ ination 

of peripheral blood counts. A full blood count was carried out using a Coulter S plus 6 cell 

counter (Coulter Electronics Ltd., Bedfordshire ,U.K. ) and blood films w ere m ade to 

determ ine the differential count.

D ie t

Transgenic mice in the experim ent involving dietary fat m anipulation were divided into 

three groups. One group was fed the ICRF Rodent Diet, modified from a form ula devised 

by Glaxo with 4.9% groundnut meal. The high fat group received a 15% fat diet, based 

on greoundnut meal. Both diets were supplied  by Special Diet Services, W are, UK. The 

10% fat diet was supplied by H arlan -Olac. All diets were packed in vacuum  packaging 

for use in SPF Units

M olecular Biology Techniques - DNA

Restriction enzyme digests

Restriction enzym e digests w ere perform ed as previously  described(Sam brook et ah,

1989).

P reparation  of L.agar am picillin  plates

These were prepared  as previously described (Sambrook et ah, 1989).
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T ransform ation of Epicurian Coll Sure™ competent cells

E picurian Coll Sure^^' com petent cells (Stratagene,) w ere used as hosts for am picillin 

resistant plasm ids. The com petent cells were stored on ice and gently m ixed by hand. 

lOOfil was aliquoted into a prechilled tube and 1.7|il of 1.44M p-m ercaptoethanol w as 

added. Following gentle m ixing the cells were incubated on ice for 10 mins. Ten ng  of 

DNA was added to the cells and incubated for 30 mins on ice. The cells were subsequently 

heat shocked at 42°C for 45s and incubated for a further 2 m ins on ice. 0.9ml of L. broth  

w as ad d ed  to the cells and  incubated at 37°C for Ih  w ith  shaking. Ten-lOOpl of 

transform ation  mix was spread  onto L.agar plates w ith  am picillin added  at a final 

concentration of SOpg/ml. Control transform ations were included in all cases.

Plasm id purifica tion

Plasmid mini-preparation

Small scale p lasm id purifications w ere perform ed using the alkaline lysis m ethod  as 

described  p rev iously  (Sam brook et al., 1989). The protocol is based on a m odified  

alkaline lysis m ethod.

Large scale plasmid purification

L arge scale p lasm id  pu rifica tion  w as perfo rm ed  usin g  the alkaline lysis m axi

p rep ara tio n  m ethod as prescribed previously  (Sam brook et al., 1989). Superhelical 

p lasm id  w as isolated  by double b an d in g  on caesium  ch lo ride-e th id ium  brom ide 

gradients by standard  m ethods (Sambrook et al., 1989).

D eterm ination  of DNA/RNA concentration

D N A /R N A  sam ples w ere d ilu ted  in D.W. an d  the O D 2 6 0 n m /O D 2 8 0 n m  w as 

determ ined. 1 OD 260 nm  unit corresponds to 50m g/m l for double stranded  DNA and 

40m g/m l for single stranded DNA or RNA. The ratio of OD260nm/OD280nm provides an 

estim ate of the sam ple purity , p u re  p repara tions of DNA and  RNA have an OD 

260nm /O D  280nm °f 1.8 and 2.0 respectively.
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Organic extraction and precipitation of nucleic acid

Unless otherw ise stated protein contam inants were rem oved from nucleic acid solutions 

by phenol/ch loroform  extraction. Nucleic acid solutions were extracted w ith an equal 

volum e of phenol, once w ith phenol/ chloroform (1:1) and once w ith chloroform. Phenol 

(redistilled nucleic acid grade, BRL) w as buffered w ith  TE pH  8.0 and  0.1% (w /v )  

hydroxy  quinoline added  as an antioxidant. Chloroform  w as a 24:1 (v /v )  m ixture of 

ch lo ro fo rm  an d  isoam yl-alcohol un less o th erw ise  s ta ted . N ucleic  ac id s w ere 

precipitated from  aqueous solution by the addition of either 0.1 vol 3M sodium  acetate 

pH  5.2 and  tw o volum es of absolute ethanol (2.5 vols was used  for p recip ita tion  of 

RNA), or by addition of an equal volum e of isopropanol. Precipitated nucleic acid w as 

w ashed  once w ith  70% (v /v ) ethanol, a ir-d ried  and  disso lved  in the ap p ro p ria te  

buffer.

Extraction of genomic DNA

A m ethod suitable for processing large num bers of sam ples was used to prepare  DNA 

w hich d igests w ith  m ost restriction enzym es and  is of sufficiently h igh  m olecular 

w eight for Southern blotting of restriction fragm ents of up  to lOkb. Tailsnip DNA w as 

digested in Tris-based buffer and proteinase K solution at 55°C overnight. Nucleic acid 

so lu tions w ere ex tracted  w ith  an equal volum e of pheno l once an d  tw ice w ith  

p h en o l/ch lo ro fo rm  (1:1). Phenol (redistilled nucleic acid grade, BRL) w as buffered  

w ith TE pH  8.0 and 0.1% (w /v ) hydroxyquinoline added as an antioxidant. Chloroform  

w as a 24:1 (v /v )  m ixture of chloroform  and isoam yl-alcohol. N ucleic acids w ere 

precip ita ted  from  aqueous solution by the add ition  of 0.6 volum es of isopropanol. 

P recip itated  nucleic acid w as w ashed  once w ith  70% (v /v )  ethanol, a ir-d ried  and  

dissolved in TE buffer.

Probe for screening

Screening for the transgene w as established in itially  u sing  S outhern  h y brid isa tion  

analysis of tail DNA using a neii-specific probe from the DNA fragm ent microinjected.

The 4.6kB fragm ent was obtained by cleavage of M M TV /neuT DNA w ith H ind III and  

Sal I. The plasm id  was m apped  w ith restriction enzym e digestion (see Figure 3.2(b)) 

and  the 4.6kB fragm ent excised. This d id  not hybridise to tailsnip DNA from  transgene
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negative C57 B l/6  and BALB/c mice at a detectable level confirm ing that it d id  not 

detect endogenous murine c-neu.

R adiolabelling of cDNA probes

DNA probe fragm ents were excised from LM P-agarose gels (BRL) and 3mls D.W. was 

added  per g of agarose. The agarose was m elted by boiling for 5 m ins and stored at -20°

C. DNA probes were labelled by the random  prim ing technique (Feinberg & Vogelstein, 

1984) using [^^P]-dCTP (~3,000Ci/m m ol, A m ersham  International). U nincorporated  

precursors were rem oved by passing through a pre-prepared Chrom a spin^ '̂" colum n 100 

(Clontech, Palo Alto).

Agarose gel electrophoresis

A n appropriate quantity of agarose (BRL) w as added  to 1 x TBE (Tris-Borate EDTA, pH  

8.0) buffer and heated  in a m icrowave. The agarose solution was allow ed to cool, 

eth id ium  brom ide was added  to a final concentration of 0 .5 |ig /m l and the gel was cast 

(Sam brook et al., 1989) DNA sam ples in agarose gel loading buffer w ere loaded and  

electrophoresed at ~5V /cm  with 1 x TBE pH  8.0 as running buffer as previously described 

(Sam brook et al., 1989).

A lkaline transfer

The gel was depurinated  in 0.25M hydrochloric acid for not m ore than 15 m inutes. It w as 

then neutralised  by rinsing twice in 0.4M N aO H  for 5 m inutes and  alkaline blotted. 

Southern  transfer was established w ith  p rew etted  H ybond N +(A m ersham ) in 0.4M 

N aO H  overnight. The following day the m em brane was rinsed in 2 x SSC and  allow ed 

to air dry.

M em branes w ere p reh y b rid ised  using  C hurch  cond itions for 30 m inu tes before 

hybrid ising  at 50°C  to the labelled probes using a s tandard  m ethod (C hurch and  

G ilbert 1984). After h igh stringency w ashing, the m em branes w ere exposed to film 

(Kodar XAR5) for up  to 7 days at -70°C.
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Slot blo tting

Once backchecking of Southern hybrid isation  had  been perform ed slot b lo tting  w as 

established using  a m odified alkaline b lotting  m ethod for Southern analysis. After 

blocking the slot-blot apparatus w ith  nonhom ologous DNA (100-200|ig/m l H erring  

Sperm  DNA) the tailsnip DNA was dissolved to a final concentration of 0.4M N aO H  

an d  then loaded  w ith  5 |il of DNA per slot. The w ells w ere then  rin sed  w ith  

0.4MNaOH. The m em brane was crosslinked in a UV crosslinker then neutralised  w ith  

5x SSC for 5 m inutes twice. The m em brane was placed DNA side facing upw ards in 0.4M 

N aO H  for 20 mins. Finally the m ebrane w as rinsed  in 2xSSC for 5 m inu tes twice. 

T hereafter p reh y b rid isa tio n  and  h y b rid isa tio n  w ere p erfo rm ed  u s in g  "C hurch  

conditions", and the same probe as describedpreviously.

M olecular Biology Techniques - RNA

Preparation of RNA from tum our samples and organs

Solid tum our specim ens and organs were rem oved from  the transgenic mice and snap 

frozen in liquid nitrogen, LN2,. For RNA preparation, solid tum ours were hom ogenised 

using a U ltraturrax  T25 (Janke and Kunkel, Staufen, Germ any) and transferred  into a 

guanidinium  thiocyanate (GIT) based lysis buffer. Cell lines were lysed by the addition 

of 5M GIT buffer.

RNA extraction

Total cellular RNA was isolated using one of tw o m ethods as described below . The 

tum ours and organsw ere thaw ed and hom ogenised. For large quantities of tissue, total 

RNA w as iso la ted  after cen trifu g atio n  th ro u g h  caesium  ch lo ride  fo llow ed  by 

precip ita tion  w ith  3M sodium  acetate and  ethanol as described by C hirgw in  et al 

(Chirgw in et al., 1979). Alternatively, the m ethod of Chom czynski and Sacchi 1987 w as 

followed (Chomczynski & Sacchi, 1987). T um our tissue was hom ogenised in denaturing  

solution D (4M guanidium  thiocyanate, 25mM sodium  citrate, pH  7.0, 0.5% sarcosyl O.IM 

P-mercaptoethanol). One m l of solution D was used for each lOOmg of tissue 0.1ml of 2M 

sodium  acetate, pH  4 , 1ml of phenol (w ater saturated) and 0.2ml of chloroform / isoam yl 

alcohol (49:1) was added to Ifnl of hom ogenate. Following mixing and cooling for 15 mins 

on ice, the sam ples were centrifuged at 14,000 rpm  for 20 mins. The aqueous phase was 

rem oved and m ixed w ith an equal volum e of isopropanol for 1 h  at 4°C to precipitate
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the RNA. Following a further centrifugation the pellet was dissolved in 4M LiCl and 

centrifuged to pellet the insoluble RNA. The pellet was subsequently dissolved in 0.2ml 

of lOmM Tris pH  7.5, Im M  EDTA, 0.5% SDS, chloroform  was added  (0.2 ml) and the 

u p p er phase collected after centrifugation and precipitated  w ith an equal volum e of 

isopropanol in 0.2M sodium  acetate pH5.0. The pellet was air dried and resuspended in 

diethylpyrocarbonate (DEPC) treated w ater buffer. The RNA quantity  and purity  was 

obtained by spectrophotom etry.

N orthern  blo tting

N orthern  b lotting  analysis w as carried out follow ing standard  protocols. 15|ig total 

cellular RNA was electrophoresed th rough a 1.4% agarose-form aldehyde den a tu rin g  

gel and  capillary blotted onto 'Biodyne A' m em branes (Pall U ltrafine F iltration Corp, 

Glen Cove, New  York, USA). cDNA was labelled w ith ^^P-dCTP by a random  prim ing 

m ethod (Feinberg & Vogelstein, 1984). M em branes w ere hybridised to the ^^P-labelled 

inserts of hum an  cDNA probes u nder standard  conditions as ou tlined by C hurch  & 

Gilbert, 1984 (Church & Gilbert, 1984). M em branes were subsequently w ashed to high- 

stringency and exposed to K odak XAR5 film at -70^C w ith 2 in tensify ing screens 

(D upont, Stevenage, U.K.).

cDNA Probes

P-nctin

This was p rov ided  by Dr L. Kedes (Stanford). The 0.7kb EcoR l-H ind III fragm ent of 

ppact Bluescript was labelled by random  priming.

c-neii

This w as p ro v id ed  by Professor Paul Jolicouer (M ontreal). The H ind lll-S a ll 4.6kB 

fragm ent was labelled by random  priming.

Cytokines

All cytokines except IFN-y and  IL-12 cytokines w ere d ilu ted  in phosphate  buffered 

saline plus 3 m g /m l bovine serum  album in (Sigma, Dorset, U nited Kingdom) and stored 

in single dose aliquots at -70°C until required. IFN-y and  IL-12 w ere reconstitu ted  in
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sterile w ater. Mice w ere given 0.1 ml injections of the cytokine or the sam e volum e of 

diluent. All cytokines were stored in single dose aliquots at -70°C until required.

In terferon -a

Recom binant hum an in terferon-aA /D  (IFN-a) is a hybrid molecule produced by joining 

the am ino term inal segm ent (amino acids 1-62) of rH uIFN -aA  to the carboxyterm inal 

segm ent (am ino acids 64-166) of rH uIFN -aD  at the Bgl 1 site (Rehberg et aL, 1982). It 

w as used in these experim ents because rm lFN -a was not available in large quantities. 

IF N -a  w as obtained from  Dr. M. Brunda, Hoffm an La Roche, N utley, NJ. It w as m ore 

than 99% pure  w ith a specific activity of 2x l0^un its/m g  protein.

In terferon-y

Recom binant rat interferon gam m a (IFN-y) w ith an extra m ethionine residue at the N- 

term inus of the natural sequence molecule was used. Tliis was obtained from D r Daniel 

Lando, Roussel-Uclaf, Rom ainville, France. It was at least 95% p u re  w ith  a specific 

activity of 1 x 10^ u n its /m g  protein.

In terleukin-2

H u m an  recom binan t IL-2 w as ob ta ined  from  Dr D aniel L ando, R oussel-U claf, 

R om ainville, France. It w as at least 95% pu re  w ith  a specific activity  of 1 x 10^ 

u n its /m g  protein.

InterIeukin-7

Recom binant hum an  IL-7 w as a kind gift of Dr Connie Faltynek, S terling D rug  Inc., 

M alvern , P h ilad e lp h ia , h av in g  been  m an u fac tu red  an d  p u rified  by Im m unex  

C orporation. The purity  was not confirmed bu t specific activity was 4.0 x 10^ u n its /m g  

protein.

InterIeukin-12

Recom binant m urine IL-12 was the kind gift of Dr Brunda and w as used at a dose of Ip g  

per anim al per day. It had  a bioactivity of 2.3 x 10® Roche u n its /m g .
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Control d iluen t

Control diluent comprised 3m g/m l of bovine serum  album en (BSA).

H istological techniques 

M orphological analysis

The anim als were inspected for general condition and tum ours at least twice a week. If 

the anim als became unwell, or tum ours ulcerated or approached 2cm in diam eter, they 

were sacrificed and a post-m ortem  examination performed. In m ost cases only one tum our 

was ev ident at this point. Tum or tissue, lungs, liver and spleen w ere fixed in neu tra l 

buffered form alin (NBF) and em bedded in paraffin  wax. Parallel sam ples w ere also 

snap frozen. In a subset, the skeleton was also routinely exam ined, to docum ent the 

d istribution  of occult métastasés.

Sections w ere cut and stained w ith  haem atoxylin  and  eosin (H & E) and  paralle l 

sections cut for im m unohistochem istry and flow cytometric analysis (see below).

Im m unohistochem istry

Processing of tissues

Frozen sections w ere p repared  from  tissue sam ples snap frozen in liqu id  n itrogen , 

m oun ted  in OCT com pound (Tissuetak, USA), and  6m m  sections cut in a cryosta t 

(Cryostat E, Reichert Jung, FGR). The sections were stored at -20°C until used.

Classification of lym phom as in mice is largely based on im m unohistochem istry or FACS 

ana lysis  as w ell as m orpho log ical charac teristics. Im m u n o h isto ch em istry  w as 

perform ed using two B cell m arkers, surface IgG and B220; and tw o T cell m arkers a /p  

TCR and Thy 1.2 (figure 4.8). The m anufacturers instructions for the antibodies oc/p TCR, 

surface IgG zmd B220 im munostaining suggested the use of frozen tissue sections. This was 

adap ted  for paraffin sections by prior m icrow aving of the sections follow ed by rap id  

cooling to avoid deleterious drying. This w orked effectively and  enabled the tissue 

architecture to be better preserved.

Parrafin  em bedded  sections w ere p rep ared  from  sam ples fixed in neu tra l buffered  

form alin for at least 24 hours. The tissues w ere dehydrated  th rough g raded  alcohols, 

cleared w ith  CNP 30 (Pentone Chem icals, UK) and em bedded  in paraffin  wax. 5mm

page 59



C h a p te r  T w o _____________________________________________________________________________ M a te r ia ls  a n d  M e th o d s

sections w ere then cut using a rotary m icrotom e (American Optical, USA) and  stored at 

room  tem perature. Sections w ere im m unostained w ith an antibody to hum an  c-erb B2 

(1 /50  dilution) (Dakopatts, Denmark) and  in the case of lym phom as, the m urine T /B  

lineage antibodies to a/|3T C R (l/1000 diluton) (Pharmingen, USA), B220(l/300 dilution) 

(Pharm ingen, USA), Surface Ig ( l/2 5  dilution) (Sigma Chem ical Co., USA) and  Thy 

1.2(1/100 d ilu tion) (Becton-Dickinson, USA). These an tibodies w ere em ployed  in 

conjunction w ith a standard streptavidin-biotin technique. A brow n reaction product was 

ob ta in ed  usin g  a perox idase su b stra te  (d iam inobenzid ine , PBS, 0.3% h y d ro g en  

peroxide). All antibodies except Thy 1.2 w orked w ell and appropriately  on form alin 

fixed m ateria l after p rio r m icrow aving  of the sections. U nsta ined  sections w ere 

im m ersed  in O.OIM sodium  citrate buffer solu tion  at pH  6 in  w hich they  w ere 

m icrow aved at 700 w atts for 10 m inutes w ith rapid cooling by running  w ater thereafter 

to avoid deleterious drying. The an tibody to Thy 1.2 w orked w ithou t m icrow aving  

sections. All h istopathology assessm ent was perform ed by a consultan t pathologist 

w ith an interest in breast cancer (A.M.Hanby).

Inujiiinohistochemistrif controls

A  hum an m am m ary carcinoma know n to be positive for c-erbB-2 was used as a positive 

control for the c-erbB2 antibody. M ouse lym ph node and tonsillar tissue, in w hich there 

are d istinct patterns of T and  B lym phocyte localisation, acted as both  positive and  

negative controls for the T and B lineage markers.

T um or grow th and flow cytometric analysis

Flow cytom etry w as perform ed on nuclear suspensions p repared  from form alin fixed 

paraffin  em bedded  sections as described elsew here (Cam plejohn et al., 1989). Three 

50pm  paraffin  sections were dew axed and  rehydrated  through a series of alcohols into 

double distilled  w ater. Nuclei w ere extracted by the addition  of pepsin  (5m g/m l) at 

37°C for 30 m in at pH  1.5. Following filtration through a 35mm pore size nylon filter and 

incubation w ith w ith p ropid ium  iodide 250m g/m l, the sam ples w ere analysed using  a 

Becton-Dickinson FACS Analyser pow ered by a m ercury arc lam p. 10^ particles w ere 

scanned to to construct a DNA histogram . The DNA index w as calculatedby relating 

DNA content of the aneuploid G O /Gl peak to that for the d iploid  G O /G l peak. The S- 

phase fraction (SPF) for the diploid tum ours was m easured using the m ethod of Baisch 

et al (1975) (Baisch et a l, 1975). The num ber of cells in S-phase w as calculated from  a 

rectangle fitted between the peak channels of the G O /G l and  G 2 /M  peaks. For the DNA
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aneuploid  histogram , the percentage of aneuploid S-phase cells as a percentage of total 

aneuploid  cells was estim ated in a sim ilar w ay (Camplejohn et aL, 1989).

Zym ographic analysis

Using the technique of zym ography sm all am ounts of hom ogenised tissue are run  on 

polyacrylam ide gels im pregnanted w ith gelatin. Collagenase in the tissue digests the 

gelatin, leaving a clear band  after the gel is stained for protein. The technique can 

d istinguish  betw een the 92 and 72kDa enzym es and betw een the inactive and  active 

form s of the 72 kDa enzym e, because SDS causes enzym e activation . U sing a 

m odification of the m ethod of H eussen and  D ow dle (Heussen & D ow dle, 1980), 

sim ilar to that used by U nem ori and W erb (Unemori & W erb, 1988) the technique 

was adapted  for densitom etric analysis using com puter assisted im age analysis (Davies 

et al., 1993). This s tu d y  in b reast tissue show ed a clear re la tio n sh ip  b e tw een  

production  of type IV collagenases and increasing tum our grade in m alignant breast 

d isease.

Tissue Samples

Tum ours removed from mice were cryopreserved in liquid nitrogen. A 5 pm  thick section 

was cut from a face area of each tum our. Samples were hom ogenised in 50 pi of SDS- 

PAGE sam ple buffer containing glycerol (10% v/v) SDS (l% w /v ) and brom ophenol blue 

using treff microhomogenisers (Scott Lab). Adjacent sections were cut and used for protein 

estim ation .

G ela tin  Zym ography

Gelatinolytic zym ography was perform ed as described by Brown et al., 1990 (Brown et 

al., 1990). This technique can d is tin g u ish  betw een  the 72 and  92KDa type IV 

collagenases. A dditionally, the m ethod can detect the inactive proform s of collagenases 

because SDS causes activation w ithout changing the m olecular w eight of the enzym es 

(Birkedal H ansen & Taylor, 1982). Hom ogenised sam ples (50 pL) w ere applied  directly 

w ithout heating or reduction to a 5% w /v  stacking polyacrylam ide gel laid over an 11% 

(w /v ) polyacrylam ide gel containing Im g /m l gelatin and 0.1 % (w /v ) SDS. Gels w ere 

ru n  at room  tem p at 180 V. After incubation of gels in 2.5 % Triton X-100 for 30 m in to 

rem ove SDS, the gels were incubated for 16 h  in 50mM Tris-HCl, pH  7.6 containing 0.2M 

NaCl, 5mM CaC12 and 0.02 w /v  Brij-35. Gels were stained for 3h in 30 % m e th an o l/10 %
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glacial acetic acid containing 0.5% (w /v ) Coomassie Brilliant Blue G 250 and destained 

in the sam e solution in the absence of dye.

Controls for zym ography

C onditioned m edia from hum an m elanom a RPMI 7951 cells and  from  TPA stim ulated  

HT1080 fibrosarcom a cells w ere used as type IV collagenase standards (Brown et a l,  

1990; W einberg et a l, 1990).

S ta tis tica l ana lysis

The Fisher's exact test was used to com pare proportions of tum ours betw een different 

g roups in C hapter 3 w here the groups were small. The Wilcoxon m atched pairs signed 

rank test was used to com pare passage times between transplants in C hapter 5. The tests 

used w ere on the advice of the ICRF M edical Statistics Unit, Oxford. The logrank test 

was used for survival analysis and was carried out by Joanna H adley and Sharon Love 

at the ICRF M edical Statistics Unit, Oxford.
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Chapter Three 

The Natural History of the Model

Background and Rationale

O ver the p ast forty  years a varie ty  of anim al m odels have been u sed  in  the 

d ev e lo p m en t of an ticancer therap ies (G eran et aL, 1974)., In itia lly  syngeneic 

transp lan tab le m urine leukaem ias and solid tum ours w ere used and  m ore recently, 

hum an  tum our xenografts grow ing in nude mice (Curt, 1994; M attem  et aL, 1988). These 

m odels have not p roved  com pletely reliable in p red ic ting  the efficacy of novel 

therapies in hum an disease, particularly  solid tum ours (Fiebig et aL, 1984; G rindey, 

1990). There is a need for m odels which can predict the efficacy of new  therapies m ore 

accurate ly .

The aim  of this study  was to develop an anim al m odel of b reast cancer for use in 

preclinical assessm ent of cancer therapy, in particular cytokine therapy. In the past 

decade the availability of an increasing num ber of cytokines for therapeutic use has 

resulted  in a new  m ode of cancer therapy. Nevertheless clinical trial results have been 

varied  and  the num ber of patients for w hom  cytokine therapy is appropriate rem ains 

proportionately  very small. W ith our greater understanding  of the m olecular biology 

of cancer, the need  for data from  anim al m odels to p red ic t efficacy, toxicity and  

m echanism s of these and other novel treatm ents, is g reater than  ever (Thom as & 

Balkwill, 1994) .

Existing m urine models of mammary cancer 

Spontaneous models

The m ajority of spontaneous tum ours arising in mice are related to endogenous or 

vertically transm itted  m urine m am m ary tum our v irus (MMTV). These spontaneous 

m am m ary tum ours arise in inbred mice. They tend to be adenocarcinom as and  can be 

m o d u la ted  by a num b er of factors includ ing  chem ical carcinogens, irrad ia tio n , 

horm ones, genetic background, diet and the im m une status of the host.

S pontaneous tum ours m etastasise w ith  a frequency w hich depends upon  the strain  

(C onsolandi et aL, 1958); A nderson, 1974 #235, type of MMTV (Squartini & Bistocchi, 

1977) am ongst o ther factors (Liebelt et aL, 1968). C ross-fostering  BALB/c m ice 

offspring onto C3H mice infected w ith MMTV at birth , leads to a h igh incidence of
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spontaneous m am m ary tumours. The incidence of lung métastasés in these cross-fostered 

mice is 9.5% (Frith et a l, 1981). One study  involving several different strains show ed 

that m etastasis was increased by num ber of pregnancies, adm inistration of oestrogen, 

p itu itary  isografts and tum ourectom y. Incidence did not relate to tum our size, location, 

h isto logical type or la ten t perio d  of tu m o u r g row th  (Liebelt et al., 1968). O ne 

disadvanatage extrapolating from MMTV induced m am m ary tum ours to hum an studies 

is that m ost tum ours arising in the MMTV m odel do not resemble hum an tum ours either 

m orphologically (see C hapter 4) or biologically.

A fu rther lim itation of the MMTV m odel is that several cytokines possess antiv iral 

activity (Dianzani, 1992; Dorr, 1993) thus any effect m ay be difficult to in terp re t. 

Thirty years ago mice w ere treated w ith the antiviral p rotein  interferon (IFN) w hich 

not only produced a reduction in the incidence of virus-induced tum ours but also slowed 

the developm ent of transplantable tum ours (Burke, 1979; review ed in G resser, 1991) 

(Burke, 1979; Gresser, 1991).

T ransplantable m odels

T ransp lan tab le  m odels of b reast cancer are read ily  available , their g ro w th  is 

reproducible and their use is well docum ented. A w ide range of histological types can 

be assessed and tu m o u r/ host relationships can be studied. In addition they are useful 

as m odels of m étastasés. Transplantable m odels also have a num ber of d isadvantages. 

Those tum ours which arise m ay be im m unogenic and selected by successive passages. 

M u ltip le  p a ssa g e s  m ay  re s u lt  in ch a n g in g  h is to lo g ic a l c h a ra c te r is t ic s  

unrepresentative of the original tum our. Such tum ours are often rapidly  grow ing and 

anaplastic. They may not develop a host-tum our relationship, w hich is being found to 

be increasingly relevant in the biology of hum an cancer. T ransplantable m odels also 

lack the d iversity  of transgenic m odels and  the histological resem blance to hum an  

tum ours. Finally, only a relatively sm all num ber of transplantable m am m ary tum our 

m odels are available.

N ude mouse and hum an tum our xenografts

In relation to the in vivo testing of cytokine therapy  the h u m an  tum our xenograft 

system  has both  advantages and disadvantages. One advantage is that the histology 

and  u ltrastruc tu re of the hum an  coun terpart is p reserved  in the m ouse, as well as 

chrom osom e num ber, DNA content, tum our m arkers and horm one secretion (Fiebig et 

aL, 1984; M attern  et aL, 1988). U sing the nude m ouse m odel the d irect actions of 

species specific cytokines can be determ ined as the cytokines will either act directly on 

hum an tum our cells or on m urine host derived stroma.
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The d raw backs of this m odel include the fact that the 'take rate ' of the orig inal 

tu m o u r to be xenografted  is variab le  an d  generally  low  (F idler, 1986). The 

d isad v an tag es  for assessing cytokine therapy  in vivo lie in the fact that the nu d e  

m ouse does not have a com petent im m une system, and w ith some cytokine therapies, 

such as IL-2, a xenogeneic response against the tum our m ay be induced. In addition 

there are only three m am m ary xenograft m odels involving tum ours of epithelial origin 

w hich are know n to metastasise. These are the MDA MB hum an breast cancer sublines 

231, 435 and  453 (Chetrite, 1993; Leone et aL, 1993). The SCID m ouse is an alternative 

m odel for xenotransplantation and com parative studies show a relatively h igher take 

rate in scid mice (Bosma et aL, 1983).

Carcinogen-induced tumours

Some m urine and ra t m odels have been developed by treating  strains w ith  a low 

tum our incidence w ith a variety of m utagens to induce tum ours. The tum ours w hich 

arise m ay be highly  im m unogenic and hence not suitable for assessing cytokine 

th e ra p y .

M odels of m étastasés

i) Spontaneous

H ere transplantable tum our cells are injected locally and the anim al is observed for 

progression of m étastasés. The prim ary tum our m ay be excised to prolong survival of 

the m ouse or excision m ay enhance m etastasis (O'Reilly et aL, 1995). The advantages 

of this m odel are that a w ide range of histological types are available an d  they 

resem ble m etastatic tum ours in the clinical situation. The disadvantages are that the 

tum ours are derived from  sm all num bers of cells, are highly anaplastic an d  often 

immunogenic in nature.

ii) Experim ental

Here a single cell suspension of tum our cells is injected into the m ouse (usually via the 

tail vein). After an interval the num ber of m etastatic deposits is counted. The deposits 

them selves usually  develop in a specific site and  are useful in the s tu d y  of the 

m etastatic process w ithout the delay necessitated in the spontaneous model. H ow ever 

the m étastasés arise after in travenous injection and  then  en trap m en t - they are 

consequently not an optim um  m odel for the mechanism  of métastasés in hum ans where 

cells are shed into the lym phatics or bloodstream  from the prim ary site.
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Oncogene Transgenic Mice

To address questions about the causal association betw een expression of a gene in a 

p a rticu la r tissue and  tu m our progression , oncogene transgenic m ice have been 

developed. There is a w ide range of transgenic m ouse m odels of m alignancy. These 

m ice express an oncogene un d er the control of a specific p rom oter and  develop 

spontaneous tum ours of diverse histological types (Adams & Cory, 1991; Jaenisch, 1988; 

Jenkins & C opeland, 1989). They have p rov ided  som e im p o rtan t insigh ts to the 

m olecular m echanism s of tum ourigenesis, particularly  oncogene cooperativity , b u t 

there is little published inform ation about their use for the assessm ent of anticancer 

therapy  (Dexter et ah, 1993; K atsum ata et a l, 1995; Kohl et al., 1995; N ielsen et aL, 

1992); Oncogene transgenic mice have som e advantages over existing cancer m odels, 

particu larly  w ith regard to possession of an intact im m une system , the existence of 

tum our strom a relationships analogous to those in hum ans and the slower evolution of 

the tum ours than in other models.

The majority of founder transgenic oncogene mice are bred as FI hybrids, but for m odels 

involving cytokine therapy an inbred strain  is required. In som e cases this has been 

overcom e by microinjecting the transgene into an inbred m ouse strain, FVB, w here the 

cellular characteristics m ake m icroinjection of the pronucleii m ore straigh tfo rw ard  

than  in other inbred strains (See D iscussion section) (Taketo et al., 1991). For this 

study  the BALB/c background was selected for its susceptibility to the effects of the 

m ouse m ammary tum our virus. One hundred percent of BALB/c mice cross-fostered onto 

MMTV-infected C3H mice will develop m am m ary tum ours.

M ammary tum our transgenics

The prom oter

Particular prom oters are used in transgenic m odels to direct and m odulate expression of 

the gene of interest. Only a few are know n to function preferentially  in m am m ary 

tissue and prom oter control elem ents help to restrict the expression of transgenes to 

selected cell populations.

Targeted expression of oncogenes to the m am m ary epithelium  has been achieved by 

linking the oncogene of interest to a m am m ary specific transcriptional elem ent such as 

the MMTV Long Terminal Repeat (LTR), W hey Acidic Protein gene (WAP) prom oter 

and  P-casein genes. These p rom oters d irec t transgene expression  in m am m ary  

ep ith e liu m  (M uller, 1991). N evertheless they  d iffe r g rea tly  in th e ir level of 

expression during  pregnancy and lactation w ith respect to the tim ing and response to 

lactogenic stimuli. WAP transcription is very low in the developing m am m ary gland
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but is induced several thousandfold at lactation. Consequently m any of the tum ours or 

h y p e rp la s ia s  deve loped  in m ice invo lv ing  the W AP p ro m o ter are lac ta tion- 

dependent.

The MMTV-LTR contains one of the m ost w idely  s tu d ied  m am m ary  'restric ted ' 

p rom oters. Essential for p rov ira l expression, the LTR is also responsible for the 

ac tiva tion  of the in t genes, w hose nam e derives from  their p rox im ity  to the 

in teg ra tion  site of the provirus. The MMTV-LTR is also transcrip tiona lly  active 

th ro u g h o u t all stages of m am m ary gland developm ent and its activity is fu rther 

induced  d u rin g  pregnancy  (Pattengale et a l, 1989). A lthough p rov ira l MMTV is 

expressed  p redom inan tly  in the lactating m am m ary gland, LTR-based transgene 

constructs have been found to be expressed in m am m ary gland, salivary gland, lung, 

thym us, spleen and testes of transgenic mice (Cho et a l, 1989; Leder et al., 1986; Ross & 

Solter, 1985; Stewart et al., 1984);. A problem  in generating transgenic mice w ith  such 

constructs is that expression in the testis often results in sterile males. R estriction to 

one tissue type or even cell type is rare. The problem  is overcome in a few transgenic 

m odels by hav ing  a p rom oter w ith  g reater tissue specificity, for exam ple the 

tyrosinase prom oter in melanom a, which is relatively specific for melanocytes.

The transgene

The c-neii proto-oncogene (rat homologue of the hum an c-erbB2 oncogene) is a m em brane 

bound  185kDa receptor m olecule w ith tyrosine kinase activity. It shares partia l 

hom ology w ith the epiderm al grow th factor receptor and its role in m am m ary cancer 

has been extensively investigated (Slamon et al., 1987). In a chemically transform ed 

neuroblastom a cell line, rat c-neu is activated by a point m utation w hich results in a 

single am ino-acid substitution (valine to glutam ic acid) in the transm em brane dom ain 

of the p ro te in  (Bargm ann et al., 1986a; B argm ann et a l,  1986b). This resu lts  in  

constitu tive activation of its intrinsic tyrosine kinase function (Press et al., 1990). 

H ence, in  the  a p p a re n t absence of lig an d  co n stitu tiv e  levels of ty ro sin e  

phosphory lation  are seen and  a constitutive m itogenic signal is applied. The m utan t 

lieu gene, b u t no t the norm al neu gene, can transform  NIH3T3 cells (Bargm ann et aL, 

1986b). U nlike roden t neoplasia spontaneous h u m an  neoplasia involv ing  erb-B2 

appears to involve gene am plification a n d /  or overexpression of structura lly  intact 

transcripts and proteins (determ ined by northern blot or im munocytochem istry) and not 

activation. Substitu tion of the corresponding am ino-acid in hum an  c-erbB2 p ro tein  

w ould  require tw o m utations in the gene. The hum an  c-erbB2 gene can transform  

fibroblasts by overexpression (Di Fiore et al., 1987a). O verexpression of c-erbB2 mRNA 

and protein has been dem onstrated in hum an breast cancer using northern  analysis and 

im m unohistochem istry  of tum our biopsies and cell lines, respectively (Slamon et al.,
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1987; van de Vijver et aL, 1987; Yokota et aL, 1986);. O verexpression usually occurs as a 

result of gene am plification bu t increased transcript levels have also been found in the 

absence of am plification.

At the tim e of em barking on this study two transgenic m ouse m odels of breast cancer 

involving the activated c-neii oncogene were described(Bouchard et aL, 1989; M uller et 

aL, 1988) (see In tro d u c to ry  C hapter). As described  above the oncogene w as 

constitutively activated in both of these (Press et aL, 1990)).

Choice of founder mice

The aim  of this study  was to establish an inbred m odel of m am m ary cancer in w hich 

tum ours developed thet bore histological resem blance to hum an  m am m ary cancers, 

arose stochastically and m etastasised in a pattern  com parable to the hum an  disease. 

The m ost expedient way of establishing such a m odel of know n characteristics was to 

obtain  founder mice. A fter a careful search of the available literature  at the time 

(1990-91) it was felt that the m odel of Bouchard et al was the m ost suitable for this 

study. This w as based on the relatively late onset of the tum ours, allow ing time for 

trea tm en t, their m onoclonal o rig in  and , im p o rtan tly , th e ir close h isto log ica l 

resem blance to hum an tum ours. O ther m odels in which mice develop pregnancy  

d ep en d en t hyperp lasias and tum ours, such as int-2 (zvnt-2) mice, or w here all the 

m am m ary glands develop tum ours at an early stage, w ould have been less suitable for 

cytokine studies(O rnitz et aL, 1992; Stamp et aL, 1992). Professor Paul Jolicoeur kindly 

provided  three founder male mice from the line w ith highest incidence of tum ours as 

the basis for the study. The BALB/c background was selected for its susceptibility to 

the effects of the m ouse m am m ary tum our virus.

Expeneuce o f  Jolicotier's group zuith founder mice

The founder mice of the colony described in this thesis w ere reported  to develop 

com edo-type m etastatic breast tum ours, in a stochastic fashion, at 7-14 m onths of age 

(Bouchard et aL, 1989). The overall m am m ary tum our incidence, in four separate lines, 

w as 53 /127 female mice at 10 m onths of age. Affected mice generally had  m ultip le 

tu m o u rs  of d ifferen t size arising  independen tly  an d  asynchronously . A lthough  

established tum ours continued to grow in the absence of further pregnancy, no tum ours 

w ere seen in 20 virgin mice kept for over one year (Jolicouer, personal com m unication). 

The tu m o u rs  th a t dev e lo p ed  in the m ated  m ice w ere poo rly  d iffe ren tia ted  

adenocarcinom as of the m am m ary gland w ith in tratum our necrosis and calcification. 

In som e areas papillary formations were occasionally seen. The tum ours also gave rise 

to lung m étastasés and all eleven tested could be transplanted in nude mice, underlining
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their m alignant potential. The histology paralleled the pattern  seen in com edo-type 

d u c ta l carc inom a in hu m an s, a h isto log ica l type of tu m o u r assoc ia ted  w ith  

am plification of unactivated  c-erb B2 (Bartkova et ah, 1990).

In addition to the m am m ary tum ours described, salivary and H arderian gland tum ours 

(the H arderian  gland is a m odified sebaceous gland found deep in the orbit), enlarged 

or abnorm al sem inal vesicles, en larged ep id idym is and  splenom egaly  w ere also 

observed. In one of the four lines of mice, MN-10, five of 81 mice developed unilateral 

proptosis (protruberance of eye). On dissection this was found to be a H arderian  gland 

tum our w ith  severe b ilateral hyperplasia, dysplasia of the ep ithelium  and  possible 

m alignan t transform ation. U nilateral proptosis w as no ted  in five of 81 m ale and  

fem ale mice of this line (Bouchard et aL, 1989). In this sam e line tw o fem ale mice 

developed salivary gland tum ours. Males became infertile by 3-4 m onths of age.

Bouchard et al investigated transgene expression in undiseased mice from their best 

characterised  line, MN-9, and found it to be high in lactating m am m ary g lands of 

females and  the epididym is of males. Low but detectable levels were found in sem inal 

vesicles of m ales and muscles of females. In two other lines, MN-12 and MN-10 high 

transgene expression was observed in salivary and H arderian  glands, respectively 

(Bouchard et aL, 1989).

This chapter details our experience in establishing a colony of mice backcrossed onto 

BALB/c m ice and the characteristics and phenotype of that colony.

Results

Screening for the transgene

Screening for the transgene was initially perform ed by Southern blotting of tail DNA. 

Tlie MMTV/  neu fusion gene was obtained in the plasm id vector pJRD184 from  Professor 

Jolicoeur. A m ap of the transgene is show n in Figure 3.1.

The 4.6kB H ind Ill-Sal I fragm ent of this construct w as used as a probe in Southern 

analysis (Figure 3.1) (See C hap ter 2). It d id  no t hybrid ise to tailsn ip  D N A  from  

transgene negative C57 B l/6  and BALB/c mice (see C hapter 2). Initially DN A w as 

d igested  w ith  the restric tion enzym e Eco RI for Southern  analysis, b u t the probe 

detected  a band  of high m olecular w eight (>10kB) near the top of the gel such that 

the possibility of non-specific binding could not be excluded (Figure 3.2(a)). H ind III 

d igestion  of the DNA yielded  a low er m olecular w eight b an d  (Figure 3.2 (b)). 

Thereafter screening was perform ed using this enzyme.
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MMTV-LTR neu

4.6kb
SV40T
1.6kb

Ncol Hindlll S a il EcoRI

SacII Xbal Xbal

2kb 6.2kb

Figure 3.1. Restriction map of MMTV neuT fusion gene, adapted from Bouchard et al, 

Cell 57, 931 - 936,1989.

a) PC PC NC

• •  t f

b) PC NC

”’î nil
Figure 3.2 A Southern blot of DNA a) digested with ECoRl b) digested with H indlll 

PC - Positive control NC - Negative control

Once screening by Southern analysis was working efficiently, a slot-blotting technique 

was developed (see Chapter 2). Tailsnip DNA from six mice from the colony were run 

alongside unscreened DNA on each occasion. Three of each were previously 

established as transgene positive and negative. An early slot blot shows positive and 

negative controls at serial dilutions in which the am ount loaded was based on
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spectrophotom etric readings and other known positives and negatives (Figure 3.3). 

Once the sensitivity of slot-blotting was established ISpl of tailsnip DNA was loaded 

routinely for each sample. M easurem ents are given in pi and not ).g of DNA as 

densitometric analysis on genomic DNA is not reliable. However as is illustrated in 

Figure 3.3 DNA yields from mouse tail preparations are remarkably consistent.

2.5

i) PC

ii) Known Positives

hi) NC

iv) Known Negatives

v) I’ositive

vi) N egative

Figure 3.3 Slot blot illustrating positive and negative controls and sam ples. The 

num bers 10, 5, 2.5 above blot relate to the volumes (in pi), of positive and negative 

control genomic DNA used in rows i) and iii) and the known negative in row vi).; In 

row v) 2.5, 7.5 and 4.0 pi of DNA from a known positive mouse were used. 5pl of DNA 

was used in all wells in rows ii) and iv) - three known positive and negative mice in 

each .

mRNA expression of the transgene

Transgene mRNA expression was investigated in three livers, and in spleen, 

lung, thymus, brain, ovary, non-lactating mammary gland and salivary gland 

from two different animals as well as one lymph node, an angioma and an 

angiosarcoma from female mice. Transgene mRNA expression could not be 

detected in any of the norm al tissues by northern analysis. High levels of 

expression were found in both mammary tumour and Harderian gland tumours.

No detectable transgene expression was seen in an angiosarcoma (Figure 3.4).
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1

Li Li Sp Lu Th As An Ha MG SH Ov MT Li Br Ln

Figure 3.4 Northern blot showing transgene expression and P-actin as control.

Breeding history

To assess cytokine therapy experiments a homogeneous H2 background v\^as required 

which necessitated an inbred colony. The mice were backcrossed onto a BALB/c 

background for eight successive generations and in the ninth generation a colony 

hom ozygous for the transgene was established. Seven hundred  and thirty-eight 

female mice were bred in the first seven generations, of which 391 were transgene 

positive (53%). Two hundred and eighteen of the transgene positive females littered 

at least twice and were thus at risk of tumour development.

Ten mice littered only once and a further 31 did not litter in spite of pairing. Given the 

latency of tum our developm ent it was only possible to assess this in the first five 

generations at 25 months.

Tuiuoiir development

Eighty-six of 269 transgene positive female mice in the first five generations 

developed 93 histologically distinct tumors, 83 arising in tissues shown, by Jolicoeur 

(Bouchard et al, 1990), to overexpress the transgene in some lines. Age of onset of the 

different tum ours is shown graphically in Figure 3.5. Fifty-three breast carcinom as 

(57%), 24 H arderian gland tum ours (26%), 6 lymphomas (6%) and 5 angiosarcom as 

developed as well as 6 of less common histologic types. This is sum m arised for the first
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five generations in Table 3.1 and Figure 3.6. The column c-erbB2 positivity refers to the 

results of immunohistochemical analysis using an antibody to hum an c-erbB2 which 

show ed cross-reactivity  with the rat oncogene. Im m unohistochem ical analysis 

showed that the transgene was expressed in the three most common tum our types - 

mammary carcinomas, lymphomas and Harderian gland carcinomas.

Figure 3.5 Age at onset of different tumours

For the whole colony the tumour incidence was 13.7% at 15 months, with a m edian age 

of onset of 18 months. At 24 months the cumulative incidence of breast tumours was 18% 

with an incidence of 34% for all tum our types (Figure 3.7 and Figure 3.8). Tum our 

incidence is based on the number of mice succumbing as a result of tum our and not the 

total tumour numbers.

In the process of investigating the effect of cytokines on tum our development, two large 

long-term  prophylaxis experim ents w ere established in the th ird  and  fourth 

generations, involving treatm ent with IFN-a and IFN-y, or IL-2 and IL-7 respectively. 

Some groups of these mice were administered regular cytokine injections and observed
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for tum our developm ent. These mice are not included in this analysis but are considered 

separately in C hapter 5. O ther mice received injections w ith  control diluent. Of the 

tum ours docum ented here a total of 16 arose in mice w ho had  received injections w ith 

control d iluent (CD). C om paring the CD -treated and un trea ted  groups of mice from  

both  p rophy lax is  experim ents there w as no statistica lly  sign ifican t d ifference 

betw een  the overall incidence of tum ours (Fisher's Exact Test for P rophylax is 

experim ent 1 p = 0.5, for Prophylaxis 2 p  = 0.4) or the proportion of m am m ary tum ours 

developed (Fisher's Exact Test for tw o groups p = 0.2). The C D -treated mice have 

therefore been included in this analysis.

Métastasés of tumours

The breast carcinom as and Flarderian gland carcinom as m etastasised predom inantly  

to the lungs and the lym phom as w ere w idely dissem inated at post m ortem . Eleven 

mice w ere found to have lung m étastasés from  an occult p rim ary  at post m ortem  

exam ination, six of these had  H arderian  gland carcinom as and five had  m am m ary 

tum ours. As there is a risk of leukaem ia developm ent in older mice it is arguable that 

the six tum ours described in untreated  mice were unrelated  to the presence of the 

transgene. A gainst this is the fact that all of the lym phom as stained positively w ith 

an antibody to hum an c-erbB2, which is not a characteristic of spontaneous lym phom as 

in mice, and suggests a role for the transgene.

Tumour type Number of tumours 

(%)

M edian age of onset 

(range)

c-erbB2

p o s itiv ity

M am m ary carcinoma 53 (57%) 15.0 (10 - 25) -f-

H arderian  gland carcinoma 24 (26%) 18.0 (14 - 25) +

Lym phom a 6 (6%) 17.5 (4 -21) +

Angiosarcoma 4 (4%) 22.5 (21 - 24)

O th ers 6 (6%) 19.0 (14 - 25)

T able 3.1. Different tum or types for the first five generations
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Other (5%)

Angio (5%)

Lymphoma (6%)ÉÉ;
Harderian (26%)

Mammary (57%)

Figure 3.6 Pie chart of all tumours
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Figure 3.7 Graph of tum our incidence overall and m ammary tum our incidence in all 

mice.
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all mated mice
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Figure 3.8 G raph of tum our incidence overall and m am m ary tum our incidence in all 

m ated mice.

In addition to the developm ent of tum ours, other effects of the transgene, as previously 

described in the FI generation (Bouchard et al., 1989), w ere observed. Splenom egaly 

was a com m on finding. This appeared to m anifest as red pulp , w ith some evidence of 

extram edullary  haem opoiesis. In m ale mice fertility w as no t affected so early. Mice 

continued to breed up  until 7 m onths, as com pared w ith 3-4 m onths in the FI generation 

mice (Bouchard et al., 1989). At post m ortem  exam ination m ale mice w ere found to 

have en larged  or abnorm al sem inal vesicles and en larged  epididym is. H ard erian  

g land hyperp lasia  w as often evident and  in two mice lung  m étastasés w ere found 

consistent w ith  H arderian  gland carcinom a in the presence of an apparen tly  benign 

tum our of the H arderian gland.

C om parison  cannot be m ade w ith  the n a tu ra l h isto ry  of the transgene negative 

litterm ates as the num bers of mice entailed in the study necessitated large am ounts of 

shelfspace in a specified pathogen  free unit. As a resu lt only a sm all n u m b er of 

transgene negative mice w ere kept for particular com parisons such as haem atological 

values.
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Inbreeding the colony

Backcrossing onto a BALB/c background  w as p erfo rm ed  for e igh t successive 

generations. W ith successive generations the incidence of m am m ary tum ours declined 

(Table 3.2). A num ber of factors m ay have influenced this observation, in  particu lar 

genetic background. The founder mice, as in m any transgenic models, w ere hybrid  FI 

mice of C57B1/6/C3H background. These are used for their litter size and  breeding 

vigour. The BALB/c background was selected for its susceptibility to the effects of the 

m ouse m am m ary tum our virus. One hundred percent of BALB/c mice cross-fostered onto 

M M TV-infected C3H mice will develop m am m ary tum ours. H ow ever the BALB/c 

background m ay affect susceptibility to the genetic events required for developm ent of 

spontanoues transgene-related tumours.

FVB mice have been crossed w ith hom ozygous mice from the n in th  generation of the 

colony but after two consecutive m atings all offspring were transgene negative.

The tum our incidence and characteristics of each generation are outlined in Table 3.2.
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Generation 1 2 3 4 5 6 7

Proportion of transgene positive 

females

3/4(75%) 23/36 (64%) 101/159 (64%) 207/392 (53%) 45/110 (41%) 5 /6  (31%) 7/21 (33%)

At risk females* 3 17 101 160 41 5

U nm ated females 0 6 0 47 0 0 0

N um ber of tum ours 2 13 22 46 3 0 0

^ g e  of generation (m) 23 25 25 24 19 16 13

M edian age'of tum our developm ent 

(m) (range)

Too few for 

anaysis

20 (11-24) 18.5 (4-25) 15.5 (5-23) Too few for 

analysis

No tum ours 

to date

No tum ours 

to date

N um ber of m am m ary tum ours 1 6 15 23 3 0 0

M edian age of m am m ary tum our 

developm ent (m) (range)

Too few for 

anaysis

17(11-20) 15 (10-25) 15 (12-23) Too few for 

anaysis

N o tum ours 

to date

No tum ours 

to date

D uration of observation (m) 23 up  to 26 

Table 3. 2 Characteristics of first seven generations of the colony

up to 26 up to 26 up to 23 up to 20 up to 18
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Changes in colony w ith inbreeding

W ith the increasing extent of inbreeding onto the BALB/c background there appeared 

to be a gradual change in the proportion of transgene positive offspring (from 64% to 

31%), the proportion of m am m ary tum ours developed in transgene positive females and 

age at their developm ent. (Table 3.2 docum ents the change in the p ro p o rtio n  of 

transgene positive females w ith each generation, this is show n graphically in Figure 

3.8.). Analysis of the second, third and fourth  generation show ed a slight decline in 

the m edian age of tum our developm ent (17, 15 and  15 m onths respectively). The 

m edian age of onset of tum ours in the w hole colony was 18 m onths. The cum ulative 

incidence of breast tum ours at 24 m onths was 18%, the proportion of tum ours that w ere 

of m am m ary origin rem ained the same in successive generations. This com pares w ith a 

background incidence of 3-5% in retired breeding BALB/c mice(Medina, 1982).

A lthough the num bers of mice in early and later generations were sm all the changes 

betw een  the generations are highly statistically significant. For all the m ice there 

was a difference in transgene positivity between the generations giving a value of 

9.097, w ith 2 degrees of freedom  (df), p=0.01. Given that the proportion  appears to be 

declining, on looking for a trend, the Chi squared test for trend value is = 20.6, df =1, 

p<0.001. This suggests that there was a difference betw een the different generations 

and this difference was progressive, occurring in a particular direction.

In the eighth generation five different m ating pairs w ere established betw een m ale 

and female mice heterozygous for the transgene. Of the 73 offspring from these pairs, 

54 w ere transgene positive (74%) an d  19 (26%) transgene negative, close to the 

expected  p ro p o rtio n s of 3 /4  an d  1 /4 , expected w ith  he terozygo te-he terozygo te  

m atings. In contrast in m atings betw een heterozygotes and w ild-type BALB/c mice 

there were fewer transgene positive offspring than the expected 50% and som e w hole 

litters were transgene negative. This is illustrated graphically in Figure 3.9.
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Figure 3.9 Percentage of transgene positivity by generation.

A ttem pts to increase tum our incidence

Once this colony had  been established for about fifteen m onths, it becam e apparen t 

that a higher incidence of tum ours was required to m ake the m odel useful for therapy 

experim ents. A num ber of m anipulations w ere initiated to increase the incidence of 

tum ours. Some of these are still ongoing.

Homozygotes

A hom ozygous colony has now  been established in the hope of a h igher incidence of 

tum our developm ent. As heterozygosity m ay be sufficient for the oncogenic effect of 

the transgene or at least maxim al enough to perturb  signalling through neii a higher 

incidence of tum ours is not inevitable in hom ozygous mice. Longterm  experience of 

hom ozygous mice in this colony is based on the offspring of a lim ited num ber of 

he terozygo te-he terozygo te  m atings, p erfo rm ed  in  the second generation . Two 

hom ozygous mice were identified w hen testcrossed w ith BALB/c males, on the basis of 

18 and  16 transgene positive offspring, respectively. Both have developed tum ours - 

one a papillary m am m ary tum our at thirteen m onths and the other a lym phom a at 21 

m onths. Age of onset and  type of tum ours do no t suggest a d ram atic  effect of 

hom ozygosity . The m ain practical advan tage of a hom ozygous colony is that it 

abrogates the need for screening.
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Identification of hom ozygous mice from Southern blots is only possible using a single 

copy control and densitom etry and involves a large num ber of variables. Consequently 

there is a w ide potential m argin of error. The only failsafe m ethod is test-crossing 

w ith  transgene negative mice. If at least eight offspring are transgene positive the 

possibility of heterozygosity is 1 in 256 or less.

Using slot-blotting to determine zygosity

To establish  w hether slot-blotting could be used  to judge zygosity  w e com pared  

subjective assessm ent of the density of slot blot wells w ith test-crossing. This assum es 

sim ilar DNA yields from tailsnip p reparations, sim ilar load ing  in w ells an d  then 

hom ogeneous probe hybridisation. After p robing w ith  the gene of in terest the blots 

were probed w ith a housekeeping gene (p-actin) to confirm this hom ogeneity. G roups of 

mice w ith apparen t 'light' and 'dark ' wells (greater than two fold difference) on slot 

blot hybrid isa tion  have been set up  and  test-crossed against transgene negative 

BALB/c mice. Based on a m inim um  of 8 offspring all four mice w ith 'dark ' wells w ho 

m ated  are hom ozygous. The four mice w ith  'light', bu t screen-positive w ells, are 

heterozygous on testcrossing (Fisher's exact Test p=0.03).

H om ozygous mice were established in the nin th  generation and initially d id  not litter 

as frequently as w hen heteozygous mice were crossed w ith BALB/c mice. H ow ever in 

generations eleven and twelve the litter size and frequency is com parable w ith that in 

the earlier heterozygous m atings.

The influence of litter num ber on tum our development

In the first two heterozygous generations, mice were m ated freely in order to expand 

the colony. Thereafter they were routinely m ated twice in order to place them  at risk 

of tum our developm ent (Bouchard et al., 1989). In the fourth generation, the effect of 

litter num ber was assessed systematically. Two groups - one of virgin mice and  one of 

m ice m ated  four tim es, w ere estab lished . The overall d ifference in  tu m o u r 

developm ent and the difference in m am m ary tum our incidence betw een the groups is 

ou tlined  in Table 3.3 and  Figure 3.10. The virgin mice developed few er m am m ary  

tum ours (at 5.7% overall), than those having at least tw o litters (22% overall). Those 

mice m ated only once (only 10 mice) developed no tum ours. It appears that the risk of a 

m am m ary tum our is not increased further by four litters than two (Table 3.3).
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Litter num ber Total no. 

mice

of No. of mice w ith 

tumours (%)

I n c i d e n c e  of  

mammary tumours

V irgin 53 11 (20.8%) 3 /53  (5.7%)

One litter 10 1 (10.0%) 0 /10  (0.0%)

Two litters 141 62 (44.8%) 34/141 (24.1%)

Three litters 7 3 (42.8%) 2 /7  (28.6%)

Four litters 29 6 (27.6%) 3 /29  (10.3%)

T able  3.3. Influence of litter num ber on m am m ary tum our developm ent. There is an 

overall difference between the groups in relation to litter num ber, p = 0.003, Fisher's 

Exact Test. C om paring the incidence of m am m ary tum ours betw een the groups is also 

statistically significant, p = 0.006, Fisher's Exact Test.
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Figure 3.10 Overall incidence, up to 25 months, of all tum ours and m am m ary tum ours in 

relation to litter num ber in transgene positive animals.
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T um our Transplantation in Syngeneic Mice

Seven tum ours from seven mice have been transplanted directly into BALB/c mice. The 

details and  outcom e of each transp lan t are docum ented in Table 3.4. Experim ents 

involving these transplants are described in C hapter 5.

T ransp lan t O rigin H isto logy D estination Outcome

1 Generation 2 Com edo-type

m am m ary

2 TG-ve Generation 4 

Offspring

No take

2 Generation 2 Comedo-type

m am m ary

2 TG +ve Generation 3 

Offspring

No take

3 Generation 3 S o lid -type

m am m ary

2 TG-ve Generation 4 

Offspring

No take

4 Generation 3 Com edo-type i) 2 TG -ve Gen.^ 4 Passage 1

m am m ary offspring

ii) 2 TG +ve Gen.^^ 4 

offspring

iii) 1 TG+ve Gen.^ 5 

mouse, 12 BALB/c 

mice

i)E stab lish ed  

after 4 /12

Passage 2

ii)E s tab lish ed  

after 3 /52

5 Generation 4 M am m ary 3 BALB/c mice O bserved for 

over 40 weeks - 

no tumour

6 Generation 4 M am m ary 3 BALB/c mice Observed for 

over 40 weeks - 

no tumour

7 Generation 3 M am m ary 3 BALB/c mice Observed for 

over 40 weeks - 

no tumour

T able 3.4 Details of tum ours arising in transgene positive females, transplan ted  into 

immunocompetent mice.
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Tamoxifen

C urren tly  the only d rug  w hich is acceptable as prophylactic therapy  in  w om en at 

high risk for breast cancer is tamoxifen. The laboratory and clinical data available on 

tam oxifen m akes it the m ost im portan t chem opreventive agent available in  breast 

cancer. Its great advantage is the relative lack of side effects such that well w om en 

w ould  be p repared  to accept its adm inistration if they perceived the risk of breast 

cancer as significant. A N orth  A m erican study  conducted by the N ational Surgical 

A djuvan t Breast and  Bowel Project began to address the use of tam oxifen as a 

chem opreventive agent in 1992. In the UK a longterm  trial of tamoxifen in w om en w ith 

a strong family history of breast cancer is currently recruiting (Powles, 1992).

A long term experim ent has been established to investigate the influence of tam oxifen 

on the developm ent of m am m ary tum ours in the mice. Two groups of 36 heterozygous 

females aged between 2 and 5.5 m onths are being com pared. One group is being given 

w ater ad libitum  and the other receives 400pg tamoxifen citrate in the drinking w ater 

twice weekly, assum ing an average water consum ption of 5ml per m ouse per day. The 

treatm ent will be m aintained for 9 m onths and the mice will be observed for early 

onset of tum ours and mortality. This experiment is ongoing and to date one tum ours has 

arisen at 16 m onths of age in each group.

Chem ical carcinogenesis

M am m ary tum ours can be induced in a num ber of strains of mice by a variety  of 

chem ical carcinogens. By w eight 7,12-dim ethylbenzanthracene (DMBA) is the m ost 

po ten t chemical carcinogen of the three stud ied  m ost extensively, the others being 3- 

m ethylcholanthrene (MG) and urethane. In m ost studies a dose of 4-9mg of DMBA 

induces a 40-70% m am m ary tum our incidence w ithin 10-14 m onths in v irg in  mice 

(Lenzhofer et a l, 1984; W akasugi et a l, 1982). H ow ever non-m am m ary tum ours arise 

in 25% of mice and  consequently experim ents have to be term inated betw een 10-12 

m onths.

In BALB/c mice administration of exogenous hormone, or pseudopregnancy (Goodwin & 

W, 1985) concom itantly  w ith  DMBA, facilitates induction  of m am m ary  tum ours. 

Recently 0.5-1.0 m g DMBA given to TGF-a transgenic mice at 56 days of age w as found 

to increase the incidence of m am m ary tum ours (Coffey et al., 1994). Fifty-six days 

ap p ears  to be a critical tim e in the developm ent an d  p ro liferative state  of the 

m am m ary gland and has been show n to result in a shorter latency period for tum our 

form ation (Coffey et a l, 1994).
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Two groups of 25 at risk female mice have been given l.Omg DMBA in corn oil or 

o rd inary  corn oil, by gastric gavage, at around 56-days, as described by Coffey et al 

(Coffey et al., 1994) . The mice have been left to litter twice and are being kept on the 

shelf and m onitored for tum our developm ent. To date one tum our has been observed in 

the DMBA-treated group at 13 months.

D ie t

Evidence from a num ber of experim ental m odels supports the hypothesis that dietary 

fat has a tum our prom oting effect, although the m echanism  remains unknow n. Some of 

these  s tu d ie s  h av e  d irec tly  in v es tig a ted  the in flu en ce  of d ie ta ry  fa t on 

tum ourigenesis . C om parable chem opreven tive  s tu d ies  to those o u tlin ed  hav e  

investigated the influence of dietary m anipulation  on m am m ary tum origenesis. One 

such study involved feeding female M M TV/v-Ha-ras transgenics diets provid ing  0, 5 

and  25% of calories from corn oil (CO) (DeWille et al., 1993). The m am m ary tum our 

incidence was significantly higher in mice fed the 5 and 25% CO diets and in the 25% 

group ras mRNA levels were found to be increased in the m am m ary tum ours. A nother 

stu d y  involved m anipulating  dietary folate intake. Several retinoids have also been 

evaluated  for prevention of m am m ary carcinogenesis in rats and mice (M oon et al., 

1992). They have been found to be effective in carcinogen-induced m am m ary tum our 

m odels and to have a synergistic effect w ith tamoxifen.

We have established three groups of mice from the n inth  generation of the colony on 

d iets of differing total fat content. They w ere fed diets provid ing  5 (normal), 10 and  

15% of calories from corn oil to assess the influence on tum our incidence. The experim ent 

has now  been established for over eighteen m onths and, although too early to analyse 

formally, a difference betw een the groups is apparent (Table 3.5).

D iet Total no.of mice No. of mice 

died(% )

No. d ied  w ith 

tum our (%)

N orm al (4.9% fat) 34 13 (38.2%) 7 (20.6%)

10% Fat 49 20 (40.8%) 15 (30.6%)

15% Fat 37 19 (51.3%) 13 (35.1%)

T able 3.5 Incidence of definite tum ours in mice fed varying total fat content diet. If all 

deaths are assum ed due to tum our ( as appears possible, in retrospect) the incidence at 

20 m onths is high.
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M ating w ith  M U C l mice

The hum an M UCl gene encodes the core protein of a m ucin, polym orphic epithelial 

m ucin (PEM), expressed by g landular epithelia and the tum ours arising from  these 

tissues (Peat et a l, 1992). The core protein is aberrantly glycosylated in m any cancers, 

including m am m ary tum ours, and some antibodies react specifically w ith the cancer- 

associated m ucin, w hich also has epitopes recognised by T cells from  b reast and 

pancreatic cancer patients. A group of mice w hich develop tum ours expressing the 

M U C l gene product as a self antigen has potential for use as a preclinical m odel for the 

evaluation of PEM-based antibodies directed at PEM in cancer therapy.

U sing a 10.6 kB SacII fragm ent as the transgene, from  a larger fragm ent containing 

1.6kB of 5’ sequence and 1.9kB of 3' flanking sequence, a novel strain of transgenic mice 

(TG18) was established (Peat et al., 1992). The strain  show ed tissue specificity of 

expression of the M UCl gene very sim ilar to the profile of expression seen in hum an 

tissues. The antibody SM-3 is directed to a core protein epitope, w hich is selectively 

exposed in breast cancers and shows a m ore restricted distribution on norm al hum an 

tissues. The distribution of the SM-3 epitope of PEM in the tissues of these mice shows 

good agreem ent w ith  that seen in hum an  tissues (Peat et al., 1992). TG18 mice 

hom ozygous for M U C l have been m ated w ith heterozygous MMTV-;zci< m ale mice 

from the third generation and the offspring then screened for MMTV-nczz. To assess the 

influence of litter num ber on tum our incidence these mice have been divided into three 

groups and m ated to produce 0, 2 and 4 litters, respectively. These mice should develop 

tum ours in PEM-expressing tissues. To date one m am m ary tum our and three H arderian 

g land  tum ours have arisen. The m am m ary tum our has been stained  for M U C l 

expression and successfully transplanted into nude and  BALB/c mice. U nfortunately 

only very low and sporadic expression was observed using the antibody SM3 suggesting 

that M UCl expression is not a salient feature of this tum our.
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Discussion

There have been a num ber of draw backs to any attem pt to treat tum ours arsising 

spontaneously in this colony. Most noteable are:

• The low incidence of tumours

• Tum ours arise late in the lifespan

• Some tum ours are large at the time of diagnosis, m aking them  less likely to 

respond to cytokine therapy.

• The diverse types of tum our in this colony .

The m ost im portan t feature lim iting the significance and  value of this colony as a 

m odel of breast cancer is the relatively low incidence of m am m ary tum ours. There are 

likely to be a num ber of factors which have influenced this finding.

The colony described here and the founder mice from w hich it was established have 

not been exposed to comparable conditions. There are differences in anim al husbandry, 

diet, endem ic infection and relative crow ding of the anim als in the two colonies. The 

M ontreal colony was fed a diet of higher fat content and the mice were kept in m ore 

stressful, overcrow ded conditions (Jolicouer, personal com m unication). There w as 

m urine hepatitis in the colony in M ontreal whereas our mice have been kept in cleaner 

SPF conditions. As tum ours arise after a num ber of genetic events in this particular 

m odel, all the above factors are likely to have contributed to the low er incidence of 

tumours in our colony.

Some of the findings w ith this colony have not been described by others w orking w ith 

mice transgenic for activated c-neii. The spectrum  of tum ours m ore closely resem bles 

that described by Su da et al in mice w ith the unactivated c-erbB2 oncogene (Suda et 

a!., 1990) and  that seen w ith MMTV-Ha-ras transgenic mice (Cardiff et al., 1993). The 

incidence of H arderian gland tum ours in Bouchard's experience was lower than in ours 

but at 5% it is higher than w ould  be found in norm al control mice suggesting that the 

transgene is responsible for the initiation, m aintenance or both. H arderian  gland 

tum ours have also been docum ented  arising  in transgenic mice w ith  the MMTV 

p rom oter an d  oncogenes o ther than  neu suggesting  that the p rom oter m ay also 

influence site of tum our developm ent. The developm ent of B cell lym phom as w as a 

fu rther unexpected finding which is closer to the experience of Suda et al(1990) than 

Bouchard et al(1989) (Bouchard et a l, 1989; Suda et al., 1990).
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Further strategies are required  to increase the m am m ary tum our incidence to a level 

m ore appropriate  for the conduct of therapeutic experim ents. One possibility is the 

m an ip u la tio n  of d ie ta ry  fat content, o u tlined  above. The effect on m am m ary  

tum ourigenesis has been investigated in M M TV/v-Ha-ras female transgenics fed diets 

provid ing  0, 5 and  25% of calories from corn oil (DeWille et al., 1993). The m am m ary 

tum our incidence w as 7, 36 and 52% respectively. A nother study  show ed delayed 

tum our onset in transgenic mice, carrying the T-lym photropic viruse type 1 tax% gene,, 

fed a low folate diet (Bills et al., 1992) W hilst d ie t is u n d o u b ted ly  an im p o rtan t 

aspect of the risk factors involved in the developm ent of m am m ary cancer, the link 

betw een diet and fat in m urine m odels does no t translate readily to the findings in 

epidem iological studies in hum ans (G oodw in & Boyd, 1988; T annenbaum , 1942). 

C om parative international studies have show n an association betw een fat intake and 

breast cancer in a num ber of countries. There is conflicting evidence epidem iologically 

and  from  case control studies as to w hether it is fat intake or total calorie intake 

w hich is im portan t (G oodw in & Boyd, 1988; Prentice et al., 1988);. O ne com bined  

analysis of 12 case control studies show s a highly significant correlation betw een 

saturated  fat intake and breast cancer risk in postm enopausal wom en but no evidence 

for an association betw een fat intake and increased risk of p rem enopausal b reast 

cancer, or betw een total calorie intake and  risk of breast cancer (Howe et al., 1991). 

There is no doub t that m easurem ent error is inheren t in the technique of d ietary  

assessm ent and this m ay contribute to the conflicting evidence from these two types of 

study  (Greenwald, 1989).

R adiation carcinogenesis in experim ental anim als is well docum ented. Irrad iation- 

induced m am m ary cancer in rats is com m on b u t there are few reports in mice, tw o of 

w hich involved neu tron  irradiation , w hich is not w idely  available (M edina et al., 

1973; Ullrich et a l, 1977). Inbred BALB/c mice are know n to be sensitive to rad iation  

in com parison w ith other inbred strains of mice (Roderick, 1963). In a large study  in 

BALB/c female mice 2Gy of gam m a irradiation increased m am m ary tum our incidence 

from  7 to 20% (Ullrich et al., 1977). M am m ary carcinom as induced  by irrad ia tion  of 

BALB/c mice exhibited a 55% incidence of m étastasés (Ullrich et al., 1977).

Based on these and other studies in mice (M edina et al., 1973) we plan  to expose female 

mice to a single dose of 2Gy whole body irradiation, at 21 days after the b irth  of their 

first litter. Thereafter the mice will be com pared w ith a sim ilar control group of mice 

exposed to the sam e stresses w ho have not been irradiated. T he relevance of such a 

m anoeuvre m ust be considered. It appears that irradiation does influence biology bu t 

its effect is not readily predictable and will again necessitate careful docum entation.
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The tum our incidence may also be increased by exposing the mice to carcinogens known 

to be effective in roden ts such as 7 ,12-d im ethylbenzanthracene (DMBA) or 3- 

m ethylcholanthracene (MC) (Biancifiori et al., 1959; M edina & W arner, 1976). The 

d irect or indirect adm inistration  of horm ones, e ither using  p itu ita ry  isografts or 

oestrogen and  diethylstilboestrol, also influences tum our incidence. The effects of 

horm ones and carcinogens are very strain dependent and w ould require careful research 

and pilot studies before em barking on a long-term  undertaking, particularly as there is 

evidence in BALB/c mice that dysplastic lesions of lim ited grow th and tum origenic 

potential m ay arise (M edina & W arner, 1976).

Experience w ith  o ther transgenic m odels of m alignancy w ould  suggest that the 

incidence and age of onset of tum ours m ay be increased in hom ozygous mice. For this 

reason a hom ozygous colony has been established from the ninth generation onw ards.

The BALB/c background was chosen for this study for two reasons. Firstly, based on the 

experience of Jolicouer and colleagues, w ho routinely m ated the FI generation w ith 

BALB/c mice, and secondly the know ledge that this strain  is p red isposed  to the 

developm ent of MMTV-induced m am m ary tum ours. For com parison, the incidence of 

spontaneous tum ours arising in BALB/c mice is outlined in Table 3.6.

Tumour type Incidence Reference

M am m ary - norm al 5% (Bordon et a l, 1982)

M am m ary - C3H fostered 100% at 7/12 (H e s to n  & V la h a k is , 

1971)

M am m ary - virgin 1% (Bordon et a l, 1982)

Lung tumours 21% (Smith & Pilgrim , 1971)

Angiomas 6% (Smith & Pilgrim , 1971)

Lym phom as 11-20% (Sass et al., 1976)

Leukaem ias (Myeloid) 5% (Myers et a l, 1970)

Table 3.6 Incidence of spontaneous tum ours in BALB/c mice

Since we originally em barked on this s tu d y  another inbred  strain , FV B /N , w ith 

specific advantages for transgenic analyses, has been used  increasingly to develop 

oncogene transgenic mice. One of the advantages m ost relevant to this study  is an

page 89



C Jw pter Three_______________________________________________________ The N a tu ra l H is to ry  o f  the M ode l

ap p a ren t increased  susceptib ility  to tum ours (H ennings et al., 1993; Taketo et al., 

1991). Transgenic mice have usually  been generated  by p ronuclear injection of FI 

zygotes ra th e r than  inbred  strains as the la tter have sm all p ronucle i w hich  are 

difficult to inject and  have a relatively poor reproductive perform ance. FV B /N  is an 

inbred  stra in  characterised  by vigorous reproductive perform ance and consistently  

large litters and  the fertilised eggs have large prom inent pronucleii, which facilitate 

m icroinjection of DNA. The strain was originally developed from an outbred colony of 

Swiss mice established at the N ational Institutes of H ealth  in 1935. These have been 

selected o u t firstly for histam ine resistance in a study  of pertussis vaccine and  then 

they w ere found  to carry the Fv-1^ allele for sensitivity  to the B strain  of F riend 

leukaem ia v irus. They w ere then inbred, selected for Fv-1^  ho m o zy g o sity  a n d  

desig n ated  as FVB for Friend virus B-type susceptib ility  (Taketo et al., 1991). It 

appears that they m ay have a higher incidence of spontaneous tum ours than BALB/c 

mice and m ight therefore prove to be a useful genetic background for this model.

A nother im portan t observation has been the statistically significant decline in the 

proportion  of transgene negative offspring w ith successive generations of mice. This 

finding has significant im plications in a heterozygous breeding program m e. It also 

appears that this decline is related to the fact that in some cases whole litters are 

transgene negative, suggesting  that the gene m ay have been elim inated  in the 

germ line. Sim ilar experience appears to be em erging from  o ther groups (Perbal, 

personal com m unication) and any explanation is likely to be complex. It m ay be that 

the transgenes are not inherited as a result of the abnorm al state' of the oncogene in 

these mice. This could be explained by the influence of another gene or genes in the 

BALB/c hap lo type w hich d isadvantages em bryos heterozygous for the transgene 

rela tive to transgene negative BALB/c mice. Such a d isadvan tage w ould no t be 

ev iden t w here anim als heterozygous for the transgene are m ated. This is consistent 

w ith ou r finding in the n in th  generation w here two hom ozygous colonies have been 

established (w ith and w ithout MUC-1).

Further investigation of the m echanism s of activated c-neii in oncogenesis could be 

studied in this model. By extracting protein from  tissues and tum ours known to express 

the tran sg en e  the b iochem ical effects of neu  cou ld  be in v es tig a ted  u s in g  

phosphotryosine blots. This may highlight differences between the types of tum ours 

or w ith in  the group of m am m ary tum ours w hich relate to m etastatic behaviour or 

m orphology.
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Conclusion

This m odel has y ie lded  unexpected  find ings w hich  have no t been p rev io u sly  

described. Some of these lim it its usefulness as a m odel for cancer, and in particular, 

cytokine, therapy. The baseline outlined here, in term s of the natu ra l h istory  of the 

m odel and  the biology of the indiv idual tum ours, will enable it to be m anipu lated  

appropriately  to provide a m odel of greater applicability.
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Chapter Four 

The Biology of Individual Tumours

Introduction

The m orphological characteristics of spontaneous m urine m am m ary tum ours w ere 

first system atically  described by D unn (1959)(Dunn, 1959), ex tended  by van  N ie 

(1967)(Nie, 1967) and then revised by Sass and D unn (1979)(Sass & D unn, 1979). The 

m ajority  of tum ours classified by D unn (1959) w ere M M TV-induced and  d id  not 

resem ble hum an  m am m ary tum ours m orphologically. They were d ivided into three 

m ain  categories - carcinom as, carcinom as w ith  squam ous d iffe ren tia tion  and  

ca rc in o sarco m as. The carc inom as w ere  fu r th e r d iv id ed  in to  six types of 

adenocarcinom a, the majority being type A and B.

• Type A - sm all acini lined by a single layer of cuboidal cells - adenom a, tubular 

carcinom a or alveolar carcinoma.

• Type B - variable histology w ith poorly and  w ell-differentiated regions. This 

included irregular cords and sheets of cells or papillom atous areas.

As outlined in C hapter One, a num ber of oncogene transgenic mice strains in w hich 

m am m ary tum ours arise have been developed. Particular transgenes are associated 

w ith  characteristic histological patterns. Indeed the association appears to be strong 

enough to predict the genotype of the m ouse (Cardiff et al., 1991; H alter et a l, 1992; 

Suda et al., 1990). M am m ary tum ours arising  in m ice bearing  neti, ras or myc 

oncogenes have been found to exhibit characteristic phenotypes w hich differed from  

each other. Only 9% of the tum ours arising in these three groups of mice could be 

classified using the standard  categories described by D unn's nom enclature, com pared 

w ith  95% of those seen in  tum ours in M M TV-infected mice (D unn, 1959). The 

h isto log ical p a tte rn s  of tum ours a rising  in transgenic m ice w ith  the d ifferen t 

oncogenes, were:

• A sm all eosinophilic cell papillary tum our associated w ith the ras transgene.

• A large basophilic cell lesion w hich differentiated into an adenocarcinom a and 

w as associated w ith the tnyc transgene.
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• An in term ediate cell tum our w ith eosinophilic cytoplasm  associated w ith  the 

neu transgene. This usually resulted in the developm ent of nodular tum ours.

This also held  true for groups of ras and mi/c b igenic anim als w here the m yc  

phenotype appeared to be dom inant, and in trigenic anim als w ith all three oncogenes 

w here again myc appeared dom inant (Cardiff et a l, 1991).

Two m odels involving the activated c-neu oncogene are m entioned in C hapter Three. 

In the m odel developed  by Bouchard and  colleagues the tum ours bore a close 

histological resem blance to hum an m am m ary tum ours (Bouchard et al., 1989). They 

w ere poorly d ifferentiated  adenocarcinom as arising adjacent to m orphologically  

norm al epithelium  which som etimes show ed microcalcifications w ithout significant 

dysplasia or hyperplasia. In som e tum ours papillary  form ations were occasionally 

seen. Intra-tum our necrosis and calcifications were frequent findings. These tum ours 

w ere sim ilar to hum an  ductal b reast carcinom as (Bouchard et al., 1989). They 

m etastasised  to lung  and could be transplan ted  into nude mice, confirm ing their 

m alignant behaviour.

The H arderian gland is a m odified sebaceous gland found deep in the orbit of anim als 

w ith a nictitating m em brane, (the inner eyelid present in m any anim als w hich serves 

to protect the eye from dust and keep it moist) (Davies, 1929). N am ed after H arder 

(1963)(Harder, 1963), it is bilobed and horseshoe-shaped. Spontaneous tum ours occur 

naturally  in the H arderian  gland in a num ber of strains of mice (M urphy, 1966). The 

vast m ajority arising spontaneously in BALB/c mice are categorised as adenom as. 

These naturally  occurring tum ours arise later in life and  grow  slowly (Tucker & 

Baker, 1967). They vary in size, shape and colour b u t the larger ones are w hite in 

co lour. G row th  in the restric ted  space often  causes p ro tru s io n  of the eye. 

Microscopically, m ost of the tum ours are papillary cystadenom as.

Lym phom as in the m ouse are sim ilar to those seen in other species. D unn described 

neoplasm s of the m ouse reticular system  as arising from  stem  cells, granulocytes, 

ly m p h o c y te s , re t ic u la r  ce lls  a n d  p la sm a  ce lls  (D u n n , 1954). W ith  

im m unocytochem istry  an d  the m ore recent classification of m urine  m alignan t 

lym phom as (M orse et a l, 1987; Pattengale & Frith, 1983; Pattengale & Frith, 1986), 

lymphoblastic lym phom a has been reported as one of the m ore com m on neoplasm s in 

mice and resembles D unn's lymphocytic leukaemia. A lthough the incidence increases 

slightly w ith age in BALB/c mice, overall the incidence of spontaneous lym phom as 

in BALB/c mice kept in germ-free conditions is less than 3% (Smith & Pilgrim, 1971). 

Im m unoblastic lym phom a of B cell origin is rare in the m ouse, which differs from our 

find ings in this colony (Pattengale & Frith, 1983). It is characterised  by large
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lym phoid  cells w ith  round  to oval vesicular nuclei w ith  p rom inen t and  distinct 

nucleoli. The nuclei also sometimes have plasm acytoid features.

In the m ouse, angiosarcom as usually  arise in the spleen, liver and  subcutaneous 

tissues, although they m ay also arise in the ovaries, m am m ary tissue, u terus and 

u rin ary  b lad d er (Frith et a l,  1993). They tend to be locally invasive and for this 

reason  it is often  d ifficult to d is tin g u ish  m ulticen tric  orig in  from  secondary  

m étastasés (Frith et a l,  1993). They m ay m etastasise to the lungs. The incidence of 

angiom as in BALB/c mice is about 6%.

This aims of the w ork outlined here were:

• To investigate the range of tum ours arising in the m odel

• To assess the proliferative status of one subgroup

• To assess the suitability of such a m odel for therapeutic studies
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Results

Mice in the colony developed a range of tum ours, the m ost com m on being m am m ary, 

lym phom as and H arderian  gland tum ours. W ithin each tum our subgroup there was 

d iversity  in the biological behaviour of indiv idual tum ours. This diversity  is also 

illustrated by the age at onset of the different tum our types, as outlined previously in 

Table 3.1. and Figure 3.5. The breast carcinom as and H arderian  gland carcinom as 

m etastas ised  p red o m in an tly  to the lungs and  the lym phom as w ere w idely  

d issem inated  at post m ortem . Some mice developed m ore than  one histological 

tum our type and others, at post m ortem , were found to have lung m étastasés from  a 

p rim ary  tum our w hich was not evident. The range of tum our types are d iscussed 

below.

One group of mice in each of the th ird  and  fourth generations w ere treated  w ith  

control diluent as part of a prophylaxis study  (see C hapter Six). A com parison of the 

type of tum ours developed, their biological behaviour and the survival of the mice 

show ed no difference betw een the un trea ted  transgene positive mice and  control 

d iluent-trea ted  transgene positive litterm ates. They w ere therefore included in this 

an a ly sis .

M ammary tumours

Of the 93 tum ours docum ented in control diluent or untreated  mice in the first five 

generations, 53 w ere m am m ary (57%). They were characterised phenotypically by a 

subcutaneous tum our in an otherw ise well animal. M ost arose in the m am m ary line, 

m aking them  apparen t over the scapula or thigh. Tw enty-three of these 53 tum ours 

m etastasised  to the lung  (43%). H istologically, all the m am m ary  tum ours shared  

h igh  grade cy tom orphology, w ith  a significant degree of m itotic activ ity  and  

p leom orph ism  consisten t w ith  the classification of poorly  d iffe ren tia ted  DCIS 

described in C hapter One. This describes cells w ith pleom orphic, irregularly spaced 

nuclei, w ith coarse, clum ped chrom atin, prom inent nucleoli and frequent mitoses. 

Necrosis is usually present (Holland, 1994). H ow ever in the tum ours found in this 

colony no definite in situ carcinoma was seen.
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The architectural pattern  show ed a range of appearances w ith the following types of

grow th  p a tte rn  m erging w ith one another, and som etim es co-existing in the sam e

tum our. The first three histological types account for the m ajority of tum ours:

• T um ours show ing islands of in terlocking large cells w ith  areas of necrosis 

accounted for 21 of the m am m ary tum ours. These w ere characteristic of the 

classical com edo-type tum ours described by Bouchard et al in the founder mice 

and  associated w ith  c-erb B2 positivity(B ouchard et al., 1989). U nlike h um an  

com edo carcinom a (large cell ductal carcinom a in situ w ith  central necrosis) the 

tum ours were not confined to ducts (figure 4.1.i).

• Thirteen of the m am m ary tum ours were predom inantly  solid, consisting of sheets 

and well defined islands of tum our (figure 4.1.Ü).

• Sixteen tum ours were m icropapillary in nature. In 12 this was the predom inant 

grow th pattern  (figure 4.1.iii ). Tum ours consisted of num erous duct like structures 

in w hich the m alignant epithelium  w as th row n  into sm all papillae. These 

structures were more num erous than the usual num ber of ducts and were believed to 

re p re se n t invasive d isease. In h u m an s m icro p ap illa ry  h isto logy  is also 

associated w ith c-erbB2 positivity.

• Two tum ours resem bled hum an intracystic papillary  carcinom a architecturally  

(but no t cytologically), w ith the papillary  grow th  pa tte rn  contained w ith in  a 

cystic space (figure 4.1.iv).

• Two tum ours showed apocrine features, a finding which is not uncommon in hum an 

carcinom as, w here the infiltrating com ponent of the tum our m ay show  apocrine 

d ifferentiation . Here the lum enal epithelial cells resem ble those of apocrine 

g lan d s. The cells are la rg er th an  n o rm al an d  have a b u n d a n t g ra n u la r 

eosinophilic cytoplasm  w hich shows apical lum enal blebbing (figure 4.1.v).

• In one tum our, a spindle cell epithelial elem ent w as seen evolving from  m ore 

typ ica l so lid  type carcinom a in k eep ing  w ith  a so-called  'm etap lastic ' 

carcinoma.

• A further tum our was entirely of m etaplastic type (figure 4.1.vi).
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Figure 4.1(1) Com edo-type m am m ary tum our Figure 4.1 (ii) Solid m am m ary tum our

m m m

Figure 4.1 (iii) Papillary tum our Figure 4.1 (iv) Intracystic papillary  tum our
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Figure 4.1 (v)Apocrine tum our Figure 4.1 (vi)M etaplastic tum our

Figure 4.1. Different histological features of m am m ary tum ours in colony 

In sum m ary the characteristics of the tum ours were as follows:

• All the lesions g rad ed  as III using  the criteria  laid  d o w n  by Bloom  and

R ichardson (Bloom & Richardson, 1957).

• All of these tum ours sta ined  positively  w ith  an an tib o d y  to h u m a n  c-erbB-2

(figure 4.2.i and 4.2.Ü). M em brane staining was dem onstrated  in all 53 tum ours

• The tum ours d id  not readily  fit into the D unn classification of M M TV -induced

m urine m am m ary tum ours (Dunn, 1959; Sass & D unn, 1979) though  som e of the

solid type lesions bore resem blance to the type B group.

• N one of the tum ours show ed a significant host inflam m atory response.

T hus w e have found  close sim ilarities betw een  the g rade  an d  cy topatho logy  of 

m urine  m am m ary  cancer associated w ith  c-neu and the h u m an  disease associated 

w ith  c-erbB2.
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Figure 4.2(i)Immunohistochemistry with antibody to c-erbB2 

(ii) Positive control (human)

Métastasés from mammary tumours

Twenty-three of the 53 (43%) mammary tumours metastasised to lung. Deposits were 

found in the spleen in two mice. No métastasés were recorded in bone - these were 

sought by systematically sectioning spinal cord in 20 mice.

Of the different pathological categories, the m icropapillary histological pattern  

appeared most likely to metastasise to lung, with an incidence of 11/16 (69%) as 

com pared w ith 12/37 (32%) of the non-papillary tum ours. (Fisher's exact test, 

p=0.0G3). In two cases where a small element of micropapillary histology was seen in 

a tum our of m ixed histology, the lung m étastasés were entirely papillary  in 

morphology. Five anim als were unw ell with breathing difficulties and at post 

mortem examination extensive lung métastasés from an occult mammary tum our were 

evident. In four of these five cases the tum our was papillary in pattern (Fig 4.3.i and

ii) .
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Figure 4.3.1) Macroscopic picture of lungs w ith m étastasés ii) Microscopy of same. 

S-phase fraction analysis in m am m ary tum ours

In order to confirm  the subjective im pression of diversity in this m odel, both w ithin 

and betw een tum our subcategories, we examined the proliferative rate of m am m ary 

tum ours using  S-phase fraction. DNA index and  S-phase fraction (SPF) w ere 

m easu red  by flow  cytom etry  of p araffin -em bedded  tissue. T hirteen  p rim ary  

m am m ary tum ours were examined and 11 found to exhibit a w ide range of SPF (range 

5.6 -11.9, m edian 9.0). In two other m am m ary tum ours there were two clones of tum our 

of differing ploidy preventing analysis of the SPF of the two different peaks. Thus 

analysis of both aneuploidy and SPF was possible in 9 of the 13 tum ours and these 

data are show n in Figure 4.4 and Table 4.1.

Of the 13 m am m ary tum ours, one was diploid and 12 (92%) were aneuploid. A DNA 

Index around 2.0 suggested that eight of the 10 prim ary  tum ours exam ined w ere 

tetraploid, the other two having DNA indices of 1.0 and 2.7 respectively. As two of 

the tum ours had  tw o clones of tum our of differing ploidy the SPF could no t be 

analysed. The percentage of aneuploidy indicates the proportion  of a tum our w hich
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is aneuploid and is calculated by mathem atical m odelling to deduct the diploid 

fraction (see C hapter Two). The higher the percentage the greater the degree to 

which a tum our has become aneuploid. Of the nine aneuploid tum ours where this 

could be analysed, six had over 60% aneuploid cells.

Figure 4.4 BDNA Index and S-phase fraction of spontaneous m ammary tumours. 

F1,F2, refer to separate prim ary tumours arising in the same animal.
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Tumour CV DNA Index S-phase fraction % A neuploidy

A 3.6 1.9 9.0 75

B . 6.3 2.3 5.6 76

C 5.6 2.0 6.0 64

D 4.3 1.7 7.3 79

E 7.7 2.0 10.6 47

FI 5.7 2.1 11.9 41

F2 4.7 1.6 8.9 70

G 6.8 2.7 10.1 27

H 2.4 1.8 9.0 85

I 4.4 1.0 7.9

Table 4.1 Flow cytometric analysis of prim ary m am m ary tum ours. CV = Coefficient of 

variance; % A neuplo idy  = W idth of aneuplo id  peak; S-phase fraction analyses on 

aneuploid tum ours w here proportion of aneuploid cells is over 10%.

H arderian gland  carcinom as

Twenty-four H arderian gland carcinomas were seen in the colony. Age of onset ranged 

from  11 to 25 m onths w ith  m edian being 18 m onths. Two w ere docum ented in the 

second, five in the third, 16 in  the fourth, and  one in the fifth generation. H arderian  

gland carcinomas were diagnosed on the basis of a pro truberan t eye and the presence 

of fluid and solid tum our behind the eye at post m ortem . In six cases lung  m étastasés 

w ere found on pathological assessm ent although  no p rim ary  w as n o ted  at p o st 

m ortem . H istologically these tum ours w ere papillary  in pa tte rn  and  resem bled the 

m ore poorly differentiated end of the spectrum  of H arderian  gland carcinom as found 

to occur natu ra lly  (Figure 4.5.i). All 24 of the H arderian  gland carcinom as stained  

positively for c-erh B2 (Figure 4.5.Ü). There w as a h igher proportion  of these tum ours 

in virgin mice than in m ated mice.
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Figure 4.5 i) Haematoxylin and eosin stain of Harderian gland tum our

ii) Im m unohistochem istry with c-erbB2 antibody of H arderian gland carcinoma

Seventeen of 24 (71%) of H arderian  gland carcinom as m etastasised  to lung. 

M étastasés did not correlate w ith the grade of the prim ary tum our. Indeed, in one 

case the prim ary tum our had the appearance of an adenom a but m étastasés in the 

lungs were consistent w ith a m alignant H arderian gland carcinoma. Two of three 

tum ours arising in mice in the second generation, all five in the third generation and 

13 of 17 cases in the fourth generation had m etastasised to lung. Three of the latter 

which had not m etastasised being virgin mice. There was a statistically significant 

difference between the proportion of Harderian gland tum ours metastasising to lung 

in m ated mice as com pared w ith proportion arising in virgin mice (Table 4.2). This is 

consisten t w ith  the find ings of Liebelt (1968) and  Fry (1976) w ho found , 

independently, that horm ones influence the biological behaviour of spontaneous and 

radiation-induced H arderian gland tum ours in inbred strains of mice (Fry et al., 1976; 

Liebelt et al., 1968).
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Virgin M ated Total

Number of Harderian gland tumours 6/53 18/187 24/240

Num ber with lung métastasés 1 16 17

Percentage with lung métastasés 16.7% 88.8% 70.8%

Table 4.2 Proportion of lung m étastasés from H arderian gland tum ours related to 

reproductive history. Fisher's Exact Test p= 0.003, comparing m ated and virgin mice.

Lymphomas

In total there were 6 m alignant lym phoid tum ours arising in untreated or control- 

d iluen t trea ted  mice in this colony. All the lym phom as were found to be 

d issem inated at post mortem . Microscopically the spleen, liver and lungs were 

diffusely infiltrated. One lym phom a appeared to arise in the calvarium  and 

subsequently dissem inated into the brain and systemically. In other cases lym phoma 

was found to be infiltrating the spine, lung, large intestine and skin. The age at onset 

ranged from four to 21 months, with a median of 17.5 months. In one case the tum our 

had the m orphology of an im m unoblastic lym phom a w ith lym phoplasm acytoid 

fea tu res  (figure  4.6.i), w hile  the rest m an ife sted  as a ly m p h o b lastic  

lym phom a/acute lymphoblastic leukaemia (figure 4.6.Ü).

■ V  ' 4 ^  • • * - * '

Figure 4.6 i) An immunoblastic lymphoma with lymphoplasmacytoid features, 

ii) Lymphoblastic lymphoma
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Classification of lymphomas in mice is largely based on im munohistochemistry or 

FACS analysis as well as m orphological characteristics. All of the 6 lym phom as 

thus far characterised in the c-neu colony showed a B-cell phenotype using the four 

m urine antibodies against a /p  TCR, Thy 1.2, surface IgG and B220 (figure 4.7). 

Described in Chapter Two.

iili
r  vs., >

iSili/f .

Figure 4.7 Immunohistochemistry with T and B cell markers

i)a/p TCR ii) Thy 1.2 iii) Surface IgG iv) B220

The lym phomas stained positively with the antibody to c-erbB2 (Figure 4.8) which 

suggests that their development was related to the transgene.
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Figure 4.8 Immunohistochemistry of lymphoma with antibody to c-erbB2

Transplant 3, Lymphoma line

This lymphoma developed in a four-month old m ated female mouse from the third 

generation. The tum our, at the site of an upper m am m ary gland, was found to be 

associated with contralateral lymph nodes post mortem. There were also nodes in the 

para-aortic chain and into the pelvis, but no lung métastasés. This is in contrast with 

the behaviour of m am m ary tumours. The tum our was of high grade with a diffuse 

solid pattern, resem bling a lym phom a histologically and cytologically. Staining 

with m urine T and B cell markers suggested that it was a B cell lymphoma. It stained 

positively with an antibody to hum an c-erh B2.

At this point the colony had been backcrossed onto BALB/c mice for only three 

generations. By M endelian genetics this results in BALB/c genome by the third 

generation. Concern that this was not sufficiently inbred for transplantation into 

siblings, offspring or BALB/c mice, led to the tum our being passaged into nude mice 

initially for further investigation of its characteristics (see C hapter Five). Here it 

grew  very rap id ly , becom ing estab lished  w ith in  days, w he ther in jected  

subcutaneously or intraperitoneally. When re-injected into BALB/c mice it grew very 

rapidly and was locally invasive. In both strains the mice had to be killed w ith 

ascitic disease w ithin 4-5 days of injection. The highly m alignant nature of this 

tum our m ade it unsuitable for therapy experiments.
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The proliferative rate of different passages of this tum our in nu d e  mice was exam ined 

usin g  S -phase fraction  analysis. The p ro g ressio n  in  S -phase fraction  b e tw een  

passages 1 and  6 w as consistent w ith  the reduction  in  passage tim es seen in vivo 

(Table 4.3).

Passage No. C.V. DNA Index S-phase fraction Passage tim es (days)

1 4.1 1.0 13.9 21d

6 3.6 2.0 23.5 l i d

18 3.6 2.0 24.7 4d

T ab le  4.3. Proliferative rate of d ifferent passages of a lym phom a passaged  in  n u d e  

mice.

Vascular tum ours

In this colony five angiosarcom as and one angiom a w ere docum ented. These tum ours 

w ere p resen t in  a variety  of sites (Table 4.4) an d  w ere ev iden t m acroscopically  as 

very vascular tum ours, w ith  obvious blood-filled spaces. M icroscopically they w ere 

com posed  of elongated , flattened  sp ind le-shaped  or p o ly h ed ra l endo thelia l cells 

that line vascu lar clefts and  spaces and  som etim es form  solid  sheets (Figure 4.9). 

N one of these tum ours stained positively w ith  an  an tibody to c-erh B2 (Fig 4.10).

G eneration N um ber of 

tumours

Site of origin

One 1 Spleen

Two 2 Spleen

Subcutaneous tissue overlying neck

T hree 3 B ladder base - attached by a pedicle

U terus - benign angioma

Spleen

T able  4.4 Characteristics of vascular tum ours arising in the colony
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L - y ^ r  ■ • ■  ■

. K ̂ w i f Ï ^ V ifv V  ' y
U ii)

Figure 4,9 i) Angiosarcoma ii) Immunohistochemistry with antibody to c-erbB2 

Other tumours

One of the 93 tum ours arose in the parotid gland. Salivary gland tissue is known to 

overexpress the transgene and this tum our expressed the transgene weakly. 

H istologically this tum our bore a close resem blance to the H arderian  gland 

carcinom as. Spontaneous tum ours of the m ouse salivary glands, o ther than 

myoepitheliomas, are extremely rare (Dunn & Andervont, 1963),

Zym ographic Analysis

To date we have assessed 31 tum ours, (25 m am m ary, four H arderian  gland 

carcinomas, one angiosarcoma and one lymphoma), 72kD collagenase was expressed 

in all of these, probably a function of the presence of stromal tissue. As the levels are 

too low to quantify it is not possible to say w hat proportion of this is in active, 

cleaved form, but a further band, presum ed to be the 62kD collagenase, was visible 

macroscopically in all but two, suggesting some activation (see Figure 4,10), A band 

consistent with the 92kD form was visible in all the m am m ary tumours,. In 15 of the 

25 m am m ary tum ours two distinct bands could be distinguished at a level consistent 

with the 92kD form. Of the 25 m am m ary tum ours, six had m étastasés in the lungs.
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However there was no correlation between expression of the different collagenases 

and metastatic behaviour. Of the six non-mammary tum ours examined none showed 

two 92kD bands (Table 4.5).

Type IV Collagenase

Tumour Number of 

tumours

72 72A 92 92A

Mammary 25 25 23 25 15

H arderian 4 4 4 2 0

Lymphoma 1 1 1 0 1

Angiosarcoma 1 1 0 0 1

Table 4. 5 Expression of different collagenase enzymes by zymographic analysis. 5pm 

sections of each tum our were homogenized and run on polyacrylamide gels 

as described in Chapter Two.

Figure 4.10 A zymogram illustrating differential expression of collagenases in a 

number of mouse tumours. Lane A, Conditioned media from PMA- 

stimulated HT-1080 cells. Lane B, Conditioned m edium  from RPMI 7951 

cells.
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Discussion

A n im portan t feature of this m odel has been the developm ent of diverse tum ours, not 

only in  the range of tum ours developed  b u t also the d iverse biological behav iou r 

w ith in  d iffe ren t tu m o u r categories. This is i l lu s tra te d  by  th e ir w id e -ran g in g  

histo logical appearances and  pro liferative indices, g row th  characteristics in  n u d e  

m ice and  differential cytokine sensitiv ity  (see C hapter Five).

The advantages an d  d isadvantages of the transgenic m ouse m odel in  general have 

been ou tlined  in  the In troducto ry  C hapter. In  this colony d iversity  p resen ts  bo th  

benefits and  draw backs. A n im portan t feature of this colony, and  a salient reason for 

selecting the founder m ice is th a t the m am m ary  tum ours resem ble h u m an  breast 

cancer bo th  histologically and  biologically, in  contrast w ith  the pheno type seen in 

o ther m am m ary  tum our transgenic mice described. Of the b road  range of m am m ary  

tum ours described in the m odel m ost have a sim ilar counterpart w ith in  hum an  breast 

tum ours, bo th  architecturally  and  in some cases cytologically an d  w ith  respect to c- 

erbB l im m unohistochem istry . In  h u m an s the term  poorly  d iffe ren tia ted  du c ta l 

carcinom a in situ  (DCIS) describes cells w ith  pleom orphic, irregularly  spaced nuclei, 

w ith  coarse, clum ped chrom atin, prom inent nucleoli and  frequent m itoses. Necrosis is 

u sually  p resen t (H olland, 1994). A lthough no definite in situ carcinom a w as seen in 

the tum ours found in  this colony the cellular m orphology fits this description. It is 

this resem blance to h u m an  tum ours w hich is one of the m ost relevant aspects of the 

m odel as a m eans of assessing cytokine therapy in hum ans.

H eterogeneity  is itself a characteristic of bo th  hum an  and  m urine  m am m ary  cancer. 

From  a single m urine m am m ary tum our Dexter and  colleagues isolated four cell lines 

w ith  m ark ed ly  d iffe ren t m orpho logy , in vitro g ro w th  p ro p e rtie s , expression  of 

MMTV an tigen  an d  karyotype. Yet these y ie lded  h isto logically  sim ilar tu m o u rs  

u p o n  in vivo transp lan ta tion  (Dexter et a l, 1978).

S tudies in h um an  breast cancer have show n that abnorm al D N A  plo idy  indicates a 

w orse prognosis than  d ip lo id  tum ours (M erkel & M cGuire, 1990). This is consistent 

w ith  o u r findings looking a t p roliferative fraction and  suggests th a t these tum ours 

are p red o m in an tly  a t the m ore aggressive en d  of the spec trum , w h ich  aga in  is 

consistent w ith  the com edo-type histological subgroup.

The lym phom as w hich arose in  the colony stained  positively w ith  the an tibody to c- 

erbB l - th is p heno type is consistent w ith  that seen in association w ith  the h u m an  

hom ologue of c-neii, c-erbB2.
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A  fu rther aspect of this m odel is the unpredictability  of m etastasis. As in hum an  

b reast cancer, there is no straigh tfo rw ard  correlation  betw een tum our size and  

m etastasis, nor age of onset and rate of progression. This lack of hom ogeneity is a 

challenge for a new  therapeutic agent bu t its assessm ent is likely to be closer to a 

clinical trial than in vivo testing on existing m urine m odels of m am m ary cancer. As 

outlined in C hapter Three, overexpression of the unactivated neii oncogene has been 

reported to be associated w ith a higher incidence of lung m étastasés than that seen in 

the m odel of M uller (Guy et al., 1992b). The au th o rs  p o s tu la te  th a t th is  

overexpression m ay confer enhanced metastatic potential upon the m am m ary tum our 

cell. In the colony described here the overall incidence of m étastasés was 23 of 53 

mice (43%). This is com parable to the findings of Guy et al (1992) (Guy et al., 1992b) 

w ith the unactivated neii oncogene m odel and make this colony a useful m odel for the 

study of metastasis.

In those mice w ho developed H arderian  gland  carcinom as m étastasés d id  no t 

correlate w ith the grade of the prim ary  tum our. Indeed, in one case the p rim ary  

tum our had the appearance of an adenom a but métastasés in the lungs were consistent 

w ith  a m alignant H arderian  gland carcinom a. This suggests that e ither a sm all 

subclone of cells w ithin the prim ary tum our transform ed prior to m etastasis or, less 

likely, that the m étastasés them selves changed  pheno typ ica lly  in a d iffe ren t 

environment.

The specific disadvantages of the colony include the tum our latency, the need to 

breed an inbred strain  and the time and resource costs of that exercise. The m ost 

im portan t d isadvan tage is the unexpectedly  h igh  p ro p o rtio n  of non-m am m ary  

tum ours. N ot only does this lim it the po ten tia l pool of mice for th erap eu tic  

experim ents it carries the risk of mice being treated inappropriately  as it is not until 

after treatm ent com m ences that the precise h isto logy will be know n. W ith this 

particu lar colony there is also an apparen t re la tionsh ip  betw een the n u m b er of 

litters, the type of tum our developed, and its subsequent behaviour. It is therefore 

im portan t that all mice have the sam e reproductive h isto ry  to place them  at a 

com parable level of risk.

A further problem  is the change in phenotype w hich appears to be occurring w ith  

each successive backcross. For this reason any experim entation should  be perform ed 

on animals from the same generation and successive generations should not be pooled.

In sum m ary, this is a diverse m odel w hich has certain parallels w ith hum an  breast 

cancer. This m akes it an adjunct to existing anim al m odels in the assessm ent of novel 

therapies for cancer. In an attem pt to predict suitable therapies for hum an cancer w e
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have successfully transplanted a num ber of tum ours into nude mice and used these as 

the basis for m odelling cytokine therapy. These are discussed in detail in C hapter 

Six. We have also treated  groups of mice from  generations three and  four of the 

colony w ith  longterm  cytokine therapy as prophylaxis for tum our developm ent. 

These mice, the spectrum  of tum ours w hich they developed, and the influence of 

cytokines on this tum our developm ent are discussed in detail in the follow ing 

ch ap te r.
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Chapter Five 

Therapy of tumour transplants

N ude mice - Historical Background

H um an m alignant tissues were first successfully transp lan ted  into a thym ic (n u /n u )  

mice in 1969. The nude m ouse has since become established as the m odel for the 

transplantation of hum an tum our xenografts and is a m ajor tool for tum our biology 

studies, preclinical d rug  testing and assessment of the tum ourigenic potential of cancer 

cell populations (W inograd et a l, 1987).

R ationale

One reason for establishing a colony of oncogene transgenic mice was to obtain a source 

of spontaneous tum ours which could be used to test new cancer therapies. Because of the 

time-scale involved in establishing an inbred colony under specified-pathogen free 

conditions, we sought a m eans of assessing tum our cytokine sensitivity, appropriate  

rou tes and  schedules, while the colony w as being developed. M am m ary tum ours 

arising in the transgenic mice were therefore transplanted into nude mice and used for 

cytokine therapy experiments. As early generations of the colony were not genetically 

hom ogeneous they could not be transplanted into im m unocom petent mice. In this w ay a 

range of tum ours could be assessed using different cytokines, alone and in combination, 

and different schedules. Because of the limitations of assessing cytokines in n ude  mice, 

w hich have been discussed in C hapter 3, attem pts continued to be m ade to transplant 

tum ours into siblings or offspring once the colony had  reached generation three.

Interferons and Breast Cancer

We have exam ined the role of tw o IFNs w ith  cross-species specificity in the nu d e  

m ouse tum our transplants of ou r model: IFN -a A /D  hybrid , a recom binant hum an  

hybrid  molecule w ith strong activity on m urine cells; (Balkwill et a l, 1982; Rehberg 

et al., 1982) (Table 5.1) and recom binant rat IFN-y, w hich has cross species specificity 

and  is m ore read ily  available than  the m urine hom ologue(B alkw ill et al., 1986b; 

Ram ani et al., 1986).

The experim ents ou tlined  in this chap ter w ere u sed  to p red ic t the in terferon  

responsiveness of the tum ours arising spontaneously in the colony.
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Transplanted tumours

Tum ours used for transplantation into nude and BALB/c mice

Seven m am m ary tum ours arising in the colony w ere transp lan ted  into nu d e  mice 

successfully. One lym phom a (Tum our 8 - Table 5.1), was transplanted  into nude mice 

successfully and  a n inth tum our (mammary) from a later generation was successfully 

transplanted into BALB/c mice. Three other tum ours transplanted into BALB/c mice 

d id  not become established. The characterisitics of the seven m am m ary tum ours 

transplanted into nude mice are outlined below in Table 5.2.

In each of the nine transplants (eight into nude mice - seven m am m ary, one lym phom a; 

and one into BALB/c - m am m ary) the interval between passages became shorter w ith 

each successive passage. Tliis is dem onstrated for all nine transplants (Table 5.2). For 

each transplant a com parison has been m ade of the interval between passage num bers 

1-7 and that between passage num bers 37-44. These w ere chosen in order to com pare 

different tum our transplants at a com parable point in their life cycle.

M ean passage time Tumour 1 2 3 4 5 7 8* 9^

First 7 passages (days) 32 42 49 39 37 34 44 21

Passages 37-44 (days) 16 24 13 23 16 12 12 10

T able 5.1 M ean passage time of first 7 passages and passages 37-44 of Transplants 1-9

^Lym phom a ^T ransp lan ted  into BALB/c mice. S tatistical Significance p = 0.006 

(Wilcoxon m atched pairs signed rank sum  test)
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Tumour Age of 

mouse

H isto logical

features

Human

c-erbB2

O th er

immuno

M étastasés 

at first 

tran sp lan t

Changes

w ith

passage

1 8/12 Poorly

d iffe ren tia ted

comedo-type

breast

carcinoma

+ Collagen 4 - 

BM

invasion

seen

None Became m ore 

pleom orphic

2 10/12 E p ith e lia l and

sarcomatous

characteristics

A fter

passage

1

S-100 & 

smooth 

muscle actin

None More

carcinom a

like features

3 12/12 Mixed solid and + None None

4 12/12 Solid-type w ith 

sm all pap illary  

a rea

+ - None Comedo 

necrosis more 

pronounced

5 12/12 S olid-type

tumour

+ - None None

6 13/12 Large cell, high 

grade tumour 

w ith areas of 

comedo-necrosis

+ - In lungs None

7 14/12 M ixed

p a p illa ry  an d  

comedo elements

+ - Numerous 

in lungs

Comedo 

necrosis more 

pronounced

T able  5.2 Characteristics of seven m am m ary 

into nude mice

tum ours arising in colony transp lan ted
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Experiments w ith nude mouse transplants of mammary tum ours

Using Freireich's formula, described previously, a dose of 5x10'^ U /a n im a l/d a y  of both 

rh lF N -a  A /D  hybrid and rat IFN-y was used, equivalent to a dose of 5x10^ U /m ^  in a 

hum an  (Freireich et al,  1966). Initially the IFN -a was given subcutaneously (sc) and  

the IFN-y intraperitoneally  (ip) in order to achieve optim al circulating levels, based 

on previous pharm acokinetic studies (Balkwill, 1986). R egular ip injections w ere 

poorly  to lera ted , and  occasionally associated  w ith  haem orrhage  w hich  led  to 

investigating the use of sc rat IFN-y further. A n experim ent was set up  in one of the 

m am m ary  tu m o u rs grow ing  in nude mice (T um our 1) to com pare sc an d  ip 

adm inistration. The m edian survival of mice in the control d iluent-treated group was 

28 days com pared w ith 39 days in the sc group and 31 days in the ip group (p = 0.23). As 

there was no statistically significant difference in survival or tum our volum e betw een 

the two treatm ent arm s it was decided to switch to sc adm inistration thereafter.

Initial experim ents involved Tum our 1. They form ed the basis for later experim ents to 

assess the value of the cytokines individually and in com bination and  establish the 

optim um  schedule and duration of therapy (see Table 5.3).
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Experim ent

(passage

number)

Type Cytokine

treatm ent

D uration

End-points S ta tis t ic a l

Significance

Conclusions

A (3) Fixed IF N -a or a) tum our a) NS Start th erap y

tim e- -Y volume sooner (D7 not

point D12).

3 weeks b) tumour wt b) NS Smaller tum our

on sacrifice volume (0.05 not

0.1ml)

B (5) S urv iva l IF N -a or a) tum our a) CD vs IFN-a, Use combination

-Y volume p=0.001 th e ra p y

b) tumour wt CD vs IFN-y, p

3 weeks on sacrifice = 0.005

b) NS

c) m edian c) O verall

su rv iva l logrank, p =

0.02

C (8) S urv iva l IF N -a  , Y a) tum our a) CD vs IFN-a, Six weeks duration

and a  + Y volume CD vs IFN-y, of therapy.

b) tumour w t NS. CD vs IFN- N o further

3 weeks on sacrifice a+Y, p = 0.006 evaluation of

b )N S tum our weight on

c) m edian c) Logrank on sacrifice.

su rv iv a l CD vs IFN-

a+Y, p  = 0.037

D (13) S u rv iv a l IF N -a , -Y a) tum our a) NS C ytokine

and a  + Y volume - 4 sensitiv ity  of

/52 b) NS Tumour 1 has

6 weeks b) m edian changed between

su rv iv a l passage 8 and

passage 13.

T able 5.3 Summary of experiments carried out w ith passages of Tum our 1
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Experim ental design

The endpo in ts used in clinical studies - com plete and  partia l regression (com plete 

disappearance of all assessable tum our and greater than 50% regression, respectively) 

are usually  defined on the basis of investigations such as tu m o u r m arkers and  

radiology (X-rays, com puterised tom ography etc). In anim al m odels the end points of 

tum our stasis, reduction in growth rate, or a reduction in num ber of métastasés, m ay be 

useful in term s of understanding mechanisms, bu t w ould not necessarily translate into a 

useful clinical outcome. Two m ain endpoints were used in the initial experim ents - both 

w ith advantages and disadvantages.

• Fixed tiine-point experiments have the advan tage that tu m o u r w eigh ts and  

volum es can be com pared at the sam e time poin t from  the in tervention  being 

assessed. H ow ever they do not enable a difference in survival to be seen.

• Survival experiments in mice are influenced by m ore subjective factors relating to 

the general condition of the anim al which may be unrelated to the presence of the 

tumour.

As a consequence of animal husbandry regulations fewer mice survive to the later time 

points in either type of experim ent and hence less data is available on these points.

Tumour 1

The details of the four experim ents carried out on different passages of tum our 1 

(A,B,C and D) are sum m arised in Table 5.3.

In the first experim ent 0.1ml of tum our was injected on Day 0 and  cytokine therapy 

w ith 5x10'^ U /a n im a l/d a y  of either rh lFN -a A /D  hybrid  or rat IFN-y w as started  on 

Day 12. The tum our grew  rap id ly  in all g roups an d  the experim ent h ad  to be 

term inated  at 22 days. Tum ours in the cytokine-treated groups w ere sm aller b u t this 

was not statistically significant.

Subsequently only 0.05ml tum our w as injected and cytokine therapy  was started  on 

D ay 7. C ytokine sensitivity  was dem onstrated  by logrank  surv ival of the control 

d iluen t versus IFN -a alone and the overall logrank survival for all three groups was 

sta tis tica lly  sign ifican tly  d ifferen t. M ean tu m o u r vo lum es a t 21 day s w ere 

sta tis tica lly  significantly  sm aller in  both  cy tok ine-treated  g ro u p s th an  contro l 

(Figure 5.1). On this basis we w ent on to use the tw o cytokines in com bination which 

resu lted  in  a statistically  significantly  p ro longed  su rv ival com pared  w ith  either 

agent alone (logrank survival, data not shown).
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Conclusion: Longer period of therapy w arranted, subsequent experim ents entailed six 

weeks treatm ent.

In the final experim ent w ith  this transp lan t the cytokine sensitiv ity  appeared  to 

have changed and this phenom enon is discussed fu rther at the end of this chapter 

(Figure 5.2).

1.4 n

 ̂ 0.6

25 30
Time (days)

é  - CD 

▲ - IFN-a 

♦  - IFN-y 

O - IFN-a and y

Figure 5.1 Experim ent using passage 8 of tum our 1. G raph of m ean tum our volum es 

(cm^) w ith time. Cytokine therapy betw een Day 7 and  Day 28. Bold arrow  

denotes period of cytokine therapy.

S u rv iv a l

O verall logrank survival for all four groups p = 0.230 

Logrank on CD vs IFN-a p = 0.444 

Logrank on CD vs IFN-y p = 0.297 

Logrank on CD vs IFN-a and y = 0.037
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1.6

6^ 1.4

0.6

0.4

0.2

0 10 15

•  - CD

▲ - IFN-a

♦  - IFN-y

O - IFN-a and y

20 25 30 35 40 45
Time (days)

50

Figure 5.2 Final experim ent using passage 13 of tum our 1, G raph of m ean tum our 

volum es (cm^) w ith time. Cytokine therapy betw een Day 7 and Day 49. Bold 

arrow  denotes period of cytokine therapy.

S u rv iv a l

Overall logrank survival for all four groups p = 0.570 

Logrank on CD vs IFN-a p = 0.555 

Logrank on CD vs IFN-y p = 0.226 

Logrank on CD vs IFN-a and y = 0.557

In each experim ent w ith T um our 1 there was evidence of tum our grow th re tardation  

du ring  the period of therapy, in com parison w ith the control d iluent treated  groups. 

This w as not alw ays statistically significant. Looking at changes in tum our volum e 

th roughout the experim ents tum our grow th appears to accelerate at the cessation of 

therapy. This is best illustrated graphically in Figure 5.1.
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Translating results w ith tum our 1 to other tum ours

H aving established the principles of injecting mice w ith 0.05ml tum our on Day 1, 

com m encing therapy on Day 7 and continuing for six weeks duration, these were then 

applied to the other transplanted tum ours. All experim ents w ere survival experim ents 

investigating  the effect of each in terferon alone and  the tw o in com bination. The 

outcom es m easured were tum our volum es and survival. The tum our volum e data  for 

each of the transplants is collated in Table 5.4 and represented graphically in Figure 

5.3. The logrank and m edian survival data is colated in Table 5.5 and represen ted  

graphically in Figure 5.4 .

T ransp lan t Mean tum our volume at 4 weeks (cm^)____________ Student's t-test

CD IF N -a IF N -y IFN-a-t-y CD vs 

IF N -a

CD  vs 

IF N -y

C D  v s 

IF N -a + y

1 1.61 0.69 1.34 1.04 0.201 0.720 0.423

2 1.74 1.80 1.37 1.14 0.872 0.274 0.068

3 2.32 0.82 0.84 0.70 0.014 0.015 0.013

4 2.21 1.81 1.55 1.23 0.353 0.192 0.025

5 1.05 0.34 0.31 0.11 0.004 0.003 0.000

6 1.77 1.30 1.08 0.95 0.257 0.093 0.044

7 1.43 0.77 0.88 0.39 0.022 0.069 0.001

T able 5.4 Sum m ary of m ean tum our volum e at 4 weeks for each Transplant, w ith  

statistica l significance. The values for Tum our 1 w ere ob tained  from  the fourth  

experim ent in w hich therapy lasted 6 weeks.
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•C D  A IFN-a AlFN-y O IFN-a and IFN-y

a) Tumour 2 b) Tumour 3 c) Tumour 4 d) Tumour 5 e) Tumour 6 f) Tumour 7

Figure 5. 3 Graphs of mean tumour volume (cm^) with time for each transplanted 

tumour. Cytokine therapy administered from Day 7 to Day 49
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Figure 5.4 Logrank survival curves of all six transplanted tum ours 2 - 6 .  Cytokine 

therapy administered from Day 7 to Day 49.
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T ransplan t___________ Logrank survival_________   M edian survival (days)_____

CD vs CD vs C D  vs O v e ra ll CD IF N -a  IF N -y  IFN-a -i-y 

IF N -a  IF N -y  IFN-a +y ( all 4

1 0.56 0.23 0.56 0.57 34 42 56 47

2 0.27 0.02 0.14 0.06 26 29 33 40

3 0.003 0.001 p<0.001 0.003 36 57 57 55

4 0.53 0.18 0.001 0.006 32 36 35 56

5 0.003 0.004 0.003 p<0.001 39 69 67 91

6 0.64 0.10 0.99 0.45 35 36 42 34

7 0.84 0.07 0.08 0.13 29 31 36 31

T able 5.5 Sum m ary of logrank survival and m edian survival data for each transplant.

The values for Tum our 1 were again obtained from  the fourth  experim ent in w hich 

therapy lasted 6 weeks.

Tumour 2

Passage 19 of Tum our 2 was used for this experim ent. Taking tum our volum e at the 4 

w eek tim e-point, or log-rank survival, there was no statistically significant evidence 

of sensitivity to IFN -a alone or the com bination of IFN -a and IFN-y. The graph  of 

tum our volum e (Figure 5.3(a)) w ith time suggests the tum our was sensitive to IFN-y, 

a lth o u g h  the p-value w as no t statistica lly  significant (p= 0.068). S urv ival w as 

statistica lly  significantly  p ro longed  for the g roup  receiving IFN-y a lth o u g h  the 

com bination of the two approached significance (Figure 5.4 (a)). Only the log-rank 

survival statistic for IFN-y alone was significant

Conclusion:  W ith T um our 2 IFN-y alone w as m ore effective than  the cytokine 

combination.

Tumour 3

Passage 9 of Tum our 3 was used for this experiment. In term s of tum our volum e, fixed 

tim e-point data at 4 weeks show ed the com bination to be m ore effective than  either
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cytokine alone. Figure 5.3(b), a graph of m ean tum our volum e w ith time, show s the 

benefit of the com bination to be particularly  evident after com pletion of treatm ent, 

w hen the IFN-y alone and com bination groups diverge. Taking log-rank survival into 

account IFN-y alone was m ore effective than the com bination, a lthough  m edian  

survivals were sim ilar in all three cytokine-treated groups (Figure 5.4(b).

Conclusion: There was sensitivity to the ind iv idual cytokines and  the com bination, 

w ith the latter being the m ost effective.

Tumour 4

Passage 12 of Tum our 4 was used for this experiment. Once again an increase in tum our 

volum e was ev iden t after therapy  had  been d iscon tinued  (Figure 5. 3 (c)). The 

com bination of IFN -a and -y had a significant effect on survival (Figure 5.4(c)).

Conclusion: This tum our had cytokine sensitivity and the com bination of IFN -a and 

IFN-y was m ore effective than either cytokine alone.

Tumour 5

Passage 6 of Tum our 5 was used for this experim ent. The best an ti-tum our effect was 

seen in the combination group . Tum ours in this group grew  m ore slowly for some time 

afte r trea tm en t h ad  fin ished  (Figure 5.3(d)). A gain  cy tokine sen sitiv ity  w as 

dem onstrated , w ith ind iv idual cytokines and their com bination being effective in 

respect of both tum our volume and survival (Figure 5.4 (d).

Conclusion: These results suggest this tum our had  cytokine sensitivity and  that the 

com bination of IFN -a and IFN-y was m ore effective than either cytokine alone.

Tumour 6

Passage 6 of T um our 6 was used  for this experim ent. There w as no statistica lly  

significant difference betw een any of the groups in relation to logrank survival (Figure 

5.4(e)) or tum our volum e w ith time (Figure 5.3 (e). The only distinction (not apparen t 

from  the graphs) is that the tum ours in the com bination therapy group w ere sm aller at 

sacrifice than those in the other groups. This is illustra ted  by the d ifferen t m ean 

tum our weights at sacrifice (CD vs IFN-a-f-IFN-y, p = 0.002). The reason for killing 

the mice in this group was their general condition, as opposed to tum our size. M any of 

them  were unwell and losing weight, and some had ulcerating tum ours.

Conclusion: It was felt there m ay be an interaction betw een tum our and cytokine in 

this g roup  w hich caused the ap p a ren t toxicity of the com bination  of the tw o
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cytokines. There w as no statistically  significant difference betw een  the treatm ent 

groups in relation to logrank survival or tum our volum e w ith time (Figure 5.3 (e)).

Tumour?

Passage num ber 5 of tum our 7 was used for this experim ent. Tum ours in the groups 

receiving com bination therapy w ere significantly sm aller at the time of the mice 

being killed than those in other groups. Of note at post m ortem  three of the mice were 

no ted  to have a jelly-like substance around the tum our and the overlying skin was 

thickened and yellow. There w as no statistically significant difference betw een the 

groups in relation to logrank survival (graph not shown). As in experim ent 9 these mice 

were sacrificed as a result of their general condition and not tum our size - all mice had  

been killed prior to completion of 42 days therapy (Figure 5.3 (f)).

Conclusion: There was no statistically significant difference betw een the g roups in 

relation to logrank survival

Sum m ary of IFN sensitivity of tum ours transplanted into nude mice.

In Figure 5.5 the percentage increase or decrease in survival of the cytokine treated 

mice is calculated in relation to survival of the control d iluen t treated  mice. This 

figure dem onstra tes the m arked  d iversity  betw een  d ifferen t tu m o u rs  in  their 

sensitiv ity  to in terferons. W ith one exception, all the cytokine trea ted  an im als 

su rv ived  longer (but not alw ays statistically significantly so) than  control d iluen t 

treated mice. IFN -a treatm ent caused a significant increase in survival in tw o of seven 

different tum our lines (p=0.003), IFN-y in 3 of 7 (p=0.02, p=0.003, p=0.001) and  IFN- 

a/y  com binations in three of seven (p=0.001 or p=0.003). Three of the tum ours failed to 

respond significantly to either IFN or their combination. Two of the tum ours responded 

significantly to both IFN -a and y, and in only one case, did the com bination of these 

w ork in the absence of a response to the individual cytokine.
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-20 J
3 4 5

Tum our num ber

Figure 5.5. Percentage increase in survival of nude mice bearing transplanted m am m ary 

tum ours and receiving interferon therapy ■ IF N -a  Ê IF N -y : IFN -a +-y

The d iversity  and  cytokine sensitivity  of the seven d ifferen t tum our tran sp lan ts  is 

also reflected in the percentage decrease in m ean tum our volum e at 4 weeks illustrated  

graphically  in Figure 5.6 and in Table 5.4.

^  100 -

Ç 4 0 -

c- - 2 0 -

3 4 5
Tum our num ber

Figure 5.6. Change in mean tum our volum e of m am m ary tum ours at 4 weeks com paring 

IFN therapy w ith CD treated  nude  mice. N IF N -a  lî  IFN-yC IF N -a  -f--y
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Importance of passage num ber

Some of the transplanted  tum ours changed phenotypically w ith successive passages. 

This phenom enon was best dem onstrated w ith Tum our 1, w here a change in cytokine 

sensitivity was evident between Experim ents C and D (Table 5.4). Experim ent D w as 

perform ed w ith passage 13 w hereas Experim ent C utilised passage 8. There was no 

convincing evidence of significant cytokine sensitivity, either in terms of m ean tum our 

volum e (Figure 5.2) or logrank survival. H ow ever m ean tum our volum es w ith  time 

were all sm aller in the cytokine-treated groups, and m edian survivals w ere all longer.

These changes in cytokine sensitivity parallel other objective changes. Early passages 

grow  m ore slowly than later ones, as illustrated  in Table 5.3, w hich com pares the 

m ean passage time of the first 7 passages and passages 37-44 of T ransplants 1-9 (See 

Table 5.3). Secondly data from S-phase fraction analysis show s a rise in this value 

betw een early and later passages (see Table 5.6). Thirdly m orphological changes are 

seen histologically (increased num bers of m itoses, greater p leom orphism , poorer 

d ifferentiation) - all of these features are consistent w ith  a change in cytokine 

sensitiv ity . This is likely to have influenced the com parab ility  of experim ents 

perfom ed on different passages and underlines the im portance of carrying out cytokine 

therapy experim ents in as early a passage as is feasible. The phenom enon of m urine 

tum ours changing w hen passaged  in mice w as described  first in the 1950s by 

Foulds(Foulds, 1954).

S-phase fraction analysis was perform ed on three different transplants of T um our 1. 

By passage 14 there was a m arked increase in the S-phase fraction in com parison 

w ith  the first two passages.

Tumour 1 (passage no.) DNA Index S-phase fraction (%) % A neuploidy

1 1.9 9.0 75

2 1.9, 2.2 7.7 84

14 1.9 14.6 76

T able 5.6 S-phase fraction data on passages of Tum our 1. S-phase fraction calculated 

from aneuploid fraction , DNA index in passage 2 - two peaks.

An interesting observation m ade at post m ortem  in tum ours 2 and 7 in the IFN -a and  

com bination-treated groups is that they were su rrounded  by thickened skin, w hich

page 128



C h a p te r  Five_________________________________________________________ Therapy o f tu iuo i ir  transplants

was jelly-like under the outer layer, w ith a w ell-developed netw ork of blood vessels, 

m aking the tum ours bloody in appearance.

Syngeneic Transplanted Mammary Tum our

One tum our from  the fourth generation arose in a 13-month old female transgene- 

positive m ouse which had  littered twice. The tum our arose over the left shoulder in 

the m am m ary line and there were no other abnormalities at post m ortem  exam ination. 

Injected into the flank of two offspring it became established after about sixteen weeks 

and was then passaged into other mice from  the same litters. By passage three it was 

found to grow readily in ordinary BALE/c mice. This tum our, nam ed HTH-K, has been 

fu r th e r  p assag ed  successfu lly  an d  u sed  in cy tok ine  th e ra p y  ex p e rim en ts . 

H istologically it is a m am m ary tum our w ith  a com edo-type pattern , which has an 

extensive netw ork of blood vessels and areas of necrosis. No m étastasés have been seen 

in the transplanted mice at post m ortem  examination to date. The tum our has become 

progressively m ore aggressive on passaging and it is currently necessary to passage it 

every 12 days. S-phase analysis is detailed in C hapter 4.

Survival Experiment w ith Transgenic M ammary Tum our

Interleukin-12 (IL-12) is a heterodim eric cytokine w hich plays an im portan t p art in 

induction of cell-m ediated im m unity. Its exerts its effects through T cells and  hence 

was of relevant here to examine its effects in an im m unocom petent model.

Two groups of eight mice were treated w ith daily injections of 0.1ml control diluent or 

l | i g  IL-12 (in 0.1ml). The CD group had  all been killed by Day 32, w hereas of the 

e ight mice in the IL-12 treated  group, one surv ived  un til Day 233 and  tw o had  

com plete tum our regression and lived for m ore than 250 days (Figure 5.7). The m ean 

survivals were 30.1 days (SE 0.92) in the CD-treated group and 122.8 days (SE 35.86) in 

the IL-12 treated group. The experim ent was repeated  w ith  a later passage of the 

tum our, and the findings were similar. The tum our regressed com pletely in one IL-12 

treated m ouse (Figure 5.8).
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Figure 5.7 Survival of BALB/c mice bearing transgenic-mouse m urine m am m ary tum our 

treated with control diluent or rmIL-12 (X^ = 6.3, p = 0.01).

5-#
CD

IL-124 -

1000 20 40 60 80
Time (days)

Figure 5.8 A later experim ent of the same type as that perform ed in Figure 5.7 using a 

later passage of the sam e tum our.
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Discussion

There is extensive experience of the interferons in the therapy of h u m an  tum our 

xenografts, some of which relates to breast cancer xenografts. Xenografts have been 

used  to look at the direct an titum our activity of a w ide range of IFN types and  

subtypes and to determ ine optim al doses and  regim ens (Crane et al., 1978). The 

an titum our effect is m ost noticeable if therapy is com m enced shortly  after tum our 

injection (Hofm ann et al, 1985) which supports the contention that IFNs are best used 

in the presence if m inim al residual disease or in an adjuvant setting. Balkwill et al, 

(1986), looked at the mechanisms of antitum our action of interferons on hum an tum our 

xenografts (Balkwill et al., 1986a). U sing hum an  lym phoblasto id  in terferon  (IFN- 

a(Ly)) the grow th  of 3 early passage hum an  tum our xenografts was significantly 

inhibited. As w ith our experience, cessation of therapy resulted in regrow th of tum our 

after a lag period of 1-3 weeks. This grow th inhibition has been show n to be the result 

of a direct effect on the tum our and not a m odulatory effect on the nude m ouse host 

(Balkwill et al., 1982). Using rHuIFN-y at the sam e dose the grow th of only one of 

these th ree  b reast xenografts w as in h ib ited  (Balkw ill et ah, 1986a). D irect 

adm inistration  of rH u IFN-y into the tum our did not im prove its therapeutic efficacy 

(Balkwill et al., 1989). M uch of our u n d erstan d in g  of IFN-y is based on in vitro 

evidence (K um ar & M endelsohn, 1994; M arth  et al., 1993) . Some of the in vivo 

ev idence is also conflicting - Kelly et al show ed  in a m etastasis  m o d el th a t 

preincubation  w ith IFN-y produces a significant increase in experim ental m étastasés 

in syngeneic BALB/c and BALB/c nude mice (Kelly et al., 1991). M atthys et al have 

show n that early treatm ent w ith anti-interferon-y antibody inhibited  tum our grow th  

(M atthys et al., 1991). Both of these findings suggest a role for endogenous interferon 

gam m a in the metastatic process and tum our cell proliferation, respectively.

The w ork outlined  here dem onstrates that the m am m ary  tum ours arising  in  the 

transgenic m ouse colony grew readily in nude mice and such transplants w ere used in 

prelim inary  cytokine therapy experim ents. The aim  of these experim ents w as to 

develop treatm ent schedules w hich could be transla ted  to spon taneously  arising 

tum ours; assess the inherent cytokine sensitivity of these tum ours, and to assess the 

in ter-tum our variation in response. In general IFN therapy  had  a m odest beneficial 

effect on survival, only two com plete regressions being recorded in over 150 treated 

tum ours. Taking both tum our volum e and survival into account the com bination of both 

IFNs delayed tum our grow th m ost effectively in the m ajority of transplants. Three of 

the tum our lines failed to respond significantly to either IFN or their com bination in 

term s of survival. This lack of response is sim ilar to the hum an experience w ith these 

cytokines in solid tum ours (Gutterman, 1994). The diversity of response of individual
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tum ours is again analogous to results obtained in clinical trials w ith several cytokines 

(Sparano & O'Boyle, 1992).

There are very few published in vivo experim ents entailing the com bination of IFNs a  

and  y. The com bination was effective in the Renca syngeneic m odel of m urine renal 

carcinoma. A synergistic effect was observed in this m odel w hen m urine IFN -a was 

given in com bination w ith low dose IFN-y (1-10 U nits/m l). This com bination was less 

effective in nude mice and 75% of the euthym ie mice w ere show n to be im m une to 

rechallenge. A lthough IFNs m ay directly inhibit the grow th  of the Renca tum our, 

this study dem onstrates that specific im m une response plays a dom inant role (Sayers 

et ni,  1990). In a m urine bladder cancer m odel combinations of a num ber of cytokines, 

incud ing  IF N -a and -y w ere m ore effective than therapy  w ith  either agent alone 

(Riggs et al,  1992). In breast cancer xenografts the com bination has been used  for 

intralesional treatm ent and this was further potentiated by recom binant hum an  TNF- 

a(Riggs et al,  1992). In hum ans com bination therapy w ith cytokines is generally m ore 

toxic than the effect of individual cytokines.

A nother in teresting phenom enon is the increase in grow th  of transp lan ted  tum ours 

after the cytokine therapy  has been discontinued . This is best d em o n stra ted  in 

Tum ours 4 and 5. It clearly underlines the im portance of long-term  adm inistration of 

cytokines and  the appropriateness of cytokine therapy  in the setting  of m inim al 

residual disease. This is illustrated graphically for a num ber of the tum ours and  is 

m ost consistently evident in the combination group (See Figure 5.1 - Tum our l(best seen 

in com bination group); Figure 5.3(b) - Tum our 3 (IFN-y group); Figure 5.3 (c) - T um our 4 

(com bination group); Figure 5.3(d) - Tum our 5 (combination group)). This suggests a 

suppression of tum our grow th by the cytokines. It is difficult to predict w hether this 

w ould be clinically useful.

An im portan t feature of this m odel, w hich d ifferentiates it from  o ther available 

m odels, is diversity. This is reflected in several w ays in the tum ours w hich arise - 

their histological diversity, their biological d iversity  and the d iversity  of response 

to cytokine therapy.

The m anagem ent of breast cancer is at the beginning of a new  phase. W ith the advent 

of im proved support, in the form of colony-stim ulating factors, it is now  feasible to 

undertake intensive chem otherapy in the hope that m icrom etastatic disease can be 

treated. Treatm ent on the assum ption of microscopic deposits placing patients at risk 

of re lapse  w ill becom e m ore w idesp read . A longside the m odel of fo llicu lar 

lym phom a, m yelom a and m elanom a it is conceiveable that a role for the interferons.
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in an  adjuvant setting, after high dose treatm ent or peripheral stem  cell rescue, will 

emerge.
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Chapter Six

Prevention of m am m ary tum ours w ith cytokine therapy 

Tum our Prophylaxis - Introduction and Rationale

C hem oprevention is the use of a pharmacologic or dietary com pound to block or inhibit 

d ev e lo p m e n t of a m alig n an cy  from  n o rm al o r p re n eo p la s tic  tissu e . The 

chemoprevention of breast cancer is not a new  concept and in m am m ary tum our m odels 

cand ida te  p reven tive  agents are being identified . H ow ever these necessita te  a 

w orking m odel of breast carcinogenesis, w hich relates to the epidem iologic, clinical 

and  laboratory data.

The grow th inhibitory effects of m any cytokines m ake them  interesting candidates for 

novel p reventive or therapeutic m odalities. The closest clinical app lication  to a 

prophylactic role is the use of cytokines, particularly  IFN-a, as m aintenance therapy 

after bone m arrow  transplantation for m yelom a or lym phom a (M andelli et al., 1992; 

Solal-Celigny et al,  1993); The use of cytokines at low dose, on a long term  basis, m ay 

stim ulate the above processes on early undetectable tum ours (Kirkwood et al., 1996); 

Smith, 1992 #153 .

Experience in melanoma

Interferon a-2b has been used in the treatm ent of m elanom a in patien ts w ith  deep 

tum ours or involved lym ph nodes at high risk of relapse. The Eastern C ooperative 

Oncology G roup (ECOG) conducted a random ised  controlled  trial in  287 patien ts 

(20M U /m 2/day  iv for 1 m onth followed by lOMU sc three times weekly for 48 weeks,) 

versu s  o bservation  (K irkw ood et al., 1996). The trea ted  g ro u p  h ad  significant 

prolongation  of relapse-free and overall survival com pared w ith  the control group. 

The m edian follow-up time is now  6.9 years and  there w as an increase in  m edian  

disease free survival from 1 to 1.7 years and overall survival from  2.8 to 3.8 years. The 

greatest benefit was seen in patients w ith positive lym ph nodes. N o adjuvant therapy 

has prev iously  show n an im pact on surv ival in this disease. P revious stud ies in 

m elanom a entailed  low doses for prolonged periods or very high  doses for short 

p e r io d s  (C ascinelli et al., 1994; C reagan  et al., 1995). F u rth er s tu d ies  are now  

underw ay in an attem pt to define those groups of patients m ost likely to benefit from 

this therapy. The ECOG study suggests interm ediate doses for a period of about one 

year are the m ost effective regim e used to date (Balch & Buzaid, 1996).
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This study

The aim  of these experim ents w as to exam ine the chem opreventive po ten tia l of 

different cytokines, as a preclinical study  for hum an  breast cancer. By determ ining  

w hether they had  a role in the prevention of spontaneously  arising neu-associated  

m am m ary tum ours in transgenic mice, it was hoped this could be translated  into an 

application in c-erh B2 associated hum an breast cancer.

Before the tum our incidence in the colony was apparen t two prophylaxis experim ents 

w ere established w ith mice from the th ird  and fourth  generations. Once transgene 

positiv ity  had  been established, all female mice in the colony w ere m ated  for tw o 

litters and then recruited. The time and duration of cytokine therapy was different in 

the two experim ents, but having com pleted the prescribed intervention the mice were 

m aintained on the shelf and observed for tum our developm ent.

Prophylaxis Experim ent 1

These experim ents requ ired  cytokines w ith  cross-species specificity  or m u rin e  

cytokines w hich were readily available. Extrapolating from  experim ents in  the nude 

m ouse tum our transplants, outlined in C hapter Five, the two cytokines IF N -a  A /D  

hybrid  and rat IFN-y were chosen as prophylaxis for m am m ary tum ours.

The alpha in terferons are a fam ily of inducible secreted  p ro te ins w hich  confer 

resistance to viruses on target cells, inhibit cell proliferation and regulate expression 

of MHC class I antigens. IFN-a A /D  hybrid is a recom binant hum an  hybrid  molecule 

w ith  strong activity on m urine cells (Balkwill et al,  1982; Rehberg et a l,  1982). IFN-y 

is a pleiotropic cytokine involved in the regulation of nearly all phases of im m une and 

inflam m atory responses, including activation, grow th and  differentiation of T cells, B 

cells, m acrophages, NK cells and others such as endothelial cells and fibroblasts.

The intention was to treat mice w ith the cytokines, alone and in com bination, three 

times weekly between 6 and 12 m onths of age (Figure 6.1). A dm inistering two injections 

three times per w eek became progressively m ore d istressing for a p roportion  of the 

mice and hence the duration of prophylactic treatm ent was reduced to a three m onth  

period (6-9 m onths) in the combination group.

page 135



CJ lap ter Six__________________________________________________________ M anuiiani T um ou r  Prophylaxis

Om 6m 12m

 ► ►------------------------------
Birth 2 litters Therapy Observe

Figure 6,1 Time-course of prophylaxis experim ent 1

L itterm ates w ere divided in different treatm ent arm s to decrease the likelihood of 

genetic factors confounding the outcome. The cytokines and the rationale for using them  

are described in detail in C hapter 5. Those used: IFN -a, IFN-y, IL-2 and IL-7 w ere all 

given in a volum e of 0.1ml per injection. Control diluent and 5 x 10"̂  U of IFNs a  and y 

were injected subcutaneously (sc). The dose used was based on Freireich's form ula and 

clinical trials of m aintenance IFN therapy (See C hapter 1) (Freireich et a l ,  1966). A 

dose of 5 X lO'  ̂ U of IFN s-a and -y is com parable to 5 x lO ^ /U  m^ in hum ans, an 

in term ediate dose.

The num bers of mice in each group represents the num ber assessable, a lthough the 

intention w as to recruit 25 mice to each group. The m ain reason for variation in group 

size w as that som e mice had  not w eaned two litters in tim e to be recru ited  at six 

m onths. M any of the animals in the combination therapy group were unable to tolerate 

tw o injections, som e becam e unw ell w ith  anorexia and  lassitude and  h ad  to be 

w ith d raw n  from  the experim ent. Two mice bled as a resu lt of the in traperitoneal 

injection of ra t IFN-y. Consequently the num bers of mice in the com bination group were 

sm aller.

O n the basis of previous pharm acokinetic studies it was felt that optim al circulating 

levels of ra t IFN-y w ould  be achieved w ith  ip injection, (Balkwill et al, 1986). 

H ow ever problem s w ith adm inistering regular ip injections led us to investigate sc use 

of rat IFN-y instead. An experim ent com paring sc and ip adm inistration of IFN-y w as 

perform ed in one of the m am m ary tum ours transplanted into nude mice (Tum our 1). 

There w as no statistically significant difference in survival or tum our volum e betw een 

the two treatm ent arms and it was decided to switch to sc adm inistration thereafter.

page 136



Chapter Six__________________________________________________________ M auiinani T um our Prophylaxis

G roup 1 (ControD

T w enty-tw o fem ale mice observed for tu m our incidence and  kep t on the shelf 

in d efin ite ly .

Group 2 (Control 21

N ineteen female mice injected sc three times weekly w ith 0.1ml control d iluen t (CD) 

from 6 until 12 m onths. Then observed for tum our incidence and kept on the shelf 

in d efin ite ly .

G roup 3 fIFN-(x A /D  Hybrid)

Tw enty female mice injected sc three times weekly w ith  0.1ml IFN -a A /D  H ybrid  

(IFN-a) from 6 until 12 months. Then observed for tum our incidence and kept on shelf 

in d efin ite ly .

G roup 4 frat IFN-y )

Tw enty-one female mice injected sc three times w eekly w ith 0.1ml ra t interferon-y 

(IFN-y) from 6 until 12 months. Then observed for tum our incidence and kept on shelf 

in d efin ite ly .

G roup 5 (IFN-a A /D  Hybrid and rat IFN-y 1

Eighteen female mice injected sc w ith 0.1ml IFN -a A /D  H ybrid (IFN-a) and  sc w ith 

0.1ml rat IFN-y three times weekly from  6 until 9 m onths. Then observed for tum our 

incidence and kept on the shelf indefinitely. As described above the experim ental 

period was shortened for some of the mice in this group.
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Results

Outlined below (Table 6.1) are the num bers and percentages of assessable mice in each 

group developing tumours, the categories of tum our developed and the num ber 

surviving at 25 months.

Group C ytokine T otal 

no. of 

mice

T otal 

no. of 

tumours 

(%)

M am m ary

tumours

(%)

O th e r

tumours

Non-

m alignan t

d e a th

Surviving 

at 25 

m onths 

(%)

1 N i l 22 13 (59) 10 (45) 2H, IL 2 7(32)

2 Control 19 8(42) 5(26) 3H 5 6(32)

3 IF N -a 20 9(45) 5(25) 1H,1A,

1 L ,1 0

4 7(35)

4 IF N -y 21 6(29) 5(24) IL 2 13 (62)

5 IFNs a+Y 18 7(39) 4(22) 2H, IL 3 8(44)

T able 6.1. Outcome of first prophylaxis experim ent - tum ours types developed.

H - H arderian  gland carcinom a; L - Lym phom a; A - A ngiosarcom a; O - O ther 

m alignant tumour.

Taking into consideration survival of the five groups of mice w ith  respect to death  

from  m am m ary tum our, lym phom a or any tum our there was no significant difference 

betw een the survival of the five groups. Analysis entailed the logrank test to com pare 

survival between the groups (Table 6.2).

Overall logrank survival m am m ary_______ any tumour_______lym phom a______

p value____________________ 0.7027___________ 0.7612___________ 0.8916_________

T able 6.2 Overall logrank survival com paring the groups w ith respect to tum our death.
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This suggests that the use of interferons in this m odel does not influence tum our 

developm ent sufficiently for an effect to be seen in groups of this size w ith this 

prophylactic therapy regimen. It also shows that the traum a of an injection three 

times weekly has no effect on tum our development.

The p roportion  of all tum our-bearing mice surviving from  birth  in each group  is 

illustrated in Figure 6.2 and for those developing m am m ary tum ours in Figure 6.3. No 

tum ours w ere docum ented before eight m onths and  mice w ere excluded from  the 

analysis after 25 m onths.

1 - 1
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I 0 .3 -
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18 240 6
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• -  No intervention 

A - CD 

♦ - IF N -a 

O - IFN-y 

A - IFN-a and y

Figure 6.2 Proportion of mice bearing tum ours of all types w ith increasing age.
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Figure 6.3 Proportion of mice bearing m am m ary tum ours with increasing age.
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H aem ato log ica l profiles in mice

Baseline haem atological values were established on transgene negative litterm ates in 

the colony, using the m ean of values obtained from six mice (Figure 6.3). These com pare 

w ith those in anim als who have been treated w ith IFN -a, IFN-y and  the com bination 

for 2, 4 and 6 m onths respectively.

Mezm Range SD

H aem oglobin (Hb) 10.59 10.11 -11.19 0.347

WBC 7.98 5.5 -10.4 1.967

N eu tro p h ils 12.5 3.0 - 23.0 7.662

Lym phocytes 85.5 70-95 9.05

Monocytes 0.83 0 -2 0.983

Eosinophils 0.33 0 -1 0.516

P la te le ts 1060 694 -1912 576

Table 6.3 Haematological profiles in untreated mice in the colony.

The values in the three tables (Table 6.4-6.6) for treated mice are based on values in 3 

mice treated w ith the relevant cytokine or control for the allotted period.

The haem oglobin values and white blood cell counts of all the 'treated ' groups w ere 

h igher than  those found in the un treated  group, although the p latelet counts w ere 

com parable. This is unlikely to relate to therapy as it w as true of the C D -treated 

mice as w ell as the cytokine-treated groups. The h igher valuse in the C D -treated 

mice than the untreated  controls m ay be explained by the presence of endotoxin. The 

neu troph il and lym phocyte counts w ere very consistent th roughout all three groups 

and  at each of the time points. The eosinophil counts w ere slightly h igher in the IFN- 

a  trea ted  mice in com parison w ith those of the IFN-y treated  group at all three time 

points. W ith that m inor exception no consistent trend or pattern  was seen w ith either 

cytokine or duration of therapy.
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CD IF N -a IF N -y

Hb 16.5 15.0 15.4

WBC 12.0 14.3 9.0

N euts (%) 23 22 24

Lym phos (%) 70 70 70

Monos (%) 5 3 3

Eosinos (%) 2 5 2

P latelets (%) 568 719 818

Table 6,4 Haem atological profiles in mice treated for two months.

CD IF N -a IF N -y

Hb 15.6 13.8 15.8

WBC 12.8 17.5 11.2

N euts (%) 21 31 22

Lym phos (%) 72 63 74

Monos (%) 1 1 3

Eosinos (%) 6 5 2

P latelets (%) 1030 1360 876

T able 6.5 Haematological profiles in mice treated for four m onths.
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CD IF N -a IF N -y

Hb 15.7 15.8 15.8

WBC 12.7 8.2 14.8

N euts (%) 20 23 21

Lymphos (%) 70 70 74

Monos (%) 4 2 3

Eosinos (%) 6 5 2

Platelets (%) 984 1007 876

Table 6.6 Haematological profiles in mice treated for six m onths

Prophylaxis Experim ent 2

The aim  of this long term  study was to determ ine the effect of rhlL-2 or rhIL-7 on the 

incidence of m am m ary tum ours in generation four of the colony. The treatm ent groups 

were recruited at seven m onths of age and treated w ith three times weekly injections 

of cytokine for three months.

All positive fem ale MMTV-ne» transgenic mice w ere recru ited  after m ating  them  

twice. Injections were given daily for a shorter period in keeping w ith the m ore low- 

dose, regular adm inistration of these cytokines used in  previous anim al and  h um an  

w ork (Smith, 1992);. Mice were div ided into four groups - individuals from  the sam e 

litter being divided into different treatm ent arm s to decrease the likelihood of genetic 

factors confounding the outcome.

IL-2

In terleu k in -2  (IL-2) is a ISkD a p ro te in  w hich  w as the first of a series of 

lym phocyto trophic horm ones to be recognised as p ivo tal for the generation  and  

regulation of the im m une response. The hum an form of interleukin-2 is know n to w ork 

in mice. The results of clinical trials are m ixed and  a better u n d e rstan d in g  of the

page 143



Chapter Six__________________________________________________________ M a m m a n i  T u m o u r  Prophylaxis

observed clinical responses is needed in order to design better treatm ent schedules (see 

Introductory Chapter).

On the basis of clinical studies in metastatic cancers in hum ans utilising rhIL-2 a dose 

of 0.3pg was selected. This was com parable w ith the im m unom odulatory experim ents 

of KA Smith (Smith, 1993). This is equivalent to a dose of 50|ig in hum ans, the upper 

lim it of the im m unom odulatory dose used by Smith and  co-workers (Caligiuri et al., 

1993).

IL-7

Interleukin-7 (IL-7) is a 25kDa glycoprotein, first purified  in 1988 by N am en and  co

w orkers (Nam en et al,  1988). It has grow th prom oting effects on lym phocytes of B and 

T cell lineage and  increases the cytotoxic activity  of effector cells, m ak ing  it a 

po ten tial an titum our agent. In vitro , it has been found to beneficially augm ent the 

generation, and enhance the long-term grow th, of an titum our cytotoxic T lym phocytes 

from  lym ph nodes d ra in ing  a tum our site (Lynch & M iller, 1994). The h u m an  

recom binant form  acts on mice. In vivo, in experim ental m étastasés m odels, it has 

an titum our activity against some tum ours and toxicity appears to be lower than that of 

rhIL-2 (see Introductory Chapter).

In in vivo experim ents perform ed to date a range of rhIL-7 doses have been used. The 

higher doses (25pg per injection twice daily) were usually only adm inistered for short 

periods of time (Komschlies et al,  1994). This protocol a ttem pted  to define w hether 

the effect and toxicity were comparable. D isappointingly the clinical use of IL-7 has 

been limited to date, w ith no published studies. The dose of IL-7 (5|ig daily) w hich we 

chose to use was based on the in vivo experience of W iltrout and  cow orkers (1992) 

where treatm ent continued for a longer duration (W iltrout et al,  1995).

There w ere tw enty-five mice in each group w hich w ere m ated twice and  after the 

relevant in tervention were kept on the shelf indefinitely and  observed for tu m our 

incidence.
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Group 1 (Control Group 1)

N o intervention 

Group 2 (Control Group 2)

Injected sc daily  w ith 0.1ml control d iluen t (CD) from  7 until 10 m onths (twelve 

weeks).

G roup 3 ('rhlL-21

Injected sc daily w ith 0.1ml recom binant hum an interleukin-2 (rhlL-2) from 7 until 10 

m onths (twelve weeks).

G roup 4 frhlL-71

Injected sc daily w ith 0.1ml recom binant hum an interleukin-7 (rhlL-7) from  7 until 10 

m onths (twelve weeks).

Results

The ages at developm ent of the m am m ary tum ours and lym phom as are outlined in 

Table 6.6. Outlined below are the outcomes of treatm ent for the four different groups of 

mice in the second prophylaxis experim ent (Table 6.7).

Group C ytokine Number of 

lym phom as

Number of 

m am m ary 

tumours

M edian age at 

lym phom a 

developm ent

M edian age at 

m am m ary 

tumour 

developm ent

1 n il 1 9 21 15

2 Control 2 3 20.5 19

3 lL-2 3 7 18 15

4 lL-7 9 3 15 17

Table 6.7 Ages at developm ent of lymphomas and m am m ary tum ours
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Taking account of survival from any tum our, survival from a m am m ary tum our and  

survival from lym phom a into account, a com parison has been m ade betw een the two 

treated groups (3 and 4) and each of the control groups (1 and 2). Analysis entailed the 

logrank test to com pare survival betw een the groups. All of the p values relating to 

survival from any tum our or m am m ary tum our w ere not significant at the 5% level.. 

H ow ever in group  4, w here an unexpectedly  h igh  incidence of lym phom as w as 

observed, w ith a significant difference betw een the num ber of lym phom as arising  in 

com parison w ith both groups 1 and 2 (p= 0.003 and p= 0.007, respectively).

The proportion  of all tum our-bearing mice surviving in each group is illustra ted  in 

Figure 6.4 and for those developing m am m ary tum ours in Figure 6.5. No tum ours w ere 

docum ented before eight m onths and mice were excluded from the analysis after 25 

months.
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Figure 6.4 Proportion of tum our-bearing mice with increasing age
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Figure 6.5 Proportion of mammary tumour-bearing mice with increasing age 

Individual histology

In respect of the histological appearance of tumours there were no noteable differences 

between the groups of mice whether treated or untreated, with the exception of mice 

treated with interIeukin-2. In the IL-2 group both mammary tum ours and lymphomas 

arose which differed microscopically from others seen in the general colony and other 

prophylaxis experiments.

One mouse was killed with abdominal swelling and found to have an enlarged spleen. 

Histologically there was w idespread low-grade lym phom a infiltrating the liver, 

lungs, spleen, spinal cord and and brain. Another mouse was similarly bloated and the 

spleen was noted to be enlarged as well as the liver being mottled in appearance. A 

third mouse had a perforated Peyer's patch post mortem and the mesenteric lym ph 

nodes were grossly enlarged. Microscopically the lymphomas arising in IL-2 treated 

animals were of a lower grade, and better differentiated than those in other groups, 

with smaller more even nuclei, less pleomorphy and lower mitotic rates. In sum m ary 

the lymphomas which arose in the lL-2 treated group are best regarded as low grade
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lym phom as and  those in the IL-7 treated  group  as h igh  grade. Both are B cell 

lym phom as.

Because of difficulties m easu ring  haem atological profiles of transgene negative  

litterm ates in parallel w ith Prophylaxis Experim ent 1 the possibility of perform ing a 

sim ilar study  in parallel w ith  Prophylaxis Experim ent 2 was reconsidered. The need 

for large num bers of mice (at least 5 per group and  tim e-point), in add ition  to the 

restricted availability of rhIL-7, m ade this labour and resource-dependent and it w as 

d ec id e d  n o t to rep ea t the w o rk  in the second  p ro p h y lax is  ex p e rim en t.
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Discussion

A ttem pts at chemoprophylaxis of tum ours in hum ans using agents such as retinoids are 

becom ing increasingly w idespread (ref). N evertheless, in spite of its epidem iological 

im portance very few trials are being conducted on the chem oprevention of breast cancer 

(Veronesi & Costa, 1992). The inevitable length of such trials is an obstacle to both 

progress and  recru itm ent and  consequently  in term ediate  end-po in ts or su rrogate  

m arkers are needed. An anim al m odel w hich could accurately predict som e of the 

clinical findings w ould be invaluable.

The anim al studies presented here illustrate som e of the know n disadvantages w ith  

this particu lar m odel. As detailed in C hapter 1 the MMTV-LTR prom oter targets 

expression  of c-neii to a num ber of epithelial tissues. This resu lts in transgene 

overexpression in tissues such as H arderian gland and salivary gland and consequently 

predisposes to tum ours at these sites. This effect of the p rom oter is unlikely to be 

pertu rbed  by chem oprophylaxis alone and is evident from  the spectrum  of tum ours 

w hich arise.

The outcome of these long-term  experim ents has been influenced by factors such as the 

relatively late onset of the tum ours, the range of tum ours arising, their stochastic 

natu re and that tum ours only occur in a proportion of mice. Consequently, even using 

groups of up to 25 mice, there are too few mice to elim inate the m any confounding 

variables and  p rov ide statistically  significant conclusions abou t the incidence of 

m am m ary tum ours themselves. The experim ents m ight be redesigned w ith m uch larger 

groups and further m anipulation of the m odel to increase the incidence and age of onset 

of tum ours m ight be considered (see Future Studies).

As increased cell proliferation plays a key role in the developm ent of all h um an  

cancers (Preston M artin et al., 1990) it follows that grow th inhibitors should  delay or 

prevent the developm ent of a m alignant metastatic tum our. TGF-P is the only cytokine 

which has been used in the chem oprevention of experim ental m am m ary cancer. Using 

exogenous TGF-P to inhibit the growth of established tum ours in nude mice has not been 

v ery  su ccessfu l (Z u g m aie r et al., 1991), a lth o u g h  it has been  u sed  in  the 

chem oprevention of m am m ary cancer by Sporn and colleagues (W akefield et al., 1992). 

Similarly other cytokines, such as IFNs-y and -a  are m ore likely to w ork in the setting 

of sm all volum e or m inim al residual disease due to their local, ra ther than  systemic 

effects and their tendency to induce cytostasis rather than direct cytotoxicity.

A t the time of establishing this experim ent the tim e-course of tum our developm ent 

was not know n and for this reason cytokine prophylaxis was adm inistered to the mice
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aged 6-12 m onths. In the light of the m edian tum our developm ent being 18 m onths 

treatm ent at 12 - 18 m onths m ight have been m ore appropriate.

Six lym phom as arose in the first five generations of un trea ted  and control d iluen t 

treated mice, accounting for 6% of all the tum ours. The overall incidence of spontaneous 

lym phom as in this colony was 6 in the 218 untreated and control diluent treated  mice 

(2.8%), com parable w ith the incidence of spontaneous lym phom as in BALB/c mice 

kept in germ-free conditions which is less than 3% (Smith & Pilgrim , 1971). There is 

an increase in lym phom a incidence w ith age in mice (Dunn, 1969) bu t this d id  not 

explain the incidence docum ented in the IL-7 treated group.

G enerally the lym phom as found in IL-2 treated-m ice w ere of low er grade than  the 

heterogeneous, aggressive appearance of the lym phom as arising in IL-7 mice, or those 

arising in control-treated mice. The m echanism  for this is unclear bu t IL-2 is know n to 

have a role in grow th and differentiation of T cells, B cells, NK cells, LAK cells, 

monocytes, m acrophages and oligodendrocytes (Kuziel & Greene, 1990; Smith, 1988).. 

The m edian age at developm ent of the lym phom as in both treated groups was earlier 

than in the untreated  groups, although that in the IL-2 group was later than the IL-7 

group. The high incidence of lym phom as seen in association w ith transplantation  and 

the necessary associated im m unosuppression has been well docum ented since the late 

1960s (Kreis & Legendre, 1989). It is now believed that m uch of this is explained by 

E pstrein  Barr Virus (EBV) infection. In hum ans the m ajor risk factors appear to be 

duration  of im m unosuppression, dosage of im m unosuppressive agents and the num ber 

used together or sequentially (Kreis & Legendre, 1989). There have been m any studies 

of lym phom a incidence in populations know n to have disease or take m edication 

w hich alters im m unity. Nevertheless we have little insight into the m echanism s of 

lym phom agenesis (Hoover, 1992). The lym phom as w hich characteristically arise are 

non-H odgk in ’s lym phom as, m ost of w hich are of B-cell origin and  ex tranodal in 

distribution (Penn, 1993). Cytokines are also known to be im m unosuppressive. IL-7 has 

been show n in vitro to regulate the proliferation of B cell progenitors (N am en et a l,  

1988). It has also been show n to stim ulate the proliferation of m urine and  h u m an  

m ature T lym phocytes (Grabstein et al., 1993). IL-7 undoubtedly  has a prom oting effect 

on the developm ent of lym phom a. BALB/c mice are know n to be susceptib le  to 

lym phom a induction by radiation and  this susceptibility is believed to be related  to 

th is p ro m o tin g  effect (H aran  G hera, 1985) . It seem s likely  th a t a lte red  

im m unoregulation or im paired im m une surveillance on the background of genetic 

susceptibility to lym phom agenesis played a part in the high incidence of lym phom as 

in the IL-7 treated mice.
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T his in te re s tin g  fin d in g  sh o u ld  be d ev e lo p ed  fu rth e r. The ro le  of IL-7 in  

lym phom agenesis  needs to be investigated  w ith  this m odel. A m ore d e ta iled  

com parison betw een the lym phom as arising in the IL-7 treated mice and  those arising 

in other mice in the colony - both treated and untreated - needs to be undertaken. O ther 

possibilities include looking at changes in the expression and regulation of rodent c-neti 

in the presence of IL-7 and alterations in B cell subpopulations w ithin the mice .
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Chapter Seven 

Future Studies

The diversity and unpredictability of this m odel has posed as m any questions as it has 

answered.

Increasing the incidence of tum ours in the colony and facilitating their developm ent at 

an earlier age is a major aim. This m ight be achieved through a num ber of approaches. 

Prelim inary data suggests that dietary m anipulation and  treatm ent w ith carcinogens 

m ay be effective, a lthough  the tum ours are still arising  a ro u n d  18 m onths, the 

incidence m ay be rising. Radiation at the time of m am m ary gland developm ent is also 

know n to predispose to m am m ary tum our developm ent in mice of certain  strains, 

including BALB/c mice. Crossing w ith transgenic mice possessing other oncogenes, or 

lacking tum our suppressor genes, may predispose to earlier onset of tumours.

The genetic background is clearly im portan t for the developm ent of tum ours and  

placing this particular transgene on the FVB background m ay result in tum ours of 

g re a te r frequency  an d  ea rlier onset th an  seen on the BA LB/c b ack g ro u n d . 

A lternatively direct m icroinjection of eggs from  recent generations of mice in this 

colony w ith other m am m ary directed transgenes, to produce a bigenic m odel, m ay give 

further inform ation.

It is apparent that hom ozygote mice, bred from the n in th  generation onw ards continue 

to develop tum ours in a sim ilar p roportion  of anim als. There is a suggestion  that 

tum our onset m ay be earlier and m ore frequent. Clearly the m odel provides a sound 

basis for fu rther developm ent and this should  now  include careful m onitoring  and  

observation for tum our developm ent in a non-invasive way. This should enable earlier 

detection such that genetic, epigenetic and environm ental influences to be defined m ore 

carefully. Sequential sam pling of m am m ary glands in a cohort of mice to look for 

p re in v as iv e  lesions an d  tu m o u rs  a t an  ea rlie r stage w o u ld  fac ilita te  th is  

investigation .

The increased incidence of lym phom as in the IL-7 trea ted  prophylax is g roup  is 

p erh ap s the m ost unexpected finding. Further investigation  of the effect of IL-7 

ad m in is tra tio n  in  o ther transgen ic  m odels, p a r ticu la rly  those w hich  d eve lop  

spontaneous lym phom as is indicated. IL-2 and IL-7 appear to be acting in a paracrine
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and  autocrine fashion on the developm ent of lym phom a and m ore inform ation about 

their effects on the im m une system is required.

T ransgenic m odels have an im portan t, an d  now  fully  estab lished , role in the 

investigation of tumorigenesis. A lthough this study w as beset w ith some difficulties - 

predom inantly  a low incidence and late onset of tum ours we have now  reached a point - 

at tw elve generations - where the m odel can be m anipulated. The original aim  of this 

thesis - to determ ine the feasibility of developing such a m odel - has been fulfilled. 

W ith fu rther m anipu lation , either genetic or epigenetic, an ethical, re liable an d  

reproducible m odel which develops tum ours w ithin a reasonable period  m ay be 

ach iev ed .
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An inbred colony of oncogene transgenic mice: diversity of tumours and 
potential as a therapeutic model
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Summary Transgenic mice carrying the activated rat c-neu oncogene under transcriptional control of the 
MMTV promoter were backcrossed to BALB/c mice, with the aim of developing a model for cancer therapy. 
A total of 86  of 268 transgene-positive mice in the first five generations developed 93 histologically diverse 
tumours (median age of onset 18 months). The cumulative incidence of breast tumours at 24 months was 18%, 
and overall tumour incidence 31%. As well as expected c-neu expressing breast cancers, lymphomas and 
Harderian gland carcinomas developed. Virgin mice had fewer mammary tumours than those with two litters. 
Breast carcinomas metastasised to the lungs, and lymphomas were widely disseminated. The tumours showed 
a range of architectural patterns, which resembled human breast cancers or lymphomas. This diversity was 
reflected in S-phase fraction and aneuploidy. Breast tumours transplanted to nude mice showed variable 
responses to interferon (IFN)-a and 7 . A tumour transplanted to BALB/c mice responded to interleukin 
(IL)-12. There was significant decline in transgene positivity with successive generations. The diversity, 
histological and biological resemblance to human cancer suggests that the model has potential for evaluating 
novel therapies. However, further genetic and environmental manipulations are required to increase tumour 
incidence and decrease age of onset.

Keywords: oncogene; transgenic mice; cytokines; murine cancer models

Existing murine tumour models have a number of disadvan
tages that limit their usefulness in the investigation of cancer 
therapy, particularly cytokine therapy. Some syngeneic 
tumours are immunogenic and when treated with cytokines 
an allograft response may predominate. Transplantable 
tumours are often derived from cell lines and produce rapidly 
growing tumours that are a model for poorly differentiated 
or anaplastic tumours. Such tumours are not analogous to 
those human malignancies that respond to cytokines and also 
may not develop the complex host-tum our relationship of 
slow growing tumours. Similar disadvantages apply to 
models of métastasés. Human tumour xenografts growing in 
nude mice are obviously inappropriate for studying any 
cytokine that may act via the host immune system. Conse
quently, there is a need for a murine tumour system that 
more closely resembles human cancer, is metastatic and arises 
in an immunocompetent animal. A model that also reflects 
the diversity of growth patterns encountered in human car
cinomas, and uses an oncogene implicated in a particular 
cancer, would have further advantages.

Human c -erb B -2 , the human equivalent of the rodent neu  
oncogene, was found to be amplified in 30% of 189 primary 
human breast cancers (Slamon e t  a l., 1987). This 
amplification had greater predictive value in lymph node
positive disease than existing prognostic factors. In both 
invasive, and certain types of in situ  carcinoma, a high 
cytological grade was associated with up-regulation of this 
gene. In particular, comedo-type ductal carcinoma was a 
histological type of tumour more frequently associated with 
C-erbB-2  amplification (Van de Vijver e t a l., 1988). This gene 
is therefore an appropriate candidate in a model tumour 
system. There are two well-characterised transgenic mouse 
models of mammary cancer that possess the activated neu  
oncogene under control of the MMTV-promoter (Muller e t  
a l., 1988; Bouchard e t a l., 1989). In the model of Muller e t  
a l., tumours arise synchronously in all mice, involve the 
entire gland and are polyclonal in origin. In the neu  trans

genic mice developed by Bouchard e t  a l., tumours are 
monoclonal and appear later, in a stochastic pattern, in 
approximately 30-50% of mated female mice (Bouchard e t  
a l., 1989). Because of its closer resemblance to the biology of 
human disease, we have used the latter model to establish a 
colony of inbred mice. In this paper we describe the range of 
tumours, their morphology, biological diversity, metastatic 
pattern and growth characteristics. We compare these 
features with the similar data available on c-erôB-2-positive 
human mammary carcinoma. To enable a preliminary assess
ment of the potential of these mice as a model for cancer 
therapy, we have established eight tumours from the colony 
in nude mice or transgene-negative mice and treated these 
with a range of cytokines.

Materials and methods

M ic e

Three male founder mice on a C57B1/6 x C3H background 
were obtained from Professor Paul Jolicoeur. These had been 
generated by microinjecting a 8.2 kb S'acII-^coRI chimeric 
DNA fragment containing the activated rat c-neu  cDNA 
under transcriptional control of the MMTV long terminal 
repeat (LTR) (Bouchard e t a l ,  1989). One-cell embryos were 
collected, microinjected and transferred into pseudopregnant 
CD-I females (Hogan e t a l ,  1986). Transgene-positive female 
mice have now been backcrossed onto inbred BALB/c males 
for eight generations. Inbred BALB/c mice were obtained 
from ICRF breeding unit, Clare Hall, South Mimms, Hert
fordshire. All mice studied were housed in the specified 
pathogen-free unit at Clare Hall from birth until tumour 
development or death from other causes. Female nu/nu mice 
of mixed genetic background were obtained from the ICRF 
breeding unit and maintained in negative pressure isolators. 
Tumours were implanted in mice aged 6 -8  weeks.
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S creen in g  a n d  co lon y

Screening for the transgene was established initially using 
Southern hybridisation analysis of tail DNA using a neu-
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specific 4.6 kb probe which has the H in ( / \U -S a l \  digest from 
the microinjected DNA fragment. This did not hybridise to 
tailsnip DNA from transgene negative C57 B1 6 and BALB c 
mice. Once back-checking had been performed, slot-blotting 
was established using 10 ng of DNA per slot and the 4.6 kb 
probe, labelled with In the first six generations positive 
females were placed 'at risk’ of tumour development by 
mating them against BALB c mice for two litters.

H isto p a th o h g y

M orpholog ica l analysis The animals were inspected for 
general condition and tumours at least twice a week. If the 
animals became unwell, or tumours ulcerated or approached 
2 cm in diameter, they were sacrificed and a post mortem 
examination performed. In most cases only one tumour was 
evident at this point. Tumour tissue, lungs, liver and spleen 
were fixed in neutral buffered formalin (NBF) and embedded 
in parafhn wax. Parallel samples were also snap frozen.

Im nninohistochem isiry  Sections were immunostained with 
an antibody to human c-cr/>B-2 (1:50 dilution) (Dakopatts, 
Denmark) and in the case of lymphomas, the murine T B 
lineage antibodies to a ^TCR( 1:1000 dilution) (Pharmingen, 
USA), B220( 1:300 dilution) (Pharmingen, USA), Surface 
Ig( 1:25 dilution) (Sigma, USA) and Thy 1.2(1:100 dilution) 
(Becton-Dickinson, USA). These antibodies were employed 
in conjunction with a standard streptavidin biotin technique. 
A brown reaction product was obtained using a peroxidase 
substrate [diaminobenzidine, phosphate-buffered saline (PBS) 
0.3% hydrogen peroxide]. All antibodies except Thy 1.2 
worked well and appropriately on formalin-fixed material 
after prior microwaving of the sections. For microwaving the 
unstained sections were immersed in 0.01 M sodium citrate 
buffer solution at pH 6 in which they were microwaved at 
700 W for 10 min with rapid cooling by running water 
thereafter to avoid deleterious drying. The antibody to Thy 
1.2 worked without microwaving sections. All histopathology 
assessment was performed by a consultant pathologist with 
an interest in breast cancer (AMH). A human mammary 
carcinoma known to be positive for human c-er6B-2 was 
used as a positive control for the c-c/6B-2 antibody. Mouse 
lymph node and tonsillar tissue, in which there are distinct 
patterns of T and B lymphocyte localisation, acted as both 
positive and negative controls for the murine T and B lineage 
markers.

Tumour grow th  an d  flow  cy to m etr ic  analysis Flow cytometry 
was performed on nuclear suspensions prepared from 
formalin-fixed paraffin-embedded sections as described else
where (Camplejohn ct a l., 1989). Three 50 pm paraffin sec
tions were dewaxed and rehydrated through a series of 
alcohols into double distilled water. Nuclei were extracted by 
the addition of pepsin (5 mg ml“') at 37°C for 30 min at pH 
1.5. Following filtration through a 35 mm pore size nylon 
filter and incubation with 250 mg ml"' of propidium iodide, 
the samples were analysed using a Becton-Dickinson FACS 
Analyser powered by a mercury arc lamp. Approximately 10’ 
particles were scanned to construct a DNA histogram. The 
DNA index was calculated by relating DNA content of the 
aneuploid Gq/Gi peak to that for the diploid Go G, peak. 
The S-phase fraction (SPF) for the diploid tumours was 
measured using the method of Baisch et al. (1975). The 
number of cells in S-phase was calculated from a rectangle 
fitted between the peak channels of the Go G, and Gi/M 
peaks. For the DNA aneuploid histogram the percentage of 
aneuploid S-phase cells as a percentage of total aneuploid 
cells was estimated in a similar way (Camplejohn et al., 
1 9 8 9 ) .

C y to k m e  th erapy  As a result of the incompletely defined 
mode of action of most cytokines and the apparent lack of a 
dose-response relationship in many studies, both clinical and 
animal studies have attempted to define the optimal mode of 
administration and regimen. A comparison of̂  the toxicity of

anti-cancer agents in mouse, rat, hamster, dog, monkey and 
man was devised based on a formula in which surface area to 
volume ratios between species were taken into account 
(Freireich et a i ,  1966). Using Freireich’s formula we have 
used a dose of 5x10^ U per animal per day of both rh 
interferon (IFN)-a A D hybrid and rat IFN-y, equivalent to 
a dose of 11 x 10'’ U per day in a human. In each case the 
mice were injected with 0.05 ml of tumour on day 0 and 
treatment with control diluent or cytokines commenced on 
day 7, and continued for 42 days, or less if the animal was 
unwell. FN-a A D hybrid was the kind gift of Dr Michael 
Brunda, Hoffmann La Roche, New Jersey USA. Recom
binant rat IFN-y was the kind gift of Roussel UCLAF, 
Romainville, France. Recombinant murine interleukin (ID- 
12 was the kind gift of Dr Brunda and was used at a dose of 
1 fig per animal per day.

R e s u l t s

O vera ll tum our incidence in tran.sgene-positive anim als

A total of 86  of 268 female mice in these first five generations 
developed 93 histologically diverse tumours over a period of 
25 months. Of these 83 arose in tissues known to express the 
transgene. Fifty-three breast carcinomas, 24 Harderian gland 
tumours, six lymphomas and five vascular tumours developed 
as well as five of less common histological types. The median 
age of tumour development was 18 months. At 24 months 
the cumulative incidence of breast tumours was 18%, with an 
incidence of 34% for all tumour types. The development of 
the three major tumour types in this colony is shown in 
Figure 1 and Table 1. Four mice developed two different 
histological tumour types simultaneously. Consequently 
tumour incidence is based on number of mice succumbing as 
a result of tumours and not on numbers of tumours.

Tumour incidetu e in .successive generations

Analysis of the second, third and fourth generation showed a 
slight decline in the median age of tumour development 
(17,15 and 15 months respectively). The proportion of 
tumours that were of mammary origin remained the same.

Change in trattsgene p o s itiv ity  with successive getteration

A total of 738 female mice were bred onto a BALB c back
ground in the first seven generations, of which 391 were 
transgene positive. There was a gradual and significant dec
line in the proportion of transgene-positive females born with 
each successive generation (Figure 2). This observation was 
originally based on slot-blot results but was confirmed by 
Southern blotting. The difference between the generations

P' 14
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Figure 1 A g e a t  o n s e t o f  th re e  m a jo r  tu m o u r  ty p e s  in  c o lo n y . 
, m a m m a ry ; d ]  , H a r d e r ia n  g la n d ; ! ■  , ly m p h o m a .
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gave a value of 9.097, with 2 degrees of freedom (d.f.), 
P — 0.01. Looking for a trend, given that the proportion 
appeared to be declining, the test for trend value was 
-/' -  20.6, d.f. = 1, f*<0.001. This suggests that there is not 
only a difference between the generations but this difference 
is occurring in a particular direction. The transgene was 
transmitted normally when homozygous matings were estab
lished and litter number and offspring viability of the 
homozygous mice was the same as in heterozygotes. How
ever, in the heterozygous matings there were fewer transgene- 
positive offspring than expected with successive generations 
and sometimes whole litters were transgene negative.

Infiucnce o f  litte r  num ber on tum our developm ent

The influence of litter number on tumour development was 
studied in the fourth generation. Virgin mice developed fewer 
mammary tumours, those mice mated only once developed 
no mammary tumours whereas those mated two or more 
times had a higher incidence of tumours overall (Figure 3). 
There was an overall difference between the groups in rela
tion to litter number, ( f  = 0.003 by Fisher’s exact test). 
Comparing the incidence of mammary tumours between the 
groups is also statistically significant ( f  = 0.006, Fisher’s 
exact test). It appears that the risk of a mammary tumour 
development is not increased by further litters.

P atholog ica l description  o f  tum ours

M am tnary carcinom as Of the 93 tumours, 53 were mam
mary (57%). Phenotypically they were characterised by a 
subcutaneous tumour in an otherwise well animal. The age at 
onset ranged from 10 to 25 months, with a median of 15 
months. These tumours all shared high-grade cytomor- 
phology with a high degree of mitotic activity and pleomor- 
phism. No definite in situ  carcinoma was seen. The architec
tural pattern showed a range of appearances with the follow
ing types of growth pattern merging one with another and 
sometimes co-existing in the same tumour. These patterns 
were generally as follows;
( 1) Tumours showing islands of interlocking large cells with 

areas of necrosis, characteristic of the classical comedo- 
type tumours described by Bouchard et al. (1989) in the 
founder mice and associated with c-erhB -2  positivity. 
Unlike human comedo carcinoma, characterised by a 
large cell ductal carcinoma in situ  with central necrosis, 
the tumours were not confined to ducts (Figure 4a).

(2) Solid tumours in which sheets and well-defined islands of 
tumour were present but no large areas of necrosis.

(3) Tumours which were completely or partly (micro) papil
lary in nature. Though a minor component of four of the 
tumours, in a further eight tumours this was the

predominant growth pattern (Figure 4b). Pure tumours 
of this type consisted of numerous duct-like structures, in 
which the malignant epithelium contained therein was 
thrown into small papillae. The number of these struc
tures considerably exceeded the number of ducts nor
mally expected and it was deduced that the appearances 
represented invasive disease. In two tumours some of the 
papillary growth pattern was contained within a cystic 
space thus architecturally (but not cytologically) mimick
ing human intracystic papillary carcinoma.

(4) In one tumour a spindle cell epithelial element was seen 
evolving from more typical solid-type carcinoma in keep
ing with a so-called ‘metaplastic’ carcinoma. A further 
tumour was entirely of metaplastic type.

None of the tumours showed a significant host 
inflammatory response and all of the tumours stained 
positively with an antibody to human c-erhB -2. Though this 
was occasionally patchy and included much diffuse cytoplas
mic staining, convincing appropriate membrane staining was 
demonstrated in all 53 tumours.

Twenty-three of the 53 (43%) mammary tumours metas
tasised to lung (an example is shown in Figure 4c). Lymph 
node deposits were sometimes seen near the primary site and 
carcinoma cells were also seen in the liver sinusoids and the 
spleen. No métastasés were recorded in bone. However these 
were sought by sectioning spinal cord in 20 of the mice. In 
humans, the more sensitive technique of bone scintigraphy 
would normally be used. Of the spectrum of pathology, the 
micropapillary histological pattern appeared most likely to 
metastasise to lung, with an incidence of 11 16 (69%) as 
compared with 12/37(32%) of the non-papillary tumours 
( f  = 0.003, Fisher’s exact test).

H arderian g lan d  carcinom as The Harderian gland is a 
modified sebaceous gland found deep in the orbit of animals 
with a nictitating membrane. Twenty-four Harderian gland 
carcinomas were seen, being diagnosed mainly on the basis of 
a protruberant eye and the presence of fluid and solid 
tumour behind the eye at post-mortem. Age of onset ranged 
from 11 to 25 months with median being 18 months. In four 
cases lung métastasés were found on pathological assessment, 
although no primary was noted post-mortem. Histologically 
these tumours were papillary in pattern and resembled the 
more poorly differentiated end of the spectrum found to 
occur naturally (see Figure 4d). There was a higher propor
tion of these tumours in virgin mice than in mated mice. 
Sixty per cent of Harderian gland carcinomas metastasised to 
lung. Métastasés did not appear to correlate with the grade 
of the primary tumour. Indeed, in one case, the primary
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tumour had the appearance of an adenoma but métastasés in 
the lungs were consistent with a malignant Harderian gland 
carcinoma. There was a statistically significant difference 
(T = 0.003) between the proportion of Harderian gland 
tumours metastasising to lung in mated mice as compared 
with the proportion arising in virgin mice (Table II). All the 
24 Harderian gland tumours stained positively for c-erhB -2.

L ym phom as Six malignant lymphoid tumours arose in the 
transgenic mice under observation in this colony. All were

disseminated at post mortem examination. Microscopically 
the spleen, liver and lungs were diffusely infiltrated. One 
lymphoma appeared to arise in the calvarium and subse
quently disseminated into the brain and systemically. In 
other cases lymphoma was found to be infiltrating the spine, 
lung, large intestine and skin. The age at onset ranged from 4 
to 21 months, with a median of 17.5 months. In one case the 
tumour had the morphology of an immunoblastic lymphoma 
with lymphoplasmacytoid features, while the rest manifested 
as a lymphoblastic lymphoma acute lymphoblastic leukaemia

a

« a w
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Figure 4  H is to lo g y  o f  tu m o u r s  in tra n sg e n c -p o s i tiv e  fem ales  (a) C o m e d o - ty p e  m a m m a ry  tu m o u r ,  n . a re a  o f  n ec ro s is , (b) 
P a p il la ry - ty p e  m a m m a ry  tu m o u r ,  (c) L u n g  m e ta s ta s is  (m ) f ro m  m a m m a ry  c a rc in o m a , (d) H a r d e r ia n  g la n d  c a rc in o m a , (e) 
L y m p h o b la s to id  ly m p h o m a , (f) A n g io s a rc o m a , a r ro w s  m a rk  b lo o d  vessels .
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(Figure 4e). All six lymphomas demonstrated a B-cell 
phenotype using the four murine antibodies against a p TCR, 
Thy 1.2, surface IgG and B220. They also stained positively 
with the antibody to c-erhB-2.

Vascular tumours In five mice vascular tumours were seen, 
of which three were undoubted angiosarcomas (Figure 4f) 
and the other two suggestive of angiosarcoma. These 
tumours were present in a variety of sites and were evident 
macroscopically as very vascular, with obvious blood-hlled 
spaces. One involved the spleen, another was attached to a 
pedicle arising from the bladder base and another appeared 
to derive from subcutaneous tissue overlying the neck. In two 
mice tumour was found in the spleen as well as another site. 
Two arose in conjunction with Harderian gland carcinomas. 
None of these stained positively with an antibody to c-erhB-2.

Others In total there were live other tumours. One meta
plastic carcinoma of uncertain site of origin, one spindle cell 
sarcoma, not otherwise specified, one tumour resembling a 
papillary mesothelioma morphologically and two adenocar
cinomas in which the lung appeared to be the primary site. 
None of these tumours stained positively with an antibody to 
C-erhB-2.

S-phase fraction analysis

In order to confirm the subjective impression of diversity in 
this model, both within and between tumour subcategories, 
we have examined their proliferative rate using S-phase frac
tion. Thirteen primary mammary tumours were examined 
and 11 found to exhibit a wide range of S-phase fraction 
(range 5.6-11.9, median 9.0). In two other mammary 
tumours there were two clones of tumour preventing analysis 
of the S-phase fraction of the diflerent aneuploid peaks. One 
of the 13 mammary tumours was diploid and 12 were aneup
loid. Analysis of both aneuploidy and S-phase fraction was 
possible in 9 of the 13 tumours and these data are shown in 
Figure 5. Two primary lymphomas were also examined and 
the S-phase fraction values were 6.1 and 13.9.

Tran.splantation o f  tumours into BA LB ic mice

Three attempts at tumour transplantation from second and 
third generation mice into other mice of the colony failed. 
However, one tumour from the fourth generation, which 
arose in a 13-month-old female mouse, has been successfully 
passaged. The tumour arose over the left shoulder in the 
mammary line and there were no other abnormalities at 
post-mortem examination. Injected into the flank of two 
offspring, it became established after about 16 weeks and was 
then passaged into other mice from the same litters. By 
passage 3 it was found to grow readily in ordinary BALB c 
mice. Histologically this was a mammary tumour with a

comedo-type pattern and extensive areas of necrosis. No 
métastasés have been seen at post mortem examination to 
date. This tumour has been further passaged successfully and 
has been used in preliminary cytokine therapy experiments as 
described below.

IL -I2 therapy o f  tran.splanted tumour

Aliquots of 0.05 ml of this murine mammary carcinoma were 
injected into two groups of eight female BALB/c mice on day 
0. Injection with control diluent or rmIL-12 daily was com
menced on day 7, for a total period of 42 days. The cytokine 
appeared to be well tolerated. Tumours grew in all control- 
injected mice, but only six of eight lL-12 injected mice. 
Median survival of the control and treated groups was 32 
and 70 days respectively. (Log-rank survival, f  = 0.01 ) 
Two IL-12-injected mice were still alive with no evidence of 
tumour some 233 days later (Figure 6 ).

Interferon sensitivity o f  tumours transplanted into nude mice 
further demonstrates biological diversity

Seven of seven mammary tumours were successfully trans
planted and passaged in nude mice. We have examined the 
anti-tumour activity of two interferons in these transplants. 
Interferon-a A D hybrid, a recombinant human hybrid 
molecule with strong activity on murine cells (Rehberg et a i .  
1982) was used because it is more readily available than 
purified murine I FN-a. The other cytokine used, recombinant 
rat IFN-y, also has cross-species specificity. Figure 7 shows 
the percentage change in survival of IFN-treated mice com
pared with a group of control diluent-treated mice. The 
animals were killed when the tumour size reached 2 cm, or 
on the basis of factors such as poor health of the animal. In
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each group seven or eight anitnals were assessable and 
median survival for the group calculated.

There was a marked diversity between different tutuours in 
their sensitivity to the individual interferons and their com
bination. With one exception, all the cytokine-treated 
animals survived longer (but not always statistically so) than 
control diluent treated. I FN-a treatment caused a significant 
increase in survival in two of seven different tumour lines 
(/̂  -  0.003), IFN-y in three of seven (F' — 0.02, f  -  0.003, 
P = 0.001) and 1 FN-a y combinations in three of seven 
( P - 0.001 or f  -  0.003). Three of the tumours failed to 
respond significantly to either IFN or their combination. 
Two of the tumours responded significantly to both I FN-a 
and y, and in only one case did the combination of these 
work in the absence of a response to the individual cytokine.

D i s c u s s i o n

The rationale for this study was to develop a model for use 
in preclinical assessment of cancer therapy, in particular 
cytokine therapy. An unexpectedly diverse range of tumour 
types and biological behaviours has been observed. The 
founder mice were reported to develop poorly differentiated 
metastatic adenocarcinomas of the breast at 7-14 months of 
age in a stochastic and asynchronous fashion (Bouchard e/ 
al., 1989). As these mice have been backcrossed onto a 
BALB/c background for eight successive generations, the 
tumour incidence has been lower and the tumour types have 
been more varied and have arisen later than in the founder 
mice (Thomas and Balkwill, 1994). This may be the result of 
the BALB c background, but may also have been affected by 
differences in animal husbandry, diet, endemic infection and 
relative crowding of the animals in the two colonies. In this 
particular model tumours arise after a number of genetic 
events and all the above factors may contribute.

One notable observation was the decline in transgene 
positivity with successive generations. Any explanation for 
this is likely to be complex. It may be that the transgene is 
not inherited or expressed as a result of the abnormal ‘state’ 
of the oncogene in these mice. As a result it may not be 
feasible to maintain a reproducible and stable model using a 
colony of transgenic mice. This potential drawback for the 
assessment of therapy could be overcome by homozygous 
matings. This is our current strategy now that the colony has 
reached the eleventh generation. Another option may be to 
use a different inbred mouse, such as FVB, which is more 
suitable for microinjection of DNA, and is more amenable to 
tumour development. There is no apparent change in the

expression or structure of the transgene being transmitted on 
the basis of Southern analysis with three different enzymes. 
Similarly protein expression has not altered on the basis of 
immunohistochemical analysis of transgene-positive tumours 
from different generations. The change in transgene transmis
sion may be explained by a disadvantage to the heterozygous 
mice that results in death in uiero.

Of the two mammary tumour transgenic models involving 
MMTV-activated neu, the tumours described by Bouchard et 
al. (1989) bore a greater histological resemblance to human 
mammary tumours than those described by Muller et al.
(1988). We have seen this characteristic morphology in 35 of 
the 47 mammary tumours. This bears some resemblance to 
the histological pattern seen in large-cell or comedo-type 
DCIS in humans, a histological type of tumour associated 
with c-cr/iB-2 amplification (Bartkova et al., 1990). Features 
of papillary carcinoma, present to varying degrees in twelve 
of the tumours, are also consistent with findings in humans 
and associated with c-erhB-2 positivity. The close similarities 
between the grade and cytopathology of murine mammary 
cancer associated with c-neu and the human disease assoc
iated with c-efhB-2, is in contrast with those seen in other 
mammary tumours in oncogene transgenic mice (Halter et 
al., 1992; Cardiff et al., 1993).

The resemblance to human tumours also extends to many 
of the non-mammary tumours arising in the colony. Lym
phomas have previously been described in mice transgenic for 
the normal human c-erhB-2 oncogene (Suda et al., 1990). 
These lymphomas were predominantly B cell in origin. All 
the lymphomas in our colony stained positively with the 
antibody to c-erhB-2 and were B cell in origin, suggesting 
that they were related to expression of the transgene. There 
were five angiosarcomas arising at a number of different sites 
that did not express the transgene. In the mouse angiosar
comas usually arise in the spleen, liver and subcutaneous 
tissues, although they account for fewer than 3% of spon
taneously arising tumours (Smith and Pilgrim, 1971). 
Angiosarcomas tend to be locally invasive and may metas
tasise to the lungs. This suggests these tumours may not be 
related to transgene expression, although the incidence is 
rather high, angiosarcomas being rare in BALB c mice.

Neoplasms of the Harderian gland form a spectrum and 
the vast majority arising spontaneously in BALB c mice 
tumours are categorised as adenomas. A few progress to 
adenocarcinomas and metastasise to lung, although the 
incidence of métastasés may be increased by exposure to a 
number of mutagens and chemicals (Della Porta et al., 1963; 
Fry et al., 1975; Vesselinovitch et al., 1975). In our 
experience Harderian gland carcinomas frequently metas
tasised to lung in mice that had two litters, but not in virgin 
mice. This did not appear to correlate with the grade of the 
primary tumour, which is comparable with the behaviour of 
spontaneously arising carcinomas. The Harderian gland car
cinomas stained positive for c-erhB-2.

The incidence of mammary tumours arising spontaneously 
in BALB c mice kept in germ-free conditions varies widely in 
different studies. They appear to have a relatively low 
incidence of spontaneous mammary tumours (up to 5% in 
retired breeding females) (Foster et al., 1982). Other sources 
suggest up to 3% in breeding females and 1% in virgin mice 
(Smith and Pilgrim, 1971; Kalra et a i ,  1993) during the 
normal lifespan of the mouse. The incidence of spontaneous 
lymphomas in BALB c mice kept in germ-free conditions is 
less than 3% but again the overexpression of neu suggests 
that the transgene is involved. The median S-phase fraction 
value for murine mammary carcinomas arising in this colony 
is similar to that of human mammary carcinomas (9.0% in 
these tumours; 9.6% in humans) (Camplejohn et al., 1995). A 
higher proportion of the murine tumours were aneuploid 
than in many human series ( 11/12  in this study as compared 
with 18/29 human tumours in Kalra et al. (1993)) but this is 
entirely consistent with the poor differentiation of these 
tumours, and characteristic of their neu positivity.

The unactivated neu oncogene has been reported to be 
associated with the development of mammary tumours that
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metastasise to lung in older transgenic mice (Guy e t a l., 1992) 
but the activated gene has been linked with aggressive 
primary tumours with a relatively low incidence of metastasis 
(Muller e t a l., 1988; Bouchard e t  a l., 1989). In our model, in 
tumours approaching the 2 cm diameter limit, the incidence 
of métastasés approached 70%, being similar to that seen 
with the unactivated neu  oncogene and making this a useful 
model for the study of metastasis. This is most likely a 
consequence of the BALB/c genetic background and the fact 
that tumours arise later in this model in comparison with the 
founder mice of Bouchard e t  al. (1989).

Our findings with this colony have not been described by 
others working with mice transgenic for activated c-neu. 
Indeed the spectrum of tumours more closely resembles that 
described by Suda e t al. (1990) in mice with the unactivated 
c -e rb ^ -2  oncogene and that seen with MMTV-Ha-ra^ 
(Cardiff e t a i ,  1993). The c-neu  proto-oncogene (rat 
homologue of the human c -erb B -2  oncogene) is a membrane- 
bound 185 kDa receptor molecule with tyrosine kinase 
activity. It shares partial homology with the epidermal 
growth factor receptor and its role in mammary cancer has 
been extensively investigated (Slamon e t a i ,  1987). In a 
chemically transformed neuroblastoma cell line, rat c-neu  is 
activated by a point mutation, which results in a single 
amino-acid substitution (valine to glutamic acid) in the trans
membrane domain of the protein (Bargmann e t a i ,  1986a). 
The mutant neu  gene, but not the normal neu  gene, can 
transform NIH3T3 cells (Bargmann e t  a l., 19866). Substitu
tion of the corresponding amino acid in human c-erbB -2  
protein would require two mutations in the gene. The human 
C -erbB-2  gene can transform the fibroblasts by overexpression 
(Di Fiore e t  a l., 1987). Overexpression of c-erbB -2  and not 
activation is found in human adenocarcinomas, particularly 
breast and stomach cancers (Yokota e t a i ,  1986; Van der 
Vijver e t a i ,  1987).

The breast tumours arising in the colony grew readily in 
nude mice and such transplants were used in preliminary 
cytokine therapy experiments. The aim of these experiments 
was to develop treatment schedules that could be translated 
to spontaneously arising tumours at a later date; to assess the

inherent cytokine sensitivity of these tumours and to assess 
the inter-tumour variation in response. In general IFN 
therapy had a modest beneficial effect on survival but the 
response was not dramatic and only two complete regressions 
were recorded in over 150 treated tumours. Three of the 
tumour lines failed to respond significantly to either IFN or 
their combination. This lack of response is similar to the 
human experience with these cytokines in solid tumours 
(Sparano and O’Boyle, 1992). The diversity of response of 
individual tumours is again analogous to results obtained in 
clinical trials with several cytokines (Gutterman, 1994).

Recombinant murine IL-12 has been tested against a 
number of murine tumour models (Brunda e t a i ,  1993) and 
shown to have potent in vivo  anti-tumour and anti-metastatic 
effects. The preliminary results were encouraging and cer
tainly warrant further investigation. IL-12 would seem to be 
the most suitable candidate for treatment of spontaneous 
tumours in this model.

To date there has been limited use of transgenic mice for 
preclinical assessment of cancer therapy. One of the few 
studies involved the use of chemotherapy in hybrid trans
genic mice (Dexter e t a l., 1993). However the histopathology 
of the tumours was not comparable with that seen in 
humans.

In summary, this model, which demonstrates a histological 
and biological convergence of human and murine mammary 
cancer, has potential for evaluating the spectrum of cancer 
therapies and as such is highly relevant to the assessment of 
novel therapies for c-gr6B-2-positive breast cancer. However 
further manipulations, such as dietary change, hormonal 
therapy or administration of mild carcinogens, are required 
to increase the incidence, and decrease the age of onset, of 
tumours in the colony.
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Introduction

In the past fifteen years transgenic technology has 
been used to study immunity, development, gene 
regulation and pathogenesis. Although the use of 
transgenic mice as models for therapy and preclin
ical screening of new agents has been theoretically 
possible, this area has been slow to expand. Onco
gene transgenic mice develop heritable tumours in 
a diverse range of tissue types, which exhibit repro
ducible patterns of growth and development. They 
are therefore likely to provide insight not only into 
pathogenesis, but also treatment, of human malig
nancy. In this article we examine the use of onco
gene transgenic mice for experimental cancer treat
ment. We discuss their advantages and pitfalls and 
give examples of their use and future applications.

Murine tumour models have long been a signif
icant component in the development of cancer ther
apies. However the use of animal models remains a 
relatively expensive part of that process and as such 
has been restricted [1]. Existing mouse tumour 
models have various complementary features but 
none is an ideal model of human cancer. Human tu
mour xenografts involve a human tumour within 
murine stroma in a mouse which does not have T 
cells [2]. Thus the influence of both T-cells and syn
geneic tumour-stroma interactions cannot be stud
ied. Murine syngeneic models involve rapidly grow
ing tumours which are sometimes highly immuno
genic. These tumours are often anaplastic and

therefore not a good model for the slow-growing 
well-differentiated human tumours. In addition, 
rapidly growing models may not develop the com
plex tumour/stroma relationships which are target
ed by many novel therapies. Transplantable tu
mours have often been derived from cell lines se
lected for high viability in vitro, and thus may be 
more resistant to apoptosis than their in vivo coun
terparts. Metastatic models also involve tumour cell 
lines which localise with reliable frequency to par
ticular sites, and may have been selected for proper
ties which are not necessarily representative of 
metastatic human tumours. Consequently there is a 
need for a spontaneous and metastatic tumour 
model in immunocompetent mice. Oncogene trans
genic mice may offer a suitable model. Table 1 sum
marises the ideal characteristics of an oncogene 
transgenic mouse model of spontaneous cancer.

Experience with transgenic models to date

A wide range of transgenic mouse models of malig
nancy express an oncogene and develop spontane
ous tumours of various histological types [3,4]. As 
they have been used in dissecting the role of cellular 
and viral oncogenes in the development of cancer 
they also have potential in cancer drug discovery in 
treatment [5]. MMTV-Ha-roj transgenic mice have 
been used to investigate the influence of dietary fat 
on mammary tumourigenesis [6]. Female transgen
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ic mice were fed diets providing 0,5 or 25% of calo
ries from corn oil (CO). The mammary tumour in
cidence was 7% (0% CO), 36% (5% CO) and 52% 
(25% CO), and in mammary tumours in the latter 
group mRNA levels for ras were increased. One 
component of CO, Apolipoprotein E, may be a link 
between dietary fat and tumour promotion in these 
mice. Its synthesis is influenced by dietary fat and it 
can alter cellular growth and differentiation by al
tering the interaction between growth factors and 
cell matrix glycoproteins [7-9].

Another potential use of transgenic mice is to as
sess different immunotherapy strategies. In the de
velopment of T-cell therapy, Hu et al. [10] generated 
transgenic mice which expressed low levels of 
Friend murine leukaemia virus envelope protein in 
lymphoid cells under the control of an immunoglo
bulin promoter. This protein has been shown to 
serve as an efficient tumor-specific rejection anti
gen in B6 mice. The transgenic mice were tolerant 
to the virus envelope protein, whereas envelope 
specific T-cells transferred from immunised non- 
transgenic B6 mice mediated complete eradication 
of the tumour cells [10]. Their results suggest that 
these and analogous strains of mice may be useful in 
elucidating principles for the generation and ther
apeutic use of tumour-reactive T cells specific for 
tumour-associated antigens.

Another transgenic mouse system which has 
been used to test anticancer drugs is the wap-raj 
transgenic mouse [11]. Line 69 wap-ras transgenic 
mice have an activated human c-Ha-ras gene on 
their Y chromosome. Adult males develop salivary 
and/or mammary adenocarcinomas and both tu
mour types express high levels of human ras onco
protein. One subline has been created by selective 
inbreeding which develops multiple mammary tu
mours at puberty. This has been used for testing 
chemotherapeutic regimes designed to interfere 
with processes occurring early in tumourigenesis, 
before palpable tumour presentation. Tumour sen
sitivity has also been tested in adult males with pal
pable mammary and salivary tumours [11].

Female transgenic mice carrying the V-Ha-Ras 
transgene under the control of the MMTV promo
ter, develop mammary carcinomas, and have been 
treated with selected cancer chemotherapy agents.

Agents were given intraperitoneally on a daily 
schedule for 9 days once the mice had developed 
tumours 50-100 mg in size. Doxorubicin produced 
significant responses, with several tumours under
going shrinkage. Two novel anthrapyrazoles were 
as effective as doxorubicin and showed more activ
ity than mitoxantrone, a synthetic agent with similar 
properties. As would be predicted, Cisplatinum 
only caused modest antitumour responses [12]. A 
quantitative analysis of the tumour growth curve 
showed a dose response relationship for each drug 
tested. Thus this model may have a role in identify
ing drugs with efficacy for breast cancer in women.

Importance of genetic background

It is well documented that genetic background 
modulates tumour susceptibility. Studies with Ep- 
myc transgenes illustrate that the kinetics and tu
mour type can be influenced as well as tumour sus
ceptibility. On a C57 Bl/6, SJL or BALB/c back
ground E|j,-myc transgenes provoked B lymphoid 
tumours almost exclusively, but seven of eight foun
der C3H/HeJ transgenic mice developed T lympho
mas [13]. Thus tumour histology is unlikely to be an 
effect of the transgene alone. They also showed that 
the stromal environment may influence tumour 
phenotype [13]. The effect of genetic background is 
also seen with transgenic mice harbouring the SV40 
large T antigen gene in a C57B1/6J genetic back
ground. In this model the level of transgene RNA 
expression is considerably higher than in mice har
bouring the same transgene on an FI genetic back
ground. In the FI hybrids there is a dominant nega
tive effect on SV40 large T antigen expression. The

Table 1. Characteristics of the ideal oncogene transgenic model 
for cancer therapy

• Easily diagnosed/monitored tumour -  ideally superficial
• Histological resemblance to equivalent human tumour
• Himours arise at suitable point in life-span for therapy to be 

given
• Inbred model ideally -  possibility of immunotherapy and 

transplantation
• High incidence of tumours in transgene positive mice
• Tbmours should metastasise
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choroid plexus papillomas appear later with less 
frequency and animals survive longer [14].

Advantages of transgenic mice as a model of cancer 
therapy

The major advantage of this model is a closer re
semblance to the biological mechanisms of the hu
man disease (see Table 2). Non- or weakly-immu
nogenic tumours arise spontaneously and stochasti
cally in immunocompetent mice. This provides a 
better parallel for the development of human ma
lignancy and makes it more likely that métastasés 
will arise via the same mechanisms as in human can
cer. This is of potential value in preclinical studies of 
therapy, adjuvant or maintenance, and chemopro
phylaxis. These mice are also predisposed to viral

Table 2. Advantages and disadvantages of oncogene transgenic
mouse models

Advantages
• Non-immunogenic tumours arise in immunocompetent mice
• Spontaneous tumours arise in a stochastic fashion
• Many tumours resemble human tumours histologically
• Métastasés more likely to resemble the human process
• Broad range of tumours can be studied
• Ihmours are biologically diverse
• Mice can be used for therapy, chemoprophylaxis and carcino

gen screening
• In inbred model, tumours can also be transplanted for experi

mental therapeutics

Disadvantages

• Wastage of mice.
• Screening for transgene may be labour-intensive.
• Experimental therapeutics may necessitate a macroscopically 

visible tumour, ideally with a long natural history.
• Tbmours may develop too early or too late for experimental 

therapeutics.
• An inbred strain is needed for cytokine/immunotherapy ex

periments.
• The cytokine may induce the promoter, altering transgene ex

pression artificially.
• Integration site of the transgene has an uncertain effect on the 

genome of the animal.
• The genetic background of the mouse will affect tumour type 

and, maybe, response.

and chemical carcinogenesis and should be of value 
in tests of putative carcinogens.

A broad and increasing range of tumours can be 
studied. Our experience (see below) would suggest 
that these tumours are biologically diverse, like hu
man tumours, both between and within individual 
mice and transgenic strains.

Disadvantages of transgenic mice as a model of 
cancer therapy

The main disadvantage of this model is the wastage 
of mice (see Table 1). Many tumours arise only in 
one sex. Furthermore heterozygous breeding is 
usually necessary, meaning that only one quarter of 
the mice born can be used. In most cases attempts to 
breed homozygous mice have been largely unsuc
cessful, the animals often develop tumours which 
are rapidly progressive at an early age. The mice 
may also be prone to development of other disor
ders limiting their usefulness in therapeutic experi
ments.

In most models, only a proportion of transgene 
positive mice will develop tumours. With most 
transgenes some founder mice show no biological 
effect from the presence of the transgene and up to 
a third may be mosaic for the transgene. On entry 
into the experiment animals from the same litter 
must be allocated randomly between groups to re
duce bias. The incidence and natural history of tu
mour development must be carefully documented 
in each group. This entails greater space than many 
current animal experiments require.

In many transgenic models, tumours or hyperpla
sias (especially mammary) may be pregnancy-de
pendent, regressing when the animal is no longer 
pregnant or lactating. In addition some tumours are 
unlikely to develop in virgin females. Breeding 
either involves geometric expansion of the colony 
or further wastage of mice. Screening for the trans
gene makes the model labour-intensive and expen
sive. The time taken to develop a tumour is depend
ent on the promoter, transgene and strain and needs 
to be considered when embarking on therapy ex
periments.

Where transgenic mice are to be used to test ther
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apies which function by modulating the immune 
system, such as cytokines, a homogeneous genetic 
background of inbred strains is important. The con
tribution of different H2 haplotypes may influence 
results. A genetically inbred colony is necessary and 
this entails either micro injection of eggs from in- 
bred animals or backcrossing offspring from an FI 
hybrid founder for several generations. In practice 
it is often difficult to generate isogenic transgenic 
mice. The eggs from inbred strains are technically 
more difficult to microinject than the hybrid strains. 
Inbred mice also tend to have smaller litters, mak
ing the establishment of such a colony more prob
lematic. Backcrossing takes a number of genera
tions (ideally twenty) to obtain an inbred back
ground.

The degree and distribution of transgene over
expression in transgenic animals may stack the odds 
against a therapeutic modality being effective, as 
constitutive expression of the transgene, which may 
be an important early event in the development of a 
tumour, must be overcome. Another potential 
problem is the integration site of the transgene and 
its uncertain effect on the genome of the animal. 
Different lines of the same transgenic animal can 
behave differently, not only in respect of tumour 
natural history but also in terms of lifespan and via
bility.

Many tumours in oncogene transgenic mice, for 
example solid gastrointestinal tract or haematolog- 
ical neoplasms, can only be diagnosed by the gener
al condition of the animal. By this point the animal 
is usually too unwell to be recruited to a therapeutic 
experiment. Hence experiments are likely to be 
limited to superficial, slowly developing tumours 
unless some non-invasive method of cancer detec
tion can be developed.

Many of these difficulties have been encountered 
by companies developing transgenic mice for use in 
molecular biology and cancer research, and the 
market has proved disappointing. The Harvard ‘on- 
comouse’ was patented in 1988, and licensed exclu
sively to Du Pont for commercial development. It 
has now been conceded by Massachusetts Institute 
of Technology that, if the primary use of the mouse 
is basic research, a patent application is not justified 
[15]. The NIH has decided to estabhsh a repository

to accept and distribute transgenic mice at cost for 
the sake of furthering basic biomedical research, 
thereby buttressing existing commerical facilities. 
Currently the most promising commerical use is by 
environmental protection agencies who are using 
these mice to assess possible carcinogens. The ideal 
oncogene transgenic model would thus encompass 
the characteristics outlined in Table 1.

Experience with c-neu transgenic mice

We have developed a colony of transgenic mice car
rying the activated rat c-neu oncogene under the 
transcriptional control of the MMTV promoter. 
The founder mice were obtained from Prof Paul 
Jolicoeur and were reported to develop comedo- 
type metastatic breast tumours in a stochastic and 
asynchronous fashion at 7-14 months of age [16]. 
These mice have been bred onto a BALB/c back
ground for nine successive generations.

Although initial studies reported a tumour inci
dence of over 40% at 7 months, once the mice were 
crossed to BALB/c the tumour incidence was only 
31.4% in mated female mice at 25 months with a 
median age of onset of 18 months (Thomas et al., 
manuscript submitted). The tumours were morph
ologically and biologically diverse with a variety of 
metastatic patterns and histological features. In lat
er generations a higher proportion of non-mam
mary tumours arose including lymphomas. Lym
phomas have previously been noted in other mice 
with the neu oncogene [17] but not in this founder 
colony. Eight of the tumours were transplanted and 
successfully passaged in nude mice or BALB/c 
mice. These showed a spectrum of cytokine sensi
tivity in therapeutic experiments. The diversity, 
histologic and biologic resemblance to human can
cer, and cytokine responsiveness suggests that the 
model has potential for evaluating novel therapies. 
However, further genetic or environmental manip
ulations are required to increase the incidence of 
mammary tumours and decrease the age of tumour 
onset.
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Conclusion

Oncogene transgenic models have potential in as
sessing conventional and novel cancer therapies. 
However, these spontaneous models have a num
ber of scientific and economic limitations. We be
lieve they are unlikely to replace existing models for 
the foreseeable future, but that they may be com
plementary.
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