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Abstract. Malignant mesothelioma (MM) is an aggressive,
uniformly fatal serosal tumour, usually associated with
asbestos exposure, for which there currently is no effective
treatment. In order to gain insight into the mechanism(s)
whereby MM might escape immune surveillance, a murine
model for MM was used (a) to characterise the tumour-
infiltrating lymphocytes (TIL) and macrophages (TIM)
phenotypically, (b) to examine systemic immune recogni-
tion of MM, and (c) to examine the possible influence of
tumour-derived cytokines on systemic and local pathobio-
logical manifestations of MM. A profound down-regulation
of lymphocyte surface markers, known to be involved in T
cell activation, was found in TIL. Likewise, although TIM
were present in large numbers, their expression of MHC
class IT antigen and integrins was weak or absent, sugges-
tive of altered functional activity. Significant amounts of
cytokines, in particular transforming growth factor B, in-
terleukin-6 (IL-6), IL-1 and tumour necrosis factor were
produced during the course of MM tumour development —
directly by the MM cells and/or indirectly in response to
tumour growth. These factors may contribute both to de-
rangement of antitumour effector mechanisms and to the
clinical and pathological manifestations of the disease.
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Introduction

Malignant mesothelioma (MM) is an aggressive, uniformly
fatal serosal tumour, usually associated with asbestos ex-
posure. MM is unresponsive to conventional therapy, in-
cluding surgery, chemo- and radiotherapy [36], and im-
munotherapy, attempted on a small-scale trial basis, has so
far shown modest results [12]. A prerequisite for develop-
ment of more effective treatment-protocols will be a better
understanding of the basic immunobiology of MM.

Several reports have considered mononuclear cell
(MNC) infiltration in tumours to be a sign of good prog-
nosis [45], while others have affirmed the contrary (re-
viewed in [23]). A frequent observation has been that the
infiltrating MINC are rarely in close contact with tumour
cells, but rather tend to congregate in fibrous tracts separ-
ating strands or islands of tumour cells, thus, casting doubts
on their direct functional involvement in antitumour ac-
tivities [23, 32]. Likewise, the role of tumour-infiltrating
macrophages (TIM) remains controversial, with both pro-
and antitumour activities being described in various cancers
[19]. Studies in a number of animal tumour-models have
also clearly indicated that there need not be a direct cor-
relation between the immune response or the effector cells
in the periphery and in the solid tumour mass [21]. A con-
sensus view of the abundant literature on tumour-infiltrat-
ing lymphocytes (TIL) and TIM in various cancers, both in
humans and in experimental animal models, suggests that
no conclusions should be drawn on a comparative basis,
and that each tumour type will require individual char-
acterisation.

Only a few selective descriptions of TIL in MM have
been reported [22]. Likewise, there is still a relative paucity
of knowledge of other aspects of mesothelioma im-
munobiology, including cytokine or growth factor require-
ments and production, expression of cell-surface markers
on tumour cells and the immune responses elicited.

In order to overcome the logistic and ethical constraints
inherent in using material from human patients for such
studies, we have established a murine model of MM [13],
the relevance of which is based on the fact that it closely
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parallels the human disease in a number of important as-
pects including (a) the inducing agent (asbestos), (b) a long
latency but rapid late clinical tumour development, (c)
clinical behaviour, (d) growth factor biology, and (e) certain
preliminary immunobiological features (MHC expression,
natural killer cell insensitivity, lymphokine-activated killer
cell sensitivity and partial responsiveness to interferon o
therapy) [5, 12, 18, 32].

The aims of the present studies were to further the im-
munobiological characterisation of MM in the murine
model and specifically (a) to characterise the tumour-in-
filtrating leucocytes phenotypically, (b) to examine cyto-
kine production during tumour development as a possible
contributor to the pathobiological manifestations of MM,
and (c) to examine systemic immune recognition of MM.
Our results demonstrate that, despite immune recognition
of the tumours, the malignant cells may escape effector
mechanisms by adversely affecting lymphocytes and mac-
rophages in the local tumour microenvironment, as well as
systemically. This effect may be, at least in part, due to
transforming growth factor B (TGFB) production by the
tumour cells.

Materials and methods

Animals. BALB/c (H-2d) and CBA/CAH (H-2¥) mice (specific-pa-
thogen-free, female, 6-8 weeks old) were obtained from the Animal
Resources Centre (Murdoch, Western Australia) and maintained under
standard conditions in the University Department of Medicine animal
holding area. All animal experimental procedures were approved by
the UWA Animal Welfare Committee, and followed the NH&MRC
Recommendations for Experiments in Animals.

Antibodies. The following monoclonal antibodies (mAb) to murine
antigens were used for analysis of surface antigen expression, T cell
stimulation, and/or as blocking Ab in cytokine bioassays: RM2.1, rat
anti-CD2 [49], 145-2C11, hamster anti-CD3e [29], KT3.2, rat anti-
CD3, GKL1.5, rat anti-CD4, 53.6.72, rat anti-CD8, 121.1.1, rat anti-
CD18, the B chain of LFA-1, M1/70, rat anti-CD11b, F4/80, rat anti-
macrophage (all hybridomas from the American Type Culture Col-
lection, ATCC, Rockville, Maryland), 53.7.3, rat anti-CD5 (Boehringer
Mannheim, Castle Hill, NSW, Australia), Lyt2, rat anti-CD8 (Becton-
Dickinson, Mountain View, Calif.), B3B4, rat anti-CD23 [39], 7D4, rat
anti-CD25 (European Type Culture Collection), M5/114, rat anti-Ia
(Boehringer Mannheim, catalogue no. 1199293), 11B11, rat anti-IL-4
(ATCC), S4B6, rat anti-(interleukin-2) (IL-2), and XMG1.2, rat anti-
(interferon ) [11], 6B4, rat anti-IL-6 [44], SXC1 and SXC4, rat anti-
IL-10 [35]. The MHC-class-I and -I-specific mAb have been de-
scribed previously [13]. Where no commercial supplier is mentioned
the antibodies were purified from hybridomacultures propagated in
serum-free medium by ammonium sulphate precipitation followed by
extensive dialysis. Secondary reagents comprised biotinylated rabbit
anti-(rat Ig) and streptavidin/horseradish peroxidase from Dako a/s
(Glostrup, Denmark), and fluorescein-isothiocyanate(FITC)-con-
jugated goat anti-(rat Ig) and anti-(mouse Ig) from Tago Inc. (Bur-
lingame, Calif.).

Reagents. Recombinant cytokines for use as standards in cytokine
bioassays comprised recombinant murine interferon ¥ (rmIFNYy; Gen-
zyme), recombinant human IL-B1 (thIL-B1), rhIL-6 and recombinant
human tumour necrosis factor oo (thTNFo) (Boehringer-Mannheim),
and thTGFB1 (Genzyme). Phytohemagglutinin was purchased from
Wellcome (Dartford, Kent, UK), concanavalin A from Pharmacia

(Uppsala, Sweden). Lipopolysaccharide, diaminobenzidine, methyl"

green, hydrogen peroxide, DNase and hyaluronidase were purchased

from Sigma (Castle Hill, N.S.W.), and OCT compound was from
Bayer. Collagenase was obtained from Boehringer Mannheim, and
Ficoll/Hypaque and Percoll were purchased from Pharmacia (North
Ryde, N.S.W.). Heparin was purchased from David Bull Labs.
(Melbourne, Victoria, Australia), and micro-blood tubes (Microtainer)
were from Becton-Dickinson.

Tumour cell lines. Murine mesothelioma cell lines were established
from malignant cells in peritoneal effusions arising 7-14 months after
injection of sterile asbestos fibres into the peritoneal cavity of BALB/c
and CBA/CAH female mice [13]. Their basic characterisation, in-
cluding cytology, ultrastructure, tumourigenicity and MHC antigen
profile, has been previously described in detail [13]. Of the 16 original
cell lines, 4 were used in this study: AB1 and AB22 (BALB/c-derived),
and AC29 and AC31 (CBA-derived). The cell lines were maintained in
Dulbecco’s minimal essential medium (Gibco, Glen Waverley, Vic.)
supplemented with 20 mM HEPES, 50 i M 2-mercaptoethanol, 10 uU/
1 penicillin (Glaxo Australia, Boronia, N.S.W.), 50 mg/l gentamicin
(David Bull Labs), and 5% fetal bovine serum (FBS; Gibco). For
animal inoculations, cells from fewer than 20 in vitro passages were
used in all cases except for line AB1 (passage levels 71-85).

Tumour challenge protocol and pathology studies. Single-cell sus-
pensions in pyrogen-free saline (Astra) were inoculated at indicated
cell doses, either s.c. or i.p. into syngeneic mice. Mice were observed
daily, and killed when s.c. tumours reached a diameter of 1 cm or, in
the case of i.p. inoculated mice, their clinical status had deteriorated
significantly (see Results for further detail). Anaesthetized animals
were bled by cardiac puncture immediately before euthanasia, and the
serum was stored at —85° C until tested. A post-mortem examination
was conducted on all animals and tissues collected for further pro-
cessing: (a) cell procurement for in vitro studies, (b) tumour embed-
ding in OCT for cryosectioning (stored at —85°C), (c) fixation of se-
lected tissues in 4% buffered formaldehyde for histopathological ex-
amination. Routine preparation of tissues for histology was performed
by the Department of Pathology, UWA.

Lymphocyte procurement and in vitro functional assays. Single-cell
suspensions were made from lymph nodes and spleens by teasing,
followed by several sequences of washing in ice-cold phosphate-buf-
fered saline (PBS) with 5% FBS. Spleen cells were subsequently spun
over Ficoll/Hypaque to remove erythrocytes and dead cells. Tumour-
infiltrating leucocytes were procured by digesting excised tumours for
3—4 h at room temperature in a mixture of collagenase (2 mg/ml),
hyaluronidase (5 U/ml) and DNase (0.2 mg/ml) in RPMI medium/5%
FBS, followed by filtration through sterile gauze and centrifugation on
a discontinuous Percoll gradient (adapted from [4]). TIL were enriched
in the 65%/75% interphase and in the pellet to a purity above 65% and
95% respectively, and these cell fractions were either pooled or used
separately.

Proliferative responses to and cytokine induction by mitogens were
assessed by incubating triplicate cultures of 1x105 MNC/well in 150 pl
RPMI medium/5% FBS in 96-well round-bottomed microculture
plates (Nunc, Roskilde, Denmark) without or with various doses of
phytohaemagglutinin or concanavalin A. After 48 h incubation at
37°C, 5% COz in air, 100 pl culture medium was removed from
each well and stored at —85° C. The cultures were replenished with
50 p! fresh medium and incubated for a further 24 h. During the last 8 h
cultures were pulsed with 1 uCi [3H]dT (Amersham, Castle Hill,
N.S.W.) and frozen/thawed once; the DNA was harvested onto glass
filter-paper using a PHD cell harvester (Cambridge Tech. Inc., Water-
town, Mass., USA), and thymidine incorporation measured by liquid
scintillation. In the case of TIL, cells were stimulated with either
phytohaemagglutinin or plate-bound mAb 145-2C11, in the presence
of IL-2 and irradiated (30 Gy), syngeneic or allogeneic, spleen feeder
cells.

Procurement of peritoneal macrophages and induction of cytokine/
production. The peritoneal cavities of normal or tumour-bearing mice
were washed out with ice-cold Mg2+/Ca?+-free PBS containing 50 U/ml
heparin. In the case of mice with i.p. tumours red blood cell contam-
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Table 1. Clinical and post-mortem features of mice with abdominal mesothelioma (MM)

MM tumour Clinical presentation

Post-mortem features

cell line

AB22 Cachexia (but not anorexia until mor- 300 pl-1.0 ml blood-tinted ascites. Usually a single large (>1.5 cm diameter) well-
ibund); diarrhoea; complete depletion of vascularized tumour mass centrally in mesenterium, often with evidence of haemorrhage
body fat stores. Subcutaneous haemor- (haematoma). Minimal connective-tissue formation. Necrosis variable. Grossly apparent
rhages easily induced liver damage, in some some cases frank necrosis. Thymus atrophy (often > 90% reduction)

AC29 Progressive (over 24-96 h) loss of 3-6.5 ml blood-tinted ascites. Nodular tumour growth throughout mesenterium with
vigour/activity/grooming ending in particularly prominent growth around pancreas and the mesenteric lymph nodes. Con-
frank depression and a moribund state. siderable connective-tissue component and low-moderate vascularization. Widespread
Minimal to moderate loss of body necrosis, independent of tumour size. Occasional intestinal obstruction and penetration by
weight. Progressive abdominal disten- tumour mass. “Fleshy” plaque-like tumour growth on diaphragm. Focal to widespread
sion coalescing areas of liver necrosis. Thymus and spleen atrophy (50% —90%)

AC31 Per-acute to acute development of As for AC29

symptoms described for AC29

The latency period from tumour cell inoculation to first signs of disease was strictly dependent on both the tumour cell line used and the challenge
dose. However, when clinical signs appeared the course was independent of the initial challenge dose

ination was removed by Ficoll separation. Following several washes in
ice-cold medium the cells were seeded in flat-bottomed 96-well tissue-
culture plates (Nunc) at a cell density adjusted to approximately 2x 105
macrophages/well, and incubated overnight. Non-adherent cells were
removed with several changes of cold PBS and the adherent cells
(above 98% pure as assessed by non-specific esterase staining [4])
reincubated in 150 pl/well RPMI medium/5% FBS without or with the
following stimuli: 100 U/ml rmIFNy, 10 pg/ml lipopolysaccharide or
both. Following a 48-h incubation the culture supernatants were col-
lected and stored at —-85° C until tested for cytokine activities. The
final cell density per well was determined by counting non-specific-
esterase-positive cells, and the cytokine data were adjusted accordingly
to allow comparisons to be made between experimental days.

Cytofluorometric analysis. Binding of murine sera to surface compo-
nents on tumour cells was assessed by flow cytometry according to a
previously described protocol [13]. TIL, spleen and lymph node cells
were analysed for cell-surface antigens with the above-listed rat mAb
and secondary FITC conjugate according to a previously described
protocol [17]. Cells were stored overnight at 4° C in the dark before
analysis on a FACScan flow cytometer (Becton Dickinson).

Immunocytochemistry. Serial cryosections (10 um) collected on poly-
L-lysine-coated, precleaned slides were fixed in 20% acetone in PBS/
0.5% bovine serum albumin [3] following removal of OCT, and im-
munolabelled in a triple-layer protocol using mAb and biotin/strepta-
vidin- conjugates listed above. All incubations were at room temper-
ature: 1 h with primary Ab, and 0.5 h with each of the conjugates, with
3 5-min washes in TRIS-buffered saline in between. Incubation with
diaminobenzidine/H20z substrate was for 5-10 min at room temper-
ature, followed by counterstaining with methyl green and mounting in
DPX. Usually at least two sections from each tumour were labelled for
each CD marker, and tumours were randomised with respect both to
the labelling procedure and to the final assessment. For each section
five representative 40x objective fields were selected and all posi-
tively labelled cells counted. Areas with extensive necrosis were ex-
cluded as were areas compromised by artefactual (processing-related)
distortion of tissue structure. All mAb were initially titrated on normal
lymphoid tissues and any changes in labelling intensity of TIL and
TIM were judged in relation to that of cells in spleen or thymus.

Cytokine bioassays. Stored MM, MNC and macrophage culture su-
pernatants, sera and cell-free ascitic fluids were assayed for cytokine
bioactivities by previously published methods, using the recombinant
protein standards listed above, or, in the case of IL-3/granulocyte/
macrophage-colony-sstimulating factor(GM-CSF), conditioned med-
ium from constitutively producing cytokines producing cells (WEHI-
3B) [26]. Briefly, IL-1 was assayed using D10.G4.1 cells [25] in a
cofactor-dependent stimulation assay. IL-6 was assayed as described

[17] using the factor-dependent B9 cell line. This cell line is reportedly
also responsive to IL-11 [9]; however, blocking studies using the mAb
6B4 or goat anti-mIL-6 (British Biotech. Prod. Ltd.) showed that the
activities detected in our samples were indeed due to IL-6 (data not
shown). GM-CSF/IL-3 activity and IFNy were detected using FD5/12
and WEHI-279 cell lines respectively, and protocols described by
Kelso [26]. TNFo was assayed using 1.929 cells as described [20], and
TGFB was detected by the CCL64 growth-inhibition assay [18]. The
sensitivity of the various bioassays was, in our hands, as follows: IL-1,
0.5 pg/ml or 0.025 U/ml; IL-3/GM-CSF, 0.1 U/ml; IL-6, 0.03 U/ml;
IFNy, 0.02 U/ml; TNFo and TGFp, 50 pg/ml.

Delayed-type hypersensitivity (DTH) reactivity. To assess whether a
hypersensitivity recall reaction to MM in previously exposed animals
could be elicited, 1105 MM cells in 25 pl pyrogen-free saline were
inoculated into the right hind footpad of either naive animals or mice
previously inoculated i.p. or s.c. with 1x106 irradiated (150 Gy) but
viable MM cells. The left footpad received saline only. The thickness
of the footpads was measured, using calipers, before and every 612 h
over a 96-h period following injections.

Analysis for TGFB mRNA by polymerase chain reaction (PCR) and
Southern blotting. A detailed description of primers and PCR condi-
tions has been given elsewhere [18]. Briefly, total RNA extracted from
cryosectioned tumours or tumour cells grown in vitro was reverse-
transcribed into cDNA using random primers and avian myeloblastosis
virus reverse transcriptase, and amplified by PCR using TGFB1- and
TGFB2-specific primer pairs. Amplification was limited to 27 cycles to
remain within the logarithmic phase and co-amplified B-actin was used
in each tube as an internal control. The resulting products were se-
parated on a 2% agarose gel and transferred to nylon membranes. The
membranes were hybridized with biotinylated TGFf1- and -B2-spe-
cific probes and the binding visualized using streptavidin-peroxidase-
coupled luminol-based enhanced chemiluminescence [18].

Results

Clinical and pathological features of subcutaneous and
intraperitoneal murine MM

Animals inoculated subcutaneously with 1x106 MM cells
developed palpable tumour growth within 6-21 days, and
for most tumour cell lines all inoculated mice developed
palpable tumours within a few days of each other; the ex-
ception was line AB1, where only 80% of animals develop
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Fig. 1 a—c. Microphotographs of liver pathology in murine malignant
mesothelioma (i.p. growth). a Normal murine liver; b liver changes in
AB22-tumour-bearing mice consisting in vacuolation and swelling of
hepatocytes; ¢ liver changes in AC29/AC31-bearing mice consisting in
focal coagulation necrosis, here accompanied by infiltration of mono-
nuclear leucocytes. Bars = 108 um

tumours [13]. Clinically the mice remained apparently
normal, and only in the case of AB22- and AC3l-in-
oculated mice were minor histopathological changes found
in internal organs, restricted to slight vacuolation and
swelling of hepatocytes and minimal infiltration of MNC
and polymorphonuclear cells (PMN) in liver triads; thymus
and other lymphoid organs appeared histologically normal
(data not shown).

In contrast, mice receiving i.p. inoculations of MM cells
developed clinical symptoms reflecting systemic as well as

local effects of tumour growth. The onset of symptoms was
typically sudden and led to death within 12-96 h. In the
case of AC29 and AC31 tumour challenges, mice presented
with progressive abdominal swelling, rough coat, dehy-
dration and inactivity progressing to a moribund state and
death. AB22-inoculated mice presented with cachexia,
usually leading to a 25% loss of body weight in 3—4 days,
diarrhoea and rough coat, but only relatively late in the
tumour development did they become anorexic, dehydrated
and listless (Table 1).

Gross and histopathological findings for i.p. tumours are
summarised in Table 1. Histologically, all four tumours
presented as mixed-type MM [32]. Necrotic foci were
characterized by lack of an inflammatory response in the
surrounding intact tissue, but frequently a massive PMN
infiltration within the boundaries of the necrotic foci.
Characteristically, tracts of necrotic tissue would occur
15-20 cell layers under the surface of AC29 and AC31
tumours, or in apparently well-vascularized parts of AB22
tumours. Haemorrhage and haematoma formation were
also prominent features of AB22 tumours.

Tumour infiltration/seeding in other organs was rare,
except that in most cases tumour growth had disrupted the
gross structure of the pancreas, but interfered minimally
with the histological appearance of the glandular acini or
pancreatic islands. The most prominent extratumour chan-
ges were found in the thymus and liver. The former was
usually completely depleted of cortical thymocytes, and the
medulla, although structurally distinguishable, was notice-
ably depleted of lymphocytes. In AB22-inoculated mice the
liver changes consisted of significant vacuolation and
swelling of hepatocytes, in milder cases in a zonal distri-
bution around the central vein, but in many cases uniformly
throughout the organ (Fig. 1b). In AC29- and AC31-in-
oculated mice focal acute coagulation necrosis was wide-
spread in the liver, in most cases without an accompanying
inflammatory response although, in a few more protracted
cases, MNC infiltration surrounding the necrotic areas
featured prominently (Fig. 1c). Degenerative changes in
other organs were usually only seen when tumour growth
directly obstructed the organ, such as the ureters or in-
testines. Lymph nodes contained no or only few germinal
centres as did the spleen.

In situ phenotyping of TIL and TIM

Examination of serial sections of tumours immunolabelled
for a range of CD markers revealed a number of notable
features. The predominant leucocyte was the macrophage,
which in both subcutaneous and i.p. AC29 tumours con-
stituted up to 40%—-50% of all nucleated cells. Of these only
a subpopulation expressed detectable MHC class II and
CD11b/CD18 antigens (Fig. 2). This positive subpopulation
tended to locate near small vessels or in connective tissue
tracts, whereas F4/80+ cells were found throughout the
tumour (Fig. 3a). No or exceedingly few B cells were found
and the CD4:CDS ratio appeared to vary between tumour
lines (Fig. 2). However, the most remarkable finding was
that the CD3 expression was apparently down-regulated, as
suggested by two features: (a) the total number of CD5+, or
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Fig. 2. In situ phenotyping of tumour-infiltrating lymphocytes (TILY/tumour-infiltrating macrophages (TIM) in subcutaneously and intraperitoneally
growing malignant mesothelioma (MM) tumours in mice. The data shown represent mean numbers = SEM of 15-36 animals per tumour type and
inoculation route
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Fig. 3 a—d. Photomicrographs of immunocytochemically labelled cells: a F4/80+ cells (i.e., macrophages), b CD3+ T cells, ¢ CD4+ T cells, and d

CD8+ T cells in murine AC29 MM tumours. Bars = 272 Uum
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Fig. 4 a~c. Phenotypic profile of TIL, isolated from subcutaneous (a)
AC29 and (¢) AB22 mesotheliomas, compared with spleen and lymph
node T cells (b, ¢), as determined by flow cytometry. TIL in () Percoll
pellet and (II) in 65%/75% interphase. Spleen (/II) and lymph node
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Fig. 5 a—d. Phenotypic profile of spleen (a, b) and lymph node (¢, d)
cells isolated from mice during intraperitoneal AC29 MM tumour
development, as determined by flow cytometry. Tumour growth be-
came apparent, upon post-mortem examination, on days 8-11, and the

CD4+ plus CD8, cells exceeded the number of CD3+ cells,
and (b) a gradual decrease in labelling intensity of CD3+
cells occurred both over time during tumour development
(not shown) and within larger tumours from the periphery
to the centre of the tumours. This phenomenon was parti-
cularly apparent in AB1, AC29 and AC31 tumours
(Fig. 3b), and less apparent in AB22 tumours, which also
contained relatively more CD3+ cells (Fig. 2). By mRNA
analysis it was found that CD3e and CDS mRNA expres-
sion remained relatively constant, whereas CD38 mRNA
levels decreased progressively during tumour develop-
ment [24].
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first clinical signs were noted on day 13 after inoculation. On day 18
the remaining mice were all in a poor condition, although not yet
moribund. The data represent means T SEM of 4-6 animals for each
assay time

Leucocyte procurement and in vitro activities during
tumour development

Repeated attempts were made to induce in vitro growth of
purified TIL from ABI, AB22, AC29 and other MM tu-
mours not described here. Examples of the phenotypic
profile of TIL preparations more than 80% pure, from
subcutaneous AB22 and AC29, tumours are shown in
Fig. 4. However, despite a relative enrichment for CD2+/
CD3+ cells, as compared to the in situ frequency (Figs. 2,
3), they appeared unable to proliferate in response to
phytohaemagglutinin, solid-phase anti-CD3& mAb, IL-2 or
autologous tumour cells (all in the presence of syngeneic
spleen feeder cells). Only when stimulated with allogeneic
spleen cells plus IL-2 plus LAK cell-conditioned medium
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Fig. 6a, b. Proliferative response to mitogens of (a) spleen and (b)
lymph node cells retrieved from animals with intraperitoneally devel-
oping AC29 MM tumours (same animals as in Fig. 5). The data are
representative for the responses seen to a range of mitogen concentra-
tions and, in the case of spleen cells, are mean radioactivities (cpm)
=+ SEM of 4-6 animals at each asssay time, and, in the case of lymph
node cells, radioactivities (cpm) of pooled cells from 4—-6 mice

did a small fraction (less than 1:35 000) of cells proliferate
and they could, following limiting-dilution cell cloning, be
maintained for 5-8 weeks under those culture conditions.
However, these clones, whether of the CD4 or CD8 phe-
notype, lacked tumour-antigen specificity as assessed in
cytotoxicity, proliferation and cytokine-production assays
(data not shown).

Whereas s.c. growth of the AB1 and AB22 MM cell
lines caused an increase in total spleen cell numbers (two-
to sevenfold), s.c. growth of AC29 and AC31, as well as

Table 2. Phenotypic profile of peritoneal cells from mice with in-
traperitoneal AC29 MM tumour growth

Time after Total cells Percentage of cells positive for:

tumour retrieved
challenge  (x 10-6) NSE CD3 CDb4 CD8 MHC i
(days) class IT
control (0) 1.49 73.1 5.0 3.0 1.6 58.8
+0.19 +56 +03 £01 £03 06
1 1.85 71.3 33 3.6 <1 49.6
+0.18 £29 £03 %06 +0.6
4 2.05 75.0 6.4 5.0 1.3 ND
+0.33 +27 +18 £22 03
8 2.39 76.2 7.9 4.5 1.5 44.7
+0.26 06 X153 03 +£03 *41
11 2.85 80.2 6.7 4.6 <1 27.8
+0.64 +22 £18 X07 +31
15 8.20 71.2 8.6 6.9 24 23.6
+0.67 +6.1 +i14 10 £12 £438
>21 4.40¢ 76.70 191 11.7 4.7 27.5

t1.15 +33 =12 +26 +08 =£3.1

Other cells in the preparations that did not immunolabel included
polymorphonuclear neutrophils (PMN), mast cells, basophils and
tumour cells. NSE, non-specific esterase

2 All MHC-class-II-positive cells were judged, by morphological
criteria, to be macrophages

b Determined by immunolabelling for CD11b, which may occur on
both macrophages and PMN

¢ At this point in tumour development, poor viability of peritoneal
leucocytes was a consistent finding

i.p. growth of AB22, AC29 and AC31 MM tumours caused
a notable decrease (15%—85%). Intraperitoneal growth of
AB22 also caused a progressive loss of peripheral lymph
node cells, whereas only minor variations were seen in
animals with AC29 tumours (Fig. 5, and data not shown).
Phenotypic analysis of spleen cells from animals with i.p.
AC29 tumours, sampled over an 18-day postinoculation
period, demonstrated a progressive down-regulation of all
lymphocyte markers and/or a loss of marker-positive spleen
cells. In contrast, increases or no change occurred in the
Iymph node cells during the same period, except for an
early disappearance of CD11b+ cells and a generalised loss
of surface-marker expression on day 18, when the animals
were in a clinically poor condition (Fig. 5). These changes
were accompanied by changes in the mitogen responsive-
ness (Fig. 6), characterised by an initial increase followed
by a return to control levels or a depressed response. The
changes were most marked in lymph node cells and with
respect to the concanavalin A response (Fig. 6). A similar
response pattern was seen when the mitogen-induced IL-3/
GM-CSF, IFNy and IL-6 production were assessed (data not
shown). In additional experiments it was repeatedly found
that lymphocytes isolated from peripheral lymphoid organs
of animals terminated in extremis were devoid of mitogen
responsiveness, proliferation or cytokine production, or that
the mitogen optimum had shifted (data not shown). No
MM-tumour-cell-specific response (proliferative or cyto-
toxic) was detected in spleen or lymph node cells freshly
isolated from tumour-bearing or tumour-immunised mice
(data not shown).



Table 3. Cytokine production by peritoneal macrophages from mice
with abdominal AC2% MM-growth
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Table 4. Features of representative murine malignant mesothelioma
models

Time after IL-6 (U/ml) IL-1 (U/ml)

tumour in response to: in response to:
inocula- - -
don Nil LPS IFNy LPS+ Nil LPS IENy LPS+
0 58 759 225 2392 313 322 149 3504
*£25 430 10 *6.6 *+15 +13 £35 24
1 514 117 599 188 352 539 262 1242
+20 *+55 +84 X18 £52 +43 89 £44
4 602 164 189 3597 804 561 172 1999
+36 +69 *65 184 *18 £22 25 £76
8 344 113 16.1 438.1 276 397 2211 2448
+12 37 £30 £95 £88 +73 78 £23
11 333 156 742 1494 166 302 350 4223
+23 8 +51 £531 £83 £99 +15 X124
15 501 1573 341 2032 90.1 448 727 2904

1268 802 +161 +814 =32 251 +41 =755

Bioactivity released into the culture medium during 48 h incubation of
2x105 macrophages without stimulus or with lipopolysaccharide
(LPS; 10 ng/ml), recombinant murine interferon y (IFNy;, 100 U/ml)
or their combination. Results are means + SEM of 3-5 animals per
assay time

In animals with 1.p. growth of AC29 MM tumours the
number of peritoneal macrophages and lymphocytes in-
creased significantly (macrophages up to 3.6-fold, lym-
phocytes up to 14-fold). Notably, however, MHC class 1I
antigen expression by peritoneal macrophages decreased
during tumour development, whereas the CD4:CD8 ratio
remained in the range of 2:1 to 4:1, regardless of the in-
crease in total peritoneal lymphocyte numbers (Table 2).
Similar findings were made in animals with AB22 and
AC31 MM tumours (data not shown). Peritoneal macro-
phages, procured from mice during the development of
intraperitoneal AC29 tumours, were assessed functionally
with respect to cytokine production. As shown in Table 3,
spontaneous and lipopolysaccharide-inducible [L.-6 release
increased during tumour development, culminating in re-
lease of large amounts on day 15 after challenge, when also
the first clinical signs of MM were apparent (not shown).
Macrophages from the last sampling time, day 18 after
inoculation when the animals were in extremis, adhered
poorly and could therefore not be assayed. Some less
consistent increases over time of IL-1 production were also
observed (Table 3). No or only marginal levels of TNFx
were detected in the macrophage culture fluids at any time
after tumour challenge (not shown).

Immunorecognition of MM

Since it was not possible to demonstrate MM-specific T cell
proliferation or cytotoxicity in vitro, in vivo evidence of
tumour-specific immunorecognition was sought instead.
Two approaches were taken: (a) using flow cytometry, sera
from tumour-immunised [31] and/or tumour-cell-chal-
lenged mice were examined for MM-specific antibodies. A

Feature Tumour cell line
AB AB22 AC29 AC31
Strain derivation BALB/c BALB/c CBA CBA

MHC class I expression ~ H-2d H-2d H-2k H-2k

(100%)  (100%) (95%) (97%)
MHC class 1I expression:
Constitutive inducible -/~ —/— —/* —/—
Tumorigenicity (%)
Subcutaneous 80 100 100 100
Intraperitoneal Variable 100 100 100
Protection after ++ - - -
immunisation
Enhanced tumorigenesis - + - +
after immunisation
DTH response + - - ND
Antibody response ++4+ + 4+ ND
TIM infiltration: F4/80+  +++ +++ ot ++
Class II MHC+ + + + +
TIL infiltration
CD3+ + A+t + +
CD4+ ++ +++ ++ +
CDg+ ++ +++ + +
PMN infiltration - +++ - -
Tumour cell production
of cytokines
IL-6 * ++++ - ot
TGFp + + aans s
GM-CSF/L-3 - - - -
1L-1 - - - -
TNFa - - - -

IL, interleukin; TGF, transforming growth factor; GM-CSF, granulo-
cyte/macrophage-colony-stimulating factor; TNE, tumour necrosis
factor

specific antibody response with typical kinetics developed
following subcutaneous MM cell inoculation (data not
shown); however, it has as yet not been possible to confirm
this finding by Western blotting or enzyme-linked im-
munosorbent assay, using MM cell-membrane preparations,
possibly because of destruction of the epitope(s) during
membrane preparation. Of the three MM lines examined
only ABI induced a detectable, specific DTH response.

Cytokine production during MM development in vivo

The clinical as well as pathological findings suggested that
factors other than, or in addition to, the tumour bulk per se
contributed to the characteristic manifestations. In addition,
the in situ phenotypic features of TIL and TIM suggested
down-regulating signals received from the tumour micro-
environment. The changes in peripheral lymphoid organs,
detectable prior to visible tumour growth or clinical
symptoms, likewise suggested the influence of systemic
mediators. In related studies several of the murine MM cell
lines have been found to produce high levels of TGFB and/
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Fig. 7. Levels of bioactive interleukin-6 (/L-6), IL-1, and tumour
necrosis factor o (TNFo) in sera and ascites from animals with
intraperitoneally growing AC29 MM tumours

or IL-6 in vitro, but no IL-1, TNFo, IL-3/GM-CSF or CSF-
1 (summarised in Table 4) [18] (unpubl. results). In addi-
tion to cytokine production by the tumour cells, leucocytes
and parenchymal cells may respond to the tumour, directly
or indirectly, by cytokine production. As demonstrated in
Fig. 7, high levels of IL-6, TNFa and IL-1 were detected in
sera and cell-free ascitic fluids of mice succumbing to 1.p.
MM growth. Time-course studies showed that measurable
cytokine bioactivities appear in the body fluids up to 8 days
prior to overt clinical symptoms (unpubl. results). CSF-1
and IL-10 were also demonstrated in ascites and/or in sera
in a limited number of animals tested, the latter perhaps
caused indirectly by the severe haemorrhage [1]. No cy-
tokines have been detected in sera of normal control mice
or mice with s.c. tumours (data not shown). By RNA
analysis, high-level expression of TGFB1 and TGFB2
mRNA in AC29 tamours growing both s.c. and i.p. has been
confirmed (Fig. 8, and [18]), however contributions from
TIM and stromal cells, in addition to the MM cells, to these
levels cannot be excluded.

Discussion

Some of the most notable immunobiological features of the
murine MM model, described in this and the previous pa-
pers [13, 18, 31], are summarised in Table 4. From the
series of experiments described in this report, i.p. tumour
growth in the murine model appeared best to reflect the
clinical, pathophysiological and pathological phenomena
characteristic of MM in human patients [22, 36]. In mice
bearing i.p. tumours, cytokines with potentially adverse
effects on tissue integrity and immune function were de-
tected in body fluids, and pathology compatible with IL-1,
IL-6, TGFB and/or TNFa effects was seen, including ca-
chexia, diarrhoea, depressed activity, degenerative changes
in the liver, and sudden shock-like death [38, 40, 41, 52].
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Fig. 8. Southern blot analysis of reverse-transcriptase/polymerase-
chain-reaction-amplified transforming growth factor B1 (TGFB1) and
-B2 mRNA in s.c. (lanes 4-7) and ip. (lanes 8-12) AC29 MM
tumours. Total RNA extracted from cryosections of tumours was
reverse-transcribed into cDNA followed by co-amplification with
B-actin-specific primers plus either TGFB1 or -B2 specific primers in
27 cycles. Products were separated on 2% agarose gel, blotted, probed
with biotinylated probes and detected by enhanced chemolumines-
cence. Control samples included RNA extracted from in vitro grown
AC29 tumour cells (lane ), normal murine spleen (lane 2) and liver
(lane 3)

Thus, it is probably not the tumour bulk per se that is the
causative factor for the pathophysiological phenomena,
even when the tumour cells are known to produce IL-6 and/
or TGFJ} (Table 4). Rather it may be the induction of host
responses to the growth of MM cells in a serosal cavity.
This hypothesis is supported by preliminary data in studies
of the effects of reducing systemic IL-6 levels demon-
strating ameliorating effects of such treatments (un-
published results). This augurs well for the possibility of
designing new treatment strategies for clinical evaluation.

A number of findings presented here favour the hy-
pothesis that functional deactivation of T cells and macro-
phages occurs locally in the growing tumours. Several of
the murine MM cell lines, and in particular lines AC29 and
AC31, used in this study, are avid producers of TGFf [18].
TGFp has been shown to be the major factor in induction of
either anergy or immune deviation in other tumour systems
[16, 42, 48]. Furthermore, the in situ phenotyping of leu-
cocytes in MM tumours demonstrated a selective down-
regulation of CD3 and CD?2 expression on TIL and of MHC
class II, CD11b and possibly CD18 on TIM (Fig. 2). The
former phenomenon is found in anergised CD4+ T cells
[51], and may be suggestive of an impaired function of
these cells. However, stimulation can also cause transient
down-regulation of CD3 [14], and clonal selection of T
cells with CD38low/CD3yhigh phenotype can occur {2]. In a
polyclonal population, stimulation usually causes down-
regulation of the CD3y and -€ chains, whereas the CD39,
and -{ chains are up-regulated [14]. In the case of
MM-infiltrating TIL a selective down-regulation of CD339,
relative to CD3e expression, was demonstrated on the
mRNA level [24], and the cells appeared conspicuously
unresponsive to most stimuli in vitro. This down-regulation
could be partially reversed by antisense-RNA-mediated
inhibition of tumour-derived TGFP expression [18]. Since
it has been shown that the CD3J chain is essential either for



surface routing or stable expression of the TCRaf [8], the
CD30 down-regulation in MM-infiltrating TIL may be in-
dicative of a profound functional inactivation of these cells
in the local tumour milieu. This may be exacerbated by the
absence of detectable CD2 expression in these cells, since
CD2 signal transduction appears to play a role in both
antigen- and mitogen-dependent stimulation of prolifera-
tion and cytokine production, and stimulation via the CD2
pathway may depend in part upon the expression of the
TCR-CD3 complex (reviewed in [6]). To our knowledge
selective down-regulation of either CD36 or CD2 in tu-
mour-infiltrating T lymphocytes has not been previously
described, but a parallel may be found in the report on
selective down-regulation of CD3y and -C in peripheral T
cells from colon- and renal-carcinoma-bearing mice [34].
The mechanism(s) controlling these selective changes in
signal-transducing cell-surface molecules are unknown, but
work by others [34], as well as preliminary in vitro studies
in our lab [18] (and unpublished data) suggest that tumour-
cell-derived soluble factor(s), including TGF(, may play an
important role.

TGFP may likewise play an important role in recruit-
ment and subsequent modulation of macrophage effector
functions. MM-derived TGFJ} is a strong chemoattractant
for monocytes/macrophages [46]. Once in the tumour en-
vironment, MM-derived TGFB could stimulate the macro-
phages to produce additional TGFf, as well as platelet-
derived growth factor, a growth-factor for mesothelioma
cells [28], IL-1, IL-6 and TNFa [10, 46, 47]. In contrast,
TGFB may, over time, down-regulate the expression of
MHC class 11 antigens and integrins by TIM, as seen in the
present study, thereby compromising their antigen-pre-
senting capacity [48, 50]. Thus, if TGFJ production or
receptor binding and signal transduction could be abrogated
[7], it might be possible to break the circuit and allow
immune effector functions to prevail — or, at the least, allow
for greater efficacy of conventional treatments such as
surgery. Using antisense technology, our recent studies
suggest that this is indeed a realistic possibility [18].

Whether TNFa. is involved in the often extensive ne-
crosis seen even in well-vascularized tumours remains to be
investigated. However, at least the AC29 tumour cell line is
highly sensitive to the cytotoxic effect of TNFa in vitro
(Bielefeldt-Ohmann, unpublished data). In that regard it
may also be noteworthy that the only leucocytes detected
by immunocytochemistry near or in the edge of necrotic
foci were CD11b+ macrophage-like cells and CD4+ cells.
Thus, MM tumour necrosis may in some cases be mediated,
at least in part, by newly recruited CDI11bt* TIM, un-
accompanied by cachexia [15, 43]. Macrophages procured
from the peritoneal cavity of mice with i.p. tumour growth
produced high levels of IL-6 and IL-1 spontaneously and
following stimulation (Table 3), corroborating the hypoth-
esis that continued recruitment of macrophages and pro-
duction of high levels of “proinflammatory” cytokines may
ultimately lead to systemic effects [38], and that it is these
effects rather than the tumour bulk per se that ultimately
cause the demise of the host.

The cause of the disappearance or functional depression
of cells retained in the peripheral lymphoid organs around
the time of clinical manifestation of MM development is
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unknown, although several possibilities could be consid-
ered, including (a) chronic exposure to tumour antigens at
inappropriate levels [47], (b) cytokine-induced changes in
lymphocyte trafficking and cell activities, i.e., im-
munodeviation [37], (c) corticosteroid- or cytokine-induced
apoptosis of activated lymphocytes [27]. Those cells not
yet deleted from or trafficked out of the organ may
nevertheless have been adversely affected and therefore
showing decreased reactivity, even to non-specific stimuli
such as a mitogen. If the MM-antigen-specific cells are the
first to be affected by inhibitory signals, then that may
explain the difficulties in demonstrating a MM-specific T
cell response in vitro and in vivo, in the latter case using the
Winn assay (Bielefeldt-Ohmann, unpublished data) or DTH
responsiveness (Table 4), although at least the latter phe-
nomenon could also be due to inhibition by TGFB [33].

In summary, we have shown that a range of cytokines
with potentially adverse effects on immune effector func-
tions and tissue cell integrity are produced during MM
development and, perhaps most important, that T lympho-
cytes in the tumour microenvironment show profound al-
terations in signal transduction molecules. Additional ad-
verse effects on peripheral lymphoid organs occur, all of
which may contribute to the escape of MM cells from
immuno-mediated destruction. Further elucidation of the
mechanisms governing all of these phenomena might en-
hance the chances for developing treatment strategies to
reverse or diminish the impact and thus improve the
prognosis for patients with this type of cancer.
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