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Review

The production of several pro-inflammatory cytokines
is increased in inflammatory bowel diseases (IBD).
Experimental models of IBD have further defined the
importance of specific cytokines for the induction of
mucosal inflammation, by using specific neutralising
antibodies, or by silencing cytokine genes in mice by using
homologous recombination (knockout mice).' 2 Several
therapeutic strategies are now being developed that either
target pro-inflammatory cytokines or use recombinant
anti-inflammatory cytokines in Crohn's disease and
ulcerative colitis. Tumour necrosis factor-a (TNF-a) is a
cytokine which can transmit signals between immune and
other cells, and is involved in (apoptotic) cell death,
metabolism, inflammation, thrombosis, and fibrinolysis.
In recent years, an important role for TNF-a as a pivotal
pro-inflammatory mediator in Crohn's disease has
emerged, and this has resulted in the development of
several therapeutic strategies that target TNF-a. This
brief review discusses the current status of treatments
targeting TNF-a and provides an outlook for future development.

Regulation of TNF production
Human TNF-a is a member of a large family of proteins
and receptors that are involved in immune regulation.34
The secreted form of TNF-a is a 17 kD, non-glycosylated
protein, circulating as a 51 kD homotrimer that is mainly
produced by monocytes, macrophages and T cells. Various
stimuli, including endotoxin, superantigens, osmotic
stress, and radiation, bring about release of TNF-a.5 The
gene encoding TNF-a is located on the short arm of
chromosome 6, between the HIA class I and II loci.6
The production of TNF-a is firmly regulated at the
transcriptional, translational, and post-transcriptional
levels, suggesting a need for protection against unregulated
TNF-a release. The transcription of TNF-a by monocytes
is down regulated by pretreatment with corticosteroids and
various agents that increase the intracellular cyclic AMP
concentration.7 Like other pro-inflammatory cytokines,
TNF-a mRNA contains various UAUUAU-rich regions
("Kamen and Shaw regions") within the 3' untranslated
region which greatly reduce mRNA half-life by acting as
an RNAse attack site and by reducing the translation rate.8
TNF-a is translated as a 26 kD precursor protein that
contains an unusually long amino acid signal peptide. The
enzyme that cleaves the propeptide to yield the secreted
mature form has been identified as a specific metalloproteinase. Unclipped TNF-a remains membrane bound
and is biologically active upon contact with neighbouring
cells.9 Various metalloproteinase inhibitors reduce the
release of TNF-a, having no significant effect on the
number of membrane expressed TNF-a molecules.'"'2
Two specific transmembrane receptors, the type I 55 kD
and the type II 75 kD TNF receptors, are expressed by
most types of cells studied.'3 The type II 75 kD TNF
receptor is also a receptor for lymphotoxin (also known as
tumour necrosis factor-,). The events leading to signalling

as well as the signal transduction pathways through the two
TNF receptors have been reviewed recently.'4 Various
domains within the intracytoplasmic tail have been
identified that specifically mediate apoptosis, activation of
phospholipases and transduction of proliferation signals.
Both TNF receptors can be proteolytically cleaved to yield
soluble proteins that retain their capacity to bind released
TNF-ao5 16 and, depending on the concentration of soluble
receptor and the biological system studied, binding of
TNF-a by soluble receptors may either neutralise or
increase its biological activity.

Biological activities of TNF
TNF-a was independently recognised by its ability to
mediate the necrosis of certain tumours in BCG sensitised
mice, and its involvement in hypertriglyceridaemia and
anorexia in experimental infectious disease. 1'19' Subsequently, TNF-a has been characterised as a highly proinflammatory protein that is involved in the induction of
fever, insulin resistance, bone resorption, anaemia, the
activation of granulocytes and T cells, and in sepsis.20
Of relevance for IBD are the abilities of TNF-a to
recruit circulating inflammatory cells to local tissue sites
of inflammation, to induce oedema, to activate coagulation activation, and its pivotal role in granuloma
formation.
Recruitment of neutrophils to local sites of inflammation
is a consequence of a series ofinteractions of the circulating
neutrophil and the endothelium, finally leading to transmigration.2' The first step is a weak interaction that is
mediated by the selectin group of adhesion molecules, that
leads to "rolling" of neutrophils over the inflamed
endothelium. This intimate contact between neutrophils
and endothelial cells causes increased expression of
neutrophil [B2-integrin expression (in particular CD llb/
CD18) through activation by interleukin-8 (IL-8) and
platelet-activating factor (PAF) which are expressed by
endothelial cells. The subsequent interaction between
CD1 lb/CD18 and its ligand on endothelial cells,
intracellular adhesion molecule-i (ICAM-1), leads to
tight adhesion. Transmigration of neutrophils is in
part mediated by PAF and IL-8.22 TNF-a promotes
neutrophil-endothelial adhesion at various levels by up
regulating the expression of endothelial cell selectins, by
increasing the number of CD1lb/CD18 molecules on
neutrophil membranes, and by increasing the production
of IL-8 by endothelial cells as well as epithelial cells (Fig
1).22-26 Following intravenous administration of TNF-ax to
healthy volunteers, circulating neutrophil counts decrease
precipitously, and neutrophils become activated to release
elastase and lactoferrin.27
Intravenous injection of TNF-a also induces both activation of coagulation and a rapid fibrinolytic response.28 29
TNF-a dependent thrombin formation proceeds entirely
through the extrinsic route of coagulation activation which
depends on expression and activation of tissue factor.
Contrary to what might be expected, fibrinolysis is not a
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Figure 1: Recruitment of neutrophils into inflamed tissue results from rolling, tight adhesion and transendothelial migration. TNF-ct promotes all three steps
by increasing the expression of E/P-selectin by endothelial cells (1), by inducing the productiuon of PAF and IL-8 by endothelial cells (2), by increasing
expression of ICAM-1 (3), and by inducing local production of various chemotactic substances, such as IL-8 and leukotriene B4 (4).
consequence of thrombin formation, but seems to be
regulated independently. In fact, in several models of
experimental inflammation in humans and chimpanzees,
fibrinolysis precedes activation of coagulation. Moreover,
recent studies have suggested that whereas the effects of
TNF on fibrinolysis result from direct activation, TNF-oL
induced thrombin formation is mediated by other
cytokines, including interleukin-6 (IL-6).3° Neutralisation
of TNF-x in experimental endotoxaemia results in a
virtually complete blockade of fibrinolysis, but thrombin
formation is unaffected, presumably because endotoxin
induced IL-6 release is allowed to continue.31 Hence, in
this model, TNF-ce blockade results in a procoagulant
state. None the less, in inflammatory conditions in which
IL-6 release is induced by TNF-o (and this may be the case
in Crohn's disease) interference with TNF-ce production
would be expected to block both activation of coagulation
and fibrinolysis. Indeed, following infusion of the antiTNF-cx antibody cA2, the abnormally increased intra-

in patients with active
Crohn's disease rapidly returned to a normal rate.32
The presence of granulomas is one of the histopatho-

vascular thrombin formation

logical hallmarks of Crohn's disease. Granulomas are
composed of T cells, monocytes and macrophages, and the
recruitment of these cells is regulated by cytokines, such
TNF-o, and chemokines
as interferon-y, interleukin(Fig 2). Increased production of TNF-ot has been shown
in various models of granulomatous inflammation.33 -5 The
presence of CD4+ T cells and the production of TNF-a
seem to be necessary for granuloma formation in several
experimental models,36 37 and neutralisation of TNF-cx
results in defective clearing of mycobacteria and other
One of the mechanisms
intracellular micro-organisms.
by which TNF-ot mediates granuloma formation is by
regulating the production of the chemokine monocyte
chemoattractant protein-I (MCP- 1) which is responsible
for the chemotactic activity that recruits circulating monocytes into the site of granulomatous inflammation.4041
113,
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is criticalfor granuloma formation. The source of TNF-ot in these conditions has not been determined precisely, but both CD4+ T cells
and monocytes are likely candidates. TNF-ot dependent monocyte recruitment is medicated by production of MCP-1.

Figure 2: TNF-o
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Anti-TNF in animal models of IBD
Animal models of IBD can be divided in those that depend
on rather aspecific (chemical) damage to the intestinal
mucosa, and those that are a consequence of abnormal
immune activation.48 The recent development of the
"immune mediated" models of IBD has permitted further
characterisation of the role of TNF-a. Transfer of CD4+
T cells from normal mice to SCID mice (that lack T cells)
results in population of the gut and spleen by the donor
cells, without causing disease. However, when only a
sub-population of CD4+ cells (CD4+CD45RB"'&) is
transferred, a severe and chronic pancolitis ensues.49 It is
now known that after activation, T cells differentiate,
resulting in responses that can be divided according to the
cytokines produced. Thl type responses are characterised
by the production of predominantly IFN--y, TNF-a,
lymphotoxin, and IL-2, and result in delayed-type
hypersensitivity reactions. Th2 type responses result in the
production of IL-4, IL-5, and IL-10.5 CD4+CD45RB'g"
T cells are thought to represent precursors of Thl T cells
and the mucosal inflammation that results from their
transfer is indeed characterised by increased mucosal
production of TNF-a and IFN--y. Inhibition of Thl
responses in the CD4+CD45RB"'&" transfer model using
a single administration of anti-IFN-y, or multiple doses of
anti-TNF-a antibodies, prevented colitis or reduced its
severity.5' Interestingly, the most efficient means of
prevention of intestinal inflammation was to co-transfer
CD4+CD45RB'OW cells.52 Anti-TNF-a antibody treatment
also reduced the severity of colitis induced by the hapten
2,4,6-trinitrobenzene sulphonic acid which is considered
to be a Thl dependent inflammatory reaction.53 These
results, and data from other recently developed
models,54 55 allow several important conclusions to be
reached. First, abnormal immune regulation can result in
intestinal inflammation in the absence of specific intestinal
pathogens; second, a subset of T cells within the CD4+
compartment regulate other CD4+ cells to prevent
uncontrolled activation within the mucosa; and third, such
uncontrolled activation is characterised by increased
production of TNF-x and IFN-y. Another interesting
model of IBD occurs in mice in which the gene encoding
IL-10 has been silenced (IL-10 knockout mice).56 As
expected, repeated administration of recombinant IL-10
prevents development of IBD in these mice, but
interestingly administration of anti-IFN--y antibody also
had beneficial effects.57 The effect of anti-TNF-a on the

development of colitis has not been reported, but TNF-a
was shown to be responsible for the extreme sensitivity of
IL-10 knockout mice to croton oil.58 It should be noted
that TNF-a neutralising interventions may also be
beneficial in models that are not T cell dependent, such
as colitis induced by dextran sulphate sodium.59 In
conclusion, data from recent "immune mediated" models
of experimental IBD have clearly defined a potent proinflammatory role for mucosal TNF-a. Neutralisation of
TNF-a by repeated administration of antibodies resulted
in amelioration of mucosal inflammation in several models
of T cell dependent inflammation.
Treatment of Crohn's disease with anti-TNF
Several studies have addressed the potential efficacy of
anti-TNF-a treatment in Crohn's disease. The first patient
to be treated with anti-TNF-at was a young girl with severe
steroid refractory Crohn's colitis. The TNF-ot antibody
(cA2) used, a high affinity human/mouse chimeric antibody, was administered twice at a dose of 10 mg/kg.
Treatment was followed by a rapid decrease in the Crohn's
disease activity index (CDAI), remarkable healing of
mucosal ulcers and did not cause apparent side effects.60
Encouraged by this result, a second, open label study was
performed in 10 patients with steroid refractory Crohn's
disease who were treated with a single intravenous
administration of anti-TNF-ot antibody (cA2), at a dose of
10 mg/kg (eight patients) or 20 mg/kg (two patients). In
all nine evaluable patients, a remarkable clinical response
occurred, most achieving complete clinical remission (as
defined by a decrease in the CDAI below 150), with
evidence of healing of mucosal ulcers in all but one patient.
Because of the non-blinded design of the study, these data
should be interpreted cautiously, but other parameters
measured strongly suggested that the anti-TNF-a antibody had a potent anti-inflammatory effect. For example,
the serum C reactive protein (CRP) concentration
normalised in all patients, the circulating IL-6 concentration decreased, secreted phospholipase A2 activities
dropped rapidly, and immunohistochemistry indicated a
strong decrease in the mucosal expression of the
chemokines MCP-1, MIP-lot and RANTES.6' Furthermore, these results are very comparable with the very
potent anti-inflammatory effects of anti-TNF-ot in severe
rheumatoid arthritis, a disease that shares several
immunopathological features with Crohn's disease.62-4
Controlled studies to establish the clinical utility of antiTNF-a antibody therapy in patients with Crohn's disease
have been initiated, and preliminary results from one study
seem to confirm the clinical efficacy of this therapeutic
approach. In this study, 108 patients with active Crohn's
disease (CDAI between 220 and 400) were randomised to
receive placebo, 5, 10, or 20 mg/kg anti-TNF antibody
(cA2). A clinical response was defined as a reduction in
the CDAI of more than 70 points, and clinical remission
as a reduction in the CDAI below 150 in combination with
a reduction in the CDAI by more than 70 points.65 AntiTNF treatment resulted in a significantly larger reduction
in the CDAI measured four weeks after infusion (-110
points) than placebo (-13 points; p<0 001), reduced CRP
concentrations, and caused a substantial increase in quality
of life as measured by the IBDQ. Seventy per cent of
patients showed a clinical response to cA2 treatment,
whereas this occurred in only 24% of those treated with
placebo.66 The clinical effects of cA2 therapy showed a
correlation with down regulation of the production of the
Thl cytokine IFN--y by CD2 stimulated lamina propria
mononuclear cells, whereas no effect was observed on
cytokine production by stimulated peripheral blood
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Evidence for increased mucosal TNF production in
Crohn's disease
The mucosal production of many cytokines is increased in
active IBD, but it has been surprisingly difficult to detect
increased TNF-a production in Crohn's disease. Several
studies have now shown that the number of TNF-a
producing lamina propria cells is increased in Crohn's
disease.42 43 The distribution pattern of mucosal TNF-a
producing cells in Crohn's disease and ulcerative colitis is
different. In Crohn's disease, TNF-a positive cells can be
detected throughout the mucosa, extending into the deep
lamina propria.44 In ulcerative colitis, however, only
subepithelial macrophages produce TNF-a. It should be
noted that the increased TNF-ot production in Crohn's
disease remains highly localised to the mucosa and the
intestinal lumen. High concentrations of TNF-a can be
detected in stools of children with active Crohn's disease,45
but serum concentrations are low, even in patients with
very active disease.46 In contrast, the serum concentrations
of both soluble TNF receptors are increased in active
Crohn's disease.47
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tifylline. First, it is not known which TNF-ot producing cell
(monocyte, macrophage, T lymphocyte) is contributing
most to TNF production in Crohn's disease, and so far the
effects of oxpentifylline on TNF-- production have been
mainly studied in monocytes. Second, TNF-cx antibodies
do bind to membrane expressed TNF-o, and it is
conceivable that this interaction either alters the function
of the TNF-oc producing cell, or results in killing through
complement activation. Hence, other drugs that inhibit
TNF-cx transcription are being developed, in particular
drugs that inhibit nuclear translocation of NFKB, a DNA
binding protein that is important for activation of
transcription of the TNF gene.'3 7 Clipping of TNF-o-,
which is necessary for release, can be prevented by
inhibitors of the TNF-ot converting enzyme. Indeed,
several metalloproteinase inhibitors have been shown to
reduce TNF-c production in vitro and in vivo, and some
are in clinical development. The recent cloning of the
TNF-oL convertase will no doubt lead to the generation of
more potent and specific inhibitors. However, it should be
noted that TNF-oL convertase inhibitors reduce release of
TNF-o., but in general, do not decrease the expression of
membrane bound TNF-cx. Although effectively blocking
the release of TNF-u, in certain conditions metalloproteinase inhibitors do not prevent the TNF-o. dependent
induction of secondary cytokines.75 This apparent
paradoxical effect might be explained by accumulation of
biologically active membrane bound TNF-cx, or by the fact
that metalloproteinase inhibitors also prevent proteolytic
cleavage of both TNF-o receptors. In fact, the application
of TNF-cx convertase inhibitors in clinical trials in IBD
will answer the question whether released or membrane
bound TNF-ot is more important. Furthermore, several
metalloproteinase inhibitors are not specific for TNF-ox
convertase, but also decrease clipping of the natural Fas
ligand which is involved in apoptotic cell death and which
plays an important role in immune regulation.'6

Conclusion
Evidence to date suggests that TNF-ce is an important proinflammatory mediator in Crohn's disease. These data
have increased knowledge of the mechanisms of mucosal

Transmembrane

3

Metalloproteinase
4

Figure 3: Pentoxifylline decreases TNF-ue transcription by, increasing the intracellular cyclic AMP concentrations (1). Corticosteroids decrease TNF-a
mRNA half life as well as the translation rate (2). Metalloproteinase inhibitors prevent release of TNF-cx (3), buit do nIot decrease the number of membrane
bound molecules. Anti-TNF-ot antibodies bind to released TNF- x trimers, but also to miiemtibranie bound TNF-cx (4).
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mononuclear cells./ This finding strongly indicates that
the primary defect in immune regulation in Crohn's
disease is confined to the mucosal compartment. The
results of a small study using a different anti-TNF-iantibody (the mouse/human chimeric antibody CDP571)
in patients with active Crohn's disease also suggested
clinical benefit.68
These observations enable one to reach several
conclusions. Clearly, TNF-cx is an important mediator of
intestinal inflammation in Crohn's disease. The rapid
reduction in intravascular thrombin formation after
treatment with anti-TNF-ie strongly suggests that the
procoagulant state in Crohn's disease is secondary to
inflammation, rather than being a causal factor. AntiTNF-cx seems to be a promising therapeutic strategy in
patients who do not respond to standard treatment.
Virtually all patients did relapse after induction of
remission by a single dose of anti-TNF-a antibodies.
Hence, maintenance of remission may require repeated
infusions of the antibody, and clinical studies have been
initiated to confirm this. No doubt, this therapy will be
costly and long term administration of chimeric antibodies
may be associated with side effects, in particular the
induction of human anti-chimeric antibodies (HACA)
which may interfere with the biological effects. Therefore,
alternative anti-TNF-o interventions are being sought.
TNF-ao neutralising proteins have been constructed that
consist of two TNF-ot receptors that are either linked to
PEG or grafted on a protein backbone (that is, an IgG
tail).69 Some of these proteins have a high capacity to
inhibit TNF-ot, and are currently under investigation in
rheumatoid arthritis and sepsis. However, the TNF-cx
inhibiting proteins need to be administered intravenously
and although entirely composed of human protein
sequences, may still be immunogenic. An alternative
approach might be to interfere with TNF-ot transcription,
translation or post-translational processing (Fig 3). Several
drugs interfere with TNF-oc transcription by increasing
intracellular cyclic AMP concentrations.7 ' One of these
drugs, oxpentifylline, has been studied in Crohn's disease,
but failed to show clinical efficacy (see paper by Bauditz
et al, page 470). There are several explanations for the
discrepant effects of anti-TNF-oL antibodies and oxpen-
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