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Abstract

While for a century therapeutics has been dominated by small molecules, i.e. organic chemicals of
~400Da absorbable via the gut, this is no longer the case. There are now a plethora of important
medicines which are proteins and injectable, which have dramatically improved the therapy of many
inflammatory diseases and of cancer. Most of these are monoclonal antibodies, some are receptor Ig
Fc fusion proteins, others are cytokines or enzymes. The key to this new aspect of therapeutics has
been the filling of unmet needs, and the consequent commercial success, which promoted further
research and development. The first ‘biologic’ for a common disease, rheumatoid arthritis (RA), was
a monoclonal antibody, infliximab, to human tumour necrosis factor (TNF). This was based on our
work, which is described in this review, summarizing how TNF was defined as a good target in RA,
how it was developed is described here, as well as future indications for anti-TNF and related agents.

Biologics are now the fastest growing sector of therapeutics.
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Introduction

While much of medical therapy in the past was ‘empirical’,
for example the use of low-dose methotrexate (MTX) in rheu-
matoid arthritis (RA), drugs of unknown mechanism are no
longer being developed. The key now is defining and under-
standing therapeutic targets. In this review, the role of tumour
necrosis factor (TNF) in disease, and how anti-TNF therapy
changed the therapeutic landscape, in general, is discussed.

TNF is an important host defence molecule, which acts as
one of the body’s important danger detection systems or ‘fire
alarms’. TNF is the first cytokine to appear in the blood after
any injury or stress, within minutes. Other pro-inflammatory
mediators such as IL-1 or IL-6 appear much later, and there
is evidence that much of the IL-1 or IL-6 depends on the prior
release of TNF (1).

The importance of TNF in biology is highlighted by its dis-
covery in multiple key processes. For example, the commonly
used name ‘tumour necrosis factor’ depended on vascular
activation and thrombosis, leading to necrosis of subcutane-
ous tumours in mice (2). It is not a great name, as subsequent
work has shown that TNF is of importance in the generation of
ovarian, skin, breast, colon and other cancers (3).

TNF is unusual that it activates biological effects in two dis-
tinct receptors. First, TNFR1, also known as p55, is a homo-
trimeric receptor present on all cells, and its cross-linking by
TNF induces pro-inflammatory response. It activates NF-kB,
mitogen-activated protein kinases as well as anti-apoptotic
responses, and there is the consequent generation of other

pro-inflammatory cytokines such as IL-1, IL-6, GM-CSF, etc.
Thus TNFR1 ‘knockout’ mice have considerably reduced
inflammatory responses and are protected from many
diseases.

Second, TNFR2, also known as p75, is of much more
restricted tissue distribution and activates different signalling
pathways. It appears to be important for repair and homeo-
stasis, and the cells with the highest expression of TNFR2 are
Tregs of TNRF2. TNRF2 knockouts have augmented pathol-
ogy, such as poor survival following coronary artery ligation.

It is thus one possibility that selective blockade of TNFR1
may be even more useful than blockade of TNF. This appears
to be the case in mice, not just in the extreme knockouts, but
also in therapy (4, 5).

In this article, how anti-TNF therapy was developed, how
the anti-TNF antibodies are used therapeutically and pros-
pects for the future are described. Currently, there are five
approved anti-TNFs: (i) infliximab, a chimaeric IgG anti-human
monoclonal (Remicade®); (ii) etanercept, a TNFR2 dimeric
fusion protein, with an IgG1 Fc (Enbrel®); (iii) adalimumab, a
fully human monoclonal antibody (mAb) (Humira®); (iv) goli-
mumab, a fully human mAb (Simponi®) and (v) certolizumab,
a PEGylated Fab fragment (Cimzia®).

However, many more are on the way as many ‘biosimilars’
are in development, and one of these biosimilars—known
as ‘Remsima’, a mimic of infliximab—is already on sale in
Europe.
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Overview

When Ravinder Maini and Marc Feldmann led the first clini-
cal trial of TNF blockade in any disease apart from sepsis,
using cA2 mAb (now infliximab, Remicade®), the culmination
of many years intensive research, we did not expect that the
impact of its success would spread far beyond the treatment
of severe RA.

In this review, we will summarize how we defined TNF as
a good target and how anti-TNF therapy was optimized and
then discuss the impact—scientifically, medically and com-
mercially and on other diseases.

How was TNF defined as a good target for therapy?

TNF is an important host defence molecule. It helps protect
from many stresses including intracellular infection. Hence,
it was not considered by most immunologists or rheumatolo-
gists to be an important part of the pathogenesis of autoim-
mune disease. However, on the basis of the hypothesis of
Marc Feldmann in 1983 (6), published with Franco Bottazzo’s
group (summarized in Fig. 1), and rapidly validated using
Graves’ thyroid disease tissue, in 1985, Ravinder Maini and
Marc Feldmann set about systematically exploring the role of
cytokines in RA.

This project was a natural collaboration, since both of us
previously studied immune cell supernatants (7, 8) and were
impressed by their potency. At the time, their molecular nature
was unknown and—uwith the techniques available at the
time—unknowable but the molecular biological revolution of
the mid to late 1970s led to the cloning of cDNAs reflecting
cytokine mRNAs and these tools permitted specific evalua-
tion of cytokine production in diseased tissue sites. One of the
most accessible tissue disease sites is the joints, just under
the skin, and this facilitated our progress. Biopsies and larger
operative samples and occasionally synovial fluid were avail-
able for research, and by miniaturization, it was possible to
evaluate which pro-inflammatory cytokines were produced
by cells in the RA joint as judged by their mRNA expression
(9-11).
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Fig. 1. 1983: a new hypothesis for autoimmunity (e.g. Graves’
disease).

To our surprise, we found that all active RA synovium sam-
ples were producing all the pro-inflammatory cytokines that
could be measured using tools available in the late 1980s
(1987-89), for example IL-1, TNF, lymphotoxin, IL-6, GM-CSF,
IFN-vy, etc. (9-11). This was puzzling as usually cytokines are
‘transiently’ expressed (a few hours to 1-2 days) and so their
presence in all samples indicated continuous production,
and hence dysregulation of their production.

To explore this dysregulation, we set up a novel (at the
time) culture system, which permitted all the cells that had
been enzymatically extracted from the synovium to survive
for a week in vitro and so enabled us to study the cytokine
over-expression or dysregulation. Prior studies had focused
on the fibroblast-like synoviocytes. Using neutralizing anti-
bodies in vitro, we found that anti-TNF (generously given to
us by Michael Shepard from Genentech) inhibited the syno-
vial culture synthesis of other important pro-inflammatory
cytokines—IL-1 (12), IL-6 and GM-CSF (13). This led to the
novel concept that TNF was at the apex of a pro-inflammatory
cytokine ‘cascade’.

This unexpected finding, in experiments performed by
Fionula Brennan (12) (Fig. 2) when she was a young post-
doctoral researcher, opened up the field: it solved the major
dilemma; namely how could blocking a ‘single’ cytokine
(TNF) clinically impact a complex inflammatory process (RA)
with over-expression of a host of pro-inflammatory cytokines
(IL-1, IL-6, TNF, GM-CSF, IFN-y, etc.) which had overlapping
biological effects, at least as assessed in vitro, a property
known as ‘redundancy’.

This established the first rationale for defining TNF as a
target, which was confirmed by the amelioration of collagen-
induced arthritis in mice, experiments performed by Richard
Williams, a PhD student at the time with Ravinder Maini, using
hamster anti-mouse-TNF mAbs, generously donated by Bob
Schreiber (14).

Our major challenge was convincing sceptical companies
that had already made monoclonal anti-TNF antibodies, in
order to test Tony Cerami’s interesting concept that bacterial
sepsis and septic shock (a major Killer) could be treated by
TNF blockade (15). That concept was not proven—perhaps
the clinical trials were too technically challenging for the time
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Fig. 2. The importance of TNF for IL-1 production in RA, revealed
by analysis of cytokine regulation in the presence of anti-TNF or anti-
lymphotoxin in vitro (12).



(over 20 years ago); however, multiple companies had gen-
erated and tested anti-TNF biological therapeutics (‘biologi-
cals’), mAbs or antibody-like fusion proteins.

We were not able to convince any of these companies
in the UK, but when a small US biotechnology company,
Centocor, hired my ex-student, Dr James N. Woody as Chief
Scientific Officer, we had an ally who understood both the
science and the medical implications. The crucial first proof
of principle clinical trial was performed at Charing Cross
Hospital, London, with Ravinder Maini and Marc Feldmann
as Principal Investigators, with Centocor providing the ‘drug’,
CA2, a chimaeric (mouse anti-TNF F, linked to human IgG1)
antibody developed from a hybridoma made in Jan Vilcek’s
laboratory at New York University, and a small grant to the
Kennedy Institute, which was then in London on the Charing
Cross Hospital campus.

Centocor did not even provide their expert clinical group,
which was at the time pre-occupied with anti-CD4 mAb ther-
apy, so James Woody was the Centocor clinician in charge for
the vital proof of principle trial, which succeeded dramatically
and thus subsequently led to randomized, placebo-controlled
trials and registration: an excellent, if perhaps not so common,
example of effective academic—industrial interaction.

The proof of principle clinical trial, initially with 10 patients,
was performed from May 1992 onwards. All responded well
to 20mg kg~' of Centocor’s anti-TNF mAb, now sold as inflixi-
mab, infused in several episodes over 2 weeks. The response
was clinical as well as biochemical (e.g. reduced C-reactive
protein) and was publically disclosed in September 1992,
in a small conference in Arad, Israel, that Marc Feldmann
helped organized, together with David Naor. This disclosure,
15 months before publication (16), was important for the
patients, as it enabled other companies with already gener-
ated TNF inhibitors to refocus their efforts away from sepsis
and into the treatment of RA. It also initiated interests from
experts in related chronic inflammatory diseases—Crohn’s
disease, psoriasis, ankylosing spondylitis, juvenile RA, etc.—
to evaluate anti-TNF in their patients.

These clinical studies followed, without the need for the elab-
orate pre-clinical evaluation, or the major difficulty in convincing
industry that blocking a single cytokine, in a disease with many
up-regulated cytokines, could possibly work. Following is easier
than leading! But the effect of anti-TNF in late-stage RA patients
treated with a single course of anti-TNF antibodies lasted 12-18
weeks, before all relapsed. It was hence not a cure.

Benefits of anti-TNF therapy in RA

RA is a life-long disease that can not only reduce quality
of life, but also, if not well treated, reduce its duration, by
7 years. Would TNF blockade be durable, or would TNF as
‘driver’ of disease if blocked just be replaced by other sig-
nals, as often happens in cancer? The first evidence came
from re-treating the patients in the open study discussed
above; seven patients were re-treated several times after they
had relapsed, with 10 mg kg=' of infliximab. All responded
well, but as expected from half the amount of the first dosing,
the duration of benefit was less (17).

However, the effective treatment data showed that the criti-
cal role of TNF was lasting, and thus it encouraged both the
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formal randomized phase Il double-blind efficacy trials and
repeated dosing trials (18, 19). The latter showed that there
was added benefit of co-therapy with low-dose MTX even,
paradoxically, in patients who did not respond well or at all to
MTX. Subsequent studies were able to document the marked
joint-protection effects (20) of combined therapy of anti-TNF
and MTX and led to approval of the various anti-TNF biologi-
cal therapies, first etanercept (Enbrel®) in USA in 1998, inflix-
imab (Remicade®) in 1999 and then adalimumab (Humira®)
in 2002. Triggered by our work and its early disclosure, other
companies had been successfully using their TNF inhibitors
in arthritis clinical trials.

The joint-protection effects demonstrated that TNF
blockade was not just an effective (and expensive) anti-
inflammatory drug, but that it had a major impact on
pathogenesis and disease mechanisms, influencing as
documented in mechanism of action studies, all facets of
disease (Fig. 4).

Studies on the mechanism of action of infliximab

With the “TNF-dependent cascade’ concept, elucidated from
synovial cell cultures that gave the first clue to the key role of
TNF in RA, it was of interest to determine whether this cas-
cade in fact occurred in vivo in patients with RA. Since IL-6
in the blood is bioactive, its rapid decline on day of treat-
ment confirmed that a TNF-dependent cytokine cascade was
indeed operating (Fig. 3) (21).

Very detailed mechanistic studies were performed, and
all aspects of the disease were found to improve, including
immune function, haematology, joint function, etc., summa-
rized in Fig. 4. But perhaps the most important finding was
obtained in a complex neutrophil radiolabelling study per-
formed by Peter Taylor et al., which was that leucocyte traf-
ficking into the joints was markedly reduced (22) by anti-TNF
therapy (Fig. 5).

Current status of anti-TNF therapy

Anti-TNF therapy of RA is now standard of care. It typically
follows after MTX, in patients who are not doing well. In the
majority, 70-80%, it is used as combination therapy with MTX,
driven by the fact that all the clinical trials of MTX plus all
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Fig. 3. Mechanism of action of infliximab. The TNF-dependent
cytokine cascade is inhibited (‘cytokine washout’) in vivo after admin-
istration of infliximab (1 or 10mg kg~") to patients with RA (21).
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1. DOWNREGULATION OF MANY PROINFLAMMATORY
CYTOKINES IN VIVO
(Feldmann et al, 1996)
2. REDUCTION IN LEUKOCYTE TRAFFICKING

(Taylor 2000; Feldmann et al., 1997)
3. REDUCTION IN ANGIOGENESIS
(Paleolog et al.,, 1998; Ballara 2001)
4. REDUCTION IN JOINT DESTRUCTION
(Brennan et al.,, 1989, Lipsky, 2000)
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Fig. 4. How cytokine washout by infliximab is translated into clinical
benefit (6, 11, 12, 17, 18, 20, 22). Abbreviations: CCP, cyclic citrul-
linated peptide; MMPs, matrix metalloproteins; RF, rheumatoid factor;
XR, X-ray radiography.
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Fig. 5. Mechanism of action of infliximab. There is reduced polymor-
phonuclear-leucocyte trafficking after infliximab therapy in patients
with RA (22).

the anti-TNFs/anti-TNFR (infliximab, etanercept, adalimumab,
golimumab and certolizumab) (23, 24) have demonstrated
the additional benefit of the combination. In contrast, other
‘disease-modifying drugs’, apart from MTX, do not show this
added benefit in RA (25).

But not all patients do well on this combination. What hap-
pens next for these patients? In Europe and the USA, about
half the patients get treated with another anti-TNF, half get
treated with rituximab (26) (anti-CD20) and fewer get treated
with abatacept (CTLA4-Ig fusion protein) (27) and tocili-
zumab (anti-IL-6R mAb) (28). In all these instances, about
half respond significantly, meaning an ACR20 effect.

The sales of anti-TNF biologicals document the course
of therapy, with adalimumab being the world’s best-selling
medicine—global sales over $US 10 billion per year and total
sales of the various anti-TNFs/anti-TNFR drugs exceeding
$US 25 billion, globally making anti-TNFs the most profitable
drug class, eclipsing status in financial terms in 2012. By

comparison, the sales of abatacept and actemra are in the
$US 1 billion range.

The arrival of successful anti-TNF therapy in RA—a com-
mon disease affecting ~1% of the population—together with
use of antibodies such as herceptin (29), avastin (30) and
rituximab in cancer has had dramatic impact on the develop-
ment of therapies by pharmaceutical companies, which real-
ize that biologicals, despite needing injections, can be highly
successful. Six of the top 10 best-selling pharmaceuticals are
now biologicals and now half of all clinical trials are of inject-
able proteins related to antibodies. There has been a major
change in the therapeutic landscape.

What are the other indications for anti-TNF therapy?

With the demonstration by Peter Taylor and Ravinder Maini’s
trial that infliximab reduces leucocyte trafficking (22), there is
a clear rationale for anti-TNF therapy of many chronic local
inflammatory diseases. Crohn’s disease, ulcerative calitis,
psoriatic arthritis, psoriasis, ankylosing spondylitis and juve-
nile RA are now approved indications, and there is off-label
use in Behcet's syndrome and amyloidosis. Crohn’s disease
was in fact the first approval for infliximab, despite the fact that
clinical trials did not begin until after the success of infliximab
in RA was disclosed. This was because of the misconcep-
tion that it would be easier to get approval for Crohn’s, and
so Centocor’s resources were diverted to prioritize Crohn’s.
Immunex demonstrated that getting regulatory approval for an
anti-TNF (etanercept) in RA was not difficult, due to efficacy.
There have been clinical trials of, e.g., etanercept, a TNFR
IgG fusion protein in multiple sclerosis, which have not shown
any benefit (31), and with reports of occasional demyelina-
tion during anti-TNF therapy and concerns that this might be
mechanism related, it is not going to be reinvestigated (32).
Clinical trials in Sjogren’s syndrome have not succeeded.
Despite the increase of anti-DNA antibodies after anti-TNF in
RA (83), there have been pilot studies infliximab in systemic
lupus erythematosus nephritis, which have been moderately
successful, but on extension, infections emerged (34).

Are there other possible clinical uses of anti-TNF?

Acute indications

The first proposed use of anti-TNF was in septic shock (19), in
the acute and dramatic response to infection, with low blood
pressure and shock. Despite a clear rationale in experimen-
tal models, if the anti-TNF was given very soon after disease
induction, it was not possible to how convincing benefit of
multiple anti-TNFs in any prospective clinical trial (35).

Retrospective analysis suggested benefit in patients who
still had elevated cytokine levels, suggesting that the problem
may be due to inability to treat patients soon enough unlike
in mouse models (e.g. IL-6). With the monumental costs of
this failure, and the disappointment, there has been an almost
25-year ‘moratorium’ on clinical trials in acute conditions.
This is not a good situation, as cytokines are major acute-
response modifiers, and there are many other good oppor-
tunities, for example in acute respiratory distress, burns, in
severe influenza (36) or in ventilator-induced lung injury (37).
Acute fractures will be discussed separately.



Post-operative cognitive dysfunction

Major surgery, especially heart surgery on bypass machines,
has long been known to cause memory and other cognitive
impairment (38). The mechanism is not fully understood, ini-
tial ‘obvious’ concepts of this being due to general anaes-
thesia do not appear credible as post-operative cognitive
dysfunction (POCD) also occurs after regional (e.g. spinal)
anaesthesia.

Mervyn Maze et al. have explored the possibility that POCD
is due to ‘trauma’-induced neuroinflammation. This was first
demonstrated in rats with splenic surgery (34) and then in
mice with orthopaedic (fracture) surgery (39). Analysis of the
brain showed hippocampal inflammation and cytokine up-
regulation and, importantly, pre-treatment with IL-1R antago-
nist (40) or anti-TNF was shown to prevent POCD, in mice
(41). Human trials have not been performed but are justified
and possible if funding can be found.

Fibrosis of the hand: Dupuytren’s contracture

The pathogenesis of Dupuytren’s contracture has been care-
fully analysed by my colleague, Jagdeep Nanchahal, and his
team. This research was fully performed exclusively using
human tissues, as there is no animal model. The condition
is limited to the palm of the hand and causes the fingers to
irreversibly curl in, severely compromising hand function.
Currently, there is no treatment for early disease and cur-
rently patients are treated late when there is deformity by
surgical excision of the fibrotic cords or cutting them using
a needle or Clostridial collagenase injection (42). Patients
require prolonged rehabilitation therapy following surgery
and the less-invasive techniques are associated with high
recurrence rates.

Instead of targeting the end-stage collagen of the cords,
we studied the molecular and cellular mechanism, espe-
cially in myofibroblasts, the cells that produce and contract
the matrix as a result of the polymerization of intracellular
a-smooth muscle actin (43). We were particularly intrigued
that classically activated macrophages co-located with the
myofibroblasts in the cellular nodules. Using a model of
freshly disaggregated cells to identify the relevant cytokines,
similar to the one we used to identify TNF as a therapeutic
target in RA, we found that only TNF converted normal fibro-
blasts from the palm of patients with Dupuytren’s disease into
myofibroblasts, whereas transforming growth factor-1 con-
verted all fibroblasts, irrespective of source. Myofibroblasts
only retain their phenotype under tension and we studied
the efficacy of cytokine inhibition on myofibroblasts in a 3D
collagen matrix anchored at both ends. Anti-TNF resulted in
reversal of the myofibroblast phenotype (44). Based on these
findings, clinical trials of an anti-TNF are planned for patients
with early Dupuytren’s disease.

Fracture repair

Fractures are a major clinical problem, with 2% of the popula-
tion suffering a fracture per year. High-energy fractures in young
people are limb-threatening injuries, whilst with an aging popu-
lation, the numbers of fragility fractures in osteoporotic bone are
increasing dramatically. The most severe are fractures of the
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neck of the femur, which result in permanent disability in 50%
and have a mortality rate of >20% in the first year (45).

Jagdeep Nanchahal and his team, studying human bone
fragments in vitro, found that only supernatants from frac-
ture fragments but not surgically cut bone specimens led to
the differentiation of mesenchymal stromal cells (MSC) into
bone-producing cells. This important observation led them to
hypothesize that the inflammatory cytokines produced by the
trauma may be key in initiating the reparative process. They
found that TNF is the most potent of the cytokines in leading
to osteogenic differentiation of the MSC (46). Local adminis-
tration of TNF at the fracture site in murine models of normal
and osteoporotic bone resulted in acceleration of physiologi-
cal fracture repair, suggesting that local TNF therapy might
be beneficial.

Cardiovascular disease

The role of TNF in heart failure was tested with etanercept
and infliximab in clinical trials that did not succeed and para-
doxically had increased mortality (47, 48). The reasons for
this are not fully understood, but in the rationale for anti-TNF
therapy in heart failure was non-convincing. In patients with
RA, the use of anti-TNF therapy clearly reduces the incidence
of heart failure and cardiovascular disease (CVD) events (49,
50). Further studies on cytokine blockade in atherosclerosis
and CVD are warranted.

Claudia Monaco et al. have made the important discov-
ery that Toll-like receptor 2 (TLR2) was the major driver of
cytokine production in human plaque cultures (51). This leads
to the highly intriguing question: what are the important TLR2
agonists involved? Are they all extrinsic danger signals? If so,
which? Could there be an interaction with intrinsic (e.g. infec-
tious) danger signals?

Conclusion

Anti-TNF therapy has led to major progress not only for
patients with RA but also for patients with other chronic
inflammatory diseases, such as Crohn’s disease, ulcerative
colitis, psoriasis, psoriatic arthritis, ankylosing spondylitis
and juvenile RA. These are common diseases, for example
RA affects ~1% of the western population, and while anti-TNF
therapy is restricted to the more severe patients, the com-
bined sales of anti-TNF have grown progressively and it is
now the best-selling pharmaceutical drug class, with sales
of over $US 25 billion per year. But while this is a very rosy
picture for the pharmaceutical industry, it is not so good for
the patients. There are at least three problems.

First, it is worth pointing out that the monumental sales
(over $US 25 billion) are driven by the monumental costs to
health care systems, of ~$25000-30000 per patient per year.
So actually sales reflect ~1 million patients at any one time.
That is a small fraction of those who could potentially benefit,
so the cost is leading to rationing. Might lower prices lead to
greater total sales, following Adam Smith’s well-known ‘bell-
shaped’ curve relating costs and sales? (52).

Second, there is considerable evidence now that the ben-
efit of treating early is so much greater than treating late. This
is most clearly documented from the Dutch BeST series of
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clinical trial papers, where therapy was instigated within a
month (53). The acronym BeST is very apt—it actually stands
for Behandel Strategieén treatment strategies but they are
very informative clinical trials. The degree of response is
greater if treatment is initiated very early, in this trial, a median
of 2 weeks (interquartile range 1-5 weeks after diagnosis).
Reported response rates are higher than the typical late-
treatment patients who have had to wait until they failed one
or two (in the UK) disease-modifying anti-rheumatic drugs,
and the magnitude of response in terms of those attaining
remission or low disease activity is greater. For example, in
BeST, 71% of these patients with infliximab and MTX had low
disease-activity scores (DAS < 2.4) after treatment (53). More
importantly, over half the patients (56%) treated early with
anti-TNF plus MTX who responded well (DAS < 2.4) could
be taken off anti-TNF and kept stably on 10-mg MTX (54).
Furthermore, joint damage was halted or prevented in those
given anti-TNF early (53, 54).

Third, it is also clear that for the majority of patients, who
are not treated very early, anti-TNF plus MTX still leaves an
unmet medical need: it leaves symptoms such as joint pain,
fatigue, as well as signs, joint swelling, etc.

As it seems likely that very early treatment, as in the BeST
trial, will not be feasible in most countries including the USA,
the most likely useful strategy is to develop combination
therapy to get closer to a cure, especially of systemic symp-
toms. Combination therapy in RA currently has a mixed to
bad reputation; but can we use combinations to get closer
to a cure?

The combination trials (in late-stage RA) of etanercept
[anti-TNFR2 (55) plus anakinra (IL-1R antagonist) or etaner-
cept plus abatacept (CTLA4-Ig) (56)] have paradoxically not
led to any increased clinical benefit and disappointingly had
markedly increased of rates of serious infection. So, many
in the Pharmaceutical Industry do not consider combination
therapy feasible in light of these data.

However, we think a solution is possible. Infectious risk can
be minimized if we learn the lessons of the failed trials. It is
not helpful to diminish a given type of biological response too
much—etanercept (targeting TNF) and anakinra (targeting
IL-1) or these are too similar in their actions. Perhaps that is
also the case for etanercept plus abatacept.

Medications to be combined with anti-TNF plus MTX need
to target distinct pathogenic mechanisms that then would
not augment the risk of infection. These other targets could
include angiogenesis, such as by inhibiting vascular endothe-
lial growth factor as extensively studied by our colleague Ewa
Paleolog (57), or inhibiting fibroblast-like synoviocytes (58)
or inhibiting antigen-specific immunity, such as by targeting
the peptidyl arginine deiminase enzymes that generate the
autoantigens in RA (59, 60).

Importantly, before we reconsider how to optimize com-
bination therapy, we need to understand how to monitor
the human immune response in much greater detail. This
is becoming possible, through the pioneering work of Mark
Davis in Stanford, CA, USA, whose group has made sig-
nificant progress in analysing human immune function (61).
No too long! But knowing the marked benefits of combina-
tion therapy in lethal diseases such as HIV, acute myeloid

leukaemia and chronic lymphocytic leukaemia, it is probably
the best way to get closer to a cure.
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