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Abstract
Tumor necrosis factor-alpha (TNFα) antagonists have shown remarkable efficacy in a variety of
immune-mediated inflammatory diseases (IMIDs). Therapeutic scope and limitations of these agents
are reviewed in a recently published article in the Journal. In spite of their therapeutic popularity,
little is known about their modes of action in vivo and factors that limit their scope of therapeutic
use. Intriguingly, while all TNFα antagonists including blocking antibodies and soluble receptors
are effective in certain IMIDs, only anti-TNFα antibodies are effective in other IMIDs. Early efforts
at understanding how TNFα antagonists act in IMIDs centered on their ability to neutralize soluble
TNFα or to block TNF receptors from binding to their ligands. Subsequent studies suggested a role
of complement-mediated lysis or antibody-dependent cell cytotoxicity in their therapeutic effects.
More recent models postulate that TNFα blockers may act by affecting intracellular signaling, with
the end result being a hastened cell cycle arrest, apoptosis, suppression of cytokine production, or
improved Treg cell function. TNFα antagonists can also modulate the functions of myofibroblasts
and osteoclasts, which might explain how TNFα antagonists reduce tissue damage in chronic IMIDs.
Focusing on the human therapeutic experience, this analytical review will review the biology of
mechanisms of action, the limiting factors contributing to disease restriction in therapeutic efficacy,
and the mechanism and frequency of treatment-limiting adverse responses of TNFα antagonists. It
is hoped that the overview will address the needs of clinicians to decide on optimal use, spur clinical
innovation, and incite translational researchers to set priorities for in vivo human investigations.
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Introduction
Immune-mediated inflammatory diseases (IMID) such as rheumatoid arthritis (RA),
inflammatory bowel disease (IBD), psoriatic arthritis (PsA), vasculitis, ankylosing spondylitis
(AS), and juvenile chronic arthritis (JCA) incur substantial costs to patients and society at large
[1]. New treatments targeting disease mechanisms, popularly referred to as biological modifier
therapies, are revolutionizing the treatment of such diseases. Tumor necrosis factor-alpha
(TNFα) antagonism is one such arsenal in this expanding armamentarium of biological
therapies. Since their first license for clinical use in 1998, the three approved TNFα antagonists
have shown clear benefits in a series of randomized, controlled trials enrolling over 8000
patients with inflammatory diseases. Efficacy and safety profiles of these agents in IMIDs have
been reviewed in a recently published article in the Journal [116].

Despite the therapeutic popularity of these three agents, much remains to be learned about their
modes of action, the limiting factors for scope and efficacy of therapeutic use, and the
mechanism and frequency of adverse responses. Here, we review the biology of mechanisms
of action, the limiting factors contributing to disease restriction in therapeutic efficacy, and the
mechanism and frequency of treatment-limiting adverse responses.

TNFα antagonists
TNFα is a prototype member of the TNF family of ligands that bind the corresponding TNF
receptor (TNFR) family [2]. TNFα is generated and expressed by immune cells. It mediates
numerous inflammatory and immunoregulatory activities [3]. Several lines of evidence suggest
that TNFα contributes to tissue inflammation in IMIDs.

Two monoclonal antibodies (mAb) and a soluble receptor, which bind to soluble and membrane
forms of TNFα and can neutralize the pathological effects of TNFα in IMIDs, are licensed for
clinical use (reviewed in [116]).

Infliximab (INF)
INF is a chimeric mAb, composed of human constant regions of IgG1κ, with murine variable
regions. It binds to both soluble and transmembrane TNFα with high affinity and specificity,
but not to TNFβ. The binding of INF to membrane TNFα can mediate programmed cell death.
The high specificity of the INF mAb decreases the potential for nonspecific effects on other
biological pathways. However, the murine variable region segment of the mAb can lead to
production of human anti-mouse Abs potentially limiting therapeutic efficacy [4]. INF is
administered by intravenous (i.v.) infusion at a dose of 3 to 10 mg/kg every 8 weeks. It is
indicated for use in RA, AS, CD, ulcerative colitis, PsA and chronic severe plaque psoriasis.

Etanercept (ETA)
Soluble TNF receptors bind to and inactivate TNFα, effectively lowering the amount of
TNFα that is available for binding to membrane-bound receptors [5]. ETA is a dimeric fusion
protein consisting of two extracellular domains of the human p75 (75 kDa) TNF receptor
(sTNFRII), linked to the Fc portion of a type 1 human immunoglobulin (IgG1). The Fc portion
helps to retain the molecule in the circulation [6]. By competitive inhibition, the two sTNFRII
arms bind two of the three receptor-binding sites on the TNF trimer. TNF binding to the cell
surface receptors is prevented [7], signal transduction is checked, and hence TNFα-induced
proinflammatory activity is inhibited [6]. Of note, low concentrations of soluble TNF receptors
stabilize the structure of TNFα, but higher concentrations inhibit TNFα binding to TNFRI and
TNFRII on target cells [8]. ETA is administered as subcutaneous (s.c.) injections of 25 mg
twice a week or 50 mg s.c. once a week. Usual dose for psoriasis is 50 mg twice weekly for 3
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months, followed by a maintenance regimen dose of 50 mg per week. It is indicated for use in
RA, JCA, PsA, AS, and moderate to severe psoriasis.

Adalimumab (ADA)
ADA (D2E7) is a complete human IgG1 anti-TNFα mAb that has been generated through
repertoire cloning. It binds to the soluble and transmembrane forms of TNFα with high affinity,
thereby preventing TNFα from binding to its receptors. In vitro studies have also demonstrated
its effect on the induction of cell lysis and apoptosis [9]. It is generally administered at a dose
of 40 mg s.c. every 2 weeks, or at higher doses administered once a week. It is indicated for
use in RA, PsA, AS, and moderate to severe Crohn's disease.

How does TNFα blockade work in disease states?
Early efforts at understanding how anti-TNF biologics work in immune-mediated disease
centered on the ability of anti-TNF Abs to neutralize soluble TNFα or to block TNF receptors
from binding to their ligands [10]. Subsequent studies suggested that complement-mediated
lysis or Ab-dependent cytotoxicity (ADCC) played a role in the effects of these biologics
[11]. More recent models postulate that anti-TNF biologics may work by affecting intracellular
signaling, with the end result being a hastened cell cycle arrest, apoptosis, or suppression of
cytokine production [12]. These in vitro and a few in vivo studies that have given some insight
into the possible mechanisms by which anti-TNF agents may improve diseases are described
in the following sections and summarized in Tables 1 and 2 and Figs. 1 and 2.

Neutralization of soluble TNFα by anti-TNFα agents
Anti-TNFα Abs and soluble TNF receptors can reduce inflammation by directly neutralizing
the activity of TNFα (Fig. 1). The TNF receptor exists as one of two isomers, a p55 (TNFR I)
and a p75 receptor (TNFR II). These two isoforms of TNF receptor may be found on the
membrane of monocytes and T lymphocytes (mTNFR), or circulating in the serum as a soluble
receptor (sTNFR). The binding of TNF to a circulating receptor essentially neutralizes its action
and prevents patients against overwhelming shock in the face of infection or inflammation.
Patients with CD have increased levels of both soluble TNFRs [13]. Gustot et al. found that
INF decreases serum levels of sTNFRII in patients with active CD. However, it has no effect
on the levels of sTNFRII. This decrease may be secondary to a feedback mechanism whereby
serum TNFα induces the expression of sTNFRII, which, in turn, neutralizes TNF and its
proinflammatory effects.

A recent study sought to address the specificity of anti-TNF binding to the p55 or p75 receptor
[14]. They used a human lung carcinoma cell line A549 transfected with a luciferase reporter
system for binding to p55 receptor and the Jurkat cell line transfected with a chimeric p75
construct with a similar luciferase reporter. This system allowed them to measure the ability
of INF, ADA, or certolizumab (see Looking to the future: research and innovation priorities
to improve and extend therapeutic use and safety) to neutralize soluble TNF or membrane-
bound TNF signaling in vitro specifically via the p55 or p75 receptor. Interestingly, all three
agents equally neutralized membrane-bound TNF via the p55 or p75 receptors, but
certolizumab pegol was 2-fold more potent in neutralizing soluble TNF signaling via either
receptor than INF or ADA.

Complement-mediated lysis and ADCC
Fossati et al. used a system of NS0 myeloma cells expressing high levels of tmTNF to show
that ETA, INF, ADA, and certolizumab all bound to tmTNF, although ETA bound fewer TNF
molecules [15]. However, only ETA, INF, and ADA were able to affect complement-dependent
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lysis and ADCC. Certolizumab exhibits neither ADCC nor complement-mediated lysis
because it is a Fab' fragment without an Fc portion.

Intracellular signaling mediated by anti-TNFα agents
Binding of an anti-TNF molecule to tmTNF can potentially elicit one or more effects, including
apoptosis mediated by reverse signaling, the downregulation of cytokine production, or growth
arrest. Mechanistic studies of anti-TNF agents have yielded variable results due to differences
in experimental conditions. The consequences of membrane binding depend largely on the
systems in which these mechanisms are tested. Several of these studies have been performed
using cell lines into which a gene encoding non-cleavable mTNF has been transfected. As
discussed later in the next subsection, investigators have found differences in various anti-TNF
agents in their ability to bind tmTNF [16]. Newer data suggest that the cross-linking of anti-
TNF Ab on the cell is responsible for its reverse intracellular signaling, inhibiting the
production of inflammatory cytokines, inducing apoptosis, and causing growth arrest. A few
studies have shown differential binding of different anti-TNF agents to soluble versus
membrane TNF with ensuing differences in ability to induce apoptosis in cells, although the
results have been variable [17,18].

Explanation of TNF signaling
Antibody binding to tmTNF induces a reverse (outside to inside) intracellular signaling cascade
(Fig. 2). The resulting release of intracellular calcium, cytokine production, and E-selectin
expression is associated with caspase-dependent apoptosis [12]. This apoptosis does not seem
to require Fas–Fas ligand interaction, however [19].

The consequences of TNF binding to its membrane-bound receptor are several. Human Jurkat
T cells stably transfected with membrane-bound TNF upregulate levels of E-selectin as well
as IL-10 when incubated in the presence of INF [18]. These cells are also arrested in the G0/
G1 phase of the cell cycle. The three transmembrane serine residue domains on mTNF are
essential to its function. It is also likely that p53, a transcription factor that regulates apoptosis
and cell cycle arrest, acting through intracellular signaling proteins Bax and Bak, is responsible
in part for the INF-induced apoptotic effect [12]. Caspase 8 acts to promote apoptosis through
its downstream effects on caspase 3, as well as on proteins that influence mitochondrial
permeability, Bcl-2, Bc-xL (anti-apoptotic), Bax and Bak (pro-apoptotic). It is the balance of
these proteins that determines the cell's fate. It has been postulated that INF may work to induce
apoptosis through these caspase 8-mitochondrial permeability pathways [20].

Notably, binding of TNF to TNFRI causes upregulation of pro-apoptotic signals but it also
leads to the translocation of NF-κB into the nucleus, protecting the cell from apoptosis. Whether
the end result of TNF binding is apoptosis of the cell or protection from apoptosis depends on
the cell type and its state of activation.

ADA appears to have a similar mechanism of action as INF in inducing caspase-dependent
apoptosis [21]. This study found that ADA induced caspase 3-dependent apoptosis of a
monocyte cell line in vitro as well as in vivo in severe combined immunodeficient (SCID) mice
reconstituted with human monocytes (THP-1), and that its effects could be reversed by
administering a caspase inhibitor to the mice contemporaneously.

Functional modulation of myofibroblasts
Anti-TNF agents, INF, ETA and ADA, enhance the production of tissue inhibitor of
metalloproteinases (TIMP)-1 [22]. INF can also enhance the migration of myofibroblasts,
which may reduce MMP activity and facilitate the wound healing. Interestingly, INF reduced
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collagen production by CD myofibroblasts. These effects offer a new mechanism by which
anti-TNF agents may reduce tissue damage in chronic IMIDs.

Mechanistic studies in individual diseases are discussed in the following sections.

Evidence from inflammatory joint disease
Normally, TNFα and other proinflammatory cytokines are maintained in balance by anti-
inflammatory factors. This balance is shifted in favor of the proinflammatory cytokines in
inflammatory diseases. TNFα upregulates adhesion molecules on the endothelium, stimulates
fibroblast proliferation, and recruits leukocytes from the circulation into the synovial fluid
[23]. TNFα stimulates production of other cytokines and chemokines, reactive oxygen
intermediates, nitric oxide and prostaglandins, and increases the rate of tissue remodeling by
matrix-degrading proteases [24,25]. TNFα promotes angiogenesis and osteoclast
differentiation and activates osteoclasts to resorb bone, leading to joint erosions particularly at
the marginal surfaces [26,27]. It also increases the rate of tissue remodeling by matrix-
degrading proteases [24,25] and directly mediates pain, fever, and cachexia.

Effect on cytokine production
Therapy with TNFα inhibitors leads to an overall reduction in proinflammatory cytokine levels
in patients with RA. Longitudinal studies showed levels of serum IL-6 falling, followed by the
reduction in the acute-phase proteins amyloid A, haptoglobin and fibrinogen [28]. Synovial
synthesis of TNFα, IL-1α and IL-1β were also reduced in RA patients following a single
infusion of INF [29]. Reduced IL-1 levels result in reduced synthesis of MMP and other
degradative enzymes, such as proMMP-1 and proMMP-3 [28,30,31].

Effect on infiltrating cells
The inflamed joint contains synovial macrophages, and fibroblasts known as synoviocytes.
Treatment with INF, ETA, and ADA in RA patients reduces the numbers of infiltrating synovial
granulocyte, CD3+ T cells, CD22+ B cells, and CD68+ macrophages and a concomitant
reduction in the expression of the chemokines IL-8 and MCP-1 [32]. Exposure to ADA also
restored normal chemotactic neutrophil activity [33], decreased influx of leukocytes to the
inflamed joints [34], and reduced activation marker CD69 on neutrophils in patients [33].

Increased apoptosis is another mechanism by which anti-TNF agents can reduce infiltrating
cells. For example, treatment of RA patients with either ETA or INF increased synovial
apoptosis of monocyte/macrophage populations. However, no changes in the rate of apoptosis
were noticed in lymphocytes from synovial fluid or peripheral blood [35].

Effect on endothelial cell activation and atherosclerosis
Expression of angiogenic factor vascular endothelial growth factor (VEGF) is reduced in
synovial membrane from patients after TNF blockade therapy. This suggests that these
treatments might reduce neovascularization in the pannus characteristic within rheumatoid
joint [36]. In fact, analysis of markers of endothelium (e.g. von Willibrand factor, CD31) and
neovasculature (αvβ3) does show reduced vascularity after anti-TNF treatment (Table 1 and
Fig. 1).

RA is associated with accelerated atherosclerosis. TNFα might play a role in the development
of RA-associated cardiovascular disease by increasing endothelial cell expression of adhesion
molecules in the synovial tissue [24,25]. Treatment with anti-TNFα agents results in a dose-
dependent reduction in the expression of endothelial adhesion molecules in the synovial tissue
[25] and decreases in soluble forms of intracellular adhesion molecule-1 (ICAM-1) and E-
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selection [37]. A later study showed an improvement in endothelium-dependent vasodilatation
of the brachial artery after 12 weeks of INF treatment [38].

Effect on immunoregulation
Impaired function of a subset of T cells called regulatory T (Treg) cells has been implicated in
the pathogenesis of RA. Indeed, Treg cells from patients with active RA are defective in their
ability to suppress proinflammatory cytokine production by activated Tcells and monocytes in
vitro. Anti-TNFα Ab treatment significantly boosts the numbers of circulating Treg cells; the
increase in Treg cells correlated with a reduction in CRP [39]. Further, TNFα blockade inhibits
the expansion of human CD4+VLA-1+ effector T cells in vitro, while augmenting the
percentage of Treg cells in cultures [40]. These data suggest modulation of Treg cells as a
potential mechanism of action of TNF blockers in IMIDs.

Effect on dendritic cells (DC)
As early as 24 h following treatment with INF, there was a decrease in the percentages of
circulating CD11c+ and CD123+ DC; expression of activation marker CD83 was also reduced
on DC in the treated patients. After 6 months of treatment, clinical improvement was associated
with a less active phenotype of DC. This study supports the role of anti-TNFα in preventing
the maturation and activation of DC [41].

Effect on osteoclasts
The formation and activation of osteoclasts at the cartilage–pannus junction is an essential
component of RA-associated bone loss. TNFα promotes osteoclast differentiation and activates
osteoclasts to resorb bone, leading to joint erosions [26] (Fig. 1). These processes involve an
interaction between receptor activator of NF-κB ligand (RANKL) and its decoy receptor,
osteoprotegerin (OPG) [26]. Anti-TNFα therapy can modulate the OPG/RANKL system by
reducing the RANKL/OPG ratio [42]. This might be a potential mechanism by which anti-
TNFα therapy retards radiographic damage in patients with RA.

Effect on bone marrow
TNFα can affect the bone marrow, contributing to the anemia of chronic disease in patients
with RA [43]. Although the mechanism is unclear, administration of anti-TNFα mAb cA2 to
RA patients with anemia of chronic disease resulted in increased hemoglobin levels in a dose-
dependent manner. These changes were accompanied by a reduction in both erythropoietin
and IL-6 levels [44].

In summary, TNFα inhibitors can affect various cell types and mediators involved in the
pathogenesis of RA. These agents can influence antigen presentation and self-reactive Tcell
activation via their effects on DC; increase the numbers and functional capacity of Treg cells
to suppress effector T cells; reduce inflammatory cell infiltration at the sites of inflammation
by modulating cell migration and inducing their apoptosis; reduce proinflammatory cytokine
production; modulate the functions of endothelial cells and osteoclasts; and even affect bone
marrow microenvironment (Table 1).

Evidence from inflammatory bowel disease
Myriad derangements in innate and acquired immunity characterize IBD. Among these are
resistance of activated Th1-polarized effector T cells to apoptosis [45], deficiencies in local
IL-10 production, and increased production of TNFα by local monocytes/macrophages.
Following evidences support that anti-TNF biologics might correct some of these impairments.
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Effect on apoptosis
One of the best-described mucosal immune derangements in IBD is a resistance of lamina
propria T cells to apoptosis [45,46]. INF's ability to induce apoptosis of activated lymphocytes
in the inflamed biopsies or peripheral blood may underlie its therapeutic efficacy in IBD (Table
2 and Fig. 2). One study performed colonoscopy with biopsy in 10 IBD patients before, and
10 weeks after, a course of INF (administered at weeks 0, 2, and 6) and in 10 control subjects
with functional diarrhea [19]. They found that patients treated with INF had increasing numbers
of TUNEL-staining apoptotic lamina propria T cells, approaching the number of apoptotic
lamina propria Tcells of those in the control group. Another study noted a significantly
increased percentage of TUNEL-positive cells, mostly CD3+ T cells, in colonic biopsies from
CD patients 24 h after INF infusion (5.4 cells/HPF to 22.9 cells/HPF) [47]. Furthermore, lamina
propria Tcells isolated from the colonic biopsies were more sensitive to apoptosis than
peripheral blood T cells when cultured in the presence of INF [19]. In resonance with this
finding, another study showed that the activated, but not resting, T cells were susceptible to
apoptosis in the presence of INF. However, Lugering et al. demonstrated increased apoptosis
in peripheral blood mononuclear cells (PBMCs), as measured by annexin V staining by flow
cytometry, before and 4 h after INF infusion in patients with CD. The apoptotic cells showed
induction of caspase 3. These changes also correlated with an absolute decrease in the
percentage of monocytes in the peripheral blood after INF infusion [20].

One study compared the abilities of ETA and INF to neutralize TNF and to induce apoptosis
in vitro [17]. Both INF and ETA neutralized the effects of TNFα in HeLa cells transfected with
a NF-κB reporter GFP construct. However, whereas INF bound to the activated peripheral
blood lymphocytes (PBL) and lamina propria monocytes isolated from the colonic biopsies
from patients with CD, there was no detectable level of ETA binding to those same cells. They
further ascribed this binding of INF to transmembrane TNF rather than to receptor-bound TNF.
Furthermore, INF, but not ETA, induced apoptosis as measured by annexin V and 7-AAD
staining in PBLs stimulated by mixed lymphocyte reaction. Caspase 3, but not cell-mediated
immunity or complement-mediated cytolysis, played a role in this apoptosis.

Whether INF exerts its therapeutic effect by inducing apoptosis in PBMCs is a point of
contention. For example, one study found no increase in the number of apoptotic cells when
PBMCs isolated from patients with CD were cultured overnight in the presence of INF [48].
In fact, the researchers believed that these cells were stabilized against apoptosis. Stimulation
of monocytes with LPS did not increase their susceptibility to apoptosis in the presence of INF.
It remains to be determined whether increased apoptosis of activated lymphocytes represents
a direct effect of TNF inhibitors. It is also unclear whether increased apoptosis of activated
mucosal lymphocytes is in fact the mechanism of therapeutic efficacy of anti-TNF agents.

Effect on intracellular signaling
INF seems to act on several cellular targets, including proteins that regulate apoptosis,
progression through the cell cycle, and expression of cytokines. INF binding transiently
stimulates p38 MAP kinase both in vivo in patients with CD, as well as in vitro. Both INF and
ETA are able to reduce STAT3 phosphorylation to a similar degree in cultured T cells taken
from patients with CD. It may well be the neutralization of sTNF that may be important in
decreasing STAT3 signaling as sTNF acts in an autocrine fashion to regulate STAT3 [49].

Effect on cytokine production
The immunopathogenesis of CD culminates in inflammation via the interplay of several
cytokines including not only TNFα but also others including IL-1β and IFNγ. INF exerts its
anti-inflammatory effects by acting on multiple constituents in these cytokine networks (Table
2 and Fig. 1). Ringheanu et al. [48] found that INF induced “reverse signaling” in isolated
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PBMCs in vitro to downregulate the production of inflammatory cytokines. They showed that
monocytes produced less TNFα after they had been exposed to LPS or SEA when cultured
with INF. PBMC isolated from patients before and 1 h after INF infusion and stimulated with
LPS or SEA had fewer copies of TNFα, IL-1β , IL-6, and IL-8 mRNA as measured by RT–
PCR. Activated T cells isolated from colonic biopsies of patients with CD cultured in the
presence of INF were found to decrease their expression of IFNγ [50].

Effects on CD40–CD40L and lymphocyte homing
INF can also decrease lymphocyte homing. CD40, also a member of the TNF receptor family,
is found on the surface of B cells as well as on some epithelial (and endothelial) cells. Recent
fascinating results point to modulation of levels of CD40 in the microvasculature of intestinal
tissue in patients with CD as a possible therapeutic mechanism of INF. CD40–CD40L ligation
resulted in the upregulation of cell surface markers and inflammatory signals. Endothelial cells
express CD40 that recognizes the CD40L on the surface of platelets and lamina propria T cells.
Once engaged, CD40 causes endothelial cells to upregulate surface markers responsible for
lymphocyte recruitment as well as produce proinflammatory cytokines and chemokines (Table
2 and Fig. 1). Danese et al. [51] showed that INF significantly reduced levels of intestinal
endothelial expressed CD40 and VCAM-1 in treated patients with CD, as well as their levels
of soluble CD40L.

Effect on barrier function
The epithelial cells are prime players in the innate immune response and they have been
implicated as playing a major role in the dysregulated immune homeostasis of CD. Foci of
epithelial cell apoptosis may be the cause of increased ionic permeability in IBD [52]. Zeissig
et al. [53] showed that patients with CD had a higher index of apoptotic epithelial cell foci than
healthy controls. Patients treated with INF had epithelial barriers that were restored to normal.
These findings correlated functionally with epithelial resistance, but had no relationship to the
expression of tight junction proteins.

In summary, anti-TNF drug INF appears to promote apoptosis of inflammatory cells infiltrating
the inflamed mucosa, modulate intracellular signaling and inhibit pro-inflammatory cytokine
and chemokine production, and assist with the repair of epithelial barrier. Which of these
mechanisms are critical for INF-induced protection in patients with IBD remain to be
determined.

Mechanistic lessons from animal models
Availability of animal models that mimic human RA or IBD permits in vivo mechanistic studies
that would otherwise be difficult to perform in patients. In fact, direct evidence for the role of
TNFα in the pathogenesis of RA came from the Tg 197 transgenic mice, which carry a human
TNF transgene with a modified 3'-untranslated region. This mutation results in constitutive
production of human TNFα in these mice. By the age of 4 weeks, all human Tg 197 mice
spontaneously develop a severe bilateral, symmetric, erosive, and disabling polyarthritis
similar to RA [54]. Treatment of these arthritic mice with a mAb against TNF completely
prevents the development of the disease [54,55].

Studies in early 1990s also implicated TNFα in the development of collagen-induced arthritis
(CIA) that is recognized as the industry standard for studying potential therapeutic targets for
treatment of RA. CIA is elicited through intradermal injection of chick or bovine type II
collagen (CII) in the presence of Freund's complete adjuvant into genetically susceptible mice
[56]. In initial studies, i.p. injections of TN3-19.12, a hamster IgG1 mAb to murine TNFα/β,
into CIA mice either before or after the onset of clinical arthritis significantly reduced paw
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swelling and histological severity of arthritis without reducing the incidence of arthritis or the
level of the circulating antitype II collagen IgG [57]. Co-administration of anti-CD4 and a sub-
optimal dose of anti-TNFα/β to the CIA mice not only reduced paw-swelling and prevented
limb involvement and joint erosion, it was also effective in preventing an Ab response to the
hamster anti-TNF Abs [58]. These findings may have implications for a long-term therapy in
human disease, as they suggest a possibility for treatment that may help eliminate the adverse
outcome of autoimmunity following anti-TNFα treatment. These findings were also confirmed
using the human p55 TNF receptor–IgG fusion protein (p55–sf2), co-administered with anti-
CD4 [59]. Combined anti-TNFα/anti CD4 therapy suppressed both TNFα and IL-1β expression
in the DBA/1 CIA mouse model. In addition, this combined therapy also caused the
normalization of serum amyloid P levels [60]. In a separate study, anti-TNFα blockade, but
not anti-CD4 Abs, significantly reduced the frequency of cells expressing TNFα, IL-1β,
VLA-4, VCAM-1 and CD4+ Tcells and macrophages in the joint of CIA-induced mice model
[61].

In another, the motheaten arthritis mouse model, treatment with the soluble TNFRI reduced
serum TNFα levels and improved the life span of the treated mice. It did not, however, reduce
the serum levels of IgM and IgM anti-dsDNA Abs in comparison to control mice [62].

A variety of animal models of both acute and chronic intestinal inflammation have been
developed to study CD [63]. These include chemically induced, genetically manipulated and
immune-mediated models of gut inflammation, each of which addresses specific aspects of the
disease pathogenesis. In addition, the TNF ARE and SAP1/YitFc mouse strains spontaneously
develop chronic ileal inflammation that closely resembles human CD, with regard to disease
location, histologic features and clinical responses to therapy, and thus have provided essential
insights into the pathogenesis of human CD. These mouse models have been utilized for testing
the efficacy of potential therapies such as anti-TNF blockades. For example, in the SAMP1/
YitFc model [64], a single injection of a chimeric antimurine TNF Ab suppressed intestinal
inflammation and epithelial cell damage [65], which was associated with reduced apoptosis of
intestinal epithelial cells, while the lamina propria mononuclear cells showed increased cell
apoptosis. These data demonstrate that one of the mechanisms of action of anti-TNF therapy
involves homeostatic regulation of apoptosis in mucosal and lamina propria mononuclear cells,
resulting in a net decrease of chronic inflammation.

To study the in vivo effects of TNF inhibition on human cells, some investigators have used a
humanized mouse model where SCID/beige mice were reconstituted with human monocytic
cell line THP-1 or the human T cell line Jurkat. In these mice, administration of a mouse–
human IgG1 chimeric anti-TNF Ab induced apoptosis of monocytes and T lymphocytes and
decreased the production of human cytokines IL-10 and IL-12 [66]. Cell death in these mice
was independent of FcγR binding or complement activation and resulted from apoptosis
induction in a caspase-dependent pathway. This mouse model was also utilized to study the
mechanism of apoptosis induction by the fully humanized mAb ADA, as well as the chimeric
mAb INF. Following treatment with either ADA or INF, a high percentage of the human THP-1
cells were apoptotic [21]. Moreover, apoptosis induction by ADA could be abrogated by
treatment of these mice with a pancaspase inhibitor. Theses data indicated that caspase
activation is involved in TNFα-induced T cell apoptosis in vivo.

In summary, the use of animal models has not only demonstrated the role of TNFα in the
development of chronic joint and intestinal inflammation, it has paved the way for TNFα-based
therapies. Ongoing and future animal studies will be critical to unravel new mechanisms by
which anti-TNFα therapies act in IMIDs.
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Limiting factors contributing to disease restriction in therapeutic efficacy
Anti-TNF agents have clear therapeutic benefit in some IMIDs while they have relatively
weaker or no effect in other diseases. Even in diseases where anti-TNF treatments have been
shown to be successful, more than one third of patients do not respond to treatment. This lack
of responsiveness may be due to a different mechanism(s) of disease in some patients. In other
words, chronic joint or intestinal inflammation clinically diagnosed as RA or IBD, respectively,
actually represent different pathological disease entities. Alternatively, TNFα may play a
pathogenetic role only in certain stages of disease.

Another important area is to understand why and how certain anti-TNF agents have better
outcomes in one disease and not in another. For instance, ETA is an important drug in the
treatment of patients with RA, but a large clinical trial showed that it had no effect at the dose
regimen used on decreasing the gut inflammation in IBD. In vitro studies attempted to explore
differences in binding to tmTNF between ETA and INF. One must take care, however, to
interpret the results of in vitro studies carefully, as they are not always generalizable to patients
with complex chronic diseases. Furthermore, the results of many mechanistic studies of anti-
TNF biologics vary because of the conditions under which they are run. The consequences of
membrane binding depend largely on the systems in which these mechanisms are tested.
Several of these studies have been done using cell lines into which a gene encoding non-
cleavable mTNF has been transfected. When tmTNF is transfected into cells, investigators take
care to protect it from an enzyme that would otherwise cleave the TNF molecule, called
TNFα-converting enzyme (TACE) [67]. At first the gene encoding tmTNF was transfected as
a deletion mutant, but more recently, Harashima et al. [68] developed a method of transfecting
cells with a tmTNF rendered non-cleavable by site-directed mutagenesis. Using these methods,
investigators assessed the number of anti-TNF molecules that can bind tmTNF either by flow
cytometry or by radioassay [16].

TNF exists in monomeric and biologically active trimeric forms. INF is able to bind to both
monomeric as well as trimeric forms of TNF, but because of its binding site on TNF occurs in
the cleft between subunits, ETA can only bind to the trimeric form [16]. This binding
configuration may explain why the number of mTNF molecules bound by INF is 1.5 to 3 times
as many as ETA, while their affinities in monovalent interactions are similar. Scallon et al.
[16] performed pulse–chase experiments of radiolabeled INF and ETA and found that while
both bound tmTNF, ETA had a higher off-rate, signifying that the rate of exchange of ETA
with tmTNF is higher than that of INF. A recent study from the Abbott Laboratories compared
the binding properties of the three FAD-approved anti-TNF agents [69]. Using a BIAcore 3000
instrument, they found similar affinities of the three antagonists for soluble TNF, but with
differing on-rates and off-rates. ETA had a faster binding on-rate and a faster dissociation off-
rate to soluble TNF than INF or ADA. All three TNFα antagonists also bound to membrane
TNF with similar affinities. Other factors, such as the ability of ETA to bind both TNFα and
TNFβ and the ability of mAbs to bind only to TNFα, might also explain some differences in
treatment outcomes using these agents.

The cross-linking of anti-TNF agent on the cell may elicit reverse cell signaling, causing
reduced production of inflammatory cytokines, and increased apoptosis and growth arrest. If
the surface density of mTNF on the cell is high, it would be expected that there is more
opportunity for Ab cross-linking [66]. ETA may have greater efficacy in the treatment of
patients with RA because circulating rheumatoid factor as well as complement component C1q
may act to cross-link this Ab when bound to lymphocytes in vivo.

Some authors argue that INF binds to both tmTNF as well as soluble TNFα, while ETA binds
primarily to soluble TNF, and so cannot mediate caspase-dependent apoptosis [17]. Others
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claim that both INF and ETA bind to the uncleavable form of membrane bound TNF, but INF
binds with higher avidity [18]. By binding to cells bearing membrane-bound TNF, INF is able
to induce apoptosis of those cells [70]. Monocytes isolated from the peripheral blood of patients
with CD undergo apoptosis after binding of INF in vitro, i.e. a phenomenon associated with
increases in caspase 3 activation [20]. Similarly, T lymphocytes maintained in a mixed
lymphocyte reaction with monocyte-derived dendritic cells show significant apoptosis in the
presence of INF. Finally, binding may not predict the cellular effects. For example, a recent
study found that ETA, INF, ADA, and certolizumab all bound equally to activated PBT and
PBMC, but only ETA, INF, and ADA were able to induce apoptosis in those cells [14].

Genetic makeup of individuals may dictate response to biological treatments. For example,
RA patients with a TNFα-308G/G genotype are better infliximab responders than are patients
with A/A or A/G genotypes. TNFα-308 genotyping may be a useful tool for predicting response
to infliximab treatment [71]. This observation has been extended to other anti-TNF agents
independent of the treated rheumatic disease (RA, PsA or AS) [72].

In summary, more than one third of patients (suffering from any approved indication) do not
benefit clinically from anti-TNF treatment. Future studies should investigate whether this
limitation is due to different pathogenetic mechanisms in different patients or due to
involvement of different mediators of disease development and progression in different stages
of disease. Other limiting factors could be the genetic make up of individuals or specific
properties of the anti-TNF agent used for the treatment.

Mechanism of treatment-limiting adverse responses
Although anti-TNFα therapy is safe and well tolerated, some of the adverse events reported in
patients treated with TNFα blockading agents include immunogenicity, infections, delayed
hypersensitivity-type reactions and autoimmune diseases such as drug-induced lupus and
demyelination (reviewed in [116]).

One study examined the effect of TNFα neutralization on cell-mediated and humoral immunity
in a mouse model of acute graft-vs-host disease (GVHD). The anti-TNFα treatment blocked
the lymphopenia, but induced lupus-like chronic lymphoproliferation and autoantibody
production [73]. There was a complete inhibition of anti-host CTL activity, with preferential
inhibition of IFN-γ production and of IFN-γ-dependent upregulation of Fas, but not the
production of Th2 cytokines, IL-4, IL-6 and IL-10. This selective inhibition of CTL response
that would normally suppress autoreactive B cells may be the mechanism by which TNFα
blockade promotes autoimmunity.

While treatment of RA patients with TNFα blockade is associated with a reduction in the levels
of specific autoantibodies, such as rheumatoid factor (RF), and anticyclic citrunillated peptides,
it has also been associated with the induction of non-organ specific autoantibodies, such as
antinuclear Abs (ANA), anti-dsDNA, and antiphospholipid Abs (aPL) [74,75].

In CD patients, one study reported development of ANA in 56.8% of patients within 1 year of
INF treatment and drug-induced lupus erythematosus in 2 out of these 71 patients [76]. The
effect of INF treatment on the induction of ANAs, anti-dsDNA, antinucleosome, antihistone,
and anti-extractable nuclear antigen (anti-ENA) Abs in RA, was investigated by De Rycke et
al. [77]. Following treatment, there was a significant increase in the percent of RA patients that
tested positive for ANAs. There was also an increase in the percent of patients with anti-dsDNA
Abs of the IgM and IgA type. In contrast, following long-term INF therapy in patients with
RA, the presence of both anti-ssDNA and anti-dsDNA of the IgG type in the serum correlated
with lupus-like symptoms and/or anaphylactoid reactions in these patients [78].
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In animal models, TNFα plays an essential role in host defense against tuberculosis (TB),
including granuloma formation and containment of disease [79–81]. It is therefore not
surprising that TNFα blockade causes reactivation of TB in animal models [82]. In fact, all
three approved anti-TNF agents increase the risk of TB in clinics that do not comply with
recommendations to prevent reactivation of latent TB infection [83].

Elevated levels of TNFα are seen in serum and hepatocytes of patients with chronic HBV, and
are secreted by HBV-specific cytotoxic T lymphocytes (CTL) [84,85]. Animal studies show
that TNFα knockout mice have defects in the proliferative capacity of the HBV-specific CTL,
suggesting that TNFα may play a role in clearing or controlling HBV [86]. Therefore
immunosuppression in chronic HBV could theoretically reactivate or worsen the disease.
TNFα promotes viral clearance in hepatitis B infection (at least in animals), a role different
than in hepatitis C where it is postulated to promote chronic liver injury. Published case reports
indicate that INF ± MTX reactivates chronic HBV infection, yet concurrent treatment of INF
±MTX with lamivudine can stabilize HBV disease activity.

TNFα plays an important role in host defense against intracellular infections. Studies in animal
models demonstrate that TNFα plays a critical role in defense against infections due to
histoplasma, cryptococcus, coccidiodes, candida, aspergillus and pneumocystis [87–89].
Studies in three patients with histoplasmosis associated with INF use showed that INF
interfered with the host's helper T cell response to histoplasma antigens [90].

Injection site reactions (ISRs) that can occur with anti-TNF agents are believed to be T-
lymphocyte-mediated, delayed-type hypersensitivity reactions that decrease in intensity over
time, possibly due to induced tolerance [91].

Of the CD patients who respond to anti-TNF, only 25% maintain a clinical response at 1 year
follow-up. Human anti-chimeric Abs (HACA) seem to be responsible for the majority of the
loss of efficacy. Antibodies to INF also correlate with allergic reactions and serum sickness.
Recent studies in the RA, however, suggest that the trough INF levels, but not the titers of
HACA or ATI (Abs to INF), decrease its clinical efficacy [92]. New dosing strategies may be
designed to address this problem. One strategy of dealing with HACA is by increasing the dose
of INF from 5 to 10 mg/kg or increasing the frequency of dosing.

In summary, in certain disease settings, use of anti-TNF biologics increases the risk of adverse
effects. Understanding the mechanisms of these complications and of pathophysiology
associated with elevated or reduced levels of TNFα may help explain some of these limitations.

Looking to the future: research and innovation priorities to improve and
extend therapeutic use and safety
Designing new translational research strategies

As not all patients with RA, Crohn's and other diseases benefit from anti-TNF agents, it is
critical at this time to investigate predictors of potential responders and adverse consequences.
In this regard, traditional disease parameters, such as levels of acute phase reactants, pace of
disease progression, as well as pharmacogenetic approaches, are being used. For example,
identifying which genetic polymorphisms associate with increased levels and effects of this
cytokine and which negatively affect disease progression would be helpful. For example, CD
patients bearing mutations in the Fas ligand gene (843-TT) were more likely to be unresponsive
to INF therapy [93]. Results were similar, but not as significant, in patients with a mutation in
the caspase-9 gene (93-CC/CT). Treatment with concurrent azathioprine/6-MP was able to
overcome these pharmacogenetic predispositions to INF failure. Other genetic polymorphisms,
such as polymorphisms in the genes encoding TNF receptors, may predict efficacy to INF
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[94]. Also helpful would be proteomic and functional genomic studies of peripheral blood,
synovial fluid, and synovial tissue obtained from patients undergoing these treatments.

Only certain IMIDs seem to have significant therapeutic benefit to anti-TNF agents. Pilot
studies and case reports have shown no benefit in other IMIDs. Mechanistic studies must focus
on pathways of disease initiation and progression in these diseases.

Gaining a better understanding of how TNF inhibition affects chronic infections such as
hepatitis C and B has the potential to guide therapy in patients with concomitant infection or
have IMIDs that are associated with chronic infectious diseases. Of particular importance is to
gain a better understanding of how TNFα participates in immune surveillance functions against
autoreactive T and B cells and cancer would also be helpful.

In summary, more than one third of patients (suffering from any approved indication) do not
benefit clinically from anti-TNF treatment. On the other hand, even in the absence of clinical
remission, some patients achieve radiological or pathological improvement. These
observations have important lessons for designing future studies to understand the pathogenesis
of disease initiation and tissue damage. Moreover, it is now well appreciated that the dose of
these drugs should be tailored to achieve maximal response, while much lower than the
conventional doses are enough in many other patients. Future studies should explore the
concept of the need for individualized regimens based on genetic polymorphisms.

Developing ‘smart’ TNFα antagonists
Newer anti-TNF agents in clinical trials

Certolizumab (CDP, Cimzia)—Certolizumab is a polyethylene glycolated (PEG) Fab'
fragment of a humanized anti-TNF mAb made by microbial fermentation with Escherichia
coli [95]. PEG increases its circulating half-life to approximately 14 days, which is that of a
whole Ab [96], and it is much longer than the half-life of unconjugated Fab' fragments. This
Ab has been developed to address the concerns that some toxicity associated with INF and
ADA might be due to Fc-associated effects on complement activation and ADCC.

Phase 3 trials have been performed in inflammatory diseases including RA and CD. In a
randomized, double-blind, placebo-controlled, dose-escalating trial of i.v. infusion of CDP870,
followed by a single open-label infusion, certolizumab significantly reduced inflammation and
improved symptoms in RA patients [97]. Clinical improvement (ACR20 response) was
comparable to that of ETA [98] and INF [96,99]. Certolizumab was very well tolerated in the
study and had an extended duration of action after one or more i.v. doses. At higher doses,
certolizumab generated only very low levels of Ab response.

An ongoing phase 3 multi-center, open-label, follow-on study of CDP870-027 will assess the
efficacy and safety of lyophilized CDP870 as an additional medication to MTX in the treatment
of signs and symptoms and preventing structural damage in patients with active RA.

A randomized, double-blind, placebo-controlled multi-center study evaluated the use of
certolizumab in patients with moderate to severe CD [100]. Certolizumab 400 mg s.c. showed
a significant benefit in clinical response when compared with placebo at weeks 2 (p=0.01), 4
(p ≤ 0.01), 8 (p ≤ 0.01), and 10 (p=0.006), but the difference in CDAI scores were not
statistically significant at week 12. The percentage of patients achieving remission with
certolizumab 400 mg s.c. was significantly higher than those given placebo at weeks 4 (p ≤
0.05) and 8 (p ≤ 0.01), but not at week 12. Post-hoc analysis stratifying patients with serum
CRP ≥ 10 (n=119) or < 10 (n=171) resulted in statistically significant benefit of certolizumab
400 mg s.c. over placebo in terms of both clinical response and remission at all time points.
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Golimumab (CNTO-148)—Golimumab is a fully human anti-TNFα IgG1 mAb that targets
and neutralizes both soluble and membrane-bound form of TNFα. In a phase 2, randomized,
double-blind dose-ranging trial of a combination therapy of s.c. golimumab and oral MTX
versus MTX alone in patients with active RA, golimumab was effective in all dosing groups
[101]. After 16 weeks of treatment, more patients in the combined group achieved ACR 20
(62% vs. 37%, P=0.008), ACR 50 (31% vs. 6%) and ACR 70 responses (12% vs. 0), and
DAS28 remission including serum CRP levels (27% vs. 6%, P=0.007). The adverse events
between the two groups were similar. In addition, there was no clear dose–response relationship
between golimumab 50 mg every 4 weeks and golimumab 100 mg every 2 weeks: both
statistically significantly more effective than placebo in achieving an ACR 20 response (63%,
P=0.031 and 79%, P < 0.001, respectively). The medication is currently being investigated for
administration by either s.c. injection or i.v. infusion.

CDP-571—In a short-term, double-blind, placebo-controlled study, CDP-571, a humanized
IgG4 anti-TNF Ab, was given as a single 5 mg/kg dose to 31 patients with moderate to severe
CD [102]. At 2 weeks after the infusion, the median CDAI fell from 263 to 167 in the CDP-
treated group, and the change was insignificant in the placebo-treated group. Of the 30 patients
evaluated at the primary endpoint, 6/21 in the CDP group achieved remission (CDAI ≤ 150)
and another 3 “near remission” (CDAI ≤ 156). This compared to just one patient in the placebo-
treated group with a CDAI ≤ 156 at 2 weeks.

In a subsequent 24-week phase 2 study [103], CD patients were randomized to receive either
CDP-571 10 mg/kg or 20 mg/kg IV and then redosed with 10 mg/kg CDP-571 or placebo every
8 or every 12 weeks. Only 32% of treated and 19% of placebo patients completed the study.
The most common reason for study withdrawal in both groups was disease progression. The
rate of clinical response (decrease in CDAI of ≥ 70) at 2 weeks was significantly greater in the
CDP-treated group as compared to those receiving placebo (p=0.023).

A phase III trial evaluating the efficacy of CDP-571 in a larger cohort of patients with moderate
to severe CD soon followed [104]. This multicenter, randomized, double-blind, placebo-
controlled study extended the duration of the trial to 28 weeks. 396 patients in 68 centers were
randomized in a 2:1 fashion to receive either CDP-571 10 mg/kg i.v. or placebo every 8 weeks
until week 24. The population receiving at least one dose of study medication was then assessed
for meeting the primary endpoint 4 weeks later, the percentage of patients with a clinical
response (decrease in CDAI of ≥ 100) or those who had achieved remission (CDAI ≤ 150). At
the conclusion of the study, 80/263 (30.4%) patients treated with CDP had a clinical response
compared with 31/132 patients (23.5%) given placebo (p=0.102). In a post-hoc analysis,
patients with high serum CRP (≥ 10) were more likely to achieve clinical response (29/101
[28.7%]) with CDP-571 than those who had received placebo (7/58 [12.1%]) (p=0.018). Thus,
CDP-571 is more likely to work in a select group of patients with high serum CRP
concentration.

The safety and tolerability of CDP-571 was also evaluated in a small group (n=20) of pediatric
patients with active CD (Pediatric CD Activity Index (PCDAI) ≥ 20) [105]. Children were
given CDP-571 10 mg/kg as a single dose and followed for 12 weeks. 65% of patients had a
clinical response to CDP-571 at the 2-week time point, defined as a decrease of ≥ 10 points in
PCDAI. 6 of these patients developed detectable Abs to CDP-571.

Pegsunercept (r-metHu-sTNFRI, PEG sTNFRI)—Pegsunercept is a truncated form of
soluble, natural TNF p55 type I receptor molecule derived from E. coli, PEGylated with a 30
kDa PEG molecule at the N-terminus (met-1) position to extend its biological half-life [106].
Preclinical studies of rodent models have suggested efficacy in treating both adjuvant and
collagen induced arthritis. Treatment with pegsunercept significantly inhibited the amount of
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joint swelling. Histologically, it also reduced inflammation, pannus, cartilage and bone damage
[107].

In a prospective, double-blind, randomized, placebo-controlled, multicenter, phase II trial in
the US, treatment with pegsunercept at 800 μg/kg for 12 weeks demonstrated significant
improvement for ACR20 response, including morning stiffness and HAQ [108]. It was also
well tolerated: rates of adverse events and infectious episodes were similar to those of placebo,
and no clinically significant safety concerns were found with pegsunercept in treating RA
[109]. Further studies to determine the optimal dose and frequency are still ongoing.

Onercept—Another strategy of avoiding the immunogenicity associated with traditional anti-
TNF Abs is to develop a recombinant TNF binding protein, a soluble form of the membrane-
bound TNF receptor p55. One such biologic, onercept was developed to bind with high affinity
to soluble TNF in the serum of patients with CD. A small phase I pilot study tested the safety
and anti-inflammatory properties of onercept [110]. This TNF binding protein (TBP-1) was
given to 12 patients with moderate to severe CD who were naïve to other anti-TNF biologics.
Patients were randomly assigned to receive either 11.7 or 50 mg s. c. three times weekly for 2
weeks, and were followed for as long as 6 months after the last treatment. The primary efficacy
endpoint was defined as the mean change in CDAI from baseline to measurement at day 15 of
the study. Mean CDAI values dropped from 291±44 to 196±65 in the low dose group, and
from 296±52 to 181±72 in the high dose group. Clinical improvement was noted for as long
as 4 months after stopping the study drug, before patients again had to resume traditional
therapy. During the first 6 weeks of the study, 7/12 patients achieved clinical response (drop
in CDAI of ≥ 100), while 5 of these 7 patients entered remission (CDAI score of ≤ 150). These
responses were very rapid, most occurring during the 2-week study period.

Future potential TNF antagonists
Small-molecule inhibitors to disassemble TNFα trimers. A recent study identified a small-
molecule inhibitor of TNFα that promotes subunit disassembly of this trimeric cytokine family
member [111]. This compound formed an intermediate complex with the intact trimer, resulting
in a 600-fold accelerated subunit dissociation rate that leads to trimer dissociation. The
compound inhibits TNFα activity in biochemical- and cell-based assays.

Cell signaling inhibitors that inhibit TNFα production—Hoping to develop more
specific and less toxic therapies, several groups are developing compounds that can more
specifically block intracellular signaling resulting in reduced TNFα production or its effects.
For example, a recent report identified an inhibitor of p38 MAP kinase as a potent anti-
TNFα drug [112].

Certain drugs already in the clinic can effectively reduce or block TNF production or its effects.
Examples include thalidomide and statins in high doses. A better understanding of these effects
and how and when to apply these drugs in the treatment of IMIDs would be desirable.

Looking beyond TNFα antagonists
Although anti-TNF agents confer remarkable therapeutic benefit compared to other available
therapeutic modalities, only about 50% or fewer RA patients achieved a 50% response
(ACR50) in most clinical trials. Thus, a sizeable portion of patients with RA and other
inflammatory diseases has an incomplete response, and a small percentage have no response
to TNF inhibitors. Unfortunately, combination biologic therapy may not be the solution: the
available data using anakinra plus anti-TNF and abatacept plus other biologics show an
increased risk of serious infections. Moreover, the anti-TNF agents have been found to have
no effect in certain IMIDs and in other cases such as SLE, there is a potential risk of
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exacerbating IMID. Other therapies based on the role of other cell types and molecules are
being examined for such cases. So, the search has to continue for newer, more effective
treatments for IMIDs.
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Figure 1.
Extracellular molecular targets of TNF antagonists in human diseases. Potential common
targets in various diseases are shown on the left. Targets that have been specifically reported
in rheumatoid arthritis (RA) and Crohn's disease (CD) are highlighted in the boxes on the right.
Pathways in which TNF-antagonists block are shown by red symbol [2,23,113].
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Figure 2.
Reverse intracellular signaling cascade induced by the binding of anti-TNFAbs to trans-
membrane TNF (tmTNF). This is one potential mechanism accounting for the in vitro effect
of anti-TNF agents as distilled from several sources. See text for further details. Red=induced
by anti-TNF binding to tmTNF.
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Table 1
Effects of TNFα blockade in RA

Target Mechanism of action Evidence Reference

Cytokine production Decreases production of proinflammatory cytokines In vitro [114]
Cytokine production Decreases production of proinflammatory cytokines In vivo [28,29]
Infiltrating immune cells Reduce the number of infiltrating synovial granulocytes,

CD3+ T cells, CD22+ B cells, and CD68+ macrophages,
and neutrophils
Reduction in the expression of the chemokines IL-8 and
MCP-1

In vivo [32,115]

Monocytes and Macrophages Induces apoptosis both in the synovial fluid and
peripheral blood

In vivo [35]

Peripheral blood T cells Induces apoptosis via caspase 3 In vitro [17]
Anemia of chronic disease Increase haemoglobin levels

Reduce erythropoietin levels
In vivo [44]

Endothelial cells and atherosclerosis Decreases serum E-selectin, ICAM-1 levels and VEGF
Improve endothelial function

In vivo [24,25,37,38]

T regulatory cells and dendritic cells
(DC)

Increase in circulating regulatory T cells
Decrease the expression of DC activation markers and
prevention of DC maturation

In vivo [39,41]
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Table 2
Effects of infliximab in IBD

Target Mechanism of action Evidence References

Lamina propria T cells Induces apoptosis by binding to tmTNF, inducing caspase 3,
caspase 8, Bax and Bak

In vitro [12,17,19,47]

Lamina propria mononuclear
cells

Decreases production of proinflammatory cytokines In vitro [48]

(Jurkat) T cells Upregulate E-selectin and IL-10, arrest G0/G1
Antibody-dependent cell cytotoxicity
Complement-mediated cytotoxicity

In vitro [12,15]

Peripheral blood mononuclear
cells

Induces apoptosis In vitro [20]

Peripheral blood T cells Induces apoptosis via caspase 3 In vitro [17]
Epithelial cells Restores colonic epithelial barrier measured by decreasing

number of apoptotic cells and increasing resistance
In vitro [53]

Endothelial cells Decreases CD40 and VCAM-1 expression on intestinal
microvasculature

In vivo [51]

Soluble TNF Neutralizes soluble TNF In vitro [17]
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