
Introduction

TNFα was identified in 1975 as the factor in
serum isolated from endotoxin-treated mice that in-
duces necrosis of a methylcholanthrene-induced
murine sarcoma (1). TNF-α is a potent pro-inflam-
matory cytokine exerting pleiotropic effects on various
cell types and plays a critical role in the pathogenesis
of chronic inflammatory diseases, such as RA.

In 1992, the first open-label trial of a TNFα
blocking agent was initiated at the Kennedy Institute,
Rheumatology Division, United Kingdom; 20 pa-
tients with active RA were treated with infliximab, a
chimeric antibody specific for humanTNF.Treatment
with infliximab substantially reduced the signs and
symptoms of disease, levels of C-reactive protein
(CRP) in the serum and the erythrocyte sedimenta-
tion rate (ESR) (2). Five anti-TNF agents have been
successfully introduced for the treatment of chronic

inflammatory diseases. However, clinical features
against granulomatous inflammation are not similar
among these agents. For example, all the anti-TNF
agents are effective against RA, but not all of them
against Crohn’s disease.

TNF and receptor system

TNF-α is generated as a precursor form called
transmembrane TNF-α, that is expressed as a cell sur-
face type II polypeptide consisting of 233 amino acid
residues (26 kDa) on activated macrophages and lym-
phocytes as well as on other cell types (3-4). After be-
ing processed by metalloproteinases such as TNF-α-
converting enzyme (TACE) between residues ala-
nine76 and valine77, the soluble form of TNF-α of
157 amino acid residues (17 kDa) is released and me-
diates its biological activities through type 1 and 2
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TNF receptors (TNF-R1 also known as TNFRSF1A,
CD120a and TNF-R2 also known as TNFRSF1B,
CD120b, respectively) (5-8). Soluble TNF-α is a ho-
motrimer of 17-kDa cleaved monomers and trans-
membrane TNF-α also exists as a homotrimer of 26-
kDa uncleaved monomers (9). Transmembrane TNF-
α also binds to TNF-R1 and -R2, but its biological
activities are supposed to be mediated mainly through
TNF-R2.

Transmembrane TNF

Transmembrane TNF-α is a precursor form of
soluble TNF-α that is expressed onTNF-α-producing
cells as a homotrimer. After processing by TACE, sol-
uble TNF-α is generated and binds to TNF-R1 or -
R2. Transmembrane TNF-α also binds to TNF-R1
and -R2. Upon binding to TNF receptors, both trans-
membrane and soluble TNF-α mediate pleiotropic ef-
fects (apoptosis, cell proliferation and cytokine produc-
tion). The remaining transmembrane TNF-α, after
cleavage with TACE, is further processed by SPPL2b
and the intracellular domain is translocated into the
nucleus and is supposed to mediate cytokine produc-
tion. Transmembrane TNF-α on the cell surface of
TNF-α producing cells binds to TNF receptors on the
target cells and exerts various biological functions that
will contribute to the modulation of local inflammation
in a cell-to cell contact manner as well as in a cell-type-
specific fashion. Expression of transmembrane TNF-α
on various cell types would contribute to the physio-
logical as well as pathological responses in health and
diseases.The biological activity is induced by the trans-
membrane TNF-αmediated signal, also called an ‘out-
side-to-inside signal’ or ‘reverse signal’. In contrast to
the well-characterized functions of transmembrane
TNF-α as a ligand, the biological functions elicited by
outside-to-inside (reverse) signal have not completely
been clarified. However, it is supposed that outside-to-
inside signalling mediated by transmembrane TNF-α
contributes to the pleiotropy of this pro-inflammatory
cytokine and its fine-tuning of immune response (10).
The biological activities of transmembraneTNF-α as a
receptor have been demonstrated in T cells, mono-
cytes/macrophages and NK cells in humans (11-15).

Evolution of anti TNF antibodies

All agents except etanercept are anti-TNF mAbs
or fragments thereof. Natural mAbs are derived from
single B cells that clonally express copies of a unique
heavy (H) chain and a unique light (L) chain that are
covalently linked to form an antibody molecule of
unique specificity. Engineered mAbs can be struc-
turally identical to natural mAbs but are created by
gene splicing and mutation procedures, mimicking
natural gene rearrangement and somatic mutation
events in B cells (16).

Infliximab, adalimumab and golimumab are full-
length, bivalent IgG mAbs, whereas certolizumab is a
monovalent Fab1 antibody fragment covalently linked
to polyethylene glycol. IgG antibody molecules are
composed of 2 H and 2 L polypeptide chains, each of
which contains 3 complementarity determining re-
gions in the N-terminal (VH and VL) domains. An
IgG molecule is composed of 2 antigen-binding Fab
arms, linked to a glycosylated Fc region via a flexible
hinge region. The antigen-binding site on each Fab
portion of a mAb is generally composed of amino
acids from the 6 complementarity determining re-
gions in each H:L chain pair.

Infliximab is a chimeric protein containing 25%
mouse-derived amino acids comprising the VH and
VL domains and 75% human-derived amino acids
comprising the CH1 and Fc constant regions. Cer-
tolizumab is a humanized protein containing amino
acid sequences in the complementarity-determining
regions derived from a mouse anti-TNF mAb and in-
serted into human VH and VL domain frameworks.

Adalimumab and golimumab are fully human
mAbs. The TNF–antagonist mAbs also differ in their
IgG isotypes, the Fc regions of which govern effector
functions, like complement fixation and Fc receptor-
mediated biologic activities. Infliximab, adalimumab
and golimumab are IgG1 antibodies, which are capa-
ble of complement fixation and Fc receptor binding.

Certolizumab is an Fab1 fragment of an IgG1
mAb and lacks effector functions because it has no Fc
region. The hinge region of certolizumab is modified
and covalently linked to 2 crosslinked chains of 20
kDa of polyethylene glycol to enhance solubility and
half-life in vivo (17).
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Etanercept is a genetically engineered fusion pro-
tein composed of a dimer of the extracellular portions
of human TNFR2 fused to the Fc portion of human
IgG1. The TNFR2 portion contains 4 domains, and
the C-terminal domain includes a 57-residue region
that contains 13 O-glycosylated residues and 11 pro-
line residues (18). The plasma half lives of the anti-
bodies appear to be largely governed by the binding of
their Fc regions to the neonatal Fc receptor (FcRn) on
endothelial cells (19). Although the amino acid se-
quences of the Fc regions are identical, the markedly
shorter plasma half-life of etanercept versus IgG1
mAbs or other Fc fusion proteins suggests that the
conformation or steric accessibility of the Fc region of
etanercept may be different from those of the Fc re-
gions of the IgG1 antibodies infliximab and adali-
mumab. The effect of the glycosylated C-terminal do-
main of TNFR2 on the structure and function of the
adjacent Fc region of etanercept is unclear, as no data
have been reported on the binding affinities of etaner-
cept for FcRn or other Fc receptors. In comparison,
the long plasma half-lives of infliximab, adalimumab
and golimumab suggest that they bind to FcRn like
natural IgG1 molecules(20).

Structural Properties of anti TNFTherapeutics

Five anti-TNF agents, infliximab, adalimum-
ab,etanercept, golimumab and certolizumab pegol are
approved worldwide for the treatment of RA. Inflix-
imab, adalimumab and golimumab are mAbs against
human TNF-α and etanercept is engineered from hu-
man TNF receptors.

Infliximab is a chimeric mouse-human anti-
TNF-α mAb composed of a murine variable region
and a human IgG1 constant region.

Adalimumab and golimumab are fully human-
ized anti-TNF-α mAbs, which are indistinguishable
from the normal human IgG1. Adalimumab binds to
TNFα, only TNFα and not other TNF family mem-
bers; dual mechanism of action, neutralization of TN-
Fα and rapid removal of TNFα from circulation was
described.

Etanercept is composed of the extracellular por-
tion of the two human TNF-R2 (p75 TNF receptor)

linked to the Fc portion (CH2and CH3 domains) of
human IgG1.

Golimumab (GLM), also known as CNTO148,
is a human immunoglobulin (Ig) G1-kappa mono-
clonal antibody that is specific for TNF-α and binds
to both the soluble and transmembrane forms of hu-
man TNF-α. Being a fully human monoclonal anti-
body, GLM resembles adalimumab, the first such
product to reach market. However, unlike adalimum-
ab, amino acid sequences of the light and heavy chains
of GLM are identical to those of infliximab (20).

CZP is a recombinant, humanized antibody Fab
fragment conjugated to polyethylene glycol (PEG),
with specificity for human TNF-α. The PEG portion
is a bulky hydrophilic inert molecule that increases the
plasma half-life of the drug.The chemical structure of
CZP is distinctly different from other TNF-mono-
clonal antibodies approved for use in RA. It does not
have an Fc receptor and, therefore, does not activate
complement or initiate complement dependent cell
lysis or antibody dependent cytotoxicity.The hinge re-
gion of certolizumab is covalently linked to two cross-
linked chains of 20 kDa of polyethylene glycol, giving
certolizumab pegol (21).

Differences in affinity and avidity

We have for different anti TNFα different ka: as-
sociation constant, kd: dissociation constant: equilibri-
um dissociation constant (kd/ka): etanercept 4.16 ± 0.29
x 106 1, 39 ± 0.37 x 10-4 33.4 pM, certolizumab pegol
1.22 ± 0.09 x 106 1.09 ± 0.13 x 10-4 89.3 pM, adali-
mumab 0.724 ± 0.30 x 106 1.14 ± 0.12 x 10-4 157.4 pM,
infliximab 1.01 ± 0.06 x 106 2.30 ± 0.34 x 10-4 227.2 pM,
golimumab 3.4-4.6 x 106, 4.3-9.3 x 10-5, 18 pM (17)
(Tab. 1).

Infliximab binds to both monomer and trimer
forms of soluble TNF-α, whereas etanercept binds
only to the trimer form (22). Infliximab forms stable
complexes with soluble TNF-α, while etanercept
forms relatively unstable complexes (22). Each inflix-
imab molecule is capable of binding to two TNF-α
molecules, and up to three infliximab molecules can
bind to each TNF-α homotrimer. In contrast, etaner-
cept is supposed to form 1: 1 complex with the TNF-α
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trimer (22). In fact, the mAbs, but not TNF-R2:Ig
soluble receptor, form large protein complexes in vitro
(23). Overall, all three anti-TNF agents have similar
intrinsic binding properties for soluble TNF. Al-
though these kinds of analysis at the molecular level
have not been performed, certolizumab pegol showed
similar potency in neutralizing soluble TNF-α to in-
fliximab, adalimumab and etanercept (24).

Infliximab, adalimumab, etanercept and cer-
tolizumab pegol bind to transmembrane TNF-α on
transmembrane TNF-α-transfected cells (24) with
similar affinities that were lower (weaker) than for sol-
uble TNF-α (25). As in the case of soluble TNF-α, up
to three molecules of infliximab can bind to one trans-
membrane TNF-α, one etanercept can bind to one
molecule of transmembrane TNF-α.

Cells traffic activity and cytokine production

Despite a vast amount of data supporting a role
for TNF in lymphoid organization, innate immunity
and adaptive immunity, there is relatively little direct
evidence that TNF antagonists are immunosuppres-
sive in clinical use. A subset of T cells that is thought

to play a central role in the suppression of autoreac-
tivity and regulation of immune responses is the
CD4+CD25+ Treg. The normal functions of Tregs,
including the suppression of proinflammatory cy-
tokine secretion by activated T cells and monocytes,
are reduced in patients with RA compared with
healthy individuals (26). Several recent clinical stud-
ies have provided evidence that TNF antagonists
might normalize immune homeostasis by reversing
compromised Treg function. Reduction in anticitrul-
linated peptide/protein antibody (ACPA) and
rheumatoid factor concentrations after infliximab
(27), etanercept (28) and adalimumab (29) treatment
of patients with RA is compatible with the
TNF–Treg connection. The short-term effects of in-
fliximab treatment of patients with RA include an in-
crease in peripheral blood CD4+ and CD8+ T-cell
frequencies on Day 1 and a decrease in monocyte fre-
quencies on Day 7, with no significant change in B-
cell or NK-cell frequencies (30). Another study
demonstrated an increase in CD4+ Th1 cells in the
peripheral blood of patients with RA following in-
fliximab treatment (31).

Functional changes include transient increases in
proliferation and cytokine responsiveness of T cells to

Table 1. Characteristics of anti TNF α use in rheumatoid arthritis

Pharmacologic Infliximab Etanercept Adalimumab Golimumab Certolizumab pegol
characteristic

Half life 8-10 days 3-5,5 days 14 days 12 ± 3 days 13 ± 2,6 days

Target binding TNF TNF, limphotoxin TNF TNF TNF

Structure Chimeric Human TNF α Recombinant mAb anti Fab pegol anti
Human-murine receptor p75 fusion Human-anti TNFα TNFα
anti TNFα protein TNFα monoclonal
monoclonal antibody
antibody

Complement ++ - + + -

Cells lysis toxicity + - + + -

Administration i.v 4-8 q wk s.c 50 mg w s.c 40 mg eow s.c 50 mg m s.c 200 mg eow
and dose 3-10 mg/kg

Ka (M-1s-1) 1.01 ± 0.06 x 106 4.16 ± 0.29 x 106 0.724 ± 0.30 x 106 3.4-4.6 x 106 1.22 ± 0.09 x 106

Kd (s-1) 2.30 ± 0.34 x 10-4 39 ± 0.37 x 10-4 1.14 ± 0.12 x 10-4 4.3-9.3 x 10-5 1.09 ± 0.13 x 10-4
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ex vivo CD28 costimulation, but not to CD3-mediat-
ed stimulation. These findings may relate to the sepa-
rate observation that infliximab treatment rapidly re-
versed the deficient CD28 expression on CD4+ T
cells from patients with RA and restored responsive-
ness to CD28-mediated T-cell costimulation (32).
Similarly, deficient HLA-DR expression on antigen-
presenting myeloid cells and the reduced capacity of
these cells to stimulate T cells from patients with RA
were reversed after infliximab treatment (33).

A number of important proinflammatory cy-
tokines are over-expressed in RA patients, including
TNFα, IL-1 IL-12, IFN-γ, IL-18.1 The efficacy of
anti-TNF agents in rheumatoid arthritis may be me-
diated through inhibition of proinflammatory cy-
tokine production.

Some papers compare the production of various
cytokines in vitro following the pre-incubation of ac-
tivated, immune-derived cells with either certolizum-
ab pegol, adalimumab, infliximab or etanercept (20).

Formation of immune-complexes

Complexes of TNF-antagonist drugs with sTNF
(and LTα3 with etanercept) can vary widely in their
composition and stability, depending on the drug and
the relative concentrations of drug and TNF. The dy-
namics of drug distribution throughout the body and
drug interaction with TNF or LT in various tissues are
influenced by the nature of these complexes. Typical-
ly, antigen-antibody complexes are cleared by a com-
bination of Fc receptor- dependent mechanisms in the
reticuloendothelial systemin spleen and liver, FcRn-
dependent intracellular degradation and filtration
through the kidney (19). The amount of circulating
TNF increases up to 7-fold in a dosage-related man-
ner after administration ofTNF antagonists, although
most of the TNF is in the form of circulating com-
plexes that lack TNF bioactivity (34).

For example, serum TNF concentrations of 15
pg/mL at baseline increased to 35 pg/mL and 105
pg/mL 7 days after administration of 1 mg/kg or 10
mg/kg of infliximab, respectively, to patients with RA
(35).These observations have given rise to the concept
of the TNF-carrier effect of these drugs. The rates of

clearance of TNF antagonist-TNF complexes may
differ for etanercept as compared with infliximab or
adalimumab. One study comparing the clearance of
etanercept, infliximab and adalimumab complexes in
transgenic mice expressing human TNF showed that
etanercept-TNF complexes circulated for weeks,
whereas infliximab-TNF and adalimumab-TNF com-
plexes were cleared quickly (36). Similarly, etanercept-
TNF complexes persisted for long periods in humans
treated with etanercept (37).

Induction of immune cells death

In a recent paper Jurkat T cells stably expressing
an uncleavable form of transmembrane TNFα were
used for the following study: 1) flow cytometric analy-
sis of binding activities of anti-TNF agents to cell sur-
face transmembrane TNFα, 2) complement-depen-
dent cytotoxicity (CDC), 3) antibody-dependent cell-
mediated cytotoxicity (ADCC) by using peripheral
blood mononuclear cells, and 4) outside-to-inside (re-
verse) signal transduction through transmembrane
TNFα estimated by apoptosis and cell cycle analysis
using flow cytometry. All of the anti-TNFα agents
bound to transmembrane TNFα. Infliximab and adal-
imumab exerted almost equal CDC activities, while
etanercept showed considerably lower activity. ADCC
activities were almost equal among these 3 agents.
Adalimumab and infliximab induced apoptosis and
cell cycle arrest in transmembrane TNFα expressing
Jurkat T cells, reflecting an outside-to-inside signal
transduction through transmembrane TNFα.Three
different anti-TNF agents showed different biologic
effects on transmembrane TNFα. This finding sug-
gests that CDC and outside-toinside signals by anti-
TNF antibodies may explain the successful clinical ef-
ficacy of adalimumab and infliximab in Crohn’s dis-
ease and Wegener’s granulomatosis (38).

CDC (Complement-dependent cytotoxicity)

In a system using human Jurkat T cells (38),
mouse NS0 myeloma cells (24), mouse Sp2/0 myelo-
ma cells (25) or CHO cells (39), complement-depen-
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dent cytotoxicity (CDC) was analysed for the anti-
TNF agents. All the reports were in agreement that
infliximab and adalimumab induced CDC much
more potently than etanercept. In contrast, cer-
tolizumab pegol did not have any CDC activity (24),
which reflects its absence of the Fc portion of IgG1.
From the structural point of view, lack of activation of
the complement system by etanercept seems to be rea-
sonable as well. Infliximab, adalimumab and etaner-
cept commonly possess the Fc portion of IgG1, whose
CH2 domain activates the first component of comple-
ment (C1) activation. However, etanercept does not
carry the CH1 domain of IgG1. A narrow region of
23 amino acid residues within the CH1 domain serves
as a platform for complement C3 activation (40); it
was later confirmed that three amino acid residues
within the specific 23 amino acids are involved in the
covalent attachment with C3 (41-42). Etanercept is
structurally impaired in the appropriate activation of
C3, the most important step in complement activa-
tion.

Moreover, lack of a hinge region in the Fc portion
of etanercept resulted in rigidity compared with the
natural antibody and eventually culminated in confor-
mational hindrance to the proper access of comple-
ment proteins. It is thus difficult for etanercet to make
a membrane attack complex of complement proteins
(C5b-C9) for CDC at least in vitro. When activated
human peripheral blood mononuclear cells were stud-
ied as target cells, none of these three anti-TNF agents
induced CDC (25), which may be due to the use of
different cell types from the above-mentioned experi-
ments.

ADCC (antibody dependent cell-mediated
cytotoxicity)

Infliximab, adalimumab and etanercept showed
similar antibody dependent cell-mediated cytotoxicity
(ADCC) activitiy using mTNF-transfected Jurkat T
cells as target (38), while infliximab and adalimumab
showed much more potent ADCC than etanercept in
NS0 cells (24) or in CHO cells (39). Certolizumab
pegol did not show any ADCC activity (24). The di-
screpancy in etanercept-induced ADCC is not clear,

but may be explained by the different experimental
conditions, such as difference in the species of target
cell, in the expression level of transmembrane TNF-α.
From the structural viewpoint, infliximab, adalimu-
mab and etanercept carry CH2 and CH3 domains of
the Fc domain of IgG1, whereas certolizumab pegol
does not. These domains of IgG1 are involved in the
binding to Fc receptors of NK cells (43), which leads
to the lysis of target cells by granzyme B and perforin.
The presence or absence of soluble TNF-α in the as-
say system may also affect ADCC activities. Both
mAbs and etanercept weakly bound to Fcg receptors
in the absence of soluble TNF-α, but in the presence
of soluble TNF-α, there was a marked increase in
binding only by mAbs infliximab and adalimumab
(39). As for infliximab, induction of both CDC and
ADCC has been reported by others (22-44).

Outside-to Inside Signal

This is a novel mechanism for the inhibition of
transmembrane TNF-α-bearing cells by anti-TNF
antibodies. In the absence of NK cells or complement,
adalimumab or infliximab induces G0/G1 cell cycle
arrest and apoptosis, which inhibits TNF-α-produc-
ing cells and leads to an anti-inflammatory response.
A number of molecules (p21WAF1/CIP1, Bax, Bak
and ROS) were involved in these intracellular sig-
nalling events through the intracellular domain of
transmembrane TNF-α. These signalling molecules
are supposed to be associated with p53 activation.
Three serine residues in the intracellular domain of
transmembrane TNF-α are essential for the activities.
Bak and Bax are proapoptotic multidomain molecules;
tmTNF: transmembrane TNF-α (45).

Selective gene expression

Selected set of gene expression changes with dif-
ferent TNF blockers in LPS-stimulated monocytes.

Some dramatic changes in gene expression were
seen with all the anti-TNFs. Etanercept changed the
level of the fewest genes. Infliximab, adalimumab and
certolizumab pegol had a similar profile. The effects
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on some genes were unique for each anti-TNF. Using
a genome-wide strategy some authors have identified
and validated the association of 7 genetic loci with re-
sponse to anti-TNF treatment in RA (45-46).

Conclusion

New insights into the mechanisms of action of
TNF antagonists and related distinctions between the
agents will undoubtedly emerge as greater numbers of
diseases are treated by TNF blockade. Another in-
triguing about the mechanism question is why most
patients who fail to respond, have lost response or are
intolerant of one TNF antagonist respond well when
switched to another TNF antagonist. Pharmacokinet-
ic analyses of drug concentrations in some patients
who are nonresponders or who lost response to a par-
ticular TNF antagonist have revealed the presence of
antidrug antibodies, which form complexes and pro-
mote the rapid clearance of the drug. Immunogenici-
ty is most prevalent with infliximab and has been
linked to the relatively high rate of acquired resistance
to infliximab relative to etanercept or adalimumab,
which are less immunogenic. In addition, immune-
mediated inflammatory disease patient populations
are heterogeneous and, even within a single disease,
TNF may play a greater pathogenic role in some pa-
tients than in others. Biomarkers that can reliably
identify different pathogenic subsets associated with
response or lack of response to TNF antagonist ther-
apy need to be found (47).

Five TNF blockers are available for treating pa-
tients with systemic rheumatic disease. All drugs are
approved for treating RA patients, but not for granu-
lomatosus disease. These drugs differ in structure,
morphology, pharmacokinetic propriety and activity.
New mechanisms of actions have been described in
the last few years explaining the differences among
these drugs.
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