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Introduction

Tumour necrosis factor (TNF) is a potent inflammatory mediator exerting effects on
many different pathological and physiological functions. The discovery of TNF can
be traced back over a century, with the observation by P. Brunes that some of his
cancer patients showed tumour regression following acute bacterial infection. This
finding led to the practice of injecting cancer patients with bacteria or bacterial
products by William B. Coley!. These products have been referred to as Coley’s
toxin. In 1962, O’Malley et al. reported tumour necrotizing activity in the serum
obtained from mice after injection of Serratia marcescens polysaccharide2. The name
“TNF” was first used by E.A. Carswell et al. to name the substance in the serum of
mice treated with endotoxin, which resulted in haemorrhagic necrosis of tumours2. In
1984 and 1985, two different proteins that caused lysis of tumour cells were purified,
structurally identified and cDNA cloned*€. They were named TNF-o. and TNF-B.
These two proteins show around 50% sequence homology and interact with the same
membrane receptors but are produced from different cells and exhibit different
physiological functions*®. Beutler et al. reported a high degree homology exists
between mouse cachectin and human TNF-a. 7. The advancement in our understanding
of TNF as well as improvements in molecular biology capabilities at that time
resulted in the generation of recombinant TNF (rTNF) which led to investigations into
the clinical utility of TNF.

TNF was first identified as a nonspecific anti-tumour therapy. Early studies
demonstrated the efficacy of purified TNF against various kinds of murine tumours
and human tumours heterotransplanted into nude mice®. However, all phase | clinical
trials of intravenous, subcutaneous or intramuscular-administered rTNF showed
toxicities, including fever, chills, headache, fatigue, dyspnea, tachycardia and
hypotension, without significant clinical efficacy in advanced cancer patients®12,
Although the hope of TNF being an effective treatment for cancer were dashed,

several studies indicated TNF is a potent mediator of inflammation via induction of



IL-6 production314, Subsequently, in a highly informative series of experiments it
was shown that blockade of TNF in cultures of synovial cells from rheumatoid
arthritis (RA) patients prevented the expression of IL-1 and other pro-inflammatory
cytokines, suggesting that TNF was responsible for driving the production of multiple
mediators of inflammation’®. The importance of TNFa in the pathogenesis of RA was
finally confirmed in clinical trials in which intravenous administration of chimeric
anti-TNF mAb (infliximab, Remicade®) caused clear reductions in the level of disease
activity and radiographic progression of diseasel6-18, Similar findings were
subsequently reported for soluble TNF receptor-Fc fusion protein (etanercept,
Enbrel®)1920 (Hasler, 1996;). Anti-TNF therapy was finally approved for treatment,
in combination with methotrexate, of RA patients in 1998. In addition to RA, anti-
TNF therapy has now been approved for the treatment of ankylosing spondylitis (AS),
psoriasis, psoriatic arthritis (PsA), juvenile idiopathic arthritis (JIA), inflammatory
bowel disease (IBD), and most recently, hidradenitis suppurativa and noninfectious
intermediate and posterior uveitis and panuveitis 222, However, clinical trials with
anti-TNF therapy in multiple sclerosis (MS) patients resulted in disease
exacerbation2324, Moreover, it has been reported that the use of anti-TNF therapy in
RA caused the development of autoimmune disease of systemic lupus erythematosus
(SLE) and MS%:26, The paradoxical effects of anti-TNF therapy suggest that TNF
plays both proinflammatory and regulatory roles in the immune system. In this review,
we will focus on the biology and_pathophysiologic role of TNF and on the therapeutic

implications of modulating TNF receptor signalling.

TNFR1 and TNFR2 signalling

TNF is a pleiotropic pro-inflammatory cytokine, which is mainly produced by
activated monocytes/macrophages, but also by various cell types such as NK cells, T
lymphocytes and eosinophils in response to internal and external stimuliZ’. TNF is
first synthesized as a type 1l transmembrane protein of 233 amino acids, and
expressed on the cell surface as a trimer. Subsequent cleavage by TNF-converting
enzyme (TACE, also named ADAML17) liberates the trimer into the circulation. Both
the membrane form of TNF (mTNF) and the soluble form of TNF (STNF) exert
physiologic functions by binding to two structurally and functionally distinct
receptors on target cells, TNF receptor 1 (also named as TNFR1, CD120a, p55 and



TNFRSF1A) and TNF receptor 2 (also named as TNFR2, CD120b, p75 and
TNFR12A) on target cells.

TNFR1 is expressed on most cells of the body, bears a cytoplasmic death domain, and
is activated by both mTNF and sTNF28, The death domain enables TNFR1 to recruit
TNFR1 associated death domain (TRADD), which mainly leads to apoptosis and
inflammation?®, By contrast, TNFR2 is exclusively on a more restricted range of cell
types such as CD4+ and CD8* lymphocytes, endothelial cells, astrocytes,
oligodendrocytes, thymocytes, myocytes, and human mesenchymal stem cells30-36,
and is preferentially activated by mTNF28, Because of the lack of a death domain,
TNFR2 recruits TNFR associated factor 1 (TRAF1) and TRAF2 rather than
TRADD?3738, In contrast to TNFR1-TRADD signaling, TNFR2 signaling through
TRAF1 and TRAF2 mediates a homeostatic effect, including cell survival and tissue
regeneration3. However, further studies reveal some degree of receptor crosstalk and
overlapping function between TNFR1 and TNFR2, which seems to depend on many
factors, such as cell type, intracellular or extracellular environment, stimuli and age
40,41.

Upon engagement by homotrimers of TNF, TNFR1 translocates to lipid rafts in the
plasma membrane and forms a homotrimer4243, The binding of TNF to TNFR1
induces a conformational change in the cytoplasmic death domain, which results in
the recruitment of TRADD and receptor-interacting serine/threonine-protein kinase |
(RIPKI)37:4445 The co-localisation of TFNR1, TRADD and RIPKI initiates the
assembly of distinct complexes, named complexes 1, Ila, llb and lic, which leads to
activation of distinct downstream signaling pathways*647. The formation of these
three complexes is mainly determined by the ubiquitylation status of RIPK1.
Complex I is composed of TRADD, RIPK1, TRAF2 or TRAF5, cellular inhibitor of
apoptosis protein 1 (clAP1) or clAP2 and the linear ubiquitin chain assembly
complex (LUBAC)37:4446.48-50_|nitially, both TRAF2/5 and clAP1/2 are E3 ubiquitin
ligases that mediate K63-linked ubiquitination of RIPKI%1-53, Subsequently, the
LUBAC complex, which consists haemi-oxidized IRP2 ubiquitin ligase 1 (HOIL1),
HOIL1-ineracting protein (HOIP) and SHANK-associated RH domain-inertracting
protein (SHARPIN), attaches an M1-linked polyubiquitin chain to RIPK#9:54-5%_ Both
K63- and M1-linked polyubiquitination events stabilize complex | and facilitate

further signaling. Ubiquitin chains attached to RIPK1 enable the recruitment and



activation of two signaling complexes, the transforming growth factor (TGF)-
activated kinase I (TAKI) complex and the inhibitor of kB (IkB) (IKK) complex?9:54,
The TAKI complex, which is composed of TAKI, TAKI-binding protein 2 (TAB2)
and TABS3, phosphorylate mitogen-activated kinase (MAPK) and consequently lead
to the activation of the JUN N-termianl kinase (JNK), p38 and AP1 transcription
factor7%8, The IKK complex, comprising nuclear factor kB (NFkB) essential
modulator (NEMO), IKK subunit-a (IKKa) and TKKp, activate NFkB pathway
signaling®0, Induction of NFkB and API target genes plays an indispensable role in

inflammation, host defense, cell proliferation and survival“s,

In contrast, the formation of complex Ila and IIb depends on non-ubiquitylated RIPKZ1.
For the formation of complex Ila, the attached K63- and M1- linked polyubiquitin
chain are removed from RIPK1 in complex | by cylindromatosis (CYLD) and result
in dissociation of the deubiquitylated RIPK1 from membrane bound complex 161-63,
The released deubiquitylated RIKP1 interacts with cytosolic TRADD, FAS-associated
death domain protein (FADD), pro-caspase 8 and the long isoform of FLICE-like
inhibitory protein (FLIP.) to form complex 1125485, Alternatively, complex IIb is
formed when the RIPK1 is not ubiquitylated due to the depletion or degradation of
clAPs®L, The non-ubiquitylated RIPK1 dissociates from membrane bound complex |
and interacts with RIPK3, pro-caspase 8 and FLIP . to from complex Ilb. Both
complex Ila and Ilb generate active caspase 8 from pro-caspase 8 and lead to
activation of the downstream caspase cascade and thus induce cell death via apoptosis.
At the same time, the deubiquitylated RIPK1 and RIPK3 must be cleaved by the pro-
caspase 8- FLIP_ heterodimer or active caspse 8 to prevent cells from necroptosis®+66-
69, The formation of complex Ilc is similar to complex Ila and complex I1b formation
in that the released deubiquitylated or non-ubiquitylated RIPK1is caused by
deubiquitylation mediated by CYLD or depletion of clAPs. However, under some
circumstances, RIPK1 and RIPK3 cannot be cleaved due to inactivation of caspase
and aggregate to from complex llc (also named as necrosome). Complex llc activates
mixed lineage kinase domain-like protein (MLKL) and thus leads to the induction of
necroptosis34570, In contrast to apoptosis which is a form of highly controlled
programmed cell death, necroptosis results in plasma membrane rupture, which leads

to leakage of intracellular contents and local inflammation37-38,



TNFR2 lacks the TRADD, but instead binds to TRAF1 or TRAF2 directly to recruit
clAP1 or clAP2. The binding of TRAF2 to TNFR2 is much weaker in comparison
with that of TRAF2 to TRADDL. The aggregation of TRAF1/2 and clAP1/2 triggers
the formation of complex | and downstream MAPK and NF«B signaling. TNFR2-
TRAF signaling mediates a homeostatic effect including tissue generation, cell
proliferation and cell survival®. The interaction between TNFR1 and TNF2 has not
been fully elucidated. The difference of binding affinity between TRAF2-TNFR2 and
TRAF2-TRADD suggests TNFR2 might have a regulatory effect on TNFR1 signaling
in the same cell70-72,

It has previously been proposed that TNFR2 is needed for TRAF2 degradation,
leading to activation of the alternative NF«B pathway and to contribute to MAPK and
classical NFkB signaling. Ruspi et al studied the signalling functions of TNFR2 in
primary macrophages’s. TNF was found to induce TRAF2 degradation which was
blocked in TNFR27- macrophages. However, TRAF2 degradation was not required
for TNF-induced tolerance of p38 MAPK activation. It was also found that the
alternative NFxB pathway was not activated in primary macrophages by TNF or
lipopolysaccharide. As expected, TNFR2 was required for activation of p38 MAPK
and NFxB pathways by TNF. Of interest was the finding that, although TNFR2 was
not required for p38 MAPK activation and IkBa degradation at high concentrations of
TNF, it did play a role in activation of these pathways at lower concentrations of TNF.
These findings suggest that TNFR2 plays an additional, or sensitising, role to TNFR1
in activation of p38 MAPK and NF«xB pathways’3.

Role of TNF in health and disease

TNF is required for development of the immune system, defense against pathogens
and cancer, development of germinal centers and granuloma formation?475, However,
uncontrolled production or function of TNF has been proved to be associated with the
pathogenesis of many inflammatory diseases, including RA, AS, PsA, JIA and IBD.
In addition, TNF triggers hyperalgesia by inducing peripheral and central sensitization
in experimental arthritis, which is partly independent of inflammation. Anti-TNF
therapy could reverse the effect and result in analgesia’®-8%, TNF is also potentially

implicated in the pathogenesis of atherosclerosis and Dupuytren disease81:82,



Intriguingly, TNF suppresses excessive immune responses and protects tissue from
damage39. Faustamn et al demonstrated that administration of low dose TNF
selectively killed autoreactive T cells, leading to reversal of type | diabetes®. A
subsequent study showed that a TNFR2 agonist Killed autoreactive CD8+ T cells and
exhibited less systemic toxicity compared with administration of TNF. Other than
TNFR2 signaling induced apoptosis of autoreactive T cells, TNF exerts immune
suppressive function via regulatory T cells (Treg). Thus, TNFR2 is highly expressed
on Treg and plays an indispensable role in maintaining the stabilization of the Treg
phenotype in the inflammatory environment8485, Furthermore, TNFR2* Tregs exhibit
higher suppressive function than TNFR2- Tregs8-88, In synergy with I1L-2, TNF was
found to increase the expression of CD25 and Foxp3 on Tregs. However, the
stimulatory effect was not seen in TNFR2- mice®®. Various defects in TNFR2,
including polymorphisms in the TNFR2 gene or TNFR2 shedding have been
implicated in the pathogenesis of several autoimmune diseases®-92, These findings
suggest that TNFR2 plays an immunoregulatory role in the immune system. In
addition to its immunoregulatory role, TNF critically contributes to tissue
regeneration, such as neuronal remyelination, cardiac remodeling and cartilage
regeneration®-9, These results suggest TNF plays an indispensable role in

maintaining homeostatic status, which is attributed to TNFR2 signaling®.

Anti-TNF therapy in disease

The development of TNF inhibitors has revolutionized the management of
autoimmune disease. To date, there are five anti-TNF agents, infliximab (Remicade),
etanercept (Enbrel), adalimumab (Humira), certolizumab (Cimzia) and golimumab
(Simponi) that have been approved for use in RA patients. The indication of anti-TNF
therapy has extended to a variety of rheumatic disease, including AS, PsA, psoriasis,
JIA, IBD, hidradenitis suppurativa, noninfectious intermediate and posterior uveitis
and panuveitis.

Despite the great success of anti-TNF therapy, there are still drawbacks. In clinical
trials or post marketing registry studies, around 10-30% patients are resistant to anti-
TNF therapy (primary failure) and more patients exhibited a decrease clinical
response to anti-TNF therapy after sustained treatment (secondary failure)20.96-98, The

reasons for a lack of response are still elusive. In addition, the use of TNF inhibitors



may increase the risk of serious infection and malignancies in patients®. Moreover,
some patients under anti-TNF therapy developed additional autoimmune diseases,
including type I diabetes, SLE, MS and psoriasisi®-102, A clinical trial of using
lenercept (a soluble TNFR-Fc fusion protein) for the treatment of relapsing remitting
MS had to be discontinued owing to unexpected aggravation of the disease in the
lenercept treatment group?*. These unmet needs result in the necessities of developing

new anti-TNF therapy.

The unexpected adverse effect of the lenercept clinical trial might be explained by the
dual role of TNF, including proinflammation and immunoregulation, which is
attributed to TNFR1 and TNFR2 signaling. Because most of the proinflammatory
effects of TNF are mediated by TNFR1 signaling, it might be beneficial to selectively
block TNFR1 signaling and leave TNFR2 signaling unaffected. This therapeutic
strategy may preserve the homeostatic function of TNFR2 signaling and offer
advantages over conventional anti-TNF therapy, which blocks both TNFR1 and
TNFR2, in the treatment of inflammatory/autoimmune disease, especially
demyelinating disease. There are at least two strategies to specifically block the
TNFR1 signaling: (1) selective inactivation of STNF and (2) blocking TNFR1 by
TNFR1 antagonists or TNFR1 antibodies.

TNFR1 signalling can be activated by mTNF or STNF, whereas TNFR2 is
preferentially activated by mTNF28, Selective inactivation of STNF, which leaves
mTNF intact, reduces functional TNFR1 signaling, but also maintains the homeostatic
effect mediated by TNFR2. In addition, mTNF is sufficient to support TNF-mediated
formation of lymphoid germinal centers and granulomas, which provide protection
against pathogenst93-105, Dominant-negative TNF (dnTNF) is synthesized based on
mutations in STNF, which prevent the TNF mutein from binding to TNFR. These
TNF muteins could rapidly exchange subunits with endogenous TNF, thereby
forming mixed TNF heterotrimers, which are unable to activate TNFR. The process
of exchanging subunits between dnTNF and endogenous TNF is effective for sSTNF,
but not for mTNF. XPro1595, the first dnTNF to be generated, was shown to have
comparable efficacy with etanercept in treating various animal disease models,
including acute hepatitis and inflammatory arthritis without suppressing immunity to

infection106.107 |n the experimental autoimmune encephalitis (EAE) model, XPro950



significantly improved EAE clinical score, whereas etanercept had no therapeutic
effect. Subsequent studies showed the beneficial effect of dnTNFs in treating animal
models of neurodegenerative disease, such as spinal cord injury (SCI), MS, and

Parkinson’s disease (PD)108-111,

Specific blocking of TNFR1 can be achieved by TNFR1 antagonists or TNFR1
specific antibodies. R1antTNF, a TNFR1 specific antagonist with impaired affinity to
TNFR?2, is generated by amino sequence modification. In treating with EAE or
collagen induced arthritis (CIA), the results showed significant therapeutic effect of
R1antTNF, without affecting host immunity, as judged by the viral clearance
rate112113, Regarding TNFR1 specific antibody, a monovalent domain antibody
(DMS5540) specific for TNFR2 was compared with etanercept in treating CIA. Both
DMS5540 and etanercept were similar effective in suppressive CIA progression.
However, increased effector T cell activity and decreased Treg number was observed
in etanercept treatment group but not in the DM5540 treatment group, suggesting an
immunoregulatory role for TNFR2. In addition, TNFR1 inhibition, but not TNFR2
inhibition, expanded and activated Tregs. It was also observed that there was a
marked increase in the expression of FoxP3 and TNFR2 in the joints during the
period of remission, which adds further weight to the concept that TNFR2 plays a
physiologic role in the resolution of inflammation.

In another study, TNF receptor one silencer (TROS), assembled by linking two anti-
TNFR1 nanobodies (single domain antibodies), was found to exert a therapeutic
effect in suppressing acute TNF-induced liver inflammation and colitis!!4. In addition,
a TNFR1 specific antibody was demonstrated to ameliorate EAE. Taken together,
these findings suggest a potential therapeutic strategy of TNFR1 specific inhibition,
which might be superior to conventional anti-TNF therapy because of its sparing of

TNFR2 immunoregulatory signalling.

Targeting TNFR2 in autoimmune disease

As discussed above, TNFR2 signaling plays a regulatory role in the immune system
and suppresses autoreactive T cells and activates Treg. This raises the possibility that
TNFR2 agonism is a potential therapeutic strategy in autoimmune disease. TNFR2
agonism was shown to be effective in selectively killing autoreactive CD8* T cell in

blood samples taken from patients with type | diabetes15, TNFR2 agonism is also



able to expand Treg, with superior suppressor cell function!6, In addition to this
immunoregulatory effect, one study showed that a selective TNFR2 specific agonist
could rescue human neurons from oxidative stress induced cell death!”. However,
the systemic effects of TNFR2 agonists needs to be further investigated before this

approach can be considered for human therapy

Conclusions

Although anti-TNF therapy has achieved great success in treating various
autoimmune diseases, there are still many unmet needs and unanswered questions. In
particular, the role of TNFR2 signalling in health and disease is a matter of intense
interest and more comprehensive studies will be needed to fully comprehend its
immunoregulatory role. Ultimately, the clinical development of TNFR1 specific
inhibitors offers new possibilities for advancing the therapy of RA and other
conditions.
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