Antibodies 2015, 4, 48-70; doi:10.3390/antib4010048

antibodies

ISSN 2073-4468
www.mdpi.com/journal/antibodies

Review

Targeting STNF/TNFR1 Signaling as a New Therapeutic Strategy
Roman Fischer, Roland E. Kontermann and Olaf Maier *

Institute of Cell Biology and Immunology, University of Stuttgart, Allmandring 31,
70569 Stuttgart, Germany; E-Mails: roman.fischer@jizi.uni-stuttgart.de (R.F.);
roland.kontermann@jizi.uni-stuttgart.de (R.E.K.)

* Author to whom correspondence should be addressed; E-Mail: olaf.maier@izi.uni-stuttgart.de;
Tel.: +49-711-685-69303.

Academic Editor;: Dimiter S. Dimitrov

Received: 29 January 2015 / Accepted: 27 February 2015 / Published: 6 March 2015

Abstract: Deregulation of the tumor necrosis factor (TNF) plays an important role in the
initiation and perpetuation of chronic inflammation and has been implicated in the
development of various autoimmune diseases. Accordingly, TNF-inhibitors are successfully
used for the treatment of several diseases, such as rheumatoid arthritis, inflammatory bowel
disease, and psoriasis. However, total inhibition of TNF can cause severe side effects such
as an increased risk of inflammation and reactivation of tuberculosis. This is likely due to
the different actions of the two TNF receptors. Whereas TNFR1 predominantly promotes
inflammatory signaling pathways, TNFR2 mediates immune modulatory functions and
promotes tissue homeostasis and regeneration. Therefore, the specific blockage of TNFR1
signaling, either by direct inhibition with TNFR1-selective antagonists or by targeting
soluble TNF, which predominantly activates TNFR1, may prevent the detrimental effects
associated with total TNF-inhibitors and constitute a next-generation approach to interfere
with TNF.
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1. Introduction

The tumor necrosis factor (TNF) is the prototypic member of a large family of cytokines that play an
important role in the regulation of the innate and adaptive immune system [1,2]. TNF itself is a key
player in the initiation and orchestration of inflammation and immunity and is a potent proinflammatory
cytokine, which is predominantly produced by activated immune cells in response to infections and
tissue damage. Controlled expression of TNF is therefore essential to fight infections and to promote
tissue repair. However, deregulation of TNF expression and signaling can cause chronic inflammation,
which may result in the development of autoimmune diseases and tissue damage [3—5]. Indeed, elevated
TNF levels have been associated with several diseases, such as rheumatoid arthritis (RA), psoriasis,
inflammatory bowel disease (IBD), and multiple sclerosis (MS), and TNF therapeutics are successfully
used in several of these diseases, including RA, juvenile RA (JRA), psoriasis, ankylosing spondylitis
(AS), Crohn’s disease (CD), and ulcerative colitis (UC) [3,6-9]. Surprisingly, however, clinical trials
with TNF-neutralizing reagents in MS patients resulted in disease exacerbation [10,11]. Moreover, TNF
inhibitors can cause side effects including opportunistic infections, reactivation of tuberculosis,
development of autoimmune disease, and an increased risk for lymphoma [12—15].

TNF is expressed as a transmembrane protein (memTNF) that can be processed into a soluble form
(sTNF) [2,16] and exerts its functions via two receptors, TNF receptor 1 (TNFR1) and TNFR2 (Figure 1).
The distinct roles of these receptors in immune regulation and tissue regeneration may provide a
mechanistic explanation for the failure of TNF inhibitors in MS, as well as some of the side effects
associated with anti-TNF treatment. While TNFR1 is predominantly associated with inflammation and
tissue degeneration, TNFR2 is mainly implicated in tissue regeneration and immune modulation.
Moreover, sSTNF and memTNF differ in their capability to stimulate signaling via TNFR1 and TNFR2
(Figure 1). Whereas TNFR1 can be activated by binding of either sSTNF or memTNF, TNFR2 is only
fully activated by memTNF [17]. Accordingly, the proinflammatory effects of TNF have been associated
with signaling of sTNF via TNFRI1, while signaling of memTNF, predominantly via TNFR2, is
associated with tissue regeneration and immune modulation. A further level of complexity is added by
proteolytic cleavage of the extracellular domains of both receptors [18,19], which is increased upon TNF
activation [20]. The shed receptor ectodomains still bind to TNF, albeit with low efficiency, and can
thus act as natural inhibitors of TNF.

Although severe side effects of anti-TNF treatment are relatively rare, there is an obvious demand to
minimize the risk associated with long-term total TNF inhibition. This may be achieved by the use of
more specific anti-TNF therapeutics. Based on the role of sSTNF and TNFR1 in promoting inflammation,
the two major strategies are the development of reagents that exclusively target sSTNF, leaving signaling
via memTNF intact, and the development of TNFR1-specific antagonists, thus preserving TNFR2
signaling. Along with the possibility of reducing the side effects associated with total TNF inhibition,
these more specific next-generation therapeutics may open the path for the treatment of additional
diseases in which total TNF inhibition is detrimental, such as MS [7,21-23].
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Figure 1. Schematic representation of TNF processing and signaling via its receptors
TNFR1 and TNFR2 as well as the mechanisms of action of currently approved total TNF
inhibitors and novel inhibitors selective for either soluble TNF (sTNF) or TNFRI1.

2. TNF Signaling
2.1. General Aspects

TNF is synthesized as a type II transmembrane protein that self-assembles into non-covalently linked
homotrimers. Proteolytic cleavage of the ectodomain of this initial membrane-bound form of TNF
(memTNF) by the TNF-a converting enzyme (TACE/ADAMI17), a member of the a disintegrin and
metalloprotease (ADAM) protein family, results in the release of soluble TNF (sTNF) [16]. TNF can
bind to two structurally distinct membrane receptors, TNFR1 (TNFRSFI, CD120a) and TNFR2
(TNFRSF2, CD120b). Whereas TNFR1 is constitutively expressed on virtually all tissue cells,
expression of TNFR2 is restricted to cells of the immune system, especially regulatory T cells,
endothelial, and neuronal tissues, and its expression can be highly regulated by the cellular activation
status. Both receptors are typical type I transmembrane proteins with extracellular and intracellular
domains of about equal sizes and single transmembrane domains [2,5].

2.2. TNF Receptors

The extracellular domains of both receptors are quite similar, comprising four cysteine-rich domains
(CRD), which are required for ligand binding. In addition, the most distal CRD carries a homophilic
interaction motif, the so-called preligand-binding assembly domain (PLAD) [24]. The structure of the
intracellular signaling domains of both receptors is highly distinct. The intracellular domains of the TNF
receptors, which do not possess any enzymatic activity, define them as representatives of the two main
subgroups of the TNFR family, the death domain (DD)-containing receptors (TNFRI1) and the
TRAF-interacting receptors (TNFR2), respectively [5].
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Binding of TNF to TNFR1 leads to the activation of two major, well-understood signaling pathways.
One leads to the induction of anti-apoptotic genes, mainly through activation of the transcription factor
NF-kB. The second signaling pathway results in the engagement of cellular suicide programs, including
the prototype of programmed cell death, apoptosis, but also the execution of programmed necrosis
(necroptosis) [5,25]. In normal functional cells, TNF does not induce cell death unless transcription,
translation, or specifically the NF-kB pathway are blocked. This is caused by the primarily induced
anti-apoptotic program leading to the expression of anti-apoptotic proteins such as cFLIP, cIAP1, cIAP2,
XIAP, A20 and TRAF proteins, causing inhibition of apoptosis induction and/or execution [5].

Upon TNF binding, TNFR1 can interact via its DD with other DD-containing proteins, such as
TRADD (TNF receptor 1 associated death domain protein). This in turn results in recruitment of a
signaling complex consisting of TNF receptor-associated factor 2 (TRAF2), cellular inhibitor of
apoptosis proteins (cIAPs), the receptor interacting protein kinase 1 (RIP1), the IxkBa kinase (IKK)
complex, and the linear ubiquitin chain assembly complex (LUBAC) [26]. This membrane-associated
primary “TNFR1 signaling complex I’ can induce several signaling pathways, with the NF-«xB signaling
pathway being the most common and best characterized pathway [27]. NF-kB in turn can induce the
transcription of many genes that promote inflammation. These include IL-6, IL-8, and, importantly, TNF
itself [28], potentially resulting in an amplification loop of proinflammatory TNF signaling. Next to the
NF-kB pathway, complex I can initiate the activation of the stress-activated MAP kinases p38 and
c-jun N-terminal kinase (JNK), important promotors of inflammation, which can also induce TNF
expression [29-31]. After complex I internalization, a secondary pro-apoptotic signaling complex II is
formed by binding of the adaptor protein FADD (Fas-associated protein with death domain) and the
procaspase 8 to the receptor complex. This results in the formation of the death-inducing signaling
complex (DISC) and the induction of apoptosis [5]. Besides induction of classical apoptosis via complex
I, TNFR1 is also capable of initiating cell death by necroptosis, which is activated especially under
conditions of inhibited apoptosis by the kinase activities of RIP1 and RIP3 [25].

In comparison with TNFR1, knowledge of TNFR2 signaling pathways is scarce. Because TNFR2 is
only fully activated by memTNF, it is most likely only activated in terms of direct cell—cell interaction
and thus plays an important role in localized signaling. In contrast to TNFR1, TNFR2 does not contain
a DD and therefore cannot directly induce cell death. However, TNFR2 can directly interact with TRAF2
and TNFR2 stimulation is causing recruitment of TRAF2 to the plasma membrane, thereby affecting
TNFR1 signaling [32]. Recruitment of TRAF2 to TNFR2 activates, in a cell context-dependent manner,
both the canonical and non-canonical NF-kB signaling pathways [33,34]. Moreover, by an as yet not
fully elucidated mechanism, TNFR2 can activate the phosphatidyl inositol (PI) 3-kinase / Akt pathway,
thus promoting cell survival and proliferation [35-38].

2.3. TNF Signaling in Immune Regulation

TNF is a pleiotropic cytokine that is a master regulator of the immune system [3,5]. Generally, TNF
is known as a powerful proinflammatory molecule with stimulatory activities for most cells of the immune
system. Monocytes and macrophages are the major sources of TNF synthesis in vivo, although many
other cell types are also capable of producing TNF under certain circumstances. TNF acts as a co-stimulator
for natural killer cells and activated B and T lymphocytes, and it enhances the pathogen-directed
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cytotoxicity of monocytes, neutrophils, and eosinophils. As a stimulatory agent for phagocytes, TNF is
of special importance for the killing of bacteria, yeast, parasites, and virus-infected cells.

The use of transgenic mice in animal disease models has greatly enhanced our knowledge of the
importance of TNF in fighting infections. In contrast to wild-type mice, TNF-deficient mice are highly
sensitive to infections [39,40]. Moreover, TNF is essential for the maturation of the humoral immune
response and for the formation of granuloma, organized accumulations of (infected) macrophages and
lymphocytes, which are required to prevent the spreading of pathogens such as mycobacteria in the
organism [40,41].

Furthermore, TNF is of great importance for the penetration of immune cells into the tissue due to
the stimulatory effects of TNF on endothelial cells, resulting in enhanced surface expression of adhesion
molecules and an increased permeability of the endothelium. This is a central step for the recruitment of
immune cells, e.g., neutrophils, lymphocytes, and monocytes, which is followed by transendothelial cell
migration into the tissue [42].

Most of the described proinflammatory functions of TNF are predominantly mediated by TNFRI,
since TNFR1 knockout animals are highly susceptible to bacterial infections [43]. Moreover, loss of function
due to TNF knockout is largely mimicked by TNFR1 deficiency [44]. However, a role of TNFR2 in T-cell
activation and in the interaction of dendritic cells and NK cells has also been described [45]. Importantly,
mice expressing a non-cleavable TNF, thus preventing the generation of STNF, were at least partially
protected against various pathogens, such as Mycobacterium tuberculosum and Listeria monocytogenes.
This demonstrates that signaling of memTNF, presumably mainly via TNFR2, can at least partially
convey immunity against these pathogens [46,47].

While the proinflammatory functions of TNF, via TNFR1, are very well established, quite recently
an important role of TNFR2 in the modulation of the immune system has been discovered. In comparison
with other T-cell populations, TNFR2 is predominantly expressed by CD4"'CD25 FoxP3" regulatory
T-cells (Tregs), which are important in regulating and suppressing T-cell effector functions [48,49].
TNFR2 is expressed especially in a maximally suppressive subset of Tregs and activation of TNFR2 is
important for the proliferation and function of Tregs, indicating an important role of TNFR2 in the
regulation and suppression of the immune response [50-53]. Importantly, inhibition of Treg function
leads to a highly increased risk for the development of autoimmune diseases [54]. Accordingly, complete
TNF inhibition may compromise Treg function, which may explain the development of novel
autoimmune diseases in patients treated with TNF inhibitors.

2.4. Pathophysiology of TNF Deregulation

The pleiotropic functions of TNF in regulation of the adaptive and innate immune response explain
why deregulated TNF production due to overreaction of the host or expression in an inappropriate
location can lead to major pathogenic consequences. An important mechanism of the organism to
prevent TNF toxicity is the increased shedding of TNFR ectodomains [20]. On the one hand, this reduces
the number of signal competent receptors on the cell surface and, on the other hand, the soluble receptors
can bind to TNF and act as intrinsic TNF inhibitors. Accordingly, mice expressing non-cleavable TNFR1
develop spontaneous liver pathology and enhanced susceptibility to inflammation and autoimmunity,
indicating that TNFR1 receptor shedding regulates TNF activity in vivo [55].
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A role for non-cleavable TNFR1 had been proposed for the development of TRAPS (tumor necrosis
factor receptor-associated periodic syndrome), an autosomal dominantly inherited disease characterized
by unprovoked, often prolonged, attacks of fever and inflammation of multiple organs, which is caused
by mutations in the TNFR1 gene [56]. However, although mutations that affect TNFR1 shedding have
been reported, most mutations relevant for TRAPS development affect the structure of TNFR1, thereby
rendering the receptor non-functional or causing its retention in the endoplasmic reticulum [57].
Accordingly, functional TNFR1 at the cell surface should be downregulated, resulting in the paradoxical
situation that reduced levels of TNFR1 can cause an inflammatory disease. The systemic inflammation
might be induced by ER stress, which may also explain the autosomal dominant character of the disease.

TNF is induced after bacterial or fungal infections and after tissue damage such as in hepatitis,
pancreatitis, acute respiratory distress syndrome (ARDS), and myocardial ischemia / reperfusion injury,
resulting in acute inflammation of the affected tissue [58—60]. Importantly, TNF induces the recruitment
of immune cells into the tissue due to increased expression of chemokines and adhesion molecules [42],
thereby further promoting inflammation. Sustained elevated TNF levels can lead to a systemic
inflammatory response syndrome (SIRS), which can, when excessive, result in multiple organ failure [58].

Persistently elevated levels of TNF have been implicated in chronic inflammation and have been
associated with a variety of diseases including autoimmune diseases such as RA, IBD, and MS and
neurodegenerative diseases, e.g., Alzheimer’s disease (AD) and Parkinson’s disease (PD). Again, the
use of transgenic animals has been an invaluable tool for establishing the role of TNF in the pathology
of various diseases and syndromes. Important evidence for the involvement of TNF in autoimmune
diseases came from studies in mice overexpressing TNF due to stabilization of its mRNA. These mice
develop severe chronic inflammatory arthritis [61]. Importantly, these effects are largely abolished in
TNFR1-deficient mice, whereas TNFR2 knockout exacerbates the disease [61]. Moreover, in an induced
animal model of RA, collagen-induced arthritis (CIA), treatment with TNF inhibitors strongly
ameliorates disease symptoms, which is largely mimicked by TNFRI1 deficiency [62,63]. These results
indicate that TNF signaling via TNFRI is pathogenic in RA, whereas TNFR2 might have an
anti-inflammatory role [61-63].

Crohn’s disease (CD) and ulcerative colitis (UC) are inflammatory diseases of the intestine and the
colon, generally referred to as IBD. Mice overexpressing TNF also develop intestinal inflammation
resembling CD [61]. TNFR1 deficiency protects against this disease, again confirming the proinflammatory
role of TNFRI. Interestingly, however, TNFR2-deficient mice show a marked attenuation of
inflammation, indicating a pathogenic role of TNFR2 in this disease [61].

TNF levels are elevated in affected areas of the central nervous system (CNS) in various
neurodegenerative diseases such as AD, PD, and MS, indicating a pathogenic role of TNF in these
diseases [64—66]. CNS-specific overexpression of TNF in transgenic mice results in spontaneous
demyelination [67], providing additional evidence for a role of TNF in MS, which is characterized by
focal demyelination in the CNS. A particular role of TNFR1 in MS is suggested by genome-wide
association studies, which found a polymorphism in the TNFRI gene that is linked to increased
susceptibility for MS but not to other autoimmune diseases [68]. Moreover, TNFR1 is essential for the
disease induction of experimental autoimmune encephalomyelitis (EAE), the animal model of MS,
whereas TNFR2 deficiency exacerbates the disease [69—72]. Of interest for the development of novel
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anti-TNF therapeutics is also the finding that mice expressing non-cleavable memTNF are protected
against EAE, suggesting that the interaction of STNF with TNFR1 is responsible for the pathology [73].

Because of the pathogenic role of TNF in inflammatory and degenerative diseases, blocking of TNF
signaling has been evaluated in various inflammatory diseases and is successfully used for treatment of
several autoimmune diseases.

3. TNF Inhibition in Disease
3.1. Current Anti-TNF Therapeutics: Application and Limitation

Conceptually, neutralization of TNF signaling can be achieved at different levels, the level of the
ligand, of receptors and of the intracellular signal pathway(s) [7,8,74]. The currently approved anti-TNF
therapies all interfere at the level of the ligand by directly binding to TNF, thereby preventing its
interaction with both TNF receptors (Figure 1). Five structurally different anti-TNF drugs are currently
approved for the treatment of various inflammatory diseases [7,9,22,75,76] (see Table 1): (1) Infliximab
(Remicade) is a humanized chimeric monoclonal antibody against human TNF of the subtype IgGl,
which is approved for the treatment of RA, psoriatic arthritis (PA), plaque psoriasis (PP), ankylosing
spondylitis (AS), CD, and UC; (2) Adalimumab (Humira) is a fully human monoclonal antibody of the
IgG1/k isotype that is indicated for the treatment of RA, PA, PP, AS, CD, and juvenile idiopathic arthritis
(JIA); (3) Certolizumab pegol (Cimzia) is a PEGylated, humanized anti-TNF Fab’ fragment with a
molecular mass of 91 kDa, which is approved for the treatment of CD, RA, AS, and PA; (4) Golimumab
(Simponi) is a fully human monoclonal antibody of the IgG1/k isotype that binds and neutralizes human
TNF and is approved for the treatment of RA, PA, AS, CD, and UC (5) Etanercept (Enbrel) is a dimeric
fully human fusion protein consisting of the extracellular receptor region, which contains the ligand-
binding site of human TNFR2 (TNFR2exc), fused to the Fc part of human IgG1 to increase neutralizing
activity and plasma half-life. Enbrel binds with high affinity to TNF and is approved for the treatment
of RA, JIA, PA, PP, and AS. Several other anti-TNF therapeutics and as of late biosimilars are currently
being tested in clinical studies [75,76]. Indeed, the first biosimilar antibodies approved for use in the
European Union are the infliximab biosimilars Remsima and Inflectra (Table 1) [77].

In spite of the success of anti-TNF-therapeutics, there are, however, some setbacks. One example is
lenercept, similar to etanercept a soluble TNFR-Fc fusion protein, which consists of the extracellular
region of TNFR1 directly fused to the hinge region of the I[gG1 heavy chain Fc region [78,79]. Lenercept
had entered clinical trials for severe sepsis, early septic shock, RA, and MS [7]. However, a Phase 11
randomized, multi-center, placebo-controlled study for the treatment of relapsing remitting MS had to
be stopped since there were no significant differences on magnetic resonance imaging. Furthermore,
symptoms of lenercept-treated patients were significantly increased compared with patients receiving
placebo, and neurologic deficits tended to be more severe in the lenercept treatment groups [11],
indicating that anti-TNF therapies might aggravate demyelinating diseases. The observation that some
patients, subsequent to anti-TNF therapies of juvenile rheumatoid arthritis, developed MS-like
exacerbations and demyelinating lesions further supports this assumption [13].
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Table 1. Currently approved anti-TNF therapeutics and selective inhibitors of sSTNF and
TNFR1 under development.

Approved anti-TNF therapeutics

Drug name
(brand name)

Structure

Approved disease
indications

Etanercept

(Enbrel)

Infliximab
(Remicade)
Adalimumab
(Humira)
Certolizumab Pegol
(Cimzia)
Golimumab
(Simponi)

Human TNFR2:1gG1-Fc
humanized chimeric IgG/k mAb
fully human IgG1/k mAb
PEGylated Fab’ fragment

fully human IgG1/k mAb

RA, JIA, PA, PP, AS

RA, PA, PP, AS, CD, UC

RA, PA, PP, AS, CD, JIA

CD, RA, AS, PA

RA, PA, AS, UC

Approved anti-TNF biosimilars

Drug name Biosimilar of Disease indication
Remsima Infliximab RA, PA, PP, AS, CD, UC
Inflectra Infliximab RA, PA, PP, AS, CD, UC

Current sSTNF/TNFR1 targeting agents under development

Name Structure Mechanism
XPro1595 Dominant-negative TNF mutein sTNF inhibitor
XENP345 Dominant-negative TNF mutein STNF inhibitor
RlantTNF TNFR1-selective antagonistic mutant TNF TNFR1 antagonist (sSTNF
inhibitor?)
DMSS5540 TNFR1-selective monovalent domain antibody fused to ~ TNFR1 antagonist
albumin specific domain antibody
TROS Two TNFRI1-selective single domain nanobodies fused =~ TNFR1 antagonist
to anti-albumin nanobody
ATROSAB Humanized TNFR1-selective [gG1 TNFR1 antagonist

AS: ankylosing spondylitis; CD: Crohn’s disease; JIA: Juvenile idiopathic arthritis; PA: Psoriatic arthritis; PP:

Plaque psoriasis; RA: Rheumatoid arthritis; UC: Ulcerative colitis.

Next to induction or aggravation of demyelinating diseases, all anti-TNF therapeutics may induce

severe side effects including serious infections, reactivation of tuberculosis, invasive fungal infections,

and other opportunistic infections. Even an increased susceptibility to develop additional autoimmune

diseases and lymphomas has been reported. Moreover, not all patients respond to the anti-TNF treatment,

further illustrating the limitations of current anti-TNF therapeutics [7,22,75].

3.2. Differences between TNFRI1 & TNFR2: Requirement for Selective Therapeutics

The failure of the lenercept study and the severe side effects of anti-TNF treatment might be explained

by the pleiotropic functions of TNF, including proinflammatory and anti-inflammatory but also immune

regulatory signals. Blocking all effects of TNF can therefore be counter-productive. Because most of the

proinflammatory effects of TNF are mediated by TNFR1, a more effective therapeutic approach seems
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to be the selective blocking of sSTNF/TNFRI1 signaling. This would leave memTNF/TNFR2 signaling
intact, which has been implicated in protective TNF-mediated responses, e.g., neuroprotection and
regeneration, anti-apoptotic signaling, and immune modulation.

The group of Denise Faustman demonstrated that insulin-specific autoreactive CD8" T cells, which
cause the destruction of insulin-producing pancreatic islet beta cells, display several defects in the
activation of NF-kB and therefore favor cell death via apoptosis instead of anti-apoptotic effects [80,81].
In animal models, administration of exogenous TNF effectively killed these autoreactive T cells, leading
to the inhibition or reversal of type I diabetes [82]. In a subsequent study, the group demonstrated that
the insulin-specific autoreactive CD8" T cells can be selectively destroyed by activation of TNFR2 [83].
In addition to these data, TNFR2 stimulation has been shown to result in the generation and expansion
of a subpopulation of protective Tregs [51,84,85] that may control the destruction of excessive CD8" T
cells at sites of inflammation by inhibition of proinflammatory cytokines, leading to suppression of
inflammatory responses and thereby supporting the regeneration of the inflamed tissue [84].

Regulatory T-cells constitutively express high levels of TNFR2 [86] and the expression of TNFR2
defines a unique subtype of Tregs with highly potent suppressive activity [51]. Further studies demonstrated
that activation of TNFR2 results in the generation and expansion of a subpopulation of protective
regulatory T-cells that may suppress autoimmunity [84,85]. Whereas TNFR2 seems not to be necessary
to maintain Treg activity, recent results suggest that TNFR2 mediates the activation of Tregs [50] and
plays a functional role in their expansion [52] and stabilization [53].

Next to its immune regulatory role, TNFR2 critically contributes to neuronal survival and regeneration.
In contrast to TNFR1, which promotes neuronal tissue destruction, TNFR2 was protective in a mouse
model of retinal ischemia via activation of the PKB/Akt pathway [87]. Similar results were observed in
the cuprizone-induced mouse model of demyelination and remyelination, where genomic ablation of
TNF resulted in delayed remyelination and a reduction in the pool of proliferating oligodendrocyte
progenitors followed by a reduced number of mature oligodendrocytes. Analysis of TNFR17~ and
TNFR2 ™ mice indicated that TNFR2 is critical for TNF-mediated oligodendrocyte regeneration [88],
suggesting that TNFR1 signaling mediates axon demyelination, whereas signaling via TNFR2 appears
to be responsible for remyelination. Further, different articles emphasize the protective role of TNF in
the CNS, demonstrating that TNFR2 protects neurons against excitotoxic insults [35,36] and oxidative
stress [37], protects oligodendrocyte progenitor cells against oxidative stress [89], and promotes
oligodendrocyte maturation and myelination [38,90].

This dual role of TNF signaling may provide an explanation for the failure of the lenercept study [11],
indicating that the inhibition of memTNF/TNFR?2 signaling was the molecular basis for the aggravated
symptoms in the MS patients of this trial. Accordingly, EAE disease onset and progression is suppressed
in transgenic animals exclusively expressing physiologically regulated levels of memTNF, whereas the
autoimmune suppressive properties of wild-type TNF were retained [73].

The ability of memTNF/TNFR2 to preserve a subset of beneficial activities, such as immune
functions like self-tolerance and resistance to infection, while lacking detrimental effects indicates that
selective targeting of STNF/TNFRI as a therapeutic strategy may offer several advantages over complete
blocking of TNF in the treatment of chronic inflammatory, autoimmune, and demyelinating diseases.
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4. Novel sTNF and TNFR1-Specific Antagonists

Next-generation therapeutics targeting the TNF pathway should ideally inhibit the undesirable signals
of TNF mainly mediated via sSTNF/TNFR1 signaling while preserving its homeostatic functions in the
CNS and immune system by sparing memTNF/TNFR2 signaling. Two approaches for specifically
targeting the inflammatory effects of TNF have emerged: (1) exclusive inhibition of sSTNF and (2)
blocking of TNFR1 signaling [7,21,23].

One strategy to generate selective TNF inhibitors is the formation of signaling-incompetent
dominant-negative TNF (dnTNF) derivatives that specifically inhibit STNF, thus leaving signaling via
memTNF intact (Table 1). Indeed, there is good evidence that memTNF is sufficient to support TNF-
dependent formation of secondary lymphoid organ structure and granulomas [91,92] and to provide at
least a partial protection against infections [47,73,92,93] without causing autoimmune diseases [73,91].
Another approach is the use of TNFR1-specific antagonists to neutralize the proinflammatory activity
of TNF while maintaining the advantageous responses mediated by TNFR2, including immune
regulation, tissue homeostasis, and neuroprotection [94]. Here either antagonistic TNFR1-selective TNF
derivatives or TNFR1-specific antagonistic antibodies can be applied (Table 1).

4.1. sTNF-Selective Dominant-Negative TNF Derivatives

In 2005, a novel class of TNF inhibitors was described by Steed et al. [95] that are based on mutations
in sTNF, which block binding of the TNF mutein to either TNFR. These TNF muteins can rapidly
exchange subunits with endogenous TNF, thereby forming mixed TNF heterotrimers inactivating
endogenous TNF in a dominant-negative fashion [96]. The exchange of subunits with native TNF is only
efficient for sTNF, thus leaving memTNF unaffected. Several of these muteins had been generated and
the therapeutic effect of one of them, XPro1595, which contains the mutations C31H, Y87H, and A145R,
has been extensively studied in various animal disease models after PEGylation to improve its in vivo
half-life [96].

Importantly, while the ameliorating effect of XPro1595 in various animal disease models, such as
acute hepatitis and inflammatory arthritis [96,97], is comparable to total TNF inhibition via etanercept,
the normal immune functions are only preserved in the case of XProl595 treatment. Thus, whereas
etanercept-treated mice are highly susceptible to infection with Listeria monocytogenes, XProl1595-treated
animals are largely unaffected [96]. As expected, XPro1595 treatment therefore reflects the overexpression
of non-cleavable TNF in transgenic mice, which are also protected against bacterial infections, chronic
inflammation, and autoimmune disease [73].

The main focus for the application of dnTNFs is their use in animal models of neurodegenerative
diseases with elevated TNF levels such as spinal cord injury (SCI), MS, and PD. In an animal model of
PD (striatal injection of 6-hydroxydopamine (6-OHDA)), the injection of XENP345, a PEGylated
dnTNF variant with the mutations A145R/I97T, into the substantia nigra reduced the loss of
dopaminergic neurons by 50% [98]. In a follow-up study, it was shown that a single injection of
lentivirus expressing XENP345 into the rat substantia nigra, is sufficient to reduce neuronal loss and
behavioral deficits after 6-OHDA-induced degeneration of dopaminergic neurons [99].
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As mentioned above, TNF inhibition is detrimental in MS in spite of the elevated levels of TNF in
MS lesions and the important role of the peripheral immune system in this disease [10,11]. The potential
of treating MS with a selective inhibitor of sSTNF was addressed in the EAE model by comparing total
TNF inhibition by etanercept with inhibition of sSTNF by XPro1595. In these studies, both reagents were
injected subcutaneously twice weekly with a dosage of 10 mg/kg. When starting the treatment at the
time of disease onset, etanercept had no therapeutic effect, whereas XPro1595 treatment significantly
ameliorated EAE symptoms [100]. This effect was not due to changes in the antigen-specific immune
response, but was associated with a reduced overall immunoreactivity and an increased expression of
neuroprotective molecules in the CNS.

Even when treatment was started at the peak of disease, i.e., when marked demyelination was already
in progress, treatment with XPro1595 improved EAE symptoms, whereas etanercept had no effect [101].
Here the therapeutic effect of dnTNF treatment was associated with axonal preservation, an increased
number of oligodendrocytes, improved myelin compaction, and remyelination approximately 40 days
after starting the treatment. These results indicate that STNF promotes CNS inflammation while
memTNF is neuroprotective, and suggest that selective inhibition of sSTNF may provide a new strategy
for the treatment of multiple sclerosis [100,101].

TNF is also elevated in the injured spinal cord and it has been suggested that this contributes to
impaired healing after SCI [102]. In contrast to other tissues, the sequential activation of distinct
macrophage types that promote either inflammation or tissue repair is perturbed in SCI, resulting in a
prolonged inflammatory phase wherein repair and remodeling are not properly initiated [103]. This is
reminiscent of the inflammation in chronic, non-healing wounds and may at least partially be due to an
imbalance of TNFR1 vs. TNFR2 signaling. To test the role of sSTNF in SCI, the effect of XPro1595 was
compared with etanercept in a mouse model of SCI. Injection of XPro1595 into the spinal cord lesion
resulted in improved locomotor function, decreased anxiety-related behavior, and reduced damage to
the lesioned spinal cord, whereas etanercept had no therapeutic effects [104]. Interestingly, this
beneficial effect of XPro1595 treatment was accompanied by an increased level of TNFR2 protein levels
in the lesion area, indicating that signaling of memTNF via TNFR2 may contribute to the improved
neuroregeneration [104].

Finally, since TNF is known to sustain the complex inflammatory responses associated with strokes,
the effect of XProl1595 was compared to etanercept in an animal model of focal cerebral ischemia.
Although infarct volume was not changed, both compounds significantly reduced the peripheral
inflammatory response and improved motor function and motor learning skills after focal cerebral
ischemia [105]. This indicates that sSTNF is predominantly involved in the inflammatory response after
a stroke and supports the notion that selective targeting of sTNF might be sufficient for the treatment of
most TNF-mediated diseases, thus potentially reducing the risk of severe side effects for the patient by
preserving memTNF signaling [105].

4.2. TNFRI1-Selective Antagonistic TNF

Rl1antTNF, a TNFR1-selective antagonistic mutant TNF with substitution of the amino acids at
positions 84—89, was isolated from a phage display library [106]. Whereas the affinity of R1antTNF to
TNFR1 is almost similar to wild-type TNF (3.3 nM vs. 1.4 nM), its affinity to TNFR2 is greatly impaired
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(92.9 uM vs. 2.1 nM). The therapeutic effect of R1antTNF was initially evaluated in two models for
acute hepatitis. After hepatitis induction with both carbon tetrachloride and concanavalin A, R1antTNF
significantly ameliorated liver injury as assessed by serum levels of alanine aminotransferase. Moreover,
it reduced serum levels of the proinflammatory cytokines IL-2 and IL-6. This therapeutic effect of
R1antTNF was superior to that obtained with an antagonistic anti-TNF antibody [107], indicating that
blocking of TNFR1 may be preferable to complete TNF blocking in acute hepatitis.

After mono-PEGylation of R1antTNF to increase the in vivo half-life of the molecule, the therapeutic
effect of PEG-R1antTNF was evaluated in animal models of autoimmune diseases, namely CIA and
EAE [108,109]. PEG-R1antTNF treatment significantly delayed and ameliorated CIA symptoms both
in a prophylactic and a therapeutic setting. Interestingly, when treatment was started when CIA was
already established, PEG-R1antTNF treatment (3 pg intraperitoneal, twice daily) was slightly more
effective than complete TNF blocking by etanercept (25 pg intraperitoneal, twice weekly) [108].
Moreover, PEG-R1antTNF did not affect the clearance of injected adenovirus, whereas viral load
strongly increased after etanercept treatment [108]. In EAE, PEG-R1antTNF significantly reduced the
disease incidence, improved the clinical score and reduced demyelination when treatment (10 pg
intraperitoneal, twice daily) was initiated at the time of disease induction, i.e., in a prophylactic treatment
regime [109]. This was accompanied by significant suppression of T-cell activation, in particular the
activation of Th1l and Th17 cells, and a strongly reduced infiltration of inflammatory T-cells into the
spinal cord [109].

Interestingly, it was recently described that Rl1antTNF forms heterotrimers with endogenous
TNF [110]. It therefore resembles dnTNFs such as XPROI1595 in its mode of action and may
predominantly act as an inhibitor of sSTNF signaling. It is therefore unclear whether the observed
therapeutic effects are due to specific TNFR1 or sTNF neutralization (Table 1).

4.3. TNFRI-Specific Antibodies

A second strategy to specifically inhibit TNFR1 is the generation of TNFR1-specific antagonistic
antibodies. Recently, a monovalent domain antibody (DMS5540; Table 1) specific for mouse TNFR1
was compared to etanercept treatment in the CIA mouse model of rheumatoid arthritis to evaluate the
use of antibody-mediated TNFR1 inhibition in autoimmune diseases [111]. To increase the in vivo half-
life of the domain antibody, it was fused to a second domain antibody specific for mouse albumin.
Specific inhibition of TNFR1 and complete TNF blockage were similarly effective in suppressing CIA
progression. However, treatment with etanercept resulted in increased effector T-cell activity, which was
not observed after selective TNFR1 blockade, suggesting an immunoregulatory role for TNFR2 that is
suppressed by etanercept. Indeed, only TNFR1-specific inhibition promoted the expansion and activation
of Tregs, in particular in joints undergoing remission. This supports the concept that a therapeutic
strategy that targets TNFR1, but does not affect TNFR2, has the potential to both inhibit inflammation
and promote Treg activity and might thus be superior to TNF blockade [111].

A similar approach was taken by Steeland et al. [112], who generated a human TNFR1 selective
inhibitor based on nanobody technology. Here two anti-human TNFR1 selective single domain
antibodies (nanobodies) were fused to an anti-albumin nanobody to increase the in vivo half-life. The
resulting protein, TROS (TNF receptor one silencer), competes with TNF for binding to TNFR1 and
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strongly inhibits TNF-induced gene expression (Table 1). Importantly, TROS inhibits acute TNF-induced
liver inflammation in mice expressing human TNFR1 [112].

In comparison to single domain antibodies, full-length antibodies in the IgG format have the
advantage of a highly increased in vivo half-life. Therefore, Kontermann et al. humanized the neutralizing
mouse anti-human TNFR1 monoclonal antibody H398 [94,113]. The resulting IgGl, ATROSAB
(antagonistic tumor necrosis factor receptor one-specific antibody), retained the receptor selectivity and
TNFR1-neutralizing ability of the parental mouse antibody (Table 1). Importantly, ATROSAB binds
with similar efficacy to human and rhesus TNFR1-Fc fusion proteins, which opens the way to further
analyze the therapeutic activity of ATROSAB in non-human primates [114]. Moreover, the Fc region of
ATROSAB has been modified to abrogate complement fixation and antibody-mediated cellular effector
functions, thus preventing the unwanted activation of the immune system [114,115].

Since TNFR1 is essential for the development of EAE, we recently applied a commercial hamster
IgG specific for mouse TNFRI1 [116] to evaluate the potential of antibody-mediated anti-TNFRI1
treatment in EAE [72]. Interestingly, a single dose of the antibody (5 mg/kg) was sufficient to ameliorate
the disease when given at the time of disease induction. Moreover, administration at day 1 and 4 after
disease onset (20 mg/kg), i.e., in a therapeutic treatment regime, resulted in a stable, even slightly
reduced disease course for at least seven additional days and thus led to a strongly reduced cumulative
EAE score. These results demonstrate that antagonistic TNFR1-specific antibodies may represent a
therapeutic approach for the treatment of MS [72].

4.4. Comparison of sTNF Inhibitors and TNFRI Antagonists

Although both sTNF inhibitors and TNFR1 antagonists block responses mediated by the sSTNF/TNFR1
pathway, there are also important differences in their mode of action that may affect their therapeutic
use in different diseases.

First, exclusive inhibition of STNF leaves the local signaling of memTNF via TNFR1 intact. Whether
this is detrimental or beneficial for treatment is currently unclear and may depend on the disease context.
However, memTNF signaling via TNFR1 may contribute to the observation that mice treated with sSTNF
inhibitors such as dnTNF have a largely intact immune system that can protect them against microbial
and viral infections [96]. Given the uncertainty of the mode of action of R1antTNF, this aspect still needs
to be verified for TNFR1-selective antagonists. Moreover, under certain circumstances signaling of
memTNF via TNFR1 can promote cell survival, e.g., in neurons [117]. Accordingly, TNFR1 antagonists
may prevent these potentially beneficial aspects of TNFR1 signaling. On the other hand, there is some
evidence that sSTNF can activate TNFR2 in cells with high TNFR2 content, such as Tregs [50-52].
Whether activation of Tregs by memTNF/TNFR2 is sufficient for Treg activation or if additional
activation of TNFR2 by sTNF can modulate Treg activity is currently unclear, but blocking of sSTNF
might compromise the immune modulatory functions of TNFR2.

In comparison to inhibition of sTNF, the specific neutralization of TNFR1 may have additional
consequences that might be therapeutically relevant. In particular, TNFR1 antagonists can bind to
soluble TNFR1 and thus reduce the suspected TNF neutralizing capacity of soluble TNFR1. Importantly,
since signaling competent TNFR1 at the cell surface is inhibited by the TNFR1 antagonists as well, the
excess TNF would preferentially bind to TNFR2, which may promote the immune regulatory and tissue



Antibodies 2015, 4 61

regenerative properties of this receptor. Moreover, a polymorphism in the TNFR1 gene that results in
release of soluble TNFR1 has been associated with an increased risk of developing MS [68]. This is presumably
due to an altered state of monocytes, which show increased expression of CXCL10 and a more robust
interferon type I response upon TNF stimulation compared to cells with the wild-type allele [118].
Accordingly, neutralization of soluble TNFR1 may have beneficial consequences, which may, however,
depend on the disease context. Finally, in contrast to sTNF inhibitors, TNFR1 antagonists can block the
binding of lymphotoxin-a (LT-a), another member of the TNF superfamily, to TNFRI1. Since a
proinflammatory role of LT-a has been described in RA and in animal disease models, such as CIA and
EAE [119-123], simultaneous blocking of TNF and LT-a binding to TNFR1 by TNFR1 antagonists
may have advantages compared to STNF inhibition in acute and chronic inflammatory diseases.

Importantly, the above studies show that both sSTNF inhibitors and TNFR1 antagonists are capable of
reducing symptoms in animal models of acute and chronic inflammation. Thus, both sTNF inhibitors
and TNFR1 antagonists can reduce the severity in animal models of inflammatory diseases, namely EAE
and CIA [72,100,101,111]. At the moment one can therefore only speculate whether the different modes
of actions of sTNF inhibitors and TNFRI1 antagonists may ultimately result in one strategy being
preferred as a therapeutic. This will obviously be one of the major aspects of future research and may
well depend on the type of disease or the target tissue.

5. Conclusions

In the past approximately 15 years, TNF blockers have demonstrated their effectiveness in the
treatment of several autoimmune diseases and belong now to the top-selling drugs worldwide.
Nevertheless, the development of serious side effects during long-lasting TNF inhibition revealed the
risks that are associated with complete blocking of TNF. Moreover, total inhibition of TNF has been
detrimental for the treatment of several diseases in which TNF has been implicated, such as MS. While
some of the described side effects are due to TNF inhibition, e.g., the increased risk of infections, many
of the side effects are most likely due to the role of TNF in immune regulation and tissue regeneration,
which has been revealed recently.

Importantly, a more specific targeting of pathological TNF can be achieved because some of the
pathological and beneficial signals diverge at the level of ligand (STNF or memTNF) and at the level of
receptor (TNFR1 or TNFR2). Accordingly, specific inhibition of sSTNF or TNFR1 might be sufficient
to inhibit the pathological consequences of deregulated TNF signaling while keeping memTNF/TNFR2
signaling intact. This might greatly reduce the side effects associated with total TNF blockade and may
enable the treatment of other diseases such as MS, where total TNF inhibition is detrimental. Whether
selective inhibition of TNFR1 will be sufficient for redirection of the available TNF to induce activation
of TNFR2, thus promoting immune modulation and tissue regeneration, remains to be investigated.
Importantly, selective TNFR2 agonists are currently evaluated to boost the activation of TNFR2 and the
beneficial actions of these agonists have been evaluated in several in vitro [37,38,89] and ex vivo [124]
applications. Therefore, a combination therapy, i.e., the concomitant use of STNF/TNFR1 antagonists
and a TNFR2 agonist, might present a novel therapeutic concept to treat diverse inflammatory and
degenerative diseases.
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