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KEYWORDS Abstract In the past 20 years, patients with rheumatoid arthritis (RA), Crohn’s disease (CD),
Antibodies; and other immune diseases have witnessed the impact of a great treatment advance with the
Receptors; availability of biological TNF« inhibitors. With 5 approved anti-TNFa biologics on the market
Small molecule and soon available biosimilars, patients have more treatment options and have benefited from
inhibitors; understanding the biology of TNFa. Nevertheless, many unmet needs remain for people living
TNFo; with TNFa-related diseases, namely some side effects and tolerance of current anti-TNFa bi-
TNFR1 ologics and resistance to therapies. Furthermore, common diseases such as osteoarthritis and

back/neck pain may respond to anti-TNFa therapies at early onset of symptoms. Development
of new TNFa inhibitors focusing on TNFR1 specific inhibitors, preferably small molecules that
can be delivered orally, is much needed.
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TNFa and TNF receptors
TNF o

Tumor Necrosis Factor o, (TNFa) is a small 157-amino-acid
cytokine that has a number of functions. Initially TNF was
described to have anti-tumor activity, as suggested by its
name, and was determined to be in the sera of mice
infected with bacillus Calmette-Guerin (BCG) and exposed
to endotoxin.” Serum with TNF activity in fact demon-
strated ability to kill tumor cells in vitro and in vivo. In
fact, physician William B. Coley” was one of the first to
recognize a regression of tumors once a cancer patient
contracted a bacterial infection.

In 1984, human TNFa cDNA was first cloned after TNFa
was purified from HL-60 leukemia cells.® The TNFa protein
has about 30% homology with human lymphotoxin (also
known as TNFB). After that, TNFa was found to be a major
regulator of immune function and inflammatory response.”
In vivo experiments showed that purified mouse TNFa could
inhibit the growth or even completely shrink implanted
tumors, mostly by inducing a host immune response.”

Initially, activated macrophages were identified as the
major source of TNFqa. Later on, many other cell types were
also reported to secrete TNFa, including T cells, NK cells,
neutrophils, mast cells, and non-immune cells.® TNFe. plays
critical functions in the regulation of the immune system
and is fundamental in host protection against microbial
infection. An excess of TNFa signaling activity can lead to a
number of autoimmune diseases such as rheumatoid
arthritis and inflammatory bowel diseases (Fig. 1). Inap-
propriate TNFa activity is also correlated with diseases such
as sepsis’ and cerebral malaria,® although it is unclear
whether TNFa blockade could lead to effective therapies
for these two diseases.

There are two forms of TNFa: the soluble ligand form
(sTNFa) and the membrane-bound form (tmTNFa). TNFa is
expressed as tmTNFa with a transmembrane domain.
Trimeric tmTNFo proteins are attached to the cell surface
via their transmembrane domains. TNF« releasing enzymes,
such as tumor necrosis factor-a. converting enzyme (TACE/
ADAM17/CD156q), can cleave tmTNFa and release soluble
TNFa into the circulation. TNFo can thus travel to, and
affect, target cells that are distant from TNFa-producing
cells including macrophages.

TNF receptors

Structurally TNFa exists as a homotrimer. Accordingly,
TNFo receptors (TNFRs) also exist in the form of homo-
trimers, and are of two types: TNFR1 (p55) and TNFR2
(p75). Mouse TNFa. cross-reacts with both human TNFR1 and
TNFR2. On the other hand, human TNFo primarily binds
mouse TNFR1, and only minimally activates mouse
TNFR2.%1°

The human sTNFa binds to both TNFR1 and TNFR2 with
sub-nanomolar affinity, although its affinity for TNFR1 is
slightly higher due to slower dissociation (Kp for TNFR1:
0.019 nM, Kp for TNFR2: 0.42 nM, at 37 °C)."" While sTNFa
activates both TNFR1 and TNFR2, tmTNFa mainly signals
through TNFR2 in various systems, such as T cell activation,

thymocyte proliferation, and granulocyte/macrophage
colony-stimulating factor (gm-CSF) production.'?

TNFR1 is expressed in most cell types, but is more
abundant on white blood cells, including cells of myeloid
lineage (e.g., monocytes). TNFR2 expression is limited to
hematopoietic cells, as well as some oligodendrocytes and
endothelial cells.”® In a chronic model of proliferative
nephritis, expression of TNFR2 in renal endothelial cells
was essential for sustained macrophage accumulation.

Regulatory T cells, also known as Treg cells, have low
TNFR1 but high TNFR2 expression. Treg cells in general
function as a negative regulator for the immune system,
maintaining tolerance to self-antigens and preventing
autoimmune disease. Using TNFR1(—/—) and TNFR2(—/-)
mice, Yang et al studied the effect of TNFa on induced Treg
(iTreg),™ and found that TNFR1, although critical for the
differentiation of inflammatory T cells such as Th1 and
Th17 cells, was not required for the maintenance of iTreg
functions. However, TNFR2 was found to be crucial for iTreg
differentiation, proliferation, and function. As TNFa may
enhance the differentiation and function of iTreg via TNFR2
signaling, TNFR2-agonists or TNFR1-specific antagonists
may be effective therapeutics for treating patients with
immune diseases. '

Current anti-TNF therapeutics

Since TNFa is a key factor in immune-mediated inflamma-
tory diseases (IMID), anti-TNFa agents have been developed
successfully for IMID such as rheumatoid arthritis (RA) and
Crohn’s disease. Currently there are 5 approved anti-TNF
biologics available to patients (Fig. 1, Table 1).

On August 24, 1998, Remicade® (infliximab) received
accelerated approval from the US Food and Drug Adminis-
tration (FDA) for the treatment of Crohn’s disease. This was
the first TNFo inhibitor approved for clinical use.

Also in 1998, Enbrel (etanercept) was approved by the
FDA for the treatment of rheumatoid arthritis (RA). Before
the approval of etanercept, only NSAIDs (Nonsteroidal Anti-
Inflammatory Drugs) and methotrexate were available as
the treatment for RA. NSAIDs are useful only for the relief
of mild pain from RA, while methotrexate, an anti-cancer
drug, is toxic and its therapeutic effect for RA is limited.

As a key driver in inflammation, TNFa has been validated
as a good drug target in many immune-mediated inflam-
matory diseases. So far, there are five biological anti-TNFa
agents approved for the treatment of RA, polyarticular
juvenile idiopathic arthritis, psoriatic arthritis, ankylosing
spondylitis, and plaque psoriasis (Table 1). Four of the drugs
are TNFo antibodies aimed to sequester TNFa by preventing
it from binding to TNF-receptors. The only exception is,
etanercept (Enbrel), which is a circulating TNFa receptor
fusion protein to sequester TNFa. The key differences
among these 5 drugs are introduced to reduce host elimi-
nation of the drugs by humanizing the antibodies.

Etanercept (Enbrel®)

Etanercept is an Fc fusion protein of the extracellular
ligand-binding domain of human TNFR2. The Fc fragment,
which is commonly used to extend the serum half-life of the
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Figure 1

engineered protein, is from human immunoglobulin G1
(IgG1) Etanercept binds to TNFa and blocks its interaction
with TNFa receptors, thereby intercepting the inflamma-
tion and immune responses induced by TNFa. Etanercept
can be administered by subcutaneous injection. It has a
mean elimination half-life of around 70 h. Anti-drug anti-
bodies are rarely detected in patients receiving etanercept
treatment.®

Etanercept can be given alone or in combination with
methotrexate to treat active RA patients. A standard

Inflammation

—_—

TNFa signaling pathways and approved therapies.

measurement of response is the “20% improvement in disease
activity according to the American College of Rheumatology”
(ACR 20). At 6 months, the ACR 20 responses were 51% and 59%
for patients receiving etanercept at 10 mg twice weekly and
25 mg twice weekly, respectively. In comparison, metho-
trexate alone resulted in only 11% ACR 20."® When combined
with methotrexate, etanercept treatment achieves an ACR 20
of more than 80%'” at 6 months.

Etanercept is found to lower the number of memory B
cells in the peripheral blood, follicular dendritic cell
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Table 1  Five approved anti-TNF biologics.
Generic name Brand name TNF binding Fc or PEGylation Indications Year of FDA
domain approval
Etanercept Enbrel human TNFR2 human Fc rheumatoid arthritis 1998
polyarticular juvenile idiopathic arthritis 1999
psoriatic arthritis 2002
ankylosing spondylitis 2003
plaque psoriasis 2004
pediatric plaque psoriasis 2016
Infliximab Remicade murine variable human Fc Crohn’s disease 1998
region of anti-TNF rheumatoid arthritis (with MTX) 1999
ankylosing spondylitis 2004
psoriatic arthritis 2005
ulcerative colitis 2005
pediatric Crohn’s disease 2006
plaque psoriasis 2006
pediatric ulcerative colitis 2011
Adalimumab  Humira human Fab of anti- human Fc rheumatoid arthritis 2002
TNF psoriatic arthritis 2005
ankylosing spondylitis 2006
Crohn’s disease 2007
plaque psoriasis 2008
polyarticular juvenile idiopathic arthritis 2008
ulcerative colitis 2012
pediatric Crohn’s disease 2014
hidradenitis suppurativa 2015

Non-Infectious Intermediate, Posterior and 2016
Panuveitis

fingernail psoriasis 2017

Certolizumab Cimzia humanized Fab of PEG Crohn’s disease 2008
anti-TNF rheumatoid arthritis 2009

psoriatic arthritis 2013

ankylosing spondylitis 2013

plaque psoriasis 2018

axial spondyloarthritis, non-radiographic 2019

Golimumab Simponi human Fab of anti- human Fc rheumatoid arthritis 2009
TNF psoriatic arthritis 2009

ankylosing spondylitis 2009

ulcerative colitis 2013

rheumatoid arthritis (infusion) 2013

psoriatic arthritis (infusion) 2017

ankylosing spondylitis (infusion) 2017

networks, and germinal center structures in tonsil biopsies Infliximab

of patients with RA. However, etanercept does not suppress
lipopolysaccharide-induced TNFa and interleukin-1B pro-
duction in a human monocytic cell line, nor does it induce
cell-cycle arrest that leads to reduced T-cell proliferation.
In contrast, infliximab does both of these things. Compared
with an anti-TNFa antibody such as infliximab, etanercept
has lower affinity for tmTNFa.'® This suggests that eta-
nercept mainly intercepts sTNFo and TNFR1 interaction and
retains tmTNFa and TNFR2 signaling. Out of all five TNFa
blockers, data from the DANBIO registry (a nationwide
registry of biological therapies in Denmark) revealed that
etanercept was the best tolerated drug overall with the
longest drug half-life.

Infliximab, the first anti-TNFo to reach routine clinical use,
is a chimeric anti-TNFa monoclonal antibody that was first
named cA2. Infliximab consists of a murine variable region
and human constant region.

Infliximab was first tested for sepsis but failed to achieve
any reduction of mortality as compared to placebo. How-
ever, in a 12-year old patient with Crohn’s disease who was
non-responsive to conventional therapies, infliximab as a
compassionate-use treatment led to response after the first
dose."

Infliximab was later tested in a 12-week multicenter,
double-blind, placebo-controlled trial in patients with
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treatment-resistant luminal Crohn’s disease, and demon-
strated 65% response rate after a single dose. The response
was significantly superior to the 17% response in the control
group.?’ In fistulizing Crohn’s disease, infliximab treatment
at the doses of 5 mg/kg and 10 mg/kg led to the closure of
draining fistulas in 68% and 56% of patients, respectively, as
compared to 26% in the control group.?’ With these two
trials to show the safety and efficacy, infliximab received
accelerated approval from the FDA for Crohn’s disease in
1998, and later from the European Medicines Agency (EMA)
and agencies from 100 other countries."

Healing of the mucosa in Crohn’s disease patients occurs
after infliximab induction treatment, and 50% of initial re-
sponders receiving infliximab maintenance therapy had
complete mucosal healing at one year.”” In RA, the com-
bination of infliximab and methotrexate treatment led to
inhibition of joint damage.?® This is remarkable, since no
prior treatments for RA could achieve this.

Following Crohn’s disease, infliximab has been approved
for RA, ankylosing spondylitis, psoriatic arthritis, ulcerative
colitis, and plaque psoriasis. For RA, infliximab plus meth-
otrexate resulted in an ACR 20 response rate of 50—58%, vs.
20% for MTX alone.?* One drawback for infliximab is that
intravenous infusion is required, less convenient than
agents that are delivered by subcutaneous injections.

Since infliximab contains mouse amino acid sequence in
the variable region, immunogenicity is always a concern.
Induction of anti-drug antibodies (ADAs) is associated with
rapid degradation of infliximab. Patients failing infliximab
with elevated serum ADA levels tend to have a good clinical
outcome after switching to etanercept.” During clinical
trials, ADAs were reported in 28.3% of patients after
treatment with infliximab, and patients with low serum
infliximab levels were associated with increased levels of
ADAs. A high loading or priming dose of infliximab is thus
proposed as a strategy to minimize ADAs. In addition, co-
administration with methotrexate can both reduce immu-
nogenicity and minimize the development of ADAs against
infliximab. '

Adalimumab

Adalimumab is a recombinant human monoclonal antibody
to TNFa. Despite being a human 1gG, adalimumab can still
induce ADAs. In a recent study of more than 20,000 patients
who received adalimumab, ADAs were detected in 40% of
these patients, and serum adalimumab concentrations
were inversely related to ADA titers. Compared with the
mean serum adalimumab concentration (6.1 ug/mL) from
ADA-free patients, low concentrations of ADA (<100 ng/
mL) appeared to have minimal impact on mean drug levels,
while high ADAb titers (>300 ng/mL) were invariably asso-
ciated with much reduced drug levels, to less than 30% of
mean levels in patients without ADAs.?®

Studies have shown that when paired with MTX, adali-
mumab provided a better clinical response and reduced
radiographic progression in RA patients. In patients treated
with 80 mg adalimumab plus MTX, 65.8% reached ACR 20.%’
Most of the responses were rapid and could be observed
within one week. In addition, the 40-mg and 80-mg doses of
adalimumab in combination with MTX resulted in a

statistically significant ACR70 response (26.9% and 19.2%,
respectively) when compared with MTX alone.

Golimumab

Golimumab is a fully humanized 1gG1 antibody produced by
a murine hybridoma cell line. The splenocytes used to
establish the hybridoma cell line were derived from hu-
manized Medarex UltiMAb® (Medarex, Princeton, NJ, USA)
transgenic mice. As the first once-monthly subcutaneous
anti-TNFa therapy, golimumab is approved in the US and
Europe for the treatment of moderately to severely active
rheumatoid arthritis, active psoriatic arthritis and active
ankylosing spondylitis, and is available for subcutaneous
delivery.

Intravenous administration of a single dose of 100 mg
golimumab appears to produce higher serum concentration
(Cmax) than does subcutaneous administration (29.5 pg/mL
vs. 6.3 ug/mL), but the median terminal half-life was
similar for both (IV: 11.8 days; SC: 10.9 days).?® After the SC
administration of 100 mg golimumab, it takes 3.5 days to
reach C,qx. Concomitant use of methotrexate increased the
mean steady-state trough serum concentration as well as
the half-life.?” It is speculated that methotrexate, an
immunosuppressive agent, may limit the production of
ADAs that accelerate the degradation of golimumab. In
people with detectable ADAs, the half-life of golimumab
can be as short as 2.9 days.?’ In the phase IIl GO-FORWARD
trial, patients receiving 100 mg golimumab monthly plus
meggotrexate had an ACR 20 response rate of 56.2% at week
14.

Certolizumab

Certolizumab is a recombinant Fab fragment of a human-
ized TNFa antibody conjugated to 40-kDa polyethylene
glycol (PEG). While other TNFa blockers are produced in
mammalian cells, certolizumab is produced in bacteria and
can have reduced production costs. Conjugation to PEG, or
PEGylation, is a common practice to extend the half-life of
small proteins. This is achieved by reducing renal clear-
ance, decreasing proteolysis, and by theoretically
decreasing immunogenicity. The PEGylation increases cer-
tolizumab’s half-life to the point where it is comparable to
that of intact monoclonal antibodies (~13 days)."

Other biological TNFa inhibitors are either full length
antibodies or Fc fusion proteins. They all contain the human
Fc fragment that could potentially induce immune effector
functions. Certolizumab lacks the Fc portion, and thus will
not induce complement-dependent lysis and antibody-
dependent cell-mediated cytotoxicity.

Certolizumab may be administered with or without
methotrexate. When used as monotherapy in RA, patients
who received 400 mg certolizumab every 4 weeks had an
ACR 20 response rate of 45.5% vs. 9.3% in the placebo
group.®> When certolizumab was combined with MTX,
58.8%—60.8% ACR 20 was achieved at week 24, compared
with 13.6% in the placebo group.*?

Long-term safety and efficacy were studied for certolizu-
mab plus MTX in patients with RA. After treatment for 6
months with certolizumab 400 mg every 2 weeks, the dose was
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reduced to 200 mg every 2 weeks for maintenance treatment
up to 5 years. For patients previously treated with certolizu-
mab who had demonstrated a response, clinical improve-
ments were maintained to week 232 if they could continue to
use certolizumab. For patients who failed to reach ACR 20 goal
in prior treatments, mean ACR 20/50/70 responses were
68.4%, 47.1%, and 25.1%, respectively.** In summary, certoli-
zumab provided sustained improvements in clinical outcomes
for 5 years, and was well tolerated.

Issues with current TNFa blockers
Which TNFa« blocker is better?

With all the five TNFa blockers on the market, and more
biosimilars expected to be approved, patients and their
physicians may be wondering which TNFa. blocker is best.
Since there has been no direct comparison of all these five
TNFa blockers in one clinical trial, it is difficult to draw a
definitive conclusion. However, looking at the real world
data may provide some insights.

DANBIO is a nationwide registry of biological therapies in
Denmark for patients with rheumatologic diseases,
including rheumatoid arthritis, axial spondyloarthritis, and
psoriatic arthritis. The database also monitors the quality
of clinical treatment at national, regional, and hospital
levels. All patients suffering from any rheumatologic dis-
ease or who are taking medication mainly used to combat
rheumatologic diseases are required to enter their data into
this registry, regardless whether they are seeking treat-
ment from a public hospital or a private clinic.

With the DANBIO database, a study compared three of the
five available TNFa blockers for treating RA (adalimumab,
etanercept, and infliximab).>®> Patients initiated with
different TNFa blockers were compared for their response and
remission measured by American College of Rheumatology
criteria (70% improvement, ACR70) at 6 months and Disease
Activity Score in 28 joints (DAS28) at 48 months, respectively.

Adalimumab was shown to have the highest rates in
treatment response and disease remission.

Infliximab had the lowest rates of treatment response,
disease remission, and drug adherence. Etanercept showed
the longest drug adherence rate and also a good response
that is comparable to adalimumab.

Although the DANBIO database provides a way to compare
different TNFa blockers for their clinical activity, a side-by-
side comparison in a random and double blind clinical trial is
required to draw a conclusion. Nevertheless, from the real
world data, it is clear that for certain people one TNFa
blocker might be better than others. For example, for RA
patients with a high risk of tuberculosis, etanercept is
preferred over infliximab and adalimumab.*® According to
the data from the British Society for Rheumatology Biologics
Register (BSRBR), the rate of tuberculosis in patients treated
with infliximab or adalimumab was 3—4 fourfold higher than
in those treated with etanercept.>®

Immune diseases induced by TNF blockers

TNFa blockade could lead to a feedback of further immune
activation and production of additional immune cytokines,

contributing to the disease’s pathogenesis or to interrup-
tion of TNFa-mediated tissue repair via TNFR2. For
example, TNF-a, IL-17 and IFN-o are all involved in patho-
genesis of psoriatic lesions. IFN-o is produced mainly by
plasmacytoid dendritic cells (pDC), which are inhibited by
TNFa. Therefore, in the presence of TNFa blockade, there
will be an increase of pDC cells and activity. IFN-a. also
stimulates and activates T cells to produce TNFa and IL-17,
leading to an overactive immune response and psoriasis
lesions.

Treatment time frame

RA, Crohn’s disease and psoriasis are chronic diseases. One
question that patients always ask will be whether the
treatment can be stopped after the disease is in remission.

In a clinical trial conducted by Tanaka et al,*” RA pa-
tients treated with infliximab were taken off this medica-
tion and their subsequent clinical course were recorded.
After attaining low disease activity by infliximab treatment,
56 (55%) of the 102 patients with RA were able to discon-
tinue infliximab for >1 year without progression of radio-
logical articular destruction. The results also showed that
lower patient age and shorter disease duration were asso-
ciated with a greater likelihood of success in drug with-
drawal. Some studies have also found that if anti-TNFa
medication is initiated early on in RA disease development,
it is possible to induce faster disease remission and increase
the chance of a successful medication withdrawal.

TNF inhibitors under development
ATROSAB

Atrosab is a new generation humanized monoclonal anti-
body that specifically blocks the pro-inflammatory TNF re-
ceptor 1 (TNFR1), without interacting with the TNF
receptor 2 (TNFR2). Since TNFR2 is implicated in pro-
survival (anti-apoptosis) and regeneration-promoting sig-
nals, a TNFR1-specific TNFa inhibitor is considered to be
more advantageous than inhibitors that block both TNFR1
and TNFR2. Atrosab is the first humanized version of H398,
an antagonistic TNFR1-specific antibody.*® Unfortunately,
the bivalent full length antibody is able to cross-link TNFR1
in the absence of ligand, showing intrinsic agonist activity
in a certain concentration range.

To circumvent the cross-linking issue, a monovalent Fab
fragment from Atrosab, Fab13.7, has been selected for
further development. Its binding to TNFR1 has been
strengthened by affinity maturation and site-directed
mutagenesis. Thus, Fab13.7 has superior inhibition of
TNFa-mediated TNFR1 activation while lacking agonistic
activity. Fab13.7 would be a true antagonist in the presence
or absence of TNFa.3? However, the half-life of Fab13.7 is
significantly shorter than that of an intact IgG antibody. To
extend the half-life and also to reserve monovalent bind-
ing, Fab13.7 was engineered to be expressed as a fusion
protein of a heterodimerizing Fc domain (Fc-one/kappa, or
Fc1k).”0 This newly generated fusion protein had an
extended serum half-life, and strong binding to TNFR1,
without affecting TNFR2.
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Another approach to increase the half-life is PEGylation.
The pegylated form, Fab13.7PEG, has an EC50 value of
0.37 nM, which is 2.2 times better than Atrosab. Fab13.7-
PEG also expressed bioactivity scoring 1.5 to 1.9 times
greater than Atrosab. However, Fab13.7PEG has an initial
half-life of 0.08 h and terminal half-life of 1.4 h, compared
with 2.2 h and 41.7 h for Atrosab, respectively.*’

Small molecule TNFa inhibitors

Small molecules that could be delivered orally to patients
are the future of new TNFa inhibitors, Patients with dis-
eases less destructive to tissue organs, such as osteoar-
thritis and low back pain, would demand drugs with fewer
and less severe side effects, and oral delivery. Structures of
some of the small molecule TNFa inhibitors under investi-
gation is shown (Fig. 2).

Suramin

Suramin is a polysulfonated urea analog used mainly to
combat trypanosomiasis (caused by parasitic protozoan

Na Suramin
MW: 1429

IW927
MW: 455.6

WA d
N2 //\

0 “Compound 1”
MW: 498

Figure 2

trypanosomes) and onchocerciasis (blindness caused by
Onchocerca volvulus infection). Suramin was found to
interfere with TNFo trimerization, an essential step to form
the active ligand for binding to TNFa receptors.*' In addi-
tion, Suramin analogs including Evans blue and trypan blue
were identified to have the structural characteristics
responsible for interaction with TNFa. These two dyes were
shown to inhibit TNFa-TNFR1 binding with an IC50 of 0.75
and 1.00 mM, respectively, as compared with the 1C50 of
0.65 mM for suramin.*?

Interestingly, Suramin was also found to inhibit the
binding of CD40 ligand (CD40L) to CD40 with high affinity.**
In the collagen induced arthritis rat model for RA, suramin
showed in vivo activity to reduce inflammation and repair
joint destruction at a dose of 10 mg/kg/day for 3 weeks by
intraperitoneal injection.* Suramin also showed activity in
an acute liver injury model induced by p-galactosamine
(GalN) and lipopolysaccharide (LPS).*

SPD304

SPD304 is a small TNFa inhibitor that destabilizes the TNFa
trimer.“® When bound to TNFa, SPD304 greatly increases

SPD304
MW: 547.6

PMG
MW: 446.4

SGT11
MW: 447.4

Structures of small molecule TNFa inhibitors.
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the dissociation rate of TNFa trimers, leading to disas-
sembly of the active form of the TNF« ligand. SPD304 has an
ICso value of 22 uM to inhibit TNFa-TNFR1 interaction, and
prevents 50% of TNFa-induced NF-«kB activation at 4.6 pM.*¢
SPD304 also binds to RANKL, another member of the TNF
family, with an affinity of 14 uM.””*® In an ischemia-
induced heart failure rat model, SPD304 was able to show
some activity.*’ Analogs of SPD304 have been investigated
to reduce toxicity, but none has produced optimal anti-
TNFo activity for further clinical studies.>°

IW927

Carter et al identified IW927, a small antagonist molecule
binding to TNFR1, by screening chemical libraries. IW927
was found to block TNFa binding to its receptor with an ICsq
of 50 nM. IW927 also disrupted TNFa-induced IkB phos-
phorylation with an ICso of 600 nM.”" No binding of IW927 to
TNFR2 or CD40 was detected, and this compound appeared
to be safe as judged by cell-based assay.

IV703, a “photochemically enhanced” analog of IW927,
was able to bind reversibly to the TNFR1 with weak affinity
but can be covalently attached to the receptor via a
photochemical reaction. A crystal structure of IV703 and
TNFR1 was obtained to show that the inhibitor interacts
with a surface region of TNFR1 that is involved in TNFa
binding.”"

Physcion-8-0-B-p-monoglucoside (PMG)

By surface plasmon resonance (SPR) screening of extracts
from five herbs, Cao et al revealed that Rheum officinale
contains a compound that binds to TNFR1. Recovered
compounds were pooled and analyzed by an ultra-
performance liquid chromatography/quadrupole time-of-
flight mass spectrometry (UPLC-QTOF-MS/MS). A major
component matched the profile of physcion-8-O-B-p-
monoglucoside (PMG). Purified PMG was used to confirm
binding to TNFR1 by SPR, and demonstrated an affinity of
376 nM.”?

The inhibitory effect of PMG on TNFa activity was tested
with L929 cells for TNFa-induced cell death. Cell apoptosis
was also examined with annexin V-FITC/PI double staining.
At 20 uM, PMG showed anti-TNFa activity comparable to
SPD304.

“Compound 1”

Using a combined in silico/in vitro/in vivo screening
approach, Mouhsine et al identified a new TNFa direct in-
hibitor, “Compound 1”, that binds to TNFa with high affinity
at nM levels, and inhibits TNFa activity by effectively dis-
rupting TNFa—TNFR binding.>® This inhibitor prevents
TNFa-induced apoptosis and NF-kB activation in L929 and
HEK cell lines, respectively. It also showed in vivo activity
in a hepatic shock model, although a high dose was needed
due to low solubility and poor bioavailability.

TNF cavity-induced allosteric modification (CIAM)
inhibitors

A CIAM method was developed to identify surface cavities
near protein—protein interaction sites. With the CIAM
method, a pseudo-allosteric cavity was identified distal to
the WP9 loop, a critical TNFe contact site in TNFR1.%*
Compounds that could bind to the cavity and induce
conformational perturbation at WP9 were identified after
standard virtual screening procedures were employed. F002
was designed and synthesized based on the structure of a
first generation compound. Binding of F002 to TNFR1 was
verified by isothermal titration calorimetry (ITC). Since
there is only one tryptophan residue (W107) in the TNFR1
ectodomain located in the WP9 loop, binding to F002 will
induce changes that can be detected by fluorescence
quenching. In L929 cells, F002 was able to rescue cells from
TNFa induced cytotoxicity in a dose dependent manner.
Moreover, F002 binding inhibited TNFa. mediated IxBa and
p38 phosphorylation in both murine L929 and human
monocyte THP-1 cells.>

In vivo activity of F002 was studied in the collagen-
induced arthritis model. Mice treated with F002 showed a
dose dependent decrease in the clinical features of arthritis
compared with the untreated or control group. Histological
analysis of ankles of the animals revealed that F002 treated
mice have significantly reduced synovitis and mononuclear
cell infiltration. Cartilage destruction was also prevented in
the F002 treated group. These studies suggest that targeted
conformational perturbation of receptor conformation dis-
ables TNFR1 functions.

Recently, two compounds that were improved from F002
were tested in a traumatic brain injury (TBI) mouse
model.”® In this model, injury-induced sleep lasts for 6 h
and coincides with increased cortical levels of inflamma-
tory cytokines, including TNFa. Brain-injured mice treated
with Compound 7 or SGT11 slept significantly less than
those treated with vehicle. SGT11 restored cognitive,
sensorimotor, and neurological function. C7 and SGT11
significantly decreased cortical inflammatory cytokines 3 h
post-TBI. The study suggests that TNFa inhibitors can be
used to target neuroinflammation after traumatic brain

injury.
Conclusion

In the past two decades, emerging biological TNFa in-
hibitors have changed the paradigm of treating TNFa-
related immune diseases. Not only more effective treat-
ments are available, the cost of treatment is likely to be
driven down by the patent expiration for the first genera-
tion of biologic anti-TNF agents and the availability of
biosimilars. Biosimilars of infliximab, etanercept, and ada-
limumab have shown similar efficacy as the original drugs
and have reached patients in Europe and other countries. In
the US, although the FDA has approved two etanercept
biosimilars, neither is available to patients yet. Although
the TNFa inhibitor market is facing challenges from other
therapies targeting inflammation molecules, such as IL-6
inhibitors (sarilumab) and JAK inhibitors, it is expected that
TNFR1 specific inhibitors, including small molecules that
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could be delivered orally to patients are the future of new
TNFa inhibitors.

Funding

This work is supported, in part, by research grants to YZ
from the Department of Veterans Affairs Healthcare
Network, a Penn Center for Musculoskeletal Disorders
(PCMD) pilot grant (P30-AR050950-10 Pilot), and a grant
from the National Institute of Arthritis and Musculoskeletal
and Skin Diseases (NIAMS, R21 AR071623).

Conflict of Interests

All author declare no conflict of interest.

Acknowledgments

All authors have read and approved the final submitted
manuscript. The authors thank Martin F. Heyworth, MD, for
critically editing the manuscript, and Dr. Mark I. Greene
and his lab members for discussions.

References

1. Carswell EA, Old LJ, Kassel RL, Green S, Fiore N, Williamson B.
An endotoxin-induced serum factor that causes necrosis of
tumors. Proc Natl Acad Sci U S A. 1975;72(9):3666—3670.

2. Coley WB. Il. Contribution to the knowledge of sarcoma. Ann
Surg. 1891;14(3):199—-220.

3. Pennica D, Nedwin GE, Hayflick JS, et al. Human tumour ne-
crosis factor: precursor structure, expression and homology to
lymphotoxin. Nature. 1984;312(5996):724—729.

4. Chen G, Goeddel DV. TNF-R1 signaling: a beautiful pathway.
Science. 2002;296(5573):1634—1635.

5. Haranaka K, Satomi N, Sakurai A. Antitumor activity of murine
tumor necrosis factor (TNF) against transplanted murine tu-
mors and heterotransplanted human tumors in nude mice. Int J
Cancer. 1984;34(2):263—267.

6. Zelova H, Hosek J. TNF-alpha signalling and inflammation: in-
teractions between old acquaintances. Inflamm Res. 2013;
62(7):641—651.

7. Lv S, Han M, Yi R, Kwon S, Dai C, Wang R. Anti-TNF-o therapy
for patients with sepsis: a systematic meta-analysis. Int J Clin
Pract. 2014;68(4):520—528.

8. Gimenez F, Barraud de Lagerie S, Fernandez C, Pino P,
Mazier D. Tumor necrosis factor o in the pathogenesis of ce-
rebral malaria. Cell Mol Life Sci. 2003;60(8):1623—1635.

9. Bossen C, Ingold K, Tardivel A, et al. Interactions of tumor
necrosis factor (TNF) and TNF receptor family members in the
mouse and human. J Biol Chem. 2006;281(20):13964—13971.

10. Ando D, Inoue M, Kamada H, et al. Creation of mouse TNFR2-
selective agonistic TNF mutants using a phage display tech-
nique. Biochem Biophys Rep. 2016;7:309—315.

11. Grell M, Wajant H, Zimmermann G, Scheurich P. The type 1
receptor (CD120a) is the high-affinity receptor for soluble
tumor necrosis factor. Proc Natl Acad Sci U S A. 1998;95(2):
570-575.

12. Grell M, Douni E, Wajant H, et al. The transmembrane form of
tumor necrosis factor is the prime activating ligand of the 80
kDa tumor necrosis factor receptor. Cell. 1995;83(5):793—802.

13. Venkatesh D, Ernandez T, Rosetti F, et al. Endothelial TNF
receptor 2 induces IRF1 transcription factor-dependent

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

interferon-beta autocrine signaling to promote monocyte
recruitment. Immunity. 2013;38(5):1025—1037.

Yang S, Xie C, Chen Y, et al. Differential roles of TNFalpha-
TNFR1 and TNFalpha-TNFR2 in the differentiation and func-
tion of CD4(+)Foxp3(+) induced Treg cells in vitro and in vivo
periphery in autoimmune diseases. Cell Death Dis. 2019;
10(1),e27.

Moots RJ, Xavier RM, Mok CC, et al. The impact of anti-drug
antibodies on drug concentrations and clinical outcomes in
rheumatoid arthritis patients treated with adalimumab, eta-
nercept, or infliximab: results from a multinational, real-world
clinical practice, non-interventional study. PLoS One. 2017;
12(4),e0175207.

Moreland LW, Schiff MH, Baumgartner SW, et al. Etanercept
therapy in rheumatoid arthritis. A randomized, controlled
trial. Ann Intern Med. 1999;130(6):478—486.

Bae SC, Kim J, Choe JY, et al. A phase Ill, multicentre, rand-
omised, double-blind, active-controlled, parallel-group trial
comparing safety and efficacy of HD203, with innovator eta-
nercept, in combination with methotrexate, in patients with
rheumatoid arthritis: the HERA study. Ann Rheum Dis. 2017,
76(1):65—71.

Scallon B, Cai A, Solowski N, et al. Binding and functional
comparisons of two types of tumor necrosis factor Antagonists.
J Pharmacol Exp Therapeut. 2002;301(2):418—426.
Melsheimer R, Geldhof A, Apaolaza |, Schaible T. Remi-
cade((R)) (infliximab): 20 years of contributions to science and
medicine. Biologics. 2019;13:139—178.

Targan SR, Hanauer SB, van Deventer SJ, et al. A short-term
study of chimeric monoclonal antibody cA2 to tumor necrosis
factor alpha for Crohn’s disease. Crohn’s Disease cA2 Study
Group. N Engl J Med. 1997;337(15):1029—1035.

Present DH, Rutgeerts P, Targan S, et al. Infliximab for the
treatment of fistulas in patients with Crohn’s disease. N Engl J
Med. 1999;340(18):1398—1405.

Rutgeerts P, Diamond RH, Bala M, et al. Scheduled mainte-
nance treatment with infliximab is superior to episodic treat-
ment for the healing of mucosal ulceration associated with
Crohn’s disease. Gastrointest Endosc. 2006;63(3):433—442.
Lipsky PE, van der Heijde DM, St Clair EW, et al. Infliximab and
methotrexate in the treatment of rheumatoid arthritis. Anti-
Tumor Necrosis Factor Trial in Rheumatoid Arthritis with
Concomitant Therapy Study Group. N Engl J Med. 2000;
343(22):1594—1602.

Maini R, St Clair EW, Breedveld F, et al. Infliximab (chimeric
anti-tumour necrosis factor alpha monoclonal antibody) versus
placebo in rheumatoid arthritis patients receiving concomitant
methotrexate: a randomised phase Ill trial. ATTRACT Study
Group. Lancet. 1999;354(9194):1932—1939.

Jamnitski A, Bartelds GM, Nurmohamed MT, et al. The pres-
ence or absence of antibodies to infliximab or adalimumab
determines the outcome of switching to etanercept. Ann
Rheum Dis. 2011;70(2):284—288.

Kelly C, Imir M, Jeanne E, et al. The relationship between
serum adalimumab and corresponding anti-adalimumab anti-
body levels: analysis of over 20,000 patient results. Am J
Gastroenterol. 2019;114:517—518.

Weinblatt ME, Keystone EC, Furst DE, et al. Adalimumab, a
fully human anti-tumor necrosis factor alpha monoclonal
antibody, for the treatment of rheumatoid arthritis in patients
taking concomitant methotrexate: the ARMADA trial. Arthritis
Rheum. 2003;48(1):35—45.

Xu Z, Wang Q, Zhuang Y, et al. Subcutaneous bioavailability of
golimumab at 3 different injection sites in healthy subjects. J
Clin Pharmacol. 2010;50(3):276—284.

Zhuang Y, Xu Z, Frederick B, et al. Golimumab pharmacoki-
netics after repeated subcutaneous and intravenous adminis-
trations in patients with rheumatoid arthritis and the effect of


http://refhub.elsevier.com/S2352-3042(20)30034-9/sref1
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref1
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref1
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref1
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref2
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref2
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref2
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref3
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref3
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref3
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref3
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref4
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref4
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref4
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref5
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref5
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref5
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref5
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref5
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref6
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref6
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref6
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref6
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref7
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref7
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref7
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref7
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref8
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref8
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref8
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref8
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref9
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref9
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref9
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref9
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref10
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref10
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref10
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref10
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref11
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref11
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref11
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref11
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref11
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref12
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref12
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref12
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref12
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref13
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref13
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref13
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref13
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref13
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref14
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref15
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref15
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref15
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref15
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref15
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref15
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref16
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref16
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref16
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref16
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref17
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref18
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref18
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref18
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref18
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref19
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref19
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref19
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref19
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref20
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref20
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref20
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref20
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref20
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref21
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref21
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref21
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref21
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref22
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref22
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref22
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref22
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref22
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref23
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref23
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref23
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref23
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref23
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref23
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref24
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref24
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref24
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref24
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref24
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref24
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref25
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref25
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref25
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref25
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref25
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref26
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref26
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref26
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref26
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref26
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref27
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref27
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref27
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref27
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref27
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref27
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref28
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref28
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref28
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref28
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref29
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref29
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref29

Therapeutic potential of TNFa inhibitors

47

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

concomitant methotrexate: an open-label, randomized study.
Clin Therapeut. 2012;34(1):77—90.

Keystone EC, Genovese MC, Klareskog L, et al. Golimumab, a
human antibody to tumour necrosis factor {alpha} given by
monthly subcutaneous injections, in active rheumatoid
arthritis despite methotrexate therapy: the GO-FORWARD
Study. Ann Rheum Dis. 2009;68(6):789—796.

Baker M, Stephens S. Investigation of the pharmacokinetic
properties of certolizumab pegol, an anti-TNF agent: 1117. Am
J Gastroenterol. 2006;101,5437.

Fleischmann R, Vencovsky J, van Vollenhoven RF, et al. Effi-
cacy and safety of certolizumab pegol monotherapy every 4
weeks in patients with rheumatoid arthritis failing previous
disease-modifying antirheumatic therapy: the FAST4WARD
study. Ann Rheum Dis. 2009;68(6):805—811.

Keystone E, Heijde D, Mason Jr D, et al. Certolizumab pegol
plus methotrexate is significantly more effective than placebo
plus methotrexate in active rheumatoid arthritis: findings of a
fifty-two-week, phase Ill, multicenter, randomized, double-
blind, placebo-controlled, parallel-group study. Arthritis
Rheum. 2008;58(11):3319—3329.

Smolen JS, van Vollenhoven R, Kavanaugh A, et al. Certolizu-
mab pegol plus methotrexate 5-year results from the rheu-
matoid arthritis prevention of structural damage (RAPID) 2
randomized controlled trial and long-term extension in rheu-
matoid arthritis patients. Arthritis Res Ther. 2015;17(1),e245.
Hetland ML, Christensen IJ, Tarp U, et al. Direct comparison of
treatment responses, remission rates, and drug adherence in
patients with rheumatoid arthritis treated with adalimumab,
etanercept, or infliximab: results from eight years of surveil-
lance of clinical practice in the nationwide Danish DANBIO
registry. Arthritis Rheum. 2010;62(1):22—32.

Dixon WG, Hyrich KL, Watson KD, et al. Drug-specific risk of
tuberculosis in patients with rheumatoid arthritis treated with
anti-TNF therapy: results from the British Society for Rheu-
matology Biologics Register (BSRBR). Ann Rheum Dis. 2010;
69(3):522—-528.

Tanaka Y, Takeuchi T, Mimori T, et al. Discontinuation of
infliximab after attaining low disease activity in patients with
rheumatoid arthritis: RRR (remission induction by Remicade in
RA) study. Ann Rheum Dis. 2010;69(7):1286—1291.

Zettlitz KA, Lorenz V, Landauer K, et al. ATROSAB, a human-
ized antagonistic anti-tumor necrosis factor receptor one-
specific antibody. mAbs. 2010;2(6):639—647.

Richter F, Zettlitz KA, Seifert O, et al. Monovalent TNF re-
ceptor 1-selective antibody with improved affinity and
neutralizing activity. mAbs. 2019;11(1):166—177.

Richter F, Seifert O, Herrmann A, Pfizenmaier K,
Kontermann RE. Improved monovalent TNF receptor 1-
selective inhibitor with novel heterodimerizing Fc. Taylor &
Francis; 2019.

Alzani R, Corti A, Grazioli L, Cozzi E, Ghezzi P, Marcucci F.
Suramin induces deoligomerization of human tumor necrosis
factor alpha. J Biol Chem. 1993;268(17):12526—12529.
Mancini F, Toro CM, Mabilia M, Giannangeli M, Pinza M,
Milanese C. Inhibition of tumor necrosis factor-alpha (TNF-

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

alpha)/TNF-alpha receptor binding by structural analogues of
suramin. Biochem Pharmacol. 1999;58(5):851—859.
Margolles-Clark E, Jacques-Silva MC, Ganesan L, et al. Suramin
inhibits the CD40-CD154 costimulatory interaction: a possible
mechanism for immunosuppressive effects. Biochem Pharma-
col. 2009;77(7):1236—1245.

. Sahu D, Saroha A, Roy S, Das S, Srivastava PS, Das HR. Suramin

ameliorates collagen induced arthritis. Int Immunopharmacol.
2012;12(1):288—293.

Goto T, Takeuchi S, Miura K, et al. Suramin prevents fulminant
hepatic failure resulting in reduction of lethality through the
suppression of NF-kappaB activity. Cytokine. 2006;33(1):
28-35.

He MM, Smith AS, Oslob JD, et al. Small-molecule inhibition of
TNF-alpha. Science. 2005;310(5750):1022—1025.
Papaneophytou CP, Rinotas V, Douni E, Kontopidis G. A statis-
tical approach for optimization of RANKL overexpression in
Escherichia coli: purification and characterization of the pro-
tein. Protein Expr Purif. 2013;90(1):9—19.

Melagraki G, Ntougkos E, Rinotas V, et al. Cheminformatics-
aided discovery of small-molecule protein-protein interaction
(PPI) dual inhibitors of tumor necrosis factor (TNF) and re-
ceptor activator of NF-kappaB ligand (RANKL). PLoS Comput
Biol. 2017;13(4),e1005372.

Yu Y, Cao Y, Bell B, et al. Brain TACE (tumor necrosis factor-
alpha-converting enzyme) contributes to sympathetic excita-
tion in heart failure rats. Hypertension. 2019;74(1):63—72.
Melagraki G, Leonis G, Ntougkos E, et al. Current status and
future prospects of small-molecule protein-protein interaction
(PPI) inhibitors of tumor necrosis factor (TNF) and receptor
activator of NF-kappaB ligand (RANKL). Curr Top Med Chem.
2018;18(8):661—673.

Carter PH, Scherle PA, Muckelbauer JK, et al. Photochemically
enhanced binding of small molecules to the tumor necrosis
factor receptor-1 inhibits the binding of TNF-alpha. Proc Natl
Acad Sci U S A. 2001;98(21):11879—11884.

Cao Y, Li YH, Lv DY, et al. Identification of a ligand for tumor
necrosis factor receptor from Chinese herbs by combination of
surface plasmon resonance biosensor and UPLC-MS. Anal Bio-
anal Chem. 2016;408(19):5359—5367.

Mouhsine H, Guillemain H, Moreau G, et al. Identification of an
in vivo orally active dual-binding protein-protein interaction
inhibitor  targeting TNFalpha through combined in
silico/in vitro/in vivo screening. Sci Rep. 2017;7(1),e3424.
Takasaki W, Kajino Y, Kajino K, Murali R, Greene MI. Structure-
based design and characterization of exocyclic peptidomi-
metics that inhibit TNF alpha binding to its receptor. Nat Bio-
technol. 1997;15(12):1266—1270.

Murali R, Cheng X, Berezov A, et al. Disabling TNF receptor
signaling by induced conformational perturbation of trypto-
phan-107. Proc Natl Acad Sci USA. 2005;102(31):
10970—10975.

Rowe RK, Harrison JL, Zhang H, et al. Novel TNF receptor-1
inhibitors identified as potential therapeutic candidates for
traumatic brain injury. J Neuroinflammation. 2018;
15(1),e154.


http://refhub.elsevier.com/S2352-3042(20)30034-9/sref29
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref29
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref29
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref30
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref30
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref30
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref30
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref30
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref30
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref31
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref31
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref31
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref32
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref32
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref32
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref32
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref32
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref32
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref33
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref34
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref34
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref34
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref34
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref34
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref35
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref36
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref36
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref36
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref36
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref36
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref36
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref37
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref37
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref37
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref37
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref37
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref38
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref38
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref38
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref38
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref39
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref39
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref39
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref39
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref40
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref40
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref40
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref40
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref41
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref41
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref41
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref41
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref42
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref42
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref42
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref42
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref42
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref43
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref43
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref43
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref43
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref43
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref44
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref44
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref44
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref44
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref45
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref45
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref45
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref45
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref45
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref46
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref46
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref46
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref47
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref47
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref47
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref47
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref47
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref48
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref48
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref48
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref48
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref48
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref49
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref49
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref49
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref49
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref50
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref50
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref50
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref50
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref50
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref50
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref51
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref51
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref51
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref51
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref51
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref52
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref52
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref52
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref52
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref52
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref53
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref53
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref53
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref53
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref54
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref54
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref54
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref54
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref54
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref55
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref55
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref55
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref55
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref55
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref56
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref56
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref56
http://refhub.elsevier.com/S2352-3042(20)30034-9/sref56

	Therapeutic potential of TNFα inhibitors in chronic inflammatory disorders: Past and future
	TNFα and TNF receptors
	TNFα
	TNF receptors

	Current anti-TNF therapeutics
	Etanercept (Enbrel®)
	Infliximab
	Adalimumab
	Golimumab
	Certolizumab

	Issues with current TNFα blockers
	Which TNFα blocker is better?
	Immune diseases induced by TNF blockers
	Treatment time frame

	TNF inhibitors under development
	ATROSAB

	Small molecule TNFα inhibitors
	Suramin
	SPD304
	IW927
	Physcion-8-O-β-d-monoglucoside (PMG)
	“Compound 1”
	TNF cavity-induced allosteric modification (CIAM) inhibitors

	Conclusion
	Funding
	Conflict of Interests
	Acknowledgments
	References


