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The binding of the tumor necrosis factor superfamilies (TNFSF) to their receptors (TNFRSF) initiates many pro-inflammatory
immune responses. TNFSF are inflammatory cytokines mediating a diverse range of signaling events within cells that
trigger necrosis and apoptosis. Cytokines plays central roles in the communication of the immune systems, and thus
selective disrupting of cytokine pathway by specific antibody can alter ongoing inflammation. Monoclonal antibody drugs
have been developed for a long time to treat TNFSF-related diseases. Antibody drugs targeting TNFSF have shown
dramatic improvement in patients of autoimmune diseases. The essential mechanism of these antibody-based drugs is
antagonism of the interaction between TNFSF and TNFRSF. In this review, we describe the interactions of ligand-receptor
interaction of TNFSF and structural basis for the neutralizing interactions of the FDA-approved antibody drugs directed to

TNFSF.

INTRODUCTION
The TNFSF and TNFRSF play critical roles in mammalian biology
and mediate pro-inflammatory immune responses (Bodmer et
al., 2002). It has been known that there are more than 35 specific
ligand-receptor pairs between TNFSF and TNFRSF (Bossen et
al., 2006). These ligand-receptor interactions activate signaling
pathways of cell growth, survival, and apoptosis and modulate
inflammation, host defense, and organogenesis of the immune,
ectodermal, and nervous systems (Locksley et al., 2001; Wiens
and Glenney, 2011). The TNFSF proteins are trimeric transmem-
brane proteins that are cleaved releasing soluble trimers from the
producing cells. Each protomer of TNFSF trimer is formed by a
sandwich of an inner and outer B-sheet (Kishore et al., 2004).
The TNFRSF members are transmembrane proteins structurally
defined by pseudorepeats of extracellular cysteine-rich domains.
TNFRSF are typically activated by TNFSF-induced trimerization
or higher order oligomerization. The trimeric structure of TNFSF
promotes efficient clustering of TNFRSF, resulting in initiation of
intracellular signaling process. The ligand-receptor interactions
induce assemblies formed between adaptor motifs in the cyto-
solic tails of TNFRSF such as a death domain or TNF-receptor
associated factor (TRAF) interacting motifs and downstream
signaling components such as Fas-associated protein with death
domain (FADD), TNFR1-associated protein with death domain
(TRADD), and TRAF (Schrofelbauer and Hoffmann, 2011; Walc-
zak, 2011). TNFRSF with death domains activates caspase pro-
tease involved in apoptosis and TNFRSF with TRAF-interacting
motifs recruits ubiquitin E3 ligase complexes, leading to activa-
tion of serine kinases, which control NF-kB transcription factors
and genes involved in cell survival (Pineda et al., 2007). This
accumulation of physiological studies suggested that target-

ing TNFSF could be used to treat autoimmune diseases. There
have been many efforts to develop the biologic-based inhibitors
of TNFSF and the clinical trials with them have provided new
conceptual advances in understanding the immune system and
disease pathology in a variety of autoimmune diseases.

Antibody-based therapeutics have achieved unprecedented
success and realized the promise of the “magic bullet”. There
are more than 30 monoclonal antibody-based drugs approved
by FDA and hundreds are in clinical trials for treatment of various
diseases including cancers, immune disorders, and infectious
diseases (http://clinicaltrials.gov/). These achievements in the
field of antibody therapeutics can be due to the major advances
in antibody engineering for the generation of safe, specific, high-
affinity, and non-immunogenic antibodies during the last few de-
cades. In addition, currently major area of the antibody research
and development includes discovery of novel targets and novel
antibodies, gradual improvements in the characteristics of exist-
ing antibodies, combining antibodies such as bispecific antibod-
ies, conjugating them with small molecule drugs, nanoparticles,
other reagents, and developing novel antibody-based scaffolds
with superior properties to those already in use.

Currently, there are six FDA-approved antibody-based drugs
against TNFSF for treatment of immune disorders (Table 1). Inf-
liximab, adalimumab, certolizumab pegzol, and golimumab are
directed to TNFa (TNFSF2). Denosumab and belimumab are
against RANKL (TNFSF11) and BAFF (TNFSF13B), respectively.
All these antibody drugs share a common mechanism of action,
which is to competitively inhibit the binding of TNF to its cognate
receptors specifically (Tracey et al., 2008; Kaymakcalan et al.,
2009; Scallon et al., 1995). Structural studies during the last de-
cade have provided details for understanding this mechanism of
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TABLE 1 | FDA-approved therapeutic antibodies against TNF superfamily (http://clinicaltrials.gov/)

Antibody Name Trade Name Type Indication Target Aplg)ari)‘;/al
Infliximab Remicade Mo/Hu Chimeric IgG Autoimmune TNFa 1998
Adalimumab Humira Fully Human IgG Autoimmune TNFa 2002
Certolizumab pegzol Cimzia Humanized, PEGylated Fab Autoimmune TNFa 2008
Golimumab Simponi Fully Human IgG Autoimmune TNFa 2009
Denosumab Prolia Fully Human IgG Bone loss RANKL 2010
Belimumab Benylsta Fully Human IgG Autoimmune BAFF 2011

action by investigating the interaction of the target TNF of these TNFa AND ITS BINDING ANTIBODY DRUGS
antibodies including TNFa, RANKL, and BAFF with their cognate TNFa is produced by mononuclear cells. Activation of TLR4 on
receptors or antibody fragments. the surface of mononuclear cells induces activation of NF-«B,
MAPK signaling, inducing expression of pro-inflammatory cyto-
kines including, IL-6 and IL-12 (Bodmer et al.,
2002). The TNFa protein exists in two trimertic
A & forms: the precursor transmembrane form
(tmTNFa, 26 kDa) and the secreted soluble
form (sTNFa, 17 kDa), which is proteolytically
cleaved from tmTNFa. The secreted soluble
TNFa can bind to TNF receptor type 1 (TNFR1)
and type 2 (TNFR2) and initiate pro-inflamma-
tory signaling by activation of the MAPKs and
NF-«kB pathways. The failure of TNFa regulation
can lead to the development of inflammatory
or autoimmune diseases, including rheumatoid
arthritis (RA), Crohn’s disease (CD), psoriatic
arthritis, and inflammatory bowel disease (IBD)

TNFa TNFa

Anti-TNFa

TNFR1  TNFR2 TNFR1  TNFR2

Pro-inflammatory signaling Pro-inflammatory signaling

FIGURE 1 | TNFa mediated pro-inflammatory
signaling and mechanism of anti-TNFa. (A) The
secreted soluble trimer of TNFa can binds to TNFR1
and TNFR2 and initiate pro-inflammatory signaling.
Antibody-based drugs bind to trimeric TNFa and
inhibit the interaction with TNFRs, and thereby
blocking TNFa mediated pro-inflammatory signaling.
(B) The top view (left) and side view (center) of the
structure of TNFa/TNFR2 complex (PDB entry 3ALQ).
The trimeric TNFa is colored cyan and TNFR2 colored
orange. The binding interface of TNFa in TNFa/TNFR2
complex is colored violet on the surface model (right).
(C) The top view (left) and side view (center) of the
structure of TNFa/infliximab Fab complex (PDB entry
4G3Y). The trimeric TNFa is colored cyan and the light
and heavy chain of infliximab colored red and yellow.
The binding interface of TNFa in TNFa/infliximab
complex is colored violet on the surface model (right).
(D) The top view (left) and side view (center) of the
structure of TNFa/adalimumab Fab complex (PDB
entry 3WD5). The trimeric TNFa is colored cyan and
the light and heavy chain of adalimimab colored red
and yellow. The binding interface of TNFa in TNFa/
adalimumab complex is colored violet on the surface
model (right). In (B), (C), and (D), the two neighboring
protomers of the trimeric TNFa are colored pale for
clarity.
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(Beckham et al., 1992; Nair et al., 2009; Vasilopoulos et al.,
2012). Anti-TNFa biologics, including infliximab, adalimumab,
golimumab, and certolizumab, have been approved by FDA for
the management of RA and other autoimmune diseases. Anti-
TNFa drugs bind to homotrimeric tmTNFa and sTNFa, thereby
blocking the interaction with two TNFRs to neutralize TNFa-me-
diated pro-inflammatory signaling (Figure 1A) (Tracey et al., 2008;
Kaymakcalan et al., 2009; Scallon et al., 1995).

Infliximab is a chimeric monoclonal antibody against TNFa and
approved by FDA for the treatment of autoimmune diseases in-
cluding psoriasis, Crohn's disease, ankylosing spondylitis, psori-
atic arthritis, rheumatoid arthritis, and ulcerative colitis. Infliximab
was originally developed in mice as a mouse antibody. Because
humans have immune reactions to mouse proteins, the mouse
common domains were replaced with similar human antibody
domains. As a combination of mouse and human antibody amino
acid sequences, it is called a chimeric monoclonal antibody (Mo-
reland, 1999).

Adalimumab also is a TNFa inhibiting anti-inflammatory drug.
Its trade name is derived from the acronym of "human monoclo-
nal antibody in rheumatoid arthritis" (HUMIRA). It is the first fully
human monoclonal antibody, while infliximab is a mouse-human
chimeric antibody. In rheumatoid arthritis, adalimumab has a
response rate similar to methotrexate, and in combination nearly
doubles the response rate of methotrexate alone. Because TNFa
is part of the immune system that protects the body from infec-
tion, treatment with adalimumab may increase the risk of infec-
tions (Lapadula et al., 2014).

Certolizumab pegol is a therapeutic monoclonal antibody to
TNFa for the treatment of autoimmune disease, mainly Crohn's
disease and rheumatoid arthritis. More precisely, it is a PEGylat-
ed Fab fragment of a humanized monoclonal antibody (Pasut,
2014). Golimumab is a fully human monoclonal antibody against
TNFa which is used as a once monthly subcutaneous treatment
for adults with rheumatoid arthritis, psoriatic arthritis, and anky-
losing spondylitis (Oldfield and Plosker, 2009).

In the crystal structure of TNFa in complex with its cognate
receptor TNFR2, one TNFR2 molecule interacted with two TNF
molecules and the total buried surface area is ~2500 A? in the
interface (Figure 1B) (Mukai et al., 2010). Interestingly, the inflix-
imab Fab in the complex structure interacts with only one TNFa
molecule of the trimer and the total buried surface area is ~2000
A? with a high shape complementary and its high affinity may
be due to this high shape complementary (Figure 1C). The com-
parison between the interfaces of TNFa-infliximab Fab and TNFa
-TNFR2 indicated that the interfaces overlap with each other, thus
allowing infliximab to inhibit TNFa function. Moreover, the distinct
feature of the E-F loop on TNFa in the complex structure of TNFa
-infliximab Fab explained the reason why infliximab binds to TNF
a specifically but not TNFB (TNFSF1) (Liang et al., 2013).

In the TNFa-adalimumab Fab complex, one adalimumab Fab
molecule interacts with two adjacent TNFa protomers, such as
in the TNFa-TNFR2 complex and the total buried surface area is
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2540 A? in the interface (Figure 1D) (Hu et al., 2013). This struc-
tural feature showed that the adalimumab epitope directly over-
laps the TNFR2 binding area with a larger area of the antigen-
antibody interface of TNFa-adalimumab, whereas the infliximab
epitope is distant from the receptor-binding sites with less in-
teracting surface. Moreover, several residues that are crucial for
TNFa receptor binding also participate in the TNFa-adalimumab
Fab interface, especially the groove between two protomers in
the TNFa trimer.

Clinical investigations showed the advantages of adalimumab
treatment compared with infliximab. In RA patients, adalimumab
had higher rates of treatment response and disease remission,
and longer drug survival rates than infliximab although it is also
immunogenic as infliximab in long-term administration, causing
a loss of response (Hetland et al., 2010; Lapadula et al., 2014).
However, the cause for this distinct efficacy remains elusive.
These structural features could explain this clinical result. An
antibody molecule whose epitope directly occupies the recep-
tor binding site, such as adalimumab, may have better and more
predictable clinical effects than an antibody that has a more dis-
tant epitope and uses the steric properties, such as infliximab.

RANKL AND DENOSUMAB
Osteoporosis is an age-related skeletal disease characterized by
low bone mass and microarchitectural deterioration of bone tis-
sue, and thereby increased fragility of bone (Sigl and Penninger,
2014). Denosumab has emerged as a novel and clinically effec-
tive therapeutic agent for treatment of osteoporosis (Narayanan,
2013). Denosumab is a fully human monoclonal antibody that
neutralizes the receptor activator of nuclear factor «B ligand
(RANKL). Bone remodeling is the process by which the body
continuously removes old bone tissue and replaces it with new
bone. It is driven by various types of cells, most notably osteo-
blasts (which secrete new bone) and osteoclasts (which break
down bone). RANKL is a TNFSF cytokine produced by osteo-
blasts and a key regulator of the formation and function of bone-
resorbing osteoclasts, which activates its cell surface receptor,
receptor activator of nuclear factor-xB (RANK), expressed by
both osteoclast precursors and mature osteoclasts (Figure 2A).

Denosumab inhibits the binding of RANKL to RANK, thereby
decreasing osteoclastogenesis and bone-resorbing activity of
mature osteoclasts (Body et al., 2006). Denosumab mimics the
natural action of osteoprotegerin, an endogenous RANKL inhibi-
tor, which presents with decreasing concentrations and possibly
decreased avidity in patients who are suffering from osteopo-
rosis. Bone loss is a common side effect of cancer treatments.
Denosumab can also attenuate bone loss in cancer patients
receiving adjuvant aromatase inhibitor therapy and androgen
deprivation therapy (Christenson et al., 2012; Peddi et al., 2013;
Spencer et al., 2012).

In the crystal structure of RANKL-RANK complex, the receptor
bind to a groove at the junction of two protomers in the trimeric
ligand with total buried surface of ~2500 A? as other TNFSF/
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TNRSF complexes (Figure 2B). But RANK has distinctive con-
formational features and ligand-binding mode that confer the
binding specificity for RANKL, providing a framework for rational
design of RANKL inhibitors (Ta et al., 2010). Structural study of
denosumab-RANKL complex is required for understanding the
exact mechanism of action and the binding specificity of deno-
sumab.

BAFF AND BELIMUMAB
B-cell activating factor (BAFF), also called B-lymphocyte stimu-
lator (BLyS), is required for the development and survival of B
cells. B cells are one of the immune cells responsible for the
damage in autoimmune disease (Vincent et al., 2013). B cells
develop in the bone marrow and continue to mature peripherally
in secondary lymphoid organs. When autoimmune B cells attack
the body's own tissues, they are normally destroyed by apopto-
sis. Systemic lupus erythematosus (SLE) is caused when autoim-
mune B cells proliferate, and survive from apoptosis (Moore et
al., 1999; Schneider et al.,1999). In SLE, BAFF is overexpressed
(Stohl and Hilbert 2012). Given the central role for B cells in the
pathogenesis of SLE and the function of BAFF as a vital B-cell
survival factor, BAFF emerged as a logical candidate target for
control SLE.

A proliferation inducting ligand (APRIL, TNFSF13) was identified
as a cell growth stimulator in various cancer cell lines and shares

Osteoclast

FIGURE 2 | RANKL-RANK interaction and mechanism of
denosumab. (A) RANKL is secreted from osteoblasts and
binds to the RANK receptor on osteoclasts and promotes
osteoclast differentiation and activity. Denosumab is a
monoclonal antibody that binds to RANKL and inhibits
osteoclasts maturation, activity, and survival by preventing
RANKL from binding RANK receptor on osteoclast, thereby
decreases bone resorption and suppresses bone turnover.
(B) The top view (left) and side view (right) of the structure
of RANKL/RANK complex (PDB entry 3QBQ). The trimeric
RANKL is colored green and RANK colored violet.

two receptors with BAFF, TACI and BCMA. Addition-
ally, BAFF binds strongly to BAFF receptor (BAFF-R)
(Figure 3A) (Gross et al., 2000; Knight et al., 2007).
These three main receptors, BAFF-R, TACI, and
BCMA have distinct expression patterns based on B
cell development stages. Although APRIL has little
effect on the size of the mature B-cell pool, it does
importantly contribute to survival of plasmablasts
and plasma cells. Moreover, it was known that BAFF
and APRIL could form heterotrimers, and circulating
levels of such heterotrimers were elevated in at least
some SLE patients.

Belimumab is the first and sole FDA-approved bio-
logic for SLE. Belimumab is a fully human antibody
that binds to BAFF, preventing BAFF from binding to
its cognate receptors on B cells or plasma cells (Furie
et al., 2011; Navarra et al., 2011). Without the bind-
ing of BAFF to the receptors, B cells commit suicide,
and no longer contribute to the autoimmune damage of SLE.
Unfortunately, it is known that 40~60% of lupus patients failed
to significantly respond to belimumab (Stohl and Hilbert, 2012;
Treml et al., 2009). Thus, it is suggested that neutralization of
BAFF plus APRIL could have a greater effect than neutralization
of BAFF alone (Roschke, 2002).

In the crystal structure of BAFF/BAFF-R complex, the ligand-
receptor interaction is much different from the general mode of
other TNFSF/TNFRSF complex, in which the receptors are highly
elongated and bind to the crevice between the two neighboring
protomers of the trimeric ligands. One BAFF-R binds to only one
protomer of trimeric BAFF with total buried surface of 922 A
which is less than those of other TNFSF/TNFRSF complex (Fig-
ure 3B) (Kim et al., 2003). No structural data has been reported
about the binding of belimumab to BAFF. The precise epitope,
which can be revealed by structural studies, can explain the
more precise mechanism of action of belimumab and provide
useful information for structure-based improvement of anti-BAFF
antibodies.

ANTIBODY-BASED BIOLOGICS TARGETING
OTHER TNFSF

A disease in which significant subgroups of patients do not re-
spond to an anti-TNF suggests that other mechanisms of inflam-
mation and immune responses may communicate pathogenesis.
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Targeting other members of the TNFSF has provided proof of
principle that other TNF cytokine pathways may be involved in
pathogenesis (Table 2). For example, the Fn14/TWEAK (TNFSF12)
pathway mediates key pathologic processes underlying rheu-
matoid arthritis and lupus nephritis (Michaelson et al., 2012). A
phase Il trial with BIIB023, an anti-TWEAK neutralizing antibody,
is ongoing to assess efficacy in the patients of these autoimmune
diseases (Wisniacki et al., 2013). Antibodies to LTa (TNFSF1) or
LIGHT (TNFSF14) are also in clinical development for autoim-
mune disease.

A humanized antibody to LTa (MLTA3698A) possessing antibody-
dependent cytotoxicity (ADCC) activity was used to deplete T cells
in a xenogenic GVHD model with disease amelioration (Chiang
et al., 2012), and a phase | study in RA showed good safety with

TACI BCMA
B cell or plasma cell
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FIGURE 3 | Mechanism of action of belimumab. (A) BAFF
and APRIL are expressed as membrane-bound trimers, which
are proteolytically cleaved to form soluble trimers. BAFF binds
strongly to BAFF-R and TACI, and weakly to BCMA. APRIL
binds strongly to BCMA, weakly to TACI. BAFF-R is primarily
expressed on all B cells, TACI on innate-like B cells, and
BCMA on plasmablasts and plasma cells. Belimumab binds
BAFF and blocks engagement of BAFF with BCMA, TACI and
BAFF-R. Belimumab does not bind APRIL, so engagement
of APRIL with BCMA or TACI is not affected. (B) The top view
(left) and side view (right) of the structure of BAFF/BAFF-R
complex (PDB entries 1POT and 10TZ). The trimeric BAFF is
colored blue and BAFF-R colored yellow.

mild/moderate adverse events (Emu et al., 2012). A
fully human antibody to LIGHT (SAR252067) competi-
tively inhibits LIGHT binding to all of its three recep-
tors, HVEM, LTBR and DcR3, showing inflammatory
bowel disease may be an appropriate clinical indication
(Browning, 2008; Cohavy et al., 2005; Doherty et al.,
2011; Gatumu et al., 2009; Shaikh et al., 2001;Ware,
20009).

The OX40/0X40L (TNFSF4) interaction contributes to
an optimal T cell response following allergic stimuli and
plays an important role in the maintenance and reacti-
vation of memory T effector cells (Mahmood and Yang,

2012). Anti-OX40L monoclonal antibody (Oxelumab) is in a phase
Il study to test allergen-induced responses in subjects with asthma
(Gwyer Findlay et al., 2012; Kaur and Brightling, 2012). Antibody
drug conjugate (ADC) approaches with monomethyl auristatin
phenylalanine or duocarmycin are also promising in anti-CD27L
(TNFSF7) biologics for treatment of cancer (Ryan et al., 2010; Alley
et al., 2009; Oflazoglu et al., 2008; Thevanayagam et al., 2013).

CONCLUSION

Antibody-based TNFSF inhibitors have revealed new insights
into human immune and inflammatory systems and the related
human disease mechanisms. And therapeutic antibodies against
TNFSF are used clinically to treat several chronic autoimmune
diseases. However, such treatment sometimes results in serious

TABLE 2 | TNF superfamily targeting antibodies in clinical development (http://clinicaltrials.gov/)

TNF Antibody Name Type Indication

BAFF Tabalumab Fully Human IgG Autoimmune
CD27L SGN-75 Antibody Drug Conjugate Cancer
CD27L MDX-1411 Fc modified Human IgG Cancer
CD27L MDX-1203 Antibody Drug Conjugate Cancer

LTa MLTA3698A Humanized IgG Autoimmune

LIGHT SAR252067 Fully Human IgG Inflammatory bowel disease
OX40L Oxelumab Fully Human IgG Asthma
TWEAK BIIB023 Humanized IgG Autoimmune
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side effects, which are partly caused by the blocking of signals
from other TNFRs. Once a new antibody is identified as hav-
ing promising results in preclinical studies, a structural study to
determine its precise epitope may help us in making strategic
decisions before proceeding with costly clinical drug trials as
the affinity and the epitope are the crucial elements in evaluating
antibody drugs. In addition, accumulation of structural knowl-
edge for the recognition of TNF by each receptor or antibody
molecules would be invaluable in designing selective and potent
drugs as they can provide useful information for antibody opti-
mization by understanding the precise molecular mechanism of
TNF inhibition.
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