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Fibrosis is the result of extracellular matrix protein deposition and remains a
leading cause of death in USA. Despite major advances in recent years, there
remains an unmet need to develop therapeutic options that can effectively
degrade or reverse fibrosis. The tumor necrosis super family (TNFSF) members,
previously studied for their roles in inflammation and cell death, now represent
attractive therapeutic targets for fibrotic diseases. In this review, we will
summarize select TNFSF and their involvement in fibrosis of the lungs, the
heart, the skin, the gastrointestinal tract, the kidney, and the liver. We will
emphasize their direct activity on epithelial cells, fibroblasts, and smooth
muscle cells. We will further report on major clinical trials targeting these
ligands. Whether in isolation or in combination with other anti-TNFSF member
or treatment, targeting this superfamily remains key to improve efficacy and
selectivity of currently available therapies for fibrosis.
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1 Introduction

Fibrosis is defined as the uncontrolled build-up of scar tissue. It is the end result of
many inflammatory diseases and is responsible for 45% of death in USA (1). Fibrosis can
affect multiple organs and, irrelevant of the initiating disorder, it can ultimately lead to
organ failure and death. Fibrosis originates after epithelial (or endothelial) injury, driving
early alarmin expression, followed by inflammation that involves the production of the
central fibrogenic cytokine TGFp (transforming growth factor-beta). TGFp allows for the
differentiation of fibroblasts into pathogenic myofibroblasts. Myofibroblasts are responsible
for collagen and extracellular matrix proteins deposition, in addition to smooth muscle
hypertrophy. While TGF is central for fibrosis pathogenesis, its’ targeting leads to severe
side effects due to lymphoproliferative symptoms. Therefore, there is an urgent need to
identify novel fibrotic mediators that could be therapeutic targets for the myriad of diseases

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1219907/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1219907/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1219907&domain=pdf&date_stamp=2023-07-03
mailto:rana.herro@cchmc.org
https://doi.org/10.3389/fimmu.2023.1219907
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1219907
https://www.frontiersin.org/journals/immunology

Steele et al.

presenting with fibrosis. Historically, tumor necrosis factor
superfamily (TNFSF) ligands have been identified as
proinflammatory mediators; however, our group has pioneered
work implicating the TNF superfamily members in fibrosis (2-5).
Currently, the TNF superfamily is known to consist of 19 ligands
and 29 receptors. Current literature demonstrates growing evidence
that the TNFSF members covered in this review (Table 1) play a role
in fibrosis, including their upregulation in various fibrotic disorders;
however, this does not rule out the potential contributions of other
TNFSF members, which future research should address. In this
review, we will summarize select TNFSF (Table 1) and their
involvement in fibrosis of the lungs (interstitial lung disease,
pulmonary fibrosis, idiopathic pulmonary fibrosis, acute
respiratory distress syndrome, cystic fibrosis), the heart
(atherosclerosis, myocarditis, ischemic myocardial infarction,
non-ischemic hypertrophic cardiomyopathy), the skin
(scleroderma, atopic dermatitis, atopic eczema, Dupuytren’s
disease), the gastrointestinal tract (eosinophilic esophagitis,
ulcerative colitis, Crohn’s disease), the kidney (acute kidney
injury, chronic kidney disease), and the liver (non-alcoholic
steatohepatitis, non-alcoholic fatty liver disease, primary biliary
cholangitis) (Figure 1). We will emphasize their direct activity on

TABLE 1 TNF superfamily members and receptors implicated in fibrosis.

10.3389/fimmu.2023.1219907

stromal cells that perpetuate fibrosis, namely epithelial cells,
fibroblasts, and smooth muscle cells (Figure 2). We will further
report on major active clinical trials targeting these ligands.
Whether targeting each TNEFSF ligand in isolation or in
combination with another TNFSF member or treatment, targeting
this superfamily remains key to improve efficacy and selectivity of
currently available therapies for fibrosis.

2 TNF : TNFR1/TNFR2

Tumor necrosis factor (TNF), also referred to as TNFo, or
TNEFSF2, is a pleiotropic cytokine known for its early and potent
role in inflammation (6, 7). TNF is first membrane bound (mTNF)
on the cell surface and can then be cleaved by TNF-converting
enzyme (TACE), a member of the disintegrin and metalloproteinase
family, into its soluble form (sTNF) (8). TNF is produced primarily
by monocytes and macrophages; however, it can also be expressed
by other cell types such as T cells, B cells, NK cells, mast cells,
neutrophils, and fibroblasts (9). TNF has two transmembrane
receptors: TNF receptor I (TNFRI, also known as TNFRa, p55,
or CD120a) and TNF receptor II (TNFR2, also known as TNFRP or

Ligand TNFSF Nomenclature Receptor TNFRSF Nomenclature
TNEFR1 (CD120a, TNFAR, p55) TNERSF1A
TNF (TNFa) TNFSF2
TNEFR2 (CD120b, TNEBR, p75) TNFRSF1B
HVEM (CD270, ATAR, TR2) TNFRSF14
LIGHT (CD258, HVEM-L) TNFSF14 LTPBR (CD18, TNFCR) TNERSF3
DcR3 (TR6, M68) TNERSF6B
DR3 (Apo-3, TRAMP, LARD, WS$-1) TNERSF25
TLIA (VEGI, TL1) TNFSF15
DcR3 (TR6, M68) TNERSF6B
TACI (CD267, IGAD2) TNFRSF13B
APRIL (CD256, TALL-2) TNFSF13
BCMA (CD269) TNFRSF13A
TACI (CD267, IGAD2) TNFRSF13B
BAFF (CD257, BLyS, TALL-2) TNESF13B BCMA (CD269, BCM) TNFRSF13A
BAFFR (CD268) TNERSF13C
RANK (CD265, ODFR, FEO) TNFRSF11A
RANKL (CD254, TRANCE, OPGL, ODF) TNESF11
OPG (OCIF, TR1) TNERSF11B
GITRL (TL6, AITRL) TNFSF18 GITR (CD357, AITR) TNFRSF18
OX40L (CD252, CD134L, Gp34, TXGP1) TNFSF4 0X40 (CD134, ACT35, TXGPIL) TNFRSF4
CD70 (CD27L) TNESF7 CD27 (8152, Tp55) TNFRSF7
DR4 (CD261, TRAILRI, Apo-2) TNFRSF10A
DR5 (CD262, TRAILR2, KILLER) TNERSF10B
TRAIL (CD253, APO-2L, TL2) TNESF10
DcR1 (CD263, TRAILR3, LIT, TRID) TNERSF10C
DcR2 (CD264, TRAILR4, TRUNDD) TNFRSF10D

TNEFSF members and their corresponding receptors discussed in this review article. Common ligand and corresponding receptor names are listed in bold. Alternative ligand and receptor names

are listed in parenthesis.
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TNFSF contribution to fibrosis across human organs. Overview of contribution of TNFSF members in driving fibrotic disease in the lungs, heart, skin,
kidneys, liver, and gastrointestinal tract based on current literature. Figure was created with BioRender.com.

p75) (10). TNFRI is ubiquitously expressed across human tissues,
while TNFR2 is limited to mainly hematopoietic and endothelial
cells (11). TNFRI can be stimulated by either mTNF or sTNF, while
TNEFR2 is preferentially activated by mTNF (12-14). TNFR1 and
TNFR2 share similar extracellular structures but, their intracellular
structures differ. The cytoplasmic tail of TNFR1 contains a death
domain (DD), which can recruit TNFR1-associated DD (TRADD),
while TNFR2 instead recruits TNFR-associated factor (TRAF) 1
and 2 proteins (15, 16). Due to their intracellular domains, both
TNFR1 and TNFR2 may signal to induce NF-xB activation and cell
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FIGURE 2

survival responses, whereas TNFR1 also has potential to induce cell
death response.

Food and Drug Administration (FDA)-approved TNF
antagonists (infliximab, etanercept, adalimumab, certolizumab
and golimumab) have shown to be extremely efficacious in the
treatment of inflammatory diseases presenting with end-stage
fibrosis, such as rheumatoid arthritis, spondylarthropathies,
Crohn’s disease, and ulcerative colitis. Historically, the role of
TNF in fibrosis was considered controversial, with many
perceiving TNF as antifibrotic; however, current research suggests

Structural Cells
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TNF Superfamily Member Activity on Structural and Immune Cells. TNFSF members can exert direct activities on structural and immune cells to

perpetuate fibrosis. Figure was created with BioRender.com.
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TNFa Activity on Structural and Immune Cells. TNFo (TNFSF2) can act directly on structural cells (fibroblasts) and immune cells (macrophages, T
cells) to drive pro-fibrotic and anti-fibrotic effects. Figure was created with BioRender.com.

that targeting TNF, either directly or by its receptors, could present
a promising approach for treating fibrotic diseases (Figure 3).

Systemic sclerosis (SSc) is an idiopathic autoimmune disease
that presents with fibrosis mainly in the skin but also in visceral
organs including the lungs and heart. Elevated serum concentration
of soluble TNFR1 correlates with SSc disease severity (17, 18) and
soluble TNFR1 levels are increased in the bleomycin-induced
murine model of SSc (19). TACE processes pro-TNF and its
receptors including soluble TNFRI1. Blocking TACE, using tumor
necrosis factor-alpha processing inhibitor-1 (TAPI-1), reduced skin
thickness, the number of myofibroblasts, and mRNA expression of
Collal, TGFB, and aSMA (alpha smooth muscle actin). TACE
remains a potential therapeutic target in SSc patients, though
further studies are needed to understand the potential impact of
TAPI-1 treatment in humans. Additional work by Hiigle et al.
showed that TNFR1 and TNFR2 were up regulated on dermal T
cells from patients with diffuse cutaneous SSc and that TNFR2
expression correlated with skin thickening (20). Further, TNF-co-
stimulation after CD3/CD28 stimulation of these SSc patient T cells
resulted in elevated type 1 collagen expression by fibroblasts and an
increased secretion of profibrotic cytokines by the T cells, albeit a
decreased production of IL-10, indicating that SSc patient T cells
may reinforce fibrosis while lacking the ability to resolve
inflammation. Recent work has also shown that sTNFRI is
increased in the fibroblast supernatant from IPF patients, and this
pathway can likely induce T cell death, further contributing to
disease by permitting fibroblast/myofibroblast survival (21).

In a bleomycin-induced mouse model of pulmonary fibrosis,
early work showed elevated TNF upon bleomycin instillation and
blocking TNF prevented fibrotic disease progression, including
collagen deposition (22). In later work also using the bleomycin
model of pulmonary fibrosis, TNF’~ and TNF™"™ (mice only
expressing mTNF) mice were protected from pulmonary fibrosis
as compared to WT controls (23). When recombinant TNF was
added to the TNF"™"™, however, collagen overexpression and
fibrotic lesions were observed. This evidence, along with
observations that sTNF appeared to be necessary for appropriate
lymphocyte recruitment and TGF-B1 expression, led Oikonomou
et al. to conclude that sSTNF, as opposed to mTNF, mediates the
transition from pulmonary inflammation to fibrosis. While this
work focused on deletion of TNF, contrasting work by Redente et al.
administered TNF as a therapeutic into the lungs of WT mice with
pre-established pulmonary fibrosis driven by bleomycin (24). After
pulmonary delivery of TNF, there was a decrease in fibrotic burden
and number of profibrotic alternatively programmed macrophages.
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Furthermore, conditional macrophage depletion phenocopied the
resolution seen in the mice receiving the therapeutic TNF delivery.
TNF may resolve established pulmonary fibrosis by reducing
numbers and/or programming status of profibrotic macrophages,
however, the exact mechanism remains unclear and further work
must be done to explain the apparent discrepancy that TNF is
driving pulmonary fibrosis on one hand, while helping to resolve
fibrosis on the other.

More recent work by Li et al. showed that impaired TNF/
TNFR2 signaling enhances Th2 and Th17 polarization and
aggravates allergic airway inflammation (25). Inhibiting TNFR2
via antibody treatment led to the increased expression of Th2 and
Th17 inflammatory cytokines both in serum and in
bronchoalveolar lavage fluid (BALF). Flow cytometry data further
showed an inhibition of Th1 and CD4+CD25+ T-cell differentiation
with a promotion of Th2 and Th17 polarization in vivo, which was
subsequently replicated in vitro. It may be that impaired TNFR2
signaling can help facilitate traditionally fibrotic Th2/Th17
polarization, however, further studies are needed. In BALF from
fibrotic and non-fibrotic hypersensitivity pneumonitis (HP)
patients, transmembrane TNFR2 was elevated in fibrotic
compared to non-fibrotic samples (26). In contrast, soluble
TNFR2 and sTNF were both upregulated in non-fibrotic HP
patients. Thus, TNFR2 signaling appears to be key for mediating
fibrotic development; however, additional work needs to be done to
understand whether this is a global or rather a disease-
specific trend.

In human dermal fibroblasts, Goldberg et al. found that the
addition of TNF in vitro suppresses SMA expression (27).
Similarly, while the addition of TGFP1 increased aSMA, adding
both TGFB1 and TNF suppressed 0SMA to below the baseline.
Furthermore, TNF was found to suppress TGFB1- induced
myofibroblast genes at the mRNA level including Collal,
fibronectin and ocSMA. TNF-mediated inflammation may prevent
TGFp1- driven normal wound healing and fibrosis development. In
contrast, in normal fibroblasts from the palm of patients with
Dupuytren’s disease (DD), a localized fibrotic condition of the
hand, TNF treatment drove their conversion to myofibroblasts via
activation of Wnt signaling (28). Similarly, TNF inhibition by
neutralizing antibodies resulted in reversal of myofibroblast
phenotype, suggesting that TNF could be a promising therapeutic
target for DD. In continuation of this work, Izadi et al. demonstrate
that TNF signals through TNFR2 on stromal cells to initiate low-
level IL-33 production (29). In turn, they argue that IL-33 can then
signal via ST2 (suppression of tumorigenicity 2 aka ILIRLI1) on
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local immune cells to further drive TNF expression. Future studies
may explore inhibition of TNFR2 in combination with IL-33
inhibition, which may represent a more efficacious approach than
TNFR2 inhibition alone to prevent further disease development
in DD.

Stimulation of intestinal myofibroblasts with TNF increased
proliferation and collagen accumulation by acting primarily via
TNFR2 (30). Theiss et al. found that TNF also induced expression
of tissue inhibitor of metalloproteinase-1 (TIMP-1) and activation
of ERK1/2. Thus, limiting TNFR2 action may have potential for the
treatment of intestinal inflammation or Crohn’s disease. In a model
of liver fibrosis induced by carbon tetrachloride (CCl4) injections,
deletion of TNFRI1, but not TNFR2, inhibits liver fibrosis (31).
TNFR1”" mice exhibited reduced procollagen and TGFB synthesis
as well as reduced levels of IL-6 mRNA as compared to WT and
TNFR2”" mice, indicating that TNFR1 may play a key role in liver
fibrosis formation. In a study of liver cirrhosis induced by
thioacetamide in rats, Abdul-Hamid et al. tested the
antifibrogenic effect of etanercept, one of the five FDA-approved
TNF antagonists (32). They observed that etanercept decreased
TNFR1 expression and accumulation of both collagen and
hemosiderin, concluding that etanercept may attenuate fibrosis
progression but also may be a therapeutic approach for hepatic
iron overload-associated disorders. Finally, in a high-fat diet (HFD)
mouse model of NAFLD, Wandrer et al. tested a novel antibody
that selectively inhibits TNFR1, but not TNFR2 (33). Inhibition of
TNFR1 markedly reduced liver steatosis, apoptotic liver injury,
NAFLD activity and liver fibrosis as compared to control mice.
Taken together, these studies emphasize the profibrotic role of
TNFR1 in the liver, regardless of the model, and indicate that
selective TNFR1 inhibition could be a promising therapeutic
approach for treatment of liver fibrosis.

Cardiac inflammation, together with edema and fibrosis, are
common features of many cardiovascular diseases (CVD),
including ischemic myocardial infarction (MI), non-ischemic
hypertrophic cardiomyopathy (HCM) and myocarditis. However,
the type of fibrosis leading to heart failure (HF) will differ depending
on the biological origin of HF. Upon mTNF cleavage by the TNF-
alpha-converting enzyme (TACE) (34) or ADAMI7 (a disintegrin
and metalloproteinase 17) (35), the soluble (STNF) form of mTNF
can be released with higher affinity for TNFR1 and indirectly
balance TNFR2 signaling, as shown in the control of
atherosclerosis. Conversely, ADAMI17 deficiency favors
overactivation of TNFR2 and atherosclerosis progression in low-
density lipoprotein receptor (Ldlr)-deficient mice (35), suggesting
that each receptor has distinct modes of signaling and cellular
functions. Moreover, it has also been reported that the
lymphotoxin- o homotrimer (LTa3) signals through TNFR1 (36),
and has unique roles in initiation and exacerbation of some
inflammatory diseases. In a mouse model of HCM induced by
infusion of angiotensin II (Ang II), Ang II induced the synthesis of
monocyte chemoattractant protein-1 (MCP-1), which mediates the
cardiac infiltration of CD34"CD45" monocytic cells that can
differentiate into collagen-producing fibroblasts that are
responsible for the Ang-II-induced development of non-adaptive
cardiac fibrosis. In response to continuous Ang-II, TNFR1-KO
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mice, but not TNFR2-KO, have shown reduced cardiac collagen
deposition and CD34"CD45" monocytic infiltration, while double
receptor knockout mice were protected from cardiac fibrosis after 1
week of Ang-II infusion (37). In the same model, authors show that
absence of TNFRI signaling is essential for decreasing the amount
of cardiac pro-fibrotic M2-like cells (day7 post-Ang-II), however,
this loss of signal does not affect early pro-inflammatory M1-like
infiltration (day 1 post-AngII). Reconstitution with WT-bone
marrow into TNFRI-KO mice abrogated the protective loss of
TNEFR1 signaling effect by restoring cardiac M2 infiltration,
upregulation of proinflammatory/profibrotic genes and
development of fibrosis. Indeed, an in vitro mouse monocyte-to-
fibroblast differentiation assay demonstrated an essential role of
TNFRI1 signaling in the sequential progression of monocyte
activation and fibroblast formation (38). Moreover, in a model of
cardiac pressure-overload induced by transaortic constriction (TAC
model), TNFR2 activates the AKT pathway and inhibits the NF-xB
pathway via mTNF-induced signaling, which alleviates mechanical
stress and mediates cardiac hypertrophy rather than directly
inducing cardiac fibrosis (39, 40).

Although ischemic, and non-ischemic cardiomyopathies can
both lead to HF, the mechanisms responsible for the development
and progression of adverse ventricular remodeling are different.
Whereas MI is characterized by ischemia-induced cardiomyocyte
necrosis, leading to acute inflammation and replacement fibrosis
(41), non-ischemic HCM, induced by chronic pressure overload
due to hypertension or aortic valve stenosis in patients, does not
result in significant cardiomyocyte death. Rather, non-ischemic
HCM is characterized by pronounced cardiac hypertrophy,
accompanied by blood vascular rarefaction and interstitial/
perivascular fibrosis, also called ‘reactive fibrosis’ (41) related to
chronic low-grade inflammation. Indeed, following a myocardial
infarction, a so-called “replacement fibrosis” is occurring where
extracellular matrix (ECM) replaces dying cardiomyocytes and
muscle loss to maintain heart wall integrity, reinforcing the
weakened myocardium. The resulting fibrotic scar is non-
contractile, and its size, composition, and physical properties have
major implications in the development of post-MI HF (42).

In an MI model induced by ligating the left coronary artery,
post-MI survival was significantly improved in TNFR1KO but not
TNFR2KO mice, while infarct size showed no change in either
knockout strain. A loss of TNFR1 signal significantly ameliorated
contractile dysfunction after MI, whereas a loss of TNFR2 signal
significantly exaggerated ventricular dilatation and dysfunction
(43). In WT mice, MI significantly increased both TNF and LT
levels in plasma, but in distinct temporal manners. While plasma
TNF peaked 1 day after MI, and decreased toward baseline 3 days
after MI, plasma LTa is significantly upregulated 3 days post-MI,
and stayed elevated thereafter (44). Thus, TNF and LTa mediate
post-MI cardiac dysfunction via TNFRI stimulation, whereas
TNEFR2 activation is cardioprotective against ischemic injury. Thus,
simultaneous inhibition of TNF and LTa. or specific TNFR1 function
blockade may represent superior cardioprotective approaches over
general TNF activity suppression.

While TNF inhibitors have already proven successful in
treatment of multiple inflammatory diseases presenting with end-
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stage fibrosis, there is evidence of potential additional uses of these
inhibitors for treatment of tissue remodeling and fibrosis. Follow-
up studies should focus on distinct pathogenic roles of TNFR1
versus TNFR2 and their selective inhibition as promising
therapeutics for tissue-specific fibrosis.

3 LIGHT : HVEM/LTPBR/DcR3

First described in 1998 by Mauri et al., LIGHT (homologous to
Lymphotoxins, shows Inducible expression, competes with HSV
Glycoprotein D for HVEM, a receptor expressed on T cells), also
known as TNFSF14, HVEM-L (Herpesvirus Entry Mediator
Ligand), or CD258, is a pleiotropic cytokine expressed primarily
by activated T cells and dendritic cells with critical function in tissue
fibrosis (2-4). Additionally, it is expressed in both soluble and
membrane bound form (45). The receptors for LIGHT are LTBR
(lymphotoxin-beta receptor), HVEM, and the Fas-ligand soluble
receptor DcR3 (Decoy receptor 3), or TNFRSF3, TNFRSF14, and
TNFRSF6B, respectively (45, 46). HVEM 1is a coreceptor for
herpesvirus expressed broadly on structural and hematopoietic
cells, including endothelial cells, adipocytes, macrophages,
eosinophils, and T cells. HVEM-LIGHT interaction triggers
intracellular signaling through NF-kB, stimulating cytokine
production (47, 48). LTPR is necessary for lymphoid organ
development and organization, cell proliferation, and apoptosis
(49, 50). LTBR is similarly expressed on all the cell types
mentioned except T lymphocytes. Most importantly, one or both
receptors are expressed on the main cell types contributing to tissue
remodeling and fibrosis: fibroblasts, smooth muscle cells, and
epithelial cells. LIGHT is induced in several inflammatory
diseases and autoimmune connective tissue disorders with
fibroproliferative features, including asthma, idiopathic
pulmonary fibrosis (IPF), atopic dermatitis (AD), SSc,
eosinophilic esophagitis (EoE), and non-alcoholic fatty liver
disease (NAFLD), and many others (51). Given its receptor
expression and induction in diseased states, LIGHT is a key
regulator of fibrosis in many organs.

In the lung, LIGHT has been shown to control fibrosis in
models of severe asthma and models of IPF. In a house dust mite
(HDM)-induced model of chronic asthma, Doherty et al. showed
that pharmacological inhibition of LIGHT using an LTPR-Fc fusion
protein significantly reduced smooth muscle hyperplasia, airway
hyperresponsiveness, and lung fibrosis, which identified LIGHT as a
target for asthmatic airway remodeling (52). A key finding from
these studies in chronic asthma is that LIGHT acts on lung
macrophages via LTBR, resulting in their accumulation and
inducing their expression and subsequent release of TGEFf, the
primary fibrotic cytokine. Furthermore, this work demonstrated
that LIGHT can act on eosinophils via HVEM, significantly
increasing their production of IL-13, another potent regulator of
tissue remodeling that can synergize with TGFp (52).

In an intratracheal bleomycin-induced model of PF, using both
genetic deficiency of LIGHT and antagonistic blockade of LIGHT
binding to HVEM and LTBR, Herro et al. demonstrated that
LIGHT controls thymic stromal lymphopoietin (TSLP) expression
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(2). Recombinant LIGHT induces PF similarly to bleomycin
induction, indicated by significant elevation in collagen
deposition, oSMA accumulation around the bronchioles, and
upregulation of mRNA transcripts for TGFJ and IL-13 (2).
Additionally, abrogating LIGHT signaling significantly reduces
TSLP and subsequent lung remodeling and fibrosis. Most notably,
LIGHT not only synergizes with IL-13 and TGF, but it also acts
directly on bronchial epithelial cells, inducing their expression of
TSLP (2). This work suggests that LIGHT is playing a critical role in
the fibrotic response in many pulmonary diseases.

A recent study by Qu et al. suggests that LIGHT plays a role in
viral and bacterial sepsis induced acute respiratory distress
syndrome (ARDS) (53). From a cohort of 280 patients, in the
bacterial sepsis cases (n=189), significantly elevated LIGHT was
associated with ARDS, higher Apache III scores, acute kidney injury
(AKI), and acute hypoxic respiratory failure (AHRF). Given its
profibrotic activity, LIGHT is likely a driver of worsened outcomes
in bacterial sepsis.

LIGHT has been shown to be critical for fibrosis in SSc and AD.
In a 2015 study, Herro et al. demonstrated that, similarly to its
action in IPF, recombinant LIGHT given either subcutaneously or
intratracheally induced features of SSc (3). LIGHT-deficient mice
had significantly reduced skin fibrotic activity following bleomycin
induction (3). Importantly, this work demonstrates that LIGHT acts
through HVEM and LTBR expressed on epidermal keratinocytes to
promote skin fibrosis. Similar to its activity in bronchial epithelial
cells in IPF, LIGHT directly and indirectly (through synergy with
TGEP) controls TSLP expression in keratinocytes promoting skin
fibrosis (3).

In another study by Herro et al., LIGHT signaling in
keratinocytes was further investigated (4). Most notably, LIGHT-
HVEM signaling in keratinocytes is required for HDM-induced
AD, as it induced strong keratinocyte hyperplasia and periostin
production (4). In LIGHT-deficient mice, clinical symptoms of AD
were abrogated (i.e., skin eruption, bleeding, redness, and scaling).
In addition, all type II cytokines were lower and TGFf was nearly
absent (4). Periostin, a characteristic feature of type II skin
inflammatory disease, was also absent (4, 54). During HDM-
induction, mice with a keratinocyte specific HVEM deletion
phenocopied LIGHT-deficient mice. It was previously thought
that periostin expression by keratinocytes was controlled by IL-13
and TGEFp, however, this work shows that it is directly controlled
by LIGHT.

In a recent study, Ikawa et al. investigated the role of LIGHT, in
vitro, on dermal fibroblasts from SSc patients (55). LIGHT was
significantly elevated in bulk RNA-seq of diffuse cutaneous SSc skin
biopsies (55). Conversely, HVEM was significantly decreased in
mRNA from dermal fibroblasts. Given that HVEM deletion
reduced dermal fibrosis to a greater extent than deletion of LTBR
(3), this may suggest that HVEM profibrotic signaling in dermal
fibroblasts is more potent that LTBR signaling. Further, in vitro
recombinant LIGHT increases IL-6 expression and suppressed Thl
chemokine expression in diffuse cutaneous SSc dermal fibroblasts
stimulated with IFNYy (55). This finding further asserts the role of
LIGHT as a key regulator of fibrosis as the stimulation of IL-6
production by dermal fibroblasts would result in increased cellular
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activation, promoting both inflammation and fibrosis, and LIGHT
suppression of Th1 chemokines is consistent with the fact that SSc is
characterized by Th2/Th17 polarization.

In the liver, serum LIGHT was significantly increased in
NAFLD patients, however, there were no differences found
between NASH and simple steatosis (56). HVEM and LTBR
mRNA expression was significantly increased in biopsied NAFLD
tissue. LIGHT stimulated release of IL-8, a neutrophil chemokine,
from human hepatoma cells (Huh7) was amplified by H,0,, which
gives evidence to the role of oxidative stress in the pathogenesis of
NAFLD. Genetic deletion of LIGHT resulted in reduced insulin
resistance, hepatic steatosis, and expression of genes associated with
NALFD to NASH transition in mice given a high-fat high-
cholesterol diet for 16 weeks compared to controls (57).
Furthermore, Liang et al. demonstrated that splenectomy
improved liver fibrosis by decreasing the levels of serum LIGHT
(58). Silencing of LTBR in macrophages in vitro resulted in
decreased levels of fibrosis and oSMA in murine hepatic
fibroblasts (JS1 cells) following treatment with recombinant
murine LIGHT; and blocking TGFJ abrogated the effects of
LIGHT in vitro. These findings suggest that LIGHT may induce
TGEFB in hepatic macrophages, potentially driving liver fibrosis.

In the GI tract, LIGHT has been shown to play a role in
esophageal fibroblast activation and differentiation into
myofibroblasts, promoting inflammation and remodeling in EoE.
In a study using cells from biopsied EoE tissue, LIGHT induced
inflammatory gene transcription in fibroblasts and controlled
tethering of eosinophils to fibroblasts via ICAM-1 (59).
Additionally, subsequent treatment of TGFpB stimulated
fibroblasts treated with LIGHT resulted in an inflammatory
myofibroblast phenotype.

In the kidney, LIGHT has been implicated in controlling the
development of renal fibrosis (60). LIGHT, HVEM, and LTBR were
significantly elevated in sera and renal tissue from patients with
chronic kidney disease (CKD). This was also reflected in unilateral
ureteral obstruction (UUO)-induced mice. Notably, genetic
deletion of LIGHT significantly reduced renal fibrosis in UUO
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mice, indicated by reduction in collagen deposition, «SMA and
fibronectin expression, and reduced mRNA expression of TGFp.

LIGHT has also been shown to play a significant role in
connective tissue remodeling in primary acquired lacrimal duct
obstruction (LDO), an idiopathic disease most common in the
elderly. Bielecki et al. found that LIGHT and its receptors, HVEM
and LTPR, are expressed on mononuclear cell infiltrates,
endothelial cells, fibroblasts, and columnar epithelial cells of the
lacrimal sacs (61). Notably, expression of LIGHT, HVEM, and
LTBR were significantly correlated with fibrosis severity in the
lacrimal sac walls.

Given the findings from the studies described, LIGHT is a key
regulator of fibrosis through both direct and indirect mechanisms
(Figure 4). Additionally, signaling through either HVEM, LTPR, or
both is necessary for LIGHT driven fibrosis. Thus, LIGHT is critical
in the control of tissue remodeling and represents a promising
therapeutic target for many fibrotic disorders.

4 TL1A : DR3/DcR3

The TNE-Like Ligand TL1A (TNFSF15) is a membrane-bound
protein identified as a death receptor 3 (DR3) ligand in 2002 (62). It
was found to be largely expressed on endothelial cells (62), though it
has since been shown to be expressed cells of the immune system,
including macrophages, plasma cells, and T lymphocytes (63).
TL1A signals through DR3 (TNFRSF25) to induce the NF-kB
pathway and acts as a costimulatory molecule for both activated
T cells and ILC2s, leading to T cell expansion and the secretion of
proinflammatory cytokines (62, 64). Additionally, TL1A signal can
be neutralized by its soluble decoy receptor, DcR3 (TNFRSF6B)
(65). The function of TL1A as a regulator of immunity and
inflammation has led to numerous investigations of the role of
TL1A expression in inflammatory disorders. Indeed, though its
expression is usually systemically low, TLIA overexpression has
been implicated in conditions such as inflammatory bowel disease
and allergic inflammation of the lung and airways (63, 64, 66).
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LIGHT Activity on Structural and Immune Cells. LIGHT (TNFSF14) can act directly on structural cells (epithelial cells, smooth muscle cells, fibroblasts)
and immune cells (granulocytes, macrophages) to drive pro-fibrotic and anti-fibrotic effects. Figure was created with BioRender.com.
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Blocking the TL1A signaling pathway using an anti-TL1A antibody
in colitis or asthma animal models has been shown to attenuate
pathology and inflammation in these disease models (67), further
highlighting TL1A as a promising marker for therapeutic strategies
against inflammatory disease.

Additional studies indicate a potential for tissue-specific targeting
of inflammation through the TLI1A pathway. While it is initially
expressed as a transmembrane protein, TL1A can be cleaved and
expressed in a soluble form (62, 68). Transgenic mice expressing
membrane-restricted TL1A were found to have elevated expression
of several proinflammatory cytokines in the lung-indicating
activation of both innate and adaptive immunity-whereas
membrane-restricted TL1A in the small intestine primarily
activated T cells, with a combination of soluble and membrane-
bound TL1A required for severe bowel pathology (68). Of note, a
consistently upregulated cytokine included IL-13, a major indicator
of TL1A-driven inflammation through ILC2 activation (64, 66, 68,
69). In contrast, mice receiving soluble TL1A were found to have
elevated expression of IL-13 and associated pathology of the bowel,
but not in the lung (68). While potential therapies have been
proposed that equally target both transmembrane and soluble
forms (67), tissue-specific functional differences of TL1A indicate a
potential for tissue-targeted therapies and may elucidate physiological
implications of complete TL1A blockade.

Attenuating TL1A-mediated inflammation will have major
implications for the prevention or treatment of chronic
inflammatory complications leading to fibrosis. Disease models
involving the gastrointestinal tract have frequently been used to
study the role of TL1A in the development of fibrosis. While earlier
studies indicated a role for TL1A in inducing intestinal
inflammation (64, 66-69), recent studies have correlated elevated
TL1A with intestinal fibrosis in mice, with affirming a direct role for
TL1A-DR3 signaling on colonic fibroblasts and promoting
intestinal fibrosis (70, 71). Treatment of Ulcerative colitis (UC)
patients with anti-TL1A antibody has been shown to reduce
expression of fibrotic pathway markers, including matrix
metalloproteinases (MMP7 and MMPI10) (72), and treatment of
the induced colitis mouse model with anti-TL1A antibody led not
only to the reduction but also to the reversal of collagen deposition
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in mice with established fibrosis (73). Such results raise the potential
for TLIA-DR3 signaling pathways to serve not only as a
preventative therapeutic target, but also as a target for treatment
of early fibrosis of the gastrointestinal tract.

As elevated TL1A expression has also been implicated in
inflammation of the airway, recent studies have examined and
affirmed the role of TL1A in promoting fibrosis of the lung.
Treatment of mice with recombinant TL1A (rTL1A) has been
shown to increase collagen deposition in the lung (5, 74), and
treatment of human lung fibroblasts with rTL1A led to cell-specific
proliferation and differentiation to myofibroblasts, as well as
production of collagen (5). Blockade of TL1A-DR3 signaling in
mice intranasally challenged with the HDM airway irritant resulted
in decreased levels of collagen deposition compared to mice
administered IgG control, which was accompanied also by a
reduction in mucus production-an immediate threat to airway
integrity driven by TL1A-driven IL-13 signaling (5, 74, 75).
Interestingly, while a previous study suggested activation of both
innate and adaptive immunity in the lung in the presence of
overexpression of membrane-bound transgenic TLI1A (68), rTL1IA
appears to promote mucus production in the absence of
lymphocytes and independently of adaptive immunity (5). TLIA
may therefore have temporal functions in the lung, signaling
through innate and adaptive immune systems to differentially
elicit an acute muco-secretory or chronic inflammatory response.
Additional studies may enable targeted therapeutic strategies upon
elucidating the different pathways leading to each pathology.

As TL1A continues to be investigated as a potential therapeutic
target for intestinal and lung inflammation, it is becoming
increasingly clear that TL1A may be a systemically relevant target
for fibrotic conditions in multiple body systems (Figure 5). TL1IA
was found to be upregulated in liver tissue in a recent study on mice
with liver fibrosis, and TL1A transgenic mice exhibited higher levels
of MMPs, collagen, and macrophage recruitment in the liver (76);
however, studies linking TL1A with fibrotic disorders of the liver or
other organ tissues are limited. TL1IA has been established as a
promising therapeutic target for inflammatory, fibrotic, and
asthmatic disorders, pending further investigation of tissue-
specific signaling pathways and mechanisms of action.
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TL1A Activity on Structural and Immune Cells. TL1A (TNFSF15) can act directly on structural cells (epithelial cells, fibroblasts) and immune cells
(macrophages, T cells, ILC2s) to drive pro-fibrotic and anti-fibrotic effects. Figure was created with BioRender.com

Frontiers in Immunology

08

frontiersin.org


https://www.biorender.com/
https://doi.org/10.3389/fimmu.2023.1219907
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Steele et al.

5 APRIL/BAFF : TACI/BCMA/BAFFR

APRIL (TNFSF13), a proliferation-inducing ligand, and BAFF
(also known as BLyS; TNFSF13B), a B lymphocyte stimulator, are
two members of the TNF Superfamily (77-80). While BAFF can
exist in membrane bound or soluble forms, APRIL exists only in
soluble form (80-82). The ligands share two receptors of the
TNFRSF family, TACI (TNFRSF13B) and BCMA (TNFRSF17), in
addition to BAFF’s unique receptor, BAFF-R (TNFRSF13C) (83-
88). Though APRIL and BAFF share receptors, their reported
affinities differ significantly. On one hand, BAFF has high affinity
for both BAFF-R and TACI, with a lesser affinity for BCMA;
however, APRIL binds both TACI and BCMA with high affinity,
but not at all to BAFF-R (89). All three receptors are expressed in
circulating B lymphocytes, T lymphocytes, and monocytes (90). It
also has been shown that TACI is expressed in macrophages,
playing a role in M1 polarization and inflammation (91, 92). The
roles of APRIL and BAFF in B cell maturation and differentiation
have been thoroughly described (93-95); however, more recently, it
has been shown that these TNFSF members contribute to
pathogenic tissue remodeling and fibrosis (Figure 6).

Recent work has implicated elevated serum BAFF levels with
elevated non-alcoholic steatohepatitis (NASH) severity. Miyake
et al. showed that higher serum BAFF levels were associated with
hepatocyte ballooning and advanced fibrosis in these patients,
concluding that serum BAFF levels may be a useful tool for
distinguishing NASH from simple steatosis (96). Similarly, in
patients presenting with autoimmune hepatitis, BAFF levels were
significantly higher in those with advanced fibrosis (a fibrosis score
of F3 or higher) as opposed to those with less severe fibrosis (97).
Concordantly, in an in-vivo study of nonalcoholic fatty liver disease
(NAFLD), high fat diet-fed BAFF”" mice displayed reduced adipose
tissue fibrosis and hepatic steatosis despite a lack of body weight
reduction (98).

In patients with mixed connective tissue disease complicated by
interstitial lung disease (ILD), serum levels of BAFF and APRIL
were elevated compared to those presenting without ILD (99).
However, only BAFF was elevated in the BALF, with no detected
increase in APRIL, in a mouse model of bleomycin-driven PF.
Additionally, BAFF inhibition in this PF mouse model by genetic
ablation or neutralization by a soluble receptor, significantly
reduced PF and IL-1f levels (100). Since BAFF is differentially
upregulated in pulmonary fibrosis and correlative with disease
severity, BAFF may represent an attractive therapeutic target,

B cell

FIGURE 6

® e o
[ ] ° [ ]
BAFF p o
o @ —EEE >
[}
e © °. ®

10.3389/fimmu.2023.1219907

though further work examining the efficacy of pulmonary BAFF
inhibition is needed.

Though BAFF is predominantly implicated in liver and lung
fibrosis, research indicates that APRIL may play a role in atopic skin
diseases. In studies of AD patients, elevated serum levels of APRIL,
but not BAFF, are associated with disease severity (101, 102). High
serum APRIL levels also strongly correlate with severity in pediatric
atopic eczema (AE), both during flare and quiescence, implicating
APRIL as a reliable marker of AE severity in children and
highlighting APRIL as a promising target for treatment of AE
(103). Further mechanistic and in-vivo studies are needed,
however, to validate these correlations and understand the
relationship between APRIL and fibrotic skin diseases.

Early work showed elevated serum BAFF levels in patients with
SSc, with BAFF mRNA expression up regulated in affected skin of
patients with early diffuse cutaneous SSc and B cell BAFFR expression
increased in SSc patients as compared to healthy controls (104). Tight
skin (TSK/+) mice are used to model development of skin fibrosis in
SSc. In these TSK/+ mice, serum BAFF levels are significantly
elevated and BAFF antagonist inhibits the development of skin
fibrosis and suppresses fibrogenic cytokine production, such as IL-6
and IL-10 (105). Work by Matsushita et al. showed that increased
levels of APRIL and BAFF are mutually exclusive in SSc patients, with
high APRIL levels indicating pulmonary involvement and high BAFF
levels serving as a marker for severe skin fibrosis (106). Opposing
these findings, Bielecki et al. found significant association between
increased production of APRIL by PBMC and greater skin fibrosis, in
addition to pulmonary involvement and increased anti-topo I
antibodies (107). Further work must be done to elucidate the
distinct and overlapping roles of BAFF and APRIL in
SSc pathogenesis.

Recent studies also explore the pathogenic role of B cells and
BAFF in fibrosis and systemic sclerosis. B cells stimulated with
BAFF can upregulate profibrotic markers such as collagen, aSMA,
and TIMPI in SSc human dermal fibroblasts (108). BAFF inhibition
can attenuate fibrosis in a bleomycin-induced mouse model SSc
with reduction of fibrotic IL-6 producing Beffs, but not regulatory
IL-10 producing Bregs (109). The exact contribution of B cells to
fibrotic processes, however, remains unclear and needs
further investigation.

BAFF and APRIL, along with their shared and distinct
receptors, remain promising therapeutic targets for inflammatory
and fibrotic disorders; however, further studies must be done to
understand disease and tissue-specific signaling of these molecules.
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BAFF Activity on Structural and Immune Cells. BAFF (TNFSF13B) can act directly on structural cells (fibroblasts) and immune cells (B cells) to drive
pro-fibrotic and anti-fibrotic effects. Figure was created with BioRender.com.
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6 RANKL : RANK/OPG

The receptor activator of nuclear factor kappa-B ligand
(RANKL) is a TNFSF member (TNFSF11) most well-known for
its role in osteoclastogenesis, maintaining bone homeostasis, and
degradation of ECM in bone tissue (110). The effects of RANKL are
mediated by its binding to its specific, high affinity receptor, the
receptor activator of nuclear factor kappa-B (RANK; TNFRSF11A).
RANK it is expressed on cells of macrophage/monocyte lineage,
which includes bone osteoclasts (111). When RANKL binds RANK,
it activates and differentiates osteoclasts and degrades the
extracellular bone matrix (110). RANKL also has a decoy
receptor, osteoprotegrin (OPG; TNFRSF11B), which is soluble
protein expressed mostly by osteoblasts and an inhibitor of
osteoclast activation, counteracting bone resorption (110, 111).
OPG binds RANKL, limiting RANKL/RANK binding and thus
preventing activation and differentiation of osteoclasts. Under
normal physiological conditions, the RANKL/RANK/OPG axis is
vital for regulating bone turnover and maintaining bone
homeostasis. However, in a disease state, the axis can become
unbalanced and drive fibrosis. Elevated levels of OPG can inhibit
ECM degradation by blocking RANKL-RANK interactions, leading
to the buildup of ECM characteristic of fibrotic diseases.

RANKL is upregulated in multiple fibrotic liver diseases,
indicating it may play a key role in pathogenesis. Primary biliary
cholangitis (PBC) is a disease characterized by injury to the small
intrahepatic bile ducts. PBC patient cholangiocytes express elevated
levels and RANKL and RANK, which can be associated with disease
severity (112). Although the exact role of the RANKL/RANK axis in
PBC is unclear, activating this signaling pathway inhibits the
proliferation of cholangiocytes. The RANKL/RANK axis may
have a protective role in PBC and represents a strong potential
target for treating PBC (112). RANKL and OPG expression are both
significantly elevated in serum of patients with liver cirrhosis, a
disease in which low bone density and bone mass loss can be
potential complications. Fabrega et al. suggest that RANKL is
stimulated by disease-associated pro-inflammatory cytokines,
causing enhanced osteoclast formation, and that the elevated
OPG may be an attempt to counteract the bone loss caused by
this osteoclast formation (111).

The RANKL-RANK-OPG axis has been implicated in fibrotic
lung disease, though further work is needed to better understand its
exact role. In silicosis, a type of pulmonary fibrosis caused by silica
inhalation, silica activates lung macrophages and bone osteoclasts
via RANKL and TLR4 signaling pathways. This process is thought
to increase proteolytic activity of macrophages with a TRAP+ and
high MMP-12 phenotype, which may lead to elastin degradation
and promote lung fibrosis (113). In a mouse model of silicosis, work
by Jin et al. showed that treatment with the naturally occurring
tetrapeptide N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP)
reduces RANKL signaling in macrophages and RANKL-induced
osteoclast differentiation, highlighting a potential therapeutic role
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for blocking RANKL-signaling via Ac-SDKP (113). In cystic fibrosis
(CF), CF-related bone disease, characterized by low bone mineral
density and increased risk of fracture, is a rising cause of morbidity
(114). Human osteoblasts with a CFTR mutation showed RANKL
overexpression and decreased OPG production. This combination
shows an increased RANKL-to-OPG ratio, which can drive
decreased bone resorption that leads to CF-associated bone
loss (114).

The involvement of OPG pathways in the pathology of cardiac
fibrosis is evidenced by several studies. In addition to MI HF, two
other forms of cardiac fibrosis may occur and often co-exist:
interstitial and perivascular fibrosis. While not necessarily
resulting of cardiomyocytes death, these may result in pressure
overload or metabolic dysfunction, due to endothelial and immune
change in response to hypoxia. Both reactive forms of fibrosis lead
to accumulation of fibrous tissue in the perivascular space of
coronary arteries and drive cardiac muscle bundle thickening.

Ageing OPG-KO mice developed less interstitial cardiac fibrosis
and concomitant activation of MMP-2 (115), which is known to be
associated with fibrosis resolution (116), tissue inhibitors of MMP-
1, -2 and the inactivation of procollagen ol synthesis, while
developing cardiac left ventricle hypertrophy and significant loss
of contractile function. Moreover, in OPG-KO mice, cardiac
hypertrophy following Ang-II-induced hypertension is
significantly increased, while less interstitial fibrosis and pro-
collagen-o.1 mRNA expression but increased numbers of
apoptotic cells is observed (117). Moreover, blocking IgE-FcERI
pathways in TAC- or Ang-II-induced-HCM alleviate pathological
heart remodeling and dysfunction. Indeed, in vitro IgE treatment of
neonatal cardiomyocytes or cardiac fibroblast induced hypertrophy
and activation with matrix protein production and OPG gene
expression, respectively (118). In human, OPG levels are
significantly higher in patients with chronic fibrosis after
myocardial infarction than those with no fibrosis, associated with
aortic stenosis severity and poorer prognosis (119). In addition,
higher OPG levels were associated with increased left ventricular
mass index and myocardial stiffness in patients suffering of HF with
preserved ejection fraction (120). Collectively, these data suggest a
critical role for OPG/RANK/RANKL axis in pathological
cardiac remodeling.

The RANKL-RANK-OPG axis represents a potential avenue to
develop novel diagnostics and therapeutics for fibrotic disease. OPG
expression is upregulated in multiple fibrotic tissues, highlighting
the RANKL-OPG interaction as a promising candidate to include in
a biomarker panel to diagnose fibrosis (110, 121). Wang et al.
showed RANKL mutants that can bind RANK but not OPG, which
could be a strong therapeutic tool that warrants further
investigation. This therapeutic works by allowing the RANKL-
RANK interaction to occur, while limiting obstruction from
elevated OPG levels. Future studies should be performed to
further explore the therapeutic potential of targeting the RANKL-
RANK-OPG signaling axis to treat fibrotic diseases.
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7 GITRL : GITR

Glucocorticoid-induced TNF receptor family related protein
(GITR), also known as TNFRSF18, is a type I transmembrane
protein which is constitutively expressed by Tregs at a high level and
by resting CD25 CD4" T cells at a lower level, though expression is
markedly increased following T cell activation (122). In addition to
activated effector T lymphocytes, GITR may also be found on other
activated immune cells such as NK cells and neutrophils (123-125).
GITR is activated by its ligand GITRL (TNFSF18), which is mainly
expressed on B cells, DCs, macrophages and endothelial cells (126,
127). GITR possesses an intracellular domain bearing significant
homology to those of fellow TNFRSF members CD27, 0X40, and 4-
1BB, all of which act as powerful costimulatory signals for T cells
(128-130). GITR itself is no exception in this regard as it functions
as a powerful costimulatory molecule for all T cell subpopulations
(124). Stimulation of CD25°CD4" T cells with agonistic anti-GITR
antibody (DTA-1) results in promotion of proliferative responses,
cytokine production, and expression of activation antigens (131).
Interestingly, while GITR stimulation of CD25"'CD4" T cells
(Tregs) results in increased proliferation, it also leads to
abrogation of Treg mediated suppression (122, 132).

This relationship between GITR and Tregs was further
investigated by Kim and Youn through in-vitro cocultures of
arthritic mouse derived fibroblast-like synoviocytes (FLS) and
Tregs to simulate inflamed synovia. In Tregs, GITRL-expressing
FLS caused a reduction in the expression of Foxp3, the master
transcription factor which drives Treg development and
functionalization (133). Constitutive expression of GITR on Tregs
has been implicated in generating signals which dampen Foxp3-
mediated suppressive action and decrease expression stability (134).
Further, anti-GITR mAb (DTA-1) treated Tregs resisted FLS-
induced Foxp3 downregulation, which supports the evidence that
this Foxp3 downregulation occurs due to GITR signaling (132, 133).
This functional downregulation of Tregs subsequently creates a
pro-inflammatory environment which can develop into fibrosis if
unresolved; however, further in vivo studies investigating this
phenomenon in fibrotic models are needed to unravel the
relationship among GITR, Tregs, and fibrosis.

In a study by Chen et al, they used a co-culture model of
bleomycin treated MLE-12 cells (immortalized mouse lung type II
epithelial cell line) and human menstrual blood-derived mesenchymal
stem cells (MenSC). MenSC were able to significantly reduce
bleomycin induced cell injury and inhibit bleomycin induced
epithelial to mesenchymal transition (EMT) (135). Bleomycin
treated MLE-12 cells cocultured with MenSC showed significant
downregulation of GITR compared to bleomycin treated MLE-12
cells cultured alone (135). Immunophenotyping of 79 patients of
varying degrees of liver cirrhosis found significant upregulation GITR,
CD40L, and OX-40 in patients with cirrhosis as compared to healthy
controls (136). Combined, these findings strongly suggest that GITR
signaling plays a role in promoting fibrosis, and thus could serve as a
potential therapeutic target.

The direct role of GITR signaling in the context of fibrosis is
perhaps best illustrated by the findings of Cuzzocrea et al., where
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bleomycin treated GITR”™ mice displayed significantly diminished
histological signs of lung injury as compared to GITR*'* mice in a
bleomycin model of pulmonary fibrosis (137). Further, cotreatment
of GITR""* mice with bleomycin and a GITRL binding Fc-GITR
fusion protein resulted in a phenotype resembling that of GITR”"
mice, suggesting that these results are indeed due to disruption of
GITRL/GITR signaling. Analysis of BALF also shows that GITR”
BALF has a lower degree of cellularity compared to that of GITR**
mice. Histological findings correlate areas of lung injury with
granulocyte infiltration and show significant reduction of
myeloperoxidase (MPO) activity in both GITR” and Fc-GITR
treated GITR™* mice as compared to GITR™* mice (137).
Another potential contributing factor for the GITR”™ phenotype
is the responsiveness of fully polarized Th2 cells and lack of
responsiveness of fully polarized Thl cells to GITR stimulation, as
shown by in vitro studies conducted by Motta et al. (138). This
distinction is especially relevant as Th2 cytokine signaling is known
to play a central role in the perpetuation of fibrotic processes (139).
The reduction in leukocyte recruitment coupled with an absence of
the GITR stimulated pro-Th2 signaling may generate a relatively
anti-inflammatory and anti-fibrotic environment, thus possibly
explaining the above findings. Though recent studies strongly
imply GITR’s involvement in fibrosis, additional studies are
needed to identify the exact mechanisms responsible.

8 OX40 : OX40L

0X40 (also known as TNFRSF4 or CD134) was originally found
to be a marker of T-cell activation, as it is only expressed transiently
by effector T-cells following antigen binding of the T-cell receptor
(140). Expression of OX40 ligand (OX40L, also known as TNFSF4
or CD252), is largely limited to professional antigen presenting cells
such as dendritic cells or activated B cells (141, 142). OX40-OX40L
signaling is known to modulate activated T-cell activity through co-
stimulatory signaling (143). More specifically, OX40 signaling
promotes activated T-cell survival, proliferation, and cytokine
secretion (144). OX40-OX40L interactions are thus unsurprisingly
implicated in various autoimmune diseases such as SSc or systemic
lupus erythematosus (SLE) (145, 146). However, recent studies
suggest that OX40-OX40L may play direct role in causing or
promoting fibrosis.

The impact of OX40L expression within the context of a
potential new animal model of pulmonary arterial hypertension
(PAH) was investigated in a study by Rabieyousefi et al. PAH refers
to a category of disease which typically presents clinically with
severe pulmonary hypertension and presents histopathologically
with pulmonary arteriole occlusion, medial muscular hypertrophy,
and intimal fibrosis (147). Spontaneous PAH onset was stably
identified in transgenic C57BL/6 (B6) mice which overexpressed
OX40L (B6.TgL). Curiously, this spontaneous onset of PAH was
found to be dependent on the presence of OX40L specifically in the
B6 genetic background. Pathological manifestations in the colon
and lung were observed in transgenic mice with constitutive OX40-
OX40L signaling with a B6 genetic background but not in mice with
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a BALB/c genetic background. These findings aptly point out that
the importance of OX40 signaling in fibrosis may become even
further enhanced when in the presence of certain predisposing
genetic factors.

In a study by Elhai et al., in vivo blockade of OX40L in murine
models of SSc prevented the inflammation-driven fibrosis, fibrosing
alveolitis, and lung vessel remodeling normally associated with this
model (148). Additionally, soluble OX40L levels were significantly
higher in SSc patient serum samples compared to healthy controls,
especially in patients with diffuse cutaneous SSc, the most severe
presentation of SSc. Elevated OX40L serum levels at baseline were
highly predictive for worsening of dermal and lung fibrosis,
indicating that OX40L may serve as a potential biomarker for
fibrosis. Current work further suggests OX40L expression may
impact development and progression of fibrosis in a variety of
different tissues and disease states.

In the skin, the same study by Elhai et al. also found that
OX40L lacking mice were protected against bleomycin induced
dermal fibrosis, as evidenced by decreased dermal thickness,
hydroxyproline content, and myofibroblast count compared to
OX40L expressing mice (148). Blockade of OX40L with anti-
OX40L monoclonal antibodies even caused regression of
established dermal fibrosis in the bleomycin mouse model.
Histological examination of biopsied fibrotic skin from SSc
patients showed the presence of OX40L staining in cells positive
for both CD90 and olSMA, suggesting OX40L is also expressed by
fibroblasts and myofibroblasts in fibrotic skin.

OX40 signaling may also play a central role in the process of
atherosclerosis. Atherosclerosis-prone receptor deficient mice
(LDLR"") were placed on a Western-type diet for 10 weeks to
induce atherosclerotic lesions in the aorta and aortic arch before
being placed on a chow diet and receiving concurrent treatment
with anti-OX40L antibody or PBS (149). While the decrease in
dietary lipids alone did improve lesion stability, lesion regression
did not occur unless anti-OX40 antibody was also administered.
Lesion regression is likely largely due to the loss of Th2 promotion
normally caused by OX40-OX40L signaling. This reduction of Th2
polarization is supported by flow cytometry showing a significant
reduction in GATA-3 positive cells within the CD4 positive T-cell
population. OX40-OX40L signaling disruption represents a
potential therapy for established atherosclerotic lesions.

Interference of 0X40-OX40L signaling presents as an attractive
avenue of potential prophylaxis and/or therapy for a variety of
fibrotic diseases including systemic sclerosis, pulmonary arterial
hypertension, dermal fibrosis, and atherosclerosis. Soluble OX40L
levels also possesses potential as a biomarker for fibrosis and is
predictive of worsening dermal and lung fibrosis in systemic
sclerosis patients. Recent studies have also demonstrated that
OX40L expression extends beyond just professional antigen
presenting cells to also include structural cells such as fibroblasts
and myofibroblasts. Future studies should seek to further examine
the impact of OX40-OX40L signaling in fibrotic diseases beyond the
canonical co-stimulation of T-cells through antigen presenting cells.
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9 CD70 : CD27

CD70 (TNEFSF7) is the single natural cognate ligand for the
transmembrane glycoprotein CD27 (TNFRSF7). CD70 is expressed
on antigen presenting cells and select other cell types like fibroblasts
(150), while expression of CD27 is found on specific subsets of B
and T lymphocytes, NK cells and hematopoietic stem cells (151).
The CD27:CD70 costimulatory pathway has previously been well
characterized as an important axis for signal transduction among T
and B cells (152, 153). This pathway is important for priming naive
T cells and promoting their survival, which directly affects the
formation of effector and memory T lymphocytes. The activation of
T cells leads to MMP-mediated proteolytic cleavage of CD27 from
the cell surface, resulting in secretion of functionally active soluble
CD27 (sCD27) (154-156). Thus, CD27 is expressed on naive T cells
and memory CD4+ lymphocytes, but not on activated effector cells
(152, 157). Concordantly, expression of CD27 is absent from naive
B cells, but upregulation occurs in activated and memory B
lymphocytes (158). The CD70:CD27 cognate interactions in the B
cell compartment are necessary for promotion of T cell dependent
activation of B cells, the formation of germinal centers, as well as
subsequent expansion and differentiation of B cells into plasma cells
(158-161). While CD70:CD27 interactions have been thoroughly
recognized as providing stimulatory signals for T and B cell
activation, the involvement of this axis in fibrosis remains unclear.

Recent research investigating the interaction of CD70 on
fibroblasts proposes CD70 as a possible target in fibrotic diseases.
Tran-Nguyen et al. demonstrated that CD70 agonists, including T-
cell-derived sCD27, were potent inhibitors of fibroblast
extracellular matrix protein production such as collagen and
fibronectin (162). This work highlights CD70:CD27 axis
modulated T cell-fibroblast interactions, linking T cell response to
fibrogenesis. In an acute inflammatory state, high CD27 expression
and sCD27 secretion by activated CD4 T cells drive elevated
fibroblast CD70 activation, consequently inhibiting fibroblast
ECM production. Conversely, chronic inflammation is
predominated by highly differentiated CD4 T-cell effector-
memory (Tem) that do not express or secrete CD27, resulting in
enhanced fibrosis. Though these studies used in-vitro and ex-vivo
modeling to suggest that stimulation of fibroblast CD70 with an
agonist could be a strategy to target fibrosis in chronic disease,
further development of in-vivo modeling is needed to confirm the
potential for targeting CD70 as an antifibrotic treatment.

Mature CD20+ CD27+ B cells were found to be increased in
chronic renal nephritis biopsies in the form of intrarenal lymphoid
follicle-like structures and their levels are correlative with disease
severity (163). Though double labeling for CD27 and CD20
demonstrated a significant mature memory B cell population,
whether these CD20+ CD27+ B cell-dominated structures
represent a harmful or potentially beneficial occurrence for
progression of renal diseases remains unclear. Future loss of
function studies must be done to understand the potential
contribution of these mature B cells to fibrosis development.
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Steele et al.

Doi et al. observed a depletion of CD27+ B cells in cirrhotic
patients compared to healthy controls (164). In addition, the loss of
this population was accompanied by impairment of activation, T-
cell allostimulation, TNF-beta secretion and IgG production.
Supporting these findings, Chang et al. also showed a lack of
CD27+ memory B cells in cirrhotic patients (165). Further, in this
limited pool of CD27+ B cells from cirrhotic patients, there was a
statistically significant increase of the pro-apoptotic CD95 (Fas/
TNFRSF6). They concluded that elevated sensitivity to Fas-
mediated apoptosis, directed by increased exposure surface FasL
and endotoxin, was likely driving the depletion of CD27+ memory
B cells and contributing to systemic infection risk. To resolve the
role of these B cells in cirrhosis, further mechanistic and in-vivo
studies are needed to clearly define any causal relationships between
these phenomena.

In an in-vivo experimental autoimmune myocarditis (EAM)
model, activated cardiac NK cells expressed CD27 and depletion of
CD27+ NK cells during EAM resulted in increased disease severity,
including elevated fibrosis and an influx of cardiac infiltrating
eosinophils (166). In vitro, CD27+ NK cells limited infiltration of
eosinophils both directly, through induction of eosinophil
apoptosis, and indirectly, via alteration of eosinophil-related
chemokines by cardiac fibroblasts. Thus, while this work proposes
a pathway of NK cell-driven eosinophilic regulation, further
confirmation in human models is needed to determine
therapeutic potential of targeting CD27+ NK cells.

Serum levels of soluble CD27 positively correlated with disease
severity in SSc biopsies, highlighting the potential for targeting the
CD27:CD70 axis (161). Thus, skin tissue expression of CD27 and
serum levels of sCD27 may be useful diagnostic markers for SSc.
Similarly, Luo et al. emphasized epigenetic involvement in disease
pathogenesis and highlighted the differential expression of CD70 in
SSc patients, which is associated with disease severity (167). These
studies remain correlative, however, and require in-vivo validation
to determine the contribution of the CD27:CD70 axis in
SSc development.

10 TRAIL : DR4/DR5/DcR1/DcR2

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), also known as TNFSF10, Apo-2 ligand, or CD253, is a
Type II membrane protein bearing high levels of homology to Fas
ligand (168). TRAIL is primarily expressed by lymphocytes,
monocytes, and natural killer cells (169-171). Though membrane
bound, TRAIL can also undergo proteolytic cleavage and be
released in a soluble form which then goes on to bind one of five
different receptors. The canonical TRAIL signaling pathway
involves its binding to either of two death domain containing
death receptors, death receptor 4 (DR4, also known as TRAIL-R1
or TNFRSF10A) (172) or death receptor 5 (DR5, also known as
TRAIL-R2 or TNFRSF10B) (173), thus prompting receptor
homotrimerization along with the recruitment of the adaptor
protein Fas-associated death domain (FADD), resulting in the
formation of death-inducing signaling complex (174). FADD then
recruits and activates procaspase-8 and downstream signaling
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events ultimately lead to apoptosis (174). TRAIL may also bind to
either of two membrane decoy receptors, decoy receptor 1 (DcR1,
also known as TRAIL-R3 or TNFRSF10C) which completely lacks a
death domain (175) or decoy receptor 2 (DcR2, also known as
TRAIL-R4 or TNFRSF10D) which possesses a truncated non-
functional death domain (176). Finally, the secreted glycoprotein
and TNF superfamily member OPG serves as a soluble decoy
receptor for TRAIL, albeit with slightly reduced affinity compared
to DcR1 and DR5 (177). Mice possess two TRAIL decoy receptors
and a single TRAIL death receptor (mDR5) which bears greater
similarity to human DR5 than to human DR4 (178).

Though TRAIL is mainly known for its ability to selectively
induce apoptosis in cancer and transformed cells while sparing
normal cells (179, 180), its potential beyond the treatment of cancer
has gained growing attention in recent years. TRAIL has robust
applications in the context of liver fibrosis. Activated hepatic stellate
cells (aHSCs) are the cell type primarily responsible for liver fibrosis
and were found to have increased expression of DR4 and DR5
(181). This upregulation of DR4 and DR5 suggests that TRAIL may
be capable of selectively targeting aHSCs to effectively treat liver
fibrosis. Indeed, systemic administration of PEGylated TRAIL was
found to ameliorate carbon tetrachloride (CCly) induced liver
fibrosis and cirrhosis in rats, as measured by reductions in aSMA
and collagen deposition, via selective killing of aHSCs without any
off-target apoptosis. The remarkable specificity of this preparation
is noted by the authors to contrast with the recombinant TRAIL
formulations and TRAIL agonists used in cancer research. This
suggests that the design of anti-fibrotic TRAIL/TRAIL agonist
formulations will require additional considerations to limit off-
target effects and perhaps include a mechanism to eventually
suspend apoptosis to allow for tissue healing. This work also
emphasizes the importance of screening potentially targetable cell
types in a fibrotic disease for TRAIL sensitivity, as aHSCs are known
to not undergo spontaneous apoptosis and resist a myriad of
proapoptotic stimuli (182).

The efficacious results of this approach are also demonstrated
by Park et al. in the investigation of engineered TRAIL treatment in
SSc. Dermal myofibroblasts are the principal cell type responsible
for fibrosis in scleroderma and thus present as an obvious potential
therapeutic target. RNA-seq data from skin biopsies of SSc patients
revealed greatly upregulated DR4 and DR5 mRNA expression in
addition to other typical fibrogenic components (183). In vitro
studies of primary human dermal fibroblasts show that TGF-B1, the
cytokine which induces dermal myofibroblasts transdifferentiation,
also significantly induces both mRNA and protein expression of
DR4 and DR5. Treatment with engineered TRAIL not only
selectively killed dermal myofibroblasts but was even able to
reverse established skin fibrosis to near-normal architecture in
both an inducible (bleomycin) and genetic (Tsk-1) mouse model
of SSc.

It is also becoming increasingly evident that TRAIL can play a
major role in fibrotic diseases by affecting inflammatory processes.
In investigating the role of TRAIL in the A fumigatus mouse model
of EoE, TRAIL was significantly upregulated in EoE patients as
compared to their healthy counterparts (184). TRAIL is also known
to upregulate expression of the E3 ubiquitin-ligase midline-1 (MID-
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TABLE 2 Clinical trials targeting TNF superfamily members to treat fibrotic disease.

NCT Number

Target

Therapeutic

Conditions

Ulcerative Colitis

Interventions

Sponsor/Collaborators

HaEmek Medical Center,

Phases

Status

Study
Results

Results
First
Posted

Israel N
NCT03747068 TNF anti-TNF The Influence of Biologisal Treatlment on the Short-Term ?omplications of Surgery in Anti TNF Therapy Drug: Anti-TNF Mount Si;r:Hospital, Completed Res:l)lts
mAb Patients With Inflammatory Bowel Disease. Ileal Pouch Anal Drug R
K Canada Available
Anastomosis (IPAA) . .
University of Toronto
University of Oxford
. . Department of Health, No
ti-TNF Drug: Adali b Ph:
NCT03180957 TNF antt Repurposing Anti-TNF for Treating Dupuytren’s Disease Dupuytren’s Disease g n_mma United Kingdom ase Completed Results
mAb Drug: Saline 2 B
Wellcome Trust Available
180 Therapeutics LP
. Post Operative . . No
NCT00385086 TNF anti-TNF Lumbar Spinal Fibrosis and TNF Alpha Inhibition Sciatica by Lumbar Drug: TNF blocker Asststa-nce PUbhqu_e : Phase Completed Results
mAb R . N Drug: Placebo Hopitaux de Paris 3 )
Spinal Fibrosis Available
soluble Study Evaluating the Safety and Efficacy of Etanercept in Patients With Idiopathic Wyeth is now a wholl; Phase No
NCT00063869 TNF TNFR2-Fc Y e ty Y B K P P Pulmonary Fibrosis Drug: Etanercept Ve L Y Completed Results
. ) Pulmonary Fibrosis owned subsidiary of Pfizer 2 B
fusion protein Available
1la Biosci Ltd N
anti-LIGHT Study of Intravenously Administered Anti-LIGHT Monoclonal Antibody CBS001 in Chronic Drug: CBS001 Capella Bioscience Lt Phase B °
NCT05323110 LIGHT . Centessa Pharmaceuticals Recruiting Results
mAb Healthy Volunteers Inflammatory Disease Drug: Placebo 1 i
ple Available
: . as No
NCT05288504 LIGHT anti-LIGHT A Study to Evaluate the Safety and Efficacy (‘)f AV??(—OOZ for the Treatment of Poorly Non-Eosinophilic Drug: AVTX-002 Avalo Therapeutics, Inc. Phase Recruiting Results
mAb Controlled Non-Eosinophilic Asthma. Asthma Drug: Placebo 2 R
Available
COVID-19 Aevi Genomic Medicine
anti-LIGHT Clinical Trial to Evaluate CERC-002 in Adults With COVID-19 Pneumonia and Acute Pneumonia Drug: CERC-002 ’ Phase Has 4-Mar-
NCT04412057 LIGHT . . LLC, a Cerecor company Completed
mAb Lung Injury Acute Lung Injury Drug: Placebo . 2 Results 22
Avalo Therapeutics, Inc.
ARDS
Aevi Genomic Medicine, No
ti-LIGHT Evaluation of the Safety, Tolerability, and Effi f MDGN-002 in Adults With Moderat Crohn Di Ph .
NCT03169894 LIGHT anty valuation of the Safety, Tolera B ity, an; N clacy ° . n " s Wi oderate 1o n lseas'e' Drug: MDGN-002 LLC, a Cerecor company ase Terminated Results
mAb to Severe Active Crohn’s Disease or Ulcerative Colitis Ulcerative Colitis . 1 R
Avalo Therapeutics, Inc. Available
National Institute of
Biological: Allergy and Infectious
NCT01552681 LTBR ant‘i-LT[‘}R Fc Baminercept, a Lymphotoxin-Beta Receptor Fusion Protein, for Treatment of Sjogren’s Primary Sjogren’s Baminilrcel;t D‘iseasesA (NIAID) Phase Terminated Has 23-Mar-
fusion protein Syndrome Syndrome Autoimmunity Centers of 2 Results 16
Other: Placebo
Excellence
Biogen
Drug: PRA023 TV
Low Dose
. Drug: PRA023 SC Prometheus Biosciences, . No
ti-TL1A Ph: Active, not
NCT05354349 TL1A ant Bioavailability of SC Formulation and Japanese Ethnobridging Study for PRA023 Healthy Drug: Placebo TV Inc. ase N Ne, Ino Results
mAb . 1 recruiting .
Drug: Placebo SC altasciences Available
Drug: PRA023 IV
High Dose
NCT05270668 TL1A anti-TL1A Phase 2 Safety and Ejfﬁcacy ?tudy of P'R'A023 in Slllbjects With Systemic Sclerosis Diffuse 'Cutanem‘xs Dl’l.lgi PRA023 I.V Prometheus Biosciences, Phase Recruiting Rguolts
mAb Associated With Interstitial Lung Disease (SSc-ILD) Systemic Sclerosis Device: Companion Inc. 2 Available
(Continued)
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TABLE 2 Continued

NCT Number

Target

Therapeutic

Conditions

Interstitial Lung

Interventions

diagnostic (CDx)

Sponsor/Collaborators

Status

Study
Results

Results
First
Posted

Disease Drug: Placebo
. No
anti-DR3 . L Phase .
NCT05116969 DR3 mAb A Phase 1 Study of PTX-35 in Healthy Volunteers Healthy Volunteer Drug: PTX-35 Heat Biologics 1 Withdrawn Results
Available
NCT05107492 TL1A anti-TL1A Evaluation of the Pharmacoki{neticsl, Safety and Tolera{b'ility of Single Dose of PF-06480605 Inﬂa.mm.atory Bowel B;zg ?ggzi Pizer Phase Completed szuolts
mAb in Chinese Healthy Participants Disease 1 .
Drug: Placebo Available
. . ) . Drug: PRA023 IV L No
NCT05013905 TLIA anti-TL1A A Phase 2a Safety and Efficacy Open-Label. Study of ?M023 in Subjects With Moderately Crohn Disease Device: Companion Prometheus Biosciences, Phase Recruiting Results
mAb to Severely Active Crohn’s Disease ) . Inc. 2 .
diagnostic (CDx) Available
Drug: PRA023 IV
. . . . Device: Companion . No
NCT04996797 TL1A anti-TL1A A Phase 2 Safety and Efficacy Study_ of PRA02_3 in Su_b,!ects With Moderately to Severely Ulcerative Colitis Diagnostic (CDx) Prometheus Biosciences, Phase Recruiting Results
mAb Active Ulcerative Colitis . Inc. 2 B}
Testing Available
Other: Placebo
Prometheus Biosciences No
ti-TL1A Drug: PRA023 ? Ph:
NCT04676178 TL1A antt A Study of PRA023 in Healthy Volunteers Healthy s Inc. ase Completed Results
mAb Other: Placebo , 1 B}
Celerion Available
No
i-TLIA Evaluati f Safety, Tol ili Ph kinetics of Single D f PF-064: i Drug: PF-064 Ph:
NCT04269538 TLIA anti valuation of Safety, Tolerability and Pharmacol ne'lc's of Single Dose o 06480605 in Healthy rug; 06480605 Phizer ase Completed Results
mAb Japanese Healthy Participants Drug: Placebo 1 R
Available
Drug: 50 mg
Induction/Chronic
Drug: 450 mg No
NCT04090411 TL1A anti-TL1A A Study to Evaluate the Efficacy and Safety of PF-O€48060§ l.n Adult Participants With Moderat.e to SeYe're Induction/Chronic Pfizer Phase Actlvct, lnot Results
mAb Moderate to Severe Ulcerative Colitis Ulcerative Colitis Drug: 150 mg 2 recruiting .
© X Available
Induction/Chronic
Other: 0 mg
Induction ONLY
i-TL1A fety, Effi s Tols ili f PF-064: i j ith M . . Ph: H: 19-Jun-
NCT02840721  TLIA anti Safety, Bfficacy, and Tolerability Study of PF-06480605 in Subjects With Moderate to Colitis, Ulcerative Drug: PF-06480605 Pfizer 3¢ Completed a 9-Jun
mAb Severe Ulcerative Colitis. 2 Results 19
Study to Evaluate the Safety, Tolerability, Pharmacokinetics and Pharmacodynamics of No
i-TLIA Drug: PF-064 Ph:
NCT01989143 TL1A anti Single Intravenous and Multiple Subcutaneous and Intravenous Doses of PF-06480605 in Healthy Tug 06480605 Pfizer ase Completed Results
mAb R Drug: Placebo 1 B
Healthy Subjects. Available
Drug: Telitacicept
160mg No
APRIL, TACI-F Ph:
NCT04905212 R . ClEe . A Study of Telitacicept for Injection (RC18) in Subjects With IgA Nephropathy IgA Nephropathy Drug: Telitacicept RemeGen Co., Ltd. ase Recruiting Results
BAFF fusion protein 2 .
240mg Available
Drug: Placebo
. Drug: Belimumab . - No
ti-BAFF hns Hopkins U Ph:
NCT04767698 BAFF antt Addition of Belimumab to B-cell Depletion in Relapsing-remitting Multiple Sclerosis Multiple Sclerosis Drug: Short-course Johns Hop n.s n}versnty ase Terminated Results
mAb . GlaxoSmithKline 2 B
Ocrelizumab Available
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TABLE 2 Continued

NCT Number Target

Therapeutic

Conditions

Interventions

Drug: Continued

Sponsor/Collaborators

Status

Study
Results

Results
First
Posted

Ocrelizumab
Biological: Atacicept . No
NCT04716231 APRIL, TACI-FC . Atacicept in Subjects With IgA Nephropathy TeA Nepherpathy Other: Placebo to Vera Therapeutics, Inc. Phase Actlve., _nOt Results
BAFF fusion protein Berger Disease . 2 recruiting B
match Atacicept Available
Biological: RC18 No
APRIL, TACI-F Multiple Sclerosis, 160; Ph: .
NCT04625153 . ¢ ) RC18 in Patients With Relapsing Remitting Multiple Sclerosis: Phase II Trial N 1‘p € >¢ er_OSF L mg RemeGen Co., Ltd. ase Recruiting Results
BAFF fusion protein Relapsing-Remitting Biological: RC18 2 B
Available
240mg
Biological: RC18
APRIL. TACI-Fc A Study of RC18 Administered Subcutaneously to Subjects With IgA(Immunoglobulin A) 160mg Phase No
NCT04291781 ? . . td v ) 8A s IgA Nephropathy Biological: RC18 RemeGen Co., Ltd. Completed Results
BAFF fusion protein Nephropathy 2 .
240mg Available
Biological: placebo
Drug: Belimumab
Drug: Rituximab
Other: Placebo Hospital for Special No
NCT03844061 BAEE anti-BAFF Belimumab and Rituximab Combination Tl_1€rapy fo_r the Treatment of Diffuse Cutaneous Systemic Sclerosis Subc_utal?eous Surgery, New York Phase Recruiting Results
mAb Systemic Sclerosis Injection ) ) 2 .
GlaxoSmithKline Available
Other: Placebo
Infusion
Drug: MMF
ti-BAFF Chronic Obstructive Biological: University of Alabama at Ph No
NCT03244059 BAFF an xll;Ab Belimumab Treatment of Emphysema Patients With Anti-GRP78 Autoantibodies Pulmonary Disease Belimumab Birmingham zase Completed Results
Emphysema Drug: Placebo GlaxoSmithKline Available
A Study of the Efficacy and Safety of TACI-antibody Fusion Protein Injection (RC18) in Biological: Placebo No
APRIL, TACI-Fc y, . Y R4 4 4 Moderate and Severe plus MTX Phase Active, not
NCT03016013 . . Subjects With Inadequate Response to MTX Due to Treat Moderate and Severe . L RemeGen Co., Ltd. L Results
BAFF fusion protein . L. Rheumatold Arthritis Biological: RC18 3 recruiting B
Rheumatoid Arthritis. Available
160 mg plus MTX
A Study of the Efficacy and Safety of TACI-antibody Fusion Protein Injection (RC18) in Drug: Placebo plus No
APRIL, TACI-Fe vl v il v ! Moderate and Severe MTX Phase )
NCT02882087 . ) Subjects With Inadequate Response to TNF-? Antagonists Due to Treat Moderate and X . RemeGen Co., Ltd. Terminated Results
BAFF fusion protein . L Rheumatoid Arthritis Drug: RC18 160 mg 2 .
Severe Rheumatoid Arthritis Available
plus MTX
Drug: Placebo EMD Serono Research &
Drug: Atacicept 25 Development Institute, Inc.
APRIL, TACI-F Ph: H: 25-Feb-
NCT02808429 B ARFF fusioncprotcein Efficacy and Safety of Atacicept in IgA Nephropathy IgA Nephropathy mgl Merck KGaA, Darmstadt, 2a 5 Terminated Re:jts 521eb
Drug: Atacicept 75 Germany
mg EMD Serono
Phase No
ti-BAFF BRIGHT-SC: Blisibimod Rq in IgA Nephi thy Following At-H. Treatment b Drug: Blisibimod 2
NCT02062684 BAFF ant isibimod Response in IgA Nep ropatty forowing ome Lreatment By IgA Nephropathy Tug: Bsibimo Anthera Pharmaceuticals ! Completed Results
peptibody Subcutaneous Administration Drug: Placebo Phase R
3 Available
No
ti-BAFF BRILLIANT-SC: A Study of the Effi d Safety of Blisibimod Administration i Drug: Blisibimod Ph
NCT02052219 BAFF antt . SC: A Study o 'e C?CY and Safety of Blisibimo ministration o IgA Nephropathy rug: BUsibimo Anthera Pharmaceuticals ase Withdrawn Results
peptibody Subjects With IgA Nephropathy Drug: Placebo 3 .
Available
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TABLE 2 Continued

NCT Number

Target

Therapeutic

Conditions

Interventions

Drug: Tabalumab

Sponsor/Collaborators

Status

Study
Results

Results
First
Posted

anti-BAFF Evaluation of Tabalumab Using Auto-Injector or Prefilled Syringe in Participants With . . Auto-Injector o Phase . Has 26-Apr-
NCT01676701 BAFF mAb Rheumatoid Arthritis (RA) Rheumatoid Arthritis Drug; Tabalumab Eli Lilly and Company 3 Terminated Results 18
Prefilled Syringe
Drug: Belimumab
Drug: Hospital for Special
i-BAFF M henol s York Ph: H: 24-May-
NCT01670565 BAFF anti Belimumab for the Treatment of Diffuse Cutaneous Systemic Sclerosis Systemic Sclerosis yeop en(o ate Surgery, New o,r ase Completed a ay
mAb Mofetil Human Genome Sciences 2 Results 22
Other: Placebo Inc.
Infusion
ti-BAFF Ph: H: 26-Apr-
NCT01576549 BAFF an ;ﬂ Ab A Study of LY2127399 in Rheumatoid Arthritis Rheumatoid Arthritis Drug: LY2127399 Eli Lilly and Company Za s Terminated Res?jts 1 Spr
NCT01253291 BAFF an:i:FF A Study of Japanese Rheumatoid Arthritis Participants Rheumatoid Arthritis Drug: LY2127399 Eli Lilly and Company Phlase Completed Rgaits 1-1;/1931*—
U
Drug: LY2127399
i-BAFF Ph: H: 23-Oct-
NCT01253226 BAFF am:n A A Study for Japanese Participants With Rheumatoid Arthritis (RA) Rheumatoid Arthritis (Tabalumab) Eli Lilly and Company lase Completed ResZits 3 108ct
Drug: Placebo
i-BAFF Ph: H: 11-Jun-
NCT01215942 BAFF am:n Ab An Open Label Study for Participants With Rheumatoid Arthritis Rheumatoid Arthritis Drug: LY2127399 Eli Lilly and Company 3ase Terminated Re:jts 1]:11
Drug: LY2127399
i-BAFF Ph: H: 14-May-
NCT01202773 BAFF anti A Study in Participants With Rheumatoid Arthritis Rheumatoid Arthritis Drug: Placebo Q4W Eli Lilly and Company ase Terminated a a
mAb 3 Results 18
Drug: Placebo Q2W
ti-BAFF Drug: LY21273 Ph: H: 25-Apr-
NCT01202760 BAFF antt A Rheumatoid Arthritis Study in Participants Rheumatoid Arthritis T8 % Eli Lilly and Company ase Completed a8 pr
mAb Drug: Placebo 3 Results 18
Drug: LY2127399
NCT01198002 BAFF ant;i:FF A Rheumatoid Arthritis Study in Participants on a Background Treatment of Methotrexate Rheumatoid Arthritis g;ﬁ: g}:z::z 82& Eli Lilly and Company Ph;se Terminated R::iits 8_1\1/[;},-
Drug: Methotrexate
anti-BAFF Expanded Access Trial of Belimumab Antibody in RA Patients Who Were Previousl: Human Genome Sciences No longer No
NCT00931086 BAFF P Y o Rheumatoid Arthritis Drug: belimumab Inc., a GSK Company . 5 Results
mAb Treated Under HGS Protocol LBRA99 - available .
GlaxoSmithKline Available
ti-BAFF Relapsing-Remitti Drug: LY2127399 Ph: H: 15-Nov-
NCT00882999 BAFF an xln Ab A Study of Participants With Relapsing-Remitting Multiple Sclerosis (RRMS) ;ﬁ:::i S:II:: osli:g rDulig: Placebo Eli Lilly and Company 2a s Completed Res:its 1 80v
Drug: Atacicept 25
g EMD Serono
APRIL, TACI-F Relapsing Multipl Drug: Atacicept 75 Ph: H: 24-May-
NCT00853762 . N . Atacicept in Multiple Sclerosis Extension Study, Phase IT capsing _u P rug: Atacicep Merck KGaA, Darmstadt, ase Terminated as ¥
BAFF fusion protein Sclerosis mg German: 2 Results 16
Drug: Atacicept 150 Y
mg
NCT00837811 BAFF ant;i:FF An Open Label Extension Study in Participants With Rheumatoid Arthritis Rheumatoid Arthritis f;;lfzg;;:lg Eli Lilly and Company thase Completed R:zits 25-1.:1)1'-
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TABLE 2 Continued

Results
Study First
NCT Number Target Therapeutic Conditions Interventions Sponsor/Collaborators Status Results Posted
nti-BAFF A Study for Patients With Active Rheumatoid Arthritis Despite Ongoing Methotrexat Biological: Ph H 10-Jul
NCT00785928 BAFF & ucy for Fatients ctive Sheumato s Despite Lngoing Methotrexate Rheumatoid Arthritis LY2127399 Eli Lilly and Company ase Completed a u
mAb Therapy 2 Results 18
Drug: Placebo
nti-BAFF A Study for Patients With Rheumatoid Arthritis on Methotrexate (MTX) With an Biological: Phase Has 6-Dec
anti- U T ratiel 1 eumatol Jglet n €l Xate 1th al ER a - -
NCT00689728 BAFF 7 o Arthritis, Rheumatoid LY2127399 Eli Lilly and Company Completed
mAb Inadequate Response to TNF? Inhibitor Therapy 2 Results 18
Drug: Placebo
Biological:
APRIL. TACI-Fc Atacicept in Combination With Rituximab in Subjects With Rheumatoid Arthritis (August Rituximab Merck KGaA, Darmstadt, Phase Has 30-Dec
NCT00664521 ’ . . P ) ! e Rheumatoid Arthritis Drug: Atacicept i ? Completed
BAFF fusion protein 111) Germany 2 Results 16
Drug: Placebo
matched to atacicept
. . Drug: Atacicept
APRIL, TACI-F Rel Multipl Ph: H: 24-May-
NCT00642902 . ¢ . A Phase 2 Study of Atacicept in Subjects With Relapsing Multiple Sclerosis (ATAMS) capsing _u pe Drug: Placebo EMD Serono ase Terminated a ¥
BAFF fusion protein Sclerosis . 2 Results 16
matched to atacicept
Drug: Placebo
matched to atacicept
. . . . . . . . Drug: Atacicept: EMD Serono
APRIL, TACI-F At t in Anti-Ti N Factor Alpha-naive Subjects With Rh toid Arthriti Ph: H: 17-Feb-
NCT00595413 . N i acicept In Anti-Tumor Necrosis Factor Alpha-natve subjects Wi cumatold Arthritis Rheumatoid Arthritis with loading dose Merck KGaA, Darmstadt, ase Completed as s
BAFF fusion protein (AUGUST 1I) i 2 Results 16
Drug: Atacicept Germany
Biological:
Adalimumab
NCT00583557 BAEE anti-BAFF A Continuation Trial for Subjects With Rheumatoid Arthritis That Have Completed Rheumatoid Arthritis Drug; belimumab Human Genome Sciences Phase Terminated Has 29-Jun-
mAb Protocol LBRAOL Inc. 2 Results 11
. . . . . . . Drug: Atacicept EMD Serono
NCT00430495 APRIL, TACI-FC ) A Phase 2 Dose-finding Study of Atacicept in Subjects With Rheumatoid Arthritis Rheumatoid Arthritis Drug: Placebo Merck KGaA, Darmstad, Phase Completed Has 17-Feb-
BAFF fusion protein (AUGUST I) A 2 Results 16
matched to atacicept Germany
anti-BAFF A Multi-Site Study to Evaluate the Safety and Effect of Study Drug on Participants With . . Drug: LY2127399 . Phase Has 18-Mar-
NCT00308282 BAFF Arthritis, Rh toid Eli Lill d leted
¢ mAb Rheumatoid Arthritis T, Sheumatol Drug: Placebo i Lilly and Company 2 Complete Results 19
Drug: Placebo
Drug: Belimumab 1
ki
ti-BAFF B™ i ibody) i mg/kg Human G Sci Ph H 25-Jun-
NCT00071812 BAFF anti A Safety and Efficacy Study of LymphoStat-B" " (Monoclonal Anti-BLyS Antibody) in Arthritis, Rheumatoid Drug: Belimumab 4 uman Genome Sciences ase Completed as Jun
mAb Subjects With Rheumatoid Arthritis (RA) mg/kg Inc. 2 Results 12
Drug: Belimumab
10 mg/kg
Phase No
ti-RANKL University of Manitob: 1
NCT02321280 = RANKL antt The Efficacy of Denosumab in Active Crohn’s Disease Crohn Disease Drug: Denosumab m‘.zers1lty o1 Manitoba Completed Results
mAb University of Toronto Phase .
) ) Available
McMaster University 2
Drug: Denosumab
Drug: Alendroni University of Edinb N
NCT02132026 | RANKL anti;r}l{:;\TKL Study Investigating the Effect of ]2:1151; CU‘,S:odnti: "Sftl'ee;xct)s(;steoporosis on the Progression of Cal;itg‘:oz:izrtic TuE A:ig ronic Br;:li:;rsklleya:')t Fot:z d::ii Ph;se Completed Res:l)lts
) Drug: Denosumab NHS Lothian Available
Placebo
(Continued)
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TABLE 2 Continued

NCT Number Target

Therapeutic

Conditions

Interventions

Drug: Alendronic

Sponsor/Collaborators

Phases

Status

Study
Results

Results
First
Posted

Acid Placebo
. . . . Lo Drug: huMAb No
NCT00983658 OX40L anti-OX40L A Study of huMAb OX40L in the Prfvenn.on of Allﬁ.trgen-lnduced Airway Obstruction in Asthma OX40L Genentech, Inc. Phase Completed Results
mAb Adults With Mild Allergic Asthma 2 :
Drug: placebo Available
Ulcerative Colitis
Digestive System
Diseases
Colitis, Ulcerative
Colitis
Gastrointestinal
ti-OX40 Drug: KHK4083 Ph: H: 5-Mar-
NCT02647866 0OX40 an Study of a Monoclonal Antibody KHK4083 in Moderate Ulcerative Colitis Diseases TuE Kyowa Kirin, Inc. ase Completed a ar
mAb Drug: Placebo 2 Results 20
Inflammatory Bowel
Diseases
Intestinal Diseases
Colonic Diseases
Autoimmune Disease
Abdominal Pain
ti-OX40L I Syst D KY1005 Ph: No
anti- mmune stem rug: ase
NCT03161288 OX40L A Study of KY1005 in Healthy Volunteers . t4 & Kymab Limited Completed Results
mAb Diseases Drug: Placebo 1 i
Available
Drug: ISB 830 - Part
1 Group 1
Drug: ISB 830 - Part
1 Group 2
Drug: ISB 830 - Part .
anti-OX40L Phase 2b Study to Evaluate the Efficacy and Safety of ISB 830 in Adults With Moderate to Moderate to Severe 1 Group 3 Ichnos Sciences SA Phase Active, not Has 28-Jun
NCT03568162  OX40L Y ¥ and satety of ) ' P Glenmark Pharmaceuticals
mAb Severe Atopic Dermatitis Atopic Dermatitis Drug: Placebo - Part SA 2 recruiting Results 22
1 Group 4 o
Drug: ISB 830 - Part
2 Group 5
Drug: Placebo - Part
2 Group 6
NCT03703102 oX40 anti-OX40 Study of an Anti-OX40 Monoclonal Antibot}y (KHK49§3) in Subjects With Moderate to Atopic dermatitis Drug: KHK4083 Kyowa AK‘irin, Inc. Phase Completed Has 9 Jun-22
mAb Severe Atopic Dermatitis Drug: Placebo Kyowa Kirin Co., Ltd. 2 Results
anti-OX40L Drug: KY1005 Phase No
NCT03754309 OX40L A Study of KY1005 in Patients With Moderate to Severe Atopic Dermatitis Dermatitis, atopic 5 Kymab Limited Completed Results
mAb Drug: Placebo 2 B}
Available
anti-OX40L Immune System Phase No
NCT04449939 OX40L A Study of Subcutaneous KY1005 in Healthy Volunteers . th Drug: KY1005 Kymab Limited Completed Results
mAb Diseases 1 Available

Clinical trials in Phases 1-3 targeting TNFSF members or their receptors to treat diseases presenting with fibrosis. Due to the successful results and FDA approval of anti-TNFo. therapies, please note that all clinical trials targeting TNFo could not be listed due to space
constraints. These additional trials can be found at https://clinicaltrials.gov/.
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1), whose downstream signaling events promote inflammation
through inhibition of protein phosphatase 2A (PP2A) activity.
TRAIL deficient mice treated with MID-1 targeted small
interfering RNA (siRNA) displayed reduced esophageal
eosinophil and mast cell counts along with protection against
esophageal circumference enlargement and collagen deposition.
Additionally, TRAIL was found to be necessary for the
upregulation of four key cytokines implicated in EoE
pathogenesis: CCL11, CCL24, TGEpB, and TSLP. It was also
discovered that the production of IL-5, which is the major driver
of allergen induced-EoE, and IL-13, which plays a supporting role
to IL-5, are TRAIL dependent. Histological findings also
demonstrated that TRAIL expression is required for esophageal
remodeling in this model of EoE.

TRAIL exemplifies the diversity of functions found within the
TNF superfamily and shows great promise as a potential therapy for
several fibrotic diseases because of it. Engineered TRAIL has
demonstrated excellent selectivity and efficacy in killing target cell
types in multiple fibrotic diseases, leading to amelioration and
sometimes even reversal of fibrosis in animal models. Notably,
TRAIL can induce apoptosis in cell types which are known to be
particularly resistant, such as aHSCs and MFBs. TRAIL is therefore
an excellent therapeutic candidate in fibrotic diseases where the
primary driver of fibrosis is TRAIL sensitive or could reasonably be
induced to become TRAIL sensitive. However, there is a need for
further investigation into screening potential target cell types for
TRAIL sensitivity and signaling pathways which affect TRAIL, DR4,
and DR5 expression. Finally, the recent findings showing TRAIL’s
involved role in the various inflammatory processes leading to EoE
highlights the need explore TRAIL signaling beyond the canonical
apoptotic paradigm with emphasis on non-canonical
TRAIL signaling.

11 Concluding remarks

Although TNFSF members were first identified as mediators of
inflammation, apoptosis, and cell survival, our lab and others have
recently implicated these members as drivers and regulators of
fibrosis and tissue remodeling in many diseases and across
numerous organs. Based on the growing literature, select TNFSF
members are up regulated in fibrotic disease states in humans.
These TNFSF members represent potential therapeutic targets for
improving fibrotic disease outcomes and novel biomarkers for
tracking disease progression in minimally invasive manners. TNF
inhibitors are already approved and efficacious for treatment of
diseases presenting in end stage fibrosis, including UC, rheumatoid
arthritis, psoriatic arthritis, ankylosing spondylitis, juvenile
idiopathic arthritis, Crohn’s disease, plaque psoriasis, juvenile
idiopathic arthritis, and non-radiographic axial spondyloarthritis.
Currently ongoing clinical trials at many stages of development for
other TNFSF inhibitors, described in Table 2, indicate a potential
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for targeting additional members in fibrotic disorders. Given
current research on TNFSF members and fibrosis, in patients
with scarring and tissue remodeling, blocking select TNFSF
members by either neutralizing reagents or by antibodies to their
receptors may represent a therapeutic benefit compared to presently
available treatments which only slow disease progression as
opposed to reversing fibrosis.
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