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Abstract

generation of anti-tumor alternative therapy.

Cancer is the leading cause of death worldwide, accounting for nearly 10 million deaths every year. Immune
checkpoint blockade approaches have changed the therapeutic landscape for many tumor types. However, current
immune checkpoint inhibitors PD-1 or CTLA-4 are far from satisfactory, due to high immune-related adverse

event incident (up to 60%) and the inefficiency in cases of “cold” tumor microenvironment. TNFR2, a novel hopeful
tumor immune target, was initially proposed in 2017. It not only promotes tumor cell proliferation, but also
correlates with the suppressive function of Treg cells, implicating in the development of an immunosuppressive
tumor microenvironment. In preclinical studies, TNFR2 antibody therapy has demonstrated efficacy alone or a
potential synergistic effect when combined with classical PD-1/ CTLA-4 antibodies. The focus of this review is on
the characteristics, functions, and recent advancements in TNFR2 therapy, providing a new direction for the next
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Introduction

The cancer burden is a crucial global public health prob-
lem, which exerts tremendous physical, emotional and
financial strain on people. According to the World Health
Organization (WHO) estimates, cancer is the first or sec-
ond leading cause of death before the age of 70 years in
112 of 183 countries and ranks third or fourth in a fur-
ther 23 countries [1, 2]. In 2022, there were 20 million
new cancer cases and 9.7 million deaths. Approximately,
one in five people will develop cancer in their lifetime,
and about one in nine men and one in 12 women will
die from it [3]. The three predominant malignancies
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worldwide, namely colorectal cancer, lung cancer, and
breast cancer, are characterized by aggressive disease
progression, formidable therapeutic challenges, and dis-
couraging survival rates [4]. Treatment usually includes
surgery, radiotherapy, and/or systemic therapy (che-
motherapy, hormonal treatments, targeted biological
therapies).

Recently, the discovery of immune checkpoint inhibi-
tors (ICIs) might has potentially ushered in a new era in
cancer treatment, demonstrating remarkable advance-
ments in prolonging the survival rates of patients with
metastatic cancer [5]. In 2021, the sales of malignant mel-
anoma and non-small cell lung cancer therapies reached
$4.7 billion, and $24.1 billion, with ICIs attributing the
majority (72% and 60%, respectively) [6, 7]. The world’s
second approved PD-1 inhibitor Keytruda (Pembroli-
zumab) has overtaken Humira as the best-selling drug
with $25 billion in annual sales. However, it is impor-
tant to note that up to 60% of patients treated with ICIs,
may experience immune-related adverse events (irAEs)
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such as pruritic diarrhea, myocarditis, colitis, panhypo-
pituitarism, dermatitis, autoimmune hepatitis, autoim-
mune pituitary inflammation, and hepatitis [8]. This is on
account of the wide expression of programmed death 1
(PD-1) and Cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) receptors in different types of T cell popula-
tions in various parts of the body [9]. The lack of effector
T cells or the presence of immunosuppressive cells may
contribute to a “cold” tumor microenvironment, lead-
ing to poor response rates in certain patients undergoing
immunotherapy [10].

In comparison to the afore mentioned IClIs, tumor
necrosis factor receptor II (TNFR2) offers a more signifi-
cant advantage. On the one hand, TNFR2 is expressed on
the surface of immunosuppressive cells and tumor cells
as a crucial factor contributing to the “immune privilege”
of tumors [11]. On the other hand, TNFR2 can promote
the expression of programmed cell death-ligand 1 (PD-
L1) on tumor cells to promote T cell depletion and tumor
immune escape [12] (Fig. 1). Consequently, the develop-
ment of TNFR2 target drugs serves as a useful supple-
ment to the ICIs such as PD-1/PD-L1. Since TNFR2 was
initially proposed to be a novel tumor immune target
in 2017, various studies have provided substantial evi-
dence of the significant effectiveness of TNFR2 antibod-
ies in recent years for cancer treatment [13]. The TNFR2
monoclonal antibody has the ability to specifically bind
to the extracellular domain of TNFR2 and effectively
induce apoptosis in regulatory T cells (Tregs) infiltrat-
ing the tumor. Activation of CD8* T cells enhance the
immune response against tumors and facilitates direct
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cytotoxicity towards tumor cells both in vivo and in
vitro [14, 15]. Promising results were observed in both
PD-1-sensitive and PD-1-resistant models, demonstrat-
ing significant tumor suppression [12]. Furthermore,
the combination of TNFR2 antibodies and PD-1/PD-L1
inhibitors has demonstrated superior therapeutic efficacy
in multiple preclinical and clinical studies compared to
either treatment alone [16—18].

Currently, approximately twenty TNFR2 antibodies
are in the preclinical or phase I/II clinical stages with
favorable profiles, indicating that TNFR2 drugs will be
hopefully launched in the future. This review provides a
comprehensive overview of the development of TNFR2
target drugs, with a specific focus on their mechanism,
anti-tumor efficacy, safety profile and pharmacodynam-
ics in both preclinical and clinical trials. Moreover, we
discuss the remarkable effect and broad prospect of the
combination of TNFR2 and PD-1/PD-L1 monoclonal
antibodies, which provides a new direction for the future
development of immune checkpoint inhibitors.

Expression, structure, and signal transduction of
TNFR2

There are two different tumor necrosis factor receptors
in the expression and structure, TNFR1 and TNFR2.
TNEFRI, also known as p55, is ubiquitously expressed
across various cell types (excluding erythrocytes), while
TNEFR2 (p75) is mainly expressed in tumor cells and a
variety of immunosuppressive cells, such as Tregs [19—
21], myeloid-derived suppressor cells (MDSCs) [22], oli-
godendrocytes [23] and mesenchymal stem cells (MSCs)
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Fig. 1 Mechanism of action of PD-1/PD-L1 antibody combined with TNFR2 antibody. IL.-6 and TNF-a synergistically induce the binding of signal trans-
ducer and activator of transcription 3 (STAT3) and TNFR2 promoter in tumor cells to promote the expression of TNFR2. Then, TNF-a-TNFR2 activates the
expression of PD-L1 via NF-kB to induce T cell depletion, promote tumor cell growth and enhance the function of immunosuppressive cells. The combi-
nation of TNFR2 antibody and PD-1/PD-L1 antibody can inhibit the proliferation of Treg and tumor-associated macrophage (TAM), induce the apoptosis
of tumor cells and the expression of PD-L1, and thus enhance the tumor-killing effect of T cells
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[24]. TNFR1 and TNFR2 are both type I transmem-
brane proteins, consisting of an N-terminal extracellular
domain (ECD) of four cysteine-rich domains (CRDs), a
transmembrane domain, and a cytoplasmic domain [25].
The CRD1 and CRD2 regions exhibit structural simi-
larity, while displaying variations in domain sequence
and conformation.TNFR2 consists of 461 amino acids,
of which the first 256 amino acids form an extracellular
structure containing four cysteine-rich motifs, 31 amino
acids form a transmembrane domain, and the last 174
amino acids form an intracellular structure with TNF
receptor-associated factor 2 (TRAF2) binding sites [26].
The TNFR2 receptor on the cell membrane exists in a
dynamic equilibrium state, alternating between inac-
tive monomers and double/trimer receptors. This recep-
tor has the ability to self-assemble with transmembrane
tumor necrosis factor (TNF), forming homologous tri-
mers on the cell membrane and initiating downstream
signal transduction [27, 28]. The other most determina-
tive differences between TNFR1 and TNFR2 are shown
in Fig. 2.
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TNFR1 intracellular death domain (DD) can combined
with TNF receptor-associated death domain (TRADD)
and receptor-interacting serine/threonine protein kinase
1 (RIPK1) [29, 30]. The different ubiquitination states of
RIPK1 activate different downstream response signaling
pathways to mediate apoptosis or programmed necrosis
[31]. Devoid of DD, TNFR2 cannot recruit TRADD but
can interact directly with TRAF1 or TRAF2 via intracel-
lular conserved TRAF binding domains to recruit cellular
inhibitor of apoptosis protein 1 and 2 (cIAP1/2), thereby
initiating downstream signaling [32]. K63-ubiquitin
chin-bound cIAP1/2 can recruit linear ubiquitin chain
assembly complex (LUBAC), while the M1-linked ubiq-
uitin chains formed by LUBAC allow the recruitment of
transforming growth factor-beta actived kinase 1 (TAK1)
and ikappaB kinases (IKK) complexes [33, 34]. As in the
case of TNFR1 signaling, this results lead to phosphory-
lation of IxB and degradation of ubiquitination protea-
some to form a heterodimer of nuclear factor kappa-B
(NF-kB) composed of p65 and p50 subunits, translo-
cated into the nucleus, where it results in activation of
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Fig. 2 Signaling pathways involved in TNFR2. TNFR2 recruits TRAF2 and clAP1/2 to activate NF-kB and AP1 transcription factors via distinct pathways,
resulting in the transcription of target genes. This, in turn, promotes the development of tumor cells and angiogenesis. Moreover, TNFR2 can engage in
crosstalk with TNFR1 to induce apoptosis
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NF-«B-dependent transcription such as anti-apoptotic,
and pro-survival genes [35].

Different from TNFR1, TNFR2 triggers non-regulated
NF-kB signaling by promoting the activation of NF-kB-
induced kinase (NIK) [36]. In the absence of stimulation,
NIK is ubiquitinated by the intracellular TRAF/cIAPs
complex and further degraded by the proteasome. TNF-a
binds to TNFR2 to recruit the TRAF/cIAPs complex,
which leads to NIK stabilization and activation. Activated
NIK phosphorylates and induces the processing of p100,
which is hydrolyzed by regulated proteins to form p52/
RelB heterodimers, which enter the nucleus and regulate
the transcription of target genes.

Furthermore, TNFR2 can activate the c-Jun N-terminal
kinase (JNK) and Endothelial/Epithelial tyrosine kinase
(Etk) pathways [37, 38]. TNFR2-induced activation of the
JNK pathway occurs through a nonapoptotic TRAF2-
dependent pathway [39, 40]. TRAF2 induced the activa-
tion of the ASK Interacting Protein 1 (AIP1), resulting
in phosphorylation of apoptosis signal regulating kinase
1 (ASK1) and activation of ASK1-JNK signaling [35, 41—
43]. TNFR2 involves the activation of Etk (also known
as bone marrow X-linked kinase, Bmx) independently
of TRAF2 [38, 44]. Etk mediates TNF-induced transac-
tivation of vascular endothelial growth factor receptor
2 (VEGFR2), which in turn activates Etk. The mutual
activation between Etk and VEGFR2 promotes the phos-
phorylation of Etk at Tyr-566 to mediate the recruitment
of phosphatidyl inositol 3 kinase (PI3K), leading to the
activation of Akt (also known as protein kinase B, PKB),
promoting pro-survival and reparative cascades [38, 45].

In addition, TNFR2 can indirectly induce cell death
through crosstalk with TNFR1. TNFR2 induces c-IAP1
with E3 ligase activity by labeling TRAF2 with ubiqui-
tination, and then the proteasome degrades TRAF2.
Depletion of TRAF2 inhibits TNFR1-mediated NF-kB
and mitogen-activated protein kinase (MAPK) signal-
ing pathways and facilitates the formation of death com-
plexes [46, 47].

The membrane-bound TNFR2 (mMTNFR2) can undergo
proteolysis by TNF-a converting enzyme (TACE), result-
ing in the generation of soluble TNFR2 (sTNFR2) that is
released into the bloodstream while retaining its ligand-
binding functionality [48]. Notably, the immunosuppres-
sive or immunostimulatory properties of mTNFR2 are
primarily determined by the specific cell type express-
ing the receptor, while the shed STNFR2 predominantly
exhibits immunosuppressive effects [49]. The shedding
of TNFR2 from the surface of CD8*T cells lead to a
reduction in the number of membrane surface receptors,
thereby attenuating the sensitivity of activated CD8*T
cells towards TNF-a action [50]. Activated Tregs can
release a substantial amount of STNFR2, thereby antago-
nizing the effect of TNF and inhibiting the active immune
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response induced by the TNE-TNFR1 signaling pathway,
consequently preventing the inflammatory impact of
TNF [51]. Simultaneously, Tregs expressing membrane-
bound TNFR2 can independently enhance the immuno-
suppressive behavior of Tregs.

Generally, the activation of TNFR2 signaling pathway
in various cell types and plays important roles in several
physiological functions. TNFR2 activation on Tregs pro-
motes their proliferation, survival, and immunosuppres-
sive properties, helping to maintain immune homeostasis
and prevent excessive immune responses [52]. It has been
shown to promote the expansion and activation of stem
cells, which play a critical role in tissue repair and regen-
eration [53]. TNFR2 activation on stem cells can enhance
their proliferation, differentiation, and tissue regenerative
capacity [24]. Activation of TNFR2 on neurons has been
shown to promote neuronal survival and protect against
neurodegenerative diseases. TNFR2 signaling also con-
tributes to synaptic plasticity, neural development, and
maintenance of cognitive function [54, 55]. TNFR2
activation in endothelial cells promotes vascular repair
and angiogenesis, contributing to cardiovascular tissue
regeneration and maintaining vascular integrity [56, 57].
It also plays a role in regulating vascular inflammation.
Currently, TNFR?2 serves as a crucial regulator within the
tumor microenvironment, making TNFR2 antibodies a
central area of focus in ongoing research.

TNFR2 functions in tumor cell proliferation and
oncogenesis

The function of TNFR2 in tumor cells

The malignant degree of the tumor progressively inten-
sified as TNFR2 accumulated within the tumor [58].
Under the stimulation of IL-6 and TNF-a, STAT3 syner-
gistically activates the TNFR2 promoter, leading to aber-
rant expression of TNFR2 on diverse tumor cell lines.
Consequently, this event triggers AKT phosphorylation
to facilitate tumor cell proliferation [59] and promotes
Ki67-mediated DNA damage repair [60, 61], thereby
safeguarding tumor cells from harm (Fig. 3A). Tumor
necrosis factor-like weak inducer of apoptosis (TWEAK)
/ fibroblast growth biofluid factor - inducible 14 (Fn14)
activation represents the predominant mechanism
underlying TNFR2-mediated augmentation of tumor
invasiveness and metastasis. The reciprocal interaction
between TNFR2 and TWEAK/Fn14 triggers the activa-
tion of NF-kB signaling pathway, subsequently leading to
matrix metalloproteinase-9 (MMP-9)-mediated degrada-
tion of extracellular matrix (ECM), thereby facilitating
tumor invasion and metastasis [62, 63] (Fig. 3A). Addi-
tionally, the release and activation of vascular endothelial
growth factor (VEGF) further contribute to the promo-
tion of tumor metastasis.
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Fig. 3 The role of TNFR2 in the tumor cell. (A) TNFR2 facilitates tumor cell proliferation and DNA repair through activation of NF-kB signaling. It also in-
duces the secretion of MMPs and upregulates VEGF expression in tumor cells. (B) TNFR2 is associated with enhanced proliferation and VEGFR2 expression

in endothelial cells, promoting angiogenesis and metastasis

The role of TNFR2 in tumor angiogenesis

The upregulation of PGRN is observed in malignant cells,
resulting in the facilitation of VEGF-A, VEGEF-C, and
fibroblast growth factor 1 (FGF-1) expression through
TNFR2/Akt and ERK signaling pathways [64—66]. Within
endothelial cells, TNFR2 promotes the survival of endo-
thelial progenitor cells (EPCs) and endothelial cell (ECs)
via the NF-«B signaling pathway while stimulating acti-
vation of the Etk/Bmx pathway to enhance VEGFR2
expression in ECs [64, 67, 68] (Fig. 3B). Upon interac-
tion between VEGFR and VEGF proteins, immediate
phosphorylation occurs on tyrosine residues within the
intracellular signal transduction region, thereby initiating
downstream intracellular signaling pathways that ulti-
mately drive vascular endothelial cell growth, prolifera-
tion, maturation, and neovascularization.

The function of TNFR2 in tumor killer cells

During the initial stages of tumor growth, T cells are
attracted to the tumor, exerting cytotoxic effects on can-
cerous cells and impeding their sustained proliferation.
TNEFR2 expression is implicated in the proliferation of
CD8* T effector cells during immune responses (Fig. 4A).
In the early stages of immune response, TNFR2 functions

as a co-stimulatory molecule for CD8* T effector cells,
promoting the production of IL-2, survivin, B-cell lym-
phoma-2 (Bcl-2), and Bcl-xL. This facilitates the sur-
vival and expansion of CD8" T effector cells while also
contributing to the regulation of T cell receptor (TCR)/
CD28-mediated cellular activation [69, 70]. First, TNFR2
leads to NF-«B induction through AKT activation in
response to TCR/CD28-mediated stimulation in early
CDS8™ T cells [71]. This lowers the activation threshold for
T cell in vitro and provides an early co-stimulatory signal
that promotes T cell activation, which has been demon-
strated by the fact that Tnfr2~'~ CD8* T cells require a
five-fold higher concentration of TCR agonists com-
pared to normal CD8" T cells. Second, activated CD8*
T cells possess the ability to produce pro-inflammatory
cytokines including interferon (IFN-y) and TNF-a, to
clear antigens. TNFR?2 is crucial for mediating the secre-
tion of these cytokines by CD8* effector T cells (Teffs),
as evidenced by studies conducted in the tumor lymph
nodes of Tnfr2~'~ mice. The proportion of CD8" T cells
is significantly reduced, and tumor-specific CD8" T cells
exhibit diminished production of IL-2 and IFNy [52, 70,
72]. In addition, TNFR2 plays a pivotal role in the regula-
tion of activation-induced cell death (AICD) in activated
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B The later stage of tumor

Fig. 4 The role of TNFR2 in the tumor microenvironment. (A) During tumor growth, both tumor cells and the TME release TNF-q, which triggers prolifera-
tion of CD8*T cells and NK cells within the tumor microenvironment to mount an effective immune response against cancerous cells. (B) Over time, the
TME attracts an increasing number of immunosuppressive cells (including Tregs and MDSCs), leading to suppression of anti-tumor responses. Further-
more, prolonged exposure of CD8™T cells to TNF-a drives them towards AICD, enabling tumor cells to evade immune control mechanisms

CD8* Teff [73, 74]. TNFR2 serves as the signal molecule
that triggers apoptosis in CD8" Teffs cells, while TRAF2
functions as a pro-survival signal, recruiting the apop-
tosis protein inhibitor cIAP-1/-2 and activates NF-xB
to mediate its anti-apoptotic effects. However, TNFR2
stimulation induces mitochondrial hyperpolarization
resulting in increased reactive oxygen species (ROS) pro-
duction and causing DNA damage, thereby leading to
degradation of TRAF2 survival signals and triggers pro-
grammed cell death in activated CD8" T cells [75].

The interaction between dendritic cells (DCs) and
natural killer (NK) cells also necessitates the TNF-
TNER2 interaction (Fig. 4A). Membrane-bound TNF-a
expressed by DCs engages with TNFR2 on NK cells,
thereby inducing NF-«B activation in NK cells and sub-
sequently initiating the transcription of cytokine factors
such as granulocyte-macrophage colony stimulating fac-
tor (GM-CSE). This leads to an augmented secretion of
IL-12 and IFN-y production in DCs, resulting in ampli-
fied proliferation and heightened cytotoxic activity of NK
cells [76, 77]. Additionally, TNF-TNFR2 signaling can
directly upregulate the expression of CD25 (IL-2Ra) and
nutrient transporters in NK cells, promoting a metabolic
shift towards aerobic glycolysis and facilitating the prolif-
eration of NK cells [78].

Function of TNFR2 in immunosuppressive cells

As the tumor progresses, the tumor microenvironment
(TME) progressively recruits an increasing number of
immunosuppressive cells, such as Tregs and MDSC,
resulting in suppression of the anti-tumor immune

response and facilitating immune evasion by tumor cells
(Fig. 4B). There is a significant research focus on the
TNFR2-dependent proliferation and enhanced effects
of Tregs, which are a subset of immunosuppressive cells
responsible for maintaining immune homeostasis by
inhibiting excessive Teffs proliferation and secreting
inhibitory cytokines [79, 80]. In addition to CD4* Tregs,
a subset of CD8" T cells also possess regulatory proper-
ties. Both CD4" Tregs and CD8" Tregs exhibit shared
characteristics such as the expression of TNFR2, CD25,
and Foxp3 markers, enabling them to suppress immune
responses through cytokine induction [81, 82]. Nonethe-
less, the origin of CD8" Tregs differs from that of CD4"
Tregs, which are induced by unknown factors within the
TME. Multiple lines of evidence support this notion; spe-
cifically, CD8" Tregs have been exclusively identified in
tumor sites such as those found in breast, prostate, and
colon cancers. Conversely, natural CD4" Tregs (nTregs)
and inducible CD4" Tregs (iTregs) have been detected in
various locations including the thymus, peripheral blood
mononuclear cells (PBMC), and the TME (73, 83]. The
accumulation and infiltration of numerous Tregs within
the TME facilitate immune evasion, particularly by Tregs
with elevated expression levels of TNFR2 that exhibit
potent immunosuppressive activity [19-21]. Accumula-
tion of highly suppressive TNFR2" Tregs in the TME has
been observed in LEwis lung and breast cancer mouse
models, as well as in mouse liver and colon cancers [52,
60, 79, 84]. Furthermore TNFR2* Tregs have been dem-
onstrated to promote the infiltration and metastasis of
tumor cells into the pleural cavity in lung cancer-induced
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malignant pleural effusion (MPE). These TNFR2* Tregs
possess polyclonal properties and display robust immu-
nosuppressive functions [85]. Patients diagnosed with
acute myeloid leukemia (AML) were observed to exhibit
elevated levels of Tregs, concomitant with a significant
augmentation in the abundance of TNFR2 on the surface
of these cells. Importantly, this elevation demonstrates a
positive correlation with disease severity [86]. In conclu-
sion, tumor-infiltrating Tregs exhibit robust immunosup-
pressive capabilities.

The selective upregulation of TNFR2 in Tregs is facil-
itated through three subsequent pathways: NF-kB,
MAPK, and PI3K-Akt signaling cascades [87]. Abundant
evidence strongly supports a robust association between
the activation, proliferation, and stability of Treg cells
and the non-canonical NF-kB pathway induced by trans-
membrane TNF-a (tmTNF-a) binding to TNFR2. In
stark contrast to TNFR1, TNFR2 lacks a death domain
but can recruit the TRAF-2/cIAP-1/cIAP-2 complex,
leading to the activation of both canonical and non-
canonical NF-kB signaling pathways. Notably, cIAP
exerts ubiquitin ligase activity while inhibiting cysteine
aspartase and other apoptosis-inducing factors [85, 88—
91]. Besides NF-kB, the signaling of TNFR2 also regulates
the MAPK family members, which are crucial factors.
The binding of TNF-a to TNFR2 triggers the activation
of ERK, JNK, and p38, thereby promoting the prolifera-
tion and development of Tregs. This is further supported
by the observed inhibition of TNF-induced expansion of
Tregs upon treatment with a p38 inhibitor [92]. In con-
trast to NF-kB and MAPK, PI3K-Akt-mTOR pathway
plays a crucial “tool” in maintaining the functional con-
sistency and stability of Tregs [93]. Nonetheless, recent
evidence suggests that NF-xB and MAPK directly regu-
late the expression of IL2, which enhances the expansion
and stability of Tregs with exerting potent inhibition [88,
90, 94-96].

Function of TNFR2 in stem cell
ROS accumulation is the primary mechanism by which
MDSCs and EPCs enhance their immunosuppressive
function. Activation of tmTNF-a/TNFR2 induces a high
level of arginase activity, NO synthetase transcription,
secretion of NO, reactive oxygen species, IL-10 and TGF-
B, as well as ROS and peroxynitrite accumulation. These
lead to tyrosine nitration that impairs CD8* T cell bind-
ing to phosphorylated MHC [22, 97-100], and result
in loss of reactivity for CD8* T and NK cells towards
specific antigens. Additionally, secretions of IL-10 and
TGF-p are also promoting factors in inducing amplifica-
tion of Tregs.

TNFR2 is essential for MSC immunomodulatory
[101], which facilitates MSC to increase the content of
CD4*Foxp3* T regs and CD8"Foxp3* T regs. Previous
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studies suggested that 20% of CD8* T cells expressed
Foxp3, which were twice as much as those co-cultured
with Tnfr2~~ MSCs when co-cultured with TNFR2*
MSCs. And TNFR2" MSC-induced CD8* Tregs were
more immunosuppressive [24, 102, 103]. The tmTNF-a/
TNER2 signaling is crucial for conversion of bone mar-
row-MSC (BM-MSCs) into Tumor-MSC (T-MSCs). In
addition to promoting expression of immunosuppres-
sive factors and enhancing the proliferation, TNFR2
mediates the chemokine secretion in MSC, which leads
the MSC localized in tumor [104, 105]. BM-MSCs tend
to tumor and secret inflammatory cytokines to promote
tumorigenesis, after stimulation with TNF-a [101, 104].
In TME, BM-MSCs differentiate into CAFs, which pro-
mote tumor cell proliferation, migration, and invasion by
inducing epithelial-mesenchymal transition (EMT) and
secreting matrix metalloproteinase (MMP) or growth
factors [106]. Activation of the TNFR2-NF-«kB-IRF1 sig-
naling pathway induces CAFs to secrete IL-33, which
enhances migration and invasion of gastric cancer cells
via EMT [107].

Mechanism of TNFR2 antibody

Molecular mechanism of TNFR2 antibody

In normal circumstances, TNF and TNFR2 assemble
into trimers to initiate downstream signaling pathways
(Fig. 5A). However, TNFR2 antagonists selectively cap-
ture newly synthesized, unassembled TNFR2 proteins
on rapidly proliferating cells prior to the trimerization of
TNF occurs. By forming an anti-parallel dimeric struc-
ture, the antagonist becomes firmly locked in the dimer
interface. In this conformation, the proximity of the
TNER2 binding region only allows for the accommoda-
tion of one Fab fragment, while the other Fab binds solely
to an adjacent anti-parallel dimer within a hexagonal lat-
tice arrangement [108].

TNEFR2 comprises four cysteine-rich domains, CRD1,
CRD2, CRD3 and CRD4 [109]. The CRD1, also known as
pre-ligand assembly domain (PLAD), primarily involved
in TNER self-assembly on the cell surface. The CRD 2
and CRD3 domains are considered responsible for bind-
ing to tumor necrosis factor. Deletion of CRD4 could
result in about a 10-fold reduction in affinity for TNF-a,
indicating that CRD4 is important but not necessary for
TNF binding. In the crystal structure of the TNF-TNFR2
complex (Fig. 5B), the CRD1 region is spatially separated
by more than 30 A distance and thus unable to interact;
however, it is noteworthy that CRD1 is considered as the
primary site for agonist binding. The coalescence of two
adjacent TNFR2 molecules serves to stabilize the recep-
tor and augment signaling [110]. Antibodies targeting
TNER2 engage with its CRD1 domain, occupying the
binding site of TNFR2 agonists and impeding their sig-
nal-enhancing effects. Notably, TNFR2 antagonists exert
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Fig. 5 Difference in the binding mode between the native TNF-TNFR2 and the antibody-TNFR2 complex. (A) TNFR2 monomers (shown in orange) form
antiparallel dimers, and the combination of trimer and dimer symmetry leads to the formation of a hexagonal network, as shown on the right, where the
hexagon can be repeated to form an infinite network. TNFR2 antagonists can lock the non-signaling state of the receptor in the antiparallel dimer state,
thereby blocking ligand binding and signaling. TNFR2 binds to TNF to form a signaling complex that maintains hexagonal symmetry, and agonists can be
attached in the middle of the complex to act as stabilizers and maintain signaling. (B) The native TNF-TNFR2 complex. The hydrogen bonds are depicted
using yellow dashed lines (PDB entry: 3ALQ). (C) The TNFR2-TNFR2 biparatopic antibodies complex (PDB entry: 8HLB). The hydrogen bonds are depicted

using yellow dashed lines

their antagonistic role primarily through ligand blocking
and agonist inhibition. Within the CRD2 domain, Cys71,
Ser73, Cys74, and Arg77 of TNFR2 potentially form
hydrogen bonds with Ala33, Arg32, GIn21, and Glu23
of TNF respectively. Moreover, Argl13 of TNFR2 may
establish hydrogen bonds with Asp143 and GIn149 of
TNF in close proximity [111].

In Fig. 5C, the TNFR2 antibody primarily binds to
the CRD1, CRD2, and CRD3 domains of TNFR2. The
Fab fragment of the TNFR2 antibody forms hydrogen
bonds with Asp25, GIn26, Thr27, and Glu70 in the CRD2
domain while another Fab fragment binds to Asp81 in
the CRD2 domain and Argl13 and Cys115 in the CRD3
domain through hydrogen bonding. Previous studies
have identified Arg77 and Argl13 as crucial residues that
bind to TNF [111]; thus, TNFR2 antibodies also occupy
arginine residues at position 113 of TNFR2. The overlap
between TNFR2 antagonists and TNF binding sites sug-
gests that its antagonistic effect results from ligand block-
ing. Additionally, although it does not directly occupy
the 77th amino acid site, the Fab of the TNFR2 antibody
firmly fixes onto both CRD1 and CRD2 domains, effec-
tively inhibiting the binding binding between TNF ligand.

The anti-tumor effects of TNFR2 agonists and antagonists
It is very interesting that both TNFR2 agonists and antag-
onists can be promising candidates for anticancer ther-
apy; however, their mechanisms of action differ.
Activation of TNFR2 to enhance the proliferation and
cytotoxicity of T cells and NK cells may exert a favorable
impact on tumors characterized by increased infiltra-
tion of T lymphocytes. CD8* T cells play a crucial role
in immune surveillance [112]. A favorable prognosis
can be associated with a high presence of CD8* T cells
exhibiting potent cytotoxic abilities within tumor tis-
sues. Promoting the augmentation of CD8* T cells with
cytotoxic capabilities in tumor tissues is beneficial for
impeding tumor progression and potentially eradicating
tumors altogether. The administration of TNFR2 agonist
antibodies leads to the in vitro activation of CD8* T and
CD4* T cells. Deficiency in CD8" T cells and NK cells
diminishes the activity of TNFR2 agonist antibodies.
Remarkably, TNFR2 agonist antibodies still exhibit anti-
tumor effects even in the absence of CD4* T cells [52].
Blockade of TNFR2 can impede immunosuppres-
sive function and ameliorate the tumor microenviron-
ment. A high concentration of Treg cells within the
tumor microenvironment can impede the activation
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Table 1 Ongoing clinical trials of anti-TNFR2 agents
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Name Manufacturer Phases Description Conditions NCT number
BI-1910 Biolnvent I/lla Agonist Solid Tumors NCT06205706
Non-Small Cell Lung Cancer
Hepatocellular Carcinoma
HFB200301 HiFiBiO Therapeutics la/lb- Agonist Cervical Cancer NCT05238883
Gastric Cancer
Head and Neck Squamous Cell Carcinoma
Melanoma/Mesothelioma
Non-Small Cell Lung Cancer
Renal Cell Carcinoma
Sarcoma
Testicular Germ Cell Tumor
BI-1808 Biolnvent I/lla Antagonist  Advanced Malignancies NCT04752826
LBL-019 Leads Biolabs il Antagonist  Advanced Malignant Tumors NCT05223231
CTR20220168
SIM-235 (SIM1811-03)  Simcere | Antagonist  Advanced Solid Tumor/Cutaneous T-cell Lymphoma (CTCL) NCT05569057
| Advanced Solid Tumor/Cutaneous T-cell Lymphoma (CTCL) NCT05781386
NBL-020 Novarock Biotherapeutics | Antagonist  Advanced Malignant Tumors NCT05877924
CTR20231182
Phase Il
First put forward :
TNFR2——A Novel
Target for
Cancer Immunotherapy
Phase |
FDA
2021.12 1 2021.12 @ 2022.12 @
approval
Name BI-1808 LBL-019 SIM-235 HFB200301 NBL-020 BI-1910
Manufacturer HiFiBiO Novarock
Biolnvent Leads Biolabs Simcere Therapeutics Biotherapeutics Biolnvent

Fig. 6 Research progress of TNFR2 antibody. TNFR2 antibody FDA approval time and clinical study stage

of CD4" and CD8" T cells, thereby suppressing the
anti-tumor immune response and facilitating tumor
progression [113, 114]. Depletion of Treg in mice sig-
nificantly impedes tumor growth. Amongst Treg subsets,
TNFR2*Treg exhibits the most potent immunosuppres-
sive properties [79]. Inhibiting TNFR2 with antagonists
hampers Treg cell proliferation while promoting Teff
cell expansion to exert an anti-tumor effect. Studies have
shown that TNFR2 antagonist can significantly reduce
ROS levels and inhibit AICD, and Tnfr2~~ CD8" T cells
are also highly resistant to AICD [115].

Research progress of TNFR2 antibody

Clinical trials of anti-TNFR2 agents

Six TNFR2 agonists and antagonists registered in clini-
cal trials are listed in Table 1. Among them, HFB200301,
SIM-235 and NBL-020 are currently undergoing phase I

clinical trial, while BI-1808, BI-1910, and LBL-019 have
progressed in phase II clinical trial (Fig. 6). The mecha-
nism of action of each anti-TNFR2 agent, as well as the
therapeutic efficacy and safety of drug in preclinical/clin-
ical trials, will be discussed in detail.

Agonist

BI-1910, a novel TNFR2 agonist, has been advanced to
clinical phase II by Biolnvent Inc. It is currently undergo-
ing trials for the treatment of non-small cell lung cancer,
hepatocellular carcinoma, and some other solid tumors.
Encouragingly, BI-1910 antibody exhibits extensive anti-
tumor activity by co-stimulating with TNFR?2 to activate
T cells and NKs [116]. The specific research and develop-
ment process is as follows: The preclinical data presented
at the Society for Immunotherapy of Cancer (SITC) con-
ference in November 2023 provided compelling evidence
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supporting the safety profile of BI-1910. Toxicologi-
cal studies conducted on non-human primates (NHPs)
demonstrated excellent tolerance to a dose of 25 mg/kg,
absence of detrimental cytokine release, and significant
T cell activation in a dose-dependent manner [117]. Cur-
rently, a clinical Phase I/IIa trial of the antibody is cur-
rently underway. In phase Ia, BI-1910 will be assessed for
its safety, tolerability, and potential efficacy as a mono-
therapy in patients with advanced solid tumors. In phase
Ib, the safety and tolerability of BI-1910 in combination
with pembrolizumab will be evaluated in patients with
advanced/metastatic solid tumors. In Phase IIa, pharma-
cokinetic (PK) and pharmacodynamic (PD) characteris-
tics of BI-1910 will be assessed as a monotherapy or in
combination with pembrolizumab [118].

HFB200301, developed by HiFiBiO Therapeu-
tics, is under phase I clinical trials. It activates TNFR2,
thereby inducing the activation of CD4* T cells, CD8"
T cells, and NK cells to elicit potent anti-tumor immune
responses. Single-cell sequencing analysis was employed
to identify effector T cell subsets co-expressing TNFR2
and CD8A, exhibiting a preference for the action of
TNEFR?2 agonists, leading to the selection of several can-
cer types as potential indications for phase I clinical
trials. In phase I clinical trials, the identification of effec-
tor T cell subsets co-expressing TNFR2 and CD8A was
achieved through the utilization of single-cell sequenc-
ing analysis, demonstrating a preference for the activity
of TNFR2 agonists. This result has led to the selection of
multiple cancer types as potential indications for phase
I clinical trials aiming to evaluate the safety and efficacy
of HFB200301 in combination with the PD-1 monoclonal
antibody Tislelizumab, while also collecting preliminary
data on pharmacokinetic parameters and anti-tumor
effects [119, 120]. In addition, a phase II clinical trial
NCT05238883 is ongoing.

Antagonist

BI-1808, a human IgG1 monoclonal antibody from Biol-
nvent Inc, is the first discovered TNFR2 antagonist. It is a
very potential and has been advanced to clinical phase II.
Generally speaking, BI-1808 exhibits potential for utiliza-
tion as a monotherapy or in combination with pembroli-
zumab for patients afflicted with advanced malignancies.
The mechanism of action involves inhibition of the inter-
action between TNFR2 and its ligand TNF-a, resulting
in Treg depletion through FcyR dependence, thereby
promoting the expansion of CD8* T cells. Consequently,
there is an increased proportion of CD8*/Treg cells lead-
ing to a cytotoxic effect on various tumor types [116]. In
preclinical experiments, immunoactivity tumor-bear-
ing mice with partial sensitivity to checkpoint blockade
were administered a combination therapy comprising
BI-1808 and an alternative anti-PD-1 antibody. Notably,
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all treated mice achieved complete remission, indicating
promising synergistic effects. Non-human primate toxi-
cology studies have demonstrated excellent tolerance to
BI-1808 at doses up to 200 mg/kg, while in vitro studies
using human cells have shown no evidence of detrimen-
tal cytokine release [121]. Pharmacokinetic investigations
have revealed a predicted half-life of two weeks when
receptor saturation is achieved, with sustained receptor
occupancy over this duration being necessary for optimal
therapeutic efficacy [122]. The Phase I Part b of the study
aims to evaluate the safety and tolerability of co-admin-
istering BI-1808 with Keytruda [123]. The monotherapy
cohort of BI-1808 demonstrated a favorable safety profile,
with no observed dose-limiting toxicity and no maximum
tolerated dose found. Recent scans revealed that patients
receiving treatment with BI-1808 experienced a signifi-
cant 48% reduction in tumor burden compared to their
initial baseline measurements. Among the evaluated 21
patients, 7 cases showed stable disease, while compre-
hensive PK/ PD data facilitated the determination of an
extensive dosage range capable of achieving complete
target coverage without compromising safety [124]. The
Phase Ila segment of the ongoing BI-1808 monotherapy
trial will encompass a broader patient cohort, including
individuals with lung cancer, ovarian cancer, and various
subtypes of T-cell lymphoma.

LBL-019, discovered by Leads Biolabs, has been
advanced to phase II clinical trials. It can hinder the
interaction between TNF-a and TNFR2, due to its high-
affinity binding to the CRD1 domain of TNFR2 (5.32 nM
in humans). Furthermore, it exerts dose-dependent inhi-
bition on tumor growth via two distinct mechanisms.
Firstly, it enhances the activation of CD8* T cells and
CD4" T cells while inducing IFN-y release. Additionally,
it upregulates the expression of activation maker such
as CD25, PD-1, and 41BB. Secondly, LBL-019 effectively
eliminates both Treg cells and tumor cells to reduce their
inhibitory effects on CD4/CD8 activity. Notably, when
combined with anti-PD-1 treatment, LBL-019 demon-
strates significant efficacy in suppressing MC38 tumor
growth in 80% of cases [125, 126]. A clinical Phase I/II
trial of the antibody is currently underway to evaluate the
safety, tolerability, pharmacokinetic profile, RO, immu-
nogenicity, and efficacy of BLB-019 alone or in combi-
nation with PD-1 antibody in the treatment of advanced
malignant tumors [127].

SIM-235, also namely SIM1811-03, was discovered
by the Simcere Company. It is the first TNFR2 antibody
to be tested in Phase I clinical trials in China. By spe-
cifically binding to TNFR2, SIM-235 effectively inhibits
NF«B activation and impedes Treg proliferation. In this
mechanism, SIM-235 can exhibit remarkable anti-tumor
properties and enhance synergistic anti-tumor effects
[128]. By April 18, 2023, a total of 22 patients received
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SIM1811-03 monotherapy in the dose-escalation seg-
ment without any observed instances of dose-limiting
toxicity (DLT). The study phase did not reach the maxi-
mum tolerated dose. Adverse events were predominantly
categorized as grade 1 or 2, with two patients experi-
encing serious adverse events (SAEs) associated with
treatment. Furthermore, one patient exhibited periph-
eral edema while another presented an elevated platelet
count. Upon reaching a dosage level of 15 mg/kg, the
drug demonstrated an approximate half-life of 12 days.
Multiple administrations at doses equal to or exceed-
ing 15 mg/kg resulted in nearly saturated TNFR2 levels
(>95% RO) in peripheral blood. Preliminary PK and PD
results provide support for the selection of a recom-
mended dose of 40 mg/kg every 3 weeks in combination
with PD(L)-1 inhibitors [129].

NBL-020, is a fully humanized monoclonal antibody
from Novarock Biotherapeutics. It exhibits a favor-
able safety profile, high affinity towards target cells, and
potent antitumor activity in preclinical studies. In both
PD-1-sensitive and PD-1-resistant isogenic animal mod-
els, either as monotherapy or in combination with anti-
PD-1 antibodies, it effectively suppressed tumor growth
and significantly prolonged survival [130]. The ongoing
Phase I clinical trial aims to evaluate the safety and toler-
ability of NBL-020 in patients with advanced malignan-
cies, determine the maximum tolerated dose without
inducing toxicity, and establish the recommended dosage
for Phase II trials [131].

TNFR2 in preclinical studies

Previous studies suggested that reduced tumor burden
and metastasis were found in TNFR2-deficient mice [98,
132]. Such as, TNFR2 has been identified as a potential
star immune checkpoint molecule that inhibits tumor
growth and even helps to enhance the therapeutic effect
of immune checkpoint inhibitors [13]. In this section, we
primarily consolidate the findings from preclinical stud-
ies that assess the potential of anti-TNFR2 therapy in
treating tumors. Table 2 presents some of the main pre-
clinical studies on TNFR2.

As shown in Table 2, TNFR2 antibodies have shown
promising results in a variety of preclinical disease
models. with colon cancer being the most extensively
investigated model, thereby suggesting that TNFR2 anti-
bodies may exhibit enhanced therapeutic efficacy against
colon cancer cells among the three major malignan-
cies. According to The Cancer Genome Atlas (TCGA)
and Genotype-Tissue expression (GTEx) databases, the
overall abundance of TNFR2 in multiple tumor tissues
are significantly higher than that in normal tissues at the
mRNA level. Furthermore, evaluation of immunohis-
tochemical images from the human protein atlas HPA
database demonstrates a conspicuous disparity in TNFR2
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protein expression between multiple cancer types and
normal tissues, with the former exhibiting markedly
higher levels (Fig. 7). The abnormal expression of TNFR2
in a variety of tumor tissues also suggests that its anti-
bodies may have a killing effect on a variety of tumors,
Further investigation is warranted to determine the opti-
mal application of TNFR2 antibodies, as clinical studies
have demonstrated their broad efficacy against various
solid tumors.

Indications for TNFR2 antibodies

General eligibility of cancer patients for the administration
of TNFR2 antibodies

The development of TNFR2-targeted drugs is still in
the early stage with no TNFR2 drugs approved on the
market so far. Therefore, there is no gold standard for
the administration of TNFR2 antibodies to treat can-
cer patients. However, according to the clinical trials in
Table 1 (NCT04752826, NCT06205706, NCT05238883,
etc.), the general eligibility criteria can be described as
follows: Cancer patients are 18 years old or older, with
expected survival time>3 months (12 weeks). Measur-
able disease as determined by Response Evaluation Cri-
teria in Solid Tumors (RECIST) 1.1 or modified RECIST
(mRECIST). Eastern Cooperative Oncology Group per-
formance status of O or 1. They do not have an active,
known, or suspected autoimmune disease. And do not
show Grade=>3 autoimmune manifestations of previous
immune checkpoint inhibitor treatments (e.g., anti-PD-1,
anti-PD-L1, or anti-CTLA-4). Furthermore, they are not
at high medical risk because of nonmalignant systemic
disease including severe active infections on treatment
with antibiotics, antifungals, or antivirals. Do not have
known human immunodeficiency (HIV) and/or history
of hepatitis B or C infections, or has a positive test for
HIV antibody, hepatitis B antigen/hepatitis B virus DNA
or hepatitis C antibody or RNA.

In addition, the immunosuppressive or immune-
stimulating properties of mTNFR2 are primarily deter-
mined by the cell type expressing TNFR2. Activated
Tregs cells release STNFR2 after being stimulated by
TNF or TNFR2-agonist antibodies, which can clear TNF
and prevent its inflammatory effects, while maintaining
Tregs’ immune suppression function against Teffs [110].
Therefore, the concentration of CD4*T and CD8*T cells
in the tumor microenvironment as well as the level of
sTNFR2, might also serve as potential indicators for can-
cer patients to receive TNFR2 antibody therapy.

Cancers that would benefit from TNFR2 as personalized
therapy in the future

Colorectal cancer

There exists a significant positive correlation between the
prognosis and STNFR2 level in patients with colon cancer
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Table 2 Relevant studies of preclinical TNFR2 antagonists/agonists

Therapeutic Characteristic ~ Project Clinical Research results Refer-
agents status indication ences
MM-401 TNFR2 agonist ~ Preclinical A sample of Upregulates CD8", CD4* T surface markers [145,
human ovarian Mediates ADCC and reduces Treg numbers 146]
ascites Co-stimulates T cells to promote anti-tumor
Y9 TNFR2 agonist Preclinical ~ Multiple types Produces short-term antitumor activity and long-term immune memory [15]
of mouse tumor  Acts through CD8* T cells and NK cells
models Promotes proliferation of CD8" CTL
Promotes expression of TNFR2 by Tregs
Combination of anti-TNFR2 agonistic antibody with anti-PD-1 or anti-
PD-L1 antibody produces better therapeutic effect than combination of
anti-PD-1 and anti-CTLA-4
TR75-54.7 TNFR2 agonist Preclinical ~ Bone-marrow The coadministration of a suboptimal number of T cells and an anti- [2,
transplantation TNFR2 treatment can trigger alloreactivity and subsequently induce a 135,
and tumor relapse  significant antitumor effect. This was associated with a reduced percent-  147]
models age of activated CD4 and CD8 Tregs.
KPC cell-derived ~ Combine with anti-PD-L1eradicated tumors by inhibiting their growth,
subcutaneous relieving tumor immunosuppression, and generating robust memory
and orthotopic recall.
tumors
TR75-89 TNFR2 agonist Preclinical ~ CT26 colon Inhibits tumor growth and generates durable immune memory [135]
cancermodelin  Increases CD8" Teff/Treg ratio
mice Increases IFN-y synthesis in CD8* T cells
BCG-003 (IC3)  TNFR2 agonist Preclinical ~ MC38 colon Reduce tumor volume in multiple tumor models, including colon can- ~ [148]
cancer, B16F10 cer, glioma, and melanoma models.
glioma, and Enhance the efficacy of PD-1/PD-L1 blocking
GL261 melanoma  With ADCC activity, it can promote the proliferation of CD8+T cells in
models in B- vitro. The Teff/Treg ratio in tumor microenvironment was significantly
hTNFR2 mice increased in vivo. No toxic reaction to human mice.
M861 TNFR2 Preclinical ~ CT26 colon Inhibits the proliferation of Tregs cells [149]
antagonist cancer model in - Better anti-tumor effect in combination with CD25 antibody
mice Decrease Treg activity
Promote Teff cell anti-tumor response
TY101 TNFR2 Preclinical ~ CT26 and MC38  Induces tumor-infiltrating CD4* Tregs cell death [17,
antagonist colon cancer TNFR2 alone has anti-tumor effects 150]
models in mice Better antitumor effect in combination with multiple drugs
Promotes CD8* CTL survival and enhances its antitumor activity
AN3025 TNFR2 Preclinical ~ TNFR2 humanized Blocking hTNF-a/hTNFR2 signaling [151]
antagonist mouse model Inhibits Tregs-mediated immunosuppression
bearing MC38 Promotes Teffs proliferation and IFNy production
tumor models Inhibits tumor growth in mice
Enhances anti-tumor effects in combination with anti-PD-1 antibody
APX601 TNFR2 Preclinical ~ the mouse High affinity with hTNFR2 [152,
antagonist Colo205 xenograft  Blocking immunosuppression of Tregs and MDSCs 153]
models Depletes TNFR2-expressing Tregs, MDSCs and tumor cells via ADCC and
ADCP
Anti-tumor activity as a single agent
Combination with PD-1 provides more significant tumor suppression
TNFR2 TNFR2 Preclinical ~ Ascites samples Inhibition of Tregs promotes Teff proliferation. [108,
antibody antagonist from ovarian Low effect on healthy human Treg cells and Teffs cells 154]
cancer patients Directly kills TNFR2-expressing cancer cells
OVCAR3 Ovarian  Restores Tregs/Teff ratio
cancer cells
Sample of pa-
tients with Sezary
syndrome

[51]. Elevated expression of STNFR2 is associated with
an increased risk of colon cancer in women [133], while
higher pre-diagnosis levels of sSTNFR2 are also signifi-
cantly linked to elevated overall mortality among colon

cancer patients [134]. CT26 colon cancer model tumors,
which are infiltrated by Tregs, express the highest levels
of TNFR2 [135]. The pivotal role of TNFR?2 in the patho-
genesis and progression of colorectal cancer renders this
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twenty-six cancer types based on the TCGA database. (C) Representative IHC images of Tnfr2 expression in various tumor tissues and normal tissues
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receptor an attractive therapeutic target for the treat-
ment of colorectal cancer. TNFR2 antagonist antibodies
have demonstrated efficacy in suppressing tumor growth
across various mouse models of colon cancer, with the
underlying mechanism believed to involve a reduction in
immunosuppressive Treg cells within the TME, conse-
quently augmenting the CD*8 Teff to Treg cell ratio [16,
135, 136].

Ovarian cancer

The expression of TNFR2 in the ascites of patients with
ovarian tumors is elevated, indicating heightened immu-
nosuppressive activity. Additionally, there is a signifi-
cant increase in the levels of soluble TNFR2 within the
ascites of patients with alviceant epithelial ovarian can-
cer (EOC), comparing to corresponding benign tumors
[137]. Under the stimulation of EOC ascites, the expres-
sion of TNFR2 in T cell subsets will be upregulated, lead-
ing to an increased ratio of Tregs to Teffs [138]. Notably,
it is noteworthy that compared to Tregs from healthy
donors, antagonistic TNFR2-specific antibodies exhibit a
heightened propensity to induce apoptosis in Tregs from
ovarian cancer patients’ ascites [108].

Acute myeloid leukemia

In individuals with acute myeloid leukemia (AML), the
immune system imbalance results in impaired effec-
tor T cell function and elevated levels of TNFR2* Tregs,
thereby creating an immunosuppressive microenviron-
ment [139]. Furthermore, patients with AML exhibit
a significant increase in the serum concentrations of
TNF-a and sTNFR2. This aberrant elevation has the
potential to promote Treg expansion through activation
of the TNF-a-TNFR2 pathway. Additionally, a substantial
reduction in TNFR2 expression level should be observed
during AML symptom remission. The inhibitory effect of
a TNFR2 antagonist antibody on the proliferation of Treg
cells can counteract the stimulatory impact induced by
TNF-a [86].

Breast cancer

The expression level of TNFR2 in breast cancer patients
is significantly correlated with clinical stage [140], elevat-
ing levels of STNFR?2 in the blood of these patients com-
pared to the control group. Notably, the level of sSTNFR2
will decrease after surgical intervention [141]. TNFR2-
specific antibody has been demonstrated to attenuate
the proliferative capacity and suppressive function of
regulatory T cells, remarkably extending the survival of
tumor-bearing mice [19]. Chemotherapy can diminish
the counts of TNFR2*Treg cells in the tumor microen-
vironments of patients with triple-negative breast can-
cer, while elevating the counts of TNFR2"CD8+T cells.
Consequently, TNFR2 agonists predominantly exhibit

Page 14 of 19

antitumor efficacy in the tumor tissues with chemother-
apy, indicating that the agonists may offer enhanced ther-
apeutic benefits [69].

Other ongoing studies on TNFR2 therapy

Currently, numerous clinical and preclinical studies
have primarily focused on the synergistic effect between
TNEFR2 antibody and PD1/PDL1 antibody. However,
some studies on TNFR2 antibodies in combination with
other targeting drugs are also ongoing. First, in vivo
study, combined inhibition of glucocorticoid-induced
TNEFR-related protein (GITR), OX40 and TNFR2 abro-
gated the development of Treg cells [142]. The expres-
sion of members of the TNFRSF on Treg cell progenitors
translated strong T cell antigen receptor signals into
molecular parameters that specifically promoted the
development of Treg cells and shaped the Treg cell reper-
toire. Second, combinations with V-domain containing Ig
suppressor of T cell activation (VISTA, PD-1 H) and lym-
phocyte activation gene 3 proteins (LAG-3) and the spe-
cial TNFR2 antibodies might be also potential efficiency
therapy in next future [143, 144]. Third, in combination
with radiotherapy and/or chemotherapy, TNFR2 anti-
body can affect the balance between graft-versus-tumor
and graft versus host disease, a life-threatening compli-
cation of hematopoietic cell transplantation. It promotes
the function of immune cells endowed with effector func-
tions, as well as that of immune cells with regulatory and
suppressive properties. Promising studies in humanized
mouse models are ongoing to clarify if targeting TNF-a/
TNEFR2 pathway could be useful to prevent or treat graft
versus host disease [21].

Conclusions and perspectives

TNFR2, a member of the tumor necrosis factor recep-
tor superfamily, is predominantly highly expressed in
some malignant solid tumor cells, such as colon cancer
cells. As a newly proposed immune checkpoint target
since 2017, it might provide a potential alternative solu-
tion for these malignant cancers. This review provides a
comprehensive overview of the distinct roles exhibited
by TNFR2 agonists and antagonists against tumors. The
signal pathways, functions for cancer immunotherapy of
TNER?2, as well as binding modes of the antibody-TNFR2
complex have been discussed in detailed. Moreover, the
latest research progress involving TNFR2 antibody ther-
apy is also summarized.

Although the development of TNFR2-targeted drugs is
still in the early stage with no TNFR2 drugs approved on
the market so far, there are approximately twenty TNFR2
antibodies in preclinical or phase I/II clinical trials that
show promising profiles. Ongoing clinical trials are cur-
rently assessing the efficacy of these agents either alone
or in conjunction with anti-PD-1/PD-L1 drugs, offering
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a promising avenue for the treatment of various malig-
nant cancer types. This fact suggests that TNFR2 agents
are expected to be hopefully launched in the future, as an
alternative anti-tumor therapeutic drugs. Given the enor-
mous potential of TNFR2 agents for malignant cancers
and their fewer side effects in immune-related adverse
events, it will be intriguing to see who emerges as a front-
runner in this field.

Abbreviations

AICD Activation-induced cell death

AlP1 Ask interacting protein 1

AKT/PKB  Protein kinase B

AML Acute myeloid leukemia

Bax Bcl2-associated X

BM-MSC Bone marrow-MSC

Bcl-2 B-cell lymphoma-2

cIAP Cellular inhibitor of apoptosis protein
CRD Cysteine-rich domains

CTLA-4 Cytotoxic T lymphocyte antigen-4

DC Dentritic cell

DD Death domain

EC Endothelial cell

ECM Extracellular matrix

EOC Epithelial ovarian cancer

EPC Endothelial progenitor cell

ERK Extracellular regulated protein kinase
Etk Endothelial/epithelial tyrosine kinase
FGF Fibroblast growth factor

Fn14 Fibroblast growth biofluid factor - inducible 14
Foxp3 Forkhead box protein P3

GM-CSF Granulocyte-macrophage colony-stimulating factor
GTEX Genotype-tissue expression

HPA The human protein atlas

ICl Immune checkpoint inhibitor

IFN Interferon

IHC Immunohistochemical staining

IKK IkappaB kinases

IL Interleukin

iIrAE Immune-related adverse event

iTreg Induce CD4* Treg

JNK C-Jun N-terminal kinase

LUBAC Linear ubiquitin chain assembly complex
MAPK Mitogen-activated protein kinase
MDSC Myeloid-derived suppressor cell

MHC Major histocompatibility complex
MMP Matrix metalloproteinase

MPE Malignant pleural effusion

mRNA Messenger RNA

MSC Mesenchymal stem cell

mTNFR2 ~ Membrane-bound TNFR2

NF-kB Nuclear factor kappa-B

NHP Non-human primates

NIK NF-kB-induced kinase

NK Natural killer

nTreg Nature CD4* Treg

PBMC Peripheral blood mononuclear cell
PD Pharmacodynamic

PD-1 Programmed death-1

PGRN Granulin precursors

PI3K Phosphatidyl inositol 3 kinase

PK Pharmacokinetic

PLAD Pre-ligand assembly domain

RIPK1 Receptor-interacting serine/threonine protein kinase 1
ROS Reactive oxygen species

SAEs Serious adverse events

SITC Society for Immunotherapy of Cancer
SODD Silencer of death domains

STAT3 Signal Transducer and Activator of Transcription 3
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STNFR2 Soluble TNFR2

STNF-a Soluble TNF-a

TACE TNF-a converting enzyme

TAK1 Transforming growth factor-beta actived kinase 1
TAM Tumor-associated macrophage

TCGA The cancer genome atlas

TCR T-cell receptor

Teff Effector T cell

TGF-a Transforming growth factora

TGF-B Transforming growth factor-p

T™ME Tumor microenvironment

T-MSC Tumor-MSC

tmTNF-a  Transmembrane TNFa

TNFR1 Tumor necrosis factor receptor |

TNFR2 Tumor necrosis factor receptor Il
TNF-a Tumor necrosis factor-a

TRADD TNF receptor-associated death domain
TRAF TNF receptor-associated factors

Treg Regulatory T cell

TWEAK Tumor necrosis factor-like weak inducer of apoptosis
VEGF Vascular endothelial growth factor

VEGFR2 Vascular endothelial growth factor receptor Il
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