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Simple Summary: Tumor necrosis factor (TNF) receptor-2 (TNFR2) affects tumor development
and metastasis in several ways. TNFR2 promotes tumor immune escape by virtue of its ability to
stimulate various immune suppressive cell types, e.g., regulatory T-cells (Tregs) and myeloid-derived
suppressor cells (MDSCs) and can act as an oncogene. However, TNFR?2 also elicits antitumoral
activities by costimulation of cytotoxic T-cells. Accordingly, antagonists and agonists targeting TNFR2
have been preclinically evaluated for tumor therapy and have demonstrated anti-tumor activity
in preclinical studies. In this review, we summarize the most important TNFR2-related findings
regarding tumor biology and cancer therapy and especially discuss the mode of action of currently
used agonists and antagonists of TNFR2.

Abstract: Despite the great success of TNF blockers in the treatment of autoimmune diseases and
the identification of TNF as a factor that influences the development of tumors in many ways, the
role of TNFR?2 in tumor biology and its potential suitability as a therapeutic target in cancer therapy
have long been underestimated. This has been fundamentally changed with the identification
of TNFR2 as a regulatory T-cell (Treg)-stimulating factor and the general clinical breakthrough
of immunotherapeutic approaches. However, considering TNFR?2 as a sole immunosuppressive
factor in the tumor microenvironment does not go far enough. TNFR2 can also co-stimulate CD8*
T-cells, sensitize some immune and tumor cells to the cytotoxic effects of TNFR1 and/or acts as
an oncogene. In view of the wide range of cancer-associated TNFR2 activities, it is not surprising
that both antagonists and agonists of TNFR2 are considered for tumor therapy and have indeed
shown overwhelming anti-tumor activity in preclinical studies. Based on a brief summary of TNFR2
signaling and the immunoregulatory functions of TNFR2, we discuss here the main preclinical
findings and insights gained with TNFR2 agonists and antagonists. In particular, we address the
question of which TNFR2-associated molecular and cellular mechanisms underlie the observed
anti-tumoral activities of TNFR2 agonists and antagonists.

Keywords: NFkappaB; regulatory T-cell (Treg); tumor necrosis factor (TNF); TNF receptor 2 (TNFR2);
TNF receptor associated factor 1 and 2 (TRAF1, TRAF2)

1. Introduction

Tumor necrosis factor (TNF) receptor 2 (TNFR2) is a type I transmembrane protein and
a prototypic member of the TNF receptor superfamily (TNFRSF) [1,2]. TNFR2 belongs to the
TRAF (TNF-receptor-associated factor) -interacting subgroup of the TNFRSF and mediates
pro-inflammatory effects, but can also stimulate strong anti-inflammatory activities [3].
TNFR?2 expression is typically high in myeloid cells but is also found in certain T- and B-cell
subsets and a few non-immune cells such as endothelial cells, glial cells and cardiomyocytes.
For example, macrophages and regulatory T-cells (Tregs) constitutively express TNFR2 [3].
Expression of TNFR?2 is furthermore upregulated after TCR (T-cell receptor) stimulation in
effector T-cells (Teff).
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Members of the TNFRSF are characterized by having one to six cysteine rich domains
(CRDs) in their extracellular part, TNFR2 contains four of these CRDs [2] (Figure 1). The
first N-terminally located CRD of TNFR2 (CRD1) acts as a PLAD (pre-ligand binding
assembly domain) mediating low-affinity (compared to ligand affinity) autoassociation
of receptor molecules. This suggests that TNFR2 is present in the plasma membrane in a
dynamic equilibrium of inactive mono- and di-/trimeric receptor species. CRD2 and CRD3
are involved in ligand binding [4] (Figure 1). A specific function of CRD4 has not been
identified yet. CRD4 of TNFR2 is separated from the transmembrane domain by a stalk
region which antagonizes PLAD-mediated receptor clustering [5] (Figure 1).
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Figure 1. Domain architecture of TNFR2. CRD1-CRD4 of TNFR?2 define the affiliation to the TNFRSF.
Structurally poorly defined parts of CRD1, designated as pre-ligand binding assembly domain
(PLAD), mediate low-affinity TNFR2 self-assembly in the absence of TNF. CRD2 and CRD3 mediate
high-affinity binding of TNF while the function of CRD4 is largely unclear. The stalk region has
repulsive features and antagonize PLAD action. TRAF2 binding site (Tbs) indicates a short amino
acid motif interacting with the C-TRAF domain of a TRAF2 protomer.

The naturally occurring ligands of TNFR2 are membrane-bound TNF (memTNF),
soluble TNF (sTNF), homotrimeric lymphotoxin o (LTx) and soluble and membrane-
bound LT«x;,[3 heterotrimers [1,6]. TNF is a type II transmembrane protein of the TNF
superfamily (TNFSF) and forms stable homotrimers via the highly conserved extracellular
TNF homology domain (THD) [1,2,7]. TNF is mainly produced by immune cells, especially
by activated T-cells and macrophages after contact with pathogen-associated molecular
patterns (PAMPs) or danger-associated molecular patterns (DAMPs) [8]. In view of its
outstanding role in autoimmune diseases, sepsis and fibrosis, it is not surprising that TNF
is the target of several approved and widely clinically used biologicals [9]. The memTNF
variant can be converted to sTNF by the matrix metalloprotease TNF-alpha converting
enzyme (TACE) [10,11]. Soluble TNF and homotrimeric LT e, which only occurs as a soluble
molecule, do not activate robust TNFR2 signaling despite high-affinity binding [12]. TNF
and LT a; 6, in their membrane-bound form, however, trigger TNFR2 signaling [6,12]. LT o
binds additionally herpes virus entry mediator (HVEM), another TRAF-interacting receptor
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of the TNFRSF [13]. Like both TNF variants, LT« is also a ligand for TNFR1, a receptor
of the death receptor subgroup of the TNFRSF [1,2]. TNFR1 is ubiquitously expressed
and is activated by soluble and membrane-bound ligand molecules. TNFR1 stimulates
strong pro-inflammatory signaling, particularly via the classical NF«kB pathway, but can
also trigger apoptosis and necroptosis [14].

The differential ability of sTNF and memTNF to trigger TNFR2 signaling seems
to reflect the differential clustering capacity of sSTNF- and memTNF-liganded TNFR2
complexes [15]. The PLAD of TNFR2 not only enables the formation of receptor complexes
which display higher ligand affinity, but may also efficiently promote the clustering of
memTNF-liganded TNFR2 complexes in the case of the extremely high local concentration
of these complexes in the cell-to-cell contact zone formed between memTNF and TNFR2-
expressing cells. The low affinity of the PLAD of TNFR2, however, seems not to be sufficient
to promote the clustering of sTNF-liganded TNFR2 complexes against the repulsive forces
originating from the stalk region [5]. In contrast, TNFR1 lacks this repulsive stalk and
already clusters after binding of sTNF has recently been demonstrated by photoactivated
localization microscopy (PALM) and modeling approaches [16-18].

2. TNFR2 Signaling

The main signaling pathways activated by TNFR2 stimulation are the classical (or
canonical) and the alternative (or non-canonical) NF«kB (nuclear factor ‘kappa-light-chain-
enhancer’ of activated B-cells) pathway. TNFR?2 is also linked by poorly understood
signaling cascades in a cell-type-specific manner to the endothelial/epithelial protein
tyrosine kinase (Etk), phosphatidylinositol 3-kinase (PI3K) and its effector protein kinase B
(Akt) [19-21]. The NF«B transcription factor family comprises mammals’ five structurally
related proteins (RelA/p65, RelB, cRel, p105/p50 and p100/52) which form various homo-
or heterodimers with different transcriptional properties [22]. The p50-p65 dimer is the
main target of the classical NF«kB pathway. In unstimulated cells, this NF«B dimer is kept
in the cytoplasm in an inactive complex by interaction with inhibitory IkB (inhibitor of the
nuclear factor kappa B) proteins which mask the nuclear localization sequence (NLS) of the
p50/p65 dimer [22].

The key activating event in the classical NF«B pathway is the stimuli-induced protea-
somal degradation of the aforementioned inhibitory IkB proteins. IkB proteins are marked
for degradation in a stimuli-dependent fashion by phosphorylation by the IKK (IkB kinase)
complex, which in turn is itself activated by phosphorylation. In the case of TNFR2, the
stimulatory phosphorylation of the IKK complex is linked to activated receptor clusters by
the recruitment of TRAF2 and the TRAF2-interacting E3 ligases cIAP1 (cellular inhibitor of
apoptosis protein-1) and cIAP2 (Figure 2) [23]. The cIAPs K63 ubiquitinate components of
the TNFR2 signaling complex, presumably mainly TRAF2, to enable the recruitment of the
so called LUBAC (linear ubiquitin chain assembly complex), which modifies components
of the TNFR2 signaling complex with M1-polyubiquitin chains [24,25].

The mechanisms of how M1- and K63-ubiquitination of TNFR2 signaling complex
components trigger IKK complex phosphorylation/activation have not been investigated
yet. However, it is tempting to speculate that this takes place via similar mechanisms as in
the case of TNFR1, where K63- and M1-polyubiquitin chains act as docking sites for the IKK
complex and K63-polyubiquitin chains also recruit the IKK-phosphorylating TAK1-binding-
protein-2 (TAB2)/ TAB3-transforming growth factor 3 (TGFf3)-activated kinase 1 (TAK1)
complex [22,26,27]. After the degradation of the IkB proteins, the NF«B dimers translocate
into the nucleus and induce transcription of a variety of genes controlling inflammation,
immunity, cell proliferation, differentiation and survival [22,28,29].
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Figure 2. Membrane TNF-induced NF«B signaling. In the absence of memTNF, TRAF3-cIAP1/2-NIK
complexes interact with TRAF2-cIAP1/2 complexes in the cytoplasm resulting in cIAP1/2-mediated
K48 ubiquitination of NIK and proteasomal degradation of NIK (left panel). In memTNF-stimulated
cells trimeric memTNF-TNFR2 complexes recruit TRAF2-cIAP1/2 complex and thus reduces their
availability for triggering NIK degradation. As a consequence, NIK accumulates and drive alternative
NFkB signaling. The trimeric memTNF-TNFR2 complexes aggregates secondarily to clusters enabling
proximity of two or more TRAF2-cIAP1/2 complexes. cIAP transactivation then leads to K63-
ubiquitination of TRAF2 generating docking sites for classical NF«B signaling-stimulating kinases.

Recruitment of TRAF2 and the cIAPs to TNFR2 is not only necessary to stimulate
the classical NFkB pathway, but can also result in the inhibition of events requiring the
cytoplasmic pool of TRAF2-cIAP1/2 complexes. For example, in unstimulated cells, the
NFkB-inducing kinase (NIK) is constitutively K48-ubiquitinated by cIAP1 and cIAP2 in a
TRAF2- and TRAF3-dependent manner and is subsequently degraded by the proteasome.
Interference with this constitutively active inhibitory mechanism results in NIK accumula-
tion and NIK-mediated phosphorylation of IKK1. The latter then phosphorylates p100-RelB,
which results in the limited processing of p100 to p52 and the nuclear translocation of
p52-RelB NF«B dimers [22,30-32]. The recruitment of TRAF2-cIAP1 and TRAF-cIAP2
complexes by TNFR2 reduces the availability of these complexes in the cytoplasm and
accordingly inhibits NIK degradation and stimulates the alternative sequence of NF«xB
activation [33,34].

The opposing roles of TRAF2-cIAP1/2 complexes in classical and alternative NFxB
signaling are worth highlighting. For the activation of the non-canonical NFkB pathway, the
sole recruitment of the TRAF2-cIAP1/2 complexes to TNFR2 is sufficient because this limits
the cytosolic availability of these complexes. Activation of classical NFkB signaling also
needs the interaction of two TRAF2-cIAP1/2 complexes because a homotrimeric TRAF2
(or heterotrimeric TRAF1-TRAF2) molecule binds only one cIAP1 or cIAP2 molecule, and
transactivation of two cIAP molecules is necessary to unleash their E3 ligase activity, which
has a crucial role in classical NF«B activation [35-37].

The availability of cytoplasmic TRAF2-cIAP1/2 complexes is also a crucial factor that
determines the quality of TNFRI1 signaling. If there is reduced availability of cytoplasmic
TRAF2-cIAP1/2 complexes, e.g., due to stimulation of TNFR2 or other TRAF2-interacting
TNEFRSF receptors, such as Fn14, CD30 or CD40, the ability of TNFR1 to induce cell death
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is strongly enhanced [33,38-42]. The reasons for this sensitizing effect are complex and
include reduced TNFR1-induced, TRAF2-cIAP1/2-mediated production of survival factors
controlled by the classical NF«B pathway, such as FLIP and cIAP2, but also diminished
inhibition of caspase-8 maturation and necroptotic receptor-interacting serine/threonine-
protein kinase-1 (RIPK1)-RIPK3 interaction by cIAPs. It is worth mentioning that the
sensitizing effect on TNFR1-induced cell death can cooperate with the induction of TNF
via the alternative NF«kB pathway by TNFR2 or TNFR2-related TNFRs [40,43]. This ex-
plains, why TNFR2 stimulation can lead to cell-death induction in some cell types, e.g.,
macrophages, although TNFR? itself is not a death receptor [8,44,45].

3. TNFR2 in Immune Regulation

Several types of immune cells express TNFR2, including regulatory T-cells (Tregs),
regulatory B-cells (Bregs), myeloid-derived suppressor cells (MDSCs) and cytotoxic CD8*
T effector cells (Teffs) [3]. Human and mouse regulatory T-cells are characterized by
the expression of CD4, the IL2 receptor subunit CD25, and Foxp3, which is the major
transcription factor responsible for Treg identity [46,47]. Tregs make up around 10% of the
peripheral CD4" T-cells, and 30-40% of peripheral-activated Tregs express TNFR2 [48,49].
The main function of Tregs is to tune down the activity of activated T-cells to prevent
autoimmune diseases and excessive inflammation. Tregs, however, can also be exploited by
tumor cells for immune escape [50]. Tregs expressing high levels of TNFR2 show maximal
suppressive activity [48]. Contrary, TNFR2 low /negative Tregs, which make up 60-70% of
classical Tregs, display less suppressive activity [47,48,51]. TNFR2 induces activation of
the classical and the alternative NFkB signaling pathway. The same signaling pathways
are activated by 4-1BB, CD27, OX40 and GITR, which are also TRAF2-interacting receptors
of the TNFRSF and which have also been involved in the development and survival of
Tregs [52] (Figure 3).

As early as 2009, it was detected that enhanced NFkB activity increases the number
of Foxp3™ cells in the thymus by promoting T-cell receptor-induced cRel-mediated tran-
scription of Foxp3 [53]. Furthermore, Grinberg-Bleyer et al. uncovered a pivotal role of the
canonical NFkB subunit cRel for the generation and maintenance of activated Tregs [54].
Accordingly, deficiency of cRel or p65 in Tregs has been associated with impaired protection
against T-cell transfer-induced colitis [55]. These results are supported by the finding of
Lubrano di Ricco et al. that anti-CD3 and anti-CD28 treated murine Tregs co-stimulated
with a TNFR2 agonist display increased RelA-dependent proliferation and survival [56].
Furthermore, mice with Tregs that lack p100 expression show impaired suppressive Treg
activity and massive inflammation [57]. TNFR2-mediated expansion and maintenance of
Tregs come along with the maintenance of CpG demethylation of the Foxp3 promoter [58].
Another study found furthermore that an agonistic TNFR2-specific antibody induces the ex-
pression of the histone methyltransferase EZH2 [59], a target of NF«B transcriptions factors,
which forms a complex with Foxp3 in activated Tregs that is important for the suppressive
activity of this cell type [59-61]. In sum, these results suggest that TNFR2 and related
TNFRs act in Tregs, as known for other cell types, via the classical and the alternative NF«B
pathway. It is worth mentioning that there is evidence from tumor-associated macrophages
that TRAF2 also promotes proteasomal degradation of cRel [62]. Thus, by virtue of its
ability to deplete cytosolic TRAF2 pools, as documented in macrophages, TNFR2 may also
increase cRel expression at the posttranscriptional level in Tregs. Furthermore, TNFR2
supports Treg proliferation and stability of Treg identity by inducing glycolysis via the
PI3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR) signaling pathway [63].
However, how the PI3K-Akt-mTOR axis is linked in detail to TNFR2 in Tregs, but also in
general, remains to be clarified.
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Figure 3. The biology of TNFR2, e.g., in the tumor microenvironment, is determined by the mutual
influence of various TNF and TNF receptor expressing cell-types and a complex intracellular signaling
network of the two TNF receptors. TNFR2 is expressed by various immune cells with partly opposing
functions, e.g., immune suppressive Tregs but also CD8* T-cells and various types of myeloid cells.
Due to its ability to modulate the quality of TNFRI1 signaling (inflammation versus cell death),
TNEFR2 furthermore elicits, in a context-dependent manner, quite contrasting effects on the same type
of immune cell (survival versus death, e.g., in CD8* T-cells and macrophages). In fact, for Tregs,
macrophages and CD8" T-cells, comprehensive literature is available describing partly counteracting
activities of TNFR?2 at the cellular level. This also applies for other cell types in which TNFR?2 activities
are less well investigated, such as, for example, NK cells and mesenchymal stem cells (MSCs) or even
TNFR2-expressing tumor cells. For further details, see main text.

Not only the prototypic CD25*-Foxp3*-CD4" Tregs express TNFR2, but also CD8" Foxp3*
Tregs can be TNFR2 positive. The main fraction of CD8"Foxp3* Tregs generated from
peripheral blood mononuclear cells (PBMCs) with anti-CD3 monoclonal antibodies are
CD25 and TNFR2 positive, but independent of CD25 expression, TNFR2 expression marks
the most suppressing subset of this Treg type [64]. An even stronger inhibition of effector-
cell proliferation can be detected by TNFR2 and programmed cell death ligand 1 (PDL1)
positive CD8"FoxP3" Tregs [64,65]. Notably, it has been reported that TNF inhibition by
neutralizing monoclonal antibodies such as Infliximab and Adalimumab leads to increased
blood Tregs in patients with rheumatoid arthritis (RA) [66], and another study showed
that exogenous sTNF reduces the inhibitory effect of Tregs from HBV (hepatitis B virus)
patients [67]. The observations made in these reports might reflect a Treg-inhibitory activity
of the sSTNF-TNFR1 axis, e.g., TNFR1-induced cell death.

Besides the Tregs, the majority of CD4* T-cells are TNFR2 negative. Only a small
fraction of mouse CD4* T effector cells (Teffs) upregulate TNFR2 expression in response
to TCR stimulation. This results in higher proliferation, increasing production of effector
cytokines such as IFNy and stronger resistance to Treg-mediated inhibition [47,51,68].
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TNFR2 is also highly expressed on naive primary CD8" T lymphocytes and initially
promotes their survival, differentiation and proliferation after TCR activation [68-70]
(Figure 3). Furthermore, 4-1BBL* B-cells, which are enriched in elderly humans and mice,
were found to upregulate memTNF and to stimulate CD8* T-cells via TNFR2 [71,72]. In-
terestingly, the latter come along with enhanced anti-tumor activity [72,73]. However,
TNEFR2 can also act as a negative regulator of activated CD8* T-cells by contributing to
activation-induced cell death (AICD). TNFR2-deficient CD8* Teffs are highly resistant to
AICD displaying enhanced expression of pro-survival signaling molecules, such as as Bcl-2,
survivin and CD127, and reduced sensitivity for TNFR1-induced cell death [74,75]. The
latter could reflect an increase in freely available cytoplasmic TRAF2-cIAP1/2 complexes
for TNFR1 in TNF-stimulated TNFR2-knockout cells due to the lack of TNFR2-dependent
sequestration of TRAF2-cIAP1/2 complexes, as discussed above. However, there is also
evidence from human T-cells that TNFR2 mediates AICD by triggering production of
reactive oxygen species (ROS) [76]. TNFR2-activated CD8" Teffs increase memTNF ex-
pression which in turn, however, can promote Treg proliferation via TNFR2 [77]. Thus,
memTNF-TNFR2 axis seems to prevent excessive immune reactions by supporting AICD
activity in CD8" T-cells and stimulation of CD4" and CD8* Tregs.

MDSCs are a rather heterogeneous population of myeloid cells characterized by the
expression of CD11b and Gr1. They are negative regulators of the immune responses and
can be exploited by tumors to escape from anti-tumor immunity [78]. MDSCs of TNF- and
TNFR2-deficient mice have lower immune-suppressive capacities compared to MDSCs
derived from wildtype mice [79,80]. MemTNF/TNFR2-activated MDSCs accordingly
display enhanced expression of arginase-1, TGFf and interleukin-10 (IL10) and increase
NO production [80,81]. Furthermore, TNFR2 signaling promotes MDSC survival through
upregulation of the cellular FLICE inhibitory protein (cFLIP), a powerful inhibitor of
death-receptor-induced apoptosis [79]. Notably, memTNF seems also to act as an effector
molecule of MDSCs through stimulation of TNFR2*CD4* T-cells [82].

Three other cell populations with immune-regulatory activity involving the TNF-TNFR2
axis are endothelial progenitor cells (EPCs), group 2 innate lymphoid cells (ILC2s) and
mesenchymal stem cells (MSCs). Naserian et al. recently described the ability of EPCs
to suppress T-cell proliferation under crucial involvement of TNF and TNFR?2 [83], and
Hurrell et al. identified the TNF-TNFR?2 axis as a mediator of pulmonary ILC2 survival and
function, and also as a crucial factor for ILC2-mediated airway hyperreactivity [84]. The
latter highlights TNFR2 as a potential therapeutic target in ILC2-dependent asthma. TNFR2
has been crucially implicated in MSCs in the ability of this cell type to inhibit proliferation
and activation of different populations of T-cells [85,86], not least by tipping the balance
from the production of proinflammatory cytokines to anti-inflammatory cytokines, such
as IL-10 and TGFp, which promote conversion of CD3*CD25" conventional T-cells to
CD4*Foxp3* Tregs [85,87].

Given the various important functions of TNFR2 in a variety of immune cells, but also
in certain non-immune cells, it is not surprising that TNFR2 also plays an important role in
many types of cancer.

4. TNFR2 in Cancer

Depending on the cell type on which TNFR2 is expressed (Figure 3), it drives pro-
or anti-inflammatory activities, as described in the previous section. This is also evident
in tumor biology. The aberrant expression of TNFR2 or enrichment of TNFR2-positive
immune-suppressive cell types, such as Tregs and MDSCs, in the tumor microenvironment
(TME) may contribute to the evasion of tumor cells from the immune system. In contrast,
TNFR2 provides also anti-tumoral activities when it, for example, co-stimulates tumor-
specific CTLs.
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4.1. TNFR2 in Tumor Immune Escape

Tumor escape from the immune system is a central step in tumor development. Loss
of antigenicity, loss of immunogenicity and an immunosuppressive microenvironment
are the three main mechanisms of tumor immune escape [88]. Thus far, the relevance of
TNFR?2 for immune escape has mainly been attributed to the beneficial effects of TNFR2 on
immunosuppressive tumor-infiltrating Tregs and MDSCs [89]. Furthermore, earlier studies
demonstrating a tumor-promoting function of TNF and IL10-producing regulatory B-cells
in DMBA /TPA-induced skin carcinogenesis and the recent finding that TNFR2 stimulates
IL10 production of regulatory B-cells open the possibility that TNFR2 engaged Bregs also
contributes to the anti-inflammatory pro-tumoral effects of TNFR2 [90,91].

Tumor-infiltrating regulatory T-cells are, with high frequency, strongly positive for
TNFR2 [92]. For example, in breast cancer, acute myeloid leukemia (AML) and lung cancer,
the highest TNFR2 expression levels were found on Foxp3*CD25*CD4* Tregs [93-96].
Interestingly, there is evidence that chemotherapy affects the TNFR2* Treg pool in triple-
negative breast tumors more severely than the infiltrating CD8" T-cells, so in this special
treatment situation, the anti-tumoral TNFR2 activities prevail [97].

As discussed before, TNFR2" Tregs represent the most suppressive fraction of Foxp3*
cells and activation of TNFR2 on Tregs by memTNF comes along with increased prolifera-
tion and phenotypic stability [59,98]. Soluble TNFR2 is significantly higher in samples of
malignant epithelial ovarian cancer (EOC) than in corresponding benign neoplasias and is
associated with tumor differentiation [99]. Moreover, TNFR2* Tregs are abundant in the as-
cites of ovarian tumor patients and have higher suppressive activity than peripheral blood
TNFR2" Tregs [100]. Notably, antagonistic TNFR2-specific antibodies trigger cell death
more potently in Tregs isolated from the ascites of ovarian cancer patients than in Tregs
of healthy donors [101]. Furthermore, a study of tumor ascites from patients with EOC
revealed that high levels of the pro-inflammatory cytokine IL6 were present in the analyzed
ascites. Culturing T-cells with EOC ascites leads to an increased TNFR2-expression on all
analyzed T-cell subsets and an increased ratio of Tregs/Teffs. In addition, those cultured
Tregs express higher levels of immunosuppressive molecules such as programmed cell
death ligand-1 (PDL1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) [102],
both molecules with an overwhelming importance for tumors to evade the immune system.
Increased expression of CTLA4 and PDL1 was also reported for TNFR2" Tregs derived
of lung cancer patients [95,96]. Like IL6, TNF can also upregulate PDL1 expression. Lim
and colleagues found out that TNF stabilizes the expression of PDL1 on cancer cells [103].
Mechanistically, TNF activates NF«B signaling, which induces COP9 signalosome 5 (CSN5)
expression. CSN5 itself inhibits ubiquitination and subsequent degradation of PDLI1.
However, whether this mechanism is also of relevance in Tregs is unclear.

The concentrations of soluble TNFR1 and TNFR2 and TNF are significantly increased
in sera of AML patients [104,105]. Furthermore, various mouse models of AML with
distinct genetic abnormalities showed that autocrine TNF production and TNEFR activation
by AML cells, especially leukemia-initiating cells, make a crucial contribution to tumor
progression through NF«B and JNK-mediated survival signaling [105-107], which might
antagonize tonic TNF-driven necroptotic signaling [108]. In a FLT3-ITD driven model of
AML, however, TNFR or RIPK3 knockout also resulted in enhanced leukemogenesis [109].
These seemingly contrasting results possibly reflect differences in the way the balances be-
tween cytotoxic and survival pathways in general has been adjusted in the various models
due to genetic factors or differences in the micromilieu. It is, however, also possible that
subtle, model-specific differences in the activity of distinct TNF-TNFR1-TNFR2 signaling
network axes (sSTNF versus memTNF, thus TNFR1 versus TNFR2 activity, induction of
endogenous TNF via TNFR1 and/or TNFR2, TNFR2-mediated TRAF2 depletion, etc.)
create these strikingly opposing net effects. In this respect, it is worth mentioning that the
RNA Né6-methyladenosine reader enzyme YTH N6-methyladenosine RNA binding protein
2 (YTHDE2) promotes AML and reduces cytotoxic TNF sensitivity of preleukemic cells by
suppressing TNFR2 expression [110,111]. Indeed, in accordance with the idea that this mir-
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rors the ability of TNFR2 to sensitize for TNFR1-induced cell death signaling by restricting
the availability of TRAF2-cIAP/1/2 complexes (see introduction), SMAC mimetics which
deplete cIAPs by triggering their proteasomal autodegradation also sensitizes AML cells
for autocrine TNF-mediated necroptosis [112].

Tregs have been shown to possess additional mechanisms for inhibiting the induc-
tion of inflammatory pathways beyond the secretion/expression of anti-inflammatory
cytokines, e.g., the release of soluble TNFR2 (sTNFR2). Shedding of the TNFR2 ectodomain,
similarly to membrane TNF processing, is mediated by TACE/ADAM17 [113] and is of-
ten enhanced under inflammatory circumstances. In particular, sSTNFR2 is released from
CD4* T-cells after stimulation with TNF or agonistic TNFR2-specific antibodies [114] while
stimulation of TNFR1, but not TNFR?2, results in enhanced TNFR2 ectodomain shedding
in neutrophils [11,115]. Therefore, sSTNFR2 can reflect previous or ongoing activation of
TNFR2 and/or TNFR1. sTNFR2 released from activated Tregs can scavenge TNF, and
thereby prevents the inflammatory effects of TNF and can maintain the immunosuppres-
sive function of Tregs against Teffs [116]. Additionally, high serum-levels of sSTNFR2 serve
as prognostic marker with poor clinical outcome in various cancer types [117-120].

Similar to Tregs, MDSCs can promote tumor immune escape. It is therefore not
surprising that many tumors also show an increased number of MDSCs [78]. MDSCs
suppress anti-tumor immune responses through several mechanisms; for example, by
producing NO and ROS, depletion of cysteine or release of IL10 and TGF{ [121]. Tumor cells
themselves release many of the stimulating factors of myelopoiesis, such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), stem-cell factor and vascular endothelial
growth factor (VEGEF), all of which promote the development of MDSCs [122-124]. In 2012,
Hu et al. demonstrated that memTNF promotes tumor growth, tumor progression and
angiogenesis [81]. This came along with increasing numbers of MDSCs and Tregs in the
TME, with poor lymphocyte infiltration and higher levels of NO, IL10 and TGFf. Vice
versa, a tumor model missing memTNF expression showed higher numbers of tumor-
infiltrating lymphocytes and reduced accumulation of MDSCs [81]. Studies with wildtype
and TNFR2-deficient MDSCs showed furthermore that memTNF via TNFR2 upregulates
CXCR4 expression, and thereby enables chemotactic migration of MDSCs to the tumor
microenvironment [125].

Metastasis, and thus the successful colonization of tumor cells at distant sites and
their subsequent adaption and growth, is pathophysiological, and typically the most life-
threatening step in tumor development [126]. An early event when tumor cells have
invaded the liver can be the expression of TNF [127]. In a study investigating the role
of TNF in liver metastasis with the help of TNFR1 and TNFR2 knockout mice, it was
found that TNFR2 deficiency, but not lack of TNFR1, results in a significant reduction in
liver metastasis in colon and lung carcinoma tumor model [128]. Furthermore, TNFR2
deficiency and reduced metastasis were correlated with decreased amounts of CD11b*
and Gr1* MDSCs and less Tregs in metastases site [128]. Remarkably, the pro-metastatic
activity of TNFR2, which is evident from this study, turned out to be female specific, as
in male mice, loss of TNFR2 did not result in a reduced amount of liver metastasis [129].
Furthermore, these findings correlated with the estrogen level and the finding that estrogen
induces TNFR2 expression in isolated splenocytes [129]. Thus, reduced numbers of liver
metastases were detected in ovariectomized female C57BL/6 mice, and this could be
reverted by estradiol reconstitution. Moreover, Tregs and MDSCs of ovariectomized mice
show reduced TNFR2 expression and reduced T-cell suppressive activity [129]. It is worth
mentioning that TNFR2 might not only promote metastasis through the stimulating effect
of TNFR2 on immune suppressive cells, but possibly also by affecting the activity of NK
cells. It has been found that the expression of the immunosuppressive NKp30C isoform in
gastrointestinal stromal tumors is tightly associated with autocrine TNF/TNFR2-induced
upregulation of TRAF1 and cIAP2, along with downregulation of the activating NK cell-
receptor NKp46 [130]. However, the possible causal relationship of this correlation remains
to be clarified.
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4.2. TNFR2 as An Oncogene

Aberrant expression of TNFR2 in certain cancers is accompanied by poor survival
prognosis. As already discussed above, sSTNFR2 levels are associated with poor survival
prognosis in multiple myeloma, Hodgkin’s lymphoma, colorectal cancer, cutaneous non-
Hodgkin’s disease and ovarian cancer [117-120,131]. Similarly, increased TNFR2 expression
correlating with tumor size and clinical stage was reported for breast cancer [132]. High
TNFR2 expression has also been found to be associated with shorter survival of patients
suffering from non-small cell lung cancer (NSCLC) [133] and recently a systemic screening
of almost 800 tumor cell lines derived of different cancer types revealed widespread TNFR2
expression, not unexpected especially in hematopoietic and lymphoid cancer cell lines [89].
These clinical data suggest that TNFR2 might also show pro-tumoral behavior within the
tumor cell itself.

The pro-tumoral activities of TNFR2 must not necessarily originate from its role in
specifying the properties of the TME but can also be based directly on oncogenic TNFR2
activities. Early on, it was found in a mouse model of DMBA /TPA-induced skin cancero-
genesis that, particularly at the beginning of skin-tumor development, TNF is a major
factor driving dermal inflammation and keratinocyte hyperproliferation [134,135]. Follow-
up studies with TNFR1 and TNFR2 knockout mice revealed a crucial role of TNFR1 in
skin cancerogenesis in this model, but also showed a significant contribution of TNFR2.
These in vivo data correlated with in vitro studies showing a dominant role of TNFR1 in
TNF-induced expression of GM-CSF and MMP9 in primary keratinocytes, but also a clear
reduction in the inducibility of these factors in the absence of TNFR2 [136].

In a rare type of cutaneous T-cell lymphoma with poor clinical outcome, the Sezary
Syndrome (SS), TNFR2 point mutations and aberrant gene duplications covering the
TNFR?2 gene locus lead to increased proliferation and cell growth due to enhanced NF«kB
signaling [137]. Likewise, TNFR2 promotes cancer-cell proliferation in colorectal cancer
(CRC). Analysis of CRC tissue through immunohistochemistry revealed that high TNFR2
expression in the cancer cells is associated with higher expression of the proliferation
marker Ki67 [138]. Furthermore, stable expression of TNFR2 in the SW1116 cell line
enhanced proliferation in this study, while silencing of TNFR2 in the HT29 cell line reduced
proliferation [138]. TNFR2 upregulation lead to enhanced protein kinase B (AKT) activity,
suggesting that TNFR2 drives CRC progression via the phosphoinositide 3-kinase/ AKT
signaling pathway [138]. TNFR2 upregulation in colonic epithelial cells has also been
reported in TNF-dependent cancer development associated with AOM/DSS-induced
colitis [139]. Furthermore, follow-up studies gave evidence that TNFR2-induced MLCK
expression disrupted tight junctions and thereby promoted cancerogenesis by triggering
epithelial cell proliferation through luminal bacteria-induced inflammation [140].

It is well known that hepatic progenitor cells (HPCs) show abnormal compensatory
proliferation in conditions of inflammation and tissue damage [141]. Indeed, TNE, pre-
sumably acting via TNFR2 and STAT3, has been identified as a crucial factor of HPC
activation in a DEN-induced model of hepatocellular carcinoma [142]. Moreover, TNFR2
was recently identified as a driver of primary liver cancer (PLC) under involvement of YAP
(Yes-associated protein) [143]. TNF can activate HPCs, but only TNF-TNFR?2 interaction
on HPCs leads to malignant transformation driving liver tumorigeneses. In this process,
TNFR2 stimulation activates YAP signaling [143], an important component of the Hippo
pathway, which regulates organ size and tumorigeneses [144]. Phosphorylated YAP is
restrained in the cytoplasm and subsequently degraded. However, dephosphorylated YAP
can enter the nucleus and, together with transcription factors of the TEAD (transcriptional-
enhanced associate domain) transcription factor family, regulates the expression of several
target genes [144]. The TNFR2 stimulation on HPCs promotes YAP signaling through the
direct binding of heterogeneous nuclear ribonuclear protein K (hnRNPK), thereby stabi-
lizing YAP on target-gene promoters and promoting malignant transformation of HPCs.
Furthermore, single-cell RNA sequencing showed that the expression levels of TNFR2,
YAP and hnRNPK in PLCs are enhanced and associated with a poor survival prognosis.
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All these findings point to the TNFR2-YAP axis as an important driver of HPC progression
to PLC [143].

TNF has also been identified as a promoter of tumorigenesis in mice expressing
the neu/erbB2 oncogene in the mammary epithelium or under control of the murine
mammary tumor virus long terminal repeat [145-147]. Moreover, as mentioned above,
TNFR2 expression has been positively associated with reduced overall survival time and
disease-free survival in breast cancer patients [132]. Again, one pro-tumoral mechanism
of TNF/TNEFR2 signaling in breast cancer cells seems to be activation of the Akt pathway,
this time resulting in upregulation of the DNA damage-repair protein poly(ADP-ribose)
polymerase [148]. An association of TNF and the Hippo signaling pathway, as discussed
above for liver cancer, has also been noted in breast-cancer-cell migration [149]. However,
the role of TNFR2 has not been investigated in this study. Notably, there is evidence that
TNFR2 can also act as a tumor suppressor in breast cancer. It has been observed that
the loss of one TNFR2 allele in breast-cancer-prone MMTV-Wnt1 mice results in ductal
hyperplasia in the mammary gland, higher numbers of mammary epithelial stem cells
and last but not least, in an increased incidence of tumors with an aggressive metastatic
phenotype [150]. The underlying mechanisms are poorly investigated but may involve
autocrine TNF production [150].

In summation, TNFR2 can promote tumor development and metastasis but is also able
to elicit anti-tumoral activities (Table 1). This makes TNFR2 a promising tumor therapeutic
target which, dependent on the concrete circumstances, might be addressed by agonists
or antagonists.

Table 1. Tumor-related functions/activities of TNFR2.

TNFR2 Expressing Cell Type Effect on Cell Effect on Tumor Ref.
MDSC CXC1}4 expression and tumor recruitment Immune escape [81,89,125,128]
ncrease in suppressive activity Metastasis
Expansion Immune escape
Treg Phenotypic stability Metastasisp [59,98]
Increase in suppressive activity

NK cell Inhibition of NKp46 expression Metastasis [130]

Tumor cell Survival signaling Tumor progression. [105-107,137,143,145-147]
Proliferation Malignant transformation

Tumor cell Cell-death sensitization Anti-tumoral [110,111]

5. TNFR2 as a Therapeutic Target in Cancer

The different functions of TNFR2 as an oncogene and as an immune regulator of the
TME open up to opposing strategies to target TNFR2 for cancer therapy, such as, on the
one hand, inhibition of TNFR2 activities in immunosuppressive cells or TNFR2* cancer
cells or the TNFR2-dependent killing of these cells, and on the other hand, the stimulation
of TNFR?2 to exploit its proinflammatory activities, especially its co-stimulatory effect on
CD8* T-cells.

5.1. Antagonistic Anti-TNFR2 Antibodies in Preclinical Tumor Models

Antagonistic anti-TNFR2 antibodies have been frequently used in vitro in the TNF field
to differentiate between TNFR1- and TNFR2-mediated effects but there is also some in vivo
experience with antagonistic TNFR2 antibodies. Antagonistic anti-TNFR2 antibodies are
characterized by binding to TNFR2 in a way that prevents ligand binding. Importantly,
anti-TNFR2 antibodies typically elicit strong agonism when presented in FcyR-bound form,
irrespective of the epitope recognized [151]. It is therefore crucial for potential in vivo
applications of ligand blocking anti-TNFR2 antibodies as TNFR2 antagonists to use them
in an IgG isotype lacking /minimizing FcyR binding.

In 2017, Torrey et al. described two dominant antagonistic TNFR2 antibodies, whereby
dominant describes the ability of these antibodies to inhibit Treg proliferation and TNFR2
shedding in an FcyR-independent manner and to kill OVCAR3 cells after prolonged incu-
bation [101]. Both of these antagonistic antibodies recognize a similar region within TNFR2,
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and Torrey et al. speculated that these antibodies “fix” ligand-free TNFR2 dimers in an in-
active state with inaccessible TNF-binding sites. The strongest effects with these antibodies
were found when Tregs were isolated directly from ovarian cancers in comparison to Tregs
from peripheral blood of ovarian cancer patients or healthy donors, indicating some kind of
tumor Treg preference. This tumor preference might be explained by the fact that in tumors,
the proportion of TNFR2* Tregs is unusually high compared with healthy tissue, indicating
more available targets for TNFR2-specific antibodies or by “priming” events occurring in
the tumor microenvironment, making Tregs more dependent on TNFR2 signaling. One
of these TNFR2-specific antibodies was also tested for its ability to inhibit CD4 T-cells of
Sézary syndrome (SS) patients and various tumor cell lines. TNFR2* CD4 cancer T-cell
frequencies were lowered in response to the treatment and the ratio of Tregs/Teffs was
restored compared to healthy controls, confirming the potential of antagonistic TNFR2
antibodies in cancer therapy [152]. An IgG2 mutant (C232S and S233S) of this antibody
with a stabilized hinge region and broad separation of antibody arms was found to be
particularly active in inhibition of cell growth of cancer cell lines with high TNFR2 expres-
sion [89]. Unfortunately, the mechanisms and mode of growth inhibition/cell death of the
anti-TNFR2 antibody treated cells were not further investigated in the above-mentioned
studies. It is thus unclear how inhibition of TNFR2 signaling translates at the molecular
level in these studies in growth inhibition or cell death.

The activation of dendritic cells (DCs) is a goal of many immunotherapies. The stimu-
lation of Toll-like receptor 9 (TLR9) on plasmacytoid DCs (pDCs) with CpG oligodeoxynu-
cleotides (ODNSs) can induce anti-tumor response in mouse models [153]. However, there is
also evidence from ex vivo experiments with human pDCs that this kind of treatment can
also trigger the induction of immunosuppressive Tregs [154,155]. The latter finding resulted
in initial studies with the aim to boost the immunostimulatory effect of CpG treatment
with the help of antagonistic TNFR2 antibodies (anti-mouse TNFR2 murine IgG1 M831
from Amgen; anti-mouse TNFR2 hamster IgG TR75-54.7, commercially available). In the
CT26 mouse model of colon cancer, the administration of the anti-TNFR2 antibody M861
resulted in CpG-treated mice in a decreased number of TNFR2* Tregs, increasing amounts
of tumor-infiltrating CD8* Teffs and higher survival rates [155]. In addition, after successful
therapy, the mice were resistant to repopulation with the same tumor, but not to 4T1 breast
cancer cells [155]. One has, however, to take care in the interpretation of these results with
respect to the mode of action of the putative antagonistic anti-TNFR2 antibodies. Since
these antibodies carries no mutations silencing FcyR interaction, it cannot be ruled out
that FcyR-mediated activities or agonism of FcyR-bound antibody molecules contributed
to the observed treatment effects. Indeed, it has been demonstrated elsewhere that the
antagonistic hamster anti-mouse TNFR2 antibody TR75-54.7 acts as a TNFR2 agonist after
cross-linking in vitro [156] and binds to murine FcyRs II and III [157]. These considerations
are also applicable for BI-1808, a fully human antagonistic ligand blocking anti-TNFR2 IgG1
antibody from Biolnvent International AB [158], which is currently under investigation in a
first clinical trial in patients with advanced solid tumors and cutaneous T-cell lymphoma
(clinicaltrials.gov identifier NCT04752826).

5.2. Anti-TNFR2 Antibody Agonism in Preclinical Tumor Models

In 2019, the mouse TNFR2 specific Y9 antibody has been described [159]. The antibody
was generated as mouse IgG2a isotype, has TNF-blocking capabilities and binds to CRD1 of
TNFR2. Y9 showed anti-tumor responses in syngeneic mouse models with several mouse
cancer cell-lines indicated by CD4" and CD8* T-cell expansion, with increased functionality
of CD8* Teffs, downregulation of memTNF and reduced tumor size. These effects were
not accompanied by Treg depletion, but FcyR interaction was necessary, suggesting that
the agonism of FcyR-bound antibody molecules is important [159]. Similar results were
obtained with agonistic TNFR2 antibodies in a CT26 syngeneic tumor model [157]. TNFR2
can also be efficiently and selectively engaged using recombinant oligomeric TNFR2-specific
TNF mutants [3], but these reagents have not been tested yet in cancer models.
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In addition to the anti-TNFR2 antibodies discussed above, several more are currently
in preclinical/commercial development (Table 2). Unfortunately, only a few peer-reviewed
publications are available for most of these antibodies. Most often, these antibodies were
only briefly presented at conferences, so a generalized consideration which strategy for
TNFR2 targeting is best suited for which disease type is currently not possible.

Table 2. Translational TNFR2-targeting antibodies.

Antibody Company Mode of Action Status Relevant Patent Ref.
. Antagonist ..
AN3025 Adlai Norty USA Inc. ADCC Preclinical - [160]
APX601 Apexigen Inc. Arg%%’gm Preclinical WO02021/055253A2  [161,162]
Bi-1808 Biolnvent Antagonist NCT04752826  WO2020/089474A1 [158]
International AB
. Biolnvent . .
Bi-1910 International AB Agonist Preclinical W02020/089473A2 [163]
BITR2101 Boston Immune Te;chnologles _ Preclinical ) }
& Therapeutic Inc.
HiFiBiO .
HFB200301 . Agonist NCT05238883 WO02021/141907A1 [164]
Therapeutics
LBL-019 Nanijng Leads Biolabs Co Ltd. - NCT05223231 WO2021/249542A1 -
NovaRock ..
NBL-020 Biotherapeutics FcyR dependent Preclinical - [165]
. . Agonist . W02020/180712A1
MM-401 Merrimack Pharmaceuticals ADCC Preclinical WO2020/061210A1 [166,167]
. Antagonist ..
SIM0235 Simcere ADCC Preclinical W02021/023089 -

5.3. TNFR?2 Targeting and Immune Checkpoint Blockade

To further improve clinical outcome, combination therapies of agonistic TNFR2-
targeting reagents with other anti-cancer drugs or biologicals are considered. An obvious
possible approach is the combination of TNFR2 agonists with immune checkpoint block-
ade (ICB). Over the last few decades, immunotherapies targeting immune checkpoint
molecules such as CTLA-4 (e.g., Ipilimumab) or PDL1 (e.g., Avelumab) have shown great
efficacy. Nevertheless, these therapies can promote undesirable autoimmune effects and
only 30 % of treated patients show a good anti-tumor response. In the above-cited study by
Tam et al. [159], the combination of the anti-TNFR2 antibody Y9 with its assumed FcyR-
dependent agonism and a PDL1 blocking antibody resulted in superior anti-tumor activity.
Furthermore, case and colleagues combined PD1 blockade with one of the antagonistic
TNFR?2 antibodies described by [101] in mouse colon cancer models (CT26 and MC38). The
combination therapy exceeded the efficacy of the two corresponding monotherapies. The
combination therapy led to a reduction in immunosuppressive Tregs and a normalization of
the Treg/Teff ratio. Moreover, the best results were obtained when both blocking antibodies
were administered simultaneously and not administered at different time-points [168].
Since the anti-TNFR2 antibody used was not silent for FcyR binding, the mode of action
of the anti-TNFR2 antibody (ADCC of Tregs, TNFR2 blockade, TNFR2 engagement by
FcyR-bound antibody molecules) is not fully clear in this study. Indeed, ADCC-mediated
depletion of Tregs, along with enhanced activity of CD8+ T-cells, has been identified as the
mode of action of the anti-TNFR2 antibody TY101 in a syngeneic murine tumor model [169].

In a genome-wide crispr-Cas9 screen, Vredevoogd et al. [170] identified TRAF2, cIAP1
and cIAP2, but also several other components of the TNF-stimulated TNFR1/TNFR2
signaling network as major factors regulating the T-cell sensitivity of tumors. Follow-up
analysis revealed (i) that TNF expression in untreated cancers does not correlate with
survival, but also revealed a positive correlation with responders of anti-PD1 therapy;
(ii) that TRAF2 deficiency sensitizes tumor cells for the cytotoxic action of CD8* T cell-
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derived TNF and (iii) that TWEAK-induced Fn14 activation sensitizes cancer cells for killing
by CD8" T cell-derived TNF-induced cell death by virtue of depletion of the available pool
of TRAF2-cIAP1/2 complexes, thus by similar mechanisms as already described for TNFR2
(see also 2.) [170]. Thus, in the case of TNFR2-expressing tumor cells, TNFR2 agonists
may not only improve TNF release by CD8" T-cells, but may also sensitize the tumor cells
for TNF-induced cell death. Indeed, TNFR2 has been identified as a molecular marker
for ALL patients who have a good chance to respond to cIAP1/2 antagonists, such as
birinapant, and this is associated with TNFR2-dependent recruitment of RIPK1 to TNFR1
and RIPK1-mediated cell death [171]. In summation, these recent findings prompt testing
therapeutic strategies combining anti-PD1 checkpoint blockade with Fnl4 activation to
sensitize cancer cells for TNF killing and/or TNFR2 activation to enhance CD8* T-cell
activation and TNF release.

It is worth mentioning that there is evidence that some immunomodulatory drugs,
such as lenalidomide, but also chemotherapeutic drugs, such as cyclophosphamide, azaci-
tidine, elicit, a least in part, their therapeutic effects through the suppression of Tregs or
modulation of TNFR2 expression on Tregs [172-174].

6. Conclusions

The numerous preclinical studies with TNFR2-deficient mice and TNFR2-targeting
biologicals argue for an exceptionally good tolerability of both TNFR2 antagonists and
TNFR2 agonists, with high antitumoral effectiveness at the same time. The high hopes
set on TNFR2 as a therapeutic target are also reflected by the fact that several companies
have started clinical/commercial development of anti-TNFR2 antibodies in recent years
(Table 2). Clinical studies must now show whether the good tolerability profile observed
in animal models is also evident in clinical practice, particularly in patients who have
comorbidities or are co-administered with other anticancer drugs. In view of the strongly
diverging possibilities of targeting TNFR2 (activation or inhibition of TNFR2 signaling,
destruction of TNFR2" cells), which all showed promising results in preclinical models, a
major challenge is certainly the question of on which basis or with which rationale cancer
patients can be selected for a defined TNFR?2 targeting strategy (TNFR2 blockade, TNFR2
engagement, ADCC) in clinical trials.

Author Contributions: Conceptualization, ]. M. and H.W.; writing—original draft preparation, ].M.,
KK. and HW.,; writing—review and editing, ]. M., KK. and H.-W.; visualization, K.K., funding
acquisition, H.-W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants of the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—project number 324392634-TRR 221 and DFG WA 1025/33-1.

Conflicts of Interest: The University of Wiirzburg has submitted a patent application covering novel
TNFR2 agonists with H.W. and ].M. as coinventors and receives funding from Dulayx NV for the
development of TNFR2 agonists.

References

1.  Bodmer, ].L.; Schneider, P.; Tschopp, J. The molecular architecture of the TNF superfamily. Trends Biochem. Sci. 2002, 27, 19-26.
[CrossRef]

2. Locksley, RM.; Killeen, N.; Lenardo, M.]. The TNF and TNF receptor superfamilies: Integrating mammalian biology. Cell 2001,
104, 487-501. [CrossRef]

3. Medler, J.; Wajant, H. Tumor necrosis factor receptor-2 (TNFR2): An overview of an emerging drug target. Expert Opin. Ther.
Targets 2019, 23, 295-307. [CrossRef] [PubMed]

4. Mukai, Y.; Nakamura, T.; Yoshikawa, M.; Yoshioka, Y.; Tsunoda, S.; Nakagawa, S.; Yamagata, Y.; Tsutsumi, Y. Solution of the
structure of the TNF-TNFR2 complex. Sci. Signal. 2010, 3, ra83. [CrossRef] [PubMed]

5. Richter, C.; Messerschmidt, S.; Holeiter, G.; Tepperink, J.; Osswald, S.; Zappe, A.; Branschddel, M.; Boschert, V.; Mann, D.A ;
Scheurich, P.; et al. The tumor necrosis factor receptor stalk regions define responsiveness to soluble versus membrane-bound
ligand. Mol. Cell. Biol. 2012, 32, 2515-2529. [CrossRef] [PubMed]

6. Kucka, K; Lang, I.; Zhang, T.; Siegmund, D.; Medler, J.; Wajant, H. Membrane lymphotoxin-«(2){ is a novel tumor necrosis factor

(TNF) receptor 2 (TNFR?2) agonist. Cell Death Dis. 2021, 12, 360. [CrossRef]


http://doi.org/10.1016/S0968-0004(01)01995-8
http://doi.org/10.1016/S0092-8674(01)00237-9
http://doi.org/10.1080/14728222.2019.1586886
http://www.ncbi.nlm.nih.gov/pubmed/30856027
http://doi.org/10.1126/scisignal.2000954
http://www.ncbi.nlm.nih.gov/pubmed/21081755
http://doi.org/10.1128/MCB.06458-11
http://www.ncbi.nlm.nih.gov/pubmed/22547679
http://doi.org/10.1038/s41419-021-03633-8

Cancers 2022, 14, 2603 15 of 22

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.
31.

32.

Tang, P; Hung, M.C.; Klostergaard, J. Human pro-tumor necrosis factor is a homotrimer. Biochemistry 1996, 35, 8216-8225.
[CrossRef]

Siegmund, D.; Kums, J.; Ehrenschwender, M.; Wajant, H. Activation of TNFR2 sensitizes macrophages for TNFR1-mediated
necroptosis. Cell Death Dis. 2016, 7, €2375. [CrossRef]

Wajant, H. The role of TNF in cancer. Results Probl. Cell Differ. 2009, 49, 1-15. [CrossRef]

Moss, M.L,; Jin, S.L.; Milla, M.E.; Bickett, D.M.; Burkhart, W.; Carter, H.L.; Chen, W.J.; Clay, W.C.; Didsbury, ].R.; Hassler, D.; et al.
Cloning of a disintegrin metalloproteinase that processes precursor tumour-necrosis factor-alpha. Nature 1997, 385, 733-736.
[CrossRef]

Black, R.A.; Rauch, C.T.; Kozlosky, C.J.; Peschon, ]J.J.; Slack, J.L.; Wolfson, M.F,; Castner, B.J.; Stocking, K.L.; Reddy, P;
Srinivasan, S.; et al. A metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells. Nature 1997, 385,
729-733. [CrossRef] [PubMed]

Grell, M.; Douni, E.; Wajant, H.; Lohden, M.; Clauss, M.; Maxeiner, B.; Georgopoulos, S.; Lesslauer, W.; Kollias, G.;
Pfizenmaier, K.; et al. The transmembrane form of tumor necrosis factor is the prime activating ligand of the 80 kDa tumor
necrosis factor receptor. Cell 1995, 83, 793-802. [CrossRef]

Mauri, D.N.; Ebner, R.; Montgomery, R.I.; Kochel, K.D.; Cheung, T.C.; Yu, G.L.; Ruben, S.; Murphy, M.; Eisenberg, R.J.;
Cohen, G.H; et al. LIGHT, a new member of the TNF superfamily, and lymphotoxin alpha are ligands for herpesvirus entry
mediator. Immunity 1998, 8, 21-30. [CrossRef]

Wajant, H.; Siegmund, D. TNFR1 and TNFR2 in the Control of the Life and Death Balance of Macrophages. Front. Cell Dev. Biol.
2019, 7, 91. [CrossRef]

Wajant, H. Principles of antibody-mediated TNF receptor activation. Cell Death Differ. 2015, 22, 1727-1741. [CrossRef]

Cao, J.; Meng, F,; Gao, X.; Dong, H.; Yao, W. Expression and purification of a natural N-terminal pre-ligand assembly domain of
tumor necrosis factor receptor 1 (TNFR1 PLAD) and preliminary activity determination. Protein J. 2011, 30, 281-289. [CrossRef]
Karathanasis, C.; Medler, J.; Fricke, F.; Smith, S.; Malkusch, S.; Widera, D.; Fulda, S.; Wajant, H.; van Wijk, S.J.L.; Dikic, L; et al.
Single-molecule imaging reveals the oligomeric state of functional TNFx-induced plasma membrane TNFR1 clusters in cells. Sci.
Signal. 2020, 13, eaax5647. [CrossRef]

Prada, ].P.; Wangorsch, G.; Kucka, K.; Lang, I.; Dandekar, T.; Wajant, H. A systems-biology model of the tumor necrosis factor
(TNF) interactions with TNF receptor 1 and 2. Bioinformatics 2021, 37, 69-676. [CrossRef]

Pan, S.; An, P; Zhang, R.; He, X; Yin, G.; Min, W. Etk/Bmx as a tumor necrosis factor receptor type 2-specific kinase: Role in
endothelial cell migration and angiogenesis. Mol. Cell. Biol. 2002, 22, 7512-7523. [CrossRef]

So, T.; Croft, M. Regulation of PI-3-Kinase and Akt Signaling in T Lymphocytes and Other Cells by TNFR Family Molecules.
Front. Immunol. 2013, 4, 139. [CrossRef]

Zhang, R.; Xu, Y.; Ekman, N.; Wu, Z.; W, J.; Alitalo, K.; Min, W. Etk/Bmx transactivates vascular endothelial growth factor 2 and
recruits phosphatidylinositol 3-kinase to mediate the tumor necrosis factor-induced angiogenic pathway. J. Biol. Chem. 2003, 278,
51267-51276. [CrossRef] [PubMed]

Hayden, M.S.; Ghosh, S. NF-«B, the first quarter-century: Remarkable progress and outstanding questions. Genes Dev. 2012, 26,
203-234. [CrossRef] [PubMed]

Rothe, M.; Wong, 5.C.; Henzel, W.].; Goeddel, D.V. A novel family of putative signal transducers associated with the cytoplasmic
domain of the 75 kDa tumor necrosis factor receptor. Cell 1994, 78, 681-692. [CrossRef]

Borghi, A.; Haegman, M; Fischer, R.; Carpentier, I; Bertrand, M.J.M.; Libert, C.; Afonina, L.S.; Beyaert, R. The E3 ubiquitin ligases
HOIP and cIAP1 are recruited to the TNFR?2 signaling complex and mediate TNFR2-induced canonical NF-«B signaling. Biochem.
Pharmacol. 2018, 153, 292-298. [CrossRef] [PubMed]

Wu, CJ,; Conze, D.B,; Li, X,; Ying, S.X.; Hanover, ].A.; Ashwell, ].D. TNF-alpha induced c-IAP1/TRAF2 complex translocation to
a Ubc6-containing compartment and TRAF2 ubiquitination. EMBO J. 2005, 24, 1886-1898. [CrossRef] [PubMed]

Hirata, Y.; Takahashi, M.; Morishita, T.; Noguchi., T.; Matsuzawa, A. Post-Translational Modifications of the TAK1-TAB Complex.
Int. ]. Mol. Sci. 2017, 18, 205. [CrossRef]

Oeckinghaus, A.; Hayden, M.S.; Ghosh, S. Crosstalk in NF-«B signaling pathways. Nat. Immunol. 2011, 12, 695-708. [CrossRef]

Baldwin, A.S., Jr. The NF-kappa B and I kappa B proteins: New discoveries and insights. Annu. Rev. Immunol. 1996, 14, 649-683.
[CrossRef]

Oeckinghaus, A.; Ghosh, S. The NF-kappaB family of transcription factors and its regulation. Cold Spring Harb. Perspect. Biol.
2009, 1, a000034. [CrossRef]

Sun, S.C. Non-canonical NF-«B signaling pathway. Cell Res. 2011, 21, 71-85. [CrossRef]

Vallabhapurapu, S.; Matsuzawa, A.; Zhang, W.; Tseng, P.H.; Keats, ]J.J.; Wang, H.; Vignali, D.A.; Bergsagel, P.L.; Karin, M.
Nonredundant and complementary functions of TRAF2 and TRAF3 in a ubiquitination cascade that activates NIK-dependent
alternative NF-kappaB signaling. Nat. Immunol. 2008, 9, 1364-1370. [CrossRef] [PubMed]

Zarnegar, B.].; Wang, Y.; Mahoney, D.]J.; Dempsey, PW.; Cheung, H.H.; He, J.; Shiba, T.; Yang, X.; Yeh, W.C.; Mak, TW.; et al.
Noncanonical NF-kappaB activation requires coordinated assembly of a regulatory complex of the adaptors cIAP1, cIAP2, TRAF2
and TRAF3 and the kinase NIK. Nat. Immunol. 2008, 9, 1371-1378. [CrossRef] [PubMed]


http://doi.org/10.1021/bi952182t
http://doi.org/10.1038/cddis.2016.285
http://doi.org/10.1007/400_2008_26
http://doi.org/10.1038/385733a0
http://doi.org/10.1038/385729a0
http://www.ncbi.nlm.nih.gov/pubmed/9034190
http://doi.org/10.1016/0092-8674(95)90192-2
http://doi.org/10.1016/S1074-7613(00)80455-0
http://doi.org/10.3389/fcell.2019.00091
http://doi.org/10.1038/cdd.2015.109
http://doi.org/10.1007/s10930-011-9330-4
http://doi.org/10.1126/scisignal.aax5647
http://doi.org/10.1093/bioinformatics/btaa844
http://doi.org/10.1128/MCB.22.21.7512-7523.2002
http://doi.org/10.3389/fimmu.2013.00139
http://doi.org/10.1074/jbc.M310678200
http://www.ncbi.nlm.nih.gov/pubmed/14532277
http://doi.org/10.1101/gad.183434.111
http://www.ncbi.nlm.nih.gov/pubmed/22302935
http://doi.org/10.1016/0092-8674(94)90532-0
http://doi.org/10.1016/j.bcp.2018.01.039
http://www.ncbi.nlm.nih.gov/pubmed/29378181
http://doi.org/10.1038/sj.emboj.7600649
http://www.ncbi.nlm.nih.gov/pubmed/15861135
http://doi.org/10.3390/ijms18010205
http://doi.org/10.1038/ni.2065
http://doi.org/10.1146/annurev.immunol.14.1.649
http://doi.org/10.1101/cshperspect.a000034
http://doi.org/10.1038/cr.2010.177
http://doi.org/10.1038/ni.1678
http://www.ncbi.nlm.nih.gov/pubmed/18997792
http://doi.org/10.1038/ni.1676
http://www.ncbi.nlm.nih.gov/pubmed/18997794

Cancers 2022, 14, 2603 16 of 22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fotin-Mleczek, M.; Henkler, F.; Samel, D.; Reichwein, M.; Hausser, A.; Parmryd, I.; Scheurich, P.; Schmid, J.A.; Wajant, H.
Apoptotic crosstalk of TNF receptors: TNF-R2-induces depletion of TRAF2 and IAP proteins and accelerates TNF-R1-dependent
activation of caspase-8. J. Cell Sci. 2002, 115, 2757-2770. [CrossRef] [PubMed]

Rauert, H.; Stithmer, T.; Bargou, R.; Wajant, H.; Siegmund, D. TNFR1 and TNFR?2 regulate the extrinsic apoptotic pathway in
myeloma cells by multiple mechanisms. Cell Death Dis. 2011, 2, e194. [CrossRef]

Dueber, E.C.; Schoeffler, A.J.; Lingel, A.; Elliott, ].M.; Fedorova, A.V.; Giannetti, A.M.; Zobel, K.; Maurer, B.; Varfolomeev, E.;
Wu, P; et al. Antagonists induce a conformational change in cIAP1 that promotes autoubiquitination. Science 2011, 334, 376-380.
[CrossRef]

Feltham, R.; Bettjeman, B.; Budhidarmo, R.; Mace, P.D.; Shirley, S.; Condon, S.M.; Chunduru, S.K.; McKinlay, M.A.; Vaux, D.L,;
Silke, J.; et al. Smac mimetics activate the E3 ligase activity of cIAP1 protein by promoting RING domain dimerization. J. Biol.
Chem. 2011, 286, 17015-17028. [CrossRef] [PubMed]

Zheng, C.; Kabaleeswaran, V.; Wang, Y.; Cheng, G.; Wu, H. Crystal structures of the TRAF2: cIAP2 and the TRAF1: TRAF2: cIAP2
complexes: Affinity, specificity, and regulation. Mol. Cell 2010, 38, 101-113. [CrossRef]

Vince, J.E.; Chau, D.; Callus, B.; Wong, W.W.; Hawkins, C.J.; Schneider, P.; McKinlay, M.; Benetatos, C.A.; Condon, S.M.;
Chunduruy, S.K; et al. TWEAK-FN14 signaling induces lysosomal degradation of a cIAP1-TRAF2 complex to sensitize tumor
cells to TNFalpha. J. Cell Biol. 2008, 182, 171-184. [CrossRef]

Duckett, C.S.; Thompson, C.B. CD30-dependent degradation of TRAF2: Implications for negative regulation of TRAF signaling
and the control of cell survival. Genes Dev. 1997, 11, 2810-2821. [CrossRef]

Grell, M.; Zimmermann, G.; Gottfried, E.; Chen, C.M.; Grunwald, U.; Huang, D.C.; Wu Lee, Y.H.; Durkop, H.; Engelmann, H.;
Scheurich, P.; et al. Induction of cell death by tumour necrosis factor (TNF) receptor 2, CD40 and CD30: A role for TNF-R1
activation by endogenous membrane-anchored TNE. Embo J. 1999, 18, 3034-3043. [CrossRef]

Wicovsky, A.; Henkler, F; Salzmann, S.; Scheurich, P.; Kneitz, C.; Wajant, H. Tumor necrosis factor receptor-associated factor-1
enhances proinflammatory TNF receptor-2 signaling and modifies TNFR1-TNFR2 cooperation. Oncogene 2009, 28, 1769-1781.
[CrossRef] [PubMed]

Weiss, T.; Grell, M.; Hessabi, B.; Bourteele, S.; Muller, G.; Scheurich, P.; Wajant, H. Enhancement of TNF receptor p60-mediated
cytotoxicity by TNF receptor p80: Requirement of the TNF receptor-associated factor-2 binding site. |. Immunol. 1997, 158,
2398-2404. [PubMed]

Schneider, P.; Schwenzer, R.; Haas, E.; Miihlenbeck, F; Schubert, G.; Scheurich, P.; Tschopp, J.; Wajant, H. TWEAK can induce cell
death via endogenous TNF and TNF receptor 1. Eur. ]. Immunol. 1999, 29, 1785-1792. [CrossRef]

Knop, J.; Spilgies, L.M.; Rufli, S.; Reinhart, R.; Vasilikos, L.; Yabal, M.; Owsley, E.; Jost, PJ.; Marsh, R.A.; Wajant, H.; et al. TNFR2
induced priming of the inflammasome leads to a RIPK1-dependent cell death in the absence of XIAP. Cell Death Dis. 2019, 10, 700.
[CrossRef]

Siegmund, D.; Ehrenschwender, M.; Wajant, H. TNFR2 unlocks a RIPK1 kinase activity-dependent mode of proinflammatory
TNFRI1 signaling. Cell Death Dis. 2018, 9, 921. [CrossRef]

Annunziato, F.; Cosmi, L.; Liotta, F.; Lazzeri, E.; Manetti, R.; Vanini, V.; Romagnani, P.; Maggi, E.; Romagnani, S. Phenotype,
localization, and mechanism of suppression of CD4(+)CD25(+) human thymocytes. J. Exp. Med. 2002, 196, 379-387. [CrossRef]
[PubMed]

Sakaguchi, S.; Yamaguchi, T.; Nomura, T.; Ono, M. Regulatory T cells and immune tolerance. Cell 2008, 133, 775-787. [CrossRef]
Chen, X,; Subleski, J.J.; Kopf, H.; Howard, O.M.; Mannel, D.N.; Oppenheim, ].J. Cutting edge: Expression of TNFR2 defines a
maximally suppressive subset of mouse CD4+CD25+FoxP3+ T regulatory cells: Applicability to tumor-infiltrating T regulatory
cells. J. Immunol. 2008, 180, 6467-6471. [CrossRef]

Chen, X.; Bdumel, M.; Mannel, D.N.; Howard, O.M.; Oppenheim, ].J. Interaction of TNF with TNF receptor type 2 promotes
expansion and function of mouse CD4+CD25+ T regulatory cells. J. Immunol. 2007, 179, 154-161. [CrossRef]

Zou, W. Regulatory T cells, tumour immunity and immunotherapy. Nat. Rev. Immunol. 2006, 6, 295-307. [CrossRef]

Chen, X.; Hamano, R.; Subleski, ].].; Hurwitz, A.A.; Howard, O.M.; Oppenheim, J.J. Expression of costimulatory TNFR2 induces
resistance of CD4+FoxP3- conventional T cells to suppression by CD4+FoxP3+ regulatory T cells. J. Immunol. 2010, 185, 174-182.
[CrossRef] [PubMed]

Wajant, H.; Beilhack, A. Targeting Regulatory T Cells by Addressing Tumor Necrosis Factor and Its Receptors in Allogeneic
Hematopoietic Cell Transplantation and Cancer. Front. Immunol. 2019, 10, 2040. [CrossRef] [PubMed]

Long, M,; Park, S.G,; Strickland, I.; Hayden, M.S.; Ghosh, S. Nuclear factor-kappaB modulates regulatory T cell development by
directly regulating expression of Foxp3 transcription factor. Immunity 2009, 31, 921-931. [CrossRef] [PubMed]

Grinberg-Bleyer, Y.; Oh, H.; Desrichard, A.; Bhatt, D.M.; Caron, R.; Chan, T.A.; Schmid, R.M.; Klein, U.; Hayden, M.S.; Ghosh, S.
NF-kB c-Rel Is Crucial for the Regulatory T Cell Immune Checkpoint in Cancer. Cell 2017, 170, 1096-1108.e1013. [CrossRef]

Oh, H.; Grinberg-Bleyer, Y.; Liao, W.; Maloney, D.; Wang, P.; Wu, Z.; Wang, J.; Bhatt, D.M.; Heise, N.; Schmid, R.M.; et al.
An NF-kB Transcription-Factor-Dependent Lineage-Specific Transcriptional Program Promotes Regulatory T Cell Identity and
Function. Immunity 2017, 47, 450-465.e455. [CrossRef]

Lubrano di Ricco, M.; Ronin, E.; Collares, D.; Divoux, J.; Grégoire, S.; Wajant, H.; Gomes, T.; Grinberg-Bleyer, Y.; Baud, V,;
Marodon, G.; et al. Tumor necrosis factor receptor family costimulation increases regulatory T-cell activation and function via
NF-kB. Eur. J. Immunol. 2020, 50, 972-985. [CrossRef]


http://doi.org/10.1242/jcs.115.13.2757
http://www.ncbi.nlm.nih.gov/pubmed/12077366
http://doi.org/10.1038/cddis.2011.78
http://doi.org/10.1126/science.1207862
http://doi.org/10.1074/jbc.M111.222919
http://www.ncbi.nlm.nih.gov/pubmed/21393245
http://doi.org/10.1016/j.molcel.2010.03.009
http://doi.org/10.1083/jcb.200801010
http://doi.org/10.1101/gad.11.21.2810
http://doi.org/10.1093/emboj/18.11.3034
http://doi.org/10.1038/onc.2009.29
http://www.ncbi.nlm.nih.gov/pubmed/19287455
http://www.ncbi.nlm.nih.gov/pubmed/9036990
http://doi.org/10.1002/(SICI)1521-4141(199906)29:06&lt;1785::AID-IMMU1785&gt;3.0.CO;2-U
http://doi.org/10.1038/s41419-019-1938-x
http://doi.org/10.1038/s41419-018-0973-3
http://doi.org/10.1084/jem.20020110
http://www.ncbi.nlm.nih.gov/pubmed/12163566
http://doi.org/10.1016/j.cell.2008.05.009
http://doi.org/10.4049/jimmunol.180.10.6467
http://doi.org/10.4049/jimmunol.179.1.154
http://doi.org/10.1038/nri1806
http://doi.org/10.4049/jimmunol.0903548
http://www.ncbi.nlm.nih.gov/pubmed/20525892
http://doi.org/10.3389/fimmu.2019.02040
http://www.ncbi.nlm.nih.gov/pubmed/31555271
http://doi.org/10.1016/j.immuni.2009.09.022
http://www.ncbi.nlm.nih.gov/pubmed/20064449
http://doi.org/10.1016/j.cell.2017.08.004
http://doi.org/10.1016/j.immuni.2017.08.010
http://doi.org/10.1002/eji.201948393

Cancers 2022, 14, 2603 17 of 22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Grinberg-Bleyer, Y.; Caron, R.; Seeley, ].J.; De Silva, N.S.; Schindler, CW.; Hayden, M.S.; Klein, U.; Ghosh, S. The Alternative
NF-kB Pathway in Regulatory T Cell Homeostasis and Suppressive Function. J. Immunol. 2018, 200, 2362-2371. [CrossRef]
Tseng, W.Y.; Huang, Y.S.; Clanchy, F; McNamee, K.; Perocheau, D.; Ogbechi, J.; Luo, S.F; Feldmann, M.; McCann, FE,;
Williams, R.O. TNF receptor 2 signaling prevents DNA methylation at the Foxp3 promoter and prevents pathogenic conversion
of regulatory T cells. Proc. Natl. Acad. Sci. USA 2019, 116, 21666-21672. [CrossRef]

Urbano, P.C.M.; Koenen, H.; Joosten, I.; He, X. An Autocrine TNFa-Tumor Necrosis Factor Receptor 2 Loop Promotes Epigenetic
Effects Inducing Human Treg Stability In Vitro. Front. Immunol. 2018, 9, 573. [CrossRef]

Arvey, A.; van der Veeken, J.; Samstein, R.M.; Feng, Y.; Stamatoyannopoulos, J.A.; Rudensky, A.Y. Inflammation-induced
repression of chromatin bound by the transcription factor Foxp3 in regulatory T cells. Nat. Immunol. 2014, 15, 580-587. [CrossRef]
DuPage, M.; Chopra, G.; Quiros, J.; Rosenthal, W.L.; Morar, M.M.; Holohan, D.; Zhang, R.; Turka, L.; Marson, A.; Bluestone, J.A.
The chromatin-modifying enzyme Ezh2 is critical for the maintenance of regulatory T cell identity after activation. Immunity 2015,
42,227-238. [CrossRef] [PubMed]

Jin, J.; Xiao, Y,; Hu, H.; Zou, Q.; Li, Y; Gao, Y.; Ge, W.; Cheng, X.; Sun, S.C. Proinflammatory TLR signalling is regulated by a
TRAF2-dependent proteolysis mechanism in macrophages. Nat. Commun. 2015, 6, 5930. [CrossRef] [PubMed]

de Kivit, S.; Mensink, M.; Hoekstra, A.T.; Berlin, I.; Derks, R.J.E.; Both, D.; Aslam, M.A.; Amsen, D.; Berkers, C.R.; Borst, J. Stable
human regulatory T cells switch to glycolysis following TNF receptor 2 costimulation. Nat. Metab. 2020, 2, 1046-1061. [CrossRef]
[PubMed]

Ablamunits, V.; Bisikirska, B.; Herold, K.C. Acquisition of regulatory function by human CD8(+) T cells treated with anti-CD3
antibody requires TNFE. Eur. J. Immunol. 2010, 40, 2891-2901. [CrossRef]

Horwitz, D.A.; Pan, S.; Ou, ].N.; Wang, J.; Chen, M.; Gray, ].D.; Zheng, S.G. Therapeutic polyclonal human CD8+ CD25+ Fox3+
TNFR2+ PD-L1+ regulatory cells induced ex-vivo. Clin. Immunol. 2013, 149, 450-463. [CrossRef]

Aravena, O.; Pesce, B.; Soto, L.; Orrego, N.; Sabugo, F.; Wurmann, P.; Molina, M.C.; Alfaro, J.; Cuchacovich, M.; Aguillén, ].C.; et al.
Anti-TNF therapy in patients with rheumatoid arthritis decreases Th1 and Th17 cell populations and expands IFN-y-producing
NK cell and regulatory T cell subsets. Immunobiology 2011, 216, 1256-1263. [CrossRef]

Stoop, ].N.; Woltman, A.M.; Biesta, P.J.; Kusters, ].G.; Kuipers, E.J.; Janssen, H.L.; van der Molen, R.G. Tumor necrosis factor
alpha inhibits the suppressive effect of regulatory T cells on the hepatitis B virus-specific immune response. Hepatology 2007, 46,
699-705. [CrossRef]

Kim, E.Y,; Priatel, ].J.; Teh, S.J.; Teh, H.S. TNF receptor type 2 (p75) functions as a costimulator for antigen-driven T cell responses
in vivo. J. Immunol. 2006, 176, 1026-1035. [CrossRef]

Kim, E.Y,; Teh, H.S. TNF type 2 receptor (p75) lowers the threshold of T cell activation. . Immunol. 2001, 167, 6812-6820. [CrossRef]
Ye, L.L.; Wei, X.S.; Zhang, M.; Niu, Y.R.; Zhou, Q. The Significance of Tumor Necrosis Factor Receptor Type Il in CD8(+) Regulatory
T Cells and CD8(+) Effector T Cells. Front. Immunol. 2018, 9, 583. [CrossRef]

Afonina, I.S.; Cullen, S.P.; Martin, S.J. Cytotoxic and non-cytotoxic roles of the CTL/NK protease granzyme B. Immunol. Rev. 2010,
235,105-116. [CrossRef] [PubMed]

Lee-Chang, C.; Bodogai, M.; Moritoh, K.; Chen, X.; Wersto, R.; Sen, R.; Young, H.A; Croft, M.; Ferrucci, L.; Biragyn, A. Aging
Converts Innate Bla Cells into Potent CD8+ T Cell Inducers. . Immunol. 2016, 196, 3385-3397. [CrossRef] [PubMed]
Lee-Chang, C.; Bodogai, M.; Moritoh, K.; Olkhanud, P.B.; Chan, A.C.; Croft, M.; Mattison, J.A.; Holst, PJ.; Gress, RE,;
Ferrucci, L.; et al. Accumulation of 4-1BBL+ B cells in the elderly induces the generation of granzyme-B+ CD8+ T cells with
potential antitumor activity. Blood 2014, 124, 1450-1459. [CrossRef]

Kim, E.Y,; Teh, S.J.; Yang, J.; Chow, M.T.; Teh, H.S. TNFR2-deficient memory CD8 T cells provide superior protection against
tumor cell growth. J. Immunol. 2009, 183, 6051-6057. [CrossRef] [PubMed]

Teh, H.S.; Seebaran, A.; Teh, S.J. TNF receptor 2-deficient CD8 T cells are resistant to Fas/Fas ligand-induced cell death. J. Immunol.
2000, 165, 4814-4821. [CrossRef] [PubMed]

Otano, I.; Alvarez, M.; Minute, L.; Ochoa, M.C.; Migueliz, I.; Molina, C.; Azpilikueta, A.; de Andrea, C.E.; Etxeberria, I;
Sanmamed, M.E; et al. Human CD8 T cells are susceptible to TNF-mediated activation-induced cell death. Theranostics 2020, 10,
4481-4489. [CrossRef] [PubMed]

Joedicke, ].].; Myers, L.; Carmody, A.B.; Messer, R.J.; Wajant, H.; Lang, K.S.; Lang, P.A.; Mak, T.W.; Hasenkrug, K.J.; Dittmer, U.
Activated CD8+ T cells induce expansion of V35+ regulatory T cells via TNFR?2 signaling. J. Immunol. 2014, 193, 2952-2960.
[CrossRef]

Ostrand-Rosenberg, S.; Sinha, P. Myeloid-derived suppressor cells: Linking inflammation and cancer. J. Immunol. 2009, 182,
4499-4506. [CrossRef]

Zhao, X.; Rong, L.; Zhao, X.; Li, X.; Liu, X.; Deng, J.; Wu, H.; Xu, X,; Erben, U.; Wu, P; et al. TNF signaling drives myeloid-derived
suppressor cell accumulation. J. Clin. Investig. 2012, 122, 4094-4104. [CrossRef]

Polz, J.; Remke, A.; Weber, S.; Schmidt, D.; Weber-Steffens, D.; Pietryga-Krieger, A.; Miiller, N.; Ritter, U.; Mostbock, S.;
Minnel, D.N. Myeloid suppressor cells require membrane TNFR2 expression for suppressive activity. Immun. Inflamm. Dis. 2014,
2,121-130. [CrossRef]

Hu, X,; Li, B,; Li, X.; Zhao, X.; Wan, L.; Lin, G.; Yu, M.; Wang, J.; Jiang, X.; Feng, W.; et al. Transmembrane TNF-« promotes
suppressive activities of myeloid-derived suppressor cells via TNFR2. J. Immunol. 2014, 192, 1320-1331. [CrossRef]


http://doi.org/10.4049/jimmunol.1800042
http://doi.org/10.1073/pnas.1909687116
http://doi.org/10.3389/fimmu.2018.00573
http://doi.org/10.1038/ni.2868
http://doi.org/10.1016/j.immuni.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25680271
http://doi.org/10.1038/ncomms6930
http://www.ncbi.nlm.nih.gov/pubmed/25565375
http://doi.org/10.1038/s42255-020-00271-w
http://www.ncbi.nlm.nih.gov/pubmed/32958937
http://doi.org/10.1002/eji.201040485
http://doi.org/10.1016/j.clim.2013.08.007
http://doi.org/10.1016/j.imbio.2011.07.006
http://doi.org/10.1002/hep.21761
http://doi.org/10.4049/jimmunol.176.2.1026
http://doi.org/10.4049/jimmunol.167.12.6812
http://doi.org/10.3389/fimmu.2018.00583
http://doi.org/10.1111/j.0105-2896.2010.00908.x
http://www.ncbi.nlm.nih.gov/pubmed/20536558
http://doi.org/10.4049/jimmunol.1502034
http://www.ncbi.nlm.nih.gov/pubmed/26983789
http://doi.org/10.1182/blood-2014-03-563940
http://doi.org/10.4049/jimmunol.0803482
http://www.ncbi.nlm.nih.gov/pubmed/19841176
http://doi.org/10.4049/jimmunol.165.9.4814
http://www.ncbi.nlm.nih.gov/pubmed/11046004
http://doi.org/10.7150/thno.41646
http://www.ncbi.nlm.nih.gov/pubmed/32292509
http://doi.org/10.4049/jimmunol.1400649
http://doi.org/10.4049/jimmunol.0802740
http://doi.org/10.1172/JCI64115
http://doi.org/10.1002/iid3.19
http://doi.org/10.4049/jimmunol.1203195

Cancers 2022, 14, 2603 18 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Chavez-Galan, L.; Vesin, D.; Uysal, H.; Blaser, G.; Benkhoucha, M.; Ryffel, B.; Quesniaux, V.E].; Garcia, I. Transmembrane Tumor
Necrosis Factor Controls Myeloid-Derived Suppressor Cell Activity via TNF Receptor 2 and Protects from Excessive Inflammation
during BCG-Induced Pleurisy. Front. Immunol. 2017, 8, 999. [CrossRef] [PubMed]

Naserian, S.; Abdelgawad, M.E.; Afshar Bakshloo, M.; Ha, G.; Arouche, N.; Cohen, J.L.; Salomon, B.L.; Uzan, G. The TNF/TNFR2
signaling pathway is a key regulatory factor in endothelial progenitor cell immunosuppressive effect. Cell Commun. Signal. CCS
2020, 18, 94. [CrossRef] [PubMed]

Hurrell, B.P; Galle-Treger, L.; Jahani, P.S.; Howard, E.; Helou, D.G.; Banie, H.; Soroosh, P.; Akbari, O. TNFR2 Signaling Enhances
ILC2 Survival, Function, and Induction of Airway Hyperreactivity. Cell Rep. 2019, 29, 4509-4524.e4505. [CrossRef]

Razazian, M.; Khosravi, M.; Bahiraii, S.; Uzan, G.; Shamdani, S.; Naserian, S. Differences and similarities between mesenchymal
stem cell and endothelial progenitor cell immunoregulatory properties against T cells. World ]. Stem Cells 2021, 13, 971-984.
[CrossRef]

Beldi, G.; Khosravi, M.; Abdelgawad, M.E.; Salomon, B.L.; Uzan, G.; Haouas, H.; Naserian, S. TNFalpha/TNFR2 signaling
pathway: An active immune checkpoint for mesenchymal stem cell immunoregulatory function. Stem Cell Res. Ther. 2020, 11, 281.
[CrossRef] [PubMed]

Beldi, G.; Bahiraii, S.; Lezin, C.; Nouri Barkestani, M.; Abdelgawad, M.E.; Uzan, G.; Naserian, S. TNFR2 Is a Crucial Hub
Controlling Mesenchymal Stem Cell Biological and Functional Properties. Front. Cell Dev. Biol. 2020, 8, 596831. [CrossRef]
Beatty, G.L.; Gladney, W.L. Inmune escape mechanisms as a guide for cancer immunotherapy. Clin. Cancer Res. Off. ]. Am. Assoc.
Cancer Res. 2015, 21, 687-692. [CrossRef]

Yang, M.; Tran, L.; Torrey, H.; Song, Y.; Perkins, H.; Case, K.; Zheng, H.; Takahashi, H.; Kuhtreiber, W.M.; Faustman, D.L.
Optimizing TNFR2 antagonism for immunotherapy with tumor microenvironment specificity. J. Leukoc. Biol. 2020, 107, 971-980.
[CrossRef]

Ticha, O.; Moos, L.; Wajant, H.; Bekeredjian-Ding, I. Expression of Tumor Necrosis Factor Receptor 2 Characterizes TLR9-Driven
Formation of Interleukin-10-Producing B Cells. Front. Immunol. 2017, 8, 1951. [CrossRef]

Schioppa, T.; Moore, R.; Thompson, R.G.; Rosser, E.C.; Kulbe, H.; Nedospasov, S.; Mauri, C.; Coussens, L.M.; Balkwill, ER. B
regulatory cells and the tumor-promoting actions of TNF-a during squamous carcinogenesis. Proc. Natl. Acad. Sci. USA 2011, 108,
10662-10667. [CrossRef] [PubMed]

Teng, M.W.; Ritchie, D.S.; Neeson, P.; Smyth, M.]. Biology and clinical observations of regulatory T cells in cancer immunology.
Curr. Top. Microbiol. Immunol. 2011, 344, 61-95. [CrossRef] [PubMed]

Ghods, A.; Mehdipour, F,; Shariat, M.; Talei, A.R.; Ghaderi, A. Regulatory T cells express Tumor Necrosis Factor Receptor 2
with the highest intensity among CD4(+) T cells in the draining lymph nodes of breast cancer. Mol. Immunol. 2021, 137, 52-56.
[CrossRef] [PubMed]

Wang, M.; Zhang, C.; Tian, T.; Zhang, T.; Wang, R.; Han, F.; Zhong, C.; Hua, M.; Ma, D. Increased Regulatory T Cells in Peripheral
Blood of Acute Myeloid Leukemia Patients Rely on Tumor Necrosis Factor (TNF)-a-TNF Receptor-2 Pathway. Front. Immunol.
2018, 9, 1274. [CrossRef]

Ye, L.L.; Peng, W.B.; Niu, Y.R,; Xiang, X.; Wei, X.S.; Wang, Z.H.; Wang, X.; Zhang, S.Y.; Chen, X.; Zhou, Q. Accumulation of
TNFR2-expressing regulatory T cells in malignant pleural effusion of lung cancer patients is associated with poor prognosis. Ann.
Transl. Med. 2020, 8, 1647. [CrossRef]

Yan, F; Du, R,; Wei, F; Zhao, H.; Yu, J.; Wang, C.; Zhan, Z.; Ding, T.; Ren, X.; Chen, X,; et al. Expression of TNFR2 by regulatory T
cells in peripheral blood is correlated with clinical pathology of lung cancer patients. Cancer Immunol. Immunother. CII 2015, 64,
1475-1485. [CrossRef]

Baram, T.; Erlichman, N.; Dadiani, M.; Balint-Lahat, N.; Pavlovski, A.; Meshel, T.; Morzaev-Sulzbach, D.; Gal-Yam, E.N.;
Barshack, I.; Ben-Baruch, A. Chemotherapy Shifts the Balance in Favor of CD8+ TNFR2+ TILs in Triple-Negative Breast Tumors.
Cells 2021, 10, 1429. [CrossRef]

Okubo, Y.; Mera, T.; Wang, L.; Faustman, D.L. Homogeneous expansion of human T-regulatory cells via tumor necrosis factor
receptor 2. Sci. Rep. 2013, 3, 3153. [CrossRef]

Nomelini, R.S.; Borges Junior, L.E.; de Lima, C.A.; Chiovato, A.F.C.; Micheli, D.C.; Tavares-Murta, B.M.; Murta, E.F.C. TNF-R2 in
tumor microenvironment as prognostic factor in epithelial ovarian cancer. Clin. Exp. Med. 2018, 18, 547-554. [CrossRef]
Govindaraj, C.; Scalzo-Inguanti, K.; Madondo, M.; Hallo, J.; Flanagan, K.; Quinn, M.; Plebanski, M. Impaired Th1 immunity in
ovarian cancer patients is mediated by TNFR2+ Tregs within the tumor microenvironment. Clin. Immunol. 2013, 149, 97-110.
[CrossRef]

Torrey, H.; Butterworth, J.; Mera, T.; Okubo, Y.; Wang, L.; Baum, D.; Defusco, A.; Plager, S.; Warden, S.; Huang, D.; et al. Targeting
TNFR2 with antagonistic antibodies inhibits proliferation of ovarian cancer cells and tumor-associated Tregs. Sci. Signal. 2017,
10, eaaf8608. [CrossRef] [PubMed]

Kampan, N.C.; Madondo, M.T.; McNally, O.M.; Stephens, A.N.; Quinn, M.A.; Plebanski, M. Interleukin 6 Present in Inflammatory
Ascites from Advanced Epithelial Ovarian Cancer Patients Promotes Tumor Necrosis Factor Receptor 2-Expressing Regulatory T
Cells. Front. Immunol. 2017, 8, 1482. [CrossRef] [PubMed]

Lim, S.0.; Li, CW.; Xia, W,; Cha, ].H.; Chan, L.C.; Wu, Y,; Chang, S.S.; Lin, W.C.; Hsu, ].M.; Hsu, Y.H.; et al. Deubiquitination and
Stabilization of PD-L1 by CSN5. Cancer Cell 2016, 30, 925-939. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2017.00999
http://www.ncbi.nlm.nih.gov/pubmed/28890718
http://doi.org/10.1186/s12964-020-00564-3
http://www.ncbi.nlm.nih.gov/pubmed/32546175
http://doi.org/10.1016/j.celrep.2019.11.102
http://doi.org/10.4252/wjsc.v13.i8.971
http://doi.org/10.1186/s13287-020-01740-5
http://www.ncbi.nlm.nih.gov/pubmed/32669116
http://doi.org/10.3389/fcell.2020.596831
http://doi.org/10.1158/1078-0432.CCR-14-1860
http://doi.org/10.1002/JLB.5AB0320-415RRRRR
http://doi.org/10.3389/fimmu.2017.01951
http://doi.org/10.1073/pnas.1100994108
http://www.ncbi.nlm.nih.gov/pubmed/21670304
http://doi.org/10.1007/82_2010_50
http://www.ncbi.nlm.nih.gov/pubmed/20512555
http://doi.org/10.1016/j.molimm.2021.06.013
http://www.ncbi.nlm.nih.gov/pubmed/34214829
http://doi.org/10.3389/fimmu.2018.01274
http://doi.org/10.21037/atm-20-7181
http://doi.org/10.1007/s00262-015-1751-z
http://doi.org/10.3390/cells10061429
http://doi.org/10.1038/srep03153
http://doi.org/10.1007/s10238-018-0508-3
http://doi.org/10.1016/j.clim.2013.07.003
http://doi.org/10.1126/scisignal.aaf8608
http://www.ncbi.nlm.nih.gov/pubmed/28096513
http://doi.org/10.3389/fimmu.2017.01482
http://www.ncbi.nlm.nih.gov/pubmed/29163543
http://doi.org/10.1016/j.ccell.2016.10.010
http://www.ncbi.nlm.nih.gov/pubmed/27866850

Cancers 2022, 14, 2603 19 of 22

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Vinante, F.; Rigo, A.; Tecchio, C.; Morosato, L.; Nadali, G.; Ricetti, M.M.; Krampera, M.; Zanolin, E.; Locatelli, F; Gallati, H.; et al.
Serum levels of p55 and p75 soluble TNF receptors in adult acute leukaemia at diagnosis: Correlation with clinical and biological
features and outcome. Br. |. Haematol. 1998, 102, 1025-1034. [CrossRef]

Volk, A.; Li, J.; Xin, J.; You, D.; Zhang, J.; Liu, X,; Xiao, Y.; Breslin, P,; Li, Z.; Wei, W.,; et al. Co-inhibition of NF-«B and JNK is
synergistic in TNF-expressing human AML. ]. Exp. Med. 2014, 211, 1093-1108. [CrossRef]

Li, J.; Volk, A.; Zhang, ].; Cannova, J.; Dai, S.; Hao, C.; Hu, C.; Sun, J.; Xu, Y.; Wei, W,; et al. Sensitizing leukemia stem cells to
NF-«B inhibitor treatment in vivo by inactivation of both TNF and IL-1 signaling. Oncotarget 2017, 8, 8420-8435. [CrossRef]
Kagoya, Y.; Yoshimi, A.; Kataoka, K.; Nakagawa, M.; Kumano, K.; Arai, S.; Kobayashi, H.; Saito, T.; Iwakura, Y.; Kurokawa, M.
Positive feedback between NF-kB and TNF-« promotes leukemia-initiating cell capacity. J. Clin. Investig. 2014, 124, 528-542.
[CrossRef]

Xin, J.; You, D.; Breslin, P,; Li, J.; Zhang, J.; Wei, W.; Cannova, J.; Volk, A.; Gutierrez, R.; Xiao, Y.; et al. Sensitizing acute myeloid
leukemia cells to induced differentiation by inhibiting the RIP1/RIP3 pathway. Leukemia 2017, 31, 1154-1165. [CrossRef]
Hockendorf, U.; Yabal, M.; Herold, T.; Munkhbaatar, E.; Rott, S.; Jilg, S.; Kauschinger, J.; Magnani, G.; Reisinger, F,;
Heuser, M.; et al. RIPK3 Restricts Myeloid Leukemogenesis by Promoting Cell Death and Differentiation of Leukemia Initiating
Cells. Cancer Cell 2016, 30, 75-91. [CrossRef]

Chen, Z.; Shao, Y.L.; Wang, L.L.; Lin, J.; Zhang, ].B.; Ding, Y.; Gao, B.B.; Liu, D.H.; Gao, X.N. YTHDEF2 is a potential target of
AML1/ETO-HIF1« loop-mediated cell proliferation in t(8;21) AML. Oncogene 2021, 40, 3786-3798. [CrossRef]

Paris, J.; Morgan, M.; Campos, J.; Spencer, G.J.; Shmakova, A.; Ivanova, I.; Mapperley, C.; Lawson, H.; Wotherspoon, D.A.;
Sepulveda, C.; et al. Targeting the RNA m(6)A Reader YTHDEF?2 Selectively Compromises Cancer Stem Cells in Acute Myeloid
Leukemia. Cell Stem Cell 2019, 25, 137-148. [CrossRef] [PubMed]

Safferthal, C.; Rohde, K.; Fulda, S. Therapeutic targeting of necroptosis by Smac mimetic bypasses apoptosis resistance in acute
myeloid leukemia cells. Oncogene 2017, 36, 1487-1502. [CrossRef] [PubMed]

Bell, J.H.; Herrera, A.H.; Li, Y.; Walcheck, B. Role of ADAM17 in the ectodomain shedding of TNF-alpha and its receptors by
neutrophils and macrophages. J. Leukoc. Biol. 2007, 82, 173-176. [CrossRef] [PubMed]

Torrey, H.; Kiihtreiber, WM.; Okubo, Y.; Tran, L.; Case, K.; Zheng, H.; Vanamee, E.; Faustman, D.L. A novel TNFR2 agonist
antibody expands highly potent regulatory T cells. Sci. Signal. 2020, 13, eaba9600. [CrossRef] [PubMed]

Dri, P; Gasparini, C.; Menegazzi, R.; Cramer, R.; Albéri, L.; Presani, G.; Garbisa, S.; Patriarca, P. TNF-Induced shedding of TNF
receptors in human polymorphonuclear leukocytes: Role of the 55-kDa TNF receptor and involvement of a membrane-bound
and non-matrix metalloproteinase. J. Immunol. 2000, 165, 2165-2172. [CrossRef]

van Mierlo, G.J.; Scherer, H.U.; Hameetman, M.; Morgan, M.E.; Flierman, R.; Huizinga, T.W.; Toes, R.E. Cutting edge: TNFR-
shedding by CD4+CD25+ regulatory T cells inhibits the induction of inflammatory mediators. J. Immunol. 2008, 180, 2747-2751.
[CrossRef]

Babic, A.; Shah, S.M.; Song, M.; Wu, K.; Meyerhardt, J.A.; Ogino, S.; Yuan, C.; Giovannucci, E.L.; Chan, A.T.; Stampfer, M.].; et al.
Soluble tumour necrosis factor receptor type II and survival in colorectal cancer. Br. J. Cancer 2016, 114, 995-1002. [CrossRef]
Heemann, C.; Kreuz, M.; Stoller, I.; Schoof, N.; von Bonin, E; Ziepert, M.; Loffler, M.; Jung, W.; Pfreundschuh, M.; Triimper, L.; et al.
Circulating levels of TNF receptor II are prognostic for patients with peripheral T-cell non-Hodgkin lymphoma. Clin. Cancer Res.
Off. J. Am. Assoc. Cancer Res. 2012, 18, 3637-3647. [CrossRef]

Tarhini, A.A; Lin, Y.; Yeku, O.; LaFramboise, W.A.; Ashraf, M.; Sander, C.; Lee, S.; Kirkwood, ]. M. A four-marker signature of
TNF-RII, TGF-«, TIMP-1 and CRP is prognostic of worse survival in high-risk surgically resected melanoma. J. Transl. Med. 2014,
12,19. [CrossRef]

Warzocha, K.; Bienvenu, J.; Ribeiro, P.; Moullet, I.; Dumontet, C.; Neidhardt-Berard, E.M.; Coiffier, B.; Salles, G. Plasma levels of
tumour necrosis factor and its soluble receptors correlate with clinical features and outcome of Hodgkin’s disease patients. Br. |.
Cancer 1998, 77, 2357-2362. [CrossRef]

Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol. 2009, 9,
162-174. [CrossRef] [PubMed]

Gabrilovich, D.; Ishida, T.; Oyama, T.; Ran, S.; Kravtsov, V.; Nadaf, S.; Carbone, D.P. Vascular endothelial growth factor inhibits
the development of dendritic cells and dramatically affects the differentiation of multiple hematopoietic lineages in vivo. Blood
1998, 92, 4150-4166. [CrossRef] [PubMed]

Pan, PY.; Wang, G.X; Yin, B.; Ozao, ].; Ku, T.; Divino, C.M.; Chen, S.H. Reversion of immune tolerance in advanced malignancy:
Modulation of myeloid-derived suppressor cell development by blockade of stem-cell factor function. Blood 2008, 111, 219-228.
[CrossRef] [PubMed]

Serafini, P.; Carbley, R.; Noonan, K.A.; Tan, G.; Bronte, V.; Borrello, I. High-dose granulocyte-macrophage colony-stimulating
factor-producing vaccines impair the immune response through the recruitment of myeloid suppressor cells. Cancer Res. 2004, 64,
6337-6343. [CrossRef]

Ba, H.; Li, B,; Li, X;; Li, C.; Feng, A.; Zhu, Y.; Wang, J.; Li, Z.; Yin, B. Transmembrane tumor necrosis factor-« promotes the
recruitment of MDSCs to tumor tissue by upregulating CXCR4 expression via TNFR2. Int. Immunopharmacol. 2017, 44, 143-152.
[CrossRef]

Nguyen, D.X,; Bos, P.D.; Massagué, J. Metastasis: From dissemination to organ-specific colonization. Nat. Rev. Cancer 2009, 9,
274-284. [CrossRef]


http://doi.org/10.1046/j.1365-2141.1998.00872.x
http://doi.org/10.1084/jem.20130990
http://doi.org/10.18632/oncotarget.14220
http://doi.org/10.1172/JCI68101
http://doi.org/10.1038/leu.2016.287
http://doi.org/10.1016/j.ccell.2016.06.002
http://doi.org/10.1038/s41388-021-01818-1
http://doi.org/10.1016/j.stem.2019.03.021
http://www.ncbi.nlm.nih.gov/pubmed/31031138
http://doi.org/10.1038/onc.2016.310
http://www.ncbi.nlm.nih.gov/pubmed/27869161
http://doi.org/10.1189/jlb.0307193
http://www.ncbi.nlm.nih.gov/pubmed/17510296
http://doi.org/10.1126/scisignal.aba9600
http://www.ncbi.nlm.nih.gov/pubmed/33293464
http://doi.org/10.4049/jimmunol.165.4.2165
http://doi.org/10.4049/jimmunol.180.5.2747
http://doi.org/10.1038/bjc.2016.85
http://doi.org/10.1158/1078-0432.CCR-11-3299
http://doi.org/10.1186/1479-5876-12-19
http://doi.org/10.1038/bjc.1998.391
http://doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://doi.org/10.1182/blood.V92.11.4150
http://www.ncbi.nlm.nih.gov/pubmed/9834220
http://doi.org/10.1182/blood-2007-04-086835
http://www.ncbi.nlm.nih.gov/pubmed/17885078
http://doi.org/10.1158/0008-5472.CAN-04-0757
http://doi.org/10.1016/j.intimp.2016.12.028
http://doi.org/10.1038/nrc2622

Cancers 2022, 14, 2603 20 of 22

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Auguste, P; Fallavollita, L.; Wang, N.; Burnier, J.; Bikfalvi, A.; Brodt, P. The host inflammatory response promotes liver metastasis
by increasing tumor cell arrest and extravasation. Am. J. Pathol. 2007, 170, 1781-1792. [CrossRef]

Ham, B.; Wang, N.; D’Costa, Z.; Fernandez, M.C.; Bourdeau, F.; Auguste, P; Illlemann, M.; Eefsen, R.L.; Hoyer-Hansen, G.;
Vainer, B.; et al. TNF Receptor-2 Facilitates an Immunosuppressive Microenvironment in the Liver to Promote the Colonization
and Growth of Hepatic Metastases. Cancer Res. 2015, 75, 5235-5247. [CrossRef]

Milette, S.; Hashimoto, M.; Perrino, S.; Qi, S.; Chen, M.; Ham, B.; Wang, N.; Istomine, R.; Lowy, A.M.; Piccirillo, C.A; et al.
Sexual dimorphism and the role of estrogen in the immune microenvironment of liver metastases. Nat. Commun. 2019, 10, 5745.
[CrossRef]

Ivagnes, A.; Messaoudene, M.; Stoll, G.; Routy, B.; Fluckiger, A.; Yamazaki, T.; Iribarren, K.; Duong, C.PM.; Fend, L,
Caignard, A.; et al. TNFR2/BIRC3-TRAF1 signaling pathway as a novel NK cell immune checkpoint in cancer. Oncoimmunology
2018, 7, €1386826. [CrossRef]

Dobrzycka, B.; Terlikowski, S.J.; Kowalczuk, O.; Kinalski, M. Circulating levels of TNF-alpha and its soluble receptors in the
plasma of patients with epithelial ovarian cancer. Eur. Cytokine Netw. 2009, 20, 131-134. [CrossRef] [PubMed]

Yang, E.; Zhao, Z.; Zhao, N. Clinical implications of tumor necrosis factor receptor 2 in breast cancer. Oncol. Lett. 2017, 14,
2393-2398. [CrossRef] [PubMed]

Zhang, YW.; Chen, Q.Q.; Cao, J.; Xu, L.Q.; Tang, X.; Wang, J.; Zhang, ].; Dong, L.X. Expression of tumor necrosis factor receptor 2
in human non-small cell lung cancer and its role as a potential prognostic biomarker. Thorac. Cancer 2019, 10, 437-444. [CrossRef]
[PubMed]

Moore, R.J.; Owens, D.M.; Stamp, G.; Arnott, C.; Burke, E; East, N.; Holdsworth, H.; Turner, L.; Rollins, B.; Pasparakis, M.; et al.
Mice deficient in tumor necrosis factor-alpha are resistant to skin carcinogenesis. Nat. Med. 1999, 5, 828-831. [CrossRef] [PubMed]
Suganuma, M.; Okabe, S.; Marino, M.W.,; Sakai, A.; Sueoka, E.; Fujiki, H. Essential role of tumor necrosis factor alpha (TNF-alpha)
in tumor promotion as revealed by TNF-alpha-deficient mice. Cancer Res. 1999, 59, 4516-4518. [PubMed]

Arnott, C.H.; Scott, K.A.; Moore, R.J.; Robinson, S.C.; Thompson, R.G.; Balkwill, ER. Expression of both TNF-alpha receptor
subtypes is essential for optimal skin tumour development. Oncogene 2004, 23, 1902-1910. [CrossRef]

Ungewickell, A.; Bhaduri, A.; Rios, E.; Reuter, J.; Lee, C.S.; Mah, A.; Zehnder, A.; Ohgami, R.; Kulkarni, S.; Armstrong, R.; et al.
Genomic analysis of mycosis fungoides and Sézary syndrome identifies recurrent alterations in TNFR2. Nat. Genet. 2015, 47,
1056-1060. [CrossRef]

Zhao, T.; Li, H.; Liu, Z. Tumor necrosis factor receptor 2 promotes growth of colorectal cancer via the PI3K/AKT signaling
pathway. Oncol. Lett. 2017, 13, 342-346. [CrossRef]

Onizawa, M.; Nagaishi, T.; Kanai, T.; Nagano, K.; Oshima, S.; Nemoto, Y.; Yoshioka, A.; Totsuka, T.; Okamoto, R,;
Nakamura, T.; et al. Signaling pathway via TNF-alpha/NF-kappaB in intestinal epithelial cells may be directly involved in
colitis-associated carcinogenesis. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 296, G850-G859. [CrossRef]

Suzuki, M.; Nagaishi, T.; Yamazaki, M.; Onizawa, M.; Watabe, T.; Sakamaki, Y.; Ichinose, S.; Totsuka, M.; Oshima, S.;
Okamoto, R.; et al. Myosin light chain kinase expression induced via tumor necrosis factor receptor 2 signaling in the epithelial
cells regulates the development of colitis-associated carcinogenesis. PLoS ONE 2014, 9, e88369. [CrossRef]

Tummala, K.S.; Brandt, M.; Teijeiro, A.; Grana, O.; Schwabe, R.F; Perna, C.; Djouder, N. Hepatocellular Carcinomas Originate
Predominantly from Hepatocytes and Benign Lesions from Hepatic Progenitor Cells. Cell Rep. 2017, 19, 584-600. [CrossRef]
[PubMed]

Jing, Y.; Sun, K,; Liu, W.; Sheng, D.; Zhao, S.; Gao, L.; Wei, L. Tumor necrosis factor-« promotes hepatocellular carcinogenesis
through the activation of hepatic progenitor cells. Cancer Lett. 2018, 434, 22-32. [CrossRef] [PubMed]

Meng, Y.; Zhao, Q.; An, L,; Jiao, S.; Li, R.; Sang, Y.; Liao, J.; Nie, P.; Wen, E; Ju, J.; et al. A TNFR2-hnRNPK axis promotes primary
liver cancer development via activation of YAP signaling in hepatic progenitor cells. Cancer Res. 2021, 81, 3036-3050. [CrossRef]
[PubMed]

Patel, S.H.; Camargo, F.D.; Yimlamai, D. Hippo Signaling in the Liver Regulates Organ Size, Cell Fate, and Carcinogenesis.
Gastroenterology 2017, 152, 533-545. [CrossRef]

Lucchini, F,; Sacco, M.G.; Hu, N.; Villa, A.; Brown, J.; Cesano, L.; Mangiarini, L.; Rindi, G.; Kindl, S.; Sessa, F,; et al. Early and
multifocal tumors in breast, salivary, harderian and epididymal tissues developed in MMTY-Neu transgenic mice. Cancer Lett.
1992, 64, 203-209. [CrossRef]

Sangaletti, S.; Tripodo, C.; Ratti, C.; Piconese, S.; Porcasi, R.; Salcedo, R.; Trinchieri, G.; Colombo, M.P.; Chiodoni, C. Oncogene-
driven intrinsic inflammation induces leukocyte production of tumor necrosis factor that critically contributes to mammary
carcinogenesis. Cancer Res. 2010, 70, 7764-7775. [CrossRef]

Warren, M.A.; Shoemaker, S.F; Shealy, D.J.; Bshar, W.; Ip, M.M. Tumor necrosis factor deficiency inhibits mammary tumorigenesis
and a tumor necrosis factor neutralizing antibody decreases mammary tumor growth in neu/erbB2 transgenic mice. Mol. Cancer
Ther. 2009, 8, 2655-2663. [CrossRef]

Yang, F.; Zhao, N.; Wu, N. TNFR2 promotes Adriamycin resistance in breast cancer cells by repairing DNA damage. Mol. Med.
Rep. 2017, 16, 2962-2968. [CrossRef]

Gao, Y.; Yang, Y.; Yuan, F; Huang, J.; Xu, W.; Mao, B.; Yuan, Z.; Bi, W. TNFx-YAP/p65-HK2 axis mediates breast cancer cell
migration. Oncogenesis 2017, 6, €383. [CrossRef]


http://doi.org/10.2353/ajpath.2007.060886
http://doi.org/10.1158/0008-5472.CAN-14-3173
http://doi.org/10.1038/s41467-019-13571-x
http://doi.org/10.1080/2162402X.2017.1386826
http://doi.org/10.1684/ecn.2009.0161
http://www.ncbi.nlm.nih.gov/pubmed/19825522
http://doi.org/10.3892/ol.2017.6410
http://www.ncbi.nlm.nih.gov/pubmed/28789455
http://doi.org/10.1111/1759-7714.12948
http://www.ncbi.nlm.nih.gov/pubmed/30628200
http://doi.org/10.1038/10552
http://www.ncbi.nlm.nih.gov/pubmed/10395330
http://www.ncbi.nlm.nih.gov/pubmed/10493498
http://doi.org/10.1038/sj.onc.1207317
http://doi.org/10.1038/ng.3370
http://doi.org/10.3892/ol.2016.5403
http://doi.org/10.1152/ajpgi.00071.2008
http://doi.org/10.1371/journal.pone.0088369
http://doi.org/10.1016/j.celrep.2017.03.059
http://www.ncbi.nlm.nih.gov/pubmed/28423321
http://doi.org/10.1016/j.canlet.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/29981431
http://doi.org/10.1158/0008-5472.CAN-20-3175
http://www.ncbi.nlm.nih.gov/pubmed/33619115
http://doi.org/10.1053/j.gastro.2016.10.047
http://doi.org/10.1016/0304-3835(92)90044-V
http://doi.org/10.1158/0008-5472.CAN-10-0471
http://doi.org/10.1158/1535-7163.MCT-09-0358
http://doi.org/10.3892/mmr.2017.6898
http://doi.org/10.1038/oncsis.2017.83

Cancers 2022, 14, 2603 21 of 22

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

He, L.; Bhat, K.; Duhacheck-Muggy, S.; loannidis, A.; Zhang, L.; Nguyen, N.T.; Moatamed, N.A.; Pajonk, F. Tumor necrosis factor
receptor signaling modulates carcinogenesis in a mouse model of breast cancer. Neoplasia 2021, 23, 197-209. [CrossRef]

Medler, J.; Nelke, J.; Weisenberger, D.; Steinfatt, T.; Rothaug, M.; Berr, S.; Hiinig, T.; Beilhack, A.; Wajant, H. TNFRSF receptor-
specific antibody fusion proteins with targeting controlled FcyR-independent agonistic activity. Cell Death Dis. 2019, 10, 224.
[CrossRef] [PubMed]

Torrey, H.; Khodadoust, M.; Tran, L.; Baum, D.; Defusco, A.; Kim, Y.H.; Faustman, D.L. Targeted killing of TNFR2-expressing
tumor cells and T(regs) by TNFR2 antagonistic antibodies in advanced Sézary syndrome. Leukemia 2019, 33, 1206-1218. [CrossRef]
[PubMed]

Guéry, L.; Dubrot, J.; Lippens, C.; Brighouse, D.; Malinge, P.; Irla, M.; Pot, C.; Reith, W.; Waldburger, ] M.; Hugues, S. Ag-
presenting CpG-activated pDCs prime Th17 cells that induce tumor regression. Cancer Res. 2014, 74, 6430-6440. [CrossRef]
[PubMed]

Moseman, E.A.; Liang, X.; Dawson, A.].; Panoskaltsis-Mortari, A.; Krieg, A.M.; Liu, Y.J.; Blazar, B.R.; Chen, W. Human
plasmacytoid dendritic cells activated by CpG oligodeoxynucleotides induce the generation of CD4+CD25+ regulatory T cells. J.
Immunol. 2004, 173, 4433-4442. [CrossRef]

Nie, Y.; He, J.; Shirota, H.; Trivett, A.L.; Yang, D.; Klinman, D.M.; Oppenheim, J.J.; Chen, X. Blockade of TNFR2 signaling enhances
the immunotherapeutic effect of CpG ODN in a mouse model of colon cancer. Sci. Signal. 2018, 11, eaan0790. [CrossRef]
Sheehan, K.C.; Pinckard, ]J.K.; Arthur, C.D.; Dehner, L.P.; Goeddel, D.V.; Schreiber, R.D. Monoclonal antibodies specific for
murine p55 and p75 tumor necrosis factor receptors: Identification of a novel in vivo role for p75. J. Exp. Med. 1995, 181, 607-617.
[CrossRef]

Williams, G.S.; Mistry, B.; Guillard, S.; Ulrichsen, J.C.; Sandercock, A.M.; Wang, J.; Gonzalez-Mufioz, A.; Parmentier, J.; Black, C.;
Soden, J.; et al. Phenotypic screening reveals TNFR2 as a promising target for cancer immunotherapy. Oncotarget 2016, 7,
68278-68291. [CrossRef]

Martensson, L.; Kovacek, M.; Holmkvist, P.; Semmrich, M.; Svensson, C.; Blidberg, T.; Carl Roos, C.; McAllister, A.; Demiri, M.;
Borggren, M.; et al. 725 Pre-Clinical Development of TNFR2 Ligand-Blocking BI-1808 for Cancer Immunotherapy. J. Immuno Ther.
Cancer 2020, 8, A768. [CrossRef]

Tam, E.M.; Fulton, R.B.; Sampson, J.E; Muda, M.; Camblin, A.; Richards, J.; Koshkaryev, A.; Tang, J.; Kurella, V.; Jiao, Y.; et al.
Antibody-mediated targeting of TNFR2 activates CD8(+) T cells in mice and promotes antitumor immunity. Sci. Transl. Med.
2019, 11, eaax0720. [CrossRef]

Chen, Y,; Jia, M.; Wang, S.; Xu, S.; He, N. Antagonistic Antibody Targeting TNFR2 Inhibits Regulatory T Cell Function to Promote
Anti-Tumor Activity. Front. Immunol. 2022, 13, 835690. [CrossRef]

Filbert, E.; Krishnan, S.; Alvarado, R.; Huang, G.; Bahjat, F,; Yang, X. 693 APX601, a Novel TNFR2 antagonist antibody for cancer
immunotherapy. J. Immuno Therapy Cancer 2020, 8, A417. [CrossRef]

Krishnan, S.; Alvarado, R.; Huang, G.; Yang, X,; Filbert, E.L. Abstract LB175: APX601, a Potent TNFR2 Antagonist as a Novel and
Promising Approach to Reverse Tumor Immune Suppression. Cancer Res. 2021, 81, LB175. [CrossRef]

Martensson, L.; Cleary, K.; Semmrich, M.; Kovacek, M.; Holmkvist, P.; Svensson, C.; Demiri, M.; Blidberg, T.; Thornberg, U.-C.;
Pitic, V.; et al. Abstract 936: Targeting TNFR2 for cancer immunotherapy: Ligand blocking depletors versus receptor agonists.
Cancer Res. 2020, 80, 936. [CrossRef]

Wei, S,; Fulton, R.; Lu, Y.-Y.;; Zhang, Q.; Zhou, H.; Raue, A.; Chen, M.; Xu, W.; Cai, X; Crivello, J.; et al. Abstract 1883: Mechanism of
action and biomarker strategy for HFB200301, an anti-TNFR2 agonist antibody for the treatment of cancer. Cancer Res. 2021, 81, 1883.
[CrossRef]

Sum, C.S.; Danton, M.; hu, Q.; Pritsker, A; Lin, R.; Yu, R.; Chen, K,; Tang, F.; Pohl, T.; Wallner, S.; et al. Abstract 1869: Novel
TNFR2 antibodies to overcome T cell exhaustion and suppressive tumor microenvironment. Cancer Res. 2021, 81, 1869. [CrossRef]
Richards, J.; Wong, C.; Koshkaryev, A.; Fulton, R.; Camblin, A.; Sampson, J.; Luus, L.; Suchy, J.; Grabow, S.; Kurella, V.; et al.
Abstract 4846: MM-401, a novel anti-TNFR2 antibody that induces T cell co-stimulation, robust anti-tumor activity and immune
memory. Cancer Res. 2019, 79, 4846. [CrossRef]

Sampson, J.F; Kurella, V.B.; Paragas, V.; Kumar, S.; Lulo, ].E.; Qiu, ].A.; Razlog, M.; Fulton, R.B.; Camblin, A J.; Richards, ].M.; et al.
Abstract 555: A novel human TNFR2 antibody (MM-401) modulates T cell responses in anti-cancer immunity. Cancer Res. 2019,
79, 555. [CrossRef]

Case, K,; Tran, L.; Yang, M.; Zheng, H.; Kuhtreiber, W.M.; Faustman, D.L. TNFR2 blockade alone or in combination with PD-1
blockade shows therapeutic efficacy in murine cancer models. J. Leukoc. Biol. 2020, 107, 981-991. [CrossRef]

Jiang, M; Liu, J.; Yang, D.; Tross, D.; Li, P; Chen, F.; Alam, M.M.; Faustman, D.L.; Oppenheim, J.J.; Chen, X. A TNFR2 antibody
by countering immunosuppression cooperates with HMGN1 and R848 immune stimulants to inhibit murine colon cancer. Int.
Immunopharmacol. 2021, 101, 108345. [CrossRef]

Vredevoogd, D.W.; Kuilman, T.; Ligtenberg, M.A.; Boshuizen, ].; Stecker, K.E.; de Bruijn, B.; Krijgsman, O.; Huang, X,;
Kenski, ].C.N.; Lacroix, R.; et al. Augmenting Immunotherapy Impact by Lowering Tumor TNF Cytotoxicity Threshold. Cell
2019, 178, 585-599.e515. [CrossRef]

Aguadé-Gorgorio, J.; McComb, S.; Eckert, C.; Guinot, A.; Marovca, B.; Mezzatesta, C.; Jenni, S.; Abduli, L.; Schrappe, M.;
Dobay, M.P; et al. TNFR?2 is required for RIP1-dependent cell death in human leukemia. Blood Adv. 2020, 4, 4823-4833. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.neo.2020.12.007
http://doi.org/10.1038/s41419-019-1456-x
http://www.ncbi.nlm.nih.gov/pubmed/30833543
http://doi.org/10.1038/s41375-018-0292-9
http://www.ncbi.nlm.nih.gov/pubmed/30356161
http://doi.org/10.1158/0008-5472.CAN-14-1149
http://www.ncbi.nlm.nih.gov/pubmed/25252912
http://doi.org/10.4049/jimmunol.173.7.4433
http://doi.org/10.1126/scisignal.aan0790
http://doi.org/10.1084/jem.181.2.607
http://doi.org/10.18632/oncotarget.11943
http://doi.org/10.1136/jitc-2020-SITC2020.0725
http://doi.org/10.1126/scitranslmed.aax0720
http://doi.org/10.3389/fimmu.2022.835690
http://doi.org/10.1136/jitc-2020-SITC2020.0693
http://doi.org/10.1158/1538-7445.AM2021-LB175
http://doi.org/10.1158/1538-7445.Am2020-936
http://doi.org/10.1158/1538-7445.AM2021-1883
http://doi.org/10.1158/1538-7445.AM2021-1869
http://doi.org/10.1158/1538-7445.Am2019-4846
http://doi.org/10.1158/1538-7445.Am2019-555
http://doi.org/10.1002/JLB.5MA0420-375RRRRR
http://doi.org/10.1016/j.intimp.2021.108345
http://doi.org/10.1016/j.cell.2019.06.014
http://doi.org/10.1182/bloodadvances.2019000796
http://www.ncbi.nlm.nih.gov/pubmed/33027529

Cancers 2022, 14, 2603 22 of 22

172. Govindaraj, C.; Madondo, M.; Kong, Y.Y,; Tan, P.; Wei, A.; Plebanski, M. Lenalidomide-based maintenance therapy reduces TNF
receptor 2 on CD4 T cells and enhances immune effector function in acute myeloid leukemia patients. Am. J. Hematol. 2014, 89,
795-802. [CrossRef] [PubMed]

173. van der Most, R.G.; Currie, A.].; Mahendran, S.; Prosser, A.; Darabi, A.; Robinson, B.W.; Nowak, A.K.; Lake, R.A. Tumor
eradication after cyclophosphamide depends on concurrent depletion of regulatory T cells: A role for cycling TNFR2-expressing
effector-suppressor T cells in limiting effective chemotherapy. Cancer Immunol. Immunother. 2009, 58, 1219-1228. [CrossRef]
[PubMed]

174. Zou, H.; Li, R;; Hu, H.,; Hu, Y.; Chen, X. Modulation of Regulatory T Cell Activity by TNF Receptor Type II-Targeting Pharmaco-
logical Agents. Front. Immunol. 2018, 9, 594. [CrossRef] [PubMed]


http://doi.org/10.1002/ajh.23746
http://www.ncbi.nlm.nih.gov/pubmed/24757092
http://doi.org/10.1007/s00262-008-0628-9
http://www.ncbi.nlm.nih.gov/pubmed/19052741
http://doi.org/10.3389/fimmu.2018.00594
http://www.ncbi.nlm.nih.gov/pubmed/29632537

	Introduction 
	TNFR2 Signaling 
	TNFR2 in Immune Regulation 
	TNFR2 in Cancer 
	TNFR2 in Tumor Immune Escape 
	TNFR2 as An Oncogene 

	TNFR2 as a Therapeutic Target in Cancer 
	Antagonistic Anti-TNFR2 Antibodies in Preclinical Tumor Models 
	Anti-TNFR2 Antibody Agonism in Preclinical Tumor Models 
	TNFR2 Targeting and Immune Checkpoint Blockade 

	Conclusions 
	References

