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CONTEMPORARY REVIEW

Contributions of Costimulatory Molecule 
CD137 in Endothelial Cells
Wei Yuan, MD, PhD*; Chong Xu, MS*; Bo Li, MD, PhD; Hao Xia, MS; Yingjie Pan, MS; Wei Zhong, MD, PhD; 
Liangjie Xu, MD, PhD; Rui Chen , MD, PhD; Bin Wang , MD, PhD

ABSTRACT: CD137 (4-1BB, tumor necrosis factor receptor superfamily 9) is a surface glycoprotein of the tumor necrosis factor 
receptor family that can be induced on a variety of immunocytes and nonimmune cells, including endothelial cells and smooth 
muscle cells. The importance of CD137 in immune response has been well recognized; however, the precise biological effects 
and underlying mechanisms of CD137 in endothelial cells are unclear. A single layer of cells called the endothelium constitutes 
the innermost layer of blood vessels including larger arteries, veins, the capillaries, and the lymphatic vessels. It not only acts 
as an important functional interface, but also participates in local inflammatory response. This review covers recent findings 
to illuminate the role of CD137 in endothelial cells in different pathophysiologic settings.
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Tumor necrosis factor superfamily and tumor ne-
crosis factor receptor superfamily are important 
cellular signaling pathways involved in apoptosis, 

inflammation, tissue development, and lymphocyte 
homeostasis, such as CD137/CD137L, OX40/OX40L, 
CD40/CD40L, and Fas-FasL. The interaction between 
CD137 and CD137L (its ligand) is the second signal 
for activating T lymphocytes and is involved in cellu-
lar immune responses, immune tolerance, and other 
reactions. CD137 has been found to be expressed 
not only in immune cells, but also in vascular cells. 
CD137-positive blood vessels have been identified in 
atherosclerotic lesions, tumors, and vasculitis.1 CD137 
is mainly expressed by activated endothelial cells (ECs) 
and smooth muscle cells (SMCs). Notably, ECs are 
the primary component of the endothelial lining of the 
circulatory system (blood and lymph), which are con-
sidered major participants in and regulators of inflam-
matory reactions. Endothelial dysfunction induced by 
the activation of CD137 signaling effectively induces a 
state of inflammation, which plays a critical role in a 
variety of pathological conditions. Currently, excellent 

reviews are available on the role of CD137 in the im-
mune system and immunotherapy.2,3 In this article, a 
review of the literatures focusing on the evidence of the 
implication of CD137 in the biological effects of ECs 
was conducted on PubMed and Google Scholar.

SEARCH STRATEGY
Our literature search was performed in PubMed and 
Google Scholar with no language limitation. The search 
strategy involved combining the following keywords: 
CD137, 4-1BB, CD137L, 4-1BBL, ECs, endothelium, in-
flammation, vascular, and vessel. Publications should be 
between January 1990 to September 2020, including 
various types of CD137 and endothelium-related articles.

STRUCTURE AND REGULATION OF 
CD137
CD137 is a type I transmembrane glycoprotein receptor 
characterized by the presence of cysteine-rich domains. 
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As in most of the tumor necrosis factor receptor super-
family members, CD137 exists in a membrane-bound, 
soluble form. Although some studies have shown that 
CD137 exists as a monomer and dimer, it has recently 
been suggested that CD137 is a functional trimer com-
plex that exists on cell surfaces. It has also been con-
firmed that CD137 is predominantly expressed in most 
immune cells, including activated CD4+ and CD8+ T 
cells, natural killer cells, natural killer T (natural killer T 
cell) cells, and CD4+CD25+ regulatory T cells. CD137 is 
also expressed on myeloid cells, such as monocytes, 
neutrophils, mast cells, eosinophils, and dendritic 
cells (DCs).4 In vascular cells, CD137 is expressed in 
an activation-dependent manner.5 CD137L, a ligand 
of CD137, is a type II membrane glycoprotein of the 
tumor necrosis factor superfamily that is expressed on 
antigen-presenting cells, such as monocytes, mac-
rophages, DCs, and activated B cells.5 CD137L can 
also be cleaved to generate a soluble form, sCD137L.6 
The interaction of CD137 and CD137L is limited to 
CRDs. Mouse and human CD137L are mainly com-
bined with CRDII and CRDIII, respectively. Both CRDII 
and CRDIII contain cysteines that can form a typical 
CRD structure. Although CD137L is considered to 
be the major binding partner for CD137, CD137 can 
bind to other receptors, including fibronectin, vitron-
ectin, laminin, collagen VI, and galectin-9. However, 
the function of these combined structures has not yet 
been completely understood.2 Notably, sCD137 antag-
onizes CD137/CD137L interaction by competing with 
membrane CD137 for binding to CD137L, serving as a 
natural genitive regulator of CD137 signaling.7

Upon activation by CD137L or agonist monoclonal 
antibodies (mAbs), CD137 binds to TRAF (tumor necro-
sis factor [TNF] receptor-associated factor) proteins, 
including TRAF1, TRAF2, and TRAF3, to form a CD137 
signalosome, which can induce transubiquitination 
via the Ubc13-mediated K63-linked polyubiquitination 

of transforming growth factor beta–activated kinase 
1-binding protein 1/2/3 with the subsequent activation 
of nuclear factor-κB and extracellular signal-regulated 
kinases via inhibitor of nuclear factor kappa-B kinase 
β and NEMO (nuclear factor-κB essential modulator) 
and mitogen-activated protein kinases via mitogen-
activated protein kinases/extracellular signal-regulated 
kinases 1. Deubiquitination of polyubiquitination chains 
by K63 deubiquitinases is required to quench this 
pathway. CD137 can also become internalized upon 
ligation with anti-CD137 antibody during K63 polyubiq-
uitination.8 Anti-CD137 mAbs, recombinant CD137-Fc 
fusion proteins and cell transfer, implantation tech-
niques, and CD137 and CD137L knockout mice have 
been used to specifically block CD137 or CD137L 
signals.9

ROLE OF CD137 IN VASCULAR 
DISORDERS
Role of CD137 in Atherosclerosis
Atherosclerosis is a chronic inflammatory lesion of 
the arterial wall. Endothelial dysfunction and mor-
phological damage cause leukocyte–EC adhesion, 
vasoconstriction, platelet aggregation, oxidative 
stress, smooth muscle proliferation, and thrombo-
sis.10 Many traditional risk factors that promote the 
formation of ECs damage and induce EC apoptosis, 
which results in localized endothelial denudation and 
contributes to the formation of plaque erosion and 
the development of acute coronary syndrome. Thus, 
endothelial dysfunction is involved in arteriosclerosis 
through various pathways.11

The expression of CD137 is generally upregulated 
in atheroma-associated vascular cells in both mouse 
and human atherosclerotic plaque lesions in vivo. It 
is also inducible in ECs and vascular SMCs by proin-
flammatory stimuli in vitro.12 Apoe−/−CD137−/− mice fed 
with both chow and high-fat diets showed significantly 
reduced atherosclerotic areas in the aorta compared 
with their Apoe−/−CD137+/+ counterparts, suggesting 
that CD137 promotes atherogenesis.13 However, a lack 
of change in atherosclerotic plaque size was observed 
in a bone marrow transplantation experiment, which 
showed only the deprivation of vascular CD137.13 This 
may have occurred because the extent of the contri-
bution of EC modulation by CD137 is different in the 
overall atherosclerotic process. Further research is 
needed to determine whether the characteristics of 
plaques change in mice undergoing bone marrow 
transplantation.

The CD137/CD137L interaction on the EC surface 
results in endothelium activation and subsequently 
increases the expression of adhesion molecules and 
proinflammatory cytokines, including vascular cell 

Nonstandard Abbreviations and Acronyms

CRDs	 cysteine-rich domains
DCs	 dendritic cells
ECs	 endothelial cells
EV	 extracellular vesicle
mAbs	 monoclonal antibodies
SMCs	 smooth muscle cells
TECs	 tumor ECs
TET2	 ten-eleven translocation protein 

methylcytosine dioxygenase 2
TME	 tumor microenvironment
TRAF	 tumor necrosis factor (TNF) receptor-

associated factor
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adhesion molecule-1, intercellular adhesion mole-
cule-1, monocyte chemotactic protein-1, and interleu-
kin-6.13 ECs interact with peripheral blood monocytes 
as an initiating step in atherosclerosis. Proinflammatory 
cytokines and adhesion molecules promote leukocyte 
recruitment and migration into vascular inflammation 
sites to exacerbate the inflammatory response and the 
progression of atherosclerosis in Apoe−/− mice treated 
with CD137 agonist antibody. Quek et al also reported 
that the expression of CD137 on ECs can result in 
an E-selectin- and intercellular adhesion molecule-1–
dependent increase in the number of interacting THP-1 
cells.7 In contrast, CD137-deficient ECs or blocking 
of CD137 function is effective against monocyte and 
THP-1 recruitment and attachment.7,13 The CD137 
signaling-induced inflammatory process is amplified 
in atherosclerotic lesions through bidirectional signal-
ing of T cells expressing CD137, macrophages ex-
pressing CD137L, and ECs expressing both CD137 
and CD137L, thus generating localized, intercellular 
inflammatory signaling loops within the vessel wall.9,13 
CD137L is also expressed in other cell types, including 
DCs and activated B cells.14 However, whether CD137/
CD137L signaling contributes to the interaction be-
tween ECs and these cells in atherosclerosis remains 
to be investigated.

An extracellular vesicle (EV) is a membrane-bound 
vesicle released from healthy cells and activated/apop-
totic cells, which mediates intercellular communication 
via transporting nucleic acids (RNA and DNA), lipids, 
and proteins.15 EVs arising from ECs can modulate 
inflammation, regulate circulating inflammatory cells 
such as macrophage and monocyte migration, and 
cell adhesion. Endothelial EVs also transfer messages 
to SMCs, which is a key event in atherosclerotic devel-
opment. Endothelial EVs in atherosclerotic lesions may 
generate either protective or harmful effects, depend-
ing on the context.16 Notably, EVs derived from acti-
vated ECs via CD137 signaling play a detrimental role 
in the progression of atherosclerosis in Apoe−/− mice. 
The activation of CD137 signaling in ECs increases the 
expression of interleukin-6 in EVs via the Akt-nuclear 
factor-κB pathway. Moreover, the transfer of interleu-
kin-6 via CD137 EVs to recipient CD4+T cells can result 
in the activation of Th17 cell differentiation and upregu-
lation of target protein IL-17. Such upregulation of IL-17 
is associated with enhanced EC apoptosis and inhibi-
tion of cell viability, along with an increased expression 
of soluble intercellular adhesion molecule-1, monocyte 
chemotactic protein-1, and E-selectin, therefore induc-
ing positive feedback on local inflammation of blood 
vessels.17 However, the effect of CD137 stimulation 
on the differentiation of Th17 cells is controversial. In 
experimental autoimmune encephalomyelitis, CD137 
stimulation suppresses the differentiation of Th17 cells 
and increases the production of regulatory T cells.18 

CD137 agonist is one of the most potent costimulators 
of T cells that plays a key role in the polarization of 
T-cell immune responses. CD137-induced alterations 
in the differentiation of T-lymphocyte subsets contrib-
ute to the bidirectional effects of immunoenhance-
ment versus immunosuppression on cell-mediated 
immunity.19 EVs produced by ECs also participate in 
the crosstalk between the endothelium and smooth 
muscles.20 Evidence of intracellular communication 
between ECs and SMCs via endothelial EVs has also 
been found with the transfer of the TET2 (ten-eleven 
translocation protein methylcytosine dioxygenase 2).21 
This protein is associated with the phenotypic trans-
formation of vascular SMCs, endothelial dysfunction, 
and inflammation via the modification of DNA methyl-
ation.22 Notably, EC-derived EVs generated from the 
activation of CD137 inflammatory stimulation exhibit 
downregulated TET2. This specific reduction of TET2 
in endothelial EVs induces a synthetic and proliferative 
phenotype of SMCs and intimal hyperplasia after arte-
rial injury. In contrast, EVs overexpressing TET2 inhibit 
the prophenotypic transformation and intimal hyper-
plasia induced by CD137 signaling.23

Endothelial dysfunction and apoptosis resulting 
from dysregulated oxidative stress can trigger the for-
mation of thrombi.18 Nuclear factor erythroid 2-related 
factor 2 regulates intracellular redox balance and extra-
cellular oxidative stress in ECs.24 Moreover, activation 
of CD137 signaling using agonist-CD137 recombinant 
protein (CD137L) promotes endothelial apoptosis by 
modulating both nuclear factor erythroid 2-related 
factor 2 and nuclear factor-κB pathways. This sub-
sequently induces the production of reactive oxygen 
species and increases the expression of proinflamma-
tory cytokine genes, including interleukin-6, IL-1β, and 
tumor necrosis factor-α. Notably, reactive oxygen spe-
cies upregulate proapoptotic proteins, such as Bax and 
cleaved caspase-3, and downregulate antiapoptotic 
proteins, such as Bcl2, thereby inducing EC apopto-
sis.25 The mechanism underlying the effects of CD137 
signaling on human umbilical vein endothelial cells 
also includes the diacyl glycerol–PKC (protein kinase 
C) signaling pathway. Stimulation of human umbilical 
vein endothelial cells with anti-CD137 antibody leads 
to the rapid formation of inositol triphosphate, which in 
turn upregulates diacyl glycerol levels and PKC activity 
and consequently results in the translocation of PKC 
from the cytosol to the plasma membrane. However, 
anti-CD137L antibodies suppress the activation of the 
diacyl glycerol–PKC signaling pathway in human um-
bilical vein endothelial cells.26 However, it was found 
that anti-CD137 antibodies stimulate the proliferation 
of mouse brain vascular ECs, whereas inhibitory an-
ti-CD137 antibodies have an inhibitory effect on pro-
liferation.27 The reasons underlying this difference 
may stem from the organ-specific endothelial action 
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in response to the activation of the CD137 costimu-
latory system. Notably, administering agonist-CD137 
antibodies is more efficacious than administering the 
natural CD137 ligand because CD137L can be inhib-
ited by sCD137.28

Because of the instability of the microenvironment 
in plaques, nourishing blood vessels can lead to ab-
normalities and serious defects during the process of 
development, resulting in immaturity and rupture.29 As 
a key feature of vulnerable atherosclerotic plaques, ex-
cessive angiogenesis is considered an independent 
predictor of cardiovascular risk. We found that the ago-
nistic anti-CD137 antibody is a promoter of angiogenic 
processes in atherosclerotic plaques of Apoe−/− mice. 
The activation of CD137 signaling markedly induces 
angiogenesis and EC migration, accompanied by an 
increase in the phosphorylation of recombinant human 
mothers against decapentaplegic homolog (Smad1/5) 
and nuclear translocation of p-Smad1/5, which con-
sequently promote the expression and translocation 
of the nuclear factor of activated T cells 1. Therefore, 
activation of CD137 signaling aggravates angiogenesis 
in atherosclerotic lesions by modulating the Smad1/5-
nuclear factor of activated T cells 1 pathway.27 Several 
studies have shown that atherosclerosis is associated 
with genetic polymorphism.30 Recent studies have 
shown that single nucleotide polymorphisms exist 
in the genes encoding human CD137 and impart in-
creased susceptibility to atherosclerosis. Söderström 
et al showed that the minor T allele of rs2453021 was 
associated with decreased CD137 mRNA expression 
and an increased carotid intima-media thickness, a 
widely used measurement of subclinical atherosclero-
sis; however, it was not associated with an increased 
risk of coronary artery disease.31 Hence the distinct 
vascular sites may be differently affected because of 
natural variations in the anatomical and functional prop-
erties. The authors also reported increased expression 
of CD137 mRNA in murine carotid atherosclerotic and 
atherothrombotic lesions compared with control ves-
sels.32 Zhang et al showed that 3 single nucleotide 
polymorphisms (rs161827, rs161818, and rs161810) in 
the CD137 gene were associated with ischemic stroke 
in patients with carotid lesions; moreover, rs161827 is 
significantly associated with stroke in patients with dia-
betes mellitus.33 These results suggest that functional 
single nucleotide polymorphisms of CD137 may affect 
the development of noncardiac vascular atherosclero-
sis by changing the expression and activity of CD137, 
thereby modulating the downstream biological effects.

In summary, in addition to other groups, we iden-
tified that inflammation and EC death induced by the 
activation of CD137 signaling result in the initiation of 
atherosclerosis and transition of stable plaques to a 
vulnerable plaque (Figure 1). Promotion of the angio-
genic process exacerbates the risk of plaque rupture 

and thrombosis formation (Figure  2). Figure  3 de-
scribes the underlying molecular pathways for these 
processes. Therefore, the effects of CD137 on ECs 
are observed in lesions throughout the progression of 
atherosclerosis, contributing to interactions between 
ECs and various inflammatory cells.34 Although CD137 
represents a promising potential therapy to ameliorate 
multiple aspects of atherosclerotic plaque progression 
in atherosclerotic mice, more studies are needed on 
atherosclerotic human models. Moreover, the role of 
CD137 in the crosstalk between ECs and SMCs re-
mains to be further investigated.

Role of CD137 in Vasculitis
Vasculitis is a pathological condition of blood vessels 
resulting from inflammatory changes in vessel walls 
of different sizes (large, medium, and small), different 
types (arteries, veins, and capillaries), and different 
sites (visceral organs and skin).35 Patients with vasculi-
tis showed CD137 overexpression in the blood vessels 
(arteries, microvessels, and venules) of the skin that 
facilitated recruitment of circulating monocytes; more-
over, both ECs and SMCs expressed CD137 in the ves-
sel wall. Furthermore, CD137 was uniformly expressed 
throughout the vessel wall to ensure continuous migra-
tion of monocytes.1 However, CD137 expression and 
function in different types of vasculitis including large 
vessel vasculitis, Kawasaki disease, and antineutrophil 
cytoplasmic antibody–associated vasculitis are not en-
tirely known and need further studies.

Graft vascular disease is a common cause of death 
in the first year after heart transplantation.36 Although 
the authors did not investigate the expression of 
CD137 on ECs, it is preferentially expressed in both 
alloactivated CD4+ or CD8+ T cells during alloimmune 
responses. Moreover, blocking the CD137/CD137L 
pathway in CD137 deficient mice or using an anti-
CD137L monoclonal antibody contributes to a long-
term survival of grafts partially via attenuating coronary 
vasculopathy.37 Further research studies are warranted 
to determine whether inhibiting CD137 together with 
other costimulatory signaling pathways such as CD40 
and CD28 would have a greater effect on the suppres-
sion of immune rejection.

ROLE OF CD137 IN LYMPHATIC ECS
Generally, the lymphatic system is regarded as an im-
portant factor in inflammatory processes and immune 
functions. The inflammatory response of the lymphatic 
endothelium depends on specific stimuli and con-
text.38 CD137 is predominantly expressed by lym-
phatic endothelial cells of inflamed human skin rather 
than the lymphatic vessels of noninflamed samples. 
Furthermore, CD137 expression in lymphatic endothelial 
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cells is induced during inflammation by tumor necrosis 
factor-α, lipopolysaccharides, and IL-1β. Activation of 
CD137 signaling with an agonistic mAb promotes the 
nuclear translocation of nuclear factor-κB, which in turn 
increases the expression of vascular cell adhesion mol-
ecule-1 and chemokine (C-C motif) ligand 21.39 It has 
been established that chemokine (C-C motif) ligand 21 
is the lead chemokine mediating DC attraction from tis-
sues to lymphatic nodes.40 As a result, treatment with 
a CD137 agonistic antibody induces DC accumulation 
close to lymphatic vessels.39 Interestingly, CD137 has 
not been detected in murine lymphatic endothelial cells 
in inflammatory experimental settings.39 This is believed 
to be because of the different cross-species expres-
sion patterns of CD137, even in the same pathologi-
cal setting. Collectively, these data suggest that CD137 
induces inflammatory chemokines and adhesion mol-
ecules that participate in DC trafficking.

ROLE OF CD137 IN TUMOR ECS
Tumor cells are usually present in a complex environ-
ment comprising inflammatory immune cells, stromal 
cells, vascular ECs, cytokines, and chemokines. This 

microenvironment is called the tumor microenviron-
ment (TME).41 The evolution of vascular ECs to tumor 
ECs (TECs) is the result of shaping of the TME and 
plays a key role in tumor progression. TECs can recruit 
inflammatory cells into the TME.42 Immune cells have a 
natural antitumor effect at the beginning of tumor inva-
sion, and they also abnormally transform to a protumor 
phenotype during tumor progression, assisting tumor 
immune escape and distant metastasis.43 Hence, es-
tablishing an effective antitumor immune response is 
key to the success of antitumor therapy.

Immunohistochemical staining showed that CD137 
is present in the blood vessels of most malignant tu-
mors; in contrast, in vascular ECs in benign tumors 
and inflammatory lesions, the antigen was detected 
to a minor degree.44 This suggests, on the one hand, 
that the expression of CD137 by ECs is inducible rather 
than constitutive and probably indicates the activation 
of these cells. The induction of CD137 expression on 
TECs may be a result of the lack of oxygen, such as in 
the TME.19 Upregulated surface CD137 in mouse ECs 
has been reported in the presence of hypoxia, whereas 
CD137 has been rarely demonstrated under normoxic 
culture conditions.45 On the other hand, such variety of 

Figure 1.  Activation of CD137 signaling in ECs helps recruit inflammatory cells, resulting in a positive feedback loop in 
inflammation.
Meanwhile, the activation of CD137 signaling by CD137L, a ligand of CD137, in ECs promotes the apoptosis of ECs. Furthermore, EVs 
released from activated ECs by CD137/CD137L mediate phenotypic transformation of SMCs and induce differentiation of CD4+ T cells 
into Th17 cells. ECs indicates endothelial cells; EVs, extracellular vesicles; and SMCs, smooth muscle cells.
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expression patterns also depends on the types and de-
velopmental stages of cancer. Interestingly, CD137 has 
been found to be consistently positive in the capillar-
ies and venules of normal lungs. In contrast, in vessels 
containing SMCs in media, ECs have been found to be 
generally negative.46 It should be noted that the em-
bryonic origins of ECs in pulmonary microvessels and 
large blood vessels are different.47 Therefore, the ex-
pression of CD137 is likely to be dependent on regional 
factors from microenvironmental cues in the lung. Type 
I cell-mediated immune response is the main immune 
threat for malignant cells. Notably, the CD137/CD137L 
interaction is critical for potentiating type I immune re-
sponses for immune surveillance.48 In the presence of 
CD137 on the surface of TECs, stimulation with ago-
nist CD137 mAbs results in increased recruitment of 
CD8+ T cells into the malignant tissue via the upregu-
lation of intercellular adhesion molecule-1, vascular cell 
adhesion molecule-1, and E-selectin. In turn, such in-
crease in T-cell recruitment into tumor sites via CD137 
further enhances local inflammation by producing 

more chemokines and proinflammatory cytokines.45 
Therefore, the aim of CD137 expression on ECs is to 
stimulate antigen-experienced T cells instead of prim-
ing naive T cells as professional antigen-presenting 
cells. However, as mentioned above, agonistic an-
ti-CD137 antibodies may accelerate atherosclerosis in 
humans. Hence, to specifically provide costimulation 
to the TME, intratumorally injecting proper doses of the 
CD137 antibody may be a better option for the treat-
ment of tumors. sCD137 can also be overexpressed 
in TECs. Release of sCD137 may serve to suppress 
T-cell activation by binding to CD137L and blocking 
the CD137/CD137L costimulatory system, thus reduc-
ing the immune activity against tumors.49 Programmed 
death-ligand 1 is a molecule that binds to programmed 
death-1 to negatively regulate T-cell activation. It has 
also been reported that programmed death-ligand 1 
is expressed by TECs that induce TEC tolerance in 
tumor-specific T cells.50 Therefore, the mechanism un-
derlying how an anti-CD137/programmed death-ligand 
1 bispecific antibody changes an immunosuppressive 

Figure 2.  Activation of CD137 signaling by agonistic anti-CD137 antibodies promotes atherosclerotic angiogenesis.
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TME into an immunostimulatory one may partially stem 
from its alteration of the immunological characteristics 
of TECs.51

It is important to selectively deliver antiangiogenic 
agents or vascular disrupting agents to tumor tissues 
while minimizing potential side effects. Hence, markers 
that can distinguish between physiological and patho-
logical angiogenesis are urgently needed. It has been 
found that mouse CD137 is a prime candidate gene 
for distinguishing between physiological and patholog-
ical angiogenesis.49 Selective expression of CD137 on 
TECs may allow the application of TEC-targeted im-
munotherapy for angiogenesis.49 Antiangiogenic drugs 
have a positive effect on tumor immunity therapy. 
Immunization with DC-EC hybrids and CD137-specific 
mAbs can induce antiangiogenic immunity through the 
activation of self-antigen-selective immune responses 
by EC-specific CD8+ T and CD4+ lymphocytes, which 
result in the inhibition of B16-F10 melanoma and MC38 
colon adenocarcinoma growth.52 Notably, Palazon et al 
found that anti-CD137 mAbs alone have no antiangio-
genic effects in vivo.45 These results highlight the need 
for combination therapies involving agonist-CD137 

antibodies and other antibodies or vaccines/drugs/
reagents.

In summary, CD137-mediated antitumor responses 
partially depend on the ability of TECs to increase T-
cell recruitment into tumor sites and to target newly 
formed blood vessels. Moreover, CD137 is expressed 
not only in TECs, but also in immune cells. The thera-
peutic effects of CD137 signaling depend on the syn-
ergistic action of these cells.

CONCLUSION
The understanding of the molecular mechanisms of 
CD137 that affect EC behavior during specific patho-
physiological stimuli has expanded remarkably in re-
cent years. Studies on atherosclerosis, cancer, and 
vasculitis have greatly enriched our knowledge regard-
ing the key aspects of CD137 in the endothelium, in-
cluding inflammation, angiogenesis, and apoptosis. 
Despite the progress made, our understanding is still 
in its infancy as several aspects of CD137 expression 
and function remain to be elucidated. For instance, 
determining the role and effects of CD137 on ECs at 
all stages of atherosclerosis, identification of the active 

Figure 3.  Molecular pathways linking the CD137 signaling pathway to ECs.
DAG indicates diacyl glycerol; ECs, endothelial cells; Nrf2, nuclear factor erythroid 2-related factor 2; PKC, protein kinase C; ROS, 
reactive oxygen species; SMCs, smooth muscle cells; and TET2, ten-eleven translocation protein methylcytosine dioxygenase 2.
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components in EVs released from the activated ECs by 
CD137/CD137L signaling, determining the role of these 
EVs in SMCs, and the precise mechanisms of im-
munotherapy using agonistic anti-CD137 in a CD137-
rich expression tumor microenvironment need further 
explorations.

Therapy targeted at CD137, whether via the activa-
tion or inhibition of this costimulatory system, depends 
on the disease setting. Given the varying mechanisms 
of vascular bed heterogeneity in different organs in 
health and disease, selective targeting of CD137 will 
prevent side effects of normal tissues. Hence, safer and 
more effective doses, drug delivery, and combinational 
therapy are currently a hotspot in clinical research.
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	12.	 Olofsson PS, Söderström LÅ, Wågsäter D, Sheikine Y, Ocaya P, Lang 
F, Rabu C, Chen L, Rudling M, Aukrust P, et al. CD137 is expressed in 
human atherosclerosis and promotes development of plaque inflam-
mation in hypercholesterolemic mice. Circulation. 2008;117:1292–1301. 
DOI: 10.1161/CIRCU​LATIO​NAHA.107.699173.

	13.	 Jeon HJ, Choi J-H, Jung I-H, Park J-G, Lee M-R, Lee M-N, Kim B, Yoo 
J-Y, Jeong S-J, Kim D-Y, et al. CD137 (4–1BB) deficiency reduces ath-
erosclerosis in hyperlipidemic mice. Circulation. 2010;121:1124–1133. 
DOI: 10.1161/CIRCU​LATIO​NAHA.109.882704.

	14.	 Zeng Q, Zhou Y, Schwarz H. CD137L-DCs, potent immune-stimulators-
history, characteristics, and perspectives. Front Immunol. 2019;10:2216. 
DOI: 10.3389/fimmu.2019.02216.

	15.	 Nguyen VVT, Witwer KW, Verhaar MC, Strunk D, van Balkom BWM. 
Functional assays to assess the therapeutic potential of extracellular 
vesicles. J Extracell Vesicles. 2020;10:e12033.

	16.	 Paone S, Baxter AA, Hulett MD, Poon IKH. Endothelial cell apoptosis 
and the role of endothelial cell-derived extracellular vesicles in the pro-
gression of atherosclerosis. Cell Mol Life Sci. 2019;76:1093–1106.

	17.	 Xu L, Geng T, Zang G, Li B, Liang Y, Zhou H, Yan J. Exosome derived 
from CD137-modified endothelial cells regulates the Th17 responses 
in atherosclerosis. J Cell Mol Med. 2020;24:4659–4667. DOI: 10.1111/
jcmm.15130.

	18.	 Wong HY, Schwarz H. CD137/CD137 ligand signaling regulates the im-
mune balance: a potential target for novel immunotherapy of autoim-
mune diseases. J Autoimmun. 2020;112:102499.

	19.	 Makkouk A, Chester C, Kohrt HE. Rationale for anti-CD137 can-
cer immunotherapy. Eur J Cancer. 2016;54:112–119. DOI: 10.1016/j.
ejca.2015.09.026.

	20.	 Li S, Zhan J-K, Wang Y-J, Lin X, Zhong J-Y, Wang YI, Tan P, He J-Y, Cui 
X-J, Chen Y-Y, et al. Exosomes from hyperglycemia-stimulated vascular 
endothelial cells contain versican that regulate calcification/senescence 
in vascular smooth muscle cells. Cell Biosci. 2019;9:1. DOI: 10.1186/
s1357​8-018-0263-x.

	21.	 Wang H, Xie Y, Salvador AM, Zhang Z, Chen K, Li G, Xiao J. Exosomes: 
multifaceted messengers in atherosclerosis. Curr Atheroscler Rep. 
2020;22:57. DOI: 10.1007/s1188​3-020-00871​-7.

	22.	 Liu Y, Peng W, Qu K, Lin X, Zeng Z, Chen J, Wei D, Wang Z. TET2: a 
novel epigenetic regulator and potential intervention target for athero-
sclerosis. DNA Cell Biol. 2018;37:517–523.

	23.	 Li B, Zang G, Zhong W, Chen R, Zhang Y, Yang P, Yan J. Activation of 
CD137 signaling promotes neointimal formation by attenuating TET2 
and transferrring from endothelial cell-derived exosomes to vascular 
smooth muscle cells. Biomed Pharmacother. 2020;121:109593.

	24.	 Kopacz A, Klóska D, Proniewski B, Cysewski D, Personnic N, Piechota-
Polańczyk A, Kaczara P, Zakrzewska A, Forman HJ, Dulak J, et al. 
Keap1 controls protein S-nitrosation and apoptosis-senescence 
switch in endothelial cells. Redox Biol. 2020;28:101304. DOI: 10.1016/j.
redox.2019.101304.

	25.	 Geng T, Yan Y, Zhang Y, Xu L, Zang G, Yan JC. CD137 signaling pro-
motes endothelial apoptosis by inhibiting Nrf2 pathway, and upregulat-
ing NF- κ B pathway. Mediators Inflamm. 2020;2020:4321912.

	26.	 Yan JC, Wang C, Wang Z, Yuan W. The effect of CD137-CD137 ligand 
interaction on phospholipase C signaling pathway in human endo-
thelial cells. Chem Biol Interact. 2013;206:256–261. DOI: 10.1016/j.
cbi.2013.09.014.

	27.	 Weng J, Wang C, Zhong W, Li B, Wang Z, Shao C, Chen Y, Yan J. 
Activation of CD137 signaling promotes angiogenesis in atherosclero-
sis via modulating endothelial Smad1/5-NFATc1 pathway. J Am Heart 
Assoc. 2017;6:e004756. DOI: 10.1161/JAHA.116.004756.

	28.	 Labiano S, Palazón A, Bolaños E, Azpilikueta A, Sánchez-Paulete 
AR, Morales-Kastresana A, Quetglas JI, Perez-Gracia JL, Gúrpide A, 
Rodriguez-Ruiz M, et al. Hypoxia-induced soluble CD137 in malig-
nant cells blocks CD137L-costimulation as an immune escape mech-
anism. Oncoimmunology. 2015;5:e1062967. DOI: 10.1080/21624​
02X.2015.1062967.

	29.	 Sedding DG, Boyle EC, Demandt JAF, Sluimer JC, Dutzmann J, 
Haverich A, Bauersachs J. Vasa vasorum angiogenesis: key player in 
the initiation and progression of atherosclerosis and potential target for 
the treatment of cardiovascular disease. Front Immunol. 2018;9:706.

https://doi.org/10.1096/fj.05-4739com
https://doi.org/10.3389/fimmu.2018.02618
https://doi.org/10.3389/fimmu.2018.02618
https://doi.org/10.1126/scitranslmed.aax4738
https://doi.org/10.1136/esmoopen-2020-000733
https://doi.org/10.4070/kcj.2016.46.6.753
https://doi.org/10.3390/cells8091044
https://doi.org/10.1002/eji.201445388
https://doi.org/10.1007/s10059-012-0077-3
https://doi.org/10.1182/blood-2016-05-718114
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1161/CIRCULATIONAHA.107.699173
https://doi.org/10.1161/CIRCULATIONAHA.109.882704
https://doi.org/10.3389/fimmu.2019.02216
https://doi.org/10.1111/jcmm.15130
https://doi.org/10.1111/jcmm.15130
https://doi.org/10.1016/j.ejca.2015.09.026
https://doi.org/10.1016/j.ejca.2015.09.026
https://doi.org/10.1186/s13578-018-0263-x
https://doi.org/10.1186/s13578-018-0263-x
https://doi.org/10.1007/s11883-020-00871-7
https://doi.org/10.1016/j.redox.2019.101304
https://doi.org/10.1016/j.redox.2019.101304
https://doi.org/10.1016/j.cbi.2013.09.014
https://doi.org/10.1016/j.cbi.2013.09.014
https://doi.org/10.1161/JAHA.116.004756
https://doi.org/10.1080/2162402X.2015.1062967
https://doi.org/10.1080/2162402X.2015.1062967


J Am Heart Assoc. 2021;10:e020721. DOI: 10.1161/JAHA.120.020721� 9

Yuan et al� Role of CD137 in Endothelial Cells

	30.	 Xu S, Xu Y, Liu P, Zhang S, Liu H, Slavin S, Kumar S, Koroleva M, Luo 
J, Wu X, et al. The novel coronary artery disease risk gene JCAD/
KIAA1462 promotes endothelial dysfunction and atherosclerosis. Eur 
Heart J. 2019;40:2398–2408. DOI: 10.1093/eurhe​artj/ehz303.

	31.	 Söderström LÅ, Gertow K, Folkersen L, Sabater-Lleal M, Sundman E, 
Sheikine Y, Goel A, Baldassarre D, Humphries SE, de Faire U, et al. 
Human genetic evidence for involvement of CD137 in atherosclerosis. 
Mol Med. 2014;20:456–465.

	32.	 Söderström LÅ, Jin H, Caravaca AS, Klement ML, Li Y, Gisterå A, Hedin 
U, Maegdefessel L, Hansson GK, Olofsson PS. Increased carotid artery 
lesion inflammation upon treatment with the CD137 agonistic antibody 
2A. Circ J. 2017;81:1945–1952.

	33.	 Zhang S, Li Z, Zhang R, Li X, Zheng H, Ma QI, Zhang H, Hou W, Zhang F, 
Wu Y, et al. Novel CD137 gene polymorphisms and susceptibility to isch-
emic stroke in the northern Chinese Han population. Neuromolecular 
Med. 2017;19:413–422. DOI: 10.1007/s1201​7-017-8457-7.

	34.	 Söderström LÅ, Tarnawski L, Olofsson PS. CD137: a checkpoint regu-
lator involved in atherosclerosis. Atherosclerosis. 2018;272:66–72.

	35.	 Csernok E, Hellmich B. Usefulness of vasculitis biomarkers in the era 
of the personalized medicine. Autoimmun Rev. 2020;19:102514. DOI: 
10.1016/j.autrev.2020.102514.

	36.	 Stehlik J, Kobashigawa J, Hunt SA, Reichenspurner H, Kirklin JK. 
Honoring 50 years of clinical heart transplantation in circulation: in-
depth state-of-the-art review. Circulation. 2018;137:71–87.

	37.	 Cho HR, Kwon B, Yagita H, La S, Lee EA, Kim J-E, Akiba H, Kim J, Suh 
J-H, Vinay DS, et al. Blockade of 4–1BB (CD137)/4-1BB ligand inter-
actions increases allograft survival. Transpl Int. 2004;17:351–361. DOI: 
10.1111/j.1432-2277.2004.tb004​54.x.

	38.	 Aebischer D, Iolyeva M, Halin C. The inflammatory response of lym-
phatic endothelium. Angiogenesis. 2014;17:383–393. DOI: 10.1007/
s1045​6-013-9404-3.

	39.	 Teijeira Á, Palazón A, Garasa S, Marré D, Aubá C, Rogel A, Murillo O, 
Martínez-Forero I, Lang F, Melero I, et al. CD137 on inflamed lymphatic 
endothelial cells enhances CCL21-guided migration of dendritic cells. 
FASEB J. 2012;26:3380–3392. DOI: 10.1096/fj.11-201061.

	40.	 Vaahtomeri K, Brown M, Hauschild R, De Vries I, Leithner AF, Mehling 
M, Kaufmann WA, Sixt M. Locally triggered release of the chemokine 
CCL21 promotes dendritic cell transmigration across lymphatic endo-
thelia. Cell Rep. 2017;19:902–909. DOI: 10.1016/j.celrep.2017.04.027.

	41.	 Looi CK, Chung FFL, Leong CO, Wong SF, Rosli R, Mai CW. Therapeutic 
challenges and current immunomodulatory strategies in targeting the 

immunosuppressive pancreatic tumor microenvironment. J Exp Clin 
Cancer Res. 2019;38:162. DOI: 10.1186/s1304​6-019-1153-8.

	42.	 Klein D. The tumor vascular endothelium as decision maker in cancer 
therapy. Front Oncol. 2018;8:367. DOI: 10.3389/fonc.2018.00367.

	43.	 Lei X, Lei Y, Li JK, Du WX, Li RG, Yang J, Li J, Li F, Tan HB. Immune cells 
within the tumor microenvironment: biological functions and roles in 
cancer immunotherapy. Cancer Lett. 2020;470:126–133. DOI: 10.1016/j.
canlet.2019.11.009.

	44.	 Broll K, Richter G, Pauly S, Hofstaedter F, Schwarz H. CD137 expres-
sion in tumor vessel walls. High correlation with malignant tumors. Am 
J Clin Pathol. 2001;115:543–549. DOI: 10.1309/E343-KMYX-W3Y2-  
10KY.

	45.	 Palazón A, Teijeira A, Martínez-Forero I, Hervás-Stubbs S, Roncal 
C, Peñuelas I, Dubrot J, Morales-Kastresana A, Pérez-Gracia JL, 
Ochoa MC, et al. Agonist anti-CD137 mAb act on tumor endothelial 
cells to enhance recruitment of activated T lymphocytes. Cancer Res. 
2011;71:801–811. DOI: 10.1158/0008-5472.CAN-10-1733.

	46.	 Boussaud V, Soler P, Moreau J, Goodwin RG, Hance AJ. Expression of 
three members of the TNF-R family of receptors (4–1BB, lymphotoxin-
beta receptor, and Fas) in human lung. Eur Respir J. 1998;12:926–931.

	47.	 Minami T, Muramatsu M, Kume T. Organ/tissue-specific vascular en-
dothelial cell heterogeneity in health and disease. Biol Pharm Bull. 
2019;42:1609–1619. DOI: 10.1248/bpb.b19-00531.

	48.	 Dharmadhikari B, Wu M, Abdullah NS, Rajendran S, Ishak ND, Nickles 
E, Harfuddin Z, Schwarz H. CD137 and CD137L signals are main driv-
ers of type 1, cell-mediated immune responses. Oncoimmunology. 
2015;5:e1113367. DOI: 10.1080/21624​02X.2015.1113367.

	49.	 Seaman S, Stevens J, Yang MY, Logsdon D, Graff-Cherry C, St Croix 
B. Genes that distinguish physiological and pathological angiogenesis. 
Cancer Cell. 2007;11:539–554. DOI: 10.1016/j.ccr.2007.04.017.

	50.	 Taguchi K, Onoe T, Yoshida T, Yamashita Y, Tanaka Y, Ohdan H. Tumor 
endothelial cell-mediated antigen-specific T-cell suppression via 
the PD-1/PD-L1 pathway. Mol Cancer Res. 2020;18:1427–1440. DOI: 
10.1158/1541-7786.MCR-19-0897.

	51.	 De Sanctis F, Ugel S, Facciponte J, Facciabene A. The dark side of 
tumor-associated endothelial cells. Semin Immunol. 2018;35:35–47. 
DOI: 10.1016/j.smim.2018.02.002.

	52.	 Ko E, Luo W, Peng L, Wang X, Ferrone S. Mouse dendritic-endothelial 
cell hybrids and 4–1BB costimulation elicit antitumor effects mediated 
by broad antiangiogenic immunity. Cancer Res. 2007;67:7875–7884. 
DOI: 10.1158/0008-5472.CAN-06-1744.

https://doi.org/10.1093/eurheartj/ehz303
https://doi.org/10.1007/s12017-017-8457-7
https://doi.org/10.1016/j.autrev.2020.102514
https://doi.org/10.1111/j.1432-2277.2004.tb00454.x
https://doi.org/10.1007/s10456-013-9404-3
https://doi.org/10.1007/s10456-013-9404-3
https://doi.org/10.1096/fj.11-201061
https://doi.org/10.1016/j.celrep.2017.04.027
https://doi.org/10.1186/s13046-019-1153-8
https://doi.org/10.3389/fonc.2018.00367
https://doi.org/10.1016/j.canlet.2019.11.009
https://doi.org/10.1016/j.canlet.2019.11.009
https://doi.org/10.1309/E343-KMYX-W3Y2-10KY
https://doi.org/10.1309/E343-KMYX-W3Y2-10KY
https://doi.org/10.1158/0008-5472.CAN-10-1733
https://doi.org/10.1248/bpb.b19-00531
https://doi.org/10.1080/2162402X.2015.1113367
https://doi.org/10.1016/j.ccr.2007.04.017
https://doi.org/10.1158/1541-7786.MCR-19-0897
https://doi.org/10.1016/j.smim.2018.02.002
https://doi.org/10.1158/0008-5472.CAN-06-1744

