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Immunotherapy with Agonistic Anti-CD137: Two Sides of a Coin

Yonglian Sun', Jonathan H. Chen' and Yangxin Fu"?

CD137 (4-1BB), a member of the TNF receptor superfamily, is an inducible T cell costimulatory receptor
primarily expressed on activated CD4" and CD8" T cells. Agonistic monoclonal antibodies (mAbs) against CD137
greatly enhance T cell-mediated immune responses against many types of tumors and viruses. Surprisingly, these
agonists also showed therapeutic effects in several autoimmune diseases. These findings suggest that in different
disease environments, CD137 engagement with agonist mAb in vivo can diametrically modulate immune
response outcomes. Therefore, CD137 agonists represent a promising immunotherapeutic approach to a wide
array of disparate immune disorders. However, CD137’s potency in modulating immune response necessitates
caution when targeting CD137 clinically. Cellular & Molecular Immunology. 2004;1(1):31-36.
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CD137 (4-1BB) is a member of the tumor necrosis factor
receptor superfamily (TNFRSF9) and a T cell costimulatory
receptor induced by TCR activation. In addition to its
expression on activated T cells and NK cells (1-3), CD137
is also expressed on NKT cells (4), CD4'CD25" regulatory
T cells (5, 6) and myeloid cells, including monocytes,
neutrophils and dendritic cells (7-10). Its natural ligand
CDI137L (4-1BBL) - a member of TNF superfamily (TNFSF9)
- has been detected on professional APCs including B cells,
macrophages, and dendritic cells (11-13). This expression
pattern implies the possibility that CD137/CD137L
interaction may be involved in multiple steps in various
innate and adaptive immune responses.

It has been shown that signaling through CD137 by
either CD137L or agonistic monoclonal antibodies (mAbs)
against CD137 leads to increased TCR-induced T cell
proliferation, cytokine production and functional maturation,
and prolonged CD8" T cell survival (1, 14, 15). These effects
result from: (1) the activation of the NF-kB, c-Jun NH,-
terminal kinase/stress-activated protein kinase (JNK/SAPK),
and p38 mitogen-activated protein kinase (MAPK) signa-
ling pathways (16-18) and (2) the control of anti-apoptotic-
and cell cycle-related gene expression (15,19-21). Experiments
performed in both CD137 and CD137L-deficient mice have
additionally demonstrated the importance of CD137 costi-
mulation in the generation of a fully competent T cell
response (22-25). IL-2 and IL-15 activated NK cells express
CD137, and ligation of CDI137 by agonistic mAbs
stimulates NK cell proliferation and IFN-y secretion, but not
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their cytolytic activity. Furthermore, CD137-stimulated NK
cells promote the expansion of activated T cells in vitro (26).
In accordance with their costimulatory function, agonist
mAbs against CD137 have been shown to promote rejection
of cardiac and skin allografts, eradicate established tumors,
broaden primary antiviral CD8" T cell responses, and
increase T cell cytolytic potential (27-29). These studies
support the view that CD137 signaling promotes T cell
function which may enhance immunity against tumors and
infection.

However, recent findings indicate a diametric role of
CD137 signaling. CDI137-specific agonist mAbs that
enhanced tumor rejection in mice were also capable of
suppressing T-dependent humoral immunity (30) and
ameliorating both the antigen-induced organ-specific auto-
immune disease experimental autoimmune encephalo-
myelitis (EAE) (31) and the spontaneous systemic auto-
immune disease systemic lupus erythematosus (SLE) (32
-34). Supporting the possible regulatory role of CD137
signaling in T cell function, it was shown that CD137-
deficient T cells are more responsive to mitogens compared
with WT T cells (35). These studies strongly suggest that
4-1BB signaling differentially modulates immune responses
in vivo. Here, we review recent studies on the application of
agonistic mAbs against CD137 in different disease models.

Tumors

Due to the role of CD137 signaling in promoting T cell and
NK cell proliferation, I[FN-y secretion, and prolonging the
survival of CD8" T cells, CD137 engagement may provide
an attractive strategy for immunotherapy of cancer. mAbs
against CD137 have variable anti-tumor therapeutic effects
depending on the immunogenicity of the experimental
tumor and anatomical site of tumor growth. Treatment with
agonist anti-CD137 mAbs caused regression of large,
well-established tumors in mice, including Agl04A sarcoma,
P815 mastocytoma, EL4E7 lymphomas and B10.2 fibro-
sarcoma (28, 36, 37). This treatment also generated
systemic antitumor effects in established intracranial tumors
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including MCA sarcoma and GL261 glioma, but not in
established subcutaneous and pulmonary tumors (38).
Agonistic anti-CD137 treatment shows no antitumor effects
against the established or metastasized poorly immuno-
genic tumors, including B16/D5 melanoma, C3 tumor, TC-1
lung carcinoma and B16-F10 melanoma (36, 38). The
failure of anti-4-1BB mAbs in treating these tumors is due
to immunological ignorance of tumor antigen-specific CTLs
during the progressive growth of the tumors (36). Therefore,
it seems that CD137 signaling is not beneficial for T cell
priming or initiating an immune response, but rather acts on
cells that have already been activated by tumor Ags in vivo.
In support of this, Miller et al. found that initiation of
anti-CD137 treatment relatively soon after tumor challenge
was not as effective as initiation of treatment after the tumor
had become more established (37). Breaking CTL
ignorance by immunization with a tumor antigen-derived
peptide is necessary for anti-CD137 mAbs to induce a
sufficient CTL response to cause the regression of
established tumors (36). The poor immunogenicity of
human tumors may require that tumor antigen-derived
peptides be given in concert with anti-CD137 treatment
when using these mAbs to treat human cancers.

In addition to increasing the intensity of anti-tumor
responses, CD137 treatment prolongs the survival of
preactivated tumor-specific CD8" T cells both in vitro and
in vivo, enhancing the efficacy of adoptive immunotherapy
(38-40). Furthermore, anti-CD137 treatment can synergize
with IL-12 gene therapy by greatly amplifying both CTL-
and NK cell-mediated immune responses, leading to the
complete regression of established MCA26 colon cancer in
a hepatic metastasis model (41). Anti-CD137 treatment also
synergizes with FIt3L treatment to promote the regression
of B10.2 fibrosarcomas (37).

Another attractive method of CDI137-targeted cancer
immunotherapy is to modify tumor cells with membrane-
bound single-chain Fv fragments (scFv) of anti-CD137 (42).
Transfecting the weakly immunogenic mouse melanoma
K1735 with scFv of anti-CD137 greatly increases its
immunogenicity and induces protection and therapeutic
effects against unmodified wild type tumors with similar or
even better efficacy than agonistic anti-CD137 treatment.

The therapeutic effect of anti-CD137 is dependent on
CDS8" T cells, inducing increases in tumor-specific CTL
activity and associated IFN-y production. However, the
requirement of CD4" T cells and NK cells varies depending
on tumor model used (26, 28, 36-38). In some tumor
models, such as the P815 mastocytoma, NK cells expressing
CD137 are critical to trigger the therapeutic effects because
of their immunoregulatory activity on CD8" CTL through
producing IFN-y (3, 26). IFN-y is required for the therapeutic
effect because it mediates the homing of effector T cells to
the tumor site (43). scFv of anti-CD137 modified K1735
cells induce strong CD4" type 1 T-helper cell (Thl)-
mediated antitumor responses involving both NK cells and
macrophages. Although CD4" T cells are not required
during the generation of the initial immune response, they
might play a role in memory responses against some tumor
models (37). The therapeutic effects of anti-CD137 mAbs
are also dependent on their ability to prevent programmed
cell death in CD8" cytolytic T lymphocytes (CTL), thus
extending their operative life (40), and preventing and
reversing established anergy of CTL in vivo (44). Therefore,
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CD137 costimulation may enhance anti-tumor immunity in
multiple ways.

Viral infections

CDI137 seems to play a role in CD8" T cell-mediated
antiviral responses. CD137L-deficient mice had decreased
CTL responses to influenza virus in the late stage of
primary response and defective secondary response. They
also exhibited diminished CD8" T cell responses and IFN-y
expression after lymphocytic choriomeningitis virus (LCMV)
infection, and impaired the efficacy of vaccination with
LCMYV peptide in long term protection generation against
LCMYV infection (23-25, 45). The CD137-deficient mice
showed decreased CTL activity against vesicular stomatitis
virus (VSV). However, these mice showed normal humoral
immune responses to viruses (35). These studies imply that
CD137/CD137L interaction may play an important role in
maintaining CD8" T cell responses and generating their
memory responses. In support of this, Halstead et al. found
that in vivo CD137 stimulation with an agonistic mAb
enhanced and broadened the CD8" T cell response to
influenza virus. It preferentially expanded CD8" T cells that
recognized nondominant as compared with dominant
epitopes and greatly enhanced direct ex vivo cytotoxicity.
CD137 stimulation also restored the CDS8" T cell response
to the immunodominant influenza epitope in the absence of
CD28 stimulation (29). These studies suggest that
promoting CD8" T cell responses by modifying CD137
signaling may be a useful approach to improve antiviral
CDS8" T cell responses.

Alloresponses

CD137/CD137L interaction plays an important role in
regulating alloresponses in vivo. Anti-CD137 mAbs enhance
cardiac allograft and MHC-mismatched skin transplant
rejection with dramatically increased INF-y production by
CD8" T cells and CTL activity against alloantigens (27).
Blocking CD137/CD137L interaction by anti-CD137L mAbs
significantly inhibited rejection of intestinal allografts by
CDS8" but not CD4" T cells (46). However, Blazar et al.
proved that anti-CD137 mAbs promoted both CD8" and
CD4" T cell-mediated graft-versus-host disease (GVHD)
and host anti-donor-mediated graft rejection could be
regulated through CD137/CDI137L interaction by using
anti-CD137 mAbs, CD137" donor T cells, or CD137L"
recipients (22). These studies imply that blocking CD137/
CD137L interaction may reduce GVHD and prevent CD8"
T cell-mediated allograft rejection. For allograft rejection
involving both CD4" and CD8" T cells, combined blockade
of CD137/CD137L and other costimulatory signaling is
required.

Autoimmune diseases

T cells are involved in the pathogenesis of many auto-
immune diseases. The activation of T cells in response to
their cognate peptide/MHC targets requires costimulatory
signals delivered by APCs occurring at multiple steps (47).
Conventional costimulation blockade is an attractive thera-
peutic approach for the treatment of T cell-dependent auto-

February 2004



Cellular & Molecular Immunology

immune diseases. In the treatment of experimental and
human autoimmune diseases, effort has been devoted to
blocking several costimulatory pathways, such as CD28/B7,
CD40L/CD40 and OX-40L/OX-40R, with either soluble
receptors or neutralizing anti-ligand mAbs (48-51). However,
recent studies found that costimulatory agonists of CD137
could also prevent and have therapeutic effects on CD4" T
cell-involved autoimmune diseases (31-34).

We first found that a single low dose of agonistic
anti-CD137 mAb (2A) treatment prevented the development
of EAE, a Thl cell-mediated demyelinating disease of the
central nervous system used as a murine model for human
multiple sclerosis (31). Draining lymph node cells from
anti-4-1BB-treated mice failed to respond to antigen
stimulation in vitro or to transfer disease to RAG-1-
deficient recipient mice. When treatment was initiated after
disease onset, early EAE relapse was also inhibited. Our
studies supported the idea that agonistic anti-4-1BB mAbs
treatment initially increased T cell activation, and then
promoted the clearance of these activated CD4" T cells,
resulting in the attenuation of their effector functions.

Furthermore, Foell et al. and wefound that admini-
stering agonistic anti-CD137 mAbs also showed promising
therapeutic effect in both CD4™ T cell and B cell involved
spontaneous systemic autoimmune disease. Moreover, the
two studies found similar results despite using different
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anti-CD137 mAb clones and different SLE animal models
(32, 33). MRL/lpr mice spontaneously develop lymph-
adenopathy and a severe autoimmune disease resembling
human SLE due to the lymphoproliferative (Ipr) mutation in
the Fas gene. We found that short-term treatment with anti-
CD137 dramatically blocked lymphadenopathy and spon-
taneous autoimmune diseases in MRL/lpr mice, ultimately
leading to their prolonged survival. More importantly, this
therapeutic regimen was also effective when started after
the mice had already showed clinically detectable auto-
immune disease (32). The therapeutic effects of anti-CD137
were mediated by the depletion of auto-reactive B cells,
activated CD4" T cells and the aberrant CD4 CD8'B220"
CD3" T cells that principally contribute to lymphadeno-
pathy in MRL/Ipr mice. In accordance with our studies,
Mittler’s group found similar therapeutic effects when
treating with another agonistic mAb against CD137 (3H3)
in a different, but commonly used human SLE murine
model: NZBXNZW F; mice (33). They found that giving
lupus-prone NZBXNZW F, female mice three injections of
anti-CD137 mAbs between 26 and 35 weeks of age reversed
acute disease, blocked chronic disease, and prolonged the
mice’s lifespan. Autoantibody production in treated mice,
regardless of their age or disease status, was rapidly
suppressed without inducing systemic immunosuppression
or massive depletion of lymphocytes. In this model,
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Figure 1. Diametric outcomes of anti-CD137 immunotherapy in disease models. CD137 costimualtion can either increase or inhibit
immune responses in vivo, leading to tumor and allograft rejection, virus clearance and autoimmune disease amelioration. (1) Anti-CD137
treatment enhances primed CD8" T cell activation, proliferation and IFN-y production; it also increases CTL activity and survival. These
effects lead to tumor/virus/allograft rejection and augmented memory responses. They might also promote CD8-involved autoimmunity. (2)
Anti-CD137 can also interact with activated NK cells to promote their proliferation and IFN-y production which further modulates CD8"
CTL activity. (3) Anti-CD137 treatment initially increases the activation of primed CD4" T cells which can provide cytokine help for CD8"
T cell and NK cell activation and functional maturation, and subsequently promotes CD4" T cell apoptosis. (4) Agonist anti-CD137
interacts with dendritic cells (DCs) to prevent them from presenting antigens to or properly priming naive CD4" T cells, leading to T cell
anergy. Both CD4" T cell apoptosis and anergy contribute to amelioration of CD4" T cell-dominant autoimmune diseases.
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adoptive transfer of antigen-primed CD4" T cells or DCs
overrode anti-CD137-mediated protection, which suggests
that unresponsiveness is not achieved by active suppression.
The authors hypothesize that CD137-mediated signaling
anergized CD4" T cells during priming at the DC interface.

However, CD137 engagement in vivo does not amelio-
rate all autoimmune diseases. Transgenic non-obese diabetic
(NOD) mice overexpressing membrane-bound agonistic
anti-CD137 scFv in pancreatic beta cells exhibited
increased GAD-specific T cell responses, and developed
more severe diabetes than their non-transgenic littermates,
with earlier onset, faster diabetic processes, and higher
mortality (52). Our preliminary data also showed that
anti-CD137 treatment starting around the onset of disease
promoted disease onset in NOD mice (Sun et al.
unpublished data). Because CD137 costimulation always
provides positive signaling to CD8" T cells and prolongs
their survival, CD8" T cell-involved autoimmune diseases
such as type I diabetes may not respond well to anti-
CD137-based immunotherapy or may require combined
treatment with CD8 response inhibitors. It is likely that
anti-CD137 based immunotherapy be more effective in
CD4" T cell-dominant autoimmune diseases.

Diametric outcomes of CD137 costimulation in vivo

The above studies showed that CD137 engagement by
agonist mAbs in vivo can either augment or suppress an
immune response depending on the type of immunocyte
involved, cellular activation status, and the nature of the
immune response (Figure 1). Most studies support the view
that CD137 engagement preferentially costimulates CD8" T
cells and prolongs their survival compared with CD4" cells
(15, 27, 32). Deficiencies of CD137/CD137L interaction
result in impaired CD8" T cell responses but normal CD4" T
cell responses (23, 35, 53). While CD137 costimulation
always promotes CD8" T cell-mediated immune responses
in vivo, the nature of CD4" T cell responses remains
controversial. One possible explanation for the divergent
responses of CD4" and CD8" T cells to CD137 cross-
linking in vivo is that CD137 signaling promotes the
activation of both CD4" and CD8" T cells, but provides
survival signaling only for CD8" T cells and causes
activation induced cell death (AICD) of CD4" T cells. In the
tumor and virus models, the therapeutic effect of anti-
CD137 is largely dependent on CD8" T cells and IFN-y (28,
29, 36-39, 43). Anti-CD137 treatment enhances CD8" T cell
proliferation and IFN-y production, increases CTL activity
and prolongs their lifespan, which lead to tumor/virus/
allograft rejection and augmented memory responses.
Anti-CD137 could also interact with activated NK cells to
promote their proliferation and IFN-y production which
further modulates CD8" CTL activity (3, 26).

Our studies supported dual phase effects of CD137
costimulation on CD4" T cells in vivo. It initially increased
the activation of CD4" T cells, and subsequently attenuated
their effector functions by promoting their clearance by
apoptosis (31). The early stage activation of CD4" T cells
could be sufficient to provide cytokine help for CD8" T cell
and NK cell activation and functional maturation. For an
allogenic T cell response, due to a high proportion of T cell
repertoires involved and relatively acute responses, CD137
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signaling-activated CD4" T cells may mediate rejection
before the down-regulation of their functions. However,
given the relatively slow process of autoimmune disease,
autoreactive CD4" T cells might undergo AICD before they
induce strong enough downstream events to cause severe
tissue damage or death. The mechanism involved in CD137
stimulation-induced AICD of CD4" T cell is not clear and
may be indirect.

Another possible explanation for CDI137-mediated
suppression of CD4" T cell function is that CD137 signaling
induces CD4" T cell anergy during priming at the DC interface
(30, 33). Timing may be important; when agonistic anti-CD137
mAbs are administered before T cells get properly primed,
they will stimulate DCs and prevent antigen presentation to
naive T cells, leading to T cell anergy. However, once the T
cells are primed, CD137 agonists will increase T cell
proliferation and functional maturation.

Regulatory cells may also play a role in CD137-
signaling-mediated immunosuppression. It has been shown
that Toll-like receptor ligands and CD137 costimulation
activated CD8" T cells can inhibit CD4" T cell responses
(54). Although CDI137 is constitutively expressed on
CD4'CD25" regulatory T cells (5, 6), there is no direct
evidence to show that CD137 signaling plays a role in
modifying regulatory T cell function.

CD137 costimulation suppresses T cell-dependent
humoral immune response and autoantibody production in
several ways. First, it inhibits helper T cell function by
either anergy or depletion (30, 32, 33). Second, it can also
induce depletion of B cells (32). In support of this,
transgenic mice expressing CD137L on class II positive
cells show selective depletion of B cells, low levels of
circulating IgG and defective humoral responses to antigen
challenge (55). Third, CD137 costimulation induces a T
cell-dependent down-regulation of follicular dendritic cells
(FDCs), which are the antigen-trapping accessory cells of
the germinal centers (GCs) and are essential for the develop-
ment of humoral immune responses and memory (Sun et al.
unpublished data). The role of CD137 in humoral immune
response requires further investigation.

In conclusion, CD137 signaling can either increase or
inhibit immune responses in vivo, leading to tumor rejection,
virus clearance and autoimmune disease amelioration.
Depending on the stage of T cell responses and the type of
inflammatory environment involved, we can target CD137
by pharmacologic ligation to enhance or curtail an ongoing
immune response. Because this ligation appears to produce
dual outcomes, caution must be taken with this approach
due to the strong possibility of side effects. The therapeutic
regimen must be based on a clear understanding of the
pathogenesis, pathogenic cell types involved in the target
disease, and the health situation of the patients selected;
targeting CD137 in patients with multiple health problems
might ameliorate one disease while making another worse.
However, when used wisely, CD137 cross-linking may
provide an effective new therapeutic avenue in the
treatment of several diseases.
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