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ABSTRACT

CD137 is expressed on activated T cells and NK cells, among others, and is a potent co-stimulator of
antitumor immune responses. CD137 ligand (CD137L) is expressed by antigen presenting cells (APC), and
CD137L reverse signaling into APC enhances their activity. CD137-CD137L interactions as main driver of
type 1, cell-mediated immune responses explains the puzzling observation that CD137 agonists which
enhance antitumor immune responses also ameliorate autoimmune diseases. Upon co-stimulation by
CD137, Th1 CD4" T cells together with Tc1 CD8" T cells and NK cells inhibit other T cell subsets, thereby

ARTICLE HISTORY
Received 3 September 2015
Revised 22 October 2015
Accepted 22 October 2015

KEYWORDS
CD137; T cell polarization;
Tc1; Th1

promoting antitumor responses and mitigating non-type 1 auto-immune diseases.

Abbreviations: AML, Acute myeloid leukemia; APC, antigen presenting cells; CAR, chimeric antigen receptor;
CD137L, CD137 ligand; CLL, chronic lymphocytic leukemia; DC, dendritic cell; GVHD, graft versus host disease; NK,

natural killer cell; Tc cell, cytotoxic T cell; Th cell, helper T cell.

CD137 agonists enhance type 1, cell-mediated
immune responses

CD137 (4-1BB, TNFRSF9) is increasingly recognized as a pow-
erful inducer of antitumor immune responses. The potency of
CD137 co-stimulation in enabling the immune system to elimi-
nate tumors has been documented in a wide plethora of murine
tumor models including mastocytoma, sarcoma, colon carci-
noma, melanoma and lymphoma.' In most studies, agonistic
anti-CD137 antibodies were used to initiate CD137 signaling.
In addition, a soluble recombinant CD137L protein * and a
CD137-specific aptamer ~ have also been successfully tested as
CD137 agonists in murine tumor models. Similarly, transgenic
CDI137L expression on lymphoma and Ewing’s tumor cells
induced the expansion of tumor-specific cytotoxic T cells and
limited tumor growth and metastatic spread.*” CD137 agonists
also work synergistically with cancer vaccines and immune
check point inhibitors in boosting anticancer immune
responses.>”

CD137 was first cloned from T cells, on which its expression
is activation-dependent.'™'" CD137 is expressed at higher levels
on CD8" T cells than on CD4 " T cells, and it mainly co-stimu-
lates CD8" T cells.” Crosslinking of CD137 strongly enhances
proliferation, IFNy secretion and the cytolytic activity of T
cells. T cell co-stimulation through CD137 occurs during cog-
nate interaction of T cells with APC. Since only T cells that
have been activated through the T cell receptor express CD137,
T cell co-stimulation through CD137 is antigen-specific."> This
restricted expression of CD137 on antigen-specific T cells
endows CD137 agonists with a high degree of specificity. Thus,

the selective expression of CD137 on antigen-specific T cells
may possibly allow a prescreening of patients who are likely to
respond to a CD137 agonist-based immunotherapy.

The encouraging results in preclinical tumor models soon
led to the humanization of existing murine anti-CD137 anti-
bodies, as well as the screening of fully human antibodies, to be
used in human cancer patients."* However, the first clinical tri-
als with agonistic anti-CD137 antibodies were discontinued in
phase II after resulting in severe liver toxicities and deaths in
several cancer patients.15

A more in-depth understanding of the CD137 biology, espe-
cially of the role of CD137 in natural killer (NK) cells has led to
a revival of the use of anti-CD137 antibodies in cancer immu-
notherapy. CD137 can be expressed by NK cells and, similar as
in T cells, the expression is activation-dependent.'® CD137
expression on NK cells is induced by Fc receptor signaling, and
when stimulated by agonistic anti-CD137 antibodies, NK cells
exert enhanced antitumor activity."”"® Although CD137
expression on NK cells is not antigen-specific per se, the Fc
receptor-mediated induction of CD137 expression only occurs
at cells and tissues which have been opsonized by a therapeutic
antibody, and therefore the specificity of the antibody deter-
mines in which tissues CD137 expression on NK cells is
induced.

In the new approach, anti-CD137 antibodies are adminis-
tered subsequent to the administration of antibodies that target
antigens on the tumor cell surface (e.g. Her2/neu, epidermal
growth factor receptor or CD20). The tumor antigen-targeting
antibodies induce CD137 expression in adjacent NK cells,
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which upon further co-stimulation by anti-CD137 antibodies,
exert enhanced tumor killing. Used in such combination thera-
pies, and at lower concentrations, current data with agonistic
anti-CD137 antibodies look promising.*’

The potency of the CDI137 co-stimulatory signal also
became evident in the evolution of chimeric antigen receptors
(CARs). The inclusion of the cytoplasmic CD137 signaling
domain into the second generation CARs greatly enhanced
their efficacy in augmenting CAR-mediated T cell responses by
reducing exhaustion and enhancing the persistence of CAR T
cells.* >

In addition, the immune-stimulatory activity of agonistic
anti-CD137 antibodies is also manifested in their strong
enhancement of anti-viral immune responses, as demonstrated
for influenza, pox virus, respiratory syncytia virus and human
immunodeficiency virus among others.**** Even under physio-
logical conditions CD137-CD137L interaction is required to
mount a proper anti-viral immune response.”® Furthermore,
agonistic anti-CD137 antibodies have been shown to accelerate
rejection of cardiac and intestinal allografts as well as of skin
transplants.””*® The potent enhancement of T cell and NK cell
activity by CD137 signaling explains the antitumor effects of
agonistic anti-CD137 antibodies in clinical applications.

Injection of an agonistic anti-CD137 antibody into other-
wise untreated mice led to an increase in the CD8" T cell num-
ber and a reduction in the B cell number. Furthermore, these
mice developed liver pathology that was dependent on CD8" T
cells, IFNy and TNF. This phenotype can be explained by the
agonistic anti-CD137 antibody inducing a type 1, cell-mediated
response.”’

Two studies identified a time dependence in the therapeutic
activity of agonistic anti-CD137 antibodies. Administration of
anti-CD137 antibody to mice infected with lymphocytic cho-
riomeningitis virus or influenza within the first three days of
infection led to a complete collapse of anti-viral immunity,
resulting in high mortality. In contrast, antibody administra-
tion 3 days post infection gave rise to a robust immune
response resulting in an effective elimination of the viral load
in all mice. It was found that antibody administration within
the first 3 days post infection had caused a deletion of CD4™"
and CD8" T cells.*® Similarly, anti-CD137 antibody adminis-
tration to mice with lymphoma xenografts within 3 days of
tumor cell injection did not cause tumor rejection, while anti-
body administration at later time points resulted in an effective
elimination of the tumors, and increased survival of the mice.>*
This time dependence may indicate that a certain degree of T
cell activation is required for a successful co-stimulation by
CD137, otherwise T cell death may ensue. Alternatively, stimu-
lation of CD137 on certain DC during priming of an immune
response may cause T cell death.”* Although, the reasons for
this time dependence of CD137 co-stimulation are not yet
known, these findings are consistent with the notion that the
CD137 signal in T cells promotes a Th1/Tcl response, since it
is type 1, cell-mediated immunity that is required for the clear-
ance of viral infections and the elimination of tumors (Fig. 1).

A time-dependent modulation of CD137-CD137L interac-
tion has also been identified in murine graft vs. host disease
(GVHD) models, where the administration of anti-CD137 or
anti-CD137L antibody elicits different effects on acute versus

chronic GVHD. Neutralization of CD137L by antagonistic
anti-CD137L antibodies inhibited acute GVHD by reducing
proliferation, IFNy secretion and cytotoxicity of CD8" T cells,
which reduced mortality in the mice. However, inhibition of
CD137L, in chronic GVHD exacerbated pathology. In chronic
GVDH, similarly as in acute GVHD, the CD8" T cell activity
was inhibited, but the CD4" T cell response was increased.
This resulted in an increased number of IL-4-expressing CD4™"
T cells, and promoted a Th2 cell differentiation and an early
production of auto-antibodies.”® In contrast, and as one would
expect, stimulation of CD137 by agonistic antibodies increased
acute GVHD, resulting in increased mortality,” whereas
CD137 stimulation ameliorated chronic GVHD by eliminating
CD4" T cells via activation-induced cell death.”

The data from the murine GVHD models demonstrate that
CD137-CD137L interaction during acute GVHD exacerbate
disease activity by promoting type 1 immunity. In contrast,
chronic GVHD, which is mediated to a larger extent by a
humoral response,’® is ameliorated by the CD137 agonist-
induced cellular response. Therefore, the studies on GVHD
provide additional evidence that CD137-CD137L interaction
drives a type 1, cell-mediated immune response.

Reverse CD137 ligand signaling in APC strengthens
type 1, cell-mediated immune responses

The CD137 receptor/ligand system has the ability to signal
bidirectionally, a characteristic shared with several other mem-
bers of the tumor necrosis factor receptor/ligand families
(Fig. 1). The molecular basis of bidirectional signaling is that
CDI137L, just as CD137, is expressed as a transmembrane pro-
tein on the cell surface, which allows it to transmit signals into
the cells it is expressed on, a process referred to as reverse sig-
naling.>” Such bidirectional interaction allows for a two-way
exchange of signals between the receptor- and ligand-bearing
cells, and thus a simultaneous fine-tuning and modulation of
their activities.

CD137L is expressed by all types of APC, and it delivers a
stimulatory signal into APC, referred to as reverse CD137L sig-
naling (Fig. 1). In monocytes, the reverse CD137L signal indu-
ces activation and the secretion of pro-inflammatory cytokines
such as TNF, IL-6 and IL-8, while it inhibits the anti-inflamma-
tory cytokine IL-10.”* Furthermore, reverse CD137L signaling
results in increased survival and proliferation of monocytes
4 and stimulates their migration and extravasation.*"*?
These activities lead to an increased influx of inflammatory
monocytes into tissues.

When monocytes encounter CD137-expressing cells in the
tissue, reverse CD137L signaling into monocytes may induce
their differentiation to inflammatory dendritic cells (DC).***
These CDI137L-stimulated DC (in short, CD137L-DC) are
strong inducers of Th1/Tcl immune responses which potently
stimulate the proliferation of T cells that produce high levels of
IENy. CD137L-DC are 2-3 times more potent than GM-CSF
+ IL-4 derived DC in activating allogeneic T cells ** and in
enhancing the cytolytic activity of autologous T cells in an anti-
gen-specific manner.*”> Reverse CD137L signaling also induces
the maturation of monocyte-derived DC generated by GM-
CSF + IL-4.* Therefore, monocytes that have migrated to an
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Figure 1. Schematic representation of bidirectional signal transduction for the CD137 receptor/ligand system and its effects on antigen presenting cells (APC), T cells and
natural killer (NK) cells.

inflamed tissue under the influence of reverse CD137L signal-
ing, are prone to differentiate to inflammatory DC, also under
the influence of reverse CD137L signaling.

The influence of reverse CD137L signaling on myelopoiesis
is not restricted to mature cells. In haematopoietic progenitor
cells, reverse CDI137L signaling induces myelopoiesis,”*®
which occurs especially during infections. This allows for the
generation of more inflammatory APC which can assist in the
elimination of the pathogens.*” CD137L signaling in DC indu-
ces the secretion of IL-12p70 but has no effect on the secretion
of IL-5 and IL-10, thus indicating that it promotes polarization
toward Tcl.*® These data on reverse CD137L signaling are
based on in vitro experiments, and await confirmation in vivo.
However, current data suggest that forward signaling through
CD137 as well as reverse signaling through CD137L promote
and strengthen cell-mediated, type 1 immune responses.

Disabling CD137 - CD137L driven type 1 immune
responses facilitates the escape of tumors from
immune surveillance

An inflammatory environment is known to favor cancer pro-
gression. Specifically, it is the chronic inflammation associated
with a type 2 immune response that promotes cancer cell sur-
vival while type 1 immune responses, which are associated with
acute inflammation, are detrimental to cancer.”® A type 1, cell-
mediated immune response is the main immune threat for
malignant cells. Therefore, blunting a type 1 immune response
is essential for a cancer to escape immune surveillance. Since
CD137-CD137L interaction is one of the main drivers of type
1 immune responses, it is not surprising that cancers have
developed diverse mechanisms to inhibit CD137 and CD137L
signaling. In chronic lymphocytic leukemia (CLL) high levels
of soluble CD137 are secreted > which is antagonistic, as it
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binds to CD137L, thereby blocking the interaction of CD137L
on APC with CD137 on the surface of activated T and NK
cells.”® Thus, high levels of soluble CD137 decrease CD137-
mediated costimulation of an anti-CLL immune response.

A different mechanism to disable CD137 co-stimulation is
found in Hodgkin lymphoma. Hodgkin and Reed Sternberg
cells, the malignant cells in Hodgkin lymphoma, express
CD137 ectopically, which allows them to transfer CD137 to
CD137L-expressing APC by trogocytosis. The CD137-CD137L
complex is then internalized and undergoes degradation in the
APC, resulting in the downregulation of CD137L, a major type
1 immunity-inducing factor, on the cell surface of APC, and
thereby reduces an anti-Hodgkin lymphoma immune
response.” The trogocytic transfer of CD137 and the subse-
quent removal of T cell co-stimulation is a likely mechanism
that regulates the activity of the CD137-CD137L system under
physiological conditions, but is usurped by Hodgkin and Reed
Sternberg cells in Hodgkin lymphoma to escape immune
surveillance.>

Further evidence for a role of CD137 and CD137L in antitu-
mor immunity comes from a study which found that CD137L-
deficient mice are prone to develop B cell lymphomas, and con-
cluded that CD137L acts as a tumor suppressor. It identified as
underlying mechanism the enhanced expression of growth-
promoting genes in germinal center B cells that are normally
inhibited by CD137L.>> Whether a reduced type 1, cell-medi-
ated immune response, caused by the lack of CD137L, contrib-
uted to the emergence of lymphomas was not investigated in
that study.

Reverse CD137L signaling also impacts the development of
acute myeloid leukemia (AML). When CD137L on AML cells
is cross linked by CD137 on NK cells, reverse CD137L signaling
into AML cells induces IL-10 and TNF, which inhibit NK cell
activity, and facilitate escape of AML cells from immune
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surveillance.’® Another study demonstrated reverse CD137L
signaling into AML cells induces differentiation, resulting in
reduced proliferation, and suggested this approach to be
explored as a novel differentiation therapy for AML.”” In sum-
mary, the data from the role of CD137 and CD137L in cancer
turther support the notion of CD137-CD137L interaction pro-
moting type 1, cell-mediated immune responses.

CD137 agonists ameliorate autoimmune disease in
murine models

CD137-CD137L interaction as a main driver of type 1, cell-
mediated immune responses explains the puzzling observation
that the very same agonistic anti-CD137 antibodies which
enhance antitumor and anti-pathogen immune responses and
transplant rejections, are also able to ameliorate autoimmune
diseases in many murine models, including experimental auto-
immune encephalomyelitis,”® systemic lupus erythemato-
sus,””® collagen-induced arthritis,*"** uveoretinitis,” allergic
airway inflammation and asthma,®*®* inflammatory bowel dis-
ease ® and chronic graft vs. host disease.”

Several mechanisms for the immune inhibitory effects of
agonistic anti-CD137 antibodies in autoimmune disease mod-
els have been demonstrated. These include the induction of
CD11c" CD8' T cells that stimulate indoleamine-pyrrole
2,3-dioxygenase (IDO) in APC,*” the enhancement of regula-
tory T cell activity ® and of regulatory DC activity,®® CD4™"
T cell inhibition *** or elimination ** and immune deviation
to the novel subset of Eomesodermin™ helper T cells.”’ How-
ever, the key question still remains unresolved: Under what
conditions does an agonistic anti-CD137 antibody induce these
immune inhibitory mechanisms instead of activating immune
responses that lead to tumor regression, pathogen clearance or
transplant rejection? Why are agonistic anti-CD137 antibodies
not inducing immune inhibitory mechanisms in a tumor set-
ting, and why are they not enhancing immune activity in auto-
immune disease?

The CD137-CD137L working model CD137- and CD137L-
mediated T cell polarization

There is consensus in the published literature that CD137 sig-
nals promote CD8" T cell proliferation and activation. In con-
trast, different and conflicting results of CD137 signaling in
CD4" T cells have been reported, ranging from activation to
inhibition and induction of cell death.”" Despite that, little to
no distinction has been made between different CD4™" T cell
subsets, even though the immune activities of CD4" T cells can
vary profoundly depending on how they are polarized. We pro-
pose that it is the Th1l-polarized CD4™ T cells that are co-stim-
ulated by CD137 signals which—together with activated Tcl
CD8™ T cells and activated NK cells—inhibit other T cell sub-
sets (Fig. 2). This notion is consistent with the observation that
agonistic anti-CD137 antibodies suppressed the induction of
Th2-dependent antibodies to sheep red blood cells in mice 7>
and to ovalbumin in non-human primates.”

In type 2-dominated autoimmune diseases, such as systemic
lupus erythematosus, CD137 signaling into T cells drives a type
1 polarization, with subsequent IFNy secretion, which in turn

inhibits immunoglobulin synthesis and reduces the disease
index. This has been demonstrated in two different murine
lupus models, the CD95-deficient lymphoproliferative (lpr)
mice ** and the New Zealand Black x New Zealand White F1
mice.”* In collagen-induced arthritis, antibodies against colla-
gen II play an important role in pathogenesis, and agonistic
anti-CD137 antibodies inhibited auto-antibody production and
reduced clinical scores.®"> A similar therapeutic effect of ago-
nistic anti-CD137 antibodies has been reported for type 2-
driven allergic inflammation of the lung, where CD137 stimula-
tion resulted in a decrease in the levels of the Th2 cytokines IL-
4 and IL-5, and of IgE, as well as a reduced T cell and eosino-
phil infiltration into the lung and airways.**** Sun et al., 2006
claim that an agonistic anti-CD137 antibody directly inhibits
Th2 CD4™ T cells.** However, this claim is challenging to prove
since Th2 CD4™ T cells cannot readily be separated from Thl
CD4™" T cells.

Inhibition of type 2 immune responses by agonistic anti-
CD137 antibodies may occur by several mechanisms, such as
through stimulation of existing Thl-polarized CD4" T cells
and subsequent inhibition (via induction of anergy or apopto-
sis) of Th2-polarized CD4™ T cells by IFNy and other Th1-pro-
moting factors. Another possible mechanism could be the
prevention of Th2 cell polarization by anti-CD137 antibody
during priming of naive CD4™ T cells.

For autoimmune diseases which are mainly driven by a type
1 response, such as type 1 diabetes, it is predicted that the Th1/
Tcl-promoting activity of an agonistic anti-CD137 antibody
would exacerbate disease. Indeed, CD137 stimulation by an
agonistic anti-CD137 single chain fragment worsened disease
in non-obese diabetic (NOD) mice,”> whereas soluble CD137
prevented diabetes.”®

This type 1 polarization by CD137-CD137L interaction also
explains the seemingly contradictory observations in gene-
modified mice, such as the exacerbation of lupus in the absence
of CD137,”7 and the inhibition of experimental auto-immune
encephalomyelitis in the absence of CD137L.”® In the lupus-
inflicted Ipr, CD137~'~ mice, the lack of the CD137 signal pre-
vented a type 1-driven counterbalance of the pathogenic type 2
immune response. Conversely, in the CD137L™'" mice, the
lack of the CD137 signal restricted the development of a patho-
genic type 1 immune response which could have caused experi-
mental autoimmune encephalomyelitis.

Predictions and future directions

A prediction of this model, i.e. CD137-CD137L interaction
being a pivotal driver for type 1, cell-mediated immune
responses, is that neutralization of CD137L would also amelio-
rate auto-immune diseases (Fig. 3). This prediction is sup-
ported by studies in which an antagonistic anti-CD137L
antibody has been shown to reduce collagen-induced arthritis
2 and LPS-induced sepsis ”* in mice. Furthermore, blockade of
CD137L by a recombinant CD137-Fc fusion protein inhibited
allograft rejection by CD8" T cells.”® Both, agonistic anti-
CD137 antibodies as well as antagonistic anti-CD137L antibod-
ies can reduce inflammatory signals through CD137L since
both are able to block binding of CD137 to CD137L. But since
agonistic anti-CD137 antibodies induce in addition a type 1
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Figure 2. The effects of agonistic anti-CD137 antibodies on type 1 polarization which promotes (green arrows) anticancer immune responses and inhibits (red lines) type

2-mediated autoimmune reactions.

polarization, they should be more potent. This is exactly what
has been observed experimentally in collagen-induced arthritis
in which an agonistic anti-CD137 antibody proved to be signif-
icantly more effective than an antagonistic anti-CD137L anti-
body in reducing pro-inflammatory cytokine release,
proliferation of collagen-specific T cells and clinical scores.*”
An antagonistic anti-CD137 antibody is expected to block
CD137-CD137L interaction, and to exert similar effects as an
antagonistic anti-CD137L antibody, i.e. be less effective in

ameliorating autoimmune diseases that have a strong type 2/B
cell involvement than an agonistic anti-CD137 antibody
(Fig. 3). However, for type 1-dominated auto-immune diseases,
an antagonistic anti-CD137 or anti-CD137L antibody would be
the preferred treatment. The same would be applicable for
pathogen-induced type 1 immune pathologies, and for the pre-
vention of transplant rejection. In these situations, an agonistic
anti-CD137 antibody cannot be used as it would exacerbate the
type 1 immunity-driven disease.
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Figure 3. The effects of inhibition of CD137-CD137L interaction by antagonistic anti-CD137 or anti-CD137L antibodies on the bidirectional signal transduction for the
(D137 receptor/ligand system is depicted exemplary for the case of an APC-T cell interaction.
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There are some observations that do not fit the model pro-
posed here. For example, CD137 stimulation by an agonistic
anti-CD137 antibody inhibited trinitrobenzene sulphonic acid
(TNBS)—induced colitis in mice.®® Since TNBS-induced colitis
is considered to be a type 1-mediated autoimmune disease, a
worsening rather than an inhibition of the disease would have
been expected by CD137 co-stimulation. Currently, the reason
for this discrepancy is not known.

Due to the bidirectional signaling in the CD137 receptor/
ligand system, engaging CD137 may not only enhance T cell
and NK cell activity, but it also influences the activities of the
CD137L-expressing cells. While enhancing T cell and NK cell
activities, an agonistic anti-CD137 antibody can block access of
CD137L to CD137, and thereby inhibit reverse signaling of
CD137L into CD137L-expressing cells (Fig. 2). This would be
predicted to occur based on the bidirectional signaling of the
CD137-CD137L system although it has not yet been demon-
strated experimentally. Many innate immune cell types are acti-
vated by reverse CD137L signaling. Hence, blocking this
reverse signaling will reduce inflammation. Among adaptive
immune cells, B cells are activated by reverse CD137L signaling
which enhances their proliferation and immunoglobulin secre-
tion.** Immunoglobulins secreted by B cells are important con-
tributors to inflammation, especially in autoimmune disease
such as systemic lupus erythematosus and rheumatoid arthritis.
Blocking reverse CD137L signaling into B cells is therefore
expected to have a therapeutic effect in such diseases.

The data discussed here are based on more than two decades
of research since CD137 was first discovered.'™"" They indicate
that CD137-CD137L interactions are main drivers of type 1,
cell-mediated immune responses which are essential for the
elimination of malignant cells and intracellular pathogens.
Manipulation of the CD137/CD137L system can also be thera-
peutically employed for preventing transplant rejection and for
ameliorating type 2-driven autoimmune diseases.
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