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Reverse Signaling through the Co-Stimulatory
Ligand, CD137L, as a Critical Mediator of

Sterile Inflammation

Sang Jun Park', Hye Jeong Kim?, Jong Soo Lee*?, Hong Rae Cho

CD137 (also called 4-1BB and TNFRSF9) has recently re-
ceived attention as a therapeutic target for cancer and a
variety of autoimmune and inflammatory diseases. Stimu-
lating CD137 in vivo enhances CD8" T cell-activity and
results in strong immunosuppression in some contexts.
This paradoxical phenomenon may be partially explained
by the ability of CD137-stimulating reagents (usually ago-
nistic monoclonal antibodies against CD137) to over-
activate T cells and other CD137-expressing cells. This
over-activity is associated with deleting pathogenic T cells
and B cells or generating a tolerogenic microenvironment.
Recent studies, however, suggest that the biology of
CD137 and its ligand (CD137L) are more complex, mainly
due to bidirectional signaling between CD137 and CD137L.
For example, signaling through CD137L in non-hemato-
poietic cells such as epithelial cells and endothelial cells
has been shown to play an essential role in sterile inflam-
mation by regulating immune cell recruitment. One out-
standing, and clinically important, issue is understanding
how bidirectional signaling through CD137 and CD137L
controls the vicious cycle of sterile inflammation (e.g.,
ischemia-reperfusion tissue injury and meta-inflammatory
diseases).

INTRODUCTION

Inflammation is a highly coordinated process that probably
evolved to defend against infection (Medzhitov, 2008). Recent
studies, however, have demonstrated that inflammatory triggers
are not restricted to viruses and microbes but also include a
wide range of molecules released by stressed or damaged
tissues. In either case, the main function of inflammation is to
resolve disruptions to homeostasis (Barton, 2008). If infections
are not resolved quickly or tissue injury is not properly repaired,
tissue dysregulation leads to chronic infection or inflammatory
disorders.

The inflammatory response is coordinated by a large range
of mediators that form complex regulatory networks. Medzhitov
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(2008) has categorized these inflammatory signals into five
functional groups: inducers, sensors, mediators, and effectors.
Inducers of inflammation are danger signals, including microbe-
derived factors, such as pathogen-associated molecular pat-
terns (PAMPs) and virulence factors; non-microbe-derived fac-
tors, such as allergens, irritants, and toxic compounds; and
endogenous inducers, such as damage-associated molecular
patterns (DAMPs) and various cellular or tissue products. Sen-
sors for inflammation recognize both exogenous and endoge-
nous inflammatory inducers. The two typical sensors are Toll-
like receptors (TLRs) and nucleotide-binding oligomerization-
domain protein (NOD)-like receptors (NLRs). Inflammatory
mediators originate in plasma or specific tissue resident im-
mune cells or parenchymal cells and are converted into active
forms. Alternatively, they can be produced directly in response
to appropriate stimulation by inflammatory inducers (Kumar et
al., 2003; Majno and Joris, 2004). Inflammatory mediators may
have a variety of biochemical properties (Kumar et al., 20083;
Majno and Joris, 2004), such as vasoactive amines, vasoactive
peptides, fragments of complement components, lipid media-
tors, cytokines, chemokines and proteolytic enzymes. Inflam-
matory effectors are tissues and cells whose functions are af-
fected by inflammatory mediators (Medzhitov, 2008).

Each type of inflammatory cell recruits and activates others
based on sequential inputs of inflammatory inducers and me-
diators in the early stages of an inflammatory response (Nathan,
2002). This hierarchy of immune and tissue cells becomes
obscure as immune cells are progressively recruited to sites of
inflammation and each cell joins in amplifying the inflammation.
Here, we discuss some of the amplification stages of sterile
inflammation in the context of cell-cell interactions.

Sterile inflammation

An inflammatory response triggered by tissue damage is diffi-
cult to discern from inflammation induced by infection, since
many types of tissue injuries are associated with infection. Ster-
ile injury, however, can be caused by trauma, ischemia, and
ischemia-reperfusion injury without concomitant infection. Mal-
functioning cells produce a broad range of metabolites that
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have recently been recognized to induce low-grade sterile in-
flammation. In addition to intracellular danger signals, a number
of extracellular substances have DAMP-like properties after
proteolytic digestion (Rosin and Okusa, 2011). The DAMP
sensors are the same receptors used by PAMPs such as TLRs
and NLRs. Therefore inflammation evolved to manage both
external and internal danger signals and ultimately restore ho-
meostasis.

CD137L signaling pathways

CD137L is expressed mainly in myeloid cells (macrophages,
dendritic cells, mast cells, and eosinophils) and non-hemato-
poietic cells (endothelial cells, fibroblasts, and epithelial cells)
(Kwon, 2009). Though rare reports show that CD137L signals
play a physiological role in vivo, accumulating evidence has
shown that CD137L signals can be delivered to mediate cellu-
lar functions ranging from cell differentiation, proliferation, and
survival to production of inflammatory mediators in a variety of
cells (reviewed in Shao and Schwarz, 2011).

Tumor necrosis factor superfamily members commonly have
a reverse signal transduction pathway, including FasL (Sun and
Fink, 2007). The most thorough studies on CD137L signaling
have been done in professional antigen-presenting cells. For
example, CD137L binding induces B cell proliferation and im-
munoglobulin production (Pauly et al., 2002). In particular, pro-
minent phenotypic changes in monocytes/macrophages follow
CD137L stimulation, such as cell proliferation, production of
pro-inflammatory cytokines and chemokines, and up-regulation
of cell adhesion molecules, thus enhancing the inflammatory
response in an autocrine or paracrine fashion (reviewed in
Shao and Schwarz, 2011). CD137L signaling mediates similar
activities in dendritic cells that are observable in monocytes/
macrophages: cross-linking CD137L enhances the expression
of co-stimulatory ligands and MHC molecules and cytokine
release (Lippert et al., 2008).

Deficient CD137L signaling induces myelopoiesis (Lee et al.,
2008). CD137L signaling does not regulate only hematopoiesis
in myeloid cells. The absence of CD137L signaling promotes B-
cell differentiation in the bone marrow. Since B lymphoma is
frequent in CD137L Knockout (KO) mice, CD137L signaling
seems to control peripheral B-cell differentiation (Middendorf et
al., 2009). Another example inhibiting mature cell differentiation
is that CD137L-deficient bone marrow macrophages have a
higher capacity for differentiation into osteoclasts (Shin et al.,
2006). Dysregulated immune cell differentiation caused by
deficient CD137L signaling has not been associated with in-
flammation but unpublished results demonstrate that CD137
KO mice have severe inflammation in some organs that corre-
late with tissue neutrophilia. Overall, CD137L signals are likely
important for cell maturation in the periphery.

As described below, CD137L signaling in non-hematopoietic
cells is essential for tissue inflammation (Jeon et al., 2010; Kim
et al., 2012a). Epithelial cells are the cells most commonly
damaged by intracellular and extracellular insults, and therefore
often initiate inflammation (Swamy et al., 2010). In renal ische-
mia-reperfusion injury, CD137L signals are required to recruit
neutrophils (Kim et al., 2012a). The endothelial cells of vessels
in atherosclerotic lesions express both CD137 and CD137L
(Jeon et al., 2010; Olofsson et al., 2008). Since CD137 and
CD137L signals can promote leukocyte transmigration by in-
ducing pro-inflammatory cytokines and chemokines and by up-
regulating cell adhesion molecules in endothelial cells (Jeon et
al., 2010), endothelial cells seem to activate either CD137- or
CD137L-expressing leukocytes during transmigration into in-
flammation sites. Thus, the bidirectional signaling between CD137

and CD137L provides an efficient way for endothelial cells and
leukocytes to sustain mutual activation. Immune cells that
stimulate CD137L on epithelial cells (presumably endothelial
cells) early during inflammation are CD137-expressing NK cells
(Kim et al., 2012a). Later, T cells are the major CD137-expres-
sing cells and may engage CD137L on macrophages. Whether
CD137L signaling in macrophages either increases or resolves
inflammation remains to be determined.

The molecules downstream of CD137L signaling are now be-
ing identified. The cytoplasmic domain of CD137L has casein
kinase phosphorylation sites (Croft, 2009), suggesting that
proximal signaling may be initiated by docking adaptors binding
to sites phosphorylated by a casein kinase 6 (unpublished data).
The downstream signaling pathway includes activation of Src
tyrosine kinase, PI3K, p38 MAPK, ERK1/2, JNK, and the tran-
scription factor NF-xB (Shao and Schwarz, 2011). Recent stud-
ies have demonstrated that AKT and mTOR/p70S6 kinases are
required to up-regulate cytokines and cell adhesion molecules
in monocytes following CD137L stimulation (Kim et al., 2009).
CD137L can form a complex with TLRs and sustain TNF pro-
duction by TLRs, which occurs independent of CD137 (Kang et
al., 2007).

CD137L signals in ischemia-reperfusion renal injury

The role of CD137L signaling has been most thoroughly inves-
tigated in an animal model of renal ischemia-reperfusion injury
(Kim et al., 2012a). Since epithelial cells line the surfaces of
organs or internal cavities, they are particularly vulnerable to
injury by pathogenic microorganisms, toxic factors and physical
trauma. Epithelial damage results in changes, including se-
creted endogenous inflammatory inducers and mediators and
altered cell surface molecules, that allow epithelial cells to in-
teract with immune cells and other mesenchymal cells (Swamy
et al., 2010). Even though progress in understanding how sur-
face antigens on stressed epithelial cells regulate immune cells
has been made, little is known about the cell surface receptors
that make immune cells targets for epithelial cells. In renal
ischemia-reperfusion injury, hypoxia occurs early during ische-
mia, followed by inflammatory responses during reperfusion.
These injured cells release endogenous inducers of inflamma-
tion, including pro-inflammatory cytokines, complement prod-
ucts, and endogenous danger signals recognized by TLRs. In
ischemic kidneys, TLR activation, cytokine stimulation, and
complement activation all induce expression of multiple pro-
inflammatory chemokines. The tubular epithelium is a major
site of cell injury and such changes. Even though neutrophil
influx is characteristic of acute inflammation, how damaged
tubular epithelial cells regulate neutrophil infiltration into post-
ischemic kidneys is not understood.

We observed that CD137L was constitutively expressed on
tubular epithelial cells and that CD137 KO or CD137L KO mice
were severely impaired in renal ischemia-reperfusion injury.
The observation that stimulating CD137 using an agonistic anti-
CD137 monoclonal antibody blocks rather than enhances renal
ischemia-reperfusion injury suggests that reverse signaling
through CD137L plays a pivotal role in renal ischemia-reper-
fusion injury. Indeed, engaging CD137L using recombinant
CD137L-Fc fusion protein completely recovered renal ische-
mia-reperfusion injury in CD137 KO mice.

Other studies (Leemans et al., 2005; Wu et al., 2007) have
demonstrated that TLR2 or TLR4 deficiencies in tubular epithe-
lial cells result in severe defects in neutrophil infiltration in renal
ischemia-reperfusion injury, similar to that observed in CD137
KO or CD137L KO mice. To investigate whether CD137L sig-
nals in tubular epithelial cells are involved in recruiting neutro-
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Fig. 1. The sequential pathway leading
to renal ischemia-reperfusion injury.
Ischemia damages tubular epithelial
cells (TECs), which in turn release
endogenous TLR ligands. TLR signals
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phils in renal ischemia-reperfusion injury, we devised a system
to allow CD137L signaling in tubular epithelial cells of CD137L
KO mice. Implantating wild-type tubular epithelial cells under
the kidney capsules of CD137L KO mice restored renal ische-
mia-reperfusion injury, suggesting that reduced CXCL1 and
CXCL2 production in tubular epithelial cells and the consequent
impaired neutrophil recruitment were associated with resistance
to renal ischemia-reperfusion injury in CD137 KO or CD137L
KO mice. Stimulating tubular epithelial cells with recombinant
CD137-Fc protein in vitro rapidly releases CXCL1 and CXCL2,
which induce neutrophil migration.

Bone marrow reconstitution experiments indicated that CD137
expression on hematopoietic cells was required for renal ische-
mia-reperfusion injury. Among hematopoietic cells, CD137-
expressing natural killer (NK) cells are recruited to the kidney
early in renal ischemia-reperfusion injury. The basement mem-
brane separating tubular epithelial cells from other mesenchy-
mal cells was disrupted rapidly after renal ischemia-reperfusion
injury and NK cells approached tubular epithelial cells. Adoptive
transfer of wild-type NK cells completely restored renal ische-
mia-reperfusion injury in CD137 KO mice. In addition, active NK
cells expressing CD137 stimulated tubular epithelial cells to
produce high levels of functional CXCL1 and CXCL2. On the
other hand, depleting NK cells completely abrogated neutrophil
recruitment into the kidney and the subsequent renal ischemia-
reperfusion injury.

Since CD137 KO NK cells were recruited after renal ische-
mia-reperfusion injury, CD137 on NK cells and CD137L on
epithelial cells should have interacted and contributed to epithe-
lial dysregulation. Accumulating evidence has shown that TLR2
and TLR4 on tubular epithelial cells function as sensors for
endogenous inflammatory inducers and play roles in cytokine
and chemokine production and neutrophil infiltration (Leemans
et al., 2005; Pulskens et al., 2008; Shikeoka et al., 2007; Wu et
al., 2007). Therefore, the impaired neutrophil recruitment in
CD137 KO mice might lie downstream of TLR signals, more

Neutrophils

specifically between influx of NK cells and neutrophil recruit-
ment following renal ischemia-reperfusion injury. Indeed, TLR2
KO mice had defects in recruiting NK cells and neutrophils after
renal ischemia-reperfusion injury (unpublished data). Injecting
CCR5 antagonists inhibited NK cell recruitment, followed by
defects in neutrophil infiltration and decreased ischemia-reper-
fusion injury (unpublished data), thus ischemia-reperfusion likely
induces production of CCR5 chemokines to recruit NK cells to
the injured kidney. The cells that produce CCR5 chemokines in
response to endogenous TLR ligands remain to be identified,
but tubular epithelial cells are candidates, considering the TLR
expression pattern (Leemans et al., 2005; Wu et al., 2007).
Figure 1 summarizes the sequential events leading to ische-
mia-reperfusion renal injury.

Our findings raise some interesting points. Injured cells (tubu-
lar epithelial cells in ischemia-reperfusion injury) seem to be
major players regulating the induction of sterile tissue inflamma-
tion by sequentially recruiting NK cells and neutrophils. This
mechanism is quite different from inflammation induced by
infection: tissue macrophages are primarily responsible for
recruiting neutrophils in response to pathogens. Thus, tissue
inflammation may be directed by the sensitivity or responsive-
ness of tissue resident cells when exposed to danger signals
(for example, injured tubular epithelial cells are more sensitive
to DAMPs than kidney macrophages, which may be superior
responders to PAMPs). Reports have shown that NK cells me-
diate renal ischemia-reperfusion injury by killing tubular epithe-
lial cells (Zhang et al., 2008). Since renal ischemia-reperfusion
injury does not occur without neutrophils (Kim et al., 2012a), the
main function of NK cells seems to be recruiting neutrophils by
stimulating tubular epithelial cells to secrete CXCR2 chemoki-
nes. CD137 signals, however, either enhance NK-cell effector
function (cytotoxicity and cytokine production) directly (Melero
et al., 1998) or play a role in activating or differentiating conven-
tional T cells mediated by NK cells (Wilcox et al., 2002). Since
CD137 signals in NK cells increased their cytotoxicity against
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tubular epithelial cells (Kim et al., 2012a), NK cell-induced
damage of tubular epithelial cells does not seem to result in
fulminant renal ischemia-reperfusion injury. Finally, bidirectional
signaling via CD137 in lymphoid cells and CD137L in myeloid
and parenchymal cells, such as epithelial cells and fibroblasts,
may enhance immunity. Our findings also require re-evaluating
the modulating effects of anti-CD137 monoclonal antibodies or
recombinant CD137-Fc fusion protein on a number of in vivo
biological activities, considering that stimulating CD137 neces-
sarily results in a blockade of CD137L signals and vice versa.

CD137L signaling in other inflammatory diseases

Obesity is associated with a number of diseases, including type
2 diabetes and atherosclerosis (Ouchi et al., 2011). CD137 KO
mice were resistant to obesity-related atherosclerosis and type
2 diabetes (Jeon et al., 2010; Kim et al., 2011). CD137 expres-
sion is induced in endothelial cells in response to pro-inflam-
matory cytokines and that stimulating CD137 results in up-
regulated cell adhesion molecules in endothelial cells (Olofsson
et al., 2008). In addition, CD137 and APOE or LDLR double KO
mice are resistant to atherosclerosis induced by high fat diet
(Jeon et al., 2010). Atherosclerotic lesions comprise T cells
expressing CD137, macrophages expressing CD137L, and
endothelial cells expressing both CD137 and CD137L, suggest-
ing that inflammation should be amplified by bidirectional signal-
ing in this cell network.

CD137 deficiency protects against high fat-induced obesity,
glucose intolerance and liver steatosis (Kim et al., 2011). The
mechanism underlying this observation has yet to be deter-
mined; however in obesity, a pro-inflammatory microenviron-
ment likely builds up in adipose tissues. Since macrophages
play a key role in the inflammation in adipose tissues, the ab-
sence of CD137L signaling in macrophages may explain the
decreased inflammatory response in adipose tissue of CD137L
KO mice.

Even though CD137L signals play a critical role in acute and
chronic inflammation, more severe inflammation occurs in
some disease models in CD137 KO mice (unpublished data).
These diseases include streptozotocin-induced type 1 diabetes,
cisplatin-induced systemic toxicity, bleomycin-induced pulmo-
nary fibrosis, and GVHD following total body irradiation (unpub-
lished data). Two hypotheses can explain this phenomenon.
First, CD137 or CD137L signaling may be important for regula-
tory cell function or may function as brake systems to prevent
immune cell over-activation. For example, CD137 signals are
important for expanding the immunosuppressive activity of
regulatory CD4" T cells (Kim et al., 2012b). CD8" T cells re-
lease IL-13 as well as IFN-y by CD137 signaling and agonistic
anti-CD137 monoclonal antibody induces more severe hepatitis
in IL-13 KO mice (Shin et al., 2008). CD137 KO mice are hy-
per-responsive to tumors (Choi et al., 2010), likely due to the
absence of CD137L signaling in the cells responsible of forming
an immunosuppressive microenvironment within the tumor
(unpublished data). Second, abnormally heightened myelopoi-
esis in CD137 KO or CD137L KO mice may be associated with
elevated inflammatory response in these knockout mice. For
example, a high number of neutrophils in the liver of CD137 KO
mice are relevant to severe hepatic ischemia-reperfusion injury
developing (unpublished data). There is also a positive correla-
tion between the severity of bleomycin-induced pulmonary
fibrosis and the number of resident macrophages in the lung of
CD137 KO mice (unpublished data).

CONCLUSIONS

Systemically identifying activities that are mediated by CD137
signals and which by CD137L signals is difficult, due to a lack of
in vivo analytical tools. The in vivo physiological consequences
of CD137L signaling have just emerged, since a variety of tools
to specifically block CD137 or CD137L signals became avail-
able, including CD137 and CD137L KO mice, anti-CD137
monoclonal antibodies, recombinant CD137-Fc fusion proteins
and cell transfer and implantation technique (Kim et al., 2012a).
The experimental tools used by Kim et al. (2012a) will help to
solve questions related to CD137 and CD137L bidirectional
signaling, including how CD137/CD137L interactions simulta-
neously enhance inflammation and T-cell immunity, a particu-
larly challenging question. Investigating the spatiotemporal
expression of CD137 and CD137L in inflamed tissues (Kim et
al., 2011) may reveal that CD137 and CD137L signals are in-
volved in multiple steps of the inflammatory response, including
resolving of inflammation. The molecular mechanisms of the
CD137L signal transduction pathway will also provide insight
into tissue inflammation.

ACKNOWLEDGMENTS
This work was supported by a grant from the University of Ul-
san (2008-0061).

REFERENCES

Barton, G.M. (2008). A calculated response: control of inflammation
by the innate immune system. J. Clin. Invest 118, 413-420.

Choi, B.K., Kim, Y.H., Kim, C.H., Kim, M.S., Kim, K.H., Oh, H.S,,
Lee, M.J., Lee, D.K,, Vinay, D.S., and Kwon, B.S. (2010). Pe-
ripheral 4-1BB signaling negatively regulates NK cell develop-
ment through IFN-gamma. J. Immunol. 185, 1404-1411.

Croft, M. (2009). The role of TNF superfamily members in T-cell
function and diseases. Nat. Rev. Immunol. 9, 271-285.

Jeon, H.J., 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. (2010). CD137
(4-1BB) deficiency reduces atherosclerosis in hyperlipidemic
mice. Circulation 121, 1124-1133.

Kang, Y.J., Kim, S.0O., Shhimada, S., Otsuka, M., Seit-Nebi, A.,
Kwon, B.S., Watts, T.H., and Han, J. (2007). Cell surface 4-
1BBL mediates sequential signaling pathways ‘down-stream’ of
TLR and is required for sustained TNF production in macro-
hages. Nat. Immunol. 8, 601-609.

Kim, D.-K., Lee, S.C., and Lee, H.W. (2009). CD137 ligand-mem-
diated reverse signals increase viability and cytokine expression
in murine myeloid cells: involvement of mTOR/p70S6 kinase
and AKT. Eur. J. Immunol. 39, 2617-2628.

Kim, C.S., Kim, J.G., Lee, B.J., Choi, M.S., Choi, H.S., Kawada, T.,
Lee, K.U., and Yu, R. (2011). Deficiency for costimulatory recep-
tor 4-1BB protects against obesity-induced inflammation and
metabolic disorders. Diabetes 60, 3159-3168.

Kim, J.D., Kim, C.H., and Kwon, B.S. (2011). Regulation of mouse
4-1BB expression: multiple promoter usages and a splice variant.
Mol. Cells 317, 141-149.

Kim, H.J., Lee, J.S., Kim, J.D., Cha, H.J., Kim, A, Lee, SK,, Lee,
S.C., Kwon, B.S., Mittler, R.S., Cho, H.R,, et al. (2012a). Re-
verse signaling through the costimulatory ligand CD137L in
epithelial cells is essential for natural killer cell-mediated acute
tissue inflammation. Proc. Natl. Acad. Sci. USA 109, E13-22.

Kim, J., Kim, W., Kim, H.J., Park, S., Kim, H.A., Jung, D., Choi, H.J.,
Park, S.J., Mittler, R.S., Cho, H.R., et al. (2012b). Host CD25"
CD4Foxp3* regulatory T cells primed by anti-CD137 mAbs in-
hibit graft-versus-host disease. Biol. Blood Marrow Transplant
18, 44-54.

Kumar, V., Cotrans, R.S., and Robbins, S.L. (2003). Robbins Basic
Pathology (Florida: Saunders).

Kwon, B. (2009). CD137-CD137 ligand interactions in inflammation.
Immune Netw. 9, 84-89.

Lee, S.-W., Park, Y., So, T., Kwon, B.S., Cheroutre, H., Mittler, R.S.,
and Croft, M. (2008). Identification of regulatory functions for 4-



Sang Jun Park et al. 537

1BB and 4-1BBL in myelopoiesis and the development of den-
dritic cells. Nat. Immunol. 9, 917-926.

Leemans, J.C., Stokman, G., Claessen, N., Rouschop, K.M., Teske,
G.J., Kirschning, C.J., Akira, S., van der Poll, T., Weening, J.J.,
and Florquin, S. (2005). Renal-associated TLR2 mediates
ischemia/reperfusion injury in the kidney. J. Clin. Invest. 115,
2894-2903.

Lippert, U., Zachmann, K., Ferrari, D.M., Schwarz, H., Brunner, E.,
Nahhub-Ul Latif, A.H.M., Neumann, C., and Soruri, A. (2008).
CD137 ligand reverse signaling has multiple functions in human
dendritic cells during an adaptive immune response. Eur. J. Im-
munol. 38, 1024-1032.

Majno, G., and Joris, |. (2004). Cells, tissues and diseases. (Cam-
bridge, England: Oxford Press).

Medzhitov, R. (2008). Origin and physiological role of inflammation.
Nature 454, 423-435.

Melero, I., Johnston, J.V., Shufford, W.W., Mittler, R.S., and Chen, L.
(1998). NK1.1 cells express 4-1BB (CDw137) costimulatory
molecule and are required for tumor immunity elicited by anti-4-
1BB monoclonal antibodies. Cell Immunol. 790, 167-172.

Middendorp, S., Xiao, Y., Song, J.Y., Peperzak, V., Krijger, P.H.,
Jacobs, H., and Borst, J. (2009). Mice deficient for CD137 ligand
are predisposed to develop germinal center-derived B-cell lym-
phoma. Blood 1714, 2280-2289.

Nathan, C. (2002). Points of control in inflammation. Nature 420,
846-852.

Olofsson, P.S., Soderstrom, L.A., Wagstater, D., Sheikine, Y.,
Ocaya, P., Lang, F., Rabu, C., Chen, L., Paulsson-Berne, G.P.,
Sirsjo, A., et al. (2008). CD137 is expressed in human athero-
sclerosis and promotes development of plaque inflammation in
hypercholesterolemic mice. Circulation 117, 1292-1301.

Ouchi, N., Parker, J.L., Lugus, J.J., and Walsh, K. (2011). Adipoki-
nes in inflammation and metabolic disease. Nat. Rev. Immunol.
11, 85-97.

Pauly, S., Broll, K., Whitmann M., Giegerich, G., and Schwarz, H.
(2002). CD137 is expressed by follicular dendritic cells and
costimulates B lymphocytes in germinal centers. J. Leukoc. Biol.
72, 35-42.

Pulskens, W.P., Teske, G.J., Butter, L.M., Roelofs, J.J., van der Poll,

T., Florquin, S., and Leemans, J.C. (2008). Toll-like receptor-4
coordinates the innate immune response of the kidney to renal
ischemia/reperfusion injury. PLoS One 3, e3596.

Robin, D.L., and Okusa, M.D. (2011). Danger within: DAMP re-
sponses to danger and cell death in kidney disease. J. Am. Soc.
Nephrol. 22, 416-425.

Shao, Z., and Schwarz, H. (2011). CD137 ligand, a member of the
tumor necrosis factor family, regulates immune responses via
reverse signal transduction. J. Leukoc. Biol. 89, 21-29.

Shikeoka, A.A., Holscher, T.D., King, A.J., Hall, F.W., Kiosses, W.
B., Tobias, P.S., Mackman, N., and McKay, D.B. (2007). TLR2
is consitutively expressed within the kidney and participates in
ischemic renal injury through both MyD88-dependent and
-independent pathways. J. Immunol. 178, 6252-6258.

Shin, H.H., Lee, J.E., Lee, E.A., Kwon, B.S., and Choi, H.S. (2006).
Enhanced osteoclastogenesis in 4-1BB-deficient mice caused
by reduced interleukin-10. J. Bone Miner. 21, 1907-1912.

Shin, S.M., Kim, Y.H., Choi, B.K., Kwon, P.M., Lee, HW., and
Kwon, B.S. (2007). 4-1BB triggers IL-13 production from T cells
to limit the polarized, Th1-mediated inflammation. J. Leukoc. Biol.
81, 1455-6145.

Sun, M., and Fink, P.J. (2007). A new class of reverse signaling
costimulators belongs to the TNF family. J. Immunol. 179, 4037-
4312.

Swamy, M., Jamora, C., Havran, W., and Hayday, A. (2010). Epi-
thelial decision makers: In search of the ‘epimmunome’. Nat.
Immunol. 11, 656-665.

Wilcox, R.A., Tamada, K., Strome, S.E., and Chen, L. (2002). Sig-
naling through NK cell-associated CD137 promotes both helper
function for CD8" cytolytic T cells and responsiveness to IL-2 but
not cytolytic activity. J. Immunol. 169, 4230-4236.

Wu, H., Chen, G., Wyburn, K.R., Yin, J., Bertolino, P., Eris, J.M.,
Alexander, S.l., Sharland, A.F., and Chadban, S.J. (2007). TLR4
activation mediates kidney ischemia/reperfusion injury. J. Clin.
Invest. 117, 2847-2859.

Zhang, Z.X., Wang, S., Huang, X., Min, W.P., Sun, H., Liu, W.,
Garcia, B., and Jevnikar, A.M. (2008). NK cells induce apoptosis
in tubular epithelial cells and contribute to renal ischemia-
reperfusion injury. J. Immunol. 181, 7489-7498.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




