
C
t
p
b

*

†

S

A

0
©

2

Functions of TNF and its
Receptors in Renal Disease:

Distinct Roles in Inflammatory
Tissue Injury and Immune Regulation

Volker Vielhauer, MD* and Tanya N. Mayadas, PhD†

Summary: Tumor necrosis factor (TNF) � is a potent proinflammatory cytokine and impor-
tant mediator of inflammatory tissue damage. In addition, it has important immune-regulatory
functions. Many experimental studies and clinical observations support a role for TNF in the
pathogenesis of acute and chronic renal disease. However, given its dual functions in
inflammation and immune regulation, TNF may mediate both proinflammatory as well as
immunosuppressive effects, particularly in chronic kidney diseases and systemic autoimmu-
nity. Blockade of TNF in human rheumatoid arthritis or Crohn’s disease led to the develop-
ment of autoantibodies, lupus-like syndrome, and glomerulonephritis in some patients. These
data raise concern about using TNF-blocking therapies in renal disease because the kidney
may be especially vulnerable to the manifestation of autoimmune processes. Interestingly,
recent experimental evidence suggests distinct roles for the 2 TNF receptors in mediating
local inflammatory injury in the kidney and systemic immune-regulatory functions. In this
review the biologic properties of TNF and its receptors, TNF receptors 1 and 2, relevant to
kidney disease are summarized followed by a review of the available experimental and clinical
data on the pathogenic role of the TNF system in nonimmune and immune renal diseases.
Experimental evidence also is reviewed that supports a rationale for specifically blocking TNF
receptor 2 versus anti-TNF therapies in some nephropathies, including immune complex–
mediated glomerulonephritis.
Semin Nephrol 27:286-308 © 2007 Elsevier Inc. All rights reserved.
Keywords: TNFR1, TNFR2, ischemia-reperfusion injury, endotoxemia, obstructive nephrop-
athy, hypertension, diabetic nephropathy, glomerulonephritis, lupus nephritis, ANCA-asso-
ciated vasculitis
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ytokines are central mediators of both im-
mune and nonimmune renal diseases. Tu-
mor necrosis factor-� (TNF-�), a 26-kd

ype II transmembrane protein, is a prototypic
roinflammatory cytokine. It is produced mostly
y activated macrophages, although antigen-stim-
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lated T cells, natural killer cells, neutrophils,
nd mast cells also secrete TNF. Moreover, fi-
roblasts and intrinsic renal cells such as mes-
ngial cells and glomerular and tubular epithe-
ial cells produce TNF.1-7 Many potentially
oxious stimuli, physical, chemical, or immu-
ologic, can rapidly induce TNF production
nd release from these cell types.8,9

TNF was identified originally by its capacity
o induce hemorrhagic necrosis in murine tu-
ors,10 although its use as an anticancer agent

ailed in vivo as a result of severe side effects.
ubsequent work identified TNF as a potent
roinflammatory cytokine and key mediator of
oth innate and adaptive immune responses.

tudies of TNF blockade in experimental models
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TNF in renal disease 287
f arthritis and subsequent clinical trials estab-
ished therapies targeting TNF as a highly effec-
ive treatment for rheumatoid arthritis.11,12 Today,
nti-TNF therapy with specific antibodies or neu-
ralizing receptor fusion proteins is approved for
he treatment of a variety of chronic inflammatory
iseases in human beings, including rheuma-
oid arthritis,12,13 Crohn’s disease,14,15 ankylos-
ng spondylitis,16 psoriasis,17 and psoriatic ar-
hritis.18

However, there is increasing experimental
vidence that TNF is not only an important
ediator of innate inflammation but has addi-

ional functions in regulating adaptive immune
esponses. In regards to the latter, TNF showed
oth proinflammatory and immunosuppressive
roperties.19 The immunosuppressive activity
f TNF is particularly important in protecting
gainst potential autoimmune complications af-
er exposure to self-antigens and has important
linical implications in patients with autoim-
une disease who are subjected to TNF block-

ng therapies. Indeed, with its more widespread
se, there is an increasing number of reports
hat TNF blockade induces autoimmune symp-
oms in some patients, including the develop-
ent of autoantibodies, lupus-like syndromes,

nd even immune-complex glomerulonephritis
GN).20-26 Moreover, TNF blockade in multiple
clerosis caused immune activation and disease
xacerbation.27,28

In many experimental models of renal dis-
ases, TNF has been reported to promote renal
njury. Thus, TNF blockade appears to be a
otential therapeutic strategy in human ne-
hropathies.29,30 However, results of the few
linical trials reported have been controversial,
ith absence of any beneficial effect of TNF

ntagonism in some cases.29,31 Recent data, in-
luding from our own group, suggest indepen-
ent roles for the 2 TNF receptors, TNF recep-
or 1 (TNFR1) and TNFR2, in mediating TNF’s
roinflammatory and systemic immunosuppres-
ive TNF effects, at least in certain animal mod-
ls of renal disease.

ROINFLAMMATORY AND
MMUNOSUPPRESSIVE ROLES OF TNF

NF may coordinate the early response to

njury and thus represents an important point a
f regulation in inflammatory disease. The
lockade of TNF with specific antibodies is
ssociated with a reduction in the expression
f other proinflammatory cytokines, such as

nterleukin (IL)-1 and IL-6, both in vitro and in
ivo.32,33 TNF induces the expression of en-
othelial adhesion molecules and chemo-
ines that attract inflammatory leukocytes to
ites of tissue injury34 and stimulates leukocytes
nd parenchymal cells to release additional che-
okines and inflammatory cytokines such as

L-1, which facilitates the further local accumu-
ation and subsequent activation of immuno-
ogic effector cells. Consistent with these TNF
unctions, TNF blockade in rheumatoid arthritis
atients reduced the TNF-dependent cytokine
esponse and diminished leukocyte recruitment
o inflamed tissue.35,36 TNF has many additional
roinflammatory functions in innate and adap-
ive immunity, including cell activation, prolif-
ration, and migration, which have been re-
iewed in more detail elsewhere.8,9,37 TNF’s
roinflammatory actions are summarized in Ta-
le 1. TNF also shows important immune-regu-

atory properties. It is essential for the develop-
ent of secondary lymphoid organ structures

n lymph nodes, spleen, and Peyer’s patches,
nd its deficiency results in the absence of ger-
inal centers and follicular dendritic cells.37

oreover, TNF induces apoptotic cell death in
oth leukocytes and parenchymal cells.38-41

his is important for the immune-regulative
unctions of TNF, but also may contribute sub-
tantially to organ-specific damage, as reported
n some acute nonimmune nephropathies. The
roinflammatory effects of TNF in the context
f specific renal diseases is reviewed in subse-
uent sections of this article.

Recent experimental data and clinical obser-
ations have shown TNF’s immunosuppressive
unctions, especially in chronic inflammatory
nd autoimmune diseases. Several cellular
echanisms could be responsible for the im-
unosuppressive actions of TNF. For exam-
le, chronic TNF exposure has been reported
o attenuate T-cell–receptor signaling and to
own-modulate T-cell proliferative responses
nd cytokine secretion in vitro and in vivo.42-44

his could prevent the development of autore-

ctive T cells at sites of TNF-induced inflamma-
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288 V. Vielhauer and T.N. Mayadas
ion. In the mouse, TNF-dependent T-cell inhi-
ition likely is mediated via TNFR1 because it is
chieved by treatment with human TNF, which
oes not bind significantly to murine
NFR2.43,44 However, in primary human T cells,
NFR2, but not TNFR1, has been implicated in
ediating this effect.45 Importantly, TNF also
ediates activation-induced apoptotic cell

eath in CD8� T cells,46-48 providing a potent
echanism of terminating T-cell responses. De-
ending on the system investigated, TNFR1 or
NFR2 was implicated in this activity. In addi-

ion to the enhancing role of TNF and TNFR1 in
xogenous or autoantigen-specific CD4� T-cell
riming,49,50 TNF also may stimulate regulatory
-cell responses that induce tolerance and sup-
ress autoimmunity.51 In experimental autoim-
une encephalomyelitis, a murine model of
uman multiple sclerosis, TNF deficiency pro-

onged expansion of myelin-specific autoreac-
ive T cells, leading to exacerbated disease,49 an
ffect that did not require TNFR1 activation. In
ontrast, TNFR1 was responsible for TNF-de-
endent priming of autoreactive T cells and

Table 1. Proinflammatory Effects of TNF

Blood vessels
Induces expression of adhesion molecules in e
Increases vascular permeability at sites of tissu
Reduces anticoagulant properties of the endo
Stimulates angiogenesis

Cells
Activates leukocytes and thrombocytes
Induces expression of major histocompatibility
Increases affinity of adhesion receptors (eg, CD
Mediates maturation and migration of dendrit
Mediates leukocyte positioning and germinal
Induces proliferation of fibroblasts and mesan

Chemokines, cytokines, and other inflammatory
Induces proinflammatory chemokines in leuko

chemoattractant protein-1 and CCL5/RANTE
Induces proinflammatory cytokines in leukocy

granulocyte-macrophage colony-stimulating
Up-regulates expression of matrix metalloprot
Induces production of prostaglandins, leukotri

Adapted with permission of S Karger AG, Basel.212
ocal cerebral injury during the acute phase of f
he disease.49 Because suppression of autoim-
une reactivity also was present in TNFR2-

eficient mice, but not in double-deficient
NFR1 and TNFR2 mice, both receptors appar-
ntly can relay the immunosuppressive effects
f TNF. These findings correlate with the ob-
ervation of immune activation and disease en-
ancement in recent clinical trials with TNF
lockade in multiple sclerosis patients.27,28

An immunosuppressive role of TNF also has
een shown in experimental models of sys-
emic autoimmunity, particularly in models of
ystemic lupus erythematosus (SLE). Data ob-
ained in the (NZB � NZW)F1 mouse model of
LE indicated that the TNFZ allele, which leads
o decreased production of TNF, is a domi-
ant contributor of susceptibility to autoim-
unity in this model.52 Indeed, early admin-

stration of recombinant TNF or TNF-inducing
ytokines attenuates autoimmune disease in
hese mice.53,54 When NZB mice were crossed
ith TNF-deficient B6/129 mice (NZB � B6/

29 Tnf�/�)F1, offspring with heterozygous de-
ciency for TNF developed autoimmunity and

elial cells via activation of NF-�B
ry
m

plex class I and II molecules

ls into secondary lymphoid organs
r reaction in secondary lymphoid organs
ells

ators
and parenchymal cells (eg, CCL2/monocyte

d parenchymal cells (eg, IL-1, IL-6,
r)
s
nitric oxide, and reactive oxygen species
ndoth
e inju
theliu

com
44)

ic cel
cente
gial c

medi
cytes
S)
tes an
facto
einase
enes,
atal lupus nephritis in an otherwise nonsuscep-
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TNF in renal disease 289
ible (NZB � B6/129)F1 background.55 The im-
unosuppressive function of TNF appears to

e mediated by TNFR1. In B6/lpr mice, which
evelop a mild lupus-like syndrome, TNFR1 de-
ciency results in a greatly accelerated autoim-
une disease with increased TNF levels, high
ortality, severe lymphadenopathy, and lupus

ephritis.56 In contrast, a study in transgenic
ice overexpressing the human TNFR2 pro-

ided proof for a proinflammatory role for
NFR2 because these mice spontaneously de-
eloped a severe systemic inflammatory syn-
rome.57 Together, the data indicate that on
he one hand, TNF suppresses autoimmunity
probably through activation of TNFR1),
hereas on the other hand, its presence pro-
otes organ injury (potentially through
NFR2 activation). The importance of sys-

emic immunosuppressive functions of TNF
lso is suggested by clinical observations that
atients subjected to anti-TNF therapies can
evelop lupus-related symptoms.20-26

IOLOGY OF THE TNF RECEPTORS

NF achieves its pleiotropic cellular and patho-
ogic effects by binding to its 2 surface receptors:
NFR1 and TNFR2. These receptors also bind

ymphotoxin-� (formerly TNF-�), but no other
embers of the TNF ligand superfamily. TNFR1

p55, CD120a) and TNFR2 (p75, CD120b) are
elated structurally, but are functionally distinct
eceptors that are co-expressed on the surface of
ost cell types.58,59 They are single transmem-

rane glycoproteins with 28% homology mostly
n their extracellular domain. In the human sys-
em, soluble TNF rapidly binds to TNFR1 with
igh affinity and a slow dissociation, leading to
fficient activation of the receptor.59 The dissoci-
tion kinetics of TNF from TNFR2 is 20- to 30-fold
aster than from TNFR1,60 although to date there
s a lack of consensus on the affinity of TNF for
NFR2 compared with TNFR1.60,61 Generally, it

s believed that soluble TNF leads to a greater
ctivation of TNFR1 than TNFR2.59 Although
NFR1 is stimulated equally well by soluble and
embrane-bound TNF, TNFR2 is activated
ore efficiently by the membrane-bound

orm.62 Membrane-bound TNF and thus activa-
ion of both TNFR1 and TNFR2 may be highly

elevant when TNF receptors are stimulated l
hrough cell-cell interactions. Cooperation be-
ween these receptors may enhance cell signal-
ng and may occur as a result of the formation
f receptor heterocomplexes63 or a process re-
erred to as ligand passing in which TNFR2-
ound TNF increases the local TNF concentra-
ion in the vicinity of TNFR1 receptors.61

Several mechanisms are in place to desensi-
ize cells to TNF by down-regulating TNFR ac-
ivity at the surface. Stimulation of both TNF
eceptors leads to internalization of the ligand-
eceptor complex through a coated-pit/coated-
esicle pathway that delivers the proteins to
ndosomal/lysosomal compartments.64 Soluble
orms of the 2 TNF receptors, which represent
he extracellular portions of the membrane-as-
ociated receptors, are shed from the cell sur-
ace on cell activation and injury by the action
f a metalloproteinase, probably identical to the
NF-�–converting enzyme TACE.65,66 The sur-

ace pool of TNFR1 may be replaced by the
arge reservoir of TNFR1 observed within the
olgi apparatus in many cell types, including

enal glomerular and peritubular endothelial
ells.64,67 In patients, the levels of soluble TNF
eceptors in serum and urine increase during
cute bacterial sepsis and chronic inflammatory
iseases, such as rheumatoid arthritis and
LE,68,69 and after TNF infusion.70 The soluble
eceptors, which are capable of binding TNF,
ay attenuate TNF activity by competing for

he ligand with the cell surface receptors.66

NFR shedding, as a mechanism for down-reg-
lating inflammation, likely is functionally rele-
ant in vivo. Knock-in mice expressing a mu-
ated nonsheddable TNFR1 have an enhanced
usceptibility to inflammatory diseases. These
ice develop spontaneous hepatitis, exacer-

ated TNF-dependent arthritis, and experimen-
al autoimmune encephalomyelitis.66,71 In hu-
an beings, structural mutations in TNFR1 that

ead to a deficiency in receptor shedding result
n TNFR-associated periodic syndrome, charac-
erized by febrile episodes caused by overstimu-
ation of TNF signaling.72

IGNALING
ECHANISMS OF TNF RECEPTORS

ntracellular sequences of both TNF receptors are

argely unrelated, suggesting that the 2 TNFRs
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290 V. Vielhauer and T.N. Mayadas
ignal through distinct intracellular regions. Both
eceptors possess sequences that are capable of
inding different intracellular adaptor proteins
hat link TNF-receptor stimulation to downstream
ignaling pathways (reviewed in MacEwan59 and
edgerwood et al73). Ligand-occupied TNFR1
inds the TNF-receptor–associated death domain
TRADD) adapter protein through interaction of
omologous regions, called death domains, ex-
ressed in both proteins.74 TNFR1-bound TRADD
an recruit the downstream adapter molecule fas-
ssociated death domain (FADD) through death
omain interactions, and thereby initiate apopto-
ic cell death through subsequent activation of
aspases 8, 10, and effector caspases.

Many of the inflammatory effects of TNF,
ncluding the increase in expression of adhe-
ion molecules and chemokines, are triggered
y activation of gene transcription via the tran-
cription factors nuclear factor �B (NF-�B) and
ctivation protein-1 (AP-1). Two adapter mole-
ules, the receptor interacting protein (RIP)
nd the TNF-receptor–associated factor 2
TRAF2), mediate activation of NF-�B and AP-
.59,75,76 RIP contains a death domain that al-

ows binding to TNFR1-associated TRADD,
hereas TRAF2 complexes with the N-terminal
omain of TRADD (ie, outside the death do-
ain).77

In contrast to TNFR1, TNFR2 does not con-
ain a death domain but binds TRAF2 directly.78

he RIP adapter protein associates with TRAF2
n some cases, and thus with TNFR2.59,79 Con-
istent with the shared intracellular signaling
argets of TNFR1 and TNFR2, TNFR2 also is
apable of activating NF-�B and AP-1 in a wide
ange of cell types.59 Although TNFR1 is cur-
ently the primary receptor implicated in death
nduction through caspase mechanisms, TNFR2

ay signal apoptosis directly.38 Because RIP
lso can activate apoptotic caspase pathways,
ts variable, context-specific interaction with
RAF2 (and thus TNFR2) may be responsible

or switching TNFR2 signaling between anti-
poptotic NF-�B activation and death induction
hrough caspase mechanisms.38,59,76,79-81

ENAL EXPRESSION OF TNF

NF messenger RNA (mRNA) or protein ex-

ression is barely detectable in normal kidney, t
or example, by Northern blotting, reverse-tran-
cription polymerase chain reaction, in situ hy-
ridization, or immunohistology, with conflicting
esults reported in some biopsy studies of normal
uman kidney.82-84 With activated monocytes and
acrophages being a principle source of TNF, it

s not surprising that renal TNF expression in-
reases with leukocyte infiltration in many renal
iseases. For example, the primary renal source of
NF after acute aminonucleoside-induced ne-
hropathy in rats is the infiltrating macrophage.85

enal TNF detected early in the course of neph-
otoxic serum nephritis, a model of immune com-
lex–mediated GN,86,87 is attributed primarily
o infiltrating glomerular macrophages.88,89

owever, recent work has shown that TNF
xpressed by intrinsic renal cells may be more
elevant functionally in mediating renal inflam-
ation in this model.90 Intrinsic renal cells,

ncluding mesangial cells,1-3 podocytes,4,5,91 and
ubular epithelial cells,6,7 produce TNF. TNF
roduction also has been shown in macrovas-
ular endothelial cells,92,93 but its secretion by
lomerular or interstitial endothelial cells has
ot been reported.90

In most studies, unstimulated rodent and hu-
an mesangial cells do not secrete significant

mounts of TNF, but release TNF when stimu-
ated or injured.1,2,3,91 However, one report did
ote TNF expression in mesangial cells, in
mooth muscle cells of renal arteries, and in the
nterstitium of normal human biopsy speci-

ens.84 In vitro, TNF expression in mesangial
ells can be induced by lipopolysaccharide
LPS),1 aggregated immunoglobulins (IgG),2 IL-1,
NF, advanced glycosylation end products, and
he membrane attack complex of comple-
ent.82 In vivo, glomerular mesangial cells pro-

uce TNF in response to LPS injection that
odels endotoxemia and sepsis.94,95 TNF is ex-
ressed in podocytes from rats with adriamycin
ephropathy, a model of glomerular sclerosis

nduced by podocyte damage.91 Interestingly,
n renal ischemia-reperfusion injury, TNF ex-
ression localizes predominantly to tubular ep-

thelial cells.96 Similarly, TNF production is
ound in tubular cells after renal obstruction,
ndependent of inflammatory cell infiltration.97

hese data indicate that TNF production in in-

rinsic renal cells is largely confined to the pri-
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TNF in renal disease 291
arily injured compartment, with additional
NF contributed by renal leukocytes that accu-
ulate during disease progression.
TNF generated in the kidney may be impor-

ant in inducing the production of inflammatory
ediators in mesangial cells such as monocyte

olony stimulating factor,98 CCL2/monocyte
hemoattractant protein 1,99 reactive oxygen
etabolites,100 and tissue factor expression,101

s well as promote mesangial cell proliferation
r apoptosis.102 TNF also induces intercellular
dhesion molecule 1 expression and enhances
onocyte adhesion to mesangial cells.103 TNF
ay promote the generation of IL-8 production

n proximal epithelial cells,104 but also can stim-
late their apoptosis.105-107 These data not only
how that TNF can be a regulator of prolifera-
ion and apoptosis in renal cells, but also has
he capacity to elicit a local proinflammatory
ytokine cascade that can promote renal injury.

There are several examples of renal TNF ex-
ression in human glomerular diseases. TNF is
roduced locally within inflamed glomeruli by
esangial cells and podocytes, as well as by

nfiltrating macrophages.108,109 The contribu-
ion of local versus leukocyte-derived TNF in
uman renal injury has not been defined pre-
isely. Although TNF mRNA expression clearly
as been localized to intrinsic cells of the hu-
an kidney, several studies have suggested that

nfiltrating leukocytes are the major source of
NF in human GN.108 Mesangial TNF could be
etected in biopsy specimens of IgA nephrop-
thy with minor glomerular proliferation.84 In
ontrast, TNF expression decreased in prolifer-
tive lesions of IgA nephropathy, whereas pro-
uction of IL-10 was induced.84 Increased mes-
ngial expression of TNF also was found in
iopsy specimens of minimal change disease
nd idiopathic membranous GN.84 In membra-
ous GN, TNF is expressed by glomerular podo-
ytes, and localized along the capillary wall in
ssociation with the immune deposits.5 TNF
lso has been identified in mesangial cells in
upus nephritis,108,110 with prominent glomeru-
ar expression in proliferative lupus nephritis
World Health Organization classes III and IV)
nd membranous lupus nephritis (class V), but
ot mesangioproliferative disease (class II).83 In

atients with antineutrophil cytoplasmic anti- i
ody (ANCA)-associated crescentic GN, TNF ex-
ression can be detected in glomeruli, tubules,
nd the interstitium.109 In patients with glomeru-
ar disease and nephrotic-range proteinuria, inter-
titial TNF expression correlated with the de-
ree of renal fibrosis.84 In renal transplant
atients undergoing acute rejection, TNF was

ound in infiltrating leukocytes and in adjacent
ubular cells.67 Urinary TNF secretion is in-
reased in patients with proliferative GN, al-
hough urinary TNF levels do not inevitably
orrelate with TNF expression in renal biopsy
pecimens. Of note, patients with progression
f membranous GN have apparently greater uri-
ary TNF excretion than patients with stable
isease.111

ENAL EXPRESSION OF TNF RECEPTORS

enal expression of both TNF receptors is up-
egulated in acute and chronic renal diseases,
nd soluble forms of the receptors are secreted
nto the urine. Because leukocytes express
NFR1 and TNFR2, leukocytic infiltrates may
ontribute substantially to renal receptor ex-
ression and urinary excretion in inflamed kid-
eys.67 Interestingly, surface expression of both
NF receptors is lost in macrophages, but not T

ymphocytes, that have infiltrated into kidneys
f mice subjected to nephrotoxic serum nephri-
is.112

In contrast to TNF, only few reports localized
xpression of TNFR1 and TNFR2 in intrinsic
enal cells in experimental animals or human
iopsy specimens. In normal mouse kidney
NFR1 expression was found predominantly

n cortical tubules by immunohistochemis-
ry.83,113 A human biopsy study reported
trong mRNA and protein expression of
NFR1 in the glomerular endothelium of nor-
al kidney. In addition, glomerular podo-

ytes were positive for TNFR1, and moderate
taining for TNFR1 was evident at the luminal
urface of endothelial cells of arterioles and
eritubular capillaries.67 Interestingly, immuno-
old electron microscopy of normal human kid-
ey revealed that TNFR1 predominantly local-

zed to the Golgi complex, but not to the
urface of glomerular endothelial cells,67 consis-
ent with previous findings that TNFR1 local-

zes to the Golgi apparatus in cultured human
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292 V. Vielhauer and T.N. Mayadas
mbilical vein endothelial cells64 and poten-
ially could replace shed receptors on the cell
urface.34

In contrast, TNFR2 protein is not expressed
n normal mouse kidney, as indicated by immu-
ohistochemistry studies.112 Consistently, Al
amki et al67 found no TNFR2 expression in
ormal human kidney tissue except a weak
ignal on few epithelial cells of the proximal
ubules. However, another group reported glo-
erular expression of TNFR2, but not TNFR1
rotein, in normal human kidney.83 Differences

n the sensitivity and specificity of applied an-
ibodies may account for these differing results.

In diseased kidneys, TNF receptors are in-
uced in a compartment- and injury-specific
anner. For example, TNFR1 protein expres-

ion was increased strongly in human prolifer-
tive lupus nephritis (classes III and IV), but not
n mesangioproliferative and membranous lu-
us nephritis or idiopathic membranous GN.83

n this study, the glomerular staining for TNFR1
orrelated with the histologic activity index of
upus nephritis.83 In human renal transplants

ith acute cellular rejection, TNFR1 expression
as lost in glomeruli, but TNFR1 was detected

bundantly in infiltrating macrophages and T
ymphocytes in the interstitium of allografts.67

n murine nephrotoxic serum nephritis, TNFR2
xpression was induced in glomerular cells and
ostcapillary venules of the interstitium. Confo-
al microscopy confirmed glomerular endothe-
ial cells as the predominant TNFR2-positive
ells in this model of immune complex GN.112

n contrast, in kidneys with tubulointerstitial
njury after unilateral ureteral obstruction
UUO), TNFR2 expression was confined to tu-
ular epithelial cells.112 In human renal trans-
lants with acute cellular rejection increased
NFR2 protein expression was observed pre-
ominantly in epithelial cells of distal convo-

uted tubules near TNF-positive leukocytes, but
ot in glomerular cells.67 In human lupus ne-
hritis (classes II, III, IV, and V) and mesangio-
roliferative GN glomerular TNFR2 expression
as observed, although in this study glomerular

taining for TNFR2 in normal control kidneys
as similar.83

In summary, these data indicate that expres-

ion of the 2 TNF receptors, particularly r
NFR2, can be induced readily in intrinsic renal
ells, with cell-specific up-regulation of a par-
icular receptor depending on the type of dis-
ase and the primary compartment of renal
njury. The pathophysiologic role of TNF and its
eceptors in renal disease, as well as available
ata suggesting relevance of these findings to
uman pathology, are discussed below.

NVOLVEMENT OF TNF AND TNF
ECEPTORS IN ACUTE RENAL INJURY

schemia-Reperfusion Injury

NF is increased in kidneys and in serum
n experimental renal ischemia-reperfusion

njury.96,114-116 Renal TNF production after
schemia-reperfusion peaked at 2 hours after
eperfusion and localized predominantly to
enal tubular epithelial cells.96 Its production
ould be activated by reactive oxygen species
eleased after reperfusion and subsequent acti-
ation of p38 mitogen-activated protein kinase
nd NF-�B, leading to TNF synthesis.117 In a
ositive feedback loop, binding of TNF to its
embrane receptors can reactivate NF-�B and

urther augment TNF production in tubular
ells, as well as the expression of inflammatory
ediators such as chemokines and cytokines.

n addition, TNF can induce tubular cell apo-
tosis (eg, in ischemic tubular cells), depending
n the type of signaling pathways activated
fter TNFR1 and TNFR2 binding.107

Interventional studies clearly show a role for
NF in mediating ischemic renal injury. Block-

ng TNF activity with a recombinant TNF bind-
ng protein reduced neutrophil infiltration and
meliorated ischemic injury in renal ischemia-
eperfusion injury.114 A similar effect was re-
orted when neutralizing anti-TNF antibodies
ere used.115 Functional studies on the role of
NFR1 and TNFR2 in ischemia-reperfusion in-

ury have not yet been published. However,
iven the reported role of TNFR2 in other forms
f acute renal failure with prominent tubular
ell injury (eg, cisplatin nephropathy, see later)
nd its up-regulation in tubular epithelial cells
uring acute and chronic interstitial injury (ob-
tructive nephropathy after UUO, acute cellular

ejection), one could speculate that TNFR2 on
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TNF in renal disease 293
hese cells plays an important role in mediating
enal TNF effects.

isplatin-Induced Acute Renal Failure

xidant stress–induced activation of NF-�B
nd subsequent TNF production also is
resent in cisplatin-induced renal injury. Re-
al expression of TNF peaks 48 hours after
isplatin injection into mice. Serum and urine
evels of TNF also were increased by cispla-
in.118 Blockade of TNF production or activity
y TNF antagonists, pentoxifylline, or anti-TNF
ntibodies reduced the renal expression of
roinflammatory chemokines and cytokines,
nd cisplatin-induced renal dysfunction, leuko-
yte infiltrates, and structural damage.118,119

imilar results were obtained when TNF-defi-
ient mice were investigated.118

Expression of TNFR1 and TNFR2 is up-regu-
ated in kidneys with cisplatin nephrotoxicity.
nterestingly, the up-regulation of TNFR2, but
ot TNFR1, was blunted in TNF-deficient mice,

ndicating ligand-dependent up-regulation of
NFR2.120 Importantly, TNFR2-deficient knock-
ut mice developed less severe renal dysfunc-
ion and showed reduced renal injury, apopto-
is, and leukocyte infiltration when compared
ith either TNFR1-deficient or wild-type mice.
his was associated with lower renal TNF ex-
ression and serum TNF levels in TNFR2-defi-
ient animals.120 These data suggest a role for
NFR2, but not TNFR1, in TNF-mediated renal

nflammation in cisplatin nephrotoxicity. Cell-
ype–specific TNFR2 expression and relative
oles of renal cell–expressed versus leukocytic
NFR2 remain to be elucidated. Again, it is

ntriguing to speculate that tubular cell–ex-
ressed TNFR2, potentially activated in a para-
rine fashion by TNF secreted from adjacent
ubular cells, may mediate tubular apoptosis
nd/or inflammatory activation, ultimately lead-
ng to tubular injury, interstitial leukocyte in-
ux, and acute renal failure.

ndotoxin-Induced Acute Renal Failure

ndotoxemia, caused by systemic release of
PS, provokes renal dysfunction and cellular
njury, including tubular cell apoptosis.113 TNF
s a key mediator of LPS-induced septic syn-

rome33,121 and is released into the circulation n
redominantly by activated macrophages. Con-
istent with these findings, systemic administra-
ion of large doses of TNF causes circulatory
hock and mimics the effects of LPS.122 In hu-
an beings, an increase in serum levels of TNF

s detected early in endotoxemia,123 and in-
reased serum levels of soluble TNFR1 and
NFR2 were shown to be predictive factors for
cute renal failure in septic shock.124 When
maller than shock-inducing doses of TNF were
nfused into rabbits, glomerular endothelial
amage, fibrin deposition, renal neutrophil in-
ltration, and renal failure occurred,125 pointing
o a pathogenic role of systemic TNF in endo-
oxin-induced acute renal failure.

In addition to its systemic release, renal ex-
ression of TNF mRNA and protein is strongly
p-regulated in response to LPS, with a promi-
ent protein expression in the glomerular, but
ot interstitial, compartment.113,114 Infiltrating
enal leukocytes have been considered to be
he main source of renal TNF. Locally produced
NF possibly in the membrane-bound form by
ither infiltrating leukocytes or glomerular mes-
ngial cells may play an important role in the
athogenesis of endotoxin-induced acute renal

ailure.1,94,95,126 Importantly, Knotek et al127 re-
orted that pretreatment with a TNF-neutraliz-

ng recombinant TNF-receptor protein attenu-
ted LPS-induced acute renal failure in mice.
oreover, pentoxifyllin administration protected

gainst endotoxin-induced acute renal failure.
his effect was associated with reduced TNF se-
um levels in treated mice and potentially is
aused by the inhibitory effect of pentoxifyllin on
he expression of several proinflammatory cyto-
ines, including TNF.128 Pentoxifylline-mediated
rotection also was associated with attenuation of
he induction of serum IL-1�, and nitric oxide,
s well as renal inducible nitric oxide synthase
nd adhesion molecule expression.128 These
ata indicate a TNF-mediated effect both on
emodynamic and inflammatory mechanisms
f endotoxin-induced renal injury.

Activation of TNFR1 expressed in the kidney
ay play an essential role in endotoxin-induced

cute renal failure. Mice deficient in TNFR1
ere resistant to LPS-mediated renal failure,
ith less apoptosis in tubular cells and fewer

eutrophils infiltrating the kidney.113 TNFR1-defi-
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294 V. Vielhauer and T.N. Mayadas
ient kidneys transplanted into TNFR1-expressing
ice were protected from LPS-induced renal in-

ury 10 days after transplantation, whereas
NFR1-positive kidneys transplanted into TNFR1-
eficient animals were not.113 These elegant ex-
eriments showed that TNF acting directly on
NFR1 on intrinsic cells of the kidney mediates
cute renal failure in endotoxemia. In con-
rast to other forms of acute renal failure,120

unctional studies on the role of TNFR2 in
PS-induced renal injury have not been re-
orted, although increased endotoxin-in-
uced serum TNF levels were reported in
ice lacking TNFR2.129 The latter data sug-

est an important role for TNFR2 in suppress-
ng TNF-mediated systemic inflammatory re-
ponses induced by endotoxin.

NF AND ITS
ECEPTORS AS MEDIATORS
F NONIMMUNE RENAL DISEASE

bstructive Nephropathy

t is now widely accepted that locally secreted
ytokines and infiltrating immunocompetent cells
re important humoral and cellular mediators of
enal diseases that do not have a primary immune-
ediated pathogenesis.130 Among those, obstruc-

ive nephropathy, experimentally induced by
UO, is a well-established model of progressive

nterstitial nephritis and renal fibrosis that
imics tubulointerstitial injury and sclerotic

hanges seen in end-stage renal disease inde-
endently of the initial insult. Obstructive ne-
hropathy is characterized by apoptotic death
f tubular epithelial cells, interstitial leukocyte

nfiltrates, and progressive renal fibrosis. After
reteral obstruction renal TNF mRNA and pro-
ein production is increased, and localize pri-
arily to cortical tubular cells at early time
oints after UUO when a significant renal leu-
ocyte infiltrate is not yet present.97,131-133 At
ater time points accumulating renal leukocytes
re thought to contribute to renal TNF produc-
ion. Interestingly, in mice treated with an an-
iotensin converting enzyme inhibitor or with
enetic deficiency for the angiotensin II recep-
or AT1a, renal TNF production after UUO was
educed, suggesting that angiotensin induces

enal TNF expression.132,134 Blockade of TNF n
ith a pegylated form of soluble TNFR1 signif-
cantly reduced obstruction-induced TNF pro-
uction and tubular cell apoptosis.133 However,
ffects of TNF blockade on the extent of inter-
titial leukocyte infiltration or fibrosis were not
nvestigated in this study.

When UUO was performed in TNFR1,
NFR2, or TNFR1/TNFR2 double-deficient
ice, interstitial matrix deposition, myofibro-

last differentiation, and activation of NF-�B
as reduced, with effects through TNFR1 pre-
ominating.132,134 It is not clear whether these
ffects were mediated through TNF receptors
xpressed on intrinsic renal cells or infiltrating
eukocytes. However, we recently reported a
isease-specific induction of TNFR2 protein ex-
ression in tubular epithelial cells after UUO,112

hich suggests that renal cell–expressed TNF
eceptors may contribute to tubular cell apo-
tosis and local NF-�B–dependent inflamma-
ory pathways. Together these data clearly
how a role for renal TNF in mediating tubular
ell apoptosis and interstitial fibrosis in obstruc-
ive nephropathy, and potentially other chronic
idney diseases with progressive fibrosis.

ypertensive Nephropathy

nterventional studies in rat models of angioten-
in II–induced hypertension and kidney damage
ndicate a role for TNF in mediating local renal
njury. Double transgenic rats with expression
f human renin and angiotensinogen develop
ypertension, albuminuria, and infiltration of

eukocytes. Blockade of TNF with etanercept, a
oluble human TNFR2-IgG fusion protein that
nhibits the biologic action of TNF, reduced
lbuminuria, maturation of renal dendritic cells,
nd leukocyte infiltrates, apparently without
pparent effects on blood pressure.135 A de-
reased NF-�B activation in etanercept-treated
ats suggested that TNF-dependent transcriptional
ctivation of inflammatory genes in renal cells and
nfiltrating leukocytes may be an important mech-
nism of renal damage in these rats. In a model of
alt-sensitive, angiotensin-induced hypertension,
tanercept slowed blood pressure increases and
ecreased albuminuria, urinary excretion of in-
ammatory chemokines, and renal macrophage

nfiltrates.136 Interestingly, TNF may inhibit re-

al production of epoxyeicosatrienoic acids,
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hich mediate renal vasodilatory effects and
uppress endothelial cytokine activation.136 As
ndicated previously, angiotensin II can stimu-
ate renal expression of TNF directly.132,134

hus, it remains to be determined if TNF block-
de in angiotensin-independent forms of hyper-
ension or in the presence of pharmacologic
lockade of angiotensin II has beneficial effects
n renal injury. Studies specifically addressing
he role of TNF receptors in hypertension-in-
uced renal injury have not been reported.

iabetic Nephropathy

arly studies reported an increased glomerular
xpression of TNF mRNA in rats with strepto-
otocin-induced diabetic nephropathy.137 In-
reased expression of TNF also was shown in
roximal, but not distal, tubular cells isolated

rom diabetic rats.138 The increase in renal ex-
ression of TNF and urinary TNF levels pre-
eded the onset of albuminuria in streptozoto-
in-induced diabetic rats, and at later time
oints correlated with the degree of albumin-
ria.139,140 Administration of angiotensin-con-
erting enzyme inhibitors or angiotensin type
–receptor blockers prevented enhanced ex-
ression of TNF, and decreased both urinary
lbumin and TNF secretion.140,141 These studies
ndicated that angiotensin II, through stimula-
ion of the angiotensin II type 1 receptor, in-
reases the renal content of TNF in diabetes.
hus, beyond their established effect on renal
emodynamics, inhibition of renal TNF produc-
ion may contribute to the renoprotective func-
ion of angiotensin inhibitors in many renal
iseases including hypertensive and diabetic ne-
hropathy. Pentoxifylline, presumably through

nhibition of TNF synthesis, prevented the in-
rease in TNF mRNA and protein in proximal
ubular cells in diabetic rats and reduced urinary
NF excretion.138 Interestingly, pentoxifylline,
hich apparently inhibits TNF synthesis inde-
endently of angiotensin, has an additive anti-
roteinuric effect in patients with diabetes who
lready are treated with angiotensin-receptor
lockers.142

An increasing number of clinical studies have
ndicated a pathophysiologic role for TNF in
uman diabetic nephropathy. Increased serum
evels of TNF were found in diabetic patients a
ith microalbuminuria and clinical albumin-
ria, compared with diabetic patients without
lbuminuria or healthy controls.143-145 Another
tudy found that patients with microalbumin-
ria or macroalbuminuria showed higher
lasma levels of soluble TNFR1 and TNFR2 than
atients without albuminuria.146 Moreover, uri-
ary TNF excretion independently correlated
ith clinical markers of glomerular and tubulo-

nterstitial injury in type 2 diabetic patients (ie,
rinary excretion of albumin and N-acetyl-�-
lucosaminidase, respectively).143,145 However,
o correlation between increased serum and
rinary TNF levels was found.143 The latter may

ndicate local production of TNF in the kidney
eadily secreted in the urine rather than in sys-
emic circulation. Genetic variations of the TNF
nd TNFR2 gene were not found to be associ-
ted with diabetes or its microvascular compli-
ations in the general population, including di-
betic nephropathy.146,147 Taken together, an
ncreasing number of experimental and clinical
tudies have indicated that renal TNF expres-
ion is associated with diabetic nephropathy.
nterventional animal studies or therapeutic tri-
ls with specific TNF or TNFR antagonists in
iabetic nephropathy are needed to determine
hether TNF plays an important role in the
athogenesis of the disease.

OLE OF TNF AND ITS
ECEPTORS IN GLOMERULONEPHRITIS

mmune-Complex–Mediated GN

NF plays an important role in glomerular in-
ammation and scarring. As noted previously,
enal expression of TNF is up-regulated signifi-
antly in experimental animals and patients
ith GN, including IgA nephropathy and mem-
ranous GN.5,83,84,108 Serum and urine levels of
NF increase in GN.108,148 Moreover, an in-
reased glomerular expression of TNFR1 and
NFR2 has been found in animal and human
iopsy studies of GN.83,112 The functional role
f TNF in GN has been shown in animal mod-
ls. Systemic administration of TNF exacer-
ated glomerular injury in nephrotoxic serum
ephritis in rats.149 TNF-deficient mice sub-

ected to nephrotoxic serum nephritis showed

reduction in proteinuria, glomerular crescent
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296 V. Vielhauer and T.N. Mayadas
ormation, infiltration of leukocytes, and ex-
ression of vascular adhesion molecules.150 By
sing bone marrow chimeric mice, it was
hown that intrinsic renal cells are the major
ource of TNF contributing to renal injury in
ephrotoxic serum nephritis.90 In rats, pentoxi-
ylline treatment at the time of induction of
nti–glomerular basement membrane antibody-
ediated GN significantly suppressed renal
RNA expression of TNF. This was associated
ith reduced proteinuria, inhibition of macro-
hage and T-cell infiltration, and improvement
f histologic damage including glomerular cres-
ent formation.151 Pentoxifylline also had a ben-
ficial effect, although to a lesser extent, in rats
ith established disease.151 Anti-TNF antibodies

ttenuated acute glomerular injury in anti–glo-
erular basement membrane GN in rats,89 and

dministration of antibodies or soluble TNF re-
eptors, which neutralize biological TNF activ-
ty, reduced glomerular lesions and prevented
rescent formation in rats developing crescen-
ic GN.152-154 Of note, when treatment was de-
ayed until the peak of crescent formation in
his model, TNF blockade still resulted in a
ignificant reduction in tubulointerstitial scar-
ing and preserved renal function.154 These data
uggest that TNF not only mediates inflamma-
ory injury in the glomerulus, but also subse-
uent tubulointerstitial fibrosis.

We recently investigated the functional role
f TNFR1 and TNFR2 in murine immune com-
lex–mediated GN.112 TNFR1-deficient mice
ubjected to nephrotoxic serum nephritis de-
eloped less albuminuria, glomerular injury,
nd renal leukocyte infiltrates at early time
oints after disease induction. This was associ-
ted with a reduced humoral immune response
o the nephrotoxic rabbit IgG injected after
ubcutaneous immunization against rabbit IgG.
owever, albuminuria, renal pathology, and re-
al functional impairment were similar to wild-
ype controls at later time points, when a lack
f TNFR1 resulted in excessive renal T-cell ac-
umulation, possibly because of the observed
eduction in apoptosis of infiltrating renal T
ells.112 TNFR1 is required for T-cell priming
fter subcutaneous injection of antigen,49 and
elayed-type hypersensitivity responses are im-

aired in TNFR1-deficient mice.155 Thus, the m
arly protection from glomerular injury as well
s the decreased humoral response in TNFR1-
eficient mice may result from an impaired gen-
ration of sensitized T cells. Sensitized T cells
ot only provide B-cell help for the production
f autologous anti-rabbit IgG antibodies in this
odel of nephrotoxic serum nephritis, but also

re required for the development of GN inde-
endently of antibody production.156 On the
ther hand, TNFR1 mediates apoptosis of acti-
ated T cells.46-48 The reduced apoptotic rate of
hese cells in nephritis kidneys may account for
he excessive accumulation of renal T cells at
ater time points of the model, leading to an
xacerbated disease course.

Surprisingly, TNFR2-deficient mice were
ompletely protected from GN at all time
oints, despite an intact systemic immune re-
ponse.112 TNFR2 expression was induced on
lomerular endothelial cells of nephritic kid-
eys and bone marrow transplantation experi-
ents showed that TNFR2 expression on intrin-

ic renal cells, but not leukocytes, was essential
or the development of GN and glomerular
omplement deposition.112 This model of GN is
omplement dependent.157 Interestingly, endo-
helial cells activated by TNF can promote com-
lement deposition in areas of exposed subendo-
helial matrix in vitro, which is initiated by
ytokine-induced retraction of these cells.158

hether this mechanism is TNFR2 dependent
nd operational in glomerular inflammation is
ot known. Nevertheless, these data clearly in-
icate an essential proinflammatory function of
NFR2 in GN. With humoral and cell-mediated
daptive immunity being intact in TNFR2-defi-
ient mice,112,158 renal TNFR2 apparently is re-
uired in the effector phase to mediate the local
issue destruction in this model of immune-
omplex GN.

upus Nephritis

oth in experimental and human lupus nephri-
is, renal expression of TNF and its receptors is
ncreased. Lupus-prone MRL/lpr mice express
ncreased levels of TNF in nephritic kidneys and
how high TNF serum levels, both of which
orrelated with disease activity.159-162 Impor-
antly, both macrophages and glomerular

esangial cells can be induced to produce
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TNF in renal disease 297
igh levels of TNF by immune complexes,
hich are abundant in the circulation and are
eposited in large amounts in the glomeruli
uring SLE.2,163-165 In turn, augmented expres-
ion of renal TNF increased local macrophage
ccumulation in MRL/lpr mice developing lupus
ephritis.166 In human beings, TNF is highly ex-
ressed in glomeruli in lupus nephritis,108,110,167

nd the degree of renal TNF expression corre-
ates with renal inflammatory activity.168 More-
ver, serum levels of TNF and soluble TNFR
eceptors are increased in human SLE, and
arallel clinical disease and autoimmune ac-
ivity.169-171 A recent meta-analysis showed that
he A/A and A/G genotypes of the TNF pro-
oter –308A/G polymorphism, which leads to

n increase in the transcriptional activity of the
NF gene, may confer susceptibility to SLE,
specially in a European-derived population.172

TNF clearly has immunosuppressive functions
n systemic autoimmune disease such as SLE, as
hown by an increasing number of experimental
nd clinical observations.19 Yet, we are only be-
inning to understand the underlying role of TNF
n immune regulation and apoptosis in autoimmu-
ity. On the other hand, the powerful proinflam-
atory effects of TNF leading to local tissue de-

truction also are operative in SLE. Interventional
tudies in lupus-prone MRL/lpr and C3H.SW mice
howed that TNF blockade is beneficial in exper-
mental SLE.173-175 Of note, even in (NZB �
ZW)F1 mice, in which early TNF administration
elays autoimmune disease and the development
f lupus nephritis, low dosages of TNF adminis-
ered in later disease accelerated renal damage.160

oreover, a limited number of uncontrolled clin-
cal data support the proinflammatory role of TNF
n human SLE and lupus nephritis, and suggest a
herapeutic efficacy of anti-TNF treatment. Inflix-
mab, a chimeric monoclonal antibody to TNF,
ignificantly reduced proteinuria in 2 patients
ith lupus nephritis treated for a short period of

ime.160,168 In a subsequent open-label safety trial
f infliximab in 6 patients with mild to moderate
LE, who had refractory lupus nephritis or lupus
rthritis, inflammatory organ disease improved
apidly in all treated patients.176 Two thirds of the
atients experienced a transient increase in anti-
NA autoantibodies, but this did not lead to lupus

ares.176 Given these encouraging results, further i
rospective studies in larger populations under
ontrolled conditions are warranted, with careful
onitoring of potential side effects as a result of
ossible interference with the immune-modula-
ory functions of TNF.

Interestingly, the proinflammatory and im-
une-regulatory functions of TNF in SLE may seg-

egate at the level of the 2 TNF receptors. Zhou
t al56 described a greatly accelerated lymphad-
nopathy and autoimmune disease in B6/lpr
ice that were deficient for TNFR1. In line with

hese data are our own results showing an in-
reased renal T-cell infiltration in TNFR1-defi-
ient mice with immune-complex GN.56,112 A
tudy in transgenic mice overexpressing the
uman TNFR2 provided evidence for a proin-
ammatory role for TNFR2 because these mice
pontaneously developed a severe systemic in-
ammatory syndrome.57 In view of these and
ur own data obtained in the nephrotoxic se-
um nephritis model, one could speculate on an
mportant role of locally expressed TNFR2 in

ediating tissue injury in SLE, including lupus
ephritis. Of note, a recent meta-analysis on the
unctional 196M/R polymorphism of TNFR2
uggested that the M/R and R/R genotypes
ere associated with SLE susceptibility, espe-

ially in the Asian population.177

NCA-Associated Vasculitis

enal expression of TNF has been shown in
uman biopsy specimens of ANCA-associated
asculitis.109 A pathogenic contribution of TNF
o ANCA-associated GN was shown in several
odent models. For example, pauci-immune ne-
rotizing GN induced in mice by transfer of
nti-myeloperoxidase (MPO) antibodies was ac-
elerated by the administration of LPS. LPS tran-
iently induced circulating TNF, and administra-
ion of anti-TNF antibodies attenuated the
everity of glomerular injury after LPS injections
n this model.178 These data suggest that TNF

ay mediate relapses induced by intercurrent
nfections in patients with systemic vasculitis.
n a different model of ANCA-associated vascu-
itis induced by the transfer of anti–proteinase 3
ntibody–containing serum, intradermal injec-
ion of TNF triggered a more robust local in-
ammation compared to animals receiving non-
mmune serum.179 This indicates that locally
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298 V. Vielhauer and T.N. Mayadas
roduced TNF may exacerbate the patho-
enic effects of ANCA. When Wistar Kyoto
ats were immunized with MPO, the animals
eveloped circulating anti-MPO antibodies
nd a pauci-immune crescentic nephritis,
haracteristics of ANCA-associated microscopic
olyangiitis.180 The administration of a blocking
nti-TNF antibody, starting at a time point when
lomerulonephritis already was established, re-
uced albuminuria, glomerular macrophage in-
ltration, and crescent formation in this model.
n addition, it was shown that TNF blockade
ecreased leukocyte transmigration induced by
nti-MPO antibodies in vivo, as shown by intra-
ital microscopy.181 These studies indicate the
mportance of TNF in leukocyte recruitment
nd renal injury in ANCA-associated vasculitis.

Despite the correlation of increased TNF lev-
ls and function with ANCA-associated pathol-
gy, inhibition of TNF in clinical trials of ANCA-
ssociated vasculitis has yielded inconsistent
esults in human beings. Three uncontrolled
tudies with the TNF-blocking antibody inflix-
mab found beneficial effects of TNF blockade
n inducing remission of acute disease and in
reating refractory disease.182-184 In contrast, in
he Wegener’s Granulomatosis Etanercept Trial
tudy of etanercept, no benefit in inducing and
aintaining remission in Wegener’s granuloma-

osis could be shown.31

Interestingly, a discrepant therapeutic efficacy
f infliximab and etanercept also has been re-
orted in Crohn’s disease. Although treatment
ith infliximab clearly is effective, beneficial ef-

ects of etanercept could not be shown.185 The
eason for these differences is not well under-
tood. However, both reagents differ in some
roperties that influence their mode of action.
or example, infliximab leads to cell lysis more
fficiently than the soluble IgG-TNFR2 fusion
rotein etanercept when it interacts with mem-
rane-bound TNF, for example, in macro-
hages. In contrast, because TNF receptors not
nly bind TNF but also lymphotoxin-�, etaner-
ept neutralizes both ligands, which may lead
o as yet unanticipated effects.13 The negative
esults of the Wegener’s Granulomatosis Etan-
rcept Trial do not rule out a potential thera-
eutic effect of etanercept in Wegener’s dis-

ase. Because etanercept treatment or placebo n
as given in addition to a standard treatment
ith glucocorticoids plus cyclophosphamide or
ethotrexate, a disease-suppressing effect of

tanercept may have been obscured by the con-
omitant immunosuppression known to itself
own-modulate increased TNF levels. An im-
ortant finding of this trial was a significantly

ncreased incidence of solid tumors in the etan-
rcept-treated patients, who all received addi-
ional cyclophosphamide therapy.31,186 Clearly,
hese data indicate that TNF blockade with et-
nercept in addition to standard immunosup-
ressive regimens has no additional therapeutic
fficacy in Wegener’s granulomatosis, but is as-
ociated with an increased risk of malignancy
hen combined with cyclophosphamide. On

he other hand, in view of the encouraging
xperimental studies and uncontrolled data in
uman beings with neutralizing TNF antibod-

es, controlled studies with infliximab in ANCA-
ssociated vasculitis are needed. Given the data
iscussed earlier it is intriguing to speculate
hat locally expressed TNFR2 may play an im-
ortant role in mediating TNF-dependent endo-
helial cell injury and local tissue destruction in
asculitis, a possibility that needs further inves-
igation.

HE TNF SYSTEM IN
ENAL TRANSPLANTATION

n rat models of acute and chronic rejection,
xpression of renal TNF mRNA is up-regulated
n rejecting allografts.187,188 Interestingly, cyto-

egalovirus infection increased renal TNF ex-
ression in a rat model of chronic rejection,
ith TNF protein localizing to the vascular wall

nd tubules. This was associated with vessel
all thickening, vascular luminal narrowing,

nd the destruction of tubules, suggesting the
ossibility that enhanced graft vasculopathy in
ytomegalovirus-infected grafts is mediated by
NF.189 Expression of TNF mRNA and protein
lso is increased significantly in human kidney
raft biopsy specimens with acute rejection.190,191

n addition, up-regulation of TNF has been re-
orted in human chronic allograft nephropa-
hy.191-194 Early studies found significantly in-
reased plasma levels of TNF in 65% of renal
llograft rejection episodes, with increased uri-

ary TNF being detected in association with
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cute rejection in 49% of the cases.195 In human
ransplants with acute cellular rejection TNF
as localized to infiltrating interstitial leuko-

ytes and adjacent tubular epithelial cells.
NFR1 was abundantly detected in infiltrating

eukocytes, whereas TNFR2 expression was in-
uced in epithelial cells of the distal convoluted
ubule.67 These data could indicate that leuko-
yte-expressed TNFR1, and tubular epithelial
ell–expressed TNFR2, may contribute to rejec-
ion episodes in allografts. The latter would be
n line with the functional role of TNFR2 in
ther nephropathies that are associated with
rimary tubular damage (ie, cisplatin nephro-
oxicity or obstructive nephropathy).120,132 Tu-
ulitis is a hallmark of renal allograft rejection,
haracterized by local infiltration of donor T
ells. Interestingly, the synthesis of soluble
NFR1 and TNFR2 in tissue cultures of human
enal allograft biopsy specimens was associated
ignificantly with acute rejection episodes.196

oth TNF receptors also have been implicated
n graft arterial disease in murine cardiac allo-
rafts.197 Whether TNFR1 or TNFR2 are in-
olved in chronic allograft nephropathy has not
een investigated.

In a nonhuman primate model of renal allo-
raft rejection TNF blockade with a soluble
NF receptor, administered as the only immu-
osuppressive agent or in combination with
ubtherapeutic doses of cyclosporine, success-
ully prolonged renal allograft survival.198 Sin-
le-center studies evaluating the role of TNF
nhibitors in human kidney transplantation have
een initiated but results are not yet available.199

unctional relevance of TNF in human renal allo-
raft rejection is suggested by studies that link
enetic polymorphisms in the TNF gene of the
ecipients to the development of acute rejections.
n particular, the TNF high-producer genotypes
/A and A/G of the TNF promoter -308A/G poly-
orphism are associated with an increased risk
f acute rejection episodes, especially recurrent
cute rejections and steroid-resistant rejec-
ions.200-208 However, this association was not
ound in all populations studied.209 In 1 report,
o differences in the overall acute rejection
requency between the genotypes were seen,
ut recipients with the A/A and A/G genotypes

nd rejection episodes had significantly worse r
raft survival compared with the G/G recipients
ith rejection episodes.210 Importantly, all of

hese studies investigated TNF genotypes in re-
ipients, not in kidney donors. Thus, an in-
reased systemic TNF production or local secre-
ion by recipient-derived renal cells, such as
nfiltrating leukocytes or endothelial cells, appar-
ntly contributes to acute allograft rejection. The
ole of intrinsic donor renal cell–derived TNF
emains to be established, although its quantita-
ive contribution might be small compared with
ecipient-derived TNF. Interestingly, no signifi-
ant differences in distribution of TNF genotypes
etween patients with stable graft function and
hronic allograft nephropathy were found.194,211

NF AND TNF-RECEPTOR BLOCKADE
N HUMAN NEPHROPATHIES:
HERAPEUTIC IMPLICATIONS

reatment options for both acute and chronic
enal diseases are limited. Blockade of the re-
in-angiotensin system and nonspecific immu-
osuppression with steroids and cytotoxics are
he mainstay of therapy, the latter being associ-
ted with severe side effects.29 Thus, new,
ore efficient, and more specific therapeutics

re needed urgently. With the advancements of
odern molecular biology, genomics, and pro-

eomics, our understanding of the pathogenesis
f renal disease has advanced considerably, as
ave the techniques applied for identification
nd validation of potential drug targets and lead
ompounds. Biologic therapeutics have been
eveloped that modulate humoral and cellular
ediator systems of the innate and adaptive

mmune response. Today an increasing number
f these agents is used in clinical practice in a
ariety of diseases, including autoimmune dis-
ase, cancer, and transplantation. Among the
ewly developed biologicals, TNF inhibitors are
ow used in routine clinical practice, being
ighly beneficial in patients with chronic auto-

mmune disease such as rheumatoid arthritis
nd Crohn’s disease. In this review we dis-
ussed experimental and clinical evidence for
he TNF system being centrally involved in the
athogenesis of immune and nonimmune renal

njury. Thus, TNF blockade may constitute an
fficacious therapeutic option in many human

enal diseases.
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However, large prospective trials that prove
he utility of TNF targeting therapies in human
ephropathies are missing. One reason for this

s the numerous possible roles of TNF in medi-
ting not only inflammatory responses in the
idney, but also in controlling the systemic im-
une response by virtue of its immune-regula-

ory functions. This pleiotropism of functions
as become evident especially in patients
ith anti-TNF therapy who developed auto-

ntibodies, lupus-like syndromes, and even
N. Moreover, there is increasing experimen-

al evidence for an immune-suppressive func-
ion of TNF. These findings have raised con-
erns about using TNF-blocking therapies,
specially in the setting of systemic autoim-
une diseases such as SLE and vasculitis.168

he dual functions of TNF in autoimmunity
re difficult to define because of different
NF-dependent effects in different experi-
ental models and under different settings.
locking TNF, especially in autoimmune-
rone chronic inflammatory diseases, there-

ore may lead to unpredictable outcomes.19

o establish a role of TNF blockade in the
reatment of such disease, carefully designed
rospective trials with detailed monitoring of
otential side effects are needed.
Importantly, recent experimental evidence

as indicated heterogeneity in the use of TNF
eceptors for immunosuppression versus in-
ammatory tissue damage. As summarized in
his review, TNFR2 expressed in the kidney
lays an essential role in mediating local renal

njury in models of acute and chronic renal
isease, including cisplatin nephrotoxicity and

mmune-complex glomerulonephritis.112,120 An
mportant exception from this may be endotox-
n-mediated kidney damage, which apparently
s mediated through locally expressed
NFR1.113 In contrast, immune-suppressive ef-

ects of TNF predominantly may require signal-
ng through TNFR1, or in some cases involve
oth TNF receptors.19,49 A specific blockade of
NFR2 that reduces inflammatory tissue dam-
ge in the kidney without compromising
NFR1-mediated immunosuppressive effects,
ay therefore be advantageous to anti-TNF

reatments, especially in chronic renal diseases

nd systemic autoimmunity. Moreover, given
hat TNFR1, but not TNFR2, plays a crucial role
n lymphoid organogenesis37 and the priming of
ensitized T cells,19,49 which potentially may be
mportant in homeostatic immune surveillance,

TNFR2-specific blockade may not compro-
ise the antitumor response of the immune

ystem.
In conclusion, there is increasing experimental

vidence that TNF, by delivering signals of cellu-
ar differentiation, cytokine production, prolifera-
ion, or apoptosis through its 2 membrane recep-
ors, not only orchestrates acute responses to
nfection and immunologic injury, but acts as an
mmunosuppressive factor required for re-estab-
ishing physiologic homeostasis and immune reg-
lation.19 The proinflammatory, immune-activat-

ng, or immunosuppressive effects of TNF in a
iven pathophysiologic condition (ie, type and
hase of disease) likely is dictated by the level,
iming, and duration of TNF activity.19 More-
ver, variable activation of the 2 TNF receptors
nd their associated intracellular signaling path-
ays appear to be important determinants of

he cellular response to TNF. Thus, the devel-
pment of specific inhibitors that pharmacolog-

cally dissociate the immunosuppressive from
he tissue-damaging effects of TNF is required.
o establish a role for TNF-receptor–specific

herapies in renal diseases, more experimental
tudies in relevant models are needed. Results
rom such studies and the availability of specific
NF-receptor inhibitors will provide a rationale

or clinical trials that ultimately could test the
herapeutic potential of TNFR2-specific inhibi-
ion of inflammatory TNF effects in glomerular
nd interstitial injury associated with immune
nd nonimmune renal diseases.

EFERENCES
1. Baud L, Oudinet JP, Bens M, Noe L, Peraldi MN,

Rondeau E, et al. Production of tumor necrosis fac-
tor by rat mesangial cells in response to bacterial
lipopolysaccharide. Kidney Int. 1989;35:1111-8.

2. Gomez-Guerrero C, Lopez-Armada MJ, Gonzalez E,
Egido J. Soluble IgA and IgG aggregates are catabo-
lized by cultured rat mesangial cells and induce
production of TNF-� and IL-6, and proliferation. J Im-
munol. 1994;153:5247-55.

3. Nakamura A, Johns EJ, Imaizumi A, Niimi R, Yanagawa Y,
Kohsaka T. Role of angiotensin II-induced cAMP in mes-
angial TNF-� production. Cytokine. 2002;19:47-51.
4. Noiri E, Kuwata S, Nosaka K, Tokunaga K, Juji T,



TNF in renal disease 301
Shibata Y, et al. Tumor necrosis factor-� mRNA
expression in lipopolysaccharide-stimulated rat
kidney. Chronological analysis of localization. Am J
Pathol. 1994;144:1159-66.

5. Neale TJ, Ruger BM, Macaulay H, Dunbar PR, Hasan
Q, Bourke A, et al. Tumor necrosis factor-� is ex-
pressed by glomerular visceral epithelial cells in hu-
man membranous nephropathy. Am J Pathol. 1995;
146:1444-54.

6. Wüthrich RP, Glimcher LH, Yui MA, Jevnikar AM,
Dumas SE, Kelley VE. MHC class II, antigen presen-
tation and tumor necrosis factor in renal tubular
epithelial cells. Kidney Int. 1990;37:783-92.

7. Jevnikar AM, Brennan DC, Singer GG, Heng JE, Mas-
linski W, Wüthrich RP, et al. Stimulated kidney tu-
bular epithelial cells express membrane associated
and secreted TNF�. Kidney Int. 1991;40:203-11.

8. Vassalli P. The pathophysiology of tumor necrosis
factors. Annu Rev Immunol. 1992;10:411-52.

9. Aggarwal BB, Samanta A, Feldmann M. TNF�. In:
Oppenheim JJ, Feldmann M, editors. The cytokine
reference. Vol 1. San Diego: Academic Press; 2001.
p. 413-34.

10. Carswell EA, Old LJ, Kassel RL, Green S, Fiore N,
Williamson B. An endotoxin-induced serum factor
that causes necrosis of tumors. Proc Natl Acad Sci U
S A. 1975;72:3666-70.

11. Williams RO, Feldmann M, Maini RN. Anti-tumor
necrosis factor ameliorates joint disease in murine
collagen-induced arthritis. Proc Natl Acad Sci U S A.
1992;89:9784-8.

12. Feldmann M. Development of anti-TNF therapy for
rheumatoid arthritis. Nat Rev Immunol. 2002;2:
364-71.

13. Scott DL, Kingsley GH. Tumor necrosis factor inhib-
itors for rheumatoid arthritis. N Engl J Med. 2006;
355:704-12.

14. van Dullemen HM, van Deventer SJ, Hommes DW,
Bijl HA, Jansen J, Tytgat GN, et al. Treatment of
Crohn’s disease with anti-tumor necrosis factor chi-
meric monoclonal antibody (cA2). Gastroenterol-
ogy. 1995;109:129-35.

15. Present DH, Rutgeerts P, Targan S, Hanauer SB,
Mayer L, van Hogezand RA, et al. Infliximab for the
treatment of fistulas in patients with Crohn’s dis-
ease. N Engl J Med. 1999;340:1398-405.

16. Gorman JD, Sack KE, Davis JC Jr. Treatment of an-
kylosing spondylitis by inhibition of tumor necrosis
factor �. N Engl J Med. 2002;346:1349-56.

17. Chaudhari U, Romano P, Mulcahy LD, Dooley LT,
Baker DG, Gottlieb AB. Efficacy and safety of inflix-
imab monotherapy for plaque-type psoriasis: a ran-
domised trial. Lancet. 2001;357:1842-7.

18. Mease PJ, Goffe BS, Metz J, VanderStoep A, Finck B,
Burge DJ. Etanercept in the treatment of psoriatic
arthritis and psoriasis: a randomised trial. Lancet.
2000;356:385-90.

19. Kollias G, Kontoyiannis D. Role of TNF/TNFR in

autoimmunity: specific TNF receptor blockade may
be advantageous to anti-TNF treatments. Cytokine
Growth Factor Rev. 2002;13:315-21.

20. Charles PJ, Smeenk RJ, De Jong J, Feldmann M, Maini
RN. Assessment of antibodies to double-stranded
DNA induced in rheumatoid arthritis patients follow-
ing treatment with infliximab, a monoclonal anti-
body to tumor necrosis factor �: findings in open-
label and randomized placebo-controlled trials.
Arthritis Rheum. 2000;43:2383-90.

21. De Rycke L, Kruithof E, Van Damme N, Hoffman IE,
Van den BN, Van den BF, et al. Antinuclear antibod-
ies following infliximab treatment in patients with
rheumatoid arthritis or spondylarthropathy. Arthritis
Rheum. 2003;48:1015-23.

22. Eriksson C, Engstrand S, Sundqvist KG, Rantapaa-
Dahlqvist S. Autoantibody formation in patients with
rheumatoid arthritis treated with anti-TNF �. Ann
Rheum Dis. 2005;64:403-7.

23. Shakoor N, Michalska M, Harris CA, Block JA. Drug-
induced systemic lupus erythematosus associated
with etanercept therapy. Lancet. 2002;359:579-80.

24. De Bandt M, Sibilia J, Le LX, Prouzeau S, Fautrel B,
Marcelli C, et al. Systemic lupus erythematosus in-
duced by anti-tumour necrosis factor � therapy: a
French national survey. Arthritis Res Ther. 2005;7:
R545-51.

25. Mor A, Bingham C III, Barisoni L, Lydon E, Belmont
HM. Proliferative lupus nephritis and leukocytoclas-
tic vasculitis during treatment with etanercept.
J Rheumatol. 2005;32:740-3.

26. Stokes MB, Foster K, Markowitz GS, Ebrahimi F, Hines
W, Kaufman D, et al. Development of glomerulone-
phritis during anti-TNF-� therapy for rheumatoid ar-
thritis. Nephrol Dial Transplant. 2005;20:1400-6.

27. van Oosten BW, Barkhof F, Truyen L, Boringa JB,
Bertelsmann FW, von Blomberg BM, et al. Increased
MRI activity and immune activation in two multiple
sclerosis patients treated with the monoclonal anti-
tumor necrosis factor antibody cA2. Neurology.
1996;47:1531-4.

28. The Lenercept Multiple Sclerosis Study Group and
The University of British Columbia MS/MRI Analysis
Group. TNF neutralization in MS: results of a ran-
domized, placebo-controlled multicenter study.
Neurology. 1999;53:457-65.

29. Javaid B, Quigg RJ. Treatment of glomerulonephritis:
will we ever have options other than steroids and
cytotoxics? Kidney Int. 2005;67:1692-703.

30. Feldmann M, Pusey CD. Is there a role for TNF-� in
anti-neutrophil cytoplasmic antibody-associated vas-
culitis? Lessons from other chronic inflammatory
diseases. J Am Soc Nephrol. 2006;17:1243-52.

31. The Wegener’s Granulomatosis Etanercept Trial
(WGET) Research Group. Etanercept plus standard
therapy for Wegener’s granulomatosis. N Engl
J Med. 2005;352:351-61.

32. Brennan FM, Chantry D, Jackson A, Maini R, Feld-

mann M. Inhibitory effect of TNF � antibodies on



302 V. Vielhauer and T.N. Mayadas
synovial cell interleukin-1 production in rheumatoid
arthritis. Lancet. 1989;2:244-7.

33. Fong Y, Tracey KJ, Moldawer LL, Hesse DG,
Manogue KB, Kenney JS, et al. Antibodies to cachec-
tin/tumor necrosis factor reduce interleukin 1� and
interleukin 6 appearance during lethal bacteremia.
J Exp Med. 1989;170:1627-33.

34. Pober JS. Endothelial activation: intracellular signal-
ing pathways. Arthritis Res. 2002;4 Suppl 3:S109-16.

35. Charles P, Elliott MJ, Davis D, Potter A, Kalden JR,
Antoni C, et al. Regulation of cytokines, cytokine
inhibitors, and acute-phase proteins following anti-
TNF-� therapy in rheumatoid arthritis. J Immunol.
1999;163:1521-8.

36. Taylor PC, Peters AM, Paleolog E, Chapman PT,
Elliott MJ, McCloskey R, et al. Reduction of chemo-
kine levels and leukocyte traffic to joints by tumor
necrosis factor � blockade in patients with rheuma-
toid arthritis. Arthritis Rheum. 2000;43:38-47.

37. Pfeffer K. Biological functions of tumor necrosis
factor cytokines and their receptors. Cytokine
Growth Factor Rev. 2003;14:185-91.

38. Heller RA, Song K, Fan N, Chang DJ. The p70 tumor
necrosis factor receptor mediates cytotoxicity. Cell.
1992;70:47-56.

39. Chan KF, Siegel MR, Lenardo JM. Signaling by the
TNF receptor superfamily and T cell homeostasis.
Immunity. 2000;13:419-22.

40. Karin M, Lin A. NF-kB at the crossroads of life and
death. Nat Immunol. 2002;3:221-7.

41. Chen G, Goeddel DV. TNF-R1 signaling: a beautiful
pathway. Science. 2002;296:1634-5.

42. Cope AP, Londei M, Chu NR, Cohen SB, Elliott MJ,
Brennan FM, et al. Chronic exposure to tumor
necrosis factor (TNF) in vitro impairs the activa-
tion of T cells through the T cell receptor/CD3
complex; reversal in vivo by anti-TNF antibodies
in patients with rheumatoid arthritis. J Clin Invest.
1994;94:749-60.

43. Cope AP, Liblau RS, Yang XD, Congia M, Laudanna
C, Schreiber RD, et al. Chronic tumor necrosis factor
alters T cell responses by attenuating T cell receptor
signaling. J Exp Med. 1997;185:1573-84.

44. Isomaki P, Panesar M, Annenkov A, Clark JM,
Foxwell BM, Chernajovsky Y, et al. Prolonged expo-
sure of T cells to TNF down-regulates TCR � and
expression of the TCR/CD3 complex at the cell
surface. J Immunol. 2001;166:5495-507.

45. Aspalter RM, Wolf HM, Eibl MM. Chronic TNF-�
exposure impairs TCR-signaling via TNF-RII but not
TNF-RI. Cell Immunol. 2005;237:55-67.

46. Zheng L, Fisher G, Miller RE, Peschon J, Lynch DH,
Lenardo MJ. Induction of apoptosis in mature T cells
by tumour necrosis factor. Nature. 1995;377:348-51.

47. Speiser DE, Sebzda E, Ohteki T, Bachmann MF, Pfef-
fer K, Mak TW, et al. Tumor necrosis factor receptor
p55 mediates deletion of peripheral cytotoxic T lym-
phocytes in vivo. Eur J Immunol. 1996;26:3055-60.
48. Herbein G, Mahlknecht U, Batliwalla F, Gregersen P,
Pappas T, Butler J, et al. Apoptosis of CD8� T cells
is mediated by macrophages through interaction of
HIV gp120 with chemokine receptor CXCR4.
Nature. 1998;395:189-94.

49. Kassiotis G, Kollias G. Uncoupling the proinflamma-
tory from the immunosuppressive properties of tu-
mor necrosis factor (TNF) at the p55 TNF receptor
level: implications for pathogenesis and therapy of
autoimmune demyelination. J Exp Med. 2001;193:
427-34.

50. Kassiotis G, Kranidioti K, Kollias G. Defective CD4
T cell priming and resistance to experimental au-
toimmune encephalomyelitis in TNF-deficient
mice due to innate immune hypo-responsiveness.
J Neuroimmunol. 2001;119:239-47.

51. McSorley SJ, Soldera S, Malherbe L, Carnaud C, Lock-
sley RM, Flavell RA, et al. Immunological tolerance
to a pancreatic antigen as a result of local expression
of TNF� by islet � cells. Immunity. 1997;7:401-9.

52. Fujimura T, Hirose S, Jiang Y, Kodera S, Ohmuro H,
Zhang D, et al. Dissection of the effects of tumor
necrosis factor-� and class II gene polymorphisms
within the MHC on murine systemic lupus erythem-
atosus (SLE). Int Immunol. 1998;10:1467-72.

53. Gordon C, Wofsy D. Effects of recombinant murine
tumor necrosis factor-� on immune function. J Im-
munol. 1990;144:1753-8.

54. Ishida H, Muchamuel T, Sakaguchi S, Andrade S,
Menon S, Howard M. Continuous administration of
anti-interleukin 10 antibodies delays onset of auto-
immunity in NZB/W F1 mice. J Exp Med. 1994;179:
305-10.

55. Kontoyiannis D, Kollias G. Accelerated autoimmu-
nity and lupus nephritis in NZB mice with an engi-
neered heterozygous deficiency in tumor necrosis
factor. Eur J Immunol. 2000;30:2038-47.

56. Zhou T, Edwards CK III, Yang P, Wang Z, Blueth-
mann H, Mountz JD. Greatly accelerated lymphade-
nopathy and autoimmune disease in lpr mice lacking
tumor necrosis factor receptor I. J Immunol. 1996;
156:2661-5.

57. Douni E, Kollias G. A critical role of the p75 tumor
necrosis factor receptor (p75TNF-R) in organ inflam-
mation independent of TNF, lymphotoxin �, or the
p55TNF-R. J Exp Med. 1998;188:1343-52.

58. Bazzoni F, Beutler B. The tumor necrosis factor li-
gand and receptor families. N Engl J Med. 1996;334:
1717-25.

59. MacEwan DJ. TNF ligands and receptors—a matter
of life and death. Br J Pharmacol. 2002;135:855-75.

60. Grell M, Wajant H, Zimmermann G, Scheurich P.
The type 1 receptor (CD120a) is the high-affinity
receptor for soluble tumor necrosis factor. Proc Natl
Acad Sci U S A. 1998;95:570-5.

61. Tartaglia LA, Pennica D, Goeddel DV. Ligand pass-
ing: the 75-kDa tumor necrosis factor (TNF) recep-
tor recruits TNF for signaling by the 55-kDa TNF
receptor. J Biol Chem. 1993;268:18542-8.
62. Grell M, Douni E, Wajant H, Lohden M, Clauss M,



TNF in renal disease 303
Maxeiner B, et al. The transmembrane form of tumor
necrosis factor is the prime activating ligand of the
80 kDa tumor necrosis factor receptor. Cell.
1995;83:793-802.

63. Pinckard JK, Sheehan KC, Schreiber RD. Ligand-
induced formation of p55 and p75 tumor necrosis
factor receptor heterocomplexes on intact cells.
J Biol Chem. 1997;272:10784-9.

64. Bradley JR, Thiru S, Pober JS. Disparate localization
of 55-kd and 75-kd tumor necrosis factor receptors
in human endothelial cells. Am J Pathol. 1995;146:
27-32.

65. Madge LA, Sierra-Honigmann MR, Pober JS. Apopto-
sis-inducing agents cause rapid shedding of tumor
necrosis factor receptor 1 (TNFR1). A nonpharma-
cological explanation for inhibition of TNF-mediated
activation. J Biol Chem. 1999;274:13643-9.

66. Van Zee KJ, Kohno T, Fischer E, Rock CS, Moldawer
LL, Lowry SF. Tumor necrosis factor soluble recep-
tors circulate during experimental and clinical in-
flammation and can protect against excessive tumor
necrosis factor � in vitro and in vivo. Proc Natl Acad
Sci U S A. 1992;89:4845-9.

67. Al Lamki RS, Wang J, Skepper JN, Thiru S, Pober JS,
Bradley JR. Expression of tumor necrosis factor re-
ceptors in normal kidney and rejecting renal trans-
plants. Lab Invest. 2001;81:1503-15.

68. Feldmann M, Brennan FM, Maini R. Cytokines in
autoimmune disorders. Int Rev Immunol. 1998;17:
217-28.

69. Diez-Ruiz A, Tilz GP, Zangerle R, Baier-Bitterlich G,
Wachter H, Fuchs D. Soluble receptors for tumour
necrosis factor in clinical laboratory diagnosis. Eur J
Haematol. 1995;54:1-8.

70. Lantz M, Malik S, Slevin ML, Olsson I. Infusion of
tumor necrosis factor (TNF) causes an increase in
circulating TNF-binding protein in humans. Cyto-
kine. 1990;2:402-6.

71. Xanthoulea S, Pasparakis M, Kousteni S, Brakebusch
C, Wallach D, Bauer J, et al. Tumor necrosis factor
(TNF) receptor shedding controls thresholds of in-
nate immune activation that balance opposing TNF
functions in infectious and inflammatory diseases. J
Exp Med. 2004;200:367-76.

72. Galon J, Aksentijevich I, McDermott MF, O’Shea
JJ, Kastner DL. TNFRSF1A mutations and autoin-
flammatory syndromes. Curr Opin Immunol.
2000;12:479-86.

73. Ledgerwood EC, Pober JS, Bradley JR. Recent ad-
vances in the molecular basis of TNF signal trans-
duction. Lab Invest. 1999;79:1041-50.

74. Hsu H, Xiong J, Goeddel DV. The TNF receptor
1-associated protein TRADD signals cell death and
NF-�B activation. Cell. 1995;81:495-504.

75. Hsu H, Huang J, Shu HB, Baichwal V, Goeddel DV.
TNF-dependent recruitment of the protein kinase
RIP to the TNF receptor-1 signaling complex. Immu-
nity. 1996;4:387-96.
76. Kelliher MA, Grimm S, Ishida Y, Kuo F, Stanger
BZ, Leder P. The death domain kinase RIP
mediates the TNF-induced NF-�B signal. Immu-
nity. 1998;8:297-303.

77. Park YC, Ye H, Hsia C, Segal D, Rich RL, Liou HC,
et al. A novel mechanism of TRAF signaling revealed
by structural and functional analyses of the TRADD-
TRAF2 interaction. Cell. 2000;101:777-87.

78. Rothe M, Wong SC, Henzel WJ, Goeddel DV. A novel
family of putative signal transducers associated with
the cytoplasmic domain of the 75 kDa tumor necro-
sis factor receptor. Cell. 1994;78:681-92.

79. Pimentel-Muinos FX, Seed B. Regulated commitment
of TNF receptor signaling: a molecular switch for
death or activation. Immunity. 1999;11:783-93.

80. Beyaert R, Vanhaesebroeck B, Declercq W, Van Lint J,
Vandenabele P, Agostinis P, et al. Casein kinase-1 phos-
phorylates the p75 tumor necrosis factor receptor and
negatively regulates tumor necrosis factor signaling for
apoptosis. J Biol Chem. 1995;270:23293-9.

81. Funk JO, Walczak H, Voigtlander C, Berchtold S,
Baumeister T, Rauch P, et al. Cutting edge: resis-
tance to apoptosis and continuous proliferation of
dendritic cells deficient for TNF receptor-1. J Immu-
nol. 2000;165:4792-6.

82. Floege J, Ostendorf T, Wolf G. Growth factors and
cytokines. In: Neilson EG, Couser WG, editors. Im-
munologic renal diseases. 2nd ed. Philadelphia: Lip-
pincott Williams & Wilkins; 2001. p. 415-63.

83. Aten J, Roos A, Claessen N, Schilder-Tol EJ, Ten
Berge IJ, Weening JJ. Strong and selective glomeru-
lar localization of CD134 ligand and TNF receptor-1
in proliferative lupus nephritis. J Am Soc Nephrol.
2000;11:1426-38.

84. Niemir ZI, Ondracek M, Dworacki G, Stein H, Wald-
herr R, Ritz E, et al. In situ upregulation of IL-10
reflects the activity of human glomerulonephritides.
Am J Kidney Dis. 1998;32:80-92.

85. Diamond JR, Pesek I. Glomerular tumor necrosis
factor and interleukin 1 during acute aminonucleo-
side nephrosis. An immunohistochemical study. Lab
Invest. 1991;64:21-8.

86. Onbe T, Kashihara N, Yamasaki Y, Makino H, Ota Z.
Expression of mRNA’s of cytokines and growth fac-
tors in experimental glomerulonephritis. Res Com-
mun Mol Pathol Pharmacol. 1994;86:131-8.

87. Ortiz A, Alonso J, Gomez-Chiarri M, Lerma JL, Seron
D, Condom E, et al. Fibronectin (FN) decreases glo-
merular lesions and synthesis of tumour necrosis
factor-� (TNF-�), platelet-activating factor (PAF) and
FN in proliferative glomerulonephritis. Clin Exp Im-
munol. 1995;101:334-40.

88. Tipping PG, Leong TW, Holdsworth SR. Tumor ne-
crosis factor production by glomerular macrophages
in anti-glomerular basement membrane glomerulo-
nephritis in rabbits. Lab Invest. 1991;65:272-9.

89. Karkar AM, Koshino Y, Cashman SJ, Dash AC, Bon-
nefoy J, Meager A, et al. Passive immunization
against tumour necrosis factor-� (TNF-�) and IL-1�

protects from LPS enhancing glomerular injury in



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

304 V. Vielhauer and T.N. Mayadas
nephrotoxic nephritis in rats. Clin Exp Immunol.
1992;90:312-8.

90. Timoshanko JR, Sedgwick JD, Holdsworth SR, Tip-
ping PG. Intrinsic renal cells are the major source of
tumor necrosis factor contributing to renal injury in
murine crescentic glomerulonephritis. J Am Soc
Nephrol. 2003;14:1785-93.

91. Gomez-Chiarri M, Ortiz A, Lerma JL, Lopez-Armada
MJ, Mampaso F, Gonzalez E, et al. Involvement of
tumor necrosis factor and platelet-activating factor
in the pathogenesis of experimental nephrosis in
rats. Lab Invest. 1994;70:449-59.

92. Albaugh G, Kann B, Strande L, Vemulapalli P, Hewitt
C, Alexander JB. Nicotine induces endothelial TNF-�
expression, which mediates growth retardation in
vitro. J Surg Res. 2001;99:381-4.

93. Eissner G, Lindner H, Konur A, Kreutz M, Andreesen
R, Holler E. Naive monocytes can trigger transendo-
thelial migration of peripheral blood cells through
the induction of endothelial tumour necrosis fac-
tor-�. Scand J Immunol. 2000;51:251-61.

94. Fouqueray B, Philippe C, Herbelin A, Perez J, Ardai-
llou R, Baud L. Cytokine formation within rat glo-
meruli during experimental endotoxemia. J Am Soc
Nephrol. 1993;3:1783-91.

95. Kita T, Tanaka N, Nagano T. The immunocytochem-
ical localization of tumour necrosis factor and leu-
kotriene in the rat kidney after treatment with lipo-
polysaccharide. Int J Exp Pathol. 1993;74:471-9.

96. Donnahoo KK, Meng X, Ao L, Ayala A, Shames BD,
Cain MP, et al. Differential cellular immunolocaliza-
tion of renal tumour necrosis factor-� production
during ischaemia versus endotoxaemia. Immunol-
ogy. 2001;102:53-8.

97. Misseri R, Meldrum DR, Dagher P, Hile K, Rink RC,
Meldrum KK. Unilateral ureteral obstruction in-
duces renal tubular cell production of tumor necro-
sis factor-� independent of inflammatory cell infil-
tration. J Urol. 2004;172:1595-9.

98. Kamanna VS, Pai R, Bassa B, Kirschenbaum MA.
Activation of mesangial cells with TNF-� stimulates
M-CSF gene expression and monocyte proliferation:
evidence for involvement of protein kinase C and
protein tyrosine kinase. Biochim Biophys Acta.
1996;1313:161-72.

99. Pai R, Ha H, Kirschenbaum MA, Kamanna VS. Role
of tumor necrosis factor-� on mesangial cell MCP-1
expression and monocyte migration: mechanisms
mediated by signal transduction. J Am Soc Nephrol.
1996;7:914-23.

00. Radeke HH, Meier B, Topley N, Floge J, Habermehl
GG, Resch K. Interleukin 1-� and tumor necrosis
factor-� induce oxygen radical production in mes-
angial cells. Kidney Int. 1990;37:767-75.

01. Wiggins RC, Njoku N, Sedor JR. Tissue factor pro-
duction by cultured rat mesangial cells. Stimulation
by TNF � and lipopolysaccharide. Kidney Int. 1990;
37:1281-5.
02. Benador NM, Grau GE, Ruef C, Girardin EP. Endog-
enous TNF-� modulates the proliferation of rat
mesangial cells and their prostaglandin E2 synthesis.
Microvasc Res. 1995;50:154-61.

03. Pai R, Bassa B, Kirschenbaum MA, Kamanna VS.
TNF-� stimulates monocyte adhesion to glomerular
mesangial cells. The role of intercellular adhesion
molecule-1 gene expression and protein kinases.
J Immunol. 1996;156:2571-9.

04. Gerritsma JS, Hiemstra PS, Gerritsen AF, Prodjosud-
jadi W, Verweij CL, Van Es LA, et al. Regulation and
production of IL-8 by human proximal tubular epithe-
lial cells in vitro. Clin Exp Immunol. 1996;103:
289-94.

05. Peralta SA, Mullin JM, Knudsen KA, Marano CW.
Tissue remodeling during tumor necrosis factor-in-
duced apoptosis in LLC-PK1 renal epithelial cells.
Am J Physiol. 1996;270:F869-79.

06. Ortiz A, Lorz C, Catalan MP, Danoff TM, Yamasaki Y,
Egido J, et al. Expression of apoptosis regulatory
proteins in tubular epithelium stressed in culture or
following acute renal failure. Kidney Int. 2000;57:
969-81.

07. Meldrum KK, Meldrum DR, Hile KL, Yerkes EB,
Ayala A, Cain MP, et al. p38 MAPK mediates renal
tubular cell TNF-� production and TNF-�-dependent
apoptosis during simulated ischemia. Am J Physiol.
2001;281:C563-70.

08. Takemura T, Yoshioka K, Murakami K, Akano N,
Okada M, Aya N, et al. Cellular localization of inflam-
matory cytokines in human glomerulonephritis. Vir-
chows Arch. 1994;424:459-64.

09. Noronha IL, Kruger C, Andrassy K, Ritz E, Waldherr
R. In situ production of TNF-�, IL-1� and IL-2R in
ANCA-positive glomerulonephritis. Kidney Int.
1993;43:682-92.

10. Malide D, Russo P, Bendayan M. Presence of tumor
necrosis factor � and interleukin-6 in renal mesan-
gial cells of lupus nephritis patients. Hum Pathol.
1995;26:558-64.

11. Honkanen E, Teppo AM, Meri S, Lehto T, Gronha-
gen-Riska C. Urinary excretion of cytokines and
complement SC5b-9 in idiopathic membranous glo-
merulonephritis. Nephrol Dial Transplant. 1994;9:
1553-9.

12. Vielhauer V, Stavrakis G, Mayadas TN. Renal cell-
expressed TNF receptor 2, not receptor 1, is essen-
tial for the development of glomerulonephritis.
J Clin Invest. 2005;115:1199-209.

13. Cunningham PN, Dyanov HM, Park P, Wang J, New-
ell KA, Quigg RJ. Acute renal failure in endotoxemia
is caused by TNF acting directly on TNF receptor-1
in kidney. J Immunol. 2002;168:5817-23.

14. Donnahoo KK, Meng X, Ayala A, Cain MP, Harken
AH, Meldrum DR. Early kidney TNF-� expression
mediates neutrophil infiltration and injury after renal
ischemia-reperfusion. Am J Physiol. 1999;277:
R922-9.

15. Daemen MA, van de Ven MW, Heineman E, Buurman

WA. Involvement of endogenous interleukin-10 and



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

TNF in renal disease 305
tumor necrosis factor-� in renal ischemia-reperfusion
injury. Transplantation. 1999;67:792-800.

16. Kelly KJ, Williams WW Jr, Colvin RB, Bonventre JV.
Antibody to intercellular adhesion molecule 1 pro-
tects the kidney against ischemic injury. Proc Natl
Acad Sci U S A. 1994;91:812-6.

17. Donnahoo KK, Shames BD, Harken AH, Meldrum
DR. Review article: the role of tumor necrosis factor
in renal ischemia-reperfusion injury. J Urol. 1999;
162:196-203.

18. Ramesh G, Reeves WB. TNF-� mediates chemokine
and cytokine expression and renal injury in cisplatin
nephrotoxicity. J Clin Invest. 2002;110:835-42.

19. Kim YK, Choi TR, Kwon CH, Kim JH, Woo JS, Jung
JS. Beneficial effect of pentoxifylline on cisplatin-
induced acute renal failure in rabbits. Ren Fail. 2003;
25:909-22.

20. Ramesh G, Reeves WB. TNFR2-mediated apoptosis
and necrosis in cisplatin-induced acute renal failure.
Am J Physiol. 2003;285:F610-8.

21. Tracey KJ, Fong Y, Hesse DG, Manogue KR, Lee AT,
Kuo GC, et al. Anti-cachectin/TNF monoclonal anti-
bodies prevent septic shock during lethal bacterae-
mia. Nature. 1987;330:662-4.

22. Tracey KJ, Cerami A. Tumor necrosis factor: a pleio-
tropic cytokine and therapeutic target. Annu Rev
Med. 1994;45:491-503.

23. Michie HR, Manogue KR, Spriggs DR, Revhaug A,
O’Dwyer S, Dinarello CA, et al. Detection of circu-
lating tumor necrosis factor after endotoxin admin-
istration. N Engl J Med. 1988;318:1481-6.

24. Iglesias J, Marik PE, Levine JS. Elevated serum levels
of the type I and type II receptors for tumor necrosis
factor-� as predictive factors for ARF in patients
with septic shock. Am J Kidney Dis. 2003;41:62-75.

25. Bertani T, Abbate M, Zoja C, Corna D, Perico N,
Ghezzi P, et al. Tumor necrosis factor induces glo-
merular damage in the rabbit. Am J Pathol. 1989;
134:419-30.

26. Giroir BP, Johnson JH, Brown T, Allen GL, Beutler B.
The tissue distribution of tumor necrosis factor bio-
synthesis during endotoxemia. J Clin Invest. 1992;
90:693-8.

27. Knotek M, Rogachev B, Wang W, Ecder T, Melnikov
V, Gengaro PE, et al. Endotoxemic renal failure in
mice: role of tumor necrosis factor independent of
inducible nitric oxide synthase. Kidney Int. 2001;59:
2243-9.

28. Wang W, Zolty E, Falk S, Basava V, Reznikov L,
Schrier R. Pentoxifylline protects against endotoxin-
induced acute renal failure in mice. Am J Physiol.
2006;291:F1090-5.

29. Peschon JJ, Torrance DS, Stocking KL, Glaccum MB,
Otten C, Willis CR, et al. TNF receptor-deficient
mice reveal divergent roles for p55 and p75 in sev-
eral models of inflammation. J Immunol. 1998;160:
943-52.
30. Rodriguez-Iturbe B, Pons H, Herrera-Acosta J, Johnson
RJ. Role of immunocompetent cells in nonimmune
renal diseases. Kidney Int. 2001;59:1626-40.

31. Kaneto H, Morrissey JJ, McCracken R, Ishidoya S,
Reyes AA, Klahr S. The expression of mRNA for
tumor necrosis factor � increases in the obstructed
kidney of rats soon after unilateral ureteral ligation.
Nephrology. 1996;2:161-6.

32. Guo G, Morrissey J, McCracken R, Tolley T, Klahr S.
Role of TNFR1 and TNFR2 receptors in tubulointer-
stitial fibrosis of obstructive nephropathy. Am J
Physiol. 1999;277:F766-72.

33. Misseri R, Meldrum DR, Dinarello CA, Dagher P, Hile
KL, Rink RC, et al. TNF-� mediates obstruction-
induced renal tubular cell apoptosis and proapop-
totic signaling. Am J Physiol. 2005;288:F406-11.

34. Guo G, Morrissey J, McCracken R, Tolley T, Liapis H,
Klahr S. Contributions of angiotensin II and tumor
necrosis factor-� to the development of renal fibro-
sis. Am J Physiol. 2001;280:F777-85.

35. Muller DN, Shagdarsuren E, Park JK, Dechend R,
Mervaala E, Hampich F, et al. Immunosuppressive
treatment protects against angiotensin II-induced re-
nal damage. Am J Pathol. 2002;161:1679-93.

36. Elmarakby AA, Quigley JE, Pollock DM, Imig JD.
Tumor necrosis factor � blockade increases renal
Cyp2c23 expression and slows the progression of
renal damage in salt-sensitive hypertension. Hyper-
tension. 2006;47:557-62.

37. Nakamura T, Fukui M, Ebihara I, Osada S, Nagaoka I,
Tomino Y, et al. mRNA expression of growth factors
in glomeruli from diabetic rats. Diabetes. 1993;42:
450-6.

38. DiPetrillo K, Gesek FA. Pentoxifylline ameliorates
renal tumor necrosis factor expression, sodium re-
tention, and renal hypertrophy in diabetic rats. Am J
Nephrol. 2004;24:352-9.

39. Kalantarinia K, Awad AS, Siragy HM. Urinary and
renal interstitial concentrations of TNF-� increase
prior to the rise in albuminuria in diabetic rats.
Kidney Int. 2003;64:1208-13.

40. Navarro JF, Milena FJ, Mora C, Leon C, Claverie F,
Flores C, et al. Tumor necrosis factor-� gene expres-
sion in diabetic nephropathy: relationship with uri-
nary albumin excretion and effect of angiotensin-
converting enzyme inhibition. Kidney Int. 2005;67
Suppl 99:S98-102.

41. Siragy HM, Awad A, Abadir P, Webb R. The angio-
tensin II type 1 receptor mediates renal interstitial
content of tumor necrosis factor-� in diabetic rats.
Endocrinology. 2003;144:2229-33.

42. Navarro JF, Mora C, Muros M, Garcia J. Additive
antiproteinuric effect of pentoxifylline in patients
with type 2 diabetes under angiotensin II receptor
blockade: a short-term, randomized, controlled trial.
J Am Soc Nephrol. 2005;16:2119-26.

43. Navarro JF, Mora C, Maca M, Garca J. Inflammatory
parameters are independently associated with uri-
nary albumin in type 2 diabetes mellitus. Am J Kid-

ney Dis. 2003;42:53-61.



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

306 V. Vielhauer and T.N. Mayadas
44. Moriwaki Y, Yamamoto T, Shibutani Y, Aoki E, Tsut-
sumi Z, Takahashi S, et al. Elevated levels of inter-
leukin-18 and tumor necrosis factor-� in serum of
patients with type 2 diabetes mellitus: relationship
with diabetic nephropathy. Metabolism. 2003;52:
605-8.

45. Navarro JF, Mora C, Muros M, Garcia J. Urinary
tumour necrosis factor-� excretion independently
correlates with clinical markers of glomerular and
tubulointerstitial injury in type 2 diabetic patients.
Nephrol Dial Transplant. 2006;21:3428-34.

46. Vendrell J, Broch M, Fernandez-Real JM, Gutierrez C,
Simon I, Megia A, et al. Tumour necrosis factor
receptors (TNFRs) in type 2 diabetes. Analysis of
soluble plasma fractions and genetic variations of
TNFR2 gene in a case-control study. Diabet Med.
2005;22:387-92.

47. Wang Y, Ng MC, So WY, Ma R, Ko GT, Tong PC, et al.
Association between tumour necrosis factor-� G-308A
polymorphism and risk of nephropathy in obese Chi-
nese type 2 diabetic patients. Nephrol Dial Transplant.
2005;20:2733-8.

48. Ozen S, Saatci U, Tinaztepe K, Bakkaloglu A, Barut A.
Urinary tumor necrosis factor levels in primary glo-
merulopathies. Nephron. 1994;66:291-4.

49. Tomosugi NI, Cashman SJ, Hay H, Pusey CD, Evans
DJ, Shaw A, et al. Modulation of antibody-mediated
glomerular injury in vivo by bacterial lipopolysac-
charide, tumor necrosis factor, and IL-1. J Immunol.
1989;142:3083-90.

50. Le Hir M, Haas C, Marino M, Ryffel B. Prevention of
crescentic glomerulonephritis induced by anti-glo-
merular membrane antibody in tumor necrosis fac-
tor-deficient mice. Lab Invest. 1998;78:1625-31.

51. Chen YM, Ng YY, Lin SL, Chiang WC, Lan HY, Tsai
TJ. Pentoxifylline suppresses renal tumour necrosis
factor-� and ameliorates experimental crescentic
glomerulonephritis in rats. Nephrol Dial Transplant.
2004;19:1106-15.

52. Lan HY, Yang N, Metz C, Mu W, Song Q, Nikolic-
Paterson DJ, et al. TNF-� up-regulates renal MIF
expression in rat crescentic glomerulonephritis. Mol
Med. 1997;3:136-44.

53. Karkar AM, Smith J, Pusey CD. Prevention and treat-
ment of experimental crescentic glomerulonephritis
by blocking tumour necrosis factor-�. Nephrol Dial
Transplant. 2001;16:518-24.

54. Khan SB, Cook HT, Bhangal G, Smith J, Tam FW,
Pusey CD. Antibody blockade of TNF-� reduces in-
flammation and scarring in experimental crescentic
glomerulonephritis. Kidney Int. 2005;67:1812-20.

55. Jacobs M, Brown N, Allie N, Chetty K, Ryffel B. Tumor
necrosis factor receptor 2 plays a minor role for my-
cobacterial immunity. Pathobiology. 2000;68:68-75.

56. Rosenkranz AR, Knight S, Sethi S, Alexander SI,
Cotran RS, Mayadas TN. Regulatory interactions of
�� and �� T cells in glomerulonephritis. Kidney Int.
2000;58:1055-66.
57. Rosenkranz AR, Mendrick DL, Cotran RS, Mayadas
TN. P-selectin deficiency exacerbates experimental
glomerulonephritis: a protective role for endothelial
P-selectin in inflammation. J Clin Invest. 1999;103:
649-59.

58. Hindmarsh EJ, Marks RM. Complement activation
occurs on subendothelial extracellular matrix in
vitro and is initiated by retraction or removal of
overlying endothelial cells. J Immunol. 1998;160:
6128-36.

59. Boswell JM, Yui MA, Burt DW, Kelley VE. Increased
tumor necrosis factor and IL-1 � gene expression in
the kidneys of mice with lupus nephritis. J Immunol.
1988;141:3050-4.

60. Brennan DC, Yui MA, Wüthrich RP, Kelley VE. Tu-
mor necrosis factor and IL-1 in New Zealand black/
white mice. Enhanced gene expression and acceler-
ation of renal injury. J Immunol. 1989;143:3470-5.

61. Yokoyama H, Kreft B, Kelley VR. Biphasic increase
in circulating and renal TNF-� in MRL-lpr mice with
differing regulatory mechanisms. Kidney Int. 1995;
47:122-30.

62. Tsai CY, Wu TH, Huang SF, Sun KH, Hsieh SC, Han
SH, et al. Abnormal splenic and thymic IL-4 and
TNF-� expression in MRL-lpr/lpr mice. Scand J Im-
munol. 1995;41:157-63.

63. Debets JM, Van der Linden CJ, Dieteren IE, Leeu-
wenberg JF, Buurman WA. Fc-receptor cross-linking
induces rapid secretion of tumor necrosis factor
(cachectin) by human peripheral blood monocytes.
J Immunol. 1988;141:1197-201.

64. Neuwirth R, Singhal P, Diamond B, Hays RM, Lob-
meyer L, Clay K, et al. Evidence for immunoglobulin
Fc receptor-mediated prostaglandin 2 and platelet-
activating factor formation by cultured rat mesangial
cells. J Clin Invest. 1988;82:936-44.

65. Santiago A, Satriano J, DeCandido S, Holthöfer H,
Schreiber R, Unkeless J, et al. A specific Fc� receptor
on cultured rat mesangial cells. J Immunol. 1989;
143:2575-82.

66. Moore KJ, Yeh K, Naito T, Kelley VR. TNF-� en-
hances colony-stimulating factor-1-induced macro-
phage accumulation in autoimmune renal disease.
J Immunol. 1996;157:427-32.

67. Herrera-Esparza R, Barbosa-Cisneros O, Villalobos-
Hurtado R, Avalos-Diaz E. Renal expression of IL-6
and TNF� genes in lupus nephritis. Lupus. 1998;7:
154-8.

68. Aringer M, Smolen JS. Complex cytokine effects in a
complex autoimmune disease: tumor necrosis factor
in systemic lupus erythematosus. Arthritis Res Ther.
2003;5:172-7.

69. Maury CP, Teppo AM. Tumor necrosis factor in the
serum of patients with systemic lupus erythemato-
sus. Arthritis Rheum. 1989;32:146-50.

70. Studnicka-Benke A, Steiner G, Petera P, Smolen JS.
Tumour necrosis factor � and its soluble receptors
parallel clinical disease and autoimmune activity in
systemic lupus erythematosus. Br J Rheumatol.

1996;35:1067-74.



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

TNF in renal disease 307
71. Gabay C, Cakir N, Moral F, Roux-Lombard P, Meyer
O, Dayer JM, et al. Circulating levels of tumor ne-
crosis factor soluble receptors in systemic lupus
erythematosus are significantly higher than in other
rheumatic diseases and correlate with disease activ-
ity. J Rheumatol. 1997;24:303-8.

72. Lee YH, Harley JB, Nath SK. Meta-analysis of TNF-�
promoter �308 A/G polymorphism and SLE suscep-
tibility. Eur J Hum Genet. 2006;14:364-71.

73. Deguchi Y, Kishimoto S. Tumour necrosis factor/
cachectin plays a key role in autoimmune pulmo-
nary inflammation in lupus-prone mice. Clin Exp
Immunol. 1991;85:392-5.

74. Edwards CK III, Zhou T, Zhang J, Baker TJ, De M,
Long RE, et al. Inhibition of superantigen-induced
proinflammatory cytokine production and inflamma-
tory arthritis in MRL-lpr/lpr mice by a transcriptional
inhibitor of TNF-�. J Immunol. 1996;157:1758-72.

75. Segal R, Dayan M, Zinger H, Mozes E. Suppression of
experimental systemic lupus erythematosus (SLE) in
mice via TNF inhibition by an anti-TNF� monoclonal
antibody and by pentoxiphylline. Lupus. 2001;10:
23-31.

76. Aringer M, Graninger WB, Steiner G, Smolen JS.
Safety and efficacy of tumor necrosis factor � block-
ade in systemic lupus erythematosus: an open-label
study. Arthritis Rheum. 2004;50:3161-9.

77. Horiuchi T, Kiyohara C, Tsukamoto H, Sawabe T,
Furugo I, Yoshizawa S, et al. A functional M196R
polymorphism of tumor necrosis factor receptor
type 2 is associated with systemic lupus erythema-
tosus: a case-control study and a meta-analysis. Ann
Rheum Dis. 2007;66:320-4.

78. Huugen D, Xiao H, van Esch A, Falk RJ, Peutz-Kootstra
CJ, Buurman WA, et al. Aggravation of anti-myeloper-
oxidase antibody-induced glomerulonephritis by bac-
terial lipopolysaccharide: role of tumor necrosis fac-
tor-�. Am J Pathol. 2005;167:47-58.

79. Pfister H, Ollert M, Frohlich LF, Quintanilla-Martinez
L, Colby TV, Specks U, et al. Antineutrophil cyto-
plasmic autoantibodies against the murine homolog
of proteinase 3 (Wegener autoantigen) are patho-
genic in vivo. Blood. 2004;104:1411-8.

80. Little MA, Smyth CL, Yadav R, Ambrose L, Cook HT,
Nourshargh S, et al. Antineutrophil cytoplasm anti-
bodies directed against myeloperoxidase augment
leukocyte-microvascular interactions in vivo. Blood.
2005;106:2050-8.

81. Little MA, Bhangal G, Smyth CL, Nakada MT, Cook
HT, Nourshargh S, et al. Therapeutic effect of anti-
TNF-� antibodies in an experimental model of anti-
neutrophil cytoplasm antibody-associated systemic
vasculitis. J Am Soc Nephrol. 2006;17:160-9.

82. Bartolucci P, Ramanoelina J, Cohen P, Mahr A, God-
mer P, Le Hello C, et al. Efficacy of the anti-TNF-�
antibody infliximab against refractory systemic vas-
culitides: an open pilot study on 10 patients. Rheu-
matology (Oxford). 2002;41:1126-32.
83. Lamprecht P, Voswinkel J, Lilienthal T, Nolle B,
Heller M, Gross WL, et al. Effectiveness of TNF-�
blockade with infliximab in refractory Wegener’s
granulomatosis. Rheumatology (Oxford). 2002;41:
1303-7.

84. Booth A, Harper L, Hammad T, Bacon P, Griffith M,
Levy J, et al. Prospective study of TNF� blockade
with infliximab in anti-neutrophil cytoplasmic anti-
body-associated systemic vasculitis. J Am Soc Neph-
rol. 2004;15:717-21.

85. Sandborn WJ, Hanauer SB, Katz S, Safdi M, Wolf DG,
Baerg RD, et al. Etanercept for active Crohn’s disease:
a randomized, double-blind, placebo-controlled trial.
Gastroenterology. 2001;121:1088-94.

86. Stone JH, Holbrook JT, Marriott MA, Tibbs AK, Se-
jismundo LP, Min YI, et al. Solid malignancies among
patients in the Wegener’s Granulomatosis Etaner-
cept Trial. Arthritis Rheum. 2006;54:1608-18.

87. Herrero-Fresneda I, Franquesa M, Torras J, Vidal A,
Aran J, Pluvinet R, et al. Role of cold ischemia in
acute rejection: characterization of a humoral-like
acute rejection in experimental renal transplanta-
tion. Transplant Proc. 2005;37:3712-5.

88. Gasser M, Waaga-Gasser AM, Kist-van Holthe JE,
Yuan X, Lenhard SM, Abdallah KA, et al. Chronic
rejection: insights from a novel immunosuppressive-
free model of kidney transplantation. J Am Soc
Nephrol. 2004;15:687-94.

89. Krogerus L, Soots A, Bruggeman C, Loginov R,
Ahonen J, Lautenschlager I. CMV increases TNF-�
expression in a rat kidney model of chronic rejec-
tion. Transplant Proc. 2003;35:803.

90. Oliveira SG, Oliveira IB, Abensur H, Araujo MR,
Romao JE, Noronha IL. Differential expression of
cytokines, growth factors, and �-smooth muscle ac-
tin in renal allograft biopsies. Transplant Proc. 2002;
34:479-81.

91. Hribova P, Kotsch K, Brabcova I, Vitko S, Volk HD,
Lacha J. Cytokines and chemokine gene expression
in human kidney transplantation. Transplant Proc.
2005;37:760-3.

92. Strehlau J, Pavlakis M, Lipman M, Shapiro M, Vas-
concellos L, Harmon W, et al. Quantitative detection
of immune activation transcripts as a diagnostic tool
in kidney transplantation. Proc Natl Acad Sci U S A.
1997;94:695-700.

93. Zegarska J, Paczek L, Pawlowska M, Podrzucki W,
Rowinski W, Malanowski P, et al. Quantitative gene
expression of TGF-�1, TNF-�, IL-1�, and IL-6 in the
renal artery wall of chronically rejected human renal
allografts. Transplant Proc. 2002;34:3176-9.

94. Melk A, Henne T, Kollmar T, Strehlau J, Latta K,
Offner G, et al. Cytokine single nucleotide polymor-
phisms and intrarenal gene expression in chronic
allograft nephropathy in children. Kidney Int. 2003;
64:314-20.

95. McLaughlin PJ, Aikawa A, Davies HM, Ward RG,
Bakran A, Sells RA, et al. Evaluation of sequential

plasma and urinary tumor necrosis factor a levels in



1

1

1

1

2

2

2

2

2

2

2

2

2

2

2

2

2

308 V. Vielhauer and T.N. Mayadas
renal allograft recipients. Transplantation. 1991;51:
1225-9.

96. Oliveira JG, Xavier P, Sampaio SM, Mendes AA, Pes-
tana M. sTNFRI and sTNFRII synthesis by fine-needle
aspiration biopsy sample cultures is significantly as-
sociated with acute rejection in kidney transplanta-
tion. Transplantation. 2001;71:1835-9.

97. Suzuki J, Cole SE, Batirel S, Kosuge H, Shimizu K,
Isobe M, et al. Tumor necrosis factor receptor -1 and
-2 double deficiency reduces graft arterial disease in
murine cardiac allografts. Am J Transplant. 2003;3:
968-76.

98. Eason JD, Wee S, Kawai T, Hong HZ, Powelson JA,
Widmer MB, et al. Inhibition of the effects of TNF in
renal allograft recipients using recombinant human
dimeric tumor necrosis factor receptors. Transplan-
tation. 1995;59:300-5.

99. Pascher A, Klupp J. Biologics in the treatment of
transplant rejection and ischemia/reperfusion inju-
ry: new applications for TNF� inhibitors? BioDrugs.
2005;19:211-31.

00. Sankaran D, Asderakis A, Ashraf S, Roberts IS, Short
CD, Dyer PA, et al. Cytokine gene polymorphisms
predict acute graft rejection following renal trans-
plantation. Kidney Int. 1999;56:281-8.

01. Pelletier R, Pravica V, Perrey C, Xia D, Ferguson RM,
Hutchinson I, et al. Evidence for a genetic predispo-
sition towards acute rejection after kidney and si-
multaneous kidney-pancreas transplantation. Trans-
plantation. 2000;70:674-80.

02. Poli F, Boschiero L, Giannoni F, Tonini M, Scalam-
ogna M, Ancona G, et al. Tumour necrosis factor-�
gene polymorphism: implications in kidney trans-
plantation. Cytokine. 2000;12:1778-83.

03. Poli F, Boschiero L, Giannoni F, Tonini M, Ancona G,
Scalamogna M, et al. TNF-�, IFN-�, IL-6, IL-10, and
TGF-�1 gene polymorphisms in renal allografts.

Transplant Proc. 2001;33:348-9.
04. Hahn AB, Kasten-Jolly JC, Constantino DM, Graffunder
E, Singh TP, Shen GK, et al. TNF-�, IL-6, IFN-�, and
IL-10 gene expression polymorphisms and the IL-4
receptor �-chain variant Q576R: effects on renal allo-
graft outcome. Transplantation. 2001;72:660-5.

05. Alakulppi NS, Kyllonen LE, Jantti VT, Matinlauri IH,
Partanen J, Salmela KT, et al. Cytokine gene poly-
morphisms and risks of acute rejection and delayed
graft function after kidney transplantation. Trans-
plantation. 2004;78:1422-8.

06. Park JY, Park MH, Park H, Ha J, Kim SJ, Ahn C. TNF-�
and TGF-�1 gene polymorphisms and renal allograft
rejection in Koreans. Tissue Antigens. 2004;64:660-6.

07. Tinckam K, Rush D, Hutchinson I, Dembinski I,
Pravica V, Jeffery J, et al. The relative importance of
cytokine gene polymorphisms in the development of
early and late acute rejection and six-month renal allo-
graft pathology. Transplantation. 2005;79:836-41.

08. Pawlik A, Domanski L, Rozanski J, Florczak M, Dab-
rowska-Zamojcin E, Dutkiewicz G, et al. IL-2 and
TNF-� promoter polymorphisms in patients with
acute kidney graft rejection. Transplant Proc. 2005;
37:2041-3.

09. Dmitrienko S, Hoar DI, Balshaw R, Keown PA. Im-
mune response gene polymorphisms in renal trans-
plant recipients. Transplantation. 2005;80:1773-82.

10. Wramner LG, Norrby J, Hahn-Zoric M, Ahlmen J,
Borjesson PA, Carlstrom J, et al. Impaired kidney
graft survival is associated with the TNF-� genotype.
Transplantation. 2004;78:117-21.

11. Pawlik A, Domanski L, Rozanski J, Florczak M, Wr-
zesniewska J, Dutkiewicz G, et al. The cytokine gene
polymorphisms in patients with chronic kidney
graft rejection. Transpl Immunol. 2005;14:49-52.

12. Stone JH. Current status of tumor necrosis factor
inhibition strategies in the treatment of vasculitis.

Kidney Blood Press Res. 2003;26:240-8.


	Functions of TNF and its Receptors in Renal Disease: Distinct Roles in Inflammatory Tissue Injury and Immune Regulation
	PROINFLAMMATORY AND IMMUNOSUPPRESSIVE ROLES OF TNF
	BIOLOGY OF THE TNF RECEPTORS
	SIGNALING MECHANISMS OF TNF RECEPTORS
	RENAL EXPRESSION OF TNF
	RENAL EXPRESSION OF TNF RECEPTORS
	INVOLVEMENT OF TNF AND TNF RECEPTORS IN ACUTE RENAL INJURY
	Ischemia-Reperfusion Injury
	Cisplatin-Induced Acute Renal Failure
	Endotoxin-Induced Acute Renal Failure

	TNF AND ITS RECEPTORS AS MEDIATORS OF NONIMMUNE RENAL DISEASE
	Obstructive Nephropathy
	Hypertensive Nephropathy
	Diabetic Nephropathy

	ROLE OF TNF AND ITS RECEPTORS IN GLOMERULONEPHRITIS
	Immune-Complex–Mediated GN
	Lupus Nephritis
	ANCA-Associated Vasculitis

	THE TNF SYSTEM IN RENAL TRANSPLANTATION
	TNF AND TNF-RECEPTOR BLOCKADE IN HUMAN NEPHROPATHIES: THERAPEUTIC IMPLICATIONS
	REFERENCES


