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Cytokines in Glomerulonephritis

Peter G. Tipping, MBBS, BMedSci, PhD, and Stephen R. Holdsworth, FRACP, MD, PhD

Summary: Cytokines play central roles in both innate and adaptive immune responses that
lead to renal inflammation. They are involved systemically in cross-talk between antigen-
presenting cells, leukocytes, and regulatory cells to initiate and modulate nephritogenic
immunity. Within the kidney, cytokines play a central role in signaling between infiltrating
leukocytes and intrinsic renal cells and orchestrate the effector responses that lead to renal
damage. Glomerulonephritis (GN) is an important cause of renal inflammation leading to renal
failure that results from adaptive responses targeted at the kidney. Animal models of GN have
shown that cytokines play critical roles in initiation and modulation of renal inflammatory
responses through their ability to modulate the T helper 1/T helper 2 balance of nephrito-
genic immune responses. Evidence from clinical studies is now confirming the importance of
this paradigm in directing the inflammatory mechanisms, histologic patterns, and clinical
consequences of human GN. Cytokines also have critical intrarenal effector roles in the
development, perpetuation, and resolution of GN. The proinflammatory role of intrarenal
cytokine production by leukocytes in GN is well recognized, but, more recently, the role of
intrinsic renal cell cytokine production in amplifying renal inflammation has been shown in
animal models of GN. Studies showing benefits of specific anticytokine therapies directed at
tumor necrosis factor in human GN are now appearing.
Semin Nephrol 27:275-285 © 2007 Elsevier Inc. All rights reserved.
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ytokines have diverse biological roles in
growth and development, physiologic
homeostasis, inflammation, repair, and

brosis. This review focuses on the role of cy-
okines in directing inflammatory processes and
atterns of injury in glomerulonephritis (GN).
N results in a substantial burden of renal dis-
ase and is a major cause of chronic renal fail-
re requiring renal replacement therapies.

GN occurs predominantly in the context of
athogenic adaptive immune responses in
hich cytokines play important facilitatory,

egulatory, and effector roles. These nephrito-
enic immune responses can involve systemic
utoimmunity to nonrenal antigens (eg, neutro-
hil antigens in antineutrophil cytoplasmic an-
igen [ANCA]-associated vasculitis and nuclear
ntigens in lupus nephritis), organ-specific au-
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oimmunity (eg, to glomerular basement mem-
rane [GBM] antigens in anti-GBM GN), and
rotective immunity to a variety of exogenous
ntigens during which the kidney is injured as a
assive bystander during the clearance of im-
une complexes.
Studies of the pathogenic mechanisms in GN

re complicated by the fact that it is not a single
isease, but occurs in response to many differ-
nt antigens and has a variety of disease associ-
tions. The development of immunohistology
nd the widespread adoption of diagnostic re-
al biopsy in the 1960s revealed the frequent
articipation of immunoglobulin, complement,
nd leukocytes in GN. These findings underpin
he now well-accepted concept that most forms
f GN result from adaptive immune inflamma-
ion. The pattern of these immune participants
as become important in the classification and
iagnosis of the currently recognized forms of
uman GN. The development of immunologi-
ally induced experimental models of GN that

roduce similar patterns of injury to those ob-
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276 P.G. Tipping and S.R. Holdsworth
erved in human GN gave strong support to the
athogenic role of adaptive responses and has
llowed the initiating events and mechanisms
f injury, including the involvement of cyto-
ines, to be dissected. Studies using autoim-
une-prone strains of mice1,2 and the develop-
ent of models of anti-GBM GN3 confirmed the

apacity of autoimmunity targeted either to re-
al or extrarenal antigens to induce renal injury
imilar to that seen in human GN.4 Models of
cute and chronic serum sickness confirmed
hat animals (and most likely human beings)
ould indirectly develop GN in the course of
ormal immunity to foreign antigens. Further-
ore, individual differences in immune re-

ponses to the same antigen could lead to dif-
erent pathologic outcomes, reflecting the
pectrum of injury observed in human GN.5

ore recently, animal models of ANCA-associ-
ted vasculitis have been used to show that
utoimmunity to neutrophil antigens can lead
o renal injury with similar features to the hu-
an diseases.6

The identification and elimination of the
ausative antigens has the potential to stop the
rogression of glomerular injury and allow re-
air. This goal has been partially achieved by
he prevention of exposure to many nephrito-
enic microbial antigens among Western popu-
ations. However, recognition of the wide diver-
ity of antigens stimulating nephritogenic
mmune responses has lead to the realisation
hat a vaccination strategy directed against a
imited number of microbial organisms will not
lleviate the major burden of human GN. Re-
earch in GN has turned to the effector mech-
nisms of immune injury looking for common
athways and key molecules, including cyto-
ines, which might allow targeted therapeutic
ntervention to halt and potentially reverse re-
al damage.

YTOKINE MODULATION OF
EPHRITOGENIC IMMUNE RESPONSES

D4� T cells play a central role in the initiation
f antigen-specific adaptive immune responses.
aive CD4� cells can differentiate along a lim-

ted number of pathways that determine the
ffectors they recruit and the patterns of injury

hey induce. Cytokines direct T-cell differentia- w
ion along these pathways and also define their
ffector phenotype after differentiation. Spe-
ific intracellular signaling pathways regulate
heir differentiation and a number of critical
heckpoints in each of these pathways have
een identified.7 Variable involvement of CD4�
-cell differentiation pathways in the immune
esponses directing GN may explain the partic-
pation of distinct immune effectors, patterns of
njury, and disease outcomes.8 Knowledge of
he predominant cytokines directing particular
istologic patterns of injury may allow the de-
elopment of selectively targeted therapeutic
trategies.

The 2 major pathways of CD4� T-cell differ-
ntiation relevant to GN are the T helper 1
Th1) and T helper 2 (Th2) pathways. Factors
etermining this differentiation include the
ose of antigen, the affinity of the T-cell recep-
or for the peptide/major histocompatibility
omplex (MHC) class II complex, and the cyto-
ine milieu at the time of antigen presentation.
anger signals that indicate cell injury and/or

epsis are also major factors in directing differ-
ntiation pathways. Many microbial products ini-
iate danger signals by binding to Toll-like recep-
ors on antigen-presenting cells (APCs).9 Toll-like
eceptors also bind products of necrotic cells10

nd damaged cells,11 as well as hypomethylated
ndogenous DNA.12 Signaling provided to APCs
ia these Toll-like–receptor interactions at the
ime of antigen presentation enhances the expres-
ion of costimulatory molecules and modulates
he cytokine milieu in a way that promotes Th1-
iased responses.

Th1 effector cells direct cell-mediated re-
ponses by activation of macrophages via pro-
uction of interferon � (IFN�) and engagement
f CD154 with macrophage CD40.13 These ac-
ivated macrophages have an enhanced capac-
ty for killing obligate intracellular micro-organ-
sms and are major effectors of delayed-type
ypersensitivity responses. In responses to per-
istent antigen stimulation, they can promote
ocal fibrin deposition (via tissue factor expres-
ion) and undergo epithelioid transformation
nd giant cell formation, which are typical fea-
ures of granuloma formation.

Th1 CD4� cells also provide help to B cells,

hich direct immunoglobulin class shifting
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Cytokines in glomerulonephritis 277
o strongly opsonizing and complement-fixing
ubclasses (immunoglobulin [Ig]G1, IgG3, and
gG2 in human beings; and IgG2a, IgG3, and
gG2b in mice14). Cytokines, including interleu-
in (IL)-12, IFN�, IL-18, and IL-27, have been
hown to play important roles in directing Th1
esponses.13 Th1 CD4� cells express a charac-
eristic profile of chemokine receptors, includ-
ng CXCR3, CCR5, and CCR1,15 and have a
haracteristic pattern of cytokine production
IFN�, IL-2, tumor necrosis factor [TNF], and
ymphotoxin �). Signals driving Th1 differenti-
tion include STAT1 and the induction of T-bet,
hich induces the IL-12 R�2 chain.16 IL-12–

eceptor signaling through STAT4 induces IL-18
nd IFN� production by Th1 cells.

IL-4 is the key cytokine that induces Th2
esponses that direct humoral immunity char-
cterized by production of IgG4 and IgE immu-
oglobulin subclasses in human beings and
gG1 and IgE in mice. The major cytokines
roduced by Th2 cells are IL-4, IL-5, IL-13, and

L-10 (in mice), and their chemokine-receptor
rofile includes CCR3, CCR4, and CCR8.15 Th2
ells typically direct allergic responses that in-
olve recruitment and activation of eosinophils.
h2 cytokines down-regulate Th1 differentia-

ion (and vice versa) and are associated with
nduction of tolerance and T-regulatory cells. In
he context of Th1-driven autoimmunity (or al-
ograft rejection), Th2 deviation generally is
een as a beneficial (therapeutic) outcome. Th2
ifferentiation is signaled through the IL-4 re-
eptor, which induces STAT6. This induces

key check point, involving induction of
ATA-3, which results in IL-5, IL-13, and IL-15
xpression and inhibition of Th1 signaling.17

Genetic disruption of IL-12 heterodimer in
ice by deletion of the gene for its p40 chain
as shown that Th1 cells induce common auto-

mmune diseases targeting the kidney directly
eg, anti-GBM)18 or indirectly (eg, systemic lu-
us erythematosus).19 The recognition that the
40 chain of IL-12 is shared by IL-2320 led to a
e-evaluation of the role of IL-12 by studies in
ice with a genetic deletion of the unique

omponents of each cytokine, the p19 chain
or IL-23, and the p35 chain for IL-12. These
tudies suggest that IL-23–dependent, IL-12–in-

ependent pathways are important in models s
f common autoimmune diseases of human be-
ngs (eg, experimental allergic encephalomyeli-
is [EAE]21 and arthritis22). They provide a grow-
ng body of evidence for the existence of a third

ajor pathway of T-cell differentiation (Th17)
hat is characterized by CD4� T cells that pro-
uce IL-17 (IL-17 CD4 pathway).23 IL-23 is not
rimarily required for commitment to this path-
ay but plays an important role in later stages
f differentiation and persistence of Th17 im-
unity. IL-6 and transforming growth factor �

re important cytokines in lineage commit-
ent,24 but the balance is regulated closely and

hanges in relative contribution can induce reg-
latory cells, suggesting this pathway pivots
round powerful effector responses and toler-
nce. Th17-producing CD4� T cells are now
onsidered to be important in many autoim-
une diseases that previously were thought to

e Th1 dependent. There are currently no stud-
es showing a role of Th17 cells in GN, but it
eems likely these will soon be forthcoming.

H1 AND TH2 CYTOKINES DEFINE
ATTERNS AND OUTCOMES OF GN

bservations in human GN and interventions in
elevant experimental models suggest that Th1
r Th2 predominance of nephritogenic im-
une responses in GN is a major determinant

f the patterns and outcomes of renal injury
nd in many situations determines the his-
opathologic features that define major cate-
ories of human GN.8

The most accessible information is the pat-
ern of immune effectors observed by immuno-
istologic examination of human renal biopsy
pecimens. Perhaps the 2 most clear-cut exam-
les are crescentic and membranous GN. In
rescentic GN, the prominence of delayed type
ypersensitivity (DTH) effectors, fibrin, CD4�
cells, and macrophages, together with Th1

mmunoglobulin subclasses including IgG3 and
gG2a, strongly suggest that injury is induced by

Th1-predominant mechanism.25 In membra-
ous GN, few if any DTH effectors are encoun-
ered and the usually uncommon immunoglob-
lin isotype is greatly overrepresented,
onsistent with a Th2-driven response.26,27

hese are the most obvious situations of

trongly polarized responses, in many other
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278 P.G. Tipping and S.R. Holdsworth
ases mixed patterns of effectors suggests more
alanced Th1 and Th2 involvement.

In some instances (eg, lupus nephritis), vary-
ng glomerular pathologies can be seen to result
rom a common autoimmune process. In type
V lupus nephritis, glomerular effectors suggest
h1 polarization of the autoimmune re-
ponse,28,29 whereas in type V lupus nephritis,
esponse to the same autoantigens activates
h2-associated immune effectors, with a pre-
ominance of IgG4 and a few DTH effectors.30

n lupus nephritis, Th2 predominance appears
o be responsible for a less aggressive form of
enal injury.

Directly assessing the Th1 or Th2 predomi-
ance of systemic nephritogenic immune re-
ponses is difficult because few target antigens
ave been clearly characterized and isolation of
ntigen-specific CD4� T cells is difficult. How-
ver, studies of cytokines produced from acti-
ated peripheral blood mononuclear cells pro-
ide an indication of the Th1/Th2 balance of
he nephritogenic responses. These patterns of
ytokine production have been studied in pa-
ients with crescentic GN and show that pe-
ipheral blood mononuclear cells from patients
ith ANCA-associated GN31 and anti-GBM32

how Th1 cytokine profiles during active dis-
ase and Th2 profiles during remission.33 Stud-
es in patients with lupus nephritis also show
orrelations between Th1/Th2 cytokine pro-
les of blood mononuclear cells, glomerular
atterns of effectors, and disease activity.29,34,35

Studies in experimental GN allow direct ma-
ipulation of Th1/Th2 differentiation. In exper-

mental crescentic anti-GBM GN, a number of in
ivo experiments manipulating key cytokines
ave explored the relative contributions of Th1-
nd Th2-differentiated CD4� T cells to the de-
elopment of renal injury. This model of GN is
haracterized by severe injury with prominent
rescent formation and fibrin deposition, to-
ether with CD4� T-cell and macrophage in-
ux. Immunoneutralization experiments and
tudies using knockout mice confirm that
locking Th1 cytokines (IL-12,18,36 IFN�,37,38

NF�,39 and granulocyte-macrophage colony-
timulating factor40) attenuates crescent forma-
ion, whereas administration of IL-12 augments

his disease.18 The deletion of IL-441 or IL-1042 t
ugments injury whereas the administration of
hese cytokines before43 or after establishment
f the disease44 attenuates injury. Involvement
f Th1 cytokines also has been shown in an
utoimmune model of crescentic anti-GBM GN.45

hese studies provide strong evidence support-
ng the role of Th1 nephritogenic immunity in
nducing injury through delayed-type hypersen-
itivity–like mechanisms. They raise the possi-
ility of potential new therapeutic approaches
f crescentic GN by targeting selected Th1 cy-
okines.

In crescentic autoimmune murine lupus GN,
nhibition of IL-18 by vaccination with comple-

entary DNA effectively reduced GN and im-
roved survival46 and IL-12 deficiency also pro-
ided protection from GN.19 Protective effects
f IFN� in autoimmune anti-GBM GN47 may be
elated to antiproliferative effects on autoreac-
ive T cells in this model. In autoimmune lupus
ephritis, the administration of IL-1848 or IL-
249 accelerates GN in lupus-prone mice. The
bservation that deficiency of IFN� receptor in

upus-prone mice augments autoimmunity and
N50 is consistent with an antiproliferative ef-

ect of IFN� on nephritogenic autoreactive
cells. However, studies showing protection

rom lupus nephritis in IFN�-receptor–defi-
ient51 and IFN�-deficient mice52 is inconsistent
ith this. When autoimmunity is established,

he administration of soluble IFN� receptor or
nti-IFN� decreases the severity of injury53,54

nd treatment with IFN� aggravates GN, con-
istent with activation of Th1-effector pathways
n murine lupus nephritis.

YTOKINES IN THE
FFECTOR PHASE OF GN

he prototypic proinflammatory cytokines TNF
nd IL-1 have received the most attention re-
arding their role in renal inflammation, and
pecific therapies targeting TNF now are being
sed in the clinical setting. TNF is produced by
wide variety of leukocytes, including mono-

ytes/macrophages, activated CD4� T cells,
atural killer cells, and mast cells, as well as by

ntrinsic renal cells (mesangial cells, podocytes,
ndothelial cells, and tubular epithelial cells).
NF expression is prominent in crescents, infil-
rating macrophages, and tubular epithelial
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Cytokines in glomerulonephritis 279
ells of patients with proliferative human GN,55

articularly in ANCA-associated GN with active
lomerular lesions,56,57 and also in membranous
N.58 TNF infusion into rabbits results in glo-
erular damage with an accumulation of in-

ammatory cells and fibrin,59 and in rats the
dministration of TNF augments endotoxin and
nti-GBM antibody induced glomerular injury,60

hereas genetic deficiency of TNF in mice pro-
ides protection against crescentic GN.61,62 Sev-
ral studies have shown beneficial effects from
he inhibition of TNF in experimental models of
N.63-68 In Wistar-Kyoto rats, treatment with
nti-TNF antibodies both before the initiation of
isease66 or after crescentic injury has been
stablished67 has been shown to significantly
ttenuate crescentic glomerular injury. The in-
ibition of TNF using soluble p55 TNF recepto-
–Ig fusion protein also is effective in preven-
ion and early treatment protocols.64,65

Evidence for the involvement of TNF in se-
ere forms of crescentic GN and the clinical
uccess of TNF-inhibiting therapies, such as
nti-TNF antibodies (infliximab) and recombi-
ant soluble TNF-receptor–Fc fusion protein
etanercept) in rheumatoid arthritis69 and of
nfliximab in Crohn’s disease, has stimulated
nterest in similar therapy for ANCA-associated
rescentic GN.70 Initial small studies suggested
hat positive outcomes in ANCA-associated vas-
ulitis resulted from treatment with anti-TNF
ntibody71-73 and soluble TNF receptors.74,75 A
arger study of these therapies has shown rapid
esponses associated with infliximab in ANCA-
ssociated vasculitis but with a significant inci-
ence of relapse and infection.75 Although a
igh rate of sustained remissions has been re-
orted in a randomized controlled trial of en-
anercept in Wegener’s granulomatosis, no sig-
ificant difference was observed between the
atients treated with standard therapy and with
r without entanercept.76

IL-1 has proinflammatory roles in innate
nd adaptive immunity in addition to its im-
ortant physiologic roles in the brain and
ypothalamic-pituitary-adrenal axis.77 IL-1 has
biologically active isoforms: IL-1�, which

s mainly cell-membrane associated, and IL-
�, which is a principal soluble product of

onocytes and macrophages.77 Other cellular a
ources of IL-1� include neutrophils, lympho-
ytes, fibroblasts, smooth muscle cells, endo-
helial cells, and intrinsic renal cells.78,79 Cellu-
ar responses to IL-1 are mediated principally
hrough the type I IL-1 receptor (IL-1RI), which
s widely expressed on a variety of tissues and
ells, including lymphocytes.80,81

Prominent IL-1 expression has been shown
n glomeruli in crescentic forms of human56,78,82

nd in experimental GN.83 Glomerular macro-
hages (in rabbits)84 and mesangial cells (in
ats)83 have been shown to be important
ources of renal IL-1 production. Studies in mu-
ine crescentic GN have indicated that IL-1� is
he major proinflammatory isoform mediating
lomerular injury.39 The benefits of inhibiting
L-1 using anti–IL-1 antibodies,63 soluble IL-1
eceptors, or IL-1–receptor antagonist (IL-1ra)65

ave been shown in experimental GN. In cres-
entic anti-GBM GN, several studies have
hown the benefits of treatment with IL-1ra,
ith reduction of renal injury and reduced ex-
ression of other inflammatory proteins in the
idney.85-88 IL-1ra treatment also has been
hown to be effective in halting the progression
f established crescentic GN.89 The infusion of
ransfected mesangial cells expressing IL-1ra
an induce IL-1ra expression in glomeruli90 and
ransplantation of mice with bone marrow cells
ransfected to express IL-1ra protected against
njury induced by anti-GBM antibody.91 Because
ecombinant human IL-1ra (anakinra) has been
hown to be safe and effective in combination
ith methotrexate for patients with rheuma-

oid arthritis,92 it may prove a clinically useful
pecific anticytokine therapy in glomerulone-
hritis.

ONTRIBUTION OF
YTOKINE FROM INTRINSIC RENAL
ELLS TO INFLAMMATORY INJURY

ytokine production by APCs and lymphocytes
s well documented to play a central role in the
nitiation, differentiation, and amplification of
daptive immune responses and the role of leu-
ocyte-derived cytokines as effectors of inflam-
ation is well recognized. The contribution of

ytokine production by parenchymal cells
ithin organs to local inflammatory responses
nd repair is less clearly documented. Various
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280 P.G. Tipping and S.R. Holdsworth
ells of the glomerulus and the tubular epithe-
ium have been shown to both synthesize and
espond to cytokines in vitro. In inflammatory
enal injury, these cytokines can be produced
oth by infiltrating leukocytes and intrinsic re-
al cells themselves. Some progress is now be-

ng made to unravel the complex network of
nteractions within the kidney by which cyto-
ines from leukocytes and intrinsic renal cells
ontribute to inflammatory renal injury.

The relative contributions of cytokine pro-
uction by leukocytes and intrinsic renal cells
o the development of injury in experimental
rescentic GN have been explored using chi-
eric cytokine-deficient mice. These chimeras,

n which cytokine production is restricted to
ither bone marrow–derived or non–bone mar-
ow–derived cells, are created by the transplan-
ation of cytokine-deficient bone marrow into
ormal mice or vice versa. Previous studies of
abbits with crescentic GN showed that infil-
rating glomerular macrophages are an abun-
ant source of TNF,93 but were unable to ad-
ress their contribution relative to other cells
apable of producing TNF. Studies using TNF
himeric mice have shown a dominant role for
NF production by intrinsic renal cells in the
evelopment of crescentic GN62 because the
xtent of histologic and functional attenuation
f glomerular injury in mice with TNF-deficient
idneys and normal leukocytes was similar to
hat seen in mice with complete TNF defi-
iency. In contrast, the development of prolif-
rative GN in chimeric mice with TNF-deficient
eukocytes but intact intrinsic renal cell–de-
ived TNF was similar to that in normal mice.

The relative contribution of leukocytes and
ntrinsic renal cells to IL-1 production in cres-
entic GN has been studied in IL-1� chimeric
ice produced by bone marrow transplanta-

ion. These studies showed a dominant role for
eukocytes as the source if IL-1� production in
rescentic renal injury because histologic and
unctional protection afforded by selective ab-
ence of leukocyte IL-1� production was equiv-
lent to the protection seen with complete
L-1� deficiency.94 In addition, glomerular pro-
uction of TNF was reduced significantly in the
bsence of leukocyte IL-1�, whereas crescentic

njury and glomerular TNF expression were p
inimally affected in the absence of intrinsic
enal cell IL-1� production. These studies sug-
est a minor overall contribution of renal-de-
ived IL-1� to crescentic GN. Intrinsic renal
ells appear to be the dominant target for IL-1 �
ecause absent renal expression of this recep-
or provides similar protection to complete IL-
RI absence in murine crescentic GN.94 These
tudies in IL-1� and IL-1RI chimeric mice, to-
ether with the studies using TNF chimeric
ice,62 suggest a sequence of the involvement

f cytokines in the development of crescentic
njury in which IL-1� from leukocytes acts prin-
ipally via IL-1RI on intrinsic renal cells to stim-
late renal TNF production and crescentic

njury.

NTRARENAL ROLES FOR
MMUNOMODULATORY CYTOKINES

L-12 and IFN-� have well-established roles in
he initiation of adaptive immune responses,
articularly in promoting the development of
h1 cells, which drive cellular immunity and
elayed-type hypersensitivity. IL-12 production
y APCs promotes Th1 differentiation95 and
FN� production by T cells amplifies their IL-12
esponses96 and activates macrophages.97 The
ontribution of these cytokines to the develop-
ent of nephritogenic immune response has

een studied in various experimental models of
N, but their local contribution within the kid-
ey is defined less clearly.

IL-12 deficiency attenuates crescentic GN in
ice whereas administration of IL-12 exacer-

ates injury18 in murine anti-GBM GN and in
urine autoimmune “lupus-like” models, ab-

ence of IL-12 also appears to provide protec-
ion from nephritis.19,98 These effects of IL-12
ppear to be mediated via effects on the Th1/
h2 balance of the nephritogenic immune re-
ponse. The local role of IL-12 in renal inflam-
ation is less well defined. There is limited

vidence for increased renal IL-12 expression in
uman GN (in patients with class IV lupus ne-
hritis)30 but stronger experimental evidence

or intrarenal involvement in experimental
odels of GN.45,99 The in vivo contribution of

L-12 production by intrinsic renal cells to in-
ammatory renal injury has been shown using

40 IL-12–deficient chimeric mice.100 These



s
I
o
s
i
I
t
g
o
t
n

T
r
s
s
h
i
h
n
t
l
a
r
l
i
l
i
M
d
t
s
C
d
C
d
b
c
g
b
t

S

C
t
t
i
f
t
k

t
r
r
s
c
a
e
s
m

R

Cytokines in glomerulonephritis 281
tudies have shown that deficiency of renal
L-12 production reduces crescentic GN with-
ut attenuation of the systemic immune re-
ponse to the nephritogenic antigen,100 indicat-
ng a proinflammatory role for renal-derived
L-12 in addition to the systemic role of IL-12 in
he initiation and amplification of nephrito-
enic Th1 responses. Because the p40 subunit
f IL-12 is also a component of IL-23, the po-
ential contribution of IL-23 to these effects
eeds further evaluation.

IFN� is produced predominantly by activated
cells and natural killer cells and augments Th1

esponses by inducing IL-12–receptor expres-
ion on T cells and up-regulating MHC expres-
ion on macrophages.101 Renal IFN� expression
as been detected in human30,57,102 and exper-

mental GN,45,103 but its intrarenal effects in GN
ave not been as well studied as its effects on
ephritogenic immune responses. IFN� inhibits
he proliferation of mesangial cells,104 up-regu-
ates their expression of FcR1,105,106 MHC II,105

nd chemokines,107 and also may inhibit intra-
enal proliferation of macrophages in murine
upus.108 By using IFN� chimeric mice, a signif-
cant contribution of IFN� production by both
eukocytes and intrinsic renal cells was shown
n crescentic GN.109 Up-regulation of renal

HC II expression showed a greater depen-
ence on intrinsic renal cell IFN� production
han leukocyte IFN� production. IFN� expres-
ion was identified on tubular cells, whereas
D8� cells were the principal leukocyte pro-
ucing IFN� in nephritic kidneys. Although
D4� cells in the spleen produced IFN�, pro-
uction by CD4� cells in the kidney could not
e detected. This suggests a key role for leuko-
yte-derived IFN� from secondary lymphoid or-
ans in directing nephritogenic Th1 responses,
ut a dominant role for intrinsic renal cells as
he major source of IFN� in nephritic kidneys.

UMMARY

ytokines play diverse roles in the inflamma-
ory injury associated with GN. They have cen-
ral roles in the modulation of nephritogenic
mmune responses, which direct different ef-
ector pathways and pathologic outcomes. Cy-
okines are potent effectors of injury within the

idney where they are produced by both infil-
ration leukocytes and intrinsic renal cells. This
eview has emphasized the proinflammatory
oles of cytokines in GN. However, it also
hould be recognized that manipulation of the
ytokine milieu can direct immune responses
long pathways which activate less injurious
ffector mechanisms in GN. Therapies targeting
pecific cytokines show promise in the treat-
ent of human GN.
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