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1. INTRODUCTION

1.1 Glomerulonephritis

Glomerulonephritis (GN) is a term applied to a group of diseases characterized by
inflammatory changes in glomerular capillaries and other compartments of the kidney
and accompanying signs and symptoms of an acute nephritic syndrome. Symptoms are
particularly hematuria, proteinuria and diminished renal function in some cases
associated with fluid retention, hypertension and edema (Couser WG, 1999; Chadban
SJ. and Atkins R.C., 2005).

In the USA and Europe glomerulonephritis is the third most common cause of end-stage
renal disease (USRDS 2011 Annual Data Report). Worldwide, the prevalence of
glomerulonephritis, as a consequence of various infectious agents in developing
countries, makes it the commonest single cause of end-stage renal disease (Couser WG,
1999). The causative agents in most forms of human glomerulonephritis are unknown.
Nevertheless, most evidence now suggests that infectious agents and other stimuli as
well, induce glomerulonephritis by triggering an autoimmune response that results in
formation of immune-complex deposits in glomeruli or elicits a cell-mediated immune
response to antigens in, or of, the glomerulus (Couser WG, 1998). Goodpasture’s
syndrome induced by antibody to glomerular basement membrane (anti-GBM) is a
classic example, but other disorders such as post-streptococcal glomerulonephritis, IgA
nephropathy and membranoproliferative glomerulonephritis also show autoimmune

features.

Glomerulonephritis may occur as a primary renal disease (renal manifestation of the
disease) or as a manifestation of renal involvement in a systemic disease process,
commonly vasculitis, collagenosis or endocarditis lenta. Some forms of
glomerulonephritis need little or no disease specific therapy, whereas others are medical
emergencies calling for urgent diagnosis and therapeutic intervention (Couser WG,
1999). Once glomerulonephritis is suspected by typical clinical presentation, serological
markers (e.g. antibodies to streptococci, ANA, ANCA, anti-GBM-antibody) and
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reduced renal function, the important information to obtain is the type of disease that is
present, the severity of injury, and the potential reversibility or likelihood of response to
therapy (Nachman PH and Glassock RJ, 2010; Markowitz GS, Barry Stockes,
Kambham N, Herlitz LC and D’Agati VD, 2011).

Glomerular damage in glomerulonephritis occurs in two phases: acute and chronic.
During the acute phase, as autoimmune reactions take place in glomeruli, a variety of
mediators of tissue injury are activated: complement, which generates chemotactic
factors that lead to leukocyte recruitment; C5b-9, which directly damages glomerular
cells; coagulation factors that lead to fibrin deposition and crescent formation; local
and systemic release of growth factors and the sequential activation of pro-
inflammatory signaling pathways, which lead to the production of pro-inflammatory
mediators such as cytokines and chemokines, direct the infiltration of
monocytes/macrophages, dendritic cells (DCs) and T-lymphocytes into the kidney and
play a crucial role in the pathogenesis of glomerulonephritis from the acute phase to
eventual glomerulosclerosis (Johnson RJ, 1994; Kurts et al., 2007; Segerer et al., 2008).
A secondary component of the acute phase of injury that leads to the chronic phase is
the result of the response of glomerular cells themselves to these mediators. This
involves cell proliferation with overproduction of oxidants and proteases, changes in
phenotype and overproduction of extracellular matrix which results in sclerosis and
permanently impaired renal function (Johnson RJ, 1994). Renal damage in the chronic-
progressive phase of glomerulonephritis is mediated not by an acute inflammatory
process but rather by non-immune mechanisms. It develops as a result of loss of
filtering-surface with accompanying increase in glomerular pressure in remaining
nephrons. These features lead to glomerular sclerosis as well as to chronic interstitial
fibrosis which is a consequence of multiple injurious events including ischemia,
glomerular cytokine release and toxic effects of increased protein filtration on tubules
(Couser WG and Johnson RJ, 2012).

Despite the emerging burden of diabetic renal disease, glomerulonephritis remains a
major cause of chronic renal disease and end-stage renal failure requiring dialysis and

renal transplantation (Tipping PG and Kitching AR, 2005). Most Patients develop a
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chronic kidney disease with the risk of associated cardiovascular diseases, such as
hypertension, and progressive renal insufficiency (Kasiske BL, 2001; Mann et al.,
2004). The major cause of death of patients with chronic kidney disease is based on the
cardiovascular system (Hallan et al., 2007). The American National Kidney Foundation
defined chronic kidney disease in their Kidney Disease Outcome Quality Initiative
(KDOQ)I). It’s defined by either kidney damage for >3 months or abnormalities in
imaging tests. Kidney damage is defined by structural or functional abnormalities of the
kidney with or without decreased glomerular filtration rate (GFR), manifest by either
pathological abnormalities or markers of kidney damage including abnormalities in the
composition of the blood or urine. A different criteria is GFR <60mL/min/1.73m? for >3
months with or without kidney damage. The GFR is traditionally considered the best
overall index of renal function in health and disease. Because GFR is difficult to
measure in clinical practice most clinicians estimate the GFR from the serum creatinine
concentration. However, the accuracy of this estimation is limited because the serum
creatinine concentration is affected by factors other than creatinine filtration (Levey
AS., 1990; Perrone RD., 1992). Several formulas have been developed to estimate
creatinine clearance from serum creatinine concentration, age, sex and body size. Most
used formulas are the MDRD formula (Levey et al., 1999; Verhave JC et al., 2003;
Stevens et al., 2007) and the Cockcroft-Gault formula (Cockcroft DW and Gault H,
1976). On February 2002, the American National Kidney Foundation introduced a five-
stage classification system for chronic kidney disease based on an estimated glomerular
filtration rate (eGFR) which is calculated from serum creatinine levels and levels of
proteinuria. Adverse outcomes of chronic kidney disease including loss of kidney
function, development of kidney failure and cardiovascular disease (CVD) can often be

prevented or delayed through early detection and treatment.

In recent years numerous researches focused on the molecular signaling pathways of
inflammatory diseases. Unfortunately, the underlying mechanisms which can efficiently
down regulate pro-inflammatory mediators and switch from inflammation toward

resolution are still largely unknown.
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1.1.1 Rapid progressive Glomerulonephritis (RPGN)

The most aggressive form of glomerulonephritis is rapid progressive
glomerulonephritis, also referred to as RPGN. This disease occurs in 2 to 5 % of
nephropathies. It is one of the most disastrous of nephrologic conditions and consists
clinically of sudden and severe deterioration in renal function and results in necrotizing
and crescentic glomerulonephritis. Because of the urgent need for early and accurate
diagnosis biopsy is required. Patients can progress from normal renal function to end-
stage renal failure within days or a few weeks (Couser WG, 1999). The presence of
crescents in Bowman’s space is a pathognomic feature of RPGN. Crescents were first
described by Langhans in 1879 defined as an aggregation of cells. This aggregation of
cells is particularly macrophage origin (Hancock WW and Atkins RC, 1984; Atkins et
al., 1980) and fibrous connective tissue that may encroach on and destroy the capillary
tuft. Other pathologic findings are neutrophil infiltration into the glomerular capillaries
and areas of necrosis (Kerr et al., 2007). Studies vary from 20% (Stilmant et al., 1979)
to more than 80% (Whitworth et al, 1976) of glomeruli involved into crescentic
formation. Patients with the most rapid progression and most severe renal failure have a
greater number of glomerular crescents (Whitworth et al., 1976; Morrin et al., 1978).
Nevertheless, there is no agreement on the extent of crescent formation required for the
diagnosis of RPGN. Progressive tubulointerstitial injury is also a prominent feature of
RPGN (Cameron JS, 1992) and may relate more to the outcome of the disease than do
the glomerular changes (Hooke DH et al., 1987). Without therapy the GFR decline
about 50% within 3 months and accordingly to terminal renal insufficiency in 6 months
(Nachman PH and Glassock RJ, 2012).

RPGN may be followed by any form of glomerulonephritis and can be very
heterogeneous (Figure 2). Overall, the entities can be divided into three groups (Figure
1). Type | RPGN is the anti-GBM glomerulonephritis which results from autoantibody-
mediated injury by autoantibodies against the glomerular basement membrane.
Immune-complex nephritis is also referred to as Type Il RPGN and occurs often in
combination with lupus erythematodes. Most frequently RPGN occurs as ANCA-
associated vasculitis; however, it is referred to as Type Il RPGN (Andres G et al.,
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1978; Holdsworth S et al., 1983 and 1985; Jennette JC and Falk RJ, 1998: Fischer and
Lager, 2006; Xiao et al., 2005).

Type of
RPGN
I anti-GBM glomerulonephritis

Referred disease

e without pulmonary hemorrhage

e and the pulmonary basement membrane
(PBM) with pulmonary hemorrhage =
Goodpasture’s syndrome

e and cross-reaction with the tubular
basement membrane (TBM), which leads

to a more severe interstitial affection

I Immune-complex-nephritis

1l ANCA-associated vasculitis

Table 1: Types of rapid progressive glomerulonephritis

Although the actual antigens in immune-complex-RPGN are not known, the possibility
of a viral etiology has been discussed (Graham AR et al., 1981). In many patients with
RPGN significant immune deposits were not detected in the glomeruli (Stilmant et al.,
1979), however, over 80% of these patients have circulating anti-neutrophil cytoplasmic
antibodies (ANCA) and it appears that these patients have renal vasculitis with or
without systemic clinical manifestations (Becker GJ et al., 1982; Salant DJ, 1987,
Jennette JC and Falk RJ, 2011). ANCAs are associated with a distinctive group of
necrotizing small vessel vasculitis that typically have a paucity of vascular deposition of
immunoglobulin and complement which distinguishes ANCA disease from anti-GBM-
disease and from the classic immune-
complex disease. Both of them have conspicuous deposition of immunoglobulin in

vessel walls (Jennette JC and Falk RJ, 2011). RPGN is considered as a medical
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emergency since the success of therapy depends on how early the disorder is initiated
(Couser WG, 1999).

Primary Renal Diseases

Systemic Diseases

RPGN—anti-GBM without lung

involvement
RPGN—immune complex

deposition

RPGN—without immune deposits

(>80% ANCA positive)
Membranoproliferative GN
Membranous nephropathy

IgA nephropathy

Goodpasture's syndrome
Post-infectious
Post-streptococcal
Endocarditis

Shunt nephritis

Abscess
Schoenlein-Henoch disease
Lupus nephritis
Polyarteriitis

Wegener's granulomatosis

Cryoglobulinemia

e Hereditary nephritis e Scleroderma
¢ Relapsing polychondritis
e Malignancy

e Malignant hypertension

Table 2: Types of glomerulonephritis that can be associated with rapid deterioration in renal function and

glomerular crescent formation (Kerr et al, 2007).

1.1.2 Immune cells in Glomerulonephritis

Immune cells involved in acute glomerulonephritis are consisting of neutrophils,
monocytes/macrophages, dendritic cells (DCs) and T-lymphocytes infiltrating the
kidney at different time points after onset of inflammation. The sequential activation of
pro-inflammatory signaling pathways lead to the production of pro-inflammatory
mediators such as cytokines and chemokines which direct the infiltration of these cells

into the kidney and play a pivotal role in the pathogenesis of glomerulonephritis (Kurts
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et al., 2007; Segerer et al., 2008). While neutrophils are recruited within few hours after
disease induction, monocytes are recruited rather more slowly. The recruitment of
lymphocytes is even slower and occurs over several days (Stilmant et al., 1979; Yang et
al., 1998; Wada et al., 2001).

Once neutrophils are activated they can release several inflammatory mediators
including reactive oxygen species (ROS) and reactive nitrogen species (RNS),
proteinases, cationic proteins, lipid mediators, cytokines (such as TNFa, IL-1p and IL-
12) and chemokines (such as IL-8, CCL3/MIP-1a, MIP-1p3, IP-10) and monokine
(induced by IFNy) which play major cytotoxic and regulatory roles in tissue injury
(Scapini P et al., 2000; Nathan C, 2006; Mayadas TN et al., 2010). CCL3 (MIP-1a)
promotes the chemotaxis of monocytes (Kasama T et al., 1993). IP-10 and IFNy trigger
adhesion of activated T-lymphocytes, whereas CCL19, CCL20 and B-defensins recruit
dendritic cells (DCs) which are critical for the outcome of the specific T-cell response,
tolerance or the induction of anergy (Gasperini S et al., 1999; Muller | et al., 2009;
Boudaly S, 2009). The number of activated neutrophils in renal biopsies from patients
with ANCA-associated vasculitis correlates with the ANCA titer and the renal damage
(Brouwer E et al., 1994). ANCA, first described in 1982, is a marker for idiopathic
glomerulonephritis such as microscopic polyangiitis (Davies et al., 1982; Andrassyet
al., 1988; Walters et al., 1988; Jennette JC and Falk RJ, 2011).

Primarily in 1976 macrophages could be identified in glomerular cultures from patients
with RPGN (Atkins RC et al., 1976). As mentioned above macrophages display the
majority of cells found in crescentic glomeruli. The correlation between the degree of
interstitial mononuclear cell infiltration and impairment of renal function is highly
significant indicating the high importance of renal response in glomerular injury (Hooke
DH et al., 1987; Nikolic-Paterson DJ and Atkins RC, 2001). Activation of the renal
macrophage infiltration has been demonstrated by macrophage production of cytokines
such as IL-1, TNFa and MIF (macrophage migration inhibitory factor), gene
transcription of inducible nitric oxide (iNOS), matrix metalloproteinase (MMP-12) and
expression of activation antigens MRP8/14 and CD86 which are capable of causing

tissue damage (Kerr et al., 2007). Increased renal monocyte chemo-attractant protein-1
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(MCP-1) production is associated with glomerular and interstitial macrophage
accumulation in human RPGN (Rovin BH et al., 1996; Segerer S et al., 2000). MCP-1
and RANTES/CCLS5 play an important role in the inflammatory phase of crescentic
nephritis. Furthermore, MCP-1 is involved in crescent formation and interstitial fibrosis
(Lloyd CM et al., 1997b; Krensky AM and Ahn YT, 2007). The importance of
RANTES in renal disease was first apparent in a study of renal transplants undergoing
rejection, actually its expression is involved in a variety of renal diseases such as renal
injury, glomerulonephritis/nephritic syndrome, chronic kidney disease/progression,
renal transplant rejection and in renal cancer. RANTES attracts immune cells from the
peripheral blood to sites of inflammation (Pattison J et al., 1994; Krensky AM and Ahn
YT, 2007). In contrast to most chemokines the expression of RANTES is upregulated 3-
5 days after T-cell activation which is important for maintenance of inflammation and
facilitating expansion of the inflammatory infiltrate in both space and time (Schall TJ et
al., 1988; Krensky AM and Ahn YT, 2007). Key regulators of RANTES expression
include Rel proteins, as well as the enhancesome complex comprising KLF13
(Krueppel-like factor 13), Rel proteins and scaffolding proteins (Krensky AM and Ahn
YT, 2007).

Tumor necrosis factor (TNF), first isolated and cloned in 1984 (Pennica D et al., 1984),
is a prototype molecule of a growing family of related proteins called the TNF
superfamily (TNFSF) that share common features. TNFSF ligands bind to receptors of
the TNF receptor superfamily (TNFRSF). The activation of TNFRSF members
modulates cell proliferation, survival, differentiation and apoptosis, which are then a
major participant in the pathogenesis of kidney injury. It then promotes inflammation,
fibrosis, apoptosis and accumulation of extracellular matrix, reducing glomerular blood
flow and damaging the glomerular permeability barrier with development of
albuminuria (Ortiz A and Egido J, 1995; Sanchez-Nino et al., 2010). Many TNFSF
cytokines activate NF-xB (Sanz AB, 2010). TNFa is a potent inflammatory cytokine,
which plays an important role in rapidly progressive glomerulonephritis and causes
inflammation in the produced tissue (Takemura et al., 1994). In the kidney it is
expressed, synthesized and released by infiltrating macrophages and by endothelial,

mesangial, glomerular and tubular epithelial cells (Ortiz A and Egido J, 1995; Sanchez-
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Nino et al., 2010). Acute exposure to high doses of TNFa results in shock and tissue
injury, whereas chronic TNFa exposure causes cachexia and tolerance (Tracey KJ and
Cerami A, 1994). However, there are immunosuppressive functions of TNF as well.
TNF receptors TNFR1 and TNFR2 induce different and possible opposing functions in

inflammation and immunity (Sanchez-Nino et al., 2010).

The renal mononuclear phagocytic system plays a central role in health and disease of
the kidney. This system is composed of diverse subsets of bone marrow-derived
macrophages and dendritic cells (DC). Macrophages are defined as tissue-resident
phagocytic cells which clear apoptotic material and produce growth factors during
steady-state homeostasis and perform antimicrobial effector functions during infection
(Nelson PJ et al., 2012). Dendritic cells reside in virtually all tissues and play a
protective role in renal disease (Kurts C et al., 2007). They are defined primarily by the
specialized functions of antigen presentation and regulation of immune effector cells.
Kidney DCs have been characterized by expression of CD11lb, CD1lc, F4/80 and
MHC-II. Their MHC-11 expression might allow kidney DCs to interact with infiltrating
CD4"-T-lymphocytes and to modify their effects in glomerulonephritis (Kurts C et al.,
2007; John R and Nelson PJ, 2007; Segerer S et al., 2008; Nelson PJ et al., 2012).
However, macrophages and dendritic cells within the kidney exhibit additional and at

times overlapping functional properties (Nelson PJ et al., 2012).

The role of T-lymphocytes in RPGN was first suggested by studies performed in 1970
in which lymphocytes from patients with RPGN showed in vitro delayed-type
hypersensitivity responses in the presence of GBM (Rocklin et al., 1970). The number
of interstitial T-lymphocytes, particularly activated T-lymphocytes, correlate
significantly with the severity of proteinuria and renal impairment (Lan et al., 1991).
Depending on activated cytokines and thus the cytokine-composition of the tissue, naive
CD4"-T-cells differentiate to Thl, Th2, Th17 or regulatory (Tregs) T-cells. Thl-
predominant responses appear to be associated strongly with proliferative and crescentic
forms of glomerulonephritis that result in severe renal injury (Tipping PG and Kitching
AR, 2005). As a hypersensitivity reaction in autoantibody-mediated diseases, auto-

reactive CD4'-T-lymphocytes may perform the classical T-helper function and
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stimulate auto-reactive B-lymphocytes to produce complement-fixing autoantibodies
that target kidney auto-antigens, e.g., in Goodpasture’s syndrome or in the anti-GBM
glomerulonephritis model. CD4*-Thl-lymphocytes can license dendritic cells to
stimulate auto-reactive CD8"-T-lymphocytes to cause cytotoxic damage, however, their
exact role in immune-mediated kidney disease is unresolved (Kurts C et al., 2007;
Bevan J, 2007).

Regulatory T-cells or Trg-cells seem to be protective in renal disease and play a pivotal
role in the maintenance of tolerance. They were first identified in 1995 when a subset of
CD4"-T-cells constitutively expressed high amounts of IL-2 receptor a-chain (CD25)
(Sakaguchi S et al., 1995). T.g-cells are characterized through the constitutive
expression of the IL-2-receptor a-chain and of the transcription factor forkhead/winked-
helixbox P3 (FoxP3). FoxP3 specifies the T,y cell lineage and has a critical role in early
life and throughout the life span for establishing immune homeostasis. Several lines of
experimentation provide proof that the lack of Tg-cells is the cause of fatal
autoimmunity resulting from FoxP3-deficiency (Josefowicz SZ et al., 2012).
Autoimmunity can arise from failure of T,eg-cells in controlling harmful T-cell activity.
All types of Trg-cells have been demonstrated to prevent autoimmunity affecting the
gut, the lung and the skin (Kurts C et al., 2007).

Immune-activated T-lymphocytes are exclusively localized to the areas of histologic
damage, appearing to play a role in Bowman's capsular rupture, glomerular crescent
fibrosis, tubulointerstitial fibrosis, and pulmonary fibrosis (Lan et al., 1991a, 1991b,
1992, 1995). The number of interstitial T-lymphocytes correlates significantly with the
severity of proteinuria and renal impairment (Lan et al., 1991). This is suggestive of a

pathogenic role for T-lymphocytes in the mediation of the disease (Kerr et al., 2007).

1.2 NF-xB in inflammatory disease and induction of inflammation
The inflammatory response involves the sequential release of mediators and the
recruitment of circulating leukocytes, which become activated at the inflammatory site

and release further mediators. This response is self-limiting and resolves through the
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release of endogenous anti-inflammatory mediators and the clearance of inflammatory
cells. Nuclear factor-kB (NF-«B), initially identified in 1986 as a protein specifically
bound to an enhancer of k immunoglobulin light-chain (Sen R and Baltimore D, 1986
and 2006), plays a central role in the expression of a large number of genes involved in
the inflammatory and immune responses activated by a wide variety of pathogenic
signals including cytokines, infectious agents, and radiation-induced DNA double-
strand breaks, and functions as a potent and pleiotropic transcriptional activator
(Baeuerle PA and Henkel T, 1994). It was first identified in murine B-cells but has
subsequently been found in virtually every cell type (Sen R and Baltimore D, 1986).
Activation of the NF-kB-pathway has been demonstrated in human and experimental
glomerulonephritis (Sakurai H et al., 1996; Seto M et al., 1998; Hernandez-Presa MA et
al., 1999) and other inflammatory disorders (Barnes P and Karin M, 1997; Giuliani C et
al., 2001; Saccani S et al., 2004; Pakala et al., 2010) which also results in inflammation,
immune regulation, survival, and cell proliferation responses (Bonizzi G and Karin M,
2004). NF-xB activation often occurs in situations in which rapid and decisive action is
required for cell survival, such as during activation of the innate immune response
(Karin M et al., 2000). The persistent accumulation and activation of leukocytes is a

hallmark of chronic inflammation (Lawrence T et al., 2001).

1.3 NF-kB family

NF-kB is a collection of dimers composed of various combinations of members of the
NF-kB/Rel family. Five mammalian Rel proteins were identified: Nfkbl (p50/p105),
Nfkb2 (p52/p100), p65 (RelA), c-Rel and RelB. NF-kB-dimers are most frequently
composed of the two subunits p65 (RelA) and Nfkb1 (p50) (Baeuerle PA and Henkel T,
1994). Hence, although NF-xB applies to all of the members of the family, it is often
used to refer to the p65/p50-heterodimer. All NF-kB-proteins share a highly conserved
300-amino-acid Rel homology region (RHR), composed of two immunoglobulin (1g)-
like domains, which is located toward the N-Terminus and is responsible for
dimerization, interaction with the inhibitors of NF-xB (IkB), binding to DNA and
containing the nuclear localization sequence (NLS) present near the C-terminus of the
RHR.
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NH, Ankrepeats  COOH

|RHD | il p100/p52
NH, COOH

|RHD | ilinnn p105/p50
NH, COOH

| | A v-Rel
NH, COOH
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NH, COOH
|RHD | TA RelB
NH, COOH

|RHD | A c-Rel

Figure 1: The NF-kB-family; NF-kB proteins contain a well conserved N-terminal ~300 amino acid Rel-
homology domain (RHD), which includes DNA-binding and dimerization domains, and a nuclear
localization signal (NLS). Both p105 and p100 contain a glycine-rich “hinge” region (GGG) followed by
C-terminal ankyrin (Ank) repeats that are also present in the IkB family of proteins. Some proteins, such
as c-Rel, RelB and RelA, contain transactivation (TA) domains in addition to the RHD (Bonizzi G and

Karin M, 2004).

In mammalian cells this protein family can be divided into two classes. Class I includes
Nfkbl (p50, generated from p105) and Nfkb2 (p52, generated from pl00) that are
synthesized as precursor molecules (p105 and p100). Both remain in the cytoplasm
upon proteolytic processing through phosphorylation and ubiquitin-dependent
degradation of their C-terminal ankyrin-like motifs. The emerging DNA-binding
subunits are p50 and p52. Containing ankyrin-like motifs at their C-termini p105 and
p100 can serve an IxB-like function, retaining heterodimers formed with RelA, RelB, or
c-Rel in the cytoplasm (Rice NR et al., 1992; Mercurio F et al., 1993; Naumann M et
al., 1993). The Class Il members RelA (p65), c-Rel and RelB do not undergo
proteolytic processing (Attar RM et al., 1997). The Rel proteins differ in their abilities



|20

to activate transcription, thus, only p65 (RelA) and c-Rel were found to contain potent
transcriptional-activation (TA) domains among the mammalian family members. It is
believed that dimers composed solely of Rel proteins that lack transcriptional activation
domains bind to kB-consensus sites and mediate transcriptional repression, such as p50

(e.g. p50-p50-homodimers).

1.4 Activation of NF-kB

1.4.1 Upon stimulation

In unstimulated cells NF-kB is mainly detected in the cytoplasm as an inactive complex
through interaction with IkB. IkBa, IkBp, p100 (IkB-y activity), IkBe and Bcl-3 are
members of the IkB-family and have been identified in mammals. They regulate nuclear
translocation and DNA binding of NF-kB and contain 6-7 ankyrin repeats (ANK) at
their C-terminus that mediate binding to the RHR to interfere functions of the NLS.
These repeats are also present in the C-terminal halves of the Nfkbl- and Nfkb2-
precursors, which retain their Rel proteins in the cytoplasm. IkB-a, IkB-f, IkB-y and
IkB-¢ present amino-terminal regulatory regions required for stimulus-induced
degradation. Both, p50/p50- and p52/p52-homodimers can interact with Bcl-3, an IxB-
like protein which functions not as an inhibitor but rather as co-activator (Perkins ND,
2007).
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Figure 2: The IkB-family; IxB proteins contain conserved ankyrin (Ank) repeat motifs that mediate
binding to the RHD. The number of repeats varies from five (IkBa) to seven (Bcl-3, IkBp, IkBg, IkBy,
p100 and p105). p105 and p100 are the precursors for p50 and p52, respectively (Bonizzi G and Karin M,

2004).

1.4.2 The canonical (classical) and non-canonical (alternative) NF-kB-pathway

Two major signaling pathways lead to the translocation of NF-kB dimers from the
cytoplasm to the nucleus. In response to several stimuli, pro-inflammatory cytokines
and pathogen-associated molecular patterns (PAMPs) cause activation of the IkB-
kinase, namely IKK. The most common form of this complex consists of the IKKa /
IKK1 (85 kDa) and IKKf / IKK2 (87 kDa) catalytic subunits and the IKKy / NEMO (48
kDa) regulatory subunit. IKKa and IKKP are highly homologous proteins (50%
sequence identity, 70% protein similarity) and contain N-terminal protein kinase
domains as well as C-terminally located leucine zipper (LZ) and helix-loop-helix (HLH)
motifs. Both proteins exhibit kinase activity toward IkB, whereas IKKy lacks a kinase
domain and exists as a trimolecular complex with IKKa and IKK. In the canonical or
rather IKKp-dependent IkB degradation pathway, the activated IKK-complex acts
predominantly through IKKB in an IKKy-dependent manner and catalyzes the
phosphorylation of two conserved serine (Ser) residues (Ser32 and Ser36) in the N-

terminus of IkB. This is the most critical regulatory event in NF-kB activation. That in
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turn leads to recognition by the B-TrCP F-box-containing component of a Skp1-Cullin-
F-box (SCF-type) E3 ubiquitin-protein ligase complex, called SCFBTrCP. resulting in
polyubiquitination of two lysine (Lys) residues (Lys21 and Lys22), and subsequent
degradation of IkB (a. P. €) by the 26S proteasome (Shirane M et al., 1999; Karin M and
Delhase M, 2000; Karin M and Ben-Neriah Y, 2000). The more recently discovered
non-canonical or rather IKKa-dependent pathway leads to processing of p100 to p52
through polyubiquitination and proteasome degradation of its inhibitory C-terminal half.
As the RHR of p100 is mostly associated with RelB, activation of this pathway results
in nuclear translocation of p52/RelB-heterodimers (Senftleben U and Karin M, 2001
and 2002).

Whereas the canonical pathway, is most important for rapid degradation of NF-kxB—
bound IkBs (within minutes) and essential for a rapid and transient response or rather
innate immunity whose main effector is the p65/p50-heterodimer, the non-canonical
pathway is a more delayed response to a smaller range of stimuli resulting in processing
of p100 and subsequent DNA binding of RelB/p52-heterodimers that is substantially
slower (requires several hours) than the activation of IkB-bound dimers but essential for

adaptive immunity (Bonizzi G and Karin M, 2004).
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Figure 3: The classical and alternative NF-kB-pathway (Hayden MS and Ghosh S, 2004).

After degradation, IkB dissociates from NF-kB and frees its NLS, so that NF-«B is able
to translocate into the nucleus in order to bind kB sites on promoters or enhancers of
target genes (Miyamoto S and Verma IM, 1995; Baldwin AS, 1996; Siebenlist U et al,
1997; Gosh S et al., 1998; Karin M et al., 2000). Target genes include cytokines such as
IL-1B, IL-6, IL-8, tumor necrosis factor-o (TNFa), monocyte chemo-attractant protein-1
(MCP-1), cell adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1) and inducible nitric oxide synthase
(iNOS). Nevertheless, further research is needed to elucidate other target genes. On the
basis of gene expression examined within a few hours of induction, most NF-kB target
genes are regulated by the p65/p50-heterodimer (Baeuerle PA and Henkel T, 1994).
However, the RelB/p52-heterodimer might have an even broader range of activity on
gene expression manifest at later time points (Fusco AJ et al., 2009). There are a group
of early genes whose transcription is guaranteed by short stimulations of NF-xB

regardless of stimulus concentration, including negative regulators of NF-«xB activity
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(IxBa, IkBg, and A20) and inflammatory cytokines (IL-6, IL-8, MCP-1, 1P10). Thus,
NF-kB promotes a negative regulatory loop through synthesis of IkB and A20 and,
consecutively, cytoplasmic re-sequestration of NF-kB, which leads to the termination of
the signal and contributes to activation dynamics (Senftleben U and Karin M, 2002;
Sanz et al., 2010). In turn, there are late genes that are transcribed only when NF-xB
activation lasts for at least 1 hour, such as cell surface receptors, adhesion molecules
and signal adapters, and some chemokines such as RANTES/CCL5 that even need 3-5
days (Krensky AM and Ahn YT, 2007; Sanz et al., 2010).

1.5 NF-kB in Glomerulonephritis

Activation of the NF-kB-pathway has been demonstrated in human (in vivo) and
experimental (in vitro) glomerulonephritis supporting the critical role of NF-«B in renal
inflammation and the immune response (Sakurai et al., 1996; Guijarro C and Egido J,
2001). NF-xB is activated in podocytes and mesangial cells during glomerular injury as
well as in tubular cells during the course of proteinuria or primary tubulointerstitial
diseases, including ischemia reperfusion, obstruction, and septic or toxic acute kidney
injury (Sanz et al.,, 2010). NF-«xB- activation is involved in both induction and
resolution of inflammation (Panzer et al., 2009). Several studies have shown the
activation of NF-kB in the induction phase of several experimental models of
glomerulonephritis (Sakurai et al., 1996; Ruiz-Ortega M et al., 1998; Tomita N et al.,
2000; Panzer et al., 2002; Pocock J et al., 2003). The predominant NF-kB dimer during
this early phase of inflammation appears to be p65/p50-heterodimer (Sen and
Baltimore, 1986; Baeuerle and Henkel, 1994; Sha et al., 1995), which regulates
neutrophil, macrophage, lymphocyte and dendritic cell biology and the expression of
pro-inflammatory genes, including cytokines, chemokines and adhesion-molecules,
whose actions are dynamic and essential for both the innate and the adaptive immune
response (Sakurai H et al., 1996; Seto M et al., 1998; Hernandez-Presa MA et al., 1999;
Ghosh and Karin, 2002; Bonizzi and Karin, 2004; Fusco AJ et al., 2009). This correlates
with parameters of severity of disease such as proteinuria and inflammation (Sakai et al.
2002). The TNF superfamily (TNFSF) cytokines (TWEAK and TNF) and Angiotensin
Il (Angll) are key activators of NF-«xB in renal disease, whereas TNF lead to transient

activation of the canonical NF-xB pathway and TWEAK promotes both, an early
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canonical and a prolonged non-canonical pathway activation, resulting in the induction
of early (MCP-1/CCL2) and more delayed (RANTES/CCL5) chemokines, but only
TWEAK induces the NIK-sensitive, parthenolide-insensitive expression of CCL21 and
CCL19 (Sanz et al., 2008 and 2010). Expression of NF-kB-dependent genes, such as the
chemokines MCP-1/CCL2 and RANTES/CCLS5, has been demonstrated both in vivo
and in vitro cultured glomerular cells (Haberstroh U et al., 2002). MCP-1/CCL2 and
RANTES/CCL5 play an important role in the inflammatory phase of crescentic
glomerulonephritis (Lloyd CM et al., 1997). MCP-1 mediates glomerular
monocyte/macrophage infiltration in anti-GBM-antibody- and anti-thymocyte-antibody-
induced glomerulonephritis and is involved in the progression to fibrosis in murine
crescentic glomerulonephritis (Stahl et al., 1993; Tang W et al., 1996; Wenzel U et al.,
1997; Lloyd CM et al., 1997). Furthermore, early NF-kB blockade in an experimental
model of glomerulonephritis markedly reduced proteinuria, glomerular lesions and
monocyte/macrophage infiltration, which therefore represents an interesting new target
for the treatment of renal inflammation (Lépez-Franco O et al., 2002). However, this is
highly dependent on the time course of inflammation. Blocking of NF-kB during the
resolution phase of pleural inflammation was shown to have severe adverse effects
(Lawrence et al., 2001).

NF-kB may also influence the inflammatory response in renal injury by actions beyond
regulation of the expression of inflammatory mediators (Sanz et al., 2010). Furthermore,
NF-«B activation may also promote cell proliferation and regulate cell survival, as it has
pro- and anti-apoptotic properties.

1.6 Resolution of inflammation

The resolution of an inflammatory response is fundamental to health and differs from
inhibiting inflammation and requires the termination of pro-inflammatory signaling
pathways and clearance of inflammatory cells, allowing the restoration of normal tissue
function. Although much attention has focused on pro-inflammatory pathways that
initiate inflammation, relatively little is known about the mechanisms that switch off

inflammation and resolve