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Foreword 

The past several decades have seen dramatic advances in understanding the 
etiopathogenesis of glomerulonephritis. The science of renal disease has progressed 
steadily from a discipline focused largely on whole organ physiology, through 
successive eras of cell and molecular biology, several omics (proteomics, genomics) 
and now into molecular mapping and personalized medicine. During that time, the 
processes which initiate and mediate glomerular inflammation have emerged with 
increasing clarity and complexity from early perceptions that they reflected largely 
immune complex driven processes involving exogenous antigens, antibodies and 
complement to today's recognition that most are autoimmune in nature. The role of 
both the innate and adaptive immune systems, the nature of the cellular responses to 
injury and their signalling pathways and the molecular events that produce the 
diseases seen by pathologists and clinicians have all become much more clearly 
defined. 

This book is produced not as a comprehensive review of current understanding of the 
pathogenesis of glomerulonephritis but rather as a series of well selected individual 
update chapters that provide snapshots of the breadth and depth of renal science, as it 
exists today.  Thus, chapters cover the dual roles of the innate immune system in 
mediating disease and initiating the immune response (Yahuan Lou), while others 
focus on both the humoral and cellular arms of the adaptive immune system 
(Tetsuhiro Tanaka et al., Mihály Józsi) and particularly the recent advances in 
understanding how auto-antibodies mediate membranous nephropathy (Gian Marco 
Ghiggeri et al., Chia-Chao Wu et al.). Considerable recent detail is provided on 
cytokines and signalling mechanisms which translate immune events into cellular 
pathology including prostaglandins (Andrey Sorokin), endoplasmic reticulum (Reiko 
Inagi), mTOR receptors (Lena Succar et al.), STAT3 signalling pathways (Fumio Tsuji 
et al.), TGF-ß (Hyun Soon Lee) and extracellular signal-regulated kinases (Maki 
Urushihara et al.). Animal models (Elena Goiman et al., Chia-Chao Wu et al., María 
Ángeles Jiménez et al.) and end results such as urinary biomarkers (Sophie Ohlsson) 
are updated as well. 

The reader of "An Update on Glomerulopathies - Etiology and Pathogenesis" will find 
something of interest to all students and research investigators of glomerular disease 
in the assembled scientific reviews and updates that make up this book. As in all good 



XII Foreword

stories, the best comes last when the material presented here is integrated into the 
clinical and treatment aspects of glomerular disease that are covered in the book "An 
Update on Glomerulopathies - Clinical and Treatment Aspects". 

William G Couser, MD 
Affiliate Professor of Medicine 

University of Washington School of medicine 
Woodinville, WA  

USA 

Preface 

While various glomerular disorders account for the most cases of end stage renal
failure, the etio-pathogenesis of these conditions intrigued many investigators for 
decades. A clear knowledge of the etiology and pathogenesis is crucial for developing
novel strategies to prevent and to treat these disorders. Notwithstanding the 
continuous emergence of new discoveries, we still have a long way to get any closer to 
a thorough understanding of the mechanisms of glomerular injury. “An Update on 
Glomerulopathies - Etiology and Pathogenesis” is a monograph dedicated to compile 
recent advances in the experimental and clinical research that examined the etio-
pathogenesis of various glomerular disorders. The book has fourteen chapters which 
are grouped under different sections for the purposes of convenience. The book is
more of an update on several areas that are being very actively investigated, rather 
than comprehensive reviews of all the glomerular diseases. 

The currently available treatment options for glomerular disorders are not optimal 
since most of them either respond only partially or poorly so that relapse and 
progression is often the rule. Inadequate understanding of the factors underlying the
development and progression of glomerular injury in various clinical scenarios is
primarily responsible for lack of ideal therapies. The section on immune system and
glomerulonephritis has three chapters which basically cover some of the actively
investigated areas. Tetsuhiro Tanaka et al. discuss adaptive immune responses, both
humoral and cell mediated in the context of Glomerulonephritis. Gian Marco Ghiggeri
et al. wrote an exhaustive review on the immunological aspects of membranous
nephropathy. Finally, Mihály Józsi, in a very informative chapter reviewed the role of 
anti-compliment antibodies in membrano-proliferative glomerulonephritis and dense
deposit disease.

An additional factor for lack of better therapeutic choices is the lack of suitable animal 
models to replicate human glomerular injury in order to develop and test novel 
treatment strategies. There are three detailed chapters that exemplify the recent 
advances in using animal models to explore the pathogenesis of glomerulonephritis. 
Immunopathogenic mechanisms in a murine model of membranous nephropathy are
discussed by Chia-Chao Wu et al., while autoimmune glomerulonephritis
complicating chronic graft versus host reaction was discussed by Elena Goiman et al.
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An interesting comparative review on glomerular injury in domestic cats is described 
in a separate chapter by María Ángeles Jiménez et al. 

Central to the development of glomerular inflammation and injury are alterations and 
abnormalities of various cytokines and signaling systems. There are four chapters in 
this book that deal with these aspects in the pathogenesis. The role of TGF-β in 
progressive glomerular disease is discussed in great detail in a chapter well written by 
Hyun Soon Lee, with particular reference to mesangial matrix accumulation, while the 
role of STAT3 activation in glomerulonephritis is elaborated in the well written 
chapter by Fumio Tsuji et al. There are two chapters that review the role of two 
signaling pathways in glomerular disorders – rennin angiotensin system and the 
mammalian target of rapamycin (mTOR). Finally, the significance of prostaglandin 
regulation in glomerulonephritis is well summarized in the chapter written by Andrey 
Sorokin. 

Reiko Inagi reviewed very lucidly the role of endoplasmic reticulum in the stress of 
responses in glomeruli, while the pathogenic significance of dendritic cells in 
autoimmune glomerulonephritis is elaborated by Yahuan Lou. Finally, the relevance 
of urinary biomarkers in relation to pathogenesis of glomerulonephritis is put together 
in a concise chapter written by Sophie Ohlsson. 

While the purpose of this volume is to serve as an update on recent advances in the 
etio-pathogenesis of glomerulopathies, the book offers the current and broad based 
knowledge in the field to readers of all levels in the nephrology community. The 
Editor expresses deep and sincere gratitude to all the authors for their valuable 
contributions which facilitated the prompt compilation of this invaluable resource.  

 

Sharma S. Prabhakar, MD MBA FACP FASN 
Texas Tech University Medical Center 

USA 
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The Role of Humoral and  
Cell-Mediated Adaptive Immune Response 

Tetsuhiro Tanaka1, William G Couser2 and Masaomi Nangaku1 
1Division of Nephrology and Endocrinology, University of Tokyo, Tokyo,  

2Division of Nephrology, Department of Medicine, University of Washington, 
Washington,  

1Japan 
2USA 

1. Introduction 
Glomerulonephritis is a major cause of chronic kidney disease worldwide and presents with 
various histological and clinical manifestations in terms of severity and duration, resulting 
in diverse clinical outcomes. Immune-mediated injury of the resident glomerular cells plays 
a critical role in many forms of glomerular injury and mounting evidence indicates that both 
humoral and cell-mediated mechanisms are involved.  

2. The helper T cell paradigm 
Studies in the past quarter of century have established a role for lymphocytes in the 
pathogenesis of immune-mediated glomerular diseases. CD4- expressing T helper cells are a 
subgroup of T lymphocytes that provide help for immunoglobulin production and direct 
cellular immune mechanisms through activation of effector cells, such as macrophages. The 
role of T helper cells is variable depending on the nature of disease, and differential 
activation of T helper cell subsets has been proposed as one of the plausible explanations for 
the diversity of injury in glomerular diseases.  
The majority of T helper cells are naïve cells without specified patterns of cytokine 
production (Th0 cells). Upon stimulation by antigen-presenting cells, such as macrophages 
and dendritic cells (DC), they receive the signal via their ɑ/β T cell receptor (TCR) and 
differentiate into either T helper 1 (Th1) or T helper 2 (Th2) cells. DC are specialized cells for 
uptake, transport, processing and presentation of antigens to T cells (Mellman and Steinman 
2001), and subsets of DC have been identified that may influence Th1 and Th2 development 
(Moser and Murphy 2000). They facilitate Th1 differentiation when they are stimulated via 
toll-like receptors (TLRs), by secreting IL-12, while Th2 differentiation is mediated by IL-4. 
The cytokine milieu is a key factor in directing Th1 and Th2 polarization. 
Differentiated Th1 and Th2 subclasses are functionally distinguished by their specific 
profiles of cytokine production and their ability to induce different types of effector 
responses. Th1 cells produce interferon (IFN)-γ, interleukin (IL)-2 and tumor necrosis factor 
(TNF)-α. They activate macrophages, induce delayed-type hypersensitivity responses, and 
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stimulate B cells to produce complement-fixing antibody isotypes that mediate opsonization 
and phagocytosis. Th2 cells produce IL-4, IL-5, IL-10 and IL-13 and promote production of 
non-complement-fixing IgG isotypes and IgE. Therefore, Th1 cells are largely responsible for 
cell-mediated immunity, while Th2 cells play a central role in humoral immune response.  
There is an interaction between the Th1 and the Th2 responses. They inhibit each other by 
several mechanisms. For example, IFN-γ produced in Th1 cells inhibit the expression of 
CD40 ligand (CD40L) on the surface of Th2 cells and suppress B cell activity. On the other 
hand, IL-4 and IL-10 from Th2 cells inhibit IFN-γ and IL-12 production in Th1 cells. 
In the kidney, the Th2-mediated response is characterized by formation of immune 
complexes and deposition in the glomerulus, which is usually followed by complement 
activation. On the other hand, the Th1-mediated response is characterized by infiltration of 
circulating mononuclear cells and crescent formation. Both responses are capable of 
releasing mediators that are responsible for functional and structural changes as seen in 
primary glomerular diseases. Importantly, these apparently discrepant mechanisms of 
immune reactions, the Th1 and Th2 responses, are not always mutually exclusive and 
operate in a coordinated manner in glomerular injury, depending on etiology and 
pathological stages.  
Recently, Th17 cells were identified as a new subset of T helper cells unrelated to Th1 or Th2 
cells. They are a subset of T helper cells characterized by IL-17 production, differentiated 
from naïve T cells in the presence of both transforming growth factor (TGF)-β and IL-6 in 
mice, and are implicated in the pathogenesis of experimental allergic encephalomyelitis 
(EAE) and collagen-induced arthritis (CIA) (Langrish et al. 2005). Evidence suggests that the 
Th17 response may also pertain to inflammatory and autoimmune diseases in humans, such 
as rheumatoid arthritis, inflammatory bowel disease and psoriasis. Several cytokines such as 
IL-21 and IL-23 are involved in regulating activation and differentiation of Th17 cells. In the 
kidney, Th17 effector cells have been demonstrated in biopsy samples in human 
glomerulonephritis (Abdulahad et al. 2009) and may participate in the pathogenesis of 
proliferative glomerulonephritis via production of IL-17 and direct induction of renal 
inflammation (Kim et al. 2009; Miossec et al. 2009; Turner et al. 2010; Kitching and 
Holdsworth 2011). Recent studies utilizing genetically engineered mice showed that RORγt 
promotes the development of crescentic glomerulonephritis by directing nephritogenic Th17 
responses (Steinmetz et al. 2011) . In contrast, the adaptive immune response by T cells is 
regulated by T regulatory cell (Treg)s (Jiang and Chess 2006). Treg cells are in charge of 
suppressing potentially deleterious activities of Th cells. Lyn-deficient mice, which increase 
titers of autoantibodies with age, develop immune complex-mediated glomerulonephritis, 
and Tregs are expanding in these mice in an effort to control the autoimmune disease, 
although they are simply overwhelmed by the disease process eventually (Tsantikos et al. 
2009).  

3. Humoral immune response 
Many forms of glomerulonephritis are autoimmune in nature and loss of self-tolerance and 
exposure to etiologic agents lead to immune-complex formation, presumably by 
mechanisms of molecular mimicry and epitope spreading. Causative antigens include 
normal intrinsic structures of the glomerulus (eg. non-collagenous domain of the alpha-III 
chain of type IV collagen in Goodpasture’s syndrome), non-renal self antigens (eg. DNA-
nucleosome complex in systemic lupus erythematosus (Kalaaji et al. 2007)) or exogenous 
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agents (eg. HCV antigen-containing cryoglobulins in hepatitis C virus-associated 
membranoproliferative glomerulonephritis (MPGN) (Stehman-Breen and Johnson 1998)). 
Immune complexes are either formed in the systemic circulation and localize in the 
glomerulus through passive trapping (eg. serum sickness disease in rabbits) or are formed 
in situ and form immune deposits locally. In the latter case, an antibody either binds specific 
antigens intrinsic to the glomerulus, or soluble antigens that become localized due to charge 
interactions with the glomerular capillary wall or by nonspecific uptake by the mesangium.  
Identification of responsible antigens in human glomerular diseases, however, is difficult, 
and multiple antigens and routes leading to immune complex formation appear to co-exist 
in a single disorder. In poststreptococcal glomerulonephritis (PSGN), for example, several 
candidate exogenous antigens, such as nephritis-associated plasmin receptor (NAPlr) and 
Streptococcal pyrogenic exotoxin B (SPE B) have been postulated. In systemic lupus 
erythematosus (SLE), circulating immune complexes composed of antibodies against 
double-stranded DNA and ribonucleoproteins are readily detectable, which correlate with 
disease activity (Izui et al. 1979), and anti-DNA and DNA immune complexes are enriched 
in kidney eluates (Koffler et al. 1967), leading to speculation that immune deposits are 
formed in circulation and accumulate in the kidney through passive trapping. However, 
immune complexes are formed in situ as well, via charge interactions between antibodies 
and DNA-histone complexes already deposited in the glomerulus (Schmiedeke et al. 1989; 
van Bruggen et al. 1997; Mortensen and Rekvig 2009; Crispin et al. 2010). Furthermore, some 
lupus autoantibodies appear to bind directly to intrinsic glomerular antigens.  
Deposits are observed in subepithelial (eg. Heymann nephritis model in rats and human 
membranous nephropathy), subendothelial (eg. type 1 MPGN) and mesangial (eg. IgA 
nephropathy) spaces. In general, immune complexes formed in situ are more nephritogenic, 
because they are more capable of activating local complement response (Couser and Salant 
1980), releasing vasoactive substances, reactive oxygen species, cytokines and procoagulants 
(Couser 1998). In fact, it is rather unusual that immunoglobulins themselves induce 
significant injury in the kidney, except for antibodies against components of the podocyte 
slit diaphragm (Holthofer 2007).  
The complement system is an important mediator of tissue inflammation and injury. It is a 
family of more than 20 serum and cell-surface proteins and they operate as a cascade of 
reactions. The IgG immune complexes bind to complement factor C1q and activate the C1 
complex, leading to the formation of C3 convertase and the enzymatic cleavage of the 
central complement component C3. C3 then releases the chemotactic factor C3a and the 
covalent C3b attaches to the host cells, which is an important step for continued activation of 
the terminal membrane attack complex, C5b-9, and for the amplification through the 
alternative pathway. C5b-9 is thought to be the key component responsible for the 
complement-mediated glomerular injury. It inserts in sublytic amounts into the glomerular 
membranes, triggers cell activation and mediates injury.  
The complement cascade is tightly regulated by short half-lives of its components and a 
series of endogenous regulatory proteins. Complement regulatory proteins counteract the 
complement activity and protect glomerular cells from injury (Nangaku 1998). In vitro, 
overexpression of CD59 protected cultured glomerular cells from attack (Nangaku et al. 
1996). In the rat Heymann nephritis model, simultaneous blockade of complement 
regulatory proteins by neutralizing antibodies was required to develop proteinuria 
following injection of anti-megalin antibody (Schiller et al. 1998). Furthermore, genetic 
ablation of decay-accelerating factor (DAF) and CD59 aggravated tissue injury in anti-GBM 
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nephritis (Sogabe et al. 2001), nephrotoxic nephritis (Lin et al. 2002) and ischemia-
reperfusion (Yamada et al. 2004) models in mice. In humans, genetic abnormalities of factor 
H, a soluble complement regulatory protein at the hit point of C3b, compose approximately 
15-30% of atypical HUS (Rougier et al. 1998; Warwicker et al. 1998; Noris et al. 1999), 
showing that failure to control intravascular complement activity can lead to endothelial 
injury, formation of thrombus, and eventually, HUS. Mice genetically deficient for Factor H, 
as well as pigs with congenital factor H deficiency develop type II MGPN (Pickering et al. 
2002), again highlighting the critical relevance of complement regulation in maintaining 
normal glomerular structure.  

3.1 Heymann nephritis model in the rat 
The role of immune complexes formed in situ has been most extensively studied in the 
Heymann nephritis model in the rat, a human counterpart of membranous nephropathy 
(MN). This is a non-proliferative form of GN in which the humoral, Th2 responses play an 
important role. In human idiopathic MN, an increase in the percentage of IL-4 (Masutani et 
al. 2004) and IL-10 (Hirayama et al. 2002) was observed in peripheral blood T cells, which 
correlated with the amount of proteinuria.  
Following induction of the disease, antibodies against gp330, megalin (Cavallo 1994; Ronco 
and Debiec 2005), are deposited at the subepithelial space of the glomerulus and trigger 
podocyte injury through activation of the complement system, particularly the membrane 
attack complex, C5b-9. C5b-9 inserts into the podocyte membrane and is then transported 
across the cell to be extruded into the urinary space, resulting in elevated levels of C5b-9 in 
the urine (Kerjaschki et al. 1989). C5b-9 is thought to be the major mediator of altered 
glomerular permeability function, although histologic changes are minimal by light 
microscopy (Nangaku et al. 2005). Depletion of complement complements using cobra 
venom factor greatly reduced the amount of proteinuria (Salant et al. 1980; Saran et al. 2003). 
At the cellular level, C5b-9 generates hydrogen peroxide (Shah 1988; Neale et al. 1993) 
triggers DNA damage (Pippin et al. 2003), causes reversible disruption of actin 
microfilaments (Topham et al. 1999), increases the expression of TGF-β and its receptors, 
leading to overproduction of extracellular matrix, GBM thickening and spike formation. It 
also induces apoptosis in podocytes, dissociation of nephrin from the actin cytoskeleton 
(Yuan et al. 2002), detachment and excretion in the urine (Cybulsky 2011). However, 
subepithelial deposits in general induce no inflammation, probably because they are located 
at a site inaccessible to circulating cells.  
Several caveats exist in translating these findings in rats into human MN. First, the 
responsible antigen, megalin, shows a distinct pattern of spatial distribution among species. 
In rats, megalin is expressed both on the brush border of proximal tubules and the soles of 
podocyte foot processes at which immune complexes are initially formed. In humans, 
however, megalin is only expressed in proximal tubules and not in podocytes, excluding 
megalin from the list of responsible self-antigens in human MN. Nevertheless, findings 
obtained from the Heymann nephritis provide solid evidence that some components on the 
podocyte membrane serve as targets for immune complex formation in situ and trigger 
cascades of humoral immune responses that lead to massive proteinuria. Second, deposition 
of immunoglobulin in human MN is predominantly of the IgG4 subclass, which is 
theoretically incapable of triggering complement activation. This is in contrast to the fact 
that complements undoubtedly play an important role in the rat Heymann nephritis. It may 
be a relevant finding that C6-deficient PVG rats incapable of forming C5b-9 also develop 
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massive proteinuria following injection of antisera, suggesting that complement-
independent mechanisms may also exist in this model (Spicer et al. 2007).  
To date, much effort has been made to identify podocyte antigens responsible for human 
MN, which are only beginning to be uncovered. Recent breakthrough studies revealed 
pathogenic antigens of human MN in podocytes; i.e. neutral endopeptidase (NEP) that 
causes neonatal MN and phospholipase A2 receptor (PLA2R) that causes adulthood MN.  
The proposed mechanisms on the pathogenesis of anti-NEP antibody-mediated neonatal 
NM was as follows. A genetically NEP-deficient mother developed anti-NEP antibody 
during the first pregnancy, which was transferred to the second baby not deficient for NEP. 
As a result, antibody against NEP localized on the surface of podocytes, formed immune 
complex in situ and subepithelial immune deposits and eventually developed neonatal 
membranous nephropathy in the second baby (Debiec et al. 2002). Subsequently, families 
with truncating mutation in the MME gene (coding for NEP) were reported, in which cases 
second infants born from MME-mutated mothers developed neonatal MN, indicating that 
the MME gene product is a cause of alloimmunization during pregnancy (Debiec et al. 
2004). Clearly, however, NEP is only responsible for a fraction of rare cases of neonatal MN 
and not likely a universal antigen.  
In contrast, serum from approximately 70% of patients with idiopathic membranous 
nephropathy recognized a 185 kDa glycoprotein, which was identified as PLA2R by mass 
spectrometry. Anti-PLA2R antibodies in serum were mainly of IgG4 subclass, the 
predominant IgG subclass in glomerular deposits. PLA2R was expressed in podocytes of 
normal human glomeruli and colocalized with IgG4 in subepithelial immune deposits (Beck et 
al. 2009). These findings were recently supported by independent genomewide association 
studies of single-nucleotide polymorphisms (SNPs) in patients with idiopathic MN from three 
populations of white ancestry (Stanescu et al. 2011). The joint analysis of data from the 556 
patients studied identified the gene encoding PLA2R as a risk allele of idiopathic MN. 

3.2 Goodpasture’s syndrome 
Anti-GBM antibody disease (Goodpasture’s syndrome) is a disorder in which circulating 
antibodies against an antigen intrinsic to the glomerular basement membrane (GBM) cause 
rapidly progressive glomerulonephritis (RPGN). Non-collagenous domain of the alpha-III 
chain of type IV collagen (α3IV-NCI) is likely a responsible antigen (Hudson et al. 2003; 
Hudson 2004), and eluates from patients contain antibodies against α5IV-NCI as well as 
α3IV-NCI. Of interest, the antigen requires certain quarternary structures to be recognized 
by the antibody, and the native cross-linked α345IV-NCI escapes recognition (Pedchenko et 
al. 2010). The disease is primarily initiated through autoantibody-mediated reactions, but an 
additional role of delayed hypersensitivity reactions is also suggested, because Th1 effector 
cytokines such as IL-12 and IFN-γ play important roles in this model (Kitching et al. 2004). 
Passive transfer of anti-GBM antibodies alone was not sufficient to induce disease in the 
absence of T cells (Kalluri et al. 1997) and T cells sensitized to the GBM antigen alone were 
sufficient to initiate injury (Wu et al. 2002). Furthermore, oral administration of α3IV-NCI 
ameliorated disease (Reynolds and Pusey 2001) and nasal application of this antigen 
protected from injury, which was associated with suppression of glomerular T cells and 
macrophages (Reynolds et al. 2005). These findings suggested the role of systemic 
suppression of T cell function in ameliorating disease. In this regard, the possible 
participation of Tregs is anticipated, but this remains to be proven.  
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Goodpasture’s syndrome is clinically associated with alveolar hemorrhage. Because the 
α3IV-NCI is also expressed within the alveolar basement membrane, responsible antibodies 
recognize alveolar epithelium as well. Immune complexes then cause injury and subsequent 
effector responses, leading to pulmonary hemorrhage in affected patients.  

3.3 Poststreptococcal glomerulonephritis 
The major pathogenic mechanism of poststreptococcal glomerulonephritis (PSGN) is an in 
situ immune complex formation due to deposition of streptococcal nephritogenic antigens, 
such as nephritis-associated plasmin receptor (NAPlr) and Streptococcal pyrogenic exotoxin 
B (SPE B). Both are capable of activating the alternate pathway of the complement cascade 
and enhance the expression of adhesion molecules. SPE B also stimulates the production of 
chemotactic cytokines.  
NAPlr was isolated from group A streptococcus and was shown to bind plasmin(ogen). In 
the original report, 92 percent of Japanese patients with the acute PSGN had anti-NAPlr 
antibodies, and about 80% of renal biopsy samples showed deposits of NaPlr, especially in 
the early stage of the disease, but the deposits did not colocalize with either C3 or IgG. 
NAPlr exhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity in vitro. 
Mechanistically, it is speculated that NAPlr in the mesangium interacts with plasmin(ogen) 
and causes glomerular injury by degrading GBM through activation of metalloproteinase 
precursors. Then, circulating immune complexes move across damaged GBM and 
accumulate in the subepithelial space (Yamakami et al. 2000; Yoshizawa et al. 2004).  
SPE B is a cationic cysteine proteinase and was found in 12 of 17 biopsies from patients in 
Latin America and Switzerland. SPE B deposits localized within the subepithelial electron 
dense deposits (humps) and colocalized with complement (Batsford et al. 2005). Antibodies 
to SPE B were detected in the convalescent sera in all patients tested.  
To date, it is speculated that separate antigens may be responsible for PSGN in different 
parts of the world and among patients with distinct genetic backgrounds (Rodriguez-Iturbe 
and Batsford 2007; Rodriguez-Iturbe and Musser 2008).  

3.4 Immune complex in the subendothelial space and the mesangium 
Immune complexes can be formed and deposited in other compartments of the glomerulus 
as well. Deposition in the subendothelial space can be found in human type 1 MPGN and 
lupus nephritis (Class III and IV). They recruit circulating inflammatory cells, such as 
neutrophils, lymphocytes, macrophages and platelets (Adler and Brady 1999), activate 
effector responses and cause injury. Local chemotactic factors such as C5a and IL-8 recruit 
neutrophils to sites of inflammation. There, they phagocytose the immune complex 
aggregates, become activated and undergo a respiratory burst that generates reactive 
oxygen species. Macrophages are recruited through interaction with deposited 
immunoglobulins and by several chemokines, such as macrophage chemoattractant protein-
1 (MCP-1) and RANTES. Lymphocyte-derived molecules such as macrophage inhibitory 
factor (MIF) and leukocyte adhesion molecules such as ICAM-1 and VCAM-1 also trigger 
their migration (Nikolic-Paterson and Atkins 2001). In contrast to neutrophils, they release 
tissue factors and TGF-β and facilitate extracellular matrix accumulation which eventually 
leads to glomerular sclerosis.  
Immune deposits in the mesangium are a representative feature of human IgA nephropathy 
and lupus nephritis (Class I and II). Following deposit formation, these cells initiate a 
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cascade of inflammatory processes, including complement activation, coagulation and 
release of cytokines and growth factors (Gomez-Guerrero et al. 2005). C5b-9-mediated 
mechanisms of complement activation are likely to be responsible for immunopathology in 
the mesangium, too. Furthermore, they undergo a dysregulated increase in proliferation and 
expansion that lead to glomerular hypercellularity, express markers of de-differentiation 
such as α-SMA and serve as a source of inflammatory cytokines and growth factors, such as 
transforming growth factor (TGF)-β and platelet-derived growth factor (PDGF) that 
contribute to glomerular sclerosis.  

4. Cell-mediated immune response 
In the kidney, T cell-mediated injury occurs primarily through effector responses, such as 
release of chemokines and recruitment of macrophages and is indispensable for glomerular 
immunopathology, and available data even suggest that a subset of Th17 cells have effector 
cell functions alone. On the other hand, some forms of glomerulonephritis do not require 
immune complexes to develop full-blown pathology. Crescentic glomerulonephritis was 
produced in a chicken with chemically blocked Bursa of Fabricius, indicating that the lesion 
was developed without antibody deposits (Bolton et al. 1984). Nephritis was also transferred 
to normal chickens using only T cells sensitized to GBM (Bolton et al. 1988), and to rats 
using lymphocytes sensitized to the Goodpasture antigen (Wu et al. 2002). These results 
indicate that T cells play important roles in the pathogenesis of certain forms of crescentic 
nephritis. Cell-mediated immune responses are also critical in several other types of 
glomerulonephritis, such as minimal change nephrotic syndrome (MCNS), focal and 
segmental glomerulosclerosis (FSGS), pauci-immune crescentic glomerulonephritis, and 
lupus (Class IV). Mononuclear cells such as lymphocytes and macrophages are recruited to 
the glomerulus and release tissue factors and TGF-β that initiate fibrin deposition and 
extracellular matrix accumulation, and there is speculation that T cells may be the source of 
permeability factors that contribute to proteinuria and noninflammatory glomerular injury.  

4.1 Glomerular permeability factor(s) 
The initial manifestations in MCNS and FSGS are dramatic increases in glomerular 
permeability, which are associated with little or no structural abnormality by light 
microscopy. In these disorders, the presence of non-immunoglobulin circulating 
permeability factors is postulated, for the following reasons. First, the rapid recurrence of 
MCNS and FSGS is clinically observed when normal kidneys are transplanted into patients 
with these disorders (Hoyer et al. 1972). Second, MCNS kidneys demonstrate rapid 
resolution when placed in a normal environment (Ali et al. 1994). Similarly, a market 
decrease in proteinuria is observed in some FSGS patients following plasma exchange. 
Third, serum from recurrent FSGS are able to increase the albumin reflection coefficient of 
isolated normal glomeruli in vitro (Savin et al. 1996) . However, the identity of these 
permeability factors is elusive and it remains unclear how non-immunoglobulin 
permeability factors increase glomerular permeability. One study implicated CLC1 as a 
candidate factor in recurrent FSGS (McCarthy et al. 2010). In contrast, up-regulation of the 
glomerular expression of angiopoietin-like-4 (Angptl4), a secreted glycoprotein, was shown 
in the serum and in podocytes in experimental models of MCNS and in the human disease 
(Clement et al. 2011). A pathogenic role of Angptl4 expression in podocytes was confirmed 
in genetically engineered animals. 
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permeability factors is elusive and it remains unclear how non-immunoglobulin 
permeability factors increase glomerular permeability. One study implicated CLC1 as a 
candidate factor in recurrent FSGS (McCarthy et al. 2010). In contrast, up-regulation of the 
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4.2 Th1-mediated response in experimental crescentic nephritis 
Severe crescentic injury in the glomerulus, regardless of its underlying cause, is regarded as 
the result of a Th1 predominant cellular response. It is presumably mediated by T cell- and 
macrophage- mediated, delayed hypersensitivity responses, which is suggested by the 
association of cellular immune mediators with local fibrin deposition (Tipping and 
Holdsworth 2006). Macrophages release ROS and inflammatory cytokines, cause injury in 
the Bowman’s capsule and mediate crescent formation by facilitating compensatory cell 
growth and influx of inflammatory cells.  

4.2.1 Nephrotoxic nephritis 
Nephrotoxic nephritis is one of the most intensively studied models of experimental 
glomerulonephritis characterized by cellular proliferation and crescent formation. In this 
model, nephrotoxic serum is taken up and presented to naïve T helper cells by antigen-
presenting cells, presumably DC. Naïve T cells then differentiate into Th1 effector cells 
(Schatzmann et al. 1999), which play a central role in the pathogenesis. The first evidence 
came from a study comparing histological features of injury in Th1 (C57BL6) - and Th2 
(BALB/c) - dominant mice (Huang et al. 1997). Studies in Lewis and Brown Norway rats 
also demonstrated features of cell-mediated types of glomerular injury, which were 
accompanied by a Th1 polarized profile of cytokine production (Coelho et al. 1997). Analysis 
of cytokine profiles from biopsies of proliferative glomerulonephritis showed higher levels 
of IL-2 and IFN-γ, as compared to non-proliferative forms (Kim et al. 2001). In addition, 
studies in human anti-GBM glomerular disease supported a role for Th1 responses in injury, 
by demonstrating IFN-γ-predominant effector cell responses in active disease and IL-10 
predominance in remission (Cairns et al. 2003).  
Cytokines produced in response to Th1 polarization play an essential role for crescent 
formation. Glomerular T cell and macrophage accumulation was attenuated in mice with 
genetic deletion of Th1 cytokines, such as IL-12 (Kitching et al. 2000), IFN-γ (Kitching et al. 
1999) and TNF (Timoshanko et al. 2003), which was associated with amelioration of 
crescentic injury. Conversely, administration of IL-12 augmented Th1 responses and 
crescentic nephritis (Kitching et al. 1999). On the other hand, Th2 cytokines attenuated 
proliferative and crescentic nephritis. Mice genetically deficient for IL-4 or IL-10 showed 
more pronounced Th1 responses and developed more severe crescentic nephritis (Kitching 
et al. 1998). Conversely, overexpression of IL-10 by gene transfer attenuated crescentic 
nephritis in Wistar Kyoto rats (Higuchi et al. 2003).  
Not all Th1 predominant cytokines, however, behave in a similar way to augment injury, 
because discrepant results also exist for the role of IFN-γ, reporting ameliorating effect in 
nephrotoxic nephritis (Ring et al. 1999), and experimental anti-GBM nephritis (Kitching et 
al. 2004), suggesting the complex role of IFN-γ beyond the principle of simple Th1/Th2 
predominancy. The cellular source and the co-producition of additional cytokines, such as 
IL-10, may determine whether IFN-γ is protective or harmful (Trinchieri 2007). Similarly, 
deficiency for IL-13, a Th2-associated cytokine, failed to aggravate nephrotoxic nephritis, 
despite augmented production of Th1-associated immunoglobulin subclasses (Kitching et 
al. 2004), leading to speculation that the pathogenic role of Th1-mediated delayed 
hypersensitivity reactions overweigh that of antibody-mediated immune responses.  
DC are remarkably abundant in the tubulointerstitium in the normal kidney. However, DC 
form periglomerular infiltrates around inflamed glomeruli in nephrotoxic nephritis (Kruger 
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et al. 2004), the rat anti-GBM model (Fujinaka et al. 2007) and some forms of human 
glomerular diseases, such as Wegener’s granulomatosus and IgA nephropathy (Markovic-
Lipkovski et al. 1990). Functionally, dendritic cells appear to have a protective role against 
injury, by interacting with Th1 cells locally and producing IL-10, thereby suppressing Th1 
cell and macrophage functions. When DC were depleted, nephrotoxic nephritis was 
aggravated. (Scholz et al. 2008).  

4.2.2 Other forms of crescentic glomerulopathies 
A predominant role for Th1 responses has been described in other types of crescentic 
glomerular diseases as well. In ANCA-associated nephritis, T cells and macrophages 
accumulate in glomerular lesions (Cunningham et al. 1999) and glomerular biopsies show 
high IFN-γ and low IL-4 mRNA expression, suggesting a Th-1 predominant effector 
response. Peripheral blood T cells showed a high IFN-γ:IL-4 ratio as compared to non-
proliferative forms (Masutani et al. 2003). There is also evidence suggesting the involvement 
of Th17 responses. Th17 cells promoted autoimmune anti-myeloperoxidase 
glomerulonephritis in mice (Gan et al. 2010) and patients with ANCA-associated vasculitis 
had elevated serum levels of IL-17 and IL-23 (Nogueira et al. 2010). It remains unclear, 
however, how the co-existing Th1 and Th17 responses cross-regulate each other. Available 
evidence suggests both synergism (O'Connor et al. 2008) and inhibition (Yi et al. 2008). In 
active Wegener’s granulomatosis, peripheral blood T cells produced high levels of IFN-γ 
and monocytes produced high IL-12 regardless of disease activity (Ludviksson et al. 1998). 
Analysis of cytokine profiles in lesions from the nasal mucosa have yielded conflicting 
results, and both IL-2 and CCR5+ (Th1) and IL-4 and CCR3+ (Th2) cells were present in 
renal tissues (Balding et al. 2001).  
Human lupus nephritis displays heterogenous patterns of Th1 and Th2 responses, which are 
probably associated with diverse histopathogolical presentations of this disease entity. In 
patients with WHO class IV crescentic disease, however, increases in peripheral blood T cell 
IFN-γ:IL-4 ratio, renal CD3+ cells and macrophages and IFN-γ positive cells were observed 
compared to patients with either WHO class V or mild glomerular lesions (Masutani et al. 
2001). Th1 cytokine predominance was also shown in the urinary sediment of patients with 
active lupus nephritis (Chan et al. 2003). Murine models of lupus nephritis are also critically 
dependent on T helper cells, in addition to the almost certain dependency on B cells 
(Reininger et al. 1996; Chan et al. 1999). Depletion of CD4+ cells attenuated disease in MRL-
lpr mice (Jabs et al. 1992), in New Zealand black/white (NZB/NZW) mice (Connolly et al. 
1992) and in Y-chromosome-associated lupus mice (Lawson et al. 2001). In MRL/lpr mice, 
however, cytokine profiling showed conflicting results in terms of Th1 (Takahashi et al. 
1996; Kikawada et al. 2003) and Th2 (Santiago et al. 1997) predominancy, again refleting the 
multifactorial nature of the disease.  
A fraction of cases with IgA nephropathy also present with proliferative, crescentic lesions. 
In general, this is a disease with heterogeneity of Th responses. The onset may be related to 
factors favoring a Th2-predominnat environment that promotes dysregulated IgA 
production, but a severe proliferative disease is associated with Th1 predominant responses. 
This idea is supported by experimental observation that adoptive transfer of T helper cells 
alone was unable to initiate disease (Suzuki et al. 2007). Meanwhile, IL-12 induced 
glomerular crescents and macrophage accumulation in a ddY strain with high IgA, 
suggesting a role of Th1 subsets (Nogaki et al. 2000).  
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5. Conclusion 
Immune-mediated mechanisms of injury are involved in a variety of primary glomerular 
diseases. In humoral immune injury, immune complexes against intrinsic renal antigens, 
exogenous agents and non-renal, self antigens are either formed in situ or are passively 
trapped in the glomerulus. Immune deposits then trigger injury by activating the 
complement cascade, releasing oxidants, cytokines and growth factors and recruiting 
effector cells. The membrane attack complex, C5b-9 plays a critical role in the majority of 
humoral responses in the kidney. On the other hand, proliferative, crescentic 
glomerulonephritis is almost always associated with cell-mediated immune responses, 
which are associated with effector cell activation such as macrophages and release of 
cytokines and growth factors, leading to delayed hypersensitivity response. Th1 cytokines, 
such as IFN-γ and IL-12 play important roles during the pathogenesis. The Th17 responses 
may also participate in cell-mediated injury in some forms of glomerulopathies, such as 
ANCA-associated nephritis. The humoral and cell-mediated mechanisms of injury are not 
necessarily exclusive, mutually, but play respective roles at each stage of a given disease 
category, depending on its nature. The critical, albeit complex, participation of both humoral 
and cell-mediated immune responses provides rationale for the current treatment strategies 
that target modulation of immunopathogenesis at multiple stages of glomerular injury.  
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may also participate in cell-mediated injury in some forms of glomerulopathies, such as 
ANCA-associated nephritis. The humoral and cell-mediated mechanisms of injury are not 
necessarily exclusive, mutually, but play respective roles at each stage of a given disease 
category, depending on its nature. The critical, albeit complex, participation of both humoral 
and cell-mediated immune responses provides rationale for the current treatment strategies 
that target modulation of immunopathogenesis at multiple stages of glomerular injury.  
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1. Introduction 
Primary membranous glomerulonephritis (MGN) is a major glomerular disease causing 
proteinuria in humans (Jones, 1957).  It is the prototype of an autoimmune disease (Couser, 
et al., 1978) characterized by sub-epithelial immune deposits within glomeruli. Its 
pathogenesis remains still unknown. Immune deposits are formed by IgG4, their respective 
antigen and complement. The definition of the immune deposit architecture has been a main 
focus of the pathology research for years but  advances were restricted, until recently, to 
animal models of the disease, in particular to Heymann nephritis (HN) (Heymann, et al., 
1959; Heymann, et al., 1952; Van Damme, et al., 1978). Unfortunately, results from 
experimental HN cannot be readily exported to human MGN since the major antigen of 
immune deposits in rat is not present in human glomeruli. Therefore different podocyte 
antigens are involved in human MGN and their identification is a fundamental step in 
understanding human pathology. Technology problems, mainly concerning dissection of 
glomeruli and purification/characterization of glomerular antibodies from human biopsies, 
have limited the experimental approach in humans for years. 
In the last 5 years, human MGN has become the topic of renewed nephrologic research. 
Debiec et al. (Debiec, et al., 2002, 2004) first showed that neutral endopeptidase (NEP) 
emerges as podocyte antigen in a rare form of congenital MGN due to maternal NEP 
deficiency and alloimmunization during pregnancy. More recently, the existence of three 
new glomerular auto-antigens, i.e. phospholipase A2 receptor (PLA2R), aldose reductase 
(AR) and superoxide dismutase 2 (SOD2) have been proposed by independent groups 
(Beck, et al., 2009; Prunotto, et al., 2010).  
Technology evolution in the field of laser capture and proteomics allowed a direct 
experimental approach in humans, a crucial step for a direct analysis ‘in vivo’. It is now clear 
that IgG4 eluted from glomeruli of MGN patients recognize a panel of podocyte proteins 
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that have been only in part characterized and that represent good candidates for being 
involved in the pathogenesis of MGN as “auto-antigens”. 
The same approach might be extended to different renal auto-immune pathologies. 
However, before proceeding, the scientific community needs a consensus on criteria and 
technologies that should be utilized for recognizing and validating auto-antigens.  

2. Animal models 
Heymann nephritis (Heymann, et al., 1952, 1959) is the animal model most frequently used 
for studying mechanisms implicated in the process of deposition of antibodies within 
glomeruli. Passive Heymann nephritis is induced in susceptible rat strains by injection of 
heterologous antisera from sheep or rabbit immunized with a crude extract of rat proximal 
tubular antigens known as Fx1A. This model is highly similar to human MGN: renal 
pathology in HN is constantly charachterized by the presence of glomerular sub-epithelial 
immune deposits. Heymann nephritis is quite simple to be produced and has offered for 
years the unique chance to study the structure of immune deposits and the mechanisms 
involved in their formation. This goal has been completed many years ago. Several studies, 
between 1980 and 1990, demonstrated that megalin is the target antigen of sub-epithelial 
IgG. Complement factors, mainly  C5b-9, and other ancillary proteins such as  receptor 
associated protein (RAP) and anti-RAP IgG complete the structure of immune deposits 
(Couser, et al., 1978; Kerjaschki, 2004; Kerjaschki & Farquhar, 1982; Kerjaschki, et al., 1987, 
1992; Saito, et al., 1994; Salant, et al., 1980a, 1980b; Van Damme, et al., 1978).  
The presence of IgG directed against a podocyte antigen triggers the complement cascade 
that ends with the formation of C5b-9, the key mediator of podocyte damage in MGN. C5b-9 
aggregation on the podocyte membrane causes the activation of the epithelial cell.  The 
podocyte starts the production of a cascade of mediators with phosphorylation of PKC and 
formation of free oxygen radicals (Cybulsky, et al., 2000). The result is a rearrangement of 
the cytoskeleton and the consequent loss of cell junction that leads to a pathologic alteration 
of the glomerular filter and to the appearance of proteinuria.  
Immune deposits also contain clusterin (Ghiggeri, et al., 2002; Rastaldi, et al., 2006), a natural 
binder of megalin, that probably represents an endogenous inhibitor of C5b-9.  
The definition of pathology features and physiopathology events in Heymann nephritis 
represented a breakthrough in research of renal autoimmunity. Unfortunately, in spite some 
of the components above have been detected in human MGN (i.e. C5b-9, clusterin), 
Heymann nephritis could not be utilized as a direct model of human MGN because megalin 
is not present in human glomeruli. Moreover, many years later, it was described that 
megalin structural homolog, the LDL-receptor, is not recognized by circulating IgG4 in 
human MGN (Bruschi, et al., 2009).  
Diverse animal models of membranous nephropathy have been developed and different 
podocyte antigens have been identified such as neutral endopeptidase in rabbit,  and 
dipeptidyl peptidase IV in mouse (Table 1) (Assmann, et al., 1992; Ronco, et al., 1989). These 
proteins are present in human glomeruli; however they were not identified in immune 
deposits and their involvement in idiopathic MGN was never proved (Allegri, 1997).  
After all, animal models showed the heterogeneity of potential podocyte antigens in MGN 
and straightened the concept of ‘in situ’ formation of immune deposit. Problems related to 
the translation of the lesson from animal models to human beings slowed progression in 
understanding of mechanisms of human MGN. After twenty years, however, new insights 
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were generated by the observation of familial models of MGN and from the characterization 
of antigens involved in their pathogenesis.  
 

 Animal Models  Ref.  
    

Megalin  rat Kerjaschki & 
Farquhar, 1982 

Dipeptidyl peptidase IV  rat, mouse, rabbit Assmann, et al., 
1992 

Neutral endopeptidase  rabbit Ronco, et al., 
1989 

    
 Neonatal MGN   
    

Neutral endopeptidase  humans Debiec, et al., 
2002 

    
 Idiopathic MGN   
    
Phospholipase A2 receptor  humans Beck, et al., 2009 

Aldose reductase  humans Prunotto, et al., 
2010 

Mn-superoxide dismutase  humans Prunotto, et al., 
2010 

Alpha enolase  humans Bruschi, et al., 
2011 

Others  humans Bruschi, et al., 
2011 

Table 1. Glomerular antigens in experimental models and in human MGN 

3. Human MGN 
3.1 Neonatal MGN 
Seminal studies by Debiec and Ronco (Debiec, et al., 2002; Debiec, et al., 2004) represented  
a fundamental passage on the road of comprehension of human MGN many years after  
the definition of HN. These authors’ contributions led to the definition of neutral 
endopeptidase as the auto-antigen in rare forms of familial congenital MGN (Table 1). 
Antibodies against neutral endopeptidase was first recognized in a newborn presenting 
with congenital nephrotic syndrome. Renal histology demonstrated MGN. The basis of the 
pathogenesis was the mother, carrying a genetic deficiency of neutral endopeptidase 
because of an homozygous deletion in MME, the corresponding gene. She became 
alloimmunized against neutral endopeptidase during a prior pregnancy, ended with 
miscarriage. Anti- neutral endopeptidase antibodies were then transferred to the fetus 
during the successive pregnancy and congenital MGN developed in the newborn while 
disappearing thereafter.  



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

20

that have been only in part characterized and that represent good candidates for being 
involved in the pathogenesis of MGN as “auto-antigens”. 
The same approach might be extended to different renal auto-immune pathologies. 
However, before proceeding, the scientific community needs a consensus on criteria and 
technologies that should be utilized for recognizing and validating auto-antigens.  

2. Animal models 
Heymann nephritis (Heymann, et al., 1952, 1959) is the animal model most frequently used 
for studying mechanisms implicated in the process of deposition of antibodies within 
glomeruli. Passive Heymann nephritis is induced in susceptible rat strains by injection of 
heterologous antisera from sheep or rabbit immunized with a crude extract of rat proximal 
tubular antigens known as Fx1A. This model is highly similar to human MGN: renal 
pathology in HN is constantly charachterized by the presence of glomerular sub-epithelial 
immune deposits. Heymann nephritis is quite simple to be produced and has offered for 
years the unique chance to study the structure of immune deposits and the mechanisms 
involved in their formation. This goal has been completed many years ago. Several studies, 
between 1980 and 1990, demonstrated that megalin is the target antigen of sub-epithelial 
IgG. Complement factors, mainly  C5b-9, and other ancillary proteins such as  receptor 
associated protein (RAP) and anti-RAP IgG complete the structure of immune deposits 
(Couser, et al., 1978; Kerjaschki, 2004; Kerjaschki & Farquhar, 1982; Kerjaschki, et al., 1987, 
1992; Saito, et al., 1994; Salant, et al., 1980a, 1980b; Van Damme, et al., 1978).  
The presence of IgG directed against a podocyte antigen triggers the complement cascade 
that ends with the formation of C5b-9, the key mediator of podocyte damage in MGN. C5b-9 
aggregation on the podocyte membrane causes the activation of the epithelial cell.  The 
podocyte starts the production of a cascade of mediators with phosphorylation of PKC and 
formation of free oxygen radicals (Cybulsky, et al., 2000). The result is a rearrangement of 
the cytoskeleton and the consequent loss of cell junction that leads to a pathologic alteration 
of the glomerular filter and to the appearance of proteinuria.  
Immune deposits also contain clusterin (Ghiggeri, et al., 2002; Rastaldi, et al., 2006), a natural 
binder of megalin, that probably represents an endogenous inhibitor of C5b-9.  
The definition of pathology features and physiopathology events in Heymann nephritis 
represented a breakthrough in research of renal autoimmunity. Unfortunately, in spite some 
of the components above have been detected in human MGN (i.e. C5b-9, clusterin), 
Heymann nephritis could not be utilized as a direct model of human MGN because megalin 
is not present in human glomeruli. Moreover, many years later, it was described that 
megalin structural homolog, the LDL-receptor, is not recognized by circulating IgG4 in 
human MGN (Bruschi, et al., 2009).  
Diverse animal models of membranous nephropathy have been developed and different 
podocyte antigens have been identified such as neutral endopeptidase in rabbit,  and 
dipeptidyl peptidase IV in mouse (Table 1) (Assmann, et al., 1992; Ronco, et al., 1989). These 
proteins are present in human glomeruli; however they were not identified in immune 
deposits and their involvement in idiopathic MGN was never proved (Allegri, 1997).  
After all, animal models showed the heterogeneity of potential podocyte antigens in MGN 
and straightened the concept of ‘in situ’ formation of immune deposit. Problems related to 
the translation of the lesson from animal models to human beings slowed progression in 
understanding of mechanisms of human MGN. After twenty years, however, new insights 

 
Immunological Basis of Membranous Glomerulonephritis 

 

21 

were generated by the observation of familial models of MGN and from the characterization 
of antigens involved in their pathogenesis.  
 

 Animal Models  Ref.  
    

Megalin  rat Kerjaschki & 
Farquhar, 1982 

Dipeptidyl peptidase IV  rat, mouse, rabbit Assmann, et al., 
1992 

Neutral endopeptidase  rabbit Ronco, et al., 
1989 

    
 Neonatal MGN   
    

Neutral endopeptidase  humans Debiec, et al., 
2002 

    
 Idiopathic MGN   
    
Phospholipase A2 receptor  humans Beck, et al., 2009 

Aldose reductase  humans Prunotto, et al., 
2010 

Mn-superoxide dismutase  humans Prunotto, et al., 
2010 

Alpha enolase  humans Bruschi, et al., 
2011 

Others  humans Bruschi, et al., 
2011 

Table 1. Glomerular antigens in experimental models and in human MGN 

3. Human MGN 
3.1 Neonatal MGN 
Seminal studies by Debiec and Ronco (Debiec, et al., 2002; Debiec, et al., 2004) represented  
a fundamental passage on the road of comprehension of human MGN many years after  
the definition of HN. These authors’ contributions led to the definition of neutral 
endopeptidase as the auto-antigen in rare forms of familial congenital MGN (Table 1). 
Antibodies against neutral endopeptidase was first recognized in a newborn presenting 
with congenital nephrotic syndrome. Renal histology demonstrated MGN. The basis of the 
pathogenesis was the mother, carrying a genetic deficiency of neutral endopeptidase 
because of an homozygous deletion in MME, the corresponding gene. She became 
alloimmunized against neutral endopeptidase during a prior pregnancy, ended with 
miscarriage. Anti- neutral endopeptidase antibodies were then transferred to the fetus 
during the successive pregnancy and congenital MGN developed in the newborn while 
disappearing thereafter.  
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This elegant model could therefore demonstrate, for the first time, the pathogenic role of a 
podocyte antigen in human MGN. Similar mutations of MME were found in three further 
families that had in common at least one case of congenital MGN. Even if the presence and 
the involvement of antibodies against neutral endopeptidase was clearly demonstrated, the 
prevalence of this form of MGN is probably very low and these results cannot be translated 
directly in idiopathic MGN.  
There is, in fact, now much debate about considering neutral endopeptidase an auto-
antigen in non-familial MGN. In fact, circulating anti- neutral endopeptidase IgG4 can be 
detected in a minor part of patients with primary MGN but this antigen is not recognized 
by IgG4 eluted from micro-dissected glomeruli (Ghiggeri, personal observation). Further 
studies are required to rule out the involvement of neutral endopeptidase in idiopathic 
MGN. 

3.2 Technology advances for ‘in vivo’ studies 
New technologies in the fields of tissue micro-dissection and protein characterization have 
recently played an essential role in discovering new auto-antigen in human MGN. They 
allowed for the first time the analysis of minute amounts of human tissue from a diagnostic 
renal biopsy. In fact, micro-dissection and proteomics are of fresh development but have 
been rapidly adapted to renal tissue studies (Murtas, et al., 2011).  
The basic approach starts with  the laser dissection of glomeruli from cryo-sections of renal 
tissue. This technique is highly specific and reproducible. It permits to obtain  purified 
glomeruli from which antibodies can be eluted utilizing osmotic gradients and further 
characterizated.  
Western blot analysis coupled with mass spectrometry is the second basic technique for 
characterizing auto-antibodies. In this case, podocyte proteins are first separated with 
mono-dimensional electrophoresis in both denaturing and non-denaturing conditions (a few 
proteins are not recognized after mild denaturing treatment) or with two-dimensional gel 
electrophoresis and they are then incubated with glomerular eluates. The binding of specific 
IgG4 with podocyte antigens is detected with anti-IgG4 antibodies and revealed with 
chemiluminescence. Finally, podocyte proteins recognized by IgG4 are characterized by 
mass spectrometry. 
Western-blot/mass spectrometry are also utilized for the characterization of circulating 
antibodies: serum replaces eluted antibodies.  

3.3 Glomerular antigens in human MGN 
In terms of general discussion it is rational to propose at least three basic characteristics that 
should be fulfilled by a protein when considered as an auto-antigen in idiopathic MGN.  
The first one is that the candidate auto-antigen is expressed by podocytes at least in 
pathological conditions and that it is recognized by IgG4 eluted from micro-dissected 
glomeruli. The second criterion is that the candidate antigen co-localizes with IgG4 (and 
possibly with C5b-9) in glomerular sub-epithelial immune deposits.  The final condition is 
that IgG4 against the protein must be detected in MGN patients sera at least during the overt 
phase of the disease.  
A question apart is specificity, that is a major issue of the consensus debate.  
Therefore, characterizing an auto-antigen requires a multistep approach: first of all 
immunoglobulins are eluted from MGN glomeruli. Then their target is evaluated by 
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western-blot against podocyte proteins. The evaluation of co-localization within the immune 
deposits, isotype analysis and titration of circulating antibodies are further steps of the same 
project. Following this scheme three podocyte proteins have been characterized as putative 
auto-antigens: phospholipase A2 receptor (PLA2r), Mn-superoxide dismutase (SOD2), 
aldose reductase (AR).   Alpha enolase is a recent finding (Table 1 and Figure 1). Few others 
are still in progress. 
PLA2r is a member of the mannose-receptor family that is normally expressed on the 
podocyte membrane in humans (East & Isacke, 2002; Lambeau & Lazdunski, 1999). It binds 
circulating phospholipase A2 but its physiological role is still uncertain. In MGN auto-
antibodies recognize PLA2r only in its native configuration that is dependent on disulphide 
bonds and this is the reason why this protein requires stringent conditions of analysis 
rigorously in non-denaturing environment. It is reasonable that conformation of PLA2r 
plays a key role in auto-antibodies formation and binding. Studies (Beck, et al., 2009; 
Hofstra, et al., 2011) in limited groups of patients with idiopathic MGN revealed high 
circulating levels in a significant portion of patients and their absence in cases of secondary 
MGN suggesting a direct implication as causative factor.  
SOD2 is a key anti-oxidant mitochondrial enzyme implicated in transformation of 
superoxide ions into hydrogen peroxide and diatomic oxygen (Son, et al.,2008). In the 
kidney, SOD2 is widely expressed in tubular epithelial cells, especially in the cortex, where 
it plays a central role in preserving the kidney during ischemia/reperfusion events but it has 
never been reported in normal glomeruli. In fact, SOD2 is neo-expressed in podocytes and 
in sub-epithelial immune deposits of patients with MGN. (Figure 1) (Prunotto, et al., 2010). 
This suggests that conditions associated with hyperexpression and membrane displacement 
may be implicated in the auto-immune process.  
AR belongs to the family of aldo-keto reductases involved in catalysis of NADPH-
dependent reduction of aliphatic and aromatic aldehydes and ketones. It is usually a 
cytoplasmic enzyme. It converts glucose into sorbitol and it is involved in regulation of 
tissue tonicity and osmolarity (Williamson, et al.,1993). As for SOD2, localization of AR 
within the normal kidney is limited to tubular epithelial cells of the medulla and it is 
absent in glomeruli. In MGN patients it become detectable in glomeruli and it co-localizes 
with deposed IgG4  (Figure 1) (Barski, et al., 2005; Terubayashi, et al., 1989; Prunotto, et al. 
2010). 
The fourth antigen, alpha enolase (Bruschi, et al., 2011) is one of the most abundant proteins 
in cytosol where it participates in the glycolysis process as catalyst of the dehydration of 2-
phosphoglycerate to phosphoenolpiruvate; it is particularly expressed in tubular kidney 
cells and in liver epithelia. A plasma membrane localization has also been described. Several 
autoimmune diseases are associated with circulating anti-alpha enolase antibodies; however 
a pathogenetic role has never been demonstrated in any pathological entity   (Wistow, et al., 
1988; Miles, et al., 1991; Aaronson, et al., 1995; Sabbatini, et al., 1997; Gitlits, et al., 2001). The 
presence of this kind of auto-antibodies in sera of MGN patients is not a new finding 
(Wakui, et al., 1999). However, alpha enolase neo-expression in MGN glomeruli and its co-
localization with IgG4 straighten the concept that it is another auto antigen implicated in 
MGN pathogenesis (Figure 1).  
Glomerular immunoglobulin eluates interact with other podocyte membrane proteins 
(Figure 2). They need to be identified and they have to be tested with the approach 
described above. Probably, the list of MGN antigens will further increase in a few years.   



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

22

This elegant model could therefore demonstrate, for the first time, the pathogenic role of a 
podocyte antigen in human MGN. Similar mutations of MME were found in three further 
families that had in common at least one case of congenital MGN. Even if the presence and 
the involvement of antibodies against neutral endopeptidase was clearly demonstrated, the 
prevalence of this form of MGN is probably very low and these results cannot be translated 
directly in idiopathic MGN.  
There is, in fact, now much debate about considering neutral endopeptidase an auto-
antigen in non-familial MGN. In fact, circulating anti- neutral endopeptidase IgG4 can be 
detected in a minor part of patients with primary MGN but this antigen is not recognized 
by IgG4 eluted from micro-dissected glomeruli (Ghiggeri, personal observation). Further 
studies are required to rule out the involvement of neutral endopeptidase in idiopathic 
MGN. 

3.2 Technology advances for ‘in vivo’ studies 
New technologies in the fields of tissue micro-dissection and protein characterization have 
recently played an essential role in discovering new auto-antigen in human MGN. They 
allowed for the first time the analysis of minute amounts of human tissue from a diagnostic 
renal biopsy. In fact, micro-dissection and proteomics are of fresh development but have 
been rapidly adapted to renal tissue studies (Murtas, et al., 2011).  
The basic approach starts with  the laser dissection of glomeruli from cryo-sections of renal 
tissue. This technique is highly specific and reproducible. It permits to obtain  purified 
glomeruli from which antibodies can be eluted utilizing osmotic gradients and further 
characterizated.  
Western blot analysis coupled with mass spectrometry is the second basic technique for 
characterizing auto-antibodies. In this case, podocyte proteins are first separated with 
mono-dimensional electrophoresis in both denaturing and non-denaturing conditions (a few 
proteins are not recognized after mild denaturing treatment) or with two-dimensional gel 
electrophoresis and they are then incubated with glomerular eluates. The binding of specific 
IgG4 with podocyte antigens is detected with anti-IgG4 antibodies and revealed with 
chemiluminescence. Finally, podocyte proteins recognized by IgG4 are characterized by 
mass spectrometry. 
Western-blot/mass spectrometry are also utilized for the characterization of circulating 
antibodies: serum replaces eluted antibodies.  

3.3 Glomerular antigens in human MGN 
In terms of general discussion it is rational to propose at least three basic characteristics that 
should be fulfilled by a protein when considered as an auto-antigen in idiopathic MGN.  
The first one is that the candidate auto-antigen is expressed by podocytes at least in 
pathological conditions and that it is recognized by IgG4 eluted from micro-dissected 
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possibly with C5b-9) in glomerular sub-epithelial immune deposits.  The final condition is 
that IgG4 against the protein must be detected in MGN patients sera at least during the overt 
phase of the disease.  
A question apart is specificity, that is a major issue of the consensus debate.  
Therefore, characterizing an auto-antigen requires a multistep approach: first of all 
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western-blot against podocyte proteins. The evaluation of co-localization within the immune 
deposits, isotype analysis and titration of circulating antibodies are further steps of the same 
project. Following this scheme three podocyte proteins have been characterized as putative 
auto-antigens: phospholipase A2 receptor (PLA2r), Mn-superoxide dismutase (SOD2), 
aldose reductase (AR).   Alpha enolase is a recent finding (Table 1 and Figure 1). Few others 
are still in progress. 
PLA2r is a member of the mannose-receptor family that is normally expressed on the 
podocyte membrane in humans (East & Isacke, 2002; Lambeau & Lazdunski, 1999). It binds 
circulating phospholipase A2 but its physiological role is still uncertain. In MGN auto-
antibodies recognize PLA2r only in its native configuration that is dependent on disulphide 
bonds and this is the reason why this protein requires stringent conditions of analysis 
rigorously in non-denaturing environment. It is reasonable that conformation of PLA2r 
plays a key role in auto-antibodies formation and binding. Studies (Beck, et al., 2009; 
Hofstra, et al., 2011) in limited groups of patients with idiopathic MGN revealed high 
circulating levels in a significant portion of patients and their absence in cases of secondary 
MGN suggesting a direct implication as causative factor.  
SOD2 is a key anti-oxidant mitochondrial enzyme implicated in transformation of 
superoxide ions into hydrogen peroxide and diatomic oxygen (Son, et al.,2008). In the 
kidney, SOD2 is widely expressed in tubular epithelial cells, especially in the cortex, where 
it plays a central role in preserving the kidney during ischemia/reperfusion events but it has 
never been reported in normal glomeruli. In fact, SOD2 is neo-expressed in podocytes and 
in sub-epithelial immune deposits of patients with MGN. (Figure 1) (Prunotto, et al., 2010). 
This suggests that conditions associated with hyperexpression and membrane displacement 
may be implicated in the auto-immune process.  
AR belongs to the family of aldo-keto reductases involved in catalysis of NADPH-
dependent reduction of aliphatic and aromatic aldehydes and ketones. It is usually a 
cytoplasmic enzyme. It converts glucose into sorbitol and it is involved in regulation of 
tissue tonicity and osmolarity (Williamson, et al.,1993). As for SOD2, localization of AR 
within the normal kidney is limited to tubular epithelial cells of the medulla and it is 
absent in glomeruli. In MGN patients it become detectable in glomeruli and it co-localizes 
with deposed IgG4  (Figure 1) (Barski, et al., 2005; Terubayashi, et al., 1989; Prunotto, et al. 
2010). 
The fourth antigen, alpha enolase (Bruschi, et al., 2011) is one of the most abundant proteins 
in cytosol where it participates in the glycolysis process as catalyst of the dehydration of 2-
phosphoglycerate to phosphoenolpiruvate; it is particularly expressed in tubular kidney 
cells and in liver epithelia. A plasma membrane localization has also been described. Several 
autoimmune diseases are associated with circulating anti-alpha enolase antibodies; however 
a pathogenetic role has never been demonstrated in any pathological entity   (Wistow, et al., 
1988; Miles, et al., 1991; Aaronson, et al., 1995; Sabbatini, et al., 1997; Gitlits, et al., 2001). The 
presence of this kind of auto-antibodies in sera of MGN patients is not a new finding 
(Wakui, et al., 1999). However, alpha enolase neo-expression in MGN glomeruli and its co-
localization with IgG4 straighten the concept that it is another auto antigen implicated in 
MGN pathogenesis (Figure 1).  
Glomerular immunoglobulin eluates interact with other podocyte membrane proteins 
(Figure 2). They need to be identified and they have to be tested with the approach 
described above. Probably, the list of MGN antigens will further increase in a few years.   
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Fig. 1. Glomerular expression of aldose reductase, Mn-superoxide dismutase and alpha 
enolase in MGN patients. Immunofluorescence on renal cryo-sections analyzed with 
confocal microscopy. Merged images show co-localization between antigens and IgG4. 

3.4 Antibody isotypes and clinical correlations 
IgG4 typically represents the main body of  immune deposits in both Heymann nephritis 
and human MGN. IgG1 and IgG2 are also present.  
In sera IgG4 against the described glomerular antigens are prevalent. However,  also IgG1 
can be detected in case of auto-antibodies against alpha enolase. Circulating auto-antibodies 
are made up of  the same he same IgG4/IgG1  isotypes indicating a good homology between 
the circulating and the renal counterparts (Figure 2). How the IgG isotype can influence 
pathogenesis of MGN is still matter of debate since a few issues are not clear.  The first one 
is related to the described inability of IgG4 to activate complement, that might suggests an 
independence between IgG4 deposition and C5b-9 formation. Another concern is about 
IgG1: their role in MGN need to be re-evaluated.  
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Fig. 2. (a) Circulating immunoglobulin isotypes referred to autoantibodies againsts AR, 
SOD2 and alpha enolase. In the former two cases the predominant isotype is IgG4, in the 
case of alpha enolase both IgG1 and IgG4 are detectable. (b) Western-blot with IgG4  eluted 
from glomeruli of patients with MGN. A few podocyte proteins are recognized . Three of 
them have been characterized as aldose reductase (AR), Mn-superoxide dismutase  (SOD2) 
and alpha enolase.  

The determination of circulating levels of antibodies against  auto-antigens and their clinical 
correlation is now in progress.  Only small cohorts of patients have been evaluated. 
Moreover, in each population only one antigen have been tested (Beck, et al., 2009; Prunotto, 
et al., 2010; Debiec & Ronco, 2011; Hofstra, et al. 2011). A correlation of autoantibodies level 
with proteinuria has been proposed, suggesting that high circulating titers are in 
relationship with phases of immunological activity of the disease. A strong association with 
clinical outcome is still lacking. It is also an important issue to establish a correlation among 
antibodies against different antigens; such stuidies are on the way. Probably they will help 
in establishing a hierarchy between antigens, if it exists.  
Another key aspect would be to find out a correlation between glomerular deposits and 
serum levels or clinical outome. Surrogate biomarkers are needed for guiding treatment and 
long-term follow-up in MGN patients. 

3.5 Predisposing factors 
Many immunological or infectious diseases, neoplasms and toxic or farmacological agents 
have been associated with MGN. In these situations MGN is considered “secondary” to the 
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respective pathological entity, even if the presumptive antigen has never been isolated from 
the affected glomeruli. A classical pathogenetic theory affirms that the causative agent can 
initiate the pathological process in genetically susceptible individuals.  
In primary MGN some association has been proved with HLA alleles: in particular HLA-B8, 
HLA-B18 and HLA-DR3. The latter has been described probably confering a threefold 
increased risk of the disease (Dyer, et al., 1992; Klouda, et al., 1979)  
More recently a genomewide association study conducted in three white European 
population reported an evident association of MGN with single nucleotide  polymorphism 
(SNP) in PLA2R gene and, more strongly, in HLA-DQ alpha chain 1 (HLA-DQA1). The 
authors do not report any association in AR and SOD2 genes. The MGN risk in relation with 
SNPs in PLA2R gene is proposed also in two other Asian studies (Stanescu, et al., 2011).  
Even these data are not conclusive, they might suggest a “two hits” model also for the 
pathogenesis of MN. In fact, a variation in some component of  the immune system (HLA-
DQ variation) might confer an autoimmunity predisposition. Successively, an alteration, 
congenital or acquired, of the localization or of the structure of an antigen (PLA2R or 
others), can make the antigen itself became the target of the disregulated immune system.  

4. Conclusions 
Research on MGN pathogenesis restarted recently, after many years of  frustrating findings. 
Technology evolution was the major incentive to new stuidies.   
The finding of at least four auto-antigens implicated in the pathogenesis of MGN, needs an 
explanation in a complex pathogenetic theory. Nowadays, it seems reasonable that 
mechanisms related to the formation of auto-antibodies against membrane proteins, such as 
PLA2r, are different from auto-antibodies against antigens typically localized inside the cell, 
such as SOD2 (mitochondrial), and AR or alpha enolase (cytosolic). Antibody promiscuity 
can be in some way justified by mimicry in case of membrane proteins whereas, for 
molecules such as SOD2, AR or alpha enolase, mechanisms of de-localization should play a 
role. 
Anyway, before a complete elucidation of MGN pathogenesis several studies have to be 
performed: more clinical data, new insights on cellular localization of antigens and , maybe, 
new animal models are needed.  
There is a some kind of hierarchy between different targets of autoimmunity? The 
production of a first autoantibody stimulates podocyte expression of other auto-antigens 
and a new wave of immunization? There are types of autoantibody not correlated with 
clinical evolution that are only some kind of “epiphenomenon”? There are different clusters 
of MGN patients with different autoantibody profile? 
Many questions raise when considering recent discoveries on MGN. They will be correctly 
answered only if scientific community proceeds with shared approach in discovering and 
testing candidate antigens. Exciting times are coming for the researches involved in studies 
on MGN and other renal auto-immune diseases.  
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PLA2r, are different from auto-antibodies against antigens typically localized inside the cell, 
such as SOD2 (mitochondrial), and AR or alpha enolase (cytosolic). Antibody promiscuity 
can be in some way justified by mimicry in case of membrane proteins whereas, for 
molecules such as SOD2, AR or alpha enolase, mechanisms of de-localization should play a 
role. 
Anyway, before a complete elucidation of MGN pathogenesis several studies have to be 
performed: more clinical data, new insights on cellular localization of antigens and , maybe, 
new animal models are needed.  
There is a some kind of hierarchy between different targets of autoimmunity? The 
production of a first autoantibody stimulates podocyte expression of other auto-antigens 
and a new wave of immunization? There are types of autoantibody not correlated with 
clinical evolution that are only some kind of “epiphenomenon”? There are different clusters 
of MGN patients with different autoantibody profile? 
Many questions raise when considering recent discoveries on MGN. They will be correctly 
answered only if scientific community proceeds with shared approach in discovering and 
testing candidate antigens. Exciting times are coming for the researches involved in studies 
on MGN and other renal auto-immune diseases.  
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1. Introduction  
The complement system is an essential part of innate immunity by its role in protection 
against infections, but it is also involved in waste disposal and in modulating the adaptive 
immune response. Under physiological conditions complement activation is effectively 
regulated to restrain it to the required targets and extent, and to prevent collateral host 
tissue damage. An imbalance between complement activation and inhibition can lead to 
various diseases. Inappropriate regulation of complement activation, in particular that of the 
alternative pathway, is linked to kidney diseases. Mutations in complement components 
and regulatory molecules, and/or autoantibodies against complement proteins have been 
identified in patients with lupus nephritis, membranoproliferative glomerulonephritis 
(MPGN), dense deposit disease, C3 glomerulonephritis, CFHR5 nephropathy, and 
hemolytic uremic syndrome. This chapter summarizes the current knowledge on the role of 
complement dysregulation and of anti-complement autoantibodies in particular in dense 
deposit disease and MPGN. 

2. Complement: Activation and regulation 
The complement system plays a role in a variety of vital functions in the body, including the 
discrimination between self and nonself, the defense against invading pathogens, 
inflammation, disposal of cellular debris and apoptotic cells, immune complex clearance, 
developmental processes, and tissue regeneration. Complement is also involved in several 
pathophysiological processes, such as various renal disorders, age-related macular 
degeneration, rheumatoid arthritis, Alzheimer’s disease, cancer, and other diseases  (Ricklin 
et al., 2010). Complement is a complex network consisting of more than 40 molecules that 
are distributed in body fluids and/or appear on cell membranes. These include components 
that initiate and propagate the cascade, enzymatic components, soluble and cell membrane-
bound regulators as well as cell surface receptors. The activated complement system exerts 
its functions through its components and their active fragments. These form enzymes to 
ensure the propagation of the cascade; deposit on activator surfaces such as microbes and 
dying host cells to mark them for phagocytosis (a process called opsonization); bind to 
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1. Introduction  
The complement system is an essential part of innate immunity by its role in protection 
against infections, but it is also involved in waste disposal and in modulating the adaptive 
immune response. Under physiological conditions complement activation is effectively 
regulated to restrain it to the required targets and extent, and to prevent collateral host 
tissue damage. An imbalance between complement activation and inhibition can lead to 
various diseases. Inappropriate regulation of complement activation, in particular that of the 
alternative pathway, is linked to kidney diseases. Mutations in complement components 
and regulatory molecules, and/or autoantibodies against complement proteins have been 
identified in patients with lupus nephritis, membranoproliferative glomerulonephritis 
(MPGN), dense deposit disease, C3 glomerulonephritis, CFHR5 nephropathy, and 
hemolytic uremic syndrome. This chapter summarizes the current knowledge on the role of 
complement dysregulation and of anti-complement autoantibodies in particular in dense 
deposit disease and MPGN. 

2. Complement: Activation and regulation 
The complement system plays a role in a variety of vital functions in the body, including the 
discrimination between self and nonself, the defense against invading pathogens, 
inflammation, disposal of cellular debris and apoptotic cells, immune complex clearance, 
developmental processes, and tissue regeneration. Complement is also involved in several 
pathophysiological processes, such as various renal disorders, age-related macular 
degeneration, rheumatoid arthritis, Alzheimer’s disease, cancer, and other diseases  (Ricklin 
et al., 2010). Complement is a complex network consisting of more than 40 molecules that 
are distributed in body fluids and/or appear on cell membranes. These include components 
that initiate and propagate the cascade, enzymatic components, soluble and cell membrane-
bound regulators as well as cell surface receptors. The activated complement system exerts 
its functions through its components and their active fragments. These form enzymes to 
ensure the propagation of the cascade; deposit on activator surfaces such as microbes and 
dying host cells to mark them for phagocytosis (a process called opsonization); bind to 
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complement receptors on several cell types and mediate adherence, phagocytosis or cell 
activation processes; the released anaphylatoxins C3a and C5a mediate inflammation; and 
the terminal components punch holes into target cell membranes and thus can cause cell 
lysis (Figure 1). 
 

 
Fig. 1. Complement activation and its major functions. The three major pathways of 
complement activation are shown. Eventually, all three pathways lead to the formation  
of C3 convertases (C4b2b represents the classical/lectin pathway C3 convertase, and 
C3bBb the alternative pathway C3 convertase), which activate the central component  
C3. The C3b fragment can bind to the existing convertases and thus form the C5 
convertases of the classical/lectin pathway (C4b2b3b) or the alternative pathway 
(C3bBbC3b). The latter are essential for the activation of the common terminal pathway, 
which leads to the generation of the lytic membrane attack complex. Note, that via the 
generation of active C3b fragments, which can interact with factors B and D, the 
classical/lectin pathways also lead to the activation of the alternative pathway 
(“amplification”). The C3b fragment is also a major opsonin, mediating phagocytosis via 
C3-fragment receptors on phagocytes. The generated C3a and C5a are potent 
anaphylatoxins that are involved in the activation of various cell types and mediate 
inflammatory processes. Asterisks denote enzymatic components. MBL, mannose-binding 
lectin; MASPs, MBL-associated serine proteases. 
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Complement can be activated via three major pathways (Figure 1). The classical pathway is 
activated by immune complexes or pentraxins, which bind the C1q molecule. The lectin 
pathway is activated by binding of mannose-binding lectin or ficolins to sugar patterns e.g. 
on microbes, but is also activated by pentraxins and by IgA. The alternative pathway can be 
activated by foreign surfaces such as microbes, by IgA, by properdin when it is bound to 
certain microbes or to apoptotic cells, and is also spontaneously activated by the hydrolysis 
of the internal thioester bond of C3 in plasma. All three pathways eventually lead to the 
formation of C3 convertases. These C3-converting enzymes cleave the central complement 
component C3 into C3a and C3b fragments. C3a is an anaphylatoxin and is involved in 
inflammation. The large C3b fragment can covalently bind to nearby molecules and surfaces 
via its thioester group, where it may further be degraded, and its fragments can bind to 
specific complement receptors on cells. C3b also binds factor B, and upon the action of factor 
D, the C3b-bound factor B is cleaved. The resulting C3bBb represents the alternative 
pathway C3 convertase that can generate further C3b. Because all three pathways lead to C3 
activation, the formation of C3bBb allows an amplification of the cascade. The C3 
convertases also allow the further propagation of the cascade by binding C3b, thus forming 
the C5 convertases and gaining the ability to cleave C5. This step is necessary for the 
generation of the C5a fragment, which has potent inflammatory activity, and the C5b 
fragment, which by interacting with the C6, C7, C8, and C9 components leads to the 
assembly of the so-called membrane attack complex that forms pores in target cell 
membranes and causes osmotic cell lysis. 
Since each enzymatic step amplifies the activation of complement, this potentially leads to a 
systemic activation and total complement consumption which would be destructive to the 
host. The activated system may also be harmful because of its inflammatory and lytic effects 
in the host if not properly controlled. One of the means to avoid an overactivation of the 
complement cascade is that the human plasma contains several regulatory molecules that 
control the various activation steps in order to limit the activation to target surfaces and to 
the necessary extent (Zipfel and Skerka, 2009). Similarly, cells and tissues carry surface 
complement regulators in various combinations that help them protect themselves from 
complement attack. Deficiencies in complement components and disturbances in the proper 
function and regulation of the complement cascade cause severe diseases (Walport, 2001a, 
2001b; Markiewski and Lambris, 2007). 

2.1 The alternative pathway C3 convertase and its regulation 
When the thioester bond is hydrolyzed in C3, the resulting C3(H2O) molecule (also called 
“C3b-like C3”) gains the ability to interact with factor B (Pangburn et al., 1981). The bound 
factor B is cleaved by factor D. The resulting initial alternative pathway convertase 
C3(H2O)Bb can cleave plasma C3 into C3a and C3b. C3b in turn can form the C3bBb 
convertase upon interacting with factors B and D. This enzyme cleaves additional C3 
molecules and thus amplifies the cascade. The convertase is not a stable enzyme and decays 
spontaneously. The plasma protein properdin stabilizes the convertase, thus positively 
regulates the alternative pathway. On the other hand, the plasma regulator factor H, and the 
membrane proteins decay accelerating factor and complement receptor type 1 destabilize 
the convertase. In addition, the plasma serine protease factor I can cleave C3b in the 
presence of one of its cofactors (factor H, membrane cofactor protein, complement receptor 
type 1), and the inactivated C3b (iC3b) can no longer form a convertase (Figure 2). 
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Fig. 2. Activation and regulation of the alternative pathway and the C3 convertase. The 
spontaneous activation of the alternative pathway is due to a low rate of hydrolysis of the 
thioester bond in C3. The resulting C3(H2O) can bind factor B, and after the action of factor 
D, the C3(H2O)Bb forms an initial C3 convertase enzyme. This cleaves C3 into C3a and C3b. 
C3b upon its interaction with factor B generates the C3bBb convertase that further amplifies 
the alternative pathway. Properdin stabilizes the C3 convertase, whereas CR1, DAF and 
factor H destabilize the convertase. In addition, C3b is inactivated by factor I in the presence 
of CR1, MCP or factor H. Asterisks denote enzymes. CR1, complement receptor type 1; 
DAF, decay accelerating factor; iC3b, inactivated C3b; MAC, membrane attack complex; 
MCP, membrane cofactor protein. 

2.2 Complement and kidney diseases 
The importance of a finely tuned balance between the protective and damaging effects of the 
complement system has clearly been demonstrated in recent years (Ricklin et al., 2010). 
Complement is implicated in various forms and aspects of renal pathology (Berger and 
Daha, 2007; Trouw et al., 2003). Deficiencies, mutations and polymorphisms in complement 
components and regulators, as well as anti-complement autoantibodies have been linked to 
renal diseases such as lupus nephritis, hemolytic uremic syndrome, MPGN, dense deposit 
disease, and C3 glomerulonephritis. 
Alternative pathway dysregulation in particular is associated with renal disorders (Meri, 
2007; Zipfel et al., 2006). Recent data on the genetics and pathophysiology led to a better 
understanding of underlying pathomechanisms and the role of complement especially in 
atypical hemolytic uremic syndrome and dense deposit disease, and also to the 
identification of new disease entities, such as the CFHR5 glomerulopathy (Gale et al., 2010; 
Pickering and Cook, 2011). Identified mutations affect the activity of complement proteins 
that are either part of the C3 convertase (C3 and factor B) or that are regulators (factor H, 
factor I, membrane cofactor protein, CFHR5) of complement activation. 
In addition, complement dysregulation caused by anti-complement autoantibodies is 
involved in the pathophysiology of a number of diseases, several of them affecting the 
kidney, such as MPGN, dense deposit disease, C3 glomerulonephritis, and atypical 
hemolytic uremic syndrome (Trouw et al., 2001; Servais et al., 2007; Skerka et al., 2009). 
Autoantibodies against the complement regulator factor H are detected in some patients 
with atypical hemolytic uremic syndrome and patients with dense deposit disease, and 
autoantibodies against the C3 convertase (C3 nephritic factor [C3NeF] or anti-factor B) in 
patients with MPGN, dense deposit disease and C3 glomerulonephritis. 
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3. The role of complement in membranoproliferative glomerulonephritis and 
dense deposit disease 
Complement deposition in the presence or absence of immunoglobulins is observed in the 
glomeruli of patients with MPGN and dense deposit disease. Fluorescence microscopic 
analyses show staining for C3 fragments in the glomeruli together with immunoglobulins 
in MPGN I and in MPGN III, or usually in the absence of immunoglobulins in dense 
deposit disease (Benz and Amann, 2009). MPGN I is characterized with subendothelial 
glomerular basement membrane deposits, whereas MPGN III is associated with both 
subendothelial and subepithelial electron-dense glomerular basement membrane 
deposits. The characteristic of dense deposit disease is electron-dense deposits within the 
glomerular basement membrane. Dense deposit disease was formerly termed MPGN II; 
however, an MPGN pattern is not seen in many cases. Dense deposit disease is associated 
with defective complement alternative pathway regulation, and hypocomplementemia is 
often observed in the patients (Smith et al., 2007). The glomerular deposits contain 
components of the alternative and the terminal activation pathways (Sethi et al., 2009). 
Genetic and acquired factors (i.e., autoantibodies) have been described in MPGN, in C3 
glomerulonephritis with or without MPGN, and in dense deposit disease (Licht and 
Frémeaux-Bacchi, 2009; Pickering and Cook, 2008; Servais et al., 2007, 2011). Recent 
research provided fresh insights into mechanisms of pathologic complement activation in 
these diseases. First, some aspects of genetic complement defects related to glomerular 
disease will be summarized, followed by an overview of autoantibodies associated with 
MPGN and dense deposit disease.  

3.1 Insights from human complement mutations 
Deficiency of the major alternative pathway regulator factor H has been associated with 
MPGN I, dense deposit disease, and C3 glomerulonephritis (Dragon-Durey et al., 2004; 
Pickering and Cook, 2008; Servais et al., 2011). Several reports described patients with 
mutations in cysteine residues that are essential for disulfide bridge formation and thus the 
proper folding and stabilization of the SCR domains. This leads to defective protein folding 
and a retainment of factor H intracellularly (Ault et al., 1997; Servais et al., 2011). A case was 
also reported where the Cys431Tyr amino acid exchange caused factor H aggregation and a 
likely reduced protein half-life (Montes et al., 2008). In these cases, the resulting quantitative 
factor H deficiency leads to a lack of proper complement regulation in body fluids. In 
addition, a functional factor H deficiency due to a deletion of one amino acid in SCR4 of 
factor H causing a defect in the regulatory activity was described (Licht et al., 2006). All 
these factor H abnormalities lead to a defective C3 regulation in both plasma and at cell 
surfaces. Sequence variations in the genes coding for factor H and the CFHR5 protein have 
also been linked to dense deposit disease (Abrera-Abeleda et al., 2006), although it is not 
clear if and how these allele variants are related to the pathophysiology of the disease. 
Recently, a C3 mutation in dense deposit disease was described that results in the deletion 
of two amino acids in the molecule (C3923delDG). This mutant C3 protein generates a 
convertase that is resistant to decay by factor H, and is also resistant to cleavage by factor I 
when factor H is the cofactor (Martínez-Barricarte et al., 2010). Dysfunctional C3 was also 
associated with MPGN III (Marder et al., 1983). 
These data indicate that the tipping of the tightly regulated balance between complement 
activation and inhibition can lead to glomerular disease. 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

34

 
Fig. 2. Activation and regulation of the alternative pathway and the C3 convertase. The 
spontaneous activation of the alternative pathway is due to a low rate of hydrolysis of the 
thioester bond in C3. The resulting C3(H2O) can bind factor B, and after the action of factor 
D, the C3(H2O)Bb forms an initial C3 convertase enzyme. This cleaves C3 into C3a and C3b. 
C3b upon its interaction with factor B generates the C3bBb convertase that further amplifies 
the alternative pathway. Properdin stabilizes the C3 convertase, whereas CR1, DAF and 
factor H destabilize the convertase. In addition, C3b is inactivated by factor I in the presence 
of CR1, MCP or factor H. Asterisks denote enzymes. CR1, complement receptor type 1; 
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3.2 Insights from animal models 
Factor H deficiency was described in pigs that died of kidney failure due to 
membranoproliferative glomerulonephritis (Høgåsen et al., 1995). The factor H deficiency 
was caused by a mutation that led to the retention of this protein intracellularly (Hegasy et 
al., 2002). 
The essential role of a failed C3 regulation in plasma in the development of 
glomerulonephritis was demonstrated in genetically engineered factor H-deficient mice 
(Pickering et al., 2002). These factor H-deficient mice spontaneously developed 
membranoproliferative glomerulonephritis and 23% of them died by 8 months. If the gene 
coding for factor B was also knocked out, no deposits at the glomerular basement membrane 
and no MPGN were observed, indicating the essential role of the alternative pathway 
(Pickering et al., 2002). Also, mice with combined factor H and factor I deficiency, despite 
uncontrolled alternative pathway activation, did not develop dense deposit disease because 
of the lack of C3b degradation in the absence of factor I. Reconstitution with exogenous 
factor I, however, caused C3 fragment deposition, which was derived from plasma, along 
the glomerular basement membrane (Rose et al., 2008). These data provide evidence that the 
development of dense deposit disease critically depends on activated C3 fragments 
generated in plasma. Additional studies showed that mice deficient in both factor H and C5, 
i.e., lacking activation of the terminal complement pathway, still develop 
membranoproliferative glomerulonephritis, although with less glomerular inflammation 
and cellular infiltration (Pickering et al., 2006). Thus, an impaired regulation of C3 is enough 
to develop the disease. 

4. Anti-complement autoantibodies in membranoproliferative glomerulo-
nephritis and dense deposit disease 
Autoantibodies against complement proteins have been associated with various forms of 
MPGN and with dense deposit disease. Whereas C3NeF is commonly detected in patients 
with MPGN, so far there are only one and two cases reported for anti-factor B and anti-
factor H autoantibodies, respectively. These antibodies affect complement regulation and 
are implicated in the pathophysiology of renal disease, even though a direct pathogenic role 
for the autoantibodies was rarely demonstrated. 

4.1 C3 nephritic factor 
C3NeF is an IgG or IgM autoantibody against the alternative pathway C3 convertase 
enzyme (Spitzer et al., 1969), and is the most common autoantibody detected in patients 
with MPGN. It can be detected in up to 50% of patients with MPGN I and MPGN III, and 
up to 80% in dense deposit disease (Appel et al., 2005; Schwertz et al., 2001). C3NeF was 
also found in C3 glomerulonephritis with or without MPGN (Servais et al., 2007). 
However, C3NeF was reported in patients with partial lipodystrophy (Mathieson et al., 
1993; Sissons et al., 1976), and even in healthy individuals (Spitzer et al., 1990, 1992). 
Therefore, and because of the lack of a clear correlation between the presence and 
amounts of C3NeF, C3 levels, and renal pathology, a nephritogenic role of C3NeF is 
unclear. This may partly be related to the heterogeneity of C3NeF and the problematic of 
C3NeF detection assays, as discussed below. It is possible that C3NeF appears secondarily 
due to otherwise present complement activation products and thus a prolonged exposure 
of neoantigenic sites. 
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C3NeF binds to a neoepitope appearing on the newly formed alternative pathway C3 
convertase, and stabilizes the convertase against intrinsic (natural) and extrinsic (e.g., factor 
H-mediated) decay, thus significantly increasing the half-life of the convertase (Daha et al., 
1976; Daha and van Es, 1981). This leads to an enhanced C3 activation in the plasma of the 
patients (Figure 3A and 3B). Hypocomplementemia is indeed often observed (Ruley et al., 
1973; Smith et al., 2007), and glomerular deposits of patients with C3NeF contain C3 
fragments, and may also contain C5 (West et al., 2001). 
 

 
Fig. 3. The effect of autoantibodies on the alternative pathway C3 convertase. (A) The C3bBb 
convertase cleaves C3 and thus generates C3b fragments, which participate in opsonization 
and in the propagation of the cascade by forming additional convertases. The enzyme has a 
short half-life, which is influenced by positive (properdin) and negative (e.g., factor H) 
regulators. (B) C3NeF binds to a neoepitope on C3bBb and stabilizes this enzyme against 
intrinsic and extrinsic decay, thus the convertase can cleave more C3. (C) The anti-factor B 
autoantibody binds to the Bb portion of the convertase, and stabilizes it against both natural 
and factor H-mediated decay. 

The term C3NeF describes a heterogeneous group of autoantibodies (Davis et al., 1977; Daha 
et al., 1978), which can be different in their functional effects. It was reported that C3NeFs 
that were not associated with hypocomplementemia did not stabilize the C3 convertase 
against extrinsic decay, while still acting against natural convertase decay (Ohi et al., 1992). 
C3NeF may also be properdin-dependent (Clardy et al., 1989; Tanuma et al., 1990), and such 
a C3NeF:P slowly activates C3 and the terminal pathway (Clardy et al., 1989). By contrast, 
some C3NeFs appear to inhibit the generation of C5 convertases and therefore do not cause 
terminal pathway activation (Mollnes et al., 1986). Thus, C3NeFs can be directed against 
different epitopes and have distinct effects on complement activation. 
C3NeF may change over time, disappear and reappear; moreover, reports supporting both a 
relationship and also indicating a lack of correlation between C3NeF, C3 plasma levels and 
clinical course are published (Appel et al., 2005). C3NeF may also occur together with C4 
nephritic factor and/or anti-C1q (Tanuma et al., 1989; Ohi and Yasugi, 1994; Strife et al., 
1990), and may present together with heterozygous mutations of factor H or factor I (Leroy 
et al., 2011). It is still not clear if C3NeF is directly nephritogenic or it rather appears due to a 
prolonged or increased presence of the C3 convertase enzyme and complement activation 
fragments in plasma. Nevertheless, once present, C3NeF by stabilizing the convertase 
further contributes to an abnormally increased complement activation. As the animal 
models demonstrated, the generated C3 fragments are involved in glomerular injury, 
without the requirement of terminal pathway activation, although the latter (also increased 
by most C3NeFs) exacerbates glomerular inflammation and damage. 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

36

3.2 Insights from animal models 
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C3NeF determination is not very reliable, partly because of the heterogeneous nature of 
C3NeFs and because commonly used methods are indirect measurements based on 
hemolysis (López-Trascasa et al., 1987; Rother et al., 1982; West, 2008). Immunoglobulins are 
most often not directly measured and functional assays for C3NeF based on lysis of sheep 
erythrocytes may not necessarily detect antibodies. On the other hand, it is possible to 
measure C3NeF by ELISA (Seino et al., 1987). The lack of a readily available and simple 
assay that makes C3NeF measurements truly comparable between laboratories makes 
interpretation of literature data and the assessment of the pathogenic relevance of these 
autoantibodies difficult. C3NeF diagnostics should be improved, and the autoantibodies 
functionally characterized using modern methods (e.g., surface plasmon resonance), in 
order to unravel the role of C3NeF in renal pathology. 

4.2 Anti-factor B autoantibody 
Recently, we have identified an anti-factor B autoantibody in dense deposit disease. This 
autoantibody also targets the alternative pathway C3 convertase but has some features that 
distinguishes it from C3NeF (Strobel et al., 2010a). The patient showed signs of systemic 
complement activation and enhanced amounts of the alternative pathway activation 
product Bb were present in the patient’s plasma. Whereas the traditional assay to detect 
C3NeF (Rother, 1982) failed to identify a convertase-specific antibody, an anti-factor B IgG 
was readily detectable by ELISA. The anti-factor B antibody bound to the alternative 
pathway C3 convertase and, by stabilizing it, enhanced the turnover of C3 (Figure 3C). The 
anti-factor B autoantibody stabilized the convertase against both spontaneous and factor H-
mediated decay. However, the anti-factor B antibody inhibited the activation of the terminal 
pathway, likely by interfering with the formation of the C5 convertase. Differences from 
C3NeF include binding of the autoantibody to native factor B in plasma, as well as to the Bb 
fragment incorporated into the C3 convertase, and interference with C5 convertase activity, 
even though the latter may also be characteristic to some types of C3NeF (Mollnes et al., 
1986). Future studies need to determine the frequency of anti-factor B antibodies in dense 
deposit disease and evaluate its diagnostic and prognostic relevance. 

4.3 C4 nephritic factor 
Similar to the C3 convertase of the alternative pathway, the classical pathway C3 convertase 
(C4b2b) can also be a target for autoantibodies. These IgG autoantibodies termed C4 
nephritic factor (C4NeF) were first described in patients with post-infectious 
glomerulonephritis (Halbwachs et al., 1980) and in patients with SLE (Daha and van Es, 
1980). C4NeF stabilizes the C4b2b convertase and thus causes an enhanced classical 
pathway mediated complement activation, leading to C3 consumption. The binding of this 
antibody renders the convertase resistant against both the intrinsic and the extrinsic decay, 
mediated by C4b-binding protein, and the C4b portion of the convertase is protected from 
the proteolytic inactivation by factor I (Gigli et al., 1981). In a case report of a patient with 
chronic glomerulonephritis the C4NeF was analyzed for binding to the convertase and 
shown to recognize a neoepitope on the convertase but not C4b (Fujita et al., 1987). C4NeF 
and C3NeF can also be present together in patients (Ohi and Yasugi, 1994; Tanuma et al., 
1989). To date, only few studies have addressed the presence and role of C4NeF in 
glomerulonephritis, and patients with MPGN or dense deposit disease are not routinely 
tested for this kind of autoantibody. This is partly due to the difficulties with the detection 
method, applying hemolytic assays or ELISA (Seino et al., 1990). 
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4.4 Anti-factor H autoantibody 
An anti-factor H autoantibody was described in a patient with hypocomplementemic 
MPGN and characterized in detail. The antibody was isolated as a monoclonal lambda light 
chain dimer from the patient’s serum and urine. It was shown to bind to factor H and cause 
alternative pathway activation in the fluid phase (Meri et al., 1992). The binding site of the 
antibody was localized to SCR3 of factor H, i.e., within the part responsible for complement 
regulatory activity (Figure 4), and the autoantibody inhibited the interaction of factor H 
with C3b. In functional assays, this “miniautoantibody” led to defective complement control 
by functionally blocking factor H and thus leading to uncontrolled alternative pathway 
activation and enhanced C3 conversion (Jokiranta et al., 1999). Thus, the anti-factor H 
autoantibody led to an acquired functional factor H deficiency in the patient. Because the 
antibody affects the regulatory activity of factor H, factor H activity is impaired in both the 
fluid phase and on surfaces. Although not tested, the antibody likely also inhibits the 
function of factor H-like protein 1, which shares the N-terminal seven domains with factor 
H. Since this original description there is only one additional report of an anti-factor H 
antibody in C3 glomerulonephritis, but the antibody was not further characterized (Sethi et 
al., 2011). Apparently, anti-factor H antibodies are relatively rare in glomerulonephritis, 
especially in comparison with the occurrence of C3NeF. 
 

 
Fig. 4. Anti-factor H autoantibody inhibits the complement regulatory activity of factor H in  
MPGN. Factor H consists of 20 domains termed short consensus repeats (SCRs). The N-
terminal four SCRs mediate the cofactor and convertase decay accelerating activities of 
factor H, whereas the C-terminal domains (SCRs 19 and 20) are responsible for targeting the 
molecule to host surfaces. The anti-factor H lambda light chain dimer causes alternative 
pathway activation in plasma due to its inhibitory effect on factor H function (Jokiranta et 
al., 1999; Meri et al., 1992). 

By contrast, approximately 10% of the patients with atypical hemolytic uremic syndrome 
have circulating anti-factor H antibodies, most of which bind to the C-terminal recognition 
domains (i.e., SCRs 19-20) of factor H, thus impairing the ability of factor H to protect self 
surfaces, whereas the activity in plasma is usually not compromized (Dragon-Durey et al., 
2005; Józsi et al., 2007; Moore et al., 2010; Strobel et al., 2010b). Further studies are needed to 
systematically screen patients with dense deposit disease and MPGN for anti-factor H 
autoantibodies, and to characterize such antibodies in detail. 

4.5 Anti-C1q autoantibody 
Anti-C1q antibodies against a neoepitope on the collagen-like region of C1q have also been 
identified in patients with MPGN I, MPGN III and dense deposit disease (Strife et al., 1989, 
1990), and such antibodies can occur together with C3NeF. Interestingly, in most cases of 
MPGN I the anti-C1q autoantibodies were IgG3, which is considered an antibody subclass 
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that efficiently activates the classical pathway. The patient with dense deposit disease and 
anti-factor B antibody also had detectable anti-C1q that activated the classical pathway as 
demonstrated by antigen microarray analysis (Strobel et al., 2010a). The relevance of such 
anti-C1q antibodies for the pathophysiology of MPGN and dense deposit disease is unclear. 

5. Conclusion 
Our current understanding of the role of anti-complement autoantibodies in MPGN and 
dense deposit disease is insufficient. Even though C3NeF is known for long, its relationship 
with disease manifestation is still unclear. The heterogeneic nature of MPGN/dense deposit 
disease-associated autoantibodies makes diagnostics and interpretation of results difficult. 
More detailed studies into the functional effects of these autoantibodies are necessary to be 
able to assess their role and relevance. There is much need for improvement of autoantibody 
diagnostics and functional analyses. Novel assays, such as antigen arrays to detect the 
presence of autoantibodies in parallel with their complement activating capacity, could be 
invaluable tools in characterizing autoantibodies in patients’ samples (Papp et al., 2008).  
Recent genetic, functional and structural studies provided fresh mechanistic insights into the 
regulation of the alternative complement pathway and into the formation and regulation of 
the alternative pathway C3 convertase (Fakhouri et al., 2010a; Forneris et al, 2010; Martínez-
Barricarte et al., 2010; Torreira et al., 2009). New autoantibodies and the concurrence of 
acquired and genetic defects in MPGN and dense deposit disease have been described (Leroy 
et al., 2011; Strobel et al., 2010a). Patients should be analyzed for the presence of such 
autoantibodies and complement mutations to determine their diagnostic and clinical 
significance. Additional autoantibodies and genetic changes affecting the complement system 
are likely to join the list of those associated with MPGN and/or dense deposit disease.  
There is no general therapy for MPGN and dense deposit disease. Treatment should be 
tailored to individual patients based on diagnosis and the identified complement defect(s). 
Better and more comprehensive diagnostics, and an increased understanding of the 
underlying pathomechanism could in the future improve the treatment of the patients. 
Patients with complement abnormalities may benefit from novel therapeutic complement 
inhibitors such as anti-C5 antibody or recombinant complement regulatory proteins 
(Wagner and Frank, 2010). Additional options include immunosuppressive therapies to 
patients with autoantibodies, plasma exchange, and factor H replacement in the case of 
inherited or acquired factor H deficiency (Fakhouri et al., 2010b; Noris and Remuzzi, 2008; 
Smith et al., 2007). Improved diagnostic tools are also useful to assess the efficacy of 
treatments and to monitor autoantibody levels during therapy. 
There has been significant advancement in our understanding of the role of complement 
and in particular that of the alternative pathway in kidney diseases in recent years. There is 
hope that the improved diagnostic and therapeutic tools can be applied to translate this 
knowledge into personalized treatment for the benefit of the patients. 

6. Acknowledgment 
I thank laboratory members, especially Stefanie Strobel, collaboration partners and in 
particular the patients, their relatives and clinicians for contributing to the work on anti-
complement autoantibodies. The German Science Fund (Deutsche Forschungsgemeinschaft) 
is gratefully acknowledged for supporting the research on autoantibodies in kidney diseases 
(JO 844/1-1). I also thank Barbara Uzonyi for helpful suggestions. 

Anti-Complement Autoantibodies in  
Membranoproliferative Glomerulonephritis and Dense Deposit Disease 

 

41 

7. References 
Abrera-Abeleda, M.A., Nishimura, C., Smith, J.L., Sethi, S., McRae, J.L., Murphy, B.F., 

Silvestri, G., Skerka, C., Józsi, M., Zipfel, P.F., Hageman, G.S. & Smith, R.J. (2006) 
Variations in the complement regulatory genes factor H (CFH) and factor H related 
5 (CFHR5) are associated with membranoproliferative glomerulonephritis type II 
(dense deposit disease). J. Med. Genet., 43:582-589. 

Appel, G.B., Cook, H.T., Hageman, G., Jennette, J.C., Kashgarian, M., Kirschfink, M., 
Lambris, J.D., Lanning, L., Lutz, H.U., Meri, S., Rose, N.R., Salant, D.J., Sethi, S., 
Smith, R.J., Smoyer, W., Tully, H.F., Tully, S.P., Walker, P., Welsh, M., Würzner, R. 
& Zipfel, P.F. (2005) Membranoproliferative glomerulonephritis type II (dense 
deposit disease): an update. J. Am. Soc. Nephrol., 16:1392-1403. 

Ault, B.H., Schmidt, B.Z., Fowler, N.L., Kashtan, C.E., Ahmed, A.E., Vogt, B.A. & Colten, 
H.R. (1997) Human factor H deficiency. Mutations in framework cysteine residues 
and block in H protein secretion and intracellular catabolism. J. Biol. Chem., 
272:25168-25175. 

Benz, K. & Amann, K. (2009) Pathological aspects of membranoproliferative 
glomerulonephritis (MPGN) and haemolytic uraemic syndrome (HUS) / 
thrombocytic thrombopenic purpura (TTP). Thromb. Haemost., 101:265-270. 

Berger, S.P. & Daha, M.R. (2007) Complement in glomerular injury. Semin. Immunopathol., 
29:375-384. 

Clardy, C.W., Forristal, J., Strife, C.F. & West, C.D. (1989) A properdin dependent nephritic 
factor slowly activating C3, C5, and C9 in membranoproliferative 
glomerulonephritis, types I and III. Clin. Immunol. Immunopathol., 50:333-347. 

Daha, M.R., Fearon, D.T. & Austen, K.F. (1976) C3 nephritic factor (C3NeF): stabilization of 
fluid phase and cell-bound alternative pathway convertase. J. Immunol., 116:1-7. 

Daha, M.R., Austen, K.F. & Fearon, D.T. (1978) Heterogeneity, polypeptide chain 
composition and antigenic reactivity of C3 nephritic factor. J. Immunol., 120:1389-
1394. 

Daha, M.R. & van Es, L.A. (1980) Relative resistance of the F-42-stabilized classical pathway 
C3 convertase to inactivation by C4-binding protein. J. Immunol., 125:2051-2054. 

Daha, M.R. & van Es, L.A. (1981) Stabilization of homologous and heterologous cell-bound 
amplification convertases, C3bBb, by C3 nephritic factor. Immunology, 43:33-38. 

Davis, A.E., Ziegler, J.B., Gelfand, E.W., Rosen, F.S. & Alper, C.A. (1977) Heterogeneity of 
nephritic factor and its identification as an immunoglobulin. Proc. Natl. Acad. Sci. U 
S A, 74:3980-3983. 

Dragon-Durey, M.A., Frémeaux-Bacchi, V., Loirat, C., Blouin, J., Niaudet, P., Deschenes, G., 
Coppo, P., Herman Fridman, W. & Weiss, L. (2004) Heterozygous and homozygous 
factor H deficiencies associated with hemolytic uremic syndrome or 
membranoproliferative glomerulonephritis: report and genetic analysis of 16 cases. 
J. Am. Soc. Nephrol., 15:787-795. 

Dragon-Durey, M.A., Loirat, C., Cloarec, S., Macher, M.A., Blouin, J., Nivet, H., Weiss, L., 
Fridman, W.H. & Frémeaux-Bacchi, V. (2005) Anti-Factor H autoantibodies 
associated with atypical hemolytic uremic syndrome. J. Am. Soc. Nephrol., 16:555-
563. 

Fakhouri, F., Frémeaux-Bacchi, V., Noël, L.H., Cook, H.T. & Pickering, M.C. (2010a) C3 
glomerulopathy: a new classification. Nat. Rev. Nephrol., 6:494-499. 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

40

that efficiently activates the classical pathway. The patient with dense deposit disease and 
anti-factor B antibody also had detectable anti-C1q that activated the classical pathway as 
demonstrated by antigen microarray analysis (Strobel et al., 2010a). The relevance of such 
anti-C1q antibodies for the pathophysiology of MPGN and dense deposit disease is unclear. 

5. Conclusion 
Our current understanding of the role of anti-complement autoantibodies in MPGN and 
dense deposit disease is insufficient. Even though C3NeF is known for long, its relationship 
with disease manifestation is still unclear. The heterogeneic nature of MPGN/dense deposit 
disease-associated autoantibodies makes diagnostics and interpretation of results difficult. 
More detailed studies into the functional effects of these autoantibodies are necessary to be 
able to assess their role and relevance. There is much need for improvement of autoantibody 
diagnostics and functional analyses. Novel assays, such as antigen arrays to detect the 
presence of autoantibodies in parallel with their complement activating capacity, could be 
invaluable tools in characterizing autoantibodies in patients’ samples (Papp et al., 2008).  
Recent genetic, functional and structural studies provided fresh mechanistic insights into the 
regulation of the alternative complement pathway and into the formation and regulation of 
the alternative pathway C3 convertase (Fakhouri et al., 2010a; Forneris et al, 2010; Martínez-
Barricarte et al., 2010; Torreira et al., 2009). New autoantibodies and the concurrence of 
acquired and genetic defects in MPGN and dense deposit disease have been described (Leroy 
et al., 2011; Strobel et al., 2010a). Patients should be analyzed for the presence of such 
autoantibodies and complement mutations to determine their diagnostic and clinical 
significance. Additional autoantibodies and genetic changes affecting the complement system 
are likely to join the list of those associated with MPGN and/or dense deposit disease.  
There is no general therapy for MPGN and dense deposit disease. Treatment should be 
tailored to individual patients based on diagnosis and the identified complement defect(s). 
Better and more comprehensive diagnostics, and an increased understanding of the 
underlying pathomechanism could in the future improve the treatment of the patients. 
Patients with complement abnormalities may benefit from novel therapeutic complement 
inhibitors such as anti-C5 antibody or recombinant complement regulatory proteins 
(Wagner and Frank, 2010). Additional options include immunosuppressive therapies to 
patients with autoantibodies, plasma exchange, and factor H replacement in the case of 
inherited or acquired factor H deficiency (Fakhouri et al., 2010b; Noris and Remuzzi, 2008; 
Smith et al., 2007). Improved diagnostic tools are also useful to assess the efficacy of 
treatments and to monitor autoantibody levels during therapy. 
There has been significant advancement in our understanding of the role of complement 
and in particular that of the alternative pathway in kidney diseases in recent years. There is 
hope that the improved diagnostic and therapeutic tools can be applied to translate this 
knowledge into personalized treatment for the benefit of the patients. 
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1. Introduction 
Graft-versus-host reaction (GVHR) is a cellular immune reaction developed by 
transplanting mature T-lymphocytes to tissue incompatible recipients. As it has been 
stated by R.E. Billingham in a Harvey Lecture, there are three requirements for the 
development of GVHR: the graft must contain immunologically competent cells; the 
recipient must be incapable of rejecting the transplanted cells; the recipient must express 
tissue antigens that are not present in the donor (Billingham, 1966, as cited in  Sun et al., 
2007). There are several situations in which it’s possible: the introduction of incompatible 
lymphocytes to newborn or adult immunocompromised recipients or the transfer parental 
lymphocytes to F1 hybrids. A recipient with a normal immune system will usually reject 
cells from a foreign donor. 
At the present time there are described and characterized two forms of graft-versus-host 
reaction: acute and chronic. The mechanisms of acute and chronic GVHR are distinguished 
by participating of CD8+T-cells. If the CD8+T-cells are involved in the development of 
immune processes, a primary stimulating phase of reaction (activation of the donor cell by 
recipient alloantigens) is followed by a cytotoxic phase including a generation of effector 
cells – cytotoxic T lymphocytes (CTL), directed against recipient alloantigens, and the 
reaction ends with destruction of host tissues. In general, it can be called a normal 
physiological immune reaction "graft versus host" – accomplished immune response of 
mature donor cells against allogeneic recipient. From this viewpoint chronic GVHR is an 
incomplete ("defective") GVHR: the reaction does not lead to formation of CD8+T-effector 
cells and to a development of a cytotoxic phase, as it should be, but «freezes» at a primary 
stimulating stage and ends with lymphoproliferation. Such type of the reaction may be 
caused by different situations: removal or inactivation of some inoculum T cells 
subpopulations, the suppression of the reaction by pharmacological agents at early stages, 
or the lack of donor T cells stimulation through the absence of MHC class I incompatibility. 

                                                 
* O.P. Kolesnikova, E.V. Goiman, V.O. Tkachev, N.N. Volsky, O.M. Perminova,  
E.D. Gavrilova and V.A. Kozlov. 
Institute of Clinical Immunology, Siberian Branch of Russian Academy of Medical Sciences, Russian Federation.  



 4 

The Experimental Model of the  
Autoimmune Glomerulonephritis Induced  

by the Chronic Graft versus Host Reaction  
O.T. Kudaeva et al.*  

Institute of Clinical Immunology,  
Siberian Branch of Russian Academy of Medical Sciences 

Russian Federation 

1. Introduction 
Graft-versus-host reaction (GVHR) is a cellular immune reaction developed by 
transplanting mature T-lymphocytes to tissue incompatible recipients. As it has been 
stated by R.E. Billingham in a Harvey Lecture, there are three requirements for the 
development of GVHR: the graft must contain immunologically competent cells; the 
recipient must be incapable of rejecting the transplanted cells; the recipient must express 
tissue antigens that are not present in the donor (Billingham, 1966, as cited in  Sun et al., 
2007). There are several situations in which it’s possible: the introduction of incompatible 
lymphocytes to newborn or adult immunocompromised recipients or the transfer parental 
lymphocytes to F1 hybrids. A recipient with a normal immune system will usually reject 
cells from a foreign donor. 
At the present time there are described and characterized two forms of graft-versus-host 
reaction: acute and chronic. The mechanisms of acute and chronic GVHR are distinguished 
by participating of CD8+T-cells. If the CD8+T-cells are involved in the development of 
immune processes, a primary stimulating phase of reaction (activation of the donor cell by 
recipient alloantigens) is followed by a cytotoxic phase including a generation of effector 
cells – cytotoxic T lymphocytes (CTL), directed against recipient alloantigens, and the 
reaction ends with destruction of host tissues. In general, it can be called a normal 
physiological immune reaction "graft versus host" – accomplished immune response of 
mature donor cells against allogeneic recipient. From this viewpoint chronic GVHR is an 
incomplete ("defective") GVHR: the reaction does not lead to formation of CD8+T-effector 
cells and to a development of a cytotoxic phase, as it should be, but «freezes» at a primary 
stimulating stage and ends with lymphoproliferation. Such type of the reaction may be 
caused by different situations: removal or inactivation of some inoculum T cells 
subpopulations, the suppression of the reaction by pharmacological agents at early stages, 
or the lack of donor T cells stimulation through the absence of MHC class I incompatibility. 

                                                 
* O.P. Kolesnikova, E.V. Goiman, V.O. Tkachev, N.N. Volsky, O.M. Perminova,  
E.D. Gavrilova and V.A. Kozlov. 
Institute of Clinical Immunology, Siberian Branch of Russian Academy of Medical Sciences, Russian Federation.  



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

50

Acute GVHR leads to severe cytotoxic reaction of transplanted cells against host tissues.  It’s 
characterized by thymic involution, pronounced hypoplasia of the lympho-hemopoietic 
tissue, including aplastic anemia, immunodeficiency, hypogammaglobulinemia, and sepsis. 
Acute GVHR often ends with the death of the recipient. Chronic GVHR is characterized by a 
long incubation period and relatively low mortality. It’s manifested by lymphoid 
hyperplasia, hypergammaglobulinemia, autoantibody formation. Chronic GVHR is more 
diverse in the immune mechanisms and accordingly in the clinical manifestations: it may be 
observed the development of immunodeficiency, the formation of different variants of 
autoimmune pathologies, lymphoproliferative processes, skin lesions, disorders of intestines 
(enteritis, colitis) and other internal organs (Gleichmann et al., 1984; Via & Shearer, 1988; 
Mori et al., 1998; Chu & Gress, 2008). 
It has been shown that GVHR may be useful model for study various human disorders.  
In mouse models of GVHR a reaction may be directed to MHC class I, MHC class II, or 
both or to isolated multiple minor histocompatibility antigens (miHA) alone. In each case 
the reaction is dependent on either CD8+T cells, CD4+T cells, or both, depending on the 
strain combination of donor and recipient. When donor and recipient are distinguished by 
MHC I and II classes acute GVHR occurs, whereas in the case of only MHC class II 
differences chronic GVHR is formed. Initially acute GVHR was considered Th1-
dependent and chronic GVHR - Th2-dependent form of reaction (Krenger & Ferrara, 1996; 
Okamoto et al., 2000; Shustov et al., 2000; Kataoka et al., 2001). Now it has become evident 
that this is an oversimplification and a situation is much more complicated. Currently it 
has been shown involvement either Th1- and Th2-subpopulation in the development of 
acute and chronic GVHR, and thus there are many unresolved issues concerning of GVHR 
mechanisms and participating of different cytokines and cell subpopulations, particularly 
with regard to the chronic form of the reaction (Koreth & Antin, 2008; Reddy & Ferrara, 
2009). 

2. Experimental model of glomerulonephritis induced by chronic GVHR 
Graft-versus-host reaction leads to the development of immunopathological states (graft-
versus-host disease – GVHD), in some cases similar to human disease which are caused by 
immune abnormalities. Primarily it refers to autoimmune diseases. The transfer parental 
lymphocytes to F1 hybrids is particularly appealing for use as models of human diseases. In 
this case it does not require to expose recipients previously to irradiation or cytotoxic drugs 
suppressing its ability to graft reject. 
In semiallogeneic system C57Bl/6(C57Bl/6xDBA/2)F1 donor and recipient are differ in 
the MHC class I and II and an acute form of reaction develops in accordance with a general 
rule. However if cells of the second parental line DBA/2 use for transplantation (the 
semiallogeneic system DBA/2(C57Bl/6xDBA/2)F1) chronic GVHD develops despite 
differences between donor and recipient by MHC classes I and II and miHAs (Gleichmann 
et al., 1984; Reddy et al., 2008; Kim et al., 2010). The inability of DBA/2 mice lymphocytes to 
induce acute GVHD may be explained by different production of inflammatory cytokines 
such as IFN  TNF, IL-6, which play an important role in the activation of CTL, in mice 
with H2b and H2d haplotype (De Maeyer-Guignard et al., 1986; Raj et al., 1992). Moreover, it 
has been shown that the population of CD8+lymphocytes in DBA/2 mice is quantitatively 
and qualitatively defective. CD8+T-cells of DBA/2 mice generate a weak response to BDF1 
alloantigen in vitro and the frequency of CTL precursors in DBA/2 mice is many times less 
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than one in C57Bl/6 mice (Via et al., 1987; Tschetter et al., 2000). Thus induction of GVHR in 
transfer system DBA/2(C57Bl/6xDBA/2)F1 does not lead to an acute form as it should be 
due genetic donor-recipient differences but causes a chronic GVHD dependent on CD4+ 

donor cells (Gleichmann et al., 1984; Reddy et al., 2008). There are a polyclonal activation of 
B cells, an increase of a total IgG level, a formation of multiple autoantibodies including 
antibodies to DNA. Autoantibodies found in this GVHR are of the IgG class whereas 
antibodies binding to a variety of self antigens and found in the peripheral blood of normal 
individuals are of the IgM class (Rolink et al., 1987).  Chronic GVHD results in a 
development of autoimmune disorder similar  human systemic lupus erythematosis (SLE) 
and in a formation of lupus-like immune complex glomerulonephritis (Via & Shearer, 1988). 

2.1 Two variants of GVHD induced in transfer system DBA/2(C57Bl/6xDBA/2)F1 
Studying this model we have discovered that although the typical chronic GVHR develops 
in all recipients reaction can proceed in two different directions despite the genetic 
homogeneity of recipients - (C57Bl/6xDBA/2)F1 mice. The development of chronic GVHR 
is sustained by increased spleen cell number and polyclonal B-cell activation in the absence 
of thymus destruction (Kozlov et al., 2002). The absence of destruction of lymphoid tissue, in 
particular, atrophy of the thymus is a sharp-cut distinctive feature of chronic GVHD from its 
acute form. Chronic GVHD is not accompanied by marked disruptions of thymus tissue, 
infiltration of the thymus by donor T-cells, pronounced structural changes, signs of local 
inflammation and disorders of cell proliferation (Krenger et al., 2000).  

2.1.1 Development of chronic GVHR  
The formation of glomerulonephritis is going on for 6 – 12 weeks (Fig. 1). The  
autoimmune glomerulonephritis develops in 50-60% recipients (a lupus group), whereas 
marked disorders of kidney are absent in the rest ones (a nonlupus group) (Fig. 2).  
 

 
Fig. 1. Frequency of lupus-like nephritis in the course of chronic GVHD development 
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Acute GVHR leads to severe cytotoxic reaction of transplanted cells against host tissues.  It’s 
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The availability of the autoimmune glomerulonephritis has been tested by the urine protein 
level that has been strictly correlated with the appearance of immune complex deposits in 
kidney and morphological manifestations of kidney disorders as it has been verified 
previously (Kolesnikova et al., 1991).  
The development of the reaction is accompanied by the increase of total IgG level and the 
appearance of autoantibodies to own tissues components (dsDNA, erythrocytes) in the 
peripheral blood (Fig. 3) (Kudaeva et al., 2005a). 
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Fig. 2. Formation of glomerulonephritis in the course of chronic GVHD development 

2.1.2 Kidney morphology  
The severity of the pathological process in the kidneys is evaluated by a 4-marks scale 
depending on the number of glomeruli involved in the pathological process and the extent 
of their damage (Yoshioka et al., 1989; Muracami et al., 1995). 
Morphological study has shown that animals without proteinuria (a nonlupus group) have 
slight pathomorphological changes in the form of proliferative mesangium in some glomeruli, 
expressed in increasing in the number of mesangial cells and in the size of the glomerular 
capillaries. A weak proliferation of mesangial cells combines with dust-like deposits of IgG in 
the glomeruli and small proteinosis  of tubular epithelium. It is observed small periglomerular 
lymphoid infiltrates. The kidney structure is saved. Tubules dystrophy is absent. 
Morphological characteristics of renal pathology correspond to 1 in nonlupus recipients. 
In the group of animals with proteinuria (a lupus group) it is observed gross changes in 
renal tissue. Changes in the glomeruli become diffuse and are expressed in increasing the 
number of mesangial cells with mesangial matrix deposition, diffuse wall thickening of 
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capillary loops until the hyalinosis lesions. Glomeruli become "gripping" look. 
Periglomerular lymphoid infiltrates meet constantly. Proteinosis of convoluted tubule 
epithelium is expressed sharply. In some cases there is the phenomenon of glomerular 
sclerosis. Deposits of IgG in the glomeruli have linear and granular character. 
Morphological characteristics of renal pathology correspond to 3.5 in lupus recipients. At 6-7 
months of illness proteinuria attains a high level and coarse sclerotic changes dominate in 
kidney tissue: multiple sclerosis and hyalinosis of many glomeruli, proliferation of renal 
capsule epithelium with the formation of "crescent", expressed tubular atrophy with cystic 
enlargement of the lumen, lymphoid infiltration of the interstitium. It is found granular IgG 
deposits in sclerosal glomeruli; content of cystic tubules are positive stained for IgG also. 
Thus the induction of chronic GVHD in  genetically identical recipients leads to the 
development of autoimmune glomerulonephritis in the part of the recipients. 
 

 
* - p < 0.05 compared between control and experimental group; # - p < 0.05 between experimental 
groups 

Fig. 3. The level of antibodies to dsDNA in recipients in the course of chronic GVHD 
development 

2.1.3 The Th1/Th2 balance 
The further study has revealed that different Th1/Th2 ratio is the main distinction between 
nonlupus and lupus recipients. Existence of two Th-subpopulations producing different 
cytokine sets and exerting opposing influence upon basic links of immune response has 
been described among murine CD4+T-cells in 1986 and then among human T-lymphocytes 
(Mosmann et al., 1986; Del Prete et al., 1991). It has led to conception of immune 
polarization: Th1/Th2 balance is the basic parameter of regulation of immune processes 
(Mosmann & Sad, 1996; Allen & Maizels, 1997; O’Gor et al., 2003). The Th-cell fate decision 
depends on specific Th1 or Th2 factors of transcription that is determined by a set of 
external epigenetic factors (Glimcher & Murphy, 2000; Wilson & Makarb, 2002; Agnello et 
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al., 2003). Choosing of each Th-cell differential way is subjected to influence of abundant 
factors connecting immune reactions with the current condition of a whole organism. The 
GVHD is among the processes in which Th1/Th2 balance plays the pivotal role.  
Application of this paradigm for studying the regulation of immunity in both normal 
physiological conditions and immune pathological states has proved fruitful, and today is 
widely used in the study of processes such as bacterial and viral infections, allergic diseases, 
immune responses during carcinogenesis, autoimmune disorders, immune conflicts in 
pregnancy (Fresno et al., 1997; Kunzendorf et al., 1998; Chaouat et al., 2003; Wilczynski, 
2005). Not all the currently known experimental facts and clinical observations perfectly fit 
into this concept. There are many new data on the participation of other T-cell 
subpopulations in the regulation of immune processes (Th17, Treg, ThF, Th9) (Mosmann et 
al., 2009). However the application of this paradigm remains useful to solve contemporary 
problems of the immune regulation. 
The following points indicate that Th1- or Th2-subpopulation is predominant in nonlupus- or 
lupus-mice respectively (Vlasov et al., 2002; Kozlov et al., 2002; Kudaeva et al., 2005b). It is 
known that in mice Th1-dependent immune response is characterized by increased IgG2a 
subclass level, whereas activation of Th2-cells is accompanied by an increase of IgG1 one 
(Snapper & Paul, 1987; Morris et al., 1994). Ratio of Th1- and Th2-dependent IgG subclasses 
in peripheral blood of mice with GVHD shows a pronounced shift toward IgG2a (Th1-
dependent subclass) in nonlupus mice and toward IgG1 (Th2-dependent subclass) in the 
lupus mice. Differences emerge at the early stages of reaction (1 month) and amplify over 
time (6 months) (Fig. 4). 
 

 
# - p < 0.05 compared between nonlupus and lupus 

Fig. 4. IgG1/IgG2a ratio in the serum of mice with chronic GVHD 
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There are many observations about the intimate direct correlation between the concentration 
of IgE and the level of the key Th2-cell cytokine IL-4 (Doutrelepont et al., 1991; Umland et 
al., 1992; Ushiyama et al., 1995). Determination of the IgE concentration in peripheral blood 
of recipients has shown a high IgE level during the development of chronic GVHD and the 
formation of glomerulonephritis. IgE content sharply increases at the initial stages of 
reaction, then reduces but remains significantly higher than one of intact animals. IgE levels 
in lupus mice is considerably superior to one in nonlupus recipients at all stages of reaction 
(Tabl. 1) (Goiman et al., 2009). 
 

 Control Nonlupus Lupus 

10 days  
 

6.95 
(2.2 – 10.6) 

 

20.0* 
(8.4 – 30.2) 

24.9* 
(8.2 – 41.9) 

24 days 132.5* 
(54.2 – 348.6) 

232.1* 
(63.0 – 396.2) 

3 months 24.3* # 
(15.0 – 36.6) 

69.2* # 

(22.5 – 166.4) 
* - p < 0.05 compared between control and experimental group; # - p < 0.05 between experimental 
groups 

Table 1. The IgE content in peripheral blood of recipients in the course of GVHD 
development (M, (min-max), g/ml) 

2.2 Characteristics of recipients with glomerulonephritis 
2.2.1 The homeostatic proliferation 
Homeostatic proliferation is a compensatory repair of quantitative deficit of lymphocytes by 
triggering their proliferation at the periphery. Homeostatic proliferation decreases the 
variety of antigen recognizing receptors and leads to the appearance of an appreciable 
amount of autoreactive effector cells (Baccala & Theofilopoulos, 2005; Marleau & Sarvetnick, 
2005). Now homeostatic proliferation is regarded as a possible mechanism of the 
development of autoimmune disease (Khoruts & Fraser, 2005; Surth & Sprent, 2008).  
Acute GVHR is associated with a drop of lymphocyte count. Chronic GVHR is called 
immunostimulatory, because lymphoproliferative reaction is indicative of it (Via & Shearer, 
1988). However measure of lymphocyte counts in the recipient peripheral blood over the 
course of reaction has revealed its drastic decrease at the early stage of chronic GVHR in this 
model. This decrease persists throughout the first two weeks and then is replaced by 
lymphocytosis followed by normalization of lymphocyte count in the peripheral blood 
against the background of developing splenomegaly (Tkachev et al., 2006). Hence it has 
been studied the possible involvement of homeostatic proliferation in the development of 
autoimmune disease - glomerulonephritis in this  model (Goiman et al., 2010). 
An obligatory condition for homeostatic proliferation of naive and memory CD4+ T-cell is 
high concentration of IL-7 (Schluns et al., 2000; Boyman et al., 2008). It has been shown the 
significantly increased level of endogenous splenic IL-7 mRNA in irradiated recipients with 
acute GVHR (Gendelman et al., 2004). The content of IL-7 in the peripheral blood of 
recipients with chronic GVHR sharply increases during the early period (25.5 pg/ml) and 
remains high within 3 months after induction of GVHD  in lupus recipients (6.5 pg/ml) in 
comparison with control animals (lower the verge of method) and nonlupus recipients (lower 
the verge of method) (Goiman et al., 2010).  
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The key characteristic of homeostatic proliferation is taking T memory cell phenotype 
(CD4+CD45RBlow and CD8+CD45RBlow) by naïve T cells (CD4+CD45RBhigh and 
CD8+CD45RBhigh). Despite the increase in both CD4+ subpopulations (naïve and memory) its 
proportion is shifted towards memory cells in lupus recipients. The T-cell donor chimerism 
is just 2% in chronic GVHR in this model (Via & Shearer, 1988). Hence, the CD4+CD45RBlow 
and CD8+CD45RBlow cells in the spleens of lupus mice are mainly recipient cells. 
It can be assumed that lymphopenia at the early stages of chronic GVHR causes homeostatic 
proliferation of T lymphocytes in lupus recipients, which participates in the development of 
autoimmune pathology in this model.  

2.2.2 The immune response of recipients  
GVHR is accompanied by immunosuppression. The mechanism of immunodeficiency has 
been well studied in case of acute reaction: it’s a destruction of the recipient's immune 
system by donor immune cells. The mechanism of immunosuppression in the chronic form 
of GVHR remains unclear (Kimura & Gleichmann, 1987; Haridas & Kamat, 1997; Kataoka et 
al, 2001; Chu & Gress, 2008). 
In spite of the occurrence of two different variants of chronic GVHR in this model the 
suppression of primary immune response to T-dependent antigen is observed in all 
recipients (Fig. 5) (Kozlov et al., 2002; Kudaeva et al., 2010b). The decrease of the primary 
response is significantly heavier in nonlupus recipients.  
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* - p < 0.05 compared between control and experimental group; # - p < 0.05 between experimental 
groups 

Fig. 5. The level of primary humoral immune response in recipients with chronic GVHD 

An enhancement of the suppressive activity of regulatory T cells, a disruption of the 
antigen-presenting cells, an increase of specific Th-cells apoptosis are considered as a 
possible reasons. Experiments in vitro indicate the possible inability of B lymphocytes in 
chronic GVHR to respond to T-dependent antigen. The latter can be explained by the 
abundance of activating factors leading to the ultimate differentiation of the few antigen 
specific B-cell and thus excluding its proliferation (Kimura & Gleichmann, 1987). 
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The inhibition of humoral immune response may be due to hyperactivation of the B-
lymphocytes. Indeed, the development of chronic GVHD is accompanied by a marked 
polyclonal activation of B-lymphocytes, which is known to impede an adequate response to 
new stimulus (Reina-San-Martin et al., 2000; Spera et al., 2006; Montes et al., 2007; Marques 
et al., 2008).  
At the same time a decrease of the secondary immune response is less marked especially in 
the lupus recipients (Fig. 6). Perhaps, it indicates that a formation of immune memory is 
more rigidly processes, resistant to the action of various factors. Explanation of this 
discordance between the level of primary and secondary response under chronic GVHD 
requires further investigation. 
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Fig. 6. The level of the secondary humoral immune response in recipients with chronic 
GVHD (A – spleen; B – bone marrow) 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

56

The key characteristic of homeostatic proliferation is taking T memory cell phenotype 
(CD4+CD45RBlow and CD8+CD45RBlow) by naïve T cells (CD4+CD45RBhigh and 
CD8+CD45RBhigh). Despite the increase in both CD4+ subpopulations (naïve and memory) its 
proportion is shifted towards memory cells in lupus recipients. The T-cell donor chimerism 
is just 2% in chronic GVHR in this model (Via & Shearer, 1988). Hence, the CD4+CD45RBlow 
and CD8+CD45RBlow cells in the spleens of lupus mice are mainly recipient cells. 
It can be assumed that lymphopenia at the early stages of chronic GVHR causes homeostatic 
proliferation of T lymphocytes in lupus recipients, which participates in the development of 
autoimmune pathology in this model.  

2.2.2 The immune response of recipients  
GVHR is accompanied by immunosuppression. The mechanism of immunodeficiency has 
been well studied in case of acute reaction: it’s a destruction of the recipient's immune 
system by donor immune cells. The mechanism of immunosuppression in the chronic form 
of GVHR remains unclear (Kimura & Gleichmann, 1987; Haridas & Kamat, 1997; Kataoka et 
al, 2001; Chu & Gress, 2008). 
In spite of the occurrence of two different variants of chronic GVHR in this model the 
suppression of primary immune response to T-dependent antigen is observed in all 
recipients (Fig. 5) (Kozlov et al., 2002; Kudaeva et al., 2010b). The decrease of the primary 
response is significantly heavier in nonlupus recipients.  
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An enhancement of the suppressive activity of regulatory T cells, a disruption of the 
antigen-presenting cells, an increase of specific Th-cells apoptosis are considered as a 
possible reasons. Experiments in vitro indicate the possible inability of B lymphocytes in 
chronic GVHR to respond to T-dependent antigen. The latter can be explained by the 
abundance of activating factors leading to the ultimate differentiation of the few antigen 
specific B-cell and thus excluding its proliferation (Kimura & Gleichmann, 1987). 
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The inhibition of humoral immune response may be due to hyperactivation of the B-
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At the same time a decrease of the secondary immune response is less marked especially in 
the lupus recipients (Fig. 6). Perhaps, it indicates that a formation of immune memory is 
more rigidly processes, resistant to the action of various factors. Explanation of this 
discordance between the level of primary and secondary response under chronic GVHD 
requires further investigation. 
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The suppression of humoral immune response to T-dependent antigen is observed in all 
recipients (nonlupus and lupus) and by this means is not specific feature of autoimmune 
disorder in this model. 

2.2.3 Anemia 
Hematological abnormalities are common in systemic lupus erythematosus and may be 
manifested in anemia of different pathogenesis. In SLE many factors are produced which 
disturb the hematological balance both on the peripheral level and in the bone marrow. It is 
assumed that the autoantibodies produced in SLE are the main cause of autoimmune 
hemolytic anemia. However it should be considered that quantitative changes in the 
number of erythrocytes observed in this disease are also caused by chronic inflammatory 
condition, which impairs the endocrine function of the kidneys in erythropoietin production 
as the element of autoimmune disease.  
 

Parameters control lupus 
Hemoglobin, g/l 199.5  3.5 137.3  6.9 ** 

Hematocrit, per cent 49.2  0.4 39.7  1.4 ** 
Reticulocytes, pro mille 10.0  1.3 26.2  4.7 ** 

Mm, * - p < 0.05 and ** - p < 0.01 compared between control and experimental group 

Table 2. Hematological parameters of lupus mice 

It has been shown that acute GVHD (C57BL/6(C57BL/6xDBA/2)F1) reduces the 
peripheral blood cell counts, the number of bone marrow cells, and colony forming unit-
granulocyte macrophage (CFU-GM), whereas  the host hematopoiesis in chronic GVHD  
(DBA/2(C57BL/6xDBA/2)F1) is not affected within 2 weeks after the transfer of parental 
splenocytes (Mori et al., 1998). However study of the host hematopoiesis at late stages of 
GVHD has revealed the set of immune- and hemopoiesis disorders (Kozlov et al., 1995). 
The results presented in Table 2 show that lupus mice have a significant decrease of 
hemoglobin and hematocrit levels in comparison with intact animals. Marked 
reticulocytosis corresponds to the expression of anemic syndrome and gives evidence of a 
quite regenerative ability of the lupus bone marrow. To clarify the nature of anemia 
assessment of early and late erythropoietic progenitors has been studied. Data on the 
number of erythroid precursors in the myelogram and the number of erythroid burst 
forming units (BFU-E) and colony forming unit-granulocyte macrophage in bone marrow 
are shown in Table 3.  
 

Parameters control lupus 
Nucleated erythroid precursors,  

per cent 28.3  1.2 37.6  2.9 * 

BFU-E per 105 bone marrow cells 7.8  0.9 21.3  1.8 ** 
CFU- GM per 5x104 bone  

marrow cells 8.7  0.7 (10) 4.7  0.5* 

M  m,  * - p < 0.05 and ** - p < 0.01 compared between control and lupus 

Table 3. Assessment of erythropoiesis at the level of early and late hematopoietic precursors 
in lupus mice 
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Changes in bone marrow smears of SLE patients with autoimmune hemolytic anemia and 
ones of lupus recipients are similar. The relative and absolute number of BFU-E in the bone 
marrow increases in lupus recipients compared with intact animals. 
The decrease of hemoglobin and hematocrit in lupus recipients is accompanied by 
reticulocytosis and hypertrophy of erythropoiesis in the bone marrow, thus it becomes 
apparent that anemia develops as a result of increased destruction of erythrocytes.  
Increasing the number of BFU-E and nucleated erythroid precursors suggests hypertrophy 
of erythron in lupus mice. Similar changes of erythron are observed in mice NZB, whose 
autoimmune hemolytic anemia is accompanied by increased numbers of early erythroid 
precursors in the bone marrow and spleen (Orlovskaja & Kozlov, 2001). 
Autoimmune hemolytic anemia is diagnosed in the presence of variable intensity of anemia 
(usually macrocytic), reticulocytosis, and a positive direct and/or indirect antiglobulin test 
after ruling out other types of hemolytic anemia. 
Coombs test (direct antiglobulin test) is used to verify the occurrence of erythrocyte-bound 
antibodies which mediate red cell destruction in anemic mice. Autoantibodies to 
erythrocytes have been determined by this test at weekly intervals, starting at week 1 and 
lasting until week 12 after the initiation of the GVHR. Coombs-positive erythrocytes begin 
to appear at early stages of reaction. It has been established that the frequency of Coombs-
positive results within 1-2 months after induction of GVHD achieves 60%. In mice with 
positive results of Coombs-test hematocrit is reduced by 26%, hemoglobin by 33%. Immune 
complex glomerulonephritis develops in 52% of mice with positive Coombs test at the early 
stages of GVHR. However a positive direct antiglobulin test alone is not sufficient to 
diagnose of autoimmune hemolytic anemia and may be positive in many patients without 
anemia or negative in some patients with one.  
It has been studied the possibility of correction of impaired erythropoiesis by hypoxia (Table 
4). Hypoxia has had favorable effect on anemia, significantly increasing hematocrit and 
hemoglobin levels and reducing the increased number of reticulocytes (Kolesnikova et al., 
2001).  
 

Parameters 
control lupus 

intact hypoxia without 
hypoxia hypoxia 

Hemoglobin, g/l 197.5  3.5 224.5  7.8 137.3  6.9** 186.0  4.6## 
Hematocrit, per cent 49.2  0.4 50.0  1.3 34.2  0.9 ** 39.5  0.9 # 

Reticulocytes, per 
mille 10.0  1.3 - 26.2  4.7 ** 12.3  1.1# # 

(M  m,  ** - p < 0.01 compared between control and  lupus, # - p < 0.05 and ## - p < 0.01 compared 
between lupus without hypoxia and lupus with hypoxia 

Table 4. The influence of hypoxia on hemoglobin and hematocrit levels, reticulocyte number 
in lupus mice 

It is known that hypoxia stimulates the production of erythropoietin by kidney. It is used for 
treatment anemia with a decrease of erythropoiesis (Eckardt et al., 1989). There are no 
available data on the use of chronic hypoxia for treatment of moderate hemolytic anemia 
with increase of bone marrow erythropoiesis combined with immunopathology. In this 
model it has been shown some positive effect of chronic hypoxia on GVHR induced 
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The suppression of humoral immune response to T-dependent antigen is observed in all 
recipients (nonlupus and lupus) and by this means is not specific feature of autoimmune 
disorder in this model. 
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Hematological abnormalities are common in systemic lupus erythematosus and may be 
manifested in anemia of different pathogenesis. In SLE many factors are produced which 
disturb the hematological balance both on the peripheral level and in the bone marrow. It is 
assumed that the autoantibodies produced in SLE are the main cause of autoimmune 
hemolytic anemia. However it should be considered that quantitative changes in the 
number of erythrocytes observed in this disease are also caused by chronic inflammatory 
condition, which impairs the endocrine function of the kidneys in erythropoietin production 
as the element of autoimmune disease.  
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It has been shown that acute GVHD (C57BL/6(C57BL/6xDBA/2)F1) reduces the 
peripheral blood cell counts, the number of bone marrow cells, and colony forming unit-
granulocyte macrophage (CFU-GM), whereas  the host hematopoiesis in chronic GVHD  
(DBA/2(C57BL/6xDBA/2)F1) is not affected within 2 weeks after the transfer of parental 
splenocytes (Mori et al., 1998). However study of the host hematopoiesis at late stages of 
GVHD has revealed the set of immune- and hemopoiesis disorders (Kozlov et al., 1995). 
The results presented in Table 2 show that lupus mice have a significant decrease of 
hemoglobin and hematocrit levels in comparison with intact animals. Marked 
reticulocytosis corresponds to the expression of anemic syndrome and gives evidence of a 
quite regenerative ability of the lupus bone marrow. To clarify the nature of anemia 
assessment of early and late erythropoietic progenitors has been studied. Data on the 
number of erythroid precursors in the myelogram and the number of erythroid burst 
forming units (BFU-E) and colony forming unit-granulocyte macrophage in bone marrow 
are shown in Table 3.  
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Changes in bone marrow smears of SLE patients with autoimmune hemolytic anemia and 
ones of lupus recipients are similar. The relative and absolute number of BFU-E in the bone 
marrow increases in lupus recipients compared with intact animals. 
The decrease of hemoglobin and hematocrit in lupus recipients is accompanied by 
reticulocytosis and hypertrophy of erythropoiesis in the bone marrow, thus it becomes 
apparent that anemia develops as a result of increased destruction of erythrocytes.  
Increasing the number of BFU-E and nucleated erythroid precursors suggests hypertrophy 
of erythron in lupus mice. Similar changes of erythron are observed in mice NZB, whose 
autoimmune hemolytic anemia is accompanied by increased numbers of early erythroid 
precursors in the bone marrow and spleen (Orlovskaja & Kozlov, 2001). 
Autoimmune hemolytic anemia is diagnosed in the presence of variable intensity of anemia 
(usually macrocytic), reticulocytosis, and a positive direct and/or indirect antiglobulin test 
after ruling out other types of hemolytic anemia. 
Coombs test (direct antiglobulin test) is used to verify the occurrence of erythrocyte-bound 
antibodies which mediate red cell destruction in anemic mice. Autoantibodies to 
erythrocytes have been determined by this test at weekly intervals, starting at week 1 and 
lasting until week 12 after the initiation of the GVHR. Coombs-positive erythrocytes begin 
to appear at early stages of reaction. It has been established that the frequency of Coombs-
positive results within 1-2 months after induction of GVHD achieves 60%. In mice with 
positive results of Coombs-test hematocrit is reduced by 26%, hemoglobin by 33%. Immune 
complex glomerulonephritis develops in 52% of mice with positive Coombs test at the early 
stages of GVHR. However a positive direct antiglobulin test alone is not sufficient to 
diagnose of autoimmune hemolytic anemia and may be positive in many patients without 
anemia or negative in some patients with one.  
It has been studied the possibility of correction of impaired erythropoiesis by hypoxia (Table 
4). Hypoxia has had favorable effect on anemia, significantly increasing hematocrit and 
hemoglobin levels and reducing the increased number of reticulocytes (Kolesnikova et al., 
2001).  
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Hemoglobin, g/l 197.5  3.5 224.5  7.8 137.3  6.9** 186.0  4.6## 
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(M  m,  ** - p < 0.01 compared between control and  lupus, # - p < 0.05 and ## - p < 0.01 compared 
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Table 4. The influence of hypoxia on hemoglobin and hematocrit levels, reticulocyte number 
in lupus mice 

It is known that hypoxia stimulates the production of erythropoietin by kidney. It is used for 
treatment anemia with a decrease of erythropoiesis (Eckardt et al., 1989). There are no 
available data on the use of chronic hypoxia for treatment of moderate hemolytic anemia 
with increase of bone marrow erythropoiesis combined with immunopathology. In this 
model it has been shown some positive effect of chronic hypoxia on GVHR induced 
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immunopathology: hypoxia increases humoral immune response, abolishes anemia and 
corrects of early and late committed hemopoietic precursors number (Kolesnikova et al., 
2001). Apparently initial increase of erythropoietin synthesis leads to the growth of 
hemoglobin level in blood. When a level of hemoglobin in blood is restored, the hyperplasia 
of bone marrow hemopoietic cells stops. 

2.2.4 Macrophages 
Macrophages play a pivotal role in development of immune response and inflammatory 
reactions, acting as effectors and regulatory cells. Their participation in renal development, 
damage and repair has been well described (Williams et al., 2010). In pathogenesis of 
immune-mediated kidney injury different types of macrophages take part. There are 
resident renal macrophages (mesangial cells), macrophages differentiated from blood 
monocytes migrating in site of inflammation, and macrophages located in other organs (e.g. 
spleen and lymph nodes macrophages). 
Resident renal macrophages are supposed to play protective role in mechanism of 
glomerular damage induced by immune complexes via scavenging and preventing immune 
complexes depositions in glomeruli. This “physiologic” clearance of immune complexes is 
nonphlogistic and does not lead to increased production of inflammatory mediators 
(Duffield, 2003; Serhan & Savill, 2005; Bergtold et al., 2006; Castano et al., 2009). But if these 
mechanism is overwhelmed it results in deposit formation on glomerular basal membrane 
causing leukocytes activation, liberation of cytotoxic and chemoattracting products, local 
kidney injury and recruitment of further leukocytes (Gomez-Guerrero et al., 2004, 2005; 
Berger & Daha, 2010). These processes contribute a progressive loss of renal functions.  
Severity of clinical manifestation of kidney diseases closely correlates with intensity of 
macrophages infiltration (Van Goor et al., 1994; Duffield, 2010). Transfer of semiallogeneic 
lymphoid cells from DBA/2 mice to (C57Bl/6xDBA/2)F1 hybrids leads to rapid 
accumulation of CD11a-positive leukocytes in renal glomeruli which is maximal within 4 
weeks after GVHD induction and is synchronized with the time of proteinuria onset 
(Kootstra et al., 1998). Moreover in the murine model of proliferative glomerulonephritis 
caused by deposition of immune complexes  at the glomerular basal membrane it has been 
shown that macrophages ablation ameliorates severity of injury (Guo et al., 2009). 
Role of macrophages in kidney injury and repair can also depend on the mechanism of their 
activation. It is suggested that macrophages can polarize and differentiate into different 
subpopulations of activated cells according to a type of stimuli. In common, polarized 
macrophages can be divided into 2 basic groups: classical activated macrophages (they are 
named M1 cells, reminiscent of T-lymphocyte subsets) differentiate by Th1-associated 
cytokine IFNγ and microbe component such as LPS and alternatively activated 
macrophages (M2) including subpopulations of M2a (activated by Th2-dependent cytokines 
IL-4 and IL-13), M2b (activated via FcR) and M2c (requiring IL-10, TGFβ or glucocorticoids). 
These subpopulations of activated and polarized macrophages have different phenotypes 
and spectrum of secreting chemokines/cytokines (Martinez et al., 2008, 2009; Gordon & 
Martinez, 2010) and play different roles in mechanism of immunologic inflammation of the 
kidney (Williams et al., 2010). It is commonly accepted that M1 cells producing large amount 
of nitric oxide and reactive oxygen species by NO synthase and NADPH oxidase, 
respectively, mediate renal tissue damage while M2 cells producing significant amounts of 
proline and polyamines stimulate cells proliferation and sclerotic processes.  
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* - p < 0.05 compared between control and experimental group; # - p < 0.05 between experimental 
groups 

Fig. 7. Activity of NO synthase (A) and arginase (B) in recipients  

It is established that M1 and M2 cells are significantly differ from each other by the ways of 
arginine metabolism, which is a substrate of both NO synthase and arginase. M1 
macrophages are characterized by high production of NO in combination with low activity 
of arginase, while for M2 it is typical an inverse relationship, since the balance in this 
subpopulation of macrophages shifts toward the reaction catalyzed by arginase (Munder et 
al., 1998). Thus determining the ratio of NO synthase and arginase activities in the culture of 
macrophages can evaluate the M1 and M2 subpopulations balance and its changes under 
influence of various agents. 
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macrophages (M2) including subpopulations of M2a (activated by Th2-dependent cytokines 
IL-4 and IL-13), M2b (activated via FcR) and M2c (requiring IL-10, TGFβ or glucocorticoids). 
These subpopulations of activated and polarized macrophages have different phenotypes 
and spectrum of secreting chemokines/cytokines (Martinez et al., 2008, 2009; Gordon & 
Martinez, 2010) and play different roles in mechanism of immunologic inflammation of the 
kidney (Williams et al., 2010). It is commonly accepted that M1 cells producing large amount 
of nitric oxide and reactive oxygen species by NO synthase and NADPH oxidase, 
respectively, mediate renal tissue damage while M2 cells producing significant amounts of 
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Fig. 7. Activity of NO synthase (A) and arginase (B) in recipients  

It is established that M1 and M2 cells are significantly differ from each other by the ways of 
arginine metabolism, which is a substrate of both NO synthase and arginase. M1 
macrophages are characterized by high production of NO in combination with low activity 
of arginase, while for M2 it is typical an inverse relationship, since the balance in this 
subpopulation of macrophages shifts toward the reaction catalyzed by arginase (Munder et 
al., 1998). Thus determining the ratio of NO synthase and arginase activities in the culture of 
macrophages can evaluate the M1 and M2 subpopulations balance and its changes under 
influence of various agents. 
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Study of arginine metabolism in peritoneal macrophages of recipients has been shown that 
macrophages isolated from lupus mice expose high arginase activity and macrophages 
isolated from nonlupus mice without clinical symptoms of kidney disease produce large 
amount of nitric oxide upon LPS/IFNγ stimulation (Fig. 7). 
According their metabolic properties it has been supposed that Th1-dependent variant of 
chronic GVHD is associated with classical macrophages activation with NO synthase 
prevalence, while Th2-dependent variant of chronic GVHD is characterized by alternative 
macrophages activation with arginase domination. Since it has been researched on  
peritoneal macrophages not directly involved into renal inflammation, these differences of 
arginine metabolism have systemic nature and may characterize metabolic changes in whole 
immune system. Preferential activation of M1 or M2 cells may be one of the key points of 
chronic GVHD-induced immunopathological processes. In Th2-associated type of chronic 
GVHD there are immune complexes forming deposits in renal glomeruli and causing their 
inflammatory damage. In this case high arginase activity of M2 macrophages can promote 
via enhanced polyamine synthesis the proliferation of polyclonally activated B cells and the 
increase of autoantibody production. Moreover, the local increase of arginase activity in 
renal macrophages (mesangial cells) contributes proliferative forms of glomerulonephritis 
and amplifies collagen synthesis causing glomerular sclerosis. It have been also shown that 
lowering of local NO production in glomeruli exacerbates renal injury induced by different 
ways and enforces proteinuria via glomerular hemodynamics disturbances (Cattell, 2002; 
Waddington, 2002). Controversially, high activity of macrophagal NO synthase decreases 
proliferation of T- and B-lymphocytes and amplifies activated cells apoptosis preventing 
autoimmunity expansion (Kim et al., 1999; Hoffman et al., 2002; Koide et al., 2003).  

2.2.5 Cytokines 
The key cytokines for Th1 and Th2 subpopulations are IFNand IL-4, relatively. 
Unfortunately, its concentrations have fallen outside of the bottom value of used test 
system. The concentration of IL-10, IL-15, IL-17A has been on the verge of method 
sensitivity or lower also. Data on IL-7 is presented in chapter 2.2.1. Determination of 
cytokines content in peripheral blood has reveals the increase of IL-6 and TNF levels  in 
lupus recipients (Table 5). It has been shown that serum Il-6 and IL-10 levels increase and are 
closely associated with disease activity in SLE (Chun et al., 2007). Today it’s known the 
Janus-faced role of IL-6 as pro- and antiinflammatory cytokine. IL-6 participates in the acute 
phase response, B cell maturation and macrophage differentiation. Furthermore it has been 
shown that IL-6 can promote Th1/Th2 ratio towards Th2 inducing IL-4-dependent 
differentiation of Th2 and simultaneously inhibiting Th1 polarization through IL-4-
independent mechanism (Diehl & Rincon, 2002). Thus, the high level of IL-6 coincides with 
the increase of CD19+ B lymphocytes in spleen of lupus recipients and does not contradict to 
shifting their Th1/Th2 balance towards Th2 (Fig. 8).  TNF is also multifunctional cytokine 
and is involved in the different immune processes.  Except proinflammatory effects it is 
likewise an important factor of physiologic processes of B cells growth and activation. It has 
been shown that its level is increased in the blood and in the inflamed kidneys of systemic 
lupus erythematosus patients (Aringer & Smolen, 2003) although its role  in human SLE is 
controversial (Aringer & Smolen, 2008; Zhu et al., 2010). The high level of TNF likely 
accounts for processes of inflammation in kidney; a possible cause of its increase is 
discussed in chapter 2.2.6. 
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 IL-2 IL-6 TNFα 

control 2.3 
(2.0 – 2.6) 

4.4 
(1.6 – 9.5) 

7.9 
(6.0 – 10.2) 

nonlupus 2.6 
(2.0 – 2.9) 

2.3 
(0 – 4.8) 

9,03 
(0 – 15.7) 

lupus 2.9 
(2.3 – 3.6) 

8.9# 
(0 – 17.4) 

19.1*# 
(7.1 – 40.6) 

(M, min – max; pg/ml; * - p < 0.05 between control and experimental group; # - p < 0.05 between 
experimental groups 

Table 5. The cytokines concentration in serum of recipients 

 

 
* - p < 0.05 between control and experimental group; # - p < 0.05 between experimental groups 

Fig. 8. The content of CD19+ cells in the spleen of recipients with chronic GVHD  

2.2.6 Change of cholesterol metabolism in recipients with glomerulonephritis 
The development of lupus-like nephritis in described experimental model of chronic GVHD is 
associated with severe hyperlipidemia (Xiao et al., 2007; Perminova et al., 2009). According to 
our experimental data (Fig. 9) increase of serum cholesterol level in mice with autoimmune 
glomerulonephritis is most pronounced in the period corresponding to the formation of 
kidney damage and the appearance of proteinuria (about within 3 months after induction of 
chronic GVHD), however, and after 5 months, and even after 12 months concentration of 
cholesterol in the blood of these animals remains significantly elevated. It has been also found 
that in these mice the triglyceride level in serum is significantly increased (from 1.72 mM in 
intact control to 5.25 mM in lupus recipients; p < 0.01). At the same time nonlupus mice have 
normal cholesterol and triglyceride levels. Our results of the study blood cholesterol levels in 
the dynamics of chronic GVHD indicate that hypercholesterolemia and formation of 
autoimmune glomerulonephritis  occur simultaneously (Fig. 10). In the initial stages of 
induction of GVHD individual animals with opposite variants of the immunopathological 
process do not significantly differ from each other, and only after 8-12 weeks serum cholesterol 
level begins to increase in mice with a lupus-like nephritis. Thus, the formation of kidney 
damage and lipid metabolism disturbance in described experimental model are parallel to 
each other and appear in the same time. 
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The coincidence between kidney diseases and changes in lipid metabolism has been known 
for a long time. As stated in one of modern articles: “Historically, Virchow first suggested 
the association between lipids and renal disease in 1858 when he described successive stages 
of fatty metamorphosis and fatty detritus in the renal epithelium in Bright’s disease” (Jiang 
et al., 2005). Now the combination of different forms of nephritis and nephrotic syndrome 
with hypercholesterolemia is well known in the clinic and is described in various forms of 
experimental nephritis in animals. It has been found experimentally that kidney disease 
combines not only with changes serum lipid levels, but also with a variety of disorders of 
lipid metabolism in tissues. In clinical and experimental works it has been evidenced that 
nephrotic syndrome is accompanied by significant changes in activity of some enzymes 
involved in cholesterol metabolism (such as HMG-CoA reductase, acyl-CoA:cholesterol 
acyltransferase, lecithin-cholesterol acyltransferase and other), by decreased expression of 
LDL receptors on membranes of hepatocytes, by decline of apolipoprotein E, and by 
impaired reverse cell cholesterol transport (Subbaiah & Rodby, 1994; Deighan et al., 2000; 
Vaziri & Liang, 2002; Shearer et al., 2005; Vaziri et al., 2011). Undoubtedly, these data are 
very important for deep understanding of the pathogenesis of hypercholesterolemia in 
nephrotic syndrome, but they do not clarify the question what are mechanisms linking 
kidney disease and changes in lipid metabolism. Initial assumption that the level of serum 
lipoproteins increases compensatory in answer to decline of serum albumin concentration, 
today is rejected as not supported by clinical and experimental data. It has been found that it 
is not correlation between serum lipid profiles and serum albumin levels while the severity 
of lipid abnormalities correlates with the degree of proteinuria and hence with extent of 
kidney damage (Vaziri & Liang, 2002; Hu et al., 2009). Thus, the question of the primary 
cause of the hypercholesterolemia development in renal disease remains not completely 
resolved. 
 

 
* - p < 0.05 between control and experimental group; # - p < 0.05 between experimental groups;  
nd - data are not available 

Fig. 9. Serum cholesterol concentrations in mice with lupus-like nephritis and in nonlupus 
mice 
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Fig. 10. Development of hypercholesterolemia in individual animals in the dynamics of 
chronic GVHD 

It is generally accepted that the main pathogenetic point of such diseases is a massive 
production of specific autoantibodies and the formation of immune complexes which 
deposite in kidney tissues and serve as trigger for the chronic inflammatory process. In our 
experiments we also have found a gradual increase in the number of antibodies to DNA at 
the early stages of nephritis development (see 2.1.1). As it would be expected greater 
number of antibodies to DNA has been detected in those animals in which lupus-like 
nephritis develops. Based on this fact and on the currently available literary data, we 
assume that an accumulation of immune complexes in tissues may be act as a connecting 
link between kidney damage and hypercholesterolemia and that cell production of 
oxysterols is a key element of this association.  
In vitro experiments demonstrate (Reiss et al., 2001) that adding of immune complexes to 
macrophages and endothelial cells inhibits the activity of mitochondrial sterol 27-
hydroxylase – a key enzyme of cholesterol metabolism present in most tissues of the body 
and converting cholesterol to 27-hydroxycholesterol which is endogenous ligand for nuclear 
liver X receptors (LXRs) (Fu et al., 2001). In vivo this effect of immune complexes must be 
resulted in the decrease of 27-hydroxycholesterol concentrations in the body and therefore 
in the decline of the activation degree of LXRs. Since the LXR activation is associated with 
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the inhibition of cholesterol synthesis de novo and with the increase of the rate of  
its degradation to bile acids (Björkhem & Diczfalusy, 2002; Wang et al., 2008), reduced  
LXR activity would be reflected by accumulation of cholesterol in the tissues  
and by hypercholesterolemia. Schematic representation of these relationships is  shown in 
Figure 11. 
As of now, this assumption presents a pure speculative construction, but there are 
experimental evidences counting in favour of this hypothesis. In particular, it has long been 
known that many of the autoimmune diseases accompanied by increased formation of 
immune complexes are associated with pronounced hypercholesterolemia. A classical 
examples of such illnesses are autoimmune injuries of kidneys and systemic lupus 
erythematosus (McMahon & Hahn, 2007). According to literary data, the close relation 
between accumulation of immune complexes in tissues and hypercholesterolemia is the 
characteristic feature of the murine lupus-like syndromes developing spontaneously in 
(NZB x NZW)F1 mice, in MRL/lpr, BXSB and other relevant mouse strains (Ogura et al., 
1989; Itoh et al., 1994; Gu et al., 1999; Kono et al., 2000; Lawman et al., 2004). Similar 
association has come to light also in experimental investigations of a various immune 
complex renal injuries induced in animals by the administration of HgCl2, cationic bovine 
serum albumin and antibodies to renal proteins (Couser et al., 1978; Bagenstose et al., 1999; 
Shi et al., 2005; Wu et al., 2008).  
 
 

 
Fig. 11. A schematic representation of possible impact of immune complexes on the 
biosynthesis and catabolism of cholesterol 
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Described in this paper (see Table 5) increase of TNF in the serum of lupus mice 
emerging simultaneously with the appearance of proteinuria and hypercholesterolemia, 
also can be attributed to decreased production of 27-hydroxycholesterol since oxysterols 
(via LXR) inhibit an expression and synthesis of proinflammatory cytokines (Dushkin et 
al., 1998; Hong et al., 2011). These currently available indirect evidences are in good 
agreement with the foregoing hypothesis, however its proof requires further experimental 
investigations. 

2.2.7 Sex differences of autoimmune glomerulonephritis formation in the 
experimental model 
As it’s known there is a pronounced sexual dimorphism in the incidence of many human 
autoimmune pathologies, particularly systemic lupus erythematosus (Whitacre, 2001). It has 
been shown that the induction of chronic GVHD in the semiallogeneic system 
DBA/2(C57Bl/10xDBA/2)F1 causes the formation of autoimmune pathology only in 
female recipients for up to 6 weeks (Van Griensven et al., 1997).  
 

Parameter 
Females Males 

control lupus control lupus 

renal cortex 

Tubules 90.2 (88-91) 66.3*#(50-81) 90.8 (89-93) 88.1# (79-96) 

Glomeruli 3.4 (3-5) 1.5* (1-3) 3.9 (3-5) 2.0* (1-4) 

Blood vessels 5.9 (5-7) 2.1*# (1-3) 5.3 (3-7) 3.4*# (2-5) 

Leukocyte 
infiltration 0.2 (0-2) 13.2*# (5-19) 0 0# 

Cylinders 0 7.4* (2-15) 0 3.6* (0-9) 

Cysts and cavities 
with liquid 0 9.5* (3-21) 0 2.9* (0-7) 

renal medulla 

Tubules and ducts 95.8 (95-96) 94.9 (93-97) 97.5 (97-99) 97.3 (95-99) 

Blood vessels 4.0 (3-5) 1.3*# (1-2) 2.5 (1-4) 2.2# (1-4) 

Cylinders 0 3.8*# (3-5) 0 0.5*# (0-1) 

(M, (min-max);  * - p < 0.05 between control and experimental group; # - p < 0.05 between experimental 
groups 

Table 6. The relative area of the structures on the cut renal cortex and renal medulla  
(% of section area)  

In case of DBA/2(C57BL/6xDBA/2)F1 model it has been observed that induction of 
GVHD using female donor and host mice causes more severe glomerulonephritis than one 
using male donor and host. This is not due to differences in splenic homing, alloreactive 
precursor frequency, initial proliferation rates, or apoptotic rates but rather to sustained 
high proliferative activity at early stage of GVHR. Crossover studies (female donor and 
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male host; male donor and female host) has revealed that this effect is depended on the host 
sex (Lang et al., 2003). In our experiments chronic GVHD induced by transfer of female 
donor cells leads to the development of glomerulonephritis in recipients of both sexes by the 
end of 3 months. Kidney pathological picture in male recipients is characterized by less 
pronounced glomerular and tubular lesions, the absence of leukocyte infiltration and vessel 
walls damage compared with females littermates (Table 6) (Kudaeva et al., 2009). 
Determination of the testosterone level in the peripheral blood of female lupus mice has 
shown an increase of its concentration (6.1 nM compared with 4.8 nM in intact females of 
the same age, p < 0.05). It may be explained by the compensatory response to kidney 
damage, taking into account renotropic effect of testosterone. However testosterone level in 
female nonlupus recipients is also increased (7.7 nM, p < 0.05). 
Currently great attention is paid to sex hormones as regulators of immune responses. 
Higher incidence of autoimmune pathologies in women, its changing during pregnancy, sex 
differences of immune response, the influence of sex hormones on Th1/Th2 balance identify 
the role of sex hormones, mainly estrogen, progesterone and testosterone, as mediators of 
sexual dimorphism in the immune system (Erlandsson et al., 2003; Soldan et al., 2003; 
Cutolo et al., 2004; Matejuk et al., 2004). Less pronounced renal damage in males and 
increase of testosterone level in female recipients suggest testosterone as a factor of 
regulation, suppressed autoimmune processes during chronic GVHD. 

2.3 Modulation by Th1/Th2 balance shifting 
Currently, there is evidence of the possibility of Th1/Th2 balance changing through a 
variety of factors under the immunopathological situations, in particular, under the 
development of allergic diseases (Kato et al., 1999; Raz & Spiegelberg, 1999; Tipping & 
Kitching, 2005). Since a formation of autoimmune glomerulonephritis induced by chronic 
GVHR is a Th2-dependent process whereas a development of chronic GVHR without a 
kidney damage is a Th1-dependent one it has been studied the possibility to change the 
direction of reaction by agents shifting Th1/Th2 ratio towards Th1 or Th2. Drugs have been 
administered during the induction of the reaction (the first and second week of GVHR). 
Results have assessed by the change in the proportion of lupus recipients at the end of the 
experiment (within 3 months after the transfer semiallogeneic cells). 

2.3.1 Shifting Th1/Th2 ratio towards Th1 
DNA with immunostimulating properties (pUC19 plasmid DNA) and hormone 
dehydroepiandrosterone (in its transport form – dehydroepiandrosterone sulfate) are used 
as agents stimulating Th1 subpopulation. 
It has been shown that injection of bacterial DNA containing nonmethylated CpG-plots 
stimulates production of Th1 cells activating cytokines: TNF, IL-1, IL-12, IFN(Klinman et 
al., 1996; Carson & Raz, 1997; Krieg, 1999). pUC19 plasmid DNA is injected intravenously 
twice in dose 5 mg/kg. Calf thymus DNA in the same dose and scheme is used as a control. 
Dehydroepiandrosterone sulfate is taken as Th1 activator (Stam et al., 1993; Rook et al., 1994; 
Sudo et al., 2001). Dehydroepiandrosterone sulfate restores production of Th1-dependent 
cytokines by old female mice (Araghi-Niknam et al., 1997). Dehydroepiandrosterone sulfate 
(Aldrich) has been injected subcutaneously 4 times in dose 37.5 mg/kg. 
Results are shown in Figure 12. Both pUC19 plasmid DNA and dehydroepiandrosterone 
sulfate decrease the proportion of lupus recipients directing the reaction to Th1-dependent 
nonlupus variant (Vlasov et al., 2002; Tkachev et al., 2009). 
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* - p < 0.05 compared to GVHD; # - p < 0.05 compared to GVHD+dsDNA) 

Fig. 12. Frequency of lupus mice among the recipients upon the effect of pUC19 plasmid 
DNA (A) and DHEA-S (B)  

2.3.2 Shifting Th1/Th2 ratio towards Th2 
It has been studied the possibility of modifying the course of reaction towards Th2-
dependent processes also (Kudaeva et al., 2005b). Compounds with different mechanisms of 
action shifting the Th1/Th2 ratio towards Th2 cells have been used as immunomodulators: 
muramyl dipeptide, bisphenol A, and pentoxifylline. Muramyl dipeptide, a bacterial cell 
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(Aldrich) has been injected subcutaneously 4 times in dose 37.5 mg/kg. 
Results are shown in Figure 12. Both pUC19 plasmid DNA and dehydroepiandrosterone 
sulfate decrease the proportion of lupus recipients directing the reaction to Th1-dependent 
nonlupus variant (Vlasov et al., 2002; Tkachev et al., 2009). 
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* - p < 0.05 compared to GVHD; # - p < 0.05 compared to GVHD+dsDNA) 

Fig. 12. Frequency of lupus mice among the recipients upon the effect of pUC19 plasmid 
DNA (A) and DHEA-S (B)  

2.3.2 Shifting Th1/Th2 ratio towards Th2 
It has been studied the possibility of modifying the course of reaction towards Th2-
dependent processes also (Kudaeva et al., 2005b). Compounds with different mechanisms of 
action shifting the Th1/Th2 ratio towards Th2 cells have been used as immunomodulators: 
muramyl dipeptide, bisphenol A, and pentoxifylline. Muramyl dipeptide, a bacterial cell 
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wall derivative characterized by adjuvant effect, causes polyclonal activation of B-cells, and 
potentiates the stimulatory effect of IL-4 on activated B-lymphocytes (Souvannavong et al., 
1990). Muramyl dipeptide (ICN) has been injected intraperitoneally in a dose of 1.0 mg/kg 
twice ten days apart. Bisphenol A widely used in the industrial manufacture of plastics 
binds to estrogen receptors despite structural differences from the hormone. It decreases 
production of IFNγ and synthesis of IgG2a (Sawai et al., 2003). Bisphenol A (ICN) has been 
given intraperitoneally in a daily dose of 2.5 μg/kg for 2 weeks. Pentoxifylline (a drug 
improving microcirculation and blood rheology) inhibits production of proinflammatory 
cytokines including IFNγ and suppresses the development of Th1-dependent experimental 
allergic encephalomyelitis in mice (Okuda & Sakoda, 1996). Pentoxifylline (Aventis Pharma 
Ltd.) has been given per os in a daily dose of 50 mg/kg for 1 week.  
All these drugs cause an increased protein concentration in the urine of lupus recipients (Fig. 
13) that strictly correlates with the severity of kidney damage (Kolesnikova et al., 1991). 
Moreover these drugs increase the incidence of lupus-like glomerulonephritis among 
recipients (Kudaeva et al., 2005b). Hence they deteriorate a course of a disease. 
So, in this experimental model the change of the Th1/Th2 balance by introduction of 
immunomodulating drugs causes the amelioration or the progression of kidney damage. 
 

 
* - p < 0.05 compared with control; # - p < 0.05 compared with GVHD; BPA - bisphenol A;  
MDP – muramyl dipeptide; PTX - pentoxifylline 

Fig. 13. Protein concentration in urine of recipients  

2.4 Correction of glomerulonephritis  
In addition to studying the pathogenesis of autoimmune glomerulonephritis, it has been 
also investigated the possibility of correcting fully developed disease in this experimental 
model (Kudaeva et al., 2010a). 
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Lupus recipients have been lethally irradiated and then injected of bone marrow cells from 
intact syngeneic donors into a vein. Monitoring of follow-up processes have been included 
regular determination of the protein concentration in the urine. It has been found that such 
treatment of lupus recipients leads to a gradual decrease in the protein concentration in 
urine, the level of which is not differ from control values at the end of the experiment (Fig. 
14). This result can be regarded as evidence of the positive effect of the therapy. 

2.4.1 Immune parameters 
At the end of the experiment it has been studied kidney morphology and measured body, 
thymus and spleen weight, cell number and the levels of total IgG and IgG-antibodies to 
DNA in peripheral blood. 
Mice with chronic GVHD are characterized by severe splenomegaly and polyclonal 
activation of B cells, leading to high levels of IgG in peripheral blood and the appearance of 
antibodies to components of its own tissues (Via & Shearer, 1988; Morris et al., 1990). After 
treatment spleen cells number and the concentration of IgG in peripheral blood of lupus 
recipients are not differ from the appropriate values of control (intact animals lethally 
irradiated and then injected of bone marrow cells from syngeneic donors). Correction of 
clinical manifestations of glomerulonephritis has been also accompanied by the 
disappearance of IgG antibodies to DNA from peripheral blood (Fig. 15). 
It has not been significant difference in thymus weight between lupus mice before the 
treatment and control intact animals of the same sex and age. After the treatment its value in 
lupus recipients has diminished but has been not differ from irradiated and restored control. 
It may be due to slowing thymus recovery in mice of such age. 

2.4.2 Kidney morphology  
The results of morphological study of kidneys are presented in Tables 7-9. Formation of 
glomerulonephritis in lupus mice has been accompanied by development of inflammatory 
reaction with leukocyte infiltration, microcirculation change (an impairment of the 
permeability, a blockade of the venous capillaries) and lymphostasis in the renal 
parenchyma. All the pathological changes of the kidneys in lupus recipients indicate the 
active acute glomerulonephritis lasting for a long time (a different cell composition of 
leukocyte infiltrates, a large number of cylinders in the tubules and destructive changes in 
the glomeruli). After lethal irradiation and injection of syngeneic bone marrow cells it has 
been observed a fall in edema, in a severity of inflammation, in a leukocyte infiltration. In 
addition, a sharp decrease in the number of plasma cells in the leukocyte infiltrates, a large 
number of those present in lupus mice has been observed after therapy. At the end of the 
experiment number of plasma cells  has been not differ from intact control values. 
Individual recipients have had various intensity of these changes. It has been no reverse 
development of pathological changes of glomeruli except of the reduction of leukocyte 
infiltration and edema. Restoration of structures of impaired glomeruli has been no 
observed. The latter is in agreement with the observation that regeneration of mammals 
kidney structure is demonstrated for renal tubular epithelium only (Hishikawa & Fujita, 
2006; Poulsom et al., 2006; Bi et al., 2007). Another results have been obtained in a model of 
autosomally recessive Alport syndrome. Mice that lack the 3 chain of collagen IV fail to 
synthesize normal glomerular basement membrane and develop progressive glomerular 
damage leading to renal failure; bone marrow transplantation can rectify this podocyte 
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regular determination of the protein concentration in the urine. It has been found that such 
treatment of lupus recipients leads to a gradual decrease in the protein concentration in 
urine, the level of which is not differ from control values at the end of the experiment (Fig. 
14). This result can be regarded as evidence of the positive effect of the therapy. 

2.4.1 Immune parameters 
At the end of the experiment it has been studied kidney morphology and measured body, 
thymus and spleen weight, cell number and the levels of total IgG and IgG-antibodies to 
DNA in peripheral blood. 
Mice with chronic GVHD are characterized by severe splenomegaly and polyclonal 
activation of B cells, leading to high levels of IgG in peripheral blood and the appearance of 
antibodies to components of its own tissues (Via & Shearer, 1988; Morris et al., 1990). After 
treatment spleen cells number and the concentration of IgG in peripheral blood of lupus 
recipients are not differ from the appropriate values of control (intact animals lethally 
irradiated and then injected of bone marrow cells from syngeneic donors). Correction of 
clinical manifestations of glomerulonephritis has been also accompanied by the 
disappearance of IgG antibodies to DNA from peripheral blood (Fig. 15). 
It has not been significant difference in thymus weight between lupus mice before the 
treatment and control intact animals of the same sex and age. After the treatment its value in 
lupus recipients has diminished but has been not differ from irradiated and restored control. 
It may be due to slowing thymus recovery in mice of such age. 
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The results of morphological study of kidneys are presented in Tables 7-9. Formation of 
glomerulonephritis in lupus mice has been accompanied by development of inflammatory 
reaction with leukocyte infiltration, microcirculation change (an impairment of the 
permeability, a blockade of the venous capillaries) and lymphostasis in the renal 
parenchyma. All the pathological changes of the kidneys in lupus recipients indicate the 
active acute glomerulonephritis lasting for a long time (a different cell composition of 
leukocyte infiltrates, a large number of cylinders in the tubules and destructive changes in 
the glomeruli). After lethal irradiation and injection of syngeneic bone marrow cells it has 
been observed a fall in edema, in a severity of inflammation, in a leukocyte infiltration. In 
addition, a sharp decrease in the number of plasma cells in the leukocyte infiltrates, a large 
number of those present in lupus mice has been observed after therapy. At the end of the 
experiment number of plasma cells  has been not differ from intact control values. 
Individual recipients have had various intensity of these changes. It has been no reverse 
development of pathological changes of glomeruli except of the reduction of leukocyte 
infiltration and edema. Restoration of structures of impaired glomeruli has been no 
observed. The latter is in agreement with the observation that regeneration of mammals 
kidney structure is demonstrated for renal tubular epithelium only (Hishikawa & Fujita, 
2006; Poulsom et al., 2006; Bi et al., 2007). Another results have been obtained in a model of 
autosomally recessive Alport syndrome. Mice that lack the 3 chain of collagen IV fail to 
synthesize normal glomerular basement membrane and develop progressive glomerular 
damage leading to renal failure; bone marrow transplantation can rectify this podocyte 
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defect but the mechanisms underlying repopulation of glomerular podocytes by bone 
marrow-derived cells are not yet clear (Prodromidi et al., 2006). 
 

 
* - p < 0.05 between control and experimental group, # - p < 0.05 between experimental groups 

Fig. 14. Protein content in urine of recipients 

 

 
* - p < 0.05 between control and experimental group; # - p < 0.05 between experimental groups 

Fig. 15. The level of antibodies to dsDNA in peripheral blood of lupus recipients 
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Parameter 
groups of animals * 

 
1 2 3 4 

Tubules 90.23,4** 
(88-92) 

88.94 
(82-94) 

66.31,4 
(50-81) 

78.51,2,3 
(61-89) 

Glomeruli 3.43,4 
(3-5) 

3.74 
(3-5) 

1.51 
(1-3) 

1.41,2 
(0-3) 

Blood vessels 5.92,3,4 

(5-7) 
3.71,4 

(3-5) 
2.11,4 

(1-3) 
4.91,2,3 

(3-7) 
Connective tissue 0 0 0 0 

Leukocyte infiltration 0.22,3,4 

(0-2) 
1.91,4 

(0-5) 
13.21 

(5-21) 
9.81, 2 

(6-14) 

Cylinders 03,4 
 

04 

 
7.41,4 

(3-15) 
1.11,2,3 

(0-3) 
Cysts and cavities with 

liquid 
02,3,4 

 
1.81 

(0-5) 
9.51,4 

(3-21) 
3.61,3 

(0-18) 

Hemorrhage 0.3 
(0-10) 

0 
 

0 
 

0.7 
(0-5) 

M, (min-max);  * the groups of animals: 1 – control, intact mouse; 2 – the control, irradiation and transfer 
of bone marrow cells;  3 – the mouse with chronic GVHD, lupus; 4 – the mouse with chronic GVHD, 
lupus, irradiation and transfer of bone marrow cells; * 1, 2, 3, 4– the groups that have significant differences 
among themselves 

Table 7. The relative area of the structures on the cut renal cortex (% of section area) 

 

Parameter 
groups of animals* 

1 2 3 4 

Tubules and ducts 
95.82,4** 

(95-97) 
96.61 

(96-97) 
94.94 

(93-97) 
97.11,3 

(96-98) 

Blood vessels 
4.02,3,4 

(3-4) 
3.41,4 

(3-4) 
1.31,4 

(1-2) 
2.71,2,3 

(2-4) 
Connective tissue 0 0 0 0 

Leukocyte infiltration 0 0 0 0 

Cylinders 03 0 
3.81, 4 

(2-5) 
0.23 

(0-1) 
Cysts and cavities with 

liquid 0 0 0 0 

Hemorrhage 0 0 0 0 

M, (min-max); * the groups of animals as  in table 7; * 1, 2, 3, 4– the groups that have significant differences 
among themselves 

Table 8. The relative area of the structures on the cut renal medulla (% of section area)  
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Table 8. The relative area of the structures on the cut renal medulla (% of section area)  
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groups of animals * 
 

1 2 
3 
 

4 

Number (N) of renal 
infiltrates (%) 10 60 100 100 

 
 

Area cut 
infiltration 

 

AA**** 
 

0.23,4** 

(0-2) 
1.94 

(0-5) 
13.21 

(6-18) 
9.81, 2 

(6-14) 

A***** 75002,3,4 
135001 

(6875-26250) 
376251,4 

(26875-51875) 

193751,3 

(6250-
42500) 

Numerical density 
leukocytes (NA***) 

19.0 
 

28.0 
(16-37) 

28.2 
(19-40) 

30.4 
(21-37) 

Neutrophils 
% 0 

0.84 

(0-20) 
2.3 

(1-3) 
2.12 

(0-5) 

NA 0 
0.2394 

(0-0.68) 
0.66 

(0.24-1.14) 
0.6112 

(0-1.11) 

Monocytes 

% 
 

3 
 

4.4 
(2-7) 

4.1 
(3-5) 

3.1 
(1-4) 

 
NA 

 
0.57 

1.18 
(0.57-1.92) 

1.17 
(0.57-1.9) 

0.931 
(0.63-1.36) 

Macrophages 

% 
 

48.0 
 

22.4 
(9-41) 

24.8 
(15-35) 

23.7 
(9-42) 

NA 
 

9.12 
5.65 

(2.43-7.68) 
7.03 

(3.15-13.3) 
7.39 

(2.1-14.28) 

Fibroblasts and 
fibrocytes 

% 
 

18 
 

8 
(0-34) 

1.24 

(0-3) 
9.63 

(0-34) 

NA 
 

3.42 
2.51 

(0-10.2) 
0.3064 

(0-0.96) 
3.243 

(0-12.58) 

Plasma cells 
% 

 
0 

10 
(0-42) 

17.74 

(8-33) 
2.13 

(0-6) 

NA 
 

0 
2.63 

(0-8.96) 
5.354 

(1.9-13.2) 
0.663 

(0-1.92) 

M, (min-max); * the groups of animals as in table 7; ** 1, 2, 3, 4– the groups that have significant differences 
among themselves; 
***NA - numerical density of cells per 103 m2; 
****AA - relative area of infiltration at the cut renal cortex (% of section area); 
***** А - area of leukocyte infiltration (m2).  

Table 9. Characteristics of leukocyte infiltration in renal cortex  
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The data allow to conclude that induced by chronic GVHD immune complex 
glomerulonephritis of autoimmune genesis is maintained in the recipients by prolonged 
activity of immune cells. This inference is supported by data that the alloreactive donor T 
cells maintaining hyperplasia of host B lymphocytes with production of lupus-like 
antibodies persist in GVHD F1 mice for a long time after the induction of chronic GVHR 
(Rozendaal et al., 1990). Lethal irradiation interrupts the autoimmune process confirmed by 
disappearance of antibodies to DNA in peripheral blood and plasma cells in the kidney 
leukocyte infiltrates and consequently reduces the severity of kidney damage and leads to 
disappearance of clinical manifestations of glomerulonephritis – proteinuria. 

3. Conclusion  
Epigenetic mechanisms are long-term but reversible changes of gene activity not connected 
with DNA nucleotide sequence. Now it isn’t doubted that epigenetic mechanisms play the 
important role in determination of individual immune reactions. A purposeful integration 
of immune reactions with adaptive processes of whole organism is achieved by epigenetic 
regulation (Vercelli, 2004; Reiner, 2005; Wilson et al., 2005). Consequently, the character of 
immune reactions and their final effects are not defined by the animal genotype and 
parameters of antigenic action on an organism only but are determined by its «epigenetic 
component» taking during ontogenesis also. In such a manner individual living conditions 
form the current stable state of immune system modifying immune characteristics of 
individual predetermined by genotype. Accompanied by genetic heterogeneity of natural 
populations these variations of immune parameters, based on epigenetic mechanisms, 
provide the observed diversity of individual responses to antigenic stimuli and form the 
perceptivity to infections and different diseases in developing of which functional activity of 
immune cells plays an appreciable role. 
Th1 and Th2 activation has been shown to be affected in antagonist manner by numerous 
regulatory factors including hormones, mediators, and other biologically active substances 
(Rook et al., 1994; Piccini et al., 1995; Elenkov et al., 2000; Elenkov, 2004). The dissimilar level 
of biologically active molecules in recipient’s organism may cause predominantly 
stimulation of Th1- or Th2-cells and as a consequence directs the GVHD development for 
Th1- or Th2-dependent ways and initiates predominantly the development of nonlupus or 
lupus variants respectively. 
Experimental animals are a genetic homogenous group; transplanted cells have been 
identical for all recipients; the animal keeping conditions and transplanting procedure have 
been constant and the same for all mice in our work. Nonetheless there are two different 
variants of GVHD in our experiments. It is undoubtedly that even when experimental 
animals have identical genotype, there is always the dispersion of results that is usually 
considered as methodic imperfection. It is quite possible that such dispersion is rather an 
adequate reflection of the really existing situation: in spite of initial genetic identity animals 
are taking some stable distinctive properties in response to environmental influences by 
epigenetic mechanisms during ontogenesis (Jaenisch & Bird, 2003; Anway et al., 2005; 
Horsthemke & Ludwig, 2005; Reiner, 2005; Wong et al., 2005).  
Thus, in spite of the genetic, sexual and age uniformity of recipients, the same living 
conditions and the standard transfer procedure, the trend of the chronic GVH disease can 
proceed in the classical Th2- or early not described Th1-dependent pathways in the 
DBA/2(C57Bl/6xDBA/2)F1 system that eventually causes the development of two 
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(0-1.92) 

M, (min-max); * the groups of animals as in table 7; ** 1, 2, 3, 4– the groups that have significant differences 
among themselves; 
***NA - numerical density of cells per 103 m2; 
****AA - relative area of infiltration at the cut renal cortex (% of section area); 
***** А - area of leukocyte infiltration (m2).  

Table 9. Characteristics of leukocyte infiltration in renal cortex  
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The data allow to conclude that induced by chronic GVHD immune complex 
glomerulonephritis of autoimmune genesis is maintained in the recipients by prolonged 
activity of immune cells. This inference is supported by data that the alloreactive donor T 
cells maintaining hyperplasia of host B lymphocytes with production of lupus-like 
antibodies persist in GVHD F1 mice for a long time after the induction of chronic GVHR 
(Rozendaal et al., 1990). Lethal irradiation interrupts the autoimmune process confirmed by 
disappearance of antibodies to DNA in peripheral blood and plasma cells in the kidney 
leukocyte infiltrates and consequently reduces the severity of kidney damage and leads to 
disappearance of clinical manifestations of glomerulonephritis – proteinuria. 

3. Conclusion  
Epigenetic mechanisms are long-term but reversible changes of gene activity not connected 
with DNA nucleotide sequence. Now it isn’t doubted that epigenetic mechanisms play the 
important role in determination of individual immune reactions. A purposeful integration 
of immune reactions with adaptive processes of whole organism is achieved by epigenetic 
regulation (Vercelli, 2004; Reiner, 2005; Wilson et al., 2005). Consequently, the character of 
immune reactions and their final effects are not defined by the animal genotype and 
parameters of antigenic action on an organism only but are determined by its «epigenetic 
component» taking during ontogenesis also. In such a manner individual living conditions 
form the current stable state of immune system modifying immune characteristics of 
individual predetermined by genotype. Accompanied by genetic heterogeneity of natural 
populations these variations of immune parameters, based on epigenetic mechanisms, 
provide the observed diversity of individual responses to antigenic stimuli and form the 
perceptivity to infections and different diseases in developing of which functional activity of 
immune cells plays an appreciable role. 
Th1 and Th2 activation has been shown to be affected in antagonist manner by numerous 
regulatory factors including hormones, mediators, and other biologically active substances 
(Rook et al., 1994; Piccini et al., 1995; Elenkov et al., 2000; Elenkov, 2004). The dissimilar level 
of biologically active molecules in recipient’s organism may cause predominantly 
stimulation of Th1- or Th2-cells and as a consequence directs the GVHD development for 
Th1- or Th2-dependent ways and initiates predominantly the development of nonlupus or 
lupus variants respectively. 
Experimental animals are a genetic homogenous group; transplanted cells have been 
identical for all recipients; the animal keeping conditions and transplanting procedure have 
been constant and the same for all mice in our work. Nonetheless there are two different 
variants of GVHD in our experiments. It is undoubtedly that even when experimental 
animals have identical genotype, there is always the dispersion of results that is usually 
considered as methodic imperfection. It is quite possible that such dispersion is rather an 
adequate reflection of the really existing situation: in spite of initial genetic identity animals 
are taking some stable distinctive properties in response to environmental influences by 
epigenetic mechanisms during ontogenesis (Jaenisch & Bird, 2003; Anway et al., 2005; 
Horsthemke & Ludwig, 2005; Reiner, 2005; Wong et al., 2005).  
Thus, in spite of the genetic, sexual and age uniformity of recipients, the same living 
conditions and the standard transfer procedure, the trend of the chronic GVH disease can 
proceed in the classical Th2- or early not described Th1-dependent pathways in the 
DBA/2(C57Bl/6xDBA/2)F1 system that eventually causes the development of two 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

76

variants of immunopathology, only one of them results in the autoimmune disorder – 
lupus-like immune complex glomerulonephritis. This  model of the immunopathology 
permits the study of lupus-like nephritis pathogenesis. Furthermore it allows to use of 
GVHD  in the DBA/2(C57Bl/6xDBA/2)F1 system for devise practicable drugs and 
regimens of treatment during all stages of disease.  
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1. Introduction 
Idiopathic membranous nephropathy (MN), an autoimmune-mediated glomerulonephritis 
(GN), is one of the most common causes of nephrotic syndrome in adults and may rarely 
lead to idiopathic nephrotic syndrome in childhood (Cattran, 2001; Chadban & Atkins, 2005; 
Ponticelli & Passerini, 1990). The clinical course in the majority of patients appears to be 
indolent and slowly, although some progress into end-stage renal failure. Spontaneous 
remissions of proteinuria occur in approximately one quarter of patients; approximately half 
will have stable renal function with or without persistent proteinuria (Rosen, 1971; 
Wasserstein, 1997). A minority of patients will demonstrate slowly decline in renal function, 
and a few will have rapidly decline leading to renal failure or death. Approximately 30%–
40% of patients with MN develop progressive renal impairment, which results in end-stage 
renal failure after 10–15 years (Cattran, 2001; Chadban & Atkins, 2005; Honkanen et al., 
1992). The etiology in the majority of cases is unknown (idiopathic or primary MN, 75%); 
MN can also be secondary to or associated with a variety of conditions, including systemic 
lupus erythematosus and other autoimmune disorders, chronic infections such as with 
hepatitis B virus, drugs such as penicillamine, and malignant neoplasms (Cattran, 2001; 
Chadban & Atkins, 2005; Honkanen et al., 1992; Ponticelli & Passerini, 1990; Rosen, 1971; 
Wasserstein, 1997). The characteristic finding in MN is the presence of in situ immune-
complex deposition over the subepithelial space which presented with diffuse, discrete, 
granular glomerular capillary wall staining for immunoglobulins and complement on 
immunoflusrescence and subepithelial electron-dense deposits on electron microscopy. The 
deposited immune complexes sequentially induce the inflammatory response, complement 
activation, and oxidative injury, all of which participate in the pathogenesis of MN (Couser 
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& Abrass, 1988; Couser & Nangaku, 2006; Cunningham & Quigg, 2005; Kerjaschki, 2004; 
Nangaku et al., 2005; Ronco & Debiec, 2006).  
However, the role of adaptive immunity in the mediation of glomerular injury in MN has 
not yet been fully elucidated (Couser & Abrass, 1988; Couser & Nangaku, 2006; 
Cunningham & Quigg, 2005; Kerjaschki, 2004; Nangaku et al., 2005; Ronco & Debiec, 
2006). The prominent phenomenon of antigen and antibody immune-complex were 
observed in the process in the Heymann nephritis (HN), one of the most frequently used 
models of human MN in rat (Heymann et al., 1959; Salant et al., 1989). However, recent 
experiments with anti-T cell subset monoclonal antibody (mAb) therapies also suggested 
that T cells are central to the induction and glomerular injury of HN (Quiza et al., 1992). 
Indeed, the immunopathogenesis of MN, especially the role of T cell (including helper 
and cytotoxic T cells), is still not clear (Nangaku & Couser, 2005). The treatment of MN is 
controversial. Controlled trials of corticosteroids with or without cytotoxic or 
immunosuppressive agents have had variable results. Presently available 
immunosuppressive therapies are not always effective and often have many persistent 
side effects (Cattran, 2005; du Buf-Vereijken et al., 2005; Glassock, 2004; Perna et al., 2004; 
Piccoli et al., 1994; Polenakovik & Grcevska, 1999; Ponticelli et al., 1987; Ponticelli, 1987; 
Ponticelli & Passerini, 1991). The treatment of patients with MN is still up for debate. The 
current treatment of this disease remains inadequate and nonspecific. The purpose of this 
review is to bring together current informations concerning the roles of 
immunopathogenesis in the development and progression of MN. Specific emphasis is 
placed on the new murine MN model setup and the kinetics of adaptive immunity during 
MN. In addition, immuno-modulatory treatments using heme oxygenase-1 (HO-1) 
induction in the treatment of MN are also reviewed. 

2. Immunopathogenic mechanism and therapeutic intervention in 
experimental murine model of MN 
2.1 Experimental animal model of MN 
MN is an important cause of nephrotic syndrome and end-stage renal disease in adults. For 
designing more rationale therapy, it would be useful if we really understood basic 
pathophysiology of disease. Since only limited information can be obtained from the direct 
study of diseased humans, animal models are very helpful for us to understand 
pathogenesis. Most results were obtained from HN. However, limited mouse models for 
study of human MN was well-characterized although mice offer the advantages of being 
cheaper, manipulate easily, and suitable for experimental applications. 

2.1.1 Heymann Nephritis (HN) 
HN is a rat model of autoimmune-mediated glomerulonephritis that is similar in 
histopathology to human idiopathic MN (Heymann et al., 1959; HEYMANN et al., 1962). 
In 1959, Heymann et al. (Heymann et al., 1959) first described a model of MN in rats 
induced by immunization with a tissue antigen fraction derived from proximal tubular 
brush borders (Fx1A) in complete Freund’s adjuvant (CFA) (Kerjaschki & Farquhar, 1982; 
Kerjaschki & Farquhar, 1983). This model, subsequently referred to as HN, the 
morphology more closely resembled human MN because the deposits were exclusively 
subepithelial in location(Edgington et al., 1968; Edgington et al., 1967). The “active” HN 
model took several weeks to develop after immunization. Following, passive HN (PHN) 
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model by passively transferring heterologous antibodies to the brush border (anti-Fx1A) 
into normal animals in which antibody deposition induced heavy proteinuria more 
rapidly within only 3 to 4 days, thus finally enabling studies to be conducted of the 
mediation of glomerular injury in MN (Dixon et al., 1961; Van Damme et al., 1978; Fleuren 
et al., 1978). Whether the immune complexes were formed in situ or passive trapping of 
small, soluble immune complexes formed in the circulation is an important issue. Within 
months, Van Damme et al. using ex vivo perfusion system, and Couser et al. using a 
physiologically intact isolated perfused kidney system established that the deposits in 
MN result not from circulating immune complex trapping but from direct, or in situ, 
binding of IgG antibody to native glomerular antigens, presumably expressed on the 
membrane of podocyte foot processes (Van Damme et al., 1978; Couser et al., 1978). The 
nature of the glomerular antigen involving in formation of subepithelial deposits in HN 
was systematically tracked down by Kerjaschki and Farquhar and demonstrated as a 
combination of megalin and a receptor-associated protein (RAP) in the podocyte 
membrane (and tubular brush border) (Kerjaschki & Farquhar, 1982; Makker & Singh, 
1984; Farquhar et al., 1995). Megalin (gp330) has been identified as a pathogenic antigen in 
HN, but it has not been found in human or mice glomeruli. Hence, the precise nature of 
the idiopathic MN-initiating antigen is still unknown. (Ronco & Debiec, 2007b; Ronco & 
Debiec, 2007a; Ronco & Debiec, 2005). 

2.1.2 Murine model of MN induced by cationic bovine serum albumin 
The HN is a generalized model with morphological and functional aspects similar to 
those of human MN. However, it has rarely been applied to the mouse which have 
advantages of low cost, easily manipulation and the potential application of genetic and 
monoclonal antibody techniques (Quigg, 2003). Repeated doses of cationic bovine serum 
albumin (cBSA) are alternative methods to induce MN which had been applied in the dog, 
cat, rabbit and rat (Wright et al., 1985; Nash et al., 1990; Border et al., 1982; Bass et al., 
1990). The purity of the cBSA antigen is an important factor to cause variants of MN. The 
heterogeneity of the antigenic charge distinctly affects its ability to cause damage: the 
more cationic the immunogen, the more nephritogenic it is and the greater its tendency to 
produce a typical MN pattern. Unlike the cBSA preparations previously used only 
characterized by polyacrylamide gel flat bed electrophoresis and fast protein liquid 
chromatography(Bass et al., 1990; Wright et al., 1985), which could not exclude the 
presence of native anionic and slightly cationic BSA, we used pH-dependent binding 
technique to purify a more homogenous cBSA preparation which made our model 
disclosing greater consistency (Chen et al., 2004; Wu et al., 2008a; Yang & Langer, 1985). 
Mice were immunized with 0.2 mg of cBSA emulsified in complete Freund’s adjuvant 
(CFA), two weeks later, these mice received cBSA (13 mg/kg) intravenously three times 
per week, every other day, for six weeks to induce MN. There was a dose-related effect in 
the induction of MN and strain specificity because MN could be induced in BALB/c mice, 
but not in the C57BL/6 strain (Chen et al., 2004; Wu et al., 2008a). All cBSA-induced MN 
mice developed the characteristically clinical symptoms of proteinuria, 
hypoalbuminaemia, and hypercholesterolaemia. The MN induction rate did not differ 
between male and female mice reflecting the equal incidence of MN in men and women. 
Overt proteinuria appeared in week 4 and reached a plateau at week 8. Serum albumin 
concentration declined markedly after week 6 in the MN group and reached its nadir at 
week 8. However, serum cholesterol concentration showed a compensatory increase at 
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week 6 and was maximal at week 8. The above presentations assemble like nephrotic 
syndrome in human MN. The blood urea nitrogen and serum creatinine concentrations 
did not change during MN induction. Urinalysis revealed no haematuria or leukocyturia 
during the study.  
Histological findings revealed characteristically MN morphologic pattern, namely, diffuse 
thickening of the glomerular basement membrane (GBM) and no significant mesangial 
proliferation in light microscopy. (Figure 1A) Ultrastructural analysis identified severely 
irregular thickening of the basement membrane and subepithelial deposits in mice with 
cBSA-induced MN. (Figure 1D) Positive immunofluorescent staining for IgG was noted by 
progressively stronger granular fluorescence intensity along the glomerular capillary wall 
(GCW) with a discrete beaded appearance. Immunofluorescence staining for C3 revealed a 
similar time course and pattern to that of IgG. (Figure 1B and C) Loss of glomerular anions 
and the impairment of charge selectivity were noted evidenced by decreased the intensity of 
colloid iron staining progressively during the course of MN induction. We also found that 
the Th2 response was predominant: IgG1 concentration was significantly higher than IgG2a 
concentration. These data indicate that the MN mouse model is associated with a Th2 
response. An important issue is to determine whether cBSA-induced MN in mice resembles 
the in situ immune-complex glomerulonephritis seen in humans. Immunofluorescence 
analysis revealed positive staining for both IgG and C3. Although a strong positive 
immunofluorescent staining of immune-complex deposition was concomitant with higher 
serum Ig concentrations, serum CIC concentration did not increase significantly before week 
4. These observations suggest the in situ immune-complex formation in cBSA-induced MN, 
although we cannot exclude the possibility that the lower CIC concentration might have 
been generated in the earlier stages but was deposited rapidly in the kidney. Previous 
studies using both in vitro and in vivo approaches have demonstrated that cBSA binds 
directly to the glomerulus and then forms the in situ immune-complex deposition. BSA can 
induce in situ immune-complex formation in the isolated perfused rat kidney (Fleuren et al., 
1980). Antigen quantity also seems to be a cofactor influencing MN induction and a 
threshold exposure to antigen is needed for induction (Breysse et al., 1994)]. Although the 
mechanisms responsible for this variable course remain unclear, our results suggest that 
lower antigen exposure might increase the chance of spontaneous remission. We speculate 
that the antigen source, dose and exposure duration are factors in the pathological and 
clinical diversity of MN.  
We report the development of a new MN mouse model induced by cBSA. Clinically, the 
animals developed hypoalbuminaemia, hypercholesterolaemia and severe proteinuria. 
Morphologically, they exhibited diffuse GBM thickening, granular immunofluorescent 
staining, subepithelial deposits, and a lack of inflammatory cell infiltration and mesangial 
cells proliferation. Exogenous cBSA antigen had a dose-related influence on disease 
induction and may have induced in situ immune-complex GN. Moreover, this mouse MN 
model may display Th2 polarization and strain-specific dependence. Extending the MN 
model to the mouse has the advantages of lower cost, easy manipulation, and the 
potential benefits of using gene knockout and transgenic mice to investigate the 
mechanisms of disease initiation and progression. Thus, this model exhibits great 
similarity to human MN disease in clinical and pathological features over time. This 
murine model will provide a valuable tool to investigate the pathogenesis of MN and will 
help in the development of preventive and therapeutic strategies for MN, which is 
difficult to study in humans. 
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Fig. 1. Renal histopathology in mice with MN. Histopathology revealed characteristic 
findings of diffuse basement membrane thickening, as observed in the (A) hematoxylin and 
eosin staining, (B) positive granular immunofluorescent staining for IgG,  (C) positive 
granular immunofluorescent staining for C3, and (D) subepithelial deposition (asterisk). NC, 
normal control; MN, membranous nephropathy; G, glomerular basement membrane; L, 
lumen of capillary; and U, urinary space. 

2.2 Immunopathogenesis of cBSA-induced MN 
MN has been recognized as an autoimmune-mediated GN and characterized by an in situ 
immune-complex disposition over the subepithelial space which caused physical disruption 
of the filtration barrier and triggered a cascade of events that contribute to the progression 
of the disease and result in glomerular injury and proteinuria (Ravnskov, 1998; Ronco & 
Debiec, 2005). The C-BSA binding to glomerular tuft anion site, then immunoglobulin and 
complement will be produced and aggregated to GBM and mesangial area. This results in 
glomerular epithelial cell injury and proteinuria in our cBSA-induced murine MN model. 
Mediation of glomerular injury in MN has been thought to be essentially leukocyte 
independent (Salant et al., 1985). Early studies using monoclonal antibodies to T cell subsets 
indicate that T cells are central to the induction and glomerular injury in HN, a rat model of 
idiopathic MN (Penny et al., 1997; Penny et al., 1998; Quiza et al., 1992). The T lymphocyte-
derived cytokines also regulate the cellular and humoral immune responses to 
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idiopathic MN (Penny et al., 1997; Penny et al., 1998; Quiza et al., 1992). The T lymphocyte-
derived cytokines also regulate the cellular and humoral immune responses to 
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nephritogenic antigens and modulate inflammatory events (Holdsworth et al., 1999; Kelly et 
al., 1998). However, the role of adaptive immunity in the mediation of glomerular injury in 
MN has not yet been fully elucidated.  

2.2.1 The role of T cells and their cytokines in MN 
It is widely recognized that CD4+ T cells can be differentiated into two subsets, Th1 and Th2, 
according to their cytokine profiles (Abbas et al., 1996; Mosmann & Sad, 1996). Th1 cells 
produce cytokines such as interleukin (IL) 2, interferon γ IFN-γ, and tumor necrosis factor 
α TNF-αto promote cell-mediated immunity. Th2 cells producing IL-4, IL-5, IL-10 and IL-13 
can suppress Th1 cell activation and contribute to humoral immunity(Mosmann & Coffman, 
1989). Th1 and Th2 subsets are regulated reciprocally to maintain a balance, which plays an 
important role in immune-mediated GN (Tipping & Kitching, 2005). Th1 and Th2 subsets 
direct diverging effector pathways and lead to different patterns of injury and outcomes in 
GN. Th1-predominant responses are strongly associated with proliferative and crescentic 
forms of GN while Th2 responses are associated with membranous patterns of injury 
(Schena, 1999; Ring & Lakkis, 1998). To our knowledge, the diversity of Th1/Th2 in MN is 
still controversial. Studies involving patients with idiopathic MN showed a consistently 
negative response for delay type hypersensitivity (DTH) effectors, an increase in IL-4 
production by peripheral T helper cells; and a predominance of IgG4 (Th2-type subclass) as 
well as complement deposition in glomeruli; suggesting a Th2 response (Oliveira, 1998; 
Kuroki et al., 2005; Masutani et al., 2004; Hirayama et al., 2002; Doi et al., 1984; Doi et al., 
1991; Haas, 1994; Imai et al., 1997; Iskandar et al., 1992; Roberts et al., 1983). The above 
findings favor Th2 response. However, Penny et al found that the progressive development 
of infiltrates of activated T cells—principally Th1 and cytotoxic effector cells—as well as 
macrophages identified within glomeruli of Lews rats with HN, coincides with the 
development of proteinuria (Penny et al., 1998). Early studies suggested that classical T cell 
effector responses are involved in HN, including passive transfer of HN to tolerant rats by 
lymphoid cells but not serum, and lymphoid cells in culture(Heymann et al., 1962; Hsieh et 
al., 2000). Furthermore, it has also been found that permanent CD8+ T cell depletion both 
early and late in the course of disease prevents proteinuria in active Heymann Nephritis. It 
may indicate that CD8+ cytotoxic T cells are essential to the mediation of glomerular injury 
in HN and may be relevant to the pathogenesis of MN (Penny et al., 1998). In addition,, 
Spicer et al found that IL-4 administration prior to the onset of protienuria, rather than the 
early rIL-4 treatment prevents the development of proteinuria in active Heymann Nephritis 
by inhibition of Tc1 cells (Spicer et al., 2001). All these results indicate the importance of 
CD8+ T cell in mediating the final effector phase of glomerular injury in HN (Penny et al., 
1998; Spicer et al. 2001) and suggest that Th1 cells participate in the glomerular injury and 
proteinuria of MN (Penny et al., 1997).The conclusion of the diversity of Th1/Th2 in MN are 
not consistent. 

2.2.2 The kinetics of adaptive immunity of cBSA-induced in MN 
The kinetic distribution of different lymphocyte subsets, as well as the association between 
clinical manifestations and the complicated course of adaptive immune responses during 
MN is not well understood. To directly investigate immunoregulatory process and 
immunopathological mechanisms in cBSA-induced MN, we used TH1/TH2 double 
transgenic mouse (T1/T2 TG mice) which provides the best in vivo model to study the 
differentiation of helper T cell subsets during the Th process was used (Wu et al., 2007). 
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T1/T2 TG mice, originally in BALB/c background, bear two transgenes expressing two 
distinct cell surface markers, one is human Thy1 protein (human CD90) under the murine 
IFNγ promoter control, the other is murine Thy1.1 protein (murine CD90.1) under the 
murine IL-4 promoter control, designated as TH1/TH2 transgenes respectively(Hsieh et al., 
2000; Hung et al., 2005). 
T1/T2 TG MN mice showed overt proteinuria, hypoalbuminemia, and hypercholesterolemia 
characteristically. Renal histopathology revealed typical morphology of MN as glomerular 
basement membrane thickening, IgG granular deposition and subepithelial deposits seen in H 
& E, IF and EM sections. There were no significant differences between the MN mice of the 
BALB/c strain and the T1/T2 TG mice. The numbers of splenic lymphocytes increased 
progressively. The absolute numbers of CD4+ and CD8+ T cells showed reciprocal increased as 
total splenocytes despite relative consistent proportion. A progressive increase in the 
proportion and absolute numbers of CD19+ B cells in the MN mice from week 2; this peaked at 
week 4 and persistent high throughout the MN process were also observed. Two weeks after 
immunization, the MN mice had a significant increase in splenic Th2 cells. This indicates an 
extended Th2 response at this point. We also noticed a trend of increase in the percentage of 
Th1 cells and most of the remaining Th1+ cells is CD8+ T cells. The percentage of DX5+ cells, a 
marker for NK cell, in the MN mice did not differ from that in the controls and there were very 
few cells expressing hCD90 and DX5 markers simultaneously which suggested that most of 
the Th1+ cells were T lymphocytes, but not IFN-γ producing NK cells. The expression levels of 
Th1 and Th2 cells among peripheral mononuclear blood cells from MN mice showed similar 
results. Whether what happening with the T cells in the spleen is also happening in the 
kidneys, we checked the expression of Th1/Th2 reporter in the kidneys by using quantitative 
RT-PCR at various time points. The Th1 reporter/Th2 reporter status of kidney revealed 
parallel changes with those in the spleen. Taken together, these results imply a progressive 
Th2 prone process of adaptive immunity during experimental MN. We also performed 
imunohistochemical staining for hCD90, mCD90.1 and CD4 in the kidneys to identify and 
localize the T-helper cells. The numbers of CD4+ cells were very scanty in NC kidney and the 
numbers were increased in MN kidney. In contrast to hCD90, there were no mCD90.1+ cells 
noted in NC kidney, but prominent mCD90.1+ cells were noted in MN mice. The prominent 
and parallel expression between the mCD90.1+ and CD4+ cells may imply the Th2 polarization 
in renal T cell during MN. 
The Th1 and Th2 subsets can be differentiated according to the production of individual 
cytokines, Th1 regulates Ig switching to the IgG2a subtype, whereas Th2 enhances IgG1 
secretion. We found that the titers of anti-cBSA immunoglobulins—mostly IgG1—increased 
from week 2 and peaked at week 4. Serum level of immunoglobulins at week 6 and week 8 
were lower than those at week 4. These findings may imply the development of tolerance 
and a Th2-predominant response. We further performed the immunofluorescent staining to 
investigate whether the isotype of antibodies deposited in the kidney parallels to the 
findings in sera, and the result revealed a prominent IgG1 antibody deposition in the kidney 
rather than IgG2a. A progressive increase in the proportion and absolute numbers of CD19+ 
B cells in the MN mice during the early phase of MN combined with the production and 
deposition of IgG1 predominant anti-cBSA immunoglobulin in the serum and kidneys 
indicate that the initial immune response primarily involves the humoral-mediated 
mechanism. Recent studies have demonstrated that blocking the CD20-positive B cells by 
rituximab, and thereby, inhibiting B-cell differentiation and immunoglobulin secretion, can 
reduce proteinuria and prevent disease progression in patients with idiopathic MN. This 
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further confirms the pathogenic role of B cells in MN (Cohen et al., 2005; Remuzzi et al., 
2002; Ruggenenti et al., 2003). In our previous study, the cBSA-induced MN can be induced 
in Th2-prone BALB/c mice, but not in Th1-prone C57BL/6 mice(Chen et al., 2004). In this 
study, we further showed that the Th2 CD4+ response, and not the Th1 CD4+ response, 
significantly correlated with the progression of MN. All the results confirmed the relevant 
role of B cells participating in the process of MN. 
We further investigated the secretion of IFN-γ and IL-4 from splenocytes to confirme 
whether cBSA is a specific antigen in this MN model by using antigen-specific stimulation 
test stimulated with or without cBSA. As compared to NC mice, levels of IL-4 were 
increased significantly in MN mice and cBSA restimulation may further enhance its 
secretion. We identified a significant increase in IL-4 producing cells in the MN group 
without specific antigen re-stimulation. However, Th1 cells were only slightly amplified. 
Interestingly, lymphocyte subsets from the MN group re-stimulated with specific antigens 
displayed a greater capacity to secrete IFN-γ and IL-4, especially among the IFN-γ-
producing CD8+ T cells and IL-4-producing CD19+ B cells. Nevertheless, CD8+ T cells 
contributed more to the augmented production of IFN-γ than did CD4+ T cells; moreover, 
CD19+ B cells also demonstrated greater IL-4 production than the CD4+ T cells. Quantitative 
real-time PCR of renal cortex and splenocytes demonstrated a consistent change with 
slightly increased expression of proinflammatory (TNF-α and IL-6) and Th1 cytokines (IL-2, 
IFN-γ) and extremely high expression of Th2 (IL-4 and IL-10) cytokines. Finally, we found 
that the Th2 CD4+ response increased as the MN progression and showed that the number 
of Th2 cell not the Th1 cell significant correlated with serum cholesterol and proteinuria. 
In the MN mice, production via cBSA re-stimulation and subsequent staining of intracellular 
cytokines from cultured splenocytes revealed a significant increase in IL-4-producing CD4+ 
T cells, but only a slight increase in IFN-γ-producing CD4+ T cells. This provides further 
evidence confirming the maintenance of Th2 cells post cBSA induction. Furthermore, data 
from intracellular cytokines post Ag-specific re-stimulation suggests that IFN-γ is secreted 
predominantly by CD8+ T cells, while IL-4 is secreted by either CD4+ T cells or B cells. These 
results may imply that CD4+ T cells preserve their potential Th2 capacity after MN and that 
CD8+ T cells function more effectively than CD4+ T cells in the production of IFN-γ 
following re-exposure to antigens. In addition to assisting in antibody production, the T 
helper cell subsets also affect and direct cellular immune mechanisms in GN(Holdsworth et 
al. 1999). Interestingly, we found a latter increase in Th1 expression. The activation of CD8+ 
T cells appears to be much slower than that of the CD4+ T cell-dependent B cell response to 
cBSA. Previous studies have demonstrated that persistent depletion of CD8+ T cell both 
early and late in the course of disease prevented the development of proteinuria. In 
addition, it was also found that IL-4 administration prior to the onset of protienuria, rather 
than the early rIL-4 treatment prevented protienuria in HN, indicating the importance of 
CD8+ T cell in mediating the final effector phase of glomerular injury in HN(Penny et al., 
1998; Spicer et al., 2001). This increase in Th1 cells may play a role in the counter-regulation 
of the Th2 response and implies an association between the characteristics of the disease 
process and the kinetics of the Th1/Th2 responses during MN. Taken together, these 
findings support that the functional dichotomy between the Th1 and Th2 lymphocyte 
subsets play a regulatory role in the disease and both the humoral and cell mediated 
immune responses may participate in the pathogenesis of MN. 
T1/T2 TG mice still has advantages of stable and stronger signal expression, a wider time 
window for detection, lack of requirement of restimulation or permeabilization, and 
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possible isolation of viable cells of given Th phenotypes. Thus, these T1/T2 TG mice are 
useful in providing a feasible and direct in vivo monitoring system for dissecting the changes 
in proportions of pathogenic T cells during the pathogenic or therapeutic processes using 
flow cytometry with surface immunofluorescent staining(Hsieh et al., 2000; Hung et al., 
2005; Sung et al., 2004). 
A progressive increase in Th2 cells were observed in splenocytes as well as in peripheral 
blood and kidney cells. In addition, the Th2 prone IgG1 immunoglobulin subclass was also 
noted in the serum and kidneys. Antigen-specific re-stimulation testing of cytokine 
production and intracellular cytokine staining revealed an IL-4 prominent immune 
response. Cytokine-related gene expression in the kidneys and splenocytes demonstrated 
enhancement of pro-inflammatory cytokines as well as Th1/Th2 cytokines. In conclusion, 
our data demonstrates that both peripheral and renal immune responses are strongly 
polarized toward the Th2 type immune response in the process of cBSA-induced MN. The 
T1/T2 double transgenic mice could provide an available model to dissect the complex 
kinetic changes of adaptive immunity in GN and promises a potential strategy for the 
development of immunotherapeutic strategies against MN in the future. 

2.3 Immunomodulatory treatment using HO-1 induction for cBSA-induced MN 
The central pathogenesis participating in MN involves the formation of subepithelial 
immune deposits and the subsequent production of glomerular injury through complement-
dependent processes, oxidative stress, and inflammatory cytokines, resulting in the 
development of massive proteinuria (Nangaku et al. 2005). However, the appropriate 
treatment of patients with MN is still open to debate. Recently, HO-1 has been noted to have 
biological effects for protective and therapeutic use (Ryter et al., 2006; Kirkby & Adin, 2006). 
On the other hand, presently available immunosuppressive therapies are not always 
effective and often have many persistent side effects (Glassock, 2004). Therefore, whether 
HO-1 induction could be applied in MN treatment was discussed. 

2.3.1 Heme oxygenase-1 
Heme oxygenase (HO) is the rate-limiting enzyme that degrades heme into carbon 
monoxide (CO), ferritin, and biliverdin (Tracz et al., 2007a). Three distinct HO enzymes 
have been identified: HO-1, HO-2, and HO-3. The HO-1 identified as an enzyme in 
microsomes and was described as a new member of the cytochrome p450 family and later 
found to be a rapidly and transiently inducible mono-oxygenase. The inducible HO-1 is 
expressed in response to various stimuli, such as hydrogen peroxide, heat, heavy metal ions, 
hyperoxide, endotoxin, and inflammatory cytokines, whereas another isoenzyme of HO, 
HO-2, is constitutively expressed and abundant in testes, brain, liver and vasculature. HO-1 
has been shown to have cytoprotective properties, as well as anti-inflammatory, anti-
oxidant, anti-apoptotic, and possible immunomodulatory functions (Ryter et al., 2006; 
Kirkby & Adin, 2006; Nath, 2006). Using chemical inducers or genes, HO-1 has been shown 
to be expressed in various diseases, including respiratory diseases, cardiovascular diseases, 
renal disease, ocular diseases, liver injury and organ transplantation in animal models 
(Abraham & Kappas, 2005; Agarwal & Nick, 2000). 

2.3.2 HO-1 induction for MN treatment 
MN mice receiving HO-1 inducer, cobalt protoporphyrin (CoPP), treatment revealed a 
marked attenuation of proteinuria, hypoalbuminaemia and hypercholesterolaemia (Wu et 
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HO-2, is constitutively expressed and abundant in testes, brain, liver and vasculature. HO-1 
has been shown to have cytoprotective properties, as well as anti-inflammatory, anti-
oxidant, anti-apoptotic, and possible immunomodulatory functions (Ryter et al., 2006; 
Kirkby & Adin, 2006; Nath, 2006). Using chemical inducers or genes, HO-1 has been shown 
to be expressed in various diseases, including respiratory diseases, cardiovascular diseases, 
renal disease, ocular diseases, liver injury and organ transplantation in animal models 
(Abraham & Kappas, 2005; Agarwal & Nick, 2000). 

2.3.2 HO-1 induction for MN treatment 
MN mice receiving HO-1 inducer, cobalt protoporphyrin (CoPP), treatment revealed a 
marked attenuation of proteinuria, hypoalbuminaemia and hypercholesterolaemia (Wu et 
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al., 2008b). However, HO-1 inhibitor, tin protoporphyrin (SnPP), treatment did not have 
such therapeutic effects. The pathological severities of the kidney from MN mice receiving 
CoPP (MN-CoPP) were milder than those from the MN and MN receiving SnPP mice (MN-
SnPP). All these three experimental groups showed positive immunofluorescent staining for 
IgG, with a discrete beaded appearance, along the glomerular capillary wall, but the 
immunofluorescence intensity in the MN-CoPP mice was lower than that in the MN-SnPP 
and MN mice. Immunofluorescent staining for C3 also presented as intense granular 
fluorescence along the glomerular capillary wall, with a similar pattern to that of IgG. Next, 
we checked the serum levels of anti-cBSA antibodies in mice to investigate whether the 
induction of HO-1 modulates the production of the immunoglobulins, causing the 
subsequent decrease in the immunofluorescence intensity of IgG and C3 during the course 
of experimental MN. Significantly elevated the levels of serum anti-cBSA antibodies were 
observed in the MN, MN-CoPP, and MN-SnPP groups compared with those of the control 
groups. Compared with control MN mice, CoPP treatment inhibited and SnPP treatment 
enhanced the production of immunoglobulins during MN course.  
Oxidative stress plays an important pathogenic role in MN. We further assessed whether 
CoPP or SnPP treatment modulates the production of oxidative stress systemically in the 
serum and locally in kidneys. We checked the lipid peroxidation products, thiobarbituric 
acid reactive substances (TBARS), as markers of oxidative stress. The serum TBARS levels in 
MN mice were significantly higher than those in NC mice. CoPP treatment effectively 
attenuated the levels of TBARS to a level similar to that observed in NC mice. However, 
SnPP, which inhibits HO-1, did not reduce the level of oxidative stress, as indicated by the 
higher levels of serum TBARS observed in MN mice treated with SnPP. TBARS in the 
kidney displayed a similar pattern to that observed in serum. These findings suggest that 
HO-1 reciprocally affects both local and systemic oxidative stress. We also analyze in situ 
superoxide anion radical production by using DHE assay in fresh-frozen sections of renal 
tissue to more specifically and locally detect the ROS production in the kidney which 
revealed similar results as TBARS. Anti-apoptosis effect is another major cytoprotective 
function of HO-1. We then checked whether HO-1 induction alleviates cell apoptosis in MN. 
There were nearly undetectable TUNEL-positive cells, as an index of cell apoptosis, in 
normal mouse kidneys. However, increased numbers of apoptotic cells were detected in the 
glomeruli and surrounding tubules of MN mice. Compared with MN mice, little apoptosis 
was observed after MN mice were treated with CoPP, as indicated by a decrease in the 
number of TUNEL-positive nuclei. The administration of SnPP failed to reduce the 
apoptosis in kidney cells. Therefore, the anti-apoptotic effect induced by CoPP may also 
contribute to the therapeutic effect of HO-1 in MN mice.  
In addition to its anti-oxidative and anti-apoptotic properties, HO-1 also displays well 
documented anti-inflammatory activity. We examined the mRNA expression of 
inflammation-associated cytokines in the renal cortex to answer the question of whether the 
induction of HO-1 modulates the inflammatory state. The expression of pro-inflammatory 
cytokines (IL-1 and TNF-α), Th1 cytokines (IFN- and IL-2), Th2 cytokines (IL-4 and IL-10), 
the fibrogenic cytokine transforming growth factor (TGF) , and HO-1 were checked. 
Quantitative real-time PCR of the renal cortex demonstrated a consistent change in MN, 
with an increased expression of pro-inflammatory, Th1 cytokines and Th2 cytokines. CoPP 
treatment dramatically induced HO-1 expression in the kidneys, decreased the level of pro-
inflammatory cytokines (IL-1 and TNF-), and extremely increased the level of anti-
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inflammatory cytokine IL-10. SnPP also decreased the pro-inflammatory cytokines, but did 
not induce the anti-inflammatory cytokine IL-10. 
Previous studies demonstrated that oxygen radical scavengers can dramatically reduce 
proteinuria in HN (Neale et al., 1994). In our study, MN mice treated with CoPP showed a 
dramatic reduction in the generation of highly reactive compounds of lipid peroxidation 
products, TBARS, and in proteinuria. These results indicate that oxidative stress may play a 
pathogenic role in damaging the glomerular filtration barrier, and could be causally related to 
proteinuria in experimental MN (Nangaku et al., 2005). The decrease in TUNEL-positive 
kidney cells after CoPP treatment observed in our study also demonstrates the anti-apoptotic 
properities of HO-1 (Ryter et al., 2006; Nath, 2006). The metabolic derivatives of heme 
produced by HO-1 (CO and biliverdin) have powerful anti-apoptotic and anti-oxidative 
properties. Whether the cytoprotective capacity of HO-1 in experimental MN is exerted via 
these byproducts requires further investigation. However, there was no prominent infiltration 
of inflammatory cells in our murine MN model. Therefore, we speculate that the resident 
kidney cells contribute to the induction of HO-1. Renal vascular and tubular structures express 
HO-1, particularly in response to injurious conditions (Abraham & Kappas, 2005). Glomeruli 
have also been reported to express HO-1 in the human kidney in various renal diseases 
(Morimoto et al., 2001). It seems that site-specific expression along the nephron or in the 
interstitium occurs due to the proximity of the stimulus. In our study, it was difficult to clarify 
whether the protective effect of HO-1 was mediated through systemic or local action, because 
both effects coexisted when the mice received CoPP treatment. Previous studies using either 
the exogenous administration of HO-1 by gene transfer specifically expressed in the kidney or 
chemical induction or transgenic mice, all demonstrated the therapeutic effects of HO-1 in 
different disease models (Kirkby & Adin, 2006; Agarwal & Nick, 2000). Therefore, we assume 
that both the systemic immunomodulatory effect, which decreases the production of 
immunoglobulins and subsequently or directly reduces inflammation, complement activation, 
oxidative stress, and apoptosis, and the local effect in the MN glomeruli contribute to the 
therapeutic effect of HO-1. 
The HO-1 induction caused the effective attenuation of proteinuria via multiple 
mechanisms, including immunomodulatory, anti-oxidative, and anti-apoptotic effects. 
(Figure 2) CoPP-induced HO-1 suppressed the synthesis of pro-inflammatory cytokines 
such as IL-1, IFN- and TNF-. Furthermore, it stimulated the production of the anti-
inflammatory cytokine, IL-10. It has been postulated that the degradation products of heme 
and its metabolic derivatives (CO in particular) might contribute to the anti-inflammatory 
functions of HO-1. The CO-mediated anti-inflammatory effect caused by the increasing 
production of IL-10 and the inhibition of TNF- and IL-1 has been reported to be mediated 
through interactions with the MAPK signaling pathways (Ryter et al., 2006). In contrast, IL-
10 mediates the immunosuppressive effect by an HO-1-dependent pathway (Lee & Chau, 
2002). CoPP treatment also significantly reduced the production of serum anti-cBSA 
antibodies and glomerular immunodeposits in experimental MN mice. It has been 
demonstrated that the immunomodulatory effect of HO-1 is associated with regulatory T-
cell Foxp3 expression and T-cell proliferation via IL-2 (Brusko et al., 2005; Pae et al., 2004). 
However, the role of HO-1 in the reduction of immunoglobulin production remained 
unclear. The direct action of induced HO-1 against systemic inflammation, the concomitant 
decrease in the production of immunoglobulins, together with the subsequent decrease in 
immunodeposition, and other factors such as complement activation and inflammation, 
may all contribute to the attenuation of proteinuria. In our study, both CoPP and SnPP 
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decreased the pro-inflammatory cytokines, but only CoPP increased the production of the 
anti-inflammatory cytokine IL-10. Apart from the regulation of pro-inflammatory and anti-
inflammatory cytokines, CoPP also decreased the level of immunoglobulin production, 
complement activation, and oxidative stress, which have been proposed to be major 
pathogenic factors in MN. This may partially explain why only CoPP, and not SnPP, exerted 
a therapeutic effect in alleviating experimental MN in our study. In contrast, the deficiency 
of HO-1 impairs renal hemodynamics and exaggerates systemic inflammatory response in 
mice (Tracz et al., 2007c; Tracz et al., 2007b). 
 

 
Fig. 2. Cytoprotection by HO-1 in experimental MN. HO-1 induction therapy decreased 
immunoglobulin production and subsequently or directly attenuated inflammation, 
complement activation, oxidative stress, and apoptosis in MN glomeruli, all of which 
contributed to the amelioration of disease severity in MN mice. End, glomerular endothelial 
cell; Epi, glomerular epithelial cell; GBM, glomerular basement membrane; MC, mesangial 
cell. 

The development of ideal therapeutic agents that can effectively and specifically blunt the 
pathogenic pathway in MN is an important issue. This is the first study to demonstrate that 
the endogenous induction of HO-1 significantly ameliorates proteinuria and the severity of 
pathology in MN mice. The induction of HO-1 suppressed the production and deposition of 
immune complexes in the kidney. Both systemic and local oxidative stresses were reduced 
in the sera and kidneys of CoPP-treated MN mice compared with those of MN mice or 
SnPP-treated MN mice. Apoptosis in the kidney cells was also reduced after treatment with 
CoPP. Conversely, decreased pro-inflammatory cytokine expression and increased anti-
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inflammatory cytokine expression were observed in the kidneys after treatment with CoPP. 
The efficient administration of CoPP once weekly, which can significantly block the key 
inflammatory, oxidative, and immunomodulatory pathogenesis pathways of MN, make 
HO-1-inducing therapeutic regimens a plausible new option for future therapeutic 
interventions in MN. However, there are still no drugs available that have been specifically 
developed to induce HO-1 and can be applied to human clinical use. Although the 
therapeutic effects of HO-1 have been demonstrated in several diseases in animal models, 
including our experimental MN model, whether it can be applied to humans requires 
further investigation. 
Our results suggest that HO-1 induction therapy ameliorates experimental MN via multiple 
pathways, including anti-oxidative, anti-apoptotic, and immunomodulatory effects. HO-1-
inducing regimens will probably be considered a new therapeutic intervention for MN in 
the future. 

3. Conclusion 
Murine model of MN induced by cBSA exhibited great similarity in clinical and pathological 
features to human MN disease. This murine model will provide a valuable means to 
investigate the pathogenesis of MN and will help in the development of preventive and 
therapeutic strategies for MN. Both peripheral and renal immune responses are strongly 
polarized toward the Th2 type immune response in the process of cBSA-induced MN. The 
T1/T2 double transgenic mice could provide an available model to dissect the complex 
kinetic changes of adaptive immunity in GN and promises a potential strategy for the 
development of immunotherapeutic strategies against MN in the future. Finally, HO-1 
induction therapy ameliorates experimental MN via multiple pathways, including anti-
oxidative, anti-apoptotic, and immunomodulatory effects. HO-1-inducing regimens will 
probably be considered a new therapeutic intervention for MN in the future. 
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1. Introduction 
Glomerular lesions, in particular glomerulonephritis, were once considered rare in the 
domestic cat (Nash et al, 1979; Slawson & Lewis, 1979), but in the past decades, the 
diagnosis of these lesions has increased substantially possibly due to a better understanding 
and awareness of these diseases (DiBartola & Rutgers, 1994; Grant Maxie & Newman, 2007). 
Most of the feline glomerulonephritis reported to date are of immune-complex origin 
(Slawson & Lewis, 1979; Newman et al, 2007; Grant Maxie & Newman, 2007) although some 
fibrillary glomerulopathies such as glomerular amyloidosis (Boyce et al, 1984; DiBartola et 
al, 1985, 1986, Gruys 2004; Newman et al, 2007; Grant Maxie & Newman, 2007) and to lesser 
extent noncongophilic glomerulopathies (Nakamura et al, 1996; Cavana et al, 2008) are also 
described. 
The etiology is frequently elusive, though many associations with infectious and other 
diseases have been identified (Newman et al, 2007; Grant Maxie & Newman, 2007). In 
particular, association between certain viral diseases such as feline leukemia, feline 
immunodeficiency virus and feline infectious peritonitis are known to course with some 
degree of glomerular injury (Glick et al, 1978; Hayasi et al, 1982; Newman et al, 2007). 
Several reports also relate certain neoplasms with the presence of glomerular injury (Hayasi 
et al, 1982; Newman et al, 2007). 
Primary glomerular diseases severe enough to cause the nephrotic syndrome are relatively 
uncommon in the domestic cat (Schwartz, 2007, as cited in Cavana et al, 2008) and in general 
lack relevance in most non-domestic felids (Newkirk et al, 2010). However, once renal 
failure ensues, the outcome is fatal and treatment is only palliative (Nash et al, 1979; 
DiBartola & Rutgers, 1994). Knowledge on the pathogenesis, type of injury, origin and 
similarities to human counterparts enables a better understanding of the disease which may 
permit earlier detection or its prevention. This becomes of even greater importance when 
considering endangered species such as the Iberian lynx (Lynx pardinus), with less than 200 
individuals remaining in the wild and captivity (Guzman et al, 2002). The survival of a 
single animal becomes crucial.  
The Iberian lynx is a large felid that has inhabited the Iberian Peninsula for over centuries 
(Garcia et al, 1997; García & Arsuaga, 1998). Nowadays this species is rated as “critically 
endangered” (Nowel & Jackson, 1996) and remaining samples are confined to two isolated 
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populations in southwestern Spain (Palomares et al, 2000; Guzmán et al, 2002; Rodriguez & 
Delibes, 2002). The population decline was exacerbated towards the mid twentieth century 
mainly because of habitat loss (Palomares et al, 1991) and lack of adequate prey (Moreno & 
Villafuerte, 1995). Studies have also shown a serious compromise of genetic variability in 
this species mostly due to inbreeding (Johnson et al, 2004). 
Recovery and conservation efforts are at hand and continuous research on the ecology, 
welfare, natural pathogens or diseases regarding these animals is crucial for survival efforts. 
With this in mind, a histopathological survey was conducted through 1998-2006 in which 
glomerular lesions in a high number of the surveyed population were detected. This led to a 
thorough investigation of these lesions and how they could affect the overall survival of the 
species (Jiménez et al, 2008).  

2. Glomerular disease in the domestic cat 
Several types of glomerular injury have been reported in cats, all of which correspond to a 
certain extent with a human counterpart of the disease. The most frequent are the immune-
mediated glomerulonephritis (membranous glomerulonephritis and membranoproliferative 
glomerulonephritis) and rarely have some fibrillary glomerulopathies been described. 
Immune-mediated mechanisms causing glomerulonephritis involve deposition of soluble 
immune complexes within glomeruli or the formation of antibodies directed against 
antigens within the glomerular basement membranes (Valaitis, 2002; Newman et al, 2007; 
Grant Maxie & Newman, 2007). The former is the most frequent mechanism described in the 
cat and in domestic animals in general (Nash, et al, 1979; DiBartola & Rutgers, 1994; 
Newman et al, 2007). Immune-complex glomerulonephritis is usually associated with 
situations of prolonged antigenemia such as infectious diseases or neoplastic processes 
(Newman et al, 2007). 
Glomerular diseases are classified according to the histopathologic and ultrastructural 
morphology of the glomeruli. In most cases disease is progressive and may secondarily 
affect the entire nephron (Valaitis, 2002; Grant Maxie & Newman, 2007). Most progress to 
chronic interstitial nephritis. In chronic terminal stages, the morphological aspect of the 
lesions may overlap and determination of the primary injury is hindered (Valaitis, 2002; 
Grant Maxie & Newman et al, 2007).  
The clinical presentation courses with the nephrotic syndrome, end-stage renal disease or 
both (DiBartola & Rutgers, 1994). The former is characterized by subcutaneous edema, 
ascites, proteinuria, hypercholesterolemia, and hypoalbuminemia. Mild azotemia may be 
present. Proteinuria and moderate to marked azotemia together with polydipsia, polyuria or 
oliguria, vomiting and anorexia are more common with end-stage renal disease (DiBartola & 
Rutgers, 1994). 

2.1 Membranous glomerulonephritis 
The most common glomerular lesion in the domestic cat is diffuse membranous 
glomerulonephritis (Nash et al, 1979; Slauson & Lewis, 1979; Newman et al, 2007; Grant 
Maxie & Newman, 2007). Numerous studies have related the presence of this disease with 
renal failure and the nephrotic syndrome (Nash et al, 1979; Slauson & Lewis, 1979; DiBartola 
& Rutgers, 1994). Membranous glomerulonephritis is characterized by a segmental to 
diffuse thickening of the glomerular capillary basement membranes caused by subepithelial 
and intramembranous immunoglobulin deposits. These deposits are eventually 
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encompassed by the capillary basement membranes and reabsorbed (Valaitis, 2002; 
Newman et al, 2007). If antigenemia persists, glomerular capillary basement membranes are 
damaged beyond repair and undergo sclerosis. In this phase, renal basement membrane 
type IV collagen is replaced by abundant type III collagen (Martinez-Hernandez & Menta, 
1983; Haralson et al, 1987). The membranes are no longer able to reabsorb immune deposits 
and the glomerulus terminally undergoes fibrosis with ultimate loss of the nephron 
(Valaitis, 2002). It is not uncommon to find various stages of membranous glomerular 
damage and sclerosis in a single case, particularly in those classified as most severe (Valaitis, 
2002; Newman et al, 2007).  
In the domestic cat, the immunoglobulin (Ig) deposits are frequently IgG or IgM and only 
rarely IgA (Newman et al, 2007). The location, composition and granular deposition of these 
deposits suggest that they are of immune-complex origin (DiBartola & Rutgers, 1994, 
Newman et al, 2007; Grant Maxie & Newman, 2007). However, in the majority of cases the 
type of antigen is not identified and therefore the disease is considered idiopathic and 
primary (Nash et al, 1979; Grant Maxie & Newman et al, 2007). 
Membranous glomerulonephritis in the cat is usually progressive, age related and generally 
sufficiently slow for the animals to live a relatively normal life, even without treatment 
(Nash et al, 1979). Although, once renal failure ensues the outcome is fatal and treatment 
options are only palliative (Nash et al, 1979; DiBartola & Rutgers, 1994). 

2.2 Membranoproliferative glomerulonephrits 
Membranoproliferative glomerulonephritis is also a chronic, progressive renal disease, 
characterized by mesangial hypercellularity and diffuse thickening of capillary basement 
membranes and mesangium (Valaitis, 2002; Newman et al, 2007). According to the World 
Health Organization classifications of human glomerular diseases, there are three subtypes 
based on morphologic appearance. The changes that permit classification are not 
perceivable with light microscopy and have to be detected by immunofluorescence, 
immunohistochemistry or electron microscopy. Type I is characterized by subendothelial 
immune deposits in a granular pattern of immunogloulins and complement components 
such as C3. Type II is characterized by intramembranous dense deposits of unknown 
composition and smaller quantities of complement. This type is also known as “dense 
deposit disease” and is suspected to be associated with autoimmunity. Type III is 
characterized by subendothelial and subepithelial deposits (Newman et al, 2007).  
All three subtypes have been reported in domestic animals including cats (Newman et al, 
2007). Type I is rare in the cat (Asano et al, 2008) and type III has only been reported in the 
cat (Inoue et al, 2001). Asano and collaborators (2008) described a single case of type I 
membranoproliferative glomerulonephritis in a young male Japanese domestic cat with 
nephrotic syndrome. Histopathology of a biopsy sample revealed mesangial 
hypercellularity with increased matrix and thickening of glomerular capillary basement 
membranes consistent with membranoproliferative glomerulonephritis. Double contours of 
glomerular capillary walls were also observed. Subendothelial and rare intramembranous 
dense deposits were identified ultrastructurally. No underlying infectious or other diseases 
were identified in this case. 
Type III membranous glomerulonephritis has not been reported in domestic animals except 
rarely in the cat. Inoue and collaborators (2001) described a case of atypical membranous 
glomerulonephritis consistent with the type III category of the human classification system. 
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The case involved a two year old Japanese domestic cat with clinical evidence of glomerular 
injury and renal failure. Granular deposits of IgG and C3 in capillary walls and mesangium 
were identified by immunohistochemistry and subepithelial, subendothelial and 
intramembranous depostis were noted by electron microscopy. Both antibodies against 
feline infectious peritonitis and feline immunodeficiency viruses were detected in this 
animal however the relationship between infection and the renal lesions was unclear (Inoue 
K et al, 2001).  Additionally, in 1978 a case series of 63 domestic cats revealed that one third 
of animals had glomerulonephritis possibly related to feline leukemia virus infection and 
associated viral hematopoietic neoplasms (Glick et al, 1978). The authors did not give a 
morphologic classification of the type of glomerulonephritis but described diffuse mesangial 
proliferation on light microscopy and electron dense subendothelial, subepithelial and 
intramembranous deposits. This description would closely fit with a type III 
membranoproliferative glomerulonephritis. 

2.3 Fibrillary glomerulopathies 
Fibrillary glomerulopathies are a specific category of human glomerular disease in which 
pathologic fibrillary materials are observed in the glomerulus (Korbert et al, 1994; Schwartz, 
2007). The first step for diagnosis is to differentiate amyloid from other fibrillary deposits 
with either specific stains such as Congo red or ultrastructural evaluation (Korbert et al, 
1994). To date glomerular amyloidosis, collagenofibrotic glomerulopathy and 
noncongophilic fibrillary glomerulopathy have been described in the domestic cat (Boyce et 
al, 1984; DiBartola et al, 1986; Nakamura et al, 1996; Cavana et al, 2008). 

2.3.1 Glomerular amyloidosis 
Amyloidosis is a known cause of glomerular injury in cats (Boyce et al, 1984; DiBartola et al, 
1986; Van der Linde-Sipman et al, 1996). Amyloid is an extracellular fibrillar proteinaceous 
substance produced after incomplete proteolysis of several soluble amyloidogenic proteins. 
This substance is not a distinct chemical entity despite its uniform appearance and staining 
properties. Ultrastructurally, amyloid is composed of continuous, nonbranching fibrils of 
approximately 7.5 to 10 nm in diameter. Protein fibrils have a beta-pleated sheet 
conformation which confers the distinctive coloration and birefringence with Congo red 
staining (Kumar et al, 2010).  
Several clinical settings course with different types of amyloid deposition. Reactive systemic 
amiloidosis (or secondary amyloidosis) is the most common form in domestic animals, 
including the cat (Van der Linde-Sipman et al, 1997; Gruys, 2004). Amyloid is derived from 
serum protein AA (serum amyloid associated), and is produced in excess as a result of 
chronic antigenic stimulation (inflammatory, infectious or neoplastic conditions) (Obici et al, 
2005; Kumar et al, 2010). Another form is immunoglobulin-derived amiloidosis (primary or 
AL), in which amyloid is produced from immunoglobulin light chains in plasma cell 
dyscrasias as a product of monoclonal B-cell proliferation (Obici et al, 2005; Merlini et al, 
2011). This type of amyloidosis is uncommon in domestic animals but has been described in 
the dog, cat and horse (Platz et al, 1997; Kim et al, 2005). 
Both AA and AL amyloidosis occur in systemic or localized forms (Merlini et al, 2011). In 
the cat, particularly in Siamese and Oriental breeds, systemic AA is the most frequent type 
of amyloid (van der Linde-Sipman et al, 1997). AA amyloid has been described in liver, 
spleen, lung, pancreas and kidney (van der Linde-Sipman et al, 1997; Zini et al, 2008). On the 
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contrary, AL amyloidosis in the cat has been reported localized within neoplastic tissue of 
extramedullary plasmacytomas (Platz et al, 1997). 
For the purpose of this chapter we will discuss only renal amyloidosis in cats. In the 
glomerulus, amyloid is first deposited in the mesangial area and subendothelium of 
glomerular capillaries and gradually accumulates compressing and obliterating endothelial 
and epithelial cells, and capillary loops. Amyloid is also deposited in the tubular basement 
membranes of the cortex and medulla. The physical presence of amyloid causes ischemia 
and pressure atrophy of the nephrons and susequently secondary scarring (Grant Maxie & 
Newman, 2007). The cat differs from other species in that amyloid is deposited 
predominantly in the renal papilla and outer medulla with lesser involvement of the 
glomeruli (Grant Maxie & Newman, 2007).  
Familial secondary amyloidosis is a known entity in Abyssinian cats (Boyce et al, 1984).  In 
these animals, amyloid can have a systemic distribution affecting organs such as thyroid 
glands, stomach and colon, however clinical lesions are usually only related to renal 
amyloidosis (DiBartola et al, 1985). Similar to other cases of secondary amyloidosis in the 
cat, the glomeruli are less affected than the medullary interstitium (DiBartola et al, 1985; 
Grant Maxie & Newman, 2007). The mode of inheritance is still undetermined but some 
studies suggest a likely autosomal dominant trait with incomplete penetrance (Niewold et 
al, 1999).  

2.3.2 Collagenofibrotic glomerulonephropathy 
In various human and animal renal diseases, collagen fibrils accumulate in the mesangium 
as a secondary change to various glomerular injuries, including chronic forms of any of the 
previously described glomerulonephritis (Valaitis, 2002). Fibrillar collagen such as type III 
collagen should not be present in the glomerulus. Glomerular capillary basement 
membranes contain type IV collagen which is arranged in sheets instead of fibrils. Only 
small amounts of type III collagen are found in the renal interstitium and interstitial 
capillary basement membranes (Martinez-Hernandez & Menta, 1983; Kumar et al, 2010). 
Collagenofibrotic glomerulonephropathy or primary glomerular fibrosis, is a type of 
primary nephropathy in humans characterized by an abundant accumulation of type III 
collagen in the glomerular subendothelial spaces and mesangium and marked increase in 
serum of type III procollagen peptides (Alchi et al, 2007; Ikeda et al, 1990; Shirota et al, 1995; 
Nakamura et al, 1996). Collagen fibrils show characteristic structural abnormalities 
displaying frayed or spiral forms and marked disarray (Ikeda et al, 1990). The cause and 
pathogenesis are unknown and whether the disease is primary or secondary to systemic 
disease remains controversial (Alchi et al, 2007).  
Spontaneous renal diseases with collagen fibril deposition are rare in domestic animals but 
some cases have been described in dogs, pigs and cats (Koeman et al, 1994; Shirota et al, 
1995; Nakamura et al, 1996). Nakamura and collaborators (1996) reported a case of renal 
glomerular fibrosis in a young female Japanese domestic cat with clinical evidence of renal 
failure. Histopathology revealed that most glomeruli contained mesangial sclerosis and 
capillary collapse. Immunohistochemistry identified the matrix content as type III collagen. 
Collagen fibrils were also identified in mesangial and subendothelial areas by electron 
microscopy and the structural characteristics resembled human collagenofibrotic 
nephropathy. The cause for these collagenofibrotic glomerulopathy-like lesions was not 
identified and thus were considered of primary origin. This cat was serologically positive 
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The case involved a two year old Japanese domestic cat with clinical evidence of glomerular 
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contrary, AL amyloidosis in the cat has been reported localized within neoplastic tissue of 
extramedullary plasmacytomas (Platz et al, 1997). 
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1995; Nakamura et al, 1996). Nakamura and collaborators (1996) reported a case of renal 
glomerular fibrosis in a young female Japanese domestic cat with clinical evidence of renal 
failure. Histopathology revealed that most glomeruli contained mesangial sclerosis and 
capillary collapse. Immunohistochemistry identified the matrix content as type III collagen. 
Collagen fibrils were also identified in mesangial and subendothelial areas by electron 
microscopy and the structural characteristics resembled human collagenofibrotic 
nephropathy. The cause for these collagenofibrotic glomerulopathy-like lesions was not 
identified and thus were considered of primary origin. This cat was serologically positive 
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for feline leukemia virus, however the authors did not consider an association between 
infection and and the renal lesions. Serum concentrations of type III procollagen peptides 
were not evaluated in the feline case. 

2.3.3 Noncongophilic fibrillary glomerulonephritis 
Noncongophilic fibrillary glomerulonephritis is believed by some authors to represent a 
new entity among the primary glomerulonephritis (Alpers, 1992; Schwartz et al, 2002). This 
disease is characterized by randomly oriented, non-branching fibrils of approximately 10-22 
nm diameter in the mesangial matrix and glomerular capillary basement membranes of 
glomeruli. Fibrils are heterogeneous and appear to be of immune complex origin. The exact 
chemical nature of the fibrils remains unknown (Alpers, 1992; Schwartz et al, 2002; Hvala et 
al, 2003). 
A single case of noncongophilic fibrillary glomerulonephritis has been reported in an adult 
female European shorthair cat with clinical evidence of renal disease (Cavana et al, 2008). 
The renal lesions consisted of thickened glomerular capillary basement membranes and 
Bowman´s capsules. Capillary basement membranes were PAS positive and Congo red 
negative. Electron microscopy revealed subepithelial and subendothelial randomly scattered 
fibrillary deposits in the capillary basement membranes. Fibrils were larger than amyloid 
fibrils, measuring between 18-26 nm in diameter. Mesangial expression of IgG and IgM was 
detected by immunohistochemistry. The animal had a lymphoplasmacytic enteritis that was 
considered a possible source of immune stimulation. Concomitant systemic diseases, such as 
inflammatory, autoimmune or neoplastic processes, have been occasionally associated with 
this entity in humans (Ozawa et al, 1991; Masson et al, 1992; Hvala et al, 2003).   

3. Glomerular injury in the Iberian lynx 
Uncommon diseases are often described in non-domestic endangered animals, many times 
associated with deficient genetic diversity, captivity conditions or both. Little has been 
reported on health aspects of the Iberian lynx and research on this approach has become a 
priority for current conservation programs. There have been several cases reported of 
Mycobacterium bovis infection in the Iberian lynx (Briones et al, 2000; Aranaz et al, 2004). 
Disease was likely acquired by preying on infected animals (Briones et al, 2000). Our group 
also reported a generalized immune depletion apparently unrelated to infectious agents or 
other systemic diseases after evaluating lymphoid tissues in a representative portion of the 
population during the years 1998-2003 (Peña et al, 2006). A feline leukemia virus infection 
outbreak in the Doñana National Park population of Iberian lynxes was reported during a 
six month period between 2006 and 2007 (Meli et al, 2010, 2011). During this period, six 
animals died presumably due to the infection (Meli et al, 2011). Sequence analysis revealed 
homology with a strain originally identified in domestic cats suggesting co-infection 
between species (Meli et al, 2011; Geret et al, 2011). Prior to this time, the reported 
prevalence of feline leukemia virus in the same population was relatively low (Luaces et al, 
2008) and evidence of lesions or death directly associated with the viral infection was 
unknown.  
During the years 1998-2006, a thorough histopathological investigation on necropsied 
Iberian lynxes revealed the presence of glomerulonephritis in an important percentage of 
the surviving population, both free-ranging and captive (Jiménez et al, 2008). The disease 
was chronic, progressive and age related. None of the animals in this study died from renal 
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disease nor was there evidence of clinical disease in the small percentage of animals with 
available urinalyses. Proteinuria and low urine specific gravity were detected in few of these 
animals which may suggest some degree of glomerular filtration impairment. However the 
quality and accuracy of the samples and obtainment methods were unaccounted for and 
thus interpretation of these results may be inexact.  
Histopathology of the glomerular lesions revealed a focal, diffuse membranous 
glomerulonephritis of variable severity in all animals regardless of their age, sex and 
captivity or free-ranging conditions. The only exception was found in a 44 day old cub 
without any evidence of renal lesions. The number and severity of affected glomeruli varied 
within samples and these factors were used to evaluate the overall severity of the disease in 
each animal. 
Glomerular changes included segmental to diffuse glomerular capillary basement 
membrane thickening, decreased glomerular tuft cellularity, diffusely enlarged Bowman´s 
epithelium, synechia between glomerular tufts and Bowman´s capsules and Bowman´s 
capsule fibrosis. In more severe cases the number of sclerotic glomeruli increased within 
the sample. Glomerular capillary basement membranes appeared thickened with PAS and 
silver stains (Fig.1 and Fig.2), and in sclerotic glomeruli, the mesangium stained blue with 
Masson´s trichromic stain revealing the presence of collagen (Fig.3). Additional changes 
in the renal parenchyma included interstitial lymphoplasmacytic aggregates and fibrosis 
(Fig.3), and intratubular mineralization and protein casts. Both fibrosis and inflammation 
were significantly associated with severity and together with the glomerular sclerosis, 
were considered secondary to the membranous glomerulonephritis and not primary 
changes.  
 

 
Fig. 1. Iberian Lynx. Kidney. PAS stain. Glomerulus with diffusely thickened capillary 
basement membranes, 20X  
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Fig. 1. Iberian Lynx. Kidney. PAS stain. Glomerulus with diffusely thickened capillary 
basement membranes, 20X  
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Fig. 2. Silver stain of glomeruli with membranous glomerulonephritis and 
glomerulosclerosis,  20X  
 

 
Fig. 3. Masson´s trichromic stain. Chronic interstitial nephritis with fibrosis and sclerotic 
glomeruli, 10X  

Increased amounts of laminin, type IV collagen and fibronectin were identified in affected 
basement membranes. As the severity of the lesions increased, glomerular tufts contained 
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higher amounts of laminin and the amount of type IV collagen decreased. IgG and IgM were 
identified in early lesions and expectedly were negative in sclerotic glomeruli. As was 
previously mentioned when describing membranous glomerulonephritis, immune complexes 
are present during initial stages and as severity progresses, the capacity of basement 
membranes to reabsorb these complexes is hindered. IgA was consistently negative. Readers 
are referred to Jimenez et al, 2008 for a more detailed discussion on these cases. 
Electron microscopy of selected samples showed irregularly thickened up to twice normal 
width glomerular capillary basement membranes (Fig.4). Sparse intramembranous, large, 
scattered, irregular electron-dense deposits were noted, often surrounded by electron lucent 
spaces (Fig.5). Similarly, randomly distributed electron lucent areas in the capillary 
basement membranes were observed and interpreted as areas of immune deposit 
resorption. Foot processes in affected areas were variably blunted, fused or effaced. 
Degeneration of endothelial cells and rarely epithelial cells was also observed. The presence 
of IgG and IgM was corroborated within the electron dense deposits with immunogold 
labeling (Fig.6). Electron dense deposits were not observed in subepithelial or 
subendothelial areas (Jimenez et al, 2008).  
No fibrillary deposits of any type were noted within the sampled areas, ruling out amyloidosis 
or other fibrillary glomerulopathies. Sclerotic glomeruli would have been expected to contain 
some amount of fibrillar collagen accumulation given the intensely blue staining with 
Masson´s trichromic stain, however only moderate membranous lesions were sampled for 
electron microscopy. The ultrastructure of sclerotic glomeruli was not evaluated.  
The origin of the circulating immune-complexes is elusive and the membranous 
glomerulonephritis of the Iberian lynx remains idiopathic for the majority of cases. Hence 
this disease may be a primary affection in the Iberian lynx. Only a small number of animals 
showed evidence of systemic diseases such as mycobacteriosis or malignant neoplasms 
(cutaneous squamous cell carcinomas) (Jimenez et al, 2009). Both processes are chronic, 
course with debilitation and are known causes of persistent antigenemia that may be 
associated with immune-complex glomerulonephritis. Feline coronavirus and feline 
leukemia viruses were rarely detected by PCR in the animals during the 1998-2006 study 
period and never associated with histopathological evidence of disease. It is unlikely that in 
these instances the renal lesions were related with infection. However, even if an association 
between antigenemia in these cases and the membranous glomerulonephritis existed, there 
would still be an important number of animals in which the origin of the immune-
complexes remained unaccounted for.  
Immune deposits were also detected by immunohistochemistry and electron microscopy in 
approximately 76% of the spleens from animals during the 1998-2006 study period. Deposits 
were located in splenic arteriolar basement membranes. These basement membranes were also 
thickened, particularly in areas with the deposits. Similar electron-lucent spaces surrounded 
the electron dense deposits. Immunoglobulins were also identified as IgG and IgM (Fig.7). 
This finding conveys the possibility of a systemic immune-complex disease of uncertain 
etiology also responsible for the glomerular lesions. An autoimmune origin for this disease 
was speculated given the apparent lack of a defined cause for the lesions and that lesions do 
not appear to be secondary to tissue damage (Jimenez et al, 2009; Jacobson et al, 1997). An 
inherited cause for this disease has also been hypothesized. Given the low genetic diversity of 
the Iberian lynx (Johnson et al, 2004), an inherited trait or predisposing genetic condition could 
easily show in a high number of the population. These possibilities together with the 
identification of the circulating causative antigens are currently under study. 
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Fig. 2. Silver stain of glomeruli with membranous glomerulonephritis and 
glomerulosclerosis,  20X  
 

 
Fig. 3. Masson´s trichromic stain. Chronic interstitial nephritis with fibrosis and sclerotic 
glomeruli, 10X  

Increased amounts of laminin, type IV collagen and fibronectin were identified in affected 
basement membranes. As the severity of the lesions increased, glomerular tufts contained 
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electron microscopy. The ultrastructure of sclerotic glomeruli was not evaluated.  
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this disease may be a primary affection in the Iberian lynx. Only a small number of animals 
showed evidence of systemic diseases such as mycobacteriosis or malignant neoplasms 
(cutaneous squamous cell carcinomas) (Jimenez et al, 2009). Both processes are chronic, 
course with debilitation and are known causes of persistent antigenemia that may be 
associated with immune-complex glomerulonephritis. Feline coronavirus and feline 
leukemia viruses were rarely detected by PCR in the animals during the 1998-2006 study 
period and never associated with histopathological evidence of disease. It is unlikely that in 
these instances the renal lesions were related with infection. However, even if an association 
between antigenemia in these cases and the membranous glomerulonephritis existed, there 
would still be an important number of animals in which the origin of the immune-
complexes remained unaccounted for.  
Immune deposits were also detected by immunohistochemistry and electron microscopy in 
approximately 76% of the spleens from animals during the 1998-2006 study period. Deposits 
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thickened, particularly in areas with the deposits. Similar electron-lucent spaces surrounded 
the electron dense deposits. Immunoglobulins were also identified as IgG and IgM (Fig.7). 
This finding conveys the possibility of a systemic immune-complex disease of uncertain 
etiology also responsible for the glomerular lesions. An autoimmune origin for this disease 
was speculated given the apparent lack of a defined cause for the lesions and that lesions do 
not appear to be secondary to tissue damage (Jimenez et al, 2009; Jacobson et al, 1997). An 
inherited cause for this disease has also been hypothesized. Given the low genetic diversity of 
the Iberian lynx (Johnson et al, 2004), an inherited trait or predisposing genetic condition could 
easily show in a high number of the population. These possibilities together with the 
identification of the circulating causative antigens are currently under study. 
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Fig. 4. Iberian lynx. Renal glomerulus. Electron microscopy. Multifocally and segmentally 
thickened capillary basement membranes with intramembranous electron dense deposits. 

 

 
Fig. 5. Iberian lynx. Glomerular capillary basement membrane. Electron microscopy. Detail 
of intramembranous electron dense deposits and electron-lucent peripheral areas. 
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Fig. 6. Iberian lynx. Renal glomerulus. Immunogold labeling of IgM. Thickened capillary 
basement membranes with intramembranous electron dense deposits and  colloid gold 
labeling of IgM. Inset: Detail of labeled gold particles  

 

 
Fig. 7. Iberian lynx. Splenic follicular arteriole. Diffusely thickened capillary basement 
membrane with intramembranous linear electron dense deposits. Inset: Detail of positive 
labeling for IgG. 
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Despite the prevalence of these lesions within the population, the progress appeared to be 
slow. Animals seem to be able to live normally. This is similar to what is observed in 
domestic cats with membranous glomerulonephritis. However, the impact and 
consequences of this disease are yet far from known and caution on how this species will be 
able to confront overlapping renal injuries is warranted. 
It is interesting to mention that glomerular lesions have also been described in other non-
domestic felids. The most important have been secondary to systemic amyloidosis. Systemic 
AA amyloidosis has been described in black-footed cats (Felis nigripes) and cheetahs 
(Acinonyx jubatus) (Terio et al, 2008; Papendick et al, 1997). In both species, despite the 
systemic distribution, renal amyloidosis was the significant cause of morbidity and mortality. 
It is interesting to highlight that in the cheetah amyloidosis was associated with underlying 
systemic inflammatory diseases and was only observed in captive animals (Papendick et al, 
1997). Contrarily, in the black footed cats amyloidosis was not associated with inflammatory 
conditions and was also detected in a young, free-ranging animal. Familial amyloidosis is 
suspected in this species (Terio et al, 2008). In both species, amyloidosis was more severe in the 
medulla than in glomeruli, similar to what is observed in domestic and Abyssinian cats. 
Glomerulosclerosis has also been described in captive cheetahs. The lesion resembled 
human diabetic glomerulopathy. Hypertension, possibly associated with stress, dietary, and 
genetic factors, was speculated as a possible cause for the disease (Bolton & Munson, 1999). 
Primary glomerular injury was considered a rare condition when surveying renal lesions of 
non-domestic felids of some zoological collections (Newkirk et al, 2010). Glomerular lesions 
similar to those described in the Iberian lynx with high prevalence in the free-ranging 
population as well as in captivity, and apparent primary origin, have not been described in 
other non-domestic felids.  

4. Conclusions 
The comparative study of diseases among different species often helps respond questions 
and elucidate unsolved enigmas of pathogenesis. The glomerular disease here reported 
appears to be unique for the Iberian lynx when considering non-domestic felids. The fact 
that this disease has not been reported previously in other non-domestic felids does not 
mean a similar entity may not exist. The study of these species is often difficult given the 
many interfering factors usually revolving these animals. Such factors include difficult 
access to wild-life populations, sample numbers compromised due to endangerment or 
limited access to captive populations among others. Often information is limited when 
encountering certain diseases or other situations regarding health and answers many times 
are sought in comparative pathology. 
The purpose of this review was to compare the membranous glomerulonephritis of the 
Iberian lynx with the different types of glomerular injury reported, particularly in the 
domestic cat because of the close relationship and the extensive research available on the 
latter. Hopefully, the continuous study of these diseases will reveal new insights on 
pathogenesis, treatment or even prevention of these entities.  
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limited access to captive populations among others. Often information is limited when 
encountering certain diseases or other situations regarding health and answers many times 
are sought in comparative pathology. 
The purpose of this review was to compare the membranous glomerulonephritis of the 
Iberian lynx with the different types of glomerular injury reported, particularly in the 
domestic cat because of the close relationship and the extensive research available on the 
latter. Hopefully, the continuous study of these diseases will reveal new insights on 
pathogenesis, treatment or even prevention of these entities.  
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1. Introduction 
Lesions of focal segmental glomerulosclerosis (FSGS) are a pathological hallmark of 
progressive glomerular injury. Glomerulosclerosis frequently complicates most renal 
diseases, and is characterized by the collapse of the glomerular tuft with the accumulation 
of mesangial matrix. Transforming growth factor-ß (TGF-ß) is a key regulator of 
extracellular matrix (ECM) protein synthesis in renal cells. TGF-ß is secreted as latent 
complexes, which are stored in the ECM to provide stability to the active molecule and a 
readily activable source of it (Lawrence 2001). Overexpression of active TGF-ß1 in 
transgenic mice causes mesangial expansion and thickened capillary loops in the 
glomeruli (Kopp et al. 1996), while monoclonal antibody to TGF-ß reduces the 
glomerulosclerosis in experimental proliferative glomerulonephritis (GN) (Yu et al. 2004) 
and diabetic nephropathy (Benigni et al. 2003; Ziyadeh et al. 2000). 
Cultured mesangial cells secrete TGF-ß and ECM proteins in response to various fibrogenic 
stimuli (Kim et al. 2001; Lee et al. 2004; Lee and Song 2009a; Ziyadeh et al. 1994, 1998). In 
chronic mesangial diseases, such as IgA nephropathy (IgAN) and diabetic nephropathy, 
TGF-ß1 mRNA expression by mesangial cells is increased, yet mesangial immunostaining 
for active TGF-ß1 is frequently negative (Kim et al. 2002; Stein-Oakley et al. 1997; Wahab et 
al. 2005). Only podocytes covering the sclerotic segments exhibit increased expression of 
TGF-ß1 protein (Kim et al. 2002; Wahab et al. 2005). These findings suggest that mesangial 
cells secrete latent TGF-ß in chronic mesangial disease, which may be localized to the 
podocyte surface to be activated (Lee and Song 2009b). 
Podocytes are the target of injury in most glomerular diseases. Expression of TGF-ß mRNA 
and/or protein by podocytes is increased in progressive podocyte diseases, such as primary 
FSGS, membranous nephropathy, Alport syndrome and Denys-Drash syndrome (Kim et al. 
2003; Kim et al. 1999; Patek et al. 2003; Sayers et al. 1999; Shankland et al. 1996). In addition, 
mesangial matrix is frequently increased in association with glomerulosclerosis (Gregory et 
al. 1996; Lee and Koh 1993; Lee and Lim 1995; Kim et al. 1995; Patek et al. 2003). Thus, TGF-
ß, that is expressed and/or activated by podocytes, may contribute to mesangial matrix 
oversynthesis in both chronic mesangial disease and podocyte disease (Lee 2011). 
This review will discuss the recent findings on the mechanisms and consequences of latent 
TGF-ß activation and TGF-ß-induced mesangial matrix accumulation in chronic progressive 
glomerular disease.  



 7 

Role of TGF-ß in Mesangial  
Matrix Accumulation in Chronic  

Progressive Glomerular Disease 
Hyun Soon Lee 

Department of Pathology, Seoul National University College of Medicine, Seoul,  
Korea 

1. Introduction 
Lesions of focal segmental glomerulosclerosis (FSGS) are a pathological hallmark of 
progressive glomerular injury. Glomerulosclerosis frequently complicates most renal 
diseases, and is characterized by the collapse of the glomerular tuft with the accumulation 
of mesangial matrix. Transforming growth factor-ß (TGF-ß) is a key regulator of 
extracellular matrix (ECM) protein synthesis in renal cells. TGF-ß is secreted as latent 
complexes, which are stored in the ECM to provide stability to the active molecule and a 
readily activable source of it (Lawrence 2001). Overexpression of active TGF-ß1 in 
transgenic mice causes mesangial expansion and thickened capillary loops in the 
glomeruli (Kopp et al. 1996), while monoclonal antibody to TGF-ß reduces the 
glomerulosclerosis in experimental proliferative glomerulonephritis (GN) (Yu et al. 2004) 
and diabetic nephropathy (Benigni et al. 2003; Ziyadeh et al. 2000). 
Cultured mesangial cells secrete TGF-ß and ECM proteins in response to various fibrogenic 
stimuli (Kim et al. 2001; Lee et al. 2004; Lee and Song 2009a; Ziyadeh et al. 1994, 1998). In 
chronic mesangial diseases, such as IgA nephropathy (IgAN) and diabetic nephropathy, 
TGF-ß1 mRNA expression by mesangial cells is increased, yet mesangial immunostaining 
for active TGF-ß1 is frequently negative (Kim et al. 2002; Stein-Oakley et al. 1997; Wahab et 
al. 2005). Only podocytes covering the sclerotic segments exhibit increased expression of 
TGF-ß1 protein (Kim et al. 2002; Wahab et al. 2005). These findings suggest that mesangial 
cells secrete latent TGF-ß in chronic mesangial disease, which may be localized to the 
podocyte surface to be activated (Lee and Song 2009b). 
Podocytes are the target of injury in most glomerular diseases. Expression of TGF-ß mRNA 
and/or protein by podocytes is increased in progressive podocyte diseases, such as primary 
FSGS, membranous nephropathy, Alport syndrome and Denys-Drash syndrome (Kim et al. 
2003; Kim et al. 1999; Patek et al. 2003; Sayers et al. 1999; Shankland et al. 1996). In addition, 
mesangial matrix is frequently increased in association with glomerulosclerosis (Gregory et 
al. 1996; Lee and Koh 1993; Lee and Lim 1995; Kim et al. 1995; Patek et al. 2003). Thus, TGF-
ß, that is expressed and/or activated by podocytes, may contribute to mesangial matrix 
oversynthesis in both chronic mesangial disease and podocyte disease (Lee 2011). 
This review will discuss the recent findings on the mechanisms and consequences of latent 
TGF-ß activation and TGF-ß-induced mesangial matrix accumulation in chronic progressive 
glomerular disease.  



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

124 

2. Structure of mesangial cells 
Glomerular mesangial cells together with their surrounding matrix constitute the 
mesangium, a structure that is separated from the capillary lumen by the endothelium. The 
mesangial cells are surrounded by mesangial matrix, that is similar but not identical to the 
peripheral glomerular basement membrane (GBM). The mesangial matrix contains type IV 
collagen, sulfated glycosaminoglycans, fibronectin and laminin. The mesangial cells are 
often compared with vascular smooth muscle cells, and are able to proliferate and produce 
excessive matrix proteins when stimulated. 

3. Chronic progressive glomerular diseases with TGF-ß overexpression in 
podocytes 
3.1 IgAN 
The diagnosis of IgAN is based on the demonstration of predominant or codominant IgA 
deposition in the mesangium. The glomerular histopathology mainly represents the 
mesangial lesions showing cell proliferation and/or matrix expansion.  In addition, focal 
abnormalities of the GBM are sometimes present, with reticulation, thinning and thickening, 
as well as subepithelial deposits (Lee et al. 1987, 1989).  Up to 30% of patients with IgAN 
eventually progress to end-stage renal disease (ESRD) after a follow-up of 25 years (Ibels 
and Györy 1994). The more severe glomerular lesions, which have higher percentage of 
glomerulosclerosis and crescents, are significantly related to progressive IgAN (El Karoui et 
al. 2011; Lee et al. 2005). Other glomerular lesions, such as mesangial hyperplasia and 
endocapillary lesions, also contribute to worse prognosis (Working Group of the 
International IgA Nephropathy Network 2010).  
The intensity of immunostaining for platelet-derived growth factor, type IV collagen, 
laminin, and fibronectin is increased in the mesangium in renal biopsies with IgAN (Kim 
et al. 2002). In the early stage of IgAN with mesangial cell proliferation, some mesangial 
cells show immunoreactivity for TGF-ß1 (Stein-Oakley et al. 1997). Mesangial 
immunostaining for active TGF-ß1, however, is very weak or almost negligible in most 
human IgAN, despite increased mesangial TGF-ß1 mRNA levels. Instead, hyperplastic 
podocytes covering the sclerotic segments exhibit increased expression of TGF-ß1 protein 
(Kim et al. 2002). 
Mesangial expression of TGF-ß isoforms is transiently upregulated in acute anti-Thy1.1 
nephritis, a rodent model of mesangial proliferative GN (Hartner et al. 2003; Ito et al. 2001; 
Liu et al. 2004), in which TGF-ß1 expression is only segmentally and weakly distributed (Ito 
et al. 2001).  

3.2 Primary FSGS 
Primary FSGS is a clinicopathologic entity characterized by nephrotic syndrome and 
progression to ESRD. Intrarenal transcription of TGF-ß1 is increased in children with FSGS 
compared to those with minimal lesion, suggesting that TGF-ß1 gene transcription is 
indicative of progressive renal damage typical of FSGS (Strehlau et al. 2002). Expression of 
TGF-ß1 is increased in patients with primary FSGS, particularly in podocytes of sclerotic 
segments (Kim et al. 2003). Volume density of mesangial matrix is significantly greater in 
the FSGS patients than in minimal lesion cases. In patients with FSGS, the percent 
glomerulosclerosis correlates directly with mesangial volume per glomerulus (Lee and Lim 
1995). 
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3.3 The significance of FSGS formation in chronic glomerular disease 
Some authors regarded FSGS as a nonspecific heterogeneous form of renal injury 
(Whitworth et al. 1978). The lesions of FSGS following primary glomerular diseases, such as 
IgAN and membranous nephropathy, have often been excluded in the category of 
secondary FSGS, because they were regarded as the nonspecific chronic scarred phase of the 
disease (D’Agati et al. 2004). Nonetheless, the lesions of FSGS in IgAN show 
immunohistochemical changes, which are basically identical to those described in primary 
FSGS, with loss of podocyte markers (Hill et al. 2011). Furthermore, podocytes covering the 
sclerotic segments exhibit enhanced expression of TGF-ß1 in IgAN and advanced diabetic 
nephropathy similar to those observed in primary FSGS. Thus, common podocyte lesions 
may contribute to the development of FSGS in both primary FSGS and other chronic 
glomerular diseases. 

3.4 Membranous nephropathy 
Membranous nephropathy is a well-characterized histological entity with a highly variable 
clinical course. Overall, approximately 30-40% of patients develop significant renal failure 
10-15 years after the diagnosis of nephropathy (Perna et al. 2004). New genomwide 
association study suggests that sequence variations within HLA and receptor for 
phospholipase A2 are responsible in part for the development of idiopathic membranous 
nephropathy (Stanescu et al. 2011). The hallmark of membranous nephropathy is the 
presence of glomerular subepithelial deposits that typically contain immunoglobulin and 
complement component. Between and around these deposits, the GBM is thickened due to 
the accumulation of GBM material, forming subepithelial projections or spikes. Complement 
membrane attack complex (C5b-C9) plays an important role in the development of podocyte 
injury and proteinuria in passive Heymann nephritis (PHN), an experimental model of 
human membranous nephropathy (Couser and Nangaku 2006). Upregulation of TGF-ß1 
and GBM protein mRNAs by podocytes is shown in patients with membranous 
nephropathy (Kim et al. 1999). Expression of TGF-ß2 is also markedly increased in 
podocytes in experimental membranous nephropathy, together with upregulation of TGF-ß 
receptors (Shankland et al. 1996). 
Lesions of FSGS are observed in 43% of the membranous nephropathty patients, in whom 
the degree of mesangial expansion and GBM thickening is significantly greater than the 
remaining cases without FSGS (Lee and Koh 1993). In PHN, mesangial volume was also 
significantly elevated, together with GBM thickening (Remuzzi et al. 1999). 

3.5 Diabetic nephropathy 
Diabetic nephropathy remains the most common cause for ESRD as the burden of 
diabetes increases worldwide. Nearly one-third of patients with diabetes develop 
nephropathy (Choudhury et al. 2010). Mesangial matrix expansion and thickening of the 
GBM are hallmarks of diabetic nephropathy, which occur even within a few years after 
the onset of type 1 diabetes (Drummond and Mauer 2002). If left untreated, 20-40% of 
patients with type 2 diabetes show progression to renal failure (Adler et al. 2003; Remuzzi 
et al. 2002).   
In the early stage of human diabetic nephropathy, some mesangial cells show 
immunoreactivity for TGF-ß1. Yet mesangial immunostaining for active TGF-ß1 is very 
weak or almost negligible in most human diabetic nodular glomerulosclerosis, despite 
increased mesangial TGF-ß1 mRNA levels. Rather, podocytes covering the sclerotic 
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segments show increased expression of TGF-ß1 mRNA and protein (Wahab et al. 2005). In 
the glomeruli of experimental diabetic nephropathy, only a few cells show positive 
immunostaining for TGF-ß1 (Hill et al. 2000). Enhanced expression of glomerular TGF-ß1 is 
observed mainly in podocytes of diabetic animals (Baba et al. 2005; Okada et al. 2006). 

3.6 Alport renal disease 
Collagen type IV is the main component of the GBM, which includes six genetically distinct 
isoforms named 1(IV) to 6(IV). The 3-5(IV) chains originate solely from podocytes in 
both the developing and mature glomerulus (Abrahamson et al. 2009). The 12(IV) 
collagen network, by contrast, seems to originate mainly from glomerular endothelial cells 
(Lee et al. 1993), and is localized predominantly at the endothelial aspect of human GBM 
(Zhang and Lee 1997).  
Alport syndrome is primary genetic disease of the basement membrane. In the kidney, this 
disorder is characterized by an absence of collagen 345(IV) in the GBM, progressive 
thickening and multilamination of the GBM, proteinuria, and renal failure. Yet collagen 
1/2(IV) is retained throughout the GBM (Abrahamson et al. 2003; Kashtan et al. 2001).  In 
podocytes of 3(IV) collagen-knockout mice with Alport renal disease, mRNA expression of 
TGF-ß1 is increased (Sayers et al. 1999).  With disease progression, mesangial matrix and 
cells are increased, followed by the development of glomerulosclerosis (Gregory et al. 1996; 
Kim et al. 1995). 

3.7 Denys-Drash syndrome  
Wilms’ tumour suppressor gene, WT1, is essential for normal podocyte function. Mutations of 
WT1 induce Denys-Drash syndrome (DDS) characterized by diffuse mesangial sclerosis. In 
DDS mice, the development of glomerulosclerosis is preceded by de novo TGF-ß1 expression 
in podocytes, while TGF-ß1 expression is absent in the mesangium (Patek et al. 2003).   
In summary, expression of TGF-ß1 by podocytes is increased not only in progressive podocyte disease 
but also in chronic mesangial disease. Despite mesangial matrix expansion in association with 
glomerulosclerosis in both types of disease, immunohistochemical antigen detection for mesangial 
TGF-ß1 seems to be difficult even in chronic mesangial disease.  

4. Activation of latent TGF-ß 
TGF-ß is secreted as latent complexes associated with a latency-associated peptide (LAP). 
TGF-ß/LAP complex is referred to as the small latent complex. Most cells secrete TGF-ß as 
part of a large latent complex, in which latent TGF-ß binding protein (LTBP) is linked to the 
small latent complex. LTBP has a role in targeting the transport of latent TGF-ß complex into 
the ECM (Hyytiäinen et al. 2004; Koli et al. 2008).  
The large latent complex is susceptible to proteolysis, within which LTBP is first cleaved at 
the protease sensitive hinge region. The soluble large latent complex is then released from 
the ECM and is activated by another proteolytic event that releases TGF-ß from LAP (Koli et 
al. 2001). The TGF-ß released then binds to its receptor and exerts its cellular functions. 
Under in vitro conditions, latent TGF-ß is activated by heating, acid or alkaline treatment, 
irradiation, reactive oxygen species (ROS), proteases including plasmin, cathepsin, calpain, 
matrix metalloproteinase (MMP)-2 and MMP-9, some integrins, or thrombospondin-1  
(TSP-1) (for review, see Koli et al. 2001).  
Several activation mechanisms may exist in vivo as reviewed below (Table 1). 
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4.1 TGF-ß activation by proteolysis 
Plasmin could function as an in vivo activator of TGF-ß (Lyons et al. 1990; Edgtton et al. 
2004). Plasmin can release the large latent TGF-ß complex from the ECM by cleaving LTBP 
at the amino terminal hinge region (Taipale et al. 1992). Furthermore, it can cleave LAP that 
releases active TGF-ß dimer from the large latent TGF-ß1 complex (Annes et al. 2003; George 
et al. 2005; Lyons et al. 1990). 
MMP-2 and MMP–9 have also been implicated in the cleavage of LAP and the release of 
mature TGF-ß at the cell surface (Yu and Stamenkovic 2000). 

4.2 TSP-1-mediated activation of TGF-ß 
TSP-1 is known to be a major physiologic activator of latent TGF-ß (Crawford et al. 1998). A 
specific peptide sequence within TSP-1, KRFK, binds to the LSKL sequence in LAP, and releases 
mature TGF-ß by inducing conformational changes in the protein (Crawford et al. 1998; 
Lawrence 2001; Koli et al. 2008). However, it is not clear whether TSP-1 alone could directly 
activate latent TGF-ß (Abdelouahed et al. 2000; Grainger and Frow 2000; Otsuka et al. 2007). 
Overexpression of both TSP-1 and active TGF-ß occurs in podocytes in patients with FSGS 
(Kim et al. 2003) and diabetic nephropathy (Wahab et al. 2005). In various experimental 
renal disease models, TSP-1 is co-localized with TGF-ß and predicts the development of 
tissue fibrosis (Hugo et al. 1998). 

4.3 ROS-mediated activation of TGF-ß 
ROS produced by ionizing radiation was found to induce rapid TGF-ß activation in vivo 
(Barcellos-Hoff and Dix 1996). ROS can activate TGF-ß directly through oxidation-induced 
conformational change in LAP, in which the unique methionine residue in the TGF-ß1/LAP 
functions as a redox switch center (Jobling et al. 2006), or indirectly through the activation of 
proteolytic enzymes (Koli et al. 2008). 

4.4 Integrins in TGF-ß binding and activation 
Integrins can bind to the RGD recognition domain in the LAP of TGF-ß1 and TGF-ß3. 
Particularly, αvß6 and αvß8 are known to activate the TGF-ß complex (Munger et al. 1999; 
Mu et al. 2002), leading to release of TGF-ß either by tractional force (αvß6) or by membrane 
type-1 MMP (MT1-MMP)-dependent proteolytic activity (αvß8) (Koli et al. 2008). By cell 
movement, an αvß6–integrin-expressing cell causes sufficient traction for the release of 
mature TGF-ß from the ECM-anchored large latent complex (Annes et al. 2004).  
 

Activators Mechanisms of action 1st author 

Plasmin 
- Proteolytic nicking of LTBP releasing large latent 

TGF-ß complex from the ECM 
- Proteolytic nicking of the LAP 

Taipale (1992); Lyons (1990); 
Annes (2003); George (2005) 

TSP-1 - Induction of conformational changes in LAP Crawford(1998); Lawrence 
(2001); Koli (2008) 

ROS - Induction of conformational changes in LAP
- Inducing activation of proteolytic enzymes Jobling (2006); Koli (2008) 

Integrin, αvß6 - Release of TGF-ß from LAP by tractional force Annes (2004) 

TGF-ß, transforming growth factor-ß; LTBP, latent TGF-ß binding protein; ECM, extracellular matrix; 
TSP-1, thrombospondin-1; LAP, latency-associated peptide; ROS, reactive oxygen species.  

Table 1. Proposed mechanisms for latent TGF-ß activation in chronic glomerular disease  
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segments show increased expression of TGF-ß1 mRNA and protein (Wahab et al. 2005). In 
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WT1 induce Denys-Drash syndrome (DDS) characterized by diffuse mesangial sclerosis. In 
DDS mice, the development of glomerulosclerosis is preceded by de novo TGF-ß1 expression 
in podocytes, while TGF-ß1 expression is absent in the mesangium (Patek et al. 2003).   
In summary, expression of TGF-ß1 by podocytes is increased not only in progressive podocyte disease 
but also in chronic mesangial disease. Despite mesangial matrix expansion in association with 
glomerulosclerosis in both types of disease, immunohistochemical antigen detection for mesangial 
TGF-ß1 seems to be difficult even in chronic mesangial disease.  

4. Activation of latent TGF-ß 
TGF-ß is secreted as latent complexes associated with a latency-associated peptide (LAP). 
TGF-ß/LAP complex is referred to as the small latent complex. Most cells secrete TGF-ß as 
part of a large latent complex, in which latent TGF-ß binding protein (LTBP) is linked to the 
small latent complex. LTBP has a role in targeting the transport of latent TGF-ß complex into 
the ECM (Hyytiäinen et al. 2004; Koli et al. 2008).  
The large latent complex is susceptible to proteolysis, within which LTBP is first cleaved at 
the protease sensitive hinge region. The soluble large latent complex is then released from 
the ECM and is activated by another proteolytic event that releases TGF-ß from LAP (Koli et 
al. 2001). The TGF-ß released then binds to its receptor and exerts its cellular functions. 
Under in vitro conditions, latent TGF-ß is activated by heating, acid or alkaline treatment, 
irradiation, reactive oxygen species (ROS), proteases including plasmin, cathepsin, calpain, 
matrix metalloproteinase (MMP)-2 and MMP-9, some integrins, or thrombospondin-1  
(TSP-1) (for review, see Koli et al. 2001).  
Several activation mechanisms may exist in vivo as reviewed below (Table 1). 
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Mu et al. 2002), leading to release of TGF-ß either by tractional force (αvß6) or by membrane 
type-1 MMP (MT1-MMP)-dependent proteolytic activity (αvß8) (Koli et al. 2008). By cell 
movement, an αvß6–integrin-expressing cell causes sufficient traction for the release of 
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αvß6 integrin is expressed in the diseased kidneys confined to the distal tubules and 
collecting ducts (Trevillian et al. 2004).  Deleting TGF-ß type II receptor in collecting duct 
cells in vitro resulted in increased integrin αvß6-dependent TGF-ß activation, that increased 
collagen synthesis in co-cultured renal interstitial fibroblasts (Gewin et al. 2010). 

5. Mechanism of TGF-ß overexpression by podocytes in chronic glomerular 
disease 
5.1 Incomplete activation of mesangial TGF-ß in chronic mesangial disease 
Intense mesangial immunostaining for LTBP-1 is observed in anti-Thy1.1 nephritis 
associated with severe but transient mesangial matrix accumulation (Porst et al. 2006). In 
rats with anti-Thy1.1 nephritis, active TGF-ß1-positive area/glomerulus was 18%, while 
treatment with antisense TSP-1 oligodeoxynucleotides reduced it to 9% (Daniel et al. 2003). 
In wild-type and TSP-1 deficient diabetic mice, the TGF-ß1-positive area in the glomerulus 
was 5% and 3%, respectively (Daniel et al. 2007). Thus, TSP-1 seems to activate mesangial 
TGF-ß1 more actively in acute mesangial proliferative GN than in chronic mesangial 
disease. 
Plasmin can release the large latent TGF-ß complex from the mesangial matrix by cleaving 
LTBP at the amino terminal hinge region (Taipale et al. 1992) (Fig. 1). The plasmin-mediated  
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Fig. 1. Incomplete activation of mesangial TGF-ß in chronic mesangial disease. Upon 
fibrogenic stimuli, large latent TGF-ß complex in association with latent TGF-ß binding 
protein (LTBP) is synthesized and secreted from mesangial cells. It is then associated with 
mesangial matrix via N-terminus of LTBP. In protease-mediated activation of TGF-ß, LTBP 
is first cleaved at the protease sensitive amino terminal hinge region, and soluble large latent 
complex is released.  
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TGF-ß activation, however, may be neutralized via feedback inhibition, since TGF-ß-
induced production of plasminogen activator inhibitor-1 decreases the active plasmin 
formation in mesangial cells (Baricos et al. 2003). Furthermore, accumulation of mesangial 
matrix progressed in association with enhanced mesangial fibrin deposition in rats with 
anti-Thy 1.1 nephritis (Liu et al. 2004). Thus, the mesangial cell surface surrounded by an 
enlarged matrix may not express sufficient plasmin to further cleave LAP that liberates 
active TGF-ß dimer from the large latent TGF-ß1 complex. 
In view of the enhanced expression of TGF-ß1 in podocytes in human IgAN (Kim et al. 2002) 
and end-stage diabetic nephropathy (Wahab et al. 2005), podocytes seem to respond to 
paracrine TGF-ß coming from the mesangium.  Even though free active TGF-ß is liberated 
from the mesangium, it has a very short half-life in plasma (2-3 min) (Coffey et al. 1987), in 
contrast to the latent TGF-ß complex with a significantly longer half-life (>100 min) 
(Wakefield et al. 1990). Thus, soluble forms of large latent TGF-ß complex, rather than active 
TGF-ß, may be localized to the podocyte surface after its release from the mesangial matrix 
(Fig. 1 and 2). 
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Fig. 2. Hypothetical pathway for TGF-ß activation by podocytes in the diseased glomeruli. 
Soluble large latent TGF-ß complex coming from the mesangium in chronic mesangial 
disease (CMD) and biomechanical strain-induced TGF-ß in progressive podocyte disease 
(PPD) may be the source of latent TGF-ß complex in podocytes. It is then activated by 
angiotensin II (Ang II)/reactive oxygen species (ROS), plasmin, matrix metalloproteinases 
(MMPs) and thrombospondin-1 (TSP-1). Active TGF-ß, which is released from latency-
associated peptide, is able to associate with the signaling receptors (TGF-ß R’), and signal 
transduction pathway is activated. 

5.2 Induction of podocyte TGF-ß by glomerular hypertension or biomechanical strain 
in progressive podocyte disease 
In progressive podocyte diseases, TGF-ß expression is increased in podocytes (Kim et al. 
1999, 2003; Patek et al. 2003; Sayers et al. 1999; Shankland et al. 1996; Wahab et al. 2005). 
Unlike mesangial cells, podocytes do not overexpress TGF-ß1 in response to common in 
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αvß6 integrin is expressed in the diseased kidneys confined to the distal tubules and 
collecting ducts (Trevillian et al. 2004).  Deleting TGF-ß type II receptor in collecting duct 
cells in vitro resulted in increased integrin αvß6-dependent TGF-ß activation, that increased 
collagen synthesis in co-cultured renal interstitial fibroblasts (Gewin et al. 2010). 

5. Mechanism of TGF-ß overexpression by podocytes in chronic glomerular 
disease 
5.1 Incomplete activation of mesangial TGF-ß in chronic mesangial disease 
Intense mesangial immunostaining for LTBP-1 is observed in anti-Thy1.1 nephritis 
associated with severe but transient mesangial matrix accumulation (Porst et al. 2006). In 
rats with anti-Thy1.1 nephritis, active TGF-ß1-positive area/glomerulus was 18%, while 
treatment with antisense TSP-1 oligodeoxynucleotides reduced it to 9% (Daniel et al. 2003). 
In wild-type and TSP-1 deficient diabetic mice, the TGF-ß1-positive area in the glomerulus 
was 5% and 3%, respectively (Daniel et al. 2007). Thus, TSP-1 seems to activate mesangial 
TGF-ß1 more actively in acute mesangial proliferative GN than in chronic mesangial 
disease. 
Plasmin can release the large latent TGF-ß complex from the mesangial matrix by cleaving 
LTBP at the amino terminal hinge region (Taipale et al. 1992) (Fig. 1). The plasmin-mediated  
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Fig. 1. Incomplete activation of mesangial TGF-ß in chronic mesangial disease. Upon 
fibrogenic stimuli, large latent TGF-ß complex in association with latent TGF-ß binding 
protein (LTBP) is synthesized and secreted from mesangial cells. It is then associated with 
mesangial matrix via N-terminus of LTBP. In protease-mediated activation of TGF-ß, LTBP 
is first cleaved at the protease sensitive amino terminal hinge region, and soluble large latent 
complex is released.  
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TGF-ß activation, however, may be neutralized via feedback inhibition, since TGF-ß-
induced production of plasminogen activator inhibitor-1 decreases the active plasmin 
formation in mesangial cells (Baricos et al. 2003). Furthermore, accumulation of mesangial 
matrix progressed in association with enhanced mesangial fibrin deposition in rats with 
anti-Thy 1.1 nephritis (Liu et al. 2004). Thus, the mesangial cell surface surrounded by an 
enlarged matrix may not express sufficient plasmin to further cleave LAP that liberates 
active TGF-ß dimer from the large latent TGF-ß1 complex. 
In view of the enhanced expression of TGF-ß1 in podocytes in human IgAN (Kim et al. 2002) 
and end-stage diabetic nephropathy (Wahab et al. 2005), podocytes seem to respond to 
paracrine TGF-ß coming from the mesangium.  Even though free active TGF-ß is liberated 
from the mesangium, it has a very short half-life in plasma (2-3 min) (Coffey et al. 1987), in 
contrast to the latent TGF-ß complex with a significantly longer half-life (>100 min) 
(Wakefield et al. 1990). Thus, soluble forms of large latent TGF-ß complex, rather than active 
TGF-ß, may be localized to the podocyte surface after its release from the mesangial matrix 
(Fig. 1 and 2). 
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Fig. 2. Hypothetical pathway for TGF-ß activation by podocytes in the diseased glomeruli. 
Soluble large latent TGF-ß complex coming from the mesangium in chronic mesangial 
disease (CMD) and biomechanical strain-induced TGF-ß in progressive podocyte disease 
(PPD) may be the source of latent TGF-ß complex in podocytes. It is then activated by 
angiotensin II (Ang II)/reactive oxygen species (ROS), plasmin, matrix metalloproteinases 
(MMPs) and thrombospondin-1 (TSP-1). Active TGF-ß, which is released from latency-
associated peptide, is able to associate with the signaling receptors (TGF-ß R’), and signal 
transduction pathway is activated. 

5.2 Induction of podocyte TGF-ß by glomerular hypertension or biomechanical strain 
in progressive podocyte disease 
In progressive podocyte diseases, TGF-ß expression is increased in podocytes (Kim et al. 
1999, 2003; Patek et al. 2003; Sayers et al. 1999; Shankland et al. 1996; Wahab et al. 2005). 
Unlike mesangial cells, podocytes do not overexpress TGF-ß1 in response to common in 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

130 

vitro metabolic stimuli, such as high glucose (Iglesias-de la Cruz et al. 2002) and angiotensin 
II (Ang II) (Chen et al. 2005). Yet albumin load or mechanical strain increases the levels of 
TGF-ß1 and Ang II, as well as TGF-ß type I, II and III receptors in cultured podocytes 
(Abbatte et al. 2002; Dessapt et al. 2009; Durvasula et al. 2004).  
Increased intraglomerular pressure results in cellular strain and perpetuates further damage 
to the podocytes in progressive glomerular disease, eventually leading to glomerulosclerosis 
(Kriz et al. 1998). The less cross-linked and possibly more elastic physical properties of the 
GBM in some podocyte diseases may subject the podocytes to elevated biomechanical strain 
even under normal glomerular blood pressure. As the disease progresses and nephron mass 
is lost, glomerular hypertension develops, further exacerbating the biomechanical strain and 
the effector functions influenced by it (Meehan et al. 2009). In the remnant kidney model of 
glomerular capillary hypertension, TGF-ß1 (Abbate et al. 2002) and Ang II type I receptor 
(Durvasula et al. 2004) are upregulated by podocytes.  
Together, an increase in glomerular capillary pressure may stimulate Ang II and TGF-ß1 
expression in podocytes through mechanical force injury in progressive podocyte diseases 
(Lee 2011) (Fig. 2). 

5.3 Activation of latent TGF-ß by podocytes in chronic glomerular disease 
In podocyte diseases, Ang II-induced oxidative stress may activate the latent TGF-ß and, 
subsequently, the TGF-ß signaling system in podocytes (Lee 2011) (Fig. 2). Indeed, diabetic 
podocytopathy seems to be mediated by Ang II (Ziyadeh and Wolf 2008) and oxidative 
damage (Zheng et al. 2008).  
Osteopontin expression strongly correlates with glomerular disease, and is increased 
specifically in podocytes. Treatment of podocytes with recombinant osteopontin activated 
the NF-κB pathway, increased the expression of urokinase-type plasminogen activator 
(uPA) and MMP-2 and -9, and increased podocyte motility (Lorenzen et al. 2008). Strong 
expression of uPA protein and mRNA is sometimes observed within crescents (Lee et al. 
2001). These observations suggest that damaged podocytes in the diseased glomeruli may 
release plasmin, MMP-2 and -9 to activate latent TGF-ß (Fig. 2). 
In human FSGS, expression levels of TGF-ß1, TSP-1 and TGF-ß type II receptor mRNAs and 
proteins as with phosphorylated Smad2/Smad3 are increased by podocytes (Kim et al. 
2003), suggesting that TSP-1 may activate TGF-ß in podocytes (Fig. 2). In addition, diabetic 
mediators upregulate the TGF-ß type II receptor that both binds the ligand and initiates the 
signaling cascade, suggesting that the podocyte is primed to respond to TGF-ß (Iglesias-de 
la Cruz et al. 2002; Wolf et al. 2005). 
Altogether, podocyte-derived plasmin, MMPs and TSP-1, and particularly Ang II-induced 
oxidative stress may activate the latent TGF-ß in podocytes in diseased glomeruli. The 
activated TGF-ß may bind to its receptor on podocytes, activating the TGF-ß/Smad 
signaling pathway to induce the expression of its target genes, such as connective tissue 
growth factor (CTGF) and vascular endothelial growth factor (VEGF) (Fig. 2 and 3). 

6. Paracrine effector mechanism of CTGF and VEGF for TGF-ß to act on 
mesangial cells  
The podocyte TGF-ß, the active form of which has a very short half-life in plasma, is 
unlikely to traverse the GBM to promote sclerosis in the adjacent mesangium. Instead, some 
TGF-ß-induced humoral factors produced by podocytes seem to have fibrogenic effects on 
mesangial cells (Lee and Song 2009b). 
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CTGF is a major autocrine growth factor induced by TGF-ß. TGF-ß1 induces CTGF mRNA 
and protein expression in podocytes (Ito et al. 2001) and mesangial cells (Riser et al. 2000). 
Expression of CTGF mRNA and/or protein in the mesangium and podocytes is upregulated 
in human chronic glomerular disease (Ito et al. 1998; Wahab et al. 2005). It is increased 
particularly in the glomeruli of patients with mesangial matrix expansion (Suzuki et al. 2003). 
Treatment with the CTGF antisense oligonucleotides significantly reduced the mesangial 
matrix expansion in diabetic mice (Guha et al. 2007). Furthermore, induction of diabetes in 
podocyte-specific CTGF-transgenic mice results in an increased mesangial CTGF expression 
with more severe mesangial expansion than diabetic wild-type mice (Yokoi et al. 2008).  
TGF-ß1 stimulates VEGF expression in podocytes (Iglesias-de la Cruz et al. 2002). VEGF is a 
potent angiogenic molecule and is detected predominantly in podocytes (Bailey et al. 1999; 
Wendt et al. 2003). Yet glomeruli are not sites of angiogenesis, possibly because podocytes 
mainly express VEGF165b protein, which inhibits VEGF165-mediated angiogenesis (Cui et al. 
2004). VEGF may play an important role in TGF-ß1-induced glomerular fibrosis (Chen et al. 
2004, 2005). VEGF overexpression by podocytes led to mesangial expansion (Veron et al. 
2010; Zhang et al. 2010). Furthermore, anti-VEGF attenuates the mesangial matrix expansion 
in diabetic mice (Flyvbjerg et al. 2002).  
The dominant production of VEGF-A by podocytes and the localization of its receptor, 
VEGFR-2, on glomerular endothelial cells suggest that VEGF-A moves across the GBM, 
opposing the ultrafiltration gradient to move water and solutes from the capillaries into the 
Bowman’s space (Satchell et al. 2006). In fact, about one third of VEGF secreted from  
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Fig. 3. Hypothetical pathway for mesangial matrix accumulation via activation of TGF-ß by 
podocytes in chronic glomerular disease. The activated TGF-ß may bind to its receptor 
(TGF-ß R’) on podocytes, activating TGF-ß/Smad signaling pathway to induce the 
overexpression of its target genes, connective tissue growth factor (CTGF) and vascular 
endothelial growth factor (VEGF). The CTGF and VEGF secreted from podocytes may reach 
the capillary lumen and stimulate mesagial cells to produce excessive matrix proteins, 
culminating in the development of glomerulosclerosis. 
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vitro metabolic stimuli, such as high glucose (Iglesias-de la Cruz et al. 2002) and angiotensin 
II (Ang II) (Chen et al. 2005). Yet albumin load or mechanical strain increases the levels of 
TGF-ß1 and Ang II, as well as TGF-ß type I, II and III receptors in cultured podocytes 
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Increased intraglomerular pressure results in cellular strain and perpetuates further damage 
to the podocytes in progressive glomerular disease, eventually leading to glomerulosclerosis 
(Kriz et al. 1998). The less cross-linked and possibly more elastic physical properties of the 
GBM in some podocyte diseases may subject the podocytes to elevated biomechanical strain 
even under normal glomerular blood pressure. As the disease progresses and nephron mass 
is lost, glomerular hypertension develops, further exacerbating the biomechanical strain and 
the effector functions influenced by it (Meehan et al. 2009). In the remnant kidney model of 
glomerular capillary hypertension, TGF-ß1 (Abbate et al. 2002) and Ang II type I receptor 
(Durvasula et al. 2004) are upregulated by podocytes.  
Together, an increase in glomerular capillary pressure may stimulate Ang II and TGF-ß1 
expression in podocytes through mechanical force injury in progressive podocyte diseases 
(Lee 2011) (Fig. 2). 
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In podocyte diseases, Ang II-induced oxidative stress may activate the latent TGF-ß and, 
subsequently, the TGF-ß signaling system in podocytes (Lee 2011) (Fig. 2). Indeed, diabetic 
podocytopathy seems to be mediated by Ang II (Ziyadeh and Wolf 2008) and oxidative 
damage (Zheng et al. 2008).  
Osteopontin expression strongly correlates with glomerular disease, and is increased 
specifically in podocytes. Treatment of podocytes with recombinant osteopontin activated 
the NF-κB pathway, increased the expression of urokinase-type plasminogen activator 
(uPA) and MMP-2 and -9, and increased podocyte motility (Lorenzen et al. 2008). Strong 
expression of uPA protein and mRNA is sometimes observed within crescents (Lee et al. 
2001). These observations suggest that damaged podocytes in the diseased glomeruli may 
release plasmin, MMP-2 and -9 to activate latent TGF-ß (Fig. 2). 
In human FSGS, expression levels of TGF-ß1, TSP-1 and TGF-ß type II receptor mRNAs and 
proteins as with phosphorylated Smad2/Smad3 are increased by podocytes (Kim et al. 
2003), suggesting that TSP-1 may activate TGF-ß in podocytes (Fig. 2). In addition, diabetic 
mediators upregulate the TGF-ß type II receptor that both binds the ligand and initiates the 
signaling cascade, suggesting that the podocyte is primed to respond to TGF-ß (Iglesias-de 
la Cruz et al. 2002; Wolf et al. 2005). 
Altogether, podocyte-derived plasmin, MMPs and TSP-1, and particularly Ang II-induced 
oxidative stress may activate the latent TGF-ß in podocytes in diseased glomeruli. The 
activated TGF-ß may bind to its receptor on podocytes, activating the TGF-ß/Smad 
signaling pathway to induce the expression of its target genes, such as connective tissue 
growth factor (CTGF) and vascular endothelial growth factor (VEGF) (Fig. 2 and 3). 

6. Paracrine effector mechanism of CTGF and VEGF for TGF-ß to act on 
mesangial cells  
The podocyte TGF-ß, the active form of which has a very short half-life in plasma, is 
unlikely to traverse the GBM to promote sclerosis in the adjacent mesangium. Instead, some 
TGF-ß-induced humoral factors produced by podocytes seem to have fibrogenic effects on 
mesangial cells (Lee and Song 2009b). 
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CTGF is a major autocrine growth factor induced by TGF-ß. TGF-ß1 induces CTGF mRNA 
and protein expression in podocytes (Ito et al. 2001) and mesangial cells (Riser et al. 2000). 
Expression of CTGF mRNA and/or protein in the mesangium and podocytes is upregulated 
in human chronic glomerular disease (Ito et al. 1998; Wahab et al. 2005). It is increased 
particularly in the glomeruli of patients with mesangial matrix expansion (Suzuki et al. 2003). 
Treatment with the CTGF antisense oligonucleotides significantly reduced the mesangial 
matrix expansion in diabetic mice (Guha et al. 2007). Furthermore, induction of diabetes in 
podocyte-specific CTGF-transgenic mice results in an increased mesangial CTGF expression 
with more severe mesangial expansion than diabetic wild-type mice (Yokoi et al. 2008).  
TGF-ß1 stimulates VEGF expression in podocytes (Iglesias-de la Cruz et al. 2002). VEGF is a 
potent angiogenic molecule and is detected predominantly in podocytes (Bailey et al. 1999; 
Wendt et al. 2003). Yet glomeruli are not sites of angiogenesis, possibly because podocytes 
mainly express VEGF165b protein, which inhibits VEGF165-mediated angiogenesis (Cui et al. 
2004). VEGF may play an important role in TGF-ß1-induced glomerular fibrosis (Chen et al. 
2004, 2005). VEGF overexpression by podocytes led to mesangial expansion (Veron et al. 
2010; Zhang et al. 2010). Furthermore, anti-VEGF attenuates the mesangial matrix expansion 
in diabetic mice (Flyvbjerg et al. 2002).  
The dominant production of VEGF-A by podocytes and the localization of its receptor, 
VEGFR-2, on glomerular endothelial cells suggest that VEGF-A moves across the GBM, 
opposing the ultrafiltration gradient to move water and solutes from the capillaries into the 
Bowman’s space (Satchell et al. 2006). In fact, about one third of VEGF secreted from  
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Fig. 3. Hypothetical pathway for mesangial matrix accumulation via activation of TGF-ß by 
podocytes in chronic glomerular disease. The activated TGF-ß may bind to its receptor 
(TGF-ß R’) on podocytes, activating TGF-ß/Smad signaling pathway to induce the 
overexpression of its target genes, connective tissue growth factor (CTGF) and vascular 
endothelial growth factor (VEGF). The CTGF and VEGF secreted from podocytes may reach 
the capillary lumen and stimulate mesagial cells to produce excessive matrix proteins, 
culminating in the development of glomerulosclerosis. 
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podocytes would reach the capillary lumen and accumulate there, supporting the view that 
VEGF can move against the flow of glomerular filtration (Katavetin and Katavetin 2008). 
Although it is not clear whether this is also the case for CTGF, the experiments performed 
by Yokoi et al. (2008) support that possibility. 
 In summary, TGF-ß-induced CTGF and VEGF secretion by podocytes may act as an effector 
mechanism, necessary for mesangial matrix accumulation in chronic glomerular disease, 
culminating in the development of glomerulosclerosis (Fig. 3). 

7. Conclusions 
In chronic mesangial disease, large latent TGF-ß complexes secreted by mesangial cells may 
be stored in the mesangial matrix, from which soluble large latent TGF-ß complexes may be 
released and localized to the podocyte surface. In progressive podocyte disease, by contrast, 
mechanical pressure or biomechanical strain may upregulate Ang II and TGF-ß expression 
in podocytes. In both chronic mesangial disease and progressive podocyte disease, 
podocyte-derived plasmin, TSP-1 and ROS, particularly Ang II-induced oxidative stress, 
seem to be involved in TGF-ß activation. Active TGF-ß may induce CTGF and VEGF 
overexpression in podocytes, which may act as a paracrine effector mechanism on 
mesangial cells to stimulate mesangial matrix synthesis culminating in the development of 
glomerulosclerosis. In summary, this review provides new mechanistic insights into the role 
of TGF-ß in mesangial matrix synthesis in chronic progressive glomerular disease. Better 
understanding of the activation of TGF-ß signaling and its downstream effectors, CTGF and 
VEGF, may provide novel tools for the prevention of glomerulosclerosis. 
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VEGF can move against the flow of glomerular filtration (Katavetin and Katavetin 2008). 
Although it is not clear whether this is also the case for CTGF, the experiments performed 
by Yokoi et al. (2008) support that possibility. 
 In summary, TGF-ß-induced CTGF and VEGF secretion by podocytes may act as an effector 
mechanism, necessary for mesangial matrix accumulation in chronic glomerular disease, 
culminating in the development of glomerulosclerosis (Fig. 3). 

7. Conclusions 
In chronic mesangial disease, large latent TGF-ß complexes secreted by mesangial cells may 
be stored in the mesangial matrix, from which soluble large latent TGF-ß complexes may be 
released and localized to the podocyte surface. In progressive podocyte disease, by contrast, 
mechanical pressure or biomechanical strain may upregulate Ang II and TGF-ß expression 
in podocytes. In both chronic mesangial disease and progressive podocyte disease, 
podocyte-derived plasmin, TSP-1 and ROS, particularly Ang II-induced oxidative stress, 
seem to be involved in TGF-ß activation. Active TGF-ß may induce CTGF and VEGF 
overexpression in podocytes, which may act as a paracrine effector mechanism on 
mesangial cells to stimulate mesangial matrix synthesis culminating in the development of 
glomerulosclerosis. In summary, this review provides new mechanistic insights into the role 
of TGF-ß in mesangial matrix synthesis in chronic progressive glomerular disease. Better 
understanding of the activation of TGF-ß signaling and its downstream effectors, CTGF and 
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1. Introduction 
Prostaglandins, hormone-like substances initially isolated from human semen in 1930, got 
their name from the presumption that they predominately come from the prostate gland 
(von Euler 1936). In fact, prostaglandins are lipid mediators generated by a wide variety of 
cell types and tissues. Being derivatives of 20 carbon fatty acids, their common feature is 20-
carbon skeleton which includes 5-member carbon ring. Prostaglandins are major players in 
human physiology in both healthiness and illness and are key molecules in the generation of 
the inflammatory response (Miller 2006). Their synthesis is drastically increased in inflamed 
tissue and prostaglandin-mediated signaling contributes to the development of acute 
inflammation (Ricciotti and Fitzgerald 2011). Prostaglandins regulate a number of principal 
signal transduction pathways that modulate progression of renal diseases: cellular adhesion, 
growth, and differentiation. Cyclooxygenases (also termed PGH2 synthases) are key 
enzymes in the production of prostaglandins from arachidonic acid and an immediate 
product of cyclooxygenase activity, prostaglandin H2 (PGH2), is used as a substrate by a 
number of terminal prostaglandin- and thromboxane synthases to produce a whole series of 
potent bioactive prostanoids. Multiple extracellular mitogens, including PDGF and 
endothelins, are involved in the pathogenesis of proliferative forms of glomerulonephritis. 
They share ability to induce Cox-2 expression in glomerular cells resulting in the release of 
prostanoids, with PGE2 being a major prostaglandin produced by renal cells. Selective Cox-2 
inhibitors have an anti-inflammation effect and reduce manifestation of experimental 
membranous glomerulonephritis. This chapter will discuss the role of prostaglandin 
synthesis and signaling via specific prostaglandin receptors in the progression of different 
types of glomerulonephritis.  

2. Cellular synthesis of prostaglandins  
Arachidonic acid is released from membrane glycerophospholipids by phospholipase A2 
and is converted to PGH2 by cyclooxygenases in two steps. Firstly, it is catalyzed to the 
cyclic endoperoxidase, prostaglandin G2 (PGG2), via an intermediate radical. After that 
PGG2 is further transformed to PGH2 by a peroxidase reaction (Fig.1). Remarkably, 
cyclooxygenase molecule possesses two distinct active sites which are responsible for both 
steps (Marnett et al. 1999; Smith et al. 2000). The cyclooxygenase active site appears to be an 
L-shaped hydrophobic channel which contains active-site Tyr-385 shown to be directly 
involved in catalysis, whereas other residues in the active-site are controlling arachidonic 
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acid positioning to ensure that PGG2 is produced, not hydroperoxide side products 
(Thuresson et al. 2001). Both radical abstraction by a tyrosyl radical and combined 
radical/carbocationic models have been proposed for this reaction, but a combined 
radical/carbocation mechanism seems to be less likely (Silva et al. 2007). Generation of 
tyrosyl radical at Tyr-385 at cyclooxygenase active site is a consequence of oxidation of the 
heme group at the peroxidase active site by a hydroperoxide. The peroxidase site activity 
catalyzes the two-electron reduction of the hydroperoxide bond of PGG2 to produce the 
PGG2 and as indicated by site-directed mutagenesis the conserved cationic pocket is 
involved in enzyme-substrate binding (Chubb et al. 2006). Since cyclooxygenases function as 
homodimers and each monomer contains its own cyclooxygenase and peroxidase active 
sites, one would expect to have four total active sites per functional unit (dimer) of enzyme. 
On the contrary, it was shown, that while enzyme monomers comprising a dimer are 
identical in the resting enzyme, they differ from one another during catalysis: the 
nonfunctioning subunit provides structural support enabling its partner monomer to 
catalyze the cyclooxygenase reaction (Yuan et al. 2006). Each monomer of the functional 
 

 
Fig. 1. Synthesis of prostanoids from arachidonic acid. Arachidonic acid is liberated from 
phospholipid by phospholipase A2 which acts at the sn-2 position of glycerophospholipid 
(site shown by blank arrow). Both cyclooxygenase and peroxidase reactions catalyzed by 
cyclooxygenases are shown. Further conversion of cyclooxygenase products by terminal 
prostaglandin synthases is also depicted.  
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cyclooxygenase homodimer attaches to the endoplasmic reticulum or nuclear envelope 
membrane through membrane binding domain which contains the main route of substrate 
entry into the cyclooxygenase active site (Menter et al. 2010; Spencer et al. 1999; 
Chandrasekharan and Simmons 2004). Being a relatively unstable intermediate, PGH2 is 
rapidly converted to distinct prostanoids by corresponding terminal prostaglandin synthases 
(Helliwell et al. 2004). Five major active prostanoids produced in vivo are PGF2α, PGD2, PGE2, 
prostacyclin (PGI2) and thromboxane (TXA2) (Fig.1). J-series prostaglandins including PGJ2, 

12-PGJ2, and 15-deoxy- 12,14- PGJ2 (15d-PGJ2) are naturally occurring metabolites of PGD2. 
In addition to prostaglandin synthase mediated conversion to prostanoids, PGH2 can undergo 
spontaneously non-enzymatically decomposition, resulting in production of -keto aldehydes 
– levuglandins (Salomon and Miller 1985). Since PGI2 contains an oxygen bridge between 
carbons 6 and 9, whereas TXA2 is characterized by unstable bicyclic oxygenated ring, they are 
structurally different from prostaglandins and considered to be separate groups of lipid 
mediators. In this chapter we will discuss the cellular regulation and signaling of only three 
true prostaglandins PGF2α, PGD2 and PGE2. 
There are two isoforms of cyclooxygenses: Cyclooxygenase 1 (Cox-1) and Cyclooxygenase 2 
(Cox-2) which differ remarkably in the mode of expression (Smith et al. 2000). Cox-1 is 
characterized by constitutive expression in most tissues, whereas Cox-2 is the inducible form 
of the enzyme, which is expressed upon stimulation with a wide variety of growth factors and 
cytokines (DuBois et al. 1998; Smith et al. 2000). Both Cox-1 and Cox-2 catalyze the same 
enzymatic reaction and segregated utilization of Cox-1 and Cox-2 (even whey they are 
expressed in same cell) is believed to occur in the distinct  prostaglandin biosynthetic 
pathways (Kudo and Murakami 2005). Even though Cox-2 expression is often a part of the 
complex biological response (such as inflammation) to harmful stimulus or pathogens, the 
constitutive expression of Cox-2 is observed in restricted subpopulations of cells (Harris and 
Breyer 2001). In renal cortex Cox-2 expression was localized to the macula densa of the 
juxtaglomerular apparatus and to adjacent epithelial cells of the cortical thick ascending limb 
of Henle (Harris et al. 1994). Since macula densa cells are constantly exposed to varying levels 
of luminal salt concentrations and stress-inducing variability in osmolarity (Bell et al. 2003) the 
constitutive activation of Cox-2 in these cells could be explained by resulting steady activation 
of intracellular signaling pathways known to regulate Cox-2 expression. Given that enforced 
activation of three major mammalian MAPK (ERK, SAPK and p38 MAPK) leads to the 
induction of Cox-2 mRNA and protein (McGinty et al. 2000) it is possible that constitutive 
activation of any of these MAPK in macula densa cells is the cause of Cox-2 up-regulation. The 
transcriptional regulation of Cox-2 is studied in sufficient details. Overall, expression of Cox-2 
mRNA is regulated by several transcription factors including the cyclic-AMP response 
element binding protein (CREB), nuclear factor kappa B (NFkB) and the CCAAT-enhancer 
binding protein (C/EBP) (Tsatsanis et al. 2006). Another example of cells constitutively 
expressing Cox-2 is offered by tumor cells of different origin. Not only tumor progression is 
frequently accompanied by enlarged Cox-2 expression, but also selective Cox-2 inhibitors 
shield against the formation of numerous tumor types in experimental animals (Dannenberg et 
al. 2005). It is likely, that increased expression of Cox-2 in tumor cells can be in part caused by 
constitutively active signaling cascades set off by activating mutations in signaling molecules 
which happen in carcinogenesis. It is generally accepted that Cox-2-mediated resistance to 
apoptosis of cancer cells is amongst mechanisms of Cox-2 related tumor promotion (Riedl et al. 
2004; Arun and Goss 2004). Since anticancer drugs typically act through induction of apoptotic 
cell death in cancer cells (Jendrossek and Handrick 2003; Kawanishi and Hiraku 2004), Cox-2 
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expression antagonizes anticancer treatment making cells resistant to apoptosis and therefore 
decreases the efficiency of therapy.  
Traditional nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit both cyclooxygenase 
isoforms and act as competitive active site inhibitors (Ricciotti and Fitzgerald 2011). It is 
believed, however, that NSAIDs have their anti-inflammatory, analgesic and antipyretic effects 
due to inhibition of Cox-2. There is a lot of interest in NSAIDs as possible accessories to cancer 
chemotherapy (Moore and Simmons 2000; Subbaramaiah et al. 1997; Thun et al. 2002) and they 
were shown to reduce incidence of colon cancer (DuBois et al. 1998). Still their undesirable side 
effects such as gastrointestinal ulceration, bleeding and platelet dysfunctions (due to inhibition 
of Cox-1) drastically limited enthusiasm about them as anti-cancer drugs. Since a new class of 
Cox-2 selective inhibitors (COXIBs) which preferentially inhibit the Cox-2 with significantly 
reduced side effects became available, these compounds have emerged as an important 
therapeutic tool for treatment of pain and arthritis (3). Again, the initial excitement about Cox-
2 selective inhibitors has diminished in recent times because it became clear that their use is 
associated with an increased cardiovascular risk (Fitzgerald 2004; Furberg et al. 2005). 
Furthermore, COXIBs can probably act independently of their effect upon Cox-2 (Hanif et al. 
1996) leaving physicians uncertain about mechanism of their action.  
Biologically active prostaglandins regulate various physiological functions outside kidney 
which are of principal significance for embryo development, performance of cardiovascular 
and nervous systems and multiple other biological processes not necessarily connected with 
renal pathologies. The aim of current chapter is to evaluate the role of Cox-2 activity in the 
progression of glomerulonephritis and analyze contribution of signaling pathways initiated 
by particular prostaglandins to the manifestation of the disease. We will also discuss 
regulation of glomerular prostaglandin synthesis both by regulation of Cox-2 expression 
and by interaction of Cox-2 with specific proteins spatially co-localized with the enzyme in 
its natural environment. The significance of the discussed issues is that this cellular 
regulation of prostaglandin synthesis is an important contributor to the progression of 
glomerular renal diseases. 

3. Renal effects of prostaglandins  
3.1 Signaling by prostaglandins  
Newly synthesized prostaglandins are crossing the membrane two times: first they are 
secreted into the extracellular space and later on operate as local hormones in the locality of 
their production site and again enter the cell prior to inactivation. The efflux could be 
maintained by simple diffusion, but often is facilitated by several prostaglandin carriers – 
transporters, which maintain energy-dependent prostaglandin transport across the plasma 
membrane (Schuster 2002). The common feature of all extracellular prostaglandins is that they 
accomplish their biological task via binding and activation of seven transmembrane domain 
G-protein coupled receptors (GPCR), of which eight types and subtypes (FP, DP, IP, TP and 
EP1-4) are known (Narumiya et al. 1999). The rank order of affinity of prostaglandin ligands to 
their receptors is known and roles of individual receptors were established in individual mice 
knockdown systems (Kobayashi and Narumiya 2002). The mouse FP receptor binds PGF2α 
with high affinity, IP receptor binds prostacyclin analogs, thromboxane is a ligand for TP 
receptor. Likewise, mouse DP receptor binds PGD2, but PGD2 can also interact and signal via 
chemoattractant receptor named CRTH2 (chemoattractant receptor homologous molecule 
expressed on Th2 cells), a seven-transmembrane G protein–coupled receptor selectively 
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expressed in Th2 cells, T cytotoxic type 2 cells, eosinophils, and basophils (Satoh et al. 2006). DP 
receptor and CRTH2 receptor are named DP1 and DP2 receptors. PGE2 is the most versatile 
prostaglandin because it has four types of receptors (Milatovic et al. 2011). All four EP 
receptors bind PGE2 albeit with different affinity. The EP1 receptor couples with the Gq protein 
and activates phospholipase C inducing mobilization of intracellular Ca2+. The EP2 and EP4 
receptors are coupled with the Gs protein, so they signal through elevation of intracellular 

cAMP levels and stimulate protein kinase A. On the contrary, the EP3 receptor is coupled with 
the Gi protein causing the decrease of intracellular cAMP levels. Additionally to exerting their 
actions via G-protein coupled receptors, prostaglandins can activate peroxisome proliferator-
activated receptors (PPAR), the superfamily of nuclear receptors that function as ligand-
activated transcription factors (Rizzo and Fiorucci 2006). While three PPAR isoforms were 
described (PPAR-α, PPAR-β/δ, and PPAR-γ), PPAR-γ appears to be an intracellular target of 
15d-PGJ2 (Scher and Pillinger 2005).  

3.2 Renal expression of prostaglandin receptors  
Since focus of our attention is renal action of prostaglandins, intra-renal distribution of only 
prostaglandin receptors FP, EP1-4 and DP will be discussed. For information about 
thromboxane TP and prostacyclin IP receptors please look at the excellent review by Breyer 
and Breyer (Breyer and Breyer 2001) and recent update by Nasralla and co-authors (Nasrallah 
et al. 2007). Using RT-PCR analysis and immunohistochemistry intra-renal distribution was 
established for the majority of prostaglandin receptors and transporters (Fig.2). 
 

 
Fig. 2. Intra-renal distribution of selected prostaglandin receptors and transporters.  
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et al. 2007). Using RT-PCR analysis and immunohistochemistry intra-renal distribution was 
established for the majority of prostaglandin receptors and transporters (Fig.2). 
 

 
Fig. 2. Intra-renal distribution of selected prostaglandin receptors and transporters.  
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3.2.1 EP1 receptors  
EP1 is expressed in glomerulus, collecting duct and vasculature (Breyer and Breyer 2001). 
Northern blotting indicated EP1 expression in glomerular mesangial cells (Ishibashi et al. 
1999). In reverse transcription-PCR studies, podocyte mRNA for the EP1 could be amplified 
(Bek et al. 1999). In a mouse model of accelerated antiglomerular basement membrane (anti-
GBM) nephrotoxic serum (NTS) nephritis EP1 knockout resulted in stronger impairment of 
renal function (Rahal et al. 2006). EP1 receptor immunoreactiviy is found in human renal 
tissue mainly in connecting segments, cortical and medullary collecting ducts, as well as in 
the media of arteries and afferent and efferent arterioles (Morath et al. 1999). It is not found 
in either proximal tubules, or thin limbs, thick ascending limbs of Henle's loop or distal 
convoluted tubules (Morath et al. 1999). It is able to mediate pain perception and regulate 
blood flow (Stock et al. 2001).  

3.2.2 EP2 receptors  
The exact intra-renal distribution of EP2 receptors is not entirely defined. Northern blot 
analysis of EP2 mRNA distribution suggested diffuse expression with no specific increased 
localization in any particular segments of nephron (Breyer and Breyer 2001). RT-PCR 
analysis of microdissected rat nephron segments implied EP2 expression in Henle's loop and 
in vasa recta of the outer medulla (Jensen et al. 2001). Immunolocalization data 
demonstrated prominent staining of EP2 receptor only in the media of human arteries and of 
glomerular arterioles whereas staining of other structures of renal cortex or medulla was 
negative (Morath et al. 1999). It is interesting, that whereas EP2 receptor is hard to detect in 
normal human kidney, EP2 receptor expression was prominent in cystic epithelial cells 
lining cysts in polycystic kidney tissue from patients with autosomal-dominant polycystic 
kidney disease (Elberg et al. 2007).  

3.2.3 EP3 receptors  
There are more than six alternatively spliced variants of EP3 receptor in humans which 
differ by unique COOH-terminal intracellular tails (Breyer and Breyer 2000). By in situ 
hybridization and reverse-transcription PCR the intra-renal location of EP3 receptor was 
shown to be the thick ascending limb (TAL) and collecting duct. Immunohistochemistry 
confirmed expression of EP3 receptor in late distal convoluted tubules and in cortical and 
medullary collecting ducts (Morath et al. 1999). 

3.2.4 EP4 receptors  
EP4 receptor mRNA is found predominately in glomerulus. Like EP2 receptors, EP4 signals 
through increase of cAMP production, but it is much more abundant (Breyer and Breyer 
2000). The strongest expression of the human protein was detected in smooth muscle cells of 
arteria, vasa recta and in glomerulus (Morath et al. 1999). In glomerulus EP4 is detected in 
mesangial cells and podocytes (Ishibashi et al. 1999; Bek et al. 1999). 

3.2.5 FP receptors  
Studies using FP receptor promoter driving a -galactosidase reporter indicated that these 
receptors are expressed in distal convoluted tubule (Breyer and Breyer 2001). Expression of 
gene encoding FP receptor in distal convoluted tubule and cortical collected duct was 
further confirmed by in situ hybridization, whereas glomeruli, proximal tubules, or thick 
ascending limbs showed no expression (Saito et al. 2003; Hebert et al. 2005a).  
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3.2.6 DP receptors  
Even though DP receptor renal localization has not been shown for any species (Breyer and 
Breyer 2001), indirect evidence (altered tubular transport and haemodynamic effects of 
infused PGD2) suggest the presence of renal DP receptors (Nasrallah et al. 2007). 

3.3 Renal effect of PGE2  
3.3.1 Non-glomerular renal effect of PGE2  
It is sometimes difficult to distinguish glomerular and non-glomerular effects of 
prostaglandins, since even when the target cells are located outside the glomerulus, 
prostaglandin-mediated signaling events could be still relevant for the maintenance of 
glomerular function. For example changes in vascular tone could contribute to 
hypertension, which affects glomerular filtration rate. For the purposes of this review we 
consider effects of prostaglandins to be non-glomerular, if target cells are localized outside 
the glomeruli. PGE2 is indisputably the most abundant kidney prostaglandin and since, in 
addition, it signals via four distinct subtypes of EP receptors, the renal effects of PGE2 are 
multiple and complex. Furthermore, some of non-renal PGE2 effects were abolished by 
inhibitors of EGF receptor tyrosine kinase indicating that transactivation of EGF receptor is 
part of the complex response to PGE2 (Buchanan et al. 2003; Ding et al. 2005; Han et al. 2006). 
PGE2-mediated transactivation of EGF receptor can’t be ruled out for renal effects of PGE2 

either. Adding additional level of complexity, heterodimerization of EP1 with 2-adrenergic 
receptors was reported (McGraw et al. 2006). Probably the most important renal non-
glomerular roles of PGE2 are regulation of tubular transport processes along the nephron 
and regulation of vascular tone (Nasrallah et al. 2007). Availability of knockout mice 
deficient in each EP subtype facilitated understanding the role of each receptor subtype in 
renal and non-renal effects of PGE2 (Sugimoto and Narumiya 2007; Kobayashi and 
Narumiya 2002). Thus, studies of mice deficient in each EP subtypes demonstrated that EP4 
receptor mediates renin secretion and that signaling via EP1, EP3, and EP4 receptors 
contributes to increased PGE2-mediated salt and water excretion in the model of 
hyperprostaglandin E syndrome/antenatal Bartter syndrome, a renal disease which is 
characterized by NaCl wasting, water loss, and hyperreninism (Nusing et al. 2005). In 
another study on isolated perfused kidneys from knockout mice both EP2 and EP4 
stimulated renin secretion and all four subtypes were controlling renal vascular tone: EP1 
and EP3 receptors were increasing it, whereas EP2 and EP4 were decreasing it (Schweda et al. 
2004). Afferent arteriole diameter responses to vasoconstrictor peptide Endothelin-1 were 
enhanced in mice deficient in EP2 receptor, indicating that PGE2 vasodilative activity is 
handled at least partially through EP2 (Imig et al. 2002). Similar data was obtained using 
mice deficient in microsomal PG synthase-1 (PGE synthase), enzyme responsible for 
converting PGH2 into PGE2. In these mice a 7 day AngII infusion at 0.35 mg/kg per day via 
osmotic minipump induced marked hypertensive response, which did not occur in wild 
type mice, suggesting that PGE2 attenuates Ang II-induced vasoconstriction, probably 
because of inhibition of NADPH oxidase-dependent ROS production (Jia et al. 2008). Basal 
renal hemodynamics was not affected by EP2 deficiency, but absence of EP3 caused 
significant increase in basal renal blood flow. EP3 receptor mediates vasoconstriction in the 
kidney, controls renal blood flow in basal state and buffers PGE2-mediated renal 
vasodilation (Audoly et al. 2001).  
Sodium reabsorption by epithelial Na+ channels (ENaC) located on the apical membrane of 
kidney distal and collecting duct plays central role in the maintenance of the extracellular 
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confirmed expression of EP3 receptor in late distal convoluted tubules and in cortical and 
medullary collecting ducts (Morath et al. 1999). 
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through increase of cAMP production, but it is much more abundant (Breyer and Breyer 
2000). The strongest expression of the human protein was detected in smooth muscle cells of 
arteria, vasa recta and in glomerulus (Morath et al. 1999). In glomerulus EP4 is detected in 
mesangial cells and podocytes (Ishibashi et al. 1999; Bek et al. 1999). 
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Studies using FP receptor promoter driving a -galactosidase reporter indicated that these 
receptors are expressed in distal convoluted tubule (Breyer and Breyer 2001). Expression of 
gene encoding FP receptor in distal convoluted tubule and cortical collected duct was 
further confirmed by in situ hybridization, whereas glomeruli, proximal tubules, or thick 
ascending limbs showed no expression (Saito et al. 2003; Hebert et al. 2005a).  
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Even though DP receptor renal localization has not been shown for any species (Breyer and 
Breyer 2001), indirect evidence (altered tubular transport and haemodynamic effects of 
infused PGD2) suggest the presence of renal DP receptors (Nasrallah et al. 2007). 
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3.3.1 Non-glomerular renal effect of PGE2  
It is sometimes difficult to distinguish glomerular and non-glomerular effects of 
prostaglandins, since even when the target cells are located outside the glomerulus, 
prostaglandin-mediated signaling events could be still relevant for the maintenance of 
glomerular function. For example changes in vascular tone could contribute to 
hypertension, which affects glomerular filtration rate. For the purposes of this review we 
consider effects of prostaglandins to be non-glomerular, if target cells are localized outside 
the glomeruli. PGE2 is indisputably the most abundant kidney prostaglandin and since, in 
addition, it signals via four distinct subtypes of EP receptors, the renal effects of PGE2 are 
multiple and complex. Furthermore, some of non-renal PGE2 effects were abolished by 
inhibitors of EGF receptor tyrosine kinase indicating that transactivation of EGF receptor is 
part of the complex response to PGE2 (Buchanan et al. 2003; Ding et al. 2005; Han et al. 2006). 
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either. Adding additional level of complexity, heterodimerization of EP1 with 2-adrenergic 
receptors was reported (McGraw et al. 2006). Probably the most important renal non-
glomerular roles of PGE2 are regulation of tubular transport processes along the nephron 
and regulation of vascular tone (Nasrallah et al. 2007). Availability of knockout mice 
deficient in each EP subtype facilitated understanding the role of each receptor subtype in 
renal and non-renal effects of PGE2 (Sugimoto and Narumiya 2007; Kobayashi and 
Narumiya 2002). Thus, studies of mice deficient in each EP subtypes demonstrated that EP4 
receptor mediates renin secretion and that signaling via EP1, EP3, and EP4 receptors 
contributes to increased PGE2-mediated salt and water excretion in the model of 
hyperprostaglandin E syndrome/antenatal Bartter syndrome, a renal disease which is 
characterized by NaCl wasting, water loss, and hyperreninism (Nusing et al. 2005). In 
another study on isolated perfused kidneys from knockout mice both EP2 and EP4 
stimulated renin secretion and all four subtypes were controlling renal vascular tone: EP1 
and EP3 receptors were increasing it, whereas EP2 and EP4 were decreasing it (Schweda et al. 
2004). Afferent arteriole diameter responses to vasoconstrictor peptide Endothelin-1 were 
enhanced in mice deficient in EP2 receptor, indicating that PGE2 vasodilative activity is 
handled at least partially through EP2 (Imig et al. 2002). Similar data was obtained using 
mice deficient in microsomal PG synthase-1 (PGE synthase), enzyme responsible for 
converting PGH2 into PGE2. In these mice a 7 day AngII infusion at 0.35 mg/kg per day via 
osmotic minipump induced marked hypertensive response, which did not occur in wild 
type mice, suggesting that PGE2 attenuates Ang II-induced vasoconstriction, probably 
because of inhibition of NADPH oxidase-dependent ROS production (Jia et al. 2008). Basal 
renal hemodynamics was not affected by EP2 deficiency, but absence of EP3 caused 
significant increase in basal renal blood flow. EP3 receptor mediates vasoconstriction in the 
kidney, controls renal blood flow in basal state and buffers PGE2-mediated renal 
vasodilation (Audoly et al. 2001).  
Sodium reabsorption by epithelial Na+ channels (ENaC) located on the apical membrane of 
kidney distal and collecting duct plays central role in the maintenance of the extracellular 
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fluid volume. Two classes of arachidonic acid metabolites, those produced by cytochrome P 
450 enzymes (HETEs and EETs) and those generated by cyclooxygenases (prostaglandins) 
have opposite effect upon ENaC activity (Wang et al. 2009). 11,12-EET, 8,9-EET and 14,15-
EET significantly inhibited ENaC NPo (probably due to direct and very fast interaction 
between EETs and ENaC) whereas PGE2 had stimulatory effect and acted via second 
messengers (such as cAMP) (Wang et al. 2009). The Na+ balance and ENaC status are 
determined by interplay of the formation and actions of these two types of lipid mediators. 
PGE2 also regulates (through Gs-coupled EP2 and Gq-coupled EP1) expression of ion carrier 
Na+/K+-ATPase (Nasrallah et al. 2007; Matlhagela and Taub 2006). On the transcriptional 
level PGE2 was stimulating expression of  subunit of Na+/K+-ATPase encoded by the 
ATP1B1 gene.  
PGE2 also stimulates a number of anti-apoptotic signaling cascades in a variety of renal cells. 
Well established anti-apoptotic effect of Cox-2 is mediated as a general rule by anti-
apoptotic signaling by PGE2. Thus, in the process of autosomal-dominant polycystic kidney 
disease PGE2 is released to cyst fluid, binds to EP2 receptor, causes synthesis of cAMP and 
protects cystic epithelial cells from apoptosis eventually leading to cyst expansion (Elberg et 
al. 2007). Renal medullary interstitial cells are under significant osmotic/mechanical stress in 
vivo and respond to stress by expression of considerable levels of Cox-2 resulting in PGE2 
production (Carlsen et al. 2010). Inhibiting of PGE2 synthesis in medullary interstitial cells 
was associated with their death and underlies to NSAID-associated injury in renal medulla 
(Hao et al. 1999). It appears that PGE2 induces the expression of osmoprotective genes, 
including Cox-2, in medullary cells and promotes their survival and adaptation to 
increasing interstitial tonicities (Neuhofer et al. 2007). This positive feedback of PGE2 upon 
Cox-2 expression during osmotic stress is mediated by binding to EP2 receptors and 
resulting activation of cAMP-PKA signaling pathway (Steinert et al. 2009). 

3.3.2 Contribution of signaling pathways initiated by PGE2 to the manifestation of the 
glomerulonephritis  
Different types of glomerulonephritis could be classified based on their clinical presentation 
or histopathology (Khanna 2011). Regardless glomerulonephritis etiology, the deterioration 
of renal function is often accompanied by a number of pathological processes which all 
contribute to the progression of renal injury. These prominent features include the 
progressive accumulation of extracellular matrix components, inflammatory changes, and in 
several types of glomerulonephritis also proliferation of glomerular mesangial cells and 
podocytes injury or proliferation (Kurogi 2003; Alchi and Jayne 2010; Couser and Johnson 
1994; Gomez-Guerrero et al. 2005; Bariety et al. 2005). In this and similar sections we will 
review the potential contribution of particular prostaglandin to the signaling cascades 
underlying these pathological changes.  
PGE2 had pronounced mitogenic effect upon glomerular mesangial cells (Floege et al. 1991a; 
Floege et al. 1991b) and also induced DNA synthesis in glomerular core preparations 
enriched in mesangial cells (Mahadevan et al. 1996). The role of PGE2 in accumulation of the 
extracellular matrix and structural components of glomerular basement membrane in 
glomeruli observed in patients with hypertensive syndromes of pregnancy has been 
suggested long ago (Foidart et al. 1983). Urinary concentrating functions were studied in EP3 
deficient mice and these mice did not loose their ability to concentrate and dilute urine 
normally in response to physiological stimuli, but urinary osmolarity increased significantly 
in wild type mice, but not in EP3 null mice after inhibition of prostaglandin production by 
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indomethacin (Fleming et al. 1998). PGE2 signaling through EP4 receptors mediates podocyte 
injury and affects the glomerular filtration barrier (Stitt-Cavanagh et al. 2010). 
PGE2 is synthesized from PGH2 by terminal PGE synthase mPGES-1. Since deletion or 
inhibition of mPGES-1 strikingly reduced inflammatory response in mouse models, PGE2 

emerged as an important mediator of inflammation (Ricciotti and Fitzgerald 2011). The 
progression of glomerulonephritis is accompanied by inflammation and enhanced 
production of PGE2, is likely to contribute to inflammatory response, but the majority of 
studies using mPGES-1 null mice which link PGE2 to inflammation did not focus on kidney 
injury (Ricciotti and Fitzgerald 2011). In a recent study mPGES-1 null mice were found to be 
protected from cisplatin induced nephrotoxicity, but not from acute kidney injury caused by 
ischemia-reperfusion or endotoxin (Jia et al. 2011). Direct evidence of PGE2 involvement in 
inflammation will come from an analysis of experimental model of glomerulonephritis 
induced in mPGES-1 null animals. Due to the signaling via different receptors, PGE2 is 
capable of both promoting and opposing the inflammatory response in several disorders 
(Ricciotti and Fitzgerald 2011; Milatovic et al. 2011)  

3.4 Renal effect of PGF2  
3.4.1 Non-glomerular renal effect of PGF2  
PGF2α is generated in different parts of the body, but due to rather quick inactivation by 15-
prostaglandin dehydrogenase the half-life of released PGF2α in circulation is less than 1 min. 
Since PGF2α is sometimes considered as the most likely endothelium-derived contraction 
factor underlying endothelium-dependent, thromboxane-prostanoid receptor-mediated 
contractions to acetylcholine in the vasculature (Wong et al. 2009), fast inactivation is 
important for maintenance of normal vascular function. PGF2α activates two spliced 
isoforms of FP receptor, which are coupled to Gq (Nasrallah et al. 2007). In cortical 
connecting duct PGF2α increases calcium level and through pertussis-toxin sensitive 
pathway regulates water transport (Hebert et al. 2005b) and salt balance (Breyer and Breyer 
2001). PGF2α significantly enhanced the ENaC open probability NPo (Wang et al. 2009). 
Latanoprost, agonist of FP receptor, dramatically reduced vasopressin-induced water 
permeability in microperfused rabbit collecting ducts (Hebert et al. 2005a). In summary non-
glomerular renal effects of PGF2α are mainly relate to regulation of water and sodium 
transport.  

3.4.2 Contribution of signaling pathways initiated by PGF2 to the manifestation of the 
glomerulonephritis  
Since PGF2α is involved in a number of inflammation and oxidative stress related pathologies 
(Basu 2010) and could be produced in kidney in substantial amount, it’s role in the 
inflammatory kidney diseases should be considered. Glomerular synthesis of PGF2α (and some 
other prostaglandins including PGE2) was stimulated by donors of oxygen radicals, which are 
likely to stimulate glomerular phospholipases at an early stage of experimental 
glomerulonephritis (Baud et al. 1981). PGF2α is a potent stimulator of glomerular mesangial cell 
growth and its ability to promote DNA synthesis in quiescent mesangial cells is likely to be 
mediated by PLC activation as assessed by increased 1,4,5-inositol trisphosphate (IP3) 
generation and diacylglycerol (DAG) synthesis (Breshnahan et al. 1996; Kelefiotis et al. 1995). 
PGF2α also rapidly increases free cytosolic calcium promoting mesangial cell contraction. 
Through calcium-dependent mechanism PGF2α caused cytosolic acidification of mesangial 
cells followed by recovery and net alkalinization mediated by enhanced Na(+)-H+ exchange 
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(Mene et al. 1991). Effect of PGF2α on increased glomerular mesangial cells calcium level could 
modulate glomerular contraction and affect glomerular function in glomerulonephritis. 

3.5 Renal effect of PGD2  
3.5.1 Non-glomerular renal effect of PGD2  
There are not many reports about PGD2 function in kidney. This prostaglandin is among 
major products of cyclooxygenases in macrophages and in bone marrow and is likely to 
play role in immunological responses (Padilla et al. 2000). It is capable to be converted to 
prostaglandin 15-deoxy-delta 12,14-PGJ2 (15d-PGJ2) that interacts with peroxisome 
proliferator-activated receptor  (PPAR) to promote ROS production and apoptosis in 
kidney proximal tubule cells (Padilla et al. 2000; Nasrallah et al. 2007). PGD2 inhibited 
TGF1-induced epithelial-to-mesanchymal transition in MDCK cells (Zhang et al. 2006). In 
samples of renal papillary tissue PGD2 modulates phosphatidylcholine biosynthesis through 
ERK and PLD activation (Fernandez-Tome et al. 2004). 

3.5.2 Contribution of signaling pathways initiated by PGD2 to the manifestation of the 
glomerulonephritis  
In cultured mesangial cells 15d-PGJ2, derivative of PGD2, inhibited IFN-stimulated generation 
of cytokines presumably by targeting JAK/STAT signaling (Panzer et al. 2008). Since synthetic 
PPARligands failed to produce similar effect, it is likely that in this case 15d-PGJ2 acted 
independent of PPAR interaction. Nevertheless, PPAR , and correspondingly 15d-PGJ2, was 
shown to play protective role in glomerular diseases (Chung et al. 2005). PPAR is known to 
form heterodimers with 9-cis-retinoic acid receptor (RXR) and, following ligand activation, to 
bind to PPAR-responsive element (PPRE) which are present in the promoters of it’s target 
genes (Kliewer et al. 1992). In addition PPAR is also capable to antagonize the activities of 
other transcription factors (AP-1, STAT, NF-B) and thus influence gene expression indirectly 
(Ricote et al. 1998). Although the pathogenesis of glomerulosclerosis is elusive, the imbalance 
between ECM synthesis and dissolution is the critical determinant of matrix accumulation. 
This net matrix turnover reflects rapid and specific changes in gene expression controlled by 
transcription factors that mediate various pathways of cellular injury. PPARγ is such a factor 
and has recently attracted significant attention for its anti-inflammatory and anti-fibrotic 
effects against diverse injuries in kidney, liver, lung and heart (Chung et al. 2005; Sugawara et 
al. 2010). The most recognized renal effect of agonists of PPARg on diabetic nephropathy is as 
a rule related to the improved glucose metabolism and insulin resistance. But, there is 
mounting evidence now that PPARγ also elicits nonmetabolic functions in the progression of 
glomerular diseases. Thus, PPAR activation prevented albuminuria and enhanced glomerular 
ECM gene expression in models of both insulin dependent and independent diabetes and in 
5/6 nephrectomized rats (Imano et al. 1998; Ma et al. 2001; Fujii et al. 1997). These effects were 
observed in the absence of changes in glucose level and systemic blood pressure. In cell 
culture, PPAR inhibits ECM gene expression in mesangial cells (Maeda et al. 2005; Nicholas et 
al. 2001; Zheng et al. 2002). These effects emphasize the anti-fibrotic and anti-inflammatory 
roles of PPAR in attenuating the progression of glomerular diseases. 

3.6 Non-receptor action of prostaglandins  
Even though prostaglandins act as a rule through their specific receptors, some effects of 
prostaglandins may be non-receptor-mediated. Several studies implied that prostaglandins 
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exerted their diverse effects through post-translational modification of cellular proteins 
(Kim et al. 2007; Takahashi and Breitman 1992; Lecomte et al. 1990). Since prostaglandins 
possess anionic moieties at physiological pH and diffuse poorly through the lipid bilayer 
(Baroody and Bito 1981; Chan et al. 1998), the covalent modification of proteins by 
prostaglandins should be a carrier-mediated transport process. Several prostaglandins 
carriers have been cloned and characterized (Schuster 2002). Prostaglandin uptake carrier 
prostaglandin transporter (PGT) was shown to be expressed in renal collecting ducts and to 
participate in prostaglandin metabolic inactivation (Nomura et al. 2005). Another transporter 
designated OAT-PG exhibited Na+-independent and saturable transport of PGE2 and was 
shown to be present exclusively in the basolateral membrane of the proximal tubules in the 
kidney (Shiraya et al. 2010) (Fig.2). As others prostaglandin transporters, OAT-PG was 
proposed to be involved in the local PGE2 clearance and metabolism for the purpose of 
inactivation of prostaglandin signals in the kidney cortex, but signaling from PGE2 

transported into the cell can’t be ruled out. The covalent binding of prostaglandins to 
proteins has been detected in microsomal cell fractions and in intact platelets (Eling et al. 
1977; Wilson et al. 1979; Anderson et al. 1979). It was demonstrated that proteins in HL-60 
cells were labeled by PGE2 (Takahashi and Breitman 1992). PGE2 possesses a long-chain fatty 
acid portion that could bind covalently to proteins by an ester bond between its carboxyl 
group and either a hydroxyl amino acid or a cysteine of a protein. No data, so far, suggest 
the role of PGE2-mediated modification of proteins in the progression of renal pathologies. 
Nevertheless prostaglandin-mediated modification of signaling molecules involved in the 
progression of glomerulonephritis can’t be ruled out and should be kept in mind when renal 
effects of prostaglandins are observed in cells in the absence of detectable receptors, or in the 
presence of specific receptor inhibitors/antagonists.  

4. Renal regulation of prostaglandin synthesis  
4.1 Regulation at the level of availability of arachidonic acid 
Liberation of free arachidonic acid from glycerophospholipids is catalyzed by 
phospholipase A2 enzymes and presents the initial tightly regulated step in the synthesis of 
prostaglandins (Shimizu and Wolfe 1990). The diverse phospholipase A2 enzymes have been 
classified into eleven groups (Six and Dennis 2000), but cytosolic phospholipase A2 
(cPLA2), member of Group IV, preferentially hydrolyzes the sn-2 position of 
glycerophospholipids to produce free arachidonic acid, substrate for cyclooxigenase 
enzymes (Hirabayashi et al. 2004). Mice deficient in cPLA2 grow normally but are 
characterized by renal concentration defect and cells derived from these mice produce 
significantly less amount of prostaglandins (Uozumi and Shimizu 2002). Regulation of 
cPLA2 occurs mainly by phosphorylation of regulatory serines, by increasing intracellular 
Ca+2 concentrations and changes in enzyme subcellular localization (Hirabayashi et al. 2004). 
The requirement for extracellular Ca+2 and stretch-activated Ca+2 channels was shown for 
cyclic stretching-induced PLA2 activation and a subsequent release of arachidonic acid in 
rabbit proximal tubular epithelial cells (Alexander et al. 2004). Calcium binding to cPLA2 
promotes its translocation to membrane containing phosphatidylcholine from the cytosol. 
Binding to membrane anionic phospholipids and phosphorylation of cPLA2by either 
MAPK on Ser505, or by CaMKII on Ser515, or by MAPK-interacting kinase Mnk1 on Ser727 
are needed to stabilize cPLA2 association with the membrane and to increase its intrinsic 
catalytic activity (Hirabayashi et al. 2004). 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

150 
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4.2 Regulation at the level of cyclooxygenases  
It is generally accepted that the major mechanism employed by mammalian cells to regulate 
prostaglandin synthesis is through the control of expression of Cox-2. It is possible however 
that some alternative mechanisms regulating Cox-2 activity (and ultimately prostaglandin 
synthesis) exist and are at least partially responsible for the increased production of 
prostaglandins in glomerular kidney diseases.  

4.2.1 Regulation of cyclooxygenases at the level of transcription  
Signaling pathways involved in the regulation of Cox-2 expression are relatively well 
studied (Tsatsanis et al. 2006). A rapid and transient expression of Cox-2 was found to be 
associated with activation of NF kappa B and NF-IL6 transcription factors (Yamamoto et 
al. 1998). The promoter/enhancer region of Cox-2 genes from different mammalian 
species share a number of modulatory elements, which include cAMP-response element 
(CRE), nuclear factor (NF)-IL6, NF-B and activator protein 2 (Kosaka et al. 1994). Three of 
these consensus sequences (CRE, NF-IL6 and NF-B) have been implicated in agonist-
dependent up-regulation of the human Cox-2 (Kosaka et al. 1994; Inoue and Tanabe 1997; 
Inoue and Tanabe 1998); additionally it appears that p53 might negatively regulate Cox-2 
expression by binding to the TATA sequence (Subbaramaiah et al. 1999). Cox-2 expression 
is induced by multiple agonists and mitogens including PDGF (Goppelt-Struebe et al. 
1996), EGF (Saha et al. 1999), TGF1 (Saha et al. 1999) and Endothelin-1 (Kester et al. 1994). 
It is of note that three principal mitogen activated protein kinase (MAPK) pathways ERK, 
JNK and p38 MAPK are activated by many of the agonists and stimuli capable of 
stimulating Cox-2 expression (Bokemeyer et al. 1996; Widmann et al. 1999). Furthermore, a 
number of MAPK-activated transcription factors are binding to the regions of the 
promoter of human gene encoding Cox-2 which are involved in the transcriptional 
activation of the gene (Widmann et al. 1999; Kosaka et al. 1994). Data obtained with 
adenovirus mediated gene transfer of constitutively active mutants of members of three 
principal MAPK signaling cascades provided evidence that enforced stimulation of any of 
them results in up-regulation of Cox-2 expression (McGinty et al. 2000). It looks like 
MAPK signaling cascades are the convergence point of the many dissimilar stimuli that 
up-regulate Cox-2. 

4.2.2 Regulation of cyclooxygenases at the post-transcriptional pre-translational level  
Regulation at the post-transcriptional pre-translational level occurs through regulation of 
Cox-2 mRNA stability (Tsatsanis et al. 2006). It was reported that signaling via p38 MAPK 
pathway was controlling Cox-2 mRNA stability (Jang et al. 2000) and occurred through p38 
MAPK-regulated binding of mRNA stabilizing protein human antigen R (HuR) to the AU-
rich region of the COX-2 3'-UTR (Subbaramaiah et al. 2003). HuR is related to the Drosophila 
embryonic lethal abnormal vision (ELAV) family of proteins, is ubiquitously expressed and 
was shown to stabilize COX-2 mRNA in human mesangial cells (Doller et al. 2007), human 
tracheal smooth muscle cells (Lin et al. 2011) and human keratinocytes exposed to various 
stimuli (Fernau et al. 2010). The involvement of p38 MAPK and HuR in Cox-2 expression 
was also confirmed by increased level of PGE2 synthesis (Fernau et al. 2010). It is important 
that increased binding of (HuR) to the mRNAs of Cox-2 was demonstrated not only in 
cultured cells, but also in the cytoplasmic fractions of renal homogenates from AngII-treated 
rats (Doller et al. 2009). 
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4.2.3 Regulation of cyclooxygenases at the post- translational level  
It seems that the kinetics of prostaglandin synthesis in mammalian cells does not always 
correlate with the level of cyclooxygenases expression. This suggested that there maybe 
alternative mechanisms in the cellular regulation of cyclooxygenases activity and ultimately, 
prostaglandin synthesis. There are not many reports which suggest regulation of catalytic 
activity of cyclooxygenases at the post-translational level. Until recently only two examples 
of post-translational regulation of Cox-2 were reported: s-nitrosylation and 
phosphorylation. iNOS was shown to bind specifically to Cox-2 and S-nitrosylate it, 
increasing Cox-2 catalytic activity (Kim et al. 2005). The same group demonstrated that Cox-
2 can be activated by S-nitrosylation after selective binding of nNOS to Cox-2 via nNOS 
PDZ domain (Tian et al. 2008). S-nitrosylation of Cox-2 happened also in vivo in atravastatin-
treated but not sham-treated rats. Remarkably, Cox-2 was co-immunoprecipitated from 
myocardial homogenates with iNOS but not with eNOS (Atar et al. 2006).  
First hint that cyclooxygenase could be regulated by phosphorylation was obtained in 
cerebral endothelial cells where it was demonstrated that protein tyrosine phosphatase 
inhibitors rapidly stimulated cyclooxygenase activity resulting in elevated generation of 
prostaglandins. The protein tyrosine kinase inhibitors genistein and tyrphostins inhibited 
cyclooxygenase activity (Parfenova et al. 1998). It is important that in this study protein 
synthesis inhibitors were not able to reverse the stimulation of COX activity evoked by PTP 
inhibitors, suggesting posttranslational modification. The existence of PKC consensus 
sequences in Cox-2 prompted the investigation whether Cox-2 could be phosphorylated by 
the serine/threonine protein kinase C (Vezza et al. 1996). The obtained data argued against 
direct Cox-2 phosphorylation by PKC. Thus, even though some indirect evidence suggests 
that Cox-2 could be regulated by phosphorylation, no specific tyrosine or serine-threonine 
kinase has been proven to phosphorylate cyclooxygenases and regulate their activity.  
We have observed that adenovirus-mediated gene transfer of Cox-2 into renal glomerular 
mesangial cells resulted in the formation of covalent adducts between Cox-2 and some 
unknown proteins (detected as high-molecular weight bands recognized by anti-Cox-2 
antibodies in western blotting). Formation of these covalent adducts was dependent on Cox-
2 enzymatic activity. To identify these proteins which may be involved in regulation of Cox-
2 activity, we isolated Cox-2 adducts by affinity purification with Cox-2 antibody and 
subjected them to tandem mass spectrometry. A following search against mammalian 
database indicated the presence of a number of proteins, potential candidates for post-
translational regulators of Cox-2 activity. It is possible that cross-linking of Cox-2 to some 
specific proteins spatially co-localized with the enzyme in its natural environment occurs 
due to spontaneous decomposition of PGH2 resulting in production of -keto aldehydes – 
levuglandins, which are capable of covalently crosslinking different proteins together 
through their Lys residues (Iyer et al. 1989; Salomon and Miller 1985). One of the proteins 
cross-linked to Cox-2 was identified as ELMO1 (Engulfment and cell motility 1) (Yang and 
Sorokin 2011). ELMO1 is a bipartite guanine nucleotide exchange factor (GEF) for the small 
GTPase Rac 1, which is closely associated with susceptibility to glomerular disease 
(Shimazaki et al. 2005; Leak et al. 2009; Pezzolesi et al. 2009). ELMO1 was shown to increase 
fibronectin expression and contribute to the development and progression of chronic 
glomerular injury (Shimazaki et al. 2006). Interaction of endogenous ELMO1 with 
endogenous Cox-2 was demonstrated in glomerular mesangial cells (Yang and Sorokin 
2011). This interaction of ELMO1 with Cox-2 increased Cox-2-mediated fibronectin 
upregulation, suggesting that ELMO1 serves as a post-translational modulator of Cox-2 
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activity. Since ELMO1 may participate in ECM accumulation in the pathogenesis of 
glomerular pathology through modifying Cox-2 activity via protein-protein interaction 
could play an important role in the development and progression of renal glomerular 
disease. How exactly interaction with ELMO1 up-regulates Cox-2 activity is not known. One 
possibility is that interaction with ELMO1 interferes with Cox-2 degradation and preserves 
Cox-2 for prolonged prostaglandin production. There are two pathways for Cox-2 protein 
degradation in vivo: Cox-2 can be degraded via the N-glycosylation-dependent endoplasmic 
reticulum-associated protein degradation pathway or by substrate-dependent degradation 
which is not inhibited by inhibitors of lysosomal proteases or proteasome inhibitors (Wada 
et al. 2009; Mbonye et al. 2008). Future investigation into whether ELMO1 protein interferes 
with these Cox-2 degradation pathways or contributes to Cox-2 conformational changes 
which affect its enzymatic activity will help to uncover precise mechanism of ELMO1 action.  

4.3 Regulation at the level of prostaglandin synthases  
The repertoire of prostaglandin production is determined by the differential expression of 
terminal prostaglandin synthases in cells located at sites of inflammation (Ricciotti and 
Fitzgerald 2011). In contrast to cyclooxygenases, there is less known about regulation of 
PGE-, PGD- and PGF-synthases which convert PGH2 to PGE2, PGD2 and PGF2 
correspondingly. There are three prostaglandin E synthases (PGES): membrane-bound 
microsomal PGES-1 (mPGES-1), membrane-bound PGES-2 (mPGES-2) and cytosolic PGES 
(cPGES) (Kudo and Murakami 2005). mPGES-1 is functionally coupled to Cox-2 in 
preference to Cox-1 and, similar to Cox-2, mPGES-1 expression can be stimulated by 
proinflammatory stimuli (Kudo and Murakami 2005). Analysis of mPGES-1 promoter 
revealed that stimulus-inducible mPGES-1 transcription is under control of the transcription 
factor Egr-1, which binds to the proximal GC box (Naraba et al. 2002). Signal transduction 
pathway comprising phosphatidylcholine-phospholipase C, protein kinase C, NO, cGMP 
and protein kinas G is important for the induction of mPGES-1 by TNF (Subbaramaiah et 
al. 2004). mPGES-2 is constitutively expressed, could be coupled either with Cox-1 or Cox-2, 
and inflammation or tissue damage do not cause increase of mPGES-2 expression (Kudo 
and Murakami 2005). cPGES is also constitutively expressed but is exclusively coupled with 
Cox-1. Regulation of cPGES is mediated by phosphorylation by casein kinase 2 (CK2) and 
Hsp90 acts as an essential scaffold protein to brings cPGES and CK2 in close proximity to 
allow their efficient functional interaction (Kudo and Murakami 2005). It must be 
mentioned, that there is some discrepancy in the literature with regard to the role of cPGES 
and mPGES-2 in PGE synthesis. Analysis of knockout mice deficient in either cPGES or 
mPGES-2 suggested that cPGES and mPGES-2 do not encode prostaglandin synthases and 
for that reason mPGES-1-dependent conversion of PGH2 to PGE2 may represent the only 
mechanism by which PGE2 is produced in vivo (Jania et al. 2009; Lovgren et al. 2007). 

5. Effect of glomerulitis on prostaglandin production  
5.1 Overexpression of Cox-2 in renal diseases 
Overexpression of Cox-2 and increased production of an array of prostaglandins occurs in 
inflammatory arthritis, several types of cancer, in inflammatory bowel disease (Turini and 
DuBois 2002) as well as in a number of kidney diseases, namely proliferative 
glomerulonephritis (Hirose et al. 1998; Chanmugam et al. 1995), hydronephronic kidney 
(Seibert et al. 1996), hypercalcemia (Mangat et al. 1997), hypertension (Khan et al. 2001), 
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diabetic nephropathy (Nasrallah et al. 2003; Khan et al. 2001) and renal ablation (Schneider 
and Stahl 1998). In normal kidneys renal Cox-2 expression was shown to localize in the 
macula densa and associated cortical thick ascending limb and medullary interstitial cells 
(Harris and Breyer 2001). In patients with active lupus nephritis Cox-2-specific staining was 
localized mainly in the glomeruli, whereas patients with non-lupus nephropathies had no 
increase in renal COX-2 expression (Tomasoni et al. 1998). 
Oxidative stress is significantly higher in patients with proliferative glomerulonephritis, 
when compared with patients with non-proliferative glomerulonephritis (Markan et al. 
2008). Oxidative stress is associated with excess of reactive oxygen species (ROS) and 
signaling pathways triggered by ROS can induce up-regulation of Cox-2 expression and 
prostaglandin production (Jaimes et al. 2008). Isolated glomeruli treated with donor of 
oxygen radicals increased the synthesis of several prostaglandins including PGE2 and PGF2 
(Baud et al. 1981). 

5.2 Regulation of prostaglandin synthesis in experimental models of glomerular 
proliferative diseases 
In several in vivo experimental models Cox-2 contributed to progressive kidney injury 
(Cheng and Harris 2004). Cox-2 inhibition limited progressive injury in 5/6 nephrectomy 
rats (Fujihara et al. 2003) and also decreased proteinurea and retarded progressive renal 
injury in rats with renal ablation (Wang et al. 2000). Production of prostaglandins, 
particularly PGE2, was shown to contribute to both progression (Hirose et al. 1998) and 
resolution (Hartner et al. 2000) of mesangioproliferative glomerulonephritis (GN). Studies 
with experimental models of glomerular proliferative diseases suggested that regulation of 
cellular synthesis of prostaglandins in vivo occurs at multiple levels. Cox-2 mRNA levels 
were increased in nephritic mice with MRL-Faslpr lupus nephritis and in mice with anti-
glomerular basement membrane (GBM) antibody induced glomerulonephritis (Sun et al. 
2001). Anti-GBM glomerulonephritis is usually induced by administration of sheep antibody 
against rat particulate glomerular basement membrane (GBM) and resembles human form 
of rapidly progressive crescentic nephritis. In the rat model of anti-GBM at the early time 
points (day 1) infiltration of glomeruli by activated macrophages is a prominent feature 
while at the late points (days 4, 7 and 14) glomerular cell proliferation and crescent 
formation are the prominent features (Bokemeyer et al. 1997). In Anti-GBM nephritis there is 
an increased expression of Cox-2 and enhanced production of prostaglandins in the 
glomerulus, which may mediate changes in renal hemodynamics (Lianos et al. 1983; Datta et 
al. 2006). Another experimental model of glomerulonephritis where proliferation of 
glomerular mesangial cells is a prominent feature is anti-Thy-1.1 model of 
mesangioproliferative glomerulonephritis. It is a well characterized rat model which closely 
simulates analogous human diseases with regard to initial mesangiolysis followed by 
mesangial cell proliferation and accumulation of mesangial matrix (Jefferson and Johnson 
1999). Mesangioproliferative lesions start occurring 3–7 days after single injection 
(Yamamoto and Wilson 1987), and lesions are resolved within several weeks after injecting 
the antibody. The fact that expression of Cox-2 and cPLA2 mRNAs was minimal in normal 
glomerulus and enhanced after induction of this model (Hirose et al. 1998) suggested the 
regulation of prostaglandin production at two levels: liberation of arachidonic acid and 
transcriptional regulation of Cox-2. Also post-translational regulation of Cox-2 could take 
place, since expression of the rat Elmo1 gene was increased in the kidney of unilaterally 
nephrectomized rats injected with anti-Thy1.1 antibody (Shimazaki et al. 2006).  
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5.3 Mechanisms of renoprotective effect of Cox-2 inhibition 
There could be multiple mechanisms by which inhibition of Cox-2 is renoprotective, but the 
suppression of apoptotic pathways is certainly one of them. It is of note, that glomerular 
mesangial cell (GMC) apoptosis appears to be the major mechanism for resolution of 
glomerular hypercellularity in experimental mesangial glomerulonephritis (Badawi 2000). 
Proliferation of GMC occurs in multiple forms of glomerular immune injury and if continued 
unopposed, would cause the progression of injury to end stage disease (Lianos 1992). The cell 
number in glomeruli is controlled by apoptosis, accordingly cell proliferation is counteracted 
by deletion of extra cells due to apoptotic cell death (Savill 1999). For that reason the failure to 
undergo apoptosis usually results in unbalanced glomerular cell multiplication; hence, 
apoptosis has been proposed as an essential mechanism involved in the resolution of a 
proliferative response. It seems likely that Cox-2 has anti-apoptotic effect, when expressed in 
renal glomerular cells. Surely, Cox-2 is not the only mediator of the resistance of renal GMC to 
apoptosis, but Cox-2, acting in concert with other survival factors is expected to contribute to 
the balance between increase in cell number caused by proliferation and cell elimination by 
programmed cell death. Both extrinsic (death-receptor initiated) and intrinsic (mitochondria-
induced) apoptotic pathways are relevant to renal disease and both of them are likely to be 
inhibited by Cox-2. Macrophage-derived TNF- induced apoptosis of mesangial cells in the 
course of glomerulonephritis and inhibition of NFB-driven survival pathway promoted TNF-
 apoptotic activity (Hirahashi et al. 2000), suggesting the involvement of Cox-2 expression. 
TNF--mediated apoptosis of cultured renal mesangial cells was prevented by Cox-2 
expression, either enforced by adenovirus mediated gene transfer or induced by the 
vasoconstrictor peptide endothelin-1 or the cytokine interleukin-1 (Ishaque et al. 2003). 
Selective Cox-2 inhibition by NS-398 restored TNF-mediated apoptosis, whereas addition of 
PGE2 mimicked Cox-2 effect (Ishaque et al. 2003).  
Even though it is generally accepted that Cox-2 expression has anti-apoptotic effect, the 
precise mechanism of Cox-2 anti-apoptotic activity is unknown and remains to be the focus 
of scientific interest of a number of laboratories. Several mechanisms have been proposed to 
explain the anti-apoptotic effect of Cox-2 (Cao and Prescott 2002), namely: a) depletion of 
arachidonic acid, which prevents the activation of neutral sphyngomyelinase and 
production of ceramide (Cao et al. 2000); b) modulation of expression of the anti-apoptotic 
protein Bcl-2 (Liu et al. 1998; Tsujii and DuBois 1995); c) regulation of Akt activation (Hsu et 
al. 2000; Lin et al. 2001); d) counteracting NO-mediated apoptotic cell death, either via 
modulation of expression of prosurvival gene PIN, inhibiting production of NO (Chang et 
al. 2000), or via regulation of cellular susceptibility toward NO (von Knethen and Brune 
1997). Among genes activated in mesangial cells by Cox-2 expression and/or addition of 
prostaglandins is the multi-drug resistance gene (MDR1) which encodes a protein termed P 
glycoprotein (P-gp). P-gp belongs to the ATP-binding cassette (ABC) family of transporter 
molecules, which require hydrolysis of ATP to run the transport mechanism. The substrates 
of P-gp may be endogenous (steroid hormones, cytokines) or xenobiotics (cytostatic drugs). 
P-gp is known to confer the drug resistance in cancer cells. Only recently has the role of P-gp 
expressed in normal tissues has been examined. In the kidney P-gp is present in the brush 
border membrane of the proximal tubule, a site compatible with a role in xenobiotic 
secretion (Johnstone et al. 2000a; Ernest et al. 1997). It is also expressed in the mesangium, the 
thick ascending limb of Henle’s loop, and the collecting duct (Ernest et al. 1997), locations 
that are not traditionally associated with drug excretion. P-gp may regulate apoptosis, 
chloride channel activity, cholesterol methabolism and immune cell function (Ernest et al. 
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1997; Johnstone et al. 2000b; Zager 2001). It was shown that Cox-2 regulated P-gp expression 
in GMC (Patel et al. 2002) and rescued GMC from apoptosis induced by adriamycin (Miller 
et al. 2006), suggesting P-gp role in Cox-2-mediated GMC survival (Sorokin 2004). On the 
contrary, it appears that transgenic mice overexpressing Cox-2 selectively in podocytes were 
more susceptible to glomerular injury by adriamycin (Cheng et al. 2009). It was suggested 
that basal Cox-2 is important for podocyte survival, but overexpression of podocyte Cox-2 
increases susceptibility to podocyte injury (Cheng et al. 2009). 

5.4 Future directions 
Even though inhibitors of cyclooxygenases are capable to induce adverse reactions it is 
unlikely that efforts would stop to develop drugs affecting prostaglandin production which 
will be free of this negative aspects. If it would be shown that environmental as well as 
genetic factors may cause interpatient variability in NSAIDs and COXIBs metabolism and 
therapeutic effect, it would set the stage for personalized treatment of inflammatory diseases 
including glomerulonephritis. Only few pharmacogenomics reports have been published to 
date in nephrology and there is a need to build up efforts in this important research field 
(Zaza et al. 2010). It is reassuring that the susceptibility to crescentic glomerulonephritis was 
found to be linked to a polymorphism in the promoter region of Jund, the gene for the AP-1 
transcription factor JunD (Behmoaras et al. 2008). 
Several studies have established unequivocally that certain widely used inhibitors of 
cyclooxygenases caused anti-inflammatory and antiproliferative effects independent of 
cyclooxygenase activity and prostaglandin synthesis inhibition (Tegeder et al. 2001). Hence, 
the possibility to regulate cyclooxygenase activity at the level of protein-protein interactions 
is of significant interest, because it could set the basis for generation of novel inhibitors of 
prostaglandin synthesis. A number of signaling proteins, including ELMO1, were identified 
as candidates for the post-translational regulation of Cox-2 activity. Interaction with ELMO1 
increased Cox-2-mediated induction of expression of the extracellular matrix protein 
fibronectin (Yang and Sorokin 2011). The ability of Cox-2 to induce fibronectin expression 
depended on the production of PGE2, implying that an interaction with ELMO1 promoted 
ability of Cox-2 to synthesize prostaglandins. Thus, the role of ELMO1 could be to increase 
the synthesis of prostaglandins by Cox-2. One could expect that inhibition of ELMO1/Cox-2 
interaction would decrease the biological action of Cox-2 and therefore, represent a novel 
strategy to attenuate Cox-2 activity in inflammatory renal diseases. It is of note, that 
exposure to pathological stimuli induced glomerular mesangial cells to produce 
extracellular matrix proteins (ECM), such as collagens, fibronectin and proteinase inhibitors, 
resulting in the abnormal accumulation ECM in glomerular mesangium and irreversible 
glomerular injury (Pezzolesi et al. 2009; Wilson et al. 1998).  

6. Conclusions 
Three major levels of cellular control of prostaglandin synthesis are 1) at the level of 
liberation of free arachidonic acid from glycerophospholipids; 2) at the level of 
cyclooxygenases, and 3) at the level of terminal prostaglandin synthases. As a rule, 
prostaglandins exert their actions through specific G-protein coupled receptors even though 
direct modification of cellular proteins by prostaglandins was also observed. Intra-renal 
localization of prostaglandins receptors and their coupling to particular G-proteins and, 
correspondingly, to specific intracellular signaling pathways determine the outcome of renal 
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action of distinct prostaglandins. There is mounting evidence that progression of 
glomerulitis is accompanied by increased expression of cyclooxygenases (usually inducible 
isoform Cox-2) and enhanced production of prostaglandins, which have profound effect 
upon the survival/functioning of glomerular cells and normal performance of glomeruli. 
Prostaglandins are major mediators of inflammation and continuing treatment with Cox-2 
specific inhibitors usually improves functional and structural damage in experimental 
models associated with changed renal hemodynamics and progressive renal injury. Even 
though inhibition of renal prostaglandin production is supposed to be renoprotective, 
prostaglandins also have antiflammatory properties. Currently used inhibitors of 
cycclooxygenases are not free from adverse effects and their action is not always explained 
by inhibition of cyclooxygenase activity and prostaglandin synthesis. Therefore, increased 
understanding of novel mechanisms of regulation of prostaglandin production (such as 
regulation of cyclooxygenases at the post-translational level) will set the base for the design 
of new generation of inhibitors of prostaglandin synthesis and will open novel strategies to 
combat progression of glomerular renal diseases. 
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action of distinct prostaglandins. There is mounting evidence that progression of 
glomerulitis is accompanied by increased expression of cyclooxygenases (usually inducible 
isoform Cox-2) and enhanced production of prostaglandins, which have profound effect 
upon the survival/functioning of glomerular cells and normal performance of glomeruli. 
Prostaglandins are major mediators of inflammation and continuing treatment with Cox-2 
specific inhibitors usually improves functional and structural damage in experimental 
models associated with changed renal hemodynamics and progressive renal injury. Even 
though inhibition of renal prostaglandin production is supposed to be renoprotective, 
prostaglandins also have antiflammatory properties. Currently used inhibitors of 
cycclooxygenases are not free from adverse effects and their action is not always explained 
by inhibition of cyclooxygenase activity and prostaglandin synthesis. Therefore, increased 
understanding of novel mechanisms of regulation of prostaglandin production (such as 
regulation of cyclooxygenases at the post-translational level) will set the base for the design 
of new generation of inhibitors of prostaglandin synthesis and will open novel strategies to 
combat progression of glomerular renal diseases. 
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1. Introduction 
Glomerulonephritis is a renal disease characterized by inflammation of the glomeruli, i.e., 
small blood vessels, in the kidneys. It may present with isolated hematuria and/or 
proteinuria or as nephritic syndrome, acute renal failure, or chronic renal failure. 
Glomerulonephritis has several different pathological patterns that can be broadly grouped 
into non-proliferative and proliferative types. Non-proliferative types include minimal 
change glomerulonephritis, focal segmental glomerulosclerosis, and membranous 
glomerulonephritis. Proliferative types include IgA nephropathy, post-infectious 
glomerulonephritis, membranoproliferative/mesangiocapillary glomerulonephritis, and 
rapidly progressive glomerulonephritis (Miller et al., 2010). Of the many factors involved in 
the inflammatory response, cytokines are the most important factors that bind to their 
receptors and activate signal transduction pathways. Progress in our understanding of 
inflammatory signaling pathways has led to the identification of the involvement of nuclear 
factor-κB (NF-κB), mitogen-activated protein kinases (MAPKs) such as p38, and Janus 
tyrosine kinase-signal transducer and activator of transcription (JAK-STAT) pathways 
(O’Neill, 2006). The NF-κB and p38 pathways are activated by the stimulation of interleukin-
1 (IL-1) and tumor necrosis factor (TNF). The principal signaling pathways activated by IL-1 
and TNF are the NF-κB and stress-activated MAPK pathways, whereas the JAK-STAT 
pathway is activated by many other cytokines.  

2. STAT family 
JAK-STAT is an important tyrosine kinase pathway activated by almost all cytokines (Ihle, 
2001) that are well known for their role in the progression of renal diseases (Johnson, 1997). 
The STAT family consists of seven members (Table 1). The STAT proteins are unique 
transcription factors containing Src homology (SH) 2 and phosphotyrosine-binding 
domains. The SH2 domain interacts with sites of tyrosine phosphorylation to recruit STATs 
to receptor complexes. Following tyrosine phosphorylation of STATs, dimerization occurs 
between the SH2 domains. Tyrosine phosphorylation around amino acid position 700 
(STAT1, tyrosine 701; STAT3 tyrosine 705) is essential for dimerization of STATs and the 
concomitant nuclear translocation of the dimer (Kaptein et al., 1996; Shuai et al., 1993). The 
basic model of cytokine pathways depends on tyrosine phosphorylation by JAK proteins 
non-covalently bound to specific receptors. The JAK family consists of four members: JAK1, 
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JAK2, JAK3, and Tyk2. In addition, the activity of the C-terminal transactivation domain of 
STATs is at least partially regulated by serine phosphorylation (serine 727 in STAT1 and 
STAT3) that does not involve the JAK protein (Wen et al., 1995). The kinase responsible for 
this serine phosphorylation depends on the signaling pathway and cellular context.  
 

Family 
member Chromosomal location Activating 

cytokines Phenotype of knockout mice 

 Murine Human   

STAT1 1 2q12–33 IFNs, IL-6 
Viable, normal development, IFN 

functions eliminated, tumors increased, 
growth control impaired. 

STAT2 10 12q13–14.1 IFNs Viable, normal development, IFN 
functions affected. 

STAT3 11 17q11.2–22 IL-6 family Embryonic lethal, extraembryonic 
endoderm defects, cell survival impaired. 

STAT4 1 2q12–33 IL-12 
Viable, normal development, IL-12 

functions eliminated, Th1 differentiation 
impaired. 

STAT5A 11 17q11.2–22 Numerous Viable, mammary gland deficiency, 
prolactin responsiveness eliminated. 

STAT5B 11 17q11.2–22 Numerous Viable, partial loss of growth hormone 
functions. 

STAT6 10 12q13–14.1 IL-4, IL-13 
Viable, normal development, IL-4 

functions eliminated. Th2 differentiation 
impaired. 

Table 1. Properties of STATs.  

3. STAT3 
STAT3 is a member of the JAK-STAT signaling pathway (Zhong et al., 1995). Cytoplasmic 
STAT3 in unstimulated cells is activated by recruitment through the SH2 domain to 
phosphorylated motifs within complexes of cytokine receptors, growth factor receptors, and 
non-receptor tyrosine kinases. Determination of STAT3 functions based on knockout mice 
studies have been difficult because mouse embryos die early in embryogenesis, prior to 
gastrulation (Takeda et al., 1997). STAT3 is essential for the early development of mouse 
embryos. Recently, some studies have succeeded in isolating STAT3 from individual tissues 
by the Cre-loxP method (Akira, 2000), which circumvents the problem of embryonic 
lethality, and revealed the roles of STAT3 in a wide variety of tissues (Table 2). A surprising 
result from such studies has been the identification of a multitude of and sometimes 
contradictory roles of STAT3 in biological processes including cell growth, cell growth 
suppression and apoptosis, and cell motility. The phenotypes resulting from the loss of 
STAT3 in adult tissues include failure of cell survival, impaired apoptosis, loss of negative 
feedback regulation, and impaired cell migration and wound healing (Levy & Lee, 2002). Of 
great current interest is the persistently active STAT3, which occurs in a wide variety of 
human tumors (Bowman & Jove, 1999). Overexpression and/or elevated protein tyrosine 
kinase activity of the epidermal growth factor receptor (EGFR), Src, and other protein 

 
The Role of STAT3 Activation in Glomerulonephritis 

 

173 

kinases is associated with the progression of numerous human cancers. As a consequence, 
growing evidence indicates that abnormal STAT3 signaling in response to hyperactive 
protein tyrosine kinase activity is frequent in human tumors and is associated with the 
progression of oncogenesis (Garcia & Jove, 1998). Furthermore, STAT3 can be converted into 
an oncogene by experimental mutation (Bromberg et al., 1999). A persistently active protein 
is required because introduction of a dominant-negative form of STAT3 into head and neck 
cancer cells or multiple myeloma cells causes apoptosis of recipient cancer cells (Bowman et 
al., 2000). Persistent STAT3 activation in head and neck cancer is associated with mutations 
in EGFR or mutations that result in the production of excess ligands or normal receptors 
(Song & Grandis, 2000). In some multiple myelomas, excess production of IL-6 might be the 
underlying defect (Catlett-Falcone et al., 1999). IL-6-dependent accumulation of long-lived 
plasma cells occurs due to elevated levels of a key regulatory protein, Bcl-xL, a member of 
the Bcl-2 family of proteins that prevent apoptosis. Constitutive activation of STAT3 
signaling, an important component of the IL-6 pathway, directly contributes to the induction 
of Bcl-xL gene expression. Thus, constitutive activation of STAT3 signaling in response to IL-
6 promotes tumor cell survival and malignant progression of multiple myelomas by directly 
inducing expression of a key apoptosis regulatory protein. All these results suggest that 
STAT3 may be essential for many cell functions.  
 

Target tissue Phenotype 

Skin Impaired second hair cycle, wound repair and keratinocyte 
migration 

Thymic epithelium Age-dependent thymic hypoplasia, hypersensitivity to stress 
T lymphocytes Impaired IL-6-dependent survival and IL-2Rα expression 

Monocytes/neutrophils Enhanced inflammatory responses and Th1 differentiation, 
chronic colitis 

Granulocytes Enhanced proliferation owing to impaired negative feedback 
Mammary epithelium Defective apoptosis, delayed mammary involution 

Liver Impaired acute phase response 
Neurons Impaired cell survival 

Table 2. Tissue-specific roles of STAT3 (Levy & Darnell, 2002).  

4. STAT3 in gp130 cytokine signaling 
Several cytokines including IL-6, IL-11, leukemia inhibitory factor, oncostatin M, ciliary 
neurotrophic factor, and cardiotrophin share a gp130 subunit that is required to activate 
JAKs and STATs (Stahl et al., 1994). These cytokines are competent to activate STAT3 and 
induce various pleiotrophic responses that include hematopoiesis regulation, immune 
response, and neuronal differentiation (Snick, 1990). gp130-associated kinases JAK1, JAK2, 
and Tyk2 become activated on stimulation, and the cytoplasmic tail of gp130 is 
phosphorylated (Heinrich et al., 1998). STAT3 is recruited to phosphorylated tyrosine 
residues in the YXXQ motif including the tyrosine residue Y705 of gp130, where it is 
activated and dimerized. It subsequently enters the nucleus and regulates gene expression 
(Hirano et al., 2000). STAT3 is essential for gp130-mediated cell survival and G1 to S cell 
cycle transition signals. Both c-myc and pim have been identified as target genes of STAT3 
and together can compensate for STAT3 in cell survival and cell cycle transition. On the 
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other hand, the SH2 domain-bearing protein tyrosine phosphatase (SHP)-2 is recruited to 
the phosphorylated tyrosine residue Y759 in gp130, where it becomes activated and forms a 
complex with adaptor/docking proteins, Gab1 and Gab2, leading to activation of the Ras-
MAPK pathway (Hibi & Hirano, 2000). Several in vitro experiments have shown that SHP-2- 
and STAT3-mediated signal transduction pathways initiated through gp130 are involved in 
growth, differentiation, and gene expression in various cell lines (Fukuda et al., 1996; Hirano 
et al., 2000; Nakajima et al., 1996). SHP-2-mediated ERK/MAPK activation has been 
suggested to play a negative role in STAT3-mediated biological responses (Jain et al., 1998; 
Sengupta et al., 1998). The tyrosine residue Y759 also provides the binding site for the 
suppressor of cytokine signaling 3 (SOCS3) protein that negatively regulates gp130 signals 
(Nicholson et al., 2000; Schmitz et al., 2000). To clarify the roles of SHP-2- and STAT3-
mediated signal transduction pathways in vivo, a series of knock-in mouse lines was 
generated in which gp130-mediated STAT3 or SHP-2 signals were selectively disrupted. 
This disruption was achieved by mutating the tyrosine residues in all YXXQ motifs or the 
tyrosine residue Y759 to phenylalanine (gp130FXXQ/FXXQ and gp130F759/F759 mice, 
respectively) (Ohtani et al., 2000). Analyses of these mice indicated that SHP-2-mediated or 
Y759-dependent signals negatively regulate the biological responses elicited by STAT3-
mediated signals in vivo and that the balance of positive and negative signals generated 
through gp130 is skewed or shifted toward positive STAT3 signaling in gp130F759/F759 mice 
(Fig. 1).  
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Fig. 1. The role of gp130 signals in vivo. A: STAT3/YXXQ and SHP-2/Y759 signals induce 
responses independent of each other. SHP-2/Y759 signals negatively regulate the biological 
responses elicited by STAT3-mediated signals. B: The balance of positive and negative 
signals generated through gp130 is skewed or shifted toward positive STAT3 signaling in 
gp130F759/F759.  
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The SHP-2 signal-deficient mice (gp130F759/F759) were born normally but displayed 
splenomegaly and lymphadenopathy and an enhanced acute phase reaction. In contrast, 
the STAT3 signal-deficient mice (gp130FXXQ/FXXQ) died perinatally, similar to the gp130-
deficient mice. The gp130F759/F759 mice showed prolonged gp130-induced STAT3 
activation. Importantly, these mice in a mixed background with 129 and C57BL/6 
spontaneously develop a rheumatoid arthritis-like autoimmune disease in old age 
(Atsumi et al., 2002). The mice show severe immunological abnormalities, including 
autoantibody production, increased memory/activated T cells, impaired thymic negative 
selection, and peripheral clonal deletion. Development of a rheumatoid arthritis-like 
disease is entirely dependent on mature lymphocytes, but abnormally enhanced 
homeostatic proliferation of CD4 T cells is caused by augmented production of IL-7 by 
non-hematopoietic stromal cells through a STAT3-dependent process (Sawa et al., 2006). 
In mice showing hyperactivation of STAT1/STAT3, T cell recruitment and 
CCL5/RANTES expression is enhanced (McLoughlin et al., 2005). A recent study 
described an IL-17A-triggered positive-feedback loop of IL-6 signaling that involved 
activation of the transcription factors NF-κB and STAT3 in fibroblasts (Ogura et al., 2008). 
Although the underlying mechanisms by which STAT3 regulates tissue fibrosis are not 
fully understood, its activation is required for upregulation of transforming growth factor 
(TGF)-β signaling, activation/proliferation of myofibroblasts, and deposition of 
extracellular matrix proteins (Ma & Zhuang, 2011). All these results suggest that STAT3 
plays an important role in the function of multiple cells.  

5. STAT3 activation in renal cells 
Various factors show STAT3 activation in glomerular mesangial and proximal tubule cells. 
High glucose activates the growth-promoting enzyme JAK2 and its latent STAT 
transcription factors (STAT1, STAT3, and STAT5) and increases TGF-β and fibronectin 
synthesis in mesangial cells (Wang et al., 2002). High glucose-induced tyrosine 
phosphorylation of JAK2, STAT1, and STAT3 as well as TGF-β and fibronectin synthesis are 
abolished by a specific JAK2 inhibitor, AG-490. However, antisense oligonucleotide studies 
have shown that STAT1 activation is more important than STAT3 activation for TGF-β and 
fibronectin synthesis. Angiotensin II induces phosphorylation of JAK2, STAT1, STAT3, 
STAT5A/STAT5B and SHP-2, and angiotensin II-induced phosphorylation is enhanced by 
high glucose levels (Amiri et al., 2002). Angiotensin II-induced growth and collagen IV 
synthesis are also increased under high glucose conditions. Transfection of glomerular 
mesangial cells with JAK2 antisense oligonucleotides blocks angiotensin II-induced growth 
and collagen IV synthesis under both normal and high glucose conditions.  
In renal proximal tubule cells, IL-6 increases phosphorylation of STAT3, phosphoinositide-3 
kinase (PI3K)/Akt, MAPKs, and NF-κB (Lee et al., 2007). IL-6 also stimulates α-methyl-D-
[14C]glucopyranoside uptake, which is indicative of active transport in renal proximal tubule 
cells. The increased uptake can be blocked by pretreatment with a STAT3 inhibitor, a PI3K 
inhibitor, an Akt inhibitor, MAPK inhibitors, and NF-κB inhibitors. High glucose also 
induces activation of Raf-1, p42/p44 MAPK, JAK2, STAT1, and STAT3 (but not STAT5) in 
renal tubular epithelial cells (Huang et al., 2007). Moreover, severe oxidative stress leads to 
tyrosine phosphorylation of STAT3 at Y705 (Arany et al., 2006). This event depends on the 
activation of EGFR and JAK2 and is directly linked to cell death because inhibition of STAT3 
function enables cells to survive severe oxidative stress.  
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other hand, the SH2 domain-bearing protein tyrosine phosphatase (SHP)-2 is recruited to 
the phosphorylated tyrosine residue Y759 in gp130, where it becomes activated and forms a 
complex with adaptor/docking proteins, Gab1 and Gab2, leading to activation of the Ras-
MAPK pathway (Hibi & Hirano, 2000). Several in vitro experiments have shown that SHP-2- 
and STAT3-mediated signal transduction pathways initiated through gp130 are involved in 
growth, differentiation, and gene expression in various cell lines (Fukuda et al., 1996; Hirano 
et al., 2000; Nakajima et al., 1996). SHP-2-mediated ERK/MAPK activation has been 
suggested to play a negative role in STAT3-mediated biological responses (Jain et al., 1998; 
Sengupta et al., 1998). The tyrosine residue Y759 also provides the binding site for the 
suppressor of cytokine signaling 3 (SOCS3) protein that negatively regulates gp130 signals 
(Nicholson et al., 2000; Schmitz et al., 2000). To clarify the roles of SHP-2- and STAT3-
mediated signal transduction pathways in vivo, a series of knock-in mouse lines was 
generated in which gp130-mediated STAT3 or SHP-2 signals were selectively disrupted. 
This disruption was achieved by mutating the tyrosine residues in all YXXQ motifs or the 
tyrosine residue Y759 to phenylalanine (gp130FXXQ/FXXQ and gp130F759/F759 mice, 
respectively) (Ohtani et al., 2000). Analyses of these mice indicated that SHP-2-mediated or 
Y759-dependent signals negatively regulate the biological responses elicited by STAT3-
mediated signals in vivo and that the balance of positive and negative signals generated 
through gp130 is skewed or shifted toward positive STAT3 signaling in gp130F759/F759 mice 
(Fig. 1).  
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Fig. 1. The role of gp130 signals in vivo. A: STAT3/YXXQ and SHP-2/Y759 signals induce 
responses independent of each other. SHP-2/Y759 signals negatively regulate the biological 
responses elicited by STAT3-mediated signals. B: The balance of positive and negative 
signals generated through gp130 is skewed or shifted toward positive STAT3 signaling in 
gp130F759/F759.  
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The SHP-2 signal-deficient mice (gp130F759/F759) were born normally but displayed 
splenomegaly and lymphadenopathy and an enhanced acute phase reaction. In contrast, 
the STAT3 signal-deficient mice (gp130FXXQ/FXXQ) died perinatally, similar to the gp130-
deficient mice. The gp130F759/F759 mice showed prolonged gp130-induced STAT3 
activation. Importantly, these mice in a mixed background with 129 and C57BL/6 
spontaneously develop a rheumatoid arthritis-like autoimmune disease in old age 
(Atsumi et al., 2002). The mice show severe immunological abnormalities, including 
autoantibody production, increased memory/activated T cells, impaired thymic negative 
selection, and peripheral clonal deletion. Development of a rheumatoid arthritis-like 
disease is entirely dependent on mature lymphocytes, but abnormally enhanced 
homeostatic proliferation of CD4 T cells is caused by augmented production of IL-7 by 
non-hematopoietic stromal cells through a STAT3-dependent process (Sawa et al., 2006). 
In mice showing hyperactivation of STAT1/STAT3, T cell recruitment and 
CCL5/RANTES expression is enhanced (McLoughlin et al., 2005). A recent study 
described an IL-17A-triggered positive-feedback loop of IL-6 signaling that involved 
activation of the transcription factors NF-κB and STAT3 in fibroblasts (Ogura et al., 2008). 
Although the underlying mechanisms by which STAT3 regulates tissue fibrosis are not 
fully understood, its activation is required for upregulation of transforming growth factor 
(TGF)-β signaling, activation/proliferation of myofibroblasts, and deposition of 
extracellular matrix proteins (Ma & Zhuang, 2011). All these results suggest that STAT3 
plays an important role in the function of multiple cells.  

5. STAT3 activation in renal cells 
Various factors show STAT3 activation in glomerular mesangial and proximal tubule cells. 
High glucose activates the growth-promoting enzyme JAK2 and its latent STAT 
transcription factors (STAT1, STAT3, and STAT5) and increases TGF-β and fibronectin 
synthesis in mesangial cells (Wang et al., 2002). High glucose-induced tyrosine 
phosphorylation of JAK2, STAT1, and STAT3 as well as TGF-β and fibronectin synthesis are 
abolished by a specific JAK2 inhibitor, AG-490. However, antisense oligonucleotide studies 
have shown that STAT1 activation is more important than STAT3 activation for TGF-β and 
fibronectin synthesis. Angiotensin II induces phosphorylation of JAK2, STAT1, STAT3, 
STAT5A/STAT5B and SHP-2, and angiotensin II-induced phosphorylation is enhanced by 
high glucose levels (Amiri et al., 2002). Angiotensin II-induced growth and collagen IV 
synthesis are also increased under high glucose conditions. Transfection of glomerular 
mesangial cells with JAK2 antisense oligonucleotides blocks angiotensin II-induced growth 
and collagen IV synthesis under both normal and high glucose conditions.  
In renal proximal tubule cells, IL-6 increases phosphorylation of STAT3, phosphoinositide-3 
kinase (PI3K)/Akt, MAPKs, and NF-κB (Lee et al., 2007). IL-6 also stimulates α-methyl-D-
[14C]glucopyranoside uptake, which is indicative of active transport in renal proximal tubule 
cells. The increased uptake can be blocked by pretreatment with a STAT3 inhibitor, a PI3K 
inhibitor, an Akt inhibitor, MAPK inhibitors, and NF-κB inhibitors. High glucose also 
induces activation of Raf-1, p42/p44 MAPK, JAK2, STAT1, and STAT3 (but not STAT5) in 
renal tubular epithelial cells (Huang et al., 2007). Moreover, severe oxidative stress leads to 
tyrosine phosphorylation of STAT3 at Y705 (Arany et al., 2006). This event depends on the 
activation of EGFR and JAK2 and is directly linked to cell death because inhibition of STAT3 
function enables cells to survive severe oxidative stress.  
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6. STAT3 activation in an animal model of glomerulonephritis 
In an animal model of mesangial proliferative glomerulonephritis induced by the injection 
of anti-Thy1.1 antibody, STAT3 is phosphorylated in mesangial cells (Yanagita et al., 2001a). 
STAT3 phosphorylation peaks 8 days after the anti-Thy1.1 injection. Inhibition of growth 
arrest-specific gene 6 by the extracellular domain of its receptor Axl or warfarin abolishes 
STAT3 phosphorylation (Yanagita et al., 2001a) and inhibits mesangial cell proliferation 
(Yanagita et al., 2001b) in vivo. STAT3 can be expressed and activated in the kidneys of rats 
with immune complex glomerulonephritis using BSA as an antigen (Zhang et al., 2005). 
These rats also have increased macrophage infiltration (detected by a surface marker for 
monocytes/macrophages, ED-1), with some cells showing simultaneous expression of p-
STAT3 and ED-1; this may contribute to inflammatory proliferation in the glomeruli and 
accumulation of extracellular matrix proteins. Inhibition of angiotensin-converting enzyme 
(ACE) with fosinopril downregulates STAT3 activation and ED-1 influx, and these effects 
may attenuate renal damage in this model. Hyperglycemia induces activation of JAK2 and 
STATs, including STAT3, in vivo (Banes et al., 2004). Phosphorylation of JAK2, STAT1, 
STAT3, and STAT5 in the glomeruli by streptozotocin (STZ) injection is reduced in rats 
treated with the ACE inhibitor captopril, angiotensin II type 1 receptor antagonist 
candesartan, or AG-490. Furthermore, both candesartan and AG-490 inhibit STZ-induced 
increases in urinary protein excretion. Knockdown of STAT3 activity in vivo prevents 
diabetic glomerulopathy (Lu et al., 2009). While the number of glomeruli does not differ 
between diabetic STAT3 knockdown and reference mice, the diabetic STAT3 knockdown 
mice exhibit significantly less proteinuria, mesangial expansion, glomerular cell 
proliferation, and macrophage infiltration than the diabetic reference mice. Reduction in 
STAT3 activity abrogates the stimulation of inflammatory markers, including IL-6, 
intercellular adhesion molecule-1, and monocyte chemotactic protein (MCP)-1, and blocks 
nuclear translocation of NF-κB. JAK2-STAT3 proteins may be involved in the early kidney 
damage associated with diabetes. AG490 also ameliorates adriamycin-induced nephritic 
syndrome in mice (Li et al., 2007). JAK-STAT signaling is activated in adriamycin 
nephropathy. Phosphorylation of JAK2, STAT1, and STAT3 is significantly inhibited by 
AG490. Proteinuria, glomerulosclerosis, tubulointerstitial lesions, and renal α-smooth 
muscle actin expression are significantly suppressed by AG490 treatment. In addition, 
AG490 inhibits MCP-1 mRNA expression accompanied by reduced interstitial infiltration of 
macrophages and T cells. Activation of JAK-STAT signaling is involved in the progression 
of glomerular diseases with proteinuria. While AG490 inhibits phosphorylation of STAT1 
and STAT3, a novel selective inhibitor of STAT3, S3I-201, has been synthesized. S3I-201 
preferentially inhibits STAT3 DNA-binding activity and diminishes tyrosine 
phosphorylation of STAT3 (Siddiquee et al., 2007). In a mouse model of renal interstitial 
fibrosis induced by unilateral ureteral obstruction, STAT3 was activated and administration 
of S3I-201 attenuated both STAT3 activation and extracellular matrix protein deposition 
following injury (Pang et al., 2010). S3I-201 reduced infiltration of the injured kidney by 
inflammatory cells and suppressed injury-induced expression of fibronectin, α-smooth 
muscle actin, and collagen type 1 proteins, as well as expression of multiple cytokines. 
Furthermore, S3I-201 inhibited proliferation and preferentially induced apoptosis in renal 
interstitial fibroblasts of the obstructed kidney. Inhibition of STAT3 signaling may hold 
therapeutic potential for fibrotic kidney diseases. IL-6 expression is increased in S-(1,2 
dichlorovinyl)-L-cysteine-induced acute renal tubule necrosis (Vaidya et al., 2003) and renal 
ischemia-reperfusion injury (Lemay et al., 2000) in mice. IL-6-deficient mice are resistant to 
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HgCl2-induced acute kidney injury compared with wild-type mice (Nechemia-Arbely et al., 
2008). IL-6 expression and STAT3 activation in renal tubular epithelial cells is significantly 
increased during the development of injury, suggesting active IL-6 signaling. Activation of 
the JAK-STAT pathway in renal and non-renal cells in kidney diseases is shown in Fig. 2.  
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Fig. 2. Activation of the JAK-STAT pathway in renal and non-renal cells in kidney diseases 
(Chuang & He, 2010).  

We have generated a series of knock-in mouse lines with several genetic backgrounds in 
which gp130-mediated STAT3 or SHP-2 signals are selectively disrupted. gp130 is a shared 
receptor of the IL-6 cytokine family (Ohtani et al., 2000). We found that characteristic 
abnormalities in C57BL/6 background gp130F759/F759 mice included not only spontaneous 
polyarthritis but also glomerulonephritis (Fig. 3, only in females) (Tsuji et al., 2009). 
However, spontaneous glomerulonephritis did not develop in DBA/1J background mice, 
indicating that genetic background may affect the development of disease.  

7. STAT3 activation in human glomerulonephritis 
In vitro and animal studies have shown that an increase in STAT3 activity may play a critical 
role in the development of glomerulonephritis. Few studies have investigated the role of 
STAT3 activation in human renal diseases, but one study has identified STAT3 activation in 
the normal human kidney and a marked increase in this activation in many forms of 
glomerulonephritis (Arakawa et al., 2008). The correlation of STAT3 activation with clinical 
and histological parameters suggests that this pathway plays an important role in the 
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6. STAT3 activation in an animal model of glomerulonephritis 
In an animal model of mesangial proliferative glomerulonephritis induced by the injection 
of anti-Thy1.1 antibody, STAT3 is phosphorylated in mesangial cells (Yanagita et al., 2001a). 
STAT3 phosphorylation peaks 8 days after the anti-Thy1.1 injection. Inhibition of growth 
arrest-specific gene 6 by the extracellular domain of its receptor Axl or warfarin abolishes 
STAT3 phosphorylation (Yanagita et al., 2001a) and inhibits mesangial cell proliferation 
(Yanagita et al., 2001b) in vivo. STAT3 can be expressed and activated in the kidneys of rats 
with immune complex glomerulonephritis using BSA as an antigen (Zhang et al., 2005). 
These rats also have increased macrophage infiltration (detected by a surface marker for 
monocytes/macrophages, ED-1), with some cells showing simultaneous expression of p-
STAT3 and ED-1; this may contribute to inflammatory proliferation in the glomeruli and 
accumulation of extracellular matrix proteins. Inhibition of angiotensin-converting enzyme 
(ACE) with fosinopril downregulates STAT3 activation and ED-1 influx, and these effects 
may attenuate renal damage in this model. Hyperglycemia induces activation of JAK2 and 
STATs, including STAT3, in vivo (Banes et al., 2004). Phosphorylation of JAK2, STAT1, 
STAT3, and STAT5 in the glomeruli by streptozotocin (STZ) injection is reduced in rats 
treated with the ACE inhibitor captopril, angiotensin II type 1 receptor antagonist 
candesartan, or AG-490. Furthermore, both candesartan and AG-490 inhibit STZ-induced 
increases in urinary protein excretion. Knockdown of STAT3 activity in vivo prevents 
diabetic glomerulopathy (Lu et al., 2009). While the number of glomeruli does not differ 
between diabetic STAT3 knockdown and reference mice, the diabetic STAT3 knockdown 
mice exhibit significantly less proteinuria, mesangial expansion, glomerular cell 
proliferation, and macrophage infiltration than the diabetic reference mice. Reduction in 
STAT3 activity abrogates the stimulation of inflammatory markers, including IL-6, 
intercellular adhesion molecule-1, and monocyte chemotactic protein (MCP)-1, and blocks 
nuclear translocation of NF-κB. JAK2-STAT3 proteins may be involved in the early kidney 
damage associated with diabetes. AG490 also ameliorates adriamycin-induced nephritic 
syndrome in mice (Li et al., 2007). JAK-STAT signaling is activated in adriamycin 
nephropathy. Phosphorylation of JAK2, STAT1, and STAT3 is significantly inhibited by 
AG490. Proteinuria, glomerulosclerosis, tubulointerstitial lesions, and renal α-smooth 
muscle actin expression are significantly suppressed by AG490 treatment. In addition, 
AG490 inhibits MCP-1 mRNA expression accompanied by reduced interstitial infiltration of 
macrophages and T cells. Activation of JAK-STAT signaling is involved in the progression 
of glomerular diseases with proteinuria. While AG490 inhibits phosphorylation of STAT1 
and STAT3, a novel selective inhibitor of STAT3, S3I-201, has been synthesized. S3I-201 
preferentially inhibits STAT3 DNA-binding activity and diminishes tyrosine 
phosphorylation of STAT3 (Siddiquee et al., 2007). In a mouse model of renal interstitial 
fibrosis induced by unilateral ureteral obstruction, STAT3 was activated and administration 
of S3I-201 attenuated both STAT3 activation and extracellular matrix protein deposition 
following injury (Pang et al., 2010). S3I-201 reduced infiltration of the injured kidney by 
inflammatory cells and suppressed injury-induced expression of fibronectin, α-smooth 
muscle actin, and collagen type 1 proteins, as well as expression of multiple cytokines. 
Furthermore, S3I-201 inhibited proliferation and preferentially induced apoptosis in renal 
interstitial fibroblasts of the obstructed kidney. Inhibition of STAT3 signaling may hold 
therapeutic potential for fibrotic kidney diseases. IL-6 expression is increased in S-(1,2 
dichlorovinyl)-L-cysteine-induced acute renal tubule necrosis (Vaidya et al., 2003) and renal 
ischemia-reperfusion injury (Lemay et al., 2000) in mice. IL-6-deficient mice are resistant to 
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HgCl2-induced acute kidney injury compared with wild-type mice (Nechemia-Arbely et al., 
2008). IL-6 expression and STAT3 activation in renal tubular epithelial cells is significantly 
increased during the development of injury, suggesting active IL-6 signaling. Activation of 
the JAK-STAT pathway in renal and non-renal cells in kidney diseases is shown in Fig. 2.  
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Fig. 2. Activation of the JAK-STAT pathway in renal and non-renal cells in kidney diseases 
(Chuang & He, 2010).  

We have generated a series of knock-in mouse lines with several genetic backgrounds in 
which gp130-mediated STAT3 or SHP-2 signals are selectively disrupted. gp130 is a shared 
receptor of the IL-6 cytokine family (Ohtani et al., 2000). We found that characteristic 
abnormalities in C57BL/6 background gp130F759/F759 mice included not only spontaneous 
polyarthritis but also glomerulonephritis (Fig. 3, only in females) (Tsuji et al., 2009). 
However, spontaneous glomerulonephritis did not develop in DBA/1J background mice, 
indicating that genetic background may affect the development of disease.  

7. STAT3 activation in human glomerulonephritis 
In vitro and animal studies have shown that an increase in STAT3 activity may play a critical 
role in the development of glomerulonephritis. Few studies have investigated the role of 
STAT3 activation in human renal diseases, but one study has identified STAT3 activation in 
the normal human kidney and a marked increase in this activation in many forms of 
glomerulonephritis (Arakawa et al., 2008). The correlation of STAT3 activation with clinical 
and histological parameters suggests that this pathway plays an important role in the 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

178 

pathogenesis of kidney diseases. In addition, mesangial expansion and podocyte loss in the 
glomeruli are important early features of diabetic nephropathy. JAK1, JAK2, and JAK3 as 
well as STAT1 and STAT3 are expressed at higher levels in patients with diabetic 
nephropathy than in control subjects (Berthier et al., 2009). Immunohistochemistry showed 
strong JAK2 staining in glomerular and tubulointerstitial compartments of patients with 
diabetic nephropathy compared with control subjects. These data suggest a direct 
relationship between tubulointerstitial JAK-STAT expression and the progression of kidney 
failure in patients with type 2 diabetic nephropathy and can be used to distinguish 
progressive human diabetic nephropathy. Further studies are needed to clarify the role of 
STAT3 activation in human glomerulonephritis.  
 

 
Fig. 3. Glomerulonephritis in a gp130F759/F759 mouse (female, 12 months). Deposition of 
hyaline droplets in the subendothelial zone is shown.  

8. Conclusions 
The JAK-STAT pathway is a pleiotropic cascade essential to cytokine and growth hormone 
receptor signaling. Signaling through the JAK-STAT pathway is important for the kidney’s 
response to injury in disease. STAT3 activation is observed in an animal model of 
glomerulonephritis and human glomerulonephritis, and the STAT3 pathway inhibition 
ameliorates the renal conditions in some animal models. Further studies are needed to 
clarify the role of STAT3 activation in human glomerulonephritis, but the STAT3 pathway 
inhibition may be one of the potential therapeutic approaches for renal diseases.  
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pathogenesis of kidney diseases. In addition, mesangial expansion and podocyte loss in the 
glomeruli are important early features of diabetic nephropathy. JAK1, JAK2, and JAK3 as 
well as STAT1 and STAT3 are expressed at higher levels in patients with diabetic 
nephropathy than in control subjects (Berthier et al., 2009). Immunohistochemistry showed 
strong JAK2 staining in glomerular and tubulointerstitial compartments of patients with 
diabetic nephropathy compared with control subjects. These data suggest a direct 
relationship between tubulointerstitial JAK-STAT expression and the progression of kidney 
failure in patients with type 2 diabetic nephropathy and can be used to distinguish 
progressive human diabetic nephropathy. Further studies are needed to clarify the role of 
STAT3 activation in human glomerulonephritis.  
 

 
Fig. 3. Glomerulonephritis in a gp130F759/F759 mouse (female, 12 months). Deposition of 
hyaline droplets in the subendothelial zone is shown.  

8. Conclusions 
The JAK-STAT pathway is a pleiotropic cascade essential to cytokine and growth hormone 
receptor signaling. Signaling through the JAK-STAT pathway is important for the kidney’s 
response to injury in disease. STAT3 activation is observed in an animal model of 
glomerulonephritis and human glomerulonephritis, and the STAT3 pathway inhibition 
ameliorates the renal conditions in some animal models. Further studies are needed to 
clarify the role of STAT3 activation in human glomerulonephritis, but the STAT3 pathway 
inhibition may be one of the potential therapeutic approaches for renal diseases.  

9. References 
Akira, S. (2000). Roles of STAT3 defined by tissue-specific gene targeting. Oncogene, Vol.19, 

No.21, pp. 2607-2611, ISSN 0950-9232  

 
The Role of STAT3 Activation in Glomerulonephritis 

 

179 

Amiri, F.; Shaw, S.; Wang, X.; Tang, J.; Waller, J.L.; Eaton, D.C. & Marrero, M.B. (2002). 
Angiotensin II activation of the JAK/STAT pathway in mesangial cells is altered by 
high glucose. Kidney International, Vol.61, No.5, pp. 1605-1616, ISSN 0085-2538  

Arakawa, T.; Masaki, T.; Hirai, T.; Doi, S.; Kuratsune, M.; Arihiro, K.; Kohno, N. & Yorioka, 
N. (2008). Activation of signal transducer and activator of transcription 3 correlates 
with cell proliferation and renal injury in human glomerulonephritis. Nephrology 
Dialysis Transplantation, Vol.23, No.11, pp. 3418-3426, ISSN 0931-0509  

Arany, I.; Megyesi, J.K.; Nelkin, B.D. & Safirstein, R.L. (2006). STAT3 attenuates EGFR-
mediated ERK activation and cell survival during oxidant stress in mouse proximal 
tubular cells. Kidney International, Vol.70, No.4, pp. 669-674, ISSN 0085-2538  

Atsumi, T.; Ishihara, K.; Kamimura, D.; Ikushima, H.; Ohtani, T.; Hirota, S.; Kobayashi, H.; 
Park, S.; Saeki, Y.; Kitamura, Y. & Hirano, T. (2002). A point mutation of Tyr-759 in 
interleukin 6 family cytokine receptor subunit gp130 causes autoimmune arthritis. 
The Journal of Experimental Medicine, Vol.196, No.7, pp. 979-990, ISSN 0022-1007  

Banes, A.K.; Shaw, S.; Jenkins, J.; Redd, H.; Amiri, F.; Pollock, D.M. & Marrero, M.B. (2004). 
Angiotensin II blockade prevents hyperglycemia-induced activation of JAK and 
STAT proteins in diabetic rat kidney glomeruli. American Journal of Physiology Renal 
Physiology, Vol.286, No.4, pp. F653-F659, ISSN 0363-6127  

Berthier, C.C.; Zhang, H.; Schin, M.; Henger, A.; Nelson, R.G.; Yee, B.; Boucherot, A.; 
Neusser, M.A.; Cohen, C.D.; Carter-Su, C.; Argetsinger, L.S.; Rastaldi, M.P.; 
Brosius, F.C. & Kretzler, M. (2009). Enhanced expression of janus kinase-signal 
transducer and activator of transcription pathway members in human diabetic 
nephropathy. Diabetes, Vol.58, No.2, 469-477, ISSN 0012-1797  

Bowman, T. & Jove, R. (1999). STAT proteins and cancer. Cancer Control, Vol.6, No.6, pp. 
615-619, ISSN 1073-2748  

Bowman, T.; Garcia, R.; Turkson, J. & Jove, R. (2000). STATs in oncogenesis. Oncogene, 
Vol.19, No.21, pp. 2474-2488, ISSN 0950-9232  

Bromberg, J.F.; Wrzeszczynska, M.H.; Devgan, G.; Zhao, Y.; Pestell, R.G.; Albanese, C. & 
Darnell, J.E., Jr. (1999). Stat3 as an oncogene. Cell, Vol.98, No., pp. 295-303, ISSN 
0092-8674  

Catlett-Falcone, R.; Landowski, T.H.; Oshiro, M.M.; Turkson, J.; Levitzki, a.; Savino, R.; 
Ciliberto, G.; Moscinski, L.; Fernández-Luna, J.L.; Nuñez, G.; Dalton, W.S. & Jove, 
R. (1999). Constitutive activation of Stat3 signaling confers resistance to apoptosis 
in human U266 myeloma cells. Immunity, Vol.10, No.1, pp. 105-115, ISSN 1074-7613  

Chuang, P.Y. & He, J.C. (2010). JAK/STAT signaling in renal diseases. Kidney International, 
Vol.78, No.3, pp. 231-234, ISSN 0085-2538  

Fukada, T.; Hibi, M.; Yamanaka, Y.; Takahashi-Tezuka, M.; Fujitani, Y.; Yamaguchi, T.; 
Nakajima, K. & Hirano, T. (1996). Two signals are necessary for cell proliferation 
induced by a cytokine receptor gp130: involvement of STAT3 in anti-apoptosis. 
Immunity, Vol.5, No.5, pp. 449-460, ISSN 1074-7613  

Garcia, R. & Jove, R. (1998). Activation of STAT transcription factors in oncogenic tyrosine 
kinase signaling. Journal of Biomedical Science, Vol.5, No.2, pp. 79-85, ISSN 1423-0127  

Heinrich, P.C.; Behrmann, I.; Müller-Newen, G.; Schaper, F. & Graeve, L. (1998). Interleukin-
6-type cytokine signalling through the gp130/Jak/STAT pathway. Biochemical 
Journal, Vol.334, No.2, pp. 297-314, ISSN 0264-6021  



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

180 

Hibi, M. & Hirano, T. (2000). Gab-family adapter molecules in signal transduction of 
cytokine and growth factor receptors, and T and B cell antigen receptors. Leukemia 
& Lymphoma, Vol.37, No.3-4, pp. 299-307, ISSN 1042-8194  

Hirano, T.; Ishihara, K. & Hibi, M. (2000). Roles of STAT3 in mediating the cell growth, 
differentiation and survival signals relayed through the IL-6 family of cytokine 
receptors. Oncogene, Vol.19, No.21, pp. 2548-2556, ISSN 0950-9232  

Huang, J.S.; Chuang, L.Y.; Guh, J.Y.; Huang, Y.J. & Hsu, M.S. (2007). Antioxidants attenuate 
high glucose-induced hypertrophic growth in renal tubular epithelial cells. 
American Journal of Physiology Renal Physiology, Vol.293, No.4, pp. F1072-F1082, ISSN 
0363-6127  

Ihle, J.N. (2001). The Stat family in cytokine signaling. Current Opinion in Cell Biology, Vol.13, 
No.2, pp. 211-217, ISSN 0955-0674  

Jain, N. ; Zhang, T.; Fong, S.L.; Lim, C.P. & Cao, X. (1998). Repression of Stat3 activity by 
activation of mitogen-activated protein kinase (MAPK). Oncogene, Vol.17, No.24, 
pp. 3157-3167, ISSN 0950-9232  

Johnson, R.J. (1997). Cytokines, growth factors and renal injury: where do we go now? 
Kidney International, Vol.52, Suppl.63, pp. S2-S6, ISSN 0085-2538  

Kaptein, A.; Paillard, V. & Saunders, M. (1996). Dominant negative Stat3 mutant inhibits 
interleukin-6-induced Jak-STAT signal transduction. The Journal of Biological 
Chemistry, Vol.271, No.11, pp. 5961-5964, ISSN 0021-9258  

Lee, Y.J.; Heo, J.S.; Suh, H.N.; Lee, M.Y. & Han, H.J. (2007). Interleukin-6 stimulates α-MG 
uptake in renal proximal tubule cells: involvement of STAT3, Pi3K/Akt, MAPKs, 
and NF-kB. American Journal of Physiology Renal Physiology, Vol.293, No.4, pp. F1036-
F1046, ISSN 0363-6127  

Lemay, S.; Rabb, H.; Postler, G. & Singh, A.K. (2000). Prominent and sustained up-regulation 
of gp130-signaling cytokines and of the chemokine MIP-2 in murine renal ischemia-
reperfusion injury. Transplantation, Vol.69, No.5, pp. 959-963, ISSN 0041-1337  

Levy, D.E. & Darnell, J.E. (2002). STATs: Transcriptional control and biological impact. 
Nature Reviews Molecular Cell Biology, Vol.3, No.9, pp. 651-662, ISSN 1471-0072  

Levy, D.E. & Lee, C. (2002). What does STAT3 do? The Journal of Clinical Investigation, 
Vol.109, No.9, pp. 1143-1148, ISSN 0021-9738  

Li, R.; Yang, N.; Zhang, L.; Huang, Y.; Zhang, R.; Wang, F.; Luo, M.; Liang, Y. & Yu, X. 
(2007). Inhibition of JAK/STAT signaling ameliorates mice experimental nephritic 
syndrome. American Journal of Nephrology, Vol.27, No.6, pp. 580-589, ISSN 0250-8095  

Lu, T.C.; Wang, Z.H.; Feng, X.; Chuang, P.Y.; Fang, W.; Shen, Y.; Levy, D.E.; Xiong, H.; 
Chen, N. & He, J.C. (2009). Knockdown of Stat3 activity in vivo prevents diabetic 
glomerulopathy. Kidney International, Vol.76, No.1, pp. 63-71, ISSN 0085-2538  

Ma, L. & Zhuang, S. (2011). The role of STAT3 in tissue fibrosis. Current Chemical Biology, 
Vol.5, No.1, pp. 44-51, ISSN 1872-3136  

McLoughlin, R.M.; Jenkins, B.J.; Grail, D.; Williams, A.S.; Fielding, C.A.; Parker, C.R.; Ernst, 
M.; Topley, N. & Jones, S.A. (2005). IL-6 trans-signaling via STAT3 directs T cell 
infiltration in acute inflammation. Proceedings of the National Academy of Sciences of 
the United States of America, Vol.102, No.27, pp. 9589-9594, ISSN 0027-8424  

Miller, F.P.; Vandome, A.F. & McBrewster J. (2010). Glomerulonephritis, Alphascript 
Publishing, ISBN 978-613-1-76981-8, USA  

 
The Role of STAT3 Activation in Glomerulonephritis 

 

181 

Nakajima, K.; Yamanaka, Y.; Nakae, K.; Kojima, H.; Ichiba, M.; Kiuchi, N.; Kitaoka, T.; 
Fukada, T.; Hibi, M. & Hirano, T. (1996). A central role for Stat3 in IL-6-induced 
regulation of growth and differentiation in M1 leukemia cells. The EMBO Journal, 
Vol.15, No.14, pp. 3651-3658, ISSN 0261-4189  

Nechemia-Arbely, Y.; Barkan, D.; Pizov, G.; Shriki, A.; Rose-John, S.; Galun, E. & Axelrod, 
J.H. (2008). IL-6/IL-6R axis plays a critical role in acute kidney injury. Journal of the 
American Society of Nephrology, Vol.19, No.6, pp. 1106-1115, ISSN 1046-6673  

Nicholson, S.E.; De Souza, D.; Fabri, L.J.; Corbin, J.; Willson, T.A.; Zhang, J.; Silva, A.; 
Asimakis, M.; Farley, A.; Nash, A.D.; Metcalf, D.; Hilton, D.J.; Nicola, N.A. & Baca, 
M. (2000). Suppressor of cytokine signaling-3 preferentially binds to the SHP-2-
binding site on the shared cytokine receptor subunit gp130. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.97, No.12, pp. 6493-
6498, ISSN 0027-8424  

Ogura, H.; Murakami, M.; Okuyama, Y.; Tsuruoka, M.; Kitabayashi, C.; Kanamoto, M.; 
Nishimura, M.; Iwakura, Y. & Hirano, T. (2008). Interleukin-17 promotes 
autoimmunity by triggering a positive-feedback loop via interleukin-6 induction. 
Immunity, Vol.29, No.4, pp. 628-636, ISSN 1074-7613  

Ohtani, T.; Ishihara, K.; Atsumi, T.; Nishida, K.; Kaneko, Y.; Miyata, T.; Itoh, S.; Narimatsu, 
M.; Maeda, H.; Fukada, H.; Itoh, M.; Okano, H.; Hibi, M. & Hirano, T. (2000). 
Dissection of signaling cascades through gp130 in vivo: Reciprocal roles for STAT3- 
and SHP2-mediated signals in immune responses. Immunity, Vol.12, No.1, pp. 95-
105, ISSN 1074-7613  

O’Neill, L.A.J. (2006). Targeting signal transduction as a strategy to treat inflammatory 
diseases. Nature Reviews Drug Discovery, Vol.5, No.7, pp. 549-563, ISSN 1474-1776 

Pang, M.; Ma, L.; Gong, R.; Tolbert, E.; Mao, H.; Ponnusamy, M.; Chin, Y.E.; Yan, H.; 
Dworkin, L.D. & Zhuang, S. (2010). A novel STAT3 inhibitor, S3I-201, attenuates 
renal interstitial fibroblast activation and interstitial fibrosis in obstructive 
nephropathy. Kidney International, Vol.78, No.3, pp. 257-268, ISSN 0085-2538  

Sawa, S.; Kamimura, D.; Jin, G.H.; Morikawa, H.; Kamon, H.; Nishihata, M.; Ishihara, K.; 
Murakami, M. & Hirano, T. (2006). Autoimmune arthritis associated with mutated 
interleukin (IL)-6 receptor gp130 is driven by STAT3/IL-7-dependent homeostatic 
proliferation of CD4+ T cells. The Journal of Experimental Medicine, Vol.203, No.6, pp. 
1459-1470, ISSN 0022-1007  

Schmitz, J.; Weissenbach, S.; Haan, S.; Heinrich, P.C. & Schaper, F. (2000). SOCS3 exerts its 
inhibitory function on interleukin-6 signal transduction through the SHP2 
recruitment site of gp130. The Journal of Biological Chemistry, Vol.275, No.17, pp. 
12848-12856, ISSN 0021-9258  

Sengupta, T.K.; Talbot, E.S.; Scherle, P.A. & Ivashkiv, L.B. (1998). Rapid inhibition of 
interleukin-6 signaling and Stat3 activation mediated by mitogen-activated protein 
kinases. Proceedings of the National Academy of Sciences of the United States of America, 
Vol.95, No.19, pp. 11107-11112, ISSN 0027-8424  

Shuai, K.; Stark, G.R.; Kerr, I.M. & Darnell, J.E., Jr. (1993). A single phosphotyrosine residue 
of Stat91 required for gene activation by interferon-gamma. Science, Vol.261, 
No.5129, pp. 1744-1746, ISSN 0036-8075  

Siddiquee, K.; Zhang, S.; Guida, W.C.; Blaskovich, M.A.; Greedy, B.; Lawrence, H.R.; Yip, 
M.L.R.; Jove, R.; McLaughlin, M.M.; Lawrence, N.J.; Sebti, S.M. & Turkson, J. (2007). 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

180 

Hibi, M. & Hirano, T. (2000). Gab-family adapter molecules in signal transduction of 
cytokine and growth factor receptors, and T and B cell antigen receptors. Leukemia 
& Lymphoma, Vol.37, No.3-4, pp. 299-307, ISSN 1042-8194  

Hirano, T.; Ishihara, K. & Hibi, M. (2000). Roles of STAT3 in mediating the cell growth, 
differentiation and survival signals relayed through the IL-6 family of cytokine 
receptors. Oncogene, Vol.19, No.21, pp. 2548-2556, ISSN 0950-9232  

Huang, J.S.; Chuang, L.Y.; Guh, J.Y.; Huang, Y.J. & Hsu, M.S. (2007). Antioxidants attenuate 
high glucose-induced hypertrophic growth in renal tubular epithelial cells. 
American Journal of Physiology Renal Physiology, Vol.293, No.4, pp. F1072-F1082, ISSN 
0363-6127  

Ihle, J.N. (2001). The Stat family in cytokine signaling. Current Opinion in Cell Biology, Vol.13, 
No.2, pp. 211-217, ISSN 0955-0674  

Jain, N. ; Zhang, T.; Fong, S.L.; Lim, C.P. & Cao, X. (1998). Repression of Stat3 activity by 
activation of mitogen-activated protein kinase (MAPK). Oncogene, Vol.17, No.24, 
pp. 3157-3167, ISSN 0950-9232  

Johnson, R.J. (1997). Cytokines, growth factors and renal injury: where do we go now? 
Kidney International, Vol.52, Suppl.63, pp. S2-S6, ISSN 0085-2538  

Kaptein, A.; Paillard, V. & Saunders, M. (1996). Dominant negative Stat3 mutant inhibits 
interleukin-6-induced Jak-STAT signal transduction. The Journal of Biological 
Chemistry, Vol.271, No.11, pp. 5961-5964, ISSN 0021-9258  

Lee, Y.J.; Heo, J.S.; Suh, H.N.; Lee, M.Y. & Han, H.J. (2007). Interleukin-6 stimulates α-MG 
uptake in renal proximal tubule cells: involvement of STAT3, Pi3K/Akt, MAPKs, 
and NF-kB. American Journal of Physiology Renal Physiology, Vol.293, No.4, pp. F1036-
F1046, ISSN 0363-6127  

Lemay, S.; Rabb, H.; Postler, G. & Singh, A.K. (2000). Prominent and sustained up-regulation 
of gp130-signaling cytokines and of the chemokine MIP-2 in murine renal ischemia-
reperfusion injury. Transplantation, Vol.69, No.5, pp. 959-963, ISSN 0041-1337  

Levy, D.E. & Darnell, J.E. (2002). STATs: Transcriptional control and biological impact. 
Nature Reviews Molecular Cell Biology, Vol.3, No.9, pp. 651-662, ISSN 1471-0072  

Levy, D.E. & Lee, C. (2002). What does STAT3 do? The Journal of Clinical Investigation, 
Vol.109, No.9, pp. 1143-1148, ISSN 0021-9738  

Li, R.; Yang, N.; Zhang, L.; Huang, Y.; Zhang, R.; Wang, F.; Luo, M.; Liang, Y. & Yu, X. 
(2007). Inhibition of JAK/STAT signaling ameliorates mice experimental nephritic 
syndrome. American Journal of Nephrology, Vol.27, No.6, pp. 580-589, ISSN 0250-8095  

Lu, T.C.; Wang, Z.H.; Feng, X.; Chuang, P.Y.; Fang, W.; Shen, Y.; Levy, D.E.; Xiong, H.; 
Chen, N. & He, J.C. (2009). Knockdown of Stat3 activity in vivo prevents diabetic 
glomerulopathy. Kidney International, Vol.76, No.1, pp. 63-71, ISSN 0085-2538  

Ma, L. & Zhuang, S. (2011). The role of STAT3 in tissue fibrosis. Current Chemical Biology, 
Vol.5, No.1, pp. 44-51, ISSN 1872-3136  

McLoughlin, R.M.; Jenkins, B.J.; Grail, D.; Williams, A.S.; Fielding, C.A.; Parker, C.R.; Ernst, 
M.; Topley, N. & Jones, S.A. (2005). IL-6 trans-signaling via STAT3 directs T cell 
infiltration in acute inflammation. Proceedings of the National Academy of Sciences of 
the United States of America, Vol.102, No.27, pp. 9589-9594, ISSN 0027-8424  

Miller, F.P.; Vandome, A.F. & McBrewster J. (2010). Glomerulonephritis, Alphascript 
Publishing, ISBN 978-613-1-76981-8, USA  

 
The Role of STAT3 Activation in Glomerulonephritis 

 

181 

Nakajima, K.; Yamanaka, Y.; Nakae, K.; Kojima, H.; Ichiba, M.; Kiuchi, N.; Kitaoka, T.; 
Fukada, T.; Hibi, M. & Hirano, T. (1996). A central role for Stat3 in IL-6-induced 
regulation of growth and differentiation in M1 leukemia cells. The EMBO Journal, 
Vol.15, No.14, pp. 3651-3658, ISSN 0261-4189  

Nechemia-Arbely, Y.; Barkan, D.; Pizov, G.; Shriki, A.; Rose-John, S.; Galun, E. & Axelrod, 
J.H. (2008). IL-6/IL-6R axis plays a critical role in acute kidney injury. Journal of the 
American Society of Nephrology, Vol.19, No.6, pp. 1106-1115, ISSN 1046-6673  

Nicholson, S.E.; De Souza, D.; Fabri, L.J.; Corbin, J.; Willson, T.A.; Zhang, J.; Silva, A.; 
Asimakis, M.; Farley, A.; Nash, A.D.; Metcalf, D.; Hilton, D.J.; Nicola, N.A. & Baca, 
M. (2000). Suppressor of cytokine signaling-3 preferentially binds to the SHP-2-
binding site on the shared cytokine receptor subunit gp130. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.97, No.12, pp. 6493-
6498, ISSN 0027-8424  

Ogura, H.; Murakami, M.; Okuyama, Y.; Tsuruoka, M.; Kitabayashi, C.; Kanamoto, M.; 
Nishimura, M.; Iwakura, Y. & Hirano, T. (2008). Interleukin-17 promotes 
autoimmunity by triggering a positive-feedback loop via interleukin-6 induction. 
Immunity, Vol.29, No.4, pp. 628-636, ISSN 1074-7613  

Ohtani, T.; Ishihara, K.; Atsumi, T.; Nishida, K.; Kaneko, Y.; Miyata, T.; Itoh, S.; Narimatsu, 
M.; Maeda, H.; Fukada, H.; Itoh, M.; Okano, H.; Hibi, M. & Hirano, T. (2000). 
Dissection of signaling cascades through gp130 in vivo: Reciprocal roles for STAT3- 
and SHP2-mediated signals in immune responses. Immunity, Vol.12, No.1, pp. 95-
105, ISSN 1074-7613  

O’Neill, L.A.J. (2006). Targeting signal transduction as a strategy to treat inflammatory 
diseases. Nature Reviews Drug Discovery, Vol.5, No.7, pp. 549-563, ISSN 1474-1776 

Pang, M.; Ma, L.; Gong, R.; Tolbert, E.; Mao, H.; Ponnusamy, M.; Chin, Y.E.; Yan, H.; 
Dworkin, L.D. & Zhuang, S. (2010). A novel STAT3 inhibitor, S3I-201, attenuates 
renal interstitial fibroblast activation and interstitial fibrosis in obstructive 
nephropathy. Kidney International, Vol.78, No.3, pp. 257-268, ISSN 0085-2538  

Sawa, S.; Kamimura, D.; Jin, G.H.; Morikawa, H.; Kamon, H.; Nishihata, M.; Ishihara, K.; 
Murakami, M. & Hirano, T. (2006). Autoimmune arthritis associated with mutated 
interleukin (IL)-6 receptor gp130 is driven by STAT3/IL-7-dependent homeostatic 
proliferation of CD4+ T cells. The Journal of Experimental Medicine, Vol.203, No.6, pp. 
1459-1470, ISSN 0022-1007  

Schmitz, J.; Weissenbach, S.; Haan, S.; Heinrich, P.C. & Schaper, F. (2000). SOCS3 exerts its 
inhibitory function on interleukin-6 signal transduction through the SHP2 
recruitment site of gp130. The Journal of Biological Chemistry, Vol.275, No.17, pp. 
12848-12856, ISSN 0021-9258  

Sengupta, T.K.; Talbot, E.S.; Scherle, P.A. & Ivashkiv, L.B. (1998). Rapid inhibition of 
interleukin-6 signaling and Stat3 activation mediated by mitogen-activated protein 
kinases. Proceedings of the National Academy of Sciences of the United States of America, 
Vol.95, No.19, pp. 11107-11112, ISSN 0027-8424  

Shuai, K.; Stark, G.R.; Kerr, I.M. & Darnell, J.E., Jr. (1993). A single phosphotyrosine residue 
of Stat91 required for gene activation by interferon-gamma. Science, Vol.261, 
No.5129, pp. 1744-1746, ISSN 0036-8075  

Siddiquee, K.; Zhang, S.; Guida, W.C.; Blaskovich, M.A.; Greedy, B.; Lawrence, H.R.; Yip, 
M.L.R.; Jove, R.; McLaughlin, M.M.; Lawrence, N.J.; Sebti, S.M. & Turkson, J. (2007). 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

182 

Selective chemical probe inhibitor of Stat3, identified through structure-based 
virtual screening, induces antitumor activity. Proceedings of the National Academy of 
Sciences of the United States of America, Vol.104, No.18, pp. 7391-7396, ISSN 0027-8424  

Snick, J.V. (1990). Interleukin-6: An overview. Annual Review of Immunology, Vo.8, pp. 253-
278, ISSN 0732-0582  

Song, J.I. & Grandis, J.R. (2000). STAT signaling in head and neck cancer. Oncogene, Vol.19, 
No.21, pp. 2489-2495, ISSN 0950-9232  

Stahl, N.; Boulton, T.G.; Farruggella, T.; Ip, N.Y.; Davis, S.; Witthuhn, B.A.; Quelle, F.W.; 
Silvennoien, O.; Barbieri, G.; Pellegrini, S.; Ihle, J.N. & Yancopoulos, G.D. (1994). 
Association and activation of Jak-Tyk kinases by CNTF-LIF-OSM-IL-6 beta receptor 
components. Science, Vol.263, No.5143, pp. 92-95, ISSN 0036-8075  

Takeda, K.; Noguchi, K.; Shi, W.; Tanaka, T.; Matsumoto, M.; Yoshida, N.; Kishimoto, T. & 
Akira, S. (1997). Targeted disruption of the mouse Stat3 gene leads to early 
embryonic lethality. Proceedings of the National Academy of Sciences of the United States 
of America, Vol.94, No.8, pp. 3801-3804, ISSN 0027-8424  

Tsuji, F.; Yoshimi, M.; Katsuta, O.; Takai, M.; Ishihara, K. & Aono, H. (2009). Point mutation 
of tyrosine 759 of the IL-6 family cytokine receptor, gp130, augments collagen-
induced arthritis in DBA/1J mice. BMC Musculoskeletal Disorders, Vol.10, No.23, 
ISSN 1471-2474  

Vaidya, V.S.; Shankar, K.; Lock, E.A.; Dixon, D. & Mehendale, H. (2003). Molecular 
mechanisms of renal tissue repair in survival from acute renal tubule necrosis: role 
of ERK1/2 pathway. Toxicologic Pathology, Vol.31, No.6, pp. 604-618, ISSN 0192-
6233  

Wang, X.; Shaw, S.; Amiri, F.; Eaton, D.C. & Marrero, M.B. (2002). Inhibition of the 
JAK/STAT signaling pathway prevents the high glucose-induced increase in TGF-
β and fibronectin synthesis in mesangial cells. Diabetes, Vol.51, No.12, pp. 3505-
3509, ISSN 0012-1797  

Wen, Z.; Zhong, Z. & Darnell, J.E., Jr. (1995). Maximal activation of transcription by Stat1 
and Stat3 requires both tyrosine and serine phosphorylation. Cell, Vol.82, No.2, pp. 
241-250, ISSN 0092-8674  

Yanagita, M.; Arai, H.; Nakano, T.; Ohashi, K.; Mizuno, K.; Fukatsu, A.; Doi, T. & Kita, T. 
(2001a). Gas6 induces mesangial cell proliferation via latent transcription factor 
STAT3. The Journal of Biological Chemistry, Vol.276, No.45, pp. 42364-42369, ISSN 
0021-9258  

Yanagita, M.; Arai, H.; Ishii, K.; Nakano, T.; Ohashi, K.; Mizuno, K.; Vernum, B.; Fukatsu, A.; 
Doi, T. & Kita, T. (2001b). Gas6 regulates mesangial cell proliferation through Axl 
in experimental glomerulonephritis. The American Journal of Pathology, Vol.158, 
No.4, pp. 1423-1432, ISSN 0002-9440  

Zhang, W.; Chen, X.; Shi, S.; Wei, R.; Wang, J.; Yamanaka, N. & Hong, Q. (2005). Expression 
and activation of STAT3 in chronic proliferative immune complex 
glomerulonephritis and the effect of fosinopril. Nephrology Dialysis Transplantation, 
Vol.20, No.5, pp. 892-901, ISSN 0931-0509  

Zhong, Z.; Wen, Z. & Darnell, J.E., Jr. (1994). Stat3: a STAT family member activated by 
tyrosine phosphorylation in response to epidermal growth factor and interleukin-6. 
Science, Vol.264, No.5155, pp. 95-98, ISSN 0036-8075  

10 

Role of the Mammalian Target  
of Rapamycin (mTOR) Signalling  

Pathway in Podocytes in Glomerular Disease 
Lena Succar, David CH Harris and Gopala K Rangan 

Centre for Transplant and Renal Research,  
Westmead Millennium Institute, The University of Sydney 

Australia 

1. Introduction  
The key intrinsic cell of the glomerulus is the podocyte, which is described as the “organiser 
and caretaker” of glomerular structure and function (Leeuwis et al., 2010). Podocytes (also 
known as visceral epithelial cells) are terminally differentiated pericyte-like epithelial cells 
that form the outer exocapillary layer of the glomerular filtration barrier. They have a critical 
function in maintaining normal glomerular capillary permeability and functional integrity 
(Marshall and Shankland, 2007). The aim of this chapter is to summarize the current 
research on the contribution of podocytes to the disease process in glomerulonephritis in 
connection to the mTOR signaling pathway. 
During glomerular development, the podocyte has a central role in integrating signals from 
the other glomerular resident cells to form the proper basic structure of the glomerular 
filtration unit (Eremina and Quaggin, 2004). Podocytes line the outer aspect of the glomerular 
basement membrane (GBM) and physiologically have a unique and complex cytostructure 
consisting of three morphologically and functionally distinct segments: a cell body, foot 
processes and the slit diaphragm (Mundel and Kriz, 1995). Major processes arise from the cell 
body and split into foot processes. The foot processes contain an actin-based cytoskeleton that 
is linked to the glomerular basement membrane at focal contacts (Faul et al., 2007). Podocyte 
foot processes form a highly branched interdigitating network which  enwrap the glomerular 
capillaries, and are connected by the slit diaphragm. Three distinct membrane compartments 
form the foot processes: the basal side, the apical side, and the slit filtration diaphragm. The 
basal side connects the podocyte to the GBM with several types of integrins and dystroglycans 
(Pavenstadt et al., 2003). It also plays a role in endocytosis of albumin and IgG trapped in the 
GBM, offering possibilities for drug delivery (Eyre J, 2007) (Akilesh S, 2008). The apical side 
contains negatively charged proteins such as podocalyxin, a sialoglycoprotein, and 
podoplanin which form a glycocalyx layer and thereby contribute to charge-selectivity of the 
glomerular filtrate (Koop et al., 2008) (Orlando RA, 2001) (Kerjaschki D, 1984). 
The slit diaphragm is the most complex layer of the glomerular filtration barrier, with a 
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constant width of 40 nm (Tryggvason et al., 2006, Benzing, 2004).  The main function of the slit 
diaphragm is to form a size-selective barrier for proteins and since many of the slit diaphragm 
proteins are phosphorylated, this contributes to the charge-selective element (Tryggvason K, 
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2001). Podocyte-specific multiprotein complexes, similar to adherens junctions, extend 
between the filtration slits, closely interact with the actin cytoskeleton, influencing signaling 
pathways and motility of the podocyte (Lee et al., 2009) (Burt et al., 2007) and thereby 
establishing the final barrier to urinary protein loss (Somlo and Mundel, 2000). 
The proteins which make up the slit diaphragm system are nephrin, Neph1, Neph2, 
podocin, fatty acid transporter tumor suppressor homolog-1 (FAT1) and FAT2, and the 
calcium channel transient receptor potential cation 6 (TRPC6) and cadherins (Harita Y, 
2008) (Yaoita et al., 2005) (Liu G, 2003) (Dryer SE, 2010) . Linker proteins such as CD2-
associated protein (CD2AP), and Nck connect the slit diaphragm to the actin skeleton 
(Coward et al., 2005) (Jones et al., 2009). Also, proteins that are directly part of the slit 
diaphragm but are involved in regulating the actin cyskeleton include synaptopodin, the 
GTPase dynamin and cytoplasmic Cathepsin L (CatL) (Sever S, 2007). Nephrin, a member 
of the immunoglobulin family, is regarded as the critical structural component of the slit 
diaphragm of podocytes as it is composed of an extracellular and intracellular domain 
capable of transducing signals between neighboring podocytes, and is the protein that 
bridges the distance between interdigitating foot processes (Zhu et al., 2008). Encoded by 
the NPHSI gene, both humans and experimental mice models lacking nephrin or a 
mutation in the NPHSI gene are born without typical slit diaphragms and exhibit severe 
podocyte abnormalities and massive proteinuria in utero and at birth (Kuusniemi et al., 
2006). The Src family kinase Fyn, controls the phosphorylation of nephrin and when 
phosphorylated together with CD2AP and podocin, phosphoinositide-3-OH kinase 
(PI3K)-dependent Akt activation is induced, which is thought to inhibit podocyte 
apoptosis (Huber et al., 2003). Phosphorylation of nephrin also promotes Nck-dependent 
actin rearrangements, indicating an important role for nephrin in preventing foot process 
effacement (Verma et al. 2006). The transmembrane proteins Neph1 and Neph2 are 
structurally related to nephrin, containing extracellular IgG-like motifs, and interact with 
nephrin during intracellular signaling. FAT1 and FAT2, like Neph1 and Neph2, are part of 
the slit diaphragm but contain cadherin-like repeats (Tryggvason et al., 2006). Podocin is a 
membrane-associated intracellular protein, and is involved in the organization of the slit 
diaphragm complex, interacting with both nephrin and CD2AP (Schwarz et al., 2001). 
CD2AP is linked to nephrin, podocin and the actin cytoskeleton, transducing signals to 
the actin cytoskeleton. Recently, attention has focused on TRPC6, a calcium channel 
present in the slit diaphragm complex interacting with both nephrin and podocin, and 
involved in podocyte mechanosensation and regulation of gene transcription (Moller et 
al., 2009). Synaptopodin, an actin-binding protein, is present in the foot process and 
involved in actin elongation through α-actinin-4 by modulating RhoA signaling 
(Asanuma et al., 2005) (Asanuma et al., 2006). The GTPase dynamin is also involved in 
actin modulation, and both GTP-bound dynamin and unphosphorylated synaptopodin 
are direct targets of the proteolytic activity of the cysteine protease Cathepsin L (Reiser et 
al., 2004). Undoubtedly, an intricate alignment of the slit diaphragm proteins is pivotal for 
proper filtration and renal function and disruption to the expression or function of these 
proteins alters the intercellular junctions and cytoskeletal structures of the foot processes 
and the cell takes on an effaced phenotype, pathologically known as effacement. Thus, 
foot processes effacement is identified as the hallmark in the development of proteinuric 
kidney disease (Kwoh et al., 2006) (Perysinaki GS, 2011). 
As well as having the role of maintaining glomerular structural and functional integrity, 
podocytes also play a key role in autocrine signalling. Podocytes are essential suppliers of 
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vascular endothelial growth factor A (VEGF-A) to the glomerular capillary endothelium and 
with glomerular endothelial cells, they are among the few cell types where VEGF-A is 
expressed throughout life (Tufro et al., 1999) (Simon et al., 1995). In addition, injured 
podocytes have been reported to upregulate expression of the transmembrane protein B7-1 
(or CD80) on their surface, normally expressed on B cells and other antigen-presenting cells 
(Reiser J, 2004). To illustrate, in response to B7-1 activation due to binding of LPS to toll-like 
receptor-4 (TLR4), the podocyte slit diaphragm is rearranged leading to proteinuria, a 
response not seen in B7-1 knockout mice (Reiser J, 2004),  suggesting that the podocyte is 
part of the innate immune system and has a role in danger signaling (Reiser J, 2004) 
(D'Agati, 2008). 
Clearly, the podocyte is a highly complex cell involved in maintaining normal capillary health, 
other glomerular cells and structures as well as being a gateway for the perm-selectivity of the 
glomerular filtrate. Given the terminally differentiated nature of podocytes, loss of these cells 
cannot be compensated by regenerative proliferation. Thus an intricate alignment of the slit 
diaphragm proteins is pivotal for proper filtration and renal function. Hence, podocytes are 
key contributors to glomerular disease and understanding the cellular mechanisms governing 
their response to injury is imperative to the development of therapeutic strategies to directly 
protect podocytes in disease situations from advancing to kidney sclerosis. 

2. Role of podocytes in glomerular disease 
Glomerular diseases (including diabetic kidney disease) are the most common cause of end-
stage kidney failure throughout the world. They comprise a variety of heterogenous 
disorders that are due to acute or chronic injury of the renal glomeruli. Whether they are a 
primary disease process or a secondary manifestation of a systemic disease process, the 
working paradigm is that they all converge onto few pathways of disease progression.  
Over the last decade, immense knowledge has emerged implicating podocytes as key 
players in a broad range of glomerular diseases. Injury to the podocytes is the initiating 
cause of many renal diseases, leading to proteinuria with possible progression to end-stage 
renal disease (Leeuwis et al., 2010). Human podocytopathies include focal and segmental 
glomerular sclerosis (FSGS), minimal change disease, membranous nephropathy, collapsing 
glomerulopathy and diabetic nephropathy and more recently podocytes have also been in 
implicated in proliferative forms of GN such as crescentic glomerulonephritis (Thorner et 
al., 2008) (Moeller et al., 2004) . The filtration barrier is the major pathogenic site in almost all 
glomerular diseases and its study is therefore of clinical significance. When podocytes are 
injured, as in many forms of glomerulonephritides, the podocytes respond by retracting 
their foot processes into their cell bodies to form flattened dense epithelium, 
morphologically designated foot process effacement (Harita et al., 2006) (Mundel and 
Shankland, 2002). These podocytic changes lead to precipitous protein leakage into the 
urine, which over a chronic period of time culiminates in the development of 
glomerulosclerosis and end-stage kidney failure (Smoyer and Mundel, 1998). Thus, the 
intrinsic defect in the cytoskeletal proteins renders podocytes non-functional as the actin 
cytoskeletal organisation changes from parallel contractile bundles into a dense network, 
culminating in foot processes effacement, subsequent proteinuria and sclerosis.  
Podocyte contribution is essential to the formation of glomerular crescent as they populate 
cellular crescents in human and experimental models of CGN (Thorner et al., 2008) (Bariety 
et al., 2005) (Moeller et al., 2004) (Le Hir et al., 2001). So far, the earliest documentation of 
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podocyte response to injury in a model of crescentic glomerulonephritis is from the 
ultrastructural studies conducted by Le Hir et al., 2001, whereby podocytes formed bridges 
glomerular tuft area and Bowman’s capsule in mice ten days injection with rabbit anti-GBM 
serum (Le Hir et al., 2001). These findings were the first to provide a link between the initial 
inflammatory injury processes occurring within the endocapillary compartment of the 
glomerular tuft and the formation of a multilayered cellular crescent in bowman’s space (Le 
Hir et al., 2001). What causes these presumably terminally differentiated visceral cells to 
acquire a phenotype favourable for cytoskeletal reorganisation leading to contact with the 
parietal basement membrane of Bowman’s capsule, culminating in the formation of 
podocyte bridges is yet to be explored.  

3. The mammalian target of rapamycin complex signal transduction pathway  
The coordinated control of cell growth to produce a genetically predetermined cell size, 
shape, survival and proliferation is greatly influenced by a ubiquitously expressed 
serine/threonine kinase known as the mammalian target of rapamycin (mTOR).  mTOR 
functions to regulate a variety of cellular activites that are sensitive to environmental 
stress (Foster, 2007) (Sabatini, 2006). Our current understanding of mTOR dates back to 
the initial discoverers of its inhibitor, Rapamycin, about three decades ago on the 
Southern Pacific Ocean island named Easter Island, known as “Rapa Nui” by the 
language of its native Polynesian inhabitants (Yang and Guan, 2007). The bacterial strain, 
Streptomyces hygroscopicus, which was first isolated from this island secrete a potent 
anti-fungal macrolide that was named rapamycin after the location of its discovery (Yang 
and Guan, 2007). Rapamycin was initially developed as an anti-fungal agent (Loewith, 
2011). However, its major application quickly developed after rapamycin was proven to 
have immunosuppressive and anti-proliferative properties (Yang and Guan 2007). To 
date, rapamycin (or sirolimus) has become routinely used clinically for 
immunosuppression in organ transplantation, prevention of restenosis post-angioplasty, 
and chemotherapy in a variety of cancers (Dobashi et al., 2009) (Yang and Guan, 2007). 
mTORC1 Signaling pathway: mTOR is the downstream effector protein belonging to the 
phosphatidylinositol (PIKK)-related kinase family with a predicted molecular weight of 
290kDa, and is part of the PI-3 Kinase pathway which is part of the tyrosine kinase 
activation cascade (Vogt, 2001). The physiological importance of the primordial mTOR is 
undoubtedly demonstrated by the fact that the knockout of mTOR in mice is embryonically 
lethal (Gangloff et al., 2004) (Murakami M, 2004).  In mammalian cells, mTOR signaling 
consist of two distinct multiprotein complexes named mTOR Complex-1 (TOR-raptor-GβL) 
and mTOR Complex-2 (TOR-rictor-GβL), and each complex is evolutionarily conserved 
from yeast to mammalian eukaryotes with distinct and essential roles in maintenance of cell 
function and structure (Loewith R, 2002).  It is now well established that the raptor-
containing mTOR complex (mTORC1) is rapamycin-sensitive (Sabatini et al., 1994), whereas 
the rictor-containing mTOR complex (mTORC2) is rapamycin-insensitive (Sarbassov et al., 
2006). In contrast to mTORC1, mTORC2 regulates growth factor signalling, cell survival 
(AKT) and cytoskeletal reorganization (Facchinetti et al., 2008) (Bhaskar PT, 2007) (Jacinto et 
al., 2004). However, as much of our current understanding of mTOR is limited to mTORC1, 
because of the availability and wide use of rapamycin. The factors promoting mTORC2 
activation are not well defined and may be controlled by the activation states of multiple 
mTORC1 effector proteins (Gossage L, 2010).  
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Fig. 1. Mammalian target of rapamycin (mTOR) signaling pathway. mTOR incorporates 
growth factor activation from the tyrosine receptor kinase to control several catabolic and 
anabolic processes that collectively determine cell growth and metabolism. mTOR is an 
atypical serine/threonine kinases. In response to growth factors, Akt phosphorylates and 
inactivates TSC1-TSC2, allowing Rheb to activate mTOR. Low energy (cellular energy status) 
inhibits mTORC by activating AMPK, which phosphorylates and activates TSC1-TSC2.  mTOR 
controls protein synthesis by phosphorylating and inactivating the translational inhibitor 
4EBP-1 and by phosphorylating and activating P70S6 kinase. mTORC2 promotes cell survival 
through direct phosphorylation of serine 473 in the hydrophobic motif of AKT. The 
immunosuppressant rapamycin in complex with FKBP inhibits mTOR when bound to raptor.  
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Activities of mTORC1: The mTORC1 arm of mTOR signaling pathway promotes cell cycle 
progression through G1-phase and proliferation through multiple molecular mechanisms. 
mTORC1 signaling functions via the two earliest recognized and best-characterised 
downstream effector proteins namely, SK1 (p70 ribosomal protein S6 kinase 1) and 
eukaryotic initiation factor (eIF) 4E-binding protein 1 (4EBP1) that are involved in the 
regulated control of protein synthesis/ribosome biogenesis and cap-dependent translation 
initiation (Yang and Guan 2007). The pathway is activated as follows: Firstly, mTOR 
incorporates growth factor activation from the tyrosine kinase receptor to activate AKT via 
phosphorylation at the threonine-308 residue site, which results in phosphorylation and 
subsequent inactivation of the endogenous mTOR complexes inhibitors, the tuberous 
sclerosis complexes-1 and 2 (TSC1-TSC2). Upon phosphorylation of TSC1-TSC2 
heterodimer, Rheb is released which positively regulates mTORC1 for activation via 
phosphorylation at the serine 2448 site (Yang and Guan 2007). The activation of mTORC1 
results in increased protein synthesis by phosphorylating and inactivating the translational 
inhibitor 4E-BP and by phosphorylating and activating S6 kinase (S6K). S6K, in addition to 
phosphorylating various translational targets. It also phosphorylates and inhibits insulin 
receptor substrate 1 (IRS-1) as part of a negative feedback loop that attenuates insulin 
signaling. mTORC2 promotes cell survival through direct phosphorylation of serine 473 in 
the hydrophobic motif of AKT. The immunosuppressant rapamycin in complex with FKBP 
binds and inhibits mTOR when bound to raptor.  Activation of the protein kinase p70 S6 
kinase (p70S6k) and subsequent phosphorylation of 40S subunit of the S6 ribosomal protein 
regulates the translation of ribosome proteins and components of the translational 
machinery. mTORC1 also phosphorylates 4E-BP1, which releases it from the translation 
factor, eIF-4E, and allows the latter to initiate translation of messenger RNAs. TORC1 also 
regulates proliferation through modulation of cell cycle regulatory proteins, involving the 
cyclin D1/E-cyclin-dependent kinase (Cdk)-2/4-retinoblastoma pathway (Berthet and 
Kaldis, 2007). In particular, eIF4E regulates the translation of the Cyclin D1 and D3 genes, 
which leads to reduced formation of cyclinD3-cdk4 kinase (Hleb M, 2004). TORC1 activation 
is correlated with the protein expression of cdk2 (Chen et al., 2009) and also increases the 
expression of p27kip1 (the endogenous inhibitor of cdks 2 and 4), through undefined 
mechanisms (Sun et al., 2008) (Wang et al., 2001). mTORC1 is also a negative regulator of 
autophagy (one of the major systems which regulate cellular protein degradation) (Meijer 
and Codogno, 2004).  
The earliest recognized and best-studied mTORC1 downstream effector proteins are SK1 
(p70 ribosomal protein S6 kinase 1) and eukaryotic initiation factor (eIF) 4E-binding protein 
1 (4EBP1). Under basal conditions, S6KI and 4EBP1 are bound to eIF3 and remain inactive 
(Holz MK, 2005) mTOR-dependent phosphorylation of 4EBP1 releases eIF4E, initiating cap-
dependent de novo translation of various species of mRNA (Brunn et al., 1997 and Gingras 
et al., 2004). Another set of downstream effectors of mTOR are the serine/threonine protein 
kinases, S6 kinase 1 (S6K1) and S6 kinase 2 (S6K2), both of which are responsible for 
phosphorylation of the 40S ribosomal protein S6 (rpS6) (Murakami et al., 2004, Sarbassov et 
al., 2004 and Shima et al., 1998). mTOR activation of S6K results in phosphorylation of S6 
ribosomal protein, leading to recruitment of the 40S ribosome subunit and translation of 5'-
terminal oligopyrimidine tract (5'TOP) mRNA (Jefferies et al., 1997). These 5'TOP mRNA 
encode primarily ribosomal proteins and other components of the translational apparatus 
(Meyuhas et al., 2000). Thus, by controlling S6K activity, mTOR also regulates the 
abundance of translational machinery. Under favorable growth conditions, mTOR is 
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activated and S6K and 4E-BP1 are phosphorylated, leading to new RNA and protein 
synthesis. Proliferation of intrinsic glomerular cells, characterized by increased RNA and 
protein synthesis with DNA replication and cell division is fundamental in crescent 
formation in crescentic glomerulonephritis. It may well be that mTOR plays a critical role in 
this disease process. Thus, the judicious attenuation of proliferation with mTOR inhibitors 
may potentially provide an option to limiting the progression of renal injury from 
progressing to crescentic glomerulonephritis. 

4. Implication of mTOR signaling in renal disease  
The availability of the mTOR inhibitor (mTORi) rapamycin, which is used clinically as an 
immunosuppressant drug to prevent rejection in organ transplantation, has helped to 
identify a large signaling network around mTOR signaling leading to extensive studies for 
its effect on cell proliferation and apoptosis not just in cancer but in both human and 
experimental in vivo and in vitro models of glomerular disease.  Nevertheless, whilst some 
studies suggest mTOR inhibition by rapamycin might halt or reverse glomerulopathies  
(Mori H, 2009) (Inoki, 2008) (Lloberas et al., 2006) (Sakaguchi et al., 2006) (Rangan and 
Coombes, 2007) other studies documented an increase in proteinuria and glomerulosclerosis 
in patients and in animal models following rapamycin treatment (Torras J, 2009) (Amer and 
Cosio, 2009) (Munivenkatappa et al., 2010)  (Letavernier et al., 2007), suggesting a 
significance for mTORC1 signaling in endogenous and compensatory regenerative repair of 
renal cells in glomerulopathies. To add, most studies regarding the role of mTOR signaling 
in renal disease are based on pharmacological intervention with rapamycin (and as 
mTORC1 is expressed in resident as well as infiltrating cells) this approach does not allow 
for distinguishing the specific role of blocking mTORC1 in intrinsic renal cells. Furthermore, 
off-target effects have been described with long-standing application of rapamycin, most 
notably the inhibition of mTORC2 (Sarbassov et al., 2006). Therefore, tissue-specific analysis 
of mTOR signaling is required for an in-depth understanding of the functional and cell 
autonomous role of mTOR in diabetic nephropathy and other glomerular diseases.  

5. Role of TORC1 in normal podocyte biology 
The mTOR signalling pathway has emerged as having an important role in maintaining 
podocyte survival and cytoskeletal structure. Recently, elegant studies by Godel et al. and 
Inoki et al., conducted in conditional knockout mice, have comprehensively verified the 
critical role that TORC1 plays in maintaining normal podocyte function and glomerular 
architecture. Godel et al. showed that podocyte-specific deletion of TORC1 (Raptorflox/flox)  
in conditional knockout mice caused heavy proteinuria at 8 weeks of age, associated with 
development of segmental glomerulsclerosis (particulary in juxtamedullary glomeruli), 
reduced expression of slit diaphragm proteins (nephrin, podocin and Par3), foot process 
effacement and increased mortality after 8 months of age. The dependence of normal 
podocyte biology on TORC1 was also determined by genetic background (with 
conditional TORC1 deletion in ICR mice being more prone to proteinuria than those from 
a C57BL/6 background) as well as age (suppression of TORC1 was more resistant in 
causing proteinuria in adult mice). Godel and co-authors also demonstrated that the 
combined inactivation of TORC1 and TORC2 (using Raptor/Rictorpodocyte conditional 
mice) caused a rapid onset of nephrotic syndrome, FSGS, renal failure and death by 8 
weeks of age.  
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Using an alternative approach, Inoki et al. examined the effects of over-activation of TORC1 
in podocytes using podocyte-specific deletion of TSC1 (a negative regulator of TORC1 
activation). These studies showed that high TORC1 activation led to mesangial expansion 
and glomerulosclerosis, proteinuria, podocyte body enlargement and foot process 
effacement and a reduction in podocyte number (partly due to reduced podocyte 
attachment) and death due to renal failure by 14 weeks. The molecular and cellular changes 
underlying these morphological changes included mislocalization of nephrin, cellular 
dedifferentiation and conversion to a fibroblastic phenotype (as determined by increased 
expression of desmin and redistribution of zonula occluden-1) and promoted endoplasmic 
reticulum stress. These effects were rapamycin-sensitive and reversible if attenuated at an 
early stage, but not after prolonged over-activation. Taken together, the studies by Godel et 
al. and Inoki et al. highlight that glomerular TORC1 activity in podocytes must kept under 
low finely regulated levels, with both complete suppression as well as over-expression of 
TORC1 having deleterious effects on podocyte structure and function. 
The molecular mechanisms by which TORC1 regulates normal podocyte function is not yet 
fully understood. Previous in vitro studies investigating the effects of TORC1 inhibition 
with sirolimus in cultured podocytes have shown that the TORC1 regulates at least three 
physiological functions which are essential for normal podocyte surivial as well as 
functioning of the glomerular filtration barrier: (i) podocytes produce VEGF (an important 
angiogenic peptide that maintains the normal integrity of the glomerular-endothelial barrier 
(Eremina, Baelde, & Quaggin, 2007), in a TORC1 dependent manner; (ii) TORC1 may 
regulate pro-survival pathways in podocytes. At present, there is only indirect evidence to 
support this hypothesis. Nephrin and CD2-associated protein (CD2AP) constitutively 
regulate PI3K and Akt, both of which are upstream of TORC1 (Huber et al., 2003). Nephrin 
is a transmembrane protein expressed in podocytes and is linked to the cytoskeleton by 
CD2AP (Pavenstadt, Kriz, & Kretzler, 2003). Both are critical factors that maintain the 
normal function of the slit diaphragm of the podocytes and the glomerular filtration barrier 
(Pavenstadt et al., 2003). Given that mutations in the genes encoding nephrin or CD2AP lead 
to FSGS, these studies raise the possibility that their downstream pathways involve TORC1 
(Kwoh, Shannon, Miner, & Shaw, 2006). This postulate has recently been confirmed in two 
studies showing that sirolimus reduced Akt phosphorylation in cultured podocytes 
(Letavernier et al., 2008; Vollenbroeker et al., 2008). Akt is a cytoplasmic serine/threonine 
kinase that regulates programmed cell death by phosphorylating substrates that regulate 
apoptosis (such as caspase-9, XIAP, MM2); (iii) Lastly, sirolimus altered the cytoskeletal 
structure of podocytes in vitro. The latter may be due to inhibitory effects on Akt, TORC2 
and Wt1(Letavernier et al., 2008; Vollenbroeker et al., 2008). In vitro, podocytes exposed to 
sirolimus (20 ng/ml) for 48 hours developed a more roundshaped morphology with 
reorganization of cytoskeleton and redistribution of actin filaments and focal adhesion 
proteins (viniculin) to the periphery of the cell (Letavernier et al., 2008; Vollenbroeker et al., 
2008). These effects may lead to reduced cell adhesion and migration (Vollenbroeker et al., 
2008). 

6. Role of TORC1 in podocytes in human and animal models of glomerular 
disease 
Glomerular diseases can be classified according to changes in podocyte number and 
differentiation, as proposed by Shankland and colleagues (Griffin et al. 2003)(Figure 2). 
Podocyte number is normal or decreased in minimal change disease, focal segmental 
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glomerulosclerosis and diabetic kidney disease, whereas it is increased with an 
dedifferentiated phenotype in HIV nephropathy, collapsing variant of focal segmental 
glomerulosclerosis and crescentic glomerulonephritis. Loss of Podocytes (due to cell death 
and detachment from the glomerular basement membrane) is a key determinant of 
progression to kidney failure, regardless of the cause. Our knowledge about the role of 
TORC1 in podocytes in glomerular disease is incomplete and is summarised and discussed 
below.  
 

 
Fig. 2. Classification of glomerular diseases according to changes in podocyte number and 
differentiation, as proposed by Shankland and colleagues (Griffin et al. 2006). 

6.1 Glomerular diseases in which podocyte number decreased or normal 
Minimal change disease/focal segmental glomerulosclerosis. Several studies have examined the 
effects of sirolimus in animal models of glomerular diseases associated with heavy 
proteinuria and reduced or normal podocyte number. These models resemble the human 
counterparts of FSGS and minimal change disease. Both everolimus and sirolimus were 
renoprotective when administered during the early stages of non-immune FSGS induced by 
either puromycin (Daniel et al., 2000) or adriamycin (Rangan and Coombes, 2007) in rats. In 
adriamycin nephropathy, commencement of sirolimus during the established, but early 
phase of disease (day 14 to 49), attenuated the increase in kidney weight, glomerular 
capillary tuft enlargement, glomerulosclerosis and tubulointerstitial fibrosis as well as renal 
cortical TGF-β (Rangan and Coombes, 2007), whereas interstitial inflammation and 
peritubular myofibroblast accumulation were unaffected. Interestingly, the examination of 
sirolimus on proteinuria and subsequent podocyte damage in two contrasting renal disease 
models, with clearly different pathophysiological mechanisms (a glomerular toxico-
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glomerulosclerosis and diabetic kidney disease, whereas it is increased with an 
dedifferentiated phenotype in HIV nephropathy, collapsing variant of focal segmental 
glomerulosclerosis and crescentic glomerulonephritis. Loss of Podocytes (due to cell death 
and detachment from the glomerular basement membrane) is a key determinant of 
progression to kidney failure, regardless of the cause. Our knowledge about the role of 
TORC1 in podocytes in glomerular disease is incomplete and is summarised and discussed 
below.  
 

 
Fig. 2. Classification of glomerular diseases according to changes in podocyte number and 
differentiation, as proposed by Shankland and colleagues (Griffin et al. 2006). 
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adriamycin nephropathy, commencement of sirolimus during the established, but early 
phase of disease (day 14 to 49), attenuated the increase in kidney weight, glomerular 
capillary tuft enlargement, glomerulosclerosis and tubulointerstitial fibrosis as well as renal 
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immunological model induced by puromycin aminonucleoside, and a chronic 
hyperfiltration and inflammatory model by mass reduction), both treated with a fixed high 
sirolimus dose revealed, significant increases in proteinuria, together with a significant fall 
in podocin immunofluorescence, as well as clear additional damage to podocyte foot 
processes (Torras et al., 2009). Conversely, after mass reduction, rapamycin produced lower 
levels of proteinuria and amelioration of inflammatory and pro-fibrotic damage. In contrast 
to the puromycin model, higher glomerular podocin and nephrin expression and 
amelioration of glomerular ultrastructural damage were found (Torras et al., 2009). Thus 
these studies suggest sirolimus has dual opposing effects, with proteinuria and podocyte 
damage aggravation in the glomerular model and a nephro-protective effect in the chronic 
inflammatory tubulointerstitial model. To add, sirolimus has also been reported to damage 
podocytes in rats with protein overload nephropathy (Cia et al., 2011). Collectively these 
findings indicate that sirolimus produces slight alterations in podocyte structure when 
acting on healthy podocytes, but it clearly worsens those podocytes damaged by other 
concomitant injury.  
In humans with FSGS, the role of TORC1 in podocytes in disease pathogenesis has not 
been directly evaluated. Clinical trial evidence however suggests that TORC1 has a 
dichotomous role (congruent with data from TORC1-conditional knockout mice) 
indicating that its role in disease is finely balanced. (Pollak, 2008, Fervenza et al., 2004, 
Tumlin et al., 2006, Cho et al., 2007, Aymanns et al., 2006). In a prospective open label 
trial, conducted by Tumlin and colleagues (Tumlin et al., 2006), sirolimus induced 
complete remission (defined as <300mg protein/24h after 6 months) in 4 of the 21 
patients, and partial remission (defined as a 50% reduction of baseline proteinuria) in 8 of 
the 21 patients tested within the 6 month period. Twelve of the responsive patients, along 
with 2 others who saw a 30% reduction in proteinuria continued sirolimus therapy for 
another 6 months. In these patients, baseline proteinuria fell significantly within the first 6 
months, however this decline in proteinuria became statistically insignificant from the 
period of 6 months to 12 months. Overall, the study found that sirolimus was able to 
stabilize the renal function of patients with FSGS, by not only reducing proteinuria, but 
also glomerular pore size and increasing glomerular ultrafiltration coefficient (Fervenza et 
al., 2004). On the other hand, Patel and colleagues (Patel et al., 2005) reported that a 
combination of tacrolimus with sirolimus was beneficial in reducing proteinuria and 
inducing remission in a patient with a long history of refractory minimal change 
nephropathy. In contrast, other smaller pilot studies in humans highlighted the possible 
nephrotoxic effects of sirolimus in patients with FSGS (Tumlin et al., 2006, Cho et al., 
2007). A common observation amongst all the studies was that a longer duration of 
disease was associated with resistance to sirolimus therapy and a risk for renal 
dysfunction. Therefore, genetic factors, stage of disease and level of TORC1 inhibition 
may be factors underlying these variable results in humans. 
Membranous nephropathy. The effects of sirolimus have been examined in both the passive 
and active Heymann nephritis model of membranous nephropathy (Cavallo, 1994), but the 
specific effects on podocytes has not been assessed. In a nephrectomized model of passive 
Heyman nephritis, sirolimus reduced the expression of pro-inflammatory and pro-fibrotic 
genes, tubulointerstitial inflammation and fibrosis as well as compensatory renal 
hypertrophy (Bonegio et al., 2005). In the active model, sirolimus exhibited protective effects 
during both the induction as well as the chronic phases (Naumovic et al., 2007). The efficacy 
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of sirolimus in human membranous nephropathy is currently being evaluated in an NIH-
sponsored clinical trial.  
Diabetic kidney disease. Sirolimus is known to prevent the development of diabetes in non-
obese diabetic mouse, which is an autoimmune model of insulin-dependent diabetes, 
presumably due to immunomodulatory effects (Baeder et al., 1992). In the kidney, the 
expression of mTORC1 is upregulated in animals with diabetes, possibly through an 
AMPK-dependent manner (Lee et al., 2007). In addition, several groups have investigated 
the role of sirolimus and mTORC1 in mediating renal injury associated with diabetes. 
These studies showed that sirolimus reduced renal hypertrophy associated with 
hyperglycaemia and that it also has some anti-inflammatory and anti-fibrotic effects 
(Yang et al., 2007, Sataranatarajan et al., 2007, Lee et al., 2007, Sakaguchi et al., 2006, 
Lloberas et al., 2006, Nagai et al., 2005). For example, the treatment of rats with 
streptozotocin (STZ)-induced diabetes with sirolimus from week 16 to 20 reduced 
albuminuria, phosphorylated Akt and mTORC1 expression and growth factor expression 
of TGF-β1 (Lloberas et al., 2006). These effects were comparable to diabetic animals 
treated with insulin (Lloberas et al., 2006). Sirolimus had similar effects in db/db mice 
with diabetes (Sataranatarajan et al., 2007). The effects of sirolimus in human diabetic 
nephropathy have not been directly evaluated. However, Senior and colleagues reported 
in a retrospective case series, 3 out 62 clinical islet transplant recipients developed 
proteinuria when converted from CNI-based regimen to a CNI-free/sirolimus-based 
treatment (Senior et al., 2005). At least two of the three patients had underlying 
established diabetic nephropathy, which progressed following islet transplantation. 
Another five patients developed microalbuminuria. The proteinuria improved with 
increased doses of CNI, suggesting that the mechanisms of proteinuria may be similar to 
that described for patients with chronic allograft nephropathy (CAN) (i.e. partly due to 
CNI withdrawal) (Senior et al., 2005).  
Chronic kidney disease. In the remnant kidney model in rats and mice, 5/6th   of the kidneys 
are removed either by nephrectomy or infarction through the selective ligation of the renal 
arteries. This model recapitulates some of the features associated with chronic kidney 
progression in humans. In this model, divergent effects of mTOR inhibitors have been 
observed, but this may depend on the timing of their administration, similar to what was 
observed in the glomerular disease models described earlier  (Diekmann et al., 2007, 
Vogelbacher et al., 2007). For example, Vogelbacher and co-workers found that starting 
everolimus three days after induction of the model, suppressed glomerular endothelial and 
mesangial cell proliferation, and worsened structural renal injury and proteinuria 
(Vogelbacher et al., 2007). In contrast, when sirolimus was started at week 6, it improved 
proteinuria, fibrosis and inflammation (Diekmann et al., 2007). Sirolimus attenuated 
glomerular VEGF production in both studies and paradoxically increased serum levels of 
VEGF (Diekmann et al., 2007).  

6.2 Glomerular diseases in which podocyte number increased 
Crescentic glomerulonephritis. mTORC1 may mediate both the immunopathogenesis as well 
as the local glomerular cell proliferation that occurs in crescentic glomerulonephritis. For 
example, in mice the overexpression of HIF-1α  (Ding et al., 2006). Two recent studies have 
evaluated the effects of sirolimus in murine models of crescentic glomerulonephritis. In 
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mice, prophylactic treatment with sirolimus, 5 days prior to disease induction, decreased the 
proliferation of inflammatory cells and autologous antibody production, but did not alter 
the lymph node expression of CD4+CD25-FoxP3 regulatory cells was detected (Hochegger 
et al., 2008). In contrast, when sirolimus was commenced on day 14 of established disease, 
deleterious effects occurred, including an increase in proteinuria and worsening of 
inflammatory cell infiltration (Hochegger et al., 2008). In rats with crescentic 
glomerulonephritis induced by nephrotoxic serum, treatment with sirolimus during the 
early stage  (1 day after immunization) reduced glomerular cell proliferation, 
tubulointerstitial damage and fibrinoid necrosis, as well as increasing urine volume and 
preventing the decline in renal function (Succar et al., 2007). Of note, the degree of 
histopathological protection following sirolimus treatment was much greater in the 
tubulointerstitial compartment than in the glomerulus, and was associated with reductions 
in both the glomerular and tubulointerstitial phosphorylation of the S6 ribosomal protein 
(Succar et al., 2007).  
HIV-nephropathy. The most common, or "classical", type of HIV-associated nephropathy 
(HIVAN) is a collapsing FSGS, though other forms of kidney disease may also occur with 
HIV (Medapalli, 2011) (Kimmel et al., 2003). Both glomerular and tubular lesions are 
characterized by a proliferative phenotype in HIVAN, and mTORC1 pathway was been 
implicated to contribute to the development of the HIVAN phenotype, as demonstrated in 
Kumar et al., 2010, whereby, renal tissues of transgenic mice showed enhanced 
phosphorylation of p70S6 kinase, 4EBP1 and eIF4B, HIF1-α, VEGF and an associated 
diminished phosphorylation of eEF2 (Kumar D, 2010). Here transgenic mice receiving 
rapamycin not only showed inhibition of the mTOR-associated downstream signaling but 
also displayed attenuated renal lesions suggesting that the mTOR pathway contributes to 
the HIVAN phenotype and that inhibition of the mTOR pathway can be used as a 
therapeutic strategy to alter the course of HIVAN (Kumar D, 2010). 

7. Therapeutic implications of targeting TORC1 in podocytes in therapy of 
human glomerular diseases 
The foregoing data clearly support that the TORC pathway has an important role in the 
pathogenesis of glomerular disease. However, our knowledge in human disease is in its 
infancy and there remain several significant challenges in translating the known role of 
TORC in podocytes to the therapy of human glomerular disease. Firstly, further studies are 
needed to confirm the expression and functional role of TORC in human disease. Biopsy 
studies of the localization of TORC pathway in glomerular disease are essential. 
Furthermore, serial assessment of biomarkers indication TORC activity will allow the level 
of expression to be determined according to stage of disease. Such assessment may include 
the expression of TORC in podocytes of the urine. Second, further refinements in the way in 
which TORC is modulated in vivo are required. This may require evaluation of low-dose 
sirolimus in conjunction with assessment of biomarkers that modulate the bioactivity of 
TORC; the development of more specific drug-inhibitors that target the TORC pathway as 
well as more specific methods of drug-delivery that target the podocyte. In essence, further 
data in humans is currently lacking and currently essential for furthering the role of TORC 
modulation in podocytes. 

Role of the Mammalian Target of  
Rapamycin (mTOR) Signalling Pathway in Podocytes in Glomerular Disease 

 

195 

8. Summary and conclusions 
Podocytes form the final barrier to protein loss, which explains why podocyte injury is 
typically associated with marked proteinuria. Indeed, all forms of glomerular disease are 
characterized by some degree of podocyte abnormality. Recent advancement in the 
understanding of the role of mTOR signalling pathway have emphasized the important role 
this key cell signalling transduction pathway plays in podocyte function both in normal and 
disease conditions. However, much more work is still needed to understand how mTOR 
signalling in podocytes can be modulated to allow the effective therapy of human 
glomerular disease.   
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1. Introduction  
Abnormal extracellular matrix (ECM) remodeling is a prominent biological feature of 
progressive glomerulonephritis (GN), and leads to glomerular dysfunction and sclerosis 
(Kagami et al., 2001; Prols et al., 1999). This condition is pathologically manifested in all the 
three major cells types of the glomerulus, and is characterized by the accumulation of 
fibronectin, laminin, and collagen in the diseased glomeruli (Kagami et al., 2004; Schnaper et 
al., 2003). Published genetic data (Boute et al., 2000; Kaplan et al., 2000; Patrakka et al., 2000) 
and the finding of podocyte abnormalities in transgenic mouse models of glomerulosclerosis 
(Shih et al., 1999) and patients with focal segmental glomerulosclerosis (Srivastava et al., 
2001) suggest that the visceral epithelial cell plays a significant role. This assertion is 
supported by earlier data implicating potential epithelial cell stressors, such as glomerular 
hypertension, hyperfiltration, or hypertrophy in sclerosis (Brenner, 1985). Some models 
implicate the endothelial cells in the sclerotic process (Akaoka et al., 1995; Lee et al., 1995b). 
Still others suggest a role for the mesangial cells (MC) (Habib, 1973). As seen in human GN 
and experimental rat GN models, activated MCs acquire increased mitogenicity and 
migratory activity, and exhibit de novo synthesis of -smooth muscle actin (-SMA) and 
interstitial collagen (Hugo et al., 1996; Johnson, 1994). In addition, filtered macromolecules 
may be trapped in the mesangium, initiating an inflammatory response that could play a 
role in stimulating ECM synthesis. A unifying hypothesis that includes participation of all 
the cellular elements of the glomerulus can be constructed. Glomerular capillary 
hypertension, or a genetic or acquired abnormality in podocyte adhesion or structure, 
permits hyperfiltration of macromolecules. Paracrine signals from the injured podocyte 
stimulate endothelial cell expression of leukocyte adhesion molecules and impair 
endothelial cell fibrinolytic activity. Signals from epithelial or endothelial cells to the 
mesangium, or direct delivery of proinflammatory substances through the glomerular 
filtrate, initiates a process that culminates in the accumulation of ECM (Schnaper and Kopp, 
2003). Mesangial expansion infringes on the capillary spaces, decreasing filtration surface 
area in the glomerular tuft. A major concept emerging from molecular cell biological studies 
is that pathological mesangial remodeling in progressive kidney disease is caused by 
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uncontrolled interactions between MCs, ECM, and growth factors (Rupprecht et al., 1996). 
Recent efforts have been directed towards modeling the cellular events regulating 
glomerular ECM turnover. Clarifying the molecular and cellular mechanisms responsible 
for pathological ECM remodeling may help to elucidate the pathogenesis of progressive 
glomerular sclerosis (Gruden et al., 2000; Krepinsky et al., 2003). A variety of physiological, 
pharmacological, and molecular approaches have been used to study how various 
mediators initiate or modify intracellular signaling pathways to cause mesangial cell matrix 
accumulation. These factors include transforming growth factor (TGF)- (Border and Noble, 
1997), basic fibroblast growth factor (bFGF) (Haseley et al., 1999), platelet-derived growth 
factor (PDGF) (Haseley et al., 1999), angiotensin II (Ang II) (Mezzano et al., 2001), connective 
tissue growth factor (CTGF) (Gupta et al., 2000), and various eicosanoids (Ledbetter et al., 
1990). 

2. The renin-angiotensin system (RAS) in GN 
The RAS plays an important role in fluid and electrolyte homeostasis, the development of 
hypertension, and the progression of renal disease (Anderson et al., 1986; Navar et al., 1999). 
Recently, the focus of interest on the RAS has shifted towards the role of the local RAS in 
specific tissues (Dzau and Re, 1994). The local RAS in the kidney has several 
pathophysiological functions not only in regulating blood pressure, but also in renal cell 
growth and production of glomerulosclerosis, which is induced during the development of 
renal fibrosis (Kagami et al., 1994; Ruiz-Ortega and Egido, 1997). Indeed, previous studies 
have shown that RAS blockades have beneficial effects in rats and humans with various 
renal diseases, and these effects are often considerably more significant than their 
suppressive effects on blood pressure (Horita et al., 2004; Ravid et al., 1998). Chronic GN, 
which results in substantial renal damage, is frequently characterized by relentless 
progression to end-stage renal disease.  Renal Ang II, whose production is enhanced in 
chronic GN, can elevate the intraglomerular pressure, increase glomerular cell hypertrophy, 
and augment ECM accumulation (Brunner, 1992; Kohan, 1998). Ang II antagonists or 
synthesis inhibitors markedly decelerate, and can even prevent, renal deterioration in renal 
disease (Anderson et al., 1986; Brunner, 1992; Giatras et al., 1997; Lafayette et al., 1992). This 
may be a reflection of the relatively short-term nature and small sample size of these studies, 
but may also be an indication that factors other than Ang II play an important role in the 
progression of GN. 

3. Mitogen-activated protein kinase (MAPK) 
The MAPK signaling pathway is a highly conserved module involved in various cellular 
functions, including cell proliferation, survival, differentiation, and migration (Fig. 1). 
Extracellular stimuli, such as growth factors and environmental stress, induce sequential 
activation of the MAPK cascade. At least four members of the MAPK family have been 
identified: extracellular signal-regulated kinase 1/2 (ERK1/2), p38, c-Jun N-terminal kinase 
(JNK), and ERK5 (Nishimoto and Nishida, 2006). The cascade allows for signal 
amplification, modulation, and specificity in response to different stimuli (Ferrell, 1996; Rose 
et al., 2010). As with many signaling pathways, complex regulatory mechanisms are utilized 
to direct the functional outcome mediated by MAPKs. The prototypic ERK1/2 pathway is 
found to be mainly responsive to stimulation by growth factors (Ramos, 2008), while p38 
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and JNK are collectively called stress-activated MAPKs (SAPKs) due to their induction by 
physical, chemical, and physiological stressors (Kyriakis and Avruch, 2001). In addition, the 
ERK5 pathway is implicated in both growth and stress signaling (Hayashi et al., 2004). The 
specificity and efficiency of MAPK signaling pathways are often dictated by specific 
docking and bindings partners (Jacobs et al., 1999; Raman et al., 2007; Remenyi et al., 2005). 
These include positive and negative modulators and scaffolding proteins that help to bring 
upstream and downstream signaling components together (Dhanasekaran et al., 2007; 
Morrison and Davis, 2003; Pearson et al., 2001). Thus, MAPKs form complex signaling 
networks that can be induced by a large array of external stimuli, and can achieve highly 
specific cellular effects through multitudes of regulatory mechanisms (Rose et al., 2010).  
 

 
Fig. 1. Mitogen-activated protein kinase (MAPK) signaling. GPCR, G protein-coupled 
receptor; MLK, Mixed lineage kinase; TAK, TGF-β activated kinase; ASK, Apoptosis signal-
regulating kinase. 

3.1 ERK1/2 
ERK1 and ERK2 are isoforms of the classical MAPK. Both ERK1 and ERK2 are activated by 
MAP/ERK kinase 1 (MEK1) and MEK2, which are members of the MAPKK family 
(Nishimoto and Nishida, 2006). After stimulation by a variety of mitogens, including 
peptide growth factors, MEK1/2 is activated by MAPKKK-mediated phosphorylation. 
These MAPKKKs include Raf and Mos. MEK1/2 then phosphorylates threonine and 
tyrosine residues in the Thr-Glu-Tyr (TEY) sequence of ERK1/2, thereby activating it. 
Activated ERK1/2 phosphorylates many substrates, including transcription factors, such as 
Elk1 and c-Myc, and protein kinases, such as ribosomal S6 kinase (RSK). Subsequently, 
immediate early genes, such as c-Fos, are induced. At the cellular level, ERK1/2 regulates 
cell cycle progression, proliferation, cytokinesis, transcription, differentiation, senescence, 
cell death, migration, GAP junction formation, actin and microtubule networks, and cell 
adhesion (Ramos, 2008). Owing to its role in cellular biology, ERK1/2 is a prominent player 
in physiological settings, influencing the immune system and heart development and 
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uncontrolled interactions between MCs, ECM, and growth factors (Rupprecht et al., 1996). 
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participating in the cellular response to many hormones, growth factors, and insulin. The 
ERK1/2 pathway is activated not only by growth factors, serum, and phorbol esters, but 
also by G protein-coupled receptors (GPCR), cytokines, microtubule disorganization, and 
other stimuli (Goldsmith and Dhanasekaran, 2007; McKay and Morrison, 2007; Raman et al., 
2007). Prototypically, binding of growth factors (such as FGF) to their respective receptor 
tyrosine kinases (RTK) activates Ras, which recruits and activates Raf (MAP3K) at the 
plasma membrane. Once activated, Raf phosphorylates and activates MEK1/2. MEK1/2, in 
turn, activates ERK1/2 by phosphorylation of the Thr and Tyr residues in the conserved 
TEY motif within its regulatory loop. Activated ERK1/2 can phosphorylate downstream 
proteins, including many transcription factors, in the cytoplasm or nucleus.  

3.2 ERK5 
ERK5, also known as big MAP kinase 1 (BMK1), is twice the size of the other MAPKs (Lee et 
al., 1995a; Zhou et al., 1995). Since it is activated by oxidative stress and hyperosmolarity, 
ERK5 was initially documented as a MAPK family member activated by stress stimuli (Abe 
et al., 1996). Subsequently, ERK5 was also shown to be activated in response to serum, one 
of the well-known activators of ERK1/2 (Kato et al., 1997). Once activated, ERK5 exerts its 
kinase activity on a number of other protein kinases and transcription factors in both the 
cytosol and the nucleus. Furthermore, unlike other MAPKs, ERK5 has been shown to 
function directly as a transcriptional activator (Akaike et al., 2004; Kasler et al., 2000). 
Diverse biological roles of ERK5, including cell survival, differentiation, proliferation, and 
growth, have also been identified. ERK5 is reported to play a physiological role in neuronal 
survival, endothelial cell response to sheer stress, prostate and breast cancer, cardiac 
hypertrophy, and atherosclerosis (Hayashi and Lee, 2004; Nishimoto and Nishida, 2006; 
Wang and Tournier, 2006). Nerve growth factor, Ang II, high glucose, and other stimulators 
of ERK1/2 can also increase ERK5 activity (Kamakura et al., 1999). Similar to the ERK1/2 
pathway, the MEK-ERK5 pathway is blocked by MEK inhibitors (Kamakura et al., 1999). 
Thus, there are similarities between the activation modes and functions of the ERK5 and 
ERK1/2 pathways. However, recent studies have also identified some distinctive features of 
the ERK5 and ERK1/2 pathway (Mulloy et al., 2003; Squires et al., 2002). 

4. MAPKs in GN 
A number of former studies have reported that the MAPK pathway plays a crucial role in 
the development of renal diseases. Bokemeyer et al. reported that ERK1/2 activation occurs 
in the rat Thy-1 model of mesangioproliferative nephritis, and that inhibition of the ERK1/2 
pathway results in a significant reduction in mesangial cell proliferation in this model 
(Bokemeyer et al., 2000; Bokemeyer et al., 2002). The glomerular ERK1/2 was maximally 
activated on day 6 and represents a putative mediator of the proliferative response in 
mesangioproliferative GN. In addition, ERK1/2 activation in human glomerulopathies is 
associated with cell proliferation, histological lesions, and renal dysfunction (Masaki et al., 
2004). Thus, these studies showing ERK activation in damaged glomeruli raise the 
possibility that ERK1/2 is an important signal molecule for acute inflammation-induced 
cellular proliferation in GN. 
ERK5 was originally shown to be activated by stress stimuli or serum (Kamakura et al., 
1999; Kato et al., 1997). Other stimuli, such as oxidative stress, Ang II, and high glucose, can 
also activate ERK5 in various cell types (Kato et al., 2000). Previous reports have 
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demonstrated that ERK5 is activated in the glomeruli of diabetic nephropathy rat models, 
but not in normal control rats. High glucose also induces ERK5 activation in cultured MCs 
in vitro (Suzaki et al., 2004). It was suggested that ERK5 might be involved in glomerular 
injury during the pathogenesis of diabetic nephropathy. 

4.1 Animal experiments 
We have established a progressive model of mesangioproliferative GN, as previously 
described (Nakamura et al., 1999). Briefly, rats (n = 36) were uninephrectomized, and, 1 
week later, administered with a single intravenous injection of 2 mg of nephritogenic anti-
Thy-1 monoclonal antibody 1-22-3. This monoclonal antibody recognizes a critical epitope of 
the Thy-1.1 molecule on the mesangial cell surface. Upon binding to its epitope, the 
antibody induces severe complement-dependent mesangial cell injury. The injection of 
monoclonal antibody 1-22-3 into uninephrectomized rats induced chronic progressive 
glomerulosclerosis with marked proteinuria. Control rats (n = 6) only received a vehicle. Six 
rats were sacrificed at each time point (days 3, 7, 14, 28, and 56 after the monoclonal 
antibody injection). In addition, 6 rats were sacrificed as baseline controls (0 h) prior to the 
injection of monoclonal antibody 1-22-3, and 5 rats (Nx group) were injected with PBS one 
week post-uninephrectomy and sacrificed on day 56 after the injection. 
The right kidney of each rat was removed, immediately fixed in 10% buffered-formalin, 
embedded in paraffin, cut into 4-m sections, and stained with periodic acid-Schiff (PAS) 
reagent. The mean glomerular cell number, which was based on the total glomerular cell 
count per glomerular cross section after PAS staining, was calculated for 30 
glomeruli/kidney. A pathologist, who was blinded to the other findings, semi-
quantitatively analyzed the glomerulosclerosis score. The percentage of each glomerulus 
occupied by the mesangial matrix was estimated and assigned a code, according to the 
following system: 0, 0%; 0.5, 1-5%; 1, 5-25%; 2, 25-50%; 3, 50-75%; and 4, >75%. Frozen 
sections (3 m) were fixed in acetone, incubated with a rabbit anti-phospho-ERK5 antibody 
at 4ºC overnight, and then incubated with a FITC-conjugated donkey anti-rabbit IgG 
antibody. To evaluate the level of glomerular staining with each antibody, we performed a 
semi-quantitative analysis, according to the following scoring system: 0, diffuse, very weak 
or no mesangial staining; 1+, 1-25% of glomerular tufts exhibit focal increases in mesangial 
staining; 2+, 25-50% of glomerular tufts exhibit strong mesangial staining; 3+, 50-75% of 
glomerular tufts exhibit strong mesangial staining; and 4+, >75% of glomerular tufts exhibit 
strong mesangial staining. For each kidney section, 30 glomeruli were selected at random 
and evaluated in a blinded fashion by the same pathologist. The mean value per section was 
then calculated. Formalin-fixed tissue sections (3 m) were deparaffinized with xylene and 
rehydrated through a graded series of ethanol. Endogenous peroxidase was blocked by 
incubation with hydrogen peroxide, and the samples were heated at 121ºC for 15 minutes in 
0.01 mol/L citrate buffer (pH 6.0) for antigen retrieval. Next, the sections were incubated at 
4ºC for 24 hours with an anti-phospho-ERK1/2 antibody diluted in PBS containing 1% BSA. 
After washing with PBS, the sections were incubated with a biotinylated secondary 
antibody and avidin-biotin-peroxidase complex (ABC Elite; Vector Laboratories, 
Burlingame, CA), and developed with 3,3’-diaminobenzidine. Each section was 
counterstained with Mayer’s hematoxylin, dehydrated, and coverslipped. The phospho-
ERK1/2-positive cells in 30 full-size glomeruli were counted, and the mean value was 
calculated. 
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demonstrated that ERK5 is activated in the glomeruli of diabetic nephropathy rat models, 
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sections (3 m) were fixed in acetone, incubated with a rabbit anti-phospho-ERK5 antibody 
at 4ºC overnight, and then incubated with a FITC-conjugated donkey anti-rabbit IgG 
antibody. To evaluate the level of glomerular staining with each antibody, we performed a 
semi-quantitative analysis, according to the following scoring system: 0, diffuse, very weak 
or no mesangial staining; 1+, 1-25% of glomerular tufts exhibit focal increases in mesangial 
staining; 2+, 25-50% of glomerular tufts exhibit strong mesangial staining; 3+, 50-75% of 
glomerular tufts exhibit strong mesangial staining; and 4+, >75% of glomerular tufts exhibit 
strong mesangial staining. For each kidney section, 30 glomeruli were selected at random 
and evaluated in a blinded fashion by the same pathologist. The mean value per section was 
then calculated. Formalin-fixed tissue sections (3 m) were deparaffinized with xylene and 
rehydrated through a graded series of ethanol. Endogenous peroxidase was blocked by 
incubation with hydrogen peroxide, and the samples were heated at 121ºC for 15 minutes in 
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After washing with PBS, the sections were incubated with a biotinylated secondary 
antibody and avidin-biotin-peroxidase complex (ABC Elite; Vector Laboratories, 
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Fig. 2. Time course studies in glomerular histology and expression of phospho-ERK1/2 (p-
ERK1/2) and phospho-ERK5 (p-ERK5) in normal and glomerulonephritis (GN) rats. A: 
analysis of glomerular histology on periodic acid-Schiff (PAS)-stained sections and sections 
immunostained with anti-p-ERK1/2 or anti-p-ERK5 antibody. Magnification, ×200. B: semi-
quantitative assessment of glomerular ECM accumulation in normal and GN rats. C: semi-
quantitative assessment of glomerular p-ERK1/2 expression. D: semi-quantitative assessment 
of glomerular p-ERK5 expression. Values are mean +/- SD. *P < 0.05 vs rats at day 0. 

4.2 ERK1/2 and ERK5 expression in rat models of progressive GN 
Early induction of ERK1/2 phosphorylation was detected on days 3 and 7 of GN. A 
significant increase in phosphorylated ERK1/2 was not seen in the late phase of GN. In 
contrast to the time course of glomerular ERK1/2 phosphorylation, glomerular phospho-
ERK5 expression was very weak on day 3. However, the level of this expression increased in 
the expanded mesangial area by day 7, and dramatically increased in a typical mesangial 
pattern by days 28 and 56 (Fig. 2). The level of glomerular phospho-ERK5 expression closely 
paralleled the glomerulosclerosis score during the course of chronic anti-Thy-1-induced GN 
(P < 0.05). Treatment of GN rats with an Ang II type 1 receptor blocker (ARB) resulted in a 
significant decrease in phospho-ERK5 expression, accompanied by remarkable histological 
improvement. We have also previously reported that increased ERK5 phosphorylation is 
associated with MC proliferation and ECM accumulation in the glomeruli of 52-week-old 
OLETE rats, a model of type 2 diabetic mellitus (DM) (Suzaki et al., 2004). Bokemeyer et al. 
demonstrated that glomerular ERK1/2 is maximally activated on day 6 and that blocking 

Renin-Angiotensin System Activation and  
Extracellular Signal-Regulated Kinases in Glomerulonephritis 

 

209 

the ERK1/2 pathway using a specific inhibitor results in a significant reduction in mesangial 
cell proliferation in mesangioproliferative GN (Bokemeyer et al., 2000; Bokemeyer et al., 
2002). Thus, these studies demonstrating ERK activation in damaged glomeruli suggest the 
possibility that ERK1/2 is an important signal molecule for acute inflammation-induced 
cellular proliferation, and that ERK5 may participate in the development of chronic 
glomerular lesions in GN. 

5. MAPK in glomerular cells 
Ang II stimulates ERK1/2 activation via NADPH oxidase-dependent reactive oxygen species 
(ROS) production in cultured rat MCs (Gorin et al., 2004). Therefore, we examined whether 
oxidative stress mediates the effects of Ang II on ERK5 phosphorylation in MCs. Cultured rat 
MCs were established from intact glomeruli of Sprague-Dawley rats. MCs were pretreated 
with ARB or diphenylene iodonium (DPI) before stimulation with Ang II or H2O2.  MCs were 
serum-starved for 48 hours in serum-free RPMI 1640 medium, prior to stimulation with H2O2 
and/or Ang II in the presence or absence of reagents. Ang II-induced ERK5 phosphorylation 
in MCs was blocked by the pretreatment with ARB but not DPI, indicating that Ang II-induced 
ERK5 phosphorylation was mediated by the Ang II type 1 receptor and not by the Ang II-
induced NAD(P)H oxidase-dependent ROS production (Urushihara et al., 2010). Furthermore, 
the costimulation of MCs with Ang II and H2O2 resulted in a synergistic increase in ERK5 
phosphorylation, compared to the stimulation of MCs with either Ang II or H2O2 (Urushihara 
et al., 2010). These findings suggest that Ang II directly induces ERK5 phosphorylation via 
NADPH in an oxidase-independent manner, and that ROS and Ang II could each induce 
ERK5 phosphorylation in MCs through different signaling pathways. 

5.1 ERK5-specific knockdown in cultured rat mesangial cells (MC) 
To examine the endogenous function of ERK5 in MCs, we used the small interfering (si) 
RNA technique for ERK5 gene silencing. MCs were transiently transfected with a mixture of 
three ERK5-specific siRNAs, using the lipofection method. After incubation in a low-serum-
containing medium (5% FBS) for 18 hours, the serum concentration was adjusted to that of 
complete medium and the cells were cultured further. A non-silencing siRNA that did not 
target any known mammalian genes was used as a negative control. The transfection 
efficiency, determined under the same experimental conditions by counting the number of 
fluorescently labeled siRNA-transfected cells using a fluorescence microscope, was ~80%. 
Inhibition of ERK5 expression was verified by quantitative real-time PCR and western blot 
analysis. Further, we evaluated the viability of siRNA-transfected cells cultured for 24 hours 
in serum-free medium using the WST-1 assay for determining cell survival rate. The WST-1 
assay was performed using a cell counting kit, according to the manufacturer’s protocol. 
Briefly, siRNA-transfected cells grown in 96-well plates were washed with PBS, and 10 L of 
the WST-1 reagent was added to 100 L of cell culture medium in each well. After 
incubation for 8 hours, the absorbance of the samples was measured at 450 nm (test) and 690 
nm (reference) with a microplate reader. Additionally, we measured the soluble collagen 
levels in culture supernatants after 24 hours of incubation in serum-free medium using a 
Sircol collagen assay. This assay measures the total collagen secreted from cultured cells. 
Briefly, cells were cultured for 24 hours with or without treatment, and supernatants were 
collected. One milliliter of Sirius red, an anionic dye that specifically reacts with basic side 
chain groups of collagens, was added to 200 L of the supernatant and incubated with 
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Fig. 2. Time course studies in glomerular histology and expression of phospho-ERK1/2 (p-
ERK1/2) and phospho-ERK5 (p-ERK5) in normal and glomerulonephritis (GN) rats. A: 
analysis of glomerular histology on periodic acid-Schiff (PAS)-stained sections and sections 
immunostained with anti-p-ERK1/2 or anti-p-ERK5 antibody. Magnification, ×200. B: semi-
quantitative assessment of glomerular ECM accumulation in normal and GN rats. C: semi-
quantitative assessment of glomerular p-ERK1/2 expression. D: semi-quantitative assessment 
of glomerular p-ERK5 expression. Values are mean +/- SD. *P < 0.05 vs rats at day 0. 

4.2 ERK1/2 and ERK5 expression in rat models of progressive GN 
Early induction of ERK1/2 phosphorylation was detected on days 3 and 7 of GN. A 
significant increase in phosphorylated ERK1/2 was not seen in the late phase of GN. In 
contrast to the time course of glomerular ERK1/2 phosphorylation, glomerular phospho-
ERK5 expression was very weak on day 3. However, the level of this expression increased in 
the expanded mesangial area by day 7, and dramatically increased in a typical mesangial 
pattern by days 28 and 56 (Fig. 2). The level of glomerular phospho-ERK5 expression closely 
paralleled the glomerulosclerosis score during the course of chronic anti-Thy-1-induced GN 
(P < 0.05). Treatment of GN rats with an Ang II type 1 receptor blocker (ARB) resulted in a 
significant decrease in phospho-ERK5 expression, accompanied by remarkable histological 
improvement. We have also previously reported that increased ERK5 phosphorylation is 
associated with MC proliferation and ECM accumulation in the glomeruli of 52-week-old 
OLETE rats, a model of type 2 diabetic mellitus (DM) (Suzaki et al., 2004). Bokemeyer et al. 
demonstrated that glomerular ERK1/2 is maximally activated on day 6 and that blocking 
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the ERK1/2 pathway using a specific inhibitor results in a significant reduction in mesangial 
cell proliferation in mesangioproliferative GN (Bokemeyer et al., 2000; Bokemeyer et al., 
2002). Thus, these studies demonstrating ERK activation in damaged glomeruli suggest the 
possibility that ERK1/2 is an important signal molecule for acute inflammation-induced 
cellular proliferation, and that ERK5 may participate in the development of chronic 
glomerular lesions in GN. 

5. MAPK in glomerular cells 
Ang II stimulates ERK1/2 activation via NADPH oxidase-dependent reactive oxygen species 
(ROS) production in cultured rat MCs (Gorin et al., 2004). Therefore, we examined whether 
oxidative stress mediates the effects of Ang II on ERK5 phosphorylation in MCs. Cultured rat 
MCs were established from intact glomeruli of Sprague-Dawley rats. MCs were pretreated 
with ARB or diphenylene iodonium (DPI) before stimulation with Ang II or H2O2.  MCs were 
serum-starved for 48 hours in serum-free RPMI 1640 medium, prior to stimulation with H2O2 
and/or Ang II in the presence or absence of reagents. Ang II-induced ERK5 phosphorylation 
in MCs was blocked by the pretreatment with ARB but not DPI, indicating that Ang II-induced 
ERK5 phosphorylation was mediated by the Ang II type 1 receptor and not by the Ang II-
induced NAD(P)H oxidase-dependent ROS production (Urushihara et al., 2010). Furthermore, 
the costimulation of MCs with Ang II and H2O2 resulted in a synergistic increase in ERK5 
phosphorylation, compared to the stimulation of MCs with either Ang II or H2O2 (Urushihara 
et al., 2010). These findings suggest that Ang II directly induces ERK5 phosphorylation via 
NADPH in an oxidase-independent manner, and that ROS and Ang II could each induce 
ERK5 phosphorylation in MCs through different signaling pathways. 

5.1 ERK5-specific knockdown in cultured rat mesangial cells (MC) 
To examine the endogenous function of ERK5 in MCs, we used the small interfering (si) 
RNA technique for ERK5 gene silencing. MCs were transiently transfected with a mixture of 
three ERK5-specific siRNAs, using the lipofection method. After incubation in a low-serum-
containing medium (5% FBS) for 18 hours, the serum concentration was adjusted to that of 
complete medium and the cells were cultured further. A non-silencing siRNA that did not 
target any known mammalian genes was used as a negative control. The transfection 
efficiency, determined under the same experimental conditions by counting the number of 
fluorescently labeled siRNA-transfected cells using a fluorescence microscope, was ~80%. 
Inhibition of ERK5 expression was verified by quantitative real-time PCR and western blot 
analysis. Further, we evaluated the viability of siRNA-transfected cells cultured for 24 hours 
in serum-free medium using the WST-1 assay for determining cell survival rate. The WST-1 
assay was performed using a cell counting kit, according to the manufacturer’s protocol. 
Briefly, siRNA-transfected cells grown in 96-well plates were washed with PBS, and 10 L of 
the WST-1 reagent was added to 100 L of cell culture medium in each well. After 
incubation for 8 hours, the absorbance of the samples was measured at 450 nm (test) and 690 
nm (reference) with a microplate reader. Additionally, we measured the soluble collagen 
levels in culture supernatants after 24 hours of incubation in serum-free medium using a 
Sircol collagen assay. This assay measures the total collagen secreted from cultured cells. 
Briefly, cells were cultured for 24 hours with or without treatment, and supernatants were 
collected. One milliliter of Sirius red, an anionic dye that specifically reacts with basic side 
chain groups of collagens, was added to 200 L of the supernatant and incubated with 
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gentle rotation for 30 minutes at room temperature. After centrifugation, the collagen-bound 
dye was resolublized in 1 mL of 0.5 M NaOH, and the absorbance at 540 nm was measured. 
 

 
Fig. 3. Effects of Angiotensin II (Ang II) or H2O2 on cell viability and collagen secretion in 
ERK5 siRNA-transfected MCs. MCs were transfected with non-silencing siRNA (control 
siRNA) or ERK5-specific siRNA (ERK5 siRNA) and stimulated with Ang II (100 nM) or 
H2O2 (50 M) after incubation in serum-free medium for 24 hours. Cell viability was 
evaluated using the WST-1 assay (8 hours; top), and collagen secretion in culture 
supernatants was evaluated by the Sircol assay (24 hours; bottom). Values are mean +/- SD. 
*P < 0.05 between groups as indicated. 

5.2 Cell viability and collagen secretion 
Using the WST-1 and Sircol assays, significant concentration-dependent decreases in both 
cell viability and soluble collagen secretion were observed in ERK5 siRNA-transfected, but 
not control siRNA-transfected MCs. Next, the effect of oxidative stress and Ang II on ECM 
accumulation and cell viability, and the involvement of ERK5 in these processes were 
examined. As seen in Fig. 3, Ang II and H2O2 significantly increased both cell viability and 
soluble collagen secretion in control siRNA-transfected MCs (P < 0.05). Transfection of ERK5 
siRNA significantly reduced Ang II- or H2O2-induced increases in MC viability and collagen 
secretion compared to control siRNA transfection (P < 0.05). 
Many studies have demonstrated that the ERK5 pathway controls cellular processes, such as 
proliferation, survival, differentiation, and ECM metabolism in pathophysiological 
conditions (Chang and Karin, 2001; Kyriakis and Avruch, 2001; Nishimoto and Nishida, 
2006). We investigated the involvement of MC ERK5 expression in chronic progressive GN 
using in vitro and in vivo studies. We found that both cell viability and soluble collagen 
secretion were induced by Ang II or H2O2 in control MCs. These changes were significantly 
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inhibited in ERK5 siRNA-transfected MCs, suggesting a possible role for ERK5 expression in 
the sustained MC proliferation and pathological ECM accumulation observed in progressive 
GN. Furthermore, the data obtained from the treatment of GN rats with ARB indicate that 
Ang II is an inducer of MC ERK5 phosphorylation in vivo, and support the involvement of 
Ang II-induced ERK5 phosphorylation in progressive glomerular lesions. In general, the 
repair of proliferative GN-induced damage requires the regression of the proliferated 
glomerular cells by apoptosis and the appropriate removal of the accumulated pathological 
ECM (Shimizu et al., 1995). Based on our results, the activation of an ERK5 signal may not 
only induce prolonged MC survival, but also enhance the secretion of pathological collagen 
I within damaged glomeruli, thereby contributing to the development of progressive GN. 

6. Conclusion 
The present study has revealed that phospho-ERK1/2 and phospho-ERK5 expression in the 
glomeruli are markedly increased in an experimental model of progressive GN. Glomerular 
ERK1/2 activation seems to play an important role in acute inflammation-induced cellular 
proliferation in the development of GN. Furthermore, the enhancement of ERK5 
phosphorylation by Ang II appears to be linked to the increased MC viability and 
pathological ECM accumulation in the chronic glomerular lesions in GN (Fig. 4). We, 
therefore, propose that the controlled regulation of glomerular ERK1/2 and ERK5 activation 
could provide the basis for an effective therapeutic strategy for preventing the progression 
of GN. 
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Fig. 4. ERK1/2 and ERK5 signaling during the course of progressive GN. 
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inhibited in ERK5 siRNA-transfected MCs, suggesting a possible role for ERK5 expression in 
the sustained MC proliferation and pathological ECM accumulation observed in progressive 
GN. Furthermore, the data obtained from the treatment of GN rats with ARB indicate that 
Ang II is an inducer of MC ERK5 phosphorylation in vivo, and support the involvement of 
Ang II-induced ERK5 phosphorylation in progressive glomerular lesions. In general, the 
repair of proliferative GN-induced damage requires the regression of the proliferated 
glomerular cells by apoptosis and the appropriate removal of the accumulated pathological 
ECM (Shimizu et al., 1995). Based on our results, the activation of an ERK5 signal may not 
only induce prolonged MC survival, but also enhance the secretion of pathological collagen 
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proliferation in the development of GN. Furthermore, the enhancement of ERK5 
phosphorylation by Ang II appears to be linked to the increased MC viability and 
pathological ECM accumulation in the chronic glomerular lesions in GN (Fig. 4). We, 
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1. Introduction 
Direct involvement of CD4+ T cells in the pathogenesis of inflammatory glomerulonephritis 
such as Anti-GBM glomerulonephritis and other glomerular diseases of autoimmune 
nature, has been well demonstrated. Unlike antibody mediated mechanisms, regulation 
and/or activation of T cells requires antigen presenting cells (APC) such as dendritic cells 
(DC). DCs are critical for activation of pathogenic T cells, or for establishing T cell-mediated 
glomerular inflammation by presenting local self antigens to pathogenic T cells. Thus, recent 
studies have been focusing on identification of DCs and their functions in various human 
autoimmune glomerulonephritis or in animal models. Similar to other human autoimmune 
diseases, DCs involved in glomerulonephritis include diverse subpopulations, which have 
either pro- or anti-inflammatory functions. Understanding especially their anti-
inflammatory function may lead to development of new therapeutic strategies by 
mimicking those natural mechanisms. Mounting evidence shows the presence of tolerogenic 
DCs (tDCs) in various kidney diseases, which are involved in inhibition of autoimmunity by 
elimination or skewing development of self reactive T cells. Several new types of DCs have 
been characterized in animal models. Among them, one type of tDC may arrest an existing 
glomerular inflammatory process. This novel tDC specifically infiltrates glomeruli under 
autoimmune attack and induces apoptosis in auto-reactive T cells, leading to natural 
recovery in certain strains of animals. Thus, this tDC is an attractive target in cellular 
immunotherapy for glomerulonephritis by mimicking this natural recovery mechanism. 

2. What are dendritic cells (DCs)?  
Adaptive immunity, which is unique to vertebrates, is much more efficient than innate 
immunity, which is common among all types of animals. The high effectiveness of adaptive 
immunity is due to its specifically defined recognition of any given antigen. Only two types 
of immune cells in adaptive immunity, B cells and T cells, are capable of such antigen 
recognition through specified receptors. In T cells, their antigen recognition receptor is the T 
cell receptor (TcR); in B cells, their receptor is called the B cell receptor (BcR), which in fact is 
a membrane-bound antibody. Unlike innate immunity, B cells and T cells do not 
discriminate molecular motifs of microbial antigens from other antigens, and thus, they do 



 12 

Dendritic Cells:  
Two-Edged Swords in Pathogenesis of  

Autoimmune Glomerulonephritis 
Yahuan Lou  

Department of Diagnostic Sciences,  
University of Texas Health Science Center at Houston, 

USA 

1. Introduction 
Direct involvement of CD4+ T cells in the pathogenesis of inflammatory glomerulonephritis 
such as Anti-GBM glomerulonephritis and other glomerular diseases of autoimmune 
nature, has been well demonstrated. Unlike antibody mediated mechanisms, regulation 
and/or activation of T cells requires antigen presenting cells (APC) such as dendritic cells 
(DC). DCs are critical for activation of pathogenic T cells, or for establishing T cell-mediated 
glomerular inflammation by presenting local self antigens to pathogenic T cells. Thus, recent 
studies have been focusing on identification of DCs and their functions in various human 
autoimmune glomerulonephritis or in animal models. Similar to other human autoimmune 
diseases, DCs involved in glomerulonephritis include diverse subpopulations, which have 
either pro- or anti-inflammatory functions. Understanding especially their anti-
inflammatory function may lead to development of new therapeutic strategies by 
mimicking those natural mechanisms. Mounting evidence shows the presence of tolerogenic 
DCs (tDCs) in various kidney diseases, which are involved in inhibition of autoimmunity by 
elimination or skewing development of self reactive T cells. Several new types of DCs have 
been characterized in animal models. Among them, one type of tDC may arrest an existing 
glomerular inflammatory process. This novel tDC specifically infiltrates glomeruli under 
autoimmune attack and induces apoptosis in auto-reactive T cells, leading to natural 
recovery in certain strains of animals. Thus, this tDC is an attractive target in cellular 
immunotherapy for glomerulonephritis by mimicking this natural recovery mechanism. 

2. What are dendritic cells (DCs)?  
Adaptive immunity, which is unique to vertebrates, is much more efficient than innate 
immunity, which is common among all types of animals. The high effectiveness of adaptive 
immunity is due to its specifically defined recognition of any given antigen. Only two types 
of immune cells in adaptive immunity, B cells and T cells, are capable of such antigen 
recognition through specified receptors. In T cells, their antigen recognition receptor is the T 
cell receptor (TcR); in B cells, their receptor is called the B cell receptor (BcR), which in fact is 
a membrane-bound antibody. Unlike innate immunity, B cells and T cells do not 
discriminate molecular motifs of microbial antigens from other antigens, and thus, they do 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

220 

not directly recognize microbial antigens, or in a broader meaning, any antigens, by 
themselves. Rather, they acquire antigen-recognition capacity through “education” by other 
immune cells. The most important process during “education” is antigen presentation, 
which is carried out by so-called antigen presenting cells (APCs).  In this chapter, we will 
focus solely on APCs for CD4+ T cells, since CD4+ T cells play a central role in adaptive 
immunity, inflammatory diseases and autoimmunity including those occurring in 
glomeruli. A group of phagocytes can present antigens to CD4+ T cells (although B cells can 
act as APC to CD4+ T cells, it will be excluded in this chapter). We call these phagocytes 
“professional” APCs since their principal function is to present antigens.  These phagocytes, 
which include monocytes, macrophages and dendritic cells, capture especially microbial 
antigens through their motif/pattern recognition receptors such as toll like receptors (TLRs). 
The captured antigens are processed into peptides, which then are presented to CD4+ T cells 
in a complex of MHC II molecules and antigenic peptides.  Thus, these professional APCs 
function as messengers or connections between innate and adaptive immunity: they capture 
antigens from microbial pathogens and use these antigens to “educate” T cells and B cells. 
As a result, a group of T or B cells which solely recognize this antigen would be activated to 
fight the original pathogens in a more effective way.   
The DCs has been recognized as the most potent professional APCs since its discovery three 
decades ago.  So far, immunologists believe that DCs are the only APCs that are able to 
initiate/direct an adaptive immunity by activation of  naïve T cells, because DCs express 
special signaling molecules called co-stimulatory molecules, such as CD80 and CD86, in 
addition to their superb capacity in capturing and presenting antigens (1). From this point of 
view, DCs are also considered a critical immunoregulator.  DC was first identified as a 
population of striking dendritic-shaped cells in the spleen by Ralph Steinman in the 1970s 
(2). It soon became clear that cells similar to the splenic DCs are present in all lymphoid and 
non-lymphoid tissues, though in a much smaller number than macrophages. However, soon 
immunologists realized that DCs in fact are a heterogenic group of phagocytes, which may 
be generated from different lineages. It seems less arguable that DCs are generated from 
bone marrow stem cells. As many distinct subtypes of DCs have been described or 
discovered, it seems difficult to give a simple definition for DCs.     
What are DCs? Why did we name certain immune cells DCs?  There are several common 
characteristics shared by the cells, which have been named as DCs (3). First, DCs are usually 
of hematopoietic origin and grow branched projections called dendrites that give the cell its 
name (δένδρον or déndron in Greek means “tree”) at certain development/activation 
stages. Development of cellular projections greatly increases their cell surface area for 
contacting/ capturing antigens. Second, they are potent professional APCs, and in many 
cases, they can activate naïve T cells. Their APC function can be reflected by their expression 
of MHC II, which can be further up-regulated after stimulations, in addition to “dendrite’ 
like cellular projections, which would increase the cell surface area for capturing antigens. In 
some DCs or at certain activation stages, they also express co-stimulatory molecules for T 
cells (4). Third, they also express multiple “pattern recognition receptors” such as TLRs for 
recognition of microbial antigens.  
Different DCs migrate following a special pattern through circulation, tissue and lymphoid 
organs (Figure 1) (5). Thus, they express certain sets of chemokine receptors and adhesion 
molecule. For example, all mouse DCs express an adhesion molecules CD11c.  Immature 
DCs or DC precursors are often found in the peripheral blood before they exit the 
circulation. As a first line of immune defense, DCs, such as conventional DCs, are present in 
tissues in contact with the external environment, such as the skin and the mucosal system. 
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They are actively motile and continuously sample their surroundings. Once activated after 
encountering invading pathogens or antigens, they migrate to the lymphoid organs where 
they interact with T cells and B cells to initiate and shape the adaptive immune response. 
However, this typical migration route may not fit to all types of DCs. For example, 
plasmocytoid DCs directly enter lymph nodes (6).   
 

 
Fig. 1. Schematic diagram shows circulation of DCs, from bone marrow progenitors, 
precursor in circulation and immature DCs in peripheral tissues and mature DCs  
in lymphoid organs. This route is representative. Not all DCs migrate or mature as  
shown.  

3. DC classification 
Because of the high levels of heterogeneity among identified subsets or types of DCs, their 
classification is not an easy task for immunologists. DCs have been grouped by their 
function, lineage, markers, and migration route or residing tissues. First, DCs can be 
grouped by their locations and migration route. DCs and DC precursors can be found in the 
circulation, and in different anatomic locations, including lymphoid or non-lymphoid 
tissues. Langerhans cells are a well characterized DC residing in the skin (7). DCs in the 
interstitial tissue including renal tissue are named IntDC. DCs also populate the entire 
mucosa system. Those tissue-residing DCs develop from DC precursors in the circulation, 
and act as “scouts” to detect any invading antigens. Once loaded with antigens, those DCs 
migrate into afferent lymph, and they are called veiled cells. After migrating through the 
afferent lymphatic system, they are called interdigitating DCs (IDCs) in T cell areas in the 
paracortex of lymph nodes. IDCs may activate naïve T cells there. In lymphoid tissue, many 
DCs are present in the Germinal Center (GC, where B cells differentiate) and are called GC 
DCs, which function as a strong APC for activating T cells and B cells. In GC, there is a type 
of cell called follicular DC (fDC). fDC presents antigens to B cells using a totally different 
mechanism, and thus, is not a typical DC discussed in this chapter.  Second, DCs have been 
classified by their lineage (8). For example, the terms “lymphoid DC” and “myeloid or 
monocyte-related” DC are used for those DCs, which probably differentiate from the same 
bone marrow stem cells as lymphocytes or monocytes, respectively. However, this 
classification is largely based on similarity in morphology and surface markers between the 
cells. Results from in vitro differentiation experiments or experiments to identify special 
differentiation pathways in bone marrow stem cells or DC precursors have provided some  
evidence to support some DCs’ lineage. Third, more accurate classifications of DCs that are 
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not directly recognize microbial antigens, or in a broader meaning, any antigens, by 
themselves. Rather, they acquire antigen-recognition capacity through “education” by other 
immune cells. The most important process during “education” is antigen presentation, 
which is carried out by so-called antigen presenting cells (APCs).  In this chapter, we will 
focus solely on APCs for CD4+ T cells, since CD4+ T cells play a central role in adaptive 
immunity, inflammatory diseases and autoimmunity including those occurring in 
glomeruli. A group of phagocytes can present antigens to CD4+ T cells (although B cells can 
act as APC to CD4+ T cells, it will be excluded in this chapter). We call these phagocytes 
“professional” APCs since their principal function is to present antigens.  These phagocytes, 
which include monocytes, macrophages and dendritic cells, capture especially microbial 
antigens through their motif/pattern recognition receptors such as toll like receptors (TLRs). 
The captured antigens are processed into peptides, which then are presented to CD4+ T cells 
in a complex of MHC II molecules and antigenic peptides.  Thus, these professional APCs 
function as messengers or connections between innate and adaptive immunity: they capture 
antigens from microbial pathogens and use these antigens to “educate” T cells and B cells. 
As a result, a group of T or B cells which solely recognize this antigen would be activated to 
fight the original pathogens in a more effective way.   
The DCs has been recognized as the most potent professional APCs since its discovery three 
decades ago.  So far, immunologists believe that DCs are the only APCs that are able to 
initiate/direct an adaptive immunity by activation of  naïve T cells, because DCs express 
special signaling molecules called co-stimulatory molecules, such as CD80 and CD86, in 
addition to their superb capacity in capturing and presenting antigens (1). From this point of 
view, DCs are also considered a critical immunoregulator.  DC was first identified as a 
population of striking dendritic-shaped cells in the spleen by Ralph Steinman in the 1970s 
(2). It soon became clear that cells similar to the splenic DCs are present in all lymphoid and 
non-lymphoid tissues, though in a much smaller number than macrophages. However, soon 
immunologists realized that DCs in fact are a heterogenic group of phagocytes, which may 
be generated from different lineages. It seems less arguable that DCs are generated from 
bone marrow stem cells. As many distinct subtypes of DCs have been described or 
discovered, it seems difficult to give a simple definition for DCs.     
What are DCs? Why did we name certain immune cells DCs?  There are several common 
characteristics shared by the cells, which have been named as DCs (3). First, DCs are usually 
of hematopoietic origin and grow branched projections called dendrites that give the cell its 
name (δένδρον or déndron in Greek means “tree”) at certain development/activation 
stages. Development of cellular projections greatly increases their cell surface area for 
contacting/ capturing antigens. Second, they are potent professional APCs, and in many 
cases, they can activate naïve T cells. Their APC function can be reflected by their expression 
of MHC II, which can be further up-regulated after stimulations, in addition to “dendrite’ 
like cellular projections, which would increase the cell surface area for capturing antigens. In 
some DCs or at certain activation stages, they also express co-stimulatory molecules for T 
cells (4). Third, they also express multiple “pattern recognition receptors” such as TLRs for 
recognition of microbial antigens.  
Different DCs migrate following a special pattern through circulation, tissue and lymphoid 
organs (Figure 1) (5). Thus, they express certain sets of chemokine receptors and adhesion 
molecule. For example, all mouse DCs express an adhesion molecules CD11c.  Immature 
DCs or DC precursors are often found in the peripheral blood before they exit the 
circulation. As a first line of immune defense, DCs, such as conventional DCs, are present in 
tissues in contact with the external environment, such as the skin and the mucosal system. 
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They are actively motile and continuously sample their surroundings. Once activated after 
encountering invading pathogens or antigens, they migrate to the lymphoid organs where 
they interact with T cells and B cells to initiate and shape the adaptive immune response. 
However, this typical migration route may not fit to all types of DCs. For example, 
plasmocytoid DCs directly enter lymph nodes (6).   
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in lymphoid organs. This route is representative. Not all DCs migrate or mature as  
shown.  
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tissues. Langerhans cells are a well characterized DC residing in the skin (7). DCs in the 
interstitial tissue including renal tissue are named IntDC. DCs also populate the entire 
mucosa system. Those tissue-residing DCs develop from DC precursors in the circulation, 
and act as “scouts” to detect any invading antigens. Once loaded with antigens, those DCs 
migrate into afferent lymph, and they are called veiled cells. After migrating through the 
afferent lymphatic system, they are called interdigitating DCs (IDCs) in T cell areas in the 
paracortex of lymph nodes. IDCs may activate naïve T cells there. In lymphoid tissue, many 
DCs are present in the Germinal Center (GC, where B cells differentiate) and are called GC 
DCs, which function as a strong APC for activating T cells and B cells. In GC, there is a type 
of cell called follicular DC (fDC). fDC presents antigens to B cells using a totally different 
mechanism, and thus, is not a typical DC discussed in this chapter.  Second, DCs have been 
classified by their lineage (8). For example, the terms “lymphoid DC” and “myeloid or 
monocyte-related” DC are used for those DCs, which probably differentiate from the same 
bone marrow stem cells as lymphocytes or monocytes, respectively. However, this 
classification is largely based on similarity in morphology and surface markers between the 
cells. Results from in vitro differentiation experiments or experiments to identify special 
differentiation pathways in bone marrow stem cells or DC precursors have provided some  
evidence to support some DCs’ lineage. Third, more accurate classifications of DCs that are 
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based on a combination of their lineage, markers and function, and thus, are much more 
complicated, as well as some times controversial. There are several classification methods 
for mouse DCs, since various DCs have been well characterized in mice. It seems impossible 
for this chapter to cover all those classifications for DCs. Furthermore, those classifications 
may not be able to recover or describe several newly discovered DCs. To avoid confusion, 
this chapter will mainly introduce one representative classification for mouse DCs which 
reside in the lymphoid organs, recently summarized by Sato and Fujita (9). Despite the 
difficulty in comparison of the DC systems between humans and mice, recent work has 
revealed much common ground (10).  We will then compare mouse DCs to their human 
counterparts.   
Mouse DCs are primarily defined by their surface MHC II and CD11c in combination with 
CD4, CD8, CD11b (a myeloid marker) and several other molecules such as CD205 (IDC 
marker). CD8+ DC has been classified as lymphoid DCs, while CD8- DC as myeloid 
DCs, due to their possible lineage. However, currently, both mouse and human DCs are 
divided into two big groups: conventional DCs (cDC) and plasmacytoid DCs (pDC) (Figure 
2). DCs from two groups not only show different migration routes, but also differentiate 
probably from different stem cells with quite different functions. In mice, DCs in lymphoid 
organs have been best characterized. Mouse cDCs in lymphoid tissues can be further 
divided into five subsets largely based on their CD4 and CD8 expression and their location 
in different lymphoid tissues. There are three subsets of cDCs in the spleen, which include 
two of myeloid origin with phenotypes of CD4+CD205−CD11b+ and 
CD4−CD8α−CD205−CD11b+, and one of lymphoid origin with a phenotype of 
CD8α+CD205+CD11b− (Figure 2)(11).   It needs to be pointed out that “myeloid origin” in 
this chapter are not equal to “myeloid DC (mDC)”, which has been widely used in other 
classification methods. We will explain the difference later. Each subset shows various 
functions, which are demonstrated largely by in vitro experiments (Figure 2). Both DC 
subsets of myeloid origin (i.e. CD11b+) in the spleen (some times in lymph nodes as well) 
express F4/80 (a well known marker for mature macrophages). F4/80+ cDCs are located in 
the marginal zone between white and red pulp and will migrate to the T-cell area after 
stimulation. Both splenic CD8- DCs of myeloid origin are able to stimulate CD4+ and 
CD8+ T cells and to initiate a Th2-type T cell response (12). Splenic DCs of lymphoid origin 
(CD8α+CD205+CD11b−) are found in the T-cell area; a smaller number of this cDC may also 
exist in lymph nodes. Interestingly, this DC is a dominant subset among thymic DCs. 
Several in vitro experiments showed that this cDC can function both as a regulator and 
stimulator of T cells. Although it can stimulate both CD4+ and CD8+  T cells, it subsequently 
restricts T cell proliferation by either inducing apoptosis in CD4+ T cells, or limiting 
endogenous cytokine production in CD8+  T cells. Those results suggest that this cDC subset 
may be responsible for maintenance of T cell tolerance in lymphoid organs in the absence of 
infection (13). In contrast, other studies suggest this subset cDC to be a potent T cell 
stimulator. This CD8+  lymphoid cDC can activate both CD4+ or, through cross-
presentation, CD8+ cytotoxic T cells. More importantly, this DC can trigger the development 
of a Th1 response in vivo, which is in agreement with the fact that activated CD8+ 

lymphoid cDCs are the major source of the Th1-promoting cytokine interleukin-12 (IL-
12)(14). In addition to the above three subsets of DCs, there are two extra myeloid DC 
subsets only found in lymph nodes (Figure 2). In fact, these cDCs are mature DCs which 
have migrated from peripheral tissues to lymph nodes through the lymphatic system after 
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they are loaded with antigens. The first subset has a CD4−CD8α−CD205+CD11b+ phenotype, 
which is the mature form of interstitial tissue DCs (IntDCs), and the second subset is 
CD8αlowCD205+CD11b+, which matures from skin-associated Langerhans cells. Migration of 
Langerhans cells is restricted to the skin-draining lymph nodes, and thus, 
CD8αlowCD205+CD11b+ cDCs are found only in skin draining lymph nodes. On the other 
hand, IntDCs associated CD4−CD8α−CD205+CD11b+ cDC may be found in all lymph nodes.  
Because of their migration to lymphoid tissues, Langerhans cells and IntDCs are often called 
“migratory DCs”. Mature Langerhans cells (i.e. the CD8αlowCD205+CD11b+ cDC subset) in 
lymph nodes express characteristic langerin together with high levels of MHC II and co-
stimulatory molecules, representing a typical fully activated DC, which can effectively 
stimulate naïve CD4+ T cells to differentiate into Th1 T cells (15). A constant migration of 
interstitial tissue immature DC to lymph nodes occurs even in the absence of invading 
pathogens at steady-state. Since presentation of antigens by immature or semi-mature DCs 
may lead to unresponsiveness of T cells, the migration of tissue DCs at a steady-state is 
believed to be critical for the DCs’  involvement in the maintenance of peripheral tolerance 
(16). Before we sum up the classification of cDCs, it is necessary to clarify the terms “myeloid 
DCs (mDCs)” from DCs with “myeloid origin” described above. The term mDC has been 
widely used to describe a subset of DCs, which are believed to be from the same lineage of 
monocytes or macrophages. Some studies revealed that mDCs have at least two subsets: very 
common mDC-1 and rare mDC-2. However, more recent studies suggest that the mDCs are 
most likely equivalences of subsets of cDC with myeloid origins in the above classification. For 
example, mDC is the major source of IL-12. Several recent studies also thought the concept of 
mDC to be inappropriate (17). Thus, we try to avoid using the term mDC.  
pDC is a distinct type of DC, which is characteristically different from cDCs (Figure 2).  
pDCs are found mainly in the spleen, as well as in bone marrow, thymus and lymph 
nodes (18).  Historically, pDC was first identified in humans, which shared several 
characteristics with plasma cells (terminally differentiated B cells which secrete 
antibodies)(19). In fact, freshly isolated pDCs have a morphology which is big and round 
with only a few dendrites and very different from that of a typical DC. Furthermore, 
pDCs express B220 (a marker for mouse B cells) and Gr-1, together with CD8α, CD11c, 
CD205 and MHC II. Recently, additional surface markers, such as mPDCA-1 for mouse 
pDCs have been identified. While cDC subsets migrate into lymph nodes from tissues, 
pDCs enter lymph nodes directly from circulation by crossing the high endothelial venule 
(HEV) using the adhesion molecule CD62L. Freshly isolated pDCs lack expression of co-
stimulatory molecules, and show poor capacity to stimulate naïve T cells, suggesting their 
potential role in the maintenance of peripheral tolerance under steady-state conditions. 
Although in vitro activated pDCs are capable of simulation of T cells by up-regulation of 
expression of MHC II, CD8α, and co-stimulatory molecules, this capacity is not in the 
range compatible to that of cDCs. On the other hand, mouse pDCs produce a large 
quantity of type I interferon (IFN) following a viral infection, suggesting its important 
role in antiviral responses rather than the APC function in initiation of a T cell response 
(10, 20). The lineage of mouse pDCs remains controversial. Recent studies showed 
complicity of pDC lineage, suggesting that its precursor cell may represent a unique 
hematopoietic lineage with high flexibility in its differentiation.  Nevertheless, Flt3L (a 
cytokine) has been identified to be a major cytokine for the development of pDCs from 
hematopoietic stem cells (21).   
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based on a combination of their lineage, markers and function, and thus, are much more 
complicated, as well as some times controversial. There are several classification methods 
for mouse DCs, since various DCs have been well characterized in mice. It seems impossible 
for this chapter to cover all those classifications for DCs. Furthermore, those classifications 
may not be able to recover or describe several newly discovered DCs. To avoid confusion, 
this chapter will mainly introduce one representative classification for mouse DCs which 
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marker). CD8+ DC has been classified as lymphoid DCs, while CD8- DC as myeloid 
DCs, due to their possible lineage. However, currently, both mouse and human DCs are 
divided into two big groups: conventional DCs (cDC) and plasmacytoid DCs (pDC) (Figure 
2). DCs from two groups not only show different migration routes, but also differentiate 
probably from different stem cells with quite different functions. In mice, DCs in lymphoid 
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they are loaded with antigens. The first subset has a CD4−CD8α−CD205+CD11b+ phenotype, 
which is the mature form of interstitial tissue DCs (IntDCs), and the second subset is 
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lymph nodes express characteristic langerin together with high levels of MHC II and co-
stimulatory molecules, representing a typical fully activated DC, which can effectively 
stimulate naïve CD4+ T cells to differentiate into Th1 T cells (15). A constant migration of 
interstitial tissue immature DC to lymph nodes occurs even in the absence of invading 
pathogens at steady-state. Since presentation of antigens by immature or semi-mature DCs 
may lead to unresponsiveness of T cells, the migration of tissue DCs at a steady-state is 
believed to be critical for the DCs’  involvement in the maintenance of peripheral tolerance 
(16). Before we sum up the classification of cDCs, it is necessary to clarify the terms “myeloid 
DCs (mDCs)” from DCs with “myeloid origin” described above. The term mDC has been 
widely used to describe a subset of DCs, which are believed to be from the same lineage of 
monocytes or macrophages. Some studies revealed that mDCs have at least two subsets: very 
common mDC-1 and rare mDC-2. However, more recent studies suggest that the mDCs are 
most likely equivalences of subsets of cDC with myeloid origins in the above classification. For 
example, mDC is the major source of IL-12. Several recent studies also thought the concept of 
mDC to be inappropriate (17). Thus, we try to avoid using the term mDC.  
pDC is a distinct type of DC, which is characteristically different from cDCs (Figure 2).  
pDCs are found mainly in the spleen, as well as in bone marrow, thymus and lymph 
nodes (18).  Historically, pDC was first identified in humans, which shared several 
characteristics with plasma cells (terminally differentiated B cells which secrete 
antibodies)(19). In fact, freshly isolated pDCs have a morphology which is big and round 
with only a few dendrites and very different from that of a typical DC. Furthermore, 
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(HEV) using the adhesion molecule CD62L. Freshly isolated pDCs lack expression of co-
stimulatory molecules, and show poor capacity to stimulate naïve T cells, suggesting their 
potential role in the maintenance of peripheral tolerance under steady-state conditions. 
Although in vitro activated pDCs are capable of simulation of T cells by up-regulation of 
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Fig. 2. Simplified classification of DC subsets in humans and mice. Each subset is named by 
its major markers. Their anatomic locations and major functions are listed for reference. 
Arrows indicate differentiation direction. IDC, interdigitating DC; IntDC, interstitial tissue 
DC; IPC, natural IFN-producing cell; LC, Langerhans cell; LN, lymph node.        

Human DCs, especially those residing in the lymphoid organs, have not been characterized 
as well as those in mice because peripheral blood samples or, in some cases, fetus umbilical 
cord blood samples, are some times the only readily available source. In rare cases, 
investigators used human DCs isolated from lymphoid tissues, ranging from the tonsil, 
thymus, and spleen. Thus, human DCs from peripheral blood will be discussed for their 
classification. Similar to mouse DCs, human DCs also fall into two distinct groups: human 
cDC and pDC (9). Although all human cDCs express CD11c, human pDC does not. Thus, 
unlike for mouse DCs, CD11c is not a common marker for human DCs. In addition, because 
of a lack of available materials, migration route and maturation of human DCs are less 
understood. More studies are needed. Nevertheless, for human cDCs, two subsets with 
myeloid origin have been described in peripheral blood samples thus far, both of which co-
express CD11b and CD11c (Figure 2). In addition to common CD11b, CD11c, CD4, and 
MHC II, the two human cDCs in the blood can be distinguished by other markers: the 
CD1a+BDCA-1/CD1c+ CD11chigh subset and the CD1a−BDCA-3/CD141+ CD11clow subset 
(22, 23).  These two human myeloid cDC subsets show the capacity to stimulate T cells; this 
capacity will be further augmented in the presence of the cytokine granulocyte-macrophage 
colony stimulating factor (GM-CSF).  In vitro experiments showed that under certain culture 
conditions, these CD1a+BDCA-1/CD1c+ CD11chigh subset would differentiate into the cells, 
which expressed several molecules such as langerin and displayed typical Birbeck granule 
characteristics of Langerhan cells, suggesting this subset to be the precursor of Langerhans 
cells. On the other hand, the CD1a−BDCA-3/CD141+ CD11clow subset may be the direct 
precursors of IntDCs (24). However, this classification is merely based on markers, and may 
not reflect their lineage but their maturation status. As described above, these two human 
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cDC subsets in the blood, in fact, are precursors of cDCs before their migration into tissue. 
Therefore, it is difficult to compare human cDCs to mouse cDCs, because of different 
locations. 
Human pDCs share many common features with mouse pDCs.  As we mentioned above, 
pDCs were first identified in humans as a rare type of cells in the paracortical areas in active 
lymph nodes with a morphology similar to plasma cells. However, this cell also expressed 
several markers for T cells and monocytes, and thus, it originally was named as 
plasmacytoid T cell or plasmacytoid monocyte. Recent studies have demonstrated that 
plasmacytoid monocytes, natural IFN-producing cells (IPCs), and immature DCs in 
peripheral blood and tonsils turn out to be the same cell known as the pDCs (Figure 2). 
Similar to mouse pDCs, human pDCs are of lymphoid origin and they poorly stimulate T 
cells. However, they could differentiate into IDC-like cells and acquire the ability to activate 
naïve T cells in the presence of IL-3 and CD40L. More studies show that pDCs not only can 
provoke a Th1 or Th2 responses, but also induce immune tolerance in vivo (25).  Similar to its 
mouse counterpart, it can produce large amounts of type I IFN in response to certain viruses 
(19). Cytokines Flt3L and G-CSF are required for generation and differentiation of pDCs, 
respectively (26). Administration of Flt3L dramatically increases both myeloid cDCs and 
pDCs, whereas G-CSF only increases pDCs. 
As we described above, all identified human DCs, including cDCs and pDCs, may express 
CD4, but never CD8.  Mouse CD8+ DCs have several special functions that other DCs lack 
in regulation of the T cell response. Hence, they become a promising target for clinical 
application to manipulate immune responses in autoimmune diseases, organ grafting, and 
vaccination. Failure of decades-long searching to identify human CD8+ DCs has led to 
question whether CD8+ cDCs may exist in humans. However, a recent paper may have 
made a breakthrough in identifying a human counterpart of mouse CD8+ DC; this study 
identified a population of human DNGR-1+BDCA-3+ leukocytes in the spleen (27). Although 
this cell lacked expression of CD8, it shares many other markers/molecules, as well as 
several special functions, with mouse CD8+ DCs.  It is highly possible that this cell is 
equivalent to mouse CD8+ DCs.  

4. Roles of DCs in promoting autoimmunity and immune tolerance   
It remains not fully understood how T cells and B cells decide to mount a response to a 
given antigen. In theory, adaptive immunity is able to mount an immune response to any 
given antigen, including self antigens, because it does not discriminate self or non-self 
antigens, or microbial antigens. Yet, our adaptive immune system normally does not 
respond to self antigens. In other words, the immune system seems to “ignore” the presence 
of self antigens. However, such unresponsiveness to, or ignorance of, self antigens is neither 
natural nor inherent. Rather, it is an acquired process. The process for T cells or B cells to 
actively “ignore” the presence of an antigen is called immune tolerance. If immune tolerance 
is toward self antigens, it is simply called self tolerance.  
The immune system possesses a network of complicated tolerance mechanisms to avoid 
immune response against all potential self antigens. Self tolerance mechanisms could occur 
at three levels. The first level is evolutionary. Special molecular patterns of microbes have 
evolutionally led to the generation of pattern recognition receptors on innate immune cells, 
which effectively bind to certain microbial molecules. We will not discuss this level of 
tolerance in this chapter, as it is not related to adaptive immunity. The second level of self 
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Fig. 2. Simplified classification of DC subsets in humans and mice. Each subset is named by 
its major markers. Their anatomic locations and major functions are listed for reference. 
Arrows indicate differentiation direction. IDC, interdigitating DC; IntDC, interstitial tissue 
DC; IPC, natural IFN-producing cell; LC, Langerhans cell; LN, lymph node.        

Human DCs, especially those residing in the lymphoid organs, have not been characterized 
as well as those in mice because peripheral blood samples or, in some cases, fetus umbilical 
cord blood samples, are some times the only readily available source. In rare cases, 
investigators used human DCs isolated from lymphoid tissues, ranging from the tonsil, 
thymus, and spleen. Thus, human DCs from peripheral blood will be discussed for their 
classification. Similar to mouse DCs, human DCs also fall into two distinct groups: human 
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cDC subsets in the blood, in fact, are precursors of cDCs before their migration into tissue. 
Therefore, it is difficult to compare human cDCs to mouse cDCs, because of different 
locations. 
Human pDCs share many common features with mouse pDCs.  As we mentioned above, 
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lymph nodes with a morphology similar to plasma cells. However, this cell also expressed 
several markers for T cells and monocytes, and thus, it originally was named as 
plasmacytoid T cell or plasmacytoid monocyte. Recent studies have demonstrated that 
plasmacytoid monocytes, natural IFN-producing cells (IPCs), and immature DCs in 
peripheral blood and tonsils turn out to be the same cell known as the pDCs (Figure 2). 
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4. Roles of DCs in promoting autoimmunity and immune tolerance   
It remains not fully understood how T cells and B cells decide to mount a response to a 
given antigen. In theory, adaptive immunity is able to mount an immune response to any 
given antigen, including self antigens, because it does not discriminate self or non-self 
antigens, or microbial antigens. Yet, our adaptive immune system normally does not 
respond to self antigens. In other words, the immune system seems to “ignore” the presence 
of self antigens. However, such unresponsiveness to, or ignorance of, self antigens is neither 
natural nor inherent. Rather, it is an acquired process. The process for T cells or B cells to 
actively “ignore” the presence of an antigen is called immune tolerance. If immune tolerance 
is toward self antigens, it is simply called self tolerance.  
The immune system possesses a network of complicated tolerance mechanisms to avoid 
immune response against all potential self antigens. Self tolerance mechanisms could occur 
at three levels. The first level is evolutionary. Special molecular patterns of microbes have 
evolutionally led to the generation of pattern recognition receptors on innate immune cells, 
which effectively bind to certain microbial molecules. We will not discuss this level of 
tolerance in this chapter, as it is not related to adaptive immunity. The second level of self 
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tolerance mechanisms occurs prior to or during activation of naïve self reactive T cells. The 
mechanisms at this level would eliminate pathogenic self reactive T cells, or skew their 
activation, and thus avoid autoimmunity de novo. The majority of known self tolerance 
mechanisms act at this level. Those mechanisms can be further divided into two categories: 
central tolerance, which occurs in central lymphoid organs such as the thymus and bone 
marrow, or peripheral tolerance which occurs mainly in peripheral lymphoid organs. The 
third level of tolerance mechanisms occurs post activation of pathogenic T cells or after 
pathogenic T cells have initiated autoimmune tissue damage.  This level of tolerance is less 
explored and thus, remains largely unknown.  Failure in tolerance (or a break in self 
tolerance) to a self antigen at any level is a prerequisite for occurrence of autoimmunity.  
With capacities in both promoting and inhibiting autoimmunity, DCs are considered one of 
the most critical manipulators/regulators in autoimmunity versus immune tolerance. 
Because DCs are the only APC capable of activating naïve T cells, they first play a pivotal 
role in breaking self tolerance in T cells as well as supporting autoimmune responses during 
pathogenesis of autoimmune diseases (28-30). On the other hand, numerous studies have 
shown that subsets of DCs, or DCs at different maturation stages, function as tolerance 
inducers by down-regulation of self reactive immune responses, or by skewing activation of 
a self reactive T cell toward a phenotype related with immune tolerance (29-31). Those DCs 
are named tolerogenic DCs (tDCs) (Figure 3)(32, 33).  A single type of DCs may function as 
both an activator of an immune response or a tolerance inducer, depending on their 
maturation/activation status or even their location (33). In other cases, a special subset of 
DC may act as tDCs and play a sole role in immune tolerance.     
 

 
Fig. 3. Comparison of immunogenic DC and tolerogenic DC (tDC). Fates of T cells after their 
interaction with DCs are shown at the right. Note the differences in expression of co-
stimulatory molecules and cytokines.  TLR, Toll-like receptor; FcR, Fc receptor. 

Due to their special functions in immunoregulation, DCs have been long investigated for 
their roles in autoimmune diseases since their discovery. As mentioned in the last 
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paragraph, it is clear that DCs could be pathogenic or protective in autoimmune diseases. 
From this point of view, DCs can be divided into two groups based on their functions 
during an autoimmune response: immunogenic DCs, which provoke an autoimmune 
response to an antigen, and tDCs, which induce tolerance to an antigen. A balance between 
the two DCs is the key to determine if autoimmunity will occur. Thus, alterations in either 
DCs due to genetic milieu or environmental factors may lead to unbalance, resulting in 
autoimmunity.  
In the early years after discovery of DCs, investigations mainly focused on DCs’ function in 
promotion or initiation of autoimmunity. It seems there are no arguments that DCs are 
required to activate naïve self reactive T cells, which is a pivotal player in manifestation of 
autoimmune diseases. DCs are the only known APCs which are capable of eliciting 
autoimmune responses and/or autoimmune diseases. In addition, unique functions of DCs 
in target tissues may further enhance autoimmune inflammation through coordinating 
recruitment and activation of other immune players. Those early studies have elegantly 
provided direct evidential support that DCs are a critical player especially in the initiation 
stage of autoimmunity in animal models such as experimental allergic encephalomyelitis 
(EAE) models for multiple sclerosis (MS) and non-obese (NOD) model for Type I diabetes.  
For example, transfer of DCs, which were engineered to constitutively express a T-cell 
epitope of a model antigen, induced destruction of the islet, where this model antigen was 
expressed (34).  In an EAE model, DCs were pulsed in vitro with a T cell epitope of well 
known self antigen for MS called myelin basic protein; transfer of the DCs into untreated 
mice resulted in MS like symptoms (35). In addition, the role of DCs in autoimmune 
diseases was indirectly demonstrated, in part, by examination of DCs in tissues of human 
autoimmune patients. For example, a high number of DCs were detectable in the serum and 
synovial fluid of patients with various autoimmune diseases such as rheumatoid arthritis, 
Sjogren’s syndrome, multiple sclerosis, thyroiditis and diabetes (36-38). One study further 
showed a positive association between high levels of circulating DCs secreting pro-
inflammatory cytokines with severity of multiple sclerosis (39).  
However, unlike in an immune response to invading organisms, the mechanisms for 
activation of naïve reactive T cells by a DC in an autoimmune response are unique and thus, 
are a main focus of investigations. Several mechanisms, by which DCs activate pathogenic T 
cells, have been revealed in the past. First, DCs will mature during an infection; the mature 
DCs may co-present self antigens with those from infectious agents to naïve self reactive T 
cells. Frequent or persistent viral infections may boost the release of self antigens in the 
target organ, which in turn would greatly increase the chance for DCs to “accidently” 
activate naïve self reactive T cells.  In addition, overall anti-viral or bacterial immunity may 
generate cytokine-mediated bystander activation of self reactive lymphocytes. Second, DCs 
present some pathogenic antigens, which mimic certain self antigens, to naïve T cells. Some 
of those activated T cells may recognize self antigens and cause autoimmunity. Some 
mimicking peptides may have a low efficiency in stimulating naïve T cells due to a low 
binding affinity to their TcR. However, increased quantity of microbial antigens during 
infection could enhance engagement of more mimicking epitopes with TcR, leading to the 
activation of self reactive T cells. Third, certain defects in host tissues may lead to the release 
of increased amounts of or altered self antigens, which have been previously ignored by the 
immune system. For example, the defective clearance of apoptotic cell debris due to an 
impaired uptake may result in an autoimmunity. In this case, DCs may be activated by 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

226 

tolerance mechanisms occurs prior to or during activation of naïve self reactive T cells. The 
mechanisms at this level would eliminate pathogenic self reactive T cells, or skew their 
activation, and thus avoid autoimmunity de novo. The majority of known self tolerance 
mechanisms act at this level. Those mechanisms can be further divided into two categories: 
central tolerance, which occurs in central lymphoid organs such as the thymus and bone 
marrow, or peripheral tolerance which occurs mainly in peripheral lymphoid organs. The 
third level of tolerance mechanisms occurs post activation of pathogenic T cells or after 
pathogenic T cells have initiated autoimmune tissue damage.  This level of tolerance is less 
explored and thus, remains largely unknown.  Failure in tolerance (or a break in self 
tolerance) to a self antigen at any level is a prerequisite for occurrence of autoimmunity.  
With capacities in both promoting and inhibiting autoimmunity, DCs are considered one of 
the most critical manipulators/regulators in autoimmunity versus immune tolerance. 
Because DCs are the only APC capable of activating naïve T cells, they first play a pivotal 
role in breaking self tolerance in T cells as well as supporting autoimmune responses during 
pathogenesis of autoimmune diseases (28-30). On the other hand, numerous studies have 
shown that subsets of DCs, or DCs at different maturation stages, function as tolerance 
inducers by down-regulation of self reactive immune responses, or by skewing activation of 
a self reactive T cell toward a phenotype related with immune tolerance (29-31). Those DCs 
are named tolerogenic DCs (tDCs) (Figure 3)(32, 33).  A single type of DCs may function as 
both an activator of an immune response or a tolerance inducer, depending on their 
maturation/activation status or even their location (33). In other cases, a special subset of 
DC may act as tDCs and play a sole role in immune tolerance.     
 

 
Fig. 3. Comparison of immunogenic DC and tolerogenic DC (tDC). Fates of T cells after their 
interaction with DCs are shown at the right. Note the differences in expression of co-
stimulatory molecules and cytokines.  TLR, Toll-like receptor; FcR, Fc receptor. 

Due to their special functions in immunoregulation, DCs have been long investigated for 
their roles in autoimmune diseases since their discovery. As mentioned in the last 

 
Dendritic Cells: Two-Edged Swords in Pathogenesis of Autoimmune Glomerulonephritis 

 

227 

paragraph, it is clear that DCs could be pathogenic or protective in autoimmune diseases. 
From this point of view, DCs can be divided into two groups based on their functions 
during an autoimmune response: immunogenic DCs, which provoke an autoimmune 
response to an antigen, and tDCs, which induce tolerance to an antigen. A balance between 
the two DCs is the key to determine if autoimmunity will occur. Thus, alterations in either 
DCs due to genetic milieu or environmental factors may lead to unbalance, resulting in 
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expressed (34).  In an EAE model, DCs were pulsed in vitro with a T cell epitope of well 
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apoptotic materials such as DNA. A recent study showed that binding of their surface TLR7 
and TLR9 to dsDNA from dead cells activates pDCs, which in turn initiate autoimmune skin 
inflammation in a murine model (40). A common feature for the above three scenarios is 
that DCs are passively involved in activation of self reactive T cells, and thus, they are 
“innocent” in those scenarios. In those cases, autoimmunity occurs mainly due to the 
increase in available self antigens. A “threshold” model has been proposed to summarize 
the above cases (41). DCs constantly present self antigens, but they fail to activate T cells 
because antigens are under a “threshold” level.  Multiple factors may influence the quantity 
of presented self antigens to surpass the threshold, resulting in a significant autoimmune 
response, and subsequently an autoimmune disease. Fourth, DCs are also regulated by other 
immune cells or molecules. DC’s maturation and development are controlled by the types of 
pathogens/antigens as well as cytokines released by the activated T cells. One study 
suggested that high levels of IFN- in systemic lupus erythematosus (SLE) may promote 
differentiation of monocytes to DCs, which in turn initiates an autoimmune response by 
picking up and further presenting more SLE-specific self antigens to self reactive T cells (42). 
Generally, regulatory T cells (Tregs) can suppress the maturation, activation and the 
subsequent production of inflammatory cytokines by recently activated DCs. However, 
chronically activated DCs, which may be presenting self antigens, could escape this 
mechanism and provoke an autoimmune response (43). Fifth, DCs could initiate 
autoimmunity because of intrinsic defects in genes controlling the DCs’ functions, which 
results in DCs that behave deviantly. There are numerous genetic defects in DCs, which 
have been associated with the onset of autoimmune diseases. Unusual differentiation 
and/or maturation of DCs may lead to an abnormality of DCs either in quantity or quality. 
Loss of integrin v8 on DCs causes autoimmunity and colitis in mice (44). Defects in the 
apoptosis of immune cells, including DCs, have been blamed for several autoimmune 
diseases. Abnormal co-stimulatory phenotypes of DCs have been linked to onset of severe 
murine lupus. By coordinating the recruitment and/or activation of other immune cells, 
DCs can drive the generation of ectopic lymphoid tissues, as in the case of inflamed synovia 
in rheumatoid arthritis (RA) and SLE. Thus, more self antigens would be presented more 
effectively in target organs. Normally, some DCs would be eliminated through apoptosis, 
because they have the potential to activate naïve self reactive T cells. However, genetic 
defects in DCs’ apoptosis may prolong DCs’ life and increase the chances for them to 
activate self reactive T cells. A transgenic mouse expressing the baculoviral caspase 
inhibitor, p35, in DCs results in their accumulation and, in turn, chronic lymphocyte 
activation and systemic autoimmune manifestations (45).   
Despite its pivotal role in provoking an autoimmune response as sole APCs that can activate 
self reactive T cells, many more studies have been devoted to exploring DC’s roles in self 
tolerance and/or autoimmunity prevention/controlling (33). It is clear now that DCs play 
critical roles in both central and peripheral tolerance. For central tolerance, thymic DCs 
function similar to but not limited to thymic epithelial cells. Both cells can selectively induce 
apoptosis in immature potential self reactive T cells. When immature T cells enter the 
thymus to be “educated”, thymic DCs as well as thymic epithelia will present self antigens 
to immature T cells. If a T cell bears TcR which binds to the self antigens with high affinity, 
DCs will selectively trigger apoptosis in these potentially self reactive immature T cells. This 
process is called “negative selection”. Unlike thymic epithelial cells, which can only present 
self antigens within the thymus, thymic DCs also can carry self antigens from outside tissues 

 
Dendritic Cells: Two-Edged Swords in Pathogenesis of Autoimmune Glomerulonephritis 

 

229 

to eliminate additional self reactive T cells. Furthermore, thymic pDCs or mDCs, which are 
activated by thymic stromal lymphopoietin, induce generation of natural CD4+CD25+ Treg.    
A significant number of tDC-mediated tolerance mechanisms have been demonstrated in 
both humans and animals. In general, those tDC-mediated mechanisms are much more 
complicated and sophisticated than those in central tolerance. Elucidation of the known DC-
mediated tolerance mechanisms and discovery of new ones in peripheral tissues remain a 
big challenge for immunologists, and thus, it is still a hot topic in immunological research 
today. Known tDC-mediated peripheral tolerance mechanisms, including one from our 
group, will be summarized in this section. There are two types of tDCs. The first type of 
tDCs is immature or semi-mature DCs, which are believed to be tolerogenic (33). The second 
type of tDCs are special types of DCs, or a specially differentiated DC subset, which act 
solely as an immune tolerance inducer.  For the first type of tDCs, in the absence of infection 
or inflammation, DCs in the tissues will remain in an immature state. Those immature DCs 
may also capture self antigens from dead cells or accidentally released substances from cells 
and migrate to lymphoid organs with loaded self antigens due to homeostatic traffic. Unlike 
a mature DC, the immature or semi-mature DC, which has been loaded with self antigens, 
actively silence self reactive T cells because they lack co-stimulatory molecules for a full T 
cell activation. There are several mechanisms for those immature or semi-mature DCs to 
silence naïve self reactive T cells. Just as they do in central tolerance, some DCs may induce 
apoptosis in the T cells, which recognize the self antigen presented by DCs (45). 
Alternatively, the immature DCs induce unresponsiveness in T cells called anergy. It is 
believed that homeostatic traffic of DCs to silence naïve T cells is critical for maintenance of 
peripheral tolerance (46). Defect in molecules such as chemokine receptors, which is critical 
for this homeostatic migration, has been linked to several autoimmune diseases such as 
rheumatoid arthritis (RA) and MS. Furthermore, it has been reported that immature DCs 
may stimulate naïve self reactive T cells to differentiate into regulatory T cells (Treg) (47). As 
one of the most important immunoregulators, Tregs, in turn, actively inhibit pathogenic self 
reactive T cells. Several studies suggest that Treg can also inhibit maturation of DCs, and 
thus, more tDCs are generated. On the other hand, the second type of tDCs are specifically 
differentiated DCs, or from different lineages, which have the sole function of inducing an 
immune tolerance. Mounting evidence supports the presence of such tDCs. For example, the 
treatment of DC precursors with certain substances such as glucocorticoid (GC) leads to the 
generation of a type of DC which was morphologically similar to a mature DC, but was able 
to induce T cell anergy, suggesting that an anergy-inducing DC could be a special type of 
DCs (48).  1,25-dihydroxyvitamin D3 (1,25-vitD) has been known to inhibit autoimmune 
diseases in animal models, as well as in humans. Activation of vitamin D receptor (VDR) by 
either exogenous or endogenously generated1,25-vitD reprograms DCs to become 
tolerogenic (49). An experiment showed that systemic administration of in vitro generated 
tDC with TNF- treatment ameliorates murine inflammatory arthritis, suggesting a critical 
role of cytokines from a tissue microenvironment in generation of tDC. Obviously, 
tolerogenicity of those DCs does not depend on its maturation stage but rather on their 
different maturation pathway. This is probably true for humans as well. A new phenotype 
of tDC, which induces T cell anergy, can be generated from human monocyte-derived DCs 
by treatment of proteases from the fungus Aspergillus oryzae (ASP)(50). A long list of 
substances can induce differentiation of tDCs (32). Dexamethasone-treated DCs are able to 
induce differentiation of Treg in vitro (51). Both immunologists and clinicians expect a 
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both humans and animals. In general, those tDC-mediated mechanisms are much more 
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thus, more tDCs are generated. On the other hand, the second type of tDCs are specifically 
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generation of a type of DC which was morphologically similar to a mature DC, but was able 
to induce T cell anergy, suggesting that an anergy-inducing DC could be a special type of 
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either exogenous or endogenously generated1,25-vitD reprograms DCs to become 
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tolerogenicity of those DCs does not depend on its maturation stage but rather on their 
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by treatment of proteases from the fungus Aspergillus oryzae (ASP)(50). A long list of 
substances can induce differentiation of tDCs (32). Dexamethasone-treated DCs are able to 
induce differentiation of Treg in vitro (51). Both immunologists and clinicians expect a 
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potential clinical application from the in vitro generated tDCs for inhibition of 
autoimmunity, and induction of immune tolerance to graft antigens. Some animal models 
showed encouraging results by transfer of tDC to inhibit autoimmune diseases (52). 
Vasoactive intestinal peptide induced regulatory dendritic cells showed therapeutic effects 
on autoimmune disorders (53) On the other hand, investigators are also searching for tDCs 
with a different lineage from the known cDCs or pDCs. A tDC, which is responsible for 
inhibition of CD8+ T cell mediated anti-tumor activity, has been described in a murine 
model (54).  This type of tDC has not been characterized well, and further investigation is 
needed. Our group is currently characterizing a new type of DC, which may be tolerogenic 
(55). 
The common features for the above DC-mediated tolerance mechanisms can be 
summarized as follows: 1) DCs act on naïve T cells, and 2) DCs induce tolerance in 
lymphoid tissues but not in peripheral tissues. As a result, those DCs prevent 
autoimmunity de novo, because pathogenic T cells would be eliminated from lymphoid 
tissues before their activation. However, it is highly possible that naïve autoreactive T 
cells may escape the above mechanisms and be activated to further differentiate into 
pathogenic effecter cells through, for example, molecular mimicry or bystander activation 
during an infection. In fact, the presence of activated self reactive T cells has been widely 
reported in normal human individuals and animals. Although the tDCs described above 
have potential clinical applications for treatment of autoimmune diseases, it is worthwhile 
to emphasize that all those tDCs, either in vitro induced tDCs or natural tDCs, may only 
prevent autoimmunity de novo. These tDCs have shown encouraging results with a great 
promise in animal models. In most cases, the treatment needs to be prior to the onset of 
the disease. It is, therefore, questionable if these tDCs can be used to treat an existing 
autoimmune disease, which is common in human patients. It will be equally important to 
ask if any tolerance mechanisms in target tissues are able to control autoimmune diseases 
after pathogenic autoreactive T cells have infiltrated the target tissue and caused tissue 
damage. In other words, are there any tDCs which participate in the third level of 
immune tolerance?  Fortunately, a few studies suggest the existence of tDCs in the third 
level of tolerance. In vivo depletion of pDCs by antibody to mouse pDC antigen-1 
(mPDCA-1) after the onset of the disease enhanced T cell activation in target tissue but 
not in lymphoid organs, which exacerbated CNS inflammation in a mouse EAE model 
(56). This study suggests the presence of a tissue infiltrating tolerogenic pDCs, which 
infiltrated inflamed target tissue to inhibit a pathogenic T cell response. However, it 
remains to be elucidated how this pDC inhibited autoimmune inflammation. A novel DC-
mediated mechanism has been recently described in a rat anti-GBM glomerulonephritis 
model. Unlike many other types of DCs, this DC actively infiltrates inflamed autoimmune 
target tissues and presents the self antigen locally (55). The DC selectively induces 
apoptosis in the infiltrating self reactive pathogenic T cells, which recognize the presented 
self antigen. Subsequently, T cell-mediated autoimmune inflammation is stopped. In 
contrast to many other tDC-mediated tolerance mechanisms, unique features of the above 
two are that 1) it contains the autoimmune disease after activation of self reactive T 
cells/tissue damage rather than prevents it de novo, and 2) it occurs in autoimmune target 
tissue rather than in lymphoid organs.  It is conceivable that these tDCs, which are 
involved in the third level of immune tolerance, could be more effective in treatment of an 
existing autoimmune disease.          
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5. Renal DCs in the steady-state  
As a first step to studying DCs’ role in renal physiology and pathology, many studies have 
been devoted to identification of DCs in normal renal tissue or related draining lymph 
nodes in both humans and animals (mainly mice and rats). Historically, as early as 1981, a 
mononuclear phagocyte with expression of MHC II and a “stellate” morphology was 
described to reside in the renal interstitium in mice, which probably was the first confirmed 
DC in renal tissue (57). Since then, various types of DCs have been identified in either 
steady-state or under pathological conditions mainly in mice, as well as in rats and humans 
(58-60). Compared to the DCs in other organs or tissues, renal DCs are still poorly 
understood. However, it has become clear that similar to those in other tissues or organs, 
renal DCs are comprised of highly heterogeneous subsets (Table 1). Using CX3CR1GFP+ 
transgenic mice, a network composed of a large number of CX3CR1+ cells, which are mainly 
DCs, spanning the entire tubule-interstitium and enclosing all nephrons has been observed 
(61). Further investigations have suggested that this renal DC network in the steady-state 
probably is involved in maintenance of renal homeostasis and self tolerance. In addition, 
several functional subsets of DCs have been identified in the kidney using various markers. 
Mouse renal DCs have been best analyzed among all species. Murine renal DCs can be 
primarily identified using a combination of CD11 and MHC II as markers. With other DC 
markers, at least three renal DC subsets have been characterized and classified, which have 
been summarized by Nelson and Kurts, respectively (Table 1)(58, 60). The majority of renal 
DCs belong to the first subset, which expresses the chemokine Franklin receptor CX3CR1, 
the macrophage marker F4/80, and the myeloid marker CD11b, but not CD8, suggesting 
this CX3CR1+F4/80+CD11b+CD8-  subset to be the equivalent to the IntDCs (i.e. cDCs of 
myeloid origin in lymphoid nodes) (refer to Figure 2)(10, 61, 62). This renal DC subset 
probably is the DCs, which form DC network surrounding renal tubules (61). A small 
number of the second subset is CD8+CD11c+ CD103+, which seems similar to the CD8+ 
cDCs of myeloid origin in the lymph nodes (63). Since this subset is normally observed in 
skin-associated lymph nodes and is associated with Langerhans cells in the skin, it will be 
interesting to determine their lineage and function (64). The third subset of renal DCs, which 
is rare, is similar to the pDCs with a phenotype of CD11c+CD8-B220+, suggesting that this 
may be pre-pDCs (61, 65).  Human renal DCs in normal kidneys also have been 
characterized, and several subsets have been described. At least two different HLA-DR+ 
myeloid cDC subtypes have been identified in the cortex of normal kidneys, with 
phenotypes of BDCA-1+DC-SIGN+ and BDCA-1+DC-SIGN- (66). The first subset is probably 
human cDCs of myeloid origin (see Table). In addition, a subset, which is similar to the 
pDCs with a phenotype of BDCA-2+DC-SIGN-, is also abundantly present in the renal tissue 
(66). All of those DC subsets are located in the tubulo-interstitium with a high frequency. 
These DCs often surround glomeruli, but are rarely observed within glomeruli. Among 
those subsets, BDCA-1+DC-SIGN+ DCs are most abundant and are four times as frequently 
present as BDCA-2+.  Thus, cDCs of myeloid origin are dominant in renal tissues in both 
humans and mice. In inflamed or injured renal tissue, additional subsets of DCs have been 
observed in both humans and mice. These pathology-related renal DCs will be discussed in 
the next section.   Several new types of DCs, such as IFN-producing killer DC, inflammatory 
TNF--inducible nitric oxide synthase–producing DCs, and tolerogenic IDO expressing 
DCs, have been identified (67-69). It remains unclear whether those newly defined DCs are 
presented in or recruited to renal tissues.  
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potential clinical application from the in vitro generated tDCs for inhibition of 
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with a different lineage from the known cDCs or pDCs. A tDC, which is responsible for 
inhibition of CD8+ T cell mediated anti-tumor activity, has been described in a murine 
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summarized as follows: 1) DCs act on naïve T cells, and 2) DCs induce tolerance in 
lymphoid tissues but not in peripheral tissues. As a result, those DCs prevent 
autoimmunity de novo, because pathogenic T cells would be eliminated from lymphoid 
tissues before their activation. However, it is highly possible that naïve autoreactive T 
cells may escape the above mechanisms and be activated to further differentiate into 
pathogenic effecter cells through, for example, molecular mimicry or bystander activation 
during an infection. In fact, the presence of activated self reactive T cells has been widely 
reported in normal human individuals and animals. Although the tDCs described above 
have potential clinical applications for treatment of autoimmune diseases, it is worthwhile 
to emphasize that all those tDCs, either in vitro induced tDCs or natural tDCs, may only 
prevent autoimmunity de novo. These tDCs have shown encouraging results with a great 
promise in animal models. In most cases, the treatment needs to be prior to the onset of 
the disease. It is, therefore, questionable if these tDCs can be used to treat an existing 
autoimmune disease, which is common in human patients. It will be equally important to 
ask if any tolerance mechanisms in target tissues are able to control autoimmune diseases 
after pathogenic autoreactive T cells have infiltrated the target tissue and caused tissue 
damage. In other words, are there any tDCs which participate in the third level of 
immune tolerance?  Fortunately, a few studies suggest the existence of tDCs in the third 
level of tolerance. In vivo depletion of pDCs by antibody to mouse pDC antigen-1 
(mPDCA-1) after the onset of the disease enhanced T cell activation in target tissue but 
not in lymphoid organs, which exacerbated CNS inflammation in a mouse EAE model 
(56). This study suggests the presence of a tissue infiltrating tolerogenic pDCs, which 
infiltrated inflamed target tissue to inhibit a pathogenic T cell response. However, it 
remains to be elucidated how this pDC inhibited autoimmune inflammation. A novel DC-
mediated mechanism has been recently described in a rat anti-GBM glomerulonephritis 
model. Unlike many other types of DCs, this DC actively infiltrates inflamed autoimmune 
target tissues and presents the self antigen locally (55). The DC selectively induces 
apoptosis in the infiltrating self reactive pathogenic T cells, which recognize the presented 
self antigen. Subsequently, T cell-mediated autoimmune inflammation is stopped. In 
contrast to many other tDC-mediated tolerance mechanisms, unique features of the above 
two are that 1) it contains the autoimmune disease after activation of self reactive T 
cells/tissue damage rather than prevents it de novo, and 2) it occurs in autoimmune target 
tissue rather than in lymphoid organs.  It is conceivable that these tDCs, which are 
involved in the third level of immune tolerance, could be more effective in treatment of an 
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been devoted to identification of DCs in normal renal tissue or related draining lymph 
nodes in both humans and animals (mainly mice and rats). Historically, as early as 1981, a 
mononuclear phagocyte with expression of MHC II and a “stellate” morphology was 
described to reside in the renal interstitium in mice, which probably was the first confirmed 
DC in renal tissue (57). Since then, various types of DCs have been identified in either 
steady-state or under pathological conditions mainly in mice, as well as in rats and humans 
(58-60). Compared to the DCs in other organs or tissues, renal DCs are still poorly 
understood. However, it has become clear that similar to those in other tissues or organs, 
renal DCs are comprised of highly heterogeneous subsets (Table 1). Using CX3CR1GFP+ 
transgenic mice, a network composed of a large number of CX3CR1+ cells, which are mainly 
DCs, spanning the entire tubule-interstitium and enclosing all nephrons has been observed 
(61). Further investigations have suggested that this renal DC network in the steady-state 
probably is involved in maintenance of renal homeostasis and self tolerance. In addition, 
several functional subsets of DCs have been identified in the kidney using various markers. 
Mouse renal DCs have been best analyzed among all species. Murine renal DCs can be 
primarily identified using a combination of CD11 and MHC II as markers. With other DC 
markers, at least three renal DC subsets have been characterized and classified, which have 
been summarized by Nelson and Kurts, respectively (Table 1)(58, 60). The majority of renal 
DCs belong to the first subset, which expresses the chemokine Franklin receptor CX3CR1, 
the macrophage marker F4/80, and the myeloid marker CD11b, but not CD8, suggesting 
this CX3CR1+F4/80+CD11b+CD8-  subset to be the equivalent to the IntDCs (i.e. cDCs of 
myeloid origin in lymphoid nodes) (refer to Figure 2)(10, 61, 62). This renal DC subset 
probably is the DCs, which form DC network surrounding renal tubules (61). A small 
number of the second subset is CD8+CD11c+ CD103+, which seems similar to the CD8+ 
cDCs of myeloid origin in the lymph nodes (63). Since this subset is normally observed in 
skin-associated lymph nodes and is associated with Langerhans cells in the skin, it will be 
interesting to determine their lineage and function (64). The third subset of renal DCs, which 
is rare, is similar to the pDCs with a phenotype of CD11c+CD8-B220+, suggesting that this 
may be pre-pDCs (61, 65).  Human renal DCs in normal kidneys also have been 
characterized, and several subsets have been described. At least two different HLA-DR+ 
myeloid cDC subtypes have been identified in the cortex of normal kidneys, with 
phenotypes of BDCA-1+DC-SIGN+ and BDCA-1+DC-SIGN- (66). The first subset is probably 
human cDCs of myeloid origin (see Table). In addition, a subset, which is similar to the 
pDCs with a phenotype of BDCA-2+DC-SIGN-, is also abundantly present in the renal tissue 
(66). All of those DC subsets are located in the tubulo-interstitium with a high frequency. 
These DCs often surround glomeruli, but are rarely observed within glomeruli. Among 
those subsets, BDCA-1+DC-SIGN+ DCs are most abundant and are four times as frequently 
present as BDCA-2+.  Thus, cDCs of myeloid origin are dominant in renal tissues in both 
humans and mice. In inflamed or injured renal tissue, additional subsets of DCs have been 
observed in both humans and mice. These pathology-related renal DCs will be discussed in 
the next section.   Several new types of DCs, such as IFN-producing killer DC, inflammatory 
TNF--inducible nitric oxide synthase–producing DCs, and tolerogenic IDO expressing 
DCs, have been identified (67-69). It remains unclear whether those newly defined DCs are 
presented in or recruited to renal tissues.  
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Species  Subset and phenotype Abundance  Note  

Mice 

CD8-  cDC myeloid  
CD11c+CD11b+F4/80+ B220-CX3CR1+ Many   IntDC 

CD8+ cDC myeloid? 
CD11c+CD11b-CD103+CD205-

Langerin+ 
Few = Langerhans 

cells? 

pDC 
CD11c+CD11b-CD8-B220+Gr1+ Few Pre-pDC 

CD8-  Pre-DC (inflammatory) 
CD11c+CD11b+F4/80+Gr-1+ - Non-residential? 

Humans  

cDC 
BDCA-1+DC-SIGN+ Many  

cDC 
BDCA-1+DC-SIGN- Many  

pDC 
BDCA-2+DC-SIGN- Few  

Table 1. Subsets of DCs in the renal tissue of mice and humans at steady state  

Due to the advancement in technologies and the increasing number of DC specific markers, 
investigators were able to examine renal DCs’ function and their lineage in detail by 
isolation of renal DCs from either animals or humans for in vitro experiments, or by using 
gene manipulated animals or bone marrow chimeras for in vivo experiments. Investigations 
on mice DCs suggest that, like other DCs, renal DCs probably also derive from common 
bone marrow stem cells for macrophages and DC precursors. Renal DCs may directly derive 
from circulating pre-DCs (59). Based on the studies on DCs in other non-lymphoid or 
lymphoid organs, these bone marrow stem cells first differentiate into circulating or 
patrolling Csf1r+Gr1+ and Csf1r+Gr1– monocytes in peripheral blood (70, 71). Subsets of 
Csf1r+Gr1– or Csf1r+Gr1+ monocytes may become the precursor of different pre-DCs under 
certain conditions. However, a study suggested the presence of non-monocyte pre-DCs for 
DCs in other tissues such as the lung (72). On the other hand, some studies showed that 
diverse renal DC populations probably differentiate from FLT3+ DC precursors for both 
pDCs and mDCs (73). Microenvironments in renal tissue may determine diversification of 
renal DCs from this rather flexible common DC precursor. One in vivo experiment showed 
that injection of FLT3 to mice did not alter the proportion of each DC subset in the kidney, 
although the DCs’ number significantly increased (74).  Very early studies also suggest a 
potential of the renal microenvironment in generation of diverse renal DCs from shared 
progenitors or precursors. Subsets of renal DCs of myeloid origin share several common 
markers among the mononuclear phagocytes such as F4/80 and CD68. This phenotypic 
overlap between renal DCs of myeloid origin and macrophages is different in different 
tissue locations within normal kidneys, suggesting that the environments may affect DCs’ 
phenotypic changes (75). In one experiment, stimulation of the same precursor by different 
cytokines led to the generation of pro- or anti-inflammatory DCs (70). GM-CFS stimulated 
DC precursors from bone marrow promotes the generation of DCs with an inflammatory 
phenotype by both ex vivo and in vivo experiments (70). On the other hand, FLT3L-derived 

 
Dendritic Cells: Two-Edged Swords in Pathogenesis of Autoimmune Glomerulonephritis 

 

233 

DCs are phenotypically similar to DCs at a steady state, which are believed to be mainly 
anti-inflammatory. Several studies have tried to identify the local factors which determined 
renal DCs’ differentiation. For example, CSF-1 receptor is known to be important for the 
differentiation and survival of myeloid DCs in general (76). Renal epithelial cells 
constitutively express CSF-1 (77, 78). It will be interesting to test if epithelium-expressed 
CFS-1 is involved in shaping renal DCs’ repertoire. In summary, the majority of studies on 
renal DCs of myeloid origin suggest that local inductive factors shape the repertoire of renal 
DCs.  
There are several interesting issues regarding the life cycle of renal DCs at a steady-state. 
First, how pre-DCs migrate or are recruited into renal tissues. Chemokines and adhesion 
molecules play a pivotal role in leukocyte trafficking. Thus, renal DCs or their precursors in 
the circulation are expected to express certain sets of chemokine receptors and adhesion 
molecules. Several experiments have suggested special chemokines released from renal 
tissue may be required for recruitment of pre-DCs to the kidney. However, information 
regarding expression of these two molecules in renal DCs is still lacking or controversial. 
The second issue is the life span for renal DCs. Using a bone marrow chimera mouse model, 
the life span of renal DCs in mice has been determined to be 10-14 days in homeostasis (79). 
On the other hand, BrdU-labeling experiments using normal mice suggest an average half-
life of approximately 35 days across all subsets of renal DCs (80). The third issue is whether 
renal DCs can self renewal or need to be constantly recruited from the circulation. A study 
observed that a small percent of residential leukocytes were CX3CR1highGR1-  but lacked 
markers for differentiated DCs, suggesting these to be renewal DCs (61). However, more 
experiments are needed to answer this question.  
The subsets of renal DCs, which are constantly present in normal renal tissue and form an 
immune surveillance network at a steady-state, may have three functions. However, those 
functions are largely speculated from the results for DCs in other tissues. First, they serve as 
sentinels in monitoring possible invading pathogens as one part of immune surveillance. 
Once they are activated by pathogens, mature renal DCs will migrate into renal draining 
lymph nodes to provoke an adaptive immune response against the pathogens (61, 81). 
Second, as one part of innate immunity, renal DCs may release cytokines or chemokines 
upon activation by pathogens to organize an innate immune attack against the pathogens by 
recruitment or activation of other innate immune cells (82). Third, as an important 
peripheral tolerance mechanism, immature renal DCs constantly capture self antigens from 
the tubules and glomeruli, and even some small molecules which are filtered in glomeruli 
(80, 83-85). Like in other tissue locations, a constant migration of renal DCs into local renal 
lymph nodes probably also exists (86). Through their APC function, the migrated immature 
DCs selectively inhibit activation of potential self reactive T cells. It has been reported that 
additional small self molecules may reach renal lymph nodes, where DCs capture those 
molecules. If these molecules are not associated with pathogenic antigens, they are used to 
tolerize harmful T cells by DCs (87, 88).      

6. DCs in promotion of autoimmune glomerulonephritis 
Like in other peripheral tissues, DCs play a critical role in provoking autoimmunity by 
breaking self tolerance in renal tissues including glomeruli. We have mentioned earlier that 
there are no DCs present in normal glomeruli. What type(s) of DCs are responsible for 
breaking self tolerance and for the maintenance of immune tolerance to glomerular self 
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on mice DCs suggest that, like other DCs, renal DCs probably also derive from common 
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from circulating pre-DCs (59). Based on the studies on DCs in other non-lymphoid or 
lymphoid organs, these bone marrow stem cells first differentiate into circulating or 
patrolling Csf1r+Gr1+ and Csf1r+Gr1– monocytes in peripheral blood (70, 71). Subsets of 
Csf1r+Gr1– or Csf1r+Gr1+ monocytes may become the precursor of different pre-DCs under 
certain conditions. However, a study suggested the presence of non-monocyte pre-DCs for 
DCs in other tissues such as the lung (72). On the other hand, some studies showed that 
diverse renal DC populations probably differentiate from FLT3+ DC precursors for both 
pDCs and mDCs (73). Microenvironments in renal tissue may determine diversification of 
renal DCs from this rather flexible common DC precursor. One in vivo experiment showed 
that injection of FLT3 to mice did not alter the proportion of each DC subset in the kidney, 
although the DCs’ number significantly increased (74).  Very early studies also suggest a 
potential of the renal microenvironment in generation of diverse renal DCs from shared 
progenitors or precursors. Subsets of renal DCs of myeloid origin share several common 
markers among the mononuclear phagocytes such as F4/80 and CD68. This phenotypic 
overlap between renal DCs of myeloid origin and macrophages is different in different 
tissue locations within normal kidneys, suggesting that the environments may affect DCs’ 
phenotypic changes (75). In one experiment, stimulation of the same precursor by different 
cytokines led to the generation of pro- or anti-inflammatory DCs (70). GM-CFS stimulated 
DC precursors from bone marrow promotes the generation of DCs with an inflammatory 
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DCs are phenotypically similar to DCs at a steady state, which are believed to be mainly 
anti-inflammatory. Several studies have tried to identify the local factors which determined 
renal DCs’ differentiation. For example, CSF-1 receptor is known to be important for the 
differentiation and survival of myeloid DCs in general (76). Renal epithelial cells 
constitutively express CSF-1 (77, 78). It will be interesting to test if epithelium-expressed 
CFS-1 is involved in shaping renal DCs’ repertoire. In summary, the majority of studies on 
renal DCs of myeloid origin suggest that local inductive factors shape the repertoire of renal 
DCs.  
There are several interesting issues regarding the life cycle of renal DCs at a steady-state. 
First, how pre-DCs migrate or are recruited into renal tissues. Chemokines and adhesion 
molecules play a pivotal role in leukocyte trafficking. Thus, renal DCs or their precursors in 
the circulation are expected to express certain sets of chemokine receptors and adhesion 
molecules. Several experiments have suggested special chemokines released from renal 
tissue may be required for recruitment of pre-DCs to the kidney. However, information 
regarding expression of these two molecules in renal DCs is still lacking or controversial. 
The second issue is the life span for renal DCs. Using a bone marrow chimera mouse model, 
the life span of renal DCs in mice has been determined to be 10-14 days in homeostasis (79). 
On the other hand, BrdU-labeling experiments using normal mice suggest an average half-
life of approximately 35 days across all subsets of renal DCs (80). The third issue is whether 
renal DCs can self renewal or need to be constantly recruited from the circulation. A study 
observed that a small percent of residential leukocytes were CX3CR1highGR1-  but lacked 
markers for differentiated DCs, suggesting these to be renewal DCs (61). However, more 
experiments are needed to answer this question.  
The subsets of renal DCs, which are constantly present in normal renal tissue and form an 
immune surveillance network at a steady-state, may have three functions. However, those 
functions are largely speculated from the results for DCs in other tissues. First, they serve as 
sentinels in monitoring possible invading pathogens as one part of immune surveillance. 
Once they are activated by pathogens, mature renal DCs will migrate into renal draining 
lymph nodes to provoke an adaptive immune response against the pathogens (61, 81). 
Second, as one part of innate immunity, renal DCs may release cytokines or chemokines 
upon activation by pathogens to organize an innate immune attack against the pathogens by 
recruitment or activation of other innate immune cells (82). Third, as an important 
peripheral tolerance mechanism, immature renal DCs constantly capture self antigens from 
the tubules and glomeruli, and even some small molecules which are filtered in glomeruli 
(80, 83-85). Like in other tissue locations, a constant migration of renal DCs into local renal 
lymph nodes probably also exists (86). Through their APC function, the migrated immature 
DCs selectively inhibit activation of potential self reactive T cells. It has been reported that 
additional small self molecules may reach renal lymph nodes, where DCs capture those 
molecules. If these molecules are not associated with pathogenic antigens, they are used to 
tolerize harmful T cells by DCs (87, 88).      

6. DCs in promotion of autoimmune glomerulonephritis 
Like in other peripheral tissues, DCs play a critical role in provoking autoimmunity by 
breaking self tolerance in renal tissues including glomeruli. We have mentioned earlier that 
there are no DCs present in normal glomeruli. What type(s) of DCs are responsible for 
breaking self tolerance and for the maintenance of immune tolerance to glomerular self 
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antigens?  It will be interesting to describe a concept called “tubuloglomerular feedback 
loop” hypothesis (Figure 4). This hypothesis may explain renal DCs’ involvement in both 
self tolerance to tubular/glomerular self antigens, and provoking autoimmune 
inflammatory kidney diseases including glomerulonephritis (84, 89). In steady-state, this 
mechanism may prevent autoimmunity in a similar way to that in mucosal tolerance in the 
intestinal tract, especially for antigens of low molecular mass, although this remains to be 
formally demonstrated (90). A large population of CX3CR1+F4/80+ CD8- DCs, which lines 
the outer medullary tubules to form a DC network, has been described earlier. There is also 
a smaller population of renal CD8+ DCs.  Cellular self antigens released from normal 
apoptotic death or small molecules filtered through glomeruli will reach the lumen of renal 
tubules; tubular epithelial cells will transfer the self antigens to renal CD8- DCs in the 
renal DC network or CD8+ DCs directly uptake those antigens (80, 83-85). The self 
antigens will then be presented to CD4+ T cells by renal CD8- DCs to induce their 
unresponsiveness, or cross-presented by renal CD8+ DCs to CD8+ T cells to induce their 
apoptosis, probably in a similar way to other tissue locations at steady-state (91). Thus, 
tolerance to normally released self glomerular antigens is induced or maintained. On the 
other hand, mechanical/chemical, biological renal injury, or autoimmunity would induce 
cell necrosis, which in turn will release a new set of self antigens called damage-associated 
molecular patterns (DAMPs), some of which could be ligands for TLRs and serve as a 
“danger signal”. When renal DCs pick up and present these DAMPs as danger antigens 
under an inflammatory milieu, they may activate self reactive T cells and cause 
tubulointerstitial inflammation first. The autoimmune response to glomerular antigens will 
be “feedbacked” to the glomerulus either directly or through a periglomerular infiltration. 
One recent study showed that renal DCs could become pathogenic during crescentic 
glomerulonephritis, suggesting that abnormal tissue damages in glomeruli are required for 
differentiation of pro-inflammatory DCs (92). However, it remains unclear where those 
pathogenic DCs originate.   
Studies, which aimed to demonstrate how and what types of renal or non-renal DCs 
participate in pathogenesis of glomerulonephritis, remain scarce. However, it is clear that DCs 
also play a critical role in various renal diseases including autoimmune glomerulonephritis at 
several levels; these roles are mutually related.  First, DCs are required to activate pathogenic T 
cells against renal self antigens.  It is not only true for autoimmune glomerulonephritis, but 
also for other glomerular diseases, as glomerular chronic inflammation may lead to 
autoimmunity. There is evidence that upon encountering maturation stimuli such as DAMPs 
or microbial antigens, renal DCs migrate to the renal draining lymph nodes (86) where they 
activate specific T cells (93). This process is believed to be very similar to the canonical life-
cycle of tissue residing DCs extrapolated from the paradigm of Langerhans cells in the skin 
(73, 91, 94). Activation of self reactive T or B cells in renal draining lymph nodes has been 
demonstrated in animal models for lupus glomerulonephritis and anti-GBM 
glomerulonephritis (95, 96). However, renal DCs or renal infiltrating DCs may also activate T 
cells locally in a lupus model which will be described later. Rodent nephrotoxin nephritis is a 
model for human crescentic glomerulonephritis. Sheep antibody to mouse GBM will be 
“embedded” in the host GBM after injection. GBM-“embedded” sheep antigens are taken up 
by DCs in lymphatic organs, and are used to activate specific Th1 cells and B cells. As a result, 
glomerular inflammation, characteristic of T cell mediated delayed hypersensitivity, occurs.  
Although renal DCs show a protective role at early stages (97), later they act as two types of 
APCs to promote inflammation (60). First, renal DCs migrate to local lymph nodes to cross-
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present glomerular antigens to CD8+ T cells, which in turn cause glomerular damage. Second, 
renal DCs present the self antigen from the damage to CD4+ T cells, which in turn orchestrate 
and maintain glomerular inflammation.  
 

 
Fig. 4. Diagram shows the tubuloglomerular feedback loop under normal and pathologic 
conditions in kidneys.  In normal kidney, self antigens from glomeruli are released to the 
lumen of the tubules. The antigens then are up-take by renal DCs, or transferred to renal 
DCs (arrows) by tubular epithelium. Renal DCs will migrate into renal draining lymph node 
to induce tolerance toward the glomerular antigens.  If renal DCs encounter dangerous 
antigens from glomeruli, they will mature and induce T cell activation. Activated T cells will 
in turn attack glomeruli with dangerous pathogens/antigens by recognition of MHC II-
antigen complex expressed by Bowman’s capsule. 

Second, renal DCs also play a role in establishing glomerular inflammation as an innate 
immune cell. Renal DCs may release a set of pro-inflammatory cytokines and chemokines 
upon stimulation from injuries, and subsequently orchestrate an acute inflammation. It is 
important to re-emphasize that such environmental milieu of acute inflammation may in 
turn provide renal DCs an opportunity to break self tolerance and provoke a pathogenic 
autoimmunity post acute inflammation. Using two models for renal injury, DCs’ roles in 
establishing acute inflammation post renal injury have been investigated in quite detail. 
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“embedded” in the host GBM after injection. GBM-“embedded” sheep antigens are taken up 
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present glomerular antigens to CD8+ T cells, which in turn cause glomerular damage. Second, 
renal DCs present the self antigen from the damage to CD4+ T cells, which in turn orchestrate 
and maintain glomerular inflammation.  
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antigens from glomeruli, they will mature and induce T cell activation. Activated T cells will 
in turn attack glomeruli with dangerous pathogens/antigens by recognition of MHC II-
antigen complex expressed by Bowman’s capsule. 
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upon stimulation from injuries, and subsequently orchestrate an acute inflammation. It is 
important to re-emphasize that such environmental milieu of acute inflammation may in 
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Ischaemia-reperfusion injury (IRI) is a model to mimic renal transplantation. Renal F4 80+ 
CD11c+ subset DCs are the earliest source of TNF- (80), which in turn causes an influx of 
circulating immune cells including pro-inflammatory DC subsets, monocytes  macrophages 
and T cells (98). Orchestrated actions of these cells contribute to kidney parenchymal 
damage. Renal DCs’ capacity to stimulate T cells remarkably increased 24 hours post renal 
injury (80). Since T cells have been known to play critical roles in IRI (99, 100, 101), as well as 
in glomerular diseases and in transplant rejection, T cell activation by renal DCs may 
contribute to disease progression. One report showed that renal DCs can be activated under 
hypoxia with the transcription factor HIF-1a and LPS (102). However, it remains 
questionable as LPS is not present in the injured renal tissue.  Interestingly, renal DCs may 
also display an anti-inflammatory function in this model, which will be discussed later in 
this section. In the other model, unilateral urethral obstruction results in progressive renal 
fibrosis, which mimics human progressive renal diseases (103).  Although infiltrating 
macrophages, which release the profibrotic and pro-inflammatory cytokines TGF- and 
TNF-, are mainly responsible for renal fibrosis, F480+ renal DCs are an early source of 
TNF-The importance of this early TNF-from DCs was demonstrated by depletion of 
DCs with Clo-liposome. The depletion led to attenuated renal fibrosis, accompanied by 
reduced TNF- and TGF-levels in obstructed kidneys (104). However, some studies 
suggest that attenuated fibrosis is probably due to a failure in activation of IL-17 secreting 
Th17 or INF--secreting Th1 T cells by renal DCs (105). Thus, DCs may not directly 
participate in fibrosis. However, it needs to be identified which renal DCs are involved in 
the activation of T cells.   
In many cases, renal DCs may play dual roles in tandem in the promotion of autoimmune 
pathogenesis. At earlier stages, renal DCs act as an innate cell to establish an inflammation, and 
at later stages they function as a potent APC to break self tolerance. This is well exemplified by 
lupus glomerulonephritis. Lupus is initiated by glomerular deposition of immune complexes 
formed by autoantibodies and nuclear self antigens, and undergoes two stages during 
progression: antibody-complex mediated acute lupus nephritis and subsequent chronic 
glomerulonephritis with T cell involvement. The roles of DCs in this disease have recently been 
addressed in human patients and animal models. During the first stage, an antibody complex 
triggers complement activation and production of pro-inflammatory cytokines/chemokines, 
leading to acute glomerular inflammation. The roles of DCs in this stage can be summarized as 1) 
a systemic role in breaking T cell tolerance leading to production of autoantibodies, and 2) a local 
role in establishing glomerular inflammation. Because the systemic role of DCs as a APC in 
autoantibody generation is less kidney-specific, we will focus on DCs’ local role. In addition to 
renal DCs, DCs have been found to infiltrate glomeruli in lupus glomerulonephritis (95, 106). At 
least two types of pre-DCs, Gr1+ inflammatory monocyte or Gr1low patrolling monocyte, have 
been found to infiltrate inflamed glomeruli (107). Those infiltrating DCs are able to produce the 
Th1–driving cytokine IL-12 within glomeruli, suggesting their ability to provide a pro-
inflammatory milieu (104). Blockage of co-stimulatory molecules of DCs together with 
cyclophosphamide reduced the number of renal CD11c+ cells, as well as T cell infiltration during 
lupus’ chronic stage. This suggests renal DCs themselves function not only as an innate cell 
population in the promotion/ establishment of renal inflammation but also as APCs to break T 
cell tolerance. It remains unclear how self reactive T cells are primed. T cell activation and 
expansion in the renal draining lymph nodes has been reported, suggesting that migration of 
renal DCs into lymph nodes is necessary (95). Another possibility is that renal DCs may stimulate 
T cells within glomeruli. 
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7. DCs in the prevention of autoimmune glomerulonephritis 
As we discussed earlier, one of the functions for renal DCs in the steady-state is to maintain 
peripheral tolerance to renal self antigens. We also mentioned earlier a concept of 
tubuloglomerular “feedback” loop. This hypothesis may explain how a renal DC network 
maintains self tolerance to glomerular antigens since no DCs are present in this tissue 
location. Thus, self tolerance to glomerular self antigens is established indirectly, in a similar 
way to “oral tolerance”. Consequently, non-dangerous self antigens released from glomeruli 
will be tolerized. This mechanism will prevent glomerular autoimmunity de novo. However, 
recent studies also demonstrated that under acute tissue damage caused by ischemia 
reperfusion, renal DCs still could control inflammation and probably induce tolerance to the 
abnormal self antigens leaked from the damage (108), suggesting that this mechanism may 
also play a role in maintenance of limited self tolerance post acute tissue damages.  
In addition to this renal DC network, several subsets of DCs, including residential and 
infiltrating DCs, also play roles in inhibition of autoimmunity during or post tissue injuries. 
Those renal DCs induce self tolerance or inhibit glomerular inflammation through several 
ways. First, the renal DCs may inhibit autoimmune inflammation in glomeruli as APCs to 
eliminate or anergize pathogenic T cells in glomeruli. In a murine nephrotoxin nephritis 
model, early depletion of CD11c+ cells aggravated renal damage. Because only DCs in mice 
express a high level of CD11c, this study suggested a protective role of renal DCs in 
glomerulonephritis, at least at an early stage of development (97). Mechanistic analysis 
revealed that renal DCs from nephritic mice stimulated a potent T cell proliferation with the 
expression of cytokine IL-10. In general, IL-10 is considered an anti-inflammatory. Further 
study has shown that blockage of IL-10 production aggravated glomerulonephritis. Thus, 
renal DCs during tissue damage may induce differentiation of T cells into an anti-
inflammatory phenotype such as Tregs. A similar phenomenon has been observed in a 
cisplatin induced nephritis model. In this model, renal tubular cells are first damaged by the 
toxin and consequently undergo necrotic cell death. Depletion of CD11c+ cells, which are 
largely murine cDCs but not pDCs, exacerbated renal injury (109). The underlying 
molecular mechanisms may be similar to that in the lung. An increased expression of 
inducible costimulatory ligand (ICOS-L) on DCs can suppress T cells (110). In the above two 
cases, renal cDCs inhibit glomerular inflammation through their APC function to promote 
generation of anti-inflammatory T cells.  Second, renal DCs may also function as anti-
inflammatory immune cells to inhibit autoimmune glomerular inflammation. In a murine 
model, myeloid cells of the kidney, probably renal DCs, have been shown to attenuate 
ischaemia-reperfusion injury, by production of single Ig IL-1-related receptor (SIGIRR) 
(111). SIGIRR is a negative regulator of TLR−IL-1 receptor signaling. It inhibits Th17 T cell 
development, and is an immunosuppressive mediator expressed by DCs and macrophages. 
The deficiency of this mediator worsened tissue damage. This situation could be reversed by 
liposome-mediated depletion of phagocytes including renal DCs, suggesting a potential of 
renal DCs or other renal phagocytes in prevention of further tissue damage by releasing 
anti-inflammatory molecules such as SIGIRR. However, it needs to be proven if renal DCs 
expressing SIGIRR actively contain tissue damage.  Interestingly, a study by the same group 
on a murine lupus model also suggested protective roles in renal injury using SIGIRR-
deficient mice. Mice that lacked SIGIRR showed aggravated hydrocarbon oil-induced lupus 
(112).  
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largely murine cDCs but not pDCs, exacerbated renal injury (109). The underlying 
molecular mechanisms may be similar to that in the lung. An increased expression of 
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Despite the above tolerance mechanisms in kidneys, a keen question still remains: why 
abnormal tissue damage such as an infection in glomeruli usually does not result in 
autoimmunity, despite the fact that both cell necrosis and microbial antigens provide 
DAMPs and a danger signal?  Thus, other tolerance mechanisms must exist to prevent 
autoimmunity at the third level (i.e. after self reactive T cells have been activated or 
autoimmune glomerular damage has been initiated). Indeed, a few studies, including one 
from our group, suggest the existence of such DC-mediated tolerance mechanisms. As we 
mentioned before, our group reported a new type of DC with a phenotype of 
CD8αα+CD11b/c+MHC-II+ED1-OX62- in our rat model for anti-GBM glomerulonephritis 
(55). This DC is not residential, but rather is selectively recruited into inflamed glomeruli. 
Both in vivo and in vitro experiments have shown that this DC induces T cell apoptosis in 
the glomeruli, leading to termination of glomerular inflammation (Figure 5). Further 
experiments suggest that this DC is responsible for natural recovery from early 
glomerulonephritis in a disease resistant rat strain by termination of T cell-mediated 
glomerular inflammation (113, unpublished data, Lou). Importantly, transfer of CD8+ DCs 
of a resistant strain cured glomerulonephritis at an early stage in a disease prone strain. This 
mechanism is very attractive and logical, and could be used for development of a novel cell-
based immunotherapeutic strategy for autoimmune glomerulonephritis. DCs have been the 
target for immunotherapy for treating various diseases including cancer and autoimmune 
diseases (114). However, more studies are needed to ensure if a similar mechanism also exits 
in humans (115).  
 

 
Fig. 5. Diagram for the mechanism, by which a new type of CD8+ DC terminates 
glomerular inflammation by active infiltration of inflamed glomeruli and induction of T cell 
apoptosis through Fas-L. Development of this CD8+ DC is also shown. GI CD8+ cells, 
glomeruli-infiltrating CD8+ cells; RT1B, rat MHC II molecule. This model used rats as 
experimental animals.           

8. Conclusive remarks 
Like in other tissue locations, multiple subsets of both cDCs and pDCs reside in normal 
renal tissues both in humans and mice. Heterogeneity of residential renal DCs is due to their 
different precursors and more importantly, renal microenvironmental factors. At a steady-
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state, these residential renal DCs form an immune surveillance network for detecting 
pathogens and for maintaining immune tolerance to renal self antigens. Although glomeruli 
lack residential DCs, those surrounding tubules may monitor antigens from the glomeruli, 
self or non-self, through the tubuloglomerular feedback loop. During acute glomerular 
injury, the majority of residential renal DCs play a critical role in controlling tissue damage 
through their anti-inflammatory function. Under immunological changes in glomeruli, 
including chronic inflammation and autoimmune attacks, both renal residential DCs and 
infiltrating DCs are involved in the process. DCs in the renal draining lymph nodes serve as 
the sole APC to activate naïve self reactive T cells, or those in the renal tissue maintain 
glomerular inflammation by presenting self antigens locally to pathogenic T cells. However, 
tolerogenic DCs inhibit autoimmunity in glomeruli by induction of  anergy or apoptosis in 
self reactive T cells, or by inducing differentiation of regulatory T cells (Tregs). It is 
important to discover new DC subsets, especially tolerogenic DCs, and elucidate their 
differentiation and function.  Using artificially generated tolerogenic DCs, we may be able to 
develop a novel antigen-specific immunotherapeutic strategy for treatment of glomerular 
diseases. 
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state, these residential renal DCs form an immune surveillance network for detecting 
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including chronic inflammation and autoimmune attacks, both renal residential DCs and 
infiltrating DCs are involved in the process. DCs in the renal draining lymph nodes serve as 
the sole APC to activate naïve self reactive T cells, or those in the renal tissue maintain 
glomerular inflammation by presenting self antigens locally to pathogenic T cells. However, 
tolerogenic DCs inhibit autoimmunity in glomeruli by induction of  anergy or apoptosis in 
self reactive T cells, or by inducing differentiation of regulatory T cells (Tregs). It is 
important to discover new DC subsets, especially tolerogenic DCs, and elucidate their 
differentiation and function.  Using artificially generated tolerogenic DCs, we may be able to 
develop a novel antigen-specific immunotherapeutic strategy for treatment of glomerular 
diseases. 
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1. Introduction 
The glomerulus is composed of glomerular resident cells, which include podocytes, mesangial 
cells, and glomerular endothelial cells, and is response for glomerular filtration. A range of 
pathogenic conditions can cause structural and functional damage to these glomerular cells, 
including hypertension, diabetes, and inflammation; these induce glomerulonephritis, which 
in turn leads to end-stage renal failure. Extensive investigations have uncovered the molecular 
mechanisms by which glomerulonephritis progresses, including the contribution of cellular 
stress signals induced by oxidative stress, hypoxia, or inflammation.    
The endoplasmic reticulum (ER) is an organelle that maintains protein homeostasis, which 
includes regulation of the concentration, conformation, folding, and trafficking of client 
proteins. ER dysfunction causes an imbalance between protein-folding capacity and protein-
folding load, a condition referred to as ER stress. This stress triggers the accumulation of 
unfolded proteins in the ER and subsequent activation of an intracellular stress signal, the 
unfolded protein response (UPR). ER stress and the UPR can result from various 
disturbances, such as hypoxia, glucose deprivation, and oxidative stress. The UPR, which 
initially serves as an adaptive response to maintain the homeostasis of the ER, induces ER 
resident chaperones, which act to enhance protein-folding capacity, the activation of 
pathways that degrade unfolded proteins accumulated in the ER (ERAD), and the 
attenuation of translation. The physiological level of the UPR transformes to a pathogenic 
response when ER stress is overwhelming or prolonged. At its pathogenic level, the UPR 
produces an apoptotic response, namely the activation of UPR-related proapoptotic 
molecules and inhibition of anti-apoptotic molecules. Accumulating evidence demonstrates 
that ER stress contributes not only to protein conformational diseases, but also to the 
progression of various diseases, including cardiac disease, diabetes, cancer, and kidney 
disease. Given the linkage of ER stress with oxidative stress or hypoxia, both of which are 
pathogenic, it is hardly surprising that the potential pathophysiological significance of ER 
stress is evoked across a wide range of diseases.  
Recent evidence demonstrates that ER stress is a significant contributor to 
glomerulonephritis. Podocytes play an important role in the glomerular filtration barrier 
that is maintained by filtration slits (slit diaphragm), and express various proteins associated 
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1. Introduction 
The glomerulus is composed of glomerular resident cells, which include podocytes, mesangial 
cells, and glomerular endothelial cells, and is response for glomerular filtration. A range of 
pathogenic conditions can cause structural and functional damage to these glomerular cells, 
including hypertension, diabetes, and inflammation; these induce glomerulonephritis, which 
in turn leads to end-stage renal failure. Extensive investigations have uncovered the molecular 
mechanisms by which glomerulonephritis progresses, including the contribution of cellular 
stress signals induced by oxidative stress, hypoxia, or inflammation.    
The endoplasmic reticulum (ER) is an organelle that maintains protein homeostasis, which 
includes regulation of the concentration, conformation, folding, and trafficking of client 
proteins. ER dysfunction causes an imbalance between protein-folding capacity and protein-
folding load, a condition referred to as ER stress. This stress triggers the accumulation of 
unfolded proteins in the ER and subsequent activation of an intracellular stress signal, the 
unfolded protein response (UPR). ER stress and the UPR can result from various 
disturbances, such as hypoxia, glucose deprivation, and oxidative stress. The UPR, which 
initially serves as an adaptive response to maintain the homeostasis of the ER, induces ER 
resident chaperones, which act to enhance protein-folding capacity, the activation of 
pathways that degrade unfolded proteins accumulated in the ER (ERAD), and the 
attenuation of translation. The physiological level of the UPR transformes to a pathogenic 
response when ER stress is overwhelming or prolonged. At its pathogenic level, the UPR 
produces an apoptotic response, namely the activation of UPR-related proapoptotic 
molecules and inhibition of anti-apoptotic molecules. Accumulating evidence demonstrates 
that ER stress contributes not only to protein conformational diseases, but also to the 
progression of various diseases, including cardiac disease, diabetes, cancer, and kidney 
disease. Given the linkage of ER stress with oxidative stress or hypoxia, both of which are 
pathogenic, it is hardly surprising that the potential pathophysiological significance of ER 
stress is evoked across a wide range of diseases.  
Recent evidence demonstrates that ER stress is a significant contributor to 
glomerulonephritis. Podocytes play an important role in the glomerular filtration barrier 
that is maintained by filtration slits (slit diaphragm), and express various proteins associated 
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with the slit diaphragm. Congenital nephrotic syndrome is caused by genetic mutation of 
slit diaphragm-associated molecules, such as nephrin and -actinin-4. These mutated 
proteins are malfolded and accumulated in the ER of podocytes, and thereby induce the 
UPR, namely ER chaperone expression and proapoptotic gene induction. Mesangial cells are 
responsible for the structural and functional maintenance of glomerular tufts and mesangial 
cell damage in glomerulonephritis is associated with induction of the UPR, which involves 
ER chaperone expression and the attenuation of protein translation. The induction level of 
the UPR increases in parallel with disease progression. These data suggest that the UPR 
maintains ER homeostasis in glomerular cells and ensures cell survival under pathogenic 
conditions. ER stress pathophysiologically contributes to tubulointerstitial damage not only 
in glomeruli, but also tubules. Tubular damage, such as tubular cell death caused by 
proteinuria, ischemia-reperfusion, or nephrotoxin, predominantly enhances the UPR, 
especially UPR-induced apoptosis and autophagy.   
These findings emphasize not only the importance of ER stress as a new progression factor 
but also the interesting future possibility of renoprotective strategies which target ER stress. 
In experimental glomerular and tubular injury model animals, overexpression of GRP78 
(glucose-regulated protein 78), a master regulator of UPR, or administration of the chemical 
compounds that regulate UPR activation shows renoprotective effects. Preconditioning of 
ER stress with non-nephrotoxic dose of ER stress inducers protects against the podocyte and 
mesangial cell damage they induced. Interestingly, some oxidative stress inhibitors and 
advanced glycation inhibitors also act as UPR inhibitors, suggesting a link between 
oxidative stress, hypoxia, and ER stress. Therapeutic approaches which target ER stress may 
act by breaking the vicious cycle of this stress signal crosstalk in kidney disease.  
Here, I summarize the role of ER stress as the master regulator of the stress response in 
glomerular disease and the therapeutic possibility of targeting UPR molecules. 

2. ER stress and the unfolded protein response (UPR) 
The ER plays an important role in the quality control of proteins by the regulating their 
synthesis, folding and trafficking. ER homeostasis depends on a balance in capacity between 
protein synthesis and folding. Various disturbances; decrease folding capacity, including 
folding mutations, hypoxia, or starvation, and thereby induce the accumulation of 
malfolded protein in the ER, which in turn leads to ER stress. This enforces the cellular 
stress signal, called the unfolded protein response (UPR) (Ron & Walter, 2007) (Figure 1). 
The UPR pathway is regulated by three ER resident transducers (ER stress sensors), 
namely inositol-requiring protein-1 (IRE1), protein kinase RNA (PKR)-like ER kinase 
(PERK), and activating transcription factor 6 (ATF6). Under normal conditions, they are 
inactivated by binding with an ER chaperone, glucose-regulated protein 78 (GRP78 or 
BiP). When unfolded proteins accumulate in the ER lumen, however, they are dissociated 
from GRP78, activated by dimerization, phosphorylation, or translocation to the Golgi, 
and then induce signals to attenuate translation or upregulate adaptive UPR target gene 
expression. The three ER resident transducers induce the ER chaperones to enhance 
folding capacity and activate the pathway for ER-associated protein degradation (ERAD) 
to reduce the accumulation of malfolded proteins. The UPR pathway maintains ER 
homeostasis to ensure cell survival.  
When severe ER stress results in excessive or prolonged UPR activation, cells are unable to 
resolve the protein-folding defect or restore ER homeostasis via the adaptive UPR pathway. 
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In these circumstances, the proapoptotic UPR mediated by CHOP (CCAAT/enhancer-
binding protein homologous protein) or caspase 12 is induced to ensure cell death  
(Tabas & Ron, 2011). The UPR pathway is thus a double-edged sword for cells under ER 
stress, and the final outcome represents the sum of the effects of the various possible UPR 
branches. 
 

Under normal conditions 

 
Under ER stress conditions 

 
Adaptive UPR                              Proapoptotic UPR 

   
Fig. 1. Unfolded protein response (UPR) 

Under normal conditions (upper panel), the ER stress sensors IRE1, PERK, and ATF6 are 
inactivated by binding with ER chaperone GRP78. When an imbalance between protein 
synthesis and folding capacity under ER stress causes the accumulation of unfolded proteins 
in the ER, however, these sensors are dissociated from GRP78 and activated by dimerization 
and phosphorylation (IRE1 and PERK) or translocation and cleavage (ATF6), thereby 
inducing the adaptive UPR for cell survival (lower left panel). The adaptive UPR consists of 
1) translation attenuation to ensure a balance of protein synthesis and folding, 2) induction 
of ER chaperone expression to enhance folding capacity, and 3) activation of the ER-
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BiP). When unfolded proteins accumulate in the ER lumen, however, they are dissociated 
from GRP78, activated by dimerization, phosphorylation, or translocation to the Golgi, 
and then induce signals to attenuate translation or upregulate adaptive UPR target gene 
expression. The three ER resident transducers induce the ER chaperones to enhance 
folding capacity and activate the pathway for ER-associated protein degradation (ERAD) 
to reduce the accumulation of malfolded proteins. The UPR pathway maintains ER 
homeostasis to ensure cell survival.  
When severe ER stress results in excessive or prolonged UPR activation, cells are unable to 
resolve the protein-folding defect or restore ER homeostasis via the adaptive UPR pathway. 
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associated protein degradation (ERAD) system to reduce unfolded protein accumulation. In 
stark contrast, prolonged or severe UPR activation leads to induction of the proapoptotic 
UPR, which is mediated by CHOP and caspase 12 for cell death (lower right panel). The 
balance of UPR states contributes to the consequence of ER stress. IRE1, inositol-requiring 
protein-1; PERK, protein kinase RNA (PKR)-like ER kinase; ATF6, activating transcription 
factor 6; GRP78, glucose-regulated protein 78; CHOP, CCAAT/enhancer-binding protein 
homologous protein. (modified from Reiko Inagi, Curr Opin Pharmacol, 2009 with 
permission)   

2.1 Adaptive UPR: IRE-XBP, PERK-eIF2, and ATF6 pathways 
The IRE1 pathway is initiated by the RNAase activity of IRE1, which induces mRNA 
splicing in X-box-binding protein 1 (XBP1), thereby creating a potent transcriptional 
activator (XBP1s) of genes which encode ERAD components and ER chaperones such as 
GRP78, GRP94, and calreticulin. The IRE1-XBP1 pathway serves mainly as an ER 
homeostatic response to ER stress by degrading or refolding misfolded proteins 
accumulated in the ER lumen. Recent publication of the crystal structure and 
autophosphorylation mechanism of IRE1 protein has provided new insights into the 
regulation mechanism of IRE1-XBP1 axis and subsequently the entire UPR (Lee et at, 2008; 
Ali et al, 2011). 
The PERK pathway alleviates the ER burden by reducing the frequency of initiation of 
mRNA translation, thereby decreasing the influx of new proteins into the ER. PERK is a 
Ser/Thr protein kinase whose active homodimer phosphorylates and inactivates eukaryotic 
initiation factor 2α (eIF2α), thereby shutting off protein translation globally and reducing 
protein load on the ER. In addition to this function, the PERK-eIF2 pathway activates in 
parallel activating transcription factor 4 (ATF4), and thereby selectively induces UPR-
inducible gene expression, including ER chaperones, as well as antioxidant enzymes, such 
as glutathione S-transferase and hemoxygenase 1 (HO-1), to protect cells from both 
oxidative as well as ER stresses (Bardag-Gorce et al, 2010). Although PERK and IRE1 share 
functionally similar ER-luminal sensing domains and are both simultaneously activated in 
cellular paradigms of ER stress in vitro, they are selectively engaged in vivo by the 
physiological stress of unfolded proteins. 
The ATF6 pathway is activated by its transloation to the Golgi where it is cleaved by S1P 
and S2P (site-1 and site-2 proteases). The cytosolic fragment of cleaved ATP6 (p50) further 
translocates to the nucleus, where it subsequently activates the transcription of its target 
genes, which encode ER chaperones and ERAD components. 

2.2 Proapoptotic UPR: CHOP and IRE1-TRAF2 pathways 
ER stress-induced apoptosis is mainly mediated by CHOP, also referred to as GADD153 
(growth arrest and DNA damage 153). CHOP, a transcription factor which induces several 
proapoptotic factors, occurs downstream of the PERK (PERK-ATF4 pathway) and ATF6 
pathways in the proapoptotic UPR axis. The CHOP pathway also down-regulates anti-
apoptotic Bcl-2, leading to enhanced oxidant injury and apoptosis. These findings are 
consistent with the previous observation that overexpression of Bcl-2 specifically in the ER 
protects renal tubular cells against ER stress-induced apoptosis (Bhatt et al, 2008).  
The IRE1-TRAF2 pathway is another proapoptotic UPR branch. The cytoplasmic domain of 
activated IRE1 interacts with the adaptor factor TRAF2 (tumor necrosis factor receptor-
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associated factor 2), leading to activation of both the caspase 12-dependent and JNK-
mediated apoptotic pathways. Several components of the caspase cascade are reported to be 
involved in ER stress-induced apoptosis. In particular, caspase 12, which is associated with 
the ER membrane, is a proximal regulator of ER stress-induced caspase activation followed 
by apoptosis. Caspase 12 is expressed in rodents but not primates, and caspase 4 is instead 
thought to contribute to ER stress-induced apoptosis in human cells.  
ER stress-induced dysfunction of ER Ca+ homeostasis also contributes to apoptosis through 
multiple pathways. Ca+ leaked from the ER lumen enters the mitochondria, depolarizes the 
inner mitochondrial membrane, and generates mitochondrial ROS. This enhanced ROS 
production is associated with a vicious cycle of oxidative stress in both the ER and 
mitochondria, where it activates several apoptotic pathways, including the caspase 9-
mediated or BAX/BAK-mediated pathways. This dispensation with dysfunctional cells 
represents a last resort on the part of multicellular organisms.  

3. Pathophysiology of ER stress in kidney disease 
It was recently established that ER stress is induced in various kidney diseases (Inagi, 2010). 
This is not entirely unexpected given that ER function is easily influenced by various 
cellular stresses. Further, ER stress contributes to disease progression in cardiac, vascular, 
and metabolic diseases, all of which are linked to the development of kidney disease. ER 
stress and consequent imbalance of UPR is one of the potent pathogenic mechanisms of 
kidney disease.    
The initial filtrating component of functional nephrons are the glomeruli, which are 
capillary tufts that receive their blood supply from afferent arterioles of the renal circulation.  
The specialized capillary bed in each glomerulus consists of a network of interconnected 
loops surrounded by Bowman's capsule. Podocytes, which play an important role in the 
filtration barrier, have foot processes that extend over the glomerular basement membrane. 
These foot processes are bridged by slit diaphragms (filtration barrier) which connect 
adjacent foot process and thereby act to prevent larger molecules filtering into Bowman's 
capsule. Mesangial cells, some of which have phagocytic properties, are located between the 
capillary loops, and form the central stalk of the glomerulus. These form part of the 
functional nephron unit and interact closely with endothelial cells and indirectly with 
podocytes. Recent evidence increasingly emphasizes the link between ER stress and both 
glomerular cell damage and tubulointerstitial injury. 

3.1 Podocytes and ER stress 
Mutation of components of the slit diaphragms, including nephrin and alpha-actinin-4, 
leads to congenital nephrotic syndromes. These mutations are mostly associated with 
conformational abnormalities. Thus, they induce defects in the related protein trafficking 
and retention of mutant proteins in the ER, and thereby lead to ER stress in podocytes. 
Indeed, Cybulsky and collegues have demonstrated that mice overexpressing human 
mutated alpha-actini-4 develop the pathological and functional features of congenital 
nephrotic syndrome, including podocyte injury and proteinuria. They also show 
associated ER stress, namely an increase in ER chaperones and adaptive and proapoptotic 
UPR molecules (Cybulsky et al, 2009), suggesting that ER stress in podocytes contributes 
to congenital nephrotic syndrome. We have also demonstrated that ER stress is induced 
by malfolded protein accumulation in podocytes, and that this leads to proteinuria. We 
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associated protein degradation (ERAD) system to reduce unfolded protein accumulation. In 
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associated factor 2), leading to activation of both the caspase 12-dependent and JNK-
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by apoptosis. Caspase 12 is expressed in rodents but not primates, and caspase 4 is instead 
thought to contribute to ER stress-induced apoptosis in human cells.  
ER stress-induced dysfunction of ER Ca+ homeostasis also contributes to apoptosis through 
multiple pathways. Ca+ leaked from the ER lumen enters the mitochondria, depolarizes the 
inner mitochondrial membrane, and generates mitochondrial ROS. This enhanced ROS 
production is associated with a vicious cycle of oxidative stress in both the ER and 
mitochondria, where it activates several apoptotic pathways, including the caspase 9-
mediated or BAX/BAK-mediated pathways. This dispensation with dysfunctional cells 
represents a last resort on the part of multicellular organisms.  
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This is not entirely unexpected given that ER function is easily influenced by various 
cellular stresses. Further, ER stress contributes to disease progression in cardiac, vascular, 
and metabolic diseases, all of which are linked to the development of kidney disease. ER 
stress and consequent imbalance of UPR is one of the potent pathogenic mechanisms of 
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to congenital nephrotic syndrome. We have also demonstrated that ER stress is induced 
by malfolded protein accumulation in podocytes, and that this leads to proteinuria. We 
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previously established a transgenic rat in which the protein encoded by the transgene 
(megsin, a kidney specific serine protease inhibitor) is consistently malfolded and 
polymerized under overexpression conditions and accumulated in the ER lumen of 
podocytes (Inagi et al, 2005a). Pathological changes in these podocytes, such as ER 
dilation, were associated with severe proteinuria. Importantly, these transgenic rats 
showed an increase in ER chaperone expressions in damaged podocytes, including GRP78 
or oxygen-regulated protein 150 (ORP150) (Inagi et al, 2005b). Collectively, these data 
suggest that the decline in protein-folding capacity in podocytes triggers cellular 
dysfunction which in turn results in derangement of the structure of slit diaphragms and 
thereby causes proteinuria.    
We have also established an advanced diabetic nephropathy model mouse, which develops 
severe albuminuria and renal damage with all of the characteristics of human advanced 
diabetic nephropathy, such as acellular nodule-like lesions (Inagi et al, 2006). 
Immunohistochemistry for the detection of GRP78 revealed that these changes were 
associated with ER stress mainly in podocytes. (Inagi R, unpublished data) 
ER stress induction in podocytes was further confirmed by studies utilizing the XBP1-venus 
fusion Tg mouse, which is an ER stress monitoring mouse (Iwawaki et al, 2004). These mice 
produce XBP1-GFP fusion protein only when XBP1 is activated by alternative splicing under 
ER stress conditions, and not under normal conditions. On treatment with anti-GBM 
antibody, a model of rapidly progressive glomerulonephritis, untreated mice showed the 
basal level of GFP expression in podocytes. In contrast, this expression was significantly 
increased in the diseased mice in association with proteinuria. This finding suggests that the 
XBP-1 axis is activated in damaged podocytes.  
Taken together, our and previous findings demonstrating UPR activation in other podocyte-
injury disease models (e.g., membranous nephropathy and minimal change nephrotic 
syndrome) highlight the link between ER stress and podocyte homeostasis, and that the ER 
stress state in podocytes might be changed by these various factors.   

3.2 Mesangial cells and ER stress 
Mesangioproliferative glomerulonephritis, which is caused by mesangial cell damage, is one 
of the major glomerulonephritises. We previously demonstrated that ER chaperone 
expression was significantly increased in the damaged mesangial area in anti-Thy1 nephritis 
rats, a representative mesangioproliferative glomerulonephritis model (Inagi et al, 2008). For 
example, immunohistochemistry for the detection of GRP78 and ORP150 followed by 
quantitative morphometry confirmed that the UPR for the induction of ER chaperone 
expression was markedly enhanced as the disease progressed. Similar results were observed 
by Western blot analysis followed by densitometry utilizing isolated glomeruli in 
experimental rats. Further, another adaptive UPR axis for translation attenuation was also 
significantly increased, as estimated by the phosphorylation of PERK and eIF2. These data 
emphasize the association between mesangial cell damage and ER stress, and that 
significant activation of the adaptive UPR axis contributes to the progression of 
glomerulonephritis. Given that oxidative stress is also induced in anti-Thy1 nephritis rats, 
mesangial cell damage may be orchestrated by the link between ER stress and oxidative 
stress as pathogenic mediators.  
This evidence from a rat disease model might be consistent with evidence that ER stress 
estimated by GRP78 and CHOP expression is higher in patients with proliferative 
glomerulonephritis than in those with other glomerular diseases (Markan et al, 2009). 
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Table 1. Triggers for ER stress in podocytes 

Various pathogenic factors trigger ER stress in podocytes. Heymann nephritis and 
puromycin nephrosis are representative experimental animal disease models which mimic 
human membranous nephropathy and minimal change nephrotic syndrome, respectively. 

3.3 Tubular cells and ER stress 
Several disturbances have been shown to induce ER stress in tubules as cellular damage 
progresses. (Table 2) Among them, we showed that the proapoptotic UPR axis, which is 
predominantly mediated by caspase 12, is induced by proteinuria and contributes to tubular 
cell death in a minimal change nephrotic syndrome model rats (puromycin nephropathy) 
(Ohse et al, 2006). In chronic kidney disease, we further showed that uremic toxin might act 
as an ER stress inducer. In particular, in chronic kidney disease model rats (5/6-
nephrectomized rats), CHOP-positive tubular cells were significantly increased in parallel 
with the accumulation of a representative uremic toxin, indoxyl sulfate, in the serum 
(Kawakami et al, 2010). These changes were ameliorated by the administration of a uremic 
toxin absorbent, AST-120, clearly suggesting the causal effect of indoxyl sulfate in ER stress 
induction in tubular cells.  
Not only in experimental animals but also in humans, mRNA levels of ER chaperons 
(GRP78 and ORP150) and URP transcription factors (XBP1 and CHOP) in tubules is 
increased in patients with both advanced diabetic nephropathy and minimal change 
nephrotic syndrome as compared with healthy individuals (Lindenmeyer et al, 2008).    
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or oxygen-regulated protein 150 (ORP150) (Inagi et al, 2005b). Collectively, these data 
suggest that the decline in protein-folding capacity in podocytes triggers cellular 
dysfunction which in turn results in derangement of the structure of slit diaphragms and 
thereby causes proteinuria.    
We have also established an advanced diabetic nephropathy model mouse, which develops 
severe albuminuria and renal damage with all of the characteristics of human advanced 
diabetic nephropathy, such as acellular nodule-like lesions (Inagi et al, 2006). 
Immunohistochemistry for the detection of GRP78 revealed that these changes were 
associated with ER stress mainly in podocytes. (Inagi R, unpublished data) 
ER stress induction in podocytes was further confirmed by studies utilizing the XBP1-venus 
fusion Tg mouse, which is an ER stress monitoring mouse (Iwawaki et al, 2004). These mice 
produce XBP1-GFP fusion protein only when XBP1 is activated by alternative splicing under 
ER stress conditions, and not under normal conditions. On treatment with anti-GBM 
antibody, a model of rapidly progressive glomerulonephritis, untreated mice showed the 
basal level of GFP expression in podocytes. In contrast, this expression was significantly 
increased in the diseased mice in association with proteinuria. This finding suggests that the 
XBP-1 axis is activated in damaged podocytes.  
Taken together, our and previous findings demonstrating UPR activation in other podocyte-
injury disease models (e.g., membranous nephropathy and minimal change nephrotic 
syndrome) highlight the link between ER stress and podocyte homeostasis, and that the ER 
stress state in podocytes might be changed by these various factors.   

3.2 Mesangial cells and ER stress 
Mesangioproliferative glomerulonephritis, which is caused by mesangial cell damage, is one 
of the major glomerulonephritises. We previously demonstrated that ER chaperone 
expression was significantly increased in the damaged mesangial area in anti-Thy1 nephritis 
rats, a representative mesangioproliferative glomerulonephritis model (Inagi et al, 2008). For 
example, immunohistochemistry for the detection of GRP78 and ORP150 followed by 
quantitative morphometry confirmed that the UPR for the induction of ER chaperone 
expression was markedly enhanced as the disease progressed. Similar results were observed 
by Western blot analysis followed by densitometry utilizing isolated glomeruli in 
experimental rats. Further, another adaptive UPR axis for translation attenuation was also 
significantly increased, as estimated by the phosphorylation of PERK and eIF2. These data 
emphasize the association between mesangial cell damage and ER stress, and that 
significant activation of the adaptive UPR axis contributes to the progression of 
glomerulonephritis. Given that oxidative stress is also induced in anti-Thy1 nephritis rats, 
mesangial cell damage may be orchestrated by the link between ER stress and oxidative 
stress as pathogenic mediators.  
This evidence from a rat disease model might be consistent with evidence that ER stress 
estimated by GRP78 and CHOP expression is higher in patients with proliferative 
glomerulonephritis than in those with other glomerular diseases (Markan et al, 2009). 
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Table 1. Triggers for ER stress in podocytes 

Various pathogenic factors trigger ER stress in podocytes. Heymann nephritis and 
puromycin nephrosis are representative experimental animal disease models which mimic 
human membranous nephropathy and minimal change nephrotic syndrome, respectively. 

3.3 Tubular cells and ER stress 
Several disturbances have been shown to induce ER stress in tubules as cellular damage 
progresses. (Table 2) Among them, we showed that the proapoptotic UPR axis, which is 
predominantly mediated by caspase 12, is induced by proteinuria and contributes to tubular 
cell death in a minimal change nephrotic syndrome model rats (puromycin nephropathy) 
(Ohse et al, 2006). In chronic kidney disease, we further showed that uremic toxin might act 
as an ER stress inducer. In particular, in chronic kidney disease model rats (5/6-
nephrectomized rats), CHOP-positive tubular cells were significantly increased in parallel 
with the accumulation of a representative uremic toxin, indoxyl sulfate, in the serum 
(Kawakami et al, 2010). These changes were ameliorated by the administration of a uremic 
toxin absorbent, AST-120, clearly suggesting the causal effect of indoxyl sulfate in ER stress 
induction in tubular cells.  
Not only in experimental animals but also in humans, mRNA levels of ER chaperons 
(GRP78 and ORP150) and URP transcription factors (XBP1 and CHOP) in tubules is 
increased in patients with both advanced diabetic nephropathy and minimal change 
nephrotic syndrome as compared with healthy individuals (Lindenmeyer et al, 2008).    
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Table 2. Triggers for ER stress in tubular cells. 

3.4 Other kidney cells and ER stress 
While ER stress is induced in retinal endothelial cells and pericytes in diabetic retinopathy, the 
role of ER stress in glomerular endothelial or tubulointerstitial cells is still unclear. 
Tubulointerstitial cells are heterogeneous, and a certain subpopulation of these cells includes 
pericyte-like cells producing erythropoietin (EPO). The role of ER stress in tubulointerstitial 
cells is an interesting issue, particularly its contribution to the regulation of EPO expression.  
Recently, it was demonstrated that renal anemia is not due to loss of EPO-producing cells 
but rather derangement of the oxygen-sensing mechanism which regulates EPO expression 
(Bernhardt et al, 2010). We investigated the effect of ER stress on EPO production in an EPO-
producing hepatic cell line, HepG2. Hypoxia-induced EPO mRNA expression was 
significantly blunted by ER stress in HepG2 when the cells were treated with the ER stress 
inducer tunicamycin under low oxygen tension (Chiang CK, et al., unpublished data). Our 
observations suggest that renal pathogens, which can trigger ER stress, derange renal EPO 
production capacity and may thereby enhance the development of renal anemia. Further 
studies of the suppressive mechanism of this finding are under way. 

4. ER stress and other stress signals  
It is known that ER stress is initiated by hypoxia or oxidative stress and vice versa. Hypoxia 
and oxidative stress induce the cellular stress signals, namely the hypoxia-inducible factor 
(HIF) and NF-E2-related factor 2 (Nrf2) pathways, respectively. Imbalance of these stress 
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signals contributes to the pathological features of various kidney diseases (e.g., diabetic 
nephropathy, ischemia-reperfusion injury, glomerulonephritis) (Nangaku, 2006), which are 
also associated with ER stress. This suggests that the UPR, HIF, and Nrf2 pathways are 
linked, and that stress signal crosstalk might orchestrate the disease progression. 

4.1 UPR and HIF pathway  
Hypoxia, leading to the loss of energy, initiates a defect in protein-folding capacity, and 
thereby induces UPR activation. In tumor cells, for example, the hypoxic microenvironment 
brought on by poor vascularization brings about ER stress due to the loss of energy for 
protein folding. It has now been established that not only the HIF pathway but also the UPR 
is crucial to the survival of tumor cells against their hypoxic microenvironment: increased 
expression of ER chaperones, which enhances protein-folding capacity, is observed in a 
wide range of human cancers, and expression level correlates with tumor progression, 
metastasis, and drug resistance (Lee, 2007).  
Further, it has also been demonstrated that the HIF pathway upragulates the expression of the 
UPR molecules, indicating the presence of molecular crosstalk between the HIF and URP 
pathways. Cultured endothelial cells under hypoxia showed an increased in GRP78, GRP94 
and caspase 12 expressions. A chemical stabilizer of HIF, CoCl2, also increased the expression 
of both GRP78 and GRP94, revealing that HIF activation alters UPR state (Ostergaard et al, 
2009). Conversely, ER stress by tunicamycin and brefeldin A triggered HIF-1 mRNA 
expression in the human hepatocyte cell line HepG2 under hypoxia (Werno et al, 2008). These 
findings suggest the presence of positive feedback between the HIF pathway and the UPR 
under hypoxic conditions and the possibility of indirect regulation of the HIF pathway by the 
UPR. In addition, one study demonstrated that certain UPR molecule expression is 
translationally regulated by an HIF regulator: ATF4, a UPR transcription factor, alters its 
protein stability through interaction of the zipper II domain of ATF4 with the oxygen sensor 
prolyl-4-hydroxylase domain 3 (PHD3) (Koditz et al, 2007). PHDs are well-known regulators 
of HIF, and treatment with the PHD inhibitor increased ATF4 protein levels. These data 
demonstrate that PHD-dependent oxygen-sensing recruits both the HIF and ATF4 systems in 
parallel. To further emphasize the biological significance of interaction between the HIF and 
ER stress pathways, studies utilizing C. elegans showed that HIF-1 deficiency extended lifespan 
in a UPR transducer IRE-1-dependent manner (Chen et al, 2009) 

4.2 UPR and oxidative stress 
Oxidative stress as well as hypoxia initiates ER stress (Malhorta & Kaufman, 2007). Nitric 
oxide (NO), produced in excessive levels following ischemia, contributes to ER stress. 
Ischemia-reperfusion-induced activation of the PERK-eIF2 axis for translation attenuation 
is blocked in endothelial or neuronal NO synthase (NOS) knockout mice with bilateral 
carotid artery occlusion (DeGracia & Montie, 2004). Consistent with this, the NO-releasing 
reagent SNAP activates the PERK pathway, indicating that NO plays a role in the ischemia-
reperfusion-induced UPR. Pretreatment with neuroprotective levels of an NOS inhibitor 
recovered the proapoptotic UPR state induced by a ischemia-induced defect in ER Ca2+ 
homeostasis, which occurs due to Ca2+ leakage into the cytosol and subsequent uptake into 
mitochondria, resulting in mitochondrial ROS generation. The aberrant NO production seen 
in hypoxia, which alters calcium homeostasis in both the ER and mitochondria, may initiate 
a vicious cycle of ER stress, oxidative stress, and apoptosis. 
Under oxidative stress, reactive oxygen species (ROS) interfere with not only cellular redox-
dependent reactions but also protein-folding capacity, including protein disulfide bonding, 
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signals contributes to the pathological features of various kidney diseases (e.g., diabetic 
nephropathy, ischemia-reperfusion injury, glomerulonephritis) (Nangaku, 2006), which are 
also associated with ER stress. This suggests that the UPR, HIF, and Nrf2 pathways are 
linked, and that stress signal crosstalk might orchestrate the disease progression. 

4.1 UPR and HIF pathway  
Hypoxia, leading to the loss of energy, initiates a defect in protein-folding capacity, and 
thereby induces UPR activation. In tumor cells, for example, the hypoxic microenvironment 
brought on by poor vascularization brings about ER stress due to the loss of energy for 
protein folding. It has now been established that not only the HIF pathway but also the UPR 
is crucial to the survival of tumor cells against their hypoxic microenvironment: increased 
expression of ER chaperones, which enhances protein-folding capacity, is observed in a 
wide range of human cancers, and expression level correlates with tumor progression, 
metastasis, and drug resistance (Lee, 2007).  
Further, it has also been demonstrated that the HIF pathway upragulates the expression of the 
UPR molecules, indicating the presence of molecular crosstalk between the HIF and URP 
pathways. Cultured endothelial cells under hypoxia showed an increased in GRP78, GRP94 
and caspase 12 expressions. A chemical stabilizer of HIF, CoCl2, also increased the expression 
of both GRP78 and GRP94, revealing that HIF activation alters UPR state (Ostergaard et al, 
2009). Conversely, ER stress by tunicamycin and brefeldin A triggered HIF-1 mRNA 
expression in the human hepatocyte cell line HepG2 under hypoxia (Werno et al, 2008). These 
findings suggest the presence of positive feedback between the HIF pathway and the UPR 
under hypoxic conditions and the possibility of indirect regulation of the HIF pathway by the 
UPR. In addition, one study demonstrated that certain UPR molecule expression is 
translationally regulated by an HIF regulator: ATF4, a UPR transcription factor, alters its 
protein stability through interaction of the zipper II domain of ATF4 with the oxygen sensor 
prolyl-4-hydroxylase domain 3 (PHD3) (Koditz et al, 2007). PHDs are well-known regulators 
of HIF, and treatment with the PHD inhibitor increased ATF4 protein levels. These data 
demonstrate that PHD-dependent oxygen-sensing recruits both the HIF and ATF4 systems in 
parallel. To further emphasize the biological significance of interaction between the HIF and 
ER stress pathways, studies utilizing C. elegans showed that HIF-1 deficiency extended lifespan 
in a UPR transducer IRE-1-dependent manner (Chen et al, 2009) 

4.2 UPR and oxidative stress 
Oxidative stress as well as hypoxia initiates ER stress (Malhorta & Kaufman, 2007). Nitric 
oxide (NO), produced in excessive levels following ischemia, contributes to ER stress. 
Ischemia-reperfusion-induced activation of the PERK-eIF2 axis for translation attenuation 
is blocked in endothelial or neuronal NO synthase (NOS) knockout mice with bilateral 
carotid artery occlusion (DeGracia & Montie, 2004). Consistent with this, the NO-releasing 
reagent SNAP activates the PERK pathway, indicating that NO plays a role in the ischemia-
reperfusion-induced UPR. Pretreatment with neuroprotective levels of an NOS inhibitor 
recovered the proapoptotic UPR state induced by a ischemia-induced defect in ER Ca2+ 
homeostasis, which occurs due to Ca2+ leakage into the cytosol and subsequent uptake into 
mitochondria, resulting in mitochondrial ROS generation. The aberrant NO production seen 
in hypoxia, which alters calcium homeostasis in both the ER and mitochondria, may initiate 
a vicious cycle of ER stress, oxidative stress, and apoptosis. 
Under oxidative stress, reactive oxygen species (ROS) interfere with not only cellular redox-
dependent reactions but also protein-folding capacity, including protein disulfide bonding, 
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ultimately resulting in protein misfolding in the ER. Studies utilizing the overexpression of 
anti-oxidant enzymes have emphasized the linkage of oxidative stress to the ER stress 
response. The ischemia-induced ER stress response was markedly less pronounced in animals 
overexpressing copper/zinc superoxide dismutase (Cu/Zn-SOD), suggesting that superoxide 
radicals play a role in this pathological process (Hayashi et al, 2003). Further, cadmium caused 
the generation of ROS with subsequent induction of ER stress in a cultured renal proximal 
tubular cell line, which in turn led to apoptosis; this cadmium-induced ER stress and apoptosis 
were significantly attenuated by manganese SOD overexpression (Yokouchi et al, 2008). 
Paradoxically, ER stress also increases intracellular ROS production: increased protein 
disulfide bonding enhances ROS production in the ER lumen, and alteration of ER Ca+ 
homeostasis increases cytosolic Ca+, thereby stimulating mitochondrial ROS production. Of 
particular note, recent studies have demonstrated that the accumulation of intracellular ROS is 
attenuated by the adaptive UPR through PERK activation, which simultaneously activates an 
anti-oxidative stress signal, the Nrf2 pathway, and maintains redox homeostasis, thereby 
ensuring cell survival. The antioxidant effects of the PERK axis of the UPR are supported by 
the finding that PERK-deficient cells exposed to tunicamycin, an ER stress inducer, showed a 
toxic accumulation of intracellular ROS compared to wild-type cells (Cullinan & Diehl, 2006). 
Translation attenuation through the PERK-eIF2 pathway effectively prevents the misfolded 
protein-inducible oxidative stress and maintains the cell (Back et al, 2009).  

4.3 UPR and advanced glycation 
Under oxidative stress conditions with hyperglycemia, proteins and DNA are non-
enzymatically modified by oxidative glycation, which occurs mainly due to increased ROS 
generation, and converted to advanced glycation endproducts (AGEs). Advanced glycation is 
one of the major pathophysiological posttranslational modifications and induces the 
derangement of protein functions or apoptosis. Functional abnormalities of glycated proteins 
perturb cellular homeostasis and increase mitochondrial ROS generation, accelerating the 
vicious cycle of oxidative stress and thereby enhancing subsequent glycation modification. 
From the viewpoint that ER stress is predominantly induced by hypoxic or oxidative stress, it 
is reasonable to speculate the presence of a link between advanced glycation and ER stress on 
the disease development and progression caused by these disturbances.  
It has been reported that AGEs induce ER stress directly. Among findings, it is reported that 
glycated serum albumin (AGE-bovine serum albumin) induces ER stress, as estimated by 
GRP78 expression, and apoptosis in a dose- and time-dependent manner in mouse 
podocytes via an increase in intracellular Ca2+ concentration. ER stress inhibitor taurine-
conjugated ursodeoxycholic acid (TUDCA), which acts as a chaperone that promotes the 
folding and trafficking of unfolded or malfolded proteins, prevents AGE-induced apoptosis, 
suggesting that this apoptosis is mediated by the apoptotic UPR pathway (Chen et al., 2008). 
Like glycated albumin, extracellular matrix is frequently modified by advanced glycation in 
the skin of diabetic patients. The advanced-glycated type I collagen also causes proapoptotic 
UPR-mediated apoptosis via CHOP activation in dermal fibroblasts, suggesting a 
pathophysiological role for the link between advanced glycation and ER stress in diabetic 
wounds (Loughlin & Artlett, 2010).  

5. Therapeutic approach targeting ER stress in kidney disease 
Accumulating evidence, including ours, has recently indicated the therapeutic benefits of 
targeting ER stress in various diseases, including cardiac, vascular, and metabolic diseases 
as well as kidney disease. Therapeutic modalities which targeting ER stress are summarized 
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in Table 3. While artificial modulation of ER stress may provide protection to various kinds 
of cells (Kim et al, 2008), this chapter focuses on the beneficial effects on kidney disease. 
 

 
Table 3. Therapeutic modalities targeting ER stress. 
Abberant UPR state, which contributes to the progression of various diseases, is suppressed 
by ER chaperone overexpression, the chemical chaperones themselves, or chemical 
compounds which selectively activate the adaptive UPR axis or suppress the apoptotic UPR 
axis. ER stress preconditioning upregulates the basal UPR state and protects cells from 
variuos pathogenic stresses. 

5.1 ER chaperones and chemical chaperones 
ER chaperone overexpression (e.g., GRP78 and ORP150) and chemical or pharmaceutical 
chaperones (e.g., 4-phenyl butyric acid (PBA), TUDCA, and dimethyl sulfoxide) stabilize 
protein conformation, enhance ER protein-folding capacity to normalize the imbalance of 
protein synthesis and folding, and thereby maintain ER homeostasis. In particular, protein 
folding augmentation therapies utilizing these UPR modulators or chemical chaperones 
may improve conditions associated with protein malfolding, such as congenital nephrotic 
syndromes, which are caused by a defect in the retention and accumulation of mutant 
proteins in the ER of podocytes. 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

256 

ultimately resulting in protein misfolding in the ER. Studies utilizing the overexpression of 
anti-oxidant enzymes have emphasized the linkage of oxidative stress to the ER stress 
response. The ischemia-induced ER stress response was markedly less pronounced in animals 
overexpressing copper/zinc superoxide dismutase (Cu/Zn-SOD), suggesting that superoxide 
radicals play a role in this pathological process (Hayashi et al, 2003). Further, cadmium caused 
the generation of ROS with subsequent induction of ER stress in a cultured renal proximal 
tubular cell line, which in turn led to apoptosis; this cadmium-induced ER stress and apoptosis 
were significantly attenuated by manganese SOD overexpression (Yokouchi et al, 2008). 
Paradoxically, ER stress also increases intracellular ROS production: increased protein 
disulfide bonding enhances ROS production in the ER lumen, and alteration of ER Ca+ 
homeostasis increases cytosolic Ca+, thereby stimulating mitochondrial ROS production. Of 
particular note, recent studies have demonstrated that the accumulation of intracellular ROS is 
attenuated by the adaptive UPR through PERK activation, which simultaneously activates an 
anti-oxidative stress signal, the Nrf2 pathway, and maintains redox homeostasis, thereby 
ensuring cell survival. The antioxidant effects of the PERK axis of the UPR are supported by 
the finding that PERK-deficient cells exposed to tunicamycin, an ER stress inducer, showed a 
toxic accumulation of intracellular ROS compared to wild-type cells (Cullinan & Diehl, 2006). 
Translation attenuation through the PERK-eIF2 pathway effectively prevents the misfolded 
protein-inducible oxidative stress and maintains the cell (Back et al, 2009).  

4.3 UPR and advanced glycation 
Under oxidative stress conditions with hyperglycemia, proteins and DNA are non-
enzymatically modified by oxidative glycation, which occurs mainly due to increased ROS 
generation, and converted to advanced glycation endproducts (AGEs). Advanced glycation is 
one of the major pathophysiological posttranslational modifications and induces the 
derangement of protein functions or apoptosis. Functional abnormalities of glycated proteins 
perturb cellular homeostasis and increase mitochondrial ROS generation, accelerating the 
vicious cycle of oxidative stress and thereby enhancing subsequent glycation modification. 
From the viewpoint that ER stress is predominantly induced by hypoxic or oxidative stress, it 
is reasonable to speculate the presence of a link between advanced glycation and ER stress on 
the disease development and progression caused by these disturbances.  
It has been reported that AGEs induce ER stress directly. Among findings, it is reported that 
glycated serum albumin (AGE-bovine serum albumin) induces ER stress, as estimated by 
GRP78 expression, and apoptosis in a dose- and time-dependent manner in mouse 
podocytes via an increase in intracellular Ca2+ concentration. ER stress inhibitor taurine-
conjugated ursodeoxycholic acid (TUDCA), which acts as a chaperone that promotes the 
folding and trafficking of unfolded or malfolded proteins, prevents AGE-induced apoptosis, 
suggesting that this apoptosis is mediated by the apoptotic UPR pathway (Chen et al., 2008). 
Like glycated albumin, extracellular matrix is frequently modified by advanced glycation in 
the skin of diabetic patients. The advanced-glycated type I collagen also causes proapoptotic 
UPR-mediated apoptosis via CHOP activation in dermal fibroblasts, suggesting a 
pathophysiological role for the link between advanced glycation and ER stress in diabetic 
wounds (Loughlin & Artlett, 2010).  

5. Therapeutic approach targeting ER stress in kidney disease 
Accumulating evidence, including ours, has recently indicated the therapeutic benefits of 
targeting ER stress in various diseases, including cardiac, vascular, and metabolic diseases 
as well as kidney disease. Therapeutic modalities which targeting ER stress are summarized 

 
Endoplasmic Reticulum: The Master Regulator of Stress Responses in Glomerular Diseases 

 

257 

in Table 3. While artificial modulation of ER stress may provide protection to various kinds 
of cells (Kim et al, 2008), this chapter focuses on the beneficial effects on kidney disease. 
 

 
Table 3. Therapeutic modalities targeting ER stress. 
Abberant UPR state, which contributes to the progression of various diseases, is suppressed 
by ER chaperone overexpression, the chemical chaperones themselves, or chemical 
compounds which selectively activate the adaptive UPR axis or suppress the apoptotic UPR 
axis. ER stress preconditioning upregulates the basal UPR state and protects cells from 
variuos pathogenic stresses. 

5.1 ER chaperones and chemical chaperones 
ER chaperone overexpression (e.g., GRP78 and ORP150) and chemical or pharmaceutical 
chaperones (e.g., 4-phenyl butyric acid (PBA), TUDCA, and dimethyl sulfoxide) stabilize 
protein conformation, enhance ER protein-folding capacity to normalize the imbalance of 
protein synthesis and folding, and thereby maintain ER homeostasis. In particular, protein 
folding augmentation therapies utilizing these UPR modulators or chemical chaperones 
may improve conditions associated with protein malfolding, such as congenital nephrotic 
syndromes, which are caused by a defect in the retention and accumulation of mutant 
proteins in the ER of podocytes. 



 
An Update on Glomerulopathies – Etiology and Pathogenesis 

 

258 

As the evidences for the effectiveness of ER chaperone enhancement in the kidney, ORP150 
transgenic mice showed resistance to renal ischemia-reperfusion injury (Bando et at, 2004). 
4-Phenylbutyric acid (4-PBA), a chemical chaperone, rescues mutated nephrin, which is 
associated with misfolding and mislocalization, from the ER to the cell surface, suggesting 
the beneficial effect of protein folding augmentation therapy in congenital nephrotic 
syndrome (Liu et al, 2004). 4-PBA also exerts a marked renoprotective effect possibly by 
modulating ER stress and the related inflammatory cascade in diabetic nephropathy (Qi et 
al, 2011). Endogenous bile acids and derivatives such as ursodeoxycholic acid and its 
taurine-conjugated derivative (TUDCA) can also modulate ER function, restore glucose 
homeostasis in type 2 diabetic mice, and thereby ameliorate the development of diabetic 
complications, including diabetic nephropathy in these animals (Xie et al, 2002; Ozcan et al, 
2006; Ozcan et al, 2009). In studies of TUDCA therapy for obese men and women, TUDCA 
has consistently shown promise as an effective pharmacological approach to the treatment 
of insulin resistance and obesity-related disease including chronic kidney disease (Kars et al, 
2010). Unlike 4-PBA, however, TUDCA has not been shown to act as a chaperone that 
promotes the folding and trafficking of malfolded proteins; instead, it is likely to increase 
folding capacity, possibly by enhancing the ERAD pathway (ER-associated malfolded 
protein degradation system). Murine podocytes suffered from ER stress-induced apoptosis 
on exposure to advanced glycation end product (AGE)-modified bovine serum albumin, but 
TUDCA prevented this apoptosis by suppressing the apoptotic UPR activation (Chen et al, 
2008).  
Aberrant UPR state, which contributes to the progression of various diseases, is suppressed 
by ER chaperone overexpression, the chemical chaperones themselves, or chemical 
compounds which selectively activate the adaptive UPR axis or suppress the apoptotic UPR 
axis. ER stress preconditioning upregulates the basal UPR state and protects cells from 
various pathogenic stresses.  

5.2 Chemical UPR modulators 
Chemical compounds which selectively activate the adaptive UPR branches act as enhancers 
of translation attenuation as well as of ER chaperone expression. Other chemical compounds 
which suppress the proapoptotic UPR branches protect cells from ER stress-induced cell 
death. The UPR pathway is a double-edged sword for cells suffering from ER stress; 
normalization of the balance between the adaptive and proapoptotic UPR branches by these 
chemical compounds might thus be effective in promoting ER homeostasis.  
Several chemical compounds have demonstrated renal protective effects against ER stress 
suggesting the therapeutic possibility of targeting the UPR. Trans-4,5-dihydroxy-1,2-
dithiane (DTTox) protected the proximal tubular epithelium against a nephrotoxic chemical 
via stimulation of GRP78 (Asmellash et al, 2005), while BIX (BiP inducer X, 1-(3,4-
dihydroxyphenyl)-2-thiocyanato-ethanone) ameliorated disease manifestations of renal 
ischemia-reperfusion injury in mice by activating the ATF6 axis with subsequent induction 
of GRP78 (Prachasilchai et al, 2009). Salubrinal suppresses the protein phosphatases 
responsible for the dephosphorylation of eIF2α, and significantly reduces tubular injury in a 
rat cyclosporine nephropathy model by increasing the amounts of phosphorylated eIF2α 
(Pallet et al, 2008). Methoxyflavone, a group of flavonoids, is also identified as a strong ER 
stress modulator. Pretreatment of mice with tangeretin, a methoxyflavone, enhanced the 
expression of GRP78 and HO-1 in renal tubular epithelium and prevented tunicamycin-
induced cell death (Takano et al, 2007). 
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5.3 Others  
The previous evidences regarding the crosstalk of oxidative stress, hypoxia, and ER stress 
emphasize that anti-oxidative stress or anti-hypoxia drugs may also hold promising in 
reducing pathogenic ER stress. In fact, effective attenuation of the ER stress response has 
also been observed in compounds which suppress oxidative stress. TM2002, an inhibitor of 
oxidative protein glycation, shows renoprotective effects against glomerular and tubular 
interstitial damage in association with a decrease in ER stress in anti-Thy1 nephritis and 
renal ischemic-reperfusion rats (Izuhara et al, 2008). Further, a chemical HIF stabilizer, 
prolyl hydroxylase inhibitor (Dimethyloxalylglycine) which attenuates ischemic cardiac 
injury by HIF pathway activation, selectively activates the adaptive UPR (GRP78 and ATF4 
inductions), and weakens the proapoptotic UPR, suggesting that HIF stabilizer has the 
renoprotective effects as a UPR modulator (Natarajan et al, 2009). 
One study demonstrated that treatment with mizoribine, an immunosuppressant used 
clinically, reduced ER stress and rescued the mislocalization of nephrin from the ER to the 
cytoplasm in podocytes with glucose starvation. Mizoribine is known to inhibit purine 
nucleotide biosynthesis, and might thereby restore the intracellular energy balance under 
ER stress by salvaging ATP levels. These data suggest that the effect of mizorbine in 
inducing the remission of proteinuria in human nephrotic syndrome might be mediated by 
a reduction in ER stress (Nakajo et al, 2007).  
Further, similar inhibitory effects to those of mizoribine on ER stress were seen with another 
clinically used anti-hypertensive drugs, namely angiotensin converting enzyme (ACE) 
inhibitors and angiotensin II type 1 receptor blockers. The angiotensin II type 1 receptor is 
thought to be an ER stress inducer, albeit that the molecular mechanisms by which 
angiotensin II induces ER stress remain unclear. It is therefore reasonable to consider that 
the increased tubular apoptosis in experimental diabetic rats is attenuated by ACE inhibitors 
in association with a reduction in aberrant apoptotic UPR activation and subsequent 
maintenance of the physiological UPR state in the tubulointerstitium (Sun et al, 2009) 

5.4 ER stress preconditioning 
The effects of ER stress preconditioning highlight the possibility of therapy based on ER 
stress. The concept of preconditioning was originally identified in ischemic diseases. Brief 
ischemic treatment for preconditioning prior to the subsequent insult induces a state of 
resistance to the loss of blood supply by initiating cellular protective responses in the tissue. 
These findings suggest that ER stress preconditioning may initiate the adaptive UPR and 
attenuate the subsequent insult. An increasing number of reports have demonstrated the 
beneficial effects of preconditioning in ER stress-related diseases, such as cardiac and 
neuronal diseases and retinopathy. 
To evaluate the beneficial effect of ER stress preconditioning in kidney disease, we 
investigated whether a non-nephrotoxic dose of the ER stress inducers tunicamycin or 
thapsigargin for preconditioning ameliorate the development of anti-Thy1 nephritis, a 
mesangioproliferative glomerulonephritis model. As we expected, disease progression was 
dramatically improved by preconditioning, in association with a decrease in microaneurysm 
formation, adhesion of Bowman’s capsule to the tuft, and proteinuria (Inagi et al, 2008). 
Importantly, the protective effect of preconditioning against glomerular damage was 
associated with modulation of the adaptive UPR. While the expression of ER chaperones 
(GRP78 and ORP150) was significantly increased as the disease progressed, the 
preconditioning slightly enhanced the basal level of this expression and significantly 
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As the evidences for the effectiveness of ER chaperone enhancement in the kidney, ORP150 
transgenic mice showed resistance to renal ischemia-reperfusion injury (Bando et at, 2004). 
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5.2 Chemical UPR modulators 
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expression of GRP78 and HO-1 in renal tubular epithelium and prevented tunicamycin-
induced cell death (Takano et al, 2007). 
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5.3 Others  
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The effects of ER stress preconditioning highlight the possibility of therapy based on ER 
stress. The concept of preconditioning was originally identified in ischemic diseases. Brief 
ischemic treatment for preconditioning prior to the subsequent insult induces a state of 
resistance to the loss of blood supply by initiating cellular protective responses in the tissue. 
These findings suggest that ER stress preconditioning may initiate the adaptive UPR and 
attenuate the subsequent insult. An increasing number of reports have demonstrated the 
beneficial effects of preconditioning in ER stress-related diseases, such as cardiac and 
neuronal diseases and retinopathy. 
To evaluate the beneficial effect of ER stress preconditioning in kidney disease, we 
investigated whether a non-nephrotoxic dose of the ER stress inducers tunicamycin or 
thapsigargin for preconditioning ameliorate the development of anti-Thy1 nephritis, a 
mesangioproliferative glomerulonephritis model. As we expected, disease progression was 
dramatically improved by preconditioning, in association with a decrease in microaneurysm 
formation, adhesion of Bowman’s capsule to the tuft, and proteinuria (Inagi et al, 2008). 
Importantly, the protective effect of preconditioning against glomerular damage was 
associated with modulation of the adaptive UPR. While the expression of ER chaperones 
(GRP78 and ORP150) was significantly increased as the disease progressed, the 
preconditioning slightly enhanced the basal level of this expression and significantly 
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suppressed the aberrant ER chaperone expression after disease induction. Similarly, 
preconditioning slightly enhanced the basal level of the PERK-eIF2 axis in translation 
attenuation and suppressed its augmentation by disease induction. These findings 
demonstrate that ER preconditioning induces a robust basal (physiological) UPR state and 
maintains a stable UPR level in the kidney. 
Other reports have also emphasized the effectiveness of ER stress preconditioning in the 
kidney. Preconditioning with tunicamycin or doxorubicin mitigates experimental 
membranous nephropathy via ER chaperone enhancement (Cybulsky et al, 2002). Kitamura 
and colleagues extensively investigated the role of ER stress in inflammation, and clearly 
showed that inflammatory cytokine-induced NF-B activation in mesangial cells was 
suppressed by preconditioning via the IRE1-XBP1 axis (Hayakawa et al, 2010). 
 

 
Table 4. ER stress preconditioning in kidney disease 

Preconditioning with an ER stress inducer such as tunicamycin and thapsigargin confers a 
protective effect against kidney disease. BIX is a GRP78 inducer, 1-(3,4-dihydroxyohenyl)-2-
thiocyanate-ethanone which markedly induces GRP78 production and is preferentially 
mediated by the ATF6 pathway. 

6. Conclusion 
The physiological state of the UPR pathway is important to the maintenance of ER 
homeostasis. Under pathogenic conditions, however, ER stress and the subsequent 
overwhelming UPR activation are significantly induced in various kidney cells and 
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contribute to kidney disease progression rather than regulating ER homeostasis. 
Enhancement of the basal level of the UPR, particularly the adaptive UPR axis, might 
support appropriate ER homeostasis and a robust cell state. Cells might accordingly become 
resistant to pathogenic factors, and an aberrant UPR might be suppressed (Fig. 2).  
It is now established that ER stress is involved in cardiac, vascular, and metabolic diseases, 
which in turn affect kidney disease development. UPR is intricately linked to two other 
important stress pathways, HIF and Nrf2, which also contribute to disease progression. 
Keeping intact the balance of these stress signal networks via regulation of the UPR will 
allow us to maintain cellular homeostasis and disease prevention.  
 

 
Fig. 2. ER stress preconditioning in the kidney. 

Under pathogenic conditions, the basal UPR for ER homeostasis transformed to the 
pathogenic state, and thereby leads to the features of ER stress-related kidney diseases. In 
contrast, preconditioning with ER stress enhances the basal UPR level and induces kidney 
cells to develop resistance to pathogens.    
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Keeping intact the balance of these stress signal networks via regulation of the UPR will 
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Urinary Biomarkers in Glomerulonephritis 
Sophie Ohlsson  
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Sweden 

1. Introduction  
A biomarker refers to a biologic, biochemical or molecular event that can be assayed 
qualitatively and quantitatively by laboratory techniques. The level of biomarkers should 
correlate with disease pathogenesis or activity. Biomarker discovery for kidney diseases is 
currently an active area of investigation. Today golden standard for diagnosis and for 
evaluation of treatment results is kidney biopsy – an invasive test with considerable risks.   
Biomarkers have the potential to be useful tools for non invasive evaluation and 
management of patients suffering from glomerulonephritis. Biomarkers that predict 
impending disease activity could be used to initiate treatment early, which could minimize 
the initial insult, allow a reduction in duration and intensity of therapy, improve outcomes 
and lessen chronic renal injury. Biomarkers that predict response to therapy could be used 
to choose the most appropriate regimen for an individual patient and biomarkers that reflect 
disease severity could be used to adjust the intensity of therapy. 
Profiles as well as individual markers, with the potential to reduce the use of renal biopsy, 
improve therapeutic efficacy, and limit toxicity are emerging and this chapter will describe 
some examples in the context of IgA nephropathy, lupus nephritis, ANCA-associated small 
vessel vasculitis (ASVV) with renal involvement and focal segmental glomerulosclerosis 
(FSGS). 

2. Proteomics – biomarker patterns 
Renal and urinary proteomics are among the most rapidly growing sub disciplines of 
proteomics applied to biomedical research. There is much interest of nephrologists and 
renal physiologists in applying proteomics to address clinical and basic questions. Urinary 
proteome analysis offers opportunities for pattern recognition as well as single biomarker 
discovery. Urine as a body fluid for clinical analysis is relatively stable, presumably due to 
the fact that its “stored” for some time in the bladder, hence proteolytic degradation by 
endogenous proteases may be essentially complete by the time of voiding. Urinary proteins 
and peptides originate not only from glomerular filtration, but also from tubular secretion, 
epithelial cells shed from the kidney and urinary tract, secreted exosomes and seminal 
secretions. Urine is thus a rich source of biomarkers for a wide range of diseases, due to 
specific changes in its proteome. Commonly used methods for urinary proteome analyses 
include two-dimensional polyacrylamide gel electrophoresis (2-D PAGE), different types of 
mass spectrometry, capillary electrophoresis and protein microarrays [Fliser D, Novak J et al 
2007; Muller GA, Muller CA & Dihazi 2007]. 
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2.1 Possible clinical applications in glomerulonephrits 
2.1.1 Immunoglobulin A (IgA) nephropathy 
There are several proteomics studies on IgA nephropathy, showing promising results. A 
specific urinary polypeptide pattern can distinguish IgA nephropathy from healthy controls 
with a sensitivity of 100% and specificity of 90%, and from membranous nephropathy with a 
sensitivity of 77% and a specificity of 100%. In addition, compared with patterns established 
earlier in minimal change disease, focal segmental glomerulosclerosis and diabetic 
nephropathy, the pattern of IgA nephropathy had both sensitivity and specificity of 100%. 
Even most patients in clinical remission with normal clinical testing (dipstick urinalysis and 
quantitative proteinuria) were correctly classified by the pattern of polypeptides identified. 
Sequencing of three of the discriminatory polypeptides identified three different fragments 
of serum albumin. [Haubitz M, Wittke S et al, 2005]. 

2.1.2 Lupus nephritis 
Urinary proteomic profiling was described in lupus nephritis by Mosley et al, 2006. The 
authors reported that two protein ions had been detected, which could distinguish between 
active and inactive lupus nephritis with 92% sensitivity and specificity each. The two 
biomarkers could predict early relapse and remission, but were not further isolated and 
identified.  Zhang et al, 2008, identified three potential low-molecular-weight biomarkers, 
namely hepcidin, alpha 1 antitrypsin and an N-terminal fragment of albumin. There were 
two isoforms of hepcidin, 20 and 25 amino acid (aa) long. Hepcidin 20 increased 4 months 
pre-flare and then slowly returned to baseline by 4 months post-flare. Hepcidin 25 
decreased at flare and returned to baseline by 4 months post-flare. There was no correlation 
between the 20 and 25 aa isoforms. Hepcidin is a LMW peptide hormone that has 
antimicrobial activity, regulates iron homeostasis, and has been implicated in the 
pathogenesis of the anemia of chronic inflammation, including that of chronic kidney 
Disease [Deicher R, Horl W H 2004]. Urine hepcidin has been shown to increase during 
inflammation and decline as inflammation resolved. The expression is induced by 
interleukin-6 (IL-6) and is suppressed by TNF-alpha, cytokines that are implicated in the 
pathogenesis of SLE [Aringer M, Smolen J S 2005].  

2.1.3 ANCA associated small vessel vasculitis 
Haubitz et al recently presented one of the first urinary proteomics studies on ANCA 
associated small vessel vasculitis (ASVV) with renal involvement. Urinary proteome 
analysis with CE-MS was shown to permit differentiation of patients with active AAV versus 
healthy individuals and patients with other chronic renal diseases. A panel of biomarkers 
also permits distinguishing between patients with active AAV and patients in remission. 
Initiation of immunosuppressive treatment results in a change of the pattern from active to 
inactive disease, correlating with clinically decreasing vasculitis activity and the 
achievement of remission. The most frequently observed peptides were proteolytic products 
of hemoglobin. The existence of these fragments is to be expected as microhematuria is a 
characteristic finding in vasculitis. Remarkably only C- and N-terminal fragments could be 
defined as biomarkers, whereas fragments from the core of the molecules, although present 
in urine, showed no significant value as biomarkers. The existence of specific fragments may 
be a result of the specifically released proteases in ANCA-associated vasculitis after 
activation of neutrophils by ANCA [Haubitz M, Good D M et al 2009]. 
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2.1.4 Focal segmental glomerulosclerosis 
Candiano et al published a proteomics study on idiopathic nephrotic syndrome in 2006, 
comprising patients suffering from minimal change disease, membranous glomerulonephritis 
or focal segmental glomerulosclerosis (FSGS). Albumin and alpha 1AT fragments represent 
the major proteins in urine of patients with nephrotic syndrome, where at least 50 isoforms of 
these proteins were characterized by proteomics analysis. Most of these isoforms derive from 
plasma, but a few were formed in situ by specific proteolysis. Albumin adducts that harbor 
both the COOH and NH2 terminal parts of the protein also were detected, suggesting the 
formation of covalent chemical adducts [Candiano G, Musante L et al 2006]. Two years earlier, 
Weissinger et al described urinary proteome patterns in healthy subjects, compared to 
different primary renal diseases. One-hundred seventy-three polypeptides were present in 
more than 90% of the urine samples obtained from healthy individuals, while 690 
polypeptides were present with more than 50% probability. These data permitted the 
establishment of a "normal" polypeptide pattern in healthy individuals. Polypeptides found in 
the urine of patients differed significantly from the normal controls. These differences allowed 
the distinction of specific protein spectra in patients with minimal change disease (MCD), 
membranous glomerulonephritis (MGN), and focal segmental glomerulosclerosis (FSGS). 
Abnormal pattern of proteins were found even in urine from patients in clinical remission 
[Weissinger E M, Wittke S et al 2004]. 

3. Individual biomarkers 
3.1 Immunoglobulin A (IgA) nephropathy 
Urinary concentration of several cytokines involved in proliferation and repair has been 
evaluated as potential biomarkers of histopathological changes and as predictors of long-
term prognosis in IgA nephropathy. Urinary IL-6 has been shown to predict long term renal 
outcome in IgA nephropathy [Harada K, Akai Y et al 2002]. The excretion of IL-6 and 
epidermal growth factor (EGF) has been correlated with degree of tubulointerstitial damage, 
with the urinary IL-6/EGF ratio proposed as a marker for progression of the renal damage 
[Ranieri E, Gesualdo L et al 1996]. Other potential markers that have been evaluated include 
urinary alpha 1 antitrypsin and heparan sulfate [Mitsuhashi H, Tsukada Y et al 1993]. Urine 
N-acetyl-alpha-D-glucosaminidase (NAG) levels are measured in some clinics. NAG is a 
lysosomal enzyme abundant in lesions of proximal tubular damage in patients with 
nephrotic syndrome, glomerulonephritis and diabetic nephropathy. Nonetheless, the 
sensitivity and specificity of this biomarker for IgAN is not ideal. In patients characterized 
with tubulointerstitial lesion, urinary NAG levels correlated well with the extent of 
tubulointerstitial changes. In patients characterized with primary glomerular lesion and 
accompanied tubulointerstitial changes such as IgAN, the elevated urinary NAG levels 
often lag the morphologic changes due to tubulointerstitial injury [Bazzi C, Petoni V et al 
2002]. Ding et al presented a study in 2007, claiming that urinary NGAL level holds promise 
as a noninvasive marker, more sensitive and specific than NAG, for early detection of sub-
microscopic tubulointerstitial injury of IgAN [Ding H, Yani H et al 2007]. Urinary IgG and 
IgA correlated with glomerular filtration rate and grading of histological features and was 
significantly elevated compared to healthy controls [Halling S F E, Söderberg M P & Berg U 
B 2005]. Despite these promising reports of differential presence of proteins and protein 
complexes, none of the tests has so far been developed into a clinically useful assay. Very 
recently, Peters et al published a study demonstrating high urinary levels of kidney injury 
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2.1 Possible clinical applications in glomerulonephrits 
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2.1.3 ANCA associated small vessel vasculitis 
Haubitz et al recently presented one of the first urinary proteomics studies on ANCA 
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2.1.4 Focal segmental glomerulosclerosis 
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urinary alpha 1 antitrypsin and heparan sulfate [Mitsuhashi H, Tsukada Y et al 1993]. Urine 
N-acetyl-alpha-D-glucosaminidase (NAG) levels are measured in some clinics. NAG is a 
lysosomal enzyme abundant in lesions of proximal tubular damage in patients with 
nephrotic syndrome, glomerulonephritis and diabetic nephropathy. Nonetheless, the 
sensitivity and specificity of this biomarker for IgAN is not ideal. In patients characterized 
with tubulointerstitial lesion, urinary NAG levels correlated well with the extent of 
tubulointerstitial changes. In patients characterized with primary glomerular lesion and 
accompanied tubulointerstitial changes such as IgAN, the elevated urinary NAG levels 
often lag the morphologic changes due to tubulointerstitial injury [Bazzi C, Petoni V et al 
2002]. Ding et al presented a study in 2007, claiming that urinary NGAL level holds promise 
as a noninvasive marker, more sensitive and specific than NAG, for early detection of sub-
microscopic tubulointerstitial injury of IgAN [Ding H, Yani H et al 2007]. Urinary IgG and 
IgA correlated with glomerular filtration rate and grading of histological features and was 
significantly elevated compared to healthy controls [Halling S F E, Söderberg M P & Berg U 
B 2005]. Despite these promising reports of differential presence of proteins and protein 
complexes, none of the tests has so far been developed into a clinically useful assay. Very 
recently, Peters et al published a study demonstrating high urinary levels of kidney injury 
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molecule 1 (KIM-1) as an independent predictor of end stage renal disease in patients with 
IgA nephropathy [Peters H P, Waanders F et al 2011]. 

3.2 Lupus nephritis 
Current laboratory markers, such as proteinuria, urine protein-to-creatinine ratio, creatinine 
clearance, anti-dsDNA and complement levels are unsatisfactory. They lack sensitivity and 
specificity for differentiating renal activity and damage in lupus nephritis. There are many 
candidate biomarkers in lupus nephritis. In this chapter, we have chosen to describe some of 
the most promising ones. 

3.2.1 Monocyte chemoattractant protein 1 
Monocyte chemoattractant protein 1 (MCP-1) is a leukocyte chemotactic factor, involved in 
mediating inflammation and injury in lupus nephritis. MCP-1 drives fibrosis both indirectly 
via macrophages, but also through direct induction of a fibrotic response in glomerular 
mesangial cells [Tesch G H 2008]. The urinary MCP-1 level is elevated in active lupus 
nephritis, compared to inactive disease and healthy controls, and reduced after 
immunosuppressive treatment [Wada T, Segawa C et al 1996].  In a longitudinal follow up, 
urinary MCP-1 increased 2-4 months before renal flares and remained high for at least 4 
months after treatment of flares. In patients who improved clinically, MCP-1 levels fell to 
control levels, whereas in treatment refractory patients, the levels remained high [Rovin B 
H, Song D J et al 2005]. Thus MCP-1 is a very promising biomarker in lupus nephritis and 
possibly also a future therapeutic target.  

3.2.2 Neutrophil gelatinase-associated lipocalin 
Neutrophil gelatinase-associated lipocalin (NGAL) is constitutively expressed at low levels 
in the kidneys, but up regulated following acute renal injury and various insults such as 
inflammation, ischemia and infection and considered as a good biomarker for acute kidney 
injury, with high sensitivity and specificity [Bolignano D, Donato V et al 2008]. NGAL In 
lupus nephritis, urinary levels of NGAL has been found to differentiate between patients 
with or without active renal disease. NGAL correlates more strongly with histological 
activity scores than chronicity scores on renal biopsies. Significant correlation has been seen 
with urine protein-to-creatinine ratios but not with proteinuria, serum creatinine level or 
conventional markers such as anti-dsDNA and complement levels. In longitudinal studies, 
NGAL was found to increase up to 3 months before renal flare and is considered to be a 
very promising biomarker in lupus nephritis [Hinze C H, Suzuki M et al 2008]. 

3.2.3 Tumor Necrosis Factor-Like Inducer of Apoptosis 
Tumor necrosis factor-like inducer of apoptosis (TWEAK) is a multifunctional cytokine, 
involved in up regulation of pro inflammatory mediators and induction of cell death and 
apoptosis. TWEAK expression is dramatically increased in the context of inflammation and 
injury and its expression is found to be dysregulated in chronic inflammatory states 
[Winkles J A 2008]. Stimulation of kidney cells with TWEAK induces expression of 
chemokines and inflammatory mediators, such as MCP-1, RANTES, IP-10, VCAM-1 and 
ICAM-1 – which have all been suggested as biomarkers in SLE. Urinary TWEAK levels were 
significantly higher in patients with active nephritis, compared to inactive. Urinary TWEAK 
also correlated with renal SLE activity scores, anti-dsDNA and complement levels, but there 
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was on the other hand no correlation with proteinuria – suggesting that the increased levels 
in urine was not merely due to glomerular damage. The urinary TWEAK levels peaked at 
the time of flare, with an increasing trend before and a decreasing trend after flares. 
Unfortunately, the small rise in uTWEAK prior to the disease flare does not appear to have 
any predictive value [Gaipl U S, Voll R E et al 2005]. Urinary TWEAK did not discriminate 
between different LN histological classes. This is a common problem in LN biomarker 
studies. The problem probably relates to the small number of subjects studied who are then 
sub grouped into a number of histological classes, the inherent sampling error associated 
with renal biopsy, and the lack of a clear system to assess inflammatory disease activity at 
the tissue level. 

3.3 ANCA associated small vessel vasculitis 
Previous studies have shown that the renal function at diagnosis is a strong predictor not 
only for renal survival but also for patient survival in ASVV. Other factors have also been 
reported to predict outcome in ASVV, such as severity of the disease at diagnosis, treatment 
related infections, alpha 1 antitrypsin deficiency, high levels of PR3-ANCA measured by 
capture ELISA and low levels of thrombocytes. However these findings have usually not 
been confirmed in repeated investigations. Proteinuria, severe interstitial fibrosis and 
glomerulosclerosis, which are known to predict outcome in chronic proteinuric 
glomerulonephritides have also been found to be important risk factors for development of 
renal failure in ASVV [Pallan L, Savage CO & Harper L 2009].  The need of better non 
invasive prognostic markers is significant. 

3.3.1 Monocyte chemoattractant protein 1 
Indirectly, by macrophage recruitment, and also via direct induction of a fibrotic response in 
glomerular mesangial cells – MCP-1 has the potential to drive the process of renal fibrosis 
[Tesch G H 2008]. Urinary excretion of MCP-1 is increased in patients with ASVV. The 
degree of excretion correlates significantly with patient outcome, considering critical 
damage or death. The association with poor prognosis was stronger for U-MCP-1 than for 
conventional prognostic markers like CRP, BVAS (Birmingham vasculitis activity score), 
and ANCA, as well as compared to candidate markers like U- IgM and U-IL-8 [Ohlsson S, 
Bakoush O et al 2009]. Urinary MCP-1 is considered very promising biomarker in ASVV. A 
longitudinal study for validation of these results is ongoing. 

3.3.2 IgM 
In other glomerulonephritides, not associated with vasculitis, elevated urine excretion  
of high molecular weight proteins, e. g. IgM, has been found to be a better predictor  
of renal outcome than the degree of albuminuria. In ASVV, urinary levels of IgM was 
found to be a better independent predictor of renal survival than serum creatinine at 
diagnosis and, in addition to age, it was an important predictor for patient survival. 
Patients with low urinary IgM excretion maintained their kidney function despite a high 
degree of albuminuria, and patients with high urine IgM excretion were more likely to 
develop ESRD [Bakoush O, Segelmark M et al 2006]. The authors of this study recommend 
routine measurement of urine IgM concentrations at diagnosis in patients with ANCA-
associated small vessel vasculitis, as a relatively cheap, non-invasive and early prognostic 
marker. 
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molecule 1 (KIM-1) as an independent predictor of end stage renal disease in patients with 
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specificity for differentiating renal activity and damage in lupus nephritis. There are many 
candidate biomarkers in lupus nephritis. In this chapter, we have chosen to describe some of 
the most promising ones. 

3.2.1 Monocyte chemoattractant protein 1 
Monocyte chemoattractant protein 1 (MCP-1) is a leukocyte chemotactic factor, involved in 
mediating inflammation and injury in lupus nephritis. MCP-1 drives fibrosis both indirectly 
via macrophages, but also through direct induction of a fibrotic response in glomerular 
mesangial cells [Tesch G H 2008]. The urinary MCP-1 level is elevated in active lupus 
nephritis, compared to inactive disease and healthy controls, and reduced after 
immunosuppressive treatment [Wada T, Segawa C et al 1996].  In a longitudinal follow up, 
urinary MCP-1 increased 2-4 months before renal flares and remained high for at least 4 
months after treatment of flares. In patients who improved clinically, MCP-1 levels fell to 
control levels, whereas in treatment refractory patients, the levels remained high [Rovin B 
H, Song D J et al 2005]. Thus MCP-1 is a very promising biomarker in lupus nephritis and 
possibly also a future therapeutic target.  

3.2.2 Neutrophil gelatinase-associated lipocalin 
Neutrophil gelatinase-associated lipocalin (NGAL) is constitutively expressed at low levels 
in the kidneys, but up regulated following acute renal injury and various insults such as 
inflammation, ischemia and infection and considered as a good biomarker for acute kidney 
injury, with high sensitivity and specificity [Bolignano D, Donato V et al 2008]. NGAL In 
lupus nephritis, urinary levels of NGAL has been found to differentiate between patients 
with or without active renal disease. NGAL correlates more strongly with histological 
activity scores than chronicity scores on renal biopsies. Significant correlation has been seen 
with urine protein-to-creatinine ratios but not with proteinuria, serum creatinine level or 
conventional markers such as anti-dsDNA and complement levels. In longitudinal studies, 
NGAL was found to increase up to 3 months before renal flare and is considered to be a 
very promising biomarker in lupus nephritis [Hinze C H, Suzuki M et al 2008]. 

3.2.3 Tumor Necrosis Factor-Like Inducer of Apoptosis 
Tumor necrosis factor-like inducer of apoptosis (TWEAK) is a multifunctional cytokine, 
involved in up regulation of pro inflammatory mediators and induction of cell death and 
apoptosis. TWEAK expression is dramatically increased in the context of inflammation and 
injury and its expression is found to be dysregulated in chronic inflammatory states 
[Winkles J A 2008]. Stimulation of kidney cells with TWEAK induces expression of 
chemokines and inflammatory mediators, such as MCP-1, RANTES, IP-10, VCAM-1 and 
ICAM-1 – which have all been suggested as biomarkers in SLE. Urinary TWEAK levels were 
significantly higher in patients with active nephritis, compared to inactive. Urinary TWEAK 
also correlated with renal SLE activity scores, anti-dsDNA and complement levels, but there 
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was on the other hand no correlation with proteinuria – suggesting that the increased levels 
in urine was not merely due to glomerular damage. The urinary TWEAK levels peaked at 
the time of flare, with an increasing trend before and a decreasing trend after flares. 
Unfortunately, the small rise in uTWEAK prior to the disease flare does not appear to have 
any predictive value [Gaipl U S, Voll R E et al 2005]. Urinary TWEAK did not discriminate 
between different LN histological classes. This is a common problem in LN biomarker 
studies. The problem probably relates to the small number of subjects studied who are then 
sub grouped into a number of histological classes, the inherent sampling error associated 
with renal biopsy, and the lack of a clear system to assess inflammatory disease activity at 
the tissue level. 

3.3 ANCA associated small vessel vasculitis 
Previous studies have shown that the renal function at diagnosis is a strong predictor not 
only for renal survival but also for patient survival in ASVV. Other factors have also been 
reported to predict outcome in ASVV, such as severity of the disease at diagnosis, treatment 
related infections, alpha 1 antitrypsin deficiency, high levels of PR3-ANCA measured by 
capture ELISA and low levels of thrombocytes. However these findings have usually not 
been confirmed in repeated investigations. Proteinuria, severe interstitial fibrosis and 
glomerulosclerosis, which are known to predict outcome in chronic proteinuric 
glomerulonephritides have also been found to be important risk factors for development of 
renal failure in ASVV [Pallan L, Savage CO & Harper L 2009].  The need of better non 
invasive prognostic markers is significant. 

3.3.1 Monocyte chemoattractant protein 1 
Indirectly, by macrophage recruitment, and also via direct induction of a fibrotic response in 
glomerular mesangial cells – MCP-1 has the potential to drive the process of renal fibrosis 
[Tesch G H 2008]. Urinary excretion of MCP-1 is increased in patients with ASVV. The 
degree of excretion correlates significantly with patient outcome, considering critical 
damage or death. The association with poor prognosis was stronger for U-MCP-1 than for 
conventional prognostic markers like CRP, BVAS (Birmingham vasculitis activity score), 
and ANCA, as well as compared to candidate markers like U- IgM and U-IL-8 [Ohlsson S, 
Bakoush O et al 2009]. Urinary MCP-1 is considered very promising biomarker in ASVV. A 
longitudinal study for validation of these results is ongoing. 

3.3.2 IgM 
In other glomerulonephritides, not associated with vasculitis, elevated urine excretion  
of high molecular weight proteins, e. g. IgM, has been found to be a better predictor  
of renal outcome than the degree of albuminuria. In ASVV, urinary levels of IgM was 
found to be a better independent predictor of renal survival than serum creatinine at 
diagnosis and, in addition to age, it was an important predictor for patient survival. 
Patients with low urinary IgM excretion maintained their kidney function despite a high 
degree of albuminuria, and patients with high urine IgM excretion were more likely to 
develop ESRD [Bakoush O, Segelmark M et al 2006]. The authors of this study recommend 
routine measurement of urine IgM concentrations at diagnosis in patients with ANCA-
associated small vessel vasculitis, as a relatively cheap, non-invasive and early prognostic 
marker. 
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3.3.3 FSGS 
The glomerular microenvironment is influenced by circulating growth factors that are 
filtered from the blood stream and pass the glomerular filtration barrier. The role of IGF-
binding proteins (IGFBPs) has been studied in two diseases that concern podocytes. The 
glomerular expression and urinary excretion of IGFBP-1, -2, and -3 were studied in patients 
with focal segmental glomerulosclerosis (FSGS) or minimal change disease (MCD). It was 
found that patients with active FSGS excrete high amounts of IGFBP-1 and -3. In human 
podocytes, we can induce mRNA expression of IGFBP-3 in response to TGF-β and in human 
microvascular endothelial cells expression of IGFBP-1 and -3 in response to TGF-β and 
Bradykinin. The conclusion was that the local expression of IGFBPs in podocytes and 
endothelial cells might contribute to the pathogenesis of glomerular disease and that IGFBP-
1 and -3 are potential non-invasive markers of FSGS, differentiating against MCD 
[Worthmann K, Peters I et al 2010]. 

4. Summary 
Urinary proteomics has great potential in biomarker discovery in kidney diseases. So far we 
have partially achieved the goals to better understand the biology and physiology of the 
kidney, and to unravel pathogenic mechanisms and /or pathophysiology of kidney disorders.  
 

Biomarker Diagnosis/Reference 
Hepcidin Lupus/Zhang et al 2008

Alpha-1-antitrypsin Lupus/Zhang et al 2008 
IgAN/Mitsuhashi et al 1993 

Albumin, N-terminal Lupus/Zhang et al 2008
Albumin fragments IgAN/Haubitz et al 2005
Hemoglobulin, N- and C-terminal parts ASVV/Haubitz et al 2005
IL-6 IgAN/Harada et al 2002
EGF IgAN/Raniere et al 1996
Heparansulfate IgAN/Mitsuhashi et al 1993
NAG IgAN/Bazzi et al 2002

NGAL IgAN/Ding et al 2007 
Lupus/Hinze et al 2008 

IgG IgAN/Halling et al 2005
IgA IgAN/Halling et al 2005
IgM ASVV/Bakoush et al 2006
KIM-1 IgAN/Peters et al 2011

MCP-1 Lupus/Wada et al 1996, Rovin et al 2005  
ASVV/Ohlsson et al 2009 

TWEAK Lupus/Gaipl et al 2005
IGFBP-1, -3 FSGS/Worthmann et al 2010

Table I. Urinary biomarkers in glomerulonephritis. IgAN: IgA-nephritis, IL-6: interleukin 6, 
EGF: epidermal growth factor, NAG: N-acetyl-alpha-D-glucosaminidase, NGAL: neutrophil 
gelatinase associated lipocalin, KIM-1: kidney injury molecule, MCP-1: monocyte 
chemoattactant protein 1, TWEAK: Tumor necrosis factor-like inducer of apoptosis,  
IGFBP: insulin-like growth factor binding protein 
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For biomarker discovery, although a large number of biomarker candidates have been 
identified, they are neither fully validated in a large cohort, nor ready for routine clinical 
practice at present. NGAL and MCP-1 are both extremely promising urinary biomarkers. 
Whereas NGAL seems to be more of a marker of acute kidney injury, the prognostic value of 
MCP-1 most likely comes from this protein's role in driving the process of fibrosis and 
scarring. In experimental glomerulonephritis, there is increased glomerular synthesis of MCP-
1, and systemic administration of an anti-MCP-1 antibody has been demonstrated to reduce 
the severity of acute glomerulonephritis as well as subsequent scarring, implying that MCP-1 
could be a possible therapeutic target also in man [Wada T, Yokoyama H et al 1996]. 
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3.3.3 FSGS 
The glomerular microenvironment is influenced by circulating growth factors that are 
filtered from the blood stream and pass the glomerular filtration barrier. The role of IGF-
binding proteins (IGFBPs) has been studied in two diseases that concern podocytes. The 
glomerular expression and urinary excretion of IGFBP-1, -2, and -3 were studied in patients 
with focal segmental glomerulosclerosis (FSGS) or minimal change disease (MCD). It was 
found that patients with active FSGS excrete high amounts of IGFBP-1 and -3. In human 
podocytes, we can induce mRNA expression of IGFBP-3 in response to TGF-β and in human 
microvascular endothelial cells expression of IGFBP-1 and -3 in response to TGF-β and 
Bradykinin. The conclusion was that the local expression of IGFBPs in podocytes and 
endothelial cells might contribute to the pathogenesis of glomerular disease and that IGFBP-
1 and -3 are potential non-invasive markers of FSGS, differentiating against MCD 
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For biomarker discovery, although a large number of biomarker candidates have been 
identified, they are neither fully validated in a large cohort, nor ready for routine clinical 
practice at present. NGAL and MCP-1 are both extremely promising urinary biomarkers. 
Whereas NGAL seems to be more of a marker of acute kidney injury, the prognostic value of 
MCP-1 most likely comes from this protein's role in driving the process of fibrosis and 
scarring. In experimental glomerulonephritis, there is increased glomerular synthesis of MCP-
1, and systemic administration of an anti-MCP-1 antibody has been demonstrated to reduce 
the severity of acute glomerulonephritis as well as subsequent scarring, implying that MCP-1 
could be a possible therapeutic target also in man [Wada T, Yokoyama H et al 1996]. 
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