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Experimental Models for Renal Diseases: Impact on Understanding Pathogenesis and Improving Diagnosis

The need for this book became apparent as discussions with colleagues clearly indicated that our understanding of pathogenesis and ability to accurately classify and diagnose renal diseases has improved considerably in the last two decades thanks to basic and translational research efforts and that this information has not been collated and organized in a proper format making it available to students, diagnosticians, researchers and/or teachers of renal diseases. A single source in which to find this information presented in an up-to-date, succinct, yet comprehensive manner is not currently available. There are excellent textbooks addressing clinical diagnosis and pathology of renal diseases and in these there are, sometimes, incursions into pathogenesis, but generally not an in-depth discussion of how research has impacted our knowledge and understanding of the pathogenesis of renal diseases and/or improved our ability to diagnose and treat them.

I am satisfied to have assembled many of the world leaders in the various renal disorders to contribute to this book. These scientists have themselves contributed with their own research to the advancement of our understanding of renal diseases. Together we have condensed vast amounts of information into relatively short chapters due to the usual space constraints that are imposed by the publisher. This is only possible when the writer’s understanding of the subject matter is clear and comprehensive making it possible to synthesize the knowledge in an insightful fashion. In many instances, these collaborators have developed their careers making their own seminal contributions to the literature. To these giants in the field of renal diseases, I am forever indebted for the time they have spent collecting, organizing and presenting the material in a coherent and comprehensive manner while at the same time conveying the concepts in a superb fashion, making the material amenable to be used for didactic purposes.

The famous anthropologist Claude Levi-Strauss has said, ‘the scientific mind does not so much provide the right answers as to ask the right questions’, emphasizing that our understanding of scientific issues is continuously being challenged. It is only through persistent questioning that the so-called established ‘dogmas’ are tested and that eventually advances in science occur. If the wrong question is asked in the first place, undoubtedly the wrong answer will be obtained when the research is done. On the other hand, if the right question is asked, an answer of value (though not necessarily unequivocal or final), but one that will likely advance our knowledge will emerge. The authors of the chapters have excelled in their careers by persistently asking the right questions and, as a result, have discovered and clarified information, helping in this way to formulate our vision of the present and the future, as it pertains to the understanding of the pathophysiologic mechanisms involved in renal disorders. Without their original and seminal contributions to the various subjects, scientific progress would have been thwarted. Undoubtedly, without the efforts of these dedicated scientists, the treatment and management of patients with renal disorders would have been adversely affected. I feel honored to join them in sharing with the readers new knowledge. In doing so, we are able to explore some unique perspectives in the various subjects that I have carefully selected with our readers in mind. In some chapters, some controversial subjects are discussed with views expressed that indicate how these issues stand today. One of the purposes of doing this is to show our readers areas of future potential research interest.

It is the intent of all contributors that this book be used by students of various disciplines, clinicians and investigators alike and by all those trying to correlate basic research information with clinical issues and value the uniqueness of the translational approach to study renal diseases. At the end of many of the chapters, a summary of its contents is provided. This is often accomplished with a chart to facilitate the understanding of the information and to make it most useful for didactic purposes.

The initial chapters in the book discuss basic concepts and principles of renal tissue reactions to injurious agents using a specific cell/compartment approach. Since the patterns of tissue reaction are limited and different injurious agents lead to similar tissue alterations, understanding these is crucial to conceptualize pathogenesis in a logical fashion. I believe this to be a necessary preamble to discussing the specific entities. Although it is impossible to avoid some repetition, I have tried to minimize this during the editing process.

In this the era of molecular biology, disease processes associated with renal diseases have become much better understood. Specific steps in pathogenic cascades that can be controlled or modulated have been discovered. The elucidation and conceptualization of the complexity of cell reactions and tissue responses has advanced considerably and there is now a sophisticated understanding of molecular pharmacokinetics. New therapeutic interventions are now possible as a result of the fact that sound and thorough mechanistic processes have been dissected in many diseases. New therapeutic interventions have been designed with these molecular pathways in mind. New therapies have improved the treatment of these diseases considerably thanks to the basic researchers and clinical scientists that have contributed so much to decipher key pathogenetic events that can be targeted by appropriate drugs. The ultimate beneficiaries of all this hard work are undoubtedly the patients who can now be treated based upon scientifically sound data rather than empirically. As a result, these patients now enjoy improved prognoses with longer, healthier lives.

It should be mentioned that the level of sophistication of the knowledge that patients command today in regards to their diseases is truly commendable. Patients have rather unrestricted access to information in the web to study; they can analyze research data generated by basic and translational research, including those obtained through carefully designed clinical trials conducted in relation to their specific ailments. Today many patients are very well informed and expect health care practitioners to be up to date with the latest advances in the various fields. Therefore, it behooves physicians to keep abreast of developments in the research arena which translate to patient care. This can be a daunting task since pertinent information is proliferating at a very a fast pace, requiring careful analysis of the data and proper evaluation of its meaning and significance in terms of clinical relevance.

I have tried to make this book a concise source where one can obtain most of the valuable information currently available regarding the topics addressed. I hope the readers find this book a useful reference and, above all, a resource for learning, conceptualizing and/or reviewing concepts related to the pathophysiology of renal diseases. My expectation is that this book can also be useful for teaching about the exciting and ever changing field of renal diseases.

Dedication

This book is dedicated to my wife Dr. Elba A. Turbat-Herrera who has been a source of inspiration and encouragement for me in good and bad times, and who has always believed in me. She has insatiably worked at my side as a close collaborator. Her innovative ideas have been crucial for the development and advancement of the research endeavors that we have conducted over the last 30 years. Without her, my career could have never matured. Our relationship has been a unique interactive professional experience that I have valued very much.

I also dedicate this book to my three grandsons: Athanasius Joseph, Linus Cyril and Elias More Brown who may one day read this book and use it as an inspiration to dabble in the world of science and medicine. Perhaps this book will engender or fuel in them the desire to make their own contributions to the scientific world.

 


Guillermo A. Herrera, MD

Tempe, Arizona, USA

May, 2010
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Abstract

This manuscript presents the usefulness of various experimental models in research with the purpose to elucidate mechanisms of disease and help create treatment modalities. The emphasis is on the use of models primarily for the study and treatment of amyloidosis. This is a rare condition that has attracted much attention recently. Amyloidosis is a disease in which the information obtained in the research laboratory has played a key role in advancing our understanding of the mechanisms associated with this group of disorders and in the development of new avenues for therapeutic intervention. Both in-vivo and in-vitro models are addressed. The early animal models and the more recent transgenic models are presented along with their usefulness to study the pathogenesis and dissect gene expression profiles where appropriate. Their pros and cons of the various experimental settings are highlighted. In-vitro models are presented with examples from the literature as to how they have or are being used to study a variety of conditions, renal as well as others. They also serve the purpose of resolving questions primarily relating to pathogenesis and to test the value of novel interventions prior to using in vivo models that are generally more expensive and difficult to work with. Since all models have their limitations, perhaps the best way is to utilize both in-vitro and in-vivo platforms, selecting them depending upon the questions to be answered. Employing a large variety of experimental techniques can serve to obtain and validate the data. The advantages of this approach will become obvious in the book chapters that follow.

Copyright © 2011 S. Karger AG, Basel

Research should not be an end into itself, but ultimately be at the service of the patients, either to elucidate mechanisms of disease, discover how to cure a given condition or stall its progression. The days when research could be performed with human volunteers are over, as human testing has been deemed unethical. Therefore, turning to models of disease for study purposes represents the next logical step. The study models can be either in vivo (animal) or in vitro models, each with its own benefits/advantages.

Recent advances in molecular biology and stem cell biology have allowed animal models to be more useful, permitting researchers to create custom-made animals for their particular needs. Non-human primates have been and are still used for the study of some human diseases. Being phylogenetically closest to humans, it makes sense that these would be the most appropriate animal models. Primates, however, are expensive to purchase and care for, and since their lifespan is almost as long as humans, the studies become long, tedious and expensive. An example of the use of primates as animal models is the vervet monkey (Cercopithecus aethiops) which is being used for the study of serum protein transthyretin (TTR) amyloidosis. This is a good model for human TTR related amyloidosis. In the study by Ueda et al. [1], these animals developed systemic amyloidosis, with development of cardiac involvement. Other large mammals have also been employed as animal models, especially dogs which have been preferred for the classic physiologic studies. Rodents, particularly mice, have been increasingly used in studies as models of human disease since the early 1980’s. They are excellent models for the different human diseases since they are relatively inexpensive, have a short lifespan and are easy to care for and manipulate. Genetically engineered mouse models are now accepted and widely used as models for the understanding of the genetic basis of human disease [2].

Animal models are essential for medical research. There are many uses for animal models such as the designing and implementation of imaging techniques, invasive procedures, and other studies that can only be performed in animals. In addition, important questions can be answered and new therapies can be developed and implemented for the treatment of human patients. In a similar manner, drug testing is almost always performed in animals first to help evaluate toxicity and efficiency. The toxicity of different compounds and efficiency of drug delivery can also be effectively tested in vitro and even better in treated animals by evaluating tissue injury and the organ/organ system dysfunction that may occur in association with a given therapy.

Animals such as rats, guinea pigs and mice, to name just a few, have been employed as animal models. As a particular species is selected, the inter- and intraspecies variability of these must be taken into account. For example, different strains of mice have variable penetrance for genetic alterations which makes them react differently to environmental conditions. For example, in TTR mice the deposition of amyloid and the extent of such is different from other strains of mice. Some of the characteristics of the different species need to be understood before a certain model is created. Examples are the fact that the induction of serum amyloid A (SAA) is species specific [3] or how barriers such as the central or peripheral nervous system in rodents are different from those in higher animals, especially humans. Some modulating factors are different in different species and even in different strains of mice. For example, reaction to injury, inflammation and the response to heat shock proteins, as well as others vary among the different species and even between strains. Even the aging process can vary in different strains such as in the senescence-accelerated mouse model. These animals have a decreased lifespan allowing for studies where the aging process accelerates a condition or in studies of the effects of the aging process itself.

There are two methods by which animals have been and can be used effectively for research. One is by the injection of chemical and biologic compounds that elicit the desired effect. The other is by utilizing animals that already have a defect that creates the desired effect. This could be a species-specific difference with humans or the product of genetic engineering or manipulation. An example of the first method in which animal models can be used is by injecting mice with either casein, silver nitrate or lipopolysaccharide to ultimately produce amyloid through the stimulation of cytokines such as tumor necrosis factor and other mediators of the inflammatory response: interleukins 1 and 6 (IL-1 and IL-6) stimulating the production of SAA protein [4, 5]. Some of the first experimental models for the study of kidney diseases were conducted at the turn of the 20th century when the hypotheses for the origin of glomerulonephritides were being elucidated. The prevailing thoughts at the time about the pathogenesis of these conditions were that they were probably associated with bacterial infections. In these early studies of the etiology of the glomerulopathies, the investigators attempted to produce disease in the animals by injecting bacterial toxins or chemical compounds [6]. The usefulness of this type of model is limited since it requires continued external stimulation in order to maintain the desired effect with regression of the findings when these stop [7]. The second method is by using transgenic animals as models of disease. The use of transgenic animals has expanded the usefulness of animals in research. Transgenics are animals that have been engineered by the insertion of DNA carrying the genetic modification desired by inserting the appropriate gene/genes into the mouse genome. In this manner, one can produce the desired disease process in order to facilitate the study of a certain condition. The transgenic animal would then express either a nonmutated protein, a dominant-negative form of a protein or a fluorescent-tagged protein. Although the classic definition of transgenesis involves the insertion of DNA from one species into the genome of another species, the definition at the present time encompasses any mouse that has as part of its genome that of either another mouse or from an animal of another species. Knockout and knock-in mice are also encompassed under the term transgenic mice [8]. A good example is the mouse engineered by the human insertion of the IL-6 gene under the control of the metallothionein-1 promoter that increases the levels of SAA protein and develop amyloid deposits in the spleen, liver and kidneys by three months of age [7].

Animal models can also be created by crossbreeding different animals of the same species in order to produce the desired phenotypes. In studies of hypertension, researchers have produced inbred strains, congenic strains, transgenic animals and recombinant inbred strains to produce the genotypes desired to obtain a particular effect. Several models of hypertension have used this approach. Genetically engineered rats are now available, some of them specifically designed for expression of the genes involved in hypertension, for the detection and study of causes of HTN with the advantage that the study of the specific hypertensive phenotypes is now possible [9]. Another powerful reason to explain why mice have been utilized more often than other species is because their gene expression can be manipulated with ease making gene targeting possible in these animals. The creation of knockout animal models or those which overexpress a certain gene (knock-in) to serve as models has been possible, especially in mice, in order to better study different diseases. The study of gene function and regulation can be accomplished by studying models of disease. The creation of gene overexpression in animals can also be useful in studying pathways of injury. Useful mouse models (single knockout or overexpression) of renal disease have reproduced diseases that are very close to the human counterparts, allowing for the understanding and study of these. Doxycycline-inducible SAA is being used in mice to increase the production of amyloid with amyloid production regressing when doxycycline is removed causing a decrease in SAA and resolution [10].

Although it is desirable for animal models to replicate human disease as closely as possible, it must be understood that, at times, the histologic appearance of the animal tissues and the tissue response to injury may lack some of the features exhibited by human tissues. Mesangial expansion and glomerular basement membrane thickening can be found in animal models with impaired glucose tolerance. However, the Kimmelstiel-Wilson nodular glomerulosclerosis lesion of diabetes, and the development of hypertensive lesions do not develop in the animal models [11], but a nodular form of mesangial expansion resembling (but not identical to) human glomerulosclerosis [12].

When working with animals and before selecting a particular species to use in a research, one must be aware that many disease processes do not acquire their full expression or consequences that can be seen in humans. In some cases, since rats can express some of the desired disease processes, scientists should consider using these instead of mice for their studies. In the study of hypertension and all its secondary effects, rats have been preferred over mice, since mice do not normally develop the renal sequelae of hypertension [11, 13]. Although it appears that mice are resistant to some of the more complex disease processes, some researchers have managed to override this. For example: Kirchhoff et al. [14] used a very resistant mouse strain to create a convincing mouse model of hypertensive renal injury. By adding angiotensin II to the required conditions of unilateral nephrectomy, saline in the drinking water and mineralocorticoids necessary to induce renal injury in rats, they managed to create renal injury in mice. In this study, the mice developed proteinuria and glomerular sclerosis in addition to cardiac enlargement and fibrosis.

Molecular mechanisms can be addressed by in vivo studies by utilizing animal models such as in the study of the formation and resolution of amyloid deposits, and in doing so, attempt to elucidate the pathogenic mechanisms involved in the process of amyloid deposition for the ultimate treatment of patients. Activation of metalloproteinase-9 represents another mechanistic approach by which the remodeling of the diseased tissues can be studied. Although animal models are extremely useful in many ways, there are drawbacks to studying disease mechanisms in whole animals. In vitro models offer other alternatives: in working with cell cultures, one has the opportunity of choosing the specific type of cell hypothesized to be affected in the disease process being studied. These cells can then be manipulated genetically, molecularly and biochemically to recreate the desired effect or conditions. In addition, these techniques can be used in combination utilizing the strengths of each one in order to accomplish the desired goal. An example that illustrates this point is a study using a rat model to produce ischemia followed by reperfusion in order to map the temporal and spatial association between caveolin-1 and tubular renal cell epithelial cells and tubular damage. In addition, an in vitro model to study acute renal failure was set up by culture of renal tubular epithelial cells and arterial endothelial cells and then subjecting these to injury initiators for the study of the expression of caveolin proteins in order to learn the role of caveolin-1 in acute renal failure [15]. The collaboration of the different techniques has the advantage of one supplying the deficiencies of another.

In initial experiments, our lab used in vitro models for the study of amyloid formation. Mesangial cells obtained from both rat and human glomeruli can be grown either on coverslips or in culture plates, and when incubated with amyloidogenic proteins, such as light chains obtained from the urine of patients with AL-amyloidosis, they form amyloid [16]. Another advantage of in vitro studies is the ease by which one can dissect a biologic/pathologic process by changing the variables or conditions of the experiment and evaluating the results. For example in another study from our lab, human mesangial cells were grown with AL-LC, light chain deposition disease-LC and tubulopathic LC. Instead of growing them with amyloid enhancing factor which had produced amyloid in previous studies [5], the AEF was omitted in this experiment and amyloid was produced, proving that AEF was not required [16]. In addition, the cells were also grown with chloroquine, known to inhibit lysosomal activity by increasing their pH, since the hypothesis was that lysosomal proteolysis was required for amyloid to be produced. Some of the cells were grown with TGF-ß, which is known to mediate formation of extracellular matrix, and amyloid formation decreased. In contrast, thrombospondin increased production of amyloid, likely by a chaperone effect [17].

The limitations of in vitro studies can be compensated by utilizing cell-specific knockout and knock-in systems for genes or mutated genes in mice. By means of these systems, the in vitro data obtained by cell culture studies can be validated by in vivo systems [18]. Using in vivo models to further test data elucidated by in vitro models represents the next logical step.
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Abstract

Mesangial homeostasis is an integral component of normal glomerular function. Alterations in mesangial homeostasis occur frequently, not only in primary glomerular disorders, but also in association with primary tubular interstitial and vascular pathology, although generally the disturbances are not as marked in the latter situations. Mesangial changes could be transitory and reversible or permanent and irreversible, depending on the type and degree of damage inflicted and the reparative ability of the mesangium at a given time. Understanding mesangial pathobiology is crucial for comprehending the reactive and pathological processes that occur in glomeruli. The mesangium is usually the first to react to injurious glomerular events and is often the last to return to normal after the pathological insult has ceased and repair mechanisms have been activated. This is obvious in renal biopsy specimens where mesangial hypercellularity and/or matrix expansion are very common findings in primary glomerular disorders and, as a reactive phenomenon, in primary interstitial and vascular diseases. Repairing mesangial damage represents a fundamental process needed for restoring glomerular function. Since a component of the mesangial damage frequently includes the loss of mesangial cells, a way to revamp mesangial cellularity is essential for restoring mesangial homeostasis. This fact should be taken into account when designing therapies aimed at restoring mesangial integrity and homeostasis.

Copyright © 2011 S. Karger AG, Basel

The last glomerular compartment to be discovered and characterized was the mesangium. Zimmermann [1] in 1933 recognized mesangial cells as a distinct cell type. It took several decades to realize that a central glomerular stalk was responsible for maintaining the structural and biological backbone of the glomerulus. The mesangium is essential for regulating many critical glomerular activities (functions). It is clear that when mesangial integrity is lost, proper glomerular function ceases. The most common pathological process responsible for this is referred to as glomerulosclerosis. In this process, the mesangial matrix is expanded and acquires increased quantities of existing matrix components, such as collagen IV and other glycoproteins innate to the mesangium, and it may also accumulate proteins that are not normally found, such as fibrillary collagen (i.e. collagen I and III) [2-4].

Another process is mesangiolysis; however, it is not as common. It may be conceptualized as the opposite of glomerulosclerosis in that the normal mesangial matrix disappears as a result of the excess action of activated metalloproteinases [5]. It appears that mesangiolysis is perhaps easier to repair than glomerulosclerosis, as mesangiolysis only requires rebuilding of the mesangial matrix, while glomerulosclerosis needs breaking down of the sclerotic matrix before adequate repair can occur. Data originating from experimental studies and anecdotal human reports support that there is potential for regression after glomerular damage [6, 7].

This chapter will review mechanisms involved in mesangial homeostasis, alterations that may occur due to a variety of injurious agents and conceptual ideas as to how mesangial repair can be accomplished.

Fig. 1. Normal mesangium. a Silver methenamine stain; ×350. b Transmission electron microscopy, uranyl acetate and lead citrate; ×8,000. a Silver stain highlights normal mesangial areas and peripheral capillary walls in a normal glomerulus. b Appearance of a normal mesangium with mesangial cells and surrounding matrix. Cytoplasmic processes detached from main cell bodies and a few mesangial cell bodies are illustrated. The circled areas show attachment plaques on mesangial cells where their filamentous cytoskeletal elements anchor.
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Normal and Abnormal Mesangium: Composition and Consequences of Altered Mesangium. A General Overview

The mesangium is composed of mesangial cells and matrix (fig. 1a, b). Mesangial cells constitute 30-40% of the total glomerular cell population. They spread from the hilum in an arboreal pattern. The mesangial cells are embedded in their own matrix, which they manufacture and remodel. Silver stain is routinely used to evaluate glomerular basement membranes and mesangium; the mesangial matrix is silver-positive (fig. 1a). Mesangial cells have continuity and maintain close contact with cells populating the juxtaglomerular apparatus, thus monitoring and regulating its activity [8-11].

In a seminal paper in 1962, Farquhar and Palade provided for the first time evidence that mesangial cells exhibit distinct morphological and functional characteristics that separate them from endothelial and epithelial glomerular cells. The authors speculated that the mesangial cells likely participate in the disposal and degradation of filtration residues and emphasized that these cells closely resemble pericytes morphologically. Both assessments have proven to be accurate [12].

Two types of mesangial cells have been recognized in the normal mesangium. The predominant cell type displays a smooth muscle phenotype with morphological and functional characteristics akin to smooth muscle cells. These cells show branching cytoplasmic processes which are often seen unattached to the main cell bodies (fig. 1b). Their most characteristic cytoplasmic components are filament bundles rich in actin maintained together by spindle densities or dense bodies. These are present throughout the cytoplasmic matrix. Mesangial cells also have thickening of their cell membranes, known as attachment plaques, where the filaments anchor (fig. 1b). The morphological attributes mentioned above make mesangial cells fit for contractile activities and allow them to maintain glomerular turgor and integrity resulting in wide open glomerular capillaries. The second type of mesangial cells is much less common, accounting for approximately 3-10% of all mesangial cells, and exhibits phagocytic properties. It has been proposed that these cells are derived from bone marrow and they have been shown to express Fc and C3 receptors [7, 8, 13, 14].

Fig. 2. Schematic representation of normal mesangial cell and matrix. The illustration highlights the presence of receptors at the cell membranes present to interact with various effector molecules either to maintain mesangial homeostasis or to elicit pathologic changes.
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The normal mesangial matrix predominantly contains collagen IV, but also has other extracellular matrix glycoproteins, including laminin and fibronectin, as well as proteoglycans such as biglycan and decorin. Ultrastructurally, the mesangial matrix is composed of a dense network of microfibrils 6-8 nm in diameter of variable length, which serve the purpose of anchoring the mesangial cells [8, 9] (fig. 1b). These microfibrils focally connect mesangial cell processes to the glomerular basement membranes, most prominently at mesangial angles. In some areas, these mesangial microfibrils penetrate into the lamina densa of the glomerular basement membrane [10]. A schematic representation of the mesangial cells and matrix is shown in figure 2.

Fig. 3. Schematic representation of the genesis of mesangial sequence of pathologic events. Specific effector molecules interact with cell receptors eliciting the transmission of signals to the nuclei resulting in secretion of a variety of substances that eventually alter the surrounding matrix, creating generic alterations resulting in decreased or increased and biochemically altered matrix.
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Plasma percolates through the mesangium under the control of hemodynamic forces. The digestibility of the various molecules reaching the mesangium (i.e. the ability to be cleared by normal cellular mechanisms) determines their clearance and whether they may exert pathologic effects by virtue of remaining in contact with the mesangium for prolonged periods of time. Also as molecules reach the mesangium, they may activate mesangial receptors and initiate effector loops in mesangial cells that may result in pathological mesangial alterations [15] (fig. 3).

Normal mesangial cell functions include regulation of glomerular capillary blood flow, maintenance of glomerular structure, production of vasoactive substances and generation of the mesangial matrix. Mesangial cells help to maintain the structure and function of the glomerular ultrafiltration apparatus and regulate the amount and content of the surrounding extracellular matrix.

Normal mesangial turnover is the result of a tightly controlled and, at the same time, dynamic equilibrium between the synthesis of renovated matrix and removal of old matrix [2, 16, 17]. There are a number of key players that participate in regulating this balance in normal conditions, including growth factors, metalloproteinases (MMPs), tissue inhibitors of metalloproteinases (TIMPs), plasminogen activator inhibitor (PAI), as well as other nonspecific inhibitors such as a2-macroglobulin [5, 18-23]. Changes in the amount and composition of the matrix may have important effects in mesangial homeostasis and produce changes in the mesangium that may or may not be readily identified morphologically [3, 4, 6, 17, 20]. Appreciation of the events involved in mesangial pathobiology is paramount in order to understand normal mesangial function and the alterations that occur in renal disorders, predominantly those centered in the glomerulus [24].

Mesangial cells possess a variety of receptors localized on the surface of their cell membranes. Some of these receptors are co-shared by various effectors, while others are more specific. Among these receptors are those for growth factors including platelet-derived growth factor-ß (PDGF-ß) and transforming growth factor-ß (TGF-ß), mannose receptor, CD71 IgA1 Fc receptor, vascular endothelial growth factor (VEGF) receptor and additional Fc receptors, among others. In contrast, CD89-polymeric immunoglobulin (FcαR1) and cubilin/megalin receptors have been shown to be absent in mesangial cells [25-29]. Other receptors may be weakly expressed or not identifiable at all on mesangial cells in the normal kidney, but become readily detectable in pathologic conditions. For example, the ftl1 and KDR receptors, the former which is impossible to detect and the latter which is weakly expressed in normal mesangial cells, are easily identified in mesangial proliferative glomerulonephritis [30].

Recognition of receptors by various effector molecules, followed by engagement and interaction with them, results in activation and the generation of signals which influence mesangial function and may incite genes that are not normally active in these cells. As a result, mesangial cell activities are affected, various growth factors and cytokines are secreted by the mesangial cells, and the surrounding extracellular matrix may be altered, further affecting mesangial homeostasis and cellular behavior [31-33] resulting in the morphologic manifestations of the disease process recognizable by light and electron microscopy (fig. 3). This sequence of events could create a self-activating loop that can be perpetuated unless the inciting event is stopped. When mesangial cell homeostasis is affected, it generally results in matrix modifications. These two components (i.e. mesangial cells and matrix) act very much in concert. This is the reason why morphological findings in renal biopsies where the mesangium is altered typically reflect alterations in mesangial cells and surrounding matrix. An expanded matrix results in the deposition of silver-positive material (fig. 4a, b) and is triggered by secretion and activation of TGF-ß. In contrast, the disappearance of the normal mesangial matrix leads to loss of mesangial argyrophilia (fig. 5). In some instances, an expanded mesangium with loss of silver positivity is present, indicating that the destroyed mesangial matrix has been replaced by a non-matrix material which can be of variable composition. The pathological mechanisms involved in the disappearance of mesangial matrix may be complex, but conceptually speaking, generally involve secretion and activation of MMPs, which are the main effectors involved in the cleavage and destruction of matrix constituents.

Fig. 4. Nodular glomerulosclerosis with an increased mesangial matrix (accentuated silver staining), a Silver methenamine stain; ×350. b Transmission electron microscopy, uranyl acetate and lead citrate; ×8,000. Mesangial nodule exhibits intense silver staining indicating increased matrix. b Increased mesangial matrix is obvious. Ultrastructurally, the increased mesangial matrix resembles normal matrix morphologically (see fig. 1b) in spite of different biochemical composition. In some instances, other mesangial matrix constituents (such as fibrillary collagen), not normally present in normal mesangium, are identified in the expanded/sclerotic mesangial areas.
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Mesangial cell proliferation mediated by activation and secretion of PDGF-ß represents an effective mechanism for bringing more cellular elements to an injured mesangium which could, in turn, accentuate the pathological alterations, result in merely a reactive process without significant consequences, and/or aid in the repair of a damaged mesangium. The factors that regulate the end result are multifactorial, but the nature, intensity and time frame associated with the injurious agents are indeed critical in defining the end result.

Fig. 5. Amyloidosis with destruction of mesangial matrix, which is replaced by amyloid fibrils. Silver methenamine stain; ×350. Marked loss of mesangial argyrophilia indicating disappearance of matrix.
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If the injury is severe enough, mesangial cells may be affected beyond repair and disappear from the mesangium, usually by apoptosis [24, 34-38]. Necrosis occurs less often, but is seen in some forms of glomerulonephritis, most typically represented by those referred to as necrotizing glomerulonephritis. There is often loss of the glomerular integrity in these cases with breaks of capillary walls and leakage of fibrin into the urinary space. These conditions are often associated with crescent formation as a result of cellular proliferation, mostly parietal epithelial cells admixed with fibrin and inflammatory cells. Most of these are therefore necrotizing crescentic glomerulonephritis. In these instances the glomerular injury characteristically extends beyond the mesangium. Necrosis tends to be rapidly replaced by sclerosis and the mesangium likely plays a significant role in the replacement of necrotic tissue by sclerotic matrix.

Mesangial proliferation, mediated by PDGF-ß, albeit sometimes mild, is a universal finding in the early stages of most, if not all, primary and secondary disorders that involve the mesangium [39, 40]. Even those diseases that progress to a hypocellular mesangium, such as amyloidosis and nodular glomerulosclerosis, regardless of specific etiology, demonstrate mesangial cell proliferative activity in their early stages.

Mesangial sclerosis is a common mesangial response to injury and is often accompanied by apoptosis [41]. In glomerulosclerosis, the mesangial cells secrete an excess of the normal matrix (i.e. collagen IV) and the activation of some normally quiescent genes results in the production of other matrix proteins that are not normal components of the mesangial matrix. One example of the latter situation is the production of tenascin (not a normal constituent of the mesangial matrix) in some diseases characterized by nodular mesangial glomerulosclerosis, such as in diabetic nephropathy and light chain deposition disease [42-45]. Tenascin has an octopus-like appearance and interacts tightly with surrounding extracellular matrix proteins and mesangial cells creating a stiff matrix. This pathologic matrix protein is not easy to cleave. Its breakdown requires the action of MMP-7 predominantly for its catabolism with minor contributions by MMP-1 and -3. The sclerotic mesangium often contains large quantities of tenascin [40, 43-46] (fig. 6). It is well documented that cell proliferation, differentiation and apoptosis are significantly influenced by the surrounding matrix [41], so an altered mesangial matrix has a great impact on these key cellular processes.

The Role of Integrins in Mesangium

Integrins are transmembrane cell adhesion glycoproteins consisting of αß heterodimers that serve as anchoring molecules and play a role as receptors for extracellular matrix proteins (fig. 2). They also regulate various cellular behaviors, such as adhesion, spreading and cytoskeletal organization. Their main functions include mediating cell interactions with the environment and transducing signals from within a given cell and from other cells to the surrounding matrix and vice versa. Therefore, integrins are actively involved in signaling pathways. The ability of the integrins to transduce signals from other cells allows them to function as a survival factor for many cell types. These functions are essential for maintaining mesangial homeostasis and play a crucial role in modulating pathological alterations that involve the mesangium [43-46]. Integrins have the capacity to modify transiently or permanently their specificity and affinity for a particular ligand or ligands, and they can do this quite rapidly.

Fig. 6. Nodular glomerulosclerosis with tenascin in mesangium. Immunohistochemical stain for tenascin, with diaminobenzidine as a marker. Methyl green as a counterstain. Intense staining for tenascin in mesangial nodules. Tenascin is the main mesangial matrix constituent of the expanded mesangium in nodular glomerulosclerosis, regardless of the etiology for the nodular glomerulosclerosis.
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Cross-talk between mesangial cells, extracellular matrix and soluble mediators affecting mesangial function and composition is regulated by integrins. Matrix and cytokines modulate mesangial cell behavior in vitro and in vivo after binding to specific integrin-associated cell surface receptors on these cells. Elucidation of the potential biologic and clinical relevance of cell-matrix interactions in the glomerular mesangium is a crucial issue in renal research, and will impact the quest for new therapeutic interventions aiming to control, modulate, ameliorate and potentially inhibit mesangial alterations that lead to glomerulosclerosis and the irreversibility of renal damage.

Integrins characteristically recognize a common motif, the arginine-glycine-aspartic acid tripeptide (RGD) site on cell membranes for interacting with extracellular matrix proteins (fig. 2). Most integrins recognize one or more matrix proteins as ligands. For example, the α9ß1 integrin is a ligand for tenascin and plays a key role in the tight and complex attachments to the mesangial matrix characteristic of this protein [43]. This is partly responsible for the difficulty to remove this protein from the sclerotic mesangium in nodular glomerulosclerosis. Interestingly, α9ß1 does not appear to require the RGD site for binding. The integrin α9ß1 mediates cell attachment to a non-RGD site in the third fibronectin type III repeat of tenascin [46].

Mesangial Homeostasis: The Role of Growth Factors/Cytokines

Growth factors merely represent a type of cytokines, although in the literature they are often kept separate from the other cytokines. In this chapter they will be separated from other cytokines, as their functions and those of other cytokines, although intertwined, can be reasonably separated in the normal and abnormal mesangium, thus allowing a better understanding of how the mesangial alterations occur in various pathologic settings. The interplay of the various growth factors involved in the pathogenesis of glomerular disorders involving the mesangium are important for understanding what happens when pathological events occur and what may be required to repair the damage inflicted. Normally, cytokines act to maintain homeostasis. Deregulation of their functions is responsible for a number of disease processes, such as some autoimmune, degenerative and fibrotic diseases.

PDGF-ß is mitogenic for mesangial cells. It governs mesangial cell proliferation, a crucial initial event in most (if not all) pathological processes involving the mesangium [47-49]. In contrast, TGF-ß is a key factor governing matrix production by mesangial cells. Transformation of mesangial cells from their normal smooth muscle to a myofibroblastic phenotype (with increased rough endoplasmic reticulum) is an important step for priming these mesangial cells to engage in the active production of extracellular matrix proteins (fig. 7, right). This growth factor is responsible for the production of extracellular matrix components that are either normally present in the mesangium or other matrix protein that are not typically present in the normal mesangium and only seen in pathologic conditions.

Fig. 7. Schematic representation of main factors participating in degradation and production of mesangial matrix. The diagram pictorially highlights consequences of the action of various factors on mesangial cells, resulting in either mesangial matrix increase (right) or mesangiolysis (left). MMPs are mainly responsible for matrix degradation in maintaining mesangial homeostasis and in pathological processes (mesangiolysis), while TGF-ß is the main factor responsible for rebuilding damaged mesangium and producing increased mesangial matrix in pathological conditions (see fig. 8).
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TGF-ß is unique among the growth factors in that it performs three fundamental functions which are clearly exemplified in the mesangium: (1) stimulating the synthesis of the matrix, (2) inhibiting matrix degradation by controlling the balance of MMPs/TIMPs and (3) modulating matrix receptors to increase adhesion of cells to the matrix and strengthen the mesangium [49-56]. One of the most important controlling loops is that once TGF-ß is activated and mesangial matrix production is increased to a certain point, there is inhibition of PDGF-ß. However, this important mechanism to maintain homeostasis is lost in some glomerulonephritis, resulting in concomitant mesangial cell proliferation and overproduction of matrix, entering a ‘vicious’ cycle that results in irreversible damage if not controlled. Although PDGF-ß and fibroblast growth factor act synergistically in the presence of TGF-ß, their predominant actions are mitogenesis and angiogenesis, respectively. Neither of these two growth factors stimulates matrix production, as TGF-ß controls this activity, albeit in complex ways.

Mesangial cells are extremely active metabolically and synthesize an array of substances, such as cytokines, which result in stimulation of cellular proliferation, cell shape changes, recruitment of inflammatory cells (including macrophages and monocytes), etc. The interactions between cytokines and mesangial cells result in many of the alterations of the mesangial matrix that occur during the process of immune and non-immune complex-mediated renal diseases. Both resident and non-resident glomerular cells secrete factors that may alter glomerular basement membrane permeability and regular blood flow. The native mesangial matrix is expanded as a result of deposition of increasing amounts of normally produced mesangial matrix components with the addition of other extracellular matrix components never present in the normal mesangium. The abnormal mesangium enhances further mesangial matrix expansion by stimulating mesangial cells to continue behaving abnormally, resulting in further departure from its normal composition. Sclerosis is the hallmark of irreversible mesangial injury, which essentially develops as a result of long-term uncontrolled activation of TGF-ß signaling and matrix production. In this situation the usual feedback controlling mechanisms fail.

Other cytokines with important mesangial activities include interleukins (primarily IL-1, -4, -6, -10 and -13), tumor necrosis factor (TNF)-a and eicosanoids (lipoxins), among others. Glomerular inflammatory processes are controlled and made quiescent by anti-inflammatory cytokines, including IL-4 and IL-13, antagonists of pro-inflammatory cytokines such as IL-1 receptor antagonist and neuropoietic cytokines (for example, IL-6), and deactivators of inflammatory macrophages such as TGF-ß and IL-10 [57]. These control inflammatory reactions by suppressing key mediators and functions (including their production, stability and actual secretion) necessary for the process to continue and generally become damaging to the mesangium and the glomerulus. Cytokines may also upregulate receptors on mesangial cells.

Some of these systems are redundant and complex. For example, VEGF is produced by mesangial cells and receptors on mesangial cells are upregulated by VEGF as well. Also PDGF-ß and hypoxia induce the VEGF receptor. VEGF/VEGF receptor systems are frequently upregulated in glomerular diseases and play an important role in mesangial cell pathobiology in general.

Among the important inflammatory mediators released by mesangial cells is nitric oxide (NO), both an instigator and a target of inflammatory processes [58-62]. Inducible NO synthase is expressed in mesangial cells, as well as in resident and infiltrating macrophages. In glomerular injury, mesangial cells are exposed to endogenously produced NO and NO generated from local macrophages. NO and protein targets modified by NO may exert important regulatory control on mesangial cell function. NO has been shown to play important roles in a variety of mesangial cell functions, including DNA replication, transcription, energy metabolism and apoptosis.

The participation of MMPs and TIMPs is obviously intertwined with the activities of growth factors and cytokines. MMPs have been linked to pro-inflammatory cytokines, such as IL-1 and TNF-α, which induce transcription and expression of several MMPs in inflammatory cells (polymorphonuclear cells and monocytes) and in intrinsic glomerular cells, including mesangial cells. In contrast, TGF-ß acts as an anti-inflammatory and profibrotic factor that downregulates expression of MMPs and enhances expression of TIMPs [53].

MMPs/TIMPs in Mesangial Homeostasis

MMPs are essential zinc-dependent enzymes that degrade normal mesangial matrix components playing a critical role in the continuous remodeling/turnover of the mesangial milieu [2, 63-65]. MMPs have several domains: a prodomain, a catalytic domain, a hinge region and a homopexin-like domain. Most MMPs are secreted as pro-MMPs and their activation requires cleavage of the pro-domain by plasmin and other MMPs. There are approximately two dozen MMPs that generally function in concert to maintain general body homeostasis, but some MMPs are more important in some organs than others. MMPs are classified into six groups based on substrate and sequence homology: collagenases, gelatinases, stromelysins, membrane type of MMPs, and other MMPs. MMPs have a high degree of sequence homology, are synthesized as zymogens, and secreted either as free entities or transmembranely attached [66-75].

The most important mesangial MMPs are MMP-2, -5, -7 and -9. MMP-1, -8 and -13 play important roles in other renal compartments and their effects may indirectly or secondarily result in mesangial alterations. Although MMPs are considered to have some substrate specificity, it has been shown that more than one MMP may degrade the same proteins. In fact, there appears to be much cross-activity in protein degradation among them. Since the normal mesangium contains predominantly collagen IV, MMP-2 and -9 (also known as gelatinases or collagenases) play crucial roles in mesangial homeostasis in normal conditions. One of the complexities of the matrix regulatory system is that MMPs may exert different, and sometimes even opposite effects, during the various phases of the evolution of renal diseases. Closely related to the function of the MMPs are the activities of enzymes that stabilize ECM (transglutaminase) and cell receptors for the various ECM components, including integrins and discoidin domain receptor-1, as they also play important roles in the response of mesangial cells to matrix alterations.

In pathological states, other MMPs assume important roles. For example, it has been shown in an experimental model of membranous nephropathy that there is increased expression of MMP-9 by podocytes. This finding has been implicated in the increased basement membrane permeability which typically occurs in this condition [75]. In a mouse model of focal segmental glomerulosclerosis, a lack of Mpv17 gene expression has been noted, leading to persistently high levels of MMP-2 resulting in heavy proteinuria and, ultimately, glomerulosclerosis [76]. In experimental lupus nephritis in mice, MMP-1, -2 and -3 have been shown to be increased [77]. In contrast, in both the anti-Thy1.1 and passive Heymann nephritis models, MMP-2 and -9 are the ones elevated [78]. Increased mesangial expression of MMP-9, but not MMP-2, has been reported in IgA nephropathy, mesangial proliferative glomerulonephritis and lupus nephritis [79]. Metalloproteinases also play an important pathogenetic role in the acute phase of crescentic glomerulonephritis [80].

Oxidative stress contributes to matrix accumulation, either directly if due to inhibition of MMP-2, or by inducing a cytokine response. Hyperglycemia has a detrimental effect on the mesangium. Glucose levels may indirectly influence matrix turnover by altering MMP function [81-83]. It has been proposed that advanced glycation end products decrease mesangial cell MMP-7 and this may be a mechanism of importance in matrix accumulation in nodular glomerulosclerosis, as seen in diabetic nephropathy [82]. In light chain deposition disease, it has been shown that mesangial cells, although producing MMP-7, have a defect in releasing this MMP into the matrix, resulting in accumulation of tenascin in the expanded mesangial areas [66].

MMPs have also been shown to play an important pathogenetic role in the acute phase of necrotizing crescentic glomerulonephritis. MMP-2, -3 and -9, as well as TIMP1, are active participants in the inflammatory process in ANCA-associated glomerulonephritis, particularly with MMP-9 expression, which correlates with active glomerular lesions, mesangiolysis and tubular interstititial inflammation [80]. MMP activation can also result in the degradation of unwanted material, such as amyloid fibrils, once they have been deposited in the glomerulus [84]. MMPs may also influence matrix turnover via the regulation of some growth factors, as previously alluded to.

Interstitial (fibrillary) collagens (collagens I, II and III) represent important, difficult to degrade, components of the sclerotic mesangium in many situations. MMP-1, -8 and -13 have been demonstrated to play an important role in degrading these collagens. One particular interesting mechanism involves MMP-1, which partially degrades interstitial collagens by making single site-specific cleavages within the triple helix of these complex matrix proteins, allowing for other MMPs to fully degrade them.

Although all this information has surfaced, the role of MMPs in many renal disorders is still not completely defined. Further studies using overexpression and knockout models of different MMPs and TIMPs will further define their roles in various forms of glomerulonephritis.

Decreased overall MMP activity results in accumulation of matrix proteins and renal scarring. Progressive glomerulosclerosis in many diseases is characterized by a profound shift in ECM turnover toward increased matrix accumulation as a result of inhibition of the action of MMPs (fig. 7, right). In contrast, excessive secretion and/or activation of MMPs results in loss of mesangial matrix manifested in tissue sections as decreased or complete loss of mesangial argyrophilia (fig. 5). In essence, glomerular MMP levels determine the slope of progression and degree of glomerular and interstitial scarring and loss of normal matrix constituents [85].

TIMPs are endogenous, specific inhibitors that bind and inhibit MMPs. Four TIMPs have been identified in vertebrates and at least three of them (TIMP-1, -2 and -3) are expressed in the kidney. The overall structure of the TIMPs permits these to fit into the active site of the catalytic domain of metalloproteinases. TIMPs inhibit all MMPs. A number of other inhibitors of MMPs have also been identified, including RECK, a2-macroglobulin and tissue factor pathway inhibitor-2. Some MMPs are secreted in a complex with TIMP-2 [86].

The transcription of TIMPs is regulated by similar cytokines and growth factors that control MMP expression (i.e. TGF-ß, TNF-α, IL-1 and IL-6), although the actual regulatory functions may be carried out in distinctive ways. Other endogenous inhibitors include plasma protein α2-macroglobulin and a surface inhibitor of MMPs, the RECK inhibitor.

Activation of MMPs and/or inhibition of TIMPs leads to matrix destruction. In some (not all) instances where this occurs, mesangial cells transform from their normal to a macrophage phenotype, as is the case in amyloidosis (fig. 7, left).

MMPs and TIMPs may be targets of therapeutic intervention in the near future. Temporal control or modulation of these may be important in the management of some renal disorders in order to avoid irreversible glomerular damage.

Mesangial Cell Apoptosis: The Mechanism Involved in Cell Deletion in Mesangial Glomerulosclerosis and in Mesangiolysis

Glomerular diseases with mesangial sclerosis or mesangiolysis are typically associated with significant deletion of mesangial cells, primarily in their advanced stages. The sclerotic areas are characteristically hypocellular with the sclerotic matrix representing the main component of the altered mesangium in nodular glomerulosclerosis. The few remaining cells tend to be localized to the periphery of the sclerosed areas (fig. 8a). It has been shown that mesangial cell deletion occurs by apoptosis and this correlates with the lack of inflammatory components associated with the sclerotic foci. For example, a hyperglycemic mesangium in patients with diabetic nodular glomerulosclerosis leads to mesangial cell apoptosis, and glomerulopathic light chains induce mesangial cell apoptosis [37]. In both cases, mesangial glomerulosclerosis mediated through TGF-ß activation is the final morphologic expression of the mesangial damage observed in these two diseases (fig. 8a, b). The same is true of many other non-inflammatory glomerular disorders. The mesangial matrix in these situations is equally altered and these alterations may be seen morphologically as some unexpected matrix constituents appear (i.e. fibrillary collagen) in the expanded/sclerotic mesangial areas. In inflammatory glomerular conditions, cell deletion may not be associated with apoptosis, but may occur as a result of necrosis.

Mesangial Interactions with Other Glomerular Components

Obviously, mesangial cells have to interact with other glomerular components in health and disease. A complicated, yet well-orchestrated, interaction is needed to maintain glomerular homeostasis. Also, as individual glomerular compartments are affected by injurious agents, they must communicate among themselves to coordinate an effective reaction with the purpose of protection from the injurious process, and if necessary, turn on healing mechanisms at the appropriate moment.

Growth factors/cytokines are also produced by glomerular cell types other than mesangial cells, and their activation may indirectly affect mesangial homeostasis leading to detectable changes [85]. Glomerular disorders that are predominantly targeted to other glomerular compartments almost always recruit mesangial cells to be part of the morphological and functional derangements that accompany such processes. Growth factor signaling pathways are altered as a consequence of mutation of genes expressed by podocytes (i.e. transcription factors) and this results in profound effects on endothelial and mesangial cells.

Fig. 8. Nodular glomerulosclerosis. Light chain deposition disease. a Hematoxylin and eosin stain; ×500. b Immunohistochemical stain for TGF-ß, with diaminobenzidine (DAB) as a marker; ×500. a Mesangial nodules are clearly shown in this example of nodular glomerulosclerosis, with co-localization of TGF-ß in the mesangial nodules (b). TGF-ß activation and secretion by mesangial cells is responsible for the matrix increase seen in mesangial nodules. *Expanded mesangial areas with increased matrix.
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Gene targeting experiments in mice and genetic studies in humans have shown a crucial role for molecular cross-talk among different glomerular cell types during development, maintenance of homeostasis and in disease processes.

Primary tubular interstitial and vascular renal disorders are associated with production and secretion of cytokines that may alter mesangial homeostasis and result in detectable changes, functionally and morphologically. These changes can be conceptualized as reactive, as they are a response to primary non-glomerular pathological events. The most common identifiable changes are those of mesangial cell proliferation and matrix accentuation. In some instances, it is challenging to determine with certainty whether the mesangial alterations are primary or secondary.

Another important area where interaction among different glomerular cell components is essential is regression of glomerulosclerosis. While mesangial cells can readily proliferate and replenish the mesangial areas, interactions with podocytes and endothelial cells are essential for rebuilding functional glomeruli. Podocytes are known to participate in the secretion of specific growth factors, including VEGF-A and angiopoietin-1, which are crucial for maintaining normal glomerular endothelial function. Without interaction of mesangial cells with podocytes and endothelial cells, glomerular healing cannot occur satisfactorily [16, 86].

Mesangial Proteomics

Proteomics has been defined as the systematic analysis for identity, quantity and function of proteins. Proteomics aims at studying proteins quantitatively and qualitatively using various gelbased and gel-free methods. Mass spectroscopy, a type of gel-free proteomics technology, is a powerful methodology used to identify proteins by either direct sequence analysis or by matching peptide fragments using patterns that allow recognition of particular proteins that permit the identification of specific proteins. For example, mass spectroscopy is emerging as the technique of choice for characterizing amyloid precursor proteins in tissues, thus permitting accurate classification of amyloidosis and proper treatment, as there are therapeutic interventions targeted to specific types of amyloidosis [87, 88].

Another important use of proteomics is to identify the target molecule(s) for drug design and produce compounds for therapy of renal diseases. For this purpose, understanding mesangial pathobiology is very important and characterization of mesangium-specific or dominant genes is essential as the great majority of glomerular disorders target the mesangium directly or indirectly. One such gene is megsin (a novel mesangial cell-specific gene) which is upregulated in IgA and diabetic nephropathy when compared with its expression in minimal change disease, membranous nephropathy and normal kidneys, where mesangial participation is not necessarily part of the disease process. It is not surprising that megsin has also been shown to be upregulated in anti-Thy1 nephritis. In essence, megsin appears to be upregulated in disorders characterized by mesangial alterations, such as mesangial cell proliferation and matrix expansion, suggesting a key biological role for this gene in the pathogenesis of glomerulonephritis. However, the exact biological role of megsin remains unknown [89-94].

Proteomics is in its early developmental phase and in the future a number of new applications for this technique to better understand mesangial pathobiology are likely to be developed.

Conclusion

Our improved understanding of mesangial cell pathobiology has cleared the way to start devising new therapeutic interventions aimed at controlling, inhibiting, modulating and activating molecular targets to treat diseases and promote renal recovery. While abolishing the injurious agent(s) will remain paramount, especially when systemic in nature, trying to regulate pathological processes locally may provide a reasonable approach to prevent damage and/or promote or enhance healing. Stem cell therapy in one of its possible forms may soon regain strength and provide new exciting avenues for repairing what is currently felt to be apparently irreversible renal damage [95-102].

Stem cell approaches to heal mesangial injury are only at an early stage of development in the research laboratory, but may soon provide an untapped resource for potentiating rapid recovery. It is exciting that advances in mesangial cell pathobiology are permitting exploration of these new technologies and translation of laboratory findings to the patient’s bedside.

Recently, there has been much interest in potential stem cell-based therapies. One of these possibilities is that existing stem cells located in the different renal compartments could replenish injured areas, thus healing the particular compartments that have been damaged. Another possibility is that introduction of progenitor stem cells could be integrated into existing structures and mature in those particular locations.

Although the final word is not in yet, several conclusions appear to be valid at this time. There is no evidence that a renal master stem cell exists. It is more likely that there are progenitors of specific cell types or groups of cells (i.e. epithelial, mesangial, interstitial, tubular, etc.). Delivery of ‘support stem cells’ to damaged renal compartments may become a form of therapy. A third possible scenario is that progenitor stem cells may be re-stimulated in various locations to enhance repair.

Cell delivery directly into the renal parenchyma could be employed so that restricted regions of the kidney would be targeted. Elucidation of specific ‘homing’ mechanisms to attract cells to specific compartments and to create the required milieu for proper development and maturity of these cells for various functions is crucial for further development of this important field.

While progenitor stem cells are different than native cells, the end result obtained by enhancing their participation in the repair process, with the result of additional cellular elements engaged in the process, is essentially the same. Depending on the type of injury that occurs in the kidney and the specific compartment(s) affected, one or the other mechanism may be most effective. The future appears exciting and new ‘healing’ approaches will be integrated into therapeutic algorithms in the near future.
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Abstract

Parietal epithelial cells of Bowman’s capsules were first described by Sir William Bowman in 1842 in his paper On the Structure and Use of the Malpighian Bodies of the Kidney [London, Taylor, 1842], but since then their functions have remained poorly understood. A large body of evidence has recently suggested that parietal epithelial cells represent a reservoir of renal progenitors in adult human kidney which generate novel podocytes during childhood and adolescence, and can regenerate injured podocytes. The discovery that parietal epithelial cells represent a potential source for podocyte regeneration suggests that podocyte injury can be repaired. However, recent results also suggest that an abnormal proliferative response of renal progenitors to podocyte injury can generate hyperplastic glomerular lesions that are observed in crescentic glomerulonephritis and other types of glomerular disorders. Taken together, these results establish an entirely novel view that changes the way of thinking about renal physiology and pathophysiology, and suggest that understanding how self-renewal and fate decision of parietal epithelial cells in response to podocyte injury may be perturbed or modulated will be crucial for obtaining novel tools for prevention and treatment of glomerulosclerosis.

Copyright © 2011 S. Karger AG, Basel

Parietal epithelial cells (PEC) of Bowman’s capsules are polygonal flat cells that cover the inner aspect of Bowman’s capsules. They were first described by Sir William Bowman in 1842 in his paper On the Structure and Use of the Malpighian Bodies of the Kidney, but since then their functions have remained poorly understood and seem limited to the flow of the glomerular ultrafiltrate into the proximal tubule [1]. Nonetheless, morphologic studies have shown that the parietal epithelium is not homogeneous and contains cuboidal cells with prominent microvilli localized at the urinary pole [2-7]. In addition, other studies have shown that there are PEC analogous in size and shape to visceral podocytes, which are localized at the vascular pole in continuity with the podocytes of the glomerular tuft and cover up to 25% of the Bowman’s capsule [8-12]. Thus, PEC appear as a heterogeneous population of cells localized within the Bowman’s capsule. Their phenotype and function under physiological as well as pathological conditions has remained mostly unknown, thus making it difficult to make a clear definition of them.

During nephrogenesis, PEC, podocytes and proximal tubular cells share a common phenotype in the early stages of nephron development. Indeed, the cortical nephron develops from the metanephric mesenchyme. This development passes through several stages [13]: vesicle, comma and S-shaped, glomerular capillary loop, and mature glomerulus. The distal extremities of the dividing branches of the ureteral bud (the future collecting ducts) penetrate into the loose undifferentiated mesenchyme and induce aggregates of mesenchymal cells that gradually acquire an epithelial phenotype, express cytokeratins (CK) and form renal vesicles [13].

The renal vesicle then undergoes a series of invaginations and elongations to generate the comma-shaped and, afterwards, the S-shaped bodies. At this stage, the proximal end of the S-shaped body becomes invaded by blood vessels, differentiates into podocytes and PEC, and generates the glomerular tuft [13, 14]. Simultaneously, the middle and the distal segments of the S-shaped body that had remained in contact with the ureteric bud epithelium fuse to form a single continuous epithelial tube, and begin to express proteins that are characteristic of tubular epithelia [13, 14]. The phenotype of PEC diverges from podocytes at later stages. At the lower end of the S-shaped bodies, Bowman’s space begins to form, limited outside by a narrow band of PEC and inside by the crown of visceral epithelial cells, the future podocytes [13, 14].

When the glomerulus passes from the S-shaped body to the capillary loop stage, podocytes acquire their definitive phenotype, arriving at the mature glomerulus stage, which is associated with the formation of pedicels along the glomerular basement membrane, loss of their mitotic activity and the expression of proliferation markers [13-15]. In contrast, these cells express de novo the cyclin-dependent kinase inhibitors p27 and p57 [16, 17], which prevent cellular division by blocking the cyclin-cyclindependent kinase complexes [18], and they also start to express the proteins that are specific to mature podocytes [19, 20]. During nephrogenesis and in mature glomeruli, the common progenitors of PEC and podocytes express PAX2. The disappearance of PAX2 from podocytes corresponds to their definitive loss of ability to divide. PAX2 induces cellular proliferation [21] and is also anti-apoptotic [22, 23]. The downregulation of PAX2 by WT1 seems to be a prerequisite that permits the WT1-controlled differentiation of podocytes [24].

The close relationships between PEC and podocytes has allowed a clear distinction between these two cell types only on the basis of anatomical criteria and has delayed the understanding of the function and role of PEC in renal physiology. In addition, during glomerular disorders these anatomic distinctions are often lost within glomeruli, making it difficult to understand the contribution of PEC and podocytes to the pathogenesis of glomerular injury. However, the recent discovery of specific markers of these cells, as well as the advent of genetic tagging, has allowed the characterization of their phenotype and has shed new light onto the important role of PEC in renal physiology and pathology.

The Role of PEC in Healthy Conditions: A Renal Progenitor Niche

The role of PEC in renal physiology has acquired importance in recent years as the exponentially growing prevalence of renal disorders has focused attention on the mechanisms of kidney repair. The possibility of treatment of renal disorders has been severely impaired by our poor knowledge of the regenerative properties of the kidney [25, 26]. Indeed, the mammalian kidney shares with the majority of organs the ability to repopulate and at least partially repair structures that have sustained some degree of injury [25-27].

In most adult tissues, the process of wound healing by replacing the damaged or dead cells is maintained through the presence of stem/ progenitor cells [28, 29]. Thus, a great effort was focused on the attempt to identify putative renal stem cells in adult kidneys. Stem cells are functionally defined by their ability to self-renew and to differentiate into the cell lineages of their tissue of origin [28, 29]. Once activated, epithelial stem cells can generate a proliferating progeny, which is often referred to as transiently amplifying cells. In their normal environment, transiently amplifying cells actively divide for a limited period of time, thus expanding the cellular pool that will then differentiate along a particular cell lineage to make the tissue. In addition, stem cells are critically involved in regeneration in response to wounds. Unless the epithelial stem/progenitor cells are permanently damaged, most epithelia are able to repair their tissues following injury [28, 29]; when epithelial stem cells are depleted, fibrotic responses occur [28, 29].

In our search for putative renal stem cells in adult human kidneys, we used a combination of markers, such as CD24 (a surface molecule that has been used to identify different types of human stem cells) [30, 31], CD 133 (a marker of hematopoietic and other types of adult tissue stem cells) [32, 33], the polycomb group protein Bmi-1 (a transcription factor that is critical for maintenance of stem cell self-renewal) [34, 35] and the stem cell-specific transcription factors Oct-4 [36], to identify and recover a subset of PEC of the Bowman’s capsule that displayed self-renewal and multidifferentiation potential [14, 25, 26, 37-40]. Differently from all other types of renal cells, CD24+CD133+ PEC also expressed CD 106, a surface molecule that together with CD105, CD54 and CD44 is usually co-expressed by adult SC types that grow as adherent cells, such as mesenchymal SC [41]. CD24+CD133+ PEC isolated from adult human kidneys regenerated tubular structures in different portions of the nephron and reduced the morphologic and functional kidney damage in mice affected by acute renal failure, suggesting that these cells can participate in tubular regeneration in adult human kidneys [25, 26, 38-40].

Interestingly, several previous studies had shown that the proximal tubule arises at a variety of angles from Bowman’s capsule and that at least one part of the tubuloglomerular junction has an area of intermediate appearance, with prominent microvilli on parietal cells in humans, mammals and fish. These findings suggest that the parietal epithelium may be able to change to tubular and that this might particularly occur as the kidney grows, during severe renal disorders [2-7] or during ageing [8]. In most cases, however, repair of epithelial cells does not depend on cells generated from multipotent progenitors, but directly derives from the migration of epithelial cells from the neighboring epithelia, as previously reported for the skin [42, 43].

Several studies have suggested that the tubular epithelium can be self-renewing after acute kidney injury and that differentiated tubular cells proliferate and migrate to replace the neighboring dead cells [44-46]. Thus, renal stem/progenitor cells might contribute to tubular epithelium repair, but this probably occurs only when a renal tubular injury cannot be spontaneously repaired through the migration of neighboring unwounded tubular cells. However, CD24+CD133+ progenitors are physically located within the Bowman’s capsule, the only place in the kidney which appears to be contiguous with both tubular cells and glomerular podocytes [37, 38, 40], suggesting that CD24+CD133+ progenitors might also be responsible for podocyte regeneration after injury.

Unlike tubular cells, podocytes are postmitotic cells that cannot undergo complete cell division and are therefore unable to regenerate themselves [47, 48]. Previous studies have suggested the existence of transitional cells exhibiting a mixed phenotype between the PEC and the podocyte, predominating around the vascular pole where they are in continuity with the visceral podocytes [8-12]. Parietal podocytes were originally described or illustrated by TEM in the normal rat kidney several decades ago [49], and the close relationship between the JGA and parietal podocytes in the rat and other laboratory animals has been described [50, 51]. CD24+CD133+ progenitors also represent common progenitors of tubular cells and podocytes during renal development [37] as shown by the observation that CD 133 and CD24 co-expression identifies a subset of cells in the primordial nephron that display self-renewal and multidifferentiation potential [29] (fig. 1).

CD24+CD133+ progenitors are located in condensed mesenchyme-derived primordial structures, primary vesicles, comma-shaped bodies and S-shaped bodies (fig. 1a-d). In S-shaped bodies, CD24+CD133+ progenitors are located in the proximal loop, which give rise to both podocytes and the Bowman’s capsule of the primitive glomerulus, as well as in the distal loop (fig. 1d); however, when a primitive vascular tuft is evident within the cup-shaped glomerular precursor region, CD24+CD133+ progenitors are detected only in PEC of the Bowman’s capsule (fig. 1e). In maturing, as well as adult, glomeruli, CD24+CD133+ progenitors are selectively localized at the urinary pole of the Bowman’s capsule (fig. 1f).

Fig. 1. Series of schematics depicting the morphological events and the localization of CD24+CD133+ renal progenitors during the different phases of nephron development. Reproduced with permission from AlphaMed Press and Wiley-Blackwell [14]. Mesenchymal cells near the tips of the branching ureteric bud are induced and differentiate through a series of forms: aggregate (a), renal vesicle (b), comma-shaped bodies (c) and S-shaped bodies (d). Also shown is the developing vasculature within the glomerular cleft of an S-shaped body (e) and the glomerulus in a more mature nephron (f). Cells of the ureteric bud are stained in green. CD24+CD133+ renal progenitors are stained in red. a CD24+CD133+ renal progenitors (red) localize in the condensed mesenchyme, but not in the uninduced mesenchyme (white) or in the ureteric bud (green). b CD24+CD133+ renal progenitors localize in a primary vesicle, but not in the un-induced mesenchyme (white) or in the ureteric bud (green). c CD24+CD133+ renal progenitors localize in the comma bodies, but not in the un-induced mesenchyme (white) or in the ureteric bud (green). d CD24+CD133+ renal progenitors localize in the S-shaped body, in the proximal loop, as well as in the distal loop, but not in the un-induced mesenchyme (white) or in the ureteric bud (green). e CD24+CD133+ renal progenitors (red) localize in an S-shaped body after colonization by primordial capillaries and mesangium. f In maturing glomeruli, CD24+CD133+ renal progenitors (red) selectively persist as a subset of cells of the Bowman’s capsule localized opposite to the vascular pole.
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Fig. 2. Hierarchical distribution of renal progenitors in adult human glomeruli. Reproduced with permission from AlphaMed Press and Wiley-Blackwell [14].CD24+CD133+ renal progenitors (red) are localized at the urinary pole and are in close contiguity with podocytes (blue) at one extremity (the vascular stalk) and with tubular renal cells (white) at the other extremity. A transitional cell population (CD24+ CD133+PDX+, red/blue) displays features of either renal progenitors (red) or podocytes (blue), and localizes between the urinary pole and the vascular pole. At the vascular stalk of the glomerulus, the transitional cells are localized in close continuity with cells that lack progenitor markers, but exhibit the podocyte markers and the phenotypic features of differentiated podocytes (blue). Endothelial cells: yellow; mesangial cells: green; podocytes: blue; proximal tubular cells: white; renal progenitors: red.
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In adult human kidneys, CD24+CD133+ cells consist of a hierarchical population of progenitors that are arranged in a precise sequence within the Bowman’s capsule and exhibit heterogeneous potential for differentiation and regeneration [14, 40]. Cells localized to the urinary pole that express CD133 and CD24, but not podocalyxin (PDX) or other podocyte markers (CD24+CD133+PDX- cells), could regenerate both tubular cells and podocytes (fig. 2). By contrast, cells localized between the urinary pole and vascular pole that expressed both progenitor and podocyte markers (CD24+CD133+PDX+) could regenerate only podocytes [14, 40] (fig. 2). Finally, cells localized to the vascular pole did not exhibit progenitor markers, but did display phenotypic features of fully differentiated podocytes (CD24-CD133-PDX+ cells) [14, 40] (fig. 2).

These findings obtained in humans were consistent with a parallel study performed in rodents, which showed that transitional cells with morphologic and immunohistochemical features of both PEC and podocytes could be detected at the glomerular vascular stalk [52]. More importantly, the same study, by using an elegant model of genetic tagging of PEC in a triple-transgenic doxycycline-inducible mouse line, unequivocally demonstrated that podocytes are recruited from PEC which proliferate and differentiate from the urinary to the vascular stalk generating novel podocytes [52]. Thus, there is convincing evidence that podocytes can be recruited from a progenitor population localized at the urinary pole of the Bowman’s capsule, thus explaining how the growing glomerulus is covered by podocytes despite the inability of these cells to undergo cell division.

The Role of PEC in Diseases: A Response to Renal Injury

Glomerular injury can involve excessive proliferation of resident glomerular epithelial cells, resulting in the formation of crescents and obliteration of Bowman’s space. These abnormalities are typically seen in the hypercellular lesions of crescentic glomerulonephritis, but can also be observed in other types of glomerular disorders. So far, theories addressing the origin of aberrant epithelial cells in crescentic glomerulonephritis have been controversial [53-97].

While one explanation would be that these cells exclusively originate from PEC, another possibility is that some de-differentiated podocytes can acquire markers of PEC [53-97] (tables 1 and 2). Initially, based on ultrastructural observations, it was postulated that crescents result from the proliferation of glomerular PEC [67-72]. Subsequent studies demonstrated the presence of macrophages in crescents [73, 74]. Nonetheless, the majority of cells in crescents exhibit staining for PEC markers (e.g. CK, PGP9.5, pan-cadherin), indicating that these are the predominant cell type in crescents [70-72]. In addition, PEC play an active role in the progression from cellular to fibrous crescents by producing chemoattractants for monocytes, neutrophil infiltration and transmigration into periglomerular and intraglomerular spaces [75, 76], and by producing extracellular matrix molecules such as fibronectin and collagens I, III and IV [77, 78].

Despite the large series of studies showing the involvement of PEC in inflammatory glomerular diseases, PEC have generally been considered to be ‘innocent bystanders’ in non-inflammatory glomerular disease. However, epithelial hyperplasia and sometimes pseudo-crescent formation are found in a number of non-inflammatory conditions, most notably in focal segmental glomerulosclerosis (FSGS). In fact, lesions in FSGS with prominent epithelial hyperplasia may resemble cellular crescents, with the result that these cases may even be inappropriately diagnosed as crescentic glomerulonephritis.

Collapsing glomerulopathy is described as a clinically and pathologically distinct variant of FSGS characterized by black racial predominance, massive proteinuria and relatively rapid progressive renal insufficiency [79]. Collapsing glomerulopathy is pathologically characterized by segmental-to-global collapse of the capillary tuft and pronounced epithelial cell hyperplasia. Such a pattern has been described in HIV-associated nephropathy [80], parvovirus B19 infection [81], pamidronate toxicity [82] and in some patients with idiopathic FSGS [83, 84].

In a study on collapsing idiopathic FSGS and HIV-associated nephropathy, proliferating cells that did not express podocyte markers were described as podocytes based on their localization on top of the glomerular tuft, without an apparent connection to Bowman’s capsule [53]. However, these cells expressed markers that are not normally seen in podocytes, such as CK [85], PAX2 [86] and CD68 [86, 87], suggesting the concept of the ‘dysregulated podocyte’. Cells with a ‘dysregulated podocyte phenotype’ were also observed in a transgenic mouse (Tg26), in which several genes of the HIV genome are ectopically expressed in tubular and glomerular epithelial cells. Therefore, it was proposed that, the expression of HIV genes leads to de-differentiation and dysregulation of podocytes that is observed in HIV-related collapsing glomerulopathy.

It was also proposed that dysregulated podocytes can regain the ability to proliferate, causing epithelial hyperplasia. The observation that podocytes transfected with specific HIV genes (Tat or Nef-1) proliferate in vitro appeared consistent with this hypothesis [88, 89]. However, the existing data in the literature are conflicting. In contrast to in vitro studies, although podocyte-specific expression of HIV-1 Nef in mice caused podocytes to enter the cell cycle, mitosis was not completed and there was no proliferation [90, 91]. Furthermore, recent studies in animal models have suggested that the epithelial cells that proliferate in collapsing FSGS are not podocytes, but PEC. This hypothesis was supported by data obtained in a model of FSGS developed in transgenic mice carrying the mouse-human chimeric transgene that causes ectopic expression of the mouse Thy-1.1 antigen on podocytes [92, 93]. Injection of a monoclonal antibody directed against the Thy-1.1 antigen induces FSGS lesions with intraglomerular epithelial cell hyperplasia, which resembles human collapsing glomerulopathy [92, 93]. The proliferating epithelial cells in Bowman’s space were negative for all podocyte markers tested, including Thy-1.1, and expressed CD10, which is a PEC marker in the mouse, which was expressed from the pre-capillary stage onwards.

Table 1. Role and distribution of PEC and podocytes in glomerular hyperplastic lesions of human biopsies
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Table 2. Role and distribution of PEC and podocytesin glomerular hyperplastic lesions of animal models of glomerular disorders
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In a recent study where transgenic mice with podocyte-specific expression of CD25 and LacZ, driven by the Nphs-1 promoter, were generated, injection of LMB2 (an immunotoxin against the podocyte CD25 antigen) caused podocyte injury characterized by vacuolar degeneration of podocytes, hyalinosis and glomerular sclerosis with proliferation of epithelial cells in the Bowman’s space [94]. No evidence for proliferation or transdifferentiation of podocyte-derived cells was found; however, proliferating PEC migrating onto the glomerular tuft were observed.

Finally, in another study performed in HIV13FBV mice (which express HIV-1 genes in podocytes), prominent cell proliferation adjacent to the parietal epithelium lining Bowman’s capsule was observed in the Bowman’s space and were often positive for Ki-67 and CK [94]. In contrast, the cells adjacent to the glomerular basement membrane were rarely positive for Ki-67 and no cells were found to co-express synaptopodin and Ki-67, suggesting that most proliferating cells in Bowman’s space were derived from the parietal epithelium [94].

Similar results were also obtained in another model of collapsing glomerulopathy [95]. Indeed, podocyte injury in a model of p21-deficient mice, where podocytes were identified by podocyte lineage by genetic tagging, developed a complete histological picture of collapsing glomerulopathy [95]. X-gal staining and immunohistochemistry for podocyte and PEC markers revealed progressive podocytopenia with capillary collapse accompanied by PEC hyperplasia leading to FSGS. Non-tagged cells expressed neither WT1 nor nestin, while Ki-67 (a proliferation marker) was rarely associated with podocytes, but was expressed at high levels in PEC. Proliferating epithelial cells in Bowman’s space from a patient with recurrence of idiopathic FSGS after transplantation also stained positively for all PEC markers without expressing podocyte markers, thus arguing in favor of their origin from the parietal epithelium [96].

Obviously, the validity of marker analysis to determine cell origin can be questioned in view of possible de-differentiation accompanied by neo-expression by podocytes of antigens commonly found on PEC, especially since PEC and podocytes share a common embryonic origin. However, in the latter study [96], an additional argument was provided by three-dimensional analysis of the glomeruli. It was indeed shown that, in the absence of cell bridges between Bowman’s capsule and the glomerular tuft, PEC covering Bowman’s capsule acquired the CK8-positive phenotype before proliferation. These data are in agreement with the findings of other studies suggesting that PEC identified by their CK expression contribute to the hypercellular lesions in patients with idiopathic FSGS [63, 64, 97].

Taken all together, these studies allow the conclusion that PEC proliferate and play a role in the progression of human FSGS. Although the recent discovery that a relevant percentage of cells within crescents are stained by nestin, an intermediate filament protein specifically associated with podocytes in mature glomeruli and expressed during all stages of podocyte development, renewed the concept of the dedifferentiated podocyte [66, 98].

However, we have recently explored the possibility that hyperplastic epithelial cells present in human biopsies of different glomerular disorders might derive from distinct populations of CD133+CD24+ renal progenitors normally present in the Bowman’s capsule of the adult human kidney, i.e. more undifferentiated cells lacking podocyte markers (CD133+CD24+PDX-nestin-) and transitional cells (CD133+CD24+PDX+nestin+) [40]. By using confocal microscopy, laser capture microdissection and real-time quantitative RT-PCR, we could show that the majority of cells present in the hyperplastic lesions of collapsing glomerulopathy or crescentic glomerulonephritis display the features of renal progenitors of the Bowman’s capsule, with heterogeneous expression of podocyte markers. In addition, virtually all the proliferating cells (Ki-67+) within the hyperplastic lesions exhibited the renal progenitor markers CD133 and CD24, with or without the podocyte marker nestin.

Podocytes which were included within these lesions did not proliferate. Therefore, we suggest that the glomerular hyperplastic lesions are the consequence of an aberrant proliferative response of the renal progenitors of the Bowman’s capsule that may be considered as an attempt to replace the damaged podocytes. It might be hypothesized that in the chain of events that leads to glomerular sclerosis, the podocyte is initially injured and that renal progenitors from the Bowman’s capsule proliferate to replace damaged podocytes [99].

A further confirmation of this hypothesis came from lineage tracing experiments performed in transgenic mice with genetically labeled parietal epithelial cells in the nephrotoxic nephritis model of inflammatory crescentic glomerulonephritis as well as in the Thy-1.1 transgenic mouse model of collapsing glomerulopathy [64, 100]. In both models, genetically labeled PEC constituted the majority of cells that composed early extracapillary proliferative lesions and almost all of the proliferating cells [100].

Lineage-tracing experiments have demonstrated that following massive podocyte injury, PEC generate cell bridges with the glomerular tuft in several areas of the glomerulus, thus probably providing a slide for a quick replacement of lost podocytes. However, numerous areas of podocyte injury and glomerular epithelial stem cell proliferation heavily distort glomerular structural integrity, thus altering the polarity of PEC division. A polarized proliferation is a critical determinant of a correct stem cell differentiation [101-105]. This might explain why a disruption in PEC polarity initiates their abnormal proliferation and the development of hyperplastic glomerular lesions, thus impairing repair. Taken altogether, the results of these recent studies suggest that PEC represent a crucial player in glomerular physiology and in the pathogenesis of glomerular disorders.

Conclusion

Since they were first described almost 200 years ago, the function of PEC has remained poorly understood. A large body of evidence has recently suggested that PEC represent a reservoir of renal progenitors in adult human kidney which generate novel podocytes during childhood and adolescence and can regenerate injured podocytes. The discovery of a hierarchical population of renal progenitors among PEC of the Bowman’s capsule provides a new point of view for the understanding of glomerular physiology. In addition, the observation that renal progenitors generate hyperplastic glomerular lesions opens a novel view of the pathogenesis of different types of glomerular disorders, which may result from abnormal regenerative responses to podocyte injury.
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