N
N

N

HAL

open science

Mast cells and inflammatory kidney disease

Ulrich Blank, Marie Essig, Lisa Scandiuzzi, Marc Benhamou, Yutaka

Kanamaru

» To cite this version:

Ulrich Blank, Marie Essig, Lisa Scandiuzzi, Marc Benhamou, Yutaka Kanamaru. Mast cells and
inflammatory kidney disease. Immunological Reviews, 2007, 217 (1), pp.79-95.

065X.2007.00503.x . hal-03208572

HAL Id: hal-03208572
https://hal.science/hal-03208572

Submitted on 26 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1111/j.1600-


https://hal.science/hal-03208572
https://hal.archives-ouvertes.fr

Mast Cells and Inflammatory Kidney Disease

by Ulrich Blank™?, Marie Essig"?*?, Lisa Scandiuzzi'?, Marc Benhamou'? and Yutaka
Kanamaru?
"Inserm U699, Paris, F-75018, France; 2Université Paris 7-Denis Diderot, Faculté de
Médecine, Site Xavier Bichat, Paris, F-75018, France; *AP-HP, Hépital Bichat, Service de

Néphrologie, Paris, F-75018

Corresponding author : Ulrich Blank, Inserm U699, Faculté de Médecine, Site Xavier
Bichat, 16 rue Henri Huchard, 75018 Paris, France, Tel : 33 (0)1 44 85 62 62 ; Fax : 33 (0)1

44 85 62 60 ; email: ublank@bichat.inserm.fr

Total word count including table 1: 14192



Running title: MC and inflammatory kidney disease

Summary

Inflammatory kidney disease involves a complex network of interactions between
resident kidney and infiltrating haematopoietic cells. Mast cells (MC) are constitutively found
in kidneys in small numbers, but considerably increase in various renal diseases. While this
is usually interpreted as a sign of pathological involvement, recent data using MC-deficient
animals reveal their ability to restore kidney homeostasis. In anti-glomerular basement
membrane antibody-induced glomerulonephritis MC are protective by initiating repair and
remodeling functions counteracting the devastating effects of glomerular injury. Protection
may also include immunoregulatory capacities to limit autoreactive T cell responses. MC
cells also control tubulointerstitial fibrosis by activating tissue remodeling and neutralizing
fibrotic factors. Release of mediators by MC during inflammation could, however, also
promote unwanted responses that ultimately lead to destruction of kidney structure. This is
exemplified by data showing either protection or aggravation in related renal disease models.
Similarly, while the action of proteases may initially be beneficial, the generation of fibrosis
promoting angiotensin Il by chymase also demonstrates the limits of adaptive responses to
achieve homeostasis. Thus, it is likely the physiological context involving the interaction with
other cells and inflammatory mediators that determines the final action of MC in the

development of kidney disease.



1. Introduction

Kidney diseases are complex inflammatory disorders that are either congenital or - in
most cases - acquired. The latter involve a variety of mechanisms successive to an injury
induced by immunological (Goodpasture disease, lupus nephritis, IgA nephropathy),
metabolic (diabetic nephropathy), hemodynamic (hypertension), ischemic (shock) and toxic
(antibiotics, fungi) assaults. Independent of their aetiology, they all have in common
involvement of an inflammatory process destined to counteract the injurious event, but which
can also lead to the development of renal glomerulosclerosis and tubulointerstitial fibrosis
with the final consequence of end-stage renal disease when most of the functional filtration
units (nephrons) of the kidney have been destroyed. It has been known for quite some time
that infiltrating immune cells are major actors in the pathophysiology of disease development
including in those that are not of immunological origin (1-3). These cells initiate a complex
network of events that include the production of inflammatory cytokines/chemokines and
growth factors, local tissue responses, tissue remodeling, cell-cell interactions that together
affect the disease process.

Mast cells (MC) are present in virtually every vascularised tissues of the human body
including in the kidney. Like in any other tissue, MC are thought to participate in the
inflammatory response that follows kidney injury by their ability to secrete a large variety of
inflammatory mediators (4). These are either rapidly released from sources prestored in
cytoplasmic granules like histamine and unique proteases or after de novo synthesis such as
for prostaglandin and leukotriene lipid compounds and for a large set of cytokines and
chemokines. MC can also directly interact through direct cell-cell contact with other cells of
the immune system such as for example T cells, B cells and dendritic cells (4). Together,
these functions participate in the orchestration of the inflammatory reaction by promoting
vascular permeability, local tissue responses, attraction of other inflammatory cells and by
regulating immune responses. Inflammation is in principle destined for repair of tissue
structure and function. However, this function can be compromised due to initial heavy

damage, inappropriate persistent stimulation or defective regulation of inflammation. In this



case chronic inflammatory disease develops with MC as important components, as is known
for pathologies like allergies, asthma, rheumatoid arthritis, etc (4-6). Many recent evidences,
however, have emphasized that MC also participate in restoration of homeostasis by their
ability to fight bacterial invaders (7) and parasites (7) or to neutralize toxic compounds such
as endothelin (8) and venoms (9). MC are also involved in tissue repair mechanisms as they
secrete various products such as heparin, proteases, growth factors etc. that are able to
regulate the clotting system, fibrinolysis and tissue matrix remodeling (6, 10).

Interest about research on MC in the kidney arouse with the discovery that the
number of MC in this organ is increased in a variety of diseases (11-13). Crucial were also
the findings that infiltrating inflammatory effector cells and associated inflammatory cytokines
and chemokines can play an important role in the development of glomerulonephritis (GN)
and tubulointerstitial fibrosis leading to end-stage renal failure. This spurred interest to
analyze the role of MC in the kidney in further detail. In the following we review the
accumulated data that now include also research carried out using MC-deficient mice or rats
in several disease models. They indicate that MC may not necessarily be involved in the
development of kidney pathology, but could have a beneficial role to restore normal kidney

homeostasis.

2. Kidney disease and inflammation

The kidney contains about 1 to 1.3 million nephrons. These are composed of the
glomeruli located in the cortex serving as the filtration devices and of the tubules, in which
the final concentrate of the urine is composed and electrolyte homeostasis is maintained.
The glomerulus is a capillary tuft of afferent and efferent arterioles held together by the
mesangium and surrounded by the Bowman’s capsule. Within the glomerulus the blood
passes a filter composed of the fenestrated vascular endothelial cells, the underlying
glomerular basement membrane (GBM), and the visceral epithelial cells or podocytes

forming an interdigitating network called foot processes around the capillaries. Filtrated fluid



and soluble material enter the Bowman’s space from where they will leave the glomerulus
into the proximal tubules.

Inflammation is a hallmark of kidney disease involving both glomerular and
tubulointerstitial structures but has been mostly studied for glomerular diseases. At the acute
phase, it is characterized by secretion of various mediators leading to the influx of blood
cells, phenotypic changes of resident renal cells and extracellular matrix remodeling.
Inflammation often resolves spontaneously with reduction of blood cell infiltration and return
to a “normal” phenotype of renal cells after tissue repair, adaptive responses and
regeneration. However, in progressive disease it leads to scarring of large parts of the
parenchyma with reduction of renal filtration and finally to end-stage renal disease (Fig. 1).

An inflammatory response could be triggered directly by infection or metabolic injury
of glomerular cells. Genetic defects in components of the glomerular basement membrane
(14) or the slit diaphragm of podocytes (15) have been also incriminated recently in the
genesis of glomerular inflammation. However, most of the known mechanisms initiating
glomerular injury are immunological disorders including autoimmunity against normal
components of the glomerular structure such as in Goodpasture disease, or deposition of
immune complexes such as in systemic lupus erythematosus or IgA nephropathy. Deposition
of circulating immune complexes may occur in the glomerulus by binding to Fc receptors
expressed on mesangial cells in IgA nephropathy (16) or by passive deposition in the
mesangium or subendothelial space. In situ formation occurs when antibodies bind directly to
intrinsic glomerular antigen or when a non-glomerular antigen deposits in glomerular
structures such as cationic proteins which can bind anionic basement membrane.

The molecular nature of the autoantigen is generally not known except in
Goodpasture syndrome where the inflammatory reaction involves antibodies, which
recognize a specific antigen present in the GBM. The Goodpasture’s antigen is a
glycoprotein fragment which has been identified as the NC1 domain of a3 chain of type IV
collagen, the major component of the mammalian BM (17, 18). The disease is strongly

associated with HLA-DR15 and it is speculated that initiating events such as infection,



exposure to toxins, renal injury, ischemia and various types of neoplasia could expose critical
epitopes by altering GBM structure (18). Autoantibodies against glomerular endothelial and
mesangial cells have been also reported in some patients with lupus nephritis (19) and
autoantibodies against glomerular epithelial cells are postulated to be present in
membranous nephropathy (20). Autoantibody synthesis could also occur after bacterial or
viral infection or oxidant synthesis such as may occur with smoking or aging. Cell-mediated
immunity has been also involved in some GN. T cells sensitized to endogenous or
exogenous antigens present in the glomeruli may promote delayed-type hypersensitivity
reaction and activate macrophages effector functions. In minimal change disease and
primary focal segmental glomerulosclerosis, T cells have been postulated to induce a
permeability factor and injury of podocytes leading to the loss of sieving function of the
glomerular basement membrane (21, 22). The second most important mechanism of GN is
direct injury of glomerular cells, which could result from numerous factors among them viral
infection (HIV, HVB), drugs or toxins and metabolic or mechanical stress. Glomerular
endothelial injury in thrombotic microangiopathy is one example of inflammatory response
resulting from direct glomerular injury. In most cases, it is induced by drugs, toxins, genetic
variations in the complement regulatory proteins or the activity of proteases that cleave the
von Willebrand factor (23-25). Diabetes is an example of glomerular damage induced by
metabolic injury whereas mechanical stress such as flow-induced stretch or shear stress in
the remaining nephron is thought to be a major determinant of the progression of renal
disease after the reduction in the number of functioning nephrons (26, 27).

In immune complex-mediated GN the binding of antibody complexes constitutes the
initial trigger for the recruitment and activation of inflammatory cells such as neutrophils or
macrophages through activating IgG or IgA Fc receptor (FcR)-dependent mechanisms.
These play a crucial role in injury as has been shown in several experimental models of GN
(1, 28-30, 31 and Kanamaru et al, submitted). FcR-bearing cells are attracted by and can
release factors that induce further damage, such as lysosomal proteases, reactive oxygen

species, lipid degradation products, numerous chemokines or cytokines, among which TNF



could play a major role (32, 33). They may also promote the recruitment and activation of T
cells. Inflammatory cell recruitment into glomeruli and interstitial spaces is further enhanced
by the expression of adhesion molecules on endothelial cells (34). In parallel, one observes
also the activation of the complement system (with the exception of IgAN) through C1
(classic pathway) or C3 (alternative pathway). This activation leads to the formation of a
membrane attack complex that can directly induce tissue damage or indirectly, by
recruitment of inflammatory cells (35, 36). The massive endocapillary injury induces the
activation of the coagulation pathway and stimulates fibrin deposition. Released products
may also lead to the recruitment and/or activation of MC. At present it remains unknown
whether this takes place during the acute phase of inflammation or during the later phases of
disease development or both (Fig.1).

Another hallmark of glomerular inflammation is the phenotypic changes, which occur
in resident renal cells. Mesangial and tubular cells have been demonstrated to acquire a pro-
inflammatory and pro-fibrotic phenotype (37, 38) while endothelial cells promote the
recruitment of inflammatory cells though the expression of adhesion molecules. The ensuing
secretion of reactive oxygen species, nitric oxide, lipids-derived factors, cytokines and growth
factors further amplifies the infiltration and additionally modifies the behavior of neighbouring
cells. This contributes for example to the increased proliferation of mesangial cells leading to
the hypercellularity of the mesangial space. Mesangial cells also develop an undifferentiated
phenotype of myofibroblasts with the expression of alpha-smooth muscle actin, a molecule
abundant on vascular smooth muscle cells (37). The activation of tubular cells is thought to
result from proteinuria (39) or directly through the complement fragments or other
inflammatory mediators present in the urine fluid (40). Proteinuria resulting from glomerular
damage is able to activate tubular cells and to induce toxicity either directly or via the
generation of oxidant products or complement activation. Like mesangial cells, activated
tubular cells have been demonstrated to release chemotactic factors among which MCP1,
osteopontin and TGF-B1 seem to play a major role by inducing the recruitment of

monocytes/macrophages and lymphocytes in the interstitial space (41-43). Activated tubular



cells are also able to proliferate or “trans-differentiate” into myofibroblats with pro-fibrotic
activity (44). The main characteristic of phenotypic changes in podocytes is structural
alterations of the foot processes and slit diaphragm leading to proteinuria. Podocytes have
the capacity to replicate and to populate glomerular crescent (45), but they usually engage in
a defective cell cycle finally leading to loss of several differentiation markers of podocytes
such as WT1, synaptopodin or nephrin. These undifferentiated podocytes seem no longer
able to support normal capillary tuft function thus leading to the development of
glomerulosclerosis (46).

The other major histological feature of GN is the imbalance between extracellular
matrix synthesis and proteolysis leading to the deposition of abnormal extracellular matrix
containing new constituent of collagen such as interstitial collagen | and Ill, while collagen IV
is the only collagen component in the normal glomerular basement membrane (47). An
increased synthesis in collagen IV and other components of the extracellular matrix has been
shown in mesangial cells during the course of GN mostly induced by pro-fibrotic molecules
such as TGF-p1 (48). The latter also increases the synthesis of the tissue inhibitors of
metalloproteinases and the type 1 inhibitor of the plasminogen activators (PAI-1) (49), which
inhibits the degradation of ECM components as well as of fibrin by the plasminogen/plasmin
pathway. Of note, fibrin is an important mediator of glomerular injury and deficiency in
plasminogen, combined deficiency in tissue type plasminogen activator and urokinase type
plasminogen activator or urokinase receptor are associated with severe functional and
histological exacerbation of glomerular and tubular injury (50).

Mechanisms involved in the resolution of glomerular or tubular injury include
clearance of inflammatory blood cells, return to a normal number of resident renal cells and
remodeling of the extracellular matrix in order to restore high order structures. Clearance of
neutrophils is mostly done by local apoptosis (51) whereas macrophages seem to migrate
via the lymphatic vessels perhaps to undergo apoptosis in draining lymph nodes (52).
Apoptosis of mesangial and endothelial cells is another hallmark of the resolution of

glomerular injury (53, 54). However, unscheduled apoptosis of glomerular cells, especially



podocytes, may lead to a hypocellular, nonfunctional scar. Indeed, podocyte loss has been

involved in the genesis and the severity of numerous GN (55, 56)

3. Mast cells in the kidney
3.1. Localisation and characteristics of MC in normal and pathologic kidneys

MC can be identified by histologic analysis using their specific granular content of
proteoglycans that stain with metachromatic dyes such as toluidine blue. They can be also
identified using immunohistochemical staining with anti-tryptase and anti-chymase
antibodies. Large differences have been noted when applying the two methods for the
detection of human renal MC in that immunohistochemical detection allows to identify much
higher numbers of MC (11). It should be noted that under some circumstances hyper-
vacuolated cells with a paucity of metachromatic cytoplasmic granules have been observed
in various inflamed epithelia, including in cortical tubular epithelium (57). Such cells, which
could represent degranulated MC are not necessarily detected by classical methods, but can
be revealed for example by electron microscopy.

Already early on it was reported that MC increase in numbers in the renal interstitium
of various human kidney diseases (57, 58). The presence of MC was also found in kidney
(glomerulus, interstitium and tubules) of rats to which a magnesium deficient diet was
administered (59). The first immunohistochemical study with anti-tryptase antibodies was
published in the 1996 and demonstrated again that MC numbers increased in response to an
acute cellular rejection of human renal allografts (60). Table 1 summarizes the data obtained
for normal MC and various renal pathologies from several reports in the literature (57, 61-67).
They show that normal kidney parenchyma contains only few MC. However, in various renal
diseases their occurrence often strongly increases over that in normal kidneys. In most cases
this also correlates with the serum concentration of creatinine and with the intensity of
tubulointerstitial injury and fibrosis (66). It should be noted, however, that considerable
heterogeneity exists among patients, reflected also by the important standard deviations

observed in these studies including our own (M. Essig, unpublished). Most MC were found in



the interstitial space where they concentrate in areas close to blood vessels, tubular
structures, mononuclear cell infiltration and fibrosis (65, 66). Although periglomerular
localisation was also noted, they were never found in the glomeruli. An example for the
scattered distribution of tryptase positive MC in lupus nepbhritis patients is shown in Fig. 2. In
some diseases such as chronic GN or pyelonephritis, tubular MC were also observed. As
already mentioned, these contain a high proportion of hypervacuolated cells that stain poorly
using classical methods and may correspond to degranulated MC (57).

As various subtypes have been defined on the basis of protease content, analysis of
kidney MC have also included the study of MC subtypes. They indicate that kidneys contain
three subtypes, which are tryptase positive mucosal-type MC (MC;), double-positive
tryptase-chymase connective tissue type MC (MC+¢) and a third chymase-positive phenotype
(MC¢), which was, however, observed very rarely. In normal kidneys, although the overall
number is low, both tryptase and chymase staining cells are present with the numbers of the
former being about twice the number of the latter (61, 63). This suggests that both MC
subtypes are present with tryptase positive cells slightly outhumbering the tryptase-chymase
positive cells. The ratio of MC subtypes (MCt and MC+c¢) in the renal interstitium seems to be
different among renal diseases. In rapidly progressive GN, the MC+-type was dominant (64)
as it is in normal kidneys. By contrast, IgA nephropathy and diabetic kidneys had many
MC+c-type MC (65, 68). In rejected transplanted kidneys, the ratio of MCy and MCyc was
variable, and MC¢ -type MC were present (68).

In another study a distinction between two groups of patients could be made, those
with relative increase (~9-fold) in tryptase-positive cells (Chy- group) and those with a relative
increase of both tryptase (~14-fold) and chymase (~18-fold) positive cells (Chy+ group) cells
(63). The latter group also contained significant numbers of cells that stained positive with
chymase only (MCc¢). An increase of both tryptase-positive and chymase positive cells was
also observed in diabetic nephropathy patients (61). In contrast to these reports, another
study performed on renal tumor specimen reported that renal MC contained tryptase, but

only low or undetectable amounts of chymase (62). Isolated MC from the tumors could be
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stimulated via IgE receptors but not with complement fragment C5a known to be present only
on MC+c. Thus, this report suggested that renal MC contained essentially MC+ cells that do
not express receptors for complement fragments.

The increase in the number of MC and correlation with the severity of disease has
often been interpreted in that MC could play a pathogenic role in renal disease. However,
clear evidence for this has not been presented in many of these studies. More recent data
suggest that MC can also have beneficial roles and that besides infiltrating cells, systemic
effects of MC or immunologic processes initiated by MC in adjacent lymph nodes could be

also important (see below).

3.2. MC growth factors in kidney

It is currently unknown, how MC are recruited into kidneys, although one important
factor could be stem cell factor (SCF), the prototypic growth factor for MC. Indeed, evidence
has been presented showing an increase of SCF in patients with renal disease. Kitoh et al
showed that serum levels were elevated by about 5-fold in patients with end-stage renal
failure (69). Further analysis revealed that higher levels correlated closer with blood renal
function parameters than with red blood cell counts and haemoglobin levels, which are also
affected in renal disease. This suggested a relationship with the deterioration of renal
function. A significant correlation between the number of interstitial MC and serum SCF
levels was also observed in patients with anti-neutrophil cytoplasmic autoantibody (ANCA)-
associated GN (70). Direct immunohistochemical analysis of SCF in human kidney (71, 72)
revealed that SCF was barely detectable in normal kidney, but that there was a marked
upregulation in GN patients who developed chronic renal failure. SCF was both cellular and
interstitial and correlated with the number of MC. It appeared to localize in areas of interstitial
expansion and fibrosis. Cell-associated SCF was detectable primarily in tubular cells and
interstitial infiltrating cells. SCF was also detected in cells within the glomeruli. Whether these

cells produce SCF and attract MC to the kidney remains, however, to be determined.
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Another important factor involved in selectively promoting the appearance of MC in
kidney could be IL-9, one of the cytokines produced by activated TH2 lymphocytes known to
enhance MC survival, proliferation and expression of MC-specific products. It was found that
IL-9-deficient mice have lower numbers of MC and are severely impaired in their capacity to
develop mastocytosis in synchronous pulmonary granuloma formation upon injection of
Schistosoma mansoni eggs (73). In IL-9 transgenic mouse, MC hyperplasia has been
observed in the gastric and intestinal epithelia, the trachea and in kidney epithelium but not in
the skin (74). The number of MC increased in the epithelial layer of renal tubules in this
transgenic mouse, although degranulation of the MC did not occur in contrast for example to
IL-4-transgenic mice where piecemeal degranulation and fibrosis in lesions of the eyelids
were observed (75). However, neither degranulation of MC nor increase in MC number has
been reported in the kidney of this mouse. Interestingly, MC from IL-9 transgenics showed a
phenotype related to connective-type MC staining positive for both tryptase and chymase
even at mucosal sites indicating some specific importance of IL-9 in MC differentiation. As
indicated above it was shown that MC in renal diseases exhibit a highly heterogeneous
phenotype in the expression of MC proteases. It is therefore possible that variable levels of
IL-9 in renal disease could play a role in determining this heterogeneity. In vitro, IL-9 was
unable to induce MC growth and differentiation; however, it clearly had synergistic activity
with IL-3 and SCF, the classical growth factors of murine MC, and also strongly influenced
the pattern of expression of MC proteases. Although IL-9 has been shown to play a role in
differentiation of murine MC in the kidney, no evidence exists as of yet concerning the role of
IL-9 in human disease.

Besides SCF and IL-9 other chemokines that are expressed during the inflammatory
response in injured kidneys may contribute to the recruitment of MC. MC were shown to
express a large variety of chemokine receptors (76) amongst which for example CCR1 and
CCR3 that can bind MIP1a, eotaxin and RANTES (77, 78). Besides mediating chemotaxis,
the interaction with chemokine receptors may also induce cross-talk signals that can amplify

or inhibit specific MC responses (77). TGF-B, one of the major factors involved in
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tubulointerstitial fibrosis (see below) has been also described as a powerful chemoattractant

for MC (79).

3.3. MC mediators in the kidney

MC have a unique set of receptors allowing them to respond in a variety of
physiological situations, for example in immune defense mechanism or in inflammatory
responses, with the secretion of a large variety of inflammatory mediators. Some are
released from sources prestored in cytoplasmic granules, others are newly synthesized upon
activation. The contribution of mediators released by MC to renal disease is not well
documented. In the following we try to summarize some of the potential actions of MC
released products in renal disease mechanisms.

Although MC-released histamine is known as a potent vasodilator, so far this
mediator has not been incriminated in the development of kidney disease. Its secretion into
urine seems to be decreased in patients with proteinuria, which could be a result of a
compensatory hemodynamic response to limit urinary protein losses (80). By contrast,
proteases like tryptase and chymase also released from cytoplasmic granules could
represent major players in kidney diseases. Tryptase is one of the most abundant mediators
stored in cytoplasmic granules and has potent proteolytic activity (against fibronectin,
calcitonin gene-related peptides, kininogen ...) that could also be relevant in kidney disease
(81). It has remarkable resistance to inhibition by blood plasma proteinase inhibitors and its
activity is increased at acidic pH such as may occur at inflammatory sites. It has been
reported that MC-derived tryptase might act as a link to fibrosis development as it supports
fibroblast proliferation via the activation of protease activated receptors (82) and the
synthesis of type | collagen (83). Tryptase also caused the increase in DNA synthesis of
renal fibroblasts in vitro, especially when co-incubated with heparin and also increased the
synthesis of collagen | of cultured renal fibroblasts (84). Tryptase can also interfere with the
blood clotting system by direct inactivation of fibrinogen and thus work as a coagulation

prevention factor (85). Cleavage also significantly reduced fibrinogen binding to endothelial

13



cells (86). These activities could be important in GN development, which is significantly
diminished in fibrinogen-deficient mice (87). Another MC-specific protease is chymase, which
is a serine protease with chymotryptic activity. MC chymase may have antithrombotic
functions as mouse MCP-4 chymase has been known to inactivate thrombin (88). MC
chymase also plays a key role in the activation of matrix metalloproteinases such as MMP-2
and MMP-9 by its capacity to process the proforms to the active forms and thus promoting
connective tissue homeostasis (89). This effect may be enhanced by the ability of chymase
to cleave one of the endogenous inhibitors TIMP-1 (90). Recently it has been reported that
MC chymase and another secreted protease carboxypeptidase A can also degrade
endothelin-1, a 21-aa peptide with potent vasoconstrictor and proliferating properties (8).
Endothelin-1 can be produced by renal tubular cells and has been incriminated to participate
in the interstitial inflammation in various renal disease models (91). Chymase may also
contribute significantly to kidney pathology by its ability to generate Angiotensin-Il (Ang Il) in
addition to Angiotensin Converting Enzyme (ACE) activated by the kidney-localized renin-
angiotensin system (92). Ang Il increases the blood pressure and independently also
contributes to fibrosis development by its potent pro-inflammatory activity that induces the
expression of cytokines, chemokines, adhesion molecules, growth factors and reactive
oxygen species (93). Recent study in ACE-knockout mice has shown that local Ang Il
generation within the kidney is unchanged due to an upregulation in the chymase activity
(94). Of note, rat MC chymase has been demonstrated to cause an increase in epithelial
permeability and alters the distribution of tight junction proteins (95).

Besides granule-stored enzymes MC secrete also large amounts of proteoglycans,
notably heparin. Besides its role in the storage of granule proteases, heparin has been
known for long for its potent anti-thrombotic activities. It has been known also as an anti-
inflammatory agent, an activity that is uncoupled from its anticoagulant properties in multiple
pathophysiologic situations, but which is still poorly characterized (96). Heparin has also

been shown to modulate mesangial cell proliferation.

14



In addition to granule-released products MC also newly synthesize mediators
amongst which are arachidonic acid metabolites such as the leukotriene (LT) and
prostaglandin (PGD) compounds (97). Although these can be produced by a variety of other
inflammatory cells, it has been shown that MC-derived LTB4 serves as a powerful and rapid
chemoattractant for effector CD8-positive T cells but not memory T cells (98). As effector T
cells are also involved in GN development such a mechanism could be also relevant in the
pathological mechanisms that promote injury in the kidneys. The lipid derived products also
represent important stimuli for intrarenal vasoconstriction and mesangial cell contraction.

Besides heparin, MC can produce a variety of other products that affect the blood
clotting system. Notably, it has been reported that human tissue MC and the human MC line
HMC-1 constitutively produce tissue plasminogen activator tPA known to convert the
fibrinolytic enzyme plasminogen from its pro-form into plasmin. Upon activation by
complement fragment C5a they also produce the endogenous plasminogen inhibitor 1 (PAI-
1) in excess over tPA. Given that plasmin can inactivate C5a this suggests that complement
fragment-mediated activation could be controlled both in an autocrine and paracrine fashion.
On the other hand, as described above, other MC products such as tryptase may have
potent fibrinolytic activities. Thus, it is difficult to judge what will be the net action under
physiological or pathophysiological conditions in vivo, although most of the actions seem to
be in favour of a balance for a net fibrinolytic activity. Given that fibrin deposition constitutes
an aggravating factor in GN (50) this could indicate a beneficial action of MC in GN.

MC are probably the cell-type known to secrete the largest variety of growth factors,
cytokines and chemokines involved in inflammatory responses. Some like TNFa, MCP-1,
FGF, VEGF and TGF-B1 are known to be directly involved in kidney pathology as revealed in
a variety of animal models (see below). However, given that other resident and infiltrating
cells involved in the inflammatory response in kidney disease can also synthesize these
products, it is likely to observe redundancy. Thus, it will be difficult to judge the relative

contribution of the MC-produced factors.
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Besides the action of inflammatory products, MC may play an important role in
kidney disease by directly influencing the immunoregulatory responses involved such as for
example in autoimmune— or immune complexes-mediated kidney diseases. It has been
known for many years that MC are important effectors in the development of certain T cell-
associated responses, likely by providing some essential co-factors such as TNFa (99).
Recently, MC have been shown to represent an essential intermediate for the development
of B cell responses in immune complex autoantibody-driven arthritis (5). Contrary to these
proinflammatory properties of MC that may be relevant in many diseases, MC have been
recently involved in the regulation of immunosuppression. Thus, they were shown to be
essential for the development of regulatory T cell (Treg)-dependent peripheral tolerance
against skin allografts (100). Importantly, it appears that IL-9 is an essential T cell product

that recruits and activates MC to mediate the regional immune suppression.

4. Role of MC in kidney diseases
4.1. MC in anti-GBM-induced glomerulonephtritis

In GN the normal function of filtration is affected following an inflammatory process.
Although MC have been observed in increased numbers in human GN it is difficult to judge
their participation in disease as usually a number of other inflammatory cells are seen to
infiltrate the kidney. Furthermore, systemic effects independent of the inflammatory cell
infiltrate cannot be excluded as the kidney represents a particularly highly irrigated organ.
One possibility to dissect the roles of MC in various inflammatory diseases is by the analysis

of experimental disease models in WBB6F;-Kit""'Y

mice that genetically lack MC due to two
mutations in the MC growth factor receptor for SCF c-kit. W/W" mice ordinarily have < 1% the
wild-type levels of skin MC and usually no detectable MC in the peritoneal cavity, respiratory
system, gastrointestinal tract or other sites. These mice can be specifically reconstituted with

MC to effectively show that the observed phenotype is indeed due to the absence of MC and

not any one of the other deficiencies (anaemia, melanocytes etc) seen in these mice (4).
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Researchers have begun to study the role of MC in glomerular diseases using W/W"
mice in an experimental model of Goodpasture disease initially developed by Masugi, which
involves the injection of antibodies directed against the GBM (101). The Masugi’'s model is
characterized by a heterologous phase that follows the injection of the heterologous anti-
GBM antibodies. This phase is characterized by a rapid (within one hour) and massive, but
transient influx of neutrophils that, through FcR- and complement-dependent mechanisms,
leads to the initial glomerular injury and proteinuria. This is followed by an autologous phase
that develops after the host mounts its immune response to the injected antibodies (28, 29,
35, 101). The latter can be accelerated when hosts are preimmunized with normal IgG in
complete Freund’s adjuvant a few days before injection of the anti-GBM antibody. The
autologous phase is characterized by the infiltration of a second set of inflammatory cells
such as FcR-bearing macrophages and T cells that are also effectors of injury and further
promote disease development towards renal failure. The importance of T cell responses has
been demonstrated in several studies. They suggest a role for CD4 T cell driven TH1-type
responses with development of delayed-type hypersensitivity-like cellular effectors (CD8 T
and macrophages) as well as TH1 Ig isotype production (102). Recently, defects in
regulatory T cells have been implicated as a potential mechanism of pathology (103).

Three different studies have analyzed the role of MC in anti-GBM-induced GN using
MC-deficient mice with, however, somewhat different outcomes and conclusions. While both
in our study (104) and the study of Hochegger et al (105) MC were protective, they were
disease-aggravating in the study of Timoshanko et al (106). In our study, following injection
of the anti-GBM serum, disease developed rapidly and MC-deficient W/W" mice showed high
mortality that appeared already during the early heterologous phase. Essentially all MC-
deficient mice died within 14 days, while +/+ mice showed high survival rates. Reconstitution
of the MC population in W/W"' mice restored the protection confirming that mortality was
indeed due to the absence of MC. Histological analysis revealed as a striking feature the
presence of thick layers of subendothelial deposits in W/W' mice, while +/+ mice or MC-

reconstituted W/W"' mice showed much less. These deposits appeared during the early
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phase of the disease and persisted thereafter. They were accompanied by elevated
glomerular macrophage infiltration in W/W" mice, while T cells were essentially absent as
glomerular infiltrate with no differences noted between the groups of mice. We also noted an
absence of MC infiltrate in the wild-type mice suggesting at the same time the possibility that
the MC effect could be due to systemic activation of MC. Further analysis revealed that the
deposits contained fibrin and type | collagen that were significantly increased in W/W" mice.
In agreement with high amounts of fibrin, W/W" mice were unable to maintain high tissue
plasminogen activator (tPA) and urinary-type plasminogen activator (UPA) activity in urine at
the late phases of the disease. It is known that fibrin is a key factor in GN development and
contributes to the rapid progression of the disease as shown in fibrinogen-deficient mice (87).
Based on this we suggested that the protective action of MC was due to their capacity to
mobilize remodeling and repair functions. We also analyzed the contribution of MC-
expressed activating Fc receptors in the protective effect by reconstituting W/W" mice with
MC derived from mice lacking FcRy, the common subunit of activating FcR. No significant
differences were seen as compared to mice reconstituted with MC from wild-type mice
suggesting that protection was mostly independent of the activation of FcR. Other stimuli
may include complement fragments such as C3a or C5a, endothelin or other inflammatory
mediators that could be produced during the initial inflammatory phase of the disease (4,
101, 107). In the study of Hochegger et al (105) the authors also found an increased
mortality after administration of anti-GBM antibodies in W/W" mice as compared to +/+ mice
or W/W" mice reconstituted with bone marrow cells. The rise in mortality appeared, however,
relatively late in the disease and became apparent essentially between day 14 and day 21.
Similar to our study W/W" mice contained thick subendothelial deposits. The authors also
found increased numbers of macrophages in the interstitium of W/W" mice and surprisingly
also highly increased numbers of interstitial CD4 and CD8-positive T cells at day 14 and 21,
that were not observed in our study. In addition, they found considerable infiltration with MC
of the draining lymph nodes while, like in our study, MC were virtually absent in the kidney.

Based on this the authors suggested that MC may be able to induce protection by their ability
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to modulate the influx of effector T cells and macrophages to the inflammatory sites in the
kidney. They speculated that the absence of MC could disturb the anti-inflammatory counter-
balance exerted by regulatory T cells. In a third study, the authors used a non-accelerated
model of the disease by injecting the antibodies in two individual doses in the absence of
adjuvant and most of the collected data were scored at day 21. Under these condition W/W"
mice were found to have decreased dermal DTH responses to the injected antibodies, a
lesser number of crescentic glomeruli, interstitial infiltrate, glomerular T cells and
macrophages as compared to +/+ mice or W/W" mice reconstituted with MC. Examination of
renal parameters revealed less serum creatinine and urinary nitric oxide in W/W" mice as
compared to the control groups, while no difference was found in proteinuria.
Immunohistochemical data revealed an augmentation of glomerular adhesion molecule
expression. Taken together, they suggested that MC by their ability to promote TH1-
dependent effector mechanisms and to enhance glomerular expression of adhesion
molecules aggravate the anti-GBM-induced inflammatory response.

Although the three studies come to somewhat different conclusions, these differences
may be explainable, when one considers the apparent differences between the models.
Together they may actually reveal the high versatility and sometimes contrasting function of
the MC as an effector of inflammation. We propose that in our study due to the strong
inflammatory potency of the injected anti-GBM antibodies and the use of the accelerated
disease model, the capacity of MC to react to damage with acute effector mechanisms of
tissue repair and remodeling that counteracts the injurios process is revealed (Fig 3). In the
second study disease develops more slowly, likely due to the use of an antiserum with less
injurious potential. In this case, however, an accelerated model is used that promotes
recruitment of MC into the draining lymph node to induce regulatory T cells that counteract
the development of T cell dependent effector mechanism during the autologous phase, which
thus dampen disease development. Such a mechanism may also be operative in our study
during the late phase of the disease. In the third model due to a more slowly developing

disease in the non accelerated model, MC rather are contributory in mounting a TH1-directed
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DTH-mediated immune response that promotes injury. Thus, these studies reveal that MC
are able to exert a continuous spectrum of biological activities ranging from protection to
aggravation in a similar disease model. The outcome of their action very much depends on

the pathophysiological environment that directs the MC action.

4.2. MC in Lupus nephritis

MC have been also involved in systemic lupus erythematosus (SLE) pathogeny. SLE
is an autoimmune disease that predominantly affects females. It involves autoantibodies,
mostly produced against DNA, that result in circulating immune complexes depositing in
various organs and tissues such as skin, joints, the nervous system and kidney. The
resulting inflammation leads to various manifestations such as dermatitis, arthritis, neurologic
disorders and also GN. In fatal cases, GN was a leading cause of death until the advent of
renal dialysis and transplantation. However, the presence or absence of renal lesions is still
critical for the outcome of SLE since they could lead, if unchecked, to renal failure.

The involvement of MC in at least some of SLE manifestations, such as nepbhritis, has
been suspected early on (108). In kidney, the number of tubulointerstitial MC shows a 10-fold
increase in SLE nephritis patients compared to healthy individuals and correlates with the
fibrotic development (66, 68). However, no correlation was found between tubulointerstitial
MC number and the clinical outcome of lupus nephritis (109), strongly indicating that
although MC may contribute to the disease in this organ they are not the only factor involved.
Furthermore and at contrario, MC may play some protective role as reported in an
experimental model of pristane-induced lupus nephritis (110) induced in MC-deficient W/W"
and MC-sufficient +/+ mice. The absence of MC led to a diffuse proliferative GN instead of
focal segmental GN, and to somewhat more important immune deposits in the glomeruli.
However, proteinuria was not significantly affected by the absence of MC. Therefore, both
deleterious and protective functions of MC in the kidney may be at work in this disease,
rendering more difficult the elucidation of every aspect of their complex involvement in lupus

nephritis.
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4.3. Atopy and kidney diseases

A relationship between atopy and kidney diseases has been documented for a
number of cases. In one instance, increased IgE levels with what appeared to be an allergic
reaction to antibiotic therapy was accompanied by interstitial nephritis (111). In lupus
nephritis, an increased level of serum IgE (112, 113) and of IgE deposits in glomeruli (114)
have been reported and these correlated with the activity of the disease (113, 115). But no
correlation was found with an allergic disorder and the involvement of basophils rather than
MC was suggested (116).

A number of studies have explored the involvement of atopy in nephrotic syndrome
(NS) in adults and children. This syndrome is characterized by heavy proteinuria, oedema
and decreased urine excretion. Early observations reported an association between
hypersensitivity to a number of allergens with NS (117, 118 and ref therein). In later reports
food allergens were also implicated (119, 120). More importantly, NS could be induced in NS
patients following reintroduction of food allergen into the diet after a period of allergen-free
diet (119). Accordingly, allergen avoidance was shown to result in improvement of the status
of patients whether the allergen was a food or an inhaled allergen (119-121). As well, a
hyposensitization protocol was able to improve the clinical course or even to apparently cure
the patients (121). Following all these reports, the IgE levels in NS patients were analysed
and increased levels of serum IgE were observed (112, 122-125). Furthermore, circulating
basophils were found to be sensitized with allergen-specific serum IgE (126) and IgE
deposits were also detected in glomeruli of patients with NS (127). Yet, some investigators
could not reproduce some of these observations (128) and treatment of NS patients with
anti-allergic drugs that act on MC led to variable results (117, 129). The involvement of the
IgE/MC system was discussed in some cases of atopy-associated NS, leaving open the
question of MC involvement in this disease (119). However, the ability of this cell and of its
circulating counterpart, the basophil, to release vasoactive compounds that could increase

permeability of capillaries in the glomeruli, could favor proteinuria. But since only a tiny

21



proportion of allergic patients have NS, allergens, IgE and MC must play an aggravating
rather than a central role in this disease. The exact mechanism of this involvement is still

unresolved.

5. Role of MC in tubulointerstitial fibrosis

The development of fibrosis is a common and central feature of all progressive renal
diseases that lead to end-stage renal failure (130-133). It involves a complex multistage
inflammatory process with mesangial and fibroblast activation, tubular epithelial to
mesenchymal transition (EMT), inflammatory cell infiltration, cell apoptosis and extracellular
matrix expansion that is orchestrated by a network of cytokines/chemokines, growth factors,
adhesion molecules and signaling processes. Due to the adaptive process in the remaining
nephrons it is not until about 75% of the individual nephrons are lost that end-stage renal failure
is diagnosed. In comparison to wound healing, it is likely the duration and strength of the
inflammatory phase and chronicity that limit regeneration of normal parenchyma and thus finally
engenders the loss of numerous functional nephrons by the fibrotic process. There is abundant
evidence that the long term outcome of chronic renal disease depends to a great extent on
changes within the tubulointerstitial compartment. This includes conditions in which the primary
injury and inflammatory response is within the glomeruli. The extent and severity of interstitial
fibrosis and tubular atrophy are therefore the most powerful histological markers of renal
function and long term prognosis even in chronic GN (134, 135).

As stated above the fibrotic process is characterized by an interstitial chronic
inflammatory cell infiltrate, which often also includes MC. Several in vitro studies have pointed
out the potential of MC to induce fibroblast proliferation and collagen synthesis (136). MC
tryptase, by virtue of their capacity to activate fibroblast-expressed protease activated receptors
eventually in conjunction with heparin, could be an important mediator in this effect (84). MC
chymase could also play a role. Indeed, chymase-positive nephrectomy patients showed

significantly increased interstitial fibrotic areas in the kidney as compared to chymase-negative
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patients (63). It has been known for long time that chymase is also involved in the generation of
profibrotic angiotensin |l and can replace angiotensin-converting enzyme in this activity (137).

Numerous studies exist in a variety of tissues and clinical situations in which fibrosis and
concomitant MC hyperplasia and activation have been observed. Thus, increased MC numbers
have been seen in keloids and in hypertrophic scars (138). MC are also prominent in interstitial
pulmonary fibrosis (139) and elevated histamine levels in the bronchoalveolar lavage (BAL) in
patients with pulmonary fibrosis have been reported (140). A correlation exists between
fibroblast activation and MC counts in the BAL obtained from patients with sarcoidosis,
suggesting a relationship between MC and the progress of connective tissue changes in sarcoid
lung (141).

Although the in vitro studies and the correlation of MC infiltration with various diseases
suggest their implication in organ fibrosis, the in vivo studies carried out in MC-deficient mice or
rats reveal a complex picture and range from a protective to a disease promoting effect. Thus,
MC-deficient rats showed exacerbated adverse cardiac remodeling and cardiac fibrosis and
worsened diastolic functions in a model of homocysteine-induced cardiac remodeling indicating
a protective role (142). Mixed results were obtained for the role of MC in experimental
pancreatic fibrosis. While no crucial role was observed in closed duodenal loop-induced
pancreatitis using MC-deficient WS/W° rats (143), some protective effect was seen in a more
long-term model (2 weeks) induced by intraperitoneal injection of a superoxide dismutase
inhibitor that induced accumulation of reactive oxygen species in the pancreas. Here,
significantly less fibrosis were observed in +/+ as compared to W/WF° rats and this was
correlated to MC counts. By contrast acinar fat replacement or atrophy and inflammatory cell
infiltration were increased in +/+ animals (144). Two studies examining the role of MC in
experimental liver fibrosis models studied in MC-deficient rats or mice concluded that MC do not
play a major role in the development of liver fibrosis (145, 146). Similar results were also seen in
a model of bleomycin-induced pulmonary fibrosis with no significant differences revealed for
histological changes and hydroxyproline content in the lungs of W/W" mice and +/+ mice (147).

Conversely, the direct examination of the role of MC in an experimental model of chronic
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asthma using MC-deficient mice has revealed that MC participate in multiple features of the
long-term changes in asthma. This includes the infiltration with eosinophils and lymphocytes,
airway epithelial goblet cell hyperplasia, enhanced expression of mucin genes and collagen
(148). It should be noted, however, that in this model MC also significantly contribute to the
disease initiation via activating FcR-dependent mechanisms, although some FcR-independent
processes may also contribute to the long-term disease process especially in the WBB6F1
background.

These data in various disease models have revealed a highly contrasting picture that
may also relate to the specific pathological conditions in the various organs. Not all of the
studies have rigorously controlled the implication of MC through reconstitution studies. It is also
possible that some of the MC functions may be redundant and be taken over by other cells in
their absence. Furthermore, kinetic constraints of the various disease models could be
important as MC may play a different role in early fibrotic processes as compared to ones that
evolve at later periods. Also, the number of infiltrating MC is not the same in the various organs.

Independent of these considerations MC might also play a role in renal fibrosis as
several studies show increased MC infiltration in the renal interstitium, tubules and
periglomerular areas in various renal diseases. Usually their numbers were correlated with the
progression of fibrosis and renal functions such as the 24 h creatinine clearance (11, 13, 65,
66). However, direct evidence that MC actually cause fibrosis is scarce, although some studies
pointed out the specific expression of fibrinogenic molecules in the infiltrated MC population.
Thus, type VIII collagen mRNA expression was detected in the cytoplasm of MC in diabetic
nephropathy (61). Furthermore, basic FGF that acts as a fibroblast-proliferative factor was
expressed in MC in IgA nephropathy (65). MC activity may also relate to TGF-B1. It is well
accepted that TGF-B1 and TGF-B-initiated Smad signaling pathways are key effector
mechanisms for the development of tubulointerstitial fibrosis (43, 149, 150). TGF-p1 is involved
in tissue fibrosis including renal fibrosis based on its capacity to induce extracellular matrix

(ECM) production, differentiation of fibroblasts into myofibroblasts and apoptosis. TGF-B1 has
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potent MC chemotactic activities and was demonstrated to be associated with MC infiltration in
progressive renal diseases (79, 151-153). Furthermore, MC in the injured kidney were found to
contain TGF-B1 (154). Although, they may not be the only producing cells, this suggested a role
in renal fibrosis.

To directly assess the role of MC in fibrosis Miyazawa et al utilized the puromycin
aminonucleoside-nephrosis (PAN) model in mast cell-deficient W*/WF rats (155). This model
is characterized by the development of diffuse tubulointerstitial fibrosis over weeks with ECM
expansion and increases in interstitial macrophages and T cells (156). Following
administration of puromycin disease developed in both groups as shown by increased levels
of urinary protein excretion. At six weeks proteinuria dropped with a concomitant increase in
blood urea nitrogen indicating a significant loss of functional nephrons. No differences were
observed in these parameters between the two groups of rats. Unexpectedly however, when
fibrosis development was scored by histology and measurement of hydroxyproline levels it
was found to be more severe in WS/WF rats than in +/+ rats. This was associated with
increased MC infiltration in the interstitium of +/+ rats as compared to WS/W° rats, while the
number of other inflammatory cells (macrophages and T cells) was similar. Interestingly, the
mRNA levels of two profibrotic cytokines IL-4 and TGF-B1 were higher in the MC-deficient
rats in spite of the fact that these can be produced also by MC. Further analysis revealed that
heparin a major proteoglycan secreted by MC could inhibit TGF-B1 production by renal
fibroblasts in vitro providing a possible explanation for the observed inhibition. Taken
together, these data indicate that MC are not in a major way contributing to the
pathophysiology in PAN, but rather that they may exert a slightly protective effect. The latter
could implicate the inhibition of TGF-B1 production by MC-released heparin.

Unilateral ureteral obstruction (UUO) is another representative model of
tubulointerstitial renal fibrosis that have many readily quantifiable cellular and molecular
events during the initiation and progression of renal fibrosis such as inflammation and

apoptosis (149). Our preliminary data obtained by comparing W/W" mice with +/+ mice after
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UUO have yielded similar conclusions as we do not detect significant differences in renal
inflammation and fibrosis after UUO between MC-deficient mice and +/+ mice (Kanamaru et
al, unpublished).

Taken together, although MC are significantly increased in kidney disease and have
the potential to participate in profibrotic inflammatory mechanisms, the available data so far
suggest that they may not play a significant role in tubulointerstitial fibrosis or if they play a
role they may have a slight protective effect that may be attributed to their capacity to
decrease the production of profibrotic cytokines and/or promote increased remodeling

functions.

6. Concluding remarks

Kidney diseases although induced by a variety of mechanisms have in common the
development of an inflammatory response that is characterized by a complex interaction
between resident kidney cells and infiltrating inflammatory cells of hematopoietic origin via
produced inflammatory mediators, chemokines/cytokines and growth factors as well as cell-
cell interactions that mediate local tissue responses and tissue remodeling, but eventually
also lead to the development of tubulointerstitial fibrosis. Evidence has been provided in the
past that infiltrating hematopoietic inflammatory cells may importantly contribute to the
development of pathology, but the inflammatory process may also have beneficial effects to
restore normal kidney homeostasis. Among the infiltrating cells are also MC, whose numbers
are markedly increased in many kidney diseases. This has been initially interpreted as a sign
of contribution to pathology. However, research in recent years, using MC-deficient animal
models to dissect the interactions taking place in the kidney, have revealed a more complex
picture of their actions. These may not necessarily be in accord with a pathological role of
these cells. Indeed, in several of these models their presence has actually revealed that they
are protective. This was most dramatically seen in an acute model of anti-GBM-induced GN,
where their presence could strongly reduce the mortality. This is attributed to their capacity to

immediately activate repair and remodeling functions that in addition of being induced locally
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may also be provided through systemic activation of MC. This confirms and underlines their
role as sentinels for the restoration of homeostatic function in the body. Their protective
action may also involve their capacity to regulate immune responses for example through
their capacity to induce regulatory T cells that limit the infiltration with autoreactive T cells.
MC cells may also have some beneficial actions in the long term for example by their
capacity to activate tissue remodeling and to neutralize fibrosis-promoting mechanisms.
However, given the complexity of the engaged inflammatory response, which often
represents a double-edged sword that rapidly can turn the opposite way it is not without
danger that MC engage their inflammatory effector responses, which in the long term can
also lead to destruction. This is exemplified by the fact that different outcomes (protection
versus aggravation) are observed in related animal models of kidney disease. Similarly, while
the action of proteases may initially be beneficial, the induction of fibrosis-promoting
angiotensin Il independent of the usual rennin-angiotensin |l pathway may also demonstrate
the limits of adaptive responses for the installment of normal tissue homeostasis. Thus, it is
likely the global physiological context involving also other cells and tissues that will determine

the final action of MC in the development of kidney disease.
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8. Figure Legends

Fig. 1. The inflammatory circuit in kidney disease.

Kidney disease starts with an injury of the kidney structures mostly at the level of the
glomeruli or less frequently of the tubules. This engenders an inflammatory response
characterized by the recruitment of inflammatory cells and their interaction with resident
kidney cells and the generation of inflammatory mediators in order to counteract disease and
mediate adaptive responses and tissue repair. In case inflammation does not resolve due to
a strong initial damage, to chronic stimulation or to defective regulation, resident and
infiltrating cells in the kidney interact in the inflammatory response to mediate disease
progression by initiating the production of additional sets of inflammatory products and
growth factors. These lead to epithelial-mesenchymal transition (EMT), fibroblast proliferation
with collagen synthesis and ECM expansion thereby promoting nephron and vessel loss. At
the same time the activation of proteases and phagocytes action participate in repair
mechanisms and resolution of inflammation. Due to the loss of nephrons and blood vessels,
adaptive responses take place at the level of kidney structures destined to maintain kidney
function through structural hypertrophy and eventually regenerative mechanisms. The
scarred kidney is now more sensitive to injury, which may further increase the risk of
persistent injury. When a certain number of nephrons and vessels have been lost end-stage
renal failure inevitably develops. Mast cells could participate in many steps of the
inflammatory responses either through systemic activation or locally by secreting
inflammatory mediators that may participate in the repair functions or on the contrary in

kidney destruction and end-stage renal failure.

Fig. 2. Infiltrating MC in an advanced stage (class IV) lupus nephritis patient. The

picture shows MC stained immunohistochemically with an antibody to human tryptase. The

low magnification (Obj. 10x, left) reveals the scattered appearance of infiltrated MC in
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interstitial areas (arrows) and sometimes close to tubules (asterix). No MC is seen in the
glomeruli (G). High magnification (Obj. 40x, right) shows an agglomerate of tryptase-positive

MC that are located close to an area with extensive mononuclear cell infiltration.

Fig. 3 Hypothesis to explain the balance of MC functions in anti-GBM-induced GN.

In the first GN model, disease develops rapidly due to the injection of strongly nephrotoxic
anti-GBM antibodies and the use of an accelerated disease model with preimmunization.
Here MC are directly protective by their ability to trigger acute effector mechanism that
mediate repair and remodeling such as fibrinolysis and collagen degradation. In the second
model, despite the use of a likewise accelerated model, GN develops more slowly likely due
to less nephrotoxic anti-GBM antibodies used. In this case the protective effect might be
indirect and involve regulatory T cells mobilization that dampen the development of effector T
cell responses during the autologous phase of the disease. Such a mechanism may also be
operative in the first model. In the third model, mice were not preimmunized and disease
develops slowly likely requiring MC for efficient development of TH1-mediated effector
mechanisms. This hypothesis underlines the two faces of MC involvement in inflammatory
mechanisms. The outcome (protection or aggravation) may very much depend on the MC’s

pathophysiological environment.
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Table 1. Mast cell counts in normal and pathologic kidneys

Kidney phenotype Tryptase+ MC/mm? © | Chymase+ MC/mm?® | Toluid. Blue+ MC/mm?® | Ref.
and other methods®
Normal kidney 1,6 =04 ® 1+0,5® (61)
<0,05 Not tested <0,05/- (62)
1,8 + 0,35 0,58 + 0,3 (63)
71+13 1,9+ 0,86 (64)
19 + 0.3 07+02/12+04© | (65)
Not tested (66)
0,5+0,2/0 " (57)
(67)
2,02 = 0,91
Minimal change nephrotic syndrome 0,8 = 1,6 (66)
Minor glomerular abnormalities (not
nephrotic) 1,507 (66)
Menbranous proliferative 19,8 = 14,2 (66)
glomerulonephritis
Membranous nephropathy 6,5+ 7,7 (66)
Lupus nephritis 12,9 £ 15,5 (66)
ANCA-related nephropathy 18,5 = 21,1 (66)
23 + 2, + + @ 65
IgA nephropathy ° 24+05/102*14 (65)
21,3 £ 17,7 (66)
Rapid progressive 43,7 = 4,6 13,8 = 1,86 @ (64)
glomerulonephritis
Chronic glomerulonephritis 14,0 £ 32/1,3+0,49 | (57)
Diabetic nephropathy 12,7 +95® 10,2 + 8.4 ™ (61)
33,0 + 33,8 (66)
Focal segmental glomerular 13,4 = 8,3 (66)
sclerosis
Benign nephrosclerosis 1,6 £04/07 (57)
Malignant nephrosclerosis 17,0/2,79 (57)
Renal cell carcinoma 11+ 14 0,9 = 1,1 1M+14/4+4° (62)
Acute allograft rejection 01+01/09 (57)
4,55 = 2,87 (67)
Chronic allograft rejection 12,7 +1,2/01 + 0,19 (57)
Allograft rejection:
Nephrectomy Specimens 9,1 +24/13,9 +34 © 0,4 +0,18/12,03 + 2,65 © (63)
Biopsy Specimens 9,00/ 14,6 + 3,64 @ 051/9,0+227© (63)
Chronic pyelonephritis 14,6 +2,9/32+1,07 (57)
Analgesic nephropathy 28,0/1,77 (57)
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Footnotes:
a)
b)
c)
d)
e)
f)
9)

Numbers given are mean * SD.

Mast cells positive for tryptase and chymase were counted in five medium power fields (x 50) using a 25-point Zeiss (Jena, Germany) integrating grid.
Mast cells numbers given are after fixation in Carnoy’s solution and NFF solution (Neutral Formalin Fixative: 1,5% formalin/PBS pH 7,4), respectively.
Numbers given are those for MC double positive for tryptase and chymase (MCrg).

Mast cells numbers given are after TB (Toluidine Blue) staining at pH 5 and pH 0,5, respectively.

Numbers given are intestitial and tubular mast cells counted in the cortex per 100 tubular cross sections observed in the electron microscope.
Numbers given are tryptase-positive mast cells which were, respectively, chymase-negative or chymase-positive.
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