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In his first edition of The Principles and Practice of Medicine, published in 1892, Sj,
William Osler described the histopathological findings in Bright’s disease: ‘the
tufts suffer first, and there is either an acute intracapillary glomerulitis, in which
the capillaries become filled with cells and thrombi, or involvement of the
epithelium of the tuft and of Bowman’s capsule, the cavity of which containg
leucocytes and red blood-corpuscules’.! In chronic cases ‘complete atrophy’ and
‘extensive hyaline degeneration’ of glomeruli, as well as ‘multiplication of cells
between the loops’ can be found. As to the prognosis of chronic disease, Osler
writes: ‘Chronic Bright’s disease is an incurable affection, and the anatomica]
conditions on which it depends are quite as much beyond the reach of medicines
as wrinkled skin or gray hair’.1

More than a century later, chronic immune-mediated inflammatory diseases
of the renal glomerulus represent the major cause of end stage renal disease in the
Western World, requiring chronic dialysis treatment or renal transplantation.
Aside from the impact on individual patients’ lives, the consequences of these
diseases constitute an enormous socio-economic burden. To date, there is no
specific therapy of glomerular inflammatory diseases available, with most thera-
peutic regimens employing systemic immunosuppressive agents. However, con-
siderable progress has been made in the past decade leading to better understand-
ing of the molecular mechanisms of glomerular inflammatory processes, thus
providing a basis for more specific therapies in the future. Here, we will review
the major causes of glomerular inflammation and will discuss some aspects and
novel findings concerning the molecular pathogenesis of these diseases. In this
context, special focus will be placed on the balance of mitogenic and anti-
mitogenic responses of glomerular mesangial cells (MCs).

For long, the renal glomerulus was thought to be a passive capillary ultrafilter
which merely allowed the efflux of fluid from the plasma into the urinary space.
More recently, however, it has been recognized that the glomerulus is an
important regulatory apparatus as well, capable of fine-tuned functional control
of ultrafiltration and maintenance of filter integrity. Moreover, the glomerular
cells not only respond to various neurohumoral stimuli and inflammatory media-
tors but are also the source of important regulatory substances.

The glomerulus is composed of a network of capillaries located between the
afferent and efferent arterioles. These capillaries are formed by a specialized, flat
and highly fenestrated endothelial cell layer supported by the glomerular base-
ment membrane (GBM). Visceral and parietal epithelial cells line the urinary
space of the glomerulus. The visceral epithelial cells are also termed podocytes,
because they extend multiple foot processes which are based upon the lamina rara
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FIGURE 1

Schematic architecture of the mammalian glomerulus. MC—mesangial cell;, EC—endothelial cell;
VEP—visceral epithelial cell; TH—platelets; MP—macrophage; GBM—glomerular basement membrane.

externa of the GBM of one or more capillary loops. The glomerular mesangium
constitutes the central region of a capillary lobule and is composed of mesangial
cells (MCs) and extracellular matrix (ECM). While under normal conditions no
resident macrophages are seen in the mesangium of human kidneys, bone
marrow-derived inflammatory cells are frequently recruited to the mesangium in
glomerular disease. MCs are located between peripheral glomerular capillaries as
well as in the stalk of the tuft. They provide support to maintain the glomerular
architecture and can directly influence glomerular blood flow by their contractile,
smooth muscle cell-like properties. MCs are in direct contact with glomerular
endothelial cells being located at the luminal side of the GBM. The absence of a
continuous GBM at the endothelial-mesangial interface permits easy entry of
plasma products and interaction with infiltrating bone marrow-derived inflamma-
tory cells and their secretory products. Fig 1 shows the main structural elements
of the mammalian glomerulus. It illustrates the centrolobular location of the
mesangium which one can consider as the readily accessible interstitium of the
glomerular capillary tuft. Also, infiltrating macrophages and platelets are
depicted.

Types of injury to the glomerular mesangium

| Very different types of injury can induce inflaimmatory responses in the renal
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glomerulus. As listed in Table 1, primary causes of glomerular injury may 1} |

immune.-mediated (e.g. deposition of immune complexes or autoantibodies)

metabolic (e.g. hyperglycemia, oxidized LDL), infectious (e.g. bacterial break.

down products), mechanical (glomerular hypertension), toxic or of ot} i

etiologies. o
TABLE 1

Types of primary injuries to mesangial cells.

1. Immunologic e immune complexes
autoantibodies
cryoglobulins
complement factors
T cells

2. Metabolic hyperglycemia
AGEs

oxidized LDL
amyloid
coagulation factors

3. Infectious

microbial proteins and bacterial breakdown products
e viral components

4. Mechanical glomerular hypertension

turbulence/shear/stretch

5. Toxic poisons
enzymes
6. Others o ischemia/hypoxia

e age-related mechanisms
e unknown causes

Type and duration of an immune-mediated glomerular injury determine the
extent of the inflammatory response which, if successful, may lead to removal or
neutralization of the injurious agent with subsequent restoration of glomerular

+ tissue integrity. The initial inflammatory response usually includes the recruitment

of bone marrow-derived inflammatory cells. Various soluble substances, released
by both intrinsic glomerular cells and infiltrating inflammatory cells, act as
paracrine and autocrine mediators, and regulate tissue remodeling involving
changes of the proliferative and secretory MC phenotype. A common histopatho-
logical finding in most forms of immune-mediated glomerular diseases is MC
hyperplasia (Fig 2). Acute glomerular inflammation, e.g. after deposition of
foreign antigens during infections, may be transitory and result in complete
structural and functional tissue integrity. However, if the glomerular injury is
prolonged, the inflammatory process becomes chronic and the continuous release
of mediators may not lead to resolution. Hence, complete tissue restoration
becomes impossible and accumulation of ECM can result in replacement of the
glomerular capillary tuft with scar tissue. Partial or complete glomerular sclerosis
may cause additional injury due to hypertension and hyperfiltration in remaining
glomerular capillaries.

The involvement of humoral immune mechanisms with deposition of immu-
noglobulins and complement components in the pathogenesis of mesangial patho-
logy is well established in vivo and in cell culture. With few exceptions, the
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speciﬁcity of the deposited antibodies is uncertain. Causative antigens have been
identified as microbial breakdown products (e.g. from streptococci, Treponema,
plasmodium malariae, viral) or circulating autoantigens (e.g. DNA, histones,
1gG)- They are assumed to enter the mesangium either as part of circulating
antigen-antibody immune complexes or separately and form immune complexes
within the mesangium. The immunoglobulin class involved most frequently is
IgG, but IgM and IgA are also found. IgM may be a component of cryoglobu-
Jins (large complexes of IgM reacting with other immunoglobulins) which are
trapped in the mesangium. While IgA along with IgG may be part of circulating
;mmune complexes deposited in the mesangium and elsewhere in the glomerulus,
the most conspicuous and quite uniform mesangial staining for IgA is found in a
renal disease originating in the mesangium. This is identified by immunofluores-
cence microscopy as IgA nephropathy and by light microscopy as mesangioproli-
ferative glomerulonephritis.

Soluble antigen-antibody complexes as well as aggregates of immunoglobulins
have been shown in animal experiments and in MC culture to specifically bind to
Fc receptors expressed on MCs.? They affect the synthetic phenotype of cultured
MCs, e.g. by stimulating production and secretion of pro-inflammatory cytokines
and chemokines such as IL-6,> CSF-1, RANTES and MCP-1,%5 eicosanoids,®
PAF® and superoxides.” IgG complexes also exert a contractile effect on MCs.®

Components of the complement system play a prominent role in immune
mediated mesangial pathology. In many forms of glomerulonephritis, antibodies
and complement (C3 cleavage products and the terminal complement complex
C5b-9) are deposited in afflicted areas. By immunohistology, complement pro-
teins and immunoglobulins often show similar distribution patterns, suggesting
that complement has been activated by immunoglobulins. Rat and human MCs
have been shown to express receptors for C1Q which may facilitate the mesan-
gial deposition of immune complexes.® In addition, recent studies have indicated
that complement components, such as C3, can also be synthesized by intrinsic
renal cells, including MCs. 10> 11

Cellular immune mechanisms have also been implicated in mesangial injury.
MCs have been shown to be activated by products of T helper cells. Also, they
secrete co-stimulatory factors for T lymphocytes such as IL-1 and IL-6.1% '3 While
MCs do not constitutively express MHC class II molecules, these can be induced
in vitro by recombinant T cell lymphokines, such as INF-y.!4 INF-y, IL-1 and
TNE-« also induce MC expression of ICAM-1.15> MCs, therefore, can function as
antigen-presenting cells and substitute for macrophages by meeting the accessory
cell requirement in the interaction with T lymphocytes, as has been reported for
the small population of la-positive cells found in the mesangium of healthy rats.*

Other prominent causes of glomerular injury include glomerular hypertension
and chronic metabolic diseases. Of great clinical relevance are chronic and
progressive mesangial abnormalities resulting in glomerular hyalinosis and sclero-
sis which are associated with long-standing diabetes mellitus. Hyperglycemia has
been shown to affect the MC phenotype by multiple mechanisms, many of
which induce changes of ECM production and deposition. Amyloidosis can also
lead to progressive mesangial widening due to irregular deposition of amyloid
fibrils throughout the mesangium. The mesangial deposition of lipids and lipo-
proteins can be found in states of hyperlipidemia and can contribute to MC
activation and mesangial pathology. Hypercholesterolemia may aggravate glo-
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FIGURE 2

Tissue sections of _human kidneys showing: (A) a normal glomerulus and (B) a glomerulus with
increase of mesangial cells and widening of mesangial matrix from a patient with mesangioprolifer-
ative glomerulonephritis (Gomori, x 500).

merulosclerosis. MCs can actively participate in this process by receptor-mediated

endocytosis of LDL particles. The HMG-CoA reductase inhibitor, lovastatin, has

been reported to lessen renal injury in obese Zucker rats, 5/6 nephrectomy and in

the aminonucleoside model of nephrotic syndrome in rats. Lovastatin inhibits

proliferation of cultured MCs. Lovastatin also reduces monocyte chemotaxis

lc;ffected by MC supernatants.!” Other causes of MC injury8-2° are not discussed
ere.
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[ntercellular crosstalk

The complex intercellular interactions which take place between intrinsic glomer-
glar cell types and infiltrating bone marrow-derived inflammatory cells play a
crucial role in the pathogenesis of glomerular inflammation. In the past, co-
culture studies- have tried to elucidate direct and specific interactions between
different cell types in the glomerulus in vitro. In addition, the role of infiltrating
inflammatory cells has been examined by in vivo depletion studies. MCs are able
to secrete a variety of immune modulatory cytokines (IL-1, CSF-1, GM-CSF,
TNF-a, IL-6)21 as well as chemokines (RANTES, MCP-1, MIP-2, IL-8) which
may induce the recruitment of various inflammatory cells to the glomerulus
(Table 2).

TABLE 2
Chemotactic factors released by mesangial cells

Chemotactic target cell Stimulator of release

CSF-1 monocytes, macrophages INF-y, IgG complexes, TNF-a (2,4,96)
RANTES monocytes, LPS, TNF-a, IgG complexes (5)
CD4+lymphocytes,
eosinophilic granulocytes
MCP-1 macrophages, monocytes IL-18, TNF-a, INF-y, LIF, LDL, (97,98,99)
thrombin, IgG complexes
MIP-2 neutrophils IL-1 (100)
IL-8 neutrophils, lymphocytes IL-1, TNF-a, LPS (101,102)

Indeed, MC expression of MCP-1 and RANTES was demonstrated to be
associated with macrophage influx to the glomerulus in experimental glomerulo-
nephritis and human proliferative glomerular diseases.??"2> On the other hand,
soluble mediators secreted by activated leukocytes, e.g. cytokines, chemokines,
eicosanoids, nitric oxide (NO) and other pro- and anti-inflammatory substances
can greatly affect the proliferative and synthetic phenotypes of MCs in a parac-
rine fashion. The amount of IL-1 released by macrophages is approximately 10—
100 higher than that secreted by resident MCs. Also, glomerular IL-1 production
in a rat anti-GBM nephritis model was shown to be largely dependent on
infiltrating macrophages.?* In the same type of experimental glomerulonephritis,
a reduction in mesangial hypercellularity was achieved by macrophage deple-
tion,25 confirming the important pathogenetic rule of macrophage influx for the
induction of MC proliferation.

Intraglomerular platelet accumulation and aggregation is observed in several
animal methods of glomerular disease,2®°27 as well as in human disease.?® Plate-
lets are the source of multiple growth factors for MCs, including PDGF, EGF,
IGF-1, IL-1, nucleotides, serotonin and TXA?2. In vivo, platelet depletion studies
have supported a role for platelets in mediating MC proliferation. In glomerulo-
pathies caused by Habu snake venom or anti-Thy 1-11IgG, experimental induction
of thrombocytopenia with anti-platelet serum did not affect the initial mesangio-
lysis but greatly reduced the subsequent MC hyperplasia.>®: 3% Similar effects
were seen with the anti-platelet agent dipyridamole.3! Thus, it appeared that
platelets not only contribute to initial MC injury in these models, but their
products stimulate proliferation of activated MCs.

Few data exist on the interactions of MCs with other intrinsic glomerular cell
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types. Cultured endothelial cells can secrete mediators which affect the McC
phenotype, e.g. PDGF, bFGF, IL-1, endothelins, NO and eicosanoids. MGy
respond to co-culture with endothelial cells with enhanced synthesis of PGE2,
which is dependent on the release of ET-1 by endothelial cells.32 The local release
of vasoconstrictors, such as ET-1 and vasodilators, such as NO, is likely tq
participate in the regulation of glomerular hemodynamics through alterations of
MC tone. Co-culture also led to a 56 fold increase in MC cGMP content,
caused by endothelial cell NO production. Crosstalk between endothelial cells
and MCs is also suggested by the finding that a heparin-like molecule from
culture medium conditioned by endothelial cells inhibits MC growth.33

Cultured glomerular epithelial cells, similar to endothelial cells, have also been
reported to secrete heparin-like substances which inhibit MC proliferation,34
However, the in vivo relevance of this finding is unclear, since it is unkown
whether soluble epithelial cell products are able to diffuse across the GBM against
a pressure gradient to reach target cells in mesangial location.

Regulation of mesangial cell mitogenesis

Pathogenetic linkage of MC proliferation with glomerular sclerosis. Cellular hyperpla-
sia in the mesangium due to MC proliferation is a prominent histopathological
finding in most types of glomerular inflammatory diseases. Under normal con-
ditions in the adult mammalian kidney, proliferation of MCs is tightly regulated
with a growth rate of less than 1 per cent.?® Increased MC proliferation appears
to play an early and potentially crucial role in the pathogenesis of progressive
glomerular lesions and glomerular sclerosis. It has been observed that in different
experimental models of glomerulonephritis, MC proliferation is linked to the
development of mesangial ECM expansion and glomerular sclerosis.36'37 For
example, mice transgenic for the SV40 T antigen, which has growth promoting
functions, develop MC proliferation followed by progressive sclerosis.?83° Mice
transgenic for growth hormone finally develop severe progressive mesangial
sclerosis. They show a 5-fold increase in 3H-thymidine labelling index of glomer-
ular tuft cells. Interestingly, the labelling index remained increased even at late
timepoints in densely sclerotic glomeruli,¢ indicating that increased MC turnover
can be a significant feature associated with sclerosis, both at the onset and later
stages of glomerular disease. In addition, experimental therapeutic approaches
which reduce MC proliferation in glomerular disease models, such as treatment
with heparin,*® low protein diet,*! or neutralizing antibodies against PDGF,*2
were found to prevent or reduce ECM expansion and sclerotic changes. Further
evidence for the role of uncontrolled MC proliferation in the pathogenesis of
sclerosis is provided from studies in rats with spontaneous, age-related glomeru-
losclerosis. MCs cultured from these rats demonstrated increased proliferative
potential as a function of donor age, whereas in control animals with little or no

glomerular sclerosis, the proliferative potential of MCs decreased with age of the
donor.43

Regulators of MC proliferation. Over the past decade, much research has
addressed the questions: which are the molecular mechanisms controlling MC
growth and how is increased MC proliferation induced and maintained under
disease conditions? In vitro and in vivo studies have identified a variety of factors
which stimulate or inhibit MC proliferation, including various cytokines, auta-

\
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coids and hormones. Many of these soluble or insoluble ligands are produced by
MCs and possess autocrine growth-modulating activity (Tables 3 and 4).

TABLE 3

Regulators of mesangial cell proliferation in culture.

Mitogenic Anti-mitogenic Variable
PDGF-BB (103)  TGF-B (high (105)  TNF-x (103)
PDGF-AB (104) conc.>250 pg/ml) 1 ) (106)
bFGF (103) INF-y 107) angiotensin II (110)
\ i oxid (16
GF 103) IL-4 (109) nitric oxide
) §1 05) ~/l (123)
insulin (114)  IL-10 112) ”TI“/)l(AZ (119)
IGF-I (114) PGE2 (115) high glucose (126)
(118) i
IL-1 (12) PGI2 (stable (119)
analogue iloprost) (120)
IL-6 (13)  ANP Ca21)
(122)
TGF-p(low conc. (105) cGMP (123)
0-01-1ng/ml) (124)
AVP 45)  LDL oxidized (125)
(46)
ET-1 (60) Ca-channel (127)
blockers
serotonin (45) phosphodiesterase (128)
(110) antagonists
ATP, (130) P450 MOX- (129)
dinucleotides (131) inhibitors
PGF2u« (120) Lovastatin 17)
Simvastatin (63)
thrombin (132) heparin sulfate (90)
proteoglycan
bradykinin (110) heparin (34)
oxytocin (110)
PMA (110)
LDL native (125)
thrombospondin (88) t
fibronectin (87)
stretch (133)

Post-receptor signalling pathways. In an attempt to d;ﬁne novel_therapeutic targets
in glomerulonephritis, many investigators have tried to elucidate post-receptor
signalling pathways which are initiated by the interaction of growth-regulatory
substances with MCs. . .

Many of these pathways follow a common pattern in that ligand-receptor
binding initiates activation of various enzymatic steps which trigger the release of
intracellular second messengers. Subsequently, multiple protein kinase systems can
be activated, leading to post-translational modifications of cellular proteins. Both
serine/threonine and tyrosine kinases are essential elements of thc'ml.to.gemc signal
transduction cascade. Preincubation of MCs with genistein, an 1nh1b1t9r of pro-
tein tyrosine phosphorylation, blocks PDGF-induced MC prolife‘ra.tlon““ and
depletion or inhibition of protein kinase C (PK C) blunts mitogenesis induced by
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arginine vasopressin (AVP).45: 46 Phosphorylation or dephosphorylation processeg
may represent a final step in extranuclear signalling. These events initiate the
modification and activation of nuclear transcription factors. This mechanism
allows coupling of short term signalling events to more prolonged processes
involving alterations of gene expression and protein synthesis, ultimately resulting
in changes of the cellular phenotype. Communication between different signa]
transduction pathways, along with the release of eicosanoids, other autacoids ang
cytokines acting as autocrine or paracrine intercellular mediators, promotes the
potential for interactive regulation of glomerular cell functions.

TABLE 4
Regulators of mesangial cell proliferation in vivo.

Mitogenic Anti-mitogenic

PDGF-BB Heparin

TMC prolif. after infusion in normal (134)  Anti-Thy1-1 nephritis (40)
rats or glomerular gene transfer. (51) Habu snake venom model (135)
|proliferation after PDGF Ab in anti- (42)  Puromycin aminonucleoside nephrosis  (136)
Thy1-1 nephritis Remnant kidney model (137)
bFGF INF-y

No proliferative response after bolus (94) Reduction of MC proliferation by 44% (138)

or 1wk infusion in normal rats, but 5-  (134)  in anti-Thy1-1 model, but increase in
fold 1 after subnephrit. dose of anti- glom. macrophages and TGF-g

Thy1-1

IL-1 Ca channel blockers

Constant infusion of IL-1 receptor (139) Nifedipine reduced MC number and (142)
antagonist reduced proteinuria, (140)  mesangial expansion in anti-Thy1-1

hypercellularity and glom. necrosis in (141)  nephritis
rabbit and rat anti-GBM nephritis

IL-6 ACE inhibitors

Mesangioproliferative (143)  Enalapril had similar effect as (142)
glomerulonephritis in mice transgenic nifedipine in anti-Thy1-1 nephritis

for human IL-6

ET-1 Phosphodiesterase antagonists

ET A receptor antagonist in remnant (144)  Phosphodiesterase III or IV (145)

kidney model reduced proteinuria and antagonists

glomerular injury (Lixazinone, Rolipram) reduced protei-
nuria, a-actin expression and MC prolife-
ration

SV40

Mice transgenic for SV40 T antigen (146)
showed MC proliferation and sclerosis

after age of 2 months

Growth hormone (GH)

Mice transgenic for GH or GH- (36)
releasing factor showed MC (147)
proliferation followed by progressive

sclerosis

Here, we will discuss examples of some of the more frequently studied
signalling transducing systems in MCs, including receptor tyrosine kinase-
mediated signalling and signals originating from G-protein-coupled receptors.
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Endothelin PDGF
All, AVP EGF
Serotonin IGF-1
PAF bFGF
etc. etc.

CELL MEMBRANE
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PROTEIN SYNTHESIS
nuclear cell cycle regulators, cytosolic enzymes,
transmembrane receptors, cytokines, matrix, etc.

FIGURE 3

Scheme of ligand-induced post-receptor signal transduction pathways resulting in changes of the

MC phenotype. R-receptor; G-G-protein; PL C—phospholipase C; PLA2-phospholipase A2; PL D-

phospholipase D;  PIP2-phosphatidylinositol-4,5-biphosphate; ~ PC-phophatidylcholine; ~ IP3-

inositoltriphosphate; DAG—diacylglycerol; Ca—intracellular calcium; PK C-protein kinase C; MEK-

mitogen activated protein kinase kinase; MAPK—mitogen-activated protein kinase; TF—transcription
factor; IEG-immediate early gene.
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Receptor tyrosine kinase-mediated signalling includes ligand-induced activa.
tion and autophosphorylation, e.g. by PDGF or bFGF, followed by generation of
a multiprotein complex forming at the intracellular domain of these receptors,
Intracellular signalling pathways are linked to the cascade of the mitogen.
activated protein kinase (MAPK) and often also include phospholipase C (PL Q)
activation. One of the best-studied receptor tyrosine kinase signal transduction
systems in glomerular cells is the PDGF receptor. In the mesangium of norma]
human kidneys, low level expression of both a- and fB-subunits of the PDGE
receptor has been demonstrated.4” Remarkably, in studies of experimental and
human glomerular disease, MC proliferation is associated with upregulation of
the PDGF- receptor.47-50 In the anti-Thy 1-1 rat model of immune-mediated
glomerulonephritis, administration of neutralizing PDGF antibodies reduced MC
proliferation and deposition of ECM.#2 In addition, transfer of the PDGF B gene
into the glomerulus by in vivo gene transfer using the hemagglutinating virus of
Japan (HV])-liposome method resulted in proliferation and glomerulosclerosis.51

Activation of the PDGF receptor tyrosine kinase leads to autophosphorylation
of the receptor and to phosphorylation of multiple cytoplasmic proteins, causing,
for example, activation of PL C. This, in turn, induces generation of inosito]
triphosphate (IP3) which mobilizes intracellular Ca++ and diacylglycerol (DAG),
resulting in PK C activation. These PDGF receptor-mediated intracellular events
have been demonstrated to occur in cultured MCs.52 53

Similarly, signals transmitted via G-protein-coupled receptors result in the
activation of PL C with subsequent generation of IP3 and DAG. IP3 induces a
rise in intracellular Ca*+ concentration, which, in turn, activates various Ca*+-
dependent " processes like activation of phospholipase A2 (PL A2) and of the
arachidonic acid (AA) metabolism. DAG leads to activation of PK C, a key
enzyme in a variety of intracellular processes. MCs have been reported to express
multiple, both Ca**-dependent and Ca++-independent, subtypes of PK C.54

Among the best studied G-protein-coupled receptor signalling systems are the
endothelins and their receptors. Three structurally distinct endothelin isoforms,
ET-1, ET-2 and ET-3 bind to two G-protein-coupled receptors, ETA and ETB.
MCs have been shown to express both receptor subtypes.55:56 MCs produce ET-
1, which can act via ETA and ETB receptors in an autocrine manner.57 ET-1
induces contraction of cultured MCs®8 and reduces glomerular filtration surface
area and glomerular ultrafiltration coefficient after intravenous injection.5° In
addition to these hemodynamic effects, ET-1 is a mitogen for MCs.° The
mitogenic signal is transmitted by the ETA receptor since an ETA-receptor
antagonist blocks and an ETB-receptor agonist fails to induce MC proliferation.®!
ET-1 induces elevation of phosphatidic acid by activation of phospholipase D (PL
D), an enzyme linked to mitogenesis in other cell types. PL D activation was
shown to be PL C-dependent and constitutes an event downstream of PK C
activation.®? In addition, it has been demonstrated, that PK C and non-receptor

tyrosine kinase activity (such as c-src) contribute to mitogenic signalling of
ET-1.21

The mitogen-activated protein kinase pathway and early gene expression. The MAPK
pathway plays a critical role in the regulation of MC proliferation and represents
a common final pathway leading to nuclear signal transduction for a variety of
initial signalling events. The MC mitogens PDGF, EGF, AVP and ET-163-64

[ b
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ve all been shown to activate MAPK. On the other hand, inhibitors Qf MC
2 wth, like PGE2 or other cAMP-clevating agents as well as simvastatin inhibit
gr?\pK.’“ Activation of MAPK by ET-1 was shown to involve at least two
g/ilffercnt pathways, one of which is PK C-de.pendent and one involving t.yrosir;g
kinase activity®* and which requires stimulat}on of ras and thf: c—I‘{af-l.kmase.
Activation of the ras/Raf-1/MAPK cascade is one of the major mgpalhng path-
ways by which growth factors transmit mitogenic messages from their transmem-
praneous receptors to the nucleus. '

In the nucleus, these messages are translated into early changes of gene
expression\, the earliest being the induction of so-called 1mmed1at§ egrly genes
(IEGs). Some of the IEGs, like c-fos or Egr-1, encode nuclear transcription factors
which initiate the expression of additional genes. It was shown that overexpres-
sion of activated delta Raf-1 in MCs activates the serum response element in the

romoter of the IEG, c-fos. ET-1-induced activation of the c-fos serum response
element which was blocked by transfection of a dominant negative c-Ha ras
mutant.65 MAPK can also activate another IEG, the early growth response gene-
1 (Egr-1).°¢ Rupprecht et al. have demonstrated a very close correlation between
the induction of MC growth and the induction of Egr-1 mRNA and pro-
tein.4% 4567 By using antisense oligonucleotides to Egr—l, it becamfe evident th?t
Egr-1 induction is a necessary step in the mitogenic mgpal tfan§d?1ct10n ca§cade in
MCs. As shown in Fig 4, Egr-1 antisense oligonucleotides inhibit serum-induced
Egr-1 mRNA and protein as well as MC growth. Sense or scrambled control
oligonucleotides were without significant effects.®®

Molecular control of mesangial cell cycle progression. The replicat%o.n cy;le of a
eukaryotic cell is controlled by a series of checkpoints an(;l transitions in .whlc?h
temporal order is imposed by a family of serine/threonine kinases, acting in
concert with their regulatory subunits, the cyclins. . .

In the past few years, considerable advances have been made in this field of
research, and nephrologists are applying this knowledge to elucidate the molecu-
lar control of cell cycle progression of renal cells, including MCs. .

In other experimental cell systems, in vivo gene transfer of spec1ﬁf: cell cycle
inhibitory regulators has been successfully applied i.n prolifetratlve dlsorders‘. In
angioplasty animal models of vascular injury, adenov1ru§-mc§13ted overexpression
of p21S#! or of the retinoblastoma gene product (Rb) inhibited vascqlar smoth
muscle cell proliferation and neointima formation, thereby attenuating arterial
restenosis.6 7¢ Currently, novel gene delivery systems targeting the glgmerulus
are being developed,”! providing an experimental tool to counteract increased
MC proliferation by transfer of negative nuclear regulators. .

Cell cycle progression is controlled by cyclin-depend‘ent kmases. (CDKs),
whose catalytic activity is modulated by association with different cycllqs, func-
tioning as regulatory subunits. In mammalian cells, several classes of" cyclins have
been identified’? which can associate with different CDK catalytic subumts.??'
Three diffeent D-type cyclins (D1, D2, D3) and cyclin E are involyed in
controlling G1 phase progression and entry into S phase. D-t_ype cychns are
growth factor-regulated genes whose products preferentially associate with CDKfl
or CDK6. Cyclin D1 can bind to the tumor suppressor gene produgt Rb, apd is
able to stimulate phosphorylation of Rb by CDK4, its predominant kinase

partner.’#
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FIGURE 4

Effects of antisense oligonucleotides to Egr-1 on serum-induced growth of cultured rat MCs. Fetal

calf serum (4 per cent FCS)-induced increase of 3H-thymidine incorporation is reduced by co-

incubation (24h) with antisense oligonucleotides (AS1) to Egr-1 in a dose-dependent manner. The

sense (S1) and scrambled (SCR1) control oligonucleotides have no effect. Data shown as x+SEM.
(From Rupprecht et al., unpublished results).

The enzymatic activity of several cyclin/CDK complexes can be modulated
by a group of nuclear kinase inhibitors.”* The protein p21C#! is a potent inhibitor
of several cyclin/CDK complexes, with apparently limited specificity. p27%e!
binds tightly to cyclin D/CDK4, as well as to cyclin E/CDK2 complexes and
inhibits their CDK activities in a stoichiometric fashion. p16™N&% and the recently
cloned p15™K#75 specifically inhibit the cyclin D-type CDKs, CDK4 and CDK6.

Recently, we have investigated some of the nuclear regulation events induced
by an endogenous inhibitor of MC growth, transforming growth factor-g (TGF-
B). TGF-B (5ng/ml) significantly reduced mitogenesis of cultured MCs induced
by PDGF, EGF, serotonin, ET-1 or bFGF. FACS analysis revealed that incuba-
tion of cultured MCs with TGF-g blocks progression of MC cycle in G1 phase of
the cell cycle (Schoecklmann et al., unpublished results). Our preliminary findings
indicate that TGF--elicited signalling keeps the tumor suppressor gene product
Rb in its underphosphorylated, active form and that TGF-f induces
expression of the CDK4 inhibitor, p15™k,

A recent report showed that overexpression of p16™&# and p21Ct in cultured
MCs, by using an adenovirus-mediated gene transfer, inhibited entry of cells

\
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FIGURE 5

Schematic diagram of the signalling pathway that mediates cell cycle progression through Gl into S
phase. Cell cycle progression is controlled by cyclin-dependent kinases (CDKs) and their Fegulgtc{ry
subunits, the cyclins. Nuclear kinase inhibitors (p15, p16, p21, p27) modulate the enzymatic activity
of cyclin/CDK complexes. External (e.g. TGF-f) or internal regulators (e.g.‘ p53). 1nfluencc the
activity of these inhibitors. The transcription factor E2F is repressed by its bmd}ng to the
underphosphorylated form of the retinoblastoma gene product (Rb). Phosphorylation of Rb
activates E2F, which induces transcription of target genes essential for S phase.

from G1 into S phase.”® Another study, investigating in vivo protein expression
of cyclin kinase inhibitors in the anti-Thy1-1 model of experlrpental. glomerulo-
nephritis in rats, found high endogenous expression of p27<*! in quiescent MCs
under control conditions. After induction of nephritis, p27%¥! expression was
reduced, inversely correlating with MC proliferation. This coincide;d with an
increased protein expression of cyclin A and CDK2. During resolgtwn of MC
proliferation, p21C# expression was increased, whereas p27%¥! remained
undetectable.”” .
Other work has addressed the role of the nuclear transcription factor E2F in
MC growth control. E2F regulates expression of several genes involved in cell
growth-control including c-myc, proliferating cell nuclear antigen (PCNA),
dihydrofolate reductase (DHFR) and cyclin A.7# E2F is a direct target for.se'vera.ll
components of the cell cycle control machinery. The fact that E2F activity is
repressed by its binding to the underphosphorylated form of Rb led to the
hypothesis that Rb may exert growth suppression by blocking cellular E2F target
genes, and that cyclin D1 might relieve this block by inducing Rb phosphoryla-
tion.”8 Inhibition of E2F in cultured MCs by their transfection with a double-
stranded oligonucleotide decoy with high affinity to E2F resulted in degreased
MC proliferation.’® Under these conditions, serum-stimulated upregulation of
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PCNA and CDK2 kinase gene was inhibited. E2F decoy oligonucleotides Were
also used for a novel in vivo gene therapy approach in experimental anti-Thy 1.4
glomerulonephritis.®® E2F decoy double-stranded oligonucleotides could be delj.
vered efficiently in vivo to the glomeruli of rats using the HV]J-liposome methoq
Application of E2F decoy significantly inhibited glomerular expression of PCNy
and CDK2 and reduced total glomerular celllularity and lesion formation in
nephritic animals. ’

Apoptosis: a mechanism balancing mesangial cell hyperplasia.  As discussed above,
mesangial hypercellularity is thought to be one of the major pathogenetic factorg

in glomerular inflammatory disease. If recovery of the disease occurs, the questiop |

is, how is the resolution of hypercellularity achieved? Theoretically, this resoly.
tion would require reduction of the baseline regeneration or proliferation rate
and/or increased removal or death of MCs. '

Recent research has examined apoptosis, a mechanism which uses an intrinsic
program for cell death. In the kidney, apoptotic cells were first described in renal
biopsies from patients with proliferative glomerulonepbhritis or hemolytic uremic
syndrome.8% 82 Cultured MCs are capable of undergoing apoptosis after having
been deprived of serum growth factors.32 Baker et al. demonstrated that MG
apoptosis is an important cell clearance mechanism counterbalancing cell division
in self-limited anti-Thy1-1 glomerulonephritis, thereby mediating resolution of
glomerular hypercellularity in experimental MC proliferation in rats.®4 In these
experiments, mitotic and apoptotic cells were frequently detected in the same
glomerulus, suggesting that both processes can occur simultaneously. These results
were recently confirmed by another study using the same model of rat glomeru-
lonephritis. Apoptosis was upregulated at the beginning of the hypercellular state,
with the majority of apoptotic cells being MCs.85

A recent report demonstrated that the expression of the apoptotic regulators
Fas and Bcl-2 is upregulated in several types of human glomerulonephritis.86 The
Fas antigen-Fas ligand system mediates apoptosis in several cell types. In contrast,
the protein encoded by the Bcl-2 proto-oncogene can block apoptotic cell death
and prolong the lifespan of cells. The number of intraglomerular cells positive for
Fas protein was shown to be high in Henoch-Schénlein purpura and lupus
nephritis. Bel-2 positive cells were increased in lupus nephritis, focal glomerular
sclerosis, and IgA nephritis. By dual-labelling on serial sections it could be
demonstrated that mainly MCs and occasionally infiltrating leucocytes expressed
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b sical, mechanical and functional properties of the glomerulus. Changes in

atrix composition can directly affect MC biology gnd, in turn, changes 1r‘1v‘MC

.sation status may result in altered ECM synthesis. Undgr norrpal conditions,
actl” atrix compounds are being synthesized and degraded in a highly regulated
the I::er since the integrity of glomerular matrices is strictly maintained through—

tnmo;t of adult life. However, loss of this coordinated regulation with increase
f)umatrix deposition occurs in the development of glomerulosclerosis, a common
}nature in most forms of chronic inflammatory glomerular diseases.
¢ As discussed above, proliferation of MCs is control'led by many soluble

alator molecules, including various cytokines, autacoids and hormones. In
1‘fﬁiition, studies in the last decade have revealed that ECM can also regulate. MC
arowth. In vitro, freshly seeded MCs do not only plate with much hlgher
gfﬁciency on collagen types, I, Il and IV and ﬁbronecti.n compar.ed to Plastlc bl}t
also show greater replication activity.®” Thrombos.p(.)r'ldm., an ant%-adheswe matrix
glycoprotein which promotes cell rounding and division in a variety of cell types,
also increases MC proliferation. This effect m‘1ght. be medlated. in part by
upregulation of EGF and PDGF secretion, which, in turn, can increase MC
roliferation in an autocrine manner.8® In recent Qell .culFure studl'es, we observed
that the rapid attachment of MCs to fibronectin is mgmﬁcandy inhibited by the
heparan sulfate proteoglycan, perlecan.®® Several 1nvest1gat;)0rsg 1reported a dose-
dependent inhibition of MC proliferation by heparan sulfate.>® o

In additon to direct receptor-mediated effects, ECM mole(?ules can 1pd1rectly
affect the MC phenotype, e.g. by binding and sequestering various §yt.ok1nes. Fgr
example, the small proteoglycan, decorin, the productl.on of which is 1ncr§ased in
MCs by TGF-B,°2 was shown to neutralize the action of TGF—B. This effect
could reflect an autoregulatory negative feed-back mechanism. Furthermore,
bFGF strongly binds to heparan sulfate proteoglycans.‘?3 Smcc; bFGF has been
reported to influence experimental kidney diseases,’* interactions of bz%sement
membrane proteoglycans with bFGF may have important regulatory functions. .

Parallel increases of MC proliferation and MC growth have been obs.erved in

several in vivo models of glomerular disease. For example, in rat an.tl—Thyl-'l
glomerulonephritis, an increase of ECM synthesis was demonstrate;d du.rmg. proh'-
feration of MCs.°5 On the other hand, inhibition of MC prohferatlog in this
model by administration of neutralizing PDGF antibodies*> or hepan.h40 was
shown to reduce mesangial ECM deposition. Taken together, Fhere is ample
evidence that mesangial ECM acts not only as a mechanical, inert structural

support system of the glomerular capillary tuft. Rather, it.has become c'leaF, that
ECM can affect and regulate MC proliferation in a specific manner, similar to
and in concert with growth factors or cytokines.

MC proliferation and within the glomerular capillaries. In mesangioproliferative

types of glomerulonephritis, the population of Bcl-2-positive intraglomerular
J! cells, but not that of Fas-positive cells, was significantly correlated with the
I number of PCNA positive cells, the grade of mesangial cell increase and the

li Fas antigen and Bcl-2. Electron microscopy revealed apoptotic cells in areas of

magnitude of proteinuria. Based on these findings, one could speculate that in
vivo Bcl-2 overexpression might contribute to maintain MC hyperplasia in
proliferative glomerulonephritis by preventing apoptotic cell death. Obviously,

ACKNOWLEDGEMENTS .
Research data for this review were obtained with the support of the Deutsche Forschungsgemeins-
chaft, Bonn; Sonderforschungsbereich 263/B5 and Klinische Forschergruppe Ste 196/3-1.

much research is required to elucidate the pathophysiological relevance of apopto-
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