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The glomerulus of the kidney is a complicated structure
that consists of i) a capillary bed composed of special-
ized endothelial cells; ii) mesangial cells, modified mes-
enchymal cells that have a primary function of maintain-
ing the three-dimensional structure of the capillary bed;
i) highly terminally differentiated visceral epithelial cells
called podocytes; and iv) the glomerular basement mem-
brane (GBM) found between the podocytes and the endo-
thelial cells. The endothelial cells, GBM, and podocytes
form the glomerular filtration barrier. The glomerulus is the
primary target of most chronic renal diseases, and when
severely injured it undergoes glomerulosclerosis, char-
acterized by excessive extracellular matrix deposition
and glomerular cell death. Numerous initiating events
targeting any of the four major components of the glo-
merulus can result in glomerulosclerosis. Thus, it is im-
perative that we understand the molecular and cellular
mechanisms that contribute to the homeostasis of the
glomerular filtration barrier if we want to devise new tools
to halt the progression of glomerulosclerosis and ideally
prevent glomerular disease.

Growth factor—-dependent signaling plays a critical role
in the normal development and maintenance of the integ-
rity of the glomerulus. This signaling can be autocrine
and paracrine because it can occur between endothelial
and mesangial cells, which are in direct contact with
each other, and between podocytes and mesangial or
endothelial cells, which are separated from each other by
the GBM. The study by Khan and colleagues’ in this issue
of the The American Journal of Pathology provides further
evidence that paracrine signaling between mesangial
and endothelial cells is important for the maintenance of
normal glomerular integrity by providing novel proof that
mesangial cell sequestration of latent transforming
growth factor-g (TGF-B) by integrin avB8 modulates glo-
merular endothelial cell function.

Integrins, the transmembrane receptors for extracellu-
lar matrix, are composed of noncovalently linked « and B8
subunits. Twenty-four integrins with specific but overlap-
ping functions are found in mammals.? The best studied
and characterized function of integrins is their ability to
bind to the extracellular matrix, after which they mediate
multiple cell functions, such as cell adhesion, migration,
proliferation, and survival. These integrin-dependent
functions are required for glomerular development and
for maintenance of glomerular homeostasis in health and
disease. The laminin binding receptor integrin 31 is
essential for normal glomerular development, and mice in
which the integrin &3 subunit is constitutively deleted
have severe developmental abnormalities characterized
by alterations in glomerular capillary loops, a disorga-
nized GBM, and an inability of the foot processes of the
podocytes to mature properly.® Selective deletion of the
integrin a3 subunit in the podocyte results in massive
proteinuria and nephrotic syndrome, and the glomeruli
have a disorganized GBM, podocyte foot process efface-
ment, and, finally, glomerulosclerosis.* A similar although
more profound glomerular phenotype occurs when the
integrin B1 subunit (which can bind 12 different a sub-
units, including «3) is selectively deleted in podocytes.®
The only other integrin known to regulate glomerular de-
velopment by mediating an interaction with extracellular
matrix is integrin a8B1. The a8 subunit is primarily ex-
pressed in mesangial cells, and mice lacking this integrin
subunit have hypercellular glomeruli with an increased
number of mesangial cells, increased mesangial matrix
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deposition, and minor abnormalities in the glomerular
capillary networks. There is also evidence that this inte-
grin-mediated cell-matrix interaction plays a role in main-
taining the integrity of the glomerulus after injury as hy-
pertensive integrin a8—deficient mice showed increased
mesangial cell loss and mesangiolysis.® Finally, although
the collagen binding receptor integrins a1B81 and «2B1
do not play a role in normal glomerular development,
integrin a1B1 plays a major role in regulating the degree
of glomerulosclerosis in multiple injury models.” Thus, itis
clear that integrins play a critical role in glomerular de-
velopment and homeostasis after injury by virtue of their
ability to bind to their well-defined extracellular matrix
ligands.

In addition to their role as matrix receptors, integrins
bind various nonmatrix molecules, and these interactions
play important roles in altering cell function. In this con-
text, integrins can promote the invasion of infectious
agents or toxins into cells; eg, integrin avB1 promotes
infection by the human matapneumovirus, the collagen
receptor integrins a1B1 and a2B1 act as receptors for the
rotavirus enterotoxin, and most av integrins, including
avB8, function as receptors for the foot-and-mouth dis-
ease virus.® Integrins also play a critical role in binding
secreted and membrane-bound cell proteins to stimulate
different cellular functions. For example, the axonal
growth cone guidance molecule semaphorin 7A stimu-
lates cytokine production in monocytes and macro-
phages by binding integrin «1B1; integrin avB3 binds
matrix metalloproteinase-2 (MMP-2), thus directing endo-
thelial cell migration and angiogenesis; and the serine
protease urokinase plasminogen activator can promote
cytoskeletal rearrangements and directional cell migra-
tion on binding to integrin avB5. Finally, integrins have
been shown to bind growth factor family members, in-
cluding connective tissue growth factor, neuregulin-1,
vascular endothelial growth factor (VEGF), and TGF-B.

The TGF-B is probably the most studied growth factor
with respect to the maintenance of glomerular homeosta-
sis because its overexpression is associated with many
glomerular diseases, especially diabetic nephropathy,
the biggest cause of end-stage renal failure today. TGF-
is expressed by podocytes and mesangial cells, and it
has multiple functions, including being a profibrotic cy-
tokine. It has been implicated in increasing matrix pro-
duction by mesangial cells, leading to mesangial expan-
sion and, ultimately, glomerular fibrosis, as well as having
effects on mesangial and podocyte cell survival and pro-
liferation. Due to its pleiotropic effects, TGF-B requires
tight local control of its activity. It is usually secreted and
maintained in an inactive form via noncovalent interac-
tions with the latency-associated peptide (LAP) of TGF-B.
LAP cleavage and removal from latent TGF-B, or confor-
mational changes in the LAP/TGF-B complex, are two
essential steps in TGF-B activation. Enzymes such as
membrane type-1 (MT1) MMP, aspartic and cysteine pro-
teases, and plasmin have been shown to play a key role
in LAP cleavage. In addition, thrombospondin-1, integrin
avB6, and integrin avB8 are physiologically important
TGF-B activators that act by inducing conformational
changes in the LAP/TGF-8 complex.®

Integrin avB6, a fibronectin and vitronectin receptor
expressed principally by epithelial cells, was the first
integrin shown to play a key role in TGF-B activation by
inducing conformational changes in the LAP/TGF-8 com-
plex by binding to the arginine—glycine-aspartic acid
sequence present in the LAP.'© Blocking this form of
TGF-B activation was shown to decrease fibrosis in injury
models because mice lacking the integrin B6 subunit
were protected from bleomycin-mediated pulmonary fi-
brosis'® and in models of renal tubulointerstitial fibrosis. ™
Because the regulation of TGF-B activation by this inte-
grin requires the av subunit to bind to an arginine—gly-
cine—aspartic acid sequence, researchers explored the
role of other av-containing integrins, such as av8, in
TGF-B activation. The integrin B8 subunit is expressed in
various epithelial cell types (squamous mucosa, airway
epithelium, renal tubular epithelium, and neuroepithe-
lium), mesenchymal cell types (fibroblasts, kidney mes-
angial cells, and astrocytes), and specific immune cell
types (splenocytes, CD44™ T cells, and dendritic cells).
The major, if not the only, ligand of integrin avB8 is
latent TGF-B. Similar to integrin avB6, integrin av@8
binds to the integrin-recognition motif (arginine—glycine—
aspartic acid) of the LAP of TGF-B and mediates its
activation. However, unlike integrin avB6, which activates
TGF-B via mechanical strain causing a conformational
change in the LAP/TGF-B interaction, integrin avB8-
bound latent TGF-B activation requires LAP cleavage by
MT1-MMP."2 Interestingly, the B8 integrin subunit is
unique in that it has a short cytoplasmic tail that bears
no sequence homology to other B integrin subunits,
does not bind to the actin cytoskeleton, and is not
required for TGF-B activation.®

Integrin avB8 can regulate cell functions in a TGF-B-
independent and a TGF-B-dependent manner. In lung
epithelial cells, engagement of integrin avB8 by matrix
inhibits cell proliferation via activation of the cyclin-de-
pendent kinase inhibitor p21°® . Integrin avB8 also reg-
ulates brain development, where it was shown to alter
endothelial cell proliferation, migration, and differentiation
due to activation of TGF-B by astrocytes.’® In contrast to
the idea that integrin avB8 is an activator of TGF-8, the
study by Khan and colleagues’ shows that mesangial
cells in the glomerulus sequester latent TGF-B and pre-
vent its activation in an integrin avp8-dependent man-
ner. They then propose that this event, in turn, reduces
the release of bioactive TGF-B, thus leading to increased
glomerular endothelial cell survival. The authors came to
this conclusion by analyzing integrin B8—null mice that
were bred onto outbred and C57BL/6 congenic back-
grounds, which permitted embryonic survival and evalu-
ation of renal phenotypes. The mice developed azotemia
and albuminuria, indicating glomerular injury, at 4 weeks
of age, which was more pronounced at 12 weeks. How-
ever, other than focal podocyte foot process effacement,
there was no morphologic evidence of injury in any of the
cell types (podocytes, mesangial cells, or endothelial
cells) in the glomerulus. The authors were unable to de-
fine a mechanism for the subtle morphologic changes in
vivo; however, they isolated mesangial cells from integrin
B8—null mice and showed that these cells had decreased



levels of membrane-bound latent TGF-B and increased
secreted bioactive TGF-B compared with wild-type mes-
angial cells. Based on this observation, they argue that
mesangial cells are different from other cells in that they
do not activate the latent LAP/TFG-B complex. Their ex-
planation for the difference between mesangial cell func-
tion and the other cells is that mesangial cells do not
secrete MT1-MMP, a key factor in promoting integrin
avpB8-mediated TGF-B activation. In this context, MT1-
MMP is expressed at extremely low levels in mesangial
cells,'® and cultured mesangial cells rendered quiescent
by prolonged incubation in serum-free media do not ex-
press MT1-MMP, making them unable to cleave the LAP
of TGF-B. This explanation is unlikely to be the mecha-
nism resulting in the in vitro or in vivo phenotype because
it is known that MT1-MMP activation requires signaling
pathways such as protein kinase C, which does not func-
tion when cells are quiescent. Furthermore, MT1-MMP is
detected in the mesangium of the glomerulus in vivo (R.
Zent, unpublished observation), and MT1-MMP-null mice
do not have proteinuria at the time of their death (R. Zent,
unpublished observation). In addition, other MMP-null
mice, such as MMP-9—, MMP-2—, and MMP-9/MMP-2
double-null mice are also all normal with no evidence of
proteinuria. There are multiple other possible explana-
tions for the observed phenotype that the authors did not
consider. For example, it is possible that in integrin 8-
null mice, TGF-B binds to other cell surface receptors on
mesangial cells, which have a lower affinity for TGF-B
than does integrin avB8. However, these receptors, in-
cluding, eg, integrin avp6, could potentially be more po-
tent activators of TGF-B than is integrin avB8, thus result-
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ing in increased TGF-B activation in integrin B8-null
mesangial cells.

Another interesting observation made by Khan et al’ is
that the integrin B8-null mice displayed increased ex-
pression of platelet endothelial cell adhesion molecule-1
(PECAM-1) in glomerular endothelial cells, which helps
protect them from apoptosis. The authors suggest that
the mechanism whereby this effect occurs is due to in-
duction of PECAM-1 by TGF-f as previously described in
endothelial cells'® and macrophages.'” However, in this
study, the authors were unable to induce PECAM-1, even
with exogenously added TGF-B. These results suggest
that PECAM-1 induction in glomerular endothelial cells is
not directly dependent on TGF-B or that immortalized
glomerular endothelial cells used in this study do not
induce PECAM-1 expression in response to TGF-B. In
addition to TGF-, other cytokines, such as tumor necro-
sis factor-a and interferon-v, have been shown to regulate
PECAM-1 expression. These mechanisms of PECAM-1 ex-
pression regulation might have been acting in a TGF-g-
independent manner.

Despite these deficiencies in the study by Khan and
colleagues,” this work does have novelty in at least two
aspects: i) it provides evidence that in glomeruli, integrin
avB8 expressed on mesangial cells is important in bind-
ing latent TGF-B, thus delaying its activation, and ii) it
provides the first evidence that mesangial cells can affect
glomerular endothelial cell stability, unless PECAM-1 is
up-regulated. These observations show, for the first time,
that mesangial cells can regulate endothelial cell function
and raise some new and interesting insights into the
mechanism whereby homeostasis of the glomerulus is

Glomerular Cells

Lack of MT1-MMP expression by mesangial cells
prevents activation of latent TGF-f bound to
integrin avp8.

Lack of integrin avp8 leads to increased levels of
secreted activated TGF-§ which modulates
glomerular endothelial cell apoptosis.

Figure 1. Schematic representation of integrin avB8—mediated TGF-B activation in nonglomerular (A) and glomerular (B and C) cells. A: In nonglomerular cells,
integrin avB8—bound latent TGF-B is normally activated by MT1-MMP. B: In contrast, in the glomerulus of the kidney, lack of MT1-MMP expression by mesangial
cells prevents integrin avp8—mediated TGF-B activation. C: Deletion of the integrin 88 subunits results in increased release of activated TGF-B by mesangial cells,
which modulates glomerular endothelial cell apoptosis. RGD, arginine—glycine—aspartic acid.
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maintained. This is an important addition to the already
described cross-talk between other cell types in the glo-
merulus. However, it is unclear how such profound dif-
ferences in integrin avB8-dependent TGF-B activation
occur in glomerular and nonglomerular cells. In nonglo-
merular cells, there is evidence that MT1-MMP mediates
cleavage and activation of latent TGF-B bound to integrin
avp8 (Figure 1A). In contrast, Khan and colleagues’ sug-
gest that because mesangial cells do not express MT1-
MMP, latent TGF-8 bound to integrin avB8 is not cleaved
and, thus, remains inactive (Figure 1B). Therefore, when
mesangial cells do not express integrin avp8, latent
TGF-B does not bind to this integrin and is available to
bind to other receptors, where it is made available to
other proteases for cleavage or conformational changes
to the LAP/TGF-B complex (Figure 1C). The increased
active TGF-B in the glomeruli of integrin B8-null mice is
proposed to lead to endothelial cell apoptosis, unless
PECAM-1 is up-regulated.

The best example that demonstrates the complex role
of growth factors in glomerular cell homeostasis and the
importance of cross-talk between different cell types in
the glomerulus is VEGF. Glomerular endothelial cells
have been demonstrated to require podocyte-expressed
VEGF for normal development and glomerular mainte-
nance. Selective deletion of VEGF in podocytes leads to
abnormalities that range from no glomerular capillary for-
mation when no VEGF is produced to less severe devel-
opmental phenotypes when low amounts of VEGF are
expressed.'® Production of VEGF by the podocyte is also
necessary to maintain the mature glomerular filtration
barrier integrity, and selective down-regulation of VEGF
in mature podocytes results in glomerular endothelial cell
damage and thrombotic microangiopathy.’® Moreover,
VEGF produced by podocytes is important in promoting
and supporting glomerular endothelial cell migration, dif-
ferentiation, and survival. Interestingly, in mice where
VEGF expression by podocytes was decreased, there
was also mesangial cell loss, suggesting that this growth
factor is a key regulator of glomerular homeostasis by
controlling endothelial and mesangial cell stability. Podo-
cytes are not the only glomerular cells that produce
VEGF. Up-regulation of VEGF has been detected in mes-
angial cells exposed to high glucose or in response to
stretch.?® However, whether mesangial cell-provided
VEGF can directly affect glomerular endothelial cell func-
tions in vivo has not been investigated because no selec-
tive mesangial cell markers are available, and there are
no mesangial cell-specific cre mice. The study by Khan
et al' is unique because it shows a mesangial cell-spe-
cific function for integrin avB8, as this receptor is ex-
pressed only by mesangial cells in the glomerulus.

It is likely that there are many parallels between the
mechanisms whereby VEGF and TGF-B secretion and
local activation regulate glomerular development and ho-
meostasis. Similar to VEGF, TGF-8 is required for normal
development of the metanephric mesenchyme, yet ex-
cessive TGF-B signaling is implicated in glomerular dis-
eases, suggesting that the levels of TGF-B need to be
regulated in an extremely precise manner in specific
parts of the glomerulus. Mesangial cells are the principal

producers of TGF-B, thus they need to precisely regulate
the activation of this growth factor. Sequestration of latent
TGF-B by integrin avp8 as suggested by Khan et al’ is
novel and significantly adds to the already described
mechanisms of TGF-B activation, such as regulated pro-
teolytic cleavage of the LAP and modulation by activators
such as thrombospondin-1 and integrin avp6. Up-regu-
lation of thrombospondin-1 and integrin avpB6 has been
observed in diabetic nephropathy and in focal and seg-
mental glomerulosclerosis, implying a role in altering dis-
ease progression. Itis also likely that the protective role of
integrin avB8-dependent sequestration of TGF-B will be
altered in disease states because it has been reported
that a high glucose level activates nuclear factor of acti-
vated T cells, a transcription factor shown to up-regulate
the TGF-B activator MT1-MMP in mesangial cells.

In conclusion, although the study by Khan and col-
leagues' demonstrates that integrin av8 plays a role in
the regulation of glomerular homeostasis, it does not de-
fine the mechanism whereby this integrin regulates
TGF-B activation in vivo. More definitive studies need to
be performed to show that lack of MT1-MMP expression
or activation in the mesangium is the reason for de-
creased TGF-B cleavage from the LAP in vivo. It is also
an open question as to how integrin avpB8 regulates
PECAM-1 expression. Although it is possibly due to the
ability of integrin avB8 to regulate TGF-B activation, it
might be due to other yet to be defined functions of the
integrin that are independent of TGF-B8. No matter what
the mechanism is, it will be important to define whether
enhanced PECAM-1 expression affects glomerular en-
dothelial cell functions, such as permselectivity. Fi-
nally, it will be interesting to define the role of integrin
avB8 in disease states of the kidney as this is an intrigu-
ing potential mechanism for regulating TGF-gB activation.
Ultimately, if we plan to target TGF-B as a strategy to
ameliorate glomerulosclerosis in human disease, under-
standing the ever-increasing complex mechanisms of
how TGF-B activity is regulated in the glomerulus is crit-
ically important.
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