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Abstract

The glomerular basement membrane (GBM) is an important component of the kidney’s
glomerular filtration barrier. Like all basement membranes, the GBM contains type IV collagen,
laminin, nidogen, and heparan sulfate proteoglycan. It is flanked by the podocytes and glomerular
endothelial cells that both synthesize it and adhere to it. Mutations that affect the GBM’s collagen
a3ada5(1V) components cause Alport syndrome (kidney disease with variable ear and eye
defects) and its variants, including thin basement membrane nephropathy. Mutations in LAMBZ2
that impact the synthesis or function of laminin a5p2y1 (LM-521) cause Pierson syndrome
(congenital nephrotic syndrome with eye and neurological defects) and its less severe variants,
including isolated congenital nephrotic syndrome. The very different types of kidney diseases that
result from mutations in collagen 1V vs. laminin are likely due to very different pathogenic
mechanisms. A better understanding of these mechanisms should lead to targeted therapeutic
approaches that can help people with these rare but important diseases.

Introduction

Glomeruli are spheroid capillary tufts in the kidney cortex that filter the blood to generate
the primary urine. This filtrate flows into the tubular segments of the nephron and then into
the collecting ducts, which together convert the dilute primary urine into the final
concentrated urine. Within the glomerulus is the glomerular basement membrane (GBM), a
blanket-like extracellular matrix (ECM) that is situated between two cell types: specialized
epithelial cells called podocytes that reside in the urinary space, and specialized fenestrated
endothelial cells lining the glomerular capillaries (Fig. 1).

The GBM together with the podocytes and endothelial cells comprise the glomerular

filtration barrier between the blood and the urine [1, 2]. During glomerulogenesis, the GBM
arises from fusion of separate basement membranes synthesized by the immature epithelial
podocytes and glomerular endothelial cells [3]. Like all basement membranes [4], the GBM

Correspondence to: Jeffrey H. Miner, 4523 Clayton Ave., Division of Nephrology 8126, St. Louis, MO 63110 USA, Tel:
314-362-8235, Fax: 314-362-8237, minerj@wustl.edu.

Equal Contributions
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Funk et al.

Page 2

contains members of the four major classes of basement membrane proteins: collagen 1V,
laminin, heparan sulfate proteoglycan (primarily agrin, though perlecan is also present in the
immature GBM [5]), and nidogen (isoforms 1 and 2) (Fig. 2) [6-8], though dozens of other
matrix proteins are likely present [9, 10], including nephronectin [11, 12].

The GBM is of special interest for both nephrologists and geneticists because there are
mutations in type IV collagen and laminin genes that cause human kidney disease [13].
Alport syndrome is caused by mutations that affect the major collagen IV network of the
GBM, whereas Pierson syndrome is caused by mutations that affect the laminin network.
This makes the GBM also a keen interest of biochemists, since the hundreds of known
collagen 1V and laminin mutations can provide valuable information about important
structural and functional aspects. In addition, recent breakthroughs in super-resolution
imaging have provided novel information about how the collagen IV and laminin networks
are arranged within the GBM, leading to new insights about how these networks might
function in glomerular filtration.

Type IV collagen and Alport syndrome

Collagen IV chains and assembly

The type IV collagen family consists of six a chains, al-a6, and each is encoded by a
separate gene (COL4A1-COL4A®b). Like all other collagen chains, collagen IV chains
contain a collagenous domain consisting of Gly-X-Y amino acid triplet repeats that allow
the intertwining of three a chains into a triple helix. However, unlike fibrillar collagens that
form stiff structures, network-forming collagen 1V contains multiple interruptions of the
Gly-X-Y repeats interspersed throughout the large collagenous domain. These interruptions
are thought to confer flexibility to the assembled trimers and to the basement membrane. In
addition, each chain has characteristic noncollagenous domains at its NH2- and COOH-
termini that are involved in chain recognition and assembly of monomers into trimers, as
well as the assembly of trimers into the networks they form [14].

There are three known collagen IV heterotrimers (also called protomers), ala2al,
a3adab, and a5a6a5. These trimers form within the endoplasmic reticulum and then self-
assemble to form collagen IV networks after they are secreted into the extracellular space
[15]. The NH2-terminal 7S domains interact with 7S domains of three other trimers to form
a dodecameric structure, while the COOH-terminal NC1 domains interact with NC1
domains of one other trimer to form a hexameric structure. Through these intertrimer
linkages, collagen IV protomers form a chain link fence- or chicken wire-like network [16,
17].

The major collagen 1V network of the GBM is composed of a3a4a5 protomers, and there is
also a less abundant ala2a1(1V) network present on the endothelial aspect of the GBM
[18]. Super-resolution imaging confirmed that these two networks are distinct and revealed
that the collagen a.3a4a5(1V) network is near the center of the GBM where it appears too
distant from the surface of podocytes and endothelial cells to interact with typical matrix
receptors [19]. This is in contrast to the collagen ala2a1(1V) network, which is directly
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adjacent to glomerular endothelial cells [19] and should be capable of binding cell surface
receptors.

Work that took advantage of state-of-the-art mass spectrometry has documented the unique
nature of the inter-trimeric NC1 domain bonds that are present in collagen IV hexamers and
are thought to provide increased stability to the collagen IV network in the context of
significant tissue stress. These sulfilimine bonds occur between a methionine from one NC1
domain and a hydroxylysine within an adjoining NC1 domain [20]. Subsequent studies
showed that formation of the bond requires a bromide ion [21] and is catalyzed by an
enzyme called peroxidasin [22]. The importance of peroxidasin for the stability and function
of the GBM may be called into questions by the existence of PXDON mutations that cause
anterior segment dysgenesis of the eye in humans and in mouse without reported renal
involvement [23-25]. However, only a few mutations have been discovered, and their impact
on peroxidasin’s enzymatic activity or other functions has not yet been determined.

Diagnosis and genetics of Alport syndrome

Early signs of Alport syndrome, which usually appear in children, include hematuria (red
blood cells in the urine) and evidence of a high tone sensorineural hearing deficit. By light
microscopy, renal biopsies taken at early stages can appear normal or show signs of
podocyte hypertrophy and tubular red blood cell casts [26], while at later stages, the GBM
becomes focally and segmentally thickened, with eventual sclerosis and glomerular
obsolescence. Light microscopy is not sufficient for an unequivocal diagnosis of Alport
syndrome, whereas ultrastructural analysis of the glomerular capillary wall can usually
provide a specific diagnosis. By standard transmission electron microscopy, the Alport GBM
is initially thinner than normal. But as patients age the GBM usually becomes irregularly
thickened, with outpocketing towards the podocyte aspect and a typical “basket weave”
appearance rather than the normal homogenous lamina densa (Fig. 3A). Although this is the
presentation in a majority of patients, some present with a uniformly thin GBM without
obvious irregularly thickened areas [26].

The genetic basis for Alport syndrome was described in the early 1990s [27-29]. Mutations
in any one of the three genes encoding components of the collagen a3a4a5(1V) network
(COL4A3, COL4A4, and COL4A5) can cause the disease. Most mutations prevent assembly
and/or secretion of collagen a3a4a5(1V) heterotrimers such that all 3 proteins are absent
from the GBM. There is a compensatory expansion of the normally endothelial collagen
ala2al(lV) network towards the podocyte aspect of the GBM [18, 19]; this apparently
maintains GBM architecture temporarily, resulting in the delayed onset disease. A minority
of patients carry a missense mutation that allows mutant collagen a3a4a5(1V) trimer
assembly, secretion, and network formation, but there is functional impairment that can in
some cases result in milder disease severity. Moreover, missense mutations could lead to
collagen 1V chain or trimer misfolding which could secondarily cause podocyte endoplasmic
reticulum (ER) stress [30].

Overall, the genetics of Alport syndrome are quite complex [31], and the relationship
between genotype and phenotype/disease status is currently undergoing a close
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reexamination by experts in the field. Complexity arises in part because the COL4A5 gene is
on the X chromosome, whereas the COL4A3and COL4A4 genes are tightly linked in a
head-to-head orientation on chromosome 2. As with other diseases with an X-linked
component, there are many more males affected than females because males have only a
single X chromosome, so only one mutation is required in males for the disease to occur.
But unlike many other X-linked diseases, females with a heterozygous mutation (COL4A5+/
-) usually do show some symptoms, and some can even progress to kidney failure [32]. This
can be explained by the concept that only podocytes secrete collagen a3a4a5(1V)
protomers, and these protomers tend to assemble into the GBM where they are secreted. Due
to random X chromosome inactivation, about half of all podocytes will secrete normal
collagen a3a4a5(1V) protomers because their mutant X chromosome was inactivated, but
the other half will have the normal X chromosome inactivated and will not be able to secrete
normal protomers. Any clustering of podocytes unable to secrete collagen a3a4a5(1V) will
lead to focal areas of abnormal GBM that can develop typical Alport GBM lesions and lead
to the Alport phenotype. Preferential inactivation of the normal X chromosome will
exacerbate disease presentation and speed progression to kidney failure. On the other hand,
preferential inactivation of the mutant X chromosome should result in milder disease.

An additional layer of complexity arises for the autosomal COL4A3and COL4A4 genes.
Alport patients without an X-linked mutation carry mutations in either COL4A3 or
COL4A4, usually homozygous or compound heterozygous, that prevent secretion of normal
collagen a3a4a5(1V) trimers. These patients are diagnosed with autosomal recessive Alport
syndrome. Interestingly, some COL4A3and COL4A4 heterozygotes have hematuria and
thin GBMs but not the typical split, thickened GBM observed in Alport patients. This
condition has historically been called benign familial hematuria and/or thin basement
membrane nephropathy. However, it is now clear that a significant percentage of these
individuals will eventually progress to kidney failure, and many with high proteinuria will be
biopsied and diagnosed as having focal segmental glomerulosclerosis (FSGS), a
pathological diagnosis that had not until relatively recently been associated with collagen 1V
mutations [33-36]. Because ~1% of the population is thought to carry a heterozygous
mutation in COL4A3or COL4A4 and is therefore at increased risk for developing kidney
disease, it is important to identify and monitor these individuals. As patients with classic
Alport syndrome have been shown to benefit greatly from angiotensin converting enzyme
inhibition (ACE:i) therapy [37] such that it has become the standard of care, these
heterozygotes could also benefit from ACE:i if they are found to have kidney problems early
enough.

Further genetic complexity and variation in disease penetrance can arise in patients with
heterozygous mutations in more than one COL4 gene [38, 39]. In addition, evidence in mice
shows that a LAMB2 variant can hasten progression to ESRD in Col/4a3-/- Alport mice
[40], suggesting that variants in non-collagenous components of the GBM may be able to
impact progression of kidney disease in Alport patients. There are also reports of patients
who carry both a COL4 gene mutation and a mutation or variant in NPHS2that can
exacerbate manifestation of disease [41, 42]. NPHSZ2is a gene expressed primarily in
podocytes that encodes podocin, a regulator of the integrity of the glomerular slit diaphragm,
a critical podocyte cell-cell junction that bridges the gap between foot processes and is
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involved in maintaining the glomerular filtration barrier. This genetic interaction between a
COL4 gene and NPHSZ demonstrates a pathophysiological linkage between the GBM and
the slit diaphragm.

Pathogenesis of Alport syndrome

There has been much progress in investigating the pathophysiology of Alport syndrome
using mouse and dog genetic models, but there are still many questions about exactly why a
change in the collagen IV component of the GBM from collagen a3a4a5(1V) to collagen
ala2al(lV) causes kidney disease. An important clue must lie in the typical ultrastructural
defects observed in the Alport GBM and later in the podocytes in humans and animal
models (Fig. 3). Despite the inevitable appearance of tubular and interstitial histopathology
(inflammation and fibrosis) as kidney disease ensues, any hypotheses about the pathogenic
mechanisms of Alport syndrome must begin with the impact of the defective GBM in the
glomerulus.

The splitting and lamellation of the Alport GBM is thought to reflect an intrinsic structural
defect due to the compensating collagen ala2al1(1V) network being less crosslinked and/or
more susceptible to proteases [17]. Alternatively, the GBM may simply have too little
collagen 1V, regardless of isoform. Although there is no good evidence for this, if podocytes
are unable to secrete collagen a3a4a5(1V) and they do not secrete ala2al(1V) trimers
instead, there could easily be less than normal levels of collagen IV in the GBM. (This could
also be the case, though to a lesser extent, for COL4A3and COL4A4 heterozygotes who
have thin GBMSs.) Imaging shows an expansion of the collagen ala2a1(IV) network
towards the podocyte aspect of the GBM in both human and mouse Alport syndrome [18,
19], but there are neither definitive quantitative nor qualitative data for understanding this
compensating network; most researchers would likely agree that the GBM would
disintegrate without sufficient collagen IV. Because knockouts in collagen receptors
discoidin-like domain receptor 1, integrin a1, and integrin a2 provide some protection from
Alport disease progression in mice [43-45], an attractive hypothesis is that the expanded
domain of collagen ala2al(lV) in the Alport GBM leads to aberrant activation of these
receptors on podocytes and results in loss of homeostasis [46].

Aside from the change in collagen IV composition, there are also changes to the GBM’s
laminin composition. Human, dog, and mouse Alport GBM show ectopic accumulation of
laminin a2 [43, 47], which is normally confined to the mesangial matrix. This ectopic
laminin has been shown to provide aberrant signals to adjacent receptors [48], but it might
also inhibit normal polymerization or signaling by LM-521, even though levels of laminin
ab are increased in Alport mouse GBM [49]. These changes in GBM composition and their
effects on signaling, coupled with the characteristic changes to the architecture and shape of
the Alport GBM, would be expected to impact the behavior of the adjacent cells: podocytes,
mesangial cells, and endothelial cells. In fact, changes have been documented for all three

cell types.

Podocytes experience changes in gene expression due to biomechanical strain associated
with the abnormal GBM [50, 51], elevated focal adhesion kinase activation [48], and
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accelerated detachment from the GBM [52, 53], which typically causes glomerulosclerosis.
Due to their critical role in establishing and maintaining the glomerular filtration barrier,
protection of podocytes from injury should be paramount in therapeutic approaches in
Alport syndrome [54]. As determined by 3-D electron microscopic reconstruction, and
sometimes apparent in standard images (Fig. 3B), podocytes acquire an invasive phenotype
evidenced by basal protrusions into the GBM, accompanied by foot process effacement [55].
In contrast, at least some of the observed processes in the GBM are thought to be derived
from mesangial cells; this conclusion is based on positive staining in peripheral capillary
loops for integrin a.8 [56, 57], which is normally a marker of mesangial cells [12]. In
support of a role for mesangial cells in the pathogenesis of Alport syndrome, activation of
the endothelin A receptor on cultured mesangial cells initiates the formation of actin spikes,
and pharmacological inhibition of the endothelin A receptor in Alport mice ameliorates
some GBM abnormalities [58]. The increased activation of the endothelin A receptor on
mesangial cells is thought to be due to increased endothelin A expression by glomerular
endothelial cells, perhaps secondary to altered podocyte secretion of cytokines. Finally,
using state-of-the-art helium ion scanning microscopy of Alport glomeruli, defects in both
endothelial cells and podocytes were revealed [59].

Therapeutic approaches for Alport syndrome

Based on the routes of pathogenesis discussed above, various approaches to therapy have
been attempted in Alport models. The most successful has been angiotensin converting
enzyme (ACE) inhibition, which reduces blood pressure and proteinuria. Successful proof of
concept studies in Alport mice using Ramipril [60] have been translated to humans such that
ACE inhibition is now the standard of care for Alport patients [37, 61]. Although ACE
inhibition extends the time to the appearance of proteinuria and to the need for dialysis
and/or transplantation, it is not a cure for Alport syndrome. The notion that ACE inhibition
might be effective at prolonging kidney function by reducing proteinuria is supported by the
finding in Alport mice that knockout of the A/b gene that encodes albumin extends life span
by 64%, presumably by reducing injury to the renal parenchyma due to albumin overload
[62]. Although it is not feasible to remove albumin from Alport patients, targeting the
signaling pathways activated by uptake of filtered albumin could be a successful therapeutic
approach.

The podocyte-driven glomerulosclerosis and the likely indirect tubulointerstitial fibrosis that
eventually destroys the function of the kidney have been major targets of therapeutic
approaches. Transforming growth factor B promotes fibrosis in Alport syndrome, as it does
in many types of organ fibroses. Anti-TGFp therapy reduces fibrosis in Alport mice, but
only in combination with integrin a1 knockout was there a dramatic impact on kidney
function [43]. In contrast, targeting microRNA-21 (miR-21), which can be induced by
TGFp, with specific anti-miR-21 oligonucleotides was effective at reducing the level of
albuminuria and increasing the 50% survival time point for Alport mice on the 129X1/SvJ
background from 80 days to 110 days, a 38% increase [63]. There was a corresponding
reduction in histopathology throughout the renal parenchyma. The mechanism involves
enhanced PPARa/retinoid X receptor activation and enhanced mitochondrial function that
leads to stimulation of protective metabolic pathways [63]. A therapeutic approach targeting
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the mesangial cell activation observed in Alport syndrome used sitaxentan, an endothelin A
antagonist that is known to be toxic. In mice, treatment with sitaxentan nevertheless delayed
proteinuria, improved GBM architecture, inhibited mesangial cell invasion of the GBM,
increased lifespan by 20%, and prevented glomerulosclerosis and interstitial fibrosis [58]. It
will be interesting to determine whether combined ACE inhibition with either anti-miR-21
therapy or endothelin A receptor antagonism can improve outcomes.

The finding that podocyte ER stress is associated with Alport syndrome [30], likely due to
misfolded mutant collagen chains or to accumulation of chains that are unable to properly
fold due to lack of one of the three required, has led to studies in vitro aimed at using
chemical chaperones to reduce ER stress in cells from Alport patients [64]. In addition,
amniotic fluid stem cells have shown promise in Alport mice for delaying progression of
renal fibrosis via paracrine/endocrine modulation of profibrotic cytokine expression and
recruitment of macrophages [65]. These innovative approaches could turn out to be effective
tools for slowing progression to renal failure.

Laminin and Pierson syndrome

Laminin-521

The GBM'’s major laminin isoform is laminin-521 (LM-521), a cross-shaped heterotrimeric
glycoprotein composed of the laminin a5, B2, and y1 chains. LM-521 trimers are secreted
by both podocytes and endothelial cells [66, 67] and polymerize in the ECM to form
separate lattice-like networks at each edge of the GBM. Polymerization of trimers into a
network is directed by ternary interactions among the a5, 2, and y1 chain laminin NH2-
terminal (LN) domains [68, 69]. This leaves the large laminin globular (LG) domain at the
COOH-terminus of the a5 chain to bind receptors (integrin and perhaps also non-integrin)
[70] on the surfaces of the podocytes, endothelial cells, and mesangial cells so that they can
adhere to and perhaps modify and influence the organization of the GBM. Nidogens and
heparan sulfate proteoglycans are thought to link the independently formed collagen IV and
laminin networks in the extracellular matrix to each other and in some cases to cellular
receptors to establish the basement membrane and its linkage to cell surfaces.

Pierson syndrome and related diseases

Mutations affecting the laminin B2 gene (LAMBZ) cause either Pierson syndrome or
congenital nephrotic syndrome with or without ocular abnormalities, which is designated
nephrotic syndrome type 5 (NPHS5) by Online Mendelian Inheritance in Man (OMIM
#614199). Although pathogenic LAMBZ2 mutations are relatively rare compared to
mutations in other genes that cause nephrotic syndrome [71], LAMBZis considered to be an
important candidate for genetic analysis in cases of nephrotic syndrome in the first year of
life [72].

Pierson syndrome refers to autosomal recessive congenital nephrotic syndrome with diffuse
mesangial sclerosis, distinct ocular abnormalities, and neurological deficits [73-75]. This
“full blown” version of Pierson syndrome is usually associated with nonsense and splice site
mutations in LAMBZthat are predicted to prevent synthesis of a full-length laminin 2
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protein. In contrast, the less severe versions of the disease, often isolated congenital
nephrotic syndrome with only minimal extrarenal involvement or NPHS5 [76], are
associated with single amino acid changes/missense LAMBZ2 mutations. Based on these
phenotypes, it seems that the GBM is more sensitive to LAMB2 defects than other sites
where LAMB?2 is found. Many of these missense mutations are clustered in the laminin 2
LN domain, suggesting that they could impair laminin polymerization. Based on studies in
mice and in vitro, these missense mutations are thought to impair folding, secretion, and/or
polymerization in the extracellular matrix.

Mechanisms of pathogenesis

The Lamb2-/- mouse model of Pierson syndrome was published in 1995, a decade before
the corresponding human disease was identified genetically. The mouse develops nephrotic
syndrome with foot process effacement (Fig. 4) and has been instrumental in helping to
investigate the role of the GBM in establishing the filtration barrier to plasma albumin and
the mechanisms by which LAMBZ missense mutations cause albuminuria and nephrotic
syndrome. Lamb2-/- mice have a GBM that is more readily penetrated by the large tracer
molecule ferritin than is the normal GBM, suggesting that the absence of LM-521 results in
a GBM with larger pores [77]. Interestingly, forced compensatory expression of laminin p1
in podocytes, which results in overproduction of LM-511, restores the normal filtration
barrier [78]. This indicates that LM-511 functions in the GBM similarly to LM-521 and that
nephrotic syndrome might develop due to there being too little laminin in the GBM rather
than to the absence of LM-521 per se.

One of the main functions of laminin as a basement membrane component is to serve as a
ligand for cellular receptors so that cells can adhere and receive signals. Podocytes express
integrin a3p1, a receptor for LM-521’s a5 LG domain that is critical for podocyte
homeostasis [79, 80]. Lamb2 null mice have reduced levels of laminin a5 in the GBM [78].
The pathogenesis of Pierson syndrome could therefore include impaired podocyte-GBM
interactions in addition to intrinsic defects in the GBM’s architecture.

In an effort to investigate the pathogenic mechanisms of three different human LAMBZ2
missense mutations that cause nephrotic syndrome, we introduced them into mice either as
transgenes specifically expressed in podocytes or via CRISPR/Cas9-mediated gene editing
of LambZ. These studies revealed different mechanisms leading to proteinuria. The LAMB2-
R246Q and -C321R mutant proteins showed impaired secretion, likely due to protein
misfolding, which reduces the total level of LM-521 in the GBM [81, 82]. Moreover,
podocyte ER stress occurs due to LAMB2-C321R expression [82], likely impairing
podocyte homeostasis and hastening their detachment from the GBM.

Although the mechanism for pathogenesis has not been rigorously investigated, a LAMB2-
C185Y mutation, which is present in the LN domain and could impact folding, secretion, or
polymerization, was identified in mice with early nephrotic syndrome, termed Nephertiti
mice [83]. That these mice could live for at least 6 months suggests an impact on LAMB2
expression and/or function that is less severe than we observed in LAMB2-R246Q or -
C321R transgenic mice. It is interesting to speculate that the C185Y mutation leaves an
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unpaired cysteine in the LN domain, causing either impaired LN domain folding or impaired
polymerization, or both.

In contrast to the clear nephrotic phenotypes in these missense mutant mice, our CRISPR/
Cas9-induced £Lamb2563R mouse model of the human LAMB2-S80R mutation found in a
patient with delayed onset proteinuria did not recapitulate the human phenotype. This is
despite the fact that our in vitro studies revealed a polymerization defect of LM-121
harboring the LAMB2-S83R mutation [84]. Furthermore, the analogous S68R mutation in
LAMBL also shows a polymerization defect [85]. To address the hypothesis that additional
glomerular stress was necessary to reveal the pathogenicity of the mouse LAMB2-S83R
mutation, we bred the mutation onto the Co/4a3-/- Alport syndrome mouse background.
Just one copy of the mutant Lamb2553R allele exacerbated kidney disease progression, and
two copies caused kidney failure by 2 weeks of age. We concluded that even a mild defect in
the GBM’s laminin network in the context of the abnormal collagen IV network can hasten
progression of Alport syndrome [84]. By extension, this suggests that variants in non-
collagen 1V components of the GBM can impact progression of Alport syndrome even if the
variant is innocuous on its own.

Therapeutic approaches for Pierson syndrome

Nonspecific treatments that reduce blood pressure and albuminuria, such as angiotensin
converting enzyme inhibitors, can be somewhat effective at mitigating the symptoms of
nephrotic syndrome, but they are not a long-term cure. We reasoned that replacing at least
some of the missing LM-521 in Pierson syndrome should decrease proteinuria by both
reducing the average size of the pores in the GBM and providing missing signals to the
adjacent cells. Because the GBM is accessible to proteins within the bloodstream, we simply
injected full-sized LM-521 trimers into Lamb2 mutant mice beginning at 10-12 days of age
for 5 or more days [86]. We found that the injected protein accumulated in the GBM and
was stable there for at least twenty days, suggesting that it had properly integrated. Although
the injected protein attenuated foot process effacement (Fig. 4) and delayed the onset of high
level proteinuria, it did not prevent progression to nephrotic range proteinuria. Super-
resolution imaging revealed that the injected LM-521 integrated on the endothelial side of
the GBM but did not reach the podocyte aspect, likely because at 800 kDa it is simply too
large to cross the dense collagen IV layer at the center of the GBM. Nevertheless, these data
show that the GBM’s composition can be therapeutically manipulated [86]. This agrees with
our proof-of-principle studies showing that inducible postnatal expression of collagen
a3ada5(1V) in the podocytes of Alport mice allows them to deposit a functional collagen
a3ada5(1V) network--into an existing and already functioning abnormal GBM--that slows
disease progression [87]. Further work is necessary to find approaches that will be effective
over the long term, and it is likely that important lessons will be learned from experimental
therapeutic approaches in a model of congenital muscular dystrophy due to Lama2 mutation
[88, 89].
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Concluding thoughts

Both Alport syndrome and Pierson syndrome are caused by mutations that impact the
structure and function of the GBM, yet the kidney aspects of these diseases are very
different. Alport syndrome causes a gradual decline in kidney function, beginning with
hematuria, but proteinuria begins later in the disease course. In stark contrast, Pierson
syndrome and the related NPHS5 are congenital nephrotic syndromes with very high levels
of proteinuria at or shortly after birth. Deciphering the mechanisms by which the different
changes to GBM collagen IV and laminin composition causes these very different
manifestations of kidney dysfunction will lead to novel, targeted therapeutic approaches that
can improve the lives of patients.
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. The kidney glomerular basement membrane (GBM) is an extracellular matrix

. The GBM contains specialized isoforms of type IV collagen (collagen

. Mutations that impact the type IV collagen components cause Alport

. Mutations in LAMBZ cause Pierson syndrome and isolated congenital

Highlights

that helps filter the blood to make urine.

a3ada5(1V)) and laminin (laminin a5p2y1, or LM-521).

syndrome and thin basement membrane nephropathy.

nephrotic syndrome.
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Fig. 1. Transmission electron micrograph showing the structure of a typical glomerular capillary
from an adult mouse

The glomerular basement membrane (GBM) is flanked by podocyte foot processes (FPs,
asterisks) and the fenestrated glomerular endothelium (Endo). FPs emanate from podocyte
cell bodies. Red blood cells (RBCs) can be seen in the lumen of the capillary.
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Fig. 2. Schematic diagrams of the four major GBM components
Four type IV collagen a3a4a5(1V) triple helical heterotrimers (or protomers) interact via

their 7S domains, and two interact via their NC1 domains to form the collagen 1V network.
LM-521 heterotrimers interact with each other via their laminin N-terminal (LN) domains to
form a separate network. Nidogen binds to both collagen 1V and laminin networks to help
stabilize them and the GBM by linking them to each other. Agrin binds to LM-521 via its N-
terminal agrin (NtA) domain. Both agrin and laminin a5 have C-terminal laminin globular
(LG) domains that serve as ligands for cell surface receptors. These interactions link the
GBM to the cell surface and allows the cell to influence the organization of GBM
components.
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Fig. 3. Transmission electron microscopy demonstrates splitting and thickening of the GBM in
the Col4a3—/- mouse model of Alport syndrome

A. Early stage of pathology shows mild GBM splitting and thickening (asterisk) with
preserved podocyte foot processes (arrows) and endothelial cell fenestrations (arrowheads).
B. Later stage of pathology shows extensive GBM splitting and thickening (black asterisk)
and effacement of podocyte foot processes (arrows). Endothelial cell fenestrations appear to
be maintained (arrowheads), and there is evidence of podocyte invasion into the GBM
towards the endothelium (white asterisks). Some of these processes appear embedded in the
GBM due to the plane of section.
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Fig. 4. Ultrastructural analysis of glomerular capillary walls in control and Lamb2 mutant
kidneys that model Pierson syndrome

A. Lamb2+/- control mouse shows typical podocyte foot processes and endothelial
fenestrations adjacent to the GBM. B. A Lamb2-/- mouse shows effaced or broadened
podocyte foot processes but retained endothelial cell fenestrations and a GBM of normal
appearance. C. A Lamb2-/- mouse was injected intravenously on consecutive days with
LM-521. This treatment attenuated podocyte foot process effacement and delayed the onset
of high level proteinuria. Arrows, podocyte foot processes; arrowheads, endothelial cell
fenestrations; asterisks, GBM.
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