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Pathophysiology of the glomerulus:

Kl tells the story
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The glomerular signature in patients with
hematuria

Fairley KF, Birch DF. Hematuria: a simple
method for identifying glomerular bleeding. Kid-

ney Int. 1982;21:105-108. Our reasoning in
glomerular pathol-
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: @CS? composition and
hO . . @ amount of pro-
a @ﬁm@ teinuria, and the
Figure 1| presence of red

blood cells (RBCs)
in the urine. In the case of isolated hematuria,
the question of the origin of RBCs arises. In
1973, Brod was the first to provide some
morphologic clue: “red cells of glomerular
origin generally bear traces of their long journey
[in] the renal tubules”' But it was Birch and
Fairley who, in 1979, described these changes
under phase-contrast microscopy and correlated
them with clinical findings.” Then they provided
a complete description of the RBC morphologic
alterations in 88 patients referred for hematu-
ria.” A kidney biopsy was performed in all pa-
tients who had suggestive manifestations of
glomerular disease, whereas the other patients
were investigated by cystoscopy and imaging
methods. Dysmorphic RBCs were seen in 55 of
58 patients with glomerular disease, and in none
of 30 patients with nonglomerular disease. Later,
it was shown that cells with a unique deformity,
acanthocytes, recognized as ring forms with
vesicle-shaped protrusions, were closely corre-
lated with glomerular disease (Figure DA A
recent study from the Mayo Clinic’ challenged
this view and concluded that a level of =25% of
urine-deformed RBCs (mainly acanthocytes) is
specific (96.3%) but not sensitive (20.4%) for
glomerular diseases. In their cohort, the com-
bined hematuria (>10 RBCs/high-power field)
and proteinuria level performed just as well as
measures of deformed RBCs plus proteinuria to
predict underlying glomerulonephritis, but the
cohort only included patients with a clinically
indicated kidney biopsy, excluding those with
urologic causes of hematuria.

The Fairley and Birch studies of the urinary
sediment have changed the standard of care.
Before those studies, many patients with glomer-
ular bleeding were subjected to unnecessary uro-
logic and radiologic investigations. Searching for
acanthocytes in the urine at an early stage of pa-
tient investigation has led to a more selective use of
these procedures. The use of automated screening
might help with standardization and resolve per-
sisting controversies.

Figure 1 is adapted with permission from
Fairley KF, Birch DF. Hematuria: a simple
method for identifying glomerular bleeding.
Kidney Int. 1982;21:105-108.” Copyright ©
1982, International Society of Nephrology.

The glomerular electric field revealed!

Chang RLS, Deen WM, Robertson CR, Brenner
BM. Permselectivity of the glomerular capillary
wall: lll. Restricted transport of polyanions. Kidney
Int. 1975;8:212-218. 'This paper” is the logical
outcome of a series
of elegant studies
by Brenner’s group
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This article is part of the K/ 60th
anniversary series. This month's
topic is the pathophysiology of the
glomerulus.

The Japanese character & and the
Chinese character 88, for K/ convey
the circulating life force, the exis-
tence and properties of which are
the basis of much of Chinese and
Japanese philosophy and medicine.
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rabbit ear showed that macromolecular charge
may play an important role in restricting the
passage of the nonprotein anionic polymer
sulfate dextran, compared with neutral
dextran.” In the kidney, the clearance of albu-
min relative to that of inulin (0.01) is greatly
exceeded by that of uncharged dextrans (0.20),
although they have about the same molecular
radius (about 36 angstrom units). Given that
albumin is a polyanion in physiological solu-
tion, the authors suspected that its negative
charge could impede passage through the
glomerular capillary wall. When they infused
sulfate dextran of the same radius, the frac-
tional clearance was decreased to that of albu-
min. Both dextran and sulfate dextran are
neither secreted nor reabsorbed, so the differ-
ences observed were not the result of differ-
ences in transport across tubule epithelia.

These groundbreaking findings were in
keeping with parallel work by Cotran’s group
showing that perfusion of the rat kidney with
polycationic substances such as protamine
sulfate was associated with effacement of foot
processes.” Although it is now well established
that the polyanionic coat is partially lost in
proteinuric disorders, its nature remains
controversial, despite the powerful molecular
and genetic tools available to investigate it. For
a long time, it was considered that negatively
charged heparan sulphate proteoglycans, one of
the main components of the glomerular base-
ment membrane, performed a key role in the
charge barrier. However, this role has been
called into question by studies on the
podocyte-specific mutation of agrin,” major
glomerular basement membrane heparan sul-
phate proteoglycans, and the knockout of
Ext1' and Ext13,'"' which code for enzymes
that add glycosylated residues on the core
protein of proteoglycans. Other negatively
charged proteins, particularly the sialo- and
sulfo-protein podocalyxin, have been investi-
gated. Mutation in a key enzyme of sialic acid
biosynthesis caused severe glomerular protein-
uria that was rescued by N-acetylmannos-
amine,'> but podocalyxin might be more
important for maintaining podocyte architec-
ture than for contributing to glomerular charge
selectivity.'” The role of glomerular endothelial
cell glycocalyx should also be considered.

From a therapeutic standpoint, replacement of
the missing charges is attractive, although the
beneficial long-term effects of such replacement
on chronic kidney disease progression, particu-
larly in diabetes, have not been established.

Figure 2 is adapted with permission from
Chang RLS, Deen WM, Robertson CR, Brenner
BM. Permselectivity of the glomerular capillary
wall: III. Restricted transport of polyanions.
Kidney Int. 1975;8:212-218.° Copyright ©
1975, International Society of Nephrology.

The cellular component in rapidly progressive
glomerulonephritis: not gone, just forgotten,
and now accessible to single-cell RNAseq!
Bolton WK, Innes DJ Jr, Sturgill BC, Kaiser DL.
T-cells and macrophages in rapidly progressive
glomerulonephritis: clinicopathologic correlations.
Kidney Int. 1987;32:869-876. Because of major
advances in our
understanding  of
the role of anti-
bodies in the path-
ogenesis of anti—
glomerular  base-
ment  membrane
disease and Hey-
mann nephritis in
the 1970s and early 1980s, the implication of T
cells has long been ignored. Bolton et al.'* first
phenotyped kidney cellular infiltrates with
monoclonal antibodies to T cells in various
types of acute crescentic rapidly progressive
glomerulonephritis. The predominant cellular
infiltrates were lymphocytes, mostly T-helper,
and macrophages. T cells were found not only
in the interstitium, around tubules, in peri-
glomerular localization, but also within
glomeruli. T cells, T-helper and suppressor
cells, B cells, and macrophages were observed
within crescents. Furthermore, the response to
methylprednisolone was related to the intensity
and composition of these cellular infiltrates.
Considerable work has been devoted since
then to the role of lymphoid cells in crescent
formation. Chen et al.'” recently developed an
elegant experimental model of crescentic
glomerulonephritis with which they demon-
strated that CD8 T cells penetrate the crescents
only at sites of rupture of the Bowman’s
capsule. The authors developed a “2-hit” hy-
pothesis of crescentic glomerulonephritis pro-
gression. The first hit is the damage caused by
antibodies causing proteinuria and the activa-
tion of parietal epithelial cells with a first gen-
eration of crescents and cytokine release. The
second hit is triggered by neo-epitopes from
damaged podocytes that are released into the
urine and taken up by renal medullary den-
dritic cells, which then migrate to the regional
lymph nodes and present the neo-epitopes to
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CD4" and CD8" T cells. This scenario is
supported by recent data showing that the
kidney lymph node, particularly its fibroblastic
reticular cells, may be the key secondary
lymphoid organ responsible for the propaga-
tion of the immune response in crescentic
glomerulonephritis.' The activated T lym-
phocytes and macrophages migrate to the
glomerulus, accumulating around Bowman’s
capsule until breaches occur. Through these
breaches, macrophages and T cells can gain
access to the glomerular space, so that CD8" T
cells can then destroy their neo-epitope—
expressing target podocytes. Other cell types
can participate in the pathogenesis, including
the recently identified innate lymphoid cells
that were detected in glomeruli, particularly
prior to the development of crescents.'”

We still know very little about mediators and
cell interactions. We are confident that single-
cell RNA transcriptomics performed on kid-
ney biopsies, glomerular cells shed in the urine,
and peripheral blood mononuclear cells will
help unravel new pathogenic pathways in
clusters of diseased cells, thus opening exciting
opportunities for innovative therapeutic
intervention.'®

Figure 3 is adapted with permission from
Bolton WK, Innes DJ Jr, Sturgill BC, Kaiser DL.
T-cells and macrophages in rapidly progressive
glomerulonephritis: clinicopathologic correla-
tions. Kidney Int. 1987;32:869-876."" Copy-
right © 1987, International Society of
Nephrology.

Glomerular hypertrophy versus glomerular
pressure and flow: angiotensin-converting
enzyme inhibitor is always the winner

Yoshida Y, Fogo A, Ichikawa I. Glomerular he-
modynamic changes vs. hypertrophy in experi-
mental  glomerular  sclerosis.  Kidney Int.
1989;35:654-660. In the 1980s, considerable
work was devoted
to the pathogenesis
of glomerular scle-
rosis, a key lesion in
the progression of
chronic kidney dis-
ease. Several factors were considered: protein-
uria, mesangial deposition of macromolecules,
hyperlipidemia, intraglomerular coagulopathy,
and above all, increased pressures and flows at
the glomerular level.'””" Little attention had
been focused on glomerular hypertrophy,
despite its excellent correlation with sclerosis.
Then Yoshida et al.”' used an elegant protocol
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in Munich-Wistar rats. All left kidneys were
subjected to a two-thirds nephrectomy, whereas
right kidneys were left untouched, nephrec-
tomized, or ureter-diverted in the peritoneal
cavity (that is, renal clearance function was
removed while the kidney tissue was kept in
situ). Micropuncture studies showed that both
the glomerular capillary hydraulic pressure and
the filtration rate remained at similarly elevated
levels in the last 2 groups of rats, compared
with the controls. However, glomerular hyper-
trophy was observed in only the nephrectom-
ized group, thus suggesting an absence of
correlation between enhanced hemodynamics
and hypertrophy in this rat model. Further-
more, there was a correlation between
glomerular hypertophy and sclerosis.

This work, in conjunction with that of
Brenner’s group, triggered a lot of controversy
and opened new fields of research on the na-
ture of the factors that induce glomerular hy-
pertrophy and the possible mechanisms
whereby hypertrophy causes sclerosis. A key
aspect of glomerular hypertrophy is that, either
as a primary effect of abnormal growth or as a
compensatory secondary phenomenon due to
loss of other nephrons, it can lead to relative
podocytocytopenia, which increases mechani-
cal and other stress on podocytes and eventu-
ally promotes podocyte loss.

In subsequent work, Fogo et al.”” showed
that glomerular hypertrophy distinguished
steroid-resistant nephrotic  children = who
developed focal segmental glomerulosclerosis
from those that only had minimal change dis-
ease. Glomerular hypertrophy should be taken
to be a key factor for glomerular sclerosis in
most situations of nephron loss, intrauterine
growth retardation, significant prematurity,
and a high-protein diet. In those situations,
hemodynamic factors also most likely play an
important role, but the present paper indicates
that hyperfiltration alone is insufficient to
induce pathogenic glomerular hypertrophy and
subsequent sclerosis. Whatever the respective
contribution of hypertrophy and hemody-
namics, treatment relies on angiotensin-
converting enzyme inhibitors/angiotensin II
receptor blockers, the beneficial effects of
which are associated with the reduction of
glomerular hypertrophy, but better knowledge
of the mediators and pathways is urgently
needed for more specific and personalized
therapy.

Figure 4 is adapted with permission from
Yoshida Y, Fogo A, Ichikawa I. Glomerular
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hemodynamic changes vs. hypertrophy in
experimental glomerular sclerosis. Kidney Int.
1989;35:654—-660."" Copyright © 1989, Inter-
national Society of Nephrology.

First identification of complement factor H
mutation in atypical hemolytic uremic syn-
drome (HUS) opens Pandora’s box

Warwicker P, Goodship THJ, Donne RL, et al.
Genetic studies into inherited and sporadic he-
molytic  uremic  syndrome.  Kidney Int.
1998;53:836-844. Since the first description of
nondiarrheal HUS
by Gasser et al”
many  candidates
have been suggested
as the cause of the
disease. Previous
case reports of HUS
in patients with
factor-H deficiency led the authors to postulate
that anomalies of factor H might be involved in
the pathogenesis. Warwicker et al’* took
advantage of the rare familial forms of HUS to
identify factor-H mutations. In the late 1990s,
when genetics technology was still in its infancy,
investigators had to overcome many hurdles.
They first performed linkage analysis using mi-
crosatellite polymorphism markers. They map-
ped a region that contains the factor H gene.
Mutations were sought in the coding region of
factor H by single-strand conformational poly-
morphism and heteroduplex analysis of real-
time polymerase chain reaction fragments.
They then identified band shifts that were not
present in 60 healthy controls. Finally, subclon-
ing and sequencing of the mutant band revealed
a mutation in exon 20 (R1197G) in 2 families,
and a 4-base pair deletion in exon 1 causing a
frameshift in a sporadic case. This report illus-
trates how the amazing development of
next-generation sequencing techniques has
considerably simplified the whole diagnostic
process. One should be aware, however, of the
pitfalls of interpreting variants of uncertain sig-
nificance. The technological problems have been
solved, but now the challenges are determining
how to interpret the data, establishing the
functional significance of the identified variants,
and revisiting the concept of variable penetrance
using whole-exome sequencing in search of
mutations in other complement genes or
modifying genes.

This groundbreaking paper established the
role of alternative pathway dysregulation and
opened the field of genetic complement
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abnormualities in atypical HUS. It was followed by
many studies that underlined the need for genetic
screening for all susceptibility factors as part of
clinical management of atypical HUS patients™
and showed that atypical and secondary HUS
have no common genetic risk factors.”® These
studies have also induced a paradigm shift in
patient care, with the development of comple-
ment inhibitors such as anti-C5 antibodies, of
which eculizumab is the leader. However, con-
troversies remain regarding the usefulness of
complement inhibitors in secondary HUS.

Figure 5 is adapted with permission from
Warwicker P, Goodship THJ, Donne RL, et al.
Genetic studies into inherited and sporadic
hemolytic uremic syndrome. Kidney Int.
1998;53:836-844.”* Copyright © 1998, Inter-
national Society of Nephrology.
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