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Abstract

Purpose of review: In this narrative review, we describe general aspects, histological alterations, treatment, and implications
of Fabry disease (FD) nephropathy. This information should be used to guide physicians and patients in a shared decision-
making process.

Source of information: Original peer-reviewed articles, review articles, and opinion pieces were identified from PubMed
and Google Scholar databases. Only sources in English were accessed.

Methods: We performed a focused narrative review assessing the main aspects of FD nephropathy. The literature was
critically analyzed from a theoretical and contextual perspective, and thematic analysis was performed.

Key findings: FD nephropathy is related to the progressive accumulation of GL3, which occurs in all types of renal cells. It
is more prominent in podocytes, which seem to play an important role in the pathogenesis of this nephropathy. A precise
detection of renal disorders is of fundamental importance because the specific treatment of FD is usually delayed, making
reversibility unlikely and leading to a worse prognosis.

Limitations: As no formal tool was applied to assess the quality of the included studies, selection bias may have occurred.
Nonetheless, we have attempted to provide a comprehensive review on the topic using current studies from experts in FD
and extensive review of the literature.

Abrégé

Objet de la revue: Dans cette revue narrative, nous discutons des aspects généraux, des modifications histologiques,
du traitement et des implications de la néphropathie liée a la Maladie de Fabry. Des informations qui serviront a guider les
médecins et les patients dans un processus commun de prise de décision.

Sources: Les originaux d’articles évalués par les pairs, d’articles-synthéses et d’articles d’opinion ont été répertoriés dans
les bases de données Pubmed et Google Scholar. Seuls les articles en anglais ont été consultés.

Méthodologie: Nous avons procédé a une revue narrative ciblée examinant les principaux aspects de la néphropathie liés
a la maladie de Fabry. La documentation a fait I'objet d’une critique rigoureuse du point de vue théorique et contextuel, et
une analyse thématique a été effectuée.

Principaux résultats: La néphropathie liée a la maladie de Fabry est associée a I'accumulation progressive de GL3, qui
se produit dans tous les types de cellules rénales. Elle est plus présente dans les podocytes, qui semblent jouer un réle
important dans la pathogenése de la néphropathie. Un dépistage précis des troubles rénaux est d’'une importance capitale
puisque le traitement spécifique de la maladie de Fabry est généralement retardé, ce qui rend la réversibilité peu probable et
conduit a un pronostic plus défavorable.

Limites: Des biais de sélection pourraient s’étre introduits puisqu’aucun outil formel n’a été utilisé pour évaluer les études
incluses. Nous avons néanmoins tenté de procéder a un examen complet du sujet grace aux études actuelles menées par des
experts de la maladie de Fabry et a une revue approfondie de la documentation.
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Why is This Review Important?

Although rare, Fabry disease (FD) is multisystemic and can
affect the kidneys, progressively leading to end-stage kidney
disease (ESKD), which results in a worse prognosis.
Comprehensive assessment of FD, especially in the field of
nephrology, is of paramount importance for early diagnosis
and selection of the adequate therapeutic management, both
essential to improving outcomes.

What are the Key Messages?

FD nephropathy still often goes unnoticed and, consequently,
underdiagnosed. Therefore, better awareness of FD is funda-
mental for changing this scenario. Renal biopsy can be an
important auxiliary tool for the diagnosis of FD, especially in
the presence of variants of uncertain significance (VUS), and
for defining the start of therapy, as well as for evaluating its
effectiveness. Specific therapy should be evaluated on a
case-by-case basis considering the patient’s age, gender, and
the genetic variant. Early diagnosis and treatment, when
indicated, are associated with better outcomes.

Definition and General Aspects of FD

FD is an inborn error of metabolism with X-linked inheritance
due to variants of the GLA gene that encodes the lysosomal
enzyme a-galactosidase A (a-GAL). The markedly reduced or
absent activity of the enzyme results in progressive accumula-
tion of glycosphingolipids, mainly globotriaosylceramide
(GL3) and its metabolite globotriaosylsphingosine (lyso-
GL3). The involvement of target organs can lead to renal, car-
diac, and cerebrovascular complications. '

The GLA gene is located on the X chromosome, at posi-
tion Xq22. Although more than 1000 different variants of the
gene have already been described, not all result in FD, as
many of them are benign ones or polymorphisms without
clinical implications.>*

Each variant tends to be specific to each family, which par-
tially justifies the marked variability in residual enzyme activity
and, consequently, the difference in clinical presentation.>>¢

The estimated prevalence of the disease is approximately
1:40000 to 1:117000 males."” Studies of FD screening in
newborns reveal the possibility of a higher prevalence, but
many of the identified variants are those without great clini-
cal significance.®?

The prevalence of FD in the high-risk population varies
possibly due to different types of screening. For patients on
dialysis, the prevalence ranges from 0.20% to 0.99% in
males and 0.05% to 0.33% in females.!"!* Among patients
with heart disease, the prevalence ranges from 0.21% to
2.99% in men and 0.28% to 1.68% in women.'>?° For indi-
viduals with cerebrovascular disease, including stroke, the
prevalence ranges from 0.17% to 2.3% in males and from
2.5% to 4.7% in females.?!">> A recent reanalysis of 63 stud-
ies that screened 51363 patients (33943 males) excluded
benign/likely benign variants to provide more accurate gen-
der-specific and phenotype-specific results. The prevalence
estimates found were 0.21% males and 0.15% females in
36820 hemodialysis screenees; 0.94% males and 0.90%
females in 5491 cardiac screenees; and 0.13% males and
0.14% females in 5978 stroke screenees.?®

As for the disease diagnosis, the first step aims to estab-
lish the activity of the a-GAL enzyme. The classic pheno-
type is found in males with less than 1% enzyme activity, and
it is caused by different types of rearrangements, splicing
defects, and missense or nonsense variants. On the other
hand, male patients with more than 1% enzyme activity may
have missense or splicing variants and show a “late-onset”
phenotype.'? In female patients, even in those with symp-
toms, the enzyme activity may be within the normal range.
Approximately 33% to 50% of GLA-mutation confirmed
heterozygotes have normal or only slightly decreased o-
GAL activity.??® This is due to the fact that the defective
gene can be compensated by a functional copy of the equiva-
lent gene on the other X chromosome. For this reason, this
test is not recommended for diagnosis in women.?’?% A
screening strategy in women that improved accuracy in the
detection of the disease combined the enzyme activity with
lyso-GL3 levels.?

The confirmatory test is the genetic analysis. This is
reserved for women with clinical or laboratory suspicion and
for men with low enzyme activity.?>*° It is recommended
that the family members of index patients undergo direct
genetic analysis. Family pedigree is of great value because
often allows the diagnosis at earlier stages. On average, for
each index patient, another 5 family members are diagnosed;
however, in some studies, this number is much higher.3"*

Two clinical presentations are described. Patients with the
classic phenotype may have their first symptoms during
childhood or adolescence. The initial manifestations are acro-
paresthesia, severe pain crises known as “Fabry crises,” and
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gastrointestinal symptoms. Other symptoms may appear
later as a result of the progression of systemic deposits.
Angiokeratomas are described as dark red, nonpruritic papu-
lar dermatological lesions. The involvement of sweat glands
can lead to hypohidrosis or anhidrosis, which causes intoler-
ance to temperature changes. Cornea verticillata is a non-
pathognomonic finding of FD, caused by the deposits of GL3
in the corneal tissue, without compromising visual acuity.
Hearing loss is a common finding. Cognitive deficit can occur
as aresult of multiple micro brain infarctions.!*3 With increas-
ing age and the progression of GL3 deposits, FD causes
lesions in target organs, which can culminate around the
fourth decade of life in heart failure, stroke, and chronic kid-
ney disease (CKD). These combined factors reduce life
expectancy by an average of 25 years for men and 10 years
for women.3

The other form of clinical presentation includes the late-
onset phenotype, in which the classic signs and symptoms
are absent or appear in a milder form.*** The cardiac variant
manifests itself most commonly through concentric left ven-
tricular hypertrophy, around the fifth decade of life. Cardiac
involvement may also present as a differential diagnosis of
arrhythmias, hypertrophic obstructive cardiomyopathy, or
idiopathic cardiomegaly.’* The renal variant shows signs of
renal impairment, described in a specific section of this arti-
cle. The progressive decline in renal function is evident
between the ages of 40 and 50 years, leading to ESKD .33

The spectrum of clinical presentation in women is broad.
The phenotypic heterogeneity is due, in part, to the lyoniza-
tion phenomenon, responsible for the random inactivation of
the X chromosome. The residual enzyme activity is conse-
quently quite variable. Although some women manifest a
classic clinical presentation, women can be asymptomatic
and generally show milder signs and symptoms, with a
slower evolution.>”-* Rare cases of homozygous females are
described, with a clinical picture similar to the classic pheno-
type in males.?® Although FD is potentially detected in a
greater number of women because it is X chromosome
linked, a study revealed that 88% of FD patients who initi-
ated dialysis were males, suggesting a more insidious clini-
cal characteristic in women.*

Regarding the treatment of FD, before the advent of
enzyme replacement therapy (ERT), the approach aimed
only at supportive measures to minimize the most prominent
symptoms. Lifestyle changes are recommended.?? Other tra-
ditional measures consist in drugs that can delay the involve-
ment of target organs, such as angiotensin-converting
enzyme inhibitors (ACEi) or angiotensin II receptors block-
ers (ARB), which, in addition to optimizing blood pressure
(BP) control, have been shown to decrease proteinuria and
kidney disease progression.*!

Specific treatment for FD is carried out with ERT or mig-
alastat. There are currently 2 enzymes available: agalsidase
alfa (Replagal) and agalsidase beta (Fabrazyme).*>* Both

proteins are structurally and functionally similar and are
administered intravenously every 15 days.

The other specific treatment, migalastat (Galafold), is a
drug that belongs to the chaperone class, to be used in
patients with “amenable” variants, which constitute a type of
“missense” mutation, and also in some small deletions. It
acts by selectively and reversibly binding with the a-GAL
mutant forms, which facilitates its adequate transport to lyso-
somes, where the dissociation of this binding then occurs,
resulting in an increase in enzymatic function. It is adminis-
tered orally, at a dose of 123 mg every other day, with good
tissue distribution and, unlike ERT, it crosses the blood-brain
barrier.**® The drug is limited to adult patients, as it has not
yet been approved for use in patients younger than 16 years.
Migalastat is substantially eliminated by the kidneys and is
not recommended for use in patients with glomerular filtra-
tion rate (GFR) <30 mL/min/1.73 m? or ESKD requiring
dialysis. No dose adjustment is required when GFR >30
mL/min/1.73 m2.¥

The goal of ERT and migalastat is to reverse pathological
changes in FD, prevent the development of disease, and slow
the progression of multiple organ dysfunction in older
patients. As for the nephropathy, therapy is aimed at prevent-
ing the development of albuminuria, stabilizing already man-
ifested albuminuria, preventing or slowing the progression of
massive proteinuria, stabilizing renal function, and prevent-
ing progression to ESKD.*

There are several additional therapies under develop-
ment.*>>" The substrate reduction therapy (SRT) aims to
limit the formation of metabolites that cannot be degraded.
In patients with residual enzyme activity, SRT may be suffi-
cient to reduce the substrate to a level compatible with the
remaining enzyme activity. In patients with minimal or no
residual enzyme activity, SRT may not be sufficient as a sin-
gle therapy.*” The most studied drug is lucerastat, which
works by inhibiting glucosylceramide synthase, thus inhibit-
ing GL3 production.’’*? Pegunigalsidase-a, the pegylated
dimerized version of agalsidase, would provide a longer
half-life and an apparent low immunogenicity.”® Another
option is the moss-derived enzyme, which has a higher affin-
ity for mannose receptors and seems to have access to renal
tissue.>* Gene therapy and gene editing are also under devel-
opment and may represent a promising safe alternative.’>

Nephropathy in FD

General Aspects

The renal involvement is multifactorial. Progressive GL3
accumulation leads to histological damage, the release of
inflammatory mediators, the increase in oxidative stress, and
the positive regulation of the adhesion molecule expres-
sion.* Moreover, an increase in cytokines such as transform-
ing growth factor-f and apoptosis have been described.”’
Podocyte involvement was associated with an increase in
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autophagosomes and also a decrease in mammalian target of
rapamycin and protein kinase B signaling cascades, which
might predispose to further cell damage.’® Lyso-GL3 may
have an important role, promoting the proliferation of vascu-
lar smooth muscle cells and the release of glomerular injury
mediators.>® Angiotensin 1l also contributes to nephropathy
through vasoconstriction, as well as the spread of inflamma-
tion and fibrosis.®

GL3 accumulation occurs in all types of kidney cells. The
deposits increase with disease progression and, in addition to
podocytes, they can be found in the epithelium of Bowman’s
capsule, in the mesangial and endothelial cells, in the smooth
muscle cells of the arteries and arterioles, interstitial cells,
and in the distal tubule. The proximal tubule is less affected
due to the constant renewal of its cells.®!6?

Clinical and Laboratory Findings

Patients with FD generally have lower systemic BP values,
mainly as a consequence of the effects of autonomic dys-
function on cardiac and vascular function, although other
factors may be involved.*® High BP becomes more prevalent
as CKD progresses.®

The presence of renal cysts, mainly parapelvic ones, has
been reported. The pathogenesis of cysts is unknown.>%¢!
Although uncommon, hematuria can also occur.*

Glomerular manifestations are similar to those of diabetic
nephropathy, with hyperfiltration in the early stages, albu-
minuria, proteinuria, and progressive decrease in GFR.®!
Glomerular hyperfiltration is relatively frequent in young
patients.* One of the treatment guidelines even considers
hyperfiltration (GFR >135 mL/min/1.73 m?) as 1 of the cri-
teria for the indication of specific therapy.®®

Tubular manifestations are less frequent and include dis-
tal renal tubular acidosis and isosthenuria. Fanconi syndrome
has also been described, but it is rare.®! Tubular damage and
dysfunction may be accompanied by the excretion of tubular
lesion markers, such as al-microglobulin and retinol-bind-
ing protein.®

Podocytes seem to play an important role in the pathogen-
esis of FD nephropathy. When injured, the result is glomeru-
losclerosis, indicative of irreversible damage to the
glomeruli.”* Endothelial cells contribute to the develop-
ment of fibrosis, through luminal obstruction and ischemia.”®
The mesangial cells seem to play a less important role in the
pathophysiology of nephropathy.®

As the disease progresses, endothelial cells, and espe-
cially podocytes, become hypertrophic with foamy vacuoles.
Irreversible ischemic changes in the renal microvasculature
result in glomerulosclerosis, thickening of the capillary wall,
tubular atrophy, interstitial fibrosis, and arterial and arterio-
lar sclerosis.”! Gradual evolution to renal replacement ther-
apy usually occurs between the fourth and fifth decades of
life, mainly in untreated male classic cases.®!

As for the natural history of FD nephropathy, the rate of
GFR decrease in untreated patients varies substantially. In a
study of male classic patients, the decline in GFR was approx-
imately 12.2 mL/min/y, with rapid progression to ESKD.”
Another study showed GFR decline rates for men with GFR
=60 mL/min/1.73 m? and GFR <60 mL/min/1.73 m? of 3.0
and 6.8 mL/min/1.73 m?/y, respectively. In women, the GFR
decline was 0.9 and 2.1 mL/min/1.73 m%Yy, respectively.
Factors such as baseline proteinuria, reduced baseline GFR,
and male gender have been associated with a faster disease
progression.** In patients with late-onset variants or in female
patients, the GFR decline is generally slower and less
predictable.’®73

Signs indicative of early and progressive kidney damage
include microalbuminuria and proteinuria, which may
already be present in the second decade of life. However,
potentially irreversible histological changes can be observed
in the renal biopsy from children before the onset of albu-
minuria.”*”® In addition, a report of early disease status in
asymptomatic classic boys revealed histological evidence of
GL3 accumulation, and cell and vascular injury in renal tis-
sue prior to the onset of microalbuminuria and the develop-
ment of clinically significant renal events.”®

Therefore, although albuminuria and proteinuria are the
most often used markers, they have a low sensitivity to iden-
tify incipient nephropathy.” In addition, proteinuria may not
be evident in patients with advanced kidney disease and may
not correlate with the GFR decline.”

The discovery of alternative markers of renal impairment
is extremely important. One study compared albuminuria
with other urinary biomarkers of glomerular and tubular dys-
function for the identification of incipient FD nephropathy.
There was a significant increase in all biomarkers, even in
the subgroup of patients with no evidence of nephropathy,
overcoming the limitations of albuminuria as a sensitive
marker of early renal dysfunction. These biomarkers might
improve the management of kidney disease, providing crite-
ria for starting the specific therapy and defining new early
stages of FD nephropathy.”’

Urine microscopy can be clinically useful in diagnosing
and assessing disease progression. It is a noninvasive and
inexpensive technique that aims to identify 3 basic findings
in FD: “Maltese cross” particles, “urinary mulberry cells,”
and podocyturia.*®% There are, however, some limitations
associated with these tests, as the diagnostic value is not well
established in late-onset phenotypes, and these findings are
not pathognomonic for FD.>

Vacuolated epithelial cells filled with glycosphingolipids
have the appearance of a “Maltese cross,” visualized through
polarized light microscopy.’”® The “urinary mulberry cells”
have a lamellar appearance, with a characteristic image of
the mulberry body. They are distal tubular epithelial cells, in
which GL3 has accumulated and can be detected before kid-
ney damage can be identified.”"”®
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Table I. Clinical and Laboratory Manifestations of FD Nephropathy.

Systemic BP Lower systemic BP

Ultrasound findings
Urine microscopy

Renal cysts, mainly parapelvic ones
Hematuria, “Maltese cross,” “urinary mulberry cells,” podocyturia

Glomerular manifestations

decrease in GFR
Tubular manifestations
Podocyte involvement

Biomarkers GL3 and lyso-GL3

Hyperfiltration in the early stages, albuminuria, proteinuria, generally non-nephrotic, progressive

Distal renal tubular acidosis, isosthenuria, rarely Fanconi syndrome
Podocyturia, proteinuria, glomerulosclerosis

Note. FD = Fabry disease; BP = blood pressure; GFR = glomerular filtration rate.

The loss of podocytes in the urine correlates with con-
tinuous glomerular injury, and its quantification provides
robust evidence of podocyte damage.®® This has been sug-
gested as a potential diagnostic tool and a way to guide
treatment strategies in FD nephropathy. In some studies,
even in patients with normoalbuminuria or normoprotein-
uria, the number of podocytes in the urine was significantly
higher when compared with that in healthy individuals, sug-
gesting that this biomarker of clinically silent kidney dam-
age may precede proteinuria.”' Podocyturia was inversely
related to GFR in male patients and is correlated with clini-
cal severity in FD nephropathy, which may have a potential
prognostic value.57-68

Individuals on ERT have lower podocyturia, higher pro-
teinuria, and worse renal function, which may indicate that
therapy was currently started at an advanced stage.”®”°

In women, due to the random X chromosome inactivation
and the consequent phenomenon of mosaicism, podocytes
show a heterogeneous involvement. The relative number of
podocytes without the FD phenotype increases with age in
these patients, representing a disproportionate loss of cells
with the FD phenotype over time.*

Although efforts have been made, an ideal biomarker has
not yet been identified. Despite the decrease in GL3 urinary
levels during therapy, it is not an ideal biomarker because
most of the late-onset FD males and FD females do not
exhibit high plasma GL3 levels, and its baseline value has no
correlation with the biochemical parameters of renal func-
tion and disease severity.’"%?

Conversely, the measurement of lyso-GL3 levels has been
used as a reliable diagnostic tool to mainly discern classic
FD from individuals without the disease. However, some
studies suggest that lyso-GL3 levels may also be applicable
in patients with the nonclassic phenotype and female patients.
In cases of VUS without phenotypic or biochemical charac-
teristics of classic FD, increased values of lyso-GL3 >1.3
nmol/L corroborate with the diagnosis. Normal levels of
lyso-GL3 do not exclude FD in women but make the diagno-
sis highly unlikely in men.®*-%5 Lyso-GL3 also shows a better
correlation with the response to therapy.®

Through metabolomic approaches, new analogs of lyso-
GL3 have been discovered, which may play a role in the

pathogenesis and be useful for diagnosis and monitoring 387

In plasma, unlike what is seen in urine, lyso-GL3 is signifi-
cantly more abundant than its analogs.®® Levels of urinary
analogs have been reduced after ERT in men, supporting
their potential use in therapy monitoring.3® In a more recent
study, the concentration of urinary lyso-GL3 together with
its analogs proved to be a promising diagnostic biomarker
for patients with classic and late-onset FD.%

The clinical and laboratorial manifestations of FD
nephropathy are summarized in Table 1.

Histological Findings

Renal biopsy can be useful in all patients with any level of
proteinuria or renal dysfunction, as it assesses the degree of
glomerulosclerosis and interstitial damage, which are mark-
ers of chronicity with high prognostic significance.*® In
patients with minimal proteinuria and normal kidney func-
tion, the biopsy can also determine whether there are depos-
its of GL3 and quantify them, especially in podocytes.”
Kidney biopsy also assumes greater importance when clini-
cal and laboratory markers of renal impairment are absent in
women. In such cases, the presence of histological signs of
chronicity, together with significant renal deposits, may
serve as an indication to start specific therapy.

Indications for renal biopsy also include cases with atypi-
cal presentations and the need to rule out other nephropathies
or overlapping diseases.”>** In patients who are already on
ERT, biopsy serves mainly to assess the response to treat-
ment, when there is suspicion or confirmed presence of anti-
bodies against the enzyme.*® Renal biopsy indication must
be supported by convincing arguments to avoid unnecessary
risks.”** The indications for kidney biopsy in FD nephropa-
thy are summarized in Table 2.

Light microscopy can show vacuolation in different cells
(Figure 1), such as podocytes (Figure 1A-C), mesangial, and
endothelial cells. Cytoplasmic vacuolation results from
deposits of lipids such as GL3, which, when embedded in
paraffin, dissolve during processing. Vacuolation can also be
present in the epithelial cells of the distal tubules (Figure 1D),
in the loops of Henle (Figure 1E) and in the collecting ducts.
The involvement of proximal tubular cells is uncommon. In
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Table 2. Indications for Kidney Biopsy in FD Nephropathy.

To assess the degree of glomerulosclerosis and interstitial damage.

In patients with 30- to 300-mg/g albumin-to-creatinine ratio and normal kidney function, the biopsy can determine whether there are
GL3 deposits and quantify them.

In women without evidence of FD nephropathy, the presence of significant renal deposits may serve as an indicator for the start of
specific therapy.

Cases of atypical presentations.

Cases in which it is necessary to rule out other nephropathies or overlapping diseases.

Cases with suspected or confirmed presence of antibodies against the enzyme to evaluate the response to ERT.

Note. FD = Fabry disease; ERT = enzyme replacement therapy.

Figure |. Kidney biopsy specimen under light microscopy (A-E—embedded in paraffin): The vacuoles seen in the cytoplasm of
different cells: especially podocytes (P) in the glomerulus (G), distal tubular cells (T), and Henle loops (HL). (A) Hematoxylin and eosin
(magnification: 20X objective; 2.0X optovar). (B-E) Masson’s trichrome (magnification: 160X). (F) Yellowish green natural fluorescence
of GL3 in the glomerular and tubular cells (arrows) in frozen section under fluorescence microscopy (magnification: 40X objective;
1.25X optovar).

frozen material, GL3 deposits show natural fluorescence material, deposits can be visualized with lipid dyes, such as
(Figure 1F) and are birefringent, producing a characteristic Sudan. In material included in resin, GL3 deposits are pre-
“Maltese cross” pattern under polarized light. In this type of ~ served and thus well evidenced by the toluidine blue dye
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Figure 2. Kidney biopsy specimen under light microscopy—osmicated, epoxy-embedded tissue, stained with toluidine blue. There are
GL3 deposits stained in dense, dark blue granules in the cytoplasm of different cells: especially in enlarged podocytes in glomerulus (G)
and parietal epithelial cells (Bowman capsule; arrows), tubular cells (T), endothelial cells and smooth muscle cells in arteriole (A), and in
interlobular arteria (IA). There is segmental sclerosis (SS) in glomerulus (A-D, magnification: 20X objective; 2.0X optovar).

(Figure 2).3%%5 Vascular lesions include deposits in smooth
muscle and endothelial cells (Figure 2), sometimes associated
with hyaline deposits in arteries and arterioles. As the disease
progresses, glomerulosclerosis, both segmental (Figure 2A)
and global, interstitial fibrosis, tubular atrophy, and thicken-
ing of the vascular walls occur.*®

Under immunofluorescence microscopy, deposits character-
istic of immunocomplexes are not found, but nonspecific find-
ings such as IgM or C3 may occur in areas of sclerosis.>*!

Electronic microscopy (EM) is considered the only tool
available to reliably confirm or exclude FD nephropathy.”!
When a genetic variant is present but the diagnosis of FD is
uncertain, renal biopsy with EM analysis should be per-
formed to confirm the diagnosis.®> GL3 deposits are observed
inside lysosomes of different cell types (Figures 3 and 4) and
can take forms known as “myelin figure,” “onion skin,” or
“zebra bodies.” Under high magnification, GL3 deposits
consist of electron-dense, multilamellated concentric layers,
with a periodicity of 3.5 to 5 nm (Figure 3D).

Podocytes show the largest amount of deposits because
they are terminal differentiation cells. The effacement of foot
processes is also present.*>! The deposits shown under EM
are not pathognomonic in FD. The main differential histo-
logical diagnoses involve other nephropathies that present
with foamy podocytes, such as toxicity by a-GAL enzyme
inhibitors (chloroquine, hydroxychloroquine, amiodarone,

among others) and other renal lipidoses (gangliosidosis
GM1, Hurler’s syndrome, Niemann-Pick’s disease, Farber’s
disease). In these lipidoses, the morphology and location of
deposits differ from those found in FD, and none of them
have prominent myelinated bodies disseminated in the dif-
ferent types of compartments and renal cells. Silica-induced
nephropathy can also disclose images similar to FD, but
other specific changes coexist.’*% The histological findings
of FD nephropathy are summarized in Table 3.

A standardized grading system for analyzing renal
changes through renal biopsy was developed and validated
to determine whether baseline histological information may
be related to the rate of disease progression or response to
therapy.”® Findings of renal impairment, such as GL3 depos-
its, glomerulosclerosis, tubular atrophy, and interstitial fibro-
sis, were observed even in the early stages of the disease.
Histological evidence of renal involvement precedes the
clinical and laboratory signs of early nephropathy. Therefore,
the absence of the typical signs and symptoms of CKD does
not exclude renal involvement due to FD, thus emphasizing
the importance of the renal biopsy role.”

In that same study, clinical disease was more attenuated in
women, with a lower degree of global sclerosis and fewer inclu-
sions in podocytes, tubules, and vessels. Arterial hyalinosis was
the single most prevalent pathological finding in females, which
may be related to the higher mean age of the assessed patients.”
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Figure 3. Kidney biopsy specimen under electron microscopy: (A-C) Glomerulus with electron-dense GL3 deposits in endothelial
cells (EC), mesangial cells (MC), parietal epithelial cells (PEC), and podocytes (P), with effacement foot process (arrow). (D) In high
magnification, GL3 deposits consist of electron-dense multilamellated concentric layers, with periodicity 3.5 to 5 nm (arrow). Original
magnification: (A) = 4.400X, (B) = 3.000X, (C) = 7.000X, and (D) = 250.000X.

Uniform analyses of histological changes can help deter-
mine the prognosis, quantify the response to treatment, and
facilitate the investigation of pathological mechanisms that
lead to progressive renal dysfunction (Table 3).%?

Therapeutic Aspects of FD
Nephropathy

Regarding the therapy of FD nephropathy, in addition to the
possibility of using ERT or migalastat, attaining adequate
control of proteinuria by using ACEi or ARB is extremely
important. The therapeutic goal is to achieve albuminuria
levels <30 mg/g of urine albumin-to-creatinine ratio (ACR)
if baseline values are between 30 and 300 mg/g, or an ACR
<300 mg/g if baseline values are >300 mg/g. A careful dos-
age is necessary to avoid adverse effects, which include
hypotension and hyperkalemia.’”*® The additional cardio-
protective action of these drugs further justifies their use.”

For BP control, the targets are systolic BP =130 mm Hg and
diastolic BP =80 mm Hg, preferably using ACEi or ARB.*!
As for the dialysis modalities, the choice of method
depends on individual preferences. The outcomes of kidney
transplantation, both regarding graft and patient survival, are
similar to those of transplanted patients from other causes.
Long-term graft survival seems to be negatively influenced
by cardiovascular involvement.!®!°! Clinical recurrence of
post-transplant FD nephropathy has been reported, even with
signs of histological recurrence of the disease, but with no
impact on long-term graft survival. One study encompassed
results from renal graft biopsies, evidencing a few typical
lamellar inclusions, presumably originating from invading
host macrophages and vascular endothelial cells.!®
Regarding the results of specific therapies, studies have sug-
gested that kidney disease progression is attenuated in patients
who start ERT at a younger age and preserved kidney function
at baseline, giving support in favor of an early intervention, 0104
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Figure 4. Kidney biopsy specimen under electron microscopy with electron-dense GL3 deposits in lysosomes in different cells: (A)
arteriole in endothelial cells (EC) and smooth muscle cells (SMC); (B) distal tubule (DT) and in endothelial cells (EC) of peritubular
capillary (PTC); (C) proximal tubule (PT); and (D) cells in the interstitial compartment. Original magnification: (A-D) = 3.000X.

Note. RBC = red blood cell; BM = basal membrane.

Table 3. Histological Findings in FD Nephropathy.

Vacuolations in podocytes, mesangial, endothelial, and epithelial cells of the distal tubules; loops of Henle; and collecting ducts.

Involvement of proximal tubular cells is uncommon.

Vascular lesions include deposits in smooth muscle cells and endothelial cells, sometimes associated with hyaline deposits in arteries and

arterioles.

Segmental or global glomerulosclerosis, interstitial fibrosis, tubular atrophy, and thickening of the vascular walls.
Immunofluorescence microscopy: deposits characteristic of immunocomplexes are not found, but nonspecific findings such as IgM or C3

may be identified in areas of sclerosis.

Electronic microscopy: GL3 deposits are observed inside lysosomes of different cell types and can take forms known as “myelin figure,”

“onion skin,” or “zebra bodies.”
Effacement of foot processes.

Note. FD = Fabry disease.

Some patients do not achieve the therapeutic goal of stabilizing
or improving the GFR due to a more advanced level of tissue
damage when therapy is started. Patients with similar levels of
albuminuria may respond differently, depending on the extent
of kidney damage present before treatment.!”>17 Adults are

at risk for progressive loss of GFR despite ERT, particularly
if ACR =1000 mg/g.®° One study showed that, in men after
10 years of ERT with agalsidase alfa, proteinuria increased
proportionally more than in those with altered values when
the therapy was initiated.'%



10

Canadian Journal of Kidney Health and Disease

A prospective study evaluated 57 patients (30 males) and
6 adolescents, showing that renal function decreased in men
(=3.4 mL/min/1.73 m?y) even with ERT, but followed the
natural course in women (0.8 mL/min/1.73 m?/y). Long-
term ERT combined with optimal supportive treatment did
not prevent nephropathy progression, but the longer treat-
ment duration may decrease the risk of developing additional
complications. ERT in advanced disease seems to have few
benefits.!?”

The benefit of a higher cumulative dose of agalsidase was
reported in a 10-year follow-up study with serial renal biop-
sies in male classic patients with stable microalbuminuria
and normal GFR. The elimination of GL3 deposits in podo-
cytes and the reduction of plasma lyso-GL3 correlated with
the cumulative effect of the offered enzyme dose.'!?

In a study of serial renal biopsies in children, both at the
beginning of ERT and 5 years later, total clearance of endo-
thelial, glomerular, and mesangial inclusions was evidenced,
and some patients showed a substantial clearance of podo-
cyte inclusions, which correlated with the cumulative dose.'!!
Limited elimination of arterial and arteriolar GL3 raises con-
cerns about the long-term vascular effects of the current
therapy.''°

In a prospective observational study, a group of patients
who received the standard dose of agalsidase beta was
switched to agalsidase alfa, due to problems with the world-
wide supply of the drug. After this period, they returned to
their previous treatment with agalsidase beta, and dose-
dependent benefits were observed such as GFR decline and
levels of lyso-GL3.!!2

A multicenter, retrospective cohort study with 387 patients
on ERT showed the decrease in plasma lyso-GL3 was more
robust with agalsidase beta treatment, specifically in men
with the classic phenotype, but there was no difference
regarding the decline in GFR between the 2 groups.!!®

The migalastat effectiveness has been investigated in 2
main clinical trials. In the Formoterol and Corticosteroids
Establishing Therapy study, the primary objective was to
assess the effect on kidney involvement. After 6 months, the
patients showed a reduction of >50% of peritubular intersti-
tial capillary inclusions and a significant reduction of podo-
cyte inclusions. Moreover, the results suggest that treatment
improved renal function in patients in all proteinuria lev-
els."* The 18-month randomized and active-controlled
ATTRACT study aimed to assess the effects on renal func-
tion in patients previously treated with ERT. Migalastat and
ERT had similar effects on renal function.!'> The efficacy in
the Japanese patient population was similar to that of the
overall ATTRACT population. Migalastat treatment
increased a-GAL activity and stabilized renal function.
Plasma lyso-GL3 levels remained low and stable.!'® In
another study, migalastat treatment lasting 6 months demon-
strated effective GL3 podocyte clearance.'!’

Additional data proved the efficacy of migalastat in stabi-
lizing GFR, reducing plasma lyso-GL3 and GL3 renal

inclusions, regardless of disease severity. The amount of
podocyte deposits was the only assessed item that showed
stability after the follow-up period, in the subgroup with the
classic phenotype.''®

Concerning the indication of specific treatment in relation
to renal manifestations, the recommendation for male classic
patients, for either symptomatic or asymptomatic, is that
therapy should be considered and is appropriate at any age of
presentation. For symptomatic females, the signs or symp-
toms suggesting major organ involvement and evidence of
renal impairment would warrant the start of therapy. For
asymptomatic females, it should be considered whether there
is laboratory, histological, or imaging evidence of renal
injury, represented by GFR <90 mL/min/1.73 m?, persistent
ACR >30 mg/g, podocyte foot process effacement or glo-
merulosclerosis on renal biopsy, and moderate or severe GL3
inclusions. In males and females with late-onset mutation or
VUS, therapy should be considered when there is laboratory,
histological, or imaging evidence of renal injury, even in the
absence of typical symptoms. The abnormalities should be
attributable to FD; this may require histological assessment
or biochemical evidence of GL3 accumulation.”’

Histological evidence of GL3 accumulation and cell and
vascular injury is already present in renal tissues at very
early stages, before the onset of albuminuria and the clini-
cally significant renal events, suggesting that the early start
of the therapy may offer better potential long-term results.'"
One study associated podocyte injury with the need for ther-
apeutic intervention before critical podocyte loss occurs.!??

In the pediatric population, specific therapy should be con-
sidered in boys or girls at any age when signs and symptoms
suggest major organ involvement. In these cases, renal disease
would be defined by GFR decline, albuminuria or proteinuria,
cellular GL3 accumulation, or evidence of tissue damage. For
asymptomatic boys with a pathogenic GLA variant, a family
history of disease severity in males, undetectable a-GAL
activity, and plasma lyso-GL3 >20 nmol/L, ERT should be
considered. There are currently no data supporting ERT start
in asymptomatic girls, but in case of skewing in favor of the
mutant GLA allele expression in the X chromosome inactiva-
tion testing, ERT should be considered. Patients with the non-
classic or attenuated or late-onset variants, or those identified
through family history or newborn screening programs should
be monitored closely and treated only when symptoms or
signs emerge. ERT is suggested when there is biopsy evi-
dence,'?!122 although it should be noted that ERT is permitted
only in children aged at least 7 or 8 years.*>*

In cases of kidney transplantation, therapy is not recom-
mended for nephropathy, but can be continued for nonrenal
indications.'?* The treatment can include lipid-lowering and
antiplatelet agents, mainly to prevent cardiovascular and
cerebrovascular events.”* Other measures include dietary salt
restriction and vitamin D replacement, when levels are defi-
cient.”*8 Some studies also suggest the use of paricalcitol,
due to its potential antiproteinuric effect.!?*
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For the best follow-up of patients, GFR should be per-
formed annually in patients with low risk of progression to
CKD, every 6 months if there is moderate risk and every 3
months if there is high risk. As for albuminuria or protein-
uria, it should be measured annually for patients at low risk,
every 6 months if there is moderate risk and every 3 months
if there is high risk.”’

Conclusion

Unfortunately, specific treatment for FD is usually delayed
until proteinuria or renal dysfunction occurs, when the revers-
ibility of the damage is difficult to achieve, and the prognosis is
poor. For this reason, implementing strategies for early detec-
tion of nephropathy is mandatory to prevent devastating results
in the long term. The growing knowledge of the mechanisms
involved in FD nephropathy needs to be translated into the
development of both new drugs and therapeutic concepts to
support and complement the current therapy for the disease.
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