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ARTICLE INFO ABSTRACT

Am'd? history: Fabry disease (FD) is a rare lysosomal storage disorder, characterized by a reduction in ci-galactosidase A enzyme
Received 26 August 2022 activity and the progressive accumulation of globotriaosylceramide (GL3) and its metabolites in the cells of
Received in revised form 18 October 2022 various organs. Agalsidase beta, an enzyme replacement therapy (ERT), is approved for use in patients with FD
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in Europe, Canada, Australia, South America, and Asia, and is the only ERT approved for use in the United
States. In this review, we discuss the clinical relevance of GL3 accumulation, the effect of agalsidase beta on
GL3 in target tissues, and the association between treatment-related tissue GL3 clearance and long-term struc-
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I]f:}blg,ogféase ture, function, or clinical outcomes. Accumulation of GL3 in the kidney, heart, vasculature, neurons, skin, gastro-
Lysosomal storage disorders intestinal tract and auditory system correlates to cellular damage and irreversible organ damage, as a result of
Globotriaosylceramide sclerosis, fibrosis, apoptosis, inflammation, and endothelial dysfunction. Damage leads to renal dysfunction and
Pathophysiology end-stage renal disease; myocardial hypertrophy with heart failure and arrhythmias; ischemic stroke; neuro-
A_gé‘lSidaS? Peta pathic pain; skin lesions; intestinal ischemia and dysmotility; and hearing loss. Treatment with agalsidase beta
Tissue toxicity is effective in substantially clearing GL3 in a range of cells from the tissues affected by FD. Agalsidase beta has
also been shown to slow renal decline and lower the overall risk of clinical progression, demonstrating an indirect

link between treatment-related GL3 clearance and stabilization of FD.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction to Fabry disease

Fabry disease (FD; OMIM #301500) is a rare, X-linked, genetic disor-
der which results in markedly reduced or absent activity in the enzyme
a-galactosidase A (GLA; EC 3.2.1.22) [1]. The disease affects both males
and females, with an estimated prevalence of 4.4 to 25.9 per 100,000
from newborn screening studies [2-6]. Progressive lysosomal accumu-
lation of glycosphingolipids, primarily globotriaosylceramide (GL3)
and its deacylated metabolite, globotriaosylsphingosine (lyso-GL3), in
tissues and blood is associated with damage in a range of cell types
and eventually irreversible damage in multiple organ systems [1,7-9].

FD has a spectrum of disease phenotypes ranging from an early-
onset severe (classic) form to a later-onset (non-classic) pheno-
type. Patients with FD remain mainly asymptomatic throughout in-
fancy, although pathologic GL3 accumulation begins in utero, with
the first overt clinical symptoms typically emerging by early child-
hood [1,10]. In the classic phenotype of FD, early symptoms include
neuropathic pain, heat and cold intolerance, gastrointestinal pain,
corneal opacity, hearing loss, angiokeratoma, and bradycardia
[1,11,12]. Pain is reported by most patients with classic FD and is
characterized by burning pain in hands and feet, often following
fever, stress, or exercise [1,11,13]. As patients age, increasing accu-
mulation of GL3 and progressive tissue damage is followed by organ
failure and vascular events. Later-onset FD is characterized by a
more variable disease progression and clinical dysfunction may be
limited to one organ [1,14].

Treatments approved for use in patients with FD include the intrave-
nous enzyme replacement therapies (ERTs) agalsidase alfa (Replagal®,
Takeda) and agalsidase beta (Fabrazyme®, Sanofi) [15]. Both agalsidase
alfa and beta have received approval for use in patients with FD in
Europe [16,17], Canada, Australia, South America, and Asia. However,
agalsidase beta is the only ERT approved by the United States Food
and Drug Administration (FDA) for patients with FD aged 2 years and
older [18,19]. In addition, migalastat (Galafold®, Amicus Therapeutics),
a pharmacological oral chaperone therapy, is approved in the United
States and Canada for use in a subset of patients with FD aged 18
years or older with an amenable GLA variant, as well as in Europe,
Japan, and Australia for adult and adolescent patients with an amenable
GLA variant [20]. Highlights of prescribing information (Fabrazyme),
FDA, 2003.

In the current review, we summarize the available published litera-
ture to discuss (1) the clinical relevance of GL3 accumulation as tissue-
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toxic in FD, (2) the effect of agalsidase beta on GL3 in target tissues, and
(3) the association between treatment-related tissue GL3 clearance and
long-term structure, function, or clinical outcomes.

2. GL3 as a hallmark of Fabry disease

GL3 is naturally present in all cells of the body, and lack of its efficient
degradation in the lysosome leads to the primary pathology observed in
FD. Accumulation of GL3, central in FD progression, is measured in the
form of circulating biomarkers in plasma and urine or histological as-
sessment of tissues. The utility of urinary and plasma GL3 and plasma
lyso-GL3 as biomarkers of disease progression and response to treat-
ment in FD has been investigated [21-27]. A notable limitation of
plasma and urinary GL3 is the lack of sensitivity to distinguish between
female heterozygotes and controls, as some females with FD may have
normal plasma and urine concentrations of GL3 [27,28]. The metabolite
lyso-GL3 plasma level has a better predictive value for identifying male
and female patients with FD versus controls, can be used to distinguish
between phenotypes (classic vs later-onset) and clinically relevant mu-
tations, correlates with the severity of disease, and is useful for the diag-
nosis and therapeutic monitoring of patients with classic FD [29-34].
However, in some females with FD lyso-GL3 plasma levels can be nor-
mal [35], therefore, genetic testing is still needed. Histopathological as-
sessment of tissue GL3 accumulation in the kidney, heart and skin is
indicative of target organ involvement in FD. Accumulated tissue GL3
in biopsied renal peritubular capillaries was used as a surrogate bio-
marker endpoint in a pivotal Phase 3 study, assessing the safety and ef-
ficacy of biweekly infusions of agalsidase beta in patients with FD
[36-38].

3. Toxicity of accumulated GL3 in affected tissues in FD

The intracellular accumulation of GL3 is used clinically for the diag-
nosis of FD and is associated with structural damage and functional
loss in disease-related tissues as shown in preclinical and clinical studies
(Table 1); additional details on these studies are included in Supple-
mentary Table 1 and Supplementary Table 2.

3.1. Renal damage in Fabry disease

In the natural history of FD, most male patients, and approximately
15 to 20% of female patients, develop Fabry nephropathy, which can
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Table 1

Studies reporting GL3 accumulation in tissues where FD causes structural damage and functional loss.
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Study

Study design and population

Key results

Renal
Gubler et al. 1978 [39]

Cross-sectional study of renal biopsies from 12 patients (9 males, 3
females) with FD

Thurberg et al. 2002 [37] Multicenter, double-blind, randomized, placebo-controlled, Phase 3

Tendel et al. 2008 [40]

Lubanda et al. 2009 [41]

Fogo et al. 2010 [42]

Najafian et al. 2011 [43]

Liebau et al. 2013 [44]

Tondel et al. 2013 [45]

Tendel et al. 2015 [46]

trial of agalsidase beta in 58 patients with FD

Cross-sectional study of renal biopsies from nine children (7 males, 2
females) with FD

Open-label, single-arm study of agalsidase beta in 21 ERT-naive adult
male patients with FD

Cross-sectional study of renal biopsies from 59 patients (35 males, 24

female) with mostly clinically mild FD nephropathy

Cross-sectional, observational study of 14 ERT-naive young patients

with FD. Nine healthy, living kidney donors as controls

Human podocyte cell line with knocked-down GLA via ShRNA

Longitudinal, interventional study of paired renal biopsies from 12

young patients with FD pre-ERT and after 5 years of ERT (agalsidase alfa

or agalsidase beta)

Cross-sectional study of pre-ERT kidney biopsies from eight children
with classic FD

In male patients, GL3 accumulation was distributed homogenously in
glomerular, vascular, and interstitial cells; glycolipid storage in
tubules was irregular and mainly in the loop of Henle and the distal
tubules.

In female patients, glycolipid storage had the same morphological
features but was found irregularly.

Age-related degenerative renal changes were present in the majority
of patients.

At baseline, GL3 was present in nearly all renal cell types, with par-
ticularly dense accumulations in podocytes and distal tubular epi-
thelial cells.

After 11 months of agalsidase beta, there was complete clearance of
glycolipid from the endothelium of all vasculature, as well as from
the mesangial cells of the glomerulus and interstitial cells of the
cortex.

Moderate clearance was noted from the smooth muscle cells of arte-
rioles and small arteries; podocytes and distal tubular epithelium
also demonstrated evidence for decreased GL3.

Light microscopy showed glomerular, interstitial, or vascular changes
in nearly all patients, either alone or in combination: glomerular
sclerosis (three of nine patients); interstitial fibrosis (three of nine
patients); arteriopathy (four of nine patients); and glomerular hya-
line (two of nine patients), and early signs of focal segmental
glomerulosclerosis were seen in one patient.

Electron microscopy showed podocyte inclusions, segmental foot-
process effacement, and distal tubular cell inclusions in all patients.
Mesangial cell and glomerular endothelial cell inclusions were found
in all patients except two who were treated with ERT before renal
biopsy.

GL3 clearance of the endothelial cells of the interstitial capillaries was
achieved in all patients with 1.0 mg/kg and maintained in 90% with
0.3 mg/kg.

GL3 reduction or clearance was maintained with 0.3 mg/kg in
approximately 70% of patients in other renal cell types (glomerular
endothelial, mesangial, non-capillary endothelial, interstitial, distal
tubule/collecting duct, smooth muscle cells, podocytes) and superfi-
cial dermal capillary endothelium.

Males had greater podocyte vacuolization (corresponding to
extracted GL3 deposits) on light microscopy and glycosphingolipid
inclusions than females.

Males also had significantly more proximal tubule, peritubular capil-
lary and vascular intimal inclusions compared with females.
Arteriolar hyalinosis was similar, but females had significantly more
arterial hyalinosis.

Podocyte GL3 inclusion volume density increased progressively with
age (r = 0.77, p = 0.001) in parallel with podocyte foot process
width (nm; r = 0.65, p = 0.01).

Foot process width (nm) and podocyte GL3 inclusion volume density
both correlated directly with proteinuria (UPCR): r = 0.65, p = 0.01
and r = 0.68, p = 0.008, respectively.

Fenestration of glomerular endothelial cells was reduced in patients
with FD vs controls (p = 0.01).

a-galactosidase A deficient podocytes showed a marked upregula-
tion (>2-fold) of the autophagic marker LC3-II (p < 0.01), suggesting
activation of autophagic cellular machinery.

Markedly increased podocyte LC3-II was visualized via immunofluo-
rescence staining demonstrating an increased number of autophago-
somes in GL3-laden podocytes.

mTOR and AKT activities were reduced in GL3-laden podocytes
(4-fold and 2-fold reductions, respectively; p < 0.001 and p < 0.01,
respectively), indicating defective mTOR and AKT signaling.
Regression analysis showed significant correlation between podocyte
GL3 inclusion clearance and reduction in albumin-to-creatinine ratio
(r=10.837,p = 0.001).

The GL3 clearance was found to be dose dependent.

All children displayed significant GL3 accumulation in several types
of kidney cells, with high amounts of GL3 in podocytes.

Six of eight patients demonstrated segmental foot process
effacement, a sign of podocyte cell injury, on baseline kidney biopsy.
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Table 1 (continued)

Molecular Genetics and Metabolism 137 (2022) 328-341

Study

Study design and population

Key results

Wijburg et al. 2015 [47]

Fall et al. 2016 [48]

Najafian et al. 2016 [49]

Skrunes et al. 2017A [51]

Skrunes et al. 2017B [52]

Svarstad et al. 2018 [53]

Politei et al. 2018 [54]

Najafian et al. 2020 [55]

Rozenfeld et al. 2020 [56]

Vascular
Ferrans et al. 1969 [57]

Namdar et al. 2012 [58]

Baseline data from a randomized, open-label, parallel-group, Phase 3B
trial of 31 treatment-naive male pediatric patients with FD

Cross-sectional urinalysis of samples from 39 patients with FD and 24
healthy controls

Longitudinal study of pre- and post-ERT paired kidney biopsies from
five adult male patients with classic FD from Phase 3 agalsidase beta

study and its OLE [37,50], and one additional adult male with classic FD

from outside these trials
Case series of treatment-naive patients with classical FD who had been
treated with agalsidase beta

Observational, single-center cohort study of 20 patients (12 males, 8
females) with classic FD starting ERT (low or high dose agalsidase alfa
or beta)

Cross-sectional, prospective study of renal biopsies from 31 consecutive

enzyme-treated or treatment-naive patients with FD (14 males, 17
females)

Retrospective chart study of clinical, biochemical and histological
assessments in 14 children with classic FD before ERT initiation

Cross-sectional study of kidney biopsies from 55 males with classic FD
and seven healthy, living kidney donors as controls

Cross-sectional study of kidney biopsies from 15 adult ERT-naive
patients with FD

Autopsy case report of a female with FD

Human microvascular cardiac ECs

GL3 accumulation was reported in superficial skin capillary endothe-
lial cells (23/31 patients) and deep vessel endothelial cells (23/29
patients).

Renal biopsy revealed GL3 accumulation in all glomerular cell types
(podocytes and parietal, endothelial, and mesangial cells), as well as
in peritubular capillary and noncapillary endothelial, interstitial, vas-
cular smooth muscle, and distal tubules/collecting duct.

Lesions indicative of early arteriopathy and foot process effacement
were found in all patients (n = 6/6).

Number of podocytes per gram of urine creatinine was 3.6-fold
greater in patients with FD than healthy people.

Patients with FD with normoalbuminuria and normoproteinuria had
over 2-fold greater number of podocytes per gram of urine creatinine
than healthy subjects (p = 0.048).

Number of podocytes per gram of urine creatinine was inversely
related to eGFR in male patients (r = —0.69, p = 0.003), and directly
related UPCR (r = 0.33; p = 0.04) in all patients with FD.

FPW (nm) after ERT was significantly inversely correlated with the
magnitude of the decrease in podocyte GL3 content from baseline to
11-12 months of ERT (r = —0.85, p = 0.03).

Complete clearance of GL3 from mesangial and endothelial cells and
partly cleared podocytes after agalsidase beta.

Re-accumulation of podocyte GL3 was seen by shortage-related dose
reduction in all three patients.

No statistical differences were found between group for baseline or
final GFR or albuminuria.

Kidney biopsies showed significant reduction of podocyte GL3 in
both the lower fixed dose group (—1.39 [SD = 1.04]; p = 0.004) and
the higher dose group (—3.16 [SD = 2.39]; p = 0.002).
Arterial/arteriolar intima GL3 cleared significantly in the higher dose
group, all seven patients with baseline intimal GL3 cleared the
intima, one patient gained intimal GL3 inclusions (p = 0.03), and
medial GL3 did not change statistically in either group.

Significant correlations (p < 0.001) were found between the stereo-
microscopic scoring of glomerular characteristic white storage mate-
rial and the amount of podocyte GL3 deposits scored by standardized
light microscopy.

Lyso-GL3 levels were above the normal range in all patients;
podocyturia was documented in all patients.

Using light microscopy, kidney biopsy revealed glomerular sclerosis
(2/14), interstitial fibrosis (3/14), arteriopathy (11/14), and tubular
inclusions (12/14) in nearly all patients.

Electron microscopy showed podocyte inclusions in all patients, and
foot process effacement was present in 12/14 patients.

GL3 accumulation was associated with podocyte injury and loss, as
evidenced by increased FPW (r = 0.40, p = 0.004) and by decreased
podocyte number density per glomerular volume (r = —0.47,p =
0.033).

Increasing podocyte GL3 volume fraction and FPW were associated
with increasing urinary protein excretion (r = 0.44, p = 0.003 and

r = 0.41, p = 0.007, respectively) as well as with decreasing GFR.
GL3 was present in epithelial tubular cells, epithelial Bowman cells,
endothelial glomerular cells, podocytes, mesangial cells, and
peritubular capillary endothelial cells from FD samples.

Positive staining for TGF-31 was found in proximal tubular epithelial
cells in all FD biopsies.

Active caspase 3 staining revealed induction of apoptosis in tubules
from all FD biopsies and in the mesangial glomerular cells in 80% of
them.

Extensive glycolipid deposits in the cardiac muscle fibers, vascular
smooth muscle, endothelium, and connective tissue cells of the
mitral valve.

GL3 inhibited total eNOS expression in human microvascular cardiac
ECs both unstimulated and stimulated (by TNF-alpha) by 28% and
43%, respectively (p = 0.002 and p = 0.001, respectively).

GL3 increased iNOS expression in unstimulated human microvascu-
lar cardiac ECs by 1.7-fold (p = 0.0014).

GL3 increased COX-2 expression by 1.5-fold in unstimulated human
microvascular cardiac ECs.

(continued on next page)



C. Tondel, B.L. Thurberg, P. DasMahapatra et al.
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Study

Study design and population

Key results

Shu et al. 2014 [59]

Neurological
Gadoth et al. 1983 [60]

Kahn et al. 1973 [61]

Germain et al. 2002 [62]

Schachern et al. 1989 [63]

Dermatological
Ugeyler et al. 2016 [64]

Ramaswami et al. 2019 [65]

Other
Cox-Brinkman et al. 2007
[66]

Francesco et al. 2013 [67]

Politei et al. 2017 [68]

Cell culture studies using a EA.hy926 hybrid cell line. Plasma
measurements of 3NT from GLA knockout mice and biobanked plasma
from 13 patients with classic FD compared with age- and
gender-matched controls (n = 11)

Autopsy case report of 37-year-old male with FD

Autopsy case series of three males with FD

Observational study 22 male patients with classic FD pre-ERT

Otologic histopathology described from autopsy case report findings of
two patients with FD

Cohort study of 84 patients with FD (38 males, 46 females) and 27
healthy controls

Randomized, open-label, parallel-group, Phase 3b study of two
low-dose agalsidase beta regimens in 31 ERT-naive male pediatric
patients with classic FD (without clinically evident kidney, heart, or
brain involvement)

Observational study of 42 patients with FD (20 male, 22 females).
Control images were selected from an existing collection of healthy
subjects (80 males, 80 females) without FD

Analysis of peripheral blood samples from 29 patients with FD (15
males, 14 females) and 15 healthy controls

Two case reports of patients with classic FD (one female, one male)

GL3 accumulation was associated with >60% reduction in eNOS
activity in cell culture experiments.

3NT (marker for reactive nitrogen species) levels increased 40- to
120-fold without corresponding changes in other oxidized amino
acids, consistent with eNOS-derived reactive nitrogen species as the
source.

eNOS uncoupling was confirmed by the observed increase in free
plasma and protein-bound aortic 3NT levels in GLA knockout mice.
3NT levels were over six-fold elevated in plasma FD samples as
compared with age- and gender-matched controls (p < 0.01).

Presence of swollen neurons in dorsal root ganglia containing
periodic acid-Schiff-positive granules.

GL3 storage was observed in pigmented cells of the substantia nigra
and in anterior horn cells; and there was degeneration of nerve fibers
in the dorsal root entry zone and substantia gelatinosa of the spinal
cord.

12 patients (54.5%) were found to have abnormal audition; five
patients had progressive hearing loss and seven patients (32%)
experienced sudden deafness.

Hearing loss on high-tone frequencies was found in seven out of the
10 remaining patients without clinical impairment, despite their
young age at time of examination.

GL3 deposition in spiral ganglia and vestibular structures described
from autopsy of two patients in the literature.

Males (p < 0.01) and females (p < 0.05) with a classic FD phenotype
had higher distal skin GL3 load than healthy controls.

Males with impaired renal function had more GL3 deposits in distal
skin than healthy controls (p < 0.05).

Patients with FD with small fiber neuropathy had more GL3 deposits
in distal skin than controls (p < 0.05).

There was complete, sustained GL3 clearance from the superficial
skin capillary endothelium in the majority of patients in both dosing
regimens.

In the overall cohort, change from non-0 to 0-scores for superficial
skin capillary endothelium GL3 were significant at years 1, 3, and 5.
Clearance was variable in patients with anti-agalsidase IgG antibody
peak titers >3200.

Renal tissue (n = 7) showed GL3 accumulation and vasculopathy,
and a potential of GL3 reduction by 5 years of ERT compared with
baseline kidney biopsies was found.

Pattern recognition techniques achieved a discrimination accuracy of
up to 85% for male patients compared with healthy controls; the
discrimination accuracy in female patients achieved only 67%.

Facial dysmorphism is likely attributed to GL3 accumulation in
growing facial bones and developing facial connective tissues.
Cultured PBMC from patients with FD present a higher proinflam-
matory cytokine expression and production.

Among PBMC, dendritic cells and monocytes present a basal proin-
flammatory cytokine production profile, which is further exacerbated
with an inflammatory stimulus.

Normal, monocyte-derived dendritic cells and macrophages display the
same proinflammatory profile when cultured in the presence of GL3
and an inhibitor of «-Gal; this effect can be abolished using a TLR4
blocking antibody, indicating that TLR4 is necessary in the process.
GL3 accumulation was present in the ganglion cells of Auerbach's
plexus present between the two muscular layers of the muscularis
propria and within Meissner's plexus of the submucosa.
Accumulation was also present in the smooth muscle cells of small
arteries present in the submucosa and within smooth muscle
myocytes of the muscularis propria.

3NT, 3-nitrotyrosine; AKT, protein kinase B; EC, endothelial cells; eNOS, endothelial nitric oxide synthase; ERT, enzyme replacement therapy; FD, Fabry disease; FPW, foot process width;
GL3, globotriaosylceramide; GLA, ai-galactosidase A; GFR, glomerular filtration rate; iNOS, inducible nitric oxide synthase; LC3-II, microtubule-associated protein 1 light chain 3; lyso-GL3,
globotriaosylsphingosine; mTOR, mammalian target of rapamycin; OLE, open-label extension; PBMC, peripheral blood mononuclear cells; SD, standard deviation; shRNA, small hairpin
ribonucleic acid; TGF-B1, transforming growth factor beta 1; UPCR, urine protein to creatinine ratio.

progress to end-stage renal disease [43]. Nephropathy is a major
contributor to the morbidity and mortality associated with FD and
progression to end-stage renal failure is one of the primary causes of
death in male patients [1]. Although the pathogenesis of nephropathy
in FD is likely to be multifactorial, the increased deposition of GL3 has
been shown to cause cellular and histological dysfunction. As a result
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of the pathophysiological implications of renal damage in FD, kidney
function is monitored frequently in patients using serum creatinine to
estimate glomerular filtration rate (eGFR), total urinary protein, albu-
min in urine, and urinary sodium excretion [1]. Many patients with
Fabry nephropathy will go on to require dialysis and/or kidney
transplant.
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3.1.1. Preclinical

In a human podocyte cell line in which GLA function was impaired by
93%, GL3-laden podocytes were shown to have increased levels of an
autophagic marker, microtubule-associated protein 1 light chain 3, indi-
cating the increased presence of autophagosomes [44]. Dysregulation of
autophagy was suggested to be as a result of reduced mammalian target
of rapamycin (mTOR) kinase activity, which was four-fold lower in
GLA-deficient cells compared with control [44].

3.1.2. Clinical

Histologic analysis of renal biopsies can be an important method of
renal disease evaluation, particularly at the early stages of disease [69].
A number of studies have evaluated renal biopsies taken from children
and adults with FD. These show that in treatment-naive patients,
there is GL3 accumulation in a range of renal cell types, including
podocytes, vascular endothelial cells, vascular smooth muscle cells, glo-
merular endothelial and parietal cells, mesangial cells, interstitial cells,
tubular epithelial cells, peritubular capillary endothelial cells and epi-
thelial Bowman cells [37,39,40,42,46,47,56]. In studies of children and
adolescents, particularly with classic FD, evaluation of renal biopsy sam-
ples revealed glomerular, interstitial or vascular changes in almost all
patients, including glomerular sclerosis, glomerular hyalinosis, intersti-
tial fibrosis and arteriopathy [39,40,43,45-47,53-55]. Stereomicroscopy
of fresh renal biopsies from patients with untreated FD shows white glo-
meruli, representing the severe podocyte GL3 accumulation observed in
FD (Fig. 1) [53]. This cascade of events leads to loss of renal function that
may progress to end-stage renal disease if left untreated.

An analysis of renal biopsies from male and heterozygous female
patients with FD showed diffuse glycolipid accumulation in all glomer-
ular, vascular, and interstitial cells in biopsies from male patients [39].
In female patients, although the glycolipid storage had the same mor-
phological features, its distribution was irregular, with some normal
cells and others showing substantial accumulation [39]. Associated
degenerative renal changes were present in all patients (except one
heterozygous female). The variability observed in female patients
is likely due to variations in residual enzyme activity and random
X-chromosome inactivation patterns [7,8]. In another analysis of renal
biopsies in 59 patients with Fabry nephropathy, male patients with FD
had significantly more proximal tubule, peritubular capillary and vascu-
lar intimal inclusions than female patients, as well as greater podocyte
vacuolization [42].

Renal manifestations and end-stage renal disease are more common
in males than females in FD, likely owing to the fact that in female het-
erozygous patients inactivation of the X-chromosome with the GLA
pathogenic variant in a fraction of tissues often results in a milder phe-
notype than observed in males [1,70]. However, a recent study has
shown that there was no difference in affected podocyte GL3 volume
or volume fraction between aged-matched males and females with clas-
sic FD, suggesting affected podocyte GL3 accumulation in females is
similar to that of males [71]. Histopathological studies show clear

Fig. 1. Stereomicroscopy evaluation of renal biopsy from male patient with classic FD
showing typical ‘white glomeruli’.

Figure used with permission from Svarstad E, et al. Bedside Stereomicroscopy of Fabry
Kidney Biopsies: An Easily Available Method for Diagnosis and Assessment of Sphingolipid
Deposits. Nephron. 2018;138(1):13-21 [53]. (C) S. Karger AG, Basel.

FD, Fabry disease.
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evidence of disease manifestations in females with FD, although the de-
gree of involvement is variable and lesser than males consistent with
clinical findings.

Podocytes, as long-living cells, accumulate GL3 inclusions more
than other renal cell types in patients with FD [43,48]. The resultant
podocyte damage, which causes podocyte detachment and excretion
in the urine (podocyturia), has been linked to early structural and
functional damage of the kidneys [43,48]. The accumulation of GL3
in renal podocytes is associated with increased foot process width
[49,55], and segmental foot process effacement [40,46] - signs of
podocyte injury - as well as loss of podocyte density [55]. Further-
more, worsening of these podocyte structural parameters has been
associated with increased urinary protein excretion and decreased
GEFR [55]. It has also been shown that the degree of podocyte GL3 ac-
cumulation correlates directly with urinary protein excretion, which
is considered the first clinical manifestation of nephropathy in FD. Pa-
tients with more severe proteinuria often advance more rapidly to
end-stage renal failure, and as kidney failure progresses, patients
may experience increased blood pressure that can further contribute
to the decline of kidney function [72-74]. GL3 inclusion volume in
podocytes and podocyte foot process width both progressively in-
crease with age, and collectively, these data suggest that podocyte
injury is critical in the development of renal damage in FD [43]. Addi-
tionally, compared with healthy volunteers, podocyturia is 3.6-fold
greater in patients with FD [48]. There is a significant inverse correla-
tion between podocyturia and eGFR in male patients with FD, and a
significant direct correlation with urinary protein creatinine ratio
in all patients with FD [48]. Podocytes have a limited capacity to
regenerate, therefore, the loss of podocytes in FD and subsequent
glomerulosclerosis is indicative of irreversible nephron injury and
loss of kidney function [48,75].

Positive staining for transforming growth factor (3, a pro-fibrotic cy-
tokine, has been observed in proximal tubular epithelial cells in biopsies
from patients with FD, suggesting a role for fibrosis in the pathogenesis
of FD nephropathy [56]. Active caspase 3 staining was also observed in
the tubules from all FD biopsies and in the mesangial glomerular cells
in 80% of biopsies, indicating that pathogenesis also involves the induc-
tion of apoptosis [56].

3.2. Cardiac manifestations and vascular damage in Fabry disease

Cardiac involvement is a leading cause of premature death in FD and
one of the main determinants for prognosis in patients [76]. A predom-
inantly cardiac variant of FD, in which patients present with later-onset
isolated cardiac manifestations, has also been identified [77]. In a 1995
study of 230 male patients with FD with left ventricular hypertrophy,
a 3% prevalence rate of the atypical FD variant was reported [78]. Elec-
trophysiological abnormalities are seen very frequently in patients
with FD, typically starting prior to the occurrence of structural and func-
tional cardiac changes; atherosclerotic coronary artery disease is, how-
ever, rare [76,79]. The attribution of GL3 in conduction defects,
endothelial dysfunction, and subsequently cardiac damage has been ex-
amined in multiple studies.

3.2.1. Preclinical

In a GLA knock-down hybrid endothelial cell line, GL3 accumula-
tion was associated with a >60% reduction in endothelial nitric
oxide synthase (eNOS) activity [59]. In addition, eNOS uncoupling
was confirmed by the observed increase in free plasma and protein-
bound aortic 3-nitrotyrosine (3NT; a specific marker for reactive
nitrogen species) levels in GLA knockout mice [59]. The role of GL3
in endothelial dysfunction is further supported by evidence in
human microvascular cardiac endothelial cells. The presence of GL3
inhibited total eNOS expression in both unstimulated and stimulated
cells (by tumor necrosis factor-alpha), increased inducible nitric
oxide synthase (iNOS) expression (induced by inflammation), and
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increased expression of inflammatory cyclooxygenase-2 (COX-2), in
unstimulated cells [58].

3.2.2. Clinical

GL3 accumulates in cardiomyocytes, conduction system cells, fibro-
blasts, endothelial cells and vascular smooth muscle cells within the
heart [76,80]. At autopsy, extensive glycolipid deposits have been ob-
served in the cardiac muscle fibers, vascular smooth muscle, endothe-
lium and connective tissue cells of the mitral valve in a patient with
FD [57]. Cardiac damage is typically characterized by myocardial hyper-
trophy; the development of left ventricular hypertrophy is likely trig-
gered by the central pathophysiologic process of GL3 deposition, and
has been associated with risk of adverse cardiovascular outcomes in
patients with FD [79,81]. However, the increase in mass is not only
caused by the accumulation of GL3 (which represents approximately
2% of the cardiac mass); instead, storage of GL3 and lyso-GL3 is thought
to activate signaling pathways leading to hypertrophy, apoptosis, and
fibrosis [76,79].

3.3. Neurological dysfunction in Fabry disease

Stroke is relatively common in patients with FD and is associated
with high morbidity and mortality [82,83]. In a high proportion of
patients with FD who experience stroke, this occurs prior to their FD di-
agnosis and in the absence of any renal or cardiac symptoms (reflecting
a later-onset, rather than classic, Fabry phenotype) [83]. In addition to
cerebrovascular manifestations, patients with FD can present with
neurological symptoms directly affecting the central and peripheral
nervous systems. Early neurological manifestations include neuropathic
pain involving the peripheral nerves [12].

3.3.1. Preclinical

In a rat model of FD, there was evidence of glycolipid accumulation
in the dorsal root ganglia (DRG) sensory neurons, likely impacting ion
channel function within these cells [84]. In a mouse model of FD, it
has been shown that ERT in combination with substrate reduction
therapy reduced the number of vacuolated neurons in the DRG [85].

3.3.2. Clinical

The deposition of GL3 in the endothelium of intracranial blood ves-
sels may play a direct role in the risk of ischemic stroke in patients
with FD [82]. Additionally, GL3 accumulation induces oxidative stress
and an increased release of reactive oxygen species, causing dilation of
cerebrovascular vessels [86-88]. Accumulation of GL3 has been rou-
tinely observed in Schwann cells and DRG, with the latter thought to
be partly responsible for the neuropathic pain experienced by most
patients with FD [60,87]. For example, in an autopsy of a 37-year-old
man with FD, swollen neurons containing glycolipids were observed
in DRG [60]. This observation was confirmed in a case series of three
autopsies that highlighted storage of glycolipids in pigmented cells of
the substantia nigra and in anterior horn cells, as well as degeneration
of nerve fibers in the dorsal root entry zone and substantia gelatinosa
of the spinal cord [61]. It is hypothesized that deposition of GL3 inter-
feres with membrane protein function, for example disrupting ion
channel function, causing hyperexcitability and cytotoxicity, thereby re-
sulting in neurological dysfunction, including neuropathic pain [89,90].

FD also affects auditory systems with hearing loss evident from
childhood. In 113 audiograms of 47 children with FD, six children had
hearing loss, of which five had sensorineural hearing loss, most likely
caused by FD [91]. Compared with healthy children (zero decibel hear-
ing loss), children with FD showed increased hearing loss at all frequen-
cies (p < 0.01), which was most prominent at high frequencies (>8
kHz) [91]. In an observational study of 22 patients with FD, 54.5%
were found to have abnormal auditive tests ranging from progressive
hearing loss to sudden deafness [62]. Furthermore, hearing loss on
high-tone frequencies was found in seven out of the 10 remaining
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patients without clinical impairment, despite their young age at the
time of examination [62]. This loss of audition may be caused by the ac-
cumulation of GL3 within the endothelial and smooth muscle cells of
vessels leading to the cochlea [62].

3.4. Skin damage in Fabry disease

Dermatologic disturbances, such as angiokeratoma and hypohidrosis,
are among the most common early symptoms of FD [1,92,93]. GL3 accu-
mulation has been observed in multiple dermal types, including vascular
endothelial cells, vascular smooth muscle cells and the perineurium [94].
Angiokeratomas are caused by cumulative damage of the vascular endo-
thelial and smooth muscle cells of the skin with vessel dilatation in the
dermis [1,94]. Based on data from over 700 patients from the Fabry
Outcome Survey, 78% of males and 50% of females had at least one
dermatological abnormality, including angiokeratoma (66% and 36%,
respectively), hypohidrosis (53% and 28%), telangiectasia (23% and 9%)
and lymphoedema (16% and 6%) [93].

3.4.1. Preclinical

In a rat model of FD, animals developed skin manifestations, which
included rougher coats, alopecia and xeroderma [95]. On histological
examination, there was evidence of lipoatrophy, dilated sebaceous
ducts, and macrophage and lymphocyte infiltration of the dermal
layer. However, notably, there was no evidence of FD-associated vascu-
lopathy, such as angiokeratomas [95].

3.4.2. Clinical

Compared with healthy volunteers, male patients with FD had a
higher GL3 load in distal skin; furthermore, GL3 load was greater in
those with more advanced disease (as reflected by impaired renal func-
tion) or small-fiber neuropathy than in patients without these compli-
cations [64]. In a study in pediatric patients, GL3 accumulation was
documented in superficial skin capillary endothelial cells and/or deep
vessel endothelial cells in most patients [47]. It has been suggested
that topical proximity of dermal GL3 to skin nerve fibers may have an
impact on skin innervation and/or skin nerve fiber sensitization [64].
Skin biopsies have been used to monitor GL3 clearance during treat-
ment with ERT in a clinical trial [94]. Skin biopsies are a practical tool
to assess disease progression as they are minimally invasive compared
to kidney and heart biopsies, the skin is easily accessible, and dermatol-
ogic changes are often an early manifestation of FD [94,96].

3.5. Gastrointestinal manifestations in Fabry disease

Gastrointestinal symptoms such as abdominal pain, bloating, diar-
rhea, nausea and/or vomiting occur in up to 70% of male and almost
half of female patients with FD, and are one of the earliest signs of the
disease, frequently appearing in childhood and causing significant
distress to affected individuals [1,68,97]. However, these symptoms
are often under-reported and misdiagnosed [68]. They are thought to
develop as a result of GL3 accumulation in myenteric and submucosal
autonomic ganglia; as well as myenteric vessel occlusion and intestinal
ischemia [68].

3.5.1. Preclinical

GL3 inclusions are present in DRG neurons of rodent preclinical
models [98]. These inclusions lead to cell swelling, which is postulated
to be the cause of pain. However, it is unknown whether these animal
models exhibit specifically gastrointestinal pain [98].

3.5.2. Clinical

Overall, a wide range of histologic and radiologic abnormalities
have been described in the gastrointestinal tracts of patients with FD.
These abnormalities include autonomic neuropathy with vacuolated
autonomic ganglia in the Meissner plexus, delayed gastric emptying,
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loss of the gastrocolic reflex, thickening of the intestinal walls, dilation,
diverticula (i.e., “outpouching” of the intestine), reduced peristaltic ac-
tivity, constipation, and smoothing or loss of colonic haustration
(i.e., contractions) [99,100]. The underlying pathophysiology of
gastrointestinal manifestations is thought to be related to neuropathy,
vasculopathy, and myopathy resulting from GL3 accumulation in
enteric neurons, DRG, and spinal cord, smooth muscle cells, and in the
vascular endothelium [101]. In addition to DRG neuron cell bodies,
lipid inclusions are also prominent in the axons of peripheral nerves
and correlate with axon morphological abnormalities including
irregular-shaped axons, enlarged axons, and nonuniform myelin
[98,102,103]. Blockage of the small arteries that supply peripheral
nerves may disrupt the vasodilation/vasoconstriction balance, and com-
bined with thrombosis, this imbalance may cause ischemic nerve dam-
age [101]. The blood vessels of the gut may also be affected as a result of
changes in signal transduction caused by lyso-GL3, resulting in migra-
tion of inflammatory mediators, localized inflammation, and smooth
muscle cell hypertrophy. The following are also thought to be involved
in gastrointestinal-related vasculopathy: increased cyclooxygenase ac-
tivity resulting from high levels of GL3 in the vasculature; immunologic
mechanisms involving natural killer T lymphocytes; thrombosis related
to endothelial dysfunction, increased production of reactive oxygen
species, and increased angiotensin Il production; and ischemia resulting
from GL3 accumulation in the vascular endothelium [101].

3.6. Other pathophysiological changes in Fabry disease

The mechanisms underlying premature organ damage in FD are
multifactorial, but often occur as a result of GL3 accumulation in vascu-
lar endothelial cells, hence the multiorgan manifestations of the disease
[58]. This leads to luminal encroachment and occlusion, which can
cause ischemic events and tissue infarctions [7,104]. GL3 accumulation
also causes dysregulation of several key endothelial pathways, including
eNOS and iNOS, which lowers nitric oxide bioavailability and increases
the formation of reactive oxygen species. This can impair vascular func-
tion and blood flow to vital organs, increasing the risk of vasculopathy
and providing a pathologic microenvironment for accelerated develop-
ment of vascular complications [58,104]. GL3 loading has also been
shown to increase adhesion molecules in the vascular endothelium, in-
crease levels of the vasoconstrictor COX-2, and facilitate the internaliza-
tion of calcium-activated potassium channels, reducing intracellular
calcium levels and downregulating eNOS [58,86,104,105]. Collectively,
these contribute to the vasoconstrictive, prothrombotic, and pro-
inflammatory phenotype that characterizes FD [58,86,104]. Interest-
ingly, GL3 accumulation seems to affect microvascular endothelial
cells earlier and to a greater extent than those in the macrovasculature,
which is consistent with clinical data suggesting early and often silent
involvement of the microcirculation in patients with FD [58].

Alongside direct damage to various cell types within the body, GL3
has also been implicated in stimulating an inflammatory state within
the body [67]. In cultured peripheral blood mononuclear cells
(PBMCs) from patients with FD, increased pro-inflammatory cytokine
expression and production was observed, which was further increased
following an inflammatory stimulus [67]. In control monocyte-derived
dendritic cells and macrophages, the same pro-inflammatory profile
was induced when cultured with GL3 and an inhibitor of a galactosi-
dase A [67]. A higher apoptotic rate in PBMCs has been observed in pa-
tients with FD and directly attributed to elevated GL3 levels [106].
Platelet aggregation and increased plasma p-thromboglobulin levels
have also been reported in patients with FD [107]. Additionally, a
placebo-controlled study of 25 patients with FD found that the concen-
tration of soluble intercellular adhesion molecule-1, vascular cell adhe-
sion molecule-1, P-selectin, and plasminogen activator inhibitor were
significantly higher in patients than controls; although thrombomodu-
lin was significantly lower in this population [108]. There was also con-
siderable evidence of endothelium and leukocyte activation in patients
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with FD compared with controls, consistent with a prothrombotic
state. In conjunction with vascular structural changes, this may
contribute to the incidence of thrombosis in patients with FD [108].

4. The effects of agalsidase beta on GL3 in affected tissues

To date, licensed treatment options for patients with FD include ERT
(agalsidase alfa or agalsidase beta) and a pharmacological chaperone
(migalastat) for a subset of patients with amenable mutations.
Agalsidase beta is the only approved ERT for patients with FD in the
US, with approvals in many different countries [18,19]. Agalsidase beta
is internalized and transported to the lysosome where it hydrolyzes ac-
cumulated GL3. Studies evaluating the effect of agalsidase beta on GL3
in Fabry target tissues and/or function are shown in Table 2 (additional
information is included in Supplementary Table 3). The efficacy of
agalsidase alfa and migalastat is not discussed in this review.

4.1. Clearance of tissue GL3 by agalsidase beta

The effect of agalsidase beta on GL3 clearance was evaluated in a
Phase 1/2 dose-escalation study in 15 males with classic FD [50] and a
Phase 3 placebo-controlled study with an open-label extension (OLE)
in 58 patients with classic FD [36]. In the Phase 1/2 study, there were
rapid and marked reductions in plasma and tissue GL3 during treatment
with agalsidase beta. In patients with pre- and post-treatment biopsies,
mean GL3 content was decreased by 84% in the liver (n = 13), was
markedly reduced in the kidney in four of five patients, and was mod-
estly lowered in the endomyocardium of four of seven patients, with
clearance both dose- and tissue-dependent [50]. In addition, GL3 de-
posits were cleared to near normal, or were markedly reduced, in the
vascular endothelium of liver, skin, heart, and kidney. Importantly,
patients with FD treated with agalsidase beta reported less pain and
an increased ability to sweat, both consistent with GL3 clearance from
the microvascular endothelium, and improvements in their quality of
life [50].

In the Phase 3 study, 1 mg/kg agalsidase beta was shown to clear GL3
deposits by Month 5 of treatment in the capillary endothelium of the
kidney, heart, and skin, with long-term GL3 clearance achieved at 54
months during the OLE phase of the study, when all 58 patients were
treated with agalsidase beta (Fig. 2) [36,37,74,80,94]. Along with com-
plete clearance of GL3 from the superficial capillary endothelium, after
5 months of treatment there was moderate clearance from vascular
smooth muscle cells and the perineurium [94]. In addition, plasma
GL3 levels were rapidly normalized with agalsidase beta treatment
and maintained throughout the 54-month follow-up [74]. In the same
cohort of 58 patients with FD, pre- and post-treatment kidney biopsies
showed that after 11 months of agalsidase beta treatment there was
complete clearance of glycolipid from the endothelium of all vascula-
ture, mesangial cells of the glomerulus, and interstitial cells of the cortex
[37]. Results from the 54-month OLE of this study revealed that long-
term treatment with agalsidase beta may halt the accumulation of mi-
crovascular GL3, thereby preventing atherosclerotic disease [80]. Mod-
erate clearance was also observed in smooth muscle cells of arterioles
and small arteries, and evidence of clearance was observed in podocytes
and distal tubular epithelium, which are typically more challenging to
treat [74]. Furthermore, increased podocyte foot process width (a sign
of injury) was significantly inversely correlated with the magnitude of
the decrease in podocyte GL3 content [49]. The results suggest that
short-term treatment with agalsidase beta maintains GL3 clearance in
short-lived cells, and continued treatment reduces stores of GL3 in
those cells typically more resistant to clearance [74].

Additionally, long-term treatment (5 years) with agalsidase beta
was shown to result in complete GL3 clearance from mesangial and glo-
merular endothelial cells [45]. A dose-dependent clearance of GL3 in
podocytes was also reported, with a significant correlation between
podocyte GL3 inclusion clearance and reduction in albumin-to-
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Table 2

Studies evaluating the effect of agalsidase beta on GL3 in Fabry target tissues and/or target tissue function.

Molecular Genetics and Metabolism 137 (2022) 328-341

Study Study design and population

Key results

Eng et al. 2001A [50]
of 15 classically affected males with FD

Eng et al. 2001B [36]

study' and OLE of 58 patients with FD

Thurberg et al. 2002 [37]

Wilcox et al. 2004 [109]

Banikazemi et al. 2007 [110] Multicenter, randomized double-blind placebo-controlled study’ of
82 adults with advanced FD and mild to moderate kidney disease

Germain et al. 2007 [74]

Wraith et al. 2008 [111]

FD

Lubanda et al. 2009 [41]
patients

Phase 1/2 multidose, open label, single center, dose-escalation study*

Phase 3 multicenter, randomized, placebo-controlled, double-blind

11-month follow-up from the Phase 3 OLE' in 58 patients with FD
who completed 20-week double-blind phase of the Phase 3 study

30-month follow up from the Phase 3 OLE' in 58 patients with FD
who completed 20-week double-blind phase of the Phase 3 study

54-month follow-up from the Phase 3 OLE' in 58 patients with FD
who completed 20-week double-blind phase of the Phase 3 study

Multicenter, open-label, 48-week study' of 16 pediatric patients with

Open-label, single-arm, 96-week, study* of 21 ERT-naive adult male

Reduction in plasma GL3 concentrations was dose-dependent for all
infusion groups.

In patients with pre- and post-treatment biopsies, mean GL3 concen-
trations decreased 84% in liver (13/15 patients, was markedly reduced
in kidney (4/5 patients), and after five doses was modestly lowered in
the endomyocardium (4/7 patients).

GL3 was cleared or markedly reduced in the vascular endothelium of
liver, skin, heart, and kidney.

Patients reported less pain and fatigue, increased ability to sweat, and
improved quality-of-life measures.

69% (n = 20/29) of patients who received agalsidase beta had no
microvascular endothelial GL3 deposits in the kidney after 20 weeks
(compared with 0/29 in the placebo group; p < 0.001).

Patients in the agalsidase beta group also had decreased microvascular
endothelial deposits of GL3 in the skin (p < 0.001) and heart (p <
0.001).

Plasma levels of lyso-GL3 were directly correlated with clearance of
the microvascular deposits.

After six months OLE, all patients in the former placebo group and 98%
of patients in the former agalsidase beta group with biopsies had
clearance of microvascular endothelial deposits of GL3.

At baseline, GL3 accumulated in nearly all renal cell types (including
vascular endothelial cells, vascular smooth muscle cells, mesangial
cells and interstitial cells, podocytes, and distal tubular epithelial
cells).

Agalsidase beta completely cleared GL3 from the endothelium of all
vasculature, as well as mesangial and interstitial cells.

Moderate clearance was observed in the smooth muscle cells of arte-
rioles and small arteries.

Podocytes and distal tubular epithelium also demonstrated evidence
for decreased GL3.

Plasma GL3 levels remained normal during the 30-month extension
period.

GL3 clearance in the capillary endothelial in 98% (39/40) of patients
who had a skin biopsy taken after treatment for 30 months (original
placebo group) or 36 months (original agalsidase beta group).

Mean serum creatinine level and eGFR also remained stable after
30-36 months of treatment.

13/31 (42%) patients in the placebo group and 14/1 (27%) in the
agalsidase beta group experienced a clinical event.

Time to first clinical event (adjusted for baseline proteinuria) was
delayed in the agalsidase beta group compared with placebo (HR 0.47
[95% CI, 0.21; 1.03]; p = 0.06).

All patients with available kidney biopsies (n = 8) maintained com-
plete GL3 clearance in renal capillary endothelial cells and multiple
cell types, after 54 months.

Complete clearance of skin (31/36) and heart (6/8) capillary endothe-
lium was also observed.

Plasma GL3 levels remained within the normal range; serum
creatinine/eGFR remained normal in patients with available data at
month 54 (n = 41).

Six patients had renal disease progression; 4/6 were older than 40
years and had significant baseline proteinuria and > 50% glomerular
sclerosis.

GL3 clearance from superficial dermal capillary endothelial cells was
seen in all male patients (n = 12) at Week 24, and all available
biopsies at Week 48.

Patient reports of post-prandial pain, nausea, and vomiting declined
with treatment (statistically significant improvements by Week 24).
Renal and cardiac manifestations of FD were not present in most chil-
dren in this study.

GL3 clearance of the endothelial cells of the interstitial capillaries was
achieved in all patients with 1.0 mg/kg and maintained in 90% with 0.3
mg/kg.

GL3 reduction or clearance was maintained with 0.3 mg/kg in approx-
imately 70% of patients in other renal cell types (glomerular
endothelial, mesangial, non-capillary endothelial, interstitial, distal
tubule/collecting duct, smooth muscle cells, podocytes) and superficial
dermal capillary endothelium.
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Table 2 (continued)

Molecular Genetics and Metabolism 137 (2022) 328-341

Study Study design and population

Key results

Germain et al. 2015 [112]
Fabry registry

Skrunes et al. 2017B [52]
eight female) with classic FD starting ERT

Ramaswami et al. 2019 [65]

10-year outcome analysis’ of 52 patients from the Phase 3 OLE and

Observational, single-center cohort study® of 20 patients (12 male,

Randomized, open-label, parallel-group, 5-year, Phase 3b study'! of
31 ERT-naive male pediatric patients with classic FD (without
clinically evident kidney, heart, or brain involvement)

= 81% of patients (42/52) did not experience any severe clinical event,
and 94% (49/52) were alive at the end of the study period.

Mean eGFR decreased over time in patients with high and low renal
involvement at baseline; however, decline was greater in the former
(—6.82 versus —1.89 mL/min/1.73 mz/year).

Mean left ventricular posterior wall thickness and interventricular
septum thickness remained unchanged and normal.

Mean plasma GL3 normalized within 6 months.

No statistical differences were found between group for baseline or
final GFR or albuminuria.

Kidney biopsies showed significant reduction of podocyte GL3 in both
the lower fixed dose group (—1.39 [SD = 1.04]; p = 0.004) and the
higher dose group (—3.16 [SD = 2.39]; p = 0.002).
Arterial/arteriolar intima GL3 cleared significantly in the higher dose
group, all seven patients with baseline intimal GL3 cleared the intima,
one patient gained intimal GL3 inclusions (p = 0.03), and medial GL3
did not change statistically in either group.

There was complete, sustained GL3 clearance from the superficial skin
capillary endothelium in most patients in both dosing regimens.

In the overall cohort, change from non-0 to 0-scores for superficial
skin capillary endothelium GL3 were significant at years 1, 3, and 5.
Clearance was variable in patients with anti-agalsidase IgG antibody
peak titers >3200.

GL3 accumulation and cellular/vascular injury were present in
baseline kidney biopsies (n = 7).

eGFR, estimated glomerular filtration rate; ERT, enzyme replacement therapy; FD, Fabry disease; GL3, globotriaosylceramide; OLE, open-label extension.

*Agalsidase beta: Group A, 0.3 mg/kg every 2 weeks; Group B, 1.0 mg/kg every 2 weeks; Group C, 3.0 mg/kg every 2 weeks; Group D, 1.0 mg/kg every 48 h; Group E, 3.0 mg/kg every 48 h.
TAgalsidase beta 1.0 mg/kg every 2 weeks. *Agalsidase beta at 1.0 mg/kg every 2 weeks for 6 months followed by 18 months at 0.3 mg/kg every 2 weeks. $Lower fixed-dose group: agalsidase
alpha or beta 0.2 mg/kg every 2 weeks; higher dose group: 0.2-1.0 mg/kg every 2 weeks. lOne of two low-dose agalsidase beta regimens: 0.5 mg/kg every 2 weeks or 1.0 mg/kg every

4 weeks for 5 years.

creatinine ratio (p = 0.001) [45]. There is also evidence to indicate that
lower doses of agalsidase beta may be sufficient to maintain cellular GL3
clearance in some patients after transitioning from a standard therapeu-
tic dose [41]. In an observational cohort study of 20 patients with classic
FD, patients were treated with either agalsidase alfa or beta in two dose
groups: the low fixed-dose group received 0.2 mg/kg every 2 weeks,
and the higher-dose group received a range of doses from 0.2 to 1.0

B Agalsidase beta (n=29)

100
90+
80
70
60
50
40+
30
204
104

0-

69

Proportion of patients
with GL-3 clearance (%)

Kidney
Number of patients with GL-3 clearance, n 20 0
Total number of patients, N 29 29

Month 5 of DBPC study

mg/kg every 2 weeks, for up to 14 years [52]. There was a significant re-
duction in podocyte GL3 levels in both dose groups, although signifi-
cantly greater GL3 clearance was reported in the higher-dose group in
podocytes and arterial/arteriolar intima [52]. The relationship between
the administered dose of agalsidase beta and the magnitude of GL3
clearance was also investigated in a low-dose study (0.5 mg/kg every
2 weeks or 1.0 mg/kg every 4 weeks) in 31 children with classic FD

H Placebo (n=29) B Agalsidase beta (n=58)

100 100
86
72 75
3 3
Heart Skin Kidney Heart  Skin
21 1 29 1 8 6 31
29 29 29 29 8 8 36

Month 54 of OLE study

Fig. 2. Clearance of GL3 from kidney, heart, and skin capillary endothelium after treatment with agalsidase beta.

GL3 clearance was defined as specimens with no microvascular endothelial deposits of GL3 or only trace amounts (normal or nearly normal). Month 5 data are from the Phase 3 random-
ized, DBPC study in which 58 patients were randomized 1:1 to receive either agalsidase beta (1 mg/kg every 2 weeks) or placebo for 20 weeks [36,37,80,94]. All 58 patients entered the OLE
in which they received biweekly 1.0 mg/kg agalsidase beta infusions for up to an additional 54 months. At Month 54 of the OLE, results were reported where biopsies were available

[74,80].

DBPC, double-blind placebo controlled; GL3, globotriaosylceramide; OLE, open-label extension.
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Fig. 3. Normalization of kidney cellular GL3 over time.

Figure used with permission from Germain DP, et al. Sustained, long-term renal stabiliza-
tion after 54 months of agalsidase beta therapy in patients with Fabry disease. ] Am Soc
Nephrol. 2007;18:1547-1557; permission conveyed through Copyright Clearance Center,
Inc. [74]. Agalsidase beta therapy reduced GL3 accumulation to zero at 54 months in var-
ious types of kidney cells. For DCT/collecting duct cells, baseline scores were obtained at
the beginning of the double-blind trial and at month 54 on a 0 to 3 scale. For all other
cell types, pretreatment scores were obtained before agalsidase beta treatment. Mesangial
cells were scored on a scale of 0 to 2, and other cell types were scored on a scale of 0 to 3.
DCT, distal convoluted tubule; GL3, globotriaosylceramide.

with elevated GL3 in plasma or urine but no clinical evidence of organ
damage [65]. Although both doses caused complete and sustained GL3
clearance from superficial skin capillary endothelium in the majority
of patients [65], in a subset of patients (all with high antibody titers)
the clearance was less robust than reported in studies of the approved
dose of agalsidase beta in adults and children [36,111]. The use of GL3
as a marker for treatment response may also be dependent on when
treatment has been initiated; in an autopsy of a patient with classic
FD, histological examination reported that significant accumulation of
GL3 was still present despite 6 years of agalsidase beta treatment

Molecular Genetics and Metabolism 137 (2022) 328-341

(initiated at age 61 years) [113]. It was suggested that this was because
treatment was started when the patient had already experienced symp-
tomatic organ involvement, including left ventricular hypertrophy and
kidney dysfunction, and because the patient had a high antibody titer
against agalsidase beta [113]. Although such reports are rare, this evi-
dence does underscore the importance of early treatment.

4.2. Treatment-related tissue GL3 clearance and clinical relevance of
long-term structure, function, or outcomes

While it is hypothesized that the reduction in GL3 by agalsidase beta
may restore the normalization of structure and function in disease-
related tissues, a direct association between tissue GL3 clearance and
long-term structure, function, or clinical progression has not been es-
tablished in preclinical or clinical studies. This is attributable to three
primary reasons: (1) Fabry sub-populations (later-onset, females, pedi-
atric age group) show variable levels in tissues and plasma of the sub-
strate GL3, (2) tissue biopsy is invasive in nature and is not routinely
performed in the clinical management of FD (since there is no impact
on clinical decision-making), and (3) despite GL3 accumulation in
disease-related tissues, the GLA knockout mouse does not display an ap-
preciable clinical disease phenotype. In the OLE of the Phase 3 agalsidase
beta study, by Month 54, all patients with optional kidney biopsies (n =
8) maintained complete GL3 clearance in renal capillary endothelial
cells and multiple cell types (Fig. 3). At Month 54 (n = 41), renal func-
tion was also measured; however, despite the clearance of GL3 from
renal tissue based on light microscopy, the decline in renal function
was variable. The best histological predictor of the decline of the eGFR
was the absence/presence of 50% sclerotic glomeruli at baseline
(Fig. 4), suggesting that early treatment of FD leads to the best renal pro-
tective effect. These data comprise the best correlate of tissue GL3 with
clinical changes of the organ of interest.

Nonetheless, a link between reduction in GL3 and clinical benefit is
biologically plausible and is supported indirectly by evidence demon-
strating that treatment with agalsidase beta lowers the risk or slows
the rate of clinical events, such as chronic dialysis, kidney transplant,
myocardial infarction, and stroke [74,110,112]. This includes the OLE
of the Phase 3 study of 58 patients with FD, as discussed above [36].
After 30-36 months follow-up in the OLE study, mean serum creatinine
level and eGFR remained stable [109]. Similar results were observed

2007 Baseline sclerotic glomeruli <50%
140 4 Slope = -1.404, p-value = 0.2039 (N=32)
120
o Baseline sclerotic glomeruli 250%
% 100 Slope = -8.955, p-value = 0.0001 (N=8)
8
s 807
£
E 60
40
20 Difference in slope = 7.551, p-value = 0.0027
0 1 1 1 I

T T
0.0 0.5 1.0 1.5

T
2.0

T T T
25 3.0 3.5 4.0 45

Time from start of agalsidase beta treatment (years)

Fig. 4. eGFR decline by renal involvement (sclerotic glomeruli).

Figure used with permission from Germain DP, et al. Sustained, long-term renal stabilization after 54 months of agalsidase beta therapy in patients with Fabry disease. ] Am Soc Nephrol.
2007;18:1547-1557; permission conveyed through Copyright Clearance Center, Inc. [74]. Subgroup analyses of patients in the “as treated” population show that those with pre-treatment
glomerulosclerosis (250% sclerotic glomeruli) had a higher rate of decline in eGFR compared with patients with <50% sclerotic glomeruli at pre-treatment.

eGFR, estimated glomerular filtration rate.
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after 54 months, although six patients had renal disease progression de-
spite effective GL3 clearance with agalsidase beta [74]. However, four of
these six patients were older than 40 years and had proteinuria and
sclerotic glomeruli before treatment.

Among 52 patients with FD who participated in both the OLE study
and continued to be followed observationally in the Fabry Registry,
10-year outcomes were assessed for agalsidase beta treatment at the
FDA-approved dose of 1 mg/kg every 2 weeks [112]. Renal and cardiac
function, as well as the occurrence of severe clinical events (defined as
a composite of chronic dialysis, kidney transplant, myocardial infarc-
tion, congestive heart failure, major cardiac procedures, stroke and
death) were assessed. eGFR decreased over time in patients with high
and low renal involvement at baseline; however, decline was greater
in the former (—6.82 versus —1.89 mL/min/1.73 m?/year). Additionally,
the mean left ventricular posterior wall thickness and interventricular
septum thickness remained unchanged and normal in the overall popu-
lation; however, it increased in the subgroup who initiated treatment
after the age of 40 years. Overall, 42 patients (81%) did not experience
any severe clinical events [112].

The incidence of clinical events in a randomized, double-blind,
placebo-controlled study of agalsidase beta-treated patients with ad-
vanced FD was also evaluated [110]. Patients were treated for up to 35
months (median, 18.5 months) and the primary endpoint was time to
first clinical event (renal, cardiac, or cerebrovascular; or death). Overall,
14/51 patients (27%) in the agalsidase beta group had an event, com-
pared with 13/31 (42%) in the placebo group, suggesting treatment
with agalsidase beta delayed time to first clinical event (hazard ratio,
0.47 [95% CI, 0.21 to 1.03]; p = 0.06) [110].

Finally, meta-analysis of clinical trials and long-term observational
studies demonstrate that agalsidase beta stabilizes renal function in
treated compared with untreated patients (as evidenced by slowing
the decline of eGFR slopes by approximately 2.0 mL/min/1.73 m?/
year) and may delay progression to severe clinical events, if initiated be-
fore severe organ damage [114,115].

5. Conclusion

FD is a progressive and debilitating disease that causes severe organ
damage. GL3 accumulation in the lysosomes of a range of cell types in
FD and its metabolite lyso-GL3 are tissue toxic and progressively cause
structural damage and functional loss. The intracellular accumulation
of GL3 is correlated with the degree of damage in affected organs.
Agalsidase beta is effective in substantially clearing GL3 from target tis-
sues in FD and stabilizes disease progression. A direct association to con-
firm the clinical relevance between treatment-related tissue GL3
clearance and long-term structure, function or clinical progression has
not been established due to lack of available data for such analyses. An
indirect link between reduction in GL3 and clinical benefit is biologically
plausible and is supported by evidence demonstrating that treatment
with agalsidase beta slows eGFR decline and, in general, lowers the
overall risk of clinical progression. Therefore, it is important to diagnose
and treat patients with FD early, before the occurrence of irreversible
damage secondary to glycosphingolipid accumulation.
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