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Abstract: Fabry disease is an X-linked inherited lysosomal storage disorder with a deficiency of
α-galactosidase A activity, which results in the intracellular accumulation of globotriaosylceramide
(Gb3) and related glycosphingolipids in various organs. Fabry nephropathy is one of the major
complications of Fabry disease, and kidney damage is often related to cardiovascular disease and
mortality. The treatment of Fabry nephropathy thus helps prolong life expectancy. Two treatment
options for Fabry nephropathy and cardiopathy are now commercially available: enzyme replacement
therapy (agalsidase α agalsidase β, and a biosimilar of agalsidase β) and pharmacological chaperone
therapy (migalastat). In this review, we summarize the efficacy of these treatment options for Fabry
nephropathy with respect to renal function, proteinuria, and renal pathological findings. We also
describe the importance of adjunctive therapy for Fabry nephropathy.

Keywords: chaperone therapy; enzyme replacement therapy; Fabry nephropathy; proteinuria;
renal function

1. Introduction

Fabry disease is an X-linked inherited disorder caused by a deficiency of α-galactosidase
A activity, which results in the intracellular accumulation of globotriaosylceramide (Gb3)
and its derivatives [1,2]. The accumulation of Gb3 and globotriaosylsphingosine (lyso-Gb3,
which is the deacylated form of Gb3) in various cells is responsible for the general clinical
manifestations of Fabry disease, i.e., acroparesthesia, angiokeratoma, anhidrosis, hypo-
hidrosis, cornea verticillata that appear in childhood, and renal, cardiovascular, and/or
cerebrovascular complications that onset in adulthood.

The first cases of Fabry disease were reported in 1889 by Johannes Fabry and William
Anderson and were described mainly as skin manifestation [3,4]. The reported prevalence
of Fabry disease in 2001 was 1 in 40,000 births in Europe and the United States [5], and it
is possible that the current prevalence is underestimated. Newborn screening conducted
in Taiwan and Italy revealed the high frequency of newborns with lower α-galactosidase
A activity: between 1 in 1000 and 1 in 3000 births [6,7]. In Japan, the prevalence of Fabry
disease estimated by newborn screening was 1 in 8000 [8,9].

The phenotypes of Fabry hemizygous patients are grouped into two categories: the
classical type and the later-onset type. The classical type shows general symptoms from
childhood with severely reduced (<1%) residual α-galactosidase A (αGalA) activity, and
the later-onset type shows cardiac, renal, or both symptoms from later ages with higher
αGalA activity compared to the classical severe type. The phenotype of Fabry heterozygous
female patients is also classified in two categories, but the female phenotype ranges from
asymptomatic to as severe as that of male phenotype, due to random X-chromosome
inactivation. αGalA gene sequencing is necessary for the definitive diagnosis of Fabry
heterozygous female patients.

Fabry nephropathy is the major symptom of Fabry disease and occurs in both the
classical and later-onset types. It has been reported that the mean onset age of renal
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manifestation(s) in Fabry disease (renal insufficiency and/or proteinuria) is 27 years, and
50% of patients with Fabry nephropathy developed end-stage renal disease by 53 years;
thus, therapeutic interventions for Fabry nephropathy lead not only to favorable renal
prognostic outcomes but also to satisfactory long-term life expectancy for individuals with
this disease [10,11].

There are now some commercially available options for the specific treatment of Fabry
disease: enzyme replacement therapy (ERT) (agalsidase α agalsidase β, and a biosimilar
of agalsidase β) and pharmacological chaperone therapy (migalastat). In this review, we
summarize the clinical effects and efficacy of these treatment options in Fabry nephropathy.

2. ERT for Fabry Nephropathy

Three formulations of recombinant human αGalA are currently available: agalsi-
dase α (Replagal®), agalsidase β (Fabrazyme®), and a biosimilar of agalsidase β (JR-051).
Agalsidase α is produced in a human cell line and is dosed at 0.2 mg/kg every other
week. Agalsidase β is produced in Chinese hamster ovary (CHO) cells and is dosed at
1.0 mg/kg every other week. These two forms of enzyme replacement therapy (ERT)
have identical biochemical properties and are comparable with respect to amino acid
composition, but they exhibit differences in glycosylation composition and in the levels
of the mannose-6-phosphate receptor (MPR)-mediated cellular uptake [12]. Lysosomal
enzymes are incorporated into the kidney and heart via MPR on the plasma membrane,
whereas asialoglycoprotein receptors are involved in the uptake of lysosomal enzyme in
the liver [13].

According to a multicenter retrospective cohort study conducted by an independent
international initiative to compare clinical outcomes of these two enzymes, there was no
significant difference in the slope of the estimated glomerular filtration rate (eGFR) between
agalsidase α and β treatment in patients with a baseline eGFR ≥ 60 mL or ≤60 mL, and
similar rates of clinical events were observed for the two types of enzyme treatment: renal
events, chronic kidney disease (CKD) G5, eGFR < 15 mL/min, renal transplantation or
dialysis; cardiac events, implantation of an implantable cardioverter defibrillator (ICD)
or pacemaker; cerebral events, stroke or transient ischemic attack (TIA); and death from
any cause [13]. However, long-term ERT is associated with the formation of neutralizing
anti-drug antibodies (ADAs) which decrease the effect of ERT by changing the catalytic
activity of the enzyme and cellular uptake and accelerating decline in renal function. A
significant increased risk for the formation of ADAs in male patients was demonstrated in
patients treated with agalsidase-β compared to agalsidase-α. As for the influence of ADAs
on renal function, Lender et al. demonstrated that a not saturated ADAs status (ADAs
excess against infused enzyme dose) during infusion is associated with decreased renal
function and reduced plasma lyso-Gb3 levels. The presence of ADAs was associated with a
less prominent decrease in lysoGb3 following ERT in patients treated with agalsidase α,
whereas the decrease in lysoGb3 after the initiation of ERT was minimally affected by the
presence or absence of antibodies in patients treated with agalsidase β [14].

The effects of reducing the ERT dose and of switching from agalsidase β to agalsidase
α have been investigated: in the agalsidase β dose-reduction group, the renal function
decreased significantly (by ~3 mL/min) between the baseline and 1-year follow-up visit,
and in the switch group, the rate of microalbuminuria was higher, with an albumin-to-
creatinine ratio of 114 mg/g at baseline and 216 mg/g at the follow-up visit [15]. After
this study, the same research group assessed the changes in the eGFR and the albumin-to-
creatinine ratio during (i) treatment with the standard dose of agalsidase β, (ii) ERT dose
reduction, and (iii) a subsequent switch or a direct switch to agalsidase α after 2 years of
observation [16]. The eGFR values of the patients within the regular-dose group remained
stable between baseline and the 2-year follow up, whereas the annual change in the eGFR
was −3.74 mL/min in the dose-reduction switch groups and −2.45 mL/min in the direct
switch group. The albumin-to-creatinine ratio did not differ between baseline and the
2-year follow-up in any of the three groups [16].
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JR-051 is also produced in CHO cells and has a primary structure that is identical to
that of the original agalsidase β, a similar charge isoform profile, and similar glycosylation
profiles as well as enzyme activity [17]. In a Gla-knockout Fabry murine model, JR-051
reduced the accumulation of Gb3 in the kidney, heart, skin, liver, spleen and plasma, and
there were no safety concerns regarding JR-051 in a 13-week evaluation using cynomolgus
monkeys [18]. JR-051 was developed in Japan by JCR Pharmaceuticals and is available
in Japan.

3. ERT Effects on the eGFR, Proteinuria, and Gb3 Accumulation in the Kidney
3.1. Agalsidase α

In the first placebo-controlled 6-month random controlled trial (RCT) including 26 male
patients [19], the analysis of creatinine clearance demonstrated stable renal function with
weekly agalsidase α mg/kg therapy (from baseline: 92.7 mL/min/1.73 m2 to after 24 weeks:
94.8 mL/min/1.73 m2, +2.1 mL/min, n = 13) compared to an 18% decline with placebo
treatment (from baseline: 100.6 mL/min/1.73 m2 to after 24 weeks: 84.5 mL/min/1.73 m2,
−16.1 mL/min, n = 11). In the analysis of inulin clearance, there was a trend in favor
of the treated groups compared to the placebo group (from baseline: 77.2 mL/min/ to
after 24 weeks: 71.0 mL/min, −6.2 mL/min in the treated groups vs. from baseline:
90.9 mL/min/ to after 24 weeks: 71.5 mL/min, −19.5 mL/min in placebo group). The
degree of proteinuria was equal between the treatment groups and placebo group, and
there was no consistent change in proteinuria in any of the groups. The degree of glycolipid
inclusions assessed by toluidine blue-stained semi-thin sections in the same RCT was
examined in each cellular compartment of glomeruli, tubular, and vascular and there was a
decrease in glycolipid inclusions within the vascular endothelium in the treatment groups.

The subsequent open-label extension study [20] showed that the mean eGFR de-
clined slightly after 48 months treatment with agalsidase α from 88.4 mL/min/1.73 m2 to
75.1 mL/min/1.73 m2, n = 24. A subgroup analysis revealed that the eGFR remained stable
in the patients with stage I (n = 12) or stage II CKD (n = 8) at baseline, whereas a marked
decline in the eGFR (from 47.1 mL/min/1.73 m2 to 24.8 mL/min/1.73 m2) was observed
in the patients with stage III CKD (n = 4). However, the slope of the eGFR decline in the
CKD III patients was reduced compared to that of comparable historical controls, and none
of the stage III patients progressed to end-stage renal failure. The median proteinuria at
the baseline was 353 mg/24 h (n = 24), and after 36 months of agalsidase α treatment the
median urine protein level was 543 mg/24 h (n = 20). There was no significant change in
the patients’ proteinuria during treatment, but the urine protein level of 3 of the 24 patients
with overt proteinuria at baseline decreased to the level of microalbuminuria, whereas 3 of
the 24 patients with microalbuminuria at baseline developed overt proteinuria during the
36-month follow-up. A pathological assessment was not conducted.

A summary of three separate prospective randomized placebo-controlled trials involv-
ing 108 adults male hemizygote patients treated with agalsidase α 0.2 mg/kg infused over
a 40 min period every other day [21] is available; in these trials, the eGFR was measured
using inulin, 99technetium DTPA, or 51Cr-EDTA. The averaged eGFR value at the initiation
of agalsidase α therapy was 90.3 mL/min. The annualized rate of change in eGFR among
85 non-hyperfiltrating patients (eGFR > 135 mL/min) treated with agalsidase α over the
next 48 months was −2.9 mL/min. Although 8 patients with baseline hyperfiltration
showed large decreases in their eGFRs (−24.5 mL/min) during treatment, this result might
represent the positive effect of agalsidase α therapy. The baseline mean urinary protein
excretion level was 1.03 g/day, and after 1 year of agalsidase α therapy, the mean urinary
protein excretion value was 0.97 g/d, and after 2 years of agalsidase α therapy, the mean
urinary protein excretion was 0.97 g/d. There was no significant change in urinary pro-
tein excretion during 1 year or 2 years of agalsidase α treatment. A multivariate analysis
revealed that the baseline eGFR and baseline proteinuria level (≤1 g/day or ≥1 g/day)
were significant predicting factors of the eGFR decline rate.
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To determine the effects of ERT with agalsidase α on renal function in patients with
Fabry nephropathy, an observation study [22] was conducted by using an international
registry database of patients with Fabry disease, i.e., the Fabry Outcome Survey (FOS). The
mean slope change in the eGFR in all male patients (n = 115) was −2.66 mL/min/1.73 m2/year,
with a mean change of −13.3 mL/min/1.73 m2 (from 94.5 mL/min to 81.2 mL/min)
over 3 years of agalsidase α treatment. In all of the female patients (n = 50), the mean
slope change in the eGFR was −1.2 mL/min/1.73 m2/year, with a mean reduction in
eGFR over 3 years of −5 mL/min/1.73 m2 (from 71.6 mL/min to 66.6 mL/min). In a
subgroup analysis, the slope change in the eGFR was −1.68 mL/min for the patients
with proteinuria ≤ 500 mg/day and −3.98 mL/min among the patients with baseline
proteinuria ≥ 500 mg/day. The presence or absence of hypertension at baseline did not
affect the mean slope change (−2.81 mL/min vs. −2.08 mL/min). There was no significant
change in proteinuria during 3 years of agalsidase α therapy, and the use or non-use of
angiotensin II receptor blockers (ARBs) or angiotensin-converting-enzyme (ACE) inhibitors
(ACEis) produced no obvious effect or changes in proteinuria after 3 years of ERT (males:
415 mg/day at baseline to 481 mg/dy after 3 years of ERT, females: 310 mg/day at baseline
to 299 mg/day after 3 years of ERT). A renal histological analysis was not conducted.

Another 5-year observation study using the FOS [23] showed that the mean yearly
reduction in the eGFR versus the baseline: after 5 years of ERT was −3.17 mL/min/1.73 m2

in men (n = 103) and −0.89 mL/min/1.73 m2 in women (n = 47). The mean yearly fall in
the eGFR after 5 years of ERT was −2.83 mL/min for men and −0.87 mL/min for women
with stage I CKD at baseline, −2.17 mL/min for men and −0.85 mL/min for women with
stage II CKD at baseline, and −3.0 mL/min for men and −1.01 mL/min for women with
stage III CKD at baseline. Symptomatic women (n = 36) who were treated with agalsidase
α for 4 years were analyzed in a prospective, single-center, open-label, clinical trial [24].
The mean eGFR was 91 mL/min at baseline and 91 mL/min after 4 years of agalsidase
α treatment. In the subgroup analysis of every CKD stage, an improvement in the eGFR
through 4 years of treatment was observed in the stage II CKD group (n = 20). Only 1 of the
20 patients with stage II CKD and none of the 3 patients with stage III CKD demonstrated a
reduction in their eGFR in excess of 5 mL/min/year while being treated with agalsidase α.
The mean urinary protein level was 377 mg/day at baseline and decreased to 263 mg/day
after 4 years of treatment with agalsidase α in 33 patients without corticosteroid therapy.

An observation study that extracted long-term follow up (>5 years) of FOS data [25]
demonstrated that the mean yearly change in the eGFR was −2.2 mL/min/1.73 m2 and
the mean change in the eGFR from the baseline to the year’s end was −17.6 mL/min in
men (n = 134) and −4.7 mL/min in women (n = 174) during 7.4 years of agalsidase α

therapy. There was no significant change in proteinuria (men: 590 mg/day at baseline to
772 mg/day at year-end, women: 331 mg/day at baseline to 420 mg/day at year-end), but
a subgroup analysis of the men showed a significant increase of proteinuria in the CKD
stage I patients (eGFR > 90 mL/min) (384 mg/day at baseline to 704 mg/day at year-end).
The yearly eGFR slope of the patients with proteinuria > 1 g/day was −3.9 mL/min, which
was significantly worse than the eGFR slope of the patients with proteinuria < 500 mg/day
and 500–1000 mg/day.

By using the FOS together with well-described cohorts of untreated individuals from
Schiffmann et al.’s research [26], Beck et al. [27] determined the long-term renal outcomes
of agalsidase α-treated patients. The renal outcomes (n = 268) of 5 years of ERT with
agalsidase α showed that the annualized eGFR change with agalsidase α treatment was
−2.86 mL/min/1.73 m2 among male patients with an eGFR ≤ 60 mL/min/1.73 m2 at base-
line (n = 18) and −1.68 mL/min/1.73 m2 among male patients with an eGFR ≥ 60 mL/min/
1.73 m2 at baseline (n = 117). These changes in the eGFR were smaller than those in an un-
treated cohort (eGFR ≤ 60 mL/min/1.73 m2: −6.8 mL/min/1.73 m2, eGFR ≥ 60 mL/min/
1.73 m2: −3.0 mL/min/1.73 m2). In the same study’s female patients [27], the annualized
eGFR change was 0.36 mL/min/1.73 m2 in the patients with an eGFR ≤ 60 mL/min/1.73 m2

at baseline (n = 22) and −0.43 mL/min/1.73 m2 in those with an eGFR ≥ 60 mL/min/1.73 m2
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at baseline (n = 111). These changes in the eGFR were also smaller than that in an untreated
cohort (eGFR ≤ 60 mL/min/1.73 m2: −2.1 mL/min/1.73 m2, eGFR ≥ 60 mL/min/1.73 m2:
−0.9 mL/min/1.73 m2). Among the agalsidase α-treated patients, 57% of the males and
65% of the females had received either an ACEi or an ARB, and there was no significant
difference in the annualized slope of the eGFR between patients who had not received a
renin angiotensin system (RAS) inhibitor.

After the publication of these 5-year agalsidase α ERT outcome data from the FOS, the
10-year agalsidase α ERT outcome data were reported by Ramaswami et al. [28]. Their renal
cohort was 152 patients, and the results of the study’s analysis demonstrated that the mean
eGFR measurements at baseline and year 10 were 80.4 mL/min and 79.1 mL/min in females
and 95 mL/min and 77.5 mL/min in males. The patients with an eGFR ≥ 60 mL/min/1.73 m2

at baseline had an eGFR slope of −0.55 for females (n = 52) and −1.99 for males (n = 79),
and the patients with an eGFR < 60 mL/min/1.73 m2 at baseline had a mean eGFR slope
of −0.14 for females (n = 10) and −2.79 for males (n = 11). In that analysis, urinary
protein > 1 g/24 h was present in 3 of 45 females and 9 of 70 males at baseline, but the
change of proteinuria during ERT was not investigated. Another investigation [29] revealed
that the change in treatment frequency with agalsidase α from every other week to a
weekly infusion improved the mean rate of change in the eGFR from −8.0 mL/min to
−3.3 mL/min during the 24-month follow-up; after the switch to weekly infusions, 3 of
14 patients showed an improvement in their eGFR, and 6 of the 14 patients showed slowing
in the rate of eGFR decline.

3.2. Agalsidase β

To evaluate the effectiveness of agalsidase β, Eng et al. [30] conducted a multicenter
randomized placebo-controlled double-blind study of 58 males with Fabry’s disease who
were treated with agalsidase β for 20 weeks, and they performed a subsequent 6-month
open-label extension study. The patients’ eGFR did not change substantially from baseline
in either the agalsidase β groups or placebo group after week 20 of the double-blind study
or the subsequent 6 months of open-label treatment. That study’s primary endpoint was the
percentage of patients in each group who were free of microvascular endothelial deposits of
Gb3 in renal-biopsy specimens. The analysis results demonstrated that 20 of the 29 patients
(69%) in the 20-week agalsidase β treatment group reached this primary endpoint, whereas
none of the 29 patients in the placebo group (p < 0.001) did. The open-label extension study
showed that 98% of the patients (42 of 43) were free of microvascular endothelial deposits
of Gb3 in renal-biopsy specimens. The analysis of the effect of agalsidase β for proteinuria
excretion was not performed in this study.

After the above-mentioned Phase 3 double-blind, randomized, placebo-controlled
trial [31], a more detailed pathological analysis was conducted by using the same trial’s
kidney biopsy data. The complete clearance of Gb3 from endothelium cells of all vascula-
tures as well as from the mesangial cells and interstitial cells was observed after 11 months
of agalsidase β treatment. Moderate clearance was observed in smooth muscle cells, and
limited clearance compared with other cell types was observed in podocytes and distal
tubular epithelium. To reveal the long-term efficacy of agalsidase β, an open-label 30-month
extension study [32] was conducted after the above-mentioned trial. In that study, the eGFR
remained stable throughout the 30-month extension study (mean eGFR 129.5 mL/min;
placebo to agalsidase β groups, 107.1 mL/min; agalsidase β to agalsidase β groups). At the
baseline kidney biopsy, 6 of the 43 patients who had renal biopsy findings at the baseline
demonstrated either focal glomerulosclerosis or global sclerosis in >50% of all observed
glomeruli, and these patients were older with higher creatinine levels and high levels of
proteinuria. The median urinary protein-to-creatinine ratio (UP/Cr ratio) was 0.221 g/gCre
at baseline and remained stable at 0.198 g/gCre after 30 months of agalsidase β treatment.

Another open-label, phase III extension trial for up to an additional 54 months follow-
ing a 20-week double-blind randomized placebo-controlled phase III study of agalsidase β

treatment (n = 58) [33] showed that the median eGFR remained stable and in the normal
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range around 120 mL/min throughout the 54-month treatment period; the mean eGFR
slope of 52 patients without the six rapid-progression patients was −0.4 mL/min. In a
subgroup analysis, the mean rate of the decline in the eGFR for the patients with >1 g/day
proteinuria at baseline (n = 10) was −7.399 mL/min, whereas the patients with <1 g/day
proteinuria at baseline (n = 42) showed a mean eGFR slope of −1.005 mL/min. In the
study’s histological analysis, the patients with glomerulosclerosis >50% at baseline (n = 8)
showed a higher rate of eGFR decline (−8.955 mL/min/1.73 m2) compared to the patients
with <50% glomerulosclerosis (n = 32) (−1.404 mL/min/1.73 m2). The median proteinuria
value did not change during the course of agalsidase β treatment.

In the same extension trial [33], the complete clearance of Gb3 in renal interstitial
capillary endothelial cells was achieved at 6 months (n = 49) or 54 months (n = 8) after entry
into the study. At 54 months, the Gb3 clearance of glomerular endothelial cells, mesangial
cells, noncapillary endothelial cells, and distal convoluted tubule/collecting duct cells
was achieved with agalsidase β treatment. Moreover, long-term agalsidase β treatment
decreased the Gb3 accumulation in podocytes, which heavily accumulate Gb3 due to slow
turnover rates.

A randomized placebo-controlled trial of agalsidase β treatment for up to 35 months
(with 51 patients in the agalsidase β treatment group and 31 patients in the placebo
group) [34] demonstrated that the mean eGFR did not change between the baseline and
the final assessment in the agalsidase β treatment group or placebo group; the baseline
mean eGFR was 53 mL/min in treatment group and 52.4 mL/min in the placebo group.
There was no significant difference in the occurrence of the primary renal endpoint, i.e., a
33% increase in the serum creatinine level from the baseline or end-stage kidney disease
requiring dialysis or transplantation between the agalsidase β treatment group (n = 10 of
51) and placebo group (n = 7 of 31). The mean proteinuria value did not change significantly
from the baseline to the end of the study in either group, but the results of the study’s
longitudinal analysis showed a nonsignificant decrease in proteinuria for the agalsidase β

group compared to the placebo group.
In a small single-center prospective open label study assessing kidney function

(n = 17) [35], the patients with an eGFR ≥ 90 mL/min (n = 9) showed stale renal function
(from 115 mL/min to 102 mL/min) during the 22-month observation period, whereas the
renal function of the patients with an eGFR ≤ 90 mL/min deteriorated significantly from
71 mL/min to 60 mL/min. At baseline, the mean proteinuria of the patients with normal
kidney function was 0.85 g/day, and the mean proteinuria of the patients with impaired
kidney function was 2.3 g/day; during the treatment period, there was no significant
change in proteinuria in either group.

Another observation study [36] evaluating 151 men and 61 women from the Fabry
Registry who received agalsidase β for ≥2 years demonstrated that the factor making
the greatest contribution to the progression of renal disease was a higher average urinary
protein level and a longer time from the onset of Fabry symptom(s) to the first ERT infusion
was observed in the male patients. The patients with an average UP/Cr ratio > 1 g/g
had a 4.5-fold higher risk of renal disease progression compared to those with a UP/Cr
ratio < 0.3 g/g, and the men who initiated treatment > 24 years after symptom onset
had a 2.9-fold higher risk of renal disease progression compared to those who initiated
treatment sooner.

Forty patients with advanced Fabry disease (n = 40) were evaluated in a 2013 observa-
tion study [37], and during a median follow-up of 6 years, the patients’ eGFR deceased by
−2.3 mL/min/year (men: 2.4 mL/min/year, women: 1.9 mL/min/year) with agalsidase
β treatment. The eGFR remained stable over time in the patients without proteinuria
(<0.15 g/day) at baseline (from 88 mL/min to 88 mL/min, n = 14), whereas four of the five
patients who had proteinuria > 2 g/24 h at baseline progressed to end-stage kidney disease.
The eGFR in the remaining patients decreased from 48 mL/min to 27 mL/min.

In 2015, a 10-year outcome study of patients who underwent ERT (n = 52) com-
bined with a previous phase III clinical trial, a 54-month open-label extension study, and
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the Fabry registry [38] was conducted to confirm the long-term effectiveness of ERT. In
that study, the patients were divided into two categories: the patients with low renal
involvement (LRI) and those with high renal involvement (HRI). The mean slope of the
eGFR for the 32 patients in the LRI category (UP/Cr ratio < 0.5 g/g or <50% sclerotic
glomeruli at baseline) was −1.89 mL/min/1.73 m2, and the mean slope of the eGFR for
the 20 patients in the HRI category (UP/Cr ratio > 0.5 g/g or >50% sclerotic glomeruli
at baseline) was −6.82 mL/min/1.73 m2. Moreover, the LRI patients who maintained a
UP/Cr ratio < 0.5 g/g throughout the treatment showed a lower eGFR slope compared to
the LRI patients whose UP/Cr ratio rose to >0.5 g/g.

The influence of baseline proteinuria was also observed in another observation study
of patients who received agalsidase β treatment for ≥5 years. The annual eGFR change
was −0.7 mL/min per year in the three patients with urinary protein ≤ 0.1 g/day versus
−6.3 mL/min in the six patients with baseline proteinuria ≥ 0.1 g/day [39]. The most
prominent difference between agalsidase α and agalsidase β is the treatment dosage.
The approved dose of agalsidase β (1 mg/kg/2 weeks) is five times higher than that of
agalsidase α 0.2 mg/kg/2 weeks). Tondel et al. [40] observed the complete clearance of
Gb3 inclusions in the glomerular endothelial cells and mesangial cells in all young patients
after 5 years of ERT, and a dose-dependent effect on the clearance of Gb3 after agalsidase
treatment was observed in podocytes.

3.3. JR-051, a Biosimilar of Agalsidase β

A multicenter, single-arm, phase II/III clinical study (n = 16) following patients for
52 weeks was conducted to assess the efficacy and safety of the agalsidase β biosimilar
JR-051 in patients with Fabry disease in Japan. [15] The eGFR values at baseline, 26 weeks,
and 52 weeks were 87.3 mL/min, 93.7 mL/min, and 89 mL/min, respectively. There was
no apparent change in the patients’ eGFR during the follow-up period.

4. Chaperon Therapy for Fabry Nephropathy
Migalastat

The pharmacological chaperone migalastat was approved by the European Medicines
Agency in 2016 and the U.S. Food Drug Administration in 2018 for the treatment of
Fabry disease in patients with an eGFR > 30 mL/min and a mutation that is amenable to
migalastat. It is estimated that approx. 30–50% of individuals with Fabry disease have
amenable mutations to migalastat [41].

In a randomized double-blind migalastat and placebo study conducted for 6 months
and a continuous open-label study of 6- to 12-month migalastat treatment, i.e., the FACETS
trial [41] of Fabry patients who had mutant α-agalsidase genotype that are suitable or not
suitable for migalastat therapy, there was no significant difference in the annualized change
in the eGFR form baseline to month 6 (stage 1) between the migalastat group (baseline
eGFR: 94.4 mL/min) and placebo group (baseline eGFR 90.6 mL/min). In the patients
followed up throughout 24 months of migalastat treatment, the mean annualize changes
in the eGFR from baseline to the 24-month timepoint was −0.3 mL/min. Regarding the
effect of proteinuria, there were no significant differences in the baseline levels of the
groups’ 24 h urinary protein excretion or in these values’ changes from baseline to the last
observation period. The primary endpoint of that study [42] was the percentage of patients
who achieved a response (>50% reduction in the number of Gb3 inclusions per kidney
interstitial capillary at 6 months). In addition, 13 (41%) of the 32 patients who received
migalastat and 9 (28%) of the 32 patients who received the placebo showed a response,
with no significant difference between the groups. However, a post hoc analysis of the
patients with stage I CKD and a prespecified analysis of the stage II CKD patients with a
suitable mutation (n = 45) showed a significantly greater reduction in the mean number of
Gb3 inclusions per kidney interstitial capillary.

The above-described randomized 18-month open-label comparison of migalastat and
ERT (the ATTRACT study) [41] showed that the annualized eGFRCKD-EPI from baseline
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to month 18 was −0.4 mL/min in the migalastat-treated group and −1.03 mL/min in the
ERT group [40]. The baseline eGFRCKD-EPI (using the Chronic Kidney Disease Epidemi-
ology Collaboration [CKD-EPI] formula) was 89.6 mL/min in the migalastat group and
95.8 mL/min in the ERT group, and the two treatments had comparable effects on renal
function. The mean change of 24 h urine protein was lower in the migalastat group (49.2 mg)
than in the ERT group (194.5 mg). A subsequent examination of 12-month migalastat-only
open-label extension period in the ATTRACT study [43] was conducted. The mean an-
nualized rate of change in the eGFRCKD-EPI from baseline (eGFRCKD-EPI: 90.6 mL/min) to
month 30 was −1.7 mL/min in the patients who received migalastat during the ATTRACT
study and continued to receive migalastat (Group 1). The mean annualized rate of change
was comparable between the initial 18-month ERT treatment period (−2.0 mL/min) and
the subsequent 12-month open-label period in the patients who received ERT during the
ATTRACT study but discontinued the ERT and started treatment with migalastat (Group 2).
No significant change from baseline in 24 h urine protein was observed in Group 1 or 2.

A post hoc analysis of the FACETS and ATTRACT trials [44] was performed to evaluate
long-term changes in renal function in 78 patients with Fabry disease and an amenable
mutation and in long-term open-label extension studies. During the long-term follow-
ups, the patients’ renal function was generally stable irrespective of the treatment status
and gender. The annualized rate of change in the eGFRCKD-EPI in the ERT-naïve male
and female patients was −1.8 mL/min and −1.4 mL/min and the corresponding rates
in the ERT-experienced male and female patients were −2.6 mL/min and −0.8 mL/min,
respectively. The mean baseline eGFRCKD-EPI in the male patients was 85.8 mL/min, and
that in the female patients was 93.1 mL/min.

To investigate the long-term effects of migalastat therapy in clinical practice, a prospec-
tive single-center open label study of 14 patients with Fabry disease [45] was conducted.
The patients’ eGFR decreased from 76 mL/min to 72 mL/min in the therapy-naïve group
during the 1-year observation period and was stable at 95.5 to 95 mL/min in the group
that underwent a switch from ERT to migalastat during the same period. In addition, the
single-center observational study conducted by Riccio et al. [46] on the effect of switching
from ERT to migalastat in seven male patients with Fabry disease demonstrated that the
patients’ renal function was stable during the migalastat treatment period (from 99.9 to
98.3 mL/min), and proteinuria was decreased after migalastat treatment (from 145 to
78.6 mg/day).

Lenders et al. [47] conducted a prospective observational multicenter study of 54 Fabry
patients for 24 months of migalastat treatment under real-world conditions. As a secondary
endpoint, the reduction in the eGFR from baseline to month 24 was −2.6 mL/min in the
female patients (98.6 to 90.4 mL/min) and −4.4 mL/min in the males (99.8 to 92.4 mL/min).
There was no significant change in albuminuria after 24 months of migalastat treatment in
the females or males.

5. Adjunctive Therapy for Fabry Nephropathy

Maintaining proteinuria at a lower level is a rationale for CKD treatment [48], and the
same is true of Fabry nephropathy. Since it is well known that ERT itself does not have
an antiproteinuric effect (with the exception of one report [49]), adjunctive therapy such
as the use of an ACE and/or ARB or the vitamin D analog paricalcitol is necessary for
the treatment of Fabry nephropathy. An open-label, nonrandomized, prospective study
conducted by Tahir et al. [50] demonstrated that ACE and/or ARB treatment in conjunction
with agalsidase β (1 mg/kg body weight every 2 weeks) resulted in sustained reductions
in proteinuria with a stabilization of kidney function in six patients with stage III or IV
CKD [49]. Before the start of the ERT regimen, the median proteinuria in the CKD stage
III, IV group was decreased from 1.24 g/day to 0.21 g/day with the use of an ACE and/or
ARB; in addition, after add-on ERT, the progression rate of the eGFR was −0.23 mL/min
(from 52 to 39.4 mL/min) with 30 months of follow-up in the stage III, IV CKD group.
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An investigation by Warnock et al. [51] also demonstrated the effectiveness of agalsi-
dase β combined with antiproteinuric therapy with an ACEi and/or ARB. The patients who
maintained a UP/Cr ratio < 0.5 g/gCre or a 50% reduction in their baseline UP/Cr ratio by
using an ACEi or ARB had a significantly better eGFR slope (−3.6 mL/min) compared to
the patients who did not meet these criteria (−7.0 mL/min). As indicated by the natural
history data from the Fabry registry [26] and the results of a multicenter retrospective
clinical records-based study of 447 Fabry patients without ERT [52], since proteinuria has
been established as a major risk factor for renal progression in Fabry nephropathy, the
reduction in proteinuria with an ACEi and/or ARB is an important strategy to prevent the
decrease in renal function.

Paricalcitol is another useful option to control proteinuria in Fabry nephropathy.
Pisani et al. showed that add-on 1-mg paricalcitol treatment reduced proteinuria from
2.1 g/14 h to 0.4 g/day over a 6-month period in patients with Fabry nephropathy who
used an ACEi and/or ARB at the maximum tolerated dosage [53]. Although the ability
of paricalcitol to control proteinuria is known, transient worsening of cardiac and renal
functions associated with the use of paricalcitol has been described [54]. Trimarchi et al. [55]
proposed the potassium-sparing diuretic amiloride as a candidate adjuvant antiproteinuric
agent in Fabry disease. Amiloride reduces proteinuria by protecting podocytes and acting
on the distal nephrons.

Sodium-glucose cotransporter-2 (SGLT2) inhibitors, i.e., dapagliflozin [56] and em-
pagliflozin [57], sacubitril-valsartan [58], and a non-steroidal mineralocorticoid receptor
antagonist, finerenone [59], have exhibited excellent reno-protective effects against CKD in
individuals with diabetes and have received attention as attractive treatment options for
CKD. These agents might have useful potential for adjunctive therapy in Fabry nephropa-
thy. Especially, in the DAPA-CKD study [56], not only did participants with type 2 diabetes
but also participants without type 2 diabetes, including ischemic/hypertensive nephropa-
thy, chronic glomerulonephtitis (IgA nephropathy, focal segmental glomerulosclerosis,
membranous nephropathy, minimal change disease), chronic interstitial nephritis, showed
a reduction in proteinuria and reno-protective effect by dapagliflozin treatment. Unfor-
tunately, Fabry nephropathy was not included in DAPA-CKD study. However, a 2023
multicenter observational prospective cohort study [60] is going to evaluate the effect of
the SGLT2 dapagliflozin in patients with both Fabry disease and CKD at stages I–III, a
genetic and biochemical diagnosis of Fabry disease and albuminuria for at least 6 months
despite treatment with a stable dose of ERT or Migalastat for 12 months, and ACEi or ARB
titrated to the maximum tolerated dosage for at least 6 months. The observation periods
are two years, and the primary object will be the effect of Dapagliflozin on albuminuria
and the secondary object will be the effect of Dapagliflozin on kidney disease progression.
In the future, multiple adjunctive treatment options for Fabry nephropathy combined with
ERT or chaperon therapy may be established.

6. Conclusions

In the many reports about the treatment effects of ERT for Fabry nephropathy, the
patients’ renal function remained stable during follow-up after treatment with agalsidase
α, agalsidase β, or a biosimilar if these treatments were started at an early stage of Fabry
disease; however, these treatments have lower efficacy in patients at a later disease stage
or those with heavy proteinuria and severe renal historical damage. The clearance of Gb3
depositions in renal tissue is more dominant in patients treated with agalsidase β compared
to agalsidase α, especially as sufficient clearance of Gb3 from podocyte was only observed
in agalsidase β treated patents. As a chaperon therapy, migalastat exerted a reno-protective
effect in early CKD-stage populations; however, it is unclear whether migalastat has the
potential to prevent the deterioration of renal function in patients at later stages of CKD.

The patient’s age at the starting point of ERT or chaperon therapy, gender differences,
the Fabry disease subtypes (classical or later-onset), and the presence/absence of adjunctive
therapy (ACE or ARB) are important factors in evaluations of the precise effects of ERT
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or chaperon therapy on renal function. Since ERT did not show an anti-proteinuric effect
in several studies, adjunctive therapy such as the use of a renin-angiotensin-aldosterone
system (RAAS) inhibitor is essential to reduce proteinuria in patients with Fabry nephropa-
thy. Newly emerged medicines (SGLT2 inhibitors, sacubitril-valsartan, and non-steroidal
mineralocorticoid receptor antagonists) are attractive candidates for adjunctive therapy in
Fabry nephropathy.

Author Contributions: Writing—original draft preparation, H.S.; writing—review and editing, H.S.,
M.Y. and K.Y.; supervision, K.H. and M.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest related to this review.

References
1. Brady, R.O.; Gal, A.E.; Bradley, R.M.; Martensson, E.; Warshaw, A.L.; Laster, L. Enzyme defect in Fabry’s disease. Ceramidetrihex-

osidase deficiency. N. Engl. J. Med. 1967, 276, 1163–1167. [CrossRef] [PubMed]
2. Kint, J.A. Fabry’s disease: Alpha-galactosidase deficiency. Science 1970, 167, 1268–1269. [CrossRef] [PubMed]
3. Fabry, J. Ein beitrag zur kenntnis der purpura Haemorragica nodularis (purpura papulose haemottagica hebrae). Arch. Dermatol.

Syph. Band. 1889, 46, 187–200. (In Germany)
4. Anderson, W. A case of angiokeratoma. Br. J. Dermatol. 1889, 10, 113–117. [CrossRef]
5. Desnick, R.J. α-galactosidase A deficiency: Fabry disease. In The Metabolic and Molecular Bases of Inherited Disease, 8th ed.;

Scriver, C.R., Beaudet, A.L., Sly, W.S., Vall, D., Childs, B., Kinzler, K.W., Vogelstein, B., Eds.; McGraw-Hill: New York, NY, USA,
2001; pp. 3733–3774.

6. Hwu, W.L.; Chien, Y.H.; Lee, N.C.; Chiang, S.C.; Dobrovolny, R.; Huang, A.C.; Yeh, H.Y.; Chao, M.C.; Lin, S.J.; Kitagawa, T.; et al.
Newborn screening for Fabry disease in Taiwan reveals a high incidence of the later onset GLA mutation c.939+919G>A
(IVS4+919G>A). Hum. Mutat. 2009, 30, 1397–1405. [CrossRef]

7. Spada, M.; Pagliardini, S.; Yasuda, M.; Tukel, T.; Thiagarajan, G.; Sakuraba, H.; Ponzone, A.; Desnick, R.J. High incidence of
later-onset fabry disease revealed by newborn screening. Am. J. Hum. Genet. 2006, 79, 31–40. [CrossRef]

8. Nakamura, K.; Hattori, K.; Endo, F. Newborn screening for lysosomal storage disorders. Am. J. Med. Genet. D Semin. Med. Genet.
2011, 157C, 63–71. [CrossRef]

9. Inoue, T.; Hattori, K.; Ihara, K.; Ishii, A.; Nakamura, K.; Hirose, S. Newborn screening for Fabry disease in Japan: Prevalence and
genotypes of Fabry disease in a pilot study. J. Hum. Genet. 2013, 58, 548–552. [CrossRef]

10. Donati, D.; Novario, R.; Gastaldi, L. Natural history and treatment of uremia secondary to Fabry’s disease: A European experience.
Nephron 1987, 46, 353–359. [CrossRef]

11. Branton, M.; Schiffmann, R.; Kopp, J.B. Natural history and treatment of renal involvement in Fabry disease. J. Am. Soc. Nephrol.
2002, 13 (Suppl. S2), S139–S143. [CrossRef]

12. Pisani, A.; Visciano, B.; Imbraco, M.; Nuzzi, A.D.; Mancini, A.; Marchetiello, C.; Ricco, E. The kidney in Fabry’s disease. Clin. Genet.
2014, 86, 301–309. [CrossRef] [PubMed]

13. Sakuraba, H.; Murata-Ohsawa, M.; Kawashima, I.; Tajima, Y.; Kotani, M.; Ohshima, T.; Chiba, Y.; Takashiba, M.; Jigami, Y.;
Fukushige, T.; et al. Comparison of the effect of agalsidase alfa and agalsidase beta on cultured human Fabry fibroblast and Fabry
mice. J. Hum. Gent. 2006, 51, 180–188. [CrossRef]

14. Arends, M.; Biegstraaten, M.; Wanner, C.; Sirrs, S.; Mehta, A.; Elliott, P.M.; Oder, D.; Watkinson, O.; Bichet, D.G.; Khan, A.; et al.
Agalsidase alfa versus agalsidase beta for the treatment of Fabry disease: An international cohort study. J. Med. Genet. 2018, 55,
351–358. [CrossRef] [PubMed]

15. Weidemann, F.; Kramer, J.; Duning, T.; Lenders, M.; Canaan-Kuhl, S.; Krebs, A.; Gonzalez, H.G.; Sommer, C.; Uceyler, N.;
Niemann, M.; et al. Patients with Fabry disease after enzyme replacement therapy dose reduction versus treatment switch. J. Am.
Soc. Nephrol. 2014, 25, 837–849. [CrossRef] [PubMed]

16. Lenders, M.; Cannan-Kuhl, S.; Kramer, J.; Duning, T.; Reiermann, S.; Sommer, C.; Stypmann, J.; Blaschke, D.; Uceyler, N.;
Hense, H.W.; et al. Patients with Fabry disease after enzyme replacement therapy dose reduction and switch-2-year follow-up.
J. Am. Soc. Nephrol. 2016, 27, 952–962. [CrossRef]

17. Nakamura, K.; Kawashima, K.; Tozawa, H.; Yamaoka, M.; Yamamoto, T.; Tanaka, N.; Yamamoto, R.; Okuyama, T.; Eto, Y.
Pharmacokinetics and pharmacodynamics of JR-051, a biosimilar of agalsidase beta, in healthy adults and patients with Fabry
disease: Phase I and II/III clinical studies. Mol. Genet. Metab. 2020, 130, 219–224. [CrossRef]

https://doi.org/10.1056/NEJM196705252762101
https://www.ncbi.nlm.nih.gov/pubmed/6023233
https://doi.org/10.1126/science.167.3922.1268
https://www.ncbi.nlm.nih.gov/pubmed/5411915
https://doi.org/10.1111/j.1365-2133.1898.tb16317.x
https://doi.org/10.1002/humu.21074
https://doi.org/10.1086/504601
https://doi.org/10.1002/ajmg.c.30291
https://doi.org/10.1038/jhg.2013.48
https://doi.org/10.1159/000184389
https://doi.org/10.1097/01.ASN.0000016683.73778.78
https://doi.org/10.1111/cge.12386
https://www.ncbi.nlm.nih.gov/pubmed/24645664
https://doi.org/10.1007/s10038-005-0342-9
https://doi.org/10.1136/jmedgenet-2017-104863
https://www.ncbi.nlm.nih.gov/pubmed/29437868
https://doi.org/10.1681/ASN.2013060585
https://www.ncbi.nlm.nih.gov/pubmed/24556354
https://doi.org/10.1681/ASN.2015030337
https://doi.org/10.1016/j.ymgme.2020.04.003


Medicina 2023, 59, 1478 11 of 12

18. Morimoto, H.; Ito, Y.; Yoden, E.; Horie, M.; Tanaka, N.; Komurasaki, Y.; Yamamoto, R.; Mihara, K.; Minami, K.; Hirota, T.
Non-clinical evaluation of JR-051 as a biosimilar to agalsidase beta for the treatment of Fabry disease. Mol. Genet. Metab. 2018,
125, 153–160. [CrossRef]

19. Schiffmenn, R.; Kopp, J.B.; Sabnis, H.A.A., 3rd; Moore, D.F.; Weibel, T.; Balow, J.E.; Brady, R.O. Enzyme replacement therapy in
Fabry disease: A randomized controlled trial. JAMA 2001, 285, 2743–2749. [CrossRef]

20. Schiffmen, R.; Ries, M.; Timmons, M.; Flaherty, J.T.; Brady, R.O. Long-term therapy with agalsidase alfa for Fabry disease: Safety
and effects on renal function in a home infusion setting. Nephrol. Dial. Transplant. 2006, 21, 345–354. [CrossRef]

21. West, M.; Nicholls, K.; Mehta, A.; Clarke, J.T.R.; Steiner, R.; Beck, M.; Barshop, B.; Rhead, W.; Mensah, R.; Ries, M.; et al. Agalsidase
alfa and kidney dysfunction in Fabry Disease. J. Am. Soc. Nephrol. 2009, 20, 1132–1139. [CrossRef]

22. Feriozzi, S.; Schwarting, A.; Sunder-Plassann, G.; West, M.; Cybulla, M. Agalsidase alfa slows the decline in renal function in
patients with Fabry disease. Am. J. Nephrol. 2009, 29, 353–361. [CrossRef] [PubMed]

23. Mehta, A.; Beck, M.; Elliott, P.; Giugliani, R.; Linhart, A.; Sunder-Plassamm, G.; Schiffmann, R.; Barbey, F.; Ries, M.; Clarke, J.T.R.
Enzyme replacement therapy with agalsidase alfa in patients with Fabry’s disease: An analysis of registry data. Lancet 2009, 374,
1986–7996. [CrossRef] [PubMed]

24. Whybra, C.; Miebach, E.; Mengel, E.; Gal, A.; Baron, K.; Beck, M.; Kampmann, C. A 4-year study of the efficacy and tolerability of
enzyme replacement therapy with agalsidase alfa in 36 women with Fabry disease. Genet. Med. 2009, 11, 441–449. [CrossRef]

25. Friozzi, S.; Torras, J.; Cybulla, M.; Nicholls, K.; Sunder-plassmann, G.; West, M. The effectiveness of long-term agalsidase alfa
therapy in the treatment of Fabry nephropathy. Clin. J. Am. Soc. Nephrol. 2012, 7, 60–69. [CrossRef]

26. Schiffmann, R.; Warnock, D.G.; Banikazemi, M.; Bultas, J.; Linthorst, G.E.; Packman, S.; Serensen, S.A.; Wilcox, W.R.; Desnick, R.
Fabry disease: Progression of nephropathy, and prevalence of cardiac and cerebrovascular events before enzyme replacement
therapy. Nephrol. Dial. Transplant. 2009, 24, 2102–2111. [CrossRef] [PubMed]

27. Beck, M.; Hughes, D.; Kampann, C.; Larroque, S.; Mehta, A.; Pintos-Morell, G.; Ramswami, U.; West, M.; Wijatyk, A.;
Giugliani, R.; et al. Long-term effectiveness of agalsidase alfa enzyme replacement in Fabry disease: A Fabry Outcome Survey
analysis. Mol. Genet. Metab. Rep. 2015, 3, 21–27. [CrossRef]

28. Ramaswami, U.; Beck, M.; Hughes, D.; Kampmann, C.; Botha, J.; Pintos-Morell, G.; West, M.L.; Niu, D.M.; Nicholls, K.;
Giugliani, R. Cardia-renal outcomes with long-term agalsidase alfa enzyme replacement therapy: A 10-year Fabry Outcome
Survey (FOS) analysis. Drug Des. Devel. Ther. 2019, 25, 3705–3715. [CrossRef]

29. Schiffmann, R.; Askari, H.; Timmons, M.; Robinson, C.; Benko, W.; Brady, R.O.; Ries, M. Weekly enzyme replacement therapy
may slow decline of renal function in patients with Fabry disease who are on long-term biweekly dosing. J. Am. Soc. Nephrol.
2007, 18, 1576–1583. [CrossRef]

30. Eng, C.M.; Guffon, N.; Wilcox, W.R.; Germain, D.P.; Lee, P.; Waldek, S.; Caplan, L.; Linthorst, G.E.; Desnick, R.J. Safety and efficacy
of recombinant human alpha-agalsidase A-replacement therapy in Fabry’s disease. N. Engl. J. Med. 2001, 345, 9–16. [CrossRef]

31. Thurberg, B.L.; Rennke, H.; Colvin, R.B.; Dikman, S.; Gordon, R.E.; Collins, A.B.; Desnick, R.J.; O’Callaghan, M. Globotriaosylce-
ramide accumulation in the Fabry kidney is cleared from multiple cell types after enzyme replacement therapy. Kidney Int. 2002,
62, 1933–1946. [CrossRef]

32. Wilcox, W.R.; Banikazemi, M.; Guffon, N.; Waldek, S.; Lee, P.; Linthorst, G.E.; Desnick, R.J.; Germain, D.P. Long-term safety and
efficacy of enzyme replacement therapy for Fabry disease. Am. J. Hum. Genet. 2004, 75, 65–74. [CrossRef] [PubMed]

33. Germain, D.P.; Waldek, S.; Manikazemi, M.; Bushinsky, D.A.; Charrow, J.; Desnick, R.J.; Lee, P.; Loew, P.; Vedder, A.C.;
Abichandani, R.; et al. Sustained, long-term renal stabilization after 54 months of agalsidase β therapy in patients with Fabry
disease. J. Am. Soc. Nephrol. 2007, 18, 1547–1557. [CrossRef] [PubMed]

34. Banikazemi, M.; Bultas, J.; Waldek, S.; Wilcox, W.R.; Whitley, C.B.; Mcdonald, M.; Finkel, R.; Packman, S.; Bichet, D.G.;
Warnock, D.G.; et al. Agalsidase-beta therapy for advanced Fabry disease: A randomized trial. Ann. Intern. Med. 2007, 146, 77–86.
[CrossRef] [PubMed]

35. Breunig, F.; Weidemann, F.; Strotmann, J.; Knoll, S.; Wanner, C. Clinical benefit of enzyme replacement therapy in Fabry disease.
Kidney Int. 2006, 69, 1216–1221. [CrossRef]

36. Warnock, D.G.; Ortiz, A.; Mauer, M.; Linthorst, G.E.; Oliveira, J.P.; Serra, A.L.; Marodi, L.; Mignani, R.; Vujkovac, B.;
Beitner-Johnson, D.; et al. Renal outcomes of agalsidase beta treatment for Fabry disease: Role of proteinuria and timing of
treatment initiation. Nephrol. Dial. Transplant. 2012, 27, 1042–1049. [CrossRef]

37. Weidemann, F.; Niemann, M.; Stork, S.; Breunig, F.; Beer, M.; Sommer, C.; Herrmann, S.; Ertl, G.; Wanner, C. Long-term outcome
of enzyme-replacement therapy in advanced Fabry disease: Evidence for disease progression towards serious complications.
J. Intern. Med. 2013, 274, 331–341. [CrossRef]

38. Germain, D.P.; Charrow, J.; Desnick, R.J.; Guffon, N.; Kempf, J.; Lachmann, R.H.; Lemay, R.; Linthorst, G.E.; Packman, S.;
Scott, C.R.; et al. Ten-year outcome of enzyme replacement therapy with agalsidase beta in patients with Fabry disease.
J. Med. Genet. 2015, 52, 353–358. [CrossRef]

39. Kim, J.Y.; Lee, B.H.; Cho, J.H.; Kang, E.; Choi, J.H.; Kim, G.H.; Yoo, H.W. Long-term enzyme replacement therapy for Fabry
disease: Efficacy and unmet needs in cardiac and renal outcomes. J. Hum. Genet. 2016, 61, 923–929. [CrossRef]

40. Tondel, C.; Bostad, L.; Larsen, K.K.; Hirth, A.; Vikse, B.E.; Houge, G.; Svarstad, E. Agalsidase benefits renal histology in young
patients with Fabry disease. J. Am. Soc. Nephrol. 2013, 24, 137–148. [CrossRef]

https://doi.org/10.1016/j.ymgme.2018.07.009
https://doi.org/10.1001/jama.285.21.2743
https://doi.org/10.1093/ndt/gfi152
https://doi.org/10.1681/ASN.2008080870
https://doi.org/10.1159/000168482
https://www.ncbi.nlm.nih.gov/pubmed/18974635
https://doi.org/10.1016/S0140-6736(09)61493-8
https://www.ncbi.nlm.nih.gov/pubmed/19959221
https://doi.org/10.1097/GIM.0b013e3181a23bec
https://doi.org/10.2215/CJN.03130411
https://doi.org/10.1093/ndt/gfp031
https://www.ncbi.nlm.nih.gov/pubmed/19218538
https://doi.org/10.1016/j.ymgmr.2015.02.002
https://doi.org/10.2147/DDDT.S207856
https://doi.org/10.1681/ASN.2006111263
https://doi.org/10.1056/NEJM200107053450102
https://doi.org/10.1046/j.1523-1755.2002.00675.x
https://doi.org/10.1086/422366
https://www.ncbi.nlm.nih.gov/pubmed/15154115
https://doi.org/10.1681/ASN.2006080816
https://www.ncbi.nlm.nih.gov/pubmed/17409312
https://doi.org/10.7326/0003-4819-146-2-200701160-00148
https://www.ncbi.nlm.nih.gov/pubmed/17179052
https://doi.org/10.1038/sj.ki.5000208
https://doi.org/10.1093/ndt/gfr420
https://doi.org/10.1111/joim.12077
https://doi.org/10.1136/jmedgenet-2014-102797
https://doi.org/10.1038/jhg.2016.78
https://doi.org/10.1681/ASN.2012030316


Medicina 2023, 59, 1478 12 of 12

41. Hughes, D.A.; Nicholls, K.; Shankar, S.P.; Sunder-Plassann, G.; Koeller, D.; Nedd, K.; Vockley, G.; Hamazaki, T.; Lachmann, R.;
Ohashi, T.; et al. Oral pharmacological chaperone migalastat compared with enzyme replacement therapy in Fabry disease:
18-months results from the randomised phase 3 ATTRACT study. J. Med. Genet. 2017, 54, 288–296. [CrossRef]

42. Germain, D.P.; Hughes, D.A.; Nicholls, K.; Bichet, D.G.; Giugliani, R.; Wilcox, W.R.; Feliciani, C.; Shankar, S.P.; Ezgu, F.;
Amartino, H.; et al. Treatment of Fabry disease with the pharmacologic chaperone migalastat. N. Engl. J. Med. 2016, 375, 545–555.
[CrossRef]

43. Feldt-Rasmussen, U.; Hughes, D.; Sunder-Plassmann, G.; Shankar, S.; Nedd, K.; Olivotto, I.; Ortiz, D.; Ohashi, T.; Hamazaki, T.;
Skuban, N.; et al. Long-term efficacy and safety of migalastat treatment in Fabry disease: 30-month results from the open-label
extension of the randomized, phase 3 ATTRACT study. Mol. Genet. Metab. 2020, 131, 219–228. [CrossRef] [PubMed]

44. Bichet, D.G.; Torra, R.; Wallace, E.; Hughes, D.; Giugliani, R.; Skuban, N.; Nrusinska, E.; Feldt-Rasmussen, U.; Schiffmann, R.;
Nicholls, K. Long-term follow-up of renal function in patients treated with migalastat for Fabry disease. Mol. Genet. Metab. Rep.
2021, 28, 100786. [CrossRef] [PubMed]

45. Muntze, J.; Gensler, D.; Maniuc, O.; Liu, D.; Cairns, T.; Oder, D.; Hu, K.; Lorenz, K.; Frantz, S.; Wanner, C.; et al. Oral chaperon
therapy migalastat for treating Fabry disease: Enzymatic response and serum biomarker changes after 1 year. Clin. Pharmacol. Ther.
2019, 105, 1224–1233. [CrossRef]

46. Riccio, E.; Zanfardino, M.; Ferreri, L.; Santoro, C.; Cocozza, S.; Capuano, I.; Imbriaco, M.; Feriozzi, S.; Pisani, A. Switch from
enzyme replacement therapy to oral chaperone migalastat for treating fabry disease: Real-life data. Eur. J. Hum. Genet. 2020, 28,
1662–1668. [CrossRef]

47. Lenders, M.; Nordbeck, P.; Kurschat, C.; Eveslage, M.; Karabul, N.; Kaufeld, J.; Hennermann, J.B.; Patten, M.; Cybulla, M.;
Muntze, J.; et al. Treatment of Fabry disease management with migalastat-outcome form a prospective 24 months observational
multicenter study (FAMOUS). Eur. Heart J. Cardiovasc. Pharmacother. 2022, 8, 272–281. [CrossRef] [PubMed]

48. Lea, J.; Greene, T.; Hebert, L.; Lipkowits, M.; Massry, S.; Middleton, J.; Rostand, S.G.; Miller, E.; Smith, W.; Bakris, G.L.; et al. The
relationship between magnitude of proteinuria reduction and risk of end-stage renal disease: Results of African American study
of kidney disease and hypertension. Arch. Intern. Med. 2005, 165, 947–953. [CrossRef] [PubMed]

49. Prabakaran, T.; Birn, H.; Bibby, B.M.; Regeniter, A.; Sorensen, S.S.; Feldt-Rasmussen, U.; Nielsen, R.; Christensen, E.I. Long-term
enzyme replacement therapy is associated with reduced proteinuria and preserved proximal tubular function in women with
Fabry disease. Nephrol. Dial. Transplant. 2014, 29, 619–625. [CrossRef] [PubMed]

50. Tahir, H.; Jackson, L.L.; Warnock, D.G. Antiproteinuric therapy and fabry nephropathy: Sustained reduction of proteinuria
in patients receiving enzyme replacement therapy with agalsidase-beta. J. Am. Soc. Nephrol. 2007, 18, 2609–2617. [CrossRef]
[PubMed]

51. Wanner, C.; Oliveira, J.P.; Ortiz, A.; Mauer, M.; Germain, D.P.; Linthorst, G.E.; Serra, A.L.; Marodi, L.; Mignani, R.;
Cianciaruso, B.; et al. Prognostic indicators of renal disease progression in adults with Fabry disease: Natural history data from
the Fabry registry. Clin. J. Am. Soc. Nephrol. 2010, 5, 2220–2228. [CrossRef]

52. Warnock, D.G.; Thomas, C.P.; Vujkovac, B.; Campbell, R.C.; Charrow, J.; Laney, D.A.; Jackson, L.L.; Wilcox, W.R.; Wanner, C.
Antiproteinuric therapy and Fabry nephropathy: Factors associated with preserved kidney function during agalsidase-beta
therapy. J. Med. Genet. 2015, 52, 860–866. [CrossRef] [PubMed]

53. Pisani, A.; Sabbatini, M.; Duro, G.; Colomba, P.; Ricco, E. Antiproteinuric effect of add-on paricalcitol in Fabry disease patients: A
prospective observational study. Nephrol. Dial. Transplant. 2015, 30, 661–666. [CrossRef] [PubMed]

54. Keber, T.; Tretjak, M.; Vujkovac, A.C.; Mravljak, M.; Ravber, K.; Vujkovac, B. Paricalcitol as an antiproteinuric agent can result
in the deterioration of renal and heart function in a patient with Fabry disease. Am. J. Case Rep. 2017, 18, 644–648. [CrossRef]
[PubMed]

55. Trimarchi, H.; Forrester, M.; Lombi, F.; Pomeranz, V.; Rana, M.S.; Karl, A.; Andrews, J. Amiloride as an alternate adjuvant
antiproteinuric agent in Fabry disease: The potential roles of plasmin and uPAR. Case Rep. Nephrol. 2014, 2014, 854521. [CrossRef]

56. Heerspink, H.J.L.; Stefansson, B.V.; Correa-Rotter, R.; Chwrtow, G.M.; Greene, T.; Hou, F.F.; Mann, J.F.E.; McMurray, J.J.V.;
Lindberg, M.; Rossing, P.; et al. Dapagliflozin in patients with chronic kidney disease. N. Engl. J. Med. 2020, 383, 1436–1446.
[CrossRef] [PubMed]

57. Herrington, W.G.; Staplin, N.; Wanner, C.; Green, J.B.; Hauske, S.J.; Emberson, J.R.; Preiss, D.; Judge, P.; Mayne, K.J.;
Ng, S.Y.A.; et al. Empagliflozin in patients with chronic kidney disease. N. Engl. J. Med. 2023, 388, 117–127.

58. Zhou, W.; Yang, X.; Jin, J.; Cheng, M.; Li, Y.; Bai, Y.; Xu, J. The efficacy and safety of sacbitril/valsartan in chronic kidney disease:
A systematic review and meta-analysis. Int. Urol. Nephrol. 2023, 1–10. [CrossRef]

59. Agarwal, R.; Filippatos, G.; Pitt, B.; Anker, S.D.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Gebel, M.; Ruilope, L.M.; et al.
Cardiovascular and kidney outcomes with finerenone in patients with type 2 diabetes and chronic kidney disease: The FIDELITY
pooled analysis. Eur. Heart J. 2022, 43, 474–484. [CrossRef]

60. Battaglia, Y.; Bulighin, F.; Zerbinati, L.; Vitturi, N.; Marchi, G.; Carraro, G. Dapagliflozin on albuminuria in chronic kidney disease
patients with Fabry disease: The DEEY study and protocol. J. Clin. Med. 2023, 12, 3689. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1136/jmedgenet-2016-104178
https://doi.org/10.1056/NEJMoa1510198
https://doi.org/10.1016/j.ymgme.2020.07.007
https://www.ncbi.nlm.nih.gov/pubmed/33012654
https://doi.org/10.1016/j.ymgmr.2021.100786
https://www.ncbi.nlm.nih.gov/pubmed/34401344
https://doi.org/10.1002/cpt.1321
https://doi.org/10.1038/s41431-020-0677-x
https://doi.org/10.1093/ehjcvp/pvab025
https://www.ncbi.nlm.nih.gov/pubmed/35512362
https://doi.org/10.1001/archinte.165.8.947
https://www.ncbi.nlm.nih.gov/pubmed/15851648
https://doi.org/10.1093/ndt/gft452
https://www.ncbi.nlm.nih.gov/pubmed/24215016
https://doi.org/10.1681/ASN.2006121400
https://www.ncbi.nlm.nih.gov/pubmed/17656478
https://doi.org/10.2215/CJN.04340510
https://doi.org/10.1136/jmedgenet-2015-103471
https://www.ncbi.nlm.nih.gov/pubmed/26490103
https://doi.org/10.1093/ndt/gfu273
https://www.ncbi.nlm.nih.gov/pubmed/25143556
https://doi.org/10.12659/AJCR.903886
https://www.ncbi.nlm.nih.gov/pubmed/28596512
https://doi.org/10.1155/2014/854521
https://doi.org/10.1056/NEJMoa2024816
https://www.ncbi.nlm.nih.gov/pubmed/32970396
https://doi.org/10.1007/s11255-023-03599-w
https://doi.org/10.1093/eurheartj/ehab777
https://doi.org/10.3390/jcm12113689

	Introduction 
	ERT for Fabry Nephropathy 
	ERT Effects on the eGFR, Proteinuria, and Gb3 Accumulation in the Kidney 
	Agalsidase  
	Agalsidase  
	JR-051, a Biosimilar of Agalsidase  

	Chaperon Therapy for Fabry Nephropathy 
	Adjunctive Therapy for Fabry Nephropathy 
	Conclusions 
	References

