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Abstract: Fabry disease is classified as a rare X-linked disease caused by a complete or partial defect
of enzyme alpha-galactosidase, due to GLA gene mutations. This disorder leads to intracellular
globotriaosylceramide (Gb3) deposition associated with increased Gb3 plasma levels. Most of the
symptoms of the disease, involving kidneys, heart and nervous system, result from this progressive
Gb3 deposition. The incidence is estimated in 1/50,000 to 1/117,000 in males. Fabry nephropathy
begins with microalbuminuria and/or proteinuria, which, in the classic form, appear from childhood.
Thus, a progressive decline of renal function can start at a young age, and evolve to kidney failure,
requiring dialysis or renal transplantation. Enzyme replacement therapy (ERT), available since 2001
for Fabry disease, has been increasingly introduced into the clinical practice, with overall positive
short-term and long-term effects in terms of ventricular hypertrophy and renal function. Kidney
transplantation represents a relevant therapeutic option for Fabry nephropathy management, for
patients reaching end-stage renal disease, but little is known about long-term outcomes, overall
patient survival or the possible role of ERT after transplant. The purpose of this review is to analyze
the literature on every aspect related to kidney transplantation in patients with Fabry nephropathy:
from the analysis of transplant outcomes, to the likelihood of disease recurrence, up to the effects of
ERT and its possible interference with immunosuppression.
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1. Introduction

Fabry disease (FD) is an X-linked lysosomal inherited disorder, caused by deficient or absent activity
of the enzyme alpha-galactosidase, caused by the mutation in the GLA gene. This enzyme defect leads
to the progressive accumulation of lysosomal glycosfingolipids, particularly globotriaosylceramide
(Gl-3). The α-galactosidase A (GLA) gene is involved in the disease by causing a marked reduction
in alpha-galactosidase enzymatic activity, and the subsequent deposition of its major substrate,
globotriaosylceramide (Gb3), in endothelial cells, cardiomyocytes, fibroblasts, nerve cells and renal
cells (podocytes, glomerular, mesangial and tubular cells) [1,2].
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The reported annual incidence is 1 in 476,000 in the general population, but this might largely
underestimate the true prevalence, due to the wide spectrum of clinical phenotypes [3].

The prevalence of the classic FD form ranges between 1/8454 and 1/117,000 male live births [4].
In order to improve the detection of Fabry patients, many newborn screening tests are used in

clinical practice, and they currently represent the best strategy for identifying patients with FD at an
early stage and without clinical manifestations [5].

Newborn screening demonstrated an unexpectedly high prevalence of the disease, as high as 1 in
~3100 newborns in Italy [6], 1 in 1500 in Taiwan [7], and 1 in 6212 in Japan [5,6].

So far, over 1000 GLA mutations have been characterized in the chromosomal region Xq22.1 (point
missense mutations, splicing alterations, deletions, translocations and complex gene rearrangements).
Approximately 60% of them are missense mutations, resulting in single amino acid substitutions in the
alpha-galactosidase protein [7,8].

The type of mutation might influence the clinical presentation of the disease, even if a
genotype–phenotypes correlation is not clear-cut, and a significant phenotypic variability among
individuals with the same pathogenic variant has been observed [9,10]. Two major clinical subtypes
of FD are known: the classic and the late onset. The classic form occurs in males with less than 1%
alpha-galactosidase activity, and it is caused by different types of rearrangements, splicing defects and
missense or nonsense variants. On the other hand, male subjects with more than 1% alpha-galactosidase
activity have missense or splicing variants, and show a “later-onset” or “non-classic” form. In the
classic subtype, the patients have prominent vascular endothelial cell glycosphingolipid accumulations.
Typically, the onset of severe acroparesthesia, angiokeratoma, hyperhidrosis, corneal and lenticular
opacities occurs in childhood or adolescence. Renal and cardiac manifestations can appear afterwards,
with the progression of the disease [11]. Conversely, in the subtype of the later onset, the patients show
prevalent cardiac or renal involvement [9]. The typical signs are left ventricular hypertrophy, that
usually develops in the fourth to eighth decade, and renal disease, characterized by the occurrence
of proteinuria, linked with kidney function impairment and evolving to end-stage renal disease
(ESRD), but without acroparesthesias and angiokeratoma [12]. Moreover, the clinical manifestations in
heterozygous females range from being asymptomatic throughout their whole life, to being as severe
as affected males. This is accredited in part to random X-chromosomal inactivation (“lyonization”),
that takes place in somatic cells during the embryonic development. Such a process is tissue-specific,
and severely affected females are more likely to express the X chromosome with the GLA pathogenic
variant in the organs in question [13].

The first signs of Fabry nephropathy in males with the classic phenotype usually arise between 10
and 20 years of age, and they are represented by glomerular hyperfiltration associated with mesangial
cells proliferation/expansion at kidney biopsy. Glycolipid deposits are also present in the tubular
epithelial cells, particularly of the distal nephron, arterial or arteriolar endothelial and interstitial cells,
which are associated with an early concentrating defect. Concomitantly, the onset of microalbuminuria
and proteinuria results from a glycolipid deposit in glomerular cells (podocytes), and also in mesangial
cells and in endothelial cells, with subsequent basal membrane thickening and glomerulosclerosis.
At around 30–40 years, when glomerular sclerosis exceeds 50% and tubulointerstitial damage progresses,
renal failure appears, in many cases evolving to ESRD in successive decades. Given the presence of
affected females and late-onset mutations, the range of nephropathy presentation and evolution is
wide, with 50% of male patients at the age of 35 years and 100% at the age of 52 years [2,14].

The rate of decline in filtering capacity is about 12.2 mL/min per year in male patients with the
classic phenotype, leading to a rapid progression towards ESRD [15,16]. In the late onset variant and
in female patients, the decline of renal function is usually slower and less predictable [2,9,10].

Since 2001, enzyme replacement therapy (ERT) for FD has been increasingly introduced in the
clinical practice, with positive short-term and long-term effects. ERT, with either Agalsidase alfa or
Agalsidase beta, has been shown to be effective in the control of Fabry nephropathy progression [17–19].
Better outcomes may be observed when treatment is started at an early age, prior to the development
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of organ damage. Nevertheless, many FD patients still progress to ESRD, and they need organ
transplants: the possible causes are a prolonged treatment time, a delayed beginning of therapy and/or
a late diagnosis.

The present review is focused on kidney transplants in Fabry patients, and on the role of ERT
after kidney transplantation.

2. Organ Transplantation as a Replacement Therapy for Enzyme Deficiency: An Ineffective Solution

At the beginning of the 1970s, FD was known as an inborn glycosphingolipid catabolism defect,
causing its accumulation principally in the fibromuscular cells in the vessel wall, together with a
decrease in alpha-galactosidase plasma levels [1,2]. In 1972, Philippart et al. reported a case of
a 38-year-old man with FD, who received a deceased-donor kidney transplant. After surgery, his
plasma alpha-galactosidase levels, which were untraceable before transplantation, increased from
5% to 20%, with an improvement of some clinical parameters (reduction of fatigability, complete
resolution in terms of cramps and pain). This early evidence gave birth to the intriguing idea
that kidney transplantation, besides its role in optimal renal function replacement, could also
represent an effective enzymatic substitution strategy. In order to demonstrate this hypothesis,
Clarke et al. performed serial measurements of galactosyl glucosylceramide (CTH) and its precursor,
N-acetilgactosyl glucosylceramide (CAH), on blood and urine specimens from transplanted patients.
Both CTH and CAH concentrations decreased respectively after kidney transplantation (CTH from 0.76
to 0.48 Umol per 100 mL, and CAH from 0.23 to 0.07 Umol per 100 mL), suggesting that CTH and CAH
levels change after transplant as a result of the decrease of lipid rate formation, rather than increased
catabolism by the graft. Indeed, these data did not support the concept that a kidney transplant could
act as an enzymatic therapy [20,21].

Other attempts to replace the enzyme deficiency by transplantation have been reported. In 1979,
Touraine et al. described the cases of two patients with FD and minimal renal involvement, treated
with a transplant of fetal liver cells. The authors found a symptomatic improvement without plasmatic
alpha-galactosidase level modification [22]. Recently, Likhitsup et al. described the case of a 52-year-old
woman with alcoholic cirrhosis and kidney failure secondary to FD, documented at kidney biopsy,
who received a combined liver and kidney transplant. At 4 weeks after transplant, her serum
alpha-galactosidase level was unexpectedly normalized, but this condition was transient. The authors
suggested that the temporary alpha-galactosidase normalization after combined liver and kidney
transplantation was probably related to a short-term lysosomal enzyme release from the transplanted
organ. In consequence, the patient later was treated with ERT for the known enzymatic deficit, linked
to the underlying disease [23].

This discouraging result can be explained by the fact that in FD, there is no cross-correction of the
enzymatic defect between cells, thus transplantation does not seem to amend the defect in other organs.

Hence, liver transplant, that is also considered a curative treatment in some enzymatic disorders
with enzymatic deficiency expressed exclusively in the liver (as for ornithine transcarbamylase
deficiency), does not appear to have long-term positive effects on alpha-galactosidase levels,
or effectively reduce LysoGB3 levels in patients with FD [24].

3. Graft and Patient Outcomes in Fabry Disease Patients after Kidney Transplant

Since 1967, when the first kidney transplant in a patient with FD was performed, several concerns
have been raised about such an approach, due to the high rates of infectious complications and early
transplant failures. Several articles were published in the following years on this issue.

In 1975, a report from the ASC/NIH (American College of Surgeons and the National Institutes
of Health) Renal Transplant Registry studied the role of renal transplant in several congenital and
metabolic diseases, namely Alport syndrome, amyloidosis, cystinosis, diabetes mellitus, FD, familial
nephritis, gout, medullary cystic disease and oxalosis. The results highlighted good outcomes for renal
transplantation in most disorders, with the exception of FD and oxalosis. For FD, the graft survival
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after one year was 33% (only three patients of nine transplanted had functioning kidneys), and no
evidence of relapse after graft was mentioned [25].

Later in 1981, a review by Maizel et al. describing a 10-year experience of a kidney transplant
in FD, reported a patient survival rate of 26% at 5 years, and a high incidence of death from sepsis
(4/8) [26].

For this reason, kidney transplants in FD patients were initially discouraged. Ten years later,
promising data for graft and patient survival were presented from European and American registry
analysis. From the European Dialysis and Transplant Association/European Renal Association Registry,
33 patients with FD enrolled in a 3-year observational study, and presented a graft survival comparable
to other kidney diseases: 72% (24/33 graft) vs. 69% (22/33 graft). Moreover, the patient survival
rate after kidney transplant was comparable to that of the group aged under 55 with non-Fabry
nephropathies, respectively 84% (27 patients) vs. 87% (28 patients) [27]. A cohort study on 93 patients,
from 1988 to 1998, by the US Renal Data System Registry reported a 1- and 5-year graft survival of 91%
(83/93 graft) and 76% (70/93 graft), respectively, and a 5-year patient survival of 83% (77 patients), with
no significant differences from the control population [28].

Finally, a retrospective monocentric study by Inderbitzin et al. aimed to evaluate kidney transplant
effects on the long-term outcomes of 10 patients with end-stage renal failure due to FD, who received
a transplant at a median age of 36 years. The authors found a graft survival rate of 90% at 5 years
(9/10 graft), and 66% at 10 years (6/10 graft), and a patient survival rate of 100% at 5 years (10/10 patients)
and 76% at 10 years (7/10 patients) [16].

As for very long-term outcomes, the retrospective cohort study, published in 2018 by Ersözlü
et al. which includes follow-ups of Fabry kidney transplant grafts up to 25 years, has currently the
longest reported experience on this subject. A total of 17 FD patients were enrolled, all of them kidney
transplant recipients; 11 from deceased donors, 6 from living donors. The authors reported a 10- and
25-year graft survival rate of 92% (15 patients) and 22% (4 patients), respectively, and a 10- and 25-years
patient survival rate of 100% (17 patients) and 25% (4 patients), respectively. Moreover, the study found
a better death-censored graft survival rate in FD patients compared with non-FD matched controls
(p = 0.03), indicating that Fabry kidney transplant recipients had a higher mortality as compared to
non-Fabry controls, for cardiac events with functioning grafts (median age at death, 59 years) [29].
Long patient survival was comparable even with Fabry patients who underwent dialysis approximately
20 to 25 years ago, from the European Registry. Further, in this case, transplant represents the best
option (90% versus 41%), according to Tsakiris et al. [27]. All these studies indeed suggest that kidney
transplant outcomes in Fabry patients, defined as graft survival and patient survival, are similar to
those of patients transplanted for other nephropathies. Therefore, nowadays kidney transplantation
really represents a relevant therapeutic option for the management of Fabry nephropathy.

4. Enzyme Replacement Therapy Impact on Kidney Transplant Outcomes and
Immunosuppressive Therapy

The introduction of ERT to counteract the metabolic defect in Fabry disease dates back to 2000s.
Both the currently available drugs, Agalsidase alfa (Replagal(®), Shire Human Genetic Therapies AB,
Lund, Sweden) and Agalsidase beta (Fabrazyme®, Genzyme, a Sanofi company, Cambridge, MA,
USA) [24,25], must be administered intravenously with different regimens [9,29–31]. Data on ERT
efficacy in kidney transplants are limited. In 2004, Mignani et al. performed a single center pilot study
that showed that ERT (Agalsidase beta, administered every 2 weeks for 18 months, in three kidney
transplant recipients) was safe and protective against extrarenal manifestation in kidney transplant
recipients with FD. Concerning safety, the authors did not observe any treatment-related adverse
events, intolerance episodes, or seroconversions in transplanted patients with stable graft function and
with no need for immunosuppression regimen adjustment, treated with total 116 intravenous infusions.
About efficacy, some patients experienced extreme pain that disappeared within 2 months after the
manifestation. Cardiac ultrasound revealed an amelioration in 2 out of the 3 patients receiving all the
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planned infusions for left ventricular mass, end diastolic diameter and cardiac contractility, expressed
by ejection fraction. The third patient, who had a 5-month interruption in their ERT therapy, kept a
stable diastolic diameter and ejection fraction, but displayed some progressive cardiac morphologic
abnormalities. All the patients showed persisting mild mitral insufficiency, and the affected individual
also showed atrial fibrillation [32]. In 2008, the same group conducted a survey of 34 FD patients on
ERT, 17 of them on dialysis (1 no ERT, 7 with ERT after beginning of hemodialysis; mean 1.1 years)
and 17 kidney transplant recipients (15 with ERT after kidney transplant, mean 4.8 years). The overall
average ERT follow-up was 45.1 (hemodialysis) and 48.4 (transplant) months in the two groups.
This study revealed that, in the subgroup of 17 kidney transplanted recipients, the rate of creatinine
clearance decline in the patients on ERT was milder than in patients without ERT (−1.92 mL/min/year vs.
12 mL/min/year, respectively), suggesting an important protective effect of ERT on graft function [33].

Cybulla et al. studied the effect of Agalsidase alfa in 20 kidney transplant recipients collected
by FOS (Fabry Outcome Survey) registry data analysis (27 patients; 20 patients on ERT compared to
7 patients not on ERT). Five patients received ERT before transplantation. After an average of 3.5 years
of treatment, ERT patients showed a slight decrease in renal function (59.2 mL/min/1.73 m2 at baseline
vs. 51.1 mL/min/1.73 m2), and stable proteinuria [34]. It should be underlined that the positive effect in
renal function may be related to the presence of normal enzyme activity within the graft. Regarding
the extrarenal outcomes, cardiovascular disease represents one of the main causes of morbidity and
mortality after renal transplantation in non-FD patients [35], with a reported post-transplant incidence
of new onset chronic atrial fibrillation of 3.5% and 7.3%, at 12 and 36 months, respectively [36].

According to the mentioned studies, ERT is also able to delay the progression of left
ventricular hypertrophy and reduce cerebrovascular events in patients with FD undergoing kidney
transplants [32–34]. In the study by Mignani and colleagues mentioned before (34 Fabry patients; 17 on
dialysis and 17 kidney transplant recipients), additional arrhythmia episodes were recorded, although
no data are provided on patient survival [32]. A similar trend was observed for cerebrovascular
events, with 35% less cases in transplanted patients (nine acute cerebrovascular events in the dialyzed
population versus three events in the transplanted population) [33]. After 3 years of ERT, the left
ventricular max index showed a rise of 19% (from 210.9 g/m2 to 251.0 g/m2) in the seven dialysis
patients, while it was reduced by 6% (from 234.6 g/m2 to 220.8 g/m2) in the transplanted patients [32].
In the second study by the group of Cybulla on 20 kidney transplant recipients with FD, left ventricular
hypertrophy was increased in patients without therapy (n = 4), compared to those on ERT (n = 9)
(86.5 g/m2 vs. 64.9 g/m2; p = n.s.) [34].

The main studies comparing graft and patient survival rates in kidney transplant recipients, with
Fabry and non-Fabry Disease as primary nephropathy, are reported in Table 1.

Table 1. Compared graft and patient survival in Fabry and non-Fabry Disease kidney transplant
recipients. The years of follow up of each study are detailed in brackets.

Compared Outcomes

Pre ERT Era ERT Era Non Fabry

Ojo et al.,
(1988–1998)

Inderbitzin et al.,
(1964–1998)

Mignani et al.,
(2008)

Ersolozlu et al.,
(1979–2017)

USRDS
(2006–2011)

5 years graft 76% 90% 87.5% 93% 75%
5 years patients 83% 100% 100% 100% 85%
10 years graft 56% 66% 92% 48%

10 years patients 67% 76% 100% 64%
25 years graft 22%

25 years patients 25%

ERT: enzyme replacement therapy; USRDS: United States Renal Data System.
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In August 2018, the FDA approved chaperon therapy with migalastat (Galafold™, Amicus
Therapeutics, Cranbury, NJ, USA) as an alternative to ERT in FD. These agents are analogs of
the terminal galactose of GL-3, which selectively and reversibly bind and stabilize some mutant
forms of alpha-galactosidase. This linkage prevents the misfolding of the protein and promotes
cellular trafficking to lysosomes. Therefore, Migalastat therapy is only feasible for patients with
amenable mutations [37]. In contrast to ERT, Migalastat is orally available and has broad tissue spread.
Currently, Migalastat is not recommended in patients with GFR < 30 mL/min [38]. No limitations
are mentioned regarding kidney transplant recipients. The data from safety studies indicate that
Migalastat is well tolerated in FD patient, but no study analyzed the effect of this therapy after
kidney transplantation.

In summary, ERT is considered safe after kidney transplantation, and protective in terms of graft
and patient survival, continuing even after the transplant failure to carry out a protective action on the
extra-renal aspects of the disease.

As a consequence of the rarity of the pathology, the literature is mainly based on retrospective
studies, often with small and non-homogeneous cohorts. The currently available evidence shows
univocally short- and long-term graft and patient outcomes not inferior to those of ESRD non-Fabry
patients. Based on these data, in 2013, indications for FD treatment were published by European Renal
Best Practice; kidney transplantation is recommended as a valuable option in patients who are eligible
for this intervention. Moreover, after transplantation, ERT is suggested for extra-renal indications [39].

5. Effect of Immunosuppression on ERT

ERT infusions may lead to two types of immune reactions: an acute infusion-associated reaction
(IAR), and a long-term effect of therapy inhibition due to antibody formation. This antibody-mediated
inhibition is more frequent in the classical FD phenotype, and it is associated with higher
plasma lyso-Gb3 concentrations, increased left ventricular mass, and a progressive renal function
decline [40–42].

In 2018, Lenders et al. published a retrospective study to clarify the role of immunosuppressive
therapy on ERT inhibition in FD patients. A total of 26 FD transplanted patients (24 kidneys and
2 heart) under immunosuppressive regimen, aged 51 ± 11 years, were enrolled for the study with a
follow-up of 80 ± 72 months. This cohort was divided into two groups: ERT-naïve group (6 patients
transplanted before 2001, and 2 patients’ late referral necessitating organ transplantation and ERT
together) and ERT group (18 patients that started ERT before transplant). No patient of the first
group (n = 8) developed antibodies within the follow-up (80 ± 72 months) following ERT initiation.
The prevalence of increased serum-mediated ERT inhibition was 40% in the second group, and it was not
selective for any recombinant GLA product. Patients with anti-ERT antibodies showed a significantly
increased risk of developing FD-typical symptoms; mostly impaired cardiac and renal function.
In transplant recipients under an initial immunosuppressive regimen (prednisolone, tacrolimus and
mycophenolate-mofetil/-acid), ERT inhibition was found to be decreased after transplantation (n = 12;
p = 0.0160). Tapering of immunosuppression (mainly prednisolone) is linked to increased levels of
anti-ERT antibodies (n = 4, median (range): 16.6%; (6.9; 36.9%); p = 0.0972) over time. In conclusion,
immunosuppressive therapy in transplant recipients appears to prevent de novo ERT inhibition in
ERT-naïve patients, while for patients on stable ERT before the transplant, ERT inhibition seems
temporarily suppressed. High-dose immunosuppression resulted in antibody level reduction, without
improving long-term outcomes [42].

6. Recurrence of Fabry Disease in Kidney Transplantation: The Histological Findings

In the literature, data about the histological recurrence of Fabry in transplanted organs are
inconsistent: all the studies are retrospective and with different timings of transplants, biopsies and
ERT commencement.
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From 1972 to 1998 (before the ERT era), 11 case reports with histological data from kidney
transplants were published. Five biopsies where the autoptic and the timing of the biopsy was various:
in 2 cases, data refer to less than one year (6–17 months); in 4 cases, 5 years; in another 2 cases,
10 years; and in 3 cases, longer than 10 years. No information is mentioned about the GLA mutation
involved. Histology shows typical endothelial, interstitial and glomerular deposits (multilamellar
bodies, sphingolipid inclusions) in 6 to 11 cases (Table 2) [21,43–51]. It was not clear whether the
occurrence of the ceramide accumulation in the renal graft could add further risk of graft failure.

Table 2. Most relevant studies on histology findings pertaining to kidney transplant recipients with
Fabry disease.

Year of
Publication Authors Number of

Patients Biopsy Timing Histology Findings

1972 Clarke et al. 1 >1 year Glycolipids deposition

1981 Farragiana et al. 1 >1 year Glomerular, tubular and
interstitial deposits

1973 Buhler et al. 1 5 years No deposits

1982 Clement et al. 1 5 years No deposits

1986 McMahon et al. 1 5 years Endothelial depositions

1987 Popli et al. 1 5 years Zebra bodies

1998 Erten et al. 1 5–10 years No deposits

1987 Friedaender et al. [52] 1 5–10 years No deposits

1982 Bannwart et al. [53] 1 <10 years No deposits

1991 Mosnier et al. 1 <10 years No deposits

1995 Gantenbein et al. 1 <10 years Tubular, interstitial deposits

2018 Ersözlü et al. 17 <25 years Glomerular, tubular and
interstitial deposits in 2 patients

A study by Ersözlü et al. on 20 graft biopsies from 11 kidney transplant patients found
glycosphingolipid deposits (lamellar lysosomal inclusions inside vascular endothelial cells) only in two
brothers. The biopsy was performed in the elder brother 13.8 years post-kidney transplant (pre-ERT
era), and in the younger brother 22.7 years after kidney transplant, and he started ERT at 14.3 years
after the transplant. In contrast to these patients, two other patients, who also had been not under ERT
for a long time (10 and 11.6 years), and biopsied after 11.6 and 21.8 years, had no lysosomal inclusions
under light and electron microscopy. It is not possible to find a direct correlation between ERT and
glycosphingolipid accumulation; moreover, not all patients with no ERT after transplantation, even for
a long time, showed a glycosphingolipids stockpile [29].

In conclusion, studies published up to now do not exclude typical accumulations of
glycosphingolipids recurring in the endothelial cells of the transplanted kidney, even in patients on
ERT. It should be emphasized that the studies are all retrospective, and with quite different biopsy and
transplant timings. The presence of glycosphingolipid deposits in kidney transplants does not seem to
affect the outcome, in patients either with or without ERT, nor has clinical FD relapse been reported
after kidney transplantation.

In Figure 1, we propose the description of the possible mechanisms that can cause histological
recurrence of Fabry nephropathy in the transplanted organ.
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7. Conclusions

Kidney transplantation represents the gold standard for organ substitution in eligible patients
with FD. Graft survivals are comparable to non-Fabry disease patients, and long-term graft survival
may be reduced by cardiovascular morbidity and mortality. Clinical relapse of Fabry nephropathy
after transplant is not reported, even if histological recurrence may not be excluded; the latter does not
seem to have an impact on the outcome of the graft, even in the long term. Organ transplant does not
emerge as an effective enzymatic substitution in Fabry patients, so ERT therapy is recommendable
in kidney transplant recipients for extra-renal symptoms. At present, no studies have investigated
Migalastat in kidney transplant recipients. Immunosuppressive therapy seems to prevent de novo ERT
inhibition in ERT-naïve patients, and to reduce ERT antibody level reduction, although this finding
does not confer long-term protection or improve outcomes.

Author Contributions: Conceptualization, writing, original draft preparation: I.C., V.A.; methodology on
nephrological aspects: L.G., G.C., V.C.; methodology on surgical aspects: M.R.; methodology on cardiological
aspects: E.B.; methodology on genetics aspects: C.G.; main supervision: G.L.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Medicina 2020, 56, 284 9 of 11

References

1. Mehta, A.; Ricci, R.; Widmer, U.; Dehout, F.; Garcia de Lorenzo, A.; Kampmann, C.; Linhart, A.;
Sunder-Plassmann, G.; Ries, M.; Beck, M. Fabry disease defined: Baseline clinical manifestations of
366 patients in the Fabry Outcome Survey. Eur. J. Clin. Investig. 2004, 34, 236–242. [CrossRef]

2. Del Pino, M.; Andrés, A.; Bernabéu, A.Á.; de Juan-Rivera, J.; Fernández, E.; de Dios García Díaz, J.;
Hernández, D.; Luño, J.; Fernández, I.M.; Paniagua, J.; et al. Fabry Nephropathy: An Evidence-Based
Narrative Review. Kidney Blood Press Res. 2018, 43, 296. [CrossRef] [PubMed]

3. Germain, D.P. Fabry disease. Orphanet J. Rare Dis. 2010, 5, 30. [CrossRef] [PubMed]
4. Klingelhöfer, D.; Braun, M.; Seeger-Zybok, R.K.; Quarcoo, D.; Brüggmann, D.; Groneberg, D.A. Global

research on Fabry’s disease: Demands for a rare disease. Mol. Genet. Genomic Med. 2020. [CrossRef]
[PubMed]

5. Sawada, T.; Kido, J.; Yoshida, S.; Sugawara, K.; Momosaki, K.; Inoue, T.; Tajima, G.; Sawada, H.; Mastumoto, S.;
Endo, F.; et al. Newborn screening for Fabry disease in the western region of Japan. Mol. Genet. Metab. Rep.
2020, 22, 100562. [CrossRef] [PubMed]

6. 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] [PubMed]

7. 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.936+919G > A (IVS4+919G > A). Hum. Mutat. 2009, 30, 1397–1405. [CrossRef]

8. Benjamin, E.R.; Della Valle, M.C.; Wu, X.; Katz, E.; Pruthi, F.; Bond, S.; Bronfin, B.; Williams, H.; Yu, J.;
Bichet, D.G.; et al. The validation of pharmacogenetics for the identification of Fabry patients to be treated
with migalastat. Genet. Med. 2017, 19, 430–438. [CrossRef]

9. Ortiz, A.; Germain, D.P.; Desnick, R.J.; Politei, J.; Mauer, M.; Burlina, A.; Eng, C.; Hopkin, R.J.; Laney, D.;
Linhart, A.; et al. Fabry disease revisited: Management and treatment recommendations for adult patients.
Mol. Genet. Metab. 2018, 123, 416–427. [CrossRef]

10. Pan, X.; Ouyang, Y.; Wang, Z.; Ren, H.; Shen, P.; Wang, W.; Xu, Y.; Ni, L.; Yu, X.; Chen, X.; et al. Genotype:
A Crucial but Not Unique Factor Affecting the Clinical Phenotypes in Fabry Disease. PLoS ONE 2016, 11,
e0161330. [CrossRef]

11. Schiffmann, R.; Warnock, D.G.; Banikazemi, M.; Bultas, J.; Linthorst, G.E.; Packman, S.; Sorensen, S.A.;
Wilcox, W.R.; Desnick, R.J. 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]

12. Arends, M.; Wanner, C.; Wanner, C.; Hughes, D.; Mehta, A.; Oder, D.; Watkinson, O.T.; Elliott, P.M.;
Linthorst, G.E.; Wijburg, F.A.; et al. Characterization of Classical and Nonclassical Fabry Disease: A
Multicenter Study. J. Am. Soc. Nephrol. 2017, 28, 1631–1641. [CrossRef] [PubMed]

13. Echevarria, L.; Benistan, K.; Toussaint, A.; Dubourg, O.; Hagege, A.A.; Eladari, D.; Jabbour, F.; Beldjord, C.;
De Mazancourt, P.; Germain, D.P. X-chromosome inactivation in female patients with Fabry disease.
Clin. Genet. 2016, 89, 44–54. [CrossRef] [PubMed]

14. Branton, M.H.; Schiffmann, R.; Sabnis, S.G.; Murray, G.J.; Quirk, J.M.; Altarescu, G.; Goldfarb, L.; Brady, R.O.;
Balow, J.E.; Austin Iii, H.A.; et al. Natural history of Fabry renal disease: Influence of alpha-galactosidase A
activity and genetic mutations on clinical course. Medicine 2002, 81, 122–138. [CrossRef] [PubMed]

15. West, M.; Nicholls, K.; Mehta, A.; Clarke, J.T.; Steiner, R.; Beck, M.; Barshop, B.A.; 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] [PubMed]

16. Madsen, C.V.; Granqvist, H.; Petersen, J.H.; Rasmussen, Å.K.; Lund, A.M.; Oturai, P.; Sørensen, S.S.;
Feldt-Rasmussen, U. Age-related renal function decline in Fabry disease patients on enzyme replacement
therapy: A longitudinal cohort study. Nephrol. Dial. Transplant. 2019, 34, 1525–1533. [CrossRef]

17. Inderbitzin, D.; Avital, I.; Largiadèr, F.; Vogt, B.; Candinas, D. Kidney transplantation improves survival and
is indicated in Fabry’s disease. Transplant. Proc. 2005, 37, 4211–4214. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2362.2004.01309.x
http://dx.doi.org/10.1159/000488121
http://www.ncbi.nlm.nih.gov/pubmed/29558749
http://dx.doi.org/10.1186/1750-1172-5-30
http://www.ncbi.nlm.nih.gov/pubmed/21092187
http://dx.doi.org/10.1002/mgg3.1163
http://www.ncbi.nlm.nih.gov/pubmed/32031327
http://dx.doi.org/10.1016/j.ymgmr.2019.100562
http://www.ncbi.nlm.nih.gov/pubmed/31956509
http://dx.doi.org/10.1086/504601
http://www.ncbi.nlm.nih.gov/pubmed/16773563
http://dx.doi.org/10.1002/humu.21074
http://dx.doi.org/10.1038/gim.2016.122
http://dx.doi.org/10.1016/j.ymgme.2018.02.014
http://dx.doi.org/10.1371/journal.pone.0161330
http://dx.doi.org/10.1093/ndt/gfp031
http://www.ncbi.nlm.nih.gov/pubmed/19218538
http://dx.doi.org/10.1681/ASN.2016090964
http://www.ncbi.nlm.nih.gov/pubmed/27979989
http://dx.doi.org/10.1111/cge.12613
http://www.ncbi.nlm.nih.gov/pubmed/25974833
http://dx.doi.org/10.1097/00005792-200203000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11889412
http://dx.doi.org/10.1681/ASN.2008080870
http://www.ncbi.nlm.nih.gov/pubmed/19357250
http://dx.doi.org/10.1093/ndt/gfy357
http://dx.doi.org/10.1016/j.transproceed.2005.11.021


Medicina 2020, 56, 284 10 of 11

18. Feriozzi, 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]

19. Kim, J.H.; Lee, B.H.; Hyang Cho, J.; 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]

20. Philippart, M.; Franklin, S.S.; Gordon, A. Reversal of an inborn sphingolipidosis (Fabry’s disease) by kidney
transplantation. Ann. Intern. Med. 1972, 77, 195–200. [CrossRef]

21. Clarke, J.T.; Guttmann, R.D.; Wolfe, L.S.; Beaudoin, J.G.; Morehouse, D.D. Enzyme replacement therapy by
renal allotransplantation in Fabry’s disease. N. Engl. J. Med. 1972, 287, 1215–1218. [CrossRef]

22. Touraine, J.L.; Malik, M.C.; Perrot, H.; Maire, I.; Revillard, J.P.; Grosshans, E.; Traeger, J. Fabry’s disease: Two
patients improved by fetal liver cells (author’s transl). Nouv. Presse Med. 1979, 8, 1499–1503.

23. Likhitsup, A.; Helzberg, J.H.; Alba, L.M.; Larkin, M.K.; Cummings, L.; Island, E.R.; Lustig, R.M.; Forster, J.
Persistent Alpha-galactosidase A Deficiency After Simultaneous Liver-kidney Transplantation in a Patient
with Fabry Disease. Transplantation 2018, 102, e361. [CrossRef]

24. Wang, R.Y.; Bodamer, O.A.; Watson, M.S.; Wilcox, W.R.; ACMG Work Group on Diagnostic Confirmation
of Lysosomal Storage Diseases. Lysosomal storage diseases: Diagnostic confirmation and management of
presymptomatic individuals. Genet. Med. 2011, 13, 457–484. [CrossRef] [PubMed]

25. Barnes, B.A.; Bergan, J.J. Advisory Committee to the Renal Transplant Registry. Renal transplantation in
Congenital and Metabolic Diseases A report from the ASC/NIH Renal Transplant Registry. JAMA 1975, 232,
148–153.

26. Maizel, S.E.; Simmons, R.L.; Kjellstrand, C.; Fryd, D.S. Ten-year experience in renal transplantation for
Fabry’s disease. Transplant. Proc. 1981, 13 Pt 1, 57–59.

27. Tsakiris, D.; Simpson, H.K.; Jones, E.H.; Briggs, J.D.; Elinder, C.G.; Mendel, S.; Piccoli, G.; dos Santos, J.P.;
Tognoni, G.; Vanrenterghem, Y.; et al. Report on management of renale failure in Europe, XXVI, 1995.
Rare diseases in renal replacement therapy in the ERA-EDTA Registry. Nephrol. Dial. Transplant. 1996, 11
(Suppl. S7), 4–20. [CrossRef] [PubMed]

28. Ojo, A.; Meier-Kriesche, H.U.; Friedman, G.; Hanson, J.; Cibrik, D.; Leichtman, A.; Kaplan, B. Excellent
outcome of renal transplantation in patients with Fabry’s disease. Transplantation 2000, 69, 2337–2339.
[CrossRef] [PubMed]

29. Ersözlü, S.; Desnick, R.J.; Huynh-Do, U.; Canaan-Kühl, S.; Barbey, F.; Genitsch, V.; Mueller, T.F.; Cheetham, M.;
Flammer, A.J.; Schaub, S.; et al. Long-term Outcomes of Kidney Transplantation in Fabry Disease.
Transplantation 2018, 102, 1924–1933. [CrossRef] [PubMed]

30. Eng, C.M.; Banikazemi, M.; Gordon, R.E.; Goldman, M.; Phelps, R.; Kim, L.; Gass, A.; Winston, J.; Dikman, S.;
Fallon, J.T.; et al. A Phase 1/2 Clinical Trial of Enzyme Replacement in Fabry Disease: Pharmacokinetic,
Substrate Clearance, and Safety Studies. Am. J. Hum. Genet. 2001, 68, 711–722. [CrossRef]

31. Schiffmann, R.; Kopp, J.B.; Austin HA 3rd Sabnis, S.; 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]

32. Mignani, R.; Panichi, V.; Giudicissi, A.; Taccola, D.; Boscaro, F.; Feletti, C.; Moneti, G.; Cagnoli, L. Enzyme
replacement therapy with agalsidase beta in kidney transplant patients with Fabry disease: A pilot study.
Kidney Int. 2004, 65, 1381–1385. [CrossRef]

33. Mignani, R.; Feriozzi, S.; Pisani, A.; Cioni, A.; Comotti, C.; Cossu, M.; Foschi, A.; Giudicissi, A.; Gotti, E.;
Lozupone, V.A.; et al. Agalsidase therapy in patients with Fabry disease on renal replacement therapy: A
nationwide study in Italy. Nephrol. Dial. Transplant. 2008, 23, 1628–1635. [CrossRef] [PubMed]

34. Cybulla, M.; Walter, K.N.; Schwarting, A.; Divito, R.; Feriozzi, S.; Sunder-Plassmann, G.; European FOS
Investigators Group. Kidney transplantation in patients with Fabry disease. Transpl. Int. 2009, 22, 475–481.
[CrossRef] [PubMed]

35. Cianciolo, G.; Capelli, I.; Angelini, M.L.; Valentini, C.; Baraldi, O.; Scolari, M.P.; Stefoni, S. Importance of
vascular calcification in kidney transplant recipients. Am. J. Nephrol. 2014, 39, 418–426. [CrossRef] [PubMed]

36. La Manna, G.; Boriani, G.; Boriani, G.; Capelli, I.; Marchetti, A.; Grandinetti, V.; Spazzoli, A.; Dalmastri, V.;
Todeschini, P.; Rucci, P.; et al. Incidence and predictors of postoperative atrial fibrillation in kidney transplant
recipients. Transplantation 2013, 96, 981–986. [CrossRef]

http://dx.doi.org/10.2215/CJN.03130411
http://dx.doi.org/10.1038/jhg.2016.78
http://dx.doi.org/10.7326/0003-4819-77-2-195
http://dx.doi.org/10.1056/NEJM197212142872402
http://dx.doi.org/10.1097/TP.0000000000002257
http://dx.doi.org/10.1097/GIM.0b013e318211a7e1
http://www.ncbi.nlm.nih.gov/pubmed/21502868
http://dx.doi.org/10.1093/ndt/11.supp7.4
http://www.ncbi.nlm.nih.gov/pubmed/9067983
http://dx.doi.org/10.1097/00007890-200006150-00020
http://www.ncbi.nlm.nih.gov/pubmed/10868636
http://dx.doi.org/10.1097/TP.0000000000002252
http://www.ncbi.nlm.nih.gov/pubmed/29688992
http://dx.doi.org/10.1086/318809
http://dx.doi.org/10.1001/jama.285.21.2743
http://dx.doi.org/10.1111/j.1523-1755.2004.00514.x
http://dx.doi.org/10.1093/ndt/gfm813
http://www.ncbi.nlm.nih.gov/pubmed/18057066
http://dx.doi.org/10.1111/j.1432-2277.2008.00824.x
http://www.ncbi.nlm.nih.gov/pubmed/19207191
http://dx.doi.org/10.1159/000362492
http://www.ncbi.nlm.nih.gov/pubmed/24819032
http://dx.doi.org/10.1097/TP.0b013e3182a2b492


Medicina 2020, 56, 284 11 of 11

37. Warnock, D.G.; Bichet, D.G.; Holida, M.; Goker-Alpan, O.; Nicholls, K.; Thomas, M.; Eyskens, F.; Shankar, S.;
Adera, M.; Sitaraman, S.; et al. Oral Migalastat HCl Leads to Greater Systemic Exposure and Tissue Levels of
Active α-Galactosidase A in Fabry Patients when Co-Administered with Infused Agalsidase. PLoS ONE
2015, 10, e0134341. [CrossRef]

38. Müntze, J.; Gensler, D.; Maniuc, O.; Liu, D.; Cairns, T.; Oder, D.; Hu, K.; Lorenz, K.; Frantz, S.; Wanner, C.;
et al. Oral Chaperone Therapy Migalastat for Treating Fabry Disease: Enzymatic Response and Serum
Biomarker Changes After 1 Year. Clin. Pharmacol. Ther. 2019, 105, 1224–1233. [CrossRef]

39. Mignani, R. The management of Fabry nephropathy. Nephrol. Point Care 2016, 2, e39–e46. [CrossRef]
40. Terryn, W.; Cochat, P.; Froissart, R.; Ortiz, A.; Pirson, Y.; Poppe, B.; Serra, A.; Van Biesen, W.; Vanholder, R.;

Wanner, C. Fabry nephropathy: Indications for screening and guidance for diagnosis and treatment by the
European Renal Best Practice. Nephrol. Dial. Transplant. 2013, 28, 505–517. [CrossRef]

41. Bénichou, B.; Goyal, S.; Sung, C.; Norfleet, A.M.; O’Brien, F. A retrospective analysis of the potential impact
of IgG antibodies to agalsidase beta on efficacy during enzyme replacement therapy for Fabry disease.
Mol. Genet. Metab. 2009, 96, 4–12. [CrossRef] [PubMed]

42. Lenders, M.; Oder, D.; Nowak, A.; Canaan-Kühl, S.; Arash-Kaps, L.; Drechsler, C.; Schmitz, B.; Nordbeck, P.;
Hennermann, J.B.; Kampmann, C.; et al. Impact of immunosuppressive therapy on therapy-neutralizing
antibodies in transplanted patients with Fabry disease. J. Intern. Med. 2017, 282, 241–253. [CrossRef]
[PubMed]

43. Lenders, M.; Stypmann, J.; Duning, T.; Schmitz, B.; Brand, S.M.; Brand, E. Serum-Mediated Inhibition of
Enzyme Replacement Therapy in Fabry Disease. J. Am. Soc. Nephrol. 2016, 27, 256–264. [CrossRef] [PubMed]

44. Mosnier, J.F.; Degott, C.; Bedrossian, J.; Molas, G.; Degos, F.; Pruna, A.; Potet, F. Recurrence of Fabry’s disease
in a renal allograft eleven years after successful renal transplantation. Transplantation 1991, 51, 759–762.
[CrossRef] [PubMed]

45. Gantenbein, H.; Bruder, E.; Burger, H.R.; Briner, J.; Binswanger, U. Recurrence of Fabry’s disease in a renal
allograft 14 years after transplantation. Nephrol. Dial. Transplant. 1995, 10, 287–289.

46. Bühler, F.R.; Thiel, G.; Dubach, U.C.; Enderlin, F.; Gloor, F.; Thölen, H. Kidney Transplantation in Fabry’s
Disease. Br. Med. J. 1973, 3, 28–29. [CrossRef]

47. Faraggiana, T.; Churg, J.; Grishman, E.; Strauss, L.; Prado, A.; Bishop, D.F.; Schuchman, E.; Desnick, R.J.
Light- and electron-microscopic histochemistry of Fabry’s disease. Am. J. Pathol. 1981, 103, 247–262.

48. MacMahon, J.; Tubbs, R.; Gephardt, G.; Steinmuller, D. Pseudo recurrence of Fabry’s disease in renal allograft
(Abstract). Lab. Investig. 1986, 54, 42A.

49. Clement, M.; McGonigle, R.J.; Monkhouse, P.M.; Keogh, A.M.; Marten, R.H.; Bewick, M.; Parsons, V. Renal
transplantation in Anderson-Fabry disease. J. R. Soc. Med. 1982, 75, 557–560.

50. Popli, S.; Molnar, Z.V.; Leehey, D.J.; Daugirdas, J.T.; Roth, D.A.; Adams, M.B.; Cheng, J.C.; Ing, T.S.
Involvement of renal allograft by Fabry’s disease. Am. J. Nephrol. 1987, 7, 316–318. [CrossRef]

51. Erten, Y.; Ozdemir, F.N.; Demirhan, B.; Karakayali, H.; Demirağ, A.; Akkoç, H. A case of Fabry’s disease with
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