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ABSTRACT
The effect of early-onset enzyme replacement therapy on renal morphologic features in Fabry disease is
largely unknown. Here, we evaluated the effect of 5 years of treatment with agalsidase alfa or agalsidase
beta in 12 consecutive patients age 7–33 years (median age, 16.5 years). We performed renal biopsies
at baseline and after 5 years of enzyme replacement therapy; 7 patients had additional biopsies after 1 and
3 years. After a median of 65 months, biopsy findings from all patients showed total clearance of glomer-
ular endothelial and mesangial cell inclusions, and findings from 2 patients showed complete clearance of
inclusions from epithelial cells of the distal tubule. The 4 patients who received the highest dose of agal-
sidase exhibited substantial clearance of podocyte inclusions, and the youngest patient had nearly com-
plete clearance of these inclusions. Linear regression analysis showed a highly significant correlation
between podocyte globotriaocylceramide clearance and cumulative agalsidase dose (r50.804;
P50.002). Microalbuminuria normalized in five patients. In summary, long-term enzyme replacement
therapy in young patients can result in complete globotriaocylceramide clearance of mesangial and
glomerular endothelial cells across all dosage regimens, and clearance of podocyte inclusions is dose-
dependent.
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Fabry disease is an X-linked disease affecting
glycosphingolipid metabolism due to deficiency of
the lysosomal enzyme a-galactosidase A. A hall-
mark is globotriaocylceramide (GL3) deposits in
various cell types; in kidney cells, this is present
from early age.1–3 Fabry disease may cause renal
failure, cardiomyopathy, and stroke, all manifesta-
tions that can cause serious morbidity and prema-
ture death. Kidney disease is almost universal in
male patients, and the initial signs are microalbu-
minuria and proteinuria, which also have been re-
ported in children.3–5 The causes of nephropathy
have not been fully elucidated. Vascular, glomeru-
lar, and tubular changes are probably all involved at
early stages1,2 and may also be prominent findings
in children despite minimal microalbuminuria or
normoalbuminuria.3

Since 2001, enzyme replacement therapy (ERT)
has been commercially available, and one licensed

dosehas been recommended for eachdrug: 0.2mg/kg
every other week for agalsidase alfa and 1.0 mg/kg
every other week for agalsidase beta. Initial short-
term morphologic studies demonstrated clearance
of GL3 in renal endothelial and mesangial cells with
agalsidase beta,6,7 and treatment with agalsidase alfa
resulted in decrease of mesangial widening.8 Partial
GL3 clearance of the podocytes has been shown in a
limited number of patients after 54 months of
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treatment with agalsidase beta, 1.0mg/kg every other week,9 and
no studies have evaluated renal morphologic changes after
long-term treatment with agalsidase alfa. Studies of treatment
effect are generally hampered by small sample sizes and in-
adequate sensitivity of outcome measures, and no validated
biomarkers for early disease progression are available. In pe-
diatric patients, studies have mainly focused on safety and
quality of life, and no trials with systematic renal biopsies
have been published.10–13 Early ERT initiation has been sug-
gested to stabilize or improve kidney function. Several reports
show limited or no effect of ERT in patients with moderate to
severe kidney disease.9,14–16

Recently, attempts have been made to achieve a standard-
ized scoring system of Fabry disease–associated kidney lesions
with a potential for longitudinal prognostic assessments be-
yond traditional surrogate markers for disease severity (Inter-
national Study Group of Fabry Nephropathy).17 The aim of
our study was to evaluate clinical and renal morphologic ef-
fects of different ERT doses and drugs given to children and
young adults with Fabry disease. Renal biopsies were per-
formed before and after an average of 5 years of ERT. Of
note, to our knowledge this is the first systematic renal biopsy
study evaluating the long-term effect of different ERT pre-
scriptions on early renal Fabry pathologic features.

Table 1. Baseline characteristics for all patients

Patient No. Sex/Age (yr)
ACR

(mg/mmol)
PCR

(mg/mmol)
mGFR (ml/min
per 1.73 m2)

pGL3
(mmol/L)

uGL3
(mol/mol)

a-Galactosidase
A Activity

(mkat/kg protein)
Mutation

1 M/7 4.8 28.3 106 7.5 3.5 2.40 Missense
2 M/11 3.8 13.0 120 9.3 1.7 2.70 Truncating
3 F/11 6.0 , 0.150 g/L 105 2.6 0.3 16.80 Missense
4 M/12 0.59 9.0 103 8.1 5.0 3.80 Truncating
5a M/16 6.4 11.8 107 11.3a 7.4a 0.65 Truncating
6 M/16 1.3 10.3 112 13.4 1.8 8.60 Truncating
7a M/17 3.0 10.5 112 9.8a 21.6a 2.00 Truncating
8 M/17 2.6 8.5 99 9 1.0 2.20 Missense
9 M/18 11.8 28.4 96 4.8 4.5 3.30 Missense
10 M/23 13.6 27.5 113 8.5 3.6 2.50 Truncating
11 M/30 7.2 25.1 86 10.2 8.6 4.90 Truncating
12b M/33 3.6 15.4 111 13.1b 1.9 2.30 Truncating

ACR reference:,2.5mg/mmol; PCR reference:, 20mg/mmol;mGFR reference:. 90ml/min per 1.73m2; pGL3 reference: 1.6–3.3mmol/L; uGL3 reference:, 0.6
mol/mol; a-galactosidase A activity (without inhibitor) reference: 17.7–26.4 mkat/kg protein. ACR, albumin-to-creatinine-ratio; PCR, protein-to-creatinine-ratio;
pGL3, plasma GL3; uGL3, urine GL3; M, male; F, female.
aPatient received agalsidase alfa, 0.2 mg/kg every other week, for 2 years before baseline biopsy; at start of ERT, patient 5 had pGL3 level of 5.1 mmol/L and uGL3
level of 0.73 mol/mol, and patient 7 had pGL3 level of 7.5 mmol/L and uGL3 level of 0.83 mol/mol.
bPatient received ERT for 3 years before baseline biopsy (1.5 yr of agalsidase alfa, 0.2 mg/kg every other week, and 1.5 yr of agalsidase alfa, 0.2 mg/kg per week).
pGL3 level at start of ERT was 5.9 mmol/L; uGL3 level before start of ERT is not available.

Table 2. Mean baseline data and duration of ERT for all patients and separately for low-dose (group 1) and high-dose (group
2) patients.

Variable All Patients (n512)
Group 1 (n56) (ERT,
0.2 mg/kg Every
Other Week)

Group 2 (n56) (ERT,
0.4 or 1.0 mg/kg Every

Other Week)
P Value

Patients (n) 12 6 6
Age (yr) 17.6 (12.7–22.5) 18.2 (10.6–25.7) 17.0 (7.7–26.3) 0.81
a-Galactosidase A activity
(mkat/kg protein)a

4.3 (1.6–7.1) 4.1 (1.6–6.6) 4.6 (21.8 to 10.9) 0.26

pGL3 (mmol/L)a 8.7 (6.9–10.5) 9.2 (8.3–10.0) 8.2 (4.0–12.4) 0.57
uGL3 (mol/mol)a 5.1 (1.4–8.7) 3.6 (0.6–6.6) 6.5 (21.6 to 14.7) 0.63
ACR (mg/mmol) 5.4 (2.9–7.9) 4.8 (20.3 to 10.0) 5.9 (2.6–9.3) 0.66
PCR (mg/mmol) 17.0 (11.9–12.1) 15.6 (6.7–24.5) 18.4 (10.0–26.7) 0.20
mGFR (ml/min per 1.73m2) 105.8 (100.1–111.6) 105.5 (92.8–118.2) 106.2 (100.2–112.2) 0.91
ERT (mo) 60.3 (50.7–70.0) 56.8 (34.2–79.4) 63.8 (60.1–67.6) 0.87

Values are means and 95% confidence intervals in parentheses. Group 1: patients 2, 4, 6, 8, 10, and 11. Group 2: patients 1, 3, 5, 7, 9, and 12. ACR reference:
,2.5 mg/mmol; PCR reference: , 20 mg/mmol; mGFR reference: . 90 ml/min per 1.73 m2; pGL3 reference: 1.6–3.3 mmol/L; uGL3 reference: , 0.6 mol/mol;
a-galactosidase A activity (without inhibitor) reference: 17.7–26.4 mkat/kg protein. pGL3, plasma GL3; uGL3, urine GL3; ACR, albumine-to-creatinine-ratio; PCR,
protein-to-creatinine-ratio.
aAll a-galactosidase A and GL3 values are from before start of ERT.
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RESULTS

Patients and ERT
Twelve patients, 11 male and 1 female, with a median age of
16.5 years (range, 7–33 years), were enrolled in the study. Two
patients were index patients and received a diagnosis because
of severe acroparesthesias (patient 5 and patient 8).18 The re-
maining patients were identified by family follow-up. Baseline
demographic data for all patients are shown in Tables 1 and 2.
ERT was given for a median of 65 months (range, 13–69
months) (Table 3). At the time of the final biopsy, 8 patients
had received ERT for 5 years, 1 patient for 1 year (patient 8), 2
patients (patients 5 and 7) for a total of 7 years (including 2
years before study start), and 1 patient (patient 12) for a total

of 8 years (including 3 years before study start). Total median
duration of ERTwas 65 months (range, 13–99 months). There
were no significant differences in baseline data between the
two treatment groups (Table 2) (see Concise Methods for def-
inition of groups).

Clinical Score
The Fabry disease severity score (DS3) at baseline and at
biopsy time points are shown in Table 3.19 The renal DS3 score
was low (0–1) in all but one patient (patient 11) at baseline and
was stable or improved in all but one patient (patient 7; albu-
minuria/proteinuria) during the study. The cardiac DS3 score
was normal in all patients except patients 5 and 12 (left ven-
tricular hypertrophy) and remained unchanged in all patients

Table 3. DS3 score,19 ERT, and dosages at times of renal biopsies

Patient No. Age (yr)/Sex Time (yr)
DS3 Score

ERT
Duration of
ERT (mo)

Cumulative Enzyme
Dose (mg/kg)PNS Renal Cardiac CNS Clinical

1 7/M 0 12 1 0 0 13 Beta, 1.0 mg/kg EOW 0–5 yr 0
5 4 0 0 0 4 65 130

2 11/M 0 12 1 0 0 13 Alfa, 0.2 mg/kg EOW 0–5 yr 0 16
3 11 0 0 0 11 40 27.6
5 6 0 0 0 6 69

3 11/F 0 10 1 0 1 12 Beta, 1.0 mg/kg EOW 0–5 yr 0
5 1 0 0 1 2 60 120

4 12/M 0 6 0 0 0 6 Alfa, 0.2 mg/kg EOW 0–5 yr 0 26
5 1 0 0 0 1 65

5 16/M 22 12 0 0 0 12 Alfa, 0.2 mg/kg EOW 22 to 0 yr 26 10.4
0a 11 1 5 0 17 Alfa, 0.4 mg/kg EOW 0–4 yr 41 21.6
1 4 0 5 0 9 Beta, 1.0 mg/kg EOW 4–5 yr 91 77.2
5 4 0 13 0 17 (66.8 )

6 16/M 0 12 0 0 0 12 Alfa, 0.2 mg/kg EOW 0–5 yr 0
3 6 0 0 0 6 40 16
5 6 0 0 0 6 65 26

7 17/M 22 12 0 0 1 13 Alfa, 0.2 mg/kg EOW 22 to 0y 26 10.4
0a 11 0 0 1 12 Alfa, 0.4 mg/kg EOW 0–5 yr 41 21.6
1 6 0 0 1 7 94 64
5 6 1 0 1 8 (53.6 )

8 17/M 0 12 0 0 0 12 Alfa, 0.2 mg EOW 0–1 yr 0
1 12 0 0 0 12 13 5.2

9 18/M 0 12 1 0 1 14 Beta, 1.0 mg EOW 0–5 yr 0
1 9 1 0 1 11 13 26
5 9 1 0 1 11 66 132

10 23/M 0 12 1 0 0 12 Beta, 0.2 mg EOW 0–5 yr 0
1 4 1 0 0 4 13 5.2
5 4 1 0 0 4 64 25.6

11 30/M 0 12 5 0 0 17 Alfa, 0.2 mg EOW 0–5 yr 0
1 4 5 0 0 9 13 5.2
5 4 5 0 0 9 65 26

12 33/M 23 12 0 7 0 19 Alfa, 0.2 mg EOW 23 to 1.5 yr 40 24.8
0b 4 1 7 0 12 Alfa, 0.2 mg per wk 21.5 to 5 yr 99 72
5 4 0 7 0 11 (47.2 )

Cumulative dose is calculated from initiation of ERT. The cumulative dose since baseline biopsy is given in parentheses (patients 5, 7, 12). Time, time in years related
to baseline biopsy (0); PNS, peripheral nervous system; M, male; beta: agalsidase beta; Alfa, agalsidase alfa; EOW, every other week; F, female.
aTwo years of ERT before baseline.
bThree years of ERT before baseline.
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except patient 5. This patient developed significant bradyar-
rhythmia that required implantation of a pacemaker despite
improvement of the renal DS3 score (Table 3), and cardiac
structure assessed by echocardiography remained unchanged
in the follow-up period.

Kidney Function, Proteinuria, and GL3 Measurements
Baseline and follow-up GFR, proteinuria, and GL3 levels at
time of kidney biopsies are shown in Table 1 and Figure 1. All
patients had stable measured GFR (mGFR) throughout the
observation period, with a mean mGFR of 105.8 and 107.3
ml/min/1.73 m2 at baseline and after a mean treatment period
of 60.3 months (Table 2 and Figure 1). Eleven of 12 patients
had CKD stage 1, and 1 patient (patient 11) had CKD stage 2
(Table 1 and Figure 1). Five patients with mild microalbu-
minuria at age 17 years or younger showed normalization of
albuminuria after ERT given for 13–91 months (patients 1–3,
5, and 8), and 2 remained normoalbuminuric (patients 4 and
6). Four patients age 18 years or older had stable microalbu-
minuria during a treatment period of 59–66 months (Figure
1). Albuminuria and proteinuria did not increase in the study
period, with one exception: A 17-year-old male patient (pa-
tient 7) had a slight increase in albuminuria and de novo oc-
currence of mild proteinuria after ERT for 94 months (Figure
1). Protein classification showed combined glomerular and
tubular proteins in this patient (data not shown). Four pa-
tients had slightly elevated urinary protein-to-creatinine ratio
(25.1–28.4 mg/mmol) at baseline (Table 1); values returned to
normal in 2 of these patients and remained the same in 2. In
45.5% of patients (5 of 11), the urinary GL3 values normalized
during treatment, as did plasma GL3 values in 18.2% (2 of 11
patients) (Figure 1). Three patients (patients 5, 7, and 11) re-
ceived treatment with an angiotensin II receptor antagonist
after the baseline biopsy. Despite this renoprotective treat-
ment, the albumin-to-creatinine ratio increased in 1 patient
(patient 7), whereas microalbuminuria normalized in 1

patient (patient 5) and remained stable in
1 (patient 11). Anti–a-galactosidase anti-
bodies were found in only 2 patients, and
in both cases the finding was transient, with
titers just above cutoff values (patients 3
and 5).

Kidney Biopsies
The morphologic changes in the kidney
biopsy specimens (obtained via light mi-
croscopy and electron microscopy) for all
patients at baseline and at rebiopsy are
shown in Tables 4 and 5. The baseline bi-
opsy samples in all patients showed full
score of GL3 inclusions (4.0) and vacuol-
ization (2.9–3.0) in the podocytes despite
treatment with agalsidase alfa, 0.2 mg/kg
every other week for 2–3 years, in three
patients (patients 5, 7, and 12). GL3 inclu-

sions were present in the tubular epithelial cells in all patients
and in the mesangial and glomerular epithelial cells in all un-
treated patients. Mesangial cell inclusions were also found in
one patient treated for 2 years with agalsidase alfa, 0.2 mg/kg
every other week (patient 5). The rebiopsy findings showed
complete clearance of glomerular endothelial cell inclusions
and mesangial cell inclusions in all patients after 5 years of
ERT, irrespective of treatment regimen (Table 4). This finding
was evident also in 7 of 8 patients who had a repeat biopsy
after 1–3 years. Complete clearance of inclusions in the epi-
thelial cells in the distal tubuli was found in 2 of 12 patients
(patient 1 and 3). The podocytes were almost completely
cleared in 1 young male patient (patient 1) (Table 5 and Fig-
ures 2 and 3), and 3 patients (patients 3, 5, and 9) showed
substantial clearance (Table 5 and Figure 2) after 5 years.
Podocyte score decreased in 1 of 8 patients who had a biopsy
after 1–3 years, and this patient was treated with agalsidase
alfa, 0.4 mg/kg every other week (patient 5). No repeat biopsy
showed increased cellular GL3 accumulation. All patients
with substantial clearance of the podocytes showed concom-
itant reduction of podocyte effacement, whereas only 2 pa-
tients among those with nearly no change in podocyte GL3
had less podocyte effacement (patients 8 and 11). Regression
analysis showed significant correlation between podocyte in-
clusion clearance and change in albumin-to-creatinine ratio
(r50.837; P50.001) (patient 7 excluded because of mixed
glomerular and tubular proteinuria) (Figure 4). Nearly iden-
tical correlations were found between albumin-to-creatinine
ratio and vacuolization score (r50.775; P50.005), as well as
composite podocyte score (r50.782; P50.003). Global glo-
merular sclerosis was present in 5 of 12 patients at baseline
and was not visible in 4 of 5 of the rebiopsy samples. No
patients showed de novo interstitial fibrosis. Arteriopathy
was found in 6 of 12 patients at baseline and remained essen-
tially unchanged in the group as awhole.De novo arteriopathy
emerged in 2 patients (patients 6 and 11) (Table 4).

Figure 1. Albumin-to-creatinine-ratio (ACR), mGFR, and GL3 in plasma and urine
during 5 years follow-up.
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Renal Morphologic Effects of Different ERT Doses
Linear regression analysis showed significant correlation
between GL3 clearance of the podocytes and cumulative
agalsidase dose (r50.804; P50.002) (Figure 2). Similar corre-
lations were found between cumulative doses and both vacu-
olization score (r50.736; P50.006) and composite podocyte
score (r50.783; P50.003). There were no significant differ-
ences in baseline clinical data or months of ERT treatment
between the low-dose group (group 1) and the high-dose
group (group 2) (Table 2). All patients in both groups
achieved complete clearance of glomerular endothelial or
mesangial cells (Table 4). Patients with tubular GL3 clearance
(patients 1 and 3) were treated with the highest enzyme dose.
In contrast to group 1, patients in group 2 had a significant

decrease of podocyte inclusions (P50.037). The patients with the
highest ERT doses (patients 1, 3, 5, and 9) had significantly higher
podocyte inclusion clearance (P50.004) and reduction in albu-
min-to-creatinine ratio (P50.011) than did group 1 (Table 6).

DISCUSSION

The main finding in this study is the significant correlation
between the reduction in podocyte GL3 inclusions and the
cumulative dose of agalsidase alfa or beta in young, predomi-
nantly male patients (one female patient) treated for a mean of
60.3 months (Figure 2). Essentially no effect on the podocyte
inclusions was seen in the low-dose group (group 1; only patient

Table 5. Scoring of podocytes, GL3 inclusions, vacuolization, and composite scores

Patient No.
Age (yr)/

Sex
Time (yr)

Score Osmicated Toluidine Semithin Sections Score PAS Sections Composite Score

No Scorable
Glomeruli

Inclusions
(0–4)

No Scorable
Glomeruli

Vacuolization
(0–3)

No Scorable
Glomeruli

Inclusions and
Vacuolization

(0–7)

1 7/M 0 3 4.0 31 3.0 34 7.0
5 8 0.13 12 0.25 20 0.4

2 11/M 0 23 4.0 29 2.9 52 6.9
3 4 4.0 30 3.0 34 7.0
5 4 4.0 15 2.8 19 6.8

3 11/F 0 3 4.0 32 3.0 35 7.0
5 15 1.53 12 1.33 27 2.9

4 12/M 0 14 4.0 13 3.0 27 7.0
5 5 4.0 11 2.64 16 6.6

5 16/M 22
0a 3 4.0 10 2.9 13 6.9
1 4 2.25 10 1.3 14 3.6
5 6 0.67 16 1.1 22 1.8

6 16/M 0 7 4.0 16 2.88 23 6.9
3 18 4.0 18 3.0 36 7.0
5 6 4.0 15 3.0 21 7.0

7 17/M 22
0a 3 4.0 9 3.0 12 7.0
1 21 4.0 9 3.0 30 7.0
5 4 4.0 14 3.0 18 7.0

8 17/M 0 14 4.0 15 3.0 29 7.0
1 11 4.0 35 3.0 46 7.0

9 18/M 0 6 4.0 19 3.0 25 7.0
1 2 4.0 15 3.0 17 7.0
5 6 2.33 12 2.58 18 4.9

10 23/M 0 4 4.0 16 3.0 20 7.0
1 23 4.0 13 3.0 36 7.0
5 1 4.0 16 3.0 17 7.0

11 30/M 0 5 4.0 20 2.85 25 6.9
1 3 4.0 24 3.0 27 7.0
5 2 4.0 14 3.0 16 7.0

12 33/M 23
0b 26 4.0 16 3.0 42 7.0
5 30 4.0 12 3.0 42 7.0

Time, time of biopsy: 0 is baseline, numbers represent years after baseline; M, male; F, female.
aTwo years of ERT at baseline.
bThree years of ERT at baseline.
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4 showed marginal reduction), whereas substantial clearance
was seen in the 4 patients with the highest doses (patients 1, 3,
5, and 9) (Table 5 and 6). Of note, a dose-response effect on
clearance ofGL3 after long-termERTwas seen only in podocytes
(Figure 2 and Table 4). Irrespective of drug dosage, complete
clearance of GL3 inclusions was seen in the glomerular endo-
thelial cells and mesangial cells in all patients after 5 years of
ERT; this was also the case in 8 of 9 patients who underwent
biopsy after 1–3 years (Table 4).

The clinical significance of podocyte damage in Fabry
disease has recently been highlighted by Najafian et al. in 14

patients with a median age of 12 years.20 These authors found
significant correlations between proteinuria and podocyte
GL3 deposits, as well as foot process effacement, but no cor-
relation between proteinuria and increased endothelial fenes-
tration. There was also correlation between age and the
amount of podocyte inclusions. Those findings are corrobo-
rated by our observation that all the patients with remarkable
clearance of the podocyte inclusions also had decreases in
podocyte effacement and microalbuminuria (Tables 4–6 and
Figure 4), indicating a relationship between GL3 inclusions
and cellular dysfunction. These new findings further expand
the concept of relationship between early structural and
functional changes and their potential reversibility. Of
note, this study and the study by Najafian et al. were per-
formed in young patients with normal kidney function,
micro- or normoalbuminuria, and low total burden of clin-
ical disease.20 Furthermore, new receptors involved in dose-
dependent agalsidase uptake in human podocytes have
recently been described.21 Taken together, these observa-
tions indicate a pivotal role of podocytes in early progres-
sion of nephropathy.

Our study demonstrates for the first time a structural and
functional rationale for treatment-associated prevention of
progressive kidney disease in young patients with Fabry dis-

ease who have early nephropathy.We found
normalization or stabilization of micro-
albuminuria in all but one patient after
long-term-ERTacross different dosing reg-
imens, indicating that the total burden of
podocyte damage was also improved or
stabilized in nearly all patients. The almost
complete GL3 clearance of podocytes in a
young patient (patient 1) after 5 years ERT
with agalsidase beta, 1.0 mg/kg every other
week, is remarkable (Figure 3) and indi-
cates an excellent long-term renal progno-
sis. Whether this extensive beneficial effect
is due to very early treatment, high enzyme
dose, or a combination of these remains to
be shown.

It is noteworthy that the dose-response
effect seemingly is independent of drug
type (agalsidase alfa or beta). One patient
(patient 5) had remarkable clearance of

the podocyte GL3-inclusions after 1 year of treatment with
agalsidase alfa, 0.4 mg/kg every other week. However, only
marginal effect was seen in patients after treatment with the
licensed dose of agalsidase alfa (0.2 mg/kg every other week)
(Tables 5 and 6). We did not observe clinical progression of
renal disease in either treatment group. Therefore, we can-
not exclude that the lower agalsidase dose has a beneficial
structural effect on podocytes that cannot be assessed by the
scoring method used.17 However, no renal biopsies were in-
cluded in previous long-term clinical trials with agalsidase
alfa.22,23 To our knowledge, the current study is the first

Figure 2. Change of GL3 inclusion score in podocytes in relation
to cumulative agalsidase dose after 5 years (linear regression
analysis); patients 1, 3, and 9 received agalsidase beta, 1.0 mg/kg
every other week; patient 5, agalsidase alpha, 0.4 mg/kg every
other week, then a switch to agalsidase beta 1.0 mg/kg every
other week after 4 years; patient 7, agalsidase alpha, 0.4 mg/kg
every other week; patient 12, agalsidase alpha, 0.2 mg/kg per
week; patients 2, 4, 6, 8, and 11, agalsidase alpha, 0.2 mg/kg
every other week. Patient 10, agalsidase beta, 0.2 mg/kg every
other week. *Patient 8 underwent rebiopsy after 1 year. Numbers
in red represent patient numbers.

Figure 3. Baseline biopsy specimen (upper panel) shows full score of GL3 deposits.
Rebiopsy after 5 years of ERT, 1 mg/kg every other week (lower panel), shows almost
complete clearance of deposits in a 7-year-old boy (patient 1). Shown are lightmicroscopic
images of hematoxylin and eosin sections (A), PAS sections (B), and osmicated toluidine
semithin sections (C) and electron microscopic image (D). Original magnification:3 1000
in A; 3 1000 in B; 3 400 in C; 3 2000 at baseline and 3 1500 at 5 years in D.
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demonstration that partial GL3 clearance of podocytes is
achievable in some patients with standard- or double-dose
agalsidase alfa (0.2–0.4mg/kg every other week), as shown in
patients 4 and 5. The current study showing total GL3 clear-
ance of multiple kidney cells after early treatment of young
patients with normal kidney function and low total burden
of disease supports early initiation of treatment and the use
of sufficiently high enzyme dose to achieve maximal clear-
ance of kidney cells.

The importance of early initiation of ERT is still a matter of
dispute, and no clear definition of a “window of opportunity”
exists in which ERT has been shown to confer future organ
protection.10,12,24 There are few data on monitoring of organ
involvement in children, and no clear guidelines exist for ini-
tiation of ERT. Previous recommendations and recent studies
mainly focus on adult patients and the need of treatment of
patients with mild-to-moderate disease,25,26 at least before
clinically advanced disease, such as proteinuria .1 g/d and
CKD stage III, is reached.9,14,16,25,26 In addition, despite treat-
ment with agalsidase alfa or agalsidase beta at the licensed
doses, disease progresses in different organs in a subset of pa-
tients,27 as was also observed in a 16-year-old boy in our
study who had progression of cardiac disease (need of pace-
maker) despite excellent renal effect (patient 5). This indi-
cates that cardiac and kidney disease may respond differently
to early ERT, and close collaboration between nephrologists
and cardiologists is mandatory in the follow-up of these
patients.

Although no large clinical studies have assessed renal pro-
gression rate in children, ESRD has been reported as early as 16
years.28 In a recent pediatric review, Ramaswami et al. argue that

microalbuminuria, contrary to what is seen
in adult patients, seems to be a helpful
marker in the evaluation of renal disease in
young children.29 They stress the need of
systematic kidney biopsy studies to evaluate
potential morphologic biomarkers and
treatment effects. Previous and current data
provide solid arguments for the recommen-
dation of a baseline kidney biopsy and a
follow-up biopsy after about 5 years to ascer-
tain the adequacy of the treatment regimen.3

Such a follow-up biopsy could potentially
indicate the need of a dose increase if failure
of cellular clearance or progressive disease is
found, or could allow a dose reduction as
suggested by Lubanda et al.30 The safety of
kidney biopsies, including among children,
has recently been confirmed in a large regis-
try study.31

Up to now, ERT in Fabry disease has been
basedona general “one sizefits all”principle,
and health authorities have recommended
the use of licensed doses of agalsidase beta,
1.0 mg/kg every other week, or agalsidase

alfa, 0.2 mg/kg every other week, assuming similar efficacy.32,33

No studies have documented clinically meaningful dose-
response relationships, and we believe our study is the first to
document clear dose differences in their effect on renal cellular
inclusions, challenging the concept of similarity of the two
licensed drug regimens. Hence, our observations support pre-
vious reports that suggested similar milligram-to-milligram in
vitro biocheical potency and clinical effect.34–38 Our study
also supports previous clinical studies that have shown
dose-dependent effects on various surrogate endpoints
indicating a higher efficiency of agalsidase beta, 1 mg/kg every
other week, than agalsidase alfa, 0.2 mg/kg every other
week,23,27,37–41 but further studies are needed to clarify the
issue of equipotency of the two currently available drugs.

This study has some limitation. It is an observational case
series study, and few patients were studied. Enzyme dose and
available ERT drugs were not randomly assigned. Drug
treatment was chosen to balance and gain experience with
both available drugs, according to our local Fabry disease
protocol. One patient was treatedwith agalsidase beta, 0.2mg/kg
every other week (part of the Dutch head-to-head study).37

To our knowledge, this is the first longitudinal study to use
the International Study Group of Fabry Nephropathy scoring
system.17

In conclusion, we have demonstrated a dose-dependent
clearance of GL3 inclusions in podocytes, but not in endothelial
or mesangial cells, in young patients with Fabry disease treated
with agalsidase alfa or agalsidase beta for 5 years.Ourfindings are
consistent with the hypothesis that agalsidase alfa and beta have
similar biologic activity per milligram. Studies in larger patient
cohorts are necessary to confirm these observations.

Figure 4. Change of GL3 inclusion score in podocytes in relation to change of albumin-
to-creatinine ratio (linear regression analysis). Patient 7 was excluded from the analysis
because of mixed glomerular/tubular proteinuria. Numbers in red represent patient
numbers.
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CONCISE METHODS

This observational study was conducted in accordance with the

Declaration of Helsinki and was approved by the Regional Ethics

Committee. Informed consent was in all cases signed by the patient

and/or theirdesignees. Patientswere includedonaconsecutivebasis in

our center. Agalsidase alfa (Replagal, ShireHumanGenetic Therapies,

Inc.,Cambridge,MA)or agalsidase beta (Fabrazyme,GenzymeCorp.,

Cambridge, MA) was prescribed according to our policy with a

balanced use of both drugs. Two patient groups were defined

according to enzyme dose. A low-dose group (group 1, n56) received

(1) agalsidase alfa, 0.2 mg/kg every other week (patients 2, 4, 6, 8, and

11), or (2) agalsidase beta, 0.2 mg/kg every other week (patient 10),

throughout the study. A high-dose group (group 2, n56) received (1)

agalsidase beta, 1.0 mg/kg every other week (patients 1, 3 and 9), for

the entire study period or (2) agalsidase beta, 1.0 mg/kg every other

week after 4 years of agalsidase alfa, 0.4 mg/kg every other week

(patient 5), agalsidase alfa, 0.4 mg/kg every other week (patient 7),

or agalsidase alpha, 0.2 mg/kg, on a weekly basis (patient 12) for the

entire study period. Baseline data for the two treatment groups are

shown in Table 2, and ERT details are shown in Table 3.

Kidney Biopsies
Our treatment protocol included a baseline biopsy that was done on a

consecutive basis before start of ERT in 9 of 12 patients. Three patients

had started ERT (agalsidase alfa, 0.2 mg/kg every other week) before

the initiation of the current study; their “baseline” biopsy was per-

formed after 2 years of ERT in 2 patients (patients 5 and 7) and after 3

years of ERT in 1 patient (patient 12). Eleven patients had a kidney

rebiopsy after 5 years of ERT. Supplementary biopsies were per-

formed after 3 years of ERT in 2 patients and after 1 year in 5 patients

to ascertain early morphologic effects and dose adjustments of ERT

(Table 3).

Albuminuria and Proteinuria
Urinary albumin-to-creatinine ratio and protein-to-creatinine ratio

were measured in 24-hour urine samples until 2005. Since 2005, we

have used overnight urine samples recorded as the median value of

three consecutive morning samples. An albumin-to-creatinine ratio

,2.5 mg/mmol and a protein-to-creatinine ratio,20 mg/mmol are

considered normal in our laboratory. Microalbuminuria was defined

as an albumin-to-creatinine ratio of 2.5–30 mg/mmol. Urine albu-

min was analyzed by nephelometry (Behring Nephelometer Analyzer

II). Urine protein was analyzed by a turbidimetric method based on

benzethonium chloride (Modular Analytics P 800).

Kidney Function Measurements
GFR was measured by an iohexol plasma clearance single-point

method after 4 hours (HPLC analysis), calculated according to the

method reported by Jacobsson.42 Body surface area was calculated by

the DuBois and DuBois formula in patients age $12 years;43 the

distribution volume was calculated according to the method of Stake

and Monclair, and body surface area was calculated by the Haycocks

formula in the younger patients.44,45 Estimated GFR was calculated

from the serum creatinine using the CKD-Epidemiology formula forTa
b
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adults or the Schwartz09 formula (a new “bedside” formula) for

children.46,47 Both estimated GFR formulas have recently been vali-

dated in patients with Fabry disease.48,49

Clinical Disease Activity
The validated disease scoring system Fabry DS3 was used to describe

the organ-specific and overall clinical disease burden of the patients.19

Renal Morphology
All biopsies were performed and the findings evaluated for represen-

tativity through stereomicroscopy by an experienced nephrologist.50

This evaluation was done immediately after the biopsy was per-

formed. For standard light microscopy, the biopsy tissue was fixed

in 10% formalin, embedded in paraffin, and stained with hematox-

ylin and eosin, periodic acid-Schiff (PAS), silver methenamine (Jones

stain), and Congo red. Sections from the formalin-fixed, paraffin-

embedded material were examined by the immunoperoxidase

method for the demonstration of immune deposits. IgG, IgA, IgM,

complement 3, and complement 1q antibodies were used. Represen-

tative material for electron microscopy was sectioned from the core

and immediately fixed in McDowell solution. The tissue was post-

fixed in 1% osmium tetroxide and embedded in Epon. Semithin

sections were stained with toluidine blue and examined by light mi-

croscopy. A representative glomerulus was processed for transmis-

sion electron microscopy. The biopsy specimens were scored by light

microscopy according to changes in glomeruli (global glomerular

sclerosis, FSGS, glomerular hyaline, arteriopathy and arteriolopathy,

and interstitial fibrosis). PAS-positive hyaline-like material in the

media of small and large arteries was defined as arteriopathy. The

GL3 inclusions in mesangial cells, glomerular endothelial cells, and

distal tubular epithelial cells were scored as present or not present by

light microscopy supplemented by electron micrographs. The GL3

inclusions in the podocytes were scored as values 0–4 by light mi-

croscopy of toluidine-stained semithin sections, and vacuolization

was scored as 0–3 in standardized PAS-stained sections in line with

the scoring system of the International Study Group of Fabry Ne-

phropathy.17 The mean 6 SD number of scorable glomeruli in PAS-

stained sections was 18.867.8 at baseline and 15.366.4 after five

years; in the semithin toluidine blue–stained sections, the respective

values were 9.368.2 and 6.063.9. To have a score based on as many

unique glomeruli as possible, a composite score was given as a com-

bination of the GL3 inclusion score and the vacuolization score of the

podocytes.

The biopsy samples were scored on a consecutive basis by an

experienced nephropathologist (L.B.) blinded for the treatment of the

patient. The podocyte GL3 inclusions and vacuolization were scored

by a second nephropathologist (K.K.L.) blinded for identity, treat-

ment, and order of the biopsies.

Statistical Analyses
Baseline data, such as age, a-galactosidase A levels, GL3, albumin-to-

creatinine ratio, and mGFR, are given as means with 95% confidence

intervals. Differences between groups were analyzed with unpaired

two-sided t tests for normally distributed variables orMann-Whitney

U tests for variables not following a normal distribution. Levene tests

were used to investigate equality of variances, and corresponding t

tests were used. Efficacy of treatment was evaluated by paired t tests

when these followed a normal distribution, and if not, Wilcoxon

matched-pairs signed-rank sum tests were used. Linear regression anal-

ysis was performed to explore correlations between changes in podocyte

GL3 deposits on the one side and cumulative doses, duration of treat-

ment, clinical scores, age, change in albumin-to-creatinine ratio, and

change of podocyte effacement. SPSS software, version 17.0 (SPSS Inc.,

Chicago, IL), was used for processing the data. P values , 0.05 were

considered to represent statistically significant differences.
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