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Abstract: Fabry disease (FD) is a progressive multisystemic lysosomal storage disease. Early diagno-
sis by newborn screening (NBS) may allow for timely treatment, thus preventing future irreversible
organ damage. We present the results of 5.5 years of NBS for FD by a-galactosidase A activity and
globotriaosylsphingosine (lyso-Gbs) assays in dried blood spot through a multiplexed MS/MS assay.
Furthermore, we report our experience with long-term follow-up of positive subjects. We screened
more than 170,000 newborns and 22 males were confirmed to have a GLA gene variant, with an
incidence of 1:7879 newborns. All patients were diagnosed with a variant previously associated with
the later-onset phenotype of FD or carried an unclassified variant (four patients) or the likely benign
p-Alal43Thr variant. All were asymptomatic at the last visit. Although lyso-Gbs is not considered a
reliable second tier test for newborn screening, it can simplify the screening algorithm when its levels
are elevated at birth. After birth, plasma lyso-Gbj is a useful marker for non-invasive monitoring
of all positive patients. Our study is the largest reported to date in Europe, and presents data from
long-term NBS for FD that reveals the current incidence of FD in northeastern Italy. Our follow-up
data describe the early disease course and the trend of plasma lyso-Gbs during early childhood.

Keywords: Fabry disease; newborn screening; variant interpretation; second tier test; tandem mass
spectrometry; lyso-Gbs; dried blood spot; x-galactosidase A; GLA gene; globotriaosylsphingosine

1. Introduction

Fabry disease (FD, OMIM 301500) is an X-linked lysosomal disorder (LSD) caused by
a deficiency of x-galactosidase A (x-GAL A) activity that results in the progressive accu-
mulation of globotriaosylceramide (Gbs) and related glycosphingolipids, particularly in
cellular lysosomes and body fluids [1,2]. The clinical phenotype includes a broad spectrum
of clinical severity ranging from classic to later-onset FD. Male patients with the classic FD
phenotype may present in childhood with acroparesthesias, angiokeratomas, corneal opaci-
ties, gastrointestinal symptoms, neuropathic pain, and hypohidrosis, followed in adulthood
by renal failure, cardiac and cerebrovascular disease, and premature death [3,4]. Men with
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the later-onset phenotype of FD invariably present with cardiovascular involvement (hyper-
trophic cardiomyopathy with arrhythmias and conduction abnormalities), with very rare
occurrences of renal (albuminuria, proteinuria) and cerebrovascular involvement [5]. In
heterozygous females, clinical manifestations vary from asymptomatic to the classic severe
phenotype, largely depending on X-chromosome inactivation [6]. Diagnosis in affected
males can be achieved by the x-GAL A enzyme activity assay on several sample matrix
types (dried blood spot DBS, peripheral white blood cells or plasma) and/or by molecular
analysis [7,8]. «-GAL A enzyme activity levels may be normal in heterozygous females due
to X-chromosome inactivation in blood cells, so that gene testing is necessary [1]. Analysis
of biomarkers (e.g., Gbs and its deacylated form, lyso-Gbj3) in plasma, urine, and DBS
are useful for both diagnosis and follow-up [9-11]. Enzyme replacement therapy (ERT)
with agalsidase alfa or agalsidase beta [12,13] and chaperone therapy (for “amenable” GLA
genetic variants) are available; expert panels have provided recommendations for clinical
management [14,15]. Early intervention plays an important role in preventing irreversible
damage due to disease progression [16].

Recently, pilot newborn screening (NBS) programs for FD, based on enzyme activity
assay in DBS have been implemented worldwide using several analytical techniques. Ini-
tially, a fluorescent method with 4-methylumbelliferyl-D-galactopyranoside as a substrate
was used [17]. Later, multiplexed techniques were developed using digital microfluidic
fluorometric and MS/MS technology [18-21]. Several NBS programs in the USA (Wash-
ington State, Missouri, Illinois) [22-24], Europe (Hungary, Austria, Spain, Italy) [25-28],
and East Asia (Taiwan, Japan) [29,30] showed that FD is surprisingly more prevalent than
previously estimated (1:40,000) [31], especially the later-onset form, which may represent
an important unrecognized genetic disease, although the caveats and difficulties of variant
interpretation should be paid a lot of consideration [32]. A summary of available data on
the known NBS programs for FD worldwide is presented in Table 1.

Table 1. Summary of the methods and results from pilot and regular screening programs for Fabry disease worldwide.

Positive NBS/

Number of Confirmed

Publication Study . Patients Confirmed Reported
Year Period Region Method Salfn]iﬁes Referred to Patients Pell\:[iilrfts Incidence *
Clinic
Fluorometric 37,104 .
2006 2003-2005 Italy [33] enzyme assay (only males) 12 (m) 12 12 1:3,100 (m)
. Fluorometric 171,977 1:3821
2009 2006-2008 Taiwan [34] enzyme assay (m 90,288) 94 (m 91) 75 73 (m 1:1237)
. Fluorometric 14,600 1:394
2017 2008 Spain [27] enzyme assay (m 7575) 106 (m 68) 37 20 (m 1:378) **
. Fluorometric 110,027 1:2445
2009 2008-2009 Taiwan [35] enzyme assay (m 57,451) 67 (m 58) 45 42 (m 1:1368)
Fluorometric 21,170 1:3,024
2013 2007-2010 Japan [30] enzyme assay (m 10,827) 7 (m5) 6 5 (m 1:2166)
2012 2010 Austria [26] MS/MS ( sk N 9 28 9 6 1:3860
2012 2010-2011  Illinois [36] mic?;%iﬁéics 8012 11 7 6 1:1145
2012 2011 H“[rz‘glary MS/MS 40,024 34 14 6 1:2858
2012 20102012 ltaly [37] Q‘;;’;‘l’é“aestsrfy (102) 0 0 0 0
2014 2010-2013 Taiwan [38] MS/MS 191,767 79 64 61 1:2996
MS/MS, im-
. . munocapture 89,508 (de- : :
2020 2011-2013 Cal[lggﬁma assay, digital  identified) ~ Yanable based 50 46 ( ;1'%799700)
g microfluidics (m 44,664) ’

(comparative)




Biomolecules 2021, 11, 951 3 0f 20
Table 1. Cont.
Positive NBS/ X
Publication Study Region Method Nurﬁl];gr of Patients Confirmed ConM{1arlr;1 ed Reported
Year Period 8 Referred to Patients . Incidence *
Samples ) Patients
Clinic
. 108,905 (dei- .
2013 2013 V\gaShmgt"“ MS/MS dentified) 16 (m 13) 7 7 1:15558 (m
tate [22] (m 54,800) 1:7800)
2015 2013 Missouri [23] mic?é%ﬁéics 43,701 28 15 15 1:2913
2017 2007-2014  Japan [40] g‘;;’;‘l’énaestsrfy 2443 2 2 2 1:1222
Fluorometric .
2018 20082014  Taiwan[41]  enzyme assay, (m7?1%22g9) 764 (m 425) 324 272 (ml 208 5
then MS/MS 4 ’
Fluorometric
. 916,383 1:2078
2016 2008-2015  Taiwan[42]  enzyme assay, / 936 (m 505) 441 324 :
thew MS/MS (m 476,909) (m 1:1472)
Petroleos
Mexicanos 20,018 (m 1:4003
2017 2012-2016 Health MS/MS 10241) 5 5 5 (m 1:2048)
Services [43]
2017 2014-2016  Illinois [24] MS/MS 219,793 107 32 32 1:6968
Washington 43,000 (dei- .
2016 2016 [44] MS/MS dentified) 8 5 NA 1:8600
2018 2015-2017 Ttaly [28] MS/MS 44,411 5 5 5 1:8882
2018 2017 Brazil [45] Digital 10,527 0 0 0 0
microfluidics
2020 2006-2018 Japan [46] fr{;‘;’fggestsr;; 599,711 138 108 64 1:5552
2019 2013-2019 Ne‘[j’l%ork MS/MS 65,605 31 7 7 1:9372
2020 2018-2019  Taiwan [48] MS/MS 73,743 4 4 NA 1:18,436

m: males (if indicated); MS/MS: tandem mass spectrometry; NBS: newborn screening; * incidence as reported in the respective studies. It is
difficult to make comparison among studies, especially because changes in the classification of variants over time, so that some previously
pathogenic variants have been reclassified (e.g., p.Arg118Cys, p.Asp313Tyr and the debated variant p.Alal43Thr). Furthermore, regarding
some unclassified variants, it is difficult to predict their pathogenicity (see text); ** only 1 known pathogenic variant, 11 variants of uncertain
significance (VUS), 25 polymorphisms (see text).

2. Materials and Methods
2.1. Study Population

From September 2015 until March 2021, the DBS from 173,342 newborns were collected
consecutively by the Regional North East Italy expanded neonatal screening program. The
DBSs were assayed for the enzymes deficient in FD and three other lysosomal diseases (LSD-
Pompe disease, Gaucher disease, mucopolysaccharidosis type I). Written informed consent
was obtained from a parent. Proof of informed consent is available upon request. According
to the NBS protocol, samples were collected between 36 and 48 h of life on the same card
used for the other NBS tests; a second sample was required for premature newborns
(<34 gestational weeks and/or weight <2000 g) and for sick newborns (those receiving
transfusion or parenteral nutrition). DBS were analyzed on the day they were received,
and the DBS cards were stored at —20 °C in plastic bags for at least five years after analysis.
All analyses were performed in compliance with institutional review board guidelines.

2.2. Methods

a-GAL A enzyme activity was determined simultaneously with acid «-glucosidase
(deficient in Pompe disease), 3-glucosidase (deficient in Gaucher disease), and «-L-iduroni
dase (deficient in mucopolysaccharidosis type I) using a multiplex MS/MS assay (Perkin
Elmer, Turku, Finland). Assay results were obtained after overnight incubation and enzyme
activity was expressed as micromoles of substrate hydrolyzed per hour of incubation per
liter of blood (umol/L/h). Samples with low activities for several enzymes were repeated
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due to a suspected preanalytical error. For IDUA activity, an initial cut-off of 3.76 pmol/L/h
was established using 0.2 multiples of the median (MOM); this was reset to 2.3 umol/L/h
after the first 9 months of screening [28]. Samples with x-GAL A activity below the cut-off
were retested in duplicate. If the mean of the enzyme activity values was confirmed to
be low, a second DBS was requested and assayed using the same cut-off. Newborns with
abnormal enzyme results on the second round were referred to the Division of Inherited
Metabolic Disease, Padua University Hospital, for confirmatory testing and clinical follow-
up. DBS with low a-GAL A activity were also tested for lyso-Gbjs using the LC-MS/MS
method with a cut-off value of 1.3 nmol/L. This cut-off was established from the analysis
of 253 anonymous healthy adult blood donors (1 = 133) and pediatric patients (n = 120),
and the 97.5 th percentile was considered [10].

Confirmatory testing included «x-GAL A enzyme activity in peripheral lymphocytes,
plasma lyso-Gbz measurement, and molecular analysis. Moreover, the mothers of con-
firmed newborns underwent GLA molecular testing. «-GAL A enzyme activity in lym-
phocytes was measured initially using a fluorometric method and more recently using a
MS/MS assay. lyso-Gbs was measured in plasma samples using LC-MS/MS technology,
as described in [10]. The GLA gene was sequenced using Next Generation Sequencing
technology on genomic DNA isolated from peripheral leukocytes. Variants were classified
according to published clinical reports and public databases including the International
Fabry Disease Genotype-Phenotype Database and The Fabry Working Group Genotype
Phenotype Database [49-51].

Patients were monitored every 12 months, with clinical evaluation: angiokeratomas,
hypohidrosis, gastrointestinal symptoms, limb pain, kidney (eGFR according to Schwartz
formula, microalbuminuria, proteinuria), and cardiac (electrocardiogram) assessments.
Plasma lyso-Gbs was monitored as a specific marker of the disease.

3. Results

All results of the NBS program for FD are summarized in Table 2. Of the 173,342 new-
borns screened (89,485 males and 83,857 females) from September 2015 to March 2021, 53
(44 males and 9 females) had a low a-GAL A enzyme activity in the first DBS and were
recalled for a second spot (recall rate 0.03%). Lowa-GAL A activity was confirmed in
23 newborns (22 males and one female) at the second DBS and referred to our outpatient
Clinical Unit for confirmatory testing. All 22 males from 20 families were confirmed to have
a decreased x-GAL A enzyme activity in lymphocytes and a genetic variant in the GLA
gene, with an incidence of one in 4068 males. The only female newborn with a measured
low DBS a-GAL A activity was negative at molecular testing. Regarding the ethnicity of
the 22 positive neonates, four were of African origin, two were of Asian origin, and the
others were Caucasian. Patients #13 and #20 and patients #16 and #21 were brothers. None
of the patients had a family history of a previous FD diagnosis or manifestations strongly
suggestive of FD (e.g., angiokeratomas, cornea verticillata, end-stage renal failure). The
clinical, biochemical, and molecular features of the patients are presented in Table 3.
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Table 2. Results of the newborn screening program for Fabry disease in northeast Italy (September 2015 to March 2021).

Males Females Total
Screened newborns 89,485 83,857 173,342
Newborns with decreased enzyme activity in the 1st DBS, after retesting in duplicate 44 9 53
Recall % 0.05% 0.01% 0.03%
Newborns with decreased enzyme activity in the 2nd DBS and referred to Clinic Unit for confirmatory testing 22 1 23
Newborns confirmed by low enzyme activity in lymphocytes and GLA gene mutation 22 0 22
Pathogenic classical variants 0 0 0
Pathogenic later-onset variants 13 0 13
Benign variants 1 0 1
False-positive results 0 1 1
Unclassified variants 4 0 4
p-Ala143Thr variant 4 0 4
Overall incidence 1:4068 0 1:7879
Pathogenic variants incidence 1:6883 0 1:13,334

Cut-off <0.2 MOM (multiple of median).



Biomolecules 2021, 11, 951 6 of 20
Table 3. Clinical, biochemical, and molecular results of the patients detected by newborn screening for Fabry disease: baseline and follow-up.
DBS Lymphocyt L Pla(s;rllala t c¢DNA Variation Ici?:::lf;:?g;(;? Clinical L Pla(s;r];la t
Year of Ethnic DBS AGAL LysoGb3 (nv ymphocytes ysolabs a s Fabry Disease Age at Last 1nica ysotsbs a
Case . Gender L Aairbuisie AGAL First Visit (Protein ‘. Manifesta- the Last
Birth Origin Activity <113 Activity ** e Genotype- Visit . .-
ctivity (nv < 0.43 Variation) tions Visit (nv <
nmol/L) nmol/L) Pheno?lpe 0.43 nmol/L)
Database [49] *** :
1 2015 Europe 3.21 NA 100 0.53 (pcﬁiﬁ%ﬁr) Benign 5.5 years No 0.54
2 2015 Europe 2.76 NA 9 0.12 (pflﬁ%ﬁr) Benign 45 years No 0.48
A27G>A .
3 2015 Europe 293 NA 354 0.31 (p.CAlal 43Thr) Benign 4.5 years No 0.35
c.644 A>G
(p-Asn215Ser) + Later- ‘4
4 2016 M Europe 0.64 NA 0 1.07 1VS2-77_81del5; BN 4.5 years No 3.91
IVS4-16A>G;
1VS6-22C>T
-10C>T;
5 2016 M Europe 225 1.02 355 0.19 Vo2 77.8ldels; NA #oe Lost to follow-up
1VS6-22C>T
6 2016 M Europe 345 NA 346 0.27 (pC'T71?r72€121T1e) NA 45 years No 0.43
7 2016 M East Asia 0.77 0.79 143 0.3 IVS4 + 919G>A Later-onset 4 years No 1.12
North c.1088G>A
8 2016 M Africa 0.72 1.79 66 1.02 (p-Arg363His) Later-onset 4 years No 1.91
9 2016 M East Asia 1.16 0.62 222 0.54 IVS4 + 919G>A Later-onset 4 years No 1.7
10 2016 M Europe 0.73 2.17 27 2.98 (;&gggééé?y) Likely later-onset 4 years No 3.71
c427G>A
11 2017 M Europe 2.05 0.54 316 0.36 (p.Ala143Thr) + Benign + NA 3.5 years No 0.85
IVS4-61_60delGT
12 2017 M Europe 1.37 1.25 NA 0.85 (;'ﬁfsgfﬁ*e | Later-onset 3.5 years No 0.82
13 2017 West Africa 151 0.96 0.73 0.26 c1067G>A Later-onset 3 years No 0.43

(p-Arg356GIn)
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Table 3. Cont.
. DBS Lymphocytes LyI;La(s;Il?; at c¢DNA Variation IC;?:::‘%:;;;?; Clinical LyI;{)a(S;Il;l: at
Case Yg?rrﬂ(:f Gender gtrl:nllfl DABC ?131?‘2]“ Lysg(l;ligé (o AGAL First Visit (Protein Fagglul))tlse:.se Ag%?;i]t“aSt Manifesta- the Last
8 Y amol L) Activity ** (nv < 0.43 Variation) Phenoy%e tions Visit (nv <
nmol/L) Database?ﬁIIQ] . 0.43 nmol/L)
C.868A>C
(p-Met290Leu) +
14 2018 M Europe 0.79 0.41 NA 0.2 vepoel s Lateronset Lost to follow-up
IVS4-16A>G;
IVS6-22C>T
347G>C
(p.Glyll6Ala) +
C376A>G '
15 2018 M Europe 0.87 0.73 0.82 0.35 (pS_elr&éiC%y) + berll\ilgAn * 111\1;21&** 2.5 years No 0.92
1VS2-77_81del5;
IVS4-16A>G;
IVS6-22C>T
16 2018 M Europe 128 0.22 344 0.49 (pctgei%%g\(;al) NA 2 years No 0.43
17 2019 M Europe 0.63 0.5 1.84 0.82 (pcfffzqgsce 9 Later-onset 1year No 1.95
18 2019 M Europe 14 11 3.35 1.32 (pc.fﬁrilﬁ;SGe 9 Later-onset 15 years No NA
North ¢.1088G>A
19 2019 M Africa 0.77 2.7 241 1 (p-Arg363His) Later-onset 1.5 years No 1.49
20 2019 M West Africa 1.63 1.07 1.05 NA (pcg‘r)géggéé?n) Later-onset 1year No 0.56
21 2020 M Europe 112 1.07 2.18 0.41 (pCLSeiGZ%Z\(f;al) NA 10d No 0.41
2 2020 M Europe 1.88 0.77 1.94 0.44 © iffg’;g&u) Later-onset 6m No 0.51

AGAL: x-GAL A; DBS: dried blood spot; N/A: not available; nv: normal values; M: males; the pathological values are marked in bold. * First cut-off used until May 2016 (case number 6) 3.76 umol/L/h, after
9 months of screening it was reset to 2.3 umol/L/h; ** until June 2017 (case number 11) a fluorometric method was used (nv 360-1374 mU/L), then we used a MS/MS technology (in neonate nv < 4.38 nmol/h/mg

protein); *** last accessed on 24 May 2021; **** IVS4-16A > G, IVS6-22C > T, -10C > T are classified as benign variants in other databases (e.g., Fabry-Gen-Phen [51]).
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3.1. Enzyme Activity

The x-GAL A enzyme activities in DBS ranged from 0.63 to 3.45 umol/L/h (n = 22,
mean 1.54 umol/L/h, SD 0.88). After confirmatory testing, we found that the x-GAL
A enzyme activities of males with known pathogenic GLA variants ranged from 0.63 to
1.88 pmol/L/h (n =13, mean 1.07 umol/L/h, SD 0.43), whilst in males carrying unclassified
GLA variants or the p.Ala143Thr variant, it ranged from 0.87 to 3.45 umol/L/h (n = 8, mean
2.21 umol/L/h, SD 1.02). This difference was statistically significant (p = 0.003, according
to the Student’s t-test).

3.2. Genetic Testing

Molecular analysis identified 13 newborns (including two brothers) carrying known
pathogenic variants (11 had a missense variant, two had an intronic splicing variant)
associated with the later-onset form of FD, four carrying previously unclassified GLA
variants, four with the p.Alal43Thr variant, and one carrying a haplotype considered to
be benign (patient #5). Among our patients, the most common variant was p.Alal43Thr
(four patients), followed by p.Asn215Ser (three patients). This latter is a known pathogenic
variant found in association with the later-onset cardiac form of FD [5,52], while the
p-Alal43Thr, which had initially been classified as pathologic now has its pathogenicity of
conflicting interpretation with a number of reports in favor of a likely benign variant [50,53].
Patients #7 and #9, unrelated newborns of Asiatic origin, carried the splicing variant
IVS4 + 919G>A, which is common in the Taiwanese population and is associated with
a later-onset cardiac phenotype [42]. Moreover, we found two unrelated patients from
northern Africa carrying the p.Arg363His variant. Of note, we frequently found the benign
complex allele —10 C > T + IVS2-77_81del5 + IVS4-16A > G + IVS6-22C > T polymorphism,
in association with other variants. It was identified in the absence of other GLA variation
in patient #5, who had near normal enzyme activity. All mothers carried the same GLA
variant of their respective offspring.

3.3. DBS Lyso-Gb3

We started DBS lyso-Gbj testing in 2016, and tested 17 out of the 22 positive newborns.
The values ranged from 0.22 to 2.7 nmol/L (mean 1.04 nmol/L, SD 0.65). Levels were
abnormal in five newborns (patients #8, #10, #12, #18, and #19), among the 12 tested patients
carrying a known later-onset variant (mean 1.8 nmol/L, SD 0.70). No patient carrying
unclassified or likely benign variants had abnormal levels of DBS lyso-Gbj at birth (1 = 5,
mean 0.72 nmol/L, SD 0.35). This difference was not statistically significant (p = 0.188,
according to the Student’s t-test), but this is likely due to the small number of samples.
However, an inverse linear correlation was found between DBS «-GAL A activity and DBS
lyso-Gbs at birth (r = —0.28).

3.4. Plasma Lyso-Gb3

At the first visit, we evaluated plasma lyso-Gbj3 in all neonates (except in case #20
due to technical problems) and it ranged from 0.12 to 2.98 nmol/L (mean 0.66 nmol/L, SD
0.63). It was above the cut-off in 11/21 patients, nine of which had a known pathogenic
variant. lyso-Gbs was only slightly increased in patient #1 (p.Ala143Thr variant) and in
patient #16 (p.Leu286Val, unclassified variant), whilst the highest values were observed in
patients with the known pathogenic variants p.Asn215Ser, p.Arg363His, and, interestingly,
in patient #10 (p.Arg356Gly), which is listed as a likely later-onset form in the International
Fabry Disease Genotype-Phenotype Database [49]. The mean of values for patients with
known pathogenic variants was 0.90 = 0.75 nmol /L, while for patients carrying unclassified
variants or the likely benign p.Ala143Thr variant, it was 0.36 4= 0.13 nmol /L. This difference
was not statistically significant (p = 0.061, according to Student’s t-test). However, an inverse
linear correlation, stronger than the one between DBS a-GAL A activity and DBS lyso-Gbs,
was found between DBS «-GAL A activity and plasma lyso-Gbj at first visit (r = —0.41).
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3.5. Follow-Up

None of the patients showed clinical or biochemical abnormalities at the first visit.
All patients participated in regular follow-up except patients #5 and #14, who were lost to
follow-up because parents refused additional medical examinations. A summary of clinical
and biochemical features at the first visit and during follow-up is reported in Table 3 and
Table S1. All patients were asymptomatic at the latest follow-up visit at the age indicated
in Table 3. None of the patients were receiving specific treatment for FD. The mean plasma
lyso-Gbs level was 1.19 nmol/L SD 1.06 (range 0.35-3.91 nmol/L), with slightly elevated
values in 17 patients at the latest visit (85%). Interestingly, plasma lyso-Gbjs levels increased
in most children (mean annual increase 0.21 &£ 0.29 nmol/L; ranges between —0.024 nmol/L
in case #16 and 1.13 nmol/L in case #17; Figure 1). Higher values were found in patients
carrying a known pathogenic variant (n = 11, range 0.43-3.91 nmol /L, mean 1.65, SD 1.20,
mean annually increase 0.32 £ 0.33 nmol/L) than in individuals carrying unclassified
variants or the variant p.Alal43Thr (n =7, range 0.4-0.92 nmol/L, mean 0.55, SD 0.21, mean
annual increase 0.06 &= 0.09 nmol/L). This difference was statistically significant (p = 0.033,
Student’s t-test). The p.Asn215Ser variant appeared to be associated with greater increase.
Of note, all three patients with this variant had a value of 1 nmol/L at birth, with values
increasing with age. The older patient had a value of 3.91 nmol/L at the age of 4.5 years.

S —

Lyso-Gb3 concentration (nmol/L)
N

e

0

0 0.5yrs 1yr 1.5yrs 2yrs 2.5yrs 3yrs 3.5yrs 4yrs 4.5yrs 5yrs 5.5yrs
Years of follow-up

e=@==(Case 1 ==@==(Case 2 @ Case 3 @~ (Case 4 «=@==(Case5 «=@==(Case 6
em@ue Case / em@ue(Case 8§ em@ue(Case 9 em@mm(Case 10 em@m=(Case 1] e=@==Case 12
e=@==Case 13 Case 14 Case 15 Case 16 Case 17 Case 18

e=m Case 19 e= == (Case 20 «= == (Case 2] == ==(Case 22

(a)

Figure 1. Cont.
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Lyso-Gh3 concentration (nmol/L)
N

1
[ -0
0
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Figure 1. (a) Trend in plasma lyso-Gbj levels over time in all subjects positive for Fabry disease.
(b) Plasma lyso-Gbj3 levels over time in patients carrying later-onset variants. (c) Plasma lyso-
Gbs levels over time in subjects carrying benign and unclassified variants (including p.Ala143Thr).
Abbreviation: yrs: years.
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4. Discussion

Here, we report our results from more than five years of NBS for FD in northeast
Italy, based on the determination of x-GAL A enzyme activity in DBS using a multiplex
MS/MS assay.

4.1. Epidemiology

In the last 5.5 years, we screened 173,342 newborns (89,485 males and 83,857 females)
for FD, which is the largest study reported to date in Europe. GLA variants were identified
in 22 males, 13 of which were known pathogenic variants previously reported in associ-
ation with a later-onset phenotype. One was a benign haplotype, four were unclassified
variants, and four carried the p.Alal43Thr variant whose pathogenicity is debated. The
four patients with the p.Ala143Thr variant did not appear to have classic FD, based on the
clinical picture and biomarkers. Thus, the overall incidence of x-Gal A deficiency was of 1
in 7879 (1 in 4068 males), while the frequency of pathogenic variants was 1 in 6883 males.
This incidence was similar to those detected in our previous pilot study, conducted from
September 2015 to January 2017 on about 40,000 births (incidence 1:8,822 newborns) [28].
Moreover, this incidence was about six times higher than originally estimated from the
clinical data (1:40,000) [31] but similar to previous reports from NBS programs. This is
likely due to the recognition of previously undiagnosed later-onset forms of FD. Indeed,
our incidence is comparable to those reported by a previous Italian study, conducted in
north Italy from July 2003 to June 2005, using a fluorometric enzyme assay on 37,104 con-
secutive males. Twelve infants with GLA variants were found (incidence of 1:3100 males)
and only one had a mutation known to cause the classic phenotype [33]. The incidence
found in other studies is presented in Table 1. However, it is difficult to make comparisons
among studies because there are differences in screening techniques, numbers of newborns,
geographical/ethnical variation, and changes in the classification of variants over time as
knowledge accumulates. This last point makes the comparison among studies particularly
difficult, because some previously pathogenic variants have been reclassified over the
years, based on associated clinical and biochemical features and their high incidence in
the population (e.g., p.Argl18Cys, p.Asp313Tyr, and the debated variant p.Ala143Thr).
Moreover, regarding some unclassified variants, it is difficult to predict their pathogenic-
ity because FD may occur later in life. For example, a Spanish study reported a very
high incidence of disease (1:394 births), but the number of screened newborns was low
(n =14,600). Moreover, only one patient had a known pathogenic variant, while 25/37
carried benign variants [27]. Conversely, a program conducted in Illinois on a newborn
population similar in size to our study (nearly 220,000) and using similar methodology
(MS/MS assay) reported an incidence of 1:6868 births [24], which is comparable to our
result. However, different genetic backgrounds can also explain differences in incidence
between countries. In Taiwan, screening of nearly one million newborns revealed an FD
incidence of 1:2078, because of the high incidence and founder effect of the later-onset GLA
splicing variant (IVS4 + 919G > A) (82% of patients) [35,42]. All studies including our NBS
program show that even when non-pathogenic variants are discarded, FD is much more
frequent than previously thought based on clinical estimates; it is the most frequent LSD
screened. These findings, associated with available diagnostic methods and treatments,
support the importance of NBS.
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4.2. Interpretation of Genetic Variants

The lack of knowledge about the long-term course of the disease, especially for later-
onset forms, complicates the establishment of clear correlations between genotype and
phenotype in FD. Affected hemizygotes with the classic disease manifestations and no
detectable x-GAL activity are associated with a variety of GLA variants including large
and small gene rearrangements, splicing defects, and missense or nonsense variants. In
contrast, most mildly affected atypical hemizygotes usually bears missense variants that
express residual a-GAL A activity. However, most Fabry patients have private variants
and attempts to predict the clinical phenotype based on the type or location of a variant
may prove difficult. Moreover, the influence of modifier genes or other genetic factors
on phenotype severity may be confounders since individuals with the same GLA variant
may occasionally have variable phenotypes including within the same family. Thus, the
clinical severity of private missense variants detected in Fabry families with few, or only
young patients, is difficult to predict and requires more extensive clinical information from
unrelated patients with the same FD genotype [50]. Furthermore, the burden of common
risk factors (e.g., hypertension, high levels of cholesterol, diabetes) and the presence
of concomitant diseases can be responsible for adjunctive signs and symptoms during
aging [4,54].

Among the 12 different variants that we found (seven known pathogenic variants,
four unclassified variants, and the debated p.Ala143Thr variant), there were 11 missense
variants and one intronic splicing variant. The most frequent variant (p.Ala143Thr) was
found in four patients (Pts. 1, 2, 3 and 11) and is more frequent in the Caucasian population.
In a previous Italian study, three of six positive males carried this variant [33], and a similar
frequency was found in Austria where it was found in three of six positive males [26].
Moreover, more recently, a California NBS study also reported a high frequency of the
p-Alal43Thr variant among positive newborns (22/50) [39]. This variant, previously asso-
ciated with both classic [55] and later-onset phenotype [56], was subsequently considered
benign [53,57]. It is relatively frequent in the general population and a previous study in
COS cells demonstrated a high residual enzyme activity of 36% [33]. Moreover, reported
individuals with this variant showed unspecific symptoms, but no increase of plasma Gbs
and lyso-Gbj3 [58] and no storage in tissue biopsies [53,57]. However, the significance of
this variant is still controversial. A Fabry disease genotype-phenotype working group
recently analyzed unclassified GLA variants in the Fabry registry through a five-stage
iterative system based on expert clinical assessment, published literature, and clinical
evidence of pathogenicity, but the expert panel did not reach a definitive conclusion, and
classified it as a variant of uncertain significance [50]. Our patients carrying this variant
had high residual enzyme activity (about 29% of mean normal activity). Of note, three
of our patients (pts. 1, 2, and 3) were identified during the first phase of our screening
program, before adjustment of the cut-off for the a-GAL A activity. The fourth patient
(patient #11), who had lower a-GAL A activity (2.05 pmol/L/h), also carried an intronic
unclassified variant (IVS4-61_60delGT). It is possible that the association of these two
variants could produce a further reduction in enzyme activity. All our patients carrying
the variant p.Alal43Thr maintained normal or very slightly increased levels of plasma
lyso-Gbg during follow-up. Plasma lyso-Gbz was higher in the patient with p.Ala143Thr
plus the intronic unclassified variant (pt. 11; mean lyso-Gbs 0.55 nmol/L, SD 0.21 at age
4.5 years); however, it was lower than the lyso-Gbj levels in patients carrying known
pathogenic variants (mean 1.62 nmol/L, SD 1.20). In our opinion, the a«-GAL A activity
and the lyso-Gbjs levels detected in the four babies with the genetic variant p.Ala143Thr are
in favor of a likely benign classification of this variant. The high frequency of this variant in
the gnomAD database (5.06 x 10~%) is also in favor of a benign variant relatively frequent
in the European population (found in 88 of 92,769 European alleles) [59].
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Among the pathogenic variants, we found a high frequency of the mutation p.Asn215Ser
(patients #4, #17, and #18), associated with very low enzyme activity in DBS (0.64, 0.63,
and 1.4 umol/L/h, respectively). This variant is reported in patients with predominant
cardiac involvement [5,52]. Other variants seem to be correlated with ethnic origin. Two
unrelated Eastern Asiatic infants (from South China) carried the IVS4 + 919G>A variant.
Interestingly, the DBS o-GAL A activity values of patients carrying a known pathogenic
variant were significantly lower than the values of the patients with an unclassified variant
or the likely benign p.Alal43Thr variant (p = 0.003).

4.3. Clinical Follow-Up

All patients were monitored, except for two who did not want to come back to the
hospital periodically. Because all our patients carried variants associated with the later-
onset form or unclassified variants, we decided to follow them up every 12 months. The
follow-up included clinical, instrumental, and biochemical assessments: the search for
angiokeratomas, limb pain, hypohidrosis, gastrointestinal symptoms, renal, and cardiac
evaluations (eGFR according to Schwartz formula, microalbuminuria, proteinuria, cardi-
ologic visit with ECG) (Table S1). We detected four newborns with unclassified variants
and followed their clinical outcomes. Patient #6, carrying the p.Thr246lle variant, had a
high DBS «-GAL A activity (3.45 umol/L/h). Currently at age 4.5 years, he has no signs
or symptoms of disease and plasma lyso-Gbs values correspond to the upper limit of
the normal range (0.43 nmol/L), questioning pathogenicity of this variant. Patient #15
carried two variants (p.Glyl116Ala) and the likely benign p.Ser126Gly and several benign
intronic variants. He has no signs of disease at age 2.5 years, but plasma lyso-Gb3 level
is slightly elevated (0.92 nmol/L), so that further follow-up visits are requested. Finally,
two brothers (patients #16 and #21) carried the p.Leu286Val variant. The first brother is
asymptomatic at two years of age, and has a plasma lyso-Gb3 value that corresponds to
the upper limit of normal range (0.43 nmol/L), while the second brother is a newborn.
We will continue to monitor them. Because FD can undergo silent progression without
evident clinical manifestations, especially with later-onset forms, we believe that long-
term follow-up is important. Indeed, Hsu et al. demonstrated that cardiac damage could
progress in silence, even when it becomes severe and irreversible (e.g., cardiac fibrosis) [42],
whilst Oqvist et al. emphasized the importance of early diagnosis and NBS in FD-related
nephropathy [60]. We also carefully assessed limb pain, which can manifest in boys at the
age of three years [61,62].

Currently, after five years of NBS and follow-up, none of our patients with predicted
later-onset forms (mean age at last visit: 3 years) have symptoms or signs of FD. How-
ever, further investigations are needed to find the best way for early detection of clinical
manifestations in patients with unclassified and later-onset variants. This would allow
us to establish an appropriate timing for specific treatments and avoid potential organ
damage due to Gbs and lyso-Gbz accumulation. We have provided constant psychological
support to the parents from diagnosis and during follow-up, especially to the mothers
because this X-linked disease could be a major psychological burden on them [30]. The
parents of newborns with later-onset forms were reassured that the newborn would have a
normal childhood and that periodic evaluations would help us to determine when therapy
is needed in the future.

4.4. Biomarkers and Biochemical

Biomarkers and biochemical follow-up show Lyso-Gbs (also known as globotriao-
sylsphingosine) is the N-deacylated form of Gbs that has been proposed as a specific
biomarker for FD [63]. Lyso-Gbs can be measured in plasma or DBS by LC-MS/MS technol-
ogy, as we have demonstrated [10]. Recently, we studied lyso-Gbs in a large cohort of Fabry
patients (n = 71) where we observed high levels in males with the classic phenotype and
mild-to-moderately elevated levels both in males with the later-onset phenotype and in het-
erozygous females with the classic phenotype [10]. Storage of Gbs begins in utero [64,65];
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therefore, we evaluated the use of this biomarker as a second-tier test by measuring lyso-
Gbj3 in DBS from neonates identified by NBS for FD. We found that only five patients, all
with a later-onset pathogenic variant, had abnormal DBS lyso-Gbjz at birth, among the
17 tested newborns (of which 12 carrying a pathogenic variant), indicating that a normal
result cannot exclude FD and, therefore, cannot be used as a second tier test. At the first
visit, plasma lyso-Gbs was abnormal in 11/21 patients, nine of them with a later-onset vari-
ant, one carried the p.Alal43Thr variant, and one had the unclassified p.Leu286Val variant.
Interestingly, patient #10 had a very low a-GAL A activity (0.73 pmol/L/h) accompanied
by the highest level of plasma lyso-Gbj that we found in our neonates (2.98 nmol/L). He
carries the p.Arg356Gly variant, considered likely associated with a later-onset phenotype.
Moreover, we found an inverse linear correlation between DBS lyso-Gbs /plasma lyso-Gbs
and DBS x-GAL A activity at birth/first visit (r: —0.28 and —0.41, respectively). This
finding suggests that lower enzyme activity corresponds to a higher storage from birth.
Although a normal DBS lyso-Gbs value cannot rule out FD, its use as a specific marker
in the diagnostic process is still valid. However, we believe that the use of lyso-Gb3 as a
second-tier test in newborn screening programs needs further evaluation.

In light of our five-year-experience with NBS for FD, we propose a new screening
algorithm (Figure 2) that is simplified with respect to our previous protocol [28]. In the new
algorithm, if the first DBS had a reduced «-GAL A activity and lyso-Gbs levels were above
the cut-off, the newborn must be referred directly to a Pediatric Unit without requiring a
second DBS. Moreover, biomarkers play an important role during follow-up. A recent case
report showed that lyso-Gbz may be elevated in the first days of life and that it increases
significantly during infancy in patients affected by a classic (severe) form of FD [66]. In our
patients affected by later-onset FD, we found that the levels of plasma lyso-Gbs gradually
increased with age, suggesting that there may be a progressive and insidious storage, even
in milder forms (Figure 1a). At the last visit (between 0.5 months and 5.5 years of age),
plasma lyso-Gbs was above the reference value in 17/19 patients, of which 11 had a later-
onset form (all tested), three carried the p.Alal43Thr variant (very mild increase, except in
patient #11 who also carried an intronic variant, with a higher although still moderate value
of 0.85 nmol/L), and three carried unclassified variants (very slight increase, values in two
of these infants were near the upper value of the normal range) (Figure 1a,b). A statistically
significant difference was found between plasma lyso-Gbjz values of patients carrying a
known pathogenic variant (later-onset variant) and patients with unclassified variants or
the p.Alal43Thr variant at last visit, but this difference was not statistically significant in
the neonatal period. Of note, we found that all patients carrying the p.Asn215Ser variant
(patients #4, #17, and #18) had plasma lyso-Gbs levels above the cut-off at birth. These
values progressively increased and, interestingly, the highest value was found in the oldest
patient (3.91 nmol/L at 4.5 years), suggesting progressive and insidious storage, even
in an asymptomatic child. However, all our patients carrying unclassified variants had
normal lyso-Gbjs at birth and it remained in the normal range in three of four patients at
the last visit. Only in case #15, carrying one previously unreported variant in cis with the
likely benign p.5126G variant, showed a mild increase in plasma lyso-Gbs (0.92 nmol/L).
Nevertheless, we believe that further studies are needed to assess the exact value of lyso-
Gbj3 in neonates carrying unclassified variants. Whether a slight increase in lyso-Gb3 has
any clinical significance has not been proven and also warrants further studies.
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Figure 2. Proposal for a diagnostic algorithm of male newborn screening for Fabry disease. MOM: multiple of median; DBS:

dried blood spot.

The high incidence of later-onset forms has raised ethical issues regarding the conduct
of a NBS program. Detection in the newborn period may have a negative psychological
impact on parents and carries the risk that these children, defined as “patient-in-waiting”,
are labelled and overmedicated. Moreover, it increases the costs for diagnostic laboratory
testing and follow-up visits [67]. However, an early diagnosis of later-onset forms may also
have several advantages. A significant number of patients with later-onset forms currently
remain mis- or undiagnosed for many years. The implementation of NBS could avoid this
“diagnostic odyssey”, allowing timely treatment and subsequently better outcomes [24].
Interestingly, in a recent study, an interview among adult patients with lysosomal diseases
was conducted on their opinion toward NBS. The majority of participants agreed with the
implementation of NBS, in particular, all patients with FD were in favor of NBS because it
may allow for the initiation of earlier treatment and prevent irreversible organ damage [68].

Moreover, their identification allows physicians to perform cascade genotyping in at
risk family members and identify undiagnosed relatives [69]. Furthermore, NBS will help
to better understand the natural course of the disease.

Our study on NBS for FD shows some limitations. Regarding the role of the biomarker
lyso-Gb3 as a second-tier test in NBS for FD, our experience confirms, as previously
reported [70,71], that it is not reliable and cannot be used to reduce the recall rate. However,
lyso-Gbs, when elevated in DBS, makes the application of the diagnostic algorithm easier
(Figure 2). During follow-up, plasma lyso-Gbj is very useful for the biochemical monitoring
of patients.

We did not detect any heterozygotes among the 83,857 newborn females screened,
which confirms that the current enzyme-based NBS approach misses most female carriers
due to X-chromosome inactivation [72]. This is the major limitation of any enzymatic screen-
ing for FD [73]. These findings indicate that NBS for FD is more effective and cost beneficial
when it is limited to male newborns. Some authors suggest first-tier screening with GLA
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gene sequencing in female newborns. This method was applied in Taiwan [29,74-76] where
21 variants account for approximately 98% of variants [76]. In Italy, mutational heterogene-
ity hampers the use of molecular analysis for high-throughput screening, which could also
increase the number of variants of uncertain significance (VUS) [37]. Moreover, even when
a GLA variant is known to be pathogenic, due to the X-chromosome inactivation, females
might occasionally remain asymptomatic throughout life [6,77]. However, panels of genes
may also be considered in the future, specifically due to improved technologies since they
allow for the newborn screening of multiple diseases with the caveats of the difficulties in
the interpretation of variants of unknown significance.

5. Conclusions

Our study confirms that NBS for Fabry disease is feasible through the measurement
of x-GAL A enzyme activity in DBS and should be evaluated for inclusion in the national
NBS program. Biomarkers like lyso-Gbjs are useful in the NBS protocol for diagnosis and
follow-up. In accordance with other NBS studies, FD appears to be more frequent than
previously estimated clinically, therefore NBS may help to improve the diagnosis of many
unrecognized patients. However, several issues still need further study: (1) the significance
of mildly elevated plasma lyso-Gbjs; (2) the absence of a reliable second-tier test to reduce
the recall rate; (3) poor detection of heterozygous females; (4) the clinical interpretation
of unclassified and uncertain genetic variants; and (5) the impact of early diagnosis on
patients with later-onset forms. Our overall experience in NBS for FD is positive, and the
project is moving forward with the aim of gaining a better understanding of the disease
and better care for the patients.
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