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Abstract: Newborn screening enables the diagnosis of treatable disorders at the early stages, and because
of its countless benefits, conditions have been continuously added to screening panels, allowing early
intervention, aiming for the prevention of irreversible manifestations and even premature death.
Mucopolysaccharidoses (MPS) are lysosomal storage disorders than can benefit from an early
diagnosis, and thus are being recommended for newborn screening. They are multisystemic
progressive disorders, with treatment options already available for several MPS types. MPS I was
the first MPS disorder enrolled in the newborn screening (NBS) panel in the USA and a few other
countries, and other MPS types are expected to be added. Very few studies about NBS for MPS in Latin
America have been published so far. In this review, we report the results of pilot studies performed in
Mexico and Brazil using different methodologies: tandem mass spectrometry, molecular analysis,
digital microfluidics, and fluorimetry. These experiences are important to report and discuss, as we
expect to have several MPS types added to NBS panels shortly. This addition will enable timely
diagnosis of MPS, avoiding the long diagnostic odyssey that is part of the current natural history of
this group of diseases, and leading to a better outcome for the affected patients.

Keywords: mucopolysaccharidosis; newborn screening; glycosaminoglycans; enzyme assays; tandem
mass spectrometry; fluorimetry
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1. Introduction

Newborn screening (NBS) allows for a reduction of morbidity and mortality of selected treatable
disorders within the first few days of life, enabling early treatment of the newborns [1]. The beginning
of NBS was in the 1960s, with the pioneering work of Robert Guthrie and Ada Susi, who have
implemented a screening test for phenylketonuria (PKU) [2]. The benefits of NBS soon became clear,
and a growing number of conditions were continuously added to screening panels to bring the benefits
of early detection and early intervention to more and more babies [3]. This impact is so significant
that the Centers for Disease Control and Prevention (CDC) considers NBS one of the ten great public
health achievements of the 21st century [4], as it may proportion to the detected baby interventions
and benefits such as prevention of developmental delay, severe disability, or even premature death [3].

Mucopolysaccharidoses (MPS) are progressive disorders that can potentially lead to death
within the first decades of life due to severe clinical manifestations, such as neurological impairment,
skeletal abnormalities, as well as pulmonary and cardiac problems [5,6]. Although there is still no cure
for MPS, there are several treatment options already approved that could benefit most MPS patients.
Diagnosis based on clinical suspicion usually takes a few years to be achieved [7], and there is already
robust evidence about the benefits of early intervention [8,9]. Thus, advocacy for the addition of
newborn screening for MPS led to the addition of MPS I by the Advisory Committee on Heritable
Disorders in Newborns and Children (ACHDNC) to the Recommended Uniform Screening Panel
(RUSP) in February of 2016 [10,11]. Missouri was the first state to screen for MPS I [12], followed by
several other states, and the state of Illinois has also started the screening of MPS 1II in 2017 [13-15],
followed by Missouri in 2019.

A pilot study for the screening of MPS I was performed in Taiwan [16] in 2008, followed by a pilot
study for MPS I and II [17], and then by a large-scale NBS program of MPS I, MPS II, and MPS VI in
2015 [18]. A pilot study for MPS IVA was also performed in Taiwan in 2013 [19]. Another pilot study
was performed in the Tuscany and Umbria regions of Italy for MPS I [20], and also in the northeast of
Italy [21,22]. MPS I and II NBS pilot studies were performed in Osaka [20,23], and a small feasibility
study for NBS of MPS II was performed in the Netherlands [24].

Despite these major achievements, a wide-scale inclusion of lysosomal disorders (LSDs), such as
MPS in the NBS program, is still moving slowly. The UK National Screening Committee (UK-NSC) does
not currently recommend the inclusion of MPS I in their systematic population screening program [25],
and this is no different in Latin America, where there is a considerable variation in the screening
panels among different countries, and where standard neonatal screening is still not routine in several
nations [26]. Comprehensive data about newborn screening in Latin America can be found in several
surveys [1,27,28]. This paper provides a review of the pilot newborn screening programs for MPS
performed in Latin America.

2. Methods and Results

Very few studies of NBS for MPS were performed in Latin America so far. We will describe below
the methods and results of studies already published and the novel results from our group that are
being reported for the first time.

2.1. Pilot Study for Six LSDs (Including MPS 1) in Mexico

A pilot study for the screening of 6 LSDs has been performed in Mexico from 2012, aiming to
properly identify newborns with LSDs that could benefit from the introduction of early treatment,
and also to estimate the incidence of these disorders in Mexico.

This study has evaluated the use of a multiplex platform for the detection of Fabry disease,
Gaucher disease, Krabbe disease, MPS I, acid sphingomyelinase deficiency (ASMD), and Pompe disease.
In a report of 2017, 20,018 dried blood spots (DBS) were analyzed by tandem mass spectrometry
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(MS/MS), with 20 patients reported as positives and submitted to confirmatory testing with enzyme
assays and DNA analysis.

The confirmed diagnoses were as follows: five with Fabry disease, two with ASMD, and two
with MPS I. Both MPS I patients were compound heterozygotes (p.Val322Glu/p.Arg621Ter,
p-Val322Glu/p.Ser234Thr) [29]. The combined use of an enzyme assay with biomarkers can decrease
the false-positive rates.

2.2. Targeted Newborn Screening for MPS VI in Northeast Brazil

In a remote city known as Monte Santo (estimated population of 52,338), located in the state of
Bahia (Northeast Brazil), a very high frequency of MPS VI (1:5000 inhabitants) was found, attributed to
the founder effect and endogamy [30]. 13 cases of MPS VI have been identified in this town, all of
whom have the same pathogenic variant (p.His178Leu) [30].

Due to the high frequency, the availability of specific treatment with enzyme replacement therapy
(ERT), and the evidence that shows the benefits of early intervention [8], a pilot study was proposed to
be carried out in this area. The pilot study has started with the measurement of arylsulfatase B (ARSB)
in DBS samples with a fluorometric method that was adapted for microplates [31]. However, due to
the high rate of false positives, and to the fact that all patients previously identified carry the same
pathogenic variant, the screening method was changed to molecular genetics, with the detection of the
common variant by real-time PCR in DBS [32].

From 2011 to 2017, 3903 newborns were analyzed, and 67 (1.72%) were found to be carriers for
p-His178Leu. Although no affected patients were identified, the carrier rate allowed an estimation
of the disease incidence as 1:16,000 per live births in the area [32]. This pilot study was part of
a community genetics program that involved educational activities in the community and genetic
counseling to the population at risk [32].

2.3. Pilot Program for Four LSDs (Including MPPS 1) in a Private Laboratory in Brazil

A pilot study for four LSDs was performed by a private Brazilian laboratory in 10,527 newborns.
The conditions tested were as follows: Fabry disease, Gaucher disease, MPS I, and Pompe disease by
digital microfluidics (DMF) [33].

Four samples had activities below the cutoff (one for Gaucher, two for MPS I, and one for
Pompe) [33]. The two screened positives for MPS I had normal urinary GAGs by dimethylmethylene
blue (DMB) and a normal GAG pattern after eletroctrophoresis [34]. One newborn was a compound
heterozygote for a pathogenic variant and a pseudodeficiency allele (p.Gly84Ala/p.His82Gln),
respectively, and the other was a heterozygote for p.Trp402Ter [34]. Although no case of MPS I
was confirmed, the methodology was considered sensitive to detect low activity alpha-iduronidase
(IDUA) in DBS.

2.4. Pilot Program for Five LSDs (Including MPS I and MPS VI) in a Research Laboratory in Brazil

Another pilot study was reported in Brazil for MPS I, MPS VI, Fabry disease, Gaucher disease,
and Pompe disease using a fluorimetric assay in 834 newborns. The method was adapted in-house for
microplates, but the results indicated a high proportion of false positives, especially for MPS I (46 for
MPS I, 7 for MPS VI, 0 for Fabry, 14 for Gaucher, and 25 for Pompe). Urinary GAGs were measured by
DMB to investigate the babies who tested positive for MPS (35 urines for the suspected MPS I out of 46
and 2 urines of the 6 suspected MPS VI), but all babies with available urine samples had normal GAG
results [35].

2.5. Pilot Newborn Screening Program for Six LSDs in a Research Laboratory in Brazil

Lastly, our group is currently performing an NBS pilot study for 6 LSDs (Fabry disease, Gaucher
disease, Krabbe disease, MPS I, ASMD, and Pompe disease) by MS/MS, with the target to screen
20,000 newborns.
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Currently, 11,808 newborns have been analyzed, with two cases of Fabry disease and two cases
of Pompe disease detected so far. In one baby, a low IDUA activity was reported (0.22 nmoL/h/mL;
cutoff < 0.31 nmoL/h/mL; daily median for general newborns: 5.18 nmoL/h/mL) (Figure 1).
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Figure 1. The alpha-iduronidase (IDUA) activities in a selected newborn with low IDUA and a newborn
with normal levels of IDUA. (A) IDUA product peak area (red box) of 68,880, resulting in a low IDUA
of 0.22 nmoL/h/mL; (B) IDUA product peak area (red box) of 1,170,238, resulting in an activity of
4.7 nmolL/h/mL in a random newborn sample.

This sample was analyzed for GAGs in the same DBS used for the IDUA quantification to
confirm if it was a true positive or a pseudodeficiency. The GAG levels measured in DBS by liquid
chromatography tandem mass spectrometry (LC/MS/MS) were below the cutoff, confirming that the
low IDUA level was due to a pseudodeficiency (Figure 2).
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Figure 2. GAG levels in the screen positive sample for IDUA by LC/MS/MS. (A) Peak areas (red boxes)
of dermatan sulfate (DS), heparan sulfate-0S (HS-0S), and heparan sulfate-NS (HS-NS), respectively.
(B) GAG quantification in the screened positive sample for IDUA compared to the cutoff for the
newborn MPS I samples.
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This DBS sample was also analyzed by next-generation sequencing (NGS) on the Ion S5 System
platform (Thermo Scientific™, Waltham, MA, USA) employing a customized and validated panel
(Ion AmpliSeq™ Thermo Scientific™), including the IDUA gene [36].

Raw sequencing data were analyzed on the bioinformatics platform Ion Torrent Suite and Ion
Reporter (Thermo Scientific™) v.5. A list of detected sequence variants, including single nucleotide
polymorphisms (SNPs) and small insertions/deletions, was imported into the Ion Reporter™ v5.16.0.1
(Thermo Fisher Scientific™) for annotation.

Alignments were visually verified with the Integrative Genomics Viewer (IGV) v2.3. Mutation
Taster [37] and Human Splice Finder [38] were used as pathogenicity prediction tools. The DNA was
extracted from the same DBS following an in-house protocol. We have identified three variants in
heterozygosity when compared with the reference sequence (NM_000203.4) (Table 1).

Table 1. Next-generation sequencing results of the IDUA gene.

Locus Reference  Genotype Coverage <cDNA Protein dbSNP
Chr4:981673 G G/A 155 c235G > A p-Ala79Thr rs58037052
Chr4:981734 C C/T 158 c296C>T p-Thr99lle rs147490060
Chr4:995294 G G/C 343 ¢532G>C  p.Glul78GIn  rs992336192

Two of the variants found, p.Ala79Thr and p.Thr99Ile, have been reported as causing
pseudodeficiency [20]. The third variant has not been described in the literature. For the pathogenicity
analysis, in silico programs were used, and predicted this variant as probably damaging (Figure 3).
However, according to the American College of Medical Genetics (ACMG) criteria [39], this variant
was classified as a variant of uncertain significance (VUS).
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Figure 3. PolyPhen score of 1.000 for the variant p.Glu178GIn. This score predicts the variant to be
probably damaging after in silico analysis [40].

Another variant in the same codon has been described in patients with Hurler syndrome
(p-Glul78Lys) [41] when combined with another pathogenic variant associated with the severe
phenotype. Thus, we conclude that this newborn carries variants associated with pseudodeficiency
and carries also a VUS (p.Glul78Gln), which leads to low IDUA activity, but it does not have MPS 1
and could be classified as having pseudodeficiency. No other sample has been identified with low
IDUA until this moment.
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3. Discussion

Newborn screening has a clear impact on reducing the morbidity and mortality of several treatable
disorders, aiding to decrease the disease burden in the patient’s life and its effects on healthcare
costs [26]. To the best of our knowledge, until this moment, only Brazil and Mexico have started pilot
studies for the implementation of NBS for MPS in Latin America. There are still several limitations
for this implementation in Latin American countries: the limited budget of the countries for NBS
programs, the limited capacity of NBS laboratories, prioritization of screening for more traditional
disorders with higher incidence and best-known screening advantages, lack of awareness about the
MPS as to the benefits of their early diagnosis/early treatment, and high cost of therapies for MPS.

Although only MPS I and MPS VI have been included in the pilots performed so far, the availability
of methodologies for multiplex screening by LC/MS/MS for MPS II, MPS I1IB, MPS IVA, and MPS VII
will allow the testing for these conditions, which have therapies already available or in development,
to be added to pilot screening panels soon.

Other limitations that may be faced during the implementation of NBS for MPS, which are
phenotypically very heterogeneous, are the challenges of predicting the phenotype, the choice of the
most appropriate treatment for each case (ERT versus HSCT, and in a very short future, probably also
ERT with fusion proteins, gene therapy, and gene editing), and the cost of the assays. The finding of
VUS and pseudodeficiencies may also be a challenge if biomarker measurements (GAG analyses) are
not performed [42]. We should also mention the ethical issues related to the identification of carriers
and genetic variants in other genes if large gene panels, exomes, or whole-genome sequencing are
employed [43].

It is also important to note that enzyme assays by MS/MS or DMF are recommended to be the
first-tier test, to avoid false positives [42,44]. A GAG assay in the same DBS could be performed as a
second-tier test, but not as a first-tier test due to the high number of false positives (GAGs can also be
elevated in other conditions) [45-47]. Some centers might prefer to perform sequencing as a second-tier
test, but this could lead to unclear conclusions when a VUS is found. Thus, we recommend analyzing
the enzyme as a first-tier test followed by GAGs in the same DBS (to avoid recollection and generation
of parental anxiety), and then to perform molecular analysis. False positives can also be reduced
by the use of post-analytical interpretation tools, such as the Collaborative Laboratory Integrated
Reports (CLIRs) [47]. After the confirmatory testing, it is recommended to perform a follow-up with
clinical evaluation and to start the appropriate treatment as indicated by the therapeutic guidelines.
The interaction between the laboratory group and the clinical follow-up team is essential for the
achievement of better outcomes [48].

Another important aspect to recommend is the conduction of pilot studies before the implementation
of the screening program because they aid with validation, the establishment of cutoffs, estimation of
costs, definition of program algorithms, and also provide useful information for governments to take
the appropriate action [49].

4. Conclusions

Newborn screening targets conditions that are usually asymptomatic at birth, in which the
introduction of therapy before the irreversible disease manifestations have occurred lead to a significant
and positive change in its clinical course. New technologies of screening and therapy are driving the
evolution of such screening to have more disorders added to the NBS panels. Nowadays, even complex
diseases such as MPS become a potential target for NBS, and it now seems that it is just a matter of time
before MPS screening will happen on a large scale worldwide, enabling early and timely identification
and avoiding the long diagnostic odyssey that is experienced by most patients, whose treatment could
only start years after patients become symptomatic and already have irreversible sequelae.
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