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Abstract Hunter disease (Mucopolysaccharidosis type II,
MPS 1I) is an X-linked lysosomal storage disorder caused
by deficiency of iduronate-2-sulfatase (IDS). Two main
therapies have been reported for MPS II patients: enzyme-
replacement therapy (ERT) and hematopoietic stem-cell
transplantation (HSCT). Both treatment modalities have
been shown to improve some symptoms, but the results
with regard to cognitive functioning have been poor. Early
initiation of therapy, i.e., before neurological symptoms
have manifested, may alter cognitive outcome. The need for
early identification makes Hunter disease a candidate for
newborn screening (NBS). Our objective was to explore the
use of a fluorometric assay that could be applicable for
high-throughput analysis of IDS activity in dried blood
spots (DBS). The median IDS activity in DBS samples
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from 1,426 newborns was 377 pmol/punch/17 h (range
78—1111). The IDS activity in one sample was repeatedly
under the cutoff value (set at 20% of the median value),
which would imply a recall rate of 0.07%. A sample from a
clinically diagnosed MPS II individual, included in each
96-well test plate, had IDS activities well below the 20%
cutoff value. Coefficients of variation in quality control
samples with low, medium, and high IDS activities (190,
304, and 430 pmol/punch/17 h, respectively) were 12% to
16%. This small-scale pilot study shows that newborn
screening for Hunter disease using a fluorometric assay in
DBS is technically feasible with a fairly low recall rate.
NBS may allow for identification of infants with Hunter
disease before clinical symptoms become evident enabling
early intervention.

Abbreviations
4MU  4-methylumbelliferrone

BMT  Bone marrow transplantation

DBS  Dried blood spot

ERT Enzyme-replacement therapy

HSCT Hematopoietic stem-cell transplantation

IDS Iduronate-2-sulfatase

MPS  Mucopolysaccharidosis
NBS  Newborn screening
Introduction

Hunter disease (Mucopolysaccharidosis type II, MPS II,
OMIM 309900) is an X-linked lysosomal storage disorder
caused by deficiency of iduronate-2-sulfatase (IDS) (Wraith
et al. 2008). IDS deficiency results in accumulation of
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dermatan sulfate and heparan sulfate in various tissues and
elevated levels in urine. Like many other lysosomal storage
disorders, MPS II is clinically heterogeneous with a
spectrum of disease severity ranging from childhood to
adult presentation. Typical clinical features include coarse
facies, dysostosis multiplex, joint stiffness/contractures,
obstructive and restrictive airway disease, recurrent infec-
tions, hepatosplenomegaly, umbilical/inguinal hernias, and
cardiac valve disease (Burton and Giugliani 2012). Chil-
dren with severe MPS II also suffer from mental retarda-
tion, while patients with a more attenuated form usually
have normal intelligence (Holt et al. 2011).

Two modes of therapeutic interventions are applied in
MPS 1II: enzyme-replacement therapy (ERT) and bone
marrow or hematopoietic stem-cell transplantation (BMT/
HSCT). ERT has been shown to improve a number of
symptoms (Muenzer et al. 2012; Wraith et al. 2008; Scarpa
et al. 2011), but does not prevent mental retardation since
the intravenously administered ERT does not cross the
blood—brain barrier. HSCT has the potential advantage that
transplanted cells are able to cross the blood—brain barrier
and to differentiate into microglia providing an IDS enzyme
source in the CNS. Unfortunately, the results of BMT/
HSCT in MPS II have been variable (Vellodi et al. 1999;
Krivit 2004; Guffon et al. 2009; Scarpa et al. 2011; Tanaka
et al. 2012). As reported for ERT, positive effects included
resolution of hepatosplenomegaly and stabilization of
cardiac abnormalities, but neurological function in patients
with the severe disease phenotype did not improve (Guffon
et al. 2009). However, these data are limited to BMT
performed in patients that already had cognitive decline.
The possibility remains that early intervention by HSCT
(e.g., before the age of 1 year) may change disease
progression with respect to neurological symptoms. Early
HSCT of patients with Hunter syndrome has not been
reported to date. However, for other lysosomal storage
disorders the benefits of early treatment have been shown,
including Hurler disease (Boelens et al. 2013). Early
intervention requires identification of patients at a very
early age, before clinical features have become evident, i.e.,
by newborn screening (NBS) (Marsden and Levy 2010;
Zhou et al. 2011). NBS has been reported for a number of
lysosomal storage disorders including Pompe disease
(Chien et al. 2008; Dajnoki et al. 2008), Fabry disease
(Dajnoki et al. 2010), and Krabbe disease (Orsini et al.
2009), but not for MPS II. Enzymatic assays for measuring
the IDS activity in dried blood spots have been described in
fluorometric (Oemardien et al. 2011; Tolun et al. 2012) and
in tandem mass spectrometric (Wolfe et al. 2011) platforms.
In these studies small numbers of samples (<100) were
used to show that the assays could be performed success-
fully, but to date analysis of IDS activity in large number of
DBS samples has not yet been reported. Our objective was
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to investigate the suitability of the 4MU-based fluorometric
assay for a routine diagnostic laboratory setting using
microplate technology with a relatively large number of
1,426 DBS samples.

Materials and Methods
DBS Samples

Anonymous DBS samples, residues from routine newborn
screening, were obtained from the National Institute for
Public Health and the Environment (RIVM). To obtain a
representative selection of the Dutch population, random
samples were taken from all Dutch provinces in numbers
proportional to the number of newborns per province. DBS
were thoroughly air dried and stored at 4°C in sealed plastic
bags. The samples were 2-3 years old at the time the
enzyme assays were performed. Disease-positive DBS were
obtained from a clinically diagnosed MPS II individual.
Quality control DBS, manufactured to contain low (QC
low), medium (QC medium), and high (QC high) lyso-
somal enzyme activities, were provided by Dr. Hui Zhou
from the Centers for Disease Control and Prevention,
Atlanta, Georgia (De Jesus et al. 2009).

This study was approved by the Erasmus University
Medical Center Institutional Review Board.

Enzyme Assay

Iduronate-2-sulfatase (IDS) activities were determined essen-
tially as described previously (Voznyi et al. 2001; Civallero
et al. 2006; Oemardien et al. 2011), but using 96-well
microplates instead of reaction vials. Briefly, a 3.2 mm
DBS punch was placed in a microplate well and incubated
for 17 h with 40 pL reaction mixture (1.25 mmol/L
4-methylumbelliferryl-o-L-iduronate 2-sulfate (Moscerdam,
Oecgstgeest, The Netherlands), 10 mmol/L lead acetate,
100 mmol/L sodium acetate pH 5), and 20 pL of a solution
containing 1 pg/mL recombinant human o-L-iduronidase
(Tolun et al. 2012) (R&D Systems, commercial preparation
diluted in water containing 0.2% BSA). Following 17-h
incubation at 37°C, the plates were placed on ice and
protein precipitation was performed by addition of 30 pL
16% trichloroacetic acid. After 10 min, the plates were
centrifuged for 5 min at 1,500g and 4°C. Subsequently,
60 pL supernatant from each well was transferred to the
corresponding well of a 96-well Optiplate (Perkin Elmer)
using a Microlab Star liquid handling workstation (Hamil-
ton), and 200 pL sodium carbonate buffer (pH 10.7)
containing 0.25% Triton X-100 was added to enhance the
fluorescence of the reaction product 4-methylumbelliferone
(4MU).
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Fig. 1 Iduronate-2-sulfatase activities in anonymous newborn screening filter cards (n = 1426). The box represents those results within the
25th to 75th percentiles, the error bars show the range of enzyme activities and the horizontal line the median

Following mixing, fluorescence intensity was measured
with a fluorometer (Varioskan, Thermo Electron Corporation)
at an excitation wavelength of 365 nm and an emission
wavelength of 448 nm. Each 96-wel plate included 90
unknown samples, two blanks (blank filter paper punch), one
MPS 1I patient sample, and one of the three different QC
samples. The last two wells were used for a calibrator (60 pL
of 12.5 pmol/L 4-methylumbelliferone), which was added
after the 17-h incubation and included in the subsequent
sample processing steps. IDS activities were calculated by
subtracting the blank value and converting fluorescence
readings to pmol 4MU per 3.2 mm punch per 17 hours
(pmol/punch/17 h).

Results and Discussion

IDS activity was determined in 1,426 DBS from newborns.
The median activity was 377 pmol/punch/17 h (Fig. 1)
(range 78—1111, average 388, SD 118). For each 96-well
plate, specimens with an activity less than 20% of the plate
median value (in total 7 of the 1,426 samples; 0.5%) were
retested using a second punch from the original blood spot
card. Six of the seven originally positive samples had
normal IDS activity in the second testing. The false-positive
outcomes must have been caused by erroneous sample or
liquid handling. Inclusion of a second enzyme assay in the
first testing could have allowed discriminating between
these two possibilities, but would have required blood-spot
extraction and sample splitting before substrate addition.

The IDS activity in one of the seven originally positive
samples remained below the cutoff value upon retesting.
Since the NBS cards used in our study were de-identified
and not traceable to a person, we could not confirm the low
IDS activity in a fresh blood sample from this newborn. A
disease-positive control sample (i.e., from an MPS II
individual) was blindly loaded at different positions in each
of the 17 microplates that were used to analyze the 1,426
samples. All these MPS II samples had IDS activity well
below the 20% cutoff value (Fig. 2; mean activity —21
pmol/punch/17 h). The negative value is due to the method
we used to calculate the activity, which includes subtraction
of the blank.

Intra-assay variation was 11% (mean value of two different
samples). QC samples provided by the CDC had the following
mean IDS activities in pmol/punch/17 h: QC low 190 (SD 23;
n = 5), QC medium 304 (SD 41; n = 6), and QC high 430
(SD 69; n = 5). Inter-assay variation coefficients calculated
from these values were 12% to 16%. The QC low and QC
high specimen clearly had distinct values, but a relatively
high activity was recorded for the QC low specimen. In
contrast, other lysosomal enzymes, such as o-glucosidase,
a-galactosidase, and a-L-iduronidase, had very low activities
in the QC low sample compared to QC medium and QC
high in our laboratory (results to be published elsewhere), as
well as other laboratories (De Jesus et al. 2009). We do not
have an obvious explanation for high IDS activity in the QC
low sample, but this may be accounted for by the DBS
preparation procedure, which includes mixing of several
blood fractions, including serum, and the notion that
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Fig. 2 lduronate-2-sulfatase activities in anonymous newborn
screening filter cards (n = 1426) and DBS obtained from an
established MPS II patient. Seventeen microplates were required to
test all samples. On the horizontal axis, the microplate number is
indicated. On the vertical axis, the following IDS activities are

considerable IDS activity is present in plasma. IDS activity
was stable for at least 2 months in DBS stored at 4°C. After
2 months of storage, IDS activities in the three different QC
samples were 86% to 103% of the original value confirming
previous results (Tolun et al. 2012).

Importantly, in our study only one infant would be recalled
for confirmation in a second sample. Based on this result, the
recall rate would be 0.07%. Although this number remains to
be confirmed by larger studies, it is comparable to the results
obtained in studies for other lysosomal storage disorders:
Pompe disease (0.039%) (Dajnoki et al. 2008) and Krabbe
disease (0.06%) (Orsini et al. 2009). A higher recall rate
(0.82%) was reported by Chien et al. for Pompe NBS in
Taiwan, but this likely results from a common o-glucosidase
variant with low enzyme activity present in the Asian
population (Chien et al. 2008). After several more years’
experience with implementation of NBS for Pompe in
Taiwan, the screening algorithm has been recalculated to
achieve a recall rate of 0.009% (41 of 473,738 infants,
calculated by us on the basis of the study by Chiang et al.
(2012)). Our study did not allow estimation of a false-
negative rate.

The fluorometry-based method is easily implemented in a
routine diagnostic laboratory, but has as disadvantage that the
4MU-based enzyme assay used to determine IDS activity is
rather expensive due to the high substrate cost (5 US$ per
sample). Downscaling the assay volume, for instance, by
employing digital microfluidics (DMF) as recently described
(Sista et al. 2011), might reduce the costs, although the cost
structure using disposable cartridges is not yet clear.
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depicted: the median IDS activity calculated for 90 newborn screening
DBS samples included in each plate (M), the value corresponding to
20% of the plate median activity (O, used as the cutoff value to
identify samples that were analyzed a second time), and the value
obtained for an MPS II sample included in each plate (&)

Conclusion

This small-scale pilot study shows that newborn screening
for Hunter disease using a fluorometric assay in DBS is
feasible and has a fairly low recall rate. The assay is ideally
performed overnight, requires 1-2-h hands-on time after
punching, and gives a result within 24 h of sample receipt.
NBS may allow for identification of infants with Hunter
disease before clinical symptoms become evident enabling
early intervention by, e.g., ERT or HSCT.
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