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Abstract

Newborn screening (NBS) for the full set of mucopolysaccharidoses (MPSs) is now possible by 

either measuring all of the relevant enzymatic activities in dried blood spots (DBS) using tandem 

mass spectrometry followed by measurement of accumulated glycosaminoglycans (GAGs) or the 

vice-versa approach. In this study we considered multiple factors in detail including reagent costs, 

time per analysis, false positive rates, instrumentation requirements, and multiplexing capability. 

Both NBS approaches are found to provide acceptable solutions for comprehensive MPS NBS, but 

the enzyme-first approach allows for better multiplexing to include numerous additional diseases 

that are appropriate for NBS expansion. By using a two-tier NBS approach, the false positive and 

false negatives rates are expected to acceptably low and close to zero.

1. Introduction

MPS disorders result from deficiency of one of several enzymes that are required for 

degradation of GAGs in lysosomes. NBS for a subset of MPSs is ongoing worldwide. In the 

United States, MPS-I was added to the Recommended Uniform Screening Panel (RUSP), 

and several states have started MPS-I newborn screening. The Netherlands also screens for 

MPS-I. More recently, MPS-II was added to the RUSP, and Illinois [1] and Missouri [2] 
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have started to screen for this disorder. Taiwan screens for MPS-I and MPS-II but also 

MPS-IVA, and MPS-VI [3].

NBS for these MPSs is warranted because of the availability of treatment options (enzyme 

replacement therapy and haematopoietic stem cell transplantation) that work best if carried 

out as early in life as possible. Enzyme replacement therapy also is approved for MPS-VII 

but this MPS is not included in any NBS programs. Development of NBS methods for the 

other MPS substrates is of interest because of the ongoing clinical development of novel 

therapies including enzyme replacement therapy and gene therapy.

2. Multiplexed LC-MS/MS assays of enzymatic activities relevant to MPSs.

LC-MS/MS assays of MPS enzymes was developed by the Gelb laboratory, and the most 

recent work includes all MPS subtypes except MPS-X [4]. A cassette of substrates, each 

specific for the enzyme relevant to each MPS disorder, are incubated in assay buffer 

together with a DBS punch. To cover all of the MPS subtypes, 2 DBS punches and 2 assay 

cocktails are used. After incubation to allow enzymatic product formation, both mixtures 

are combined for a single injection into the mass spectrometer for LC-MS/MS analysis [4]. 

Detection of the MPS-IIID enzyme was limited to leukocytes and fibroblasts; use of dried 

blood spots (DBS) did not lead to detectable enzymatic activity [4]. However, recent studies 

have shown that DBS extract contains endogenous inhibitory factors that reduce the activity 

of the MPS-IIID enzyme and that adequate activity can be detected if the extracted is diluted 

(Liu and Gelb, submitted). MPS-X is the most recently discovered MPS subtype due to 

deficiency of arylsulfatase K, and only a few patients have been identified [5]. Presumably a 

suitable enzymatic activity assay could be developed and multiplexed with the other MPSs.

3. GAG analysis.

In all MPS subtypes, one or more GAG molecular species accumulates due to deficiency 

of one of the enzymes required for GAG degradation in lysosomes. GAGs occur as 

multiple classes (heparan sulfate, dermatan sulfate, chondroitin sulfate, keratan sulfate and 

hyaluronan). Each class contains a complex mixture of molecular species owing to semi-

random additional modification of the disaccharide repeat units (sulfation, acetylation, and 

C5 epimerization). Given the structural complexity and the high molecular weight of the 

full-length GAGs, these polymers are typically enzymatically degraded in vitro to give a 

manageable number of disaccharide repeat units that can be analyzed by LC-MS/MS. This 

is the classical GAG analysis method, referred to in this article as the Internal Disaccharide 

method [6][7]. A related method is to degrade the polymers by heating in methanol or 

butanol to give alkyl glycoside units that can also be analyzed by LC-MS/MS [8]. Both 

the enzymatic and non-enzymatic degradation methods are surrogates for measuring the 

amounts of the full-length GAG polymers as the amounts of disaccharides should be 

proportional to the amounts of the polymers.

Two additional GAG analysis methods involve the quantification of the non-reducing end 

(NRE) of the GAG polymer. In one method, Sensi-pro [9], full-length GAG polymers are 

first digested with bacterial enzymes to give many internal disaccharides per GAG polymer 

Herbst et al. Page 2

Mol Genet Metab. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and a single copy of the non-reducing end. The mixture is chemically derivatized, and the 

non-reducing end is quantified by LC-MS/MS. The second non-reducing end method is 

the Endogenous NRE method which uses LC-MS/MS to detect non-reducing end GAG 

fragments that exist endogenously in biological samples [10]. These markers are also 

chemically derivatized prior to LC-MS/MS analysis.

4. Two-tier analysis for minimizing false positives in NBS of MPSs.

It is well established that false positives are common in NBS of MPSs when only a single 

method is used (enzymatic activity or GAG analysis). Thus, high precision NBS requires 

one of 2 possible 2-tier approaches. One method is to first measure the enzymatic activity 

in DBS and to pass all below-cutoff DBS to a second-tier GAG analysis using the same 

DBS so it can be done as part of NBS. The alternative is to measure GAG levels first and 

to explore the deficiency of one of the relevant enzymes if one or more GAG molecular 

species is elevated. Here, we consider these two options in detail with an effort to consider 

all factors including reagent costs, time per analysis, rates of false positives, instrumentation 

requirements, and multiplexing capability.

Consideration of the two NBS options first requires further discussion of GAG analysis 

methods. We have carried out a detailed comparison of the Internal Disaccharide and 

Endogenous NRE methods using newborn DBS from MPS-I [7], MPS-II [11] and MPS-

IIIA, -IIIB, -IIIC, -IIID, -IVA, -VI, and -VII [12]. We also included GM1-gangliosidosis 

because GAG biomarkers are well known to accumulate in urine from these patients. 

Comparative studies with Sensi-pro were carried out for MPS-I only [7], and since it did 

not outperform the Internal Disaccharide method and is a much more laborious method, we 

did not study Sensi-pro for the other MPS types. Results show that the Endogenous NRE 

method greatly outperforms the other methods in terms of the number of false positives. 

To date there is no evidence for false positives using the Endogenous NRE method with 

DBS. Despite this success of the Endogenous NRE method, it is very unlikely to be used 

for first-tier NBS of MPSs. Because there is only 1 NRE per GAG polymer versus hundreds 

of internal disaccharides per polymer, NRE methods require a mass spectrometer that is 

much more sensitive than those typically used for first-tier NBS in NBS laboratories. Even 

if top-end machines could be installed in NBS laboratories, they would not hold up to 

hundreds of samples per day as they would require extensive cleaning on a schedule that is 

not appropriate for first-tier NBS. Sensi-pro would present the same issues, and also is not 

the method of choice as noted above. This leaves the Internal Disaccharide method as the 

only viable GAG-based, first-tier option for NBS of MPSs.

Table 1 compares a number of features of NBS for all MPSs except MPS-X based on 

enzymatic activity assay followed by GAG analysis or the vice-versa approach. For GAG 

analysis, two 3 mm DBS punches are needed per newborn, 1 for digestion with Heparinases 

I, II, and III, and chonroitinase B for MPS-I, -II, -IIIA, -IIIB, -IIIC, -IIID, and -VI and one 

for digestion with chondroitinase ABC for MPS-VI and -VII [7][11][12]. Keratanase II can 

be omitted for DBS analysis since keratan sulfate-derived GAG internal disaccharides are 

not informative for MPS-IVA [12]. Enzymatic assays also require 2 punches because two 

buffers are required to cover all the MPSs [4].
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Cost is a factor in considering first-tier NBS methods. The Internal Disaccharide method 

requires a collection of commercial bacterial enzymes for GAG degradation. To minimize 

costs, we report for the first time in this chapter a study of the minimum amounts of bacterial 

enzymes that support full GAG degradation. We started with the amounts of bacterial 

enzymes reported in the literature and systematically reduced each enzyme in increments 

while following the LC-MS/MS signals for each GAG-derived disaccharide. Results in 

Supplemental Figure S1 establishes the minimum amounts of GAG degrading enzymes that 

can be used without a observed decrease in the MS/MS signal for the biomarker. Table 

1 gives the estimated cost for GAG digestion enzymes on a per newborn basis and with 

the established minimal enzyme amounts used. We also give the estimate cost for the set 

of MPS enzyme substrates and internal standards required for the multiplex, LC-MS/MS, 

enzymatic activity assay. Costs for GAG analysis reagents is about 10-fold less than for 

enzymatic activity analysis (Table 1). Full details of the cost estimations are given in 

Supplemental Material S1 and S2.

The NBS analysis time is compared for the first-tier GAG versus first-tier enzymatic assay 

methods (Table 1). GAG analysis requires overnight incubation with bacterial enzymes, 

and the enzymatic activity assay requires overnight incubation with substrates. Thus, in 

both cases LC-MS/MS could be started in the afternoon of Day 2 (after the few hours 

of post-incubation workup time). The LC-MS/MS analysis time per newborn is 2.1 min 

for the multiplex enzymatic activity analysis [13][4]. Published LC-MS/MS run times per 

newborn for the GAG Internal Disaccharide method are about 5 min per newborn [14]. 

Based on our own non-published studies, the LC-MS/MS run time can be reduced to 2.5 min 

without compromising biomarker quantification (Supplemental Material S3). Thus, for both 

methods, NBS results would be available in the morning of day 3 with a throughput of about 

429 newborns per LC-MS/MS instrument (Table 1) (Supplemental Material S3).

Table 1 also provides typical examples of LC-MS/MS instruments that have sufficient 

sensitivity to detect either the GAG-derived biomarkers or the enzymatic products. This 

is based on actual experimentation in our laboratory. GAG analysis by the Internal 

Disaccharide requires mass spectrometers that are more sensitive than those used for 

enzymatic activity assays (Table 1). Non-reducing end, GAG methods require even more 

sensitive machines that those listed in Table 1 (as noted above).

False positive rates for first-tier GAG analysis using the Internal Disaccharide method are 

shown in Table 1. Details of the estimates are given in Supplemental Material S4. For 

GAG analysis, the false positive rates are sufficiently high such that reasonably accurate 

estimates can be made from published analysis of only ~200 newborn DBS [7][11][12]. 

False positive rates for first-tier enzymatic activity assays (Table 1) come from a study 

of ~100,000 random newborn DBS [15]. Results of this study are similar to those from 

two other laboratories [3][16]. The total false positive rate for all MPSs using the GAG 

method is 13.5%, 192-fold higher than the total false positive rate for the enzymatic activity 

assay (0.07%) (Table 1). The GAG method gives a very high false positive rate of 7% for 

MPS-IVA (Table 1), and this value is similar to the rate reported by Tomatsu and colleagues 

using plasma from non-newborn MPS-IVA patients [17]. While keratan sulfatide-derived 

GAG biomarkers are useful for diagnosis of MPS-IVA using urine, they are not useful fr 
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DBS due to massive overlap to the reference range [12]. Values for MPS-I, -II, and MPS-III 

are similar between our studies [11][7][12] and those reported in a pilot study by Tomatsu 

and colleagues [14].

The Internal Disaccharide GAG and enzymatic activity assays use completely different LC 

columns. The former uses a HyperCarb porous graphitic carbon column, which functions as 

a hybrid reverse-phase/normal-phase matrix, and the latter uses a reverse-phase column. It 

may be possible to add a hydrophobic derivative to the GAG biomarkers so that they could 

be analyzed with a reverse column and thus possibly in the same multiplex LC-MS/MS run 

as the enzymatic activity assay. However, the GAG biomarkers must be analyzed in negative 

ion mode whereas most of the analytes in the enzymatic activity assay require positive ion 

mode. Because of the large number of analytes, it is highly unlikely that on-the-fly polarity 

switching of the electrospray ionization source would be feasible. Thus, it seems certain that 

first-tier GAG analysis would require a separate set of LC-MS/MS instruments from those 

used for the enzymatic activity panel (Table 1).

The Endogenous NRE GAG method works well using DBS for NBS of GM1-

gangliosidosis, but the Internal Disaccharide GAG method does not work with DBS [12]. 

This is because the Internal Disaccharide markers are derived from keratan sulfate, and the 

overlap with the reference range is massive (as noted above for MPS-IVA). Thus, any NBS 

program that includes GM1-gangliosidosis will have to include first-tier measurement of 

betagalactosidase activity as part of the multiplex enzymatic activity LC-MS/MS run. As 

noted above, first-tier analysis using the Endogenous NRE GAG method is not feasible.

5. Concluding remarks.

NBS for the full set of MPSs is feasible. Furthermore, multiplexing allows for NBS of all 

MPSs with essentially no additional demands on time per analyses and staffing requirements 

beyond what is already used for NBS of several other non-MPS diseases. This is only 

feasible with the use of the LC-MS/MS. Fluorescence enzymatic activity assays provide a 

platform for NBS of a subset of these diseases but cannot be used for GAG analysis.

One can consider first-tier NBS for MPSs and second-tier DNA sequencing of the relevant 

gene instead of GAG analysis. The recent study from the California NBS laboratory for 

MPS-I shows that DNA sequencing is much less useful than GAG analysis for reducing 

false positives arising from first-tier assay of enzymatic activity [18].

After careful consideration of all the factors associated with first-tier enzymatic activity 

assay followed by second-tier GAG analysis versus the vice-versa approach (Table 1) we 

conclude that both methods provide good solutions to NBS for the full set of MPSs with 

essentially complete elimination of false positives. However, based on the integration of all 

factors, the most logical method is first-tier enzymatic assay followed by second-tier GAG 

analysis. The main driver of this conclusion is that first-tier GAG analysis would require a 

second set of LC-MS/MS instruments on top of the LC-MS/MS instruments being used for 

multiplex analysis of other diseases including several non-MPS lysosomal storage diseases 

now part of NBS panels worldwide. Doubling of the number of LC-MS/MS instruments and 
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associated staff would essentially negate the savings in costs afforded by avoiding relatively 

expensive enzyme substrates (Table 1). On the other hand, with first-tier enzymatic activity 

assay, only a single additional LC-MS/MS workstation would be needed for second tier 

GAG analysis on the relatively small number of samples where a below-cutoff enzymatic 

activity is observed.

The power of LC-MS/MS for multiplexing is obvious in our report of an 18-plex assay 

that includes enzymatic activity assay for several diseases as well as lipid biomarker assay 

of X-linked adrenoleukodystrophy and metachromatic leukodystrophy [13]. This method 

is fast enough for population NBS with a sample inject-to-inject time of 2.1 min. This is 

the method that is currently being used in the New York NBS laboratory as part of the 

ScreenPlus program for prospective piloting of 14 diseases that represent an expansion of 

NBS [19].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.

NBS for MPSs by first-tier enzymatic activity versus GAG biomarker analysis.

MPS First-Tier 
NBS Method

Number 
of 3 mm 
DBS 
punches 
per 
newborn

Reagent Costs 
per Newborn2

Analysis Time2 LC-MS/MS 
instrument 
models 
required2

False positive rate 
after first-tier NBS2

Additional 
comments

Internal 
Disaccharide 
GAG LC-
MS/MS 
Analysis

2 $0.46 Results are 
ready in the 
morning of day 
3 at a 
throughput of 
429 newborns 
per LC-MS/MS 
instrument

PerkinElmer 
QSight 400 
series, Waters 
TQ-S, Sciex 
5500

MPS-I and -II 
(1.6%) MPS-IIIA-D 
(4.9%) MPS-IVA 
(7%) MPS-VI and 
-VII (0%)
TOTAL 13.5%

GAG analysis 
requires a 
dedicated LC-
MS/MS station with 
chromatography 
appropriate for gAg 
fragments.

Multiplex LC-
MS/MS 
Enzymatic 
Activity

2 $6.00 (including 
GM1-
gangliosidosis)

Similar for first-
tier GAG NBS

Waters TQD or 
Xevo TQ

MPS-I (0.004%) 
MPS-II (0.017%) 
MPS-IIIA (0.017%) 
MPS-IIIB (0%) 
MPS-IIIC (0.017%) 
MPS-IVA (0.0076%) 
MPS-VI (0.0038%) 
MPS-VII (0%)
TOTAL 0.07%

Multiplexable with 
many other non- 
MPS diseases.

1
GAG first-tier analysis also finds multiple sulfatase deficiency but not GM1- gangliosidosis, but enzymatic activity first-tier analysis finds both.

2
Full details of the estimation is provided as Supplemental Material.
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