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Abstract

BACKGROUND—There is worldwide interest in newborn screening for lysosomal storage 

diseases because of the development of treatment options that give better results when carried out 

early in life. Screens with high differentiation between affected and nonaffected individuals are 

critical because of the large number of potential false positives.

CONTENT—This review summarizes 3 screening methods: (a) direct assay of enzymatic 

activities using tandem mass spectrometry or fluorometry, (b) immunocapture-based measurement 

of lysosomal enzyme abundance, and (c) measurement of biomarkers. Assay performance is 

compared on the basis of small-scale studies as well as on large-scale pilot studies of mass 

spectrometric and fluorometric screens.

SUMMARY—Tandem mass spectrometry and fluorometry techniques for direct assay of 

lysosomal enzymatic activity in dried blood spots have emerged as the most studied approaches. 

Comparative mass spectrometry vs fluorometry studies show that the former better differentiates 

between nonaffected vs affected individuals. This in turn leads to a manageable number of screen 

positives that can be further evaluated with second-tier methods.

Classical lysosomal storage diseases (LSDs)4 are a collection of at least 50 inborn errors of 

metabolism resulting from a deficiency in the function of lysosomal enzymes and 

transporters (1). Buildup of one or more cellular components by a defective lysosomal 

© 2014 American Association for Clinical Chemistry
*Address correspondence to this author at: Department of Chemistry, Campus Box 351700, University of Washington, Seattle, WA 
98195. Fax 206-685-8665; gelb@chem.washington.edu. 

Author Contributions: All authors confirmed they have contributed to the intellectual content of this paper and have met the 
following 3 requirements: (a) significant contributions to the conception and design, acquisition of data, or analysis and interpretation 
of data; (b) drafting or revising the article for intellectual content; and (c) final approval of the published article.
Employment or Leadership: None declared.
Consultant or Advisory Role: M.H. Gelb, PerkinElmer; C.R. Scott, Genzyme.
Stock Ownership: None declared.
Honoraria: None declared.
Expert Testimony: None declared.
Patents: F. Turecek, patent number PCT/US2012/064205.

Authors’ Disclosures or Potential Conflicts of Interest: Upon manuscript submission, all authors completed the author disclosure 
form. Disclosures and/or potential conflicts of interest:
4Nonstandard abbreviations: LSD, lysosomal storage disease; NBS, newborn screening; DBS, dried blood spot on filter paper; 
MS/MS, tandem mass spectrometry; MPS-I, mucopolysaccharidosis-I; UHPLC, ultra–high-pressure liquid chromatography; FIA-
MS/MS, flow injection–MS/MS.

NIH Public Access
Author Manuscript
Clin Chem. Author manuscript; available in PMC 2015 March 02.

Published in final edited form as:
Clin Chem. 2015 February ; 61(2): 335–346. doi:10.1373/clinchem.2014.225771.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



enzyme may lead to cell death and associated tissue dysfunction. Diseases that involve 

aberrant lysosome biogenesis and endosomal–lysosomal trafficking may sometimes lead to 

a storage disorder and may be classified as an LSD under an expanded definition (2). Like 

with many genetic diseases, LSDs can present as a continuum of severity ranging from 

infant- to adult-onset variants.

Newborn screening (NBS) of LSDs has become a topic of intense interest because of the 

development of treatment options for a subset of these disorders and the demonstration that 

initiation of treatment shortly after birth often leads to a better outcome. Treatment options 

include enzyme replacement therapy (3), hematopoietic stem cell transplantation (4), small 

molecular weight drugs (5), and gene therapy combined with hematopoietic stem cell gene 

therapy (6). This review focuses on recent advances in the technologies used for NBS of 

LSDs.

Overall Strategy for NBS of LSDS

Four methods have been considered for NBS of LSDs: (a) direct measurement of lysosomal 

enzymatic activity; (b) direct measurement of lysosomal enzyme abundance; (c) LSD 

biomarker quantification; and (d) sequencing of the gene encoding the lysosomal protein. 

Option (d) can be immediately discounted because we do not have a complete list of LSD 

pathogenic mutations, and technology is still too slow and costly for high-throughput NBS. 

Pathogenic mutation databases for LSDs are available and updated, i.e., for Pompe disease 

(7), but the clinical phenotype of individual mutations is often not known with certainty, in 

large part because most LSD patients are complex heterozygotes, and the pathogenicity of 

many alleles is unknown. For example, the Pompe disease database (7) contains 501 

mutations with the following annotations: 155 as very severe, 137 as potentially less severe, 

5 as presumably nonpathogenic, and 57 as unknown pathogenic significance. The New York 

State NBS laboratory has sequenced the coding regions of the galactosylceramidase (GALC) 

gene in several hundred screen-positive samples out of about 2 million DBS tested for 

Krabbe disease. More than half of these sequences reveal DNA changes of unknown 

pathogenic significance, again showing that DNA sequencing is not appropriate for first-tier 

NBS of LSDs. Sequencing of the coding regions of the causative gene does play a useful 

role in helping to confirm LSD diagnosis (8, 9).

Direct enzyme activity analysis in dried blood spots (DBS) (option 1) has been extensively 

developed in recent years and has been studied in recent large-scale pilot studies. Protein 

abundance measurements (option 2) have also been developed, and the analytical phase of a 

pilot study in Minnesota has been completed (D. Matern, Mayo Clinic, personal 

communication, October 20, 2014). Biomarker analysis for newborn screening of LSDs 

(option 3) is at a relatively early stage of development and holds promise, especially for 

second-tier analyses of samples that are screen positive in enzyme activity screens.
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NBS for LSDs by Direct Measurement of Enzymatic Activities in DBS: 

Methods Based on Tandem Mass Spectrometry

Chamoles and coworkers were the first to show that several lysosomal enzymatic activities 

could be assayed after rehydration of DBS punches with aqueous buffers (10– 15). These 

pioneering studies were done with fluorometric and radiometric assays.

The studies by Chamoles and coworkers were followed by studies from Gelb, Scott, 

Turecek, and coworkers, who used tandem mass spectrometry (MS/MS) and internal 

standards to detect multiple enzymatic products in a multiplex analysis of Fabry, Gaucher, 

Krabbe, mucopolysaccharidosis-I (MPS-I), Niemann-Pick-A/B, and Pompe diseases (16–

18). The work was derived from the well-established use of MS/MS for NBS of amino acid, 

fatty acid, and organic acid inborn errors of metabolism (19). The method was modified 

slightly to make it more compatible with NBS laboratories (20, 21). The necessary MS/MS 

reagents were manufactured by Genzyme Corp. and distributed to NBS laboratories 

worldwide by the CDC along with QC DBS standards (22).

Assay of acid α-glucosidase for the NBS of Pompe disease is problematic because of the 

presence of the interfering enzyme maltase-glucoamylase, which, like the Pompe enzyme, 

displays activity in the low pH range and is present in DBS. The glycohydrolase inhibitor 

acarbose has been shown to selectively inhibit maltase-glucoamylase (16). Millimolar 

concentrations of maltose can also be used to selectively block maltase-glucoamylase, but 

low micromolar concentrations of acarbose give slightly better discrimination among 

nonaffected, Pompe heterozygote, and Pompe homozygote samples (23). An international 

panel of experts, without the participation of the laboratory that reported the results with 

acarbose, has recommended the use of acarbose for NBS of Pompe disease (24). The 

MS/MS method with acarbose was successfully implemented in the first small-scale pilot 

studies of Fabry and Pompe diseases carried out by Bodamer and coworkers in Europe (25, 

26) and is used byHwuet al. in Taiwan in the first-ever live NBS program for Pompe disease 

(27).

The initial versions of the MS/MS methods made use of solid-phase extraction using plugs 

of silica gel to clean up the samples before flow injection into the triple quadrupole MS/MS 

instrument (16, 17, 20, 21). Because of the need to evaporate 4–5 mL of solvent, some NBS 

laboratories expressed concern about the length of time needed for the solid-phase extraction 

step. Variations of the MS/MS method were subsequently developed to facilitate sample 

processing. The groups of la Marca et al. and of Kasper et al. injected the samples onto an 

ultra– high-pressure liquid chromatography (UHPLC) column interfaced directly with the 

MS/MS (28–31). The Kasper team also carried out a seminal newborn screening pilot study 

in Austria, which showed the feasibility of NBS for several LSDs using enzymatic activity 

analysis in DBS based on MS/MS (discussed below) (30). Subsequently, the University of 

Washington team developed a UHPLC-MS/MS assay of a 3-plex LSD assay (32) and a 9-

plex LSD assay (the above-described 6-plex plus MPS-II, -IVA, and -VI) using a single 3-

mm DBS punch incubated with 9 substrates and internal standards in a single buffer (33). 

This nicely highlights the multiplexing capacity of MS/MS. A variation of this assay has 

been piloted in the Illinois NBS laboratory with plans to initiate testing for 6 LSDs in 

Gelb et al. Page 3

Clin Chem. Author manuscript; available in PMC 2015 March 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



October 2014 (http://www.idph.state.il.us/HealthWellness/fs/lysosomal.htm). A recent study 

on the use of UHPLC/MS/MS was also successfully carried out for MPS-I (34).

Despite the successful implementation of the UHPLC/MS-MS methods in NBS laboratories, 

there has been some pushback about the added complexity of using UHPLC. It was found 

that the solid phase extraction step could be replaced by a simple liquid–liquid extraction 

using the nontoxic solvent ethyl acetate. This led to the current 6-plex assay being developed 

by the University of Washington team in collaboration with PerkinElmer Corp. The 6-plex 

is for Fabry, Gaucher, Krabbe, MPS-I, Niemann-Pick-A/B, and Pompe diseases, in which a 

single 3-mm DBS punch is incubated with a mixture of 6 substrates and internal standards in 

a single buffer. After incubation, the reaction is subjected to liquid–liquid extraction 

followed by flow-injection MS/MS (inject-to-inject time of 115 s). This is the final version 

of the 6-plex LSD assay being commercialized by PerkinElmer and will replace the 

Genzyme/CDC reagent distribution program and associated method. A pilot study of this 6-

plex carried out on 100000 random newborns is currently ongoing in the WA state NBS 

laboratory. A 3-plex version of this assay for Fabry, Pompe, and MPS-I was carried out on 

111000 DBS, showing the feasibility of enzyme activity– based NBS of LSDs by MS/MS 

(9, 32) (discussed below).

A key advantage of the MS/MS multiplex assay is based on the fact that multiple enzymes 

are analyzed in a single DBS punch. If all enzymes in the multiplex read low it would flag a 

mishandled DBS so that the assay could be repeated. Furthermore, normalization schemes 

are possible to help control for the variability in the white cell count per DBS punch, i.e., 

low activity for all enzymes in a properly handled DBS punch would signify a low white 

cell count. Such a normalization protocol will be evaluated in the upcoming pilot studies.

NBS for LSDs by Direct Measurement of Enzymatic Activites in DBS: 

Methods Based on Fluorescence

Many, but not all, lysosomal enzymes can be assayed using fluorogenic substrates (10–15, 

35–40). For example, acid α-glucosidase for Pompe disease is assayed with the α-glycoside 

between glucose and 4-methylumbelliferone. The assay is quenched with high pH buffer, 

and the fluorescence of the conjugate base of 4-methylumbelliferone is measured.

Hwu and coworkers have carried out seminal studies on the use of a standard 96-well plate 

fluorometer for NBS of Pompe disease in Taiwan (27, 35). Because of the high prevalence 

of pseudodeficiency alleles in Taiwan, the assay is more complex and involves measurement 

of both acid and neutral α-glucosidase activities in separate fluorometric assays. The latter is 

used in a normalization scheme to help separate Pompe-positive from pseudodeficiency 

samples. An MS/MS version of this duplex assay can be carried out in a single assay with 

the use of a pair of differentially mass-encoded substrates. The use of standard fluorometry 

provides a viable alternative to MS/MS and digital microfluidic fluorescence assays (see 

below) in cases in which 1–2 LSDs are being analyzed. However, the lack of multiplexing 

of standard fluorescence assays will be problematic as more LSDs are analyzed. Because it 

is clear that the number of LSDs entering the NBS arena is increasing, standard fluorometric 

assays provide only a temporary solution, because they cannot be multiplexed. Other 
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limitations of fluorometric assays are noted below. Also, homebrew assays are not always 

possible for LSDs because assay reagents are not available from vendors that supply generic 

reagents. Reagent preparation for fluorometric and MS/MS assays often require more than 

10 synthetic steps and must be carefully analyzed for trace impurities and isomeric mixtures 

that can have a large negative effect on NBS.

Advanced Liquid Logic Inc. (now Baebis, Inc.) has developed a novel fluorometric 

lysosomal enzyme assay platform based on digital microfluidics in which submicroliter 

droplets are moved on an electrode-plate chip under a layer of oil to prevent evaporation, by 

a process known as electrowetting (41–43). The latest published version of this technology 

includes a digital microfluidics chip that accepts 48 assay samples and 5 reagent reservoirs 

so that 5 lysosomal enzymes can be assayed by mixing a portion of each sample with the 5 

reagents, followed by incubation, quenching, and fluorometry (43). This latest version 

measures the activity of enzymes relevant to MPS-I, MPS-II, Pompe, Fabry, and Gaucher 

diseases and is discussed further below.

Not all lysosomal enzymes can be assayed by fluorometric methods. It has been well 

described that all known fluorometric substrates for Niemann-Pick-A/B diseases lead to a 

significant false-negative problem due to a common mutation (p.Gln292Lys) in the 

population that causes an anomalous high reading of enzyme activity with the fluorogenic 

substrates compared to the natural sphingomyelin substrate (38, 44). The structure of natural 

sphingomyelin, the fluorometric substrate, and the MS/MS substrate are shown in Fig. 1. 

The false-negative problem with the fluorogenic substrates is due to the fact that some 

pathogenic mutants are properly folded but contain active site mutations that greatly weaken 

binding of the natural substrate sphingomyelin to the enzyme but have little or no effect on 

the binding of the artificial fluorogenic substrates (38). Van Diggelen and coworkers have 

shown that this type of mutation can be revealed if the assay with the fluorogenic substrate 

is carried out in the presence and absence of sphingomyelin; the wild-type enzyme shows 

stronger inhibition by the latter than the mutant enzyme (38). Thus, at least 2 assays for 

every newborn would have to be done with the fluorometric method. The MS/MS substrate 

is nearly identical in structure to natural sphingomyelin, the only difference is the length of 

the fatty acyl chain. Recent studies have shown that the p.Gln292Lys mutant that leads to 

the false-negative problem displays similarly low enzymatic activity on sphingomyelin and 

the MS/MS substrate, yet the fluorogenic substrate gives an activity that is approximately 

1.3-fold higher than that from the wild-type enzyme (Gelb laboratory, unpublished 

observations). False negatives must be minimized in NBS screening, and a novel method 

will be required if fluorescence is to be used for NBS of Niemann-Pick-A/B disease. 

Fluorometric assay for acid sphingomyelinase by analysis of assay of liberated choline with 

choline oxidases is not a viable solution because the plasma concentration of free choline 

(45) is well above the amount of choline generated in the sphingomyelinase assay 

[calculated based on the level of acid sphingomyelinase in DBSs measured with the MS/MS 

method (16)].
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Immunological Assays of Lysosomal Enzyme Abundance and Activity

Hopwood and coworkers have developed elegant antibody-based protein detection methods 

for multiplex quantification of the abundance of several lysosomal proteins in plasma, 

purified cells, and DBS (46, 47). This method is based on the fact that many LSDs are 

caused by mutations that destabilize the lysosomal protein so that it is degraded in the 

protein-folding QC checkpoints. The same group also demonstrated the use of 

immunocapture to assay the activity of lysosomal enzymes in the immunopurified fraction. 

Typically, fluorometric substrates are used. The methods have been applied to plasma, cells, 

and DBS, and our discussion is limited to the latter because of our focus on NBS. 

Immunoquantification of acid α-glucosidase and its precursor protein in 1951 DBS and in 

17 DBS from Pompe-affected patients showed that 16 of 17 Pompe-affected samples had 

protein concentrations below the range for the normal controls (48). In a follow-up study, 

Pompe enzyme abundance and activity were measured after immunocapture (49). Two of 17 

Pompe patients had protein abundance in the range of normal adults, and all 17 had 

enzymatic activity well below the adult range. It was suggested that 2 of the 17 Pompe 

patients produced mutant acid α-glucosidases that were not degraded, and thus not unstable, 

but displayed low enzymatic activity on the fluorometric substrate.

Immunoquantification of α-galactosidase in DBS for the analysis of Fabry disease showed 

that all 13 Fabry hemizygotes fell below the range of protein concentration for 71 control 

DBS (50). Assay of α-galactosidase activity after immunocapture also showed complete 

separation between the 2 groups. Immunoquantification of α-glucosidase activity in 20 DBS 

from control patients and 9 from Gaucher patients showed significant overlap between the 2 

groups, whereas the groups were completely separated when the enzymatic activity was 

measured after immunocapture (51). For MPS-II, immunoquantification of iduronate-2-

sulfatase in DBS showed that 11 of 12 MPS-II patients had essentially no detectable protein, 

and 1 had a concentration of protein just below the low end of the range for non–MPS-II 

samples (52). In a study of MPS-VI using DBS, all 7 MPS-VI patients displayed 

arylsulfatase B protein and activity after immunocapture below the values for 32 controls 

(53). The method performed well to help diagnose patients referred to a metabolic clinic for 

LSDs, including the analysis of LSDs not mentioned above (47).

Detailed Comparison of MS/MS vs Digital Microfluidic Fluorometric Assay 

of Lysosomal Enzymes for NBS of LSDs

There is now sufficient data available to begin to compare MS/MS vs fluorescence methods 

to assay lysosomal enzymes for NBS of LSDs. In this section we provide this comparison as 

well as the outcome of pilot studies published to date. A large-scale pilot studies of NBS 

based on immunocapture has recently been completed at the Mayo clinic, and published 

results are expected shortly (see above). For the MS/MS assays we focus our discussion on 

Fabry, Gaucher, Krabbe, MPS-I, Niemann-Pick-A/B, and Pompe diseases, and for the 

fluorescence assays we focus on Fabry, Gaucher, MPS-I, MPS-II, and Pompe diseases 

because extensive data are available only for these assays. For a summary of the available 

assays, space and manpower requirements, and approximate costs, see Table 1 in the Data 
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Supplement that accompanies the online version of this article at http://www.clinchem.org/

content/vol61/issue2.

All methods start with the punching of an approximately 3-mm DBS punch into a well of a 

96-well microtiter plate. In the case of the MS/MS method, the assay cocktail is added to the 

same well that received the punch. In the case of the standard and digital microfluidics 

fluorometric protocols, the well with the punch is first charged with extraction buffer, 

followed by a brief centrifugation and finally transfer of an aliquot of supernatant to the 

assay well or chip. In the case of the MS/MS method the assay cocktail is added to the 

punch without prior extraction, and centrifugation is also used, but this is to separate the 

aqueous and organic solvent layers for liquid–liquid extraction. The total number of liquid 

transfers (additions and transfers by manually operated multichannel pipet) is 5 for the 

MS/MS with a minimum volume transferred of 30 µL and 9 for the fluorometric methods 

with a minimum volume transferred of 1.6 µL (see online Supplemental Material). None of 

the methods are fully automated.

The variation in the amount of enzyme from the DBS is based on the following: (a) for 

MS/MS it comes down to the size of the DBS punch; (b) for microfluidics fluorometry it 

comes to the size of the DBS punch, the amount of enzyme extracted, and the amount of 

extract applied to the chip.

A single MS/MS instrument has the throughput of approximately 7.8 digital microfluidics 

plate readers (see online Supplemental Material). The space requirements for both platforms 

are nearly the same (see online Supplemental Material). Some NBS laboratories have 

backup MS/MS instruments to handle the load if an instrument requires servicing. 

Essentially all laboratories doing MS/MS-based NBS will already have at least 1 backup 

instrument and will probably not opt to obtain an additional backup for LSDs. It is 

reasonable to expect that laboratories running digital microfluidics workstations would also 

have a backup instrument. Manpower requirements for the 2 methods appear to be similar 

(see the online Supplemental Material).

A detailed cost analysis of the 2 methods is not possible at the present time, but some useful 

estimates can be provided. The full costs for flow injection analysis–MS/MS (FIA-MS/MS) 

instrumentation, including instrument purchase, nitrogen generation, servicing, installation, 

and electricity, comes to 4.7 US cents per newborn per LSD analyzed (see the online 

Supplemental Material). The equipment costs for the digital microfluidics analyzers are not 

known; however, the important point is that the overall costs per sample per LSD analyzed 

is expected to be similar with both methods (~$1 per sample per LSD analyzed) (see online 

Supplemental Table 1).

The data above show that cost and ease of analysis are not major factors in selection 

between the MS/MS and digital microfluidics fluorometric methods. We now turn our 

attention to a discussion of the reproducibility and nonaffected/affected enzymatic activity 

ratio data. The CV for multiple punches of the low- and high-activity QC DBS are similar 

for the 2 methods or slightly better for the MS/MS method (Table 1). A critical parameter is 

the rate of false positives. However, comparison of false-positive rates is complicated by the 
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fact that the values depend on the chosen cutoffs for screen-positive samples and by the 

uncertainty in establishing a positive sample based on follow-up gene sequencing (given the 

large numbers of DNA variations of unknown pathogenic significance). Probably the most 

important metric is the measured ratio of mean enzymatic activity of random newborns to 

that of LSD-affected samples. Table 1 shows that this ratio for MS/MS is 5- to 23-fold 

higher than that for digital microfluidics. This substantially higher ratio is expected to lead 

to a lower false-positive rate for the MS/MS method. Table 1 also shows the ratio of mean 

activity in random newborns to that measured with filter paper blanks (no blood); published 

data for digital microfluidics are not available. For MS/MS, this ratio is >85-fold for all 

assays. It is fully expected that the MS/MS method will do a better job of spreading the 

enzymatic activity values, which should prove useful for stratifying babies for follow-up 

diagnostic studies and for minimizing false positives.

NBS Pilot Studies of LSDs

Here we describe pilot studies of NBS for LSDs that were carried out, in most, on tens of 

thousands of DBS so that estimates of screen-positive and false-positive values could be 

obtained. False-negative values are typically not calculated, for obvious reasons. Kasper and 

coworkers carried out the first large-scale, enzymatic activity– based NBS pilot for LSDs 

(30), which was followed by a more recent study by our laboratory. Data for both studies are 

summarized in Table 2. Kasper used LC-MS/MS and we used flow injection–MS/MS. 

False-positive rates for both studies were acceptably low. For example, in Washington state, 

with approximately 80000 births per year, only approximately 11, approximately 12, and 

approximately 6 babies would need to be followed up for the potential to develop Pompe, 

Fabry, and MPS-I diseases, respectively.

The relatively high false-positive rates in the European study on 40000 samples (Table 2) 

(54) is probably due to the fact that the original MS/MS assay was used (16, 20, 21). When 

the optimized MS/MS assay is used in the 3-plex study in Washington state, the false-

positive rates are much lower (9) (Table 2), and these values should be taken as the new 

predictive values because they are based on the most recent assay developments. 

Furthermore, the original MS/MS assay based on CDC-distributed reagents will cease to 

exist at the end of 2015.

A pilot study of the new FIA-MS/MS 6-plex (being commercialized by PerkinElmer and 

described above) started in June 2014 in the Washington NBS laboratory. Initial data on 

4300 samples show a very low number of screen positives, as does the pilot study using LC-

MS/MS in the Illinois NBS laboratory on 12 000 samples (Table 2).

A pilot study with 118000 samples in the Missouri NBS laboratory using the digital 

microfluidics fluorometry platform has shown a much higher number of screen positives, 

158 out of 100000 (for Fabry, Gaucher, MPS-I, and Pompe) compared to 36 out of 100000 

for the 3-plex flow injection MS/MS study in the Washington NBS laboratory (Table 2). 

The initial 6-plex flow injection MS/MS data in Table 2 show that addition of Gaucher to 

the 3-plex would not increase the number of screen positives by more than approximately 

20. These results on estimated false-positives rates are consistent with the data in Table 1 
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showing that the ratio of mean enzymatic activity for nonaffected to affected individuals is 

much higher for the MS/MS method compared to the digital microfluidics fluorometric 

method. Relatively high numbers of screen positives using digital microfluidics fluorometry 

were also reported in a small-scale pilot study in the Illinois NBS laboratory (55) (Table 2), 

consistent with the large-scale study in the Missouri NBS laboratory.

Extensive pilot studies have been reported by multiple NBS centers in Taiwan. Hwu and 

coworkers used standard fluorometric assays to test every newborn for acid α-glucosidase 

activity at low pH in the presence of acarbose and for neutral α-glucosidase activity at 

neutral pH without acarbose, and calculate the neutral-to-acid ratio (27). After screening 

473738 babies, 31 had a neutral-to-acid ratio of >100, and DNA sequencing revealed 17 

late-onset, 5 infantile-onset, and 5 non-Pompe patients. A total of 2210 samples were 

submitted to a second-tier enzyme assay if the neutral-to-acid ratio had an intermediate 

value. Of these samples, 219 retested with a high neutral-to-acid ratio, and DNA analysis of 

these led to 2 late-onset and 207 non-Pompe patients, and 10 patients who refused to 

undergo follow-up analysis. These results again underscore the challenge of screening for 

Pompe disease in Taiwan because of the prevalence of pseudodeficiency alleles.

A second laboratory in Taiwan reported on a NBS study of 402281 newborns for Pompe 

enzyme activity, first using a fluorometric assay and then switching to an MS/MS assay 

(56). It is not possible to compare the fluorometric to the MS/MS data from this report 

because all the data are compiled together. Pompe patients were identified after second-tier 

analyses to sort through the large number of pseudodeficiencies. Patients with Pompe 

enzyme activity below the screen cutoff underwent a panel of second-tier assays focused on 

analysis of muscle function as a way to help categorize the pseudodeficiency vs affected 

patients.

False-positive rates for Gaucher and Fabry in 191000 babies screened by FIA-MS/MS in 

Taiwan gave acceptable follow-up rates for all but Pompe (Table 2). Again, the high rate of 

pseudodeficiency mutations in Taiwan argues for a more complex algorithm developed by 

Hwu and colleagues (27) (described above).

Extensive postpilot NBS data are available for Krabbe disease from the New York NBS 

program and will be reported by the state program elsewhere. A retrospective study of 

100000 DBS started at the Mayo Clinic to compare the Genzyme/CDC FIA-MS/MS, the 

immunoquantification, and the digital microfluidics fluorometric methods (57), and a pilot 

study of 100000 DBS using the most updated FIA-MS/MS method for MPS-II and -VI 

started in the WA NBS laboratory in July 2014. Data from these studies have not been 

disclosed yet.

BIOMARKERS FOR ANALYSIS OF LSDS

A number of biomarkers have been proposed for the analysis of LSDs. Here we focus on 

biomarkers that tend to accumulate because they are substrates for the deficient lysosomal 

enzyme and because these are the most promising candidates for NBS.
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POMPE DISEASE

Glucose tetrasaccharide has been studied as a potential biomarker for Pompe disease (58). It 

is generally accepted that this biomarker is not specific enough to Pompe disease to warrant 

its use for first-tier NBS (S. Heales, University College London, personal communication, 

October 14, 2014). More recently a liquid chromatographic assay has been developed to 

monitor glucose tetrasaccharine in urine samples (59). The tetrasaccharide was undetectable 

in nonaffected patients, all 9 confirmed Pompe patients showed increased biomarker, and 

concentrations in a Pompe pseudodeficiency patient were increased but below the 

concentrations for the Pompe patients. This study shows that glucose tetrasaccharide is a 

useful biomarker for second-tier sorting of samples after first-tier enzymatic activity– based 

NBS and for monitoring enzyme replacement therapy. More work is needed to determine if 

it can be used to distinguish between early- and late-onset Pompe patients. A study using the 

improved FIA-MS/MS described above on early- and late-onset Pompe DBS is also 

warranted.

GAUCHER DISEASE

Glucosylceramide, the substrate for the relevant enzyme, is reported to be on average a 3-

fold increase in type I Gaucher patients compared to healthy individuals (60). However, 

even when a small number of DBSs are analyzed, overlap between affected and nonaffected 

patients is apparent (60). Very recently, Rolfs and coworkers analyzed the blood 

concentrations of glucosylsphingosine by LC-MS/MS in 148 healthy non-Jewish white 

individuals, 98 genetically-confirmed Gaucher patients, and 262 patients with other LSDs 

(61). The concentration of glucosylsphingosine in the Gaucher samples was about 100-fold 

higher than in the healthy patients and in patients with other LSDs, and there were no 

significant differences between males and females. With a cutoff for glucosylsphingosine of 

12 ng/mL, this team was able to identify the Gaucher patients with 100% specificity. In the 

same study it was found that glucosylsphingosine was a more reliable biomarker of Gaucher 

disease than were chitotriosidase and CCL18, 2 other previously proposed biomarkers. The 

team also provided data to suggest that monitoring glucosylsphingosine is useful in 

monitoring the response of Gaucher patients to enzyme replacement therapy. These are very 

exciting developments, and further studies of this biomarker on a larger population are 

warranted. It remains unclear if monitoring glucosylsphingosine is best done as a first-tier 

NBS for Gaucher disease or whether it should be done after first-tier enzyme assay analysis 

of DBS as a way to stratify the results from the screen. Glucosylsphingosine analysis will 

probably require LC coupled to MS/MS. The authors did not provide data to show if their 

LC-MS/MS method could resolve glucosylsphingosine from psychosine 

(galactosylsphingosine). This seems unlikely with their LC setup, on the basis of the results 

presented below for psychosine analysis in Krabbe patients. Should it be necessary to 

resolve these 2 blood components, it may be difficult to do this in <2–3 min per sample, and 

then it would probably be too slow to support the high throughput needed to use this assay 

as a first-tier NBS method.
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KRABBE DISEASE

Galactosylsphingosine (psychosine) concentrations were studied by LC-MS/MS in a 

detailed study of Krabbe disease by Chuang et al. (61). This study is particularly informative 

because the DBS examined were from the New York NBS program for Krabbe disease, 

which is based on the analysis of GALC activity in DBS by FIA-MS/MS (8, 17). Out of 

approximately 1.2 million newborns screened, 10 were found to have very low GALC 

activity of ≤0.15 nmol · mg−1 · h−1 protein, and 4 of these contained mutations consistent 

with infantile Krabbe disease. The psychosine concentrations in DBS from these 4 babies 

were all increased (23–73 ng/mL) compared to those in random newborns (approximately 

2.5 ng/mL). Six babies also had low GALC activity of ≤0.15 nmol · mg−1 · h−1 protein but 

had genotypes consistent with late onset Krabbe disease and were asymptomatic at the time 

of the study. Psychosine concentrations were closer to those in controls in these samples (1–

8 ng/mL). Babies with higher GALC activity (0.16–0.50 nmol · mg−1 · h−1 protein) were 

considered to be of lower risk for developing Krabbe disease, remained asymptomatic, and 

had psychosine concentrations of undetectable to 3 ng/mL. This study suggests that 

quantification of psychosine by LC-MS/MS offers a way to stratify patients that are revealed 

to have low GALC activity in the primary screen. The data also show that genotyping the 

low GALC activity samples can help stratify the patients, and that the babies with the lowest 

GALC activity are at higher risk for developing Krabbe disease. It is doubtful that 

psychosine analysis can be used as a first-tier NBS for Krabbe disease given that the 

separation of psychosine from glucosylsphingosine required a tandem set of UHPLC 

columns and a run time of >5 min per sample (62). It may not be necessary to separate 

psychosine from glucosylsphingosine. Presumably the former would be increased in Krabbe 

patients, and the latter would be increased in Gaucher patients (60). Thus, one algorithm to 

consider is that a high concentration of unresolved psychosine plus glucosylsphingosine 

combined with low GALC activity would suggest Krabbe disease, whereas the same LC-

MS/MS result with a low acid β-D-glucosidase activity would suggest Gaucher disease. 

Further studies of psychosine as a biomarker of Krabbe disease are warranted.

NIEMANN-PICK-A/B DISEASE

It was recently shown that lysosphingomyelin is increased in DBS from Niemann-Pick-B 

patients (63). This study included 27 affected patients and 20 nonaffected patients. The 

mean lysosphingomyelin concentration in affected patients was approximately 5-fold higher 

than in nonaffected patients. Concentrations of sphingomyelin were similar in nonaffected 

vs Niemann-Pick-B patient DBS. These results warrant an expanded study of this potential 

biomarker on a larger population. Given that the Niemann-Pick-B patient with the lowest 

lysosphingomyelin concentration and the nonaffected patient with the highest concentration 

differed only by 1.8-fold, it seems that lysosphingomyelin analysis will be most useful as a 

component of a Niemann-Pick diagnosis panel and to follow therapy rather than as a first-

tier NBS method.

MUCOPOLYSACCHARIDOSES

There have been relatively large numbers of recent studies on the analysis of 

glycosaminoglycan fragments by MS/MS as potential biomarkers for 

Gelb et al. Page 11

Clin Chem. Author manuscript; available in PMC 2015 March 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mucopolysaccharidoses. This topic has been recently reviewed (64, 65), and we limit our 

discussion to a few points. Tomatsu and coworkers studied the enzymatic degradation of 

glycosaminoglycans in DBS and measured a disaccharide derived from chondroitin sulfate, 

and 2 disaccharides derived from heparan sulfate (65). DBS from 6 MPS patients were 

studied (4 MPS-I, 1 MPS-II, and 1 MPSVII) along with 326 nonaffected controls. There 

were no false negatives in this analysis, but unfortunately the false-positive rates were high 

(0.3%–1.5%). It is clear that this method alone would not be suitable for first-tier NBS of 

MPS; however, if used on top of a first-tier NBS method based on enzymatic activity 

analysis, it could prove to be a useful supplement.

de Ruijter et al. studied heparan sulfate– and dermatan sulfate– derived disaccharides in 

DBS among MPS-I, -II, and -III patients (66). The method starts by incubation of the DBS 

punch in extraction buffer for 10 min followed by sonication for 15 min. The extract is 

treated for 2 h with chondroitinase B followed by addition of disaccharide internal standard, 

boiling, and centrifugation. The supernatant is transferred to a centrifugal ultrafilter, and the 

filtrate is analyzed by LC-MS/MS with a total run time of 7.1 min. The analysis focused on 

the most abundant disaccharide derived from heparan sulfate and dermatan sulfate, because 

minor fragments were not sufficiently detected for quantification. All MPS patients (10 

MPS-I, 1 MPS-II, and 6 MPS-III) showed increased concentrations of the heparan sulfate-

derived disaccharide in the range of approximately 4–10-fold above the mean concentration 

in the set of nonaffected samples. The dermatan sulfate– derived disaccharide was 

approximately 8- to 20-fold higher in the MPS-I patients compared to the mean for the 

control group. This marker was not increased in the MPS-II and MPS-III patients as 

expected. This approach does not allow the 4 types of MPS-III syndrome to be dissected. 

One concern is that the level of biomarker elevation may not be sufficient to allow this 

method to be used for first-tier NBS. Additional factors are the high cost of the ultrafilters 

and the long LC time of 7.1 min. This method would not be appropriate for first-tier NBS.

A new approach called the Sensi-Pro assay examines the nonreducing ends of 

glycosaminoglycan fragments (67). Glycosaminoglycan chains are first degraded with 

bacterial lyases to give disaccharides. The reducing end of the latter are derivatized with 

heavy isotopic aniline by reductive amination, and the derivatives are analyzed by LC-

MS/MS (65). Preliminary studies were carried out on DBS from a panel of MPS patients 

(MPS-I, -II, -IIIA, and -IIIB), and in all cases the concentrations of specific biomarkers were 

increased compared to DBS from nonaffected controls (65). Because numerical data were 

not provided in this report, the relative abundance of these biomarkers cannot be commented 

on. It is thus too early to know if this type of method will be useful for NBS of the MPSs. 

One concern is that the current method requires a relatively large number of steps before 

LC-MS/MS: (a) digestion of proteins in the DBS with a protease; (b) ion exchange 

enrichment of glycosaminoglycans and desalting; (c) digestion of carbohydrate polymers 

with bacterial lyases; (e) reductive amination tagging with isotopic aniline; (f) addition of 

synthetic standards; and (g) MS/MS coupled with UHPLC.

It is too early to decide if enzyme activity assay or glycosaminoglycan fragment analysis is 

the best method for first-tier NBS of LSDs. Given the more involved and lengthy procedures 
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for MPS biomarker quantification, it seems likely that biomarkers will be used mainly as a 

second-tier analysis and to monitor the efficacy of therapies.

Assays of Other Lysosomal Enzymes

MS/MS assays of the sulfatases relevant to the LSDs MPS-II, -IIIA-D, -IVA, and -VI have 

been reported (68–72). Fluorometric assays rely on the use of a second enzyme that releases 

the 4MU fluorophore only after the sulfate is removed from the monosaccharide and are 

available for MPS-II, MPS-IIIA-D and MPS-IVA but not for MPS-VI (36, 37, 39, 40, 73, 

74). MPS-VI is often analyzed using fluorometric substrates that bear essentially no 

structural resemblance to the natural substrates (sulfated 4MU isomers), and this is the basis 

for the name arylsulfatase B for the MPS-VI enzyme. Although these substrates are useful in 

second-tier diagnostic studies in which an LSD patient is suspected, they are probably not 

appropriate for first-tier NBS because there are approximately 17 sulfatases encoded by the 

human genome, and the specificity of these enzymes on the4MU substrates has not been 

fully studied.

A fluorometric assay for lysosomal acid lipase using DBS has been developed based on a 

4MU fatty acid substrate and a covalent inactivator of the lysosomal acid lipase, which 

enables the activity of this enzyme to be teased out of the total lipase activity from a 

collection of enzymes in blood (75). This assay may not be useful for NBS because the 

activity of the lipase is calculated as the difference between 2 large numbers, and thus the 

residual is expected to have high error. Fluorometric assays for protein palmitoyl 

thioesterase-1 (76) and tripeptidyl peptidase 1 (several reports) are reported, as are MS/MS 

assays for both (77).

Hexosaminidase fluorometric assays for diagnosis of Tay-Sachs disease have been around 

for many years and make use of a pair of assays with heat treatment to tease out HexA and 

HexB activities. An MS/MS variation of this assay has been recently developed that is done 

in a 2-plex fashion with a pair of differentially mass-encoded substrates (78).

A subset of these additional lysosomal enzyme assays may enter the NBS arena if treatment 

options for the diseases are developed (MPS-II NBS pilot studies have started in Illinois, 

Missouri, Washington state, and Taiwan).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Natural, MS/MS and fluorimetric substrates for Niemann-Pick-A/B disease.
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