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A B S T R A C T   

Background: Lysosomal acid lipase deficiency (LAL-D) is a phenotypic continuum between the severe Wolman 
disease and the attenuated cholesteryl ester storage disease (CESD). 
Objective: To study if the amount of residual LAL enzymatic activity in dried blood spots (DBS) correlates with the 
LAL-D disease severity. 
Methods: DBS from Wolman and CESD patients, LAL-D carriers, and presumably unaffected random newborns 
were acquired. LAL enzymatic activity in DBS were measured using a novel, highly specific LAL substrate. 
Results: Patients with Wolman disease displayed significantly lower LAL enzymatic activity compared to CESD 
patients. This was not observed with the traditional assay in which a non-specific substrate was used together 
with an LAL-specific inhibitor. 
Conclusion: The new LAL enzymatic activity assay using the specific substrate offers an improved biochemical 
genetics method for the diagnosis of LAL-D in symptomatic patients and more importantly, for the prognosis of 
asymptomatic patients who test positive in population-wide LAL-D newborn screening.   

1. Introduction 

Lysosomal acid lipase (LAL, EC 3.1.1.13) deficiency (LAL-D, OMIM 
278000) is a rare autosomal recessive lysosomal storage disorder (LSD) 
caused by biallelic pathogenic variants in LIPA. Under acidic condition, 
LAL hydrolases cholesterol esters and triglycerides into free cholesterol, 
glycerol, and fatty acids, and its deficiency leads to accumulation of 
esterified lipids, especially in the lysosome of hepatocytes and cells of 
mononuclear phagocyte system [1,2]. 

LAL-D is a phenotypic continuum between the severe Wolman dis-
ease and the attenuated cholesteryl ester storage disease (CESD), with a 
combined prevalence estimated to be 1:40,000 to 1:300,000 [2,3]. Pa-
tients with Wolman disease typically present in the first months of life 
with failure to thrive, malabsorption, hepatosplenomegaly, liver failure 
and bilateral adrenal calcifications [1]. Without treatment, the children 
die from multi-organ failure within the first year of life [3]. On the 
contrary, CESD patients have a more variable disease course and typi-
cally present later in life with dyslipidemia, hepatosplenomegaly, and/ 
or elevated liver enzymes [1]. 

LAL-D can be treated, with substantial improvements to quality of 
life, by enzyme replacement therapy (ERT) using recombinant human 
LAL (sebelipase alfa), which has obtained regulatory approval in United 
States, European Union, and Japan [4,5]. Since early diagnosis and 
treatment initiation is crucial for optimal outcomes, newborn screening 
for LAL-D may be considered in the near future [3,5]. 

The diagnosis of LAL-D can be established by demonstration of 
reduced LAL activity in dried blood spots (DBS) or leukocytes and/or 
identification of biallelic pathogenic variants in LIPA. Traditionally, LAL 
activity is measured in DBS with a non-specific fluorogenic substrate in 
the presence and absence of lalistat 2, a specific LAL inhibitor [6]. This 
necessitates two incubations per sample, and LAL activity is defined as 
lalistat 2-sensitive lipase activity, calculated by subtracting the lipase 
activity in the presence of lalistat 2 from that in the absence of lalistat 2 
[6]. Parallel incubation can be cumbersome and limits the assay 
throughput. In addition, the measurement of LAL activity is not as ac-
curate and precise, especially at the lower end, since its calculation is 
based on subtraction of two substantial activity values and the error and 
imprecision of the two measurements propagates. Whilst being excellent 
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for diagnostic purposes, this poses a challenge in using DBS LAL activity 
to predict disease severity. Indeed, patients with Wolman disease and 
CESD demonstrate unequivocally substantially reduced LAL activity in 
DBS, regardless of their phenotype [7–9]. On the contrary, correlation 
between residual LAL activity in fibroblast or leukocytes with phenotype 
has been reported [7,8,10]. 

More recently, a highly specific LAL substrate, 4-propyl-8-methyl-7- 
hydroxycoumarin (P-PMHC), was developed in our laboratory and the 
assay can be analyzed by either ultra-performance liquid chromatog-
raphy tandem mass spectrometry (UPLC-MS/MS) or fluorometry [11]. 
P-PMHC was found to be >98% selective for LAL in DBS, therefore one 
incubation without lalistat 2 is sufficient. Furthermore, the UPLC-MS/ 
MS platform offers additional advantages to its fluorometry counter-
part, including better sensitivity and specificity, along with the multi-
plexing ability [11]. The new LAL assay was further consolidated into a 
high throughput 18-plex UPLC-MS/MS assay, setting the stage for large- 
scale screening of LAL-D [12]. A prospective pilot study using the new 
LAL assay is being conducted in New York, US to assess the analytical 
and clinical validity of LAL-D screening [13]. 

We hypothesized that patients with Wolman disease and CESD can 
be stratified based on residual LAL activity in DBS using P-PMHC as the 
substrate, due to its high specificity and the use of UPLC-MS/MS instead 
of fluorometry. To test the hypothesis, we measured LAL activity in DBS 
from confirmed LAL-D patients and carriers using P-PMHC. CESD pa-
tients were found to have higher residual DBS LAL activity when 
compared to Wolman patients, indicating LAL-D patients can be strati-
fied based on residual activity using the UPLC-MS/MS-based LAL assay. 

2. Materials and methods 

2.1. Materials 

This study using DBS from de-identified newborns was approved by 
the Washington State Institutional Review Board. DBS were shared by 
the Washington State Department of Health (WA DOH) after being 
stored for 30–60 days at room temperature. 

De-identified DBS from genetically and/or biochemically confirmed 
LAL-D patients were obtained from the Queen Elizabeth University 
Hospital, United Kingdom. According to The Human Tissue Acts of En-
gland, Wales and Northern Ireland (2004) and Scotland (2006), de- 
identified, remaining materials can be used for method validation 
and/or performance assessment without the need for ethical approval. 
The DBS was stored at − 20 ◦C with desiccant for <2 years prior to the 
current study. 

P-PMHC was synthesized in the Gelb laboratory (University of 
Washington, US) as previously described [11]. It is also available at 
GelbChem, LLC (Seattle, US). 

3. Methods 

The LAL activity in DBS was measured with P-PMHC using a previ-
ously described protocol [12]. In brief, DBS extract was incubated with 
an assay cocktail containing P-PMHC and an isotope-labeled internal 
standard at 37 ◦C for 3 h. The mixture was then quenched, cleaned up by 
liquid-liquid extraction, and analyzed by UPLC-MS/MS. The enzymatic 
activity was calculated based on the ratio between the enzymatic 
product and the internal standard [12]. 

Statistical analysis was carried out using GraphPad Prism 8. 

4. Results 

LAL activity from LAL-D patients and carriers, along with the pre-
sumably unaffected random newborns is summarized in Fig. 1. The 
mean LAL activity in the 10 Wolman patients was 0.89 μM/h (range: 
undetectable-4.01 μM/h). The mean LAL activity in the 11 CESD pa-
tients was 3.98 μM/h (range: 2.21–8.13 μM/h). The mean LAL activity in 

the 5 LAL-D carriers was 154 μM/h (range: 104–232 μM/h). The mean 
LAL activity in the 9 random newborns was 154 μM/h (range: 120–197 
μM/h). 

Despite the overlap, the LAL activity from the Wolman patients was 
statistically lower (p < 0.001) than that from the CESD patients (Fig. 1). 
The mean LAL activity from the 21 LAL-D patients (Wolman and CESD) 
was 2.51 μM/h (range: undetectable-8.13 μM/h), which is 60-fold lower 
than the mean activity from the 5 LAL-D carriers. Therefore, the assay 
can detect LAL-D patients with 100% sensitivity. No statistical differ-
ence was observed between the LAL-D carriers and the random new-
borns, which may be ascribed to the non-ideal storage condition of the 
random newborn DBS (see Discussion). 

5. Discussion 

In previous studies, both the traditional fluorometry-based and the 
new UPLC-MS/MS-based DBS LAL assay demonstrated clear distinction 
between LAL-D patients and carriers [6,7,11]. In the current study, we 
demonstrated that most of the Wolman patients can be distinguished 
from the CESD patients using the new UPLC-MS/MS-based DBS LAL 
assay. All but 2 of the 10 Wolman DBS displayed LAL activity below the 
range observed in the 11 CESD DBS (Fig. 1). In marked contrast, all the 
21 LAL-D samples displayed undetectable LAL activity using the tradi-
tional fluorometry assay (data not shown). 

Stratification of LAL-D patients has great implications for patient 
counseling and management. Given that enzyme replacement therapy is 
available for LAL-D, newborn screening for this disorder may be war-
ranted in the future. The new UPLC-MS/MS-based DBS LAL assay may 
be useful for stratification of the initially asymptomatic patients iden-
tified by newborn screening. Genotyping may be informative, but 
annotation of all the LIPA variants is incomplete, and biochemical 
evaluation will provide complementary information [14]. 

Shen et al. reported a patient who was clinically consistent with LAL- 
D and responded well to ERT. The diagnosis was complicated by 
inconclusive genetic testing due to the second LIPA variant being a 
variant of unknown significance (VUS), and the LAL activity measured 
by the traditional fluorometry assay did not support a diagnosis of LAL- 
D. However, the LAL activity was found to be reduced to the affected 
range when determined by the specific UPLC-MS/MS-based LAL assay 
reported here [15]. This case underlies the importance of using clinical, 
biochemical, and genetic evidence when evaluating patients with rare 
diseases, and also the importance of using a highly specific and sensitive 

Fig. 1. LAL activity in 10 Wolman patients, 11 CESD patients, 5 LAL-D carriers, 
and 9 random newborns. The horizontal line within each group indicates the 
mean activity. 
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enzyme assay. 
The enzymatic activities in LAL-D patients were significant lower 

(60-fold) compared to LAL-D carriers (Fig. 1). Such difference is sub-
stantially larger than that in other LSDs (e.g. 5-fold in Krabbe disease, <
2-fold in Pompe disease) [16,17]. Therefore, we envision that the false 
positive rate caused by a carrier status in LAL-D screening will be lower 
than with other LSDs screening. To the best of our knowledge, pseudo-
deficiency has not been reported for LAL-D and therefore should not 
cause concerns for false positives in large-scale screening. However, we 
note that this statement may change when population screening starts. 
In addition, the ongoing pilot study for the newborn screening of LAL-D 
will provide more information on the analytical and clinical validity of 
the test [13]. The cutoff value needs to be carefully validated with larger 
cohorts of patient and control samples. Furthermore, the false positive 
rate should be examined in large-scale screening studies to determine 
whether additional second-tier screening is needed. 

We did not observe any statistical difference between the LAL-D 
carriers and the random newborns (Fig. 1), as opposed to the previous 
studies demonstrating clear separation [6,7]. In addition, the LAL ac-
tivity in random newborns reported in the current study is lower 
compared to a previous study using the same LAL-specific substrate 
[11]. This may be ascribed to two limitations of the study. First, storage 
condition of the random newborn DBS (30–60 days at room tempera-
ture) was non-ideal. A 50% loss of LAL activity was reported when the 
DBS is stored at room temperature for 2 months [6]. At − 20 ◦C, an 
average of 5% of LAL activity is lost per year (personal communication, 
Hamilton). Unfortunately, DBS are stored under room temperature at 
the WA DOH and those stored <30 days cannot be shared for research 
purpose according to the policy. Secondly, our DBS samples from the 
LAL-D patients were not age-matched with the newborn controls, which 
could bias our results since hematocrit and leukocyte counts are age 
dependent. Therefore, the results reported in this study cannot be used 
as reference ranges. 

Currently, we do not have detailed clinical information for the LAL-D 
patients whose samples were analyzed in this study. In the future, LAL 
activity can be measured in a larger CESD cohort to examine if the level 
of residual activity correlates with the severity of the highly variable 
CESD. In addition to DBS, leukocytes or fibroblast may be considered for 
such purpose. 

6. Conclusion 

LAL activity was measured using a novel, highly specific LAL sub-
strate, P-PMHC, by UPLC-MS/MS. The LAL-D patients (Wolman and 
CESD) displayed 60-fold lower activity compared to the carriers, 
allowing 100% sensitivity for LAL-D detection. More importantly, the 
Wolman patients displayed significantly lower activity compared to the 
CESD patients, demonstrating a correlation between biochemical and 
clinical phenotype. This has not been observed when the LAL activity is 
measured using the nonspecific substrate. Such correlation has impli-
cations when evaluating asymptomatic at-risk patients, such as those 
identified by newborn screening. 
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