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ABSTRACT
Lysosomal acid lipase deficiency (LAL-D) is an autosomal recessive genetic disease with variable presentation which often leads to severe morbidity and mortality. More than 100 LIPA loss of function mutations have been identified, the most common reported mutation being a splice junction mutation in exon 8. The true prevalence of the disease is unknown, but is estimated to be between 1:40,000 to 1:300,000. Infantile-onset LAL-D is generally fatal within the first 12 months of life. Common presenting symptoms in the late-onset form include dyslipidemia (elevated LDL-C, low HDL-C), elevated liver transaminases, hepatomegaly, and splenomegaly.  Prior to the availability of enzyme-replacement therapy, individuals with LAL-D were treated with lipid lowering medication, liver transplant, and stem cell transplant, none of which corrected the multisystem nature of the disorder. Sebelipase alfa (Kanuma®), a recombinant human lysosomal acid lipase, was approved by the FDA in 2015 to treat LAL-D. Phase 3 studies have shown an improvement in lipid parameters and liver enzymes. Long term studies demonstrating the safety and efficacy of sebelipase alfa in infants, children and adults are ongoing.
INTRODUCTION
Lysosomal acid lipase deficiency (LAL-D) is a rare, heterogeneous, autosomal recessive genetic disease, the manifestations of which include a clinical continuum. LAL-D is characterized by accumulation of cholesteryl esters and triglycerides primarily in the liver and spleen, but with involvement of other organs as well. Clinically, LAL-D is under-recognized, leading to a delay in diagnosis. It is often mistaken for more common conditions with similar clinical and laboratory findings, such as heterozygous familial hypercholesterolemia (FH) and non-alcoholic fatty liver disease (NAFLD) 


(1,2) ADDIN EN.CITE . Correct diagnosis and timely intervention are critical to prolonging life and improving outcomes.
Similar to other lysosomal storage disorders, LAL-D presents across a clinical spectrum from infancy to adulthood. Historically, affected infants who presented within the first year of life were known as Wolman Disease while those who symptoms were delayed until childhood were referred to as cholesteryl ester storage disease [CESD]. Wolman disease, which has a rapidly progressive course, was first described in 1956. Affected infants have severe malnutrition, adrenal calcifications, hepatosplenomegaly, and death within the first few months of life (3). In contrast, CESD is seen as having a variable clinical spectrum with recognition of the disorder occurring from childhood into adulthood. Fredrickson, Schiff, Langeron, and Infante were the first to describe CESD in individuals with presentation from the first to fourth decades of life, and noted them to be less severe than those described by Wolman 


(4-6) ADDIN EN.CITE .
INHERITANCE AND GENETICS
LAL-D is an autosomal recessive disease that arises from mutations at the LAL locus on chromosome 10q23.2.  Affected individuals are either homozygous or compound heterozygous for LIPA mutations, with more than 100 LIPA mutations having been identified 


(7) ADDIN EN.CITE . 
Lysosomal acid lipase (LAL) plays a central role in intracellular lipid metabolism 


(8,9) ADDIN EN.CITE . LAL is the only lipase contained within lysosomes that hydrolyzes cholesteryl esters and triglycerides.  After cleavage by LAL, free cholesterol and fatty acids exit the lysosome to enter the cytosol (Figure 1). These cleaved products play an important role in cholesterol homeostasis. Free cholesterol interacts with transcription factors (sterol regulatory element binding proteins [SREBPs]) to modulate production of intracellular cholesterol. As intracellular free cholesterol increases, there is a down regulation of LDL receptors mediated by SREBP-2, resulting in less LDL entering the cell. Additionally, there is inhibition of hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase, resulting in decreased cholesterol production, as well as stimulation of acyl-cholesterol acyltransferase (leading to increased cholesterol esterification). Finally, increased intracellular fatty acid leads to inhibition of triglyceride and phospholipid production and decreased fatty acid synthesis 


(10-12) ADDIN EN.CITE .
Deficiency of LAL results in diminished or absent hydrolysis of cholesteryl esters and triglycerides, trapping cholesterol esters and TG within the lysosome. This results in a decrease in cytosolic free cholesterol and a compensatory, upregulation in the cholesterol synthetic pathway (HMG CoA reductase activity) and endocytosis via increased LDL receptors. There is increased production of apolipoprotein B and very low-density lipoprotein (VLDL-C) 


(13-15) ADDIN EN.CITE . The dysregulated expression of the LDL-cholesterol-dependent ATP binding cassette transporter 1 (ABCA1), similar to that seen in Niemann-Pick type C1, results in decreased levels of HDL-C 


(16) ADDIN EN.CITE . The characteristic dyslipidemia seen in individuals with LAL-D includes elevated total cholesterol, elevated LDL-C, and low HDL-C (2).
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Figure 1. Cellular Cholesterol Homeostasis in Heathy Individuals and Patients with LAL-D

The true incidence of LAL-D is unknown. Estimates suggest overall disease prevalence between 1:40,000 to 1:300,000, depending on ethnicity and geographical location 


(1,2,17) ADDIN EN.CITE . The most commonly inherited defect is a splice junction mutation in exon 8, E8SJM (c.894G>A). It is assumed that 50-70% of adults and children with LAL-D have E8SJM 


(17,18) ADDIN EN.CITE . Studies in the general population have shown that the estimated frequency of E8SJM allele is 0.0013 in Caucasians, 0.0017 in US Hispanics, 0.0010 in US Ashkenazi Jews, and 0.0005 in Asians (19).  Population screening for E8SJM among healthy West German individuals reveal a heterozygote frequency of ~ 1:200 individuals. Jewish infants of Iraqi or Iranian origin appear to be at high risk for LAL-D with an estimated incidence of 1:4,200 in the Los Angeles community (20). 
A study attempting to identify the prevalence of LAL-D from patients with abnormal results in laboratory databases (elevated LDL-C and abnormalities on liver tests) identified a total of 1825 patients who subsequently underwent a dried blood spot sample for determination of LAL enzyme activity. No cases of LAL-D were identified. The results of this study demonstrate the potential of databases in helping to identify patients with specific patterns of results to allow targeted testing for possible causes of disease. Biochemical screening suggested that the gene frequency of LAL deficiency in adults is less than 1:100 


(21) ADDIN EN.CITE . Additionally, histopathology databases of liver biopsies were analyzed searching for patients with features of 'microvesicular cirrhosis' or 'cryptogenic cirrhosis'. DNA was available from six patients and two were homozygous for LAL c.46A>C;p.Thr16Pro, an unclassified variant in exon 2 


(21) ADDIN EN.CITE . The results of these studies suggest the potential of databases in helping to identify patients with specific laboratory results or those who had certain biopsy findings to allow targeted testing for possible causes of disease. 

PRESENTATION
The symptoms of LAL-D are quite varied, and are related to the age that clinical manifestations first appear (Figure 2).  Individuals who present within the first few days to first month of life often have vomiting, diarrhea, hepatosplenomegaly, abdominal distention, and severe failure to thrive. The first symptom observed is usually vomiting, which has been described as forceful and persistent. Accompanying these symptoms are usually watery diarrhea and low-grade fever. Symptoms generally persist despite multiple medical interventions and may lead to severe malnutrition. A hallmark of infantile-onset LAL-D is adrenal enlargement and calcification, often seen on imaging, but not required for diagnosis. Calcifications of the adrenal gland as well as adrenal insufficiency have been documented. Few patients survive beyond 12 months of age 


(2,3,22) ADDIN EN.CITE , with those that have growth failure often dying by four months of age 


(23) ADDIN EN.CITE .
In contrast, the clinical presentation and progression of LAL-D can be variable in older children and adults. However, there are common clinical manifestations that have been reported in this group of patients. In a review of 71 patients two thirds presented with their first symptoms before the age of 5 years. Hepatomegaly was present in all the patients; 86% had splenomegaly.  Gastrointestinal symptoms were present in 30% and included vomiting and diarrhea [18%], failure to thrive [16%], abdominal pain [10%], gastrointestinal bleeding [8%], and gallbladder disease [4%]. Elevation of cholesterol was present in 90% (24). In a separate review of 135 patients, the median age of onset of symptoms was 5 years with a range from birth to 68 years.  Hepatomegaly was present in 99.3% of patients. The most common extrahepatic findings were steatorrhea, poor growth, gallbladder dysfunction, and cardiovascular disease. Total cholesterol was elevated in all 110 patients (1).  
The disease severity is likely dependent on the efficiency of alternative pathways, but not on the level of residual enzyme activity 
 ADDIN EN.CITE 
(25)
. In adults, the most frequent symptoms are abdominal pain, hepatomegaly, and laboratory abnormalities that include increased levels of transaminases and cholesterol. Differential diagnostic considerations include autoimmune hepatitis, NASH, alpha1-antitrypsin deficiency, and Wilson disease. Of concern is the potential for premature atherosclerosis in affected individuals.  Although the occurrence of cardiovascular events has not been extensively studied, case reports and observational studies have documented the presence of arterial plaque and atheroma at a very early age 


(26-28) ADDIN EN.CITE . As a result, many patients with this disease have been prescribed lipid-lowering medications (1). While lipid lowering in the setting of LAL-A has been variable, statins increase hepatic uptake of LDL and, as a consequence, may worsen the lipid overload 
 ADDIN EN.CITE 
(29)
. It is important to note that seven asymptomatic adults, diagnosed in the third to sixth decade of life, have been reported.  All were coincidently found to have confirmed LAL-D, yet none had detectable hepatomegaly (28).  
The most consistent biochemical abnormalities seen in late onset LAL-D include elevated liver transaminases and plasma lipids. In a study of 49 patients designed to characterize clinical manifestations of LAL-D, mean ALT, AST, and GGT were 92.4, 87.8, and 52.2 U/L at the first measurement. In this study elevated GGT levels were uncommon (only 20% had values > 40 U/L) 
 ADDIN EN.CITE 
(30)
. In another study, liver dysfunction occurred in 100% of 135 patients and 73% of the 11 reported deaths were due to liver failure (1). Mean LDL-C at the time of first measurement was 202.9 mg/dL, and reported as abnormal in 64.4% of patients. Mean total cholesterol was 269.5 mg/dL and was abnormal in 62.5%. Mean HDL-C was 37.5 mg/dL and abnormal in 43.5% of patients 
 ADDIN EN.CITE 
(30)
. The lipid abnormalities seen most closely resemble type II-b dyslipidemia (31).  Although elevated LDL-C seems to be a feature of LAL-D, it remains unclear whether or not LAL-D is a cause of early atherosclerosis. Case reports and several autopsy studies have noted aortic stenosis and found narrowing of the coronary artery secondary to atheromatous plaque in patients with LAL-D 
 ADDIN EN.CITE 
(2,32)
.
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Figure 2.  Clinical Presentation of LAL-D

On gross examination, the liver of patients with LAL-D is enlarged and appears greasy. Liver biopsies in paraffin sections have a predominance of microvesicular steatosis, which is uniform.  Microvesicular steatosis, per se, is not pathognomonic of LAL-D, being found in other liver diseases as well. Foamy macrophages, containing lipid and ceroid, are present in the sinusoids and portal tracts (Figure 3).  Staining for LAMP1, LAMP2, and LIMP2, or with a lysosomal luminal protein (cathepsin D), can assist identifying lipid accumulation as lysosomal, may help differentiate LAL-D from other causes of microvesicular steatosis. Another pathognomonic feature of LAL-D is birefringent cholesterol ester crystals in hepatocytes and Kupffer cells, using polarized light on electron microscopy. The liver disease generally progresses to fibrosis followed by micronodular cirrhosis 
 ADDIN EN.CITE 
(1,2,33)
.
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Figure 3. Liver Biopsies in Patients with LAL-D. A) Image of the portal tract and hepatocytes with mainly microvesicular steatosis. With microvesicular steatosis, the fat does not cause the nucleus to be pushed out to the side. B) Larger magnification of the portal tract.  FM points to the foamy appearing cytoplasm, these are macrophages with something being stored in them.  GC is pointing to a giant cell.  

Diagnostic Tests
LAL-D can be diagnosed by demonstrating deficient LAL enzyme activity, as well as by genetic testing identifying mutations of the LIPA gene. Historically, enzyme activity was measured in cultured fibroblasts, peripheral leukocytes, or liver tissue. Various lipase substrates, which were not specific for LAL, were used. In the review by Bernstein, enzyme activities were reported in 114 patients and ranged from undetectable to 16% of normal, with values for most patients being between <1%-10%. However, given assay variability, residual enzyme activity is not predictive of disease severity nor can it be compared from one lab to another (1).  

A newer method has been developed to determine LAL activity. This method measures LAL activity in dried blood spots (DBS), and uses Lalistat 2, a highly specific inhibitor of LAL. LAL activity is determined by comparing total lipase activity to lipase activity with Lalistat 2. This method is able to differentiate normal from affected individuals. This DBS technique has advantages over the fibroblast/peripheral leukocyte based test including small sample size, the ability to transport the specimen to the testing facility at ambient temperature, and sample stability (34). This blood test is available at a number of academic and commercial labs around the world. 
LIPA gene analysis is also helpful in the diagnosis of LAL-D, with over 100 LIPA mutations having been identified in patients with LAL deficiency 


(7) ADDIN EN.CITE . Gene panels for associated diagnoses are becoming available and may allow diagnosis of LAL-D even when clinical awareness is low.
DIFFERENTIAL DIAGNOSIS 

Given the clinical presentation of LAL-D, it is important to consider it in the differential diagnosis of patients presenting with characteristic lipid findings and liver disease. The lipid abnormalities of LAL-D are similar to patients with heterozygous familial hypercholesterolemia (HeFH) and familial combined hypercholesterolemia. A detailed family history may help differentiate the autosomal dominant HeFH from recessive LAL-D. Expert opinion recommends checking liver transaminases in all children and adults before initiating statin therapy (35). LAL-D should be considered in patients with elevated liver enzymes and lipid abnormalities.
LAL-D is often mistaken for non-alcoholic fatty liver disease (NAFLD); however, LAL-D is associated with mainly microvesicular steatosis and NAFLD with macrovesicular steatosis.  LAL-D should be included the differential diagnosis of any non-obese patient with hepatic steatosis, as well as patients with unexplained ALT elevations.  
MANAGEMENT
Disease specific therapy is now available to treat patients with LAL-D. However, prior to the approval of sebelipase alfa (Kanuma(, Alexion Pharmaceuticals, New Haven, CT), lipid lowering therapy, liver transplant, and stem cell transplant were often tried.
HMG-CoA reductase inhibitors have been used to lower LDL-C as well as reduce the risk of atherosclerotic heart disease. The first reported use in a patient with LAL-D was in a 9-year-old girl with elevated LDL-C, low HDL-C, and hepatomegaly with a liver biopsy that showed fibrosis and cirrhosis.  During therapy with lovastatin, lipid parameters improved and the authors showed a reduction in cholesterol synthesis and decreased secretion of apo B-containing lipoproteins (36). However, in a report of three patients treated with lovastatin for 12 months, no significant changes were seen in lipid parameters and liver histology (37). In a review of cases in the literature, 12 patients with LAL-D were treated with HMG CoA reductase inhibitors with multiple liver biopsies. None of the 12 patients had improvement on liver histology, with all 12 patients having progressive liver disease (1).  

Both hematopoietic stem cell transplant and liver transplant have been attempted to treat LAL-D, however, neither address the multi-system nature of the disease. Limited information is available about the long-term outcome of patients who have undergone liver transplant (1).
Sebelipase alfa, a recombinant human enzyme-replacement, is FDA approved for the treatment of LAL-D 
 ADDIN EN.CITE 
(38)
. The amino acid sequence for sebelipase alfa is the same as that of human LAL.  A multicenter, double-blind, placebo controlled, randomized study in 66 patients analyzed the safety and effectiveness of sebelipase alfa (39). By week 20, patients treated with sebelipase alfa demonstrated a decrease in LDL-C of 28% versus 6% in the placebo group. The treatment group also demonstrated improvement in triglyceride and HDL-C level. Normalization of ALT occurred in 31% of patients in the treatment group versus 7% in the placebo group. This was accompanied by reduction in hepatic fat content assessed by multi-echo gradient echo MRI of 32% in the treatment group versus 4% in the placebo group 
	Table 1. Clinical Trials of Sebelipase Alfa

	Study
	Subjects
	Age
	Dose (per kg body weight)
	Duration
	Reference

	LAL-CL01 


	9


	31.6 ± 10.7 yrs (mean ± SD):
	Escalating doses: 0.35, 1, or 3 mg weekly (given to cohort of 3 patients each) 
	4 wks 
	
 ADDIN EN.CITE 
(38)


	LAL-CL02 
	66
	50 <18 yrs, age range at randomization: 4-58 years
	1 mg every other week
	Initial 20 wks, followed by an open-label treatment phase for 65 patients
	(39)

	LAL-CL03 
	9
	3.0 months (median)
	Weekly infusions: 0.35 mg x 2 weeks; then 1 mg, with dose increase to 3 mg* 
	12 months 
	
 ADDIN EN.CITE 
(40)


	LAL-CL04 
	8
	18 to 65 yrs 
	1 or 3 mg every other week 
	Through to 52 wks
	
 ADDIN EN.CITE 
(41)


	*Two infants had dose subsequently increased to 5 mg/kg weekly

Modified from Pastores GM, Hughes DA. Lysosomal Acid Lipase Deficiency: Therapeutic Options. Drug Des Devel Ther. 2020 Feb 11;14:591-601. 


The frequency and distribution of adverse events were similar in the treatment and placebo group, and most adverse events were considered unrelated to the study drug (Table 2) (39). Clinical trials have shown that 3/106 patients experienced reactions consistent with anaphylaxis during infusion, occurring as early as the sixth infusion and as late as 1 year. Twenty percent (21/106) of patients experienced symptoms consistent with hypersensitivity reaction during or within 4 hours of completion of the infusion 
 ADDIN EN.CITE 
(38-41)
. The current dosing recommendation from the manufacturer for infantile-onset LAL-D is 1mg/kg IV weekly with escalation to 3mg/kg weekly in those who do not achieve appropriate clinical response.  For child and adults presenting with LAL-D, the recommended dose is 1 mg/kg every other week 
 ADDIN EN.CITE 
(38)
. Further long-term follow-up studies are needed.  
	Table 2. Adverse Events with Sebelipase Alfa

	Event
	Sebelipase Alfa (N=36)
	Placebo (N=30)

	Any adverse event
	31 (86%)
	28 (93%)

	Gastrointestinal events1
	18 (50%)
	12 (40%)

	Headache
	10 (28%)
	6 (20%)

	Fever
	7 (19%)
	6 (20%)

	Oropharyngeal pain
	6 (17%)
	1 (3%)

	Upper respiratory tract infection
	6 (17%)
	6 (20%)

	Epistaxis
	4 (11%)
	3 (10%)

	Asthenia
	3 (8%)
	1 (3%)

	Cough
	3 (8%)
	3 (10%)


Adapted from Burton, et al., NEJM 2015

1Gastrointestinal adverse events (diarrhea, abdominal pain, constipation, nausea, vomiting)

In contrast to survival rates of <12 months in infants with rapidly progressive LAL-D, results of two open-label studies of enzyme replacement therapy with sebelipase alfa, VITAL (NCT01371825) and CL08 (NCT02193867), in 19 infants reported prolonged survival to 12 months (79%) and 5 years of age (68%) in the combined population. The median age of surviving patients was 5.2 (VITAL) and 3.2 years (CL08). In both studies, median weight-for-age, length-for-age, and mid-upper arm circumference-for-age Z-scores increased from baseline to end of study, and decreases in median liver and spleen volume were observed. No patient discontinued treatment because of treatment-emergent adverse events. Infusion-associated reactions (94% in VITAL and 88% in CL08) were mild or moderate in severity 
 ADDIN EN.CITE 
(42)
. 

In older children (>4 years) and adults with LAL-D, a phase III randomized study of sebelipase alfa (RISE, NCT01757184) included a 20-week, double-blind, placebo-controlled period; a 130-week, open-label, extension period; and a 104-week, open-label, expanded treatment period. 59/66 patients completed the study. The study found that early and rapid improvements in markers of liver injury and lipid abnormalities with sebelipase alfa were sustained, with no progression of liver disease, for up to 5 years 
 ADDIN EN.CITE 
(43)
. 
CONCLUSION

Consensus recommendations for the initial assessment and ongoing monitoring of children and adults with LAL deficiency have been published to help improve the management of infants, children and adults with confirmed LAL-D (Figures 4 and 5) (44). 
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Figure 4. Recommendations for Baseline Assessment of Children and Adults with LAL Deficiency.
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Figure 5. Schedule of Ongoing Monitoring of Adults and Children with LAL Deficiency.
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