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Abstract

Lysosomal acid lipase-deficiency (LAL-D) is a rare and systemic condition, secon-
dary to lipase A gene mutations, responsible for lysosomal accumulation of chole-
steryl esters and triglycerides in many tissues. It is a very heterogeneous disease
in terms of the age of onset, severity, and the type of clinical and radiological
manifestations. Dyslipidemia, hepatomegaly, and hepatosteatosis with increased
levels of transaminases are the most common features. In association with liver
dysfunction and evolution to cirrhosis, there is an increased risk of premature
atherosclerosis and cardiovascular disorders, secondary to a generalized altera-
tion of lipid profile and lipoprotein dysfunction associated with LAL-D. There-
fore, we provide an update on the frequently under-recognized LAL-D, focusing
on the late-onset form: Cholesteryl ester storage disease.

Key Words: Cholesteryl ester storage disease; Lysosomal acid lipase deficiency; Dys-
lipidemia; Non-alcoholic fatty liver disease; Lipase A
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Core Tip: Lysosomal acid lipase deficiency is a rare disease caused by the mutation of the lysosomal acid lipase A gene and
characterized by the lysosomal accumulation of cholesteryl esters and triglycerides in many tissues. Its late onset form,
cholesteryl ester storage disease, is frequently misrecognized because of a mild and nonspecific presentation that resembles
more common illnesses such as metabolically associated steatotic liver disease and dyslipidemia. This review summarizes
the current knowledge on cholesteryl ester storage disease and aims to increase the awareness of the disease among
clinicians.
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INTRODUCTION

Lysosomal acid lipase deficiency (LAL-D) is a rare genetic disease characterized by the lysosomal accumulation of
cholesteryl esters (CE) and triglycerides (TG) in many tissues. This condition is due to genetic mutations of the lipase A
(LIPA) gene, which leads to the reduction of LAL activity and impairment of lipid metabolism[1]. Firstly described by
Abramov et al[2] as an infant life-threatening disease [named Wolman disease (WD)] and typically occurring in the first
weeks of life, it was successively discovered with milder manifestations and later-onset by Fredrickson et al[3], who
described it as cholesteryl ester storage disease (CESD). The aim of this review is to summarize recent knowledge about
LAL-D, focusing on phenotype and early identification of its most under-recognized form: CESD. In this contest, not only
hepatic manifestations but also atherosclerotic implications will be discussed, showing LAL-D as a real link between liver
and cardiovascular disease. The main available therapies for CESD will also be treated.

ETIOLOGY AND GENETICS

LAL-D is an autosomal recessive disease caused by mutations in the LIPA gene, located on chromosome 10q23.2. It
consists of 10 exons (encoding a messenger RNA of approximately 26 Kb, for LAL protein synthesis) and 9 introns (as
untranslated regions)[4]. Thus, both the type and site of the mutation are correlated with the residual enzymatic activity.
To date, more than 100 LIPA mutations have been identified (including deletions, insertions, missense, nonsense, and
frame-shift), which can lead to the alteration of LAL synthesis at various levels (trafficking, folding, aggregation, or stabil-
ization)[5]. WD is usually caused by frame-shift, nonsense, or splice-site mutations, resulting in a preservation < 1% of
LAL activity or its complete loss. Conversely, CESD is more often characterized by missense mutations, which allow it to
retain between 1%-10% of LAL activity[6]. Nevertheless, the correlation between residual enzyme activity and phenotypic
severity is still a debated topic. The most common mutation observed in CESD patients is ¢.894G>A (E8SJM). This splice-
site mutation allows the production of a small percentage of functional LIPA transcripts and the expression of 3%-5% of
LAL activity[7]. Although c.894G>A accounts for 50% of all LAL-D cases, many other disease-causing LIPA variants
(such as ¢.891C>T, ¢.676-23T>C, c¢.966+3A>T) and predicted pathogenic mutations have been found[7]. Other novel non-
classical genetic variants have been recently described in a few case reports[8,9]. The role of epigenetics in LAL-D has also
been investigated, focusing on the possible correlation between DNA methylation and LIPA protein expression.
Preliminary evidence is promising[10,11], but further specific investigations on LIPA epigenetic regulation will be
necessary to determine the significance of these findings.

EPIDEMIOLOGY

LAL-D is considered a rare pan-ethnic condition. However, the real incidence and prevalence in the various populations
are difficult to establish due to the rarity of the disease, the presence of many underdiagnosed cases, and the lack of
certain epidemiological data. Until 2015, epidemiological reports on LAL-D derived from a few observational studies
performed on Caucasian populations, in which the number of affected patients was estimated using the prevalence of the
¢.894G>A mutation[12]. More recently, the use of the next-generation sequencing technique has allowed for obtaining
more precise data: Considering all known LIPA variants, Carter et al[7] found a prevalence of LAL-D in the general
population of 1 per 177452 (95% confidence interval: 149467-210683), which was significantly lower than previous
estimates (about 1 per 40000). Differences were also observed between ethnic groups, with a higher prevalence of LAL-D
in European and Latino ancestries and low prevalence in Asian and Ashkenazi Jewish ones[7].
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CLINICAL MANIFESTATIONS

In LAL-D, the extension of CE and TG deposition in tissues appears to be directly proportional to illness severity and
inversely proportional to onset age. In fact, clinical manifestations are more severe in the early-onset form of LAL-D
(WD), in which the heavy accumulation of lipids in visceral organs causes hepatosplenomegaly and adrenal calcification,
presenting soon after birth (2-4 months)[6]. These symptoms are frequently accompanied by digestive disorders, such as
steatorrhea/diarrhea, vomiting, and feeding difficulties, leading to malabsorption, malnutrition, and growth delay. Thus,
the median life expectancy of an infant with WD rarely exceeds 1 year old[13]. On the contrary, CESD shows much later
during childhood or adulthood, and its symptoms are often mild and nonspecific, so that the disease can remain misdia-
gnosed for a long time[14]. In a recent investigation by Balwani et al[15], the median time from symptom onset to
diagnostic testing among adult patients was 9.8 years. The features that mainly characterize later-onset LAL-D include:
Liver disease, dyslipidemia, accelerated atherosclerosis, and premature cardiovascular disease. Calcification of the
adrenal glands is instead not frequent[16].

Liver disease

Alterations in hepatic function may be discovered after routine radiological or biochemical examinations, showing
hepatosplenomegaly and/or hypertransaminasemia[14]. Hepatomegaly occurs in the majority of patients (63%-99%)[15,
16]. Macroscopically, the liver appears yellow-orange in color, due to lipid accumulation, and thus indistinguishable from
other causes of fatty liver disease [such as metabolic-associated steatotic liver disease (MASLD)]. However, the micro-
scopical analysis of liver tissue reveals the peculiar accumulation of cholesterol esters and TG in the lysosomes of both
hepatocytes, Kupffer cells, and macrophages present in the sinusoids and portal tracts. This storage results in a diffuse
and uniform microvesicular (sometimes associated with macrovesicular) steatosis, an unusual feature in other liver
diseases[6]. Steatosis can progressively lead to fibrosis, micronodular cirrhosis, and even hepatocarcinoma[15,16].
Hepatocyte necrosis is instead rarer[16].

At biochemical analysis, elevated serum transaminases [alanine aminotransferase (ALT), aspartate aminotransferase
(AST), or both] are observed in the majority of patients. However, their values are often not markedly increased (ALT and
AST 2 1.5 x upper limit of normal in 46% and 15% of CESD cases, respectively), making these parameters nonspecific and
not pathognomonic[15]. Taken together, macroscopic, microscopic, and biochemical tests are challenging to recognize
LAL-D, as about 77% of subjects report 3 or more liver manifestations, such as elevated ALT, raised AST, and hepato-
megaly[15].

Dyslipidemia

The impairment of lipid metabolism caused by LAL-D is evident in the lipid profile of affected patients. Dyslipidemia is
present in the majority of them (70%-95%), with elevated levels of total cholesterol and LDL cholesterol (LDL-c), and
reduced concentrations of HDL cholesterol (HDL-c)[15,16]. Instead, hypertriglyceridemia is observed in half of LAL-D
cases, and it often consists of levels slightly higher than the normal range[17]. This lipid profile is quite similar to other
types of common genetic dyslipidemia, such as familial hypercholesterolemia (IIA phenotype) and familial combined
hypercholesterolemia (IIA phenotype)[18]. Thus, differential diagnosis is essential in order to identify the disease and
reduce the associated cardiovascular risk.

Cardiovascular risk

The abnormality of lipid metabolism and the elevated concentrations of LDL-c among CESD patients promote a pro-
inflammatory and pro-atherogenic environment, which can soon lead to premature atherosclerosis and cardiovascular
diseases[16]. Recently, Guerreiro et al[19] have confirmed the role of inflammation in LAL-D, showing an increased
production of free radicals in this kind of patients, which makes them more susceptible to oxidative stress. For all these
reasons, LAL-D individuals must be considered at heightened risk for premature atherosclerotic cardiovascular disease,
and other risk factors (such as hypertension, smoking, diabetes mellitus, etc.) should be appropriately managed[20].
Moreover, the last genome-wide association studies have identified LIPA as a risk gene for coronary artery disease (CAD)
[21]. Although a weak association was observed with an altered lipid profile, the rise of CAD risk due to increased LIPA
transcription could be explained by other mechanisms mediated by LAL activity, such as growing production of free fatty
acids and increasing release of interstitial cholesterol, which all promote plaque inflammation[22].

DIAGNOSIS

As LAL-D prevalence is low and clinical manifestations are often nonspecific, diagnosis can be very challenging. The
diagnostic process is based on different assessments, which include: Biochemical analysis, imaging and histological tools,
enzyme activity test, and genetics evaluation[14] (Figure 1).

Biochemical analysis

The alteration of biochemical markers may occur precociously in LAL-D, but they are frequently detected during routine
medical examinations. The most consistent abnormalities include elevated levels of liver enzymes (particularly ALT) and
impairment in lipid profile (high LDL-c and low HDL-c concentrations). The former is suggestive of liver injury, while
the latter represents a consequence of lipid metabolism alteration and can be classified as dyslipidemia[14]. According to
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Figure 1 Assessments for the diagnostic pathway of lysosomal acid lipase deficiency. ALT: Alanine aminotransferase; AST: Aspartate
aminotransferase; TC: Total cholesterol; LDL-c: LDL cholesterol; HDL-c: HDL cholesterol; ChT: Chitotriosidase; PARC: Pulmonary and activation-regulated
chemokine; WGS: Whole genome sequencing; LAL: Lysosomal acid lipase; WGS: Whole genome sequencing.

the biochemical profile, three phenotypes can be distinguished, respectively characterized by hepatic impairment, dyslip-
idemia, or both (mixed phenotype)[14]. Although hepatic transaminases and cholesterol are available and routinely used
dosages, they are nonspecific for LAL-D, and further studies are needed to identify disease-specific biomarkers. Recently,
Cebolla et al[23] have investigated the possible role of parameters suggestive of secondary processes of LAL-D: Inflam-
mation and oxidative stress. The assessment of inflammation state was performed through the measurement of plasma
chitotriosidase activity and the concentration of pulmonary and activation-regulated chemokine (PARC, also called
chemokine ligand 18 - CCL18), which were both higher among LAL-D patients[23]. Moreover, Cebolla et al[23] observed
elevated levels of some oxysterols (e.g., 7-ketocholesterol and cholestane-3p, 50, 6B-trio) in affected patients, which are
known products of cholesterol oxidation and thus markers of oxidative stress. Taken together, plasma lipid-liver profile
and inflammation-oxidative biomarkers are useful to diagnose LAL-D, but remain non-disease-specific.

Imagine and histological assessment

As mentioned above, the liver is one of the main organs in which the lysosomal accumulation of CE and TG occurs. Thus,
the quantification of hepatic fat is essential in the diagnostic pathway of LAL-D. This assessment can be performed with
different image techniques, such as magnetic resonance and transient elastography[14]. Though the macroscopical
appearance of LAL-D liver cannot be distinguished from other causes of fatty liver disease, the more invasive liver biopsy
remains the gold standard for the evaluation of liver involvement[14].

Histological examination is a challenge to avoid misdiagnosis. In fact, histopathology of liver samples from patients
with LAL-D shows the peculiar pattern of microvesicular steatosis and micronodular cirrhosis, which strongly suggests a
lysosomal disease[6]. This is also confirmed by the use of lysosomal markers (such as cathepsin D, lysosomal-associated
membrane protein 1 - LAMP1, LAMP2, and lysosomal integral membrane protein 2 - LIMP2) that can be stained through
immunohistochemistry in paraffin-embedded liver specimens, helping to distinguish cytosolic from lysosomal lipid
accumulation[24]. Moreover, polarized light can be used to see cholesterol crystals present in hepatocytes and Kupffer
cells. The presence of these birefringent needle-shaped crystals is pathognomonic for LAL-D and can be examined with
electron microscopy in frozen biopsy samples[24].

LAL activity evaluation

Whenever LAL-D is suspected, the residual assessment of LAL activity is essential to confirm the diagnosis. This analysis
can be carried out on various biological samples, such as whole blood, peripheral leukocytes, fibroblasts, or liver tissue
[25]. Due to easy execution and less invasiveness, the test is usually performed on a dried blood spot sample. LAL activity
is evaluated using a fluorochrome-modified substrate (such as palmitic acid covalently modified with a 4-methylumbelli-
ferone) and a specific LAL inhibitor (Lalistat-2). Residual LAL activity is assessed by quantifying overall blood lipase
activity and then subtracting the activity measured in the presence of Lalistat-2, followed by fluorescence emission
spectroscopy[26]. The LAL activity test is able to differentiate healthy individuals, carriers of LAL-D, and diseased
patients. However, the test has a lower detection threshold of approximately 3% residual LAL activity; below this level, it
is not possible to reliably differentiate between patients with WD and those with CESD, since both present with similarly
low enzyme activity[26].
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Genetic analysis

Although LAL residual activity represents a fundamental diagnostic step, genetic analysis is needed to confirm LAL-D.
Sequencing of the LIPA gene allows for to detection and characterization of pathogenic variants, identifying patients with
single-nucleotide mutations[27]. However, when changes are located in the intronic or regulatory regions of the LIPA
gene, they cannot be detected with gene sequencing, and the use of further techniques such as transcriptome or whole
genome sequencing is required[14]. In order to facilitate the identification of these patients, Halabi ef al[28] have recently
proposed the use of rapid whole genome sequencing for the LIPA gene.

Differential diagnosis and screening

Identifying LAL-D among other disorders that cause dyslipidemia and liver dysfunction is often difficult. In fact, LAL-D
is often misdiagnosed, not only due to a lack of awareness of the disease but also because its presentation resembles more
common conditions, such as familial hypercholesterolemia and MASLD[27]. Here, we report some “red flags” helpful to
consider LAL-D as alternative diagnosis in patients with dyslipidemia and hepatic alterations[29]: (1) Absence of family
history for metabolic syndrome; (2) Absence of other common components of metabolic syndrome (e.g., hypertension,
diabetes mellitus, visceral obesity); (3) Presence of microvescicular steatosis at liver biopsy; (4) Early atherosclerotic
disease; and (5) Poor response to traditional lipid-lowering interventions (e.g., statins, fibrates, lifestyle changes).
Nevertheless, LAL-D remains a very rare disease. Even if a few cases have been identified in at-risk populations
presenting with suggestive signs and symptoms of the disease[30], evidence from larger cohort studies did not support
the use of routine testing or screening programs for the detection of LAL-D among hypercholesterolemic subjects[31,32].

BIOLOGICAL IMPLICATIONS

LAL-D leads to a systemic disturbance in intracellular lipid homeostasis, with far-reaching biological consequences. The
primary biochemical defect involves impaired hydrolysis of CE and TG derived from modified LDL-c into free
cholesterol and fatty acids within lysosomes. This impairment results in the progressive accumulation of these lipids in
the liver, vasculature, immune cells, and bone spectroscopy[33] (Figure 2). The resulting metabolic derangements trigger
a cascade of dysfunctions at the cellular and tissue levels, underpinning the clinical heterogeneity of LAL-D and its
association with both hepatic and cardiovascular pathology, as discussed below.

Lipid metabolism dysregulation and cardiovascular disease

As mentioned above, a hallmark of LAL-D is a profoundly abnormal lipid profile characterized by elevated LDL-c, low
HDL-c, and increased serum TG - an atherogenic profile that promotes premature cardiovascular disease[34]. The
impaired lysosomal hydrolysis of CE disrupts intracellular cholesterol trafficking, thereby activating sterol-regulatory
element-binding protein (SREBP)-mediated upregulation of de novo cholesterol synthesis and LDL receptor expression.
This paradoxically increases cellular cholesterol uptake and exacerbates lipid storage pathology[35,36]. Lipid-laden
lysosomes accumulate in hepatocytes and macrophages, triggering microvesicular steatosis and activating transcription
factors SREBP-1/2 and SREBP-1c, which drive de novo lipogenesis and LDL receptor expression while suppressing liver X
receptors- adenosine triphosphate-binding cassette transporter A1 (ABCA1)-mediated HDL formation[29,22]. These
dyslipidemic changes are tightly linked to hepato-steatosis and liver inflammation, as well as systemic atherogenesis,
establishing a clear mechanistic bridge between hepatic dysfunction and cardiovascular disease in LAL-D.

In fact, LAL-D predisposes patients to early-onset and accelerated atherosclerosis driven by dyslipidemia as well as
intrinsic cellular pathology and inflammation within the arterial wall. In particular, impaired hydrolysis of CE and TG in
macrophages and smooth muscle cells leads to lysosomal CE accumulation, lysosomal dysfunction and enlargement, and
foam cell formation, a key step in atherogenesis[37]. Macrophages and vascular smooth muscle cells transform into foam
cells due to extensive intracellular lipid accumulation and subsequently secrete pro-inflammatory cytokines such as
tumor necrosis factor-o and interleukin-1f, driving persistent vascular inflammation and plaque progression. Tumor
necrosis factor-o causes an increase in cell adhesion molecules, favoring the recruitment of further vascular smooth
muscle cells and immune cells[38]. While the phagocytosis of oxidized LDL induces macrophages to release interleukin-
1B by activating the nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 inflam-
masome, reinforcing chronic inflammatory signaling within the plaque[39]. In parallel, impaired lysosomal processing of
cholesterol reduces free cholesterol availability for liver X receptor activation, leading to suppressed ABCA1 expression
and diminished cholesterol efflux from foam cells, which further exacerbates atherosclerotic lesion development[40].
These intertwined mechanisms (lipid-stressed lysosomes, inflammatory cytokine release, and impaired cholesterol efflux)
form a vicious cycle that fuels foam cell pathogenicity and atherosclerotic plaque progression in LAL-D[41].

Moreover, LAL-mediated lipid catabolism is important in adipose tissue biology and in cardiovascular risk. LIPA-/-
mice exhibit significantly lower body weight compared to their wild-type counterparts, accompanied by a progressive
reduction in both white and brown adipose tissue[36]. In contrast, obesity stimulates the formation of new lysosomes in
adipose tissue macrophages (ATM), as shown by elevated expression of genes encoding lysosomal structural proteins (for
instance, LAMP?), hydrolases (such as LIPA), and components of vacuolar proton pumps (like Atp6v1b2), without
increasing markers of classical inflammatory activation. Consistently, chloroquine-treated ATM[36] and LIPA-deficient
human induced pluripotent stem cell-derived macrophages[42] show significant lipid accumulation, but do not display a
gene expression profile typical of inflammatory activation. Thus, the lipid accumulation resulting from LAL deficiency
does not seem to be linked to an intrinsic pro-inflammatory response in macrophages[42]. In ATM-depleted adipose
tissue, the inhibitory effect of chloroquine on lipolysis is lost, highlighting the importance of macrophage LAL in
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Figure 2 Biological implications of lysosomal acid lipase deficiency. Lysosomal acid lipase deficiency leads to defective hydrolysis of cholesteryl esters
and triglycerides in lysosomes, causing their accumulation in multiple tissues and triggering systemic dysfunction. LDL-c: LDL cholesterol; CE: Cholesteryl esters; TG:
Triglycerides.

regulating lipid breakdown within adipose tissue. In atherosclerotic plaques, macrophages accumulate large amounts of
CE and free cholesterol[43] in their lysosomes, causing impaired lysosomal lipid degradation. However, several studies
have observed elevated LAL activity in atherosclerotic tissues as well as in lysosomes rich in lipids isolated from these
tissues[44,45]. Though it remains uncertain whether this increase in LAL activity is due to a greater abundance of LAL-
expressing cells within the lesion and/or an upregulation of LAL expression at the cellular level. Moreover, LAL
messenger RNA levels or enzymatic activity measured in vitro do not necessarily reflect its true lipolytic function within
atherosclerotic lesions, especially when lysosomal acidification is impaired. Indeed, resident aortic CD45p+/CD64p+/
merTKp+ macrophages of ApoE-deficient mice fed a western diet for 2 months displayed decreased lysotracker
fluorescence, a dye that accumulates in late endosomes and lysosomes, indicating impaired lysosomal function[46].
Treating murine macrophages with lysosomal stressors such as chloroquine or atherogenic lipids, such as oxidized LDL
and cholesterol crystals, results in significant lysosomal dysfunction, which is marked by altered lysosomal pH, reduced
proteolytic activity, and compromised membrane integrity[46]. The impairment in lysosomal function is also linked to the
nuclear translocation of the transcription factor EB as well as to an elevated expression of lysosome (LIPA, Atp6v0d2,
LAMP1) and autophagy-related genes (BECN1 and p62/SQSTM1)[46]. Increasing transcription factor EB expression in
macrophages stimulates the formation of new lysosomes and enhances autophagy, thus helping in counteracting the cell
death and inflammation triggered by atherogenic lipid overload, without reducing the build-up of lipids in the cells
despite increased LAL activity[47]. Thus, boosting the degradative capacity of macrophages is considered a promising
therapeutic strategy for atherosclerosis[47], but the effect of increasing macrophage LIPA expression and LAL-mediated
lipolysis on the development of atherosclerosis is not yet fully understood[48]. Multiple genome-wide association study
[21,49,50] have identified LIPA as a novel locus for CAD. Despite the well-known role of LIPA in lipoprotein metabolism,
the common LIPA CAD risk alleles, rs1412444 (T) and rs2246833 (T), clustered in introns 2/3 in high linkage disequi-
librium, are not associated with altered plasma lipids[51], liver traits[51], and are not associated with LIPA expression
(i.e., are not expression quantitative trait) locus in liver tissue[52]. These studies will shed light on the potential for benefit
and risk in therapeutic targeting of LIPA in CAD, particularly in the context of the availability of LAL replacement
therapy currently approved for use in patients with CESD. The significance of LAL in a broad spectrum of pathophy-
siological conditions will continue to expand.

Immune system alterations

The lysosomal accumulation of CE and TG in peripheral tissues triggers the release of chemokines and growth factors,
which mediate the recruitment of T cells, monocyte-derived macrophages, and dendritic cells, thereby amplifying the
local production of pro-inflammatory cytokines, impairing antigen presentation, and promoting chronic inflammation
[53]. Lipid-laden macrophages, commonly observed in LAL-D tissues, adopt a pro-inflammatory phenotype due to
chronic lysosomal stress and impaired cholesterol efflux, contributing to systemic immune dysregulation. Moreover,
LAL-D disrupts the polarization of macrophages toward the anti-inflammatory M2 phenotype, skewing toward the M1-
like, pro-inflammatory phenotype, and compromises their mitochondrial oxidative metabolism[54]. These alterations
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amplify hepatic fibrosis and accelerate atherosclerosis through local and systemic inflammatory signaling, reinforcing the
role of LAL-D as an immune-metabolic disorder. There is evidence of an inverse correlation between LAL activity and the
development of metabolic-associated fatty liver disease in humans. In preclinical models, in an effort to clarify the role of
hepatic LAL activity and macrophages in metabolic dysfunction-associated steatohepatitis (MASH), it was shown that
hepatocyte-specific depletion of LAL (hepLAL-/-) led to an augmentation of TC and CE levels in the liver[55]. However,
Kupffer cells” elimination worsens hepLAL-/- mice phenotype, and results in an increase in hepatic and plasma
cholesterol levels with minimal effects on inflammation without significant changes in fibrotic lesions. This study points
out the importance of immune cells in modulating metabolic-associated fatty liver disease progression to MASH, and that
macrophage phenotype modulation rather than depletion could be a potential therapeutic strategy also in LAL-D[55].

In LIPA-/- mice, the absence of LAL led to a significant reduction in multipotent progenitor cells, accompanied by an
increase in downstream myeloid precursors, including common myeloid progenitors and granulocyte/monocyte
progenitors, compared to wild-type controls. These shifts in progenitor cell populations were reflected in the peripheral
blood, where LIPA-/- mice exhibited a markedly decreased proportion of circulating monocytes and natural killer cells
[56]. A similar pattern was observed in human patients with CESD. Thus, LAL may function as a critical immune-
metabolic regulator, influencing the development and distribution of immune cell populations in both mice and humans.

Defective autophagy

The LAL enzyme plays a key role in the breakdown of CE within lipid droplets, a process triggered by cholesterol
accumulation in macrophages, to produce free cholesterol primarily for ABCAl-mediated efflux from foam cells[57].
These lipid droplets are brought into lysosomes by autophagy. There is evidence implicating autophagic dysfunction in
the pathophysiology of LAL-D[58]. Moriwaki et al[58] demonstrated that in LIPA-/- HeLa cells, autophagy is impaired
under nutrient-rich conditions due to disrupted lysosomal acidity, triggered by increased sensitivity to ammonia derived
from glutamine metabolism. This acidity defect is linked to enlarged lysosomes without a corresponding increase in
vacuolar-type ATPase, the proton pump responsible for acidifying lysosomes. Although autophagy remains normal
under starvation, the primary defect, lysosomal enlargement, persists, indicating a fundamental disruption in lysosomal
homeostasis. These findings highlight LAL’s essential role in maintaining lysosomal integrity and autophagic function,
offering insights into the pathology of WD and the potential impact of metabolic stressors like hyperlipidemia. The
excessive lipid accumulation within lysosomes impairs autophagic flux by disrupting lysosome-autophagosome fusion,
which exacerbates hepatocellular injury and may contribute to muscle pathology through defective mitophagy and
energy depletion[59]. This defect perpetuates a vicious cycle of organelle stress and metabolic insufficiency, especially in
tissues with high turnover or metabolic demand.

Muscular and bone involvement

Skeletal muscle, though not classically emphasized in LAL-D, is increasingly recognized as a secondary site of pathology.
Mitochondrial and lipid metabolic abnormalities in myocytes, likely driven by systemic lipo-toxicity and impaired
autophagy, may contribute to muscle weakness and exercise intolerance reported in some patients[60]. Moreover,
emerging data suggest that LAL-D may affect bone metabolism. Disruption of lipid signaling pathways, essential for
osteoblast and osteoclast function, has been linked to decreased bone mineral density and altered bone remodeling,
although the clinical relevance of these findings warrants further investigation[61]. Chronic inflammation further
potentiates bone resorption, and impaired autophagy in osteocytes may disrupt their function, enhancing skeletal
fragility.

TREATMENT

Treatment of LAL-D in adults is focused on reducing the cardiovascular risk using lipid-lowering drugs, while liver and
bone marrow transplantation are reserved for the most severe forms associated with organ failure[16,62].

Traditional therapy

Lipid-lowering drugs are one of the pivotal strategies of LAL-D traditional treatment. Among these, statins are widely
used. They reduce total cholesterol and LDL-c and modestly increase HDL-c levels through the inhibition of cholesterol
synthesis by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A reductase, leading to an increase in serum lipoprotein
uptake through the low-density lipoprotein receptor. Controversies on statin efficacy are related to the enhanced uptake
of cholesterol ester by the liver, potentially leading to increased lysosomal content[1]. Most data derive from patients
receiving simvastatin[63] or lovastatin, and demonstrate significant reduction of LDL-c levels[64-68] and Apolipoprotein
B synthesis in adolescents affected by CESD[67].

Questions have been raised regarding the efficacy of statins in preventing cardiovascular diseases in patients with
LAL-D[69], as these individuals continue to exhibit elevated levels of LDL-c[70] while the liver does not show
improvement or even worsens[67,71]. Although reductions in liver size and improvements in liver profile have been
observed during lovastatin therapy, cases of liver failure and poor long-term outcomes have also been reported in some
instances[72]. Normalization of the lipid profile in children with LAL-D does not always halt the progression of liver
disease or prevent hepatic failure.

As an alternative or in combination with statins, other lipid-lowering drugs can be used. Bile chelating resins and
ezetimibe both act to decrease cholesterol absorption in the intestine. Ezetimibe specifically blocks cholesterol uptake at
the brush border of the small intestine by inhibiting the Niemann Pick Cl-like 1 transporter activity[73]. It enhances the
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plasma lipoprotein profile, particularly by further lowering LDL cholesterol when used alongside statin therapy, and this
combination is generally well tolerated. However, in patients with LAL-D, combining statins with resins has not shown
long-term improvements in cholesterol levels[74]. In a 10-year-old child with hepatomegaly and biopsy-confirmed liver
fibrosis, ezetimibe, administered for 80 months, resulted in normalization of AST levels, decreased serum lipid levels, and
a reduction of hepatomegaly. However, there was no report on post-treatment liver transplantation (LT) levels or liver
biopsy[75]. In observational case series, ezetimibe was found effective, safe, and sustainable in a long-duration treatment
(10 years), showing a significant reduction of ALT, cholesterol, and TG, with no progression of liver fibrosis at hepatic
elastography[76]. Moreover, in order to improve lipid profile, a low-lipid diet may be recommended among CESD
patients, although a strict regimen is not usually necessary[14].

The other pillar of LAL-D treatment is enzyme replacement therapy (ERT). The recombinant human LAL, sebelipase-a,
has recently been approved in both Europe and the United States[77] as a long-term ERT for patients of all ages with
LAL-D. This therapy is administered intravenously every 2 weeks at a dose of 1 mg/kg body weight, and has demon-
strated significant improvements in survival in WD patients[78]. Six clinical trials were conducted to evaluate the efficacy
and safety of sebelipase-a therapy in patients with LAL-D. The phase III trial acid lipase replacement investigating safety
and efficacy was a multicenter, double-blind, placebo-controlled study with an open-label extension, and it was per-
formed in either children (> 4 years old) or adults. sebelipase-a treatment (1 mg/kg for 2 weeks) normalized ALT levels in
54% of children and 38% of adults, improved dyslipidemia, reduced hepatic fat content, and was well tolerated[79,80].

In another long-term study performed on an adult population (LAL-CL04), sebelipase-a therapy for up to 5 years
achieved sustained improvements in markers of liver and lipid dysfunction, decreased liver volume and fat content, and
was well tolerated[81]. In 2022, Burton et al[82] tried to broaden inclusion criteria, analyzing a more heterogeneous
population compared to previous ones (acid lipase replacement investigating safety and efficacy and LAL-CL04), with
patients at different illness stages. In this cohort, they observed that the assessment of treatment response depended on
different factors: The disease phenotype at baseline, the dosage of sebelipase-o, the dietary regimen employed, and
concomitant diseases and medications[82].

Safety and efficiency of ERT were also confirmed in a recent systematic review. sebelipase-o was shown to be effective
in decreasing serum biomarkers (AST, ALT, total cholesterol, TG, and LDL-c) among LAL-D patients, but it did not
induce a significant reduction of liver volume[83]. Meanwhile, adverse pharmacological events were rare and mild/
moderate in severity[83].

Although ERT treatment appears to attenuate clinical manifestations, it leads to improvement of liver fibrosis and
cardiovascular outcomes in most but not all patients with CESD. Thus, suspected non-responders should be assessed for
any underlying comorbidities that may be contributing to the severity and progression of disease before consideration of
discontinuing sebelipase-a[82]. Moreover, ERT therapy shows various limitations, including invasiveness (usually 2
hours of intravenous administration are required weekly or bi-weekly) and costs[84].

Unlike treatments mentioned above, LT is generally reserved for patients with LAL-D who develop liver failure, due to
the significant risks associated with the procedure, the need for lifelong immunosuppression, and the fact that extra-
hepatic symptoms of the disease often persist after transplantation. It has been performed in a limited number of
pediatric patients and one adult[16,62,85,86], being successful in four children and in the adult patient. However, a
retrospective analysis by Bernstein et al[87] showed that 61% of transplanted patients developed multi-organ LAL-D
progression even after LT. In fact, although LT is indispensable in patients suffering from end-stage liver failure or
hepatocellular carcinoma, the deficiency il LAL enzyme activity persists, and disease recurrence may occur[87].
Moreover, a recent case report signaled the presence of an undiagnosed LAL-D patient among those enlisted for liver
transplant in a Brazilian hospital, also suggesting the importance of a preoperative differential diagnosis[88].

Early treatment initiation for LAL-D is challenging. It may improve liver-lipid biomarkers and prevent potentially
serious disease-related adverse outcomes. Further research is necessary to determine the impact of sebelipase-o on
quality-of-life measures, how and the extent to which sebelipase-o improves liver histology, the role of concomitant
dietary measures, and whether certain groups of patients with LAL-D benefit more from ERT than others. Further studies
are also needed to assess the cardiovascular benefit[89].

Innovative therapy

Among innovative and alternative treatments, hematopoietic stem cell transplantation is the most investigated for WD.
However, current data are conflicting and inconsistent: Some studies described hematopoietic stem cell transplantation as
a successful treatment, while others reported disease progression and fatal transplant-related complications[29]. Gene
therapy is instead a novel therapeutic approach currently under investigation for many lysosomal storage diseases,
including CESD[90]. Recent preclinical studies have observed the efficacy of a gene treatment based on the in vivo
administration of adeno-associated virus encoding human LIPA transgene in LIPA-/- mice[91,92]. This gene therapy led
to significant improvement in disease symptoms (hepatosplenomegaly attenuation, serum liver-lipid biomarkers
reduction) and to achievement of a stable long-term LAL expression sufficient to correct the disease phenotype[91,92].
Interestingly, treatment was more effective in adult mice than in neonates, suggesting that adeno-associated virus-
mediated gene therapy should be a viable option, especially for CESD patients[91].

CONCLUSION

Because of the low prevalence and the nonspecific presentation, LAL-D is often misrecognized, especially in its late-onset
form (CESD). However, the alteration of lipid metabolism caused by the disease puts LAL-D patients at high risk of
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developing not only liver dysfunction (MASLD, MASH, cirrhosis), but also premature atherosclerosis and cardiovascular
disease. Thus, prompt identification and treatment are essential, and greater awareness of this condition among clinicians
is required.
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