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ABSTRACT – Enzyme replacement therapy (ERT) has represented a major therapeutic breakthrough for lysosomal 
storage diseases (LSDs) over the past three decades, translating fundamental insights into lysosomal enzyme traf-
ficking and cross-correction into effective clinical interventions. Since its first application in Gaucher disease, ERT 
has been extended to multiple LSDs, leading to substantial improvements in survival, organ function, and quality of 
life. However, accumulated long-term clinical experience has revealed several important limitations that preclude 
ERT from being universally effective.

This review discusses key factors influencing the efficacy of ERT, including enzyme biodistribution, receptor-me-
diated uptake, pharmacokinetics, and the impact of physiological barriers such as the blood–brain barrier. Tissue-
specific variability in response, immune reactions, and the influence of disease stage and secondary pathogenic 
mechanisms are examined as major determinants of therapeutic outcome. In addition, challenges related to ma-
nufacturing, cost, and treatment burden are considered.

Advances in biotechnology have led to the development of second- and third-generation enzymes with impro-
ved targeting properties, reduced immunogenicity, and enhanced stability. Novel approaches, including glycoengi-
neering, chimeric enzymes capable of crossing biological barriers, nanoparticle-based delivery systems, and alter-
native production platforms such as plant-based expression systems, are expanding the therapeutic landscape. At 
the same time, emerging strategies aimed at modulating immune responses and optimizing treatment protocols 
are contributing to improved clinical management.

Finally, the evolving role of ERT is discussed in the context of emerging therapies, particularly gene therapy. 
While gene-based approaches hold great promise, ERT is likely to remain an essential component of treatment, as 
a complementary strategy or a bridge to more definitive therapies. Lessons learned from decades of clinical use 
provide a foundation for future innovations aimed at overcoming current limitations and improving outcomes.

Keywords: Blood-brain-barrier, Central nervous system, Drug delivery, Enzyme replacement therapy, Gene the-
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THE HISTORY OF ENZYME REPLACEMENT THERAPY

Enzyme replacement therapy (ERT) was devised for the treatment of lysosomal storage diseases (LSDs) 
more than 35 years ago. Pivotal studies1 identified the mechanism underlying the sorting and trafficking 
of lysosomal enzymes and provided the rationale for a strategy based on replacing a missing lysosomal 
enzyme through the infusion of the normal enzyme. Based on these studies, ERT was implemented and 
translated into human therapy for the first time in patients affected by Gaucher disease2 (Figure 1).

Figure 1. History and first therapies for each disease. The first studies that identified the mechanism underlying 
the sorting and trafficking of lysosomal enzymes and provided the rationale for ERT date to the 1980s. In the 
early 1990s ERT was translated into human therapy in patients affected by Gaucher disease. Since then, ERT was 
progressively extended to several other LSDs. The figure lists the first drugs developed for each different LSD.

Thanks to the success of this approach in the non-neuronopathic forms of Gaucher disease3, ERT 
was progressively extended to several other LSDs, on the hypothesis that it could be equally effective 
for other disorders (Figure 1). The currently approved enzyme replacement therapies are summarized 
in Table 1. 

Overall, thousands of patients with different LSDs have been treated, and there is now sufficient 
insight – at least for some of these disorders – to evaluate the results of substantial commitment and 
efforts of patients, physicians and institutions, to assess the yield of huge investments in research and 
in clinical development, and to indicate new directions and shape future actions to treat lysosomal dis-
orders.

In assessing the results of ERT, we must consider that, although the approach is based on a common 
strategy and on common molecular mechanisms, ERT is not a “one-for-all strategy”. There are peculiar 
aspects, specific for individual LSDs (and possibly for single groups of patients), that impact therapeutic 
efficacy.

We must also consider that ERT has substantially evolved over time, for example with novel manu-
facturing processes and modifications introduced in the recombinant enzymes, and with new-genera-
tion therapeutic enzymes that have been produced to overcome some of the hurdles and drawbacks 
that emerged from real-world experience. Also, we must compare ERT with newer approaches that 
have been introduced as alternative or complementary therapies for the treatment of LSDs.

This article is a concise review of some of the issues that have emerged after decades of ERT and 
is not intended to be comprehensive. State-of-the-art and extensive reviews are available and can be 
easily found in the literature, for example van der Beek et al4 (2025), Poswar et al5 (2019), or Desnick and 
Schuchman6 (2012), and are not within the scope of this article. The purpose of our review is rather to 
address selected aspects that are critical for evaluating the outcomes of enzyme replacement therapy 
and for supporting the further development of this therapeutic approach.
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MATERIALS AND METHODS

A comprehensive literature search was conducted using the PubMed and Scopus databases to identify 
relevant articles on enzyme replacement therapy for lysosomal storage diseases. The search strategy 
included combinations of the following keywords: “enzyme replacement therapy”, “lysosomal storage 
disorders”, “Pompe disease”, “Gaucher disease”, “Fabry disease”, “mucopolysaccharidosis”, “acid lipase 
deficiency”, “CLN2” “immune response”, “pharmacokinetics”, “pathophysiology” and “gene therapy”. 
One hundred and six articles published in English up to 2025 were considered.

Original research articles, clinical trials, systematic reviews, and relevant preclinical studies were 
included based on their relevance to the topic. Particular attention was given to studies addressing effi-
cacy, limitations, immune responses, and novel therapeutic strategies. Case reports, abstracts without 
full text, and studies not directly related to enzyme replacement therapy or lysosomal storage diseases 
were excluded. Additional relevant publications were identified through manual screening of reference 
lists of selected articles.

THE RATIONALE FOR ERT

Translating ERT from the level of proof-of-concept molecular studies into actual therapies for pa-
tients has been a complex process. To be effective in disorders like LSDs and to be translatable 
into patients’ care, a treatment must meet several important requisites, related to the biology and 
pathophysiology of the diseases, to manufacturing procedures, and to the viability of this approach 
in clinical practice.

Table 1. Approved enzyme replacement therapies, including second-generation enzymes.

Disease	 Enzyme 	 Route of 
		  administration

Type 1 Gaucher disease	 Imiglucerase	 IV
	 Velaglucerase alfa
	 Taliglucerase alfa
Fabry disease	 Agalsidase alfa	 IV
	 Agalsidase beta 
	 Pegunigalsidase alfa
Mucopolysaccharidosis type I	 Laronidase 	 IV
Mucopolysaccharidosis type II	 Idursulfase alfa	 IV
	 Idursulfase beta (in selected countries)
	 Pabinafusp alfa (in Japan)
Mucopolysaccharidosis type VIA	 Elosulfase alfa	 IV
Mucopolysaccharidosis type VI	 Galsulfase 	 IV
Mucopolysaccharidosis type VII	 Vestronidase alfa	 IV
GSD type II (Pompe disease)	 Alglucosidase alfa	 IV
	 Avalglucosidasi alfa
	 Cipaglucosidasi alfa (+ miglustat)
Lysosomal acid lipase deficiency	 Sebelipase alfa	 IV
Alpha-Mannosidosis	 Velmanase alfa	 IV
Neuronal ceroid lipofuscinosis type 2 (CLN2)	 Cerliponase alfa	 ICV
Acid sphingomyelinase deficiency	 Olipudase alfa	 IV

Intracerebroventricular (ICV), intravenous (IV), glycogen storage disease (GSD).
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First, the development of a treatment should be supported by robust biological evidence, specifically 
with regard to the cellular pathway that allows for uptake and delivery of enzymes to lysosomes, where 
their action is required to replace the missing activity.

Enzyme manufacturing procedures are also critical. Therapeutic enzymes must be produced in suffi-
cient amounts according to “good manufacturing procedures”. These processes must be feasible, scal-
able, and sustainable.

The therapeutic enzyme should be administered to patients via a suitable and efficient route that is 
compatible with patients’ conditions and with lifelong treatment. 

Once administered intravenously, recombinant enzymes begin their journey through the patient’s 
circulation, which must lead to optimal biodistribution to tissues and correction of the missing enzyme 
activity in the right cells and enzyme compartment (Figure 2). This means that enzyme proteins should 
be stable in the circulation and penetrate physiological barriers.

Figure 2. Important factors that influence recombinant enzymes trafficking, delivery to target tissues, and effi-
cacy. (1) Therapeutic enzymes are administered to patients intravenously. (2) Once administered, recombinant 
enzymes start their journey in the patient circulation and the interstitial fluid. (3) Enzymes must reach target 
tissues where they must be taken up through receptor-mediated processes and reach therapeutic concentrations 
in tissues and organs. Boxes indicate factors that are relevant for each of these steps and impact on efficacy. In 
addition (right), host-related factors also impact therapeutic efficacy.

After trafficking through the circulation and interstitial fluid and reaching target tissues, enzymes 
must be taken up via receptor-mediated processes to reach therapeutic concentrations.

In addition to enzyme properties, another issue is the emergence of host-related factors as critical 
determinants of therapy success. 

Aspects related to the conduct of studies to assess efficacy also warrant careful analysis. ERT should 
be tolerated by patients and translate into clinical benefits. It is often difficult to identify reliable out-
come measures to evaluate treatment efficacy and patient outcomes.

The main critical factors influencing the efficacy of ERT are summarized in Table 2 and discussed in 
the following sections.
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THE BIOLOGICAL EVIDENCE SUPPORTING ERT DEVELOPMENT 

The intuition that an exogenous enzyme could correct an enzyme deficiency in an LSD and the conse-
quent pathological accumulation of undegraded substrate originated from seminal studies7 that were 
performed between the late 1970s and the 1980s.

Two lines of research were particularly relevant in this respect. 
First, studies8 performed between the late 1970s and the 1980s provided information on the sorting 

of lysosomal enzymes from the endoplasmic reticulum, where they are synthesized, to the lysosomes. 
Additional information was derived from studies9 that clarified the concept of cross correction and rec-
ognized the therapeutic potential of the exchange of lysosomal enzymes between different cells.

All these studies showed that the mannose-6-phosphate receptor (MPR) pathway plays a central 
role in this process. Lysosomal enzymes synthesized in the endoplasmic reticulum (Figure 3A) acquire 
mannose-6-phosphate (M6P) residues in the Golgi, so that they can be delivered to lysosomes via the 
MPR biosynthetic pathway. As the MPR is also expressed at the cellular plasma membrane, exogenous 
lysosomal enzymes can be internalized by defective cells through the endocytic pathway and reach the 
lysosomal compartment, thus replacing a missing enzyme.

The MPR is a multifunctional, ubiquitously expressed membrane glycoprotein of a molecular weight 
of approximately 300 kDa that binds various ligands through its modular extracellular region (Figure 
3B). Only four of the domains present on MPR are responsible for the recognition and binding of M6P 
[or mannose-6-(bis)phosphate] and/or phosphodiester M6P-GlcNAc residues exposed on the N-glycans 
of lysosomal enzymes, whereas other domains mediate interaction with different ligands, such as insu-
lin-like growth factor 2 (IGF2)10,11.

Table 2. Main limitations and challenges associated with enzyme replacement therapy. 

Critical issue	 Example (disease)	 Underlying 
		         mechanism/notes

Limited delivery to target	 Pompe disease (skeletal muscle), 	 Low receptor density (M6P receptor), 
  tissues	   Gaucher disease (bone)	   impaired uptake, tissue-specific barriers
Restricted penetration 	 Mucopolysaccharidoses, CLN2	 Blood–brain barrier limits CNS delivery
  across physiological barriers
Suboptimal biodistribution	 Pompe disease, Fabry disease	 Preferential uptake by liver and spleen 
		    rather than affected tissues
Need for lifelong, repeated 	 All LSDs	 Short half-life of recombinant enzymes
  infusions
Infusion-associated reactions	 Pompe disease, Fabry disease	 Hypersensitivity, complement activation
Development of anti-drug 	 Pompe disease (CRIM-negative), 	 Neutralizing antibodies reduce efficacy
  antibodies (ADA)	   Fabry disease
Variable clinical response 	 Pompe disease (heart vs. skeletal 	 Differences in vascularization, receptor
  across tissues	   muscle), Gaucher disease (bone) 	   expression, intracellular trafficking
High treatment costs	 All LSDs	 Complex manufacturing and chronic 
		    administration
Limited effect on advanced	 Most LSDs	 Irreversible tissue damage at late stages
  disease
Incomplete correction 	 Pompe disease, Gaucher disease	 Persistent autophagy, inflammation,
  of secondary pathways		    cellular dysfunction
Burden on quality of life	 All LSDs	 Hospital-based infusions, 
		    time-consuming treatment

Neuronal ceroid lipofuscinosis type 2 (CLN2), lysosomal storage diseases (LSDs), cross-reactive immunologic 
material-negative (CRIM-negative), central nervous system (CNS).
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Other enzymes, for example beta-glucocerebrosidase (GBA), the enzyme that is defective in Gauch-
er disease and was the first enzyme developed for ERT, exploit different receptors for their trafficking. 
The Cluster of Differentiation 206 (CD206) receptor interacts with Mannose (MAN) and drives GBA into 
macrophages and cells of the reticuloendothelial system12. Additional and alternative processes of ly-
sosomal targeting also exist, such as those that are mediated by lysosomal integral membrane protein 
(LIMP-2) and sortilin13. In the following paragraphs, we will focus on the MPR pathway as a prototype of 
the cellular processes involved in lysosomal enzyme trafficking.

The notions on MPR structure and function have important clinical implications, particularly to un-
derstand what factors impact or limit the uptake and trafficking of lysosomal enzymes. For example, it 
is important and relevant for ERT that one receptor can bind multiple molecules of lysosomal enzymes 
simultaneously (at least two, and potentially three, depending on the structure and the specific lyso-
somal enzyme). It is also essential that recombinant enzymes must be endowed with M6P or M6(bis)P 
residues to be internalized by cells and correctly trafficked to lysosomes. 

The need for concomitant action of both MPR and M6P in determining the success or the failure 
of ERT is illustrated by the experience in Pompe disease. Albeit effective in improving patients’ cardiac 
and motor functions, and in extending their survival, ERT with alglucosidase alpha (the first-generation 
recombinant human alpha-glucosidase) has shown limitations, particularly in correcting skeletal muscle 
pathology and function. Both MPR and M6P were thought to be responsible for these limitations. Spe-
cifically, the relative refractoriness of muscles was ascribed to both sub-optimal amounts of M6P in the 
enzyme preparation14, and to the relatively low abundance of MPR available at the plasma membrane 
in skeletal muscles15.

Figure 3. The MPR pathway and the trafficking/uptake of lysosomal enzymes. A, Enzymes are synthesized in the 
endoplasmic reticulum (brown dotted box). Oligosaccharide chains of lysosomal enzymes are processed in the 
Golgi apparatus, and M6(bis)P is added (purple dotted box), and lysosomal enzymes are delivered to lysosomes 
(red dotted box). Lysosomal enzymes can also be internalized through the endocytic pathway, exploiting the 
MPR present at the plasma membrane, and delivered to the lysosomes (blue dotted box). The MPR dissociates 
from the enzymes and is then recycled to the plasma membrane (green dotted box). B, Lysosomal enzymes are 
endowed with one or more M6P residues that are exposed on the oligosaccharide chains. M6P residues interact 
with the MPR, a protein that is composed of two subunits with repetitive motifs. Six out of its 15 homologous 
domains have ligand-binding properties. Among them, domains 3, 5, 9 and 15 are those involved in binding of 
mannose-6-phosphate (M6P) and/or phosphodiester M6P-GlcNAc residues that are exposed on the N-glycan 
chains of lysosomal enzymes. Two M6P binding sites (pink) are available in each MPR molecule.
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To address the scarcity of receptors in skeletal muscles in Pompe disease, two alternative strate-
gies have been explored. One is based on drugs that impact MPR expression at the plasma membrane 
of muscles in Pompe disease patients and favor response to ERT in these organs. Specifically, beta-2-
agonists have been shown in preclinical studies16,17 to be effective in this respect and have been brought 
to clinical translation18-20. 

Alternatively, enzyme preparations enriched in M6P (or MPR ligands) have been developed to fa-
cilitate interactions with the MPR and delivery of recombinant enzymes to target tissues. Also in this 
case, the example is Pompe disease, with two second-generation enzymes that have been approved for 
clinical use14,21,22. 

Even though much information has been gathered on the molecular basis of ERT and many ther-
apeutic recombinant enzymes for different diseases have been translated into clinical use, there are 
issues that need to be fully clarified. For example, how many M6P residues on an enzyme molecule 
are required for optimal interactions with MPR? Is the optimal number of M6P residues the same for 
all enzymes? What is the most limiting factor in the uptake of the enzymes, the amounts of MPR at the 
plasma membrane (that may be saturated by an excess of ligand), or the number of M6P or M6(bis)P 
on the N-glycan chains of the enzyme? Is it possible that the same lysosomal enzyme exploits different 
routes for uptake in cells? 

A deeper understanding of these mechanisms is of biological interest and has important clinical 
implications, ultimately enabling the rational design of improved therapeutic enzymes and the optimi-
zation of treatment strategies.

ENZYME MANUFACTURING 

The procedures required for the manufacturing of recombinant enzymes have varied in the past and may 
continue to evolve significantly with the introduction of newer technologies. The first preparation (alglu-
cerase) of therapeutic beta-glucocerebrosidase was extractive, derived and purified from human placen-
tae2 (Figure 1). This procedure required the collection and processing of large amounts of placentae to 
obtain large quantities of pure enzyme and was associated with the risk of transmitting infectious agents.

With the advent of recombinant DNA techniques (methods in which expression vectors, such as plas-
mids, are used to introduce a gene of interest into host cells, enabling the production of the correspond-
ing recombinant protein), therapeutic enzymes were produced in various lines of mammalian cells. In 
this way, it was possible to address the issues related to the use of extractive enzymes. However, other 
challenges emerged, such as the need for high yield, efficient purification, and sterility. Indeed, the risk 
of contamination materialized in the years 2019-2010 with an incident in one of the manufacturing 
plants. This event led to a shortage of some enzymes used for ERT and to the need for some patients to 
temporarily stop treatment or switch to alternative therapies23. This episode showed how important the 
production of high-quality therapeutic enzymes is and how this can be a limiting factor for a therapy like 
ERT that is based on repeated, lifelong infusions.  

Even if production technologies have evolved over time, the high costs of recombinant enzymes 
remain a major challenge associated with ERT. The costs of the enzyme preparations may represent a 
heavy burden for national health services or limit access to ERT in underdeveloped countries. This issue 
has been analyzed in detail22-26. The treatment of a single patient may cost as much as several hundred 
thousand euros per year.

The final marketing price of the enzymes is the result of several factors, including manufacturing 
procedures and the need for specialized factory plants equipped to produce enzymes with recombinant 
DNA techniques according to good manufacturing practice (GMP). Investments required for preclinical 
and clinical research also heavily impact the price of ERT. In general, the development of a new enzyme 
must be financially supported for long periods, as much as 10-15 years, which is the period usually re-
quired for clinical development of a drug27.

A possible strategy to address issues in enzyme manufacturing procedures may involve using alter-
native, innovative expression platforms to generate recombinant therapeutic proteins, such as plants or 
plant cells. The use of plants as bioreactors for therapeutic production (plant molecular “pharming”) has 
advantages in terms of potentially lower costs (largely due to high scalability)28 and absence of human 
and animal pathogens that can contaminate animal-based production systems. Seed production sys-
tems are also attractive, as therapeutic proteins produced in this way exhibit high, prolonged stability 
when stored as dry seeds.
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Potential drawbacks may derive from the different glycosylation of enzymes produced in plant systems. 
As mentioned previously, proper glycosylation and the presence of ligands (such as M6P or MAN) on the 
N-glycan chains of the enzyme are critical for the uptake of lysosomal enzymes. The protein glycosylation 
machinery in plants is different from that of mammalian cells, and the N-glycosylation profile in plant-de-
rived enzymatic proteins is different from that obtained in mammalian cells29. Nevertheless, plant-derived 
enzymes so far developed are endowed with glycans that allow tissue delivery and are active. Currently, 
two enzyme preparations produced in plants have already been granted approval from regulatory agen-
cies30,31 for the treatment of Gaucher disease and Fabry disease32-36, while others are still in a phase of 
pre-clinical development35. In this context, multiple plant-derived enzymes are currently being explored, 
particularly for Pompe disease, where recombinant acid α-glucosidase (GAA) has been expressed in various 
plant platforms, including tobacco chloroplasts, transgenic seeds, rice cell cultures, and glycoengineered 
systems, with encouraging results in terms of enzymatic activity, immune modulation, and glycogen clear-
ance in disease models. Similar approaches have also been applied to other lysosomal storage disorders, 
including the production of α-galactosidase for Fabry disease (complementing the already approved pe-
gunigalsidase), α-L-iduronidase for mucopolysaccharidosis type I, and lysosomal acid lipase for Wolman 
disease, further supporting the potential of plant-based platforms for enzyme replacement therapy37. 

The evolution of technologies has provided significant innovation and has addressed some of the 
shortcomings of ERT. As the targeting of recombinant enzymes was sub-optimal in some tissues, for 
example in skeletal muscles in Pompe disease patients, second-generation enzymes enriched in M6P 
and with improved targeting properties have been developed21, one of them in combination with a sta-
bilizing molecule38.

Engineered enzymes that are able to cross physiological barriers have also been developed and will 
be discussed in another paragraph in this review.

New technologies will likely offer additional opportunities in the coming years to enhance evolution 
and innovation in this field. It is possible to envisage that the main goals of research will be to devel-
op convenient and affordable platforms for the production of recombinant enzymes to further reduce 
costs and explore innovative approaches for optimal tissue delivery (such as nanoparticles)39. In addition 
to enhancing biodistribution and tissue targeting, nanoparticle-based systems may also contribute to 
reducing immunogenicity by shielding the enzyme from immune recognition40. In parallel, significant 
efforts are expected to be directed toward the design of second- and third-generation enzymes with 
enhanced targeting properties, such as chimeric constructs. Reduced immunogenicity may be achieved 
through protein and glycoengineering strategies, as well as formulation approaches such as PEGyla-
tion41,42. In addition, alternative strategies aimed at modulating the immune response, including oral 
tolerance approaches, have also been explored in preclinical models43.

Further advances are likely to derive from approaches aimed at increasing enzyme stability and 
catalytic efficiency, leading to the development of so-called “super-enzymes”. In this context, evolu-
tion-guided strategies such as ancestral sequence reconstruction have shown that engineered variants 
can display increased catalytic activity and improved substrate clearance in preclinical models, poten-
tially enabling lower dosing and improved therapeutic outcomes44. 

ADMINISTRATION TO PATIENTS 

ERT is based on repeated, periodic intravenous infusions (in most cases every week or fortnightly, de-
pending on the enzyme half-life and the desired rate of substrate clearance). Infusion times vary and 
in general last several hours. In young patients, repeatedly finding venous access is often difficult and 
may cause pain and discomfort, thus requiring the implantation of intravenous devices. The use of im-
plantable intravenous devices, such as ports or central intravenous catheters, may be associated with 
serious risks (for example, infections). In rare instances (for example for cerliponase), these problems 
are exacerbated by the need for intrathecal administration.

For these reasons, the impact of ERT on patients’ quality of life is heavy. To alleviate the burden of 
periodic hospital infusions on patients, home therapy programs have been proposed and implemented 
for some LSDs in several countries26,45. However, home therapy is not available for all ERTs and not for all 
patients. In principle, a patient who is stable for months and has not developed major immune IgE-medi-
ated reactions may be eligible for home administration. However, there are disparities in the availability 
of home therapy in different countries, sometimes in different regions of the same country.
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The impact of repeated, lifelong infusions may also be addressed by exploiting new technical devel-
opments. For example, new-generation enzymes with prolonged half-life and stability may be injected 
less frequently and reduce the burden on patients35. Combination protocols of ERT and therapies such 
as substrate-reducing agents may also be envisaged to enhance efficacy and potentially reduce dosing 
requirements. For example, co-dosing of glycogen synthase type 1 (GYS1) inhibitors and ERT with recom-
binant human alpha-glucosidase has been effective in preclinical and clinical studies46,47 in Pompe disease. 

Similar combinatorial approaches are being investigated in other lysosomal storage disorders. In 
type 3 Gaucher disease, substrate reduction therapy has been used as an alternative or, in selected 
cases, in combination or sequence with enzyme replacement therapy to optimize disease control and 
reduce substrate accumulation48.

CIRCULATION, PHARMACOKINETICS AND STABILITY 
OF RECOMBINANT ENZYMES

Once the enzyme has been infused into the patient, it must travel through the bloodstream, penetrate 
any necessary physiological barriers, and be available to target tissues and cells. Within target cells, it 
must reach its final destination in the specific cellular compartment, the lysosomes, where its action is 
required. This trip to the lysosomes is not without risks for the enzyme.

Pharmacokinetics and blood half-life are the results of intrinsic properties of the enzyme, such as stability 
and conformation, and by other factors, for example uptake by target cells and non-productive clearance by 
tissues where its activity is not desired49. Stability of the enzyme may substantially vary among different en-
zymes or different enzyme preparations of the same enzyme50. Stability depends on several factors, including 
subcellular localization, molecular crowding in a certain environment or organelle, interactions with other 
proteins, and pH51. pH is particularly important. Lysosomal enzymes have evolved to exert their function and 
to have optimal stability in an acidic environment such as the lysosomal compartment. For example, the sta-
bility of alglucosidase (rhGAA), the enzyme used since 2006 for the treatment of Pompe disease, was shown 
to be affected by pH52 and by persistence in blood53. Exposure to non-optimal conditions may also occur in 
the interstitial fluid54 and, possibly, in the endocytic compartment of cells, before reaching the lysosomes. A 
way to address this issue has been translated into human therapy by co-dosing a second-generation recom-
binant alpha-glucosidase preparation and a stabilizer molecule for the treatment of Pompe disease22.

UPTAKE, TISSUE DISTRIBUTION, DELIVERY TO TARGET TISSUES

A major determinant of efficacy of a recombinant enzyme is its ability to reach target tissues, where its 
action is required to correct disease pathology.

In general, visceral organs appear to respond better, possibly due to diffuse vascularization that allows en-
zymes to reach therapeutic concentrations in these tissues. Thus, LSDs primarily involving viscera, for example 
Gaucher disease type 155 or lysosomal acid lipase deficiency56, can be treated with better chances of success.

This concept is exemplified by Wolman disease, a predominantly visceral disorder in which ERT has shown 
marked efficacy and improved survival57. However, despite these encouraging results, residual disease man-
ifestations may persist in macrophage-rich compartments, including the monocyte–macrophage system 
(MAS)58. In these sites, substrate clearance may remain incomplete, suggesting that even in well-perfused 
organs, cell-specific uptake and intracellular delivery of the enzyme represent limiting factors59.

Some tissues appear particularly refractory to ERT. For example, in Gaucher disease, bone is difficult 
to correct60. Bone refractoriness in Gaucher disease reflects an imbalance between impaired osteo-
blast function and increased osteoclast activity, associated with a pro-inflammatory microenvironment 
driven by lipid accumulation60,61. Dysregulation of molecular signals that direct osteoblast commitment 
(sirtuin 1, runt-related transcription factor 2 protein) and increased oxidative stress may also contribute 
to poor response of bone manifestations to ERT62. 

A similar tissue-specific response is observed in Pompe disease, where cardiac involvement, espe-
cially in infantile-onset forms, improves rapidly with treatment, whereas skeletal muscles show a slower 
and often incomplete response. This difference is mainly attributed to reduced uptake of the recom-
binant enzyme in skeletal muscle, lower expression of mannose-6-phosphate receptors, and impaired 
trafficking and processing within myofibers4,63. 
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The presence of physiological or anatomical barriers is one of the factors that limit the biodistri-
bution of therapeutic enzymes. The blood-brain barrier (BBB) is perhaps the most studied and better 
characterized barrier, although physiological barriers may also exist in other tissues, for example the 
blood-retina barrier (BRB) in the eye64.

In most LSDs, brain involvement may occur, causing progressive neurological deterioration and hand-
icap65. In these disorders, correcting brain pathology and function is a primary goal, and failure to reach 
therapeutic levels in the central nervous system (CNS) is a major limitation. Recombinant lysosomal 
enzymes are large molecules that are unable to cross a selective barrier like the BBB. Thus, intravenous 
administration of the recombinant enzymes used for ERT (as they have been designed and manufac-
tured over the past decades) is not expected to have therapeutic effects on the central nervous system. 

In principle, different approaches may be exploited to overcome this problem. A straightforward 
strategy would be to change the route of administration and inject the therapeutic enzyme directly into 
the CNS. 

A second approach would be to modify the enzyme’s properties by designing signal domains that 
enable trafficking across the brain microvascular endothelium and other cells that comprise the BBB. 

Another emerging strategy involves encapsulating therapeutic enzymes within nanocarriers, includ-
ing liposomes, polymeric nanoparticles, solid lipid nanoparticles, and extracellular vesicles, to improve 
enzyme stability, biodistribution, and tissue-specific delivery.

Direct intrathecal administration has been proposed for mucopolysaccharidoses I, II and III66,67. In 
patients with neuronopathic mucopolysaccharidosis type II, therapy was based on combining weekly 
intravenous and monthly intrathecal administration of idursulfase, the enzyme used for ERT in this dis-
order. While intrathecal administration lowered cerebrospinal fluid concentrations of heparan sulfate, 
its effect on cognitive outcomes appeared variable68. A potential drawback of this approach in LSDs as-
sociated with complex phenotypes like mucopolysaccharidoses would be the lack of efficacy on visceral 
manifestations, thus requiring a combination of intravenous and intrathecal injections. Therefore, it 
would be more appropriate to use this approach in disorders characterized by predominant neurologi-
cal impairment. 

For children with symptomatic neuronal ceroid lipofuscinosis type 2 (CLN2) due to tripeptidyl-pep-
tidase 1 deficiency, recombinant human cerliponase alfa has been approved for clinical use and can 
be administered intracerebroventricularly. The first study in 23 children showed that patients treated 
with cerliponase alfa had a slower rate of decline in a motor–language score on the CLN2 Clinical Rating 
Scale compared with historical control participants69. Re-assessment of cerliponase alfa efficacy in 24 
CLN2 patients confirmed slowed decline in motor and language function70. However, this therapy must 
be used in a suitable setting by experienced teams to prevent complications like intrathecal infections 
(about 40%). 

In a cohort of patients affected by mucopolysaccharidosis type IIIA, due to heparan-N-sulfatase (HNS) 
deficiency, intrathecal administration of a recombinant human HNS showed that although cognitive de-
cline continued to be apparent in most patients, improvements were observed in a small subgroup71. 

The use of chimeric enzymes has also reached clinical development. To this purpose, engineered 
recombinant enzymes are fused to peptides that allow penetration of the BBB and brain delivery 
through interaction with specific receptors, such as the transferrin, insulin and low-density lipo-
protein (LDL) receptors. Pabinafusp alpha, a human iduronate-2-sulphatase fused to an anti-human 
transferrin receptor antibody, has been approved in Japan for the treatment of neuronopathic muco-
polysaccharidosis type II. Clinical trials72,73 showed consistent reductions in heparan sulfate concen-
trations. Some, but not all, patients showed positive effects on the Bayley Scales of Infant and Toddler 
Development. Trials using a similar strategy are underway for mucopolysaccharidoses type I and II. 
Initial results are promising in terms of biomarkers, but it is too early to draw conclusions about ben-
efits on cognitive outcome74,75. 

The use of enzyme-loaded carriers, such as nanoparticles, also holds promise but remains in a pre-
liminary phase. These systems, based on innovative, biocompatible nanomaterials, have the potential to 
enhance the efficacy of ERT and minimize side effects. They may improve tissue targeting and passage 
across the BBB by decorating the nanocarrier surface with targeting molecules (peptides, aptamers, 
and antibodies)76. In addition, they may address some of the limitations of ERT, such as immunologic 
reactions and enzyme stability. This approach has been proposed for different LSDs, for example Krabbe 
disease [due to galactosylceramidase (GALC) deficiency]77,78. 
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HOST-RELATED FACTORS

In addition to the intrinsic properties of the enzyme, pharmacokinetics and delivery of enzymes to tar-
get tissues, host-related factors play a critical role in determining the success of ERT. This is a broad and 
complex topic that includes many aspects.

Some factors may appear obvious, for example, the severity of the disease. Most LSDs encompass 
broad spectra of presentations that range from severe (and often early-onset) manifestations to at-
tenuated and late-onset phenotypes. In principle, it would be reasonable to expect that ERT shows 
variable efficacy in the different forms and that milder forms may respond better. However, this is not 
consistently true. For example, in Pompe disease, a severe and life-threatening manifestation such as 
hypertrophic cardiomyopathy is efficiently corrected by ERT, thus improving patients’ survival, while 
skeletal muscle involvement, typical of the late-onset forms, is more difficult to correct and appears 
refractory to treatment4.

Other factors involved in the differential response of cells or tissues to the treatment are related to 
the pathophysiology of the disease. For example, the stage of disease pathology, and secondary tissue 
and cell abnormalities triggered by storage79 are emerging as important challenges. 

One of the pathways that are affected in several LSDs is autophagy80. In Pompe disease, some stud-
ies81,82 have demonstrated that the recombinant enzyme used for ERT is aberrantly delivered to sites of 
autophagic accumulation and is ineffective.

A consequence of the impairment of the autophagic flux is oxidative stress83. It has been shown that 
oxidative stress impacts the level of correction of alpha-glucosidase activity by ERT in vitro and in vivo. 
In fibroblasts and in the animal model of Pompe disease, there is an inverse correlation between the 
level of correction of alpha-glucosidase activity by ERT and the level of tissue stress. The use of known 
antioxidants facilitated the correction of activity, suggesting a complementary approach to improving 
ERT efficacy in this disorder. 

The age at start of therapy is related to these aspects. It is reasonable to think that an early start of 
therapy, before the development of massive tissue pathology, may prevent irreversible abnormalities. 
In this regard, the availability of reliable measures of disease progression and the development of guide-
lines may serve as valuable tools for defining the optimal time to start therapy. 

Newborn screening programs may also be a valuable tool for timely identification of patients, particu-
larly for disorders that need to be treated as soon as possible, for example metachromatic leukodystrophy 
and Pompe disease84,85. In recent years, screening for lysosomal storage disorders has been progressively 
implemented in several countries, including pilot and regional programs. In Italy, a pilot program for meta-
chromatic leukodystrophy in Tuscany demonstrated the feasibility of a two-tier diagnostic approach86, 
while a long-term newborn screening program in the North-East region confirmed the clinical utility of 
early diagnosis in Pompe disease, enabling prompt treatment and improved outcomes87.

Complications due to immune responses to ERT are emerging as a significant challenge in patients 
exposed to ERTs in several LSDs. 

Some patients, particularly those carrying null mutations leading to the complete absence of the en-
zyme protein [cross-reactive immunologic material-negative (CRIM-negative)], may develop high anti-
body titers that can cause adverse reactions, including mild to life-threatening manifestations, or affect 
the efficacy of ERT, leading to treatment failure88.

Strategies to mitigate patients’ immune responses have been developed, mainly based on the use of 
antihistamines and antipyretics, or slowing the rate of infusion without interruption or discontinuation 
of treatment89. Prophylactic tolerance induction protocols have been developed. Currently, standard 
protocols to mitigate antibody response are based on multi-drug approaches with the combination of 
rituximab, methotrexate, and intravenous immunoglobulin (IVIG)90,91. Moreover, additional strategies 
have been explored, including immunomodulatory approaches targeting plasma cells or promoting an-
tigen-specific tolerance88,91,92. These advances underscore the need for early identification of patients at 
higher immunological risk and support the adoption of tailored treatment strategies to improve long-
term efficacy and safety91.

However, it could be expected that the evolution of technologies will provide additional therapeutic 
strategies. The development of engineered and less immunogenic enzymes may represent an option to 
mitigate the activation of immune responses. Engineering stable and non-immunogenic enzymes has 
already been proposed in other medical fields, for example, for the treatment of cancer93. 

Another potential technology is based on blood-circulating immune cells as producers of the needed 
therapeutic protein94.
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Another emerging therapeutic approach relies on gene-based strategies that enable sustained en-
dogenous production of the therapeutic enzyme. Among these, liver-directed gene therapy has shown 
particular promise by inducing antigen-specific immune tolerance through the generation of regulatory 
T cells, thereby reducing anti-drug antibody formation and enhancing the long-term efficacy of enzyme 
replacement therapy95.

EFFICACY AND ASSESSMENT OF EFFICACY

The steps in the clinical development and assessment of ERTs for LSDs are, for several aspects, compara-
ble to those required in other fields of medical sciences. However, there are some peculiarities of LSDs 
that may be associated with specific challenges. 

First, LSDs are rare or ultra-rare diseases. Enrolling a sufficient number of patients in a clinical study 
to obtain reliable and significant results and to assess therapeutic efficacy is often difficult. This is even 
more complicated by the fact that within the same disorder, broad clinical variability is common, and it 
may be difficult to select homogeneous patient cohorts in a study.

The rarity and the clinical variability of LSDs also impact the feasibility of natural history studies, 
which are essential as comparators to assess efficacy. For several LSDs, these studies are quite demand-
ing and require the collaboration of multi-center networks. 

Reaching conclusive results is also difficult because of the slow progression of manifestations in many 
LSDs. As most approvative trials last one or two years, it is difficult to expect appreciable, clinically meaning-
ful, and statistically significant improvements. The insight deriving from decades of real-life experience in the 
field of LSDs tells us that only after a very long period it is possible to ascertain the true effects of ERT. 

Additional challenges are posed by the fact that LSDs are often multisystem diseases96. As mentioned 
in the previous paragraphs, some tissues or organs may respond in different ways to therapies, either 
due to local conditions or to different bioavailability of therapeutic enzymes. 

For these reasons, it is difficult to design a study and select a priori the endpoints that are expected to 
show significant changes and to reflect the efficacy of a therapy. Ideally, the endpoints of a trial should be 
clinical measures.  However, clinical measures often require invasive procedures or are difficult to obtain as 
they need specific skills and expertise of assessing doctors and participation from patients that are highly de-
bilitated or affected by variable intellectual impairment. For some studies, for example, intracerebroventric-
ular cerliponase69,70,97, efficacy endpoints were based on longitudinal assessments of neurological function, 
including the rate of decline in motor and language performance. It would be preferable that the assessment 
of therapies is based on multiple evaluations, including patient-reported outcome measures that are emerg-
ing as valuable tools for this purpose98 and surrogate measures, such as biomarkers99.

Assessing the real value and role of biomarkers as complementary measures of efficacy will be a chal-
lenge for the future100. A few new therapies have been approved by regulatory agencies exclusively based 
on changes in biochemical markers. In LSDs, most biochemical markers are substrate-related (GAGs, GLC4, 
lysoGB3, etc). Only in a few cases are markers more functional and more reflective of secondary changes 
involved in the pathophysiology of different disorders (cytokines, neurofilament light chain, microRNAs)101-103.

Future efforts in this regard are expected to be challenging and should follow different trajectories. 
It is indispensable to invest in natural history studies and registries, with concerted action by networks 
based on multicenter collaborations. Centers involved in these actions should be qualified and expert in 
the management and follow-up of LSDs, a requisite that is not common for these rare disorders.

It will be important to invest in research to better understand the reasons for the different responses 
of different tissues that are currently known only in part. Expanding our knowledge on LSD pathophysi-
ology is expected to provide clues to clarify this aspect.

CONCLUSIONS

The information on the sorting of lysosomal enzymes and on the MPR pathway, showing that a lyso-
somal enzyme provided by an external source can be taken up by cells and replace a missing activity, 
indicated that LSDs are an ideal target for ERT. Indeed, after the first attempts in Gaucher disease, sev-
eral ERTs were granted regulatory approval and were introduced in the treatment of many other LSDs. 

Real-life experience, however, has shown that the “ideal” situation described in preclinical studies 
and in the first trials does not always match the results obtained in real life. Not all LSDs are the same. 
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A therapeutic approach is not necessarily good for all. As clinical experience expands and knowledge of 
the biology of LSDs increases, it is increasingly recognized that issues, shortcomings, and hurdles make 
each disease (or perhaps each category of patients) a moving target.

In general, the most impressive successes have been obtained in “visceral” LSDs, like Gaucher disease. In 
other disorders, where sanctuary tissues are involved, such as bone, eye or central nervous system, the re-
sults are erratic. The experience of many years, however, was not fruitless and provided directions for future 
improvements. New technologies, already in an advanced stage of development, will likely address the chal-
lenges that have emerged over the past decades, with second (or third)-generation enzymes, co-dosing with 
other therapeutic agents, optimization of therapeutic protocols, new routes of administration, and more 
efficient manufacturing procedures. In addition, the experience of many years and thousands of LSD patients 
treated with ERT may indicate new candidate diseases for this approach.

New therapeutic options for the treatment of LSDs are emerging. Gene therapy is probably the most 
compelling and promising. They may offer several advantages, including the potential for a single admin-
istration, reduced impact on patients’ quality of life, improved targeting of critical tissues and organs, 
and prolonged therapeutic efficacy. Clinical experience in disorders such as metachromatic leukodys-
trophy has provided proof of concept for these benefits. In particular, hematopoietic stem cell gene 
therapy for metachromatic leukodystrophy has shown durable clinical efficacy and stabilization of neu-
rological function104,105. Similarly, early-phase and preclinical studies in Pompe disease suggest that gene 
therapy may enable sustained and systemic enzyme expression, with improved tissue targeting through 
continuous secretion and receptor-mediated uptake in affected tissues106.

Is there still room for ERT at the time of gene therapy? The answer is probably yes. Procedures to 
start gene therapy (particularly for ex vivo approaches) require time. For in vivo gene therapies, time 
is also required for full transgene expression in a patient. Thus, a pre-treatment with ERT may be ad-
visable, particularly in early-onset and rapidly progressive disorders to stabilize patients and preserve 
organ function while awaiting the therapeutic effect of gene transfer107,108. 

Also, assessing the long-term effects of gene therapy will need a long time (as it happened for ERT). In 
this context, maintaining ERT as a complementary or fallback option may represent a safer strategy, par-
ticularly in cases where gene therapy proves insufficient or is not applicable to specific patient subgroups.
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