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Abstract
Fabry disease (FD) is a rare X-linked lysosomal storage disorder caused by mutations in the α-galactosidase A (AGAL/GLA) 
gene. The lysosomal accumulation of the substrates globotriaosylceramide  (Gb3) and globotriaosylsphingosine (lyso-Gb3) 
results in progressive renal failure, cardiomyopathy associated with cardiac arrhythmia, and recurrent strokes, significantly 
limiting life expectancy in affected patients. Current treatment options for FD include recombinant enzyme-replacement 
therapies (ERTs) with intravenous agalsidase-α (0.2 mg/kg body weight) or agalsidase-β (1 mg/kg body weight) every 2 
weeks, facilitating cellular  Gb3 clearance and an overall improvement of disease burden. However, ERT can lead to infusion-
associated reactions, as well as the formation of neutralizing anti-drug antibodies (ADAs) in ERT-treated males, leading to 
an attenuation of therapy efficacy and thus disease progression. In this narrative review, we provide a brief overview of the 
clinical picture of FD and diagnostic confirmation. The focus is on the biochemical and clinical significance of neutralizing 
ADAs as a humoral response to ERT. In addition, we provide an overview of different methods for ADA measurement and 
characterization, as well as potential therapeutic approaches to prevent or eliminate ADAs in affected patients, which is 
representative for other ERT-treated lysosomal storage diseases.
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Key Points 

Classical male patients with Fabry disease (FD) have 
a high risk for a humoral response including anti-drug 
antibodies (ADAs) against enzyme-replacement therapy 
(ERT).

The formation of ADAs is associated with worse clinical 
outcomes.

ADAs already inhibit infused enzyme during infusions 
and impair cellular enzyme uptake.

ADAs can be saturated by increased dosages of infused 
enzymes or suppressed by appropriate immune-modula-
tory approaches

1 Introduction

Fabry disease (FD) is a rare X-linked inherited lysosomal 
storage disease (LSD) due to a deficiency in α-galactosidase 
A (AGAL) activity [1]. Loss of enzyme function causes a 
progressive, sometimes life-threatening, multisystem dis-
ease due to intracellular accumulation of glycosphingolip-
ids such as globotriaosylceramide  (Gb3) [1]. Treatment 
options for FD have included enzyme-replacement therapy 
(ERT) since 2001 [2, 3]. Although treatment with the two 
currently available recombinant enzymes (agalsidase-alfa 
and agalsidase-beta) generally improves disease load, many 
male patients are at high risk for the formation of neu-
tralizing anti-drug antibodies (ADAs), which significantly 
reduce the efficacy of ERT [4–7]. Since ERT needs to be 
prescribed life-long with mean annual costs of ~ 250.000€ 
per patient, ADAs increase the economic burden in addi-
tion to individual disease load.

In this narrative review, we provide a brief overview 
of the clinical picture of FD and diagnostic confirmation. 
The focus is on the biochemical and clinical significance 
of neutralizing ADAs as a humoral response to ERT. In 
addition, we provide an overview of different methods for 
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ADA measurement and characterization, as well as poten-
tial therapeutic approaches to prevent or eliminate ADAs 
in affected patients. Since a humoral response to ERT gen-
erally follows the same immunological mechanisms, this 
review can be applied to other ERT-treated LSDs such as 
Gaucher disease, Mucopolysaccharidosis, Pompe disease, 
etc.

1.1  Clinical Picture and Diagnostic Confirmation 
of Fabry Disease (FB)

Affected patients with FD suffer from a multisystemic 
disease that includes progressive renal failure (requiring 
dialysis or transplantation), cardiomyopathy with some-
times life-threatening cardiac arrhythmias, recurrent tran-
sient ischemic attacks and strokes, gastrointestinal pain, 
and neuropathic pain of the extremities [1, 8]. Due to the 
random inactivation of one of the two X chromosomes, 
the clinical phenotype is more variable in affected females 
than in males [9].

FD is suspected when Fabry-typical symptoms or 
manifestations are detected and/or a positive family 
history is present. To confirm the diagnosis in men, 
determination of AGAL activity in leukocytes or from 
dried blood spots is the gold standard. A pathologically 
low AGAL activity confirms the presence of FD. In 
contrast, in women, a molecular genetic test detecting 
a disease-causing mutation in the GLA gene is required 
for confirmation, as women often have AGAL activities 
in blood that are within the reference range. Nowadays, 
men with pathologically decreased AGAL enzymatic 
activity should also undergo molecular genetic testing 
to determine the disease-causing mutation in order to 
select an appropriate FD-specific therapy, such as chap-
erone therapy [10]. As a biomarker for disease burden, 
pathologically elevated globotriaosylsphingosine (lyso-
Gb3), the deacylated form of  Gb3, can be measured in 
plasma or urine and contributes to diagnosis and ther-
apy monitoring [11–17].

In case of unclear diagnostics (i.e., ambiguous AGAL 
activity, disputed controversial mutation, lyso-Gb3 levels 
and/or comorbidities), tissue biopsies can be performed 
to detect multilamellar myelin bodies (“zebra bodies”) by 
electron microscopy, which are pathognomonic for FD, but 
require special sample preparation.

2  Enzyme‑Replacement Therapy (ERT)

2.1  Therapy Goals and Therapy Initiation

Once the FD diagnosis is confirmed, it is advisable to refer 
patients to an interdisciplinary Fabry center for initial 

evaluation and, if indicated, initiation of therapy. According 
to current expert opinion [18, 19], the following therapeutic 
goals should be aimed for: (1) a reduction of FD-specific 
complaints including pain reduction, (2) a prevention and/
or delay of progressive organ manifestations with special 
focus on the kidney, heart, and central nervous system, (3) 
an improvement of quality of life, and (4) the normaliza-
tion of life expectancy. Since male FD patients usually show 
a worse disease progression than females, the recommen-
dations for the initiation of a FD-specific therapy in adult 
patients with a classic or milder late-onset clinical pheno-
type include a personalized treatment approach, taking into 
account the natural history of the specific disease phenotype 
[19]. In adult males with classic GLA mutations, FD-specific 
treatment (either ERT or migalastat) should be considered 
independent of the patient’s symptoms or manifestations. 
Treatment decisions may also be influenced by advanced 
age and additional comorbidities. In females with a classic 
mutation, treatment initiation is appropriate if patients are 
symptomatic with FD-typical organ involvement. In asymp-
tomatic females with classic GLA mutations, treatment ini-
tiation needs to be considered in the presence of renal, car-
diac, or central nervous system damage. In patients (females 
and males) with late-onset mutations (i.e., p.N215S), treat-
ment should be considered in the presence of renal, cardiac, 
or central nervous system damage, even in the absence of 
other FD-typical symptoms (such as angiokeratoma, Cornea 
verticillata, etc.). However, symptoms should be caused by 
FD, requiring histologic evaluation (biopsies) or biochemi-
cal evidence of cellular  Gb3 accumulation.

Patients with "benign," non-disease-causing GLA vari-
ants/polymorphisms should not be treated with any FD-
specific therapy. Since the therapeutic goals are not always 
achievable, current consensus recommendations [18, 19] 
provide some guidance to establish appropriate goals 
between clinicians and FD patients. However, with respect 
to irreversible end-organ damage, early FD-specific therapy 
in combination with adjunctive therapy is advisable to delay 
or slow disease progression.

2.2  ERT—Two Approved Active Compounds

ERT as the first causal treatment for FD was approved in 
2001 [2, 3]. Currently, two preparations are approved in 
Europe, which are administered intravenously every 2 
weeks. Agalsidase-alfa (Replagal, Takeda/Shire) is produced 
in human fibrosarcoma cells HT-1080 with a recommended 
dosage of 0.2 mg/kg body weight. Agalsidase-beta (Fab-
razyme, Sanofi Genzyme) is produced in Chinese hamster 
ovary (CHO) cells with a recommended dose of 1.0 mg/
kg body weight. Over the past 20 years, ERT has shown 
good efficacy by stabilizing or even improving disease bur-
den (reviewed by Lenders and Brand [20]), with beneficial 
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effects especially regarding quality of life and reducing 
life-threatening events [21–23]. In short, with respect to the 
individual patients and their manifestations, the following 
therapeutic effects can be achieved by ERT: stabilization 
of kidney function (i.e., estimated glomerular filtration rate 
(eGFR), proteinuria) or delay of progression to terminal kid-
ney failure, stabilization of cardiac mass and function and 
reduction of left ventricular hypertrophy, amelioration of 
FD-specific pain and gastrointestinal symptoms, and ame-
lioration of hypohidrosis [20, 24–27].

In addition to ERT, concomitant nephroprotective and 
cardioprotective medication (angiotensin-converting enzyme 
or angiotensin II receptor blockers) is highly recommended 
to preserve renal [28] as well as cardiac [29] function. How-
ever, recent reviews and meta-analyses reported only a lim-
ited beneficial effect of ERT on patient outcome [30, 31]. An 
important mechanism responsible for the limited efficacy of 
therapy is the formation of neutralizing anti-drug antibod-
ies (ADAs) to the infused enzymes, which are the focus of 
this review.

2.3  Humoral Response to ERT

ERT is based on the intravenous infusion of a (mostly) 
foreign recombinant protein [2, 3, 32]. Consequently, an 
infused enzyme might be recognized as foreign, and triggers 
an appropriate immune response, leading to the formation 
of specific antibodies against the enzyme [32]. Several stud-
ies in patients with different LSDs have shown that patients 
without any endogenous enzyme /protein, which is termed 
"cross-reactive immunologic material" (CRIM) negative, are 
at high risk of developing an immune response after ERT 
initiation [4, 5, 33, 34]. Due to the different effects, it is most 
important to distinguish between two different responses 
caused by continuous exposure to ERT.

2.4  Infusion‑Associated Reactions

Infusion-associated reactions (IARs) most frequently occur 
in ERT-naïve FD patients directly after ERT initiation, and 
affected patients are mainly CRIM-negative males having 
zero endogenous AGAL activity [2, 3, 35, 36]. Symptoms 
are generally limited to fever and/or chills and require pre-
medication with anti-histamines and steroids and a decreased 
infusion rate [36]. In addition to milder symptoms such as 
urticarial skin lesions, facial flushing or swelling, headache, 
and pain in the limbs, more severe IARs have been reported 
with chest and throat tightness, dyspnea, hypotension, and 
life-threatening anaphylactic reactions [37–40]. According 
to the manufacturer’s instructions, 24% of patients treated 
with agalsidase-alfa and 67% of patients treated with agal-
sidase-beta can suffer from these adverse effects. According 
to the literature, IARs are mainly the result of anaphylactoid 

(IgE-independent) rather than anaphylactic (IgE-mediated 
type 1 hypersensitivity) reactions, since only few affected 
patients were positive for IgEs against recombinant AGAL 
[21, 39, 41–44]. The risk for IARs seems to be increased 
in patients with anti-agalsidase IgG antibodies [5, 36]. The 
IgE-independent mechanisms resulting in hypersensitivity 
against the infused enzyme are not yet fully understood, but 
changes in osmotic pressure during infusion might lead to 
mast cell destabilization and histamine release. In addition, 
an abnormal activation of the complement system can result 
in a type II hypersensitivity. However, a recent study identi-
fied only 25% of patients with IARs with reduced C4 levels, 
suggesting that the primary cause for IARs is not comple-
ment-mediated cytotoxic hypersensitivity reactions [39]. In 
this study the authors further demonstrated that circulating 
dendritic cells were drastically reduced during IARs, sug-
gesting their possible sequestration to the sites of inflamma-
tion [39]. An increase in natural killer cells and a decrease in 
T cells was also observed [39]. In addition, cytokines IL-4, 
IL-8, and TNF-α showed a significant increase, indicating 
nonspecific degranulation of mast cells, indicating a cross-
talk between immune cells resulting in IgE-independent 
mast-cell-specific allergic inflammation [39].

In addition to the general recommendations for preventing 
IARs [36], more specialized protocols for managing severe 
reactions were established in the last decade. In patients with 
IgEs against agalsidase-beta, a graded dosing and individual 
infusion-rate regimen for a duration of 27 infusions resulted 
in successful reinstitution of agalsidase-beta in five of six 
patients [42]. A recent study demonstrated the tolerization of 
agalsidase-beta in eight patients (only one positive for IgEs 
and six patients with IgGs against AGAL) using a combina-
tion of premedications that included corticosteroids, mast 
cell stabilizers, H1 and H2 blockers, and intravenous (IV) 
fluids [39]. Aydin and colleagues used an adapted three-
bag protocol [45], which was based on a consecutive 1:10 
dilution of 14 mg agalsidase-alfa solved in 250 mL normal 
saline solution (solution 3: 14 mg agalsidase-alfa solved in 
250 mL of saline solution; solution 2: 225 mL saline solu-
tion + 25 mL solution 3; solution 1: 225 mL saline solution 
+ 25 mL solution 2) to successfully reinstitute agalsidase-
alfa infusion in two brothers negative for IgEs [38]. This 
protocol starts with 1/40,000 of the therapeutic dose and 
increases dose over 12 steps, resulting in an infusion time of 
approximately 504 min [38]. However, a recent case study 
demonstrated that a three-bag protocol alone or in combi-
nation with pretreatment including glucocorticoids, H1/
H2 antagonists, leukotriene receptor antagonists, and even 
B-cell depletion via rituximab was not able to reinstitute 
agalsidase-beta in a patient with IgEs against AGAL, but 
required a specific anti-IgE inhibition by omalizumab [40].
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2.5  Clinical Impact of Neutralizing Anti‑Drug 
Antibodies (ADAs)

Anti-drug AGAL IgG antibodies develop within 3–6 months 
after ERT initiation mainly in male CRIM-negative patients 
[4, 36, 41], which is the expected timeframe for an appro-
priate immune response with IgGs. In a recent prospective 
study, a significant increased risk for the formation of neu-
tralizing ADA in male patients with FD was demonstrated if 
patients were treated with agalsidase-beta (1.0 mg/kg every 
other week) compared to agalsidase-alfa (0.2 mg/kg every 
other week) [46], underlining the importance of dosage for 
ADA formation. In detail, Arends and colleagues stated 
that risk calculations for ADAs were performed in classi-
cal males only and that antibody measurements were avail-
able for 92 classical patients, of whom 11 were excluded 
due to mixed antibody responses [46]. Of the remaining 81 
classical patients, 11 of 39 agalsidase-alfa-treated patients 
(28%) and 22 of 42 agalsidase-beta-treated patients (52%) 
were positive for ADAs, resulting in an increased risk of 
2.8 (95% confidence interval (CI) 1.02–7.88; p = 0.041) for 
agalsidase-beta [46]. However, although the authors only 
included classical male patients in their risk assessments, 
there is a lack of information on the type of mutations (non-
sense, missense, etc.) and CRIM status in these cohorts, 
which represents a limitation of this study [46].

Furthermore, by using multivariate regression mod-
els, van der Veen and colleagues found that nonsense and 
frameshift mutations in the GLA gene, higher plasma lyso-
Gb3 at baseline and agalsidase-beta as first treatment were 
significantly associated with ADA development [47]. How-
ever, the authors failed to reproduce the risk associated with 
the type of enzyme when they tried to validate the risk score 
in a second cohort and only the type of mutation remained 
significant [47]. To analyze if one of the two compounds 
is associated with a higher risk for ADA formation, more 
appropriate studies with comparable and larger patient 
cohorts in addition to a clearly defined mutation status (non-
sense, missense, etc.) and CRIM status are warranted. In 
this respect, this highlights the general limitations of current 
studies in FD, analyzing an impact of different ERT dos-
ages by comparing heterogeneous populations with differ-
ent severities of GLA mutations, age at treatment initiation, 
comorbidities, etc.

Early studies demonstrated an inhibitory function of IgGs 
against infused AGAL, as well as a high cross-reactivity 
between agalsidase-alfa and agalsidase-beta [4]. The forma-
tion of inhibitory ADAs is generally assumed to be irrevers-
ible [48], although appropriate long-term studies are still 
required. The clinical impact of ADAs has been controver-
sially discussed over the past years. High ADA titers (meas-
ured by ELISA) were associated with increased  Gb3 accu-
mulations in endothelial cells [49], but had an unclear effect 

on  Gb3 levels in plasma [21, 50, 51]. However, on the basis 
of previously established serum-mediated inhibition assays 
[4], Rombach and colleagues demonstrated that patients with 
inhibitory antibodies suffered from higher (lyso)-Gb3 levels 
in plasma [48]. During follow-up, elevated lyso-Gb3 levels 
and increased disease burden (measured by patients' disease 
scores) were confirmed in patients with neutralizing ADAs 
[5]. Importantly, it was demonstrated that affected patients 
suffered from a more prominent loss of renal function and 
increasing septum thickness over time compared to those 
without ADAs [5]. The clinical outcome under therapy is 
influenced on the one hand by neutralizing ADAs and cer-
tainly by the severity of the disease burden before therapy 
initiation. To better differentiate the impact, the study popu-
lations being compared should have a comparable disease 
burden before therapy initiation and comparable types of 
mutations. However, recent case studies confirmed the del-
eterious effects of ADAs by showing massive Gb3 accumu-
lation in various tissues in an affected male patient even after 
6 years of ERT [52] and increasing lyso-Gb3 levels and lack 
of improvement in symptoms such as abdominal pain and 
acroparesthesias in two men after 3 years of ERT with high 
antibody titers [53].

One reason that may explain the different results of the 
various studies is the combined clinical relevance resulting 
from the level of ADA titers and the infused dose of the 
enzyme. A subgroup analysis of patients with neutralizing 
ADAs revealed a better biochemical response to aga lsidase-
beta at 1.0 mg/kg in terms of decreasing lyso-Gb3 levels 
over time compared to agalsidase-alfa at 0.2 mg/kg [46], 
suggesting a link between antibody titer and dosages. These 
data were supported by a recent multicenter study showing a 
steeper decrease of lyso-Gb3 levels in plasma when patients 
were switched (back) from agalsidase-alfa (0.2 mg/kg) to 
agalsidase-beta (1.0 mg/kg) [54]. By measuring the amount 
of free (unbound) ADAs, it was demonstrated that titers can 
be saturated during infusions [55] and that a saturation was 
associated with better clinical outcomes [6]. A schematic 
model of the interaction between free antibodies and infused 
enzyme and the concept of ADA saturation is presented in 
Fig. 1.

Early studies showed that IgGs against AGAL from FD 
patients have an inhibitory function [4], whereas some sub-
sequent studies distinguished between inhibitory and non-
inhibitory ADAs. Since individually formed ADAs are poly-
clonal, it seems unlikely that a patient’s ADAs recognize 
only non-important epitopes. Rather, it suggests that patients 
with positive IgGs without measurable inhibition are likely 
to have a generally low ADA titer.
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2.6  Patients at Risk

In general, there are several patient- and product-specific 
factors that need to be considered in the assessment of the 
immunogenic risk for patients treated with a recombinant 
enzyme. Patient-specific factors include the route of thera-
peutic administration, with the highest risk associated with 
inhalation. The risk decreases in the following order: sub-
cutaneous, intraperitoneal, intramuscular, and intravenous 
administration [33, 56]. In FD, the two currently approved 
products agalsidase-alfa and agalsidase-beta are intrave-
nously infused, and are associated with the lowest risk of 
triggering an immune response [2, 3]. An additional factor 
is the dosage, since higher dosages more likely increase the 
risk [33, 56]. The frequency and duration, repeated dosages, 
and prolonged exposure may either break or lead to toler-
ance [33, 56]. Both compounds have relative short plasma 
half-lives and proteins are hardly detectable in plasma before 
the next infusion. One of the most important factors is the 
CRIM status, defined by the presence or absence of endog-
enous AGAL. CRIM-negative patients without endogenous 
enzyme have the highest risk of producing antibodies under 
therapy [33, 56]. Since FD is an X-chromosomal-linked 
disease, only hemizygous males or homozygous females 
(very rare) can be CRIM negative. Thus, classical male FD 
patients with nonsense or null mutations, which result in 
the absence of any detectable AGAL (functional or non-
functional) are at a high risk for the formation of ADAs [4, 
5, 46]. The absence of AGAL activity does not necessarily 
predict the absence of AGAL protein, since even missense 
mutations can result in a complete loss of function. Thus, 
quantitative methods are needed and are generally based 
on western blotting as suggested for Pompe disease [57], 
but require a polyclonal anti-AGAL reference antibody, 

recognizing a broad spectrum of epitopes in order to detect 
even small AGAL protein fragments (due to truncations). 
Product-specific factors can include host cell protein con-
taminants or non-human post-translational and artificial 
chemical modifications of the protein [33, 56]. In this 
respect, one of the first studies dealing with ADAs in FD 
suggested that there seems to be a comparable risk for ADAs 
if patients are treated with similar dosages of agalsidase-alfa 
or agalsidase-beta (both 0.2 mg/kg) [4]. This might also lead 
to the assumption that product-specific factors can likely be 
excluded. Although only five patients were included in each 
group, the severity of mutations was comparable [4]. Thus, 
it can be assumed that no differences in antibody production 
can be observed if males with comparable severity of muta-
tions are analyzed.

2.7  Biochemical Impact of Neutralizing ADAs

Several studies have demonstrated that inhibitory ADAs 
formed against infused AGAL belong to the subclasses 
 IgG1and  IgG4[55, 58, 59]. Depending on the recognized 
epitopes, ADAs seem to have an impact on several different 
mechanisms (Fig. 2). In general, uptake of infused AGAL 
(agalsidase-alfa or agalsidase-beta) is cation-independent 
mannose-6-phosphate (M6P) receptor-mediated, resulting 
in increased lysosomal AGAL activity and subsequent  Gb3 
depletion (Fig. 2a). In addition, infused AGAL can deplete 
 Gb3 and lyso-Gb3 directly within the plasma. In the pres-
ence of neutralizing ADAs, infused AGAL is recognized by 
ADAs, resulting in different effects. ADAs may recognize 
epitopes localized at uptake-relevant domains including 
amino acid positions N139, N192, and N215. Binding of 
ADAs may result in a masking of these positions, which are 
subsequently not accessible to the M6P receptor, resulting 

Fig. 1  Schematic model of anti-drug antibody (ADA) saturation 
with an interaction between free antibodies and infused enzyme. A 
Patients with saturated antibodies: Due to a low ADA titer or suffi-
cient dosage of infused enzyme (α-galactosidase A excess), only a 
proportion of infused enzyme will be recognized and neutralized by 

free ADAs. B Patients with non-saturated antibodies: due to high 
ADA titers or insufficient dosage of infused enzyme (ADA excess), 
the majority of infused enzyme will be recognized and neutralized by 
free ADAs. AGAL α-galactosidase A, e.o.w. every other week
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in a decreased enzymatic uptake followed by a reduced  Gb3 
depletion [7] (Fig. 2b). ADAs may also bind to a processing 
site and prevent maturation (Fig. 2c), an effect that has not 
been analyzed in FD so far (to the best of our knowledge). To 
date the most characterized is the enzymatic activity neutral-
izing function of ADAs during infusion [4–6, 48, 55], prob-
ably mediated by the recognition of epitopes within catalytic 
domains. First, activity-neutralized AGAL will not be able 
to reduce  Gb3 and lyso-Gb3 in plasma. Second, even if these 
inactive ADA/AGAL complexes are internalized and trans-
located to the lysosomes, complexes seem to be unable to 
dissociate [7] (Fig. 2d). ADAs that do not have a direct effect 
of AGAL activity or uptake, can be termed “non-neutraliz-
ing” (Fig. 2e). However, these non-neutralizing ADAs may 
also affect pharmacokinetics, trafficking, and conformation, 
which is also currently yet insufficiently analyzed in FD. 
Finally, Fcγ-receptor-expressing cells, such as macrophages, 
recognize drug/ADA complexes via the Fc- fragment and 
lead to an increased drug clearance [4] (Fig. 2f). Although 

not directly demonstrated in FD, ADAs might also form 
large ADA-protein immune complexes, which are either 
insoluble or can mediate complement activation (planted 
antigens) and result in membranous nephritis as reported 
for Pompe disease [60–62] (Fig. 2g). Since ADAs in affected 
patients with FD are polyclonal and thus recognize different 
epitopes [7, 63], it can be assumed that in most individuals 
a combination of the mechanisms leads to decreased thera-
peutic efficacy.

3  Methods for Determination of ADAs

The controversial results of ADAs on treatment efficacy may 
be explained by the fact that no standardized assays and pro-
tocols have yet been developed to determine IgG levels in 
affected FD patients. Most studies analyzing IgG response 
are performed either by ERT manufacturers or different 
independent research laboratories using their own protocols 
and different methods [64]. Thus, titers from different stud-
ies are hardly comparable. Another pitfall in many studies 
is the lack of a corresponding methods section describing 
the protocols used. Some studies do not even state whether 
antibodies were measured by ELISA or not. In the follow-
ing, we provide a brief overview of the most commonly used 
methods at present.

As early as 2001, ELISA-based measurements demon-
strated the early formation of ADA s against infused agal-
sidase-beta within the first 6 months after therapy initiation 
[3]. Due to the lack of serial dilutions, ADA titers could be 
detected but not quantified in patients [3]. Using serial dilu-
tions of sera from FD patients, Linthorst and colleagues pro-
vided relative ADA titers and demonstrated cross-reactivity 
of ADAs with respect to agalsidase-alfa and agalsidase-beta 
[4]. In general, relative titers can be expressed by using sera 
from healthy controls, from patients who ultimately did not 
develop ADAs, or from patients who are ERT-naïve [2, 4, 
49, 65]. Some other studies used animal-derived anti-AGAL 
antibodies as positive controls [59]. However, due to the dif-
ferent species, different secondary antibodies are required for 
final detection, which do not allow for proper quantification. 
In addition, animal-derived polyclonal antibodies may differ 
in their individual binding affinity and epitope recognition 
compared to human antibodies, and are not recommended 
as proper controls for the quantification of human ADAs. 
Thus, the use of a human reference antibody with a known 
concentration and comparable biochemical characteristics 
for the quantification of ADA titers from human samples 
is strongly advised (Fig. 3A). To overcome the limitations, 
van der Veen and colleagues pooled sera from FD patients 
with ADAs to generate a positive control, allowing ADA 
measurements with the same secondary detection antibodies 
[58]. However, due to the unknown antibody concentration 

Fig. 2  Potential impact of anti-drug antibodies (ADAs) on infused 
α-galactosidase A (AGAL). a In the absence of ADAs, infused 
AGAL is internalized via the M6P-receptor, resulting in increased 
lysosomal AGAL activity and increased  Gb3 clearance. b Binding of 
ADAs to the uptake domain (i.e., masking of M6P residues) can pre-
vent AGAL from uptake via the M6P-receptor. c Binding of ADAs 
to processing domains may result in regular M6P-receptor-mediated 
uptake, but might lead to inefficiently processed AGAL and reduced 
intralysosomal enzymatic activity and reduced  Gb3 clearance. d Bind-
ing of ADAs to catalytic domains can result in unimpaired enzyme 
uptake, but reduced lysosomal enzymatic activity and impaired  Gb3 
depletion, due to a missing dissociation. e ADA-binding to non-rel-
evant domains might have no further impact on AGAL uptake and 
thus lysosomal activity. f Independent of recognized epitopes, ADA/
AGAL complexes can be recognized by macrophages via the Fcγ 
receptor and thus eliminated during infusions. g Multivalent ADAs 
might cross-link AGAL molecules, resulting in large ADA/AGAL 
complexes with unknown effects in Fabry disease
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within the positive control, even this approach did not allow 
a quantification of measured ADA titers. Recently, Lenders 
and colleagues generated a polyclonal reference antibody by 
pooling purified and characterized anti-AGAL antibodies 
from 22 patients, allowing an ELISA-based measurement 
and ADA titer quantification expressed as ng/mL serum 
[66]. The use of ELISA-based assays also allows determina-
tion of and distinguishing between appropriate IgG isotypes.

Linthorst and colleagues also reported an easily measur-
able neutralizing activity of ADAs in vitro [4]. This assay 
is based on the hydrolysis of the artificial AGAL substrate 
4-methylumbelliferyl-α-D-galactopyranoside (4-MU-α-
Gal) to 4-methyl-umbelliferone (4-MU) (Fig. 3B). In short, 
a fixed amount of AGAL will be pre-incubated with sera 
of interest and subsequently the residual enzymatic activ-
ity will be measured and compared to a negative and a 

Fig. 3  Methods for the detection and characterization of 
α-galactosidase A (AGAL)-specific anti-drug antibodies (ADAs). 
A ELISA-based quantification of ADAs: AGAL-specific IgGs of 
serial dilutions from blood samples bind to immobilized AGAL and 
are detected with enzyme-labeled secondary antibodies. A serial 
dilution of a proper reference antibody allows a subsequent quanti-
fication. B Inhibition assay: AGAL hydrolyzes the artificial sub-
strate 4-MU-α-Gal to fluorescent 4-MU if not blocked by inhibitory 
ADAs. A titration of individual free IgGs determines the amount of 
enzyme-replacement therapy (ERT) required to saturate ADAs during 
infusion. C Cellular uptake assays: Fluorescence-labeled AGAL is 

pre-incubated with the patient’s IgGs and added to appropriate cells. 
Subsequent assays can analyze whether ADA/AGA L complexes are 
formed (1), inhibit intracellular enzymatic activity (2) and/ or uptake 
(3). (i) Intracellular fluorescence signal from labeled AGAL can be 
quantified by appropriate techniques. Also, indirect AGAL or ADA 
detection can be performed using appropriate primary and secondary 
antibodies. (ii) Cells can be lysed to determine intracellular AGAL 
activity after uptake. (iii) Cell lysates can also be used for ELISA-
based detection of AGAL uptake (free or as ADA/AGAL complexes). 
The use of appropriate primary detection antibodies directly allows 
the determination of AGAL/ADA complex-forming IgG subclasses
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positive control. Thus, an inhibition assay is a functional 
assay, detects activity-neutralizing ADAs, and can clas-
sify patients as “neutralization-negative” or “-positive” 
[4]. However, probably due to the proteolytic effects of 
the serum in combination with a basic to neutral pH, the 
standard serum-mediated inhibition assays have a relatively 
high background, resulting in decreased sensitivity [55]. To 
improve sensitivity, Lenders and colleagues separate whole 
IgG fractions from raw sera, allowing the authors to improve 
sensitivity and to estimate the required amount of infused 
AGAL to overcome and saturate existing free and unbound 
ADAs during infusion [6, 55] (Fig. 3B).

Cell-based antibody assays are mainly important to fur-
ther analyze the functionality of ADAs (Fig. 3C). In their 
initial study, Linthorst and colleagues demonstrated the 
uptake of AGAL/ADA complexes by leukocytes, suggest-
ing the IgG-mediated uptake of AGAL/ADA complexes via 
Fcγ receptors [4]. Later on, Mauhin and colleagues showed 
that ADAs from FD patients can be internalized by blood 
mononuclear cells and inhibit intracellular AGAL activity 
[59]. However, since FD is a small-vessel disease and the 
endothelium should internalize ERT rather than peripheral 
blood mononuclear cells (PBMCs), the use of endothelial 
cells for uptake analyses is recommended more than using 
PBMCs. The use of fluorescence-labeled AGAL enabled 
Stappers and colleagues to demonstrate a patient- and thus 
antibody/epitope-dependent inhibitory effect of ADAs on 
cellular uptake [7] (Fig. 3C(i)). Furthermore, by combining 
the fluorescence-based in vivo measures with subsequent 
cell lysis and AGAL activity measures (Fig. 3C(ii)) and 
ELISAs (Fig. 3C(iii)), the authors demonstrated that ADA/
AGAL complexes are internalized, but lack enzymatic activ-
ity within cells due to lack of dissociation [7].

For completeness, a rapid immunochromatographic bed-
side test has also been developed, allowing fast detection of 
ADAs in sera [67]. However, since this assay requires an 
optical estimation of signal strength, its use for titer estima-
tions is limited.

Other, more sophisticated methods for quantifying and 
characterizing ADAs may include epitope mappings and 
affinity measurements. Recently, Kukacka and colleagues 
used a proteolytic epitope excision with subsequent mass 
spectrometry to identify the single epitope and binding affin-
ity of a monoclonal rabbit antibody against human AGAL 
[68]. Due to the complexity, such an approach would not be 
feasible for measuring comparable characteristics for human 
polyclonal antibodies. Instead, epitope mappings with frag-
mented AGAL successfully revealed individual epitopes for 
patients, suggesting polyclonal antibodies [63].

However, the exclusive use of single peptides covering 
the AGAL sequence is a limitation, since conformational 
epitopes cannot be detected with this approach. Anti-
body affinities as a further important characteristic can be 

measured for example by ELISA, surface plasmon resonance 
immunoassays, or quartz crystal microbalance with dissipa-
tion monitoring (QCM-D). Recently, Lenders and colleagues 
demonstrated no significant differences for QCM-D-based 
ADA affinity measures between agalsidase-alfa, agalsidase-
beta, and mossAGAL [66]. However, these data were based 
on the reference antibody pooled from 22 patients and do not 
necessarily reflect individual patient-specific affinities. Since 
high ADA affinities seem to be associated with increasing 
inhibitory capacities [69], while decreasing affinities might 
indicate the onset of tolerization [70], appropriate analyses 
will be of interest in future studies to identify FD patients 
at risk.

4  Methods to Prevent or Reduce ADAs

Specific protocols to prevent or reduce pre-existing neutral-
izing ADAs in patients with FD have not been reported in 
detail so far. However, Lenders and colleagues demonstrated 
that an immunosuppressive therapy in transplanted male FD 
patients might prevent ADA formation in ERT-naïve patients 
and reduce ADA titers in patients already under ERT [71].

In addition to FD, the most frequent LSDs currently 
treatable with ERT are Gaucher disease, MPS I, MPS II, 
MPS IVa, MPS VI, and Pompe disease (Table 1). For all 
diseases, a humoral response has been reported [72]. How-
ever, risk for ADA formation differs between these diseases 
[72], which is due to the underlying heredity (autosomal 
recessive or X-chromosomal) as well as disease-causing 
mutations. FD is an X-chromosomal linked disease due 
to ~ 1.000 different variants within the GLA gene. On the 
other hand, Pompe disease is an autosomal recessive disease, 
with only a few known specific mutations within the GAA  
gene. Whereas only male patients and homozygous females 
with FD and nonsense mutations can be CRIM negative, 
nearly all affected Pompe disease patients are CRIM nega-
tive with an increased risk for ADA formation [72]. In addi-
tion, awareness among treating physicians of the impact of 
ADAs on treatment efficacy varies across diseases. In a dis-
ease with rapid disease progression that eventually leads to 
early death, such as infantile Pompe disease, the deleterious 
effects of neutralizing ADAs are much more apparent than 
in FD. In conclusion, research concerning ADA formation, 
impact, prevention, and suppression is advanced in Pompe 
and Gaucher disease, which is reflected by the various 
reported immune-modulating protocols [72, 73]. Since the 
main underlying mechanisms (for an immune response) are 
the same in all diseases treated with ERT, existing knowl-
edge and appropriate treatment protocols can be transferred 
to other diseases treated with ERT.

Several immune adsorption protocols based on 
non-specific IgG depletion showed high therapeutic 
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efficiencies [74–76]. However, nonspecific adsorption 
systems remove complete Ig fractions and thus may fur-
ther affect and weaken the humoral immune response 
[76]. In contrast, an antigen-specific immune adsorption 
results in depletion of pathogenic antibodies, while other 
antibodies and the humoral immune response remain 
unaffected [77–80]. In this respect, Lenders and col-
leagues demonstrated that AGAL-specific ADAs can be 
selectively re moved from the sera of FD patients in vitro 
[7, 66].

However, titers appear to recover very rapidly, which 
would require a high frequency of immunoadsorptions. 
Immunomodulation protocols appear to be clinically easier 
to implement. Most successful approaches included the 
inhibition of folic acid metabolism, DNA alkylation, and 
antibody-mediated B-cell depletion [81–91].

However, since memory B cells are not depleted by 
rituximab, the additional administration of bortezomib has 
been reported to effectively reduce ADA titers in infantile 
Pompe disease [83] and of omalizumab to reduce IgEs in 
FD [40]. Other options would be to use specific block-
ing peptides identified by epitope mapping or simply to 
increase the infused enzyme dosage to overcome existing 
ADA titers [6]. However, the maximum approved dosage 
of agalsidase-beta is currently restricted to 1 mg/kg body 
weight, making a dosage increase only implementable 
when switching from the regular approved agalsidase-alfa 

dosage (0.2 mg/kg) or lower agalsidase-beta dosage (< 1 
mg/kg) to the regular approved agalsidase-beta dosage (1 
mg/kg) [6]. Furthermore, this approach might not be suit-
able for every patient, since a dosage increase can result 
in increasing ADA titers [6, 40].

5  Knowledge Gaps and Outlook

Although major progress has been made in recent years 
in the characterization of neutralizing ADAs in FD, there 
are still important gaps in our knowledge that need to be 
addressed in future studies. Key tasks include developing 
strategies to prevent or reduce ADAs in affected patients. 
As reported above, appropriate already existing protocols 
for immunomodulation could be adapted for FD patients at 
risk. In addition, new approaches may also be conceivable 
for patients with FD.

For example, oral antigen administration resulted in sig-
nificantly lower ADA titers in mice with Pompe disease 
or hemophilia A [92, 93]. To date, it has not been inves-
tigated whether oral administration of low-dose AGAL 
might support immune tolerance, resulting in lower ADA 
titers in an AGAL-deficient background. Of note, patients 
treated orally with human recombinant AGAL might ben-
efit twice in that the risk for ADAs could be reduced, in 
addition to a reduction in gastrointestinal symptoms [94].

Table 1  Overview of the most common ERT-treatable lysosomal storage diseases associated with an immune response and formation of ADAs

ADA anti-drug antibody, ERT enzyme-replacement therapy, IARS infusion-associated reaction, IVIG intravenous immunoglobulin, MPS muco-
polysaccharidosis, NA not available

Disease Deficient enzyme Main accumulated 
substrate

Approved drug IARs Neutral-
izing 
ADAs

Agents used for immune 
tolerance

Gaucher disease β-Glucosidase Glucosylceramide Imiglucerase, Velaglu-
cerase, Taliglucerase-
alfa

Yes Yes Cyclophosphamide, IVIG

Fabry disease α-Galactosidase A Globotriaosylceramide Agalsidase-alfa, 
Agalsidase-beta

Yes Yes NA

MPS I α-l-iduronidase Dermatan sulfate and 
heparan sulfate

Laronidase Yes Yes Cyclosporine, azathio-
prine

MPS II Iduronate-2-sulfatase Dermatan sulfate and 
heparan sulfate

Idursulfase-alfa, 
Idursulfase-beta

Yes Yes Rituximab, ofatumumab, 
bortezomib, methotrex-
ate, IVIG,

MPS IVa N-acetylgalactosamine-6
sulfatase (GALNS)

Keratan sulfate and 
chondroitin-6-sulfate

Elosulfase Yes Yes Rituximab, methotrexate

MPS VI N-acetylgalactosamine
4-sulfatase

Dermatan sulfate Galsulfase Yes Yes Corticosteroids, rituxi-
mab, IVIGs, methotrex-
ate.

Pompe disease Acid α-glucosidase Glycogen Alglucosidase-alfa Yes Yes Rituximab, methotrexate, 
IVIG, methylpredni-
solone, rapamycin, 
cyclophosphamide, 
bortezomib
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Finally, novel treatment strategies will also present new 
questions and obstacles. A prolonged half-life in plasma 
either by more stable compounds such as pegunigalsidase-
alfa or by constant gene therapy-mediated expression will 
probably require modified assays to detect antibodies. 
The currently used assays aim to detect free antibodies in 
plasma and fail to detect ADA/AGAL complexes.

Samples from patients treated with next-generation 
ERTs or gene therapy might therefore require special sam-
ple preparation to dissociate existing ADA/AGAL com-
plexes, or additional assays may need to be developed for 
the detection of these complexes.

6  Conclusion

CRIM-negative patients such as classical male FD patients 
with nonsense GLA mutations suffer from a high risk of a 
humoral response including ADAs against ERT.

The formation of ADAs is often associated with 
worse clinical outcome and disease progression. ADAs 
can already inhibit infused enzyme during infusions and 
reduce cellular enzyme uptake. Already existing proto-
cols for immune tolerance induction to avoid or reduce 
ADAs can be transferred from other ERT-treated diseases 
to improve therapeutic efficacy in FD and other LSDs.
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