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Abstract

Alpha-mannosidosis (AM), an autosomal recessive disorder caused by patho-

genic biallelic variants in the MAN2B1 gene, leads to lysosomal alpha-

mannosidase deficiency and accumulation of mannose-rich oligosaccharides.

Velmanase alfa (VA), a recombinant human lysosomal alpha-mannosidase, is

the first enzyme replacement therapy for non-neurological symptoms of

AM. Previously, a potential relationship was identified between three MAN2B1

genotype/subcellular localization subgroups (G1, G2, and G3) and AM disease

severity. In VA-treated patients with AM, it is unknown if a relationship exists

between MAN2B1 genotype/subcellular localization subgroups, antidrug anti-

bodies (ADAs), and infusion-related reactions (IRRs). This pooled analysis

evaluated data from 33 VA-treated patients with AM to investigate this rela-

tionship. Overall, 10 patients were positive for ADAs, 4 of whom had

treatment-emergent ADAs (G1: 3/7 [43%]; G2: 1/17 [6%]; G3: 0/9). Treatment-

emergent ADA-positive patients with relatively high titers (n = 2; G1:

1012 U/ml and G2: 440 U/ml) experienced mild/moderate IRRs that were

well-managed; patients with lower titers (n = 2) experienced no IRRs. Overall,

changes from baseline in serum oligosaccharides and immunoglobulin G levels

did not vary between ADA-positive and ADA-negative patients, suggesting a

similar effect of VA treatment regardless of ADA status in most patients. Clini-

cal outcomes (3MSCT and 6MWT) were also similar in most patients regard-

less of ADA status. While further studies are needed, these data suggest a

relationship between MAN2B1 genotype/subcellular localization subgroups

and ADA development, with G1 and G2 subgroups more likely to develop

ADAs and IRRs. Regardless, this study suggests that ADAs have limited effect

on the clinical impact of VA in most patients with AM.
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1 | INTRODUCTION

Alpha-mannosidosis (AM) is a progressive, autosomal
recessive disorder caused by pathogenic biallelic variants
of the MAN2B1 gene located on chromosome 19.1,2 These
variants cause a deficiency in lysosomal alpha-
mannosidase that prevents the degradation of glycopro-
teins and mannose recycling, causing an accumulation of
mannose-rich oligosaccharides systemically.1,2 This accu-
mulation is toxic, impairs cell function, and induces apo-
ptosis.1 Clinical presentation varies from mild to severe
with a range of symptoms.3 The estimated prevalence of
AM is 1 in 500 000 people in the general population.3

Clinical signs and symptoms include motor function dis-
turbances, intellectual disability, speech and hearing
impairments, coarsening of facial features, recurrent
infections, skeletal abnormalities, weakness, and ocular
changes.1,2 While many patients with AM live to be older
than 50 years, the long-term prognosis is poor, with a
slow progression of neuromuscular and skeletal deterio-
ration over several decades making most patients wheel-
chair dependent and unable to be socially independent.2

Velmanase alfa (VA), a recombinant form of human
lysosomal alpha-mannosidase developed for intravenous
(IV) use, is the first approved enzyme replacement ther-
apy (ERT) for the treatment of the non-neurological
symptoms of AM.4 ERTs are often associated with
immune responses to the exogenous enzyme owing to
incomplete immune tolerance and the development of
antidrug antibodies (ADAs) that may result in a loss of
treatment efficacy and induction of immune complex-
related hypersensitivity reactions.5 Cross-reactive immu-
nological material (CRIM) status has been recognized as
a prognostic factor in determining clinical outcome of
some ERTs.6 No data for CRIM status are available for
people with AM, however, preliminary data from people
with Pompe disease have shown that CRIM status is
related to the nature of the genetic variants.6

In a previous investigative study, patients with AM
were divided into three genotype/subcellular localization
subgroups based on MAN2B1 variant analyses and sub-
cellular localization of the protein.1 A potential correla-
tion between the three MAN2B1 subgroups and the
severity of clinical symptoms was identified.1 Subgroup
1 (G1) was characterized as having two null variants
(nonsense, frameshift, and large truncations) with
mutant protein not localized to lysosomes; subgroup
2 (G2) was characterized as having at least one missense

variant or in-frame deletion/duplication of 1–5 amino
acids with mutant protein not localized to lysosomes but
instead localized to the endoplasmic reticulum; and sub-
group 3 (G3) was characterized as having at least one
missense variant or in-frame deletion/duplication of 1–5
amino acids with mutant protein localized to the lyso-
some.1 Patients in the G1 and G2 subgroups presented
with the most severe phenotype, while patients in the G3
subgroup had at least one variant that allowed localiza-
tion of the mutant MAN2B1 protein to the lysosome and,
thus, presented with the mildest phenotype.1

In patients with AM treated with VA, it is unknown if
there is a relationship between the three MAN2B1 sub-
groups and the detection of ADAs and infusion-related
reactions (IRRs). The objective of the present analysis
was to evaluate a possible relationship between the three
MAN2B1 subgroups, ADA response dynamics, and IRRs
in patients with AM treated with VA.

2 | METHODS

2.1 | Pooled analysis design

This is a pooled analysis of seven clinical trials that included
evaluation of clinical immunogenicity in pediatric and adult
VA-treated patients with AM (Figure 1). Patient data were
obtained and collated from phase 1/2 clinical trials (rhLA-
MAN-027 [NCT012683588], rhLAMAN-03 [NCT012857009],
rhLAMAN-04 [NCT0168194010]), a phase 3 clinical trial
(rhLAMAN-0511 [NCT0168195312]), the subsequent exten-
sion trials (rhLAMAN-07 [NCT0190871213] and rhLAMAN-
09 [NCT0190872514]), and a one-week clinical evaluation on
patients from the compassionate-use program (rhLAMAN-

SYNOPSIS

Our analysis suggests a relationship between
MAN2B1 genotype/subcellular localization sub-
groups and the development of antidrug anti-
bodies against velmanase alfa, but it further
shows that there appears to be little clinical effect
associated with the presence of antidrug anti-
bodies in most velmanase alfa-treated patients
with alpha-mannosidosis.
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10 [NCT0247884015]). Patients were eligible for this pooled
analysis if they had a confirmed diagnosis of AM, had been
or were actively participating in one of the aforementioned
trials, and were receiving weekly IV infusions of VA or pla-
cebo at the time of data collection. All patients underwent
biochemical and clinical assessments at baseline, at prespe-
cified time points, and at last observation based on the trial
in which they were enrolled. Patients enrolled in
rhLAMAN-10 underwent a one-week clinical evaluation
and were assessed in a single, centralized, and comprehen-
sive evaluation visit. Patients from rhLAMAN-10 attended a
screening visit on day 1 where, after an initial evaluation,
they received their scheduled weekly dose of VA 1 mg/kg
body weight by IV infusion.

ADA formation was monitored at regular intervals dur-
ing treatment using a validated ADA enzyme-linked immu-
nosorbent screening assay that co-incubated patient serum
samples and adsorbed Protein G to measure the binding of
sample immunoglobulin G (IgG) to Protein G. The bound
sample IgG was then detected by sequential addition of bio-
tinylated VA and streptavidin-HRP. The optical density of
the well positively correlated to the ADA level of the sam-
ple. ADA levels were expressed in terms of U/ml relative

to a calibration curve established using a rabbit anti-VA
IgG-positive control. Assay sensitivity was approximately
1.0 U/ml serum, corresponding to 100 ng/ml of the posi-
tive control IgG. Samples were tested in a single stage
where all samples underwent an ADA screening assay and
were classified as negative (<1.4 U/ml) or positive
(≥1.4 U/ml). Samples from patients who experienced IRRs
were further tested in a nonvalidated assay to detect anti-
drug immunoglobulin E (IgE) antibodies.

Patients were classified into one of three MAN2B1 sub-
groups based on variant analyses and subcellular MAN2B1
protein localization as described in Riise Stensland et al.1,16

Briefly, variant analyses were conducted through sequenc-
ing of the 24 MAN2B1 exons, corresponding exon-intron
boundaries, and parts of the 50 and 30 untranslated regions
using the Sanger method.1 When possible, parents were
also analyzed for variants found in their children to confirm
carrier status and allelic phase of the variants.1 To deter-
mine subcellular MAN2B1 protein localization of each
patient genotype, each genotype was reproduced in vitro via
site-directed mutagenesis, carried out on wild-typeMAN2B1
cDNA on a pcDNA 3.1 vector. Protein localization was
determined in transfected HeLa cells via

FIGURE 1 Patient-flow

diagram. (a) One patient

participated in rhLAMAN-02/-

03 and later participated in

rhLAMAN-05. This patient was

only counted once. (b) One

patient received four doses in

rhLAMAN-09 and then

transferred to the

compassionate-use program and

participated in the one-week

clinical evaluation. This patient

was only counted once. (c) One

patient participated in

rhLAMAN-05 in the placebo

arm. They then entered the

compassionate-use program and

discontinued shortly. As this

patient had no data collected

during the active treatment

period, the patient was excluded

from the integrated analysis.

(d) One patient had ADA-

positive levels during placebo

treatment but not at baseline or

during treatment with VA. ADA,

antidrug antibody; VA,

velmanase alfa
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immunocytochemistry and confocal microscopy.1 CRIM
status at baseline was not measured because of the unavail-
ability of a suitable assay.

The source clinical trials were all conducted in accor-
dance with the Declaration of Helsinki (1964 and amend-
ments) and current ICH good clinical practice guidelines.
All patients or parents/legal guardians provided written
informed consent. All participating sites obtained indepen-
dent ethics committee/institutional review board approval.

2.2 | Pooled analysis outcomes

The main objective of this pooled analysis was to evaluate
the relationship between the MAN2B1 subgroups, pretreat-
ment and treatment-emergent ADAs, serum oligosaccharide
levels, total serum IgG levels, and IRRs in patients with AM
treated with VA for up to 48 months. Relevant descriptive
outcomes included ADA-positive/negative status, ADA
levels at different times prior to and during treatment, impact
of ADA formation on drug exposure, pharmacodynamic
response versus ADA level versus time, relationship of ADAs
to clinical outcomes, and incidence of treatment-emergent
ADAs versus MAN2B1 subgroup. Additional safety out-
comes included frequency of IRRs, frequency of IRRs by
MAN2B1 subgroup, and IRR severity, and patient outcomes.

3 | RESULTS

3.1 | Pooled analysis population

Data from 33 patients (14 adults [≥18 years] and 19 pediat-
ric patients [<18 years]) with up to 48 months of VA expo-
sure were included in this pooled analysis (Table S1). All
33 patients (100%) were exposed to VA treatment for a
minimum of 6–12 months with 27.3% of patients having
36–48 months of VA exposure. Baseline demographics and
characteristics of study participants are detailed in Table 1.
The mean (standard deviation [SD]; range) age of patients
was 17.1 (7.8; 6–35) years, and 60.6% of patients were
male. The mean (SD) residual alpha-mannosidase activity
of patients at baseline was 4.5% (1.6). Residual activity
may be due to other non-lysosomal alpha-mannosidases
expressed in cells such as Golgi alpha-mannosidase and
cytosolic alpha-mannosidase.

3.2 | Pooled analysis outcomes

3.2.1 | Detection of ADAs and ADA levels

Overall, 10/33 (30.3%) patients were ADA-positive at ≥1
timepoint during the analysis (Tables S2 and S3). Five of

the 10 (50.0%) patients were confirmed as ADA-positive
at baseline/pretreatment (referring to drug-reactive anti-
bodies present in treatment-naïve patients, which may be
due to different etiologies, including prior exposure to
structurally similar lysosomal proteins and/or endoge-
nous antibody cross-reactivity), with ADA levels ranging
from 1.4 to 3.1 U/ml. These five patients had relatively
low-ADA levels throughout the trials, with maximum
levels ranging from 2.0 to 4.9 U/ml. Most of these
patients experienced a decrease in ADA level after the
maximal value was reached. One of the 10 (10%) patients
had ADA-positive results during placebo treatment but
not at baseline or during treatment with VA. Four of the
10 (40.0%) patients had treatment-emergent ADAs,
defined as ADA-negative at baseline but ADA-positive at
≥1 on-treatment sample timepoint. These four patients
expressed a mean residual enzyme activity of 3.20% com-
pared with 4.66% for the remaining 29 patients (4.49% for
the 5 patients that were ADA-positive at baseline), poten-
tially demonstrating a relationship between lower resid-
ual enzyme activity and the development of ADAs with
VA treatment. Of these four patients, two had high-ADA
levels of >80 U/ml. These two patients experienced maxi-
mal ADA levels of 440 U/ml and 1012 U/ml, respectively,
and both patients experienced IRRs (Figure 2).

3.3 | ADAs by MAN2B1 subgroups

All 33 patients were sorted into three MAN2B1 subgroups
based on MAN2B1 variant analysis and subcellular

TABLE 1 Baseline demographics and characteristics

Parameter
Pooled analysis
group (N = 33)

Age (years) Mean (SD) 17.1 (7.8)

Median
(minimum;
maximum)

15.0 (6.0; 35.0)

Race (n, %) White 33 (100.0)

Sex (n, %) Male 20 (60.6)

Female 13 (39.4)

Weight (kg) Mean (SD) 58.8 (18.6)

Median
(minimum;
maximum)

65.0 (18.7; 95.2)

Height (m) Mean (SD) 1.53 (0.18)

Median
(minimum;
maximum)

1.57 (1.12; 1.81)

Note: Unless otherwise specified, percentages were based on the number of
patients with available data and were not calculated for missing categories.

Abbreviation: SD, standard deviation.
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localization of the protein (Figure 1). The G1 subgroup
consisted of seven patients (mean [SD] residual enzyme
activity: 3.97% [0.86]). The G2 subgroup consisted of
17 patients (mean [SD] residual enzyme activity: 4.94%
[2.05]). The G3 subgroup consisted of nine patients
(mean [SD] residual enzyme activity of 4.21% [0.95]).

Of the 10 patients with ADAs, 3/7 (43%) patients were
in the G1 subgroup, 7/17 (41%) patients in the G2 sub-
group, and 0/9 patients in the G3 subgroup. Treatment-
emergent ADAs were detected in four patients: 3/7 in the
G1 subgroup and 1/17 in the G2 subgroup. Of these four

patients, one patient in the G1 subgroup experienced a
high-ADA level of 1012 U/ml and one patient in the G2
subgroup experienced a high-ADA level of 440 U/ml
(Figure 2). All patients that were ADA-positive at base-
line were in the G2 subgroup (6/17).

3.4 | Serum oligosaccharide and IgG
levels

In patients with AM, decreased alpha-mannosidase activ-
ity results in increased serum oligosaccharide levels, and
an impaired immune response with decreased serum IgG
levels. Thus, a decrease in serum oligosaccharides and an
increase in IgG levels can be indicative of successful
treatment in patients with AM and were evaluated in this
pooled analysis. The relationships between ADA status
and change from baseline in serum oligosaccharide and
IgG levels are presented in Figures 3 and 4, respectively.

For serum oligosaccharide levels, the mean percent
change (SD) from baseline to last observation was
�45.8% (49.1) for ADA-positive patients (n = 10) and
70.1% (21.7) for ADA-negative patients (n = 23)
(Figure 3). A sensitivity analysis (Figure S1) using a
simple linear regression model was performed to
understand if any specific patients influenced the dif-
ference in mean percent change between ADA-positive
and ADA-negative results. Through an iterative pro-
cess, a total of three ADA-positive patients, including
one with an ADA-high level of 1012 U/ml, potentially
influenced the data. Before eliminating any of these
three patients, there was a marginal statistically signifi-
cant difference in percent change from baseline in
serum oligosaccharides in the ADA-positive and ADA-
negative groups (p = 0.05). When any single patient
was removed, there was no statistically significant dif-
ference between the ADA-positive and ADA-negative
groups (p = 0.21, 0.64, and 0.60 for the removal of each
subsequent patient).

For serum IgG levels, the increase in mean percent
change (SD) from baseline to the last observation was
similar for 9 ADA-positive patients compared with 15
ADA-negative patients (42.4% [32.73] vs. 45.1% [24.55];
p = 0.82) (Figure 4). Regardless, the same approach was
used to identify potential outliers in the IgG analysis.
This analysis revealed a single ADA-positive patient to
have potentially influenced the data. Note that this
patient was not one of the three influential patients in
the serum oligosaccharide analysis. Removing this
patient did not change whether ADA status significantly
affected the change in serum IgG levels; there was no sig-
nificant difference between the ADA-positive and ADA-
negative groups (p = 0.27).

FIGURE 2 ADA levels over time for the two patients with

high-ADA levels (and by MAN2B1 subgroup). (a) The patient who

experienced high-ADA levels in MAN2B1 subgroup 1 was initially

enrolled in rhLAMAN-03 but was discontinued due to adverse

events (anaphylactoid reaction). After 21 months of time off-

treatment, the patient subsequently enrolled in rhLAMAN-05 study

and was randomized to the active-treatment arm during which

time the high-ADA levels were recorded. ADA, antidrug antibody;

AE, adverse event; IRR, infusion-related reaction
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3.5 | Relationship of ADA to drug levels
and serum oligosaccharides

Pharmacokinetic parameters were evaluated for two
patients who developed treatment-emergent ADAs; these
two patients developed high-ADA levels of 440 and
1012 U/ml. No other ADA-positive patients had pharma-
cokinetic data available for both before and after serocon-
version. For the patient with a high-ADA level of
440 U/ml, VA plasma concentration samples were col-
lected at two timepoints, with an ADA level of <1.4 U/ml
(ADA-negative) for the first sample and an ADA level of
3.8 U/ml (ADA-positive) for the second sample. For this
patient, the detection of ADAs did not affect VA plasma
concentrations, which were higher following the second
sample compared with those measured following the first
sample (Figure 5A). For the patient with a high-ADA
level of 1012 U/ml, VA plasma concentration samples
were also collected at two timepoints, with ADA levels of
2.2 U/ml (ADA-positive) for the first sample and
1012 U/ml (ADA-high) for the second sample. This
patient showed no quantifiable VA plasma concentration
at any timepoint during the ADA-high sample evaluation
(Figure 5B). It can most plausibly be explained by the

exceptionally high-ADA level potentially causing the
development of antibodies that fully bound VA in the
plasma, thereby preventing detection in the assay used to
measure VA.

The relationship between the development of ADAs and
serum oligosaccharide levels was also evaluated for these
two patients with high-ADA levels (Table 2). For the patient
with an ADA-high level of 440 U/ml, serum oligosaccha-
rides were normalized under treatment, regardless of the
development of ADAs. For the patient with an ADA-high
level of 1012 U/ml, however, an initial decrease in serum
oligosaccharides was observed up to 12 months, followed by
an increase to higher than baseline. In this patient, the
increase in serum oligosaccharides corresponded to the
increase in ADA level to 1012 U/ml, showing a potential
relationship between exceptionally high-ADA levels and
lack of effectiveness of VA during that period.

3.6 | Relationship of ADA to clinical
outcomes

All patients underwent clinical assessments, including
the 3-minute stair climb test (3MSCT) and the 6-minute

FIGURE 3 Serum oligosaccharide levels by ADA status. ADA, antidrug antibody; SD, standard deviation
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walk test (6MWT), at prespecified timepoints. For the
total population, there was a significant improvement in
3MSCT at 12 months (n = 31; mean change: +4.25 steps/
min [p = 0.01]; mean percent change: +9.3% [p = 0.01]),
and these findings remained statistically significant at
last observation (n = 33).17 3MSCT was further evaluated
by ADA status (Figure 6A). At baseline, the mean value
was 53.60 steps/min for the total population, 52.43 steps/
min for the ADA-negative group (n = 23), and 56.27
steps/min for the ADA-positive group (n = 10). At each
specified timepoint, the mean steps per minute were sim-
ilar between the three groups, with differences seen when
fewer patients were evaluated. By last observation,
3MSCT improved to 59.98 steps/min in the total popula-
tion (n = 33; mean change: +6.38 steps/min [p < 0.01];
mean percent change: +13.8% [p < 0.01]),17 59.80 steps/
min in the ADA-negative group (n = 23; mean change:
+7.36 steps/min; mean percent change: +17.0%), and
60.40 steps/min in the ADA-positive group (n = 10; mean
change: +4.13 steps/min; mean percent change: +6.3%).

For the total population, there was a positive trend
towards improvement in 6MWT at 12 months (n = 31;
mean change: 21.9 meters [p = 0.07]; mean percent
change: 7.3% [p = 0.09]), and the improvement was

statistically significant at last observation (n = 33).17

6MWT was further evaluated by ADA status (Figure 6B).
At baseline, the mean value was 466.6 m for the total
population,17 469.6 m for the ADA-negative group
(n = 23), and 459.6 m for the ADA-positive group
(n = 10). Differences between the two groups were pri-
marily seen at timepoints when fewer patients were eval-
uated. By last observation, 6MWT improved to 489.0 m
in the total population (n = 33; mean change: 22.4 m
[p = 0.05]; mean percent change: +7.1% [p = 0.07]),17

492.2 m in the ADA-negative group (n = 23; mean
change: +22.6 m; mean percent change: +8.3%), and
481.5 m in the ADA-positive group (n = 10; mean
change: +21.9 m; mean percent change: +4.5%).

3.7 | Safety outcomes

Approximately 2800 VA infusions were performed across
all controlled clinical trials included in this pooled analy-
sis, with approximately 2000 VA infusions performed in
pediatric patients. In the combined adult and pediatric
populations, 1-in-147 VA infusions led to an IRR, while
in the pediatric population, 1-in-105 VA infusions led to

FIGURE 4 Serum IgG levels by ADA status. ADA, antidrug antibody; IgG, immunoglobulin G; SD, standard deviation
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an IRR. All IRRs were characterized by a rapid onset of
symptoms occurring within 2 h of treatment with VA. All
IRRs were mild to moderate in severity, and outcomes
were reported as recovered or resolved following stan-
dard risk-management measures including reduction of
the infusion rate of VA, and/or premedication with corti-
costeroids and antihistamines.

Three of 33 (9.1%) patients experienced a total of
19 IRRs, and it was concluded that these events were due
to VA administration. Of those three patients, two ADA-
positive patients with high-ADA levels experienced a
total of 18 IRRs (one patient in the G1 subgroup: 14 IRRs;
one patient in the G2 subgroup: 4 IRRs) and no VA-
specific IgE was detected in either of the two patients.
One ADA-negative patient (G2 subgroup) experienced
only one IRR of mild intensity, which resolved rapidly;
this occurred at the first infusion point and was not con-
sidered consistent with the profile of a typical IRR likely
to occur with VA treatment. Those IRRs that coincided
with high levels of serum ADA were most plausibly
explained as immune-complex-related hypersensitivity
reactions.

A total of 546 treatment-emergent adverse events
(TEAEs) were reported by 29 (87.9%) patients. The most
frequently reported TEAEs included nasopharyngitis
(n = 23), headache (n = 13), pyrexia (n = 11), vomiting
(n = 10), cough (n = 9), and diarrhea (n = 9). The major-
ity of TEAEs (99.3%) were of mild to moderate severity
and had resolved by the end of the trials.

FIGURE 5 Relationship of ADA to drug levels for the two

patients with high-ADA levels. (a) Sample 1 for both patients was

taken immediately after administration of the first dose of

VA. ADA, antidrug antibody; VA, velmanase alfa

TABLE 2 Relationship of ADA to serum oligosaccharides for patients with ADA-high levels

Parameter Time (months)

Baseline 0–6 6–12 12–18 18–24 24–30 30–36 36–48

Patient with ADA-high level of 440 U/ml

Anti-VA antibodies (U/ml) <1.4 25.0 440 <1.4 - - - <1.4

Serum oligosaccharides (μmol/L)

Absolute value 7.0 5.0 1.0 2.0 - - - 1.9

Change from baseline �2.0 �6.0 �5.0 - - - �5.1

% Change from baseline �28.6 �85.7 �71.4 - - - �72.9

Patient with ADA-high level of 1012 U/mla

Anti-VA antibodies (U/ml) 2.2 176.4 250.9 299.0 224.0 1012.0 - -

Serum oligosaccharides (μmol/L)

Absolute value 8.1a 4.6 4.0 12.5b -

Change from baseline �3.5 �4.1 4.4b -

% Change from baseline �43.2 �50.6 54.3b -

Abbreviations: ADA, antidrug antibody; VA, velmanase alfa.
aThis patient participated in the rhLAMAN-02 and rhLAMAN-05 studies. Data from rhLAMAN-02 are not included, and baseline for these data are the start of
the rhLAMAN-05 study.
bValues for 12–36 months.
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4 | DISCUSSION

ERT can often result in the development of ADAs, which
may lead to a loss of treatment efficacy and the develop-
ment of serious adverse events.5 An example of this is the
lysosomal-storage disorder Pompe disease, in which
ADA-generation has been shown to interfere with
enzyme uptake, inhibit enzyme activity, and correlate
with poor outcomes.18 In Pompe disease, genetic-variant
data have been shown to aid in predicting the effective-
ness of ERT.6 Similar data are not available for patients
with AM to date; however, a previous study identified

three AM subgroups based on a MAN2B1 variant analysis
and the subcellular localization of the protein.1

The present pooled analysis evaluated the potential
immune-complex-related hypersensitivity that can occur
in patients with AM who develop ADAs during long-term
administration of VA and assessed its relationship to the
MAN2B1 subgroups through the monitoring of levels of
ADAs, serum oligosaccharide, serum IgG, and any IRRs.
These parameters were further analyzed by MAN2B1 sub-
groups to determine the relationship between the sub-
groups and the long-term outcomes of VA treatment in
patients with AM.

FIGURE 6 Clinical

outcomes (3MSCT and 6MWT)

by ADA status. 3MSCT,

3-minute stair climb test;

6MWT, 6-minute walk test;

ADA, antidrug antibody; SD,

standard deviation
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With up to 48 months of VA exposure, only a small
proportion (4 of 33 [12%]) of patients with AM developed
treatment-emergent ADAs. Of these four patients, only
two developed high-ADA levels that were associated with
IRRs. No VA-specific IgE was detected in either of the
two patients. Most patients who developed ADAs had
very low-ADA levels and experienced a drop in their
ADA levels after a maximal value was reached. Regard-
less of the development of ADAs or IRRs, the impact of
VA—as measured by serum oligosaccharides and serum
IgG levels—was maintained in most patients.

In patients with AM, the reduction of serum oligosac-
charides and the elevation of serum IgG levels may repre-
sent potential beneficial effects of VA and could lead to
stabilization of non-neurological disease progression in
this patient population. In this analysis, reduced serum
oligosaccharide levels and elevation of serum IgG levels
indicate that long-term VA treatment achieves sustained
clinical usefulness.

Further sub-analysis by MAN2B1 subgroups revealed
a correlation between the development of ADAs and the
subgroups. Patients in the G1 and G2 subgroups who
were expected to have the most severe phenotypes were
also more prone to developing ADAs, with >40% of the
patients in each of those subgroups developing ADAs.
Furthermore, all treatment-emergent ADAs were limited
to the G1 and G2 subgroups in this analysis. In the G1
subgroup (two null variants; mean residual enzyme activ-
ity of 3.97%), 3/7 patients developed treatment-emergent
ADAs; this could potentially be due to the lack of resid-
ual expression of the enzyme, causing enzyme replace-
ment to elicit a stronger immune response to exogenous
enzyme.1 In the G2 subgroup (mean residual enzyme
activity of 4.94%), only 1/17 patients developed
treatment-emergent ADAs. In the G3 subgroup (mean
residual enzyme activity of 4.21%), no patients developed
ADAs; this subgroup was expected to have the mildest
clinical presentation since patients had at least one
genetic variant that allowed for localization of mutant
MAN2B1 protein to lysosomes and, thus, could poten-
tially have some residual activity of lysosomal alpha-
mannosidase, allowing for a milder immune response to
exogenous enzyme replacement.1

The outcomes assessed were similar between the
three MAN2B1 subgroups, and efficacy of treatment was
maintained for patients in each subgroup regardless of
ADA detection. For ADA evaluation by MAN2B1 sub-
groups, it is worthwhile to note that no patients in the G3
subgroup developed detectable ADAs. Thus, all patients
from the G3 subgroup were in the ADA-negative group
for serum oligosaccharide evaluations, causing an unbal-
anced match in disease phenotype between the ADA-
positive and ADA-negative groups. Even though the

severity of clinical symptoms may have differed between
the ADA-positive and ADA-negative groups, baseline
serum oligosaccharide and serum IgG levels were similar
in both groups, and the effect of VA was maintained
throughout treatment, as seen with the 3MSCT and
6MWT by ADA status.

Regardless of MAN2B1 subgroups or development of
ADAs, all incidences of IRRs were mild to moderate in
severity and were reported as recovered/resolved. High
levels of ADAs were only seen in 2 of 33 patients and
were associated with an elevated incidence of IRRs. How-
ever, in our experience, even in the presence of high-
ADA levels, further IRRs could be prevented or mitigated
by premedication with corticosteroids or antihistamines
and reduced infusion rates.

4.1 | Limitations of this analysis

As this study is not a prospective analysis, the conclu-
sions that can be drawn from this pooled analysis lack
prospective validation. Further limitations include small
sample size; absence of CRIM measurement; and reliance
on pharmacodynamic markers, serum oligosaccharide
levels, and total serum IgG level as surrogate indices of
treatment benefit.

5 | CONCLUSION

These findings suggest there may be a correlation
between genetic variants in MAN2B1 and ADA develop-
ment; in this analysis, patients in the G1 and G2
MAN2B1 subgroups were more likely to develop ADAs
and subsequent IRRs. Despite the development of ADAs,
IRRs were limited in occurrence, and there did not
appear to be large differences in efficacy responses
between the MAN2B1 subgroups. Adverse events such as
IRRs were managed through reduction of infusion rates
and premedication as necessary. While future studies are
required to assess the relationship between MAN2B1 sub-
groups and ADA development, this analysis demon-
strates that ADAs have a limited effect on the clinical
benefit of VA in patients with AM regardless of the
MAN2B1 subgroup and, as such, provides meaningful
insight into the disease management of AM in both pedi-
atric and adult patients.

AUTHOR CONTRIBUTIONS
Line Gutte Borgwardt, Ferdinando Ceravolo, and Allan
Meldgaard Lund provided substantial contributions to
the conception and design of this analysis. All authors
(Line Gutte Borgwardt, Ferdinando Ceravolo, Giulia

196 BORGWARDT ET AL.



Zardi, Andrea Ballabeni, Allan Meldgaard Lund) pro-
vided substantial contributions to the acquisition, analy-
sis, and interpretation of data for this analysis. All
authors contributed to drafting/revising the work and
provided final approval of the version to be published.
All authors agree to be accountable for all aspects of the
work in ensuring that questions related to the accuracy
or integrity of any part of the work are appropriately
investigated and resolved.

CONFLICTS OF INTEREST
Line Gutte Borgwardt has received consulting fees from
Chiesi, the sponsor of the study; Ferdinando Ceravolo was
an employee of Chiesi Farmaceutici S.p.A., the sponsor of
the study; Giulia Zardi has received consulting fees from
Chiesi Farmaceutici S.p.A., the sponsor of the study;
Andrea Ballabeni is an employee of Chiesi Farmaceutici S.
p.A., the sponsor of the study; Allan Meldgaard Lund has
received consulting fees and/or honoraria/travel support
from Amicus, BioMarin, Chiesi, Sanofi Genzyme, Shire/
Takeda, Recordati, and Sobi as well as grant/research sup-
port from Sanofi Genzyme and Shire/Takeda.

DATA AVAILABILITY STATEMENT
At this time, we will approve or deny data requests
from external parties on a case-by-case basis. Chiesi
reserves the right to deny requests for any and all
legally appropriate reasons. Data requests that risk
sharing participant-level data or proprietary informa-
tion will not be approved.

ETHICS APPROVAL AND PATIENT
CONSENT STATEMENT
The study protocol, patient information, and patient
informed consent forms were reviewed and approved by
an Independent Ethics Committee (De Videnskabsetiske
Komiteer Region Hovedstaden; Hillerød, Denmark) and
a Regulatory Agency (Danish Medicin Agency;
København S, Denmark) complying with the require-
ments of European Federal regulations and the Interna-
tional Conference on Harmonisation (ICH) before
enrollment of patients. This study was conducted in
accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki 1964, as revised in
2013), ICH good clinical practice guidelines, local guide-
lines, and applicable regulations when developing,
obtaining, and documenting the patient informed con-
sent. Informed consent was obtained from all individual
participants included in the study.

ANIMAL RIGHTS
This study does not contain any studies with animal sub-
jects performed by any of the authors.

ORCID
Line Gutte Borgwardt https://orcid.org/0000-0003-1719-
9856
Allan Meldgaard Lund https://orcid.org/0000-0002-
6091-7879

REFERENCES
1. Borgwardt L, Riise Stensland HM, Olsen KJ, et al. Alpha-man-

nosidosis: correlation between phenotype, genotype and
mutant MAN2B1 subcellular localisation. Orphanet J Rare Dis.
2015;10:70. doi:10.1186/s13023-015-0286-x

2. Malm D, Nilssen O. Alpha-mannosidosis. In: Adam MP,
Ardinger HH, Pagon RA, et al., eds. GeneReviews. University of
Washington; 2019: https://www.ncbi.nlm.nih.gov/books/NBK1396/
Accessed June 15, 2022.

3. Alpha-Mannosidosis. National Organization for Rare Disorders.
https://rarediseases.org/rare-diseases/alpha-mannosidosis/.
Accessed June 16, 2022.

4. Lamzede. Summary of Product Characteristics. Chiesi Farma-
ceutici SpA; 2018. https://www.ema.europa.eu/en/documents/
product-information/lamzede-epar-product-information_en.
pdf. Accessed June 15, 2022.

5. Wang J, Lozier J, Johnson G, et al. Neutralizing antibodies
to therapeutic enzymes: considerations for testing, preven-
tion and treatment. Nat Biotechnol. 2008;26(8):901-908. doi:
10.1038/nbt.1484

6. Bali DS, Goldstein JL, Banugaria S, et al. Predicting cross-
reactive immunological material (CRIM) status in Pompe
disease using GAA mutations: lessons learned from 10 years
of clinical laboratory testing experience. Am J Med Genet C
Semin Med Genet. 2012;160C(1):40-49. doi:10.1002/ajmg.c.
31319

7. Borgwardt L, Dali CI, Fogh J, et al. Enzyme replacement ther-
apy for alpha-mannosidosis: 12 months follow-up of a single
centre, randomised, multiple dose study. J Inherit Metab Dis.
2013;36(6):1015-1024. doi:10.1007/s10545-013-9595-1

8. NCT01268358. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT01268358. Accessed June 15, 2022.

9. NCT01285700. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT01285700. Accessed June 15, 2022.

10. NCT01681940. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT01681940. Accessed June 15, 2022.

11. Borgwardt L, Guffon N, Amraoui Y, et al. Efficacy and safety of
velmanase alfa in the treatment of patients with alpha-manno-
sidosis: results from the core and extension phase analysis of a
phase III multicentre, double-blind, randomised, placebo-
controlled trial. J Inherit Metab Dis. 2018;41(6):1215-1223. doi:
10.1007/s10545-018-0185-0

12. NCT01681953. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT01681953. Accessed June 15, 2022.

13. NCT01908712. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT01908712. Accessed June 15, 2022.

14. NCT01908725. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT01908725. Accessed June 15, 2022.

15. NCT02478840. ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT02478840. Accessed June 15, 2022.

16. Riise Stensland HM, Klenow HB, Van Nguyen L, Hansen GM,
Malm D, Nilssen O. Identification of 83 novel alpha-

BORGWARDT ET AL. 197

https://orcid.org/0000-0003-1719-9856
https://orcid.org/0000-0003-1719-9856
https://orcid.org/0000-0003-1719-9856
https://orcid.org/0000-0002-6091-7879
https://orcid.org/0000-0002-6091-7879
https://orcid.org/0000-0002-6091-7879
info:doi/10.1186/s13023-015-0286-x
https://www.ncbi.nlm.nih.gov/books/NBK1396/
https://rarediseases.org/rare-diseases/alpha-mannosidosis/
https://www.ema.europa.eu/en/documents/product-information/lamzede-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/lamzede-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/lamzede-epar-product-information_en.pdf
info:doi/10.1038/nbt.1484
info:doi/10.1002/ajmg.c.31319
info:doi/10.1002/ajmg.c.31319
info:doi/10.1007/s10545-013-9595-1
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01268358
https://clinicaltrials.gov/ct2/show/NCT01268358
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01285700
https://clinicaltrials.gov/ct2/show/NCT01285700
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01681940
https://clinicaltrials.gov/ct2/show/NCT01681940
info:doi/10.1007/s10545-018-0185-0
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01681953
https://clinicaltrials.gov/ct2/show/NCT01681953
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01908712
https://clinicaltrials.gov/ct2/show/NCT01908712
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01908725
https://clinicaltrials.gov/ct2/show/NCT01908725
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT02478840
https://clinicaltrials.gov/ct2/show/NCT02478840


mannosidosis-associated sequence variants: functional analysis
of MAN2B1 missense mutations. Hum Mutat. 2012;33(3):511-
520. doi:10.1002/humu.22005

17. Lund AM, Borgwardt L, Cattaneo F, et al. Comprehensive
long-term efficacy and safety of recombinant human alpha-
mannosidase (velmanase alfa) treatment in patients with
alpha-mannosidosis. J Inherit Metab Dis. 2018;41(6):1225-1233.
doi:10.1007/s10545-018-0175-2

18. Cousens LP, Mingozzi F, van der Marel S, et al. Teaching toler-
ance: new approaches to enzyme replacement therapy for
Pompe disease. Hum Vaccin Immunother. 2012;8(10):1459-
1464. doi:10.4161/hv.21405

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1 Serum oligosaccharides and serum IgG sensi-
tivity analysis by ADA status
Table S1 Summary of studies contributing to the pooled
analysis
Table S2 Summary of ADA levels for ADA-positive
samples
Table S3 ADA-positive patients by category

How to cite this article: Borgwardt LG,
Ceravolo F, Zardi G, Ballabeni A, Lund AM.
Relationship between MAN2B1 genotype/
subcellular localization subgroups, antidrug
antibody detection, and long-term velmanase alfa
treatment outcomes in patients with
alpha-mannosidosis. JIMD Reports. 2023;64(2):
187‐198. doi:10.1002/jmd2.12349

198 BORGWARDT ET AL.

info:doi/10.1002/humu.22005
info:doi/10.1007/s10545-018-0175-2
info:doi/10.4161/hv.21405
info:doi/10.1002/jmd2.12349

	Relationship between MAN2B1 genotype/subcellular localization subgroups, antidrug antibody detection, and long-term velmana...
	1  INTRODUCTION
	2  METHODS
	2.1  Pooled analysis design
	2.2  Pooled analysis outcomes

	3  RESULTS
	3.1  Pooled analysis population
	3.2  Pooled analysis outcomes
	3.2.1  Detection of ADAs and ADA levels

	3.3  ADAs by MAN2B1 subgroups
	3.4  Serum oligosaccharide and IgG levels
	3.5  Relationship of ADA to drug levels and serum oligosaccharides
	3.6  Relationship of ADA to clinical outcomes
	3.7  Safety outcomes

	4  DISCUSSION
	4.1  Limitations of this analysis

	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICS APPROVAL AND PATIENT CONSENT STATEMENT
	ANIMAL RIGHTS
	REFERENCES


