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Abstract

Enzyme replacement therapy (ERT) using velmanase alfa previously showed

promising efficacy and safety outcomes for up to 4 years of therapy in patients

with alpha-mannosidosis. This pooled analysis from two multicenter, open-

label phase IIIb extension trials rhLAMAN-07 (N = 13; NCT01908712) and

rhLAMAN-09 (N = 8; NCT01908725) evaluated the long-term effects of velma-

nase alfa. Sixteen patients who previously completed phase I–III rhLAMAN-

02/-03/-04/-05/-08 trials and five ERT-naïve patients were enrolled. Patients

received 1 mg/kg velmanase alfa once weekly. Endpoints included changes

from treatment baseline (before initial dose of velmanase alfa in any trial) in

serum oligosaccharides, 6-minute walk test (6MWT), 3-minute stair climb test

(3MSCT), pulmonary function (forced vital capacity [FVC], % predicted),

serum immunoglobulin G (IgG) levels, and adverse events. The overall cohort

comprised 21 patients, divided by age at treatment baseline into pediatric

(n = 14) and adult subgroups (n = 7). Distance walked according to 6MWT

increased or stabilized in pediatric patients, while in adults either stabilization

or slight decline was observed. Similarly, pediatric patients performed better in

the 3MSCT. Changes in FVC, % predicted, were comparable in both subgroups

up to �6 years of observation, diverging thereafter. Overall, sustained serum

oligosaccharide clearance and serum IgG level increase was observed upon

treatment initiation and persisted until last common observation. Velmanase

alfa treatment was generally well tolerated, with the majority of reported
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adverse events being of mild-to-moderate intensity. With follow-up of up to

12 years, long-term efficacy and safety outcomes indicate continued benefits of

velmanase alfa in patients with alpha-mannosidosis.
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1 | INTRODUCTION

Alpha-mannosidosis (OMIM #248500) is a rare, autoso-
mal recessive inherited lysosomal storage disorder with
an estimated prevalence of 1:300 000–1:500 000.1 Caused
by a deficiency of alpha-mannosidase due to pathogenic
variants in the mannosidase alpha class 2B member
1 (MAN2B1) gene on chromosome 19, subsequent pathol-
ogy results from the accumulation of oligosaccharides in
organs including liver, kidney, spleen, and brain.2 Char-
acteristic clinical features include cognitive dysfunction,
hearing impairment, immunodeficiency (recurrent infec-
tions), skeletal abnormalities, facial abnormalities, and
motor and psychiatric symptoms.3

Alpha-mannosidosis features a broad, continuous
spectrum of manifestations, and clinical phenotypes are
not clearly distinguishable due to the high degree of het-
erogeneity of the disease, which makes disease progres-
sion difficult to predict.3

To date, the genetic defect underlying alpha-
mannosidosis remains incurable, but there are therapeu-
tic approaches available to alleviate symptoms and slow
disease progression, including supportive measures,
hematopoietic stem cell transplantation, and enzyme
replacement therapy (ERT).2,4 Hematopoietic stem cell
transplantation may prevent neurocognitive decline and
early death in young, severely affected patients.5,6 How-
ever, the risks of serious complications must be weighed
against the benefits.5,7 Before the availability of ERT, dis-
ease management focused on symptomatic treatment and
the prevention of complications.4

Velmanase alfa (Lamzede®, Chiesi Farmaceutici
S.p.A., Parma, Italy)8 is the first and currently only ERT
available for this disease. Approval was granted in 2018
by the European Medicines Agency9 for the treatment of
non-neurological manifestations in patients with mild-
to-moderate alpha-mannosidosis,8 and in 2023 by the
U.S. Food and Drug Administration for non-central ner-
vous system manifestations in adult and pediatric
patients with alpha-mannosidosis.10

In the international, multicenter, double-blind, ran-
domized, placebo-controlled phase III trial rhLAMAN-
05, weekly intravenous infusions of 1 mg/kg velmanase

alfa or placebo were given and the trial demonstrated a
substantial decrease in serum oligosaccharides across all
ages at week 52 in patients who received velmanase alfa
compared with placebo.11 Serum IgG levels significantly
increased during the observation time, and motor and
pulmonary function endpoints indicated a trend towards
improvement with treatment, especially in pediatric
patients. Velmanase alfa was well tolerated, without any
significant safety or immunogenicity concerns.11 This is
in line with an integrated analysis which included data
from rhLAMAN-10 (NCT02478840), rhLAMAN-07
(NCT01908712), and rhLAMAN-09 (NCT01908725),
based on an observation of up to 4 years.12

The extension trials rhLAMAN-07 and rhLAMAN-09
offered patients from rhLAMAN-05 and other trials to
continue treatment with velmanase alfa in European
countries where no compassionate use program was
available.11,12

Here, we present outcomes for up to 12 years of treat-
ment with velmanase alfa using pooled data from the
rhLAMAN-07 and rhLAMAN-09 extension trials. In view
of the progressive course of alpha-mannosidosis and the
need for a lifelong ERT, this extensive follow-up period
will provide valuable information on the long-term effi-
cacy and safety effects of velmanase alfa. A plain lan-
guage summary of this article is available in the
supplementary materials S2.

2 | METHODS

2.1 | Study design

This pooled multicenter analysis presents data from
21 patients diagnosed with alpha-mannosidosis from two
single-arm, open-label phase IIIb extension trials,
rhLAMAN-07 (NCT01908712) and rhLAMAN-09
(NCT01908725) (Figure 1A). These were designed to eval-
uate the long-term efficacy and safety of velmanase alfa
treatment in patients with alpha-mannosidosis.
rhLAMAN-07 infusions were administered in France at
3 sites and in Denmark, and rhLAMAN-09 infusions
were administered in Denmark and Poland; rhLAMAN-09
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FIGURE 1 Legend on next page.
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included patients based in Norway and the
United Kingdom. rhLAMAN-07 contributed 13 patients to
the pooled analysis, eight of whom were previously enrolled
in at least one of the following trials: rhLAMAN-02:
NCT01268358; rhLAMAN-03: NCT01285700; rhLAMAN-04:
NCT01681940; rhLAMAN-05: NCT01681953; rhLAMAN-08:
NCT02998879. The remaining five patients did not receive
ERT prior to the start of this trial (ERT-naïve patients)
(Figure 1B). rhLAMAN-09 contributed eight patients to
the pooled analysis, who all previously participated in
rhLAMAN-02/-03/-04 and/or -05. Of the patients previously
enrolled in rhLAMAN-05, four patients had received placebo
and subsequently started velmanase alfa treatment in 2013
with enrollment in rhLAMAN-07 (n = 2) and rhLAMAN-09
(n = 2). All patients received intravenous infusions of
1 mg/kg velmanase alfa once every week from treatment
start until study end in September 2022.

2.2 | Patients

To be eligible for inclusion, patients had to have a con-
firmed diagnosis of alpha-mannosidosis as defined by
alpha-mannosidase activity <10% of normal activity.12,13

Previous participation in a prior velmanase alfa trial was
required for rhLAMAN-09, but not for rhLAMAN-07.
Further inclusion criteria were written informed consent
from patients, parents, or legally authorized guardian(s)
and their ability to comply with the trial protocol.
Patients with known clinically significant medical condi-
tions, pregnancy, psychosis, or a planned major surgery
were excluded from participation in both trials.

2.3 | Endpoints and assessments

Treatment baseline was defined as the last available value
before the first dose of velmanase alfa ever infused. Treat-
ment baseline values were therefore either from the
parental study for patients previously enrolled in a trial
(parental refers to the first trial each patient participated
in of the velmanase alfa clinical trial program), the first
dose in rhLAMAN-07/-09 for patients in the placebo arm
of rhLAMAN-05, or at Visit 1 for treatment-naïve

patients in rhLAMAN-07. As the natural history of alpha-
mannosidosis typically changes during the transition
phase to adulthood, the patient cohort was divided into a
pediatric (<18 years) and an adult cohort (≥18 years)
based on age at treatment baseline. Demographic charac-
teristics were captured at treatment baseline.

Key efficacy endpoints, for which pooled data were
analyzed, included changes from treatment baseline in:
6-minute walk test (6MWT), 3-minutes stair climb test
(3MSCT), pulmonary function using forced vital capacity
(FVC, % predicted), serum oligosaccharide (N-acetylglu-
cosamine-di-mannose, GlcNAc[Man]2) concentration,
and serum immunoglobulin G (IgG) levels. Additional
details on the serum oligosaccharide analyses are
described in the supplementary file. A further efficacy
endpoint was change from baseline in hearing ability
assessed by pure tone audiometry in both ears measuring
bone and air conduction (Supplementary Figures S8,S9).
The test was conducted using audiometer earphones in a
sound-proof room.

Changes from treatment baseline were assessed over
a period of up to 12 years of follow-up until last common
observation (LCO), reflecting the last observation interval
at which data from both pediatric patients and adults
were available, and last observation (LO), reflecting the
very last observation interval in both subgroups indepen-
dently. All efficacy assessments, except for serum oligo-
saccharides and immunoglobulin concentrations, were
assigned to intervals ranging from 6 months (183 days) to
1 year (365 days). Multiple assessments made during a
specific interval were assigned to the median visit time
point after treatment baseline. Serum oligosaccharide
concentrations were measured in patients from both tri-
als at treatment baseline and assigned to intervals of 0–
12 weeks after treatment start, followed by intervals every
24 weeks. Serum immunoglobulin values were assigned
to 6-month intervals and the analysis only included the
subset of patients from rhLAMAN-07 with available
values at treatment baseline.

Safety endpoints included the analysis of adverse
events (AEs). All AEs were coded by system organ class
and preferred term using the Medical Dictionary for
Regulatory Activities version 23.0. AEs emerging after
the first dose of velmanase alfa in rhLAMAN-07/-09

FIGURE 1 Overview of rhLAMAN-07 and rhLAMAN-09 treatment periods of individual patients. Overall, 21 patients were included in

the pooled analysis of rhLAMAN-07 and rhLAMAN-09, of which 13 patients could be followed for up 12 years (Panel A). Overall exposure

to velmanase alfa during participation in any rhLAMAN trial, which corresponds to the observation period for the pooled analyses from

treatment baseline to study end, is shown in Panel (B) for individual patients. Thus, the observation periods included treatment periods in

previous studies, except for four patients from the placebo arm of rhLAMAN-05 (marked with an asterisk), and five patients who did not

receive enzyme replacement therapy (ERT) prior to the start of rhLAMAN-07 (ERT-naïve patients). Two patients from the parental phase III

(rhLAMAN-05) trial withdrew consent after �54 months of treatment in rhLAMAN-07 and �1 month of treatment in rhLAMAN-09,

respectively. A further six patients entered the study after 2019, five of whom were treatment-naïve.
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were reported as treatment-emergent AEs (TEAEs) and
allocated to reporting periods consisting of 6-month
intervals based on duration since first dose. For the
pooled analysis, TEAEs were summarized for the overall
population.

2.4 | Statistical analysis

This analysis was based on pooled data from previous tri-
als, rhLAMAN-07 and rhLAMAN-09 and used descrip-
tive statistics. For continuous variables, arithmetic mean,
standard deviation (SD), standard error (SE), median,
first and third quartile (Q1 and Q3), minimum and maxi-
mum values as well as absolute and percentage change
from treatment baseline were calculated. In case of multi-
ple measurements from the same patient in the same
time interval, mean values were used. Key efficacy out-
comes were analyzed in the overall population as well as
in the pediatric and adult subgroup. Categorical data
were presented by frequency counts and percentages.
Missing data were not imputed. There was no formal esti-
mation of the sample size.

3 | RESULTS

3.1 | Patients

A total of 21 patients with alpha-mannosidosis were
included in rhLAMAN-07/-09, comprising 13 (61.9%)
male and eight (38.1%) female patients, all with

mild-to-moderate phenotype in accordance with the
label specified in the European Summary of Product
Characteristics.8 This overall cohort was divided by age
at treatment baseline into a pediatric subgroup (n = 14)
with children of a median age (range) of 9.5 (4–15)
years and an adult subgroup (n = 7) of a median age of
29.0 (18–36) years. Patient characteristics of the overall
cohort and the pediatric and adult subgroups are shown
in Table 1 and Supplementary Table S1. The median
age (range) at diagnosis was 6.5 (2–12) years in the
pediatric subgroup (n = 14) and 4.0 (1–35) years in
adults (n = 7).

Overall, 13 patients were followed for up to �9–
12 years (Figure 1). By the end of the extension trials, six
patients had reached adulthood (two patients in
rhLAMAN-07 and four in rhLAMAN-09). One of the
pediatric patients in the rhLAMAN-07 trial, who was pre-
viously enrolled in the parental phase III (rhLAMAN-05)
trial for just over 1 year, had consent withdrawn by a par-
ent in 2018 after a further �4.5 years of treatment in the
rhLAMAN-07 trial, due to the patient experiencing mild-
to-moderate infusion-related reactions. A second patient
who previously participated in the placebo arm of
rhLAMAN-05 withdrew consent in 2014, after �1 month
enrollment in rhLAMAN-09, due to joining an aftercare
program at a local hospital. One patient, who enrolled in
rhLAMAN-07 in 2020, had a follow-up of 5 years as they
started velmanase alfa treatment at a later timepoint due
to the enrollment in rhLAMAN-08, the most recent
parental trial. Five patients had an even shorter follow-
up as they started treatment at enrollment in rhLAMAN-
07 in either 2020 or 2021.

TABLE 1 Baseline demographics.

Characteristic <18 yearsa (n = 14) ≥18 yearsa (n = 7) Overall (N = 21)

Sex, n (%)

Female 5 (35.7) 3 (42.9) 8 (38.1)

Male 9 (64.3) 4 (57.1) 13 (61.9)

Age at first dose, years

Mean (SD) 9.8 (4.0) 25.9 (7.1) 15.1 (9.3)

Median (range) 9.5 (4; 15) 29.0 (18; 36) 15.0 (4; 36)

Q1, Q3 7.0; 15.0 18.0; 30.0 7.0; 18.0

Initial BMI at treatment baselineb (kg/m2)

Mean (SD) 20.0 ± 3.0 26.8 ± 3.1 22.3 ± 4.4

Median (range) 20.0 (16.0; 25.3) 27.1 (21.8; 30.8) 21.8 (16.0; 30.8)

Q1, Q3 18.3; 22.1 24.1; 28.9 18.3; 25.3

Abbreviations: Q1, quartile 1; Q3, quartile 3; SD, standard deviation.
aAge categories refer to the age at treatment baseline, when the first dose of velmanase alfa ever was received.
bDefined as the last available value before the first dose of velmanase alfa in the parental study, as the last available value before the first dose in rhLAMAN-

07/-09 for patients in the placebo arm of rhLAMAN-05, and as Visit 1 for treatment-naïve patients in rhLAMAN-07.
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Low patient numbers at specific time intervals were
due to the SARS-CoV-2 pandemic or missed visits due to
unknown reasons. During the pandemic, visits were on
hold for all 13 patients. In total, one patient from
rhLAMAN-07 and four patients from rhLAMAN-09 inter-
rupted treatment by more than two consecutive infu-
sions. Two of the patients from rhLAMAN-09 missed the
treatment (up to 66 infusions) for more than 1 year due
to the pandemic. Further reasons for some patients lack-
ing longer follow-up data were more recent treatment
start (n = 6) and consent withdrawals (n = 2). Serum
IgG data from treatment baseline were only available for
four patients (including only one adult) and limited to
2.5 years of observation.

3.2 | Efficacy

3.2.1 | 6MWT, 3MSCT, and FVC

Descriptive analyses of absolute and relative changes in
6MWT, 3MSCT, and FVC in the overall population and
by age group are shown in Figure 2 and Supplementary
Figure S1. Individual patient data stratified by the trials
rhLAMAN-07 and rhLAMAN-09 are shown in Supple-
mentary Figures S6,S7. Over time, the absolute distance
walked on the 6MWT increased or stabilized in all pedi-
atric patients until LO, while in adults either a stabiliza-
tion or slight decline was observed, with only one adult
having a large decrease. At 8 years (interval of 84–

FIGURE 2 6MWT, 3MSCT, and forced vital capacity (FVC) outcomes. Mean ± SE changes are shown from treatment baseline, defined

as the last available value before the first dose of velmanase alfa in the parental study, as the last available value before the first dose in

rhLAMAN-07/-09 for patients in the placebo arm of rhLAMAN-05, and as Visit 1 for treatment-naïve patients in rhLAMAN-07. X-axes

display the median of each time interval.

3MSCT, 3-minute stair climb test, 6MWT, 6-minute walk test; SE, standard error.
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108 months) of therapy, absolute change from baseline in
distance walked slightly increased in pediatric patients
(n = 7, 27.8 ± 31.2 m; percentage change: 8.5 ± 10.5%),
while it slightly decreased in adults (n = 3, –64.3
± 50.2 m; percentage change: �13.8 ± 12.2%), with only
one adult having a large decrease.

Albeit to a lesser degree, the pediatric patients also
performed better on the 3MSCT than adults. At 8 years
(84–108 months) of observation, pediatric patients
(n = 7) showed an absolute change from baseline of 5.1
± 11.0 steps/min versus –0.1 ± 0.8 steps/min in adults
(n = 3) (percentage change: 12.6 ± 23.5% versus –0.1
± 1.3%) (Figure 2C,D). Overall, 3MSCT results in pediat-
ric patients initially increased and then predominantly
remained stable and adult patients either stabilized or
slightly declined.

Most pediatric patients improved or stabilized FVC, %
predicted, throughout the observation period, while adult
patients started to slowly decline in pulmonary function
after a 6-year stabilization period (Figure 2E,F). Changes
from treatment baseline were similar in both subgroups
for the first �6 years of treatment, diverging thereafter:
at treatment baseline, pediatric patients had a mean
± SD FVC, % predicted, of 76.2 ± 22.1% of the predicted
value (n = 11), increasing by an absolute change of 7.1
± 32.5% (n = 8; percentage change: 16.6 ± 40.0%) until
6 years (60–84 months) of treatment, while adults had a
baseline of 94.4 ± 16.5% (n = 7) and an absolute change
of 5.6 ± 24.9% (n = 5; percentage change: 11.4 ± 33.5%).
At 8 years (84–108 months) of therapy, the change from
baseline in FVC, % predicted, of pediatric patients further
increased from baseline (n = 7; 15.8 ± 24.4%; percentage
change: 20.7 ± 31.8%), while two of three adult patients
had a drop in the FVC results (n = 3; absolute change:

–12.8 ± 15.8% of predicted; percentage change: �12.2
± 16.5%) (Supplementary Figure S1g,h). Overall, after at
least 10 years of follow-up, four pediatric patients and
one adult patient had a FVC, % predicted ≥80%, while
three pediatric and two adult patients had <80%.

3.2.2 | Serum oligosaccharide levels

Both age groups showed similar absolute and percentage
changes in serum GlcNAc(Man)2 levels from the treat-
ment baseline over time (Figure 3, Supplementary
Figures S1a,b, S4,S5). Overall mean ± SD serum oligosac-
charide concentration was 8.0 ± 3.3 μmol/L in pediatric
patients (n = 13) and 6.0 ± 1.3 μmol/L in adults (n = 7)
at treatment baseline which consistently decreased in
both subgroups until the LCO at �9.7 years (interval of
113.2–117.8 months) of therapy by an absolute change of
–5.3 ± 2.3 μmol/L in pediatric patients (n = 7; percentage
change: �67.8 ± 23.4%) and �3.5 ± 0.5 μmol/L in adults
(n = 3; percentage change: �62.7 ± 4.3%). Serum oligo-
saccharides rose again in three patients, after treatment
interruption of >1 year (two patients) and antidrug anti-
body detection (one patient) (Supplementary
Figure S1a).14

3.2.3 | Serum IgG levels

In the analysis of serum IgG, based on four patients who
started treatment in rhLAMAN-07 and had baseline IgG
levels assessed, all patients showed similar changes in
IgG levels with velmanase alfa treatment (Figure 4A,B
and Supplementary Figures S2,S3). Pediatric patients

FIGURE 3 Serum oligosaccharides. Mean ± SE changes are shown from treatment baseline, defined as the last available value before the

first dose of velmanase alfa in the parental study, as the last available value before the first dose in rhLAMAN-07/-09 for patients in the placebo

arm of rhLAMAN-05, and as Visit 1 for treatment-naïve patients in rhLAMAN-07. The decrease of the mean values between 38.7 and 60.8 months

is due to data of only one pediatric patient being available for these time points; this patient had a higher value at treatment baseline and a

stronger decrease following treatment than the other patients (Supplementary Figure S1a). X-axes display the median of each time interval.

SE, standard error.
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started with IgG levels in the lower normal range or
below the normal range, depending on the age-related
range of normality that is used as a reference,15–18 while
the one adult patient had values just below the normal
range at treatment baseline.18 In pediatric patients the
overall mean ± SD serum IgG levels markedly increased
from treatment baseline level (n = 3; 6.2 ± 1.7 g/L) until
the LCO at 9 (interval of 6–12) months by an absolute
change of 2.8 ± 0.6 g/L (n = 3; percentage change: 49.3
± 18.4%). At LO at 2.25 years (24–30 months), the IgG
level in those patients increased by an absolute change of
4.4 ± 0.0 g/L (n = 2; percentage change: 84.3 ± 17.2%)
and were within the normal range.16–18 The percentage
change for the adult patient (5.5 g/L at treatment base-
line) was 47.7%, and the post-treatment value of 8.1 g/L
after 0.75 years (6–12 months) was within the normal
range.18–21 For patients who were excluded from the
main analysis due to a lack of values at treatment base-
line in rhLAMAN-09 (n = 7; two adults), supplementary
data show that after treatment start the IgG levels
reached normal range15 and were maintained up to
12 years in all patients except in one patient who
exceeded the normal range. For two of these patients,
IgG levels decreased following treatment interruption of
>1 year—remaining within normal range—but then
increased again after restarting treatment
(Supplementary Figure S3). Supplementary data are not
shown for patients from rhLAMAN-07 who were
excluded from the main analysis.

3.2.4 | Hearing ability

Results of hearing ability tests using pure tone audiome-
try are summarized in Supplementary Figures S8 (rhLA-
MAN-07) and S9 (rhLAMAN-09). In general, hearing

ability according to bone as well as air conduction
remained mostly stable, with variable degrees of fluctua-
tion among patients. There was considerable variability
at treatment baseline, especially in pediatric patients.

3.3 | Safety

The median (range) duration of exposure to velmanase
alfa was 9.2 (1.1–11.8) years for pediatric patients
(n = 14) and 8.8 (0.1–9.8) years for adult patients (n = 7).
Table 2 provides a summary of AEs that emerged during
rhLAMAN-07/-09 in the pooled patient cohort. Overall,
697 TEAEs were reported in 20 of 21 patients, of which
32 events in eight patients were considered treatment-
related.

The most common MedDRA system organ class cate-
gories (>70% of patients) were infections or infestations
with 198 TEAEs in 18 (85.7%) of 21 patients, followed by
gastrointestinal disorders with 95 TEAEs in 17 (81.0%)
patients; respiratory, thoracic, and mediastinal disorders
with 41 TEAEs in 16 (76.2%) patients; general
disorders and administration site conditions with
89 TEAEs in 16 (76.2%) patients; and musculoskeletal
and connective tissue disorders with 57 TEAEs in
15 (71.4%) patients (Supplementary Table S2). The most
frequent TEAEs included vomiting (66.7% of patients),
nasopharyngitis (61.9%), pyrexia (57.1%), cough (47.6%),
arthralgia (38.1%), diarrhea (38.1%), abdominal pain
(33.3%), ear infection (33.3%), headache (28.6%), back
pain (28.6%), and pain in extremity (28.6%).

The majority of TEAEs were mild-to-moderate, and
only four severe events were documented in three
(14.3%) patients. Eight (38.1%) patients experienced a
total of 23 serious TEAEs (3.3% of all TEAEs), including
three serious treatment-related events of diarrhea,

FIGURE 4 Serum IgG. All four patients (three pediatric patients, one adult) were treatment-naïve when they were enrolled in

rhLAMAN-07/-09. Mean ± SE changes are shown from treatment baseline at Visit 1 in rhLAMAN-07 (treatment baseline values were not

available for the remaining 17 patients of the pooled cohort).

IgG, immunoglobulin G; SE, standard error.
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hypokalemia, and vomiting in two (9.5%) patients, which
resolved on the same day or the day after. There were no
TEAEs that had a fatal outcome or led to dose reduction
or study discontinuation. However, one pediatric patient
experienced multiple transient, mild-to-moderate
infusion-related reactions and withdrew consent after
more than 5 years of treatment.

4 | DISCUSSION

This pooled analysis of rhLAMAN-07 and rhLAMAN-09
provides the first long-term assessment of efficacy and
safety of weekly therapy with velmanase alfa in a popula-
tion of 21 patients with alpha-mannosidosis. Among
these, 13 patients received treatment for >9 years and up
to almost 12 years. Previously, efficacy and safety out-
comes over 12 months were reported from the phase III
trial rhLAMAN-05,11 as well as long-term data based on
an integrated analysis with up to 4 years of follow-up
which included patients from rhLAMAN-10.12 Treatment
with velmanase alfa showed improvements in 6MWT,
3MSCT, and pulmonary function; a significant and per-
sistent clearance of serum oligosaccharides; and
increased serum IgG levels at last observation of up to
4 years, alongside a tolerable safety profile.12 In
rhLAMAN-08, five children with alpha-mannosidosis
under the age of 6 years received weekly velmanase alfa
therapy and were followed for 3 years.13 The published
results of the rhLAMAN-08 trial similarly showed indi-
vidual improvements in physical functioning/endurance,
hearing, immunological profile, and QoL; decreased
serum oligosaccharides; and acceptable safety out-
comes.13 Moreover, a multiple variable responder model
used data from rhLAMAN-05 and rhLAMAN-10 to assess
global treatment response to velmanase alfa, defined by
response in 3 domains comprising pharmacodynamic,

functional, and QoL outcomes.22 This model also sup-
ported continued benefit of longer-term treatment for up
to 48 months both in pediatric and adult patients.22

In line with these findings, this long-term analysis of
continuous, functional assessments suggested a stabiliza-
tion or delay in clinical worsening. In particular, patients
who started velmanase alfa treatment at a pediatric age
showed stabilized or even improved outcomes with vel-
manase alfa, including those who became an adult dur-
ing the study. Besides pediatric patients, adults also
appeared to benefit from treatment, as they showed stabi-
lized or only slightly decreased outcomes regarding
endurance and FVC, % predicted. The confounding effect
of childhood growth and aging is expected to differ
according to age and to be especially prominent in the
youngest patients and in earlier time windows. Therefore,
to provide information on individual outcomes over time,
individual patient data are available as supplementary
materials (Supplementary Figures S1–S9).

Due to the paucity of natural history controls, it is dif-
ficult to determine to what extent any changes—
especially increased endurance capabilities in 6MWT and
3MSCT—resulted from treatment versus other factors,
such as clinical heterogeneity and age-related changes.
The natural history study of Beck et al. reported a broad
heterogeneity of clinical phenotypes regarding 6MWT
and 3MSCT results in both children and adults with
alpha-mannosidosis, with no clear trends seen in either
of the patient groups.23 Beck et al. also reported that per-
centage of predicted FVC remained similar in adults and
decreased by up to 10% in children over 2 years,
indicating that changes in pulmonary function were not
clinically significant.23 Besides clinical heterogeneity and
age-related changes, functional assessments can be influ-
enced by factors such as motivation and training effect,
as they rely on the participation of the patient. This can
also make assessments challenging in young children
and patients with cognitive impairment,24–27 but no for-
mal assessment of the impact of cognitive impairment on
endurance was conducted in our analysis. Considering
that the FVC, % predicted, as opposed to the 6MWT and
3MSCT, takes into account gender, height, and age, the
observed improvements in pulmonary function likely
reflect an effect of treatment rather than aging. Taken
together, despite several factors potentially influencing
functional outcomes, the long-term data from this study
suggest velmanase alfa improved endurance.

The 6MWT and 3MSCT assessments may capture
impairments caused by balance instability and ataxia that
can occur in alpha-mannosidosis due to neurological
damage, cochlea-vestibular disorders, or muscular hypo-
tonia.1 As velmanase alfa does not cross the blood–brain-
barrier, the improvements seen for the 6MWT and

TABLE 2 Treatment-emergent adverse events in the pooled

patient cohort after enrollment in rhLAMAN-07/-09.

Adverse events

Overall (N = 21)

n (%) Events

Any TEAEs 20 (95.2) 697

Treatment-related TEAEs 8 (38.1) 32

Serious TEAEs 8 (38.1) 23

Serious treatment-related TEAEs 2 (9.5) 3

Severe TEAEs 3 (14.3) 4

TEAEs with a fatal outcome 0 (0.0) 0

TEAEs leading to discontinuation 0 (0.0) 0

Abbreviation: TEAEs, treatment-emergent adverse events.
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3MSCT may possibly be explained by velmanase alfa
treatment slowing down the progression of mainly non-
central nervous system symptoms such as joint abnor-
malities and muscular hypotonia.

A marked reduction of serum oligosaccharide levels
shortly after treatment initiation was observed, which
persisted in all patients throughout the follow-up period.
It is plausible that velmanase alfa systemically targets the
root3 cause of alpha-mannosidosis-induced cellular dys-
functions and stabilizes or even slows down progression
of the disease in some patients.

Patients with alpha-mannosidosis are prone to recur-
rent infections, especially at an early age.3 This immuno-
deficiency involves multiple aspects, including low IgG
levels.12 In this analysis, serum IgG levels were in the
lower normal range or just below the normal range at
treatment baseline and increased substantially and con-
sistently after the start of the treatment.15–18,28 Concen-
trations remained at higher, normal levels throughout
the 2.5 years of observation from treatment baseline
reaching up to a mean concentration of nearly 10 g/L
after 24–30 months in pediatric patients, which may
result in a clinically relevant improvement of immune
function.12 Interestingly, two patients who interrupted
treatment for >1 year showed a re-increase in serum IgG
at first assessment after restarting treatment
(Supplementary Figure S3).

The safety profile observed in our study corresponds
to previously published safety findings from velmanase
alfa clinical trials.11–13 Three serious treatment-related
TEAEs were observed in two patients. TEAEs were most
commonly infections and gastrointestinal events, and
most were of mild-to-moderate severity. All treatment-
related TEAEs resolved and did not necessitate any dose
reductions or treatment interruptions. No new safety con-
cerns were identified with extended treatment.

Early start of ERT, preferably even before symptom
onset, has been recommended for other lysosomal stor-
age disorders to obtain better long-term outcomes.29 In
line with our findings in this pooled rhLAMAN-07/-09
analysis, earlier studies have reported more pronounced
efficacy benefits in pediatric patients than in adults.11,12,22

Furthermore, a phase II study (rhLAMAN-08) evaluated
velmanase alfa in children below 6 years of age and the
results suggested a clinical benefit for this young patient
group.13 Based on these observations, velmanase alfa
treatment initiation at a younger age was supported as
being beneficial and improving long-term efficacy
outcomes. A reduction of serum oligosaccharide accumu-
lation at a younger age by starting velmanase alfa treat-
ment in young children could potentially delay the
development and worsening of symptoms more

effectively than treatment in adults with advanced clini-
cal manifestations and irreversible tissue damages.29

Limitations of our integrated analysis include the
small sample size, which is inherent with respect to
the ultra-rarity of the disease. Patient numbers are rela-
tively low in the adult subgroup and at later assessment
intervals due to missing data, and the lack of a control
group in the context of the respective trial designs, as eth-
ical reasons prevent the inclusion of a placebo control
over extensive follow-up periods. After conclusion of
the parental trial rhLAMAN-05, patients included in
the placebo arm were switched to treatment with
velmanase alfa.11

5 | CONCLUSIONS

The long-term efficacy and safety outcomes indicate that
treatment benefits of velmanase alfa are maintained over
a period of up to 12 years in both pediatric and adult
patients with alpha-mannosidosis.

Treatment with velmanase alfa may successfully
delay non-central nervous system disease progression in
all age groups, as many pediatric patients achieved
improvements in motor and pulmonary function, and
these functional outcomes in the adult cohort appeared
to stabilize during long-term treatment. Substantial
decreases in serum oligosaccharide concentrations and
increases in IgG levels persisted throughout the observa-
tion period regardless of age. Velmanase alfa was gener-
ally well tolerated, with mostly mild-to-moderate side
effects. No new safety concerns were identified with
extended treatment. The acceptable safety profile sup-
ports long-term administration of velmanase alfa in
patients with alpha-mannosidosis.
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