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Abstract

Background: Mucopolysaccharidosis (MPS) Type I (MPSI) is caused by mutations in the gene encoding the lysosomal
enzyme, α-L-iduronidase (IDUA), and a majority of patients present with severe neurodegeneration and cognitive
impairment. Recombinant IDUA does not cross the blood-brain barrier (BBB). To enable BBB transport, IDUA was
re-engineered as an IgG-IDUA fusion protein, valanafusp alpha, where the IgG domain targets the BBB human
insulin receptor to enable transport of the enzyme into the brain. We report the results of a 52-week clinical trial
on the safety and efficacy of valanafusp alpha in pediatric MPSI patients with cognitive impairment. In the phase I trial,
6 adults with attenuated MPSI were administered 0.3, 1, and 3 mg/kg doses of valanafusp alpha by intravenous (IV)
infusion. In the phase II trial, 11 pediatric subjects, 2-15 years of age, were treated for 52 weeks with weekly IV infusions
of valanafusp alpha at 1, 3, or 6 mg/kg. Assessments of adverse events, cognitive stabilization, and somatic stabilization
were made. Outcomes at 52 weeks were compared to baseline.

Results: Drug related adverse events included infusion related reactions, with an incidence of 1.7%, and transient
hypoglycemia, with an incidence of 6.4%. The pediatric subjects had CNS involvement with a mean enrollment
Development Quotient (DQ) of 36.1±7.1. The DQ, and the cortical grey matter volume of brain, were stabilized by
valanafusp alpha treatment. Somatic manifestations were stabilized, or improved, based on urinary glycosaminoglycan
levels, hepatic and spleen volumes, and shoulder range of motion.

Conclusion: Clinical evidence of the cognitive and somatic stabilization indicates that valanafusp alpha is transported
into both the CNS and into peripheral organs due to its dual targeting mechanism via the insulin receptor and
the mannose 6-phosphate receptor. This novel fusion protein offers a pharmacologic approach to the stabilization of
cognitive function in MPSI.
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Background
Mucopolysaccharidosis (MPS) Type I (MPSI) can present
as severe MPSI (Hurler syndrome) or attenuated MPSI
(Hurler-Scheie, or Scheie syndrome), and is caused by
mutations in the gene encoding the lysosomal enzyme
α-L-iduronidase (IDUA) [1]. Recombinant IDUA (laroni-
dase, Aldurazyme®) was developed as intravenous (IV)
Enzyme Replacement Therapy (ERT) for the treatment of
MPSI [1, 2]. Patients with Hurler Syndrome, which consti-
tutes about half of the patients [3], and the more severely
affected Hurler-Scheie patients, exhibit neurodegeneration
and cognitive impairment. Laronidase has no impact on
cognitive decline in MPSI [4], because the enzyme does
not cross the blood-brain barrier (BBB) [5]. Hematopoietic
stem cell transplant (HSCT) is believed to stabilize the
neuronal degeneration in MPSI, particularly if the
HSCT is performed before the age of 16 months [6].
In addition to the morbidity and mortality associated
with HCST, there remains a significant portion of
MPSI patients that are permanently cognitively im-
paired following HSCT [6, 7].
A BBB-penetrating form of IDUA would allow for a

non-invasive therapeutic option to treat the central ner-
vous system (CNS) manifestations in MPSI. The IDUA
enzyme can be made transportable through the BBB fol-
lowing the re-engineering of the lysosomal enzyme as an
IgG-IDUA fusion protein, where the IgG domain is a
receptor-specific monoclonal antibody (MAb) that tar-
gets an endogenous BBB receptor transporter, in this
case the human insulin receptor (HIR). The IgG-IDUA
fusion protein was formed by fusion of the human IDUA
enzyme, without the enzyme signal peptide, to the carb-
oxyl terminus of each heavy chain of a genetically engi-
neered chimeric HIRMAb [8]. The HIRMAb domain of
the HIRMAb-IDUA fusion protein triggers receptor me-
diated transport of the fusion protein into brain via the
endogenous BBB insulin receptor, and acts as a molecu-
lar Trojan horse to ferry into brain the IDUA fused to
the IgG domain [5, 8]. The HIRMAb-IDUA fusion pro-
tein is alternatively designated as AGT-181 [9], or as the
international non-proprietary (rINN) name of valanafusp
alpha. A surrogate fusion protein reduces lysosomal in-
clusion bodies in the brain of the MPSI mouse following
chronic IV administration [10].
The IDUA domain of valanafusp alpha incorporates

mannose 6-phosphate (M6P) [5], which allows uptake

also into somatic tissues via the M6P receptor (M6PR),
similar to recombinant IDUA. Whole body autoradiog-
raphy in primates shows a comparable biodistribution in
peripheral organs for laronidase and valanafusp alpha [5].
However, the M6PR is not expressed at the human BBB,
and laronidase does not penetrate the monkey brain [5].
Conversely, there is global penetration of the CNS by vala-
nafusp alpha in the primate owing to BBB transport of the
fusion protein via the endogenous insulin receptor [5]. The
dual receptor targeting of the HIRMAb-IDUA fusion pro-
tein provides the rationale for reversal of lysosomal inclu-
sions in both somatic and CNS tissues following chronic IV
treatment of MPSI subjects with valanafusp alpha.
The present study reports on a phase I-II clinical trial of

the treatment of MPSI adults and children with valanafusp
alpha. After a single dose-escalation phase I trial in 6 adult
MPSI subjects, a phase II trial in 11 pediatric MPSI patients
was performed over 52 weeks of chronic weekly IV infu-
sions of valanafusp alpha. The plasma pharmacokinetics of
valanafusp alpha in adults and children with MPSI has been
described previously [11]. In the present investigation, the
safety, tolerability, and stabilization of somatic and cognitive
function by valanafusp alpha are evaluated in MPSI
children with severe mental retardation. This study is
the first to address the response to drug therapy of both
cognitive and somatic outcomes in MPSI patients with se-
vere cognitive impairment. None of the patients enrolled in
this trial would be able to receive HSCT. This investigation
is also the first human clinical trial of a BBB molecular
Trojan horse fusion protein.

Methods
Study design and patients
In Stage 1, a total of 6 adult Scheie MPSI subjects were
enrolled between October, 2015 through January, 2016,
and treated with a single IV infusion of 0.3, 1, and 3 mg/kg
of valanafusp alpha (Fig. 1). In Stage 1, all subjects were fe-
male and all had a negative pregnancy test. The fusion pro-
tein was infused IV over 3-4 hours in normal saline with
5% dextrose (D5NS). After evaluation of safety data accrued
over a 4-week period, a total of 16 pediatric Hurler or
Hurler-Scheie MPSI subjects were identified for enrollment
in the trial between March, 2016 through January, 2017.
Two patients failed screening tests, and 3 patients withdrew
early from the study owing to travel constraints. The
remaining 11 pediatric subjects, all males, remained in the
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6-month study followed by a 6-month extension, with all
11 subjects undergoing treatment for 12 months. Of these
11 patients, 9 had been previously on laronidase ERT, 2
patients had not previously been treated with ERT, and 1
patient had undergone a failed bone marrow transplant
prior to enrollment in the study (Table 2). All patients were
confirmed to have MPSI by genotype and low leukocyte
IDUA enzyme activity.
The study drug, valanafusp alpha, also called AGT-181

[9], had an IDUA enzyme specific activity of 1390-1668
units/ug protein, where 1 unit = 1 nmol/hr, and bound
with high affinity to the recombinant HIR extracellular
domain with an ED50 of 0.18-0.36 nM.

Procedures and Assessments
The pharmacokinetics (PK) of plasma clearance of 6
adults and 13 children with MPSI were determined in
the first week of treatment and these PK results have
been recently reported [11]. This PK analysis was per-
formed on plasma IDUA enzyme activity following the
IV infusion of valanafusp alpha. For stage 1, blood sam-
ples and urinalysis were tested weekly for 4 weeks. For
stage 2, blood samples and urine were taken at 0, 4, 8,
13, 17, 22, 26, 30, 34, 42, and 52-54 weeks for 19 tests of

clinical chemistry, 15 hematology tests, and urinalysis.
Thyroid function (free T4 and TSH), and cervical spine
MRI, were evaluated at screening for all subjects. Cere-
brospinal fluid (CSF) pressure (cm water) was measured
by lumbar puncture in the lateral decubitus position at
baseline and at 26 weeks. Spot urine was collected for
creatinine and glycosaminoglycans (GAGs) at 0, 4, 8, 13,
26, 30, 34, 42, and 46 weeks, and urinary GAGs
(uGAGs) were reported as ug GAG per mg urinary cre-
atinine. Left and right shoulder flexion and extension
range of motion (ROM) were determined by goniometry
at 0, 4, 13, and 26 weeks. Pulmonary function tests could
not be performed owing to the age or cognitive impair-
ment of the patients. Echocardiograms were performed
on all subjects at 0 and 26 weeks. Electrocardiograms
were performed on all subjects at 0, 4, 13, 26, 38, and 52
weeks. Brain, cervical spine, liver, and spleen MRI was
performed on all subjects, under anesthesia, at 0, 13, 26,
and 52 weeks with a Philips Achieva 1.5 Tesla MRI.
Liver and spleen volumes were computed by manual
segmentation using a region of interest approach and
T2-weighted images with the OsiriX MD software. Brain
volumetrics were quantified with the FreeSurfer Image
Analysis Suite version 5.1 (Martinos Center, Harvard
University, Boston, Massachusetts); the volume reported
is for total gray matter volume, which is the sum of cere-
bral and cerebellar cortical and subcortical grey matter.
The presence in patient serum of anti-drug antibodies
(ADA) against valanafusp alpha was determined with a
2-site sandwich ELISA described previously [9, 12]. The
capture agent is the valanafusp alpha and the detector
agent is biotinylated valanafusp alpha. Owing to the
bivalency of antibody binding, the ADAs bind both the
capture and detector agents. This assay detects ADAs
directed against either valanafusp alpha or laronidase, so
any pre-existing ADAs against laronidase at baseline

Table 1 Stage 1 Scheie patients

patient Age (years) Genotype

Allele 1 Allele 2

101 28 p.R89Q p.W402X

102 37 p.Q70X p.D445del

103 19 IVS7+1G>A p.X654R

104 31 c.590-6ins4 p.Y343X

105 30 p.R383H p.W402X

106 24 p.R383H p.W402X

Table 2 Stage 2 Hurler and Hurler-Scheie patients

patient Type Dx
age (y)

Yrs
on ERT

Height
(cm)

Weight
(kg)

Enroll.
Age (y)

ID
(mg/kg)

Genotype

Allele 1 Allele 2

202 H 0.7 8 101 19.6 9.0 1 p.W402X p.W402X

203 H-S 4.9 1.7 104 19.1 6.1 3 p.R621X het IVS9-12-4delCAGGCCCCG

204 H-S 5.0 9 144 37.1 14.8 1 p.R48del p.P533R

205 H 1.1 1.5 112 24.7 5.0 1 c.494-1G&gt;A c.494-1G&gt;A

206a H 1.8 1 81 11.6 3.1 1 p.W402X p.W402X

207 H 2.6 3 95 18.8 5.9 3 p.Q70X p.W402X

211 H 2.4 0 78 11.4 2∙5 3 p.G208D p.G208D

213 H-S 3.7 12 143 38.5 15.7 3 p.R383H p.W402X

214 H 1.8 0 85 13.0 2.0 3 p.W402Term p.W402Term

215 H 3.6 5.6 137 39.6 12.1 6 p.P533R p.G208D

216 H 0.7 5.6 118 26.4 7.8 6 p.G208D p.P533R
apatient had failed bone marrow transplant 8 months prior to enrollment
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would be detected with the ADA assay. Blood glucose
was measured in each patient during the 3-4 hour IV
infusion to monitor hypoglycemia. Hypoglycemia in
children is defined as a blood glucose <50 mg%, and
serious hypoglycemia is defined as a blood glucose <40
mg% [13]. The lower limit of normal blood glucose in
the assay is 60 mg%. For this study, grade 1, grade 2, and
grade 3 hypoglycemia was defined as a blood glucose of
50-59 mg%, 40-49 mg%, and 30-39 mg%, respectively.
Cognitive testing was initially performed with the

Vineland Adaptive Behavior Scales Second Edition (VAB-
S-II). Those subjects with an Age Equivalent Score (AES)
of <42 months were subsequently tested with the Bayley
Scales of Infant and Toddler Development Third Edition
(BSID-III), and those subjects with an AES>42 months
were tested with the Kaufman Assessment Battery for Chil-
dren Second Edition (KABC-II) [14]. The raw VABS, BSID,
or KABC scores collected at the study site were converted
to AES at NeuroCog Trials; the AES was divided by the
subject’s chronologic age to compute the Development

Quotient (DQ), which is an age-adjusted IQ score. The
BSID-III test is comprised of 5 domains: cognitive, receptive
communication, expressive communication, fine motor, and
gross motor skills, and the cognitive domain was used as the
primary measure of DQ. The KABC-II test is comprised of
8 domains: non-verbal index (NVI), conceptual, face recog-
nition, story completion, triangles, block counting, pattern
reasoning, and hand movements. The NVI, which repre-
sents a global or composite score of nonverbal subtests, was
used as the primary measure of DQ. The VABS-II test ex-
amined the following 5 domains: overall, communication,
daily living skills, socialization, and motor ability. The overall
domain is computed from the communication, daily living
skills, and socialization domains. Whereas the BSID and
KABC DQ tests patient performance, the VABS test is a
survey interview conducted by clinicians with the patient’s
parent or guardian. All cognitive testing data was analyzed
and maintained at NeuroCog Trials (Durham, NC).
Heparan sulfate (HS) and dermatan sulfate (DS) con-

centrations in cerebrospinal fluid (CSF) were measured
at baseline and at 26 weeks. HS and DS levels were de-
termined by liquid chromatography-mass spectrometry
(LC-MS) at IAS, Inc. (Berkeley, CA), as described previ-
ously [15]. Control human pediatric CSF was obtained
from BioIVT (Westbury, NY) for 10 subjects with an
age of 6.4 ± 1.8 years (SEM).

Statistical analysis
Statistical differences in liver and spleen volumes, as a
percent of body weight (BW), at 52 weeks, relative to base-
line, and differences in shoulder extension and flexion at 26
weeks, relative to baseline, were evaluated with the Paired
T-Test and a two-tailed P value (GraphPad, La Jolla, CA).

Ethics
All patients were treated and evaluated at the HCPA-
Hospital das Clinical de Porto Alegre, Brazil. The clinical
protocol was reviewed and approved by the local Institu-
tional Review Board, the National Ethics Committee
(CONEP) and the National Health Surveillance Agency
(ANVISA) in Brazil. Written informed consent was read,
understood, and signed by a parent or guardian before
each patient enrolled in the study. All data was housed
in a protected database managed by WCCT Global
(Cypress, CA).
The clinical trial is recorded at Clinical Trials.Gov,

with identifiers NCT03053089 for the phase 1-2 trial,
and NCT03071341 for the open label extension study.

Results
During Stage 1 of the trial, 6 female Scheie patients
(Table 1), with a mean age of 28.2 ± 2.9 years (mean ±
SE), were enrolled and all completed the study. These
subjects underwent dose escalation from 0.3 to 3 mg/kg,

Fig. 1 Trial design
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and the only drug related adverse effect was a single
plasma glucose of 39 mg% at the 3 mg/kg dose at the end
of the infusion, which was resolved within 20 min. Serum
chemistry and hematology was recorded weekly for 4
weeks following the single infusion with no abnormalities
that were not observed at baseline.
During stage 2 of the trial, 4 patients were started on

weekly IV infusions at 1 mg/kg, followed by the enroll-
ment of 5 patients at the 3 mg/kg dose level, followed by
2 patients at the 6 mg/kg dose level. All 11 of these sub-
jects continued through the 52-week duration of the
study. The mean age of these patients was 7.6 ± 1.3 years
(mean ± SE), and 9 subjects had been previously treated
with laronidase ERT, with 2 ERT-naïve 2-year-old patients
(Table 2). The mean body weight of the 11 pediatric sub-
jects increased 18.2 ± 2.2% over 52 weeks from 23.6 ± 3.2
kg (SEM) at baseline to 28.2 ± 4.1 kg (SEM) at 52 weeks.
The mean body height of the 11 pediatric subjects in-
creased 5.7 ± 1.0% over 52 weeks from 109.0 ± 7.3 cm
(SEM) at baseline to 114.6 ± 7.0 cm (SEM) at 52 weeks.
The serum chemistry and hematology and urinalysis were
stable over the course of 52 weeks of treatment. Any ab-
normalities observed were mild and also found at baseline.
Many MPSI subjects had mild eosinophilia or monocyto-
sis, mild anemia, and reduced serum creatinine, lactate
dehydrogenase, or uric acid both at baseline and during
the study. Mild ketonuria, proteinuria, and hematuria
were observed at baseline and during the study (data
not shown). The only drug related adverse events identi-
fied were infusion related reactions (IRR) and transient
hypoglycemia (Table 3). Over the course of treatment of
11 subjects for 52 weeks, a total of 564 infusions were per-
formed, which resulted in 10 IRRs, or an incidence of
1.7%; however, 6 of these IRRs were observed in a single

patient, 214, a 2-year-old who entered the trial not previ-
ously on ERT. The IRRs in this patient were observed
early in the course of treatment, were treated with cortico-
steroids, and were no longer observed by week 10 of treat-
ment. Transient hypoglycemia was observed during 36
infusions or an incidence of 6.4%, and was resolved within
10-20 minutes of a snack or glucose sachet. The 6 mg/kg
dose of fusion protein produced 67% of the transient
hypoglycemic episodes (Table 3). Excluding the high dose
of 6 mg/kg, the incidence of hypoglycemia at the 1-3 mg/
kg doses was 2.1%. Of the 7 episodes of hypoglycemia ob-
served at the 3 mg/kg dose, all were observed in a single
patient, 213. The transient hypoglycemic episodes were
72% grade 1 (50-59 mg%), 19% grade 2 (40-49 mg%), and
8% grade 3 (30-39 mg%), and were treated with snacks or
glucose sachets. The blood glucose during and after the
infusions was measured over 3,000 times, and the mean
glucose was 101±20 mg% (mean±SD), with a normal
range of 60-100 mg%.
The primary DQ measure was the cognitive domain of

the BSID-III, which was administered to 8 subjects, and
the non-verbal index (NVI) domain of the KABC-II,
which was administered to 3 subjects (Table 4). The mean
DQ at enrollment of these 11 subjects was 36.1 ± 7.1
(SEM, Table 4). The DQ was stabilized over the course of
52 weeks and the difference in DQ at 52 weeks, relative to
baseline, was -1.2 ± 2.8 (Table 4). The primary cognitive
endpoint is also expressed as AES, and the mean change
in AES at 52 weeks, relative to baseline was +5.5 ± 2.6
months (Table 4). The baseline DQ values measured with
the VABS-II were somewhat higher, and the DQ was stabi-
lized for each of the 5 domains of the VABS-II over the 52
weeks of treatment (Table 5). The mean AES of the 5 do-
mains of the VABS-II increased between 7 and 21 months
at 52 weeks relative to baseline (Table 5). The mean DQ
for the 4 other domains of the BSID-III ranged from
13.8 ± 3.7 to 34.7 ± 7.7, and these DQ values were sta-
bilized over the 52 weeks of treatment (Table 6). The
mean AES of the 4 domains of the BSID-III shown in
Table 6 increased between 0.1 and 4.3 months at 52
weeks relative to baseline (Table 6).
The total grey matter volume at baseline was 692,631 ±

34,396 mm3, and the grey matter volume was stabilized
over 52 weeks of treatment as the mean difference be-
tween the 52-week and baseline volumes was +15,071 ±
11,052 mm3 (Table 7). CSF pressure at baseline and at 26
weeks was 27.0 ± 3.5 and 33.0 ± 3.5 cm water, respectively
(mean±SE). The CSF concentrations of HS and DS are
shown in Fig. 2a and b, respectively, for the Stage 2 pa-
tients at baseline and at 26 weeks, along with HS and
DS values for control pediatric subjects. The CSF HS in
the MPSI patients at baseline, 685 ± 112 ng/mL (SEM),
is 7-fold elevated above the CSF HS value for non-MPSI
human subjects, 91 ± 18 (SEM) (Fig. 2a). The CSF HS

Table 3 Adverse events in stage 2

Adverse event Number of adverse events in study
Infusion dose (mg/kg)

1 3 6

hypoglycemia 5 7 24

infusion reactions 0 10 0

URI 13 16 4

diarrhea 0 11 0

pyrexia 1 6 0

cough 3 4 0

sinusitis 4 2 0

otitis media 4 2 0

skin rash 1 4 0

back pain 3 0 2

impetigo 3 0 2

Adverse events listed were observed 5 or more times during course of
52-week study.

Giugliani et al. Orphanet Journal of Rare Diseases  (2018) 13:110 Page 5 of 11



concentrations at baseline and at 26 weeks of treat-
ment, 779 ± 78 ng/mL, are not significantly different
(Fig. 2a). The CSF DS in the MPSI patients at baseline,
436 ± 85 ng/mL (SEM), is 11-fold elevated above the
CSF DS value for non-MPSI human subjects, 38 ± 8
(SEM) (Fig. 2b). The CSF DS concentrations at baseline
and at 26 weeks of treatment, 490 ± 87 ng/mL, are not
significantly different (Fig. 2b).
Signs of somatic function were stable when subjects were

transferred from laronidase ERT to valanafusp alpha ERT,
as shown by the urinary GAG levels (Fig. 3). Urinary GAG
levels were maintained throughout the 12-month study and
averaged 246 ± 14 ug/mg creatinine (mean± SEM) during
weeks 4 to 46 of the study in all 11 subjects (Fig. 3). The
urinary GAG in the 9 subjects that had been on laronidase
ERT was 202 ± 31 ug/mg creatinine (mean ± SEM) at
screening, whereas the urinary GAG at screening of the 2
naïve 2-year-olds was 744 and 1440 ug/mg creatinine.
Somatic improvement in patients previously on laronidase
ERT was examined with the measurement of liver and
spleen volumes by MRI. Liver and spleen volumes at either

baseline or at 52 weeks were normalized for body
weight (BW) at baseline or 52 weeks, and reported as
either total organ volume (mL) or as a percent of BW,
or %BW (Table 8). The liver volume, expressed as %BW,
was reduced significantly (P<0.0005) 23% over 52 weeks,
from 3.15 ±0.33 %BW, at baseline, to 2.41 ± 0.21 %BW at
52 weeks (Table 8). If the 2 patients (211, 214) who had not
previously been on ERT are excluded, the liver volume,
expressed as %BW, is reduced 22% at 52 weeks. The spleen
volume, expressed as %BW was reduced significantly
(P<0.005) 26% over 52 weeks, from 0.68 ± 0.07 %BW, at
baseline to 0.50 ± 0∙05 %BW, at 52 weeks (Table 8). If the 2
patients (211, 214) who had not previously been on ERT
are excluded, the spleen volume, expressed as %BW, is re-
duced 23% at 52 weeks. Left shoulder flexion was signifi-
cantly improved from 90.2 ± 2.8 degrees (SEM) at baseline
to 99.8 ± 3.6 degrees at 26 weeks (P<0.01); right shoulder
flexion was significantly improved from 87.4 ± 3.4 degrees
at baseline to 99.2 ± 3.9 degrees at 26 weeks (P<0.01),
respectively. Left shoulder extension was significantly im-
proved from 79.5 ± 4.7 degrees at baseline to 87.6 ± 4.4

Table 4 AES and DQ and Change from Baseline of DQ at week 52 using BSID-III or KABC-II

patient Test AES (months) DQ

Baseline 26 wk 52 wk Baseline 26 wk 52 wk 52 wk-baseline

202 BSID-III
cognition

0.5 9 6 0.45a 7.9 4.8 4.3

205 19 23 23 31.7 34.9 32.4 0.7

206 25 24 27 67.6 57.1 56.3 -11.3

207 10 16 na 14.1 20.8 na 7.7b

211 10 8 4∙7 33.3 20.0 10.2 -23.1

214 13 16 20 54.2 53.3 55.6 1.4

215 25 26 25 17.2 17.2 16.0 -1.2

216 27 28 28 28.7 28.0 26.4 -2.3

203 KABC-II NVI 59 55 70 80.8 67.9 80.5 -0.3

204 60 66 61 33.9 36.3 32∙5 -1.4

213 65 82 93 34.6 42.3 46.5 11.9

mean 36.1 35.1 36.1 -1.2

SEM 7.1 5.8 7.4 2.8

na not available
aBaseline DQ not available; 13-week DQ is shown
b52-week DQ not measured; difference computed from 26-week score

Table 5 Change from Baseline of DQ and AES using VABS-II at week 52

domain DQ AES (months)

baseline 52 wk-baseline baseline 52 wk-baseline

Overall 44.4 ± 6.6 +0.6 ± 5.3 37.4 ± 10.6 +12.2 ± 8.0

Communication 42.5 ± 7.7 -1.8 ± 3.8 38.3 ± 15.0 +7.9 ± 5.1

Daily Living Skills 46.7 ± 8.4 -2.5 ± 6.0 38.2 ± 9.3 +7.4 ± 4.5

Socialization 38.7 ± 5.8 +9.5 ± 9.0 32.1 ± 8.8 +21.3 ± 16.5

Motor Ability 43.5 ± 8.2 +1.6 ± 4.6 31.6 ± 6.2 +8.4 ± 3.7

Mean ± SEM (N=11)
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degrees at 26 weeks (P<0.05); right shoulder extension was
significantly improved from 77.5 ± 5.1 degrees at baseline
to 89.0 ± 4.7 degrees at 26 weeks (P<0.01), respectively.
The mean increase in left and right shoulder flexion, and
left and right shoulder extension is 10.7 ± 2.7 and 9.8 ± 3.5
degrees (SEM), respectively.
The titer of ADAs, which detects antibodies against

both laronidase and valanafusp alpha, over the course of
52 weeks is shown in Table 9. There was little correl-
ation between clinical IRRs and ADA titer. Patient 202
presented with a single IRR at week 32, but had a low
ADA titer. Patient 207, whom had previously been on
ERT for 3 years, and who had a very high ADA titer at
baseline, exhibited a single IRR at week 24. Patient 213,
who had been on ERT for 4 years, and presented with a
high ADA titer at baseline, exhibited a single IRR at
week 2. Patient 214, an ERT-naïve 2-year-old, developed
6 IRRs between weeks 2-11 of treatment, and then de-
veloped clinical tolerance to valanafusp alpha; however,
the ADA titer in this patient reached maximal levels by
week 26 of treatment. Nine of the 11 patients (82%) had

ADA titers below 105 throughout the 52 weeks of treat-
ment (Table 9).

Discussion
MPSI presents with different clinical severity and MPSIH
(Hurler syndrome) is the most severe form. If untreated,
patients suffer from a severe neurocognitive decline starting
at an age of one year and the median DQ declines 14-17
points per year [16]. As laronidase does not cross the BBB
[5], the only therapeutic option to prevent further neuro-
cognitive decline is HSCT. HSCT is considered to prevent
loss of DQ if administered to children at a young age, usu-
ally before age of 16 months [6]. None of the severe MPSI
patients included in this study underwent a successful
HSCT and the severity of the disease would predict further
neurocognitive decline. The goal of this study was to inves-
tigate the safety of weekly infusions of valanafusp alpha in
patients with severe MPSI and its effect on the somatic and
neurocognitive disease stabilization. The results of this clin-
ical study are consistent with the following conclusions.
First, valanafusp alpha has an acceptable safety profile
(Table 3), with drug-related adverse events limited to transi-
ent hypoglycemia (6.4%) and infusion related reactions
(1.7%). Second, chronic weekly IV infusions of valanafusp
alpha stabilize CNS function in severe forms of MPSI as
judged by cognitive testing (Tables 4, 5 and 6), and total
grey matter volume (Table 7). Third, valanafusp alpha also
stabilizes signs of somatic function as shown by further re-
ductions in liver and spleen volume (Table 8), further im-
provement in shoulder range of motion (Results), and
stabilized urinary GAG levels (Fig. 3).
In the course of this 52-week study, over 500 IV infusions

of valanafusp alpha were administered to 11 pediatric
subjects with severe MPSI, and the overall incidence of
transient hypoglycemia was 6.4%. However, 67% of the
hypoglycemic episodes were observed following the in-
fusion of the high dose, 6 mg/kg, of valanafusp alpha.
The higher incidence of hypoglycemia at the 6 mg/kg
dose is predicted from the pharmacokinetics of valana-
fusp alpha clearance from plasma, which is linear over
the dose range of 0.3 to 3 mg/kg, and is 4-fold faster in
children as compared to adults [11]. In children, the
plasma area under the concentration curve (AUC) in-
creases 6-fold when the infusion dose is doubled from

Table 6 Change from Baseline of DQ and AES using non-cognitive domains of BSID-III at week 52

domain DQ AES (months)

baseline 52 wk-baseline baseline 52 wk-baseline

Receptive communication 13.8 ± 3.7 +1.5 ± 5.2 7.8 ± 2.4 +3.2 ± 2.4

Expressive communication 17.6 ± 4.0 +1.6 ± 3.1 9.3 ± 2.2 +4.3 ± 1.3

Fine motor 34.7 ± 7.7 -5.1 ± 5.1 19.8 ± 4.5 +0.1 ± 3.3

Gross motor 25.6 ± 6.2 -2.3 ± 2.0 13.4 ± 1.8 +1.8 ± 1.1

Mean ± SEM (N=8)

Table 7 Change from baseline in total grey matter volume at
week 52

patient age Total grey matter volume (mm3)

BL 26 wk 52 wk 52wk-BL

202 9.0 797,018 792,018 788,648 -8,370

203 6.1 747,735 768,848 nd +21,113a

204 14.8 517,491 604,125 616,132 +98,641b

205 5.0 710,691 759,444 749,177 +38,486

206 3.1 621,494 673,817 703,973 +82,478

207 5.9 607,678 590,810 598,460 -9,218

211 2.5 589,439 npc npc

213 15.7 874,710 885,006 863,862 -10,848

214 2.0 744,555 764,571 780,779 +36,224

215 12.1 668,638 663,441 676,069 +7,431

216 7.8 739,492 708,228 717,836 -21,656

mean 692,631 +15,071

SEM 34,396 11,052

BL baseline, nd volumetrics analysis could not be performed
a52-week volumetrics not available; difference computed from 26-week volume
bPatient with braces; volumes not used to compute mean difference at 52 weeks
cnp=not performed; volumetric analysis could not be completed
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3 to 6 mg/kg [11]. This non-linearity at the 6 mg/kg dose
is attributed to partial saturation and/or down-regulation
of the peripheral M6PR at the high dose of fusion protein,
and produces very high plasma concentrations of valana-
fusp alpha [11]. If hypoglycemia at the 6 mg/kg dose is
excluded, the incidence of hypoglycemia in the 1-3 mg/
kg infusions was 2.1%. Of the 12 episodes of transient
hypoglycemia at the 1-3 mg/kg dose, all but 1 episode
was grade 1 (glucose 50-59 mg%). The hypoglycemia
occurs during the 3-4 hour infusion of valanafusp
alpha, and the plasma glucose is normal for up to 24
hours after the end of the infusion even at the 6 mg/kg
dose [11]. Hyperglycemia was not observed over the 52
weeks of treatment, which is consistent with results
from the primate pharmacology study. Preclinical stud-
ies in Rhesus monkeys demonstrated that there is no
change in glycemic control following 6 months of treat-
ment of Rhesus monkeys with valanafusp alpha [17].

The overall incidence of IRRs with valanafusp alpha
was 1.7%, and over 60% of these IRRs were observed in
a single patient (Results). No anaphylactic reactions were
observed. The rate of IRR observed with laronidase was
52% in a meta-analysis of 73 patients with MPSI [18].
The development of valanafusp alpha ADAs is compar-
able to the formation of ADAs with laronidase ERT [18].
The number of MPSI patients on laronidase ERT that de-
velop ADA titers <100, <6,400, <51,000, and >51,000 is 3,
22, 40, and 34% [18]. In the present study of 11 subjects,

Fig. 2 Concentration of heparan sulfate (HS, panel a) and dermatan sulfate (DS, panel b) in CSF of Stage 2 patients at baseline and at 26 weeks
(wks) of treatment in comparison to HS and DS levels in CSF of 10 non-MPSI human pediatric subjects. The mean ± SE values for HS in CSF are
685 ± 112, 779 ± 78, and 91 ± 18 ng/mL for the MPSI patients at baseline, for the MPSI patients at 26 weeks, and for the pediatric controls,
respectively. The mean ± SE values for DS in CSF are 436 ± 85, 490 ± 87, and 38 ± 8 ng/mL for the MPSI patients at baseline, for the MPSI
patients at 26 weeks, and for the pediatric controls, respectively

Fig. 3 Urinary GAGs (Mean±SEM) are plotted vs weeks of treatment.
The horizontal lines are the mean±SEM of urinary GAGs in 12 MPSI
children after 12 months of laronidase therapy, with a range of 177-269
ug GAG/mg creatinine [4]

Table 8 Change from baseline of liver and spleen volumes at
Week 52

patient liver spleen

baseline 52 weeks baseline 52 weeks

mL %BW mL %BW mL %BW mL %BW

202 445.7 2.27 404.4 1.96 76.3 0.39 87.8 0.43

203 546.1 2.86 518.7 2.44 108.9 0.57 107.3 0.50

204 930.0 2.51 800.9 1.75 149.1 0.40 107.6 0.24

205 691.1 2.80 548.8 1.78 174.0 0.70 107.1 0.35

206 570.2 4.92 486.2 3.33 87.7 0.76 75.5 0.52

207 529.3 2.82 483.7 2.27 209.7 1.12 181.1 0.85

211 528.1 4.63 434.2a 3.37 88.0 0.77 58.1a 0.45

213 1273.5 3.31 1198.4 2.65 210.7 0.55 247.1 0.55

214 601.5 4.63 530.6 3.38 139.0 1.07 118.4 0.75

215 702.6 1.77 765.7 1.50 202.9 0.51 202.5 0.40

216 578.6 2.19 642.5 2.09 168.2 0.64 156.4 0.51

mean 672.4 3.15b 619.5 2.41b 146.8 0.68c 131.7 0.50c

SEM 71.8 0.33 69.8 0.21 15.4 0.07 17.6 0.05
a52-week MRI could not be performed; difference computed from
26-week volume
bLiver %BW at 52 weeks is significantly reduced compared to %BW at
baseline (P<0.0005)
cSpleen %BW at 52 weeks is significantly reduced compared to %BW at
baseline (P<0.005)
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the incidence of ADA titers at these levels is 18, 36, 27,
and 18%, respectively (Table 9). Some ADAs may be
neutralizing antibodies (NAb) and inhibit the uptake of
valanafusp alpha into peripheral tissues via the M6PR
[18]. The likelihood of NAb formation is increased
when the ADA titer is >104-105, as ADA titers at this
level correlates with elevations in urinary GAGs [4, 18].
In the present study, urinary GAGs remained low through-
out the 52 weeks of treatment (Fig. 3), with 2 exceptions.
Both patient 211 and 214, the ERT-naïve 2-year-old sub-
jects, exhibited an increase in urinary GAG at 26 weeks to
772 and 696 ug GAG/mg creatinine, respectively. However,
the urinary GAG returned to <400 ug/mg creatinine in
both naïve patients during the latter 6 months of treatment.
Valanafusp alpha is a BBB-penetrating form of IDUA,

and is designed to deliver the IDUA enzyme to brain
cells to reverse the accumulation of heparan sulfate (HS)
GAGs and lysosomal inclusions. The primary thera-
peutic goal of valanafusp alpha therapy is stabilization of
cognitive decline in severe MPSI. The decline in cognitive
function in MPSI may be a 2-step process, where the first
pathologic event is the formation of intra-neuronal lyso-
somal inclusion bodies, which is then followed by a second-
ary neuropathology leading to dystrophic neurites and
cognitive decline. However, the reversal of cognitive decline,
resulting in an actual increase in cognitive function, re-
quires the subsequent repair of dystrophic neurites, and
valanafusp alpha is not expected to directly intervene in
such neural repair. In the present study, a significant in-
crease in DQ in this severely impaired cohort of MPSI sub-
jects was not observed. However, the DQ was stabilized
and the mean difference between the 52 week DQ and the
baseline DQ was -1.2 ± 2.8 points (Table 4). MPSI patients

have a favorable outcome with respect to cognitive
function if the child is transplanted early before the age
of 16 months when the DQ is still >85 [6]. In the
present study, the mean age and DQ of the MPSI sub-
jects was 7.7 ± 1.4 years, and 36.1 ± 7.1, respectively
(mean±SEM). The secondary measures of DQ were also
stabilized by valanafusp alpha therapy, including the
VABS-II (Table 5) and other domains of the BSID-III
(Table 6). The age equivalent scores (AES) increased
over the course of the 52 week study across multiple
domains of cognitive testing (Table 4, 5 and 6), which con-
trasts with the untreated MPSIH patient, where the AES
declines after the age of 3 years [16]. The volume of the
total grey matter was stabilized by valanafusp alpha treat-
ment (Table 7), and the grey matter volume increased
20-82 cm3 in younger subjects 2-6 years of age (Table 7).
There is evidence for a correlation between preservation of
grey matter volume and cognitive function in MPS [19, 20].
The GAGs elevated in MPSI are heparan sulfate (HS)

and dermatan sulfate (DS), and HS and DS, as measured
by LC-MS, are elevated in CSF in the MPSI subjects
tested in this study (Fig. 2). Valanafusp alpha treatment
for 6 months did not result in a significant change in HS
or DS in lumbar CSF (Fig. 2). However, HSCT similarly
does not cause a reduction in HS in CSF in patients with
MPSI [21]. In patients with MPSIIIB treated with intra--
cerebral gene therapy, despite an apparent improvement in
cognitive function, the HS level in CSF actually increases
after treatment [22]. Cognition in MPS may be related to
GAG concentrations in the parenchyma of brain, but lum-
bar CSF GAGs may not be a surrogate marker of GAGs in
brain parenchyma. The intrathecal injection of recombinant
iduronate 2-sulfatase into lumbar CSF in MPSII [23], or

Table 9 Valanafusp alpha anti-drug antibody (ADA) titers

Week Patient number

202 203 204 205 206 207 211 213 214 215 216

ADAa titer 0 0 0 0 0 450 36,450 0 36,450 0 1,350 1,350

2 0 0 0 0 450 109,350 0 4,050 0 1,350 4,050

4 0 4,050 0 0 450 328,050 1,350 12,150 4,050 150 4,050

8 50 0 0 150 1,350 328,050 0 109,350 12,150 150 1,350

12 0 0 0 50 1,350 328,050 450 36,450 36,450 150 12,150

16 150 0 0 0 1,350 109,350 1,350 36,450 36,450 150 4,050

20 150 0 0 1,350 450 109,350 1,350 36,450 109,350 12,150 12,150

26 150 0 0 50 4,050 109,350 12,150 36,450 328,050 4,050 36,450

39 50 150 0 50 50 109,350 36,450 36,450 328,050 4,050 12,150

52 50 450 50 450 1,350 109,350 12,150 35,450 328,050 4,050 36,450

ERTb 8 2 5 1 2 3 0 4 0 4 1

IRRc 1 0 0 0 0 1 1 1 6 0 0
aADA titer is dilution of serum giving ELISA response above background
bERT is the number of years on laronidase treatment prior to enrollment
cIRR is the number of infusion related reactions over 52-week study
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the intrathecal injection of recombinant sulfamidase
into lumbar CSF in MPSIIIA [24], results in a reduction
in lumbar CSF GAG concentrations, but this reduction
in CSF GAG is not associated with any improvement in
cognitive function. Animal studies suggest that GAGs in
CSF may be derived primarily from the dura mater of the
spinal cord [25]. It may be necessary to directly sample brain
parenchymal tissue to accurately assess GAG levels in the
CNS. When brain tissue is directly measured for GAGs in
mouse models of MPS, the intravenous administration of
BBB-penetrating IgG-enzyme fusion proteins results in a
>70% reduction in brain parenchymal lysomal inclusion
bodies in the MPSI mouse [10], or a >70% reduction in
brain parenchymal HS in the MPSIIIA mouse [15].
Valanafusp alpha has dual receptor targeting properties,

where the HIRMAb domain of the fusion protein targets
the insulin receptor, and the IDUA domain targets the M6P
receptor. The M6PR plays the dominant role in the clear-
ance of valanafusp alpha from plasma, as the plasma clear-
ance of valanafusp alpha in primates is 250-fold faster than
is the clearance of the HIRMAb alone at an infusion dose
of 3 mg/kg [26]. Owing to the primary role played by the
M6PR in the peripheral clearance of valanafusp alpha, the
biodistribution of valanafusp alpha and laronidase is com-
parable in primates [5]. The rate of plasma clearance of
valanafusp alpha and laronidase in pediatric subjects with
MPSI is also comparable [11]. The similarity in peripheral
clearance of valanafusp alpha and laronidase underlies the
continued somatic stabilization in MPSI with valanafusp
alpha treatment. The somatic disease stabilization by vala-
nafusp alpha is reflected in the maintenance of urinary
GAGs at the same level as that maintained by laronidase
(Fig. 3). Laronidase treatment reduces liver and spleen vol-
umes. However, this reduction is maximal by 6 months of
treatment and continued treatment, or increasing the dose
of laronidase, does not result in further decreases in liver
volume [27]. In the present study, a year of treatment with
valanafusp alpha resulted in further reductions in liver and
spleen volume, as a percent of body weight, of 23% and
26% (mean±SEM), respectively (Table 8). Valanafusp alpha
treatment also resulted in a 10.7 ± 2.7 degree and 9.8 ± 3.5
degree improvement in shoulder flexion and extension,
respectively (Results), which is a clinically significant
improvement of joint mobility [28].

Conclusion
We conclude the present 12 month study demonstrates
that valanafusp alpha has a favorable safety profile, chronic
weekly IV infusions of valanafusp alpha stabilize CNS
function in severe forms of MPSI, and valanafusp alpha
stabilizes signs of somatic function. A larger, controlled
clinical trial is warranted testing cognitive and somatic
function in MPSI with up to 2 years of treatment with
valanafusp alpha at the dose of 3 mg/kg.

Abbreviations
ADA: Anti-drug antibody; AES: Age equivalent score; BBB: Blood-brain barrier;
BL: Baseline; BSID-III: Bayley Scales of Infant and Toddler Development, Third
Edition; BW: Body weight; CNS: Central nervous system; CSF: Cerebrospinal
fluid; DQ: Development quotient; DS: Dermatan sulfate; Dx: Age of diagnosis;
ERT: Enzyme replacement therapy; GAG: Glycosaminoglycan; H: Hurler
syndrome; HIR: Human insulin receptor; HS: Heparan sulfate; H-S: Hurler-
Scheie syndrome; HSCT: hematopoietic stem cell transplant; ID: Infusion
dose; IDUA: Iduronidase; IRR: Infusion related reaction; IV: Intravenous; KABC-
II: Kaufman Assessment Battery for Children, Second Edition; M6P: Mannose
6-phosphate; M6PR: M6P receptor; MAb: Monoclonal antibody;
MPS: Mucopolysaccharidosis; MPSI: MPS Type I; MPSIH: Hurler syndrome form
of MPSI; MPSII: MPS Type II; MPSIIIA: MPS Type IIIA; NAb: Neutralizing
antibody; NVI: Non-verbal index; PK: Pharmacokinetics; rINN: International
non-proprietary; ROM: Range of motion; SEM: Standard error of the mean;
uGAG: Urinary GAG; URI: Upper respiratory infection; VABS-II: Vineland
Adaptive Behavior Scales, Second Edition

Acknowledgements
Drs. Stuart Swiedler, Ann Lowe, Elsa Shapiro provided valuable suggestions.
We thank the patients’ families for being compliant with the study and its
procedures, and all the staff of Hospital de Clínicas de Porto Alegre involved
in the study, especially the psychologists Solanger Graciana, Vinicius Rosa da
Costa and Joana Bucker, cardiologist Solano Berger and pulmonary specialist
Angela John, as well as the Radiology Service, for the dedication during the
development of this study.

Funding
Supported by ArmaGen, Inc.

Availability of data and materials
Available from corresponding author on reasonable request.

Authors’ contributions
RG supervised the clinical study, LG was the study coordinator, FOP, KCD,
and ADC executed data collection and data entry into the database, and MS
coordinated the clinical trial on behalf of the study sponsor. IN/CN and SC
performed the MRI volumetrics of brain and liver/spleen, respectively. RJB
supervised the ADA study. WMP analyzed the data in the database and
wrote the manuscript. All authors revised and approved the final version.

Ethics approval and consent to participate
All patients were treated and evaluated at the HCPA-Hospital das Clinical de
Porto Alegre, Brazil. The clinical protocol was reviewed and approved by the
local Institutional Review Board, the National Ethics Committee (CONEP) and
the National Health Surveillance Agency (ANVISA) in Brazil. Written informed
consent was read, understood, and signed by a parent or guardian before
each patient enrolled in the study.

Consent for publication
Not applicable.

Competing interests
MS and RJB are employees of ArmaGen, and RG, IN, SC, and WMP have
received consulting fees from ArmaGen. The other authors declare no
competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Hospital de Clínicas de Porto Alegre and UFRGS, Porto Alegre, Brazil.
2ArmaGen, Inc., 26679 Agoura Road, Calabasas, CA, USA. 3Department of
Pediatrics and Adolescent Health, University of Minnesota, 717 Delaware St.
SE, Minneapolis, MN 55414, USA. 4Department of Radiology, Duke University,
Durham, NC 27710, USA.

Giugliani et al. Orphanet Journal of Rare Diseases  (2018) 13:110 Page 10 of 11



Received: 3 April 2018 Accepted: 20 June 2018

References
1. Kakkis ED, Muenzer J, Tiller GE, Waber L, Belmont J, Passage M, et al.

Enzyme-replacement therapy in mucopolysaccharidosis I. N Engl J Med.
2001;344(3):182–8.

2. Wraith JE, Clarke LA, Beck M, Kolodny EH, Pastores GM, Muenzer J, et al.
Enzyme replacement therapy for mucopolysaccharidosis I: a randomized,
double-blinded, placebo-controlled, multinational study of recombinant
human alpha-L-iduronidase (laronidase). J Pediatr. 2004;144(5):581–8.

3. Pastores GM, Arn P, Beck M, Clarke JT, Guffon N, Kaplan P, et al. The MPS I
registry: design, methodology, and early findings of a global disease registry
for monitoring patients with Mucopolysaccharidosis Type I. Mol Genet
Metab. 2007;91(1):37–47.

4. Wraith JE, Beck M, Lane R, van der Ploeg A, Shapiro E, Xue Y, et al. Enzyme
replacement therapy in patients who have mucopolysaccharidosis I and are
younger than 5 years: results of a multinational study of recombinant
human alpha-L-iduronidase (laronidase). Pediatrics. 2007;120(1):e37–46.

5. Boado RJ, Pardridge WM. Brain and Organ Uptake in the Rhesus Monkey in
Vivo of Recombinant Iduronidase Compared to an Insulin Receptor
Antibody-Iduronidase Fusion Protein. Mol Pharm. 2017;14(4):1271–7.

6. Aldenhoven M, Wynn RF, Orchard PJ, O'Meara A, Veys P, Fischer A, et al.
Long-term outcome of Hurler syndrome patients after hematopoietic cell
transplantation: an international multicenter study. Blood. 2015;125(13):
2164–72.

7. Kunin-Batson AS, Shapiro EG, Rudser KD, Lavery CA, Bjoraker KJ, Jones SA, et
al. Long-Term Cognitive and Functional Outcomes in Children with
Mucopolysaccharidosis (MPS)-IH (Hurler Syndrome) Treated with
Hematopoietic Cell Transplantation. JIMD Rep. 2016;29:95–102.

8. Boado RJ, Zhang Y, Zhang Y, Xia CF, Wang Y, Pardridge WM. Genetic
engineering of a lysosomal enzyme fusion protein for targeted delivery
across the human blood-brain barrier. Biotechnol Bioeng. 2008;99(2):475–84.

9. Boado RJ, Hui EK, Lu JZ, Pardridge WM. AGT-181: expression in CHO cells
and pharmacokinetics, safety, and plasma iduronidase enzyme activity in
Rhesus monkeys. J Biotechnol. 2009;144(2):135–41.

10. Boado RJ, Hui EK, Lu JZ, Zhou QH, Pardridge WM. Reversal of lysosomal
storage in brain of adult MPS-I mice with intravenous Trojan horse-
iduronidase fusion protein. Mol Pharm. 2011;8(4):1342–50.

11. Pardridge WM, Boado RJ, Giugliani R, Schmidt M. Plasma Pharmacokinetics
of Valanafusp Alpha, a Human Insulin Receptor Antibody-Iduronidase Fusion
Protein, in Patients with Mucopolysaccharidosis Type I. BioDrugs.
2018;32:169–76.

12. Boado RJ, Hui EK, Lu JZ, Pardridge WM. IgG-enzyme fusion protein:
pharmacokinetics and anti-drug antibody response in rhesus monkeys.
Bioconjug Chem. 2013;24(1):97–104.

13. Dickerman MJ, Jacobs BR, Vinodrao H, Stockwell DC. Recognizing
hypoglycemia in children through automated adverse-event detection.
Pediatrics. 2011;127(4):e1035–41.

14. van der Lee JH, Morton J, Adams HR, Clarke L, Ebbink BJ, Escolar ML, et al.
Cognitive endpoints for therapy development for neuronopathic
mucopolysaccharidoses: Results of a consensus procedure. Mol Genet
Metab. 2017;121(2):70–9.

15. Boado RJ, Lu JZ, Hui EK, Pardridge WM. Reduction in Brain Heparan Sulfate
with Systemic Administration of an IgG Trojan Horse-Sulfamidase Fusion
Protein in the Mucopolysaccharidosis Type IIIA Mouse. Mol Pharm.
2018;15(2):602–8.

16. Shapiro EG, Whitley CB, Eisengart JB. Beneath the floor: re-analysis of
neurodevelopmental outcomes in untreated Hurler syndrome. Orphanet J
Rare Dis. 2018;13:76.

17. Boado RJ, Hui EK, Lu JZ, Pardridge WM. Glycemic control and chronic
dosing of rhesus monkeys with a fusion protein of iduronidase and a
monoclonal antibody against the human insulin receptor. Drug Metab
Dispos. 2012;40(10):2021–5.

18. Xue Y, Richards SM, Mahmood A, Cox GF. Effect of anti-laronidase
antibodies on efficacy and safety of laronidase enzyme replacement therapy
for MPS I: A comprehensive meta-analysis of pooled data from multiple
studies. Mol Genet Metab. 2016;117(4):419–26.

19. Shapiro EG, Nestrasil I, Rudser K, Delaney K, Kovac V, Ahmed A, et al.
Neurocognition across the spectrum of mucopolysaccharidosis type I: Age,
severity, and treatment. Mol Genet Metab. 2015;116(1-2):61–8.

20. Fan Z, Styner M, Muenzer J, Poe M, Escolar M. Correlation of automated
volumetric analysis of brain MR imaging with cognitive impairment in a
natural history study of mucopolysaccharidosis II AJNR. Am J Neuroradiol.
2010;31(7):1319–23.

21. Zhang H, Young SP, Auray-Blais C, Orchard PJ, Tolar J, et al. Analysis of
glycosaminoglycans in cerebrospinal fluid from patients with
Mucopolysaccharidosis by isotope-dilution ultra-performance liquid
chromatography-tandem mass spectrometry. Clin Chem. 2011;57:1005–12.

22. Tardieu M, Zerah M, Gougeon M-L, Ausseil J, de Bournonville S, et al.
Intracerebral gene therapy in children with mucopolysaccharidosis type IIIB
syndrome: an uncontrolled phase 1/2 clinical trial. Lancet Neurol.
2017;16:712–20.

23. Muenzer J, Hendriksz CJ, Fan Z, Vijayaraghavan S, Perry V, Santra S, et al. A
phase I/II study of intrathecal idursulfase-IT in children with severe
mucopolysaccharidosis II. Genet Med. 2016;18(1):73–81.

24. Jones SA, Breen C, Heap F, Rust S, de Ruijter J, Tump E, et al. A phase 1/2
study of intrathecal heparan-N-sulfatase in patients with
mucopolysaccharidosis IIIA. Mol Genet Metab. 2016;118(3):198–205.

25. Auclair D, Finnie J, Walkley SU, White J, Nielsen T, Fuller M, et al. Intrathecal
recombinant human 4-sulfatase reduces accumulation of
glycosaminoglycans in dura of mucopolysaccharidosis VI cats. Pediatr Res.
2012;71(1):39–45.

26. Boado RJ, Hui EK, Lu JZ, Pardridge WM. Very High Plasma Concentrations of a
Monoclonal Antibody against the Human Insulin Receptor Are Produced by
Subcutaneous Injection in the Rhesus Monkey. Mol Pharm. 2016;13(9):3241–6.

27. Giugliani R, Rojas VM, Martins AM, Valadares ER, Clarke JT, Goes JE, et al. A
dose-optimization trial of laronidase (Aldurazyme) in patients with
mucopolysaccharidosis I. Mol Genet Metab. 2009;96(1):13–9.

28. Muenzer J, Beck M, Eng CM, Giugliani R, Harmatz P, Martin R, et al. Long-
term, open-labeled extension study of idursulfase in the treatment of
Hunter syndrome. Genet Med. 2011;13(2):95–101.

Giugliani et al. Orphanet Journal of Rare Diseases  (2018) 13:110 Page 11 of 11


	Abstract
	Background
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Study design and patients
	Procedures and Assessments
	Statistical analysis
	Ethics

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

