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Mucopolysaccharidosis I (MPS I) is a lysosomal storage disor-
der caused by deficiency of the enzyme o-L-iduronidase
(IDUA). Failure of enzyme replacement therapy (ERT) to treat
skeletal disease may be due to development of anti-IDUA anti-
bodies, found previously to alter tissue distribution of ERT in
animal models. To test this hypothesis, immunocompromised
(non-obese diabetic [NOD]-severe combined immunodefi-
ciency [SCID]) MPS I mice were treated with weekly ERT
from birth (ERT alone). Some mice also received weekly injec-
tions of rabbit immunoglobulin G (IgG) against IDUA (immu-
nized rabbit immune globulin [IRIG]) concomitant with ERT,
imitating antibodies developed in patients (ERT+IRIG). Mice
treated with ERT+IRIG showed lower IDUA activity and
higher disease burden than mice treated with ERT alone in
most tissues. Femora were harvested at 20 weeks for ex vivo mi-
crocomputed tomography (uCT). Femoral cortical bone thick-
ness and cortical bone area in MPS I mice were greater than in
unaffected mice. Mice treated with ERT alone had values that
were statistically indistinguishable from carrier mice, while
mice that received ERT+IRIG had no significant differences
compared to vehicle-treated MPS I mice. The data suggests
that immune-modulatory or immune-suppressive therapy to
prevent or reduce the humoral immune response against ERT
may improve treatment of skeletal disease due to MPS 1.

INTRODUCTION

Mucopolysaccharidoses I (MPS I) is a lysosomal storage disorder
caused by a deficiency in activity of a-L-iduronidase (IDUA) leading
to alack of breakdown of heparan and dermatan sulfate glycosamino-
glycans (GAGs) and a broad range of devastating clinical outcomes,
including skeletal deformities.' Skeletal manifestations of MPS cause
impaired mobility and diminished quality of life for patients.” Thor-
acolumbar gibbus, stiff joints, and short stature are some of the many
skeletal manifestations of MPS I that are overall referred to as dysos-
tosis multiplex.">* The skeletal disease is a major untreated burden of
MPS I; even patients who receive enzyme replacement therapy (ERT)
and/or hematopoietic stem cell transplantation require additional
treatment, such as physical therapy and surgical intervention for
the musculoskeletal aspects of the disease.”>””

Up to 90% of patients receiving intravenous (i.v.) ERT with recombi-
nant human IDUA (rhIDUA) develop antibodies against it.5 Due
to the rhIDUA being perceived as foreign to the patient’s immune sys-
tem, it is unsurprising that a patient would have an immune response
to the large quantities of normal enzyme given at a single administra-
tion."* In clinical trials, participants treated with ERT for MPS I, MPS
II, MPS VI, and Fabry and Pompe diseases developed humoral im-
mune responses to the recombinant enzymes, which were predomi-
nantly immunoglobin G (IgG)."*”"” Previous preclinical studies
have shown that the humoral immune response that occurs as a result
of ERT may reduce the effectiveness of this treatment.>'® Qur previ-
ous study has shown that (immune-competent) MPS I mice that
received weekly iv. ERT from 4-16 weeks of age that developed
anti-IDUA antibodies showed an altered tissue distribution of the
enzyme compared to mice that did not develop antibodies."® The hu-
moral immune response to ERT has been explored previously in MPS
I dogs, where it was found that ERT failed to prevent GAG accumu-
lation and pathology in synovium and cartilage of adult dogs that
developed anti-IDUA antibodies during the treatment period. Dogs
treated with immune suppression and ERT showed improved pene-
tration and correction of joint and cartilage compared to those with
antibodies. We studied MPS I dogs treated with ERT beginning in
the first month of life. We found normal to near-normal skeletal
morphology in these dogs; the dogs did not develop anti-IDUA anti-
bodies during treatment. Thus it is possible that, in addition to the
impact of early initiation of therapy, the lack of an immune response
to ERT was at least partly responsible for the improved distribution
and efficacy of ERT in these dogs.'” Similarly, mice do not generate
an immune response when treated with ERT from birth, complicating
the ability to separately study the impact of an immune response and
the impact of timing of the initiation of treatment.”” Furthermore,
while mice and dogs that receive ERT at birth do not mount a humor-
al immune response to the enzyme, the same does not appear to be

true for human patients.”'*>'*'®'> MPS I patients are not routinely
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Rabbits were previously inoculated with rhIDUA to induce anti-IDUA IgG production. The anti-IDUA IgG purified from serum (IRIG) of these animals was collected and used in
the current study by i.p. injecting one group of NOD-SCID MPS | mice with IRIG before administering each i.v. ERT dose. NOD-SCID MPS | mice were treated weekly with i.v.

ERT with or without IRIG for 6 or 20 weeks starting on postnatal day 2.

immune suppressed when ERT is initiated. Therefore, it is essential to
study whether initiation of early ERT, even in the presence of a hu-
moral immune response against the enzyme, might be sufficient to
prevent skeletal manifestations, as suggested previously.”' >

We designed an experiment to isolate the antibody-related effect
from that of early treatment. Previously, we immunized rabbits
against rhIDUA, harvested their serum, and demonstrated that
this immunized rabbit immune globulin (IRIG) inhibited the uptake
of thIDUA into MPS I fibroblasts.'® Here, we administered ERT
beginning at birth to immunocompromised MPS I mice in the
non-obese diabetic (NOD)-severe combined immunodeficiency
(SCID) background in the presence or absence of IRIG (Figure 1).**
This design permitted the study of the effects of early ERT in MPS I
mice with and without IgG antibodies against rhIDUA. To maxi-
mize the potential effect of ERT in the presence or absence of
anti-IDUA antibodies, we treated mice weekly with 1.57 mg/kg
body weight, which is higher than the typical dose of 0.58 mg/kg
that is used clinically."” We found significant differences in the dis-
tribution of ERT as measured by IDUA activity and the reduction of
tissue P-hexosaminidase (B-hex) activity, which is secondarily
elevated in MPS I and serves as a marker for lysosomal storage.*>*
We further performed ex vivo microcomputed tomography (uCT)
on femora collected at 20 weeks and found no improvement in
cortical bone structure in the ERT+IRIG group compared to un-
treated MPS I controls, whereas the ERT-alone group showed a
normal cortical bone structure. The results suggest that even high-
dose ERT from birth is insufficient to normalize cortical bone struc-

ture in the presence of a humoral immune response against thIDUA
in MPS I mice.

RESULTS

IRIG alters ERT distribution in NOD-SCID MPS | mice

The animals used in this study, untreated MPS I (knockout [KO])
mice, unaffected carrier mice, and MPS I mice received weekly ERT
alone or received ERT+IRIG from birth, as summarized in Table 1.
To confirm that administration of IRIG to NOD-SCID MPS I mice
resulted in a measurable antibody titer against rhIDUA in vivo, serum
samples from the 6-week cohort were collected, and specific rabbit

Table 1. Experimental groups

6-week 20-week ERT IRIG
Group name Genotype study (N) study (N) pCT (N) (mg/kg) (mg/kg)
Carrier +/— 7 13 6 0 0
KO —/— 3 11 3 0 0
ERT+IRIG —/— 5 10 9 1.57 22
ERT —/— 5 11 11 1.57 0

KO mice are saline-injected NOD-SCID MPS I mice. Carrier mice are saline-injected
NOD-SCID mice that are heterozygous carriers for MPS 1 (Idua*~). ERT mice
are NOD-SCID MPS I mice treated with weekly iv. ERT(1.57 mg/kg) from birth.
ERT+IRIG are NOD-SCID MPS I mice treated with weekly i.p. rabbit IgG against rhI-
DUA (22 mg/kg) prior to iv. ERT (1.57 mg/kg) from birth. nCT, microcomputed
tomography; N, number of mice in each group. Only a subset of mice had their femora
collected, so the N for pCT reflects how many femora were assayed in each group.
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Figure 2. IDUA and B-hex enzyme activity assays at end of study from mice sacrificed at 6 or 20 weeks of age

(A-J) Carrier, saline-injected carrier NOD-SCID mice (blug); KO, saline-injected NOD-SCID MPS | mice (red); ERT+IRIG, NOD-SCID MPS | mice treated with IRIG and weekly
i.v. ERT (green); ERT, NOD-SCID MPS | mice treated with weekly i.v. ERT alone (purple). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Each dot represents the
measurement from an experimental animal, and bars symbolize the median value with a 95% confidence interval (Cl). Please note differences in scale on the y axis.

IgG titers were quantified by ELISA in these serum samples We
found, as we expected, that only the ERT+IRIG group had a rabbit
anti-IDUA IgG antibody titer (median 47.7 optical density units/pL
serum). To determine whether these exogenously produced rabbit
anti-IDUA antibodies may have interfered with the distribution of
ERT (as we found in studies of a naturally occurring immune
response),’® we assayed IDUA enzymatic activity in organs harvested
at necropsy at 6 weeks and 20 weeks of age, 24 h following the final
weekly ERT dose (Figures 2A-2E). The ERT+IRIG group had signif-
icantly more IDUA activity than the ERT-alone group in the lungs,
liver, and kidneys at 20 weeks (Figures 2A, 2D, and 2E), which
have resident tissue macrophages and reticuloendothelial cells,
whereas in the heart, we found significantly higher levels of IDUA
activity in mice treated with ERT alone compared to mice treated
with ERT+IRIG at both 6 and 20 weeks (Figure 2B). We further stud-
ied the correlation between rabbit anti-IDUA IgG in mouse serum
and tissue IDUA activity within the ERT+IRIG group at 6 weeks of
age (Figure 3). We found a negative correlation between IDUA
activity and rabbit anti-IDUA IgG antibody titers that reached statis-
tical significance for the lungs, spleen, and liver (coefficient of deter-
mination [R?]: 0.9480, 0.8742, 0.9310; p = 0.0051, 0.0197, and 0.0079)
(Figures 3A, 3C, and 3D). Notably, except for a single sample, no
detectable IDUA activity was found in the heart of the 6-week-old an-
imals (Figures 2B and 3B). The one animal receiving IRIG in addition
to ERT that was observed to have uptake in the heart had very low
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levels of IDUA activity that did not exceed average carrier levels
(Figures 2B and 3B).

Activity of the enzyme B-hex is increased in MPS I mice, and its
normalization is used as a treatment-responsive indicator of improve-
ment in lysosomal storage in the mice.”>*”** We assayed the organs
of MPS I mice treated with ERT or ERT+IRIG and controls for 3-hex
activity at 6 weeks or 20 weeks of age, 24 h after the final ERT dose
(Figures 2F-2]). At both time points, activity of B-hex was lower in
all organs in both treatment groups (ERT+IRIG and ERT alone)
compared to KO controls (Figures 2F-2]). When comparing
the two treatment groups to each other, the ERT-alone group had
a lower B-hex activity in the heart at 6 weeks compared to the
ERT+IRIG group (p < 0.01) (Figure 2G). At 20 weeks of age, we
found significantly lower B-hex activity in the lungs (median:
370.6 B-hex units/mg protein) and kidneys (median: 967.6 B-hex
units/mg protein) in the ERT-alone group compared to levels in
the ERT+IRIG group (median lungs: 1260.2 B-hex units/mg protein,
median kidneys: 3240.2 B-hex units/mg protein) (Figures 2F and 2J).
Additionally, in the kidneys, while we saw a reduction in IDUA activ-
ity in mice treated without antibodies when looking from our 6-week
cohort to our 20-week cohort (Figure 2E), we still saw significantly
lower levels of B-hex activity in the 20-week group when compared
to mice given ERT and antibodies (Figure 2J). The liver and spleen
generally have more reticuloendothelial cells that take up more
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Figure 3. Tissue IDUA activity vs. anti-IDUA IgG titer in ERT+IRIG mice sacrificed at 6 weeks

(A-E) Correlations of IDUA activity to IgG titers in the lungs, heart, spleen, liver, and kidneys, with the R? and p values shown in the top right corner of each graph. (F) Anti-IDUA
IgG antibody titers in mouse serum samples. ELISA was performed at the end of the study in mice sacrificed at 6 weeks. Carrier, untreated carrier NOD-SCID mice; KO,
untreated NOD-SCID MPS | KO mice; ERT, NOD-SCID MPS | KO mice treated with weekly i.v. ERT alone; ERT+IRIG, NOD-SCID MPS | KO mice treated with IRIG and weekly
IV ERT. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Each dot represents the measurement from an experimental animal.

recombinant enzyme than the kidneys or lungs, which have been
shown to have significant enzyme uptake when administered i.v. to
animals, regardless of whether or not antibodies were developed.>'**’
The lower IDUA activity and persistent elevation of B-hex in ERT+
IRIG-treated mice compared to mice treated with ERT alone in these
more difficult-to-treat tissues, while continuing to be effective in the
liver and spleen, suggests that there is less ERT efficacy in these tissues
when rabbit IgG antibodies against rhIDUA are present, particularly
in organs with few reticuloendothelial cells, such as the kidneys and
heart, which cannot readily internalize enzyme complexed with IgG
antibodies against thIDUA.

Anti-IDUA antibodies reduce the impact of ERT on cortical bone
structure of MPS | mice

We studied the bones of the mice postmortem at age 20 weeks with
enzyme activity assays, GAG quantification, and uCT to evaluate
biochemical consequences to bone along with cortical and trabec-
ular bone structure from collected femora. The enzyme activity
assays displayed that, while whole-bone IDUA activity in both the
ERT+IRIG and ERT alone groups was significantly higher than
the KO group, there were no significant differences between the
two test groups (Figure 4A) (median IDUA activity values: carrier,
2.10 units IDU/mg protein; KO, 0.00 units IDU/mg protein; ERT+
IRIG, 7.75 units IDU/mg protein; ERT, 9.60 units IDU/mg protein).
When evaluating the B-hex activity from the bones, it was found
that carrier and the ERT+IRIG and ERT group values were signif-
icantly lower than KO values. Additionally, ERT and carriers were

also found to have significantly lower B-hex values when compared
to ERT+IRIG and ERT, and Carriers were not significantly different
from one another (Figure 4B) (median B-hex activity values: carrier,
897.78 units B-hex/mg protein; KO, 5,227.00 units B-hex/mg pro-
tein; ERT+IRIG, 2,218.00 units B-hex/mg protein; ERT, 877.00 units
B-hex/mg protein). This indicates, that, since B-hex is used as a
measure of efficacy, that ERT without antibodies is more effective
on the secondary elevations in MPS I bone disease when compared
to ERT+IRIG. Using a Blyscan absorbance assay, GAG levels were
also evaluated, and it was found that carriers and the ERT+IRIG
and ERT groups all had significantly lower levels of soluble GAGs
(sGAGs) when compared to the KO group (Figure 4C). While the
ERT-alone groups did not have significantly lower levels of sGAGs
when compared to the ERT+IRIG group, the ERT-alone group did
display generally lower levels. These results represent ground whole-
femur, including bone marrow, which is involved in the reticuloen-
dothelial system and may be leading to the lack of significance
between the two treatment groups, as we know from previous
studies that the reticuloendothelial system can sequester ERT in
the presence of antibodies.'®

nCT evaluates bone morphology and microarchitecture in mice using
X-ray attenuation data acquired at multiple viewing angles to recon-
struct a 3D rendition of the sample.”® Using this rendition, we can
then evaluate the cortical and trabecular bone structure of the femur
samples. Cortical bone forms ~90% of the skeleton. This dense bone
forms the walls of the shafts of long bones, while trabecular bones
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make up the inner structure of flat bones and are composed of inter-
connecting plates and bars that hold the bone marrow.”"** Two im-
mune-competent (IC) MPS I (KO) and untreated carrier controls are
included in the figures for comparison but are not included in statis-
tical analyses for either trabecular and cortical bone nCT analyses.
The untreated MPS I mice showed no significant differences in
trabecular bone structure when compared to untreated carrier con-
trols with the exception of bone volume (p < 0.05) (Figure 5E). How-
ever, untreated MPS I mice did show a higher total cross-sectional
area (Tt.Ar), cortical area (Ct.Ar), cortical thickness (Ct.Th), and po-
lar moment of inertia and significantly lower tissue mineral density
(TMD) in cortical bone structure when compared to untreated carrier
controls (Figures 5E, 6B, 6D, and 6E). With respect to trabecular
bone, the groups did not show significant differences to one another
(Figures 5E and S1). Images of 3D renderings of the trabecular bone
are visually dissimilar to one another, as seen in Figure 5F. In cortical
bone, we observed stark differences between mice treated with ERT
alone compared with ERT+IRIG (Figures 5 and S2). Mice treated
with ERT alone had a cortical bone structure indistinguishable
from that of carrier controls, with the exception of TMD values,
which were significantly higher in the ERT-alone group compared
to all other groups in the study, including carrier controls (ERT alone
vs. carrier, p < 0.01; ERT alone vs. untreated MPS I and ERT to ERT+
IRIG, p < 0.0001; Figure 6E). Additionally, when evaluating Tt.Ar,
Ct.Ar, Ct.Th, total pore volume (Po.V), average pore volume (Avg-
Po.V), standard deviation of pore volume (Po0.V.SD), and polar
moment of inertia (J), mice in the ERT-alone group were observed
to have significant (at least p < 0.05) differences from the untreated
MPS I controls (Figures 6A, 6B, 6D, and 6F-6I). Mice treated with
ERT alone also showed significant differences (at least p < 0.01)
compared to the ERT+IRIG treated mice in Tt.Ar, Ct.Ar, Ct.Th,
and J, with values in all groups trending closer to carrier controls
(Figures 6A, 6B, 6D, and 6I). In contrast to the ERT-alone group,
ERT+IRIG-treated mice showed no significant differences in any
measurement of cortical bone structure when compared to untreated
KO mice. Additionally, carriers and KOs showed significant differ-
ences (at least p < 0.05) in Ct.Ar., Ct.Th., and TMD (Figures 6B-
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IgG antibodies interfered with the ability of
weekly iv. ERT that was administered from
birth to treat bone disease in MPS I mice. The humoral immune
response to ERT has long been suspected to have a clinical impact
on the effectiveness of therapy. More than 90% of MPS I patients
develop neutralizing antibodies to rhIDUA within the first few
months of treatment.'*** MPS patients with low titers of inhibitory
antibodies are reported to experience fewer upper airway infections
compared to patients with higher titers, and increased inhibition of
enzyme by antibodies correlates with poorer substrate reduction.””
While short-term studies on MPS I patient outcomes due to antibody
production have been completed, studies of long-term impact of an-
tibodies on disease progression have not been conducted. These
studies are challenging to conduct, as anti-rhIDUA antibody titers
in patients may wane over time.

One lysosomal disease where the antibody response to ERT has been
heavily documented is Pompe disease, a lysosomal storage disorder
caused by mutations in the gene encoding the enzyme acid alpha-
glucosidase (GAA).”> GAA is an enzyme that breaks down glycogen
in the lysosome, and mutations in GAA lead to accumulation of GAA
in a multitude of tissues, with cardiac and skeletal muscles being
affected most severely.” Patients with classic, infantile-onset Pompe
disease (IOPD) present with severe muscle involvement, including
cardiomyopathy, hypotonia, and hypoventilation requiring mechan-
ical ventilation, typically within the first 12 months of life.>®> While
nearly all Pompe disease patients develop antibodies to ERT, it is
most harmful to classic IOPD patients who lack cross-reactive immu-
nological material (CRIM) and develop high antibody titers, after
which clinical decline and death occurs despite ERT. > As a result,
patients with classic IOPD who are also CRIM negative are now
treated to induce immune tolerance to the ERT prior to treatment
with ERT using, most commonly, a combination of rituximab and
methotrexate with or without i.v. gamma globulins, and this has led
to better long-term clinical outcomes for these patients.’*”>® These
immune-modulatory treatments can lead to adverse side effects. For
instance, methotrexate has been associated with bone marrow and
gastrointestinal toxicity after prolonged use, while rituximab has
been connected to progressive multifocal leukoencephalopathy and
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Figure 5. Trabecular bone structure

(A) BV/TV (bone volume fraction). (B) Th.N (trabecular number). (C) Tb.Th (trabecular thickness). (D) Tb.Sp (trabecular separation). (E) BV (bone volume). (F) Sample nCT
images of trabecular bone structure. Carrier, untreated carrier NOD-SCID mice; KO, untreated NOD-SCID MPS | KO mice; ERT+IRIG, NOD-SCID MPS | KO mice treated with
IRIG and weekly i.v. ERT; ERT, NOD-SCID MPS | KO mice treated with weekly i.v. ERT alone; IC carrier, immune-competent carrier mice; IC KO, IC MPS | KO mice. Each dot
represents a measurement from an experimental animal, and the same animal samples were used for analysis in Figures 5, 6, S1, and S2.

reactivation of previous hepatitis B infection.”” Other forms of im-
mune modulation have also been connected with nephrotoxicity.”®
As a result, great care must be taken before starting a patient on an
immune-modulating protocol. While the immune response to ERT
seen in MPS I has not been associated with an increased risk of death,
our data suggest that it could be affecting clinical outcomes for pa-
tients, including reducing the effectiveness of treatment for skeletal

. 8,12,18
disease.

The bone disease associated with MPS I leads to some of the most
debilitating symptoms for patients.”” MPS I's bone disease is referred
to as dysostosis multiplex and encompasses short stature, thoraco-
lumbar kyphosis, flattened vertebrae, odontoid hypoplasia, short
and thick clavicles, and many other skeleton-related MPS I manifes-
tations.> To understand how these skeletal manifestations occur
and how IgG antibodies may be impacting them when ERT is admin-
istered, it is important to understand how normal bone growth is in-
terrupted in MPS 1. Most bones are formed through endochondral

bone formation, in which a cartilage model is formed and slowly re-
placed by bone matrix made up of mesenchymal cells that differen-
tiate into chondrocytes that produce collagen, attract blood vessels,
and direct perichondrial cells into osteoblasts.””*° These steps are
regulated by signaling molecules called morphogens, including
growth factors, which are necessary to ensure correct skeletal forma-
tion.”” Growth factors are important for regulating cell proliferation
and adhesion and are necessary for skeletal development.*' Growth
factors are also highly influenced by GAGs. GAGs are transported
through the extracellular matrix by translocation to GAG binding
sites that enable growth factors to be transferred over large distances
until they reach GAGs that act as co-receptors on their targeted
cells.”>**** To this end, the large amounts of loose GAGs in the
extracellular matrix that are seen in MPS diseases may either be acting
to block these necessary growth factors from targeted cells or promote
transportation of these growth factors to incorrect cells.”” GAGs also
interact with toll-like receptors and tyrosine kinases, which are neces-
sary for bone remodeling and angiogenesis."' GAGs are necessary for
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Figure 6. Cortical bone structure

(A) Tt.Ar (total cross-sectional area inside the periosteal envelope). (B) Ct.Ar (cortical area). (C) Ct.Ar/Tt.Ar (Ct.Ar fraction). (D) Ct.Th (cortical thickness). (E) TMD (tissue mineral
density). (F) Po.V. (total pore volume). (G) AvgPo.V (average pore volume). (H) Po.V.SD (standard deviation of pore volume). (I and J) (polar moment of Inertia). Shown are
sample nCT images of cortical bone structure. CAR, untreated carrier NOD-SCID mice; KO, untreated NOD-SCID MPS | mice; ERT, NOD-SCID MPS | mice treated with
weekly i.v. ERT alone; ERT+IRIG, NOD-SCID MPS | mice treated with IRIG and weekly i.v. ERT; IC carrier, IC carrier mice; IC KO, IC KO mice. *p < 0.05, *p < 0.01,
***n < 0.001, ***p < 0.0001. Each dot represents the measurement from an experimental animal.

the biomechanics of the extracellular matrix in dynamic tissue struc-
tures such as tendons and cartilage, which are altered in MPS I due to
GAG accumulation, leading to increased water absorption and
abnormal deposition of collagen fibers along with distended cells."’
However, the full mechanisms leading to MPS skeletal disease are
not entirely understood. Some theorize that they may be directly
related to altered endochondral ossification.”’ Additionally, growth
impairment is believed to be a result of GAGs being deposited in
epiphyseal plates.*"*

Few studies have shown moderate improvement of skeletal structure
upon MPS I murine neonatal administration of ERT.> A study in
MPS I dogs observed a reduction of inflammation and GAG storage
but did not analyze skeletal structure.*® While ERT alone is able to
ameliorate some of the motility and mobility constraints that MPS
skeletal and joint disease create for patients, leading to an improve-
ment in growth, endurance, and joint mobility, ERT alone is not
able to treat all bone disease phenotypes.*’ It has been shown to
improve bone manifestations in combination with ERT or when
used on very young, attenuated patients.41 However, even when treat-
ment is successful, MPS I manifestations still reoccur and require

additional interventions.*' Our results show that the anti-IDUA

IgG antibodies that patients and mice receiving ERT develop may
be contributing to a lack of effect of the treatment on the bone ma-
trix."® The results of this study suggest that combining ERT with an
immune suppressant during early life may lead to fewer skeletal de-
formities for MPS I patients and a better distribution of ERT
throughout the body. There could be an additional therapeutic
component to immune suppression due to the role of inflammation
in the pathogenesis of MPS. Pentosan polysulfate (PPS), a molecule
that has prochondral activity and anti-inflammatory properties, has
been tested in canine models, where it led to a decrease in GAG accu-
mulation in canines treated with PPS.*"*° Studies in MPS V1 rats have
shown a reduction of GAG accumulation in inflammatory markers;
using PPS led to an observation of partial rescue of the bone pheno-
type.””*”** Another study looked into using PPS treatment in
conjunction with ERT in adult patients with MPS I and was found
to improve hip, knee, and ankle mobility in the patients.*"*>*

Our study in newborn mice treated with ERT alone or ERT+IRIG
suggests that treatment with ERT from birth may not be sufficient
to prevent MPS I skeletal disease in the presence of anti-IDUA anti-
bodies. Potential solutions to explore in clinical studies could include
use of an anti-inflammatory drug such as PPS in conjunction with
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ERT in newborn patients or implementing induction of immune
tolerance prior to administration, similar to what is done for Pompe
disease. The skeletal disease MPS I is greatly debilitating for patients,
and improving outcomes would be of tremendous benefit. Future
studies will be needed to determine whether and how to best prevent
the immune response to ERT and the impact it would have on treat-
ment of MPS I disease in human patients.

MATERIALS AND METHODS

Production of IRIG

The rabbit IgG antibodies against rhIDUA used in this study were
produced by Thermo Fisher Scientific (Waltham, MA, USA) by
immunizing rabbits with thIDUA. Rabbit sera were tested by uptake
inhibition assay'® before protein A column purification (Thermo
Fisher Scientific). The titer of IDUA inhibiting IgG was determined
by ELISA as described previously.'® The ability of the antibodies to
block IDUA was determined as outlined in Le et al.'"® The collected
antibodies were then stored at —80°C until they were needed for
administration to mice.

Administration of ERT and IRIG

NOD-SCID MPS I mice (strain NOD.129(B6)-Prkdc>*“Idua"™"“/7;
RRID:IMSR_JAX:004083) purchased from The Jackson Laboratory
(Bar Harbor, ME, USA) were utilized in this study to ensure
that the only immune response was being introduced by the admin-
istered rabbit IgG against rhIDUA. Animal experiments conducted
as part of this study were approved by the institutional animal care
and use committee at LA BioMed (now the Lundquist Institute)
(approval number 20551-01). The MPS I genotype was determined
using primers (0IMR1451, 5-GGAACTTTGAGACTTGGAAT
GAACCAG-3'; 0IMR1452, 5-CATTGTAAATAGGGGTATCCTT
GAACTC-3; oIMR1453, 5-GGATTGGGAAGACAATAGCAGG
CATGCT-3'). A day before ERT doses, mice were given intraperito-
neal (i.p.) injections of IRIG at 22 mg/kg body weight or an equivalent
volume of saline for controls. The dose was decided based on the con-
centration applied in our in vitro uptake inhibition assays and con-
verted for in vivo studies by the total volume in circulation (data
not shown). Doses of 1.57 mg/kg body weight of recombinant
IDUA were given iv. to the ERT+IRIG and ERT-alone groups
from birth to the end of the study. To prevent an anaphylaxis reaction,
5 mg/kg diphenhydramine (Hikma Pharmaceutical USA, Berkeley
Heights, NJ, USA) was given ip. before any injections of IRIG,
ERT, or saline. ERT was given via facial vein injection at week 0,
i.p. from week 1 to week 3, and via tail vein i.v. injection from week
4 onward. Animals were taken down at 6 weeks and 20 weeks as sum-
marized in Table 1. Heart, liver, spleen, kidneys, and lungs were
collected for biochemical analyses. Serum samples were collected at
6 weeks for rabbit anti-rhIDUA IgG antibody titers by ELISA. Femora
were collected from the 20-week cohort, stripped of soft tissue, and
stored at —80°C.

Biochemical analyses
IDUA activity was assessed using 250 pmol/L 4-methylumbelliferyl
a-L-iduronide substrate (4-MUI, Glycosynth, Warrington, Cheshire,
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UK) as described previously,'®*"* except that the incubation tem-

perature was 37°C, and the incubation time was 0.5 h. Hexosamin-
idase activity was assessed using 1.25 mmol/L 4-methylumbelli-
feryl-N-acetyl-B-p-glucosaminide (EMD Millipore, Billerica, MA,
USA) substrate with an incubation time of 0.5 h at a temperature
of 37°C. Net fluorescence was determined by fluorometry at
365 nm excitation and 440 nm emission. Protein concentrations
in the extracts were determined by the Bradford method using
reagents from Bio-Rad (Hercules, CA, USA). One unit of enzyme
activity is equivalent to a catalytic activity of 1 nmol of 4-MU sub-
strate cleaved per hour at 37°C. Enzyme activity is presented as
units/mg protein. A Blyscan assay, a quantitative dye-binding
method, was performed to quantify sGAG content in collected
bones according to the manufacturer’s protocol (Bicolor, Bel-
fast, UK).

nCT

The femora were scanned on a Scanco pCT50 pCT instrument at
the Musculoskeletal Research Core at Washington University in St.
Louis to analyze cortical and trabecular bone structure. Samples
were scanned at 70 kVp, 57 pA, and 4 W using an integration
time of 700 ms. The voxel resolution was 7.4 pm. Segmentation
thresholds for trabecular bone data were 590 units (low) and
10,000 units (high). For cortical bone data, segmentation thresh-
olds were 620 (low) and 10,000 (high). Only three NOD-SCID
MPS I KO samples were available for pCT, and two 20-week-old
IC samples for both carrier and KO mice are shown as a compar-
ison to the NOD-SCID mice. IC samples are not included in
statistical analyses.

Statistical analysis

Statistical analysis of results was performed using GraphPad Prism
(v.10.1.1) (GraphPad, La Jolla, CA, USA) using one-way ANOVA
(Figures 3F, 4, 5, 6, S1, and S2) with testing for multiple compari-
sons using statistical hypothesis testing with Tukey’s multiple-com-
parisons test using a 95% confidence interval. A two-way ANOVA
was used for Figure 2 to separate across the different time
points, again utilizing Tukey’s multiple-comparisons test with a
95% confidence interval. Simple linear regressions were calculated
for Figures 3A-3E.
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