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Enzyme replacement therapy with laronidase is an established
treatment for Mucopolysaccharidosis type I (MPS I), but its
efficacy may be limited by the development of anti-drug anti-
bodies, which inhibit cellular uptake of the enzyme. In a related
disorder, infantile Pompe disease, immune tolerance induction
with low-dose, short-course methotrexate appears to reduce
antibody formation. We investigated a similar regimen using
oral methotrexate in three MPS I patients. All patients devel-
oped anti-laronidase immunoglobulin G (IgG) and immuno-
globulin M (IgM) antibodies, and they had clinically relevant
levels of cellular uptake inhibition. We then explored several
immune tolerance induction strategies inMPS Imice: (1)meth-
otrexate, (2) combination of non-depleting anti-CD4 and anti-
CD8 monoclonal antibodies, (3) methotrexate with anti-CD4
and anti-CD8 monoclonals, (4) anti-CD4 monoclonal, and (5)
anti-CD8 monoclonal. Treated mice received 10 weekly laroni-
dase injections, and laronidase was delivered with adjuvant on
day 49 to further challenge the immune system. Most regimens
were only partially effective at reducing antibody responses, but
two courses of non-depleting anti-CD4 monoclonal antibody
(mAb) ablated immune responses to laronidase in seven of eight
MPS I mice (87.5%), even after adjuvant stimulation. Immune
tolerance induction with methotrexate does not appear to be
effective in MPS I patients, but use of non-depleting anti-CD4
monoclonal is a promising strategy.
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INTRODUCTION
Mucopolysaccharidosis type I (MPS I) is an autosomal recessive lyso-
somal storage disorder (LSD) caused by the deficiency of a-L-iduro-
nidase (IDUA), resulting in the lysosomal accumulation of the glycos-
aminoglycans (GAGs) heparan sulfate (HS) and dermatan sulfate
(DS). This leads to progressive multisystem and organ dysfunction.1

There is a continuous phenotypic spectrum from severe to attenuated
disease. In the most severe form (Hurler syndrome [MPS IH]), there
is early and progressive CNS involvement in addition to somatic fea-
tures, such as skeletal dysplasia, hepatosplenomegaly, dysmorphism,
and respiratory and cardiac involvement. At the most attenuated end
of the spectrum, there may be normal life expectancy and no CNS
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involvement. The two therapeutic strategies available for MPS I pa-
tients are hematopoietic stem cell transplant (HSCT) and intravenous
enzyme replacement therapy (ERT).

ERT is the primary treatment option for individuals with attenuated
phenotypes, but it does not cross the blood-brain barrier and, there-
fore, cannot treat the CNS manifestations of the severe form of the
disease (MPS IH). HSCT allows donor-derived cells to engraft in
the CNS and secrete enzyme, cross-correcting neighboring cells.
HSCT is therefore the treatment of choice for MPS IH, and it can pre-
vent neurological decline if performed early in the disease course.2

Many clinical centers also give ERT to patients in conjunction with
HSCT, in order to reduce substrate storage levels and improve the
clinical condition of the patient prior to transplantation,3 and, in
selected patients, improvement in cardio-respiratory function may
help them better tolerate the intensive conditioning regimen.4,5

The formation of anti-drug antibodies to ERT has been reported in all
LSDs treated with ERT.6,7 In MPS I, the formation of functional an-
tibodies against ERT has been widely reported in MPS I animals as
well as patients. MPS I dogs that had little or no antibody responses
against ERT showed higher enzyme level, improved GAG reduction
in organs including the brain, and better improvement in lysosomal
pathology compared to those with higher antibody responses.8,9 In
humans, over 80% of MPS I patients develop high antibody titers
to ERT, with 35% of these incidences being associated with significant
antibody-mediated inhibition of enzyme uptake into cells.10

While patients without antibody responses demonstrated biochem-
ical and clinical improvements that were comparable to patients
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Table 1. Participants Recruited to the Immune Tolerance Induction with Methotrexate in Hurler Syndrome Study

Subject Sex
Age at Enrollment
(Months) Genotype

Iduronidase Enzyme Activity
(umol/g/h) (Reference Range 10–50)

Number of Weekly Doses
of ERT Pre-HSCT Intervention

1 male 4.5
c.1205G > A/c.1205 G > A [p.(Trp402Ter)/
p.(Trp402Ter)/]

0.02 9 1 cycle methotrexate

2 female 11.5
c.1205G > A/c.979G > C [p.(Trp402Ter)/
p.(Ala327Pro)]

0.17 12 1 cycle methotrexate

3 male 13.6
c.1205G > A/c.46_57del12 [p.(Trp402Ter) /
p.(Ser16_Ala19del)]

undetectable 10 3 cycles methotrexate

Participants were between 4 and 13 months of age at enrollment, and they received between 9 and 12 doses of ERT pre-HSCT.
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receiving HSCT, a high inhibitory antibody level was found to corre-
late with poorer biomarker outcomes (e.g., GAG levels, DS:chondroi-
tin sulfate [CS] ratio, and heparin cofactor II thrombin complex
[HCII-T]) as well as the occurrence of severe sleep-disordered breath-
ing.10–12 Specifically, uptake inhibition of >30% with total antibody
titers of >1:4,000 was correlated with the occurrence of severe
sleep-disordered breathing, and these could be considered thresholds
for a clinically relevant antibody response.12 The development of high
levels of uptake inhibitory antibodies has also been implicated in
suboptimal response to therapy in a study of long-term outcomes
of UK patients with attenuated MPS.13

An effective immune tolerance induction (ITI) regimen is, therefore,
much needed in order to improve the treatment outcome for MPS I
patients. To date, pharmacological measures to prevent antibody
responses inMPS I patients have not been successful.14 HSCT remains
the only effective strategy to either completely abolish or reduce anti-
body responses to a clinically insignificant level in MPS I patients,
though antibody responses may persist for several months post-trans-
plant and are associatedwith an arrest in biomarker responses, suggest-
ing cross-reactivity between antibodies and donor-derived enzyme.11

An immune tolerance induction regimen based on methotrexate
(MTX), rituximab, and intravenous immunoglobulin has been suc-
cessfully used to prevent the development of antibodies to ERT
with alglucosidase alfa in patients with infantile Pompe disease,15,16

a condition in which the development of high-titer antibodies is asso-
ciated with significant morbidity and mortality.17 Methotrexate is a
dihydrofolate reductase antagonist that induces immune tolerance
by provoking the death of proliferating T and B cells, via inhibiting
purine and pyrimidine metabolism and DNA de novo synthesis.18

Low-dose, short-course methotrexate monotherapy was shown to
prevent antibody responses to recombinant human a-glucosidase in
a Pompe mouse model,19,20 with early data suggesting this strategy
may also be effective in patients.21,22 The efficacy of such a regimen
was, therefore, investigated in patients with MPS IH.

A variety of immune tolerance induction strategieswas also explored in
anMPS Imousemodel. The roles of regulatory T cells in the regulation
of allergen-specific immune response and autoimmunity have been
documented previously. They generate immune tolerance by releasing
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suppressor cytokines interleukin-10 (IL-10) and transforming growth
factor b (TGF-b), which play a role in suppressing immunoglobulin E
(IgE) production, and inhibiting T cell and B cell generation.23 In
this study, we evaluated the efficacy of immune tolerance induction
for these regimens: a combination of non-depleting anti-CD4 and
anti-CD8 monoclonal antibodies (mAbs), methotrexate, and metho-
trexate with anti-CD4 and anti-CD8 monoclonal antibodies. Non-
depleting anti-CD4 and anti-CD8 monoclonal antibodies have been
reported to induce regulatory T cell production and promote long-
term acceptance in allogenic transplant.24,25 Methotrexate was able
to induce immune tolerance to recombinant human acida-glucosidase
in a Pompe mouse model.20 These regimens were evaluated for their
efficacy to induce immune tolerance to laronidase using an MPS I
mouse model.

RESULTS
Low-Dose, Short-Course Oral Methotrexate Monotherapy in

MPS IH Patients

Methotrexate Is Well Tolerated and Not Associated with

Significant Adverse Effects

An immune tolerance induction regimen based on oral methotrexate
was investigated in three individuals with MPS IH (Table 1). Treat-
ment-emergent adverse events (TEAEs) are summarized in Table 2.
Most TEAEs were due to intercurrent viral infections or infusion re-
actions to laronidase infusion, the latter occurring in subjects 1 and 3.
The two serious adverse events were both for subject 3 and were
related to the underlying condition of MPS I (planned hospital
admission for hip arthroscopy; admission to commence ACE
inhibitors for mitral regurgitation), but not related to the study inter-
vention. No other serious TEAEs were reported. Only two metho-
trexate-related TEAEs were reported, neither of which were serious
TEAEs. Subject 1 developed mild elevations of liver transaminases
(<3� upper limit of normal = grade 1, Common Terminology
Criteria for Adverse Events [CTCAE], version 3.0), which were
judged to be probably related to methotrexate administration.
Alanine aminotransferase (ALT) was elevated at week 1 and resolved
by week 2. Aspartate aminotransferase (AST) was elevated at week 2
and resolved by week 3. Participant 2 developed thinning of hair and
mild (CTCAE grade 1) hair loss at week 5, which was judged to be
possibly related to methotrexate and resolved without intervention
by week 9.
019



Table 2. Treatment-Emergent Adverse Events in the Immune Tolerance

Induction with Methotrexate in Hurler Syndrome Study

Event
Number of Participants
(Number of Events)

Any TEAE 3 (15)

Methotrexate-related TEAEs 2 (2)

Serious TEAEs 1 (2)

Methotrexate-related serious TEAEs 0 (0)

Interruption or discontinuation of methotrexate
regimen due to TEAE

0

Discontinuation from study due to TEAE 0

No participants experienced treatment-related serious adverse events, and no partici-
pants withdrew from the study due to adverse events.
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Anti-laronidase IgG Antibodies, IgM Antibodies, and Cellular

Uptake Inhibition in MPS I Patients Treated with Methotrexate

Treatment with methotrexate did not lead to a clinically relevant
reduction in anti-laronidase immunoglobulin G (IgG) titers. Both
participants who received 1 cycle of methotrexate developed high-
titer anti-laronidase IgG antibodies. A third participant received 3
cycles of methotrexate (Figure 1A) but also developed high-titer
anti-laronidase IgG antibodies (Figure 1B). All participants developed
antibody titers above 1:4,000, which are considered clinically
relevant.12 On the basis of these results, the study was terminated
and no further participants were recruited. An antibody response
was evident by week 4 in all participants, and a relative reduction
in antibody titers post-HSCT was observed in all participants. The
peak anti-laronidase IgG antibody titer between commencing ERT
and HSCT was comparable to that seen in a historical group of
MPS IH patients who did not receive immune tolerance induction11

(Figure 1C).

Inhibition of cellular uptake due to antibody-mediated inhibition was
observed in all patients, suggesting potential functional relevance of
the antibody response (Figure 1E).

An anti-laronidase immunoglobulin M (IgM) antibody response was
evident at the week 4 time point in all participants, and it rapidly
decreased at subsequent time points (Figure 1D). For subject 3, the
week 4 time point was <7 days after administration of the final
dose of methotrexate.

Biomarker Response to Laronidase and Regulatory T Cell

Populations

Biomarker reduction was evident after the commencement of ERT, as
previously described in MPS IH patients receiving pre-transplant
ERT, but differences only became statistically significant at the
post-HSCT time point (Figures 2A–2C). Total urine GAG decreased
from a mean of 241.6 mg/mmol creatinine at baseline to 96.8 mg/
mmol creatinine pre-HSCT, and it further decreased to a mean of
28.8 mg/mmol creatinine post-HSCT (p = 0.0195) (Figure 2A). Urine
HS + DS decreased from a mean of 72,980 mg/mmol creatinine at
Molecul
baseline to 25,831 mg/mmol creatinine at week 8 (Figure 2B). At
least one value was missing at later time points. The differences
were not statistically significant in repeated-measures analysis. Serum
HS + DS decreased from a mean of 3,161 ng/mL at baseline to
906 ng/mL pre-HSCT, and it further decreased to 631 ng/mL post-
HSCT (p = 0.0298) (Figure 2C).

No increase in regulatory T cell population from baseline was seen in
any participant. Differences were not statistically significant in
repeated-measures analysis (Figure 2D; Figures S1 and S2).

Immune Tolerance Induction Strategies in an MPS I Mouse

Model

Methotrexate Reduces Antibody Responses to ERT in MPS I

Mice in the Short Term

To re-optimize the effective dose for methotrexate that can induce
immune tolerance to ERT in MPS I mice, a range of methotrexate
doses with different delivery schedules was tested onMPS I mice (Fig-
ure 3A). All MPS I mice in the ERT group developed significant
laronidase-specific antibodies by day 28 following 4 weekly adminis-
trations of laronidase (Figure 3B). All methotrexate-treated groups
developed lower average antibody responses than the positive control
group. Antibody levels in MPS I mice that received three cycles of
0.5 mg/kg methotrexate, one cycle of 1.6 mg/kg methotrexate, one
cycle of 5 mg/kg methotrexate, and one course of 16 mg/kg metho-
trexate were significantly lower than the ERT group (p = 0.0018,
p = 0.00109, p = 0.0008, and p = 0.0019, respectively). The antibody
levels in these three treated groups on day 28 were 3.91-fold, 5-fold,
and 3.89-fold lower than the ERT group, respectively. As a result,
the minimum effective dose of one cycle of 5 mg/kg methotrexate
was brought forward to use in the following experiment.

Combined Treatment with Anti-CD4 and Anti-CD8 Monoclonal

Antibodies, but Not Methotrexate, Reduces Antibody

Responses to ERT in the Longer Term

The abilities to reduce anti-laronidase IgG antibodies in MPS I mice
with a single cycle of methotrexate compared with either anti-CD4
and anti-CD8 non-depleting monoclonal antibodies or a combined
treatment group were investigated (Figure 4A). All MPS I mice that
received ERT developed anti-laronidase IgG antibodies over the
70-day treatment period. On day 28, ERT-treated mice showed
significant anti-laronidase responses (p = 0.0103). The average anti-
laronidase IgG antibody levels in the methotrexate group, mono-
clonal antibodies group, and the combined group were 1.7-fold,
9-fold, and 2.2-fold lower than the ERT group, respectively, but
only the monoclonal antibodies group was significantly lower (p =
0.0092).

Adjuvant stimulation was performed at day 49 to exacerbate potential
anti-ERT responses, given the robust immune responses observed in
patients. After adjuvant stimulation at day 70, ERT-treated mice had
further elevated anti-laronidase IgG antibody levels (p < 0.0001).
Methotrexate was unable to reduce antibody responses in MPS I
mice (ERT group, 31.7 mg/mL; methotrexate group, 33.8 mg/mL).
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Figure 1. Immune Tolerance Induction with

Methotrexate in Hurler Syndrome Study Schedule

and Antibody Responses to Laronidase in MPS I

Hurler Patients

(A) Immune tolerance induction with methotrexate in

Hurler syndrome study schedule. The first two partici-

pants were allocated to regimen 1 (1 cycle of metho-

trexate). A subsequent participant was allocated to

regimen 2 (3 cycles of methotrexate). Each cycle

comprised three doses of 0.4 mg/kg methotrexate

administered orally around an infusion of laronidase

(60 min prior to infusion, 24 h after infusion, and 48 h after

infusion). (B) All participants developed high titers of IgG to

laronidase despite the methotrexate regimen. An antibody

response was evident by week 4, and a relative reduction

in antibody titers was evident post-HSCT. (C) Peak anti-

laronidase IgG titers were comparable to those seen in a

historical longitudinal study11 of antibody responses to

laronidase. (D) An IgM response was evident by week 4 in

all participants, including subject 3 who received metho-

trexate for 3 cycles (week 4 time point was <7 days

following the final dose of methotrexate). (E) All partici-

pants developed evidence of antibody-mediated inhibition

of cellular uptake of enzyme. Dotted line in (B) and (C)

represents clinically relevant anti-laronidase IgG titers

(1:4,096); dotted line in (E) represents clinically relevant

cellular uptake inhibition of percentage (<30%).
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BothMPS I mice groups that received monoclonal antibodies (mono-
clonal antibodies alone and a combination of methotrexate and
monoclonal antibodies) showed significantly lower anti-laronidase
IgG antibody levels on day 70 (monoclonal antibodies group,
13.5 mg/mL, p < 0.0001; methotrexate + monoclonal antibodies
group, 17.4 mg/mL, p = 0.0001) (Figure 4B), although neither treat-
ment normalized antibody responses.

Two Cycles of Anti-CD4 Monoclonal Antibody Counteract the

Anti-laronidase Antibody Responses Raised by the Adjuvant

In an attempt to further reduce immune tolerance induction re-
sponses observed in the anti-CD4/anti-CD8 group and determine
the importance of CD4 or CD8 cells in the response, MPS I mice
received two cycles of either anti-CD4 monoclonal antibody or
anti-CD8 monoclonal antibody when they were given the adjuvant
stimulation on day 49 (Figure 5A). On day 28, ERT-treated MPS I
mice showed a significant elevation of anti-laronidase IgG antibody
levels. Mice that received anti-CD4 monoclonal antibody were
11.4-fold lower than the ERT-only group (p = 0.0164) and not signif-
icantly different from the untreated control. Mice that received anti-
CD8 monoclonal antibody were neither significantly less than ERT
treated nor more than negative controls. On day 70, 21 days after
324 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2019
the adjuvant stimulation, anti-laronidase IgG
antibody levels were further elevated in ERT-
treated MPS I mice. Only anti-CD4 monoclonal
antibody-treated mice had significantly lower
anti-laronidase IgG antibody levels than positive
controls (p < 0.0001). Indeed, seven of eight
MPS I mice (87.5%) in the anti-CD4 monoclonal antibody-treated
group showed very low or completely absent antibody responses. In
contrast, anti-CD8 monoclonal antibody was unable to reduce anti-
body responses to laronidase after adjuvant stimulation (Figure 5B).

Only Two Cycles of Anti-CD4Monoclonal Antibodies Are Able to

Completely Eradicate Antibodies Inhibiting the Cellular Uptake

of Laronidase

Antibody-mediated cellular uptake inhibition was observed in all
treated mice except those receiving 2 cycles of anti-CD4 monoclonal
antibodies. Mice from the ERT-only group showed 70% of cellular
uptake inhibition. Though all immune tolerance induction treated
groups showed significantly less cellular uptake inhibition (metho-
trexate group, p = 0.0447; monoclonal antibody group, p = 0.0001;
methotrexate + monoclonal antibodies group, p = 0.0001; anti-CD4
monoclonal antibody group, p = 0.0001; and anti-CD8 monoclonal
antibody group, p = 0.0221), the percentage of uptake inhibition in
the methotrexate- (44.9%) and anti-CD8 monoclonal antibody-
treated groups (41.5%) remained clinically relevant (>30%). On the
other hand, mice that received monoclonal antibodies (23.8%) or
monoclonal antibodies + methotrexate (11.3%) (both containing
anti-CD4 monoclonal antibodies) only developed low levels of
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Figure 2. Biomarker Responses to Laronidase in

MPS I Hurler Patients Receiving Immune Tolerance

Induction with Methotrexate

(A) Total urinary glycosaminoglycan in all patients. (B)

Heparan sulfate and dermatan sulfate concentrations in

urine in all patients. (C) Heparan sulfate and dermatan

sulfate concentrations in serum in all patients. (D) Treg

population in patient PBMCs, expressed as the percent-

age of CD4+ T cells. Individual data points are shown; *p <

0.05. Dotted line in (A) represents the upper limit of

reference range for age.
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cellular uptake inhibition. No cellular uptake of laronidase inhibition
was found in mice from the anti-CD4 monoclonal antibody-treated
group (0.2%) (Figure 6A).

CD4 and Regulatory T Cell Populations in MPS I Mice

To determine whether treating mice with immune tolerance induc-
tion regimens modulates CD4+ cell counts as well as regulatory T
populations, splenocytes were harvested from all mice and analyzed
using flow cytometry. No treatment groups showed significant differ-
ences in the percentage of CD4+ cell compared to the non-injection
group (ERT group, p = 0.92; methotrexate group, p = 0.96; mono-
clonal antibody group, p = 0.20; methotrexate + monoclonal anti-
bodies group, p = 0.12; anti-CD4 monoclonal antibody group, p =
0.96; and anti-CD8monoclonal antibody group, p = 0.50) (Figure 6B).
There was also no significant difference in the percentage of regulato-
ry T cells in treatment groups compared to the non-injection group
(ERT group, p = 0.72; methotrexate group, p = 0.99; monoclonal anti-
body group, p = 0.99; methotrexate + monoclonal antibodies, p = 0.48
group; anti-CD4 monoclonal antibody group, p = 0.99; and anti-CD8
monoclonal antibody group, p = 0.99) (Figure S2).
DISCUSSION
To date, no immune tolerance induction regimen has been shown to
successfully prevent the antibody response to ERT in MPS I patients.
Attempts to prevent antibody responses to ERT in MPS I have so far
been unsuccessful. An immune tolerance induction regimen based on
cyclosporin A and azathioprine was successful in a canine model of
MPS I, but subsequently it proved ineffective in patients.8,26 In this
study, a low-dose, short-course methotrexate monotherapy regimen
did not prevent antibody production. All participants developed
high-titer antibodies, and there was evidence of an IgM antibody
response at week 4 in all participants, including one individual who
continued the methotrexate regimen for 3 weeks, suggesting that
this participant developed an antibody response even while receiving
Molecular Therapy: Methods &
methotrexate. No evidence of an immunosup-
pressive biological effect of methotrexate on reg-
ulatory T cell numbers was observed.

The immune tolerance induction with metho-
trexate in Hurler syndrome (ITIMHS) study
was necessarily limited by small patient numbers, as this was a pro-
spectively conducted single-center study. However, as all participants
would be expected to develop a high-titer antibody response without
immune tolerance induction,11 any reduction of antibody response
below 1:4,000, previously shown to correlate with outcomes by Pal
et al.,12 could be considered clinically meaningful, even with small
numbers.

Methotrexate monotherapy, therefore, does not appear to be an effec-
tive immune tolerance induction strategy in MPS I patients, though it
appeared to be a promising strategy in both infantile Pompe disease
patients21,22 and in a mouse model of this disease.19,20 A number of
factors may contribute to this difference in efficacy. The antigens in
each case (recombinant alfa-glucosidase and laronidase) were
different and may have different degrees of immunogenicity, and
the diseases may result in different responses in the host immune
system.

In infantile Pompe disease, the absence of cross-reactive immunologic
material (CRIM) is an important predictor of antibody responses.
CRIM-negative status, as seen in patients with deleterious mutations
and no detectable protein expression, is associated with the consistent
development of high-titer antibodies and markedly poorer treatment
outcomes.27 However, a significant proportion of CRIM-positive in-
fants also develop high-titer antibody responses with associated poor
outcomes.17 Immune tolerance induction regimens used in CRIM-
negative infantile Pompe disease patients involve a combined approach
with B cell depletion (rituximab) as well as methotrexate.15,16 More
recently, methotrexate monotherapy has been used to prevent anti-
body responses in small numbers of CRIM-positive patients, though
only a proportion of these patients would have developed high sus-
tained antibody titers without immunomodulation.21,22

In this study, all participants had clinical evidence of the severe
form of the disease (MPS IH). In a longitudinal study of antibody
Clinical Development Vol. 13 June 2019 325
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Figure 3. Methotrexate Dose Optimization Delivery Schedule and Antibody Levels in MPS I Mice

(A) All MPS I mice (n = 3 for each group) received 0.58 mg/kg laronidase weekly for 4 weeks. Some mice were given three cycles of 0.5 mg/kg methotrexate 0, 24, and 48 h

after each laronidase treatment, and other mice received one cycle of methotrexate (doses ranged from 0.5 to 16 mg/kg) 0, 24, and 48 h after the first laronidase treatment.

Blood samples were taken from all themice on days 0, 13, and 28 for antibody analysis. (B) Serum anti-laronidase IgG antibodies were evaluated by ELISA. Data are shown as

mean ± SEM, two-way ANOVA; *p < 0.05, **p < 0.01, and ***p < 0.0001 versus MPS I anti-laronidase IgG levels on day 28.
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responses in eight MPS IH patients, all but one patient developed
high-titer antibody responses during ERT, and the only patient that
did not develop antibodies was under 3 months of age at the time
of starting therapy.11 Similarly, all patients with severe MPS I
developed antibodies in the original clinical trial of ERT in patients
under 5 years of age.28 The majority of these patients had null
mutations and would, therefore, be expected to be CRIM negative.
The patients in our study would, therefore, reasonably be expected
to develop antibodies without immunomodulation. However, it is
interesting to note that only patient 1 in the study had two null
mutations (Table 1). Though CRIM assays were not performed
in this study, the mutations observed in patients 2 and 3 suggest
that these patients may have produced some protein product,
though without significant residual enzyme activity (Table 1).
The missense mutation in patient 2 is reported to be associated
with severe conformational changes and loss of stability of the pro-
tein product.29 The in-frame deletion observed in patient 3 has
been expressed in COS-7 cell lines, appears to result in a detectable
protein product,30 and is associated with very low enzyme activity;
and, it is suggested that the mutation affects post-translational
processing and trafficking to the lysosome.31 The failure of meth-
otrexate to prevent antibody responses in these patients, in com-
parison to its apparent success in CRIM-positive infantile Pompe
disease patients, cannot, therefore, be solely ascribed to differences
in CRIM status. However, it is important to note that, in the small
study of low-dose methotrexate monotherapy in CRIM-positive in-
fantile Pompe disease, 79% of methotrexate-treated patients only
developed low antibody titers, but this was also the case for 68%
of patients even without immunomodulation.22 Patients with se-
vere MPS I appear to be much more likely to generate strong anti-
body responses, even if their genotypes suggest they may be CRIM
positive.
326 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
Immunogenicity to therapeutics in lysosomal disease remains an
important clinical problem. In MPS I, HSCT is known to abrogate
the antibody response, and, therefore, attenuated patients who do
not receive HSCT but are treated with long-term ERT are the key
subgroup of patients who may benefit from a successful immune
tolerance induction strategy.11,13 Prevention of an antibody
response may also be relevant for MPS II, and the effects of anti-
bodies need to be carefully investigated for new enzyme therapies,
such as Sebelipase alfa for lysosomal acid lipase deficiency.32–34

Given the different responses to similar immune tolerance induc-
tion regimens in infantile Pompe disease and MPS I patients, the
ideal immune tolerance induction regimen for ERTs may differ
between individual diseases and therapies. The relevance of the
immune response is not limited to ERTs. With many gene thera-
pies approaching or in clinical trial, immune responses to both
vectors and protein products need to be considered. In addition,
many patients will continue to be treated with standard ERTs
before gene therapy approaches are widely available in clinical
practice.

Effective strategies to prevent immune responses to therapies are,
therefore, much needed to improve treatment outcomes in MPS I
and potentially in other disorders. In this study, we went back to
the MPS I mouse model to evaluate a number of potential immune
tolerance induction strategies. One cycle of 5 mg/kg methotrexate
was able to achieve a 5-fold reduction in antibody responses to laro-
nidase by day 28 in the initial dose-response experiment and almost a
2-fold reduction (though not significant) at the equivalent time point
in the later experiment. This suggests that methotrexate at a higher
dose is capable of generating partial immune tolerance to laronidase;
but, it is unable to abolish anti-laronidase antibody completely, and it
is ineffective after adjuvant stimulation. This is similar to the results in
019



Figure 4. Anti-laronidase Antibodies in MPS I Mice

Treated with Immune Tolerance Induction

Regimens

(A) All MPS I mice from the treatment group (n = 8)

received 0.58 mg/kg laronidase for 10 weeks. Laronidase

delivered on day 49 was delivered in Sigma Adjuvant

System (SAS). Immune tolerance induction (ITI) regimens

were delivered to the mice (methotrexate, anti-CD4 and

anti-CD8 monoclonal antibodies, and methotrexate with

both monoclonal antibodies) 0, 24, and 48 h after the first

laronidase treatment. Serum samples were taken on days

0, 28, and 70 for antibody analysis. Mice were sacrificed

on day 70. (B) Anti-laronidase IgG antibody levels were

measured in all serum samples using ELISA. Data are

shown asmean ± SEM, two-way ANOVA; *p < 0.05, **p <

0.01, ***p < 0.0001, and ****p < 0.00001.
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the Pompe mouse model in which methotrexate was able to diminish,
but not eliminate, antibody responses to recombinant human
glucosidase (rhGAA).20 Methotrexate generates immune tolerance
by interfering with cellular proliferation of rapidly dividing cells,
such as T cells.18 However, the very same property of methotrexate
might have also hindered the development of regulatory T cells,
which is crucial to immune tolerance generation. This is suggested
by our results that MPS I mice treated with anti-CD4 and -CD8
monoclonal antibodies showed a 2.3-fold reduction in antibody re-
sponses but only achieved a 1.8-fold reduction when combined
with methotrexate.

We demonstrated that the combination of non-depleting anti-CD4
and -CD8 monoclonal antibodies was able to reduce anti-laronidase
antibody levels significantly, even after adjuvant stimulation,
compared to the ERT controls. This suggests that the immune toler-
ance generated by the combination is relatively long lived, as the last
dose of monoclonal antibodies was given 67 days prior to the last
blood sampling time point. However, further improvement for this
immune tolerance induction regimen was still much needed, as the
anti-laronidase antibody levels produced in these mice were still
significantly elevated compared to our non-injection controls. It was
Molecular Therapy: Methods &
also important to evaluate whether CD4 or
CD8 has a more important role in inducing
immune tolerance. For the second set of im-
mune tolerance induction regimens, an extra
cycle of either anti-CD4 monoclonal antibody
or anti-CD8 monoclonal antibody was delivered
to the mice before the adjuvant stimulation.
Our results showed that two cycles of anti-
CD4 monoclonal antibody was able to induce
partial or complete immune tolerance to laroni-
dase, even after adjuvant stimulation, while
treatment with anti-CD8 monoclonal antibody
was ineffective. The utility of a non-depleting
anti-CD4 antibody in the reduction of antigen-
specific antibodies was first reported by Qin
et al.;35 its ability to reduce immune tolerance to ERT was demon-
strated in a Pompe mouse and when it was co-administered with
factor VIII or IX in mice.36,37

Though we did not specifically investigate whether anti-CD4 mAb
was able to abolish pre-existing anti-laronidase antibodies, we found
that a second dose of anti-CD4 mAb was able to prevent antibody
responses even after the huge stimulus of laronidase delivered along-
side adjuvant. This result is encouraging as this may be a feasible
immune tolerance induction regimen for attenuated MPS I patients
who have developed immune responses to ERT but do not fit the
criteria for a bone marrow transplant.

Non-depleting anti-CD4 monoclonal antibody may induce immune
tolerance by the induction of regulatory T cells.38,39 We therefore
measured regulatory T cell populations in harvested spleens from
MPS I mice. However, we were unable to detect any differences in
regulatory T cell populations (Figure S2). This may have been due
to limitations in our assay. Another possibility is that the immuno-
modulatory effects of the non-depleting anti-CD4 monoclonal
antibody are mediated by a mechanism independent of regulatory
T cells.40,41
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A

B

Figure 5. Anti-laronidase IgG Antibodies in MPS I

Mice Treated with Either Anti-CD4 or Anti-CD8

Monoclonal Antibody

(A) All MPS I mice from the treatment group (n = 8) received

0.58 mg/kg laronidase for 10 weeks. Laronidase delivered

on day 49 was delivered in adjuvant. They were given either

anti-CD4 monoclonal antibody or anti-CD8 monoclonal

antibody at 0, 24, and 48 h after the first laronidase treat-

ment and at 0, 24, and 48 h after the adjuvant stimulation.

Serum samples were taken on days 0, 28, 42, and 70 for

antibody analysis. Mice were sacrificed on day 70. (B) Anti-

laronidase IgG antibody levels were measured in all serum

samples using ELISA. Data are shown as mean ± SEM,

two-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.0001, and

****p < 0.00001.
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Inhibitory antibodies in MPS I patients are commonly found in
those developing high antibody titers, and similar results were
observed in our mouse study. MPS I mice from the ERT control
group developed significant cellular uptake inhibition of the enzyme
(70%), while the percentage of cellular uptake inhibition was signif-
icantly lower in all immune tolerance induction regimen-treated
groups. MPS I mice receiving 2 cycles of anti-CD4 monoclonal anti-
body had no inhibitory antibodies, which was consistent with the
IgG antibody level. The levels of inhibitory antibodies in the mono-
clonal antibodies- or combination of monoclonal antibodies and
methotrexate-treated group were considered clinically insignificant
(<30%), while inhibitory antibody levels of the methotrexate- and
anti-CD8 monoclonal antibody-treated groups remained clinically
significant.12

It is important that an immune tolerance induction regimen should
not have a significant effect on normal immune function. Unlike
experimental mice that were kept in individually ventilated cages, it
is likely that patients will have frequent contact with sources of infec-
tion. We demonstrated that our immune tolerance induction regi-
mens did not affect the number of CD4+ cells in all treated groups
328 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2019
compared to non-injection control groups. We
did not specifically test the ability of immune
tolerance induction treated mice to mount im-
mune responses to non-specific antigens. How-
ever, previous studies investigating the use of
non-depleting anti-CD4 monoclonal antibodies
suggest that mice retain normal immune func-
tion. Mice treated with anti-CD4 monoclonal
antibody that received skin allografts retained
the ability to reject third-party grafts;42 female
mice receiving skin grafts from male mice along-
side anti-CD4 monoclonal antibody cover were
still able to mount proliferative T cell responses
to the male antigen Dby;38 mice receiving cardiac
allografts alongside anti-CD4 monoclonal anti-
body were able to mount cytotoxic T lymphocyte
responses to influenza virus;43 and, in a mouse
model of autoimmune arthritis, mice challenged with ovalbumin
30 days after treatment with anti-CD4 monoclonal antibody pro-
duced ovalbumin-specific immunoglobulin, but mice given oval-
bumin at the same time as anti-CD4 monoclonal antibody treatment
were unable to produce ovalbumin-specific immunoglobulin.44 This
suggests that tolerance is imposed only on antigens present at the
time of tolerance induction.

Currently, a non-depleting anti-CD4 monoclonal antibody is not
yet clinically available. The biologic agent tregalizumab has been in
clinical development. This is a non-depleting IgG1 monoclonal anti-
body that binds to an epitope of CD4 and is reported to selectively
induce the activation of regulatory T cells.45 This was developed for
psoriatic and rheumatoid arthritis (RA), and, although statistically
significant efficacy for RA was not shown in a phase IIb study, the
mechanism of action suggests that it may be a potentially useful agent
for the prevention of antibody responses to therapeutic proteins.
However, observations in this study suggest that a non-depleting
anti-CD4 monoclonal antibody may have clinical applications in
the management of antibody responses to therapeutic proteins. We
suggest that evaluation of such a monoclonal antibody would be of



BA Figure 6. Cellular Uptake Inhibition and CD4+ Cell

Counts

(A) Cellular uptake inhibition of laronidase was measured

in serum samples taken at endpoint (day 70) from all

treated mice. Dotted line represents clinically relevant

cellular uptake inhibition percentage (>30%). Data are

shown as mean ± SEM, one-way ANOVA; *p < 0.05, **p <

0.01, ***p < 0.0001, and ****p < 0.00001. (B) CD4+ cells in

splenocytes were measured by flow cytometry.
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benefit in MPS I, especially in attenuated patients, as well as in other
LSDs where antibody responses to ERT is of clinical concern.

MATERIALS AND METHODS
Methotrexate Monotherapy in MPS IH Patients: Immune

Tolerance Induction with Methotrexate in Hurler Syndrome Trial

Design

The immune tolerance induction with methotrexate in Hurler syn-
drome study (EudraCT 2015-003031-35, REC 15/NI/0189) was a
single-center, open-label trial investigating the safety and efficacy of
methotrexate monotherapy in MPS IH patients. Informed consent
was obtained from all subjects and the study was conducted in accor-
dance with the principles set out in theWMADeclaration of Helsinki.
Eligible participants were 3 months and 2.5 years old with a new diag-
nosis of MPS I and a classical severe (Hurler) phenotype who were
eligible for HSCT and had not yet commenced ERT. All participants
received a course of methotrexate in addition to standard clinical care
(weekly ERT with laronidase prior to HSCT, as described by Ghosh
et al.5). Participants received either 1 or 3 cycles of methotrexate.
Each cycle comprised a series of 3 doses of oral methotrexate, given
at 0.4 mg/kg/dose 60 min before laronidase infusion, 24 h after infu-
sion, and 48 h after infusion (Figure 1).

Methotrexate dose selection was based on existing immune toler-
ance induction strategies used in infantile Pompe disease, in which
a subcutaneous dose of 0.4 mg/kg has been used.16 To minimize the
invasiveness of the study intervention, oral methotrexate was
selected over subcutaneous administration. The oral dose selected
was based on pharmacokinetic modeling of this regimen per-
formed as described by Ogungbenro and Aarons.46 An oral dose
of 0.4 mg/kg had similar pharmacokinetic properties to the subcu-
taneous dose (Figure S3), and the total weekly dose in infants is
similar to the maximum licensed dose for children with inflamma-
tory arthritis (25 mg/m2).47

The primary outcome measure was anti-laronidase IgG antibody ti-
ters. Samples were collected at baseline (pre- ERT), week 4 of ERT,
week 8 of ERT, immediately pre-HSCT, and 12 weeks post-HSCT.
Additional outcome measures were anti-laronidase IgM titers, uri-
nary GAGs, HS and DS in urine and serum, and T cell immunophe-
notyping. TEAEs were recorded throughout the study, though after
the commencement of conditioning therapy for HSCT only TEAEs
considered related tomethotrexate were recorded (any serious TEAEs
were recorded).
Molecul
Anti-laronidase IgG and IgM Detection in Patient Serum by

ELISA

Serum anti-laronidase IgG antibody titers were measured by the
sandwich ELISA method described by Saif et al.11 Briefly, 96-well
enzyme immunoassay (EIA) plates were coated with 5 mg/mL lar-
onidase (recombinant a-iduronidase; Genzyme, Cambridge, MA)
diluted in coating buffer (1 M NaHCO3 [pH 8.5]) overnight and
blocked with blocking buffer containing 1% human serum albu-
min. Plates were washed three times with washing buffer PBS
(Sigma-Aldrich, Gillingham, UK; 0.1% Tween), and 50 mL patient
serum (in 2-fold serial dilutions) was added in duplicate. Plates
were washed three times and incubated with either horseradish
peroxidase-conjugated goat anti-human IgG antibody (Invitrogen,
Camarillo, CA) at 1:5,000 dilution for 1 h or horseradish peroxi-
dase-conjugated anti-human IgM antibody (Abcam, Cambridge,
UK) at 1:20,000 dilution for 1 h. Plates were washed again and
incubated with o-Phenylenediamine dihydrochloride substrate
(Sigma-Aldrich, Gillingham, UK) for 10 min, and the reaction
stopped with 2.5 M H2SO4. Plates were read immediately at
492 nm to determine the maximum absorbance and at 570 nm
to correct for measurement errors. Anti-laronidase antibody titers
were determined by defining a cutoff value in the dilution series by
comparison of a patient sample to normal serum using the
following formula:

cutoff value = ðmean absorbance of patient sample � SDÞ
� ðmean absorbance of normal serum + 2 � SDÞ

Cellular Uptake Inhibition by Patient or Mouse Serum

Measurement of antibody-mediated inhibition of cellular uptake of
enzyme was performed by the method described by Saif et al.11

MPS I fibroblasts (MPS I-A171) from a patient with Hurler syn-
drome were maintained in culture medium (DMEM, 10% fetal
bovine serum [FBS], and 1% glutamine; all from Sigma-Aldrich,
Gillingham, UK) at 37�C and 5% CO2. Six-well culture plates
were seeded with fibroblasts at 1.5 � 106 cells/well and grown to
95% confluence. Laronidase was diluted in culture medium to a
concentration of 100 ng/mL. Serum samples at a volume of
10 mL were added to 1,000 mL diluted enzyme and incubated for
2 h at room temperature. The culture medium was replaced with
the enzyme-serum mix and incubated for 1 h at 37�C and 5%
CO2. Cells were washed with PBS and harvested, further washed,
and resuspended in homogenization buffer (0.5 M NaCl and
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 329
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0.02 M Tris [pH 7–7.5]). Following one freeze-thaw cycle, cells
were sonicated at 5-mm amplitude and centrifuged at 2,045 � g
for 10 min.

Enzyme activity was measured in cell lysates by a functional assay
using 4-methylumbelliferyl-a-L-iduronide substrate (Glycosynth,
Warrington, UK), adapted from the method described by Stirling
et al.48 20 mL cell lysate was added in duplicate to black 96-wel plates
with 20 mL 4-methylumbelliferyl-a-L-iduronide (4-MU) substrate (in
substrate buffer, 0.4 M formate [pH 3.5] and 0.9% NaCl) and incu-
bated for 1 h at 37�C in the dark. Enzyme activity was calculated by
comparison to a standard curve constructed using serial dilutions
of 4-MU fluorescent standard and stop solution (0.2 M NaCO3 and
0.2 M NaHCO3 in a 1:2 ratio [pH 9.5]). Enzyme activity measure-
ments were corrected retrospectively for protein concentration in
cell lysates performed by bicinchoninic acid assay (Thermo Fisher
Scientific, Waltham, MA).

The percentage inhibition of cellular uptake inhibition (corrected for
100 mg lysate) was calculated as follows:
% inhibition = 100� 100� enzyme activity of lysate incubated with enzyme in the presence of patient serum
enzyme activity of lysate incubated with enzyme only
Flow Cytometry Analysis of Patient PBMCs

T cell immunophenotyping was performed by flow cytometry on
thawed peripheral blood mononuclear cells (PBMCs). PBMCs were
isolated by Ficoll density gradient centrifugation of peripheral venous
blood using Leucosep tubes (Greiner) and Histopaue-1077 (Sigma-
Aldrich), as per the manufacturer’s instructions. PBMCs were washed
in PBS and resuspended in freezing medium (RPMI 1640 50%, 40%
FBS, and 10% dimethyl sulfoxide), at a concentration of 10 � 106

cells/mL, before storage at�80�C. For immunophenotyping, PBMCs
were thawed and washed in PBS twice before surface markers were
labeled with the following: Zombie UV Live/Dead, CD3-AF700,
CD14-APCCy7, CD19-APCCy7, HLA-DR-APCCy7, TCRgd-
PECF594, CD4-PB, CD127-BV785, CD25-PE (BioLegend, San
Diego, CA), and CD56-PECy7 (eBioscience, San Diego, CA). Details
of antibody clones and concentrations are given in Table S1.

After surface staining, PBMCs were fixed and permeabilized using
BioLegend FoxP3 Fixation/Permeabilization Buffer set and stained
with FoxP3-fluorescein isothiocyanate (FITC) (eBioscience, San
Diego, CA). Cells were then washed with permeabilization buffer
before immediate acquisition on a BD LSRFortessa instrument (BD
Biosciences, San Jose, CA). At least 1 � 106 cells were acquired per
sample. Voltage settings were standardized using single-stain positive
and negative controls prepared using compensation beads (Comp-
Beads, BD Biosciences). Samples were analyzed using FlowJo (version
10.3, FlowJo, Ashland, OR), and gating to determine percentage
330 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
positive expression was determined using the fluorescence-minus-
one principle.

Urine GAG and DS:CS Ratio Analysis in Patient Samples

Urine GAGs were measured using the dimethylmethylene blue
(DMB) assay based on the method first described by de Jong et al.49

Urine samples or standards were mixed with DMB solution
(Sigma-Aldrich), and absorbance was measured at 520 nm. As
described by Whiteman,50 two-dimensional electrophoresis of ex-
tracted glycosaminoglycans was performed on cellulose-acetate strips
followed by staining with Alcian blue and washing. The DS:CS ratio
was estimated based on the size and density of spots, as described by
Church et al.51

HS and DS Analysis in Patient Serum and Urine

Concentrations of HS and DS in serum and urine were measured
using the methods previously described by de Ru et al.52 and Langer-
eis et al.10 HS and DS disaccharides were prepared by enzymatic
digest and quantitated by high-performance liquid chromatog-
raphy-tandem mass spectrometry (HPLC-MS/MS) analysis.
Monoclonal Antibody Production

Some groups received non-depleting monoclonal antibodies that
block CD4 (YTS177) and/or CD8 (YTS105), which were produced
from hybridoma cell lines that were kindly provided by professor
H. Waldmann, with protocol that was modified25,35 from Honey
et al.53 Briefly, cells were cultured in Iscove’s modified Dulbecco’s me-
dium (IMDM, Sigma-Aldrich, Gillingham, UK) with 5% FBS inside
CELLine CL1000 flasks (Integra, Chur, Switzerland). The cell super-
natant that contains the desired monoclonal antibody was harvested
and purified using fractionated ammonium sulfate precipitation. Pu-
rified monoclonal antibody solutions were dialysed into PBS, concen-
trated using VivaSpin centrifugal concentration columns (Sartorius
Stedim Biotech, Göttingen, Germany), and the final concentration
of the monoclonal antibody was measured using Nanodrop at an
absorbance of 180 nm. The purity and denaturation of the mono-
clonal antibody was tested by SDS and native PAGE. The endotoxin
level of monoclonal antibody was measured using Pierce LAL Chro-
mogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, Wal-
tham, MA, USA), according to the manufacturer’s instructions.

MPS I Mouse Model

All procedures and mouse maintenance were carried out in accor-
dance with UK Home Office regulations and guidelines in the
Animals (Scientific Procedures) Act 1986 under project license
P0C3AEEB0 held by B.W.B. B6.129-Iduatm1Clk/J mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA); the mutants
019
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(Idua�/�) were produced by targeted disruption of murine Idua gene
using homologous recombination in embryonic stem cells.54 The
mouse colony was maintained by inbreeding heterozygous mice on
a C57BL/6 background. They were housed in a 12-h light-dark cycle
in individually ventilated cages, with constant temperature control
(21�C) and food and water supplied ad libitum.

ERT and Immune Tolerance Induction Regimens for MPS I Mice

Laronidase was delivered to MPS I mice intravenously weekly
through the lateral tail vein, at a clinical dose of 0.58 mg/kg in 0.9%
sterile saline.

For the methotrexate dose optimization experiment, MPS I mice
(n = 3 each, 12–16 weeks old) received weekly laronidase for 3 weeks
and either one or three cycles of methotrexate at 0.5–16 mg/kg
(Calbiochem, San Diego, CA, USA) via intraperitoneal (i.p.) injection.
A group of MPS I mice (n = 3) that received laronidase only was
included as a positive control. Blood samples were taken from all
mice on days 0, 13, and 28 for antibody analysis. Mice were euthanized
on day 42.

For all other immune tolerance induction studies, all MPS Imice from
treated groups (n = 8 per group, mixed sex) received weekly laroni-
dase on weeks 1–6 and 8–10. On week 7, laronidase was diluted in
25 mL Sigma Adjuvant System (Sigma-Aldrich, Gillingham, UK)
with 0.9% saline and delivered to the mice subcutaneously. MPS I
mice from the first sets of immune tolerance induction regimen-
treated groups received methotrexate (5 mg/kg) and/or 1 mg each
of anti-CD4 and anti-CD8 monoclonal antibodies at 0, 24, and
48 h after the first dose of laronidase. MPS I mice from the second
sets of immune tolerance induction regimen received either 1 mg
anti-CD4 monoclonal antibody or 1 mg anti-CD8 monoclonal anti-
body at 0, 24, and 48 h after the first dose of laronidase and 0, 24,
and 48 h after receiving the adjuvant stimulation. A group of un-
treated MPS I mice (n = 8) was used as a negative control. Blood sam-
ples were only taken from mice on days 0, 27, and 70 for antibody
analysis; a blood sampling point on day 42 was added later for moni-
toring purposes as the experiment progressed. Mice were euthanized
on day 70.

Anti-laronidase IgG in Mouse Serum by ELISA

Serum IgG anti-laronidase antibody levels were determined using a
sandwich ELISA. Briefly, EIA plates were coated with 5 mg/mL laro-
nidase diluted in coating buffer (0.1 M NaHCO3 [pH 8.5]) overnight
at 4�C. Plates were washed with wash buffer (PBS and 0.1% Tween)
and blocked with blocking buffer (1% BSA, 0.02 M Tris/HCl, and
0.25 M NaCl) for 1 h at room temperature. The mouse anti-human
IDUA antibody (antibodies-online.com, Aachen, Germany), stan-
dards, and the serum samples were diluted in dilution buffer
(0.05% Tween and 0.01% BSA in PBS). Plates were washed; standards
and serum samples were applied to the plate in duplicate for 1 h at
room temperature. Plates were washed and incubated with bio-
tinylated goat anti-mouse IgG antibody (Vector Laboratories, Peter-
borough, UK) at 5 mg/mL for 1 h at room temperature. The plates
Molecul
were washed and then incubated with Vectastain ABC kit (Vector
Laboratories, Peterborough, UK) for 30 min at room temperature,
before incubating in 3,3’,5,5’-tetramethylbenzidine (TMB) substrate
(Thermo Fisher Scientific, Waltham, MA, USA) for exactly 3 min.
2.5 M H2SO4 was added to the plate to stop the reaction. Light absor-
bance was read at 450 nm to determine the maximum absorbance and
at 570 nm to correct for measurement errors. The anti-laronidase IgG
antibody concentrations of the serum samples were determined using
the standard curve.

Flow Cytometry Analysis Splenocytes in MPS I Mice

T cell populations were accessed using flow cytometry using spleen
samples harvested at endpoint. Single-cell suspensions of splenocytes
were prepared, blocked (2% FBS and 5% mouse serum in PBS), and
stained with anti-mouse CD4-FITC and anti-mouse CD25-antigen-
presenting cell (APC)-Cy7. Surface-stained cells were fixed and per-
meabilized using BioLegend FoxP3 Fixation/Permeabilization Buffer
Set and stained with anti-mouse FoxP3-PE (BioLegend, San Diego,
CA, USA). Cells were washed with permeabilization buffer before
acquisition on a BD FACS Canto II flow cytometer (BD Biosciences,
San Jose, CA, USA). Acquired data were analyzed using FlowJo
version 10.3.

Statistics

Statistical analysis was performed using GraphPad Prism 7 software
(La Jolla, CA, USA). In the immune tolerance induction with meth-
otrexate in Hurler syndrome study, statistical analysis of biomarkers
and regulatory T populations was performed using non-parametric
repeated-measures analysis (Friedman), followed by Dunn’s multiple
comparisons test. Missing values were imputed using a last-observa-
tion-carried-forward method. For investigation of immune tolerance
induction regimens in the MPS I mouse model, one-way or two-way
ANOVAs were performed for multi-group analysis, followed by
Tukey’s multi-comparisons test. Significance was set at p < 0.05.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.omtm.2019.02.007.

AUTHOR CONTRIBUTIONS
A. Ghosh, S.A.J., and B.W.B. conceived and designed the clinical trial.
A. Ghosh, J.M., and S.A.J. conducted the trial, and analyses were per-
formed by A. Ghosh except for GAG analysis, which was performed
by K.T., and immunophenotyping, which was performed by A.
Ghosh and A. Goenka. A.L., R.H., and B.W.B. conceived the study
in the mouse model, and experiments were performed by A.L. and
C.O. The manuscript was written by A. Ghosh and A.L. and was crit-
ically reviewed by all contributing authors.

CONFLICTS OF INTEREST
A. Ghosh declares travel assistance from Biomarin Pharmaceutical
and honoraria from Alexion Pharmaceuticals, unrelated to this
work. S.A.J. declares consultancy for Genzyme, Shire, Alexion
Pharmaceuticals, Orchard Therapeutics, Denali Therapeutics, and
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 331

http://antibodies-online.com
https://doi.org/10.1016/j.omtm.2019.02.007
https://doi.org/10.1016/j.omtm.2019.02.007
http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
Ultragenyx Pharmaceutical, unrelated to this work. B.W.B. declares
shareholding and SAB membership in Orchard Therapeutics and
Phoenix Nest unrelated to this work. All other authors have no con-
flicts to disclose.

ACKNOWLEDGMENTS
This work was funded by a grant from the UK MPS Society.

REFERENCES
1. Muenzer, J., Wraith, J.E., and Clarke, L.A.; International Consensus Panel

on Management and Treatment of Mucopolysaccharidosis I (2009).
Mucopolysaccharidosis I: management and treatment guidelines. Pediatrics
123, 19–29.

2. de Ru, M.H., Boelens, J.J., Das, A.M., Jones, S.A., van der Lee, J.H., Mahlaoui, N.,
Mengel, E., Offringa, M., O’Meara, A., Parini, R., et al. (2011). Enzyme replacement
therapy and/or hematopoietic stem cell transplantation at diagnosis in patients with
mucopolysaccharidosis type I: results of a European consensus procedure. Orphanet
J. Rare Dis. 6, 55.

3. Wynn, R.F., Mercer, J., Page, J., Carr, T.F., Jones, S., and Wraith, J.E. (2009). Use of
enzyme replacement therapy (Laronidase) before hematopoietic stem cell transplan-
tation for mucopolysaccharidosis I: experience in 18 patients. J. Pediatr. 154, 135–139.

4. Wiseman, D.H., Mercer, J., Tylee, K., Malaiya, N., Bonney, D.K., Jones, S.A., Wraith,
J.E., and Wynn, R.F. (2013). Management of mucopolysaccharidosis type IH
(Hurler’s syndrome) presenting in infancy with severe dilated cardiomyopathy: a
single institution’s experience. J. Inherit. Metab. Dis. 36, 263–270.

5. Ghosh, A., Miller, W., Orchard, P.J., Jones, S.A., Mercer, J., Church, H.J., Tylee, K.,
Lund, T., Bigger, B.W., Tolar, J., andWynn, R.F. (2016). Enzyme replacement therapy
prior to haematopoietic stem cell transplantation in Mucopolysaccharidosis Type I:
10 year combined experience of 2 centres. Mol. Genet. Metab. 117, 373–377.

6. Kishnani, P.S., Dickson, P.I., Muldowney, L., Lee, J.J., Rosenberg, A., Abichandani, R.,
Bluestone, J.A., Burton, B.K., Dewey, M., Freitas, A., et al. (2016). Immune response
to enzyme replacement therapies in lysosomal storage diseases and the role of
immune tolerance induction. Mol. Genet. Metab. 117, 66–83.

7. Broomfield, A., Jones, S.A., Hughes, S.M., and Bigger, B.W. (2016). The impact of the
immune system on the safety and efficiency of enzyme replacement therapy in
lysosomal storage disorders. J. Inherit. Metab. Dis. 39, 499–512.

8. Dickson, P., Peinovich, M., McEntee, M., Lester, T., Le, S., Krieger, A., Manuel, H.,
Jabagat, C., Passage, M., and Kakkis, E.D. (2008). Immune tolerance improves the
efficacy of enzyme replacement therapy in canine mucopolysaccharidosis I. J. Clin.
Invest. 118, 2868–2876.

9. Dickson, P.I., Ellinwood, N.M., Brown, J.R., Witt, R.G., Le, S.Q., Passage, M.B., Vera,
M.U., and Crawford, B.E. (2012). Specific antibody titer alters the effectiveness of
intrathecal enzyme replacement therapy in canine mucopolysaccharidosis I. Mol.
Genet. Metab. 106, 68–72.

10. Langereis, E.J., van Vlies, N., Church, H.J., Geskus, R.B., Hollak, C.E.M., Jones, S.A.,
Kulik, W., van Lenthe, H., Mercer, J., Schreider, L., et al. (2015). Biomarker responses
correlate with antibody status in mucopolysaccharidosis type I patients on long-term
enzyme replacement therapy. Mol. Genet. Metab. 114, 129–137.

11. Saif, M.A., Bigger, B.W., Brookes, K.E., Mercer, J., Tylee, K.L., Church, H.J., Bonney,
D.K., Jones, S.,Wraith, J.E., andWynn, R.F. (2012). Hematopoietic stem cell transplan-
tation improves the high incidence of neutralizing allo-antibodies observed in Hurler’s
syndrome after pharmacological enzyme replacement therapy. Haematologica 97,
1320–1328.

12. Pal, A.R., Langereis, E.J., Saif, M.A., Mercer, J., Church, H.J., Tylee, K.L., Wynn, R.F.,
Wijburg, F.A., Jones, S.A., Bruce, I.A., and Bigger, B.W. (2015). Sleep disordered
breathing in mucopolysaccharidosis I: a multivariate analysis of patient, therapeutic
and metabolic correlators modifying long term clinical outcome. Orphanet J. Rare
Dis. 10, 42.

13. Laraway, S., Mercer, J., Jameson, E., Ashworth, J., Hensman, P., and Jones, S.A.
(2016). Outcomes of Long-Term Treatment with Laronidase in Patients with
Mucopolysaccharidosis Type. I. J. Pediatr. 178, 219–226.e1.
332 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
14. Giugliani, R., Vieira, T.A., Carvalho, C.G., Muñoz-Rojas, M.V., Semyachkina, A.N.,
Voinova, V.Y., Richards, S., Cox, G.F., and Xue, Y. (2017). Immune tolerance induc-
tion for laronidase treatment in mucopolysaccharidosis I. Mol. Genet. Metab. Rep. 10,
61–66.

15. Banugaria, S.G., Prater, S.N., Patel, T.T., Dearmey, S.M., Milleson, C., Sheets, K.B.,
Bali, D.S., Rehder, C.W., Raiman, J.A., Wang, R.A., et al. (2013). Algorithm for the
early diagnosis and treatment of patients with cross reactive immunologic mate-
rial-negative classic infantile pompe disease: a step towards improving the efficacy
of ERT. PLoS ONE 8, e67052.

16. Broomfield, A., Fletcher, J., Davison, J., Finnegan, N., Fenton, M., Chikermane, A.,
Beesley, C., Harvey, K., Cullen, E., Stewart, C., et al. (2016). Response of 33 UK
patients with infantile-onset Pompe disease to enzyme replacement therapy.
J. Inherit. Metab. Dis. 39, 261–271.

17. Banugaria, S.G., Prater, S.N., Ng, Y.K., Kobori, J.A., Finkel, R.S., Ladda, R.L., Chen,
Y.T., Rosenberg, A.S., and Kishnani, P.S. (2011). The impact of antibodies on clinical
outcomes in diseases treated with therapeutic protein: lessons learned from infantile
Pompe disease. Genet. Med. 13, 729–736.

18. Tian, H., and Cronstein, B.N. (2007). Understanding the mechanisms of action of
methotrexate: implications for the treatment of rheumatoid arthritis. Bull. NYU
Hosp. Jt. Dis. 65, 168–173.

19. Joly, M.S., Martin, R.P., Mitra-Kaushik, S., Phillips, L., D’Angona, A., Richards, S.M.,
and Joseph, A.M. (2014). Transient low-dose methotrexate generates B regulatory
cells that mediate antigen-specific tolerance to alglucosidase alfa. J. Immunol. 193,
3947–3958.

20. Joseph, A., Munroe, K., Housman, M., Garman, R., and Richards, S. (2008). Immune
tolerance induction to enzyme-replacement therapy by co-administration of short-
term, low-dose methotrexate in a murine Pompe disease model. Clin. Exp.
Immunol. 152, 138–146.

21. Kazi, Z.B., Desai, A.K., Erwin, A., Makris, C., Troxler, B., Kronn, D., Packman, S.,
Sabbadini, M., Nuoffer, J.M., Weisfeld-Adams, J.D., et al. (2016). Prophylactic im-
mune modulation in infantile Pompe disease using low-dose methotrexate induction:
A safe, inexpensive, widely accessible, and efficacious strategy. Mol. Genet. Metab.
117, S65–S66.

22. Desai, A.K., Kazi, Z.B., Erwin, A., Troxler, B., Kronn, D., Packman, S., Sabbadini, M.,
Nuoffer, J.M., Weisfield-Adams, J., Rizzo, W., et al. (2018). An immune tolerance
approach using methotrexate in the naïve setting of patients treated with a therapeu-
tic protein: Experience in infantile Pompe disease. Mol. Genet. Metab. 123, S38.

23. Palomares, O., Martín-Fontecha, M., Lauener, R., Traidl-Hoffmann, C., Cavkaytar,
O., Akdis, M., and Akdis, C.A. (2014). Regulatory T cells and immune regulation
of allergic diseases: roles of IL-10 and TGF-b. Genes Immun. 15, 511–520.

24. Waldmann, H., Adams, E., Fairchild, P., and Cobbold, S. (2006). Infectious tolerance
and the long-term acceptance of transplanted tissue. Immunol. Rev. 212, 301–313.

25. Langford-Smith, K.J., Sandiford, Z., Langford-Smith, A., Wilkinson, F.L., Jones, S.A.,
Wraith, J.E., Wynn, R.F., and Bigger, B.W. (2013). Signal one and two blockade are
both critical for non-myeloablative murine HSCT across a major histocompatibility
complex barrier. PLoS ONE 8, e77632.

26. Kakkis, E., Lester, T., Yang, R., Tanaka, C., Anand, V., Lemontt, J., Peinovich, M., and
Passage, M. (2004). Successful induction of immune tolerance to enzyme replacement
therapy in canine mucopolysaccharidosis I. Proc. Natl. Acad. Sci. USA 101, 829–834.

27. Kishnani, P.S., Goldenberg, P.C., DeArmey, S.L., Heller, J., Benjamin, D., Young, S.,
Bali, D., Smith, S.A., Li, J.S., Mandel, H., et al. (2010). Cross-reactive immunologic
material status affects treatment outcomes in Pompe disease infants. Mol. Genet.
Metab. 99, 26–33.

28. Wraith, J.E., Beck, M., Lane, R., van der Ploeg, A., Shapiro, E., Xue, Y., Kakkis, E.D.,
and Guffon, N. (2007). Enzyme replacement therapy in patients who have mucopo-
lysaccharidosis I and are younger than 5 years: results of a multinational study of
recombinant human alpha-L-iduronidase (laronidase). Pediatrics 120, e37–e46.

29. Sugawara, K., Saito, S., Ohno, K., Okuyama, T., and Sakuraba, H. (2008). Structural
study on mutant alpha-L-iduronidases: insight into mucopolysaccharidosis type I.
J. Hum. Genet. 53, 467–474.

30. Lee-Chen, G.J., Lin, S.P., Chen, I.S., Chang, J.H., Yang, C.W., and Chin, Y.W. (2002).
Mucopolysaccharidosis type I: Identification and characterization of mutations
affecting alpha-L-iduronidase activity. J. Formos. Med. Assoc. 101, 425–428.
019

http://refhub.elsevier.com/S2329-0501(19)30024-5/sref1
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref1
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref1
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref1
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref2
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref2
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref2
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref2
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref2
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref3
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref3
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref3
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref4
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref4
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref4
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref4
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref5
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref5
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref5
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref5
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref6
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref6
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref6
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref6
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref7
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref7
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref7
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref8
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref8
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref8
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref8
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref9
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref9
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref9
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref9
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref10
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref10
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref10
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref10
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref11
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref11
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref11
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref11
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref11
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref12
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref12
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref12
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref12
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref12
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref13
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref13
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref13
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref14
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref14
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref14
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref14
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref15
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref15
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref15
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref15
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref15
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref16
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref16
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref16
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref16
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref17
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref17
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref17
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref17
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref18
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref18
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref18
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref19
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref19
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref19
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref19
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref20
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref20
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref20
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref20
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref21
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref21
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref21
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref21
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref21
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref22
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref22
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref22
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref22
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref23
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref23
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref23
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref24
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref24
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref25
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref25
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref25
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref25
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref26
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref26
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref26
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref27
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref27
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref27
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref27
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref28
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref28
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref28
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref28
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref29
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref29
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref29
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref30
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref30
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref30


www.moleculartherapy.org
31. Oussoren, E., Keulemans, J., van Diggelen, O.P., Oemardien, L.F., Timmermans, R.G.,
van der Ploeg, A.T., and Ruijter, G.J. (2013). Residual a-L-iduronidase activity in fi-
broblasts of mild to severe Mucopolysaccharidosis type I patients. Mol. Genet. Metab.
109, 377–381.

32. Muenzer, J., Beck, M., Eng, C.M., Giugliani, R., Harmatz, P., Martin, R., Ramaswami,
U., Vellodi, A., Wraith, J.E., Cleary, M., et al. (2011). Long-term, open-labeled exten-
sion study of idursulfase in the treatment of Hunter syndrome. Genet. Med. 13,
95–101.

33. Clarke, L.A., Hemmelgarn, H., Colobong, K., Thomas, A., Stockler, S., Casey, R.,
Chan, A., Fernoff, P., and Mitchell, J. (2012). Longitudinal observations of serum
heparin cofactor II-thrombin complex in treated Mucopolysaccharidosis I and II
patients. J. Inherit. Metab. Dis. 35, 355–362.

34. Jones, S.A., AlSayed, M., Broomfield, A.A.,White, F., Roberts, J., Vijay, S.,Wu, H.Y.T.,
De Las Heras, J., Church, H.J., Van Spronsen, F.J., et al. (2018). Management guide-
lines for infantile onset lysosomal acid lipase deficiency (LALD). Mol. Genet.
Metab. 123, S72–S73.

35. Qin, S.X., Wise, M., Cobbold, S.P., Leong, L., Kong, Y.C., Parnes, J.R., Jr., and
Waldmann, H. (1990). Induction of tolerance in peripheral T cells with monoclonal
antibodies. Eur. J. Immunol. 20, 2737–2745.

36. Salooja, N., Kemball-Cook, G., Tuddenham, E.G., and Dyson, J. (2002). Use of a
non-depleting anti-CD4 antibody to modulate the immune response to coagulation
factors VIII and IX. Br. J. Haematol. 118, 839–842.

37. Sun, B., Banugaria, S.G., Prater, S.N., Patel, T.T., Fredrickson, K., Ringler, D.J., de
Fougerolles, A., Rosenberg, A.S., Waldmann, H., and Kishnani, P.S. (2014). Non-
depleting anti-CD4 monoclonal antibody induces immune tolerance to ERT in a
murine model of Pompe disease. Mol. Genet. Metab. Rep. 1, 446–450.

38. Cobbold, S.P., Castejon, R., Adams, E., Zelenika, D., Graca, L., Humm, S., and
Waldmann, H. (2004). Induction of foxP3+ Regulatory T Cells in the Periphery of
T Cell Receptor Transgenic Mice Tolerized to Transplants. J. Immunol. 172, 6003–
6010.

39. Kendal, A.R., Chen, Y., Regateiro, F.S., Ma, J., Adams, E., Cobbold, S.P., Hori, S., and
Waldmann, H. (2011). Sustained suppression by Foxp3+ regulatory T cells is vital for
infectious transplantation tolerance. J. Exp. Med. 208, 2043–2053.

40. Mayer, C.T., Huntenburg, J., Nandan, A., Schmitt, E., Czeloth, N., and Sparwasser, T.
(2013). CD4 blockade directly inhibits mouse and human CD4(+) T cell functions
independent of Foxp3(+) Tregs. J. Autoimmun. 47, 73–82.

41. Mayer, C.T., Tian, L., Hesse, C., Kühl, A.A., Swallow, M., Kruse, F., Thiele, M.,
Gershwin, M.E., Liston, A., and Sparwasser, T. (2014). Anti-CD4 treatment inhibits
autoimmunity in scurfy mice through the attenuation of co-stimulatory signals.
J. Autoimmun. 50, 23–32.

42. Nagahama, K., Fehervari, Z., Oida, T., Yamaguchi, T., Ogawa, O., and Sakaguchi, S.
(2009). Differential control of allo-antigen-specific regulatory T cells and effector
Molecul
T cells by anti-CD4 and other agents in establishing transplantation tolerance. Int.
Immunol. 21, 379–391.

43. Bushell, A., Jones, E., Gallimore, A., and Wood, K. (2005). The generation of CD25+
CD4+ regulatory T cells that prevent allograft rejection does not compromise immu-
nity to a viral pathogen. J. Immunol. 174, 3290–3297.

44. Duarte, J., Agua-Doce, A., Oliveira, V.G., Fonseca, J.E., and Graca, L. (2010).
Modulation of IL-17 and Foxp3 expression in the prevention of autoimmune arthritis
in mice. PLoS ONE 5, e10558.

45. König, M., Rharbaoui, F., Aigner, S., Dälken, B., and Schüttrumpf, J. (2016).
Tregalizumab - A Monoclonal Antibody to Target Regulatory T Cells. Front.
Immunol. 7, 11.

46. Ogungbenro, K., and Aarons, L.; CRESim & Epi-CRESim Project Groups (2014).
Physiologically based pharmacokinetic modelling of methotrexate and 6-mercaptopu-
rine in adults and children. Part 1: methotrexate. J. Pharmacokinet. Pharmacodyn. 41,
159–171.

47. National Institute for Health and Care Excellence (NICE) (2018). Methotrexate:
British National Formulary for Children. https://www.nice.org.uk/bnf-bnfc-uk-only.

48. Stirling, J.L., Robinson, D., Fensom, A.H., Benson, P.F., Baker, J.E., and Button, L.R.
(1979). Prenatal diagnosis of two Hurler fetuses using an improved assay for meth-
ylumbelliferyl-alpha-L-iduronidase. Lancet 2, 37.

49. de Jong, J.G., Wevers, R.A., Laarakkers, C., and Poorthuis, B.J. (1989).
Dimethylmethylene blue-based spectrophotometry of glycosaminoglycans in un-
treated urine: a rapid screening procedure for mucopolysaccharidoses. Clin. Chem.
35, 1472–1477.

50. Whiteman, P. (1973). Prenatal diagnosis of mucopolysaccharidoses. Lancet 1, 1249.

51. Church, H., Tylee, K., Cooper, A., Thornley, M., Mercer, J., Wraith, E., Carr, T.,
O’Meara, A., and Wynn, R.F. (2007). Biochemical monitoring after haemopoietic
stem cell transplant for Hurler syndrome (MPSIH): implications for functional
outcome after transplant inmetabolic disease. BoneMarrow Transplant. 39, 207–210.

52. de Ru, M.H., van der Tol, L., van Vlies, N., Bigger, B.W., Hollak, C.E., Ijlst, L., Kulik,
W., van Lenthe, H., Saif, M.A., Wagemans, T., et al. (2013). Plasma and urinary levels
of dermatan sulfate and heparan sulfate derived disaccharides after long-term
enzyme replacement therapy (ERT) in MPS I: correlation with the timing of ERT
and with total urinary excretion of glycosaminoglycans. J. Inherit. Metab. Dis. 36,
247–255.

53. Honey, K., Cobbold, S.P., and Waldmann, H. (1999). CD40 ligand blockade induces
CD4+ T cell tolerance and linked suppression. J. Immunol. 163, 4805–4810.

54. Clarke, L.A., Russell, C.S., Pownall, S., Warrington, C.L., Borowski, A., Dimmick, J.E.,
Toone, J., and Jirik, F.R. (1997). Murine mucopolysaccharidosis type I: targeted
disruption of the murine a-L-iduronidase gene. Hum. Mol. Genet. 6, 503–511.
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 333

http://refhub.elsevier.com/S2329-0501(19)30024-5/sref31
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref31
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref31
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref31
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref32
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref32
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref32
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref32
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref33
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref33
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref33
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref33
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref34
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref34
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref34
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref34
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref35
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref35
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref35
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref36
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref36
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref36
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref37
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref37
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref37
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref37
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref38
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref38
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref38
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref38
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref39
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref39
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref39
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref40
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref40
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref40
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref41
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref41
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref41
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref41
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref42
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref42
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref42
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref42
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref43
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref43
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref43
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref44
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref44
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref44
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref45
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref45
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref45
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref46
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref46
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref46
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref46
https://www.nice.org.uk/bnf-bnfc-uk-only
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref48
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref48
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref48
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref49
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref49
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref49
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref49
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref50
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref51
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref51
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref51
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref51
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref52
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref52
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref52
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref52
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref52
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref52
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref53
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref53
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref54
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref54
http://refhub.elsevier.com/S2329-0501(19)30024-5/sref54
http://www.moleculartherapy.org

	Strategies for the Induction of Immune Tolerance to Enzyme Replacement Therapy in Mucopolysaccharidosis Type I
	Introduction
	Results
	Low-Dose, Short-Course Oral Methotrexate Monotherapy in MPS IH Patients
	Methotrexate Is Well Tolerated and Not Associated with Significant Adverse Effects
	Anti-laronidase IgG Antibodies, IgM Antibodies, and Cellular Uptake Inhibition in MPS I Patients Treated with Methotrexate
	Biomarker Response to Laronidase and Regulatory T Cell Populations

	Immune Tolerance Induction Strategies in an MPS I Mouse Model
	Methotrexate Reduces Antibody Responses to ERT in MPS I Mice in the Short Term
	Combined Treatment with Anti-CD4 and Anti-CD8 Monoclonal Antibodies, but Not Methotrexate, Reduces Antibody Responses to ER ...
	Two Cycles of Anti-CD4 Monoclonal Antibody Counteract the Anti-laronidase Antibody Responses Raised by the Adjuvant
	Only Two Cycles of Anti-CD4 Monoclonal Antibodies Are Able to Completely Eradicate Antibodies Inhibiting the Cellular Uptak ...
	CD4 and Regulatory T Cell Populations in MPS I Mice


	Discussion
	Materials and Methods
	Methotrexate Monotherapy in MPS IH Patients: Immune Tolerance Induction with Methotrexate in Hurler Syndrome Trial Design
	Anti-laronidase IgG and IgM Detection in Patient Serum by ELISA
	Cellular Uptake Inhibition by Patient or Mouse Serum
	Flow Cytometry Analysis of Patient PBMCs
	Urine GAG and DS:CS Ratio Analysis in Patient Samples
	HS and DS Analysis in Patient Serum and Urine
	Monoclonal Antibody Production
	MPS I Mouse Model
	ERT and Immune Tolerance Induction Regimens for MPS I Mice

	Anti-laronidase IgG in Mouse Serum by ELISA
	Flow Cytometry Analysis Splenocytes in MPS I Mice
	Statistics

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


