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Abstract
Intrathecal enzyme replacement therapy is an experimental option to treat central nervous system
disease due to lysosomal storage. Previous work shows that MPS I dogs receiving enzyme
replacement with recombinant human alpha-L-iduronidase into the cisterna magna showed normal
brain glycosaminoglycan (GAG) storage after three or four doses. We analyzed MPS I dogs that
received intrathecal enzyme in a previous study using an assay that detects only pathologic GAG
(pGAG). To quantify pGAG in MPS I, the assay measures only those GAG which display
terminal iduronic acid residues on their non-reducing ends. Mean cortical brain pGAG in six
untreated MPS I dogs was 60.9 ± 5.93 pmol per mg wet weight, and was 3.83 ± 2.64 in eight
normal or unaffected carrier animals (p<0.001). Intrathecal enzyme replacement significantly
reduced pGAG storage in all treated animals. Dogs with low anti-iduronidase antibody titers
showed normalization or near-normalization of pGAG in the brain (mean 8.17 ± 6.17, n=7), while
in dogs with higher titers, pGAG was reduced but not normal (mean 21.9 ± 6.02, n=4). Intrathecal
enzyme therapy also led to a mean 69% reduction in cerebrospinal fluid pGAG (from 83.8 ± 26.3
to 27.2 ± 12.3 pmol/ml CSF). The effect was measurable one month after each dose and did not
differ with antibody titer. Prevention of the immune response to enzyme may improve the efficacy
of intrathecal enzyme replacement therapy for brain disease due to MPS I.
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1. Introduction
Mucopolysaccharidosis I (MPS I) is a lysosomal storage disorder that causes accumulation
of glycosaminoglycans (GAG) throughout the body and central nervous system, causing
disease [1]. Though both hematopoietic stem cell transplantation and intravenous enzyme
replacement therapy with recombinant human alpha-L-iduronidase (rhIDU, EC 3.2.1.76) are
clinically used for patients, these treatments do not completely address CNS manifestations
of MPS I. Intravenous enzyme replacement therapy is hindered by the blood-brain barrier,
which prevents at least the bulk of the protein from accessing the CNS. Hematopoietic stem
cell transplantation can result in prevention or stabilization of CNS disease in MPS I
patients, due mostly to the ability of donor cells to enter the brain, become neurons and glial
cells, and secrete enzyme [2–4]. However, patients must be transplanted before significant
CNS disease has occurred, and even then learning disabilities may persist [5].

Intrathecal (IT) enzyme replacement therapy administered into the cisterna magna of MPS I
dogs normalizes brain total GAG levels [6,7]. The dose of IT rhIDU is small (~1 mg or
less), and only three or four injections were needed to achieve this result. Similarly, intra-
CSF enzyme replacement therapy has shown promise in animal models of MPS IIIA, MPS
VI, Niemann-Pick type A, globoid cell leukodystrophy, neuronal ceroid lipofuscinosis, and
fucosidosis [8–13].

Recently, we showed that the effectiveness of intravenous (IV) enzyme replacement therapy
on systemic disease is improved in animals with low anti-iduronidase antibody titers [14].
Dogs with low anti-iduronidase antibody levels showed higher iduronidase activity and
lower tissue GAG levels than dogs with higher titers, and low-titer animals had improved
pathology even in the hard-to-treat renal tubules, synovium, and heart valve. To evaluate
whether a similar phenomenon occurs with an immune response against brain-directed
enzyme replacement therapy, we analyzed brain and CSF samples from dogs that received
IT enzyme with rhIDU in a previous study, some of which received an immunosuppressive
regimen designed to prevent the immune response against rhIDU [15]. We used a highly
sensitive and specific assay that detects only pathologic GAG (GAG fragments that are left
behind due to the deficiency of a specific enzyme), to determine whether antibody levels
alter effectiveness of IT enzyme replacement therapy in the brain.

2. Methods
2.1. Sample collection

Experimental subjects consisted of 11 dogs affected with canine MPS I that received
monthly IT rhIDU and weekly IV rhIDU as previously described [6]. Dogs received three or
four IT rhIDU treatments. Immune tolerance was induced in some animals prior to rhIDU
treatment using a 60-day regimen of cyclosporine and azathioprine combined with low
doses of IV rhIDU as previously published [15]. Eight normal or carrier animals and six
untreated MPS I animals were used as controls. Dogs were housed at the Los Angeles
Biomedical Research Institute at Harbor-UCLA or Iowa State University, both AALAC-
accredited facilities. Study procedures were approved by each institution’s Animal Care and
Use Committee.
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CSF was collected pre-treatment, once per month (prior to each IT rhIDU injection), and at
necropsy. Animals were sacrificed 48 hours (AD, NI, UM, YE, UR, BD, and CY) or 3
months (CT, CU, EL, ET) following the final IT rhIDU dose. At necropsy, right
hemispheres were divided into six coronal sections (numbered rostral-caudal, approximately
1.5 cm thick) and snap frozen at approximately −80ºC. Serum was collected at end-study.
Anti-iduronidase IgG levels were determined using ELISA as previously described [14].
This ELISA method does not determine a “positive” titer at a set optical density (OD) value,
but rather determines the OD value at a dilution that is in the linear range of the assay. The
OD value is multiplied by the dilution factor to determine a concentration in OD units per μl
of undiluted serum.

2.2. Glycosaminoglycan evaluations
CSF (50–150 μl) and brain (100–200 mg rostral cortex, from the second coronal section)
were coded with a numerical identifier and sent blinded on dry ice to Zacharon
Pharmaceuticals Inc. (San Diego, CA) for pathologic GAG (pGAG) analysis using the
Sensi-Pro Non-Reducing End (NRE) assay. This assay employs high performance liquid
chromatography (HPLC) to quantify the abundance of only those GAG which have
accumulated due to reduced activity of a specific lysosomal enzyme, by labeling and
measuring the non-reducing ends (NRE) of the GAG fragments [16,17]. In MPS I, the
pGAG markers are unique NRE-derived disaccharides that terminate in iduronic acid due to
the lysosomal deficiency in alpha-L-iduronidase. Briefly, tissue GAG was extracted and
purified by DEAE chromatography, digested with heparin lyases (IBEX Technologies,
Montreal, Canada), fluorescently labeled and analyzed by HPLC as previously described
[18]. Heparin lyases degrade all forms of heparan sulfate but do not cleave any other GAG
class such as chondroitin sulfate, dermatan sulfate or keratan sulfate. Therefore the pGAG
markers reported here are exclusively from heparan sulfate accumulation, which is the major
pathogenic GAG in the central nervous system in MPS I. The MPS I NRE structures (β-D-
idopyranosyluronate-(1→4)-2-N-sulfamino-6-sulfo-2-deoxy-α/β-D-glucopyranoside, I0S6,
[17]) were quantified based on standard curves of saturated heparan sulfate derived
disaccharides (Iduron, UK). Heparan sulfate standards were analyzed with each set of
samples. At the time these samples were assayed, the coefficient of variance of the method
was 13%. For comparison with pGAG measurements, tGAG was analyzed using an Alcian
blue dye-based assay as previously described [6].

2.3. Statistics
Means and standard deviations were calculated from Excel. Data were graphed using
SigmaPlot 11 (Systat Software, Chicago, IL), which also calculated median values for Fig. 1
and error bars for Fig. 3. Samples were analyzed using SYSTAT 12 (Systat Software,
Chicago, IL) with either two-tailed student’s t-test or ANOVA with post-hoc Tukey-Kramer
(for brain pGAG) or Bonferroni (for CSF) where appropriate. A p-value of less than 0.05
was considered significant. Repeated measures ANOVA was not possible for CSF samples,
due to six missing values in the data set (for example, CSF sample volume too low or
contaminated by blood).

3. Results
3.1. Antibodies to iduronidase alter the efficacy of intrathecal enzyme replacement therapy

Study animals, IT rhIDU dosage, serum and CSF anti-iduronidase IgG antibody titers, and
cortical brain pGAG reduction are listed in Table 1. MPS I dogs that are naïve to rhIDU
(untreated) have no detectable anti-iduronidase antibody titer. Previously, the anti-
iduronidase IgG titer cut-off value of 20 OD units per μl undiluted serum was established
operationally to define immune tolerance in MPS I dogs [14]. Animals were therefore
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separated into “Higher-titer” and “Low-titer” groups based on this cut-off value. Animals
with serum anti-iduronidase IgG titers less than 20 were placed in the “Low-titer” group. All
low-titer animals had received cyclosporine and azathioprine coupled with low-dose IV
rhIDU, except for one (EL). EL mounted low anti-iduronidase antibody titers in both serum
and CSF despite a lack of immune suppression and adequate exposure to antigen. However,
its titers were the highest in the Low-titer group. Serum IgG antibody titers to rhIDU were
302 ± 288 OD units/μl in the Higher-titer group, compared with 5.89 ± 5.66 in the Low-titer
group (p=0.019). Anti-iduronidase antibody titers in CSF were 8.04 ± 10.4 in the Higher-
titer group, versus 0.047 ± 0.067 in the Low-titer group (p=0.089).

Levels of pGAG were measured in frontal cortical samples of the brain of MPS I and normal
(wild-type) or unaffected carrier (heterozygous) dogs. Each blinded sample was analyzed
twice and results averaged. The amount of pGAG in untreated MPS I affected animals was
60.9 ± 5.93 (range 52.9–69.0) pmol per mg wet weight, and was 3.83 ± 2.64 (0.04–7.50,
p<0.0001) in normal/carrier animals. This was a greater separation between normal /carrier
and affected than achieved with measurements of total GAG (tGAG) measured using the
Alcian blue dye-based assay (Fig. 1). In MPS I dogs receiving IT rhIDU, the mean cortical
brain tGAG in the higher-titer group was 3.33 ± 0.820 μg/mg, and was not significantly
different from tGAG in the low-titer group (3.50 ± 0.453, p=0.78; Supplemental Table 1).
However, cortical brain pGAG in dogs treated with IT rhIDU showed a clear separation
between animals with low anti-iduronidase antibody titers and higher titers (Fig. 2). Mean
brain pGAG in low-titer dogs was 8.17 ± 6.17 pmol/mg (range 1.45 to 21.0, p<0.0001 vs.
untreated MPS I). Mean brain pGAG in higher-titer animals was 21.9 ± 6.02 pmol/mg
(range 13.9 to 26.9, p<0.0001 vs. untreated MPS I). There was a statistically significant
difference between low-titer and higher-titer dogs (p=0.002) and between normal/carrier and
higher titer dogs (p<0.0001). Brain pGAG in the low titer group was not significantly
different from normals/carriers, and was within the range of normal/carrier in three of the
seven low-titer animals. There was no systematic variation in cortical brain pGAG levels
with age at end-study among animals within each group. Cortical pGAG in dog EL (which
had a low titer but was never immunosuppressed) was 21.0, which was more similar to
higher-titer animals than low-titer animals. When the statistical analysis was repeated with
dog EL treated as an outlier from the Low-titer group (studentized residual 3.2, grey circle,
Fig. 2) the mean brain pGAG in this group (n=6) showed greater normalization to 6.04 ±
2.73 compared to untreated MPS I animals, and the p-values for comparison of mean brain
pGAG among low-titer, high-titer, and untreated animals remained statistically significant
(<0.001).

3.2. Intrathecal enzyme replacement therapy reduces CSF GAG
CSF samples were taken prior to each intrathecal injection for GAG analysis. Samples were
available for five dogs that received monthly intrathecal enzyme replacement therapy (Fig.
3). The blinded experimental samples in this set were run only once due to the limited
amount of sample. Pretreatment pGAG averaged 83.8 ± 26.3 pmol/ml CSF. IT rhIDU led to
a 41–87% reduction in CSF pGAG (to 27.2 ± 12.3; a mean 69% reduction at end-study).
Reduction in pGAG was evident in each animal following each treatment. All post-treatment
CSF pGAG levels reached statistical significance versus pre-treatment (p<0.02). CSF pGAG
in IT-treated animals did not reach the level found in normal/carrier dogs (9.10 ± 19.4 pmol/
ml CSF). There was no difference in CSF pGAG reduction between low-titer (AD, UR) and
higher-titer (UM, YE, NI) groups.

4. Discussion
We analyzed samples from MPS I dogs previously treated with IT and IV rhIDU for
pathologic GAG (pGAG) storage in the brain cortex and in CSF. Treated dogs that showed a
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higher anti-iduronidase antibody titer did not have normal pGAG levels in the brain by this
assay, while the low-titer dogs that had received a tolerizing regimen had cortical brain
pGAG that was normal to near-normal. One dog that did not receive immunosuppressive or
tolerizing therapy had an intermediate titer, just below our previously established cut-off of
20 OD units/μl. This dog showed brain pGAG that was similar to higher-titer animals,
suggesting the possibility that an anti-iduronidase antibody titer that is at the upper end of
what was previously considered tolerant may yet be sufficient to interfere with rhIDU
uptake. Previously, we showed that IT rhIDU reduced brain GAG levels to normal levels in
nineteen treated animals when measured by Alcian blue dye-binding assay [6]. We were not
able to detect a difference between low-titer and higher-titer animals in regards to the
effectiveness of IT rhIDU using that method. The Alcian blue assay measures total GAG
(tGAG), so that tissues with relatively low levels of storage show little separation in affected
versus unaffected animals. In contrast, the assay method used here permits selective
quantification of GAG with terminal iduronic acid on their non-reducing ends left by alpha-
L-iduronidase deficiency. This gives a very low background signal and a much larger
separation between affected and normal levels. In this study, which was focused on the
brain, we digested GAG with heparin lyases and measured only pGAG resulting from
heparan sulfate accumulation. However, chondroitin and dermatan sulfate could also be
measured by this method following digestion as appropriate for those GAG species [17].

The development of therapies for brain disease due to lysosomal storage has been hampered
to some extent by the difficulty in finding non-invasive, objective measures of success. CSF
sampling prior to each IT rhIDU injection may allow quantitative measurement of storage
levels in the CNS and their response to treatment. We had been unable to accurately
measure CSF GAG in dogs, due to the low sensitivity of our Alcian blue dye-binding
method. In the five animals for which sufficient pre- and post-treatment samples were
available, CSF pGAG decreased following the initial IT rhIDU dose, and stayed low
throughout the treatment period. The decrease in CSF pGAG was detectable one month after
the dose.

GAG storage generally increases with age in MPS. In our study, age at necropsy varied
within groups, with several of the oldest dogs in the higher-titer group. However, age did not
appear to affect brain pGAG after IT rhIDU treatment. Four dogs (EL, ET, CT, CU) were
sacrificed three months after the final IT rhIDU dose; all other animals were studied 48
hours after the last IT injection. Quantitative measurement of brain pGAG in this study also
did not show substantial reaccumulation after three months. Interestingly though, hiatus
dogs CT and CU had the highest pGAG levels in the low-titer group (8.24 and 8.69,
respectively). We had previously found that in these “hiatus” animals there did not appear to
be reaccumulation of tGAG quantitatively at the three-month time point, though
histopathology did show more storage in cells than in dogs examined at 48 hours [6].

The central nervous system is relatively immune-privileged, but low levels of antibodies to
rhIDU were seen in IT-treated animals. Antibodies to enzyme replacement can reduce
efficacy by several different mechanisms, including neutralization of activity, enhanced
clearance from circulation, and altered distribution and uptake in tissues [19]. Growing
evidence points to an improvement in the effectiveness of enzyme replacement therapy
when antibody titers are low. In the case of MPS I, antibodies reduce intracellular uptake
and alter tissue distribution, favoring tissues with higher reticuloendothelial (RE) content
[14]. Preventing this antibody response in dogs improved the effectiveness of IV enzyme
replacement in low-RE tissues, including improved tGAG levels and/or histopathology of
the lung, myocardium, kidney, synovium and heart valve. The mechanism by which
antibodies may reduce effectiveness of rhIDU in the brain in MPS I dogs is not clear. We
did not find lower iduronidase activity in brain cortex of dogs with higher titers, though this
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evaluation was limited by the fact that some animals received a lower rhIDU dose than
others (Supplemental Table 1). We did not study cellular and subcellular distribution of
enzyme in these animals, to determine the extent of rhIDU uptake into each cell type.

The development of immune tolerance may theoretically enhance the safety profile of CNS
therapeutics. IT rhIDU administered to MPS I dogs causes an inflammatory response in the
meninges, consisting principally of lymphocytes and plasma cells [6,7]. Similar findings
were seen in adult MPS IIIA dogs treated with intra-cisternal recombinant human
sulfamidase [20]. IT recombinant human N-acetylgalactosamine 4-sulfatase did not cause
meningitis in tolerized MPS VI cats [9], nor IT sulfamidase in tolerized MPS IIIA dogs [21],
showing that this response can be prevented. In our experience with MPS I dogs, both low
titer and reduced injection frequency may lessen meningeal inflammation due to IT rhIDU,
though we did not independently evaluate these factors [6]. In all cases, the inflammatory
response in the meninges was not associated with clinical signs or symptoms in the animals,
nor was there inflammation in the brain parenchyma. This mirrors findings in MPS I patients
receiving weekly IV rhIDU, in whom IgG antibodies to enzyme almost always develop, and
do not correlate with infusion reactions [22]. Finally, human subjects receiving IT rhIDU in
clinical trials have not developed clinical meningitis, though low levels of leukocytes have
been measured in CSF (maximum 37 cells/mm3, our unpublished observation). It is unclear
to what extent the observed inflammatory response to IT rhIDU in dogs represents a safety
concern.

Several different methods have been used to attain immune tolerance in animals, including
pharmacologic, viral, and cell-based approaches [23–27]. A sixty-day regimen of high-dose
cyclosporine and azathioprine, along with low-dose IV rhIDU infusions, prevented higher
anti-iduronidase antibody responses in MPS I dogs. A clinical trial is underway to assess the
ability of this regimen to induce tolerance to IV rhIDU in human MPS I patients
(NCT00741338). Our findings underscore the importance of inducing immune tolerance to
therapeutic lysosomal enzymes, and that doing so may improve their efficacy in both
systemic and CNS compartments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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IT intrathecal

GAG glycosaminoglycan
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pGAG pathologic GAG

tGAG total GAG

NRE non-reducing end

ELISA enzyme-linked immunosorbent assay
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Highlights

MPS I dogs may develop antibodies against intrathecal enzyme replacement therapy

We studied the brains of these dogs using a pGAG assay

We detected higher pGAG in brains of treated dogs with higher antibody titers

We detected a 69% reduction in pGAG in cerebrospinal fluid of treated dogs
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Fig. 1.
Cortical brain measurement of pathologic GAG (pGAG, light gray/left axis) and total GAG
(tGAG, dark gray/right axis) in untreated MPS I versus normal or carrier animals. Full data
range is shown (bars). The median value is represented by a horizontal line within each bar.
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Fig. 2.
Cortical brain pGAG measured in normal and MPS I dogs. Data for four groups of animals
-- untreated MPS I dogs (n=6, black box), higher anti-rhIDU titer dogs (n=4, dark grey box),
low anti-rhIDU titer dogs (n=7, light grey box), and normal dogs (n=8, empty box) -- are
shown. Mean pGAG is indicated for untreated MPS I dogs (dashed line) and normal dogs
(dotted line). In each group capped vertical lines indicate the minimum and maximum data
values, while the lower and upper boundaries of each box indicate the 25 and 75 percentiles
respectively, and the median is indicated by the horizontal line within each box. The dog EL
that had a serum anti-rhIDU IgG titer of 16.1 and brain pGAG 21.0 pmol/mg is represented
by the light grey circle above the “Low Titer” column and is not included in the data range
represented by the box and capped lines.
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Fig. 3.
Cerebrospinal fluid pGAG before and after four monthly doses of intrathecal rhIDU in MPS
I dogs. Pretreatment value (“PRE”), values at one-month intervals (“IT1” through “IT3”),
and necropsy (48 hours after the IT4 treatment, “END”). CSF was sampled immediately
prior to each IT injection (which was one month after the previous IT injection). Means and
standard error are shown.
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