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Abstract

In vivo tracking of the delivery of therapeutic proteins is a useful tool for preclinical studies.
However, many labels are too large to use without disrupting the normal uptake, function, or other
properties of the protein. Low-molecular weight fluorescent labels allow in vivo and ex vivo
tracking of the distribution of therapeutic proteins, and should not alter the protein’s
characteristics. We tested the in vitro properties of fluorescent-labeled recombinant human alpha-
L-iduronidase (rhIDU, the enzyme deficient in Hurler syndrome) and compared labeled to
unlabeled protein. Labeled rhiDU retained full enzymatic activity and showed similar Kinetics to
non-labeled rhIDU. Uptake of labeled rhIDU into human Hurler fibroblasts, measured by activity
assay, was equivalent to unlabeled rhIDU enzyme and showed an uptake constant of 0.72 nM.
Labeled rhIDU was also able to enter cells via the mannose 6-phospate receptor pathway and
reduce glycosaminoglycan (GAG) storage in Hurler fibroblasts. Subcellular localization was
verified within lysosomes by confocal microscopy. These findings suggest that fluorescent
labeling does not significantly interfere with enzymatic activity, stability, or uptake, and validates
this method as a way to track exogenously administered enzyme.
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1. Introduction

Protein therapeutics comprise an ever-growing share of drug development. Immunoglobulin
therapies are used to treat cancer, autoimmune diseases, immunodeficiencies and chronic
viral illnesses [1]. In the field of lysosomal storage diseases, protein therapies in the form of
recombinant enzymes are on the U.S. market to treat six different disorders, and many others
are in development [2-7]. Preclinical development of protein therapies requires testing their
ability to distribute and penetrate target areas. In the case of enzymes, activity assays can be
used for this purpose. However, when the therapeutic enzyme is administered to a normal
animal, the presence of endogenous activity may make this method impractical. Similarly,
the use of specific antibodies to track the protein may be complicated if species cross-
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reactivity exists. Both of these tracking methods also have the obvious disadvantage of
requiring ex vivo tissue analysis. In vivo tracking would require tagging the protein with
something that can be detected in an intact animal, but a large tag that alters the protein’s
characteristics is not desirable. To accurately track the movement of protein therapeutics
through CSF and elsewhere, another method is needed.

Here, we evaluate fluorescent-labeled recombinant alpha-L-iduronidase (rhIDU, E.C.
3.2.1.76), which is currently used as therapy for the lysosomal storage disease
mucopolysaccharidosis | (Hurler syndrome). Fluorescent labeling has been used previously
to track the distribution of intravenously-administered recombinant N-
acetylgalactosamine-6-sulfate sulfatase ex vivo, and intrathecally-administered
butylcholinesterase in vivo and ex vivo in mice [8;9]. The properties of labeled protein in
each case were not characterized. The tag used here is relatively small (1.15 kDa), compared
to green-fluorescent protein, quantum dots, and/or other labels. We show through in vitro
testing that low molecular-weight fluorescent labeling does not substantially alter the
properties of rhIDU, validating its use for tracking the therapeutic protein.

2. Materials and Methods
2.1. Fluorescent labeling of rhIDU

rh1DU (formulated as laronidase, BioMarin Pharmaceutical, Inc., Novato, CA; 0.58 mg/ml
in 100mM sodium phosphate buffer, pH 5.5 containing 0.001% polysorbate 80) was
concentrated using an Amicon YM30 concentrator (stirred ultrafiltration cell; Millipore,
Billerica, MA) to 2 mg/ml. 1M sodium bicarbonate solution (pH 8.3) was added to the
enzyme to final pH 7.5-8.5 for maintaining aliphatic amine groups of protein in the non-
protonated state. The protein solution (0.5 ml) was transferred into a vial with Alexa Fluor
680 (Alexa Fluor 680 Protein Labeling Kit, Invitrogen, Carlsbad, CA), covered with foil and
stirred for 1 h at 22 °C. Labeled rhIDU was separated from unincorporated dye by size
exclusion chromatography (purification resin was supplied with the kit). Protein
concentration and degree of labeling (DOL) was determined by absorbance of labeled
rh1DU at 280 and 679 nm according to the manufacturer’s instructions.

2.2. Enzyme activity and stability assays

Fluorescent-labeled rhIDU was tested for the retention of enzyme activity. Enzyme activity
was determined by fluorogenic assay using 50 uM 4-methylumbelliferyl o-L-iduronide (4-
MUI) (Glycosynth, Warrington, UK) at 37 °C for 10 minutes. Fluorescence measurements
were read at 365 nm on an LS 45 fluorescence spectrometer (Perkin-Elmer, Waltham, MA).
One activity unit is equal to 1 nmole converted substrate per h. For determination of pH
optimum, labeled rhIDU activity was tested in various phosphate/citrate (200mM/100mM)
buffers ranging from pH 2.6 to 8.0. For stability, the standard activity assay was performed
at the indicated pH following storage for various periods of time at 4 °C, 25 °C, and 37 °C.
A pH of 4.4 corresponded to lysosomal pH, 5.5 to pH of the storage buffer for rhIDU, and
7.4 to physiologic pH.

2.3. Uptake of fluorescent labeled rhIDU into MPS | fibroblasts

For biochemical (quantitative) measurement of uptake, rhIDU labeled with Alexa Fluor 680
or unlabeled was applied in concentrations ranging from 10 to 160 units/ml to human Hurler
fibroblasts (GM 1391) cultured in minimal essential medium (MEM) supplemented with 2
mM glutamine without fetal bovine serum in 6-well plates at 37 °C and 5% CO,. Mannose
6-phosphate was also added to the medium at a final concentration of 5 mM for inhibition
testing in a subset of experiments. Following 4 h incubation at 37 °C and 5% CO», cells
were harvested by trypsinization. The pellet was washed in phosphate buffered saline (PBS)
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and resuspended in 60 ul PAD buffer (10 mM sodium phosphate, pH 5.8, 0.02% sodium
azide, 0.1 mM dithiothreitol, 0.1% Triton® X-100). Pellets were sonicated, centrifuged, and
cell lysates measured for iduronidase activity as described above. Kinetic data were obtained
from Lineweaver—Burk plots. Determination of uptake by direct detection of labeled enzyme
in cell lysates was also performed by spectrofluorometry at the excitation/emmission
settings of 640/700 nm. Fluorescence intensity was compared to a standard curve generated
using dilutions of labeled rhIDU at defined units/ml of activity.

For qualitative determination of uptake by confocal microscopy, Hurler fibroblasts treated
with labeled or unlabeled rhIDU were grown on coverslips and stained with LysoTracker
Red® DND-99 (Invitrogen, Carlsbad, CA) to identify lysosomes and rabbit polyclonal
antibody against rhIDU (BP13, donated by Biomarin Pharmaceutical). Immediately
following treatment, cells were incubated with LysoTracker for 5 min and then rinsed in
PBS prior to fix. Cells were blocked in 1% goat serum in PBS with 0.3% Triton® X-100,
and incubated 30 min with primary antibody (1:100 dilution in blocking solution) followed
by three PBS washes and treatment for 1 h at 22° C with FITC goat-anti rabbit 1gG
secondary antibody (1:5000 dilution in blocking solution) (Invitrogen, Carlsbad, CA).
Finally, cells were washed with PBS and mounted onto glass microscope slides using
Vectashield (Vector Laboratories, Burlingame, CA). Uptake and colocalization were
determined with confocal microscopy on a Leica SP2 (Leica Microsystems, Bannockburn,
IL). Untreated Hurler fibroblasts were used as controls.

2.4. Glycosaminoglycan storage reduction

3. Results
3.1. Activity

Cultured fibroblasts were labeled with H»3°SO, as described elsewhere [10]. Briefly, Hurler
fibroblasts were grown to confluence in six-well plates. Fluorescent-labeled or unlabeled
rhIDU was applied to the cells (0.0-0.4 units/ml) in serum-free MEM with 25 uM H3°S04
(1050Ci/mM) and incubated for 48 h at 37 °C and 5% CO,. Cells were washed in PBS
before and after trypsinization and extracted twice with boiling in 80% ethanol followed by
centrifugation in a clinical centrifuge for 15 minutes at the highest speed. Pellets were
resuspended in 10% sodium hydroxide and neutralized with 2 M acetic acid, and
radiolabeled GAG were measured via scintilliation counting (Tri-Carb 2800TR, Perkin-
Elmer, Waltham, MA). Radioactive counts per minute were normalized to protein
concentrations as determined using a Bio-Rad protein assay (Bio-Rad, Hercules, CA).

and stability of rhIDU are unchanged following fluorescent labeling

rh1DU was labeled with Alexa Fluor 680 in two separate batches to a DOL of either 1.7 or
3.1 molecules of dye/molecule of protein (Fig. 1A). Specific activity of rhIDU was 108,000
units/mg for DOL of 1.7 and 84,000 units/mg for DOL of 3.1. Following labeling and
purification to remove unincorporated dye, 80% or greater of the total activity was
recovered in the process. As a lysosomal hydrolase, rhiDU is known to have maximum
activity under acidic conditions resembling the lysosome of the cell. We examined the range
of pH for enzyme activity pre- and post-labeling towards the artificial substrate 4-MUI. Both
labeled and unlabeled rhIDU behaved identically with optimum performance at
approximately pH 3.3 (Fig. 1B).

While lysosomal hydrolases are the most active under acidic conditions found in the
lysosome, they nonetheless must be structurally stable under the mildly acidic pH of
endosomes and neutral pH found in the cytosol and extracellular environments. Purified
rh1DU was previously shown to exhibit stability over prolonged periods of storage with very
little loss of activity [11]. We compared the impact of labeling on stability at typical storage
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and physiologically relevant temperatures and pH. Notably, both labeled and unlabeled
rh1DU exhibited similar activities for all conditions tested for up to two months (the
endpoint of the assay) (Fig. 2A—C). We also observed strict sensitivity of both enzymes to
freezing with loss of enzyme activity following a single freeze-thaw cycle (data not shown).
We thus routinely stored our rh1DU before and after labeling at 4 °C.

3.2. Uptake of labeled rhIDU into Hurler fibroblasts

Labeled rhiDU (rhIDU-AF680) was applied to Hurler fibroblasts in 6-well plates and
incubated for 4 h to determine cellular uptake. The uptake constant (Kyptake) for rhIDU-
AF680 (DOL of 1.7) was 0.72 nM (Fig. 3A), equal to that previously published for
unlabeled rhIDU (0.7 nM) [11]. Only a slight increase in the uptake constant was observed
with the higher degree of labeling (DOL 3.1) to a Kyptake Of 1.4 nM, well within the
physiological range for normal performance (Fig. 3B). We also tested the ability to evaluate
cellular uptake by directly measuring the appearance of fluorescently labeled protein inside
treated Hurler cell lysates and observed strong dose-dependent signal increases by
spectrofluorometry (Fig. 3C).

Intracellular uptake of rhIDU-AF680 into Hurler skin fibroblasts was further verified
qualitatively by confocal microscopy (Fig. 4). Fluorescence clustered within Hurler
fibroblasts (Fig. 4A) and was confirmed to be associated with labeled rhIDU-AF680 (vs.
free dye) by co-localization with polyclonal anti-iduronidase antibody (Fig. 4B—C). Co-
localization of anti-iduronidase antibody and LysoTracker demonstrated lysosomal targeting
of rhIDU-AF680 (Fig. 4D—F).

3.3. Labeled rhIDU enters cells via the mannose 6-phosphate receptor and reduces
lysosomal storage in vitro

While labeled rhiIDU appeared to be able to enter cells by activity assay and co-localize with
lysosomal compartments, it was important to verify that the presence of the AF680
molecules attached to the surface of the enzyme did not alter the mechanism of delivery.
The uptake of labeled rhIDU into Hurler fibroblasts was completely inhibited by the
addition of free mannose 6-phosphate into the cell culture medium illustrating normal
delivery via the mannose 6-phospate/insulin like growth factor Il receptor pathway (Fig.
5A).

The ability of labeled rhIDU (DOL 1.7) to reduce pathological GAG accumulation in Hurler
fibroblasts was tested in vitro using a 35S assay (Fig. 5B). A concentration of as little as 0.01
units/ml labeled rhIDU reduced GAG storage in Hurler cells by 40.0% following 48 hour
incubation. Unlabeled rhiDU reduced GAG by 54.0%. Both labeled and unlabeled rhIDU
reached a plateau of detectable labeled storage reduction (around 60% reduction) as reported
previously [11].

4. Discussion

In this study, a small molecular weight label (1.15 kDa) with in vivo and ex vivo applications
was applied to a therapeutic protein without substantially altering its properties. rhIDU
labeled with a near-infrared fluorophore shows enzymatic activity, stability, receptor-
mediated cellular uptake, and storage reduction that is equivalent to unlabeled enzyme. At a
degree of labeling of 3.1 moles dye per mole protein, labeled rhIDU retained 80% of its
activity and showed similar kinetics to unlabeled rhIDU. Labeled rhIDU was able to enter
Hurler fibroblasts with similar, high-affinity uptake and reduced glycosaminoglycan storage
in Hurler fibroblasts. Lysosomal localization was verified by confocal microscopy.
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Other, larger labels have been used to track proteins in vivo. Quantum dots can be
conjugated to antibodies or other proteins for tumor imaging in mice [12]. Green-fluorescent
protein can be fused to a protein, allowing very sensitive detection of the protein in vivo and
ex vivo [13]. However, these labels are large, and may interfere with the kinetics,
distribution, or uptake of an enzyme into tissue and cells. This is especially critical for
optimization of protein therapy formulations for hard to treat tissues. Fusions also preclude
the use of formulated protein. Low molecular-weight fluorescent labels can be applied post-
translationally, allowing direct labeling of the product as formulated and avoiding additional
time and costs associated with producing and purifying the protein from DNA fusion
constructs. Clinically used dyes that do not bind the protein are also problematic.
Gadolinium was co-administered with adeno-associated virus (AAV) intraparenchymally
and tracked in vivo using magnetic resonance imaging [14]. However, the tissue distribution
of AAV and gadolinium was not precisely equivalent. 181-labeled and fluorescent-labeled
substrate analogs have recently been developed for in vivo imaging of glucocerebrosidase
[15;16]. These molecules bind to the enzyme’s active site, and are therefore enzyme-
specific. No similar labeled substrate analogs exist for rhiDU.

The fluorescent label used in this study was a near-infrared label with high stability for in
vivo imaging. Succinimidyl esters are preferred over other amine-reactive fluorescent dyes
due to their ability to form very stable amide bonds between the dye and non-protonated
aliphatic amine groups of the protein of interest. These dyes show higher signal intensity,
enhanced resistance to photobleaching, pH insensitivity and a high degree of water
solubility. The pH insensitivity is a key feature to enable studies on enzymes that may be
rapidly internalized into the highly acidic lysosomal environment. Microgram amounts of
protein can be detected in live mice using a small animal imager [17]. This method can be
applied to preclinical testing of a therapeutic enzyme for which a large affected animal
model is too costly or not readily available. For example, Johnson et al. labeled the enzyme
butylcholinesterase, injected it into the spinal fluid of mice, and were able to successfully
track the protein in vivo, showing delivery to brain up to 25 h following a lumbar injection

[9].

Currently, in vivo imaging of fluorescent-labeled proteins is limited to small animals, and
optimum quality images require that the mice be nude or depilated. However, ex vivo
imaging can be performed on sections from any tissue using fluorescence microscopy,
potentially enabling determination of the distribution of a therapeutic protein in even larger
animal models. Of particular use would be the ability to track the movement of a therapeutic
protein across the blood-brain barrier, and other hard to treat tissues (such as the heart valve
or cartilage) in a canine MPS I model. This method may also prove useful for development
of other therapeutic proteins for CNS delivery.

We have demonstrated that a human recombinant lysosomal protein used in enzyme
replacement therapy can be easily labeled for in vivo imaging and ex vivo analysis without
any significant alteration to enzyme kinetics, receptor binding affinity, sub-cellular
targeting, or therapeutic function. The maintenance of normal behavior should allow reliable
tracking of tissue distribution without major concern over altered affinity because of the tag
used. The use of a labeled protein allows ready determination of the administered protein
without background from a normal animal often associated with immunohistochemistry.
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Figure 1.

Labeling and pH optimum of rhIDU. (A) Polyacrylamide gel electrophoresis (4—-20%)
analysis of rhIDU (IDU) before and after the labeling process. Upper panel shows unstained
gel with Alexa Fluor 680 labeled protein (IDU-AF680) clearly visible to the naked eye
(DOL of 3.1). Lower panel is the same gel after staining with coomassie blue. (B) Labeled
(DOL 3.1) or unlabeled IDU were diluted to 16 ug/ml in 200 mM/100 mM phosphate-citrate
buffer at the indicated pHs (2.4-8.0) and immediately assayed for enzyme activity towards
the artificial fluorogenic substrate 4-MUI for 15 minutes at 22 °C. Relative activity for each
enzyme was plotting from an average of three independent experiments where the
maximally observed activity was defined as 100%.
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Figure 2.

Stability of fluorescent-labeled rhIDU. Stability of the enzyme as a function of pH and
storage temperature for labeled and unlabeled rhIDU are shown over the course of 70 days
incubation. Labeled (solid lines) and unlabeled (dashed lines) enzymes were diluted to 16
pg/ml in 100 mM/50 mM phosphate-citrate buffer at pH 4.4 (A), pH 5.5 (B), and pH 7.4 (C)
and these stock solutions were incubated at various temperatures, 4°C (blue), 25°C (green),
37°C (red) over a 70-day period. Enzyme aliquots were taken throughout this period of time
and activity was estimated under the standard conditions (25 mM 4-MUI for 10 minutes at
22 °C). Units of activity are defined as nmoles of 4-MU product formed per hour.
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Figure 3.

Kinetics of cellular uptake of rhIDU labeled with Alexa Fluor 680. Labeled rhIDU (IDU-
AF680) at either DOL of 1.7 (A) or DOL 3.1 (B) was applied to confluent Hurler fibroblasts
(GM 1391) in 6 well dishes at the indicated doses in MEM medium without serum and
incubated for 4 hours. Double reciprocal (Lineweaver-Burk) plots of the kinetic data are
shown as insets. (C) Qualitative direct detection of Alexa Fluor 680 taken up by Hurler cells.
Fluorescence was monitored in cell lysates at 640/700 nm excitation/emission wavelengths,
and uptake was determined by comparison to a standard curve of fluorescent intensity
emitted at 700 nm vs. input amount of 1du-AF680 (units/ml). All experiments were
performed in triplicate.
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Figure 4.

Uptake and lysosomal targeting of fluorescent-labeled rhIDU into human Hurler patient
fibroblast cultures. AF680 labeled enzyme (160 units) was directly applied to Hurler
fibroblasts grown on coverslips in serum-free MEM and incubated for 4 hours at 37 °C and
5% CO2. (A-C) Detection of AF680 label (blue) anti-rhIDU antibodies (green) and co-
localization (aqua) in Hurler cells. (D-F) Lysosomal targeting of rhiIDU-AF680. Detection
with anti-iduronidase antibody (green), LysoTracker Red DND-99 (red), and merge. All
colors are generated by Leica LCS imaging software. Scale bars are 15 um.
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Figure 5.

Mannose 6-phosphate receptor mediated delivery and GAG storage reduction. (A) 80
activity units per ml rhiDU with Alexa Fluor 680 label (IDU-AF680) or unlabeled (IDU)
were applied to confluent Hurler fibroblasts in six-well plates containing 1 ml of serum free
MEM with or without competing 5 mM mannose 6-phosphate (M6P) for 4 hours. Enzymatic
activity assays using 4-MUI substrate were performed on cell lysates and percent uptake was
plotted relative to maximal uptake observed in the absence of inhibitor. (B) IDU or IDU-
AF680 was applied (0.0-0.4 units/ml) to cultured Hurler fibroblasts in the presence of
H,35S0, and incubated for 48 h at 37 °C and 5% CO2 as described in the methods and
reported in detail previously [11]. Radioactive labeled GAG were isolated from harvested
cell pellets by two rounds of ethanol extraction, acid solubilized, and quantified by
scintillation counting. Radioactive counts per minute were normalized to total protein
concentration in the extracted pellet and plotted as relative percent labeled GAG compared
to the untreated samples at 0 units of enzyme applied.
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