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Duchenne muscular dystrophy (DMD) is a devastating dis-
ease caused by mutations in the dystrophin gene that result
in the complete absence of dystrophin protein. We have
shown previously that recombinant mouse Galectin-1 treat-
ment improves physiological and histological outcome mea-
sures in the mdx mouse model of DMD. Because recombi-
nant human Galectin-1 (rHsGal1) will be used to treat
DMD patients, we performed a dose-ranging study and intra-
peritoneal or intravenous delivery to determine the efficacy
of rHsGal1 to improve preclinical outcome measures in
mdx mice. Our studies showed that the optimal dose of
rHsGal1 delivered intraperitoneally was 20 mg/kg and that
this treatment improved muscle strength, sarcolemma stabil-
ity, and capillary density in skeletal muscle. We next exam-
ined the efficacy of intravenous delivery and found that a
dose of 2.5 mg/kg rHsGal1 was well tolerated and improved
outcome measures in the mdx mouse model. Our studies
identified that intravenous doses of rHsGal1 exceeding
2.5 mg/kg resulted in toxicity, indicating that dosing using
this delivery mechanism will need to be carefully monitored.
Our results support the idea that rHsGal1 treatment can
improve outcome measures in the mdx mouse model and
support further development as a potential therapeutic agent
for DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a fatal X-linked genetic dis-
ease caused by mutations in the dystrophin gene. DMD affects
approximately 1 in 5,000 males worldwide, with symptoms beginning
early in childhood followed by progressive muscle loss. Patients are
often confined to a wheelchair in their teenage years, with death
occurring in their second or third decade of life from respiratory or
cardiac failure.1,2 The first-line treatment for DMD is corticosteroids,
which transiently improve patient strength through a combination of
inflammatory suppression and extracellular matrix alteration, but
long-term treatment can have serious adverse effects.3–8 New treat-
ments are being developed for DMD and include exon-skipping
oligonucleotides, gene editing, gene therapy, small molecules, and
protein therapeutics.9,10
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Recombinant Galectin-1 is a protein therapeutic agent recently
shown to ameliorate disease progression in the mdx mouse model
of DMD.11 Endogenous Galectin-1 has diverse biological roles,
many of which appear to be important for protecting distressed tis-
sues.12,13 Galectin-1 has been shown to be involved in the promotion
of immune tolerance,14 modulation of calcium channels,15–17

enhancement of muscle regeneration,18–22 enhancement of sarco-
lemma stabilization,11,23 positive regulation of angiogenesis,24,25

enhancement of neuromuscular junction stabilization,26,27 and oxida-
tive stress amelioration.28 These protective activities are negative in
the context of cancer, which has made Galectin-1 a target of cancer
therapies.29 However, together, these protective activities make Ga-
lectin-1 a strong candidate for the treatment of muscular dystrophies.

In this study, we produced highly purified recombinant human
Galectin-1 (rHsGal1) and completed delivery and dose-ranging
studies in the mdx mouse model of DMD. Our results demonstrate
that weekly intraperitoneal dosing of 20 mg/kg rHsGal1 was optimal
in mdx mice, which matched the previously published dosing and
treatment schedule with recombinant mouse Galectin-1 (rMsGal1).11

Beyond improvements in muscle strength and sarcolemma stability,
we show increased muscle micro-vascularization suggesting another
potential mechanism by which Galectin-1 treatment may improve
dystrophic muscle function. Together, these results suggest that
rHsGal1 is a potent biological agent that can improve preclinical
outcome measures in a mouse model of DMD.
RESULTS
Human Galectin-1 Treatment Improves mdx Mouse Muscle

Outcome Measures

We have previously shown positive effects in mdx mice of intra-
peritoneal (i.p.) injections with a His6-tagged recombinant mouse
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Figure 1. Assessment of rHsGal1 Treatments in mdx Mice Relative to PBS Controls

(A) The i.p. injection schedule formdxmice treated with PBS and 5, 20, and 50mg/kg rHsGal1. (B–D) Body weight (B), activity distance traveled (C), and grip strength (D) were

assessed weekly in all treatment groups. (E) Linear regression assessment of the average grip strength over time. (F–H) 10-mm transverse TA muscle cryosections for all

treatment groups were histologically assessed for CLN percentage (F) along with minimal Feret’s fiber diameter curves (G) andmedian (H). (I) Diaphragmmuscle from animals

of all treatment groups and WT animals were biochemically assessed for collagen content using a hydroxyproline assay. (J and K) Gastrocnemius muscle extracts from

animals in all treatment groups were assessed by western blotting, and the levels were quantitated for a7A Integrin (J) and b-Dystroglycan (K). Average ± SEM. Significance:

*p < 0.05, **p < 0.01, ***p < 0.001.
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Galectin.11 In the present study, we examined the effects of
untagged rHsGal1 on preventing disease progression in the mdx
mouse model of DMD. rHsGal1 was purified under reducing
conditions using Sepharose-lactosyl affinity and size exclusion
chromatography as described previously.30 The resulting rHsGal1
was more than 99% pure, as assessed by mass spectrometry
with 0.08 endotoxin units [EUs]/mg rHsGal1 (0.8 EU/mL)
endotoxin levels, meeting the Food and Drug Administration
(FDA) endotoxin requirements for intravenous treatment at
the concentrations used in this study. As a precaution, endo-
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toxin levels were further reduced using endotoxin removal spin
columns.

We determined the optimal dose of rHsGal1 treatments by i.p. deliv-
ery. i.p. treatments with PBS or 5, 20, or 50 mg/kg/week rHsGal1 into
male mdxmice were started at 3 weeks of age and continued through
to 10 weeks (Figure 1A). The body mass (Figure 1B), activity levels
(Figure 1C; Figure S1), and grip strength (Figures 1D and 1E) were
assessed weekly 24–48 h post-treatment, with researchers blinded
to the mouse treatment groups. We observed no significant change
019



Figure 2. rHsGal1 Treatments in mdx Mice Improve Ex Vivo EDL-Specific Muscle Force Production Relative to PBS-Treated Controls

(A–C) EDL-specific force frequency (A) (significance is denoted as follows: *WT versus PBS, a5 mg/kg versus PBS, b20 mg/kg versus PBS, c50 mg/kg versus PBS, and dWT

versus 20 mg/kg), specific tetanus force (B), and specific twitch force (C) production were assessed for weekly PBS (n = 8) and 5 mg/kg (n = 7), 20 mg/kg (n = 6), and

50 mg/kg (n = 6) rHsGal1 treatment groups as well as untreated WT controls (n = 6) at 10 weeks of age. Average ± SEM. Significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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or differences in body mass between any treatment groups during the
course of this study (Figure 1B). Unlike our previous study,11 we did
not observe significant changes between any treatment groups in dis-
tance traveled in 30 min throughout the study (Figure 1C). Likewise,
we observed no changes in distance traveled, resting time, or vertical
breaks (Figure S1). However, at 8 and 10 weeks of age, there was a sig-
nificant improvement in grip strength in mdx mice treated with
50 mg/kg rHsGal1 relative to the PBS treatment group (Figure 1D).
Linear regression analysis for the average grip strength and/or weight
over time showed significantly altered slopes (p = 0.0035), with im-
provements occurring in a dose-dependent manner (Figure 1E).
These data show that dystrophic disease progression was slowed in
rHsGal1-treated animals relative to vehicle in a dose-dependent
fashion (Figure 1E).

Next, we examined the tibialis anterior (TA), diaphragm, and gastroc-
nemius muscles for histological and molecular changes with rHsGal1
treatment. The TA muscle was assessed for the percentage of myofib-
ers with centrally located nuclei (CLNs) and myofiber size. We did
not observe a significant decrease in CLNs in the TA muscle from
5, 20, or 50 mg/kg rHsGal1-treatedmdx relative to vehicle alone (Fig-
ure 1F). However, it should be noted that we did observe a slightly
lower average CLN percentage in all three rHsGal1 treatment groups,
with 20 mg/kg rHsGal1-treated animals displaying the largest differ-
ence (p = 0.15) relative to PBS controls. The level of fiber hypertrophy
in the TA muscle was similarly decreased with 5, 20, and 50 mg/kg
rHsGal1 treatments relative to PBS, although this reduction did
not reach statistical significance (Figure 1G). The median myofiber
diameter fell from 52.88 mm with PBS treatment to 45.53, 46.95, or
46.58 mm in 5, 20, and 50 mg/kg rHsGal1-treated mouse groups,
respectively (Figure 1H). The diaphragmmuscle was used to examine
changes in fibrosis using a hydroxyproline assay. As expected, we
observed a significant increase in diaphragm fibrosis in PBS-treated
mdx mice compared with untreated C57BL/10J (WT) mice (Fig-
ure 1I). The 5, 20, and 50 mg/kg rHsGal1 treatment groups exhibited
Molecul
an �30%–40% decrease in hydroxyproline content per milligram of
muscle weight but were not significantly altered compared with the
PBS or WT treatment groups (Figure 1I). Finally, we examined
gastrocnemius muscle protein by western blotting for sarcolemma-
stabilizing proteins, including a7A Integrin (Figure 1J), a7B Integrin
(Figure S2), b-Dystroglycan (Figure 1K), and Utrophin (Figure S2).
Both a7A Integrin (1.94-fold; Figure 1J) and b-Dystroglycan (1.39-
fold; Figure 1K) protein levels were significantly elevated in the
20 mg/kg rHsGal1 treatment group relative to PBS-treated animals.
Both proteins were also elevated �20%–30% with 5 and 50 mg/kg
rHsGal1 treatment relative to PBS (Figures 1J and 1K). The a7B
Integrin and Utrophin protein levels were not significantly altered
in any treatment group; however, the average level of both proteins
was elevated in all rHsGal1 treatment groups (�20%) relative to
PBS alone (Figure S2). These results show that untagged rHsGal1
IP treatments, particularly at 20 mg/kg/week, improve grip strength,
decrease fiber hypertrophy, and reduce fibrosis.

Our previous study found that Galectin-1 treatment resulted in a large
improvement in ex vivo extensor digitorum longus (EDL) muscle
force production;11 therefore, we repeated this assessment in WT
and mdx mice treated with PBS and 5, 20, and 50 mg/kg rHsGal1.
Our results showed a significant increase of �40% in EDL-specific
force frequency curves (Figure 2A) in all three mdx rHsGal1 treat-
ment groups relative to themdx PBS treatment group. TheWT group
showed the largest specific force and was significantly different from
the PBS treatment group and from mice treated with rHsGal1 (Fig-
ure 2A). Similar results were observed with repeated measurements
of EDL-specific tetanic force (Figure 2B), where rHsGal1 treatments
restored �67%–72% of the relative specific force lost in PBS-treated
mdxmice compared withWT controls. The EDL-specific twitch force
(Figure 2C) showed a significant difference between WT and PBS-
treated mdx mice, but the large variability between mice failed to
show significance between the control and treatment groups. Howev-
er, the average specific twitch force in rHsGal1-treated mdxmice was
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Figure 3. Weekly rHsGal1 Treatment in mdx Mice Increases Muscle Capillary Density

Immunofluorescent labeling of capillaries was performed using 10-mm TA cryosections fromWT and allmdx treatment groups with Alexa Fluor 488 anti-CD31. The average

number of capillaries in contact with each muscle fiber was quantitated from five 20� images for each mouse muscle section. The shaded regions from PBS and 50 mg/kg

were enhanced, and capillaries are labeled with white arrows. Scale bar, 100 mm; average ± SEM. *p < 0.05.
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around 40%–55% improved relative to PBS-treated controls (Fig-
ure 2C). Although we expected force to improve in a dose-dependent
manner, we instead observed similar force generation across all
rHsGal1 doses used in the study.

rHsGal1 Improves Capillary Density in Dystrophic Muscle

Galectin-1 has been shown previously to activate vascular growth and
angiogenesis, particularly under hypoxic conditions.25 Furthermore,
improved angiogenesis in muscle has been shown to be beneficial
in the mdx mouse model.31 Therefore, we assessed whether systemic
delivery of rHsGal1 increased vascularization of dystrophin-deficient
muscle. Capillary density per muscle fiber was assessed by immuno-
fluorescence with anti-CD31 staining in WT and mdx mice treated
with PBS or 5, 20, and 50 mg/kg rHsGal1 (Figure 3). The capillary
density observed in WT and PBS-treated mdx mice was similar to
previously reported studies.32 We observed a significant increase in
capillary density per muscle fiber in the 20 mg/kg rHsGal1 treatment
group relative to PBS-treated mdx animals (Figure 3). These data
demonstrate that systemically delivered rHsGal1 increased muscle
vascularization, which may prevent hypoxia associated with dystro-
phin-deficient muscle.

Assessment of the Efficacy of Intravenously Delivered rHsGal1

As a protein therapy, one of the potential paths for Galectin-1 treat-
ment in DMD patients is through intravenous (i.v.) delivery. There-
fore, we performed a small study to assess whether rHsGal1 toxicity
and serum pharmacokinetics were altered fromwhat we had observed
previously with i.p. delivery.11 No toxicity had been observed previ-
ously with rHsGal1 i.p. injections up to 50 mg/kg; therefore, we began
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by assessing single-bolus retro-orbital (RO) i.v. injections of rHsGal1
at 2.5, 5, 10, 15, or 20 mg/kg (n = 3/group). Surprisingly, animals
treated i.v. with concentrations of rHsGal1 above 2.5 mg/kg demon-
strated acute toxicity resulting in sudden death (Figure 4A). Autopsy
of these mice revealed cardiac and pulmonary blood clotting as the
reason for the acute toxicity. Our analysis suggested that local blood
concentrations of Galectin-1 in the bolus i.v. injection was likely
above the threshold found previously to cause platelet activation
and hemagglutination.33,34 Next we examined the pharmacokinetics
of 1, 2, and 3 mg/kg rHsGal1 delivered i.v. intomdxmice (n = 3/con-
centration time point) and compared this with 3 mg/kg rHsGal1 in
WT mice (n = 3). We found that i.v. delivered Galectin-1 is cleared
from the serum more quickly than in previous i.p. injection studies.
The serum levels of rHsGal1 were depleted within �4 h of injection.
Interestingly, the half-life serum clearance of all three injected con-
centrations of mdx (half-life [t1/2] = 0.60–0.65) was �25%–30%
slower than that observed in the WT (t1/2 = 0.48). This is much faster
clearance than observed previously with i.p. injections using rMsGal1,
which peaked at �2 h with t1/2 = 1.07 h.11 Together, these data
demonstrate that i.v. bolus injections of rHsGal1 are toxic above
2.5 mg/kg and that the muscle exposure time to the rHsGal1 is lower
than with i.p. treatments.

Next we performed a small-scale efficacy study using i.v. injections
with the sub-lethal dose of 2.5 mg/kg/weekly rHsGal1 in mdx mice,
beginning at 5 weeks of age. PBS (n = 6) and rHsGal1 (n = 7) treat-
ments began at 5 weeks, rather than earlier, because the mouse RO
delivery route was too small for consistent injections prior to this
age (Figure 4C). Treatments continued through 11 weeks of age,
019



Figure 4. Assessment of i.v. rHsGal1 Treatment in

mdx Mice

(A) i.v. rHsGal1 toxicity was assessed using 2.5, 5, 10, 15,

and 20 mg/kg rHsGal1 (n = 3/treatment), followed by

monitoring for 1 h. (B) The pharmacokinetics of rHsGal1

serum levels were assessed after treatments using 1, 2,

and 3 mg/kg rHsGal1. Serum rHsGal1 levels were

assessed by liquid chromatography-tandem mass spec-

trometry (LC-MS/MS) for a human-specific Galectin-1

peptide 15, 120, and 720 min post-injection. (C) A

2.5 mg/kg rHsGal1 i.v. delivery preclinical efficacy study

was performed in mdx mice using a weekly injection

schedule from 5 to 11 weeks. (D and E) Diaphragms from

PBS (n = 6) and 2.5 mg/kg rHsGal1 (n = 7) treated mdx

mice were assessed for twitch (D) and tetanus (E) force. (F)

Treatment groups were assessed by immunofluores-

cence (IF) for CLN percentage. (G–J) Gastrocnemius

sarcolemma stability protein levels were assessed by

western blotting for a7A Integrin (G), a7B Integrin (H), b1D

Integrin (I), and b-Dystroglycan (J). Average ± SEM.
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when ex vivo contraction studies (Figures 4D and 4E) were performed
on diaphragm muscle. The diaphragm was chosen for examination
because it is generally considered to be the most affected muscle in
mdx mice at 10–11 weeks of age. We found a slight improvement
with rHsGal1 treatments relative to PBS in both twitch (Figure 4D)
and tetanus-specific force (Figure 4E); however, neither was signifi-
cantly improved. We then examined the CLN percentage in the TA
between the two treatment groups. We found a non-significant 7%
decrease in CLN percentage in the rHsGal1 treatment group relative
to PBS-treated mdx mice (Figure 4F). The gastrocnemius muscles
were then assessed by western blotting for the levels of a7A Integrin
Molecular Therapy: Methods &
(Figure 4G), a7B Integrin (Figure 4H), b1D In-
tegrin (Figure 4I), and b-Dystroglycan (Fig-
ure 4J). Unlike the IP injections, we did not
observe a change in a7A Integrin between
the 2 treatment groups (Figure 4G). However,
we did observe increased levels of a7B Integrin,
b1D Integrin, and b-Dystroglycan (Figures
4H–4J), with significance between the groups
in a7B Integrin and b-Dystroglycan. These
data suggest that 2.5 mg/kg rHsGal1 RO injec-
tions are beneficial relative to PBS controls.

Whole-Body Pharmacodynamics of i.p.

versus i.v. rHsGal1

Because we observed differences between i.p.
versus i.v. pharmacokinetics, we decided to
examine the pharmacodynamics of fluores-
cently labeled rHsGal1 in CD1 mice. A pretreat-
ment image was taken from all mice, and, as
expected, none possessed any signal at the imag-
ing setting used for data collection (Figure 5A).
The mice were then injected with 2.5 mg/kg
Dylight-650-labeled rHsGal1 (650-rHsGal1) by either i.p. or i.v. injec-
tion. The CD1 mice were then imaged immediately using the in vivo
imaging system (IVIS), which demonstrated a slow distribution of
650-rHsGal1 into systemic tissues from the injection site in the i.p.
injected mouse (Figure 5B). Conversely, the 650-rHsGal1 injected
i.v. was immediately observed to be present throughout the entire
mouse (Figure 5E). Finally, we again examined all 650-rHsGal1-
injected mice by IVIS 4 h later, with both ventral and dorsal views
(Figures 5C, 5D, 5F, and 5G). Interestingly, the 650-rHsGal1 i.p. in-
jection had spread throughout the body with noticeably brighter spots
in the bladder and kidneys (Figures 5C and 5D). The 650-rHsGal1 i.v.
Clinical Development Vol. 13 June 2019 149
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Figure 5. Dynamics of Alexa Fluor 488-Labeled

rHsGal1 i.p. and i.v. Injections 1 min and 4 h Post-

injection

(A) IVIS representative pretreatment image. (B–G) After

2.5 mg/kg Alexa Fluor 488-labeled rHsGal1 treatment

either i.p. (B–D) or i.v. (E–G) a ventral (B, C, E, and F) or

dorsal (D and G) image was taken using IVIS either 30 s

(B and E) or 4 h (C, D, F, and G) post-injection. The black

arrow corresponds to the i.p. injection site, the white arrow

indicates the bladder, and the white arrowheads depict the

kidneys.
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injection retained large amounts of signal throughout the animal,
with elevated levels appearing in the dorsal view (Figures 5F and
5G). The cage with 650-rHsGal1 i.v. injected animals had notably
blue bedding at 4 h, indicating that a significant amount of labeled
rHsGal1 had already passed through the bladder and been excreted.

DISCUSSION
Galectin-1 is a novel biological agent that has efficacy in slowing
disease progression in preclinical murine models of DMD. In this
study, we investigated the optimal dosing and delivery of rHsGal1
in the mdx mouse model of DMD. Optimal i.p. dosing was deter-
mined to be 20 mg/kg/week rHsGal1 using physiological, molecular,
and histological outcome measures. However, it should be noted
that we did not attempt more frequent dosing schedules, which
may be warranted based on rHsGal1 serum clearance. Grip strength
assessment showed a correlation between escalating doses and
strength improvement over time. Other measurements, including
CLN, muscle fiber size, diaphragm fibrosis, and ex vivo EDL muscle
force assessments, suggested equal improvements across all rHsGal1
treatment groups. Finally, western blots and capillary density data
suggested that maximum benefits were achieved using 20 mg/kg/
week rHsGal1, the same dose found previously to be optimal with
mouse Galectin-1 treatments.11 Together, these studies provide a
foundation for further dose evaluation studies and confirm the ther-
apeutic value of Galectin-1 treatments for DMD.

In the current study, the actimetry, histologically assessed CLN, and
Utrophin protein levels failed to achieve the significance observed
previously.11 There are several potential reasons why these discrep-
ancies between treatments may have occurred. The first and most
likely is due to differences between the Galectin-1 production
methods and the recombinant proteins themselves. This study used
DTT to maintain Galectin-1 in a reduced form, which has been sug-
gested to be more active than oxidized versions.26,33,35 It has been
150 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2019
shown previously that the oxidized and reduced
forms of Galectin-1 can have highly different
in vivo activities,36,37 and it is possible that the
oxidized version was used previously with altered
effects. It is also possible that the amino acid
sequence differences between mouse and human
Galectin-1 cause protein interaction differences
in the mouse host. The results from this study clearly show that
human Galectin-1 treatment did induce an immune response against
the injected protein. Therefore, it is also possible that rHsGal1 protein
does not provide the same long-term sarcolemma stability found
previously because of expedited clearance.

Functional ischemic muscle conditions in DMD patients and dystro-
phin-deficient animal models have long been thought to contribute to
disease progression.38 Our data suggest that rHsGal1 treatments may
alter the capillary density-to-muscle fiber ratio. This fits with previous
reports that Galectin-1 can directly interact with VEGFR2 and posi-
tively increase angiogenesis.39 Because mdx and golden retriever
models of DMD have reduced capillary density and muscle
ischemia,40,41 our results suggest that this could be a direct mecha-
nism by which Galectin-1 treatment improves mdx outcome
measures. Galectin-1 could be particularly effective when used in
conjunction with phosphodiesterase-5 inhibitors,42 which will
improve blood flow through nitric oxide (NO)-induced vessel
relaxation.

The i.v. studies identified a limit to the maximum dose of rHsGal1
that should be used by this method of delivery and indicates careful
dosing to avoid a high local concentration of rHsGal1 in the
blood. This toxicity was not observed with i.p. delivery (even at
100 mg/kg), which resulted in a slower increase in Galectin-1 in the
blood and, thus, from the blood to the skeletal muscle. i.p. delivery
also resulted in a longer half-life, which was likely due to this slow
distribution into the blood, and also led to better outcome measures.
These data suggest a pharmacokinetic model in which the distribu-
tion of rHsGal1 from the blood into the skeletal muscle compartment
is a slow process and is maximally activated at lower Galectin-1 con-
centrations. If Galectin-1 distribution intomuscle is rate-limited, then
a delivery method that results in sustained blood levels of blood
Galectin-1 would result in the largest accumulation in muscle tissue.
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This is what was observed in our subcutaneous or i.p. dosing, which,
therefore, would be more efficacious for treating DMD patients and
would also mitigate the toxicity risk observed by large-bolus i.v. injec-
tions. Additionally, developing Galectin-1 as a subcutaneously deliv-
ered therapeutic agent would be beneficial for patients because regular
treatments could be performed at home using autoinjectors instead of
requiring regular i.v. infusions in a clinic.

We believe that the toxicity resulting from cardio-pulmonary clotting
and asphyxiation occurred because of Galectin-1 triggering platelet
activation, which is dependent on the lectin-binding activities of
rHsGal1.34 Interestingly, this may not be an issue with the oxidized
version of Galectin-1, which has been reported to lack the lectin-bind-
ing potential of the reduced form.33 Therefore, slower delivery and
control of rHsGal1 in the bloodstream by subcutaneous delivery
may prevent this adverse reaction to i.v. delivery as we continue to
develop an rHsGal1 therapeutic agent for DMD. Additionally, opti-
mizing the pharmacokinetics of Galectin-1 by addition of a polyeth-
ylene glycol (PEG) or other moiety could also increase the efficacy of
Galectin-1. This study has expanded our understanding of the mech-
anistic action of Galectin-1 as a therapeutic treatment for DMD and
suggests future experiments for optimization of both efficacy and
safety.

MATERIALS AND METHODS
Human Galectin-1 Expression, Purification, and Evaluation

The human galectin-1 (LGALS1) cDNA was produced using reverse
transcriptase (Superscript III, Invitrogen) from HeLa cell total RNA
(Trizol, Invitrogen) followed by PCR using Platinum Taq Supermix
(Invitrogen). The human LGALS1 cDNA was initially cloned into
the pET23b (EMDMillipore) vector (the normal stop codon prevent-
ing C-terminal His6 tag translation), transformed into Rosetta E. coli
(EMD Millipore), grown for �22 h in 2� yeast extract tryptone
(2�YT) medium, and induced for rHsGal1 expression using
0.4 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG) (Invitrogen).
Five hours post-induction, the bacteria were pelleted by light centri-
fugation, resuspended in PBS + protease inhibitor cocktail set III
(Calbiochem) + 8 mMDTT (Genesee), and lysed through sonication.
The lysate was cleared of nonessential cell debris by ultracentrifuga-
tion and then affinity-purified over a b-lactosyl Sepharose 6B column
using ACTApure fast protein liquid chromatography (FPLC) (GE
Healthcare) as described previously.30 Fractions containing rHsGal1
were then run over a Sephacryl S-100 column or twice through Pro-
teus NoEndoS removal columns (Charles River Laboratories). The
purified rHsGal1 was assessed by mass spectrometry for identity
and purity, the Pierce LAL Chromogenic Endotoxin Quantitation
Kit for endotoxin levels, western blotting to follow the protein during
FPLC fractionation (see below), and Coomassie staining for purity.

Animals

mdx (C57Bl/10ScSn-Dmdmdx) and WT (C57BL/10ScSn) mouse
housing and experiments were performed under an approved proto-
col from the University of Nevada, Reno Institutional Animal Care
and Use Committee (IACUC) under guidelines set forth by the
Molecul
NIH. In the dose escalation study, 3-week-old male mdx mice were
treated weekly with a single injection of PBS or 5, 20, or 50 mg/kg
rHsGal1. Body weight was monitored every week. Forelimb grip
strength and activity data were collected weekly from 4 weeks of
age to 10 weeks of age as described previously.11 At the end of the
study, the EDL muscle was appropriately harvested for ex vivo
contraction studies prior to final sacrifice and harvesting of other
muscle tissues. All RO injections and serum blood draws were
performed under isoflurane anesthesia. The RO toxicity study was
initiated with 2.5, 5, 10, 15, and 20 mg/kg rHsGal1 after unexpected
complications with the initial 20 mg/kg rHsGal1 i.v. injections. All
animals were treated according to the rules and regulations specified
by the IACUC. At the end of the study, the diaphragm of the mice
were appropriately harvested for either contractile measurements or
phrenic nerve stimulation and recording studies.

Mouse Activity Assessments

Activity assessments were performed as described previously.11

Experiments were performed weekly, 24 h post-treatment, by placing
mice in the Opto-Varimex-4 system with Auto-track v4.96 software
for a 30-min time period (Columbus Instruments).

Mouse Forelimb Grip Strength

Grip strength was assessed as described previously.11 Mouse grip
strength was determined using a San Diego Instruments (SDI) grip
strength system and a Chatillon digital force gauge tensometer.
Grip strength testing was performed six times, with 30-s rest periods
between pulls, by a member of the Burkin lab blinded to treatment
groups.

Ex Vivo EDL and Diaphragm Muscle Strength Assessment

EDL and diaphragm muscle strength analysis was assessed as
described previously.11,43 Briefly, muscles were mounted in an
oxygenated tissue bath in a physiological salt solution and hung
from a computer-controlled Aurora Scientific servomotor. After
acclimation, 3 isometric twitch (1 Hz) and 3 isometric tetanus
(150 Hz) contractions and force frequency (10, 30, 50, 65, 80, 100,
120, 150, and 180 Hz) protocols were performed. There was a
10-min rest between each set of experiments. All experiments used
an electrical stimulation of 7 V with a 200-ms pulse duration (701A
Stimulator, Aurora Scientific).

Cryosectioning

A Leica CM1850 cryostat was used with Tissue-TEK optimal cutting
temperature compound-embedded TA muscles (Sakura Finetek
USA) as described previously.11

Histological Assessment

10-mmTAsectionswere blocked in 5%BSA (Fisher Scientific), stained
with Alexa Fluor 488 wheat germ agglutinin (WGA) (Molecular
Probes, Invitrogen Detection Technologies), and mounted in Vecta-
shield Hard Set with DAPI (Vector Laboratories, Burlingame, CA).
Images were captured using a Zeiss Axioskop 2 Plus fluorescence
microscope, a Zeiss AxioCam HRc digital camera, and Axiovision
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 151
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4.8 software or an Olympus FluoviewFV1000 laser-scanning biolog-
ical confocal microscope using the Olympus Micro FV10-ASW 3.1
software. CLN percentage and Feret’s minimal diameter were
measured after stitching together images to recreate a montage of
the entire TA muscle section.

Immunofluorescence

Immunostaining was performed as described previously.11 Briefly,
10-mm TA sections were blocked with 5% BSA and then incubated
using antibodies against total a7 integrin, b1D Integrin, b-Dystrogly-
can, and Utrophin as described previously, followed by fluorescein
isothiocyanate (FITC) donkey anti-rabbit (1:1,000, Jackson Immu-
noResearch, Baltimore, MD) and mounting using Vectashield con-
taining DAPI (H-1500, Vector Laboratories, CA). Images were taken
as described previously. Capillary staining was performed using Alexa
Fluor 488 anti-mouse CD31 (BioLegend, 102513).

Immunoblotting

Crushed gastrocnemius muscles were suspended in radioimmuno-
precipitation assay (RIPA) buffer plus protease inhibitor cocktail
set III (Calbiochem) and allowed to dissociate on ice for 30 min.
Insoluble material was removed by centrifugation, and protein
concentration was determined by bicinchoninic acid (BCA).11

Varying amounts of protein extract (5 mg for a7A and a7B Integ-
rin, 10 mg for b-Dystroglycan, and 30 mg for b1D Integrin and
Utrophin) were loaded per lane, separated on SDS-PAGE gels,
and transferred to nitrocellulose. All blots were blocked in 2%
BSA, which was also used to dilute antibodies. Blots were probed
using a7A and a7B integrin-specific rabbit polyclonal antibody,
b-Dystroglycan H-242 (sc-28535, 1:200), b1D Integrin, utrophin
(MANCHO3, 1:50, Developmental Studies Hydridoma Bank
[DSHB]), and Galectin-1 (1:100, New England Peptide) and
normalized to either glyceraldehyde 3-phosphate dehydrogenase
(GAPDH V-18, sc-20357, 1:200) or a-tubulin (DM1A, ab7291, Ab-
nova,1:500). Primary antibodies were detected using Alexa Fluor
680 goat anti-rabbit immunoglobulin G (IgG), Alexa Fluor 800
donkey anti-rabbit IgG, Alexa Fluor 800 goat anti-mouse IgG,
and Alexa Fluor 800 or 680 donkey anti-goat IgG (1:5,000 Molec-
ular Probes, Invitrogen Detection Technologies).

Hydroxyproline Assay

The assay was performed as described previously.11 Briefly, cleaned
diaphragm samples were weighed and incubated overnight (O/N)
at 110�C in 2 mL of 6 N HCl. 10 mL of the resulting hydrolysate sam-
ple was then mixed with 150 mL isopropanol and then 72 mL chlora-
mine T reagent and incubated for 10 min at room temperature (RT)
to allow oxidation. 1,000 mL of freshly prepared Ehrlich’s reagent was
then added, and samples were incubated at 55�C for 30min. 200 mL of
each sample was transferred to a clear 96-well plate. Samples were run
in triplicate, and absorbance was measured at 550 nm.

Labeled rHsGal1 Mouse Dynamics

The Dylight-650 NHS Labeling Kit (Thermo Fisher Scientific, 46403)
was used to label rHsGal1. CD1 mice were injected either RO or i.p.
152 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
and immediately scanned for the Dylight-650 signal using an IVIS
(PerkinElmer). Four hours later, the mice were scanned again.

Statistical Analysis and Curve Fitting

Statistical analysis was performed with GraphPad Prism software
using one-way or two-way ANOVA followed by a Bonferroni com-
parison between all treatment groups. GraphPad prism software
was also used to fit curves using nonlinear regression analysis and
to provide half-life measurements in the pharmacokinetics (PK)
study. Error bars in all figures represent SEM. Significance is dis-
played as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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