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ABSTRACT OF THE THESIS

Transplantation of immature hematopoietic progenitors expressing a leukemia inhibitory factor

transgene influences muscle fibrosis in dystrophic mdx mice

by

Maxine Faith Ramos Vera Cruz

Master of Science in Physiological Science
University of California, Los Angeles, 2020

Professor James G. Tidball, Chair

Current therapies for Duchenne muscular dystrophy (DMD) face major obstacles in achieving
treatment efficacy. In this study, we tested a macrophage-mediated system to deliver a
therapeutic molecule, called leukemia inhibitory factor (LIF), to dystrophic muscle in the mdx
mouse model of DMD. Immature hematopoietic progenitors were transduced with a lentiviral
vector containing a LIF transgene under control of the CD11b promoter. These modified
immature hematopoietic progenitors were then transplanted into mdx mice so that donor-
derived macrophages express LIF upon activation via the CD11b promoter sequence. We found
differential effects on collagen accumulation in the diaphragm and quadriceps muscles. We also
stimulated fibroblasts isolated from quadriceps and diaphragm muscles with LIF and found that

LIF stimulation reduced collagen type Il expression in fibroblasts from mdx quadriceps only.



These findings indicate that our strategy for delivery of potentially therapeutic transgenes to

dystrophic muscle can influence muscle pathology but may vary between muscles.



The thesis of Maxine Faith Ramos Vera Cruz is approved.
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James G. Tidball, Committee Chair
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Introduction

Duchenne muscular dystrophy (DMD) is a fatal disease caused by mutation of the gene that
encodes the protein dystrophin. Dystrophin is a member of a protein complex that links the
extracellular matrix (ECM) to the actin cytoskeleton in skeletal muscle fibers and
cardiomyocytes.! When dystrophin is dysfunctional or absent, the structural integrity of the
sarcolemma is compromised, and muscle fibers become susceptible to contraction-induced
injury and suffer sarcolemma breakage.? Over the course of dystrophic pathology, muscles
undergo repeated cycles of injury and regeneration, leading to increased fibrosis,
pseudohypertrophy, chronic inflammation, and necrosis.® Cardiac and respiratory muscles like
the diaphragm become severely affected, and inspiratory and cardiovascular capacities are
dramatically impaired.* Consequently, most DMD patients die prematurely due to cardiac or

respiratory failure.

When skeletal muscle is injured, immune cells infiltrate the injury site to begin tissue repair.
Resident macrophages have been shown to release chemokines selectively that play a vital role
in directing the migration of infiltrating neutrophils and monocytes to the injured muscle.®
Neutrophils invade the muscle and release cytokines to recruit monocyte-derived macrophages,
which then serve to phagocytose muscle debris and clear the injury site.® Macrophages take on
two phenotypes during earlier versus later stages of the inflammatory response. The earlier
stage is dominated by M1 macrophages that are classically activated by pro-inflammatory, T-
helper (Th) 1 cytokines such as tumor necrosis factor alpha (TNFa) and interferon gamma
(IFNy).”® M1 macrophages can release pro-inflammatory cytokines that can intensify the
inflammatory response.® During later stages of inflammation, macrophages are alternatively
activated into a more phenotypically-heterogeneous population of M2 macrophages. M2

macrophages are activated by anti-inflammatory, Th2 cytokines such as interleukin (IL) -4 and



IL-10.°'° These macrophages release anti-inflammatory cytokines and promote muscle

regeneration.

In healthy muscle, inflammation eventually subsides, allowing the muscle to remodel so that
myofibers mature and function is regained. However, in dystrophic pathology, repeated cycles
of injury lead to chronic inflammation of the muscle and aberrant tissue remodeling, in which
muscle is replaced with fibrous and fatty tissue." M2 macrophages remain in the muscle in
large numbers, and fibrosis, the scarring of tissue due to excessive accumulation of ECM

components, occurs.'?"?

In addition to mediating the inflammatory response, macrophages can play direct or indirect
regulatory roles that affect the muscle’s regenerative capacity." For example, pro-inflammatory
M1 macrophages express inducible nitric oxide synthase (iNOS) to generate cytotoxic levels of
nitric oxide (NO). They can lyse muscle cells via an INOS/NO-dependent mechanism, promoting
further degeneration of myofibers.® M1 macrophages have also been shown to promote the

proliferative capacity of satellite cells and myoblasts in vitro."®®

M2 macrophages are made up of a more heterogeneous subset of phenotypes, characterized
as M2a, M2b, and M2c, according to some nomenclatures."”'® M2a macrophages are activated
by IL-4 and IL-13 and are associated with processes such as tissue repair, wound healing, and
fibrosis.®'%'® Macrophages that shift from an M1 to an M2a phenotype show a reduction in iINOS
expression and an increase in arginase 1 (Arg1) expression, demonstrating a shift in arginine
metabolism in the muscle.® Whereas iNOS catalyzes the metabolism of arginine to generate
citrulline and nitric oxide, Arg1 catalyzes the conversion of arginine to urea and L-ornithine, the
precursor for proline which is used in collagen synthesis. Reductions in arginase expression

have been shown to decrease fibrosis in dystrophic skeletal muscle, indicating that M2a



macrophages are closely linked to profibrotic processes during tissue remodeling.?° M2b
macrophages are activated by immune complexes and Toll-like receptors and release anti-
inflammatory, Th2 cytokines such as IL-10.2"% M2c macrophages are activated by IL-10 and
also release anti-inflammatory cytokines that deactivate the M1 phenotype and diminish
inflammation in the muscle.?’ M2c, as well as M2a, macrophages can release profibrotic factors
like transforming growth factor beta (TGFp) to regulate the activity of fibroblasts in producing
and remodeling ECM components.? Altogether, M2 macrophages are associated with anti-

inflammatory and profibrotic processes in muscle repair.

Given their broad range of functions in the repair of injured muscle, macrophages are the most
predominant population of inflammatory cells in dystrophic muscle with concentrations that can
exceed 20,000 cells/mm? of muscle tissue during the acute peak of pathology.?* Thus, due to
their abundance in muscle during dystrophic pathology, macrophages can act as natural vectors
to deliver a therapeutic agent to dystrophic muscle as a therapeutic approach. Various
treatments are used today to slow the progression of dystrophic pathology. For example,
corticosteroids are used to reduce inflammation in the muscle, leading to short-term
improvements in muscle strength and function.?® Other common palliative treatments include
myostatin inhibitors to promote muscle regeneration, anti-fibrotic drugs to reduce excessive
scarring, and phosphodiesterase (PDE) inhibitors to reduce muscle ischemia.??” However,
these treatments are administered systemically, posing issues in the specificity of the location
and time of delivery of such agents. First, systemic delivery allows therapeutic agents to be
delivered to non-muscle tissues, resulting in off-target effects. Second, the asynchronous
progression of pathology in dystrophic muscles requires the timely modification of the delivery of
therapeutic agents according to the severity of the pathology. By using macrophages as a
natural vector, the therapeutic agent can be delivered to injury sites in dystrophic muscle and in

high magnitudes when pathology is at its peak. When inflammation subsides, the number of



macrophages in the injury site declines as well, reducing the amount of therapeutic agent

delivered to the muscle.

Macrophage overexpression of therapeutic agents has been shown to effectively diminish
pathology in dystrophic muscle. Wehling-Henricks and Welc et al. demonstrated that
macrophage overexpression of Klotho, a protein associated with anti-aging effects that is down-

2829 hromotes myogenesis in mdx mice, the murine model of

regulated in dystrophic muscle,
DMD.* Welc and Flores et al. also tested a similar macrophage-mediated delivery system with
leukemia inhibitory factor (LIF), a pleiotropic, secreted cytokine belonging to the IL-6 family that
has been shown to attenuate dystrophic pathology in mdx mice.' They found that macrophage
overexpression of LIF reduced fibrosis in LIF transgenic mdx (LIF/mdx) mice and in mdx mice

).32 These

transplanted with LIF/mdx immature hematopoietic progenitors (LIF/mdx BMT
investigations demonstrate that macrophages can act as vectors to deliver a therapeutic

molecule to dystrophic muscle in a targeted manner.

In this study, we sought to make this macrophage-mediated delivery system more translatable
by transducing wild-type immature hematopoietic progenitors ex vivo to express a therapeutic
transgene then transplanting them into mdx mice. We selected the mdx mouse as our model
because it resembles the progression of DMD pathology, which includes acute onset followed
by chronic inflammation and fibrosis.**** To test our hypothesis, we selected LIF as our
therapeutic agent because it has been shown to promote myogenesis and reduce fibrosis in
mdx mice and promote myoblast proliferation by inhibiting apoptosis in vitro.3? 34 We
developed a lentiviral construct in which expression of a LIF transgene was placed under the
control of the human CD11b promoter, an integrin highly expressed in differentiated and
activated macrophages.*"*? Previous investigations have shown that the CD11b promoter is

capable of driving high-level expression of transgenes in murine macrophages.*® Our approach



combines ex vivo transduction of immature hematopoietic progenitors with a transgene and
transplantation of those modified cells into mdx mice to deliver a therapeutic molecule to sites
with active inflammation via macrophages. These findings indicate that our strategy for delivery

of potentially therapeutic molecules to dystrophic muscle can influence pathology.



Materials and Methods

Animals

All animal experimentation complied with guidelines established by the UCLA Animal Research
Committee. Mdx and C57BL/6J mice were purchased from the Jackson Laboratory and bred

and housed in a pathogen-free vivarium.

Mdx mice that were transplanted with transduced immature hematopoietic progenitors were
sacrificed at three and six months post-transplantation. The hind limb muscles of one leg and
one half of the diaphragm were frozen in liquid nitrogen-cooled isopentane for histology. The
hind limb muscles of the contralateral leg and the contralateral hemidiaphragm were frozen in
liquid nitrogen for either gPCR or Western blot assay. Aliquots of bone marrow cells (BMCs)
were used to determine the proportion of total BMCs that were donor-derived (the level of
chimerism) assayed by fluorescent in situ hybridization of the Y-chromosome (Kreatech FISH

Probes).

Transduction and transplantation of immature hematopoietic progenitors

Self-inactivating integrating lentiviral vectors were made through the Integrated Molecular
Technologies Core at UCLA. Expression of the LIF construct was validated in murine
macrophages. The lentiviral vectors for the LV.GFP and LV.LIF mice contain a CD11b promoter
sequence and a histone-fused fluorescent reporter. The lentiviral vector for the LV.LIF group
also contains a T2A self-cleaving peptide sequence and the LIF transgene downstream of the

CD11b promoter (Figure 1A).

Immature, lineage negative (lin-) hematopoietic progenitors were separated from total BMCs

obtained from six- to ten-week-old, male, wild-type mice, using magnetic-activated cell sorting



(Miltenyi Biotec) with biotinylated antibodies against CD5, CD45R, CD11b, Gr-1, 7-4, and Ter-
119. To enhance cell transduction, the lin- cells were cultured in tissue culture plates coated
with recombinant human fibronectin (Retronectin, Clontech). The cells were grown in a pre-
stimulation medium containing IL-3, stem cell factor, thrombopoietin, and fms-like tyrosine
kinase-3 ligand to promote stem cell viability. The lentiviral vectors were added to the cell

cultures four hours after pre-stimulation then incubated overnight.

We administered a trimethoprim sulfamethoxazole regimen to female, three- to four- month old
recipient mice to prepare them for transplantation of the transduced immature hematopoietic
progenitors and reduce the likelihood of infection occurrence. On the day prior to
transplantation, the recipient mice were subjected to irradiation (two doses of 450 Rad, three
hours apart). 1.5 x 10° of the transduced lin- progenitors were intravenously injected into the
mice. This number of cells was sufficient to reconstitute the mouse’s hematopoietic lineage. The
LV.LIF group of recipient mice received immature hematopoietic progenitors transduced with
the LIF transgene, while the LV.GFP group received immature hematopoietic progenitors

without the LIF transgene.

Validation of lentiviral construct expression via green fluorescent protein immunohistochemistry

Cross sections of diaphragm and quadriceps tissues from transplantation recipient mdx mice
were fixed with 1% paraformaldehyde in phosphate-buffered saline (PBS) for five minutes then
washed with PBS. Sections were incubated in 0.3% hydrogen peroxide in PBS for ten minutes
then washed with PBS. The cross sections were blocked with a blocking buffer solution (3%
bovine serum albumin (BSA), 0.05% Tween-20, 0.18% gelatin, 0.09% NaNs, 0.8% NacCl, and
0.05% Tris base) for one hour and subsequently washed with PBS. The sections were then
incubated for three hours at room temperature with an anti-green fluorescent protein (GFP)

antibody (Abcam, ab13970) diluted at 1:500 in an antibody buffer solution (3% BSA, 0.18%



gelatin, 0.09% NaNs, 0.8% NaCl, and 0.05% Tris base). Following the primary antibody
incubation, the sections were washed again in PBS and then incubated in biotinylated goat anti-
chicken antibody diluted in PBS (Vector, 1:200) for thirty minutes. Secondary antibody
incubation was followed by a PBS wash. Sections were then incubated in avidin horseradish
peroxidase (Vector) diluted in PBS (1:1000) for thirty minutes. Sections were washed in PBS for
a final time then developed with an A.E.C. Peroxidase Substrate Kit (Vector) for ten minutes.
We then confirmed by immunohistochemistry that inflammatory lesions in the muscles of mdx

mice receiving transduced cells were enriched in GFP+ mononucleated cells (Figure 1B).
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Figure 1. Schematic and validation of lentiviral constructs for transduction of immature
hematopoietic progenitors. A) Top: Lentiviral construct of control (LV.GFP) mdx mice contain the
human CD11b promoter, which increases in expression during differentiation and activation of
myeloid cells, and the H2B-eGFP fusion protein, which encodes a nuclear localized fluorescent
reporter. Bottom: Lentiviral construct of LIF-treated (LV.LIF) mdx mice contain the human CD11b
promoter; H2B-eGFP fusion protein; T2A, a self-cleaving peptide sequence; and the LIF
transgene. B) Cross-sections of quadriceps muscles from LV.GFP mdx mice at six months post-
transplantation were immunolabeled with anti-GFP. Left: negative control without anti-GFP
antibody, right: positively labeled cross-section. Black arrows indicate inflammatory cells in
lesioned area.




Collagen deposition

We assayed for accumulation of collagen types | and Il in diaphragm and quadriceps muscles
that were sectioned at a thickness of 10 um. The cross sections were fixed in cold acetone for
ten minutes and then allowed to air dry for ten minutes. Sections were rehydrated with a PBS
wash. The sections were then incubated in 0.3% hydrogen peroxide in PBS for ten minutes.
Sections were again washed in PBS. Sections were blocked with a blocking buffer solution (3%
BSA, 0.05% Tween-20, and 0.18% gelatin in PBS) for thirty minutes. The sectioned tissues
were subsequently washed with PBS. The sections were then incubated overnight at 4°C in
either goat anti-collagen type | (Southern Biotech, 1:50) or goat anti-collagen type Il (Southern
Biotech, 1:50) diluted in the blocking buffer solution. Following the primary antibody incubation,
the sections were washed in PBS. The sections were incubated in biotinylated horse anti-goat
antibody diluted in PBS (Vector, 1:200) for thirty minutes, followed by a PBS wash. The sections
were then incubated in streptavidin-horseradish peroxidase (HRP) diluted in PBS (1:1000) for
thirty minutes, followed by a final PBS wash. The sections were then developed with an A.E.C.

Peroxidase Substrate Kit (Vector) for eight minutes.

Collagen accumulation was quantified in sections observed through an Olympus BX50

microscope at 20X magnification and overlaid with a 10x10 grid. The number of total intercepts
overlying tissue in the field and the number of intercepts overlying tissue positively stained with
collagen types | or lll were counted. The number of collagen-positive intercepts was divided by

the total number of intercepts to calculate percent area of fibrosis.

Fibrotic cell quantification and imaging

We quantified the number of fibrotic cells in muscle sections using antibodies to the collagen

chaperone, heat shock protein 47 (HSP47). Cross sections of diaphragm and quadriceps



tissues from transplantation recipient mdx mice were fixed in cold acetone for ten minutes and
then allowed to air dry for ten minutes. Sections were washed with PBS then treated with
TrueBlack® (diluted 1:20 in 70% ethanol) for five minutes. Sections were washed three times
with PBS then blocked with a blocking buffer solution (3% BSA, 0.18% gelatin, 0.09% NaNs3,
0.8% NacCl, and 0.05% Tris base) for one hour at room temperature. The sections were
subsequently washed with PBS then incubated overnight at 4°C with a recombinant anti-HSP47
antibody (Abcam, ab109117) diluted 1:100 in the blocking buffer. Following the primary antibody
incubation, the sections were washed in PBS. Sections were incubated with DyLight 594 goat
anti-rabbit IgG antibody in PBS (Vector, 1:200) for one hour followed by three PBS washes. The

sections were mounted with ProLong™ Gold Antifade Mountant with DAPI and cover slipped.

The immunostained sections were quantified at 40X magnification using a Leica DM RXA
microscope. All HSP47+ cells were counted, excluding those located in the epimysium. For
diaphragm tissue quantification, the entire section was observed. For quadriceps tissue
quantification, 250 fields were counted.

We imaged the fibrotic cells by following the same immunostaining protocol with a slight
modification: the primary antibody solution contained recombinant anti-HSP47 antibody (Abcam,
ab109117) diluted at 1:100 and propidium iodide (Trevigen) diluted at 1:50 in the blocking buffer

solution.

Fibroblast isolation

Fibroblasts were isolated from six-month-old mdx and wild-type mice. Quadriceps and
diaphragm muscles were dissected and rinsed in PBS. Muscles were minced into a fine slurry
then digested in 3 ml of enzyme buffer (Dulbecco’s Modified Eagle Medium (DMEM, Sigma),

1% penicillin/streptomycin (P/S), 2.4 U/ml dispase Il (Invitrogen), and 1% collagenase, type Il

10



(Gibco)) per gram of muscle at 37°C for forty minutes with gentle shaking and frequent
trituration. Sample volumes were raised to 10 ml with DMEM and passed through 100 um cell
strainers (Falcon). The digestates were then pelleted at 350 g for five minutes. Cells were
resuspended in 5 ml of fibroblast isolation medium (DMEM, 1% P/S, and 10% fetal bovine
serum (FBS)) and pre-plated in collagen- and gelatin-coated culture dishes. The cells were then
incubated at 37°C in 5% COz for one hour to allow fibroblasts to adhere to the plate. After the
one-hour incubation, the plates were washed with DPBS to remove non-adherent cells, and 3
ml of fibroblast growth medium were added (DMEM, 1% P/S, and 20% FBS). The cells were
incubated at 37°C in 5% CO; and fed three times a week with fresh fibroblast growth medium
until confluent. When cells were 70-80% confluent, they were stimulated with either 10 ng/ml of

LIF recombinant protein (eBioscience, 14-8521-80) or 0.1% BSA for twenty-four hours.

RNA isolation

RNA was isolated from 50-100 mg of frozen diaphragm or quadriceps muscles after
homogenization in Trizol (Life Technologies). Each tissue sample underwent at least three,
thirty-second bursts of homogenization with each period followed by thirty seconds of cooling on
ice. Homogenized samples were centrifuged at 12,000 g for ten minutes at 4°C to pellet
insoluble material. The supernatant containing the RNA was incubated at room temperature for
five minutes to allow the dissociation of nucleoprotein complexes. Chloroform at 20% of the
original Trizol volume was added to each sample and incubated for three minutes at room
temperature. The samples were centrifuged at 12,000 g for fifteen minutes at 4°C to separate
them into three distinct layers: organic, phenol-CHCIs; phase (red and located at the bottom),
protein phase (white and located in the middle), and aqueous RNA phase (clear and located at
the top). The top aqueous layer containing the RNA was carefully drawn and transferred into a

new tube, where an approximately equal volume of isopropyl alcohol was added. The samples

11



were mixed by inversion then incubated at room temperature for ten minutes. They were then
centrifuged at 12,000 g for fifteen minutes at 4°C, resulting in an RNA pellet. The pellet was
resuspended in 1 ml of 75% ethanol and centrifuged at 12,000 g for 10 minutes at 4°C. After
centrifugation, the supernatant was removed, and the pellet air dried on ice. Once dry, the
pellets were resuspended in RNase-free water. RNA samples were purified with RNeasy Mini
Kit (Qiagen). RNA concentrations were determined using a Beckman DU730
spectrophotometer. All samples had a 260/280 ratio greater than 1.8, and RNA quality was

assessed via 1.2% agarose gel.

To isolate RNA from fibroblasts, fibroblast growth medium was removed and replaced with 1 ml
of Trizol per sample after 24-hour stimulation with BSA or LIF. Cells were detached with a cell
scraper and lysed using a 23-gauge syringe. All subsequent steps for RNA isolation from the
centrifugation to pellet insoluble material until resuspension of RNA pellets with RNase-free
water were conducted as stated above. RNA from fibroblasts isolated from quadriceps muscles
were purified with RNeasy Mini Kit (Qiagen), and RNA from fibroblasts isolated from diaphragm
muscles were purified with RNA Clean & Concentrator-5 Kit (Zymo), according to manufacturer
instructions. RNA concentrations were determined using a Beckman DU730 spectrophotometer.
All samples had a 260/280 ratio greater than 1.9, and RNA quality was assessed via 1.2%

agarose gel.

Quantitative real-time polymerase chain reaction (qPCR)

To generate cDNA, samples with 1 pl of Oligo(dT)+2.18 primer (Invitrogen), 1 ug of RNA, and
autoclaved water were heated at 65°C for five minutes then chilled on ice. A master mix of 5X
First-Strand Buffer (Invitrogen), 0.1 M DTT (Invitrogen), and 10 mM dNTPs was added to the

samples then incubated at 42°C for two minutes. SuperScript™ |l RT (Invitrogen) was added to

12



each sample. The samples were then incubated at 42°C for 50 minutes then at 70°C for fifty
minutes to heat inactivate the enzyme. The final cDNA sample was diluted 1:1 in autoclaved

water and stored at -20°C.

Two formats were used for qPCR analysis: 96-well and 384-well plates. For the 96-well format,
each well contained 2 ul of cDNA and 23 ul of a master mix (autoclaved water, SYBR® Green
Supermix (Bio-Rad), and the corresponding forward and reverse primers). Reference genes
used were Rnps1 and Srp14 for diaphragm tissues and Rplo and Tpt1 for quadriceps tissues.
For the 384-well plate, each well contained 2 pl of cDNA and 8 pl of a master mix (autoclaved
water, SYBR green enzyme, and the corresponding forward and reverse primers). Reference

genes used were Rnps1 and Tpt1 for fibroblasts.

Statistical analysis

All statistical analyses were performed using unpaired Student t-tests in Prism with differences

considered significant at p < 0.05. All graphs display mean + sem.
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Results

Collagen expression in diaphragm and quadriceps muscles

Because the diaphragm is one of the most severely affected muscles in DMD pathology,*** we
assayed for fibrosis by measuring the percentage of the volume of diaphragm muscles positive
for collagen. At three months post-transplantation, we observed no difference in percent volume
of collagen types | and Il between the LV.GFP and LV.LIF groups (Figures 2A,B). At six months
post-transplantation, no difference was observed in collagen type | percent volume between the
LV.GFP and LV.LIF mice (Figure 2C). However, percent volume of collagen type Ill was
reduced in the LV.LIF mdx mice (Figures 2D,E). Due to the large decrease in collagen type |
percent volume at six months post-transplantation, we assayed the rate of accumulation of
collagen type lll from the time of transplantation to six months after treatment. We observed a
slower rate of accumulation in collagen type Ill from the time of transplantation to six months

post-transplantation in the LV.LIF mdx mice (Figure 2F).

We also measured the relative mRNA expression of collagens type | and Il via gqPCR analysis.
We found a downward trend in collagen type | expression (p = 0.08) and a significant reduction
in collagen type Ill expression in the diaphragm muscles of our LV.LIF mdx mice at three

months post-transplantation, but no difference was observed at six months post-transplantation

(Figures 3A-D).
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Figure 2. Macrophage-mediated overexpression of LIF slows the rate of collagen type Il deposition
in the diaphragm of mdx mice. A-D) Percent volume analysis of diaphragm muscles from LV.GFP
and LV.LIF mdx mice three and six months post-transplantation. Cross-sections were
immunolabeled with anti- collagen type | and collagen type lll. (n = 5 for LV.GFP three months post-
transplantation, n = 6 for LV.GFP six months post-transplantation, n = 6 for all LV.LIF except for
collagen type Il at six months-post transplantation (n=5); **** indicates p < 0.0001) E) Cross-
sections of diaphragm at six months post-transplantation immunolabeled with anti-collagen type |Il.
(LV.GFP, left; LV.LIF, right) F) Time course analysis of percent volume of collagen type Il in
diaphragm muscles from LV.GFP and LV.LIF mdx mice. (n = 6, 0 months post-transplantation)
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Figure 3. Relative mRNA expression of collagen types | and lll are reduced in the diaphragm of
LV.LIF mdx mice at three months post-transplantation. A-D) gPCR analysis of diaphragm muscles
from LV.GFP versus LV.LIF mdx mice show relative mRNA expression levels of collagen types |
and Il at three (A,B) and six (C,D) months post-transplantation. (n = 6 for all groups except for
LV.GFP groups at three months post-transplantation (n=5); # indicates p < 0.1, * indicates p < 0.05)

Given that the progression of pathology is vastly different in limb skeletal muscles of mdx mice

44-46 e also assayed for fibrosis in the quadriceps muscles

compared to that in the diaphragm,
of our LV.LIF mdx mice. At three months post-transplantation, there was a downward trend in
the percent volume of collagen type | (p = 0.07), but no difference was observed in percent
volume of collagen type Il in the quadriceps muscles of the LV.LIF group (Figures 4A,B).
However, at six months post-transplantation, we observed an upward trend in the percent
volume of both collagen types | and Il in the quadriceps muscles of the LV.LIF group (p = 0.08

for both) (Figures 4C-E). QPCR analysis showed no difference between the two groups at three

and six months post-transplantation (Figures 5A-D).
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Figure 4. Collagen deposition in quadriceps does not differ significantly in LV.GFP and LV.LIF
mdx mice. A-D) Percent volume analysis of quadriceps muscles from LV.GFP and LV.LIF mdx
mice three and six months post-transplantation. Cross-sections were immunolabeled with anti-
collagen type | and collagen type Ill. (n = 6 for all groups except for LV.GFP groups at three
months post-transplantation (n=5); # indicates p < 0.1) E) Cross-sections of quadriceps muscles at
six months post-transplantation immunolabeled with anti-collagen type Ill. (LV.GFP, left; LV.LIF,
right)

Collagen production

We tested whether the differences that we observed in collagen accumulation in the LV.LIF mdx
mice were attributable to differences in the numbers of collagen producing cells by assaying
HSP47 expression as a marker for collagen producing cells. During collagen synthesis, HSP47
acts as a molecular chaperone by binding procollagens to prevent their unfolding and

aggregation as they are transferred from the endoplasmic reticulum to the Golgi apparatus.*’ In
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both diaphragm and quadriceps muscles, we observed no difference in the number of HSP47+
cells at three and six months post-transplantation, although there was a strong trend for fewer
HSP47+ cells in LV.LIF quads at three months post-transplantation (Figures 6A-F). We also
found no difference in expression levels of Serpinh1, the gene that encodes HSP47, at both
three and six months post-transplantation in diaphragm muscles (Figures 6G-H). In the
quadriceps muscles, we found no difference at three months post-transplantation, but at six
months post-transplantation, we observed a significant increase in Serpinh1 expression levels in

the LV.LIF group (Figures 61-J).
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Figure 5. Relative mRNA expression of collagen types | and Il do not change in the quadriceps of
LV.LIF mdx mice. A-D) gPCR analysis of quadriceps muscles from LV.GFP versus LV.LIF mdx mice
show relative mRNA expression levels of collagen types | and Il at three (A,B) and six (C,D) months
post-transplantation. (n = 5 for LV.GFP at three months post-transplantation, n = 6 for LV.LIF at
three months post-transplantation, n = 7 for LV.GFP at six months post-transplantation, n = 5 for
LV.LIF at six months post-transplantation)
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Figure 6. Ex vivo transduction and transplantation of immature hematopoietic progenitors to drive
LIF overexpression in macrophages does not affect the number of HSP47+ cells but increases
relative mRNA expression levels in the quadriceps. A,B) Number of HSP47+ cells in the diaphragm
muscles of LV.GFP and LV.LIF mdx mice at three and six months post-transplantation normalized to
muscle volume. (n = 6 for all except LV.GFP at three months post-transplantation) C)
Representative images of diaphragm muscles from LV.GFP (left) and LV.LIF (right) mdx mice at
three months post-transplantation with anti-HSP47 (green) and propidium iodide (red). Arrows
indicate HSP47+ cells. D,E) Number of HSP47+ cells in the quadriceps muscles of LV.GFP and
LV.LIF mdx mice at three and six months post-transplantation normalized to muscle volume. (n =5
for both groups at three months post-transplantation, n = 7 for LV.GFP and n = 6 for LV.LIF at six
months post-transplantation; # indicates p < 0.1) F) Representative images of quadriceps muscles
from LV.GFP (left) and LV.LIF (right) mdx mice at three months post-transplantation with anti-
HSP47 (green) and propidium iodide (red). G-J) gPCR analysis of diaphragm (G,H) and quadriceps
(1,J) muscles from LV.GFP versus LV.LIF mdx mice show relative mRNA expression levels of
Serpinh1 at three (G,I) and six (H,J) months post-transplantation. (n = 5 for LV.GFP, n = 6 for LV.LIF
of diaphragm groups; n = 3 for both LV.GFP, n =6 and n = 5 for LV.LIF at three and six months
post-transplantation, respectively, in quadriceps groups; * indicates p < 0.05)

We also measured mRNA expression levels of Arg1 and Arg2 because these enzymes have
been shown to affect fibrotic development in dystrophic muscle.? In the diaphragm, there were
trends for increased Arg2 expression in LV.LIF mdx mice at three months post-transplantation

(p = 0.06) and decreased Arg1 expression at six months post-transplantation (p = 0.13) (Figures
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7A-D). In the quadriceps, there were weak trends for reduced Arg1 expression at both three and

six months post-transplantation (p = 0.34; p = 0.27) (Figures 7E-H).
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Figure 7. Arginase expression is unaffected in the quadriceps muscles but shows a trend for
reduction in the diaphragms of LV.LIF mdx mice. A-D) gPCR analysis of diaphragm muscles from
LV.GFP versus LV.LIF mdx mice show relative mRNA expression levels of Arg1 and Arg2 at three
(A,B) and six (C,D) months post-transplantation. (n = 5 for all groups at three months post-
transplantation except for LV.LIF group for Arg1 analysis (n = 6), n = 6 for all groups at six months
post-transplantation except for LV.LIF group for Arg2 analysis (n = 4); # indicates p < 0.1) E-H)
gPCR analysis of quadriceps muscles from LV.GFP versus LV.LIF mdx mice show relative mRNA
expression levels of Arg1 and Arg2 at three (E,F) and six (G,H) months post-transplantation. (n =
5 for LV.GFP and n = 6 for LV.LIF at three months post-transplantation, n =7 and n = 6 for
LV.GFP groups for Arg1 and Arg2 analyses respectively, at six months post-transplantation, n =5
for LV.LIF at six months post-transplantation)

Extracellular matrix breakdown

We also assayed for expression of enzymes that affect ECM breakdown to further examine the
causes of the in vivo differences we observed in collagen accumulation. We measured the
relative mRNA expression of two matrix metalloproteinases (MMP), MMP2 and MMP9, which
degrade various collagens in the extracellular matrix.*® MMP2 and MMP9, particularly, have
been shown to be involved in inflammatory and profibrotic processes in dystrophic muscles of
the canine model of DMD.*® We also measured the relative mRNA expression levels of two
tissue inhibitors of metalloproteinases (TIMP), TIMP1 and TIMP2, which inhibit the activity of
MMPs.* In the diaphragm, MMP9 expression tended to be higher at three months post-
transplantation (p = 0.06) (Figure 8A). At six months post-transplantation, TIMP1 expression
levels tended to be lower (p = 0.06) (Figure 8B). In the quadriceps muscles, MMP2 expression
levels tended to be reduced (p = 0.07) at three months post-transplantation, and no difference
was observed in the expression levels of MMPs and TIMPs at six months post-transplantation

(Figures 8C-D).
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Figure 8. Macrophage-mediated delivery of LIF does not affect expression of ECM remodeling
genes. A,B) gPCR analysis of diaphragm muscles from LV.GFP versus LV.LIF mdx mice show
relative mRNA expression levels of MMP2, MMP9, TIMP1, and TIMP2 at three (A) and six (B)
months post-transplantation. (n = 5 for all LV.GFP except for MMP2 and MMP9 analyses at six
months post-transplantation; n = 6 for all LV.LIF; # indicates p < 0.1) C,D) gPCR analysis of
quadriceps muscles from LV.GFP versus LV.LIF mdx mice show relative mRNA expression levels of
MMP2, MMP9, TIMP1, and TIMP2 at three (C) and six (D) months post-transplantation. (n = 3 for all
LV.GFP except for MMP2 at three months post-transplantation (n = 2), n = 5 for all LV.LIF except for
MMP2 and TIMP2 at three months post-transplantation (n = 6); # indicates p < 0.1)

Fibroblast response to LIF in vitro

LIF has been shown to reduce collagen production and MMP activity in fibroblast cultures.®’
Therefore, we compared the potential effects of LIF on collagen expression in fibroblasts
derived from diaphragm and quadriceps muscles. We measured the relative mRNA expression
of collagen in fibroblasts isolated from quadriceps and diaphragm muscles of six-month-old wild-
type and mdx mice after 24-hour stimulation with 10 ng/ul of LIF. We found that unstimulated
fibroblasts isolated from mdx quadriceps muscles expressed higher levels of collagen type lll
than those from wild-type quadriceps muscles and LIF stimulation decreased their collagen type

[l expression back to wild-type levels (Figure 9A). We also observed a downward trend in
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expression of collagen type | in fibroblasts isolated from wild-type quadriceps muscles after LIF
stimulation (Figure 9B). LIF had no effect on collagen type Il expression by fibroblasts isolated

from diaphragm muscles of either wild-type or mdx mice (Figure 9C). However, we observed an
upward trend in expression of collagen type | after LIF stimulation in fibroblasts isolated from

wild-type diaphragm muscles (Figure 9D).
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Figure 9. LIF stimulation decreases collagen type Il expression in fibroblasts isolated from
quadriceps muscles of mdx mice. A-D) gPCR analysis of collagen types | and Il expression by
fibroblasts isolated from quadriceps (A,B) and diaphragm (C,D) muscles of six-month-old wild-type
and mdx mice. Fibroblasts were stimulated with 0.1% BSA (control) or 10 ng/ml of recombinant LIF
protein for 24 hours when cells were confluent. (* indicates p < 0.05 compared to control within the
same genotype, # indicates p < 0.1 compared to control within the same genotype, A indicates p <
0.05 compared to control of different genotype)
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Discussion

Our investigation demonstrates that ex vivo transduction of immature hematopoietic progenitors
with a LIF transgene and transplantation of those modified cells affect fibrosis in mdx mice. The
findings show that our therapeutic approach can provide a translatable and targeted system of
delivery that can ameliorate muscular dystrophy, which may also potentially be used for other
diseases with a severe inflammatory component. Furthermore, our strategy offers distinct
advantages over other current treatment strategies in which therapeutic cells or molecules are
delivered systematically or are delivered to small areas of dystrophic muscle by injection. Our
system provides temporally and spatially restricted delivery of therapeutic molecules specifically

to sites of active inflammation throughout the body of the treated subject.

The primary treatment effect that we achieved in our investigation was a reduction of collagen
type lll expression in the diaphragm at early stages post-transplantation that was followed by
reductions in collagen type Il accumulation. Collagen type lll, a fibrillar collagen that is thinner
and less stiff than collagen type |, is normally found in high proportion in compliant tissues and
early fetal tissues before its rate of synthesis is surpassed by that of collagen type | in adult
tissue.®>® In the context of skeletal muscle, collagen type lll synthesis increases rapidly in the
early stages following injury.®* As healing progresses, the ratio of intramuscular collagen type IlI
to collagen type | returns to normal as collagen type Il is broken down and replaced by collagen

|54

type However, repetitive cycles of injury in dystrophic muscle accompanied by chronic

inflammation can lead to dysregulation of collagen synthesis and breakdown, including collagen

type lll, that may contribute to fibrosis that can impair muscle regeneration and function.'%°

Despite significant decreases in the expression and accumulation of collagen type Il in
diaphragms of LV.LIF mdx mice, we observed no difference in collagen type | accumulation and

only a trend for a reduction in its expression in mdx diaphragms. These dissimilar effects of LIF
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on collagen types | and Il differ from observations in other disease models. For example, LIF
injection into kidneys in a rat model of renal fibrosis reduced mRNA and protein levels of both

collagen types | and lll, as measured by qPCR and Western blot.>®

Together, the findings show
that although LIF is able to reduce expression of collagen types | and Il in vivo, the effects of

increasing LIF expression can vary with the specific pathology and tissue.

Our findings also show that the reduction in collagen type Ill accumulation in the LV.LIF mdx
diaphragms was not accompanied by significant reductions on collagen type Ill in LV.LIF mdx
quadriceps muscles. This negative finding may be attributable to a lack of sufficient statistical
power caused by a small sample size. Given that neighboring areas of a muscle may be at
different stages of pathology in DMD, the large size of the quadriceps muscles makes it more
susceptible to error due to variability caused by asynchronous disease progression. Additionally,
the discrepancy between treatment effects in the LV.LIF mdx diaphragms and quadriceps
muscles may be due to differences in the fibrotic processes between mdx diaphragms and limb
muscles; the mdx diaphragm experiences progressive fibrosis, whereas madx limb muscles
experience resolution after onset of pathology.**#** However, the underlying mechanisms that
lead to their differences in fibrosis are not understood. Several factors may contribute to these
mechanisms such as differences in inflammatory cells, expression of cytokines, and fibroblast
and myogenic cell populations. For example, mdx diaphragms show higher mRNA levels of
chemokine ligand 5 (CCL5) and macrophage inflammatory protein 1 alpha (MIP-1a), ligands for
chemokine receptor 1 (CCR1), compared to mdx tibialis anterior (TA) muscles.>” CCL5 and
MIP-1a are chemokines involved in macrophage recruitment. Differences in their expression
lead to differences in macrophage infiltration and polarization that can affect the fibrotic
environment established by macrophage cytokine release.*®' Also, mdx diaphragm and

quadriceps muscles express age-dependent differential mMRNA levels of the TGF-§ family of
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profibrotic cytokines and their receptors.®? Such differences in cytokine expression profiles can

affect LIF’s interactions with the tissue to regulate fibrosis.

We also tested whether LIF influences the number of HSP47+, collagen-producing cells in
muscles to further explore the potential mechanisms underlying the muscle-specific effects we
observed. However, we found that the number of HSP47+ cells did not change with LIF
treatment in either diaphragm or quadriceps muscles. We also assayed whether the response to
LIF stimulation of fibroblasts from diaphragms and quadriceps differed in vitro. We expected LIF
stimulation to affect collagen type Il expression in mdx diaphragm fibroblasts because collagen
type lll expression and accumulation in the diaphragms of LV.LIF mdx mice were reduced in
vivo. However, in vitro stimulation with LIF caused a reduction in mRNA levels of collagen type
[Il'in fibroblasts from mdx quadriceps but not diaphragm muscles. LIF had no significant effect
on collagen type | mRNA levels in either fibroblast populations. Together, these findings indicate
that LIF may down-regulate collagen type lll expression and accumulation in vivo by targeting a
population of cells other than fibroblasts. In our previous studies, we showed that stimulation of
myogenic progenitor cells with LIF in vitro decreased mRNA levels of collagen type I11.% This
finding points to myogenic progenitor cells as potential LIF targets that may play a primary role

in the down-regulation of collagen type Il expression in vivo.

The anti-fibrotic effect of LIF delivery to dystrophic muscle that we observed in the present study
was much less effective than we achieved with other delivery approaches tested in our
laboratory using LIF/mdx transgenic and LIF/mdx BMT mice. In the LIF/mdx transgenic mouse
model, overexpression of a LIF transgene was driven by the CD11b promoter. LIF/mdx
immature hematopoietic progenitors were transplanted into mdx mice to generate LIF/mdx BMT
mice, in which donor-derived macrophages overexpress LIF. In the LIF/mdx transgenic mice,

collagen type | accumulation was significantly reduced at one, three, and twelve months of age
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in both diaphragm and TA muscles.* Collagen type Il accumulation decreased at one and
twelve months in the diaphragm, while no change was observed in the TA. These treatment
effects accompanied functional improvements as indicated by reduced passive stiffness and
higher mechanical efficiency with less energy dissipation during loading.*? In the LIF/mdx BMT

mouse model, both collagen type | and type Il accumulation were reduced in the TA.*?

Several factors may contribute to the difference in magnitude of treatment effects between the
models. For example, all infiltrating CD11b+ cells in LIF/mdx mice can potentially overexpress
LIF, but only donor-derived CD11b+ cells express the LIF transgene in LV.LIF mdx mice. In
addition, resident macrophages overexpress LIF in LIF/mdx transgenic mice, which can provide
a constant source of LIF for dystrophic muscle as they self-renew independent of infiltrating
macrophages for their maintenance.®® Thus, higher levels of LIF are delivered to dystrophic

muscle in LIF/mdx than in LV.LIF mdx mice, which may cause greater treatment effects.

The differences in treatment outcomes in our current experiment compared to the LIF/mdx BMT
model may also partially result from differences in the treatment of mice prior to
transplantation.® In our current model, we used whole body irradiation to ablate the immune
system, while the LIF/mdx BMT model employed myeloablative preconditioning via 1,4-

butanediol dimethanesulfonate (busulfan).*

The LV.LIF mdx mice showed high variability in
chimeric levels with a mean of 65.6%. On the other hand, the mean chimeric level for the
busulfan-treated LIF/mdx BMT mice was 87%.% Busulfan has been shown to yield chimeric
levels greater than 80% in mice, and donor cells survive for at least one year after
transplantation.®* This suggests that busulfan may be more effective in ensuring successful
engraftment of the transplanted immature hematopoietic progenitors in the recipient mice.

Additionally, irradiation leads to persistent elevated expression of proinflammatory cytokines

such as IL-1a. and TNFa and can modulate macrophage polarization and activity.®>® Busulfan,
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on the contrary, does not promote persistent elevated proinflammatory cytokine expression.®®
Thus, busulfan may be a more effective myeloablative preconditioning treatment for an
approach involving macrophages as a therapeutic vehicle to avoid alterations in
proinflammatory cytokine expression and ensure complete ablation of hematopoietic progenitors

and successful engraftment of donor cells.

The ages at which transplantation occurred in the two models is another important difference in
the two investigations. Despite allowing more time between transplantation and analysis, LV.LIF
mdx mice exhibited smaller treatment effects compared to LIF/mdx BMT mice. This difference
may be attributed to the age at which transplantation occurred. Mdx mice experience acute
onset of dystrophic pathology at three to four weeks of age.*****¢ LIF/mdx BMT mice underwent
transplantation at two-months-old, whereas LV.LIF mdx mice underwent transplantation at
three- to four-months-old. Stronger treatment effects observed in LIF/mdx BMT mice suggest
that transplantation at an age closer to the onset of pathology may allow LIF to more effectively

reduce fibrosis.

Altogether, our findings show that CD11b-driven overexpression of LIF by macrophages via ex
vivo transduction and transplantation of immature hematopoietic progenitors can affect muscle
fibrosis in mdx mice. Furthermore, we demonstrate that macrophage delivery of a therapeutic
transgene can become more translatable by ex vivo transduction and transplantation of
modified immature hematopoietic progenitors. However, our findings also show that our novel
approach requires additional investigation to generate stronger treatment effects. For example,
our delivery system needs to be tested with other myeloablative preconditioning treatments,
particularly busulfan, to find a regimen that will ensure the best chances of engraftment.
Performing the transplantation at an earlier time may also allow LIF to further slow the rate of

progression of fibrosis. Notably, our approach differentially reduced fibrosis but did not affect
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muscle regeneration or inflammation. The lack of treatment effects on these disease
components indicate that a different therapeutic agent may be more useful in our approach.
Testing our delivery system with another transgene will allow greater understanding of the
effectiveness of our approach and LIF as a therapeutic agent. Overall, our delivery system
paves the way for macrophages as a translatable therapeutic approach to ameliorate muscular

dystrophy and other diseases with an inflammatory component.
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