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ABSTRACT OF THE DISSERTATION

Targeted delivery of transgenic LIF to dystrophic muscles by macrophages reduces muscle

fibrosis and inflammation

by

Ivan Flores
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2021

Professor James G. Tidball, Chair

Progressive fibrosis of muscles in Duchenne muscular dystrophy impairs muscle function and
contributes to premature death of patients. The use of many potentially-therapeutic molecules is
limited by an inability to target their delivery specifically to sites of active muscle pathology. In
this dissertation research, we tested the hypothesis that inflammatory cells can function as
vectors to deliver therapeutic molecules to sites of active pathology in dystrophic muscle. We
designed a transgene in which expression of leukemia inhibitory factor (LIF) is driven by the
promoter for CD11b, a surface marker highly expressed by mature macrophages. Expression of
the transgene (CD11b/LIF) in the mdx mouse model of Duchenne muscular dystrophy
increased LIF protein content at inflammatory muscle lesions without off-target expression.

Transplantation of transgenic bone marrow cells to non-transgenic, mdx mice showed that a



single intervention can provide long-term benefits to dystrophic muscles. The primary benefit of
the transgene was reduced fibrosis. Transgenic LIF inhibited fibrogenesis by reducing
transforming growth factor-f expression and reducing the numbers of fibro/adipogenic
progenitor cells in mdx muscles. CD11b/LIF expression also biased macrophages away from a
CD163+/CD206+, pro-fibrotic phenotype and reduced their intramuscular numbers. Reduced
chemotactic response of CD11b/LIF+ macrophages to C-C motif chemokine ligand-2
contributed to the reduced macrophage numbers. The dispersion of cytolytic, CD68+
macrophages was impaired in transgenic muscles early in the pathology. Localized
accumulation of CD68+ macrophages increased the numbers of injured fibers. At later stages of
the pathology, the transgene did not affect macrophage distribution but did reduce muscle
damage. Collectively, our observations show that targeted expression of the CD11b/LIF
transgene improves dystrophic muscle health. More importantly, we have shown that
genetically-modified macrophages can be used as vectors for the delivery of therapeutic

molecules to diseased tissues with a significant inflammatory component.



The dissertation of lvan Flores is approved.

Kenneth Dorshkind

Tomas Ganz

Sergio Armando Villalta

James G. Tidball, Committee Chair

University of California, Los Angeles

2021



Dedication

| dedicate this dissertation to Karin.



Table of Contents

ADSEract of the DISSErtation ..o e ii
[DT=To I Tok= 1§ [o] o PP PP v
List of Figures and Tables .. ... viii
ACKNOWIBAGEMEBNTS ..ttt X
Y PSPPI Xii
Chapter 1: INTrOGUCTION ...ttt et aeaes 1
Duchenne muscular dystrophy is a muscle-debilitating disease...................ccooeiin 2
Macrophages promote myogenesis in acutely injured muscle .................cccoooeiiennn. 3
Dysregulation of the immune response in dystrophic muscle ..................oooiin. 9
Current treatment strategies for dystrophic pathologies ..o, 14
INNovation Of OUr @PPIOACKH ... .. e 16
SPECITIC AIMS . 18
RETEIENCES .. e 19

Chapter 2: Targeting a therapeutic LIF transgene to muscle via the immune system

ameliorates muscular dyStrophY ..o 39
Y 015 1 > Vo P 40
10T 18T oo 41
RESUIS ...ttt e 41
3 TS 1] T o 49
METNOAS ... 52
RO OGS ..o e e 54
Supplementary material ....... ..o 57

Vi



Chapter 3: Myeloid cell-mediated targeting of LIF to dystrophic muscle causes transient

increases in muscle fiber lesions by disrupting the recruitment and dispersion of

MAaCIOPNAgES IN MUSCIE ..o e e 63
ADSIIACT ...t e 64
110 [0 Tox 1o o PP 65
RESUILS .. e 65
DISCUSSION ...ttt ettt ettt 69
Materials and MEtNOAS ...........oiiiie i 75
RETEIENCES ... 79
Supplementary Material ...... ... 82

Chapter 4: CONCIUSION ... e e e e e e e eas 84
RETEIENCES ..o 92

vii



List of Figures and Tables
Chapter 2
Figure 2.1 Differentiation of BMCs into macrophages increases CD11b/LIF transgene
expression, causing suppression of M2-biased macrophage markers ...............ccooevveiennnn. 42
Figure 2.2 CD11b/LIF transgene expression modulates inflammation and reduces fibrosis .... 43
Figure 2.3 Transplantation of CD11b/LIF transgenic BMCs into mdx mice reduces inflammation
IN AYSIrOPRIC MUSCIE ... e 45
Figure 2.4 Transplantation of CD11b/LIF transgenic BMCs disrupts Ccl2 expression in
dystrophic muscles by inhibiting macrophage expression of CCL2 .............coovviiiiiiiinennn. 46

Figure 2.5 Transplantation of CD11b/LIF transgenic BMCs into mdx mice reduces muscle

1110 01 47
Figure 2.6 LIF inhibits macrophage TGFB1 eXpression ........ccovviiiiiiiiiii e, 48
Figure 2.7 LIF inhibits fibrogenesis and TGFB1-induced Ctgf expression in muscle cells ........ 49

Figure 2.8 Transplantation of CD11b/LIF transgenic BMCs reduces the numbers of FAPSs in
dystrophic muscle but does not affect phenotype .........oviiiii i 50
Figure 2.9 Transplantation of CD11b/LIF transgenic BMCs does not affect muscle growth or

LE=T0 =T 0 T=T = L1 (o) o P 51
Figure 2.10 Potential immunomodulatory and anti-fibrotic actions of LIF expressed by the
CD11b/LIF transgene in muscular dyStrophy ........ ..o 52

Supplementary figure 2.1 Expression of CD11b/LIF transgene in mdx mice does not affect

systemic pro-inflammatory or anti-inflammatory cytokine expression in mdx mice ................ 57

Supplementary figure 2.2 Expression of a CD11b/LIF transgene in mdx mice does not affect

CD68+ cell numbers in TA or diaphragm MUSCIES ..o 58

Supplementary figure 2.3 Expression of a CD11b/LIF transgene in mdx mice reduces collagen

types 3 and 5 accumulation in TA and diaphragm muscles ..o 59

viii



Supplementary figure 2.4 Expression of a CD11b/LIF transgene in mdx mice does not affect

muscle fiber growth but increases the formation of regenerating fibers .................cocoiienns 60

Supplementary figure 2.5 Expression of a CD11b/LIF transgene in mdx mice attenuates

expression of fibrogenic genes in myogenic progenitor cells ............ocooiiiiiiiiiiiiiiien . 61
Supplementary table 1 Primer SEBQUENCES .........uuieiiee e ees 62
Chapter 3

Figure 3.1 LIF expression is elevated in intramuscular macrophages of LIF/mdx mice ........... 66

Figure 3.2 CD11b/LIF transgene expression does not affect total numbers of leukocytes in

dystrophic muscle, but specifically reduces CD206+ macrophages ............cccocevvviiiiiniinnnnnn. 68
Figure 3.3 The LIF transgene inhibits dispersal of macrophages in dystrophic muscles ......... 69

Figure 3.4 The CD11b/LIF transgene reduces CCL2 expression in CD11b/LIF+ macrophages
and reduces chemotaxis 10 CCL2 ... e 70
Figure 3.5 Muscle fiber damage is more extensive in LIF/mdx muscles at sites of macrophage

= ol o 1 .11 F= 11 [ ] PP 71
Figure 3.6 Expression of the CD11b/LIF transgene does not affect macrophage cytotoxic
(010 (=1 o1 1= | PP 72

Figure 3.7 Macrophages accumulate at sites of muscle growth and repair in LIF/mdx

NIUS IS ettt 73
Figure 3.8 The transgene has little influence on muscle fiber size or growth ........................ 74
Figure 3.9 CD11b/LIF expression does not affect myogenesis in dystrophic muscle ............. 75
Table 3.1 Primer SEQUENCES ... ..ttt et ettt et et e e e e e e e aeeens 77

Supplemental figure 3.1 Muscle fibers of LIF/mdx mice do not exhibit ectopic expression of the

(&1 D BN o7 | o (= T g o [T [ PP 82



ACKNOWLEDGEMENTS
| am extremely grateful to have received mentorship from Dr. Tidball during my training at
UCLA. | began my research experience in his laboratory as a transfer, undergraduate student.
Despite my lack of experience, his direct guidance, encouragement, and trust made me feel like
a competent scientist. That great experience continued through my doctoral training, during
which | have felt fortunate to have Dr. Tidball serve as a role model for being a scientist and
caring leader. Although | am leaving his laboratory, the strong work ethic he helped me develop
will continue to aid me in accomplishing my new goals. | also leave the Tidball laboratory with
great memories provided by current and past members. The friendship they provided made it a

joy to be in the laboratory every day and celebrate our successes with each other.

| would also like to thank Dr. Diana Azurdia, Dr. Dwayne Simmons, Dr. Sonia Zarate, and Dr.
Tama Hasson for administering the training programs that enriched my academic studies at
UCLA. The MARC undergraduate program and the Bridge to the Doctorate graduate program
used challenging curriculums to improve my skills in scientific writing and presenting. More
importantly, the programs helped me succeed in graduate school by providing guidance that a

first-generation college student, like myself, would not have had access to.

Lastly, it is a privilege to have Dr. Armando Villalta, Dr. Kenneth Dorshkind, and Dr. Tomas
Ganz be a part of my committee. Their valuable input will ensure that the time and effort | have

invested in my doctoral work is well presented in this dissertation.

The work presented in Chapter 2 was completed under the guidance of James G. Tidball and is
a reprint of “Welc, S. S., Flores, I., Wehling-Henricks, M., Ramos, J., Wang, Y., Bertoni, C. and

Tidball, J. G. (2019) Targeting a therapeutic LIF transgene to muscle via the immune system



ameliorates muscular dystrophy. Nat. Commun., 10, 1-17.” Primary authorship is shared by
Steven S. Welc and Ivan Flores. The experimental design for the investigation was done by
Steven S. Welc, Ivan Flores, Michelle Wehling-Henricks, and James G. Tidball. Experiments
were completed by all listed authors. Steven S. Welc, Ivan Flores, and James G. Tidball

analyzed the experimental data and prepared the manuscript.

The work presented in Chapter 3 was completed under the guidance of James G. Tidball and is
a version of, “Flores, |., Welc, S.S., Wehling-Henricks, M., and Tidball, J. G. (2021) Myeloid cell-
mediated targeting of LIF to dystrophic muscle causes transient increases in muscle fiber
lesions by disrupting the recruitment and dispersion of macrophages in muscle. Hum. Mol.
Genet., (in press).” All authors contributed to experimental design and completion of
experiments. Ivan Flores and James G. Tidball analyzed the experimental data and prepared

the manuscript.

Research reported in this dissertation was supported by an F31 fellowship from the National
Institute of Arthritis and Musculoskeletal and Skin Diseases of the National Institutes of Health
(F31AR071783) and a Bridge to the Doctorate fellowship from the National Science Foundation.
This work was also supported by the following fellowships awarded by the University of
California, Los Angeles: Eugene V. Cota-Robles Fellowship, Charles E. and Sue K. Young

Fellowship, and a Dissertation Year Fellowship.

Xi



Vita
Education
University of California, Los Angeles 2012 — 2014

¢ Physiological Sciences, B.S.

Fellowships

Dissertation Year Fellowship, UCLA 2020 — 2021
Charles E. and Sue K. Young Fellowship, UCLA 2020 — 2021
F31 Pre-doctoral Fellowship, NIH 2017 — 2019
Eugene V. Cota-Robles Fellowship, UCLA 2016 — 2017
Bridge to the Doctorate, NSF 2015 — 2016
Awards

Society for Muscle Biology, Frontiers in Myogenesis Conference 2019

e Best Trainee Award, Poster Presentation (3" place)
Emerging Researchers National Conference 2015
e Graduate Student Oral Presentation (1 place)
Publications
1. Welc, S. S.*, Flores, |.*, Wehling-Henricks, M., Ramos, J., Wang, Y., Bertoni, C. and
Tidball, J. G. (2019) Targeting a therapeutic LIF transgene to muscle via the immune system
ameliorates muscular dystrophy. Nat. Commun., 10, 1-17.
e *denotes primary co-authorship.
2. Tidball, J. G., Flores, 1., Welc, S. S., Wehling-Henricks, M., and Ochi, E. (2021) Aging of
the immune system and impaired muscle regeneration: A failure of immunomodulation of adult
myogenesis. Exp. Gerontol., 145, 111200.
3. Flores, I., Welc, S.S., Wehling-Henricks, M., and Tidball, J. G. (2021) Myeloid cell-

mediated targeting of LIF to dystrophic muscle causes transient increases in muscle fiber

Xii



lesions by disrupting the recruitment and dispersion of macrophages in muscle. Hum. Mol.

Genet., (in press).

Xiii



Chapter 1:

Introduction



Duchenne muscular dystrophy (DMD) is a muscle-debilitating disease.

Duchenne muscular dystrophy (DMD) is a muscle-wasting disease that has no cure and affects
one in every 3,600 — 6,000 male births 15, The progressive muscle deterioration results in the
loss of patient ambulation in the second decade of life and patient mortality in the third to fourth
decades due to limb, respiratory, and cardiac muscle failure 7. Muscle weakness in DMD
patients is caused by a null mutation in the dystrophin gene, resulting in the reduction of the
dystrophin-associated protein complex (DAPC) from the muscle fiber membrane (sarcolemma)
811 A major role of the DAPC is to provide structural integrity by tethering the muscle
cytoskeleton to the extracellular membrane (ECM) 2. Absence of the DAPC dramatically
increases the susceptibility of muscle to damage during mechanical stress. Repeated bouts of
mechanical injury lead to cycles of degeneration and regeneration that chronically-activate the
immune response 81274, Prolonged immune activity exacerbates the dystrophic pathology by
increasing muscle damage and promoting fibrosis, the process through which contractile muscle
tissue is replaced by non-contractile collagen *>7. This effect contrasts with the temporary

inflammatory response that is indispensable for muscle regeneration in acute, sterile injuries.

The differing roles that the immune response plays in acute versus chronic muscle injuries can
be partially explained by a dysregulation in the activity of macrophages in pathologically-
inflamed muscle. For example, depletion of infiltrating macrophages to acutely injured muscles
will impair repair, while macrophage depletion at the onset of the dystrophic pathology can
reduce damage to the sarcolemma 31819 Therefore, treatment strategies that can modify the
inflammatory response in dystrophic muscles can be especially effective. In this introduction, |
review the roles of macrophages in muscle damage and regeneration following acute injury and

how those processes are disrupted in dystrophic muscles.



Macrophages promote myogenesis in acutely injured muscle.

Acute muscle repair relies on myogenesis.

The regenerative capacity of skeletal muscle depends on the presence of myogenic progenitor
cells, called satellite cells, and their ability to proceed through sequential stages of myogenesis
to form syncytial muscle fibers 2%2', Myogenesis following injury can be divided into early
myogenesis, early differentiation, and terminal differentiation. The progression of muscle cells
through each stage can be identified by their sequential expression of the muscle-specific

transcription factors Pax7, MyoD, myogenin, and myogenic regulatory factor 4 (MRF4) #-23,

Early myogenesis begins when quiescent satellite cells (Pax7+MyoD-) are activated to
myoblasts in response to the physical disruption of their niche and an increase in pro-
inflammatory cytokine availability associated with early muscle damage 22123, Myoblasts (Pax7-
MyoD+) will proliferate asymmetrically so that one daughter cell can re-enter quiescence to
replenish the satellite cell pool, while the other daughter cell becomes a post-mitotic myocyte
(myogenin+) during early differentiation. Myogenin drives the expression of genes necessary for
muscle cell fusion, marking the start of terminal differentiation. Myocytes can contribute to
muscle regeneration by fusing with other myogenin+ cells to form de novo fibers that will
replace necrotic fibers, or by fusing with injured fibers to promote fiber repair 425, Myogenesis
concludes with fiber growth to mature, functional muscle fibers (MRF4+) 2. Although factors
intrinsic to muscle cells play a dominant role in regulating myogenesis, extrinsic factors provided

by other cells, such as macrophages, can have important influences on myogenesis.

Macrophages are recruited to sites of injury.

Macrophages recruited to injured muscles are derived from monocytes that reside in the bone

marrow and circulatory system 26. Monocytes infiltrate muscles in response to chemoattractants
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produced by resident macrophages and neutrophils 142728, Resident macrophages are
intramuscular cells that normally reside in a quiescent state but are rapidly activated in response
to damage. Damage-associated permeability of the sarcolemma allows for passive release of
molecules that are normally compartmentalized within muscle fibers #2°, Once released, the
molecules function as damage-associated molecular patterns (DAMPs) and become ligands to
toll-like receptors (TLRs) on the surface of resident macrophages °. Ligand binding to TLRs
induces resident macrophage activation and their production of pro-inflammatory cytokines,
including chemoattractants 3°-22, The initial myeloid cell population to respond to the increase in
chemoattractants are neutrophils, which will reach peak intramuscular numbers and begin to
decline within 24 hours of injury 3334, Although their presence is brief, neutrophils contribute to

the production of chemoattractants for macrophage recruitment 353,

An important macrophage chemoattractant is C-C motif chemokine ligand 2 (CCL2) 3’. CCL2
binds to its receptor, C-C motif chemokine receptor 2 (CCR2), on the surface of monocytes to
mediate their recruitment to injured tissue %4, While CCR2 is also expressed by other
leukocytes, acute injuries to muscles of CCL2-/- and CCR2-/- mice show that intramuscular
numbers of macrophages are reduced without decreases in the numbers of neutrophils, T cells,
or B cells 2638, Those observations suggest that monocytes are the primary leukocytes recruited
by CCL2-CCR2 signaling. Additionally, proper macrophage recruitment requires CCL2
expression by bone marrow cells and circulating cells in addition to the CCL2 produced at the
site of injury 6. Bone marrow transplantation (BMT) of CCL2-/- cells to wild-type (WT) mice
reduced the numbers of intramuscular macrophages following an acute injury when compared
to acutely-injured, WT mice that received BMT of WT cells. Similarly, intramuscular macrophage

numbers were reduced in WT mice that received intravenous injection of CCL2-/- bone marrow



cells (BMCs) at the same time of acute injury administration, relative to mice receiving

intravenous injection of WT BMCs *°.

In addition to CCL2, high mobility group box 1 (HMGBL1) can recruit macrophages to injured
muscles #>~%, HMGBL1 is a DAMP that is normally restricted to the cell nucleus but can be
passively released by damaged cells in muscle tissue or actively released by activated
macrophages -4°. Exogenous HMGB1 can form a heterocomplex with C-X-C motif chemokine
ligand 12 (CXCL12) to mediate chemotaxis of myeloid cells by binding to (C-X-C motif
chemokine receptor 4) CXCR4 424450 Additionally, HMGB1 can function as a ligand to TLR4 on
the surface of myeloid cells to induce their expression of nuclear factor kappa-B (NF-kB)
43454547 NF-kB is a transcription factor that promotes the production of Thl cytokines that will
condition the injured muscle toward a pro-inflammatory environment that will influence the

activity of infiltrating macrophages 30:31:51.52,

Recruited macrophages have a high degree of phenotypic plasticity that is influenced by
changes in the cytokine profile at their site of infiltration 42921, Although the phenotypic state of
macrophages lies on a continuum, they can generally be categorized as M1-biased, pro-
inflammatory or M2-biased, anti-inflammatory macrophages. M1-biased macrophages are
activated by Th1l, pro-inflammatory cytokines and can be identified in injured muscles by their
relatively high expression of inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha
(TNF-a), CD68, and Ly6C 1620215355 |n contrast, M2-biased macrophages are activated by
Th2, anti-inflammatory cytokines and can be identified in injured muscles by their expression of
arginase-1 (Arg-1), transforming growth factor B (TGF-B), CD163, and CD206 1520:21.54-60 The
progression of macrophages from an M1- to an M2-biased phenotype is associated with the

progression of muscle cells through myogenesis.



M1-biased macrophages promote early myogenesis.

Significant infiltration of macrophages begins 24 hours post-injury, concurrent with the decline of
intramuscular neutrophil numbers 21, The abundance of Thl cytokines activates the recruited
macrophages toward an M1-biased phenotype. M1-biased macrophages further produce Thl
cytokines that can promote satellite cell proliferation. For example, interferon gamma (IFNy) and
interleukin-6 (IL-6) maintain macrophages in an M1-biased state, and act directly on myoblasts
to promote their proliferation in vitro 296162 Additionally, TNF-a maintains a Th1 response and
while inhibiting muscle cell differentiation by reducing myogenin expression in cell cultures 535,
The combined effect of these cytokines is an expansion of myoblast numbers prior to myogenic

differentiation.

M1-biased macrophages can also promote regeneration by clearing muscle debris that provides
a physical obstacle for nascent fiber growth. In part, the clearance of debris by macrophages
depends on their production of reactive oxygen species (ROS) that are generated by iNOS and
myeloperoxidase shifts 141666, ROS can oxidize necrotic tissue and cause its further breakdown.
M1-biased macrophages can then phagocytose necrotic muscle fibers, while leaving the
basement membrane that surrounds the sarcolemma intact 14176768, The basement membrane
is later used by myocytes as scaffolding to generate new fibers that retain a normal size and
shape . M1 macrophages also phagocytose apoptotic neutrophils, a process that contributes

to an active switch to an anti-inflammatory, M2-biased phenotype that promotes muscle repair.

M2-biased macrophages promote myogenic differentiation and fiber growth.

The macrophage transition to an M2-biased phenotype is characterized by their increased

expression of Th2 cytokines 42021 An increase in available anti-inflammatory cytokines can



contribute to muscle regeneration by activating newly-recruited macrophages to an M2-biased
phenotype and by promoting myogenic differentiation. For example, IL-10 can directly
deactivate the M1-biased phenotype by reducing NF-kB expression in macrophages 56-57:60.69-71,
IL-10 can also activate AMP-activated protein kinase (AMPK) to induce a switch from the
glycolytic metabolism favored by M1-biased macrophages to the oxidative metabolism favored
by M2-biased macrophages %2, In vitro studies have also demonstrated that IL-10 can promote
early differentiation in myoblasts by blocking the inhibitory effect of TNF-a and IL-13 on the
expression of myogenin 374, |L-4, another Th2 cytokine, can also act as myoblast
chemoattractant and induce expression of myogenin, facilitating muscle cell fusion in vitro >=77,
The importance of Th2 cytokines to muscle repair is highlighted by impaired muscle
regeneration observed in dystrophic muscle with an IL-10 deficiency and in acutely-injured
muscle with an IL-4 deficiency 57, Similarly, regeneration is impaired in muscles following
modified muscle loading when macrophages are depleted at the stage associated with the M1-
to M2-biased phenotype switch 8. The regenerative capacity of muscle can also be impaired by
inhibiting the M1- to M2-biased phenotype transition by ablating insulin-like growth factor-1
(IGF-1) in myeloid cells 8. IGF-1 is a molecule expressed by M1- and M2-biased macrophages
that can act as an anti-inflammatory cytokine to promote the M2-biased phenotype . IGF-1 can
also act directly on muscle cells as a growth factor to increase myoblast proliferation and
increase muscle fiber growth by promoting protein synthesis "%, In addition to influencing
myogenesis, macrophages contribute to successful muscle repair by modulating a transient

increase in ECM synthesis following an injury.

Macrophages limit connective tissue deposition.

ECM produced in response to injury provides structural integrity to the compromised muscle

and aids the basement membrane in providing a scaffold to satellite cells during nascent fiber



growth 7. Major components of the ECM are fibrils composed of collagens type 1, 3, and 5 8182,
Collagen type 5 functions as a central axis around which collagen type 1 or type 3 form
heterofibrils 8. Following an injury, fibrils primarily composed of collagen type 3 are synthesized
at the injury site 1782, As the scarring matures during the regenerative process, collagen type 3
fibrils are replaced by fibrils primarily composed of collagen type 1. Collagen type 1 fibrils
provide greater stability to injured muscle due to their greater diameter compared to collagen
type 3 fibrils 8. M2-biased macrophages contribute to the formation of collagen fibrils by
producing proline through arginine metabolism by Arg-1 15208385 Prgline is a structural
component necessary for the formation of collagen fibrils 8. As nascent fibers are formed and
fiber growth progresses, the temporary ECM scaffold is degraded by matrix metalloproteinases
produced by M1-biased macrophages 417887 Macrophages further modulate this process by

regulating the activity of fibro-adipogenic progenitor cells (FAPS).

FAPs are a mesenchymal cell population that can be identified by their expression of platelet-
derived growth factor receptor alpha (PDGFRa) 8-°, Under homeostatic conditions, FAPs
reside in a quiescent state, but are rapidly activated in response to inflammatory cytokines 48,
In vitro stimulation of FAPs with IL-4, IL-13, and TGF- activate quiescent FAPs and promote
their differentiation to fibroblasts while inhibiting their differentiation into adipose-producing cells
91-93 FAP-derived fibroblasts are the primary source of collagens in injured muscles, and
collagen expression by fibroblasts is further promoted by in vitro stimulation with TGF-[3 88:89.93.94,
The pro-fibrotic effects of FAPs can have a detrimental role in the repair process following an
injury. Administration of a TGF-B inhibitor to acutely-injured mice resulted in reduced numbers of
FAPs and accumulation of connective tissue *°. The expression of atrogin-1, associated with
muscle atrophy, was also reduced in mice with reduced TGF- activity. As regeneration

progresses to fiber growth, macrophage-derived TNF-a induces FAP apoptosis to prevent



abnormal accumulation of collagens that results in fibrosis . Co-cocultures of FAPs and M1-
biased macrophages isolated from acutely injured muscles showed increased apoptosis of
FAPs when compared to FAP-only cultures. The apoptotic effect mediated by the M1-biased
macrophages was reduced in co-cultures treated with an TNF-a-neutralizing antibody.
Additionally, co-cultures of fibroblasts with human macrophages activated to an M1-biased
phenotype reduced the production of collagen in the co-cultures, which was quantified by
measuring hydroxyproline content 8. The importance of macrophages in regulating FAP activity
is shown in a CCR2-/- mouse model of acute injury in which myeloid cell infiltration was reduced
8_In that model, reduced muscle repair was associated by increased collagen accumulation.
The increased collagen content was caused by prolonged elevations in intramuscular FAP
numbers and their increased expression of genes associated with ECM synthesis. The
perturbation in FAP activity was associated with reduced FAP apoptosis that was caused by

decreased TNF-a derived from myeloid cells in the injured muscle.

Dysregulation of the immune response in dystrophic muscle.

The mdx mouse model.

Much of our understanding of dystrophic pathologies comes from studying the mdx mouse
model of DMD. Similar to DMD patients, mdx mice are affected by a null mutation of the
dystrophin gene that results in muscle susceptibility to chronic injury %67 Although the muscle
deterioration that occurs in mdx mice is not as severe as the pathology observed in DMD
muscles, mdx mice share many of the pathological characteristics that are observed in humans.
The acute onset of the mdx pathology that occurs at 1-month of age is accompanied by a large
infiltration of macrophages that are phenotypically-similar to inflammatory cells observed in
DMD muscles 141620205357 'Eg|lowing the acute pathological stage, mdx muscles undergo a

regenerative stage at 3-months of age that is followed by progressive deterioration and



inflammation that begins at 12-months of age 1*-1%206° By the 12-month time-point, significant
muscle fibrosis that is especially obvious in the diaphragm muscle has occurred and continues
until death 8111598-100 These characteristics allow the mdx mouse to be used as an efficient
model to test therapeutic strategies that can modulate inflammation and fibrosis along the

course of the dystrophic pathology.

Chronic macrophage recruitment to dystrophic muscles.

Chronic muscle damage is associated with elevated levels of chemoattractants in DMD patients
and mdx mice. Muscles from DMD patients have elevated CCL2 protein content that localizes to
blood vessels and intramuscular macrophages, while in situ hybridization shows that
regenerating muscle fibers express CCL2 11, Similarly, CCL2 expression is elevated in mdx
muscle lysates and CCL2 protein co-localizes with mononuclear cells and injured fibers 1°2,
CCL2 protein content is also elevated in the serum of DMD patients and mdx mice 1%,
Additionally, serum from DMD patients and mdx mice contains increased amounts of HMGB1 46,
HMGBL1 protein content is also elevated in lysates of DMD and mdx muscles “¢. The
pathologically-elevated levels of chemoattractants in dystrophic muscles cause increased
recruitment of leukocytes to sites of active pathology. Approximately 90% of the infiltrating
inflammatory cells are identified as macrophages, which can reach average densities of
approximately 75,000 cells / mm313101 Experimentation in mdx mice shows that reducing
CCL2-CCR2 signaling by genetic ablation of CCR2 or by delivering an inactive form of CCL2
can decrease the numbers of macrophages recruited to diseased muscles 1%, Intramuscular
macrophage numbers can also be reduced by inhibiting the release of HMGBL1 from cells in the
muscles of mdx mice #’. The reduced macrophage numbers in mdx muscles associated with
inhibition of chemotaxis are associated with reductions in collagen accumulation and numbers

of injured muscle fibers.
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M1-biased macrophages promote muscle damage.

Mdx muscles at the acute onset of pathology experience overlapping cycles of injury in which
muscle fibers can be found at different stages of the regenerative process, causing prolonged
elevations of both pro- and anti-inflammatory cytokines #2°. Chronic exposure of recruited
macrophages to pro-inflammatory cytokines will activate the macrophages toward a cytolytic,
M1-biased phenotype #1620, However, the concurrent exposure of the macrophages to anti-
inflammatory cytokines increases their expression of TGF-B. The result is a cytotoxic, M1-
biased phenotype that is identified by the elevated expression of the M1-related genes TNF-a
an iNOS, as well as the M2-related gene, TGF-B 141688 pathologically-activated, M1-biased
macrophages cause an increase in dystrophic muscle damage by their elevated production of
ROS 1666105 \While a transient increase in ROS is needed for effective debris clearance,
pathologically-high levels of ROS can cause sarcolemma lysis of non-necrotic fibers. Previous
work in our lab has demonstrated that reducing ROS levels in mdx muscles by knocking out
iINOS expression reduces the proportion of injured fibers in vivo and reduces macrophage-
mediated permeabilization of muscle cells in vitro *¢. M1-biased macrophages can also
exacerbate the dystrophic pathology by phagocytosing the basement membrane of necrotic
fibers before it can serve as a scaffold for nascent fibers 7. Without a scaffold template, nascent
fibers will have variable arrangement and growth that deviates from the uniform arrangement of

healthy muscle fibers.

Additionally, M1-biased macrophages found in dystrophic muscles are incapable of inducing
FAP apoptosis to limit fibrotic cell numbers #. Mdx muscles show increased accumulation of
FAPs when compared to age-matched, wild-type mice. The increased numbers of FAPs

correlate with an increase in the accumulation of collagen type 1 in mdx muscles relative to wild-
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type mice *°. Researchers have shown that the elevated expression of TGF- by M1-biased
macrophages in mdx muscles is responsible for the anti-apoptotic effect %. Co-cultures of FAPs
with M1-biased macrophages isolated from mdx muscles failed to induce FAP apoptosis, in
contrast to high levels of FAP apoptosis induced by M1-biased macrophages isolated from
acutely-injured muscles. However, M1-biased macrophages from mdx muscles were able to
induce FAP apoptosis when the co-cultures were treated with a pharmacological inhibitor for
TGF-B ®. In addition to inhibiting FAP apoptosis, pathologically-elevated TGF-B has the
aforementioned effects of promoting FAP differentiation to fibroblasts and increasing the
expression of collagens in fibroblasts. The pro-fibrotic effects of TGF-f are maintained past the

acute inflammatory stage of the mdx pathology.

M2-biased macrophages promote fibrosis.

Progression of the mdx pathology to later stages is associated with an increase in the protein
content of IL-4 and IL-10 in mdx muscle lysates 5. The increased availability of Th2 cytokines
shifts the activation state of recruited macrophages from an M1-biased to an M2-biased
phenotype. Muscle macrophages isolated from 3-month-old, mdx mice have reduced iNOS
protein content compared to muscle macrophages from 1-month-old, mdx mice ®°3. In contrast,
expression of CD163 and CD206 is elevated in muscles of 3-month-old, mdx mice relative to
the 1-month time-point 1¢°3. The switch to an M2-biased phenotype can contribute to the age-
dependent increases in TGF-B protein content observed in mdx muscles 1%. Macrophages
stimulated to an M2-biased phenotype with IL-4 or IL-10 show increased expression of TGF-3

when compared to macrophages stimulated to an M1-biased phenotype with IFN-y 07,

Elevations in TGF- can induce fibrogenesis of muscle cells in addition to increasing the fibrotic

activity of FAPs. In a lineage tracing study, researchers labeled Pax7+ cells and their progeny
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with yellow fluorescent protein (YFP) in mdx and WT mice 1. Muscle cross-sections from 12-
month-old mice were labeled with a cocktail of antibodies for Pax7, MyoD, and myogenin.
Samples from the WT mice showed that 97% of YFP+ cells expressed at least one of the
transcription factors, while as little as 80% of the YFP+ cells from mdx mice showed
transcription factor expression. QPCR analysis of muscle cells isolated from the YFP+/mdx mice
showed an increase in the expression of collagen type 1 and fibronectin, an additional ECM
component, in comparison to YFP+/WT mice. Additionally, the researchers showed that
culturing satellite cells isolated from mdx mice in the presence of a TGF-B-neutralizing antibody
reduced their expression of collagen type 1 and fibronectin, while increasing their expression of
Pax7 and MyoD. In vitro experimentation using the C2C12 muscle cell line also provided
evidence of the fibrogenic effect of TGF- on muscle cells. C2C12 cells stimulated with TGF-8
showed increased expression of collagen type 1 and connective tissue growth factor, but
reduced expression of myogenin %9110 The reduction in myogenin may contribute to reductions
in C2C12 cell differentiation and fusion in the presence of TGF-B stimulation 1°°'1°, The reduced
fusion was rescued by including a TGF-f receptor inhibitor in C2C12 cell cultures treated with

TGF-B 110,

The shift of macrophage activation toward an M2-biased phenotype can further promote fibrosis
by modifying arginine metabolism. Metabolism of arginine by iNOS expressed in M1-biased
macrophages increases the availability of cytolytic ROS 6. In contrast, Arg-1 expressed by M2-
biased macrophages metabolizes arginine to increase the amounts of proline available for
collagen fibril synthesis 1€, The age-dependent reductions in iINOS protein of mdx muscles is
accompanied with an age-dependent increase in the expression of Arg-1 and Arg-2 in mdx
muscles ¢°3. Additionally, changes in the availability of inflammatory cytokines can regulate the

expression of INOS and Arg-1 in macrophages. Stimulation of muscle macrophages from mdx
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mice with IFN-y and TNF-a increased their protein expression of INOS while reducing Arg-1
protein content 8, In contrast, stimulation with IL-4 and IL-10 reduced iNOS protein expression
while increasing Arg-1 protein levels in mdx muscle macrophages . The progressive
characteristic of muscle fibrosis may be partly caused by intrinsic changes in macrophages from
dystrophic muscles due to aging. Muscle macrophages isolated from 12-month-old, mdx
muscles show increased induction of Arg-1 protein expression in response to IL-10 stimulation
relative to the effect of IL-10 on macrophages isolated from 1-month-old, mdx muscles *°. Age-
related increases in TGF-B availability may also increase Arg-1 expression by macrophages.
Stimulation of macrophages with TGF- can increase the rate of iINOS protein degradation while

increasing arginase activity 113,

Current treatment strategies for dystrophic pathologies.

Delivery of therapeutic molecules.

Many molecules with therapeutic potential for improving dystrophic muscle health have been
identified. However, current methods for the delivery of the molecules limit their clinical use. For
example, molecules that can improve muscle health can also have negative effects on non-
muscle tissue. This issue is highlighted by the use of glucocorticoids as the most common
treatment method for DMD patients 14115, Glucocorticoids are anti-inflammatory molecules that
can activate macrophages toward an M2-biased phenotype and reduce sarcolemma
permeabilization 1116 | ong-term glucocorticoid use can improve muscle force production and
reduce the rate at which force production is reduced as the pathology progresses **’. The
improvements in muscle health prolong ambulation of DMD patients and reduce the need for
spinal surgery to correct scoliosis due to the deterioration of postural muscles 1”118, However,
systemic administration of glucocorticoids is required for the efficient delivery of the molecules

to all muscles, which account for approximately 40% of total body mass 17119, Systemic
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elevations of glucocorticoids can cause adverse effects which include obesity, osteoporosis, the
development of cataracts, adrenal insufficiencies, delayed puberty, and behavioral changes
115120.121 Despite the benefits of glucocorticoids in improving the quality of life for DMD patients,
continued observation of patient health is required to determine whether treatment should be

discontinued.

Alternatively, molecules that can cause adverse, systemic effects can be used to improve
dystrophic muscle health without off-target effects when the molecules are targeted to muscles.
For example, leukemia inhibitory factor (LIF) is a pleiotropic molecule that can cause muscle
wasting and cause death when its levels are elevated systemically 122125, However, targeted
delivery of LIF to muscles can improve muscle repair following an acute injury and can improve
the health of mdx muscles. The potential for LIF as pro-regenerative molecule was recognized
by investigators who showed that LIF expression is increased in regenerating muscles following
an acute injury, while its expression is reduced in mdx muscles 1%6-128, Exogenous
administration of LIF by the implantation of an osmotic pump at the site of acute muscle injury
can increase the fiber size of regenerating fibers 12°13°, Additionally, implantation of LIF-infused
alginate rods at one side of mdx diaphragms for six months can reduce progressive fibrosis 3.
However, in that investigation, the side opposite to the site of rod implantation did not receive
the benefits of LIF treatment. Those results show that the targeted delivery of molecules
provides benefits only to portions of the muscle adjacent to the site of delivery, without providing
benefits to portions of the same muscle distant from the delivery site. More importantly, currently
available delivery methods are not sensitive to the dynamic aspect of dystrophic pathologies, in
which muscle damage occurs at different magnitudes and times in different muscles **2. The

efficacy of therapeutic molecules could be increased by the development of treatment strategies
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that retain their effectiveness following fewer administrations and respond to the stage of the

dystrophic pathology.

Cell transplantation strategies.

Researchers have taken advantage of the syncytial characteristics of muscle fibers to use cell
transplantation strategies to improve dystrophic muscle health. Elegant studies have shown that
transplantation of wild-type or genetically modified populations of stem cells, including BMCs,
can engraft onto dystrophic host muscles and contribute myonuclei to regenerating fibers 133-138,
Impressively, donor myonuclei were able to restore dystrophin expression in host muscles 13%-
141 However, the low survival and engraftment rates of transplanted cells have prevented these

strategies from becoming viable treatment options in humans 34142143,

Innovation of our approach.

Using stem cells as a vector source.

In contrast to previous treatment strategies that use BMCs as a source of myonuclei, we have
designed a strategy in which genetically-modified BMCs are used as a source of vectors for the
delivery of therapeutic molecules. We designed a transgene in which expression of a
therapeutic molecule is controlled by the CD11b promoter in mdx mice. CD11b is a cell surface
integrin that is expressed at varying levels in leukocyte populations 14414°, However,
endogenous expression of CD11b is much higher in myeloid cells compared to lymphocytes 4¢.
Amongst myeloid cell populations, including myeloid precursor cells, CD11b expression is
highest in mature macrophages 1#414°, Additionally, macrophages are the most numerous
inflammatory cell population found in dystrophic muscles 2°47. Because intramuscular
macrophage numbers are proportional to the magnitude and location of the pathology, and

HMGB1 signaling through TLR4 can increase CD11b expression, significant delivery of the
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transgene will only occur at inflammatory lesions containing macrophages °43148-150_ Ag
inflammation and macrophages numbers decrease, so will transgene expression. Our approach
allows for the delivery of therapeutic molecules to muscles in a manner that is responsive to the
location, time, and magnitude of the dystrophic pathology. The use of BMT provides a method
through which genetically-modified BMCs can be delivered to humans. Investigators have
shown that BMCs of donor origin can be found in hosts more than 10 years after a single BMT
procedure 13151152 These findings suggest that our treatment strategy would provide benefits

for more than a decade after a single therapeutic intervention.

The CD11b/LIF transgene.

We have chosen LIF as the cargo molecule to be driven by the CD11b promoter (CD11b/LIF
transgene). In addition to the pro-regenerative effects of exogenous LIF on muscles in vivo, in
vitro studies have demonstrated that LIF can modulate myogenesis. Stimulation of muscle cells
with LIF can promote early myogenesis by increasing the proliferation of muscles cells and
reducing their apoptosis 1241%3154 | |F stimulation can also inhibit early differentiation of muscle
cells, as shown by the inhibition of myotube formation by LIF 1%, However, administration of LIF
to myotubes during the stage of late differentiation can increase the rate of protein synthesis,
which may contribute to the increases in fiber size mediated by exogenous LIF administration to
injured muscles in vivo . LIF can also shift macrophages toward an anti-inflammatory, M2-
biased phenotype. In vitro stimulation of macrophages with LIF reduces their expression of
TNF-a while increasing their expression of CD163 relative to unstimulated macrophages **’.
Additionally, administration of a LIF receptor antagonist to acutely injured muscles resulted in an
increased pro-inflammatory response and reduced area of regenerating fibers 2’. The pro-
regenerative effects of LIF will allow us to test whether the CD11b/LIF transgene can improve

the health of limb and respiratory muscles without off-target LIF expression.
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Specific Aims.

In this investigation, we developed an mdx mouse line expressing the CD11b/LIF transgene
(LIF/mdx mouse) and assessed transgene effects on muscle health along the course of the mdx
pathology. Additionally, we performed BMT of CD11b/LIF+ BMCs to non-transgenic, mdx mice

(LIF BMT/mdx mice) to address the following questions:

Aim 1: Can genetically-modified macrophages be used as vectors for the delivery of therapeutic

molecules in a manner that is intrinsically regulated by the mdx pathology without off-target

transgene expression?

Aim 2: Is BMT of genetically-modified cells a viable strategy for the long-term delivery of

therapeutic molecules to dystrophic muscles after a single transplantation?

Aim 3: Can the continuous and targeted delivery of LIF to mdx muscles improve the dystrophic

pathology?
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Many potentially therapeutic molecules have been identified for treating Duchenne muscular
dystrophy. However, targeting those molecules only to sites of active pathology is an obstacle
to their clinical use. Because dystrophic muscles become extensively inflamed, we tested
whether expressing a therapeutic transgene in leukocyte progenitors that invade muscle
would provide selective, timely delivery to diseased muscle. We designed a transgene in
which leukemia inhibitory factor (LIF) is under control of a leukocyte-specific promoter and
transplanted transgenic cells into dystrophic mice. Transplantation diminishes pathology,
reduces Th2 cytokines in muscle and biases macrophages away from a CD163+/CD206+
phenotype that promotes fibrosis. Transgenic cells also abrogate TGFp signaling, reduce
fibro/adipogenic progenitor cells and reduce fibrogenesis of muscle cells. These findings
indicate that leukocytes expressing a LIF transgene reduce fibrosis by suppressing type 2
immunity and highlight a novel application by which immune cells can be genetically modified
as potential therapeutics to treat muscle disease.
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ver recent years, investigators have identified numerous,

potentially-therapeutic molecules for the treatment of
Duchenne muscular dystrophy (DMD), a lethal and
incurable muscle-wasting disease. For example, systemic delivery
of therapeutic agents that can inhibit fibrosis (e.g., block TGFp
function'~3), inhibit muscle wasting (e.g, myostatin blocking
molecules?), and increase numbers of muscle stem cells called
satellite cells (e.g., Klotho®) all reduce pathology in the mdx
mouse model of DMD. However, systemic delivery of any of these
molecules presents risks of unintended off-target effects which
provide an obstacle to their clinical application for the treatment
of DMD. In addition, the occurrence of muscle pathology is not
synchronized in DMD patients. The unpredictable timing and
severity of disease vary between muscles in a single individual at
any given time, and also vary between locations in a single
muscleS. Even if a therapeutic agent were specifically targeted to
dystrophic muscle, achieving delivery only when pathology is
active presents an additional challenge.

Nature has provided a naturally-occurring system for targeted
delivery of potentially-therapeutic molecules to dystrophic muscle
at stages of the disease when pathology is active. Coinciding with
the unpredictable ebb and flow of pathology in muscular dys-
trophy, inflammatory cells invade in numbers that coincide with
the magnitude of muscle pathology. Although the immune cell
infiltrate in dystrophin-deficient muscle is complex”~'2, macro-
phages comprise the vast majority and they can reach con-
centrations that exceed 107 cells per pound of muscle at the peak
of mdx pathology’. They are also rich sources of regulatory
molecules that can amplify muscle damage but also promote
muscle repair and regeneration in muscular dystrophy”-13.14,
Thus, the introduction of therapeutic transgenes that are
expressed at elevated levels in activated macrophages or other
immune cells could provide a strategy for intrinsically-regulated
targeting of therapeutic molecules specifically to dystrophic
muscles at the time of active pathology and at levels that were
commensurate with the extent of pathology.

In this investigation, we test whether transplantation of bone
marrow cells (BMCs) into which we have introduced a leukemia
inhibitory factor (LIF) transgene controlled by the human CD11b
promoter reduces the pathology of mdx dystrophy. Although mdx
pathology is less severe than DMD pathology, they share the
pathological features of muscle inflammation and progressive
fibrosis that persist over the entire lifespan and impair muscle
function, reduce health and increase mortality. The CD11b pro-
moter was chosen to drive the therapeutic transgene because
CD11b is expressed at low or undetectable levels in myeloid
precursors, but at increasingly elevated levels during myeloid cell
differentiation and activation!>~17. LIF was selected as a ther-
apeutic molecule to test this system because it is expressed by
macrophages and can influence muscle growth, fibrosis, and
inflammation during disease or following injury'$-21. Qur find-
ings show that this intervention significantly modifies intramus-
cular macrophage phenotype and reduces inflammation and
fibrosis of dystrophic muscle, thereby reducing pathology. Per-
haps more valuable, the findings indicate that inflammatory cells
can be exploited as natural vectors to deliver therapeutic trans-
genes for the treatment of chronic diseases in which there is a
significant inflammatory component.

Results

A CD11b regulated LIF transgene suppresses M2-biased mar-
kers. We generated mice with a LIF transgene under control of
the CD11b promoter (CD11b/LIF transgenic mice). Quantitative
PCR (QPCR) analysis of Cdl11b mRNA levels confirmed that
Cdl1b expression increased as BMCs differentiate into bone
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marrow-derived macrophages (BMDMs) (Fig. 1a). Freshly-
isolated bone marrow mononuclear cells (BMMCs) from trans-
genic mice had a ~2.8-fold higher Lif expression compared to
wild-type (WT). After 9 days of culture, Lif expression was ~10-
fold higher in transgenic BMDMs than WT (Fig. 1b). Thus, LIF
transgene expression increased with increased CD11b promoter
activation as monocytes differentiate into mature macrophages.
Upon becoming fully-differentiated macrophages, the CD11b/LIF
transgene had an autocrine effect on macrophage phenotype,
increasing expression of Cd68 by ~31% and reducing Cd163 and
arginase-1 (Argl) by 47% and 42%, respectively (Fig. 1c). CD68 is
present at high levels in macrophages that are biased to a pro-
inflammatory phenotype (M1-biased). Arginase and CD163 are
present in macrophages that are biased toward a pro-fibrotic and
reparative phenotype (M2-biased)?2.

CD11b/LIF transgene reduces mdx muscle inflammation and
fibrosis. We assayed whether the expression of the CD11b/LIF
transgene affected mdx pathology, focusing on influences on
muscle inflammation and fibrosis. We confirmed elevated
expression of Lif in the tibialis anterior (TA) and diaphragm
muscles of transgenic mice (CD11b/LIF mdx mice) (Fig. 2a) and
observed that cells in inflammatory lesions in CD11b/LIF mdx
mice showed higher levels of LIF protein than non-transgenic
mice (Fig. 2b—d). However, sera from transgenic mice showed no
elevation in LIF protein assayed by ELISA (mean + sem: WT/mdx
19.25 +1.85 and LIF/mdx 26.19 + 4.86 pg/ml, n =3 per data set,
P =0.25; two-tailed t-test). We also found no significant differ-
ences in the concentrations of cytokines previously implicated in
influencing the pathology of muscular dystrophy (IFNy, TNF, IL-
4, and IL-10) in the serum of transgenic mice, compared to non-
transgenic mice (Supplementary Fig. 1).

We assessed effects of the transgene on mdx pathology over the
course of the disease, sampling at the acute onset of pathology (1-
month-old), the period of successful regeneration (3-months-
old), and the late, progressive stage of pathology (12-months-old)
in TA muscles. Diaphragm muscles show a progressive pathology
following disease onset. The CDI11b/LIF transgene reduced
numbers of macrophages expressing the pan-macrophage marker
F4/80 at the stages of pathology characterized by extensive,
muscle inflaimmation (1-month-old in TA; 12-months-old in
diaphragm) (Fig. 2e-g). The transgene also reduced numbers of
CD163+ macrophages at the acute onset of pathology in both TA
and diaphragm (Fig. 2h—j) but did not affect numbers of CD68+
macrophages in either muscle at any stage of the disease that we
tested (Supplementary Fig. 2).

We tested whether the CD11b/LIF transgene reduced collagen
accumulation in mdx muscles, which would be consistent with a
reduction in numbers or activity of CD163 macrophages that
promote fibrosis of dystrophic muscle?>. Both the TA and
diaphragm showed significant reductions in collagen type 1 at the
acute onset of pathology, and the transgene completely abrogated
collagen type 1 accumulation in the TA muscle, at least until 12-
months-old (Fig. 2k-m). The CD11b/LIF transgene also reduced
accumulation of collagen type 1 in diaphragms (Fig. 2n-p) and
reduced accumulation of collagen types 3 and 5 in diaphragms at
late stages of pathology and reduced collagen type 5 in 3-month-
old TA muscles (Supplementary Fig. 3).

Because the CD11b/LIF transgene prevented collagen type 1
accumulation in TA muscles and collagen type 1 is primarily
responsible for increased muscle stiffness caused by fibrosis, we
assayed for changes in the passive mechanical properties of TA
muscles in CD11b/LIF transgenic mdx mice. We subjected TA
muscles to cyclic, dynamic loading using 20% strains at a 0.6/s
strain rate, which is within the physiological range. Lissajous
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Fig. 1 Differentiation of BMCs into macrophages increases CD11b/LIF transgene expression, causing suppression of M2-biased macrophage markers.

a QPCR data showing differences in the level of Cd11b expression in C57BL6 BMCs stimulated with MCSF and differentiated to macrophages for 3-9 days.
Values are normalized to 3-day cultures, n = 4 for each data set; * indicates significantly different from 3-day data set and # indicates significantly different
from 5- and 7-day data sets at P < 0.05. P-values based on ANOVA with Tukey's multiple comparison test. For all histograms in the figure, the bars indicate
mean + sem. b QPCR data showing increased Lif expression in freshly-isolated BMMCs and BMDMs cultured for 9 days from CD11b/LIF transgenic mice
compared to transgene negative littermate controls (WT). Data are presented as mean £ sem. BMCs were isolated from three independent donors, n=3
per data set. * Indicates significantly different from WT at P< 0.05. P-values based on two-tailed t-test. F-test BMDMs day 9 (P= 0.0038). ¢ QPCR
analysis shows that CD11b/LIF BMDMs have increased the expression of Cd68 and reduced the expression of Cd163 and Argl. Data are presented as mean
tsem, n=>5 for each data set, n =4 for WT BMDMSs Inos, and CD11b/LIF BMDMs Argl data sets (P< 0.05). n.d. indicates that no expression was detected
Data presented for BMDMs (b, ¢) were isolated from a single donor animal of each genotype and cultured as n= 5 technical replicates. Significant findings
were verified with biological replicates of experiments from independent donors. * Indicates significantly different from WT BMDMs at P < 0.05. P-values
based on two-tailed t-test. F-test Cd206 (P=0.0258) and /110 (P = 0.0311). Source data are provided as a Source Data file

figures obtained by measuring force-strain relationships showed
that muscle stiffness (indicated by the slope of the tangent to the
loading phase of each cycle) was significantly less in CD11b/LIF
transgenic mdx mice (Fig. 2q, r). In addition, the transgenic mdx
muscles showed less energy dissipation during each cycle of
loading (proportional to the area inside each hysteresis loop
during a cycle of loading/unloading) (Fig. 2q, s), indicating higher
mechanical efficiency in the CD11b/LIF transgenic muscles.

CD11b/LIF transgene does not impair muscle growth.
Although previous investigations showed that M2-biased mac-
rophages promote muscle fibrosis, they also promote
regeneration?>2%, We tested this possibility by assaying for effects
of the transgene on TA muscle fiber cross-sectional area as an
index of regeneration and found no difference in TA fiber size
between transgenic and non-transgenic mdx mice at any age
sampled (Supplementary Fig. 4A). We also assayed for the pro-
portion of muscle fibers that expressed developmental myosin
heavy chain ({MHC), which is upregulated in regenerating fibers.
We observed a higher proportion of dMHC+ fibers in TAs of
CD11b/LIF transgenic mdx mice at 3-months-old and a trend for
more dMHC+ fibers at 1-month and 12-months-old, compared
to non-transgenic mdx mice (Supplementary Fig. 4B). Similarly,
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the proportions of dMHC+ fibers in 3-months-old and 12-
months-old diaphragms were increased by the transgene (Sup-
plementary Fig. 4C). Collectively, these observations indicate that
the CDIIb/LIF transgene does not impair muscle growth or
regeneration, despite the reduction of CD163+ cells.

Transplanted CD11b/LIF cells reduce inflammation. Our ana-
lyses of CD11b/LIF transgenic mdx mice showed that the trans-
gene reduces muscle inflammation and fibrosis, thereby
validating the transgene as a therapeutic molecule for muscular
dystrophy. However, our primary goal in the investigation was to
determine whether transplanted bone marrow derived cells
(BMDCs) could serve as vehicles to deliver therapeutic molecules
to dystrophic muscle through a clinically-relevant approach; in
particular, we questioned whether transplantation of genetically-
modified BMCs into dystrophic animals provides a strategy for
targeted delivery of therapeutic cargo to diseased muscle. We
assayed treatment effects in 6-months-old mdx mice at 4 months
post-bone marrow transplantation (BMT) for scientific and
technical reasons. First, we anticipated that a likely, beneficial
outcome of leukocyte delivery of a LIF transgene to muscle would
be reductions in fibrosis. Qur previous work® showed that 6-
months-old  mdx muscles show significantly elevated
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accumulation of type I and type III collagen. We also showed that  showed that high levels of engraftment could be achieved by
at 6-months-old, mdx limb muscles contain elevated numbers of 4 months post-BMT.

M2-biased macrophages that contribute to muscle fibrosis®. The At the time of tissue collection from transplant recipients,
technical rationale for sampling at 6 months is that engraftment circulating leukocytes were 86.6% donor-derived (sem =1.14;
of transplanted cells takes time and our preliminary experiments 7 =25). QPCR of muscles showed that CD11b/LIF recipients
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Fig. 2 CD11b/LIF transgene expression modulates inflammation and reduces fibrosis. a QPCR data showing Lif expression in muscles of CD11b/LIF
transgenic mdx mice (LIF/mdx) and non-transgenic littermates (WT/mdx), normalized to WT/mdx. TA muscles: n=10. Diaphragm muscles: n= 8 or 7 for
WT/mdx and LIF/mdx data sets, respectively. * Indicates significant difference versus WT/mdx (P < 0.05). For all histograms, bars indicate mean £ sem. b,
¢ Cross-sections of WT/mdx (b) and LIF/mdx () TA muscles labeled with anti-LIF. Bars =50 pm. d Mean fluorescence intensity (MFI) of inflammatory
lesions in sections immunolabeled for LIF. * Indicates significant difference from WT/mdx (n=4; P<0.05). e-j Cross-sections of muscles from WT/mdx
and LIF/mdx mice were immunolabeled with antibodies to F4/80 (e) and CD163 (h). Numbers of F4/80+ (f, g) and CD163+ (i, j) cells were normalized to
muscle volume. Labeling of F4/80+ (e) and CD163+ (h) cells in TA muscle from 1-month-old WT/mdx muscle. Bars =100 pm. N =5 for each group,
except n =4 for F4/80 WT/mdx 1- and 12-month TA, LIF/mdx 12-month TA, WT/mdx 1- and 3-month diaphragm, and CD163 WT/mdx 12-month TA data
sets. k-p Cross-sections of TA (k, i) and diaphragm (n, 0) muscles from 12-month-old WT/mdx (k, m) and LIF/mdx (I, 0) mice were immunoclabeled with
anti-collagen type 1. Bars = 50 pm. The volume fraction of muscle occupied by collagen type 1 (m, p). N =5 for each group, except n= 4 for 3-month TA. *
Indicates significant difference versus age-matched WT/mdx mice (P< 0.05). # and @ indicate significant difference versus 1- and 3-months-old,
genotype-matched mice, respectively (P <0.05). P-values based on two-tailed t-test. g-s The passive mechanical properties of TA muscles of WT/mdx
(curves 1 and 2) and LIF/mdx (curves 3-5) mice were measured in-situ. Lissajous curves (q) show passive stiffness (r) and energy dissipation (s) of TAs.
N=2 and 3 for WT/mdx and LIF/mdx groups, respectively. * Indicates significant difference versus WT/mdx mice. P-values based on two-tailed t-test.

Source data are provided as a Source Data file

(LIF BMT/mdx mice) had reduced expression of the M2-biased
markers Cd163, CD206 (Mrcl), and arginase-2 (Arg2) expression
by 51%, 49%, and 43%, respectively (Fig. 3a). This effect
resembles the autocrine effect of CD11b/LIF on macrophages
in vitro (Fig. 1c). Additionally, the transgene affected the
expression of Th2 cytokines associated with M2-biased macro-
phage activation, IL-4 (I14) and IL-10 (I110), which were reduced
by ~79% and ~84%, respectively (Fig. 3a). Reduced cytokine
expression was accompanied by a ~2.8-fold increase in the
expression of suppressor of cytokine signaling 3 (Socs3) in
CD11b/LIF BMT recipients (Fig. 3a). Socs3 expression is activated
by LIF? and its elevation in muscles of CDI11b/LIF BMT
recipients verifies an increase in LIF signaling in muscle.

We tested the effect of CD11b/LIF BMT on macrophage
numbers and phenotype because changes in macrophages have
profound effects on dystrophic muscle pathology”!>1426. We
performed immunohistochemistry using anti-F4/80, to identify
total macrophage populations, or anti-CD68 (M1-biased macro-
phages), anti-CD163 (M2-biased), or anti-CD206 (M2-biased).
Mdx mice that received CD11b/LIF BMCs had 37% fewer F4/80+
cells compared to mice receiving WT BMCs (Fig. 3b). Quantita-
tion of CD68+, CD163+ and CD206+ macrophages showed no
difference in CD68+ cells (mean + sem: WT BMT/mdx 17,525 +
1502 and LIF BMT/mdx 16,377 + 1440 cells/mm?, n =5 per data
set, P = 0.60; two-tailed t-test), a 32% reduction of CD163+ cells
(Fig. 3e) and 46% fewer CD206+ cells (Fig. 3h) in the dystrophic
muscle. However, numbers of CD4+ T-cells and neutrophils in
mdx muscles were unaffected by transplantation of CD11b/LIF
BMCs (Fig. 3k, 1), indicating a selective reduction of M2-biased
macrophages caused by transgenic BMDCs.

LIF reduces Ccl2 expression in muscle and macrophages. The
large reductions of M2-biased macrophages in dystrophic muscle
of mice transplanted with CD11b/LIF BMCs (Fig. 3) suggest that
LIF inhibits their recruitment. Because abrogation of
CCR2 signaling reduces macrophage accumulation in dystrophic
muscle?”, we tested whether CCR2 signaling was affected by LIE.
QPCR assays showed reduced expression of Ccr2 and its ligands
Ccl2, Ccl8 and Ccl12 in muscles of CD11b/LIF BMT recipients,
and a strong trend for lower levels of Ccl7 expression (P = 0.06)
(Fig. 4a).

We next tested the possibility that LIF acts directly on
macrophages to inhibit CCR2 signaling in vitro. Unexpectedly,
brief periods of macrophage stimulation with LIF had no effect on
Ccr2 expression and extended periods significantly increased Cer2
expression (Fig. 4b). We assayed whether the CDII1b/LIF
transgene affected the numbers of intramuscular macrophages

that expressed detectible CCR2 but found that the proportion of
CD68+ or CD206+ macrophages that expressed CCR2 was not
influenced by the transgene (Fig. 4c, d). This indicates that
reductions in macrophage-derived CCR2 in muscles reflect
reductions in macrophage numbers, rather than ablating the
expression of CCR2 in macrophages in CD11b/LIF BMT
recipients. However, stimulation of BMDMSs with LIF reduced
Ccl2 expression and CCL2 protein secretion (Fig. 4e, f), indicating
that LIF acts directly on macrophages to negatively regulate Cel2.
In addition, F4/80+ macrophages were prominent sources of
CCL2 in mdx muscle (Fig. 4g), and transplantation of CD11b/LIF
BMCs reduced the proportion of F4/80+ macrophages that
expressed detectible CCL2 by 15% (Fig. 4h).

Transplanted CD11b/LIF cells reduce muscle fibrosis. Fibrosis
of dystrophin-deficient muscle is largely driven by arginine
metabolism by arginase expressed by M2-biased macrophages®*.
Arginine hydrolysis by arginase produces metabolites that are
utilized to generate substrate molecules necessary for connective
tissue production’®. Because we observed reductions in M2-
biased macrophages in muscles of mdx mice that were recipients
of CDI11b/LIF BMT and lower levels of expression of Arg2, we
assayed whether fibrosis was affected. Transplantation of CD11b/
LIF BMCs reduced collagen types 1, 3, and 5 in mdx muscle by
~41%, 22%, and 25%, respectively, compared to WT BMT reci-
pients (Fig. 5a—i). However, the anti-fibrotic effect of CD11b/LIF
BMT cannot be solely attributed to reductions of arginine
metabolism by M2-biased macrophages. QPCR data showed that
mRNA levels of collagen types 1 alpha 1 (Collal), 3 alpha 1
(Col3al), and 5 alpha 3 (Col5a3) were reduced by ~57%, 51%,
and 30%, respectively, in CD11b/LIF BMC recipients (Fig. 5j),
indicating treatment effects on fibrogenic cells, in addition to
effects on macrophages that provide substrate for fibrogenesis.

M2-biased macrophages can act directly on fibrogenic cells
through TGFp which activates fibro/adipogenic progenitor cells
(FAPs) into fibroblasts and stimulates fibroblasts to produce
collagen?®-32. TGFB can also activate Wnt-signaling, which
increases myogenic-to-fibrogenic conversion of muscle stem cells,
further contributing to dystrophic muscle fibrosis®>. We tested
whether the CD11b/LIF BMT affected key transcripts of the Wnt
and TGFp pro-fibrotic pathways. Although there was no effect on
the expression of Tgfbl or Axin2, a Wnt-target gene (Fig. 5k), the
expression of downstream TGFp target genes connective tissue
growth factor (Ctgf), fibronectin (Fnl), and snail family zinc
finger 1 (Snail)**-37 were reduced by ~33%, 43%, and 33%,
respectively (Fig. 5k).
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Fig. 3 Transplantation of CD11b/LIF transgenic BMCs into mdx mice reduces inflammation in dystrophic muscle. a QPCR analysis shows that the
transplantation of CD11b/LIF transgenic BMCs into mdx recipients (LIF BMT/mdx) reduced expression of transcripts associated with M2-biased
macrophages (Cd163, Cd206, and Arg2), Th2 cytokines (/l4 and [I10), and increased expression of the negative regulator of cytokine signaling (Socs3)
compared to WT BMT mdx recipients (WT BMT/mdx) 4 months post-transplantation. N=7 or 8 for WT BMT/mdx and LIF BMT/mdx data sets,
respectively, except n=7 for LIF BMT/mdx Argl data set. * Indicates significantly different from WT BMT/mdx recipients at P < 0.05. F-test Ifng (P=
0.0145), Il6 (P<0.0001), /l4 (P=0.0015), 1110 (P <0.0001), and Socs3 (P = 0.0061). For all histograms in the figure, the bars indicate mean + sem. b-j
Cross-sections of TA muscles from WT BMT/mdx (¢, f, i) or LIF BMT/mdx (d, g, j) mice were immunolabeled with antibodies to F4/80 (¢, d), CD163 (f, g),
and CD206 (i, j). Bars = 50 pm. The numbers of F4/80+ (b), CD163+ (e), and CD206+ (h) cells normalized to muscle volume were reduced in LIF BMT/
mdx recipients. Similarly, cross-sections were immunolabeled with antibodies to CD4 and Ly-6B.2 (neutrophils) to test for changes in the concentrations of
other populations of immune cells. There was no change in the concentrations of CD4+ (k) and Ly-6B.2+ (I) cells. N =5 for each data set, except n= 4 for
CD206 LIF BMT/mdx data set. * Indicates significantly different from WT BMT/mdx recipients at P < 0.05. All P-values based on two-tailed t-test. Source
data are provided as a Source Data file
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Fig. 4 Transplantation of CD11b/LIF transgenic BMCs disrupts Ccl2 expression in dystrophic muscles by inhibiting macrophage expression of CCL2. a QPCR
analysis shows that TA muscles from LIF BMT/mdx recipients have reduced expression of Ccr2 and its ligands Ccl2, Ccl7 (P=0.06), Ccl8, and Ccl12. N=7
or 8 for WT BMT/mdx and LIF BMT/mdx data sets, respectively, except n= 7 for LIF BMT/mdx Ccl8 data set. * Indicates significantly different from WT
BMT/mdx recipients at P < 0.05. F-test Ccr2 (P =0.0087), Ccl2 (P <0.0001), Ccl7 (P = 0.0001), Ccl8 (P = 0.001), and Ccl12 (P = 0.001). For all histograms
in the figure, the bars indicate mean + sem. b QPCR analysis for Ccr2 gene expression of BMDMs treated with recombinant LIF (10 ng/ml) for 3- and 24-h.
¢, d Muscle sections co-labeled with antibodies to CD68 (¢) or CD206 (d) and CCR2 show no change in the proportions of cells co-expressing CCR2
between transplant recipient groups. N=5 for each data set. @ QPCR analysis shows reduced Ccl2 gene expression in BMDMs stimulated with LIF as
described in (b). f ELISA of conditioned media showed less CCL2 secreted into the media of BMDMs stimulated with LIF for 6- and 24-h compared to
control cultures. For cell culture experiments, N =5 technical replicates for each data set, cells for each time point were isolated from independent donors.
Significant findings were verified with biological replicates of experiments from independent donors. P-values based on two-tailed t-test. F-test CCL2
protein 24 h (P=0.0337). g, h Cross-sections of TA muscles from WT BMT/mdx or LIF BMT/mdx mice were immunolabeled with antibodies to F4/80
(green) and CCL2 (red) show that F4/80+ cells express CCL2 (g). Nuclei are stained blue with DAPI. Bar =10 pm. h The proportion of F4/80+ cells co-
expressing CCL2 was reduced in LIF BMT/mdx recipients. N =5 for each data set, * indicates significantly different from WT BMT/mdx recipients at P <
0.05. P-values based on two-tailed t-test. Source data are provided as a Source Data file

LIF reduces macrophage TGFPl expression. Although we a negative regulator of TGFP1 expression in macrophages.

observed no effect of CD11b/LIF BMT on Tgfbl mRNA in whole
muscle homogenates, we assayed more specifically for effects on
TGEFp expression in intramuscular macrophages by assaying the
proportion of macrophages that expressed TGFp. We found that
there were 17.7% fewer intramuscular macrophages that expres-
sed detectible TGFp in CD11b/LIF recipients, compared to WT
recipients (Fig. 6a). Interestingly, the greatest reduction of TGFp
expressing macrophages was seen in inflammatory lesions of
CDI11b/LIF recipients (Fig. 6c) compared to WT recipients
(Fig. 6b).

We tested whether reduced TGFp1 expression in CD11b/LIF
BMT recipients reflected direct actions of LIF on macrophages to
inhibit TGFp1 expression. When we treated BMDMs with LIF for
24h, Tgfbl gene expression was reduced by 47% and secreted
TGEp protein expression by 29% (Fig. 6d, e), showing that LIF is

However, Tgfbl gene expression was not reduced after 3h of
LIF stimulation, suggesting that LIF-mediated inhibition of TgfbI
could be a secondary effect.

LIF reduces fibrogenesis and Cfgf mRNA in muscle cells. TGF(
signaling promotes the fibrogenic conversion of myogenic cells in
dystrophic muscle, thereby contributing to fibrosis®>. Because
transplantation of CD11b/LIF BMCs into mdx mice reduces
fibrosis, we tested whether LIF reduces the proportion of myo-
genic cells acquiring a fibrogenic phenotype. Muscle sections that
were double-labeled with anti-Pax7, a marker of satellite cells, and
anti-HSP47, a collagen-specific molecular chaperone3$-* showed
that the proportion of Pax7+ cells that expressed HSP47 was
reduced by 27.8% in CDI1b/LIF recipients (Fig. 7a-c); this
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Fig. 5 Transplantation of CD11b/LIF transgenic BMCs into mdx mice reduces muscle fibrosis. a-i TA muscles from WT BMT/mdx (b, e, h) and LIF BMT/
mdx transplant recipients (c, f, i) were immunolabeled for collagen types 1 (a-¢), 3 (d-f), and 5 (g-i). Bars =50 um. The volume fraction of muscle
occupied by collagen types 1(a), 3 (d), and 5 (g) was reduced in LIF BMT/mdx recipients. N=5 for WT BMT/mdx and LIF BMT/mdx data sets, except n=
4 WT BMT/mdx collagen type 3 and LIF BMT/mdx collagen type 1. * Indicates significantly different from WT BMT/mdx recipients at P < 0.05. F-test
collagen type 3 (P=0.0055) and type 5 (P = 0.0155). For all histograms in the figure, the bars indicate mean + sem. j QPCR data presented as mean + sem
shows that LIF BMT/mdx recipients also had reduced expression of transcripts encoding Collal, Col3al, and Col5a3. N=7 or 8 for WT BMT/mdx and LIF
BMT/mdx data sets, respectively, except n=>5 for Col5a3 data sets. k QPCR analysis of transcripts associated with the pro-fibrotic Wnt- (Axin2) and
TGFp1-signaling (Tgfbl, Ctgf, Fnl, and Snail) pathways showed reduced expression of Ctgf, Fnl, and Snail in LIF BMT/mdx recipients. N=7 or 8 for WT
BMT/mdx and LIF BMT/mdx data sets, respectively, except n=7 for LIF BMT/mdx Axin2 group. * Indicates significantly different from WT BMT/mdx

recipients at P< 0.05. P-values based on two-tailed t-test. F-test Collal (P = 0.0250). Source data are provided as a Source Data file

indicates that satellite cells had a less fibrogenic phenotype in
CD11b/LIF recipients. Expression of Serpinhl, the gene that
encodes HSP47, was also reduced 24% in the whole muscle lysate
of CD11b/LIF recipients (mean +sem: WT BMT/mdx 1+0.08
and LIF BMT/mdx 0.76 +0.06, n =7 and 8 per data set, respec-
tively, P=0.03; two-tailed t-test). We also assayed whether
transplantation of CD11b/LIF BMCs affected the proportion of
satellite cells that expressed ERTR?7 in vivo. ERTR7 was chosen in
addition to HSP47 because satellite cells in injured and aging
muscle that display elevated levels of ERTR7 expression have

shifted away from a myogenic phenotype, toward a fibrogenic
phenotype?:4l. Our data show that the transgene reduced the
proportion of satellite cells that expressed ERTR7 in mdx muscle
in vivo, similar to the reduction of satellite cells expressing HSP47
(Fig. 7c, d).

We also tested whether the CD11b/LIF transgene affected the
phenotype of myogenic progenitor cells (MPCs) in later stages of
mdx pathology by assaying for changes in the expression of
fibrogenic genes in MPCs that were freshly-isolated from muscles
of 14-months-old mice. MPCs (CD11b-CD31-CD45-Scal-a7
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integrin+ cells) from CDI11b/LIF transgenic mdx mice showed
lower expression levels of Fnl and Col3al compared to non-
transgenic mice (Supplementary Fig. 5). In addition, we observed
strong trends for the reduction in expression of Serpinhl (HSP47)
and Collal in freshly-isolated MPCs.

We also examined the effects of LIF on TGFp1-induced muscle
cell fibrogenesis in vitro. We assayed myoblasts and myotubes
treated with TGEP1 and/or LIF for changes in expression of
fibrogenic genes downregulated in CDI1b/LIF BMT recipients
(Ctgf, Fnl, and Collal; Fig. 5j, k). Co-stimulation with TGFf1
and LIF inhibited Ctgf expression, compared to cells treated with
TGEFP1 only (Fig. 7e, h). LIF also reduced basal Ctgf expression
after 24 h of stimulation in myotubes. Fnl expression was stable
in myoblasts treated with TGFp1, LIF, or TGEpP1 + LIF for 3 h
(Fig. 7f). After 24 h, TGFpl-induced Fnl expression, but co-
stimulation with LIF had no effect (Fig. 7i). TGFB1 stimulation
for 3 h induced the expression of Collal in myotubes, and LIF
attenuated TGFP1-induced expression of Collal in myotubes
(Fig. 7g). LIF stimulation for 24 h reduced basal Collal
expression in myoblasts, but not TGFPl-induced expression of
Collal (Fig. 7j).

LIF reduces the prevalence of FAPs in dystrophic muscle.
Because FAP-derived fibroblasts are important sources of con-
nective tissue proteins, we assayed whether CD11b/LIF BMT
affected FAP numbers in vivo or whether LIF affected the
expression of fibrogenic proteins by FAP-derived fibroblasts
in vitro. QPCR analysis showed that CD11b/LIF BMT recipients
had a 47% reduction in Pdgfra expression (Fig. 8a) which could
reflect fewer FAPs. Recipients of CD11b/LIF BMT had fewer cells
that expressed PDGFRa and were double-negative for CD31 and
CD45, which are FAPs*2 (Fig. 8b, c), although the proportion of

PDGFRa+ cells that expressed HSP47 was unaffected by the
transgene (Fig. 8d). The findings indicate that reductions in
numbers of FAPs in the muscles of mdx mice receiving CD11b/
LIF BMT may contribute to reduced muscle fibrosis.

We then tested whether LIF influenced the fibrogenic activity
of FAP-derived fibroblasts in vitro. We sorted FAPs (CD11b/31/
45- PDGFRa+) from WT muscles (Fig. 8e) and subcultured them
prior to stimulation with TGFf1, LIF, or TGEFB1 + LIF41:42. We
used fibroblasts derived from FAPs rather than freshly-isolated
FAPs because fibroblasts differentiated from FAPs are the
primary source of connective tissue proteins in muscle®2. We
tested if LIF affected Pdgfra expression in fibroblasts in vitro
because enhanced PDGFRa signaling can cause pathological
fibrosis?®. However, LIF did not affect Pdgfra expression in
fibroblasts (mean + sem: control cells 1+0.04 and LIF-treated
cells 1.13+0.23, n =4 per data set, P=0.61; two-tailed t-test).
Treatments for 3 h with TGFpl-induced Citgf expression in
fibroblasts, but LIF had no effect on basal or TGFf1-induced Ctgf
(Fig. 8f). The magnitude of TGFp1l-induced Ctgf expression in
fibroblasts (1.9-fold) was less than in myoblasts (~11.6-fold) and
myotubes (~7.1-fold) (Fig. 7e). TGFp1, LIF or TGFp1 + LIF had
no effect on Fnl or Collal expression in fibroblasts (Fig. 8g, h).
We then tested whether prolonged stimulation of fibroblasts with
TGFp1, LIF, or TGFp1+ LIF affected Ctgf, Fnl, or Collal
expression. Similar to effects of brief stimulations, Cigf expression
was induced ~2.0-fold by TGFP1l but the induction was not
affected by LIF. There was also no effect of prolonged stimulation
with TGEP1 on the expression of Fnl or Collal (Fig. 8i-k).

Transplanted CD11b/LIF cells do not affect muscle growth.
Because changes in macrophage phenotype and numbers influ-
ence muscle regeneration and myogenesis!4*4-47, we assayed
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whether regeneration was affected in CD11b/LIF BMT recipients.
There were no significant differences in TA muscle weight, total
muscle fiber number, proportions of regenerating fibers or muscle
fiber size (Fig. 9a-d). No muscle fibers expressed dMHC in WT
BMT/mdx or LIF BMT/mdx mice. Additionally, QPCR assays
showed no effect of CD11b/LIF on expression of the myogenic
transcription factors: Pax7, Myodl, Myog, or Mrf4 (Fig. 9¢). These
data indicate that the CDI11b/LIF transgene did not influence
processes through which immune cells modulate regeneration in
mdx muscle.

Discussion

The results of our investigation demonstrate that transplantation
of genetically-modified BMCs provides a means to deliver ther-
apeutic molecules to dystrophic muscle. In addition, by regulating
the expression of the therapeutic transgene with the CD11b
promoter, LIF delivery can be modified by the stages of
maturation and activation of innate immune cells that differ-
entiate from BMCs. This strategy provides a mechanism for the
endogenous regulation of transgene expression by the transplant

recipients that is responsive to the magnitude and site of
inflammation. This system also permits long-term delivery of
therapeutic molecules following a single therapeutic intervention.
Although tissues were analyzed 4 months following transplanta-
tion in the present investigation, at that time circulating leukocyte
populations were nearly 87% donor-derived. However, in humans
experiencing BMT, stable mixed chimerism can persist for years
in peripheral blood cell populations*®4%, showing that long-term
benefits to humans can result from a single transplantation.

The potential therapeutic advantage of targeting therapeutic
molecules to diseased tissue by using transgenes under control of
the CD11b promoter is emphasized by comparing our findings
with the outcomes of previous strategies to deliver LIF via
hematopoietic cell transplantation. Transplantation of a hema-
topoietic cell line in which the cells were multiply-transduced
with a retroviral construct containing cDNA encoding LIF pro-
duced high systemic levels of LIF and killed the recipient
mice®>3L. In those experiments the retrovirus-transplant reci-
pients reached serum LIF concentrations at 1400 units/ml,
although serum LIF was undetectable in mice transplanted with
cells that did not contain the LIF expressing retrovirus®®>!. This
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Fig. 8 Transplantation of CD11b/LIF transgenic BMCs reduces the numbers of FAPs in dystrophic muscle but does not affect phenotype. a QPCR analysis
shows that TA muscles from LIF BMT/mdx recipients have reduced Pdgfra gene expression. N=7 or 8 for WT BMT/mdx and LIF BMT/mdx data sets,
respectively, * indicates significantly different from WT BMT/mdx recipients at P< 0.05. P-values based on two-tailed t-test. For all histograms in the
figure, the bars indicate mean * sem. b To quantify the number of FAPs, muscle sections were co-labeled with antibodies to PDGFRa (red) and CD31, CD45
(green). Arrowheads indicate FAPs (CD31-CD45-PDGFRa+). Bar = 50 pm. € Fewer FAPs (CD31-CD45-PDGFRa+) in TA cross-sections of LIF BMT/mdx
recipients compared to WT BMT/mdx recipients. N =5 for each data set. d There was no detectible change in phenotype of PDGFRa+ cells assayed for
co-expression of the fibrogenic marker HSP47. e FACS plots demonstrating strategy for sorting FAPs (Hoechst + CD11b-CD31-CD45-PDGFRa+).
Fibroblasts derived from FAPs were stimulated with LIF (10 ng/ml) and/or TGFp1 (10 ng/ml) for 3 h (f-h) or 3 days (i-k) and assayed by QPCR for Ctgf
(f, 1), Fn1 (g, j), and Collal (h, k). N = 4 technical replicates for each data set. Significant findings were verified with biological replicates of cells sorted from
independent donors. * Indicates significantly different from control cultures, # indicates significantly different from TGFp1 treated cultures, and @ indicates
significantly different from LIF-treated cultures at P < 0.05. P-values based on ANOVA with Tukey's multiple comparison test. Source data are provided as
a Source Data file
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contrasts with the delivery system we employ, in which elevated
LIF production was detectible within inflammatory lesions in
dystrophic muscle and pathology was reduced, but LIF remained
undetectable in the sera. This indicates that more precise tem-
poral and spatial delivery of LIF is necessary for safe and bene-
ficial therapeutic application.

Exogenous LIF has been reported previously to increase the
growth of dystrophic muscle fibers'?20, but we did not observe an
effect of the CD11b/LIF transgene on muscle mass or fiber size in
transgenic mice or in CD11b/LIF BMT recipients. These differ-
ences in outcome may reflect the different modes of LIF delivery,
in which increased fiber size resulted from continuous delivery of
high concentrations of exogenous LIF1-20, However, we found
that transplantation of CD11b/LIF transgenic BMCs affected mdx
muscle by decreasing muscle fibrosis, consistent with the treat-
ment effect achieved by delivery of exogenous LIF1920:52_ In part,
the anti-fibrotic influences of the CDIIb/LIF transgene were
attributable to modifying the phenotype of satellite cells, reflected
in the reduced proportion of satellite cells that expressed detec-
tible levels of the collagen chaperone, HSP47, and expressed
ERTR7, a connective tissue protein expressed by pro-fibrotic
satellite cells* . This is functionally important in the context of
DMD pathology because the transition of satellite cells from an
HSP47—/ERTR7— to an HSP47+4/ERTR7+ phenotype reflects a
reduction in their myogenic capacity and an increase in their
production of connective tissue proteins that may exacerbate the
pathology of muscular dystrophy*? and lead to a reduction in the
regenerative capacity of muscle over time??,

Although the CD11b/LIF transgene reduced the expression of
pro-fibrotic molecules by muscle cells in CD11b/LIF BMT reci-
pients in vivo, LIF did not reduce the basal level of expression of
genes encoding connective tissue proteins by muscle cells in vitro.
Instead, we found that LIF reduced the activation of pro-fibrotic
genes in myoblasts that was induced by the cytokine TGFp. TGEp
has broad, profibrotic effects by increasing the expression of
major, connective tissue proteins, including collagen and
fibronectin®»*4, and reductions in TGFP can significantly
decrease fibrosis of dystrophin-deficient muscle, at least at early

stages of the disease!->2%. In addition to increasing the production
of connective tissue proteins, TGFp can also influence muscle
fibrosis by promoting the differentiation of myofibroblasts from
muscle®>>® and by increasing the expression of other profibrotic
growth factors, especially CTGF>>*%. Our finding that LIF
reduced or prevented the TGFp-mediated induction of Ctgf
expression in muscle cells may be particularly significant in mdx
pathology because reductions in Ctgf expression can significantly
slow pathology®’. Thus, our in vitro and in vivo data collectively
indicate that increases in LIF diminish fibrosis of dystrophic
muscle by opposing the profibrotic influence of TGFp on
muscle cells.

The observation that the CD11b/LIF BMT reduced TGFp1
expression in intramuscular macrophages without causing
reductions in total TGFP1 expression in whole muscle also
indicates the specificity of targeting treatment effects that are
achieved by the CD11b/LIF transgene. This may provide advan-
tages over other experimental and therapeutic approaches that
have been explored previously to reduce fibrosis of dystrophic
muscle by inhibiting TGFP1 expression or activity through
pharmacological approaches!-385%. While those pharmacologi-
cal approaches are technically straight-forward and effective at
reducing fibrosis in dystrophic muscle, their systemic adminis-
tration does not provide delivery specifically to sites of inflam-
mation, and increases the risks of off-target effects.

Although CD11b/LIF BMT reduced pathological changes in
satellite cells, we found that some beneficial effects of CD11b/LIF
transgenic cells are attributable to modulation of the inflamma-
tory response, rather than direct actions on muscle (Fig. 10).
Despite the fact that DMD and mdx dystrophy result from
mutations that cause loss of the membrane-associated structural
protein, dystrophin, and lead to a mechanically-weaker muscle
cell membrane®®®l, most muscle fiber damage results from lysis
caused by myeloid cells, especially macrophages expressing
inducible nitric oxide synthase (iNOS) that are biased toward the
M1, pro-inflammatory phenotype’-2¢. However, as the disease
progresses, macrophages in dystrophic muscle shift to a CD163
+/CD206+ phenotype that increases muscle fibrosis?® and is
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Fig. 10 Potential immunomodulatory and anti-fibrotic actions of LIF expressed by the CD11b/LIF transgene in muscular dystrophy. (1) LIF can serve an
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dystrophic muscle. (2) LIF can serve an immunomodulatory role by reducing the activation of monocytes/macrophages to a CD163+, M2-biased
phenotype that can increase fibrosis of dystrophic muscle. (3) LIF can reduce the expression of the pro-fibrotic molecules Argl and Tgfbl in macrophages.
(4) LIF can reduce the TGFp1-mediated induction of pro-fibrotic genes in muscle cells, including Ctgf and Collal

characteristic of type 2 immunity; much of the lethality of DMD
is attributable to fibrosis of cardiac and respiratory muscles. Thus,
by modulating the numbers and phenotype of macrophages in
dystrophic muscle, LIF can produce broad effects on muscle
pathology.

Some of the immunomodulatory effects achieved by trans-
plantation of CD11b/LIF transgenic cells reflect the effects of
transgene expression within the diseased muscle. For example,
Socs3 expression was significantly elevated in muscles of mice that
received CD11b/LIF BMT, although expression of the transgene
in macrophages in vitro did not affect the expression of Socs3. LIF
can increase Socs3 expression in multiple cell types®? and elevated
expression or activity of Socs3 in macrophages can strongly
influence their phenotype and cytokine production. In vivo
models of inflammation show that siRNA-silencing of SOCS3 or
targeted deletion of SOCS3 in macrophages can either promote®?
or oppose® the M1-biased phenotype. In experimental perito-
nitis, SOCS3 mRNA silencing in macrophages caused elevated
expression of the M2 phenotypic markers 1110, Mrcl, and ArgI®,
which is consistent with the inverse relationship we observed
between elevated Socs3 expression in CD11b/LIF BMT recipients
and reduced expression of 1110, Arg2, and Mrcl. Together, these
observations suggest that the shift of CD11b/LIF macrophages
away from an M2-biased phenotype in mdx BMT recipients may
result, in part, from LIF induction of Socs3 after the transgenic
macrophages enter the diseased muscle. However, some of the
treatment effects that we observed may have resulted from
immunomodulatory roles of the transgene that occurred before
their invasion into the pathological muscle. Our finding that
isolated BMCs from CD11b/LIF mice showed greatly reduced
levels of Cd163 and Argl expression as they differentiated to
macrophages in vitro shows that some autocrine influences of the
transgene on macrophage gene expression do not require locali-
zation of the cells in the dystrophic muscle. This contrasts with
the reduced expression of TGFp in intramuscular macrophages of
CDI11b/LIF BMT recipients that did not occur in transgenic
macrophages in vitro. The reduction in arginase expression in
CD11b/LIF transgenic macrophages may be particularly impor-
tant in the pathophysiology of muscular dystrophy because
arginine metabolism by arginase increases proline production
which is necessary for collagen synthesis and contributes sig-
nificantly to increased fibrosis in mdx muscles during progressive
stages of pathology?*.

The immunomodulatory influences of the transgene extend
beyond autocrine effects on macrophage phenotype, because the
muscles of CD11b/LIF BMC recipients showed large reductions
in the expression of ligands for CCR2. Previous investigators

established that signaling through CCR2 is a primary mechanism
for recruiting macrophages to diseased or injured muscle by
showing that blockade or deletion of CCR2 greatly reduces
macrophage entry into injured muscle?”4>47, We found that
CD11b/LIF BMT decreased expression of CCR2 ligands in muscle
and reduced the numbers of macrophages that expressed CCL2.
Those reductions were also associated with large reductions in
total numbers of F4/80+ intramuscular macrophages, including
CD206+ and CD163+ macrophages. Thus, much of the anti-
inflammatory effect of the transgene may occur through disrup-
tion of CCR2-mediated signaling, leading to reduced numbers of
intramuscular macrophages and impairing their activation to a
pro-fibrotic, M2-biased phenotype.

Collectively, our findings show that expression of a CD11b/LIF
transgene in BMDCs can disrupt multiple processes that con-
tribute to fibrosis of dystrophic muscle, including affecting
macrophage recruitment, phenotype and production of pro-
fibrotic cytokines and enzymes, in addition to preventing the
fibrogenic conversion of satellite cells and reducing numbers of
FAPs (Fig. 10). However, we believe that the more broadly-
significant finding in our investigation is that our data show that
genetically-modified BMCs can be used as vectors to deliver
therapeutic genes to dystrophic muscle. This approach is
applicable not only to LIF, but may provide a more specific tar-
geting strategy for the numerous gene products that have been
previously identified as potentially-useful, therapeutic molecules
for DMD.

Methods

Mice. All experimentation complied with all relevant ethical regulations for animal
testing and research, and the study protocol was approved by the Chancellor’s
Animal Research Committee at the University of California, Los Angeles. C57BL/
108cSn-Dmd™4%/] mice (mdx mice) were purchased from The Jackson Laboratory
(Bar Harbor, ME) and bred in pathogen-free vivaria. Mdx mice were selected for
use in these experiments instead of more rapidly progressive models of DMD
because the goal of our investigation is to test our hypothesis that transplantation
of genetically-modified BMCs provides a novel therapeutic strategy for muscular
dystrophy. If we used a rapidly, progressive mouse model, such as the mdx/utr—
mouse line in which the mice die at 2-3 months of age, we would be unable to
assay for treatment effects achieved by bone marrow transplantation because the
mice would die before enough time passed for sufficient BMC engraftment and
then for the transplanted cells to mediate their therapeutic effects.

In preparation for generating CD11b/LIF mice, the complete Mus musculus LIF
cDNA sequence (611-bp; NM_008501) was amplified by PCR and ligated into a
pGL3-Basic vector (Promega) at the Nco I/Xba I sites. The pGL3-Basic vector
contained a 550-bp fragment of the human CD11b promoter at the Hind III site,
upstream of the LIF insertion site. The 1215-bp, hCD11b/LIF fragment was isolated
from pGL3-Basic by restriction endonuclease digestion with Xho I/Xba I and used
for pronuclear injection into CB6F1 eggs to generate transgenic mice. Positive
founders were identified by PCR screening for presence of the hCD11b/LIF
construct and backcrossed with C57BL/6] mice for 7 generations. The hCD11b/LIF
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line is maintained as hemizygous to produce transgenic mice and wild-type,
littermate controls for experimentation. Mice were randomly allocated to
experimental groups. WT or CD11b/LIF BMCs were transplanted into mdx mice
assigned non-sequential identification numbers. Investigators collecting data and
performing analysis were aware of animal numbers only and were blinded to
treatment groups.

CD11b/LIF mdx transgenic mice were produced by crossing CD11b/LIF
hemizygous males with mdx females to generate CD11b/LIF hemizygous,
transgenic mice that were also dystrophin-deficient (CD11b/LIF mdx). Dystrophin-
deficient status was verified by ARMS PCR screening® and presence of the
hCD11b/LIF construct was determined as described above. The CD11b/LIF mdx
mice were backcrossed with wild-type mdx mice for 7 generations to produce
CDI11b/LIF mdx mice that were dystrophin-deficient and either hemizygous or
wild-type controls for the CD11b/LIF transgene.

Bone marrow transplantation. Beginning 1 week prior to BMT, mouse drinking
water was supplemented with trimethoprim/sulfamethoxazole (80 ug/ml tri-
methoprim and 400 pg/ml sulfamethoxazole) and continued for 3 weeks. Two-
month-old female mdx mice underwent myeloablative preconditioning via intra-
peritoneal injections of 1,4-butanediol dimethanesulfonate (Sigma-Aldrich) (20
mg/kg body weight) 72-, 48-, and 24-h prior to BMT. On the day of transplan-
tation, male WT and CD11b/LIF donor mice were euthanized and their femur and
tibia bones were sterilely dissected and flushed of BMCs. BMCs were isolated and
recipient mice received 107 donor BMCs by tail-vein injection. At 4 months post-
BMT, tissues and BMCs were collected from recipient mice. BMCs were used for
chimerism analysis by fluorescent in situ hybridization of the Y-chromosome
(Kreatech FISH Probes).

RNA isolation and QPCR. RNA was isolated from muscle homogenates and
reverse transcribed to produce cDNA?Y. QPCR experiments were designed using
established guidelines for experimental design, data normalization and data ana-
lysis to maximize the rigor of quantifying the relative levels of mRNAE6E7 The
expression for each gene in control samples was set to 1 and the other expression
values were then scaled to that value. PCR primers are listed in Supplementary
Table 1.

Cultured cells were washed twice with ice-cold DPBS and collected in Trizol
(Invitrogen). RNA was extracted and isolated with chloroform extraction and
isopropyl alcohol precipitation, followed by clean-up with an RNA Clean and
Concentrator Kit (Zymo Research). Total RNA was quantified, reverse transcribed,
and used for QPCR!3.

RNA was isolated from FACS sorted cells by first sorting cells directly into
Buffer RLT RNA lysis buffer (Qiagen). RNA was isolated using a Qiagen RNeasy
Micro Kit according to the manufacturer’s protocol. RNA yield was quantified
using a BioDrop pLite. RNA (50 ng/reaction) was reverse transcribed using a
qScript XLT ¢DNA Supermix (QuantaBio). QPCR experiments were performed on
a QuantStudio 5 Real-Time PCR System (Thermo Fisher) with PerfeCTa SYBR
Green Supermix, Low Rox (QuantaBio)!3.

Immunohistochemistry. Muscles dissected from euthanized mice were frozen in
liquid nitrogen-cooled isopentane. Cross-sections 10-um thick were taken from the
mid-belly of muscles and fixed in ice-cold acetone or 2% paraformaldehyde for 10
min. Endogenous peroxidase activity in the sections was quenched by immersion in
0.3% H,0,. Most sections were blocked for 1 h with blocking buffer (3% bovine
serum albumin (BSA), 2% gelatin, and 0.05% Tween-20 in 50 mM Tris-HCl pH 7.6
containing 150 mM NaCl). Alternatively, sections were incubated with 10% horse
serum in PBS with 0.1% Tween-20 or mouse-on-mouse blocking reagent (M.O.M.
kit; Vector) for sections to be incubated with primary antibodies from goat or
mouse origin, respectively. Sections were then incubated with: rat anti-mouse F4/80
(1:100, overnight at 4 °C, eBioscience, clone BM8), rat anti-mouse CD68 (1:100, 3h
at room temperature (RT), AbD Serotec, clone FA-11), rabbit anti-mouse CD163
(1:100, 3 h at RT, Santa Cruz Biotech, clone M-96), rat anti-mouse CD206 (1:50, 3
h at RT, AbD Serotec, clone MR5D3), rat anti-CD4 (1:25, overnight at 4 °C,
Biolegend, clone GK1.5), rat anti-Ly-6B.2 (1:25, 2 h at RT, Bio-Rad, clone 7/4),
rabbit anti-collagen type 1 (1:50, 3 h at RT, Chemicon, #AB745), goat anti-collagen
type 3 (1:50, 3 h at RT, Southern Biotech #1330-01), goat anti-collagen type 5 (1:50,
overnight at 4 °C, Southern Biotech, #1350-01), goat anti-LIF (1:66, overnight at 4
C, R&D Systems, #AB-449), and mouse anti-developmental myosin heavy chain
(1:100, overnight at 4 °C, Novacastra, #106304). The sections were washed with
phosphate buffered saline (PBS) and probed with biotin-conjugated secondary
antibodies (1:200, 30 min at RT, Vector Laboratories). Sections were then washed
with PBS and incubated with avidin D-conjugated HRP (1:1000, 30 min at RT,
Vector). Staining was visualized with the peroxidase substrate, 3-amino-9-
ethylcarbazole (Vector).

Immunofluorescence. For co-labeling of macrophages, sections were fixed in ice-
cold acetone for 10 min and then incubated in blocking buffer for 1 h. Sections
were then incubated with rat anti-F4/80 and goat anti-CCL2 (1:50, R&D Systems,
AB-479-NA) or rabbit anti-TGFp1 (1:100, Abcam, #ab92486) overnight at 4°C.
Sections were washed with PBS and then incubated with donkey anti-rat Dylight

488 (1:200, 30 min at RT, Abcam, #ab102260) and horse anti-rabbit IgG Dylight
594 (1:200, 30 min at RT, Vector, #DI-1094) or horse anti-goat IgG Dylight 594
(1:200, 30 min at RT, Vector, #DI-3094). Sections were then washed with PBS and
mounted with Prolong Gold mounting media (Invitrogen).

For identification of CCR2+ macrophages, sections were fixed with 4% PFA for
10 min and then incubated with blocking buffer for 1 h. Sections were then labeled
with rabbit anti-mouse CCR2 (1:50, Abcam, clone E68) and rat anti-mouse CD68
or rat anti-mouse CD206 at 4 °C overnight. Sections were washed with PBS and
then incubated with donkey anti-rat IgG Dylight 594 (1:200, 30 min at RT, Abcam,
#ab102262) and horse anti-rabbit 1gG Dylight 488 (1:200, 30 min at RT, Vector,
#DI-1088).

For identification of fibrogenic satellite cells, sections were fixed in 2%
paraformaldehyde for 10 min. Slides were then immersed in antigen retrieval buffer
(10 mM sodium citrate, 0.05% Tween-20, pH 6) at 95-100 °C for 40 min, except for
sections undergoing Pax7/Ertr7 co-labeling this step was omitted. Sections were
then treated with blocking buffer from a mouse-on-mouse immunohistochemistry
kit (M.O.M. kit; Vector) for 1 h and immunolabeled with mouse anti-Pax7 and
rabbit anti-HSP47 (1:200, Abcam, #77609) or anti-Ertr7 (1:1000, SCBT, #SC-
73355) overnight at 4 °C. Anti-Pax7 was purified from hybridoma cell supernatant
(Developmental Studies Hybridoma Bank, Iowa City, Towa)®8. Sections were
washed with PBS and then incubated with horse anti-mouse IgG Dylight 594
(1:200, 30 min at RT, Vector, DI-2594) and horse anti-rabbit IgG Dylight 488
(1:200, 30 min at RT).

For identification of FAPs, sections were fixed in ice-cold acetone for 10 min
and then incubated with blocking buffer for 1 h. Sections were then labeled with rat
anti-mouse CD31 conjugated with FITC (1:50, eBioscience, clone 390), rat anti-
mouse CD45 conjugated with FITC (1:100, eBioscience, clone 30-F11), and goat
anti-PDGFRa (1:100, R&D Systems, #AF1062) at 4 °C overnight. Sections were
washed with PBS and then incubated with horse anti-goat IgG Dylight 594 (1:200,
30 min at RT, Vector).

For identification of fibrogenic PDGFRa+ cells, sections were fixed in ice-cold
acetone for 10 min and then incubated with blocking buffer for 1 h. Sections were
then labeled with rabbit anti-mouse HSP47 (1:100, ABcam, clone EPR4217) and
goat anti-PDGFRa at 4 °C overnight. Sections were washed with PBS and then
incubated with horse anti-goat IgG Dylight 594 (1:200, 30 min at RT) and horse
anti-rabbit IgG Dylight 488 (1:200, 30 min at RT).

Stereology. The number of cells per volume of muscle was determined by mea-
suring the total volume of each section using a stereological, point-counting
technique to determine section area and then multiplying that value by the section
thickness (10 pm)? The numbers of immunolabeled cells in each section were
counted and expressed as the number of cells per unit volume of each section.

Assays for fiber ber, | {! , and size. TA muscles were sec-
tioned at the midbelly of muscles and used for fiber cross-sectional area mea-
surements®. The proportion of fibers containing central nuclei, an indicator of fiber
regeneration, was also determined. Central-nucleation was expressed as the ratio of
central nucleated fibers relative to the entire population of fibers sampled for each
muscle. The cross-sectional areas of >300 muscle fibers were measured using a
digital imaging system (BioQuant).

Assay of muscle connective tissue content. The volume fraction of muscle that
was occupied by collagen types 1, 3, and 5 was determined by overlaying a 10 x 10
eye-piece grid on microscopic images of cross-sections of entire muscle that were
immunolabeled with antibodies to collagen types 1, 3, or 5.

Preparation of BMMCs and BMDMs. BMMCs were separated from whole BMC
preparations flushed from WT or CD11b/LIF femurs and tibiae and separated
using a histopaque-1077 gradient (Sigma). The freshly-isolated BMMCs were then
used for RNA isolation and analysis. For preparation of BMDMs, BMCs were
aseptically flushed from WT or CD11b/LIF femurs and tibiae and differentiated
in vitro to BMDMs?%. BMDMs were stimulated for 24 h with activation media
consisting of Dulbecco’s Modified Eagle Medium (DMEM) with 0.25% heat-
inactivated fetal bovine serum (FBS; Omega), 100 U/ml penicillin, 100 pg/ml
streptomycin (1% P/S), and 10 ng/ml macrophage colony stimulating factor
(MCSF; R&D).

ELISA analysis of BMDM conditioned media. Cultures of BMDM from WT mice
were established as described above. On the 6th day of culture, the BMDMs were
switched to DMEM containing 1% P/S, 0.25% heat-inactivated FBS, and M-CSF or
media containing 10 ng/ml recombinant mouse LIF (eBioscience) (stimulation
media). After 24 h of stimulation, conditioned media (CM) were collected, briefly
centrifuged to remove particulates and then frozen at —20 °C. Separate aliquots of
BMDM CM from each sample were analyzed for expression of CCL2 (Duoset
ELISA, R&D Systems, #DY479) and TGFJ (Emax immunoassay; Promega,
#G7590), according to manufacturer’s instructions. Following an HRP-based
reaction, a colored product was formed in proportion to the amount of cytokine
present, which was analyzed by a spectrophotometer (Bio-Rad Benchmark
Microplate Reader) at a wavelength of 450 nm with a 540 nm correction. The
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concentration of each cytokine was determined by comparing the optical density of
the samples to the standard curve.

ELISA analysis of serum. Whole blood was collected from the femoral artery and
allowed to clot on ice for at least 30 min. The whole blood was spun for 10 min at
2000xg at 4 °C. The serum was collected and stored in liquid nitrogen until ana-
lyzed for circulating LIF, TNFa, IFNy, IL-4, and IL-10 by ELISA, according to
manufacturer’s instructions (R&D Systems, Quantikine ELISAs, #MLFO00,
MTAO0B, MIF00, M4000B, and M1000B). Each group contained 3 replicates.

Assays for LIF effects on le cell fib is. The C2C12 cell line was
purchased from American Type Culture Collection (ATCC CRL-1772 cell line).
The cells were authenticated as myoblasts by confirming their differentiation into
contractile myotubes that express characteristic muscle proteins. Cells were seeded
in six-well plates at 6 x 10* cells per well and cultured in DMEM containing 10%
FBS, 1% P/S at 37 °C in 5% CO; for 24 h and then serum-starved overnight prior to
stimulation. To generate myotubes, myoblasts were grown to 90% confluence and
then differentiated in serum-free DMEM for 24 h. The cells were then returned to
DMEM containing 10% FBS for 5 days. Myoblast and myotube cultures were
stimulated with vehicle, TGFB1 (10 ng/ml), LIF (10 ng/ml), or TGFp1 + LIF for 3-
or 24-h.

FAPs and myogenic progenitor cell preparation and isolation. FAPs were iso-
lated from 6-month-old WT mice. Hindlimb and forelimb muscles were dissected
and rinsed in DMEM. Muscles were minced and digested in 5 ml of enzyme buffer
(DMEM, 25 mM HEPES (Sigma), 5 mM MgCl, (Fisher), 2% P/S, 125 U dispase,
type 1L, 12.5 U collagenase B, and 20 pg/ml DNase I (Roche)) for 60 min at 37 °C
with gentle trituration. The digestion was neutralized with 2 volumes of staining
buffer (DMEM, 10 mM NaHCO; (EMD Millipure), 25 mM HEPES, 5mM EDTA,
5mM MgCl,, 1 mM L-glutamine, 2% BSA, and 2% P/S). The digestate was passed
through 100 um mesh filters and cells were pelleted at 350g for 5 min. Cells were
resuspended in ACK lysis buffer (Lonza) for 5 min followed by the addition of an
equal volume of staining buffer and cells were pelleted at 350g for 5 min. Cells were
resuspended in staining buffer with CD16/32 (eBioscience #14-0161-85; 0.5 pg/test)
for 10 min to block Fc receptor binding. Cells were labeled with Hoechst (Sigma
#14533) and antibodies against CD11b (eBioscience #11-0112; 0.25 pg/test), CD31
(eBioscience #11-0311; 0.5 pg/test) and CD45 (eBioscience #11-0451; 0.1 pg/test)
conjugated with FITC and PDGFRa conjugated with PE-Cy7 (eBioscience #25-
1401; 0.2 pg/test). FAPs (Hoechst 4 CD11b/31/45-PDGFRa+) were sorted into
collection buffer (DMEM, 10 mM NaHCO; and 20% FBS) using a BD SORP
FACSAriall cell sorter.

MPCs were isolated from 14-months-old CD11b/LIF mdx mice and littermate
controls. Hindlimb and forelimb muscles were dissected and digested as described
for FAPs isolation. Isolated cells were resuspended in staining buffer with CD16/32
for 10 min to block Fc receptor binding. Cells were labeled with cell impermeant
dye DAPI (Sigma) to distinguish live cells and antibodies against CD11b, CD31,
and CD45 conjugated with FITC and Sca-1 conjugated with PE-Cy5 (eBioscience
#15-5981; 0.2 pg/test), integrin a7 conjugated with PE (Medical and Biological
Laboratories #K0046-5; 15 ul/test). Live MPCs (DAPI-CD11b/31/45-Scal-a7int+)
were sorted into Buffer RLT RNA lysis buffer (Qiagen) using a FACSArialll high
speed cell sorter.

Primary fibroblast cell culture. Sorted FAPs were cultured in growth medium
(DMEM, 20% FBS, 10% heat-inactivated horse serum, 1% P/S and 2.5 ng/ml bFGF)
on tissue culture plates coated with Matrigal'”. After plating, cells were cultured for
3 days and half the medium was changed. Cells were expanded and subcultured.
Prior to stimulation, cells were cultured in reduced serum media overnight
(DMEM, 2% FBS, 1% P/S, and 2.5 ng/ml bFGF). Fibrogenic cell cultures were
stimulated with vehicle, TGFp1 (10 ng/ml), LIF (10 ng/ml), or TGFB1 + LIF for 3 h
or 3 days (with media changes at 24- and 48-h).

Physiological analysis. We assayed muscle stiffness and viscoelasticity at

14 months of age because connective tissue accumulation in mdx muscle is pro-
gressive between 3 and 24 months of age. We expected that if we sampled for
effects of the transgene on muscle stiffness during the late, progressive stage of the
disease, the magnitude of the effect would be greater, which would enable us to
address more definitively the question of whether the transgene influenced muscle
stiffness. Male WT/mdx and LIF/mdx mice were anesthetized by the intraper-
itoneal (i.p.) injection of ketamine (40 mg/kg body weight). Anesthesia was checked
by testing mice for a positive reflex response to a hind foot pinch and by mon-
itoring respiration. Additional i.p. injections of ketamine were given throughout
the study, as needed. For in-situ analysis of the TA muscle the knee was immo-
bilized to the heated (37 °C) platform of an 809C in-situ mouse apparatus (Aurora
Scientific). Silk sutures (5-0; Ethicon) were knotted to the distal, severed tendon
and then secured to the lever arm of a dual-mode force transducer-servomotor
(Aurora Scientific, Model 305C-5N). After placing platinum-tipped electrodes into
the leg above the knee, flanking the sciatic nerve, the TA muscle was stimulated by
pulses and manipulated on three axes to find the optimal muscle length (L,). L,
was multiplied by the pennation of 0.6 for the TA muscle5? to determine optimal

fiber length (Lg). To measure elasticity, the muscle was left unstimulated while the
lever arm oscillated at +20% of the Lg for 20 s. Muscles were allowed to rest for 60 s
before subsequent oscillation series. Muscles were allowed to rest for 60 s before a
series of oscillations at 3 Hz, which provides a physiological strain and strain rate’?.
Dynamic Muscle Control and Dynamic Muscle Analysis (Aurora Scientific) soft-
ware was used to conduct experiments and record data. Force measurements were
normalized to muscle cross-sectional area, and position measurements were nor-
malized to percent of L.

Statistical analyses. All data are presented as mean + sem. Statistical significance
was calculated using unpaired Student’s t-tests or ordinary one-way ANOVA with
Tukey’s multiple comparison test to determine differences among multiple groups.
Differences with a P-value <0.05 were considered statistically significant. The
equality of variance between the groups that are being compared was tested with an
F test, experiments with a P-value < 0.05 are denoted in the figure legend. Addi-
tionally, for immunohistochemistry and immunofluorescence experiments, slides
were only included if concurrently immunolabeled. Statistical analysis was per-
formed using GraphPad Prism.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are available
within the paper and its Supplementary Information files. The source data pertaining to
Figs. la-c,2a,d. f g 1.}, m, p-r, 3a, b, &, h, k. I, 4a-f, h, 5g, . k, 6a, d, e, 7¢c-f, 9a-d, fand
Supplementary Figs. 1a, 1b, 1¢, 1d, 2a, 2b, 3a, 3b, 3c, 3d, 4a, 4b, 4¢, 5b, 5¢, 5d, 5e, and 5f
are provided as a Source Data file.
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Supplementary figure 1: Expression of a CD11b/LIF transgene in mdx mice does not affect
systemic pro-inflammatory or anti-inflammatory cytokine expression in mdx mice. Serum
ELISA for circulating levels of IFNy (A), TNF (B), IL-4 (C) and IL-10 (D) showed no significant
change in serum cytokine concentrations of 3-months old WT/mdx and LIF/mdx mice. For all
histograms in the figure, the bars indicate mean + sem. N = 3 for each data set. No significant
differences were identified between groups using P-values < 0.05, determined by two-tailed t-
test. Source data are provided as a Source Data file.
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Supplementary figure 2: Expression of a CD11b/LIF transgene in mdx mice does not affect CD68+
cell numbers in TA or diaphragm muscle. TA (A) and diaphragm (B) muscles of WT/mdx and
LIF/mdx transgenic mice were immunolabeled and the numbers of CD68+ cells at the ages of 1-, 3-
and 12-months were quantified. No significant differences in the number of CD68+ cells were found
between genotypes at the ages tested. For all histograms in the figure, the bars indicate mean *
sem. N = 5 for each data set, except n = 4 for 3-months WT/mdx mice. # indicates significant
difference versus 1-month mice of the same genotype at P < 0.05. P-values based on two-tailed t-
test. Source data are provided as a Source Data file.
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Supplementary figure 3: Expression of a CD11b/LIF transgene in mdx mice reduces collagen types 3
and 5 accumulation in TA and diaphragm muscles. (A-D) TA and diaphragm muscles of WT/mdx and
LIF/mdx mice were immunolabeled for collagen types 3 (A, C) or 5 (B, D) at the ages of 1-, 3- and 12-
months. The volume fraction of area occupied by each collagen type was quantified in the TA (A, B) and
diaphragm (C, D). The accumulation of collagen type 3 was reduced in 1- and 12-months diaphragms of
LIF/mdx mice. Collagen type 5 accumulation was also reduced in 3-months TAs, 1- and 12-months
diaphragms of LIF/mdx mice. For all histograms in the figure, the bars indicate mean + sem. N =5 for
each data set, except n = 4 for collagen type 3 WT/mdx 1- and 3-month TA, LIF/mdx 3-month TA,
WT/mdx 3-month diaphragm data sets. * indicates significant difference versus WT/mdx mice of the
same age at P < 0.05. # indicates significant difference versus 1-month mice of the same genotype at P
< 0.05. @ indicates significant difference versus 3-months-old mice of the same genotype at P < 0.05. P-
values based on two-tailed t-test. F-test collagen type 3 3-month diaphragm (P = 0.0242) and collagen
type 5 3-month TA (P = 0.0139). Source data are provided as a Source Data file.
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Supplementary figure 4: Expression of a CD11b/LIF transgene in mdx mice does not affect muscle fiber growth but
increases the formation of regenerating fibers. (A) The average fiber cross-sectional area of WT/mdx and LIF/mdx
TAs was quantified at 1-, 3- and 12-months. No significant differences were detected between the two genotypes at
the ages tested. For all histograms in the figure, the bars indicate mean + sem. N =5 for each data set, exceptn =4
for 3- and 12-months LIF/mdx TA muscles. # indicates significant difference versus 1-month mice of the same
genotype at P < 0.05. ® indicates significant difference versus 3-months-old mice of the same genotype at P < 0.05.
P-values based on two-tailed f-test. F-test TA muscle fiber cross-sectional area 3- (P = 0.0222) and 12-months TA
(P =0.0230). (B-C) TA and diaphragm muscles of WT/mdx and LIF/mdx mice were immunolabeled with antibodies
to developmental myosin heavy chain (dMHC) at 1-, 3- and 12-months. The proportion of dMHC+ to total muscle
fibers was quantified. The proportion of dAMHC+ fibers increased in TA muscles at 3-months (B) and diaphragm
muscles at 3- and 12-months (C). Data are presented as mean + sem, n = 5 for each data set, except n = 4 for 1-, 3-
and 12-months WT/mdx TA muscles and 3- and 12-months WT/mdx diaphragm muscles. * indicates significant
difference versus WT/mdx mice of the same age at P < 0.05. P-values based on two-tailed t-test. F-test diaphragm
muscle fiber cross-sectional area 3-months (P = 0.0113). Source data are provided as a Source Data file.
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Supplementary figure 5: Expression of a CD11b/LIF transgene in mdx mice attenuates expression of
fibrogenic genes in myogenic progenitor cells. (A) FACS plots demonstrating strategy for sorting
myogenic progenitor cells (DAPI-CD11b-CD31-CD45-Sca1-Inta7+) from 14-months old WT/mdx and
LIF/mdx mice. (B-F) RNA was collected from sorted myogenic progenitor cells and used for QPCR
analysis of Fn (B), Col3a1 (C), Hsp47 (D), Col1a1 (E) and Ctgf (F). For all histograms in the figure, the
bars indicate mean + sem. N = 3 for each data set. * indicates significant difference versus WT/mdx mice
at P < 0.05. P-values based on two-tailed t-test. Source data are provided as a Source Data file.

61



Gene

GTCTTGGCCGCAGGGATTG
Serpinhl GACCCATGACCTGCAGAAAC
[ CAAAGCTTCTGCTGTGGAAAT
CAGCACAGGAAATGTTTCAGC
[ TE) GCAAAAACTGGCAGTGGG
Cd206 GGATTGTGGAGCAGATGGAAG

Argl CAATGAAGAGCTGGCTGGTGT

=
3
=1

CTTCTGTCTACTGAACTTCGGG

GACAATCAGGCCATCAGCAAC

li1b GTAATGAAAGACGGCACACC

GAACAACGATGATGCACTTGC

TGCCTTGGTAGCATCTATGAG

GGATGTGCCAAACGTCCTC

CAAGGAGCATTTGAATTCCC

CTCCACCTGCAAGACCAT

CTTTCTTATCCGCGACAGCTC

Cer2 CCTGTAAATGCCATGCAAGTTC

Ccl2 GCTCAGCCAGATGCAGTTAAC

Cel? CAACCAGATGGGCCCAATG

Ccl8 GATAAGGCTCCAGTCACCTGC

Ccl12 CTGGACCAGATGCGGTGAG

Collal TGTGTGCGATGACGTGCAAT

Col3al ATCCCATTTGGAGAATGTTGTGC

Col5a3 CGGGGTACTCCTGGTCCTAC

GACGCACTGACCGACGATTC

2
%)

GGACACCTAAAATCGCCAAGC

GCTCAGCAAATCGTGCAGC

CTTGTGTCTGCACGACCTGTG

GGAGGGCAAGATGGTCAGTAG

AGGCTCACCAGGAATGTGAC

CCTGCTGCTCTCAAGGTTGTT

AGAGCGAGCAGTTCCTGAC

GGACCCGAGAAGACCTCCTT

CATGAATGATGCTTACCTGGGTTATG

GAAGTGGTTAGTAGAGCTGTGTC

Reverse

CCCAAAATAAGAGCCAATCTGG
GCACAGGTGGCATTTACAGG
GAAGGCAGTGGCATGGAAC
GACTGGTCACGGTTGCAAG
TAGCCAGCGTACCGGATGA
GTCAAAATCACAGACGGAG
CTTGAATGGAAATGCACAGAC
GTGTGAGCATCCACCCAAATG
GGTGAGAGGTGTATTAATGTCCG
CACTTGGTGGTTTGCTACGAC
CGGATGAGCTCATTGAATGCTT
CTCTGCAGACTCAAACTCC
CTTCATGTACTCCAGGTAGCTATGGT
TTCAGGCGGAGCTCAGATAG
GAGTTCTTCTTCAAGCATGGAG
GGCCTTGTAGACACCTTGGTC
CTTAGTTTGGACAGGATCTGG
CACTGGATGCGTAGGTTCTTG
GTATGCCGTGGATGAACTGAG
CTCTCTCTTGAGCTTGGTGAC
GATAACAGCTTCCCAGGGACAC
CCCTGCTTGGTCTGGAAAAC
AAGATCACAGCTTCCCGGG
GGGTCCCTCGACTCCTACA
GGACATGATTCACAGATTCCAGG
GCATCCCTACTTCCCCCTTG
CTGCGATGCATCTCTCTCTGG
GGCACAGGTCTTGATGAACATC
CTAGGTAGGTCCGTTCCCACTG
GTCAGCAAAAGCACGGTTG
CGGTGACTACTGTGCTTTCG
CTTGGCCATCAATTTGTCCT
CGATAGTGCATCTTGGCCTTT
CGGTGCTGATCTTCCTTTTC

GCTGCCGTTGTCAAACACC

Supplementary Table 1: Primer sequences.
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muscle causes transient increases in muscle fiber
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Abstract

Leukemia inhibitory factor (LIF) can influence development by increasing cell proliferation and inhibiting differentiation.
Because of its potency for expanding stem cell populations, delivery of exogenous LIF to diseased tissue could have
therapeutic value. However, systemic elevations of LIF can have negative, off-target effects. We tested whether
inflammatory cells expressing an LIF transgene under control of a leukocyte-specific, CD11b promoter provide a strategy to
target LIF to sites of damage in the mdx mouse model of Duchenne muscular dystrophy, leading to increased numbers of
muscle stem cells and improved muscle regeneration. However, transgene expression in inflammatory cells did not increase
muscle growth or increase numbers of stem cells required for regeneration. Instead, transgene expression disrupted the
normal dispersion of macrophages in dystrophic muscles, leading to transient increases in muscle damage in foci where
macrophages were highly concentrated during early stages of pathology. The defect in inflammatory cell dispersion
reflected impaired chemotaxis of macrophages to C-C motif chemokine ligand-2 and local increases of LIF production that
produced large aggregations of cytolytic macrophages. Transgene expression also induced a shift in macrophage phenotype
away from a CD206+, M2-biased phenotype that supports regeneration. However, at later stages of the disease when
macrophage numbers declined, they dispersed in the muscle, leading to reductions in muscle fiber damage, compared to
non-transgenic mdx mice. Together, the findings show that macrophage-mediated delivery of transgenic LIF exerts
differential effects on macrophage dispersion and muscle damage depending on the stage of dystrophic pathology.
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Introduction

Arecently developed strategy for targeting therapeutic molecules
to dystrophic muscle exploits inflammatory cells as natural
vectors to selectively express and deliver potentially beneficial
proteins to diseased muscle (1). Because inflammatory cells
rapidly invade dystrophic muscle specifically at the times
and locations where pathology is active, and afterwards they
naturally reduce in numbers and activity when pathology
attenuates, they provide a rapidly responsive, intrinsic system to
target disease. This targeting approach is especially valuable in
diseases such as Duchenne muscular dystrophy (DMD) which is
unpredictably ‘asynchronous’ (2), in which different muscles and
even different groups of muscle fibers in the same muscle occur
at different stages of injury and repair. As a consequence, foci of
muscle damage and necrosis can exist hundreds of micrometers
from sites where muscle fibers are experiencing regeneration or
hundreds of micrometers from sites where muscle fibers have
not experienced damage.

Leukemia inhibitory factor (LIF) has long been expected to
have potential therapeutic benefits in treating muscular dys-
trophy, attributable to its numerous influences on myogenesis.
For example, LIF stimulates myoblast proliferation in vitro (3-5),
which is mediated through the Jak2-Stat3 pathway (6) and may
also expand their numbers in vitro by reducing their frequency of
apoptosis (7). In addition, LIF can inhibit the formation of post-
mitotic, multinucleated myotubes in vitro by inhibiting myoblast
differentiation, which may also lead to expansion of myoblast
numbers (7). LIF can also affect growth of myotubes at later
stages of myogenesis in vitro by increasing their protein synthe-
sis via an Akt-mediated mechanism (8). These pro-myogenic,
anabolic influences of LIF on muscle cells in vitro are reflected
in the responses of muscle to changes in LIF expression or
delivery following muscle injury or in muscle disease. Elevations
of systemic LIF levels in mice experiencing acute muscle injury
or denervation cause faster growth of regenerative muscles (9,10)
and muscle regeneration following acute injury is slower in LIF-
null mutant mice (11). Similarly, increased delivery of LIF to
diaphragm muscles in the mdx mouse model of DMD produced
larger muscle fibers (12).

Although those in vitro and in vivo effects of LIF on myo-
genesis support its potentially beneficial role in the treatment
of injured and diseased muscle, increased delivery of LIF can
also cause negative, off-target effects. For example, prolonged,
systemic elevations of LIF in cancer can significantly increase
wasting of non-diseased muscle fibers (13-15), emphasizing the
importance of targeting LIF specifically to sites of active muscle
pathology, to enhance myogenesis at those sites. We previously
addressed this obstacle to targeting LIF specifically to sites of
pathological muscle damage by transplanting transgenic bone
marrow cells (BMCs) that expressed an LIF transgene under
control of the leukocyte-specific, CD11b promoter (CD11b/LIF
transgene) (1). Because the transplanted cells subsequently dif-
ferentiated into inflammatory cells in which the LIF transgene
was expressed at high levels at sites of muscle damage, the
system provided a targeted delivery of LIF to sites of pathology.
The primary beneficial outcome of that therapeutic intervention
was a reduction in fibrosis, which is a debilitating feature of
muscular dystrophy (1).

Expression of the CD11b/LIF transgene in mdx mice also
produced a significant increase in the number of regenerating
fibers in dystrophic muscle, which could represent either a ben-
eficial or a detrimental effect of targeted delivery of LIF. On one
hand, the outcome could reflect improved muscle regeneration,
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which would be consistent with many of the influences of LIF
on muscle cells in vitro. Alternatively, the increase in muscle
regeneration could also result from amplification of muscle fiber
damage, which would lead to more repair. In either scenario,
the LIF-induced changes in the extent of regeneration of dys-
trophic muscle could be caused by perturbations of the immune
response to muscular dystrophy, because LIF can modulate the
inflammatory response to injury or disease (16,17) and perturba-
tions of the immune response to muscular dystrophy can either
worsen muscle damage (18-21) or improve repair (1,21-26).

In the present investigation, we test whether expression of
the CD11b/LIF transgene in inflammatory cells leads to changes
in the function of inflammatory cells that can influence injury or
growth of dystrophic muscles. In particular, we assess whether
the CD11b/LIF transgene influences the numbers, distribution
or phenotype of innate immune cells or specific macrophage
subpopulations in dystrophic, mdx muscle and whether their
cytotoxicity or chemotactic response is affected. We also test
whether expression of the transgene amplifies muscle fiber
damage in vivo or influences the regeneration or growth of dys-
trophic muscles over the course of mdx dystrophy. Together, the
findings will contribute to the assessment of whether targeted
delivery of the CD11b/LIF transgene to dystrophic muscle has
promising therapeutic potential.

Results

We confirmed that LIF expression was elevated in macrophages
located in muscles of LIF/mdx mice by isolating macrophages
from pooled limb muscles obtained from LIF/mdx and WT/mdx
mice and assaying for LIF expression by QPCR (Fig. 1a). We next
investigated whether LIF protein occurred at elevated levels
where macrophages accumulated in transgenic muscles. Label-
ing of adjacent muscle cross-sections for CD68+ macrophages
(Fig. 1b), LIF protein (Fig. 1c) and CD206+ macrophages (Fig. 1d)
showed that LIF protein content was increased at sites enriched
with CD68+ macrophages but with fewer CD206+ macrophages.
Our previous findings demonstrated that LIF protein content
was greater in inflammatory lesions of LIF/mdx muscles com-
pared to WT/mdx muscles (1). We also assayed whether there
were higher levels of LIF protein in muscle fibers of LIF/mdx
mice compared to fibers in WT/mdx mice, which would indi-
cate ectopic expression of the gene in muscle, but found no
significant difference between the two genotypes (Suppl. Fig. 1).
These data validate that the overexpression of LIF in whole mus-
cles of LIF/mdx mice results from LIF expression by transgenic
macrophages.

We then tested whether the greater co-localization of
LIF with M1-biased macrophages was attributable to greater
expression of LIF mRNA by M1-biased macrophages compared
to M2-biased macrophages. First, we validated that unstimulated
(ThO), bone marrow-derived macrophages (BMDMs) isolated
from LIF/mdx mice (CD11b/LIF+ BMDMs) expressed significantly
higher levels of LIF than BMDMs from WT/mdx mice (CD11b/LIF-
BMDMs) (Fig. 1e). We then assayed whether expression levels
of LIF were affected by whether CD11b/LIF+ BMDMs were
stimulated with Th1 (TNF« and IFNy) or Th2 cytokines (IL4 and
IL10). Thl cytokines are expressed during pro-inflammatory
responses and activate macrophages toward an M1 phenotype
(27-31). Th2 cytokines downregulate inflammation and activate
an M2 phenotype in macrophages (20,21,23,27,29,30,32-35). Our
results show that stimulation of CD11b/LIF+ BMDMs with Thl
cytokines approximately doubled their production of LIF (Fig. 1e).
However, stimulation of CD11b/LIF+ BMDMs with Th2 cytokines
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Figure 1. LIF expression is elevated in intramuscular macrophages of LIF/mdx mice. Histogram of LIF expression in macrophages isolated from the hind limb muscles
of WT/mdx and LIF/mdx mice. (A). * indicates significant difference compared to CD11b/LIF- muscle macrophages (P < 0.05). P-values are based on a two-tailed t-test.
N=5 for WT/mdx and n=3 for LIF/mdx mice. Bars = SEM. Immunolabeling of adjacent cross-sections with anti-CD68 (B), anti-LIF (C) and anti-CD206 (D) shows local,
elevated LIF protein content at sites that are most highly enriched with CD68+ macrophages in LIF/mdx muscles. Fibers that are numbered ‘1,’ ‘2’ or ‘3’ are individual
fibers that appear in adjacent sections, to provide reference points in the sections. Scale bars =50 pm. QPCR analysis of CD11b/LIF- and CD11b/LIF+ BMDMs that were
unstimulated (ThO) or stimulated with Th1 or Th2 cytokines show increased expression of lif in M1-biased BMDMs (E). * indicates significant difference between the
two groups indicated by the ends of the horizontal brackets (P <0.05). N=3 for all groups. P-values are based on two-way ANOVA with Tukey’s multiple comparisons

test. Bars = SEM.

did not affect LIF expression relative to ThO transgenic BMDMs
(Fig. 1e). These findings show that expression of LIF in LIF/mdx
mice is highest in M1-biased macrophages, which indicates
that LIF is delivered to muscles in LIF/mdx mice primarily by
pro-inflammatory macrophages.

CD11b/LIF transgene expression reduces CD206+
macrophage numbers

We assessed the effects of CD11b/LIF transgene expression
on muscle inflammation in mdx mice during the acute
onset of pathology (1-month-old), successful regeneration
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(3-months-old) and during the period of progressive degen-
eration (12-months-old) that includes progressive reductions
of satellite cell numbers and function, progressive reductions
in muscle fiber size, progressive increases in fibrosis and
progressive reductions in muscle strength (36-38). Although the
total number of CD11b+innate immune cells in mdx muscle
declined following the acute peak of pathology (Fig.2 a-f; m),
transgene expression did not affect CD11b + cell numbers at
any stage (Fig. 2m). This negative result resembles the absence
of treatment effect of CD11b/LIF transgene expression on
CD68+ macrophages in mdx muscle (1). However, when we
assayed whether the transgene affected the numbers of CD206+,
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M2-biased macrophages (Fig. 2 g-1, n), we observed a transgene-
mediated reduction in the numbers of CD206+ macrophages at
1-month and 3-months of age, although their numbers returned
to non-transgenic mdx levels by 12-months of age (Fig. 2n).
These findings indicate that CD11b/LIF transgene expression
selectively reduces the numbers of CD206+ macrophages in
dystrophic muscles at early stages of the disease.

Macrophage-mediated delivery of transgenic LIF
reduces macrophage dispersion

Although we found no effect of the CD11b/LIF transgene on total
numbers of CD11b+innate immune cells in mdx muscle, the
transgene dramatically influenced the dispersion of immune
cells in muscle. At the 1-month time-point, CD11b + (Fig. 3a),
CD68+ (Fig. 3b) and CD206+ (Fig. 3c) macrophages were broadly
dispersed throughout the muscles of WT/mdx mice. In contrast,
CD11b + (Fig. 3d) and CD68+ (Fig. 3e) showed clumped popula-
tion dispersions in LIF/mdx muscles, despite no effect of the
transgene on the total numbers in muscle of either cell popula-
tion (Fig. 2m) (1). CD206+ macrophages also exhibited a clumped
population dispersion in inflammatory lesions of LIF/mdx mice
(Fig. 3f), although the effect was not as apparent as it was for
CD68+ macrophages. The transgene did not affect macrophage
dispersion at the 3-month (Fig. 3 g-1) or 12-month (data not
shown) time-points.

CD11b/LIF+ macrophages have reduced
chemotactic potential

The reduced numbers and dispersion of macrophages in
LIF/mdx muscles suggest that elevated levels of LIF can affect
macrophage chemotaxis within dystrophic muscles. We assayed
whether LIF could affect C-C motif chemokine ligand-2 (CCL2)
production in BMDMs because CCL2 is a potent chemoattractant
that plays a dominant role in recruiting macrophages to injured
tissues, including muscle (39-49). Analysis of the proportion
of F4/80+ macrophages that express CCL2 (F4/80+ CCL2+
cells) showed that macrophages are an in vivo source of CCL2
in LIF/mdx muscles (Fig.4 a-d). We observed a reduction of
more than 20% in the proportion of macrophages expression
CCL2 in muscles of 1-month-old LIF/mdx mice and observed
a strong trend for the same effect at the 3-month time-point
(Fig. 4e). We confirmed that the reduction in CCL2 expression
was attributable to direct effects of LIF on macrophages by
stimulating BMDMs generated from wild-type C57 mice (WT
BMDMs) with recombinant LIF (rLIF), which reduced CCL2
secretion into the medium, relative to vehicle-stimulated
BMDMs (Fig. 4f). Similarly, BMDMs generated from LIF/mdx mice
(CD11b/LIF+ BMDMs) secreted less CCL2 than BMDMs generated
from WT/mdx mice (CD11b/LIF- BMDMs) in the absence of
rLIF stimulation (Fig. 4g). QPCR analysis confirmed decreased
expression of ccl2 by CD11b/LIF4+ BMDMs (Fig. 4h).

In addition to reducing available CCL2, transgene expression
may also reduce the chemotactic response of macrophages to
CCL2. We used a chemotaxis assay to test whether CD11b/LIF
transgene expression could reduce the migration of BMDMs in
response to CCL2 and found that ThO and M2-biased, CD11b/LIF-
BMDMs were responsive to CCL2 (Fig. 4i). However, expression of
the transgene by BMDMs eliminated their chemotactic response
to CCL2 (Fig.4i). Collectively, our results show that elevated
expression of LIF by transgenic macrophages reduces their
expression of CCL2 and their chemotactic response to CCL2,
which may contribute to the disruption of normal dispersion of
macrophages in mdx muscles.
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Muscle fiber damage is increased at sites of increased
macrophage accumulation

Prolonged activation of M1-biased macrophages in mdx muscles
can exacerbate fiber damage through muscle membrane
lysis (22,50,51). We assayed whether the localized increase
in CD68+ macrophages could affect fiber damage in LIF/mdx
muscles. Labeling of injured (albumin+) fibers (52) in 1-month
muscles of WT/mdx (Fig. 5a) and LIF/mdx (Fig. 5b) mice showed
albumin+ fiber clusters that resembled CD68+ macrophage
clusters at the same time-point (Fig. 3). Labeling of adjacent
cross-sections of LIF/mdx muscles for CD68+ macrophages
(Fig. 5¢), albumin+ fibers (Fig. 5d) and CD206+ macrophages
(Fig. 5e) confirmed co-localization of injured fibers to areas
enriched with CD68+ macrophages and relatively few CD206+
macrophages. Quantification of albumin+ fibers at each stage
of the pathology showed a transient increase in fiber damage of
LIF/mdx muscles at 1- and 3-months of age (Fig. 5f). However, at
12-months of age when macrophages are broadly dispersed
in muscles, LIF/mdx muscles showed significantly less fiber
damage (Fig. 5f). We also assayed whether transgene expression
affected variance of muscle fiber cross-sectional area, which
is also an indicator of muscle pathology (53,54), and found a
transient increase in fiber area variance at the 1-month time-
point (Fig. 5g). Increased variance occurs when there is increased
damage because there are more injured fibers and each injured
fiber can be at a different stage of repair and growth, which
increases size variance in the population.

In addition to increasing muscle damage by increasing
the numbers of M1l-biased macrophages at sites of injury,
the transgene may also increase the cytotoxic potential of
individual macrophages. To test this possibility, we performed a
fluorescence microscopy-based cytotoxicity assay to measure
macrophage-mediated lysis of myoblasts. In this approach,
non-labeled BMDMs were co-cultured with muscle cells that
were pre-labeled with the fluorescent marker, CFSE (488 nm
emission). Following the cytotoxicity period, lysed cells were
labeled using GelRed (594 nm emission), a cell membrane-
impermeable DNA-binding dye. The proportion of lysed muscle
cells (CFSE+GelRed+ cells) out of total muscle cells (CFSE+ cells)
was quantified using fluorescence microscopy (Fig. 6 a-f). We
validated the sensitivity of this assay by showing a positive
correlation between numbers of lysed muscle cells and numbers
of wild-type BMDMs present in the co-cultures (Fig. 6g). We used
this approach to test the cytotoxic potential of CD11b/LIF- and
CD11b/LIF+ BMDMs. The BMDMSs were polarized to a cytolytic
phenotype using Th1 cytokines or left in an unpolarized state
prior to co-culturing the BMDMs with muscle cells. Although
Thi-stimulated BMDMs of both genotypes showed increased
cytotoxicity compared to genotype-matched, unpolarized
BMDMs, transgene expression had no effect on the cytotoxic
potential of Thi-stimulated or unstimulated BMDMs (Fig. 6h).
Our results indicate that increased muscle damage observed
in LIF/mdx mice is caused by increased, localized accumulation
of M1-biased macrophages at inflammatory lesions and not by
increased cytotoxic potential of CD11b/LIF+ macrophages.

LIF transgenic macrophages accumulate at sites
of mdx muscle growth and repair

Our previous work showed an increase in the numbers of
regenerating, developmental myosin heavy chain-positive
(dMHC+) fibers in LIF/mdx muscles (1), which suggested the
possibility that those sites of repair could be associated with
elevated numbers of transgenic macrophages. We tested
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Figure 2. CD11b/LIF transgene expression does not affect total numbers of leukocytes in dystrophic muscle, but specifically reduces numbers of CD206+ macrophages.
Cross-sections of WT/mdx (A-C, G-I) and LIF/mdx (D-F, J-L) muscles were immunolabeled with anti-CD11b (A-F) and anti-CD206 (G-L) to identify innate immune cells
and M2-biased macrophages, respectively. Muscle sections were labeled at the 1- (A, D G, J), 3- (B, E, H, K) and 12-month (G, F, I, L) time-points. Scale bars =50 pm.
Numbers of CD11b + (M) and CD206+ (N) cells were normalized to muscle volume in mice of both genotypes along the course of pathology and show a reduction of
CD206+ macrophages in LIF/mdx muscles. * indicates significant difference compared to age-matched, WT/mdx mice (P < 0.05). # and ¢ indicate significant difference
compared to 1- and 3-month mice of the same genotype, respectively. P-values are based on two-tailed t-tests. CD11b + cell data: n=5 for all groups. CD206+ cell data:
n=7 for both groups at the 1-month time-point and n=5 for all groups at the 3- and 12-month time-points. Bars = SEM.

whether high densities of macrophages were associated with (Fig. 7b, e) and CD206+ macrophages (Fig. 7c, ), which showed
elevated numbers of dMHC+ fibers by labeling adjacent muscle that regions of muscle regeneration were most-enriched with
sections for CD68+ macrophages (Fig.7a,d), dMHC+ fibers CD68+ macrophages. We then assayed whether the proportion
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Figure 3. The LIF/t inhibits disp 1 of macroph in dystrophic muscles. Muscle cross-sections of 1- (A-F) and 3-month-old (G-L) TA muscles from WT/mdx
(A-C, G-I) and LIF/mdx (D-F, J-L) mice were i labeled for macrophage markers to assess immune cell localization. Labeling with anti-CD11b (A, D, G, J), anti-CD68
(B, E, H, K) and anti-CD206 (C, F, I, L) shows that transgene expression modifies macroph dispersion in LIF/mdx mice at 1-month, but not at 3-months of age. Scale
bars =500 pm.

of CD68+ macrophages that were located at sites of muscle differences in muscle mass (Fig. 8a, b), fiber size (Fig. 8 c-f) or
regeneration was greater in LIF/mdx muscles and observed a number of fibers per muscle (Fig. 8g) at the 1-, 3- and 12-month
nearly 2-fold increase in the density of CD68+ cells at areas time-points. In addition, expression of the transgene did not
of regeneration in LIF/mdx muscles compared to WT/mdx affect the numbers of Pax7+, MyoD+ or myogenin+ cells in
muscles and found that CD68+ macrophages in LIF/mdx muscles mdx muscle (Fig. 9 a-d). Our results indicate that macrophage-
were 3.7-fold more concentrated at regenerating areas than mediated delivery of transgenic LIF does not have a significant
non-regenerating areas (Fig. 7g-k). Thus, CD11b/LIF transgene effect on muscle growth or regeneration during the course of
expression increased the density of CD68+ macrophages at sites mdx dystrophy.

of muscle regeneration.

Discussion
CD11b/LIF expression does not affect mdx muscle
growth or repair

The primary finding in our investigation is that expression of a
CD11b/LIF transgene by inflammatory cells in dystrophic mus-
The observation that LIF transgenic macrophages were present cle amplifies muscle fiber damage during the early peak of

at high numbers at sites of dAMHC+ fibers suggested two inter- mdx muscle pathology. However, as inflammatory cell numbers
pretations of the findings. First, the transgenic macrophages diminished and their dispersal increased during progressive
may promote muscle growth and regeneration or the ele- stages of the pathology, the detrimental effect of the transgene
vated numbers of dMHC+ fibers may occur at sites where declined. By 12 months of age, expression of the transgene pro-
macrophages induced cytolysis, leading to subsequent repair. duced a significant reduction of fiber damage. The amplification

We tested whether transgenic macrophages promoted growth of of fiber damage early in the disease is attributable to high local
mdx muscles by assaying for treatment effects on muscle mass or concentrations of CD68+ macrophages, which can lyse mdx mus-
muscle fiber size. However, LIF/mdx mice showed no significant cle fibers through a free-radical-mediated mechanism (22,51).
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Figure 4. The CD11b/LIF transgene reduces CCL2 expression in CD11b/LIF+ macrophages and reduces chemotaxis to CCL2. Cross-sections labeled with anti-F4/80 (A)
and anti-CCL2 (B) show that macrophages are a source of CCL2 in mdx muscles (A-D). The arrows point to F4/80 and CCL2 double-positive cells. Scale bars =20 pm.
The proportion of F4/80+ macrophages that express CCL2 (F4/80 + CCL2+) is reduced in the muscles of LIF/mdx mice (E). * indicates significant difference compared
to age-matched, WT/mdx mice (P < 0.05). # indicates significant difference compared to 1-month-old mice of the same genotype (P <0.05). N=5 for all groups except
WT/mdx muscles at the 3-month time-point (n=4). ELISA of conditioned media shows reduced secretion of CCL2 from WT BMDMs treated with rLIF (F). * indicates
significant difference compared to vehicle-treated BMDMs (P < 0.05). N =5 for both groups. ELISA of conditioned media from CD11b/LIF- and CD11b/LIF+ BMDMs shows
reduced secretion of CCL2 mediated by transgene expression (G). * indicates significant difference compared to CD11b/LIF- BMDMs (P <0.05). N=5 for both groups.
QPCR analysis of CD11b/LIF- and CD11b/LIF+ BMDMs confirms the reduced secretion of CCL2 shown in (G) is caused by reduced expression of ccl2 in CD11b/LIF+
BMDMs (H). * indicates significant difference compared to CD11b/LIF- BMDMs (P < 0.05). N =5 for CD11b/LIF- BMDMs and n =4 for CD11b/LIF+ BMDMs. In vitro analysis
of the chemotactic response of ThO-, Th1- and Th2-stimulated BMDMs shows reduced response to CCL2 from CD11b/LIF+ BMDMs (I). * indicates significant difference
compared to genotype-matched BMDMs receiving the same stimulation (P < 0.05). N =3 for all groups except CD11b/LIF+ BMDMs with a ThO and Th2 activation (n=2).
P-values are based on two-tailed t-test for all data. Bars =SEM.
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Figure 5. Muscle fiber damage is more extensive in LIF/mdx muscles at sites of macrophage accumulation. Cross-sections from 1-month-old WT/mdx (A) and LIF/mdx
(B) muscles labeled with anti-albumin show injured fiber clusters that resemble CD68+ macrophage dispersion (Fig. 3B and 3E). Scale bars =500 pm. Immunolabeling
of adjacent cross-sections from LIF/mdx muscles with anti-CD68 (C), anti-albumin (D) and anti-CD206 (E) shows greater co-localization of injured fibers with CD68+
macrophages relative to CD206+ macrophages. Fibers that are numbered ‘1,’ ‘2’ or ‘3’ are individual fibers that appear in adjacent sections, to provide reference points
in the sections. Scale bars = 50 pm. Transgene expression transiently increases the dystrophic pathology, as shown by an increase in the proportion of albumin+ fibers
(F) and muscle fiber CSA variance (G) in LIF/mdx mice. * indicates significant difference compared to age-matched, WT/mdx mice (P < 0.05). # and ¢ indicate significant
difference compared to 1- and 3-month mice of the same genotype, respectively. P-values are based on two-tailed t-tests. Albumin+ fibers: n=5 for all groups. Fiber
variance: n=5 for all groups except LIF/mdx samples at the 12-month time-point (n=4). Bars = SEM.

Although the cytotoxicity of the transgenic macrophages did not
differ from wild-type macrophages, the extent of muscle mem-
brane lysis increased as numbers of macrophages increased in
vitro or in inflammatory lesions in vivo; thus, the defect in CD68+
macrophage dispersal in the muscle produced high densities of
cytolytic cells at foci of muscle fiber damage.

The high, local concentrations of muscle macrophages that
were caused by the CD11b/LIF transgene occurred despite
previous findings which showed that elevated LIF expression
reduced total numbers of F4/80+ monocytes/macrophages
that were recruited to mdx muscles at early stages of the
pathology (1). This inhibitory effect on recruitment of mono-
cytes/macrophages reflects some specificity of the influence
of transgenic LIF on specific leukocyte populations because
we found no effect of transgene expression on the numbers of
CD11b +innate immune cells in mdx muscle. CD11b is expressed
by monocytes and macrophages, but it is also expressed by
basophils, neutrophils, eosinophils and NK cells, all of which are
present in elevated numbers in mdx muscles (55-58). This tells
us that elevated LIF expression does not reduce the aggregate
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numbers of innate immune cells in dystrophic muscle, but is
more specifically inhibitory for monocytes/macrophages.

The selective reduction in monocytes/macrophage caused by
elevated LIF is contrary to expectations based on other inves-
tigations. For example, in vivo observations have shown that
the recruitment of macrophages to sites of tissue injury in
the peripheral or central nervous system is reduced in LIF-
null mutant mice (59) and in vitro findings have demonstrated
that LIF is directly chemoattractive to macrophages and other
myeloid cells (59,60). Our findings indicate that the reduction in
macrophage recruitment caused by increased LIF is attributable
to inhibition of powerful chemotactic signaling by CCL2 by ele-
vated LIF expression. CCL2 plays a central role in regulating
the traffic of immune cells to sites of muscle injury (61,62),
intramuscular macrophages that express CCL2 play a major role
in recruiting leukocytes to acutely injured muscles (63) and mdx
muscle cells and inflammatory cells can release CCL2 to pro-
mote inflammation (64). Expression of the CD11b/LIF transgene
reduced the production of CCL2 in macrophages and reduced the
chemotactic response of macrophages to CCL2, both of which
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Figure 6. Expression of the CD11b/LIF transgene does not affect macrophage cytotoxic potential. Muscle cells were cultured in the absence (A-C) and presence of
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of permeabilized muscle cells is increased in co-cultures with Th1-stimulated BMDMs, but transgene expression does not affect BMDM-mediated permeabilization
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Bars =SEM for all data graphs.
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Figure 7. Macrophages accumulate at sites of muscle growth and repair in LIF/mdx muscles. Labeling of adjacent cross-sections from 1- (A-C) and 3-month (D-F) LIF/mdx
muscles with anti-CD68 (A, D), anti-dMHC (B, E) and anti-CD206 (C, F) show increased numbers of dMHC+ fibers in areas enriched with CD68+ macrophages. Fibers
that are numbered ‘1," ‘2’ or ‘3’ are individual fibers that appear in adjacent sections, to provide reference points in the sections. Scale bars =50 pm. Cross-sections
immunolabeled with anti-CD68 (G) and anti-dMHC (H) show clumped distributions of CD68+ macrophages at sites containing dMHC+ fibers (G-J). Scale bars =20 pm.
Histogram showing increased numbers of CD68+ macrophages located at sites of dAMHC+ regenerative areas relative to dMHC- areas in muscles of WT/mdx and LIF/mdx
mice (K). * indicates significant difference between the two groups indicated by the ends of the horizontal brackets (P <0.05). P-values are based on two-tailed t-test

for all groups. N=5 for all groups. Bars = SEM.

The reduction in numbers of CD206+ macrophages, an M2-

may underlie the reduction in monocyte/macrophage recruit-
biased phenotype that can promote muscle fibrosis and regener-

ment and dispersion in LIF/mdx muscles.
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Figure 8. The transgene has little influence on muscle fiber size or growth. Measurements of body mass (A), TA muscle mass to body mass ratio (B), fiber CSA (C-F) and
fiber numbers (G) show no significant difference between WT/mdx and LIF/mdx mice. * indicates significant difference compared to age-matched, WT/mdx mice at the
same CSA bin (P < 0.05). # and & indicate significant difference compared to 1- and 3-month mice of the same genotype, respectively. P-values are based on two-tailed

t-tests. N=at least 6 for all groups shown in each data graph. Bars = SEM.

ation (18,19,22,65), indicates that elevated expression of LIF may
influence macrophage phenotype, shifting them toward a pro-
inflammatory, cytolytic M1-biased phenotype. That possibility
is supported by previous findings which showed that elevated
expression of LIF in inflammatory cells in mdx muscles reduced
the expression of IL-4 and IL-10 (1), which can be produced by
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M2-biased macrophages and promote the M2 phenotype (21-
23,29,30,32,34,35). However, this differs from the role of LIF in
regulating macrophage phenotype in some other diseases. For
example, blockade of LIF signaling in tumors in which LIF is
expressed at high levels produced a reduction in the expression
of M2 phenotypic markers in tumor-associated macrophages,
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Figure 9. CD11b/LIF expression does not affect myogenesis in dystrophic muscle. Numbers of muscle cells expressing Pax7, MyoD or myogenin are unaffected by
transgene expression in the muscles of mdx mice (A) (P < 0.05). P-values are based on two-tailed t-tests. N=4 for all groups except WT/mdx mice used to quantify
MyoD+ cells (n=5). Bars = SEM. Representative images of Pax7+ (B), MyoD+ (C) and myogenin+ (D) cells in LIF/mdx muscles. Examples of positively labeled cells are

indicated with arrows. Scale bars =50 pm.

including CD206 and CD163 (66). In addition, peripheral blood
monocytes from human donors that were directly stimulated
with LIF in vitro exhibited an M2-biased phenotype (17).

Our finding that expression of the CD11b/LIF transgene did
not amplify the number of satellite cells in mdx muscles con-
trasts with previous observations which showed that LIF could
increase numbers of C2C12 myoblasts in vitro by increasing
their proliferation, reducing their apoptosis and delaying their
differentiation into post-mitotic myotubes (3,4,6,7,67). However,
whether elevations in LIF delivery to injured or diseased muscle
affects satellite cell numbers in vivo has not been previously
tested. The lack of effect of CD11b/LIF transgene expression on
satellite cell numbers is therapeutically relevant because reduc-
tions in satellite cell numbers over the course of mdx muscular
dystrophy contribute significantly to the decline of regenerative
potential of dystrophic muscle (68-71). Similarly, expression of
the CD11b/LIF transgene did not affect muscle fiber size in
mdx mice. This differs from the increase in mdx muscle fiber
size that resulted from suturing alginate rods that were infused
with recombinant LIF to dystrophic muscles, allowing LIF to
diffuse into the muscle for 3 months, leading to an increase
in muscle fiber size (12). These differing treatment outcomes
may reflect differences in the concentration, location and timing
of LIF delivery to the mdx muscles, as indicated in investiga-
tions of the effects of LIF administration to acutely injured
muscle. For example, continuous delivery of recombinant LIF
to acutely injured muscle by a mini-osmotic pump increased
muscle fiber growth (9) but systemic elevations of recombinant
LIF using three intraperitoneal injections per week did not affect
the growth of muscle fibers following acute injury (72).

Collectively, our current findings and previous work (1) show
that the therapeutic value of inflammatory cell-mediated deliv-
ery of a CD11b/LIF transgene to dystrophic muscle may result
primarily from its reduction of muscle fibrosis, and not from
improving the growth or regenerative capacity of dystrophic
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muscle. Expression of the transgene produced long-term reduc-
tions in the expression and accumulation of connective tissue
proteins in dystrophic muscle (1), which diminished muscle
stiffness, which is a debilitating feature of muscular dystrophy
(73-75). However, the potential for expression of the transgene
to cause transient increases in muscle fiber damage early in the
pathology, while reducing damage at later stages, indicates that
this therapeutic approach would be best administered at later
stages of the pathology, when progressive fibrosis is a prominent
feature of the disease.

Materials and methods
Mice

All experimentation complied with relevant ethical regulations
for animal testing and research, and experimental study
protocols were approved by the Chancellor’s Animal Research
Committee at the University of California, Los Angeles.
C57BL/10ScSn-Dmdmdx/] mice (mdx mice) were purchased from
The Jackson Laboratory (Bar Harbor, ME) and bred in specific
pathogen-free vivaria.

The CD11b/LIF mdx mouse line was generated using the fol-
lowing strategy. The complete Mus musculus LIF cDNA sequence
(611-bp; NM_008501) was amplified by PCR and ligated into a
pGL3-Basic vector (Promega) at the Nco I/Xba I sites. The pGL3-
Basic vector also contained a 550-bp fragment of the human
CD11b promoter at the Hind III site, upstream of the LIF insertion
site. The 1215-bp, hCD11b/LIF fragment was isolated from pGL3-
Basic by restriction endonuclease digestion with Xho I/Xba I and
used for pronuclear injection into CB6F1 eggs to generate trans-
genic mice. Positive founders were identified by PCR screening
for the hCD11b/LIF construct. Founder mice were backcrossed
with C57BL/6 ] mice for at least seven generations to generate
hemizygous, transgenic (CD11b/LIF.Tg+) mice.



CD11b/LIF mdx transgenic mice were produced by crossing
CD11b/LIE.Tg+, hemizygous males with mdx females to gen-
erate CD11b/LIETg+ hemizygous, transgenic mice that were
dystrophin-deficient. Dystrophin deficiency was verified by
ARMS PCR screening and presence of the hCD11b/LIF construct
was determined by PCR screening. The CD11b/LIF mdx mice were
backcrossed with wild-type mdx mice for seven generations
to produce hemizygous CD11b/LIF mdx mice. The CD11b/LIF
mdx line is maintained as hemizygous to produce transgenic
(LIF/mdx) mice and wild-type (WT/mdx) littermate controls for
experimentation. We showed in previous work that muscle
tissue from this transgenic mouse line has more than 60%
greater expression of LIF than WT/mdx mice (1).

LIF/mdx and WT/mdx mice were euthanized by inhalation of
32% isoflurane (Zoetis) at 1-, 3- or 12-months of age. Body mass
was recorded prior to tissue collection. Both tibialis anterior (TA)
muscles were dissected from each mouse and the individual
muscle masses were recorded. Investigators collecting data and
performing analysis were aware of animal numbers only and
were blinded to treatment groups.

Immunochistochemistry

The right TA muscle from each male mouse was dissected
and immediately frozen in O.C.T. compound (Tissue-Tek) in
liquid nitrogen-cooled isopentane. Muscle cross-sections were
cut at a thickness of 10 pm at —20°C and mounted onto glass
slides. Cross-sections were fixed for 10 min in acetone cooled to
—80°C (for sections to be labeled with anti-CD11b, anti-CD206,
anti-CD68, anti-developmental myosin heavy chain (dMHC) or
anti-MyoD) or 2% paraformaldehyde (PFA) cooled to 4°C (for
sections to be labeled with anti-LIF) or 4% PFA cooled to 4°C
(for sections to be labeled with anti-Pax7 or anti-myogenin), or
methanol cooled to 4°C (for sections to be labeled with anti-
albumin). Endogenous peroxidase activity was quenched using
0.3% H,0, for 10 min. Sections to be labeled for Pax7, MyoD and
myogenin were immersed in antigen retrieval buffer (10 mM
sodium citrate, 0.05% Tween-20, pH 6) at 95-100°C for 40 min
prior to the peroxidase quench step. Sections to be labeled with
anti-CD11b, anti-CD206 or anti-CD68 were blocked at room
temperature (RT) in bovine serum albumin (BSA) buffer (3%
BSA, 0.05% Tween-20, 0.2% gelatin, 0.15 M NacCl, 0.05 M Tris-
HCI; 30 min). Sections to be labeled with anti-LIF were blocked
in 3% ovalbumin buffer (3% ovalbumin, 0.05% Tween-20, 0.2%
gelatin, 0.15 M NaCl, 0.05 M Tris-HC]; 30 min). Sections to
be labeled with anti-Pax7, anti-MyoD or anti-myogenin were
blocked with M.O.M. blocking buffer (Vector #PK-2200). Sections
to be labeled with anti-albumin were blocked with 1% gelatin
buffer (1% gelatin, 0.05% Tween-20, 0.15 M NacCl, 0.05 M Tris-
HCI; 45 min). Sections were then incubated with rat anti-CD11b
(1:100; overnight at 4°C; BioLegend #101202), rat anti-CD68 (1:100;
3 h at RT; AbD Serotec #MCA1957), rat anti-CD206 (1:50; 3 h at
RT, AbD Serotec #MCA2235), goat anti-LIF (1:66; overnight at
4°C; R&D Systems #AB-449), rabbit anti-albumin (1:20; overnight
at 4°C; Accurate Chemical #YNRRAALBP), mouse anti-dMHC
(1:100; overnight at 4°C; Novocastra #NCL-MHCd), mouse anti-
Pax7 (1:300; overnight at 4°; Developmental Studies Hybridoma
Bank), mouse anti-MyoD (1:50; overnight at 4°C; BD Pharmingen
#554130) or mouse anti-myogenin (1:50; overnight at 4°C; BD
Pharmingen #556358). The sections were incubated with an
appropriate biotinylated secondary antibody for 30 min at
RT and then incubated with avidin D-conjugated horseradish
peroxidase (1:1000; 30 min at RT; Vector #A-2004). The blocking
reagent, secondary antibody and peroxidase reagent used for
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sections labeled for anti-dMHC, anti-Pax7, anti-MyoD and anti-
myogenin were part of a M.O.M. detection kit (Vector #PK-2200).
Positive signal was visualized in all slides with the peroxidase
substrate, 3-amino-9-ethylcarbazole (AEC, Vector #SK-4200). The
sections were washed in phosphate buffered saline (PBS) after
each step, beginning with the fixation.

Stereology

The number of cells per volume of muscle was determined by
measuring the total volume of each section using a stereological,
point-counting technique to determine section area and then
multiplying that value by the section thickness (10 pm). The
numbers of immunolabeled cells in each section were counted
and expressed as the number of cells per volume of each section
([total cells)/[mm?]). Cell counts were performed on an Olympus
BX50 microscope equipped with Nomarski optics.

Immunofluorescence

Macrophages expressing CCL2 were identified in tissue sections
that were fixed in acetone cooled to —80°C. The sections were
first blocked in 3% ovalbumin buffer for 30 min. The sections
were then incubated with rat anti-F4/80 (1:50; Affimatrix eBio-
science #14-8011) and goat anti-CCL2 (1:75; R&D Systems #AB-
479-NA) overnight at 4°C and then incubated with a biotinylated
anti-goat secondary antibody (1:200; Vector BA-9500) for 30 min
atRT. The sections were then incubated with anti-rat fluorescent
secondary antibody (1:200; DyLight 488; Abcam #ab102260) and
DyLight 594 streptavidin (1:300; Vector SA-5594) in PBS for 30 min
at RT before mounting with ProLong Gold mounting medium
with DAPI (ThermoFisher Scientific #°36931). The sections were
washed in PBS after each step, beginning with the fixation. The
data were expressed as the proportion of F4/80+ macrophages
that were also CCL2+ out of the total F4/80+ macrophage pop-
ulation ([F4/80+ CCL2+ cells]/[total F4/80+ cells]). Cell counts
were performed on a Leica DMRXA fluorescence microscope.
Confocal images were acquired on a Leica TCS-SP5 confocal
microscope.

The distribution of CD68+ macrophages relative to sites in
muscle that were enriched in dMHC+ fiber was assayed in
muscle sections following fixation in acetone cooled to —80°C.
The sections were blocked in M.O.M. blocking buffer (Vector #PK-
2200) for 1 h at RT. The sections were then incubated in rat anti-
CD68 (1:100; Serotec #MCA 1957) and mouse anti-dMHC (1:100;
Novocastra #NHC-MHCd) overnight at 4°C in M.O.M. protein
dilute (Vector #PK-2200). The sections were incubated with anti-
rat (1:200; DyLight 594; Abcam #ab102260) and anti-mouse (1:200;
DyLight 488; Vector #DI-594) fluorescent antibodies for 30 min at
RT before mounting with ProLong Gold Mounting medium with
DAPI. The sections were washed in PBS following each step of
their processing. Data were collected by identifying sites con-
taining dMHC+ fibers and then counting the numbers of CD68+
macrophagesin a standardized volume of 289 000 pm? surround-
ing the dMHC+ fibers. The volume utilized was calculated using
a point-counting technique to calculate the area of the field
of view surrounding dMHC+ sites (28900 pm?) and multiplying
the area by the section thickness (10 pm). All sites containing
dMHC+ fibers in each sample were used for data collection. An
equivalent number of healthy sites of equal volume were used
to quantify the numbers of CD68+ macrophages at sites without
dMHC+ fibers in each sample. The data were expressed as the
density of CD68+ cells per mm? (CD68+ cells/mm?3). Cell counts
were performed on an Olympus BH2 fluorescence microscope.
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Table 1.

Gene Forward Reverse

tptl GGAGGGCAAGATGGTCAGTAG CGGTGACTACTGTGCTTTCG
rnps1 AGGCTCACCAGGAATGTGAC CTTGGCCATCAATTTGTCCT
hprt1 GCTGACCTGCTGGATTACATTAAAG CCACCAATAACTTTTATGTCCCC
lif GTCTTGGCCGCAGGGATTG GCACAGGTGGCATTTACAGG
ccl2 GCTCAGCCAGATGCAGTTAAC CTCTCTCTTGAGCTTGGTGAC

Confocal images were acquired on a Leica TCS-SP5 confocal
microscope.

The relative quantity of LIF in LIF/mdx and WT/mdx muscle
fibers was assayed by determining the mean fluorescence inten-
sity (MFI) of muscle fibers following labeling with anti-LIF and a
fluorescent secondary antibody. Sections were fixed in 2% PFA
cooled to 4°C. PFA-induced autofluorescence was quenched by
submerging the sections in 0.1 M glycine in PBS for 5 min. The
sections were incubated with goat anti-LIF (1:66; R&D Systems
#AB-449) overnight at 4°C. The sections were then incubated
with a biotinylated anti-goat secondary antibody (1:200; Vector
#BA-9500) for 30 min at RT. The sections were incubated with a
fluorophore-conjugated streptavidin (1:300; DyLight 594; Vector
#SA-5594) for 30 min at RT before mounting with ProLong Gold
Mounting medium with DAPL The sections were washed in PBS
after each step. The MFI of 20 randomly selected muscle fibers
in each sample was quantified using ImageJ (National Institutes
of Health). Images used for MFI measurements were acquired
on an Olympus BH2 fluorescence microscope. Confocal images
were acquired on a Leica TCS-SP5 confocal microscope.

Myofiber number quantification
and CSA measurements

Cross-sections from the TA muscle mid-belly were stained with
hematoxylin (Vector #H-3401) for 10 min. Muscle fiber CSA was
quantified using ImageJ (National Institutes of Health). The aver-
age CSA of each sample was calculated from 500 randomly
sampled fibers. The classification for large or small fibers was
determined by setting three standard deviations from the mean
CSA for the control group at each time-point as previously
described (76). Fibers were considered to be small or large in 1-
month TAs if the CSA was less than 796 um? or greater than
1785 um?, respectively. Fibers were considered to be small or
large in 3-month TAs if the CSA was less than 2000 pm? or
greater than 4414 pm?, respectively. Fibers were considered to be
small or large in 12-month TAs if the CSA was less than 832 pm?
or greater than 3453 pm?, respectively. Fibers were considered
normal if their CSA was between the threshold measurements
for small and large fibers. Images used for CSA measurements
were acquired on an Olympus BH2 microscope equipped with
Nomarski optics.

RNA isolation and quantitative PCR

Cell cultures were washed with Dulbecco’s phosphate-buffered
saline (DPBS, Sigma-Aldrich #5652) cooled to 4°C and the
RNA was isolated in TRIzol Reagent (Ambion #15596018)
according to the manufacturer’s protocol. The isolated RNA
was further cleaned and concentrated using an RNA Clean
and Concentrator-5 kit (Zymo Research #R1014). The RNA was
quantified, reversed transcribed to ¢cDNA, and used for qPCR as
previously described (18,77). We followed established guidelines

for experimental design, data normalization and data analysis
(78-80). Primer sequences used for qPCR are listed in Table 1.

Muscle macrophage isolation

Skeletal muscles from male and female, 1-month-old mdx mice
were minced in 1.25 mg/ml collagenase types IA and IV (Sigma-
Aldrich #C9891, #C5138) in Dulbecco’s Modified Eagle medium
(Sigma #D1152) and digested at 37°C for 1 h with gentle tritura-
tion each 15 min. The digestate was diluted with DPBS, filtered
through 70 pm mesh filters and the liberated cells collected
by centrifugation. The cells were resuspended in DPBS, overlaid
on Histopaque-1077 (Sigma-Aldrich #1077-1) and centrifuged at
400 x g for 30 min at RT. Macrophages were collected from the
DPBS-Histopaque interface and RNA isolated from the cells as
described above. QPCR was performed using tptl and hprtl as
house-keeping genes. Muscle macrophages were collected from
five WT/mdx and three LIF/mdx mice.

Preparation of BMDMs for RNA analysis

BMCs were aseptically flushed from femurs and tibiae with DPBS
and treated with ACK lysis buffer (Lonza #10-548E) to lyse red
blood cells. BMCs from three male mice of the same genotype
were pooled together to generate CD11b/LIF- and CD11b/LIF+
BMDMs. Following a wash with DPBS and filtration through a
70 pm mesh filter, the BMCs were plated in 6-cm tissue culture
dishes (1 x 107 cells/dish) in macrophage growth medium
(RPMI-1640 (Sigma #R6504), 20% heat-inactivated fetal bovine
serum (HI-FBS, Omega Scientific #FB-11), 100 U/ml penicillin
+100 pg/ml streptomycin (1% Pen/Strep, Gibco #15140-122),
10 ng/ml macrophage colony-stimulating factor (M-CSF, Cell
Applications Inc. #RP2008)) at 37°C in 5% CO, for 6 days. The
macrophage growth medium was replenished on days 3 and
5 post-plating. On day 6, adherent cells were activated to an
M1-biased or M2-biased phenotype in macrophage activation
medium (DMEM (Sigma-Aldrich #D1152), 0.25% HI-FBS, 1%
Pen/Strep, 10 ng/ml M-CSF and either Th1 cytokines (10 ng/ml
IFNy and 10 ng/ml TNF«; BD Pharmingen #554587 and 554 589) or
Th2 cytokines (25 ng/ml IL-4 and 10 ng/ml IL-10; BD Pharmingen
#550067 and 550070)) for 48 h. The activation medium was
replenished after the first 24 h of activation. ThO BMDMs
were generated by culturing the adherent cells in macrophage
activation medium without Th1 or Th2 cytokines. RNA from the
cells was isolated as described above. QPCR was performed using
tptl and mps1 as house-keeping genes.

ELISA analysis of CCL2 in BMDM conditioned media

CCL2 secretion by BMDMs was measured as previously described
(1). Briefly, BMDMs from wild-type, WT/mdx and LIF/mdx mice
were generated as described above. BMCs from two male mice of
each genotype were pooled to generate the BMDMs. On the sixth
day of culture, the BMDMs were switched to DMEM containing



0.25% HI-FBS, 1% Pen/Strep and 10 ng/ml M-CSF, with or without
10 ng/ml recombinant mouse LIF (eBioscience #14-8521). After
24 h of stimulation, the conditioned media were collected, briefly
centrifuged to remove particulates, and analyzed for BMDM-
secreted CCL2 (Duoset ELISA, R&D Systems, #DY479) according
to the manufacturer’s instructions.

Cytotoxicity assay

Macrophage-mediated cytotoxicity was assessed using
co-cultures of BMDMs and C2C12 muscle cells. BMDMs from
one female mouse of each genotype (WT/mdx and LIF/mdx) were
generated as described above with the following modifications.
Freshly isolated BMCs were plated at 5 x 10° cells per 10-
cm, low-adherence dish (Eisco #CHO0372C) in macrophage
growth medium for 6 days. Adherent cells were activated to
a cytotoxic, M1-biased phenotype using activation medium
containing Th1l cytokines for 24 h. Unstimulated BMDMs were
cultured in activation medium without Th1 cytokines. Following
activation, the BMDMs were washed with DPBS and detached
from the dishes using Cellstripper (Corning #25-056-Cl) for
10 min. The detached BMDMs were centrifuged at 526 x g
for 5 min, resuspended in DPBS, and total cell numbers were
calculated using a hemocytometer. BMDMs were resuspended
in cytotoxicity assay medium (Hank’s balanced salt solution
(HBSS; Sigma-Aldrich #H1387), 0.25% HI-FBS, 400 nM L-arginine).

One day prior to co-culture, 12-well plates were prepared by
adding 8-mm glass coverslips coated with 2% gelatin to each
well. C2C12 muscle cells were plated in the 12-well plates at 5.94
x 10* cells per well in growth medium (DMEM (Sigma-Aldrich
#D1152), 10% FBS, 1% Pen/Strep) for 24 h to allow the cells to
reach 70% confluency and attach to the glass coverslips. The
muscle cells were then washed with DPBS and fluorescently
labeled with CFDA-SE (Accurate Chemical #14456) to allow visual
differentiation from unlabeled BMDMs. The muscle cells were
incubated in labeling medium (HBSS, 0.1% BSA, 5 pM CFDA-SE)
for 10 min at 37°C in 5% CO,. CFDA-SE is a cell membrane-
permeable dye that does not cause cytotoxicity at the concen-
tration used. Intracellular CFDA-SE is cleaved by endogenous
esterases to form cell membrane-impermeable CFSE. CFSE is a
fluorescent molecule (488 nm emission) that binds intracellular
proteins, permanently labeling cells. The cells were washed with
growth medium to remove residual CFDA-SE from each well. The
cells were then incubated in growth medium for 5 min at 37°Cin
5% CO; to allow unreacted CFDA-SE to flow out of the cells and
avoid labeling BMDMs. The labeled cells received a final wash
using HBSS to remove residual growth medium.

The BMDMs were added to the muscle cultures at 1.3 x 10°
BMDMs/well in cytotoxicity assay medium. Following 6 h of co-
culture at 37°C in 5% CO,, each co-culture well was washed with
DPBS. GelRed (Biotium #41003-1) diluted in cytotoxicity assay
medium (1:2500 dilution) was added to each well for 10 min at
37°C in 5% CO; to label permeabilized muscle cells. GelRed is a
cell membrane-impermeable, fluorescent dye (593 nm emission)
that binds to nucleic acids. Following a final DPBS wash, the
glass coverslips were removed from each well and mounted onto
glass microscope slides using Fluoro-Gel (Electron Microscopy
Sciences #17985-10).

Fluorescence microscopy with an Olympus BH2 microscope
was used to collect cytotoxicity data based on the following
criteria: BMDMs were CFSE-GelRed-, non-permeabilized muscle
cells were CFSE+GelRed- and permeabilized muscle cells were
CFSE+GelRed+. Data were expressed as the proportion of per-
meabilized muscle cells out of total C2C12 cells ([CFSE+GelRed+
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cells]/[total CFSE+ cells]) on each coverslip. Three coverslips
were included per group. The proportion of permeabilized mus-
cle cells was quantified from 15 randomly chosen fields per cov-
erslip. The average proportion of permeabilized muscle cells per
coverslip was calculated and used as a single datum to calculate
the mean and SEM for each group. The data were normalized to
a muscle cell-only control group. Data were verified by repeating
the experiment in triplicate.

In a separate experiment, we verified the sensitivity of this
assay by testing the influence of increasing numbers of Thil-
stimulated BMDMs on muscle cell lysis. The experiment was
repeated as described above. The muscle cell cultures were co-
cultured with no BMDMs, low numbers of BMDMs (6.55 x 10°
cells), medium numbers of BMDMs (1.30 x 10° cells) or high
numbers of BMDMs (2.60 x 10° cells). Because the wells contain-
ing high numbers of BMDMs prevented accurate counts of total
muscle cells, data were expressed as GelRed+ cells/mm?.

Chemotaxis assay

BMDMs were isolated from two male mice of each genotype
(WT/mdx and LIF/mdx) using the following strategy. BMCs were
aseptically flushed from the femurs and tibiae as described
earlier. The BMCs were plated at 1.0 x 107 cells per 6-cm, ultra-
low attachment dish (Corning #3261) in macrophage growth
medium containing Th1l or Th2 cytokines for 24 h at 37°Cin 5%
CO,. Unpolarized BMDMs were cultured in macrophage growth
medium without additional cytokines. The cells were washed
with DPBS and adherent cells were detached using Cellstripper
as described previously. The cells were collected and BMDMs
were purified using a Histopaque-1077 gradient (Sigma-Aldrich
#10771) according to the manufacturer’s instructions. The
BMDMs were resuspended in chemotaxis medium (RPMI-1640,
1% Pen/Strept, 1% BSA).

We tested the chemotactic ability of the BMDMs in response
to CCL2 using a chemotaxis chamber (Neuro Probe #AP48) follow-
ing the manufacturer’s protocol. We used 10 ng/ml of CCL2 (R&D
Systems #479-JE/CF) in chemotaxis medium to measure chemo-
taxis. Spontaneous migration was measured using chemotaxis
medium without CCL2. Cells in the chemotaxis chamber were
incubated for 2 h at 37°C in 5% CO..

Three wells were included in each group. The numbers of
migratory cells were quantified in five randomly chosen fields
per well. The average number of migratory cells per field in each
well was calculated and used as a single datum to calculate the
mean and SEM for each group. Data were verified by repeat-
ing the experiment in triplicate. Data were collected using an
Olympus BX50 microscope equipped with Nomarski optics.

Statistical analysis

All data are presented as mean + SEM. Statistical significance
was calculated using an unpaired Student’s t-test, one-way anal-
ysis of variance (ANOVA) with Tukey’s multiple comparisons
test, or two-way ANOVA with Tukey’s multiple comparisons test
using Prism 7 (GraphPad). Differences with a P-value < 0.05 were
considered statistically significant.
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Supplemental figure 1. Muscle fibers of LIF/mdx mice do not exhibit ectopic expression of the
CD11b/LIF transgene. Cross-sections immunolabeled with anti-LIF (A, D) show no LIF protein
expression at sites devoid of inflammatory lesions (A-C) in muscles of LIF/mdx mice. LIF protein

expression is present in inflammatory lesions containing mononuclear cells but not in the surrounding
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fibers (D-F) of LIF/mdx mice. Fibers that are numbered “1,” “2” or “3” represent the same fiber in each
fluorescence channel. Scale bars = 20 um. Histogram showing no difference in LIF MFI in the fibers of

1-month-old LIF/mdx muscles compared to WT/mdx fibers (G). P-values are based on a two-tailed t-test.

N =5 for both groups. Bars = SEM.
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In this investigation, we showed that genetically-modified macrophages can be utilized as
vectors for the targeted delivery of transgenic LIF to dystrophic muscles in a manner that is
responsive to the magnitude of pathology. Muscles from LIF/mdx mice contained elevated
levels of LIF protein at sites occupied by M1-biased macrophages. QPCR analysis of
CD11b/LIF+ BMDMs validated the observation that transgenic LIF is primarily delivered to
dystrophic muscles by macrophages activated to an M1-biased phenotype. Additionally, we
observed no difference in the levels of LIF protein in muscle fibers or sera of LIF/mdx and
WT/mdx mice. These observations show that the CD11b promoter provides targeted delivery of
transgenic LIF without off-target transgene expression. Transplantation of CD11b/LIF+ BMCs to
non-transgenic, mdx mice (LIF BMT/mdx) showed that BMT is a viable treatment strategy for

the long-term delivery of therapeutic molecules to dystrophic muscles after a single intervention.

The primary benefit of CD11b/LIF transgene expression in dystrophic muscles was a reduction
in fibrosis and stiffness of mdx muscles. Our present findings indicate that LIF can reduce
fibrosis through multiple mechanisms. Transgenic LIF reduced the proportion of macrophages
that express TGF-f in LIF BMT/mdx muscles, while LIF stimulation reduced the expression and
secretion of TGF-B by BMDMs in vitro. The reduced expression of TGF-8 by macrophages in
vivo was associated with a reduction in the number of FAPs in LIF BMT/mdx muscles. The
reduction in FAP numbers may be caused by increased FAP apoptosis due reduced availability
of TGF-B to protect FAPs against TNF-a-mediated apoptosis *. The anti-fibrotic effects of LIF
were also observed in muscle cells. Myogenic progenitor cells isolated from LIF/mdx muscles
showed reduced expression of fibronectin and collagen type 3. In vitro, LIF inhibited the TGF-B-
mediated increase in the expression of CTGF in myoblasts and myotubes. These findings
indicate that LIF can reduce fibrosis of dystrophic muscles by reducing the amount of TGF-

produced by macrophages and by reducing TGF-B-mediated fibrogenesis of myogenic cells.

85



Muscle fibrosis can also be affected by changes in the activity and numbers of macrophages,

which were affected in both of our mouse models.

Elevated expression of LIF reduced the intramuscular numbers of F4/80+ macrophages in
LIF/mdx and LIF BMT/mdx muscles. Because CCL2 is a potent macrophage chemoattractant,
we assessed whether LIF could reduce CCL2-CCR2 signaling in macrophages 23. We found
that the CD11b/LIF transgene reduced the proportion of F4/80+ macrophages that expressed
CCL2 in the muscles of LIF/mdx and LIF BMT/mdx muscles. Additionally, in vitro
experimentation showed that elevated LIF can reduce the expression and secretion of CCL2 by
BMDMs and reduce the chemotactic response of BMDMs to CCL2. These data indicate a novel
role for LIF in reducing macrophage recruitment to dystrophic muscles by inhibiting CCL2’s
chemotactic effect on macrophages. However, the finding that CD163+ and CD206+
macrophage numbers were reduced in the muscles of both mouse models without affecting the
numbers of CD68+ macrophages indicates that LIF may also inhibit the transition of

macrophages from an M1-biased to an M2-biased phenotype.

The shift in macrophages away from an M2-biased phenotype may be explained by changes in
the expression of SOCS3 in mdx muscles caused by the CD11b/LIF transgene, as discussed in
Chapter 2. However, recent investigations have shown that CCL2-CCR2 signaling is also
involved in promoting the M2-biased phenotype. For example, gene expression was compared
between human macrophages that were stimulated to an M1-biased or M2-biased phenotype.
M1-biased macrophages expressed greater levels of CCR2, while M2-biased macrophages
expressed and secreted greater levels of CCL2 “. Culturing the human macrophages in the
presence of a CCL2-neutralizing antibody showed that the amount of endogenous CCL2

secreted by macrophages is enough to promote the expression of genes related to the M2-
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biased phenotype. A similar study showed that human macrophage cultures stimulated with
CCL2 have a greater proportion of CD206+ macrophages in comparison to unstimulated or IL-
6-stimulated macrophages °. Additionally, muscles from CCR2-null, mdx mice expressed
reduced levels of the M2-biased macrophage markers CD206, Arg-1, and Ym1 °. In the context
of these studies, our data suggest that CD11b/LIF-mediated reductions in expression and
responsiveness to CCL2 by macrophages may reduce the transition to an M2 phenotype, in

addition to reducing macrophage recruitment.

Our findings indicate that macrophages recruited to lesions in LIF/mdx muscles encounter
elevated levels of LIF that may act as a chemoattractant to prevent macrophage dispersion to
other portions of the muscles. This effect may be amplified by increased HMGB1-TLR4
signaling that occurs in mdx muscle ‘. Activation of TLR4 signaling can drive CD11b expression,
which could increase expression of the CD11b/LIF transgene and amplify the chemotactic effect
of LIF in transgenic muscles 8°. Thus, the overall chemotactic effect of the transgene may be a
reduction in the CCL2-mediated recruitment of macrophages from the bone marrow and
circulation to injured muscles, but decreased macrophage dispersal from the original site of
infiltration due to localized elevations of LIF and HMGB1 associated with increased muscle

damage.

Our cytotoxicity assay data indicate that the CD11b/LIF transgene does not increase the
cytolytic effect of macrophages on muscle cells. Rather, the increase in muscle fiber damage in
LIF/mdx muscles (1-month time-point) was associated with the increased accumulation of
cytolytic, M1 macrophages at inflammatory lesions. Increases in fiber damage were absent in
LIF/mdx muscles at later stages of the pathology (3-month and 12-month time-points) or in LIF

BMT/mdx muscles (6-month time-point) that received BMT at 2-months of age. These
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observations suggest that transplantation of CD11b/LIF+ BMCs to non-transgenic mdx mice
should be done at a time-point past the onset of acute onset of inflammation. This strategy
would provide the anti-fibrotic effects of the transgene and reduce the possibility of increasing

muscle fiber damage.

Applications of other therapies for DMD in conjunction with CD11b/LIF+ BMT may further
improve the treatment outcomes achieved by BMT. For example, using safe dietary
supplements that act as ROS scavengers in conjunction with CD11b/LIF+ BMT may be a viable
strategy to reduce the fiber damage seen in LIF/mdx mice at early stages of the pathology.
Vitamin E and N-acetylcysteine (NAC) are oral supplements that can reduce the effect of ROS
in acutely injured and mdx muscles %1, Oral administration of vitamin E to 2-week-old mdx
mice for 2 weeks reduced oxidative stress and the number of IgG+, necrotic fibers in the
diaphragm muscles at the 1-month time-point 2. Vitamin E supplementation also reduced the
levels of creatine kinase in the serum of these mice. Elevated levels of creatine kinase are
released through damaged sarcolemma of mdx and DMD muscles **-1°. Similarly, oral
administration of NAC to mdx mice can reduce ROS concentrations and the number of necrotic

fibers in limb muscle while reducing creatine kinase levels in the serum 517,

While the use of ROS scavengers can reduce the early, detrimental effects of the transgene, the
use of anti-fibrotic agents may increase the benefits of the CD11b/LIF transgene. Halofuginone
is an anti-fibrotic molecule that has been used to reduce the accumulation of collagens in
various organs, including the skin, liver, pancreas, and esophagus ¥-2°. It mediates its effect by
decreasing fibroblast proliferation and expression of collagens by inhibiting the phosphorylation
of Smad3 downstream of TGF-B binding to the TGF-B receptor 2. Administration of

halofuginone to young mdx mice prevented age-related increases in fibrosis of the diaphragm
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and heart muscles ?2. Treatment of older mdx mice demonstrated that halofuginone is also
effective in reversing established fibrosis in limb, respiratory, and cardiac muscles .
Administration of halofuginone in tandem with CD11b/LIF+ BMT may provide synergistic effects

in the reduction of fibrosis of dystrophic muscles.

Analysis of muscles from LIF/mdx mice provided evidence for the therapeutic benefit of using
the CD11b/LIF transgene in ameliorating the dystrophic pathology. Additionally, the LIF
BMT/mdx model validated the use of BMT in the long-term delivery of transgenic LIF to
dystrophic muscles after a single intervention. However, we believe that the most significant
aspect of this investigation is that this approach could be used to drive the expression of other
therapeutic molecules to ameliorate chronic pathologies with a significant inflammatory
component following a single BMT intervention. For example, elevated expression of follistatin
has been shown to reduce the mdx pathology and its delivery could be improved by driving its
expression by the CD11b promoter in transplanted BMCs 2426, Applying this strategy to humans

would require ex vivo manipulation of macrophages to introduce a therapeutic transgene.

Researchers have shown the feasibility of manipulating primary cells derived from bone marrow
prior to transplantation into recipients to influence muscle repair following acute injury. For
example, BMCs derived from donor mice were expanded and activated toward an M1-bisaed
phenotype prior to their direct transplantation into acutely-injured limb muscles 2’. The
transplanted M1 BMDMs reduced fiber permeability and fibrosis when compared to mice
receiving unpolarized BMDMs. Additionally, investigators have transfected primary human bone
marrow stromal cells with Notch1 intracellular domain (NICD) and transplanted the cells directly
to cardiotoxin injured muscles ?8. The transfected cells showed increased expression of genes

associated with the myogenic lineage and increased the number of donor-derived nascent fibers
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when compared to bone marrow stromal cells without transfection. These observations suggest
that BMCs isolated from humans may be transfected with transgenes in which the CD11b
promoter drives the expression of pro-regenerative molecules, such as IGF-1 or Klotho, to

improve the regenerative capacity of injured muscles and other tissues 2°-23,

Although myeloablative pre-conditioning and immunosuppression in BMT may be necessary for
the treatment of chronic conditions, they may not be necessary in the context of acute injuries.
In a proof-of-concept study, investigators used tail vein injection to transplant microglia derived
from donor bone marrow into host mice that did not receive myeloablative pre-conditioning or
immunosuppression **. One month after transplantation, the investigators found donor-derived
microglia in the brain of host mice. The same group used this approach to show that BMDMs
transplanted into a mouse model for Alzheimer’s disease could reduce amyloid plaque
accumulation and cognitive function 5 weeks post-transplantation 2. While that investigation
used a chronic pathology model, other groups have shown success using the same
transplantation approach in acute injuries. Researchers showed that human mesenchymal stem
cells that are transplanted into hosts experiencing ischemic injuries to the brain or heart, can
improve tissue health 337, These observations suggest the possibility of using primary BMCs
expressing a transgene driven by the CD11b promoter to improve the health of acutely injured
tissues following the same systemic transplantation approach into hosts without myeloablative
pre-conditioning or immunosuppression. Using the CD11b promoter would prevent elevated
expression of the transgene by the transplanted cells in transit to the site of injury, as suggested

by the lack of increased LIF protein content in the sera of LIF/mdx mice.

In conclusion, we have shown that cells of the immune system can be used for the targeted

expression of therapeutic transgenes to inflamed muscles. Transgenic LIF delivered to

90



dystrophic muscles using this delivery system was efficient in reducing muscle fibrosis,
decreasing the chemotactic effect of CCL2 on macrophage recruitment, and shifting immunity
away from a Th2, pro-fibrotic response. Transplantation of genetically-modified BMCs to mdx
mice allowed us to transfer the beneficial effects of the CD11b/LIF transgene after a single

intervention.
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