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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 
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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-β 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. 
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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 1–5. 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 6,7. 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) 

8–11. A major role of the DAPC is to provide structural integrity by tethering the muscle 

cytoskeleton to the extracellular membrane (ECM) 12. 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 8,12–14. 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 15–17. 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 13,18,19. Therefore, treatment strategies that can modify the 

inflammatory response in dystrophic muscles can be especially effective. In this introduction, I 

review the roles of macrophages in muscle damage and regeneration following acute injury and 

how those processes are disrupted in dystrophic muscles.  
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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 20,21. 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) 21–23. 

 

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 20,21,23. 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 24,25. Myogenesis 

concludes with fiber growth to mature, functional muscle fibers (MRF4+) 23. 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 14,27,28. 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 14,29. 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 29. Ligand binding to TLRs 

induces resident macrophage activation and their production of pro-inflammatory cytokines, 

including chemoattractants 30–32. 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 33,34. Although their presence is brief, neutrophils contribute to 

the production of chemoattractants for macrophage recruitment 35,36.  

 

An important macrophage chemoattractant is C-C motif chemokine ligand 2 (CCL2) 37. CCL2 

binds to its receptor, C-C motif chemokine receptor 2 (CCR2), on the surface of monocytes to 

mediate their recruitment to injured tissue 30,38–41. 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 26,38. 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 26. 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 
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cells (BMCs) at the same time of acute injury administration, relative to mice receiving 

intravenous injection of WT BMCs 39.  

 

In addition to CCL2, high mobility group box 1 (HMGB1) can recruit macrophages to injured 

muscles 42–45. HMGB1 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 46–49. 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 42,44,50. 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-κB) 

43,45,45,47. NF-κB is a transcription factor that promotes the production of Th1 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 14,20,21. 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 Th1, 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-α), CD68, and Ly6C 16,20,21,53–55. In 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 β (TGF-β), CD163, and CD206 15,20,21,54–60. The 

progression of macrophages from an M1- to an M2-biased phenotype is associated with the 

progression of muscle cells through myogenesis.  
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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 Th1 cytokines activates the recruited 

macrophages toward an M1-biased phenotype. M1-biased macrophages further produce Th1 

cytokines that can promote satellite cell proliferation. For example, interferon gamma (IFNγ) and 

interleukin-6 (IL-6) maintain macrophages in an M1-biased state, and act directly on myoblasts 

to promote their proliferation in vitro 20,61,62. Additionally, TNF-α maintains a Th1 response and 

while inhibiting muscle cell differentiation by reducing myogenin expression in cell cultures 63–65. 

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 14,16,66. 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 14,17,67,68. The basement membrane 

is later used by myocytes as scaffolding to generate new fibers that retain a normal size and 

shape 17. 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 14,20,21. An increase in available anti-inflammatory cytokines can 
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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-κB 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 20,72. In vitro studies have also demonstrated that IL-10 can promote 

early differentiation in myoblasts by blocking the inhibitory effect of TNF-α and IL-1β on the 

expression of myogenin 73,74. IL-4, another Th2 cytokine, can also act as myoblast 

chemoattractant and induce expression of myogenin, facilitating muscle cell fusion in vitro 75–77. 

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 57,76. 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 18. 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 78. 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 79. 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 78–80. 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 
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growth 17. Major components of the ECM are fibrils composed of collagens type 1, 3, and 5 81,82. 

Collagen type 5 functions as a central axis around which collagen type 1 or type 3 form 

heterofibrils 83. Following an injury, fibrils primarily composed of collagen type 3 are synthesized 

at the injury site 17,82. 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 84. M2-biased macrophages contribute to the formation of collagen fibrils by 

producing proline through arginine metabolism by Arg-1 15,20,83,85. Proline is a structural 

component necessary for the formation of collagen fibrils 83. As nascent fibers are formed and 

fiber growth progresses, the temporary ECM scaffold is degraded by matrix metalloproteinases 

produced by M1-biased macrophages 14,17,86,87. 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 (PDGFRα) 88–90. Under homeostatic conditions, FAPs 

reside in a quiescent state, but are rapidly activated in response to inflammatory cytokines 14,88. 

In vitro stimulation of FAPs with IL-4, IL-13, and TGF-β 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-β 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-β inhibitor to acutely-injured mice resulted in reduced numbers of 

FAPs and accumulation of connective tissue 95. The expression of atrogin-1, associated with 

muscle atrophy, was also reduced in mice with reduced TGF-β activity. As regeneration 

progresses to fiber growth, macrophage-derived TNF-α induces FAP apoptosis to prevent 
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abnormal accumulation of collagens that results in fibrosis 88. 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-α-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 87. 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 

88. 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-α 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 11,96,97. 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 14,16,20,20,53,57. Following the acute pathological stage, mdx muscles undergo a 

regenerative stage at 3-months of age that is followed by progressive deterioration and 
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inflammation that begins at 12-months of age 13–15,20,69. By the 12-month time-point, significant 

muscle fibrosis that is especially obvious in the diaphragm muscle has occurred and continues 

until death 8,11,15,98–100. 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 101. Similarly, CCL2 expression is elevated in mdx 

muscle lysates and CCL2 protein co-localizes with mononuclear cells and injured fibers 102. 

CCL2 protein content is also elevated in the serum of DMD patients and mdx mice 103. 

Additionally, serum from DMD patients and mdx mice contains increased amounts of HMGB1 46. 

HMGB1 protein content is also elevated in lysates of DMD and mdx muscles 46. 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 / mm3 13,101. 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 41,104. Intramuscular 

macrophage numbers can also be reduced by inhibiting the release of HMGB1 from cells in the 

muscles of mdx mice 47. 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 14,20. Chronic exposure of recruited 

macrophages to pro-inflammatory cytokines will activate the macrophages toward a cytolytic, 

M1-biased phenotype 14,16,20. However, the concurrent exposure of the macrophages to anti-

inflammatory cytokines increases their expression of TGF-β. The result is a cytotoxic, M1-

biased phenotype that is identified by the elevated expression of the M1-related genes TNF-α 

an iNOS, as well as the M2-related gene, TGF-β 14–16,88. Pathologically-activated, M1-biased 

macrophages cause an increase in dystrophic muscle damage by their elevated production of 

ROS 16,66,105. 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 

iNOS expression reduces the proportion of injured fibers in vivo and reduces macrophage-

mediated permeabilization of muscle cells in vitro 16. 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 17. 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 88. 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 90. Researchers have shown that the elevated expression of TGF-β by M1-biased 

macrophages in mdx muscles is responsible for the anti-apoptotic effect 88. 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-β 88. In addition to inhibiting FAP apoptosis, pathologically-elevated TGF-β has the 

aforementioned effects of promoting FAP differentiation to fibroblasts and increasing the 

expression of collagens in fibroblasts. The pro-fibrotic effects of TGF-β 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 16. 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 16,53. In contrast, 

expression of CD163 and CD206 is elevated in muscles of 3-month-old, mdx mice relative to 

the 1-month time-point 16,53. The switch to an M2-biased phenotype can contribute to the age-

dependent increases in TGF-β protein content observed in mdx muscles 106. Macrophages 

stimulated to an M2-biased phenotype with IL-4 or IL-10 show increased expression of TGF-β 

when compared to macrophages stimulated to an M1-biased phenotype with IFN-γ 107.  

 

Elevations in TGF-β 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 108. 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-β-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-β on muscle cells. C2C12 cells stimulated with TGF-β 

showed increased expression of collagen type 1 and connective tissue growth factor, but 

reduced expression of myogenin 109,110. The reduction in myogenin may contribute to reductions 

in C2C12 cell differentiation and fusion in the presence of TGF-β stimulation 109,110. The reduced 

fusion was rescued by including a TGF-β receptor inhibitor in C2C12 cell cultures treated with 

TGF-β 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 16. In contrast, Arg-1 expressed by M2-

biased macrophages metabolizes arginine to increase the amounts of proline available for 

collagen fibril synthesis 15,16. The age-dependent reductions in iNOS protein of mdx muscles is 

accompanied with an age-dependent increase in the expression of Arg-1 and Arg-2 in mdx 

muscles 16,53. 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-γ and TNF-α increased their protein expression of iNOS while reducing Arg-1 

protein content 16. In contrast, stimulation with IL-4 and IL-10 reduced iNOS protein expression 

while increasing Arg-1 protein levels in mdx muscle macrophages 16. 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 15. Age-

related increases in TGF-β availability may also increase Arg-1 expression by macrophages. 

Stimulation of macrophages with TGF-β can increase the rate of iNOS protein degradation while 

increasing arginase activity 111–113.  

 

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 114,115. Glucocorticoids are anti-inflammatory molecules that 

can activate macrophages toward an M2-biased phenotype and reduce sarcolemma 

permeabilization 115,116. Long-term glucocorticoid use can improve muscle force production and 

reduce the rate at which force production is reduced as the pathology progresses 1,117. 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 117,118. 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 1,7,119. 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 

115,120,121. 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 122–125. 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 126–128. 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 129,130. Additionally, implantation of LIF-infused 

alginate rods at one side of mdx diaphragms for six months can reduce progressive fibrosis 131. 

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 132. 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 139–

141. However, the low survival and engraftment rates of transplanted cells have prevented these 

strategies from becoming viable treatment options in humans 134,142,143.  

 

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 144,145. However, 

endogenous expression of CD11b is much higher in myeloid cells compared to lymphocytes 146. 

Amongst myeloid cell populations, including myeloid precursor cells, CD11b expression is 

highest in mature macrophages 144,145. Additionally, macrophages are the most numerous 

inflammatory cell population found in dystrophic muscles 20,147. 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 35,43,148–150. As 

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 139,151,152. 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 124,153,154. LIF stimulation can also inhibit early differentiation of muscle 

cells, as shown by the inhibition of myotube formation by LIF 155. 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 156. LIF can also shift macrophages toward an anti-inflammatory, M2-

biased phenotype. In vitro stimulation of macrophages with LIF reduces their expression of 

TNF-α while increasing their expression of CD163 relative to unstimulated macrophages 157. 

Additionally, administration of a LIF receptor antagonist to acutely injured muscles resulted in an 

increased pro-inflammatory response and reduced area of regenerating fibers 127. 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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Chapter 2: 

Targeting a therapeutic LIF transgene to muscle via the immune system ameliorates 

muscular dystrophy 
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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 macrophages in 

muscle 
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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 µm. 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-β in LIF BMT/mdx muscles, while LIF stimulation reduced the expression and 

secretion of TGF-β by BMDMs in vitro. The reduced expression of TGF-β 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-β to protect FAPs against TNF-α-mediated apoptosis 1. 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-β-

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-β 

produced by macrophages and by reducing TGF-β-mediated fibrogenesis of myogenic cells. 
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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 2,3. 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 4. 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 5. Additionally, muscles from CCR2-null, mdx mice expressed 

reduced levels of the M2-biased macrophage markers CD206, Arg-1, and Ym1 6. 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 7. 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 8,9. 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 10,11. 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 12. 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 13–15. 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 16,17.  

 

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 18–20. It mediates its effect by 

decreasing fibroblast proliferation and expression of collagens by inhibiting the phosphorylation 

of Smad3 downstream of TGF-β binding to the TGF-β receptor 21. Administration of 

halofuginone to young mdx mice prevented age-related increases in fibrosis of the diaphragm 
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and heart muscles 22. Treatment of older mdx mice demonstrated that halofuginone is also 

effective in reversing established fibrosis in limb, respiratory, and cardiac muscles 23. 

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 24–26. 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 27. 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 28. 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 29–33.  

 

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 34. 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 35. 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 36,37. 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 
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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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