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Abstract 

Muscle regeneration is a highly orchestrated process in which multiple tissue-resident and 

infiltrating cells actively participate to ensure optimal repair and functional recovery. More than a 

decade ago, we reported a muscle resident, non-myogenic mesenchymal stromal cell type which 

we termed fibroadipogenic progenitors (FAPs) for their ability to spontaneously differentiate into 

mature fibroblasts or adipocytes. FAPs regulate multiple aspects of muscle biology, including 

maintenance of basement membrane, provide trophic support for muscle satellite cells, and 

recruitment of immune cells in response to injury. Recently, advent in single cell technologies 

unveiled previously unappreciated heterogeneity within FAPs. We and others identified dipeptidyl 

peptidase 4 (Dpp4) as a putative marker for one of the FAP subsets that is present in homeostasis. 

In this study, we first demonstrated a robust flow cytometry workflow to purify DPP4+ FAPs from 

steady state skeletal muscles, and implemented a variety of biological assays to comprehensively 

characterize this FAP subset. DPP4+ FAPs are more proliferative, display a stronger capacity of 

undergoing adipogenic differentiation without sacrificing their fibrogenic potential, and have a 

higher frequency of colony forming units (CFUs), compared with their DPP4-negative 

counterparts. In vitro culturing further showed that DPP4+ FAPs are the precursors of DPP4- FAPs, 

while DPP4- FAPs have negligible contribution to DPP4+ FAPs. We also revealed a potential role 

of DPP4+ FAPs as a niche for a recently discovered population of LYVE1+ skeletal muscle self-

renewing resident macrophages. Lastly, we employed a newly developed transgenic DPP4CreERT2 

mouse model to ablate DPP4-expressing cells and showed that they are critical for survival. 

Together, this project provided a detailed description of a novel FAP subset that has important 

roles in steady state muscles. 
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Lay Summary 

Muscle regeneration is a complex process involving different cell types that work together to repair 

and restore muscle function. In some diseases muscles are replaced by scars or fats, both coming 

from a cell type within muscle known as fibroadipogenic progenitors (FAPs). Interestingly, FAPs 

are also found in healthy muscles and are needed for them to stay healthy. Therefore, 

understanding how FAPs switch from supporting healthy muscles to hindering them by forming 

fat and scar tissues will help us manage degenerative diseases. Here, we described the functions 

of a specific subset of FAP. They can form both scar and fat, but they are also needed to support 

muscle cells. 
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Chapter 1: Introduction 

1.1 Skeletal Muscle Anatomical and Molecular Organization 

Skeletal muscles contribute to about 40% of total body mass, making it the largest organ in human 

body (Janssen et al., 2000). Voluntary contraction of skeletal muscle confers locomotion and 

breathing (Dumont et al., 2015). They also play key roles in thermoregulation, maintaining 

balance, and glucose homeostasis. (Leon, 2017). 

 Skeletal muscles are composed of individual multinucleated myofibers that are bundled 

together into fascicles. Each fascicle is enclosed by a continuous layer of connective structure 

called perimysium. Within each fiber bundle, individual muscle fibers are surrounded by another 

connective tissue layer called the endomysium. Both perimysium and endomysium create 

continuous three-dimensional frameworks between and within the fascicles, which links 

neighboring muscle fibers together. Multiple fasicles form a skeletal muscle, which is covered in 

a layer of extracellular matrix-rich structure known as the epimysium. (Figure 1.1) (Purslow, 

2020).  
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Figure 1.1 Connective tissues enclosing skeletal muscles 

Adapted from Anatomy & Physiology (Biga et al., 2020), licensed under a Creative Commons 

Attribution-ShareAlike 4.0 International License. 

A sarcomere is the basic contractile unit of a skeletal muscle, where thousands of them 

stack on top of each other and form cylindrical myofibrils, giving skeletal muscle its striated 

appearance (Au, 2004). It is composed of  a network of thin filaments (primarily made of actin), 

thick filaments (primarily made of myosin), and cytoskeleton associating proteins, such as 

troponin and tropomyosin (Figure 1.2) (Au, 2004). Upon binding to Ca2+ ions, troponin undergoes 

a conformational change and releases tropomyosin from steric hindrance, which enables myosin 

to interact with the previously-occupied F-actin filament for force generation and transmission 

(Sweeney & Hammers, 2018).  
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Figure 1.2 Schematic representation of sarcomere 

Adapted from The muscle ultrastructure: a structural perspective of the sarcomere (Au, 2004).  

Myosin is a type of motor protein that can “walk” on actin filaments using energy from 

ATP hydrolysis. In the beginning of the power stroke cycle, ATP binding to myosin would lead to 

its dissociation from actin. This triggers ATPase activity of myosin, hence ATP undergoes 

hydrolysis and gives rise to ADP and a phosphate group. Myosin in ADP-bound form rapidly 

rebounds to actin and releases the hydrolyzed phosphate group, at the same time inducing 

conformation changes in myosin, causing the level arm to move forward (Figure 1.3) (Sweeney & 

Holzbaur, 2018). In skeletal muscle, the re-engagement of myosin to actin moves the thin filament 

towards the M-line, shortening the sarcomere to generate force, which contracts the muscle 

(Sweeney & Hammers, 2018). 
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Figure 1.3 Myosin power stroke cycle 

Adapted from Motor Proteins (Sweeney & Holzbaur, 2018). 

 

1.2 Muscle Regeneration: An Orchestrated Process 

Given the importance of muscle tissue, and the fact that muscles are under constant 

perturbations arising from daily usage, it is critical for them to maintain anatomical and functional 

integrity by endogenous regeneration. The incredible regenerative potential of skeletal muscle is 

conferred on the resident muscle stem cells (MuSCs), also known as satellite cells. While MuSCs 

are the principal contributor to repairing and rebuilding myofibers, muscle regeneration is a tightly 

regulated process that involves additional cell populations, such as muscle-resident and infiltrating 

immune cells, stromal, mural, as well as endothelial cells (Figure 1.4) (Wosczyna & Rando, 2018).  
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All of these populations are required to ensure the regeneration process is both efficient and 

complete. A brief overview of the roles of muscle stem cells and immune cells in the regenerative 

process will be provided, while fibroadipogenic progenitors (FAPs) will be discussed in more 

detail in section 1.3 as it is the primary scope of the thesis.  

 

Figure 1.4 Dynamics of different cell types spanning muscle regeneration process 

Adapted from A Muscle Stem Cell Support Group: Coordinated Cellular Responses in Muscle 

Regeneration (Wosczyna & Rando, 2018). 
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1.2.1 Muscle Satellite Cell 

In 1961, Alexander Mauro first reported the presence of a rounded cell type residing 

between the plasma membrane and the basal lamina using electron microscopy, hence naming this 

cell type “satellite cell” (Mauro, 1961). Direct experimental evidence of satellite cells’ contribution 

to new myonuclei emerged as Moss and Leblond proved that their progenies were incorporated 

into existing myofibers (Moss & Leblond, 1970). This led to the speculation that they could serve 

as the stem cell of skeletal muscle. Indeed, subsequent studies reported self-renewal and 

differentiation capabilities of MuSCs, which confirmed their identity as muscle-resident stem cells 

(Collins et al., 2005; Kuang et al., 2007; Sacco et al., 2008).  

In adult muscle, MuSCs are uniquely marked by the expression of nuclear transcription 

factor Pax7 (Seale et al., 2000). Pax7+ MuSCs was shown to be required for the muscle 

regeneration process (Sambasivan et al., 2011). Importantly, MuSCs differentiate both 

asymmetrically and symmetrically, whereas the former generates one committed myogenic 

progenitor (Pax7+/Myf5+) and one satellite stem cell (Pax7+/Myf5-), while the latter one result in 

either stem cell poll expansion (if both daugther cells remain Myf5-) or depletion (if both daughter 

cells became Myf5+) (Figure 1.5) (Chang et al., 2016; Kuang et al., 2007).  
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Figure 1.5 Symmetric and asymmetric division of satellite cells are critical mechanisms governing the 

maintenance of stem cell pool and regenerative success 

Adapted from Satellite Cells in Muscular Dystrophy – Lost in Polarity (Chang et al., 2016). 

Under homeostatic conditions, MuSCs are in a  quiescent state, also known as G0 phase, 

which is a critical mechanism for them to maintain genomic integrity, while preserving the ability 

to rapidly respond to external insults (Cheung & Rando, 2013). Upon injury, several growth 

factors, such as FGF2/bFGF (DiMario et al., 1989) and HGF (Tatsumi et al., 1998) are released 

from the damaged ECM, which serve as activation signals for MuSCs. FGF2 stimulates MuSC 

quiescence exit and activation by p38α/β MAPK (Jones et al., 2005). Other cells residing in the 

muscle stem cell niche also participate in the activation process. For example, IGF-1 secreted by 

fibroblast and myofiber downregulates FOXO1, which inhibits the activity of cell cycle inhibitor 

p27kip, resulting in MuSC cell cycle re-entry (Machida et al., 2003; Perrone et al., 1995). Cytokines 

such as TNF-α released from immune cells were also shown to activate quiescent MuSCs 

(Acharyya et al., 2010; Li, 2003).  

 



8 

 

After the activation and proliferation phase, MuSCs begin to differentiate into committed 

MyoD+ myoblasts. MyoD is a master regulator of the myogenic program as it possesses the ability 

to reprogram fibroblasts into myogenic cells (Davis et al., 1987). MyoD-null MuSCs display 

defective regeneration, inability to differentiate, and fail to upregulate late myogenic factors such 

as MRF4 and myogenin (Cornelison et al., 2000; Megeney et al., 1996; Rudnicki et al., 1993; 

Sabourin et al., 1999). MyoD represses cell cycle activity by inducing the expression of cyclin 

dependent kinase (CDK) inhibitors p21 (Halevy et al., 1995). To enable myogenic progression, 

MyoD further induces the expression of myogenin, a basic helix-loop-helix transcription factor, 

whose activity precedes the activation of downstream myogenic factors (Hollenberg et al., 1993). 

Myogenin triggers the expression of multiple genes involved in muscle contractile functions, such 

as α-actinin, troponin, myosin heavy chain and voltage-gated calcium channel (Davie et al., 2007; 

Dumont et al., 2015).  

Myoblasts can then either fuse with each other to form multinucleated myofibers, or fuse 

with existing myofibers, which expand the pool of myonuclei within the myofiber, and allow the 

fiber to increase in size (Sampath et al., 2018). The cell-cell fusion mechanism was first 

investigated in a fly model. A ring-like structure called fusion-restricted myogenic-adhesive 

structure (FuRMAS) was formed by the interaction between Dumbfoudned (Duf) and Sticks and 

stones (Sns) proteins upon myoblast contact. Fusion proteins then accumulate at the cell-cell 

junction from intracellular perfusing vesicles and this leads to formation of fusion pores, which 

subsequently enlarge and dissolve to give rise to multi-nucleated cells (Dumont et al., 2015; 

Rochlin et al., 2010). The candidates regulating the myogenic fusion process remain poorly 

understood until fairly recently. Millay et al. reported Myomaker, a key membrane protein 

regulating myogenic fusion (Millay et al., 2013). Myomaker is a muscle specific trans-membrane 
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protein that is only expressed transiently during the fusion process and is rapidly downregulated 

afterwards (Millay et al., 2013). Myomaker is necessary for myogenic fusion, as a knock-out mice 

model resulted in early lethality because of skeletal muscle deficiency. Importantly, mono-

nucleated myosin-positive cells were observed during the embryonic development process in 

muscle longitudinal section, which implies that muscle differentiation was not affected in 

Myomaker-null mice. The authors also demonstrated that Myomaker sufficiently induces cell 

fusion as over-expression in non-fusogenic C3H 10T1/2 fibroblasts resulted in fusion with 

myoblasts (Millay et al., 2013). However, Myomaker+ fibroblasts are only fusion-competent, 

meaning that they can fuse with existing fusogenic muscle cells, but cannot fuse with themselves. 

This implied that there should exist additional factors regulating the fusion process. Three 

independent groups subsequently reported another pivotal moderator named 

Myomixer/Minion/Myomerger (Bi et al., 2017; Quinn et al., 2017; Zhang et al., 2017). Similar to 

Myomaker, Myomixer/Minion/Myomerger-deficient mice exhibited perinatal death and marked 

increase in mono-nucleated myosin+ cells, again indicating that this protein does not affect 

differentiation and only impact myogenic fusion (Bi et al., 2017; Quinn et al., 2017; Zhang et al., 

2017). Gain-of-function experiments were performed in non-fusogenic fibroblasts, proving that 

Myomixer/Minion/Myomerger overexpression could induce fusion with Myomaker+ cells (Bi et 

al., 2017; Quinn et al., 2017; Zhang et al., 2017). Therefore, both proteins are necessary and 

sufficient for myogenic fusion process. Myomaker is required for mixing of lipids on the plasma 

membrane, a process known as hemifusion, and Myomerger drives the fusion toward completion 

by inducing fusion pore formation and expansion between hemifusion intermediate (Figure 1.6) 

(Leikina et al., 2018). In this process, elastic stresses generated by Myomerger-induced membrane 
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positive curvature transmit to the hemifusion diaphragm, expediting the formation of the fusion 

pores (Golani et al., 2021).  

 

Figure 1.6 Myomaker and Myomerger work synergistically for myoblast fusion 

Adapted from Myomaker and Myomerger Work Independently to Control Distinct Steps of 

Membrane Remodeling during Myoblast Fusion (Leikina et al., 2018). 

Finally, de novo myofibers undergo maturation process by further fusing with each other. 

The PI3K/Akt/mTOR pathway plays a pivotal role in myotube maturation. IGF-1 binding to its 

canonical receptor IGFR leads to activation of PI3K, which activates the Akt and donwstream 

mTOR pathway (Rommel et al. 2001). Activated mTOR kinase activity is required for the late 

phase fusion to give rise to mature myotube (Park & Chen, 2005), whereas the kinase-independent 

activity mediated by IGF-2 is involved in the initiation of myogenic differentiation and early stage 

fusion for the formation of nascent myotubes (Erbay et al., 2003). Akt activation also promoted 

skeletal muscle hypertrophy through phosphorylation of downstream effectors p70S6K, which 

stimulates protein synthesis by activating ribosomal protein S6. Meanwhile, mTOR attenuates the 

activity of translation repressor 4E-BP1 (Bodine et al., 2001; Dumont et al., 2015). In addition, 

Akt signaling prevents protein catabolism via the inhibition of FOXO, which induces the 

expression of E3-ubiquitin ligases MuRF1 and MAFbx (Stitt et al., 2004). 

 



11 

 

1.2.2 Immune Cell 

Immune cells are relatively rare in unpertubed muscle, but once an acute injury arises, they 

rapidly migrate towards the site of injury and perform a wide range of actions for the resolution of 

injury and regeneration process. The first responders are neutrophils that infiltrate the damaged 

region within 2 hours and reach peak numbers in less than 24 hours post damage (Tidball, 2017). 

Neutrophils are critical for the clearance of the damaged tissues by releasing reactive oxygen 

species (Wosczyna & Rando, 2018). They also secrete pro-inflammatory cytokines as such IFNγ 

and TNFα for the recruitment, activation and modulation of other immune cells, most notably, 

macrophages (Tidball, 2017). In the meantime, muscle-resident macrophages phagocytize the 

injury-induced apoptotic cells (Babaeijandaghi, Cheng, et al., 2022). 

 Macrophages are perhaps the most important player in the regeneration process. Their 

ubiquitous involvement in multiple aspects of the process include debris clearance, modulation of 

MuSCs proliferation and differentiation, regulation of FAP survival, etc (Figure 1.8) (Juban & 

Chazaud, 2017). Circulating macrophages arriving in the degenerative milieu secrete a myriad of 

cytokines, including IFNγ, IGF-1, IL-6, IL-1β and TNFα, which stimulate MuSC expansion and 

block their commitment further down the myogenic hierarchy (e.g. differentiation and fusion) 

(Wosczyna & Rando, 2018). These pro-inflammatory macrophages are crucial for scavenging the 

debris resulting from muscle damage, also creating space for repopulating muscle cells to grow in. 

In addition to the inflammatory response, macrophage-secreted TNFα directs apoptosis of tissue-

resident FAPs to prevent them from aberrantly differentiating into ECM-laying fibroblasts that 

could result in permanent fibrosis within the muscle (Lemos et al., 2015), therefore compromising 

muscle strength. At later stage of injury, macrophages progressively transition from a pro-

inflammatory to an anti-inflammatory phenotype. This switch in macrophage polarization is 
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thought to be dependent on IL-10 (Deng et al., 2012; Villalta et al., 2011), although a recent study 

suggests that the joint activity of IFNγ and TNFα is required (Babaeijandaghi, Paiero, et al., 2022). 

Anti-inflammatory macrophages produce high level of IGF-1 to stimulate MuSC proliferation 

(Tonkin et al., 2015). They also secrete low level of TGFβ and TNFα to enhance myoblast 

differentiation and fusion with nascent/existing myotubes (Saclier et al., 2013), This implies the 

secretory program of macrophages is under tight control so that a high concentration of TNFα can 

inflict FAP apoptosis (Lemos et al., 2015), while a low level promotes myogenic differentiation.  

 

 Recently, regulatory T cells (Tregs) and eosinophils were found to play active roles in 

regenerating muscle. When Tregs were selectively ablated, muscle displayed an impaired 

regeneration phenotype as interstitial fibrosis and lower number of regenerating myofibers, two 

hallmarks of regenerative success, were observed (Burzyn et al., 2013). Importantly, accumulation 

Figure 1.7  Involvement of macrophages in different 

stages in muscle degeneration/regeneration process 

Adapted from Metabolic regulation of 

macrophages during tissue repair: insights from 

skeletal muscle regeneration (Juban & Chazaud, 

2017).  
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of Tregs at injured region is dependent on FAP-secreted IL-33 (Kuswanto et al., 2016), 

highlighting the sophisticated crosstalk among different cell types as a critical requirement for 

efficient and complete regeneration. Similarly, infiltrating eosinophils secrete IL-4 and directly act 

on FAPs through IL4 receptor on FAPs to stimulate their proliferation (Heredia et al., 2013). The 

importance of FAP expansion at early stage of regeneration will be discussed in subsequent 

section. In addition, IL-4 was shown to repress adipogenic differentiation of FAPs (Heredia et al., 

2013), hence FAP-derived intramuscular adipose tissue is relatively rare in healthy regenerated 

muscle. This once again accentuates the delicate interactions between different cell types and 

signaling pathways in the regeneration process. 

 

1.3 Fibroadipogenic Progenitor 

1.3.1 FAPs in regeneration and homeostasis 

Fibroadipogenic progenitors (FAPs) were first reported by two individual research groups 

in 2010. In the initial reports, murine muscle FAPs were characterized by their interstitial location, 

expression of platelet-derived growth factor receptor α (PDGFRα) and stem cell antigen-1 (Sca-1) 

(Joe et al., 2010; Uezumi et al., 2010). FAPs were shown to have bi-lineage differentiation 

potential by spontaneously differentiating into fibroblasts and adipocytes in vitro. In the years that 

followed, much research effort has been invested in the field, rapidly expanding our knowledge on 

FAPs in skeletal muscle. We now know that FAPs also possess osteogenic and chondrogenic 

potential under specific induction conditions, further reinforcing their identity as multipotent 

progenitors (Eisner et al., 2020; Tseng et al., 2022; Wosczyna et al., 2012). Due to their intrinsic 

differentiation potentials, FAPs have been linked to numerous chronic diseases with signs of fibro-
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fatty degeneration. Multiple human FAP studies have also been reported, where their mediatory 

role in the pathogenesis of muscle diseases has been confirmed.  

In response to injury, FAPs rapidly proliferate and are believed to support regeneration by 

facilitating myogenic differentiation of MuSCs via the release of pro-regeneration signals and 

trophic factors such as IL-6 (Joe et al., 2010; Serrano et al., 2008) and IL-33 (Kuswanto et al., 

2016). During the process, activated FAPs acquire odd skipped-related 1 (Osr1) expression that 

resembles the embryonic development program (E11.5-13.5) (Stumm et al., 2018; Vallecillo-

García et al., 2017). Osr1+ FAPs direct macrophage polarization for the resolution of injury and 

promote myogenic via TGFβ signaling (Kotsaris et al., 2023). FAPs also release cytokines, such 

as CXCLl5, CCL2, and CCL7 to recruit immune cells to the injured region, facilitating the rapid 

clearance of necrotic fibers and cellular debris (Scott et al., 2019). In addition, FAPs secrete 

various ECM components such as collagen and fibronectin (Scott et al., 2019), forming a transient 

scaffold that stabilizes and provides mechanical supports for repopulating myofibers, likely a 

similar mechanism to that of “ghost fibers” (Webster et al., 2016). This temporary process, referred 

to as “regenerative fibrosis”, is eventually resolved through downregulation of the provisional 

matrix genes, apoptosis of FAPs, and ECM-specific proteases such as matrix metalloproteinase 11 

(MMP11) secreted by FAPs (Scott et al., 2019). To ensure optimal regeneration outcome, the 

number of FAPs are tightly controlled. A recent study identified hyper-methylated in cancer 1 

(HIC1) as a marker of quiescent FAPs in muscle, and deletion of HIC1 resulted in injury-free 

proliferation of FAPs and a partially activated phenotype, such as a marked upregulation of Ccl2 

and Ccl7, resembling that following injury (Scott et al., 2019). After the initial expansion phase 

induced by acute injury (72–96 hours post injury), FAPs undergo rapid, macrophage-dependent, 

TNFα-mediated apoptosis (Lemos et al., 2015). Pharmacological blockage of FAP expansion by 
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a tyrosine kinase inhibitor Nilotinib; suppression of FAP apoptosis in Ccr2-knockout mouse model 

lacking infiltrating macrophages; or inhibiting TNFα pathway with TNFα-neutralizing antibodies, 

all led to impaired regeneration and persistence of fibrotic scars in muscle (Fiore et al., 2016; 

Lemos et al., 2015). Consistently, depletion of FAPs in PDGFRαCreERT2;diphtheria toxin fragment 

A (DTA) mouse model significantly reduced immune cell recruitment and delayed regeneration 

progress, further elucidating the requirement of FAPs in efficient muscle regeneration (Wosczyna 

et al., 2019). Ablation of Tcf4+ fibroblasts in muscle, which partially overlap with FAPs, similarly 

led to defective muscle regeneration (Murphy et al., 2011). Importantly, FAPs not only play a role 

in modulating the regenerative progress, but also actively maintain skeletal muscle mass in 

homeostasis. This was first demonstrated by Roberts et al. in 2013, where they observed muscle 

atrophy in the absence of external perturbations in ablated fibroblast activation protein α (FAP)-

expressing stromal cells (Roberts et al., 2013). These FAP+ stromal cells uniformly express Sca-

1, and to a large extent, PDGFRα, indicating they are indeed FAP cells. However, potentially due 

to the confusing nomenclature, there is limited literature characterizing the expression and function 

of the FAP protein in FAP cells. In 2019, Wosczyna et al. provided compelling experimental 

evidence for the necessity of FAPs in homeostatic maintenance of skeletal muscle. They depleted 

muscle FAPs using the PDGFRαCreER;DTA system, which specifically ablates cells expressing 

PDGFRα. Muscle atrophy was observed in ablated mouse as reflected by reduction of cross-

sectional myofiber area, muscle mass and strength (Wosczyna et al., 2019). This was confirmed 

by Uezumi et al., who elucidated that Bmp3b from FAPs as the potential candidate for muscle 

maintenance (Uezumi et al., 2021). We also reported the aberrant activation of FAPs by HIC1 

deletion or β-catenin could lead to defective muscle regeneration and muscle atrophy, respectively 

(Scott et al., 2019; Kajabadi et al., 2023). Collectively, FAPs are non-myogenic mesenchymal 
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progenitors residing in the interstitial space of skeletal muscle, and are crucial to efficient muscle 

regeneration and homeostatic maintenance. 

 

1.3.2 FAPs in diseases 

Given the intrinsic fibrogenic and adipogenic capabilities of FAPs, it is not surprising that 

they are involved in the manifestations of numerous diseases with symptoms of fibrofatty 

infiltration. Similarly, FAP dynamics are crucial in ensuring complete and efficient muscle 

regeneration, hence altered FAP behaviors are often seen in multiple diseases with impaired 

regeneration. In fact, these two aspects are tightly coupled that FAPs less vulnerable to apoptosis 

or aberrantly activated are the direct source of the ectopic scars and fats. Understanding the 

contributions of FAPs to different diseases would therefore be valuable for development of novel 

therapies. 

 

1.3.2.1 Muscular dystrophies 

Duchenne muscular dystrophy (DMD) is the most common and severe type of muscular 

dystrophy in humans, affecting one in every 5000 male births. It is an X-linked recessive disease 

whereby the nonsense mutation of DMD gene destabilizes skeletal muscles and leads to chronic 

injury-regeneration cycles, eventually exhausting the resident MuSC pool (Dowling et al., 2021). 

FAPs actively participate in the degenerative process through several mechanisms. First, TCF4+ 

muscle interstitial cells, which significantly overlap with FAPs, were shown to be enriched in 

fibrotic muscles in mdx mice, a commonly used experimental model for DMD (Contreras et al., 

2016). Direct contribution of FAPs to intramuscular fibrotic and adipose tissue in DMD has also 

been demonstrated (Uezumi et al., 2011, 2014). Remarkably, adipogenic differentiation of FAPs 
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in mdx mice is inhibited by the hedgehog signaling pathway, whereas tissue inhibitor of 

metalloproteinase 3 (TIMP3) secreted from FAP represses MMP14-induced adipogenesis, 

suggesting a potential therapy against DMD (Kopinke et al., 2017). Another possible remedy of 

fatty degeneration is the administration of nitric oxide (NO) donor drug. NO blunts adipogenic 

differentiation by inhibiting the master adipogenic regulatory factor PPARγ via secretion of miR-

27b (Cordani et al., 2014). DMD FAPs were also shown to impair myogenic capacity of MuSCs 

(Sohn et al., 2015). In terms of cellular dynamics, FAPs in mdx mice are refractory to the wave of 

macrophage-dependent apoptosis after the rapid proliferation phase (Juban et al., 2018; Lemos et 

al., 2015). Persistent FAPs subsequently differentiate along fibrogenic and adipogenic lineages 

and result in fibrofatty infiltration. FAP composition is also affected by DMD. Several FAP 

subpopulations were reported to have important roles in regulating the local environment. For 

example, a marked loss of adipogenic-regulating CD142+ FAPs was observed in DMD, which act 

by blocking adipogenesis through the secretion of GDF10 in healthy individuals, resulting in 

excessive adipocyte deposition in DMD muscles (Camps et al., 2020). Another FAP subset that is 

being affected in DMD is VCAM1+ FAPs. They are only present in the muscle of healthy 

individuals after acute injury and display a pro-fibrotic profile, which is a transient state critical 

for efficient regeneration (Fiore et al., 2016). These FAPs are eventually removed from injured 

muscle in a macrophage-dependent mechanism (Malecova et al., 2018). VCAM1+ FAPs were 

found to be enriched in the diaphragm of mdx mice, which strongly suggests that the elevated level 

of intramuscular fibrosis is a result of the enrichment of this FAP subset. DMD also alters FAPs 

on an epigenomic level, evident by the fact that histone deacetylase (HDAC) inhibitor could rescue 

muscle regeneration defect in mdx mice in a FAP-secreted follistatin-dependent manner (Mozzetta 

et al., 2013). Indeed, ChIP-seq of mdx FAPs revealed a global alteration in histone acetylation 
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pattern in mdx mouse and led to elevated activity of fibrosis-associated pathways such as the 

TGFβ-SMAD axis (Consalvi et al., 2022). In a more severe DMD mouse model (D2-mdx), 

calcification is occasionally observed in muscles, which can be attributed to the elevated TGFβ 

signaling activity that drives FAPs into osteogenic lineage (Mázala et al., 2020). In addition, 

mitochondrial metabolism in mdx mouse-isolated FAPs were altered, leading to enhanced 

proliferation and adipogenic differentiation in vitro. This suggested a disease-causing mechanism 

of FAPs contributing to DMD pathogenesis (Reggio et al., 2020).  

FAPs are also responsible for muscle functional deterioration of limb girdle dystrophy 2B 

muscular dystrophy (LGMD2B), a disease caused by dysferlin deficiency which led to poor 

membrane repair after sarcolemma injuries (Bansal et al., 2003; Bashir et al., 1998). LGMD2B 

patients presented pelvic and shoulder girdle muscle atrophy and could eventually result in loss of 

ambulation (Fernández‐Eulate et al., 2021). Adipose tissues were found to accumulate in dysferlin-

deficient muscles (Grounds et al., 2014), highlighting a possible involvement of FAPs in the 

degeneration process. Indeed, adipogenic differentiation of FAPs is unrepressed due to the 

accumulation of Annexin 2A in the ECM of surrounding myofibers (Hogarth et al., 2019).  

Similarly, FAPs were postulated to be associated with facioscapulohumeral muscular 

dystrophy (FSHD). FSHD is an autosomal dominant disorder caused by the loss of D4Z4 

macrosatellite repeats which leads to ectopic expression of DUX4 gene within the locus (Tawil et 

al., 2014). DUX4 expression in myogenic cells resulted in disruption of myogenic differentiation, 

including downregulation of key myogenic genes MYOD and MYF5 (Bosnakovski et al., 2018). 

FSHD is characterized by asymmetric muscle weakness in face and shoulder muscles, which 

progressively propagates to the trunk and lower extremities (Tawil et al., 2014). A recent study 

showed that FAPs in a FSHD mouse model acquired a distinctive transcriptional signature, which 
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is comparable to that of FSHD human patients’ muscle biopsies (Bosnakovski et al., 2020), 

suggesting a possible association between FAPs and FSHD.  More recently, a report demonstrated 

a positive correlation between of accumulation of FAPs and the clinical severity of FSHD (Di 

Pietro et al., 2022). The direct contribution of FAPs to FSHD pathogenesis and pathoprogression  

remain to be proven.  

 

1.3.2.2 Obesity and diabetes 

It is estimated that 425 million people are suffering from diabetes mellitus (DM) worldwide 

(Forouhi & Wareham, 2019), and that for overweight/obesity is at a staggering level of 2.5 billion, 

representing one-third of the global population (Chooi et al., 2019). Importantly, muscle fibrosis 

and fatty infiltration are common hallmarks in diabetes and obesity, in both injury and injury-free 

settings, likely mediated by muscle-resident FAPs. For example, drastic upregulation of ECM-

related genes and pronounced skeletal muscle fibrosis are observed in overfed, obese and diabetic 

individuals (Berria et al., 2006; Tam et al., 2014). Although the identity of the ECM-depositing 

cells was not tackled in the studies, it is plausible to assume FAPs are the principal contributor, 

given their known ability of fibrogenic differentiation within skeletal muscle (Joe et al., 2010; 

Uezumi et al., 2010, 2011). Similarly, FAPs were believed to be the precursors of intramuscular 

adipose tissues (IMAT) in obese patients. Indeed, CD56-/CD15+ adipogenic progenitors from 

obese human donors, whose cell-surface immunophenotype is equivalent to PDGFRα+ FAPs 

(Arrighi et al., 2015), gave rise to mature white adipocytes (Laurens et al., 2016). In addition, FAPs 

robustly gave rise to adipocytes following cardiotoxin injury in both diet-induced and genetic-

induced obesity models, once again suggested a detrimental role of FAPs in obesity (Takada et al., 

2022). Recently, it is shown that FAP-derived fibroblasts and adipocytes underlie diaphragmatic 
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collagen deposition and fatty degeneration in high fat diet-fed mice, leading to reduced respiratory 

dysfunction induced by THBS1 (Buras et al., 2019). FAP-secreted NID-1 also primed them for 

fibrogenic differentiation, and concomitantly impaired MuSCs proliferation in obese mouse model 

(Pérez-Díaz et al., 2022).  

FAPs also have indispensable roles in exacerbating the symptoms of DM. As in obese 

individuals, IMATs are also commonly found in DM patients (Goodpaster & Wolf, 2004; van 

Loon & Goodpaster, 2006). Similarly, fibrosis is another common finding in DM (Farup et al., 

2021; Rasmussen et al., 2018). Fibro-fatty degeneration compromises muscle strength in DM 

(Moore et al., 2016), hence determining the cellular source driving the pathological remodeling of 

muscle is necessary to combat the disease. Fatty infiltration after acute muscle injury resulted from 

FAP adipogenic differentiation in diabetic mouse was documented (Mogi et al., 2016), implicating 

that FAPs could also be the source of IMAT in uninjured diabetic patients. FAPs were also 

determined to contribute to intramuscular fibrosis (Farup et al., 2021). Notably, Farup and 

colleagues identified a CD90+ FAP subpopulation that was poised for fibrogenic differentiation 

enriched in type 2 DM patients, which established a possible causal role of CD90+ FAPs in fibrotic 

degeneration (Farup et al., 2021). 

 

1.3.2.3 Heterotopic ossification and Fibrodysplasia Ossificans Progressiva 

Heterotopic ossification (HO) is a disease condition characterized by ectopic bone 

formation in skeletal muscles and soft tissues (Eisner et al., 2020; Wosczyna et al., 2012). It can 

be caused by external insults such as orthopedic injuries (Nauth et al., 2012) and surgeries (Amar 

et al., 2015), spinal cord injury (Tseng et al., 2022), or inherited as a genetic disease (Shore et al., 

2006). Early studies showed that Tie2+ cells are the source of ectopic bone formation in BMP-
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induced and genetic HO model (Lounev et al., 2009; Medici et al., 2010). However, as Tie2 is 

expressed by different cell types (Wosczyna et al., 2012), the authors did not uncover the exact 

identity of osteogenic progenitors. Notably, Tie2 labels a FAP subpopulation in steady state 

(Malecova et al., 2018), highlighting an unappreciated role of this particular FAP subset. A 

subsequent study by Wosczyna and colleagues revealed that in different Tie2+ cell subfractions, 

only non-endothelial and non-hematopoietic cells that express PDGFRα and Sca1, the two 

definitive markers of FAPs, contribute to heterotopic bone, suggesting a causal role of FAPs in 

HO pathogenesis (Wosczyna et al., 2012). We consolidated this notion by lineage tracing of a 

more reliable and specific Cre driver mouse model of muscle FAPs (PDGFRαCreERT2;tdTomato), 

demonstrating that muscle resident PDGFRα+ cells (i.e. FAPs) are indeed the source of osteogenic 

cells in heterotopic bone lesions (Eisner et al., 2020). Mechanistically, osteogenic differentiation 

of FAPs could be triggered by an altered local immune environment that leads to FAP 

accumulation and aberrant activation of osteogenic pathways. Muscle injury alone in mice with 

defective capability to clear FAPs (infiltrating monocyte/macrophage-null CCR2KO mouse) can 

occasionally cause HO (Eisner et al., 2020). Similarly, neurological HO induced by spinal cord 

injury (SCI) resulted in reduced FAP apoptosis and enhanced proliferation (Tseng et al., 2022). 

On the other hand, SCI exacerbated inflammatory response in injured muscle along the JAK/STAT 

axis through the secretion of OSM (Alexander et al., 2019; Torossian et al., 2017), and ablating 

phagocytic macrophages by clodronate injection conferred protection against neurological HO 

(Genêt et al., 2015). In summary, these studies reveal key interactions between FAPs and 

inflammatory cells in HO pathogenesis. 

A prevalent type of inherited HO is Fibrodysplasia Ossificans Progressiva (FOP), an 

autosomal dominant disease caused by bone morphogenetic protein (BMP) receptor ACVR1 
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R206H mutation (Hatsell et al., 2015; Shore et al., 2006). Similarly, it has been demonstrated that 

FAPs govern the pathogenesis of FOP in an activin-A-dependent manner, as systemic inhibition 

of activin-A reverses the HO phenotype (Lees-Shepard et al., 2018). Fate mapping of Mx1-Cre 

mouse, which labelled a fraction of muscle interstitial cells residing outside basal lamina (an 

anatomical location where FAPs are found) and are capable of adipogenic differentiation, revealed 

that the Mx1+ interstitial cells committed a chondrogenic fate and formed intramuscular ossified 

lesions (Dey et al., 2016). In the genetic model of FOP (Acvr1R206H-knockin mouse), FAPs were 

resistant to apoptosis after injury and they inhibited MuSCs differentiation in vitro (Stanley et al., 

2022). It is therefore reasonable to hypothesize that the prolonged presence of FAPs in an injury 

setting could force them to adopt an osteogenic fate, leading to FOP onset.  

 

1.3.3 FAP heterogeneity 

Prior to introduction of single cell technologies, limited studies had attempted to analyze 

FAP subsets with significant physiological implications. With the recent advancements in single 

cell omics in the past few years, we are now able to examine individual cells at transcriptomic, 

epigenomic and proteomic levels by using various single cell technologies, such as single cell and 

single nuclei RNA sequencing, single cell ATAC sequencing, and single cell mass cytometry. As 

a consequence, a plethora of studies in recent years utilized these techniques to decipher the roles 

and interactions of myogenic and non-myogenic cells in maintenance and regeneration of skeletal 

muscle. Two critical insights are that FAPs, previously defined by the co-expression of Sca-1 and 

PDGFRα, are a heterogeneous population. This means thatdifferent subpopulations emerge at 

distinct stages of regeneration and disease. Some FAP subsets are predisposed to differentiate into 

a specific lineage, suggesting that they may be the precursors of fibrofatty infiltration in disease 
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context. In this section, we summarize the FAP subpopulations existing in steady and activated 

states. It is worth noting that, despite the differences in naming conventions by different authors, 

such as fibroblasts, interstitial stromal cells (ISCs), mesenchymal stem cells, and mesenchymal 

progenitors (MPs), these cells are bona fide FAPs as reflected by their expression of the defining 

markers Sca-1 and PDGFRα in the lineage (CD31, CD45 and α7-integrin) negative fraction. 

 

1.3.3.1 Steady State 

The first study that demonstrated the heterogeneity and dynamics of FAPs in different 

stages using single cell technology was by Malecova and colleagues in 2018. Through flow 

cytometry and single cell RT-qPCR, they showed that in their uninjured state, FAPs can be 

segmented into Tie2high and Tie2low populations. Tie2high FAPs, which represent only 10% of the 

total population, are enriched in Igfbp5, Wnt11 and Bmp6, and displayed high activity in forming 

focal adhesion. In contrast, the transcriptional signature of Tie2low FAPs is associated with 

chemotactic ability. Similarly, analysis of the transcriptome of quiescent Hic1+ FAPs revealed that 

they can be divided into 2 subsets (FAP1 and FAP2) (Scott et al., 2019). FAP1 is characterized 

with the expression of Cxcl14 and numerous ECM-associated genes, such as Col15a1 and Col4a1, 

whereas FAP2 expresses high level of Dpp4, Pi16, Igfbp5 and Wnt2. Intriguingly, FAP2 are also 

high in Tek expression, gene encoding for Tie2 protein. This suggested that FAP2 and Tie2high 

FAPs could belong to the same family of FAP subset. A subsequent report by Oprescu et al. also 

confirmed the existence of Cxcl14+ and Dpp4+ FAPs in uninjured and 21 days post injury 

(resembling steady state) muscle that displayed very similar transcriptional signatures to FAP1 

and FAP2, respectively, further suggesting the existence of the two FAP subsets in skeletal muscle 

in steady state (Oprescu et al., 2020). Notably, Dpp4+ FAPs are present or overlap significantly 
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with a specific FAP subset reported in other single cell studies, including Tabula Muris Senis 

(Almanzar et al., 2020), Cd55+ FAPs (Fitzgerald et al., 2023), SCA-1high FAPs (Giuliani et al., 

2021), Gap43+ FAPs (Leinroth et al., 2022), interstitial progenitor cells (Yang et al., 2022), and 

ISC1 (Camps et al., 2020). The study by Camps and colleagues also unveiled a population of 

CD142+ FAPs (ISC2), which has the ability to regulate adipogenic differentiation by the release 

of GDF10/Bmp3b (Camps et al., 2020), deemed to be crucial in maintaining muscle integrity 

(Uezumi et al., 2021). Since CD142+ stromal cells have been found in adipose tissues and their 

ability to regulate adipogenesis has been well-documented in previous studies (H. Dong et al., 

2022; Merrick et al., 2019; Schwalie et al., 2018; Yang et al., 2022), it is therefore plausible to 

assume that CD142+ FAPs in muscle are also responsible for the same function. Additionally, the 

number of CD142+ FAPs in limb grindle muscular dystrophic mouse and Duchenne muscular 

dystrophic human patients has been found to be lower compared to healthy controls (Uezumi et 

al., 2021). This provides evidence for a possible connection between this specific FAP subset and 

the pathophysiology of muscular dystrophies.    

Similar degree of FAP heterogeneity is also seen in human. Single RNA sequencing of 

human muscle mononucleated cells revealed two FAP subpopulations, namely FBN1/PRG4+ FAPs 

and LUM+ FAPs (Rubenstein et al., 2020). Strikingly, these two human FAP subsets are also found 

in mice and are characterized by genes that largely overlap with the top differentially expressed 

genes in the corresponding mouse subpopulations, including Cd55 and Cxcl14, respectively. 

Further analysis fortified this hypothesis as their transcriptomic signatures are highly correlated to 

that of Dpp4+ and Cxcl14+ FAP subtypes in mouse (Fitzgerald et al., 2023). This finding is in 

conformity to another independent study (De Micheli, Spector, et al., 2020). Although the authors 

adopted  different terminology (fibroblast), cells belonging to the fibroblast 2 subset integrate into 
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the same cluster with Cd55+ FAPs (Fitzgerald et al., 2023), and express the defining FAP marker 

PDGFRα. The biological significance of this FAP subset that exists in both mouse and human 

remains largely elusive. 

1.3.3.2 Activated State 

In this section activated FAPs are referred to as those that have undergone changes 

triggered by any type of disturbance, such as acute or chronic injuries. By lineage tracing, a 

population of  ADAM12+ FAPs was identified as the fraction with greater tendency to differentiate 

into myofibroblast, but with limited adipogenic capacity (Dulauroy et al., 2012). Fate mapping 

further confirmed their role as the primary source of collagen-depositing cells in response to 

muscle injury. More recently, a pro-adipogenic FAP subset was discovered. This group of FAPs 

is marked by Mme (CD10), and was shown to be the predominant source of infiltrating adipocytes 

in skeletal muscle (Fitzgerald et al., 2023). Interestingly, Mme+ FAPs were also found to be more 

prone to apoptosis following the expansion phase (Fitzgerald et al. 2023). The differential 

vulnerability to apoptosis and the differing propensity for differentiation into a mature lineage of 

the two FAP subsets, collectively suggest that there may exist a FAP subpopulation that is 

preferentially preserved during the wave of apoptosis and more refractory to injury-induced pro-

differentiation signals. This implies that in chronic injuries such as DMD, other FAP 

subpopulations would have been diminished or terminally differentiated, while this presumed 

subset prevails, alluding to a possible disease-causing mechanism. 

Aside from those that are primed for differentiation, some FAPs also play crucial roles in 

regulating of the local environment after acute damage. A subset of FAPs upregulated 

immunomodulatory genes, such as Ccl7 and Cxcl5, was observed as soon as 12 hours post injury, 

before fading out within 3 days (De Micheli, Laurilliard, et al., 2020; Oprescu et al., 2020; Scott 
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et al., 2019). From 3.5 to 5 days post injury (dpi), Wisp1+ FAPs emerged and exhibited ECM 

remodeling capacity, by the expression of associated genes such as Postn, Adam12 and Acta2. At 

4 dpi, a small set of p16+/p21+/Acta2+ FAPs appeared and were believed to contribute to muscle 

regeneration by senescence-associated secretory phenotype (Saito et al., 2020; Takada et al., 

2022). Dlk1+ FAPs arose at 10 dpi with upregulated imprinting genes such as H19 and Igf2 

(Oprescu et al., 2020). At 21 dpi, Osr1+ FAPs showed up, and pseudotemporal analysis suggested 

that they bifurcate into Dpp4+ and Cxcl14+ FAPs, which are the two FAP subsets in unperturbed 

muscle (Oprescu et al., 2020). Since muscle is capable of regenerating after repeated round of 

damages once the previous injury has resolved, we reasoned that the trajectory forms a closed loop 

(Contreras et al., 2021), allowing Dpp4+ and Cxcl14+ FAPs, positioned at the ends of the 

trajectory, to be re-activated and aid in regeneration in future muscle insults.  

FAP diversity is also apparent in various disease conditions. For instance, a study by Farup 

et al. found that a subpopulation of CD90-expressing FAPs is enriched in human type 2 diabetic 

patients with muscle fibrosis (Farup et al., 2021). These FAPs were poised for ECM deposition as 

reflected by their pro-fibrotic transcriptional landscape. Similarly, in mdx mice, an animal model 

for the DMD, a subpopulation of VCAM1+ FAPs was found to be present (Malecova et al., 2018). 

VCAM1 expression in FAPs is nearly absent in uninjured muscle, but is strongly upregulated in 

response to injury, suggesting that VCAM1 may serve as an activation marker. Crucially, 

VCAM1+ FAPs from steady state mdx mouse muscle possess similar transcriptional profile as 

VCAM1+ FAPs from wildtype mice 3 days post damage, reflecting that FAPs in mdx mice adopted 

a chronic activation state that could contribute to DMD pathogenesis. This finding is corroborated 

by the fact that VCAM1+ FAPs in mdx mice express high level of pro-fibrotic genes such as 

Col1a1 and Adam12. Moreover, ectopic fat accumulation in the injured muscle of high fat diet-
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induced obese mice was found to originate from 2 small subsets of FAPs that respond to galectin-

3 secreted by macrophages, leading to the activation of PPARγ signaling and adipogenic 

differentiation (Takada et al., 2022). 

 

1.4 Dipeptidyl peptidase 4 

 Dipeptidyl peptidase 4 (EC:3.4.14.5, also known as CD26) is a 110kDa protease that can 

cleave a peptide at the N-terminal penultimate proline/alanine residue (Boonacker & Van Noorden, 

2003). It is expressed by multiple tissues and cell types in mammals, such as kidney, lung, liver in 

human (Biftu & SinhaRoy, 2017; Wu et al., 2016), and small intestine, T cells, and spleen in mouse 

(Wu et al., 2016). Because of its proteolytic property, DPP4 could regulate the biochemical activity 

and availability of a wide range of substrates (Boonacker & Van Noorden, 2003), with incretin 

hormones glucagon-like peptide-1 (GLP-1) being the most famous target (Gilbert & Pratley, 

2020). GLP-1 stimulates insulin secretion and suppresses glucagon production as an important 

means to regulate blood glucose level (Müller et al., 2019), hence DPP4-mediated GLP-1 cleavage 

would render it completely ineffective. As such, DPP4 inhibitors like sitagliptin are commonly 

prescribed for type 2 diabetes to control hyperglycemic condition (Ahrén, 2019). Inhibition of 

DPP4 activity also finds potential application in the field of stem cell transplantation for its role in 

coordinating the migration and engraftment of transplanted cells via the CXC chemokine receptor 

type 4-stromal cell derived factor 1α (CXCR4-SDF1α) signaling axis, as SDF1α is a substrate of 

DPP4 and is essential in cell chemotaxis (Christopherson et al., 2002, 2004). 

 DPP4 also participates in processes independent of its proteolytic function. For example, 

hepatic DPP4 promotes inflammation in visceral adipose tissue by inducing phosphorylation of 

components of caveolin-1 pathway (IRAK1 and TAK1), which in turn induces the expression of 
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ERK1/2 and NK-κB and hence results in inflammation (Ghorpade et al., 2018). DPP4 can function 

as costimulatory component of T cell activity by direct interaction with caveolin-1. 

DPP4/caveolin-1 binding results in caveolin-1 phosphorylation, which leads to IRAK1 and Tollip 

dissociation; dissociated IRAK1 then translocates to the cytosol of monocytes, where it activates 

NK-κB to upregulate the expression of cell surface CD86, and this enhances T cell proliferation 

in response to antigen stimulation (Ohnuma et al., 2005). Another binding partner of DPP4 is 

adenosine deaminase (ADA). DPP4 binding to ADA activates catalytic activity of ADA, 

promoting T cell activation and proliferation by lowering adenosine concentration, a metabolite 

that functions to inhibit T cell activation (R. P. Dong et al., 1996). On the other hand, it has been 

shown that ADA on antigen presenting dendritic cells could bind directly with DPP4 on T cell 

surface, which triggers costimulation and promotes an augmented T cell activation, producing 

more proinflammatory cytokine such as IFNγ, TNFα and IL-6 (Pacheco et al., 2005). 

 

1.5 Research Aim 

 While many of the in-silico studies reviewed above have demonstrated the existence of 

multiple FAP subsets, their physical presence in vivo, either by flow cytometry or histology, has 

yet to be confirmed. For example, there is no direct evidence that the two FAP subpopulations 

exist in steady state (Dpp4+ FAPs and Cxcl14+ FAPs).  In addition, whether or not distinct FAP 

subsets possess different biological functions or contribute to different pathological conditions 

remain largely elusive, as there lacks direct proof of functionality or pathogenicity. The lineage 

relationship between different FAP subtypes has yet to be resolved. Therefore, we sought to 

provide a comprehensive characterization of FAP subsets, and FAP2 identified in our previous 

study (Scott et al., 2019), has attracted our particular attention. Firstly, as detailed above, such 
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subpopulations were universally reported in multiple single cell studies across different platforms 

(CYTOF, droplet-based and FACS-based scRNAseq), hence it is unlikely an in-silico artifact. 

Secondly, Pi16 and Dpp4 were discovered to label a primitive fibroblast subtype in a fibroblast 

atlas (Buechler et al., 2021), which also happened to be two commonly used marker genes for the 

specific FAP subset. The fact that it is present across tissues could be indicative of important 

biological functions. Last, DPP4 was used in adipose tissue to identify the interstitial progenitor 

population of tissue-resident MSCs (Merrick et al., 2019). Critically, the authors performed 

transplantation and lineage tracing, providingcompelling experimental evidence that DPP4+ MSCs 

in fat give rise to mature adipocytes (Merrick et al., 2019; Stefkovich et al., 2021), which is the 

first-of-its-kind study that has validated its presence in vivo. Therefore, we reasoned that DPP4+ 

FAPs are present in skeletal muscle and is an equivalent cell type to DPP4+ MSCs in fat. We 

attempted to characterize this FAP subset to understand its role in the steady state muscle and upon 

injury. 
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Chapter 2: Methods 

2.1 Animals 

Animal maintenance and experimental procedures were conducted in accordance with the 

University of British Columbia Animal Care Committee guideline. Mice were housed under 12:12 

light-dark cycle in a pathogen-free facility. Food and water were provided ad libitum. C57BL/6J 

(JAX stock #000664), B6.129S4-Pdgfratm11(EGFP)Sor/J (PDGFRa-EGFP, JAX stock #007669), 

B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J (Rosa-DTA) and B6.Cg-Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J (Rosa-tdT, JAX stock #007909) mice were purchased from the Jackson 

Laboratory. DPP4CreERT2 mice are kindly provided by Patrick Seale (University of Pennsylvania). 

They were interbred with Rosa-DTA mice to yield DPP4CreERT2;DTA mice. 

PDGFRαCreERT2;tdTomato mice was produced by crossing PDGFRaCreERT2 mice, which is a gift 

from Brigid L.M. Hogan (Duke University), with Rosa-tdT mice. Cre recombination was induced 

by intraperitoneal (IP) injection of 0.3 mg tamoxifen (TMX, Sigma-Aldrich T5648) in 100μL of 

corn oil for 5 consecutive days (3 days for PDGFRαCreERT2;tdTomato mice). Mice administered 

with TMX were given at least 10 days of washout period before further experiments. Muscle injury 

was induced by intramuscular injection of 0.07μg Notexin snake venom (LATOXAN L8104) into 

the tibialis anterior (TA) muscle. All experimental mice were maintained on a C57BL/6 

background and were 2-6 months in age. Littermates of both sexes were randomly assigned to 

different experimental groups wherever applicable. No blinding was performed and no data was 

excluded. 
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2.2 Tissue preparation 

Mouse are euthanized by CO2 followed by cervical dislocation. Hindlimb muscles were 

carefully dissected, washed in cold PBS, and finely minced with a pair of scissors. The slurry was 

then digested in 4mL of Collagenase D (1.5 U/mL, Roche 11088882001)/Dispase II (2.4 U/mL, 

Roche 04942078001) with 10mM CaCl2 at 37°C with gently rocking for 1 hour, vortexing briefly 

every 15 minutes to ensure even digestion. The digestion was quenched with 40mL of cold FACS 

buffer (2% fetal bovine serum [FBS], 2mM EDTA in PBS). The solution was then sequentially 

filtered through 70μm (Falcon 352350) and 40μm (Falcon 352340) cell strainers, and centrifuged 

at 4°C at 500g for 10 minutes. Wash was discarded and cells were treated with ACK lysis buffer 

(Gibco A1049201) to remove contaminating red blood cells, incubated on ice for 5 minutes, and 

then quenched with 20mL cold FACS buffer. The lysate was centrifuged at 500g for 5 minutes 

and the pellet was resuspended in 3mL cold FACS buffer, and once again filtered through a 40μm 

cell strainer cap (Falcon 352235) and spun down. 

 

2.3 Flow cytometry (FC) and fluorescent activated cell sorting (FACS) 

Mononucleated cells were incubated with primary antibodies cocktail on ice for 30 

minutes. Detailed information of antibodies used can be found in table 2.1. To eliminate dead cells, 

cells were stained with 1μg/mL propidium iodide (PI, Sigma-Aldrich P4170) before sorting. 

Compensations and gating were performed using appropriate single colour controls and 

fluorescence minus one (FMO) for the first time the panel is developed, or when the separation of 

positive-negative population is not well-defined. FC was performed on CytoFLEX flow cytometer 

(Beckman Coulter) equipped with 5 lasers, and FACS was performed on Influx (BD), CytoFLEX 
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SRT (Beckman Coulter) or MoFlo Astrio EQ sorter (Beckman Coulter). Analyses were performed 

with CytExpert 2.4 (Beckman Coulter) or FlowJo 10.8.1 (BD). 

 

2.4 Cell culture 

Cells were grown in a 37°C incubator with 5% CO2. Sorted FAPs were cultured in high 

glucose DMEM (DMEM, Gibco 11965-092) supplemented with 10% FBS (Gemini 100-500 or 

Sigma-Aldrich F1051), 100U/mL Penicillin-Streptomycin (Gibco 15140-122), 1mM sodium 

pyruvate (Gibco 11360070), and 2.5ng/mL bFGF (Gibco 13256029). This is referred to as “growth 

media”. Cells were allowed to adhere in incubator for 3 days and fresh growth media were added, 

and either switched into differentiation media on the next day, or new fresh growth media were 

added every 3 days. FAPs stayed in fibrogenic differentiation medium, containing DMEM, 5% 

FBS and 1ng/mL human TGFβ (eBioscienceTM 14-8348-62) for 3 days. Adipogenic differentiation 

of FAPs was induced using mouse MesenCult™ Adipogenic Differentiation Kit (STEMCELL 

Technologies 05505). Half of adipogenic medium were refreshed every 2 days and cells were 

harvested after 5 days of adipogenic differentiation. Mouse fibroblast cell line C3H/10T1/2 (ATCC 

CCL-226) were cultured in DMEM supplemented with 10% FBS and 100U/mL 

Penicillin/Streptomycin.  

 

2.5 Limiting dilution analysis 

C3H 10T1/2 cells were irradiated with X-ray using an X-RAD 320 machine (Precision X-

ray) at a fixed dosage of 4000cGy, then seeded at 7000 cells/well density into individual well of 

96-well plates. Sorted FAPs were reconstituted to a concentration of 2 × 104 cells/100uL, and 

then serially diluted so that each well contain 2-250 cells. Fresh growth media were added every 
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3 days, and the number of wells with colonies formed at different density were counted after 10 

days.  Frequency of colony forming unit was estimated by single hit Poisson model (see Statistics). 

 

2.6 Immunocytochemistry 

Culture medium was aspirated, and cells were washed with PBS. They were then fixed 

with 4% paraformaldehyde (PFA, Sigma-Aldrich P6148) for 10 minutes and washed with PBS for 

3 times, followed by permeabilization/blocking in 3% donkey serum (Sigma-Aldrich S30-M), 4% 

MOM blocking reagent (V/V, Vector Laboratories BMK-2202), 0.3% Triton X-100 (V/V, Sigma-

Aldrich T8787) in PBS for 30 minutes. Cells were stained with primary antibody in the 

permeabilization/blocking buffer at 4°C overnight. On the second day, cells were washed with 

PBST for 3 times and incubated with fluorescent-conjugated secondary antibody in 

permeabilization/blocking buffer protected from light at RT for 1 hour. 

 

2.7 RNA isolation and RT-qPCR 

Total RNA from sorted or cultured cells was isolated using RNAzol® RT solution (Sigma-

Aldrich R4533) following manufacturer’s instruction. Reverse transcription was performed using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems 4368813). Gene 

expression analysis was performed using Taqman Gene Expression Assays on a Viia7 Real Time 

PCR system (Applied Biosystems). Taqman Acta2 (Mm01546133_m1), Col1a1 

(Mm00801666_g1), Col3a1 (Mm00802300_m1), Fn1 (Mm01256744_m1) probes were 

purchased from ThermoFisher Scientific. Relative gene expression was calculated by the ΔΔCt 

method normalized to hypoxanthine-guanine phosphoribosyltransferase (Hprt, 

Mm00446968_m1).  



34 

 

 

2.8 RNA sequencing 

Sample quality was assessed using the Agilent 2100 Bioanalyzer. RNA samples with an 

RNA Integrity Number > 8 were used to prepare libraries following the standard protocol for the 

TruSeq Stranded mRNA library kit (Illumina 20020595) on the Illumina Neoprep automated 

microfluidic library prep instrument. Paired-end sequencing was performed on the Illumina 

NextSeq 2000 using the NextSeq 100-cycles P3 Reagent Kit (Illumina 20040559). 

 

2.9 RNA-seq bioinformatics analysis 

Illumina base call files were de-multiplexed by bcl2fastq2 (v. 2.20) on Basespace. Adaptor 

sequences were trimmed and low-quality reads (< 35 base pairs) were discarded. Additionally, 

Bowtie was used to remove read pairs that aligned against abundant sequences. Demultiplexed 

read sequences were then aligned to the mm10 genome reference using STAR aligner. The number 

of aligned reads to each annotated gene was tallied with RnaReadCounter to generate read-count 

matrices for all samples, which were used as inputs for downstream analyses. Bowtie, STAR, and 

RnaReadCounter are tools built under RNA-Seq Alignment (v 1.1.1). Downstream analyses of 

read-count data were performed in R (v 4.2.2). Genes with less than 2 counts per million (CPMs) 

in at least three samples were filtered out. Filtered counts were processed and analyzed using 

DESeq2 (v 1.38.2) (Love et al., 2014). This included count normalization, principal component 

analysis (PCA), and differential expression analysis. Over representation analysis was performed 

using DAVID (v 2021) (Huang et al., 2009; Sherman et al., 2022) with all significant genes 

considered to inform enriched biological processes under Gene Ontology (GO DIRECT). Bars 
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associated with top enriched GO terms reflect log-transformed adjusted P-values. All P-values 

were adjusted by Benjamini-Hochberg correction. 

 

2.10 Single cell RNA-seq analyses 

Publicly available single cell RNA-seq datasets were directly downloaded from the Gene 

Expression Omnibus (GEO), a genomics data repository commonly used alongside publications. 

These published datasets include GSE110037 (Scott et al., 2019), GSE138826 (Oprescu et al., 

2020), and GSE143437 (De Micheli, Laurilliard, et al., 2020). As the data were previously aligned 

by the respective research groups, we extracted and loaded gene-barcode matrices into R (v. 4.1.2). 

Data processing and differential expression analysis were performed using the Seurat R package 

(v.4.1.1) (Hao et al., 2021). Filtering of data is performed in two rounds. Firstly, genes that are not 

expressed in at least 3 cells and cells that do not express at least 200 genes are removed. Secondly, 

quality control is enforced to isolate viable singlets based on two parameters: 1) the number of 

unique molecular identifiers (UMIs or unique sequences incorporated into transcripts during 

library generation to minimize PCR amplification bias); 2) the proportion of mitochondrial UMIs 

per cell (“percent.mt”). “Cells” with high UMI counts are likely “doublets” generated during gel-

in-emulsion (GEM) formation where multiple cells are incorporated into the same gel droplet, 

whereas those with low UMI counts are likely empty droplets filled with ambient RNA. 

Additionally, “cells” with high percent.mt are likely non-viable as mitochondrial RNA tends to be 

more stable than nuclear RNA when cells lyse. Both of these parameters are tailored to each 

respective dataset. scTransform-based normalization was performed as described in the published 

vignette (Hafemeister & Satija, 2019) with top 3000 variable genes selected. “Percent.mt” was 
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regressed out to minimize cell clustering by cell quality. To avoid batch variation, Seurat’s 

“integration” approach is adopted to identify cells of similar biological states. This is applied to 

datasets of the same time point across the three studies or datasets of all time points but within the 

same study. The number of principal components (PCs) used for Louvain clustering and uniform 

manifold approximation and projection (UMAP) was determined by the inflection point of 

variances accounted by PCs (~20 PCs). Clusters were grouped into distinct annotated subsets as 

advised by identity markers reported in past literature. Differential gene expression is performed 

with Wilcoxon rank sum test with p-value adjustments by Bonferroni’s correction. 

 

2.11 Immunohistochemistry staining 

Tissues were drop-fixed in 4% PFA in PBS overnight with constant shaking at 4°C. They 

were then switched to 30% sucrose solution before frozen in Tissue-Tek O.C.T. compound (Sakura 

4583) in liquid nitrogen-cooled isopentane. 10μm tissue cryosections were prepared using a Leica 

cryostat. Cryosections were equilibrated to room temperature, rehydrated in PBS, and 

permeabilized in 0.5% Triton X-100/100mM glycine in TBS for 10 minutes. They were then 

blocked in 2% bovine serum albumin (w/V, Sigma-Aldrich A7906), 5% normal goat serum 

(GeneTex GTX73249) (or donkey serum) and 4% MOM blocking reagent, 0.1% Tween 20 (V/V, 

Sigma-Aldrich P1379) in TBS for 1 hour at RT. Sections were then stained in primary antibodies 

without the MOM reagent at appropriate dilution overnight in 4°C. On the second day, sections 

were rinsed with TBST and incubated with fluorescent-conjugated secondary antibodies in dark at 

RT for 1 hour. Nuclei were counterstained with 600nM DAPI (Invitrogen D3571). Slides were 

mounted with Fluoromount-G® reagent (Southern Biotech 0100-01). Imaging was performed with 

Nikon Eclipse, Echo Revolve, or Zeiss LSM900 Confocal microscope. 
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2.12 Image analysis 

Image quantification was performed in ImageJ (NIH) software. Number of cells within a 

field was calculated by thresholding followed by watershed function in the DAPI channel. 

Adipogenicity was quantified by averaging the percentage of perilipin+ cells over all nuclei in 3 

random fields and 2 technical replicate wells.  

 

2.13 Statistical analysis 

Statistical analyses were performed in Prism 9 (GraphPad). Limiting dilution analysis was 

performed on a web interphase developed by Walter and Eliza Hall Institute of Medical Research, 

Melbourne, Australia (https://bioinf.wehi.edu.au/software/elda/) (Hu & Smyth, 2009). 

 

Antibody Fluorophore Clone Dilution Provider Cat number 

Anti-CD31 eFluor™ 450 390 1:500 eBioscience™   48-0311-82 

Anti-CD31 APC 390 1:500 eBioscience™   17-0311-82 

Anti-CD45 eFluor™ 450 30-F11 1:500 eBioscience™   48-0451-82 

Anti-CD45 APC 30-F11 1:500 eBioscience™   17-0451-83 

Anti-Ly-6A/E (Sca-1) FITC D7 1:1000 eBioscience™   11-5981-81 

Anti-Ly-6A/E (Sca-1) PE-Cyanine7 D7 1:4000 eBioscience™   25-5981-82 

Anti-Ly-6A/E (Sca-1) APC D7 1:2000 eBioscience™   17-5981-83 

Anti-DPP4 APC H192-112 1:200 Biolegend 137807 

Table 2.1 List of antibodies used in flow cytometry 

Antibody Fluorophore Clone Dilution Provider Cat number 

Anti-DPP4 
 

Polyclonal 1:200 R&D System AF954 

https://bioinf.wehi.edu.au/software/elda/
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Anti-Laminin 
 

Polyclonal 1:200 Abcam ab11575 

Anti-Laminin 
 

Polyclonal 1:200 Abcam ab11576 

Anti-LYVE1 
 

EPR21771 1:200 Abcam ab218535 

Anti-Perilipin 
 

Polyclonal 1:200 Sigma Aldrich P1873 

Anti-Alpha-Smooth Muscle Actin 
 

1A4 1:200 Invitrogen 14-9760-82 

Goat anti-Rabbit IgG (H+L)  

Cross-Adsorbed Secondary Antibody 

Alexa Fluor™ 

568 

Polyclonal 1:1000 Invitrogen A11011 

Goat anti-Rabbit IgG (H+L) Highly  

Cross-Adsorbed Secondary Antibody 

Alexa Fluor™ 

647 

Polyclonal 1:1000 Invitrogen A21245 

Goat anti-Rat IgG (H+L)  

Cross-Adsorbed Secondary Antibody 

Alexa Fluor™ 

647 

Polyclonal 1:1000 Invitrogen A21247 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary Antibody 

Alexa Fluor™ 

405 

Polyclonal 1:1000 Invitrogen A31556 

Donkey anti-Rabbit IgG (H+L) Highly  

Cross-Adsorbed Secondary Antibody 

Alexa Fluor™ 

488 

Polyclonal 1:1000 Invitrogen A21206 

Donkey anti-Goat IgG (H+L)  

Cross-Adsorbed Secondary Antibody 

Alexa Fluor™ 

647   

Polyclonal 1:1000 Invitrogen A21447 

Donkey Anti-Rat IgG H&L  

(Alexa Fluor® 647) preadsorbed 

Alexa Fluor® 

647 

Polyclonal 1:1000 Abcam ab150155 

Table 2.2 List of antibodies used in immunofluorescence staining 
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Chapter 3: Results 

3.1 Dpp4 marks a distinct FAP subset by single cell RNA sequencing 

We first performed integrated analysis using three publicly available single cell RNA 

sequencing datasets of skeletal muscle that span different stages of muscle regeneration (Figure 

1A-C). In each of the dataset, we subset only the mesenchymal stromal cells (MSCs), defined by 

the cell clusters co-expressing Pdgfra and Ly6a and re-clustered them. We performed differential 

gene analysis, and discovered that Dpp4, Pi16 and Cd55 were enriched in a subset of mesenchymal 

stromal cells. The expression patterns of these 3 genes are clearly distinct from Cxcl14, Mme and 

Vcam1, which were being used to identify other mesenchymal subpopulations in literature 

(Fitzgerald et al., 2023; Malecova et al., 2018; Oprescu et al., 2020) (Figure 1D-F). We further 

integrated all mesenchymal cells in resting stage (D0) from three datasets and performed re-

clustering (Figure 1G). Clustering analysis identified a common group of mesenchymal stromal 

cells (clusters 1, 3, and 5) co-expressing Dpp4, Pi16 and Cd55 (Figure 1H), indicating that Dpp4 

is a conserved marker for this specific FAP subset.  
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Figure 3.1 DPP4 marks a distinct FAP subset by single cell RNA sequencing 

(A-C) Single cell RNA sequencing data of skeletal muscles at different timepoint post injury from 

(A) Scott et al., (B) Oprescu et al., and (C) De Micheli et al.  

(i) UMAP plot coloured by the timepoint after injury depicting shared biological states across 

timepoints after batch correction 

(ii) UMAP plot coloured by unsupervised Louvain clustering of cells highlighting the similarity 

of biological states captured throughout the regeneration cascade 

(iii) Expression pattern of Pdgfra and (iv) Ly6a reveals the clusters corresponding to mesenchymal 

stromal cells (circled in red). Expression values represent SCT-normalized transcript counts with 

maximum threshold set to the 95th percentile across all cells. 

(D-F) (i) UMAP plot of only FAPs subset from the original dataset revealing heterogeneity within 

cells. Analysis of the expression patterns of (ii) Dpp4, (iii) Pi16, (iv) Cd55, (v) Cxcl14, (vi) Vcam1, 

and (vii) Mme by FAPs at single cell resolution during muscle regeneration in the three datasets 

(G) UMAP plot of the integration of murine Pdgfra+/Ly6a+ mesenchymal stromal cells in 

uninjured skeletal muscle from the three datasets, colour coded by the source of the dataset 

(H) (i) UMAP plot showing the unsupervised clustering of the integrated dataset reveals a group 

of cells that co-express (ii) Dpp4, (iii) Pi16 and (iv) Cd55 at single-cell level. 
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3.2 Prospective isolation and characterization of DPP4+ FAPs in steady state skeletal 

muscles 

We next sought to confirm the physical presence of DPP4+ FAPs at steady state muscle, 

since it has only been shown as a transcriptionally distinct set of cells without direct proof of 

existence. By flow cytometry, we identified DPP4+ FAPs as CD31-CD45-Sca1+DPP4+ cells in 

steady state skeletal muscle, which constitutes approximately 45% of all FAPs (Figure 2A). We 

complemented the results by immunohistochemical staining. DPP4 signals colocalized with 

PDGFRα-EGFP across the tibialis anterior (TA) muscle sections in interstitial space (Figure 2B), 

again confirmed the presence of DPP4+ FAPs in physiological condition.  

To further validate that the DPP4+ FAPs we identified here are equivalent to the FAP subset 

identified in our previous single cell RNA sequencing study (Scott et al., 2019), we FACS-isolated 

DPP4+ and DPP4- FAPs and performed bulk RNA sequencing. Principal component analysis 

(PCA) reflected that the majority of the differences can be explained by sorting strategy where 

DPP4+ FAPs exhibit a clear distinction in transcriptome compared to DPP4- FAPs (Figure 2C). 

DESeq2 revealed differentially expressed genes (DEGs) between DPP4+ and DPP4- FAPs, which 

significantly overlapped with the reported DEGs in the previous study (Figure 2D). In particular, 

Dpp4, Pi16 and Cd55, the three genes that were used as markers for this specific MSC subset in 

literature, were upregulated in FACS-isolated DPP4+ FAPs, while Cxcl14 and Mme, two genes 

used to identify the other resting stage FAP subpopulation, were downregulated in DPP4+ FAPs 

(Figure 2E). Intriguingly, we also noticed that Ly6a (the gene encoded for SCA1) was upregulated 

in DPP4+ FAPs (Figure 2E). This was independently confirmed in flow cytometry (Figure 2F), 

which linked this subset to SCA-1high FAPs previously identified by mass cytometry (Giuliani et 

al., 2021). Top 10 DEGs in DPP4+ and DPP4- FAPs were shown in the heatmap below (Figure 
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2G-H). Collectively, we demonstrated that DPP4+ FAPs are present in skeletal muscle, and are 

congruent to a specific FAP subset identified in past single cell RNA sequencing studies.  

  



44 

 

 

 



45 

 

Figure 3.2 Prospective isolation and characterization of DPP4+ FAPs in steady state skeletal muscles 

(A) Gating strategy to identify DPP4+ FAPs in steady state skeletal muscle. Cells were identified 

based on forward/side scatter, and singlets were selected for downstream analysis. CD31 and 

CD45 were used to exclude mature endothelial and hematopoietic cells (Lin), respectively, and 

propidium iodide (PI) was used to remove dead cells. DPP4+ FAPs were identified as DPP4+ cells 

out of the Lin- Sca1+ fraction. The gating for DPP4+ FAPs is drawn based on fluorescence minus 

one (FMO) control. 

(B) Immunofluorescence staining of TA cross section from a PDGFRα-EGFP mouse. Yellow 

arrows indicate overlap of DPP4 and EGFP (FAPs) signals, and red arrows indicate FAPs that are 

negative for DPP4. Myofibers were shown by autofluorescence in FITC channel. Scale bar: 50 

μm.  

(C) PCA analysis of sorted DPP4+ and DPP4- FAPs from uninjured C57BL/6J mice. Each dot 

represents biological replicate.  

(D) Venn diagram showing the common differentially expressed genes in DPP4+ FAPs from bulk 

and single cell RNA sequencing. 

(E) Expression levels of selected genes from bulk RNA sequencing. The defining marker for FAP 

Pdgfra is included as reference. Gene expression levels are the regularized log-transformed counts 

normalized by DEseq2. # P < 0.05. N.s.: not significant. Normalized expression level and adjusted 

p-value for the genes listed here can be found in Table 3.1 and Table 3.2 respectively. 

(F) Histogram of SCA-1 expression level in FAPs with DPP4+ and DPP4- FAPs overlayed on top 

(G, H) Heatmap showing the top 10 (G) upregulated and (H) downregulated genes in DPP4+ FAPs 
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3.3 DPP4+ FAPs retain bi-lineage differentiation potentials 

FAPs were known for their ability to spontaneously differentiate into both mature 

adipocytes and fibroblasts. However, it is not known whether specific FAP subsets would possess 

different lineage potentials. To this end, we examined the lineage potentials of DPP4+ FAPs by 

single cell differentiation assay. Single DPP4+ and DPP4- FAPs were purified by FACS and 

directly seeded on top of a feeder layer consisted of growth-arrested C3H 10T1/2 fibroblast, and 

allowed to proliferate and differentiate under standard growth condition (Figure 3A). FAPs were 

stained against αSMA and PLIN1 to assess their fibrogenic and adipogenic differentiation 

potential, respectively. We observed both DPP4+ and DPP4- FAPs were able to form fibroblasts 

and adipocytes spontaneously in standard growth media (Figure 3b). Therefore, both DPP4+ and 

DPP4- cells are bipotent fibroadipogenic progenitors in skeletal muscle. 
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Figure 3.3 DPP4+ FAPs retain bi-lineage differentiation potential 

(A) Schematic diagram of the experimental design. Single DPP4+ or DPP4- FAPs were sorted 

directly on top of irradiated C3H fibroblast feeder layer. 

(B) Immunofluorescence staining revealed both DPP4+ and DPP4- FAPs retained potential to 

spontaneously differentiate into αSMA+ mature fibroblast (left) and PLIN+ adipocyte (right). Scale 

bar: 100μm. 
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3.4 DPP4+ FAPs possess higher clonogenicity 

We next assayed the clonogenicity of DPP4+ FAPs by limiting dilution analysis.  We sorted 

DPP4+ and DPP4- FAPs from tamoxifen-treated PDGFRαCreERT2-tdTomato mice so that all FAPs 

were labelled by tdTomato fluorescent protein. Isolated cells were two-fold serially diluted so that 

each replicate well contain 2 to 250 cells. They were allowed to expand for 10 days on top of C3H 

10T1/2 fibroblast feeder layer. Wells with tdTomato+ FAP colonies, defined as >32 cells, were 

counted (Figure 4A-B). Single-hit Poisson model estimated the frequency of colony-forming unit 

(CFU) in DPP4+ FAPs to be 11.6%, which is 2.5-fold higher than that of DPP4- FAPs (Figure 4C-

D). Hence, DPP4+ FAPs have higher clonogenicity. 
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Figure 3.4 DPP4+ FAPs possess higher clonogenicity 

(A, B) Representative fluorescence microscopy images of colonies developed from (A) DPP4+ and 

(B) DPP4- FAPs. Nuclei were counterstained with Hoechst 33342. Scale bar: 100 μm. 

(C) Representative figure for estimation of the frequency of CFU in DPP4+ and DPP4- FAPs. 

(D) Quantification of CFU frequency of DPP4+ and DPP4- FAPs. N = 6. * P < 0.05 (two-tailed 

paired t test). 
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3.5 DPP4+ FAPs display distinct adipogenic profile in vitro 

Having demonstrated that both DPP4+ and DPP4- FAPs are capable of differentiating into 

adipocytes and fibroblasts, we move on to identify whether or not they would preferentially 

differentiate into one of the specific lineages under induction conditions. We treated FACS-

isolated DPP4+ and DPP4- FAPs with TGFβ which drove them to commit to fibrogenic lineage. 

Consistent with previous reports, we observed robust fibrogenesis, as seen by the αSMA+ stress 

fibers formation (Figure 5A-B). We compared the expression level of fibrogenic signature genes, 

namely Fn1, Col1a1, Col3a1, Acta2, and Ctgf, by RTqPCR. TGFβ-treated cells expressed a higher 

level of fibrogenic genes as anticipated; however, we did not observe a significant difference in 

the expression level between TGFβ-treated DPP4+ and DPP4- FAPs (Figure 5C). Therefore, both 

of them are similarly prone to fibrogenesis in vitro. We also induced adipogenic differentiation of 

DPP4+ and DPP4- FAPs. Similarly, we noticed pronounced intracellular fat droplets accumulation 

labelled by PLIN1 (Figure 5D-E). In contrast to fibrogenic differentiation, we found that DPP4+ 

FAPs exhibited stronger propensity towards adipogenesis, as 83.4% of cells DPP4+ FAPs 

committed to the adipogenic fate, while only 49.4% of DPP4- FAPs-derived cells were PLIN1+ 

(Figure 5F). Importantly, in both conditions, we noticed that DPP4+ FAPs had a higher rate of 

proliferation (Figure 5G). This is consistent with the reported characteristics of DPP4+ interstitial 

progenitors in adipose tissue (Merrick et al., 2019), once again suggesting that DPP4+ FAPs could 

be an equivalent cell type of adipose tissue interstitial progenitors in muscle. 
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Figure 3.5 DPP4+ FAPs display distinct adipogenic profile in vitro 

(A-B) Immunofluorescence staining of TGFβ-treated (A) DPP4+ and (B) DPP4- FAPs against 

αSMA. Scale bar: 100 μm. 

(C) Expression level of selected fibrosis marker genes. Gene expression levels were first 

normalized to Hprt, and 2^(-ΔΔCt) values were computed by comparing to that of DPP4+ FAPs in 

control condition. * P < 0.05. ** P < 0.01 (RM two-way ANOVA with Geisser-Greenhouse 

correction. Multiple comparisons were performed using Šidák’s multiple comparisons test). 

(D, E) Immunofluorescence staining of (D) DPP4+ and (E) DPP4- FAPs in adipogenic condition 

against PLIN1. Scale bar: 100 μm. 

(F) Quantification of percentage of differentiated FAPs. N = 4. * P < 0.05 (two-tailed paired t test).  

(G) Quantification of cells in 12 randomly selected fields from DPP4+ and DPP4- FAP cultures 

treated with fibrogenic/adipogenic media. **** P < 0.0001 (unpaired t test). 

  



55 

 

3.6 DPP4+ FAPs are the precursors of DPP4- FAPs in vitro 

We next sought to define the lineage relationship between DPP4+ and DPP4- FAPs. We 

FACS-purified DPP4+ and DPP4- FAPs, and cells were either immediately reprofiled for DPP4 

expression by flow cytometry, or subjected to in vitro culture and were harvested 7 days later by 

trypsinization. Cultured FAPs were re-stained with antibodies for flow cytometry. 95.8% and 

0.95% of freshly isolated DPP4+ and DPP4- FAPs were positive for DPP4, confirming the purity 

of the FACS strategy (Figure 6A-B). After 7 days of culture, we observed a marked reduction of 

DPP4+ cells in cultured DPP4+ FAPs with only 32.8% of cells retaining DPP4 expression (Figure 

6C). On the contrary, we did not notice a significant increase in the incidence of DPP4+ cells from 

the DPP4- FAPs culture (Figure 6D). Collectively, these in vitro cultures suggested that there is a 

unidirectional flux of DPP4+ FAPs to DPP4- FAPs.  
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Figure 3.6 DPP4+ FAPs are the precursor of DPP4- FAPs in vitro 

(A-D) Representative flow cytometric analysis of DPP4 expression profile from (A) freshly 

isolated DPP4+ FAPs, (B) freshly isolated DPP4- FAPs, (C) cultured DPP4+ FAPs, and (D) 

cultured DPP4- FAPs. 

(E) FMO control of DPP4 re-staining for (C) and (D) 

(F) Quantification of DPP4 expression by flow cytometry in freshly isolated and cultured DPP4+ 

and DPP4- FAPs. N = 6 for DPP4+ FAPs and n = 4 for DPP4- FAPs. N.s.: not significant. **** P 

< 0.0001 (ordinary one-way ANOVA with Šidák’s multiple comparison test). 
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3.7 DPP4+ FAPs form the niche of skeletal muscle self-renewing resident macrophages 

After characterization of DPP4+ FAPs in vitro, we next attempt to understand their 

functions in steady state skeletal muscle. Recently, we found a population of skeletal muscle self-

renewing resident macrophages (SRRMs) defined by TIM4 and LYVE1 expression 

(Babaeijandaghi, Cheng, et al., 2022). CSF1 signaling is critical for macrophage survival and 

proliferation (Lavin et al., 2015; Ryan et al., 2001), and depletion of SRRMs by CSF1R inhibition 

resulted in accumulation of necrotic fibers (Babaeijandaghi, Cheng, et al., 2022). Importantly, we 

found FAPs to be the only source of CSF1 in skeletal muscle (Figure 7A) (Babaeijandaghi, 2021). 

This raised a possibility that FAPs could play key roles in regulating the survival and activity of 

SRRMs. However, we observed a two-fold higher number of FAPs than LYVE1+ SRRMs (Figure 

7B) in skeletal muscle, which does not support the hypothesis that FAPs form the niche for 

SRRMs, as the number of niche cell is often limiting (Scadden, 2006). This in turn suggests that a 

subpopulation of FAPs, but not all FAPs, could form the niche of SRRMs. Intriguingly, upon 

analysis of the transcriptomic profiles of Csf1-expressing FAPs, we found that Dpp4 to be 

upregulated in this subset (Figure 7C). This suggested that DPP4+ cells could be the subset of FAPs 

that serve as the niche for SRRMs. Indeed, we examined the number of DPP4+ FAPs and compared 

it to LYVE1+ SRRMs and found that they are similar in number (Figure 7D). Histological analysis 

revealed that, despite only 34.8% of FAPs express DPP4, the majority of FAPs (60.0%) with 

LYVE1+ SRRMs in close vicinity are DPP4-positive (Figure 7D-E). The over-representation of 

DPP4+ FAPs in all Csf1-expressing cells (i.e. FAPs) that reside adjacent to SRRMs strongly 

suggested that they are the key contributor of CSF1 for survival of SRRMs, hence placing them a 

well-suited candidate as the niche component. 
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Figure 3.7 DPP4+ FAPs form the niche of skeletal muscle self-renewing macrophages 

(A) Expression of Csf1 in different muscle resident cell populations assessed by droplet digital 

PCR (n = 8 mice for FAPs, n = 5 mice for the other populations, Brown-Forsythe and Welch 

ANOVA tests). ** P < 0.01. Adapted from Dissecting the role of innate immunity in muscle 

regeneration (Babaeijandaghi, 2021). 

(B) The number of LYVE1+ SRRMs and PDGFRa-EGFP+ FAPs in TA muscle sections. N = 5. ** 

P < 0.01 (paired t-test). 

(C) Heatmap showing upregulated differentially expressed genes in Csf1 expressing FAPs. 

Adapted from Dissecting the role of innate immunity in muscle regeneration (Babaeijandaghi, 

2021). 

(D) The number of LYVE1+ SRRMs and PDGFRα-EGFP+/DPP4+ FAPs in TA muscle sections. 

N = 5. N.s.: not significant (paired t-test). 

(E) Immunofluorescence staining of LYVE1+ SRRMs and PDGFRa-EGFP+/DPP4+ FAPs in TA 

sections. Scale bar: 50 μm. 

(F) Quantification of the percentage of DPP4+ cells among all FAPs (PDGFRa-EGFP+) or among 

PDGFRa-EGFP+ FAPs with LYVE1+ SRRMs in close vicinity. N = 5. * P < 0.05 (paired t-test). 
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3.8 DPP4CreERT2-DTA transgenic mouse model revealed the necessity DPP4+ cells 

We last attempted to understand the role of DPP4+ FAPs in muscle regeneration by taking 

advantage of a newly developed DPP4CreERT2 transgenic mouse model (Figure 8A) (Stefkovich et 

al., 2021). We introduced the diphtheria toxin fragment A (DTA) transgene into their genome 

under the control of Rosa26 locus. Upon Cre induction, the floxed-STOP cassette is excised and 

will result in DTA expression in Cre-expressing cell, leading to a specific ablation of that cell type 

(Figure 8B). Indeed, 14 days after tamoxifen induction, we observed a lower proportion of DPP4+ 

FAPs (20.2% vs. 45% in wildtype animals) in steady state skeletal muscle, suggesting the ablation 

strategy effectively eliminated DPP4-expressing cell (Figure 8C). We next moved on to test if 

DPP4+ FAPs ablation would have any effect on muscle regeneration by comparing injured mice 

between control and ablated group 14 days after injury (Figure 8D). However, we observed 

massive weight loss in all mice with DPP4+ cells depleted compared with the wildtype littermates 

(Figure 8E-F), which required us to euthanize most of the mice in compliance to the animal ethics 

protocol. Nonetheless, this experiment strongly suggests an absolute necessity of DPP4+ cells in 

vital functions. 
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Figure 3.8 DPP4CreERT2-DTA transgenic mouse model revealed the necessity DPP4+ cells 

(A) Schematic of DPP4-CreERT2 mouse line. Adapted from Dpp4+ interstitial progenitor cells 

contribute to basal and high fat diet-induced adipogenesis (Stefkovich et al., 2021). 

(B) Schematics of DPP4-CreERT2 driven DTA expression. 

(C) Representative flow cytometry analysis of DPP4-expressing cells depletion efficiency. Left: 

Tamoxifen-treated DPP4CreERT2-DTA mouse. Right: FMO control for DPP4 staining of the 

same mouse. N = 2. 

(D) Experimental scheme. Mice received one dose of tamoxifen IP per day for 5 consecutive days, 

waited for 10 days for wash out before injuring the left TA with notexin. Mice were harvested 14 

days post injury, which is 28 after the first dose of tamoxifen injection. 

(E) Weight of WT and DTA mice before tamoxifen induction (D0) and at experimental endpoint 

(28 days after induction, 14 days after notexin injury). N = 16 for WT and N = 14 for DTA group. 

N.s.: not significant. **** P < 0.0001 (RM two-way ANOVA with Šidák’s multiple comparison 

test). Box-and-whisker plot indicates the maximum and the minimum value of the data. 

(F) Percentage weight change of WT and DTA mouse before notexin injury (D14) and 14 days 

after injury (D28, refer to Fig. 8C for time point indication) compared to pre-tamoxifen induction. 

N = 7-16. N.s.: not significant. **** P < 0.0001 (Mixed-effects analysis with Šidák’s multiple 

comparison test). Box-and-whisker plot indicates the maximum and the minimum value of the 

data. 
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259C5_NEG 259C6_NEG 259C7_NEG 259C5_POS 259C6_POS 259C7_POS 

Dpp4 9.68741993 9.61301242 9.31684118 12.2729328 11.9986082 11.7338898 

Pi16 14.5667058 14.6001536 14.963559 16.1796839 16.6088748 16.4869574 

Cd55 10.8838178 10.8788044 10.7615217 11.8565849 11.5492942 11.475223 

Cxcl14 14.9023299 14.9747161 14.9353086 13.4808971 13.8064402 13.7676886 

Mme 10.5924634 10.3027178 10.0508912 9.6198616 9.10812381 8.77035611 

Ly6a 14.1687915 14.230836 14.2956653 14.5970553 14.8385468 14.7684231 

Pdgfra 14.6884146 14.5315444 14.4977642 14.5660561 14.2389542 14.1822753 

Table 3.1 DESeq2 normalized expression level of selected genes from bulk RNA sequencing 

 

baseMean log2FoldChange lfcSE stat pvalue padj 

Dpp4 3370.27788 4.19171412 0.26573779 15.7738728 4.71E-56 2.50E-53 

Pi16 68967.4973 2.73942938 0.23974883 11.4262469 3.09E-30 4.94E-28 

Cd55 2639.10677 1.30344374 0.18492208 7.0486106 1.81E-12 7.15E-11 

Cxcl14 24643.0939 -1.981299 0.17448082 -11.355397 6.97E-30 1.08E-27 

Mme 1058.70057 -1.9010169 0.3799435 -5.00342 5.63E-07 1.02E-05 

Ly6a 23746.7878 0.8021741 0.14056522 5.70677495 1.15E-08 2.75E-07 

Pdgfra 22767.1202 -0.3680057 0.19259462 -1.9107787 0.05603303 0.19531226 

Table 3.2 Differential expression analysis of selected genes by DESeq2 
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Chapter 4:  Discussion 

Emerging evidence from single cell studies in recent years continued to reveal the intrinsic 

heterogeneity within muscle FAPs. However, it is not known whether or not those subsets mostly 

arisen from performing unsupervised clustering and dimensionality reduction, are identifiable by 

current techniques, let alone if they possess any biological relevance. Here, we described and 

characterized a new subpopulation of muscle-resident fibroadipogenic progenitors labelled by 

DPP4 expression. By integrated analysis, we confirmed that Dpp4+ FAPs from 3 different dataset 

that span different timepoints over the course of muscle regeneration are transcriptionally similar 

(Fig 1). In addition, accumulating experimental evidence from mesenchymal stromal cells in other 

organs, especially in heart (Soliman et al., 2020) and in fat (Merrick et al., 2019), which are defined 

by a very similar set of surface antigen profile in flow cytometry (CD31-/CD45-/Sca1+) to that of 

muscle FAPs, could be fractionated in DPP4+ and DPP4- populations. This significantly raised our 

confidence in attempting to purify this subset of cells by conventional flow cytometry and 

immunofluorescence staining in order to perform further characterizations. Indeed, we 

successfully isolated DPP4+ FAPs from skeletal muscles by FACS, with bulk RNA sequencing 

confirming that the transcriptomic profile of DPP4+ FAPs largely overlaps with those Dpp4+ FAP 

subsets postulated in single cell studies (Fig 2D). Immunofluorescence staining further confirmed 

the existence of two distinct FAP subpopulations in skeletal muscle, and excluded the possibility 

of DPP4- FAPs as an artifact inadvertently introduced during the enzymatic digestion for flow 

cytometry and FACS. 

We next moved on to comprehensively characterize this new subset of DPP4+ FAPs via an 

array of biological assays. We first tested if DPP4+ and DPP4- FAPs would possess different 

lineage potential by using a single cell differentiation assay. Both populations were able to 
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spontaneously differentiate into adipocytes and contractile myofibroblasts (Figure 3B), indicating 

that DPP4+/- fractionation does not alter their identity as fibroadipogenic progenitors. In the 

meantime, we attempted to compare the clonogenicity of DPP4+ and DPP4- FAPs in the same 

assay. However, there could be a considerable proportion of cell culture wells that did not have a 

single cell deposited during FACS. Coupled with the inherent difficulty for a single cell to 

repopulate without the trophic support from adjacent cells, even in the presence of a feeder layer, 

the number of wells containing colonies outgrown from the deposited single DPP4+/- FAP remain 

too low (data not shown) to confidently deduce the actual frequency of colony-forming unit (CFU) 

in each of the population. Instead, we utilized a limiting dilution approach to assess the 

clonogenicity by single-hit Poisson statistics. Indeed, the number of wells containing colonies was 

much higher which allowed us to estimate the CFU frequency with higher statistical power. We 

observed that DPP4+ FAPs have a higher frequency of CFU than DPP4- FAPs (Figure 4C-D), a 

property closely linked to the proliferation and differentiation abilities of a cell population 

(Rajendran & Jain, 2018). Intriguingly, DPP4+ FAPs have higher expression levels of Cd34 and 

Ly6a, two genes commonly associate with stemness in the field. In addition, we showed that DPP4+ 

FAPs give rise to DPP4- FAPs in vitro (Figure 6), indicating that they have the potential to act as 

a progenitor population. However, whether DPP4+ FAPs act as the true “stem cells” of FAPs 

require further study. 

We then attempted to further understand the lineage potential of DPP4+ FAPs. Importantly, 

they displayed differing propensity toward adipogenic fate when situated in a strong adipogenic 

induction condition, where DPP4+ FAPs were able to differentiate into adipocytes at a much higher 

frequency than DPP4- FAPs (Fig 5D-F). This is consistent with the study conducted by Merrick 

and colleagues in adipose tissue, showing that DPP4+ interstitial progenitors represent the source 
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of mature adipocytes (Merrick et al., 2019). It is worth noting that Fitzgerald et al. recently reported 

an MME+ FAP subset which serve as the predominant contributor of fatty infiltration (Fitzgerald 

et al., 2023). From the transcriptomic characteristics, it appears that DPP4+ FAPs and MME+ FAPs 

represent two distinct sets of FAPs. In fact, it is probable that MME+ FAPs belong to the same 

class of cells as DPP4- FAPs in this study, since Cxcl14 and Col15a1 are among two of the top 

upregulated genes in the subset, which are two commonly used markers to identify this particular 

FAP subset present in homeostasis (Oprescu et al., 2020; Scott et al., 2019). This apparent 

contradiction of adipogenicity of FAP subsets could be explained by two different theories. It may 

be that DPP4+ FAPs first downregulate DPP4 and acquire MME expression, or vice versa, prior 

to differentiating into mature adipocytes. The second possible explanation is that DPP4+ FAPs 

only constitute a part of MME- FAPs, and similarly, that MME+ FAPs only constitute a part of 

DPP4- FAPs. Therefore, when the adipogenic potential of DPP4+ versus DPP4- FAPs were being 

compared, despite the presence of a pro-adipogenic MME+ FAPs population in DPP4- FAPs, other 

FAPs in DPP4- fraction that are less prone, or even anti-adipogenic, would result in an overall 

lower adipogenic phenotype. One such example is the CD142+ FAPs, which are known to inhibit 

adipogenesis via the secretion of GDF10 that cluster differently as Cd55+ cells (another 

upregulated gene in DPP4+ FAPs). Lineage tracing with DPP4CreER and MMECreER mouse models, 

or similar transgenic models that specifically labelled these two subsets, are required for definitive 

answer to the lineage relationship between the two FAP subsets. Similarly, while we demonstrated 

that DPP4+ FAPs could turn into DPP4- FAPs in vitro, but not the other way around, it is not known 

if such lineage hierarchy is preserved in vivo. DPP4CreER mouse model-based lineage tracing, or 

transplantation of DPP4+ and DPP4- FAPs would be necessary. 



68 

 

FAPs are known to play important regulatory roles in resolving muscle injury and 

promoting muscle regeneration. Here, we tested if DPP4+ FAPs would have any distinct function 

in the process by selective ablation of DPP4+ cells using the DTA system. Unfortunately, the mice 

behave poorly in response to the ablation as we observed massive weight loss, which forced us to 

end the experiment for ethical concerns. Since it is extremely unlikely that a single leg injury could 

have resulted in such massive weight loss, and the fact that the wildtype littermates that received 

the same tamoxifen treatment and injury did not display such phenotype, the weight loss can only 

be attributed to the depletion of DPP4-expressing cells. However, we were unable to explain the 

phenotype solely by the depletion of DPP4+ FAPs, as DPP4 is expressed by multiple cell types 

across organs, such as epithelial cells and endothelial cells in liver, lung, small intestine (Biftu & 

SinhaRoy, 2017; Wu et al., 2016). In addition, even though the weight loss in some of the DPP4+ 

cells-depleted mice is within tolerance, we reasoned that the displayed regenerative defects, if any, 

could not be deconvolved from their poor health condition. Nevertheless, we could still conclude 

that DPP4-expressing cells have indispensable roles in maintaining the physical well-being of the 

animal. In order to alleviate the effect of global DPP4+ cells ablation, we could employ a local 

depletion approach by surgically implanting a scaffold infused with endoxifen, an active tamoxifen 

metabolite, on top of the TA muscle (Kajabadi et al., 2023; Wosczyna et al., 2019). The scaffold 

would limit the scope of DTA ablation to only the tissue adjacent to the implanted area, thus 

avoiding the weight loss associated with global DPP4+ cell depletion. This would also enable us 

to precisely define the role of DPP4+ cells in skeletal muscle in regeneration. 

We also reported an unexpected role for DPP4+ FAPs as the niche for SRRMs. As we were 

characterizing the recently discovered SRRMs in skeletal muscle, we found that CSF1 plays an 

important role in mediating their survival and activity (Babaeijandaghi, Cheng, et al., 2022). 



69 

 

Importantly, when we examined the cellular source of CSF1 in skeletal muscle, FAPs appeared to 

be the only cell population that can produce CSF1 (Fig 7A), which suggests that FAPs might form 

part of the niche of SRRMs to regulate their functions. As we further analyzed the transcriptomic 

profiles of Csf1-expressing FAPs, to our surprise, Dpp4, among several other commonly used 

signatures for the DPP4+ FAP subset (such as Pi16 and Cd55) (Fig 7C), was found to be enriched. 

Immunofluorescence staining revealed that DPP4+ FAPs and LYVE1+ SRRMs frequently locate 

in close proximity (Fig 7E). We found that the percentage of FAPs that are close to LYVE1+ 

SRRMs expresses DPP4 is significantly higher than the occurrence of DPP4+ cells among all FAPs 

(Fig 7F). This could be explained by the hypothesis that DPP4+ FAPs must be involved in 

regulating the function of SRRMs in a paracrine manner (Fig 7F). This is because, if we 

hypothesize that DPP4+ FAPs do not have any specific role on SRRMs, the frequency of FAPs 

located next to SRRMs being DPP4-positive, should be the same as the frequency of DPP4+ FAPs 

among all FAPs (i.e. the implied null hypothesis when we performed the statistical test), which is 

being rejected. Hence, we concluded that DPP4+ FAPs are likely to be a niche component for 

SRRMs. However, beyond CSF1, the exact signaling mechanisms on how DPP4+ FAPs regulate 

SRRMs activity will require further examination. 

It is worth mentioning that we only investigated the behavior of DPP4+ FAPs from healthy 

mice. Different disease conditions are known to modify FAP numbers, activity, and proportion of 

different subsets (Camps et al., 2020; Farup et al., 2021; Malecova et al., 2018; Uezumi et al., 

2011). It is therefore of great importance to test if the proportion of DPP4+ and DPP4- FAPs, and 

their cellular activity, are altered in mdx mice, a widely used mouse model for DMD. In particular, 

given the known propensity of adipogenic differentiation of DPP4+ FAPs from the in vitro data, it 

would be interesting to test if they are the source of ectopic fat in chronically injured skeletal 
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muscle, and if modulating their behavior could limit fatty infiltration. This could shed light on a 

potential therapy to mitigate muscle wasting by blocking fatty infiltration from the source (i.e. 

DPP4+ FAPs). 

It is notable that DPP4 is a proteolytic enzyme and participates in numerous signaling 

pathways. We did not address the role of DPP4 per se in DPP4+ FAPs in this thesis, rather we 

simply consider it as a cell surface marker which allow us to isolate this subset of cells. It will be 

interesting to test if modulating DPP4 enzymatic activity would have any effect on DPP4+ FAPs. 

An attractive candidate that could be implicated in the regeneration process is SDF1α, as it contains 

DPP4 cleavage site, has well-known function of mediating stem cell migration/recruitment 

through CXCR4-SDF1α axis, and its involvement in cardiac disease has been demonstrated 

(Batchu et al., 2018; Christopherson et al., 2002; Zaruba et al., 2009; Zhong & Rajagopalan, 2015). 

However, this hypothesis, alongside with hundreds of substrates that contain DPP4 cleavage sites 

(Boonacker & Van Noorden, 2003), remain to be experimentally tested. However, an exciting fact 

is that DPP4 inhibitor sitagliptin is an FDA-approved anti-diabetic drug widely available (Ahrén, 

2019). Given its well-studied safety profile, it would be thrilling if we could repurpose the drug to 

attenuate hypothetical detrimental effects associated with DPP4 enzymatic activity in FAPs. 

Together, this thesis provided a comprehensive characterization on a subset of 

fibroadipogenic progenitors in skeletal muscle labelled by DPP4 expression. 
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