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Abstract 

BACKGROUND: Cancer-associated cachexia is a widespread issue affecting up to 80% 

of all advanced cancer patients. Cachectic patients face decreased systemic muscle function 

and increased morbidity. There are currently no effective standard treatments for cancer-

associated cachexia, and early detection of at-risk patients remains a challenge. 

Inflammation is an established promotor of the characteristic loss of muscle mass and 

function in cancer-associated cachexia. This study sought to determine if inflammation 

promoting mast cells within the skeletal muscle may serve as a novel marker of cachexia 

development and/or a potential therapeutic target for cachexia treatment. 

 

RESULTS: Initial assessment of individual immune cell gene expression in a murine 

cachectic cohort showed enrichment of mast cell tryptase genes in cachectic mice 

compared to normal controls. In an in vivo model, Lewis Lung Carcinoma (LL/2) cells 

induced cachexia in C57BL/6 mice, and mast cell degranulation was significantly 

increased in the skeletal muscles of these mice. LL/2 activated primary murine mast cells 

in vitro decreased C2C12 murine myotube diameter following 24h treatment. Publicly 

available patient data showed mast cell activation signatures positively correlated with 

skeletal muscle apoptosis and atrophy signals in normal skeletal muscle tissue. Moreover, 

gene set enrichment analysis showed enrichment of the mast cell activation signature in 

two cachexia patient cohorts for upper gastrointestinal cancer and pancreatic ductal 

adenocarcinoma. However, daily ketotifen mast cell stabilizer treatment did not prevent 

cachexia development in LL/2-bearing C57BL/6 mice. Likewise, mast cell deficiency did 

not prevent loss of body and muscle mass in LL/2-bearing mast cell deficient W-sh mice. 
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Mast cell reconstitution into W-sh mice, also confirmed there was no significant difference 

in muscle mass respective of mast cell status. 

 

CONCLUSION: Skeletal muscle-resident mast cell degranulation is increased in cachectic 

skeletal muscle. However, mast cells are not the sole driver of cancer-associated cachexia, 

and targeting mast cells did not prevent cachexia development in the LL/2 model in vivo. 

Mast cell activation status within the skeletal muscle may serve as a marker of cachexia 

development. It is likely a combination of treatments, (i.e. targeting multiple immune cells 

simultaneously), will be needed for effective cachexia treatment. 
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Abstract 

BACKGROUND: Cancer cachexia is the wasting condition that is often seen in advanced 

stage cancer patients. This wasting is largely attributable to a systemic and progressive loss 

of skeletal muscle mass that greatly hinders performance of normal daily activities, 

resulting in reduced quality of life. Moreover, it negatively influences the prognosis of 

cancer patients. A general consensus in the field is that the loss of muscle mass is due both 

to an increase in protein degradation and a decrease in protein synthesis. Recent studies 

using preclinical models for studying cachexia have been useful in identifying the 

contribution of inflammatory cytokines (e.g. tumor necrosis factor-α and Interleukin-6), 

and myostatin receptors (e.g. the type IIB activin receptor) to cachexia development, and 

have led to several clinical trials. However, many questions remain about the molecular 

mechanisms thought to play a role in the development of cachexia. 

 

METHODS: We conducted a literature search using search engines, such as PubMed and 

Google Scholar to identify publications within the cancer cachexia field. 

 

RESULTS: We summarized our current knowledge of: 1) the driving mechanisms of 

cancer cachexia, 2) the preclinical models available for studying the condition, and 3) the 

findings of recent clinical trials. 

 

CONCLUSION: Cancer cachexia is a complex and variable condition that currently has 

no standard effective therapeutic treatment. Further studies are desperately needed to better 

understand this condition and develop effective combination treatments for patients. 
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increased protein degradation, decreased protein synthesis 

 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer 

Nature, Frontiers in Biology, Preclinical and Clinical Studies on Cancer-Associated 

Cachexia; D. Brooke Widner, D. Clark Files, Kathryn E. Weaver3, Yusuke Shiozawa 

(2018) https://link.springer.com/journal/11515/volumes-and-issues 

 

Introduction 

The term ‘cachexia’ has Greek roots that translate to ‘bad condition’. Descriptions of the 

condition date back to Hippocrates, around 460 BC (Bennani-Baiti and Walsh, 2009, Lok, 

2015). This condition arises frequently with many chronic illnesses, including chronic 

obstructive pulmonary disorder, chronic kidney disease, and the many forms of cancer 

(Lok, 2015). Historically, cachexia was characterized by the pale and wasted appearance 

of patients, but until recently, there were no formal set criterion for its clinical diagnosis 

(Bennani-Baiti and Walsh, 2009). In 2011, an international consensus was reached to 

formally establish diagnostic criterion of cancer cachexia for each of its three stages (Table 

1). In the first stage, patients with precachexia have less than 5% premorbid bodyweight 

loss, but display signs of anorexia and/or metabolic changes. Patients that have progressed 

to the second stage, cachexia, have weight loss greater than 5% of the their premorbid 

bodyweight, or alternatively weight loss greater than 2% with signs of sarcopenia or a body 

mass index under 20. Cachexia patients in this stage are likely to also have systemic 

inflammation, which may be indicated by high levels of C-reactive protein (CRP) in the 

https://link.springer.com/journal/11515/volumes-and-issues
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serum (Penafuerte et al., 2016). Cachectic patients in the final stage, refractory cachexia, 

have a life expectancy of less than three months, and their cancer is no longer responsive 

to treatment (Fearon et al., 2011). 

 

Cachexia is the result of progressive muscle wasting and impaired muscle function. 

Although one defining characteristic of cachexia is weight loss, it differs significantly from 

illnesses such as anorexia (Table 2). Unlike anorexia, where fat is the main source of initial 

weight loss, skeletal muscle wasting is a key feature of cachexia occurring early on in the 

condition (Mueller et al., 2016). Additionally, changes in diet and an increase in nutrient 

intake do not consistently result in weight gain and increased muscle function in cachectic 

patients (Onesti and Guttridge, 2014, Lok, 2015). 

 

Cancer-associated cachexia affects roughly 50% of all cancer patients regardless of their 

cancer type (Onesti and Guttridge, 2014, Lok, 2015, Fukawa et al., 2016). This percentage 

increases to about 80% when the cancer is classified as advanced (Onesti and Guttridge, 

2014, Lok, 2015, Fukawa et al., 2016). The prevalence of patients developing cachexia 

does vary between cancer types, but is most common in pancreatic and gastrointestinal 

cancer patients. For example, roughly 80% of pancreatic or gastrointestinal cancer patients 

will be classified as cachectic at some point throughout the course of their disease, while a 

slightly smaller percentage (50-60%) of prostate and lung cancer patients will develop 

cachexia (Del Ferraro et al., 2012; Argilés et al., 2014). Problematically, cancer patients 

displaying signs of cachexia are faced with a worsened prognosis and decreased quality of 

life (Al-Majid and Waters, 2008, Onesti and Guttridge, 2014). However, whether there is 
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a correlation between tumor burden and the development of cachexia is still subject to 

debate in the field (Consul et al., 2016, Petruzzelli and Wagner, 2016, Shiono et al., 2016). 

As muscle wasting progresses, patient fatigue and weakness also grow. Performing normal 

daily activities becomes a constant struggle for cachexia patients. In addition to this, 

cachexia makes it substantially more difficult to treat their cancer, since chemotherapy 

treatments are often too toxic for cachectic patients to endure, and major surgeries are too 

high risk for their weakened state (Lok, 2015). To date, roughly one third of all cancer 

related deaths are being attributed to cachexia (Onesti and Guttridge, 2014). Moreover, 

there is no definitive treatment or cure for cachexia. While ongoing research strives to find 

an effective therapeutic for cachexia patients and much progress has been made in the field, 

the molecular mechanisms behind its development are not completely understood, and 

findings from the models used to study cachexia do not always apply to humans. 

 

In this review, we therefore provide a concise overview of cancer cachexia, encompassing: 

key molecular mechanisms involved in its development, frequently used preclinical models 

for its study, and the current standing of recent clinical trials. 

 

Molecular Mechanisms Contributing to the Development of Cancer Cachexia 

Although muscle wasting in cancer cachexia results from the volatile combination of 

increased protein degradation and decreased protein synthesis within the skeletal muscle, 

the exact molecular mechanisms that affect both of these processes have yet to be 

completely discerned. Systemic inflammation has been widely implicated for its role in the 

development of the cachectic condition, although the systemic levels of inflammatory 
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cytokines have not been consistently correlated with cachexia development in humans 

(Maltoni et al., 1997; Fearon et al., 2011; Suzuki et al., 2013). Cytokines of the innate 

immune system such as tumor necrosis factor (TNF)-α and Interleukin 6 (IL-6) have been 

previously connected to increased muscle deterioration and fat store depletion, which was 

interpreted as cachexia development in rodent models (Narsale and Carson, 2014; Onesti 

and Guttridge, 2014; Mueller et al., 2016). These inflammatory cytokines increase activity 

of the ubiquitin proteasome system which has been suggested to have the most critical role 

in the breakdown of skeletal muscle proteins contributing to cachexia, and has also been 

implicated in the cardiac atrophy that can occur with cancer cachexia (Al-Majid and 

Waters, 2008; Onesti and Guttridge, 2014; Bilodeau et al., 2016; Porporato, 2016). The 

normal function of the ubiquitin proteasome system is to breakdown poly-ubiquitin tagged 

protein substrates. To briefly summarize the process, enzymes E1, E2, and E3, the latter of 

which controls specificity of the targeted substrate, target a specific substrate to tag with a 

polyubiquitin chain. The ubiquitinated protein is then degraded by the proteasome (Pagan 

et al., 2013). TNF-α signaling through IkB kinase (IKK) activates the nuclear transcription 

factor-kB (NFkB) pathway to increase transcription of the ubiquitin proteasome genes, 

muscle RINGfinger protein-1 (MuRF1), which codes for an E3 ligases specific to 

myofibrillar proteins, such as troponin I, myosin heavy and light chains, and actin (Sandri, 

2013; Winbanks et al., 2016), and contributes to increased ubiquitination and consequently 

proteasome degradation of these myofibrillar proteins (Li and Reid, 2000; Sakuma and 

Yamaguchi, 2012; Argilés et al., 2014; Onesti and Guttridge, 2014; Patel and Patel, 2017). 

Consistent with this notion, TNF-α serum levels are reported to be higher in pancreatic 

cancer patients with a poor nutritional status (Karayiannakis, Syrigos et al., 2001). IL-6 
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activates the janus kinase (JAK) (Bonetto et al., 2012)/ signal transducer and activator of 

transcription (STAT)-3 pathway and mitogen-activated protein kinases (MAPK) cascades 

(Na et al., 2007) within muscle cells, to promote increased caspase activity, resulting in 

increased cellular apoptosis (Argilés et al., 2014; Onesti and Guttridge, 2014; Puppa et al., 

2014). Additionally, TNF-α, IL-6, and IL-1β have also been implicated in lipolysis, 

potentially contributing to fat loss in cancer cachexia (Narsale and Carson, 2014; 

Petruzzelli and Wagner, 2016; Patel and Patel, 2017). Browning of white fat cells to ‘beige’ 

cells has been a focus of cachexia studies involving adipose tissue. In beige cells, there is 

a higher population of uncoupling proteins that decrease the amount of adenosine 

triphosphate (ATP) synthesized in the cells’ mitochondrion and increases energy 

expenditure through thermogenesis (Petruzzelli et al., 2014; Petruzzelli and Wagner, 

2016). These cytokines likely come from the host’s innate immune response to the tumor. 

Macrophages have been examined as a major source for TNF-α and IL-1 in particular 

(Onesti and Guttridge, 2014). IL-6 is known to be released from both contracting skeletal 

muscle and activated innate immune cells (Carson and Baltgalvis, 2010). 

 

Tumor-derived proteolysis inducing factor has also been identified in mouse cachectic 

models and is thought to play a critical role in the breakdown of skeletal muscle proteins 

through the ubiquitin proteasome pathway in these models. However, whether the human 

homolog of this factor is capable of eliciting a cachectic response is currently subject to 

controversy (Monitto et al., 2004; Wieland et al., 2007; Onesti and Guttridge, 2014). On 

the other hand, the type IIB activin receptor (ActRIIB) which binds the myokine myostatin, 

has also been implicated as a potential cachexia target for its role in regulating the 
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transcription of the muscle protein targeting E3 ligases of the ubiquitin pathway. Blocking 

ActRIIB signaling has shown promising results reducing muscle loss and increasing 

survival in mice, and has also been reported to improve cardiac atrophy (Zhou et al., 2010; 

Argilés et al., 2014; Onesti and Guttridge, 2014; Petruzzelli and Wagner, 2016). A recent 

study evaluated the adeno-associated virus delivery of the gene for the endogenous 

ActRIIB inhibitor, similar to mothers against decapentaplegic homolog 7 (Smad7), to 

combat ActRIIB driven muscle atrophy in mice. This strategy shows initial promise for its 

ability to specifically target striated muscle signaling, potentially cutting down on 

dangerous off target effects seen with other antagonists (Winbanks et al., 2016). For 

example, one study using an ActRIIB antagonist in humans with muscular dystrophy was 

canceled due to unanticipated bleeding in the participants (NCI, 2011; Winbanks et al., 

2016). The safety of these strategies for use in patients will therefore have to be carefully 

evaluated. 

 

While the above cellular pathways may partially explain the wasting of skeletal muscle, 

they are not entirely sufficient to explain the loss of protein synthesis that accompanies 

protein degradation during cachexia. Other factors such as the reduced phosphorylation of 

the mechanistic target of rapamycin (mTOR) and p70 have been shown to inhibit skeletal 

muscle protein synthesis in mice with murine adenocarcinoma 16 (MAC16) tumors, 

contributing to cachexia by preventing repair of weakening muscles, such as the 

gastrocnemius muscle in the hind limbs of mice (Eley et al., 2007; Al-Majid and Waters, 

2008). Additionally, heightened levels of angiotensin II, commonly known for its role as a 

vasoconstrictor peptide regulating blood pressure as part of the renin-angiotensin system, 
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have been associated with the inhibited synthesis of new proteins in murine myotubes, 

impaired regeneration of wasting skeletal muscle, and atrophied skeletal muscles as shown 

in excised muscles and primary satellite cell culture from mice with a cardiotoxin induced 

injury (Russell et al., 2006; Yoshida et al., 2013). Angiotensin II may simultaneously 

contribute to cachexia by both impairing protein synthesis and increasing activity of the 

ubiquitin proteasome system through increased transcription of key muscle protein specific 

E3 enzymes, as evidenced in murine myotube models (Al-Majid and Waters, 2008). It was 

even suggested that angiotensin II may be useful as a biomarker for cancer cachexia, based 

on plasma and whole blood measurements from 122 patients with seven types of cancer 

(Penafuerte et al., 2016). Although all of the pathways discussed here may contribute to 

cachexia development, the exact driving mechanisms behind individual cases of cancer 

cachexia are complex and can differ between patients. For this reason, it is important to 

have models that can adequately represent cachexia in all of its complexities. 

 

Preclinical Models to Study Cancer Cachexia 

Currently, the models available for studying cancer cachexia consist of a combination of 

in vitro, in vivo, and ex vivo models. There are effective established cell lines for 

developing an in vivo animal model of cachexia. For example, both the cultured colon-26 

(C26) carcinoma cell line, and lewis lung carcinoma (LLC) cell line (Choi et al., 2013) are 

known to induce weight loss and increase mortality when used in a mouse model, providing 

an effective model of cachexia (Onesti and Guttridge, 2014; Fukawa et al., 2016). The 

delivery of the cancer cells and the resulting symptoms of cachexia may vary between 

individual cell lines. C26 colon carcinoma causes significant loss of bodyweight and 
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increased skeletal muscle protein degradation in mice when injected subcutaneously as a 

cell suspension, or implanted subcutaneously as a solid fragment of a C26 tumor from a 

donor mouse (Aulino et al., 2010). LLC cells are typically delivered intramuscularly, and 

in rarer instances subcutaneously, to cause cachexia in a mouse model (Deboer, 2009; Choi 

et al., 2013). Tumor-free body mass, as well as excised extensor digitorum longus mass, 

have been shown to decrease in C57BL/6 mice injected intramuscularly with LLC cells 

when compared to media-injected mice, without any notable change in diet. The loss in 

muscle mass corresponded with a loss in measurable tetanic muscle force in an ex vivo 

measurement (Choi et al., 2013). The usefulness of these cell lines as a model for specific 

studies may depend on the end result that is being measured. For example, high levels of 

TNF-α are seen in models using LLC cells, but not C26 or MAC16 cells (Mueller et al., 

2016). For the C26 model, IL6 is traditionally viewed as a key mediator of cachexia 

development (Aulino et al., 2010; Bonetto et al., 2012). Conversely, tumor-derived 

proteolysis inducing factor (PIF) and lipid-mobilising factor (LMF) have been shown to 

play a larger role in MAC16 muscle proteolysis, adipolysis, and cachexia development 

than immune-derived inflammatory cytokines (Bing et al., 2001; Islam-Ali et al., 2001).  

 

Changes in whole bodyweight, daily food intake, total body lean and fat mass composition, 

cardiac muscle, individual skeletal muscle weights, muscle fiber cross sectional area, and 

muscle function are key measurements of interest in these in vivo models (Deboer, 2009; 

Winbanks et al., 2016). Key muscles of interest in cachexia studies include the extensor 

digitorum longus (EDL) and tibialis anterior (TA) muscles located in the hindlimbs (Aulino 

et al., 2010). These muscles represent multiple muscle fiber types, as the EDL contains 
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predominantly fast twitch fibers and the TA contains a mixture of fast and slow twitch 

fibers, allowing studies to address how cachexia models may affect specific muscles 

differently (Aulino et al., 2010; Choi et al., 2013).  

 

Repeatable in vivo measurements of systemic muscle function include grip strength and 

force transduction measurements. The former measurement utilizes a grip strength meter 

(Fig. 1). To do this measurement with the forelimbs, the mice are held by their tails and 

allowed to grab onto a wire mesh square or bar with only their forepaws. Then they are 

pulled away from the mesh horizontally by their tails until they release their grip on the 

mesh or bar. The grip strength meter will then read out the peak force generated from the 

mouse’s grip on the mesh. A second readout uses a force transducer to measure the 

maximum contractile force able to be elicited from specific muscles or muscle groups 

stimulated with electrodes (Fig. 2). This technique allows for measurement of both 

contractile forces and time to fatigue. Individual muscles may also be excised upon 

sacrifice, weighed, and contractile forces measured as an ex vivo model using electrical 

stimulation and a force transducer (Aulino, et al., 2010; Waning et al., 2015).  

 

To further study the molecular mechanisms whereby cancer affects muscle functions, in 

vitro culture systems using primary muscle cell or muscle cell lines can be used. 

Commonly, both murine and human myotubes are cultured in vitro, and their responses to 

potential cachectic factors added to the media are observed, such as changes in tubule size 

or diameter, oxidative stress, and protein content (McLean et al., 2014; Bowen et al., 2015; 

Fukawa et al., 2016). The C2C12 mouse myoblast cell line is able to differentiate into 
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myotubes when its media is supplemented with horse serum. Primary human and mouse 

myotubes can be generated using isolated muscle stem cells or satellite cells from 

individual muscle fibers (Pasut et al., 2013; Fukawa et al., 2016). This provides an 

alternative that allows for human tissues to be studied and potential differences between 

the mouse and human muscle regeneration processes to be recorded. 

 

Clinical Studies Regarding Cancer Cachexia 

Human based studies have been completed for various types of solid tumors, but are 

relatively small in number when compared with the number of cachexia studies performed 

using animal models (Mueller et al., 2016). Clinical studies seeking to identify a biomarker 

for cachexia development have been met with variable results that are difficult to reproduce 

between multiple patient populations. A recent study attempted to account for this inherent 

variability by first characterizing their cohort population into three separate groups. The 

patients were from seven types of cancer and were divided into a ‘no cachexia’, ‘pre-

cachexia’, or ‘cachexia’ group. This study complied with the international consensus 

definition, and cachexia was defined as loss of 5% or more of total bodyweight within 6 

months, or loss of more than 2% of bodyweight with a BMI less than 20. Patients in the 

‘pre-cachexia’ group had elevated levels of CRP without cachectic levels of weight loss, 

patients in the ‘no cachexia’ group did not present with cachexia or elevated CRP, and 

patients in the ‘cachexia’ group had both elevated CRP levels and significant weight loss 

(Penafuerte et al., 2016). The study then determined the plasma levels of angiotensin II 

using an ELISA, and the whole blood levels of neutrophil derived proteases, such as 

cathepsin B, for each group, using a chip array to measure mRNA expression. This study 
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found significantly higher mRNA expression of both angiotensin II and cathepsin B in the 

precachexia and cachexia groups when compared to the no cachexia group (Penafuerte et 

al., 2016). Based on these results angiotensin II and cathepsin B, or similar neutrophil-

derived proteases, may serve as usable biomarkers for cachexia, providing the patients are 

accurately categorized. This characterization of patients based on their stage of cachexia 

may also be useful in determining which treatments will be most beneficial for individual 

cancer cachexia patients. 

 

In addition to the work being done to identify suitable biomarkers for cancer cachexia, 

clinical trials are currently underway to test potential therapeutics for cachexia. To date, 

these trials have been met with mixed results. Attempts to treat cachexia through exercise 

and limited bed rest have been largely unsuccessful (Onesti and Guttridge, 2014). The 

selective androgen receptor modulator, enobosarm is a candidate therapeutic that increased 

lean body mass in a double blind phase II trial with patients diagnosed with non-small cell 

lung cancer (NSCLC), colorectal cancer, non-Hodgkin lymphoma, chronic lymphocytic 

leukemia, or breast cancer (Dobs et al., 2013). Two international double-blind phase III 

trials, dubbed the POWER 1 and 2 trials, measured benefits in muscle mass preservation 

in NSCLC patients receiving enobosarm orally with and without a taxane and 

chemotherapy, but the results from these trials have not yet been fully published (Crawford 

et al., 2016). Anamorelin, a mimic of the appetite regulator ghrelin, was found during two 

phase III trials to increase lean body mass in patients with NSCLC but had no effect on 

muscle function, measured with handgrip strength (Lok, 2015; Temel et al., 2016). A phase 

I/ II trial with the TNF-α blocker etanercept with gemcitabine did not improve overall 
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survival of participants with advanced cancer, and a phase III study with incurable cancer 

patients presenting weight loss or impaired appetite showed no benefit in weight or appetite 

from subcutaneous etanercept injections (Jatoi et al., 2007; Wu et al., 2013; Onesti and 

Guttridge, 2014; Mueller et al., 2016). 

 

Examples of therapeutic agents targeting inflammation that are being evaluated for their 

effects on cancer cachexia include Clazakizumab and MABp1. Clazakizumab, or ALD518, 

is a humanized anti-IL6 monoclonal antibody that has been tested in preclinical trials in 

NSCLC patients and improves lean body mass preservation (Bayliss et al., 2011). MABp1, 

also known as Xilonix, is an antibody against IL-1α. This has been tested in a double-blind 

phase III clinical trial with advanced colorectal cancer patients. The primary endpoint for 

this trial was measured as either an overall improvement in lean body mass preservation or 

a combination of improved pain, fatigue, or anorexia when compared to the initial baseline 

measurements. Results from this study showed 33% of MABp1 treated patients showed 

improvement, while only 19% of patients receiving the placebo showed improvement 

(Hickish et al., 2017). Further evaluation for these agents as cachexia therapeutics will be 

needed, but indicate that anti-inflammatories are a viable avenue to pursue for cancer 

cachexia therapy. Much work clearly remains to be done to establish an effective 

therapeutic strategy for cancer cachexia patients. 

 

Future Directions and Conclusion 

Cachexia is a very complex metabolic syndrome with the capacity to target multiple 

pathways and organs at once. Much like the cancer that drives the development of cachexia, 
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it is unlikely two cachectic patients will present with their disease in the same way (Mueller 

et al., 2016). For this reason, it is also unlikely that a single targetable therapeutic will be 

equally effective in all cachectic patients. If this statement is true, then ongoing clinical 

trials will help determine why certain patients benefit from specific therapeutics while 

others do not. Due to this inherent variability among cancer cachexia patients, and the 

multiple molecular mechanisms involved in its development (Fig. 3), individualized 

treatment plans and multiple therapeutic options are likely needed to adequately devise 

effective treatment options for cancer cachexia. Combination therapies encompassing 

multiple therapeutics may also be further explored to uncover an effective treatment for all 

cachectic patients. Animal models and in vitro studies have helped to identify key pathways 

and potential targets in this complex disease, but unfortunately they are unable to 

completely mimic all the complexities and variables that are often seen in humans with 

cachexia. As a result, the findings from these models do not always translate to humans, as 

evidenced by the unexpected side effects of the ActRIIB inhibitor in clinical trial (NCI, 

2011). To overcome these issues, more studies involving human muscle tissue and clinical 

trials will clearly be needed in order to confirm the translatability of in vitro and in vivo 

findings. Combining the knowledge gained from multiple preclinical models with the 

findings of diverse clinical trials will further knowledge on the complex mechanisms 

driving cancer cachexia and lead to effective therapeutic options for its treatment. 
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Figures 

 

Figure 1 Grip strength measurement. Mouse is held by its tail as it grips the wire mesh bar 

attached to the grip strength meter. As the mouse is pulled horizontally away from the mesh 

and loses its grip, the peak force generate from the mouse’s grip on the mesh is measured. 
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Figure 2 Force transducer measurement. The mouse is anesthetized and its foot attached 

to the pedal of the force transducer. An electrode is placed over the tibialis anterior muscle. 

A second electrode is placed at the base of the tendon. An electrical current stimulates the 

muscle to contract. As the muscle contracts, the mouse pushes the pedal, and the resulting 

force is recorded. 
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Figure 3 A schematic model of molecular pathways contributing to cancer cachexia. (A) 

In response to the tumor, the host’s immune system releases inflammatory cytokines that 

can promote cachexia development. Tumor necrosis factor (TNF)-α signaling activates IkB 

kinase (IKK) and the nuclear transcription factor-kB (NFkB) pathway to upregulate 

transcription of the E3 ligase, muscle RING-finger protein-1 (MuRF1), increasing 

ubiquitin mediated degradation of muscle proteins, and leading to muscle loss. Interleukin 

6 (IL-6) activates the janus kinase (JAK)/signal transducer and activator of transcription 

(STAT)-3 pathway and mitogen-activated protein kinases (MAPK) cascades, upregulating 

caspase activity, and resulting in increased cellular apoptosis in the muscle. (B) 

Angiotensin II (AngII) can inhibit protein synthesis by inhibiting the Protein Kinase B 

(AKT) pathway and reducing phosphorylation of mechanistic target of rapamycin (mTOR) 

and p70. 
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Abstract 

BACKGROUND: Eighty percent of all United States advanced cancer patients face a 

reduced quality of life and overall worsened prognosis due to cancer-associated cachexia. 

Both treatment and early diagnosis of cachexia remain prominent challenges to improve 

patient care. Due to inflammation being one driver of muscle atrophy in this condition, 

skeletal muscle-resident immune cells could be a source of inflammation in cancer-

associated cachexia. This study explores the potential efficacy of cancer activated skeletal 

muscle-resident mast cells as a novel biomarker and potential mediator of cachexia. 

METHODS: Individual gene markers for immune cells were assessed in a publicly 

available colon carcinoma cohort in control and cachectic mice.  Lewis Lung Carcinoma 

(LL/2) cells induced cachexia in vivo in C57BL/6 mice, and a combination of toluidine 

blue staining, immunofluorescence, and qPCR were used to measure innate immune cell 

expression in hind limb skeletal muscles. In vitro measurements included C2C12 myotube 

diameter before and after treatment with media from primary murine mast cells activated 

with LL/2 conditioned media. In order to assess translational potential in human samples, 

innate immune cell signatures were assessed for correlation with skeletal muscle atrophy 

and apoptosis signatures in normal skeletal muscle tissue. Finally, gene set enrichment 

analysis was performed with the innate immune cell signatures in publicly available 

cohorts for upper gastrointestinal cancer and pancreatic ductal adenocarcinoma patients. 

RESULTS: Individual innate immunity genes showed significant increases in cachectic 

mice in a C26 bioinformatics cohort, but there were no differences in adaptive immunity 

genes. Induction of cachexia in C57BL/6 mice with LL/2 subcutaneous injection 
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significantly increased the number of activated skeletal muscle-resident degranulating mast 

cells. Murine mast cells activated with LL/2 conditioned media decreased C2C12 myotube 

diameter in vitro. Normal human skeletal muscle showed positive correlations between 

innate immune cell signatures and muscle apoptosis and atrophy signatures. The mast cell 

signature was upregulated in cachectic patients for two separate cancer types.  

CONCLUSIONS: Activated skeletal muscle-resident mast cells are enriched in cachectic 

muscles, suggesting that skeletal-muscle resident mast cells may serve as a novel 

biomarker and mediator for cachexia development in cancer patients to improve patient 

diagnosis and prognosis. 

Keywords: Cancer-Associated Cachexia; Mast Cells; Degranulation; Innate Immunity; 

Skeletal Muscle 

 

Introduction 

In general, 50% of all collective cancer patients, and 80% of all advanced cancer patients, 

in the United States will experience rapid weight loss of 5% or more of their total body 

weight within a 6-month timeframe. This condition is clinically designated as cancer-

associated cachexia [1, 2], and is concomitant with both a reduced quality of life and an 

overall worsened prognosis [1, 3]. Indeed, one-third of all cancer related deaths are now 

being attributed to cancer-associated cachexia, due to cachexia-driven systemic organ 

failure [1, 4]. Historically, the strategy for caring for cachexia patients has been to focus 

on treating the cancer. Unfortunately, cancer treatments are inherently more difficult in 

cachectic patients who are often unable to undergo major surgeries and full chemotherapy 
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treatments [3, 4]. Patients in the final stage of cachexia, no longer respond to any form of 

cancer treatment, and weight loss continues to progress in spite of increased nutrient intake 

or supplementation [2]. As a result, treatment plans for these patients are primarily 

palliative in nature [2, 5]. To date, there are no standard approved therapeutic options for 

cancer-associated cachexia.  

 

Cancer-associated cachexia is an incredibly complex and variable metabolic syndrome, 

making both treatment and early identification of at risk patients a challenge [6, 7]. A 

general consensus in the field is that the condition’s characteristic skeletal muscle mass 

loss is due to a combination of increased protein degradation and decreased protein 

synthesis. This imbalance between degradation and synthesis is thought to largely be driven 

by inflammatory factors, such as tumor-necrosis factor (TNF)-α and Interleukin 6 (IL-6) 

[1, 3, 5, 6, 8-10]. However, the usefulness of these circulating cytokines as biomarkers for 

the development of cachexia has been met with variable levels of success [5, 6]. 

Additionally, while specific inflammatory cytokine inhibitors have been tested in 

therapeutic studies for cancer-associated cachexia, these studies have been largely 

ineffective in part due to targeting only individual cytokines [6, 11, 12]. One strategy for 

overcoming this obstacle to treatment is to examine common sources of these inflammatory 

cytokines, such as cells from the adaptive or innate immune system. One potential cell type 

fitting this description is the mast cells [13].  

 

Mast cells are granulocytes most commonly known for their role in allergies. They 

circulate throughout the body in their progenitor form, and then upon differentiation move 
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to reside in tissues as a long-lived sentinel cell of the innate immune system. Upon 

activation through a stimulus, mast cells will degranulate and release inflammatory 

mediators, including histamine, cytokines, and proteases into the surrounding area, rapidly 

triggering an inflammatory response and attracting additional immune cells to the area [13, 

14]. Following this initial release of inflammatory factors, mast cells will then proceed to 

generate additional inflammatory mediators through de novo synthesis, increasing 

inflammation over time. Furthermore, differentiated mature mast cells reside naturally in 

the connective tissue, between individual skeletal muscle fibers, making them an 

immediate source of inflammation in muscle tissue. Notably, mast cells have been 

previously implicated in the inflammatory myopathy, polymyositis [15], as well as in the 

genetic disorder Duchenne muscular dystrophy [16], but have not been looked at in depth 

for their role in cancer-associated cachexia. Examining the presence and activation of 

resident skeletal muscle mast cells in cachectic samples is necessary to ascertain the 

usability of mast cells as a biomarker for cachexia development, as well as present a 

potential new therapeutic target for the treatment or prevention of cancer-associated 

cachexia. 

 

In this paper, a combination of in vivo, in vitro, and bioinformatics techniques were used 

to assess the presence of immune cells in cachectic muscle tissue. A mouse colon 

carcinoma cachexia cohort showed changes in genes associated with innate immune cell 

genes, but not adaptive immune cell genes [17-19]. The Lewis Lung Carcinoma (LL/2) 

model showed an increase in degranulating skeletal muscle-resident mast cells in cachectic 

mice compared to their noncancer controls, while there was no significant change in the 
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number of macrophages and neutrophils. Subsequently, murine mast cells were activated 

to degranulate through secreted factors from the LL/2 cells, and the activated mast cells 

decreased fiber size of murine C2C12 myotube cultures. Finally, human cohorts showed 

increased expression of mast cell activation signature in cachectic patients, as well as 

correlations with muscle apoptosis and atrophy signatures with the mast cell signature in 

normal muscle tissues [18-30]. 

 

Materials and Methods 

Cell Culture 

The murine mastocytoma P815, lung carcinoma LL/2, and myoblast C2C12 cell lines were 

purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells lines 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Waltham, MA), 

supplemented with 10% (V/V) fetal bovine serum (FBS) (Gibco), 1% (V/V) penicillin and 

streptomycin (Gibco), and 1% (V/V) L-glutamine (Gibco), and all plates were maintained 

at 37℃ with 5% CO2.  

 

Cachectic Mouse Model 

Male C57BL/6J mice (Jax Stock #00064) were purchased from Jackson Laboratories (Bar 

Harbor, ME). Mice were housed with ad libitum access to food and water. All experiments 

abided by the Institutional Animal Care and Use Committee (IACUC) guidelines of Wake 

Forest University Health Sciences (Protocol A18-026). Male 5-month-old mice were 

inoculated with either 2.0 x 106 LL/2 cells in 100 µL DMEM or 100 µL serum free DMEM 

through subcutaneous injection into the right flank. Tumor volume was tracked using a 
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caliper, starting 10 days after injection of the tumor cells. Daily body mass was recorded 

for each mouse. The average daily food intake per mouse was calculated based on the 

average food consumed per each cage of five mice. At the time of harvest, tumor mass and 

tumor-free body mass were measured, following excision of the tumor. 

 

Force Transducer Assays for Muscle Function 

An in vivo force transducer (Aurora Scientific, Aurora, ON, Canada) was used for force 

frequency and time to fatigue measurements [31]. Electrodes stimulated plantarflexion of 

the right hind limb. The maximum contractile force (the highest elicited force following 

excitation with a range of increasing electrical stimulation frequencies [e.g. 20, 40, 60, 80, 

100, 125, 150, 200, 250, and 300 Hz] every 2 min with a force transducer) was recorded. 

Time to muscle fatigue (the time it takes for the maximum force generated to decrease by 

50% in response to repeated electrode stimulation at 60 Hz) was also recorded, following 

5 min of rest.   

 

Excised Muscle Measurements and Immunostaining 

The excised muscle mass of the soleus (SOL), extensor digitorum longus (EDL), tibialis 

anterior (TA), and gastrocnemius (GA) muscles were measured at harvest. Muscles were 

snap-frozen in liquid nitrogen for cryosectioning and immunostaining. Transverse sections 

were made using a Leica CM3050 S cryostat (Leica Biosystems, Wetzlar, Germany) to 

prepare 20 µm thick sections on slides for immunofluorescence or immunohistochemistry 
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staining. All microscopy quantifications were done using 3 sections per muscle per mouse. 

 

Muscle wasting was assessed using a wheat germ agglutinin Alexa Fluor 488 conjugate 

(Invitrogen, Waltham, MA, cat #: W11261) to measure muscle fiber cross sectional area 

(CSA) of the transverse sections. Images were taken at 10x magnification to cover 80-

100% of muscle tissue (1 image per section for EDL and SOL tissues, 3 images per section 

for GA and TA tissues). CSA quantification was done using ImageJ (National Institutes of 

Health, Bethesda, MD). 

 

In some cases, muscle sections were stained with toluidine blue (Sigma-Aldrich, St. Louis, 

MO, cat #: T3620), CD68 (Abcam, Cambridge, MA, cat #: 125212), and neutrophil 

elastase (NE) (Abcam, cat #: 68672) primary antibodies, and Cy-3 conjugated-AffiniPure 

Donkey Anti Rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories, 

West Grove, PA, cat #: 711-165-152), according to the manufacturer’s instructions. The 

number of total and degranulating mast cells encompassed in the skeletal muscle 

endomysium and perimysium were quantified using 40x images. Images were coded and 

randomized to allow for blinded quantification without knowledge of the cachexia status 

of the mice. Muscle sections stained for CD68 and NE underwent citrate buffer antigen 

retrieval, as previously described [32]. The total number of CD68 and NE positive staining 

were quantified using 20x images and ImageJ to set a minimum staining intensity threshold 

for positive staining.  
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Quantitative PCR of Muscle Ubiquitin Ligases and Immune Cell Genes 

Excised muscles were homogenized with a pestle and lysed using a Direct-Zol Mini Prep 

lysis kit (Zymo Research, Irvine, CA) according to the manufacturer’s instructions. The 

GA and TA tissues from each mouse were lysed individually. The EDL and SOL tissues 

were pooled within groups and lysed. cDNA was prepared from the lysed samples, and 

qPCR was run using TRIM63 (Mm01185221_m1), FBXO32 (Mm00499523_m1), 

TPSAB1 (Mm00491950_m1), CD68 (Mm03047343_m1), and ELANE 

(Mm00469310_m1) target primers, with GAPDH (Mm99999915_g1) as a housekeeping 

gene (TaqMan Applied Biosystems, Waltham, MA). Relative gene expression was 

calculated using the 2-ΔΔCT values. 

 

LL/2 Conditioned Media Collection 

LL/2 cells were plated in 10 cm dishes at a concentration of 10 x 105 cells/mL in serum-

free DMEM for 24 h. Conditioned media (CM) was concentrated using a 10kDa cutoff 

Ultra Centrifugal Filter Unit (Millipore Sigma, Burlington, MA).  

 

Measuring LAMP2 Expression with Flow Cytometry 

LAMP2 expression was measured, as previously described [33]. Briefly, P815 cells were 

washed and resuspended in HEPES Buffer with 5% (V/V) bovine serum albumin. Cells 

were treated with either HEPES buffer, concentrated LL/2 CM, or concentrated DMEM 

(control CM) for 10 min. The reaction was stopped, cells were labeled with LAMP2 

antibody (BioLegend, San Diego, CA, cat #: 108505), and analyzed by flow cytometry 

with a BD Accuri C6 Analyzer flow cytometer (BD Biosciences, San Jose, CA). Assay 
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was repeated 3 times. 

 

Primary Bone Marrow-derived Mast Cells (BMMCs) Culture  

Primary bone marrow-derived mast cells (BMMCs) were established in vitro, as previously 

described [34]. Briefly, excised femurs and tibias from 6-week-old male C57BL/6 mice 

were flushed with Roswell Park Memorial Institute (RPMI) 1640 media (Gibco) 

supplemented with 10% (V/V) FBS (Gibco), 1% (V/V) penicillin and streptomycin 

(Gibco), 1% (V/V) L-glutamine (Gibco), 1% HEPES buffer (Fisher Scientific, Waltham, 

MA), and 50uM 2-mercaptoethanol (Fisher Scientific). Resulting cells were cultured in 

complete mast cell media containing recombinant murine IL-3 (PeproTech Cranbury, NJ, 

cat #: 213-13) to promote mast cell maturation for 4 weeks and were used within 6 weeks. 

The purity of the mature population was confirmed using a BD Accuri C6 Analyzer flow 

cytometer (BD Biosciences) following a 30 min incubation with antibodies for both c-Kit-

allophycocyanin (APC) (Biolegend, cat #: 105812) and IgER-fluorescein isothiocyanate 

(FITC) (eBioscience, San Diego, CA, cat #: 11-5898-82). Mast cells are double positive 

for c-Kit and IgER [34]. 

 

IL-6 Release of Activated and Stabilized Mast Cells 

BMMCs were cytokine starved overnight without IL-3 prior to plating. BMMCs were 

plated in a 24 well plate at a concentration of 5 x 105 cells/mL. Cells were treated with 

either concentrated LL/2 or control CM for 24 h. For stabilizer experiments, cells were 

treated with LL/2 CM with and without a 100µM dose of ketotifen fumarate (Sigma-

Aldrich). The concentration of IL-6 in the CM was measured in triplicate using an ELISA 
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kit (R&D Systems, Minneapolis, MN) according to the manufacturer’s protocol.  

 

C2C12 Myotube Diameter Measurement  

Changes in differentiated C2C12 myotube diameter in the presence of conditioned media 

or fresh growth media was measured using basic microscopy and quantitative software 

(ImageJ), as previously described [35]. Briefly, 90% confluent C2C12 cells were incubated 

with media containing 2% (V/V) horse serum (Gibco) to promote formation of myotubes. 

Media was changed every 48 h for 7 days. After 7 days of incubation, the myotubes were 

treated with 10µM cytosine arabinoside hydrochloride (Sigma-Aldrich, St. Louis, MO, cat 

#: C6645) for 3 days to remove remaining myoblasts [35]. Myotubes were treated with 

fresh growth media (Control CM), LL/2 CM, BMMC CM, or LL/2-pre-activated BMMC 

CM. Myotube cultures were photographed prior to treatment and 24 h following treatment. 

Average myotube diameter for each well was calculated using 5 random fields of view at 

40x magnification captured with an EVOS XL Core Cell Imaging System (Invitrogen). For 

each field the diameter of 5 myotubes was calculated using 10 random points along the 

myotube. Images were coded to allow for blinded quantification without knowledge of the 

treatment conditions of the wells. Data was normalized according to average myotube 

diameter of the control wells. 

 

Bioinformatics 

The Gene Expression Omnibus (GEO) was used to access genomics data available for 

murine C26 cachexia model (GSE24112), and human upper gastrointestinal cancer 

(GSE34111) or pancreatic ductal adenocarcinoma (GSE130563) cohorts [17-21, 30]. 
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Molecular signatures for immune cell activation were obtained from the Molecular 

Signatures Database (MSigDB, accessed in 2019) and were contributed by the Gene 

Ontology Consortium [22-26].   

Signatures used are listed below: 

 

GO_MAST_CELL_MEDIATED_IMMUNITY 

GO_NEUTROPHIL_ACTIVATION_INVOLVED_IN_IMMUNE_RESPONSE 

GO_MACROPHAGE_ACTIVATION_INVOLVED_IN_IMMUNE_RESPONSE 

GO_POSITIVE_REGULATION_OF_MUSCLE_CELL_APOPTOTIC_PROCESS 

GO_MUSCLE_ATROPHY 

ADAPTIVE_IMMUNE_RESPONSE (GO:0002250) 

INNATE_IMMUNE_RESPONSE (GO:0045087) 

 

Gene Set Enrichment Analysis (GSEA v4.0.3) was used to measure enrichment of these 

signatures within the human cohorts to examine enrichment in cachectic patients [24, 27]. 

The Gene Expression Profiling Interactive Analysis (GEPIA) was used to assess 

correlation between the innate immune cell signatures and muscle atrophy or apoptosis 

signatures listed above in normal muscle tissue from the Genotype-Tissue Expression 

(GTEx) project as linked on the GEPIA2 website  [28, 29]. Correlation analysis was 

expressed using the Spearman correlation.  

 

Statistical Analyses 

Numerical data are expressed as mean ± standard error of the mean (SEM). Statistical 
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analysis was performed using the GraphPad Prism statistical program (GraphPad Software, 

San Diego, CA) with significance at P ≤ 0.05.  An unpaired student’s t-test or one-way 

ANOVA with Tukey’s or Bonferroni’s post-test was used to compare single measurements 

between groups where indicated. A two-way ANOVA was used to compare between 

groups with multiple or repeated measurements.  

 

Results 

Increased Expression of Innate Immune Cell Genes in a Cachexia Model 

To address whether muscle-resident immune cells, including mast cells, are involved in the 

pathogenesis of cancer-associated cachexia, first the association between the cancer-

associated cachexia condition and expression of genes commonly associated with cells 

from the innate and adaptive immune system was assessed (Figure 1a&b). To do so, a 

publicly available cohort was used which examined array-based gene expression profiling 

of quadriceps muscles from CD2F1 mice bearing murine C26 colon carcinoma cells 

(accession: GSE24112) [17]. In this study, mice were divided into normal control, 

moderate cachexia (10% loss of baseline body mass), and severe cachexia (15% loss of 

body mass). There was no significant difference in the examined genes from the adaptive 

immune system (Figure 1a). However, there was a significant difference in the Tryptase 

Alpha/Beta 1 (TPSAB1) and Cluster of Differentiation 68 (CD68) genes from the innate 

immune system (Figure 1b). TPSAB1 and Tryptase Beta 2 (TPSB2) are commonly 

associated with mast cells [36]. CD68 is commonly used as a macrophage marker [37]. 

Closer inspection of each of the genes showed significantly increased expression of 

TPSAB1 in the muscle of cachectic mice compared to the corresponding normal control 
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mice (Figure 1c), and there was also an observed trend toward increased TPSB2 

expression in moderate cachectic mice compared to control (Figure 1d). Additionally, 

CD68 expression was significantly increased in the severe cachexia mice compared to 

normal control mice (Figure 1e). Collectively, these data suggest the innate immune cells, 

such as mast cells and macrophages, are accumulated in the skeletal muscles derived from 

mice with cancer-associated cachexia. 

 

Subcutaneous LL/2 Injection Induces Cachexia In Vivo 

The Lewis Lung Carcinoma (LL/2) subcutaneous injection model is one of the most well 

established murine cancer-associated cachexia models currently in use to induce loss of 

muscle mass and function [38-40]. Therefore, LL/2 cells were inoculated subcutaneously 

into C57BL/6 mice to establish cancer-associated cachexia. The tumor-free body mass of 

the LL/2-bearing mice at the time of harvest was significantly lower than corresponding 

sham mice (Figure 2a). However, there was no significant difference in daily food intake 

between the groups, indicating that a change in diet is not responsible for the weight loss 

(Figure 2b). There was a trend toward higher percentage loss of body mass correlating 

with increased tumor size (Figure 2c). To assess if loss of muscle mass specifically was 

contributing to this loss in body mass, the primarily fast twitch fiber extensor digitorum 

longus (EDL), predominantly slow twitch fiber soleus (SOL), and mixed fiber type 

gastrocnemius (GA) and tibialis anterior (TA) muscles were excised and weighed [39, 41]. 

In this case, to further assess correlations between the reduction of body weight and the 

reduction of muscle weight, LL/2-bearing mice were stratified further into mice losing less 

than 10% [LL/2 (<10%)] and 10% or greater [LL/2 (10%≤)] of their baseline (pre-
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inoculation) body mass. Significant decreases in individual excised muscle mass of the TA 

(Figure 2d) and GA muscles (Figure 2e) in LL/2 (10%≤) mice were observed compared 

to sham, indicative of muscle wasting. There were slight trends toward decreased mass in 

the EDL (Figure 2f) and SOL muscles (Figure 2g), although this did not reach statistical 

significance. Furthermore, muscle function was examined using an in vivo force transducer 

system to measure force frequency following electrode stimulated plantarflexion [31]. 

There was a significant decrease in force frequency in measurements taken in LL/2 (10%≤) 

mice compared to sham in measurements taken just prior to harvest (Figure 2h), and a 

trend toward decreased time to muscle fatigue (Figure 2i).  

 

Individual muscle fibers from each of the excised muscle tissues were visualized using 

Wheat Germ Agglutinin to further analyze changes in muscle fiber sizes (Figure 3a). 

Quantification of the distribution of fiber sizes within each muscle showed a significant 

shift toward a higher frequency of small muscle fibers in the TA (Figure 3b) and GA 

(Figure 3c) in LL/2 (10%≤) mice, compared to the sham control. A similar trend was seen 

in the EDL muscle, although this did not reach statistical significance (Figure 3d). 

However, the SOL tissue did not show a significant change in fiber size distribution 

(Figure 3e). This is potentially due to fast-twitch muscle fibers being predominantly 

affected in cancer cachexia [42]. Interestingly, mRNA expression of the muscle protein 

specific E3 ubiquitin ligases Tripartite Motif Containing 63 (TRIM63) and F-Box Protein 

32 (FBXO32), which have previously been shown to be upregulated in cancer-associated 

cachexia [43, 44], were significantly increased in all of the skeletal muscles of LL/2 (10%≤) 

mice compared to the sham control.  Together, these findings suggest mice that lost 10% 
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or greater of their weight are representative of a cancer-associated cachexia phenotype. 

 

Cachectic Mice Have Increased Degranulating Skeletal Muscle Mast Cells, but not 

Macrophages and Neutrophils  

In order to assess the presence of innate immune cells in this model, skeletal muscle tissue 

was examined for resident mast cells, macrophages, and neutrophils within the 

endomysium and perimysium. The presence of mast cells within the skeletal muscle was 

visually confirmed using toluidine blue stain (Figure 4a).  Mast cells naturally resided in 

the skeletal muscle of both sham control and LL/2-bearing mice. The total number of mast 

cells per muscle cross section was quantified, and there was a significant increase of the 

total number of mast cells in the EDL tissue of LL/2 (10%≤) mice (Figure 4b-e). 

Degranulation, or granule release, of activated mast cells was assessed using the 

morphology of the mast cells. Interestingly, there was a significant increase in the number 

degranulating mast cells within the EDL, TA, and SOL tissue, and a trend toward increased 

degranulating mast cells in the GA of LL/2 (10%≤) mice, compared to the sham mice 

(Figure 4f-i). Relative TPSAB1 mRNA expression was also assessed in each of these 

muscle tissues (Figure 4j-m). Only a significant difference was observed in the GA muscle 

(Figure 4k), potentially due to the larger number of mast cells present within this larger 

muscle compared to the other smaller muscles measured.  

 

CD68 (Figure 5a) and NE positive staining (Figure 5j) were quantified as representative 

markers for macrophages and neutrophils, respectively, within the skeletal muscle tissue. 
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However, within this model, skeletal muscle-resident macrophages (Figure 5b-e) and 

neutrophils (Figure 5k-n) were not upregulated in the cachectic TA, GA, EDL, and SOL 

muscles. Relative mRNA expression of the corresponding genes for these markers were 

also assessed in each muscle of interest. There was a significant increase in CD68 

expression in the SOL of LL/2 (10%≤) mice (Figure 5i), but not in the TA, GA, and EDL 

muscles (Figure 5f-h). Relative mRNA expression of the neutrophil elastase gene 

(ELANE) showed no significant difference in the TA (Figure 5o), significantly lower 

levels in the EDL of LL/2 (10%≤) mice (Figure 5q), and significantly higher levels in the 

GA and SOL muscles (Figure 5p & r). 

 

Collectively, these data indicate an overall increase in the number of degranulating mast 

cells, but not macrophages and neutrophils in the skeletal muscle of cancer-associated 

cachectic mice. 

 

Cancer Cell Secretome Activates Mast Cells 

To next address the ability of secreted factors from cachexia-inducing cancer cells to 

activate mast cells, mast cells were treated with conditioned media (CM) from the LL/2 

cell line. LL/2 CM upregulated lysosome-associated membrane protein 2 (LAMP2) 

expression in the P815 mastocytoma cell line relative to control following 10 min of 

stimulation (Figure 6a). This upregulation occurs when mast cells are activated to 

degranulate [33]. Primary bone marrow derived mast cells (BMMC) released significantly 

higher levels of IL-6 in the media 24 h post-stimulation with LL/2 CM compared to IL-6 

levels of BMMC or LL/2 CM alone, indicative of mast cell activation (Figure 6b).  
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Ketotifen, a mast cell stabilizer, was used to inhibit this activation and significantly 

decreased IL-6 levels in BMMCs treated with LL/2 CM (Figure 6c). Differentiated C2C12 

murine myotubes treated with media from LL/2-pre-activated mast cells showed 

significantly reduced myotube diameter at 24 h post treatment compared to C2C12 

myotubes treated with fresh growth media (Control CM), LL/2 CM, or BMMC CM 

(Figure 6d & e). LL/2 cells release factors into their secretome that initiate measurable 

levels of mast cell activation and degranulation in vitro. In turn, activated mast cell media 

has a direct effect on myotube fiber size, suggesting that cancer-activated mast cells may 

promote the progression of the characteristic muscle atrophy in cachexia. 

 

Mast Cell Signatures Upregulated in Cachectic Skeletal Muscle 

To address the translational potential of our findings in humans and evaluate the 

efficaciousness of mast cells as a cachexia biomarker and mediator in humans, we first 

assessed the correlation between skeletal muscle atrophy and apoptosis signatures and 

innate immune cell signatures in human skeletal muscle tissue. Publicly available 

signatures for mast cells, neutrophils, and macrophages had a significant positive 

correlation with both skeletal muscle atrophy (Figure 7a-c) and apoptosis (Figure 7d-f) 

signatures in normal skeletal muscle tissue samples from the Genotype-Tissue Expression 

(GTEx) project [22-26, 28, 29]. To examine if these immune signatures were also enriched 

in cachectic muscle tissue, gene set enrichment analysis (GSEA) was used with publicly 

available human cohorts of upper gastrointestinal (GI) cancer and pancreatic ductal 

adenocarcinoma (PDAC) [24, 27]. In the  upper GI cancer cohort, patient quadriceps 

muscle biopsies were divided into normal control samples, and PreOp samples from  upper 
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GI cancer patients scheduled for tumor resection with a 7% body mass loss (accession: 

GSE 34111) [20]. The primary criteria considered for evaluating enrichment significance 

were: 1) a positive normalized enrichment score (NES), 2) a false discovery rate (FDR) 

below 0.1, and 3) a family-wise error rate (FWER) below 0.05. Using this criterion, there 

was no significant enrichment in gene signatures for adaptive immunity, macrophages, or 

neutrophils in the cachectic PreOp samples (Figure 8a, d, & e); however, there was 

enrichment of both the innate immunity and mast cell signatures (Figure 8b & c). The 

PDAC cohort contained rectus abdominis muscle biopsy samples from both cachectic and 

non-cancer bearing patients (GSE130563) [21, 30]. In this cohort, the greatest enrichment 

and lowest false discovery rate (FDR) was seen in the mast cell signature (Figure 8h), 

compared to the adaptive immunity, innate immunity, macrophage, and neutrophil 

signatures (Figure 8f, g, i, & j). The enrichment of this mast cell signature within muscle 

biopsies of cancer-associated cachectic patients from two separate cancer types, suggests 

that skeletal-resident mast cells are enriched in the muscles of cancer-associated cachexia 

patients.  

 

Discussion 

This study sought to identify and assess the potential efficacy of skeletal-muscle resident 

immune cells as mediators and/or biomarkers for cancer-associated cachexia. Using a 

publicly available murine bioinformatics cohort, individual innate and adaptive immune 

cell genes in a murine C26 model of cachexia revealed significant changes only in innate 

immune cell genes [17-19]. This finding prompted a focus on innate immune cells in an in 

vivo LL/2 model for cancer-associated cachexia. The development of cachexia in the 

immunocompetent C57BL/6 mice coincided with an increased number of activated and 
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degranulating skeletal muscle-resident mast cells, as shown through toluidine blue staining. 

However, immunofluorescence staining for macrophages and neutrophils showed no 

significant difference in the skeletal muscle. To determine the effect of LL/2-activated 

degranulating mast cells on muscle cells in a controlled in vitro setting, C2C12 myotubes 

were treated with LL/2-pre-activated BMMC CM and decreased myotube diameter was 

observed after 24 h. With the observations from the murine bioinformatics cohort, in vivo 

LL/2 model, and in vitro C2C12 experiments indicating a potential role for mast cell 

activation in the progression of cancer-associated cachexia, publicly available human 

cohorts were assessed to determine the translational potential of these findings. While 

immune response signatures for mast cells, macrophages, and neutrophils all positively 

correlated with signatures for muscle apoptosis and atrophy signatures in normal skeletal 

muscle tissue, only the mast cell signature was enriched in both the cachectic patients of 

the upper GI cancer and PDAC cohorts. [18-29]. These findings suggest that activated 

skeletal-muscle resident mast cells are enriched in the cachectic muscles. Therefore, 

skeletal-muscle resident mast cells may serve as a biomarker and mediator for cancer-

associated cachexia. 

 

It is well established that inflammatory factors are key in the development of cancer-

associated cachexia, the exact sources of this inflammation have remained a focus of study 

in the cachexia field [1]. Mast cells are one established producer of the well characterized 

pro-cachectic cytokine IL-6 [13], and as evidenced in our in vivo and in vitro experiments 

are activated directly by the cachexia-inducing LL/2 cell secretome. While little is known 

about the effects of skeletal muscle-resident mast cell accumulation and activation on 
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skeletal muscle tissue in cancer-associated cachexia patients, there are multiple instances 

of mast cell promoted muscle atrophy occurring in other conditions. For example, elevated 

numbers of degranulating skeletal muscle-resident mast cells have been previously 

implicated in the development of the autoimmune myopathy polymyositis [15] and 

Duchenne muscular dystrophy [16]. Another recent study observed increased levels of 

mast cells, many with a degranulating phenotype, in the quadriceps muscle of amyotrophic 

lateral sclerosis patients [45]. These cases establish a clear precedent of skeletal-muscle 

resident mast cell numbers and activation increasing in conditions resulting in skeletal 

muscle atrophy. Furthermore, the results from these muscle atrophy studies are mirrored 

in our own findings, where cancer-associated cachexia: 1) increased the number of 

activated degranulating skeletal muscle-resident mast cells in murine hind limb muscles, 

and 2) increased a mast cell mediated immunity signature in cachectic patient samples. 

 

Although a potential key player in the characteristic inflammation observed in this 

condition, skeletal muscle-resident mast cells may not be the sole inducer of cancer-

associated cachexia and all of its systemic effects. There may be other immune cells 

simultaneously at play throughout the various tissues affected in cancer-associated 

cachexia. For example, macrophages are upregulated in the colon of cachectic colon cancer 

patients [46]. However, within the skeletal muscle tissue specifically, mast cell activation 

was the most consistently observed innate immune cell upregulation across the murine and 

patient samples (both upper GI cancer and PDAC) in this study. It is worth noting that other 

immune cells may also be upregulated dependent upon the cancer type and immune cell 

markers used for identification. For example, CD163+ macrophages, or M2 macrophages, 
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were upregulated in the skeletal muscle of cachectic PDAC patients in a recent study [47], 

while we observed a statistically insignificant enrichment in cachectic PDAC patients and 

no enrichment in cachectic upper GI cancer patients using a macrophage immune response 

gene signature. Further studies are required to determine the full efficacy and penetrance 

of skeletal muscle-resident mast cell activation as a biomarker and mediator for cancer-

associated cachexia in patients across multiple cancer types and stages, as cachexia is a 

complex and variable condition [4]. For a less invasive diagnostic strategy, it would also 

be prudent to evaluate levels of activated mast cell released factors such as tryptase and 

heparin in the serum of cancer cachexia patients in future studies [48, 49]. Still, the addition 

of skeletal muscle-resident activated mast cells as a biomarker has the potential to enhance 

identification of at-risk cancer patients. 

 

Cancer-associated cachexia is a prominent problem for advanced cancer patients, and is 

associated with both decreased quality of life and poor prognosis. More than one million 

cancer patients in the US are affected by cachexia [50]. Patients with cachexia and their 

families pay a tremendous price physically, emotionally, and financially, attempting to 

cope with this condition. The financial burden of health care, including length and cost of 

hospitalization, is growing steadily, and all patients with cachexia face this added hardship 

[51]. However, a consistently efficacious and approved therapeutic option for cachexia is 

currently lacking, making earlier diagnosis and assessment of cachexia risk all the more 

critical in cancer patients. Our study posits activated skeletal muscle-resident mast cells as 

a tool for assessing cancer patient risk for cachexia development, in order to improve 

cachexia diagnoses as well as patient quality of life and prognoses. 
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Figure 1: Increased Expression of Innate Immune Cell Genes in Cachectic Mice 

Skeletal Muscle 

(a) Expression of adaptive immunity-related genes in quadriceps muscles of C26 colon 

carcinoma-bearing mice [GSE24112, Normal (n = 4), Moderate Cachexia (n = 3), and 

Severe Cachexia (n = 4)]. (b) Expression of innate immunity-related genes. Detailed 

analyses of (c) TPSAB1, (d) TPSB2, and (e) CD68 gene expression from (b). Mean ± 

SEM. *p ≤ 0.05, **p ≤ 0.01 (one-way ANOVA, Tukey’s multiple comparisons test). 
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Figure 2: Murine Model of LL/2 Induced Cachexia 

Murine lung cancer LL/2 cells or cell culture medium without cells (sham) were inoculated 

into C57BL/6 mice subcutaneously (sham n = 10, LL/2 n = 7). Body weight, food intake, 

tumor growth, and muscle function were assessed after 3 weeks. (a) Tumor free body mass 

of LL/2 and sham-bearing mice at baseline and termination of experiment. (b) Longitudinal 

measurement of daily food intake of LL/2 and sham-bearing mice. (c) Correlative 

comparison of excised tumor mass with percentage of body mass lost. (d-g) Comparison 

of muscle mass amongst sham-bearing mice and LL/2 bearing mice losing <10% or 10%≤ 

baseline body mass at termination of experiment.  Mean ± SEM, **p ≤ 0.01, ****p ≤ 0.0001 

vs. sham-injected group (one-way ANOVA, Bonferroni’s multiple comparisons test). (h, 

i) Hind limb muscle function [(h) Maximal tetanic force and (i) Time to fatigue] was 

measured by force transduction at termination of experiment. Mean ± SEM, **p ≤ 0.01 vs. 

sham-injected group (Student’s t-test). 
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Figure 3: Cachexia Shifts Muscle Fiber Size Distribution and Increases Cachexia-

Related Genes in In Vivo Murine Model 

Analysis of muscle fiber cross sectional area and cachexia-related gene expression in 

muscles obtained from animals in Figure 1. (a) Representative images of wheat germ 

agglutinin (WGA) stained TA muscles. x10. Bar = 100 µm. (b-e) Quantification of muscle 

fiber cross-sectional area percent distribution.  Mean ± SEM, **p ≤ 0.01, ***p ≤ 0.001, ****p 

≤ 0.0001 vs. sham-injected group (two-way ANOVA, Tukey’s multiple comparisons test). 

(f-i) TRIM63 and (j-m) FBXO32 mRNA expression of   muscles. Mean ± SEM. **p ≤ 0.01, 

***p ≤ 0.001, ****p ≤ 0.0001 vs. sham-injected group (Student’s t-test). 
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Figure 4: Degranulating Skeletal Muscle-Resident Mast Cells Increase in In Vivo 

Murine Cancer-Associated Cachexia Model 

Examination of skeletal muscle-resident mast cells (MCs) in muscles obtained from 

animals in Figure 2. (a) Representative images of toluidine blue stained TA muscle. x40. 

Bar = 25 µm. (b-i) Quantification of total number of muscle-resident (b-e) mast cells and 

(f-i) activated degranulating mast cells in hind limb skeletal muscles. (j-m) Relative mRNA 

expression of TPSAB1 in the muscles. Mean ± SEM, *p ≤ 0.05, **p ≤ 0.01 vs. sham-injected 

group (Student’s t-test). 
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Figure 5: No Change in Skeletal Muscle-Resident Macrophages and Neutrophils in 

Murine Cancer-Associated Cachexia Model 

Examination of skeletal muscle-resident CD68 (macrophage marker) positive cells and NE 

(neutrophil marker) positive cells in muscles obtained from animals in Figure 2. (a) 

Representative immunofluorescence images of CD68 and DAPI stained TA muscle. x20. 

Bar = 50 µm. (b-e) Quantification of number of positive CD68 cells per muscle cross 

section. (f-i) Relative mRNA expression of CD68 in muscle. (j) Representative 

immunofluorescence images of NE and DAPI stained TA muscle x20. Bar = 50 µm. (k-n) 

Quantification of number of positive NE cells per muscle cross section. (o-r) Relative 

mRNA expression of ELANE in muscle. Mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001 

vs. sham-injected group (Student’s t-test). 
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Figure 6: LL/2 Activated Mast Cells Decrease Differentiated Myotube Diameter 

(a) Representative histogram of LAMP2 expression in P815 cells with no treatment, 

Control conditioned media (CM), or LL/2 CM. (b) IL-6 levels at 24 h in [i] LL/2 CM,  [ii] 

bone marrow-derived MC (BMMC) CM, and [iii] BMMC CM treated with LL/2 CM (LL/2 

/ BMMC CM). Mean ± SEM. ****p ≤ 0.0001 (one-way ANOVA, Tukey’s multiple 

comparisons test). (c) IL-6 levels at 24 h in BMMC CM treated with LL/2 CM with and 

without 100µM ketotifen co-treatment. Mean ± SEM. **p ≤ 0.01 (Student’s t-test). (d) 

Differentiated murine C2C12 myotubes were treated with [i] Control CM, [ii] LL/2 CM, 

[iii] BMMC CM, or [iv] LL/2 / BMMC CM for 24 h. The average C2C12 myotube 

diameter was measured under the microscope. Mean ± SEM. *p ≤ 0.05 (one-way ANOVA, 

Tukey’s multiple comparisons test). (e) Representative images of C2C12 cells from (d). 

x40. 
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Figure 7: Innate Immune Cell Signatures Positively Correlate with Skeletal Muscle 

Atrophy and Apoptosis Signatures 

Spearman’s correlation of muscle atrophy gene signature and (a) Mast cell, (b) 

Macrophage, and (c) Neutrophil gene signatures in human skeletal muscle tissue from the 

Genotype-Tissue Expression (GTEx) project. Correlation of muscle apoptosis signatures 

and (d) Mast cell, (e) Macrophage, and (f) Neutrophil gene signatures. 
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Figure 8: Enriched Mast Cell Gene Signature in Muscles of Cachectic upper GI 

cancer and PDAC Patients  

Gene set enrichment analyses of (a) Adaptive immunity, (b) Innate immunity, (c) Mast 

cell, (d) Macrophage, and (e) Neutrophil gene signatures expressed in the quadriceps 

muscles obtained from upper gastrointestinal (GI) cancer patients from GSE34111 with 

7% weight loss (n = 12, PreOp) and normal controls (n = 6, normal). Enrichment plots of 

(f) Adaptive immunity, (g) Innate immunity, (h) Mast cell, (i) Macrophage, and (j) 

Neutrophil gene signatures expressed in the rectus abdominis muscles obtained from 

pancreatic ductal adenocarcinoma (PDAC) patients from GSE130563 with  cachexia (n = 

17, cachectic) or non-cancer controls (n = 16, non-cancer). FDR: false discovery rate, NES: 

normalized enrichment score, FWER: family-wise error rate. 
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Introduction 

Cancer-associated cachexia remains a common condition amongst cancer patients, 

affecting 80% of US advanced cancer patients throughout the course of their illness, and 

increasing patient morbidity and mortality [1-4]. To date, primary strategies for caring 

patients with cancer- associated cachexia are to provide palliative care, and there are 

approved no therapeutic treatments specifically for cancer-associated cachexia  [2, 5]. 

While it is well established that inflammatory factors and cytokines play a role in driving 

the loss of muscle mass and function characteristic of cancer-associated cachexia, 

inhibition of individual inflammatory cytokines have had mixed results as a treatment 

option and is largely seen as ineffective [1, 3, 5-11]. One potential strategy to target 

multiple inflammatory cytokines simultaneously and inhibit cachexia driving 

inflammation, is to target immune cells known to produce pro-cachectic cytokines and 

drive inflammation, such as the mast cells [12-14].  

 

Based on our findings from Chapter  II, showing that mast cell degranulation is increased 

in cancer-associated cachectic muscle, we sought to determine whether mast cells are a 

suitable novel target for treating cancer-associated cachexia. Resident mast cell 

degranulation within the skeletal muscle tissue releases pro-inflammatory cytokines within 

the skeletal muscle tissue, while also attracting other immune cells to the tissue capable of 

increasing inflammation and furthering damage [12, 13]. As a result, mast cells may be 

acting as an early promoter for muscle damage in cancer-associated cachexia, and we 

hypothesized that mast cell stabilization or use of a mast cell deficient model organism, 

would improve muscle mass and muscle function in the Lewis Lung Carcinoma (LL/2) 
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cachectic murine model. Such strategies have proven effective in other muscle atrophy 

conditions, such as Duchenne muscular dystrophy and polymyositis, but to our knowledge 

have not been attempted in a cancer-associated cachexia model [15, 16]. Assessing the 

efficacy of skeletal-muscle resident mast cell inhibition is key to determining its usability 

as a therapeutic treatment option for cancer-associated cachexia. 

 

In this chapter, three separate in vivo studies utilizing Lewis Lung Carcinoma (LL/2) cells 

to induce cancer-associated cachexia were used to assess if targeting skeletal muscle-

resident mast cell activation could inhibit loss of skeletal muscle mass and function. LL/2-

bearing immunocompetent C57BL/6J mice received daily intraperitoneal injections of the 

drug ketotifen, which is known to stabilize mast cells [17-19]. However, no protective 

effect against the cancer-associated cachexia phenotype was observed in these mice. 

Indeed, ketotifen treated mice showed signs of further decreased muscle function compared 

to vehicle treated mice. Next, we examined a systemically mast cell deficient strain of mice 

(W-sh) to further examine if preventing mast cell degranulation could protect muscle mass 

and function in cancer associated cachexia. However, we found no significant differences 

in skeletal muscle mass and function between W-sh mice and immunocompetent C57BL/6J 

mice. Finally, systemic mast cell reconstitution in W-sh mice, further confirmed that mast 

cell absence in the skeletal muscle is not sufficient to significantly protect against losses in 

body mass and muscle mass in the LL/2 cancer-associated cachexia model. Consequently, 

while degranulating skeletal muscle-resident mast cells are upregulated in cancer-

associated cachexia, targeting mast cells alone may not be sufficient to prevent 

development of cancer-associated cachexia in our LL/2 murine model. 
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Materials and Methods 

Cancer Cell Culture 

The Lewis lung carcinoma (LL/2) murine cell line was purchased from the American Type 

Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Gibco, Waltham, MA) at 37⁰C with 5% CO2. Complete cell 

culture media contained 1% (V/V) penicillin and streptomycin (Gibco), 1% (V/V) L-

glutamine (Gibco), and 10% (V/V) fetal bovine serum (FBS) (Gibco). 

 

Murine Models 

C57BL/6J mice (Jax Stock #00064) and B6.Cg-KitW-sh/HNihrJaeBsmJ (Jax Stock 

#030764) were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were group 

housed with ad libitum access to food and water. All experiments abided by the 

Institutional Animal Care and Use Committee (IACUC) guidelines of Wake Forest 

University Health Sciences (Protocol A18-026). To induce cachexia, male 5-month-old 

mice received a subcutaneous injection in the right flank with either 2.0 x 106 LL/2 cells in 

100 µL DMEM or 100 µL serum free DMEM. For mast stabilization, LL/2 injected mice 

received a daily intraperitoneal injection of either 10 mg/kg ketotifen fumarate (Sigma-

Aldrich, St. Louis, MO, cat #: K2628) or vehicle in 100 µL PBS [18, 19]. Daily body mass 

was monitored and recorded for each mouse. Average daily food intake per mouse was 

calculated based on the average food consumed per each cage of five mice. The tumor was 
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excised at the time of harvest, and tumor mass and tumor-free body mass were measured. 

 

Mast Cell Reconstitution 

To obtain bone marrow-derived mast cells (BMMCs), femurs and tibias from male 6-week-

old C57BL/6J mice (Jax Stock #00064) were flushed and cultured in Roswell Park 

Memorial Institute (RPMI) 1640 media (Gibco) as previously described [20]. Complete 

BMMC media was supplemented with 20ng/ml murine recombinant interleukin-3 

(PeproTech Cranbury, NJ, cat #: 213-13), 1% HEPES buffer (Fisher Scientific, Waltham, 

MA), 50uM 2-mercaptoethanol (Fisher Scientific), 1% (V/V) penicillin and streptomycin 

(Gibco), 1% (V/V) L-glutamine (Gibco), and 10% (V/V) fetal bovine serum (FBS) 

(Gibco). After four weeks of culture, cells were incubated with c-Kit-allophycocyanin 

(APC) (Biolegend, San Diego, CA, cat #: 105812) and IgER-fluorescein isothiocyanate 

(FITC) (eBioscience, San Diego, CA, cat #: 11-5898-82) antibodies for 30 minutes, and a 

BD FACS Canto II Analyzer flow cytometer (BD Biosciences, San Jose, CA) was used to 

confirm the presence of matured IgER and c-Kit double positive mast cells [20].  

 

Mast cell reconstitution using cultured BMMCs was performed as previously described 

[21, 22]. Briefly, 4-month old male mice were irradiated with a split dose of 900 rad, with 

4 hours in between doses. Mice received 1.0 x 107 BMMCs in 100 µL PBS through retro-

orbital injection. Control mice received 100 µL PBS only, and were not irradiated. 

Following 23 weeks mice were inoculated with LL/2 cells to induce cachexia. 
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Force Transducer Assays for Muscle Function 

Maximal force and time to fatigue measurements were recorded following electrode 

stimulated plantarflexion of the right hind limb using an in vivo force transducer (Aurora 

Scientific, Aurora, ON, Canada) [23]. Maximal contractile force was recorded as the 

highest elicited force following induced plantarflexion with a range of increasing electrical 

stimulation frequencies [e.g. 20, 40, 60, 80, 100, 125, 150, 200, 250, and 300 Hz] every 2 

min. Following 5 min of rest, repeated electrode stimulation at 60 Hz was used to induce 

muscle fatigue, defined as a 50% decrease in maximal force. 

 

Excised Muscle Measurements and Immunostaining 

The extensor digitorum longus (EDL), soleus (SOL), and tibialis anterior (TA) muscles 

were excised, weighed, and snap-frozen in liquid nitrogen at the time of harvest. To prepare 

tissues for immunofluorescence and immunohistochemistry staining, 20 µm thick 

transverse sections were made using a Leica CM3050 S cryostat (Leica Biosystems, 

Wetzlar, Germany). All microscopy quantifications were calculated using 3 sections per 

muscle per mouse. 

 

Muscle fiber cross sectional area (CSA) of the transverse sections were measured using 

wheat germ agglutinin Alexa Fluor 488 conjugate (Invitrogen, Waltham, MA, cat #: 

W11261). Images were taken at 10x magnification to cover 80-100% of muscle tissue (1 

image per section for EDL and SOL tissues, 3 images per section for TA tissues). CSA 



83 

quantification was completed using ImageJ (National Institutes of Health, Bethesda, MD). 

 

For mast cell visualization, muscle sections were stained with toluidine blue (Sigma-

Aldrich, cat #: T3620) according to the manufacturer’s instructions. Representative images 

were taken at 40x magnification. The number/mm2 of total and degranulating mast cells in 

the skeletal muscle endomysium and perimysium were quantified using 3 images per 

section for EDL and SOL tissues, and 5 images per section for TA tissues. Images were 

coded and randomized to allow for blinded quantification without knowledge of the 

treatment status of the mice.  

 

Quantitative PCR of Muscle Ubiquitin Ligases  

Excised muscles were homogenized and lysed using a Direct-Zol Mini Prep lysis kit (Zymo 

Research, Irvine, CA) according to the manufacturer’s instructions. The TA tissue from 

each mouse were lysed individually. The EDL and SOL tissues were pooled within groups 

and lysed. cDNA was prepared from the lysed samples, and qPCR was run using TRIM63 

(Mm01185221_m1) or FBXO32 (Mm00499523_m1) target primers, with GAPDH 

(Mm99999915_g1) as a housekeeping gene (TaqMan Applied Biosystems, Waltham, 

MA). Relative gene expression was calculated using the 2-ΔΔCT values. 

 

Statistical Analyses 

All numerical data are expressed as mean ± standard error of the mean (SEM). Statistical 

analysis was performed using the GraphPad Prism statistical program (GraphPad Software, 

San Diego, CA) with significance at P ≤ 0.05.  An unpaired student’s t-test was used to 
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compare single measurements between two groups. A two-way ANOVA was used to 

compare between groups with multiple or repeated measurements.  

 

Results 

Ketotifen Treatment Does Not Inhibit Cachexia Phenotype Development 

Our previous research (see Chapter II), indicated that skeletal muscle-resident mast cell 

activation and degranulation increases alongside loss of muscle mass and function in the 

Lewis lung carcinoma (LL/2) cachexia model. Based on this observation, we sought to 

determine if mast cell stabilization would ameliorate the cancer-associated cachexia 

phenotype in an in vivo murine model. To this end, a subcutaneous injection of LL/2 cells 

was used to induce cancer-associated cachexia in male C57BL/6J mice. Mice then received 

either vehicle treatment or ketotifen fumarate, a well-established mast cell stabilizer, 

through daily intraperitoneal injection for 3 weeks [18, 19, 24].  

 

While the tumor free-body mass of both ketotifen and vehicle treated mice were 

significantly decreased at the time of harvest compared to their respective baseline body 

masses, there were no significant differences between the groups at either time point 

(Figure 1a). This suggests ketotifen treatment by itself was unable to preserve tumor free 

body mass in this model. There was no significant change in daily food intake (Figure 1b) 

or tumor mass (Figure 1c), indicating that the ketotifen treatment does not affect either 

diet or tumor growth. To assess if there was any preservation of individual muscle mass 

with ketotifen treatment, the fast twitch fiber extensor digitorum longus (EDL), slow twitch 

fiber soleus (SOL), and mixed fiber type tibialis anterior (TA) muscles were excised and 
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weighed. However, there was no significant difference in EDL (Figure 1d), SOL (Figure 

1e), or TA muscle mass (Figure 1f) between vehicle and ketotifen treated groups. Maximal 

contractile force and time to fatigue were measured using an in vivo force transducer system 

in order to examine changes in muscle function [23]. In measurements taken just prior to 

harvest, there was a significant decrease in maximal force at 150 Hz in the ketotifen treated 

group compared to the vehicle treated control (Figure 1g), but no significant difference in 

time to fatigue between the groups (Figure 1h). These results suggest that rather than 

improving muscle function, ketotifen treatment further decreased muscle function in the 

LL/2 cachexia model. 

 

Individual muscle fibers from each of the excised muscle tissues were also examined for 

changes in size in response to ketotifen treatment. The distributions of fiber sizes were not 

significantly different between vehicle and ketotifen treated mice in the EDL (Figure 2a) 

and TA muscles (Figure 2c). Interestingly, in the SOL muscle there was a significantly 

higher frequency of large muscle fibers in the vehicle treated group compared to the 

ketotifen treated group (Figure 2b). Although slow-twitch fibers are typically not as 

affected as fast-twitch fibers in cancer-associated cachexia [25], this result suggests that 

ketotifen treatment further decreases slow twitch fiber size in the presence of a cachexia-

inducing tumor. Relative mRNA expression was measured for muscle protein specific E3 

ubiquitin ligases Tripartite Motif Containing 63 (TRIM63) and F-Box Protein 32 

(FBXO32) in each muscle with no significant difference between ketotifen and vehicle 

treated groups (Figure 2e-i). Together, these findings suggest that ketotifen treatment does 

not ameliorate the development of cancer-associated cachexia and instead may further 
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impair muscle function. 

 

Toluidine blue stain was used to visualize the total number and degranulation status of mast 

cells within the skeletal muscle tissue. While there were trends toward decreased mast cell 

number and activated degranulating mast cells per square millimeter of tissue in ketotifen 

treated mice, there were no significant differences compared to control (Figure 3 a-f). A 

larger dose of ketotifen may be needed to see a significant decrease in mast cell 

degranulation; however, an increased dose may also cause further muscle function 

impairment.  

 

Mast Cell Deficiency does not Prevent Cachexia Development   

To further examine the efficacy of mast cells as potential target for cachexia prevention, 

we measured development of the cancer-associated cachexia phenotype in mice with an 

inversion mutation of the transcriptional regulatory elements for c-KIT, resulting in 

systemic mast cell deficiency (B6.Cg-KitW-sh/HNihrJaeBsmJ [W-sh] strain, congenic on a 

C57BL/6 background)  [21]. W-sh and immunocompetent C57BL/6J mice both received 

subcutaneous flank LL/2 injections to induce cancer-associated cachexia. Tumor free body 

mass was recorded at baseline prior to cancer cell injection and at harvest following tumor 

excision. While the tumor free-body mass of both the C57BL/6J and W-sh mice were 

significantly decreased at the time of harvest compared to their respective baseline body 

masses, there were no significant differences between the groups (Figure 4a). While 

variable over time, daily food intake trended toward being higher in W-sh mice compared 

to C57BL/6 mice, suggesting that diet had no significant impact on loss of body mass 
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(Figure 4b). Additionally, there was no significant difference in tumor mass (Figure 4c), 

EDL (Figure 4d), SOL (Figure 4e), or TA muscle mass (Figure 4f) between W-sh and 

C57BL/6J groups, suggesting that mast cell deficiency has no significant impact on tumor 

growth or changes in muscle mass in this model. 

 

To examine any changes in muscle function, maximal contractile force and time to fatigue 

were measured. In in vivo force measurements recorded just prior to harvest, there was a 

trend toward decreased maximal force at 150 Hz in the W-sh mice compared to the 

C57BL/6J control, although this did not reach statistical significance. (Figure 4g). There 

was no significant difference observed in time to fatigue between the groups (Figure 4h). 

These data suggest that mast cell deficiency had no significant impact on muscle function 

in the LL/2 murine model. 

 

Individual muscle fibers were also examined for potential changes to fiber size due to mast 

cell status in LL/2-bearing mice. The distributions of fiber sizes were not significantly 

different between W-sh and C57BL/6J mice in the EDL (Figure 5a) and TA muscles 

(Figure 5c). Similar to what was observed in the ketotifen experiments, in the SOL muscle 

there was a significant shift in fiber size distribution showing higher frequency of small 

muscle fibers in the W-sh group compared to the C57BL/6J group (Figure 5b).  

Interestingly, relative mRNA expression for TRIM63 and FBXO32 was significantly 

higher in the W-sh EDL, SOL, and TA (Figure d-i). This suggests that these E3 ubiquitin 

ligases are upregulated and could potentially result in higher levels of muscle protein 

degradation in mice deficient in mast cells. 
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Representative toluidine blue stain images were used to confirm that W-sh mice are mast 

cell deficient in the EDL (Figure 6a), SOL (Figure 6b), and TA (Figure 6c), compared to 

the immunocompetent C57BL/6 mice. 

 

Mast Cell Reconstitution does not Impact Cachexia Development 

To further determine if mast cell deficiency impacts the cancer-associated cachexia 

phenotype, irradiated W-sh mice received a retro-orbital injection of cultured bone marrow 

derived mast cells (BMMCs). After 23 weeks post-injection, mice then received a 

subcutaneous LL/2 injection into the right flank to induce cachexia. There was no 

significant difference in tumor free baseline or harvest body mass between W-sh mice 

receiving BMMC cells (W-sh + BMMC) and control W-sh mice. However, the W-sh mice 

significantly lost weight at harvest compared to their baseline weight, while the W-sh + 

BMMC mice only trended toward weight loss at harvest (Figure 7a). There was also no 

significant difference in excised tumor mass (Figure 7b), EDL (Figure 7c), SOL (Figure 

7d), and TA (Figure 7e) muscle mass. Examination of muscle fiber size distribution 

revealed no significant shifts in the EDL (Figure 8a), SOL (Figure 8b), and TA (Figure 

8c). This data suggests that mast cell reconstitution may preserve some body mass, but has 

no significant effect on muscle mass or muscle fiber size in the model. 

 

Relative mRNA expression of TRIM63 and FBXO32 were not significantly different 

between groups in the TA (Figure 8h-i). However, there was a significant decrease in 

TRIM63 and FBXO32 expression in W-sh + BMMC mice compared to control W-sh mice 

in the EDL (Figure 8d-e), while in the soleus there was a significant increase in TRIM63 



89 

expression in W-sh + BMMC mice and no significant change in FBXO32 expression 

(Figure 8f-g). Overall, these results suggest that mast cell presence may alter TRIM63 and 

FBXO32 expression in a manner that is muscle or fiber type composition specific.  

 

Toluidine blue staining was used to visualize skeletal-muscle resident mast cells and 

confirm the efficacy of the mast cell reconstitution in each of the key muscles of interest. 

Representative toluidine blue stained images of the EDL (Figure 9 a) and TA (Figure 9c) 

show mast cells within the endomysium and perimysium tissue of the skeletal muscles. 

However, in the SOL (Figure 9b), mast cells were only observed in the epimysium of the 

W-sh + BMMC mice. 

 

Discussion 

This study sought to determine the efficacy of skeletal-muscle resident mast cells as a 

potential target for cancer-associated cachexia treatment. Daily intraperitoneal injections 

of the established mast cell stabilizer ketotifen did not prevent loss of muscle mass or 

function in the LL/2-bearing murine cachexia model. Notably, force transducer 

measurements suggested ketotifen treatment further decreased muscle function compared 

to the vehicle treated control, rather than eliciting a protective effect as originally 

hypothesized. While toluidine blue staining of the hind limb muscles from ketotifen treated 

mice only showed trends toward decreased activated mast cell degranulation, a higher dose 

of ketotifen treatment could have also induced additional damage. Consequently, we more 

closely examined whether downregulation of mast cells could protect against loss of 

muscle mass and function in the presence of a cachexia-inducing tumor using the 
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systemically mast cell deficient W-sh strain of mice. There were no significant differences 

in loss of body mass, muscle mass, or muscle function between the W-sh and 

immunocompetent C57BL/6J control mice. These results further suggest that the absence 

of skeletal-muscle resident mast cells does not prevent loss of skeletal muscle mass and 

function in LL/2-bearing mice. Finally mast cell reconstitution in the W-sh mice was 

utilized to further confirm if mast cell presence in the skeletal muscle has an effect on 

cachexia development. Following reconstitution with BMMCs, mast cells were visualized 

within the skeletal muscle connective tissue. Notably, mast cell reconstitution showed 

some protection toward overall body mass, but had no effect on muscle mass or muscle 

fiber size. Collectively, these findings suggest that in our LL/2 cancer-associated cachexia 

model, the characteristic loss of muscle mass and function occurs regardless of the presence 

of mast cells. Therefore, skeletal muscle-resident mast cells may not be suitable as a target 

for cancer-associated cachexia treatment in isolation. 

 

While our previous results (See Chapter II) indicate that activation of skeletal muscle-

resident mast cells acts as a marker of cancer-associated cachexia progression, simply 

inhibiting mast cell degranulation does not prevent cachexia development. This may be 

due to several factors that will require further research to fully elucidate. While mast cells 

often function to promote inflammation, in some instances they can also promote immune 

suppression, such as through release of anti-inflammatory cytokines and the chymase 

mMCP4 [12, 22, 26, 27]. While in conditions such as Duchenne muscular dystrophy, mast 

cell stabilization is sufficient to slow disease progression, other conditions such as 

experimental autoimmune encephalomyelitis, have reported worsening disease progression 
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in the absence of mast cells and their immunosuppressive functions, even though mast cells 

have been reported to contribute to the disease phenotype in both instances [15, 28]. 

Similarly, in our cachexia models the absence of these anti-inflammatory factors may be 

allowing other immune cells pathways to further cachexia development, which may 

explain why we also observed some differences in which muscles were affected in each 

model. While in cancer-associated cachexia fast-twitch type muscles are usually more 

predominantly affected, our results indicated shifts toward reduced muscle fiber size in the 

predominantly slow-twitch fiber SOL muscles of ketotifen treated and W-sh animals 

compared to their respective controls [25].  

 

Additionally, many immune cells are likely simultaneously promoting cachexia 

development. For example, neutrophil-derived proteases have been reported to be 

increased in the serum of cachectic individuals, and are also reported to respond early in 

skeletal muscle inflammation [14, 29]. Overall, further studies are needed to determine if 

other immune cells (e.g. macrophages, neutrophils, etc.) are upregulated and play 

significant roles in promoting cancer-associated cachexia development in the absence of 

mast cells. In this scenario, combination treatments to target multiple immune cell types at 

once may be more beneficial than targeting a single immune cell type.   

 

Cancer-associated cachexia is a complex systemic condition that will likely require a 

combination of treatments to effectively manage. Ascertaining which strategy or 

combination of treatment strategies will grant the most benefit to patients suffering from 

increased morbidity and decreased overall quality of life due to this condition, remains a 
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worthy endeavor [1, 3, 4]. The findings of this study assessed activated skeletal muscle-

resident mast cells as a target for cachexia treatment, and determined that mast cells are 

ineffective as a singular target to treat cancer-associated cachexia. Future studies will seek 

to further elucidate the complex mechanisms driving cachexia and determine the feasibility 

of co-treatments to improve patient prognoses. 
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Figure 1: Ketotifen Treatment of LL/2-Bearing Mice 

Murine lung cancer LL/2 cells were subcutaneously injected into the right flank of 

C57BL/6J mice. Mice were treated with either 10 mg/kg/day ketotifen or vehicle through 

intraperitoneal injection (vehicle n = 10, ketotifen n = 8). Tumor free body mass, daily food 

intake, tumor growth, and muscle function were assessed 3 weeks post tumor-injection. (a) 

Tumor free body mass of vehicle and ketotifen treated mice at baseline and termination of 

experiment. Mean ± SEM, *p ≤ 0.05, **p ≤ 0.01. (paired Student’s t-test). (b) Longitudinal 

measurement of daily food intake of vehicle and ketotifen treated mice. (c) Comparison of 

excised tumor mass from ketotifen and vehicle treated mice. (d-f) Comparison of muscle 

mass (EDL, SOL, or TA) between vehicle and ketotifen treated mice (g, h) Hind limb 

muscle function [(g) Maximal tetanic force at 150 Hz and (h) Time to fatigue] measured 

by in vivo force transduction at termination of experiment. Mean ± SEM, *p ≤ 0.05 vs. 

vehicle-injected group. (Student’s t-test). 
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Figure 2: Ketotifen Treatment Does Not Positively Shift Muscle Fiber Size 

Distribution or Decrease Cachexia-Related Gene Expression 

Analysis of distribution of muscle fiber cross sectional area and cachexia-related gene 

expression in muscles obtained from animals in Figure 1. (a-c) Quantification of muscle 

fiber cross-sectional area percent distribution.  Mean ± SEM, *p ≤ 0.05 vs. vehicle-injected 

group. (two-way ANOVA). (d, f, h) FBXO32 and (e, g, i) TRIM63 mRNA expression of 

muscles. Mean ± SEM. (Student’s t-test). 
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Figure 3: Degranulating Skeletal Muscle-Resident Mast Cells Show Decreasing 

Trends with Ketotifen Treatment 

Quantification of skeletal muscle-resident mast cells (MCs) in muscles obtained from 

animals in Figure 1. (a, c, e) Quantification of total number of skeletal muscle-resident 

mast cells, and (b, d, f) activated degranulating mast cells per mm2 tissue in hind limb 

skeletal muscles. Mean ± SEM. (Student’s t-test). 
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Figure 4: Mast Cell Deficiency Does Not Inhibit Cachexia Development 

Murine lung cancer LL/2 cells were subcutaneously injected into the right flank of 

C57BL/6J and mast cell deficient W-sh mice (C57BL/6J n = 7, W-sh n = 8). Tumor free 

body mass, daily food intake, tumor growth, and muscle function were assessed 3 weeks 

post tumor-injection. (a) Tumor free body mass of C57BL/6J and W-sh mice at baseline 

and termination of experiment. Mean ± SEM, ***p ≤ 0.001. (paired Student’s t-test). (b) 

Longitudinal measurement of daily food intake of C57BL/6J and W-sh mice. (c) 

Comparison of excised tumor mass from C57BL/6J and W-sh mice. (d-f) Comparison of 

muscle mass (EDL, SOL, or TA) between C57BL/6J and W-sh mice (g, h) Hind limb 

muscle function [(g) Maximal tetanic force at 150 Hz and (h) Time to fatigue] measured 

by in vivo force transduction at termination of experiment. Mean ± SEM. (Student’s t-test). 
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Figure 5: Mast Cell Deficiency Does Not Positively Shift Muscle Fiber Size 

Distribution and Increases Cachexia-Related Gene Expression 

Analysis of distribution of muscle fiber cross sectional area and cachexia-related gene 

expression in muscles obtained from animals in Figure 4. (a-c) Quantification of muscle 

fiber cross-sectional area percent distribution.  Mean ± SEM, ****p ≤ 0.0001 vs. C57BL/6J. 

(two-way ANOVA). (d, f, h) FBXO32 and (e, g, i) TRIM63 mRNA expression of muscles. 

Mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (Student’s t-test). 
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Figure 6: W-sh Mice Are Deficient in Skeletal Muscle-Resident Mast Cells 

Examination of skeletal muscle-resident mast cells (MCs) in muscles obtained from 

animals in Figure 4. (a-c) Representative images of hind limb muscles from C57BL/6 and 

W-sh mice. Mast cells are stained purple. x40. Bar = 50 µm.  
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Figure 7: Mast Cell Reconstitution Does Not Significantly Increase Cachexia 

Phenotype 

Murine lung cancer LL/2 cells were subcutaneously injected into the right flank of W-sh 

mice and W-sh mice with mast cells reconstituted through retro-orbital injection of primary 

bone marrow-derived mast cells (W-sh + BMMC) (W-sh n = 9, W-sh + BMMC n = 8). 

Tumor free body mass, tumor growth, and muscle function were assessed 3 weeks post 

tumor-injection. (a) Tumor free body mass of W-sh and W-sh + BMMC mice at baseline 

and termination of experiment. Mean ± SEM, ***p ≤ 0.001. (paired Student’s t-test). (b) 

Comparison of excised tumor mass from W-sh and W-sh + BMMC mice. (d-f) Comparison 

of muscle mass (EDL, SOL, or TA) between W-sh and W-sh + BMMC mice. Mean ± 

SEM. (Student’s t-test). 

 

  



107 

 

  



108 

Figure 8: Mast Cell Reconstitution Does Not Negatively Shift Muscle Fiber Size 

Distribution and Decreases EDL Cachexia-Related Gene Expression 

Analysis of distribution of muscle fiber cross sectional area and cachexia-related gene 

expression in muscles obtained from animals in Figure 7. (a-c) Quantification of muscle 

fiber cross-sectional area percent distribution.  Mean ± SEM. (two-way ANOVA). (d, f, h) 

FBXO32 and (e, g, i) TRIM63 mRNA expression of muscles. Mean ± SEM, *p ≤ 0.05, **p 

≤ 0.01. (Student’s t-test). 
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Figure 9: BMMC Reconstitution Can Deliver Mast Cells into Skeletal Muscle of W-

sh Mice  

Examination of skeletal muscle-resident mast cells (MCs) in muscles obtained from 

animals in Figure 7. (a-c) Representative images of hind limb muscles from W-sh and W-

sh transplanted with BMMC (W-sh + BMMC) mice. (c, far right) includes outer edge 

(epimysium) of muscle tissue. Mast cells are stained purple. x40. Bar = 50 µm.  
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General Discussion 

The Challenge of Cancer-Associated Cachexia Early Detection and Treatment 

Cancer-associated cachexia is a predominant problem amongst cancer patients, and affects 

roughly 80% of all patients with an advanced form of cancer [1-3]. The current accepted 

international criteria for cancer cachexia diagnosis is loss of 5%< of body mass within 6 

months, which may be coupled with signs of systemic inflammation [4, 5]. With no 

currently approved therapeutics for cancer-associated cachexia, these patients suffer from 

progressively and systemically reduced muscle mass and function, worsened quality of life, 

and an overall worsened prognosis [1, 2, 6]. The mechanisms of cachexia development are 

not currently fully elucidated, but several studies have identified pro-inflammatory 

cytokines such as interleukin 6 (IL-6) as an area of interest [1, 7-11]. These pro-

inflammatory cytokines have been reported to promote muscle protein degradation through 

activation of the ubiquitin proteasome system to degrade skeletal muscle proteins, as well 

as increased caspase activity to promote muscle cell apoptosis. [1, 6, 12-19]. While the 

detrimental impact of pro-inflammatory cytokines and systemic inflammation are well-

established to promote cancer-associated cachexia development and progression, effective 

therapeutic treatments are currently lacking for patients, and anti-inflammatory drug 

treatments targeting specific cytokines have been met with mixed results [9, 20-23]. 

Additionally, the successful use of cytokines as effective biomarkers for determining which 

cancer patients are at risk of cachexia development has been inconsistent [9, 11]. As a 

result, additional biomarkers are needed in order to consistently identify at-risk patients. 

Moreover, cachexia is as complex and diverse a condition as the cancer that initially sparks 

its development, and will likely require treatment options that are able to target multiple 
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pro-inflammatory pathways simultaneously [9, 24].  

 

Mast Cells Mediate Inflammation 

Perhaps the most common source of inflammation and the pro-inflammatory cytokines 

known to drive cachexia are the adaptive and innate immune cells. One type of immune 

cell that is known to reside in the connective tissue encompassing skeletal muscle fibers is 

the mast cell [25, 26]. Mast cells are some of the first responders of the immune system 

and are able to be activated through a wide array of antigens, peptides, complement 

products, etc. [25, 27-29]. Following activation, the most common action of mast cells is 

to degranulate and release inflammatory mediators and cytokines to initiate an 

inflammatory response, while recruiting other immune cells to the area to further propagate 

inflammation [25, 30]. It is worth noting, that under certain conditions mast cells have also 

been reported to function in an anti-inflammatory manner [25, 29, 31]. However, in the 

context of skeletal muscle, several studies examining conditions resulting in muscle 

atrophy have reported an upregulation of mast cells and mast cell activation within the 

skeletal muscle tissue, and suggest that mast cell initiated inflammation contribute to 

disease progression [26, 32, 33]. Based on these findings, we sought to determine if this 

precedence would also hold true in cancer-associated cachexia and examined if: 1) mast 

cell degranulation is upregulated in cachectic skeletal muscle and 2) mast cells are a 

potential therapeutic target for cancer-associated cachexia. 

 

Degranulating Mast Cells Increased in Cachectic Skeletal Muscle 

Through a combination of in vitro, in vivo, and bioinformatics techniques we have posited 
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that activated degranulating mast cells are increased in cachectic skeletal muscle. Initial 

examination of a murine colon carcinoma bioinformatics cohort, suggested that mast cell 

genes were upregulated within the skeletal muscle of cachectic mice [34-36]. Following 

up on these results, we examined a LL/2-bearing murine model in immunocompetent 

C57BL/6J mice as well as publicly available cachexia patient cohorts for confirmation of 

this finding. Similar to reports from polymyositis, Duchenne muscular dystrophy, and 

amyotrophic lateral sclerosis studies [26, 32, 33], we observed significant increases in the 

number of degranulating mast cells in the hind limb muscles of cachectic LL/2-bearing 

mice. These in vivo findings were coupled with an increased expression of a mast cell 

mediated immune signature in cachectic patients from upper GI cancer and PDAC patient 

cohorts [35-47]. These results highlighted the potential of activated degranulating mast 

cells within the skeletal muscle tissue to function as a marker for cachexia development. 

 

In vitro results showed an increase in pro-cachectic IL-6 [25] release from mast cells treated 

with LL/2 conditioned medium, as well as decreased C2C12 myotube diameter following 

treatment with the activated mast cell media. This data suggested that the LL/2 secretome 

contains factors capable of inducing mast cell activation and degranulation, as well as the 

possibility that mast cells may release inflammatory factors to promote muscle atrophy. 

Additionally, the human mast cell immune signature positively correlated with signatures 

for muscle cell apoptosis and atrophy in normal human skeletal muscle tissue [39-43, 45, 

46]. While these results further support upregulation of activated mast cell degranulation 

in cachectic muscle tissue, they also suggested that mast cells may mediate cachexia 

development and thus be a potential therapeutic target for cancer-associated cachexia in 
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addition to a marker. 

 

Targeting Mast Cells Does Not Prevent Cachexia Development in vivo 

In order to determine if inhibition of mast cell degranulation would effectively inhibit loss 

of muscle mass and muscle function, three in vivo LL/2-bearing cachexia models were 

utilized. First, the mast cell stabilizer ketotifen was given daily to immunocompetent 

C57BL/6J mice. Contrary to the muscle atrophy condition Duchenne muscular dystrophy, 

where mast cell stabilizer treatment did inhibit disease progression in an in vivo murine 

model, no protection against loss of body mass, muscle mass, or muscle function was 

observed in this model [26]. Indeed, ketotifen treated mice showed decreased maximal 

tetanic force compared to vehicle treated controls, as well as a smaller percentage of large 

muscle fibers in the predominantly slow-twitch fiber soleus muscle. This was of interest 

since, predominantly fast-twitch muscles are more affected in cancer-associated cachexia 

[48]. To determine if this finding was simply due to the drug treatment or dose, we utilized 

the systemically mast cell deficient mouse strain W-sh. These mice are congenic with 

C57BL/6J mice, and comparisons of the two strains again revealed no protective effect 

against cachexia development. In fact all three examined hind limb muscles (EDL, SOL, 

and TA) in W-sh strain had significantly higher levels of the muscle specific E3 ubiquitin 

ligases FBXO32 and TRIM63, which are commonly upregulated in cachexia [15, 49], and 

the soleus muscle again showed a significant shift in fiber size distribution. Finally, mast 

cells were reconstituted into W-sh mice (W-sh + BMMC) through retro-orbital injection 

of differentiated primary murine mast cells. Surprisingly, W-sh + BMMC experienced less 

body mass loss than the W-sh control mice. While there were no significant differences in 
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muscle mass between the two groups, there was a significant decrease in FBXO32 and 

TRIM63 expression in the EDL of the W-sh + BMMC mice. Rather than resembling other 

muscle atrophy studies showing a protective effect with mast cell inhibition, our findings 

seem to more closely resemble an autoimmune encephalomyelitis study where in absence 

of mast cells, there was reduced immune suppression, and thus increased disease phenotype 

[50]. While mast cell degranulation is increased in cachectic muscle tissue, it is possible 

that this activation promotes anti-inflammatory as well as pro-inflammatory pathways, 

allowing other immune cells to become upregulated and promote continued cachexia 

development in the absence of mast cells [25, 29, 31, 51]. Consequently, our results 

conclude that mast cells may not be suitable as a single target for cancer-associated 

cachexia. 

 

Future Directions 

Skeletal muscle-resident degranulating mast cells are promising as a potential marker of 

cachexia development. However, work remains to be done to determine the full penetrance 

of skeletal muscle mast-cell activation across cancer types and stages. While we observed 

enrichment in the LL/2 murine model, as well as upper GI cancer, and PDAC patient 

cohorts, additional studies utilizing other cachexia-inducing cell lines [52], mouse strains, 

and patient cohorts will be needed  in order to fully address the inherent variability of 

cancer-associated cachexia [9, 13]. Future patient studies will need to: 1) examine 

circulating factors released from activated mast cells, such as serum levels of tryptase and 

heparin, and 2) determine which component(s) of the cachexia-inducing cancer cell 

secretome are activating mast cells [53, 54]. This strategy will help determine if there is an 
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effective and less-invasive alternative to a muscle biopsy for ascertaining skeletal-muscle 

resident mast cell activation in patients. 

 

Importantly, other immune cells not resident in the skeletal muscle may also play a role in 

the development of cancer-associated cachexia. For example, cachectic colon cancer 

patients have upregulated levels of macrophages in the colon [55], and neutrophil-derived 

proteases are higher in the serum of some cachectic patients [5]. Moreover, while the 

immune cell signatures and stains in our studies did not reveal significant increases in other 

immune cell types in the skeletal muscle, it is worth examining additional immune cell 

signatures for any discrepancies. For example, a PDAC patient study found that CD163+ 

macrophages were upregulated in cachectic skeletal muscle tissue [56], while we observed 

no significant enrichment of a macrophage cell signature in a PDAC cohort.  

 

Understanding why mast cell deficient mice are still susceptible to the development of 

cachexia, and appear to have greater cachectic effects in slow-twitch fiber muscles, will 

also be beneficial to further elucidating the mechanisms driving cachexia. It is possible that 

in the absence of mast cells the lack of their anti-inflammatory properties allows other 

immune cells to become upregulated and drive cachexia development [31]. Such a 

phenomenon has also been observed in autoimmune disease studies where mast cell 

deficient strains of mice have either no effect on or induce worsened disease progression, 

even though mast cells have been previously implicated as promoters of the autoimmune 

disease (e.g. experimental auto-immune encephalitis), and a similar effect may be 

occurring in our studies [25, 50].  This could also partially explain why 𝛽-agonists have 
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shown some benefit in in vivo cancer-associated cachexia studies [57]. Although mast cells 

are known to be stabilized through 𝛽-agonist treatment, commonly used by asthma 

patients, it also acts to reduce inflammation from eosinophils, neutrophils, and T cells [58, 

59]. Additional studies would be needed to determine if other innate immune cells, such as 

macrophages or neutrophils, are upregulated in the absence of mast cells, and thus 

compensating for their loss in the LL/2 cachexia model. Strategies for addressing this 

include: examining immune cell expression in the serum, spleen, and skeletal muscle of 

mast cell competent and mast cell deficient mice. In the event that other immune cells were 

found to be upregulated in the absence of mast cells, combination treatment strategies to 

target mast cells and additional immune cells could be pursued. 

 

Ultimately, cancer-associated cachexia is a complex and detrimental condition for cancer 

patients. Coping with cachexia is taxing physically, mentally, financially, and emotionally 

both for cancer patients and their families alike [1-3, 60]. Unfortunately, lack of consistent 

markers for cachexia risk as well as approved therapeutics, increases the hardship of both 

early diagnosis and treatment of these patients [3, 9]. Although mast cells are not suitable 

as a singular therapeutic target for cachexia, this study puts forward activated skeletal 

muscle-resident mast cells as a potential novel marker for cancer-associated cachexia 

development, in order to improve the accuracy of cachexia diagnoses and patient outcomes.  
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