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Abstract

Background Eighty per cent of United States advanced cancer patients faces a worsened prognosis due to
cancer-associated cachexia. Inflammation is one driver of muscle atrophy in cachexia, and skeletal muscle-resident
immune cells could be a source of inflammation. This study explores the efficacy of cancer activated skeletal
muscle-resident mast cells as a biomarker and mediator of cachexia.
Methods Individual gene markers for immune cells were assessed in a publicly available colon carcinoma cohort of
normal (n = 3), moderate cachexia (n = 3), and severe cachexia (n = 4) mice. Lewis lung carcinoma (LL/2) cells
induced cachexia in C57BL/6 mice, and a combination of toluidine blue staining, immunofluorescence, quantitative
polymerase chain reaction, and western blots measured innate immune cell expression in hind limb 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. To assess translational potential in human samples, innate immune
cell signatures were assessed for correlation with skeletal muscle atrophy and apoptosis, dietary excess, and
cachexia signatures in normal skeletal muscle tissue. Gene set enrichment analysis was performed with innate immune
cell signatures in publicly available cohorts for upper gastrointestinal (GI) cancer and pancreatic ductal
adenocarcinoma (PDAC) patients (accession: GSE34111 and GSE130563, respectively).
Results Individual innate immunity genes (TPSAB1 and CD68) showed significant increases in severe cachexia
(weight loss > 15%) mice in a C26 cohort (GSE24112). Induction of cachexia in C57BL/6 mice with LL/2 subcutaneous
injection 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 (P ≤ 0.05). Normal human
skeletal muscle showed significant positive correlations between innate immune cell signatures and muscle apoptosis
and atrophy, dietary excess, and cachexia signatures. The mast cell signature was up-regulated (positive normalized
enrichment score and false discovery rate ≤ 0.1) in upper GI cachectic patients (n = 12) compared with control
(n = 6), as well as in cachectic PDAC patients (n = 17) compared with control patients (n = 16).
Conclusions Activated skeletal muscle-resident mast cells are enriched in cachectic muscles, suggesting
skeletal-muscle resident mast cells may serve as a biomarker and mediator for cachexia development to improve patient
diagnosis and prognosis.
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Introduction

In general, 50% of all collective cancer patients, and 80% of
all advanced cancer patients, in the United States will experi-
ence rapid weight loss of 5% or more of their total body
weight within a 6 month timeframe. This condition is clini-
cally designated as cancer-associated cachexia1,2 and is con-
comitant 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 treatments.3,4 Patients in the final stage of ca-
chexia, 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 in-
creased protein degradation and decreased protein synthesis.
This imbalance between degradation and synthesis is thought
to largely be driven by inflammatory factors, such as tumour-
necrosis factor-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 inflam-
matory cytokines, such as cells from the adaptive or innate
immune system. One potential cell type fitting this descrip-
tion 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
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, in-
cluding histamine, cytokines, and proteases into the sur-
rounding area, rapidly triggering an inflammatory response
and attracting additional immune cells to the area.13,14 Fol-
lowing this initial release of inflammatory factors, mast cells
will then proceed to generate additional inflammatory medi-
ators through de novo synthesis, increasing inflammation

over time. Furthermore, differentiated mature mast cells re-
side naturally in the connective tissue, between individual
skeletal muscle fibres, 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 treat-
ment or prevention of cancer-associated cachexia.

In this paper, a combination of in vivo, in vitro, and bioin-
formatics techniques were used to assess the presence of im-
mune cells in cachectic muscle tissue. A mouse colon
carcinoma cachexia cohort showed changes in genes associ-
ated with innate immune cell genes, but not adaptive im-
mune 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 with
their non-cancer controls, while there was no significant
change in the number of macrophages and neutrophils. Sub-
sequently, murine mast cells were activated to degranulate
through secreted factors from the LL/2 cells, and the acti-
vated mast cells decreased fibre size of murine C2C12
myotube cultures. Finally, human cohorts showed increased
expression of mast cell activation signature in cachectic pa-
tients, as well as correlations with muscle apoptosis and atro-
phy 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) foetal bovine serum (Gibco), 1% (V/V) penicillin and
streptomycin (Gibco), and 1% (V/V) L-glutamine (Gibco), and
all plates were maintained at 37°C with 5% CO2.

Cachectic mouse model

Male C57BL/6 J mice (Jax Stock #00064) were purchased from
Jackson Laboratories (Bar Harbour, 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
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(Protocol A18-026). Male 5-month-old mice were inoculated
with either 2.0 × 106 LL/2 cells in 100 μL of DMEM or
100 μL of serum-free DMEM through subcutaneous injection
into the right flank. Tumour volume was tracked using a cal-
liper, starting 10 days after injection of the tumour 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 har-
vest, tumour mass and tumour-free body mass were mea-
sured, following excision of the tumour.

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 gastrocne-
mius (GA) muscles were measured at harvest. Muscles were
snap-frozen in liquid nitrogen for cryosectioning and immu-
nostaining. Transverse sections were made using a Leica
CM3050 S cryostat (Leica Biosystems, Wetzlar, Germany) to
prepare 20 μm of thick sections on slides for immunofluores-
cence or immunohistochemistry staining. All microscopy
quantifications were performed using three sections per
muscle per mouse.

Muscle wasting was assessed using a wheat germ aggluti-
nin Alexa Fluor 488 conjugate (Invitrogen, Waltham, MA, cat
#: W11261) to measure muscle fibre cross-sectional area of
the transverse sections. Images were taken at 10× magnifica-
tion to cover 80–100% of muscle tissue (one image per sec-
tion for EDL and SOL tissues, three images per section for
GA and TA tissues). Cross-sectional area quantification was
performed 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 elas-
tase (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 manufac-
turer’s instructions. The number of total and degranulating
mast cells encompassed in the skeletal muscle endomysium
and perimysium were quantified using 40× images. Images
were coded and randomized to allow for blinded quantifica-
tion 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 20× images and ImageJ to set a minimum staining in-
tensity threshold for positive staining.

Quantitative polymerase chain reaction 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 quan-
titative polymerase chain reaction was run using tripartite
motif containing 63 (TRIM63) (Mm01185221_m1), F-box pro-
tein 32 (FBXO32) (Mm00499523_m1), tryptase alpha/beta 1
(TPSAB1) (Mm00491950_m1), tryptase beta 2 (TPSB2)
(Mm00487645_m1), CD68 (Mm03047343_m1), and neutro-
phil elastase gene (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.

Western blots

Excised muscles were homogenized with a pestle and lysed
for protein in RIPA Lysis and Extraction buffer (Fisher Scien-
tific) with EDTA-free protease inhibitor cocktail (Sigma-
Aldrich). All muscles were lysed individually. Likewise, differ-
entiated C2C12 myotubes were lysed following a 24 h incuba-
tion with the indicated conditioned media. Western blots
were run using antibodies for tryptase (Abcam, cat #:
ab151757), Mas-related gene X2 (MrgX2) (1:1000, Novus
Biological, Littleton, CO, cat #: NB110-75035), CD68
(1:1,000, Abcam, cat #: ab125212), myeloperoxidase (MPO)
(1:1000, Abcam, cat #: ab208670), muscle-specific RING
finger-1 (MuRF1) (1:1000, Santa Cruz Biotechnology, Dallas,
TX, cat #: sc-398608), muscle atrophy F-box (MAFbx)
(1:1000, Santa Cruz Biotechnology, cat #: sc-166806), and fast
myosin skeletal heavy chain (MyHC) (1:1,000, Abcam, cat #:
ab91506). GAPDH (1:5000, Cell Signalling Technology,
Danvers, MA, cat #: 2118) was used as the loading control.
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Expression of target proteins was normalized based on
GAPDH expression using ImageJ.

LL/2 conditioned media collection

LL/2 cells were plated in 10 cm dishes at a concentration of
10 × 105 cells/mL in serum-free DMEM for 24 h. Conditioned
media (CM) was concentrated using a 10 kDa cut-off Ultra
Centrifugal Filter Unit (Millipore Sigma, Burlington, MA).

Measuring lysosome-associated membrane protein
2 (LAMP2) expression with flow cytometry

Lysosome-associated membrane protein 2 (LAMP2) expres-
sion 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 ei-
ther HEPES buffer, concentrated LL/2 CM, or concentrated
DMEM (control CM) for 10 min. The reaction was stopped,
cells were labelled with LAMP2 antibody (BioLegend, San
Diego, CA, cat #: 108505), and analysed by flow cytometry
with a BD Accuri C6 Analyser flow cytometer (BD Biosciences,
San Jose, CA). Assay was repeated three times.

Primary bone marrow-derived mast cells 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 1640 media
(Gibco) supplemented with 10% (V/V) foetal bovine serum
(Gibco), 1% (V/V) penicillin and streptomycin (Gibco), 1%
(V/V) L-glutamine (Gibco), 1% HEPES buffer (Fisher Scientific,
Waltham, MA), and 50 μM 2-mercaptoethanol (Fisher Scien-
tific). Resulting cells were cultured in complete mast cell me-
dia 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 ma-
ture population was confirmed using a BD Accuri C6 Analyser
flow cytometer (BD Biosciences) following a 30 min incuba-
tion with antibodies for both c-Kit-allophycocyanin (APC)
(Biolegend, cat #: 105812) and IgER-fluorescein isothiocya-
nate (eBioscience, San Diego, CA, cat #: 11-5898-82). Mast
cells are double positive for c-Kit and IgER.34

Interleukin 6 release of activated mast cells

Bone marrow-derived mast cells were cytokine starved over-
night without IL-3 prior to plating. BMMCs were plated in a
24 well plate at a concentration of 5 × 105 cells/mL. Cells
were treated with either concentrated LL/2 or control CM

for 24 h. The concentration of IL-6 in the CM was measured
in triplicate using an ELISA 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. Me-
dia was changed every 48 h for 7 days. After 7 days of incu-
bation, the myotubes were treated with 10 μM cytosine
arabinoside hydrochloride (Sigma-Aldrich, 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 cul-
tures were photographed prior to treatment and 24 h follow-
ing treatment. Average myotube diameter for each well was
calculated using five random fields of view at 40× magnifica-
tion captured with an EVOS XL Core Cell Imaging System
(Invitrogen). For each field the diameter of five myotubes
was calculated using 10 random points along the myotube.
Images were coded to allow for blinded quantification with-
out knowledge of the treatment conditions of the wells. Data
were normalized according to average myotube diameter of
the control wells.

Bioinformatics

The Gene Expression Omnibus was used to access
genomics data available for murine C26 cachexia model
(GSE24112), and human upper gastrointestinal (GI)
cancer (GSE34111) or pancreatic ductal adenocarcinoma
(GSE130563) cohorts.17–21,30 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

Molecular signatures for dietary excess (reflecting height-
ened energy expenditure) and cachexia were also obtained
from MSigDB (accessed in 2021) and were contributed by
the Gene Ontology Consortium and The Jackson Laboratory
Human Phenotype Ontology Group, respectively.36

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
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GO_MUSCLE_ATROPHY
ADAPTIVE_IMMUNE_RESPONSE (GO:0002250)
INNATE_IMMUNE_RESPONSE (GO:0045087)
GO_RESPONSE_TO_DIETARY_EXCESS (GO:0002021)
HP_CACHEXIA (HP:0004326)

Gene Set Enrichment Analysis (v4.0.3) was used to mea-
sure enrichment of these signatures within the human co-
horts to examine enrichment in cachectic patients.24,27 The
Gene Expression Profiling Interactive Analysis (GEPIA) was
used to access correlation between the innate immune cell
signatures and muscle atrophy or apoptosis signatures listed
above in normal muscle tissue from the Genotype-Tissue Ex-
pression project as linked on the GEPIA2 website.28,29 Corre-
lation analysis was expressed using the Spearman
correlation.

Statistical analyses

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 Stu-
dent’s t-test or one-way analysis of variance (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.37 CD68 is commonly used as a macrophage marker.38

Closer inspection of each of the genes showed significantly
increased expression of TPSAB1 in the muscle of cachectic
mice compared with the corresponding normal control mice
(Figure 1C), and there was also an observed trend toward in-
creased TPSB2 expression in early cachectic mice compared
with control (Figure 1D). Additionally, CD68 expression was
significantly increased in the severe cachexia mice compared
with normal control mice (Figure 1E). Collectively, these data
suggest the innate immune cells, such as mast cells and mac-
rophages, are accumulated in the skeletal muscles derived
from mice with cancer-associated cachexia.

Subcutaneous LL/2 injection induces cachexia in
vivo

The 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.39–41 Therefore, LL/2 cells were inoculated subcuta-
neously into C57BL/6 mice to establish cancer-associated ca-
chexia. The tumour-free body mass of the LL/2-bearing mice
at the time of harvest was significantly lower than corre-
sponding sham mice (Figure 2A). However, there was no sig-
nificant 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 tu-
mour size (Figure 2C). To assess if loss of muscle mass spe-
cifically was contributing to this loss in body mass, the
primarily fast twitch fibre EDL, predominantly slow twitch fi-
bre SOL, and mixed fibre type GA and TA muscles were ex-
cised and weighed.40,42 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-inoculation) body mass. Significant decreases in individ-
ual excised muscle mass of the TA (Figure 2D) and GA mus-
cles (Figure 2E) in LL/2 (≥10%) mice were observed
compared with 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 func-
tion 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 com-
pared with sham in measurements taken just prior to har-
vest (Figure 2H), and a trend toward decreased time to
muscle fatigue (Figure 2I).
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Individual muscle fibres from each of the excised muscle
tissues were visualized using Wheat Germ Agglutinin to fur-
ther analyse changes in muscle fibre sizes (Figure 3A).

Quantification of the distribution of fibre sizes within each
muscle showed a significant shift toward a higher fre-
quency of small muscle fibres in the TA (Figure 3B) and

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) Ex-
pression of innate immunity-related genes. Detailed analyses of (C) tryptase alpha/beta 1 (TPSAB1), (D) tryptase beta 2 (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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GA (Figure 3C) in LL/2 (≥10%) mice, compared with 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 fibre size distribution (Figure 3E). This is poten-
tially due to fast-twitch muscle fibres being predominantly
affected in cancer cachexia.43 Interestingly, mRNA expres-
sion of the muscle protein specific E3 ubiquitin ligases

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, tumour growth, and muscle function were assessed after 3 weeks.
(A) Tumour 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 tumour mass with percentage of body mass lost. (D–G) Comparison of
muscle mass among 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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tripartite motif containing 63 (TRIM63) and F-box protein
32 (FBXO32), which have previously been shown to be up-
regulated in cancer-associated cachexia,44,45 were signifi-
cantly increased in all of the skeletal muscles of LL/2

(≥10%) mice compared with the sham control. Together,
these findings suggest mice that lost 10% or greater of
their weight are representative of a cancer-associated ca-
chexia phenotype.

Figure 3 Cachexia shifts muscle fibre size distribution and increases cachexia-related genes in in vivo murine model. Analysis of muscle fibre
cross-sectional area and cachexia-related gene expression in muscles obtained from animals in Figure2. (A) Representative images of wheat germ ag-
glutinin (WGA) stained TA muscles. ×10. Bar = 100 μm. (B–E) Quantification of muscle fibre 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) tripartite motif containing
63 (TRIM63) and (J–M) F-box protein 32 (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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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 (Fig-
ure 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.

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 Figure2. (A) Representative images of toluidine blue stained TA muscle. ×20
and ×40. 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 tryptase alpha/beta 1 (TPSAB1) in the muscles. Mean ± SEM, *P ≤ 0.05, **P ≤ 0.01 vs.
sham-injected group (Student’s t-test).
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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 with the shammice (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), poten-
tially due to the larger number of mast cells present within this
larger muscle compared with the other smaller muscles
measured.

CD68 (Figure 5A) and neutrophil elastase (NE) positive
staining (Figure 5J) were quantified as representative markers
for macrophages and neutrophils, respectively, within the
skeletal muscle tissue. 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 expressions of the cor-
responding 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). Rela-
tive 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).

Next, to examine if the gene expression changes observed
in Figures 3–5 corresponded with changes in protein
expression, Western blot assays were performed on the ex-
cised muscles. There was a significant increase in mast cell-
specific protease tryptase expression in the TA of LL/2
(≥10%) mice, but not in the GA, EDL, and SOL muscles
(Figures 6A–D & 7A). While tryptase remains a
well-established component of mast cell granules, typically
mast cells are heterogeneous and may or may not produce
tryptase,46 which may partially explain why degranulating
mast cells from different muscles also differ in tryptase protein
expression. Additionally, upon degranulation tryptase may en-
ter the circulation, thus serum levels may be needed in future
studies to fully assess changes in tryptase protein
expression.47 No change was observed in mast cell surface
protein Mas-related gene X2 (MrgX2) levels in all four muscle
types (Figures 6A–D& 7B), suggesting again that the activation
status ofmast cells may be changing, while the total number of
mast cells remains the same. CD68 protein expression showed
significantly lower levels in the TA of LL/2 (≥10%)mice (Figures
6A& 7C), and significantly higher levels in the GA (Figures 6B &
7C). There was a significant increase in MPO, an enzyme found
in neutrophils, expression in the TA, EDL, and SOL of LL/2
(≥10%) mice (Figures 6A, C, & D & 7D), but not in the GA (Fig-
ures 6B & 7D). Although there were significant increases of
mRNA expression of the muscle protein specific E3 ubiquitin li-
gases TRIM63 and FBXO32 in all of the skeletal muscles of LL/2
(≥10%) mice (Figure 3F–M), there were no significant

increases in the expression of muscle-specific RING finger-1
(MuRF1, protein for TRIM63) and muscle atrophy F-box
(MAFbx, protein for FBXO32) (Figures 6A–D& 7E & F), suggest-
ing that muscle degradation through the muscle protein spe-
cific E3 ubiquitin ligases may not be the sole mechanism of
muscle atrophy observed in our study. Moreover, there were
no significant changes in fast myosin skeletal heavy chain
(MyHC), known to be decreased in cancer-related cachectic
muscles,10,48 protein expression (Figures 6A–D & 7G).
However, some reduction of MyHC levels were observed in
TA and GA muscles of LL/2-bearing mice, which show signifi-
cant muscle wasting (Figures 2D & E & 3B & C), although this
reduction did not reach statistical significance (Figures 6A &
B & 7G). This is consistent with recent findings that MyHC
may not be selectively decreased in murine cancer cachexia,49

and that other insults (e.g. denervation) are necessary to
develop MyHC loss in cancer-associated cachectic muscles.50

Although further studies are clearly warranted, this may be
one reason that we did not observe significant reduction of
MyHC protein levels at the time of harvest.

Collectively, the histology data indicate an overall increase
in the number of degranulating mast cells, but not CD68+ and
NE+ cells in the skeletal muscle of cancer-associated cachectic
mice, while western blot analysis shows some increase of
tryptase, CD68, and MPO protein levels in those muscles.

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 CM from the LL/2 cell line. LL/2 CM
up-regulated lysosome-associated membrane protein 2
(LAMP2) expression in the P815 mastocytoma cell line rela-
tive to control following 10 min of stimulation (Figure 8A).
This up-regulation occurs when mast cells are activated to
degranulate.33 Primary BMMC released significantly higher
levels of IL-6 in the media 24 h post-stimulation with LL/2
CM compared with IL-6 levels of BMMC or LL/2 CM alone, in-
dicative of mast cell activation (Figure 8B). 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 with C2C12
myotubes treated with fresh growth media (Control CM),
LL/2 CM, or BMMC CM (Figure 8C). To further determine
whether the observed reduction of myotube diameter medi-
ated by BMMC-derived CM were associated with muscle at-
rophy, MyHC levels in C2C12 myotubes were compared.
Interestingly, similar trends were observed in changes in
MyHC expression as those in myotube diameter reduction
observed in Figure 8C, although it did not reach statistical sig-
nificance (Figure 8D & E). This trend is also similar to MyHC
level changes observed in TA and GA muscles of LL/2-bearing
mice (Figures 6A & B & 7G) which show significant muscle
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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 neutrophil elastase (NE) (neutrophil marker) positive cells in muscles obtained from an-
imals in Figure2. (A) Representative immunofluorescence images of CD68 and DAPI stained TA muscle. ×20. Bar = 50 μm. (B–E) Quantification of num-
ber 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 ×20. Bar = 50 μm. (K–N) Quantification of number of positive NE cells per muscle cross section. (O–R) Relative mRNA
expression of neutrophil elastase gene (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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wasting (Figures 2D & E & 3B & C). 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 fibre size, sug-
gesting that cancer-activated mast cells may promote the
progression of the characteristic muscle atrophy in cachexia.

Mast cell signatures up-regulated in cachectic
skeletal muscle

To address the translational potential of our findings in
humans and evaluate the efficaciousness of mast cells as a ca-
chexia biomarker and mediator in humans, we first assessed
the correlation between cachexia-related signatures and in-
nate 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 9A–C) and apoptosis (Figure
9D–F), dietary excess/increased energy expenditure (Figure
10A–C), and cachexia (Figure 10D–F) signatures in normal skel-
etal muscle tissue samples from the Genotype-Tissue Expres-
sion project.22–26,28,29 To examine if these immune
signatures were also enriched in cachectic muscle tissue, gene
set enrichment analysis was used with publicly available hu-
man cohorts of upper GI cancer and pancreatic ductal adeno-
carcinoma (PDAC).24,27 In the upper GI cancer cohort, patient
quadriceps muscle biopsies were divided into normal control
samples, and PreOp samples from upper GI cancer patients
scheduled for tumour resection with a 7% body mass loss (ac-
cession: GSE 34111).20 The primary criteria considered for
evaluating enrichment significance were: (i) a positive normal-
ized enrichment score (NES), (ii) a false discovery rate below
0.1, and (iii) a family-wise error rate below 0.05. Using this

Figure 6 LL/2 altered expression of innate immune cell markers in skeletal muscles, but did not affect protein expression of muscle protein specific E3
ubiquitin ligases. Representative western blot of tryptase, Mas-related gene X2 (MrgX2), CD68, myeloperoxidase (MPO), muscle-specific RING finger-1
(MuRF1), muscle atrophy F-box (MAFbx), and fast myosin skeletal heavy chain (MyHC) on (A) TA, (B) GA, (C) EDL, and (D) SOL muscles obtained from
animals in Figure2. GAPDH was used for loading control.
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criterion, there was no significant enrichment in gene signa-
tures for adaptive immunity, macrophages, or neutrophils in
the cachectic PreOp samples (Figure 11A, D, & E); however,
there was enrichment of both the innate immunity and mast

cell signatures (Figure 11B & C). The PDAC cohort contained
rectus abdominis muscle biopsy samples from both cachectic
and non-cancer bearing patients (GSE130563).21,30 In this co-
hort, the greatest enrichment and lowest false discovery rate

Figure 7 LL/2 altered expression of innate immune cell markers in skeletal muscles, but did not affect protein expression of muscle protein specific E3
ubiquitin ligases. Quantifications of western blots in Figure 6. (A) tryptase, (B) Mas-related gene X2 (MrgX2), (C) CD68, (D) myeloperoxidase (MPO), (E)
muscle-specific RING finger-1 (MuRF1), (F) muscle atrophy F-box (MAFbx), and (G) fast myosin skeletal heavy chain (MyHC). Mean ± SEM. *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001 vs. sham-injected group (Student’s t-test).
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was seen in the mast cell signature (Figure 11H), compared
with the adaptive immunity, innate immunity, macrophage,
and neutrophil signatures (Figure 11F, G, I, & J). The enrich-
ment of this mast cell signature within muscle biopsies of
cancer-associated cachectic patients from two separate can-
cer 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 ca-
chexia revealed significant changes only in innate immune

Figure 8 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) 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). (D) Representative west-
ern blot of fast myosin skeletal heavy chain (MyHC) expression in differentiated murine C2C12 myotubes treated with (i) control CM, (ii) LL/2 CM, (iii)
BMMC CM, or (iv) LL/2/BMMC CM for 24 h. (E) Quantification of western blot in Figure8D. Mean ± SEM. (one-way ANOVA, Tukey’s multiple compar-
isons test).
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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 immunocom-
petent C57BL/6 mice coincided with an increased number
of activated and degranulating skeletal muscle-resident mast
cells, as shown through toluidine blue staining. However, im-
munofluorescence 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 co-
hort, in vivo LL/2 model, and in vitro C2C12 experiments indi-
cating 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 signa-
tures for mast cells, macrophages, and neutrophils all posi-
tively correlated with signatures for muscle apoptosis and
atrophy, dietary excess, and cachexia 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 ca-
chectic 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, and the ex-
act 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
skeletal muscle tissue in cancer-associated cachexia patients,
there are multiple instances of mast cell promoted muscle at-
rophy 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 polymyositis15 and Duchenne muscu-
lar dystrophy.16 Another recent study observed increased

Figure 9 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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levels of mast cells, many with a degranulating phenotype, in
the quadriceps muscle of amyotrophic lateral sclerosis
patients.51 These cases establish a clear precedent of
skeletal-muscle resident mast cell numbers and activation in-
creasing in conditions resulting in skeletal muscle atrophy.
Furthermore, the results from these muscle atrophy studies
are mirrored in our own findings, where cancer-associated ca-
chexia: (i) increased the number of activated degranulating
skeletal muscle-resident mast cells in murine hind limb mus-
cles and (ii) increased a mast cell mediated immunity signa-
ture in cachectic patient samples.

Although a potential key player in the characteristic inflam-
mation 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.52 However, within the skeletal muscle tissue
specifically, mast cell activation was the most consistently

observed innate immune cell up-regulation 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
up-regulated dependent upon the cancer type and immune
cell markers used for identification. For example, CD163+

macrophages, or M2 macrophages, were up-regulated in
the skeletal muscle of cachectic PDAC patients in a recent
study,53 while we observed a statistically insignificant enrich-
ment in cachectic PDAC patients and no enrichment in ca-
chectic upper GI cancer patients using a macrophage
immune response gene signature. Additionally, the C26
mouse bioinformatics cohort (GSE24112) showed an
up-regulation in CD68 expression in the skeletal muscle,
while our in vivo studies with LL/2 showed no significant in-
crease in skeletal muscle-resident CD68+ cells and only
slightly increased CD68 protein in GA muscle tissues. This
contradiction may be due to inherent differences in the colon
carcinoma and lung cancer models or in the examined mus-
cles (e.g. quadriceps vs. GA). Furthermore, we observed sig-
nificant increases of MPO protein expression in TA, EDL,

Figure 10 Innate immune cell signatures positively correlate with dietary excess and cachexia signatures. Spearman’s correlation of dietary excess
gene signature and (A) mast cell, (B) macrophage, and (C) neutrophil gene signatures in human skeletal muscle tissue from the genotype-tissue expres-
sion (GTEx) project. Correlation of cachexia signatures and (D) mast cell, (E) macrophage, and (F) neutrophil gene signatures.
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and SOL muscles, while there was no change in the number
of NE+ cells in those muscles. Because MPO is known to be
a potent and selective inhibitor of mast cell tryptase,54 some
compensatory mechanisms may be initiated to mitigate the
impact of skeletal muscle-resident mast cells on muscle
wasting, resulting in upregulation of this protein. Further
studies are clearly required to determine the full efficacy
and penetrance of skeletal muscle-resident mast cell activa-
tion as a biomarker and mediator for cancer-associated ca-
chexia in patients across multiple cancer types and stages,
as cachexia is a complex and variable condition.4 For a less in-
vasive diagnostic strategy, it would also be prudent to evalu-
ate levels of activated mast cell released factors such as

tryptase and heparin in the serum of cancer cachexia patients
in future studies.55,56 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 ad-
vanced cancer patients and is associated with both decreased
quality of life and poor prognosis. More than one million can-
cer patients in the United States are affected by cachexia.57 Pa-
tients 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, includ-
ing length and cost of hospitalization, is growing steadily, and
all patients with cachexia face this added hardship.58 However,

Figure 11 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 mus-
cles 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.

Activated mast cells in cancer cachectic skeletal muscles 1095

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1079–1097
DOI: 10.1002/jcsm.12714



a consistently efficacious and approved therapeutic option for
cachexia is currently lacking, making earlier diagnosis and as-
sessment of cachexia risk all the more critical in cancer pa-
tients. Our study posits activated skeletal muscle-resident
mast cells as a tool for assessing cancer patient risk for ca-
chexia development, in order to improve cachexia diagnoses
as well as patient quality of life and prognoses.
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