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Abstract

Background Cancer cachexia is a metabolic disorder characterized by the progressive loss of fat and lean mass that
results in significant wasting, ultimately leading to reduced quality of life and increased mortality. Effective therapies
for cachexia are lacking, potentially owing to the mismatch in clinically relevant models of cachexia. Specifically,
cachexia observed in a clinical setting is commonly associated with advanced or late-stage cancers that are metastatic,
yet pre-clinical metastatic models of cachexia are limited. Furthermore, the prevalence of cachexia in head and neck
cancer patients is high, yet few pre-clinical models of head and neck cancer cachexia exist. In addition to these short-
comings, cachexia is also heterogeneous among any given cancer, whereas patients with similar disease burden may
experience significantly different degrees of cachexia symptoms. In order to address these issues, we characterize a
metastatic model of human papilloma virus (HPV) positive head and neck squamous cell carcinoma that recapitulates
the cardinal clinical and molecular features of cancer cachexia.

Methods Male and female C57BL/6 mice were implanted subcutaneously with oropharyngeal squamous cell carci-
noma cells stably transformed with HPV16 E6 and E7 together with hRas and luciferase (mEERL) that metastasizes
to the lungs (MLM). We then robustly characterize the physiologic, behavioural, and molecular signatures during tu-
mour development in two MLM subclones.

Results Mice injected with MLM tumour cells rapidly developed primary tumours and eventual metastatic lesions to
the lungs. MLM3, but not MLMS5, engrafted mice progressively lost fat and lean mass during tumour development de-
spite the absence of anorexia (P < 0.05). Behaviourally, MLM3-implanted mice displayed decreased locomotor behav-
iours and impaired nest building (P < 0.05). Muscle catabolism programmes associated with cachexia, including E3
ubiquitin ligase and autophagy up-regulation, along with progressive adipose wasting and accompanying browning
gene signatures, were observed. Tumour progression also corresponded with hypothalamic and peripheral organ in-
flammation, as well as an elevation in neutrophil-to-lymphocyte ratio (P < 0.05). Finally, we characterize the fat and
lean mass sparing effects of voluntary wheel running on MLM3 cachexia (P < 0.05).

Conclusions This syngeneic MLM3 allograft model of metastatic cancer cachexia is reliable, consistent, and readily re-
capitulates key clinical and molecular features and heterogeneity of cancer cachexia. Because few metastatic models of
cachexia exist—even though cachexia often accompanies metastatic progression—we believe this model more accu-
rately captures cancer cachexia observed in a clinical setting and thus is well suited for future mechanistic studies
and pre-clinical therapy development for this crippling metabolic disorder.
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Introduction

Cancer-associated cachexia is a metabolic disorder character-
ized by a progressive loss of body mass with preferential
catabolism of muscle and adipose tissue.’™ In addition to
physical deterioration, cachexia manifests distinct behav-
ioural adaptations, including anorexia, fatigue, anhedonia,
and cognitive decline.* These signs and symptoms of ca-
chexia significantly influence patients’ quality of life, ability
to tolerate treatment, and eventual mortality.>® Despite
the prevalence and clinical burden cancer cachexia imposes,
effective therapies are lacking. In fact, over 100 clinical trials
of human cancer cachexia have been conducted to date, yet
none resulted in the approval of an effective therapy.”™* This
lack of translation from pre-clinical models of cachexia to hu-
man trials is not lost on those in the field of cachexia re-
search, as there is a recent push to improve the predictive
capacity of our commonly used rodent models of cachexia.?
Specifically, researchers are suggesting using older animals,
mimicking clinical treatment modalities, and models of
recurrent and/or metastatic disease.”1%1315 The latter is
a particularly noticeable feature lacking from current animal
models, as metastatic disease and cachexia are closely asso-
ciated in a clinical setting,*®*™*° and recent research suggests
the metastatic cascade mediates unique systemic features
of cachexia that cannot be solely explained by the biology
of the primary tumour.?®%?

To this end, we sought to establish and characterize a
model of cancer cachexia that is technically simple, reliable,
reproducible, and addresses several of the aforementioned
concerns of current cancer cachexia models posed by re-
searchers in the field. Specifically, we characterize a metasta-
tic human papilloma virus (HPV) + squamous cell carcinoma
model of head and neck cancer (HNC) cachexia that utilizes a
metastatic cell line isolated from the lung from an animal that
previously failed a cisplatin/radiation regimen.?* Because it is
estimated that cachexia affects nearly half of patients diag-
nosed HNC,>2472® and very few HNC or recurrent/metastatic
animal models of cachexia exist, we believe this model helps
bridge this important gap in cachexia research.

Herein, we robustly characterize the molecular and behav-
ioural features of mice injected with a syngeneic oropharyn-
geal squamous cell carcinoma cell line stably transformed
with HPV16 E6 and E7 together with hRas and luciferase
(mEERL) that metastasizes to the lungs (MLM).?® Utilizing
two MLM subclones with near-identical tumour growth
trajectories, we observed heterogeneous cachexia responses
to these two cell lines. Implantation of the MLM3 subclone
resulted in significant muscle, fat, and body mass loss

compared with the MLMS5 subclone. Because MLM3-
engraftment resulted in a significant wasting phenotype
consistent with cachexia, we further characterized the
behavioural and molecular features of MLM3 cachexia. Spe-
cifically, mice were assessed for gross fluctuations in body
composition, including fat and lean mass atrophy, as well as
commonly observed cachexia behaviours, including food in-
take and locomotor activities. Finally, we assess end-organ
molecular adaptations associated with cancer-cachexia pro-
gression, including fast-twitch and slow-twitch fibre-enriched
skeletal muscle groups, the central nervous system (CNS),
heart, liver, spleen, brown (BAT) and white adipose tissue
(WAT), as well as the blood/plasma.

Methods
Mice

Male and female C57BL/6 J mice were purchased from The
Jackson Laboratory (WT, JAX catalogue number #000664)
and maintained in our animal facility. All mice were housed
and bred in a dedicated mouse room with a temperature
26°C with a 12 h light/dark cycle. Animals were provided ad
libitum access to food and water (Purina rodent diet 5001;
Purina Mills, St. Louis, MO, USA). For behavioural studies, an-
imals were individually housed for acclimation for 7 days prior
to tumour implantation. Tumour-bearing animals were eutha-
nized according to the end points of tumour study policy. All
mouse studies were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory animals and approved by the Institutional Animal
Care and Use Committee of Oregon Health & Science
University.

Human papilloma virus + squamous cell carcinoma
cell line and culturing

The models of HPV + squamous cell carcinoma cachexia
utilized herein are clonogenic cell lines derived from metasta-
tic lung lesions from in a separate C57BL/6 J mice implanted
with a parental HPV + squamous cell carcinoma [expressing
HPV16 E6/E7, hRas, and luciferase (mEERL)] subcutaneously
that failed cisplatin/radiation therapy.?® In this study, we per-
form cachexia analysis on four mEERL lung metastasis (MLM1,
MLM3, MLMS5, & MLM10) described by Vermeer et al. and
observe MLM3 as the only metastatic cell line associated with
significant lean and fat mass loss (data not shown), thus we
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focus our subsequent analysis on this cell line.?® All cell lines
were maintained in DMEM supplemented with 10% foetal bo-
vine serum, 1% minimum essential medium non-essential
amino acids, 1 mM sodium pyruvate, and 50 U/mL penicil-
lin/streptomycin (Gibco), in cell incubators maintained at
37°C and 5% CO,. All cell lines were routinely tested and con-
firmed negative for mycoplasma contamination.

Generation of head and neck cancer model

C57BL/6 mice aged 10-12 weeks were inoculated subcutane-
ously with an inoculum of 3 x 10° MLM tumour cells, while
controls received heat-killed cells in the same volume. Subcu-
taneous implantation was performed in the right hind flank
with a 300 pL injection of cell suspension in DMEM under
isoflurane anaesthesia. Tumour growth was measured as pre-
viously described.?’

Analysis of cachexia

Food intake (with daily collection of spilled food mass with a
bedding sieve), body mass, and post-procedure health status
were monitored daily. Body temperature and voluntary
locomotor activity (LMA) were measured via implanted
MiniMitter tracking devices on 5 min recording intervals
(MiniMitter, Bend, OR, USA). Voluntary wheel running was
measured continuously utilizing lab-constructed wheels with
digital revolutions counter. Necropsy tissue analysis included
tumour, gastrocnemius, soleus, tibialis anterior, quadriceps,
and heart mass by observers blinded to treatment groups.
Additionally, hypothalamus, heart, gastrocnemius, soleus,
tibialis anterior, quadriceps, and liver tissues were immedi-
ately flash frozen for gene expression analysis.

Nuclear magnetic resonance imaging

Nuclear magnetic resonance (NMR) measurements were
taken at the beginning of designated studies with concurrent
balancing of weight and body composition measures be-
tween sham and tumour groups. For repeated measures
studies, body composition was assessed at the designated
time points, while terminal body composition was performed
on animal carcasses after primary tumour excision.

Immunohistochemistry

At the end of a study, mice were deeply anaesthetised using a
ketamine/xylazine/acepromazine cocktail and sacrificed by
transcardial perfusion with 20 mL PBS followed by ice cold
4% paraformaldehyde. Tissues were post-fixed in 4% parafor-
maldehyde overnight at 4°C prior to sectioning protocols.

Brain samples
After post-fixation, brains were cryoprotected in 20% sucrose
for 24 h at 4°C prior to 30 pM microtome sectioning.
Free-floating sections were incubated in blocking solution
(5% normal donkey serum in 0.01 M PBS and 0.3% Triton
X-100) for 30 min at room temperature, followed by primary
antibody incubation (listed below) overnight at 4°C. Sections
were thoroughly washed with PBS between steps. Sections
were mounted on gelatine-coated slides and coverslipped
with Prolong Gold anti-fade media with DAPI (Thermofisher).
Fluorescent-based images of the hypothalamus were ac-
quired on a Nikon confocal microscope. Primary antibodies
utilized above are listed with company, clone, host, species,
and concentration defined in parentheses, respectively:
mouse anti-GFAP (Millipore, GA5, 1:1000) and rabbit anti-
Iba-1 (Wako, NCNP24, 1:1000). The following secondary anti-
bodies were used, all derived from donkey: anti-mouse
AF488 (1:500) and anti-rabbit AF555 (1:1000).

Enzyme-linked immunosorbent assay

Whole blood was harvested from mice by cardiopuncture,
and plasma was isolated using K,EDTA tubes (BD 365974).
Mouse plasma parathyroid hormone-related protein (PTHrP)
concentrations were assayed by ELISA according to the
manufacturer’s protocol (LSBio, Catalogue #LS-F15276).

Quantitative real time PCR

Snap-frozen tissues were rapidly homogenized and RNA was
purified with an RNeasy Mini Kit (Qiagen). Samples were then
reverse-transcribed with the High Capacity cDNA Reverse
Transcription Kit (Life Technologies). Quantitative real time
PCR was performed using TagMan primer probes. Tissues
were normalized to 18S using the ddCT method for analysis.

Clinical assays

Adaptive and innate immune cell counts were performed on
EDTA-decoagulated plasma samples using HemaVet 950
(Drew Scientific). Blood glucose was measured immediately
prior to euthanasia with electronic  glucometer
(OneTouch Ultra).

Statistics

All statistical analyses for murine data were performed in
GraphPad Prism 8.0 software. Quantitative data are reported
as mean = standard error. For comparison between tumour
and control groups, data were assessed by Student’s t-test,
one-way ANOVA, or two-way ANOVA if sex was a variable.
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For all analyses, a P value of <0.05 was considered to be sta-
tistically significant. All measurements were from distinct
samples and not taken from the same sample more than
once.

Results
The MLM3 clone is particularly cachexigenic

Because cachexia is broadly heterogeneous and influenced by
several host and tumour parameters, we first sought to deter-
mine if the equivalently growing MLM3 and MLMS5 subclones
induced a similar degree of cachexia-associated wasting.?®
Consistent with studies performed by Vermeer et al., the
MLM3 and MLMS5 clones display equivalent primary tumour
growth in our studies (Figure 1A; Supporting Information,
Figure S1A).%> However, despite this nearly identical primary
tumour growth, MLM5 implantation resulted in a modest loss
of body mass compared with sham controls, while
MLM3-implanted mice displayed a progressive loss of body
mass (Figure 1B). Tumour-free body mass at the study’s end
were consistent with these repeated body mass measures,
demonstrating lessened tumour-free body mass loss in
MLMS5-engrafted mice compared with MLM3-engrafted mice
(Figure 1C). We observed no differences in food consumption
for MLM3-engrafted male mice compared with sham con-
trols, yet MLM5-engrafted male mice demonstrated a mod-
est hyperphagia phenotype (Figure 1D). Consistent with the
progressive loss of body mass, MLM3-engrafted mice
display a significantly increased fat wasting phenotype
compared with MLM5-engrafted mice (Figure 1E-1F).
Additionally, whole-body lean mass, terminal gastrocnemius
mass, and terminal cardiac tissue mass were significantly de-
creased in the MLM3-engrafted mice when compared with
both sham and MLM5-engrafted mice (Figure 1G—11). The im-
provement in gross skeletal muscle mass in MLM5-engrafted
mice was associated with decreased ubiquitin ligase expres-
sion in the gastrocnemius muscle (Figure S1B). MLM5 mice
displayed significantly increased blood glucose levels at the
time of sacrifice compared to MLM3-engrafted mice, poten-
tially owing to their improved caloric intake (Figure $1C).%
MLM5-engrafted mice displayed an intermediate hepatic in-
flammatory gene profile between sham and MLM5-engrafted
mice, as indicated by /I-1f, II-6, and Orm1 gene expression,
although none of these were significantly altered compared
with the MLM3 group alone (Figure S1D). Interestingly,
MLM5-engrafted mice displayed significantly larger spleens
compared with the MLM3 group (Figure S1E). Taken to-
gether, MLM3 and MLMS5 cell lines display similar growth
in vivo, yet demonstrate drastically different wasting pheno-
types. These studies serve not only to validate the utility of
MLM3 as a unique model of cancer cachexia but also to

provide an invaluable comparator in MLM5 due to its signifi-
cantly reduced cachexia phenotype. Future in vivo and
in vitro studies comparing these two tumour models could
prove useful for the identification of tumour-specific cachexia
‘factors’ that may drive wasting in MLM3, but not MLM5.

MLM3 implantation results in the clinical signs and
symptoms of cachexia in both male and female
mice

With the identification of significant lean and fat mass catab-
olism in MLM3-engrafted male mice, we sought to further
characterize the wasting features of MLM3 in both male
and female mice. Indeed, subcutaneous implantation of
MLM3 cells result in sickness behaviours associated with ca-
chexia in both male and female models, including the pro-
gressive loss of body mass over the course of tumour
development (Figures 2A and S2A-S2C). Consistent with
Vermeer et al’s observations, MLM3-engrafted male mice
consistently display metastatic lesions in the lung, while we
observed variable degrees of lung metastases in female
MLM3-engrafted mice (Figure S2D-S2E). Metastases in other
organs besides the lungs were not observed. Both male and
female MLM3-implanted mice displayed a significant loss of
body mass at the necropsy as indicated by tumour-free mass
(Figure 2B). When monitoring food daily food intake, male
mice exhibited no alterations in food consumption between
tumour and sham groups, while female tumour-bearing
mice experienced a phase of relative hyperphagia starting
at Day 13 after tumour implantation (Figure 2C). Because ca-
chexia is associated with preferential catabolism of fat and
lean mass, we assessed both fat and lean compartments by
NMR imaging. MLM3-engrafted males exhibited a progres-
sive reduction in total-body fat mass, whereas tumour-
bearing female mice lost a significant portion of their baseline
fat mass early in the study (Figure 2D). Because portions
of the tumour mass encode as lean mass by NMR, we
assessed tumour-free lean mass at the study’s end. Indeed,
we observed a significant loss of total-body lean mass at
the time of sacrifice in males, but not females (Figure 2E).
Finally, we assessed sham and tumour-implanted mice’s will-
ingness to build nests at 7 day intervals throughout the
study. Because nest building is an enjoyable activity for mice,
but also an evolutionarily conserved behaviour to insulate an-
imals and conserve energy during sleep, nest building is a
useful surrogate measure of anhedonia and overall well-
being.?®> Tumour-implanted mice displayed a significant re-
duction in nest-building behaviours at only advanced-stage
disease (Day 21 post-implantation). Collectively, we conclude
that the MLM3 implantation results in a progressive loss of
body mass, preferential catabolism of fat and lean mass, as
well as decreased overall health and well-being, measures
consistent with cachexia observed in a clinical setting.
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MLM3 engraftment results in progressive
reduction in locomotor behaviours

Because fatigue and lethargy produce significant impairments
in patients’ quality of life, future models of cancer cachexia
should recapitulate these important clinical symptoms.™?
Thus, we sought to characterize home-cage LMA and volun-
tary wheel running throughout the course of MLM3 cachexia
development in male mice. In assessing home-cage LMA, we
divided activity into 12 h light and dark cycles that corre-
spond with sleep and wake cycles and created tertile cachexia
bins in accordance with the weight loss trajectory observed in
Figure 2A (whereas minimal weight change is observed in the
first third of the study). MLM3 tumour implantation resulted
in a reduction of wake cycle activity beginning on Day 8
post-implantation (Figure 3A-3B), while sleep cycle activity
was largely unaffected (Figure 3C-3D). We also assessed vol-
untary wheel running behaviours in MLM3 implanted mice,
as this behaviour is not only a measure of tumour-associated
fatigue but also hedonic activity, as non-captive mice will
elect to run on a wheel for long periods without incentive.*°
Indeed, we observe a progressive reduction in wheel running
in MLM3 implanted mice, with a significant and sustained
reduction in wheel running starting Day 7 post-implantation
(Figure 3E-3G). The consistent and progressive decline in
both home-cage LMA and voluntary wheel running in this
cachexia model demonstrates its utility in studying this
important facet of cancer cachexia.

Lean mass catabolism associated with
MLM3-cachexia is driven by autophagy and
ubiquitin-ligase pathways

Because cardinal features of clinical cachexia include progres-
sive muscle and fat catabolism, pre-clinical models should re-
capitulate these wasting trajectories, both grossly and
molecularly. Here, we characterized skeletal and cardiac tis-
sue catabolism in MLM3-engrafted mice and observed signif-
icant lean mass wasting at the study’s end. In the skeletal
muscle compartment, MLM3-engrafted mice displayed signif-
icant wasting of fast-twitch fibre muscles, including the gas-
trocnemius, quadriceps, and tibialis anterior muscle
(Figure 4A-4C). The soleus, a slow-twitch fibre muscle, also
displayed significant catabolism (Figure 4D). Consistent with
other pre-clinical models of cancer cachexia, including the
KRASC2P p53R172H pyy_cre*’* pancreatic ductal adenocarci-
noma (KPC),3! Lewis lung carcinoma (LLC),333 and C26 colo-
rectal adenocarcinoma (C26),3* MLM3-engrafted mice display
a significant induction of the E3 ubiquitin ligase genes Mafbx,
Murf1, and Foxol in skeletal muscle (Figure 4E). Cardiac
tissue atrophy was measurable in male tumour-bearing
mice, whereas females were resistant to cardiac wasting
(Figure 4F). Despite minimal alterations in gross cardiac
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wasting as indicated by organ mass, we observed a significant
induction of autophagy genes Cstl, Gabarapl, and Bnip3 in
MLM3-engrafted mice (Figure 4G). While these autophagy-
related genes were significantly regulated during MLM-
cachexia in the heart, E3 ubiquitin ligase genes Mafbx,
Murf1, and Foxol were not significantly alerted in the heart
between tumour and sham mice (Figure 4H). Collectively,
the lean mass wasting observed in MLM3-engrafted mice
is driven by activation of ubiquitin proteasome and autoph-
agy pathways, two key catabolic pathways that drive
cachexia-associated wasting in other highly studied murine
models.

MLM3-cachexia results in fat mass wasting,
browning of white adipose tissue, and elevation of
core body temperature

Another important facet of cancer cachexia that accompanies
the progressive loss of fat mass is the metabolic
reprogramming in this tissue that activates thermogenic path-
ways. In both pancreatic and lung cancer genetically
engineered mouse models of cachexia, the browning of WAT
corresponded with increased systemic energy expenditure.®
In the present model of MLM3 cachexia, we observe signifi-
cant wasting of WAT (Figures 5A and S3A) and elevation of
browning genes Ucp and Cidea, yet decreased expression
of Prdm16 and Ppar-y (Figure 5B). In comparing MLM3 and
MLM5 models, although expression of UcpZ was lower in
MLMS5 relative to MLM3 mice, this difference was not signifi-
cant. However, Cidea was significant down-regulated in
MLMS5 mice compared with MLM3 (MLM5:MLM3 RQ = 0.42,
p = 0.04). In BAT, we also observe a significant increase in
thermogenesis gene Ucpl (Figures 5C and S3B), although
these gene expression results are only associative when
discussing thermogenic function of the resulting protein. The
observed thermogenesis programmes induced in in the fat of
MLM3-engrafted mice were independent of PTHrP, as neither
male nor female cohorts exhibited an increase in circulating
levels (Figure S3C-S3D). Because we observed an elevation
in thermogenesis genes in both WAT and BAT, we next
monitored core body temperature during the development
of MLM3-cachexia. Tumour-bearing mice displayed an
elevation in core body temperature during both light and dark
cycles early-stage to mid-stage disease (Days 7-14), while
temperatures approached that of control mice during late-
stage cachexia (Days 15-22/23) (Figure 5D-5E).

MLM3-cachexia results in hypothalamic
inflammation

Because the hypothalamus is a critical CNS structure in regu-
lating metabolic and behavioural programmes, and a growing

body of evidence implicate aberrant hypothalamic processes
in cachexia pathology, we sought to determine if MLM-
cachexia is associated with hypothalamic inflammation as
observed in other models of cancer cachexia.>***# We ob-
serve a robust elevation of inflammatory cytokine //-1, but
no alterations in /-6, Nos2, and Tnf-a (Figure 6A). In addition
to an elevation of inflammatory cytokine expression in the
mediobasal hypothalamus during cachexia, infiltration of pe-
ripheral immune cells was recently identified as a mediator of
cachexia symptoms in the KPC pancreatic cancer model.>® We
observe a significant elevation of cell adhesion molecule Selp,
chemokines CxclZ, and chemokine-inducer and neutrophil
chemoattractant Lcn2,3%*° while CxclZ0 is down-regulated,
and Cxcl2 and Ccl2 were unaffected by tumour engraftment
(Figure 6B). Interestingly, the orexigenic peptide Agrp was sig-
nificantly elevated in both male and female tumour-bearing
mice, although only MLM3-engrafted females exhibited hy-
perphagia at the time of sacrifice (Figure 6C). In addition to
the transcriptional inflammatory profile observed in the hy-
pothalamus of MLM3-engrafted mice, we observed an in-
crease in microglia and astrocytes in the median eminence,
a circumventricular organ that contains an attenuated
blood—brain barrier (Figure 6D—-6F). The arcuate nucleus
and ventromedial hypothalamic nucleus demonstrated an in-
crease in astrocytes in the MLM3 group but no difference in
the number of microglia (Figure 6D—6F).

MLM engraftment results in neutrophil expansion
and elevated neutrophil-to-lymphocyte ratio

A burgeoning area of cachexia research describes how the
immune system influences biological processes, including me-
tabolism, inflammation, and neuroendocrine function.3%3741
Indeed, the emerging field of immunometabolism is now
gaining traction in the field of cancer cachexia, as both immu-
nologic and metabolic derangements contribute to the path-
ogenesis of cachexia. Thus, models of cachexia should
recapitulate not only the behavioural and metabolic features
of cancer progression but also the immunologic features of
advanced disease. To this end, decades of research describe
an elevation of neutrophil-to-lymphocyte ratio (NLR) as a
negative prognostic factor in several cancer types, including
HNCs,** and recent studies link elevated NLR to significant
weight loss and cachexia.*®> MLM3 engraftment and subse-
qguent development of cachexia results in a significant leuko-
cytosis, which is largely driven by an absolute and
relative increase in circulating neutrophils in both male and
female models (Figure 7A-7E). At the time of sacrifice, both
male and female engrafted mice display a large increase in
NLR, with tumour-bearing females experiencing the highest
ratio (Figure 7F). We also observed a significant decrease in
mean corpuscular haemoglobin levels for both males and fe-
male mice, while mean platelet volume and total platelet
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count was elevated in tumour-bearing female mice, but not
male mice (Table S1).

MLM3-cachexia results in systemic inflammation
and alterations in hepatic metabolic gene
expression

Hepatic processes are extensively involved in disease associ-
ated with cachexia through their ability to regulate both in-
flammatory and metabolic programmes. Indeed, we observe
a significant elevation of canonical inflammatory cytokines
II-78 and Il-6 in MLM3-engrafted mice (Figure 8A). The
acute-phase protein Orm1, a known mediator of inflamma-
tion and energy homeostasis through its actions on the leptin
receptor, was also significantly elevated in MLM3-engrafted
mice (Figure 8B).**** In addition to hepatic inflammation,
the spleens of MLM-engrafted mice were larger than sham
controls at the end of the study (Figure 8C). In the liver,
tumour-implanted mice exhibited increased expression of
key glycolytic gene Hk2, enzyme PckZ, and lactate metabo-
lism gene Mct4 (Figure 8D). Despite an elevated in gluconeo-
genesis (GNG) enzyme Pck, hepatic Gépc was unchanged
between tumour-bearing and control mice (Figure 8E). Ex-
pression of lipid metabolism gene Ppar-o. was also unaffected
by the presence of MLM3 tumours (Figure 8F). In addition
to these alterations in glucose handling genes in the liver,
both male and female MLM3-engrafted mice displayed pro-
gressive hypoglycaemia during the development of cachexia
(Figure 8G).

Voluntary wheel running mitigates lean and fat
mass wasting in MLM 3-engrafted mice

The effect of voluntary wheel running was next explored
in MLM3-engrafted mice to determine if aerobic exercise
improves cachexia-related wasting, as is frequently reported
in other murine cachexia models.*®%” We observed a non-
significant improvement in body mass loss in MLM3-
engrafted mice with access to a wheel compared with those
without (Figure 9A-9B). Similarly, wheel running non-
significantly improved food consumption in MLM3-engrafted
mice (Figure 9C). Interestingly, we assessed fat mass through-
out the study and observed a significant sparing of baseline
fat mass for tumour-bearing wheel mice compared with
their no-wheel counterparts (Figure 9D-9E). To our knowl-
edge, this is the first report of voluntary wheel running
demonstrating a fat-sparing effect during cancer cachexia,
as most investigations are focused on lean mass sparing. Al-
though total lean mass trended towards improvement in
tumour-bearing wheel mice, terminal gastrocnemius and car-
diac tissue mass was significantly improved (Figure 9H-9I).
This discrepancy could be explained by cancer-related

organomegaly of tissues that encode as lean mass by NMR,
including the liver and spleen, that is observed in both human
and murine cancer progression.3¥*°% 0On the molecular
level, sparing of skeletal muscle in tumour-bearing wheel
mice was associated with reduced ubiquitin ligase gene ex-
pression (Figure S4). Finally, because voluntary wheel running
is noted to have anti-tumour properties in a murine mela-
noma model, we measured both tumour volume and termi-
nal tumour mass to determine if the fat and muscle sparing
phenotype is attributable to reduced disease burden.* In this
study, access to a wheel did not significantly alter tumour
growth, suggesting alternative mechanisms are responsible
for fat and lean mass sparing in the wheel-running group
(Figure 9J-9K).

Discussion

Although several pre-clinical models of cachexia exist, all
have limitations associated with their biological semblance
of human disease. For instance, few rodent models of cancer
cachexia include metastatic progression, even though ca-
chexia in a clinical setting is almost always associated with
metastatic and advanced-stage disease. Indeed, the ability
of cancer cells to metastasize to host organs and alter physi-
ologic and metabolic outputs is a compelling area of cachexia
research, yet therapeutic development in a pre-clinical set-
ting is almost always performed on localized, early-stage can-
cers (for review, refer to Biswas and Acharyya??). Therefore,
the development of relevant metastatic
murine models of cachexia is a necessary step towards un-
derstanding cachexia in the context of advanced-stage dis-
ease. Utilizing a HPV + oropharyngeal squamous cell
carcinoma cell line implanted in the flank of mice that
MLM, we robustly characterize the physiologic and behav-
ioural parameters associated with cancer cachexia (Figure
10).2 It is estimated that nearly 60% of patients with cancer
of the head and neck develop cachexia, and because pulmo-
nary metastases are most frequently observed in squamous
cell carcinoma of the head and neck, this model readily cap-
tures key oncologic features of clinically observed HNC
cachexia.>**°% We therefore sought to determine if the pres-
ent model also accurately reflects the molecular and behav-
ioural features of cancer cachexia observed in both clinical
and pre-clinical settings.

The MLM3 cachexia model recapitulates several behav-
ioural features of cachexia observed in other pre-clinical
models, including reductions in home-cage locomotion and
voluntary wheel running. Because tumour-associated fatigue
is the most common symptom of cancer at the time of diag-
nosis and significantly contributes to reduced quality of life,
functional disability, and is associated with disease recur-
rence reduced overall survival in certain cancers, cachexia

clinically
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Figure 10 Graphical summary of murine model head and neck cancer cachexia.

models should recapitulate this important behavioural re-
sponse associated with cancer progression.>*™® Indeed, the
fatigue response associated with cancer cachexia is recapitu-
lated in this MLM3 cancer cachexia model and mirrors that
of human disease. Furthermore, we observe a significant
lean-mass wasting phenotype that percolates to both
fast-twitch and slow-twitch muscle groups, including the gas-
trocnemius, tibialis anterior, and quadriceps (fast-twitch), as
well as the soleus (slow-twitch). The wasting of skeletal mus-
cle in this model was associated with an elevated expression
of E3 ubiquitin ligases Murf1 and Mafbx, as well as their tran-
scriptional regulator Foxol. Importantly, while we report
gene expression data for FoxoZ, these data do not account
for its activity level, which is regulated upon phosphorylation.
Thus, these data are broadly associative but are in line with
our NMR body composition analyses, as well as gross mea-
surements, of muscle wasting in this model of cachexia.

Cardiac tissue was modestly wasted in male mice, but not
female mice, and was associated with an elevation in
autophagy-related genes Ctsl, Gabarapl, and Bnip3. Interest-
ingly, while other models of cancer cachexia report elevations
in ubiquitin ligase genes in the heart, this axis of muscle
wasting was not elevated in the MLM3 cachexia model in
either male or female mice.3* Several plausible explanations
could explain the cardiac-sparing in MLM3-cachexia in female
mice, including the role of improved nutrition in cardiac
cachexia (as anorexia is absent in the MLM3 model), unique
inflammatory cytokine profiles and signalling, involvement
(or lack thereof) of the sympathetic nervous system on car-
diac tissue, and specific tumour-derived factors’ influence
on cardiac pathophysiology.?® Finally, because we observed
a lower degree and number of MLM3-engrafted female mice
experiencing metastatic lesions to the lung, it is possible that
the metastatic cascade is critically important for the
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development of wasting in this model. Additionally, female
mice may experience lessened tissue catabolism due to their
smaller tumour growth compared with their male counter-
parts. The decreased tumour growth and metastases may
be explained, in part, by an immune mismatch of the im-
planted MLM cell line, as these clones were initially derived
from a male mouse.?® Finally, we characterize the effects of
voluntary wheel running on cachexia-associated wasting and
observe a significant sparing of lean mass in tumour-bearing
animals that have access to a wheel, consistent with other
models of cancer cachexia.*®*’

Fat tissue physiology is increasingly recognized as a signif-
icant contributor the energy imbalance observed during ca-
chexia. The importance of fat catabolism during cachexia is
highlighted by the finding that WAT wasting frequently pre-
cedes that of muscle in patients suffering from cancer
cachexia.’” In addition to WAT, BAT serves to produce heat
through thermogenesis, an evolutionarily conserved re-
sponse that enables mammals to regulate their body tem-
perature in cold environments. While lipid depletion,
fibrosis, and immune cell invasion represent mechanisms
contributing to fat tissue wasting and inflammation, ‘brow-
ning’ of white adipose, in which the expression of thermo-
genesis markers is elevated in WAT, remains a highly
studied and debated topic of cachexia-related energy
wasting.**® Indeed, recent evidence for browning of WAT
during cancer cachexia in humans and mice implores investi-
gation into the contributions of fat to the pathogenesis of
cachexia.>>>? Interestingly, thermogenesis-related gene ex-
pression in WAT and BAT, such as cell death-inducing
DFFA-like effector A and uncoupling protein 1, is inconsis-
tently expressed among cachexia models. For instance, both
C26 colonic adenocarcinoma and LLC allografts result in ele-
vation of uncoupling protein 1 in WAT, while the KPC pan-
creatic ductal adenocarcinoma allograft results in
decreased Ucpl expression.>*>%° These discrepancies in
thermogenesis gene expression across cancer cachexia
models remains unclear but could be partially explained by
differences in nutritional status among these models, be-
cause caloric intake is a known mediator of adipose tissue
browning.52~% With this in mind, we characterized browning
signatures in male mice, as food consumption in the male
tumour cohort was equivalent to that of sham controls,
while female tumour-bearing mice exhibited significant hy-
perphagia near the end of our studies. We observed a signif-
icant elevation of browning markers UcpZ and Cidea in the
WAT, with a concurrent increase in BAT UcpZ, in
MLM3-engrafted male mice. Because tumour-derived PTHrP
is a known mediator of adipose tissue browning in the LLC
cachexia model, we assayed circulating levels of PTHrP in
MLM-3 engrafted mice.>® We observed no alteration of
circulating PTHrP in the context of MLM3 cachexia, demon-
strating the browning programmes induced by MLM3 pro-
gression is through alternative mechanisms. Furthermore,

we observe a significant elevation of core body temperature
in tumour-bearing mice compared with sham controls during
middle stage disease, with a steady decline back to control
animals towards end-stage disease. Although we observe
increased thermogenesis gene expression in the BAT and
WAT of MLM3-engrafted mice, along with a transient in-
crease in core body temperature, these data are currently
associative. Further mechanistic investigation is required to
determine how (or if) browning of adipose tissue contributes
to overall energy imbalance and cachexia progression in this
model.

In addition to peripheral tissue catabolism and metabolic
reprogramming, the CNS is a known mediator of metabolic
dysfunction during cachexia. We and others described
CNS-based mechanisms of cachexia in which systemic inflam-
matory signals are received and amplified by the hypothala-
mus, resulting in aberrant activity of weight-modulating and
activity-modulating neurons.**#%47%7 To this end, we broadly
characterized the inflammatory status in the mediobasal hy-
pothalamus of MLM3-engrafted mice. We observed an eleva-
tion of the inflammatory cytokine /I-Zb in cachectic mice after
MLM3 implantation, along with an increase in hypothalamic
glial cells (astrocytes and microglia). Indeed, an increase in
hypothalamic /I-1b expression is also observed in other mu-
rine cachexia models, and hypothalamic expression of II-7b
in fenestrated capillaries is sufficient to induce illness behav-
iours consistent with cachexia symptoms in mice.377%9 pe-
spite clear evidence for the role of IL1 signalling in the
regulation of illness behaviours, the precise role of IL1 signal-
ling during cachexia remains elusive. For example, while IL1
signalling is elevated during cancer cachexia and is individu-
ally capable of inducing fatigue, tumour-associated fatigue
develops independently of IL1 signalling, suggesting alterna-
tive inflammatory signals in the CNS drive fatigue symptoms
during cachexia.®”®® While microglia and astrocyte activation
can be either pro-inflammatory or anti-inflammatory depend-
ing on the underlying condition, we recently reported the
protective role of microglia in the hypothalamus in a murine
model of pancreatic cancer cachexia.?’ Therefore, it remains
to be determined if the gliosis observed in the present model
is protective or detrimental. We also observe a significant el-
evation of hypothalamic cell adhesion and chemokine gene
expression, including Selp, CxclZ, and Lcn2. Recent works by
Burfeind et al. demonstrate a clear role for myeloid cell inva-
sion in the CNS in driving pancreatic cancer cachexia symp-
toms, including anorexia and lean mass catabolism, that is
predominantly driven by the CCR2-CCL2 axis.>® While we
observe an elevation in several immune recruitment tran-
scripts in the MLM3 cachexia model, we observe no differ-
ence in hypothalamic Cc/l2 expression. Given the unique
immune recruitment gene expression profile we see in the
hypothalami of MLM3-engrafted mice, whether or not
immune cells invade the CNS, along with the specific role
(if any) they serve in mediating cachexia symptoms, remain
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an exciting area of future investigation. Finally, we observe an
elevation of the orexigenic peptide Agrp in MLM3-engrafted
mice, consistent with previous work describing an increase
in Agrp gene expression in the context of chronic
inflammation.”® It is plausible that increased orexigenic pep-
tide expression serves to prepare cachectic mice for a period
of hyperphagia after inflammation subsides, ultimately in ef-
fort to replenish energy stores expended during the progres-
sion of cachexia.

From an immunologic perspective, the peripheral immune
cell profile in the MLM3 model is consistent with that of ca-
chectic patients. Decades of research describe an elevation in
circulating neutrophils of patients with cancer, with an ele-
vated NLR being associated with poorer survival outcomes
both before and after treatment.”*”? Indeed, an elevation
in NLR is associated with weight loss and cachexia in patients
with advanced colon, lung, and prostate cancer.** Despite the
abundance of associative data concerning elevated NLR and
patient outcomes, the influence of this immunologic shift
during cachexia remains incompletely understood, ultimately
highlighting the need for pre-clinical cachexia models that ac-
curately reflect this immunologic shift for future mechanistic
studies. Indeed, MLM3-engrafted mice display a
neutrophil-dominant leukocytosis and elevated NLR, with
tumour-bearing females exhibiting a significantly larger NLR
than their male counterparts. This increased NLR in female
mice may be explained by both baseline differences in neu-
trophil and lymphocyte counts, as well as some degree of
neoantigenicity to the MLM3 clone, as this cell line was
originally derived from a male mouse.?®> While it is generally
appreciated that neutrophils play a vital role in the mainte-
nance of lean muscle function through their interactions
with tissue-resident macrophages, neutrophil invasion into
muscle tissue after inflammatory challenge is associated with
muscle membrane damage and reduced functionality.”>~>
With the drastic increase in circulating neutrophils in both
cachectic patients and mice, it is plausible that this immuno-
logic shift alters tissue physiology during cachexia, including
muscle and fat catabolism and remodelling. Because the
MLM3 cachexia model accurately reflects the circulating
immune cell profile of human cachexia, we believe this
model is well suited for future mechanistic studies
concerning the role of the immune system during cancer
cachexia.

Cancer cachexia is also associated with a shift in hepatic
processes that increase the overall energy deficit through
both futile cycling of metabolic intermediates and activation
of the acute-phase response. It is well known that the lactate
produced by tumour cell growth is reconverted to glucose in
the liver via the Cori cycle. This axis is energetically demand-
ing, as 6 ATP are consumed per glucose molecule produced,
and it is hypothesized that these aberrant hepatic processes
significantly contribute to the energy deficit incurred during
the development of cachexia.”® In addition to glucose

produced by the Cori cycle, an elevation in hepatic GNG dur-
ing tumour progression ultimately provides more glucose
substrate for the growing tumour. However, because the
MLM3-engrafted mice exhibit an increase in both hepatic
gluconeogenic (PckZ) and glycolytic (Hk2) gene expression,
it is unclear if hepatic processes contribute to the overall
hypoglycaemia observed during tumour progression. It is
plausible that an internal competition between muscle and
the growing tumour for the depleting glucose stores drives
some of the behavioural features of cachexia we observe in
this model, including fatigue.”” Notably, in contrast to our
findings of increased GNG gene Pck, Grossberg et al. ob-
serve a decrease in hepatic GNG genes in the parental
non-metastatic cell line to MLM3, mEER, suggesting that
MLM3 tumours differentially influence hepatic glucose han-
dling from its parental cell line.”” Indeed, the livers of
MLM3-engrafted mice displayed an elevation in inflammation
and acute-phase response genes, as well as an increase in
gluconeogenic and lactate metabolism gene expression, con-
sistent with hepatic processes observed in human cancer
cachexia.”®#°

While the MLM3 cachexia model recapitulates several key
molecular and behavioural features of cancer cachexia, the
model does have its limitations. Similar to other subcutane-
ous tumour models, positioning the tumour inoculum in an
area in the flank that is not accessible to the mouse is imper-
ative in preventing ulcerations and bleeding. Along these
lines, the flank technically represents a heterotopic implanta-
tion site of the MLM3 cell line, as the parental cell line was
generated from mouse tonsillar epithelium.?”#' Although
MLM3 implantation in the oropharynx may be possible to in-
duce weight loss, it is likely that the wasting phenotype
would be mostly attributable to the growth of the primary
tumour directly in the aerodigestive tract and subsequent in-
fluence on caloric intake. However, subcutaneous engraft-
ment of MLM3 cells still represents an epithelial
implantation site and thus represents a more biologically rel-
evant implantation site when compared with other com-
monly used subcutaneous allograft models, including LLC
(lung adenocarcinoma) and C26 (colonic adenocarcinoma)
to name a few. When implanted in the flank, this model of
cachexia is not associated with anorexia, a cachexia symp-
tom that is often observed in a clinical setting. However,
while the absence of anorexia in this model may have its lim-
itations, the nutrition-independent wasting phenotype ob-
served has its advantages: (i) assessment of
nutrition-influenced processes of cachexia, including adipose
tissue thermogenesis, require technically challenging
pair-feeding studies—this model circumvents the need for
pair-feeding for accurate assessment of these parameters,
and (ii) not all models of cachexia accurately assess the con-
tributions of food intake on fat and muscle wasting—our
characterization of the MLM3 model provides clear evidence
that significant fat and muscle wasting occurs in the context
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of adequate nutrition. To our knowledge, this is the first de-
scribed syngeneic HNC cachexia model in C57BL/6 mice and
the most widely used mouse strain with numerous geneti-
cally modified strains, ultimately enabling investigators wider
access to knockout mouse variations for mechanistic studies.
Finally, we also characterized an identically derived clone to
MLM3, MLMS5, with near-identical primary tumour growth.?®
Despite similar disease burden, MLM5-engrafted mice were
significantly spared from cachexia-associated fat and lean
mass wasting when compared with their MLM3-engrafted
counterparts. However, MLM5 implantation was associated
with an approximately 20% lower incidence of lung metasta-
ses, and this reduction in metastatic burden may explain
some of the reduced cachexia features associated with this
cell line. MLM5-engrafted mice also displayed a hyperphagic
phenotype compared with both sham and MLM3-engrafted
mice, which may also partly explain their improved cachexia
status. Nevertheless, we believe that in vivo and in vitro
comparisons of these two clones represent a unique re-
source for the identification of tumour-derived factors that
may explain, in part, the cachexia-inducing potential of
MLM3.

The MLM3 model described herein is simple, reliable, and
recapitulates key features of cachexia observed in humans
with metastatic HNC. It is generally assumed that the
wasting associated with human HNC is predominantly due
to tumour-related dysphagia. This model produces cachexia
symptoms in the absence of dysphagia and anorexia,
allowing for the investigation of nutrition-independent
mechanisms of HNC cachexia. Although resistant to a stan-
dard chemoradiation (e.g. cisplatin), as is often the case in
HNC patients with disease recurrence and progression, the
MLM3 model provides a platform for the assessment of
both anti-tumour and cachexia-inducing effects of experi-
mental drugs for refractory HNC.?® Given the large preva-
lence of cachexia in patients with HNC, yet development
of very few pre-clinical models of metastatic and/or HNC ca-
chexia, we believe this work helps bridge this gap in ca-
chexia research. Collectively, our studies indicate that this
metastatic HNC model accurately captures the signs and
symptoms of clinically observed cachexia and provides the
field a valuable tool for future mechanistic and therapeutic
investigation.
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