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Cachexia: A systemic consequence of
progressive, unresolved disease
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SUMMARY

Cachexia, a systemic wasting condition, is considered a late consequence of diseases, including cancer,
organ failure, or infections, and contributes to significant morbidity and mortality. The induction process
and mechanistic progression of cachexia are incompletely understood. Refocusing academic efforts away
from advanced cachexia to the etiology of cachexia may enable discoveries of new therapeutic approaches.
Here, we review drivers, mechanisms, organismal predispositions, evidence for multi-organ interaction,
model systems, clinical research, trials, and care provision from early onset to late cachexia. Evidence is
emerging that distinct inflammatory, metabolic, and neuro-modulatory drivers can initiate processes that
ultimately converge on advanced cachexia.

INTRODUCTION overview of the available model systems and clinical research
efforts.

Cachexia, a disabling wasting condition of lean body mass, is

one of the most common and challenging whole-body response
syndromes and occurs during the progression of many diseases.
With the emergence of powerful techniques to capture deep
data over time and a resurgence of interest in multi-organ con-
nectivity, research into this complex physiological disease
response is ready to turn from a focus on advanced cachexia
to the process that initiates the change of a previously healthy or-
ganism to a cachectic one. In this review, we aim to summarize
the literature on the etiology of cachexia, while also providing an
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EPIDEMIOLOGY

With an estimated annual death rate of 2 million people world-
wide, cachexia is one of the main contributors to human
morbidity and mortality.” When the term cachexia (“kakos hexis =
bad state”) was first coined in early Greek literature, it was
considered a consequence of disease or aging leading to a
lack of physical “conditioning” and, therefore, of broad rele-
vance across seemingly different underlying causalities. During
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Figure 1. Interconnected causes and consequences of disease- or cancer-associated cachexia at organ level
Examples of host cell contributors to and organ level consequences of cachexia inducing inflammatory and non-inflammatory processes are illustrated.

the 19" century, tuberculosis-induced cachexia became widely
recognized with specialist sanatoriums focused on supportive
care. Glentworth R. Butler extended cachexia to cancer in
1906, describing “cancer cachexiae” as characterized by “de-
bility, emaciation, anemia, and a dirty yellowish-brown or
brown-green complexion.”” In 1915, Howard C. Taylor high-
lighted the similarities of cachexia between diseases: “There is
however, nothing that is distinctive about cancerous cachexia.
Any of the known changes and a similar picture may be pro-
duced by other diseases ... The symptoms of the cachexia are
gradual but progressive ... The emaciation is a late symptom
... with the loss of appetite, and nausea.”” In modern biomedical
literature, there is no universal definition of cachexia, but in the
context of cancer cachexia, it has been defined as “a multifacto-
rial syndrome characterized by an ongoing loss of skeletal mus-
cle mass (with or without loss of fat mass) that cannot be fully
reversed by conventional nutritional support and leads to pro-
gressive functional impairment”*—a wide definition that may
apply to cachexia caused by non-cancer conditions. Recent
epidemiological data continue to associate cachexia with
several seemingly unrelated but potentially convergent diseases.
Patients with cancer, such as lung, colon, and pancreatic can-
cer, have a high risk of developing cachexia, sometimes esti-
mated to be as high as 80% in pancreatic cancer.® Cachexia is
also common in patients with end-stage renal failure (ESRF)
(256-50%), chronic obstructive pulmonary disease (COPD)
(25%), chronic heart failure, AIDS, sepsis, and rheumatologic
disorders.®’ Given its incidence and prevalence, universally
negative impact on prognosis and quality of life (Qol), and

contribution to poor tolerance of and reduced response to treat-
ment for the underlying disease, cachexia presents an area of
major global public health burden and an urgent unmet need.
What patients with cachexia have in common is an unresolved
underlying disease process—a wound that does not heal. They
suffer from involuntary weight loss, more specifically muscle
and fat loss that may expand to loss of other tissues (e.g., heart
and bone), in the context of anorexia, coupled with fatigue and
sickness behavior such as anhedonia. The apparent multiplicity
of diseases that lead to cachexia suggest that either multiple
processes converge on an advanced state or multiple early dis-
eases converge on a common pathway of disease progression
to an advanced state. In both cases, an unresolved continued
process consequential to one or several distinct disease-medi-
ated systemic perturbations may drive a systemic effect that re-
sults in cachexia (Figure 1). The pre-convergence processes
could define therapeutically relevant cachexia subtypes. There-
fore, the lack of certainty about the underlying mechanisms
driving the processes of cachexia requires additional work to
identify the initiators and understand how they alter the commu-
nication and function within and among multiple organ systems.

DISEASED CELL-, TUMOR-, AND HOST-DERIVED
CACHEXIA MEDIATORS
Some features of the cachexia syndrome, such as metabolic,

hormonal, behavioral, and inflammatory changes, have been
linked to specific molecular mediators. Here, we collate these
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mediators and discuss their role during cachexia development
and the importance of examining their interconnectivity.

Inflammatory mediators

The process of inflammation has long been associated with can-
cer cachexia. Injury to a tissue from a variety of insults (e.g.,
trauma, infection) results in the clinical phenotype of inflamma-
tion—features recognized since antiquity that include redness,
heat, swelling, pain, and loss of function. The neuro-humoral
output from a local injury, including a rapid elevation in circu-
lating cytokines generated by the activated immune system,
can progress systemically. This triggers broader molecular,
cellular, neuronal, and behavioral responses that result in a
more systemic inflammatory phenotype (e.g., fatigue, anhe-
donia, pain, weight loss).

The evidence that unresolved inflammation is a driver of one
type of cachexia®'' comes from the detection of multiple inflam-
matory factors in tissues and the circulation of patients with
cachexia (Table 1). These factors have mostly been investigated
during periods of detectable weight loss, and their longitudinal
trajectories frequently remain unclear. They can be produced
directly by disease-driving cells (e.g., infected, damaged, or
cancerous cells), by cells recruited to the microenvironment of
the cellular lesion (e.g., fibroblasts and/or immune cells), and
by other tissues at an organismal level (Figure 2). Given that all
these processes may amplify each other, changes in these fac-
tors will be dynamic. This is likely relevant to the progression of
disease to cachexia.

One of the first factors associated with cachexia was tumor ne-
crosis factor alpha (TNF-a), historically termed cachexin, a pro-
inflammatory cytokine with muscle and fat tissue catabolic and
anorexic effects.’” TNF-a is associated with cancer cachexia
and other cachexia-inducing inflammatory conditions such as
rheumatoid arthritis. Trials in patients with cachexia-investigating
therapies either blocking the TNF-a receptor or neutralizing TNF-
a. itself (NCT00046904, NCT00060502, NCT00244192) have not
detected clinical benefit.

Interleukin-6 (IL-6) superfamily members, including IL-6 and
leukemia inducible factor (LIF), are among the most reported
cachexia-inducing factors. Elevated circulating levels of IL-6
and its upstream regulator interleukin 1 (IL-1) have been widely
associated with cancer-associated cachexia in both animal
models and humans. In mice, IL-6 alters metabolic organ func-
tions in ways such as reducing the liver’s ketogenic capacity to
respond to diminished food intake'" and promoting adipose tis-
sue browning.'® In non-cachectic conditions, IL-6 acts on the
brain and influences energy balance.'" While reversibility of
some IL-6 effects has been demonstrated in murine models, a
clinical trial in patients with lung cancer and cachexia that
blocked IL-6 signaling using ALD518, a humanized anti-IL-6 anti-
body, showed only mild improvements (NCT00866970), sug-
gesting that late interventions may not be clinically beneficial.

The chemokine CCL2 (monocyte chemoattractant protein-1;
MCP-1) that directs CCR2-driven migration of macrophages
and can be produced by endothelial cells, fibroblasts, and mac-
rophages has also been linked to cachexia in mice.*® CCL2 pro-
motes liver inflammation, neuroinflammation, weight loss, and
metabolic changes in muscle and white adipose tissue
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(WAT).2%=®' These reports indicate that persistent CCL2 produc-
tion may sustain inflammatory changes, resulting in systemic
metabolic alterations and reduced food intake that leads to can-
cer cachexia.

Lipocalin-2 (LCN2), a glycopeptide involved in coordinating
the host response to inflammation,”' has been described in an-
imal models as having an anorexigenic effect by acting through
the central melanocortin system within the hypothalamus.*” Mel-
anocortin 4 receptor antagonists protect from the cachexia of
chronic kidney disease and the melanocortin 3 receptor is
involved in lean body mass distribution,*>*® suggesting that
the melanocortin pathways may have translational potential for
anabolic interventions in cachexia.

This selection of example inflammatory molecules indicates
that no single factor is the sole causative agent for cachexia.
Different molecules may drive cachexia in different circum-
stances and/or combinations of molecular factors and their
connectivity may be relevant. For example, CCL2 macrophage
activation may drive |L-6 production or vice versa, and similar in-
teractions occur with TNF-a. It is, therefore, likely that several
upstream inflammatory cascades ultimately converge on the
clinical phenotype of cachexia. Reflecting this notion, the JAK
1/2 inhibitor ruxolitinib is currently in a Phase 2 (NCT04906746)
clinical trial to assess the efficacy of targeting inflammatory
signaling pathways activated in cachexia.

Although there is an array of potential cachexia-inducing fac-
tors, no single cell population has emerged as causative in
cachexia. Infected cells or cancer cells may directly produce
cachexia-inducing factors, and so may immune cells or cells
that modulate the immune response. For example, changes in
cancer-associated fibroblast (CAFs), such as loss of myofibro-
blastic CAFs (myCAFs) and enrichment of IL-6 producing CAFs
(iCAFs), lead to cachexia in pancreatic cancer mouse models.
Since iCAFs are dependent on the activation of the JAK/STAT
signaling pathway for their formation in pancreatic ductal adeno-
carcinoma (PDAC), JAK/STAT inhibitors that cause loss of iCAFs
may ameliorate the cachectic phenotype.”® Similarly, depletion
of fibroblast activation protein-a-positive (FAP+) stromal cells
leads to loss of muscle mass and cachexia,”' and genetic deple-
tion of alpha-smooth muscle actin-positive (alphaSMA+) cells,
which include myofibroblastic CAFs, following tumor formation
leads to a reduction in body weight in mouse models of pancre-
atic cancer.*”

Mediators that regulate tissue homeostasis

Apart from inflammatory molecules, multiple important other
initiating factors of cachexia have been discovered. These
include imbalances between circulating molecules that maintain
skeletal muscle mass and mediators that primarily affect the
central nervous system (CNS).

Much of the research that has been performed on circulating
and local factors focuses on muscle homeostasis. Follistatin defi-
ciency secondary to fibroblast depletion in the muscle is a potent
inducer of cachexia.”' Activation of the activin receptor AcvR2B in
skeletal muscle cells by agonists such as activin A or myostatin
powerfully induces the catabolic processes of autophagy and pro-
teolysis.?’ Treatment with a soluble activin A decoy receptor has
been suggested as a therapeutic intervention in pre-clinical
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Figure 2. Specific molecular mediators of
organ modulation in cancer progression
and cachexia
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brain stem, outside the blood-brain bar-
rier, that express its specific receptor
GFRAL. In some conditions, including
numerous cancers, GDF-15 levels are
elevated and associated with reduced
food intake and body weight in humans
and mice.** Moreover, GDF-15 potently
activates the hypothalamic-pituitary ad-
renal (HPA) axis and increases circulating
glucocorticoid levels.** Since glucocorti-
coids are powerfully catabolic to skeletal

muscle, GDF-15 could, via the brain,
contribute to the two key features of

work,” and a human monoclonal anti-ActR2 antibody tested in a
clinical study (NCT01433263) led to promising results in preser-
ving lean body mass. However, a clinical trial investigating
LY2495655, an anti-myostatin antibody, in patients with pancre-
atic cancer (NCT01505530) was terminated due to its detrimental
effect on survival.>*

Metabolic mediators

Metabolic mediators may also drive inflammation-independent
cachexia subtypes. For example, tumor-secreted insulin growth
factor binding proteins (IGFBPs) can stimulate catabolism in
nutrient-rich tissues by blocking insulin/IGF-1 signaling and pro-
moting insulin resistance.’® Among individuals without cancer,
insulin resistance reduces metabolic flexibility, impairs muscle
protein synthesis, and increases energy expenditure. In cross-
sectional studies, patients with lung cancer often have insulin
resistance.® However, it is unknown how longitudinal changes
in insulin resistance, metabolic flexibility, muscle protein synthe-
sis, and energy expenditure relate to changes in muscle mass,
muscle quality, and weight loss in patients with cancer.

Cancer also imposes systemic metabolic changes that have not
yet been clearly linked to a specific factor. For example, lung can-
cer can induce diurnal and metabolic changes in the liver that pro-
mote gluconeogenesis and inhibit fatty acid metabolism.>” These
effects may be due to hepatic inflammation or could be secondary
to elevated levels of catabolic hormones such as glucocorticoids.
Furthermore, unbiased metabolomic assessments have identified
correlations between weight loss and plasma amino acids and
phospholipids of unknown source.®

Mediators that target the brain

Centrally acting circulating molecules such as the growth differ-
entiation factor 15 (GDF-15) have been shown to promote
cachexia. GDF-15 is produced in response to cell stress and
may have evolved to mediate food aversion in response to toxin
exposure.”? It binds mostly to a small number of neurons in the

1828 Cell 186, April 27, 2023

cachexia, i.e., reduced food intake and

selective loss of skeletal muscle.
Recently, antibody-mediated blockade of the GDF15-GFRAL
pathway has been reported to be efficient in reversing cancer
cachexia in pre-clinical murine models.®° The role GDF-15 plays
in anorexia, lipolysis, and muscle wasting has provided a strong
rationale to study anti-GDF-15 agents in ongoing human clinical
trials (NCT04803305, NCT04068896, NT04725474).

RECIPROCAL INTERACTIONS BETWEEN CACHEXIA-
INDUCING DISEASES AND HOST ORGAN SYSTEMS

The physiology of cancer progression may be viewed as a
continuously and increasingly perturbed state that involves
behavioral changes; dysregulation of the neuroendocrine sys-
tem, including changes in sleep and circadian rhythm; systemic
immune dysregulation; and skeletal muscle and adipose tissue
wasting—all of which occur in patients and model systems
with cachexia (Figures 1 and 2 and Table 1). While the
cachexia-inducing disease process may be locally confined,
the hallmarks of cachexia are systemically mediated, indicating
that the underlying mechanisms of cause and propagation likely
involve modulation of networks that affect all body systems and
inter-organ and organ-body communication. One way to
approach this connectivity is from the perspective of the ener-
getic imbalance, i.e., a relative lack of energy intake compared
to energy expenditure of the system, that ultimately results in
overt weight loss during advanced cachexia.

Neuroendocrine interactions

The central nervous system (CNS) makes important contributions
to the control of energy homeostasis, and the hypothalamus is
widely acknowledged as an area that integrates circulating sig-
nals generated in the periphery with potential relevance to
cachexia-inducing disease. The hypothalamus’s central melano-
cortinergic system, and specifically MC3R, plays a role in sensing
the body’s nutritional status. It helps co-coordinate the acquisi-
tion and retention of calories and their disposition into processes
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such as growth, reproduction, and the acquisition of lean mass.*®
Lack of an appropriate response to peripheral inputs leads to
diminished appetite and promotes catabolic stimuli (i.e., reduced
energy intake, increased energy expenditure, increased muscle
proteolysis, and adipose tissue wasting). Moreover, the CNS reg-
ulates endocrine organ function (e.g., the release of hormones).
Systemic release of glucocorticoids is a well-described event in
cachexia that occurs in response to the activation of the HPA
axis by stressors and induces skeletal muscle atrophy and catab-
olism. Suppression of the hypothalamic—pituitary—gonadal (HPG)
axis significantly decreases testosterone levels, contributing to
several cachexia-related signs and symptoms like fatigue, weight
loss, and muscle catabolism.®’ Additionally, hypogonadism has
been linked to systemic inflammation and shortened survival in
advanced pancreatic cancer.®”

Immunological and metabolic interactions
Inflammation and the immune system response in cachexia are
host physiological processes directed to targeting the localized
disease. However, tumor-infiltrating myeloid cells can differen-
tiate into myeloid-derived suppressor cells (MDSC) and together
with tumor-associated macrophages and lymphocytes (TAMs
and TILs) promote angiogenesis and metastasis and eventually
contribute to an immunosuppressive environment that favors
cachexia.®®

In the periphery, hepatic inflammation and activation of the
acute phase response are biosynthetically and bioenergetically
costly—when left unresolved, they contribute to systemic meta-
bolic and energetic imbalance. This affects all aspects of inter-
mediary metabolism, including carbohydrate, protein, fat, and
energy metabolism. Elevated levels of glucocorticoids and
increased gluconeogenesis as well as inhibited fatty acid meta-
bolism and suppressed ketogenesis in the liver are other exam-
ples of cancer-induced metabolic changes.'’ Host-produced
factors such as the hunger hormone Ghrelin, which originates
in the stomach, could counteract anorexia. However, develop-
ment of resistance to its own function ultimately worsens
unresolved anorexia. Cachexia often features insulin resistance
leading to reduced metabolic flexibility, impaired muscle protein
synthesis, and increased energy expenditure.*®

Skeletal muscle (SkM) and WAT are the body’s main reservoirs
for amino acids and lipids, respectively, and both inflammation
and imbalances of factors that maintain muscle mass can in-
crease rates of protein breakdown. During times of stress
when food intake is low and nutrient demands increase, such
as with the reduced caloric intake associated with cancer
cachexia, SKM and WAT activate catabolic processes and
distribute stored nutrients to the rest of the body so that they
can then be used for energy generation and promote survival.
Mechanisms underlying SkM wasting may include upregulation
of ERK1/2 and p38 MAPKs,®* activation of autophagy, loss of
molecular motor protein MyHC-II,°® production of reactive
oxygen species (ROS) that impair myotube morphometry,® sys-
temic inflammation, and production of pro-inflammatory
cytokines that induce skeletal muscle atrophy, as well as gluco-
corticoid release. WAT wasting is caused predominantly by
increased lipolysis and reduced fat deposition. Lack of circadian
rhythmicity in the expression of transcription factors that regu-
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late fatty acid catabolism during cachexia contributes to lipid
metabolism imbalance.®” If left unresolved, progressive catabo-
lism of SkM and WAT leads to physical deterioration and death.
Moreover, tumors seemingly alter host nutrient availability,
exchange, and use to favor their own metabolic demands. Iden-
tifying the fundamental nature of this tumor-mediated host meta-
bolic reprograming will reveal new tools for the diagnosis and
treatment of cachexia.

Interaction with the microbiome

Intestinal microbiota can coordinate hormonal communication
between adipose tissue and skeletal muscle to protect from
cachexia development during inflammation and infection.®®
Furthermore, changes in the intestinal microbiome ecology,
known as dysbiosis, have been shown to influence cachexia
due to gut barrier dysfunction,®® and intestinal pathogens can
limit the cachectic response by controlling inflammatory
signaling along the gut-brain axis to regulate feeding behavior.”
Thus, manipulation of beneficial bacteria in the gut microbiota
has been explored as treatment.”’

Taken together, these findings suggest a potential sequence
of events which lends itself to systematic scientific study: a local
insult promotes a systemic response that would normally lead to
its resolution, but if the original insult is not cleared (e.g.,
advanced cancer), this persistent systemic response becomes
destructive. It promotes central reduction in nutrient intake
behavior and altered peripheral nutrient processing, leading to
changes in body composition, fatigue, and functional decline,
which in turn diminish tolerance to therapeutic interventions tar-
geting the underlying disease and, ultimately, to cachexia and
death (Figure 3).

HOST AND IATROGENIC CONTRIBUTORS TO CACHEXIA

The interaction between cachexia molecular drivers and organ
responsiveness occurs in a host organism. Individuals may
have genetic or acquired characteristics that protect from or
predispose to cachexia. This is an important dimension for un-
derstanding cachexia, because genetic or acquired cachexia-
related traits will synergize or antagonize with the progression
of disease-induced cachexia. Some genetic signatures related
to inflammation and the renin-angiotensin system have been
linked to cachexia susceptibility.”” Moreover, experiments in
cachectic animals treated with dextran sulfate sodium to cause
intestinal injury have demonstrated that strains purchased from
different suppliers or vivarium rooms have more or less rapid
onset of body weight loss and variations in the degree of skeletal
muscle atrophy.®® Variations in the intestinal microbiota ecology
are sufficient to generate differences in cachexia onset and
severity, while the specific contribution of genetic differences re-
mains unknown.

Sex-based differences

Distinct body composition, fat distribution, insulin sensitivity,
glucose and lipid metabolism, and energy substrate utilization
are biological differences between male and female metabolism.
Innate metabolic divergences such as these may well influence
the susceptibility and development of metabolic syndromes

Cell 186, April 27, 2023 1829
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Figure 3. Longitudinal progression of biological phenomena and clinical observations from early cancer to advanced cachexia

such as cachexia. Nevertheless, much of the pre-clinical and
clinical research of cachexia has focused on its consequences
in skeletal muscle tissue. Muscle depletion is more prevalent in
males than in females with cancer,”® and cachectic male pa-
tients have increased muscle fatigue and greater reduction in
handgrip strength compared to cachectic female patients.””
This difference could be attributed to estrogen status, since es-
trogen signaling is a regulator of muscle contractility and anabo-
lism, and can impact morphology, fatigability, and function of
myofibers. Hormone replacement therapy can mitigate strength
loss in postmenopausal females.”® In addition, estrogens modu-
late inflammation, and while pro-inflammatory cytokines such as
IL-6 induce and accelerate cachexia in tumor-bearing male
mice, IL-6 does not impact tumor-bearing female mice.’® Estro-
gens have a direct effect on hypothalamic neurons regulating
physical activity and energy expenditure in females.”” Further-
more, hypogonadism has been associated with cachexia devel-
opment.®” Testosterone is a potent anabolic factor contributing
to muscle mass, and its therapeutic potential for cancer-related
weight loss has been assessed in a randomized trial, demon-
strating improved lean body mass without an effect on survival.”®

However, differences between the male and female cachectic
phenotype may also be due to variations in the distribution and
metabolic preference of muscle fiber types. Type Il muscle fibers

1830 Cell 186, April 27, 2023

account for the majority of male muscle mass and have a glyco-
lytic phenotype, whereas females have predominantly Type |
muscle fibers that are oxidative. Data from pre-clinical models
and patients with cancer suggest that Type |l glycolytic myofib-
ers are more sensitive to cancer-induced muscle wasting than
Type | myofibers.” Thus, this inherent fiber difference is associ-
ated with differential fatigue susceptibility in males and females,
and although direct causality has not been established, it may
drive some of the sex-dependent differential responses during
muscle wasting and cachexia.

Sex-driven differences lead to some treatments being only
effective in males or females in pre-clinical models.*® This is
potentially relevant for differential outcome in clinical interven-
tions in patients with cancer. A better understanding of how
sex-based differences impact cachexia is needed and would
benefit the development of therapeutics that improve quality of
life and survival.

Aging

A gradual decrease in muscle mass and strength is estimated to
start at the age of 30, with the rate of decline increasing after 60
years of age, and by the age of 80, 30% of muscle mass is esti-
mated to be lost.°’ Moreover, decrease in appetite and anhe-

donia are associated with aging and could be explained by
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changes in various neurotransmitters and brain circuitry, and
hormones, which may then result in the frequently observed
food intake decline.®’

A major feature of aging is a loss of physiological reserve and
coordinated tuning of the organism, which would synergize with
the predisposition to cachexia. This is perhaps captured in the
concept of “inflammaging”, the sustained increased levels of
circulating pro-inflammatory molecules, which is associated
with diminishing organ function, and progressive sarcopenia
(loss of muscle: from Greek sarx: flesh, penia: poverty). In murine
models, aging causes an energetic imbalance toward catabo-
lism that interferes with homeostatic signaling and ultimately
causes high susceptibility to chronic morbidity, disability, frailty,
and premature death. Data from the Rotterdam Study demon-
strate that the neutrophil-to-lymphocyte ratio (NLR) is an inde-
pendent risk indicator for survival in the elderly, and even in the
general population over the age of 45. This highlights the clinical
value of NLR as an early marker of disease progression and sug-
gests that it may be a proxy measure of the aging process.’
Recent studies link metabolic dysregulation and chronic aging-
associated inflammation in a reversible manner,®” opening new
interventional avenues for anti-aging treatments.

Other factors, including reduced peripheral or central respon-
siveness for nutritional and lean body homeostasis may syner-
gize with disease processes in aging and cachexia. Altogether,
the phenotype and processes associated with old age mirrors
those observed in patients with end-stage cachexia, pointing
to convergent biological phenomena and underlying mecha-
nisms that occur at different rates and may potentiate each
other, an area that warrants further research.

Anti-cancer therapy-induced cachexia
Physical barriers that impede the digestion and absorption of
food may directly contribute to cachexia. Anatomical obstruc-
tions of the gastrointestinal tract secondary to tumor progres-
sion, malabsorption due to infections or treatment side effects,
surgical- or radiotherapy-induced alterations of the digestive
system that result in strictures, anatomical removal of organ parts
that aid nutrient uptake, and neurohormonal imbalances may all
contribute to whole-body wasting from caloric deficiency. These
disease- or treatment-related developments may negatively syn-
ergize with the molecular mechanisms that cause cachexia.
Some anti-cancer treatments, such as chemotherapy, can
cause muscle wasting, weakness, and fatigue in patients, thus
exacerbating cachexia and worsening prognosis. A chemo-
therapy-induced increase in circulating GDF-15 peptide causes
anorexia, nausea, and emesis.®® These symptoms may be exac-
erbated by an underlying decreased glomerular filtration rate
(GFR) in chronic kidney disease (CKD) or organ failure in the
elderly. For example, endogenous formaldehyde toxicity-
induced GDF-15 production in the proximal renal tubule pro-
motes cachexia in a murine model of Cockayne syndrome A.%*
Moreover, dexamethasone, a synthetic glucocorticoid pre-
scribed as a supportive care co-medication for patients with
cancer, induces muscle atrophy and dysfunction when used
long-term.®® While dexamethasone is a well-established effec-
tive antiemetic drug for patients receiving chemotherapy, it
induces a positive feedback loop that accelerates wasting. How-
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ever, administration of dexamethasone reduces IL-6 secretion,
ameliorates inflammation in muscle cells, and promotes appe-
tite.®® This warrants further investigation, as glucocorticoids
may have a dose-dependent and dose-scheduling-dependent
effect on skeletal muscle and the cachectic phenotype.

Cachexia and, more specifically, lean muscle mass depletion
is associated with worse immunotherapy responses and
increased treatment-related toxicities.®” For example, a Phase
2 clinical trial assessing the efficacy of lenalidomide, an immuno-
modulatory drug, on lean body mass and handgrip strength in
advanced solid tumor patients with inflammatory cachexia
showed no treatment response (NCT01127386). Moreover,
systemic inflammation and cancer-induced release of pro-in-
flammatory cytokines may not only directly contribute to muscle
breakdown but also influence immune response and, conse-
quently, immunotherapy effectiveness.®®

EARLY DISEASE PROGRESSION TO ADVANCED
CACHEXIA

To date, perhaps led by the literal interpretation of hexis (state),
definitions and research of cachexia focus on contrasting health
with advanced cachexia. More recently, the pre-cachectic state
has been recognized as a state when early clinical and metabolic
signs are present in the absence of weight loss.” However, a suc-
cessive chain of events must occur that connects the healthy
state with advanced cachexia. Molecular, organ-, and host-level
contributory factors and aspects continue to emerge. A better
understanding of the exact hierarchical sequence of events
and functional roles is necessary to guide attempts to treat
cachexia successfully or prevent its onset. The early dynamics
of tumor-host interaction, the pattern of change for circulating
cachectogenic factors and metabolites, longitudinal organ-spe-
cific changes, and causal relationships must be characterized
over the disease’s course and progression to cachexia (Figure 3).
For example, early markers of protein breakdown, namely
branched chain amino acids (BCAA), have been identified in
patients with pancreatic cancer, who are at very high risk of
developing cachexia, and could therefore be useful biomarkers
to identify groups at risk of developing cachexia.®’

In the clinic and in mice, evidence of the liver's acute phase
response can be detected long before overt weight loss and
development of cachexia is observed. In some patients who even-
tually develop cachexia, elevations of circulating C-reactive pro-
tein (CRP), a key marker of systemic inflammation and a response
gene of IL-6, are detected at earlier stages of cancer and show a
strong relationship with functional decline during cachexia devel-
opment. Likewise, an elevated NLR is an early biological event in
cancer, and neutrophilia may play an adaptive role in host meta-
bolic homeostasis during cancer progression to directly influence
weight loss.’

Modest increases in glucose oxidation and desensitization to
insulin have also been frequently observed in patients with can-
cer and can become more notable with cancer progression
toward cachexia.”® These processes are driven by cytokines
such as TNF-g, IL-1, and IL-6 and hormones such as glucocor-
ticoids, which accelerate whole-body catabolism and lead to
changes in body composition.
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Figure 4. Key examples of established pre-

A clinical model systems for systemic inflam-
E T 0SS mation predisposing or leading to cachexia
Venn diagram of physiological cachexia defining
( b aspects of different cancer and non-cancer model
(4 MAC 16) (8 B16) systems. Note: The assignment of model systems
MUSCLE AND is based on assessment of consensus from the
(4 HiV-infection ) | (#Yoshida) (4 ApcMin/+) ADIPOSE current literature. It is likely that future character-
TISSUE ization of model systems will lead to refined allo-
@ Radiation ) |(>e=KrasG12V) (< yki-tumors) WASTING cations.

(4 Myorcardial infarction ) Thus far, in vivo pre-clinical models of
(8 Nephrectomy ) cachexia have been used to investigate
multiple aspects of the syndrome, such
(4 Toxoplasma gondii ) as higher energy expenditure, which has
® Chemotherapy & TNF-o been extensively described in the C26
mouse model of colorectal cancer
@ Morris 7777 @ Aortic banding —m Ras[V12l/ cachexia,®® and brown adipose tissue

scribble BAT) th . tivit hich d it
(@ IL-1p) & C26 ( .T) ermogf-}nlc activity, wi |c. esp! e
(a 1L-1a) being present in only 7% of patients with
& KPC cancer, is greater in cachectic rats with
& Krast o Yoshida sarcoma.''® Muscle and WAT
wasting, as well as browning of WAT,
4 LPS have been described in multiple mouse
= ~ models, including genetically engineered
S J mouse models (GEMMs) of lung, pancre-
atic, and skin cancer, diethylnitrosamine
DECREASED FOOD INTAKE (DEN)-induced models of liver cancer,
and subcutaneous models of melanoma
(B16), lung (LLC), and colorectal (C26)
(Cancer models ) (Non-cancer models (mouse) ) cancers.24119.120 || _& inhibition prevents
& Mouse - Inflammatory browning and weight loss in the K5-SOS

18,38

o Rat & Cardiac and the C26 models. Measurements
of glucose uptake flux by tumors and
= Drosophila tissues in the MAC16 model led to identi-
. fication of the tumor as the second major

> Zebrafish @ Others .
consumer of glucose, only after the brain.

The pattems of progression for inflammation-independent
cachexia are not established. However, they are likely to contribute
to the increase over time of fatigue, depression, and anhedonia, a
cluster of symptoms and behavioral changes in the cachectic
syndrome that contribute to diminished patient well-being. Under-
standing the progressive sequence of events that lead to cachexia
as well as their relationship to the normal biology of the body,
dynamics, and effect on the causal disease state are essential
for diagnosis, stratification, prevention, and therapy of cachexia.

Established model systems for cachexia research

While human sampling cannot capture the gradual transition
from early stages of diseases to advanced cachexia, research
using pre-clinical models can be used for that purpose. Well-
characterized animal models are needed to demonstrate the
efficacy of prospective treatments and to continue to explore
etiologies of disease, potentially identifying new therapeutic tar-
gets (Figure 4 and Table 2).
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MAC16 tumors also have a higher cycling

flux through the triglyceride-fatty acid

cycle, but protein synthesis rates are un-
changed."””""'?? These findings demonstrate a direct impact of
the tumor on host nutrition in animal models, but their relevance
in comparatively smaller human tumors is not yet clear.

Studies in various in vivo models describe severe systemic hy-
poglycemia; impaired hepatic ketogenesis; increased plasma
triglycerides, VLDL, and LDL; and modified ceramides as the
main metabolic consequences of cancer cachexia in the host,
making them potential therapeutic targets for prevention and
reversal of cancer cachexia.' " '?*'2% |n addition, patient-derived
xenograft (PDX) and organoid models created from surgically re-
sected tumors from cachectic patients recapitulate both local
and systemic aspects of the wasting syndrome and are valuable
models to investigate heterogeneity in cachexia.

The fruit fly Drosophila has emerged as an attractive model to
address some of the outstanding questions in cachexia research
because of (1) the conservation of signaling pathways and hor-
monal control of metabolism, (2) the tools available, and (3) the
availability of organ wasting/cachexia models.'**"'*® A wealth
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of genetic tools is available for Drosophila studies of organ
wasting. In particular, new cachectic factors can be identified us-
ing genome-wide tissue-specific RNAi or CRISPR screens. In
addition, tissue-specific proximity labeling methods using biotin
ligases can identify secreted factors from various tissues.'?’
Importantly, several Drosophila tumor models, based on the
expression of oncogenes or loss of tumor suppressors in tissues
such as the gut or imaginal discs, in either larvae or adults, are
available.'#>'?% Already, studies of these models have identified
tumor-derived factors involved in wasting and have provided in-
sights into their roles in tumor-induced metabolic dysregulation.
Among them are insulin-binding protein (ImpL2), receptor tyro-
sine kinase ligands (Pvf1/PDGF-VEGF, Bnl/FGF), matrix metallo-
peptidase (MMP1), and inflammatory cytokines (Unpaireds/IL-6,
Eiger/TNF-a)."?>'?® Studies from flies support the emerging
concept that cachexia is more than one disease, as the nature
of cachectic factors in many cases depends on the type of tu-
mors analyzed. Moving forward, fly models will not only help
obtain a system-level understanding of cachectic factors
throughout the entire organism, but also allow various studies
such as characterization of the role of microbiota in cachexia
and how tumors affect feeding, olfactory and gustatory be-
haviors.

Observations of animal responses to non-cancer-associated
cachexia have informed our understanding of the pathophysi-
ology of this wasting syndrome, highlighting inflammation as
one of the most relevant aspects of cachexia. Pre-clinical
models of acute or chronic inflammation, such as injection of
lipopolysaccharide (LPS) or specific inflammatory cytokines
(TNF-a, IL-6, or IL-1) exhibit an intense decrease in food intake
and increase in resting energy expenditure as seen in disease-
associated cachexia (Figure 3). Cardiac cachexia is often a co-
morbidity in heart failure patients, '*® partly caused by the release
of inflammatory mediators in response to bacterial toxins ab-
sorbed through an edematous bowel wall. The use of surgical
techniques either to cause cardiac muscle infarction or limit
left ventricular output allow for the replication of the main clinical
findings of cardiac cachexia. As with heart failure, cachexia in
patients with chronic kidney disease (CKD) is thought to be
due to increased inflammation. Animal models of CKD focus
on surgical approaches that increase uremia as a means of
inducing changes in food intake and body composition. Models
of both cardiac cachexia and CKD-associated cachexia, as well
as models of radiation- and chemotherapy-induced cachexia,
have been used to demonstrate the efficacy of melanocortin-in-
hibitors and ghrelin on improving appetite, weight gain and lean
body mass.'*

The mechanism of muscle protein catabolism in cachexia has
been studied in vitro using C2G12 myoblasts and myotubes, '%°
muscle stem cells derived from C26 tumor-bearing mice,
and engineered skeletal muscle.'®’ These models show great
potential for research aimed to enhance regenerative processes
in the muscle.

The pre-clinical model systems mentioned above—despite
being useful, informative, and instrumental in advancing
cachexia research—have restrictions that may contribute to
the unsuccessful clinical translation of some treatment ap-
proaches. These limitations include the inability to fully recapitu-
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late the human disease (nonspontaneous development or lack of
a tumor microenvironment), the fact that the tumor models often
reach large tumor sizes (sometimes >10% of the entire body
mass), the absence of an adaptive immune system in case of
PDX models, or induction of cachexia on a rapid timescale
(e.g., a few weeks).

PREVENTION AND REVERSAL OF CACHEXIA

Cachexia is preventable and potentially reversible. In murine
models, treatments that reverse muscle mass loss and anorexia
significantly prolong survival.*® Patients with early-stage cancer
or with infections do not develop cachexia if they are cured. Oc-
casionally, patients with cachexia who respond strongly to treat-
ment of the underlying disease or undergo surgical resection of
the cachexia-inducing tumor demonstrate recovery of lean
body mass.'** However, as seen in clinical trials to date (Table 3),
reversibility of cachexia, especially if the treatment is aimed at
preventing the end organ damage of body fat loss and skeletal
muscle atrophy, is a great challenge.

Cachexia prevents patients with advanced cancer from get-
ting adequate treatments, thus, early intervention in cachexia
would be highly advantageous. Most patients with advanced
cachexia are too weak to tolerate standard doses of anti-cancer
therapies and instead, succumb to accelerated death resulting
from respiratory and cardiac failure due to weakened diaphragm
and cardiac muscles. Consequently, a substantial portion of
deaths in advanced cancer stem not necessarily from cancer it-
self, but from cachexia (Figure 3). Anti-cachexia treatments may
synergize with cancer-directed treatments to the benefit of pa-
tients. A specific therapeutic example could be the synergy of
patient reconditioning and normalization of HPA axis function
in the context of cancer immunotherapy.

The multiple triggers of cancer cachexia and the amalgam of
metabolic conditions that result from a tumor-initiated imbalance
in whole body metabolism also suggest some value in exploring
diet. Clinical guidelines for nutrition support during cachexia
mostly focus on the later and end stages of disease and research
approaches to nutrition and cachexia typically test a defined
meal or supplement strategy. A better understanding of the early
dynamics in tumor versus host metabolism is thus vital to the
design of optimally targeted nutrition support earlier in disease
process. Some nutritional interventions, such as a ketogenic
diet, may disrupt tumor metabolism or synergize with chemo-
therapy but, on the other hand, may challenge host meta-
bolism."" Enteral nutrition may result in weight stability of
patients with pancreatic cancer, but its feasibility is unclear.'®
Total parental nutrition has had minimal or no effect in delaying
cachexia in small trials,'“° perhaps indicating that nutrient utiliza-
tion is impaired in addition to nutrient uptake. Building on a
Phase 2 feasibility trial, the MENAC trial (NCT02330926) is an
active Phase 3 randomized-controlled trial (RCT) investigating
the use of a home-based exercise routine, nutritional supple-
mentation, and anti-inflammatories (EPA/NSAID). Additional
clarity with respect to nutrient-gene interactions, the gut micro-
biota, the circadian clock, and biological rhythms in feeding
and metabolism must be established to facilitate best deploy-
ment of nutritional strategies.
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Table 4. Monitoring and measuring approaches for pathophysiological parameters in cachexia

Parameter

Clinical test

Pre-clinical test

Functional impairment
Cardiorespiratory fitness
Mobility balance

Leg strength and speed

Upper extremity strength
Free-living activity and behavior

6-min walk test

Timed up and go (TUG)

Short physical performance battery
(SPPB) test

30-s arm curl test

Triaxial actigraph

Calorimetry and telemetry
Rotarod performance test

Whole-limb grip strength and
treadmill speed

Forelimb grip strength
IR photocell technology for axis

Anorexia

Calories, protein intake
and diet quality

Quality of life

Fatigue, pain, anxiety
and depression

Body composition

Skeletal muscle and adipose
tissue density

Biomarkers

Blood markers for metabolic,
endocrine and inflammatory state

Food frequency questionnaires

Patient-reported outcomes (PROs)

Longitudinal CT scans

Standardized panel of markers

detection of animal motion in cage

Food intake monitoring and access

control

Treadmill fatigue test

Longitudinal CT scans

Standardized panel of markers

DIMENSIONS FOR ENHANCED CLINICAL CACHEXIA
RESEARCH AND PATIENT CARE

Cachexia therapeutic development is at a critical juncture.
Despite 60 years of investigation, there are no effective U.S
Food and Drug Administration (FDA)-approved treatments for
cachexia. Early cachexia clinical trials focused on evaluating
drugs that simply stimulated appetite but did not significantly
improve other aspects of this wasting syndrome. The past
decade has seen advances in our understanding of cachexia
pathophysiology, resulting in the development of drugs targeting
presumed cachectogenic mechanisms. Unfortunately, these
more recent strategies have still proven only partially effective
or led to unsuccessful clinical trials (Table 3).

Gaps in our understanding of mechanisms and longitudinal
courses of cachexia are likely to be the root of suboptimal end-
points, enroliment, and dosing of patients in failed clinical trials.
Cachexia manifests non-uniformly across patients, and there
may be multiple cachexia subtypes. Mechanistic biomarker-
driven patient stratification, better longitudinal understanding
of the processes leading to advanced cachexia, and refined trial
design may improve therapeutic developments and lead to im-
pactful clinical management guidelines (Table 4). For example,
emerging circulating molecules, such as PLA2G7, may have po-
tential as biomarkers for standardized early detection of
cachexia, therapeutic efficacy, and patient stratification.’*’

Imaging utilization

In addition to longitudinal tracking of circulating molecules and
underlying disease with repeat sampling, the distribution and uti-
lization of nutrients and the composition of lean body mass and
organs can be monitored longitudinally in pre-clinical and clinical

research using radiological methods. Utilizing this approach for
research and care in cancer cachexia is prudent because, in
the clinic, computed tomography (CT) is used for routine surveil-
lance of tumor burden in cancer care and for diagnoses of non-
cancerous cachexia inducing diseases. From routine scans,
cross-sectional muscle area size at the height of third lumbar
vertebra (L3) correlate with whole-body muscle and adipose tis-
sue volumes—their analyses can be automated for reproducible
routine measurement and identification of high-risk groups in tri-
als and care.*? Dynamic metabolic tracking offered by magnetic
resonance imaging (MRI) and by positron emission tomography
(PET) offers further research and care advances. Functional
brain MRI has been used to demonstrate that pre-treatment
dysfunction in executive networks is associated with post-treat-
ment fatigue and cognitive dysfunction more strongly than
receipt of chemotherapy.'** MRI and PET have also been used
to track choline and glucose uptake in the brain and lungs and
depletion of triglycerides as well as altered liver gluconeogenesis
in murine cancer models. In patients, tumor glucose uptake posi-
tively correlates with energy expenditure and weight loss,'**
while low liver uptake of glucose associates with poor
cachexia-associated survival.'”> New and sensitive (x40-fold
improvement) total-body PET scanners that can image the full
body in a single scan and measure multiple metabolic substrates
bring new possibilities to image dynamic metabolic networks
and identify interactions between organs, with examples
including tumor-liver-muscle or brain-gut axes, as well as to im-
age other metabolic pathways such as beta-oxidation in BAT,
fatty acid synthesis in the tumor and liver, and the Cori and Cahill
cycles in the liver and muscle. Radiological imaging, therefore,
has potential for early detection of the metabolic alterations
that precede changes in body composition. These new imaging
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Figure 5. Potential and established contributory areas for the advancement of cachexia research and care
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approaches may also be applied to monitoring the effectiveness
of new interventions in cachexia.

Patient stratification and trial enroliment
Patients have been traditionally dichotomized into either the
presence or absence of cachexia. However, the view that all
cachexia can be treated with one standard approach is likely
oversimplified. Data from cross-sectional and retrospective
studies suggest that distinct subtypes of cachexia with variable
clinical phenotypes exist. Recently, Gagnon et al. demonstrated
that there are at least two clinical subtypes of cancer cachexia,
based on each patient’s inflammation and anorexic symp-
toms.'*® The inflammatory-necrotic/anorexic group had shorter
median survival (13.9 vs. 27.7 months) than the non-inflamma-
tory/non-anorexic group. Other studies have used clustering ap-
proaches to describe body composition changes observed in
patients with cachexia, and three distinct descriptive clusters
were found'“”: muscle and fat wasting, fat wasting alone, and
no wasting. Those with no wasting had the best survival out-
comes, followed by those with fat wasting alone. Those with
both muscle and fat wasting had the least favorable outcomes.
In addition to specific and concrete categorization of cachexia
populations and a deeper understanding of the molecular and
physiologic underpinnings of each cachexia subtype, evidence
of how clinical and functional metrics change over time are
urgently needed to advance the field. Large prospective obser-
vational trials in the clinic as well as correlative deep phenotyping
and mechanistic sequential research in pre-clinical models,
both focused on understanding the natural trajectory of
cachexia, would meet this unmet need and inform future more
targeted, precise, and, hopefully, positive cachexia clinical trials
(Figure 5). For example, the REVOLUTION study is a longitudinal
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observational study recruiting patients from a palliative care ser-
vice with advanced cancer following changes in body composi-
tion, function, quality of life, and inflammatory markers.'*®

A further challenge is that cachexia clinically resembles the
consequences of other clinical entities that affect the whole or-
ganism, such as malnutrition, sarcopenia, or frailty of old age.
Therefore, more specific and concrete categorization of
cachexia populations, a deeper understanding of the molecular
and physiologic underpinnings of each cachexia subtype (ge-
netic, microenvironmental, and histologic), and evidence of
how clinical and functional metrics change over time are urgently
needed to advance the field. Rather than broadening the scope
of cachexia trials, cachexia intervention trials should perhaps
focus more on the target population and trial endpoints.

Interms of trial operation, most cachexia clinical trial programs
enroll patients who have experienced >5% body weight loss.
Weight loss, however, does not fully correlate with skeletal mus-
cle loss,'*® nor does it fully characterize the effect of cachexia on
physical functioning, quality of life, and overall survival.'*® More-
over, cachexia-induced weight loss is a late manifestation of the
wasting syndrome; therefore, the whole-body’s metabolism is
likely to have already reprogrammed at the time of enroliment. In-
terventions most likely to succeed may have to be delivered
sooner, perhaps at cancer diagnosis when patients are in the
early stages of cachexia; however, there continues to be no
effective biomarkers for this state. The modified Glasgow Prog-
nostic Score (MGPS) is a relevant tool that may help clinical iden-
tification and staging of cachexia in patients with cancer.’®"

Trial endpoints
An additional clinical trial challenge is a lack of agreement on the
endpoints for cancer cachexia treatments. It remains uncertain if



Cell

bodyweight per se represents an endpoint that is sufficiently
clinically meaningful. Notably, in one study using CT, the tradi-
tional definition of >5% body weight loss underestimated
cachexia at 56.6%, while CT-based body composition analysis
detected tissue loss of >5% in 81% of patients.'*” Endpoints
that directly reflect how patients feel, function, or survive are
most informative. Historically, regulatory agencies have required
co-primary endpoints that quantify lean tissue and objectively
measure physical functioning for cancer cachexia treatment in-
dications. Enobosarm (POWER; NCT00467844) and anamorelin
(ROMANA; NCT00219817 and NCT00267358) are examples of
drugs that showed improved lean body mass but no changes
in physical function and were consequently not approved by
the FDA. Anamorelin has been approved for use in treating can-
cer cachexia in Japan but not in the U.S. and continues to be
evaluated in Phase 3 clinical trials (NCT03743064 and
NCTO03743051), though its primary endpoints have shifted to
focus more on weight and anorexia. Recently, a composite
endpoint approach has been adopted that combines a measure
of body habitus (e.g., body weight or body composition) with a
patient-reported outcome (NCT02138422)."°? Such a composite
endpoint approach could enable the quantification of clinical
benefit across various types of interventions (e.g., lifestyle, phar-
macotherapy, etc.) in a clinically meaningful manner.

Robustly addressing these challenges and coupling endpoints
to mechanistic studies will reduce common barriers to devel-
oping and approving effective interventions for cachexia preven-
tion and treatment (Figure 5). These discoveries would dramati-
cally enhance the provision of evidence-based, patient-oriented
cancer care. The foundation research is instrumental, but not
sufficient. Outcome work in chronic disease management has
demonstrated benefit from involvement of an informed care
team in patient support. Thus, a cachexia-focused clinical effort
should not solely focus on interventions. Education of a multidis-
ciplinary team, awareness of malnutrition and other conditions
that could mimic or exacerbate cachexia, and close collabora-
tions with the teams that address the underlying diseases that
drive cachexia, as well as involvement and support of patient
caregivers and social networks of patients are essential for
best care.

Conclusion

Cachexia is the ultimate consequence of a variety of unresolved
diseases, including infections, chronic inflammatory diseases,
and cancers. Distinct causes for cachexia suggest cachexia
subtypes driven by inflammatory mechanisms, imbalances of
molecules that maintain tissue homeostasis, and suppression
of appetite and nutrient intake. In addition, multi-organ interac-
tion, organismal predisposition to cachexia due to genetics,
age, sex, and treatments are emerging as relevant contributors
to cachexia.

The robust research foundation on advanced cachexia and the
availability of model systems that allow longitudinal tracking of
specific molecular processes across organs together open the
door to expand our understanding of the processes that lead to
the development of cachexia. The combination of pre-clinical
and clinical research and a comprehensive understanding of
the unifying and distinct processes that drive earlier cachexia

¢ CelPress

events, such as initiation and progression, will enable better clin-
ical intervention and patient-centered care in the years to come.
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