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Unintentional excessive weight loss has been docu-
mented in association with chronic illness through-
out medical history. Dating back to ancient Greece  
(460–377 BC), Hippocrates wrote “the flesh is consumed 
and becomes water … the abdomen fills with water; the 
feet and legs swell, the shoulders, clavicles, chest and 
thighs melt away”1. This description contains most of 
the main elements by which cachexia was defined in the 
early medical records2,3. Cachexia typically manifests 
itself alongside chronic inflammatory illnesses, various 
aggressive cancers (such as gastrointestinal and lung 
cancers) and chronic infections, including HIV infection 
and Mycobacterium tuberculosis infection4–6. The severe 
emaciation resulting from cachexia not only has signifi-
cant mental health implications but can eventually reach 
a debilitating state that renders the patient incapable of 
fulfilling basic daily needs. Depleted muscle mass and 
strength may result in cardiac arrhythmias, respiratory 
weakness and other complications that lead to prema-
ture death4. The latest international consensus defined 
cancer-​associated cachexia (CAC) as “a multifactorial 
syndrome characterized by an ongoing loss of skeletal 
muscle mass (with or without loss of fat mass) that can-
not be fully reversed by conventional nutritional support 
and is driven by a variable combination of reduced food 
intake and abnormal metabolism”7. This definition is  
relevant for both CAC and infection-associated cachexia 
(IAC) and provides a clear framework representing the 
most consistent features of cachexia from a clinical and 
metabolic perspective. Notably, this definition does not 
address the immunological aspects of the syndrome, 

likely due to the limited data that are currently available 
in this area. However, while we still do not fully under-
stand why cachexia occurs, it is clear that the onset of 
cachexia is driven by the inflammatory programme 
triggered by the underlying illness. In this Review, we 
focus on the immunological aspects of cachexia within 
cancer and infection to better understand the common-
alities and distinctions within the elements involved  
in the cachexia programme. Additionally, we will dis-
cuss the immunometabolic consequences of cachexia 
by highlighting the pathways through which immune 
cell activation can influence and be influenced by altered 
metabolic environments.

Cytokines and cachexia
Much of the immunological data available from patients 
with cachexia are derived from measurements of cir-
culating cytokines and acute-​phase proteins. Tumour 
necrosis factor (TNF), IL-1β, IL-6 and interferon-​γ 
(IFNγ) are among the most consistently upregulated 
cytokines in cachexia4. These cytokines are abundantly 
expressed by both immune and non-​immune cell types 
downstream of pattern-​recognition receptor activa-
tion by pathogen-​associated molecular patterns and/or  
damage-​associated molecular patterns8. This leads to 
activation of JAK–STAT and NF-​κB signalling path-
ways and downstream transcriptional regulation that 
can induce various catabolic pathways in muscles and 
adipose tissue9,10. More studies are required to clarify the 
precise roles of pattern-​recognition receptor activation 
in cachexia-​inducing diseases; in the following sections 
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we discuss our current understanding of cytokines in 
cachexia associated with cancer or infection.

Classical cachexia-​associated cytokines
The link between immunology and cachexia first became 
a point of interest after the isolation of TNF11, which was 
known as ‘cachectin’ at that time12. In 1985, Beutler et al. 
showed that adipocytes exposed to TNF suppress their 
expression of lipoprotein lipase (LPL), thereby reducing 
lipid uptake11. This built on the observations made by 
Rouzer and Cerami 5 years earlier, which showed that 
rabbits infected with Trypanosoma brucie brucie exhibit 
hypertriglyceridaemia as a result of reduced triglyceride 
clearance from the circulation13. These animals were also 
emaciated, a phenotype that was later shown in murine 
models to be a manifestation of cachexia14. Subsequent 
studies in adipocyte cultures showed that TNF pro-
motes adipose triglyceride lipase (ATGL)-​mediated 
lipolysis by depleting the ATGL-​inhibitory protein  
G0/G1 switch protein 2 (G0S2)15. In myoblast cultures, 
exposure to TNF, IL-1β, IL-6 and IFNγ inhibits myo-
blast differentiation and induces protein loss through 
STAT3-​mediated NF-​κB activation16–20. These results 
were further validated in mouse models, where mice into 
which tumour cells overexpressing TNF, IL-1α, IL-6 or 
IFNγ had been implanted exhibited severe weight loss, 
adipose tissue depletion and muscle atrophy21–24 (Fig. 1a). 
In models where tumour cell lines overexpressing IL-6 
or IFNγ were injected into mice, blockade of IL-6 or 
IFNγ, respectively, ameliorated the cachectic pheno-
type. Notably, the overexpression of IL-1α and IL-6 in 
these models also reduced overall survival and led to 
more aggressive tumour progression22,23. In a different 
approach, mice into which pancreatic tumour cells lack-
ing IL-6 expression had been injected showed reduced 
loss of fat tissue and protection against muscle atrophy25. 
Further analysis of adipose tissue and muscles, both 
in vivo and in vitro, revealed a catabolic feedforward 
loop of IL-6 signalling between the tumour, the adipose 
tissue and the muscles25.

In addition to promoting catabolism through NF-​κB 
activation, cytokines can promote cachexia through 
NF-​κB-​independent mechanisms. For instance, IL-1β 
signalling in the hypothalamus can trigger the acti-
vation of the hypothalamic–pituitary–adrenal axis, 
which ramps up glucocorticoid production, resulting 
in catabolic effects on both muscle tissue and adipose 
tissue26,27 (Fig. 1a). Administration of IL-1β through 
intracerebroventricular injection was sufficient to elicit 
muscle atrophy. This was associated with increased 
expression of factors involved in muscle catabolism, 
such as muscle atrophy F-​box protein (MAFBX; also 
known as FBXO32 and atrogin 1), MURF1 (also known 
as E3 ubiquitin-​protein ligase TRIM63) and forkhead 
box protein O1 (FOXO1), reduced muscle mass and 
reduced muscle fibre cross-​sectional area27 (Fig. 2a). 
Intraperitoneal administration of IL-1β did not induce 
muscle loss27, suggesting that IL-1β acts predominantly 
by directly stimulating the hypothalamic–pituitary–
adrenal axis. Of note, tissue mass comparison with a 
pair-​fed group demonstrated that the loss of fat mass 
subsequent to IL-1β administration was coupled to 

food intake, whereas the loss of muscle mass occurred  
independently of food intake27.

In summary, these data show that pro-​inflammatory 
cytokines such as TNF, IL-1, IL-6 and IFNγ are able 
to activate diverse catabolic processes across multi-
ple organs in experimental models of CAC (Figs 1,2). 
However, targeting these cytokines in a clinical setting 
has shown underwhelming results. Over the years, a 
number of cytokine inhibitors, mainly those targeting 
TNF, have been tested in patients with cancer who were 
undergoing cachexia. Most of these treatments showed 
no significant increase in body weight, strength or 
survival28,29. In two small randomized controlled trials, 
patients with CAC were treated with thalidomide for 
its wide immunomodulatory functions and its ability 
to inhibit cytokines, including TNF30,31. In these trials, 
thalidomide treatment resulted in a small increase of  
body weight and muscle mass, with no increase in 
hand-​grip strength or survival30,31. This highlights the 
possibility that cytokines are not singularly sufficient to 
induce cachexia, but can be elements of a more complex 
coordinated immune and metabolic response leading  
to cachexia.

Mechanistic data examining the role of cytokines 
during IAC are scarce, and available experimental mod-
els come with their own intrinsic limitations (Box 1). 
Mice chronically infected with Toxoplasma gondii, an 
obligatory intracellular parasite, develop cachexia as 
evident by their severe weight loss and depletion of fat 
and lean mass32. This occurs within the first week of  
infection and coincides with elevated serum levels  
of cytokines, including TNF, IL-1β, IL-6 and IFNγ32. In 
this context, TNF and IL-1β support the production of 
IFNγ, which is essential in controlling T. gondii infection 
and limiting parasite replication33,34 (Fig. 1b). Notably, 
animals deficient in TNF or IFNγ show accelerated 
death and an increase in parasite burdens35–37. On the 
other hand, studies that inhibit IL-1 signalling through 
genetic disruption of the IL-1 receptor (IL-1R) path-
way have reported conflicting results. For instance, one 
study showed that disruption of IL-1 signalling through 
the abrogation of inflammasome activation in mice 
(using animals that lacked caspase 1 and caspase 11,  
NLRP3, NLRP1 or IL-1R) led to increased parasite 
burdens and reduced survival38. Meanwhile, a more 
recent study found that, compared with wild-​type mice, 
IL-1R-​deficient mice show increased survival, reduced 
weight loss and increased lean and fat mass following 
T. gondii infection39. These effects were independent 
of pathogen clearance, brain inflammation, immune 
cell infiltration and anorexia. Notably, IL-1β signalling 
through the gut–brain signalling axis has been associ-
ated with the induction of anorexia in other models of 
infection40 (Box 2).

In a model of IAC that involves chronic lymphocytic 
choriomeningitis virus (LCMV) infection with LCMV 
strain clone 13 (LCMV-​Cl13) (Box 1), the depletion of 
TNF, IFNγ or both cytokines together had no effect on 
weight loss even though the levels of both cytokines 
were increased in the serum during infection41. By 
contrast, abrogation of type I interferon signalling 
ameliorated weight loss in this model41. Importantly, 
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Fig. 1 | Relevant cytokines in the development of cachexia. a | Tumor
igenesis is associated with the release of a wide range of cytokines by tumour 
cells, by the surrounding tissue and from innate and adaptive immune cells 
downstream of pattern-​recognition receptor (PRR) activation by tumour 
cell-​associated damage-​associated molecular patterns. Tumour necrosis  
factor (TNF), interferon-​γ (IFNγ), IL-6 and IL-1β are able to induce tissue cata
bolism by modulating gene-​expression profiles in both adipose tissue and 
muscle cells. IL-1β also contributes to cachexia through the central nervous 
system (CNS), where it modulates food intake and activates the hypotha-
lamic–pituitary–adrenal (HPA) axis. The subsequent release of glucocorticoids 
contributes to tissue catabolism. GDF15 release induces weight loss through 

effects on the CNS that modulate food intake and by increasing adipose tissue 
lipolysis through sympathetic nervous system (SNS) signalling. IL-20 also con-
tributes to adipose tissue depletion, while IL-4 shows protective effects on 
muscle cells. Transforming growth factor-​β (TGFβ) released from tumour cells 
and/or bone (during bone metastasis-​induced osteoclastic resorption) can 
induce adipose tissue fibrosis and compromise muscle strength. b | During 
parasitic infection, TNF and IL-1 release downstream of PRRs supports the 
production of IFNγ, which is important for controlling the pathogen load. IL-1 
is also involved in the catabolism of adipose tissues and muscles. During viral 
infection, type I interferon (IFN) signalling to CD8+ T cells during antigen  
recognition and T cell activation is an important step in triggering cachexia.
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type I interferons are the first line of innate immune 
defence against viral infections and exert a wide range of  
influences on both immunity and metabolism42,43.

Other cytokines associated with cachexia
In the preceding section, we discussed some of the key 
inflammatory cytokines that have been associated with 
cachexia. However, in both cancer and infection the 
concentration levels of numerous other cytokines are 
increased in both the circulation and within local tissue 
environments. Many of these cytokines have not been 
systematically probed for their role in the pathophysiol-
ogy of cachexia. In the following subsections we discuss 
a few additional examples of cytokines that have been 
implicated in the development of cachexia.

Il-20. IL-20 is a pro-​inflammatory cytokine produced 
mainly by haematopoietic cells, facilitating their com-
munication with epithelial cells. It has an important role 
in enhancing innate defence mechanisms and tissue 
repair processes at epithelial surfaces44. IL-20 is highly 
expressed in the tumours of patients with pancreatic 

cancer. In mouse models of pancreatic ductal adenocar-
cinoma (PDAC), levels of IL-20 correlate with increased 
tumour fibrosis, PDL1 expression and an overall reduc-
tion in survival45. In the cachectic mouse models of 
PDAC and Lewis lung carcinoma (LLC), anti-​IL-20 
treatment ameliorated body weight loss and prevented 
loss of adipose tissue mass by decreasing ATGL and 
hormone-​sensitive lipase (HSL) expression. However, 
this treatment had no effect on muscle atrophy, suggest-
ing that the procachectic function of IL-20 is linked to 
its influence on the adipose tissue45 (Fig. 1a).

IL-4. IL-4 is produced by both innate and adaptive 
immune cells during type 2 immune responses46. A recent  
study demonstrated a protective role for IL-4 in the 
C26 colon cancer model47. Daily administration of 
IL-4 to C26 tumour-​bearing mice prevented excessive 
weight loss, improved physical performance and muscle  
protein synthesis and regeneration, and increased sur
vival47. Moreover, IL-4 administration increased tumour 
necrosis and promoted CD8+ T cell and macrophage 
infiltration into tumours. In the context of muscle injury 
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Fig. 2 | Mechanisms of myocyte and adipocyte catabolism. a | Cytokines 
induce muscle catabolism by regulating the transcription of various genes. 
NF-​κB signalling suppresses Myod1 expression, which leads to inhibition of 
myoblast differentiation. Forkhead box protein O (FOXO) activation results 
in its translocation to the nucleus, where it upregulates the expression  
of genes involved in proteasomal degradation (for example, Murf1 and 
Mafbx) and autophagy (for example, Becn1 and Map1lc3b2, which encode 
beclin 1 and LC3B, respectively). Transforming growth factor-​β (TGFβ)–
SMAD signalling increases Nox4 expression, and NADPH oxidase 4 (NOX4) 
oxidizes and destabilizes the RYR1 calcium channel, leading to calcium 
leakage and compromised muscle contraction. b | Adipose tissue depletion 
is induced through the binding of catecholamines to β-adrenergic receptors,  
which activates cAMP phosphorylation of protein kinase A (PKA) down
stream of GNAS and adenylyl cyclase. PKA is then able to phosphorylate  

adipose triglyceride lipase (ATGL) and hormone-​sensitive lipase (HSL), 
resulting in their translocation to the surface of lipid droplets, where lipoly
sis occurs. ATGL-mediated lipolysis is modulated through its interaction 
with G0/G1 switch protein 2 (G0S2) and CGI58. Cytokine signalling in the 
adipose tissue induces transcriptional changes downstream of NF-​κB and 
STAT signalling, resulting in an increase in the levels of lipolytic enzymes 
and a suppression of genes involved in lipogenesis. Perilipin 1 (PLIN1; 
encoded by Plin1) coats the surface of the lipid droplet and is also tran-
scriptionally suppressed during lipolysis to expose a wider surface area to 
lipase activity. IFNγ, interferon-​γ; IFNγR, interferon-​γ receptor; IL-6R,  
IL-6 receptor; NEFA, non-​esterified fatty acid; p-HSL, phosphorylated HSL; 
p-SMAD, phosphorylated SMAD; SR, sarcoplasmic reticulum; TG, triacyl
glycerol; TGFβR, TGFβ receptor; TNF, tumour necrosis factor; TNFR, tumour 
necrosis factor receptor.

www.nature.com/nri

R e v i e w s

312 | May 2022 | volume 22	



0123456789();: 

induced by cardiotoxin administration, IL-4 secretion 
activates STAT6 signalling in fibroadipogenic pro-
genitor (FAP) cells. This leads to their differentiation 
into fibroblast cells that are capable of phagocytosing 
cellular debris, thereby promoting muscle regener-
ation48,49. However, FAPs may also differentiate into 
adipocytes and, in this context, can be detrimental 
to muscle growth50. For instance, glycerol-​mediated 
muscle damage results in adipogenic differentiation of 
FAPs, a process that is also inhibited by administration 
of IL-4 (ref.48). These data opens up an interesting ave-
nue for investigations both into the fate of FAPs during 
different models of CAC and for understanding the 
potential protective effect of IL-4 administration in 
CAC (Fig. 1a). Similarly to IL-4, other cytokines with 
anabolic effects on muscles warrant further study. This 

includes IL-15, which is known to induce myogenesis  
and mitigate the catabolic effect of TNF in cultured 
myotubes51.

TGFβ family cytokines. Transforming growth factor-β  
(TGFβ) signalling is involved in multiple aspects of 
cancer, including tumour suppression, cell-​cycle arrest, 
modulation of the tumour microenvironment and  
tumour metastasis52. In the context of cachexia, bio
psies of tumours and adipose tissue from patients with  
cancer with cachexia showed an association between 
high levels of TGFβ and tissue fibrosis that is not seen in 
weight-stable patients with cancer53,54. In mouse models 
of bone metastasis, bone-​derived TGFβ directly affected 
muscle strength and mediated the phosphorylation of 
SMAD signalling factors. This resulted in increased 

Box 1 | Experimental models of cachexia

Experimental models are indispensable in studying cachexia due to the limited data that can be derived from patients 
with cachexia. Mechanistic studies relied on the use of cell lines and animal models to map out the catabolic pathways 
leading to muscle and adipose tissue depletion. Cell lines such as C2C12 myoblasts16–20 and 3T3-​L1 adipocytes11,15 
provided the most simplified models to closely examine the effects of stimulants such as cytokines and tumour-​cell 
conditioned media. The repertoire of animal models of cachexia is heterogenous and keeps evolving to better represent 
human cachexia. Here we discuss some of the important sources of variations across cancer-​associated cachexia  
(CAC) models and their limitations, and provide a summary of available models for the study of infection-​associated 
cachexia (IAC).

CAC
Most of the available mechanistic data on cachexia have been derived from CAC mouse models that rely either on 
tumour cell implantation or genetically engineered mice141. For tumour cell implantation models, the cancer cell type 
used and the route of administration are important factors to consider. The genetic background of tumour cell lines 
depend on the mouse strain of origin and on whether they are derived from naturally occurring tumours (for example,  
the Lewis lung carcinoma lines established by Margaret Lewis in 1951) or are chemically induced (for example, C26 colon 
cancer cells isolated from mice exposed to the carcinogen N-​nitroso-​N-​methylurethane)142. These and other tumour cells 
are injected either ectopically through subcutaneous, intraperitoneal or intramuscular injection or orthotopically, by 
injecting, for example, pancreatic tumour cells directly into the pancreas. Both routes have their limitations and result  
in phenotypical variations in tumour progression and the onset of cachexia141. Orthotopic injections are invasive and 
require surgery, which introduces complications and variables that are difficult to control. Ectopically injected tumours 
grow at a very high rate, and manifest cachexia at advanced stages of tumour progression, leaving a narrow window to 
study cachexia before termination of the experiment141. Even when ectopic injections are used, variability can occur 
depending on the site143,144, affecting the pathophysiology and/or time frame of cachexia development, which also effects 
the rate of tumour metastasis144. Human-​derived tumours implanted in immune-​deficient mice have also been used to 
allow a better representation of human cancer cachexia and its response to therapeutic agents145; however, these models 
have a major caveat of lacking proper antitumour immune responses. Genetically engineered mouse models attempt  
to produce naturally occurring tumours with mutational signatures similar to those seen in human cancer146–148. Among 
these models, certain considerations must be taken into account, including the age at which tumour development occurs 
and the effect of the genetic mutations on mouse development and tissue function.

IAC
Few models of infection have been studied in the context of cachexia. The parasites Toxoplasma gondii and Trypanosoma 
cruzi provide valuable experimental models of IAC with a gradual manifestation of cachexia sustained over a longer time 
frame, which better simulates the prolonged nature of the syndrome in humans and allows long-​term investigations into 
therapeutic opportunities. When Toxoplasma cysts are ingested, mice lose up to 20% of their initial body weight within 
the first 10 days after infection. This weight loss is sustained for more than 90 days after infection, independently of the 
parasite load32. During Trypanosoma infection, weight loss occurs within a time frame between 20 and 40 days after 
infection14.

Lymphocytic choriomeningitis virus (LCMV) is a negative-​strand RNA virus from the family Arenaviridae that provides  
a viral infection model of IAC, whereby cachexia manifests itself within 1 week of infection and gradually resolves 
thereafter41. Importantly, this noncytolytic virus elicits a strong antiviral immune response led by type I interferon 
signalling and followed by a robust CD8+ T cell response149,150. As CD8+ T cells clear infected cells, their cytolytic activity 
drives the immunopathology associated with the infection151. In the case of chronic infection with LCMV strain clone 
Cl13, CD8+ T cell are also the main triggers for IAC by a still unknown mechanism41. Therefore, this model provides a 
unique opportunity to study the cachexia-​related immune response with presumably little direct involvement of the 
pathogen and offers defined experimental variations (for example, viral strain, dose, route of infection) that lead to 
distinct immune and metabolic phenotypes. This and the well-​characterized immune responses of LCMV infection make 
it a versatile tool to study immunometabolic adaptation.
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levels of NADPH oxidase 4 (NOX4) and the oxidation 
of the Ca2+ sarcoplasmic reticulum channel RYR1, caus-
ing Ca2+ leakage and compromised muscle contraction55 
(Figs 1a,2a).

GDF15 is another member of the TGFβ family 
and was initially described as macrophage inhib
itory cytokine 1 (MIC1). It modulates energy homeo
stasis during inflammation, ageing and nutritional 
imbalance56–58. GDF15 modulates those functions by 
binding to its receptor GDNF family receptor α-​like 
(GFRAL), which is exclusively expressed by neuronal 
cells within the area postrema and nucleus tractus 
solitarius in the brainstem59. GDF15 is ubiquitously 
expressed and found at relatively high basal levels in the 
circulation. Its link to cachexia is derived from its high 
circulating levels in patients with cancer with cachexia 
compared with patients without cachexia with cancer56 
(Fig. 1a). Additionally, mice into which recombinant 
GDF15 had been injected or GDF15-​overexpressing 
tumours had been implanted exhibited a marked 
increase in weight loss secondary to reduced food intake 
and increased sympathetic stimulation of adipose tissue 
lipolysis through ATGL60–62.

In summary, accumulating evidence suggests that 
various cytokines are induced in a context-​dependent 
manner in cachexia and may contribute to its devel-
opment. More research is needed to understand the 
mechanistic roles of both pro-​inflammatory and anti- 
inflammatory cytokines in the pathophysiology of cache
xia. In the following section we consider how different  
types of immune cells may influence the development 
of cachexia.

Immune cells in cachexia
In response to tumorigenesis or pathogenic infections, 
the immune system launches cellular responses that are 
specifically tailored to each illness with various degrees 
of overlap63,64. Although data on the link between 
immune cell function and cachexia are currently limi
ted, a number of recent studies indicate the involvement 
of multiple immune cell types, including macrophages, 
neutrophils, myeloid-​derived suppressor cells (MDSCs) 
and T cells (Fig. 3).

Innate immune cells
Studies using the PDAC mouse model of cachexia 
demonstrated a significant increase in myeloid immune 
cell infiltration into the brain65,66. These infiltrates 
targeted specific brain regions that influence feed-
ing behaviour and/or energy metabolism, such as the 
hypothalamus. This region is particularly sensitive to 
inflammation and is highly responsive to changes in 
the systemic nutritional state, making it a likely tar-
get of immune-​mediated metabolic regulation during 
cachexia67,68. In this tumour model, an increased num-
bers of microglial cells in the hypothalamus was found 
to be associated with increased IL-1β and arginase 1 
secretion66. Reducing microglial cell numbers through 
treatment with a colony-​stimulating factor 1 receptor 
(CSF1R) inhibitor exacerbated the cachectic phenotype, 
affecting food intake, activity and muscle atrophy, with 
no measured effects on tumour size66. This suggests a 
protective role for microglial cells in mitigating cachexia 
during pancreatic tumour development. Interestingly, 
microglial cells were shown to phagocytose infiltrating 
CC-​chemokine receptor 2 (CCR2)-​positive neutro-
phils in the central nervous system parenchyma65. In 
the absence of CCR2, tumour-​bearing mice exhibited 
reduced anorexia and muscle atrophy that correlated 
with reduced levels of neutrophil infiltrates. Hence, it 
has been speculated that phagocytosis of neutrophils 
by microglial cells could provide a degree of protection 
against cachexia (Fig. 3a).

A similar protective effect of macrophages in 
cachexia was observed in adipose tissue in a mouse 
model of hepatocellular carcinoma69. In that study, mice 
with a myeloid-​specific deficiency in hypoxia-​inducible 
factor 1α (HIF1α) — which show defective myeloid cell 
activation — had increased adipose tissue depletion 
during genetically induced hepatocellular carcinoma, 
and this phenotype was coupled to reduced macro
phage infiltration into adipose tissue. Importantly, 
this defective myeloid cell activity had no influence 
on muscles, liver tissue or tumour size. By contrast, 
macrophages seemed to contribute to the tissue catab-
olism observed in cachexia associated with the mouse 
PDAC and LLC models45,70. In both models the adipose 
tissue-​protective effect observed following anti-​IL-20 
treatment (discussed earlier) was associated with 
reduced macrophage infiltration in adipose tissue45. 
Moreover, the depletion of macrophages in the PDAC 
model using clodronate-​filled liposomes resulted in 
reduced tumour sizes and increased body weight, muscle 
mass and strength coupled with a reduction in the levels 
of markers of proteasomal degradation. This apparent 

Box 2 | Anorexia as a component of cachectic response

Weight loss during disease in patients can occur due to a variety of factors, both 
behavioural and physiological, including loss of appetite, gastrointestinal obstruction, 
nutrient malabsorption or metabolic and hormonal dysregulation, and has prognostic 
implications. Here we describe anorexia in experimental animal models as an 
independent component of metabolic adaptation that can occur either independently 
or as part of cachexia.

Anorexia
In the context of inflammatory disease, anorexia describes the reduction of food intake 
as a result of appetite suppression in response to cytokines and/or hormonal signals.  
It is one of several sickness behavioural responses (including lethargy and social 
isolation) that can be evolutionarily considered energy trade-​off mechanisms 
attempting to optimize the use of energy stores to promote survival152–154. Depending 
on the disease context, anorexia can be both adaptive and maladaptive. In mice into 
which lipopolysaccharide had been injected or infected with Listeria monocytogenes, 
the ketogenesis induced by anorexia was essential in promoting survival155. By contrast, 
anorexia is detrimental to mice infected with Salmonella enterica subsp. enterica 
serovar Typhimurium. In this case the pathogen itself inhibits anorexia by blocking the 
IL-1β-​mediated gut–brain signalling axis to promote host survival, maintain the host’s 
food consumption and prolong pathogen transmission through faecal shedding40.  
A similar detrimental effect of anorexia is also seen in influenza virus infection155. In these 
models, weight loss is attributed solely to anorexia. In the context of cachexia, anorexia 
contributes to weight loss to various degrees, and in some cases, anorexia does not occur 
at all; for example, in the mouse model of hepatocellular carcinoma-​induced cachexia69, 
no modulation in food intake was observed156.

It is important to note that anorexia does not only occur downstream of inflammatory 
diseases. In humans, anorexia nervosa is a serious eating disorder that is caused by a 
number of social, environmental and physiological factors157. Notably, anorexia nervosa 
is associated with low-​grade systemic inflammation that involves a number of cytokines 
that also participate in the cachexia programme, such as IL-1β157,158.

Myeloid-​derived suppressor 
cells
(MDSCs). A heterogeneous 
population of immune cells 
that develop from myeloid 
lineage cells. MDSCs are 
expanded in chronic infection 
and cancer and show 
immunosuppressive activity.
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discrepancy could potentially be explained by differ-
ences in macrophage polarization within each tissue 
environment (Fig. 3b,c).

Macrophages are well known for their roles in adi-
pose tissue inflammation and metabolism during ageing 
and obesity71, and the nature of their interaction with 
the tissue is highly influenced by their polarization.  
In the context of obesity, there is a shift in the abundance 
of ‘M2-​like’ macrophages to ‘M1-​like’ macrophages72. In 
this setting, macrophages sequester noradrenaline from 
adipocytes by increasing noradrenaline import and 
degradation, which results in downregulated lipolysis 
and adipose tissue enlargement73,74. On the other hand, 
M2-​like macrophages promoted lipolysis in a mouse 
model of cold-​induced thermogenesis via the produc-
tion of noradrenaline downstream of IL-4 stimulation75. 
Muscle biopsy samples taken from patients with pan-
creatic cancer showed an inverse correlation between 
the density of CD163+ M2-​like macrophages and mus-
cle fibre in cross-​sectional areas70. In line with this, 
myotubes (derived from the C2C12 cell line) co-​cultured 
with M2-​polarized macrophages and exposed to 
tumour-​conditioned medium showed a reduction in 
myotube thickness and protein content and an increase 
in the levels of proteasomal degradation markers.

In a mouse model of peritonitis-​induced sepsis with 
concomitant loss of adipose tissue and muscle mass, 
single-cell RNA sequencing analysis revealed that macro
phage populations increase in muscles and decrease in 
adipose tissue 1 day after intraperitoneal injection of 

faecal slurry76. This was coupled with an increase in the 
levels of muscle-​infiltrating neutrophils, natural killer 
cells and T cells that remained elevated in both the 
muscle and the adipose tissue 1 month after injection. 
Although the transcriptional profiles of these cell popu-
lations showed, as expected, a role of pathways involved 
in infection and in the tissue damage response, further 
analysis focused on metabolic regulation could reveal 
valuable information with regard to tissue catabolism.

MDSCs constitute a heterogeneous population of 
myeloid cells with immunosuppressive functions77. They 
are found in large numbers in the tumours of patients 
with gastric and pancreatic cancers78,79 and in several 
mouse models of CAC, such as 4T1 mammary carci-
noma, C26 colon adenocarcinoma and LLC80. Levels of 
MDSCs in the spleen and bone marrow correlate with 
total body weight loss, adipose tissue depletion and 
increased oxygen consumption rate78,80. However, the 
exact mechanism by which MDSC population expansion 
could contribute to cachexia is still unknown (Fig. 3d), 
and the currently available models for MDSC depletion, 
such as clodronate-​mediated liposomal depletion, are 
not specific to MDSCs but also eliminate macrophages 
and other myeloid cells80.

Adaptive immune cells
The role of T cells has been extensively studied in the 
context of antitumour and infectious immunology, but 
whether and how they influence systemic metabolic 
reprogramming in the context of cachexia remains 

‘M1-​like’ macrophages
‘M1’ and ‘M2’ are 
classifications historically  
used to define macrophages 
activated in vitro as pro- 
inflammatory (when ‘classically’ 
activated with interferon-​γ 
(IFNγ) and lipopolysaccharide) 
or anti-​inflammatory (when 
‘alternatively’ activated with 
IL-4 or IL-10), respectively. 
However, in vivo macrophages 
are highly specialized, 
transcriptomically dynamic 
and extremely heterogeneous 
with regard to their 
phenotypes and functions, 
which are continuously  
shaped by their tissue 
microenvironment. Therefore, 
the M1 or M2 classification is 
too simplistic to explain  
the true nature of in vivo 
macrophages, although these 
terms are still often used  
to indicate whether the 
macrophages in question  
are more pro-​inflammatory  
or anti-​inflammatory.

Adipose tissueBrain

a c d e fb

Muscle Tumour/bone marrow/spleen Parasite

IAC

CAC

Virus

Macrophage CD8+ 
T cell

CD4+ 
T cell

CD4+ T cell CD8+ T cell
Microglia

? MDSCNeutrophil

Procachectic effects

Anticachectic effects

Fig. 3 | Linking immune cells to cachexia. A schematic summary of the 
immune cell types that correlate with cachexia in the setting of cancer or 
infection is shown. The mechanisms by which immune cells influence 
cachexia are not yet clear, and correlations do not necessarily imply causality 
between immune cell function and cachexia due to the entanglement of 
direct and/or indirect effects of the underlying disease and the cachectic 
processes. a | Experimental models of cancer-​associated cachexia (CAC) 
demonstrate that an increased number of microglial cells in the brain has a 
protective effect against severe cachexia, potentially owing to microglial 
cell-​mediated depletion of neutrophils, as high neutrophil numbers correlate 
with a higher degree of cachexia. b,c | In adipose tissue, macrophages 
protect against lipolysis, whereas in muscle tissue, macrophage numbers 

correlate with a higher degree of atrophy, and this is potentially affected by 
the macrophage polarization. In muscle, increased numbers of CD8+ T cells 
correlate negatively with cachexia, whereas the numbers of CD4+ T cells 
show both positive and negative correlations with cachexia, which is likely 
dependant on the specific subtype of T cell being measured in the 
population. d | The numbers of myeloid-​derived suppressor cells (MDSCs) in 
the tumour, bone marrow and spleen positively correlate with cachexia.  
e | In parasite infection-​associated cachexia, the numbers of CD4+FOXP3+ 
T cells negatively correlate with cachexia. f | During viral infection, 
antigen-​specific CD8+ T cell responses show procachectic effects. Red and 
blue circles beside cell populations indicate procachetic or anticachectic 
effects of that population, respectively. IAC, infection-​associated cachexia.
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elusive. Muscle biopsies of patients with different 
cancers, most of whom had gastrointestinal cancers, 
showed a positive correlation between the abundance 
of CD3+CD4− cells (presumably CD8+ T cells) and mus-
cle fibre cross-​sectional area81. In a separate cohort of 
patients with cancer who showed early signs of muscle 
impairment, circulating levels of recent thymic migrant 
and effector memory CD8+ T cells were associated with 
increased muscle mass82. Meanwhile, the abundance 
of regulatory T (Treg) cells and central memory T cells 
showed a negative correlation with muscle mass. These 
studies suggest that an efficient and robust antitumour 
CD8+ T cell response can protect against muscle cata
bolism during CAC, while immune suppression may 
have the opposite effect (Fig. 3). The reason for this 
protection is unclear as there is no evidence so far that 
uncouples the antitumour activity of the T cells from 
their direct catabolic effect on muscles. T cell-​mediated 
tumour clearance may well be the predominant mecha
nism preventing muscle atrophy. However, another 
and not mutually exclusive mechanism may be that 
the immune cell composition within the local tissue 
environment alters the functionality and secretory 
profile of each cell type, with consequences for muscle 
atrophy. An indication of this could be derived from 
measurements of circulating immune cells, where the 
abundance of immune cell populations in relation to 
one another may also have an impact on the prognosis 
of patients with cancer. A high ratio of the number of  
circulating neutrophils to the number of circulating 
lymphocytes, for instance, correlates with the devel-
opment of cachexia. The reason for this is unknown, 
and ongoing efforts aim to better understand the role  
of neutrophils within the circulation and the tumour 
microenvironement83,84.

In the mouse model of LLC, increasing the numbers 
of CD4+CD44+ T cells in the spleen and lymph nodes 
through the adoptive transfer of these cells delayed the 
onset of cachexia and prevented muscle loss85. The adop-
tive transfer of CD4+FOXP3+ Treg cells to mice infected 
with T. gondii reduced weight loss and prolonged sur-
vival, highlighting the regulatory function of CD4+ 
T cells as a potential mechanism for reducing cachexia 
during parasitic infection86 (Fig. 3). By contrast, in the 
chronic LCMV-​Cl13 infection model, loss of CD4+ 
T cells had no effect on the initiation of cachexia, while 
the activation of antigen-​specific CD8+ T cells was essen-
tial to trigger IAC41 (Fig. 3f). These differences could be 
related to the different types of inflammatory milieus, 
kinetics and immune responses that are associated with 
tumours, parasitic infections and viral infections. More 
studies are required to systematically investigate and 
compare how T cells affect the course of cachexia in both 
IAC and CAC (Box 1).

Interestingly, IAC during LCMV infection was both 
viral dose and strain dependent, which may be linked 
to differences in the associated T cell responses41. 
Infection with LCMV-​Cl13 (which causes a chronic 
viral infection) but not with LCMV strain Armstrong 
(LCMV-​Arm; which causes an acute infection) results 
in cachexia and induces T cell exhaustion, which is char-
acterized by low levels of T cell proliferation, reduced 

cytokine potential and high expression of inhibitory 
receptors, including PD1, CTLA4 and LAG3 (ref.87). 
The exhausted phenotype is established early on dur-
ing T cell priming and is seen in chronic infections and 
other chronic diseases such as cancer88,89. The expres-
sion of inhibitory receptors such as PD1 and CTLA4 
has been shown to alter the metabolic reliance of CD8+ 
T cells by promoting oxidative phosphorylation and sup-
pressing glycolysis90. This raises the question of whether 
the T cell exhaustion programme may be connected 
to the systemic immunometabolic changes preceding the 
development of cachexia. Likewise, cachexia-​associated 
metabolic changes may also impact the differentiation 
of exhausted T cells.

In the LCMV-​Cl13 IAC model, the muscle micro
environment is depleted of certain cytokines, such as 
IL-12, IFNβ and IFNγ, which provides an environ-
ment for CD8+ cells to thrive91. These cells exhibited 
a lower degree of exhaustion in the muscle compared 
with that seen in the splenic compartment, and had a 
higher proliferative and cytokine-​production capa
city. The reduced exhaustion phenotype is facilitated 
by IL-15 within the muscle microenvironment91. It is 
unclear how these immunologically distinct zones are 
formed and how they interplay with muscle atrophy 
at this stage of infection. However, one may speculate 
that these functional CD8+ T cells may directly take up 
muscle-​derived amino acids to support their cytokine 
production and/or proliferation. In a different model  
of LCMV infection using LCMV strain Traub, infection of  
IFNγ-​deficient mice, but not wild-​type mice, resulted 
in severe weight loss that was CD8+ T cell dependent92. 
Although it remains unclear whether the weight loss 
induced by LCMV-​Traub infection is a manifestation 
of cachexia or anorexia (Box 2), it will be of interest to 
reconcile this observation with recent results relating 
to the IFNγ-​shielded muscle microenvironment in  
the LCMV-​Cl13 model91. In yet another variation of the 
LCMV model, the intracranial injection of LCMV-Arm 
in mice lacking MHC class I molecules results in a 
chronic weight loss attributed solely to anorexia93.

Overall, the current evidence indicates that activa-
tion of immune cells can have both anticachectic and 
procachectic effects, and aspects other than immune cell 
population expansion and cytokine production can be 
involved. Other pertinent questions that require inves-
tigation include the pathophysiological role of cachexia 
itself in regulating processes relevant to infection, tum-
origenesis and immune regulation, and the pathologi-
cal consequences that come with chronic non-​resolving 
cachexia (Box 3).

Tissue catabolism downstream of immune 
responses
As highlighted by the consensus definition7, the key 
pathophysiological characteristic of cachexia is the 
severe weight loss that occurs as a result of muscle atro-
phy and adipose tissue depletion. Muscle atrophy is one 
of the most extensively studied aspects of cachexia as 
it is a main contributor to functional impairment and 
death94. It is identified by a reduction of overall muscle  
mass, reduced muscle fibre cross-​sectional area and 
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weakened grip strength in both humans and mice. There 
are three main cellular processes that facilitate the deple-
tion of skeletal and cardiac muscle mass downstream 
of FOXO and NF-​κB signalling9, namely proteasomal  
degradation (measured through markers such as MURF1 
and MAFBX)95, autophagy (measured by expression of 
beclin 1 and LC3B)96,97 and reduced myocyte regener-
ation (measured by myoblast determination protein 1 
(MYOD1) expression)98 (Fig. 2a). Skeletal muscle atro-
phy can lead to severe functional impairment with a 
reduced quality of life, and cardiac atrophy increases 
the likelihood of life-​threatening cardiac arrhythmias99. 
Moreover, the compromised cardiac function results  
in elevated heart rate and oxygen consumption, which 
further increases energy expenditure100.

During cachexia, adipose tissue undergoes deple-
tion of its lipid droplets as a consequence of increased 
lipolysis coupled with a suppression of lipid uptake and 
lipogenesis101,102. Adipose tissue wasting can be evaluated 
by measuring adipose tissue mass, adipocyte diameter 
to evaluate the size of the lipid droplets and circulating  
levels of non-​esterified fatty acids (NEFAs) and glycerol 
as a result of triglyceride breakdown41,69,101. These changes 
in adipose tissue metabolism occur either through tran-
scriptional modulation or via ATGL-​mediated and 
HSL-​mediated lipolysis101 (Fig. 2b).

More studies are needed to understand how the local 
and infiltrating immune cell populations influence tissue 
metabolism and vice versa. Moreover, the altered circu-
latory environment that results from cachexia and the 
underlying pathology could indirectly affect the local tis-
sue environment through central regulatory pathways, 
for instance by modulating sympathetic neuronal sig-
nalling. Finally, it is well known that immunological and 
metabolic processes converge on overlapping signalling 
cascades63, highlighting yet another crucial area to probe 
the immunological mechanisms of cachexia. In the fol-
lowing section we consider potential immunometabolic 
consequences of cachexia.

Immunometabolic consequences of cachexia
The onset of cachexia and the subsequent depletion 
of the energetic tissue reserves enrich the circulation 
with metabolic substrates that are likely to impact 
systemic metabolism, inflammation and immune cell 
activation103,104. Using current knowledge derived from 
the field of immunometabolism, we discuss potential 
aspects of immunometabolic crosstalk during cachexia 
with a focus on fatty acids and amino acids as the main 
products of adipose tissue and muscle catabolism, 
respectively.

Fatty acids and cachexia
During cachexia, excessive adipose tissue lipolysis 
increases circulating levels of NEFAs and glycerol, which 
are then taken up and utilized by other organs105,106.  
In mouse models of cachexia, metabolic cage measure-
ments of the respiratory exchange ratio of the animal 
indicate a shift in the metabolic reliance from carbo
hydrates towards fat utilization41,107,108. From the data 
available thus far, it is not possible to deduce whether this 
shift in metabolism is reactionary and occurs as result of 
increased exposure of cells to lipid substrates or whether 
it serves as a controlled step in an adaptive programme. 
Potentially both of these scenarios could be true depending 
on the cell type in question.

NEFAs can be categorized on the basis of their degree 
of saturation and their fatty acid chain length, both of 
which are properties that influence their activity and 
immunomodulatory function. In vitro treatment of 
macrophages or primary Kupffer cells with palmitate, 
a saturated fatty acid, shifted the cells to an M1-like 
phenotype engaging PPARγ–ΝF-​κB signalling and 
increasing pro-​inflammatory cytokine production109. 
On the other hand, treatment with polyunsaturated fatty 
acids promoted an M2-​like phenotype, and the cells no 
longer increased TNF and IL-6 production in response 
to saturated NEFA treatment110. Along similar lines, 
intravenous infusion of long-​chain saturated fatty acids 
in wild-​type mice increased TNF levels in the circula-
tion and led to the accumulation of macrophages and 
dendritic cells in the liver111. This suggests that the com-
position of fatty acids released during cachexia-​induced 
adipose tissue lipolysis could have a significant role in 
altering the state of innate immune cell activity, which 
could have profound effects on the immunopathology 
associated with chronic illnesses.

NEFA-mediated modulation of cell function extends  
beyond immune cells to parenchymal cells, such as 
adipocytes and hepatocytes. In vitro studies demon-
strated that treating adipocyte and hepatocyte cell 
lines with saturated fatty acids activates Toll-​like recep-
tor 4 (TLR4) signalling, which results in NF-​κB acti
vation and increased TNF and IL-6 production110. This 
TLR4-​mediated NF-​κB activation was also seen in the 
adipose tissue of mice into which fatty acids had been 
infused and was abrogated in TLR4-​deficient mice. 
TLR4 activation of the NF-​κB pathway has been shown 
to play a major role in the development of cachexia in the 
LLC model. In this model, genetic or pharmacological 
blockade of TLR4 signalling protected tumour-​bearing 
mice from weight loss and reduced adipose tissue and 

Box 3 | Understanding the reciprocal relationships between the immune 
response and cachexia

Here, we list some open questions that will be key for a better understanding of the link 
between immune responses and cachexia:
•	Is cachexia a coordinated metabolic programme that facilitates nutrient accessibility 

in different disease contexts? If so, how do antitumour and/or antipathogen 
responses contribute to its initiation, maintenance and resolution?

•	How is immune cell activation linked mechanistically to cachexia? Is tissue catabolism 
induced, at least in part, for the purpose of fuelling the energetically costly activation 
of the immune system?

•	Aside from their capabilities to secrete cytokines, how do immune cells modulate 
tissue metabolism during cachexia?

•	Do cachectic processes contribute to the ‘exhausted’ T cell phenotype that is 
common to cancer and chronic infections? Alternatively, is cachexia triggered 
downstream of T cell exhaustion?

•	What are the consequences of altered inflammatory and metabolic environments 
during cachexia on the microbiota composition? Which feedback loops are elicited 
by such changes?

•	What are the common and unique properties of cancer-​associated cachexia and 
infection-​associated cachexia? How can understanding this help the field to develop 
novel therapeutic strategies?
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muscle depletion112,113. Interestingly, the protective effect 
seen in the adipose tissue was mainly localized to the 
subcutaneous fat pad. This is likely due to the abrogated 
adipose tissue browning seen in TLR4-​deficient mice112. 
In the muscle tissue, TLR4-​mediated NF-​κB activation 
resulted in a direct modulation of pathways involved in 
muscle degradation, inducing proteasomal degradation 
and autophagy113. This suggests that adipose tissue lipo
lysis and NEFA release may further aggravate tissue 
catabolism through the activation of TLR4.

Aside from NEFAs acting as upstream signalling 
modulators, there are various examples of other fac-
tors shifting cellular metabolism towards fat utilization. 
As discussed before, PD1 signalling in human CD4+ 
T cells shifts their metabolic reliance towards fatty acid 
oxidation and inhibits glucose and glutamine metab
olism90. This contributes to limiting effector T cell func-
tion and promoting an ‘exhausted’ phenotype. During 
chronic LCMV-​Cl13 infection, CD8+ T cells show 
impaired energy production and cell proliferation 8 days  
after infection, whereas CD8+ T cells primed during 
LCMV-​Arm infection are able to engage in glycolysis 
and successfully reach maximal population expansion114. 
In both chronic viral infection and tumour models, 
CD8+ T cells exhibit mitochondrial damage, as reflected 
by decreased oxygen consumption rates, decreased mito-
chondrial membrane potential and increased production 
of mitochondrial reactive oxygen species114. The com-
bination of anti-​PD1 and bezafibrate (a mitochondrial 
activator) increased antitumour immunity in a mouse 
model of colon cancer by increasing proliferation of 
CD8+ T cells and their tumour infiltration115. This treat-
ment also promoted glycolysis and fatty acid oxidation. 
Systematic profiling of T cell function upon inhibition 
of lipolysis is expected to offer valuable insights into the 
directionality of the relationship between high NEFA 
levels, T cell exhaustion and cachexia.

Overall, research in the area of immunometabo-
lism indicates that a local and systemic high lipid con-
tent can directly influence immune cell function, as 
either an energy substrate or a biosynthetic substrate. 
Alternatively, metabolites derived from fatty acid 
metabolism, such as arachidonic acid and docosahex-
aenoic acid, can act as signalling molecules by binding to 
G-​protein-​coupled receptors and/or through the regula-
tion of transcription factors116,117. However, there is little 
evidence so far indicating whether lipids derived from 
wasted adipose tissue may exert such effects on immune 
activation during cachexia.

Amino acids and cachexia
Alterations in amino acid profiles have been observed 
in the tumour microenvironment and in the circulation 
of cachexia-​inducing tumours118–120. For example, the 
tumours of patients with colon and stomach cancers 
were enriched in several amino acids, including serine, 
tryptophan, arginine and glutamate118. In the case of pan-
creatic tumours, the amino acid profile and abundance 
seem to depend on the tumour stage. Tumour samples 
collected from patients with PDAC showed low abun-
dance of most amino acids evaluated, with the exception 
of taurine, arginine and hydroxyproline120. Several other 

studies reported high abundance of amino acids in the 
tumour and low abundance in the serum of patients 
with gastric cancer119. Patients with colorectal cancer 
have high circulating concentrations of phenylalanine 
and low concentrations of glutamine and histidine, 
which correlates with systemic inflammation and poor 
prognosis121. Such varied concentrations of circulating 
amino acids could result from the rate of amino acid 
release or could be due to amino acid uptake by tumour 
or immune cells, such as is the case for glutamine119,121.

Immune cells and tumour cells compete for available 
amino acids to support their high anabolic demands122, 
which modulates the activation status of immune cells. 
For instance, tumour cells take up arginine and glu-
tamine to support their growth, thereby limiting the 
availability of these amino acids for T cells118,123. Blocking 
glutamine uptake using an antagonist that targets the 
tumour microenvironment impairs tumour growth  
and metabolism while enabling a robust activation of 
antitumour T cell responses124.

T cell priming and IL-2-mediated activation induces 
the expression of amino acid transporters, including 
SLC7A5, which mediates the import of large neutral 
amino acids such as phenylalanine and leucine125. Lack 
of SLC7A5 impairs CD4+ effector T cell and CD8+ 
effector T cell proliferation and differentiation, but does 
not affect the development of CD4+ Treg cells125. This 
is thought to occur as a result of disrupted mTORC1 
activity and therefore the failure of mTOR to tune T cell 
responses to nutrient availability. The uptake of other 
amino acids, such as serine, glutamine and arginine, is 
important for T cell receptor signalling and T cell prolif-
eration and differentiation126–130. The availability of argi-
nine for T cells within the tumour microenvironment is 
limited as a result of its uptake by MDSCs131. Decreased 
circulating arginine levels are commonly observed 
during many virus infections, including LCMV and 
SARS-​CoV-2 infection, leading to reduced CD8+ T cell 
responses and reduced tissue damage132,133. These and 
other studies showcase the effect of amino acid avail
ability on T cell function. It will be interesting to exam-
ine the bidirectional nature of this relationship in animal 
models, for instance by altering the T cell activation state 
and examining how the amino acid profile is affected. 
This could be particularly relevant following anti-​PD1 
treatment to counter T cell exhaustion.

In summary, cachexia-​associated muscle depletion 
releases a wide range of amino acids into the circulation. 
Comprehensive profiling and dissection of systemic and 
local amino acid levels in different models of cachexia, 
as well as in patients with cachexia, will contribute to a 
better appreciation of their pathophysiological effect on 
inflammation, metabolism and disease outcomes.

Concluding remarks
Recent years have seen a substantial improvement in our 
understanding of cachexia. Yet, when viewing cachexia 
in the light of metabolic adaptation, the available evi-
dence remains insufficient to definitively classify it as a 
maladaptive syndrome. The cachexia-​associated compli-
cations that could result in fatality occur at progressive 
stages of disease, which renders it difficult to disentangle 
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what occurs as a result of cachexia as opposed to the 
underlying illness. Moreover, cachexia occurs in differ-
ent stages4,134, termed ‘precachexia’, ‘cachexia’ and ‘refrac-
tory cachexia’. From an evolutionary perspective135, it 
is tempting to speculate that these stages could reflect 
the adaptive states of cachexia as the interplay between 
various trade-​off mechanisms and immune responses 
attempting to resolve the underlying illness.

Many of the models used in the study of cachexia are 
also employed to examine immune cell activation and 
function relevant to the underlying disease. However, 
there is currently an information gap that disconnects 
what we know about the immune aspects and the meta
bolic aspects of these diseases. Notably, many valua-
ble patient studies examining immune cell infiltration 
within the muscles and adipose tissue of patients with 
cachexia are limited by the variability within their 
selected cohorts, including different tumour types at 
variable stages of muscle impairment and cachexia. Such 
factors can influence the antitumour immune response 
as well as the metabolic environment in which this 
response occurs. Considering the difficulty of acquiring 
biopsy samples from patients with cachexia, such studies 
could benefit from new technologies that are capable of 
more thoroughly characterizing immune cells within a 
single sample. This could be achieved by single-​cell RNA 
sequencing, which allows an unbiased characterization 
of the immune cell repertoire, and spatial metabolomics 
using imaging mass spectrometry136.

In addition to the importance of cachexia in the con-
text of disease and patient prognosis, cachexia provides 
a rich arena for immunological research that is full of 
unanswered questions. For instance, the role of tissue- 
resident immune cells in the development of cachexia 
and how these populations adapt to the altered nutri-
ent release and inflammatory signals within their local 
tissue environment are largely unknown. These bidi-
rectional immune system–tissue interactions create 
continuous feedback loops that allow the surveillance 

and modulation of supply and demand. The energy and 
substrate supply is derived from a finite pool that must 
be monitored. Supplier cells (for example, adipocytes) 
require the ability to modulate the level of demand by 
influencing the molecular and cellular pathways gener-
ating the demand137. Moreover, the supply sources (lipids, 
carbohydrates and proteins) are not entirely interchange-
able as they produce a specific repertoire of breakdown 
products. This results in substrate competition within the 
tissue microenvironment, and systemic energy redistri-
bution138. Finally, the immune responses combating the 
underlying illness can result in collateral damage that 
must be regulated to avoid excessive tissue damage139.  
In this case, regulation of energy and substrate availability 
may provide an efficient means for immune modulation. 
Additionally, the differential energy and substrate pool 
within the circulation and in the tissue microenvironment  
provides compartmentalized immune niches such as that 
seen for T cell populations in muscle tissue91.

Overall, future studies of cachexia will benefit from 
a more rigorous integration of immunology and the use 
of tools and knowledge from systems biology and evolu-
tionary medicine140. Moreover, it will be critical to pur-
sue strategies that bridge the, at times, apparent divide 
between experimental animal models of cachexia and 
patient studies and realize the great synergistic potential 
of such complementary approaches. Immune cell func-
tionality is an understudied area of cachexia research 
and likely a missing link that will support the develop-
ment of effective therapeutic strategies against cachexia 
(Box 3). Studying immune cell function in relation to 
the metabolic environment induced by cachexia will 
also enhance our general understanding of the meta-
bolic regulation of immunity independently of cachexia 
(Box 3). This and various other questions require a 
more holistic and interconnected understanding of the  
immunology of cachexia (Box 3).
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