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ARTICLE INFO ABSTRACT

Keywords: Cancer cachexia is the prototypical example of comorbidity, occurring in most of cancer patients. It is a direct
Cachexia consequence of tumor growth and of the associated inflammatory/immune response. Cachexia can be exacer-
Aging

bated by anti-cancer therapies, frequently resulting in dose limitation and/or treatment delay or discontinuation.
The pathogenesis of cancer cachexia is still unclear and includes nutritional, metabolic, hormonal and immu-
nological components.

Tumor ability to shape the immune response to its own advantage is now well accepted, while the possibility
that such an altered immune response could play a role in the onset of cachexia is still an undefined issue. Indeed,
most of the immune-related research on cachexia mainly focused on pro-inflammatory mediators, almost totally
disregarding the interactions among immune cells and the homeostasis of peripheral tissues. The present review
provides an overview of the immune system dysregulations occurring in cancer cachexia, focusing on the pos-
sibility that immunomodulating strategies, mainly developed to stimulate the anti-cancer immune response,
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could be useful to counteract cachexia as well.

Cancer and cachexia are frequent comorbidities of aging. Along this line, cancer- and aging-associated muscle
wasting likely coexist in the same patients. Since both conditions share some of the underlying mechanisms, the
potential effectiveness of immunomodulation on sarcopenia of aging is discussed.

The management of cancer patients is very frequently complicated
by paraneoplastic syndromes, among which cachexia is one of the most
relevant. By an international consensus cachexia has been defined as a
complex multifactorial syndrome characterized by involuntary body
weight loss and skeletal muscle wasting, associated or not with reduced
adipose tissue mass, that can be only partially counteracted by nutri-
tional approaches and eventually results in functional impairment
(Fearon et al., 2011). According to the currently accepted definition,
three phases of cachexia can be identified: pre-cachexia, cachexia, and
refractory cachexia. Patient progression through these three levels de-
pends on several extrinsic and intrinsic factors (Fearon et al., 2011).

The prevalence of cachexia among cancer patients is markedly high,
although considerable differences can be observed according to tumor
type and disease stage (Anker et al., 2019). The management of cancer
patients with cachexia is very complicated, due to their poor quality of
life associated with reduced tolerance and response to treatments, which
eventually result in increased death rates (Roeland et al., 2020). Along
this line, about 90% of cancer patients are at risk of developing cachexia,
with a mortality rate that can reach 80%/year (von Haehling et al.,

2016). Unfortunately, despite its relevance to cancer patient outcome,
this syndrome is still largely unrecognized and underdiagnosed. In
addition, at present no specific therapies for cachexia are available,
mainly due to the lack of data from appropriate pre-clinical and clinical
studies supporting new pharmacological and non-pharmacological in-
terventions. The more so, pre-clinical studies frequently overlook the
side-effects exerted by anticancer treatments, that further exacerbate
whole body wasting (Campelj et al., 2021).

1. Pathogenesis of cachexia

The pathogenetic mechanisms underlying cancer cachexia are only
partially elucidated, although the multifactorial nature of this syndrome
is now well recognized, including nutritional, metabolic, hormonal and
immunological components.

Malnutrition, a frequent occurrence in cancer patients, is predictive
of bad outcome. In this regard, patients should be nutritionally assessed
as soon as possible during the course of the disease. Indeed, cancer can
impinge very early on dietary habits in view of mechanisms directly
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related to tumor localization or resulting from the action of humoral
mediators. These latter are of both host and tumor origin and together
may affect appetite regulation at the central level but also contribute to
anorexia per se (Argilés et al., 2017). Differently from simple starvation,
reduced food intake in cancer patients does not lead to a convergent
metabolic modulation aimed at meeting the lack of nutrients. The result
is a persistently negative nitrogen and energy balance that is reflected at
the tissue level, affecting skeletal muscle and fat, in particular.

The loss of muscle mass is one of the hallmarks of cancer cachexia
and is mainly associated with increased protein breakdown rates.
Indeed, several experimental and clinical studies clarified that the main
intracellular proteolytic systems, namely proteasome and lysosomes, are
activated above the physiological levels in cancer hosts (Penna et al.,
2020).

As for the anabolic side of protein turnover, the rates of protein
synthesis in the muscle of tumor-bearing animals have been shown to be
up-regulated, unchanged or down-regulated, depending on the model
system investigated (Argilés et al., 2014). Similar observations have
been obtained by studies performed in cancer patients, where the situ-
ation is even more confused (Emery et al., 1984; Hanson et al., 2017)
(Engelen et al., 2016a) (van Dijk et al., 2015). A number of approaches
have been investigated in order to improve muscle anabolism, with very
limited success (Costelli et al., 2006) (Penna et al., 2010a) (Engelen
et al., 2016b). However, the existence of an exploitable anabolic win-
dow in cancer patients has been proposed years ago (Prado et al., 2013).

Several lines of evidence have suggested that altered energy meta-
bolism likely contributes to impair protein turnover, consequently
affecting skeletal muscle mass and function. In this regard, hyperme-
tabolism, mainly reflected by increased resting energy expenditure
(REE), is long known to occur in cancer patients (Prado and Qian, 2019)
(Vazeille et al., 2017). By contrast, only few years ago the impaired
energy metabolism featuring cachexia has been associated with mito-
chondrial dysfunction. This latter is partially accounted for by the
reduction of mitochondrial number, due to impaired biogenesis, altered
fusion and fission, and/or increased destruction, mainly operated by
mitophagy. On the other side, impaired mitochondria oxidative capacity
has been reported as well, contributing to the negative energy balance
occurring in both tumor-bearing animals and cancer patients. In addi-
tion to impinge on energy availability, the altered mitochondrial func-
tion also results in increased production of reactive oxygen species and
oxidative stress, fueling a vicious cycle that further exacerbates mito-
chondrial damage. Clearly demonstrated in preclinical models, the
occurrence of mitochondrial alterations has also been shown in the
muscle of cancer patients with cachexia (Penna et al., 2020).

About one decade ago, impaired muscle regeneration has been pro-
posed to occur in cancer-induced muscle wasting. Indeed, molecular
markers of satellite cell activation (Pax7) and of myogenic differentia-
tion (myogenin) are dysregulated in the muscle of cancer hosts (Penna
et al.,, 2010b) (He et al., 2013). Consistently, the physiological regen-
erative response activated by muscle damage is delayed in
tumor-bearing mice in comparison to healthy animals (He et al., 2013)
(Costamagna et al., 2020), a phenotype that results from overactivation
of both the ERK stress kinase (Penna et al., 2010b) and the transcription
factor NF-kB (He et al., 2013). More recently, the signaling pathways
regulated by Twistl, ZIP14 or IL-4 have also been involved in altering
muscle regeneration in cachexia (Costamagna et al., 2020) (Parajuli
et al., 2018) (Wang et al., 2018).

Finally, a new frontier in the pathogenesis of muscle wasting in
cachexia is represented by the neuromuscular junction (NMJ). In this
regard, myofiber denervation resulting from dismantled NMJ architec-
ture has been reported in both tumor-bearing mice and cancer patients
and, at least in the former, precedes muscle wasting (Sartori et al.,
2021). Such a pattern can be antagonized by treating tumor hosts with
tilorone, a drug able to restore the signaling pathway regulated by bone
morphogenetic proteins (BMPs) and the SMAD1/5/8 transcription fac-
tor complex (Sartori et al., 2021). Of interest, alterations in the motor
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unit number as well as in the single motor unit potential have been re-
ported in both tumor-bearing mice and in healthy animals exposed to
chemotherapy.

2. Cachexia and inflammation

Systemic inflammation can be considered one of the main drivers of
cancer-induced metabolic alterations, including those discussed above.
Some cytokines are most frequently upregulated than others in cancer
cachexia, including tumor necrosis factor (TNF)a, interleukin (IL)-1p, IL-
6 and y-interferon (yIFN). The origin of systemic inflammation is the
tumor itself, which is able to produce pro-inflammatory factors, but also
leads, directly and indirectly, to the activation of host inflammatory/
immune cells. In addition, cytokines normally entrapped into the
extracellular matrix such as transforming growth factor (TGF)p can be
released, for example by bone metastasis, and contribute to muscle
wasting (Waning et al., 2015). The resulting scenario is that the host
organism must face a plethora of mediators that, irrespective of their
origin, impinge on tissue trophism and metabolism, triggering and
amplifying the multiorgan cross-talk that eventually leads to whole body
wasting. Several lines of evidence demonstrate the occurrence of high
circulating levels of pro-inflammatory mediators, including acute phase
proteins and cytokines, in both tumor-bearing animals and cancer pa-
tients (Argilés et al., 2019). By contrast, anti-inflammatory cytokines are
frequently down-regulated (Costamagna et al., 2015).

By activating signaling pathways such as those dependent on p38
MAPK, NF-kB, JAK-STAT3 and SMAD1/5/8, pro-inflammatory cyto-
kines up-regulate the expression of molecules pertaining to the protein
degradation machinery such as muscle-specific E3s and autophagy-
regulating factors (Argilés et al., 2019) (Kumar et al., 2012). Consis-
tently, protective effect against muscle wasting has been reported by
pharmacological or genetic inhibition of these signaling pathways
(Sartori et al., 2021) (Molinari et al., 2017). In addition to stimulate
protein degradation, cytokines can also antagonize anabolism by
causing peripheral insulin resistance (Costelli et al., 2003).

Several cytokines induce the production of reactive oxygen/nitrogen
species (ROS/RNS). As an example, TNFa acts on mitochondria
enhancing ROS production and release. In addition, it causes HyO»
overproduction through enzymatic reactions involving NADPH oxidase
(Nox) and xantine oxidase (Tzika et al., 2013) (Abrigo et al., 2018).
Conversely, HoO3 can impinge on protein breakdown rates by inducing
endoplasmic reticulum stress and/or by activating NF-xB and SMAD3,
resulting in the induction of muscle-specific E3s and autophagy (Penna
et al., 2020). A similar pattern is shared by TGFp released by osteolytic
metastatic lesions, that has been shown to result in increased expression
and activation of Nox4 (Wang et al., 2018) (Abrigo et al., 2016). Finally,
also cancer-derived pro-inflammatory mediators play a role in causing
muscle oxidative stress and protein wasting (Penna et al., 2020).

The interplay between inflammation and oxidative stress is a recip-
rocal one. Indeed, cytokine-driven transcription factors such as NF-kB,
AP-1 and Nrf2 can be also regulated by the redox balance, inducing the
production of pro-inflammatory mediators (Penna et al., 2020). Last, but
not least, increased ROS/RNS levels in the skeletal muscle of cancer
hosts are associated with reduced availability of antioxidants such as
superoxide dismutase (SOD)1/2 and glutathione peroxidase (Abrigo
et al., 2018).

While the link between systemic inflammation and cancer cachexia
is now well established, it is still unclear how the host response to the
tumor is regulated. Indeed, patients bearing the same tumor type and
with comparable disease stage may present with markedly different
degrees of cachexia, suggesting that individual factors such as sex, age,
genotype, environment and lifestyle might play a role. In this regard,
years ago the propensity to develop cachexia among a group of gastro-
intestinal cancer patients has been associated with single nucleotide
polymorphisms in the genes coding for IL-1, IL-6 and IL-10 (Deans et al.,
2009). More recently, a study performed on cancer patients has reported
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Fig. 1. Immune cells potentially involved in the pathogenesis of cancer cachexia

Cancer growth markedly impinges on both number and function of the immune cells resident in, or recruited to, several body compartments, including the tumor
itself. Not all of the immune cell populations are equally represented in the different tissues and are equally affected by the tumor. However, many of them are very
likely to eventually converge in contributing to the onset and progression of cachexia. MDSCs: myeloid-derived supprossor cells; APR: acute phase reaction.

the association of a polymorphism in the gene encoding P-selectin with
body weight loss and low muscularity (Tan et al., 2012).

Despite the relevance of pro-inflammatory cytokines to the onset and
progression of cancer cachexia, specific anti-cytokine treatments
revealed unsuccessful in both experimental and clinical studies, likely
reflecting the complex pathogenesis of this syndrome. Indeed, more than
the action of single cytokines, an interplay among pro-inflammatory
mediators, endowed with frequently overlapping biological activities,
is likely to take place in cancer patients.

3. Dysregulation of the immune response in cachexia

The ability of cancer to evade both the innate and the adaptive im-
mune response is long known and tumor progression towards malig-
nancy has been shown to require myeloid cells in the tumor
microenvironment in order to support angiogenesis and the epithelial-
mesenchymal transition. However, the role played by such an altered
immune response in the onset of cachexia has long been neglected, in
favor of research lines almost totally focused on how circulating pro-
inflammatory mediators may impinge on signaling pathways in

peripheral tissues, eventually resulting in body wasting. Along this line,
little is known about the complex interaction linking immune cells to the
regulation of peripheral tissue homeostasis. This is particularly relevant
to the cross-talk occurring among the tumor and several distant tissues,
which plays a crucial role in the onset and progression of cachexia
(Fig. 1).

3.1. Myeloid-derived suppressor cells (MDSCs)

Several years ago, quantitative/qualitative alterations in myeloid
cells rather than the production of specific cytokines have been proposed
to drive cancer cachexia (Winfield et al., 2008). Specifically,
myeloid-derived suppressor cells (MDSCs), characterized by an immu-
nosuppressive phenotype, have been shown to increase in parallel with
tumor mass in mice implanted with the 4T1 mammary adenocarcinoma.
Starting from this observation, the dimension of MDSC population has
been proposed to positively correlate with the occurrence of a
cachexia-prone environment, attained by down-regulating the adaptive
immune response (thus favoring tumor growth) and by becoming an
important source of pro-inflammatory mediators (Winfield et al., 2008).
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At present, MDSCs can be classified into two main subgroups:
monocyte-like (mMDSCs) and neutrophil (granulocytic)-like (gMDSCs).
The latter appear to be more expanded than the former in both experi-
mental and human cancer. MDSCs have been proposed to derive from a
sort of ‘pathological activation’ of myeloid cells, resulting from the
prolonged exposure to myeloid-specific growth factors and pro-
inflammatory mediators, eventually leading to an enrichment in the
peripheral tissues of neutrophils and monocytes endowed with immu-
nosuppressive activity (Veglia et al., 2018). In addition to cells of the
innate immune response, MDSCs immunomodulating action also affects
T and B lymphocytes and natural killer (NK) cells.

The pathological activation of MDSCs in cancer appears to be linked
to metabolic reprogramming, due to either cancer or host-derived
mechanisms. In this regard, the energy state can interfere with MDSC
ability to adopt a M1 (anti-cancer) or a M2 (tumor promoting) pheno-
type. Acquisition of the latter is the final step of a chain of events starting
in the bone marrow (the so called ‘immunometabolic reprogramming’)
and ending in the tumor microenvironment (Cao et al., 2014). This latter
is metabolically shaped by the marked glucose uptake of tumor cells,
that mainly rely on this metabolite for energy production, even in nor-
moxic conditions. Consequently, immune cells populating the tumor
microenvironment suffer for the lack of glucose and are induced towards
an immunosuppressive setting. In addition, other factors could
contribute to the switch of MDSCs towards immunosuppression.

i) NAD availability: this cofactor, pivotal to preserve cell energy
balance, stimulates sirtuin 1 expression, promoting the shift of
MDSCs towards a M2 (immunosuppressive) phenotype (Strauss
et al.,, 2021). NAD levels depend on the activity of NAMPT
(nicotinamide phosphoribosyltransferase), an enzyme which is
overexpressed in chronic inflammatory illnesses such as auto-
immune diseases, metabolic syndrome and cancer. Consistently,
NAMPT inhibitors have been developed to reduce tumor growth
by impairing the production of ATP and NAD. The same in-
hibitors also reveal able to restore immunocompetence (Travelli
et al., 2019). However, recent observations show that circulating
NAD is markedly reduced in both mice bearing cachexia-inducing
tumors and cancer patients, suggesting that NAD modulation,
possibly also acting on MDSCs, might differentially impinge on
cancer and cachexia (Beltra et al., 2023);

ii) MDSCs overexpress indoleamine 2,3-dioxygenase 1 (IDO1), an
enzyme able to produce kynurenins from tryptophan. Kynurenine
exerts an immunosuppressive action by depleting T cells of
required substrates (L-arginine or cysteine, for example),
increasing the number of T regulatory (Treg) cells and impairing
dendritic cell activity (Vacchelli et al., 2014);

iii) Signal Transducer and Activator of Transcription protein (STAT)
3 activation: it has been linked to MDSC tumor-promoting effects
(M2 phenotype) and has been reported to negatively correlate
with tumor infiltration by immune cells. Consistently, its inacti-
vation results in restored anti-tumor immune response (Wu et al.,
2011).

While the above reported pathways contribute to the cross-talk in the
tumor microenvironment, at least some of them are also relevant to the
pathogenesis of cachexia. Indeed, studies performed on experimental
tumor models reported that STAT3 activation plays a causative role in
muscle wasting, as demonstrated by the observation that its inhibition
by both genetic and pharmacological tools is able to preserve the skel-
etal mass and function without affecting tumor growth (Bonetto et al.,
2012) (Huot et al., 2020). Kynurenin administration to mice resulted in
reduced myofiber cross sectional area and muscle contractile force, a
pattern that is associated with oxidative stress (Kaiser et al., 2019) and
that closely resembles cancer cachexia. Consistently, endurance exer-
cise, one of the most promising strategies to counteract muscle wasting
in cachexia, reduces circulating kynurenin levels by conversion to
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kynurenic acid. This is operated by muscle
kynurenine-aminotransferases, which expression is under the control of
PGC-1al, a co-transcription factor involved in mitochondrial homeo-
stasis and induced by exercise (Agudelo et al., 2019).

Few studies directly investigated the hypothesis that MDSCs can
contribute to cachexia. Some years ago, Cuenca and collaborators
(Cuenca et al., 2014) demonstrated in mice bearing the 4T1 mammary
tumor that MDSC expansion is associated with both acute phase
response and alterations of fat and energy metabolism. By contrast,
these features do not occur in animals implanted with a subclone of 4 T
tumor whose growth is not associated with MDSC expansion. More
recently, partial depletion (>50%) of Ly6G " cells, which include MDSCs
and neutrophils, has been shown to result in protection against cachexia
induced by orthotopic pancreatic cancer, in the absence of changes in
tumor mass (Deyhle et al., 2022). Finally, polymorphonuclear MDSC
expansion has been reported in the skeletal muscle of tumor-bearing
mice and to contribute to cachexia by over-producing activin A
(Dzierlega et al., 2023).

3.2. Macrophages

As reported above, macrophages play a crucial role in the tumor
microenvironment, being able to alternatively assume the M1 or the M2
phenotype, impinging on both tumor growth and local immune
response. The same phenotypes can be observed also in peripheral tis-
sues, deriving from both circulating activated monocytes or from resi-
dent macrophages (Ji et al., 2024).

In the skeletal muscle, macrophages play a central role in the phys-
iological response to injury, whatever the damaging stimulus is. Indeed,
resident macrophages are early activated and rapidly release chemo-
attractant factors in order to recruit from the circulation other immune
cells, mainly neutrophils and monocytes. The latter rapidly differentiate
into M1 macrophages producing a pro-inflammatory environment,
required to get rid of cell debris but also to allow myogenic cell prolif-
eration and commitment to differentiation. A second recruitment wave
will result in M2 macrophages able to release IL-10, TGFp or IGF-1,
required to promote myoblast differentiation and fusion to form new
myofibers (Baghdadi and Tajbakhsh, 2017).

At present, the role played by macrophages in the onset and pro-
gression of cachexia has been poorly investigated. Inaba and collabo-
rators (Inaba et al., 2018) have shown a reduction of both macrophage
and neutrophil number in the skeletal muscle of mice bearing the C26
tumor. By contrast, another study showed that muscle expression of
F4/80 and CD206, markers of whole macrophage and M2 populations,
respectively, is comparable in control and C26-bearing mice
(Costamagna et al., 2020). To better investigate the relationship be-
tween cachexia and macrophages, transgenic mice expressing SV40
large T oncogene in the hepatocytes (ASV-B WT), an experimental model
of hepatocellular carcinoma, have been cross-bred with mice unable to
develop myeloid cell-mediated inflammation. While no differences
could be observed between the two strains (ASV-B WT and ASV-B/Hi-
f1AMS) in terms of cancer-induced muscle wasting, the lack of myeloid
response is associated with a further reduction of fat mass that does not
seem to depend on tumor load, pro-inflammatory cytokine milieu or
hypotalamic activation (Erdem et al., 2019). Finally, the protective ac-
tion exerted by daily administration of IL-4 to mice hosting the C26
colon carcinoma (see above), is associated with increased amount of
CD206™ (M2) macrophages in both the skeletal muscle and the tumor,
which could partially explain the improvement in terms of animal sur-
vival, muscle regeneration and function. The effects of IL-4 appear to be
mainly muscle-specific, since the reduction of food intake and the
marked depletion of white adipose tissue remain comparable among
treated and untreated C26 hosts (Costamagna et al., 2020).
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Fig. 2. Shared features between cancer cachexia and sarcopenia of aging
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Aging sarcopenia

The occurrence of cachexia or sarcopenia results in common significant alterations at both local and systemic level. However, the extent by which such alterations are
displayed in cancer patients or in the elderly may be quite different, resulting in similar, though peculiar, phenotypes.

3.3. Neutrophils

Changes in the neutrophil/lymphocyte ratio, likely resulting from
the activation of an inflammatory response, have been proposed as early
markers of cancer progression (Dusselier et al., 2019) (Barker et al.,
2020). However, the relevance of such changes to the pathogenesis of
cancer cachexia is still unclear and only in the last few years studies
investigating the contribution of neutrophils to cachexia have become
available. In animals bearing the KPC pancreatic ductal adenocarcinoma
(PDAC), circulating neutrophils have been reported to respond to the
tumor-derived chemokine CCL2 by early crossing the blood brain barrier
and accumulating in proximity of the brain regions involved in the
regulation of appetite and body composition. Consistently, neutrophil
accumulation in the brain is markedly reduced and cachexia is improved
when the tumor is implanted into mice lacking the CCL2 receptor CCR2
(Burfeind et al., 2020). Brain infiltrating neutrophils are characterized
by a peculiar transcriptional profile, which is also reflected by the
enhanced CCR2 expression, barely detectable in circulating neutrophils,
suggesting that the populations accumulating in the central nervous
system displays different functions (Burfeind et al., 2020). The same
authors subsequently demonstrated that neutrophils release high
amount of lipocalin (LCN)2, which is able to cross the blood brain
barrier and is crucially involved in the onset of anorexia in PDAC
bearing mice. Similar observations have also been reported in PDAC
patients (Olson et al., 2021).

Finally, a recent report shows increased neutrophil number in
experimental cancer cachexia, in the tissue compartment before than in
the circulation. These neutrophils are endowed with marked glycolytic

activity that appears to exert a compensatory action by impinging on
cancer-induced lipolysis and altered liver metabolism. Indeed, when
such glycolytic activity is inhibited, cachexia worsens (Petruzzelli et al.,
2022). The other way around, partial depletion of Ly6G* cells has been
reported to improve cancer-associated muscle wasting in mice ortho-
topically implanted with the KPC pancreatic cells (Deyhle et al., 2022).
The mechanism underlying such an effect still needs to be elucidated,
however the lack of tumor mass changes rules out the possibility that the
improvement of cachexia can be accounted for by reduced tumor
burden.

3.4. Lymphocytes

Cancer patients frequently present with altered number of circu-
lating CD8" and CD4" T cells, including Treg and Th17 cells. In
particular, high frequency of Treg lymphocytes associated with high
levels of CD8" memory cells (but low number of CD8™ naive cells), have
been correlated with poor prognosis. Consistently, elevated levels of
pro-inflammatory cytokines coupled with reduced concentrations of
anti-inflammatory mediators has been proposed as a marker of good
outcome. No specific direct evidence of T lymphocyte alterations in
experimental and human cachexia has been reported, yet observations
suggesting that this cell compartment could be involved as well are
available. In this regard, while T cell activity against cancer might result
in improved muscle and adipose tissue wasting in view of a reduced
tumor burden, the same response could negatively impinge on those
compartments by enhancing the inflammatory environment.

Previous observations have shown that the infusion of naive T helper
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cells into tumor-bearing mice results in protection against muscle atro-
phy (Lu et al., 2021). More recently, a study performed on gastrointes-
tinal cancer patients reported that levels of naive and memory T
lymphocytes correlate with muscle function, while changes in body
mass index correlate with Treg abundance. Of interest, such correlations
are absent in non-cancer patients, despite comparable frequency of
immune cells in the two groups of volunteers. Another recent report
suggests that the loss of adipose tissue occurring in cancer patients is
achieved, partially at least, by macrophages and cytotoxic T cells.
Indeed, while the latter contribute to enhance the expression of
y-interferon, depletion of the former has been shown to protect against
adipose tissue wasting and cachexia in tumor-bearing animals (Han
et al., 2022).

3.5. Complement

The complement system, discovered in the late XIX century, pertains
to the innate immunity and is a central player in the interaction with the
adaptive response. It includes more than thirty soluble or cell-bound
proteins, produced by several cell types including immune cells, hepa-
tocytes, adipocytes, but also tumor and stromal cells (Lu et al., 2021).
There are three different ways to activate the complement system, all of
which rely on the production of protein fragments through a cascade of
enzymatic reactions, ultimately resulting in biological activities ranging
from opsonization and chemoattraction to amplification of the inflam-
matory response and cell death.

The relevance of the complement system to oncology is mainly
related to its activity in the tumor microenvironment. Indeed, comple-
ment protein fragments have been reported to modulate the T cell
response, to directly act on cancer cell proliferation and death, to
impinge on cancer-associated processes such as angiogenesis, invasion
and metastasis, and to shape the resistance to anti-cancer treatments.
The observation that high circulating levels of some complement com-
ponents has been reported in cancer patients suggested their use as
biomarkers useful for both diagnosis and monitoring procedures (Speth
et al., 2022).

Data reported in the literature show that complement factors are
elevated in cancer patients (Senent et al., 2021) (Felberg et al., 2020)
(Lin et al., 2014), however at present very few studies investigated the
involvement of this system in the pathogenesis of cachexia. In this re-
gard, a recent report shows that circulating levels of C3a and TCC
(Terminal Complement Complex) are significantly higher in cachectic
than in non-cachectic cancer patients (Deng et al., 2021). Consistently,
mice bearing the C26 tumor show increased C3 gene expression in the
skeletal muscle, which is associated with high C3 circulating levels
(Massart et al., 2020).

4. Similarities between cancer cachexia and aging-associated
sarcopenia

Cancer is one of the most frequent comorbidities of aging; along this
line, cachexia and sarcopenia frequently coexist. Both are systemic
conditions characterized by multiple organ/tissue/cell interactions, ul-
timately resulting in chronic inflammation and metabolic dysregulation.
As in cancer cachexia, loss of skeletal muscle mass and function is a
typical feature of sarcopenia, which prevalence is estimated in about
25% and 50% of individuals aged >70 and > 80, respectively (Yazar and
Olgun Yazar, 2019). Reduced muscle mass and function in aging are risk
factors for frailty and loss of independence, resulting in poor quality of
life and increased health care needs.

Although at a different extent, cancer- and aging-associated muscle
wasting share several pathogenetic mechanisms, among which over-
activation of protein breakdown, reduced protein synthesis, persistent
low-grade inflammation and modulations of the immune response
(Fig. 2). In aging, these latter are broadly referred to as immunose-
nescence, which includes inflammaging, reduced defence against
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infections or cancer and increased autoimmunity (Goronzy and Weyand,
2013). High number of senescent T-cells, reduced efficiency of natural
immune cells and reduced cellularity in the bone marrow are among the
main features of immunosenescence. Along this line, a shift from the
differentiation in the lymphoid lineage towards the myeloid one has
been reported, resulting in increased circulating mature myeloid cells
(Dorshkind et al., 2020). Since these latter, macrophages in particular,
play a crucial role in the skeletal muscle response to stress conditions,
the increase in their number likely contributes to frailty in the elderly
(Tidball, 2017). Another relevant issue in aging-associated immune
dysregulation is the induction of high -circulating levels of
pro-inflammatory mediators such as IL-1, IL-6, IL-8, TNFa, TGFp,
C-reactive protein (CRP) and serum amyloid A (Ferrucci and Fabbri,
2018). More recently, factors produced by the muscle, and for this
reason defined as myokines, have been proposed to play a role in
immunosenescence. At present, more than 300 myokines have been
found in the muscle secretome, some of which involved in modulating
the immune response such as leukemia inhibitory factor (LIF), IL-6, IL-7
and IL-15. Consistently, IL-7 and IL-15 plasma levels appear to inversely
correlate with age. The other way around, IL-15 also plays a crucial role
in the immune system, regulating both number and functions of NK cells
and B and T lymphocytes, and impinging on the innate immune
response, manily favoring neutrophil action (Nelke et al., 2019).

One of the hallmarks of aging is cell senescence, a non-apoptotic
response to lethal damage that confers cells unique attributes. These
include a generally irreversible cell cycle arrest, the expansion of the
lysosomal compartment and a vigorous secretory phenotype (henceforth
referred to as senescence associated secretory phenotype: SASP). While
senescence crucially contributes to tumor suppression and to other
physiological processes, excessive amounts of senescent cells play a
causative role in several age-associated chronic diseases (Van Deursen,
2014). The SASP, which encompasses a variety of inflammatory medi-
ators and tissue remodelling factors, enables the spreading of the se-
nescent phenotype to otherwise normal/healthy cells, and accounts for
the systemic dysfunctions linked to the elevated burden of senescent
cells across the organism (Lopez-Otin et al., 2023). In particular, SASP
released by senescent cells in the muscle might account for changes in
myofiber morphology and function, likely providing an additional link
between immunosenescence and sarcopenia. Senolytic compounds have
been developed to face the aberrant accumulation of senescent cells
and/or the high levels of SASP mediators (Gasek et al., 2021). Along this
line, senescent cell depletion by senolytics in aged mice resulted in
improved muscle mass and function (Xu et al., 2018).

The complex interaction between the skeletal muscle and the im-
mune system clearly stands up when considering injury-induced
regeneration. Such a physiological process is impaired during aging,
also because of immunosenescence (Nelke et al., 2019). In addition to
macrophages, also the homeostasis of regulatory T cells (Treg) is altered
in aged mice (Kuswanto et al., 2016), likely reflecting reduced expres-
sion of IL-33. Consistently, IL-33 replacement in aged mice restores Treg
function, rescuing the muscle regenerative potential.

On the whole, aging likely impinges on the muscle-immune system
cross-talk generating a reciprocal causative relationship between sar-
copenia and immunosenescence. Indeed, some of the hallmarks of aging
such as dysmetabolism, inflammaging and reduced physical activity
drive the progressive loss of muscle mass and function. On the other
side, the presence of sarcopenia leads to alterations of the immune
regulatory activity normally exerted by the muscle cell. The overall
scenario is an auto-amplifying dysfunction of the muscle-immune sys-
tem physiology (Nelke et al., 2019).

Finally, another level of complexity at the organismal level is that
immunosenescence markedly contributes to one of the most typical
features of aging, namely multimorbidity. Indeed, elderly people very
frequently present with increased propensity to infections and chronic
inflammatory diseases, including autoimmune disorders and cancer.
Along this line, not only cachexia and sarcopenia share common
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pathogenic mechanisms, they are also frequently occurring in the same
individuals. These considerations support the idea that therapeutic
strategies aimed at reducing inflammation and improving the immune
response could make the difference in terms of elderly people manage-
ment and quality of life maintenance/improvement.

5. Immunomodulating strategies

Modulations of the immune system might crucially impinge on the
crossroad between health and disease. Indeed, both excessive or defec-
tive immune response have been reported to contribute to the patho-
genesis of several illnesses. Along this line, plenty of studies investigated
the mechanisms underlying both the innate and the adaptive immune
response, ultimately resulting in the discovery and exploitation of
molecules/cells able to act as immunomodulators. Most of the studies in
this area have been developed in the oncology field but can be poten-
tially translated to other pathophysiological conditions.

While the idea to defeat cancer by modulating the immune response
is not a new one, only in the last decade significant progress was ach-
ieved in this field. As an example, in 2010 FDA approved the first den-
dritic cell-based vaccine (Cheever and Higano, 2011) and the
effectiveness of the first immune check-point inhibitor has been reported
(Hodi et al., 2010). Chimeric antigen receptor (CAR) T-cell therapy,
based on the possibility to genetically engineer the T cell receptor to
target a specific tumor-associated antigen, has been approved by FDA in
2017 (Mullard, 2017).

Immune checkpoint inhibitors. Immune checkpoints are regulatory
‘turning points’ of the specific immune response, since they negatively
affect T lymphocyte functions. Such a property is exploited by tumor
cells, which reveal able to modulate the expression of immune check-
point molecules, escaping the immune surveillance. Along this line,
strategies inhibiting the immune checkpoints result in restored and
enhanced anti-cancer T cell response. At present the FDA approved nine
agents directed against four immune checkpoints, namely Programmed
cell death-1 (PD-1), Programmed death-ligand 1 (PD-L1), Cytotoxic T-
lymphocyte antigen 4 (CTLA-4) and Lymphocyte activation gene 3
(LAG3), for the treatment of different types of cancers such as mela-
noma, hepatocellular carcinoma, stomach, colorectal and non-small cell
lung cancer, among others (Guo et al., 2023). Quite recently, molecules
acting as immunometabolites such as spermidine have been proposed to
enhance the effectiveness of immune checkpoint inhibitors (Chamoto
et al., 2023).

Anti-cancer vaccines. Therapeutic or prophylactic vaccines are
available, both able to stimulate the innate and the adaptive immune
response against tumor-associated antigens (TAA). The most relevant
issue in this regard is that, being autologous antigens, TAAs are char-
acterized by low immunogenicity, which markedly reduces the effec-
tiveness of the vaccine-based approaches. To circumvent this problem,
vaccines using tumor or dendritic cells have been developed. Despite the
former provide several TAAs at the same time, the induced immune
response remains modest, due to the low immunogenicity of tumor cells,
which can be improved by using adjuvants (Guo et al., 2023). Dendritic
cell vaccines lead to the production of antigen presenting cells activated
against TAAs, which could result in the induction of specific T cell
response. At present the only FDA-approved dendritic cell vaccine is
Sipuleucel-T, designed to stimulate reactions against prostate cancer
antigens (Guo et al., 202.3). The scenario of cancer vaccines is completed
by strategies based on nucleic acids. Indeed, DNA or RNA can be
transfected into antigen presenting cells, where specific TAAs are
expressed and exposed in association with histocompatibility antigens to
be presented to T cells.

Cell-based immunotherapy. The most recent achievement in terms of
cancer immunotherapy is represented by chimeric antigen receptor
(CAR)-T cells. These are patient derived T lymphocytes wihch are
genetically modified to express a TCR endowed with the ability to
recognize specific TAAs. After transfection, such cells are expanded in
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vitro, then reinfused into the patient, where they are able to overcome
the escape from immune surveillance. FDA approved by now two anti-
CD19 CAR-T cell protocols, for the treatment of two different B cell
malignancies. A similar approach is exploiting NK cells rather than T
lymphocytes, allowing the use of allogeneic NK cells and markedly
limiting the occurrence of cytokine storms (Guo et al., 2023).

Other immunomodulating strategies include small molecules in-
hibitors targeting immunosuppressive pathways such as that relying on
indoleamine-pyrrole 2,3-dioxygenase and oncolytic virotherapy, while
the use of nanotechnology has been proposed to improve both delivery
and effectiveness of immunomodulating tools (Fan et al., 2021).

Despite the availability of different immunomodulating approaches,
at present cancer immunotherapy is beneficial only for selected groups
of patients, pointing out several needs such as: i) to find out additional
tools; ii) to identify patient subpopulations likely non-responsive to
immunotherapy, also taking into account age, the presence of cachexia
and the extent of tumor burden; iii) to define personalized treatment
approaches. On the other side, similarly to other therapeutic strategies,
immunomodulation is not free from side-effects on the host organism,
including the induction/exacerbation of cachexia, an issue that must be
taken into account. Not only, the occurrence of cachexia has been pro-
posed as a predictive factor for the effectiveness of cancer immuno-
therapy. Indeed, cancer patients treated with antibodies against PD-1
showed a negative correlation between muscle wasting and progression-
free survival, while presenting with high drug toxicity which lead to
treatment discontinuation (Roch et al., 2020) (Brocco et al., 2019).
Moreover, patients characterized by flawed immune response have been
proposed to be identified by assessing skeletal muscle density, which
could be exploited as a marker to predict the effect of the PD-1 inhibitor
ipilimumab and to calculate drug dosage (Chu et al., 2020).

5.1. Immunotherapy and its relevance to cachexia and sarcopenia

The possibility to use CAR-T cells or immune checkpoint inhibitors,
alone or combined with chemotherapy, started a new era in the clinical
management of cancer patients, leading to long term remissions or in
some cases to tumor eradication. As reported above, however, such
beneficial effects could be achieved only in a portion of patients, due to
high toxicity, anaphylaxis or resistance (Sharma et al., 2017). In this
regard, both patient age and the occurrence of cachexia could be factors
impinging on the possibility to take advantage of immunomodulation.
Different studies performed on patients with advanced lung cancer have
shown that cachexia works as a predictive factor for the clinical response
to the treatment with immune checkpoint inhibitors (Madeddu et al.,
2023) (Makrakis et al., 2023). As for aging, two randomized clinical
trials have reported that older patients respond worse than younger ones
to anticancer immunotherapy (Kelly et al., 2021) (André et al., 2020),
although opposite observations have been reported as well (Ontiveros
et al., 2023). Just as an example, immune checkpoints such as PD-1,
PDL1/2, CD80, Tim3 and Lag3 are more expressed in immune cells of
aged than young people. The other way around, aging results in reduced
CD28 expression on T cells, suggesting a lower propensity to activation
in comparison to T lymphocytes in the young (Ontiveros et al., 2023). An
important issue is that systemic inflammation and metabolic de-
rangements featuring both aging and cachexia could result not just in
reduced treatment tolerance, but also in enhanced immunosuppression
and drug resistance (Flint et al., 2017). Along this line, immunomodu-
lating strategies should be designed to achieve the best anticancer ac-
tivity as possible, also taking into account the age-specific inhibition of
the immune response such as immune checkpoint overexpression and T
cell exhaustion.

Many humoral factors, including cytokines and chemokines, pro-
duced by cancer cells and/or by the host cells in response to the tumor
have been shown to contribute to cachexia. Some of these factors,
however, also negatively interfere with the immune response against the
tumor. As an example, TNFa, well known for its ability to stimulate both
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Fig. 3. Inmunomodulation in the treatment of cancer, cachexia and sarcopenia

Initially developed to stimulate the immune response against cancer, several lines of investigations support the possibility that at least some of the immunomo-
dulating strategies available could be effective to manage cachexia and/or sarcopenia. The interest in extending the use of immunotherapy to non-conventional
targets is further enhanced when taking into account the possibility of a combined action with new tools such as small molecule inhibitors and nanotechnol-
ogies. ICIs: immune check-point inhibitors; CAR-T: chimeric antigen T cell receptor; HCW9218: example of immunotherapeutic drug; anti-GDF15, anti-TNFa, anti-

TWEAK: antibodies against cytokines.

protein and lipid catabolism in the tissues of cancer hosts, also results in
reduced T cell response against the tumor, decreasing both the number
and function of infiltrated cytotoxic T lymphocytes (Bertrand et al.,
2017). Consistently, administering tumor-bearing animals with anti--
TNFa antibodies improves cachexia (Costelli et al., 1993) and restores
the sensitivity to immunotherapy directed against PD1 (Bertrand et al.,
2017). The combination of immune check-point inhibitors with anti--
TNFa antibodies is currently being tested in advanced melanoma pa-
tients (NCT03293784). Another mediator endowed with a dual role as
inducer of cachexia and inhibitor of the immune response is TWEAK. It is
a member of the TNFa superfamily, shown to contribute to skeletal
muscle wasting by activating the signaling pathway dependent on the
engagement of its receptor Fnl4 (Johnston et al., 2015). On the other
side, TWEAK inhibits the activation of the transcription factor STATI,
compromizing the release of interferon y and IL-12, two cytokines
involved in the anti-tumor response (Maecker et al., 2005). Inhibition of

TWEAK-dependent signaling in cancer hosts results in improved im-
mune response and reduced tumor burden (Ye et al., 2017). Both TNFa
and TWEAK have been shown to be associated with sarcopenia of aging
as well (Li et al., 2019). Of interest, aged mice exposed to Etanercept, a
specific anti-TNFa biological drug, have shown improved muscle mass
and function, together with increased lifespan (Sciorati et al., 2020).
Along the same line, very recently high circulating levels of GDF-15, a
factor known for its ability to induce anorexia and to contribute to
cachexia (Siddiqui et al., 2022), have been reported to correlate with
reduced effectiveness of PD-1 inhibitors in both experimental and
human melanoma (Haake et al., 2023). GDF-15 has been proposed to act
itself as an immune checkpoint, suggesting an additional target for
immunotherapy (Wischhusen et al., 2020). Interestingly, high GDF-15
plasma levels have been associated with body weight loss and reduced
score at the short physical performance battery test in elderly people
(Raffin et al., 2023) (Fielding et al., 2023), suggesting that this is an



F. Penna et al.

immunosuppressive mechanism that could be targeted to improve the
management of cancer patients and sarcopenia of aging.

Recently, the immunotherapeutic drug HCW9218 has been shown to
enhance the NK-dependent clearance of senescent cells induced by
chemotherapy administration to tumor-bearing animals (Liu et al.,
2021) (Chaturvedi et al., 2022), suggesting that aging-associated sen-
ecence could be addressed by approaches aimed at stimulating the im-
mune system. Consistently, the same authors have shown that
HCW9218 administered to 76 weeks old mice results in improved pro-
liferation and metabolic functions of NK cells and cytotoxic T lympho-
cytes isolated from both spleen and liver. Such an effect is associated
with reduced expression of senescence-associated genes and SASP in
tissues such as liver and kidneys (Shrestha et al., 2023). Along this line,
few years ago senescent cell deletion in aged mice has been reported to
improve both cognitive impairment and sarcopenia (Kirkland and
Tchkonia, 2017). Exposure of aged animals to HCW9218 results in
improved physical performance, likely reflecting positive effects at both
the neuromuscular and locomotor levels (Shrestha et al., 2023). Of in-
terest, the drug used in these studies exerts its immunomodulatory ac-
tion impinging on both the TGFp and the IL15-dependent signaling
pathways. In this regard, previous observations have shown that IL15
supplementation to tumor-bearing rats is able to counteract
cancer-induced muscle wasting (Carbo et al., 2000), further supporting
the idea that impinging on the immune system could be beneficial in
both cachexia and aging.

The effectiveness of cell-based immunotherapy as well can be
affected by body composition. Indeed, recent observations have shown
that in patients affected by relapsed/refractory large B-cell lymphoma
treated with CD19 CAR-T, increased survival is negatively associated
with muscle wasting (Rejeski et al., 2023). Similarly, cachexia has been
reported to negatively impinge on the outcomes of CAR-T cell approach
in patients affected by non-Hodgkin B cell lymphoma (Roy et al., 2022).

Another relevant issue to take into consideration is that cell senes-
cence might significantly impinge on CAR-T efficiency from two
different points of view: while senescent T cells are mainly isolated from
elderly patients, such a feature becomes even worse when engineered
CAR-T lymphocytes are reinfused, due to the inflammaging occurring in
the host organism. Along this line, several strategies to achieve CAR-T
cell rejuvination are currently being investigated (Noll et al., 2023).
The other way around, cell-based immunotherapy could reveal useful to
get rid of excessive senescent cell accumulation, which contributes to
the onset and progression of several chronic diseases. Along this line,
CAR-T cells targeting senescence-associated antigens have been shown
to exert a senolytic activity. Indeed, senescent cells are characterized by
the expression of specific markers (senoantigens) such as the natural
killer group 2 member D ligands (NKG2DLs) and the urokinase-type
plasminogen activator receptor (uPAR), among many others. Quite
recent observations show that CAR-T cells directed against NKG2DLs
infused into mice effectively reduce the number of senescent cells,
irrespective of the causative stimuli. Such an effect has been associated
with improved aging-associated comorbidities and physical perfor-
mance, likely impinging on both muscle mass and function (Yang et al.,
2023). Similarly, CAR-T cells targeting uPAR-positive senescent cells
induced in mice by unhealthy diet or by treatment with CCly improve
liver fibrosis (Amor et al., 2020). Along this line, since senolytic agents
have been reported to positively impinge on mice lifespan as well as on
muscle function, the possibility that senoantigen-specific CAR-T cells
could share the same properties should not be disregarded (Baker et al.,
2023).

6. Conclusions

Cancer- and age-associated loss of muscle mass result in increased
risk of hospitalization and nursing home placement, increased home
healthcare and health care expenditure. The pathogenesis of cancer
cachexia and aging-associated sarcopenia is very complex and partially
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overlapping. Although several common and specific underlying mech-
anisms have been partially unraveled, the whole scenario still needs to
be elucidated in order to define suitable therapeutic strategies. In the
last decade a lot of interest has been paid to the causative role played by
alterations of the immune response, frequently coupled to metabolic
dysfunctions. The other way around, the altered body composition
occurring in cachexia and aging has been reported to impinge on the
response to anticancer treatments, including those acting to stimulate
the anti-tumor immune response. On the whole, several lines of evidence
are now pointing at the possibility to use immunomodulating strategies
developed for cancer treatment to manage both cancer- and aging-
associated body wasting, trying to impinge on the muscle-immune sys-
tem including in this axis, when present, also the tumor. Along this line,
immunomodulating tools could be included in the multimodal thera-
peutic approach required for the treatment of both cachexia and sar-
copenia, in view of their multifactorial etiopathogenesis. Additional
interest to such an approach arises from the possibility to further
enhance the effectiveness of immunotherapy by coupling with novel
tools such as nanotechnologies and small molecule inhibitors (Fig. 3).
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