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Abstract: Cancer cachexia is a multifactorial syndrome characterized by progressive muscle wasting,
fat loss, and metabolic disruptions, commonly observed in cancer patients with advanced disease. It
significantly impairs quality of life (QoL), reduces survival rates, and complicates treatment. The
pathophysiology of cancer cachexia involves complex host-tumor interactions that lead to decreased
appetite, metabolic shifts, and systemic inflammation. These alterations trigger muscle and fat
degradation, making cachexia a critical component of cancer progression, particularly in patients
with upper gastrointestinal, pancreatic, and lung cancers. Inflammatory markers, such as C-reactive
protein, are key indicators of cachexia, and systemic inflammation plays a crucial role in the
development of cachexia. Despite its severe impact, there are currently no standardized treatments
for cancer cachexia. Clinical trials on immunomodulatory approaches have evaluated the beneficial
potential of treating cancer cachexia. Immunomodulation, particularly through targeting multiple
inflammatory cytokines, has shown benefit in mitigating cachexia-associated symptoms. Notably, the
use of a newly identified immunomodulator, R-ketorolac, in animal models has demonstrated
significant improvements in survival. Therefore, future research should focus on understanding the
relationship between immune dysfunction and cachexia and developing personalized
immunomodulation-based treatment strategies. Immunomodulators that repair destructive immune
dysfunction hold promise for reversing cachexia symptoms, overall cancer treatment efficacy, patient
survival, and QoL.

Keywords: Cachexia; cancer; immunomodulation; inflammation; anorexia; metabolism

Introduction

Cachexia, characterized by a decrease in fat and muscle mass, along with weight loss, is
commonly observed in patients with advanced cancer and may be a primary indicator of underlying
malignancy. Multiple pathophysiological occurrences, such as reduced food intake, decreased
physical activity, systemic inflammation, and activation of catabolism, seem to occur simultaneously,
along with weight loss (Figure 1). Therefore, the pathophysiology of cachexia has been described as
a host-tumor interaction, which is a result of immune dysfunction that causes the brain to reduce
appetite, redirect metabolism, affect gastrointestinal function, and induce fatigue [1,2]. As per the
European Society for Medical Oncology (ESMO) Clinical Practice Guidelines, cachexia is defined as
a subtype of malnutrition that is disease-related, identified using malnutrition screening, and has at
least one phenotypical criteria such as loss of or low body mass [A1, weight loss >5% in six months;
A2, body mass index (BMI) <20 kg/m?; A3, low muscle mass] and systemic inflammation [1].

Cancer cachexia develops in approximately up to 80% of patients with advanced cancer, and the
subsequent 1-year mortality rate ranges from 20 to 60% [3]. Cachexia is most prevalent and severe in
upper gastrointestinal tract cancers, with pancreatic and liver cancer-associated cachexia occurring
in almost 70 to 85% of the patients. Further, more than 50% of the patients with head and neck cancer,
gastroesophageal cancer, or non-small cell lung cancer (NSCLC) suffer from cachexia and is to a lesser
extent in patients with breast (25%) and prostate cancer (15%). As the disease progresses, the severity
of the weight loss is believed to increase as well [3].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Factors affecting Cachexia; CKD, Chronic kidney disease; HF, Heart failure.

Patients with cancer usually report loss of appetite, anorexia, nausea, and vomiting due to
chemotherapy. Further, the lactic acid produced by tumors or inflammatory cytokines activated due
to host-tumor interactions may also result in decreased appetite, all causing weight loss and
manifesting into metabolic changes [3]. Cachexia is generally a combination of various factors, such
as inflammatory disturbances, hyperlipidemia, hyperglycemia, and loss of fat and muscle [4]. Cancer
cachexia is associated with muscle wasting, caused by an increased protein-degradation rate and
reduced protein synthesis [3].

Moreover, patients with cancer cachexia also experience metabolic and histopathological
alterations in the adipose tissue, resulting in wasting and causing muscle loss. White adipose tissue
(WAT) undergoes browning, causing systemic and local catabolic state, eventually leading to
lipolysis and adipokine secretion. This also ultimately causes energy expenditure and imbalance [5].
In patients with advanced cancer, low muscle mass serves as an independent predictor of immobility
and mortality [6]. Another critical component of cachexia is systemic inflammation, often indicated
by serum C-reactive protein (CRP) [6]. This inflammation also affects the catabolic processes, causing
anorexia and decreasing nutrient intake, resulting in loss of skeletal muscle and adipose tissue [4].
Loss of skeletal muscle mass in cancer patients, in turn, causes increased fatigue and poor quality of
life (QoL) [4].

Cachexia syndrome comprises three stages based on its severity, namely pre-cachexia, cachexia,
and refractory cachexia. While patients experiencing simple weight loss (<5%) along with clinical
symptoms such as anorexia and glucose intolerance are considered to be pre-cachexia [3], the
cachexia stage is indicated by the presence of one or more symptoms such as weight loss >5% over
last six months, weight loss >2% plus BMI <20 kg/m? [7]. Further, the refractory cachexia stage is
defined as weight loss >15% over the last 6 months and BMI <23 kg/m? or weight loss >20% in the
past 6 months plus BMI <27 kg/m? [7]. Further, the refractory stage is usually considered terminal
and often associated with limited self-care or complete disability. At this stage, patients are unlikely
to benefit from weight management treatments, and medical efforts focus mainly on addressing
complications related to cachexia, underscoring the importance of early detection [3].

The assessment of cancer cachexia primarily focuses on nutritional status, body
weight/composition, QoL, and associated biomarkers. Since inadequate intake is a common issue, it
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is essential to screen for malnutrition in patients with advanced cancer [8]. Various molecules are
associated with cachexia, such as cytokines, neurotransmitters, tumor-derived factors, and
neuropeptides [4]. Biomarkers of cancer cachexia, such as albumin, CRP, and various inflammatory
cytokines, are key research areas. Tumor-produced lipid and protein mobilization factors activate
inflammation, which disrupts protein metabolism and leads to the breakdown of proteins,
carbohydrates, and lipids. The clinical impact of cancer cachexia is thus seen in the endocrine and
metabolic functions, heart, gastrointestinal tract, muscle mass, bone, and brain [8]. The increased
levels of pro-inflammatory cytokines thus result in tissue degradation and muscle wasting in cancer
cachexia, also causing an imbalance in immune response. Therefore, immunomodulation strategies
in cancer cachexia may be beneficial in modulating the immune response and reducing inflammation,
thereby mitigating the cachexia-associated symptoms [9].

Scoring systems like the modified Glasgow Prognostic Score (mGPS), cancer staging score (CSS),
and cancer cachexia scoring system (CASCO) help assess cachexia stages and predict patient survival,
though biomarkers can be influenced by factors such as sex, age, and underlying diseases [8].
Although inflammation-driven immunoregulation plays a crucial role in cachexia, the
immunological factors involved in its progression are still not well understood [2]. Additionally,
despite the effect of cachexia on the QoL and life span of cancer patients, there are currently no
targeted or standardized treatment options [3]. To improve muscle mass, enhance overall health, and
boost tolerance to antitumor therapies, cancer cachexia treatment must follow a comprehensive,
personalized, structured, and ongoing approach [8].

Therefore, this review aims to explore the multifactorial nature of cancer cachexia by examining
its development, manifestations, influencing factors (such as age, gender, comorbidities, and cancer
stage and type), and the potential of immunomodulation in treating it.

Exploring Cachexia—Inflammation, Inmunomodulation, and Metabolism

Cancer cachexia, generally observed in patients with late-stage cancer, is a result of cancer-
associated immune dysfunction and inflammation, resulting in a cytokine storm that can also cause
multiple organ failure. It typically manifests as loss of appetite, weakness, fatigue, and anemia,
causing poor QoL, unresponsiveness to treatment, and early mortality [2]. The pathophysiology of
cancer cachexia comprises three important mechanisms, namely, metabolic dysregulation, negative
energy balance, and neurohormonal imbalances [4]. Inflammation plays a crucial part in the
development of cachexia and is usually associated with a negative nitrogen balance, weight loss, and
increased consumption of energy [4]. Further, cancer disrupts immune system function, and immune
tolerance failure leads to autoimmunity. In advanced malignancy, overproduction of cytokines and
autoantibodies contributes to muscle wasting, particularly through IL-1§3, IL-6, and TNF-a, which are
linked to cancer cachexia [10]. Overall, the immune reaction observed in cachexia comprises various
components, such as inflammatory factors, non-inflammatory factors (TGFf3, adipokine, myokine,
PTHrP), immunometabolic checkpoints (PDL1, Adenosine, B7-H3, VSIG4), immunometabolic
processes (carbon and protein metabolism), neuroimmune responses of central nervous system and
peripheral nervous system and gut-immune responses (intestinal barrier disruption, gut microbiota
and gut hormone) [11].

Inflammatory mediators are expressed by immune and non-immune cells when activated by
damage-associated or pathogen-associated molecular patterns [10]. Cytokines trigger JAK-STAT
(Janus kinase/ signal transducer and activator of transcription), NF-«kB, and other pathways, leading
to catabolic processes in muscles and adipose tissue, including mitochondrial dysfunction, reactive
oxygen species production, and inflammation through pathways like JNK (Jun N-terminal kinase),
NLRP3 (nucleotide-binding domain, leucine-rich—containing family, pyrin domain-containing-3),
PI3K (phosphatidylinositol-3 kinase), MAPK (mitogen-activated protein kinase), and NF-kB.
Elevated inflammatory cytokines (IFN-q, IL-8) and growth factors are observed in colorectal cancer,
along with increased actin and collagen deposits. Further, growth differentiation factor 15 (GDF15),
found in malignant tumors, is also linked to cachexia-related weight loss [10]. Moreover, a meta-
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analysis reported cancer cachexia reduces the efficacy of immune checkpoint inhibitors. The
metabolic alterations associated with cachexia can impair the ability of patients to mount an effective
anti-tumor immune response [12]. Conversely, some individuals may be less prone to developing
cachexia, such as those with a loss of function mutation in the P-selectin (SELP) gene, which reduces
the chances of cachexia.

Studies in rodent models also demonstrate that cachexia can be significantly reduced, even in
advanced malignancies, without affecting tumor progression [13]. Moreover, innate immune cells,
including macrophages, myeloid-derived suppressor cells (MDSCs), and adaptive immune cells like
T cells, contribute to cancer cachexia. In pancreatic cancer models, M2 macrophage infiltration
promotes muscle degradation via STAT3 signaling. Conversely, depleting M2 macrophages reduces
inflammation and muscle atrophy, highlighting their damaging role in cancer cachexia [5].
Conversely, T cell infiltration offers protection against cachexia, with CD4+ Treg cells protecting
muscle fibers from atrophy. Further, CD8+ T cells are linked to reduced activity in pathways that
regulate muscle mass maintenance, including ubiquitin-proteasome, catabolic signaling, apoptosis,
and autophagy. Therefore, immune cells can either cause or protect against cachexia, and the
development of cancer cachexia depends on the immune system, thus highlighting the need for
studying the interactions between cytokines, immune cells, and pro-cachectic factors [5].

As per a study by Vanhoutte et al., patients with cachexia demonstrate a short overall survival
(OS) rate, and the prediction for worse survival depends on variables such as gender, primary tumor
location, and occurrence of metastatic disease [14]. Immunomodulation plays a crucial role in
managing cancer cachexia by regulating the immune system's response to both cancer and cachexia
itself. Strategies such as immune checkpoint inhibitors, cancer vaccines, and cell-based therapies can
alter immune pathways, potentially influencing inflammation and muscle wasting associated with
cachexia [9]. Tumor cells have increased programmed cell death 1 (PD-1) and programmed death-
ligand 1 (PD-L1) expression, which are correlated to enhanced OS and progression-free survival (PFS)
in patients with cancer. In a study by Miyawaki et al., cancer cachexia was seen to reduce the impact
of PD-L1 expression in patients with advanced NSCLC, thus demonstrating a desensitizing effect on
PD-1 or PD-L1 inhibitors. Therefore, combining anti-cachectic treatments with PD-1 or PD-L1
inhibitors may reduce the desensitizing impact of cancer cachexia and improve the effectiveness of
these inhibitors [15]. Further, the understanding of the underlying mechanisms for both innate and
adaptive immune response facilitates the use of these molecules as immunomodulators [9].

Additionally, therapies like chimeric antigen receptor (CAR) T-cell therapy and dendritic cell-
based vaccines can help restore immune function and target tumor cells more effectively. However,
immunomodulation must be carefully managed, as it can also exacerbate cachexia or impact
treatment outcomes, necessitating personalized approaches for cancer patients with cachexia to
improve therapy effectiveness and minimize side effects [9]. Additionally, some factors influence
cachexia prevalence, such as cancer stage, sex, age, genetic risk, comorbidities, and treatment-related
catabolic effects. Further, genotypic differences also contribute to cachexia susceptibility, but more
research is needed in this area [13].

Age

Age significantly impacts the development of cachexia, particularly through changes in muscle
and adipose tissue, heightened inflammation, and immune system dysregulation. Aging is associated
with the loss of muscle mass and function, also called sarcopenia [16], which shares similarities with
cancer-related cachexia and is characterized by overactive protein breakdown, decreased protein
synthesis, and chronic low-grade inflammation. Aging also leads to immunosenescence, a state of
immune dysfunction marked by a high number of senescent T cells, reduced natural immunity, and
increased pro-inflammatory cytokines like IL-6 and TNFa. These inflammatory markers contribute
to muscle wasting by disrupting muscle regeneration and promoting a catabolic environment.
Moreover, the secretion of IL-15 and IL-7, which normally help regulate immune responses, declines
with age, impairing the immune system’s ability to counteract muscle loss. The accumulation of
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senescent cells and their secretory phenotype further exacerbates muscle deterioration by influencing
myofiber morphology and function. Inmunomodulation, particularly targeting senescent cells with
senolytic therapies, has shown potential in mitigating age-related muscle decline and improving
muscle mass and function [9]. As per a study conducted on mice, age played a role in aggravating
weight loss and affected the development and progression of cachexia. Further, the patients” cohort
(n=14) in this study also demonstrated a significant association between weight loss and the
circulating cytokines, which were lost among the older patients, demonstrating cachexia biomarkers
may also provide varying prognostic values depending on the age [17].

Gender

Gender plays a significant role in the progression and severity of cancer cachexia, with notable
differences observed between males and females. Males are more likely to experience muscle
depletion (sarcopenia) and greater reductions in muscle mass and strength compared to females with
cancer cachexia. A study of 441 cancer patients reported that 61% of men exhibited muscle depletion,
while only 31% of women had muscle depletion [13,18]. In addition, male cancer patients tend to
have more pronounced reductions in muscle mass, strength, and power, especially in the lower limbs,
which correlate with poorer quality of life. Conversely, these muscle-related declines are less
pronounced in females. Additionally, inflammation also affects males and females differently. In a
study, male mice with cancer cachexia exhibited higher levels of serum proinflammatory cytokines,
such as IL-6, which are associated with muscle wasting, whereas females exhibited a different
response to these cytokines, with higher IL-6 levels not necessarily leading to accelerated cachexia
progression, suggesting a gender-specific difference in immune response [18,19]. These gender-based
differences in muscle loss, inflammatory response, and overall cachexia progression indicate that
gender should be considered when evaluating cachexia and developing targeted treatment strategies
[18].

Additionally, the gender differences in cancer cachexia are also reflected in the muscle fiber
composition and their response to muscle wasting. In both mice and humans, skeletal muscle fibers
are classified into distinct types based on contraction speed, fatigue resistance, and metabolic
properties: slow oxidative (type 1) and fast-twitch (type 2A, 2X, and 2B) fibers. Generally, men have
a higher proportion of type 2 fibers, which are less resistant to fatigue, compared to women, who
tend to have a greater proportion of type 1 fibers, which are more fatigue-resistant. This difference in
muscle fiber composition may influence the susceptibility to cancer-induced muscle wasting [18,20].

In male mice with Colon-26 (C-26) tumors, type 2 fibers were more prone to cancer-induced
muscle loss, while in female mice, type 1 fiber exhibited greater atrophy, accompanied by an increase
in fast-twitch type 2B fibers. These divergent responses to muscle wasting suggest that the impact of
cancer cachexia may vary between the sexes, potentially due to differences in fiber type composition.
However, studies in human patients, such as those with upper gastrointestinal or pancreatic cancer,
did not show selective fiber atrophy by type, indicating that the phenomenon may be more complex
or species-specific [18,21].

Further, in patients >60 years old, cancer cachexia is more frequent in males (40-60%) as
compared to females (40-50%). Various internal (hormonal levels and molecular differences) and
external (delayed diagnosis, diet, smoking, alcohol consumption, lifestyle) factors may be responsible
for variations between genders [4]. Another gender-specific analysis revealed increased IL-6 levels in
both genders, with increased platelets in males and elevated free fatty acids in females. In female
cancer cachexia patients, plasma IL-6 and free fatty acids concentrations were positively correlated.
These pro-inflammatory cytokines (such as IL-6) are vital for immunomodulation in cachexia,
altering the immune responses and causing inflammation [9]. Significant differences were found
between gastric and colorectal cancer patients with cachexia: gastric cancer patients had elevated IL-
6, while colorectal cancer patients showed higher levels of IL-6, TNF-a, platelets, white blood cell
count, free fatty acids, and ApoA. The study thus emphasized the need for gender-specific analysis
in cancer cachexia and further research on the mechanisms behind abnormal fat metabolism [2].
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Co-Morbidities

Cachexia can occur due to various underlying diseases, such as cancer, heart failure, chronic
obstructive pulmonary disorder (COPD), chronic inflammation, anorexia, insulin resistance, renal
failure, and anemia [22]. Cancer cachexia is also associated with various organs, such as the gut,
skeletal muscle, heart, and brain [5]. A paraneoplastic syndrome such as pancreatic cancer-associated
diabetes mellitus (PCDM) may also be a comorbidity observed before cachexia [23]. According to a
retrospective study, comorbidities were observed in 50% of the patients with cancer cachexia, the
most common being COPD (23%), followed by high blood pressure (12%), coronary insufficiency
(8%), diabetes (4%) and respiratory failure (3%) [24]. Therefore, cachexia arises not in isolation but
within a complex context of comorbid conditions, responses to cancer treatment, toxicity, pain and
other symptoms [13].

Cancer Type

Recent studies have shown that the prevalence and severity of cancer cachexia vary depending
on the type and stage of cancer [16]. Certain types of cancers, such as pancreatic, lung, ovarian, liver,
oesophageal, and brain tumors, pose a challenge for early detection as they do not exhibit noticeable
symptoms in their initial stages and are not easily detectable through routine screening [25]. Hence,
the risk of cachexia at later stages also increases. Patients with cancer cachexia experience
inflammation resulting from increased cytokine levels (such as TNFs and ILs) [3,10]. The production
and secretion of such mediators may vary based on the tumor type, along with the magnitude of the
systemic inflammatory response, regulation of cytokines, and the risk of developing cachexia [16].
Some of these tumor-derived mediators include glucocorticoids, which increase skeletal muscle
protein catabolism and decrease protein synthesis, thus resulting in muscle atrophy. Further, TNF-a
is a key pro-inflammatory cytokine that promotes muscle and adipose wasting and contributes to
insulin resistance and systemic inflammation in cancer cachexia. Additionally, IL-6 levels are
elevated in cancer cachexia, affecting the immune response, metabolism, and muscle wasting. GDF15
is associated with anorexia and muscle wasting, with the circulating levels often correlated with
cancer cachexia severity. These pro-inflammatory cytokines are involved in various physiological
processes, such as inflammation and immune responses, and thus play a crucial role in
immunomodulation in cancer cachexia [9]. Finally, the parathyroid hormone-related peptide is
associated with hypercalcemia and bone resorption, indirectly promoting skeletal muscle wasting
[16].

Cancer Stage

Cachexia can occur at all stages of cancer; however, the prevalence is higher in the later stages
[3]. The occurrence and severity of cachexia are based on tumor type, location, and stage. Various
potential biomarkers, such as CRP, hemoglobin, interleukins, etc., are indicators of cachexia and can
differ depending on stage and inflammation [16,26]. Therefore, immunomodulation of these markers
may be beneficial in reducing the progression of cancer cachexia [10].

Therapy for Cancer Cachexia

Cancer cachexia is a complex condition characterized by anorexia, skeletal muscle wasting, and
metabolic changes, making it difficult to treat. Early diagnosis and intervention are crucial, as the
pathogenesis of cancer cachexia is not fully understood [5]. However, as per the literature, various
immunomodulatory mechanisms have been found to be involved in cachexia; therefore, targeted
immunomodulation could serve as a potential therapy to limit the progression of cancer-associated
cachexia [10]. Due to the lack of effective treatment for cancer cachexia, a comprehensive treatment
strategy combining pharmacological therapy with nutritional support, exercise, and psychosocial
interventions is believed to be necessary to address muscle atrophy associated with cancer [5].
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Multimodal treatment, comprising a combination of nutrition, exercise, psychological, oncological,
and palliative, should be utilized for the treatment of cachexia [1,27] before specific therapy for cancer
cachexia gets approved. Current clinical trials focus on exploring new treatment agents, with
promising results anticipated for the near future. Key therapies include exercise, which has been
shown to reduce muscle degradation, improve muscle function, and enhance insulin sensitivity.

Exercise is the only recommended behavioral treatment for cancer cachexia and is beneficial in
enhancing muscle strength and lean body mass while reducing inflammatory markers. Various types
of exercise, such as aerobic, resistance, and flexibility training, can help manage muscle atrophy
[5,22]. Combining exercise with nutrition therapy is particularly effective, with high-protein diets
being recommended to counteract the hypercatabolic state of cachexia. Further, appetite stimulants,
such as steroids and progestational agents, have been used to manage appetite loss, with medications
like megestrol acetate improving body weight, albeit with increased fat mass rather than lean muscle
[5]. As per the ESMO guidelines, corticosteroids, progestins, and olanzapine are recommended for
improving appetite in patients with advanced cancers [1]. Clinical trials also explore ghrelin agonists
(NCT00933361) like anamorelin, which have shown promising results in increasing appetite and
muscle mass [5]. As per the ROMANA 1 and ROMANA 2 trials, patients with NSCLC demonstrated
significant improvement in body weight on treatment with anamorelin [8].

Anti-inflammatory drugs targeting cytokines, including TNF-a, are a key focus in cancer
cachexia treatment. However, results have been mixed, with some therapies like thalidomide
showing promise in reducing weight loss, while others like pentoxifylline and infliximab have been
less effective [5,8]. Inhibiting myostatin and its analogue activin A offers another strategy to counter
muscle wasting, with agents like ActRIIB showing potential in preventing muscle loss and improving
lifespan in animal models. Other approaches, such as using testosterone or selective androgen
receptor modulators, have also shown promise in promoting muscle growth [5]. GDF15, which is
high in patients with cachexia, resulting in anorexia, is also a therapeutic target in cachexia treatment.
Anti-GDF15 humanized monoclonal antibodies such as ponsegromab, NGM120, and AV380 are
being investigated in various randomized trials (NCT05546476; NCT04068896; NCT04725474) [28].
Additionally, natural compounds, including resveratrol and curcumin, have demonstrated anti-
cancer and anti-wasting effects by regulating muscle protein synthesis and inflammation, offering
potential adjunct therapies for cancer cachexia [5].

Various studies in rat cachexia models also demonstrate the effectiveness of melanocortin-4
receptor (MC4R) for its anticachectic properties. The MC4R antagonist was observed to stimulate
food intake, reduce weight loss, and preserve fat mass in rat models [5,8]. Additionally, nonsteroidal
anti-inflammatory (NSAID) agents are also associated with improved outcomes in body weight or
QoL of patients [29]. In our study [10], the effects of R-ketorolac (RK), the inactive component of an
NSAID drug, were investigated on cancer cachexia and survival rates in tumor-bearing mice. Mice
inoculated with cancer cells showed significant muscle and fat loss, systemic inflammation, and
reduced quality of life. Upon induction of cachexia, RK treatment improved survival rates, with 100%
survival in RK-treated mice compared to just 10% in untreated mice. RK also reduced body weight
loss, muscle and fat wasting, and systemic levels of the pro-inflammatory cytokine IL-6. The
treatment also protected against T-lymphopenia, with beneficial effects observed only in mice with
functional T-cells. These positive outcomes were independent of COX inhibition, distinguishing it
from other NSAIDs and making it a promising therapeutic candidate for managing cancer cachexia
[10]. Recently, a "proof of concept" trial for R-Ketorolac, KetoROCX (NCT05336266), has been
completed, showing efficacy in reversing cancer cachexia symptoms in patients with advanced
pancreatic ductal adenocarcinoma [2,30] Therefore, immunomodulatory strategies should be
emphasized to maximize anti-cachexia and anticancer activity, taking into consideration age-related
factors that may affect the immune response, such as immune checkpoint overexpression and T-cell
exhaustion [9].
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Conclusion and Future Directions

Cancer cachexia remains a multifaceted and challenging condition that significantly impacts
patients' QoL, survival rates, and response to treatment. It arises from a complex interplay of
metabolic dysregulation, inflammation, immune dysfunction, and systemic factors influenced by the
type and stage of cancer, age, gender, and comorbidities. Current therapies targeting these
mechanisms, such as anti-inflammatory agents, exercise, and nutritional support, show promise but
often yield mixed results. The heterogeneity in cachexia progression among individuals thus
highlights the need for personalized treatment approaches, with a focus on improving muscle mass,
reducing inflammation, and most importantly addressing the underlying immune dysfunction.

Future research should, therefore, focus on identifying novel biomarkers to predict cachexia
onset and progression, especially considering the variability of responses based on genetic,
environmental, and treatment-related factors. The complex relationship between immune responses
and cachexia remains largely unexplored. Future research on cachexia should combine immunology
with insights from evolutionary medicine and systems biology. Advances in immunomodulation,
including small molecule immunomodulators and novel cytokine inhibitors, offer the potential for
mitigating the effect of cachexia, thereby improving patient outcomes. As demonstrated in our
research [10], RK-induced immunomodulation has the potential to reverse cancer cachexia and
increase survival rate. Therefore, future research to explore extensively the potential of
immunomodulation strategies for treating cancer cachexia is warranted. Additionally,
understanding the gender- and age-specific differences in cachexia will be crucial for developing
more effective and tailored interventions. Moreover, clinical studies involving both animal models
and human trials are crucial for further validation of the diagnoses, assessments, and treatment
options. Focused research on the intricate relationships between immune cells, inflammation, and
metabolic processes will significantly increase our understanding of the role of immunomodulation
in tissue metabolism during cachexia.
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