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Abstract: Cancer cachexia syndrome (CCS) is a multifactorial metabolic syndrome affecting a sig-
nificant proportion of patients. CCS is characterized by progressive weight loss, alterations of body
composition and a systemic inflammatory status, which exerts a major impact on the host’s innate
and adaptive immunity. Over the last few years, the development of immune checkpoint inhibitors
(ICIs) transformed the treatment landscape for a wide spectrum of malignancies, creating an un-
precedented opportunity for long term remissions in a significant subset of patients. Early clinical
data indicate that CCS adversely impairs treatment outcomes of patients receiving ICIs. We herein
reviewed existing evidence on the potential links between the mechanisms that promote the catabolic
state in CCS and those that impair the antitumor immune response. We show that the biological
mediators and processes leading to the development of CCS may also participate in the modulation
and the sustainment of an immune suppressive tumor microenvironment and impaired anti-tumor
immunity. Moreover, we demonstrate that the deregulation of the host’s metabolic homeostasis in
cancer cachexia is associated with resistance to ICIs. Further research on the interrelation between
cancer cachexia and anti-tumor immunity is required for the effective management of resistance to
immunotherapy in this specific but large subgroup of ICI treated individuals.

Keywords: immunotherapy; cancer cachexia; resistance to immunotherapy; PD-1; antitumor immunity;
tumor microenvironment; cytokines; cachexia pathogenesis; immune checkpoint inhibitors

1. Background

Cachexia has been recognized as a distinct syndrome associated with weight, muscle,
and adipose tissue loss and a negative shift in the homeostatic equilibrium between energy
and protein balance, which cannot be reversed by the provision of adequate nutrients [1].
The cachexia syndrome may accompany malignant as well as non-malignant diseases,
such as heart failure, chronic obstructive pulmonary disorder and AIDS. Cancer cachexia
syndrome (CCS) has a high prevalence, occurring in up to 80% of end-stage cancer patients,
and it has been associated with increased complications after surgical interventions, reduced
responsiveness and increased toxicity to chemotherapy, and overall adverse outcomes [2].
Moreover, it is further related to a progressive deterioration of performance status and a
poor quality of life, and it directly accounts for approximately 20% of cancer deaths [1].

CCS is characterized by a complex underlying pathophysiology elicited by numerous
soluble mediators, produced either directly by tumor cells or by their interaction with cells
of the tumor microenvironment (TME) and the host’s immune system. These mediators
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are responsible for the development of a systemic inflammatory response, activation of
unprofitable biochemical cycles, and disruption of physiological endocrine and metabolic
processes [3]. Cachexia is not an inevitable consequence of cancer, and it seems to depend
on the activation and the perpetual sustainment of an underlying inflammatory response
leading to the disrupted homeostasis of the mechanisms that calibrate metabolic path-
ways [1,3]. In addition, the underlying systemic inflammatory process observed in CCS
has an impact on the innate and the adaptive immune system function at a multilayer level
since patients with cancer cachexia suffer from increased susceptibility to infections [4].

Anti-cancer immunotherapy with immune checkpoint inhibitors (ICIs) or with so-
phisticated cell-based therapies like Chimeric Antigen Receptor (CAR)-T cells have rev-
olutionized daily clinical practice as they offer the opportunity for long term remissions
or even cure to a subset of patients. However, only a proportion of patients treated with
ICIs, either as a monotherapy or in combinations, will derive significant clinical benefit,
and despite intensive research efforts, the mechanisms of primary or secondary resistance
to immunotherapy have not as yet been completely elucidated [5]. The understanding of
key mechanisms regulating this response heterogeneity represents a highly unmet need
and a field of ongoing intensive research.

The underlying inflammatory process and the disruption of metabolic homeostatic
circuits that occur in individuals with CCS may result in the perturbation of anti-tumor
immune interactions. Furthermore, clinical evidence is being progressively gathered on the
adverse role of cancer cachexia and sarcopenia on the outcome of cancer patients treated
with ICIs [6-8]. Considering the high prevalence of CCS amongst cancer patients and the
widespread use of ICIs for cancer therapy, the question of the underlying mechanisms
exerting an immune suppressive effect on patients with CCS and the envision of novel
approaches to bypass these mechanisms represents a topic of high importance. We herein
present a review of the current knowledge to uncover potential links between the mecha-
nisms underlying the catabolic changes in CCS and those of impaired antitumor immunity.
As such, we summarized the available preclinical and clinical data highlighting the clinical
importance of further investigations on the molecular pathogenesis of CCS, which could
potentially help us decipher the mechanisms of immunotherapy resistance. Such research
focus could result in a better understanding of the current biomarkers for the prediction of
immunotherapy clinical outcomes as well as to the development of novel approaches for
the management of resistance to IClIs.

2. Common Mediators of Cachexia and the Cancer-Immunity Cycle

A long list of serum factors secreted by tumor or immune cells has been shown in exper-
imental models to have the potential to induce a cachexia phenotype [1,3]. Several of those,
such as members of the TNF-o superfamily, Interleukins (IL)-1, -13, -6, -8 and members of the
Transforming Growth Factor (TGF)—f superfamily, have been also recognized to affect
anti-cancer immunity. The complex interplay between the various cachexia mediators and
their effect on immune suppression and the modulation of TME is depicted in Figure 1.
The dual role of some of these particular mediators is presented below in detail.

2.1. Tumor Necrosis Factor Alpha (TNF-a)

TNF-o is an acute phase reactant mainly released by activated macrophages as well
as by a number of other immune cells that have been associated with the development
of cachexia in the setting of cancer and infectious diseases [9]. TNF-« exerts its catabolic
functions in a pleiotropic manner. It promotes muscle wasting by inhibiting myocyte
differentiation and stimulating muscle protein degradation via activation of the ubiquitin
E3 ligase pathway [10]. It can also cause adipose tissue atrophy through the suppression of
the synthesis of adipocyte differentiation transcription factors [11] and increased energy
wasting via the elevation of cardiolipin content in liver mitochondria [11]. Finally, TNF-
o also operates at the central nervous system (CNS) level and more specifically at the
hypothalamus where it can trigger sickness behavior [12]. In addition, through its effect on



Life 2022, 12, 880

30f22

the CNS, it can induce muscle protein degradation and lipolysis through the stimulation of
propiomelanocortin (POMC) and agouti-related protein (AGRP) receptors [12].
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Figure 1. The complexity of effects induced by a plethora of cachexia mediators leading to immune
suppression and alteration in muscle and adipose tissue composition. Abbreviations: ActRIIB: Type
IIB Activin receptor, CAF: Cancer associated fibroblast, CXCR1/2: C-X-C motif chemokine receptor
1-2, DC: Dendritic cell, EMT: Epithelial-to-mesenchymal transition, gp130: Glycoprotein 130, MDSC:
Myeloid derived suppressor cell, M1 and M2: M1 and M2 macrophage subtypes, N1 and N2: N1 and
N2 tumor infiltrating neutrophils subtypes, NK: Natural killer cell, NLP3: Nodule inception protein-
like protein 3, PPAR«: Peroxisome proliferator-activated receptor alpha, TGFfR1-3: Transforming
growth factor beta receptors 1-3, TIM3: T-cell immunoglobulin and mucin-domain containing-3,
TNFR1: Tumor necrosis factor receptor 1.

In mouse models, the administration of TNF-« has been shown to induce cachexia [13],
however TNF inhibition alone was not sufficient to reverse the cachexia phenotype, in-
dicating the complex underlying pathophysiology of the syndrome [14]. Clinical studies
addressing the association between serum TNF-« levels and CCS in cancer patients have
yielded conflicting results [15,16]. Furthermore, administration of anti-TNF-a monoclonal
antibodies in patients with pancreatic and lung cancers failed to demonstrate any benefit in
the palliation of cancer cachexia [17,18].

In addition to its catabolic functions, TNF-a-induced activation of TNFR1 has been
demonstrated to impair the accumulation of intra-tumoral CD8+ T cells and to up-regulate
the co-inhibitory immune checkpoint T-cell immunoglobulin and mucin-domain containing-
3 (TIM-3) [19]. In the same study, TNF- blockade overcame resistance to anti-PD-1 therapy
in melanoma mice models [19]. Clinical data have shown that the administration of anti
TNF-a monoclonal antibodies due to immune related adverse events in immunotherapy
treated melanoma patients did not compromise treatment outcomes [20].

It is possible that continuous immune stimulation by TNFE-« may lead to T cell exhaus-
tion, upregulation of secondary immune checkpoints, and treatment failure. A phase Ib
trial is currently evaluating the combination of ipilimumab and nivolumab along with the
anti-TNF-o antibodies certolizumab or infliximab in patients with advanced melanoma
(NCT03293784).
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2.2. TNF-Related Weak Inducer of Apoptosis (TWEAK)

TWEAK, a pro-cachexia cytokine belonging to the TNF superfamily, interacts through
the TNF receptor superfamily member 12A (TNFRSF12A; also known as fibroblast growth
factor-inducible 14 (Fn14) and TWEAKR). TWEAK has been recently recognized as a
multifunctional cytokine that induces skeletal and cardiac muscle atrophy by activating
the ubiquitin proteolytic system and the p50 subunit of the NF-«B signaling pathway,
respectively [21]. Tumor oriented Fn14 signaling in experimental mouse models resulted
in a clinical phenotype similar to CCS in which the administration of anti-TNFRSF12A
antibodies inhibited weight loss [22].

In parallel with its role as a cachexia mediator, TWEAK also functions as a negative
regulator of the transition from innate to adaptive Th1 immunity. More specifically, TWEAK
binding to Fn14 inhibits signal transducer and activator of transcription protein (STAT)-1
activation and suppresses interferon y (IFN-y) and IL-12 production [23]. TWEAK~/~ mice
demonstrated robust natural killer (NK) cells and Th1 T cells antitumor responses, and they
were able to reject B16 melanoma model tumors in contrast with their wild-type (wt) coun-
terparts [23]. In preclinical models, administration of monoclonal antibodies targeting the
TWEAK/Fn14 interaction led to tumor shrinkage and enhancement of the host antitumor
immune response by attracting immune cells, particularly CD45+ memory cells, within the
TME through Monocyte Chemoattractant Protein-1 (MCP-1) activation [24]. There have
been so far only two published phase I studies of agents targeting the TWEAK/Fn14 axis
in patients with advanced solid tumors yielding modest results [25,26]. A phase I study of
RO5458640, a TWEAK antagonist, in patients with advanced solid tumors has completed
accrual, and results are yet to be presented (NCT01383733).

Nevertheless, a combination of TWEAK/FN14 inhibition along with PD1/Programmed
death-ligand 1 (PD-L1) inhibition has not been tested so far, and it can pose an interesting
future strategy. Therefore, TWEAK axis targeting could be further explored both as an
antitumor as well as an anti-CCS strategy in patients with cancer.

2.3. IL-1a and IL-18

IL-1oc and IL-18, cytokines of the interleukin 1 family, have also been linked to the
development of cachexia and muscle mass depletion in the context of malignancy or
infectious diseases. They both exert their actions via binding to the type 1 IL-1 receptor
(IL-1R). They are produced mainly by activated macrophages, with other sources being
neutrophils and endothelial cells.

IL-1oc has multiple roles in the development of CCS. IL-1«x exerts its actions mainly
via the hypothalamus either directly by binding to POMC and AGRP neurons producing
proteolytic and/or lipolytic signals, or indirectly by increasing plasma concentration of
tryptophan, which then triggers overproduction of serotonin from hypothalamus causing
anorexia and early satiety [27]. However, blockade of IL-1R in mouse models was not suffi-
cient to reverse weight loss presumably for the same reasons that anti-TNF-oc monoclonal
antibodies also failed to reverse the cachexia phenotype [28].

Preclinical data concerning the effect of IL-1o on antitumor immunity have been con-
flicting so far. In tumor models of fibrosarcoma and lymphoma, IL-1x overexpression was
associated with tumor regression, mainly through the accumulation of intratumoral CD8+
cells [29,30]. On the contrary, other experimental data have reported a tumor promoting
effect for IL-1oc in pancreatic cancer by maintaining a pro-tumor inflammatory microenvi-
ronment through stimulation of cancer associated fibroblasts (CAFs) [31]. Recently, breast
tumor-derived IL-1x was reported to act on tumor-infiltrating myeloid cells inducing the
expression of thymic stromal lymphopoietin (TSLP), a factor that was crucial for tumor
survival and metastatic spreading [32]. The anti-IL-1& monoclonal antibody bermekimab
has been tested in a phase III clinical trial in patients with metastatic colorectal cancer
refractory to standard treatment with modest results [33]. Further research is needed to
clarify the underlying impact of IL-1cc on tumorigenesis and disease progression in order
to serve as a valid drug target either alone or in combination with other treatments.
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Serum IL-1p levels have also been correlated with CCS development and sarcopenia
in patients with advanced malignancies [34]. In conjunction with its role as a cachexia
mediator, IL-1$ impairs immune function in multiple ways including the stimulation
of myeloid-derived suppressor cells (MDSCs) [35] and the induction of IL-6 and IL-22
expression [36,37]. Tumors of IL-13 deficient mice demonstrated low levels of macrophages
and a relatively high percentage of CD11b+ dendritic cells (DCs), which in turn secreted
IL-12 and supported antitumor immunity through the activation of intratumoral CD8+
lymphocytes [38].

The CANTOS trial was a phase IlI trial designed to test the effect of canakinumab,
an anti-IL-1f3 monoclonal antibody, on the reduction of the risk of subsequent myocardial
infarction, non-fatal stroke, or cardiovascular death in patients with previous myocardial
infarction and no history of malignancy [39]. An additional analysis of the CANTOS trial
revealed that canakinumab reduced the risk of cancer mortality in the group that received
300 mg canakinumab (HR = 0.33, 95% CI: 0.18-0.59), and, importantly, it demonstrated
an even more pronounced effect in the reduction of mortality related with lung cancer
(HR = 0.23, 95% CI: 0.10-0.54) [40]. These results seem intriguing at first glance but they
should be interpreted with caution since they were derived from an exploratory analysis,
however, they indicate a potential role for IL-1f3 in tumorigenesis. IL-13 inhibition with
canakimumab is currently being investigated as an anti-tumor strategy in combination
with chemotherapy (NCT03626545) or pembrolizumab (NCT03631199) in the metastatic
setting or as adjuvant treatment (NCT03447769) in patients with non-small cell lung cancer.

24. IL-6

IL-6 is a pleiotropic cytokine produced from activated macrophages, and it has an
important role in the development of CCS. IL-6 plasma levels have been directly associated
with the pathogenesis of CCS and increased mortality in cancer patients [41]. ApcMin/+
mice, mice that bear a germline mutation in the adenomatous polyposis coli gene (APC),
have elevated serum levels of IL-6, and they develop muscle tissue loss and the cancer
cachexia phenotype, whereas, ApcM"/*/1L-6=/= mice do not. Exogenous administration of
IL-6 in ApcMin/+/1L-6=/= mjce led to the development of the cachexia phenotype, a finding
that delineates a possible central role of IL-6 in CCS pathogenesis [42]. IL-6 has been shown
in experimental models to induce CCS through various mechanisms such as increased
autophagy and upregulation of transcriptional factors that promote myofibrillar protein
breakdown [1].

Furthermore, in parallel with its catabolic and muscle wasting effects, IL-6 has a
pleiotropic role as a suppressor of antitumor immunity. IL-6 suppresses the dendritic cell
(DCs) function and antigen presentation through the inhibition of major histocompatibility
complex (MHC)-II and CD86/80 expression [43], directly impairs T cell function through
the inhibition of IFN-y/STAT1 Th1 differentiation [44], and polarizes CD4+T cells to an
IL-4 producing Th2 phenotype [45]. Moreover, IL-6 suppresses the formation of effective
CD4+ memory cells [46], induces the polarization of macrophages to an M2 phenotype [47],
and stimulates the intra-tumoral accumulation of MDSCs [48]. In two mouse models of
cachexia, tumor derived IL-6 led to the reprogramming of hepatic metabolism via suppres-
sion of peroxisome proliferator-activated receptor alpha (PPAR«) regulated ketogenesis
that subsequently induced increased endogenous glucocorticoid secretion, which in turn
impaired antitumor immunity and resistance to immunotherapy [49]. Dual blockade
of the PD-1/PD-L1 axis and IL-6 exerted synergistic effects in melanoma and colorectal
mouse models [50,51]. In clinical studies of patients with metastatic melanoma treated
with the anti-CTLA-4 monoclonal antibody ipilimumab, lower IL-6 serum levels have been
correlated with increased survival [52].

Targeting IL-6 seems to be an attractive approach to enhance tumor response to
immunotherapy. There are currently phase Ib-II clinical trials evaluating anti-IL-6 blockade
combined with ipilimumab and nivolumab in patients with unresectable or metastatic
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melanoma (NCT03999749) or with anti-Her2 antibodies in Her2 amplified breast cancer
(NCT03135171).

2.5. IL-8

IL-8, a member of the cys-X-cys cytokine family, is a chemokine produced mainly by
macrophages and monocytes exerting its function via binding to C-X-C motif chemokine re-
ceptor (CXCR) % [53]. Elevated serum levels of IL-8 in cancer patients have been associated
with the development of CCS and poor survival outcomes [54,55].

In conjunction with its capability to induce an inflammatory and catabolic status, IL-8
has been associated with suppressed antitumor immunity in a plethora of experimental
models. IL-8 expression by tumor cells ablates the antitumor immune response through
recruitment of N2 tumor associated neutrophils (TANs) [56] and MDSCs [48]. Jin et al. [57]
demonstrated that CAR T-cells targeting CXCR1/2 induced chemotaxis of effector T cells
within the tumor that lead to complete tumor regression and the development of immuno-
logical memory in mouse xenografts models of glioblastoma, ovarian cancer, and pancreatic
cancer. Increased serum levels of IL-8 have been correlated with secondary resistance to
immunotherapy and disease progression in patients with metastatic melanoma and NSCLC
receiving immunotherapy [58].

Based on these available experimental data, the IL-8/CXCR1/2 axis consists of a
promising target for the development of a robust antitumor immune response and the
enhancement of the activity of currently used immunotherapies. Reparixin, a CXCR1/2
inhibitor was tested in a phase I trial in combination with paclitaxel in patients with
triple negative breast cancer (NCT01861054) and a phase II trial is currently ongoing
(NCT02370238). A phase I trial of BMS-986253, an anti-IL-8 monoclonal antibody, has been
completed [59] and four phase II trials are currently investigating its activity in combination
with nivolumab in patients with advanced solid tumors in the metastatic or neoadjuvant
setting (NCT04050462, NCT03400332, NCT03689699, NCT04123379).

3. Transforming Growth Factor Beta (TGF-f3) Family

Members of the TGF-p family have been associated with the development of CCS.
Beyond their effects on muscle and adipose tissue composition these molecules also have
significant roles as immune modulators.

3.1. Activin

Activin A is a protein complex involved in a wide spectrum of physiologic processes
ranging from stimulation of follicle-stimulating hormone (FSH) biosynthesis to cell prolif-
eration, apoptosis, and wound healing [60]. In many catabolic disease states, circulating
Activin A levels rise as a paracrine/autocrine factor generated by activated macrophages or
certain types of cancer cells [60]. The interaction of Activin A with type Ii3 Activin receptor
(ActRIIB) results in muscle degradation and atrophy through subsequent activation of
ubiquitin ligases and upregulation of autophagosome formation, and it promotes muscle
wasting and cachexia in preclinical models [61]. Pharmacological blockade of the ActRIIB
pathway reversed cancer cachexia and muscle wasting, and it led to prolonged survival
in preclinical models [62]. In clinical studies, elevated serum levels of Activin A have
been associated with the development of CCS and reduced survival in pancreatic cancer
patients [63].

In parallel with its catabolic effects, Activin A has also been demonstrated to suppress
antitumor immunity through differentiation of CD4+ T cells into T regulatory cells (Tregs)
in vitro [64] and polarization of TAMs to an M2 phenotype [65]. Interestingly, Activin
A /actRIIB interaction blockade using follistatin improved the NK cell function and anti-
tumor immunity, and it slowed melanoma growth in orthotopic mouse models through
inhibition of the SMAD2/3 pathway [66]. Results for the activity and safety in human
patients of STM 34, an Activin A inhibitor, were recently published [67]. Therefore, the
Activin A/ActRIIB signaling pathway seems to be an attractive target both for the treat-



Life 2022, 12, 880

7 of 22

ment of cachexia as well as for the invigoration of an effective antitumor immune response,
however further clinical and translational research is needed in the field.

3.2. TGF-B

TGE-f has been correlated with the development of cachexia and fibrosis for more than
two decades [68]. In preclinical models, TGF-f3 release into circulation due to osteolysis
from bone metastasis in mouse models activates the SMAD3-NADPH oxidase 4 (NOX4)-
ryanodine receptor 1 (RyR1) pathway leading to muscle dysfunction and development of
cachexia [69]. In addition, elevated serum levels of TGF-{3 in patients with colorectal cancer
were correlated with the development of CCS [70].

TGF-$3 has a cardinal role as a negative regulator of the antitumor immune response
by inducing differentiation of CD4+ T cells to Tregs, acting as a chemoattractant for MDSCs
in the TME, inducing macrophage polarization to an M2 phenotype, promoting epithelial
to mesenchymal transition (EMT) and excluding effector CD8+ T cells from the tumor
parenchyma [71]. TGF-f3 blockade also showed promising activity in boosting host’s
antitumor immunity mainly via suppressing Treg function [72]. Combined blockade of
TGF- and PDL1 exerted a synergistic effect leading to increased numbers of intratumoral
effector T cells and robust antitumor response in mouse models [73].

Phase I and II clinical trials are currently under way evaluating the safety and effi-
cacy of anti TGF-31-2-3 agents either alone or in combination with ICIs (NCT03192345,
NCT02699515, NCT02517398, NCT03451773, NCT03315871, NCT03620201, NCT03579472,
NCT03524170, NCT04220775, and NCT03436563).

3.3. Growth Differentiation Factor 15 (GDF15)

GDF15 is another member of the TGF-f3 superfamily expressed in low levels in a wide
spectrum of tissues under physiologic conditions. The activation of mitogen-activated
protein kinase 11 (MAP3K11) by a GDF-15/GDNF family receptor alpha like (GFRAL)
interaction has been identified as the key trigger for weight loss in animal models of cancer-
related cachexia [74], and increased serum levels of GDF15 have been associated with the
development of CCS, anorexia, increased tumor load, and poor survival outcomes in cancer
patients [75].

In preclinical models, GDF-15 has been demonstrated as a potent suppressor of
antitumor immunity. GDF-15 inhibits dendritic cell maturation in the TME leading to
impaired T cell activation [76], whereas, downregulation of GDF-15 using short hairpin
RNA (shRNA) in a glioblastoma model resulted in increased T cell infiltration in the TME
and increased survival [77]. Similarly, depletion of GDF-15 in orthotopic pancreatic cancer
models restored immunosurveillance in the TME resulting in improved tumor control [78].
Blockade of a GDF15/GFRAL/RET interaction with the monoclonal antibody 3P10 resulted
in a reversal of cancer cachexia in mouse models [79]. GDF-15 represents a promising target
both for the reversal of cancer cachexia and for the enhancement of an antitumor response,
however, additional research is needed to further elucidate its potential either as a single
therapy or in combination with existing immunotherapies.

4. MDSCS, Cancer Associated Fibroblasts and CCS
4.1. Myeloid Derived Suppressor Cells (MDSCs)

MDSCs represent a heterogeneous group of cells of myeloid origin linked with the
suppression of antitumor immunity [80]. Increased numbers of MDSCs in the serum or in
the TME have been associated with the development of CCS in experimental models and
cancer patients [81,82]. MDSCs have been proposed to cause CCS via the induction and the
sustainment of an underlying inflammatory process that subsequently results in increased
energy expenditure and protein turnover [81,82].

MDSCs suppress the antitumor immune response at a multilayer level. They can
promote angiogenesis and induce the production of matrix metalloproteinases [80]. In
addition, they cause arginine depletion through increased Argl (Arginase) activity, and
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they produce reactive oxygen species (ROS) that subsequently result in T cell anergy
and death [80]. Finally, they stimulate intra-tumoral Treg recruitment and macrophage
polarization to an M2 phenotype [80]. Interestingly, in a mouse model with conditional
targeting of the Pdcd1 gene, specific PD-1 ablation in myeloid cells had a more pronounced
effect on boosting antitumor immunity and restricting tumor growth and progression
compared to specific PD1 ablation on T cells [83]. In the same report, a novel role for the
PD-1 pathway in determining lineage fate commitment of myeloid cells was demonstrated,
as specific PD-1 ablation on myeloid cells or treatment with anti-PD1/PDL1 antibody
suppressed further myeloid compartment expansion and sustainment [83]. Our hypothesis
is that in a subset of patients the administration of anti PD-1 antibody can potentially
lead to the differentiation of the MDSCs and subsequent suppression of the myeloid
compartment thus inhibiting the loophole of the sustained underlying inflammation that
drives cancer cachexia.

MDSCs targeting is challenging due to the diverse nature of human MDSCs, however
it represents one of the most promising approaches to enhance tumor responsiveness to
immunotherapy. Whether MDSC depletion can reverse the CCS phenotype or established
resistance to immunotherapy is a question that warrants further research.

4.2. Cancer Associated Fibroblasts (CAFs)

CAFs are cells of mesodermal origin that constitute part of the TME and they are
derived from mesenchymal progenitors or from preexistent fibroblast pools. The transfor-
mation of normal fibroblasts into activated CAFs is modulated by a plethora of paracrine
and systemic factors such as ROS and IL-6 [84]. The presence of CAFs has not as yet
been directly linked with CCS development, however, recent evidence showed that they
may be involved in muscle wasting. Fibroblast associated protein « (FAP«x) is the marker
used for the detection of fibroblasts in tumors and FAP« positive cells have been found
in skeletal tissue in mice. Depletion of FAP« cells resulted in a muscle wasting syndrome
in experimental mice model mimicking CCS [85]. In addition, CAFs secrete pro-cachexia
mediators such as IL-6, TGF-f3, and parathyroid hormone related protein (PTHrp). PTHrp
is the primary mediator linked with the process of browning of white adipose tissue [86].

CAFs contribute to the generation of an immune suppressing TME through polariza-
tion of macrophages to an M2 phenotype; intra-tumoral recruitment of N2 neutrophils;
secretion of pro-tumor cytokines TGF-f3, IL-6, and C-X-C motif chemokine 12 (CXCL12);
and exclusion of T cells from interacting with tumor cells via matrix remodeling [87].
Given their properties to regulate tumor and host metabolism, CAFs might be another
aspect of host metabolic dysregulation that occurs with CCS. Further research is needed to
better clarify the role of CAFs in CCS development and tumor progression since disrup-
tion of CAFs-tumor-immune system crosstalk could potentially be targeted to alter tumor
metabolism and to promote the antitumor immune response.

5. P-Selectin and Cachexia

Cancer patients who carry the C allele of the rs6136 SNP in the SELP gene, encoding for
the adhesion molecule P selectin, have a reduced risk of developing CCS [88]; the previously
described polymorphism is associated with reduced serum levels of P selectin [89]. Selectins
(E-, P-, and L-selectin) are a family of adhesion molecules that exert a central role in the
inflammatory response by orchestrating the recruitment of platelets and immune cells
in sites of inflammation [90]. P-selectin glycoprotein ligand-1 (PSGL-1) is expressed in
all leukocyte populations, and it is the best characterized ligand for all P-E-, and L-
Selectins [90].

Experimental models using (P-, L- and E-) selectin deficient mice have shown the im-
portance of selectins in promoting metastasis and recruiting CD11b+Ly6C+Ly6G+ MDSCs
in the TME [91]. In addition, PSGL-1 is an immune checkpoint regulator [92]. In a mouse
model of melanoma, PSGL-1 deficient mice (Selplg~/ ~) demonstrated an improved antitu-
mor immune response through downregulation of inhibitory checkpoints and increased
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intra-tumoral accumulation of effector CD44MCD8+ and CD4+ T cells compared to their
wt type counterparts [92]. Selplg™/~ mice also had higher frequencies of IFN-y and IL-2
producing T cells [92].

There are no data on the effect of a P Selectin/PSGL1 blockade in the reversal of the
CCS phenotype or on the effect of dual inhibition of PD1 or CTLA-4 and the selectin/PSGL1
axis on the antitumor immune response. Further research at a preclinical and a translational
level is required for the better understanding of the complex interactions between adhesion
molecules, antitumor immunity, and CCS. Nevertheless, the inhibition of the PSGL-1/P
selectin pathway seems an attractive target for immunotherapy, especially in patients with
preexisting CCS (Figure 2).

Endothelial cell

P-selectin

PSGL-1 P

§ CcDaani CD8+, CD4+ effector T cells

Intratumoral T cell

Endothelial cell

Anti-PD1/PDL-1

4 IFN-y,IL12 & TNF-a producing
multifunctional cells

Tcell | antibody
suppression :
& exhaustion P-selectin - | T-cell exhaustion & expression
of inhibitory checkpoints
PD1 l
’ ~ ’

nhibition P

Intratumoral
Cancer cell T cell

B

Cancer cell

Figure 2. (A) P-selectin-PSGL-1 interaction enables the infiltration of the MDSCs in the TME which
suppress the antitumor effects of T-cells. (B) Inhibition of P-selectin/PSGL-1 interaction can block
MDSC cell recruitment in the TME and increase the accumulation of intratumoral effector T cells, thus
potentiating the effect of anti-PD-1 treatment. Abbreviations: MDSC: Myeloid derived suppressor
cell, PSGL-1: P-selectin glycoprotein ligand 1.

6. CCS, Autophagy, and Immune Response

Autophagy is a multistep process aiming in the systematic degradation and recycling
of cellular components [93]. Autophagy has been linked to the development of the cachexia
phenotype and sustained muscle loss in cancer patients in experimental models and trans-
lational studies [94,95]. Additionally, tumor derived IL-6 has been implicated as a potential
inducer of autophagy in patients with lung and gastrointestinal cancers [96]. Beclin-1 and
microtubule-associated proteins 1A /1B light chain 3B II (LC3 B-II), two essential proteins
in the formation and function of autophagic machinery, are overexpressed in the skeletal
muscle of cancer patients [94]. Autophagy has a dual role in tumorigenesis and progres-
sion. Basal autophagy is considered an anti-tumor process, whereas abnormal autophagy
promotes the generation and the progression of tumors through abnormal processing and
a subsequent accumulation of dysfunctional products of cellular metabolism [97].

Moreover, autophagy represents an essential component of innate and adaptive im-
munity, especially in the process of antigen presentation and the cross linking of innate
and adaptive immune responses, and it exerts a dual role in the shaping of the antitumor
response. Autophagosomes engulf intracellular dysregulated proteins and deliver their
peptide products to MHC-II containing compartments for the presentation of antigens to
a specific CD4+ T cell subset [98]. The autophagic process has the potential to stimulate
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MHC-I cross-presentation to CD8+ T cells and to attenuate the cross-priming of CD8+ T
cells [99]. Finally, autophagy has an important role in the maintenance of the metabolic and
oxidative balance of T cells as defective autophagy can lead to impaired degradation of
mitochondrial components and a subsequent increased generation of ROS resulting in T
cell anergy [100].

On the other hand, autophagy is essential for the survival and immune suppressive
function of Tregs, as knockdown of Atg5 or Atg7, two genes essential for the formation
and function of autophagy protein complex, leads to Treg death [101]. Furthermore,
autophagy deficient Tregs lose expression of the transcription factor forkhead box P3
(FOXP3), especially after activation, and they upregulate metabolic mediators leading to a
defective immune suppressive function [101]. Autophagy is essential for the polarization of
macrophages to an M2 immune suppressive phenotype [102], and the autophagic process
induced by high mobility group box 1 (HMGB1) has been shown to be crucial for the
sustainment of MDSCs survival [103].

Despite the fact that autophagy seems to exert an important role in the development of
CCS and its dysregulation can be associated with suppression of antitumor immunity, more
data are needed to investigate whether the presence of an increased autophagy influx in
the skeletal muscle of cancer patients with CCS is associated with an increased autophagy
influx in the immune cells of the TME, leading to the accumulation of T-regs and M2
macrophages. If the latter is verified by experimental and translational data, dysregulated
autophagy may have a crucial role in primary and/or secondary resistance to checkpoint
inhibition and the enzymes of the autophagy machinery may be interesting drug targets
for overcoming immunotherapy resistance.

7. Cancer Cachexia and Response to Immunotherapy

Published reports have consistently highlighted the fact that lower BMI values, re-
duced adiposity, and increased catabolism are correlated with reduced efficacy in cancer
patients treated with immunotherapy. It should be noted here that these data are mostly
retrospective in nature, included patients treated with monotherapies, and used different
measures for the classification of the cachexia or sarcopenia status of patients [6,7,104-108].

To investigate the impact of CCS on immunotherapy efficacy, we conducted a prospec-
tive trial evaluating the effect of CCS in the therapeutic efficacy of ICIs in patients with
metastatic NSCLC [8]. The presence of cancer cachexia (defined as a 5% reduction in body
weight within the last 6 months since the initiation of immunotherapy or a > 2% reduc-
tion in body weight in patients having a baseline BMI < 20 kg/m? or a reduced muscle
mass index according to tomovision analysis) consisted an independent predictor of the
increased probability of progression as the best response to immunotherapy [OR = 8.11
(95% CI: 2.95-22.40, p < 0.001)] [8]. Furthermore, the presence of baseline cachexia consisted
an independent predictor in the multivariate analysis of inferior survival [HR = 2.52 (95%
CI: 1.40-2.55, p = 0.002)] [8]. A summary of the clinical studies examining the effect of body
composition and CCS on the outcome of cancer patients treated with immunotherapy is
presented in Table 1.

Despite their limitations, our study along with the other published data converge
toward the actuality that CCS can serve as a useful biomarker for the prediction of outcomes
of cancer patients treated with immunotherapy. They also highlight that CCS should
constitute an additional stratification factor in the design of future clinical trials. A synopsis
of the effect on antitumor immunity of the biological parameters that have been identified
as pathogenetic factors for cachexia is provided in Table 2. Further research is required to
elucidate the association of CCS with immunotherapy efficacy.
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Table 1. Summary of the clinical studies that examine the effect of cachexia and body composition

and treatment outcomes in cancer patients treated with immunotherapy.

.. Number .
Clinical (n) of Mahgl}ancy Treatment Primary Study Point Results
Study Patients Setting
Higher Pembrolizumab clearance
(CLp) was an adverse prognostic
Metastatic Relationship between factor for OS and it paralleled
Turner . Pembrolizumab disease parameters associated with
n=1453 melanoma and  Pembrolizumab L. L .
etal. *[6] NSCLC pharmacokinetics and CCS (multivariate-adjusted CL
overall survival HR = 1.64; 95% CI, 1.06-2.52 for
melanoma and HR = 1.88; 95% CI,
1.22-2.89 for NSCLC).
BMI values > 25 kg/ m? and
2
Pembrolizumab  Association of baseline <35r1;g flr;;ti?g:tgrf?;]froag le
Naik Metastatic or Nivolumab  BMI (at the beginning (adjuslzed-gHR 0.26; 95% CL:0.1-0.71;
etal. * [7] n =139 melanoma or Nivolumab of immunotherapy) —val R 0 068) and PFS o
. plus with treatment (fdjvus;fi-_HI.{' 0.43: 95% CT:
Ipilimumab outcomes 0.19-0.95; p-value: 0.038) compared
to BMI values 18.5-< 25 kg/m?
Association of baseline
. . BMI. (at the beginning A linear association between
Kichenadasse n=2110 Metastatic Atezolizumab of immunotherapy) increasing values of BMI and
etal. * [104] B NSCLC with treatment &Y
overall survival was observed.
outcomes and adverse
events
Cancer patients . .
that were Patients with an SFI > 73 had a
treated with Association of BMI, significantly longer OS (hazard
immunother- Immunothera subcutaneous fat index ratio, 0.20; 95% CI, 0.09-0.46
Martini n=90 apy in the based Py (SFI), intermuscular fat ~ [p < 0.001]) and PFS (hazard ratio,
etal. * [105] - ngtex Cof treatonents index (IFI), and 0.38; 95% CI, 0.20-0.72 [p = 0.003])
hase I clinical visceral fat index (VFI) compared with patients with an SFI
p trials in a with survival outcome. <73 and IFI < 3.4 and those with an
. SFI < 73 and IFI > 3.4)
single center
Association of
sarcopenia (calculated
Previously by measuring the Sarcopenia negatively affected PFS
. treated . cross-sectional area of .
Shiroyama . Nivolumab, (median, 2.1 vs. 6.8 months,
i n=42 metastatic . the psoas muscle at the o
etal. *[106] Pembrolizumab p = 0.004) and response rates (40.0%
NSCLC caudal end of the 3rd vs. 9.1%, p = 0.025)
patients lumbar verterbrae) e p =g
with treatment
outcomes
( dfffiifg;(f;;;hﬁ) >;18ao ¢ Cachexia negatively affected
body within tl[;e last 6 disease control rates (59.9 % vs.
moz ths) or the effect 411 %, 0dds ratio: 2.60 (95% CT.
- . 00 .
Roch "= 142 Metastatic PD1/PDL1 of evolving sarcopenia 1'3 ?;36_5 §)5a7;1dE8§1VHiII? 6s.§r6cf)95e;i(azl
etal. *[107] - NSCLC inhibitors (defined as 5% e ). b Sarcop

reduction in skeletal

muscle index during

treatment) on patient
outcomes

was an adverse predictor for
shorter PFS, HR: 2.45 (95% CI:
1.09-5.53) and OS, HR: 3.87 (95% CI:
1.60-9.34)
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Table 1. Cont.

Clinical Number Malignanc
(n) of gnancy Treatment Primary Study Point Results
Study . Setting
Patients
Association of
cachexia (defined as
weight loss 5% dul.'mg The presence of cancer cachexia
the last 6 months since . - .
L consisted an independent predictor
the initiation of . o
. of increased probability of
immunotherapy or . b
Rounis et al Metastatic any degree of weight progression as best response to
' n=83 PD1/PDL1 o immunotherapy [OR = 8.11 (95%
#[8] NSCLC loss > 2% and a
2 CI: 2.95-22.40, p < 0.001)] and an
BMI < 20 kg/m~ or . . . .
reduced muscle mass independent predictor of inferior
according to survival [HR = 2.52 (95% CI:
oramg to 1.40-2.55, p = 0.002)]
tomovision analysis)
with treatment
outcomes
*: retrospective studies; #: prospective studies.
Table 2. Synopsis of the effect of the biological parameters that have been identified as pathogenetic
factors for cancer cachexia syndrome on antitumor immunity and of the active clinical trials that
evaluate the outcome of their inhibition in conjunction with immunotherapy in cancer patients.
Ongoing Clinical Trials
Evaluating the Effect of
Biological Implication on Cachexia Adverse Effects on P051t1ve.Effects on Inl}lbm?n of the Refer.red
. . . Antitumor Biological Parameter in
Parameter Pathogenesis Antitumor Immunity . A .
Immunity Combination with
Immunotherapy in
Cancer Patients
Inhibition of myocyte
differentiation and . e
. . . . . Certolizumab or infliximab
stimulation of protein Impairment of intratumoral . o .
. - in combination with
degradation [10] CD8+ T cells accumulation S .
TNF-a ; . . . - ipilimumab and nivolumab
Inducing adipose tissue and upregulation of
atrophy [11] TIM3 [19] for advanced melanoma
_ awopay . (NCT03293784)
Triggering sickness behavior
at hypothalamus [12]
Inhibition of STAT-1 and
Inducement of muscle suppresio_ ?;{;;N_V and
atrophy via activation of - e
LY - Tweak mice exhibit
ubiquitin proteolytic .
increased numbers of NK
TWEAK system [21] and Th cells [23] - -
TWEAK/Fn14 inhibition

reversed cachexia in mouse
models [22]

Tweak inhibition lead to
tumor shrinkage and
accumulation of CD45+ cells
in the TME [24]
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Table 2. Cont.

Biological
Parameter

Implication on Cachexia
Pathogenesis

Positive Effects on
Antitumor
Immunity

Adverse Effects on
Antitumor Immunity

Ongoing Clinical Trials
Evaluating the Effect of
Inhibition of the Referred
Biological Parameter in
Combination with
Immunotherapy in
Cancer Patients

IL-1x

Hypothalamus stimulation
that leads to proteolytic,
lipolytic signals and causes
anorexia and early satiety
through increased
tryptophan plasma
levels [27]

IL1x administration
resulted in
regression in mouse
models of
lymphoma and
fibrosarcoma via
accumulation of
intratumoral CD8+
T cells [29,30]

Maintenance of tumor
suppressive TME through
interactions with CAFs [31]
Inducing TLSP expression on
tumor-infiltrating myeloid
cells [32]

IL-1B

Increased levels of IL-13
have been associated with
cachexia in patients with
advanced malignancies [34]

Stimulation of MDSCs [35]
Induction of IL-6 and IL-22
expression [36,37]
IL1-B deficient mice
exhibited improved
antitumor immunity
compared to wt ones [38]

Canakimumab in
combination with
pembrolizumab for NSCLC
in the metastatic
(NCT03631199) or the
adjuvant setting
(NCT03447769)

IL-6

Liver stimulation for
inducing an acute phase
response [1]
Upregulation of

transcriptional factors that

promote myofibrilar
breakdown [1]

Exogenous administration of

IL-6 in APCMin/+/IL-6* /—
mice resulted to the

development of a cachexia

phenotype [42]

Induction of autophagy in

skeletal muscle [1]
Clinical studies have

correlated circulating IL-6
levels with the development
of CCS in cancer patients [41]

Reprogramming of hepatic
metabolism via suppression
of peroxisome
proliferator-activated
receptor alpha (PPAR«x)
regulated ketogenesis that
subsequently induced
increased endogenous
glucocorticoid secretion
leading to impaired
antitumor immunity and
resistance to immunotherapy
in two mouse models of
cachexia [49]
Suppressing DC function
through inhibition of
MHC-II and CD80/86 [43]
Suppressing T cell function
through inhibition of
IFN-y/STAT1 Thl
differentiation [44,45]
Suppressing the formation of
CD4+ memory cells [46]
Macrophage polarization to
an M2 phenotype [47]
Stimulation of MDSCs [48]

Tocilizumab in
combination with
ipilimumab and nivolumab
in patients with
unresectable or metastatic
melanoma (NCT03999749)
Tocilizumab in
combination with
trastuzumab and
pertuzumab in patients
with Her2 amplified
metastatic breast cancer
resistant to trastuzumab
(NCT03135171)
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Table 2. Cont.

Positive Effects on

Ongoing Clinical Trials
Evaluating the Effect of
Inhibition of the Referred

Biological Implication on Cachexia Adverse Effects on . . . .
. . . Antitumor Biological Parameter in
Parameter Pathogenesis Antitumor Immunity . s .
Immunity Combination with
Immunotherapy in
Cancer Patients
BMS-986253 in
combination with
Recruitment of N2 TANSs [56] nivolumab for hormone
Recruitment of MDSCs [48] sensitive prostate cancer
Inhibition of IL-8/CXCR1/2 (NCT03689699), in
pathway in experimental combination with
models exerts antitumor nivolumab or
Elevated circulating levels of effects [57] cabiralizumab in patients
IL-8 IL-8 have been correlated Increased serum levels of ) with HCC (NCT04050462)
with the development of CCS IL-8 have been correlated and in combination with
in cancer patients [54,55] with secondary resistance to nivolumab in patients with
immunotherapy and disease advanced cancer
progression in patients with (NCT03400332)
metastatic melanoma and Neoadjuvant Nivolumab
NSCLC receiving combined with
immunotherapy [58] CCR2/5-inhibitor or
BMS-986253 for NSCLC or
HCC (NCT04123379)
Activin A causes muscle
degradation and atrophy Activin A has been shown to
through downstream . .
L . be able to differentiate CD4+
activation of Atrogin 1 and . A
T cells into Tregs in vitro [64]
UBR?2 and autophagosome .
. and has the potential to
formation [61] . L
. induce polarization of TAMs
Pharmacological blockade of
. to an M2 phenotype [65]
Activin A/ActRIIB pathway .
.. . Activin A /ActRIIB
Activin A reversed cancer cachexia and . . . - -
muscle wasting in preclinical interaction impairs NK cell
function via SMAD2/3

models [62]
Elevated serum levels of
Activin A have been
associated with the
development of CCS in
pancreatic cancer
patients [63]

signaling and its blockade
improved NK cell function
and antitumor immunity and
slowed melanoma growth in
mouse models [66].
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Positive Effects on

Ongoing Clinical Trials
Evaluating the Effect of
Inhibition of the Referred

Biological Implication on Cachexia Adverse Effects on Anti Biological P ter i
Parameter Pathogenesis Antitumor Immunity I nt1turr}or 10/0glcd “aramererin
mmunity Combination with
Immunotherapy in
Cancer Patients
SAR439459 in combination
with cemiplimab in
advanced solid tumors
(NCT03192345)
MSB0011359C in advanced
TGF-f induces solid tumors
differentiation of CD4+ T (NCT02699515,
cells to Tregs, acts as a NCT02517398), in
chemoattractant for combination with
TGEF-f release into MDSCs in the TME, gemcitabine for pancreatic
circulation activates the induces macrophage adenocarcinoma
SMAD3-NOX4-RyR1 polarization to an M2 (NCT03451773), in
pathway leading to muscle ~ phenotype and promotes combination with
dysfunction and EMT [71] PROSTVAC and CV301 in
TGF-p development of cachexiain = TGF-f blockade has shown ) prostate cancer
mouse models [69] activity in boosting host’s (NCT03315871), for stage
Elevated serum levels of antitumor immunity II/1II Her2 amplified breast
TGF-{ in patients with mainly via suppressing cancer (NCT03620201), in
colorectal cancer were Treg function [72] combination with eribulin
correlated with the Combined blockade of for metastatic TNBC
development of CCS [70] TGF-$ and PDL1 had a (NCT03579472), in
synergistic effect and lead combination with RT for
to a robust antitumor ER+PR+Her2-breast cancer
response in mouse models (NCT03524170) and SBRT
bearing EMT6 tumors [73] for locally recurrent head
and neck cancer
(NCT04220775) and as
monotherapy for MSI-high
advanced solid tumors
(NCT03436563).
GDF-15 inhibits dendritic
cell maturation in the TME
leading to impaired T cell
GDF-15/GFRAL activation [76],
interaction has been Downregulation of GDF-15
identified as the key trigger using shRNA in a
for weight loss in animal glioblastoma model
GDF15 models of cancer-related resulted in increased T cell ) )

cachexia [74] Increased
serum levels of GDF15
have been associated with
the development of CCS in
cancer patients [75]

infiltration in the TME and
increased survival [77]
Depletion of GDF-15 in

orthotopic pancreatic

cancer models restored

immunosurveillance in the

TME resulting in improved

tumor control [78].
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Positive Effects on

Ongoing Clinical Trials
Evaluating the Effect of

Inhibition of the Referred

Biological Implication on Cachexia Adverse Effects on Anti Biological P ter i
Parameter Pathogenesis Antitumor Immunity I nt1turr}or 10/0glcd “aramererin
mmunity Combination with
Immunotherapy in
Cancer Patients
MDSCs suppress
antitumor immunity
through angiogenesis
promotion, production of
matrix metalloproteinases,
arginine depletion via
increased Argl activity,
Increased numbers of ROS production leading to
MDSCs in the serum or in T cell anergy and death, Cabiralizumab in
the TME have been linked Treg recruitment and combination with
MDSCs with the development of ~ expansion and macrophage - nivolumab for pretreated
CCS in multiple polarization to an M2 metastatic pancreatic
experimental models and phenotype [80] cancer (NCT03336216)
cancer patients [81,82] Specific PD1 ablation in
myeloid cells in preclinical
tumor models had a more
pronounced effect on
boosting antitumor
immunity compared to
specific PD1 ablation on T
cells [83]
P-, L- and E-selectin
deficient mice have shown
the importance of selectins
in promoting metastasis
and recruiting
CD11b+Ly6C+Ly6G+
MDSCs in the TME [91]
PSGL-1 ligation on
A loss-of-function exhausted T cells PSGL-1
mutation of the gene that due to TCR engagement
encodes for the adhesion extinguished ERK and
molecule P-Selectin (SELP) AKT signaling and
p-Selectin has been linked with upregulated PD1 leading - -
reduced likelihood of to their diminished
developing CCS in the survival and function [92]
setting of Selplg™/~ mice
malignancy [88,89] demonstrated an improved

antitumor immune
response and increased
intratumoral accumulation
of effector CD44MCD8+
and CD4+ T cells
compared had higher
frequencies of IFN-y and
IL-2 producing T cells [92].

Infliximab: anti-TNF-« monoclonal antibody, Certolizumab: anti-TNF-a monoclonal antibody, Ipilimumab:
anti CTLA-4 monoclonal antibody, Nivolumab: anti PD1 monoclonal antibody, Canakimumab: anti-IL-1f3
monoclonal antibody, Tocilizumab: anti-IL-6 monoclonal antibody, BMS-986253 (HuMax-IL8): anti-IL-8 mon-
oclonal antibody, SAR439459: anti-TGF-3 monoclonal antibody, Cemiplimab: anti-PD1 monoclonal antibody,
MSB0011359C: bifunctional fusion protein comprised of a fully human IgG1 monoclonal antibody against PDL1
fused to the soluble extracellular domain of TGFR-32, Cabiralizumab: anti-CSFR-1 monoclonal antibody.



Life 2022, 12, 880 17 of 22

8. Conclusions

In summary, the data presented above demonstrate that the biological mediators and
processes leading to the development of CCS have also been shown to act as suppressors of
the antitumor immune response (Table 2). These data suggest that metabolic dysfunction
and immune suppression coexist in cancer. Furthermore, the resulting effects from the
deregulation of a host’s metabolic homeostasis in cancer cachexia, beyond the previously
recognized reduced systemic treatment efficacy and increased toxicity, may include re-
sistance to immune-check point inhibitors. Thus, strategies aiming in the reversal of the
catabolic process with anti-cachexia therapies may be necessary to enhance the therapeutic
benefit of immunotherapy in patients with CCS.

We suggest that research on CCS pathophysiology and pathogenesis could acquire a
novel twist into the investigation of the TME in patients with cancer cachexia in order to
identify the specific processes that govern immune suppression in order to decipher the
mechanisms that lead to immunotherapy failure in these individuals. Novel immunother-
apy approaches could be envisioned for the simultaneous targeting of antitumor immune
response and CCS.

Sensitive biomarkers for the identification of earlier and potentially more amenable
to therapeutic interventions stages of cachexia are urgently needed. These biomarkers
should also be highly recommended as stratification factors in future immunotherapy trials.
Finally, translational studies to address patient metabolic status, cachexia, and anti-tumor
immunity along the disease trajectory are mandatory to maximize our understanding and
to improve patient survival outcomes and quality of life.
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