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Abstract

Cancer cachexia is a multifactorial wasting disorder, accompanied by drastic weight loss and poor
overall survival. Many of the negative effects mediated by cancer cachexia can be attributed to
systemic inflammation, one of its most prominent hallmarks, with a strong rise of cytokines. However,
therapeutic approaches, aiming to block these cytokines, were not or only in part able to improve
cancer-associated tissue wasting. Hence, to date there is no efficient routine therapy available to
counteract cachexia. Yet, chronic systemic inflammation as well as high glucocorticoid levels — as
present in cachectic mice and patients — have previously been linked to compromised immune cell
function. In line, a recent report has identified strong correlations between the numbers of specific
immune cell subsets in the circulation and muscle strength in gastrointestinal cancer patients.
Moreover, cancer cachexia was associated with a reduced efficacy of immune checkpoint inhibitors
in cancer patients. However, the interplay between the immune system and cancer cachexia has still
not been investigated in depth.

T cells are important mediators of anti-tumor immunity, as they secrete a variety of cytokines and
effector molecules to fight tumor progression; yet, their specific role for cancer cachexia is not clear
to date. Here | show that cachexia is associated with T cell lymphopenia — depletion of T cells from
peripheral tissues, circulation and tumor — impaired T cell metabolism, reduced activation and
dampened expression of T cell effector cytokines. Consequently, cytokine secretion from T cells did
not contribute to the general inflammatory phenotype typically observed in cancer cachexia.
Contrary, CD8* T cell depletion from C26 tumor-bearing mice accelerated cachexia without affecting
tumor size, implying that T cells act as systemic metabolic regulators.

Aging was shown to potentiate cachexia outcome in C57BL/6 mice, while it did not affect cachexia
progression in BALB/c mice. Accelerated cachexia development in aged LLC tumor-bearing mice was
associated with impaired //12 expression in T cells, indicating impaired proliferation and functionality
of these cells, potentially worsening cachexia outcome.

Potential mechanisms mediating T cell repression in cachexia that were investigated in this thesis
included elevated glucocorticoid signaling, central and local glucose deprivation and alterations of
the cachectic plasma lipidome. Global transcriptional profiling highlighted and linked glucocorticoid
signaling and glucose depletion to marked defects in T cell functionality. Strikingly, absence of T cell-
intrinsic glucocorticoid signaling attenuated body weight and markedly improved T cell effector
cytokine expression in pre-cachectic T cell-specific glucocorticoid receptor knockout versus control
mice, strengthening the promising approach to improve T cell functionality and thereby prevent
cachexia.

In this thesis the link between T cells and cachexia was investigated in depth, with the ultimate aim

to identify novel regulators in cachectic T cells that can be manipulated to prevent T cell deterioration,
and hence improve cancer-associated wasting.



Zusammenfassung

Krebskachexie ist eine multifaktorielle Auszehrungskrankheit, die mit einem drastischen
Gewichtsverlust sowie einer schlechten Uberlebensrate verbunden ist. Systemische Entziindung ist
die Ursache vieler negativer Bestandteile der Krebskachexie, verbunden mit einem starken Anstieg
verschiedener Zytokine. Therapeutische Ansatze, mit dem Ziel diese Zytokine zu inhibieren, waren
leider nicht oder nur teilweise in der Lage, den krebsbedingten Gewebeschwund zu verbessern. Daher
gibt es bis heute keine wirksame Routinetherapie zur Bekdampfung von Krebskachexie. Die fir
kachektische Mause und Patienten typische chronische systemische Entziindung, sowie hohe
Glukokortikoidspiegel wurden bereits mit einer beeintrachtigten Funktion der Immunzellen in
Verbindung gebracht. So wurde in einer kiirzlich durchgefiihrten Studie ein starker Zusammenhang
zwischen der Anzahl bestimmter Untergruppen von Immunzellen im Blutkreislauf und der
Muskelkraft von Patienten mit Magen-Darm-Krebs festgestellt. Dariiber hinaus wurde Krebskachexie
mit einer verminderten Wirksamkeit von Immun-Checkpoint-Inhibitoren bei Krebspatienten in
Verbindung gebracht. Nichtsdestotrotz gibt es bisher keine Studien, die den Zusammenhang des
Immunsystems, speziell T-Zellen und Krebskachexie genauer untersucht haben.

T-Zellen sind wichtige Vermittler der Anti-Tumor-Immunitat, da sie eine Vielzahl von Zytokinen und
Effektormolekilen absondern, um das Fortschreiten des Tumors zu bekdmpfen; doch ihre spezifische
Rolle in der Kachexie ist bisher noch nicht klar. Diese Arbeit zeigt, dass Kachexie mit einer
Lymphopenie der T-Zellen einhergeht, d. h. mit einer Verarmung der T-Zellen im peripheren Gewebe,
im Blutkreislauf und im Tumor, sowie mit einer Verringerung des T-Zell-Stoffwechsels, der T-Zell-
Aktivierung, und der Expression von T-Zell-Effektorzytokinen. Folglich hat die Zytokinsekretion von T-
Zellen nicht zu dem entziindlichen Phanotyp beigetragen, der typischerweise bei Krebskachexie
beobachtet wird. Im Gegensatz dazu beschleunigte die Depletion von CD8* T-Zellen aus C26 Tumor-
Mausen die Kachexie ohne Beeinflussung der TumorgrofRe, was darauf hindeutet, dass T-Zellen als
systemische Stoffwechselregulatoren wirken.

Hohes Alter beschleunigte die Kachexieentwicklung bei C57BL/6-Mausen, wahrend es keinen Einfluss
in BALB/c-Mausen hatte. Das beschleunigte Fortschreiten der Kachexie bei gealterten Mausen, die
einen LLC-Tumor trugen, wurde mit einer verminderten //2-Expression in T-Zellen assoziiert, was auf
eine geringere Proliferation und Funktionalitat dieser Zellen hindeutet, und damit verbunden
eventuell zur Verschlechterung von Kachexie beigetragen hat.

Zu den in dieser Arbeit untersuchten potenziellen Mechanismen, die die allgemeine Unterdriickung
der T-Zellen bei Kachexie vermitteln, gehoren erhohte Glukokortikoid-Signale, zentraler und lokaler
Glukoseentzug und Veranderungen des kachektischen Plasmalipidoms. Untersuchungen des globalen
T-Zell-Transkriptoms haben Glukokortikoide sowie Glukose-Entzug in Zusammenhang mit deutlichen
Defekten in der T-Zell-Funktionalitdt gebracht. In T-Zell-spezifischen Glukokortikoid-Knockout
Mausen konnte ich einen vielversprechenden Trend zu einer Verringerung des Koérpergewichts und
einer deutlichen Verbesserung der T-Zell-Effektorzytokinexpression bei Knockout-Mausen im
Vergleich zu Kontrollmausen feststellen. Diese Ergebnisse starken den vielversprechenden Ansatz,
dass die Verbesserung der T-Zell Funktionalitdat mit der Verhinderung der Kachexie einhergehen kann.

In dieser Arbeit wurde der Zusammenhang zwischen T-Zellen und Kachexie eingehend untersucht,
mit dem letztendlichen Ziel, neue Regulatoren in T-Zellen zu identifizieren, die zur Verhinderung der
T-Zell-Dysfunktion eingesetzt werden konnen und damit verbunden zur Verbesserung von
Krebskachexie.




Abstract |

Zusammenfassung 1l
1 INTRODUCTION 1
0 R 0= o ol =T g @Yol o = - T SRR 1
1.1.1  Epidemiology, Definition and Pathophysiology.......cccccvueiiiiiiiiiiiie e, 1

1.1.2  Multi-organ interplay and mediators of cancer cachexia........cccocvuveeeeviiieccciee e, 2

1.1.3  Therapeutic approaches to counteract cancer cachexia.......ccccvveveiiiicieiiccciee e, 7

1.2 The iMMUNE SYSTEM ...ttt ittt et e s e e e st e e e s s ata e e e e sabbeeeessabeeeesenasaeeeessseeesennsens 9
1.2.1 T cells are important mediators of adaptive immunity .......ccccceveiiiiiiniiin e, 9

1.2.2 T cell activation and T cell receptor Signaling.......cccceeeciieeieciiie e 14

0 T o= | I =T o T <11 T o TP PPPUPPPN 16

1.3 AIM OF the STUAY..eeiieeeee e e e e e e e e e e sta e e e e e aar e e e s enaaeaeenns 19

2 RESULTS 20
2.1 Mouse models capture systemic effects associated with human cancer cachexia............... 20
2.1.1 Tumor implantation models of cancer cachexia.........cccocuiiiiriiiiiiiiie e 21

2.1.2  The APCM"* genetic model Of CANCEr CACREXIA .......cvcuieiieeeeeeeiieeeeeceeeeee et 26

2.2 Cachexia is associated with T cell lymphopenia in tiSSUES .........cevvvvciieeieiiiiee e, 28
2.3 Modified ceramides are elevated in cancer Cachexia ........cccevevieeeiiiiiee e e 35
2.4 T cell metabolism and function are impaired in cancer cachexia ......ccccceeeeecvivieeeeeeeecccnnnee, 39
2.4.1 T cell metabolism is affected by cancer cacheXia........cccooueeeeciiiiicciiiie e 39

2.4.2 CD8+ T cell effector function is compromised in cacheXia........cccceeuveeiriiieeisiiiee e 45

2.5 T cell impairment is mediated by systemic alterations and not tumor- secreted factors.... 48
2.5.1 Phenotype of cachectic T cells cannot be mimicked in vitro by conditioned tumor cell medium

BrEATMENT ...t e e e e e e 48

2.6 CD8* T cell depletion aggravates CaCheXia .........ccceieciiiieeeeiee et 52
2.7 Transcriptional remodeling of T cells in cancer cachexia.......ccoeccvvveeeeeieeieccciiireeeeeee e, 63
2.7.1 Distinct gene expression profiles of cachectic T cellS.....ccuvviriiiiiiiiiiiiiiiii e, 63
2.7.2  Strong inhibition of T cell activation pathways in T cells from cachectic mice ..........cccc.uuue... 66
2.7.3  Cachectic T cells display markers of exhaustion and senescence simultaneously ................... 68
2.8 Aging aggravates cachexia in tumor-bearing MiCe.......cocoeveiiieicciiiiiieee e e 70
2.8.1 Effects of aging on tumor growth and body wasting in tumor-bearing mice .........ccceceevueenne 70
2.8.2 Changes in T cell subtype composition are not likely drivers of cachexia in aged mice .......... 72
2.8.3 Aging increases the induction of atrophy markers in tumor-bearing mice........ccccecvvvevvvineennn. 74
2.8.4 Cachexia markers in mouse models and patients behave differently upon aging................... 75
2.9 Glucocorticoid signaling in T cells is affected by cancer cachexXia.........cccceeevvreeeeeeeeienicnnnee. 79
2.9.1 Circulating glucocorticoid levels are increased in cancer cachexia ........ccccceeeevveeeeiciieeeeiceneeenn. 79
2.9.2 In vivo dexamethasone-treatment can mimic low expression of T cell marker genes in e WAT
SIMIlar tO CAChEXIA PrESENCE .. .ciii ettt e et e et e e e et e e e sbae e e e sbteeeesbaeeeeennes 80

2.9.3 In vitro dexamethasone-treatment of T cells imitates T cell gene expression changes of

FoF- [l o [=Tot d ol I ol =] | EF PR UPPOTPPPPIN 81

2.9.4 Aminoglutethimide treatment does not improve body wasting in cachectic C26 tumor-bearing

[0 0T ol T PO P PP PPPT RPN 82

2.9.5 T cell specific glucocorticoid receptor KNOCKOUL ..........ccccviiiiiiiiiiiiiiee e 87
2.10 Glucose deprivation may drive diminished T cell signaling and function in cachexia .......... 91

2.10.1 Cachexia affects C28-mediated signaling in CD4* and CD8* T cells ......ccccvvereeciieeeeiiriieeecneenn, 91



2.10.2 Central and local glucose deprivation may drive diminished T cell function in cachexia ......
2.10.3 Anorexia or fasting are likely not drivers of T cell dysfunction in cachexia...........cccueeennneen.

2.11 Immune phenotyping of cancer PAtieNts .......ccveiiiiiiiei i

3 DISCUSSION

3.1 Cancer cachexia influences T cell proliferation and recruitment..........cccccvveericiieeeecnneen.
3.2 Cancer cachexia alters the circulating lipidome ...........ovvereriiiicc e,
3.3 T cell repression aggravates cancer CaCheXia ......ooovcccviiieiee i e i e
3.4 Aging aggravates cachexia in tumor-bearing MiCe.......ccccceveieiecciiiiieee e
3.5 Glucocorticoid signaling in T cells is affected by cancer cachexia..........ccccevvveeeeeiiennnnnnee.
3.6 Glucose deprivation may drive diminished T cell function in cachexia..........cccccceeennnnnnee.
3.7 SUMMArY @Nd OULIOOK .....cciiiiiieieiiiee et e e e e e e s sare e e e e s areee s

4 METHODS

g R O | I 2 Y] [ -V U
oy |V [ 1= Tol U] =T gl 21T ] [ .Y U
O AN 11 g = I ot o 1= T 41T o S
= YT Yol o T=T o o1 1 o Y A PRSP
R o TUT0 0 F= I U =T 3PP
I - 1 1] A Tor: | I Y =1 AV 2] SRS

5 MATERIAL

5.1 Buffer, Media and SUPPIEMENTS .......oeeieiiiiei et ara e e e
5.2 Oligonucleotides and TagMan Probes...........eeeieiiieiiciiiiieeee e e e e e
TG T Y o o Yo Yo =T3P
T oY 1YY R
T T =Y o = o N Q) 4SRRI
T ST @1 T o U] 4 =1 o] L= SRR
5.7 Chemicals and REAZENTS .....coiccuriieiiee ettt eeecrrree e e e e e seer e e e e e e e s e s atraaeeeeeeeesennnrrens
o T 1 1) 1 VT =T ] SO PSP O PP PP PR PPPPUPPPIRt

6 APPENDIX

(3 A YUT o o oY g ole Y ] A g1 o1V o o[- SRR
6.1.1  First-author PUBIICAtIONS. ....cciiiiie ettt e e e tee e e e abee e e enreee e eeaneeas
6.1.2  Additional PUBIICATIONS .....ueiieeeiie et e et e e e e bee e e e e e e e e ara e e e e areeas

I A €1 (o 11 Y=1 oYU UPPRRRRRP

6.3 FIiGUIES anNd TAbBIES ...uvvveeiiieiieiiteeeeee ettt e e e e e e s e ee e e e e e s sesastbaaeeeeeeeeesnsnrrens

R R (T =Y =T o TR

7 ACKNOWLEDGEMENTS

103

103
104
106
112
114
116
118

120

120
125
127
130
131
131

132

132
132
134
136
136
137
138
139

141

141
141
141
142
144
146

167



INTRODUCTION

1 INTRODUCTION
1.1 Cancer Cachexia

1.1.1 Epidemiology, Definition and Pathophysiology

Epidemiology - According to the International Agency for Research on Cancer, 19.3 million people
worldwide were diagnosed with cancer in 2020 (Sung, 2021), with an especially high incidence in
Europe, North America and Australia (Figure 1). About 50-80% of these cancer patients will develop
a syndrome called cancer cachexia (Argiles, 2014), an underestimated comorbidity of many cancers,
which has been previously linked to induce about 30% of all cancer-related deaths (von Haehling,
2010). Moreover, 50% of the remaining patients will die while simultaneously suffering from cachexia
(von Haehling, 2010). The risk to develop cachexia is linked to the occurring tumor type: patients with
pancreatic or gastric cancer have the highest incidence to develop cachexia with more than 80%,
while around 50% of patients with lung, prostate or colon cancer are affected, and patients with
breast tumors or leukemias show an incidence of approximately 40% (Dewys, 1980; Teunissen, 2007).
Unfortunately, cancer cachexia incidence will likely increase in the future, as the world population is
aging (Kanasi, 2016), and in line also cancer incidence will rise. For instance in the United States,
cancer incidence between 2010 and 2030 in the elderly (> 65 years) is estimated to increase by 67%
(Smith, 2009). Importantly, we have recently shown that aging affects cachexia-associated
correlations of cytokines and bodyweight loss, underlining the importance of taking age into account
when examining cancer patients and cachexia onset (Geppert, 2021). Unfortunately, systematic
studies investigating cachexia development in the elderly are still limited to date.

Estimated age-standardized incidence rates (World) in 2020, all cancers, both sexes, all ages

ASR (World) per 100 000
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Figure 1. High cancer incidence as worldwide problem. Global distribution of cancer incidence per 100.000 individuals
(age-standardized rate, ASR). From: Cancer Today, International Agency for Research on Cancer, WHO 2021.

Definition — The first mentioning of cachexia was already 400 years B.C. by Hippocrates who observed
strong weight loss in combination with poor survival of patients (Katz, 1962). The term cachexia is led
back to the Greek words “kakds” (bad) and “hexis” (condition), describing the overall severe condition
of a patient. One of the first scientists linking the word cachexia to a chronic illness, was John
Zachariah Laurence in 1855 by using the term “cancerous cachexia” (Laurence, 1855). However, it
took another 150 years until the term “cancer-associated cachexia” was formally defined in 2011 in
an International Consensus Statement, being approved by experts on the field of sarcopenia, cachexia
and wasting disorders (SCWD) (K. Fearon, 2011). Thereby, cachexia was defined as “multifactorial
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syndrome characterised by an ongoing loss of skeletal muscle mass (with or without loss of fat mass)
that cannot be fully reversed by conventional nutritional support and leads to progressive functional
impairment” (K. Fearon, 2011). Moreover, cancer patients were defined to be cachectic upon: 1)
more than 5% weight loss over the past 6 months, 2) a BMI <20 kg/m? and proceeding weight loss
>2%, or 3) sarcopenia and any degree of weight loss >2%. Patients with very mild weight loss up to
5% in combination with beginning anorexia and metabolic changes are staged as pre-cachectic, while
disease progression ultimately leads to refractory cachexia with non-responsive anti-cancer
treatment and a very low life expectancy (<3 months) (K. Fearon, 2011). Based on the global rise in
bodyweight, in line with an increasing BMI of the elderly, the European Society of Clinical Nutrition
and Metabolism (ESPEN) suggested a higher BMI cut-off value of 22 kg/m? in older individuals
compared to 20 kg/m? in younger ones (Cederholm, 2015). Importantly, cachexia not only
accompanies cancer evolvement, but also other chronic diseases such as acquired immune deficiency
syndrome (Von Roenn, 1992), chronic obstructive pulmonary disease (Di Francia, 1994), chronic
kidney disease (Cheung, 2010) and heart failure (Clark, 2017; Katz, 1962).

Pathophysiology — Cachexia is a multifactorial energy-wasting disorder leading to unintentional body
weight loss, mostly reflecting adipose tissue and skeletal muscle wasting. Cancer cachexia
development is accompanied and mediated by drastic systemic changes in the patient, which include
chronic systemic inflammation (i.e. increased levels of Interleukin (IL) 6 or IL1B), anorexia, anemia,
inhibition of anabolic pathways (Evans, 2008), as well as abnormal protein (Jeevanandam, 1984) and
lipid metabolism (Morigny&Zuber, 2020; Rohm, 2016). Anorexia is a classical feature of cachexia, but
nutritional approaches cannot fully reverse the strong imbalance between energy intake and
expenditure in cachexia as metabolic dysfunction dominates the syndrome. Further important
characteristics of cancer cachexia are proteolysis in cardiac and skeletal muscles, adipose tissue
lipolysis, as well as futile energy wasting cycles within and between tissues (Rohm, 2019; Schmidt,
2018). All of the aforementioned effects are mediated by a complex multi-organ interplay, ultimately
leading to a severe decrease in the patients’ quality of life with individuals developing drastic
weakness and fatigue. Additionally, cachexia implies a poor prognosis for the patient as it reduces the
responsiveness and tolerance to anti-cancer therapies (Dewys, 1980; Miyawaki, 2020), thereby
shortening overall survival (Tisdale, 2002).

1.1.2 Multi-organ interplay and mediators of cancer cachexia

Cancer cachexia onset and progression involve the interplay of several factors being responsible for
the induction of drastic metabolic changes. Already in the beginnings of cachexia research, anorexia
as sole cause for body wasting of cancer patients was refuted (Costa G, 1980). In line, it is not possible
to fully reverse the cachexia-induced body composition changes by conventional nutritional support.
Moreover, tumor burden is in most cases smaller than 1% of body mass, even upon enhanced
cachexia; hence, an increased metabolic demand of tumors can also not explain the drastic energy
disbalance observed in cachectic patients (K. C. Fearon, 2012).

Mediators — To date, it is known that cancer cachexia is arbitrated not only by tumor-derived but also
by tumor-induced and subsequently host-derived humoral mediators, altogether they are termed
cachexokines (K. C. Fearon, 2012; Norton, 1985). With respect to these cachexokines, inflammatory
cytokines have gained lots of attention as classical markers and drivers of the disease (K. C. Fearon,
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2012). These include interferon gamma (IFNy) (Matthys, 1991), IL6 which is primarily secreted by the
tumor (Rupert, 2021; Strassmann, 1992), tumor necrosis factor alpha (TNFa) (Oliff, 1987; Tracey,
1988), and IL1B (Strassmann, 1993). Indeed, the latter two mediators were initially named
“cachectin” (TNFa) and “catabolin” (IL1B) due to their pronounced catabolic features. Despite their
prominent role in cachexia progression, single or combinatorial antibody therapies targeting these
inflammatory mediators, have not been successful to fully reverse body wasting in patients (Prado,
2019). Hence, further studies were initiated with the aim to identify novel regulators of cachexia that
could be targeted to improve disease outcome. In this context, recent studies identified lipids as
potentially harmful regulators of cancer cachexia (Morigny&Zuber, 2020; Riccardi, 2020).

The failure to establish functional routine therapies aiming to counteract cachexia, is likely dependent
on the complex interplay of the disease. Hence, not only pro-inflammatory cytokines were found to
be prominent mediators of wasting, but also additional humoral factors, secreted by the tumor have
been identified as potent inducers of wasting. In this context, tumor-derived cachexokines that have
been observed include lipid-mobilizing factor (LMF), also termed zinc-alpha-2-glycoprotein (ZAG)
(Bing, 2004; Hirai, 1998; Hirai, 1997), parathyroid hormone-related protein (PTHrP) (Kir, 2016; Kir,
2014), proteolysis-inducing factor (PIF) (Lorite, 1998; Todorov, 1999), and secreted insulin/IGF
antagonist (ImpL2) (Figueroa-Clarevega, 2015).

Overall, tumor-and host-derived molecules were shown to induce a cascade of detrimental effects
on a variety of tissues (Figure 2), including adipose tissue, skeletal muscle, liver, brain, and the

immune system.
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Figure 2. Tumor-derived and host-induced cachexokines induce detrimental effects on multiple tissues, leading to
worsened disease outcome. Scheme adapted from (Schmidt, 2018). Created with BioRender.com.

Adipose Tissue — White adipose tissue (WAT) mainly consists of large spherical adipocytes, which are
the major depot for triacylglycerol (TAG) storage, while keeping a dynamic homeostasis to balance
lipolysis and lipogenesis (Klaus, 2004). In general, lipolysis is a consecutive process to hydrolyze
triglycerides into free fatty acids (FFAs) and glycerol, followed by their secretion into the circulation.
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Lipolysis is coordinated by three lipases: adipose triglyceride lipase (ATGL), hormone sensitive lipase
(HSL) and monoglyceride lipase (MGL).

Wasting of adipose tissue is one of the most prominent hallmarks of cancer cachexia, generally
preceding skeletal muscle wasting (Agustsson, 2007). Hereby, adipose tissue loss is predominantly
driven by a combination of elevated lipolysis (Agustsson, 2007; Rydén, 2008) and inhibited lipogenesis
(Tsoli, 2014), thereby dysregulating their functional balance, ultimately leading to lipid loss and a rise
in resting energy expenditure (REE). Importantly, this event happens independently of malnutrition
(Zuijdgeest-van Leeuwen, 2000). Lipolytic factors, such as IL6 (J. Han, 2018), LMF (Bing, 2004), or TNFa
(Oliff, 1987) are important inducers of cachexia-associated lipolysis. For example, HSL was reported
to be activated through the LMF-mediated induction of cyclic AMP (adenosine monophosphate),
either derived from the tumor or induced by glucocorticoids (Russell, 2005; Tisdale, 1991; Todorov,
1998). Accordingly, elevated HSL activity and a rise in free fatty acids and glycerol has been noted in
cachectic patients (Agustsson, 2007; Thompson, 1993). Also ATGL, which catalyzes the rate-limiting
step of lipolysis, was shown to be induced by cancer cachexia (Das, 2011), while Mgl expression was
reported to be unaltered (Geppert, 2021). In mice, knockout of HSL or ATGL partially prevented
cancer-associated wasting (Das, 2011). Contrary to lipolysis, lipogenesis was reported to be reduced
in adipocytes upon cachexia (Ishiko, 1999), as TNFa and IL6 were shown to hamper lipogenesis by
mediating inhibition of the lipogenic enzyme lipoprotein lipase (LPL), subsequently leading to reduced
lipid storage (Fried, 1989; Greenberg, 1992).

To date, the occurrence of WAT browning is still controversially discussed in the cachexia field. Kir
and colleagues have shown that tumor-derived PTHrP stimulates Ucpl (Uncoupling protein 1) gene
expression in white adipose tissue, which leads to a direct elevation of thermogenesis and REE,
thereby contributing to tissue catabolism (Kir, 2014). A recent study demonstrated that the potential
of PTHrP to induce browning is not mediated by direct stimulation of thermogenic gene expression
but indirectly through the activation of immune cells, leading to elevated sympathetic activity,
catecholamine synthesis and finally browning of white adipose tissue (Xie, 2022). Besides PTHrP, also
micro RNAs and pro-inflammatory cytokines were observed to promote browning of white adipocytes
upon cachexia (Di, 2021; J. Han, 2018). Nevertheless, Rohm et al. (Rohm, 2016) and others (Anderson,
2022; Michaelis, 2017) demonstrated that UCP1-mediated thermogenesis and increased REE in
cachectic mice might be less pivotal than expected with respect to previous studies (Kir, 2014;
Petruzzelli, 2014). In line, UCP1 knockout mice are neither protected from adipose tissue loss nor
cachexia development, questioning the contribution of WAT browning to cancer-associated wasting
(Rohm, 2016).

Skeletal Muscle — Cancer-induced wasting of muscle tissue is one of the most drastic and important
hallmarks of cachexia and is known to be mediated by several distinct mechanisms. For instance,
cachexia induces a futile energy-wasting cycle by elevating muscle proteolysis and amino acid
secretion with the aim to support liver gluconeogenesis and tumor protein synthesis (Argilés, 2016;
Argilés, 1991). Use of amino acids for energy production and subsequent elimination of nitrogen as a
waste product of this process, is of very low efficiency, and hence likely to contribute to energy
wasting in cachectic muscle (Friesen, 2015). However, the induction of energy-consuming futile cycles
is likely to contribute to only a small extent of total muscle wasting that is observed upon cachexia.
Instead, cancer-induced muscle atrophy is mediated by a repression of protein synthesis in
combination with elevated protein breakdown. These effects are mediated by the interplay of two
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major pathways, namely ubiquitin-mediated proteasome degradation (UPR) (L. Zhang, 2013) and
autophagy (Penna, 2013).

Several factors were noted to induce a strong upregulation of the UPR system upon cancer cachexia,
including PIF (Lorite, 1998), NFkB (nuclear factor 'kappa-light-chain-enhancer' of activated B-cells)
(Cai, 2004; Wysong, 2011) and TNFa (Reid, 2001). Two E3-ligases were identified to be the essential
drivers of muscle atrophy-related proteolysis, namely muscle RING finger 1 (MuRF1) and muscle
atrophy F box (MAFbx, also termed Atroginl). Both of them were shown to be drastically upregulated
in all settings of muscle wasting and consequently also in several mouse models of cancer cachexia
(Bodine, 2001; Geppert, 2021; Gomes, 2001; Lecker, 2004). Forkhead-box O (FoxO) transcription
factors, which are controlled by the phosphatidylinositol 3 kinase (PI3K)/AKT pathway, regulate the
expression of MuRF1 and Atroginl (Stitt, 2004). Importantly, lack of MuRF1 (Bodine, 2001) and
Atroginl (Cong, 2011) partially prevents mice from developing denervation- and fasting-induced
muscle wasting, respectively. Moreover, small-molecule chemical knockdown of MuRF1 improved
muscle atrophy and dysfunction in cachectic mice (Adams, 2020).

Additionally, autophagy, which induces the recycling of intracellular components to maintain
mitochondrial metabolic function and energy homeostasis, was noted to be involved in cancer-
induced muscle wasting. In this context, it has been shown that autophagy plays an important role in
several experimental models of cachexia, including APCM™* (White, 2011), LLC (Lewis Lung
Carcinoma) and C26 (Colon26) tumor-bearing mice (Penna, 2013). Moreover, the expression of
autophagy markers in skeletal muscle was observed to be increased in cachectic patients suffering
from different cancer types including pancreatic, gastric and esophageal cancer (Aversa, 2016;
Stephens, 2015; Tardif, 2013).

Also excessive muscle fatty acid oxidation (FAO) has been shown to be involved in muscle atrophy in
an experimental mouse model of kidney cancer (Fukawa, 2016). Fukawa et al. observed that cachectic
kidney cancer cells secrete a cocktail of inflammatory factors, thereby inducing FAO in combination
with an activation of the p38 MAPK stress-response signature in muscle. Interestingly,
pharmacological blockage of FAO was able to protect mice from kidney cancer-induced muscle
atrophy in vitro and in vivo (Fukawa, 2016).

Overall, cancer-associated muscle wasting is mediated by distinct mechanisms, of which the
upregulation of the UPR system and autophagy are the most important.

Liver — High levels of pro-inflammatory cytokines such as IL6 and TNFa were noted to induce the
production of acute phase proteins (APPs) by the liver and have previously been linked to decreased
survival in cachectic pancreatic cancer patients. The liver-dependent production of these APPs is
associated with the mobilization of amino acids from the periphery with skeletal muscles being the
primary amino acid source, a process most likely contributing to muscle wasting upon cachexia
(Moses, 2009). Additionally, upon cachexia the secretion of very low-density lipoproteins from the
liver is inhibited by increased TSC22D4 (TSC22 domain family member 4 ) levels (Jones, 2013),
subsequently leading to an accretion of lipids in the liver, promoting steatosis (Berriel Diaz, 2008). A
main contributor to the negative energy balance in cancer cachexia is the liver-associated rise of futile
cycles, being substrate cycles that misspend energy without anabolic or catabolic function. In
cachexia, extensive amounts of lactate are produced by the tumor and are subsequently reconverted
to glucose through hepatic gluconeogenesis in the highly energy-demanding cori cycle, thereby
wasting a large proportion of energy (Friesen, 2015). Moreover, we recently observed increased
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expression of enzymes involved in ceramide synthesis and degradation in cachectic livers of several
cachexia mouse models, indicating an additional futile cycle contributing to cancer-associated energy
wasting (Morigny&Zuber, 2020).

Brain — Contrary to mice, end-stage cancer patients are often affected by anorexia, mediated by
several factors including TNFa, GDF15 (Growth differentiation factor 15), Lipocalin 2 and insulin-like
3 peptide (Olson, 2021). In this context, orexigenic hormones, such as ghrelin or neuropeptide Y (NPY)
were observed to have appetite-stimulating characteristics, while anorexigenic neuropeptides like
insulin, leptin, or glucagon-like peptide 1 were shown to inhibit food intake (Moran, 2011). Cachexia
leads to the dysregulation of these hormones, thereby contributing to reduced food intake but also
elevated energy expenditure. Importantly, high ghrelin levels in cachectic patients failed to induce
orexigenic properties, implying the development of ghrelin resistance upon cachexia (Garcia, 2005).
Altogether, abnormal hormonal signaling upon cachexia leads to anorexia and energy wasting.

The hypothalamic-pituitary-adrenal (HPA) axis is activated by many stressors that are also associated
with cachexia, such as undernutrition, injury, or fear. Indeed, a recent report has also linked the
activation of the HPA axis in cachectic animals to the well-known rise of glucocorticoids (GCs) (Martin,
2022). However, in their study, Martin et al. did not investigate the upstream activators that mediate
HPA axis activation, although it is quite likely that increased cachexia-induced systemic inflammation
might initiate the synthesis of corticotropin releasing hormone (CRH), which is the key regulator of
the HPA axis in the hypothalamus (Besedovsky, 1991). GCs are secreted as systemic effector
hormones from the adrenal cortex in response to stress. They are potent drivers of skeletal muscle
catabolism, and in line exogenous GC supplementation was shown to drive muscle wasting (Braun,
2011). Importantly, absence of GCs or lack of the glucocorticoid receptor (GR) in muscle, inhibited
cancer-induced muscle wasting (Braun, 2013).

Immune System — Chronic systemic inflammation as well as GCs have previously been shown to
weaken the immune system (Cope, 2002; Elftman, 2007); thus, it is very likely that both of them also
mediate immunologic repression upon cancer cachexia. However, despite this obvious connection,
only a very limited number of studies has investigated the impact of cachexia development on the
immune system to date. Hereby, both innate and adaptive immunity were linked to cachexia onset.

Innate Immunity — Burfeind et al. have recently identified elevated infiltration of neutrophils into
brains of cachectic mice, targeting specific brain regions that are connected to feeding behavior and
energy metabolism (Burfeind, 2020). Trafficking of those neutrophils to the brain was dependent on
the expression of CCR2 (C-C motif chemokine receptor 2), and lack of CCR2 by pharmacological and
genetic means prevented neutrophil recruitment to the brain and attenuated anorexia and muscle
catabolism. In addition to neutrophils, also the occurrence of macrophages was linked to cancer-
induced wasting in multiple tissues. Shuka et al. have observed a negative correlation between the
amount of infiltrating macrophages and muscle-fiber cross sectional area in human PDAC patients
(Shukla, 2020), and macrophage depletion in pancreatic tumor-bearing mice enhanced systemic
inflammation and muscle wasting (Shukla, 2020). Moreover, a strong increase in the amount of CD68
immunoreactive macrophages has been observed in livers of cachectic pancreatic cancer patients,
which was inversely correlated with weight loss, (Martignoni, 2009). Contrary to the aforementioned
studies, defective myeloid cell activation in a hepatocellular carcinoma model of cachexia, was
associated with reduced macrophage abundance in visceral adipose tissue but unexpectedly also
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increased adipose tissue depletion (Erdem, 2019). In line, also Inaba and colleagues have observed a
decline in muscle injury-induced infiltration of macrophages but also neutrophils and mesenchymal
progenitors in cachectic C26 tumor-bearing mice (Inaba, 2018). In addition, myeloid-derived
suppressor cells (MDSCs) are found in large numbers in tumors of several cachexia mouse models
(Cuenca, 2014) and of gastric and pancreatic cancer patients (Khaled, 2014; Ohki, 2012), performing
their strong immunosuppressive functions (Gabrilovich, 2009). In these different mouse models (4T1,
LLC and C26), MDSC expansion was linked to an altered fat metabolism and the induction of the
hepatic acute phase protein response (APPR), while a 4T1 subclone, which does not exhibit increased
MDSC infiltration, did not induce elevated APPR (Cuenca, 2014). However, the direct link between
cachexia development and MDSCs has not been proven yet, although the aforementioned study
implies that tumor-infiltrating MDSCs play an important role.

Adaptive Immunity — The role of T cells in the context of oncology has been extensively studied, but
whether or how they are influenced by cachexia development remains elusive to date. Immune
checkpoint inhibitory therapy was noted to be less efficient in a cohort of cachectic patients with non-
small cell lung carcinoma (Miyawaki, 2020), and muscle biopsies of cancer patients showed a strong
positive correlation between muscle-infiltrating T cells and skeletal muscle mass (Anoveros-Barrera,
2019). Together these studies underline a possible connection of T cells and cancer-associated
wasting. Additionally, Narsale et al. noted an association of circulating effector memory and recent
thymic migrant (have diverse TCR repertoire and can respond to multiple antigens) CD8* T cells and
increased muscle mass in cancer patients; however, cachexia was not examined in this study.
Moreover, occurrence of regulatory T cells (Tregs) and central memory T cells was negatively
correlated with muscle mass (Narsale, 2019). Hence, these data imply that robust T cell responses
likely protect from cancer-induced muscle catabolism, while immune suppression (i.e., by Tregs or
MSCDs) might have a contrary effect. In line, CD4*CD44v'"°" precursor T cells were shown to be
specifically depleted in cachectic non-obese diabetic mice (C. Zhao, 2008); and injection of
CD4*CD44v'o% cells restored balanced numbers of naive, memory and regulatory T cells and
attenuated muscle mass loss (Z. Wang, 2008; C. Zhao, 2010; C. Zhao, 2015). Moreover, Bindels et al.
reported a marked downregulation of immune cell-specific markers (i.e., Cd3, Tbet, 1117a, Foxp3, IL10,
F4/80, Cd68, and Cd11c) in the intestine of cachectic mice (Bindels, 2016).

In infection-associated cachexia, virus-specific CD8* T cells were observed to induce adipose tissue
depletion. Importantly, CD8* T cell null mice were demonstrated to be protected from infection-
associated weight and adipose tissue loss (Baazim, 2019). Altogether, these studies highlight a
potential link between cachexia development and T cell presence/ functionality. However, despite
the strong associations between T cells and cachexia evolvement, no mechanistic studies elucidating
the interaction of T cells, altered metabolism and cancer cachexia have been performed to date.

1.1.3 Therapeutic approaches to counteract cancer cachexia

Since blocking of cancer-induced anorexia as unimodal therapy via pharmacological or nutritional
interventions was unsuccessful to prolong survival (Baldwin, 2012), therapeutic studies changed their
focus to the manipulation of several cachexokines using primarily neutralizing antibodies or peptides.

TNFa — One of the most prominent wasting-inducing factors in cachexia is TNFa, mediating protein
degradation through NFkB signaling (Y. P. Li, 1998). Importantly, TNFa inhibition by antibodies was
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shown to prolong survival and weaken cancer-induced anorexia, protein degradation,
hypertriglyceridemia and lipolysis in experimental rodent models of cachexia (B. C. Sheppard, 1990;
Sherry, 1989; Torelli, 1999). In line, a recent meta-analysis investigated the link between
administration of TNFa inhibitors and BMI and bodyweight in patients and found a positive
correlation (Patsalos, 2020), underlining the potential therapeutic use of anti-TNFa as first-line cancer
cachexia drug. However, despite the promising results of preclinical studies and the aforementioned
meta-analysis, anti-TNFa treatment of cachectic cancer patients was not able to improve anorexia or
prevent bodyweight loss (Goldberg, 1995; Jatoi, 2010; Wiedenmann, 2008). Hence, other
mechanisms of TNFa inhibition were explored, such as blocking of TNFa synthesis by thalidomide to
counteract cachexia in pancreatic and terminal cancer patients; but treatment led to contradictory
results. While in a few studies thalidomide attenuated weight and lean mass depletion, and enhanced
nutritional status and quality of life (Bruera, 1999; Gordon, 2005; Z. H. Khan, 2003), in another study,
poor tolerability in combination with no benefit in cachectic cancer patients has been reported
(Wilkes, 2011). These mixed results highlight that although thalidomide might be a promising
approach in cachexia management, further investigations with respect to dosing and mechanism are
needed to provide efficiency and safety for the patient.

IL6 — In the last decades, a variety of IL6 target tissues, including liver, gut, skeletal muscle and adipose
tissue, has been identified (Flint, 2016; J. Han, 2018; Puppa, 2011; Strassmann, 1992). Some
experimental mouse models of cachexia such as the APCM"* or the C26 model, were reported to be
dependent on high IL6 levels, and IL6 inhibition was shown to attenuate cachexia in these models
(Strassmann, 1992). However, observations on the depencend of the well-known LLC cachexia model
on IL6 have been equivocal. While we and others have demonstrated that LLC tumor-bearing mice
develop cachexia independent of increased circulating IL6 levels (Geppert, 2021; Hetzler, 2015), Ohira
and colleagues have demonstrated that only genetically modified LLC cells, overexpressing IL6 are
capable to induce cancer-associated tissue wasting (Ohira, 1996). In line, Ando et al. reported that
anti-IL6 therapy was not efficient in LLC tumor bearing mice (Au, 2016), unless LLC cells were
genetically modified to overexpress IL6 (Ando, 2014). Nevertheless, advanced cancer patients show
increased levels of plasma IL6, which are associated with anorexia, anemia and depression, and most
importantly, correlate with bodyweight loss (Y. Guo, 2012). Moreover, monoclonal antibody
treatment against IL6 reduced anemia, lean mass loss and fatigue in patients (J. R. Rigas 2010), while
despite its potential to reduce muscle degradation and block cachexia progression, anti-IL6 treatment
in APCMi"* mice was not sufficient to reverse the process (White, 2011).

In summary, IL6 is a promising target to counteract cancer-associated progression, but further
investigations on possible adverse side effects and its influence on other tissues than muscle and fat
are needed.

GDF15 — Circulating levels of GDF15, which is an important regulator of energy homeostasis, correlate
with decreased survival and increased cancer-associated wasting in patients (Johnen, 2007; Lerner,
2015; C. Li, 2016; Staff, 2010). Intriguingly, blockage of GDNF receptor alpha-like (GFRAL) signaling,
which is the corresponding receptor for GDF15, was able to prevent and restore body weight loss in
mice carrying GDF15-expressing tumors (Suriben, 2020). Hence, inhibition of the GFRAL receptor by
antagonistic antibody binding might be a promising, novel approach to counteract cachexia.
However, further investigations are needed as GFRAL expression in human tissues is more
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widespread compared to mice, which might hinder antibody specificity, thereby promoting unwanted
side effects (Rohm, 2020).

The beneficial effects of all aforementioned studies underline that cachexia onset and progression
are mediated by the interplay of a variety of factors. In line, Schafer et al. have identified several
cachexokines inducing cachexia-associated cardiomyocyte dysfunction in a combinatorial manner.
Hence, individual knockout in an in vitro model was not sufficient to improve atrophy of
cardiomyocytes, but simultaneous ablation was (Schafer, 2016).

To date, removal of the tumor is the only reliable treatment to prevent and restore cancer-associated
wasting (Norton, 1985), while despite efforts to find efficient therapeutic options, no defined
standard of care is currently available to prevent cancer-associated tissue wasting. Multidisciplinary
approaches combining nutritional and pharmacological treatment with exercise may be promising to
delay cachexia progression and improve overall life quality of the patients (Solheim, 2012).

1.2 Theimmune system

Men are continually exposed to a myriad of exogenous invaders but also endogenous alterations that
are potentially harmful to the body. The immune system, composed of lymphoid organs and cells,
cytokines and humoral factors, recognizes and protects us from diseases of endogenous and
exogenous origin. Its importance and essential function becomes even clearer by its dysfunction, as
underactivity or repression lead to the development of tumors and severe infections, while
overreaction of the immune system ends in autoimmune diseases. Upon appearance of an exogenous
or endogenous stimulus conquering the body, a hierarchical immune response is initiated with the
ultimate aim to eliminate the non-self target. Contrary to innate immunity, which uses a highly
conserved pattern to provide immediate host defense but with a clear lack of specificity, T cell-
mediated protection takes longer to develop, but is very precise as it executes its function in an
antigen-specific manner. One central feature of adaptive immunity is the development of a memory
after antigen exposure, which allows T cells to identify previously encountered antigens, leading to a
more vigorous and rapid response upon re-exposure (Parkin, 2001).

1.2.1 T cells are important mediators of adaptive immunity

T cells develop from bone marrow-derived progenitors and migrate to the thymus, where T cell
differentiation, including the expression of an antigen-specific T cell receptor (TCR) as well as negative
and positive selection, are conducted, ensuring that T cells recognize non-self antigens, but not self
antigens (Thapa, 2019). Antigen-specificity of T cells is their most important hallmark and is mediated
by the development of specialized surface TCRs. Upon antigen presentation by antigen-presenting
cells (APCs) in lymphoid organs, a myriad of signaling pathways is initiated in naive T cells, leading to
their proliferation and differentiation to effector cells, which can then traffic to diverse disease sites,
where they execute their effector function. Dependent on the T cell subtype, diverse effector
functions are mediated such as direct cellular cytotoxicity to tumor cells, support of a proper B cell
function, and enhancement of inflammatory responses (Parkin, 2001).

Effector T cells — About 95% of T lymphocytes can be found within lymphoid tissues, such as spleen
or lymph nodes, where they continuously traffic and bind transiently to several APCs to identify
potential exogenous antigens. Those antigens are either directly brought to lymphoid organs via the
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lymphatics or blood, or are transported within APCs such as dendritic cells or macrophages (Shen,
2010; Théry, 2001). Upon encounter of a T cell and its matching antigen, T cell activation is initiated,
and T cells start to differentiate into multiple functional classes of effector T cells with specific tasks.
In this context, two major classes of effector T cells can be distinguished, termed CD4* and CD8* T cells
based on the surface expression of their hallmark receptors CD4 or CD8, respectively (Parkin, 2001)
(Figure 3). Antigen recognition by the TCR is different between CD4* and CD8* lymphocytes, as CD4*
T cells only recognize antigens that are presented with major histocompatibility complex (MHC) class
I molecules (Kruisbeek, 1985), while CD8* T cells react to antigens with MHC class | (Norment, 1988).
Since all nucleated cells express MHC class | molecules, any such cell which is producing abnormal
tumor or virus-associated antigens, can present these peptide fragments on their surface within the
MHC class | and will be subsequently killed by cytotoxic attack (Ljunggren, 1996). In contrast, MHC
class Il molecules are mostly expressed by professional APCs, such as dendritic cells (Roche, 2015).

Cytotoxic CD8* lymphocytes — Upon stimulation by MHC class I-bound antigen, naive CD8* T cells
differentiate into cytotoxic effector T cells with the potential to directly kill target cells, which is
mainly mediated by the secretion of three types of preformed cytotoxic proteins: perforin,
granzmyes, and granulysin, all of which are stored in membrane-bound secretory lysosomes in the
cytosol of cytotoxic lymphocytes. Upon conjugation to a target cell, these cytotoxic granules, released
by CD8* lymphocytes, traffic to the immunological synapse, where perforin inserts in the target cell
membrane to form transient pores, through which granzymes can enter (Lopez, 2013). Granzymes
subsequently mediate target cell death by their interaction with specific intracellular proteins such as
pro-caspase3 (Darmon, 1995; Pardo, 2008) or BH3-interacting domain death agonist protein
(Alimonti, 2001; Barry, 2000), leading to DNA fragmentation and mitochondrial cytochrome c release
into the cytosol, respectively, and ultimately promoting apoptosis. The importance of
perforin/granzyme-mediated direct killing was highlighted in perforin knockout mice, which lost a
huge part of their killing activity (Kagi, 1994).

IFNy is another secreted factor, essential for mediating CD8* T cell cytotoxicity (Tau, 2001). Autocrine
IFNy signaling promotes killing and enhances cytotoxic T cell motility (Bhat, 2017; Curtsinger, 2012).
Moreover, IFNy was also noted to inhibit viral replication (Karupiah, 1993), induce MHC class |
expression (Zhou, 2009) and potentiate macrophage activation (Su, 2015).

Another pathway to induce target cell apoptosis, is the cross-linking of Fas ligand (FasL), expressed
on cytotoxic CD8* and CD4* T cells, with the cell surface death receptor Fas in the target cell
membrane, allowing also CD4* T cells to mediate cytotoxicity (Malyshkina, 2017). Upon a decrease of
antigen load, perforin-granzyme mediated killing is diminished (Meiraz, 2009), and FasL-based
cytotoxicity is enhanced as a complementary action, to ensure optimal cytotoxic attack throughout
the whole immune response (Hassin, 2011).

Overall, cytotoxic CD8* T cells mediate immunity through a variety of mechanisms, thereby killing
single target cells with great precision, preventing widespread tissue damage, which is crucial in non-
regenerating tissues such as in neurons.

Following antigen clearance, cytotoxic effector T cells undergo rapid contraction through activation
induced cell death, while concomitantly a small population of antigen-experienced CD8" T cells
remains as memory CD8" T cells (Homann, 2001; Lau, 1994), a long-lived antigen-specific
subpopulation that provides an enhanced immune response upon re-exposure to its specific antigen
(Doherty, 1994). Memory T cells can be further subdivided into two broad subsets, namely central
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memory (Tcm) and effector memory (Tem) cells, by their expression of CCR7 (C-C motif chemokine
receptor 7) and CD62L (Sallusto, 1999). Tem cells are more similar to effector T cells and are capable
to traffic to inflamed tissues and display rapid effector function, while Tcw lack immediate effector
function, express lymph node homing receptors, but have elevated proliferative potential and
produce higher amounts of IL2 (Sallusto, 2004; Sallusto, 1999). Recently, presence of CD8* memory
T cells has been shown to be of positive prognostic value in immunotherapy for cancer patients.
Additionally, occurrence of a third memory cell type, termed resident memory T cells (Tgm), which is
present within a certain tissue, and in contrast to Tcm and Tem does not recirculate through the blood,
was associated with an improved outcome in several cancers (Edwards, 2018; Egelston, 2019;
Komdeur, 2017).

CD4* helper T cells — CD4* T cells primarily provide anti-tumor immunity by supporting cytotoxic CD8*
lymphocytes and antibody responses through secretion of effector cytokines. However, additionally,
their cytotoxic potential to directly kill target cells has recently been observed in various diseases,
including viral infection (Brown, 2016), autoimmune disorders (Peeters, 2017) and cancer (Cachot,
2021), but is still far from fully understood. Upon activation naive CD4* lymphocytes can differentiate
into distinct T helper (Th) subtypes depending on the strength of TCR signaling (Tao, 1997; van
Panhuys, 2014) and cytokine milieu they are surrounded with at the moment of stimulation (Cote-
Sierra, 2004; Lighvani, 2001). The categorization of these Th cells is based on their cytokine profiles,
which currently distinguish between Tregs, Th1, Th2, Th9, Th17 and follicular helper T cells (Tfh) cells,
with Th1, Th9 and Th17 being strongly linked to antitumor immunity (T. Li, 2020).

Th1 cells express high levels of their lineage-specific marker T-box transcription factor expressed in
T-cells (T-bet) and INFy and have been shown to mediate a robust anti-tumor response against
multiple cancer types, including colorectal and breast cancer (T. Li, 2020). Th1-derived IFNy can either
inhibit tumor growth or thrust MHC class | and class Il expression on tumor cells and APCs, thereby
promoting antigen processing and presentation (Raval, 1998; Thelemann, 2014). Moreover, Th1 cells
were recently reported to obtain cytotoxic features by expressing granzyme B (Sledziriska, 2020).
Both, IL6 and transforming growth factor B (TGFB) have previously been implicated in cachexia
development (J. Han, 2018; Lima, 2019) and are potent suppressors of Thl mediated anti-tumor
immunity (Park, 2005; Tsukamoto, 2015). Furthermore, TGF but also PD1-PD-L1 (Programmed cell
death 1/ Programmed cell death 1 ligand 1) interaction were observed to induce conversion of Thl
cells to a Treg phenotype by co-expression of T-bet and FOXP3 (forkhead box P3). These Th1-derived
Treg cells were shown to display an immunosuppressive phenotype in vitro and in vivo (Amarnath,
2011; Kanamori, 2018; Stathopoulou, 2018).

Th9 cells are characterized by IL9 cytokine expression in combination with the expression of the
transcription factor PU.1, being induced by T cell stimulation with TGFB (Goswami, 2012). Th9 cells
show robust anti-tumor functions with high cytolytic activity and superior resistance to exhaustion
(Lu, 2018; Purwar, 2012).

Th17 cells produce high amounts of the cytokine IL17 and the lineage marker retinoic acid-related
orphan receptor yt (RORyt) (Zou, 2010). Three major cytokines are necessary for the polarization of
Th17, namely TGFB, IL6 and IL1B (Chen, 2007; Mangan, 2006; Revu, 2018), all of which have been
previously linked to cachexia (J. Han, 2018; Laird, 2021; Lima, 2019). Infiltration of Th17 cells into solid
tumors is a widely observed phenomenon (Su, 2010; Tosolini, 2011), but their role is still not
completely clear and rather ambiguous. For instance, Th17 cells are linked to a poor prognosis of
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colorectal cancer patients (Tosolini, 2011) and inhibit tumor cell apoptosis, enhance tumor immune
evasion and promote tumor angiogenesis and metastasis, but also were reported to recruit immune
cells to the tumor, inhibit tumor cell invasion and promote the activation of cytotoxic T cells (Qian,
2017). Hence, more studies are needed to unravel the complex effects that Th17 cells mediate within
tumors.

Tregs are the predominant cellular mediators of dominant tolerance, thereby preventing aberrant
immune activation (Sakaguchi, 2008). They are characterized by high expression of IL2Ra (interleukin
2 receptor a chain) (Sakaguchi, 1995) and their lineage-defining transcription factor FOXP3 (Fontenot,
2003; Hori, 2003). Treg-specific immune suppression is mediated through multiple mechanisms,
which are either contact-dependent like lysis of effector T cells via enzyme secretion (perforin,
granzyme B) (Gondek, 2005) and inhibition of APCs (Misra, 2004), or mediated by the secretion of
inflammatory cytokines (Asseman, 1999; Green, 2003), or by consumption and thereby depletion of
essential cytokines for T cell functionality (Barthlott, 2005). Indeed, a pioneering study by Curiel et al.
has associated intra-tumoral Tregs with poor survival in ovarian cancer, demonstrating the
deleterious and immunosuppressive effects of Tregs (Curiel, 2004). Later on, additional reports
supported this idea, and in line, high Treg infiltration into tumors has been linked to reduced survival
in several cancer types (Bates, 2006; Fu, 2007). However, in contrast, multiple other analyses could
not identify a link between Treg presence and patient survival upon cancer incidence (Grabenbauer,
2006; Hillen, 2008; Mahmoud, 2011; Mizukami, 2008). More recently, several studies have noted that
Tregs can change their polarization towards an effector phenotype with anti-tumor characteristics,
which might potentially explain the discrepancies in the aforementioned studies, as based on the
predominant occurrence of either conventional Tregs or effector Tregs, clinical outcome is likely
altered. Accordingly, Saito and colleagues (Saito, 2016) demonstrated that tumor-infiltrating FOXP3-
positive Tregs can be classified into two types by their expression of FOXP3 (FOXP3" versus FOXP3'°).
They observed that colorectal cancer patients with abundant infiltration of non-suppressive FOXP3'°
Tregs displayed a remarkably better prognosis compared to patients with high suppression-
competent FOXP3M cell-infiltration into their tumors. Hence, by specifically manipulating the distinct
Treg subsets, tumor formation and patient outcome might be positively altered. Moreover, in
contrast to murine lymphocytes, human activated T cells express intermediate levels of FOXP3,
although they are not Tregs and do not have an immunosuppressive function (Allan, 2007; Morgan,
2005). Hence, a clearer differentiation between immunosuppressive CD4*FOXP3" Tregs and activated
CD4*FOXP' T cells is necessary to elucidate the complex function of Tregs in anti-tumor immunity and
enhance the patient’s outcome with advanced knowledge. To this end, a clearer definition of human
Tregs needs to be applied by the inclusion of additional markers. In line, several studies already
identified a clear expression pattern to identify human Tregs as CD3*CD4*CD127'°CD25MFOXP3M cells
(Cossarizza, 2019; W. Liu, 2006).
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Figure 3. T cell differentiation. Naive CD4* and CD8* T cells are activated by their respective MHC class-peptide complex
and subsequently start to differentiate, aiming to gain effector function. Depending on the surrounding cytokine milieu,
naive CD4* T cells can polarize into different subtypes. MHC= major histocompatibility complex; IFNy= interferon gamma;
IL12= interleukin 12; TNFa= tumor necrosis factor alpha; TGFB= transforming growth factor beta 1; IL1B= interleukin 1
beta; IL6= interleukin 6; IL17= interleukin 17; IL10= interleukin 10; IL22= interleukin 22; GZMB= granzyme B.

Tissue-infiltrating T cells — Additionally to their presence in lymphoid organs, the occurrence of T cells
in various non-lymphoid organs and tissues has been described in health and disease (Kalin, 2017; I.
M. Khan, 2015; Rausch, 2008). Lean fat is predominantly populated by Tregs and macrophages,
generating an anti-inflammatory environment and contributing to a balanced tissue homeostasis
(Feuerer, 2009). However, with expanding lipid storage capacity and presence of adipocyte
hypertrophy, quantitative and qualitative changes occur regarding immune cell infiltration, resulting
in a decline of Tregs (Feuerer, 2009). Adipose tissue of obese individuals and mice has been
demonstrated to be predominantly infiltrated by activated macrophages and effector T cells such as
proinflammatory CD4* T cells and cytotoxic CD8* T cells, and more importantly this infiltration is
associated with systemic metabolic dysfunction (Nishimura, 2009; Rausch, 2008; Strissel, 2010; H.
Wu, 2007). Moreover, the presence of cytotoxic CD8* T cells in adipose tissue precedes the
development of insulin resistance, and depletion of CD8" T cells resulted in improved insulin
resistance (Nishimura, 2009). Unfortunately, so far researchers have not investigated in detail
whether cachexia-induced adipose tissue wasting also affects immune cell populations in this tissue.

Also skeletal muscle wasting is one of the major hallmarks of cancer cachexia. Similar to adipose
tissue, obesity also leads to increased macrophage and effector T cell infiltration of skeletal muscle
with a simultaneous decline in Tregs (I. M. Khan, 2015). In this context, Khan and colleagues have
reported that skeletal muscle-infiltrating immune cells are predominantly located in intermuscular
and perimuscular fat depots, but not myotubes. Of note, myosteatosis has previously been shown to
be a negative prognostic marker in patients with colon cancer (C. M. Lee, 2020). In cancer patients, T
cell numbers in skeletal muscle correlated positively with muscle fiber size and especially CD8* T cells
were positively associated with muscle mass. Moreover, based on gene correlation analysis the
authors suggested an inverse relationship of CD8* T cell-related genes with several components of



INTRODUCTION

muscle catabolic pathways, indicating that T cells might play a role in muscle mass preservation upon
cancer (Anoveros-Barrera, 2019).

1.2.2 T cell activation and T cell receptor signaling

Activation of naive T cells through their TCR is initiated by antigen/MHC complexes (Rosenthal, 1973;
Shevach, 1973), and in case of CD4* T cells, additional signaling of costimulatory receptors, such as
CD28 (Linsley, 1991). This costimulatory signaling is of high importance, as its missing will result in a
hyporesponsive state of the CD4* T cell, termed anergy, leading to a lack of proliferation and low IL2
production (Schwartz, 2003). Co-stimulatory signals are mediated either by cross-linking of specific
receptors on CD4* T cells with their counterparts on APCs, or by provision of inflammatory cytokines,
or a combination of both (Croft, 2017). Importantly, CD8* T cells do not need these additional
costimulatory signals to become properly activated (B. Wang, 2000). In general, TCR ligation with its
respective MHC class molecule, will trigger a signal that is transmitted by CD3, being in a complex
with the TCR, through FYN and LCK (Lymphocyte-specific protein tyrosine kinase)-mediated
phosphorylation of immunoreceptor tyrosine based activation motifs (ITAMs) (Bu, 1995; Samelson,
1986) (Figure 4). Subsequently, phosphorylated ITAMs provide the binding site for Zeta-chain-
associated protein kinase 70 (ZAP70), which directly becomes phosphorylated by LCK (A. C. Chan,
1992). ZAP70 activation triggers the recruitment of scaffold molecules such as SH2 domain containing
leukocytes protein 76 kDa (SLP76) and linker of activated T cells (LAT). Both SLP76 and LAT mediate
guanine nucleotide exchange factor 1 (VAV1)-dependent activation of phospholipase C y1 (PLCy1)
(Yablonski, 2001), which in turn activates the production of diacylglycerol (DAG) and inositol
triphosphate (IP3) from the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2). IP3 then
promotes the downstream release of calcium ions (CaZ*) from the endoplasmic reticulum, which
promotes the entry of extracellular Ca?* into the cell via calcium release-activated Ca?* channels
(CRAC). Altogether, this leads to the activation of calmodulin and subsequently calcineurin, followed
by the nuclear translocation of the transcription factor nuclear factor of activated T cells (NFAT),
thereby promoting IL2 gene transcription. Meanwhile, DAG recruits ras guanyl-releasing protein 1
(RasGRP1) and protein kinase C (PKCB) to the cell membrane and thereby induces RasGRP1/Ras/ERK
and PKCO/IKK/NFkB signaling (Ebinu, 2000; Kane, 1999; Roose, 2005). Induction of MAPK/ERK
signaling triggers the activation of adaptor-related protein complex 1 (AP1), which together with
NFAT and NFkB orchestrates T cell activation, development and effector function. Moreover, SLP76
initiates a downstream cascade leading to cytoskeletal remodeling (Bubeck Wardenburg, 1998) and
protein kinase B (AKT) activation, arbitrated by the direct interaction of SLP76 and the p85 subunit of
PI3K. LAT was shown to be crucial in this process for mediating SLP76 localization (Shim, 2011). PI3K
phosphorylates PIP2 to generate phosphatidylinositol-3,4,5-triphosphate (PIP3), which interacts with
phosphoinositide-dependent protein kinase-1 (PDK-1) and AKT. Through its association with PDK1,
PI3K triggers PKCB activation, leading to NFkB translocation and activation (Kane, 1999), similar to
DAG. Furthermore, PI3K/AKT signaling induces mechanistic target of rapamycin (mTOR) signaling,
which orchestrates a variety of functions involved in cell cycle, survival, metabolism and growth
pathways (Mills, 2009; Salmond, 2018). Importantly, CD28 co-stimulation was reported to enhance
PI3K activity (Garcon, 2008). mTOR was also shown to link environmental signals such as glucose
availability to different cellular fates of T cells (Chapman, 2014). In addition, the transcription factor
FOXO1 was reported to integrate signals from mTOR and AKT signaling pathways in T cells, and to
play an important role in proliferation (Stittrich, 2010), survival (Kerdiles, 2009), DNA repair (Ju, 2014)
and glucose metabolism (W. Zhang, 2006).
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Upon TCR stimulation, activated AKT mediates FOXO1 inhibition (Stahl, 2002). Importantly, T cells
undergo metabolic reprogramming once they are being activated, which is crucial to adapt the
distinct differentiation states. While naive T cells mainly use oxidative phosphorylation of distinct
nutrients such as glucose, lipids and amino acids to meet their energy demand, differentiating
T effector cells — during antigen stimulation and activation — display elevated anabolic and
bioenergetic needs. As described above, TCR stimulation leads to the PI3K-mediated induction of AKT
signaling, which was shown to elevate the expression of glycolytic enzymes and nutrient transporters,
thereby promoting increased glucose and amino acid utilization to facilitate T cell activation and
proliferation (Barata, 2004; Edinger, 2002; Elstrom, 2004). When T cells then undergo clonal
expansion, they predominantly perform aerobic glycolysis despite ample oxygen supply (T. Wang,
1976), similar to the well-known Warburg effect in cancer cells (Warburg, 1956). The switch to this
rather insufficient metabolic state might be explained by simultaneous generation of cellular building
blocks, such as fatty acids or amino acids as well as lactate, which can be shuttled into biosynthetic
pathways. This re-use of building blocks is an efficient and fast mechanisms, thereby contributing to

the rapid expansion of T cells and elimination of their target (Pearce, 2010).
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Figure 4. Activation of T cells. Following recognition of the MHC class llI-peptide complex, a TCR signaling cascade is
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mTOR. LCK= lymphocyte-specific protein tyrosine kinase; ZAP70= Zeta-chain-associated protein kinase 70; LAT= linker of
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phosphatidylinositol-3,4,5-triphosphate; AKT= Protein kinase B; mTORC1= Mechanistic target of rapamycin; FOXO1=
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factor of activated T cells; CRAC= calcium release-activated Ca?* channels; TCR=T cell receptor. Figure based on (Baniyash,
2004; Hedrick, 2012; Shyer, 2020). Created with BioRender.com.

1.2.3 T cell repression

In healthy individuals, T cell activation results in a strong induction of proliferation and effector
function. However, there are multiple conditions that can dampen this activation cascade by either
inhibitory receptor signaling or soluble inhibitory factors (Figure 5).
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Figure 5. Mechanisms of T cell suppression. In general, there are two main dysfunctional states that T cells can adapt:
exhaustion and senescence, which can be either age-or tumor-related or both. In addition, glucocorticoids were reported
to induce T cell dysfunction. PD1= programmed cell death 1; PD-L1= PD ligand 1; CTLA4= cytotoxic T lymphocyte-
associated antigen-4; TCR=T cell receptor; GCs= Glucocorticoids; GR= Glucocorticoid receptor; NFAT= Nuclear Factor of
Activated T cells; AP1= Adaptor-related Protein complex 1; NFkB= nuclear factor 'kappa-light-chain-enhancer' of activated
B-cells; GRE= glucocorticoid-responsive elements. Figure based on (Baniyash, 2004; Hedrick, 2012; Shyer, 2020). Created
with BioRender.com.

Aging-mediated T cell senescence — Increasing age leads to the accumulation of damaged cells in
many organs, and especially aging of the immune system has been linked to the onset of multiple
diseases, including cancer (Thoma, 2021) and atherosclerosis (Childs, 2016). Moreover, independent
of age, several studies have identified the occurrence of senescent T cells in various types of cancer
(Montes, 2008; Ye, 2014; Ye, 2015). T cell senescence is triggered by DNA damage and telomer
shortening, leading to the upregulation of p21, p53 and p16 in combination with a decrease of Cdk2,
Cdk6 and cyclin D3 expression, altogether causing cell cycle arrest and a decline of cell proliferation
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(Campisi, 2007). Senescence also impairs TCR signaling as identified by the loss of multiple key
molecules that are part of the TCR signaling machinery, such as LCK, ZAP70, LAT and SLP76 (Lanna,
2014). More recently, additional mechanisms that are capable of triggering T cell senescence were
reported. In this regard, naturally occurring but also tumor-derived Tregs were noted to repress naive
and effector T cells via the induction of senescence (L. Li, 2019; X. Liu, 2018; Montes, 2008; Ye, 2012).
Moreover, different tumor cell types per se were shown to mediate T cell senescence by increasing
cAMP levels in corresponding T cells (Montes, 2008; Ye, 2014). These effects are mediated through
the induction of DNA damage responses in the affected T cell, leading to cell cycle arrest and
senescence (L. Li, 2019; X. Liu, 2018). Phenotypically, senescent T cells display a unique secretory
phenotype, as they produce and secrete high amounts of inflammatory cytokines, i.e. IL2, IL6, TNFa,
IFNy, IL10 and TGFp (Ye, 2012; Ye, 2013). Increased cytokine secretion by T cells might furthermore
contribute to the aging-associated chronic low-grade inflammation, that is observed in aged
individuals (Macaulay, 2013), which may promote tumor initiation and progression (Grivennikov,
2011).

Tumor-induced T cell exhaustion — Exhaustion is one of the best studied dysfunctional conditions
that T cells can adapt. It describes a state in which T cells — as a response to chronic antigen
stimulation — progressively lose their function. T cell exhaustion is often observed upon chronic viral
infection (Quigley, 2010) or cancer incidence (Bense, 2017; C. Zheng, 2017). Exhausted T cells show
impaired proliferation and cytotoxicity, as they lack proper production of cytokines such as TNFa, IL2
and IFNy (Wherry, 2015). Mechanistically, both transcriptional and epigenetic alterations dominate T
cell exhaustion. With respect to transcriptional reprogramming, exhausted T cells upregulate the
expression of multiple inhibitory cell surface receptors such as PD1, TIGIT (T cell immunoglobulin and
ITIM domain), CTLA4 (cytotoxic T lymphocyte-associated antigen-4), and LAG3 (lymphocyte activation
gene 3), with NFAT, TOX (thymocyte selection-associated high mobility group box) and NR4A (nuclear
receptor subfamily 4A) as central regulators of this process (O. Khan, 2019; Martinez, 2015; Mognol,
2017). Moreover, the zinc-finger transcription factor GATA3 (GATA binding protein 3) was
demonstrated to be a crucial driver of T cell dysfunction in cancer (Singer, 2016). However, the precise
mechanism controlling the induction of an exhausted state in T cells, remains poorly understood.
Bringing a bit of enlightment, IL2 signaling has recently been reported to induce CD8* T cell exhaustion
by activation of a STAT5S pathway (Y. Liu, 2021).

In the healthy state, inhibitory receptors are transiently expressed to regulate the strength of the
immune response and prevent autoimmunity, upon cancer burden, however, prolonged and high
expression of several inhibitory receptors is a hallmark of T cell exhaustion (Wherry, 2015). The
probably best-studied inhibitory receptor pathway in that context is PD1/PD-L1. PD-L1 on tumor cells
activates PD1 on T cells, thereby preventing ZAP70 phosphorylation, leading to the downmodulation
of TCR downstream signaling and attenuated IL2 production and T cell proliferation (K. A. Sheppard,
2004). Furthermore, PD1 was demonstrated to impair T cell activation by inhibiting CD28-induced
signaling by blocking of PI3K activity. Another inhibitory receptor interfering with the CD28-mediated
PI3K/AKT/mTOR signaling is CTLA4, but through a distinct mechanism involving protein phosphatase
2A (PP2A) to directly inhibit AKT (Parry, 2005). Modulating these dysregulated pathways by targeting
inhibitory receptors using blockade therapies, is a revolutionary breakthrough in cancer
immunotherapy. In a notable number of advanced-stage cancer patients, anti-PD1 and anti-CTLA4
treatment has shown promising results (Hodi, 2010; Motzer, 2015; Robert, 2015; Weber, 2015).
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Importantly, co-administration of an anti-PD1 and anti-CTLA4 inhibitor has demonstrated a marked
increase in the response rate and progression-free survival in metastatic melanoma patients (Postow,
2015). However, despite durable responses to anti-PD1 and anti-CTLA4 treatment, not all patients
demonstrate tumor regression and hence fail to have clinical responses. Thus, it is important to
identify additional pathways and inhibitory receptors that arbitrate T cell exhaustion upon cancer
incidence. Recently, TIGIT has been demonstrated to be a promising target in cancer immunotherapy.
Blockade of TIGIT alone was capable to impede tumor growth, and even more so when combined
with additional checkpoint inhibitors such as PD1 or TIM3 (Kurtulus, 2015; X. Zhang, 2019).
Interestingly, immune checkpoint inhibitory therapy was noted to be less efficient in a cohort of
cachectic patients with non-small cell lung carcinoma (Miyawaki, 2020), implying that cachexia-
induced immunologic abnormalities dampen treatment efficiency. Despite its strong benefits, the use
of immune checkpoint inhibitory therapy is linked to a wide spectrum of side effects, so-called
immune-related adverse events, characterized by general inflammation and immune activation in
healthy tissue such as dermatitis (rash), enterocolitis or liver abnormalities (Fecher, 2013). In the
future, further research is needed to identify next-generation inhibitory agents as well as treatment
strategies to improve disease outcome while simultaneously decreasing adverse side effects.

Glucocorticoids — GCs are adrenal-derived steroid hormones, which are synthesized by metabolic
breakdown of cholesterol. They are induced by the circadian rhythm, regulating metabolism and
neural function (Dickmeis, 2009; Liston, 2013), as well as by stress, thereby enhancing neural function,
cardiovascular output and mobilizing energy stores (Sapolsky, 2000). Synthesis of GCs is regulated by
the HPA axis and its key regulator CRH, initiating the expression of several enzymes in the adrenal
cortex to convert cholesterol into corticosterone (rodents) or cortisol (humans), which is
subsequently secreted into the blood stream (Rice, 1991). In detail, various stressors, including
inflammatory cytokines (TNFa, IL1, IL6, (Besedovsky, 1991)) cause the secretion of CRH from the
hypothalamus to the anterior pituitary gland, where it stimulates the synthesis of POMC
(proopiomelanocortin) (A. Slominski, 2000), leading to ACTH (adrenocorticotropic hormone)
production and release. ACTH traffics then to the adrenal cortex, where it initiates the conversion of
cholesterol into corticosterone/cortisol. Interestingly, CRH is also produced by a variety of peripheral
tissues including immune cells (Karalis, 1997), gut (Kawahito, 1994), skin (A. T. Slominski, 2013), as
well as placenta and testes (Kalantaridou, 2007). GCs bind intracellularly to the GR, which translocates
subsequently into the nucleus to bind glucocorticoid-responsive elements, thereby regulating
transcription of target genes (T. A. Johnson, 2021). The by far most potent effect of GCs is their
repression of the immune system, particularly T cells. Importantly, lack of adrenal GC production
leads to faster pathogen clearance, but at the same time increased mortality is observed as a result
of uninhibited T cell responses and cytokine storm (Roggero, 2006; Ruzek, 1999). GCs mediate their
powerful repression of T cells mostly by modifying transcription, thereby upregulating the expression
of inhibitory receptors (CTLA4, PD1, LAG3), apoptotic genes, and immunoregulatory proteins, while
they simultaneously decrease expression of co-stimulatory molecules, pro-inflammatory cytokines
and cell cycle mediators (Taves, 2020). With respect to the transcription of immunoregulatory genes,
GR mediates the induction of several immunosuppressive genes including Tsc22d3, Dusp1 and Nfkbia
(encoding GILZ, MKP1 and IkBa). GILZ (glucocorticoid-induced leucine zipper) arbitrates T cell
suppression through direct interference with either AP1 and NFkB (Ayroldi, 2001; Mittelstadt, 2001)
or RAS and RAF (Ayroldi, 2007), while MKP1 (MAP kinase phosphatase-1) and IkBa impair the
ERK/MAPK pathway and NFkB signaling, respectively (Maneechotesuwan, 2009; Scheinman,
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Cogswell, , 1995; Y. Zhang, 2009). Altogether, GCs induce an aberrant transcriptional profile
interfering with TCR signaling, ultimately inhibiting T cell activation, cytokine expression and
proliferation. Additionally, trans-repression via GR tethering to AP1 and NFkB (Heck, 1994; Ray, 1994)
further promotes the dramatic T cell repression. Of note, defective T cell activation can also be
arbitrated by reduced ability of Dendritic cells to prime naive T cells due to GC-induced compromised
Dendritic cell maturation (Elftman, 2007).

In a recent study, Acharya et al. noted the strong effect of a local GC rise in the tumor
microenvironment on T cell effector differentiation, finally leading to CD8* TIL dysfunction. Repeated
activation of T cells in the presence of GCs has led to the upregulation of several dysfunction-
associated genes (Acharya, 2020). Hence, GCs are another powerful mechanism to induce T cell
dysfunction in both preclinical models and cancer patients (Acharya, 2020; H. Zhang, 2021).

1.3  Aim of the study

Cancer-induced body wasting represents an unmet clinical need and has been previously associated
with unresponsiveness to immune checkpoint inhibitory therapy, suggesting suppressed T cell
effector function caused by other means than classical T cell exhaustion. A combination of chronic
systemic inflammation and increased glucocorticoid signaling - both hallmarks of cachexia — could
possibly impair T cell functionality. Indeed, few studies have examined the interplay between
cachexia and T cell function; however, no detailed mechanistic studies, elucidating the impact of
cachexia on general T cell metabolism and functionality as well whether T cells contribute to disease
progression, have been conducted to date. Hence, the aim of this thesis was to investigate this
interconnection by using different experimental mouse models of cancer-cachexia in combination
with ex vivo approaches. To this end, numerical, metabolic, and functional phenotyping of CD4* and
CD8* T cells from spleen and tumor was conducted ex vivo, and in vitro studies were applied to
elucidate whether the observed phenotype was dependent on tumor-derived factors or systemic
changes. Cachexia-induced changes in the lipidome were assessed and the impact of aging on disease
development was analyzed. Transcriptional profiling of splenic and tumor-derived T cells from
cachectic mice, highlighted glucocorticoids as potent inducers of T cell suppression upon cachexia,
and in vitro studies using dexamethasone were performed to mimic the cachectic T cell phenotype.
As final proof of concept, T cell-specific glucocorticoid receptor knockout mice were generated, and
cachexia was induced to assess whether absent glucocorticoid signaling in T cells can improve T cell
functionality and finally disease outcome. Pilot studies were initiated to identify the translatability of
preclinical results to the patient by comprehensive immune cell phenotyping of human peripheral
blood mononuclear cells. Ultimately, our study identified T cells as novel metabolic regulators in
cancer cachexia, and highlighted the attenuating effects of improving T cell functionality in cancer-
associated wasting, thereby underlining that enhancing T cell effector function might be a promising
strategy to counteract cachexia in cancer patients.
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2 RESULTS

2.1 Mouse models capture systemic effects associated with human cancer cachexia

Due to their phylogenetic relation and physiological resemblance to humans (Bodenreider, 2005;
Cheng, 2014; Yue, 2014), mouse models have a high potential to study human diseases. Thus, in the
past decades, with the development of either pharmacological or genetic manipulation, researchers
were able to gain more insight into the complexity of several diseases (Perlman, 2016; Vandamme,
2014). In cachexia research, mouse models are potent tools as they cover some of the systemic
alterations of wasting, but still can be easily manipulated to identify genes and pathways contributing
to cachexia development (Deboer, 2009). There are several commonly used mouse models in cancer
cachexia research including genetic models such as the KPC (K-rasLSL.G12D/+; Trp53R172H/+; Pdx-1-
Cre mutation) (Hingorani, 2005) or APC Min (adenomatous polyposis coli; multiple intestinal
neoplasia) (Moser, 1990) models, as well as tumor implantation models like the Colon26 (C26)
(Tanaka, 1990) or Lewis Lung Cancer (LLC) (Sherry, 1989), all capturing important systemic effects
associated with cancer cachexia in patients. A schematic overview of the different mouse models
used in this thesis is represented in Figure 6 and will be discussed in more detail in the following.
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Figure 6. Schematic presentation of the different cachexia mouse models used in this study. Cancer cachexia was either
induced by subcutaneous implantation of tumor cells (C26, LLC) or genetic modification of the APC locus in C57BL/6J mice
(APCM/* mice). Phosphate-buffered saline (PBS)-injected mice were used as healthy controls, while NC26-injected mice
represented non-cachectic (non-cx) tumor-control mice. To investigate cancer cachexia (cx), C26 or LLC cells were injected
into syngeneic mice, which were monitored over 2-3 weeks to develop cancer cachexia (highlighted in red and yellow,
respectively). To adapt for the use of different cell lines and to check if the observed effects were truly and only based on
cachexia presence, BALB/c mice injected with PBS, NC26 and C26 cells, were sacrificed one week post injection, when

20




RESULTS

cachexia was not present yet, to identify changes induced by the different tumor cell lines themselves (highlighted in
blue). In addition, pre-cachexia (pre-cx) was analyzed to assess early changes upon disease onset (highlighted in orange).
APCM/* mutant mice developed cancer cachexia after 17-22 weeks, while young 12-week-old APC Min mice were
sacrificed as a control before the onset of cancer cachexia (highlighted in green). Figure based on (Geppert, 2021;
Morigny&Zuber, 2020).

2.1.1 Tumor implantation models of cancer cachexia

The most commonly used tumor implantation models of cancer cachexia research are the C26 and
LLC model, in which these cell lines are implanted subcutaneously into syngeneic experimental mice,
leading to tumor growth and cachexia development within 2-3 weeks (Sherry, 1989; Tanaka, 1990).
To investigate the contribution of different factors and cell types to cachexia development, the
injection of C26 or LLC tumor cells into genetically modified mice represents a fast and important
tool. In this thesis, the contribution of T cells to cachexia development was investigated with the help
of different mouse studies defined by various tumor entities, tumor sizes and stages of body wasting
(Figure 6). To this end, mice were injected with either C26 or LLC cachexia-inducing tumor cells or
non-cachexia-inducing NC26 control cells. PBS was used to adapt for changes due to the injection. To
assess if the tumor cell lines themselves had an impact on systemic changes upon body wasting, a
control experiment was performed, in which cachexia inducing C26 and NC26 control tumor cells
were implanted. Mice were sacrificed one week later when tumors were only palpable, and no
cachectic phenotype was present. In addition, early changes upon cachexia development were
investigated in pre-cachectic mice (Figure 6).

Tumor growth is similar between cachexia-inducing and non-cachexia-inducing tumor cell lines
Monitoring of similar tumor growth between groups is of high importance in cancer cachexia
research, as tumor size can influence cachexia onset and outcome via the tumor-dependent secretion
of so-called cachexokines, factors, which were shown to actively promote tissue wasting (K. C. Fearon,
2012; Schafer, 2016). Hence, to minimize variability and exclude effects based on different tumor
sizes, tumor growth over time and final tumor weight were measured for all studies presented in this
thesis. In the control C26 experiment, cachexia inducing C26 and control NC26 tumors were still small
(Figure 7A) and just palpable at the time of sacrifice. Thus, no time course of tumor growth could be
assessed for these groups. Approximately 7 days post injection, tumors started to be palpable, and
growth was monitored in both cachexia implantation models over the course of the experiment
(Figure 7). Pre-cachectic C26 tumor-bearing animals had a similar tumor size compared to the
cachectic C26 mice (Figure 7A) but did not suffer from weight loss at the time of death (Figure 8D).
C26 cachexia-inducing and NC26 control tumor cells grew to a similar size with comparable tumors at
the end of the experiment (Figure 7A). Tumors of LLC-injected C57BL/6 mice grew steadily over the
course of the experiment and reached a slightly bigger, but still comparable size to the NC26 and C26
tumors (Figure 7B). As there was no LLC-matching non-cachexia-inducing tumor control cell line
available, LLC tumor-bearing mice were compared to PBS-injected controls.
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Figure 7. Tumor growth is similar between cachexia-and non-cachexia-inducing tumor cell lines. (A, B) Tumor growth
over time and tumor weight at the end of the experiment in (A) NC26 and C26 tumor-bearing mice with different stages
of tumor size and wasting and (B) C57BL/6N mice injected with PBS (PBS/N; grey; n=6) or LLC tumor cells (LLC/N; yellow;
n=9). NC26 and C26 injected animals which were sacrificed 7 days post implantation, are displayed in light green (NC26
short; n=7) and dark turquoise (C26 non-cx; n=7), respectively. Cachectic C26 mice are displayed in dark red (C26 cx;
n=12), while pre-cachectic animals are shown in light red (C26 pre-cx; n=11). NC26 tumor-bearing mice that had larger
tumors (NC26 non-cx; n=10) are shown in dark green. Data are mean + s.e.m. Statistical analyses were performed using
unpaired t-test or one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison post hoc test.

Body wasting is a hallmark of cancer cachexia

Since tissue wasting is a prominent hallmark of cancer cachexia, bodyweight change of patients and
mice is an important readout in cachexia research. Thus, the initial bodyweight between experimental
groups of cachexia mouse experiments should not differ based on non-significant statistical analysis,
as shown in Figure 8A and E. At the end of the experiment, tumor-subtracted bodyweight was only
significantly reduced in the cachectic C26 tumor-bearing group (Figure 8B), but not in LLC tumor-
bearing mice (Figure 8F), underlining the mild cachexia phenotype of this model, as previously shown
(Geppert, 2021). To normalize for the differences in time to endpoint, a time course of bodyweight
development was plotted starting 10 days prior to sacrifice (Figure 8C, G). PBS mice of all different
experiments showed an increase in bodyweight over the course of the experiment, while cachectic
C26 tumor-bearing mice showed a rapid and strong bodyweight drop starting two days prior to
sacrifice (Figure 8C), in line with the severe phenotype of C26 cachectic mice that has already been
reported by us (Geppert, 2021). Contrary, NC26 tumor control mice gained most weight over the
course of the experiment, an effect most likely based on the continuous NC26 tumor growth (Figure
7A), as bodyweight change minus tumor was similar between NC26 and PBS injected mice (Figure
8D). Pre-cachectic C26 animals remained weight stable over the course of the experiment, while NC26
short and C26 non-cachectic mice, which were sacrificed 1 week post injection, gained similar weight
(Figure 8C). This effect could also be observed when looking at the bodyweight change minus tumor
at the end of the experiment (Figure 8D). All groups from the short experiment (PBS short, NC26 short
and C26 non-cx), had equally increased their bodyweight independent of tumor presence, indicating
that these mice were sacrificed before the onset of wasting and cachexia. All mice from the cachectic
C26 group developed severe weight loss, while pre-cachectic mice showed no or only mild
bodyweight loss (Figure 8D). Contrary to the C26 model, as already reported (Geppert, 2021), the LLC
cachexia model shows only very weak signs of wasting, indicated by a non-significant, mild decrease
of final bodyweight (Figure 8F), and an only slightly affected curve of bodyweight development over
the course of the experiment (Figure 8G). Interestingly, LLC tumors induced mild bodyweight loss in
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about 50% of the tumor-bearing animals with a very high variability, implying a high rate of non-
responders (Figure 8H).
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Figure 8. Body wasting is a hallmark of cancer cachexia. (A-H) Mice were injected with a cachexia-inducing tumor cell
line (C26, LLC), a control tumor cell line (NC26) or PBS. Mice that were injected with PBS are depicted in grey (PBS short
n=6, PBS n=10, PBS/N n=6). Numbers and color-coding of tumor-bearing mice is similar to Figure 7. (A, E) Initial
bodyweight (BW) before PBS or tumor cell injection. (B, F) Final BW minus tumor at end of the experiment in PBS, NC26,
C26 or LLC tumor-bearing mice. (C, G) Time course of bodyweight development starting 10 days prior to sacrifice (change
in percentage compared to initial bodyweight before injection). (D, H) Bodyweight change minus tumor at the end of the
experiment normalized to initial mass (expressed as percentage). Data are mean * s.e.m. Statistical analyses were
performed using unpaired t-test or one-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05,
***<0.001, ****p<0.0001.

Bodyweight loss in cachectic mice was also linked to adipose tissue and muscle wasting, as observed
by Echo magnetic resonance imaging (EchoMRI) body composition analysis (Figure 9A, B). In line with
the bodyweight data, cachectic C26 mice suffered from a severe decrease in lean mass and body fat
(Figure 9A), while no changes in LLC/N mice were observed (Figure 9B). Interestingly, pre-cx mice also
suffered from a decrease of fat mass, while lean mass was still unaffected, pointing out that adipose
tissue wasting is initiated at a very early stage, while muscle wasting only occurs at very advanced
cachexia stages. Likewise, inguinal (iWAT) and epididymal white adipose tissue (eWAT), and
gastrocnemius muscle (GC) were reduced by long-term presence of C26 tumors (Figure 9C, D). Of
note, PBS mice also displayed strong loss of body fat but with a high variability; probably a result of
increased aggression and fighting only in one PBS cage, leading to elevated stress and reduced eating.
As expected, no changes in the lean or fat mass were observed by short tumor presence in the control
experiment (Figure 9A, C, D). Interestingly, despite an unchanged lean and fat mass as assessed by
EchoMRI, LLC tumors induced a significant reduction of iWAT and GC mass and a non-significant
reduction of e WAT (Figure 9C, D). Upon long-term tumor exposure (NC26 non-cx, C26 pre-cx, C26-cx,
LLC), significant enlargement of the spleen was observed in all tumor-bearing mice, while short tumor
cell exposure (NC26 short, C26 non-cx) did not affect spleen weight (Figure 9E). Interestingly, in a
model of hepatocellular carcinoma, spleen weight correlated positively with tumor growth and an
increase of certain immune cell types (Jiang, 2021), underlining the strong connection between the
anti-tumor immune response, tumor size and spleen weight. Based on this study and the spleen
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weight of cachectic and non-cachectic mice, NC26 and C26 tumors may induce a similar cellular
immune response, while tumors in the short experiment were still too small to induce a proper
cellular immune response.
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Figure 9. Cachexia is associated with tissue wasting. (A, B) Change in lean mass and body fat in (A) PBS short (n=6), NC26
short (n=7), C26 non-cx (n=7), PBS (n=10), C26 pre-cx (n=11) and C26 cx (n=9), and (B) PBS/N (n=3) and LLC/N (n=10) mice,
as measured by EchoMRI. (C, D, E) Tissue weight of (C) iWAT and eWAT, (D) GC muscle and (E) spleen in PBS short (n=6),
NC26 short (n=7), C26 non-cx (n=7), PBS (n=10), NC26 (n=12), C26 pre-cx (n=11) and C26 cx (n=11), and PBS/J (n=8) and
LLC/J (n=12) mice. Data are mean * s.e.m. Statistical analyses were performed using unpaired t-test or one-way ANOVA
with Tukey’s multiple-comparison post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Cancer cachexia influences circulating glucose and lipidome

In line with all previous results, C26 implantation had also the strongest effect on circulating glucose
and lipid levels as assessed by plasma analysis (Figure 10). Cachectic C26 mice had significantly
reduced circulating levels of glucose, while low density lipoprotein (LDL), cholesterol and non-
esterified fatty acid (NEFA) levels were significantly elevated (Figure 10A, B, D, E). High density
lipoprotein (HDL) and triglyceride (TG) levels were unchanged in all experiments (Figure 10C, F),
inconsistent with already published data showing a decrease in TGs (Jones, 2013) and HDL (Dessi,
1992; Dessi, 1994) upon cancer cachexia. As expected, short-term presence of NC26 or C26 tumors
did not alter any of the assessed circulating parameters (Figure 10), highlighting that solely cachexia
onset and not tumor presence per se mediates alterations in circulating plasma parameters. Mice
from the short control experiment had a general increase of TG levels (Figure 10F) compared to all
other BALB/c mice. Interestingly, Chan et al. have shown that circulating TG levels are lower at the
age of 20 weeks compared to 7 weeks (Y. K. Chan, 2012), and indeed, the mice from the short
experiment were sacrificed at the age of 10 weeks, while all other BALB/c mice were between 16 and
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18 weeks old at the moment of sacrifice. Circulating parameters behaved similarly in LLC tumor-
bearing mice compared to the C26 model, except for NEFA levels which tended to be decreased upon
LLC injection (Figure 10E).
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Figure 10. Cancer cachexia affects circulating levels of lipids and glucose. (A-F) Numbers of mice and color-coding same
as in Figure 8. Circulating levels of (A) glucose, (B) low density lipoprotein (LDL), (C) high density lipoprotein (HDL), (D)
Cholesterol, (E) non-esterified fatty acids (NEFAs), (F) triglycerides. Data are mean * s.e.m. Statistical analyses were
performed using unpaired t-test or one-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05, **p<0.01,
***%p<0.0001.

Food intake of cachectic C26 mice was increased at the end of the experiment and peaked before the
final stages of cachexia (Figure 11A), in line with previous studies (Dwarkasing, 2014; Rohm, 2016).
LLC tumor-bearing mice started to increase their food intake approximately 12 days post injection
compared to PBS mice with an overall mild rise (Figure 11B).
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Figure 11. Estimated food intake of tumor-bearing mice is increased by cachexia. Same mice as in Figure 9. Estimated
food intake in gram per mouse per day over the course of the experiment in (A) PBS, NC26 and C26 mice and (B) PBS and
LLC mice.
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2.1.2 The APCMI"/* genetic model of cancer cachexia

The APCMi"* mouse, originally described as a model for colorectal cancer, has a heterologous
mutation in the APC tumor suppressor gene predisposing these mice to the formation of intestinal
polyps starting at the age of 4 weeks (Moser, 1990). APCM"/* mice suffer from a gradual bodyweight
loss including muscle and adipose tissue wasting between 13 and 20 weeks of age, and thus were
established as a model of cancer cachexia later on (Puppa, 2011). In combination with a stepwise
increase in tumor burden, chronic inflammation and anemia, the progressive transition from a weight
stable cancer condition to severe cachexia (Puppa, 2011), greatly mimics human cancer and cachexia
burden, making the APCM"* mouse a valuable model in cachexia research. In this study, cachexia was
investigated in pre-cachectic and cachectic APCM"* mice to identify early changes in disease
development. In addition, young APCM"* control mice were sacrificed between 11 and 13 weeks of
age, prior to weight loss onset.

The APCM"/* mouse is characterized by cancer-induced wasting

APCM"/+ mice grew in parallel with wildtype mice until the age of 15 weeks, when they started to
progressively reduce weight gain compared to wildtype controls over a time course of about 6 weeks
(Figure 12C). To calculate weight loss of APCM™* mice, the highest bodyweight reached during the
experiment was set as initial bodyweight to compensate for the continuous growth of the mice,
whereas in wildtype mice the weight at 12 weeks of age was used as initial bodyweight. Pre-cachectic
APCM"/+ mice showed a reduced initial weight compared to age-matched wildtype or cachectic
APCMin/* mice (Figure 12A). At the end of the experiment, cachectic and pre-cachectic mice had a
significantly lower bodyweight compared to their wildtype controls, with strong bodyweight loss in
cachectic APCM"/* mice, while pre-cachectic APCM™* mice only suffered from mild weight loss (Figure
12A, B). Young control APCM"* mice, sacrificed between 11 and 13 weeks showed a similar initial and
final bodyweight, indicating that in this group cachexia was not present yet (Figure 12A, B). Figure
12D and E demonstrate that cachectic APCM"* mice developed strong weight loss at the end of the
experiment, while pre-cachectic APCM™* mice only slightly altered their bodyweight, and age-
matched wildtype mice increased their weight. Importantly, cachexia developed progressively over a
time course of several days in APCM"* mice (Figure 12D), resembling human cancer cachexia to a
greater extent than the drastic C26 model.
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Figure 12. Cancer-induced wasting is a hallmark of the APCM™* mouse model. (A) Initial and (B) final bodyweight of
young (light blue, n=5), pre-cachectic (blue, n=5) and cachectic (dark blue, n=12) APCM™* mice and their respective
wildtype controls (young WT light grey, n=5; WT dark grey, n=12). (C) Time course of bodyweight development of WT
(n=12) and APCM"* (n=12) mice. (D) Bodyweight change in percentage starting 10 days prior to sacrifice in WT (n=12),
APCM/* pre-cx (n=5) and APCM"* cx (n=12) mice. (E) Percentage of final bodyweight compared to initial/highest
bodyweight in percentage. Same mice asin (A). Data are mean * s.e.m. Statistical analyses were performed using unpaired
t-test or one-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.01, **p<0.05, ****p<0.0001.
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EchoMRI analyses confirmed these bodyweight changes, with APCM"* mice developing significant
adipose tissue wasting, while unexpectedly lean mass was unchanged (Figure 13A), strengthening
that muscle wasting only appears at very late stages of cachexia development, in accordance with the
C26 model. In line with these data, at the end of the experiment, APCM"* mice showed significantly
reduced iWAT and eWAT weight as well as GC muscle mass in both pre-cachectic and cachectic
animals, with the strongest decrease in WAT in the latter (Figure 13B, C). As expected, young control
mice did not show any differences in tissue weight mass (Figure 13B, C). As already shown (Lane,
2010), pre-cachectic and cachectic APCM™* mice developed splenomegaly, probably due to increased
extramedullary hematopoiesis (You, 2006) and elevated numbers of myeloid-derived suppressor cells
(Gabrilovich, 2012), with spleens approximately 6-times bigger in size compared to wildtype controls
(Figure 13D, E). Interestingly, spleen weight already started to non-significantly increase in young
APCM"/+ mice compared to age-matched wildtype mice (Figure 13D). This early onset of spleen
enlargement might be explained by the potential impairment of stem cell differentiation in
hematopoietic tissues due to the APC mutation. As stem cells exhibit a defect in their differentiation,
they fail to mature, subsequently leading to extramedullary hematopoiesis in the spleen (You, 2006).
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Figure 13. Tissue wasting is a hallmark of the APCM"* mouse model. (A) Change in lean mass and body fat mass in
percentage in WT (n=12) and APCM"* (n=10) mice as measured by EchoMRI. (B, C, D) Tissue weights of (B) iWAT and
eWAT, (C) gastrocnemius skeletal muscle and (D) spleen. Same mice as in Figure 12. (E) Exemplary picture of a WT and
cachectic APCM™* spleen. Data are mean * s.e.m. Statistical analyses were performed using unpaired t-test or one-way
ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Cachectic APCM"/* mice have altered circulating glucose and lipid levels

Pre-cachectic APCM"* mice developed hypoglycemia (p=0.0966), which was worsened during the
cachexia progression (Figure 14A). Additionally, cachectic mice showed elevated levels of LDL,
Cholesterol, NEFAs and TGs, while HDL was decreased (Figure 14). Pre-cachectic APCMM* mice
displayed an intermediate state between wildtype and cachectic mice regarding LDL, cholesterol and
triglyceride levels (Figure 14B, D, F), underlining the progressive transition of blood markers during
cachexia development.

As expected, plasma parameters of young APCM"* mice were not affected (Figure 14). In line with
the strong increase in circulating lipids, plasma samples of APCM"* mice showed a visible turbidity,
called lipemia, as a result of a high concentration of lipoprotein particles (Farrell, 2016) (Figure 14G).
Additionally, the severe anemia that APCM"* mice were reported to develop over time (Lane, 2010)
was observed by a decreased pellet of red blood cells when preparing plasma samples of these mice
(Figure 14G).
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Figure 14. Plasma markers related to cachexia are altered in APCM™* mice. (A-F) Numbers and color coding of mice is
the same as in Figure 12. Plasma levels of (A) glucose, (B) LDL, (C) HDL, (D) Cholesterol, (E) NEFAs and (F) triglycerides.
Data are mean + s.e.m. Statistical analyses were performed using one-way ANOVA or Kruskal-Wallis test with Tukey’s or
Dunn’s multiple-comparison post hoc test, respectively. ¥*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

2.2  Cachexia is associated with T cell lymphopenia in tissues

In the last decades, research on cancer immunotherapy has helped finding new and remarkably
effective therapies for cancer treatment, including the use of immunological checkpoint inhibitors
(Robert, 2020) or chimeric antigen receptor (CAR) T cells (June, 2018). In this context, low numbers
of tumor-infiltrating lymphocytes (TILs) were noted to be a limiting factor for immunotherapy
(zappasodi, 2018), in line with a poor response to immunotherapy in melanoma patients with low
T cell infiltration (Tumeh, 2014). Additionally, T cell infiltration into solid tumors was shown to be of
high importance for a positive prognosis among different cancer types (Fridman, 2012). Regarding
cachexia, a recent report showed that pre-treatment diagnosis of cancer cachexia strongly correlated
with a reduced efficacy of PD1 or PD-L1 inhibitors in patients with advanced non-small cell lung cancer
(Miyawaki, 2020). However, studies investigating the effect of cancer cachexia on TIL numbers are
still scarce to date. Thus, | firstly aimed to assess if T cell infiltration into tissues was affected by
cachexia onset.

T cell infiltration into cachectic tumors is reduced

Immunohistochemical analysis of cachectic (C26 cx, LLC) and non-cachectic (NC26 short, C26 non-cx,
NC26 non-cx) tumors revealed a strong decrease in TILs upon cachexia, with especially reduced
numbers of CD3*, CD4* and FoxP3* cells (Figure 15). Infiltrating CD8* T cell numbers were unchanged
in C26 cx tumors with a high variability compared to NC26 non-cx tumors and tended even to increase
in C26 pre-cx tumors (Figure 15). CD4* T cell infiltration into C26 tumors was increased upon pre-
cachexia, while being strongly decreased in late-stage cachexia, also termed refractory cachexia,
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underlining the still functional effector immune response in pre-cachectic mice, which seems to be
diminished upon cachexia progression. LLC tumors revealed overall a very low infiltration of
lymphocytes (Figure 15A). Tumors from the short experiment (NC26 short, C26 non-cx), showed
increased infiltration of CD3*, CD4*, and FoxP3* T cells compared to long-term tumor-bearing mice,
possibly a result of increased infiltration shortly after implantation, and smaller tumor size with less
necrotic tissue. In addition, T cell infiltration was similar between NC26 short and C26 non-cx tumors,
indicating that reduced TIL numbers in cachectic C26 tumors were dependent on cachexia presence

and not tumor-line specific (Figure 15).
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Figure 15. Reduced T cell numbers in cachectic tumors. Numbers of CD3-, CD4-, CD8- and FoxP3-positive cells in tumors
of NC26 short (n=7), C26 non-cx (n=6), NC26 non-cx (n=7), C26 pre-cx (n=9), C26 cx (n=8) and LLC (n=5) mice. Data are
mean * s.e.m. Statistical analyses were performed using one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s
multiple-comparison post hoc test, respectively. To compare two groups to each other, unpaired t-test was conducted.
*p<0.05, **p<0.01, ****p<0.0001.

The strong decrease in TILs by immunohistochemical analysis was verified using flow cytometry.
Thereby, a trend towards a decrease in both CD4* and CD8* T cells was found in cachectic C26
compared to non-cachectic NC26 tumors (Figure 16A). There was a strong positive correlation
between the number of CD3* cells and bodyweight change, meaning the higher the bodyweight loss
the less T cells were present in tumor tissue (Figure 16B), in line with the important role of TILs for
patient outcome (Fridman, 2012). This correlation was not observed in the short-term presence of
NC26 and C26 tumors (Figure 16B), again implying that cancer cachexia solely impairs T cell
infiltration. In patients, a non-significant reduction of CD3E gene expression was observed in weight
losing (CCx) vs. weight stable cancer (WSC) patients (Figure 16C), implying translational potential of
the data collected in our mouse models of cancer cachexia. Of note, there was a mild trend for a
correlation of CD3E expression and bodyweight change in colon cancer patients (p= 0.1068).
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Figure 16. TIL numbers positively correlated with bodyweight change, and murine data show translational potential to
humans. (A) Total cell count of CD4* and CD8* cells in NC26 non-cx (n=3) and C26 cx (n=4) tumors, assessed by flow
cytometry. (B) Correlations of CD3* cells and bodyweight change in NC26 non-cx (n=7), C26 pre-cx (n=10), C26 cx (n=7),
NC26 short (n=7) and C26 non-cx (n=7) mice. (C) Expression of CD3E in weight-stable cancer (WSC, n=12) and cachectic
cancer (CCx, n=14) patients. Data are mean = s.e.m. Statistical analyses were performed using unpaired t-test. Correlations
were analyzed using linear regression analysis.

Decreased numbers of CD3* T cells in cachectic tumors of mice were shown to be a result of reduced
proliferation, as indicated by less CD3*Ki67* double positive cells in C26 cachectic tumors (Figure 17A).
A reduction of TILs in cachectic tumors due to increased apoptosis could be excluded by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (Figure 17B). Using the TUNEL
assay, apoptotic cells can be detected by labeling double-strand DNA breaks that occur during the
late stages of apoptosis (Kyrylkova, 2012). Thus, co-staining of TUNEL and the general T cell marker
CD3, led to the identification of a similar number of apoptotic T cells in NC26 and C26 tumors (Figure
17B). In addition, chemokines play an important role by regulating recruitment of immune cells into
tumors (Allavena, 2011). Upon cancer cachexia, altered gene expression levels related to chemokines
were found in cachectic C26 tumors compared to pre-cachectic C26 and non-cachectic NC26 tumors
(Figure 17C). Cxcl9 and Cxcl11, both involved in CXCR3-dependent T cell chemotaxis, were decreased
in cachectic compared to pre-cachectic C26 tumors, in line with a previous report by Flint and
colleagues (Flint, 2016). Ccl4 gene expression was significantly downregulated in C26 cx vs. C26 pre-
cx tumors, while being unchanged compared to NC26 tumors. Interestingly, the presence of both
Cxcl9 and Ccl4 has been linked to the presence of CD8* TILs in melanoma biopsies (Harlin, 2009),
underlining the potential relation between reduced T cell infiltration and chemokine expression in
cachectic C26 tumors. Cachectic tumors showed a significant increase in Cx3cl/1 gene expression
(Figure 17C), an important TIL-recruiting chemokine that was associated with positive outcome upon
different tumor onsets (Conroy, 2020). In summary, these data show that the reduction of TILs in
cachectic tumors might be a result of reduced T cell infiltration into cachectic tumors due to altered
chemokine levels, in combination with reduced proliferation.
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Figure 17. Proliferation and altered chemokine levels potentially mediate reduction of T cell numbers in cachectic
tumors. (A) Quantification of CD3*Ki67* double-positive cells in NC26 (n=7) and C26 (n=7) tumors, measured by
immunohistochemical staining. (B) Numbers of CD3*TUNEL* cells in NC26 (n=10) and C26 (n=6) tumors. (C) mRNA levels
of different chemokines in tumors of NC26 (n=2), C26 pre-cx (n=10), and C26 cx (n=10) mice. Data are mean * s.e.m.
Statistical analyses were performed using one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s multiple-
comparison post hoc test, respectively. To compare two groups to each other, unpaired t-test was conducted. *p<0.05,
**p<0.01, ***p<0.001.
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T cell infiltration into metabolic tissues is decreased

Systemic inflammation is a major hallmark of cancer cachexia (Webster, 2020), affecting not only the
circulation but also tissues, such as muscle and adipose tissue (Batista, 2016; Webster, 2020). As
T cells are known to be involved in controlling tissue inflammation in obesity (R. Liu, 2019), we
hypothesized that T cells might be potent, targetable regulators of tissue inflammation in cachexia,
worsening the pro-inflammatory state and metabolic dysfunction. To this end, T cell infiltration and
characteristics were investigated in adipose tissues and skeletal muscle of cachectic and non-
cachectic tumor-bearing mice using flow cytometry and gene expression analysis. Opposite to our
hypothesis, gene expression analysis of eWAT and GC muscles revealed a reduction in T cell-related
marker genes (Figure 18A). Hereby, Cd8 and Foxp3 were significantly downregulated in cachectic
eWAT, while Cd4 was only non-significantly reduced. Expression in GC muscles was of high variability,
but all three genes Cd8, Cd4 and Foxp3 were non-significantly decreased in cachectic compared to
non-cachectic NC26 tumor-bearing or healthy PBS control mice, in agreement with a previously
published report (Berardi, 2008). Recently published data reported strong positive correlations
between numbers of muscle-infiltrating T cells and muscle mass in cancer patients (Anoveros-Barrera,
2019), underlining the possible link between T cell numbers and muscle wasting upon cachexia. Gene
expression results were verified by flow cytometric analysis of e WAT, iWAT and GC muscles to assess
the total count of CD4* and CD8" cells (Figure 18B). CD4* T cell numbers were significantly reduced in
eWAT and GC of cachectic mice, while being unchanged in iWAT. CD8* tended to be decreased in GC
muscle and to a lower extent in iWAT and eWAT.
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Figure 18. Reduced T cell infiltration into metabolic tissues. (A) Gene expression levels of T cell marker genes in e WAT
of PBS (n=10), NC26 (n=11) and C26 cx (n=8) mice, and GC muscle in PBS (n=6), NC26 (n=7) and C26 cx (n=6) mice. (B)
Total cell count of CD4* and CD8* cells in eWAT, iWAT (NC26 n=8, C26 cx n=5) and GC (NC26 n=7, C26 cx n=3), as assessed
by flow cytometry. Data are mean + s.e.m. Statistical analyses were performed using one-way ANOVA or Kruskal-Wallis
test with Tukey’s or Dunn’s multiple-comparison post hoc test, respectively. To compare two groups to each other,
unpaired t-test was conducted. *p<0.05.

Proliferative status of CD4* and CD8* T cells in WAT and GC of non-cachectic NC26 and cachectic C26
tumor-bearing mice was investigated by staining of Ki67* T cells and subsequent flow cytometric
analysis. To confirm that staining was not affected and still functional despite collagenase treatment
of tissue samples, non-draining lymph nodes (ndLNs) were used as positive staining controls as they
were not treated with collagenase. The percentage of Ki67*CD4* T cells was unaltered in eWAT, iWAT
and GC, while interestingly the percentage of Ki67*CD8* cells tended to be non-significantly increased
in WAT and GC, indicating elevated proliferation of CD8* T cells upon cachexia. CD62L, a marker for
naive T cells, playing an important role in T cell migration and homing to lymph nodes (Arbonés, 1994;
Kahn, 1994), showed significantly elevated expression on CD8* T cells from WAT and GC (Figure 19B),
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indicating an increase in naive CD8* T cells, and thus a decrease in effector CD8* T cells. As expected,
almost 100% of CD4* and CD8* T cells were CD62L-positive, as CD62L is of high importance for
lymphocyte homing to lymph nodes (Ley, 2004). CD62L expression was unaltered on CD4" tissue-
infiltrating T cells (Figure 19B). An additional way to assess immune health, is the calculation of the
CD4/CDS8 ratio as a substitute marker for immune senescence (Bruno, 2017). To this end, | thus
analyzed the CD4/CDS8 ratio in several metabolic tissues including e WAT, iWAT and GC (Figure 19C). |
observed an increase in the CD4/CD8 ratio in cachectic WAT, while GC was unaffected. The
percentage of FoxP3*CD4* regulatory T cells (Tregs) was unchanged in WAT and GC of C26 tumor-
bearing mice (Figure 19D).
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Figure 19. T cells in metabolic tissues are less activated and display a higher percentage of regulatory T cells. Numbers
of individual mice used for each experiment are indicated by single plotted dots. (A) Ki67* cells as percentage of CD4* or
CD8* T cells in non-draining lymph nodes (ndLNs), eWAT, iWAT and GC in NC26 and C26 cx mice. (B) Naive CD62L* cells as
percentage of CD4" and CD8" T cells in ndLNs, eWAT, iWAT and GC, assessed by flow cytometry. (C) CD4/CDS8 ratio of T
cells in metabolic tissues (eWAT, iWAT, GC). (D) FoxP3* regulatory T cells as percentage of CD4* T cells in eWAT, iWAT and
GC of NC26 and C26 tumor-bearing mice, data were collected by flow cytometric analyses. Data are mean t s.e.m.
Statistical analyses were performed using unpaired t-test. *p<0.05, **p<0.01.

To assess the relevance and cachexia-specificity of the tissue-infiltrating T cell depletion, | correlated
TIL numbers with the bodyweight change and weight of several organs. There was a strong positive
correlation between tumor-infiltrating T cell numbers, especially CD4* and FoxP3* T cells and weight
of cachexia-associated organs such as eWAT, iWAT, and GC muscle in the experiment with cachectic
C26 and non-cachectic NC26 mice (Figure 20C, red squares). Thus, higher bodyweight change
(meaning no bodyweight loss), as well as eWAT, iWAT and GC weight correlated strongly with higher
numbers of TILs, while contrary, increased TIL numbers were associated with reduced tumor weight.
Importantly, these correlations were already present in pre-cachectic/cachectic C26 mice (Figure
20B), while not being present in non-cachectic C26/NC26 tumor-bearing mice (Figure 20A). To control
for the quality of the correlations, | had a closer look at bodyweight change and its relation to the
different organs among cachexia. As expected, | found a strong positive correlation between
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bodyweight loss and organ wasting upon cachexia (Figure 20C, blue square), and to lesser extent in
pre-cachexia (Figure 20B), while there was no correlation in non-cachectic mice (Figure 20A).
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Figure 20. Numbers of tumor-infiltrating T cells strongly correlate with weight of metabolic organs. Pearson correlation
matrices of TIL numbers, bodyweight change (in percentage) and tissue weights in (A) non-cachectic C26 and NC26 mice
from the short-term study, (B) pre-cachectic and cachectic C26 mice and (C) cachectic C26 and non-cachectic NC26 mice.
The angle of the ellipse indicates whether the correlation is positive (1.0) or negative (-1.0) and in addition, the size of the
ellipse is associated with the Pearson coefficient. The smaller the width of the ellipse, the closer the Pearson coefficient
was to 1.0/-1.0. Color coding can be looked up at the color scale ranging from -1.0 (blue) to 1.0 (red). Red squares highlight
correlations between numbers of TILs and important cachexia-associated organs, while blue squares highlight the
association between bodyweight change (in percentage) and organ weight. Significances of the correlations are indicated
using *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Next, tissue infiltration of other immune cell types from innate and adaptive immunity was assessed
to investigate cachexia-mediated alterations. Gene expression analyses of Adgrel (encoding F4/80)
and Cd68, both macrophage marker genes, revealed no changes in e WAT, but a significant decrease
in GC muscles of pre-cachectic and cachectic C26 mice (Figure 21A), in line with Inaba et al. (Inaba,
2018). Of note, in collaboration with the HMGU core facility for Pathology & Tissue Analytics we also
stained tumor sections of NC26 and C26 tumors with F4/80 and CD68 for immunohistochemical
detection of macrophages. However, due to cross-immunoreactivity of tumor cells, quantification by
digital image analysis was not possible (data not shown). Expression of Cd161 and Cd335, both related
to Natural Killer (NK) cells, was downregulated in pre-cachectic and cachectic eWAT and GC, while
being increased in non-cachectic NC26 tumor-bearing mice compared to PBS injected animals (Figure
21B), implying elevated NK cell infiltration into NC26 and decreased numbers in C26 metabolic
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tissues. Cd19 gene expression levels, indicating B cell presence, were decreased in eWAT and GC of
NC26 tumor-bearing mice compared to pre-cachectic C26 and PBS-injected animals, and tended to
be decreased as well in cachectic mice (Figure 21C). Cd205, a marker for Dendritic cells, was
unchanged between all groups (Figure 21D).
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Figure 21. Expression levels of markers associated with innate and adaptive immunity are altered in C26 tumor-bearing
mice. Gene expression in eWAT (PBS n=10; NC26 n=11; C26 pre-cx n=9; C26 cx n=11) and GC (PBS n=12; NC26 n=4-6; C26
pre-cx n=5-11; C26 cx n=9-11) of markers associated with (A) macrophages (Adgrel, Cd68), (B) natural killer cells (Cd161,
Cd335), (C) B cells (Cd19) and (D) dendritic cells (Cd205). Data are mean + s.e.m. Statistical analyses were performed using
one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s multiple-comparison post hoc test, respectively. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Splenic T cell numbers tend to be reduced in cachectic mice

Numbers of splenic T cells tended to be decreased in cachectic C26 compared to non-cachectic PBS
and NC26 control mice, as indicated by immunohistochemical analysis of CD3* cells in the spleen
(Figure 22). While the occurrence of CD8* T cells was unchanged, CD4* T cells were strongly
decreased, thereby probably in part accounting for the decreased numbers of CD3* splenocytes.
FoxP3* Tregs were unaltered between all three groups.
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Figure 22. Splenic T cell numbers tend to be decreased in cancer cachexia. Representative images of
immunohistochemical staining of CD3-positive cells in spleen sections of PBS (n=5), NC26 (n=4) and C26 (n=6) mice.
Quantification of CD3*, CD8*, CD4* and FoxP3* cells per mm? tissue. Immunohistochemical stainings were assessed by the
core facility Pathology & Tissue Analytics at the Helmholtz Center Munich. Data are mean + s.e.m. Statistical analyses
were performed using one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s multiple-comparison post hoc test,
respectively. **p<0.01.

2.3 Modified ceramides are elevated in cancer cachexia

The presence of immune cells in adipose tissue has been investigated extensively in the past, with its
main focus on obesity (Duffaut, 2009; Nishimura, 2009; Rausch, 2008; H. Wu, 2007). In this context,
the potential contribution of immune cells to diseases such as metabolic dysfunction has been
appreciated (Mauro, 2012; Rocha, 2009). On the molecular level, Han and colleagues have shown
that a pathogen-dependent increase of the immune defense in WAT alters adipose tissue function by
suppression of pathways linked to lipid metabolism (S. J. Han, 2017). Since | have noted altered
immune cell infiltration of WAT upon cachexia, we hypothesized subsequent changes in lipid
metabolism, specifically the plasma lipidome. To this end, together with Pauline Morigny, | performed
several cancer cachexia mouse studies, including PBS and NC26, pre-cachectic and cachectic C26
animals, mice with short-term presence of tumors (PBS short, NC26 short, C26 non-cx), as well as LLC,
wildtype and APCM"* mice (similar to Figure 6). Additionally, plasma of cachectic versus weight stable
cancer patients was analyzed. Using plasma, a broad range lipidomic analysis was performed in
collaboration with the core facility Metabolomics & Proteomics. Plasma lipids were analyzed using
FIA-MS/MS and the Lipidyzer™ platform, in which a total of 13 lipid classes and more than 1100 lipid
species were analyzed. A detailed description of the study can be found in Morigny and Zuber et al.
(Morigny&Zuber, 2020).

The circulating lipidome alters upon cancer cachexia

Using PLS-DA analysis, we investigated the separation of the different cx and non-cx groups in each
experiment based on their circulating lipid profile (Figure 23A). C26 cx, non-cachectic NC26 and PBS
control mice groups were separated in the PLS-DA analysis. NC26 and PBS mice had a rather similar
lipid profile as suggested by the overlap of their ellipses in the PLS-DA analysis. Interestingly, C26 pre-
cx mice showed an intermediate lipid profile between cachectic C26 and healthy PBS mice, indicating
that the stepwise development of cancer cachexia is accompanied by a gradual change of the
circulating lipid profile. As expected, there was no difference between the groups from the short
experiment, as indicated by the strong overlap of PBS short, NC26 short and C26 non-cx mice (Figure
23A), underlining that changes in the cachectic lipid profile solely rely on cachexia development and
are not tumor cell line dependent. Additionally, the profound impact of cachexia on the plasma
lipidome as assessed in cachectic C26 mice was confirmed in the implantation LLC mouse model and
the genetic APCM"/+ model, which both developed markedly altered lipid profiles associated with
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cachexia (Figure 23A). To assess alterations in the quality and quantity of the circulating lipid species
in non-cachectic and cachectic mice, volcano plots were used to highlight differences (Figure 23B).
Thereby, we detected commonly regulated lipid species in cachectic mice among the different mouse
models used, such as an increase in sphingolipid species, like sphingomyelines (SMs), ceramides
(CERs), hexosyl-ceramides (HCERs) and a decrease in lysophosphatidylcholines (LPCs). Importantly,
these lipid classes were largely non-regulated in non-cachectic C26 mice from the short experiment,
implying the specific dysregulation of these lipids by cachexia.
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Figure 23. Circulating lipid profile is altered in cancer cachexia. (A) Partial least squares-discriminant analysis (PLS-DA)
scoreplots of plasma lipid species show similarities and dissimilarities between different groups (PBS short n= 6, NC26
short n=7, C26 non-cx n= 7; PBS n=8-10, NC26 n=9, C26 cx n=7-9; C26 pre-cx n=11; C57BL/6 PBS n=5, LLC n= 6; wildtype
n=9, APCM"* n=9). PLS-DAs were applied using MetaboAnalyst4.0 and ellipses show 95% confidence intervals for the
individual group. (B) Same mice than in (A). Changes in lipid species between indicated groups are shown as volcano plots,
and are represented by Log2 fold change (FC). The adjusted P value (qBH) of 0.05 is indicated by the dashed lines.
Statistical analyses were performed using two-sided Wilcoxon rank sum tests and p values were adjusted for multiple
testing using the Benjamini-Hochberg correction method. This study was conducted in collaboration with Pauline Morigny
and data collection and analysis were shared equally between us. Figure based on (Morigny&Zuber, 2020).

Next, changes in all lipid classes, potentially altered by cancer cachexia, were assessed. (Figure 24A-
D). In total, 13 lipid classes were covered by the Lipidyzer™ platform and a detailed analysis of each
of them can be found in (Morigny&Zuber, 2020), however, the focus of this thesis will be on the most
strongly cachexia-regulated lipid classes. LPCs were mainly decreased in the plasma of cachectic C26
and LLC mice, while being unchanged in C26 non-cx and NC26 mice (Figure 24A), in accordance with
the previously published decrease of LPC plasma levels in cachectic cancer patients (Cala, 2018). In
addition, we found SMs, CERs and HCERs, all belonging to the sphingolipid family, to be elevated in
practically all cachexia models, while being unchanged in C26 non-cx mice (Figure 24A-D).
Importantly, similar to the PLS-DA analysis, C26 pre-cx mice again displayed an intermediate state
between PBS and C26 cx animals, with a gradual rise of circulating sphingolipids as cachexia
progressed. Interestingly, in a very comprehensive metabolomic analysis, O’Connell and colleagues
have recently observed similar changes in cachectic C26 tumor-bearing mice, including a strong

reduction in LPC species and an increase in lipid classes related to the sphingolipid family (O'Connell,
2021).
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Figure 24. Cachexia alters lysophosphatidylcholine and sphingolipid classes in cachectic tumor-bearing mice. (A-D) Lipid
class sum concentrations are shown for (A) lysophosphatidylcholine (LPC), (B) sphingomyelins (SM), (C) ceramides (CERs)
and (D) hexosyl-ceramides (HCER) in same mice than Figure 23. Data are plotted as median 10-90 percentile. One-way
ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s multiple-comparison post hoc test, respectively, were performed to
compare lipid class sum concentrations in experiments with three groups, while unpaired t test or Mann-Whitney test
were conducted to compare two groups. Tests were two sided. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. This study
was conducted in collaboration with Pauline Morigny and data collection and analysis were shared equally between us.
Figure based on (Morigny&Zuber, 2020).

Lipid species are mutually regulated in mice and cancer patients suffering from cachexia

To finally explore the translatability of the lipidomics data assessed in experimental models, we
investigated changes in the cachectic plasma lipidome of gastrointestinal cancer patients.
Importantly, lipid classes were similarly regulated between patients and mice in cachexia
development. We found a total of 81 lipid species commonly regulated between at least one mouse
model of cancer cachexia and cachectic patients. 11 of these 81 lipid species were upregulated, and
only 6 of those were consistently altered in both mouse models and patients, all of them being related
to the sphingolipid family, including SM(16:0), SM(24:1), CER(16:0), CER(24:1), HCER(16:0), and
HCER(24:1) (Figure 25A). Contrary, the two most commonly downregulated lipid species were
LPC(16:1) and LPC(20:3), both significantly decreased upon cachexia in mice and patients (Figure
25A). None of these lipid species being commonly increased or reduced upon cachexia were changed
in C26 non-cx mice, underlining that their dysregulation is probably closely related to cachexia. In
addition, the concentration of these lipid species closely correlated with bodyweight change in mice
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and patients. Representative correlations of one of the lipid species, namely HCER(24:1), and
bodyweight change are shown in Figure 25B for all different experiments. As expected, non-cachectic
C26 tumor-bearing mice did not show alterations in any of these 8 commonly regulated lipid species,
and also correlations of the lipids with bodyweight change were non-significant (Figure 25B). We
found a gradual rise of some of these lipid species in line with the progressive transition from a weight
stable cancer condition to severe cachexia, implying their potential role as biomarkers in cancer

cachexia.
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Figure 25. Lipid species are commonly regulated in mice and cancer patients upon cachexia. (A) Heat map representing
the fold change of lipid species that were uniformly affected in various mouse models of cachexia (same mice as in Figure
23) and cachectic cancer patients (Ccx, n= 20; WSC n=19). Patient characteristics can be found in more detail in the
methods section. (B) Correlations showing the concentration of HCER(24:1) and the percentage of bodyweight change in
mouse models of cancer cachexia and cachectic cancer patients. Same mice and patients as in (A). Statistical analysis was
performed using two-sided Wilcoxon rank sum tests and p values were adjusted for multiple testing using the Benjamini-
Hochberg correction method. Correlations were analyzed using linear regression analysis. *p<0.05, **p<0.01,
***p<0.001. This study was conducted in collaboration with Pauline Morigny and data collection and analysis were shared
equally between us. Figure based on (Morigny&Zuber, 2020).

Coming back to our initial hypothesis, investigating if altered immune cell infiltration into WAT might
change adipose tissue metabolism, finally leading to an altered plasma lipidome, we were keen to
identify the primary source of elevated sphingolipid levels in cachectic mice. Importantly, adipose
tissue has previously been shown to contribute to circulating ceramide levels (Flaherty, 2019). To this
end, we analyzed the gene expression profile of enzymes related to sphingolipid metabolism,
including ceramide synthesis and degradation, in eWAT of non-cachectic PBS and NC26 tumor-
bearing mice, as well as in pre-cachectic and cachectic C26-injected mice (Figure 26). Contrary to what
was expected, we found decreased gene expression levels of enzymes involved in the different
ceramide synthesis pathways (Figure 26A). Sptlcl (serine palmitoyl transferase 1), Kdsr (3-
ketosphinganine reductase), Cers5, Cers6, Cers2 (ceramide synthases 5, 6 and 2), Degs1 and Degs2
(dihydroceramide desaturases 1 and 2), all belonging to the de novo ceramide synthesis pathway, and
Smpd1 (sphingomyelin phosphodiesterase 1) as part of the salvage pathway (Gault, 2010), were
either unchanged or significantly downregulated in epidydimal white adipose tissue of pre-cachectic
or cachectic mice (Figure 26A). Additionally, ceramide degradation seemed to be unchanged as well
between cachectic C26 and PBS-injected mice, as indicated by Asahl (N-acylsphingosine
amidohydrolase 1) expression levels (Figure 26A), altogether suggesting a general decrease in
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ceramide metabolism in cachectic eWAT. Thus, immune infiltration into adipose tissue is likely not
the driver of elevated ceramide levels in cachectic mice. Instead, we found most of the
aforementioned enzymes being increased in cachectic livers (Figure 26B), indicating that liver might
be the major source of elevated circulating ceramides (Morigny&Zuber, 2020). Interestingly, Watt et
al. have demonstrated that de novo generated ceramides are not stored in the liver, but rather
secreted into the circulation (Watt, 2012), again underlining the potential impact of high amounts of
liver-synthesized ceramides to high circulating levels in cachectic animals.
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Figure 26. Liver as primary source of increased circulating ceramide levels in cachectic mice. (A-B) mRNA levels of same
mice as in Figure 23. Expression of enzymes related to ceramide de novo synthesis (Sptic1, serine palmitoyl transferase 1;
Kdsr, 3-ketosphinganine reductase; Cers5, Cers6, Cers2, ceramide synthases; Degs1, Degs2, dihydroceramide desaturases)
and the salvage pathway (Smpd1, sphingomyelin phosphodiesterase). HCER and glycosphingolipid synthesis are measured
by gene expression of Ugcg (UDP-Glucose Ceramide Glucosyltransferase) and St3gal5 (ST3 Beta-Galactoside Alpha-2,3-
Sialyltransferase 5), respectively. Ceramide degradation is indicated by expression of Asahl (N-acylsphingosine
amidohydrolase 1). (A) Gene expression levels in eWAT and (B) Liver. Statistical analysis was performed using unpaired
one-way ANOVA or Kruskal-Wallis tests with Bonferroni or Dunn's post-hoc tests. Tests were two sided. Data are mean =
SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. This study was conducted in collaboration with Pauline Morigny
and data collection and analysis were shared equally between us. Figure based on (Morigny&Zuber, 2020).

2.4 T cell metabolism and function are impaired in cancer cachexia

2.4.1 T cell metabolism is affected by cancer cachexia

Fatty acids (FA) are potent players in cancer development due to their role as signaling molecules and
building blocks for membrane biosynthesis (Koundouros, 2020). Additionally, cancer cells can hijack
fatty acid metabolism (Tang, 2018), thereby increasing tumor growth. Moreover, T cell function,
especially in the tumor microenvironment, can be impaired due to an increased uptake of long chain
fatty acids (Manzo, 2020) and oxidized low density protein mediated by CD36 (Endemann, 1993; Xu,
2021). Other lipid classes such as sphingomyelin and ceramides have also been linked to T cell
dysfunction in cancer (Tallima, 2021; Vaena, 2021). Therefore, we hypothesized that the observed
T cell dysfunction in cancer cachexia might be mediated by elevated levels of circulating free FAs
(FFAs) and sphingolipids, including ceramides and sphingomyelin, as noted in our lipidomics study
(see chapter 2.3), possibly conveyed by CD36. Of note, all experiments in this chapter (chapter 2.4)
were conducted using T cells isolated from the spleen, unless stated otherwise. Thus, | first assessed
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Cd36 gene expression in T cells isolated from the spleen of non-cachectic and cachectic mice of
different mouse strains (Figure 27). In CD8" splenocytes, Cd36 expression was increased in all long-
term tumor-bearing BALB/c mice (non-cx and cx) in a similar manner, independent of cachexia
presence, while it was unchanged in CD4* T cells (Figure 27A). Surprisingly, Cd36 gene levels also
tended to be elevated in CD8* T cells from non-cachectic short-term C26 tumor-bearing mice. In line
with the C26 data, CD8* T cells from pre-cachectic and cachectic APCM™* animals also revealed a
significant increase of Cd36 compared to WT mice, while cachectic LLC tumor-bearing mice displayed
slightly upregulated Cd36 expression in both CD4* and CD8" T cells (Figure 27A, B). Together, the
significant Cd36 upregulation in NC26 non-cx and pre-cachectic mice (C26, APCM™*), but also the non-
significant increase in C26 non-cx mice suggests that Cd36 expression on CD8* T cells increases in a
tumor-dependent but not cachexia-specific manner, underlining that CD36-mediated elevated

uptake of lipids cannot be the underlying cause for T cell impairment in cachexia.
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Figure 27. Cd36 gene expression in T cells is not affected by cachexia. mMRNA levels of Cd36 were assessed in CD8* and
CD4* T cells isolated from the spleen of PBS short (n=6), NC26 short (n=7), C26 non-cx (n=7), PBS (n=12), NC26 (n=5), C26
pre-cx (n=11) and C26 cx (n=12) mice; as well as PBS/N (n=5), LLC/N pre-cx (n=8) and LLC/N cx (n=12) animals. In addition,
expression of Cd36 was analyzed in wildtype (n=7), APCM"* pre-cx (n=3) and APCM™* cx (n=4) CD8* splenocytes. Data are
mean + s.e.m. Statistical analyses were performed using unpaired t test and one-way ANOVA or Kruskal-Wallis test with
Tukey’s or Dunn’s multiple-comparison post hoc test, respectively. *p<0.05, **p<0.01.

Gene expression of enzymes related to T cell metabolism is altered upon cancer cachexia

Cancer cachexia is known to induce systemic inflammation accompanied by an increase in many
circulating cytokines (Webster, 2020), while at the same time, it has become increasingly clear that
cytokines can regulate T cell metabolism (Bishop, 2021). Thus, we hypothesized that elevated
cytokine appearance in the circulation but also in the tissue microenvironment might influence T cell
metabolism in cancer cachexia. Hence, | determined expression levels of metabolic genes, including
Abcal (ATP Binding Cassette Subfamily A Member 1), Cptla (Carnitine palmitoyltransferase 1A),
Slc2al (Solute Carrier Family 2 Member 1, encoding GLUT1) and Ldha (Lactate Dehydrogenase A) in
T cells from cachectic mice (Figure 28). Interestingly, a marked rise in the expression of Abcal was
only found in CD8* T cells from short-term NC26 and C26 tumor-bearing mice but not (pre-)cachectic
C26 mice (Figure 28A), while it was unchanged in cachectic LLC tumor-bearing (Figure 28B) and
APCMin/+ (Figure 28C) mice. Since ABCA1 is known to mediate efflux of phospholipids and cholesterol
(Castella, 2017), T cells might also contribute to altered circulating levels of phospholipids and
cholesterol during the early development of cachexia, as observed by lipidomic analyses. CPT1A is the
limiting and rate-controlling factor for long chain fatty acid oxidation within mitochondria (Raud,
2018). In cachectic CD8* T cells, Cptla expression was strongly increased in all tumor-bearing animals
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(NC26, C26, LLC) independent of their cachectic status (Figure 28A, B). In line, a non-significant
increase in Cptla was also noted in cachectic APCMI"/* mice (Figure 28C).

Antigen stimulation mediates a switch of T cell metabolism to favoring aerobic glycolysis despite
ample oxygen supply, which is accompanied by an increase in LDHA converting pyruvate to lactate
(Peng, 2016). CD8* T cells from short-and long-term NC26 and non-cachectic C26 mice showed a
strong increase in Ldha gene expression (Figure 28A), further underlining proper activation of these
cells by NC26 and C26 tumor antigens. Also pre-cachectic C26 CD8* T cells showed a significant
upregulation of Ldha, which was abolished upon cachexia progression (Figure 28A), implying the
transition to a dysfunctional state in which T cells cannot react properly to tumor-antigen stimulation.
Contrary, cachectic APCM"* and (pre-) cachectic LLC CD8* T cells showed an increase of Ldha (Figure
28B, C).
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Figure 28. Expression levels of metabolic enzymes are altered in circulating CD8* T cells isolated from the spleen upon
cancer cachexia. (A-D) Expression of Abcal, Cptla, Sic2al and Ldha in CD8* T cells from (A) PBS short (n=6), NC26 short
(n=7), C26 non-cx (n=7), PBS (n=12), NC26 (n=5), C26 pre-cx (n=11) and C26 cx (n=12) mice, (B) PBS/N (n=5), LLC/N pre-cx
(n=8) and LLC/N cx (n=12), (C) WT (n=8), APCM"* pre-cx (n=3) and APCM"/* cx (n=4). (D) Expression in CD8* T cells of WT
(n=3) and APCM"* cx (n=3) mice after overnight stimulation with CD3/CD28 antibodies. Data are mean * s.e.m. Statistical
analyses were performed using one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s multiple-comparison post
hoc test, respectively. *p<0.05, **p<0.01.

Gene expression levels of Slc2al, encoding the major glucose transporter GLUT1 in T lymphocytes
(Cretenet, 2016), were significantly decreased in CD8* T cells from cachectic C26, as well as cachectic
APCMin* animals (Figure 28A, C), while being upregulated in pre-cachectic LLC mice, which was
blunted upon cachexia (Figure 28B). Strikingly, there was a significant increase of Slc2al in non-
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cachectic C26 and short-term NC26 mice (Figure 28A), indicating proper functioning of T cells upon
stimulation by tumor-presence. Antigen stimulation of T cells in general leads to T cell activation,
increased glucose uptake via GLUT1, and subsequently upregulation of T cell effector function
(Jacobs, 2008; Macintyre, 2014; C. S. Palmer, 2015). Hence, the consistent repression of Slc2al in
cachectic T cells, suggests a progressive inhibition of glucose uptake in line with cachexia
development in different mouse strains. Importantly, when stimulating CD8* T cells overnight using
anti-CD3 and anti-CD28 antibodies, gene expression of metabolic enzymes was to some extent
restored to normal levels (Figure 28D), implying that dampened T cell glucose uptake upon tumor-
antigen stimulation in cachexia is not related to intrinsic, developmental changes, but rather
dependent on inhibiting factors or nutrient depletion in the microenvironment or problems with
antigen stimulation.

Accordingly, also CD4* T cell