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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
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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
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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.

21




RESULTS
A 0.9821 B
0.1529
25 S 25 S
97 2 209 0.9997 0.4438 97 2 154
-4 NC26 non-cx é — é .
4 2.0 s & S 2.0 = 0
5 C26 cx & 1.5+ 5 -= PBSIN g
8= ) = 3 1.0
g 1.59 5 . . g 1.5 5 .
3 2 1.0+ 3 2
> 1.0 = > 1.0 =
‘g s ‘g S 0.5
S 05+ =
2 0.54 'g 2 0.5 'g
00 —T—T—T—T7T—T g 0.0~ 0.0- E 0.0-
10 8 6 4 2 0 = ro «0+ (\‘d‘ ®,<,+ o 10 8 6 4 2 0 = o
Days before sacrifice > O & &Y Days before sacrifice NS

e} N
V' o o O
FFF

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.

A B ¢ kK K K C D E % %k k
40+ S 40 - 329 WT 10— 20+ 0.0897
= ApCMIM* ox
-’ | -
S 304 . ,’T‘ *ere 30 . ’—| 30 9 5 W :\; 10 ./.T
2 o o o < < . 3
= = @ g 0--. g 77N A0o000E g 04
m 20 m 20 z 28+ S s *
I E @ 5 5 5 -10-
£ ic = - WT =
10 10 261 B 40 ‘ 2 0
- APCM"™ pre-cx
- APCM* oy
0- 0- 24 T T T T ] ASt 11T B e e e N
& oF + 12 14 16 18 20 22 12 10 8 6 4 2 0 &
"\)(\QQ\}&\‘S& & © o‘\'(go"oq o e ! " O\X‘Q’Q&‘QQ\ \eﬁ’*o(x o
«‘\\Q\‘ ¥ Qg q(\\ ¥ & Qé‘: Time (weeks) Days before sacrifice .\Q\‘ £ & Qéx;\
AR F g AR
I & & K

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,

28




RESULTS

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

32




RESULTS |gEE]

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.

34




RESULTS

5000 NC26

CD3* cells in spleen c 676 *
£ 4000
PBS NC26 C26 a e 0.0622
Y 2 Iy F A : NE . .
: £ 3000 ’—‘
SR B S 8 ' TH
s £ 2000- N
“ y g
- 3 8
2 1000 i
d.)
o I
0- a

CcD3" cD8"' cD4" FoxP3'
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



RESULTS

(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 cells from cachectic C26 and LLC tumor-bearing animals showed an altered
gene expression profile upon cachexia (Figure 29). CD4* T cells from LLC tumor-bearing mice showed
stronger changes compared to C26 mice, which displayed an overall high variability. As in CD8* T cells,
| observed a marked upregulation of Cptla and Ldha in cachectic LLC CD4* T cells, while Abcal and
Slc2al were unaltered (Figure 29B). Intriguingly, pre-cachectic LLC mice highlighted the progressive
upregulation of Ldha and Cptla, while they showed even a significant upregulation of Abcal
compared to PBS mice in CD4* T cells, indicating the progressive loss of metabolic integrity with
cachexia development. In contrast to the strong alterations in CD8* T cells from C26 (pre-)cx mice, |
did not observe any changes in CD4* T cells from NC26 or C26 mice.
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Figure 29. CD4* T cells display altered expression levels of metabolic enzymes. Expression of Abcal, Cptla, Slc2al and
Ldha in CD4* T cells from (A) PBS (n=5), NC26 (n=6) and C26 cx (n=6) or (B) PBS/N (n=5), LLC/N pre-cx (n=8) and LLC/N cx
(n=12) 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. *p<0.05, ***p<0.001, ****p<0.0001.

CD8* T cells from cachectic mice have an altered mitochondrial metabolic profile

Since the expression of enzymes related to T cell metabolism was altered upon cancer cachexia, | next
sought to determine if the energy demand of CD8* T cells isolated from non-cachectic and cachectic
mice was also changed, based on their oxygen consumption rate (OCR). To this end, a comprehensive
metabolic analysis was conducted using various mitochondrial inhibitors to identify metabolic
changes using a Seahorse XFe96 Bioanalyzer, on CD8* T cells isolated from spleens of cachectic vs.
non-cachectic animals. CD8* T cells from cachectic C26 tumor-bearing mice tended to have a reduced
general energy demand and oxidative phosphorylation (OXPHOS) compared to non-cachectic NC26
mice, as measured by basal and maximal respiration (Figure 30A). Additionally, a trend for a
decreased basal respiration of cachectic C26 CD8* T cells vs. pre-cachectic C26 CD8* T cells was
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observed (Figure 30B), underlining the progressive transition from a functional to an impaired T cell
metabolism upon cancer cachexia development. Despite expressional changes of metabolic enzymes
due to short-term tumor implantation (Figure 28A), neither basal nor maximal respiration of NC26
short and non-cachectic C26 CD8* T cells was altered (Figure 30C).
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Figure 30. Oxygen consumption rate (OCR) of CD8* T cells is reduced in cachectic C26 mice. (A-C) OCR of CD8* T cells
over time, challenged by injections of 1 uM oligomycin, 1.5 uM FCCP, 1 uM Antimycin and 1 uM Rotenone, and 100 mM
2-deoxyglucose (2-DG). Calculations of basal and maximal respiration are based on OCR levels and can be looked up in
detail in the methods section. Measurements with CD8* T cells from (A) PBS (n=10), NC26 (n=11) and C26 cx (n=10) mice,
(B) PBS (n=4), C26 pre-cx (n=9) and C26 cx (n=5) mice, and (C) PBS short (n=6), NC26 short (n=7) and C26 non-cx (n=6 OCR
over time, n=7 bar graphs) mice. Data are mean + s.e.m. Statistical analyses were performed using two-way ANOVA with
Tukey’s multiple-comparison post hoc test, as well as 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.

An unchanged basal and maximal respiration could be observed in LLC-tumor bearing animals, but
with very high variability (Figure 31A), in line with the high variability of LLC mice to develop cachexia
(as previously discussed, (Geppert, 2021). CD8* T cells from pre-cachectic and cachectic APCM"* mice
exhibited a reduced maximal respiration compared to their wildtype controls, while basal respiration
in cachectic APCM"/* mice was not changed (Figure 31B). Importantly, CD8* T cell energy metabolism
from cachectic APCM"* mice was restored by ex vivo CD3/CD28 co-stimulation (Figure 31C), implying
that the intrinsic potential for activation was largely unchanged by cachexia.
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Figure 31. Oxygen consumption rate (OCR) of CD8"* T cells is affected in cachectic LLC and APCM™* mice. (A-C) OCR in
CD8* T cells over time, being challenged by 1 uM oligomycin, 1.5 uM FCCP, 1 uM Antimycin and 1 uM Rotenone, and 100
mM 2-DG injections. Calculations of basal and maximal respiration were based on measured OCR levels. Calculation is
described in detail in methods section. Measurements in CD8* T cells from (A) PBS (n=6) or LLC/N (n=7) mice, (B) WT
(n=5), APCM"/* cx (n=5) mice and (C) after CD3/CD28 co-stimulation in CD8* T cells from WT (n=3) and APCM"* cx (n=3)
mice. Data are mean * s.e.m. Statistical analyses were performed using two-way ANOVA with Tukey’s multiple-
comparison post hoc test, unpaired t test, as well as one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s
multiple-comparison post hoc test, respectively. **p<0.01.

CD8* T cell glycolysis is affected by cancer cachexia
Upon T cell activation, T cell metabolism rapidly switches from mitochondrial respiration to aerobic
glycolysis (Menk, 2018), enabling proper activation of effector function (Pearce, 2013). CD8* T cell
glycolysis was assessed by challenging T cells with different metabolic inhibitors and subsequent
analysis of the extracellular acidification rate (ECAR) using a Seahorse XFe96 Bioanalyzer. Thereby, a

reduction of glycolysis in CD8* T cells, as measured by ECAR, was observed in cachectic C26, LLC and

APCMin/* mice (Figure 32A, B, D, E). Intriguingly, CD8* T cells from pre-cachectic C26 tumor-bearing

animals showed an in-between stage of PBS and cachectic C26 mice (Figure 32B), implying a gradual
impairment of T cell metabolism in cachexia.

Short-term tumor-bearing NC26 and non-cachectic C26 CD8* T cells showed no changes in glycolysis

compared to PBS mice (Figure 32C). Reduced glycolysis in cachectic APCM"* mice was revoked upon
overnight stimulation using anti-CD3/anti-CD28 antibodies (Figure 32F), indicating that cachectic T
cells do not suffer from a stimulation/metabolism defect per se, but rather an immunosuppressive
environment must be the underlying cause for the alterations in T cell metabolism upon cachexia.
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Figure 32. CD8* T cell glycolysis is affected by cancer cachexia. Calculations of glycolysis were based on ECAR data
measured using the Seahorse XFe96 Flux Analyzer. (A-E) Glycolysis rates as a measure of ECAR were assessed in CD8* T
cells from (A) PBS (n=9), NC26 (n=11), C26 cx (n=10), (B) PBS (n=4), C26 pre-cx (n=7), C26 cx (n=5), (C) PBS short (n=6),
NC26 short (n=7), C26 short (n=7), (D) PBS/N (n=6), LLC/N (n=7), and (E) WT (n=5) and APCM"* ¢cx (n=4) mice. (F) CD8* T
cells from WT (n=3) and APCM™* cx (n=3) mice were stimulated overnight using anti-CD3/anti-CD28 antibodies. Data are

mean * s.e.m. Statistical analyses were performed using unpaired t test as well as one-way ANOVA or Kruskal-Wallis test
with Tukey’s or Dunn’s multiple-comparison post hoc test, respectively.

2.4.2 CD8+T cell effector function is compromised in cachexia

T cell activation is tightly coupled to T cell metabolism as upon stimulation T cells underlie the
Warburg effect switching their metabolism from oxidative phosphorylation to aerobic glycolysis,
while similarly upregulating important effector cytokines, such as Interferon gamma (IFNy) (Kouidhi,
2017). Since the metabolic profile of CD8* T cells was strongly altered upon cancer cachexia (Figure
27-Figure 32), | next sought to determine changes in T cell effector function. To this end, mRNA levels
of effector cytokines were characterized in CD8* splenocytes (Figure 33). A marked repression of
effector cytokine expression, including //12 (interleukin 2), Tnfa (Tumor necrosis factor alpha), and Ifny,
indicating reduced T cell activation, was specifically associated with cachexia in different mouse
models (Figure 33). Interestingly, this was specific to cancer cachexia and tumor presence, as mice
carrying a non-cachexia-inducing tumor, such as NC26, or mice carrying tumors only for a short time,
e.g. NC26 short or C26 non-cx, showed an unaltered or enhanced inflammatory effector profile
compared to PBS or WT mice (Figure 33). Pre-cachectic C26, APCM"/* and LLC mice highlighted the
gradual progression of cancer cachexia as they often displayed an intermediate stage between
cachectic and control mice (Figure 33). CD8* T cells from NC26 short and C26 non-cx mice upregulated
Pdcd1, encoding programmed cell death 1 (PD1), significantly compared to PBS short mice (Figure
33A) and also ex vivo CD3/CD28 co-stimulation of CD8* splenocytes from APCM™* mice strongly
induced Pdcd1 expression. Interestingly, PD1 has previously been reported to be increased on naive
T cells upon TCR antigen stimulation (Chikuma, 2009), explaining its strong upregulation in CD8* T
cells challenged by short-term tumor presence or overnight stimulation. However, in combination
with other markers such as Thymocyte Selection Associated High Mobility Group Box (TOX) (O. Khan,
2019) or T Cell Immunoreceptor With Ig And ITIM Domains (TIGIT) (X. Zhang, 2019), PD1 expression
can remain high and be a sign of T cell exhaustion, upon long-term stimulation by tumor antigens
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(Dolina, 2021). Gene expression of Pdcd1, was slightly increased in CD8* splenocytes from (pre-)
cachectic C26 tumor-bearing mice compared to PBS and NC26 control mice (Figure 33A), while being
unchanged in LLC (Figure 33B) and APCM"/* (Figure 33C) animals. Moreover, mRNA levels of TOX were
unchanged in CD8* T cells from cachectic C26 animals, but strongly decreased in pre-cachectic and
cachectic LLC (Figure 33B) and APCM"/* (Figure 33C) mice. In combination, these data suggest that
dampening of T cell effector function in cachexia was not mediated by T cell exhaustion. Strikingly,
CD3/CD28 co-stimulation of CD8* splenocytes from APCM™* mice led to a strong, but similar induction
of effector cytokine gene expression in all groups and restored mRNA levels of cachectic CD8* T cells
(Figure 33C), implying a largely unchanged intrinsic potential for T cell activation in cancer cachexia.
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Figure 33. Impaired effector cytokine expression in CD8* T cells in cancer cachexia. (A-C) mRNA expression of T cell
activation marker genes in CD8* splenocytes from (A) PBS short (n=6), NC26 short (n=7), C26 non-cx (n=7), PBS (n=11),
NC26 (n=4), C26 pre-cx (n=11) and C26 cx (n=10) mice, (B) PBS C57BL/6N (n=5), LLC pre-cx (n=8) and LLC cx (n=11) mice,
(C) WT (n=8), APCM"* pre-cx (n=3), APCMI"* cx (n=4), as well as activated WT (n=3) and APCM™* cx (n=3) by CD3/CD28 co-
stimulation. 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.

In line with CD8* T cells, CD4* splenocytes from cachectic C26 and LLC tumor-bearing mice seemed to
be dysfunctional based on their effector gene regulation (Figure 34). Accordingly, cachexia induced a
downregulation of Ifny and Tnfa in cachectic C26 and LLC mice (Figure 34A, B). Interestingly, Pdcd1
expression was unaltered in CD4* splenocytes from cachectic mice, while Tox was downregulated,
suggesting reduced T cell exhaustion upon cachexia, in accordance with the CD8* T cell expression
levels. Together, these data suggest that exhaustion is likely not involved in T cell repression upon
cachexia.

CDA4* T cells are also often termed helper T cells (Th cells) and can be divided into different subtypes,
having different roles in the immune system. Interestingly, the two predominant classes Th1 and Th2
cells both have been previously analyzed regarding their immunotherapeutic role in cancer. Th1 cells
are characterized by IFNy production, while Th2 cells secrete IL-4, IL-10 and IL-13, and express Gata
binding protein 3 (GATA3) as their subtype-specific transcription factor (Bradley, 1996; W. Zheng,
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1997). CD4* T cells from cachectic LLC mice displayed strongly reduced levels of Gata3, //4 and /10,
indicating reduced presence of Th2 circulating T cells upon cachexia (Figure 34B).

These data were in line with a marked reduction of Gata3 and //13 expression in C26 cx mice
compared to PBS-injected animals. However, //4 and //10 levels were not altered in cachectic C26 mice
(Figure 34A). Additionally, also Ifny levels were downregulated in CD4* splenocytes from cachectic
mice (Figure 34), implying reduced amounts of Th1 cells. Altogether, these results indicate that cancer
cachexia might induce a defect in helper T cell differentiation, and thereby an accumulation of naive
CD4"* T cells (as already discussed in 2.2.).
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Figure 34. CD4" T cell effector and subtype marker gene expression is dysregulated in cachexia. (A-B) Gene expression
of T cell activation and subtype specific marker genes in CD4* splenocytes from (A) PBS (n=5), NC26 (n=6) and C26 cx (n=6)
mice, and (B) PBS/N (n=5) and LLC/N (n=11) animals. 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.

Strikingly, dysregulated effector gene expression was not limited to circulating T cells but was also
present in tumor-infiltrating lymphocytes (TILs), with a downregulation of /12, Ifny, Tnfa and Gzmb in
both CD4* and CD8* TILs in cachectic C26 compared to non-cachectic NC26 tumor-bearing mice
(Figure 35). These data further highlight the extensive systemic impact cachexia has on T cells in
different tissues.
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Figure 35. Cachexia reduces effector gene expression of tumor-infiltrating lymphocytes (TILs). Expression levels of T cell
effector genes in CD8* and CD4" TILs from non-cachectic NC26 (n=5) and cachectic C26 (n=5) mice. Data are mean +s.e.m.
Statistical analyses were performed using unpaired t test or Mann-Whitney test. *p<0.05.
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2.5 Tcellimpairmentis mediated by systemic alterations and not tumor- secreted factors

2.5.1 Phenotype of cachectic T cells cannot be mimicked in vitro by conditioned tumor cell
medium treatment

Tumors actively promote cancer cachexia by secreting so-called cachexokines, factors that were
shown to arbitrate numerous effects on organs and metabolic tissues (He, 2014; Kir, 2014; Petruzzelli,
2014; Schafer, 2016). To determine the impact of tumor-derived factors on specific cell types in
greater detail, conditioned medium (CM) can be used to mimic the secretion of tumor-derived factors
into the circulation (J. Guo, 2017). To investigate if the attenuation of T cell metabolism and effector
function was directly mediated by tumor-secreting factors in cancer cachexia, | isolated CD4* and
CD8* splenocytes from wildtype C57BL/6 mice and cultured them for 48 h in tumor cell (C26, NC26)
or no cell (NC) control conditioned medium (CM). Expression of genes involved in metabolism (Figure
36A, D) and effector function (Figure 36B, D) was largely unaffected by conditioned media treatment
or revealed tumor-specific but not cachexia-specific effects. In detail, only Cd36 was non-significantly
upregulated in naive CD8* T cells treated with C26 CM and to lesser extent in NC26 CM cultured cells,
while all other metabolic markers, including Cptla, Slc2al and Ldha were unaltered (Figure 36A).
Similarly, Slc2al expression was unchanged in naive CD4* circulating T cells between the three
treatment groups (Figure 36D). /12, Ifny, and Tnfa mRNA levels were largely unchanged in both CD8*
and CD4* splenocytes treated with NC CM, NC26 CM and C26 CM (Figure 36B, D). Pdcd1, encoding
PD1, expression was strongly increased in naive CD8* and CD4* T cells treated with NC26 or C26 CM
(Figure 36B, D), highlighting a tumor- but not cachexia-specific effect. Similarly, Gzmb mRNA levels
were significantly downregulated in a tumor-related but not cachexia-specific manner in naive CD8*
T cells (Figure 36B). Tox expression was unchanged in naive CD8* T cells (Figure 36B).
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Figure 36. Cachexia-mediated alterations in the expression of genes associated with metabolism or effector function
cannot be mimicked in vitro by conditioned tumor cell medium. (A-B) CD8* splenocytes from wildtype C57BL/6 mice
were treated with control no-cell (NC) conditioned medium (CM) (n=4-12), NC26 CM (n=4-12) or C26 CM (n=4-12) for 48
h. (A) mRNA levels of metabolic genes, including Cd36, Cptla, Glutl and Ldha. (B) Gene expression of genes associated
with T cell effector function, such as /12, Ifny, Tnfa, Gzmb, Pdcd1 and Tox. (C) Expression of metabolic and effector function
genes in CD8* T cells seeded on CD3/CD28 coated plates and treated for 48 h with NC CM (n=6-8), NC26 CM (n=5-8) and
C26 CM (n=6-8). (D) CD4* splenocytes were isolated from wildtype C57BL/6 mice and cultured for 48 h in NC CM (n=3-5),
NC26 CM (n=4-5) or C26 CM (n=3-5), subsequently mRNA levels of different effector (//2, Ifny, Tnfa, Pdcd1) and metabolic
(Glut1) genes were assessed. (E) Circulating CD4* T cells were cultured for 48 h in anti-CD3/ anti-CD28 coated plates and
treated with NC CM (n=5), NC26 CM (n=5) and C26 CM (n=5). Experiments were conducted by me and with help of
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Madleen Biggel as part of her internship (supervision by me). n= biological replicates with at least two technical replicates.
Data are mean t 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.

In their physiological environment, upon tumor burden, T cells are stimulated by peptide antigens
that are loaded onto major histocompatibility complex (MHC) class | or Il molecules (Rossjohn, 2015).
In combination with co-stimulation of the CD28 receptor, this leads to T cell activation and
subsequent adaptations in metabolism and effector function (Hwang, 2020; R. Wang, 2011). To mimic
T cell activation by MHC-presented tumor peptides in vitro, | stimulated isolated CD4* and CD8* T cells
with anti-CD3/anti-CD28 treatment, and cultured those cells in combination with conditioned media
for 48 h. Importantly, also in this setting neither CD8* nor CD4* T cell mRNA levels of metabolic and
effector genes were largely affected by CM treatment (Figure 36C, E). | noted no alterations in //2,
Ifny, Gzmb, Pdcd1 and Slc2al levels in stimulated CD8* splenocytes treated with NC CM, NC26 CM or
C26 CM (Figure 36C), while Tnfa was non-significantly upregulated in a tumor-dependent manner
(Figure 36C). In stimulated CD4* T cells, /12 was significantly downregulated upon presence of NC26,
or C26 CM compared to NC CM (Figure 36E). Additionally, also Pdcd1 mRNA levels were significantly
decreased upon C26 CM treatment in stimulated CD4* T cells (Figure 36E), both being regulated in
rather a tumor- instead of cachexia-dependent manner. Overall, the phenotype of cachectic CD4* or
CD8* splenocytes could not be mimicked by treatment of naive or stimulated cells with CM of cachexia
inducing vs. non-cachexia inducing tumor cells, as either no or only tumor-specific effects were
observed. These data suggest that the attenuation of T cell metabolism and effector function in
cancer cachexia relies on systemic changes involving for instance nutrient depletion or
immunosuppressive conditions rather than the presence of certain tumor-derived factors.

Tumor-secreted factors do not mediate metabolic alterations of T cells in cancer cachexia

T cells isolated from cachectic mice were metabolically impaired as measured by Seahorse analyses
(see chapter 2.4.1). To test if these effects were mediated by tumor-derived factors, despite
unchanged expression levels of metabolic genes, CD8* T cells were isolated from wildtype C57BL/6
mice and cultured for 48 h in CM with or without CD3/CD28 mediated co-stimulation. Subsequent
metabolic phenotyping using a Seahorse XFe96 Bioanalyzer revealed no differences between the OCR
of naive or stimulated CD8* splenocytes upon NC26 or C26 CM treatment (Figure 37A, C). In line, basal
and maximal respiration were largely unaffected by treatment with tumor cell CM, with a trend
towards increased maximal respiration in a tumor cell-specific manner (Figure 37B, D). Glycolysis as
measured by ECAR was not altered by NC26 or C26 CM compared to NC CM (Figure 37B, D).
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Figure 37. Conditioned media treatment of CD8* splenocytes cannot recapitulate metabolic changes upon cachexia. (A-
B) CD8* T cells, isolated from the spleen of wildtype C57BL/6 mice, were treated with CM from NC26 (n=5) or C26 tumor
cells (n=5), or as a control no-cell (NC) CM (n=4) was used. (A) OCR of CM treated CD8* T cells across time, challenged by
injections of oligomycin, FCCP, Antimycin and Rotenone, and 2-DG. (B) Calculations of basal and maximal respiration are
based on OCR levels and can be looked up in detail in the methods section. Glycolysis rate as a measure of ECAR was
assessed in CD8* T cells treated with NC CM, NC26 CM and C26 CM. (C-D) CD8* splenocytes were isolated from wildtype
C57BL/6 mice, stimulated using anti-CD3/anti-CD28 antibodies, and incubated with NC CM (n=5), NC26 CM (n=5) or C26
CM (n=5) for 48 h. (C) OCR of stimulated and treated CD8* T cells across time, challenged by injections of oligomycin,
FCCP, Antimycin and Rotenone, and 2-DG. (D) Calculations of basal and maximal respiration based on OCR levels.
Glycolysis rate as a measure of ECAR was assessed in CD8* T cells treated with NC CM, NC26 CM and C26 CM. Experiments
were planned by me and conducted together with Madleen Biggel as part of her internship with my help and supervision.
Data are mean + s.e.m. Statistical analyses were performed using two-way ANOVA with Tukey’s multiple-comparison post
hoc test, as well as one-way ANOVA or Kruskal-Wallis test with Tukey’s or Dunn’s multiple-comparison post hoc test,
respectively.

Circulating naive CD4* T cells also displayed no alterations of OCR (Figure 38A), basal and maximal
respiration as well as glycolysis (Figure 38B) upon NC26 or C26 CM treatment, in line with the results
of CD8* T cells described above. Upon stimulation, OCR over time and maximal respiration were
unchanged in CD4* T cells treated with CM (Figure 38C, D), while there was a trend for decreased
basal respiration in tumor cell CM-treated T cells (Figure 38D). Contrary to CD8* T cells, glycolysis was
strongly decreased in stimulated CD4"* splenocytes treated with NC26 or C26 tumor cell CM.
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Figure 38. Conditioned media treatment of circulating CD4* T cells does not mimic metabolic changes upon cachexia.
(A-B) CD4* T cells, isolated from the spleen of wildtype C57BL/6 mice, were treated with CM from NC26 (n=4) or C26
tumor cells (n=4), or as a control no-cell (NC) CM (n=4) was used. (A) OCR of CM treated CD4* T cells across time,
challenged by injections of oligomycin, FCCP, Antimycin and Rotenone, and 2-DG. (B) Calculations of basal and maximal
respiration are based on OCR levels. Glycolysis rate is based on ECAR measurements. (C-D) CD4* splenocytes were isolated
from wildtype C57BL/6 mice, stimulated using anti-CD3/anti-CD28 antibodies, and supplied with NC CM (n=4), NC26 CM
(n=4) or C26 CM (n=4) for 48 h. (C) OCR of stimulated and treated CD4* T cells across time, challenged by injections of
oligomycin, FCCP, Antimycin and Rotenone, and 2-DG. (D) Calculations of basal and maximal respiration based on OCR
levels and measurement of glycolysis based on ECAR levels. Experiments were planned by me and conducted together
with Madleen Biggel as part of her internship with my help and supervision. Data are mean * s.e.m. Statistical analyses
were performed using two-way ANOVA or one-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05.

Reduced numbers of tumor-infiltrating T cells could be in part explained by decreased proliferation,
as assessed by reduced CD3-Ki67 co-expression (see chapter 2.2). Contrary, analysis of Ki67 and Pcna
(Proliferating Cell Nuclear Antigen) mRNA levels revealed no changes in naive CD8* T cells treated
with tumor cell CM (Figure 39A). CD3/CD28 co-stimulated CD8" cells showed a trend for increased
Ki67 gene expression in a tumor-dependent context, while Pcna was unaffected (Figure 39B).
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Figure 39. Proliferation of CD8* splenocytes is likely unaffected by treatment with NC26 or C26 tumor cell CM. (A-B)
Circulating CD8* T cells were isolated from the spleen, and cultured in NC, NC26 or C26 CM for 48h. Ki67 and Pcna mRNA
levels of (A) naive CD8* T cells treated with NC (n=11), NC26 (n=11), C26 (n=11) CM or (B) stimulated CD8" splenocytes
treated with NC (n=4), NC26 (n=3) or C26 (n=3-4) CM. 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.

Altogether, these results suggest that dampened T cell metabolism and function are mediated by
systemic alterations and not tumor- secreted factors.
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2.6 CD8'T cell depletion aggravates cachexia

To prove the direct and causal relationship between cancer cachexia and T cell function, CD4* and
CD8* T cells were depleted alone or in combination in PBS or C26 tumor-bearing mice using
antibodies. Antibody injections were initiated 8 days post C26 cell injection, once tumors were
palpable, and repeated every third day (Figure 40). The experiment was ended after 18 days, when
all mice of one group had developed cancer cachexia. Thereby, survival of the different groups in
combination with a mechanistic study could be investigated.

8 18

| | | | L
D) 1 | | |

PBS or C26 injection

Y ) 0
Days post C26

injection

End of
experiment

Antibody injections for
T cell depletion

Figure 40. lllustration of antibody injections for T cell depletion in PBS and C26 tumor-bearing mice. Anti-CD4 and anti-
CDS8 depletion antibodies were intraperitoneally (i.p.) injected every third day, starting 8 days post tumor cell injection.
The experiment was ended after 18 days, when all mice of one group had developed cancer cachexia.

Circulating CD4* and CD8* T cells were successfully depleted by antibody injections

The near-complete depletion of CD4* and/or CD8* T cells in the circulation was confirmed at multiple
timepoints throughout the experiment by flow cytometric analyses of blood samples (Figure 41,
results are exemplary shown for C26 tumor-injected mice, complete depletion was also confirmed in
PBS mice, data not shown). To control for any harmful effects mediated by antibody treatment per
se, isotype control antibodies were used.
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Figure 41. Near-complete CD4* and CD8* T cell depletion in the circulation of C26 tumor-bearing mice using antibodies.
(A) Percentage of CD4* and CD8* T cells from all lymphocytes was measured in the blood by flow cytometry. Percentages
were assessed before antibody injections (TO), during the experiment (T1) and at the day of sacrifice (Tend) in C26 animals
injected with isotype control (n=10), CD4 depletion (n=10), CD8 depletion (n=10), or a combination of CD4 and CD8
depletion (n=9) antibodies. (B) Representative flow cytometric analysis of CD4* and CD8* T cells in antibody-depleted
mice. T cells were gated as live single cells from total lymphocytes, which were CD11b'B220'F4/80°CD14CD11c.

CD8* but not CD4* T cell depletion in C26 tumor-bearing mice accelerates cachexia development
Initial bodyweight of C26- and PBS-injected mice was similar, as assessed by non-significant statistical
analysis, shown in Figure 42A. Depletion of CD8*, but not CD4" cells from C26 mice accelerated weight
loss and worsened cachexia (Figure 42B, D), underlining the importance of functional cytotoxic T cells
to counteract cancer-induced wasting. Depletion of both CD8* and CD4* T cells only mildly accelerated
cachexia development compared to the isotype control group. Hence, at the end of the experiment
all mice from the CD8* depletion group had developed cachexia, while contrary, 60% of the mice from
the CD4* depletion group were still cachexia-free (Figure 42D). Since all mice were sacrificed once all
mice from one group had developed cachexia, a similar percentage of weight loss was observed
between isotype control, CD8* depleted and CD4*/CD8* depleted mice, while mice depleted of CD4*
T cells showed significantly less body wasting due to decelerated cachexia development(Figure 42C,
D). CD4* T cell depletion decelerated cachexia progression (Figure 42B, D), but simultaneously
significantly decreased tumor growth (Figure 43). Importantly, healthy control mice, injected with the
different depletion antibodies, remained weight-stable during the course of the experiment (Figure
428, C, green color coding).
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Figure 42. CD8* T cell depletion in C26 tumor-bearing mice speeds up cachexia development. CD4* and/or CD8* T cells
were depleted from C26 tumor-bearing or PBS control mice. Same C26 tumor-bearing mice as in Figure 41. PBS mice,
n=5/6 per group. Mice were sacrificed upon 10% bodyweight loss or latest on day 18 (C26) or 16 (PBS). (A) Initial
bodyweight in gram. (B) Bodyweight in gram plotted against days post injection. Antibodies against CD4, CD8, both or an
isotype control antibody were injected on day 8, 11, 14, and 17 post C26 injection, and on day 6, 9, 12, and 15 post PBS
injection, indicated by black arrows. Only significances compared to isotype control were highlighted. (C) Bodyweight
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changes in percentage. (D) Percentage of animals sacrificed due to cachexia on different days, indicated by white and
grey color, or at the end of the experiment without any weight loss (yellow). Data are mean * s.e.m. Statistical analyses
were performed using two-way ANOVA or one-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05.

CD4+ but not CD8+ T cell depletion affects tumor growth in C26 tumor-bearing mice

Tumor growth over the course and at the end of the experiment was similar between C26 mice
injected with isotype control, anti-CD8, or a combination of anti-CD4/CD8 antibodies (Figure 43). In
contrast, CD4* depletion significantly decreased tumor growth around 13 days post C26 injection, as
measured by tumor volume, shortly after the second antibody injection (Figure 43). This was probably
due to the depletion of CD4* regulatory T cells (Tregs), leading to an increased amount of cytotoxic
T cells within the tumor as a compensatory effect (data not shown).
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Figure 43. CD4* but not CD8* T cell depletion affects tumor growth in C26 tumor-bearing mice. Same mice as in Figure
42. (A) Tumor volume of mice during the course of the experiment, assessed by caliper measurements. (B) Tumor weight
in gram at the end of the experiment. Data are mean + s.e.m. Statistical analyses were performed using two-way ANOVA
or one-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05.

So far, a strong causal connection between CD8* T cells and cachexia development could be assessed
using T cell depletion antibodies. However, the similar weight loss between the groups, resulting from
the study design, and the significantly reduced tumor sizes in the CD4* depleted group, prohibited
further mechanistic investigations on the strong effect of CD8* T cells, as well as the influence of CD4*
T cells on cachexia development. To verify the first experiment and additionally gain more insight into
underlying mechanisms, | conducted a second experiment with a modified experimental design. To
this end, similar to the first experiment, C26 tumor-bearing mice were injected with different
depletion antibodies, but this time the experiment was ended once the majority of one group had
developed cachexia. This ensured that at this time point some mice already were cachectic, while
others were still weight stable, enabling further mechanistic studies on organs and tissues of mice
with different degrees of cachexia. In addition, | included a second CD4* depletion group, which
received their first anti-CD4 injection at a later timepoint to reduce interference of CD4* T cell absence
with tumor growth (Figure 44).
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Figure 44. lllustration of antibody injections for T cell depletion in C26 tumor-bearing mice. CD4 and CD8 depletion
antibodies were intraperitoneally (i.p.) injected every third day, starting 8 days post tumor cell injection. The experiment
was ended after 19 days, when the majority of the CD8* T cell depleted group had developed cancer cachexia. A >>late<<
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anti-CD4 depletion group was included to reduce effects of the CD4* T cell depletion on tumor growth, being injected for
the first time five days later (at day 13) compared to all other groups.

Both, CD8* and CD4*/CD8"* depletion accelerate and worsen cancer cachexia

Indeed, also the second experiment verified the strong causal relationship between CD8* T cells and
cachexia development. Both groups challenged with a CD8* T cell depletion (CD8* single and
CD4*/CD8* combi depletion), developed severe bodyweight loss over the time course of the
experiment (Figure 45B, C), despite similar tumor growth over time (Figure 45D). In contrast to the
first experiment, not only depletion of CD8* T cells on their own, but also in combination with CD4*
T cells led to severe accelerated weight loss in the second study. Importantly, initial bodyweight of all
groups was comparable at the beginning of the experiment, indicated by non-significant statistical
analysis (Figure 45A). Again, early anti-CD4 injections interfered with tumor growth, as indicated by
a reduced increase in tumor volume from day 15 on and a decreased tumor weight at the end of the
experiment (Figure 45D). This effect could be avoided by delayed anti-CD4 injections, resulting in
similar tumor volume during the experiment and potentially even a trend for slightly increased tumor
weight at the end of the experiment compared to isotype control mice (Figure 45D). Moreover, the
late CD4* depletion tended to increase wasting compared to isotype control mice, as measured by
the percentage of bodyweight change (Figure 45C), suggesting that upon similar tumor growth CD4*
T cell absence worsens cachexia, but to a lesser extent compared to CD8* T cell depletion,

Overall, this second experiment confirmed the previously made observations about the importance
of functional T cells to counteract cachexia, solved the problem of smaller sized tumors induced by
CD4* T cell depletion and built the basis for further mechanistic studies, described in more detail in
the following.
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Figure 45. CD8* and CD4*/CD8* depletion accelerate and worsen body wasting. (A-C) C26 tumor-bearing mice were
injected with isotype control (n=8), anti-CD4 at an early (n=8) and late (n=8) timepoint, anti-CD8 (n=8) and a combination
of anti-CD4/anti-CD8 (n=8) antibodies. (A) Initial bodyweight before tumor implantation or antibody injection. (B)
Bodyweight development over the course of the experiment. Only significances compared to isotype control were
highlighted. (C) Bodyweight change minus tumor weight at the end of the experiment in percentage. (D) Tumor volume
and weight during the course and at the end of the experiment. Only significances compared to isotype control were
highlighted. Data are mean * s.e.m. Statistical analyses were performed using two-way ANOVA or one-way ANOVA with
Tukey’s multiple-comparison post hoc test or Kruskal-Wallis test with Dunn’s multiple-comparison post hoc test. *p<0.05,
**p<0.01, ¥***p<0.001, ****p<0.0001.

CD8* T cell depletion worsens wasting upon cancer cachexia

In line with the significant weight loss of C26 tumor-bearing mice accelerated by CD8* or CD4*/CD8*
depletion, weight of metabolic tissues, including iIWAT, eWAT and skeletal muscle, was strongly
reduced (Figure 46A, B, C), indicating aggravated tissue wasting. Interestingly, splenomegaly was not
decreased by antibody injections (Figure 46D). Contrary, CD4* and CD8* cell depletion, alone or in
combination, resulted in significantly smaller draining lymph nodes (Figure 46E), implying that the
antibody treatment was especially successful at this site, most likely due to the close distance to the

injection site (i.p. injection).
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Figure 46. CD8* T cells are involved in wasting upon cancer cachexia. (A-E) Organ weights of C26 tumor-bearing or
healthy PBS mice, injected with isotype control (C26 n=8, PBS n=5), anti-CD4 early (C26 n=8, PBS n=6) or late (C26 n=8),
anti-CD8 (C26 n=8, PBS n=6) or a combination of anti-CD4/anti-CD8 (C26 n=8, PBS n=>5) antibodies. Weights of (A) iWAT,
(B) eWAT, (C) skeletal muscle (GC), (D) spleen and (E) draining inguinal lymph nodes in C26 or both inguinal lymph nodes
in PBS mice. Data are mean * s.e.m. Statistical analyses were performed using one-way ANOVA with Tukey’s multiple-
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comparison post hoc test or Kruskal-Wallis test with Dunn’s multiple-comparison post hoc test. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

Cachexia in CD8*-depleted C26 tumor-bearing mice alters circulating lipids

We and others have previously determined essential changes in the circulating lipidome in cancer
cachexia (Cala, 2018; Morigny&Zuber, 2020; Riccardi, 2020; L. A. Taylor, 2007). In line with these data,
cachexia in CD8* and CD4*/CD8*-depleted C26 tumor-bearing animals resulted in a strong increase of
cholesterol, HDL, and LDL levels, while triglycerides were decreased in CD8*-depleted mice and
unaltered in all other groups. Plasma NEFA and glucose levels were unchanged between all groups,
but glucose tended to be slightly decreased in groups with a high cachexia incidence (Figure 47).
Importantly, circulating parameters were largely unaffected in PBS-injected mice treated with T cell
depletion antibodies, implying that the observed changes were mostly cachexia-dependent and not
specific to T cell depletion. However, plasma triglycerides were significantly reduced in healthy
CD4*/CD8* depleted mice compared to animals treated with an early injection of anti-CD4 antibodies
(Figure 47D), indicating a functional connection between T cells and lipid metabolism, as already
shown by others (Gistera, 2018; Klingenberg, 2013).
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Figure 47. Levels of circulating lipids are altered in cachectic C26 tumor-bearing mice. Same mice as in Figure 46.
Circulating levels of (A) cholesterol, (B) HDL, (C) LDL, (D) Triglycerides, (E) NEFAs, and (F) Glucose in C26- or PBS-injected
mice, treated with anti-CD4 or anti-CD8 depletion antibodies, measured using a chemical analyzer. Data are mean +s.e.m.
Statistical analyses were performed using one-way ANOVA with Tukey’s multiple-comparison post hoc test or Kruskal-
Wallis test with Dunn’s multiple-comparison post hoc test. *p<0.05, **p<0.01, ***p<0.001.
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C26-induced expression of wasting markers is enhanced upon CD8+ and CD4+/CD8+ cell depletion
Tissue wasting in cancer cachexia is often determined by assessing muscle atrogenes, including
Atrogin 1 (F-Box Protein 32/Fbx032), MuRF1 (Muscle-specific RING Finger Protein 1, also called
Tripartite Motif Containing 63/Trim63), FoxO3a (Forkhead-Box-Protein O3) and Ctsl (Cathepsin-L)
(Rohm, 2019; Webster, 2020). To determine if T cell depletion affected C26-induced expression of
wasting markers, | evaluated gene expression of Trim63, Fbxo32, FoxO3a and Ctsl in skeletal muscle
of C26- and PBS-injected mice treated with T cell depleting antibodies (Figure 48). In line with body
and organ weight loss, CD8* and CD4*/CD8* T cell depletion strongly induced atrogene expression in
C26 tumor-bearing animals (Figure 48A), with particularly high expression in cachectic animals (filled
circles), while pre-cachectic (empty circles) and non-cachectic (triangle) mice showed low expression.
This indicates that high atrogene marker expression is more specific to cachexia-development, which
was accelerated in CD8 depletion groups, than dependent on T cell depletion. Although GC muscle
mass was not altered in T cell depleted PBS mice, significant downregulation of atrogene expression
was observed in CD4*/CD8* depleted mice (Figure 48B), suggesting a rather positive effect of the
absence of CD4* and CD8* T cells on skeletal muscles of PBS mice, which —to my knowledge — has not
been reported so far in healthy mice.
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Figure 48. C26-induced expression of muscle wasting markers is enhanced upon cachexia in CD8* and CD4*/CD8* cell
depletion. Same mice as in Figure 46. Expression of different cachexia-associated genes in in gastrocnemius (GC) muscle
of (A) C26 tumor-bearing mice and (B) PBS injected mice, depleted with CD4 and/or CD8 antibodies. Data are mean +
s.e.m. Statistical analyses were performed using one-way ANOVA with Tukey’s multiple-comparison post hoc test or
Kruskal-Wallis test with Dunn’s multiple-comparison post hoc test. *p<0.05, **p<0.01, ***p<0.001.

Adipose tissue is drastically affected by cachexia development, leading to major changes in the
expression of genes involved in several metabolic and inflammation-related pathways, as already
reported by us (Geppert, 2021). To check if AT wasting, which was accelerated by the depletion of
CD8* T cells, was also present at the molecular level, expression of key enzymes of lipolysis, including
Atgl (adipose triglyceride lipase), Mgl (monoacylglycerol lipase), Plin4 (Perilipin 4), Hsl (hormone-
sensitive lipase), and Cptla (Carnitine Palmitoyltransferase 1A) was investigated. Contrary to our
hypothesis, a significant reduction of Mgl and Plin4 was observed in CD8* T cell depleted iWAT of C26
tumor-bearing mice, while Atgl, Hsl and Cptla levels were unchanged between all groups (Figure
49A). This indicates a protective effect of the CD8* depletion, alone or in combination, on the
molecular mechanisms of adipose tissue lipolysis in cancer cachexia, despite the significant organ
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wasting observed on tissue level (Figure 46A, B). Interestingly, Mgl and Plin4 downregulation seemed
to be dependent on CD8* T cell depletion, as pre-cachectic (empty circles) and cachectic (filled circles)
mice from the isotype control or CD4 depletion group showed higher gene expression levels,
independent of cachexia onset (Figure 49A). Surprisingly, CD4*/CD8"* depletion also significantly
downregulated expression of Atgl, Mgl, Plin4 and Hsl in healthy mice compared to isotype control
mice (Figure 49B), underlining the strong connection between T cells and adipose tissue metabolism.
However, despite improved gene expression of wasting markers on the molecular level, AT loss was
worsened in CD8 and CD4/CD8 depleted C26 tumor-bearing mice, indicating that potential post-
transcriptional/translational changes predominate these molecular changes.
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Figure 49. C26-induced expression of adipose tissue wasting markers is ameliorated by CD8* and CD4*/CD8" cell
depletion. Same mice as in Figure 46. Gene expression of adipose tissue wasting markers related to cancer cachexia in
(A) iWAT of C26 tumor-bearing or (B) PBS injected mice, depleted of CD4* and/or CD8" T cells. Data are mean % s.e.m.
Statistical analyses were performed using one-way ANOVA with Tukey’s multiple-comparison post hoc test or Kruskal-
Wallis test with Dunn’s multiple-comparison post hoc test. *p<0.05, **p<0.01, ***p<0.001.

Obesity-associated WAT inflammation may in part be triggered by cytotoxic CD8* T cells (Q. Wang,
2018), which is why we sought to determine if adipose tissue inflammation upon cachexia was
affected by T cell depletion, thereby enhancing wasting. To this end, key markers of inflammation,
namely /16, Tnfa, 112 and Ifny were assessed in WAT of C26 tumor-bearing T cell depleted mice (Figure
50A). No common signature of altered inflammatory markers could be observed, despite the fact that
cachectic mice showed a largely lowered expression of inflammatory markers compared to pre-
cachectic or healthy mice (exclusive //6) (Figure 50A). | found a strong reduction of the effector
cytokines Tnfa and Ifny in iWAT from CD8* and to a smaller extent CD4*/CD8* T cell-depleted C26
tumor-bearing mice. Interestingly, both Tnfa and Ifny were also reduced in healthy mice upon
CD4*/CD8* and to a smaller degree in CD4* or CD8" depleted mice (Figure 50B). Together, these
results suggest that T cell derived Tnfa and Ifny cytokine expression might be an important
contributor to elevated proinflammatory cytokine levels in WAT. Moreover, low levels of Ifny in iWAT
of cachectic versus non-cachectic mice, were especially prominent in the early CD4* depletion group
in C26 tumor-bearing mice. Here, the CD4* depletion, including the depletion of Tregs, possibly led to
an increase of cytotoxic CD8* T cells (as assessed by Cd8 gene expression in iWAT, Figure 51), which
are known to secrete high amounts of pro-inflammatory cytokines (Mosmann, 1997), thereby
explaining the increased Ifny expression in non-cachectic mice (Figure 50A). Probably, this effect was
abolished in cachectic mice due to very low numbers of tissue infiltrating CD8* T cells (see chapter
2.2). 112 gene expression seemed to be downregulated in healthy mice receiving T cell depletion
antibodies (Figure 50B), while it tended to be increased in CD4 early depletion and CD4/CD8 depletion
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in C26 tumor-bearing mice (Figure 50A). Gene expression of /16, a potent mediator of cancer cachexia
in the C26 mouse model (Geppert, 2021; Strassmann, 1992; Zaki, 2004), was reduced upon CD4* T cell
depletion, alone or in combination, in healthy animals, while it tended to increase upon CD8" cell
depletion (Figure 50A, B). Interestingly, upon C26 tumor cell-injection, CD4* and CD4*/CD8"* T cell
depletion led to a non-significant increase of /6 expression in iWAT, independent of cancer cachexia.
Importantly, /6 expression was regulated vice versa in PBS-injected animals, with high 1/6 levels in
eWAT of CD8* T cell depleted mice, while CD4* and CD4*/CD8* T cell depletion led to a reduction of
116 expression compared to isotype control mice (Figure 50B).

B
10+ 34
&7 . * *kok .
7] 2 . =
g _ g 1L e . . ry g . .
Z 3520+ ! . . . 3 Q2 5 *
28 . 5 . . 2 5 .
%5 1.5 o | ° v 26 i
<35 .13 ; o ; <3 T .
£ L 1.0+ f ) o M ZWw 1 e R 0
€ g o o % + 3 *
0.5-[al |1 o[ e . : & JB -
K o . . | : o Hh - of |®
0.0 T T T T 0 T T T T
116 Tnfa 112 Ifny 116 Tnfa 112 Ifng
Isotype ctr CD4 depletion >>late<< PBS-CD8a depl PBS-CD4/CD8 depl

CD8 depletion CD4/CD8 depletion
A non-cx Oprecx  @cx

Figure 50. Expression of inflammatory markers in adipose tissue is altered by depletion of different T cell subsets. Same
mice as in Figure 46. Gene expression of inflammatory genes in (A) iWAT of C26 tumor-bearing and (B) eWAT of PBS-
injected mice, depleted of different T cell subsets. Data are mean * s.e.m. Statistical analyses were performed using one-
way ANOVA with Tukey’s multiple-comparison post hoc test or Kruskal-Wallis test with Dunn’s multiple-comparison post
hoc test. *p<0.05, ***p<0.001.

Successful CD8* T cell depletion in metabolic tissues and tumor

Complete T cell depletion in the circulation was continuously checked during the course of the
experiment using flow cytometry. However, T cells are also known to infiltrate peripheral tissues (T.
D. Wu, 2020), exerting their functions on a local base. Therefore, | assessed if T cell depletion
antibodies also successfully depleted adipose and muscle tissue- specific as well as tumor infiltrating
lymphocytes. To this end, | analyzed the expression of T cell marker genes, including Cd3, Cd8, Cd4,
Foxp3 and the CD8* T cell effector cytokine Gzmb. Both, CD4* and CD8* single depletion nicely
reduced Cd4 and Cd8 expression in GC muscles from C26 tumor-bearing mice by approximately 50%,
while combi CD4*/CD8" T cell depletion resulted only in a proper Cd8 reduction and contrary an
increase in Cd4 gene expression (Figure 51A). In healthy animals, single CD4* T cell depletion did not
reduce Cd4 expression in GC muscles, while in combination with a CD8* T cell depletion, also Cd4
expression levels were reduced (Figure 51B).

Depletion of CD8* T cells in healthy mice reduced Cd8 expression strongly, as expected (Figure 51B).
Foxp3 expression in GC muscles was reduced in CD4 depleted C26 tumor-bearing mice, in line with a
decreased Cd4 gene expression, but also CD4/CD8 combi-depleted C26 animals showed a strong
reduction of Foxp3 levels, despite increased Cd4 expression (Figure 51), implying a reduction in
FoxP3* Tregs, in combination with a general increase of CD4* helper T cells. Additionally, C26 animals
being depleted of CD8* T cells showed a reduction of Foxp3 in GC muscles as well, likely rather a result
of low tissue-infiltrating T cell numbers due to cachexia than the CD8* depletion itself (Figure 51).
Surprisingly, Foxp3 levels were not altered in healthy mice treated with T cell depletion antibodies
(Figure 51B). In both C26- and PBS-injected mice, CD4* T cell depletion led to a high expression of Cd8
in skeletal muscle, especially in non-cachectic animals (Figure 51A, B), probably as a result of
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decreased numbers of regulatory CD4* cells, mediating a suppressive effect on cytotoxic CD8* T cells
(Hasenkrug, 2011). In iWAT, T cell depletion treatment resulted in an even stronger decrease in Cd8
and Cd4 expression compared to GC muscles (60-100%), with a particularly robust reduction of Cd8
expression in CD8* and CD4*/CD8* depleted C26 mice (Figure 51C). Foxp3 and Gzmb expression in
iWAT behaved comparably to GC muscles, with the exception that Gzmb levels were unchanged upon
CD4* T cell depletion in iWAT (Figure 51C). In healthy mice, anti-CD8 treatment led to significant
downregulation of Cd8, and anti-CD4 treatment to a less strong decrease of Cd4 (Figure 51D). Combi-
treatment resulted in a prominent reduction of Cd8, while Cd4 was not affected. Interestingly, Gzmb
levels tended to increase upon CD8* and CD4*/CD8* cell depletion (Figure 51D) in healthy control
mice, contrary to what was expected. Overall, T cell depletion was largely successful in adipose and
muscle tissue, with a stronger effect of anti-CD8 treatment compared to anti-CD4.
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Figure 51. T cell depletion altered immune cell marker expression in metabolic tissues. Same mice as in Figure 46. (A-D)
mMRNA levels of immune cell marker genes, namely Cd3, Cd8, Cd4, Foxp3 and Gzmb in (A) GC muscle of C26 tumor-bearing
mice, (B) GC muscle of PBS mice, (C) iWAT of C26 tumor-bearing mice and (D) iWAT of PBS mice. Filled triangles represent
non-cachectic, empty circles pre-cachectic and filled circles cachectic C26 tumor-bearing mice. Only significances
compared to isotype control were highlighted. Data are mean * s.e.m. Statistical analyses were performed using one-way
ANOVA or Kruskal-Wallist test with Tukey’s or Dunn’s multiple-comparison post hoc test, respectively. *p<0.05, **p<0.01,
***p<0.001.
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In tumor tissue, expression levels of immune marker genes were regulated similarly to iWAT and GC
muscle. In brief, CD8* and CD4*/CD8"* depletion resulted in a very strong reduction of Cd8 expression,
while anti-CD4 treatment only partly downregulated Cd4 in the late CD4 and combi depletion group
(Figure 52). Interestingly, high expression of T cell markers (Cd4, Cd8, Gzmb) in tumors was
particularly evident in mice which had not developed cachexia (triangles and empty circles vs. full
circles, Figure 52), thus especially in the anti-CD4 depletion group.
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Figure 52. Expression of immune cell markers in C26 tumors of T cell depleted mice. Same mice as in Figure 46. Gene
expression of immune marker genes, including Cd3, Cd8, Cd4, Foxp3 and Gzmb was assessed in C26 tumor-bearing mice
treated with T cell depletion antibodies. Filled triangles represent non-cachectic, empty circles pre-cachectic and filled
circles cachectic C26 tumor-bearing mice. Only significances compared to isotype control were highlighted. Data are mean
+s.e.m. Statistical analyses were performed using one-way ANOVA or Kruskal-Wallist 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.

As previously described in this thesis, | have already found altered chemokine expression in cachectic
tumors, possibly leading to less tumor infiltration and thus reduced T cell numbers in cachectic tumors
(chapter 2.2). Hence, | sought to determine if by systemic T cell depletion chemokine expression in
C26 tumors was altered, as assessed by gene expression analysis. In line with previously observed
data, non-cachectic animals had high expression levels of Ccl4, Cx3cl1, Cxcl9 and Cxcl11 (Figure 53),
indicating increased T cell attraction, resulting in elevated T cell infiltration, as also suggested by
elevated expression of T cell marker genes in non-cachectic T cell depleted mice (Figure 52). Tumors
from CD8 depleted mice, alone or in combination with CD4 depletion, had a strongly reduced CD8*
T cell infiltration (Figure 52), in combination with a significant reduction of chemokine marker
expression (Figure 53), again underlining that chemokine levels in tumors are important attractors
for T cells, which seem to be blunted in cancer cachexia.

*
* | * | *
*

*

*

*

*

mRNA levels Tumor
(Fold change to isotype control)

Ccl4 Cx3cl1 Cxcl9 Cxcl11

C26-CD8a depletion C26-CD4/CD8a depletion
A non-cx () precx .cx



RESULTS

Figure 53. Altered chemokine levels in cachectic C26 tumor-bearing mice. Same mice as in Figure 42. Gene expression
levels of chemokines, in detail Ccl4, Cxc3cll, Cxcl9 and Cxclll in C26 tumor-bearing mice treated with T cell depletion
antibodies. Filled triangles represent non-cachectic, empty circles pre-cachectic and filled circles cachectic C26 tumor-
bearing mice. Data are mean * s.e.m. Statistical analyses were performed using one-way ANOVA or Kruskal-Wallist 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.

2.7 Transcriptional remodeling of T cells in cancer cachexia

So far, T cell activity seemed blunted upon cancer cachexia, based on reduced tissue-infiltrating T cell
numbers, decreased proliferation, dampened gene expression of effector cytokines, and altered
metabolism (chapters 2.2 and 2.4.) Moreover, a direct functional relationship between T cell presence
and cachexia development was observed (chapter 2.6). To unravel now functional mechanisms
underlying the dysregulated T cell function, transcriptional profiling was performed.

To this end, BALB/c mice were injected with C26 cachexia-inducing tumor cells or as a control, PBS or
NC26 non-cachexia-inducing tumor cells (Figure 54). Once C26 mice developed cachexia, CD4* and
CD8* T cells were enriched from spleen and tumor using fluorescence-activated cell sorting (FACS)
and sent for RNA sequencing. Due to very low cell numbers, TILs were sequenced using SMARTer
sequencing, while circulating T cells were sequenced using low-input sequencing.

‘ Fluorescence-activated cell sorting ‘

PBS
y :
W\!CZB non-cx T cells from tumor and spleen
)C26 cx

CD8a
cD4

Viability, CD11b, B220, Viability, CD11b, B220,
F4/80, CD14, CD11c F4/80, CD14, CD11c

Figure 54. Experimental setup for RNA sequencing of T cells from cachectic and non-cachectic mice. Experimental setup
showing subcutaneous injection of PBS, NC26 and C26 cells into BALB/c mice, followed by CD4* and CD8* T cell enrichment
from spleen and tumor using fluorescence-activated cell sorting (FACS).

2.7.1 Distinct gene expression profiles of cachectic T cells

Principal component analysis (PCA) revealed a strong discrimination between cachectic and non-
cachectic T cells from spleen and tumor (Figure 55). Both, circulating CD4* and CD8* T cells from
cachectic C26 mice (red and green circled) showed a distinct gene profile compared to T cells from
non-cachectic NC26- or PBS-injected mice (blue and purple circled) (Figure 55A). Interestingly, T cells
from PBS and NC26 mice clustered strongly together, indicating a relatively similar T cell gene
expression profile, again highlighting the deep impact of cachexia — but not tumor presence itself —
on T cells. In addition, there was also a good separation between CD4 and CD8 T cells (Figure 55A).
CD4* TILs from cachectic mice could also be discriminated from CD4* TiLs isolated from NC26 tumor-
bearing mice, while CD8* TILs mostly showed a discrimination between cachectic and non-cachectic
mice, but with a high variability of CD8* TILs from non-cachectic mice, as one mouse showed a closer
gene expression profile to cachectic mice compared to non-cachectic (Figure 55B). The higher
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variability in the CD8" TILs in comparison to the other groups likely results from the relatively small
number of isolated and sequenced cells in this group.
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Figure 55. Circulating and tumor-infiltrating T cells from cachectic mice have a distinct gene expression profile. Principal
component analysis (PCA) from CD4* and CD8* T cells isolated from (A) spleen and (B) tumor. The different groups are
highlighted in distinct colors.

Heat maps showing the gene profile of CD4* and CD8* T cells from spleen and tumor, support the
data presented in the PCA plots in greater detail (Figure 56). Overall, comparison of CD4* and CD8*
T cells in both spleen and tumor shows a mostly contrary gene expression, as indicated by red and
blue colour coding, respresenting up- or downregulation, respectively. In the circulation, several
genes are regulated differently between T cells from cachectic mice compared to non-cachectic NC26
or PBS mice, while again, T cells from non-cachectic mice (NC26, PBS) behave similarly based on their
gene expression profiles, implying, a strong dysregulation of genes by cachexia in T cells (Figure 56A).
Similar to circulating T cells, also the CD4* and CD8* T cell expression profile in cachectic C26 tumors
was clearly different to NC26 TILs (Figure 56B).
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Figure 56. T cells from cachectic mice show altered gene expression profiles. Heat maps showing gene expression
changes detected in RNA sequencing experiments from T cells isolated from (A) spleen or (B) tumor. (A) Circulating CD8*
and CD4* T cells from C26 cachectic mice are named CD8 cx and CD4 cx, respectively. The group named CD8 Tumor
combines gene expression analysis of CD8* T cells from all tumor-bearing mice (C26 and NC26). Similarly, the CD4 Tumor
group combines CD4* circulating T cell gene expression from C26 and NC26 mice. (B) T cells termed TIL cx refer to cachectic
C26 tumor-bearing mice, while non-cx refers to NC26 tumor-bearing mice.
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Altogether, PCA and heatmap analyses showed clear alterations of the gene expression profiles of
CD4* and CD8* T cells from spleen and tumor, mediated by cancer cachexia.

Comparing circulating T cells from C26 (cx) and NC26 (non-cx) tumor-bearing mice, almost 2500 (1214
up in cx, 1242 down in cx) and 3000 (1406 up in cx, 1420 down in cx) significantly regulated genes in
CD4* and CD8* T cells were detected, respectively (Figure 57A). Interestingly, approximately half of
the genes being regulated by C26 were shared by CD4* and CD8* circulating T cells with 99% of the
genes being regulated in the same direction, implying that the strong modulation by cancer cachexia
is not limited to a certain T cell type, but instead leads to a strong impairment of both T cell subtypes
in a similar manner (Figure 57C). When | compared TILs from C26 and NC26 tumors, nearly 4000 genes
(1811 up in cx, 1858 down in cx) were being regulated in CD4* TILs. Comparison of CD8"* TILs revealed
almost 1500 genes being altered (727 up in cx, 871 down in cx). Due to the much lower presence of
CD8+ T cells within the tumors, the overall RNA yield was also low in these samples, likely leading to
lower gene counts and higher variability between samples (see Table 1).
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Figure 57. Gene expression of T cells from spleen and tumor is altered by cachexia presence. C26 mice developed
cachexia, while PBS- and NC26-injected mice were used as a control. T cells were enriched using FACS and analyzed using
RNA sequencing. Volcano plots display differentially expressed genes (DEGs) from (A) circulating and (B) tumor-infiltrating
T cells. (€C) Venn diagram presenting overlap of DEGs from circulating CD8* and CD4"* T cells of C26 vs. PBS mice.
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Table 1. Numbers of sorted cells for RNA sequencing using flow cytometry. The amount of isolated TILs for sequencing
was much lower compared to splenic T cells. Displayed are total numbers of isolated T cells per cell type and group. CD4*
and CD8" T cells are gated as live CD3*CD11b-B220-F4/80-CD14-CD11c” CD4* or CD8* cells, respectively.

Tissue Cell Type Group Number sorted cells
CD4*TIL NC26 9109, 8040, 3850
CD8* TIL NC26 8939, 10266, 3092
Tumor
CD4* TIL C26 2460, 12911, 9963, 11320
CD8* TIL C26 700, 7973, 5833, 11787
CD4* spleen PBS 1674390, 2000000, 2000000, 2000000
CD8* spleen PBS 512882, 500000, 500000, 50000
CD4* spleen NC26 2000000, 1703178, 2000000, 2000000
Spleen CD8* spleen NC26 502556, 500000, 500000, 500000
CD4* spleen C26 1514603, 2000000, 2000000, 2000000
CD8* spleen C26 500000, 500000, 500000, 500000,

2.7.2 Strong inhibition of T cell activation pathways in T cells from cachectic mice

Reduced proliferation and effector function as assessed by flow cytometry and gqPCR (outlined in
chapters 2.2 and 2.4.2) already implied functional impairments in T cell activation, and indeed
ingenuity pathway analysis (IPA) linked pathways related to T cell activation and effector function to
cachexia onset (Figure 58). Interestingly, almost all of the top 20 regulated canonical pathways, as
identified by IPA, were being decreased (blue color) in both CD4* and CD8* T cells from spleen and
tumor of cachectic C26 vs. non-cachectic NC26 mice, implying a strong repression of T cells upon
cachexia. Pathways being related to T cell activation and effector function were all decreased in T cells
from cachectic mice, except for STAT3 signaling, which was increased in cachectic CD8* TILs (Figure
58B). However, STAT3 has already been associated with impaired T cell function, and STAT3 ablation
from adoptively transferred CD8* T cells has previously been shown to improve T cell infiltration into
tumors, proliferation and anti-tumor effector function (Kujawski, 2010). Accordingly, elevated STAT3
signaling in cachectic CD8* TILs, as assessed by RNA sequencing (Figure 58B), could in part mediate
reduced tumor infiltration.

Decreased activation and effector function pathways are highlighted in yellow and include
phosphoinositide 3-kinase (PI3K)/AKT signaling, Janus kinase/Signal Transducer and Activator of
Transcription (JAK/STAT) signaling, nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
(NF-kB) signaling, CD28 signaling, T cell receptor (TCR) signaling, interferon signaling and
Programmed cell death protein 1/ programmed death-ligand 1 (PD1/PD-L1) signaling (Figure 58),
implying a strong repression and reduced activation status of T cells in cancer cachexia. Surprisingly,
the EIF2 pathway was the most activated pathway in CD4* T cells from C26 cachectic mice, implying
increased translation (Kleijn, 2002), which paired with reduced proliferation as assessed by staining,
might indicate an increased stress response.
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Figure 58. Cachexia represses activation and effector function of CD4* and CD8"* T cells. Ingenuity pathway analysis (IPA)
of CD4* and CD8* T cells from cachectic C26 and non-cachectic NC26 mice revealed a strong reduction of most pathways
being detected in a canonical pathway analysis. Regulated pathways related to activation status or effector function are
highlighted in yellow. Upregulated pathways are displayed in orange, downregulated pathways blue and if no clear
regulation pattern was available, pathways were colored grey. T cells were isolated from (A) spleen or (B) tumor.

Indeed, also by performing Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis,

found that almost all significantly regulated pathways in both CD4* and CD8* T cells from tumor and
spleen, were downregulated upon cancer cachexia (Figure 59), strengthening the results of the IPA
analysis. Strikingly, many pathways that were detected in circulating CD4* or CD8* T cells were
commonly regulated in C26 cx/NC26 non-cx and C26 cx/PBS mice (indicated by yellow arrows; Figure
59A), emphasizing that the strong repression of T cells is likely not mediated by tumor presence per
se, but rather relies on cachexia development. In addition, there was also an overlap between
circulating CD8* cells and CD4* T cells from C26 cx vs. NC26 mice, as indicated by orange arrows
(Figure 59A), indicating a general effect mediating T cell repression irrespective of the T cell subtype.
Also, KEGG pathways being regulated in CD4* TILs overlapped with circulating CD4* T cells from C26
cx vs. NC26 non-cx mice (highlighted by green arrows; Figure 59B), emphasizing a systemic T cell
inhibition and not tissue specific effects. Overall, these data suggest a strong downregulation of
several pathways associated with T cell activation and function by cancer cachexia in both major T cell
subtypes (CD4* and CD8* T cells) and two different sites of the body (circulation and tumor).
Comparison of gene profiles from CD4* and CD8* splenocytes from NC26 vs. PBS mice revealed minor
changes in the KEGG pathway analysis with only three and two pathways being significantly altered
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due to tumor occurrence, respectively (Figure 59A). These data highlight the strong regulation in
T cells that is induced by cachexia development, irrespective of tumor occurrence.
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Figure 59. Impairment of T cell activation pathways by cancer cachexia based on Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. KEGG pathway analysis of CD4* and CD8* T cells from cachectic C26 and non-
cachectic NC26 or PBS mice revealed a strong reduction of almost all pathways. T cells were isolated from (A) spleen or
(B) tumor. (A) Yellow arrows highlight commonly regulated pathways between T cells from C26 vs. NC26 and C26 vs. PBS
mice. Orange arrows highlight common regulation between CD8* and CD4* T cells from cx vs. non-cx NC26 mice. KEGG
pathway analysis in CD4* and CD8* splenocytes in NC26 vs. PBS mice. (B) Green arrows highlight similar regulation
between CD4* TILs and circulating CD4* T cells from C26 vs. NC26 mice.

2.7.3 Cachectic T cells display markers of exhaustion and senescence simultaneously

In order to escape the immune system, malignant tumors can trick T cells into different dysfunctional
states, namely exhaustion or senescence, both leading ultimately to T cell dysfunction but differing
regarding their metabolic and molecular regulation (Y. Zhao, 2020). Interestingly, a canonical pathway
analysis using IPA revealed senescence amongst the top 20 regulated pathways in circulating CD4*
T cells (Figure 58A). Thus, we were interested if dysfunctional cachectic T cells might display features
of senescence or exhaustion, with the ultimate goal to identify certain pathways that could be
specifically targeted in T cells to improve T cell functionality and thereby cachexia outcome in the
future. To this end, | compared our RNA sequencing data sets to different markers that were specific
for either exhausted or senescent T cells (Y. Zhao, 2020). Table 2 displays the different markers and
their regulation upon exhaustion and senescence, as published by Zhao and colleagues (Y. Zhao,
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2020), with yellow indicating an increase in the distinct state (exhaustion, senescence, cachexia) and
blue showing a decrease. Interestingly, based on the expression of surface markers, their cytokine
and transcriptional profile, as well as metabolic and functional alterations, both CD4* and CD8* T cells
from spleen and tumor of cachectic mice (C26 vs. NC26) did not follow a distinct pattern, meaning
they displayed neither a classically exhausted nor fully senescent state. This analysis implies that the
repression that T cells undergo during cachexia development displays features of both cell
senescence and exhaustion, involving different pathways and molecular changes (Y. Zhao, 2020).

Table 2. Cachectic T cells display features of exhaustion and senescence. Markers for T cell exhaustion and senescence
are from (Y. Zhao, 2020). Increased gene expression levels of surface markers, TCR signaling machinery, cytokines and
transcriptional levels, as well as metabolic and functional alterations were highlighted in yellow (increased upon
senescence, exhaustion or cachexia), while blue showed a decrease of the aforementioned. Unaltered gene expression
in our RNA sequencing data as indicated by white color. Significant alterations in the gene expression levels of T cells from
C26 cx mice, were specified by stars. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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2.8 Aging aggravates cachexia in tumor-bearing mice

It has been well studied that the functionality of the adaptive immune system declines with age,
including T cells developing a state called senescence, leading to an accumulation of terminally
differentiated effector T cells (Foster, 2011). In line, age potentiates cancer incidence dramatically
(Berben, 2021), which is likely accompanied by an increased onset of cancer cachexia. This idea is
supported by an elevated prevalence of cachexia in cancers of older age, such as pancreatic cancer
(Dunne, 2019). Additionally, upon cancer cachexia, T cells partially display a senescent state, which is
why we sought to assess the impact of aging (accompanied by a decline in immune function) on
cancer cachexia development. To this end, different mouse models (LLC and C26) were used to
investigate cancer cachexia development upon aging. In addition, two different substrains of C57BL/6
mice were used for the LLC studies, as it has previously been reported that C57BL/6J and C57BL/6N
mice have developed genotypic and phenotypic differences over time that could potentially affect
cachexia development, such as insulin sensitivity or body composition (Simon, 2013). Hence, young
adult mice of an age of 2-4 months and aged animals at the age of 15-20 months were injected with
cachexia-inducing tumor cells and characterized in terms of cachexia development.

2.8.1 Effects of aging on tumor growth and body wasting in tumor-bearing mice

Approximately 7 days after subcutaneous injection of LLC cells into C57BL/6J and C57BL/6N mice, and
C26 cell injection into BALB/c mice, tumors started to be palpable and grew to a similar size over time.
At the end of the experiment, younger mice of all groups developed larger tumors with even
significant differences in LLC/J and C26 mice (Figure 60A, B, C), in accordance with (Beheshti, 2015).
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Figure 60. Age has a mild effect on tumor growth. (A-C) C57BL/6 and BALB/c mice were injected with LLC or C26 tumor
cells, respectively. Shown is tumor growth over time and tumor weight at the end of the experiment. (A) Young C57BL/6N
mice were 2 months at start of the experiment (grey, LLC/N young, n=9), while aged C57BL/6N mice were 16 months
(yellow, LLC/N aged, n=7). (B) Comparison of C57BL/6J animals injected with LLC cells. Young mice were 3 months at
experiment start (grey, LLC/J young, n=12), aged C57BL/6J mice were 20 months old (orange, LLC/J aged, n=12). (C) Young
BALB/c mice were injected with C26 cells at an age of 4 months (grey, C26 young, n=6), while aged C26-injected BALB/c
mice were 15 months old (dark green, C26 aged, n=10). Data are mean * s.e.m and statistical analyses were performed
using unpaired t-test or Mann—Whitney test. Figure based on (Geppert, 2021). * p<0.05.

Cachexia is defined by severe bodyweight loss over time (Roeland, 2020). Hence, bodyweight
development was investigated during the course of the experiment to assess the influence of age on
cancer cachexia and plotted starting 10 days prior to sacrifice to adjust for the difference in time to
human endpoint. Bodyweight evolution was consistent with only minor changes in aged PBS-injected
animals, while young PBS mice of all groups strongly gained bodyweight over time (Figure 61A). Upon
tumor injection, aged mice developed severe bodyweight loss over the course of the experiment,
with LLC/J showing the earliest and highest degree of loss (Figure 61A). In contrast, only young C26
tumor-bearing mice suffered from strong body wasting, while young LLC/N and LLC/J mice still gained
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weight over time (Figure 61A). Interestingly, both young and aged LLC/J mice dropped stronger in
bodyweight compared to LLC/N mice (A bodyweight in aged: 7.3% vs. 5.8% and in young: 5.0% vs.
2.4%; Figure 61B), reflecting the serious impact of the genotypic and phenotypic differences between
these two substrains on cachexia development. In young LLC tumor-bearing mice, bodyweight loss
was induced with a very high variability, with some mice developing strong weight loss, while others
were non-responders (Figure 61B). Contrary to LLC tumor-bearing mice in which wasting was
potentiated by age, young C26 tumor-bearing mice developed significantly higher bodyweight loss
compared to aged C26 mice (8.2% in aged vs. 18.5% in young mice; Figure 61B). Overall, higher age
caused weight loss in LLC/N mice, worsened cachexia in LLC/J animals, and did not affect weight loss
in the C26 model (Figure 61).
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Figure 61. Cancer cachexia is affected by age and strain. (A-B) Young and aged mice were injected with PBS as a control
or tumor cells (LLC, C26) to induce cachexia. Young mice injected with PBS are shown in light grey color (PBS/N young,
n=6; PBS/J young, n=8; PBS/BALB/c young, n=5), while young adult mice injected with tumor cells are depicted in dark
grey (LLC/N young, n=9; LLC/J young, n=12; C26 young, n=6). Light colors refer to aged PBS-injected animals (PBS/N aged,
light yellow, n=5; PBS/J aged, light orange, n=10; PBS/BALB/c aged, light green, n=5). Aged tumor-bearing mice are
depicted in dark colors (LLC/N aged, yellow, n=7; LLC/J aged, orange, n=12; C26 aged, green, n=10). (A) Bodyweight change
over time in percentage (compared to initial mass before injection) starting 10 days prior to sacrifice. (B) Bodyweight
change minus tumor in percentage (compared to initial bodyweight) at the end of the experiment. Data are mean £ s.e.m
and statistical analyses were conducted using two-way analysis of variance (ANOVA) with Tukey’s multiple-comparison
post hoc test. Figure based on (Geppert, 2021). *p<0.05, **p<0.01, ***p<0.001, ****p 0.0001.

In line, aged LLC/N mice displayed significant wasting of GC muscles upon LLC injection, while young
LLC tumor-bearing C57BL/6N mice did not show significant differences, highlighting an age-and
tumor-dependent effect (Figure 62). In C57BL/6J mice only age-related changes of iWAT and eWAT
were observed, while LLC injection did not alter organ weight in neither young nor aged mice (Figure
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62). These data emphasize again strain-dependent differences on C57BL/6 background. C26- injection
induced a strong wasting phenotype of WAT and GC in BALB/c mice mostly independent of age (Figure
62).
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Figure 62. Cachexia induces tissue-wasting in an age- and strain-dependent manner. Same mice as in Figure 61. Tissue
weights of iWAT, eWAT and GC muscles in mice of different ages, injected with different tumor cell lines or PBS. Data are
mean * s.e.m and statistical analyses were conducted using two-way ANOVA with Tukey’s multiple-comparison post hoc
test. Figure based on (Geppert, 2021). *p<0.05, **p<0.01, ****p<0.0001.

2.8.2 Changes in T cell subtype composition are not likely drivers of cachexia in aged mice

During the course of aging, the functionality of the adaptive immune system including T cells declines,
resulting in a state termed senescence (Foster, 2011). In mice developing cancer cachexia, markers
associated with T cell senescence were induced with cachexia development, indicating accelerated
aging of the immune system. Hence, we were interested if upon aging, a state in which T cell
senescence is predominantly occurring, T cell dysfunction upon cachexia might be accelerated,
thereby worsening cachexia development and disease outcome in aged mice and individuals.

In this context, weight of draining and non-draining inguinal lymph nodes was increased in all tumor-
bearing mice irrespective of age, indicating a strong immune response to tumors (Markl, 2012), while
spleen weight was more elevated upon tumor injection in young compared to old tumor-bearing mice
(Figure 63A), indicating a stronger upregulation of the immune system (Jiang, 2021). To investigate
the functional status and the state of senescence in T cells of aged PBS-or tumor cell-injected mice,
their CD4*/CD8"* T cell ratio was determined (Figure 63B), with a low ratio being indicative of aging (J.
E. Turner, 2016). As previously shown (Sim, 1998), BALB/c mice displayed a much higher CD4*/CD8*
ratio than C57BL/6N mice. Apart from that, the ratio of circulating CD4*/CD8" T cells was unchanged
in BALB/c mice, despite tumor presence or high age of the mice (Figure 63B). Aged C57BL/6N mice
showed a significantly declined CD4*/CD8* T cell ratio, which tended to be further reduced but with
a high variability by tumor presence (Figure 63B).

Regulatory T cells (Tregs) play a central role in immune self-tolerance, thereby preventing auto-
immune diseases. However, upon cancer incidence, Tregs can inhibit immune surveillance against
tumor cells, hence hampering an effective anti-tumor response (Togashi, 2019). In line with previous
studies (Garg, 2014), FoxP3* Tregs were increased in aged C57BL/6N and BALB/c mice, while tumor
presence did not affect circulating Treg levels in addition (Figure 63C).

In summary, contrary to our hypothesis, a general decline and change of subtype composition of
T cells might not be linked to the age-related acceleration of cachexia in C26 or LLC tumor-bearing
mice. Furthermore, the presence of FoxP3* Tregs was only increased in aged LLC/N mice and did not
seem to be affected by tumor cell injection.
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Figure 63. Immune cell decline might not influence accelerated cachexia development upon aging. (A-C) Same mice as
in Figure 61. (A) Weight of inguinal lymph nodes and spleen. (B) CD4*/CD8" ratio of circulating T cells, based on flow
cytometric analysis. (C) Percentage of FoxP3* regulatory T cells (% of CD4* T cells) in blood, as measured by flow cytometry.
Data are mean * s.e.m and statistical analyses were performed using two-way ANOVA with Tukey’s multiple-comparison
post hoc test. Figure based on (Geppert, 2021). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Additionally, | investigated T cell effector function based on molecular changes to assess if cachexia
acceleration in aged mice did alter anti-tumor T cell functionality. In CD8* T cells, effector function
based on expression of genes related to T cell functionality, was non-significantly increased in
C57BL/6N mice, while high age led to the age-related reduction of some genes, such as Ifny, Tnfa or
Tox in BALB/c mice (Figure 64A). /12 tended to be elevated in CD4* and CD8* T cells from aged PBS/N
and PBS- BALB/c mice compared to young mice, but with a very high variability, while C26 and LLC
injection decreased //2 expression again in aged mice (Figure 64A, B). Interestingly, reduced /12
expression implies an impaired effector differentiation and clonal expansion of CD4* and CD8*
splenocytes (Bachmann, 2007), in line with the more severe phenotype of aged vs. young LLC/N
tumor-bearing mice, which show no alterations of //12 expression upon LLC injection. Tnfa and Ifny
expression tended to be increased by age in C57BL/6N and BALB/c mice, with the exception of CD8*
T cells from BALB/c mice, where | saw rather a downregulation. Interestingly, this increase of effector
cytokine expression by high age was dampened again by cachexia onset, as LLC and C26 tumor-
bearing mice displayed reduced levels of Ifny and Tnfa compared to their age-matched controls
(Figure 64), indicating a repressed T cell function dependent on age and tumor presence. Gzmb was
non-significantly upregulated in aged LLC/N mice, while being unchanged in young LLC and all BALB/c
mice. Interestingly, expression of Pdcd1, encoding PD1, was strongly increased in CD4* and CD8*
T cells from aged C57BL/6N mice, suggesting in combination with elevated Tox levels in CD4* T cells
of aged animals increased T cell exhaustion upon aging (Figure 64B). This phenomenon could also be
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observed in CD4* T cells from aged BALB/c mice, but not CD8* T cells which behaved quite the
opposite way.
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Figure 64. Expression of genes associated with T cell effector function is largely unaltered by age. (A-B) mRNA levels of
genes related to T cell effector function in PBS/N young (n=5), LLC/N young (n=11), PBS/N aged (n=10), LLC/N aged (n=11)
and PBS/BALB/c young (n=6), C26 young (n=5), PBS/BALB/c aged (n=4) and C26 aged (n=10) (A) CD8" T cells isolated from
the spleen. (B) CD4* T cells isolated from the spleen. Data are mean * s.e.m and statistical analyses were performed using
two-way ANOVA with Tukey’s multiple-comparison post hoc test. *p<0.05, **p<0.01, ***p < 0.001.

In summary, changes in the subtype composition of T cells, meaning an imbalance in the percentage
of CD4* and CD8"* cells, is unlikely to mediate accelerated cachexia onset upon high age. However, an
increased percentage of Tregs in combination with elevated exhaustion could potentially be linked
and contribute to accelerated and worsened cachexia in aged LLC tumor-bearing mice, despite an
overall higher expression of inflammatory cytokines, which is a common feature of T cell senescence,
termed inflammaging (Macaulay, 2013). The cachexia-induced dampening of effector function as
assessed by gene expression of //12 and Ifny was observed to even greater extent CD4* and CD8* T cells
from aged LLC and C26 tumor-bearing mice.

2.8.3 Aging increases the induction of atrophy markers in tumor-bearing mice

Wasting of skeletal muscle is a hallmark of cancer cachexia (Rohm, 2019), which on the molecular
level is often assessed by the expression of atrogenes, including MuRF1, Atrogin 1, FoxO3a, and Ctsl
(Deval, 2001; Rohm, 2019; Sandri, 2004). In order to investigate the effect of aging on atrophy
markers upon cancer cachexia, the expression of Trim63, Fbxo32, FoxO3a, and Ctsl was measured in
Gastrocnemius (GC) muscles from young and old C57BL/6 and BALB/c mice (Figure 65A). Remarkably,
LLC-induced skeletal atrophy was only present in aged C57BL/6N mice, but not LLC/N young mice,
reflecting the induction of bodyweight loss along with cachexia development upon aging. In LLC/)
mice, age potentiated atrogene expression strongly (Figure 65A), again highlighting the aggravation
of cachexia severity by age in C57BL/6 mice. C26 injection led to a strong upregulation of atrogenes
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in young BALB/c mice, which was blunted by age (Figure 65A), as previously reported (Talbert, 2014),
These observations were also in line with smaller weight loss in old compared to young C26 tumor-
bearing mice.

Myosteatosis, which has recently been shown to be a negative prognostic marker in patients with
colon cancer (C. M. Lee, 2020), was determined by assessing mRNA levels of Atgl (adipocyte
triglyceride lipase) and Plin4 (perilipin 4) in GC muscles (Figure 65B). Especially young C26 tumor-
bearing mice were shown to have a significant increase in Atgl and Plin4, which was dampened by
age (Figure 65B), underlining the strong phenotype of the young C26 cachexia model. Expression of
Plin4 was also significantly elevated in aged LLC/J mice and tended to be upregulated in aged LLC/N
mice, again highlighting increased cachexia severity in line with elevated bodyweight loss upon aging.
Accordingly, also Atgl tended only to be increased in aged LLC tumor-bearing mice, but not young
(Figure 65B).
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Figure 65. Tumor-dependent gene expression of atrogene markers in cachectic skeletal muscle is affected by age. (A-
B) Same mice as in Figure 61. (A) mRNA levels of several atrogenes associated with cancer cachexia in GC muscles (B) Atg/
and Plin4 mRNA levels. Data are mean * s.e.m and statistical analyses were performed using two-way ANOVA with Tukey’s
multiple-comparison post hoc test. Figure based on (Geppert, 2021). *p<0.05, **p<0.01***, p<0.001, ****p<0.0001.

2.8.4 Cachexia markers in mouse models and patients behave differently upon aging

Interleukin 6 (IL6) has been identified as central cachexokine and extensively studied in the past
(Baltgalvis, 2008; Strassmann, 1992). Hence, we hypothesized that altered IL6 levels could potentially
mediate the age-and strain-related effects that were observed in cachexia development. To this end,
| measured circulating IL6 levels in C57BL/6 and BALB/c mice and correlated them to the bodyweight
change of the mice (Figure 66). Interestingly, there was a significant increase in young and a trend in
aged C26 tumor-bearing mice for an increase of circulating IL6 upon cachexia (Figure 66A), as already
shown (Talbert, 2014). Surprisingly, circulating IL6 levels were largely unaffected by age or tumor in
C57BL/6 mice, except for aged LLC/N mice which tended to have elevated plasma IL6. Correlations of
circulating IL6 levels and bodyweight change revealed substantial strain-dependent differences, with
positive correlations in C57BL/6N and BALB/c mice, and a negative correlation in C57BL/6J mice
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(Figure 66B). Hence, caution is warranted when choosing mouse models for cachexia research as
strong strain-related differences might impact the outcome of the experiment. Interestingly, when
mice were separated into groups according to their age, only young animals showed a significant
correlation of IL6 and bodyweight change (p=0.0018), which was lost upon aging (p=0.5672) (Figure
66C), indicating a strong impact on age-related changes on IL6 levels in tumor-bearing mice that
should be taken into account when investigating IL6-dependent cachexia.
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Figure 66. Circulating IL6 levels are changed in a strain-and tumor-dependent manner. (A-C) Same mice as in Figure 61.
(A) Circulating IL6 levels in different mouse strains in young and aged mice. (B) Correlations between plasma IL6 and
bodyweight change (final bodyweight minus tumor vs. initial bodyweight). (C) Correlations comparing circulating IL6 with
bodyweight change in young or aged mice across all mouse models. Data are mean £ s.e.m and statistical analyses were
performed using two-way ANOVA with Tukey’s multiple-comparison post hoc test or simple linear regression. Figure
based on (Geppert, 2021). *p<0.05.

Circulating growth and differentiation factor 15 (GDF15) has recently been shown to be increased in
aged individuals (H. Liu, 2021), while also being associated with cancer cachexia. Blocking of GDF15
by antibody treatment was reported to prevent tumor-induced body wasting, and additionally GDF15
was validated as cachexia marker being associated with reduced survival in cancer patients (Rohm,
2020; Suriben, 2020). Circulating GDF15 levels were strongly increased in aged C57BL/6N mice, LLC/)
mice, and in C26 tumor-bearing mice irrespective of their age (Figure 67A), implying that there is no
common regulation of GDF15 levels across different mouse strains in dependence of age and tumor
presence. In line with this observation, a linear regression analysis only revealed significant positive
correlations of plasma GDF15 and bodyweight change in BALB/c mice, but not C57BL/6 mice (Figure
67B). Strikingly, circulating GDF15 levels correlated significantly with bodyweight change in young
mice (p<0.0001), but not aged mice (p=0.4266) across all mouse strains (Figure 67C), indicating a
prominent role of GDF15 in cancer cachexia development only in young mice. Increased levels of
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plasma GDF15 might be mediated in part by an upregulation of Gdf15 expression in skeletal muscle
(Chung, 2017). In our models, gene expression levels of Gdf15 in GC muscles were unchanged
between all groups, as indicated in Figure 67D, suggesting other tissues, such as the tumor, to be the
major source for increased GDF15 levels in the circulation.
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Figure 67. Plasma GDF15 levels are not commonly altered by age or tumor presence between different mouse strains.
(A-D) Same mice as in Figure 61. (A) Circulating GDF15 levels in different mouse strains in young and aged mice. (B)
Correlations between plasma GDF15 and bodyweight change (final bodyweight minus tumor vs. initial bodyweight). (C)
Correlations comparing circulating GDF15 with bodyweight change in young or aged mice across all mouse models. (D)
Gdf15 mRNA levels in GC muscles. Data are mean + s.e.m and statistical analyses were performed using two-way ANOVA
with Tukey’s multiple-comparison post hoc test or simple linear regression. Figure based on (Geppert, 2021). **p<0.01,

*#%p<0.001, ****p<0.0001.

Similar to the C26 model, plasma GDF15 levels tended to increase in both young and aged cachectic
cancer patients compared to weight stable cancer and control patients. In addition, there was also a
trend for elevated GDF15 levels in aged compared to young patients ( Figure 68A). Interestingly, a
linear regression analysis revealed only significant correlations between plasma GDF15 and age, but
not bodyweight loss (Figure 68B), in accordance with the importance of age when correlating plasma
GDF15 or IL6 with bodyweight loss across different mouse strains (as shown in Figure 66C and Figure
67C). Again, these data highlight the crucial influence that age can have on cachexia development

and the hint of caution that should be applied.
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Figure 68. Age but not bodyweight change has a crucial impact on GDF15 levels in patients. Plasma GDF15 levels were
assessed in patients suffering from gastrointestinal tumors with (CCx) or without (WSC) weight loss. Control patients did
not develop any tumors. (A) Circulating GDF15 levels. (B) Correlations comparing plasma GDF15 with bodyweight (BW)
change or age. Data are mean * s.e.m. and statistical analyses were performed using two-way ANOVA with Tukey’s
multiple-comparison post hoc test or simple linear regression. Figure based on (Geppert, 2021).

Similarly to GDF15 and IL6 levels being highly influenced by the age of the mice, also correlations of
bodyweight change with different cytokines (IL10, IL1b, IL6) in healthy, weight stable and cachectic
cancer patients were only significantly correlated in young patients (<55 years) (Table 3), but not old
ones despite comparable weight loss between the two groups (see patient characteristics in Methods
section). Interestingly, plasma IL6 levels also only correlated significantly with bodyweight change in
young patients, but not old, in line with the mouse data. The discrepancy between young and old
patients in terms of correlating weight loss to circulating cytokines was even more striking for IL10
and IL1b.

Table 3. Important cachexia markers only correlate significantly with BW loss in young patients, but not old. Linear
regression analyses between bodyweight change and circulating cytokines and metabolites in control patients without
cancer, and gastrointestinal cancer patients with and without bodyweight loss. The number of tested patients is displayed
in the table (n) and R? as well as significance were calculated using simple linear regression analysis. Significant changes
are highlighted in red.

Young (s55y) Aged (>55y)
Plasma n_| R? | Pvalue n_ | R? | Pvalue

Cytokines

IFNy 14 0.01020 0.7312 14 0.004835 0.8133
IL10 14 0.5571 0.0022 14 0.003069 0.8508
IL13 14 0.1103 0.2461 14 0.04233 0.4804
IL1b 14 0.4384 0.0099 14 0.006826 0.7789
IL6 14 0.4499 0.0086 14 0.2428 0.0734
IL8 14 0.02732 0.5722 14 0.006336 0.7868
MCP1 14 0.2092 0.1001 14 0.04584 0.4623
Tnfa 14 0.1056 0.2570 14 0.01546 0.6719
Metabolites

Hemoglobin 14 0.2449 0.1019 14 0.4042 0.0355
CRP 14 0.09554 0.2822 14 0.06038 0.3971
Cholesterol 13 0.1093 0.2698 14 0.02556 0.5851
HDL 14 0.1124 0.2413 14 0.05848 0.4049
LDL 14 0.01040 0.7286 14 0.02746 0.5713
Triglycerides 14 0.06374 0.3839 14 0.1144 0.2369

Overall, age has a crucial influence on phenotypic and developmental characteristics of cancer
cachexia in mouse models and patients, including an impact on cachexia severity, the immune system,
atrogene expression and circulating cytokines. While the C26 cachexia mouse model seems to be
rather independent of age, cachexia development in the LLC model is highly affected and accelerated
upon aging. Hence, it is important to choose several experimental models to verify pre-clinical data
and enhance good translatability to humans.
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2.9 Glucocorticoid signaling in T cells is affected by cancer cachexia

Using RNA sequencing, a general repression of cachectic T cells was noted as several activation
pathways were identified to be inhibited (Figure 58, Figure 59). In addition, glucocorticoid receptor
signaling was found to be amongst the top 50 pathways being commonly elevated upon cachexia in
circulating and tumor-infiltrating CD4* and CD8* T cells, although a clear activation or inhibition
pattern based on the z-score could not be discriminated in this analysis (Figure 58), possibly reflecting
the two-sided function (activating and inhibitory potential) of glucocorticoids (Timmermans, 2019).
Accordingly, an upstream regulator analysis using IPA highlighted the glucocorticoid receptor (GR,
encoded by Nr3c1) as one of the most prominent activating upstream regulators (Figure 69A), and
also dexamethasone, a synthetic steroidal GR ligand (Timmermans, 2019), was identified amongst
the most important activated upstream regulators, potentially mediating the observed changes on
gene expression level in cachectic T cells. In line, increased expression of many GR target genes (Figure
69B) and subsequent repression of cytokine expression on the molecular level were observed in
T cells from cachectic mice (Figure 33). Glucocorticoids are known for their various effects on T cells
(Taves, 2021), and have previously been linked to cancer cachexia as drivers of muscle atrophy (Braun,
2013) and suppressors of intra-tumoral immunity in cachectic mice (Flint, 2016). Nevertheless, in their
study, Flint et al. focused rather on an IL6-induced hepatoketogenesis-glucocorticoid axis than on the
immune system; hence, to my knowledge, no detailed mechanistic analysis linking glucocorticoids to
T cell repression in cancer cachexia has been conducted so far.
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Figure 69. Glucocorticoid signaling strongly affects circulating and tumor-infiltrating T cells in cachectic mice. Heat maps
visualizing (A) an upstream regulator analysis using IPA, which identified Nr3c1 and dexamethasone as potent regulators
in cachectic T cells, and (B) regulation of glucocorticoid-associated genes, including Tsc22d3, II7r, Itga4, Ifitl, Fkbp5 and
Satl.

2.9.1 Circulating glucocorticoid levels are increased in cancer cachexia

Already in the 1990s, it has been shown that cancer cachexia leads to a rise of plasma glucocorticoids
in both mouse (Tanaka, 1990) and man (Knapp, 1991). In line, the C26 model used in this study
represented a significant increase of corticosterone levels not only upon fully developed cachexia,
but already in pre-cachectic mice (Figure 70A). As expected, short-term presence of C26 tumor cells,
did not alter corticosterone levels, indicating that the rise of corticosterone is solely dependent on
cachexia development and not tumor presence per se. Also in LLC tumor-bearing mice, significantly
elevated plasma corticosterone levels were observed, while unexpectedly and contrary to previous
reports (Martin, 2022), APCM"* mice displayed no alterations (Figure 70B).
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Figure 70. Circulating corticosterone is increased in mouse models of cachexia. (A) Corticosterone concentration in the
plasma of BALB/c PBS (n=11), NC26 (n=6), NC26 short (n=7), C26 non-cx (n=7), C26 pre-cx (n=6) and C26 cx (n=6) mice.
(B) Circulating corticosterone in C57BL/6J mice injected with PBS (n=5), or LLC cells (n=6), APC wildtype (n=6) and APCM"/*
(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, unpaired t-test was
conducted. (A) *p<0.05 compared to C26 pre-cx mice, #p<0.05 compared to C26 cx mice. (B) *p<0.05 between PBS and
LLC mice.

2.9.2 Invivo dexamethasone-treatment can mimic low expression of T cell marker genes in eWAT
similar to cachexia presence

To assess the effect of high circulating glucocorticoid levels on immune cell presence within the
adipose tissue, | investigated the expression of T cell marker genes in eWAT from mice that were long-
term treated with dexamethasone in their drinking water (in vivo study performed by Manuel Gil
Lozano). Strikingly, Cd8a, Cd4 and Foxp3 gene expression were strongly reduced in eWAT of treated
mice (Figure 71) similarly to cachectic mice (Figure 18A). In line with reduced Gzmb expression of
cachectic T cells, Gzmb levels in eWAT tended to be reduced upon dexamethasone treatment as well,
but with high variability (Figure 71). Overall, these data highlight glucocorticoids as potential
mediators of reduced T cell infiltration into cachectic e WAT.
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Figure 71. Long-term dexamethasone-treated mice show similar T cell marker mRNA expression in eWAT compared to
cachectic mice. In vivo study was conducted by Manuel Gil Lozano. Expression of T cell marker (Cd8a, Cd4, Foxp3) and
effector (Gzmb) genes in eWAT from control (n=5) animals, or mice that were long-term treated with dexamethasone in
their drinking water (n=4, if not displayed samples were undetermined). Data are mean * s.e.m. Statistical analyses were
performed using unpaired Mann—Whitney test. *p<0.05.
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2.9.3 In vitro dexamethasone-treatment of T cells imitates T cell gene expression changes of
cachectic T cells

Since in vivo long-term treatment of mice with dexamethasone was able to mimic reduced T cell
marker gene expression in adipose tissue, similar to cachectic animals, we were wondering if in vitro
treatment of T cells with dexamethasone could as well imitate the cachectic T cell state. To this end,
together with an internship student (Veronika Stadler), | isolated CD8* splenocytes from wildtype
C57BL/6J mice and cultured them for 48 h using 10® M dexamethasone (Figure 72), which resembled
the plasma corticosterone concentration | previously had measured in cachectic C26 tumor-bearing
mice (Figure 70A). To mimic T cell stimulation by the tumor, two additional groups were added in
which T cells were being activated by CD3/CD28 co-stimulation (Figure 72).

48 h treatment with 10 M
dexamethasone

CD8* splenocyte
!?\ . ? ti ¥ —p 4 different groups: — Harvest T cells and
oo/ Isolation extract RNA for qPCR

2. Naive + dexamethasone

4, Stimulated + dexamethasone

Figure 72. Schematic representation of the experimental setup, aiming to mimic the cachectic T cell phenotype in vitro
by dexamethasone treatment. CD8* splenocytes were isolated from C57BL/6J wildtype mice and treated with 10 M
dexamethasone for 48h. To imitate in vivo stimulation by the tumor, isolated T cells were simultaneously activated by
CD3/CD28 co-stimulation in vitro. After 48 h, T cells were harvested, and RNA was extracted for gene expression analysis
(naive ctr n=6; naive + dex n=6; stimulated ctr n=6; stimulated + dex n=6 biological replicates).

Strikingly, dexamethasone treatment reduced gene expression of T cell effector genes, including Ifny,
Tnfa and Gzmb and metabolic genes, such as S/lc2al (encoding GLUT1) in CD8* splenocytes (Figure
73A, B), comparably to CD8* T cells isolated from cachectic mice. Importantly, suppression of effector
gene expression and metabolism was much stronger and mimicked the cachectic phenotype better
in stimulated compared to naive T cells treated with dexamethasone (Figure 73), underlining the
importance of establishing perfect in vitro conditions to mimic the in vivo situation.
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Figure 73. In vitro dexamethasone treatment of stimulated T cells imitates the cachectic T cell phenotype. Expression
of (A) functional (Ifny, Tnfa, Gzmb) and (B) metabolic (S/c2a1, encoding GLUT1) T cell genes in T cells +/- dexamethasone
treatment and +/- stimulation. Same samples as in Figure 72. Data are mean + s.e.m and statistical analyses were
performed using Kruskal-Wallist test with Dunn’s multiple-comparison post hoc test. *p<0.05, **p<0.01.

Verification of the treatment was performed by analyzing gene expression of known glucocorticoid-
induced genes. Strikingly, downstream targets of glucocorticoid receptor signaling, like Satl
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(Spermidine/Spermine N1-Acetyltransferase 1), Btgl (B-Cell Translocation Gene 1) or [L1r2
(Interleukin 1 Receptor Type 2) (Franchimont, 2002) were regulated similarly between CD8*
splenocytes treated in vitro with dexamethasone (Figure 74A), and CD4* and CD8* T cells isolated
from cachectic mice (Figure 74B, C). Again, stimulated splenocytes mimicked the cachectic phenotype
much better compared to naive T cells, pointing out the importance to imitate tumor stimulation also
in an in vitro setting.
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Figure 74. In vitro cultivation of stimulated CD8* T cells with dexamethasone induces similar expression of
glucocorticoid-related genes compared to cachectic T cells. (A) mRNA levels of glucocorticoid-associated target genes
Satl, Btg1, and Il1r2 in CD8* splenocytes +/- CD3/CD28 co-stimulation +/- dexamethasone treatment. Same samples as
in Figure 72. (B-C) Gene expression of Sat1, Btgl and //1r2 in (B) CD8* and (C) CD4* splenocytes from cachectic C26 (n=6)
and non-cachectic NC26 (n=6) tumor-bearing animals. Data are mean * s.e.m and statistical analyses were performed
using Kruskal-Wallist test with Dunn’s multiple-comparison post hoc test or t test. *p<0.05, **p<0.01.

Overall, in vitro treatment of stimulated CD8" T cells closely resembled the phenotype of T cells
isolated from cachectic mice based on the expression of genes associated with effector function,
metabolism and glucocorticoid signaling. These data suggest that T cell dysfunction in cachectic mice
might be mediated by increased glucocorticoid signaling, thereby repressing T cell function.

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

Since all experiments so far had supported the idea of glucocorticoids as major mediators of T cell
suppression in cancer cachexia, we aimed to reduce glucocorticoid levels in mice to attenuate
cachexia. To this end, we decided to use the well-known corticosteroid synthesis inhibitor
Aminoglutethimide (AG) (Flint, 2016) to effectively decrease circulating glucocorticoid levels in
cachectic mice, thereby aiming to improve disease outcome.
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Aminoglutethimide injection reduces corticosterone levels with high variabilty

The efficacy of AG to reduce corticosterone levels was first tested in a pilot study (Figure 75). To this
end, 0.4 mg AG were injected per mouse and plasma corticosterone levels were measure directly
before, and 3h, 8h, 24h, and 48h post injection, which was conducted at 9 am (Figure 75). Reduction
of the corticosterone plasma concentration was strongest 3h post AG injection, but rapidly increased
again after 8h. 24h post injection corticosterone levels were still non-significantly reduced compared
to TO. Based on these pilot results, mice should have been injected twice a day to constantly reduce
corticosterone levels in the plasma. Nevertheless, to lower the stress and side-effects of the
treatment for the mice, we decided to only inject once a day. Injections would be conducted at 9 am
to dampen the continuous rise of corticosterone throughout the day (Teilmann, 2014).
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Figure 75. Pilot study to assess efficacy and half-life of Aminoglutethimide (AG) treatment in vivo. BALB/c mice (n=4)
were treated with 0.4 mg AG per mouse and blood samples were taken before, and 3h, 8h, 24h and 48h post AG injection.
Corticosterone levels were assessed using a specific ELISA kit. Data are mean + s.e.m. Statistical analysis was performed
using one-way ANOVA with Tukey’s multiple-comparison post hoc test. **p<0.01.

Aminoglutethimide did not sufficiently reduce plasma corticosterone in cachectic mice
BALB/c mice were injected with PBS or C26 tumor cells and 8 days post cell injection, when tumors
started to be palpable, daily treatment with AG or the vehicle control was initiated (Figure 76).
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Figure 76. Schematic figure of aminoglutethimide treatment of PBS- or C26-injected mice over a time course of 20 days.
Mice were injected once C26 tumors were palpable. 0.4 mg AG were administered daily via intraperitoneal injection per
mouse. The experiment was ended 27 days post PBS-/C26-injection.

Although the pilot experiment had indicated a sufficient inhibition of circulating corticosterone levels
after 24 h, AG was not able to reduce corticosterone levels of C26 tumor-bearing mice to normal
healthy levels and could only in part decrease circulating corticosterone levels 24 h post injection
(T24) or shortly after injection (Figure 77).
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Figure 77. Elevated corticosterone levels in cachectic mice could not be sufficiently restored to healthy levels by daily
AG injections. To measure circulating corticosterone, blood samples were taken before sacrifice (shortly after AG
injection), while T24 samples were taken 24h post AG injection (T24 PBS+vehicle n=4; T24 PBS+AG n=4; T24 C26+vehicle
n=1; C26+AG n=1). Unfortunately, a daily injection of 0.4 mg AG per mouse was not sufficient to restore physiological
corticosterone levels in cachectic mice (C26+vehicle n=9; C26+AG n=9), as compared to PBS-injected (PBS+vehicle n=5;
PBS+AG n=5) animals. Data are mean + s.e.m. Statistical analysis was performed using ordinary one-way ANOVA with
Tukey’s multiple-comparison post hoc test. *p<0.05.

Aminoglutethimide treatment did not attenuate body wasting in C26 tumor-bearing mice

In line with only slightly altered corticosterone levels, also incidence-free time (used as a proxy for
survival) was not affected by AG treatment (Figure 78A). Since all mice were killed once they had
developed cachexia, body wasting, indicated by the percentage of bodyweight change of the animals,
was not altered by AG (Figure 78B). Importantly, tumor size was similar between both C26 tumor-
bearing groups (Figure 78C). In accordance with no changes in bodyweight, organ weights, including
GC, WAT, inguinal lymph nodes, and spleen were unaltered, and the expression of atrophy marker
genes (Trim63, Fbxo32) in GC muscles was unaffected by AG (data not shown). In line, circulating
metabolites, such as LDL, HDL, cholesterol, triglycerides, NEFAs and Glucose were also not altered
(data not shown). Interestingly, AG treatment induced a strong increase of plasma alanine
aminotransferase and aspartate aminotransferase in healthy mice, indicating elevated liver toxicity
(Figure 78C). However, alkaline phosphatase levels were significantly reduced, contradicting liver
damage mediated by AG treatment. C26 tumor-bearing mice showed in general relatively low levels
of these liver toxicity markers, which were also not affected by AG. To sum up, AG treatment seemed
to not have induced liver damage, which thus is not a possible explanation for the low efficiency of
the drug in our hands.
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Figure 78. Body wasting upon C26-injection was not attenuated by Aminoglutethimide treatment. Same mice than in
Figure 77. (A) Percentage of incidence-free C26 tumor-bearing mice over time as a proxy for survival. (B) Bodyweight
change in percentage at the end of the experiment. (C) Tumor weight of C26-injected mice at the end of the experiment.
(D) Assessment of toxicity, mediated by AG treatment, as measured by circulating levels of Alanine Aminotransferase,
Alkaline Phosphatase, and Aspartate Aminotransferase. Data are mean * s.e.m. Statistical analyses were performed using
one-way ANOVA or Kruskal-Wallist test with Tukey’s or Dunn’s multiple-comparison post hoc test, respectively or log-
rank (Mantel—Cox) test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Expression of genes related to T cell effector function and proliferation is unchanged in AG treated
mice

By assessing gene expression of T cell effector function markers, | found no attenuation of the
cachexia-mediated repression of Gzmb, Ifny, and Tnfa by AG treatment in CD4* (Figure 79A) and CD8*
(Figure 79B) T cells isolated from cachectic mice. Importantly, as previously observed, also here
effector genes were significantly downregulated in T cells from cachectic C26 tumor-bearing mice
compared to healthy PBS mice, underlining the strong T cell repression mediated by cachexia. Only
minor changes, such as increased Sic2al, encoding GLUT1, gene expression in CD4* splenocytes
(Figure 79C) or reduced Pdcd1 expression in CD8* T cells, encoding PD1, (Figure 79B) indicated a slight
improvement of overall T cell health upon AG treatment. Contrary, Pdcd1 expression was increased
in CD4* T cells from C26 tumor-bearing AG treated mice (Figure 79A), while Slc2al was
downregulated in CD8* T cells upon cachexia, and even further due to AG treatment (Figure 79D).
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Figure 79. Expression of genes involved in T cell effector function is unchanged upon AG treatment. Same mice than in
Figure 77. (A, C) mRNA levels of (A) Gzmb, Ifny, and Tnfa and (C) Slc2al in CD4* splenocytes. (B, D) mRNA levels of (B)
Gzmb, Ifny, and Tnfa and (D) Slc2al in CD8* splenocytes. Data are mean + s.e.m. Statistical analyses were performed using
one-way ANOVA or Kruskal-Wallist 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.

Surprisingly, despite AG showing only low efficiency to reduce plasma corticosterone levels,
treatment changed glucocorticoid-associated gene expression, especially in CD8* splenocytes. There
was a significant downregulation of the corticosterone-related induction of Sat1, Tsc22d3 (TSC22
Domain Family Member 3), Itga4 (Integrin Subunit Alpha 4), Itgal (Integrin Subunit Alpha L) and Btg1
(B-Cell Translocation Gene 1), and a non-significant reduction of //1r2 (Interleukin 1 Receptor Type 2),
but only in C26 tumor-bearing mice, indicating that the treatment at least partially affected T cell
glucocorticoid signaling upon cachexia (Figure 80B). Healthy mice showed no differences due to AG
treatment, with the exception of //1r2, which tended to be upregulated upon treatment (Figure 80B).
In CD4* splenocytes, despite cachexia-mediated changes, only //1r2 gene expression was significantly
downregulated upon AG treatment, while no changes in the other investigated genes were observed
(Sat1, Tsc22d3, Itgal, Itga4, Btg1). Overall, AG treatment was not able to efficiently reduce cachexia-
induced upregulation of glucocorticoid signaling in T cells on the molecular level.

In summary, aminoglutethimide treatment was not able to reduce high corticosterone levels upon
cachexia to physiological levels, in line with no improvements in terms of body wasting, circulating
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parameters or atrogene expression. Also, T cell functionality was not restored by the treatment, as
AG was not able to fully reduce cachexia-induced repression of T cell effector function and induction
of glucocorticoid signaling.
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Figure 80. GR-related gene expression is slightly decreased upon AG treatment in CD4* and CD8" T cells. Same mice than
in Figure 77. (A, B) mRNA levels of Satl, Tsc22d3, Itgal, Itga4, Btgl and Il1r2 in (A) CD4* splenocytes and (B) CD8*
splenocytes. Data are mean + s.e.m. Statistical analyses were performed using one-way ANOVA or Kruskal-Wallist 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.

2.9.5 T cell specific glucocorticoid receptor knockout

To address the role of T cell intrinsic GR signaling, more specifically, without affecting GR signaling in
other tissues, cachexia development was assessed in T cell specific GR knockout mice
(CD4cre_GRflox/flox: Tg(Cd4-cre)1Cwi/Bflu) x B6.Cg-Nr3cltm1.1Jda/J). Glucocorticoids are potent
mediators of immunosuppression (Coutinho, 2011). Hence, by knocking out the glucocorticoid
receptor on T cells, we aimed to improve T cell dysfunction likely mediated by high corticosterone
levels in cachexia. To this end, GR®*C® mice were subcutaneously injected with LLC tumor cells, and
cachexia development was monitored over a course of 18 days. Unfortunately, all mice had to be
sacrificed before cachexia onset, either because of tumor size or tumor ulceration, a well-known
problem of the LLC cachexia model (Geppert, 2021). Nevertheless, compared to wildtype LLC tumor-
bearing mice, GR®®*C¢ LLC mice showed a non-significant increase in bodyweight at the end of the
experiment, while importantly, their initial bodyweight was similar (Figure 81A). Accordingly, WT LLC
mice showed a lower individual weight gain compared to GR®®4¢" LLC mice (Figure 81A). Tumor size
was as well comparable between the two groups (Figure 81B). Although | observed a trend towards
higher bodyweight in the GR®®4“"® mice, WAT and GC muscle weight were almost identical between
the two groups (Figure 81C), implying that a T cell specific GR knockout could not improve tissue
wasting in pre-cachexia. Inguinal lymph node weight was unaffected, while spleen weight seemed to
be non-significantly elevated in GR®®*%"¢ mice (Figure 81D), indicating a stronger immune response
(Jiang, 2021).
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Figure 81. T cell specific glucocorticoid receptor (GR) knockout does not protect from cancer-induced tissue wasting.
(A-D) CD4-Cre x GRfl/fl knockout mice (n=10) and WT control mice (n=4) were injected with LLC tumor cells. (A)
Bodyweight (BW) change at the end of the experiment in percent, as measured by comparing final bodyweight minus
tumor to initial bodyweight. Initial bodyweight in gram. Comparison of individual initial and final BW (minus tumor). (B)
Tumor weight at the end of the experiment. (C) Tissue weights of eWAT, iWAT and GC muscle. (D) Weight of inguinal
lymph nodes and spleen. Data are mean +* s.e.m. Statistical analyses were performed using unpaired t test or Mann-
Whitney test.

To further assess the impact of the T cell specific GR knockout on cancer cachexia development,
muscle atrophy was investigated on the molecular level by expression analysis of atrophy marker
genes (Deval, 2001; Rohm, 2019; Sandri, 2004). Despite unaltered GC muscle weight in GRP4<¢ mice,
Trim63, FoxO3a and Fbxo32 were non-significantly, and Cts/ expression significantly reduced in
skeletal muscle upon T cell specific GR knockout (Figure 82), although we previously demonstrated
that young mice from the C57BL/6J background are not susceptible to LLC-induced expression of
atrophy markers (Geppert, 2021). The mild decrease of atrophy marker gene expression suggests that
the T cell-specific GR knockout has a beneficial effect on tissue wasting on the gene level, potentially
mediated by ameliorating T cell suppression induced by elevated glucocorticoid levels in cancer
cachexia (Tanaka, 1990). Indeed, other groups have already shown a link between skeletal muscle
repair and T cells, as regulatory T cells were reported to mediate positive effects on muscle tissue
repair upon injury (Arpaia, 2015; Burzyn, 2013; Castiglioni, 2015).
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Figure 82. On the molecular level, muscle atrophy is mildly improved by T cell specific GR knockout. Same mice as in
Figure 81. Expression of atrophy marker genes in GC muscles, including Trim63, FoxO3a, Fbxo32 and Ctsl. Data are mean
+ s.e.m. Statistical analyses were performed using unpaired t test or Mann-Whitney test. *p<0.05.

Based on the mild amelioration of T cell atrophy marker expression upon T cell specific GR knockout,
| wanted to assess if T cell infiltration into skeletal muscle was altered. To this end, expression of
several T cell marker genes, including Cd3, Cd8a, Cd4, and Foxp3 was determined (Figure 83). No
significant changes in T cell marker gene expression were noted, although Cd8 tended to be
upregulated in GC muscles from GR®*C¢ mice. Interestingly, Gzmb, encoding one of the most
important T cell effector molecules, was significantly upregulated in GC muscle from T cell specific GR
knockout mice (Figure 83). In combination with increased Cd8a expression, the upregulated Gzmb
levels imply an increase in CD8* effector T cells due to reduced glucocorticoid-mediated T cell
suppression, with potentially beneficial effects protecting from tissue wasting in later stages of
cachexia.
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Figure 83. T cell effector function seems to be restored in GR®®*" mice upon LLC injection. Same mice as in Figure 81.
T cell marker gene expression in GC muscles. T cell specific genes include Cd3, CD8a, Cd4 and Foxp3. Gzmb is encoding
one of the most important effector proteins. Data are mean # s.e.m. Statistical analyses were performed using unpaired
t test or Mann-Whitney test. **p<0.01.

On the molecular level, T cell effector function was partially improved by GR knockout. Gene
expression of Ifny and 112 was significantly upregulated in CD4* splenocytes (Figure 84A) and tended
to be increased in CD8* T cells (Figure 84B) upon GR knockout in LLC tumor-bearing mice, suggesting
enhanced effector function and overall well-being of the cells. Interestingly, despite increased Gzmb
levels in GC muscle, Gzmb expression in CD4* and CD8* T cells was not affected in GR knockout mice,
indicating that elevated Gzmb expression in GC muscles in GRP*C¢ mice might be linked to increased
Natural Killer (NK) cell infiltration, which are also able to secret GZMB (Y. Wang, 2018). Tnfa
expression was slightly upregulated in CD8* T cells, and Pdcd1 seemed to be decreased in CD4* and



ResulTs R

CD8* T cells from LLC tumor-bearing mice carrying a T cell-specific GR knockout. Thus, GR knockout
seemed to have an overall beneficial effect on T cell in the LLC setting. Importantly, also downstream
targets of GR signaling were affected in GR®P4< T cells, verifying the functionality of the GR knockout
on the molecular level. In that regard, multiple GR taget genes were decreased in T cell-specific GR
knockout mice, such as Tsc22d3, Il1r2, Sat1 and Itgal (Figure 84C, D). Interestingly, Tsc22d3, encoding
the glucocorticoid-induced leucine zipper (GILZ), was shown to inhibit T cell activation by interfering
with TCR and NF-kB signaling (Ayroldi, 2001). Hence, reduced Tsc22d3 expression in GR knockout
T cells of LLC tumor-bearing mice, suggest improved potential for T cell activation and thus effector
function, in line with the elevated expression of effector genes (Figure 84A, B). Furthermore,
glucocorticoids are known to induce expression of the decoy receptor IL-1R2 (Interleukin 1 Receptor
Type 2) (Peters, 2013), which can neutralize IL-1 (Van Den Eeckhout, 2020), thereby preventing its
effects on CD8" T cell effector function (Ben-Sasson, 2013). Thus, the GR knockout-mediated
reduction of //1r2 expression indicates beneficial effects on T cell functionality, while similarly being
a proof of concept for a functional knockout.
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Figure 84. T cell-specific GR knockout improves effector function and reduces expression of GR target genes in T cells
upon LLC injection. Same mice as in Figure 81. (A-B) Expression of genes associated with T cell functionality in (A) CD4*
and (B) CD8* T cells. (C-D) GR target gene expression in (C) CD4* and (D) CD8* T cells. Data are mean * s.e.m. Statistical
analyses were performed using unpaired t test or Mann-Whitney test. *p<0.05.

In summary, the T cell-specific GR knockout did not significantly affect wasting and bodyweight
evolution upon LLC-injection, but showed already a promising trend, However, this was most
probably a result of the small group size and the premature sacrifice of the mice. Nevertheless,
atrophy marker expression and T cell effector function tended to be improved, in line with decreased
expression of GR target genes in GR®P4¢ || C-injected mice.
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2.10 Glucose deprivation may drive diminished T cell signaling and function in cachexia
Activation of naive T cells through their T cell receptor (TCR) is initiated by antigen/MHC complexes
(Rosenthal, 1973; Shevach, 1973), and additional signaling of costimulatory receptors, such as CD28
(Linsley, 1991) (Figure 85). Upon stimulation, several signaling pathways are being activated,
including the PI3K/AKT pathway, which is induced by CD28-mediated signaling (Truitt, 1995).
Downstream of PI3K/AKT, the serine/threonine kinase mechanistic target of rapamycin (mTOR)
becomes activated, which regulates a variety of cellular functions, including apoptosis (Q. Wu, 2011),
differentiation (Rao, 2010), growth and metabolism (Dlvel, 2010), all functions that were
dysregulated in T cells in the cachexia setting. Interestingly, 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 forkhead-Box-O-1 (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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Figure 85. Scheme representing FOXO1 interactions upon T cell activation. T cell stimulation via the TCR/CD3 receptor
in combination with CD28-mediated signaling leads to the activation of phosphoinositide 3-kinase (PI3K), which promotes
the phosphorylation of AKT and serum/glucocorticoid Regulated Kinase 1 (SGK1) by 3-phosphoinositide-dependent kinase
1 (PDK1), inhibiting mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) and thereby glycolysis. Additionally,
mMTORC1 phosphorylation can be mediated by the heterodimerized tumor suppressors TSC1 and TSC2. After additional
phosphorylation by mTORC2, AKT and SGK1 are capable of directly phosphorylating FoxO transcription factors, thereby
inhibiting by causing nuclear export and degradation. Contrary, oxidative stress leads to nuclear localization of FOX01,
leading to cell-cycle arrest, survival of naive T cells, T cell homing to lymph nodes, DNA repair and expression of T cell
exhaustion marker genes, such as Pdcd1, Eomes, Bcl6 and IL7Ra. Figure based on (Hedrick, 2012).

2.10.1 Cachexia affects C28-mediated signaling in CD4* and CD8*T cells

RNA sequencing of circulating and tumor-infiltrating T cells from cachectic mice, highlighted a strong
downregulation of the PI3K/AKT/mTOR pathway (Figure 58). Indeed, also several mTOR-associated
genes were identified as important upstream regulators in cachectic T cells (Figure 86). In detail, the
predicted activation status of rapamycin-insensitive companion of mTOR (Rictor) and Rapamycin
were calculated to be activated, while Myc, Mycn and FOXO1 were predicted to be inhibited in T cells
upon cachexia, as indicated by their activation z-score (Figure 86). Rapamycin - also known as
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Sirolimus - is a natural metabolite produced by bacteria (Sehgal, 1975), with strong
immunosuppressive properties (Sehgal, 1993). Hence, the prediction of Rapamycin as important
activated upstream regulator, suggests a strong suppression of cachectic T cells, most probably based
on alterations in the mTOR pathway. Rictor is part of mTOR complex 2 (mTORC2) (Sarbassov, 2004).
Thus, the predicted elevation of activated Rictor in cachectic T cells, implies an increase of mTORC2,
and subsequently elevated phosphorylation and activation of AKT (Sarbassov, 2005), which then
inhibits mTORC1 and thereby glycolysis (Yang, 2013) (Figure 85). Of note, regulatory associated
protein of mTOR (Raptor), being part of the mTORC1 complex (Hara, 2002), was not identified as
altered upstream regulator using IPA. Regulation of glucose metabolism by mTOR is in part mediated
by HIF (Hypoxia Inducible Factor) and Myc (lyer, 1998; R. Wang, 2011), the latter being identified as
inhibited upstream regulator in cachectic T cells. Additionally, also the Myc family member Mycn, was
predicted to be inhibited as identified by IPA upstream regulator analysis (Figure 86). Myc is an
oncogenic transcription factor, controlling several important metabolic pathways, including
glycolysis, FAO, and glutaminolysis, all being important for T cell proliferation (R. Wang, 2011), and
potentially explaining the decreased T cell proliferation we saw upon cachexia. Additionally, Myc is a
transcriptional repressor of TSC2 expression (Ravitz, 2007). Upon cachexia, Myc was identified as
inhibited upstream regulator, thus indicating that inhibited Myc levels might lead to an increase in
TSC2 protein, which then decreases mTORC1 activity (Figure 85). These data further support the
hypothesis that repression of the PI3K/AKT/mTOR pathway might be in part the underlying cause for
dysfunctional T cells upon cachexia. FOXO1 was also identified as major upstream regulator with
predicted inhibited activity in cachectic T cells (Figure 86). FOXO1 has previously been demonstrated
to integrate signals from the mTOR/AKT signaling pathway in T cells (Staron, 2014), while also
affecting glycolysis (Jeng, 2018; Newton, 2016). Moreover, decreased PI3K/AKT signaling leads to
enhanced FOXO1-mediated transcription (Hedrick, 2012) (Figure 85).
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Figure 86. Several mTOR-related factors were identified as potential upstream regulators in cachectic T cells using IPA.
Heatmap displaying identified mTOR-associated upstream regulators (Rictor, Myc, Mycn, Rapamycin, FOX01), and their
activation z-score in circulating and tumor-infiltrating CD4* and CD8* T cells.

Importantly, several FOXO1 target genes were regulated by cancer cachexia in T cells (Figure 87).
Amongst them, the interleukin 7 receptor «a (/lI7ra) gene, encoding a subunit of the main survival
receptor of naive T cells, and being one of the key FOXO1-regulated genes (Kerdiles, 2009), was upon
the most upregulated genes in cachectic T cells (Figure 87), indicating a high activation of the FOXO1
pathway and a higher percentage of naive vs. activated T cells (Kerdiles, 2009). Additional FOXO1
target genes being regulated in cachexia, include Krupple-like factor 2 (Klf2), which in turn promotes
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the transcription of Sell (encoding CD62L, also called L-selectin), Sphingosine-1-phosphate receptor 1
(S1pr1), BCL6 transcription repressor (Bcl6), Forkhead Box P3 (Foxp3), Eomesodermin (Eomes), and
Cytotoxic T-Lymphocyte associated protein 4 (Ctla4) (Figure 87). Both, KLF2 and CD62L are markers
for naive T cells and play an important role in T cell migration and homing (Arbonés, 1994; Kahn,
1994; Sebzda, 2008). Thus, the upregulation of KIf2 and Sell in combination with the strong increase
of IL7ra further highlights an increase of naive compared to activated T cells in cachectic mice, in line
with our flow cytometry data indicating an increase of CD62L*CD8* T cells upon cachexia (Figure 19).
In line with aberrant T cell homing, based on irregular KIf2 and Sell expression, Slprl was
downregulated in T cells from cachectic mice, additionally indicating altered thymic egress
(Matloubian, 2004). Ctla4, mediating T cell inhibition (Krummel, 1995), and Bcl6, which is essential
for Treg repressor function during tumor appearance (Y. Li, 2020), were both increased upon
cachexia, suggesting an elevated T cell inhibition and an increased stability of Tregs, potentially
leading to less effector T cells and worsened outcome in cachexia. This hypothesis is further
supported by the downregulation of the FOXO1 target gene Eomes, a critical regulator of CD8* T cell
effector function (Pearce, 2003). Altogether, these data suggest an important role of FOXO1in T cell
metabolism during cachexia. Future studies using T cell-specific FOXO1 knockout mice will aim at
clarifying the role of FOXO1 for cachexia development and altered T cell function in cancer-associated
wasting.
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Figure 87. FOXO1 target genes are strongly regulated in cachectic T cells. Volcano plots showing the expression of target
genes of FOXO1 signaling in cachectic CD4* and CD8* lymphocytes from spleen and tumor, as measured by RNA
sequencing.
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2.10.2 Central and local glucose deprivation may drive diminished T cell function in cachexia
Throughout all experiments, cachectic mice of different mouse strains displayed a considerable
reduction in blood glucose levels (Figure 88B-E). Importantly, non-cachectic C26 control mice and
non-cachectic young APCM"* mice showed no alterations of circulating glucose levels (Figure 88A, D),
linking the presence of cachexia directly to lower systemic glucose levels, despite increased food
intake (Figure 11A). Interestingly, also pre-cachectic C26 tumor-bearing mice had no changes in
circulating glucose (Figure 88C), again highlighting the connection between refractory cachexia and
central glucose deprivation.
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Figure 88. Cachectic mice suffer from central glucose deprivation. Circulating glucose levels in (A) PBS short (n=6), NC26
short (n=7), C26 non-cx (n=7), (B) PBS (n=8), NC26 non-cx (n=9), C26 cx (n=6), (C) PBS (n=10), C26 pre-cx (n=12), C26 cx
(n=10), (D) APC WT young (n=5), APCM"* young (n=5), WT (n=12), APCM"/* cx (n=12), and (E) PBS/J (n=4) and LLC/J (n=4)
mice. Data are mean t* 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, unpaired t test was
conducted. *p<0.05, **p<0.01, ****p<0.0001.

Glucose is important for T cell survival, differentiation, and proliferation, mainly mediated through
mTOR and AKT signaling (Jacobs, 2008; C. S. Palmer, 2015), both pathways being strongly
downregulated in cachectic T cells, as indicated by RNA sequencing. Indeed, correlations of numbers
of tumor-infiltrating T cells and circulating glucose levels showed the highest significances in cachectic
mice compared to other plasma markers related to metabolism (Figure 89C). This strong positive
correlation was only present in cachectic mice, while there were no significances in non-cachectic
animals (Figure 89A). Pre-cachectic mice showed an in-between stage (Figure 89B), underlining that
cachexia development itself is the key driver, linking T cell dysfunction and central glucose
deprivation. Within the cachectic C26 group, numbers of TILs were strongly correlated to cachexia as
measured by bodyweight change of the mice (Figure 89D).
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Figure 89. Numbers of tumor-infiltrating T cells and bodyweight change strongly correlate with circulating glucose
levels. Pearson correlation matrices of TIL numbers, bodyweight change (in percentage) and circulating markers 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. (D) Pearson correlation matrix of TIL numbers and bodyweight change (in percentage)
only in cachectic C26 tumor-bearing 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 circulating glucose and numbers of TILs and
bodyweight change (in percentage). Significances of the correlations are indicated using *p<0.05, **p<0.01, ***p<0.001,
***%3<0.0001

Spatial metabolomics revealed a strong and highly significant enrichment of hexose (including
glucose) in the vital parts of C26, but not NC26 tumors (Figure 90), indicating a higher glucose demand
of cachexia-inducing tumors compared to non-cachexia-inducing tumors. Altogether, cachectic mice
not only suffered from central, but also local glucose deprivation in the tumor microenvironment,
potentially leading to impaired T cell function and worsened disease outcome.
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Figure 90. Local glucose deprivation in the tumor microenvironment of cachectic C26 tumors. Metabolomic analysis was

performed by the HMGU Core Facility for Pathology and Tissue Analytics. Shown is the hexose concentration in NC26
(n=5) and C26 (n=5) tumors, with high intensity shown in green.
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2.10.3 Anorexia or fasting are likely not drivers of T cell dysfunction in cachexia

Glucose deprivation has previously been linked to defects in T cell functional capacity, including
dampened cytokine production, defective proliferation and cytolysis (Cham, 2008; Cham, 2005;
Jacobs, 2008), all dysfunctional mechanisms observed in cachectic T cells. Indeed, T cells from
cachectic mice also seemed to have a fasting signature (low PI3K/AKT, high FKBP5), although
compensatory over-eating was frequently observed in our studies to counteract cachexia in C26 mice.
Hence, to better understand the metabolic dysregulation of T cells in cachexia, the T cell fasting
phenotype was mimicked by either direct fasting of mice for 16 h or 2-Deoxyglucose (2-DG)
treatment, an inhibitor of glycolysis. Subsequently, CD4* and CD8* splenocytes were isolated and their
global gene signatures were compared to those of cachectic T cells. To compare the overall overlap
between global gene expression profiles from cachectic and fasted or 2-DG treated mice, the number
of differentially expressed genes (DEGs) that are regulated in two RNA sequencing datasets was
assessed. The overlapping count was then normalized to the total numbers of DEGs of each dataset,
respectively. Table 4 shows the overall overlap in percentage, normalized to the dataset defining the
column, i.e. the number of DEGs being present in both RNA sequencing datasets, CD4 TlLs and CD8
TILs, exhibited 45% of all DEGs detected in the CD8 TIL dataset, while these commonly altered genes
only made up about 20% of the CD4"* TIL dataset. The color code hereby marks high overlap in green,
while low overlapping of DEG in percentage is indicated by red color. Without going too much into
detail, it can be easily seen that CD4* T cells from fasted and 2-DG treated mice do not resemble the
cachectic phenotype, based on the simultaneous appearance of DEGs. Of note, this analysis did not
consider the specific regulation of the genes (up vs. down), which could, despite the presence of
common DEGs, be contrary between overlapping DEGs. Overall, based on the comparison of
regulated DEGs, the dysfunctional T cell phenotype in cachectic mice could not be mimicked by
fasting or 2-DG treatment, contradicting previous results by Flint et al., which have shown that caloric
deficiency is a central mediator of T cell dysfunction in cancer cachexia (Flint, 2016).
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Table 4. Neither fasting nor 2-DG treatment can mimic the dysfunctional T cell state in cancer cachexia based on
differentially expressed gene levels (DEGs). Overlapping DEGs between two RNA sequencing data sets were identified,
independent of the type of their regulation (up-or downregulated). The count of overlapping DEGs was identified and
normalized to the number of total DEGs of each of the two data sets, respectively. The table shows the overall overlap in
percentage, normalized to the dataset defining the column. The color code indicates high overlap in green and low overlap
in red.

CD4TiLs | cD8 TiLs | Circcpa | circcpa | circcpa | circcpg | circcps | circ cD8 ‘F:D" Fas; c?‘; goc-;
t -
NC26 vs C26|NC26 vs C26]C26 vs NC26| C26 vs PBS | NC26 vs PBS]JC26 vs NC26| C26 vs PBS |NC26 vs PBS zi)it\lj‘ni vehicl\;s
CD4 TiLs 100% 45% 30% 27% 27% 28% 30% 29% 26% 20%
CDS TiLs 20% 100% 13% 12% 15% 12% 13% 14% 12% 11%
Circ CD4 20% 20% 100% 61% 35% 46% 38% 29% 21% 19%
C26 vs NC26
VS
Cg:c C';;S 21% 21% 66% 100% 40% 49% 45% 30% 24% 22%
VS
NCC;';‘ CD:BS 3% 3% 5% 6% 100% 3% 3% 10% 3% 2%
VS
Circ CD8 22% 21% 53% 53% 25% 100% 59% 32% 24% 21%
C26 vs NC26
VS
C‘2:i6’° c':gs 28% 27% 54% 58% 28% 72% 100% 49% 30% 27%
VS
NCC;’; CD:BS 3% 4% 5% 5% 12% 5% 6% 100% 4% 4%
VS
CD4 Fast 11% 11% 13% 14% 13% 13% 13% 13% 100% 19%
CD4 2DG 5% 6% 7% 7% 5% 7% 7% 9% 11% 100%

A similar pattern was also observed when significantly regulated canonical pathways or upstream
regulators, identified by IPA, were compared between datasets from cachectic T cells and 2-DG
treated or fasted animals (Table 5). In line with the DEG data, these comparisons revealed a low
percentual overlap of canonical pathways (Table 5A) or upstream regulators (Table 5B), as indicated
by red color coding. Interestingly, all analyses showed also very little overlap between the NC26 vs.
PBS data set compared to the other data sets from cachectic animals, implying only a minor overlap
between DEGs, canonical pathways and upstream regulators, being altered between NC26 vs. PBS
and all other datasets including cachectic mice, strengthening the reliability of this type of analysis.

97




Table 5. T cell impairment in cachexia cannot be mimicked by fasting or 2-DG treatment based on canonical pathway
or upstream regulator analysis using IPA. (A) Overlapping canonical pathways and (B) upstream regulators, as identified
by IPA analysis, between two RNA sequencing data sets were assessed, independent of the type of their regulation (up-
or downregulated). The count of overlapping canonical pathways was identified and normalized to the number of total
DEGs of each of the two data sets, respectively. The table shows the overall overlap in percentage, normalized to the
dataset defining the column. The color code indicates high overlap in green and low overlap in red.

A cpaTiLs | cpsTiLs | circcpa | circcpa | circcpa | circcps | circcps | circ cps fo Fas: CZD; GZDG
NC26 vs C26|NC26 vs C26|C26 vs NC26| €26 vs PBS |NC26 vs PBS|C26 vs NC26| €26 vs PBS [NC26 vs PRS| 72 V° @ 2 Vs
libitum vehicle
coaTiLs | 100% | 97% 96 % 96 % 99 % 96 % 94 % 99 % 98 % 98 %
CD8 TiLs 80% | 100% | 90% 89 % 97 % 89 % 88 % 95 % 93 % 97 %
Czcé’\fscN%‘; | o1 94 % 100% | 97% 98 % 94 % 90 % 99 % 94 % 94 %
CCZ'ECVSCEE:‘S 91 % 93 % 97 % 100% | 99% 94 % 91 % 99 % 95 % 94 %
NE';SCVCSDP‘; S| 7% 72 % 70 % 70 % 100 % 69 % 66 % 89 % 74% 80 %
Czc;’\fscNch | 92 94 % 96 % 95 % 99 % 100% | 93% 98 % 94 % 95 %
Ccz'gcvsc';:S 95 % 97 % 96 % 96 % 99 % 98 % 100 % 99 % 97 % 99 %
Ng'zrgvcsﬁ | 7% 70 % 70 % 70 % 89 % 69 % 66 % 100 % 74% 79 %
CDA4 Fast 87 % 90 % 88 % 88 % 97 % 87 % 86 % 97% | 100% | 94%
CD4 2DG 71% 78 % 72% 72 % 86 % 72 % 71% 85 % 77% | 100%
B cpaTiLs | cosTiLs | circcpa | circcpa | circcpa | circcps | circcps | circ cps fazfvia:; CZD; :‘V)SG
NC26 vs C26{NC26 vs C26]C26 vs NC26| C26 vs PBS |NC26 vs PBS]JC26 vs NC26| C26 vs PBS |[NC26 vs PBS . X
libitum vehicle
coaTiLs | 100% | 48% 47 % 48 % 37 % 49% 48 % 42% 59 % 46 %
CD8 TiLs 50% | 100% | s2% 52 % 45 % 53 % 51% 46 % 59 % 16 %
C;:;r\fSCNDC‘; | ea 58 % 100% | 78% 51% 76 % 69 % 55 % 70 % 61%
C‘:Z'ECVSC'F?:S 63 % 56 % 74% 100 % 51% 74 % 68 % 54 % 69 % 57 %
NE'Z’SCVCSDP:S 50 % 50 % 50 % 53 % 100% | 49% 48 % 56 % 54 % 42%
Czcé’\fscND; | 7% 51% 65 % 66 % 43 % 100% | 68% 48 % 62 % 54.%
C‘;'gcvf';:s 66 % 57 % 69 % 72 % 50 % 80 % 100 % 57 % 70 % 55 %
Ng'zrgvcs'iz | 6% 42% 44.% 46 % 46 % 45 % 45% 100 % 45 % 38 %
CDA4 Fast 31% 25 % 27 % 28 % 21% 28 % 27 % 21% | 100% | 20%
CD4 2DG 16 % 4% 16 % 15 % 11% 16 % 14% 12% 19% | 100%

Overall, both anorexia and fasting are likely not drivers of T cell dysfunction in cancer cachexia.
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2.11 Immune phenotyping of cancer patients

In order to verify the results in our mouse models, we initiated a collaboration with Dr. Olga
Prokopchuk, who kindly provides us with whole human blood samples from cachectic and weight
stable cancer patients. To this end, | analyzed different immune subsets by isolating peripheral blood
mononuclear cells (PBMCs) using flow cytometry. As we were unsure if different tumor cell types
would increase the variability of the data too much, | firstly compared samples from patients suffering
from colorectal (n=3) and pancreatic (n=3) cancer regarding their immune profiles (Figure 91 and
Figure 92). All patients from the colorectal cancer group remained weight stable, while one patient
suffering from pancreatic cancer developed 10% bodyweight loss (see patient characteristics in Table
6). There were marked differences between colorectal and pancreatic cancer patients, such as an age
difference of about 20 years between the two groups. Regarding serum parameters, cholesterol and
triglycerides were strongly increased in pancreatic compared to colon cancer patients, with the
cachectic pancreatic cancer patient having the lowest cholesterol (160 mg/dL versus 200 mg/dL as
lowest value in the colon cancer group) and triglyceride level (113 mg/dL in cachectic sample versus
495 mg/dL as highest level in pancreatic cancer group). HDL levels were decreased a lot in pancreatic
cancer patients compared to colon cancer patients, with the cachectic patient displaying the highest
level (56 mg/dL versus 14 mg/dL as lowest level in pancreatic cancer group). LDL plasma levels were
similar between the two groups, but with a very high variability in the pancreatic cancer group and
with a very low value in the cachectic patient (87 mg/dL). This reduction in LDL upon cachexia was in
line with the strong decrease in LDL that we have observed in all of our mouse models and already
other cachectic patient cohorts (Geppert, 2021; Morigny&Zuber, 2020).

Table 6. Human clinical data. Data are mean *s.e.m.

. Colorectal cancer Pancreatic cancer
Clinical parameters . .
patients patients
Overall number (n) 3 3
Female/ Male (n) 3/0 %
Age (years) 41.33+7.97 62.33+5.93
Weight stable/ cachexia (% weight loss) 3(0%)/0 2(0%) /1 (10%)

Serum Parameters

Albumin (g/dL) 4.70+0.21 4.23 +0.19
Cholesterol (mg/dL) 201.0+1.0 284.7 + 83.41
HDL (mg/dL) 71.50 + 11.50 39.0 £12.77
LDL (mg/dL) 116.0+ 8.0 125.5+38.5

Triglycerides (mg/dL) 120.0 £ 34 264.3+117.2
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Using flow cytometry, | established a protocol to assess distribution and functionality of different
immune cell subtypes, including B cells, dendritic cells (DCs), natural killer (NK) cells, monocytes and
T cells. In this context, B cells and Plasmablasts, as well as different memory B cell subsets, were quite
similar between the two cancer groups, while the cachectic patient seemed to have an increase in
B cells, especially conventional B cells (Figure 91A, B). Monocytes were unchanged between the two
different cancer groups, with a slight tendency for increased levels of classical monocytes, while non-
classical monocytes were slightly decreased in pancreatic cancer samples (Figure 91C, D). The
percentage of dendritic cells seemed to be higher in pancreatic cancer patients compared to
colorectal cancer patients, while NK cells were mostly similar between the two groups (Figure 91C).
Flow cytometry gating strategies of all immune subtypes can be found in Table 7.
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Figure 91. Phenotyping of immune cell subtypes in cachectic cancer patients with two different tumor subtypes with
and without weight loss. Patient numbers and metadata are shown in Table 6. (A) Percentage of B cells and Plasmablasts
of all lymphocytes. (B) Analysis of B cell subtypes, including memory B cells, proliferating memory B cells, and conventional
B cells, displayed as percentage of B cells. (C) Percentage of monocytes, dendritic cells, and natural killer (NK) cells. (D)
Analysis of monocyte subtypes, including classical, intermediate, and non-classical monocytes. Data are mean + s.e.m.



Table 7. Flow cytometry gating strategy.

RESULTS

PBMC subtype

Gating

B cells

CD3-CD14-CD19+CD20+

Memory B cells

CD3-CD14-CD19+CD20+IgD-CD27+

Proliferating Memory B cells

CD3-CD14-CD19+CD20+IgD-CD27+K167+

Conventional B cells

CD3-CD14-CD19+CD20+Igb+CD27-

Plasmablasts

CD3-CD14-CD19+CD20lo/-CD27+CD38+

Monocytes

CD3-CD19-CD20-FSChi SSChi

Classical Monocytes

CD3- CD19- CD20- FSChi SSChi CD14+ CD16-

Intermediate Monocytes

CD3- CD19- CD20- FSChi SSChi CD14+ CD16+

Non-classical Monocytes

CD3- CD19- CD20- FSChi SSChi CD14- CD16+

Dendritic cells

CD3-CD19-CD20-FSClo SSClo CD56- CD16-

NK1 cells CD3-CD19-CD20-FSClo SSClo CD56+CD16-

NK2 cells CD3-CD19-CD20-FSClo SSClo CD56+CD16+

NK3 cells CD3-CD19-CD20-FSClo SSClo CD56-CD16+
CD4* T cells CD3+ CD4+ CD8-

Naive CD4* T cells

CD3+ CD4+ CD8- CCR7+ CD45RA+ CD28+

Activated CD4* T cells

CD3+ CD4+ CD8- CD38 + HLA-DR+

Tregs CD3+ CD4+ CD8- CD127lo CD25hi FoxP3+
CD3+ CD4+ CD8- CD127+ CD45RA- CXCR5- CCR6- CCR4-
Th1 cells
CXCR3+
CD3+ CD4+ CD8- CD127+ CD45RA- CXCR5- CCR6- CCR4+
Th2 cells
CXCR3-
CD3+ CD4+ CD8- CD127+ CD45RA- CXCR5- CCR6+ CXCR3-
Th17 cells
CCR4+
Tfh1 cells CD3+ CD4+ CXCR5+ CXCR3+ CCR6-
Tfh2 cells CD3+ CD4+ CXCR5+ CXCR3- CCR6-
Tfh17 cells CD3+ CD4+ CXCR5+ CXCR3- CCR6+

CD4* Central Memory (CM)

CD3+ CD4+ CD8- CCR7+ CD45RA-

CD4* Temra (Terminal effector)

CD3+ CD4+ CD8- CCR7- CD45RA+ CD28lo/-

CD4* Tem CD3+ CD4+ CD8- CCR7- CD45RA- CD28+
CD8* T cells CD3+ CD8+ CD4-
Naive CD8" CD3+ CD8+ CD4- CD28+ CCR7+ CD45RA+ CD28+

Activated CD8*

CD3+ CD8+ CD4- CD38+ HLA-DR+

CD8* central memory (CM)

CD3+ CD8+ CD4- CCR7+ CD45RA-

CD8* Temra

CD3+ CD8+ CD4- CCR7- CD28- CD45RA+

CD8* Tem

CD3+ CD8+ CD4- CCR7- CD28- CD45RA-

101




RESULTS

When comparing different T cell subtypes in colorectal and pancreatic cancer patients, | found some
parameters being very consistent, while others were strongly altered between the two cancer types
(Figure 92). Especially cytokine expression after stimulation seemed to be increased in CD8* T cells of
pancreatic cancer patients, while it was more similar between the two groups in CD4* T cells (Figure
92A, B). Regarding helper T (Th) cells, | observed an increased percentage of Th1 cells in pancreatic
cancer patients compared to colorectal cancer patients, while the other Th cell subtypes, such as Th2
or Th17 cells were similar (Figure 92C). Interestingly, follicular helper T cells tended to be affected by
the cancer type, as Tfh1 cells tended to be decreased, while Tfh17 cells seemed to be increased in
pancreatic compared to colorectal cancer patients. The general subtype composition of T cells,
meaning the percentage of CD4*, CD8* and regulatory T cells, was mostly similar between the two
groups (Figure 92D). Other differences included less KI67* and naive T cells in the samples from
pancreatic cancer patients, while central memory (CM) cells tended to be increased, all irrespective
of cachexia development (Figure 92E, F, G).

Overall, the human samples showed a quite high variability, especially between the two tumor types.
Thus, for future investigations, | would suggest deciding on one tumor cell type and rather focus on a
weight stable and cachectic group. Importantly, based on the so-far analyzed samples, the cachectic
patient displayed a reduced percentage of CD8* and activated CD8* T cells compared to weight-stable
pancreatic cancer patients, underlining the great translatability of the murine data and the impaired
T cell function in cancer cachexia. More samples need to be analyzed in the future to verify these
results.
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Figure 92. T cell phenotpying in human PBMCs from colorectal and pancreatic cancer patients with and without weight
loss. Patient numbers and metadata are shown in Table 6. Analyses from the cachectic patient sample are displayed using
an empty circle. (A) CD8" T cell effector function as assessed by cytokine (GZMB, IFNG, IL2, TNFA) and PD1 expression
after PMA/lonomycin stimulation. (B) Expression of same cytokines as in (A) in CD4* T cells after sort and stimulation by
PMA/lonomycin. (C) Helper T (Th) cell phenotyping, i.e. Th1, Th2, Th17 cells and follicular Th (Tfh) cells such as Tfh1, Tfh2
and Tfh17. (D) General T cell subtype assessment in PBMCs (CD3*, CD4*, CD8* and Tregs). (E) Percentage of proliferating
and GLUT1-expressing T cells as % of CD3* T cells. (F) Percentage of CD4* T cell subtypes, including activated, central
memory (CM), effector memory re-expressing CD45RA (Temra) T cells and effector memory (Tem) T cells. (G) Percentage
of CD8* T cell subtypes such as activated, CM, Temra and Tem T cells. Data are mean + s.e.m.
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3 DISCUSSION

3.1 Cancer cachexia influences T cell proliferation and recruitment

Cancer cachexia is a multifactorial wasting disorder that is accompanied by drastic weight loss and
poor overall survival (K. Fearon, 2011). Many of the negative effects mediated by cancer cachexia can
be attributed to systemic inflammation, one of its most prominent hallmarks (Deans, 2005). In this
context, several cytokines have already been associated with cachexia, including IL6 and TNFa.
Nevertheless, therapeutic approaches, aiming to block these cytokines, were not or only in part
capable to improve cancer-associated tissue wasting (Costelli, 1995; Hickish, 2017; Jatoi, 2010;
Rupert, 2021). Thus, to date there is no efficient routine therapy available to counteract cachexia.
Interestingly, chronic systemic inflammation — as it is present in cachectic mice and patients — has
previously been linked to compromised immune cell function (Isomaki, 2001). Yet, only a small
number of studies has investigated the link between the immune system and cachexia and thereby
has suggested the involvement of several immune cell types in cachexia progression (Barker, 2020;
Batista, 2016; Cuenca, 2014; Petruzzelli, 2022) (Flint, 2016; C. Zhao, 2008); however, there is a clear
knowledge gap concerning the role of T cells in cancer cachexia. A recent report demonstrated a
strong correlation between cancer cachexia and a reduced efficacy of immune checkpoint inhibitors
in patients with advanced non-small cell lung cancer (Miyawaki, 2020), strengthening the close
association between cachexia and the immune system. In this context, low numbers of tumor-
infiltrating lymphocytes (TILs) were shown to be a limiting factor for immunotherapy (Zappasodi,
2018). In line with this, | observed reduced numbers of TILs in cachectic Colon26 (C26), or Lewis Lung
Cancer (LLC) but not non-cachectic or pre-cachectic tumor-bearing mice. Moreover, these TIL
numbers correlated significantly with the degree of wasting, strengthening the idea that cachexia
onset strongly affects T cell presence. Reduced expression of the T cell marker CD3 was also observed
in tumor samples from weight-losing compared to weight-stable colon cancer patients, showing great
translational potential from animal studies to clinical practice. In line with our data, Flint et al. have
previously reported a reduction of TILs in cachectic C26 and pancreatic tumors, mediated by altered
CXCR3 chemokine signaling (Flint, 2016). Indeed, | also observed a significant downregulation of
chemokines that are associated with T cell migration into solid tumors (Kohli, 2022), such as Ccl4,
Cxcl9, Cxcl11 and Cx3cl1. Increased levels of all four of these chemokines have already been
associated with better prognosis in colorectal cancer, a cancer type that is very susceptible to induce
wasting; however, cachexia has not been assessed in these studies (Cao, 2021; Ohta, 2005; Shamoun,
2021; Z. Wu, 2016).

Moreover, reduced T cell infiltration into skeletal muscle and epididymal white adipose tissue, as well
as atrend for decreased T cell numbers in spleen and lymph nodes suggested a link between cachexia
and T cell lymphopenia in peripheral tissues, circulation and tumor. In line, strong positive
correlations between muscle-infiltrating T cells and skeletal muscle mass were noted in cancer
patients — independent of cachexia development (Anoveros-Barrera, 2019).

Intriguingly, also tissue-infiltration of macrophages, in line with (Inaba, 2018), and natural killer cells,
seemed to be decreased in cachectic mice, implying not only T cell specific changes upon cancer-
induced weight loss, but also a cachexia-mediated repression of the innate immune system.

Overall, the systemic depletion of T cells and other immune cell types indicates a strong decline of
the immune system associated with cachexia, which likely contributes not only to worsened tumor
but also cachexia outcome.
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3.2  Cancer cachexia alters the circulating lipidome

Previous studies have extensively investigated the link between adipose tissue-infiltrating immune
cells and their potential contribution to metabolic dysfunction (Mauro, 2012; Rocha, 2009). In this
context, Han et al. have shown that a pathogen-dependent increase of immune cells in WAT
suppresses pathways linked to lipid metabolism, thereby altering the physiological metabolic adipose
tissue function (S. J. Han, 2017). In this context, we hypothesized that the cachexia-dependent
reduction of WAT-infiltrating T cells might induce changes in adipose tissue lipid metabolism, thereby
altering the cachectic plasma lipidome. Indeed, alterations in the quality of free fatty acids (FFA) and
reduced plasma levels of lysophosphatidylcholine (LPC) have previously been associated with
cachexia onset in patients and mice (Cala, 2018; Riccardi, 2020; L. A. Taylor, 2007), but a detailed and
broad lipidomic screen comparing different mouse models of cachexia and cachectic and weight-
stable cancer patients was still missing until our publication (Morigny&Zuber, 2020). We found
marked alterations of the plasma lipidome induced by cancer cachexia, with a strong reduction in
LPCs and an increase in sphingolipids, including ceramides (CERs), hexosyl-ceramides (HCERs) and
sphingomyelins (SMs). These changes were also confirmed in human weight-losing cancer patients.
In addition, we found eight lipid species with consistent regulation in the different mouse
experiments and cachectic cancer patients, namely SM(16:0), SM(24:1), CER(16:0),CER(24:1),
HCER(16:0), and HCER(24:1) being upregulated and LPC(16:1) and LPC(20:3) being downregulated
upon wasting. Importantly, there were close correlations between the circulating levels of these eight
lipid species with body wasting in mice and humans, again implying great translational potential and
even more important, their possible link and contribution to cancer-associated wasting.

Strengthening our results, a reduction in several LPC species, including LPC(20:3), has been previously
associated with cancer-induced wasting (Cala, 2018; L. A. Taylor, 2007) and sepsis, a disease which is
prone to be accompanied by cachexia (Drobnik, 2003). Notably, low plasma LPC species, especially
LPC(16:1) and LPC(20:3), both also being strongly decreased upon cancer cachexia, have previously
been linked to reduced mitochondrial oxidative capacity in skeletal muscle of adults (Semba, 2019),
a process also being dysregulated in cachectic mice (Carson, 2016). LPCs are an important energy
source for solid tumors, which hydrolyze LPCs with high activity, and subsequently take up remaining
free fatty acids for energy supply (Raynor, 2015). In T cells, uptake of LPC species was reported to be
essential for the evolvement of memory CD8*T cells (Piccirillo, 2019), a T cell subtype whose presence
positively correlates with disease outcome in a variety of cancer types, including non-small cell lung
cancer (Djenidi, 2015), breast cancer (Egelston, 2019; Savas, 2018), and melanomas (Edwards, 2018).
Additionally, LPCs have chemoattractant properties for T cells, mediated through G2A receptor
expression on lymphocytes (Radu, 2004). Hypothetically, extensive LPC hydrolysis by cachectic
tumors could decrease the amount of LPCs not only in the circulation but also in the tumor
microenvironment (TME), leading to impaired memory CD8" T cell formation and reduced
chemoattraction of immune cells to cachectic tumors, in line with the observed decrease of TILs in
cachectic mice. Hence, a reduction of LPC levels not only likely accelerates tissue wasting by reducing
mitochondrial oxidative capacity, but also might have detrimental effects on the immune system,
leading to an impaired anti-tumor T cell response.

We have observed a consistent increase of plasma sphingolipids, most importantly CERs, in cachectic
mice and cancer patients, in line with the identification of six commonly upregulated sphingolipid
species. Strikingly, the progressive changes from a weight-stable tumor-bearing condition to late-
stage cachexia, was accompanied by a gradual increase in these lipid species, supporting the use of
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sphingolipids as potential biomarkers in cancer cachexia. In line, sphingolipids including ceramides
have recently been proposed as valuable biomarkers in different cancer types, including ovarian
cancer and advanced stage colorectal cancer, both being very prone to induce cachexia, as well as
other diseases such as type 2 diabetes, cardiovascular diseases and sepsis (Kurz, 2019; Matanes,
2019; Pakiet, 2019). In breast cancer patients, high tumor expression of enzymes involved in ceramide
metabolism has already been linked to worsened disease outcome, but although breast cancer has
been associated with cachexia in the past (Q. Wu, 2019), weight loss was not investigated in this
report (Moro, 2018). In our study, we highlighted different mechanisms describing how increased
CER levels might contribute to cancer-induced wasting (Morigny&Zuber, 2020). In detail, by
promoting lipid uptake and hepatic steatosis (Chaurasia, 2019; J. Y. Xia, 2015), CERs might in part
contribute to the development of liver steatosis in cachexia (Berriel Diaz, 2008). Second, elevated
synthesis and degradation of CERs in the liver, as assessed by increased gene expression of CER-
related enzymes, might induce a highly energy-demanding futile cycle, wasting a large proportion of
energy, thereby contributing to cachexia. Moreover, in obesity, liver-derived CERs strongly contribute
to the development of insulin resistance (Chaurasia, 2019; J. Y. Xia, 2015). Through direct activation
of protein phosphatase 2A and atypical protein kinase C{, CERs were demonstrated to prevent AKT
membrane translocation and activation due to inhibitory phosphorylation, thereby inducing insulin
resistance in several metabolic organs including liver, skeletal muscle and adipose tissue (Aburasayn,
2016; Lipina, 2017). In addition, HCERs and LCERs are precursors of a class called gangliosides, which
can directly impair insulin receptor function (Lipina, 2015, 2017). Hence, increased levels of circulating
ceramides but also their accumulation in tissues could potentially mediate insulin resistance upon
cancer cachexia, a phenomenon that has been associated with cancer-induced wasting in mice and
humans in the past (Masi, 2021). In line, CER-treatment of L6 myotubes induced atrophy in vitro, and
in vivo treatment of C26-injected mice with the de novo CER synthesis pathway inhibitor myriocin,
partially inhibited the cachexia-dependent increase of atrophy markers and muscle wasting (De
Larichaudy, 2012), suggesting the possible contribution of CERs to muscle wasting in cancer cachexia.

With respect to T cells, gangliosides have been demonstrated to be present at high levels in the TME
(Bernhard, 1989) and display immunosuppressive properties, including promotion of T cell apoptosis
(Biswas, 2009), as well as inhibition of cytotoxic CD8* T cell function (H. C. Lee, 2012), T cell
proliferation (Ladisch, 1983) and cytokine production (Rayman, 2004). Hence, potentially elevated
levels of gangliosides in the circulation but also in the TME could in part mediate T cell dysfunction in
cachexia. However, the unaltered rate of apoptotic TILs in cachectic tumors suggests that a more
complex mechanism, probably involving additional factors, mediates T cell impairment upon
cachexia.

Initially, we hypothesized that altered adipose tissue-infiltration by T cells would lead to changes in
the cachectic lipidome. Since we saw this marked rise in sphingolipids, we investigated the expression
of enzymes related to different ceramide pathways in several metabolic tissues including skeletal
muscle, adipose tissue, liver and tumor. Contrary to our hypothesis, we did not observe an increase,
but either unaltered or even decreased gene expression levels of these enzymes in white adipose
tissue, skeletal muscle and tumor. In contrast, strong expressional changes were present in the liver,
including a marked upregulation of enzymes of CER synthesis pathways. Hence, liver seems to be the
main contributor to increased CER levels upon cachexia. Of note, expression of CER-associated
enzymes was not uniformly altered in splenic and tumor-infiltrating T cells, suggesting that T cell-
intrinsic CER synthesis was not altered by cachexia onset.
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3.3  Tcell repression aggravates cancer cachexia

Glucose metabolism is dampened in cachectic T cells

Using a broad lipidomic screen, we found prominent alterations of the cachectic plasma lipidome,
including changed levels of free fatty acids (FFAs) and sphingolipids (Morigny&Zuber, 2020). With
regard to T cells, sphingomyelin and ceramides have previously been linked to T cell dysfunction in
cancer (Tallima, 2021; Vaena, 2021), and also elevated uptake of long chain fatty acids and oxidized
low density lipoprotein (oxLDL), mediated by CD36, have shown to dampen T cell function
(Endemann, 1993; Manzo, 2020; Xu, 2021). Indeed, in line with other studies (Ma, 2021; Xu, 2021), |
found a tumor-dependent upregulation of Cd36 in CD8* T cells. Furthermore, expression of Cptla
(Carnitine palmitoyltransferase 1A), which is the limiting and rate-controlling factor for long chain
fatty acid oxidation within mitochondria (Raud, 2018), was upregulated in a tumor-dependent
manner, together indicating that the overall increase in fatty acid metabolism is rather tumor-
dependent and not cachexia-specific.

To meet their demands during activation, T cells rapidly switch their metabolism to aerobic glycolysis
—similar to the Warburg effect — by activating pyruvate dehydrogenase kinase 1 (PDHK1) downstream
of the T cell receptor (TCR), which blocks mitochondrial import of pyruvate and thereby promotes its
conversion to lactate through lactate dehydrogenase (LDHA). In line, T cell stimulation acutely
initiates a decrease in oxidative phosphorylation (OXPHOS), while simultaneously increasing avid
glycolysis despite ample oxygen supply (Bental, 1993). This switch was shown to be independent of
glucose uptake and has above all the purpose to support rapid cytokine synthesis to immediately
eliminate identified targets (Menk, 2018; Peng, 2016). Contrary, on the long-term (hours to days),
T cells increase their glucose uptake through upregulation of glucose transporter 1 (GLUT1) to meet
their high energy demands upon expansion (Frauwirth, 2002; Menk, 2018), and in line, remain high
OXPHOS and glycolysis levels to sustain rapid proliferation (Frauwirth, 2002; Sena, 2013).

In cachectic T cells, | observed a decreased expression of S/c2al (Solute Carrier Family 2 Member 1),
encoding the main glucose transporter GLUT1 of T lymphocytes (Cretenet, 2016), while Ldha
expression was markedly increased in a tumor-dependent manner. Hence, short-term effector
function of T cells is likely still functional, while on the long-term glucose supply might be the limiting
factor for an effective T cell expansion, possibly leading to insufficient proliferation and dampened
effector function in cachexia. In line, cachexia development induced a decrease in the glycolysis rate
and oxygen consumption rate (OCR) of CD8"* T cells, with a tendency for a reduced basal and maximal
respiration compared to T cells from non-cachectic tumor-bearing and control mice in different
cachexia mouse models. Upon pre-cachexia, CD8* T cells tended to have an enhanced metabolic
response compared to T cells from cachectic mice, as they showed a trend for an elevated basal
respiration and less reduction of glycolysis, underlining the gradual transition from a functional to a
repressed T cell state induced by cachexia progression. Importantly, SIc2al expression was elevated
in T cells from non-cachectic C26 mice compared to PBS mice, implying sufficient glucose uptake of
still non-cachectic T cells, thereby probably meeting all energy demands of the cell. However, neither
OXPHOS levels nor glycolysis were elevated in CD8* T cells from non-cachectic C26 and NC26 mice,
implying that despite marked upregulation of several enzymes related to metabolism (Ldha, Abcal,
Cptla, Slc2al), T cell activation by the tumor was not present on the metabolic level. In non-cachectic
C26 and short NC26 mice, this might be due to the early sacrifice seven days post tumor cell injection,
thereby giving the T cell response not the amount of time it needed to properly develop, while it also
could be in general a result of the method itself, as all Seahorse measurements showed a high
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variability. Nevertheless, T cell metabolism seems to adapt a dysfunctional state as cachexia
progresses, which is most likely also linked to an impaired effector function. Strikingly, reduced
metabolism in cachectic T cells was revoked upon overnight stimulation, indicating that cachectic
Tcells do not suffer from an intrinsic stimulation/metabolism defect per se, but rather an
immunosuppressive or nutrient depleted environment must be the underlying cause for the defective
T cell metabolism upon cachexia.

Interestingly, throughout all of my experiments, cachectic mice of different models and strains
displayed a significant reduction in circulating glucose levels, in accordance with other studies (Cui,
2019; O'Connell, 2021). Importantly, of all circulating parameters assessed, T cell numbers in
cachectic tumors, but also the circulation (data not shown) correlated the most strongly with
circulating glucose levels. In addition, spatial metabolomics revealed a strong and highly significant
enrichment of hexose (including glucose) in the vital parts of C26, but not NC26, tumors, indicating a
higher glucose demand of cachexia-inducing tumors compared to non-cachexia-inducing tumors.
Hence, further investigations (i.e. by using labelled glucose derivatives to determine T cell-specific
glucose uptake) should be made to identify whether this central and local glucose deprivation leads
to reduced glucose uptake in cachectic T cells (also implied by reduced Slc2al expression), thereby
potentially leading to impaired T cell metabolism and worsened disease outcomes.

Of note, glucose starvation was reported to induce metabolic reprogramming of effector T cells by
upregulation of genes associated with glutamine uptake (e.g. Snat1, Snat2) and glutaminolysis (i.e.
Gls) for sufficient adenosine triphosphate (ATP) production (Blagih, 2015). However, Snat1 and Snat2
were not regulated in cachectic T cells, while G/s was downregulated upon cachexia, indicating
decreased glutaminolysis (data not shown). Hence, additional repressive mechanisms must mediate
dampening of T cell function.

Cachexia is associated with repressed signaling of T cell activation and effector function pathways
In T cells, metabolism and function are tightly coupled (Blachére, 2006; Chang, 2013). Accordingly,
induction of aerobic glycolysis upon antigen stimulation is required for the expression of nuclear
factor of activated T cells (NFAT), an essential transcription factor for T cell activation (Cereghetti,
2008) and subsequently for the upregulation of important effector cytokines such as IFNy (Kouidhi,
2017). Hence, an optimal nutrient environment in combination with functional signaling cascades
downstream of the TCR and co-stimulatory receptors are of utmost importance for the development
of a functional T cell (see Figure 5). Upon cachexia, functional impairments of T cell activation were
highlighted by both ingenuity pathway analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of whole-transcriptome data from cachectic and non-cachectic T cells from
tumor and spleen. Hereby, dampening of pathways related to T cell activation and effector function
was linked to cachexia onset, with almost all of the top regulated pathways being downregulated in
both CD4* and CD8* T cells from spleen and tumor of cachectic C26 vs. NC26 mice, implying strong T
cell repression in cachexia. In detail, decreased activation and effector function pathways included
PI3K/AKT signaling, JAK/STAT signaling, NFkB signaling, CD28 signaling, T cell receptor (TCR) signaling,
and interferon signaling, while STAT3 signaling was the only one being increased in cachectic CD8*
TILs. However, STAT3 has already been associated with impaired T cell function, and its ablation from
adoptively transferred CD8* T cells has previously been shown to improve T cell infiltration into
tumors, proliferation and anti-tumor effector function (Kujawski, 2010). Accordingly, elevated STAT3
signaling in cachectic CD8" TILs, could in part mediate reduced tumor infiltration, proliferation, and
anti-tumor effector function, all of which | have previously observed upon cachexia.
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The JAK/STAT pathway mediates signaling of specific cytokines from transmembrane receptors to the
nucleus, where STAT dimers or higher-order tetramers bind to DNA and act as classical transcription
factors (Villarino, 2015). Typical cytokines which induce JAK/STAT signaling include IL6, IFNy and IL2
(Morris, 2018), which all have previously been associated with cancer cachexia (Noguchi, 1996).
Contrary to my expectations, the marked systemic inflammation upon cancer cachexia, did not lead
to elevated JAK/STAT signaling, but instead to a reduction, suggesting that immunosuppressive
conditions must predominate TCR and cytokine signaling in T cells.

T cell activation requires two distinct signals, of which the first is mediated via the TCR, induced by
antigen-major histocompatibility complex (MHC) stimulation, while the second signal is —in the case
of CD4* T cells — induced by costimulatory receptors, such as the CD28 receptor (Figure 4) (Linsley,
1991; F. Xia, 2018). Downstream of TCR and CD28 signaling, NFkB becomes activated (Kane, 1999),
and translocates into the nucleus, where it regulates a myriad of different factors and processes,
including IL2 production (Los, 1995), T cell differentiation (Corn, 2003) and apoptosis (Kasibhatla,
1998). Its importance for T cell function becomes even clearer as NFkB blockage can prevent anti-
tumor function of T cells by reducing effector cytokine production and cytotoxic ability, ultimately
leading to insufficient tumor rejection (Barnes, 2015). Additionally to NFkB, NFAT, mediating 112
expression (Blachere, 2006; Rooney, 1995), and mTOR as one of the key downstream targets of TCR
or CD28/PI3K/AKT signaling (L. X. Wu, 2005), become activated. mTOR regulates several cellular
processes in T cells, including cell cycle progression (Appleman, 2002), survival (L. X. Wu, 2005),
differentiation (Delgoffe, 2011; K. Lee, 2010) and development of effector and memory T cells (Araki,
2009; Delgoffe, 2009). The overall reduction in the TCR/CD28 mediated signaling cascade, including
PI3K/AKT/mTOR and NFkB repression in cachexia, highlights the detrimental effects cachexia has on
T cells, leading to a marked repression with major impairments in the activation mechanism,
metabolism, and effector functionality, such as dampened cytokine expression. In line, | also observed
a reduced expression of several NFAT genes, including Nfatc3 (data not shown) which is required for
112 gene expression and cell proliferation (Urso, 2011).

T cell effector function was also dampened on the molecular level by cachexia onset. Reduced
expression of important effector cytokines, including /12, Tnfa, Gzmb and Ifny, was specifically
associated with cachexia in circulating and tumor-infiltrating T cells in different mouse models of
cancer cachexia. Pre-cachectic C26, APCM™* and LLC mice highlighted the gradual progression of
cancer cachexia as they displayed intermediate stages between cachectic and control mice. However,
not only defective TCR and CD28 signaling might have caused reduced expression of important T cell
effector cytokines mediated through dampened NFAT and NFkB signaling, but also insufficient
metabolic adaptations of T cells most likely mediated impaired T cell effector cytokine expression. In
this context, upon antigen stimulation, the initiation of a metabolic switch towards increased aerobic
glycolysis was noted to be of high importance for the rapid induction of cytokine synthesis by blocking
the moonlighting function of LDHA, which connects metabolism and effector function in T cells. LDHA
and in addition also GAPDH (glyceraldehyde-3-phosphate dehydrogenase) can regulate cytokine
expression by binding to AU-rich elements within the 3’ untranslated region (UTR) of cytokine
transcripts, including those of //2 and Ifny, thereby inhibiting their translation. Hence, GAPDH and
LDHA work as energy sensors connecting translation of inflammatory cytokines to glucose availability
(Chang, 2013; Menk, 2018; Peng, 2016). Additionally, by preserving high levels of acetyl-coenzyme A
to enhance histone acetylation, LDHA was shown to induce Ifny transcription, independent of binding
to the 3’ UTR of the IFNy mRNA (Peng, 2016). Despite high Ldha expression in cachectic T cells, Ifny
levels were decreased, probably due to the prominent glucose deprivation in cachectic mice which
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engages LDHA rather in its prominent moonlighting function to repress Ifny translation, than in the
aerobic glycolysis pathway, which would lead to the production of acetyl-coenzyme A. In the future,
it would be interesting to assess the percentage of LDHA or GAPDH bound to Ifny or /12 transcripts in
cachectic T cells using RNA immunoprecipitation.

An important study by Jacobs et al. has demonstrated that glucose availability and more importantly
CD28-mediated glucose uptake limit T cell activation and subsequent effector cytokine expression. In
detail, glucose was required to promote cell growth and induce IL2 production and proliferation upon
stimulation despite the presence of other nutrients (Jacobs, 2008). Hence, strong local and systemic
glucose deprivation in combination with decreased CD28 signaling, are likely mediators of dampened
T cell proliferation and cytokine expression in cachexia. The anti-tumor activity of cytotoxic T
lymphocytes (CTLs) is mediated via the secretion of cytotoxic granules, carrying perforin and
granzymes, with the serine protease GZMB being the most important among them (Voskoboinik,
2015). Accordingly, GZMB expression positively correlated with improved survival in colorectal cancer
patients (Prizment, 2017). In CD8* T cells, IL2 signaling was shown to strongly induce GZMB mRNA
and protein expression (Janas, 2005). The strong downregulation of //12 expression in cachectic T cells,
most likely resulted in a reduced autocrine re-stimulation (Ross, 2018), thereby dampening Gzmb
expression, leading to impaired T cell effecter function (Janas, 2005).

In summary, cachexia induced a mild dampening of T cell metabolism, but a strong repression of TCR
and co-stimulatory receptor signaling on the molecular level, leading to a marked reduction of
effector cytokine expression, thereby potentially worsening T cell effector function and disease
outcome.

In theory, impaired T cell activation and effector cytokine expression could be either mediated by
defective antigen presentation and stimulation by APCs, an intrinsic defect impairing the T cell
activation potential, or an intrinsic suppression of signaling pathways mediated by a repressive
environment (nutrient deprivation, immunosuppressive components, etc.). However, reduced
effector function in cachectic T cells was revoked upon ex vivo overnight stimulation, indicating that
cachectic T cells did not suffer from an intrinsic stimulation/functional defect per se. Hence, rather
defective antigen presentation by APCs or an immunosuppressive or nutrient depleted environment
must have been the underlying cause for the alterations in T cell metabolism upon cachexia. In vitro
treatment of T cells with tumor cell conditioned media highlighted that T cell repression was not
mediated by tumor-secreted factors. To identify if defective antigen presentation might be the
underlying cause for impaired T cell functionality, maturation of dendritic cells should be further
investigated. To assess if nutrient depletion could induce the strong T cell impairment, in vitro studies
could be applied treating T cells with plasma from cachectic and non-cachectic mice with or without
T cell stimulation.

Cachectic T cells are neither classically exhausted nor fully senescent

Exhaustion is one of the best studied dysfunctional conditions in T cell biology. It describes a state in
which T cells —as a response to chronic antigen stimulation — progressively lose their function. Several
inhibitory pathways were shown to induce T cell suppression, of which PD1/PD-L1 (programmed cell
death 1/ programmed death-ligand 1) signaling is the most important (Butte, 2007). Exhausted T cells
show impaired activation, proliferation and effector cytokine expression (TNFa, IL2,IFNy) (Wherry,
2015), all characteristics of a cachectic T cell. 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 typical for T cell
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exhaustion, as tumors use these T cell suppression pathways to escape immune surveillance (Wherry,
2015). Especially PD1/PD-L1 signaling has a potent function in the tumor microenvironment, as it
dampens T cell activation, proliferation, and secretion of effector cytokines, thereby suppressing the
anti-tumor T cell response (Figure 5) (Patsoukis, 2012; Shi, 2011). Hence, preventing the activation of
these dysregulated pathways by targeting inhibitory receptors using blockade therapies, has been a
revolutionary breakthrough in cancer immunotherapy. In this context, several immunological
checkpoint inhibitors (ICls) have been investigated to target PD1/PD-L1 signaling and in a notable
number of cancer patients anti-PD1 has shown promising results (Colombo, 2021; Gandhi, 2018;
Kelly, 2021; Motzer, 2015; Reck, 2016; Robert, 2015). Thus, it was a setback when Miyawaki et al.
recently linked pre-treatment diagnosis of cancer cachexia to reduced efficacy of PD1/PD-L1
inhibitors in patients with advanced non-small cell lung cancer (Miyawaki, 2020). Interestingly, based
on RNA sequencing data, PD1/PD-L1 signaling was strongly reduced in CD8* TILs from cachectic mice.
This unexpected reduction of inhibitory signaling is at first sight contrary to the observed T cell
repression in cachexia, but at second glance is in line with Miyawaki et al. (Miyawaki, 2020) as it
implies that unchanged PD1/PD-L1 signaling is not the underlying cause for T cell repression in
cachexia, and thus also targeting of this pathway is predetermined to fail. Accordingly, the expression
of target genes such as PD1 and their complementary receptors in tumor has been associated with
the efficacy of ICI therapy (Taube, 2014). Of note, PD1 expression in splenic T cells tended to be
increased upon C26 injection, while it was unchanged in LLC or APCM"* mice. However, a recent study
has identified that only numbers of intra-tumoral, but not circulating CD8* T cells can predict
treatment outcomes of ICI therapy in cancer patients (F. Li, 2021), indicating that presence and
functionality of tumor-infiltrating T cells predominates over circulating T cells. Hence, the cachexia-
associated failure of ICl therapy — despite increased PD1 expression in splenic T cells —is likely to be
dependent on reduced intra-tumoral numbers of T cells with reduced PD1/PD-L1 signaling, while
systemic lymphopenia of cachectic mice and probably also patients might in addition promote failure.
Another explanation for the failure of ICl therapy in cachectic patients was demonstrated by Castillo
and colleagues who showed that increased catabolic clearance of monoclonal antibodies, observed
in cachectic mice and patients might dampen the efficacy of ICl therapy (Castillo, 2021; D. C. Turner,
2018).

In line, in a comparison of the global gene signature and phenotype of cachectic T cells with a set of
markers that were specific for either exhausted or senescent T cells (Y. Zhao, 2020), cachectic
T lymphocytes neither displayed a classically exhausted nor fully senescent state, meaning that
cachexia is not clearly linked to exhaustion nor senescence and hence, further repressive
mechanisms must interfere mediating the overall loss of functionality. However, based on the many
promising studies using ICl therapy to boost T cell functionality, it is of utmost importance to improve
T cell effector function to attenuate disease outcome. The lack of PD1/PD-L1 signaling suggests that
other suppressive mechanisms predominate in cachexia, and their identification might be crucial for
future therapeutic strategies.

CD8* T cell depletion aggravates cancer-associated wasting

To unravel the direct causal relationship between cancer cachexia and T cell dampening, | injected
mice with cachexia-inducing C26 tumor cells and depleted CD4* and CD8* T cells alone or in
combination from peripheral tissues, circulation and the tumor using antibodies. Absence of CD8*
T cells, alone or in combination with CD4* cells, accelerated weight loss and cachexia development,
and shortened survival of the mice. In line, weight of metabolic tissues such as iWAT, eWAT and GC
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was strongly decreased in CD8* and CD4*/CD8" depleted mice, with increased expression of atrophy
markers and altered lipolysis marker expression. Importantly, tumor growth and size were not
altered. In contrast, CD4* depleted mice showed slower cachexia development, but also significantly
reduced tumor growth due to a compensatory effect of cytotoxic CD8* T cells in response to CD4*
Treg depletion (X. Li, 2010; Yu, 2005). However, postponing anti-CD4 injections to a later time point,
when tumors were already bigger in size, led to similar tumor growth in CD4* depleted mice, and
similar cachexia development compared to the isotype control group. Hence, despite similar tumor
sizes, absence of CD8* T cells had detrimental effects on cachexia outcome, while CD4* T cell depletion
had no influence on disease outcome.

Zhao et al. have previously noted a marked reduction of a specific CD4* T cell subpopulation that has
a very low expression of CD44 and a high expression of CD62L, namely CD4*CD44"'*" T cells, in non-
obese diabetic mice that developed cachexia (C. Zhao, 2008). The group also verified the cachexia-
specific depletion of CD4*CD4"!°% cells in a classical cancer cachexia model using LL2 implantation (Z.
Wang, 2008). Supplementation of CD4*CD44"!°%, but not CD4* T cells that were depleted of CD44v'ov,
delayed disease onset and attenuated wasting. However, in their study, Wang et al. have not
addressed effects of the treatment on tumor size, tissue-infiltration of T cells or the CD8* T cell subset
(Z. Wang, 2008). Mechanistically, CD4*CD44v"*" T cells were shown to counteract lymphopenia by
maintaining a large CD4* T cell pool with balanced numbers of naive, memory and regulatory T cells
(Z. Wang, 2008; C. Zhao, 2015). Overall, the authors claim an association between lymphopenia and
cachexia, as they demonstrated that protection from lymphopenia by increasing the CD4*CD44V'ow
population is linked to an attenuation of cachexia. However, in the present work CD4* T cell depletion
did not worsen cachexia outcome in the C26 model; instead, absence of CD8* T cells, alone or in
combination, accelerated weight loss. Hence, the presence of CD8* T cells seems to be favorable for
disease outcome. In line, the positive outcome in CD4* T cell depleted mice may be attributed to a
compensatory increase of CD8* T cells, which are under normal circumstance being partially inhibited
by CD4* Tregs. Therefore, CD8* lymphopenia - as observed in cachexia - might be a crucial
determinant contributing to wasting. Accordingly, cachexia can be also induced in immunodeficient
nude and SCID (severe combined immune deficiency) mice, highlighting that T cell presence is not
required for disease development (Murray, 1997; Yasumoto, 1995). Importantly, high circulating
cytokine levels in SCID mice were linked to cachexia onset, underlining that T cells do not contribute
to elevated cytokines in cachexia (Murray, 1997), as implied by the decreased T cell effector cytokine
expression presented in this work.

Interestingly, in virus-associated cachexia, CD8* T cells were recently shown to contribute to wasting.
Through T cell-intrinsic type 1 interferon signaling and antigen priming, CD8" T cells induced
morphological and molecular changes in adipose tissue, resulting in the depletion of lipid stores.
Accordingly, CD8* T cell depletion protected mice from chronic viral infection-associated cachexia
(Baazim, 2019). Even though CD8* T cell depletion upon virus-associated cachexia had a contradictory
effect to cancer-induced cachexia, this study shows the important potential of T cells as metabolic
regulators influencing cachexia development associated with different diseases. Of note, contrary to
cancer cachexia, infection-associated cachexia was not triggered by high levels of circulating
cytokines, suggesting that different mechanisms initiate wasting in those two diseases.

In summary, depletion of various T cell subsets, highlighted the detrimental link between CD8* T cell
absence and accelerated body wasting, and in line, cancer cachexia was associated with a marked
systemic depletion of T cells, underlining their role as systemic metabolic regulators. These results
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imply that restoring the CD8* T cell subset likely attenuates wasting and is hence a promising strategy
to counteract cachexia.

3.4 Aging aggravates cachexia in tumor-bearing mice

The functionality of the adaptive immune system declines with age, leading to an accumulation of
senescent terminally differentiated effector T cells (Foster, 2011). Also upon cancer cachexia, T cells
displayed a dysfunctional state with senescent characteristics. Since the absence of CD8* T cells was
potent to accelerate cachexia, we were interested to assess whether the decline in immune cell
function linked to aging has an impact on cachexia development. To this end, a comprehensive study
involving different mouse models of cancer cachexia (LLC, C26) with several age groups was
conducted. A detailed description of all results can be found in Geppert et al. (Geppert, 2021). Aging
did not have an impact on C26-induced wasting in BALB/c mice despite smaller tumor size, in line
with a previous report (Talbert, 2014). However, LLC-mediated onset and progression of cancer
cachexia was specifically regulated by age in the C57BL/6 substrains. Aging aggravated weight loss in
C57BL/6J mice, and induced cachexia in aged C57BL/6N mice, while young C57BL/6N mice did not
develop cancer cachexia upon LLC injection. Expression of atrophy and stress markers in skeletal
muscle and adipose tissue reflected cachexia development in the different models and strains.

T cells are more susceptible to cachexia-induced repression upon aging

Aged individuals are prone to develop cancer (Yancik, 1997), with an impaired immune system being
a potent factor contributing to disease development. Especially T cells are highly impacted by aging,
which induces for instance thymic involution (S. Palmer, 2018), leading to reduced T cell output,
altered effector function (Elyahu, 2019), and a shift in T cell subsets with a marked decrease in naive
T cells and an accumulation of late-differentiated non-proliferative effector T cells (Koch, 2008). Since
| have previously noted that cancer cachexia induced partial T cell senescence, we were interested if
T cell functionality was further decreased in the aged stage and thereby might have promoted
wasting. To investigate T cell functionality and the state of senescence, | determined effector cytokine
expression and the CD4*/CD8* T cell ratio, with a low ratio being indicative of aging (Turner, 2016).
Interestingly, upon HIV (human immunodeficiency virus) infection, which is also closely associated
with cachexia development, an age-dependent link between frailty and the CD4/CD8 ratio has already
been observed (Guaraldi, 2019). However, apart from strain- and age-specific differences, | observed
no alterations that were dependent on tumor or cachexia presence. Hence, changes in the subtype
composition of T cells, meaning an imbalance in the percentage of CD4* and CD8* T cells, are unlikely
to mediate accelerated cachexia onset upon high age. A more in depth analysis revealed an increased
percentage of Tregs in aged C57BL/6N and BALB/c mice, in line with Garg et al. (Garg, 2014), but also
here no further tumor-specific changes were observed. With respect to effector cytokine expression,
in line with Zanni and colleagues (Zanni, 2003), expression of type 1 (TNFa, INFy, IL2) cytokines tended
to be increased in T cells from aged vs. young C57BL/6N and BALB/c mice, suggesting increased
numbers of effector T cells upon aging. Accordingly, a higher frequency of effector CD4* and CD8*
T cells has been reported in older adults (Alberti, 2006; Zanni, 2003), with an enhanced secretion of
inflammatory cytokines likely contributing to a state of low-grade chronic inflammation in aged
individuals, termed inflammaging (Macaulay, 2013). Especially IL2 was shown to be reduced in
activated T cells from aged individuals (Whisler, 1996) and importantly, its expression recapitulated
cachexia severity in the different mouse models and age groups. Hence, there was a strong repression
of 112 expression in T cells from aged LLC/N vs. PBS mice, which was not present in young LLC/N mice,
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while /12 was equivalently downregulated in T cells of young and aged C26 tumor-bearing mice,
reflecting comparable bodyweight loss between these two groups. Overall, the reduction of //2
implies that aging in the C57BL/6 model potentiated T cell dysfunction, probably as a result of
decreased NFAT and AP1 signaling (Urso, 2011; Whisler, 1996).

Apart from exhausted T cells, also specific subtypes of aged T cells have been shown to express high
levels of PD1 (Channappanavar, 2009; Decman, 2012; Shimada, 2009), such as highly activated Tregs
(Elyahu, 2019). In aged mice, independent of tumor presence, | observed an elevated expression of
Pdcd1 and Tox in CD4* T cells, implying either an elevated amount of highly active Tregs (in line with
the observed increased percentage in Tregs upon aging), potentially inhibiting CD8* T cells; or a
general increase in exhausted CD4* T cells, either of them potentially worsening disease outcome in
LLC tumor-bearing mice. In line, aging was associated with a better response to anti-PD1 therapy in
mice and cancer patients (Kugel, 2018).Moreover, increased effector cytokine expression may in
addition contribute to strong systemic inflammation, thereby promoting disease onset. Thus, it would
be intriguing to investigate if depletion of Tregs in aged animals could attenuate potentiated cachexia
onset, especially in LLC tumor-bearing mice.

IL6 and GDF15 cachexia-induced secretion is altered by high age

Aging is linked to chronic low-grade inflammation and increased levels of circulating cytokines such
as GDF15 or IL6, both being associated with frailty and unfavorable outcomes in aged individuals
(Ershler, 1993; Osawa, 2020). Also cancer cachexia is linked to chronic systemic inflammation and
increased circulating IL6 and GDF15 levels, both with therapeutic potential as their blocking was
linked to improved cachexia outcome in animals (Rupert, 2021; Suriben, 2020). In C57BL/6 and
BALB/c mice, aging led to elevated plasma GDF15 levels, although no alterations in Gdf15 expression
in skeletal muscle were observed, implying that other sources, such as the tumor, heart, liver, spleen,
lung or gut must be important contributors to increased GDF15 plasma levels (Bottner, 1999;
Koopmann, 2004). Moreover, cachectic mice displayed an (additional) increase in circulating GDF15
levels, which was only pronounced in BALB/c but not C57BL/6 mice. In line, in cancer patients GDF15
levels tended to be increased in cachectic patients, and even more so upon aging. Unexpectedly, high
plasma IL6 levels were absent in the LLC cachexia models, although these mice had developed
considerable bodyweight loss. Of note, transfection of LLC cells with IL6 cDNA and subsequent
implantation into syngeneic C57BL/6 mice induced accelerated cachexia onset, despite unaltered
levels of IL1a and TNFa (Ohe, 1993), underlining that the presence of IL6 is necessary to develop a
strong and drastic wasting phenotype, but it is not required for cachexia development per se. This
result is in contrast to a study by Flint et al., who claim an essential role of high IL6 levels for cachexia
development (Flint, 2016); however, based on our results cancer cachexia also can be induced in
absence of high circulating IL6 levels.

With respect to patients, we found significant correlations between weight loss and the
concentration of important cachexia-associated cytokines in young patients, which became non-
significant upon aging. Although these results show great translation to the clinical setting, more
studies are needed to assess age differences in cachexia in a bigger patient cohort to gain more insight
into the interrelation of wasting metabolism and aging in cancer patients.

Based on these results, a hint of caution is warranted when choosing models to study cancer cachexia,
as disease onset seems to be regulated by different circulating factors in distinct mouse models.
Hence, when exclusively using the C26 model an overrepresentation of specific factors such as IL6
but also others might occur, as BALB/c mice were reported to induce an excessive systemic
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inflammation with increased amounts of circulating and hepatic cytokines (Watanabe, 2004). Since
the C26 cachexia model implied to be unaffected by aging, this implies its important function as
preclinical model in cachexia studies; however, using different mouse models and distinct mouse
strains to improve translatability of animal to clinical studies, irrespective of age, is highly
recommended.

3.5 Glucocorticoid signaling in T cells is affected by cancer cachexia

Already in the 1990s, it has been shown that cancer cachexia leads to a rise of plasma glucocorticoids
in mouse models (Tanaka, 1990) and human patients (Knapp, 1991). In line, | observed significantly
elevated corticosterone levels in mice from different cachexia models, including the C26 and LLC
model. Glucocorticoids are known for their various effects on T cells (Taves, 2021), and have
previously been linked to cancer cachexia as drivers of muscle atrophy (Braun, 2013) and suppressors
of intra-tumoral immunity in cachectic mice (Flint, 2016). Importantly, in pancreatic cancer patients,
which are very prone to develop cancer cachexia, tumor cell-intrinsic glucocorticoid receptor (GR)
signaling was shown to activate PD-L1 expression, while simultaneously preventing MHC-I| expression,
ultimately leading to immunosuppression and non-responsiveness to immune checkpoint inhibitory
therapy (Deng, 2021).

With respect to the prominent role of glucocorticoids in cachexia and their potent
immunosuppressive functions, | found GR signaling to be strongly elevated in circulating and tumor-
infiltrating T cells from cachectic C26 tumor-bearing mice. Additionally, the glucocorticoid receptor
itself and dexamethasone were identified as potent upstream regulators in cachectic T cells, while
increased expression of many GR target genes and subsequent repression of cytokine expression
were present. In vivo and in vitro dexamethasone treatment of T cells mimicked the cachectic T cell
phenotype to a great extent, further underlining the repressive potential of glucocorticoids in cancer
cachexia. Hence, elevated plasma glucocorticoid levels might induce T cell repression upon cachexia.
Indeed, Flint and colleagues have already shown a suppression of multiple intra-tumoral immune
pathways, including anti-tumor T cell function, due to a marked increase in glucocorticoids upon
cachexia (Flint, 2016). Of note, in their study, Flint et al. claimed that increased glucocorticoid levels
are induced by an IL6-mediated reduction of the hepatic ketogenic potential, which triggers upon
caloric deficiency a strong rise in glucocorticoids. However, although cachexia in patients is indeed
often associated with anorexia, this phenomenon is only partially observed in animal models, and
importantly not seen in the C26 model. Instead, | have frequently observed compensatory over-eating
in C26 mice. Moreover, the absence of increased IL6 levels in cachectic LLC tumor-bearing animals
(Geppert, 2021), indicates that additional mechanisms must mediate the marked rise in
glucocorticoid levels upon cachexia. However, in their study, Flint et al. rather focused on this IL6-
induced hepatoketogenesis-glucocorticoid axis than on the immune system. Hence, to my
knowledge, no detailed mechanistic analysis linking glucocorticoids to T cell repression in cancer
cachexia has been conducted so far.

To attenuate cachexia in tumor-bearing mice, we aimed to improve T cell functionality by reducing
glucocorticoid levels. Indeed, also other researchers have come to similar conclusions about the
devastating effects of glucocorticoids on cachexia progression and have tried to counteract body
wasting by using the glucocorticoid receptor antagonist RU486 (also Mifepriston or RU38486).
However, the outcomes of these studies were contradictory (Llovera, 1996; Rivadeneira, 1999;
Russell, 2005), and most of them failed to improve cancer-associated wasting. In addition to its
function as glucocorticoid receptor antagonist, RU486 has a relatively wide spectrum of action,
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impacting other steroid hormone receptors, such as the progesterone (Heikinheimo, 1990) and
androgen (Song, 2004) receptor. Additionally, high levels of glucocorticoids remain in the circulation
of cachectic animals that are treated with RU486 (Llovera, 1996), potentially inducing signaling of the
mineralocorticoid receptor (Kino, 2004), thereby introducing further effects that might impact
cachexia development. Altogether, the additional involvement of these receptors might weaken
possible anticatabolic effects of glucocorticoid signaling inhibition, thereby explaining the rather
negative outcomes of the aforementioned studies. To avoid the drawbacks of RU486, but still be able
to pharmacologically reduce corticosterone levels in cachectic mice, | treated C26 tumor-bearing
animals with the well-known corticosteroid synthesis inhibitor Aminoglutethimide (AG) (Flint, 2016).
Unfortunately, AG treatment was not sufficient to restore corticosterone levels in cachectic mice to
normal levels, and hence disease outcome was unaltered. As major side effects of AG treatment
include loss of appetite and lethargy (Santen, 1977), which could both have unfavorable effects on
cachexia development, we decided to apply a dose that was known to be tolerable in long-term
treatment and injected the mice only once a day to reduce overall stress. However, daily injection
was not sufficient to restore the enormously high corticosterone levels that were associated with
cachexia. Thus, for future purposes, the implantation of a slow-releasing pellet containing AG could
be applied to continuously decrease glucocorticoid levels over time, while additionally reducing the
induction of injection-related stress.

Nevertheless, to address the specific role of T cell-intrinsic GR signaling, cachexia development was
assessed in T cell-specific GR knockout mice, which were injected with LLC cells. Cachexia onset and
progression were assessed over the course of the experiment. Despite a small group size and
premature sacrifice of the mice due to tumor ulceration, | observed a promising trend for an
improvement in bodyweight loss and atrogene expression in skeletal muscle of pre-cachectic mice,
which was accompanied by improved T cell-associated gene expression in muscle as well as enhanced
T cell effector cytokine expression.

In detail, the T cell-specific GR knockout improved Ifny and //2 expression in T cells, probably as a
result of reduced NFkB, AP1 and STAT4 inhibition, which might in cachectic mice have been induced
by elevated glucocorticoid signaling (Franchimont, 2000; Helmberg, 1995; Scheinman, Gualberto, ,
1995; Vacca, 1992). In this context, the GR downstream target Tsc22d3, encoding the glucocorticoid-
induced leucine zipper (GILZ), was shown to inhibit T cell activation by interfering with the TCR and
NFkB signaling (Ayroldi, 2001). Furthermore, glucocorticoids are known to induce expression of the
decoy receptor IL-1R2 (Interleukin 1 Receptor Type 2) (Peters, 2013), which can neutralize IL-1 (Van
Den Eeckhout, 2020), thereby preventing its enhancing effects on CD8* T cell effector function (Ben-
Sasson, 2013). Thus, the reduced expression of Tsc22d3 and //1r2 in GR knockout T cells of LLC mice
suggests improved potential for T cell activation and hence effector function, in line with the elevated
expression of effector genes. Moreover, a recent study has demonstrated that presence of GCs during
TCR activation causes a state of low glycolytic activity with reduced glucose uptake, dampening
subsequent development of effector CD8* T cells and their anti-tumor function (Konishi, 2022); in line
with the decreased Slc2al and effector cytokine expression of cachectic T cells. Furthermore, it has
been recently noted that high glucocorticoid levels in the TME induce the expression of T cell
dysfunctional genes (Acharya, 2020). In their study, Acharya et al. found that the transition from naive
to dysfunctional CD8* TILs was accompanied by a progressive increase in GR expression and signaling
in T cells, a phenomenon that could potentially also reflect the continuous increase of glucocorticoid
levels upon cachexia, leading to T cell dysfunction. Hence, inhibition of GR signaling could
theoretically be sufficient to improve the cachexia-associated dampening of glucose metabolism and
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thereby improve T cell effector cytokine expression and functionality. To this end, further studies
involving RNA sequencing of T cells from LLC tumor-bearing GR®*C"¢ knockout and control mice as
well as metabolic studies using the Seahorse analyzer are needed to elucidate underlying mechanisms
in greater detail.

Importantly, many downstream targets of GR signaling like Tsc22d3, Il1r2, Satl and Itgal were
reduced in GR®®*C® T cells from LLC tumor-bearing mice, verifying the functionality of the GR
knockout on the molecular level. Nevertheless, the additional confirmation of absent Nr3cil
expression indispensable to confirm the GR knockout.

So far, | have only focused on the effects of endogenous corticosterone in cachectic mice; however,
glucocorticoids are among the most prescribed drugs administered to cancer patients (Herr, 2006;
McNamara, 2018; K. M. Taylor, 2016). Glucocorticoids are still used as appetite stimulants to
counteract cachexia-induced anorexia in cancer patients (Dev, 2017). Additionally, in the past few
years, exogenous glucocorticoid administration has been routinely applied to counteract immune-
related adverse effects (irAEs) induced by ICI therapy (Kumar, 2017). Hereby, initial studies implied
that glucocorticoid administration to IClI therapy patients did not negatively affect therapeutic
outcome (Beck, 2006; Downey, 2007; D. B. Johnson, 2015; Weber, 2008). However, a recent report
noted that patients receiving a high dose of glucocorticoids as first-line treatment for irAEs, showed
a significantly shortened overall survival and time to treatment failure compared to low-dose
glucocorticoid administration (Faje, 2018). In line, use of baseline corticosteroids at time of treatment
start was linked to impaired response to anti-PD-L1 ICl therapy and reduced progression-free survival
in patients with non-small-cell lung cancer (Arbour, 2018). To date, there are different and
contradictory points of view for the therapeutic use of glucocorticoids in oncology. Thus, it is ever
more important to understand the effects of glucocorticoid administration (low vs. high dose, time
point of treatment start, weight-stable vs. cachectic patient), in order to efficiently use the beneficial
characteristics of GR signaling in cancer patients. So far, my findings do not support the exogenous
use of glucocorticoids in cachectic cancer patients, as high endogenous steroid amounts already imply
to repress T cell functionality, contributing to cachexia and failure of ICI therapy.

3.6  Glucose deprivation may drive diminished T cell function in cachexia

As discussed above, cachectic mice developed central and local glucose deprivation, thereby probably
inhibiting T cell functionality. In detail, local glucose deprivation in the TME may inhibit other cell
types than tumor cells as these outcompete for instance T cells in glucose uptake. Recently, also a
marked increase in neutrophils displaying an enhanced aerobic glycolytic profile was observed in
mouse models of cachexia (Petruzzelli, 2022), adding a further cell type despite the tumor, which
highly metabolizes glucose in cachexia. Importantly, inhibition of glycolysis in cachectic C26 mice
through repression of GAPDH by heptelidic acid, which is expected to only act on tumor and immune
cells, resulted in tumor regression but accelerated death, underlining that the detrimental effects of
GAPDH inhibition in immune cells prevails its attenuating effect on tumor growth (Petruzzelli, 2022).
In this study, Petruzzelli only focused on the interaction of neutrophils and cancer cachexia
progression; nevertheless, GAPDH inhibition but also strong glucose deprivation might have also
impaired T cell functionality, thereby contributing to disease worsening.

Hence, central and local glucose deprivation might be a potential mechanism, contributing to reduced
T cell effector function in cachexia, as T cells do not meet the cells energy demand, subsequently
resulting in impaired T cell function and worsened disease outcomes. Of note, although | frequently
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observed compensatory over-eating in C26 mice to counteract body wasting, T cells of cachectic mice
still seemed to have a fasting signature (low PI3K/AKT, high FKBP5). However, neither fasting nor 2-
deoxyglucose treatment of wildtype mice could mimic the global gene signature of T cells from
cachectic animals, indicating that anorexia of cachectic mice is likely not the underlying cause for
T cell repression upon cachexia.

Glucose deprivation might lead to a severely changed glycosylation pattern of T cell receptors upon
cachexia without affecting receptor transcription or translation. T cell glycosylation has previously
been shown to be important for a myriad of functions, including T cell migration (Hobbs, 2017),
development (Swamy, 2016) and activation (Dennis, 2009). Importantly, glycosylation was noted to
affect strength and speed of ligand binding. For instance, glycosylation of the IL7Ra enhances binding
of IL7 by 300-fold (McElroy, 2009). Hence, altered T cell receptor glycosylation upon cachexia, may
potentially impair T cell activation and co-stimulation, thereby preventing a proper induction of the
activation signaling cascade. To unravel if defective glycosylation might mediate T cell repression
upon cachexia, in vitro studies using plasma from cachectic mice as well as different glucose
concentrations in combination with western blot analyses will be applied.

In T cells, glucose is a key regulator of survival, differentiation, and proliferation, all mediated through
PI3K/AKT/mTOR signaling (Jacobs, 2008; C. S. Palmer, 2015) in combination with other pathways or
factors, like ERK (Marko, 2010), or STAT5 signaling (Wofford, 2008). In this context, mTOR links
environmental signals such as glucose availability to T cell fate decisions (Chapman, 2014). Hence,
local or central glucose deprivation may be responsible for decreased T cell activation based on
reduced PI3K/AKT/mTOR signaling and subsequently impaired T cell functionality in the cachexia
setting. Indeed, all of the aforementioned pathways (PI3K/AKT/mTOR, ERK/MAPK and JAK/STAT)
were strongly downregulated, and several mTOR-associated factors (such as Rapamycin, Rictor, Myc
and FOXO01) were identified as important upstream regulators in cachectic T cells. All of the
aforementioned upstream regulators have important immuno-regulating properties, and are thereby
involved in T cell activation, metabolism, and proliferation (lyer, 1998; Jeng, 2018; Sehgal, 1993; R.
Wang, 2011; Yang, 2013). Of note, muscle-specific mTORC1 signaling was shown to be impaired in
C26-, APCM"* and LLC-induced cancer cachexia (Geremia, 2022; White, 2011), and very recently,
Geremia et al. have shown that restoring AKT-mTORC1 signaling specifically in the muscle, completely
reverted muscle wasting, hampered protein degradation and normalized the skeletal muscle
transcriptome (Geremia, 2022).

FOXO1 has previously been demonstrated to integrate signals from the mTOR/AKT signaling pathway
in T cells (Staron, 2014), while also affecting glycolysis (Jeng, 2018; Newton, 2016). Moreover,
decreased PI3K/AKT signaling leads to enhanced FOXO1-mediated transcription, since triple
phosphorylation of FOXO by AKT, leading to nuclear export and degradation, is reduced (Hedrick,
2012). Despite a strong induction of several FOXO1 target genes, FOXO1 mRNA levels were slightly
downregulated in cachectic T cells; however, the strong reduction of AKT signaling still suggests an
increase in activated FOXO1 protein levels inducing transcription of downstream targets, such as
I7ra, KIf2, Sell, S1prl, Bcl6, Foxp3, Eomes, and Ctla4. Interestingly, glucocorticoids were noted to
upregulate FOXO1 in myotubes (W. Zhao, 2009) and IL7Ra expression (Franchimont, 2002),
highlighting the possibility that also in T cells, glucocorticoid signaling might be linked to FOXO1
expression. IL7Ra, being part of the main survival receptor of naive T cells and one of the key FOXO1-
regulated genes (Kerdiles, 2009), was amongst the most upregulated genes in cachectic T cells. In
combination with KLF2 and CD62L (encoded by Sell), which are prominent markers for naive T cells
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and important mediators of T cell migration and homing (Arbonés, 1994; Kahn, 1994; Sebzda, 2008),
the upregulation of these three genes highlights an increase of naive compared to activated T cells in
cachectic mice, in line with my flow cytometry data indicating an increase in CD62L*CD8* T cells upon
cachexia. Additionally, induction of FOXO1 downstream targets such as Slprl, Ctlad or Bcl6 was
linked to thymic egress (Matloubian, 2004), T cell inhibition (Krummel, 1995) and Treg suppressor
function (Y. Li, 2020), while FOXO1-dependent downregulation of Eomes is associated with reduced
CD8* lymphocyte effector function (Pearce, 2003). Hence, inhibition of FOXO1 in T cells might
improve expression of FOXO1 downstream targets, thereby enhancing the development of effector
T cells instead of naive T cells. Importantly, inhibition of FOXO1 in T cells has been noted to improve
glucose uptake and overall glucose metabolism, and simultaneously enhanced expression of Gzmb,
while Cd62L and II7r were downregulated (Roux, 2019); thus a T cell-specific FOXO1 knockout might
improve chances for glucose uptake in the already glucose-deficient milieu.

3.7 Summary and Outlook

In summary, these data suggest that cancer cachexia mediates strong T cell repression, most likely
arbitrated by elevated glucocorticoid signaling, alone or in combination with glucose deprivation.
Moreover, reduced CD8* T cell presence and functionality contribute to cachexia development and
accelerate disease onset (Figure 93). T cell numbers, proliferation, metabolism and effector function
were gradually impaired with cachexia progression.

Cancer Cachexia

Immunosuppressive conditions
(glucose deprivation, high
glucocorticoid levels)

/\ T cell-specific GR or
T cell lymphopenia and FOXO1 knockout

dysfunction (impaired activation,
effector function, proliferation)

Worsened disease
outcome

Figure 93. Cancer-induced metabolic reprogramming dampens T cell function and contributes to wasting in cachexia.
Cancer cachexia is associated with an immunosuppressive environment that dampens T cell functionality, leading to
worsened disease outcomes by accelerating cachexia progression. Created with BioRender.com.

Since T cells displayed reduced cytokine expression, they do not likely contribute to the elevated
systemic inflammation in cachexia, nor the local inflammation within the tumor microenvironment.
In accordance, cachexia onset with its prominent rise in systemic inflammation, was reported to
develop inimmunocompromised SCID mice, which lack functional T cells (Murray, 1997). Importantly,
T cell repression in cachectic mice was not directly linked to tumor-secreting factors but rather a
general immunosuppressive environment (like increased glucocorticoid levels or glucose
deprivation). Despite a small sample size, partial restoration of T cell effector function in pre-cachectic
mice by a T cell-specific GR knockout showed a promising trend for reduced body wasting in line with
decreased atrogene expression in skeletal muscle, independent of direct effects on tumor growth.
However, due to an overall small group size and pre-mature sacrifice of the mice (as a result of tumor
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ulceration), this experiment needs to be repeated to verify the positive impact of blocking T cell
intrinsic GR signaling on cachexia outcome.

With respect to glucose deprivation, the possible deleterious role of FOXO1 activation in cachectic
T cells needs to be further elucidated. Hereby, FOXO1 could either mediate compromised T cell
functionality by itself, as downstream factor of dampened PI3K/AKT signaling, or in combination with
elevated GR signaling. Using T cell-specific FOXO1 knockout mice, overall survival, cachexia
progression, and molecular changes associated with cancer cachexia will be assessed.

The ultimate goal of this study was to better understand and characterize underlying mechanisms
that mediate cancer cachexia by performing an in-depth phenotyping of cachectic T cells, and to
identify novel regulators in T cells that can be used to improve T cell functionality and subsequently
cancer-associated wasting. At the moment there is still a knowledge gap regarding the interaction of
the immune system (especially T cells) and its potential contribution to cachexia onset. However, it
becomes ever more important to unravel the functional contribution of lymphocytes to cachexia
development, as their clear relationship was already noted by Miyawaki and colleagues, who
reported a strong correlation between the failure of ICI therapy and pre-diagnosis of cachexia in
cancer patients (Miyawaki, 2020). Hence, by preventing T cell deterioration, we hope to improve
disease outcome, either by the sole enhancement of T cell functionality per se or by boosting
therapeutic approaches such as ICl therapy. To this end, additional experiments using ICl drugs such
as anti-PD1/PD-L1 could be tested in our knockout models.

Importantly, to prove the translatability of my data, a comprehensive analysis of the immune profile
of cachectic and weight-stable cancer patients will be conducted. To this end, | have already started
to establish a protocol for the detailed investigation of peripheral blood mononuclear cells, including
T cells, B cells, dendritic cells, natural killer cells, and monocytes. Pilot samples have already pointed
out the need to decrease sample variability by focusing on one specific cachexia-inducing cancer type,
while simultaneously increasing group size.

Overall, there is a clear need to better characterize the impact of cancer-associated wasting on T cells
and vice versa, with the ultimate aim to improve or even find new therapeutical approaches to
counteract cachexia.
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4 METHODS
4.1 Cell Biology

T cell isolation

A) T cell isolation from spleen using magnetic activated cell sorting (MACS)

Murine spleens were collected and stored in RPMI+ (RPMI supplemented with 10% heat inactivated
fetal calf serum [FCS]) on ice until use. Single cell suspensions were obtained by straining tissues with
the plunger of a syringe through 70 um cell strainers into RPMI+ provided. Cells were centrifuged for
5 min at 400 xg, 4 °C and red blood cells (RBC) were removed by treating spleen solutions with
Ammonium-chloride-potassium (ACK) lysis buffer (see Material section) for 2 min at RT. Lysis was
stopped by adding 10 mL of RMPI+ and the cells were pelleted at 400 xg, 4 °C for 5 min. CD4* or CD8*
T cells were separated by magnetic negative selection using Miltenyi Biotec’s CD4* T Cell Isolation Kit,
mouse or CD8a* T Cell Isolation Kit, mouse, following the manufacturer’s instructions. Cells were
either immediately lysed in 500 pL TRIzol for subsequent gene expression analysis or RNA-
sequencing, plated in 96 well plates for further cell culture experiments or used for metabolic analysis
using Agilent’s Seahorse Extracellular Flux Analyzer.

B) T cell isolation from secondary lymphoid organs for flow cytometry

Murine lymph nodes and spleens were collected and stored in HBSS+ (hanks balanced salt solution
supplemented with 5% FCS and 10 mM HEPES [4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid])
on ice until use. Single cell suspensions were obtained by straining tissues with the plunger of a
syringe through 70 um cell strainers into RPMI+ or HBSS+ provided. Cells were centrifuged for 5 min
at 400 xg, 4 °C. When spleen samples were applied to flow cytometric analyses, RBCs were depleted
using ACK lysis buffer as described above and only 1/10 of the spleen suspension was used for further
flow cytometric analysis. Cells were resuspended in HBSS+ and stored on ice until staining of the
samples.

C) T cell isolation from adipose, muscle and tumor tissue

Adipose tissue was harvested and stored on ice in Dulbecco’s phosphate buffered saline (PBS)
supplemented with 0.5% bovine serum albumin (BSA). Epididymal and inguinal white adipose tissue
(eWAT and iWAT) were digested in HBSS supplemented with 10 mM CaCl; using Collagenase Il and
continuous rotation in a 37 °Cincubator. Digestion was stopped after 8-15 min by adding cold MACS-
PBS buffer (PBS supplemented with 0.5% BSA and 2 mM EDTA) and the stromal vascular fraction was
filtered through a 200 um nylon mesh. Cells were centrifuged at 400 xg, 4 °C, for 5 min and adipocytes
and free fatty acids were immediately removed to avoid T cell damaging by oxidative stress. Cells
were stored in HBSS+ on ice until subsequent flow cytometric staining.

Both gastrocnemius (GC) muscles from a mouse were harvested, pooled and stored on ice in HBSS+.
GC muscles were cut into small pieces using scissors and digested in 2 mL of digestion solution
containing PBS+ supplemented with 0.18 mg/mL CaCl, and 0.5 mg/mL Collagenase Il. The mixture
was incubated for 25-30 min at 37 °C on a rotator. Digestion was stopped using cold MACS-PBS and
everything was filtered through a 100 um mesh using a plunger to disrupt still undigested tissue. Cells
were centrifuged for 5 min at 400 xg, 4°C and washed once with HBSS+. Until further flow cytometric
processing, cells were resuspended in HBSS+ and kept on ice.

Tumor tissue was harvested and stored on ice in RPMI supplemented with 1% FCS. Tumors were
minced using scissors and digested for 30 - 60 min at 37 °C on a rotator in RPMI supplemented with
1% FCS, 200 pg/mL DNase |, 0.5 pg/mL Collagenase IV, and 5 mM MgCl,. The digestion mixture was
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passed through a 70 um cell strainer and centrifuged for 8 min at 2000 xg, RT. Subsequently
leukocytes were isolated by density centrifugation over Ficoll Paque PLUS (GE Healthcare). In brief,
the tumor suspension was resuspended in 4 mL of RPMI+GlutaMAX and carefully layered on top of 3
mL Ficoll Paque PLUS. To separate leukocytes, samples were centrifuged for 40 min at 400 xg, RT
(acceleration: 1, deceleration: 1) and the cloudy interphase carrying leukocytes was collected and
diluted in HBSS+. Leukocytes were pelleted at 400 xg, 4 °C for 5 min and stored in HBSS+ on ice until
flow cytometric staining.

D) T cell isolation from murine peripheral blood

Venous peripheral blood was collected by puncturing the vena cava or nicking the tail, mixed with 50
uL of Heparin (1:15 dilution, stock 2 mg/mL) and stored at RT until further use. Peripheral blood
mononuclear cells (PBMCs) were isolated by density centrifugation over Ficoll Paque PLUS (GE
Healthcare) by 20 min centrifugation at 400 xg, RT, acceleration: 1, deceleration: 1. PBMCs were
isolated from the interphase, pelleted for 5 min at 400 xg, 4°C and stored on ice in HBSS+ until staining
for flow cytometry.

E) T cell isolation from human peripheral blood

Venous peripheral blood was collected in heparinized tubes (S-Monovette® Lithium-Heparin) and
PBMCs were isolated by density gradient centrifugation over Ficoll Paque PLUS (GE Healthcare). In
brief, blood was diluted 1:1 with PBS and 20 mL of blood-PBS solution were layered on top of 20 mL
Ficoll Paque PLUS. PBMCs were separated by 40 min centrifugation at 400 xg, RT, acceleration: 1,
deceleration: 1, isolated from the interphase and washed for 10 min in 30 mL HBSS+ at 400 xg, RT.

Cells were counted and at least 2 Mio PBMCs were frozen in CryoStor CS10 cell cryopreservation
medium for future analysis. A minimum of 0.5 Mio PBMCs was directly lysed in TRIzol for further gene
expression analysis and remaining PBMCs were processed for immune phenotyping, including the
sort of CD4+ and CD8+ T cells for RNA and T cell stimulation using PMA and lonomycin, and the
characterization of different immune cell subtypes in cancer patients.

Stimulation of T cells

In order to stimulate murine T cells, 96 well plates were coated either for 3 h at 37 °C or at 4 °C
overnight with 5 ug/mL a-CD3e and 5 pg/mL a-CD28 antibodies per well in 50 puL PBS. CD4* and CD8*
splenocytes were isolated as described in the magnetic activated cell sorting (MACS) protocol above
and 150 000 cells were plated in 150 uL RPMI+ on a-CD3/ a-CD28 coated plates. Cells were incubated
for 48 h, and cell metabolism and gene expression were assessed afterwards.

Human PBMCs isolated from peripheral blood, were enriched by MACS using human CD3 MicroBeads
(Miltenyi Biotec) according to the manufacturer’s instructions. Subsequently, CD4* and CD8* T cells
were sorted for purity from the CD3* cell mix using a FACS Arialll (BD). CD4* and CD8* T cells were
stimulated for 2 h with PMA (1:2000) and lonomycin (1:20 000) at 37 °C, with the lid of the falcon
open. To block intracellular protein transport, GolgiPlug (BD) was added, and cells were incubated for
another 2 h at 37 °C before flow cytometric staining.

Flow cytometry

To prevent unspecific binding of antibodies, single cell suspensions were incubated with Fc block
(BioLegend) for 10 min on ice. Afterwards, flow cytometric surface staining was conducted for 30 min
on ice in the dark and dead cells were excluded using the viability stains Sytox Blue/Red Live Dead
Stain (Invitrogen) for unfixed cells or fixable viability dye eFluord50 (Invitrogen) for fixed cells. To
detect intracellular protein expression, T cells were fixed and permeabilized using the Foxp3 Staining
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Buffer Kit (eBioscience) with a slightly modified protocol. In brief, cells were fixated for 30-40 min on
ice in the dark, and after centrifugation for 5 min at 400 xg, 4 °C, resuspended in Perm buffer (diluted
to 1X with PBS). Intracellular antibodies were added, and staining was conducted for 30-40 min in the
dark. Cells were washed twice with 1X Perm buffer and twice with HBSS+.

After sort and stimulation of human CD4* and CD8" T cells, the Cytofix/Cytoperm Plus Kit with BD
GolgiP (Beckton Dickinson) was used according to the manufacturers protocol to stain and detect
intracellular cytokines. To this end, cells were incubated overnight with Cytofix buffer. The next day,
cells were washed once with Cytoperm and stained in 50 pL Cytoperm for 30 min at 4 °C. Before
acquisiton in the FACS, cells were washed three times with Cytoperm and twice with HBSS+.

Finally, cells were passed through a 40 um nylon mesh to remove large debris. Cells were acquired or
sorted for purity on a BD FACS Arialll flow cytometer using FACSDiva software V6.1.3 with optimal
compensation and gain settings based on unstained cells and single-color stained cells or beads. All
antibodies that were used for analysis are listed in the material section. Doublets were excluded from
analysis based on SSC-A vs. SSC-W and FSC-A vs. FSC-W plots. Dead cells were excluded based on
live/dead staining. All samples were analyzed using FlowJo Software (V10.8.0; TreeStar Inc.) and data
was further processed with Prism 6,7 and 8 (GraphPad) for statistical analyses.

Sorting of T cells

In order to enrich CD4+ and CD8+ T cell simultaneously, samples were applied to fluorescence-
activated cell sorting (FACS). To this end, single cell suspensions from murine splenocytes were
produced by straining tissues with the plunger of a syringe through 70 um cell strainers into RPMI+
provided. Samples were centrifuged for 5 min at 400 xg, 4 °C and resuspended in 500 puL HBSS+. To
prevent unspecific antibody binding, cells were incubated with FC block (1:50) for 10 min on ice,
before staining antibodies were added (CD3-Biotin, CD4, CD8a) and samples were incubated for 30
min on ice in the dark. Cells were washed with 5 mL HBSS+ and centrifuged at 400 xg, 4 °C for 5 min.
The pellet was resuspended in 300 uL MACS-PBS per mouse and 25 uL Streptavidin MicroBeads were
added to mixture to bind to CD3-bound Biotin for subsequent MACS enrichment of CD3* cells. After
5 min incubation at 4 °C, 1 uL Streptavidin-PE Antibody was added and samples were incubated for
an additional 10 min at 4 °C. Cells were washed with 5 mL of MACS-PBS and CD3" cells were enriched
via positive selection using LS Columns and magnetic enrichment. CD3* cells were centrifuged for
5 min at 400 xg, 4 min, and filtered through a 40 um mesh in FACS tubes with a total volume of 200
uL. To differentiate between dead and alive cells, samples were incubated with SytoxRed (dilution of
1:1000) for 5 min at RT in the dark. Before acquisition, the cell suspension was diluted to a volume of
2 mL and CD4* and CD8*T cells were sorted for purity into supplied cold HBSS+ with a BD FACS Arialll
using an 85 um nozzle. Sorted T cells were immediately lysed in TRIzol for subsequent gene expression
analysis and RNA-sequencing.

For analyses of human T cells, PBMCs from cancer patients were isolated as described above and
enriched for CD3* cells using CD3 Microbeads (Miltenyi Biotec), following the manufacturer’s
instructions. In brief, PBMCs were centrifuged for 10 min at 300 xg, 4 °C and resuspended in 80 uL of
MACS-PBS and 20 pL human CD3 MicroBeads per 107 total cells. Samples were incubated for 15 min
at 4 °C, before staining antibodies (CD4, CD8, CD3, dump including CD19, CD14, CD11b) were added
and samples were incubated for 20 min at 4 °C. Cells were washed by adding 10 mL MACS-PBS and
centrifuged for 10 min at 300 xg, 4 °C. The pellet was resuspended in 500 uL MACS-PBS and cells were
applied through a 200 uM mesh to LS columns placed in a magnetic field. After positive selection,
CD3* cells were prepared for further enrichment of CD4* and CD8* T cells using FACS by incubating
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cells with SytoxBlue viability dye (1:1000) for 5 min at RT in dark. Cells were sorted for purity using a
BD FACS Arialll with an 85 um nozzle. Sorted T cells were either immediately lysed in TRIzol for
subsequent gene expression analysis or stimulated with PMA/lonomycin for further flow cytometric
analyses.

Immunohistochemistry and Metabolomics of Tumors

All immunohistochemical stainings and quantification of CD3-, CD8-, CD4- and FoxP3-positive cells in
tumors were assessed by the Core Facility Pathology & Tissue Analytics at the Helmholtz Center in
Munich. Statistical analyses and data plotting were performed by me. To assess apoptosis and
proliferation of tumor-infiltrating T cells, co-staining of CD3* cells with Ki67 or terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was applied. Using the TUNEL assay,
apoptotic cells can be detected by labeling double-strand DNA breaks that occur during the late
stages of apoptosis.

Metabolomic analysis of cachectic C26 and non-cachectic NC26 tumors was performed in
collaboration with the HMGU Core Facility for Pathology and Tissue Analytics. Exemplary pictures
were also provided by the core facility.

Lipidomic analysis using the Lipidyzer™ platform
Untargeted analysis of circulating lipids was performed by the HMGU core facility Metabolomics &
Proteomics. A detailed description of the methodology can be found in (Morigny&Zuber, 2020).

Thawing of murine cancer cell lines

Murine cancer cell lines (Colon26, NC26, Lewis Lung Carcinoma) were thawed at 37 °Cin a water bath,
and immediately diluted with 10 mL of tumor cell medium, consisting of Dulbecco’s Modified Eagle’s
Medium (DMEM) + 4.5 g/L D-glucose + L-Glutamine (Gibco; supplemented with 10% FCS, 1%
Penicillin/ Streptomycin, 1 mM sodium pyruvate) to avoid cell damage by DMSO. Cells were pelleted
for 5 min at 400 xg, RT and seeded on 15 cm tissue culture plates for further cultivation.

Cultivation and subcultivation of murine cancer cell lines

Cells were cultured under sterile conditions in an incubator at 37 °C, 5% CO; and 95% air atmosphere.
Media and trypsin were warmed to 37 °C prior to usage. Murine cancer cell lines were cultured in
tumor cell medium containing the same supplements as described above. When cells reached 80%
confluence, passaging was carried out. Medium was removed, cells were washed with PBS, detached
with Trypsin-EDTA (Invitrogen) and incubated for 2-5 min at 37 °C. To stop the detaching process, 10
mL of DMEM+ were added and cells were pelleted at 400 xg for 5 min. After counting in a Neubauer
counting chamber, 1 x 10° cells were passaged onto a new 15 cm tissue culture plate containing 20
mL medium. Cell lines were regularly tested for mycoplasma contamination by PCR according to the
manufacturer’s instructions (Promokine).

Preparation of conditioned media

To determine the impact of tumor-derived factors on specific cell types in greater detail, conditioned
medium (CM) can be used to mimic the secretion of tumor-derived factors into the circulation (J. Guo,
2017). To prepare conditioned medium (CM), tumor cells were cultured in T cell medium (RPMI+) to
ensure growing of CM-treated T cell afterwards. When reaching 70% confluency, cells were washed
once with PBS and fresh medium was supplied to the cells. As a control, 25 mL of RPMI+ medium
were added to a plate without any cells (no cell conditioned medium, NCCM). After 48 h, cell
supernatant was collected and dead cells were removed by centrifugation at 2000 xg, 4 °C for 2 min.
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The CM was then aliquoted and stored at -80 °C until further processing. To avoid any effects as a
consequence of nutrient depletion, CM was concentrated by centrifugation for 1 h at 4000 xg, 4 °C in
3K Amicon Ultra Centrifugal Filter Units (Merck) and the CM concentrate, containing secreted
proteins, was replenished with serum-free tumor cell medium to reach the initial volume.

Cryopreservation of murine cancer cell lines

In order to enable long-term storage of murine cancer cell lines in liquid nitrogen, cells were detached
from culture plates by 2 min incubation with Trypsin-EDTA (Invitrogen). After centrifugation, 1 million
cells were resuspended in 1 mL of cryomedium (70% FCS; 20 % tumor cell medium; and 10% DMSO)
and the cell suspension was slowly cooled down (1 °C per minute) to -80 °C using a Mr. Frosty™
Freezing container. After 1 week at -80 °C, cells were transferred to liquid nitrogen tanks for long-
term storage.

Cultivation of murine T cells

After isolation from spleen (protocol see above), murine CD4* and CD8"* T cells were cultured in RPMI
1640 with L-glutamine supplemented with 10 % FBS, 1% Penicillin-Streptomycin and 50 uM B
mercaptoethanol. For treatment with CM, either naive or stimulated (using 5 pg/mL anti-CD3/anti-
CD28 coating) T cells were used, and CM treatment was applied for 48 h. 400 000 cells were seeded
in 200 uL CM onto 96 well plates per condition and after 48 h T cells were harvested by vigorous
pipetting and subsequent washing of the plate using PBS. The cell suspension was centrifuged, the
supernatant removed, and the pellet resuspended in 500 uL TRIzol (Invitrogen). Cells were vortexed
for 30 seconds to increase lysis and stored at -80°C until further processing.

To investigate whether the effects of high glucocorticoid levels on T cells upon cachexia can be
mimicked by in vitro, CD8* T cells were isolated from wildtype mice and treated with 1 x 10°® M
dexamethasone. To imitate tumor stimulation in vitro, culture plates were coated with anti-CD3e and
anti-CD28 antibodies to induce T cell activation. A total of 0.6 x 10® CD8* splenocytes was plated per
well and the following conditions were tested: stimulation plus dexamethasone treatment,
stimulation without dexamethasone treatment, dexamethasone treatment without stimulation and
neither stimulation nor dexamethasone treatment. Cells were seeded in duplicated or triplicates per
biological sample. CD8* T cells were incubated for 48 h before harvest by vigorous pipetting and lysis
using TRIzol. Samples were stored at -80°C until RNA extraction.

Measurement of cellular oxygen consumption and extracellular acidification rates

Cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
using a Seahorse XFe96 Extracellular Flux Analyzer (Agilent Technologies). In order to ensure proper
attachment of the cells to the plate, a 96 well Seahorse cell plate was precoated for 2 h at RT with
Poly-D-Lysin (Sigma Aldrich) before seeding of T cells. After T cell isolation from spleen using magnetic
separation, 2x10> CD4* or CD8" T cells were plated as monolayer culture on precoated Seahorse
plates in a volume of 180 uL XF RPMI Seahorse Medium (Agilent; supplemented with 2mM L-Glut, 1
mM Sodium-Pyruvate and 10 mM Glucose). To ameliorate cell adhesion and distribution within a
well, culture plates were centrifuged for 2 min at 100 xg, with acceleration and deceleration set to 1.
At least 3 technical replicates were plated per biological sample. A mitochondrial stress test was
performed by injection of 1 UM Oligomycin (Sigma-Aldrich), 1.5 uM FCCP (Carbonyl cyanide 4-
[trifluoromethoxy]phenylhydrazone; Sigma-Aldrich), 1 uM antimycin A (Sigma-Aldrich) + 1uM
rotenone (Sigma-Aldrich). Glycolysis was measured by additional injection of 100 mM 2-deoxy-D-
glucose (Sigma-Aldrich). Baseline levels were measured three times before first drug injection and
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each cycle after injection comprised three repetitions of 3 min mixing and subsequent measurement
of OCR and ECAR for 3 min.

To normalize OCR and ECAR values to the cell amount per well, remaining assay medium was removed
carefully from each well without disturbing the cell layer once the analysis was finished, plates were
sealed with parafilm and stored at -20 °C at least for one day. DNA amount was measured using the
CyQUANT Cell Proliferation Assay Kit (Invitrogen), following the manufacturer’s instructions.

Normalized Seahorse data were then analyzed as follows: Injection of antimycin A and rotenone,
which are complex Ill and complex | inhibitors of the electron transport chain (ETC), resulted in the
shutdown of the ETC, revealing the value for non-mitochondrial respiration. Basal respiration was
then calculated as the difference between baseline OCR and non-mitochondrial respiration. Using the
complex V (ATP synthase) inhibitor oligomycin, Proton leak-linked respiration was assessed as the
minimum of measurements after oligomycin injection but prior to FCCP injection minus non-
mitochondrial respiration. Subsequently, ATP-linked respiration was calculated as the difference
between baseline OCR and proton leak-linked respiration. In order to investigate maximal respiration,
the uncoupler FCCP was added to the cells during the assay to boost ETC function to its maximal
capacity. Maximal respiration was then calculated by subtracting non-mitochondrial respiration from
the maximal measurement after FCCP injection. Spare respiratory capacity was calculated as the
difference between maximal respiration and basal respiration. The rate of glycolysis was derived from
the difference of basal ECAR and 2-DG rate. Figure 94 visualizes calculation of different parameters.
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Figure 94. Scheme illustrating calculation of parameters associated with oxygen consumption. Based on (Divakaruni,
2014)

4.2 Molecular Biology

RNA isolation

A) From T cells

Following T cell isolation from spleen, lymph nodes or tumor, RNA was extracted using Qiagen’s
RNeasy Micro Plus kit for up to 5 x 10° cells or RNeasy Mini Plus kit for 5 x 10° to 4 x 10° cells. T cells
were lysed in 500 pL TRIzol (Invitrogen) and incubated for 5 min at room temperature (RT). 150 pL of
chloroform were added, samples were mixed by shaking for 2 min, incubated for 5 min at RT and then
centrifuged for 20 min at 12,000 xg, 4 °C. The upper aqueous solution containing the RNA was
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transferred to a gDNA Eliminator spin column and RNA was purified following the manufacturer’s
instructions. RNA was eluted in 20 pL (RNeasy Micro Plus Kit) or 30 uL (RNeasy Mini Plus Kit) RNase-
free H20 and stored at -80°C until further use.

B) From tissue

For total RNA extraction, frozen organ or tissue pieces were transferred into a 2 mL RNase/DNase-
free Eppendorf tube containing a pre-cooled stainless-steel bead. 1mL TRIzol (Invitrogen) was added,
and the samples were immediately homogenized using Qiagen’s TissueLyser Il (Qiagen) for 2 min at
a frequency of 30 Hz. When white adipose tissue was processed, an additional incubation step of 5
min at room temperature (RT) was performed to clear out the fatty layer. RNA was then isolated by
adding 200 uL chloroform, samples were mixed by shaking for 2 min, incubated for 5 min at RT and
then centrifuged for 20 min at 12,000 xg, 4 °C. The upper aqueous solution containing the RNA was
transferred into a fresh 1.5 mL tube and precipitated with 500 pL of isopropanol. After an incubation
time of 10 min at RT, samples were centrifuged for 20 min at 12,000 xg, 4 °C. The supernatant was
discarded, and the pellet was washed 3 times with 75% ethanol for 6 min at 7500 xg, 4 °C. The pellet
was dried for 10 min at RT using a Vacuum-Dryer (Eppendorf), followed by another 30 min drying at
RT under the fume hood. RNA was re-solubilized in 30 -100 uL RNase/DNase free water depending
on the tissue and incubated for 10 min at 55 °C, 300 rpm using an Eppendorf ThermoMixer. RNA
samples were stored at -80 °C until further use.

Determination of RNA concentration

RNA concentration was quantified spectrophotometrically at 260 nm using a NanoDrop2000
spectrophotometer (Thermo Fisher). Sample purity was assessed using both the 260 nm/ 280 nm and
the 230 nm/260 nm ratio to measure protein impurities and nucleic acid purity.

RNA-Sequencing

CD4* and CD8* T cells were sorted for purity using a FACS Arialll (BD), immediately lysed in 500 plL
TRIzol (Invitrogen) and stored at -80 °C until sample preparation. RNA extraction and quantification
of concentration and purity were conducted as described above. Samples were sent to Novogene
(UK) Company Limited for RNA-sequencing. In brief, after quality control procedures, mRNAs were
enriched using oligo(dT) beads, and fragmented randomly. The first cDNA was synthesized by using
random hexamers primers, after which a customized second-strand synthesis buffer (lllumina),
dNTPs, RNase H and DNA polymerase | were added to initiate the second-strand synthesis. The final
library was ready after end repair, A-tailing, adaptor ligation, size selection and PCR enrichment. Due
to low cell numbers, tumor-infiltrating T cells were processed using SMARTer sequencing with the
SMARTSeq V4 Ultra low input RNA kit (Takara Bio) for amplification before polyA library preparation.
Circulating T cells were analyzed using low-input sequencing, with kits and optimized reagents that
are property to Novogene. Sequencing was performed using NovaSeq6000 (lllumina) with 150 bp
read-lengths in paired-end mode. Data were analyzed using Qiagen’s ingenuity pathway analysis (IPA)
program.

Synthesis of complementary DNA (cDNA)

Complementary DNA (cDNA) was synthesized using 100-1000 ng of RNA. When RNA was extracted
using TRIzol, genomic DNA (gDNA) was removed using DNase | (Life Technologies) before reverse
transcription, following manufacturer’s instructions. For production of cDNA Life Technologies’ high-
Capacity cDNA Reverse Transcription cDNA synthesis kit was used following the manufacturer’s
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instructions. After completion, cDNA samples were diluted to a concentration of 2.5- 5 ng/uL using
RNase/DNase free water and stored at -20 °C.

Quantitative PCR

Real-time quantitative PCR was conducted using between 2.5 or 20 ng of diluted cDNA obtained from
reverse transcription. When 2.5 ng cDNA were used, a master mix containing 3.5 pL Takyon™ Low
Rox Probe MasterMix dTTP Blue (Eurogentec), 0.2 uL TagMan probe (Applied Biosystems) and 2.8 uL
of DNase/RNase-free H,0 per individual reaction were used. The final reaction volume of 20 uL was
reached by filling up the missing volume using RNase/DNase-free H,0. When 20 ng cDNA were used,
6 uL Takyon™ Low Rox Probe MasterMix dTTP Blue (Eurogentec), 0.3 pL TagMan probe (Applied
Biosystems) and 0.7 uL of DNase/RNase-free H,O were used per individual reaction. All TagMan
probes were obtained from Applied Biosystems and are listed in the material section. To control for
genomic DNA contamination, samples containing no reverse transcriptase during cDNA synthesis,
were included. In addition, water was used as a negative control. All samples were run in technical
duplicates. Reactions with a volume of 7-12 uL were run in 384 well reaction plates using Applied
Biosystems’ QuantStudio 6 or 7 Flex Real-Time PCR System (Applied Biosystems). RNA expression
data were quantified according to the ACt method (Livak, 2001) and normalized to levels of TATA-box
binding protein RNA (Tbp).

Genotyping

Ear snips were digested in 50 pL of 50 mM NaOH and incubated for 20 min at 95 °C, 550 rpm. Digestion
was stopped using 400 pL of 12.5 mM TRIS HCI (pH8) and samples were stored at -20 °C until further
processing. DNA was amplified by polymerase chain reaction (PCR) using a thermocycler and
DreamTaq (Thermo Fisher) polymerase. Used primers are listed in the material section and were
diluted 1:40 in HO. For PCR reaction, 6.5 pL of water, 10 uL DreamTaq, and 2 pL of each primer were
mixed with 1.5 pL of DNA and amplified using the following program: 5 min at 95 °C, 35 cycles of 1
min at 95 °C, 1 min at 56 °C, 1 min at 72°C, followed by a 10 min incubation at 72°C.

In order to assess the floxed status of the mice, DNA fragments were separated by agarose gel
electrophoresis using a 2% agarose gel containing 1:10 000 SYBR Safe (APExBIO) in TAE buffer. DNA
samples were mixed with 1x purple loading dye and separated at 80 V for 20-40 min. DNA bands were
visualized using the GelDoc (BioRad). T cell specific knockout of FOXO1 led to a 300 bp long DNA
fragment, while wildtype mice showed a band size of 247 bp. T cell specific knockout of the
glucocorticoid receptor resulted in a band length of 250 bp, while wildtype mice showed a 200 bp
band.

To investigate if mice were Cre+ or Cre-, DNA fragments were separated using Qiagen’s QlAcxel
Advanced system according to the manufacturer’s instructions.

4.3 Animal Experiments

Mouse studies were performed using male BALB/cAnNCrl, C57BL/6J, or C57BL6/N mice, all obtained
from Charles River Laboratories. Male C57BL/6J-APCM"* mice were purchased from the Jackson
Laboratory (JAX stock #002020) and bred on a C57BL/6J background. They were originally described
by Moser and colleagues (Moser, 1990) and later established as model of cancer cachexia (Puppa,
2011). All mice were housed according to international standards under specific pathogen-free
conditions on a 12 h light-dark cycle at 22 °C +/- ad libitum access to regular rodent chow diet (Provimi
Kliba AG) and water if not stated otherwise. For aging studies, aged mice were either obtained by
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Charles River Laboratories or aged in-house. Experiments were initiated when young adult mice had
reached an age of 2-4 months, and aged mice an age of 15-20 months. Animal handling and
experimentation were performed in accordance with the institutional animal welfare officer, and the
necessary licenses were obtained from the state ethics committee and government of Upper Bavaria
(nos. ROB-55.2-2532.Vet_02-16-136 and ROB-55.2-2532.Vet_02-18-93). In each animal experiment,
mice were assigned to groups in a way that body weight was similar between groups of same age as
confirmed by non-significant statistical analysis. The number of mice used for each experiment is
indicated in the respective figure legends. Tumors and organs including epididymal and inguinal white
adipose tissue (WAT), gastrocnemius (GC) muscles, liver, heart, spleen, inguinal lymph nodes (ingLNs),
BAT, thymus and TA, EDL, Sol were collected, snap frozen, and stored at -80 °C until further analysis.

Cachexia models

Systemic effects involved in cancer cachexia were investigated using different mouse models of
cachexia. Thus, either the genetic APC min (Puppa, 2011) model or tumor implantation models using
subcutaneous implantation of either Colon26 (C26) or Lewis Lung Cancer (LLC) cells into syngeneic
mice (Bonetto, 2016; Sherry, 1989; Tanaka, 1990), leading to tumor growth and subsequently
cachexia within 3 weeks. To this end, mice were injected subcutaneously into the right flank with
either 2 million Lewis lung cancer (LLC) or 1 million Colon26 (C26) cells, resuspended in 50 uL of of
Dulbecco’s phosphate-buffered saline (DPBS). 1 million NC26 cells were injected as tumor control,
while non-tumor healthy control mice were injected with 50 uL DPBS (Thermo Fisher). Mice were
monitored for 2-4 weeks after tumor cell implantation, and body weight, tumor growth, food intake
and water intake were recorded daily. Tumor growth was monitored by caliper measurement, and
tumor volume was calculated using the formula V= /6 x 1.69 x (L x W)3/2 (Feldman, 2009), where L
is the largest tumor diameter and W is the perpendicular tumor diameter. If not stated otherwise,
mice were sacrificed in the morning without previous fasting. When one or more of the following four
termination criteria were fulfilled, mice were sacrificed by an overdose of ketamine/xylazine: time
after injection > 28 days, ulceration, tumor diameter > 1.5 cm, or cachexia as defined by body weight
loss > 15% or body condition score (BCS) < 2 (Ullman-Culleré, 1999). The BC scoring technique was
used to assess the overall health status of the mice during the course of the experiment as growing
tumors can mask body weight changes as a result of their extensive growth. To this end, the amount
of flesh covering bony protuberances of the mice was monitored and transformed into a score
ranging from 1 to 5. While obese mice are defined with a BCS=5, mice with a BCS=1 are
underconditioned and emaciated. Mice with a BCS=3 are categorized as being in an optimal condition,
whereas a BCS= 2 already indicates undernourishment with segmentation of the vertebral column
and distinct dorsal pelvic bones. In the C26 non-cachectic vs. NC26 non-cachectic experiment, mice
were sacrificed 1 week post PBS/ tumor cell- injection to investigate if differences between NC26 and
C26 tumor-bearing mice rely on cachexia development or are rather an artefact of the different cell
lines used. In the C26 pre-cachexia vs. C26 cachexia study, the cachectic C26 tumor-bearing group
was defined by a 10-15% body weight loss, whereas mice from the C26 pre-cachectic group had a
similar tumor size to the cachectic mice but a non-significant loss of body weight at the moment of
sacrifice. Thus, mice from both groups had a similar tumor size but suffered from a different degree
of body weight loss. A C26 pre-cachectic control with a matching tumor size was euthanized on the
same day as a cachectic C26 tumor-bearing mouse. A schematic overview of all mouse models can be
found the results section.
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T cell specific glucocorticoid receptor (GR) knockout mice

To assess the role of glucocorticoid signaling in T cells upon cancer cachexia, T cell specific
glucocorticoid receptor (GR) knockout mice were generated. Male B6.Cg-Tg(Cd4-cre)1Cwi/Bflu) mice
(JAX stock #022071) and female B6.129P2-Nr3c1tm2Gsc were kind gifts from Prof. Dr. Daniel and
Prof. Dr. Uhlenhaut, respectively. Male CD4-Cre mice were on C57BL/6J background, while the exact
substrain of the GR-flox mice is unknown. T cell specific GR knockout was assessed using specific
primers for genotyping (see material section).

T cell specific FOXO1 knockout mice

To assess the role of FOXO1 signaling in T cells in cancer cachexia, T cell specific FOXO1 knockout mice
were generated. Male B6.Cg-Tg(Cd4-cre)1Cwi/Bflu)l mice (JAX stock #022071) and female
FOXO1t™mIRdP/J (JAX stock #024756) mice were kind gifts from Prof. Dr. Daniel and Prof. Dr. Uhlenhaut,
respectively. Male CD4-Cre mice were on C57BL/6J background, while the substrain of female FOXO1
floxed mice was unknown. T cell specific FOXO1 knockout was confirmed by genotyping using specific
primers for Cre and FOXO1 (see material section).

Fasting and 2-deoxy-D-glucose treatment

To investigate if T cell impairment upon cancer cachexia was a result of low circulating glucose levels
due to fasting or anorexia, mice were fasted or treated with 2-deoxy-D-Glucose (2-DG) to mimic
glucose deprivation. To this end, mice were either fasted for 16 h over night or injected two times at
a 48 h interval intraperitoneally (i.p.) with 1000 mg/kg 2-DG diluted in PBS. Mice were deprived of
food for 2 h after 2-DG injection and after final injection/ before sacrifice. Control mice were i.p.
injected with 100 pL PBS and fasted for 2 h before sacrifice.

Reduction of plasma corticosterone levels using Aminoglutethimide (AG)

To effectively decrease circulating glucocorticoid levels in cachectic mice, the well-known
corticosteroid synthesis inhibitor Aminoglutethimide (AG) was used. To this end, once tumors were
palpable, C26 tumor-bearing and PBS control mice were i.p. injected with 0.4 mg/kg
Aminoglutethimide (AG). Injections were conducted in the morning on a daily basis, with the aim to
avoid the rise of glucocorticoids throughout the day (Teilmann, 2014). Aminoglutethimide was
ordered from Santa Cruz, diluted to a 40 mg/mL stock solution using DMSO and aliquots were stored
at -20°C until further use. Shortly before injection, AG was diluted with PBS, so that finally 0.4 mg AG
in a volume of 100 uL were injected per mouse.

Body composition analysis using EchoMRI

Body weight of mice was determined directly before start, during the course and at the end of an
experiment. To this end, body composition including fat and lean mass was assessed using magnetic
resonance (EchoMRI; Zinsser Analytic GmbH).

Blood Plasma

After sacrificing mice by an overdose of ketamin/xylazine, blood was withdrawn from the vena cava,
transferred into EDTA tubes (Kabe Labortechnik), and incubated for 15-30 min at room temperature.
After centrifugation for 5 min at 2000 xg, 4 °C, plasma was divided into 50 uL aliquots, immediately
snap frozen in liquid nitrogen and stored at -80 °C until further use.

Glucose Tolerance Test
A glucose tolerance test (GTT) was conducted to assess how quickly glucose, injected into the
peritoneum of fasted mice, can be cleared from the blood, as functional insulin signaling leads to a
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quicker lowering of glucose levels due to better glucose clearance from the blood stream. Mice were
fasted for 6 h starting from 8 am in fresh cages without food before intraperitoneal injections (i.p.).
Blood glucose was measured with a glucometer strip by nicking the tail with a razor blade. Mice were
i.p. injected with 2 g D-glucose per kg body weight and blood glucose was assessed before and 15,
30, 60, 90 and 120 min post injection.

Mice for T cell isolation
Male wt BALB/c or C57BL/6J mice were purchased from Charles River and used for isolation of T cells
from spleen at the age of 9-12 weeks.

Insulin Tolerance Test

Aninsulin tolerance test (ITT) was performed to assess if mice were insulin resistant. Mice were fasted
6 h for 6 h starting from 8 am before injection and body weight and basal blood glucose levels were
measured with a glucometer stripe by nicking the tail with a razor blade. Mice were i.p. injected with
0.8 U of insulin per kg body weight, dissolved in 0.9% sodium chloride (VWR). Blood glucose levels
were monitored before injection and 15, 30, 45, 60, 90 and 120 min post injection.

T cell Depletion

To analyze the impact of T cell functional responses on the development of cancer cachexia, BALB/c
mice were injected with C26 tumor cells or PBS as a control and once tumors were palpable (after 8
days), CD4* and CD8* T cells were depleted using anti-mouse CD4 and CD8 antibodies (Bio X cell).
Since CD4* T cell depletion reduced tumor growth in C26 tumor-bearing mice, a late anti-CD4 injection
group was introduced, in which mice received their first anti-CD4 antibody 13 days post tumor cell
injection. Thereby, we wanted to minimize effects on tumor growth that could influence cachexia
development. To account for antibody injections, 200 ug of an isotype control antibody (Bio X cell),
diluted in 200 pL pH7 dilution buffer were injected in the control group. 200 ug of anti-CD4 or anti-
CD8 were i.p. injected in a volume of 200 pL of pH6.5 or pH7 dilution buffer, respectively. When a
combination of both antibodies was injected, 200 ug of each antibody were diluted in 100 uL of the
appropriate buffer and both solutions were mixed directly before injection. Antibodies were injected
every third day and depletion was confirmed by flow cytometric analysis of blood samples collected
from the tail vein using antibodies against CD3, CD4 and CD8 (see Material section for antibodies).

4.4 Biochemistry

Determination of Blood Glucose Levels
Blood glucose levels were determined in a drop of blood obtained from the tail vein using an
automatic glucose monitor.

Determination of Plasma Parameters using Serum Analyzer

Total alanine aminotransferase, alkaline phosphatase, aspartate aminotransferase, cholesterol, LDL,
glucose, NEFA, albumin, total protein, and triacylclycerol (TAG) plasma levels of mice were measured
using a Beckman Coulter AU480 Chemistry Analyzer (Beckman Coulter).

Glucocorticoid Enzyme-linked-immunosorbent assay (ELISA)

Murine plasma corticosterone levels were determined using the Corticosterone ELISA kit (TECAN, IBL
International GmbH) following the manufacturer’s instructions. In brief, plasma samples were diluted
1:5 using standard 0 and 20 pL of each standard, control and sample were pipetted into the microtiter
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wells, and 200 pL enzyme conjugate were added to each. The wells were mixed at 300 rpm and
incubated for 60 min at RT wrapped in aluminium foil. The wells were washed three times with 200
mL wash solution per well and 100 uL of substrate solution were added. The plate was incubated for
15 min in the dark and the enzymatic reaction was stopped by adding 50 uL of stop solution to each
well. The optical density (OD) was read at 450 nm using a plate reader. Corticosterone levels were
then calculated according to the measured standard curve.

GDF15 ELISA

Human and murine circulating GDF15 levels were determined using specific ELISA kits (R&D Systems
# DGD150 and MGD150, respectively) according to the manufacturer’s instructions. Dilution of
plasma samples for mouse and human GDF15 detection was optimized to 1/2 and 1/4, respectively.

IL6 ELISA

Murine plasma levels of IL6 were assessed using a specific ELISA kit (R&D Systems #M6000B)
according to the manufacturer’s instructions. Dilution of plasma samples for mouse IL6 detection was
optimized to 2/5.

4.5 Human subjects

Gastrointestinal cancer patients (stages I-IV) were enrolled at the Surgical Clinic of the University
Hospital of Sdo Paulo, Brazil after signature of the fully informed consent. This study has been
approved by the Ethics Committee on Research involving Human Subjects of the University of the Sdo
Paulo Biomedical Sciences Institute (CEP 1151/13 CAAE n 5493116.6.0000467) and by the University
Hospital (CEP1390/14 CAAE n 54930116.6.3001.0076) and is in accordance with the Declaration of
Helsinki. Patients that had a BMI > 29.9 kg/m?, chronic anti-inflammatory therapy, AIDS, liver or
kidney failure, chemotherapy treatment (at the time or recent past 5 years) or suffered from chronic
inflammatory processes not being related to cachexia, were excluded from the study. Cancer patients
were classified as weight stable or cachectic following Evans et al. (Evans, 2008). For plasma analysis,
approximately 20 mL of blood were collected in a pre-surgical fast at the hospital. This study was
conducted by M. Seelaender and her group at the University of S3o Paulo. Gene expression analysis
of patient tumor samples was performed as described above.

A detailed description of the clinical meta-data and patient characteristics for the lipidomics and aging
study can be found in (Morigny&Zuber, 2020) and (Geppert, 2021), respectively.

4.6 Statistical Analysis

Results from biological replicates were expressed as mean * standard error of the mean (s.e.m.). All
statistical analyses were performed using GraphPad Prism 9.2. Normality was tested using
D’Agostino-Pearson and Shapiro—Wilk normality tests. Unpaired Student’s t-tests or Mann-Whitney
tests were performed to compare two conditions. Paired two-way analysis of variance (ANOVA) with
Tukey’s and Bonferroni post hoc tests were used to compare two variables. Statistical tests were two-
sided. Linear regression analysis was performed to test the association between two variables. Log-
rank (Mantel-Cox) test was used to compare time curves of cachexia development between groups.
Pearson correlation matrices were conducted using ©QriginLab (Northampton, Massachusetts, USA).
p < 0.05 was considered statistically significant.
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5 MATERIAL
5.1 Buffer, Media and supplements

Buffer or Medium Component Concentration

Ammonium-Chloride- Ammonium chloride 0.15M

Potassium (ACK) lysis buffer | Potassium bicarbonate 1mM
Na,-EDTA 0.1 mM
Fill up to 1 L with water and sterile filter

Cryopreservation Medium RPMI + Medium 20%
FCS 70%
DMSO 10%

HBSS+ hanks balanced salt solution (HBSS)
heat inactivated FCS 5%
HEPES (4-(2-hydroxyethyl)- 1-piperazineethanesulfonic | 10 mM
acid)

MACS-PBS PBS
BSA 0.5%
EDTA 2mM

RPMI+ Medium RPMI 1640, no glutamine
FCS 10%
L-Glutamine 2mM
Penicillin/Streptomycin 1%
B-Mercaptoethanol 50 uM

Seahorse Assay Medium Seahorse XF RPMI Medium, pH 7.4
L-Glutamate 2mM
Sodium pyruvate 1mM
Glucose 25 mM

TBE buffer (10x) Tris base 100 mM
EDTA 1mM
Boric acid 90 mM
pH 8.0

Tumor Cell Medium DMEM + 4.5 g/L D-Glucose + L-Glutamate
Fetal calf serum 10%
Penicillin/Streptomycin 1%
Sodium pyruvate 1mM

Tumor digestion medium RPMI 1640
FCS 1%
DNase | 200 pg/mL
Collagenase IV 1.5 pg/mL
MgCl, 5mM

5.2 Oligonucleotides and TagMan probes

Oligonucleotide

Sequence 5’ 2 3’

Ccl4 fw CATGAAGCTCTGCGTGTCT
Ccldrv CTGCCGGGAGGTGTAA

Cre fw ATGTTTAGCTGGCCCAAATGT
Crerv ACGAGTGATGAGGTTCGCA
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Cx3cll fw GCCGCGTTCTTCCATTTG

Cx3cll rv TGGGATTCGTGAGGTCATCTT
Cxcl11 fw AGGAAGGTCACAGCCATAGC
Cxcl11 rv CGATCTCTGCCATTTTGACG

Cxcl9 fw TGT GGA GTT CGA GGA ACCCT
Cxcl9 rv TGCCTTGGCTGG TGC TG

FOXO1 fw ACCACTCTGGACGGCATACT

FOXO1 rv TGAGTCTGGGGCTAGTTTGA

GR1 GGCATG CACATT ACTGGCCTTCT
GR2 GTG TAG CAG CCAGCTTACAGG A
GR3 CCT TCT CATTCC ATG TCA GCATGT

All TagMan probes were purchased from Applied Biosystems.

Target species: Mouse
TagMan probe Assay ID TagMan probe Assay ID
Abcal MmO00442646_m1 Hsl MmO00495359_m1
Asahl Mm00480021_m1 Hspa5 MmO00517691_m1l
Atf3 MmO00476032_m1 Ifny Mm01168134_m1
Atgl2 MmO00503201_m1 IL1b Mm00434228_m1
Atgad Mm04214755_s1 1r2 MmO00439629 m1l
Atg5 Mm01187303_m1 12 Mm00434256_m1
Atgl MmO00503040_m1 IL6 MmO00446190_m1
Bcl2 Mm00477631_m1l Itgad Mm01277951 _m1l
Bnip3 MmO01275600 g1 Itgal MmO00801807_m1
Btgl Mm02391761_m1l Kdsr Mm01290268 m1l
Casp3 MmQ01195085_m1 Ki67 Mm01278617_m1l
Casp9 MmO00516563_m1 Ldha Mm01612132 gl
Ccl2 Mm00441242_m1 Mmff MmO01273401_m1l
Cdie1l Mm00824341_m1 Mgl MmO00449274 m1l
Cd19 MmO00515420_m1 Nos2 Mm00440502_m1
Cd205 Mm00522144 m1 Nrfl MmO00447996_m1
Cd3e Mm01179194 m1 Nrf2 MmO00477784_m1
Cd335 Mm01337324_g1 Opal MmO00453879_m1
Cd36 MmO00432403_m1 p62 MmO00448091_m1
Cd4 MmO00442754_m1 Pcna Mm00448100_g1
Cd68 MmO03047343_m1 Pdcdl Mm00435532_m1
Cd8a Mm01188922_m1 Pgcl Mm01208835_m1
Cdknla Mm00432448 m1 Plind MmO00491061_m1
CerS2 MmO00504086_m1 Satl MmO00485911_g1
Cers5 MmO00510998_m1 Slc2a1 Mm00441480_m1
Cersb6 Mm00556165_m1 Smpd1l Mm00448871_m1l
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Sod2 Mm01313000_m1
Spticl Mm00447343_m1
Sptic2 Mm00448871_m1

St3gal5 Mm00488237_m1

Thbp Mm01277042_m1
Tfam Mm00447485_m1

Tnfa Mm00443258 m1

Tox MmO00455231 m1l
Trim63 Mm01185221 m1
Tsc22d3 Mm00726417_s1

Ugcg Mm00495925_m1

Xbp1l Mm00457357_m1

Target species: Human

Cptla MmO00550438_m1
Ctsl MmO00515597_m1
Ddb1l Mm00497159 m1
Ddit3 Mm00492097_m1
Degsl Mm00492146_m1
Degs2 MmO00510313_m1
Adgrel MmO00802529_m1
Fbxo32 Mm00499523 m1
FoxO3a Mm01185722_m1l
Foxp3 Mm00475162_m1
Gadd34 MmO00435119_m1
Gdf15 MmO00442228_m1
Gzmb MmO00442834 _m1
TagMan probe Assay ID
CD3E Hs01062241_m1
CD4 Hs01058407_m1

5.3 Antibodies

Antibodies for Flow Cytometry (target species: mouse)

TagMan probe

Assay ID

CD8a

Hs00233520_m1

FOXP3

Hs01085834_m1

Reactivity Fluorochrome Clone Concentration Manufacturer

Biotin anti-mouse CD3e 145-2C11 1:100 BioLegend, San Diego

CD3 PE-CF594 145-2C11 1:100 BioLegend, San Diego
CD4 A700 RM4-5 1:200 eBioscience, San Diego

Ccbhe62L PE-Cy7 MEL-14 1:1000 BioLegend, San Diego

CDh8 Qdot605 53-6.7 1:200 BioLegend, San Diego

CD8a Pacific Blue 53-6.7 1:200 BioLegend, San Diego

eFluor4d50 Invitrogen, Karlsruhe

FC block r:co;zeTruStam 1:50 BioLegend, San Diego
FOXP3 FITC FJK-16s 1:200 eBioscience, San Diego

Kie7 PE 16A8 1:200 BioLegend, San Diego

Streptavidin PE 1:400 Invitrogen, Waltham
Streptavidin MicroBeads M|Iteny|6I|3:;t;acéhBerg|sch

Sytox Blue 1:1000 Invitrogen, Karlsruhe

Sytox Red 1:1000 Invitrogen, Karlsruhe
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Antibodies for flow cytometry (target species: human)

Reactivity Fluorochrome Clone Concentration Manufacturer
CCR10 PE 6588-5 1:20 BioLegend, San Diego
CcD10 APC-Cy7 HI10a 1:20 BioLegend, San Diego
CD11b Pacific Blue ICRF44 1:50 BioLegend, San Diego
CD11c APC-Cy7 Bul5 1:50 BioLegend, San Diego
CD123 A700 6H6 1:50 BioLegend, San Diego
CD127 PE-Cy7 A019D5 1:20 BioLegend, San Diego
CD127 BV711 A019D5 1:20 BioLegend, San Diego
CD14 Pacific Blue HCD14 1:50 BioLegend, San Diego
Cbh14 FITC HCD14 1:50 BioLegend, San Diego

CD152 (CTLAA4) APC-Cy7 BNI3 1:20 BioLegend, San Diego
CD16 BV510 3G8 1:20 BioLegend, San Diego
CDh19 Pacific Blue HIB19 1:50 BioLegend, San Diego
CDh19 BV500 HIB19 1:50 BiolLegend, San Diego
CDh19 PerCP-Cy5.5 HIB19 1:50 BioLegend, San Diego

CD194 (CCR4) BV605 L291H4 1:20 BioLegend, San Diego

CD194 (CCR4) R718 1G1 1:20 BD Bioscience, Franklin Lakes

CD196 (CCR®6) PE-Cy7 GO034E3 1:20 BioLegend, San Diego

CD197 (CCR7) BV711 150503 1:20 8D B'Osc'fglf:' Franklin
CD20 FITC 2H7 1:20 BioLegend, San Diego
CD20 PE-Cy7 2H7 1:20 BioLegend, San Diego
CD24 PE-Cy7 ML5 1:20 BioLegend, San Diego
CD25 BV711 PC61 1:20 BioLegend, San Diego
CD27 APC M-T271 1:20 BioLegend, San Diego

CD279 (PD1) BV711 EH12.2H7 1:20 BioLegend, San Diego
CD28 FITC CD28.2 1:20 BioLegend, San Diego
CDb3 PerCP-Cy5.5 HIT3a 1:20 BioLegend, San Diego
CD3 Pacific Blue HIT3a 1:20 BioLegend, San Diego
CD3 MicroBeads. human Miltenyi Biotec, Bergisch
’ Gladbach, # 130-050-101
CD38 A700 HIT2 1:20 BioLegend, San Diego
CD4 V500 RPA-T4 1:10 BD Bioscience, Franklin Lakes
CD45RA BV605 HI1100 1:20 BioLegend, San Diego
CD45R0O APC-H7 UCHL1 1:20 BD Bioscience, Franklin Lakes
CD56 APC HCD56 1:50 BioLegend, San Diego
CD8 PE-Cy7 RPA-T8 1:50 BioLegend, San Diego
CD8A FITC RPA-T8 1:50 BioLegend, San Diego
CXCR3 APC-Cy7 G025H7 1:20 BioLegend, San Diego
CXCR5 APC J1252D4 1:20 BioLegend, San Diego
eFluor450 Invitrogen, Karlsruhe
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FOXP3 A700 PCH101 1:100 eBioscience, San Diego
FOXP3 FITC PCH101 1:20 eBioscience, San Diego
GLUT1 Alexa Fluor 647 EPR3915 1:50 Abcam, Cambridge
GZMB PE QA16A02 1:100 BioLegend, San Diego
HLA-DR PE L243 1:20 BioLegend, San Diego
HLA-DR PerCP-Cy5.5 G46-6 1:20 BD Pharmingen™, San Diego
Human TruStain FcX™ BioLegend, San Diego
IFNG APC 4S.B3 1:20 BioLegend, San Diego
gD PE IA6-2 1:20 BioLegend, San Diego
IL2 PE/Dazzle594 MaQl- 1:100 BioLegend, San Diego
17H12
Ki67 PE/Dazzle594 Ki-67 1:100 BioLegend, San Diego
Sytox Blue 1:1000 Invitrogen, Karlsruhe
TNFA PE-Cy7 MAb11 1:100 BioLegend, San Diego
Other Antibodies
Reactivity Used concentration Manufacturer

Anti- Mouse CD3e

5 pg/mL in vitro

BD Pharmingen™, San Diego

Anti-MO CD28 stimulation

5 pg/mL in vitro

Invitrogen, Karlsruhe

CD8 InVivoMADb, #BE0117

200 pg per mouse

Bio X cell, Lebanon

IgG2b isotype control, #BE0090

200 pg per mouse

Bio X cell, Lebanon

InVivoMAb anti-mouse CD4, # BEOOO3

200 pg per mouse

Bio X cell, Lebanon

5.4 Software

Software Distributor
BioRender BioRender, Toronto
Endnote Thomson, Carlsbad

FACSDiva™ Software V6.1.3

BD Biosciences, Franklin Lakes

FlowJo Software V10.8.0

TreeStar Inc., Ashland

GraphPad Prism

GraphPad Software Inc., La Jolla, USA

Image Lab Software

Bio-Rad, Hercules

Ingenuity Pathway Analysis

Qiagen, Hilden

Microsoft Office

Microsoft, Unterschleilheim

Origin2021b

OriginLab, Northampton

QuantStudio Real-Time PCR Software

Applied Biosystems, Darmstadt

Seahorse Wave Desktop Software

Agilent Technologies, Santa Clara

5.5 Standard Kits

Kit

Distributor

CD4* T Cell Isolation Kit, mouse

CD8a* T Cell Isolation Kit, mouse

Miltenyi Biotec, Bergisch Gladbach
Miltenyi Biotec, Bergisch Gladbach
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Corticosterone ELISA

TECAN, Mannedorf

CyQUANT Cell Proliferation Assay Kit

Invitrogen, Karlsruhe

Cytofix/Cytoperm Plus Kit with BD GolgiP, #555028

BD Biosciences, Franklin Lakes

DNase |

Life Technologies, Darmstadt

Dreamtaq polymerase genotyping

Thermo Fisher, Waltham

eBioscience Foxp3 / Transcription Factor Staining Buffer Set

eBioscience, San Diego

Glucocorticoid ELISA

TECAN, IBL International GmbH

High-Capacity cDNA Reverse Transcription

Life Technolgies, Darmstadt

Human GDF15 ELISA kit, #DGD150

R&D Systems, Minneapolis

In Situ Cell Death Detection Kit, TMR Red

Roche, Basel

Murine GDF15 ELISA kit (m/rGDF-15 QKit), #MGD150

R&D Systems, Minneapolis

Murine IL6 ELISA kit (mIL-6 Qkit), #M6000B

R&D Systems, Minneapolis

Mycoplasm kit

Promokine, #PK-CA91-1048

RNeasy Plus Micro Kit

Qiagen, Hilden

RNeasy Plus Mini Kit

Qiagen, Hilden

Seahorse XFe96 FluxPaks (inc. mini)

Agilent Technologies, Santa Clara

Takyon™ Low Rox Probe MasterMix dTTP Blue

Eurogentec, Kéln

5.6 Consumables

Name

Distributor

2 mL Syringes, Discardit

BD, Franklin Lakes

3K Amicon Ultra Centrifugal Filter Units

Merck, Darmstadt

70 uM cell strainer, single packed

Fisher Scientific, Waltham

96 well cell culture plate

Thermo Fisher, Waltham

C-chip Neubauer improved

VWR International, Radnor

Cell culture dishes (5, 10 and 15 cm)

Thermo Fisher, Waltham

CombiTips Advanced (2.5, 5 and 10 mL)

Eppendorf, Hamburg

Countess® Cell counting chamer slide

Life Technologies, Darmstadt

DNase/ RNase free water

Invitrogen, Karlsruhe

Einmal-Insulinkaniilen Sterican, G 30, 0,30 x 12 mm

B. Braun, Melsungen

Embedding cassette, Macro, white special polymer

Carl Roth, Karlsruhe

Facon™ conical centrifugal Tubes (15 mL, 50 mL) Falcon

Fisher Scientific, Waltham

Filters (0.22 um)

Millipore, Eschborn

Gloves (Safe Skin Purple Nitrile)

Kimberly Clark, BE

Glucometer Test strips Accu-Chek Inform Il

Roche, Basel

Insulin syringes BD Microfine, 0.3 mL, 8mm

BD, Franklin Lakes

LS Columns

Miltenyi Biotec, Bergisch Gladbach

MicroAmp® Optical 384-well Reaction Plate

Applied Biosystems, Darmstadt

MicroAmp® Optical Adhesive Film

Applied Biosystems, Darmstadt

Parafilm

Pechinery Inc., Wisconsin

Pasteurpipettes, PE, sterile

Th. Geyer, Hamburg
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SafelLock tubes (0.5, 1.5, 2.0, 5.0 mL)

Eppendorf, Hamburg

Sapphire PCR Tubes

Greiner Bio-One, Frickenhausen

S-Monovette® Lithium-Heparin, 9 ml, Verschluss orange,
(Lx@): 92 x 16 mm, mit Kunststoffetikett

Sarstedt
02.1065

Stainless Steel Beads, 5 mm

Qiagen, Hilden

TipOne Filter Tips (10, 20, 100, 200 and 1000 pL)

StarLab, Hamburg

5.7 Chemicals and Reagents

Name

Distributor

2-deoxy-D-glucose

Sigma-Aldrich, St. Louis

Agarose

Sigma-Aldrich, St. Louis

Aminoglutethimide

Santa Cruz Biotechnology, Heidelberg

Ammonium chloride

Sigma-Aldrich, St. Louis

Antimycin A

Sigma-Aldrich, St. Louis

Boric acid

Sigma-Aldrich, St. Louis

Bovine Serum Albumine (BSA)

Sigma-Aldrich, St. Louis

CaCl2 Sigma-Aldrich, St. Louis
Chloroform VWR International, Radnor
Collagenase Il Thermo Fisher, Waltham

Collagenase IV

Thermo Fisher, Waltham

CryoStor CS10 cell cryopreservation medium

Sigma-Aldrich, St. Louis

Dexamethasone

Sigma-Aldrich, St. Louis

D-Glucose

Sigma-Aldrich, St. Louis

Dimethyl sulfoxide (DMSO), cell culture grade

AppliChem GmbH, Darmstadt

DNase |

Roche, Basel

Dulbecco’s Modified Eagle Medium (DMEM)

Thermo Fisher, Waltham

Dulbecco's phosphate buffered saline (DPBS)

Life Technologies, Darmstadt

EDTA

Carl Roth, Karlsruhe

Ethanol absolute

Merck, Darmstadt

FCCP (Carboyl cyanide 4-trifluoromethoxy)phenylhydrazone)

Sigma-Aldrich, St. Louis

Fetal bovine serum (FBS)

Invitrogen, Karlsruhe

Ficoll Paque PLUS

GE Healthcare

Hanks’ Balanced Salt Solution

Sigma-Aldrich, St. Louis

Insulin human (recombinant yeast)

Sigma-Aldrich, St. Louis

lonomycin Biomol GmbH, Hamburg
L-Glutamine Thermo Fisher, Waltham
L-Glutamine Thermo Fisher, Waltham

Magnesium chloride (MgCl,)

Sigma-Aldrich, St. Louis

Oligomycin

Sigma-Aldrich, St. Louis

Penicillin/Streptomycin, Gibco™

Invitrogen, Karlsruhe

pH7 buffer

Bio X cell, Lebanon

Phorbol 12-myristate 13-acetate (PMA), PKC activator

Abcam, Cambridge
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Poly-D-lysine

Sigma-Aldrich, St. Louis

Potassium bicarbonate

Sigma-Aldrich, St. Louis

Purple loading dye (6X)

New England Biolabs, Frankfurt am Main

Rotenone

Sigma-Aldrich, St. Louis

Roti-Histofix 4%

Carl Roth, Karlsruhe

RPMI 1640 medium, GlutaMAX

Life Technologies, Darmstadt

Sodium hydroxide (NaOH)

Sigma-Aldrich, St. Louis

Sodium pyruvate

Invitrogen, Karlsruhe

SYBR Safe APEXBIO
SYBR Safe (APE-A8743) APExBIO, Houston
Tris base Sigma-Aldrich, St. Louis

Tris HCL (pH8)

Carl Roth, Karlsruhe

TRIzolI™ Reagent

Invitrogen, Karlsruhe

XF RPMI Seahorse Medium

Agilent Technologies, Santa Clara

B-Mercaptoethanol

Sigma-Aldrich, St. Louis

2-Propanol, 299.5 %, Honeywell™

Thermo Fisher, Waltham

Trypan Blue solution, 0.4%

Sigma-Aldrich, St. Louis

Trypsin 0.05% EDTA

Fisher Scientific, Waltham

0.9% sodium chloride for injection

VWR International, Radnor

Seahorse XF RPMI Medium pH7.4

Agilent Technologies, Santa Clara

pH6.5 buffer

Bio X cell, Lebanon

5.8 Instruments

Name

Distributor

Analytical scales

Sartorius, Gottingen

Countess Il Automated Cell Counter

Life Technologies, Darmstadt

EchoMRI Body Composition Analyzer

Zinsser Analytic GmbH, Eschborn

ECLIPSE Ts2-FL Microscope

Nikon, Amsterdam

Eppendorf Concentrator Plus (Vacuum dryer)

Eppendorf, Hamburg

FACS Aria lll

BD Biosciences, Franklin Lakes

Freezer, -20 °C

Liebherr, Biberach

Freezer, -80°C

Thermo Fisher, Waltham

Fridge, 4°C

Liebherr, Biberach

GelDoc

Bio-Rad, Hercules

Glucometer Accu-Chek Performa

Roche, Basel

Heat Block (Thermostat Plus), ThermoMixer

Eppendorf, Hamburg

Incubator CO;

Thermo Fisher, Waltham

Microplate shaker

VWR International, Radnor

Mr Frosty Freezing Container

Thermo Fisher, Waltham

Multichannel Stepper Voyager

INTEGRA Biosciences AG, Biebertal

Multipipette E3

Eppendorf, Hamburg
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NanoDrop2000

Thermo Fisher Scientific, Dreieich

Neubauer Counting Chamber

Marienfeld GmbH, Lauda-Konigshofen

pH-meter

VWR International, Radnor

Pipettes (10, 20, 100, 200 and 1000 pL)

Eppendorf, Hamburg

QlAxcel Advanced system

Qiagen, Hilden

QuadroMACS Separator

Miltenyi Biotec, Bergisch Gladbach

QuantStudio 6 Flex-Real-Time PCR System

Applied Biosystems, Darmstadt

QuantStudio 7 Flex-Real-Time PCR System

Applied Biosystems, Darmstadt

Seahorse XF Prep Station

Agilent Technologies, Santa Clara

Seahorse XFe96 Extracellular Flux Analyzer

Agilent Technologies, Santa Clara

Table Centrifuge

Thermo Fisher, Waltham

Table Centrifuge 5702 R

Eppendorf, Hamburg

Thermocycler PCR

Applied Biosystems, Darmstadt

Tissuelyser Il

Qiagen, Hilden

Tube Rotator

VWR International, Radnor

Vacuum pump

Neolab, Heidelberg

Varioskan™ LUX multimode microplate reader

Thermo Fisher, Waltham

Vortex-Genie 2

Scientific Industries Inc., New York

Water bath

Neolab, Heidelberg
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6 APPENDIX
6.1 Author contributions
6.1.1 First-author publications

In the following section, my individual contribution to my two peer-reviewed first-author papers will
be listed.

Morigny P.*, Zuber J.*, Haid M., Kaltenecker D., Riols F., Lima J. D. C., Simoes E., Otoch J. P., Schmidt
S.F.,HerzigS., Adamski J., Seelaender M., Berriel Diaz M., and Rohm M. (2020). High levels of modified
ceramides are a defining feature of murine and human cancer cachexia. Journal of Cachexia,
Sarcopenia and Muscle, 11, 1459-1475, 10.1002/jcsm.12626

*equul contribution

The aforementioned study was conducted in collaboration with Dr. Pauline Morigny with equal
contribution by both of us. In detail, my individual contributions to this paper are as follows:

Major contribution to the conduction of all in vivo studies that are shown in the paper with support
from Dr. Pauline Morigny and Dr. Doris Kaltenecker, shared analysis of all lipidomics data and
visualization of these, shared performance of gPCRs. | performed the analyses of patient
characteristics. Finally, drafting and writing of the manuscript was performed by Dr. Pauline Morigny
and me. Conceptualization of the manuscript was performed together with Dr. Maria Rohm,
Dr. Mauricio Berriel Diaz, Dr. Pauline Morigny and me. All co-authors were involved in aspects of
scientific discussion, interpretation of the results and reviewed the manuscript.

Geppert J., Walth A.A,, Terrén Expdsito R., Kaltenecker D., Morigny P. Machado J., Becker M., Simoes
E., LimaJ.D.C., Daniel C., Berriel Diaz M., Herzig S., Seelaender M., Rohm M. (2021). Aging Aggravates
Cachexia in Tumor-Bearing Mice. Cancers (Basel), 14(1). doi:10.3390/cancers14010090

| have contributed to this paper as follows:

| performed the in vivo studies with support from Alina Walth, Dr. Doris Kaltenecker and Dr. Pauline
Morigny. Moreover, | performed all experiments that are displayed in the paper except for western
blots, which were conducted by Alina Walth and staining of muscle sections and quantification of the
cross-sectional area in gastrocnemius muscles, which was performed by Dr. Juliano Machado. Patient
data were collected and patient parameters (expect for GDF15 and IL6) assessed by Dr. Estefania
Simoes Fernandez, Dr. Joanna D.C.C. Lima and Dr. Marilia Seelaender, while | conducted the analyses
for the paper. Data analysis and plotting for all experiments were performed by me. Dr. Maria Rohm
and | conceptualized the manuscript and finally, Dr. Rohm wrote the manuscript draft, which was
reviewed and edited by Dr. Rohm and me.

6.1.2 Additional publications

Peer-reviewed publications:

Karabid N. M.*, Wiedemann T.*, Gulde S., Mohr H., Segaran R. C., Geppert J., Rohm M., Vitale G.,
Gaudenzi G., Dicitore A., Ankerst D. P., Chen Y., Braren R., Kaissis G., Schilling F., Schillmaier M.,
Eisenhofer G., Herzig S., Roncaroli F., Honegger J. B., Pellegata N. S. (2022). Angpt2/Tie2
autostimulatory loop controls tumorigenesis. EMBO Mol Med, el4364.
do0i:10.15252/emmm.202114364
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Morigny P., Kaltenecker D., Zuber J., Machado J., Mehr L., Tsokanos F. F., Kuzi H., Hermann C. D,,
Voelkl M., Monogarov G., Springfeld C., Laurent V., Engelmann B., Friess H., Zoérnig |., Krlger A.,
Krijgsveld J., Prokopchuk O., Fisker Schmidt S., Rohm M., Herzig S., Berriel Diaz M. (2021). Association
of circulating PLA2G7 levels with cancer cachexia and assessment of darapladib as a therapy. J
Cachexia Sarcopenia Muscle, 12(5), 1333-1351. doi:10.1002/jcsm.12758

Fischer K, Rieblinger B, Hein R, Sfriso R, Zuber J, Fischer A, Klinger B, Liang W, Flisikowski K, Kurome
M, Zakhartchenko V, Kessler B, Wolf E, Rieben R, Schwinzer R, Kind A, Schnieke A. (2020). Viable pigs
after simultaneous inactivation of porcine MHC class | and three xenoreactive antigen genes GGTAL,
CMAH and B4GALNT2. Xenotransplantation, 27:e12560

Posters presented at international conferences:

Zuber J., Morigny P., Haid M., Seelaender M., Berriel Diaz M., Rohm M. Circulating lipids are defining
features of murine and human cancer cachexia. 13th International SCWD Digital Conference on
Cachexia, Sarcopenia and Muscle Wasting. 2020 Dec 11-13; online.

Zuber J., Morigny P., Haid M., Seelaender M., Herzig S., Berriel Diaz M., Rohm M. Circulating lipids are
defining features of murine and human cancer cachexia. 6th Cancer Cachexia Conference: Bridging
Molecular Advances to Clinical Care. 2021 Aug 27-29; online.

6.2 Glossary

2-DG 2-Deoxyglucose CTL Cytotoxic T lymphocyte

Abcal ATP Binding Cassette Subfamily A CTLA4 cytotoxic T lymphocyte-associated antigen-4
Member 1

ACTH adrenocorticotropic hormone Ctsl Cathepsin-L

AG Aminoglutethimide DAG diacylglycerol

AKT protein kinase B DEGs differentially expressed genes

AP1 adaptor-related protein complex 1 ECAR extracellular acidification rate

APC adenomatous polyposis coli EchoMRI  Echo magnetic resonance imaging

APCs antigen-presenting cells Eomes Eomesodermin

APPR acute phase protein response ERK extracellular-signal-regulated kinase

APPs acute phase proteins ESPEN European Society of Clinical Nutrition and

Metabolism

ATGL adipose triglyceride lipase eWAT epididymal white adipose tissue

ATP Adenosine triphosphate FAO fatty acid oxidation

Bcl6 BCL6 transcription repressor FasL Fas ligand

BMI Body Mass Index FFAs free fatty acids

Btgl B-Cell Translocation Gene 1 FoxO Forkhead-box O

C26 Colon26 FOXP3 forkhead box P3

cAMP Cyclic adenosine monophosphate GAPDH glyceraldehyde-3-phosphate dehydrogenase

CART chimeric antigen receptor T cell GATA3 GATA binding protein 3

cell

CCR2 C-C motif chemokine receptor 2 GCs glucocorticoids

CCR7 C-C motif chemokine receptor 7 GDF15 Growth Differentiation Factor 15

CERs ceramides GFRAL GDNF receptor alpha-like

CM conditioned medium GILZ Glucocorticoid-induced leucine zipper

Cptla Carnitine Palmitoyltransferase 1A GLUT1 Glucose Transporter 1

CRAC calcium release-activated Ca2+ channels GR Glucocorticoid receptor

CRH corticotropin releasing hormone GZMB granzyme B



HSL
ICI
HCERs
HDL
HIF
IFNy
IL
IL-1R2
IL2Ra
ImpL2
IP3
IPA
irAEs
ITAMs

Itgad
Itgal
iWAT
JAK
KEGG

KIf2
KPC
LAG3

LAT
LCK

Ldha
LDL
LLC
LMF
LPCs
LPL
MAFbx
MAPK
MDSCs
MGL
MHC

Min
MKP1
mTOR
mTORC2

MuRF1
ndLNs
NEFA
NFAT
NFkB

NK cell
NPY
NR4A

hormone sensitive lipase
Immune checkpoint inhibitor
hexosyl-ceramides

High density lipoprotein
Hypoxia Inducible Factor
interferon gamma

Interleukin

Interleukin 1 Receptor Type 2
interleukin 2 receptor a chain
secreted insulin/IGF antagonist
inositol triphosphate

ingenuity pathway analysis
Immune-related adverse effects
immunoreceptor tyrosine based
activation motifs

Integrin Subunit Alpha 4
Integrin Subunit Alpha L
Inguinal white adipose tissue
Janus Kinase

Kyoto Encyclopedia of Genes and
Genomes

Krupple-like factor 2

K-rasLSL.G12D/+; Trp53R172H/+; Pdx-1-
Cre mutation
lymphocyte activation gene 3

linker of activated T cells
lymphocyte-specific protein tyrosine
kinase

Lactate Dehydrogenase A

low density lipoprotein

Lewis Lung Carcinoma
lipid-mobilizing factor
Lysophosphatidylcholines

lipogenic enzyme lipoprotein lipase
muscle atrophy F box

Mitogen activated protein kinase
myeloid-derived suppressor cells
monoglyceride lipase

major histocompatibility complex

multiple intestinal neoplasia

MAP kinase phosphatase-1

Mechanistic Target Of Rapamycin Kinase
mTOR complex 2

muscle RING finger 1
non-draining lymph nodes
non-esterified fatty acid

nuclear factor of activated T cells
nuclear factor 'kappa-light-chain-
enhancer' of activated B-cells
natural killer cell

neuropeptide Y

nuclear receptor subfamily 4A

OCR
OXPHOS
PD1
PKCO6
PLCy1
Plind
POMC
PP2A
PTHrP
Raptor
RasGRP1
REE
Rictor
RORyt

Slprl
Satl
SCID
SCWD
Slc2al

SLP76
SMs
STATS

TAG
TCM

TCR
TEM
Tfh
TG
TGFB
Th cell
TIGIT
TILs
TME
TNFa
TOX

Tregs
Tsc22d3
TSC22D4
TUNEL

Ucpl
UPR
UTR
VAV1
WAT

ZAG
ZAP70
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oxygen consumption rate

oxidative phosphorylation

Programmed cell death 1

protein kinase CO

phospholipase Cy1

Perilipin 4

proopiomelanocortin

protein phosphatase 2A

parathyroid hormone-related protein
regulatory associated protein of mTOR
Ras Guanyl-Releasing Protein 1

resting energy expenditure
rapamycin-insensitive companion of mTOR
retinoic acid-related orphan receptor yt

Sphingosine-1-Phosphate Receptor 1
Spermidine/Spermine N1-Acetyltransferase 1
Severe combined immune deficiency
sarcopenia, cachexia and wasting disorders
Solute Carrier Family 2 Member 1

SH2 domain containing leukocytes protein 76
kDa
sphingomyelines

signal transducer and activator of
transcription 5

triacylglycerol

central memory T cell

T cell receptor

effector memory T cell

follicular helper T cells

triglyceride

transforming growth factor beta 1

T helper cell

T cell immunoglobulin and ITIM domain
tumor-infiltrating lymphocytes

Tumor microenvironment

tumor necrosis factor alpha

thymocyte selection-associated high mobility
group box

regulatory T cells

TSC22 Domain Family Member 3

TSC22 Domain Family Member 4

terminal deoxynucleotidyl transferase dUTP
nick end labeling

uncoupling protein 1

ubiquitin-mediated proteasome degradation
untranslated region

guanine nucleotide exchange factor 1
White adipose tissue

zinc-alpha-2-glycoprotein
Zeta-chain-associated protein kinase 70
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