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Abstract (English):

Cachexia remains an enigmatic syndrome that manifest alongside a variety of chronic
inflammatory diseases, infections and malignancies, with very limited treatment options.
Infection-associated cachexia is particularly underdiagnosed and understudied form of the
syndrome. In this study, we implement an integrative approach to investigate the
physiological, cellular and molecular changes during infection-associated cachexia in a murine
model of chronic viral infection. We found that the onset of cachexia was couple to short-term
anorexia, lethargy and triggered a depletion of both fat and muscle mass. We further
characterized global changes in the adipose tissue architecture and metabolic program. In
addition, we use a number of pharmachological and genetic perturbation to identify the
inflammatory and immune triggers upstream of peripheral tissue wasting. Surprisingly, the
classical cytokines associated with cancer cachexia did not contribute to wasting in this model.
Instead, cachexia was triggered by CD8'T cells at a timepoint preceding the peak of T cell
response and required T cell—intrinsic type | interferon signaling and antigen-specific priming.
Our results link systemic antiviral immune responses to adipose-tissue remodeling and reveal

an underappreciated role of CD8"T cells in infection-associated cachexia.



Abstract (German):

Kachexie bleibt ein ratselhaftes Syndrom, welches sich im Laufe von verschiedenen
Entzliindungs-, Infektions- und Krebserkrankungen manifestiert, mit sehr limitierten
Behandlungsoptionen. Die Infektions-assoziierte Kachexie ist eine besonders
unterdiagnostizierte und wenig studierte Unterform dieses Syndroms. In dieser Studie
implementieren wir eine integrative Herangehensweise, um die physiologischen, zellularen
und molekularen Veranderungen wahrend Infektions-assoziierter Kachexie in einem
Mausmodell fir chronische virale Erkrankungen zu studieren. Wir fanden heraus, dass die
Anfangsphase der Kachexie mit kurzzeitiger Anorexie und Lethargie verknupft ist, was einen
Schwund von Fett- und Muskelmasse zur Folge hat. Wir haben dartiber hinaus die globalen
Veranderungen im Aufbau und Metabolismus des Fettgewebes charakterisiert. Zusatzlich
verwenden wir eine Vielzahl an pharmakologischen und genetischen Pertubationen, um die
entziindlichen und immunologischen Ausloser, die fir den peripheren Gewebeschwund
verantwortlich sind, zu identifizieren. Uberraschenderweise tragen die klassischen Zytokine,
welche mit Krebs assoziierter Kachexie in Verbindung gebracht werden, in diesem Modell
nicht zum Gewebeschwund bei. Stattdessen wird die Kachexie von CD8+ T-Zellen zu einem
Zeitpunkt, der vor dem Maximum der T-Zell Antwort stattfindet, hervorgerufen. Dieser Prozess
ist abhangig von T-Zell intrinsischen Interferon Typ 1 Signalen, sowie Antigen-spezifischem
Priming. Unsere Erkenntnisse verbinden systemische antivirale Immunantworten mit
Veranderungen im Fettgewebe und enthillen eine unterschatzte Rolle von CD8+ T-Zellen in

Infektions-assoziierter Kachexie.
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Introduction:

When an organism is faced with a prolonged exposure to a critical conditions, be it external,
such as predation or famine, or internal such as infections or malignancies, it needs to develop
specialized strategies to maximize its chances of survival (Wang et al, 2019; Hotamisligil,
2017; Hayward et al, 2013). In the case of infections, innate surveillance machineries are able
to identify the threat, and acquire the essential information to initiate critical decision making
processes during the first hours following infection (Shin et al, 2016; Moseman & McGavern,
2013). The biological nature of the pathogen, initial inoculum and replicating rate as well as
its pathogenicity and tropism, are all factors that influence whether the immune system will
launch a defensive response or activate tolerogenic responses (Ayres & Schneider, 2012;
Medzhitov et al, 2012). This is because immunological responses aimed at combating
pathogens are energetically very expensive, and can cause immunopathology and tissue
damage that then may require tissue repair. Meanwhile, the energy reserves available for the
host are limited. Moreover, the basal energy requirements designated to support growth,
reproduction and maintenance programs, the so-called life history traits, must be taken into
consideration (Stearns 1992).

Many efforts have been made towards a better understanding of the major regulatory
pathways coordinating organismal energy distribution. Even within homeostatic conditions this
remains a very challenging endeavor that involves complex and overlapping signaling
pathways across multiple organs (Lempradl et al, 2015; Krauss et al, 2012). Moreover, these
pathways are often influenced by circadian regulation, nutritional state as well as other
developmental and environmental changes across the organism’s life cycle (Sahar &
Sassone-Corsi, 2012; Di Francesco et al, 2018). Over the past few years, a number of studies
described a variety of mechanisms by which metabolism influences immune responses and
vice versa, launching a new field of research in immunometabolism (Buck et al, 2017; Mathis,
2019; O'Neill et al, 2016).

The first landmark studies in immunometabolism mostly focused on exploring the metabolic
regulation within innate and adaptive immune cells in vitro using metabolic flux analysis and
pharmacological manipulations (Krawczyk et al, 2010; Michalek et al, 2011; Shi et al, 2011;
Haschemi et al, 2012). As the field matured, more in vivo studies emerged and focused on the
consequences of the metabolic reprogramming during infection (Geltink et al, 2018; Norata et
al, 2015). A number of these studies described multiple mechanisms by which trade-offs are
made between life history traits and the immune response. Many of these strategies can
manifest as pathophysiological and behavioral changes termed “sickness-behavior” (Shattuck
& Muehlenbein, 2015; Harden et al, 2015). This includes thermal-regulation (hyperthermia in
humans, and hypothermia in some murine infections), anorexia, lethargy, and/or social

isolation (Filiano et al, 2016). It's important to note that all such manifestations of disease are



neither always beneficial nor always detrimental, but are highly context dependent. Studies of
different infection models described a specialized role for anorexia, rendering it as both
adaptive and maladaptive (Wang et al, 2016; Rao et al, 2017). In this context, anorexia is
defined as a reduction in food intake, commonly due to inflammation-induced hypothalamic
regulation, which results in a significant body weight loss. This is to be distinguished from
anorexia nervosa, a mental illness in which the fear of weight gain, and the desire to be thin
causes individuals to restrict their dietary intake to a degree that renders them critically
malnourished (Attia, 2010). Additionally, parallel trade-off strategies can be coordinated
independently within the same organism to address different aspect affecting host survival.
For instance, during lipopolysaccharide (LPS) injection, or Listeria monocytogenes (L.
monocytogenes) infection, an adaptive role has been shown to both homeothermic regulation
and anorexia (Wang et al, 2016; Ganeshan et al, 2019). Hypometabolic hypothermic response
was shown to promote disease tolerance and survival, independently of anorexia and lethargy
(Ganeshan et al, 2019), while anorexia-induced ketogenesis proved essential in mitigating
reactive oxygen species (ROS)-induced neuronal damage and thus promoting host survival.
Reversing L. monocytogenes-associated anorexia through nutritional supplement, in
particular, glucose supplement, resulted in lethality (Wang et al, 2016). On the other hand,
supplementing glucose to anorexic mice during influenza infection increased their survival,
suggesting a detrimental mode of anorexia (Wang et al, 2016). During Salmonella
typhimurium (S. typhimurium) infection, the pathogen itself actively inhibits anorexia in the
host by blocking the interleukin 1-beta (IL1p)-mediated gut-brain signaling axis. By doing so
S. typhimurium promoted host survival, and maintained the host’s food consumption, which
subsequently facilitates prolonged pathogen transmission through fecal shedding (Rao et al,
2017).

The work of this thesis investigates the pathophysiology of a more enigmatic nature called
“Cachexia”. It is a complex syndrome which engages multiple inflammatory, metabolic and
behavioral programs across different organs and results in a severe depletion of muscle and
fat mass (Fearon et al, 2011). Cachexia occurs alongside numerous chronic inflammatory
illnesses and is often associated with advanced stages of disease. This includes many
aggressive cancer types, chronic infections with human immunodeficiency virus (HIV) or
tuberculosis (TB), and other chronic ilinesses such as multiple sclerosis, chronic kidney failure,
or chronic heart failure (Baracos et al, 2018; Keithley & Swanson, 2013; Cheung et al, 2010).
The manifestation of cachexia has a severe impact on the patient’s prognosis and survival. It
also affects their mental health and that of their care-givers due to the severe visual effect of
such an extreme weight loss, as well as the inability of the patients to care for some of their
basic daily needs (Lok, 2015). During cancer-associated cachexia, patients with a very

advanced stage of cachexia (so called refractory cachexia) reach a state of weakness in which



therapeutic interventions become inappropriate (Fearon 2011). Moreover, the depleted
muscle mass and strength could result in cardiac arrhythmias, respiratory weakness or other

complications that may result in mortality (Baracos et al, 2018).

1.1 Cachexia: clinical diagnosis, and human data.

In 2011, the results of an international Delphi consensus process was published in the Lancet
Oncology led by Fearon et al.(Fearon et al, 2011). This process brought together a diverse
group of medical and surgical oncologists, palliative care physicians and nutritionists to
formalize a definition for cancer-associated cachexia. The consensus reached described
cachexia as a multifactorial syndrome, during which skeletal muscle mass is depleted either
with or without the depletion of fat mass, and a result of a negative energy balance, and
reduced food intake. Importantly, conventional nutritional supplementation is insufficient in
reversing cachexia.

In practical terms cachexia in human patients is diagnosed by an involuntary weight loss of
over 5% over the course of 6 months (Fearon et al, 2011; Baracos et al, 2018; Tisdale, 2002).
However there are two factors that call for making exceptions to this criteria. The first concerns
individuals with a low body mass index (BMI), here cachexia could be defined by the loss of
over 2% of body weight with a BMI lower than 20kg/m? and/or sarcopenia (Fearon et al, 2011).
The second concermns individuals with obesity, a very prevalent demographic in modern
western societies, and one that is on the rise in many developing countres. In this case weight
loss could easily go undetected, especially if muscle loss occurs without a significant loss of
fat mass (Martin et al, 2013). These variations in the patient’s baseline bodyweight makes
diagnosis solely on the basis of weight insufficient, especially considering that amongst
individuals with the same underlying illness, weight loss occurs at variable stages of disease
and progresses at different rates (Baracos et al, 2018). This creates a need to set and
standardize more sophisticated diagnostic criteria, which incorporate weight loss with
computed tomography (CT) or magnetic resonance imagining (MRI) measurement, evaluation
of food intake and metabolic alterations (Martin, 2016; Fearon et al, 2011). To
comprehensively evaluate the loss of muscle and fat mass, most clinical studies used axial
lumbar CT scans, which are anchored at the 3™ lumbar vertebra. At this position, a good
correlation has been established with the whole body volume of the respective tissue (Baracos
et al, 2018; Martin, 2016). Cachectic patients are also evaluated for the cause of their reduced
food intake, as it is important to establish whether it is due to damage to their digestive track
or caused by alterations in their appetite (Baracos et al, 2018). Other measurements of serum
inflammatory cytokines and signaling hormones have been used to diagnose cachexia,
however, these criteria show high variability amongst patients (Martin, 2016). In the case of

patients suffering from infection-associated cachexia, there is little data available mostly due



to the low rate of diagnosis. During HIV infection, it is often difficult to distinguish HIV-
associated cachexia from HIV-1-associated lipodystrophy syndrome (HALS) (Kotler, 2004;
Wanke, 2004). As opposed to cachexia, lipodystrophy is characterized by abnormal lipid
redistribution, and its ectopic deposition in other organs, such as liver and muscles. Moreover,
lipodystrophy occurs in association with infections such as HIV and tuberculosis (TB), or can
result from genetic defects that give rise to either partial or complete lipodystrophy

(Vegiopoulos et al, 2017).

1.1.1 Adipose tissue wasting.

Adipose tissue wasting is a prominent feature of both cancer- and infection-associated
cachexia. In general terms, the proinflammatory state that follows an infection or malignancy,
triggers global changes that effect lipid metabolism and adipose tissue homeostasis
(Hotamisligil, 2017; Mathis, 2019). The exact inflammatory and/or hormonal mediators of
adipose tissue wasting are not entirely defined, and tend to vary across diseases. Adipose
tissue lipogenesis and lipid uptake becomes restricted and the rate of lipolysis is increases,
which results in a severe depletion of the adipose lipid droplets, and excessive release of
none-esterified fatty acids (NEFA) and glycerol into the circulation. This excess of circulating
lipids leads to lipotoxicity, increased reactive lipid species and aggravates metabolic
dysfunction (Vegiopoulos et al, 2017; Sassoon, 2016; Fukawa et al, 2016).

When examining adipocyte morphology, it becomes clear that lipid droplets occupy most of
the cell volume. Lipid droplets contain mainly neutral lipids in the form of triacylglyceride (TGs)
coated by a layer of phospholipids and lipid-associated proteins, such perilipin. During the
postprandial state, perilipin act as a protective coat that shields the lipid droplet from the
hydrolytic activity of adipose lipases. Meanwhile, adipose triglycerides lipase (ATGL) and
hormone sensitive lipase (HSL) are suspended in the cytosol. Ingested dietary lipids are
packaged into chylomicrons and very low density lipoproteins (vLDL) in the liver, and then
released into the circulation. When they reach the adipose tissue, vascular lipases, mainly
lipoprotein lipase (LPL) are secreted into the capillary lumen to hydrolyze the chylomicrons
and vLDL TG content. This is an essential step that allows lipid uptake into the cells
(Whitehead, 1909), either passively through cellular diffusion, or actively through membrane
proteins such as the lipid scavenger receptor CD36 (Balaban et al, 2015). Within adipocytes,
NEFAs are converted into fatty acyl-CoA (FA CoA) to serve as an acyl-donor for TG synthesis,
either through the glycerol phosphate pathway, or through the monoacylglycerol (MG)
pathway (Coleman et al, 2002). Both pathways converge upon the synthesis of diacylglycerols
(DG), which are then further esterified into TGs and packaged into a membrane bilayer

through acyl-CoA:diacylglycerol acyltransferase (DGAT) family enzymes DGAT1 and DGAT2,



the rate-limiting enzyme being DGAT2, due to its higher enzymatic activity at lower substrate
levels (Liang et al, 2008).

When fasting, or undergoing stressful conditions, lipolysis is activated in response to a number
of stimuli that either bind and activate cell surface receptors or diffuse through the cell
membrane. On the cell surface, thyroid stimulated hormone receptors (TSHRs), beta-
adrenergic receptors (3-ARs) and natriuretic peptide receptor A (NPR-A) activate lipolysis in
response to signals from free thyroxine (fT4) and free triiodothyronine (fT3), catecholamines,
or natriuretic peptides respectively (Duncan et al, 2007; Nielsen et al, 2014). The binding of
TSHRs or 3-ARs to their ligands leads to the activation of adenyl cyclase (AC) through guanine
nucleotide-binding protein (GNAS), and the release of cyclic adenyl monophosphate (CAMP),
which in turn phosphorylates protein kinase A (PKA). In humans the activation of NPR-A leads
to the release of cyclic guanine monophosphate (cGMP), which in turn phosphorylates protein
kinase G (PKG) (Nielsen et al, 2014). PKA and/or PKG subsequently phosphorylate both
perilipin and HSL (Ser660). Phosphorylated HSL (pHSL) translocated towards the surface of
the lipid droplet, whereas phosphorylated perilipin undergoes conformational changes that
lead to increased access to the lipid droplet, allowing pHSL and ATGL to bind to their lipid
substrate (Zechner et al, 2012). Moreover, when perilipin is phosphorylated it releases the
Comparative Gene ldentification-58 (CGI-58) which is otherwise bound to it. CGI-58 then
binds to ATGL, which is an essential step for ATGL to reach its full hydrolytic capacity (Lass
et al, 2006; Lu et al, 2010). ATGL also interacts with GOG1 switch protein 2 (G0S2), however
the full nature of their interaction is still not fully understood (Lu et al, 2010). HSL/pHSL and
ATGL activity mediates about 90% of lipolysis in the adipocytes (Schweiger et al, 2006). HSL
mediates stimulated lipolysis and is capable of hydrolyzing TGs and DGs, though it has a
higher affinity for the latter. ATGL mediates basal lipolysis, and mainly acts on TGs. The
remaining MG are broken down by MG lipase (MGL) and the resulting NEFAs are released
into the circulation. NEFAs are taken up by other tissue as substrates for fatty acid oxidation
(FAO), ketoneogenesis or other synthetic or signaling pathways (Rambold et al, 2015; Nielsen
et al, 2014; Calder, 2012). Glycerol is transported into the liver, where it is used in
gluconeogenesis (Jelen et al, 2011) (Figure 1).

It is worth noting that lipogenesis and lipolysis are not mutually exclusive processes, but they
are constantly held in balance to mediate a cycle of hydrolysis and re-esterification. This
creates a buffering system to prevent the accumulation of reactive lipid species, provides
intermediary molecules and allows for the replenishment of the adipose lipid pool (Zechner et
al, 2012; Armer & Langin, 2014). Within the lifespan of an adipocyte, which is approximately
10 years, its lipid content is renewed over 6 times, a rate which inversely correlates with
adipose tissue inflammation, highlighting an important role for the hydrolysis-re-esterification

cycle in maintaining tissue homeostasis (Arner et al, 2011; Rydén et al, 2013).



During cancer-associated cachexia, a number of proinflammatory cytokines including tumor
necrosis factor (TNF), interleukin 6 (IL6) and interferon gamma (IFNy) have been shown to
mediate adipose tissue wasting by increasing energy expenditure, lipid mobilization or by
increased catecholamine signaling (Arner & Langin, 2014). The increase in energy
expenditure could be partially attributed to the increased rate of adipose tissue
beiging/browning, which takes place in a subset of adipocytes called beige/bright adipocytes
(Petruzzelli et al, 2014; Kir et al, 2014). This subset of cells has a distinct lineage from both
white (WAT) and brown (BAT) adipocytes. In steady state, beige adipocytes accumulate large
lipid droplets and behave as WAT. However, when non-shivering thermogenic demand is
increased, these cells adopt a more BAT-like behavior, by increasing their mitochondrial
content and performing uncoupling protein 1 (UCP1)-mediated thermogenesis (Wu et al,
2012; Petruzzelli et al, 2014). This process consumes a large amount of NEFAs which is
thought to account for a portion of the energy loss during certain types of cancer-associated
cachexia. The extent to which adipose tissue beiging contributes to cachexia in humans,
however, is still controversial (Baracos et al, 2018). The cachexia-associated increase in
lipolysis occurs through a variety of pathways associated with systemic inflammation. On a

transcriptional level, increased ATGL (Pnpla2) and/or HSL (Lipe) mRNA expression can
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Figure 1: Adipose tissue lipolysis.

Activation of lipolysis during fasted state is mediated by a number of hormonal signals,
including glucocorticoids (GCs), thyroid stimulated hormones (TSH), catecholamines, and
natriuretic peptides (NP). GCs diffuse freely across the cellular membrane and mediate a
variety of functions through the binding to their cytosolic GC-receptor (GR). The binding of
TSHR, B-ARs or NPR-A to their respective ligands triggers the release of cAMP/cGMP, the
phosphorylation of PKA/PKG, and their downstream targets, including HSL, ATGL and PLIN.
This leads to the increased lipolysis and the breakdown of TGs, DGs, and MG into free fatty

acids and glycerol which are then released into the circulation.

promote lipolysis. Although, the two do not always correlate, indicating that other regulatory
approaches are more important in regulating ATGL and HSL activity (Zechner et al, 2012).

Increased adipose tissue lipolysis also occurs due to decreased perilipin (Plin1) mRNA
expression, rendering lipid droplets more exposed to lipolysis (Silvério et al, 2017). Other
factors can affect the PKA-mediated phosphorylation, either directly, or by blocking adenyl
monophosphate-activated protein kinase (AMPK), a negative regulator of PKA

phosphorylation (Djouder et al, 2010).

1.1.2 Muscle atrophy.

Muscle atrophy is perhaps the most studied aspect of cachexia, as it is thought to be the main
factor leading to functional impairment and mortality (Cohen et al, 2014). The reduced muscle
mass and strength limits the patient’s ability to perform daily activities and to care for
themselves, which could have a big impact on their psyche, and put them in a greater risk of
harm (Lok, 2015). Moreover, muscle atrophy is not only limited to skeletal muscles but could
also interfere with both cardiac and pulmonary function (Baracos et al, 2018; Argilés et al,
2018). In both humans and mice, the onset of cachexia results in a reduction of heart size
(Olivan et al, 2012; Barkhudaryan et al, 2017), cardiac fibrosis, and alterations in myocardial
ultrastructure and contractile protein complex composition (Belury et al, 2010), these and other
factors could result in life threatening cardiac arrhythmias.

Muscle atrophy is attributed to three major factors: increased proteasomal activity (Sandri,
2016), increased autophagy (Von Haehling et al, 2017), and reduction of muscle regeneration
(Bossola et al, 2016). These processes share common upstream signaling pathways, mainly
the PI3BK-AKT-mTOR signaling axis (Cohen et al, 2014). During normal muscle growth, the
activation of this pathway leads to increased protein synthesis, and suppresses the
transcription factor forkhead box protein O (FOXO) (Glass, 2005). However, when muscle

atrophy is induced in conditions such as cachexia, PI3K-AKT-mTOR pathway signaling is



attenuated. As a result, the rate of protein synthesis drops, and the FOXO proteins are free to
translocate into the nucleus. FOXO1 and FOXO3, then mediates the increased mRNA
expression of muscle-specific RING-finger1 (Murf1) and atrogin1, both of which are
proteasomal proteases, commonly used as markers for muscle atrophy due to their consistent
increase across different models (Cohen et al, 2014). Moreover, FOXO1 and FOXO3 also
mediate the increased expression of genes involved in autophagy, a process by which cells
degrade unnecessary and dysfunctional organelles and cellular components (Von Haehling
et al, 2017). Muscle regeneration is also affected during cachexia, as indicated by the
decreased expression of myoblast determination protein 1 (Myod1). Myod1 is a master
regulator of muscle regeneration and growth. During cachexia, its expression is suppressed
through the activation of the NF-kB pathway, which prevents muscle stem cells from
differentiating into mature myotubes (Guttridge et al, 2000).

Several lines of evidence suggest that adipose tissue wasting predisposes or aggravates
muscles atrophy. This could be either through adipocyte secretion of proinflammatory factors
and cytokines, which directly trigger muscle atrophy (Argilés et al, 2018), or through the
increased release of NEFA in the circulation (Fukawa et al, 2016). The excessive rate of FAO
in skeletal muscles during cachexia leads to high levels of oxidative stress and ROS
generation. This in turn activates p38 mitogen-activated protein kinase (p38 MAPK) pathways,

and leads to muscular defects (Fukawa et al, 2016).

1.1.3 Soluble signaling regulators of cachexia.

Amongst the clinical data available from cachectic patients during cancer, infection and
chronic iliness, circulating cytokine profiles and acute-phase proteins (APP) are abundant.
However, these measurements are inconsistent and thus ill-suited as diagnostic criteria
(Martin, 2016; Baracos et al, 2018). A plausible explanation for these inconsistences is the
difference in the inflammatory context and/or genetic background of the patients.

TNF, IL6, IL1 and IFNy are some of the most prominent cytokines associated with cachexia
(Fearon et al, 2012; Argilés et al, 2009). In the periphery, these pro-inflammatory cytokines
can induce wasting by modulating gene expression through their activation of master
regulatory pathways, such as the Janus kinase family protein/signal transducer and activator
of transcription protein (JAK/STAT) pathway or the NF-kB pathways (Fearon et al, 2012;
Guttridge et al, 2000). For instance, in adipocyte cultures, TNF has been shown to inhibit
adipocyte differentiation (Sethi & Hotamisligil, 1999), lipogenesis and lipid uptake (Price et al,
1986), and to promote ATGL-mediate lipolysis (Yang et al, 2011; Patel & Patel, 2016). TNF
effects on lipolysis occur downstream of mitogen-activated protein kinase kinase and
extracellular signal-related kinase (MEK/ERK) signaling axis. MEK/ERK TNF-mediated
pathway activation leads to the inhibition of phosphodiesterase 3 (PDE3B) (Aoyagi et al,



2015). PDE3B is an enzyme downstream of insulin receptor signaling that limits PKA activity
through the sequestration of cAMP, and its conversion into 5’AMP (Nielsen et al, 2014). TNF
also mediates skeletal muscle wasting through its engagement with the NF-kB pathway (Patel
& Patel, 2016).

Many of these cytokines can also mediate both behavioral and physiological changes through
central regulation (Burfeind et al, 2016). The mediobasal hypothalamus (MBH) is part of the
central nervous system (CNS) that is particularly sensitive to inflammation, and can regulate
both feeding behavior and systemic metabolism (Cone et al, 2001). This modulation is likely
to be through cytokines targeting orexigenic neurons such as agouti-related peptide (AgRP)
or neuropeptide Y (NPY), or targeting anorexigenic neurons such as pro-opiomelanocortin
(POMC) (Grossberg et al, 2010). Cachectic patients suffering from pulmonary TB infection
showed elevated serum levels of peptide YY (PYY) (Chang et al, 2013), an appetite-regulating
hormone, which is secreted in the intestine and mediated a feedback regulation by interacting
with NPY in the hypothalamus (Vincent & le Roux, 2008).

Alternatively, cytokine signaling in the MBH, for example by IL13, can lead to activation of the
hypothalamic-pituitary adrenal axis (HPA) (Katsuura et al, 1988; Braun et al, 2011). This
activation of HPA, results in increased glucocorticoid (GC) production, which are known to
promote lipolysis in adipose tissue (Xu et al, 2009), and increased proteasomal degradation,
while inhibiting protein synthesis in muscles (Wing & Goldberg, 1993; Braun et al, 2011). In
the adipose tissue, GCs exhibit their effect on lipolysis through their engagement with the
cytosolic GC-receptor (GR) and its translocation into the nucleus, which then triggers a wide
range of transcriptional modulation (John et al, 2016). This includes the increased expression
of B-ARs and decreased PDE3B expression, which promote PKA-mediated lipolysis (Nielsen
et al, 2014). Additionally GCs increased ATGL and HSL expression while decreasing the
expression of perilipin (Xu et al, 2009).

Adipose tissue inflammation, also leads to the increased production of leptin, an adipokine
with a wide range of influence. It acts as a proinflammatory cytokine (Procaccini et al, 2013;
Cava & Matarese, 2004), promotes adipose tissue lipolysis (Friedman & Halaas, 1998;
Vegiopoulos et al, 2017) and modulates feeding behavior through its STAT3 mediated
hypothalamic signaling (Morrison, 2009; Zeng et al, 2015).

1.2 Therapeutic approaches.

In the majority of cases, therapeutic strategies addressing cachexia focus on establishing
supportive dietary and exercise regiments that meet the patient’'s capacity (Arends et al,
2017). Indeed, multiple trials showed a measurable improvement in muscle strength after
aerobic and resistance exercise during the early stages of cachexia (Stene et al, 2013).

Nutritional support occurs in different forms, depending on the disease stage of the patient



(Fearon et al, 2011). During the early stages of cachexia, patients received dietary
supplements and/or follow dietary programs under the close observation of a nutritionist.
However, at an advanced stage patients suffering severe functional impairment are forced to
rely on enteral or parenteral feeding (Arends et al, 2017; Baracos et al, 2018).

In some cases, orexigenic treatments are also implemented to increase the patient’s appetite
and food intake. Such an example is Anamorelin, a ghrelin agonist which stimulates food
intake by binding to the growth hormone secretagogue receptor (GHS-R) (Von Haehling &
Anker, 2014; DeBoer, 2011). Patients suffering from cancer-associated cachexia (DeBoer,
2011), as well as chronic obstructive pulmonary disease (COPD)-associated cachexia (Miki
et al, 2012) receiving Anamorelin treatment showed some improvement in body weight, fat
and lean mass, however, no correlation was made to strength or survival (Argilés et al, 2017;
Von Haehling & Anker, 2014).

Other pharmacological treatments target either specific cachexia-associated proinflammatory
cytokines such as IL6 and TNF, aim to alter muscle atrophy (Zhou et al, 2010), or target lipid
metabolism (Argilés et al, 2017). However, in most of these cases, the involvement of these
factors vary according to the underlying illness, which speaks for the importance of

personalized treatment plans to achieve the most improvement.

1.3 Experimental models of Cachexia.

The maijority of the mechanistic information available regarding cachexia is acquired through
murine models of cancer-associated cachexia. Many of these models rely on ectopic or
orthotopic injection of cancer cells that have been cultivated in culture (DeBoer, 2009). Both
approaches have their limitations (Penna et al, 2016), and the choice of administration route
has to be made carefully as it results in phenotypic variations both in the tumor growth and
the manifestation of cachexia. When using ectopic injection, tumors grow at very high rate,
while cachexia takes time to manifest. This leaves a very narrow time window to study
cachexia, before it becomes ethically necessary to sacrifice the mice (DeBoer, 2009; Penna
et al, 2016). On the other hand, using orthotopic injection requires performing surgery, which
introduces an additional factor of variability and is more invasive. Even when using ectopic
administration, the outcome can highly vary between subcutaneous or intramuscular
injections. For instance, when administering Lewis Ilung carcinoma (LLC) cells
subcutaneously, it takes 28 days for cachexia to develop. With intramuscular administration,
cachexia develops within 15 days only. Moreover, the rate of metastasis is much higher with
subcutaneous injection (Penna et al, 2016). Another examples is the C26 colon cancer model,
where anorexia is only seen during subcutaneous but not intraperitoneal injection. In both
cases, the mice do exhibit other signs of cachexia, including both adipose tissue and muscle

wasting (Matsuyama et al, 2015).
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Tumors used as cancer cachexia models also differ in their genetic background, an important
variable to consider when weighing the translational potential of a dataset. The LLC cells were
obtained from C57BL/6 mice that spontaneously developed tumors (Margret Lewis 1951). In
this case, one could consider this a naturally developed tumor, though the highly inbred nature
of these mice could be a contributing factor. The C26 colon cancer model, is chemically
induced and therefore carries an artificial developmental pathway. It was isolated from a
mouse that was exposed to carcinogens (Corbett et al, 1975).

In order to mimic the slow and gradual progression of cachexia observed in humans, a number
of genetic models were developed. APC™"* mice, contain a mutation in the tumor suppressor
gene adenomatous polyposis coli (Apc). They develop tumors when they’re approximately 4
weeks old, and cachexia 10 weeks after the tumor development. Around 16 days after tumor
development, a 15% weight loss is observed (Puppa et al, 2011; Baltgalvis et al, 2010). Other
models include the Tsc2""Eu-Myc model for B lymphomas, the MKN-45 stomach cancer
model, and the ASV-B model for hepatocellular carcinoma (HCC). There are also genetic
models available for metastatic tumor models such as the two breast cancer metastasis
models MDA-MB-231 and 4T1 mammary carcinoma (Konishi et al, 2015).

Models of cachexia outside the cancer setting are very limited, especially when it comes to
infection-associated cachexia. Experimental models of parasitic infections develop cachexia
gradually over a longer timeframe before reaching their endpoint. Such models include
infection with Toxoplasma gondii, an obligatory intracellular protozoan with multiple hosts to
support different stages of its life cycle (Molloy et al, 2013). When Toxoplasma cysts are
ingested, mice lose up to 20% of their initial body within the first 10 days after infection. The
infected mice display anorexia and wasting of their fat and muscle mass, which is sustained
for over 90 days after infection, independently of the parasite load (Hatter et al, 2018). This
long-term onset of cachexia gives this model a big advantage, as it simulates the prolonged
nature of cachexia in humans, and allow for long-term investigations into therapeutic
opportunities. Infection-associated cachexia also occurs in mice infected with Trypanosoma
cruzi, another protozoan parasite (Teixeira et al, 2002). Yet, in this model weight loss is only
seen around day thirty after infection (Truyens et al, 1999).

To acquire sterile models of cachexia, independent of infection and malignancy, the
implementation of surgical procedures become necessary. For example, to investigate
cachexia during chronic cardiac disease, models of myocardial infarction and aortic banding
are often used to induce heart failure (DeBoer, 2009). Another two-step surgical procedure
leaves the mice or rats with 1/6™ of a functional kidney, which renders them uremic, and
induces slower weight gain and loss of muscle mass within two weeks following the surgery
(Deboer et al, 2008).
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1.4. Lymphocytic choriomeningitis virus (LCMV).

Lymphocytic choriomeningitis virus (LCMV), is a single stranded negative sense RNA virus
belonging to the Arenaviredae family (Bergthaler et al, 2010, 2007; Buchmeier et al, 2007).
LCMV is is a virus with a relatively simple genome of ten kilobases divided between two RNA
segments in an ambisense orientation (Flatz et al, 2006; Buchmeier et al, 2007). The long (L)
segment encodes for the RNA-dependent RNA polymerase and the matrix protein Z, required
for virus budding from the cells. The short (S) segment codes for the viral nucleoprotein (NP),
which enclose the virus RNA, and the glycoprotein (GP), required for binding to cell surfaces
and entry (Bergthaler et al, 2010; Lee et al, 2002). On each segment, the two genes are
separated by an intergenic region, which enables the viral RNA to fold into a stable secondary
structure, and is thought to play an important role in the viral life cycle (Pinschewer et al, 2005).
This viral model has been extensively studied in the past few decades and has been
instrumental in establishing fundamental concepts in adaptive immunity and antiviral immune
response (Zhou et al, 2012; Zinkernagel & Doherty, 1979). This is because LCMV provides a
versatile tool capable of generating different pathophysiological conditions depending on the
route of infection, the dose, and the strain of LCMV used. For instance, intracranial injection
(i.c.) of LCMV results in severe meningitis ending in mortality within 6 to 8 days after infection.
On the other hand intravenous (i.v.) or intraperitoneal injections (i.p.) generates a systemic
infection, from which mice are able to recover (Hotchin & Benson, 1963). Moreover, there are
multiple stains of the LCMV leading either acute (LCMV-Arm and LCMV-WE) or chronic
(LCMV-CI13 or LCMV-docile) (Bergthaler et al, 2007).

LCMV is not a cytolytic virus, and thus, the virus itself does not inflict direct cytotoxicity to the
infected cells. However, LCMV elicits a very strong antiviral immune response, which is
initiated at the innate phase by type | IFN signaling (Teijaro et al, 2013) and followed in the
adaptive phase by a robust cytotoxic CD8" T cell response (Zinkernagel et al, 1986; Wherry
et al, 2003). Thus, the pathologies associated with LCMV infection are primarily CD8" T cell-
mediated immunopathologies (Pfau et al, 1982; Zinkernagel et al, 1986).

1.4.1 LCMV antiviral immune response.

The maijority of the work discussed in this thesis utilize a model in which C57BL/6J mice were
infected intravenously (i.v.) with a high dose 2x10° focus forming units (FFU) of LCMV clone
13 (LCMV-CI13). This results in chronic infection in which the virus is able to persist for over
60 days after infection (Bergthaler et al, 2010). The immune response triggered against
LCMV-CI13 can be divided into four main phases: the initial innate phase, mainly driven by
type | IFN and cytokine signaling. The adaptive immune response, driven by cytotoxic CD8*

T cell response, with assistance from CD4" T cells, and B cells that produce LCMV-binding
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non-neutralizing and, in a later phase of the infection, neutralizing antibodies (Richter &
Oxenius, 2013; Cerny et al, 1988). The viral persistence phase is associated with T cell
exhaustion (Wherry et al, 2003; Cornberg et al, 2013) until the virus is cleared (Figure 2).

1.4.2 Type | IFN response.
Viral recognition starts within the first hours after infection, mainly through innate antigen

presenting cells such as dendritic cells (DCs) and macrophages. These cells are able to

recognize pathogen-associated molecular patterns (PAMPs) through specialized detectors

A IFN  CD8Tcells Virus Binding Abs Neutralizing Abs

dpio 2 4 6 8 10 12 14 16 18 20 30 '/ 60 80 100
Innate acute persistance resolving
Figure 2: Antiviral response against chronic high dose LCMV Clone 13 infection.
Time kinetics depicting the different phases of the immune response following intravenous

infection with high dose (2x10° FFU) LCMV-CI13.

called the Pattern-recognition receptors (PRR). In the case of LCMV infection, the viral RNA
acts as the PAMP and is recognized by a number of PRR (Sullivan et al, 2015), including
endosomal Toll-like receptor 7 (TLR7) (Walsh et al, 2012; Bell, 2005), cytosolic retinoic acid-
inducible gene | (RIG-1) and melanoma differentiation-associated protein 5 (MDAS5) (Taylor &
Mossman, 2013). In the cytosol, viral recognition via RIG-1 and MDADS triggers phosphorylation
of interferon regulatory factor 3 (IRF3), its homodimerization and nuclear translocation, where
it mediates increased IFN-B and IRF7 expression (Taylor & Mossman, 2013). This creates a
self-propagating signal, as IRF7 protein forms heterodimers with nuclear IRF3 and further
amplifies the type | IFN signal (Ning et al, 2011). On target cells, secreted IFNs bind to the
IFN receptor (IFNAR), which initiates JAKs-mediated phosphorylation of STAT1 and STAT2.
Phosphorylated STAT1 and STAT2 then bind to IRF9 forming a heterotrimeric complex called
IFN-stimulated gene factor 3 (ISGF3). Finally, ISGF3 translocates into the nucleus and
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induces the expression of a wide array of IFN-stimulated genes (ISGs) that participate in anti-
viral responses (Pitha & Kunzi, 2007; Wu et al, 2016) (Figure 3). Early type | IFN production

occurs in plasmacytoid DCs (pDC) (Swiecki & Colonna, 2015), which are preferential targets
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Figure 3: Type | IFN response.

Viral recognition in the cytosol, through RNA-specific PRRs such as RIG-I or MDA5 leads to
MAVS-mediated phosphorylation of IRF3, its homodimerization and translocation to the nucleus
which induces IFN-3 expression. IFNs then propagate their signaling in an autocrine fashion
through binding to type | IFN receptors, and the formation of ISGF3, which then translocate to the
nucleus and induce the expression of IRF7 and other ISGs. Viral recognition can also occur in the
endosomes, after viral internalization by phagocytes. This is mediates by the TLR7-MyD88
complex and the downstream dimerization of IRF7. IRF7 and IRF3 also form heterodimers further

express I1SGs.

of LCMV infection (Bergthaler et al, 2010; MacAl et al, 2012). The infection of the DCs allows
the virus to resist their function, as it dampens their antigen presentation capacity (Sevilla et
al, 2004), and type | IFN production. This also involves the binding of the viral NP to IRF3,
which blocks IRF3-mediated IFN production (Martinez-Sobrido et al, 2006).
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1.4.3 CD8* T cells response.

The adaptive immune response against LCMV is mainly driven by CD8" T cells. To initiate
virus-specific CD8" T cell response, the cells needs to receive three distinct signals. The first
is driven by T cell receptor (TCR) binding to the viral antigen presented by the major-
histocompatibility complex (MHC) of APCs. Once this signal is received another co-stimulatory
signal must follow through the binding of CD28 T cell receptor with its ligand B7 on the surface
of APC, to insure the survival and maintenance of virus-specific CD8" T cell clones (Jenkins
& Johnson, 1993). The third signal is mediated either by IL12 (Schmidt & Mescher, 1999) or
type | IFN signaling (Curtsinger et al, 2005) (Figure 4). These Primed CD8" T cells can then
mediate their effector function though cytokine secretion such as TNFa and IFNy, or through
the release of cytotoxic granules carrying granzyme B (GzmB) and perforin (PFN) (Zhou et al,
2002).

Variations in the inflammatory milieu, timing and intensity of the signals received by CD8" T
cells during their priming trigger profoundly different response programs that distinguish acute
from chronic infections (Virgin et al, 2009; Wherry, 2011). The IFN-I signal is critical for the
increased expression of CD8" T cells inhibitory signals, such as IL10 and programmed death
receptor ligand 1 (PD-L1) (Teijaro et al, 2013). Moreover, the viral replicative capacity is
substantially higher in the LCMV-CI13 model, which results in an increased pathogenic
burden, and a prolonged TCR activation, which in turn activated the so called “exhaustion”
transcriptional program (Bergthaler et al, 2010). Exhausted T cells exhibit dampened effector
function and proliferation. This allows the virus to persist within its host for prolonged periods
of time, yet keeps its replication in check, and minimize collateral tissue damage while T cells
work slowly but steadily at clearing the infection (Wherry et al, 2003; Moskophidis et al, 1993;
Virgin et al, 2009).
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Figure 4: CD8" T cell priming.

Antigen recognition occurs in secondary lymphoid organs, such as the lymph nodes, where
phagocytic cells, mainly DCs internalize viral particles, digest the viral peptides and then
present them as epitopes on their surface MHC class | molecules. Virus-specific priming of
CD8" T cells requires three critical signals: MHC-I-epitope binding to TCR, B7-CD28 binding,
and a third signal from type | IFN or IL12.

2. Aims

The aim of this work was to achieve the following:

2.1 To establish that infection with chronic strain of LCMV is a valid model for studying
infection-associated cachexia.

2.2 To characterize the similarities and differences between cancer-associated cachexia and
infection-associated cachexia.

2.3 To identify the inflammatory and immune factors responsible for triggering cachexia during

chronic viral infection.
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3. Results.

3.1 Prologue.

Cachexia is a debilitating syndrome that effects the quality of life, morbidity and mortality of
patients suffering a variety of chronic and terminal illnesses. It is a highly unmet medical need,
where standards of care are lagging and treatment options are unavailable (Lok, 2015;
Baracos et al, 2018). In this is study, we employed a benchmark model of chronic viral infection
using lymphocytic choriomeningitis virus (LCMV) in order to delineate the mechanisms of
immune-metabolic crosstalk during infection-associated cachexia (Figure 6). We
characterized the common and unique properties of infection-associated cachexia in
comparison to cancer-associated cachexia, with a focus on adipose tissue biology and the
inflammatory triggers. During LCMV-induced infection-associated cachexia, the adipose
tissue underwent severe morphological and metabolic reprogramming, similar to that seen
during cancer associated cachexia. However, in this model adipose tissue beiging (browning)
did not contribute to the tissue wasting. Moreover, we found that classical cachexia-associated
cytokines such as TNFa, IFNy, IL6 and IL1 are not involved in infection associated cachexia.
Instead, the initiation of cachexia required CD8" T cell-intrinsic type | IFN signaling and antigen
specific T cell priming. Our data identifies a novel signaling axis implicating antigen-specific
CD8" T cells as previously unknown inducers of infection-associated cachexia (Baazim et al,
2019).

3.2 Scientific articles reporting on this study.

Not the usual suspect: type | interferon—-responsive T cells drive infection-induced cachexia.
(Wang & Medzhitov, 2019)

Nature Immunology, News & Views, 2019

https.//doi.org/10.1038/s41590-019-0374-5

Cachexia by T cells.
(Bird, 2019) Nature Reviews Immunology, 2019
http.//www.nature.com/articles/s41577-019-0186-8

Cachexia Is Driven By Killer T Cells in a Mouse Model of Infection.

Katarina Zimmer, The Scientist.
https://www.the-scientist.com/news-opinion/cachexia-is-driven-by-killer-t-cells-in-a-
mouse-model-of-infection-65922

Was den kranken Koérper schwinden lasst

Wolfgang Dauble, Die Presse.
https://diepresse.com/home/premium/5634073/Was-den-kranken-Koerper-schwinden-
laesst?from=suche.intern.portal
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3.3 Graphical abstract.

Infection-Associated Cachexia (IAC)
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Figure 5: Infection-associated cachexia (IAC).

Following infection with a chronic virus, CD8" T cells are able to induce weight loss and
cachexia. This requires virus-specific T cell activation as well as type | IFN signaling. The
weight loss occurs as a result of depletion of both muscles and adipose tissue, and is
associated with a reduction on food and water intake, reduced activity, and reduced

respiratory exchange ratio (RER). During the development of cachexia, adipose tissue
undergoes severe metabolic and structural reorganization.
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3.4 Manuscript: CD8" T cells induce cachexia during chronic viral infection.

Nature Immunology. 20: 701-210, June 2019, https://doi.org/10.1038/s41590-019-0397-y
Hatoon Baazim*, Martina Schweiger, Michael Moschinger, Haifeng Xu, Thomas Scherer, Alexandra
Popa, Suchira Gallage, Adnan Ali, Kseniya Khamina, Lindsay Kosack, Bojan Vilagos, Mark Smyth,
Alexander Lercher, Joachim Friske, Doron Merkler, Alan Aderem, Thomas H. Helbich, Mathias

Heikenwalder, Philipp A. Lang, Rudolf Zechner & Andreas Bergthaler**

* First author

** Corresponding author
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CD8* T cells induce cachexia during chronic viral
infection

Hatoon Baazim', Martina Schweiger?®, Michael Moschinger'®, Haifeng Xu®3, Thomas Scherer*,
Alexandra Popa', Suchira Gallage®, Adnan Ali®>, Kseniya Khamina', Lindsay Kosack’, Bojan Vilagos',
Mark Smyth’, Alexander Lercher’, Joachim Friske$, Doron Merkler’, Alan Aderem?®, Thomas H. Helbichs®,
Mathias Heikenwalder®, Philipp A. Lang?®, Rudolf Zechner? and Andreas Bergthaler®™

Cachexia represents a leading cause of morbidity and mortality in various cancers, chronic inflammation and infections.
Understanding of the mechanisms that drive cachexia has remained limited, especially for infection-associated cachexia (IAC).
In the present paper we describe a model of reversible cachexia in mice with chronic viral infection and identify an essential role
for CD8+ T cells in IAC. Cytokines linked to cancer-associated cachexia did not contribute to IAC. Instead, virus-specific CD8+
T cells caused morphologic and molecular changes in the adipose tissue, which led to depletion of lipid stores. These changes
occurred at a time point that preceded the peak of the CD8+ T cell response and required T cell-intrinsic type | interferon signal-
ing and antigen-specific priming. Our results link systemic antiviralimmune responses to adipose-tissue remodeling and reveal

an underappreciated role of CD8* T cells in IAC.

nancies are often confronted with cachexia, a multifactorial

syndrome that aggravates the underlying disease and worsens
prognosis™’. Cachexia manifests with both behavioral and meta-
bolic symptoms, the severity of which varies between diseases and
individuals, making it difficult to define and diagnose’*. Cachectic
patients exhibit anorexia, anhedonia and lethargy, as well as unin-
tentional loss of over 5% of their body weight®*. This is caused by
a rapid depletion of fat and lean mass, which not only impacts the
patient’s quality of life, but is also often a leading cause of morbidity
and mortality>**. Conventional nutritional support does not reverse
cachexia. Although several treatment options such as agonists for
the orexigenic hormone ghrelin are explored, standards of care to
prevent or alleviate cachexia remain ill-defined'*.

The emergence of cachexia accompanies a surge of proinflam-
matory cytokines such as tumor necrosis factor (TNF), interferon
(IFN)-y, interleukin (IL)-6 and IL-1"". Depending on the disease
model, these cytokines can be secreted by tumor cells, in the case of
cancer, host immune cells and/or cells involved in metabolic regu-
lation, such as adipocytes™'®. Murine models of cancer-associated
cachexia (CAC) have greatly improved our understanding of the
mechanisms contributing to weight loss™'®!\. However, appropri-
ate mechanistic models to study cachexia in the context of infec-
tion are still underdeveloped. In the present study we employed a
murine benchmark model of chronic viral infection to interrogate
the molecular and cellular requirements for infection-associated
cachexia (IAC). We designed an integrative approach of genetic,
dietary and pharmacologic perturbations to uncover both the
shared and the unique properties of CAC and IAC. This led to the

Patients with chronic illnesses such as infections and malig-

characterization of morphologic, molecular and metabolic changes
in adipose tissue, and identified the main immune drivers of IAC,
providing much-needed molecular insights into the pathophysiol-
ogy of cachexia.

Results

Infection with LCMYV clone 13 leads to reversible cachexia. Wild-
type C57BL/6] mice infected with 2 X 10°focus forming units (FFU)
of the chronic strain clone 13 of the lymphocytic choriomenin-
gitis virus (LCMV) exhibited 15-20% weight loss within the first
week of infection (Fig. 1a). To assess whether this is a manifesta-
tion of cachexia or a direct result of anorexia, we fed uninfected,
wild-type mice with the same amount of chow diet consumed by
LCMV-infected mice for 2weeks post-infection (pair feeding).
Between 6 and 8days after infection the pair-fed, uninfected group
lost less than 3% of the initial weight compared with over 10% lost
by infected mice (Fig. 1a,b), indicating that the anorectic feed-
ing behavior could not account for the full extent of weight loss
observed in the LCMV-infected mice. To characterize the infec-
tion-induced pathophysiology, we used metabolic cages to monitor
LCMV-infected mice compared with age- and sex-matched unin-
fected mice. Between day 6 and day 8 after infection, mice exhib-
ited signs of lethargy and showed reduced food and water intake,
activity and energy expenditure compared with uninfected mice
(Fig. 1b-d and Supplementary Fig. 1a). The respiratory exchange
ratio (RER), calculated from the ratio of CO, emission to O, con-
sumption, showed a significant reduction between day 6 and day 8
post-infection (Fig. 1d and Supplementary Fig. 1a), suggesting that
LCMV-infected mice relied on fat metabolism as the main energy
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Fig. 1] Infection with LCMV clone 13 leads to transient cachexia. a, Body weight kinetics for C57BL&/J wild-type mice infected with 2 X106 FFU of LCMV
clone 13, compared with pair-fed (PF) mice (n=>5). b,¢, Food intake (b) and water intake (¢) of LCMV-infected mice compared with uninfected controls
(n=10; ***P<0.0001, two-way analysis of variance (ANOVA)); data are representative of three independent experiments for a and b, and ¢ represents
a single experiment. d, Activity, oxygen consumption and RER in LCMY-infected mice compared with uninfected controls (Ctrl; n=10). Data shown
represent the average of days 6, 7 and & post-infection ("**P< 0.0001) from a single experiment. e, Percentage of tissue weight normalized to body
weight before infection ininguinal, gonadal and interscapular brown adipose tissue (**P=0.002, **P=0.0006, *P=0.0172, **P=0.0002, unpaired,
two-tailed, Student’s t-test), as well as quadriceps (M.quadr.), gastrocnemius (M.gastr.) and soleus (M.sole,; *P= 0.039, **P=0.0035, ***P=0.0001,
unpaired, two-tailed, Student’s t-test) at day 7 for pair-fed uninfected mice and days 6 and 8 post-infection for LCMV-infected mice (n=>5). BAT, brown
adipose tissue; IWAT, inguinal white adipose tissue; gWAT, gonadal white adipose tissue. f, Body composition as measured in live, un-anesthetized,
LCMV-infected mice using EchoMRI (n=5). e f, Representative data of two independent experiments. g, Body weight kinetics in LCMV-infected mice
supplemented with the equivalent of 1 kcal of indicated diet through oral gavage daily between day 4 and day 7 post-infection (n=4; **P=0.0003, two-
way ANOWVA, Bonferroni’s correction). Data are representative of three independent experiments. All data show the mean+s.e.m.
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substrate. These pathophysiologic changes preceded the peak of the
viral load and of the adaptive immune response, which happened at
days 8-12 (see Supplementary Fig. 1b-d). After day 8 mice slowly
started to regain weight, despite the continuous presence of the
virus (Fig. 1a-c and Supplementary Fig. la-d)"

By comparing the body composition, we found that both the
fat and the lean (muscle) masses were severely depleted in the first
week after infection compared with the pair-fed, uninfected mice
(Fig. 1e,f). The fat tissue, however, underwent an earlier and more
severe depletion compared with muscles, starting 4 days post-infec-
tion (Fig. 1f). This depletion over time affected different fat depots,
including the inguinal white adipose tissue, gonadal white adipose
tissue and interscapular brown adipose tissue (Fig. le). To assess
the loss of muscle mass we examined quadriceps, gastrocnemius
and soleus, which represent both slow- and fast-twitch muscles.
The muscle mass of quadriceps and gastrocnemius was reduced
in infected mice compared with pair-fed mice (Fig. 1¢). This was
associated with decreased expression of the myoblast differentia-
tion marker, MyoD1I, and the increased expression of Fbx032 and
Trim63, encoding Atroginl and Murfl, respectively, involved in
proteasomal degradation in all three muscles in the infected mice
compared with pair-fed mice (see Supplementary Fig. 1le-g).

To evaluate the relationship between the viral inoculum and the
weight loss, we titrated the infection dose of LCMYV clone 13, ranging
from 2 x10° FFU to 2 X 10°FFU. There was a marked amelioration
of weight loss at the lower virus inocula; doses below 2 x 10*FFU
showed little to no weight loss (see Supplementary Fig. 1h). These
lower virus inocula are known to be associated with accelerated
viral clearance'’. Infection with the acute strain of LCMV resulted
in similar weight kinetics to low-dose LCMV clone 13 infection (see
Supplementary Fig. 1i), suggesting a possible link between determi-
nants for viral persistence and the development of cachexia.

To examine whether weight loss was ameliorated by nutrient
supplementation, we used oral gavage to administer a daily caloric
intake of 1kcal of a chow-like control diet, glucose, olive oil or
casein to LCMV clone 13-infected mice between day 4 and day
8 post-infection. Oral gavage supplementation did not alleviate
weight loss compared with the PBS-supplemented control (Fig. 11).
On the contrary, all gavage-supplemented groups recovered at a
slower rate compared with PBS-supplemented, LCMV-infected
mice (see Supplementary Fig. 1j), indicating that virus-induced
weight loss cannot be prevented by nutritional supplementation.
These results reveal several hallmarks of cachexia in LCMV clone
13-infected mice, including anorexia and metabolic dysfunction,
as well as depleted fat and muscle mass that cannot be reversed by
nutritional supplementation.

ARTICLES

Viral infection triggers adipose tissue remodeling and lipolysis.
Both subcutaneous and visceral compartments of the adipose tis-
sue in LCMV-infected mice underwent depletion compared with
uninfected controls (Fig. 2a). Using histologic analysis to examine
the morphologic changes in the inguinal adipose tissue of LCMV-
infected compared with uninfected mice, we observed a significant
reduction in the size of adipocytes at days 6 and 8 post-infection
(Fig. 2b,c). Next, we determined the protein abundance and acti-
vation status of adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL), two enzymes central to lipolysis', in inguinal
adipose tissue at days 0, 4, 6 and 8 after LCMV infection. Expression
of ATGL and HSL, as well as that of phosphorylated-HSL (pHSL),
phosphorylated at residue Ser®”, were increased in inguinal adi-
pose tissue during LCMV infection compared with uninfected mice
(Fig. 2d), suggesting increased lipolysis peaking at day 6 post-infec-
tion. This was corroborated by elevated levels of non-esterified fatty
acids (NEFAs) in the serum of LCMV-infected mice compared with
uninfected controls (Fig. 2¢). In addition, reduced messenger RNA
expression of the lipoprotein lipase (Lpl) and, to a lesser extent, of
the lipid-scavenging receptor Cd36 in inguinal fat, together with
the increased levels of triglyceride in the serum of LCMV-infected
mice compared with pair-fed uninfected mice (Fig. 2e,f), indicated
a reduction in the rate oflipid uptake in adipose tissue and/or lipid
mobilization in the liver. Decreased mRNA expression of Dgat2,
the rate-limiting enzyme in triglyceride biosynthesis (Fig. 2f),
also suggested a lower rate of lipid synthesis in LCMV-infected
mice’. Notably, inguinal fat pads in infected mice showed increased
vascularization (see Supplementary Fig. 2b,), which may be
involved in inflammation-mediated tissue remodeling. Together,
these data show that LCMV clone 13 infection leads to depletion
of lipid stores in adipose tissue by modulating key regulators of
lipid metabolism.

To investigate whether the virus-induced adipose tissue wast-
ing followed similar mechanisms to CAC, we examined the mRNA
expression of Ucpl as an indicator of adipose tissue beiging. The
mRNA expression of Ucpl was marginally lower in the interscapu-
lar, inguinal and gonadal fat of infected mice compared with pair-fed
mice (Fig. 2g). Based on models of cachexia in Lewis lung carci-
noma and B16 melanoma in Afgl~"~ and Hsl~~ mice'®, the absence of
ATGL or HSL was sufficient to ameliorate weight loss in cachectic
mice, and more profoundly in Afgi~"~, indicating an essential role for
ATGL and HSL in CAC. To determine whether these lipases were
required for IAC, we infected Atgl¥* Adipoq®™+ and HsI"! Adipog©r/+
mice, which have a conditional ablation of ATGL and HSL in adipo-
cytes driven by the adiponectin (Adipoq) promoter. We found that
the ablation of either lipase did not reduce the extent of weight loss

Y

Fig. 2 | Infection-associated cachexia triggers severe adipose tissue remodeling and increased lipolysis. a, Representative MRI cross-sections (left)
and longitudinal sections (right). Displayed sections were selected to show iLNs on uninfected controls and LCMV-infected mice at 6 and 8 days post-
infection. (Bottom) images show the fat compartment, after subtracting fat-suppressed acquisitions from the matching non-suppressed images. Images
were acquired from a single experiment where n=3. b, Representative H&E staining of inguinal fat pads from uninfected controls and mice infected at &
and 8 days post-infection. Images were acquired from a single experiment where n=3. ¢, Four to five images were collected from each inguinal fat pad, at
20x magnification (n=3). The diameter of each adipocyte was measured, and the distribution and median values were evaluated across all conditions.
Violin plots represent the density of data points in each condition and the minimum and maximum values. The inner box plots are bound by the upper
(75%) and lower (25%) quantiles, and the median is represented by an inner horizontal line. Cutoffs were set to include all cells between 10 and 100 um
in diameter ("**P < 0.0001, one-way ANOVA, Bonferroni’s correction). d, Protein expression of HSL, pHSL and ATGL, within the inguinal fat pad of
control and infected mice at indicated timepoints (n=23). Data are representative of three independent experiments. e, Serum NEFAs and triglyceride
levels of control and infected mice 8 days post-infection (n=23). Data are representative of two independent experiments (**P=0.002, one-way
ANOWVA, Bonferroni’s correction). f, Fold-change of inguinal fat pat mRNA expression of scavenger receptor (Cd36) (n=7), Lp/ (n=7) and DgatZ (n=38),
as measured by quantitative PCR from infected mice compared with pair-fed mice. Data are pooled from two independent experiments (**P=0.0021,
0.0038, 0.006%, *P=0.0279, two-way ANOVA, Bonferroni’s correction). g, Fold-change of UcpT mRN A expression of control and infected mice in
indicated fat pads (n=46). Data are pooled from two independent experiments (***P=0.0002, unpaired, two-tailed, Student’s t-test). h,i, Body weight
kinetics in adipose tissue-specific knockouts of either ATGL (n=23) ¢h) or HSL (n=4) (i) compared with flox controls. Data are representative of two

independent experiments. The means +s.e.m. values are shown in e-i.
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during LCMV infection compared with the floxed control group
(Fig. 2h), suggesting that neither lipase was required for IAC.

The hormone ghrelin and adipokines such as leptin and adi-
ponectin are considered active modulators of both metabolic and
immune processes'>'"'%. The amount of ghrelin in the serum and
the expression of adiponectin in inguinal adipose tissue were simi-
lar in LCMV-infected and -uninfected mice (see Supplementary
Fig. 2d,f). Notably, circulating leptin levels showed a reduction on
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Fig. 3| Type | IFN and CD8 T cells play critical roles in inducing infection-associated cachexia. a, Serum cytokine concentration of LCMV-infected

wild-type mice (n=4). Data are representative of a single experiment. b, Body weight of LCMV-infected mice, either genetically ablated from IFN-y or
TNF (n=4), or treated with anti-IFN-y- or anti-TNF-depleting antibodies (n="5), or a combination of both (n=9). Data are representative of a single
experiment for genetic knockouts, two independent experiments for single antibody treatment and pooled data from two independent experiments for the
double depletion of IFN-y and TNF. ¢, Mice treated with anti-IL-6-depleting antibodies (n="5). d, [fnar’~~ mice (n=4; ***P<0.0001, two-way ANOVA).

e, Mice treated with anti-CD4-depleting antibodies (n=4). f, Cd8~~ mice and mice treated with anti-CD8-depleting antibodies (n=4;*P=0.027,
*P=0.046, two-way ANOVA). c-f, These are representative of two independent experiments. The data show the mean +s.em.

equally depleted in both groups (see Supplementary Fig. 2h), sug-
gesting that, although leptin expression was increased in the adi-
pose tissue, it did not mediate the activated lipolytic state or the
disrupted feeding behavior during LCMV infection. These results
indicate that IAC triggers structural and metabolic reprogramming
in adipose tissue between day 6 and day 8 post-infection.

Infection-associated cachexia is driven by type I IFN and CD8*
T cells. In various models of cachexia and adipose tissue remodeling,
cytokines such as IFN-y, TNF and IL-6 trigger weight loss, acting
either independently or together with other cytokines and immune
cells”. Bead-based multiplex assays for 32 cytokines, as well as ELISA
assays for IFN-a and IFN-p, revealed a highly dynamic pattern for
serum cytokines and indicated the induction of IFN-y, TNE, IL-6,
IFN-o and IFN-B, among others, within the first 96h after LCMV
clone 13 infection of wild-type mice (Fig. 3a and Supplementary
Fig. 2a and Supplementary Table 1). Cytokines implicated in CAC,
such as IL-1p and leukemia inhibitory factor®'?, showed no increase
in the serum of LCMV-infected mice (see Supplementary Fig. 3a
and Supplementary Table 1). Pathways associated with proinflam-
matory cytokines such as IFN-y, TNF and IL-6 have been linked

NATURE IMMUNOLOGY | VOL 20 | JUNE 2019 | 701-710 | www.nature.corn/natureimmunology

to CAC*”. Neutralization of IFN-y, TNF and IL-6 by genetic abla-
tion using Ifng™~, Tnf’~ and TnfrI”’~ mice or antibody-mediated
blockade initiated 1 day before infection, and then continued every
second day, did not ameliorate weight loss in LCMV-infected mice
(Fig. 3b,c). Infected mice, in which we simultaneously depleted
IEN-y and TNF using neutralizing antibodies, still lost up to 20%
of their body weight by day 8 post-infection (Fig. 3b). Type 1
IFNs were detectable in the serum of LCMV-infected mice
within the first 2 days of infection (Fig. 3a)’'. Genetic ablation of
IFN-a/B-receptor a chain (IFNAR) signaling using Ifnari~- mice
resulted in ameliorated weight loss by approximately 10% at 8 days
after infection compared with wild-type LCMV-infected mice
(Fig. 3d and Supplementary Fig. 3b,c), implicating type I IFN
responses in IAC.

Next, wedetermined whethera particular T cell population medi-
ated weight loss during LCMV infection. This was done through the
intravenous injection of depleting antibodies for CD8* T cells and
CD4* T cells 2 days and 1 day, respectively, before LCMV infection
(Fig. 3e.f) or infection of Cd8~~ mice (Fig. 3f). The depletion of
CD4* T cells in LCMV-infected mice did not protect against weight
loss (Fig. 3e and Supplementary Fig. 3d-f); however, depletion of

705

24



NATURE IMMUNOLOGY

ARTICLES

CD8* T cells resulted inlittle to no weight loss compared with wild-
type controls (Fig. 3f and Supplementary Fig. 3d-f). These results
suggested a key role for CD8* T cells in IAC.

To examine whether CD8*" T cells drove weight loss in other
viral infections, we infected Rag2~~ mice, which lack both T and B
lymphocytes, with a sublethal dose of influenza virus strain PR/8.
Although LCMV-infected Rag2~'~ mice were protected from weight
loss (see Supplementary Fig. 3g), PR/8-infected Rag2~/~ mice con-
tinued to lose weight after 8 days and infected wild-type mice started
to regain weight (see Supplementary Fig. 3h). These results indi-
cated that weight loss during influenza virus infection occurs via
different mechanisms compared with those mediating weight loss
during LCMYV infection. Uninfected wild-type mice fed the same
amount of food as that consumed by PR/8-infected wild-type mice
had identical weight loss to the infected group (see Supplementary
Fig. 31,j), suggesting that weight loss in PR/8-infected mice was due
to anorexia. These findings highlight the variety of mechanisms by
which weight loss occurs in different infection settings.

CD8* T cell-intrinsic IFNAR1 signaling alters lipid metabo-
lism during infection. To further investigate the interrelation-
ship of type I IFN signaling, CD8* T cells and the wasting of the
adipose tissue, we used Ifnarl™ Adipog®®* mice, which lack
IFNARI expression in adipocytes, and Ifnarl## Cd4+ mice, in
which IFNARI is specifically deleted in CD4* and CD8* T cells.
The LCMV-infected Ifnart™ Adipoq®* mice showed a similar
weight loss to the floxed control group (see Supplementary Fig. 4a),
whereas the LCMV-infected IfnarP"* Cd4“** mice were protected
from weight loss, and preserved both fat and lean mass (Fig. 4a,b),
indicating that type I IEN signaling in CD8* T cells was required
for IAC. LCMV-infected Ifnarl™* and Ifnar " Cd4°*+ mice had
comparable numbers of CD8* T cell in their spleens and ingui-
nal lymph nodes (iLNs) at day 6 post-infection, the time point at
which cachexia is initiated (see Supplementary Fig. 4b,c). However,
Ifnar!™" Cd4“#+ CD8* T cells did not upregulate the activation
marker CD44 and could not launch antigen-specific responses, as
indicated by the absence of GP33* and NP396+ CD8* T cells (see
Supplementary Fig. 4b,c). Expansion of CD8* T cells was impaired
at day 8 after LCMV infection in the spleens of Ifnar¥? Cd4cr+
compared with Ifnar!™ mice (data not shown), indicating that
CD8* T cell-intrinsic signaling through IFNAR was required for
T cell activation and expansion?».

To gain further insights into the changes taking place in the adi-
posetissue of LCMV-infected mice, we performed RNA-sequencing
(RNA-seq) analysis of bulk adipose tissue from inguinal fat pads of
Ifnar P and Ifnar " Cd4°+ mice 6 days post-infection. Principal
component analysis (PCA) showed differential clustering between
uninfected and LCMV-infected mice on PC1 and between Ifnari#
and Ifnart™* Cd4=+ on PC2 (Fig. 4c and Supplementary Fig. 4d).
Pathway enrichment analysis of infection-induced gene modulation
showed an increase in immune processes in Ifnar!™ mice com-
pared with Ifnar %" Cd4”** mice, and highlighted multiple changes
in metabolic processes within the top five pathways downregulated
(Fig. 4¢). Metabolic pathway enrichment analysis with the Reactome
metabolic database found that five of the top ten pathways enriched
in Ifnar ™" mice, compared with Ifnar %" Cd4*, during infection
were involved in lipid metabolism (Fig. 4f). The expression of genes
involved in the biosynthesis and uptake of lipids was predominantly
downregulated in adipose tissue of LCMV-infected Ifnar™® com-
pared with LCMV-infected Ifnar % Cd4#+ mice (Fig. 4g). Notably,
the expression of Dgat2, the rate-limiting enzyme in triglyceride
synthesis, showed the anticipated reduction of expression during
infection in IfnarP™ mice and this was absent in infected Ifnar™"
Cd4¥* mice (Fig. 4g,h). Similarly, Lpl expression decreased during
infection but not in Ifnar ™ Cd4** mice. Expression of Cd36 was
not affected in any condition (Fig. 4h). Circulating levels of NEFAs
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and triglycerides showed no increase during infection in Ifnari™?
Cd4+*+ mice compared with Ifnar™# mice (Fig. 4i).

The lipolysis of adipose tissue is triggered by a variety of hor-
mones and signaling molecules, such as glucocorticoids, which
induce the expression of ATGL and HSL, thyroid-stimulating hor-
mone and catecholamines; these all induce the phosphorylation of
HSL by interacting with the thyroid-stimulating hormone receptor
in the case of thyroid-stimulating hormone or with f-adrenergic
receptors in the case of catecholamines”. Quantification of cir-
culating cortisol and corticosterone, at day 6 after LCMV infec-
tion, indicated increased levels of cortisol and corticosterone in
Ifnarl mice compared with uninfected Ifnar?® mice, which was
abrogated in Ifnarl™Cd4+ mice (Fig. 4j and Supplementary
Fig. 4d). Circulating amounts of free thyroxine and free triiodo-
thyronine remained relatively constant across all conditions (see
Supplementary Fig. 4d). Furthermore, serum concentrations of
norepinephrine were slightly reduced in Ifnar?™ mice on infec-
tion, but were increased in infected Ifnar #/Cd4=<+ mice compared
with uninfected mice at day 6 post-infection (see Supplementary
Fig. 4d). The amounts of norepinephrine in the inguinal adipose
tissue remained relatively constant throughout all conditions (see
Supplementary Fig. 4d). Downstream of these signaling hormones,
expression of Abrd2 mRNA (encoding the B-adrenergic receptors)
was highly increased in the inguinal fat of LCMV-infected com-
pared with uninfected Ifnar# mice, as were protein levels of pHSL
(see Supplementary Fig. 4d). Both increases were abrogated in the
inguinal fat of Ifnar¥ Cd47#* mice (see Supplementary Fig. 4d),
consistent with reduced lipolysis in these mice. Expression of ATGL
was increased, and expression of the lipid droplet-associated pro-
tein, perilipin, was decreased similarly in LCMV-infected Ifnar "
Cd4¢*+ and Ifnar " mice (see Supplementary Fig. 4d). The hydro-
Iytic activity of ATGL is controlled by its coactivator, CGI-58 (ref. ).
Expression of Abhd5 mRNA (encoding CGI-58) increased in ingui-
nal adipose tissue of LCMV-infected Ifnar? mice, but not in
LCMV-infected Ifnarl™*Cd4™* mice compared with uninfected
mice (see Supplementary Fig. 4d). These observations indicate that
the correlation between the increased amounts of glucocorticoids in
the serum and the upregulation of lipolysis in LCMV-infected mice
was dependent on IFNAR signaling in CD8* T cells.

CD8* T cells trigger cachexia through antigen-specific activa-
tion. We next examined the kinetics of viral infection and T cell
infiltration into the inguinal fat of LCMV-infected mice. Using
immunofluorescent co-staining for the LCMV nucleoprotein (NP)+
and CD8* T cells, we detected the presence of viral nucleoprotein
and CD8* cells at day 6 and day 8 post-infection (Fig. 5a.b), con-
sistent with the detection of LCMV-NP mRNA by quantitative
PCR from inguinal, gonadal and brown adipose tissue of infected
wild-type mice (see Supplementary Fig. 1c). To address the role of
T cell infiltration into adipose tissue, we treated infected and control
mice with the immunosuppressive drug FTY720, which transiently
blocks the egress of lymphocytes from the lymphoid organs without
interfering with T cell priming”. Flow cytometry indicated a reduc-
tion of virus-specific GP33+ and NP396* CD8* T cells in the blood
and spleen of FTY720-treated mice, and their accumulation in iLNs
(Fig. 5¢ and Supplementary Fig. 5a-d). Treatment with FTY720 did
not affect weight loss in infected mice compared with sham-treated
mice (Fig. 5d), suggesting no role or only a minor role oflocal T cell
infiltration in triggering adipose tissue wasting. In line with this,
LCMV-infected PrflI~~ mice, which lack perforin, an important
mediator of cytotoxic activity in CD8* T cells, had similar weight
loss kinetics to the infected wild-type mice (Fig. 5e), suggesting that
CD8* T cells triggered cachexia independently of cytotoxic cell-to-
cell interaction.

To address whether CD8* T cells trigger adipose tissue wasting
as a result of direct antigen stimulation, or in response to bystander
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activation induced by the inflammatory milieu, we generated mixed
bone marrow chimeras. This was done using wild-type (CD45.2+)
recipients and congenic (CD45.1%) donors, where the mice received
mixed bone marrows at 1:1 ratios of either OT-I Ragl~~ and Cd8~~
or wild-type and Cd8~~. OT-I Ragl~'~ mice carry a transgenic T cell
receptor specific for the ovalbumin-derived peptide SIINFEKL
(OVA,5;.54) and do not have a residual antigen-specific repertoire
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due to loss of endogenous recombination events on the Ragl~~ back-
ground. The addition of bone marrow from Cd8~- mice compensated
for the lack of the CD4 T cells and B cells in the OT-I Ragl~'~ mice.
After confirming the success of the bone marrow reconstitution
using congenic markers (see Supplementary Fig. 5e-f), chimeric
mice were infected with LCMV clone 13 and monitored up to 12
days post-infection. Using FACS analysis, we confirmed the lack of
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LCMV-specific, CD8* GP33* T cells in the spleens of OT-I Ragl~"~ +
Cd8’~ mice compared with wild-type + Cd87~ controls (see
Supplementary Fig. 5g;h). OT-I Ragl™~ + Cd8~~ chimeric mice were
completely protected against LCMV-induced weight loss, whereas
the wild-type + Cd8~/~ chimeric mice lost approximately 20% of their
body weight (Fig. 5fg), indicating that antigen-specific priming of
CD8* T cells was required for LCMV-induced weight loss. Together,
these data suggest that CD8 T cells triggered weight loss during the
early stages of activation, following antigen-specific stimulation, and
is likely to occur independent of direct cell-to-cell interaction.

Discussion
In the present study we employed a model of chronic viral infection
to elucidate the inflammatory drivers of IAC.

IAC manifested 6 days after infection, preceding the peak of the
adaptive immune response at day 12, then showed gradual resolu-
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tion thereafter, which contrasts with the terminal course of CAC**.
‘We reported in the present study on a role for type I [FNs and CD8*
T cells in triggering IAC, but not IL-6, TNF and IFN-y, cytokines
that often mediate CAC%. The manifestation of IAC required
IFNARI signaling specifically within T cells not adipocytes, in addi-
tion to antigen-specific CD8* T cell receptor priming. Deletion of
the cytolytic effector molecule perforin or the pharmacologic block-
ade of T cell egress from lymphatic organs did not prevent cachexia,
which suggested mechanisms other than classic CD8* T cell-medi-
ated cytotoxicity.

During CAC, adipose lipid storage is depleted through increased
ATGL- and HSL-mediated lipolysis, resulting in elevated circulat-
ing NEFAs, a process that we also observed during LCMV-induced
cachexia'*"®, In contrast to CAC, however, we did not observe
increased adipose tissue beiging and thermogenesis’>”’. We found
a depletion of inguinal, gonadal and brown adipose tissue, accom-
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panied by increased vascular density at 6 and 8 days post-infection,
mainly in the inguinal compartment. Such remodeling may facili-
tate nutrient shuttling from the adipose tissue and modulate its
exposure to metabolic and/or hormonal regulators, which could
further amplify its depletion. Increased vascularization is one of
several similar features between IAC and obesity*, all of which
could further influence systemic inflammation, dyslipidemia and
metabolic dysfunctions across different organs®.

Expression of leptin, a key regulator of appetite, lipolysis and the
immune response'’, showed a marked increase in adipose tissue of
infected mice. However, the genetic ablation of leptin in Lep®®** did
not prevent weight loss and anorexia during LCMV infection. We
observed a correlation between increased lipolysis and the increased
circulating glucocorticoids, which are central drivers of the stress-
response program, and can induce lipolysis by activating ATGL and
HSL*. In addition, glucocorticoids have endogenous roles in regu-
lating systemic metabolism and are well-known immunomodula-
tory molecules®*, which situates them as potential candidates in
mediating immunometabolic crosstalk during IAC.

Previous studies examining LCMV-associated morbidity used
intracranial infection with LCMV Armstrong, and reported weight
loss that occurred as a direct result of anorexia mediated by major
histocompatibility complex-II-restricted CD4* T cells*, which
contrasts the weight loss independent of the anorexia observed
in our model. In the present study force feeding the mice during
LCMYV infection, or the supplementation with specific nutrients,
did not alleviate weight loss, but rather hampered recovery, par-
ticularly on administration of glucose and casein. This is contrary
to observations during infection with the influenza virus or injec-
tion of poly(I:C), in which administration of glucose and casein
improved survival®s. These differences may be due to distinct meta-
bolic demands during different infections, influenced by viral life
cycle, tropism and/or virus-induced immune responses, leading
to either anorexia or cachexia. In line with this, Rag2~/~ mice were
not protected from weight loss during influenza infection. The det-
rimental effects of nutrient supplementation suggest that fasting
metabolism is advantageous for efficient recovery. Fasting metab-
olism and caloric restriction had positive effects on survival and
immune function in other models of bacterial infection and can-
cer’>”, and may have beneficial effects for cancer patients™*. The
underlying mechanisms of nutrient redistribution during fasting in
IAC and CAC warrant further investigations.

CD8* T cells are drivers of immunopathology in chronic infec-
tions such as LCMV and human immunodeficiency virus®. Studies
have shown that virus clearance or persistence is determined dur-
ing the early phase of infection, although the exact mechanisms are
not well understood'**!#*2, We speculate that the onset of cachexia
during the early stages of infection with LCMV clone 13 may be
linked to the establishment of viral persistence. To this point, mice
infected with either the acute Armstrong strain of LCMV or with
low doses of LCMV clone 13 did not show weight loss. These obser-
vations raise the question of the potential evolutionary advantages
of cachexia. As a result of the correlation between cachexia and
worsened prognosis in cancer patients, the syndrome has been pre-
sumed to be detrimental’. However, this assumption lacks a thor-
ough mechanistic foundation and remains a matter of debate®.
In infection, cachexia could serve an immunomodulatory role by
tempering the immune response to limit immunopathology, similar
to T cell exhaustion*. Alternatively, cachexia could facilitate a rapid
increase of nutrient accessibility to fuel adaptive immune responses
and/or other inflammatory processes. This would explain the exces-
sive release of NEFAs at day 6 post-infection, a time point when
energy metabolism shifts toward fat use. At the present time, rela-
tively little is known about the regulation of nutrient redistribution
across organs in inflammatory conditions, and how that may influ-
ence the immune response, metabolism and tissue repair'.
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The present study contributes to understanding the mechanisms
that induce cachexia in different inflammatory and disease set-
tings. Studies of cachexia and its context-dependent pathogenesis
can improve the understanding of pathophysiological processes and

systemic immunometabolism***’. Comparative studies in infection

and cancer could provide invaluable insights into the pathogenesis
of cachexia and possible new therapeutic strategies.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
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§41590-019-0397-v.
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Methods

Contact for resource and reagent sharing. Further information and requests
for resources and reagents should be addressed to A.B. Additional experimental
information can be found in the Nature Research Reporting Summary
accompanying the present study.

Experimental model and subject details. Mice. In the present study we used both
wild-type and genetically modified mouse models, all on a C57BL/6 background.
‘These mice were bred under specific pathogen-free conditions at the Institute for
Molecular Biotechnology of the Austrian Academy of Sciences, Vienna, Austria,

as well as the Central Facility for Animal Research and Scientific Animal Welfare
(ZETT) in Dusseldorf, Germany, and the Zentrales Tierlabor at the German
Cancer Research Center (DKFZ) in Heidelberg. Genetically modified mice include:
Ifny~ (vef. *%; 003288-JAX), Tnf /- (ref. *%; 005540-JAX), TnfrI-~ (ref. °%; 003242~
JAX), Ifnar1~ (ref *' ; 032045-JAX), Ifnar 1% (ref. *%; 028256-JAX), Ifnari?-
Adipog©, AtghP-Adipog©r* (refs. % 024278-JAX, 010803-JAX), Hsl*#-Adipog®
(ref. *%; 010803-JAX), Ifnari*f-Cd4“¥* (ref. >, 017336-JAX), Ob/+ and Ob/Ob

(ref. *%; 000632-JAX), Cd45.1 (ref. °’; MGIL:4819849), Cd8~~ (ref. **; 002665-JAX),
Rag2~~ (ref. *; 008449-JAX), OT-I Ragi~~ CD45.1 (refs. “*'; 003831-JAX and
002216-JAX) and Prfi~ (ref. % 002407-JAX). The Ifnar I##-Cd4°+ mice were
kindly provided by the laboratory of D. Pinschewer in Zurich, Switzerland. Lep®®*
and Lep®°® mice were purchased from Jackson Laboratories. Ifnar - Adipog=*
mice were generated in house by crossing Ifnar?# mice to HsP#-Adipog®** mice,
and then crossing out the Hs#*# allele. Animal experiments were performed at the
Department for Biomedical Research of the Medical University of Vienna, Vienna,
Austria, the ZETT in Dusseldorf, Germany, the Division of Chronic Inflammation
and Cancer, DKFZ, Heidelberg, Germany and the Institute of Systems Biology in
Seattle, USA. Mice were housed in individually ventilated cages, and experiments
were performed in compliance with the respective animal experimental licenses
(BMWFW-66.009/0199-WF/V/3b/2015, BMWFW-66.009/0395-WF/V/3b/2015,
BMWFW-66.009/0379-WEF/V/3b/2016, BMWFW-66.009/0360-WF/V/3b/2017
BMWFW-66.009/0318-11/3b/2012, A25, A504, A479, A424, respectively,
35-9185.81/G-152/16, 35-9185.81/G-152/16, 01.24 A.10), approved by the
institutional ethical committees and guidelines of the Austrian institutions, the
German animal protection law and the state of Baden-Wiirttemberg, as well as the
Institutional Animal Care and Use Committees of the Institute of Systems Biology
in Seattle. Within each experiment, mice were both age and sex matched; however,
male and female mice were used interchangeably between experiments, and
results showed no sex-dependent differences in any of the measured parameters.
To generate chimeric mice, bone marrow cells were isolated from donor mice by
flushing the femur and tibia with 10% FCS, f-mercaptoethanol, 1% penicillin—
streptomycin and 2 mM L-glutamine. Cells were ran through a strainer, centrifuged
and then frozen in 10% DMSO, 75% FCS and 15% media, consisting of RPMI (10%
FCS, p-mercaptoethanol, 1% penicillin-streptomycin and 2mM L-glutamine). The
cells were then stored at —80°C until transfer. Recipient mice were subjected to
10.5 Gy irradiation using BIOBEAM GM 2000 (Gamma Medical Services); 1 day
post-irradiation, mice received 1107 cells from donor mice in a 1:1 ratio. Mice
were then allowed a period of recovery, before receiving two rounds of 200 jig of
anti-CD90 treatment. To examine the efficiency of the procedure, we performed
FACS analysis of a CD45.1:CD45.2 ratio.

Virus. C57BL/6 mice were infected intravenously with high-dose
(2X10°FFU) LCMYV strain clone 13, except when indicated otherwise.

For the dose titration experiment, the virus was titrated by a factor of

10 to get the following inocula: 2 X 10°FFU, 2 X 10°FFU, 2X 10* FFU,
2x10°FFU and 2 x 10*FFU. For acute LCMV infection, mice were infected
with high-dose 2 10° FFU of LCMV strain Armstrong. Viral loads were
determined using a focal-forming assay'?, or via quantitative PCR of LCMV
nuclear protein. Probe: [(FAM]-CTTGCCGACCTCTTCAATGCGCAA-
[BHQ1]; forward primer: ACTGACGAGGTCAACCCGG; reverse primer:
CAAGTACTCACACGGCATGGA. Influenza infections were performed using
10192 50% egg infective dose per ml titer of the PR8 strain of influenza.

Mouse calorimetry. Mice were individually placed in the PhenoMaster (TSE
Systems) cages 2 days before infection and allowed to acclimatize to the new
environment. After infection, metabolic parameters such as food and water intake,
oxygen consumption, carbon dioxide production, RER and activity were measured
every 12min (5measurements every hour) for 12 consecutive days.

Feeding experiments. During pair-feeding experiments, all mice were placed in
single housing for aminimum of 3 days before the start of the experiment, and
monitored daily throughout the course of the experiment. Each day the food
intake of LCMV-infected mice was measured (ad libitum diet), and a matching
amount was given to the pair-fed control mice (restricted diet) up to the point of
harvest. For gavage feeding experiments, mice were weighed before infection and,
subsequently, infected at the same time. The gavage took place starting from 4days
until 7 days post-infection with continuous free access to a chow diet. During the
gavage period mice received 0.5 ml of either PBS or a respective diet twice a day,
constituting a supplementation of 1 kcal day~'. Abbot Promote-high protein diet
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(1kcalml™) was used as the control diet due to the high compatibility with the
nutritional profile of chow diet (Abbot Promote, calorie composition: 25% protein,
23% fat and 52% carbohydrates; chow diet, calorie composition: 24% protein, 18%
fat and 58% carbohydrates)™.

Antibodies and pharmacologic treatments. The antibodies used were: Rat IgG1
isotype (MOPC-21, BE0083-BioXcell), Hamster IgG1 isotype (BE0091-BioXcell),
anti-TNF-o (XT3.11, Rat IgG1, BE0058-BioXcell), anti-IFN-y (XMG1.2, Rat
IgG1, BE0O55-BioXcell), anti-IL-1c. (ALF-161, Hamster IgG1, BE0243-BioXcell),
anti-IL-6 (MP5-20F3, Rat IgG1, BE0046-BioXcell), anti-CD4 (YTS191, Rat
IgG2b, BE0119-BioXcell), anti-CD8 (YT $169.4, Rat IgG2b, BE0117-BioXcell) and
anti-CD90 (T24, Rat IgG2b, BE0212-BioXcell). Anti-IFN-y, anti-TNF-o, anti-
IL-6 neutralizing antibodies (0.5mg), and their Rat IgG1 isotype control, were
intraperitoneally injected 1 day before LCMV infection, and were re-administered
every second day up to 7days post-infection. For anti-IL-1c, and its Hamster IgG1
isotype control, 0.2 mg was intraperitoneally injected every 3 days, starting 2 days
before LCMV infection. For antibody depletion of CD4and CD8 T cells, 0.2 mg
of monoclonal antibodies was injected iintravenously 2days and 1 day before
infection. FACS analysis was performed on blood to confirm the efficiency to
CD4* and CD8* T cell depletion.

FT'Y720 administration was performed as described in a previous paper®.
Mice received a daily gavage of 0.3 mgkg™ of FT'Y720 (SML0700, Sigma- Aldrich)
dissolved in sterile water. The treatment was administered 1 day before infection
and carried on until 8 days post-infection. Blood samples were drawn at 6 and
8days post-infection, and mice were scarified at 8 days post-infection via cervical
dislocation. Spleen and iLNs were subsequently taken for FACS analysis.

Imaging. We used the EchoMRI-100H (EchoMRI LCC) to longitudinally monitor
body composition in a non-invasive manner in awake un-anesthetized mice.

The results displayed show the average of three consecutive measurements for
each mouse within an experimental group, during each time point For magnetic
resonance imaging (MRI), mice were euthanized using cervical dislocation before
imaging and kept at 4°C until imaged. MRI measurements were performed
ona9.4T animal MRI (BioSpec 94/30USR Bruker Biospin) equipped with a
B-GA12SHP gradient and an 'H volume coil with an inner diameter of 40 mm
(RFRES 400 1 H 075/040 QSN TR, Bruker Biospin). A multi-spin echo sequence
(repetition time= 500 ms, echo time=7.86 ms, average = 4) was used, with and
without fat suppression (fat suppression bandwidth =1401.17 Hz). A set of 24 slices
was acquired in a coronal direction with a resolution of 100 um? in plain and a slice
thickness of 1 mm. Total acquisition time was 16 min. To evaluate the size of the
fat compartments, the fat-suppressed images are subtracted from corresponding
images without fat suppression. Postprocessing was performed using ParaVision
v.6 (Bruker Biospin).

Histology. Mice were anesthetized using 15% ketamine and 5% xylazine in PBS, and
then perfused with 20m1 of 4% paraformaldehyde in PBS. Isolated tissue was then
incubated in 4% paraformaldehyde in PBS, before being transferred to PBS.

For H&E staining, histologic evaluation was performed on 3-pm-thick sections
stained with H&E. Four to five representative images (20X magnification) were
collected from each fat pad for quantitative analysis using ImageJ- Adiposoft
plugin. Cutoffs were set to include all cells larger than 10 pm and smaller than
100 um in diameter. Images were run through the automated Adiposoft analysis
and then manually adjusted as needed.

For immunofluorescence staining, heat-induced antigen retrieval (citrate
buffer, pH 6) and unspecific binding blocking (FCS block plus goat anti-mouse
Fab block) was performed on paraformaldehyde-fixed sections. Sections were
subsequently incubated with the following primary antibodies: rabbit anti-LCMV
nucleoprotein sera (1:4,000, generated by prime-boost immunization against
purified LCMV-NP) and rat anti-CD8a (1:1000, eBioscience, no. 4SM15) diluted in
DAKO Real Antibody Diluent (no. $2022). Bound antibodies were visualized with
appropriate species-specific Alexa Fluor 647 anti-rat and Alexa Fluor 488 anti-
rabbit (1:200, Jackson ImmunoResearch). Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPT; 1:2,000, Invitrogen). Immunostained sections were scanned
using a Pannoramic 250 FLASH II (3DHISTECH) Digital Slide Scanner with
objective magnification of 20x. Four to five representative images were captured at
20x magnification and the image analysis was done using Cell Profiler v.3.0.

Serum measures. Blood samples were collected via the tail vein for longitudinal
measurements. For end-point measurements, animals were anesthetized using 15%
ketamine and 5% xylazine in PBS, blood was immediately drawn from the vena
cava, and the animals where then euthanized via cervical dislocation. Triglyceride
levels in the serum were determined using a Cobas C311 Analyzer (Roche). The
NEFA content was evaluated enzymatically using NEFA kit (Wako Chemicals:
reagents: 434-91795, standard 270-77000).

We used the MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead
Panel-Premixed 32 Plex (MCYTMAG-70K-PX32, Millipore) to quantify a wide
range of circulating cytokines and chemokines. Analysis was done following
the manufacturer’s instructions. To detect circulating levels of IFN-o, we
performed ELISA using rat anti-mIFN-c capture antibody (PBL Interferon Source,
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no. 22100-1), rabbit anti-mIFN-« detection antibody (PBL Interferon Source,
no. 32100-1), anti-rabbit horseradish peroxidase secondary antibody (Jackson
ImmunoResearch, no. 711-036-152) and 3,3',5,5'-tetramethylbenzidine (TMB)
solution (Life Technologies, no. 002023). For IFN- measurements, we used rat
anti-mIFN-{ capture antibody (PBL Interferon Source, no. 22400-1), rabbit anti-
mIFN- detection antibody (PBL Interferon Source, no. 32400-1), anti-rabbit
horseradish peroxidase secondary antibody (Jackson ImmunoResearch,

no. 711-036-152) and TMB solution (Life Technologies, no. 002023).

Different ELISA kits were used to measure leptin, cortisol, corticosterone,
free triiodothyronine, free thyroxine and norepinephrine, according to the
manufacturer’s instructions: leptin (PK-EL-68232DM, PromoCell), cortisol
(EIAHCOR, Thermo Scientific), corticosterone (ADI-900-097, Enzo Biochem),
free triiodothyronine (KET0004, Abbkine), free thyroxine (CSB-E05080m,
Cusabio) and norepinephrine (BA E-5200, Labor Diagnostika Nord).

Tissue measures. After euthanasiaby cervical dislocation, all harvested tissue was
instantly rinsed in PBS and then snap frozen in liquid nitrogen, until further
processing. Importantly, iLNs were always separated from the inguinal adipose
tissue during the harvest. RNA was isolated from adipose tissue for real-time
PCR analysis using QIAzol lysis reagent following the manufacturer’s instructions
(Qiagen). However, after homogenization, an additional centrifugation step

was required to remove any excess oil layer. We then reverse transcribed the
RNA samples into complementary DNA using the First Strand cDNA synthesis
Kit (Fermentas). After this, we used TagMan Fast Universal PCR Mastermix

and TagMan Gene Assays for Rplp0 (no. Mm00725448_s1), Cd36 (no.
Mm00432403_m1), Lp! (no. Mm00434764_m1), Dgat2 (no. Mm00515643_m1),
Ucpi (no. Mm01244861_m1), Lep (no. Mm00434759_m1) and Adipeg

(no. Mm00456425_m1).

For protein isolation from adipose tissue, samples were homogenized
in 1 ml sucrose buffer (250 mM sucrose, 1 mM dithiothreitol, 1 mM
ethylenediaminetetraacetic acid, 1:1,000 protease inhibitor cocktail, pH 7),
then centrifuged at 4°C, 1,000¢ for 10min. The infranatant layer was collected,
and protein content was determined using Coomassie Plus Bradford Assay Kit
(Thermo Scientific). Protein, 20-40 g, was used for sodium dodecylsulfate/
polyacrylamide gel electrophoresis analysis using NuPAGE Novex 4-12% Bis-Tris
Gels (Life Technologies), Westran Clear signal PY DF membranes (Whatman)
and the following primary antibodies: anti- ATGL (no. 2138S, Cell Signaling),
anti-HSL (no. 41078, Cell Signaling), anti-pHSL Ser*® (no. 41268, Cell Signaling),
anti-D418-Perlipin (34708, Cell Signaling) and anti- §-actin (no. ab8224, Abcam).
As asecondary antibody, we used horseradish peroxidase-conjugated, anti-rabbit
antibody (no. P0448, Dako). Detection of the luminescence signal was performed
using the ChemiDoc XRS+ (Bio-Rad Laboratories), following the immunoreaction
using Pierce ECL-Western blotting detection reagent ( Thermo Scientific) and
Amersham ECL select western blotting detection reagent (GE Healthcare
Life Sciences).

To quantify norepinephrine levels in inguinal white adipose tissue, fat tissue
was first weighed, cut into smaller pieces with scissors and then homogenized in
norepinephrine extraction buffer (1 mM ethylenediaminetetraacetic acid, 10 mM
HCI, 4mM sodium metabisulfite) using a mixer mill (TissueLyser II, Qiagen).
Homogenates were rested for 1 h at 4°C and adjusted to the same weight per
volume percentage by adding deionized water (final volume per sample was 1 ml).
To this mixture 200 ul chloroform was added and centrifugation was performed
for 15 min at 13,000¢ and 4°C. The aqueous supernatant was quantified for
norepinephrine using the corresponding ELISA kit

Flow cytometry analysis. Single cell suspensions of iLNs and spleen were prepared
through mechanical disruption against 40- to 70-pum cell strainers. Total cell count
was quantify minimum essential medium-heparin (1,000 U), and treated with red
blood cell lysis buffer (eBioscience). Samples were then treated with anti-CD16/32
FcR-Block (clone 93, eBioscience), and subsequently stained with the respective
antibodies as indicated for each experiment: CD8b.2: Pacific Blue (clone 53-5.8);
CD8a: PE-Cy7 (clone 53-6.7), PerCP-Cy5 (clone 53-6.7), fluorescein isothiocyanate
(FITG; clone 53-6.7), AF700 (clone 53-6.7); CD4: Pacific Blue (clone RM4-4); CD3:
APC (clone 17A2), PE-Cy7 (clone 145-2C11); CD45.1: Pacific Blue (clone: A20),
PE-Cy7 (clone A20); CD45.2: PE (clone 104), APC (clone 104); CD44: BY605
(clone IM7); Fixable Viability Dye eFluor 780 (APC-Cy7, Life Technologies). To
enumerate the number of virus-specific CD8* T cells, samples were incubated

with a fluorophore-labeled, GP33-specific tetramer at 37 °C for 15 min before
FcR-block treatment. GP33-specific tetramers were obtained through the NIH
Tetramer Core Facility. To quantify the blood (cell ), a precise amount was
either directly pipetted into minimum essential medium-heparin or collected in
ethylenediaminetetraacetic acid-coated tubes and then transferred to minimum
essential medium-heparin; 123count eBeads Counting Beads (no. 01-1234,
Invitrogen) were used to quantify cell numbers according to the manufacturer’s
instructions.

RNA-seq and data processing. To establish the best quality of RNA for RNA-
seq analysis, and avoid RNA degradation as a result of the heat generated from
homogenization, lymph node-free inguinal adipose tissue was smashed into

powder over dry ice, using a pre-cooled BioMasher (Kimble and Chase). After this
1ml of QIAzol lysis reagent (Qiagen) was added, and RNA was isolated following
the manufacturer’s instructions, with an additional starting centrifugation step

to remove the oil layer. Total RNA was quantified using a Qubit 2.0 Fluorometric
Quantitation system (Life Technologies), whereas the RNA integrity number was
determined using the Experion Automated Electrophoresis System (Bio-Rad).

The sequencing libraries for the 12 samples were pooled and sequenced
on an Illumina HiSeq 3000/4000 instrument using 50-base-pair single-end
chemistry. Calling of the bases, using the Illumina Realtime Analysis software,
was converted into a BAM format using Illumina2bam and de-multiplexed using
BamIndexDecoder (https://github.com/wtsi-npg/illumina2bam). The Tuxedo
suite was performed for the RNA-seq analysis pipeline. Reads were mapped
on the mouse reference genome (Muss mussculus, Ensembl e87) using TopHat2
v.2.0.10. Cufflinks v.2.2.1 was employed to assemble transcripts from spliced
read alignments, using the Ensembl e87 transcriptome as the reference, as well
as new assembly of transcript models. Furthermore, differential analysis of gene
expression was quantified using Cuffdiff v.2.2.1. Transcriptome sets of all replicates
for each sample group were combined with Cuffmerge. Expression values in graphs
are reported as FPKM (fragments per kilobase of transcript per million). Genes are
considered expressed when they have FPKM values = 1.

PCA was performed on the gene set with a minimum average expression
level across conditions of 5 FPKM. Only the 10% most variable (computed on the
coefficient of variance) genes were considered for the PCA analysis. Heatmaps
of FPKM expression values of different gene sets were performed using Pearson’s
distance measure with an average clustering method.

An additional RNA-seq analysis was performed at the transcriptome level to
implement an interaction model (2 2 factorial design). The gene expression on
the mouse Ensembl 87 transcripts was quantified from the previously TopHat2-
mapped reads with featureCounts v.1.5.3. Raw read counts are further normalized
with the voom function of the limma package®’. Normalized expression values,
reported as log, counts per million, were further processed through limma’s
empirical Bayes models. We implemented limma’s interaction model asa 2x 2
factorial design of uninfected T cell-Ifnari**, uninfected T cell-Ifnari** and
uninfected, 6 days post-LCMV-infected. Genes differentially modulated in the
interaction model were selected based on a minimum log, counts per million of
0, a minimum log, fold-change absolute value of 0.6 and a maximum adjusted
Pvalue of 0.05.

‘We performed enrichment analyses on the genes differentially modulated in
the interaction model. Separately, up- and downregulated genes were analyzed with
Cytoscape ClueGO v.2.3.3, based on GO (Biological Processes, Molecular Functions,
Immune System Process), InterPro, KEGG, Reactome and Wiki Pathways. Terms
were called enriched based on a maximum P value of 0.05 and a minimum of 3%
gene overlap. GO Term Fusion and grouping were performed. Enriched groups
were further ranked according to the group, Bonferroni’s step-down-adjusted
Pvalue. Group lead terms were defined inside each group as the term with the
lowest adjusted P value of enrichment. In-depth metabolic Reactome pathway
enrichment was performed with a Cytoscape Reactome Functional Interaction app.
Pathways with a maximum false discovery rate of 0.05 were retained.

Quantification and statistical analysis. Results are displayed as mean + s.e.m.
and were statistically analyzed as detailed in the figure legends using GraphPad
Prism v.7.0. Statistically significant P values were indicated as follows: *P < 0.05,
**P<0.01, **P<0.001, ****P<0.0001.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The accession number for the raw data of the RNA-seq is GSE118819.

References

48. Huang, S. et al. Immune response in mice that lack the interferon-gamma
receptor. Science 259, 1742-1745 (1993).

49. Pasparakis, M., Alexopoulou, L., Episkopou, V. & Kollias, G. Immune and
inflammatory responses in TNF alpha-deficient mice: a critical requirement
for TNF alpha in the formation of primary B cell follicles, follicular dendritic
cell networks and germinal centers, and in the maturation of the humoral
immune response. J. Exp. Med. 184, 1397-1411 (1996).

50. Peschon, J. J. et al. TNF receptor-deficient mice reveal divergent roles
for p55 and p75 in several models of inflammation. J. Immunol. 160,
943-952 (1998).

51. Muller, U. et al. Functional role of type I and type II interferons in antiviral
defense. Science 264, 1918-1921 (1994).

52. Prigge, J. R. et al. Type I IFNs act upon hematopoietic progenitors to protect
and maintain hematopoiesis during pneumocystis lung infection in mice.

J. Immuneol. 195, 5347-5357 (2015).

53. Sitnick, M. T. et al. Skeletal muscle triacylglycerol hydrolysis does not

influence metabolic complications of obesity. Diabetes 62, 3350-3361 (2013).

NATURE IMMUNOLOGY | www.nature.corm/natureimmunology

31



NATURE IMMUNOLOGY

54.

55.

56.

57.

58.

Eguchi, ]. et al. Transcriptional control of adipose lipid handling by IRF4.
Cell Metab. 13, 249-259 (2011).

Sawada, S., Scarborough, J. D., Killeen, N. & Littman, D. R. A lineage-specific
transcriptional silencer regulates CD4 gene expression during T lymphocyte
development. Cell 77, 917-929 (1994).

Coleman, D. L. & Hummel, K. The influence of genetic background

on the expression of the obese (Ob) gene in the mouse. Diabetologia 9,
287-293 (1973).

Komuro, K, Itakura, K., Boyse, E. A. & John, M. Ly-5: a new T-lymphocyte
antigen system. Immunogenetics 1, 452-456 (1974).

Fung-Leung, W. et al. CD8 is needed for development of cytotoxic T but not
helper T cells. Cell 65, 443-449 (1991).

NATURE IMMUNOLOGY | www.nature corry/natureimmunology

32

59.

60.

6

—

62.

ARTICLES

Shinkai, Y. et al. RAG-2-deficient mice lack mature lymphocytes owing to
inability to initiate V(D)J rearrangement. Cell 68, 855-867 (1992).
Hogquist, K. A. et al. T cell receptor antagonist peptides induce positive
selection. Cell 76, 17-27 (1994).

. Mombaerts, P. et al. RAG-Il-deficient mice have no mature B and T

lymphocytes. Cell 68, 869-877 (1992).

Kagi, D. et al. Cytotoxicity mediated by T cells and natural killer
cells is greatly impaired in perforin-deficient mice. Nature 369,
31-37 (1994).

. Smyth, G. K. Linear models and empirical Bayes methods for assessing

differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol.
3, 1-25 (2004).



natur e r e Se ar Ch Corresponding author(s):  Bergthaler

Last updated by author(s): 02/04/2019

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|z A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

& The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X A description of all covariates tested
|z A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|Z A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|Z For null hypothesis testing, the test statistic {e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|Z For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XOX O 0O 000 00s

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection EchMRI-TM-130 Analyzer was used to record body composition data acquired using EchoMRI-TM-100H.
MRI Analysis was done using a multi spin echo {MSME) sequence (repetition time[TR]= 500 ms, echo time[TE]=7.86 ms, averages =4) with
and without fat suppression (fat suppression bandwidth=1401.17 Hz).
BD FACS Diva 8.0.1 was used for data collection during flow cytometry analysis.

Data analysis Graph design and statistical analysis was performed using GraphPad Prism V7.0.
Postprocessing of MRI data was performed using ParaVision V6
Quantitative analysis of adipose tissue H/E staining was performed using Imagel-Adiposoft plugin V1.15.
Immunohistochemistry stained sections were scanned using Pannoramic 250 FLAH Il (3DHISTECH) Digital Slide Scanner. The images were
then analyzed using Cell Profiler V3.0.
For flow cytometry data analysis we used FlowJo V10.4.2.
For RNA-sequencing data was quinfified and analyzed using the TopHat2 (v2.0.10). Cufflinks (v2.2.1), Cuffdiff (v2.2.1) and the Cuffmerge
pipeline. Enrichment analysis was performed with Cytoscape ClueGO 82 (v2.3.3).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Accession number for the row data of the RNAseq: GSE118819.
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insure the validity of the experiment, this include measurement of viral load and body weight of LCMV-infected mice.
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n/a | Involved in the study n/a | Involved in the study
[J[X Antibadies X |[] chiP-seq
XI|[] Eukaryotic cell lines [J|X Flow cytometry
D Palaeontology [] MRI-based neuroimaging
] Animals and other organisms
XI|[] Human research participants
X |[] ciinical data
Antibodies
Antibodies used Rat 1gG1 isptype, clone: MOPC-21 {0.5mg) BioXcell BECO83

Hamster IgG1 isotype, clone: N/A {0.2mg) BioXcell BEOD91

Rat IgG1 anti-TNFq, clone: XT3.11 {0.5mg) BioXcell BEOO58

Rat IgG1 anti-IFNy, clone: XMG1.2 {0.5mg) BioXcell BECOS5
Hamster IgG1 anti-IL1q, clone: ALF-161 {0.2mg) BioXcell BE0243
Rat IgG1 anti-IL6, clone: MP5-20F3 {0.5mg) BioXcell BEOO46

Rat IgG2b anti-CD4, clone:YTS191 (0.2mg) BioXcell BEO119

Rat IgG2b anti-CD8, clone: YT$169.4 (0.2mg) BioXcell BEO117

Rat 1gG2b anti-CD30, clone: T24 {200.g) BioXcell BEO212

Rat anti-CD16/CD32, clone: 93 {1:200) eBioscience #14-0161-82
Anti-mouse CD8b.2 Pacific Blue, clone:53-5.8 {1:200) Biolegend #140414
Anti-mouse CD8a PE-Cy7, clone: 53-6.7 (1:200) Biolegend #100721
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Anti-mouse CD8a PerCP-Cy5, clone:53-6.7 (1:200) Biolegend #100733
Anti-mouse CD8a FITC, clone: 53-6.7 (1:200) Biolegend #100803

Anti-mouse CD8a AF700, clone: 53-6.7 {1:200) Biolegend #100729
Anti-mouse CD4 Pacific Blue, clone: RM4-4 {1:200) Biolegend #116007
Anti-mouse CD3 APC, clone: 17A2 {1:200) Biolegend #100235

Anti-mouse CD3 PE-Cy7, clone: 145-2C11 {1:200) Biolegend #100319
Anti-mouse CD45.1 Pacific Blue, clone: A20 (1:200) Biolegend #110721
Anti-mouse CD45.1PE-Cy7, clone:A20 {1:200) Biolegend #110729

Anti-mouse CD45.2 PE, clone 104 {1:200) Biolegend #109807

Anti-mouse CD45.2 APC, clone:104 (1:200) Biolegend #109813

Anti-mouse CD44 BV605, clone: IM7 {1:200) Biolegend #103047

Anti-ATGL, {1:1000) Cell Signaling #2138S

Anti-HSL, {1:1000) Cell Signaling #4107S

Anti-phospho HSL Ser660, {1:1000} Cell Signaling #4126S

Anti-D418-Perlipin, (1:1000) Cell Signaling #3470S

Anti-B-Actin, {1:1000) Abcam ab8224

HRP-conjugated anti-rabbit antibody, {1:4000) Dako P0448

Rat anti-mIFN-a capture antibody, (1:54) PBL Interferon Source 22100-1
Rabbit anti-mIFN-o detection antibody, {1:738) PBL Interferon Source 32100-1
Anti-rabbit HRP secondary antibody, {1:5000) Jackson ImmunoResearch 711-036-152
Rat anti-mIFN-B capture antibody, (1:1000) PBL Interferon Source 22400-1
Rabbit anti-mIFN-3 detection antibody, {1:1000) PBL Interferon Source 32400-1
Rat anti-CD8a Alexa Fluor 647, clone:4SM15 {1:1000) eBioscience #4SM15
Alexa Fluor 488 anti-LCMV_NP, {1:4000)

- |
o
—
C
=]
(1]
=]
(1]
wn
M
o
=
n
0o
=i
M
o
o
=1
3
«Q
wn
C
3
3
b}
<2

Validation All antibodies were validated as per manufacturer instruction. For FACS antibodies unstained samples were included in every
run, to control for auto-fluorescence. The LCMV_NP Alexa Fluar antibody has been previously validation in Kosak et al. Sci Rep.
2017 Sep 12;7(1):11289. DOI: 10.1038/s41598-017-10637-y

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mouse: C57BL/6, The Jackson Laboratory JAX: 000664
Mouse: Ifny-/-:B6.12957-Ifngr1tm1Agt/), The Jackson Laboratory JAX: 003288
Mouse: Tnf-/-: B6.129S-Tnftm1gkl/J, The Jackson Laboratory JAX: 005540
Mouse: Tnfrl-/-: C57BL/6- Tnfrsflatm1/mx/J, The Jackson Laboratory JAX: 003242
Mouse: Ifnarl-/-: B6.12952-Ifnar1tm1Agt/Mmijax, The Jackson Laboratory JAX: 032045
Mouse: Ifnarlfl/fl: B6{Cg}-fnarltm1.1Ees/J, The Jackson Laboratory JAX: 028256
Mouse: AdipoqCre/+: B6;FVB-Tg{Adipog-cre)1Evdr/l, The Jackson Laboratory JAX: 010803
Mouse: Atglfl/fl: BEN.1295-Pnpla2tm1Eek/], The Jackson Laboratory JAX: 024278
Mouse: Hslfl/fl: B6.129P2-Lipetm1Rze/l, Laboratory of Rudolf Zechner, Graz, Austria. N/A
Mouse: Cd4Cre/+: STOCK Tg{Cd4-cre)1Cwi/Bflul, The Jackson Laboratory JAX: 017336
Mouse: Ob/Ob: B6.Cg-Lepob/J, The lackson Laboratory JAX: 000632
Mouse: Cd45.1, Ly5a, PtprcSIL Komuro et al., 1974 MG1:4819849
Mouse: Cd8-/-: B6.12952-Cd8atm1Mak/J, The Jackson Laboratory JAX: 002665
Mouse: Rag2-/-: B6{Cg)-Rag2tm1.1Cgn/), The Jackson Laboratory JAX: 008449
Mouse: OT-| Ragl-/- CD45.1: C57BL/6-Tg(Tcratcrb)1100Mjb/), B6.12957-Ragltm1Mom/), The Jackson Laboratory JAX: 003831,
002216
Mouse: Prf1-/-: CD57BL/6-Prf1tm1Sdz/J), The Jackson Laboratory JAX: 002407

All animals within each experiment were age- and sex-matched. Animals were 8-12 weeks old by the start of the experiment.
Between different experiments males and females were used interchangeably, as no sex-specific differences were observed in
relevant parameters.

Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve field—collected samples.
Ethics oversight Ethical approval was obtained from the Department of Biomedical Research of the Medical University of Vienna, Vienna, Austria,

as well as the Central Facility for Animal Research and Scientific Animal Welfare (ZETT) in Dusseldorf, Germany, the state of
Beden-Wurttemberg, Germany, and the Institutional Animal Case and Use Committees of the Institute of Systems Biology in
Seattle.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

& The axis labels state the marker and fluorochrome used {(e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

For flow cytometry analysis samples were obtained from either blood, spleen or inguinal lymph nodes.
Blood samples were collected in MEM-1000UHeparin, then treated with RBC lysis buffer. Spleens and lymph nodes were
collected in PBS-2%FCS on ice, then mechanically distrupted against 40-70um cell trainers.

Flow cytometry data was collected using LSRFortessa.

BD FACS Diva 8.0.1 was used for data collection. For data analysis we used FlowJo vV10.4.2.
No cell sorting was performed in this study.

Among live, single cells:

CDAT cells were gated as: CD3+CD8+

CD8 T cells were gated as: CD3+CD8+ or CD44+ CD8+

Virus-specific CD8 T cells were gated as: CD3+ CD8+ and either GP33+ or NP396+
For Chimeric mice: endogenous CD8 T cells were gated as: CD45.2+CD8+ the transferred CD8 T cells were gated as CD45.1+CD8+

[X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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In the format provided by the authors and unedited.

SUPPLEMENTARY INFORMATION

CD8* T cells induce cachexia during chronic viral
infection

Hatoon Baazim', Martina Schweiger?®, Michael Moschinger'®, Haifeng Xu®3, Thomas Scherer?,
Alexandra Popa’, Suchira Gallage®, Adnan Ali%, Kseniya Khamina', Lindsay Kosack', Bojan Vilagos',
Mark Smyth’, Alexander Lercher’, Joachim Friske®, Doron Merkler’, Alan Aderem?®, Thomas H. Helbichs®,
Mathias Heikenwalder®, Philipp A. Lang?, Rudolf Zechner? and Andreas Bergthaler®™

'"CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria. 2nstitute of Molecular Biosciences, University of
Graz, Graz, Austria. *Department of Molecular Medicine Il, Heinrich Heine University, Disseldorf, Germany. *Division of Endocrinology and Metabolism,
Department of Medicine I, Medical University of Vienna, Vienna, Austria. *Division of Chronic Inflammation and Cancer, German Cancer Research
Center, Heidelberg, Germany. *Department of Biomedical Imaging and Image-guided Therapy, Division of Gender and Molecular Imaging, Preclinical
Imaging Laboratory, Medical University of Vienna, Vienna, Austria. "Department of Pathology and Immunology, University of Geneva, Geneva, Switzerland.
8Center for Global Infectious Disease Research, Seattle Children’s Research Institute, Seattle, WA, USA. *These authors contributed equally: Martina
Schweiger, Michael Moschinger. *e-mail: abergthaler@cemm.oeaw.ac.at

NATURE IMMUNOLOGY | www.nature corry/natureimmunology

37



10% 5
2
2 1045
=
£
> 10°3
i
10°°T o~
100 T T T T T T
0 2 4 6 B8 10 412
Days post infection
_o- iWAT d) -e- M.quadr.
C) = gWAT -e- M.gastr.
-4 BAT -=- M. sole.

215 220 215
~~ 210 “Ani5 =210
g g g
- = 5 < < 25
§ 3 221 2
2 © 20 & ¢ 2
Q = = 55 3
g 2 28 - g 2°
E 210 20 o 210
0 2 4 6 8 S 0 2 4 6 8
.- RN
Days post infection '@5‘\ X Days post infection
9) = MyoD1
*x 2 10 = Fbx032
~ o~ =210 . & 2 2 = Trimé3
g e 4 - 2 2
e | - P | - 91 o o |
2 2 2 .5 |% 3?2 e g
% 5 * 2 A 5 5
x e r o € % 4
= 2 1
2 g? 2?7 2 0 4/(k 2 (N 2
5 5 52 52 = i rYa °
g g2 853 g 3 2
T g 52 o
=510 = 0 =94 225 22_2 =
KPP KPP TSR
h) 4401 ) 110+
5 uninfected | 5 J
= 190§ aoorrul |z 10
g 2x10°FFU )
2 904 2 90+ :
S 2x10% FFU £ >
£ 5 £
5 80 2x10% FFU 80 -
g ;‘2 —o- ARM
2x102 FFU - Cl13
70 , . , ; , 70 . v ———
0 2 4 6 8 0 2 4 6 8
X Days post infection Days post infection
)
_120 pd _120 ° PBS opBs
2 f 2 C oOliveol 3B 120 @ Casein
%110 £ g E
2100 2 i3 H 3
s s s s H
Z % £ £ =
5 e} o) o)
= 80 R xX ES
70— — s —g — r—— y—r rr—— —
46812 20 32 40 46812 20 32 40 46812 20 32 40 46812 20 32 40
Days post infection Days post infection Days post infection Days post infection

38



Supplementary Figure 1
Characterization of the pathophysiological changes induced by IAC.
a) Activity, oxygen consumption (VO,) and respiratory exchange ratio (RER) of LCMV-infected mice compared to uninfected controls

(n=10). Data are representative of a single experiment.

b) Circulating viral load of LCMV-infected mice, measured using focus-forming assay (h=4). Data are representative of two independent
experiments

c,d) LCMV nuclear protein as measured by gPCR from tissue homogenate of inguinal, gonadal, and interscapular-brown adipose tissue
up to 8 days post-infection, and 17 days post-infection (column graph) (n=5), representative of three independent experiments (c), as
well as quadriceps, gastrocnemius and soleus muscles (n=5) representative of two independent experiments.

e-g) RNA expression of myoblast differentiation 1 (MoyD1), and the proteasomal degradation markers Atrogin1 (Fbxo32) and Murf1
(Trim63) in the indicated muscle compartment (n=5) (p-values: **0.0025 , **0.0029, *0.0252, **0.0059 (e), **0.0087 , **0.0071 (f),
***0.0003 , "0.0295 (g) one-way ANOVA, Bonferroni correction).

h) Body weight kinetics of mice infected with a titrated dose of LCMV-CI13, ranging from 2x1 0° FFU to 2x10% FFU (n=3), (p-values: """
< 0.0001, **0.0021 two-way ANOVA).

i) Body weight kinetics of mice infected with high dose LCMV-CI13 compared to LCMV-ARM (n=4), (p-values: """« 0.0001 two-way
ANOVA). h-i) data are representative of three independent experiments.

j) Body weight kinetics Of LCMV-infected mice after gavage supplementation of indicated diet between 4 and 7 days after infection
(n=4) (p-values: **0.0029, ****< 0.0001, two-way ANOVA) Data are representative of a single experiment.

All data shows mean + s.em.
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Supplementary Figure 2
|AC triggers severe adipose tissue remodeling and alters leptin expression and concentration.

a) Inguinal fat pad in LCMV-infected mice at 6 and 8 days post-infection compared to pair-fed mice. Similar results were observed
across all experiments using LCMV-infected wild-type mice.

b,c) Representative H/E staining taken from inguinal fat pad (b) and gonadal fat pad (c) at 6 and 8 days post-infection compared to
uninfected controls (n=3).

d,e) Serum concentration of ghrelin (n=5) (d) and leptin (n=6) (e) as measured by ELISA in infected and uninfected mice (p-values:
***0.0002, ****<0.00001 one-way ANOVA, Bonferroni correction). Data are pooled from two independent experiments.

f) Leptin (Lep) and Adiponectin (Adipog) mRNA expression in inguinal fat pad of infected and uninfected mice, calculated from arbitrary
units normalized to Ribosomal protein (Rp/p0) and body weight (n=4) (p-values: **0.0018 one-way ANOVA, Bonferroni correction). Data
are representative of a single experiment.

g,h) Infection of leptin knockout mice (LepOb/Ob) and heterogeneous control (LepOb“) showing body weight kinetics and food intake
n=4), representative o independent experiments (g) and body composition as measured in live un-anesthetized mice using
4 tati f two ind dent i t d bod iti d in li thetized mi i

EchoMRI (n=4), representative of a single experiment (h).

d-h) data shows mean + s.e.m.
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Supplementary Figure 3

Days post infection

Days post infection

The role of infection-induced proinflammatory cytokines and T cells in mediating weight loss during LCMV CI13 and influenza infection.

a) Serum cytokines of LCMV-infected mice measured using Luminex multiplexing immunoassays (n=4). Data are representative of a

single experiment.

b) Percent of initial body weight at 8 days post infection in genetic knockout and neutralizing antibody-treated mice for the indicated
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cytokines and cytokine receptors (n=4) (p-values: *0.0122 unpaired two-tailed Student's t-test). Data shows a summary of figure 2b-2d.

c) Circulating viral load as measured using focus-forming assay at 8 days after infection. (n=5) for antibody depletion and (h=4) for
ifnart™” (p-values: **0.0092, *0.0371, "*0.0015 unpaired two-tailed t-test).

d) Percent of circulating CD4" T cells or CD8" as indicated, following treatment with either CD4 blocking antibody (n=3) or CD8 blocking
antibody (n=4) respectively.

e) Percent of initial body weight of mice treated with either anti-CD4 or anti-CD8 depleting antibodies, as well as cbs™ (n=4).

f) Splenic viral load as measured with focus-forming assay at 8 days after infection. (n=3) for anti-CD4 treated mice and (n=4) for
others. c-f) Data are representative of two independent experiments for antibody depletions and Ifnart™ , and a single experiment for
ifng”, Tnf", Tnfit” and Cd8™".

g,h) Body weight kinetics of WT and Rag2’/' mice infected with LCMV-CI13 (n=5) (g) or Influenza PR/8 (n=4) (h) (p-values: "***< 0.0001
two-way ANOVA). Data are representative of two independent experiments.

i) Body weight kinetics and j) food intake of influenza-infected mice compared to pair-fed uninfected mice up to 8 days post-infection
(n=4), data represent a single experiment.

Data shows mean + s.e.m.
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Supplementary Figure 4

Loss of T cell-intrinsic type | IFN signhaling abrogates infection-induced adipose tissue lipolysis.

i : : Ffip Cref+
a) Body weight kinetics of /fnar?” 'Adipoq
experiments.

b,c) FACS analysis of CD8" T cells in spleen (n=4) (p-values: ***0.0005 , **0.0017 , **0.0059 , *0.0124 two-way ANOVA, Bonferroni
correction) (b) and inguinal LN (n=4) (p-values: **0.0049 two-way ANOVA, Bonferroni correction) (c), harvested on 6 days post-
infection from /fnar1™CD4“™" and Ifnart™ controls. Data represents a single experiment.

il

mice in comparison to /fnar?™" controls (n=4) Data are representative of two independent

d) Schematic representation of fasting lipolysis, showing circulating cortisol (p-values: **0.0010, *0.137 two-way ANOVA, Bonferroni
correction), corticosterone (p-values: ***0.0001, ***0.0004 two-way ANOVA, Bonferroni correction), norepinephrine (p-values: ***0.0004
two-way ANOVA, Bonferroni correction), free T3 (p-values: **0.0036 two-way ANOVA, Bonferroni correction) and free T4 levels, as well
as adipose tissue norepinephrine (n=3). Data are representative of two independent experiments. RNA-seq data (n=3) shows mRNA
expression of B-AR (Abrd2) (p-values: **0.0001 one way ANOVA, Bonferroni correction), GNAS (p-values: """« 0.0001, **0.0014 one-
way ANOVA, Bonferroni correction), ATGL (Pnpla2), CGI-58 (Abhd5) (p-values: *0.0271, *0.048 one-way ANOVA, Bonferroni
correction), GOS2 (G0s2) and HSL (Lipe), in addition to protein expression of ATGL, HSL, pHSL and Perilipin. Western blot data are
representative of two independent experiments were (n=3).

Data shows mean + s.e.m. for bar graphs and (a).
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Supplementary Figure 5
CD8 T cell egress from lymph nodes is dispensable for the induction of IAC, but antigen-specific activation is required.

a-d) Virus-specific CD3'CD8" T cells of LCMV-infected and uninfected mice after daily gavage administration of either FTY720 or
water. Cell were isolated from blood at day 6 (n=5) (p-values: **** < 0.0001, **0.0083 two-way ANOVA, Bonferroni correction) (a) and
day 8 post infection (n=5) (p-values: ****<0.0001, **0.0013, **0.0012 two-way ANOVA, Bonferroni correction) (b). At day 8 post-
infection, cells were also isolated from inguinal LN (n=5) (p-values: **** < 0.0001, **0.0036, *0.0142 two way ANOVA, Bonferroni
correction) (c) and spleen (n=5) (p-values: **** < 0.0001, ***0.0002 two way ANOVA, Bonferroni correction) (d).

e,f) Flow cytometry analysis showing the percent of CD8" T cells carrying CD45.1" vs CD45.2" congenic markers after bone marrow
reconstitution in indicated chimeras (n=6) (p-values: ****< 0.0001 unpaired two-tailed Student’s t-test).

g,h) Percentage and total number of GP33"CD8" T cells in chimeric mice at 12 days after LCMV infection (n=6) (p-values: **0.0038,
*0.0282 unpaired two-tailed Student’s t-test).

e-h) Data are pooled from two independent experiments. All data shows mean +s.em.
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Supplementary Figure 6
Unprocessed images of all western blots.

(left) unprocessed image acquired for indicated antibodies. (righ}) merge images show the chemo-luminescence image automatically
merged with ladder image as acquired using Bio-Rad ChemiDoc™ XRS+ system.
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Supplementary Table 1:

Ctrl 16h 24h 36h 48h 72h 96h
Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mean STDEV
Eotaxin 127,62 65,85 92,14 21,08 88,78 28,14 120,81 12,30 52,96 12,55 60,27 6,07 50,36 8,25
G-CSF 30,69 20,70 234,08 21,15 454,48 145,76 805,23 104,87 795,97 273,36 | 114298 441,38 | 518,19 188,38
GM-CSF <3,2 - <3,2 - 6,86 7,31 <32 - <3,2 - <3,2 - <3,2 -
IFN-g <0,63 - 37,80 7,00 43,16 6,16 8,51 4,24 26,17 11,59 608,70 184,96 | 684,16 173,48
IL-1a 220,43 154,36 14,36 12,73 57,25 79,16 64,04 15,98 19,50 16,01 1,64 0,43 9,60 16,55
IL-1b <3,2 - <3,2 - <3,2 - <3,2 - <3,2 - <3,2 - <3,2 -
IL-2 <2,1 - <2,1 - <2,1 - <2,1 - <2,1 - <2,1 - <2,1 -
IL-3 1,31 0,17 1,52 0,16 1,44 0,14 1,55 0,04 1,45 0,09 1,45 0,13 1,41 0,10
IL-4 <1,34 - <1,34 - <1,34 - <1,34 - <1,34 - <1,34 - <1,34 -
IL-5 <1,99 - 5,22 3,81 3,69 3,40 <1,99 - <1,99 - 34,67 26,11 81,84 20,03
IL-6 <0,09 - 125,68 32,68 76,53 49,49 25,30 15,28 9,19 10,32 36,41 14,35 9,04 3,64
IL-7 <0,01 - <0,01 - 0,05 0,07 0,41 0,79 0,11 0,21 1,29 2,14 2,21 2,32
IL-9 <3,2 - 9,84 13,29 <3,2 - <3,2 - <3,2 - <3,2 - <3,2 -
IL-10 <0,18 - 9,71 4,92 10,92 445 14,59 3,81 6,41 3,81 1,30 1,46 0,39 0,42
IL-12(p40 <0,27 - <0,27 - <0,27 - <0,27 - <0,27 - <0,27 - <0,27 -
IL-12{p70 <1,86 - <1,86 - <1,86 - <1,86 - <1,86 - <1,86 - <1,86 -
IL-13 <3,2 - <3,2 - <3,2 - <3,2 - <3,2 - <3,2 - <3,2 -
IL-15 <0,69 - 3,51 5,64 1,65 1,93 5,39 9,39 3,61 5,84 10,36 19,34 8,86 16,35
IL-17 <0,57 - <0,57 - <0,57 - <0,57 - <0,57 - <0,57 - <0,57 -
IP-10 32,40 16,58 1646,91 262,30 847,57 301,22 622,68 63,25 366,53 37,61 290,25 27,11 205,53 26,91
KC 8,27 4,95 91,42 15,25 29,95 10,35 90,01 26,23 77,32 36,22 58,68 27,25 35,38 13,74
LIF <0,84 - <0,84 - <0,84 - <0,84 - <0,84 - <0,84 - <0,84 -
LIX 14715,35 8875,36 | 11556,72 1589,85 | 16804,59 12982,59 | 21163,26 2643,70 | 13903,63 6421,48 | 6156,22 2932,71 | 5047,71 4304,10
MCP-1 <2,37 - 415,61 207,18 682,21 366,05 507,79 227,31 218,12 106,24 | 108,14 25,15 43,25 7,31
M-CSF 134,55 267,86 41,13 58,97 114,62 102,94 68,60 70,72 9,11 10,61 <0,62 - <0,62 -
MIG 6,72 2,01 278,46 99,73 787,21 239,24 803,43 136,96 297,24 71,03 306,87 37,09 208,29 23,48
MIP-1A <3,2 - 68,68 7,58 43,60 13,23 37,87 9,36 15,94 8,67 4,58 2,75 <3,2 -
MIP-1B <3,2 - 434,73 97,49 245,80 71,52 194,26 23,23 117,56 20,12 35,69 12,19 10,62 14,85
MIP2 46,14 29,67 10,39 14,38 15,19 23,98 15,82 17,39 13,01 14,64 <3,2 - <3,2 -
RANTES 3,82 0,46 11,60 4,82 12,28 6,78 9,69 2,93 4,84 0,62 4,62 0,50 4,53 1,29
TNF 2,40 0,24 5,18 0,76 5,14 0,57 5,20 0,50 3,73 0,49 3,21 0,21 2,94 0,33
VEGF 1,40 0,18 1,34 0,04 1,36 0,09 1,32 0,05 1,29 0,05 1,27 0,05 1,25 0,05
IFNa <0,000 - 12483,90 2142,65 | 17450,51 4101,07 | 11505,30 1800,13 | 3216,97 1014,99 | <0,000 - <0,000 -
IFNb <0,000 - 1071,96 214,65 439,38 78,04 <0,000 - <0,000 - <0,000 - <0,000 -
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4. Discussion.

Cachexia is a debilitating syndrome that impacts a wide range of patients, yet remains poorly
diagnosed and, in the majority of cases, unsuccessfully managed (Baracos et al, 2018; Aoyagi
et al, 2015). Patients suffering from cancer, chronic inflammation and infection, are at risk of
manifesting cachexia during terminal stages of disease, and as such cachexia often correlates
with increased morbidity and mortality (Lok, 2015).

In this study, | investigated the inflammatory and metabolic drivers of infection-associated
cachexia, using a benchmark model of chronic viral infection. We report that infection with
high dose LCMV-CI13 results in a transient cachexia triggered by antigen-specific CD8" T cell
response, and requires CD8" T cell-intrinsic type | IFN signaling. The decline in body weight
accompanies a reduction in food and water intake, decreased physical activity, as well as a
shift in systemic metabolism towards fat utilization. A closer examination of adipose tissue
revealed severe structural remodeling, metabolic reprogramming and increased lipolysis.
Within multiple models of cachexia, adipose tissue wasting was shown to precede muscle
atrophy, and is thought to potentially predispose to it (Bing & Trayhurn, 2008; Das et al, 2011;
Fukawa et al, 2016). The wasting affected fat depots in the whole organism, though the
inguinal compartment showed a slightly earlier wasting. Additionally, fat remodeling was
associated with an increase in the density of vascular structures, mainly in the inguinal fat pad,
a feature that has not been previously described during cachexia. It's important to note that
the true nature of this vasculature remains unknown and requires further characterization.
Some similarities might be drawn between obesity and cachexia, in terms of the adipose tissue
inflammatory milieu and metabolic changes which can promote systemic inflammation,
dyslipidemia and metabolic dysfunctions (Vegiopoulos et al, 2017). Increased vascularization
is a known feature of obesity, during which the expanding mass of adipocytes increases their
distance to blood vessels, thereby triggering hypoxia-induced angiogenesis (Cao, 2013).
Additionally, the differences in tissue remodeling of the inguinal and gonadal compartment
could provide important clues into the molecular underpinnings of cachexia and may be
attributed to the fat pad localization and/or the presence of lymph nodes, both of which are
factors that can alter the tissue’s metabolic and inflammatory state (Bjgrndal et al, 2011). For
instance, if the cachectic signals that link virus-specific CD8" T cells and adipocytes are
transmitted from lymph nodes to peri-lymphatic adipose depots, the affected fat pads might
then indirectly induce wasting in other depots. Though cross-fat pad communication networks
are poorly understood, depot-specific manipulations in rodents highlight their presence and
ability to affect the lipolytic and cell proliferative state (Shi & Bartness, 2005).

When viewing cachexia under the light of metabolic adaptation, the available evidence
remains insufficient to definitively classify cachexia as a maladaptive syndrome. Cachectic

patient have been reported to exhibit cardiac and respiratory complications that can result in
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death (Fearon et al, 2011; Baracos et al, 2018). However, these complications mostly occur
at very advanced stages of disease, and it is difficult to disentangle whether they occur as a
result of the cachexia-program, or due to the underlying illness. Additionally, a study
investigating cachexia during pancreatic ductal adenocarcinoma (PDAC), performed a review
of clinical data from PDAC patients. This study showed no correlation between peripheral
tissue wasting during cachexia and the patient’s survival (Danai et al, 2018).

The syndrome as a whole occurs in three pathophysiological stages: pre-cachexia, cachexia,
and refractory cachexia (Fearon et al, 2011). During pre-cachexia, subtle changes are
observed in feeding behavior and glucose tolerance, which might not have a significant effect
on weight loss (Muscaritoli et al, 2010). Patients are then classified as cachectic, when their
weight loss exceeds 5% of their initial weight over 6 months and present with sarcopenia
(Baracos et al, 2018; Tisdale, 2002). They enter a state refractory cachexia when the extent
of illness prevents medical intervention and limits their life expectancy (Fearon et al, 2011).
These stages could be viewed as a reflection of the adaptive state of the progression of

cachexia programs as they progress in response to the inflammatory environment (Figure 6).
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Figure 6: A model representing stages of cachexia along disease progression.
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If we super-impose this progression on our model, we can point towards day 6 after infection
as the transition point between pre-cachexia and cachexia, where the alterations in feeding
behavior and lipid metabolism start to have global impacts. At day 8 post infection, the weight
loss reaches a threshold of 15-20%, the progression of cachexia slows down and weight
recovery begins. This threshold is likely to represent the dividing line between transient or
terminal cachexia. It is reasonable to hypothesize that during transient cachexia, recovery
starts either due to the resolution of the underlying illness (Arends et al, 2017), or due to the
activation of immunomodulatory pathway that dampens the cachexia-programs (Wherry,
2011; Rouse & Sehrawat, 2010; Moseman & McGavern, 2013). If these immunomodulatory
pathways fail to control the signals that either trigger or maintain cachexia, or if the underlying
illness continued to progress, this could result in an uncontrolled pathology and refractory
cachexia.

A better understanding of the trade-off mechanisms by which cachexia is influenced is still
massively underexplored (Wang & Medzhitov, 2019). Our work provides a reliable model for
comparative analyses, where viral infection-associated cachexia, could be compared to
parasitic infection-associated cachexia and cancer-associated cachexia. Such comparative
analyses would be crucial in the future to strip away the disease-specific variations and identify
the main modulatory elements of cachexia. This could be valuable for the design of new

therapeutic strategies, that are specialized to the respective context.
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