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ABSTRACT

Activation of the immune system is metabolically costly, yet a hallmark of an infection is a reduction in
appetite with a subsequent reduction in metabolite provision. What is the functional value of decreasing
nutrient intake when an infection imposes large demands on metabolic parameters? Here, we propose
that sickness-associated anorexia (SAA) upregulates the ancient process of autophagy systemically,
thereby profoundly controlling not only immune- but also nonimmune-competent cells. This allows an
advanced impact on the resolution of an infection through direct pathogen killing, enhancement of
epitope presentation and the contribution toward the clearance of noxious factors. By rendering a ‘free
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meal,” autophagy is thus most fundamentally harnessed during an anorexic response in order to promote
both host tolerance and resistance. These findings strongly suggest a reassessment of numerous SAA-
related clinical applications and a re-evaluation of current efforts in patient care.

Introduction

. she drank only half a cup and swallowed a tiny piece of
bread. The veal she refused with disgust and irritation. “You
are ill, Marie, all this is a sign of illness,” Shatov remarked tim-
idly as he waited upon her. - Fyodor Dostoyevsky (Demons,
1872)

A decrease in appetite is a universal and cardinal manifesta-
tion of an established infection.! Since both vertebrates and
invertebrates, exhibit anorexia during an infection, this
response likely plays a vital function, which remained con-
served across species. However, considering the high metabolic
cost of mobilizing an immune response, it may seem counter-
productive to undergo an anorexic response during an infec-
tion. This is exacerbated by the febrile response, where for
every 1°C increase in body temperature, metabolic output may
be upregulated by 10-15%, translating into a 30-60% increase
in basal metabolic rate.> What could be the functional value of
decreasing nutritional intake at a time where extreme metabolic
demands are imposed on the host?

Here we provide intriguing evidence suggesting that sick-
ness-associated anorexia (SAA) represents an evolutionarily
conserved response dedicated toward a systemic upregulation
of autophagic activity. Substantiating this perspective, we
mechanistically relate the physiological response observed dur-
ing anorexia and an infection to an upregulation of autophagic
flux, i.e. the rate of protein degradation through macroautoph-
agy, leading to enhanced hepatic autophagy, an altered amino
acid profile as well as a profound impact on not only immune-
but also nonimmune-competent tissues. In doing so, we assess
possible underlying design principles of SAA-induced auto-
phagy, that may point toward powerful implications to exploit
autophagy to advance the resolution of infections.

Anorexia enhances hepatic autophagy and has an impact
on disease trajectory

SAA may play a critical role in sustaining hepatic autophagy
with major impact on disease trajectory. It has recently been
demonstrated that NR1H4/FXR, nuclear receptor subfamily 1
group H member 4 and PPARA/PPAR« (peroxisome prolifera-
tor-activated receptor «) are prominent transcriptional regula-
tors of hepatic autophagy.” Both NR1H4 and PPARA
competitively bind to gene promoters with antagonistic tran-
scriptional regulation of autophagy genes. In a fasted state,
PPARA is activated, leading to an upregulation of hepatic
autophagy. In contrast, NR1H4 is triggered postprandial by
bile acids, leading to an inhibition of autophagy.’ Thus, fasting
and feeding, particularly high-fat foods, would transcriptionally
control autophagy in hepatocytes, indicating that anorexia may
be a specific behavioral response to maintain high levels of
hepatic autophagic activity during an infection.

Upregulating autophagy in the liver may have a critical
impact on the disease trajectory in a number of ways. The liver
plays a major role in lipopolysaccharide (LPS) clearance during
sepsis,* although the process by which LPS is neutralized
remains poorly understood. However, recent evidence indicates
that the uptake of LPS by SCARBI (scavenger receptor class B
member I), ubiquitously expressed in the liver, may provide a
mechanism for LPS* as well as bacteria® uptake. Indeed, earlier
studies identified LPS in “phagocytic vacuoles” of Kupffer
cells,® suggesting that autophagy may play a role in degrading
LPS. Supporting this view, Kupffer cells from mice fed a high-
fat diet display a significant decrease in autophagic markers
with a concomitant increased sensitivity toward LPS treatment
ex vivo.” Similarly, in a cecum-ligation-and-puncture mouse
model system, it was illustrated that pharmacological induction
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of autophagy is protective in cardiomyocytes® as well as in hep-
atocytes,” whereas inhibition of autophagy has detrimental con-
sequences. These results indicate that upregulation of hepatic
autophagy may provide survival benefits during sepsis. Thus,
SAA may represent a mechanism to promote autophagic flux
in the liver.

Finally, it has been demonstrated that NR1H4 similarly
antagonizes the transcriptional activity of CREB (cAMP
response element-binding protein) after feeding and that this
“NR1H4-CREB axis” likely modulates autophagy in various
other tissue types during feeding/fasting cycles.'’ This finding
suggests that fasting may also play a role that widely affects
peripheral tissue. However, chronic activation of hepatic
autophagy adversely affects liver homeostasis. In patients suf-
fering from anorexia nervosa, a psychiatric disorder that is dis-
tinct from SAA, prolonged activation of hepatic autophagy has
detrimental consequences.'’ Indeed, it has been observed that
starvation-induced autophagy in patients suffering from
anorexia nervosa may lead to hepatic cell death.'> However,
these pathologies manifest in severely undernourished individ-
uals as a consequence of prolonged upregulation of autophagy.
Since infections resolve within weeks, anorexia nervosa is not
only distinct from SAA in terms of etiology but also in terms of
the time frame in which SAA would invoke autophagic
processes.

Anorexia induces autophagy by altering the profile of
plasma amino acids

During an infection, energy-rich molecules are mobilized in
order to sustain metabolic activity of immune effectors. Mecha-
nistically, LPS binding to TLR4 (toll-like receptor 4) on 3T3-L1
adipocytes induces insulin resistance,"” while inducing lipolysis
in adipocytes'* and promoting triglyceride production in hepa-
tocytes."” Similarly, glucose is preferentially shunted toward
immune cells during an infection. Cytokines such as TNF and
IL1B/IL-1p induce a state of insulin resistance in peripheral tis-
sues, particularly by inhibiting glucose uptake in the 2 major
‘glucose-sinks’—myocytes'® and adipocytes,'” thereby provid-
ing more glucose for aerobic glycolysis (Warburg effect), and
driving the anabolic metabolism of activated immune cells.'®
However, in sharp contrast to glucose and fatty acids, vari-
ous circulating amino acids (AA), including branched-chain
AA (BCAA), progressively decrease during an infection."” Such
a decrease occurs in the context of rapid muscle catabolism,
suggesting the prime recipients of liberated amino acids may be
the liver where amino acids are used for gluconeogenesis, and
immune cells for rapid cell division or anabolism. Decreased
circulating AA could promote autophagy in 2 ways: first, cellu-
lar efflux of glutamine coupled with an influx of BCAA is the
rate-limiting step in the induction of the autophagy inhibitor
MTOR.* Thus, decreased serum levels of BCAA may promote
autophagic flux by inhibiting the action of MTOR. Second,
AAs also influence the expression of growth factors and hor-
mones that may affect autophagy.*' For example, arginine pro-
motes insulin secretion,?? which in turn is a potent inhibitor of
autophagy, independent of the effect of amino acids.** Of note,
serum arginine levels are often decreased during sepsis,** sug-
gesting that a decline in arginine may be mechanistically related

to a systemic induction of autophagic flux. Collectively, these
observations argue that SAA may represent a strategy to main-
tain autophagic turnover in cells by modulating circulating AA
levels (Fig. 1).

Anorexia-mediated autophagy in immune cells

Short-term starvation induced by 4-h amino acid and growth
factor withdrawal upregulates autophagy, protecting macro-
phages against intracellular pathogens such as Mycobacterium
tuberculosis (TB).” This is intriguing since TB manipulates the
host autophagic machinery by preventing fusion of lysosomes
with TB-containing vesicles (phagosomes),”® thus suggesting
redundancy or synergy between starvation- and immunologi-
cally-induced autophagy. The same starvation protocol has also
been used to mediate “starvation-induced autophagy killing” of
TB by immune cells.””*® These studies thus establish that both
starvation-induced macroautophagy as well as xenophagy
implement the same mechanistic pathways in degradation of
both pathogens and cellular content (Fig. 1).

An additional novel immunological mechanism involving
the autophagy machinery has recently been described.”” It was
observed that SQSTM1/p62, a receptor molecule that targets
ubiquitinated cytoplasmic components for autophagic degrada-
tion, is essential for “starvation-induced autophagy killing.”
Surprisingly, however, elimination of bacteria is not mediated
by direct lysosomal degradation of bacteria. Instead, it was
shown that SQSTM1 shuttles FAU/RPS30 to autolysosomes
where it is processed by lysosomal CTSL (cathepsin L) into
peptides with antimicrobial properties against Mycobacteria.
Other components required in this process include LC3 and the
recognition of ubiquitin moieties, illustrating that this immune
function indeed involves an autophagic response. Thus, in addi-
tion to the established role of xenophagy, autophagy may also
aid in controlling an infection by processing cytoplasmic com-
ponents into peptides with antimicrobial activity.

Autophagic pathways are also utilized to secrete protein
products,” thus raising the question of whether an autophagic
immune response is restricted to intracellular defenses, or if
such processed cytoplasmic peptides may be liberated into the
local extracellular environment. It is also of interest to consider
whether nonimmune cells could similarly process ribosomes
into antimicrobial peptides.

Anorexia-induced autophagy in nonimmune cells

Pathogens have also evolved a number of mechanisms by
which to gain entry into nonphagocytic cells.”® Pathogens
entering a cell have to subvert autophagic processes rapidly in
order to avoid being degraded. Therefore, when an increase in
autophagic flux is maintained, the pathogen would be con-
fronted with a narrower window of opportunity for subver-
sion. Thus, SAA enhances cell-autonomous defenses by
increasing autophagic flux, thereby restricting the pathogen’s
infectiousness.

In this regard, autophagic processes have been observed to
contribute toward cell-autonomous defense in nonimmune
cells. This is well exemplified by infections with group A Strep-
tococcus (GAS) where it has been shown that autophagic



AUTOPHAGY (&) 729

Autophagy: Housekeeping

Removal and processmg
of apoptotic bodies

Autophagy: Immune response

Aggregating proteins . Escape strategies
R Phagocytosis deployed
Endoplasmic
reticulum

Dysfunctional

mnochondrm
Bacteria gain
entry into cells

Phugophoro Cellular rnloollng
Nlpﬂl\ eness to
changing R

Phagosome
- vesicle

Fusion of autophagoly with vesi

containing MHC Il

Figure 1. The autophagic machinery deployed in housekeeping functions is fundamentally implicated in pathogen clearance and subsequent loading and expression of
pathogen epitopes onto MHC Il complexes. Pathogens have evolved numerous mechanisms to avoid autophagic degradation. Note, in addition to being phagocytosed,
viruses and bacteria have evolved numerous strategies to gain entry into nonphagocytic cells via endocytosis.>® Endosomes can be targeted by autophagy or fuse with
autophagosomes to form amphisomes. Regardless, similar autophagic components are implicated in these processes.

processes in nonimmune cells play a vital role in managing
infection by GAS.** Following entry into the host cell, GAS is
rapidly trapped in LC3-positive vacuoles exhibiting morpho-
logical features distinct from starvation-induced autophago-
somes.”> However, these bacteria are killed via a lysosomal-
dependent mechanism, suggesting that autophagic processes
are indeed involved. Furthermore, ATG5-deficient cells are
unable to sequester and kill GAS in similar autophagosome-
like vesicles, illustrating an underlying role of autophagic pro-
cesses in mediating cell-autonomous defense.

Furthermore, autophagy is implicated in mobilizing an
adaptive immune response by processing and presenting epito-
pes in both immune and nonimmune cells. For example, both
muscle®® and endothelial®* cells can be induced to express epit-
opes processed by autophagy on major histocompatibility com-
plex (MHC) class II molecules. Adipocytes derived from obese
individuals similarly demonstrate an ability to express MHC II
at levels comparable to macrophages®> which, considering the
immune function of (pre-) adipocytes,”® may also be intact in
the adipocytes of nonobese individuals. Furthermore, since the
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autophagic machinery is also used to mobilize fat stores (lip-
ophagy), these cells could conceivably recruit the same auto-
phagic machinery for epitope expression by MHC II.

Interestingly, inhibition of MTOR has recently been shown
to not only enchase survival in mice during primary infection
with influenza virus, but also to provide enhanced protection to
secondary infection by different substrains through altering the
antibody repertoire and enhanced crossreactivity.”” We specu-
late that superior epitope presentation as a result of enhanced
autophagy may contribute to the heterosubtypic immunity to
influenza substrains. SAA may thus represent a mechanism by
which enhanced epitope presentation augments an adaptive
immune response.

The position of the autophagic pathway at the intersection
between cell death and survival may also play an important
role during an infection. Besides the documented prosurvival
effect of autophagy, autophagic proteins such as BECNI,
ATGS5, ATG7, and ATG12 are directly or indirectly involved in
apoptosis.”® Moreover, autophagy may play a pivotal role in
immune function by regulating cell death in virally infected
cells. Virus-infected cells often commit a form of programmed
cell death, apoptosis or programmed necrosis (necroptosis), in
an effort to deny virus access to the cellular replication machin-
ery. In turn, viruses have evolved various mechanisms for pre-
venting programmed cell death.’® In this regard it has been
shown that cells can undergo ‘autophagy-mediated’ cell death,
autosis, which is distinct both molecularly and morphologically
from necrosis and apoptosis.* In particular, autosis is inducible
through starvation,*” indicating that this response may provide
an alternative cell-death pathway. Thus, starvation may ‘prime’
autophagy-mediated cell death as a failsafe response when sub-
versive signaling by a virus compromises canonical cell-death
pathways.

In addition to an immune function, autophagy may also
modulate the cell’s responsiveness to the developing disease
state. Clearance of apoptotic bodies is crucial in preventing sec-
ondary necrosis and a subsequent upregulation of the inflam-
matory response. Within a developmental context, autophagy
plays a pivotal role in the removal of apoptotic bodies by pro-
viding energy-dependent engulfment signals.*’ Thus, auto-
phagy may play a critical role in processing the phagocytosed
cellular corpses. Autophagy has also been implicated in the
selective degradation of the inflammasome complex, thus limit-
ing the inflammatory response.*” In addition, hyperthermia,
associated with a febrile-response, induces the expression of
heat-shock proteins in a number of tissue types,*> demonstrat-
ing that a febrile response may result in the accumulation of
misfolded proteins. In this regard, autophagy may promote cell
survival by providing additional means for removing protein
aggregates systemically, irrespective of immune competence.
Taken together, these mechanisms demonstrate a formative
role for autophagy in mediating cell survival and modulating
the ‘inflammatory tone’ of cells.

Anorexia-induced autophagy: Underlying design principles

Forgoing feeding during an infection is truly an energetically
expensive immunological strategy. Why induce autophagy by
fasting and not by some less costly mechanism? We suggest

that dual activation of autophagy by starvation via the MTOR
pathway in combination with immunological activation via
LPS-activated autophagy via immune activators such as TLR4
or interferon signaling may enhance killing efficacy in 2 ways.
First, activation of different autophagic signaling circuits may
converge synergistically, giving rise to a robust and rapid
increase in autophagic flux. Second, activating autophagy
through multiple signaling circuits may render cells more resil-
ient against attacks by pathogens attempting to subvert or
undermine recruitment of autophagic effectors. Indeed, various
pathogens, including certain viruses, bacteria and protists have
evolved mechanisms for modulating the autophagic apparatus
for their own purposes.** Consequently we suggest that SAA
represents an evolutionarily conserved strategy to robustly
increase autophagy systemically thereby providing added ‘sig-
naling security’ against pathogenic subversive strategies.

It is well appreciated that animals are capable of “self-medi-
cating” by selecting food sources with specific properties in
order to rid themselves of various diseases.*” We suspect that
this paradigm also applies for macronutrient manipulation, as
indicated by meat aversion and other alterations in food per-
ception. Indeed, as indicated at the start of the Introduction,
Marie’s “disgust” at the veal is reflective of meat aversion often
present during an infection and well recognized in cancer
patients.* It is tempting to speculate that meat aversion may
be a direct strategy to maintain suppressed AA levels in an
attempt to ensure upregulated autophagy systemically. Indeed,
even in the presence of growth factors, deprivation of AAs, par-
ticularly BCAAs such as leucine and isoleucine, are potent
inhibitors of MTORC1 and subsequently upregulate auto-
phagy.*” As argued here, an upregulation of autophagy may
provide a number of benefits (Table 1, Fig. 2).

Yet, it should also be taken into account that therapeutic
benefit may arise from attenuating SAA because aspects of
SAA are activated prophylactically where infection is not an
eminent threat. This is illustrated by the fact that almost half of
all clinically observed febrile responses are of noninfectious ori-
gin,*® indicating that, even in the absence of any infection,
trauma may induce aspects of sickness behavior. Indeed, ‘dan-
ger signals’ such as HMGBI can bind to TLR4, the same innate
sensor for LPS.* Since excessive tissue damage is associated
with a breach of barrier defense, such a pre-emptive response
might have afforded protection in an environment with a
higher pathogen load. In a clinical setting, however, such a
response to sterile tissue damage would be excessive. Similarly,
tissue disruption associated with metastatic cancer, in conjunc-
tion with cell death may underlie an anorexic response in can-
cer patients.

Implications

It has long been speculated that sickness-induced anorexia con-
tributes to the resolution of an infection." Correspondingly, the
immunological function of autophagy has resulted in specula-
tion on how fasting or pharmacological simulation thereof
could be introduced as a novel therapeutic strategy in treating
various diseases.”® The hypothesis presented here unifies these
2 concepts by providing evidence that implicates SAA as a
mechanism to upregulate autophagy systemically (Fig. 1). It
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Table 1. Sickness-associated anorexia may aid in the systemic upregulation of autophagy, thereby providing a number of survival benefits and aids in the pathogen

clearance process.

PROCESS OF SAA-INDUCED AUTOPHAGY

UNDERLYING MECHANISM REFERENCE

Responsiveness to developing infection

Inflammation resulting from secondary necrosis of
apoptotic corpses

Clearance of damaged organelles such as mitochondria
that would result in oxidative stress

Degrading missfolded and aggregating proteins damaged
by biocidal chemicals and heat (febrile response)

Clearance of circulating LPS

Direct targeting of intracellular pathogens

AMP-mediated targeting of pathogens

Augmented adaptive immune system

Co-activation of converging signaling cascades and
mechanistic redundancy

Autophagic degradation of inflammasome

Phagocytosis and autophagic degradation of apoptotic bodies
by neighboring cells

Selective targeting of compromised mitochondria

Lysosomal degradation of large protein aggregates

Increased LPS clearance

Lysosomal degradation of pathogens

Processing of cellular components into AMP

Autophagic processing of pathogen components into epitopes

Convergence/redundancy between immune- and nutrition-
induced autophagic signaling cascades protecting cells

42
41,59

60

61

50,62

27

3334
44,63

against ‘signaling attacks’

AMP, antimicrobial peptide; LPS, lipopolysaccharides; SAA, sickness-associated anorexia.

thus seems likely that pharmacological recapitulation of fast-
ing-induced autophagy may hold therapeutic value. Further-
more, the argument presented here provides mechanistic
insight into the benefits occasionally observed with permissive
underfeeding. Indeed, it was found that patients receiving early
parenteral nutrition had a small but significantly higher inci-
dence of infection®" while it was demonstrated in another study
that permissive underfeeding reduced mortality rates.>

The observation that BCAAs are often decreased in the
muscles of septic patients, coupled with the ability of leucine to
inhibit muscle degradation ex vivo, has initially generated
much excitement for the use of AA as a potential supplement
in these patients. However, results from studies applying sup-
plementation with these or other amino acids have been

() Glucose
(1) Lipids
(/1) Amino acids?

Immune cells

disappointing.”® Similarly, there is currently no evidence indi-
cating the existence of an optimum protein provision in criti-
cally ill patients.”* It is likely that at least some of the negative
results obtained from nutritional studies may relate to the fact
that such supplementation may hamper autophagic turnover in
cells by supplying BCAAs, thereby potently inhibiting auto-
phagy. Indeed, a comparison between patients receiving early
as opposed to late parenteral nutrition demonstrated that auto-
phagic processes are inhibited by feeding regimes.”” Interest-
ingly, an increase in LC3-II protein levels is associated with
better recovery and a significant decrease in muscle weakness,”
suggesting that upregulation of autophagy may hold additional
benefits within the clinical setting. Collectively, these observa-
tions highlight the need for evaluating the specific context in

%@&e%

@\

Pathogen

Figure 2. During an infection, immune effectors remodel the nutrient context in order to induce and maintain heightened autophagic flux.
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which nutritional support is provided, as derailing autophagic
processes in the context of an infection may hamper patient
recovery.

Likewise, the fact that pathogens are able to subvert auto-
phagy** (Fig. 2) warrants careful further investigation. On the
one hand, certain pathogens might have evolved special mecha-
nisms to cope well with anorexia-induced autophagy, rendering
permissive underfeeding futile or even detrimental. On the
other hand, permissive underfeeding may recapitulate the
effects of SAA as a means to recruit additional autophagic pro-
cesses, rendering the autophagic response more robust against
pathogen subversion. We suspect that a re-evaluation of differ-
ent supplementation regimes on autophagic flux*” and patient
outcome could prove insightful: evaluating patients according
to pathogen-type may indicate infections in which permissive
underfeeding as opposed to aggressive supplementation proves
most effective.

However, although it is well established that autophagy is
induced during starvation, and as evidence presented here indi-
cates, that this activation of autophagy indeed relates mechanis-
tically to an enhanced immune response, evaluating the effect
of fasting-induced autophagy on pathogen clearance is
required. Here, accurately measuring autophagic flux in vivo is
a prerequisite, since the autophagic machinery is often hijacked
by pathogens and as such, markers that demonstrate an
increase in autophagic activity (e.g. accumulation of autopha-
gosomes) may not relate to an increase in autophagic flux, but
rather indicate infectious status.

The hypothesis presented here, involving a systemic upregu-
lation of autophagic flux may also have implications for vaccine
protocols. Inhibition of MTOR during primary infection with
influenza enhances cross-reactivity to different substrains dur-
ing a secondary challenge.”” If the upregulation of autophagy
results in enhanced presentation of epitopes, a more robust
response to vaccination is to be expected after fasting. Such an
approach may be of particular value in the context of vaccines
that induce only modest protection, or in situations where a
compromised immune system may render the vaccine less
effective. For example, HIV patients are notoriously poor res-
ponders to the hepatitis B vaccine, likely as a result of depleted
immune effectors.*® Fasting-induced autophagy may augment
vaccine efficacy by incorporating non-immunological cells to
assist in epitope presentation. Clearly, future work addressing
the interplay between the type of pathogen, infection and auto-
phagic flux will enhance our understanding of SAA-stimulated
autophagy.

In addition to facilitating epitope expression, inhibition of
MTOR with rapamycin could increase both the number of
memory CD8" T cells during the expansion phase, as well as
increase the number of memory cells during the contraction
phase.”® This suggests that SAA could be directed at inhibiting
MTOR, and, in doing so, upregulate autophagy in order to
enhance T cell expansion and memory formation. However,
recent findings from carefully designed experiments have chal-
lenged the role of autophagy in the initial response to viral infec-
tion in CD8 T cells. It has been shown that, although autophagy
plays a critical role in mediating T cell survival during the con-
traction phase, autophagy is expendable during the generation
of effector cells.”” Others obtained similar results, demonstrating

that T cell attrition resulting from conditional knockout of key
autophagic proteins manifests more than one wk after the viral
challenge.”® The fact that an intact autophagic machinery only
becomes critical late in the disease process, or after pathogen
clearance, would suggest that SAA may not play a pivotal role in
mediating CD8" T cells during the initial phase of an infection.
Elucidating the defining role that autophagy plays during spe-
cific phases of the developing disease trajectory may aid in estab-
lishing the potential role of SAA in T cell function.

Conclusion

SAA and the concomitant disturbed AA profile observed dur-
ing an infection are typically viewed as manifestations of
pathology—a condition in need of being remedied. Yet, the
hypothesis presented here outlines a different immunological
narrative. Decreasing food intake may represent an evolution-
arily conserved response pursuant to a systemic upregulation
of autophagic processes, which performs a multifaceted role in
host defense and cell survival. The comparative contribution of
the mechanisms discussed here is unclear and in urgent need of
empirical evaluation. Similarly, an understanding of how differ-
ent autophagic ‘triggers’ such as signaling cascades and nutrient
availability converge on autophagic signaling pathways is
required to develop new and better therapeutic interventions.
Finally, we argue for an urgent re-evaluation of nutritional sup-
port in the context of controlled permissive underfeeding and
vaccination regimen, where enhanced autophagy may provide
superior support.
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