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Résumé

Plusieurs arguments de la littérature suggerent 1’importance de 1’alimentation dans le
développement tumoral et 1’efficacité des traitements anti-cancereux. Dans différents modeles
animaux, la restriction calorique (CR) supprime la prolifération des cellules tumorales et les
sensibilise aux thérapies ciblées. Par conséquent, des approches non-pharmacologiques comme la
restriction calorique ont un intérét grandissant en clinique.

Considérant 1’addiction des cellules tumorales aux nutriments, nous nous sommes demandé quels
macronutriments pouvaient avoir des propriétés anticancéreuses. A partir d’'un modele murin de
lymphomes B (modele transgénique Eu-Myc) nous avons testé I'impact de deux régimes
alimentaires : I’un pauvre en glucides (Low CHO, 25% de réduction en glucides) et I’autre pauvre
en protéines (Low PROT, 25% de réduction en protéines). Des souris syngéniques C57BL/6 ont
été injectées par voie intraveineuse avec des cellules primaires Eu-Myc. Malgré un apport
alimentaire équivalent entre les groupes, nous avons observé que le régime pauvre en protéines
augmente la survie globale des souris C57BL/6 développant un lymphome B Eu-Myc. De maniere
intéressante, nous avons démontré que cet effet pro-survie est dépendant du systeme immunitaire.
En effet, la déplétion des cellules T CD8* ou I’ utilisation d’un modele murin immunodéficient NSG
(NOD-SCID il2ry), empéche I’effet bénéfique du régime pauvre en protéines sur le développement
tumoral. Nous avons reproduit et étendu nos observations en utilisant des lignées modeles de
cancéreuses colorectaux (CT26) et de mélanome (B16) injectée dans des souris syngéniques,
immunocompétente.

Les cellules tumorales étant fortement dépendantes des nutriments, nous avons émis 1’hypothese
qu’un régime pauvre en protéines pourrait induire un stress du réticulum endoplasmique (RE) dans
ces dernieres. En effet, nous avons observé une augmentation des protéines impliquées dans la
signalisation du RE : CHOP et sXBP1. Par conséquent, nous avons traité les souris nourries en
régime pauvre en protéines avec deux inhibiteurs du stress du RE : TUDCA, inhibiteur générique
et MK(C4485 qui cible I’activité ribonucléase d’IRE1. Dans les deux cas, ces inhibiteurs ont bloqué
I’effet du régime faible en protéines sur le développement tumoral et I’infiltration des T CD8" au
sein de la tumeur. Pour s’affranchir, des potentiels effets secondaires des inhibiteurs chimiques,
nous avons invalidé IRE1 dans la lignée CT26 et nous avons obtenus des résultats similaires,
démontrant que la voie IRE1 dans les cellules tumorales est une voie centrale dans la réponse
immunitaire anticancéreuse induite par un régime pauvre en protéines. En outre, nous avons
découvert que I’activation de RIG-I est un événement en aval de I’activation d’IRE1 et que, par
analyse bio-informatique nous avons pu corréler une signature IRE1 a une infiltration immunitaire
élevée et a une immunogénicité accrue du cancer chez les patients atteints de mélanome,
glioblastome et cancer colorectal. De ce fait, nous avons démontré que la réponse du systeme
immunitaire induite par un régime pauvre en protéines est une conséquence de 1’activation accrue
de IREI dans les cellules cancéreuses.

Mots clés : IRE1, RIG-I, réponse immunitaire, stress du réticulum endoplasmique, cancer.
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SUMMARY

Several arguments from the literature suggested the importance of diets in cancer development and
in the efficacy of anti-cancer therapies. Calorie restriction (CR) suppresses cancer growth in
various animal models and sensitizes tumor cells to targeted therapies (Meynet & Ricci, 2014).
Thus, non-pharmacologic approaches such as CR have a growing interest in the clinic.

Considering the nutrient addiction of cancer cells, we wondered which specific macronutrients
contribute the most to anti-cancer effects. Therefore, we tested the reduction in specific
macronutrient without decrease in general calorie intake on tumor development. We used two diets:
reduced in carbohydrates (Low CHO, -25% carbohydrates) and diet reduced in protein (Low
PROT, -25% proteins) on the Eu-Myc transgenic mouse model of B-cell lymphoma. Syngeneic
C57BL/6 mice were intravenously injected with primary Ep-Myc cells. We observed that low
PROT-diet, in spite of equal calorie intake among the groups, resulted in increase of the overall
survival of Eu-Myc-bearing C57BL/6 mice. Very importantly, we established that this pro-survival
effect is immune system-dependent as both depletion of CD8* T cells and use of immunodeficient
NSG (NOD-SCID il2ry) mouse model prevented the beneficial effect of the low PROT-diet on the
tumor development. We reproduced and further extended our observations using subcutaneous
injection of CT26 colorectal cancer cells in syngeneic immunocompetent BALB/c mice and B16
melanoma in C57BL/6 mice.

As tumor cells are highly dependent on nutrients, we speculated that low PROT diet could induce
ER stress in tumor cells. Indeed, we observed increase in proteins implicated in ER stress signaling
— CHOP and sXBP1. Therefore, we treated low PROT-diet fed mice with two ER stress inhibitors,
the general inhibitor TUDCA or MKC4485, which targets IRE1 RNAse activity. In both cases,
inhibitors significantly prevented the effect of the Low PROT-diet on tumor development and on
intratumoral number of CD8" T cells. To eliminate any side effects of chemical inhibitors, we
invalidated IRE1 in CT26 cells and obtained similar results, demonstrating that IRE1 signaling in
tumor cells is a central event in the low PROT-diet induced anti-cancer immune response. In
addition, we have uncovered RIG-I activation as a downstream event of IRE1 activation and by
bioinformatic analysis correlated high-IRE1 signature with high immune infiltration and enhanced
immunogenicity of cancer in patients bearing melanoma, glioblastoma and colorectal cancer.
Hence, we have shown that the immune system response elicited under a Low PROT diet is a
consequence of increased IRE1 activation in cancer cells.
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INTRODUCTION

Cancer has probably accompanied multicellular organisms since the very early beginning of their
evolutionary development. Archeo-biologists have found fossils of dinosaurs already affected by
tumor (Dumbrava et al., 2016; Rothschild, Witzke, & Hershkovitz, 1999). Similarly, our direct
Neanderthal ancestors 150 000 years ago already had incidents of cancer (Monge et al., 2013).
Multiple malignant tumors have been found in Egyptian mummies, and even more interestingly,
first written description of breast cancer comes from 2500 BC, noting at the end no treatment
options available for this disease (Tauxe, 2015; Zink et al., 1999). Therefore, it would be not an
overstatement to say that if cancer has accompanied us throughout our evolutionarily development,

the anti-cancer protective mechanisms likely have occurred and evolved alongside.

As live organisms are the products of Darwinian evolution, cancer is believed to be the product of
the same process, just in the microscale and vastly accelerated. In a similar fashion as “The Selfish
Gene” hypothesis, proposed by Richard Dawkins in his famous book from 1976, cancer
development can be seen as the effect of a “selfish cell” — meaningless “replicator”’. Evolutionary
selective advantage can be defined by the genetical fitness, which is the degree of the species/cell
capabilities to succeed in the certain environment. Upon shifts in the environment, the fitness of a
species changes, pushing for more evolutionary adaptations. Cancer cells do not only adapt to the
environment they evolve within, they actively shape it in their own favour. Hence, the more time
they have, the worst for the host. Every day healthy tissues are exposed to damage caused by
external stressors (UV, toxins) but also internal - as the result of their own metabolism and cell bio-
machinery. If the cell is unable to fix the damage, it must be eliminated for the sake and benefit of
the whole organism. Using specialised self-defence mechanisms like immune system, hundreds of
dangerous, pre-malignant cells, are being efficiently eliminated before they pose any threat to the

well-being of the body.

Just from these basic rules of biology we can imagine the optimal anti-cancer strategy — reduce the
toxic exposure, strengthen your body defence, keep your organism environment hostile for

malignant cells, and if it occurs, the sooner you find it the highest chances you have to stop it.
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I. Diet

Diet is arguably one of the most influential environmental factor in human health and well-being.
Moreover, it has profound cultural and psychological impact on people’s life, emerging from the
inevitable dependency of human existence on the food supply during centuries. Despite the
enormous complexity of the relation between food and health, people very early noticed that what
they are eating impacts their body. Hence, throughout time dietary “common knowledge’’ has been
shaped and evolved alongside human civilization. Nowadays, scientists involved in nutrition
research have an uneasy task to put aside these common beliefs and accurately investigate the
relation between food and health, followed by reasonable interpretation and hopefully practical

implications of obtained results.

1. Environment is the primary factor in cancer prevention

For a long period of time, mainly because of the excitement surrounding genetic code discovery,
the scientific interest in studying the impact of environmental factors on human cancer diseases
was put aside. Indeed, there have been many studies investigating the familial genetic components
and the susceptibility of developing particular type of cancers, with spectacular cases of specific
gene(s) identification that was primarily responsible, like the famous onco-suppressor Breast
Cancer 1 gene (BRCAI) which when found mutated indicates higher chances of developing breast
and ovarian cancer (J. M. Hall et al., 1990; Miki et al., 1994). Despite this initial success, very soon
it become clear that a majority of cancer cases cannot be attributed to genetic variations, and the

biology is much more complex than it was assumed.

First scientific proofs of the dominant role of the environment in cancer incidents came from
observational studies investigating the health of the people that migrated from their country of
origin to another country, with different environment and different risk of development of
particular disease. With time and generations, immigrants acquired similar cancer incidents rates
as the endogenous population they shared the new environment with. For example, Japanese people

that are characterised by relatively high stomach and low prostate cancer incidents, after migrating

13



to Hawaii started to exhibit higher rates of prostate cancer and lower rates of stomach cancer,
statistically resembling the native Hawaiian population (Stemmermann, Nomura, Chyou, Kato, &
Kuroishi, 1991). Another evidence come from studies on monozygotic and dizygotic twins, where
monozygotic twins shares 100% of genetic material, and dizygotic twins are sharing statistically
50%, which allows with the statistical power to distinguish the contribution of genes and the
environment to the physical and health outcome. In that case it was also concluded that the

overwhelming contributor of cancer development was the environment (Lichtenstein et al., 2000).

It is now commonly accepted that as few as 5-10% of all cancers can be linked to the heritable

genetic background (Anand et al., 2008; Lichtenstein et al., 2000).

2. Environmental contributors in cancer development

A. Epidemiological approach of diet and cancer connection

The environment consists of many interconnected elements, including exposure to air, sun, natural
radiation, infections — that might not be easily modifiable, and the factors that are to some extend
the result of the personal choice — diet, physical activity, alcohol consumption, social interactions.
Scientific interest in the diet and health connection appeared in the 19™ century, but real evaluation
had to wait until any reliable populational data were collected to perform the analysis. Exploring
the history from the beginning of the twentieth century, it has been said at the foundation of
American Cancer Society in 1913 by Frederick Hoffmann that “nutritional influences on the

induction of cancer [have to] be analysed’” (Campbell, 2017).
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One of the first attempts to evaluate the impact of the many factors on risk of cancer development
have been published by Richard Doll and Richard Peto in 1981 at the Oxford University (Doll &
Peto, 1981). They listed tobacco as the first single preventable cause of cancer accounted for 30%
of all cancer cell deaths in 1978 (Figure 1). Another major factor in their analysis was diet
(including related overnutrition) that with great uncertainty was assessed to contribute to 35% (10-
70% range) of cancer incidents. Interestingly, already at that time the authors have noticed that the
impact of diet can vary dramatically between cancer types, pointing to stomach and colorectal
cancer as the most affected by nutrition. Although in the following years there was fair amount of
criticism of the Doll and Peto findings, their estimations based on 1979 data collection hold to be
true after three decades of additional research and have been largely consistent with recent
estimations (Figure 1) (Blot & Tarone, 2015; Colditz, Sellers, & Trapido, 2006; Doll & Peto, 1981;

Song & Giovannucci, 2015b). The important difference is that nowadays researchers separate

1 Diet

E Tobacco

2 Infection

[ Reproductive behaviour
B Occupation

Bl Alcohol

Bl Gceophysical factors
Bl Pollution

Bl Inductrial products
Bl Medicine related
Bl ood additives

Bl Others

Figure 1: Environmental cancer risk factors

Environmental contribution to cancer deaths in United States that could be attributed to specific
factors and avoided by lifestyle changes in each category. The inner circle is a representation of
factors as estimated by Doll and Peto in 1981, and the outer circle is the re-evaluation of their
findings by Anands in 2008. The graph does not represent the predicted uncertainty of a given
estimation, which in some cases was relatively high (see comments in the main text).
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overnutrition (being obese and overweight) from the “pure’” dietary impact, statistically
disconnecting these two elements. In addition, it is very difficult to separate the impact of the early
life nutrition (prenatal and early postnatal) which can have long lasting effects on the individual

health (Song & Giovannucci, 2015b).

Taken together, in spite of exponential increase in the number of publications in the field of cancer
epidemiology, the initial findings and estimations of Doll and Peto remain largely valid and
inspired many clinicians and researchers to investigate the impact of nutrition on cancer

development in the followed years (Campbell, 2017).

B. Modern methods of evaluating diet-cancer relation

The scientific evidence comes from various types of research, stretched on the spectrum from
retrospective epidemiology studies (mainly correlation studies) and more accurate clinical dietary
trials that are much more difficult to conduct and possess serious limitations (i.e. sample size and
number of factors being evaluated at the same time). In laboratory research, numerous animals and
cell culture models have been developed and tested in promise to generate accurate biological
hypothesis and then translate them into more complex experimental setups. Regardless the fact that
in a majority of cases conclusions based on these models cannot be directly translated to the human
dietary recommendations, they have been very helpful in process of understanding the basic cell
biology and metabolism. They have also been an inspiration to pursue many hypothesis grounded
on their initial results in more complex and clinically more relevant experiments and trials, which

provided further understanding and ideas on the studied subject.

Combining studies across those different levels of scientific research allows to formulate
reasonable scientific-based dietary recommendations for the general population, with
acknowledged degree of certainty based on existing evidence concerning each recommendation in
relation to specific cancer type (Figure 2). This requires a tremendous amount of work combining
the results from various types of research, composed of various scientific approach and
heterogenous sample size. The scientific accuracy of the results from each study has to be assessed
by the independent panel of experts to adjust the weight of the evidence in relation to all other

studies. This process is to be repeated and the conclusions updated as every new research brings
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more data. One of the biggest and systematically revised evaluations comes from The Continuous
Update Project (CUP), established by the effort of The American Institute for Cancer Research and
The World Cancer Research Fund International (AICR/WCREF) in 2008 (Bandera et al., 2016). As
part of the CUP, all scientific research currently available is collated and added to a database and
systematically reviewed by a team at Imperial College of London, evaluated by an independent
panel of experts who ultimately interprets the evidence to make conclusions based on the existing

body of scientific evidence.

As a result of this simultaneous comparative analysis of various datasets, it is now evident that
different cancer types are differentially associated with dietary patterns, with some of them more
prone to have diet-modifiable outcomes than the others. Hence, colorectal cancer incidence and
progression appears stronger affected by dietary factors than the other cancer types, which is very
logical taking into consideration the direct contact that colon tissue has with the digestion of food.
There are very few recommendations that have been shown to affect personal risk of particular
cancer development with strong scientific evidence (Figure 2). For example, processed meats and
alcohol consumption increase risk of developing colorectal cancer, whereas consumption of whole
grains, dietary fibre containing foods and dairy products decreases that risk (Gonzalez & Riboli,

2010; Vieira et al., 2017).

On the other hand, positive impact of any of the food group impacting cancer risk cannot be easily
attributed to some specific nutrients of this food and replaced by supplementation. For example,
consumption of foods rich in carotenoids that has been convincingly shown to have an anticancer
effects and thought to be cancer protective, did not turn out to have beneficial effect on lung cancer
prevention and progression in the form of beta-carotene supplementation. Instead, beta-carotene
supplementation resulted in increased risk of developing lung cancer in current and former smokers
(Druesne-Pecollo et al., 2010). The other interesting observation coming from extensive effect of
research on milk products is that dairy consumption increases prostate cancer risk, but at the same
time decreases breast and colorectal cancer risk (Aune et al., 2015; Gonzalez & Riboli, 2010; Vieira

et al., 2017; M. Yang et al., 2015).
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Figure 2: Summary of strong evidence on diet, nutrition, physical activity in cancer prevention.

Table summary of strong evidence on nutrition and preventiveness of specific cancer types according to World
Cancer Research Fund/American Institute for Cancer Research evaluated in the Continuous Update Project
(CUP) Expert Report from 2018. Details are available at dietandcancerreport.org



Yet, epidemiological studies cannot provide the evidence that isolated nutrients (like vitamins,
minerals and phyto-compounds) can represent an independent factors for cancer risk (Baena Ruiz

& Salinas Hernandez, 2014).

The dietary guideline recommendations are designed for the healthy adult population, and any
single conclusion within them does not represent a recommendation on its own, but forms a part
of the overall “body of evidence”. Because it is already difficult to draw decisive conclusions
regarding healthy individuals, it is even more challenging to design recommendations for patients
that have been already diagnosed with cancer. There is limited amount of evidence on the dietary
impact and it is very much affected by the type of cancer and received treatment combined with
side effects (Robien, Demark-Wahnefried, & Rock, 2011). It is very likely that with the
improvement in the experimental methods for gathering and analysing dietary patterns and disease
our knowledge on the subject of nutrition will improve substantially in the near future, especially
with the introduction of new technologies. In addition, the use of “big data” from large patient
databases and human samples collection coupled with multivariant statistical analysis will allow
the researchers to more accurately point out the cause and effect, and reduce the impact of unrelated
factors. Therefore, the experimental results and dietary regimens described in the follow up
chapters will be based entirely on experimental studies done on animal and in vitro cell
culture models, hence the hypothesis and any conclusions draw from these studies cannot be

extended and are not directly applicable for human nutrition.

Even though the official recommendations are scientifically cautious, modest and designed to be
“achievable” by the majority of the population, a surprisingly low number of people follows even
the minimal requirements for healthy lifestyle (Krebs-Smith, Guenther, Subar, Kirkpatrick, &
Dodd, 2010; Moore et al., 2015). For example, despite the numerous advertisement and political
campaigns promoting fruits and vegetables consumption, most American fails to meet national
recommendations, and only 8% of the population consume enough amounts of vegetables and 14%
enough amounts of fruits. This low adherence to the healthy lifestyle is very likely one of the
reasons why estimated 50-80% of cancer could be entirely avoided, and although this statistics

sounds very miserable, it should be rather taken us a strong incentive and the motivation for change,
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as there is evidently a big room for improvement (Anand et al., 2008; Colditz, Wolin, &rGehl
2012; Song & Giovannucci, 2015a).

C. Laboratory approachesinvestigating nutrition

In laboratory studies macrand micrenutrienfs modulation ha been shown to affect key
biological cell processefor instance redating themetabolismand cell growttby energy sensing
AMPK (Hardie, 2007) pathway or nutrient sensing mTOR (Schmelzle & Hall, 2000).

One of the biggest and most comprehensive dietary sting@ European Prospecevnvestigation
into Cancer and Nutritignfound significant associationisetween serum levels a@holecules
(markers)nvolved in key carcinogenesis pathways and risleottbpng different forms of cancer
(Gonzalez & Riboli, 2010). For instance, high serum concentration ofl|®fgor anabolic
hormone produced generally by the liveigsassociated with incrased risk of prostate cancer,
which agrees with th@revious experimental studies implying the importance of insuliriGF
pathway incarcinogenesiand tumor progressiofCulig et al., 1994; Harvey, Lashinger, Otto,
Nunez, & Hursting, 2013; Levine et al., 201%his and many other biomarkersvedeen used as
substitute to assess and compare the dietary and pharmacological intervpetfonsed in
rigours laboratory conditions with the outcontbat we observe irthe more complex real life
environment. In the following section the most comprehensive studies of regimens fouedtto af

tumor development will be described.

3. Dietary regimens in cancer progression

Even though the first study assessing the effect of diet on cancer was published geard @gp

the notion of dietary regimen as health promoting practices has been observed and include
various religious and traditional practices over the hist@tiioughdifferentin details, ommonly
these practicecan be divided andharacterised hyl - restricted consumption of all food over
certain period (fasting regimeng) restricton of the specific type of foods (i.e. pork, meat or dairy
products); or 3 fequiring specifiamethodof food preparatiori.e. halal, kosherSome of tlese

dietary practices ha been proposed timpacton realth issues, including cancer inciderand
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metabolic biomarkers, hence studiesdizeen conducted to test various belieith the scientific
rigor and in thescientific fashion.

A. Calorie restriction

Caloric restriction (CR)is the reduction ofcaloric intakegenerally by 1810% without the
induction of malnutritionCR is currently the most robusietaryintervention known to increase
healthy life(fewer diseaseg)nd polong lifesparacrossaspectrum of living organismfpm yeast

to miceard primates, and has been under investigation for almost a century (McCay, Crowell, &
Maynard, 1989; Meynet & Ricci, 2014; Tannenbaum & Silverstone, 18&8F importantlyCR
has increasingmount of evidence suppiorg its role in inhibiting tumordevelopmentwith the
first experimental studies described over 50 year{ Bggonenbaum & Silverstone, 1958) fact,

its antitumor effects have been proved to be substantial and spaatross varios types of
spontaneous and inducildancer modelsummarised irfFigure 3) (Pallau, Giorgio, & Pelicci,
2012) mammary(Kharazi et al., 1994; H. W. Li, Zhao, & Sarkar, 1994), leuke(iashida,
Hirabayashi, Watanabe, Sad& Inoue, 2006; Yoshida et al., 1997), livéeloeger, Manivel,
Boatner, & Mashek, 2017)pancreatic(Lashinger et al., 2011; Roebuck, Baumgartner, &
MacMillan, 1993), colonDirx, van den Brandt, Goldbohm, &umey, 2003; Maiet al., 2003)
breast(Phoenix, Vumbaca, Fox, Evans, & Claffey, 2Q1d)d prostate(Bonorden et al., 2009)
Furthermore, when tested, the higtaegree of restriction was associated \lihighestlevel of
protection Figure 3) (Kumar, Roy, Tokumo, & Reddy, 1990; Ruggeri, Klurfeld, Kritchevsky, &
Furlanetto, 1989) The effect of CR has been largely attributed to the modulation of
phosphoinositide-Binase P13K) and Protein kinase B (PKB), also knownA&T pathway since
tumorscarrying a mutation in either PI3K or PTENegative regulator of PI3Kgenesfailed to
respond to calorie restricted didtsalaany & Sabatini, 2009), hence the modulatiorAKT
activity seems to be a crucial factor in CR antitunfteots (Curry et al., 2013] Figure 4).
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Figure 3: Caloric Restriction and Cancer progression in experimental studies.

Caloric Restriction and Cancer. (A) CR effectively inhibits cancer growth of a variety of
cancer models as summarised and presented by Pallavi and Giorgio et al., 2012. (B) CR effect
is dose dependent (reduction dependent) as cancer protection is proportionally higher with
calories intake reduction in azoxymethane-induced colorectal tumors in F344 rats — graph on
the left (Kumar et al., 1990), and in DMBA-induced mammary tumors in Sprague-Dawley
rats — graph on the right (Ruggeri et al., 1989).
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Insulin like growth factor | (IGF-1) is primarily synthesised and sedrbl the liver upon growth
hormone (GH) stimulation. Circulating levat$ IGF-1 and IGF1 binding proteins have been
strongly correlated with risk of developing various cancers (Anisimov & Bartke, 2003&tGd.,
2012; Crowe et al., 2009; Endogenous et al., 2010). Striking evidén&G-1 role in cancer
induction cones fromindividuals who carrynheritablemutations in the growth hormone receptor
(GHR) genewhich disables liver centred production and secretidsBf1l (GuevaraAguirre et

al., 2011). Compared to their nonutation bearing relatives, these individuals are almost

completely protected against development and death from cancer.

On the basis of the above findings, the scientific rush to discover signaling molaodles
compoundanimicking CR has startedFigure 4 and Table 1). In the context of cancer, main
interest focused omammalianTarget of Rapamycin (MTOR), AMRactivated protein kinase

(AMPK), family of sirtuins and moreecently autophagy pathways

= mTOR

The central hub of metabolic cell processes coordination and nutrient auvgilebfbcused on
MTOR pathway. The history of mTOR discovery is one of the example how the broad range of
clinical and observational insighteuld lead to the most scrupulogisperimental investigations

in very simple yeast organisms, and then it extended its importance throudhofittize
phylogenetical kingdom@anning, 2017; Sabatini, 2017).

MTOR owes its name to the natural inhibitor of its activity found in thetdve isolated from soil
on pacific islands the Rapa Nui in 1972, known more widely as the Easter Islands. ateslisol
bacteria strailstreptomyces hygroscopiduas been found to kzesource of variety of biologically
relevant molecules like Sirolimus (another name for rapamycin), ascormyonugosuppressant
nigericin (antibiotic), milbemycin (antiparasitic agent). Sirolimus has bl@gnatly used for many

years as an immunosuppressive drug, even before knowing its actual mechamisom.of a
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Figure 4: Molecular pathways implicated in Calorie Restriction

The simplified scheme of major pathways involved in nutrient and growth factor sensing in nutrient
rich and CR conditions on cancer risk and longevity. Nutrients, insulin and growth factors activates
IGF-1 and the mTOR pathways, promoting aging and cancer risk, whereas CR activates AMPK
and sirtuins pathway which increase longevity and reduce cancer risk. The mechanisms of action
of calorie restriction mimetics — 2-deoxyglucose (2DG), metformin and rapamycin are indicated.
IGF-1- insuling-like growth factor 1; AMPK-AMP-activated protein kinase; PI3K-
phosphoinositide 3-kinase; mTORC1 — mammalian Target of Rapamycin complex 1; S6K-
Ribosomal protein S6 kinase beta-1; 4E-BP1- Eukaryotic translation initiation factor 4E (eIF4E)-
binding protein 1; GH- growth hormone.

By comparison with another bacterium derived immunosuppressive drug tacrolimus, which shares

with rapamycin the same chemical binding domain to peptidyl-prolyl isomerase FKBP12, but
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produes distinct effects on T cell signaling, the existence of another target ofy@pamas
speculated anfinally described (Heitman, Movva, & Hall, 1991).

Now we knowof existence ofwo functional complexes mMTORGInd mTORC2n mamnals
with mTORCL1 being the main target of rapamyana currently is much more extensively studied

compared to mMTORC2. Therefore, mTORCL1 will be referred as mTOR from now on.

MTOR in known ag master growtland metabolism regulator theg¢nses and integrates diverse
nutritional and environmental cussch agrrowth factorscellular energ levels, stress and amino
acidsavailability. It exert its actions through control of main cell anabolic atdlolic processes

includingmRNA translaion, lipid synthesisandautophagy (Yecies & Manning, 2011).

The small GTPasRas homolog enriched in bratheb(GTP-boundform) is amajoractivatorof
MTOR Rhebis neatively regulatedy the tuberous sclerosis heterodimer TSC1/2, which converts
Rhebto its GDRbound form. Most upstreasignalsare channellethrough AT and TSC1/2 to
regulate theGDP/GTPstate of Rhel{Huang & Manning, 2009)In contrast, amino acidsan
activate mTOR independently of TSC1/2 or AKaKis acting by the spatiaranslocatn o
MTORCL1 to the lysosomal surface whenes #ctivatedupon interaction with Rhefsancak et al.,
2010).

Recently nTORC1has been shown to lvesponsive to changes in purine nucleotigesl in a
similar manne to its sensing of amino acpbol (Hoxhaj et al., 2017)n comparison, aminacid
sensing is orchestrated the GATOR1-Rag branclandintracellular nucleotide levelseems to be
dependent on the TSRhebaxis (Emmanuel et al., 2017; Hoxhaj et al., 2Q1This recently
describechucleotide sensing property of mTOR is already under investigation as metalgwic t
in cancer treatment and has been shtmygrovide vulnerabilies of cancer cells to further therapy,
such as use of nucleotide synthesis IMPDH1/2 enzyme inhibition (Valvezan et al.,[A00R
driven nucleotide biosynthesis has been found as an impoaiztot in cancer development, as
tumor cells requires significantly more pyrimidines than can be supplied lacettar import
(Howell, Ricoult, BerSahra, & Manning, 2013; Moyer, Oliver, & Handschumacher, 1981). Thus,
based on thsefindings we can expect novel strategies to target metabolic vulnerabilitescer

treatment.
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Cellular dress or energy deficiency can inhibit mTOR activity. AMPK activation ipalse to
low energy levels can lead to TSC2 phosphorylation and mih@iRition. In addition, AMPK
seems to directly exert its action on mTOR activity by phosphorylatipmodéin Raptor, one of
the members of the mTORC1 complex (Gwinn et al., 2008).

The approved uses and ongoingtiteg of variousmTOR inhibitors(sirolimus andRapalogues,
rapamycin derivativgsn the clinicfor diseases such as tuberous scisrosmplex(TSC mutated
genetic disordercharacterized bgiisseminated growtbf benigntumors) illustrate themportane

of MTORCL1 signalingn cancer growth.

Sinceits discovery, the modulation of mMTOR activity has bbeheved to hold the promise to
slow down anfbr improve many negative outcomes attributed to aging protesgxample
reducing the risk of ageslateddisorders which will be discussed further the next sections
(Johnson, Rabinovitch, & Kaeberlein, 2013).

= AMPK

5' adenosine monophosphatetivated protein kinas®MPK) is a cel energy sensor responsible
to maintain ATP levelstable oveenery crisis, signed by drop in the ratio of AMP/ATRegting
its action through shutting down anabolic processes and promoting catadaalcnery.For
example AMPK caninhibit energeticall demanding protein synthesis agtivationof eukaryotic

elongation factor 2 kinaselEF2K)(Leprivier et al., 2013).

As in the case of many otlse AMPK signaling evolvednechanismso protect cells from stress
and enable survival over periods of energetical scarcity. The activation oKAd&4Es to inhibition

of mMTOR,thereforeunder some conditionsslowsdown growth and tumor progression, but at the
same time it can lead to tumor cell surviial induction of protective autophagyluring
metabolic/oxidativestress potentiallyinterfering with some of the chemotherapeutical treatments
(Faubert et al., 2013; Jeon, Chandel, & Hay, 20H2hce, the duration and magnitudeAdPK
activity, as well as the timing of therapeutic intervention targeting AMPK pathaegm to be

crucial in harnessing its antitumor effects.
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In syngeneic mouse model of MYdiven lymphoma activation of AMPK by lowarbohydrate
diet feeding resulteth sensitization of cancer cells ABT-7374induced celdeath and extended
mice survival. Mechanistically, lowarbohydrate diet reduced serum glycemia, which in turn
activated AMPK and inhibited mTOR activity, leading to downregulatioh myeloid cell
leukemiad protein (MCI:1), key antiapoptotic protein contributing to ABT37 resistance
(Rubio-Patino et al., 2016).

There are several compowfdund todirectly or indirectlyactivate AMPK, and many of them
have leen investigatk as dietary restriction mimetic, like metformin, resveratrol, quercetin,
genisteinperberine, curcumiindirect andAICAR and salicylate as direct AMPK inhibito¢3.
Kim, Yang, Kim, Kim, & Ha, 2016).

= Sjrtuins

Sirtuins area family of NAD+-dependent enzymes that mtata themetabolic status of cells
through targeting and modifying activity of proteins involved wide range of cellular paesses,
hauvng akey roles inphysiology ofhealthyandmalignantcells (Chalkiadaki & Guarente, 2015)
In mammals seven sirtuinsyebeen described so far, exhibitirmnge offunctions and cellular
localisatiors (Guarente, 2013)it has been proposed thettuinscaserves as sensors of cellular
nutrient availability, and themctivity modulation can mimic the effects of CR carcinogenesis
(Chalkiadaki & Guarente, 2015n mammalsCR leadsto SIRT1 activation in diverse cells and
tissuesthat is attenuated by IGE(Cohen et al., 2004)n addition,transgenic mice with SIRT1
overexpression phenotigally mimic mice under CR: they are leanemwith improvedglucose
tolerance decreased blood cholesterol amgulin levels reduced incidence of spontaneous
carcinomas/sarcomaand protection against colon can¢Bordone et al., 2007; Firestein et al.,
2008; Herranz et al., 201@espite such promising metabolic effe@$RT1 induction alone or
combined with CR appears to hdimited rolein cancer protection and do not bring additional
benefits possiby owing to its differential tissuspecific expression and regulati@outant et al.,
2016; Herranz, Iglesias, Mund#artin, & Serrano, 2011).
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B. Fasting

Fastingis the practice of withdrawal consumption of any foodt® dramatic restriction for a
certainperiod(not particularly defined and speaiependent)Historically, itmight be the oldest

and most widely adapted way of dietary regimen among human race, commontyaraligious
purpose. Despite existence ofanecdotal evidencattributing fasting aricancer properties
scientific investigation of the use of fastibgsed regimens in cancer prevention and treatment are

relatively recent.

Fasting and CR arsimultaneously similar in sonfeaturedut profoundly different in otherand

they cannot be treated #se same regimen but with different magnitude. Exercise training could
serve as an analogy order to compare the different outcomes that thesedtetary regimens
could displayed. As it is commonly &wn acute/intense high load exercise (fasting) produces
differential metabolic and physiological response compared to chronic/lemsityt training (CR),
which results in gain of higher overall body endurance. As such, CR and fasting camnresult
different stress response of the organism. Additionally, fasting leads to depletion ofegiyco
storages and utilisation of ketone bodies as a source of energy, metabolic procetskawehmot

been reporigin CR.

Thefirst days of fastinglisplayhigh rate ofgluconeogenesiandamino acidseing catabolized
and used as the source of enermggpeciallyalaninecoming probably from muscles. Insulin is
decreased, as oppose to increase in glucagoifasting continueshe body starts to use its fat
deposits forenergy production which results in progressive ketoshich means the increase of
ketone bodies produced by the liver and utilized by peripheral tissues as, andlieding
acetoacetatand f-hydroxybutyratg Kerndt, Naughton, Driscoll, & Loxterkamp, 198K)etosis
state previously known mainly from its induction in diabetic individuals as factedf insulin
insensitivity or abrogated productias,a natural conditiothatthe body resorts teurvivesuch

nutrient starvation.

Mechanistically, fasting resudtin the inactivationof mTOR and RasPKA and activation of

Rim15 a key enzyme indispensable for some of the fasting retemtieeficial outcomesrhe last
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event producesncreased expressioonf proteotoxic and oxidative stresesponse genes,
participating intheinduction of thefastingprotective effect§Wei et al., 2008). T

The protective cellular effects ka also been attributed tthe decreasein body general
inflammation under CR or food deprivation. Interestingly it has been reported \ibhife3-
hydroxybutyratespecifically (one of the ketone bodies) could be responsible for inhibition of
inflammasome by suppression of NLR88pendent inflammasome activat{®doum et al., 2015)

Very interesting phenomena associated with fasinedpifferential StressResistance (DSR) and
Differential StressSensitization (DSSjBuono & Longo, 2018)Those refer tahe differential
effect of fastnginduced stresbetween healthgnd malignant cells, leading to higher and lower
resistance respectively to additional stressors (like chemotheffaigyire 5). This surprising
effect could simultaneously lead to higher cytotityi of anticancer targatg caner cells, at the
same time having lower sigdfects and toxicity towards healthy tisswa the same timeFor
example, 4872h periodof fasting protects mice from otherwise deadly doses of doxorubicin and
etoposidgC. Lee et al., 2010)n addition, 72h fasting periastiice had lostroughly20% oftheir
initial body weightreduced glucose levels by 41#nd IGF1 levels by 70%This protection was

lost under restoration of circulag IGF1 levels with simultaneous injection durinige fasting
period. In contrast, malignant cells are being more prone to cytotoxic effect undaergfas
conditions(D'Aronzo et al., 2015; C. Lee et al., 2012; Shi et al., 2(H®) example, 24fasting
synergistically potentiatedgemcitabine effectenessin a pancreatic cancer xenograft model
(D'Aronzo et al., 2015)The explanation of this paradoxical phenomenmay layon the constant
activation ofoncogenes in tumor cells, that not able to be switched off pushes the celltangio
proliferake even against the worsening of extracellular conditions, inherently méiengmore
susceptible to anttancer treatmenOn the other hand, healthy cells are able to sense nutrient
scarcity by respondintp extracellular signals (GH, IGE), shut down metabolism and prepare

their survival mechanisms in order to thrive.
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Currently it is not clear how long human individual should fast to obtain metabolic or cancer
associated benefits with this type of regimen. Although there is compelling evidence defining
duration and types of fasting regimen in cancer mouse models (24-48h, intermittent fasting, fasting
mimicking diet), mouse metabolism and evolutionary adaptation mechanisms for starvation
profoundly differ from those in humans. Limited experiments done in clinics indicate that
discrepancy. For example, 72h but not 24h fasting provided a reduction in leukocyte DNA damage

accompanied with less side effects in patients receiving chemotherapy (Buono & Longo, 2018).
Nutrients
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Normal cell Amino acids Cancer cell

RAS, AKT,
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Figure 5: Differential-Stress-Resistance (DSR) and Differential-Stress-Sensitization (DSS)
phenomena.

Fasting effect on Differential-Stress-Resistance (DSR) and Differential-Stress-Sensitization
(DSS) as proposed by Buono and Longo 2018. Extracellular stress as an effect of short-term
fasting result in opposite effects on normal versus malignant cell. As opposite to cancerous cell,
healthy cell can adapt to acute macronutrient shortages by downregulating its metabolism and
inducing stress response pathways, whereas oncogene driven metabolism of cancer cell hampers
its adaptational mechanisms and sensitize it towards chemotherapy. As a result, upon fasting
conditions healthy cells are more resistant and malignant cells more sensitized towards additional
treatment. IGF-1- insulin-like growth factor 1; TOR- Target of Rapamycin; IGFBP1- insulin-like
growth factor binding protein 1.
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Currently it has been shown apilot study that 48h fasting prior to chemotherapy is safe and
might provide beneficiagffects reducindPNA damage in healthy celmich adymphocytes and
myeloid cells(Bauersfeld et al., 2018; de Groot et al., 2015).

Interestingly, in a recent study evaluating the benefits of CR and fastinglé@C57BL/6Jmice, a
single daily meal (1:23hfasting) and 30% CR resulted in higher mouse survival, lower insulin
resistant and fasting blood glucose levels; and delayset of liver pathologies as compared with
ab libitum diet regardless diet compositigMitchell et al., 2018)These authors tested two
different diets, one of them with higher fructose (but equal percentage of carbebydrat lower
protein. Modulation of macronutrients in both dielid notmakeany differencen the positive
effects of R and fasting which poiatout thatfeeding regimens could have a higher impact on
health and lifespan than deampositiorper se Importantly, fasting for 1-A3h aparbf mimicking

CR outcomes, did not lead to body weight loss, advantage that shoothdidered in cancer

research.

Nevertheless, the piinical trials of thistype of regimers are being currently evaluated
worldwide, and likely to shed some light on thatential benefits and limitationSome of the

particularly interested are listeelbw.

The safety and metabolic outcomes in cancer patients recdagtigg mimicking diet (FMD} a

plantbasedcalorierestricted, low carbohydrate, leprotein is beng evaluatedNCT03340935)

Effects of fasting(36h before and 24h after chemotipfjaon mtientswith advanced metastatic
prostate cancer are also under investigaffdd@T0271072)L The long term21-day fastinglike
diet (providing only 5% of baseline calories)ill examine the changes of diseassociated
metabolic biomarker@CT0319317Y.

C. Macronutrient modulation

Caloric restriction in experimental setupieslon restricting 2840% of general food intaka the
treaed group as compared to the control. As the food in the control grou@R groupkonsists
of the complex distribution of macronutrients (fat, carbohydrates and protein) erahuatrients

(minerals, vitamins, phytocompounds etwith different ratio of these nutriest acrossthe

31



scientific literaturethisadds another level of complexity in order to compare refsaltsdifferent
studies and definehich nutrient restriction exactly (of tledovementioned) could be responsible

for the CR effect This problem has been acknowledged at the very beginning of the experimental
CR studies at the first half of twentiethntery and sinceat has been debated and generate

scientific confusion (Speakman, Mitchell, & Mazidi, 2016).

The nutritional requirement of the organism on each nutrient depends on variety of, factor
including stage of body development, age, energy expenditureicgesied obviously the species

the experiment ibased onFirstly, it is evidentthat differentspecies will have differential nutrient
requirements. Secondly, the nutrient requiremgrgatlydiffer along the lifespan, and thody
response to macronutrient modulation is different in yotiagn in adult and advanced aged
animals Finally, due to interactions occurring between nutrients and other dietary constituents as
well as the nodinearity of reponses to many nutrientscreates complexityof the impossible to
resolve scaleFor example, some vitamins are known as being important in mineral absorption in
the guts, therefore their availability can in letegms manifest as mineral deficiency. the CR
studies have been restricting all of the above nutrients at once, it is rationalneeathat the
availability of some could fall under nutritional requirement threshold whereasrtbent of the

other nutrients would still be sufficient, hence the observed effect could be not dueri® cal
restrictionper se but to some nutrients being restricted. For example, 40% CR leads to reduction
of 40% calories coming equally from carbohydrates, proteins and fats, but tletioasdf one of

them can hee stronger impact than the others. Therefore, the same nutrient modification can have

very different effect on health, longevity and carcinogenesis.

The question of whas thelimiting elementhat CR regimen utilig eithercalories or any of the
macrdmicro-nutrient componeniss still undeiinvestigation It is actually verylikely that CR acts
simultaneously through multiple pathways, thus it resulsoinast effects on multiplerganism
levels anddiseases, and it will be unlikely to identify ongechanism that explains them all
(Speakman et al., 2016).

Recently,the new approach called Geometric Framework (GF), emergedtifrermprogress in
mathematical modelling and statistical analysisild help toassesshe impact of single factor

among the fluctuations in multiple overlapping factarsl becomea big step forward irour
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understandingof nutrition (Simpson et al.,, 2017)As oppose to thdraditional nutritioral
experiments wittfone variable at a timeWwherefocus ison themodulation of thesingle dietary
componentGRbased experimentsly on thecrossmodulation oimulti-variables simultaneously
(nutrients). The effect of single nutrient modulata@an be therefore representg@phically asa
point over a given time period or as a moving trajectory within-dmrensional spacevhere each
dimension is a nutrienfThe value of such approach proofed its value first in the model of
Drosophila(K. P. Lee et al., 2008nd subsequently in mice (Solon-Biet et al., 2014).

Researchers from Sgdyundertook aneticulouswork testing the effect of 25 diets fad libitum
varying indietary energydensity protein, fat, and carbohydraté€he researchers measuted
impact of each diain food intake, cardiometabolic phenotype, and long@vi858C57BL/6 male
and female micgein particularly measuring glucose tolerance, blood pressure, plasmadévels
insulin, leptin and amino acids, blood lipid and lifenction markersThe diets diffeed greatly

in thecontent of protein (5%60%), fat (16%75%), carbohydrate (169%5%), and energgensity

(8, 13, or 17 kJ/g)The study primary goalseveto determine what drives CR longevity extension
by measuring théfespanand physiological mechanisms of agipgrticularly focusig on the
activity of mTCR and amino acid modulations. When they have compared the groups of the highest
calorie intake to the group of the lowest (30% CR), the last one accounting fffeitteof the
other macronutrient modulation (like compensatory overfeeding), they have not found the
previously reported lifespan extension. Instead, whenmmaished with all the other factors,
reduction in protein intake was clearly positively and etgeendent correlated with mouse
lifespan extensionncreasng it by approximately 30% as é¢proteincarbohydrate ratio decreased
(SolonBiet et al., 2014)Inversely when the ratiancreases hepatic mTOshowsactivation,
which isassociated with the elevatledels ofcirculatingbranched chain amirexids Of note, the
low protein high carbohydrates diet was strongly associated with ingprglueose tarance,
lower body fat and low bloottiglyceridesand insulinlevels(SolonBiet et al., 2014; SoleBiet

et d., 2015) The researchersonfirmed some of their initial results in the follay study
investigating the metabolic outcomes ef8ek dietary modifications, where the protein restriction
generatd the metabolibenefits ofCR, at the same time not piding additional advantage when

the mice where already under lgprotein dietg(SolonBiet et al., 2015)It would be of utmost
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importance and interest to test andistatally measure the effect of such spectrum of dietary

modulation in a similar study on tumor progression and cancer incidence.

The additional dataighlighting the benefits of lower protein consumpticomes from the
corroborative work where researchers collated the result of populational humgnusing
nutritional survey substantiated with I&@Fserum levels measurements with cellutavitro and

in vivo mouse models (Levine et al., 2014ne low protein consumptionappears to have a
protectiveeffectagainst aHcause and cancer mortality primr age 66and correlates with lower
circulating IGF1 levels in humans. In mice, low protein diet (dftotal proteinyesulted in slower
cancer growthof subcutaneously injected B16 melanoma cell€%7BL/6 nice as compared to
high protein diet (18% from total protein), which was correlated witletdvee circulating IGR

and higher mIGFBH. To test the hypothesis that the modulation of-lGéerves as the driving
force of tumor growth inhibition, the researchers used GHRKO mouse model, where the
invalidation of growth hormone receptor disrupts the Growth Hormone/ll@kis. In GHRKO
mice tumor growth of B16vild type (WT) melanoma cells was slower as compared to the WT
C57BL/6 mice, indicating that circulag levels of hormones dictates the tumor progressitas.

Of note, the 4% content of protein diet resulted in weight loss and growth retargatnice
BALB/c model, whichindicateghe high magnitude dheabove dietary intervention, which might
notbe successfully achieved and result in negative he#ht over longerm in other models or
aged miceln accordwith these observatigthe effect of low protein diet was beneficial for young
mice (34 montls old) but not necessarily in older mice (ktbnths old) which reproduced the

observation in human population (Levine et al., 2014).

Of note,studies inCaenorhabditis elegarend rats indicate that th@oteostasis irendoplasmic
reticulumis drasticallyreducedduring aging(Ben-2vi, Miller, & Morimoto, 2009; Gavilan et al.,
2009; Naidoo, Ferber, Master, Zhu, & Pack, 2008; Taylor & Dillin, 2018Jould be interesting
to investigatevhethersuch physiological modulation is not connected with different outsaie
nutritional intervention between young and older animEt& relation between proteostasis and
aging is further discussed in the chapter describing the unfolded protein respBR3e (

In summary, theatest research appears to point toward protein as the main contributor -of long

appreciatedCR in general health and aging, linking the protein consumption to its effects on
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regulation of mMTOR and IGE axis.Whetherthelow-proteindietary regimascould afectcancer
progression and occurrence has tonvestigatedn the future studies.

D. Diet in the pill - CR mimetics

Based on the findings and impact of CR and dietary related nutritional studies, theepodbmis
developing the pharmacological approach imdt food intervention inspired many scientists to
look for molecules that could affect the same pathway asl@&R.CR mimetics(CRm) arethe
group of compounds that phenocopies one or several effects i&g@Ren It was proposedhat
CRm treatment shuld phenocopynetabolic, hormonal, and physiological effects of CR, activates
stress response pathways observed in CR and enhances stress protection, extéytdadge
reduce overall aging and agelated disease@iandschin, 2016; Ingram & Roth, 2011, 2015;
Madeo, Pietrocola, Eisenberg, & Kroemer, 2014). Another proposed definiti@Rm is the
reduction inoverall protan acetylationwhich in turn wouldpromote cytoprotective autophagy
thatwould bebeneficia for cellularand organ function (Madeo et al., 2014).

The screening of GR is based on the molecule ability to reproduce one or sewéeamediate
physiological effectshat havebeen observeth the CR studies, such as reduction in glucose,
insulin and triglyceride circulating leveResults of ongoing studies identifyingtpotial CRmare
publishedby the NIA Interventions Testing Program, whabery year start evaluation séveral
compounds for their CRm activity, including among the otlasgsrin, nitroflurbiprofen, 49H-
alpha-phenyl-Nert-butyl nitrone (4OH-PBN), nordihydroguiaretic acid (NDGAgnd rapamycin
Several compounds have been recognised as CR mimetiocsh are listed and shortly
charactesed in Table 1 but only few of them have been demonstratéd impact cancer

progression, and here we will discuss only some of them.
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Table 1: Calorie restriction mimetics.
Characteristic

Mechanism of ation

Glucose analog, decreases body weigl
insulin levels and body temperature.
Cardiotoxic

2-Deoxy-D-
glucose

Biguanide, antdiabetic drug, extends
lifespan, reduces incidence of agdated
Metformin

acidosis

Antibiotic with prolongevity effect,
reduces pathological Amyloid [ levels in
animal models of neurodegenerative
disorders. Immunosuppresor
Plant polyphenol (grapesjith lifespan
enhancing effect, prevents agdated
diseases, increases insulin sensibility,
lowers body weight. Antiumor actions

Rapamycin

Resveratrol

Intermediate of the TCA cycle, increase

Oxaloacetate | " josnan lowers fasting glucose levels

Antioxidant scavenging ROS and
recycling of other antioxidants,
counteracts ageelated disorders

Lipoic acid

Anti-obesity drug, improves insulin
sensibility, lipid profile, and decreases
visceral fat accumulation. High levels o
psychiatric side effects

Rimonabant

Anti-obesity agent, increases auitagic

Hydroxycitrate flux, anticancer effects

Natural polyamine, antardiac aging
effects, reduces arteriosclerosis, anti
aging effects

Spermidine

Natural amino sugar and dietary
supplement, extends life span, lowers
blood glucose levels

Plant polyphenol, expandiespan, arit
tumor actions, synergism with other
autophagyinducing plant metabolites
(resveratrol)
Plant pdyphenol (soybeans), extends
lifespan, protects against agesociated
degenerative disorders, lowers blood
pressure
Plant polyphenol (tumeric), anti
inflammatory, antioxidant and cell death
inducing properties, improves obesity
associated conmbidities, anticancer
properties

N-Glucosamine

Quercetin

Genistein

Curcumin

diseasegcancer, cardiovascular disease,
and chronic kidney disease). Risk of lactigylucose synthesis and reduces gene

e (Ingram & Roth,
Glycolysis inhibitor 2011)
Mitochondrial complex | inhibitor

and indirect AMPK activator.

Enhances sensitty of insulin (Kawashima et al.,
receptors, activates genes reducing2013; D.L. Smith, Jr.
et al., 2010)
expression of enzymes that increase

oxidation of fatty acids
(Ingram & Roth, 2011;
Nikolai, Pallauf,
Huebbe, & Rimbach,
2015)

Deacetylasésirtuins) activator, (J. Li, Zhang, Liu,
autophagy induction. Inhibition of Chen, & Chen, 2017;
phosphoinositide-Binase (PI3K) Nikolai et al., 2015)

mTOR inhibitor, upregulation of
autophagy to remove damaged c
misfolded proteins

(Ingram & Roth,
2015)

Activation of AMPK via an
increase in the NAD+/NADH ratio

Induction of Uncoupling Protein
(UCP) expressioteading to

decrease of ROS produced by the
mitochondrial eletron chain

(Nikolai et al., 2015)

(Horn, Bohme,
Dietrich, & Koch,
2018)

Endocannabinoid recepor
blocker

Compditive inhibitor of the ATP
citrate lyase (AcCoA depletion),
autophagy induction

(Pietrocola et al.,
2016)

(Eisenberg et al.,
2009; Marino,
Pietrocola, Madeo, &
Kroemer, 2014;
Pietrocola, Castoldi,
Markaki, et al., 2018)

Acetyltransferase (EP300)
inhibitor, autophagy induction

Glycolysis inhibitor, indirect

AMPK activator (Weimer et al., 2014)

(Pallauf & Rimbach,
2013)

Sirtuin activation, autophagy
induction

AMPK activation, autophagy

‘nduction (E. B. Lee et al., 2015)

(Marcu et al., 2006;

Pallauf & Rimbach,

2013; Sarker et al.,
2015)

Histone acetyltransferase inhibitol
autophagy induction. Modulation ¢
Akt and Erk pathways
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Characteristic Mechanism of action

. (D. T. Hall et al.,
g of i prevene g,
AICAR . : ; ; AMPK activator Sevage, Childs,
inflammationassociated cachectic muscle !
wasting Grigsby, & Booth,
2017)
Planthydroxybenzoic acid, anti
inflammatory properties, prolongs healt Inhibitor of the acetyltransferase
Salicylate span and lifespan, reverses highdiet EP300 (autophagy induction in  (Pietrocola, Castoldi,
induced insulin resistance, anti heart and liver), NFkB inhibitor, Markaki, et al., 2018)
arteriosclerotic and canegreventive AMPK activator
effects

= 2-Deoxy-D-glucose

2-Deoxy-D-glucose(2DG) is a chemical analog of glucosé&ucturaly similar enough tde up

taken ly the cellsas glucose sharing by the same membrane transporter as glucose and then
converted by hexokinase 2saDeoxy-D-glucose-6-phosphatBecause the latter cannot be further
metabolised, its being accumulated within the cell and subsequently reghk iblock of
glycolysis. Cancer cells in general have higher requirements for gluasswell as they have
elevated levels oflucose transporters and hexokinase, hence they are more sensitive to 2DG

treatent than norcancerous cells.

2DGwas one of thérst proposed CRm, resulting in reduced circulating insulin levels and lowered
body temperature, two physiological markersmsgly predicting longevity, but producing at the
same time detrimentahrdiotoxicity in ratglngram & Roth, 2011; Minor et al., 2010; D. L. Smith,
Jr. et al., 2010).

In addition to its glycolytianhibitory capacity, 2DG was found to induce endoplasmic reticulum
stress (ER stress) through competition with mannose in the initial stepdimdfeN protein
glycosylation. Protein glycosylation begins in ER and is considased postranslational
modification. The "N" in the name of this type of glycosylatiodicate that the glycans are
covalentlyattached to Asparagirf@&sn or N)I am not sure about this, | thought that N is due to
linking to nitrogen instead of oxigen, since there are algyC@oproteinslt is the most common

type of protein glycosylation90% of glycoproteins are-j§lycosylatedChanges in surface protein
glycosylation have been observed in the development of cancer and could serve as
immunostimulatory signa|Stowell, Ju, & Cummings, 2015; Wolfert & Boons, 2013). In fact, i

has been observed that 2DG treatment can affeetland NK celttumor cell recognition and
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activationin vitro, having opposite effects probably dependent on the dose of 2DG administered,
enhancing cancer recognition upon low dose (0.5 mM) and decreasing it when the dose was
relatively high (20 mM) (Andresen et al., 2012; Beneteau et al., 2012)e second case, the
inhibition of cancer recognition by NK cells was attributed to abrogation of NK&ghds

expression on the cell surface, the mechanism that wilkeberitbed further in the discussion.

= Metformin

Metformin, blood glucose lowering drug from the family of biguanides has be&mfpime the
first-line medication for type -Biabetesmellitus patients. Its primary mechanism of actiorihe
ability to redice heaic gluconeogenesis and increase glucose turnover in muscles and adipose
tissuein hyperglycemic patients, which is primarily driven by AMPK activatigRernicova &
Korbonits, 2014) Mechanistically,metformin inhibits the mitochonidd respiratorycomplex |
leading to activation of AMPK, followed gnhancedhsulin sensitivity and iveredcAMP levels.
Metformin also has AMPKndependent effects on the liver that may include inhibition of fruetose
1,6-bisphosphatase by AMM artin-Montalvo et al., 2013; Rena, Hardie, & Pearson, 2017; D. L.
Smith, Jr. et al., 2010)n addition, in some context it can efficiently inhibit mTOR signaling
independently of its action on AMPK, by which some opltysiological effeccan be explained
(Ben Sahra et al., 2011).

Metformin caught attention as cancer modulating treatmdog toemergingreports of lower
incidents of tumor formation in diabetic patients receiving metformin, as well as ioangality
rates among those who already developed cdhaadman et al., 2010fEven more interestingly,
this effect turned out to be immune system dependent, since metformin treéaimen

immunodeficient mice&lid not delayeithercancer growth or survival (Eikawa et al., 2015).

= Rapamycin

As already mentioed, rapamycin is the inhibitaoof mMTORC1, central hulof nutrient sensing in
the cell. Its administration profoundly mimiche CR phenotype, including whole organism
metabolism, gene expression and serumpbadiling, leading to increased longevity in various
animal models(ingram & Roth, 2015)Unfortunately, the negative effect ohpamycin on
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mTORC?2andsidenegative metabolic outaterender this CR mimetic as of very limited {Bang
et al., 2013; Lamming et al., 201 Mterestingobservation is thapregulation of autophagy due to

MTOR inhibition byrapamycin, which could promotemovalof damage@ndmisfolded proteins
(Fig 4).

= Aspirin

Anotherrecently proposed CRm thewell known drugacetylsalicylic acidAspirin). It belongs

to the norsteroid antinflammatory (NSAID) group reducing fever, pain and inflammatory
response. For the discovery of tmechanism by whichspirin reduces inflammatiora Noble
prize was awarded in 1982. Primary mechanism of aspirin sughigressiorm the production of
prostaglandins and thromboxarm®sinhibition of cyclooxygenase€OX-1 and COX2, required

for prosta¢gandin and thromboxansynthesisAdditional mechanisms of action include uncoupling
of oxidative phosphorylatiofNorman, Howell, Millar, Whelan, & Day, 2004NO free radicals
formation(PautClark, Van Cao, MoradBidherdi, Cooper, & Gilroy, 2004andNF-«B signaling
modulation(McCarty & Block, 2006)

Another important effect of aspirin molecular mechanism is the prevention of btaddranation
and blood thinning. By interfering with thromboxane production, it is resthe platelets ability

to form aggregates, thus hamipgrwound formation and healing.

It has been shown that leslose aspirin treatment can mimic CR by stimintpautophagy through

the inhibition of a@etyltransferase EP30fy direct competition with acetyl coenzyme A to bind
EP300 enzyme catalytic doma(Rietrocola, Castoldi, Maiuri, & Kroemer, 2018; Pietrocola,
Castoldj Markaki, et al., 2018). Unfortunately these promising resudive to be taken with
caution, as longerm aspirin administration risk can overshadow the potential benefits, and chronic
administration of aspirin has been unexpectedly found to increasarnicerelated cell death risk
(McNeil et al., 2018).

39



[I. CANCER

1. Cancer— common denominator of many diseases

Cancer is not a single disease, but a group of malignancies caused by uedontrol
proliferation of heterogenous cell mass, sharing some common features which aredsnown
hallmarks of cancefHanahan & Weinberg, 2000, 201The hallmark list initially included six
features: proliferative signalingrowth suppressioavasion; metastasis; replicative immortality;
angiogenesis and cell death evasion; which was later expanded by additionalfioumei escape,
inflammation, metabolism deregulation and genome instability. Thus, obtainingbthe
mentoned malicious chaucter, the initially healthy cell must undergo a series of steps, reshaping
its inner biological machinery, simultaneously evading recognition to be Kijeidhinune system
in higher organisms) or to commit a suicide (by its owndestruction machineryitiated by the
defects caused by malignant transformation and stress).

It is not an easy path, that is why majority of-pemcerous cells are detected and efficiently
removed from the organism by its owuarveillancesystem(AfsharSterle et al., 2014; Marcus et
al., 2014) For the cell to succeed ardade all of the obstacles (internal and external) it can take
years for the disease to manifest and be detected by the current methlads/én & Wemberg,
2011) The time before cancer initiation and detection is called latency period. fEmsygeriod,
estimated to be years (even decades) is the timeewhés believed natural selection in the
microscale is taking place for precancerous cétiiowed by exponential growth and deadly
metastatic processes when the tumor is finally detectable and reaches cerganmoglstage
(Greaves & Maley, 2012). The dormant, slowly dividing-paacerous cells that do not yet have
the potential and resources to overcome natural barriers and defences oatlimo=ye much
more prondo be targeted and removed at this early stage than later in time, when theshaahs
more heterogeneous and resistant. That is one of the rational for early caaceometethods as

a very important step in cancer elimination and treatment. Yetwas mentioned, years can pass
without any visible symptoms of the emerging diseaselikely that is the exact time that all the

prevention measures have the highest impact on stopping cancer progression. Hiemee ke
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focus on couple critical steps in cancer developmental evoldtestaping cell death, escaping

anticancer immuneecognition, and reshaping cell metabolism to support growth and expansion.

2. Cancer- Avoiding death

In higher evolved organisms, removal of particular cells durgntgm developmental stage is
natural and necessary, thus this process is precisely mdjudet many steps. In cancer
development, a premalignant cell has to deregulate death pathways to avoid dellagiacresult

of gene and protein damage accumulation. Therefore, tumor evolves two main mechanisms t
progress: avoiding cell death in fifgace; and if that is not possible, uses apoptotic machinery to
die in an immunological silent way, so the host organism will not be alarmed and respardstow
malignant cells. Herein, the importance and character of apoptosis will be shottipeesnthe
context of cancer and immune response, and the recent concept “immunogenic cell dela¢h” wil

presented.

A. Apoptosis— programmed cell death

Apoptotic process is necessary for proper development of multicellular orgaarsiss it has to
take placan physiological conditions, without disrupting the normal growth and function of the
tissue, death of the cell happens in a “silent” med® unnecessary damagesttie bystanders.
This type of death, a physiological sdistruction, was named apoptosiad is characterised by

a multistep programmed process leading to decomposition of the cell structuresaasdrption

by the neighbouring cells amptofessionbphagocytic cellswithout rendering stress and leaving
trace of its existence, as oppodedcell necrosis, which was initially defined as a passive or
accidental cell membrane disruption, leading to inner cytosol leakage andwailem. In recent
yeass, multiple cell death types have been discovered and this list is likely &xpheded ad
characterised more deeply in the near fu{@alluzzi et al., 2018)From the cancer perspective,

avoiding cell death is one of the first barriers to overcome.

Various stresses (extrinsic and intrinsic) are known to trigger the apqpiagiam Even the sole
process of tumorigenesis can be internally exhausting and challenging enouglate pobteins

and pathways governing seléstruction cell mode: elevated oncogene signaling, DNA damage
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and acute cellular energetic deficiencies, for mstaYet, those tumors that succeed in progression
and resistance to the therapy managed to efficiently block activation-apgstotic pathways
(Fulda, 2010).

Theapoptotic machinergan be triggered by sensing an intracellular signal (intrinsic progyam)
by receiving extracellular signald’ die” involving for instance, Fas receptor activation (extrinsic
apoptotic program). Both programs culminate in activatiotaspases, caspase 8 for extrinsic and
caspase 9 for intrinsic program, which in turn activates downstreanoeftasipases faigi3,-6,

and -7 Figure 6). The apptotic process is characterized by:

- mitochondrial outer membrane permeabilization and cytochrome C release

- phosphatidylserine relocalization from inner to outer side of the cell membrane
- DNA fragmentation

- cell shrinkage anftagmentation

- ATP-dependence

- immunologically silencing- no inflammation

The intrinsic apoptotic program is more widely implicated as a barrterrorigenesis, but there
is an increased interest of extrinsic ahth ligands use as a manner taugecancer cell death

in pre<linical treatments

The extrinsic apoptotic pathway begins when membrane receptors coniéatigDomain (DD)
such as TNE& receptor 1, FAS receptor or TRAIL receptor binds to its specific ligand, INffe, T
FAS-ligand or TRAL, respectively. Receptdigand binding triggers the recruitment of proteins
to the DD region in the cytosolic part of the receptor, forming the dedtitingsignaling
complex (DISC), initiating the apoptotic machinery, resulting in-qgaspase 8 action via
dimerization in so called induced proximity mechanism. Main function of activaigobhse 8 is

initiate cell death (type Il extrinsic pathway)hus, caspase 8 can crasact with intrinsic
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apoptotic pathway by favouring Bid cleavage and translocation to mitochondria, where it activates

the intrinsic apoptotic pathway (Green, Galluzzi, & Kroemer, 2014).

STRESS
Extrinsic Intrinsic

Pro-caspases 8/!(‘

Caspases 8/10

/

N Yy &
= s
-|- Cytochrom C
BCL2/BCL-X;/MCL1 release

Apoptosome

Caspases 3/7

APOPTOSIS

Figure 6: Intrinsic and extrinsic pathways leading to apoptotic cell death.

Apoptosis proceeds via two main pathways: death receptor-mediated (extrinsic) and mitochondria-
dependent (intrinsic). The intrinsic pathway is triggered by specific receptor/ligand binding such
as Fas and FasL or Tumor necrosis factor- related apoptosis inducing ligand (TRAIL) receptors
with DR4 or DRS, followed by recruitment of adaptor protein FADD and activation of procaspase
8 and 10. The latter induces apoptosis by activating caspase 3/7 or by cleaving BID, bridging
intrinsic pathway, resulting in mitochondrial outer membrane permeabilization (MOMP) and
release of cytochrome C following by activation of executor caspases. The intrinsic pathway is
regulated by levels of anti- and pro-apoptotic BCL family member, such as pro-apoptotic BAX and
BAK and anti-apoptotic BCL-2, BCL-X1 and MCL-1. BCL-2—associated X protein (BAX), BCL-
2 homologous antagonist/killer (BAK), and BID promote MOMP antagonistically to BCL2 family
member action. Cytochrome C bind to Apoptotic Protease Activating Factor (APAF-1) to form a
multimeric complex apoptosome that recruits and activates pro-caspase 9, an executioner protease
that in turn activates caspase 3, resulting in cell apoptosis.
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The intrinsic apoptotic pathway involves mitochondrial protein machinery, anggpensible for
majority of physiological cell death in higher organisms. In a-ploysiological cotext
(pathological), intrinsic apoptosis pathway triggers are: DNA damagesheck, UV, irradiation,
oxidative stress, chemotherapy and ER stress among others. Briefly, 8teesslbrs) can impact

on the family of proteins governing the apoptotic machinery localized in the mitoc&nontere

the signal is integrated.he ratio between the anfi.e. Bcl2 family, BckxL, Mcl-1) and pre
apoptotic proteins (i.e. Bad, Bax, Bok, Bid, Bim) dictates the cell fatedulating the integrity

of mitochondrial outer membrane (MOM). When {agooptotic proteins prevail, MOM
pemeabilization(MOMP) leads to release of apoptosis proteins and cell death. Cytochrome ¢, an
essential component of oxidative respiration tteatdfes electrons between Complexesdhd IV

in the inner membrane and is found exclusively within mitochondria under physgdlogndition,
upon MOMP binds to APAHR and caspas@ forming the apoptosome, activating caspgasad
then executor caspases 6 and-7 (Cotter, 2009). Apoptosome formation can be hampered by
overexpression of proteins belonging to heat shock protein (HSP) fangghamism which is
widely utilized in cancer cells due to their highleart normal exposure to stress, and it is one of

the cell death escape mechanisms acquired by some c@Bwens et al., 2000; Bruey et al., 2000)

Following apopotic cell seltdisintegration, ced secrete and exyse avariety of moleculeshat
serve as the “eat me” signals, allowingtrecognize aswell asto be eliminated, and “find me”
signal, attracting the specialised phagocytic cdlleseprimary signals are presedtring the
immunologicallysilent apoptotic cell death #sey ae inthe necrotic death, and it is theexisting

secondary signals (cykme and DAMPSs) thatventuallydetermine the immune response.

One of the major regulatshapinghe character of the cell death, either-mmoanttimmunogenic,
is the endoplasmic reticulu@ER) and pathway implicated insistress responsturther desribed

in the following chapters.
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B. ICD inducing chemotherapies

Immunogenic cell deatfiCD) is a form of cell deathvhich caninduce an effective antumar
immune responsgKrysko et al., 2012)Majority of ICD inducers, elicit danger signaling through
ER stressUPR signalingcaused by some cytostatic agents such as anthracydixesubicin
(Doxo) and mitoxantrone (MTX) oxaliplatin bortezomib, orphysical stressors including
radiotherapy and photodynamic thergi@alluzzi, Buque, Kepp, Zitvogel, & Kroemer, 2017a;
Garg & Agostinis, 2014; Krysko et al., 2012). The majority of commonly used chemoth&speut
fails to induce ICD. Chemotherapies that can induaeonicallCD throughcalreticulin CRT)
exposure turned out to have an immunogenic effect that is dependent on the ERedrated
induction of the PERK/eIF2a pathway which regulates the surface exposure of CRT (Obeid et al.,
2007; Panaretakis et al., 2009).

Anthracyclines have been long used in the treatment of leukemia, lymphoma, uterine, ovarian,
sarcoma, and breast malignancies. The mastmonlyused anthracycline doxorubicindue to

its low toxicity and potent antitumactivity that depends on CDF cellsand IFNy, which in

turn correlate with the response to the treatnfiatitarollo et al., 2011). In fact, the response of
cancer cells tarthracyclines hafound to partially mimic those induced tayal infection asboth
inducesan Type | IFN (IFN) response through Toll like receptor BLR3) activation IFN-I
antagonist isFNAR1, which upon binding will trigger the release of CXCL10. In this sense, it has
been shown thaénthracycline efficacy can be reducéyg neutralizing the IFN receptors
(IFNAR1) and the CXCL10 receptor€ XCR3) (Sistigu et al., 2014)lhis could partially explain

the enhanced response to chemotherapy of tugnorgng in syngeneic immmoiocompetentnice

rather than in immunodeficient mice.

Another example of an anticancer therapy that has been shown to have immunogatyidsact
bortezomib (narket name:Velcade). This proteasome inhibitdriggers damaged protein
accumulation, inducing chronic ER stress through the activation of the PERK/CHR@{Papa
which may sensitize cells to BOG#fependent apoptosis (Carpio et al., 2015; Llambi et al., 2016)
It renders tumor cells immunogenic by upregulating HSP60 aB®P3¥on the cell surface,
improving dendritic cell DC) function and inducingraCD8 T cellmedided immune response
(Chang et al.2012; Spisek et al., 2007).
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Interestingly, new experimental drugs with the capattynduce ICD are being continuously
discovered, like Epothilone B. This microtubular inhibitor cause polyploidy, induces @D a
results in anticancemmmunosurveillance. It is being investigated for the treatment of ovarian
cancer, lung cancer, brain cancer, breast cancer, and gastric (aecevilla et al., 2012)
Additionally, drugs with therapeutic uses athitban cancer treatment are also starting to be
discovered as ICD inducers with potential anticancepgnties. This is the case of Digoxin and
Digitoxin, which are cardiac glycosides used to treat heart failureeTdaediac glgosides induce

the accumulation of cellular &a which is beneficial tocardocytes but ultimately leads to

cytotoxic ER stresm cancer cell§Menger et al., 2012).

In the same way, chemotherapeutic treatments that do not iddngerassociated molecular
patterns DAMPS) exposure are unable to induce ICD. Cisplatin, for example, fails to induce ICD
unless it is combined with ER stress inducers (i.e. thapsigargin, tunicanijeming et al., 2011)

or with compounds that in combinatievill increase ER stress (i.e. pyridoxingg&yanda et al.,
2015) This was also the case when lymphomas were treated/o with a combination of
Etoposide an@-Deoxy-D-glucose (2DG) Etoposide alone did not induce an immuesponse
unless combined witlow doses 02DG, whch is a wellknowninducer of ER streg8eneteau et

al., 2012).

Targeting the UPR in cancer treatment is an interesting and growing aesaach. Nevertheless,
these approaches may also alter the developamehtunction otumor infiltrating immune cells,
affecting immunosurveillance and favoring immune escape mechanisms, forlexaonpasing
pro-tumoral cytokinedriven inflammation For these reasons the combination of LiRfgeting
drugs with chemotherapies should beetalty evaluated. Recent studies have demonstrated that
induction ofimmune response alongith nonimmunogenic therapies can result in additional
benefit andmprovedtreatmentresponseThis is the case of Ckhatwas shown to induce the
autophagic stress response when combinedneithmmunogenic chemotherapies, resulting in an

anticancer immune respon@&etrocola et al., 2016).

46



3. Metabolism of cancer cells

While the observation that cancer afalism is abnormal in comparison to the healthy tissue was
done almost a century adpy the famous Noble Prize winnddr Otto Warburg the metabolic
modulationas aneffective anticancer therapy hgsist started tadeliver promising resultsDr
Warburg noticed markedly increased glucose consumption by tumorsariber feature that is
usedroutinely nowadays) cancer diagnosis by positron emission tomography (PET) imaging with

radioactive labelled glucose analogue

Just a quick glimpse at the simpldienetabokm signalingpathway map could answer the question
why somanypeoplefailed to harnessstherapeutic potentiat the complexity and sophistication
of multipleintertwinedcircuits within a cell maké look particularlydifficult to target Metabolic
treatmentinduced modulatiorshould belethal towards malignant cells whilgparing non
malignant cellsAt a time the geneti@approactseemed much more attainable, and was holding a
great promise to stop cancetlavery beginningUnfortunatelycancer genetic landscape is much
more complex thait wasexpectedand gendasedherapies are still in majority the promise of
the future.Genomic landscapeonsists ofderegulation and mutationf multiple genes, and
probably much more afrossgeneinteraction plus nowtodinggenome regionghatareknown'or
very likelyareaffecting all the patkto tumorigenesisnot mentioning the constant mieewolution
happening withinthe heterogenous tumdissue. On the other handell metabokm analysis

reveas limited numbernf waysthatthe cell caruseto produce energy and building blocks.

The major two ways of ATP production by cells is glycolysis and oxidative phosptionyl
(OxPhos) Figure 7). It was ofterconsidered that proliferative cells rely mostly on glycolysis and
differentiated cells use oxidative phosphorylation as the main source of energy
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Figure 7: Central carbon matabolism pathways

Glycolysis (A) and Citric acid cycle (B). Adapted from (Kalyanaraman, 2017) Description in text.
HK, hexokinase; PGI, phosphofructokinase; PFK, Phosphofructokinase-1; GAPDH,
Glyceraldehyde 3-phosphate dehydrogenase; PKM?2, Pyruvate kinase isozymes M2; LDH, Lactic
Acid Dehydrogenase; PRPS1/2, phosphoribosyl pyrophosphate synthetase 1/2; CAD, carbamoyl-
phosphate synthetase; TS, Thymidylate synthetase; IMPDH, Inosine-5-monophosphate
dehydrogenase; GLS, Glutaminase.
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Glycolysisis aless efficient way of glucose utilisation in terms of ATP produetitogives merely

2 mol of ATP per Imol of glucose, whereas oxidatipaosphorylation provides 36 mol/1 mol of
glucose but on the other hand glycolysis flux is significantly more rapid than OxPhosllyarti
compensating for its low ATP yieldAdditionally, pyruvate, the end product of ghylysis, is
subsequently converted into lactate usi#PH as a source gdroton, thus, replenishing the pool

of free NAD' required for glycolysis to continukactate is then removed extracellularly, not only
being lost as a source cérbonbut also creag atoxic environment. Surprisinghpr Warburg
noticedthat cancer cells are using glycolysis over oxidative phosphorylation evenniimited
access to oxyge(Figure 8) (Liberti & Locasale, 2016; Vander Heiden, Cantley, & Thompson,
2009) Althoughhe proposed at that time that tlesuld be the result of defects in mitochondrial
functioning that would disrupt proper electron transport chain to function, nowadays we khow tha
majority of tested malignant cells have perfectly functional mitochondriglicating that
glycolysis providessome advantage for rapidly proliferating cells o@Phos.As it was later
shown, healthycells also preferentially use glycolysis under high proliferation demands, as for

example rapidly expanding pool of T lymphocytes.

The explanation of this phenomena (preferential use of less energefitekyeglycolysis during
proliferation) could behe muchhigher increase in demand of other nutrients (nucleotides, amino
acids and lipidsjor the proliferative cells, whereas the ATP demand changes just sligktly
turns out, theenergy might not be the limiting factor for highly dividing celtsit the lilding
blocks and macromoletes as nucleotides amanino acids might be of much higher importance
(Figure 8) (Vander Heiden et al., 2009). It is also the reason for high cancer glutamine dependency
—asthis amino acid ishe direct precursor and anaplerotic suppliethetricarboxylic acid cycle
(TCA) for all of the above macromoleculeBhe important feature of cancer development is the
fact that, at least in the initial phas@mor cells are not limitebly energy supplin form of glucose

—as it is constantly delivered by circulation. In fact, the host gldikeep the constant levels of
circulating blood sugaris enormouseven after prolonged food deprivatiemd starvaon, ranging
between 8Q@o 110 mg/dL, and rarely dropping under 70 mg/dL.
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Figure 8: Warburg effect and proliferating cells nutritional requirements.

Tumor and proliferating cell metabolism as compared to normal/non-proliferating cell
metabolism. (A) Normal tissue under hypoxic conditions switches their metabolism to
glycolysis with the production of lactate as a byproduct, whereas when oxygen is available
it will use it in oxidative phosphorylation and limiting lactate production. (B) Size of the
boxes represents experimental utilization of specific nutrients and ATP in cultured cells.
Most of the increased nutrient uptake in cancer and in proliferating cells is used to support
biosynthesis. ATP use is relatively stable as compared between non-proliferating and
proliferating cells. Adapted from Science Webinar series “Metabolic changes in cancer”
19.04.2012 Matt Vander Heiden, M.D., Ph.D.
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Cancer cells exhibian additional feature- their growth isindependenfrom external signaling
factors. As oppa=dto unicellular organisms, multicellular life evolved speaati interdependent
tissueswhoseparticulbar development and growth is tightly regulated. Every tissue and bagan

its own specialisation and function, making the organism as a whdlmore efficient, butlso
making every part dependent on the rébus, cellggrowth and division is limited and occur only

in response to extracellular growth signasen though theell is constantly supplied with
nutrients energy and oxygen. Hence, many cancer mutations lead to abnormalities in growth

signaling, ad pushes cell division in their absence, or exgainsthe antiproliferative signals.

A. Glucose

Cancer cells have a markedly increased consumption of glucose as compared toissuweal t
However,this overconsumptiois used mainlyn thede novosyntheis of lipids, nucleotide and
amincacids instead of energyOwing the necessity of malignant cells for glycolysis in order to
produce sufficient amount of energy in parallel with an incredsatbvosynthesis, an important
question arises: why armbw tumor cells import so much extracellular glucose? Higher organisms
evolved tight regulation of nutrient uptake via growth factor signals (Thompson, Z¥ddrjved
thesesignals,healthycellsdo not survivan vitro, not able to import required nutrient evieran
enriched nutritive environmei@faronson, 1991; Talapatra & Thompson, 20@¥)cogenes that
result in activation of PISBK/AKT signaling pathway enable to circumvent thd pnéexternal
growth stimuli, thus enablingmalignant cell survivalAaronson, 1991; Edinger & Thompson,
2002). Such mcogenesct as master regutas of glucose uptake, indag expression of glucose
membrane shuttle GLUT1 and enhugthe activity of glycolytic enzymelexokinaseHK) and
Phosphofructokinase-PFK) (Edinger, 2005; Pavlova & Thompson, 2016).

Based on this increased glucose consumption soenapeutic treatments liBDG (discussed in
chapter describing CR mimetjckave been tested, but unfarétely with low efficacy or with
unfavourable side effects. Nevertheless, 2DG in combination with other chemotherdpegsi

can result in additicad synergistic benefits, for example sensitizing the tumor cells to the primary
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therapy(Cheong et al., 2011; Meynet et al., 2012; Reyes, Wani, Ghoshal, Jacob, & Motiwala,
2017).

B. Glutamine —carbon source for lipid and nucleotide synthesis under

hypoxia

Glutamine, a noressential amino acid that is found at the highestentration in the human
bloodstream among other amino acids, similar to glucose it is tightly regulated emaimed at
roughly 0.5 mM through the common effort of dietary uptaleenwo production and, if needed,
muscle protein catabolism. In fact, rather than incorporating glutamine ioteirpisynthesis,
tumor cells use it as a source of nitrogendernovosynthesis of nucleic acids and as a carbon
source in anaplerotic fuellingd @CA cycle. Glutamine can be a precursor of multiple essential

metbolites by theide novesynthesigFigure 9).

Glutamineenhanced import and utilization is profoundly induced by transcription fadityc. Its
targets include glutamine transporters (ASCT2, SN2), glutamine to ghet@oaeron enzme
(GLS1), as well as crucial enzymes in nucleotide biosynth&mosephosphate diphosphokinase
(PRPS2) and Carbamoyl phosphate synthetaeAD), thymidylate synthase (TS) and inosine
monophosphate dehydrogenase 1/2 (IMPHD1/2) (J. Zhang, Pavlova, & Thompsor(FRfire)

7). All of the abovementioned proteins promote the high metabolic flux and utilization of
glutamine. In addition, the product of GLS1 reaction results in glutamatel] anembrane
impermeable metabolite, whose accumulation in turn sease¢he exchange substrate for cysteine
import by glutamate/cystine x@dc7Al1l antiporter supplying gluthatione synthesis and
antioxidant response (Shin et al., 2017). On the other hand, invalidatt@T qfrotein improves
cancer cell viabilityunder glucose depation via preservationof intracellular glutamate to

maintain mitochondrial respiratiqidayin et al., 2017; Shin et al., 2017).
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Figure 9: Glutamine as a precursor of various cellular metabolites.

(A) Entry of glutamine-derived carbon into the TCA cycle is via the conversion of glutamate
into its a-ketoacid form, a-ketoglutarate. (B) Glutamine is an indispensable donor of reduced
nitrogen for building both purine and pyrimidine bases. In addition, the y-nitrogen of
glutamine is also required to synthesize NAD, glucosamine-6-phosphate, and asparagine.
Gln: glutamine; a-KG: a-ketoglutarate; Suc: succinate; Fum: fumarate; Mal: malate; OAA:
oxaloacetate; Cit: citrate; Glu: glutamate; Asp: aspartate; Asn: asparagine; Glc: glucose; Pyr:
pyruvate; Ac-CoA: acetyl-CoA; SDH: succinate dehydrogenase; FH: fumarase; MDH:
malate dehydrogenase; GOT: aspartate aminotransferase; ASNS: asparagine synthetase; PC:
pyruvate carboxylase; IDH1/2: isocitrate dehydrogenase 1/2. Adapted from Ji Zhang et al.
EMBO J. 2017
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In contrast tchealthycells generally importingexogenous fatty acids, many cantgesexhibit
high rates ofde novolipid synthesis. Multiple oncogefrelated pathwagcan impact on lipid
biosynthesisrtiTOR, AKT, IGF-1to mention only few of thepartiallyby induction of lipogenic
enzymessuch adatty acid synthase (FAS) and ateylCoA desaturase 1 (SCD1).has been
shown that tumor cellare highlydependean theseate limiting enzymesand their inhibition can
slow down progression of various tumors in migekerman & Simon, 2014; Currie, Schulze,
Zechner, Walther, & Farese, 2013; Fritz et al., 2010).

Currently, a knowledge gap exists tainmor (gene)typesand their micre and macrenutrient
requirements. There are numerous difficulties in studying metabolic alteradinshstheir
implications for tumor development. Additionally, cancer cells can have profoundgyeahff
metabolismin vitro versugn vivo. For example, KRASlIriven lung cancer is known to rely heavily
of glutaminein vitro, butin vivo despite its presence, KRABiven malignant cells prefer to use
mitochondrial metabolism of pyruvate entering the TCA cycle coming from gguctgetabolism

rathe that through glutamine derivedketoglutaratéDavidson et al., 2016).
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I11. Immune system in cancer

1. Immune-selection and cancer progression

Cancer development can be divided into five stages: initiation, promotion, equilibrium (selection)

and escape, followed by metastasis (Figure 10).

Healthy
cells

. Immunoediting
Transformed o e —

Immunogenicity

Initiation

Immune
surveillance

EQUILIBRIUM
Some malignant
cells survive

ESCAPE

ELIMINATION
Complete
remission

Immune system
is overpowered

Figure 10: Cancer immunoediting stages

Stages of cancer development and their interdependence with immune response, leading to
processes of immunoediting, which selects cancer cells and eventually tumors resistant to
immune system response. At the early stages immunogenicity of malignant cells is high and
most of them are eliminated. Microevolution favors cells with lower immunogenic phenotype
to escape, hence selects for their disproportional to their immunogenic counterparts growth and
dissemination. The last stage of this process is complete escape of low immunogenic cancer
cells from the detection of immune system (Mittal, Gubin, Schreiber, & Smyth, 2014).

55



w, 4a NK
E '« Minutes

Cytotoxicity

Macrophages
m

M1

|__________._—- Antitumor
» 'ROS,NO, TNFu, IL-12 activity

+

IFNy/LPS

@ o

Tumor
promoting
activity

A

IL-4/1L-10

Davs TImmunogeuicit}'

L
Granzyme/Perforins "

Cytotoxicity

Costimulation

CCL2, TGFp, IL-10

Presentation of cancer
antigens by APCs
(DCs and macrophages)

Hours

Figure 11: Innate and adaptive anti-cancer immune response cross-talk. Immune system
in cancer.

Natural Killer (NK) cells and macrophages initiate quick anti-tumor response and shape TME
in the following stages of cancer development. Importantly, APCs (DCs and macrophages)
provide the essential link to trigger adaptive immune response by presenting antigens to effector

CD8" T-cells with the help and helper CD4 " Tcells. DC: Dendritic cells; DAMPs: Danger
associated molecular patterns; ROS: reactive oxygen species; M1/M2: macrophages type I and
IT; IFNy: interferon gamma; NO: nitric oxide; TNFa: Tumor necrosis factor alpha.

Initiation is the first pre-cancerous event of healthy cell transformation caused by oncogenic
stressors, after which the majority of affected cells either undergo self-destruction or are recognised

and eliminated by the innate immune system. Cells that escape from that pre-cancerous stage will
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continue to acquire previously described cancer hallmarks, namely reglicamortality and
abnormal metabolisandwill transit in the stage ofcancerpromotion. Here again, additional
immune stimulatory triggers emerged from contohugflammatory process will urge body
defencemechanismgo fight, inducing local inflammatiorand increasingrumor Infiltrating
Lymphocytes (TILs), at which step many tumors can be rejected or suppressexy@ogidto
bengn tumors, no threatening life. Unfortunately, at thtidge cancer cells also undergmative
immuneselection, eliminatindnighly immunogenic cells and favouring progression of the cells
tha developedow-immunogenic phenotygelf the cancercells find favourable circumstances
and escape immune pressuheywill enter the last stagesescape and metastasisiecomplete
immune escape by tumor cells renders TILs entirely useless andstediaand the previous
mechanisms of inflammation and cytokine secretion do not oshtheir potentialto suppress

tumor growth, but they cagven accelerate it.

Both innate and adaptive immune mechanisms play a role in tumor development, altioedgh T
are found tdbe present within tumors three times more often (70%) than innate immune cells in

human colorectal carcinonf@RC) (Angelova et al., 2015).

Both innate and adaptive immuesg play important role in antcancer responggigure 11), and
invalidation by genetic means either one of them cripple cancer cells eliminatisomanner
surprisingly reassembling pathogen eliminatidfiiggre 12) (Klinke, 2012) as shownby
O’Sullivan et al(O'Sullivan et al., 2012 one of the pioneering studies investigating the theory
of cancer immunoediting and dissecting the role of botls afmmmune system in this mechanism.
According to the immunoediting paradigm, the immusystem recognizes and eliminates
immunogenic malignant cells (capable of triggering an immune response),onhiteng those
that escaped that recognitiorCancer inmunoediting $ classically divided into 3 phases,
elimination, equilibrium, and escapstarting with high immunogenic tumor sequentially
progressing into last stage characterized by very low immunogenic cance(Faglise 10).
Without immune system engagement, for examplearcéise of immunodeficiemhouse models,
immunoediting des not take place and cancer cells exhibit continuously highly immunogenic

phenotype.Thus, immune system plays actaed complexole dong wholecancer development
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Figure 12: Innate and adaptive immunity responses.

Innate and adaptive immunity system responses against (A) pathogen infection and (B) cancer are
of high resemblance. The yellow lines represent the normal full immune response against invassive
or immunogenic cancer. In the absence of an innate immune response (red) the infected organism
does not have time to develop adaptive responses and infection spreads quickly. Without adaptive
branch, initially there is some control over infection initiated by the innate immunity, but later the
infection perseveres and ultimately develops lethally (A). Similarly to (A), tumors from 3’
methylcholantrene-induced sarcomas transplanted into syngeneic wild-type (yellow), RAG2™
(blue), and RAG2 x y¢ ™/~ (red). Adopted from Klinke 2012.

2. Innate anti-cancer immune response

Innate immunity plays an important role in cancer development and immunomodulatory anti-
cancer therapies. The innate immunity, evolutionary older than adaptive immunity, consists of
anatomical barriers (chemical and physical), defence mechanisms (inflammation and complement
activation) and specialised leukocytes: i.e. macrophages; dendritic cells (DCs); NK and yd T cells
(Mantovani & Sica, 2010; Peterson & Artis, 2014). In the recent years increasing amount of data
connects innate immune cells involvement as important factor in triggering initial anti-tumor
response and indispensable for subsequent activation of adaptive immunity. However, in many
cases innate immune cells and inflammatory cytokines have been observed to have detrimental

effects on tumor development, hindering T cell response and supplying tumor growth by constant
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pro-inflammatory cytokine secretidi®. Lee & Margolin, 2011). In other words, it could be argued
that the ineféctiveness of the transition from innate to adaptive immune response could result in
tumor growth acceleration, as prolongdualanic inflammation, a hallmark of the innate immune

systemactivity, in generajpromotes tumor growth and metastasis (Shalapour & Karin, 2015).

A. Dendritic cells

Dendritic cdls (DCs) are specialised antigpresnting cells (APCs) bridging innate and adaptive
immunity. DCs are physiologically and functionally adapted to patratiarimmunologically
sensitive area of mammalian bodytestine, lung, skin (where they areledlLangerhans cells).
DCs are actively acquiring extracellular miceond macromolecules, at the same time using the
Toll-like receptors to detect any danger signals coming from pathogens or malogtian
(Nowarski, Gagliani, Huber, & Flavell, 2013). They are classically diviced conventional
(cDC) and plasmacytoid (p) DCs. cDC are equipped with TLR2 and TLR4, sensing aglordi
lipid-containing pathogen associated moaldar patterns FAMPS (i.e. lipoteichoic acidand
lipopolysacchaide, LPS) (Goubau, Deddouche, & Reis e Sousa, 2013); Y. Wang, Swiecki,
McCartney, and Colonna (2011pnce activatedgDC secrete massive amount ofl12 which
favours T cell growth, IFland TNFe production and induces cytotoxicity of COBlymphocytes
and NK cells. IL10 within TME has been shown to counteract functionality aivityaof DCs in

the tumor context.

pDC are a smaller subclass of DC ggp&id with TLR7 and TLR9, recognizing single stranded
RNA and pathogenic unmethylated CpG DNA, respectively. Upon activation, pDC psdgipee
I interferons (IFNI), IFNa and IFN3 (Goubau et al., 2013; Y. Wang et, 2011)

B. Macrophages

Macrophages are highly specialised phagocytic cells actively scaveagihdigesting cellular
debris, foreign macromolecules, microbes, cancer cells, and any entitids thait expressel-
cellular surface markers. Macrophagesmesent in the TME at all stages of tumor development,
and owing to their rich repertoire of mechanism and secretome they actiapby tsie TMEand

contribute to many aspects of cancer progression: inflammatiamgiogenesis, metastasis,
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immunosuppressig and in particular cases response to chemotherapy (Noy & Pollard, 2014)
Experimental anctlinical studies indicate that (at least in established tumors) macrophages
generally favour tumor growth and act as immggstem suppressdSondeelis & Pollard, 2006;
Kimura et al., 2007; Noy & Pollard, 2014). Hence, turassociated macrophage (TAM) depeti

or reprogramming is of a high interest and an area of intense investigation. Tivmataophage
phenotypes with antagonistic phenotypegdizeen described: M1 phenotype driven by{Fxd

LPS is preinflammatory and has artiimoral activity; and M2 lpenotypedriven bylL-4 and IL-

10 with antiinflammatory propertiesassocated with tumor progression and atumor immune

suppressionHigure 11) (Yuan et al., 2015).

TAM depletion wth specific aniCSF1R antibody (binding and disrupting extracellular surviva
signal which leads to cell death) proved to effectively inhibit cancer progmass mouse model
of MC38 colorectal adenocarcinoma and MCA1 fibrosarcoma. Efficient depletion ofléadvto
increase in cytotoxic CD8T lymphocytes and reduction in FoXRegulatory Tcells (Tregs,
resulting in decreased tumor growth and longer survival. Importantly, patightsnetastatic
primary pleural mesothelioma, endometrial carcinoana, colorectal cancer receiving aGiDF~

1R therapy experienced partial respeand exhib#&dCD8" T cellincrease similar to experimental
studies (Ries et al., 2014).

Important feature of this approach is the specificity of-&8F1R treatment towards M2
macrophagegCannaile et al.,, 2017) Furthermore, CSER expression is detectedh mther
myeloid cells within the TME, including DCs and MDSCs, however the effect of \xEStargeted

therapy on these populations is still unclear (Cannarile et al., 2017).

Currently GGF-1R is under investigation in phase I/ll for melanoma patients with a BRABE/
or BRAF V600K mutation (NCT03101254).

Recently dietary protein restriction (21% protein in Girses 7% in protei restricted diet) has

been shown to slow down tumor progression in two independent syngeneic mouse models of
prostate cancer RB6-Myc and kidney renal adenocarcinoma (RENCA) upon combination with
antrPD-1 therapy(Orillion et al., 2018). Proteineductiondiet did not alter the overall TAM

infiltration, but increased the number of M1 macrophageparallel with adecreas in M2
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macrophages in human xenograft prostate cancer LuCaP23.1 SCID mouse mestele$tb
are in accord with previous findings where low protein diet reduced tumor grovidsia inodel,
which was linked to decreased tumor proliferation and mTOR activity of cagite(Fontana et
al., 2013). In addition, upon low protein diet combined with-BiEH1 treatment, TME has
increased ration of M1/M2 macrophages. Based @rptbmising result, a pilot clinical study was
launched where patients receivimgmunomodulatory treatment of prostate cancer vackne
castration resistant form of prostate cancer will receive either 1099 p#fieircontaining diet
during the treatment period, after which immune system will be evaluated bycykmmetry
(Orillion et al., 218).

3. Adaptive anti-cancerimmune response

Unlike innate immunity, adaptive immunity is much more specific towards patb@yestressors,
but it needs time and diversger-cellularcooperation to properly develop. Importantly, it provides
so called immnological memory, entrusted in lotiged resting T cells with the high potential to
be reactivated upon antigen recognition and elicit an effective immune response. divily he
based on recognition of short amiacid segments (antigen) in the cont@ft the major
histocompatibility complex (M) class | through -Eell recepto(TCR). In the context of cancer,

it has been shown that there are mangcetallednecantigens, the products of defective protein
synthesis caused by DNA mutations and altirassplicing. Specialized APCs are partatipg

in effective education of T cells by active-tgke of circulating antigens/proteins, degradation,
processing and loading onto MHC class Il complexes in order to presentah@bvt T cells
which will elicit B-T cell cooperation for antibody prodian against the antigenshe alternative
mechanism that is recognizable as of high importance in tumor immune responsddiktyhaf a
APC to load acquiretbreignantigens on the class | MH@stead of MHC lass II) complexes
and crosgpresent themot CD8' T cells directly.

A. T lymphocytes

Bone marrow derived, thymus matured and selectganptocytesare present in the majority of

solid tumors and are critical for an effective immune response anddangumor4ree survival.
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They express a range afrface receptors regulating their ability to engage, recognise and ¢éémina
dysfunctional cells. Importantly, T cells can undergo a selection pratéise peripheral lymph
nodes, where with the cooperatiorDdEs and helper CO4T cells they can gain pent and specific
cytotoxic functions. But even then, inhibitory signals can overpower the cytotoralisig and
render them ineffective in the tumor context, even though they retain most of their furettbna
proliferative abilities and cytotoxicity men teste@x vivo(Daud et al., 2016; Mahnke et al., 2012;
Williams et al., 2017)

Cytotoxic T cells express-tell receptors thatfter selection and maturation with thelp of APC

and CD4 T cells can recognize a specific antiganthe context ofclass | MHC molecules,
normally present on the surface of all body cdllpon posdiive recognition T cell launches its
killing machinery in the form of cytotoxic proteins perforins and granzymes witdrsethe
targeted cell and initiate its programmed cell death. Another way to induce celisdaatburface
interaction of FAS ligad and FAS receptor, which initiates the DISC recruitment and subsequent

death machinery as described in chapAg@optosis -programmed cell dedth

In general, higher percentage of TILs is correlated and predicts a betiealautcome, longer
survivd and higher chances of tumfsee survivalNaito & al., 1998; Pages et al., 2005; L. Zgan

et al., 2003). However, other studies have demonstrated that some of the immune celaseibsets
associated with worse prognosis, seeming to promote tgemasis. For example, Tregsn
potently inhibit immune dwity in TME, and paralyze CD8+ T lymphocytes cytotoxicity.
Implication of CDS8 in anticancer immune response will be further described in following

chapters.

B. MDSCs and Tregs

Myeloid derived supgessor cells (MDSCs) can also hampered-eemicer immune esponse
through secretion of multiple immunoinhibitory signatsore specifically by secreting arginase I.
Arginase | can extracellularly deplete arginine levels, making it less aeaiflabIl cells, thus
lowering their effectivity(Rodriguez et al., 2004).

62



Additionally, MDSCs hae been shown to drive apoptosis of CO8cells, limiting their ability to
immunosurveillance and respondramunotherapyMechanisticallyjncreased IFNy levels within
TME inducedthe pro-apoptotic FAS ligand expressed on MDSD&ruptionof this FASL/FAS
interaction let to enhanced immune response and synergistically with chedipokade slowd
down the growth of induced melanomasmice (Horton & Gajewski, 2018; Horton, Williams,
Cabanov, Spranger, & Gajewski, 2018).

Tregs MDSCsand cancer celldy themselvesupressffective immune response launched by
TILs. TME promotesTILs apoptosis and poison immumedfector cells through the releasé
factors like nitric oxide (NO)reactive oxygen species (RO%)-10, IL-6, arginasd (ARG1),
VascularEndothelial Growth Factor (VEGF), indoleamine 2, -8lioxygenase (IDO), and TG[F
(Figure 13) (Lippens et al., 2016; Monu & Frey, 2012; Zhai et al., 2018; Zhao et al.,.ZlH®)
crosstalk between immune cells population involving specific-papulation of DCs and Tregs

is another layer of complexitparticipating n the fine tuning andself-toleranceactivation

By secretion of IDO, pDCs promote Tregs immunosuppressive functidireately halting
immune response (Lippens et al., 2016). The current knowledge about development and regulation
of cancer immunity, especially the immunosuppression by TME, is still incompieie bkely to

vastly expand in the coming years. Complexity anthnglemenof various cells, cytokines and
mechaisms involved in shaping immune responsersbably one of the most challenging and

promising area of investigation in order to improve and develop new strategies intharagies.
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Figure 13:Immunoinhibitory signaling in cancer.

Mutiple signaling pathways contribute to deplete or inhibit effector immune cells. Cancer cells secrete
chemokines, cytokines and oncometabolites to recruit and promote immunosuppressive cells such as
myeloid-derived suppressor cell (MDSC), regulatory T cell (Treg) and tumor-associated macrophage
type II (M2) to generate an immunosuppressive tumor microenvironment. These immunosuppressive
cells directly suppress the cytotoxic functions of CD8" cytotoxic T lymphocytes through the
expression and production of various factors and ligands. Tumors also actively inhibit functionality
of CD8" cytotoxic cells by expression of surface immune inhibitory markers like PD-L1 and
competing for nutrient which hamper T cell activity. MDSC: myeloid-derived suppressor cell; M2:
tumor-associated macrophage type II; Treg: T regulatory lymphocyte; ARG1: Arginase 1; NO: nitric
oxide; ROS: reactive oxygen species; IDO: Indoleamine 2,3-Dioxygenase 1. See further description
in text. (Zhao, Wu, Shao, Shi, & Zhao, 2016)

4. Major ways of tumor immune escape

Since the start of the use of immunomodulatory therapies in cancer treatment (checkpoint blocking
antibodies against PD-1 and CTLA4), two main groups of patients emerged - high and low

responders. Quickly after it became clear that individuals with the major benefits exhibited
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markedly different TME and TILs compared to patientkilag clinical response. The main
characteristic of the high responder group is the high presence 6fTC&fls coupled withype
| interferon (IFNo/B) signature (Joyce & Fearon, 2015; Spranger, 201Based on that, cancer

patients started to kmib-grouped into Tell-inflamed and non-Tell-inflamed patient3 able 2.

Table 2: T-cell inflamed versusT cell-non inflamed tumor phenotype

TME Phenotype T-cell-inflamed non-T-cellinflamed

T cell infiltration high low
PD-L1 / PD1 signaling high low
tumoral IDO expression high low
Tregs reaquitment high low
surface anti,\%l('a_lnC ?)xpression (i.e. low high
CXCL9/CXCL10 high low
PTEN status mostly active lost

innate immune recognition present non detectable
P53 signaling present lost
Beta- catenin signaling low high
CCL2/CCL4 expression high low

response to immunotherapy good responders bad responders

T-cell-inflamed tumorsare characterized e upregulation of immune inhibitory mechanisms
such as induction of immune inhibitory checkpoint on their surface, which makes themarone t
immune checkpoint targeted therapies, in contrast toThoell-inflamed tumors.Immune
checkpoints arsurfaceregulators of the immune systetivation Unde normal circumstances,
their action icrucial fordevelopingself-tolerance Some of them have been recognised as of high
importance in anttumor immunity and are clinically targeted by specific monoclonal antibodies
in order to reactivate anttumor response. CTLA (expressed on Treand activated T cel)lsPD-

1 (expressed on T cells) and LAGexpressed on activated T cells, NK, B cells and pDCs) are the
most common known inhibitory checkpoints. Various tumors upregulate ligands for immune
checkpointnhibitors, such as PID1 and CD80 in order to suppress azdncer immunitfJuneja

et al., 2017; Lim et al., 2017).
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Unfortunately, exclusion of anttumor specificTILs representven more a therapeutically
challengingmechanism of immune escapmportantly, there is increasing amount of evidence
that TME and stress sensing pathways can effectively modulate the transiticebdtvese two
distinct tumor phenotypes. It is the ared©D and secretory pathway modulation (chemokines
and DAMPS) that will be extensively discussed in the following chaptengertheless, these two
major phenotypes ofME, CD8" T and CD8T cellsrequiresignificantly differentapproachem
order tomaximizetherapeutic effest

5. Cytokines in cancer progression

William Coley, famously namédather of immunotherapy at the ed of the XIX century made

the striking observation that tumaran underwent spontaneous regression in patients infected by
pathogen. By brilliant insightful idea, Coley attributed the cancer regressibea &ctivation of the
organism immunity, that wasiggered by concomitant pathogen invader. Unfortunatelynagai
intense efforts of its inventor, the clinical benefit of such discovery apbeagbefore scientific
understanding and techniques could support the pursuit of effective and safe usé of tha

observation.

Now we know that some of the resportbat Coley was observing was attributed to acute
inflammation caused by infection, and as this may be initially suedesstancer therapy, very
often tumors survive and even evolve the ability to feedustained inflammation as a way to
promote theiown growth. This is one of the reasdry whichpro-inflammatory agents has to be
used with caution in patients suffering from cancer, but on the other hand, knowing why some
cancer can be stopped by inflammation and why others thrive on it is critical de tiegito treat
cancers effectively with immunotherapetitiased approaches

Interestingly, IFNI production can be driven gtinoic acidinducible gene (RIG-I). An increase
in IFN-I was found tdavour anticancer T cell response resulting in spontaneaustuejection
in some case@urnette et al., 2011; Diamond et al., 2011; Fuertes et al., 201fagt, both DCs
and CD8 T cells have been found tolyeon IFN-I to establisiresponses against tumor cells.

addition, it has been also demonstrated thatpFRMNan indispensable element of effective anti-
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tumor response to immunomodulatory therapyivo by increasing DCs crogwesentation and
drastically improving aPD-L1 treatmen(X. Yang et al., 2014)

Inactivation of IFNa receptor in melanoma and colorectal cancer cells resulted in accelerated tumor
growth in mice xenograft models and low expression of IFNAR predicted poorargsisgn
human CRC patients (Katlinskaya et al., 2016; Katlinski et al., 200hi9 detrimental effect was
mediated by generatioof immune excludednon-T-cell inflamed)tumors and attenuateantr

cancer immune response.

6. Nutrient competition within TME

Highly proliferating andhypovascularized solitumors suffer from nutrient scarcity, creating
hostile and competitive survival environment. Variations in extracellular nigream shape the
metabolism and efficacy of immune cells occupying TME. In addition, thgrdmucts of tumor
metabolism can see as signals for immune cells, modulating their response. High consumption
of glutamine by enhanced glutaminolysis in tumor cells could result in itstgdancTILs (Jin,

Alesi, & Kang, 2016; PeregEscuredo et al., 2016§lutamine serves as an important factor in T
cell function and selfenewal, and its extracellular level is indispensable for tumor suppressor
metaboliteS-2-hydroxyglutarat@roduction in CD8 T cells (Sinclair et al., 2013; Swamy et al.,
2016; Tyrakis et al., 2016).

TILs suppression can also be an effect of essential aatidodegradation by overexpression of
indoleamine-2,3-dioxygenagidO), enzyme converting tryptophan to kynureni(iRedriguez et

al., 2004; Sinclair et al., 2013; Uyttenhove et al., 2003). More sthdiesnvestigated the critical

role of various aminacid levels on T cell antumor efficacy, buthereis still a huge gap in our
understanding of TMEral its metabolic fluctuations. Is ithough important to takemino acid
impact onthe immune cell population under consideration before proceeding with metabolic
targeted therapies in cancer treatmé&ial. example, serine deprivation slows down Myiwen

tumor growth, partially by makingancer cells less fitness to sustain environmental stressors, thus
serine metabolism and bioavailability recently caught attention as promisiagebéc metabolic
target(Maddocks et al., 2017; Sullivan & Vander Heiden, 20HOwever, at the same time serine
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seems to be particularly an essential metabolite for T cell effector expamsice likely affecting
ant-tumor immune response (E. H. Ma et al., 2017).

Oxidized lipids, lipid metabolism and cholestdedelsare also important factors in TILs function.
There is enormous amount of evidence that obesity, high fat diet, accumulation offatgess
acidsandits metabolism are strongly linked to cancer developniém. surprising observation
linking statin use and lower cancer incidents are gaining more attglie@mierre, Higgins,
Gruber, Hawk, & Lippman, 2005; Gronich & Rennert, 2013). Lipid accumulation can im@air D
ability to effectively present and activate T cé{Bibillos-Ruiz et al., 2015; Ramakrishnan et al.,
2014) In addition, to hampering T cell directly, oxidized lipids seem to fuel tuniz&C, further

attenuating effecte immune respong@\l-Khami et al., 2017; Condamine et al., 2016).
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V. Endoplasmic reticulum, ER stress and UPR

1. Protein synthesis and ER stress

Protein synthesis is the most energetically demanding process in the celi, cohsumes up to
75% of the overall cell energgxpenditurglLane & Martin, 2010) Yet, a significaneamount of
newly synthesized proteins elenot fulfill the quality control standards and need to be eliminated
or recycled. The damaged proteins, in addition to be energetically expensive, pose tinreglts f
physiology and homeostasis especially under the harsh environmental conditiongushdhe
microenvironment (TMEJHetz, Chevet, & Oakes, 2015).

Tumors are a nehomogenous mass of malignant and -nmadignant cells residing within the
TME, characterized by hypoxia, nutrient deprivation, lower pH and richteekll interactions
(Cubillos-Ruiz, Bettigole, & Glimcher, 2017)n order to progress and spread, the tumor need
constant adaptation to changing conditions, which requires, among other things, enhateaed pr
production for various purposes. On the other hand,caocer cells are forced to modulate their
metabolism either to adapt to current environmental circumstances, or to gopnodlecules
intended to fight tumor expansion. In both cases, mechanisms altering cell pside@staper
protein homeostas are initiated tosatisfy higher than physiological demand on protein
production, and if these mechanisms are not sufficient, cells will experienceasrdapleticulum
stress (ER stress)s a result of the accumulation of misfolded protein withinetm@oplasmic
reticulum (ER)(Ackerman & Simon, 2014; Cubillos-Ruiz et al., 2017).

The ER isa highly organized organelle with diverse functions, including lipid production, calcium
homeosasis, and drug detoxification, but its main function is synthesis of rooglelthird of all
proteins(Hetz, Chevet, & Harding, 2013; Hur et al., 2012). For that reason, the ER is equipped
with the biochemical machinery designated to promote proper protein matunaticiolding,
assess protein quality and direct defective proteins to repair or degnapathwaygHetz et al.,
2015).Protein modifications occurring in tHeR are also one of the first stepd the secrairy
pathway,which includes protein glycosylaticand trafficking of proteinsx@ressedon the cell

surfaceor delivered to the extracellular mili€Dejeans et al., 2014; Galluzzi et al., 2017a).
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2. Unfolded Protein Response

Theunfolded protein respons&PR) is controlled by three ER stress sensors, all localized in the
ER transmembrane: Activating Transcription Factor 6 (ATF6), Inositol Requiringyrimzl
(IREla) and PKR-like endoplasmic reticulum kinase (PERKJig. 14). Under stressfree
conditions they are kept in their inactive form by the ER chaperone GRP78 (also lasoBiR),
which dissociates in the presence of misfolded protein accumulation in the ER) theegensors
and allowing the subsequent activation of the WRfRaling(Hetz et al., 2015)IRE1is the first
discowered and evolutionarily the most conserved UPR sensor, possessing both a sennie#hr
kinase domain and an endoribonuclease dontial islocatedin the ER membrane and when
released from GRP78 repression, undergoes di/oligomeryzation and autophosphorykdtiorg en
its enzymatic activitySubsequently, endoribonucleasgivity of IRE1 catalyzes XBP1 mRNA
alternative splicing, cutting out an intron of 26 nucleotides, which results in an goimgé&ame
shift. The translational product of thigexhatively spliced XBP1 (XBP1s) is a potent transcription
factor, which targets genes @dng proteins participating in protein folding, in the-B85ociated
degradation and ubiquitiproteasome pathways (ERAD), in protein trafficking, and in lipid
biosynthesis (H. Kim, Bhattacharya, & Qi, 2015).

Additionally, the endoribonuclease domain of IRE1a has the activity to cleave and degrade various
MRNA in a process namaégulated IREddependent decay (RIDD), thus reducing the overall
synthesidoad on the ER, but paradoxically it can also cleave genes encoding chaperems,prot

favoringapoptosis (Han et al., 2009).

Anotherbranch of the UPRathways is driven bRERK, a Ser/Thr kinasghoseoligomeryzation
statefollowed by aubphosphorylation inducesoncomitantctivation, reducing protein translation
via phospbrylation of eukaryotic initiation factor 2 alpha (elF2a). Simultaneously, accumulation

of pelF2a triggers the selective translation of ATF4, which is a transcription factor that can induce

CHOP and GADD34proteinsengaged in apoptosis induction and pelf2phosphorylation,
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Figure 14:Unfolded Protein Response signaling.

The UPR is an adaptive response conventionally triggered by misfolded protein accumulation
within ER lumen, which can be a consequence of various factors (Hypoxia, acidity etc.). It consists
of three signaling branches driven by distinct sensors: IRE1, PERK and ATF6, all of them kept in
their inactive form by chaperone protein GRP78. Upon damaged protein accumulation in ER,
GRP78 binds with higher affinity to misfolded protein, which leads to UPR activation and signal
transduction. IRE1 undergoes di/oligomerization, autophosphorylation and activation, cleaving
XBP1 mRNA to its alternatively spliced sXBP1 form with potent transcription factor activity.
Second ER sensor, PERK is also activated through dimerization and induces gene transcription
through ATF4, at the same time modulating protein translation to alleviate stress of misfolded
protein upon ER. The third sensor, ATF6 is translocated to the Golgi where it’s cleaved to its
transcriptionally active form. The resulting transcription factors drives expression of genes
encoding chaperones, ERAD machinery and lipid molecules involved in lipid biosynthesis.
Adapted from (Rubio-Patino, Bossowski, Chevet, & Ricci, 2018).

respectively. The activation of this branch is also required for UPR-dependent autophagy induction

(I. Kim, Xu, & Reed, 2008).
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The lastUPR sensoto be mentioned is ATF6, which unlike the former R senseos does not
undergo oligomeryzatiomnd insteads transbcated to the Golgi apparatus upon GRP78 release,
where it is cleaved by siE and site2 proteases (S1P and S2P). The relepaedof this cleaved
protein is a potertranscription factowhich migrates to the nucleus triggeg the expression of
genesencoding chaperones, components of the ERAD machinery and proteins involved in lipid
biochemistry(Hetz et al., 2015; I. Kim et al., 2008).

Therefore, th&JPR appears to bene of a range of crucial mechangstiat is modified byancer

cells for their successful growth and spreading.

In the following chapter dualistic role of UPR activation and interactionseagtviumor and its
microenvironment including immune involvement will be discus8ed.first, we will lok into
some intriguing connection between UPR and aging, as many of the dietary retiatsappress
cancer growth have also been effective in delaying aging and increasyeyity, and their effect
was proposed to be mechanistically obtained at [easilly by emanced proteostasis and UPR
activity.

3. UPR and Aging

With age, tissues gradually lose the capacity to produce properly foldeihprqiartially as a
result of lower UPR activity and XBP1 in the most (Taylor & Dillin, 2013). Wholksug®ver-
expression o§XBP1lin C. elegansdoes not extend lifespan, dp#e increasing ER stress

resistance.

Tissue specificXBP1expres®n revealed antagonistic effects on longevity, shortening the C.
elegans lifespan whesXBP1l was overexpressed in muscle tissue, but extending it when
overexpressed in neuronal or inteatiissug(Taylor & Dillin, 2013) Thus, UPR modulatiohas
posiive effects on some tissues, whi¢ the same timé&aving negativeeffects on others.
Interestingly, theneuronalactivation ofsXBP1 per sewasphysiologicallyirrelevant, suggesting
that the nervous systeadjuststhe proteostasisiachinery in the global, wholerganism manner,
while the antiagingeffectors operate in the periphery, highlighting the intestine.
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Protein misfolding is tightly connected with agirig general, the older the animaj the more
damaged and misfoldecptideit accumulatesThus,it could be a consequence of reduced UPR
activity also observed in aged animal tissues. As UPR inslyiceteostasis i.e. via chaperone
production,it has been proposed and shown that single heat shock piag&h dverexpression
can extend lifespain experimental model &. Elegansand multiple HSPs proved to havigher
effect than single HSP inductigidwindell, 2009; Walker et al., 2001 hat results point to
hampered proteostasis as major factor imgdvioreover, simpler organisms like yeast happen to
express only one discovered ER stress seAfiRE1, and it isa crucial protein in yeast lifespan
extensiortriggered by CRChoi, Kwon, & Lee, 2013; Uaunskyy efal., 2014) Genetic approach
experiments confirmed the effect of enhanced UPR and lifespan extension regetise, where
sXBP1 ablationeduced expected lifespan@ elegangCui et al., 2015; HeniKorenblitet al.,
2010) More recently, essential vitamin D3 has been shown to reduce proteotoxanitagedC.
elegananodel, that resulted in extended lifespan, and was dependent on UPR components. More

precisely, vitamin D3 treatment was able to specifidaltijuce IRE1 ativity (Mark et al., 2016).

4. UPR in Cancer

Cell types and tissues display very distinctive ER protein folding capgaigpending on their
protein production demand and stress state. For example, during cancer transfonmation f
healthy to malignant cells, there are many critical steps where internal (oncbgameprotein
synthesis) or externaln(trient shortages, hypoxia) factors impose high den@ndrotein
synthesis and quality assessmenhaER(Cubillos-Ruiz et al., 2017; Hart et al., 2012). When the
ER folding capacity is not sufficient to meet proper protein synthesis it resl#R stress and
triggers a cascade of adaptive mechanisms namddRRethatis meant to restre proteostasis.
Hence, the UPR will inhibit protein translation to halt the accumulation of misfoldedirpro
increase the production of proteins such as chaperones and foldases that psgier protein
folding, and promot¢he degradation and elination of misfolded proteins to limit their negative
impact on cell physiology. The UPR induction serves asyta-protective and prsurvival
mechanism, but when the ER stress cannot be restored and it prolongs, the same gahways
were initially engged in cell survival, will lead to cell death, typically by apoptosis (M. Wang &
Kaufman, 2014).
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A. Persistent activation of UPR in cancer

In the TME cells encounter harsh conditions that are known to trigger cell@lss,sduch as low
availability of oxygen and various nutrient, oxidative stress, tissue acidification, and improger lipi
homeostasis (CubilloRuiz et al., 2017)Deprivation of particulammino acidssuch as proline
(Sahu et al., 201&nd glutamingShanware et al., 2014)asbeen shown to induce ER stress
dependent tumor growth inhibition and stimusatgtokine secretion, respectively. Finally, a high
caloric feeding before tumor onset induced unresolved ER stress in a-&fR&8 lung tumor
model,leading to reduced tumorawth (Ramadori et al., 2015These studies show that there is
a direct connection between dietary, therefore metabolic modulation and theandii¢hie UPR.

In addition, tumoral cells display considerably higher demand of protein synthesisyadtepeof
cancer development, making them prone to chronic ER dsfiegsans, Barroso, Fernandez
Zapico, Samali, & Chevet, 2015)s a matter of facgpontaneous mouse and human lymphomas
show higher levels of UPR activation when compared with normal tissuess leotitext, it was
shown that the oncogenediyc and NMyc activate the PERK/eIF2a/ATF4 pathway, which leads

to cytoprotectiveautophagy induction and decreased survival (Hart et al., 2012). In addition, the
loss of tumor suppressor genes like p53 during transformatimnduce the synthesis of proteins
that were previously repressed, leading to ER stress induction (Namba et al., 2015)

The first description of the role of ER stress in cancer progression and végnddi
chemoherapeutic agents was proposed almost 15 years ago (Y. Ma & Hendershot, 200g4), and
to date many clinical studies have observed elevated expression of UPR atoas $RE,
XBP1, PERK and ATF6 in different types of cancers (Obacz et al., 2bdggrtantly, theER
stress sensor GRP78 which serves as the key modulator of the UPR response has been found to
facilitate cancer migration and its expression is positively correlated withroigeepsion from
early to advanced cancer sta@dal et al., 2015; Tang et al., 2012; L. Zhang et al., 20&RP78

was also shown to control fatty acid oxidation and silencing of GRP78 resulteddasedrdrug
sensitivity by modulation of lipid metabolisiifCook et al., 2016)Interestingly, anantibody
targeting GRP78 has been shown to improve the efficacy of ionizing radiation tirefajyan
glioblastoma and neamall cell lung cancer cell lines vitro and in athymic mice mode{Badey

et al., 2017).
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It is now clear that ER stse induction and consequent UPR activation are tightly linked and
orchestrate many important features in cancer development and prognosis. HawduRRon
impacts on the different cancer types is still a subject of extensive researah @ethivays
involved in ER stress and their effect on the TME vary largely from one campeetdyanother
(Cubillos-Ruiz et al., 2017).

B. UPR and cancer hallmarks

The hallmarks of cancer proposed by Hanahan and Weihbezdpeerbriefly discussed in chapter
“Cancer— common denominator of many disedseand here the particular focus timese
hallmarksmodulation and UPR will be presented (Hanahan & Weinberg, 20kis)list includes:
resistingcell death, sustaining proliferative signaling, activginvasion and metastasis, enabling
replicative immortality and inducingngiogenesis. Additionally, these traits are driven by cell
genome instability, gene mutations and local inflammation, accompanied by atimalubf
metabolism and evasion of immusrveillance Importantly,the UPR machinery regulates most

if not all of these features

= Proliferative signaling

Proliferation is usually halted upon UPR induction, as the adaptive UPR reduces gyothesis

(M. Wang & Kaufman, 2014). Indeed, XBP1 loss in intestinal stersioelleases their numbar

vivo and promotesumor formation in the APE" polyposs mice in an IRE1a-dependent manner
(Niederreiter et al., 2013). Other studies have shown that induced ER stress iompactumber

of growthpromoting signahg pathways:p38 MAPK, PIX, AKT/mTOR and Raf/MEK/ERK
pathways(Garg, Maes, van Vliet, & Agostinis, 2015), and depending on the context, these
pathways could promote or suppress cancer develogDarliing & Cook, 2014)

= Cell deathevasion

In orderto evadedeath signals cancer cells caglectively inducéhe PERK/eIF2a/ATF4 arm of
the UPR, which leads to increased cell survival by the induction of cytoproteatiyghagy in
Myc-induced tumor transformatiqHart et al., 2012). Autophagy is an intracellular degradation
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process via delivery of cytoplasmic entities to the lysosomes, where nwecnies are lysed and
their components recycled. Generally it is beliethed defects in thautophagy machinery favors
cancer initiation, while later on, the restoration of autophagic responsescagicar cells as
support for survival, proliferation and growth in the presence of harsh microenvironmental
conditions(Galluzzi, Pietrocola, et al., 2015). Autophagy is induced in response to virus infection
by the ATF6 and PERK branches of the UPR (M. Wang & Kaufman, 26imlly, the blockage

of autophagy by knoeckown of its regulator beclin 1 results in sensitization to tamoxifen upon
sXBP1 overexpression (R. Hu et al., 2015).

= Immortality

Replicative immortality is obtained by cancer cells through activation of telomerase,
ribonucleoprotein providing the main mechanism bychlgells lengthen their telomeres that are
shortenedluring cell division. i has been reported that telomerase unds@divation due to the
ER-stress dependent increased expression of the catalytic component of tedqifeRiE)(Zhou

et al., 2014) That could be explained by upregulation of its transcriptional regulator B-catenin,
which is induced by the UPR via the IRE1 brafX. X. Li et al., 2017), but the direct link still

missing

= Genome instability

Genome stability is affectedy the similar threats that induce ER stress: ROS accumulation,
hypoxia and heat stress as the first examples. IndegdamycirinducedER gressandglucose
deprivation affedthe induction of the mechanisms of DNA repair via proteasomal degradation of
Rad51, the protein engaged in DNA double strand breération(Yamamori, Meike, Nagane,
Yasui, & Inanami, 2013). Additionally, there is reason to believe that hypoxi@adrnd aberrant
DNA repair, genomic instability, and resaulh cellular cancer transformatig@ristow & Hill,

2008) Finally, increased GRP78 transcription from ER stress can also facilisdedamage
repair through recruitment of arginine histone methyltransferase PRMd ERstress could favor
histone H4 acetylation, known to be involved in the chromatin structure regulation and
transcription factor recruitment (Baumeister et2005).
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=  Metastasis

Metastatic outgrowth refers to cancer cell migration from its primary tumoarsiteeolonizatio

of secondarytissues, very often distant and having a substantially different microenvironment.
Clinically, metastasis is a very negative prognostic indicator, correlatkdigh mortality.The

UPR contributes to thiprocessby facilitating extracellular matrix ptein production to enable

cell migration andnvasion. Firstly, the PERK branch of the UPR facilitates cancer cellvalirai
response to the loss of cédicell contact, as it is required to perform epithelmmesenchymal
transition(Dey et al.,2015; Feng et al., 2014). Secondly, silencing the PERK/ATF4 pathway by
chemical inhibition reduces metastasisvivoin NOD/SCID moded of breast cancer metastasis
(Dey et al., 2015; Feng et al., 2014), possibly by blocking the upregulation of LAMP3nprote
involved in enhancedell migrationand metastatic abilitiegMujcic et al., 2013). Finally, tumor
dormancy, a criticastep for invasive cancer cells to implantaippremetastatic nichehas been
shown to be dependent on p38 activation which drives GRP78 upregulation and PERK
phosphorylatiorfRanganathan, Zhang, Adam, & Agui@hiso, 2006)as well as ATF6 activation
(CubillosRuiz et al., 2017; Schewe & Aguir@hiso, 2008). UPR components can control cell
cycle and proliferation rates by IRE1 and PERK, thus contributing to tumor dornaadcy
chemotherapyresistance(Urra, Dufey, Avril, Chevet, & Hetz, 2016). This ability of anti
prdiferative dormancy enables cancer cells to survive the initial phase bligstaent in foreign
environments and to become proliferatively active when they adapt to new conditions, hence

promoting cancer recurrence.

= Metabolism deregulation

Deregulated cellular energetican be also shaped by UPRhe mtochondral-associated
membrane (MAM) and the ER can spatialtyeract, modulatingapoptosis and mitochondrial
fission/fussiondynamics(Hetz et al., 2015)These interactions are possible as least partially by
mitofusin 2 (Mfn2), a GTPase protein localized in the MAM. It has been shown that Mfn2
physically interacts with PERK, regulating mitochond#&R interactions, thus impacting on
metabolism, calcium sighiag and @optosigMunoz et al., 2013). Mfn2 ablation leads to a potent

ER stressesponse, at the same time reducing apoptosis and awdjp¥ag/ang et al., 2015)n
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addition, sXBP1 was found to drive phospholipid biosynthesis and secretory pathway gene
expression, supporting ER expans{&niburi et al.,2007).

As described above, by inducing a specific-gthal manner of the UPR machinery cancerscell
obtain multiple benefits, enabling them to outcometaithycells, escape intrinsic and extrinsic
ant-tumoral mechanisms and coloninew physiologi@al niches where they can thrive and
progress. Many of these adaptations result from close links ofteeRs with UPRlerived
autophagy and mitochondrial crosstalk. Understanding how amdich manner cancer cells
hijack UPR machinery could open new perstives andmproved and effective antiancer

therapies.

C. UPR and cell deathregulation

The UPRsenes torestoreproteostasisbutif unresolvedthe same pathways that were initially
used for survival are leading to cell death, primarilyapgptosisigure 15). Forexample, under
acute ER stress the PERK/et#fRTF4 pathway leads to the inhibition of protein translation
resulting in cell survival. However, prolonged PERK activation induces sitgeding to tle
translation of ATF4 that regulates CHOP induction and results in apofysed, Majsterek, &
Diehl, 2016).

Perturbation oftalcium homeostasis in the E&Rcentralin UPR death pathways signaling. ER
stressors brefeldin A and tunicamycin lead to cytosolic aalétuns accumulation, whidniggers

cell death through caspa%2-dependent apoptosis in neuronal cells. Interestingly,
pharmacological activation of SK2 chameprotects against cell death induced by these
compounds, pointing towards calcium homeostasis as the critical event in cell deatbringamn

ER stresqRichter et al., 2016). Moreover, calciumomeostasis regulates cell fate through the
BCL-2 family of proteins, many of which reside within the ER. THeRUlirectly regulates the
activity of thesgoro- and antiapoptotic proteins by modulating their ratio. Interestingly, the anti
apoptotic proteis BCL-2 and BCLX_ physically associate with the inositol trisphosphate receptor
and alter its ability to relesa calcium ions lowering the ER calcium basal levels (Vervliet, Parys,
& Bultynck, 2016), whereas the pro-apoptotic protein BAX has the opposite effect (R. Getlones

al., 2007). Another example of how the UPR controls BXdamily members is the activation of
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IRE1a, which leads to the inhibition of BCL-2 and induces thghosphorylation of thpro-apoptotic
protein BIM via binding to JNK and TNF receptassociated factor 2 (TRAF2), favoring apoptosis
induction(M. Wang & Kaufman, 2014Moreover the preapoptotic protein®UMA and BIM are
transcriptionally induced by CHOP in response to ER stress (Ghosh, Kloclest&all& Roth,
2012; Puthalakath et al., 200Avhereas CHOP represses BE€lexpression (M. Wang &
Kaufman, 2014). Finally, CHOP and ATF4 mRBland proteis have short halfives explaining
why sustaied activation of the UPR pathways is necessary to induce cell (atWwang &
Kaufman, 2014).

Even though BlVhas been found to be essential to induce ER sitneskated apoptosis in a range
of cell types bothn vitro andin vivo (Puthalakath et al., 2007), the other Béif8y proteins such
as BID, NOXA and PUMAappearto have only partial effeqHetz et al., 2015)BOK (BCL-2
Ovarian Killen has been recently described to be a unique regulator of apoptosisactivater
ER-stress conditions, independently of BAX and BAK expression, connecting apoptotis signa

the ER membrane to apoptotic induction in the mitochondria (Carpio et al., 2015).

More interestingly, BOK is not activated by the BHBIy proteins or inhibited by the antiapoptotic
proteins. In fact, BOK is constitutively degraded via the ERAD pathwaysg Iséabilized when
the proteasom is inhibited(LIlambi et al., 2016). Additionally, the URRediated inhibition of
protein translation decreases Mcprotein levels, important antiapoptotireember of thd8CL-2
family protein, therefore sensitizing resistant myeloma celéptptosis indcedby thapsigargin

(GomezBougie, Halliez, Moreau, Pelkideceunynck, & Amiot, 2016).
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Figure 15: ER stress as a driver of apoptosis.

Non-resolved persistent ER stress leads to increased ration of pro-apoptotic proteins Bim, Bid, Bax
and Bak over anti-apoptotic Bcl-2 family. Transcription factors ATF4 and ATF6 stimulate CHOP
expression. CHOP inhibits proteins of the Bcl-2 family and stimulates pro-apoptotic Bim,
favouring heterodimerization and activation of Bax and Bak. CHOP also induce expression of DRS
- cell surface death receptor. JNK phosphorylation by protein kinase ASK1 leads to Bid activation.
Association of TRAF2 with IRE1 also leads to activation of caspase 12. Calcium release from the
ER via IP3 receptors result in caspase 12 activation via Calpain activation. Adapted from
(Schonthal, 2012).

IRE1a has an interesting dual role in cell death regulation owing to its kinase and endoribonuclease
activity (Han et al., 2009; Maurel, Chevet, Tavernier, & Gerlo, 2014). In recent years there has
been tremendous advancement in understanding IRE1a signaling. Firstly, it has been shown that
the oligomeryzation state of IRE1a determines its activity towards either RIDD or XBP1 splicing.
The oligomeryzation state will favor splicing of XBP1 to sXBP1, whereas the monomer/dimer
form exhibits mostly mRNA cleavage activity by RIDD (Tam, Koong, & Niwa, 2014). Secondly,
the inhibition of the kinase activity of IREla has been shown to bypass its autophosphorylation
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and to activate the endoribonuclease activity by an alternate mode that enB®R¥espticing and
limits MRNA decay and apoptosis (Han et al., 200Byivo IRE1a facilitates tumor growth by
promoting the expression of the tumorigenesis driver B-catenin, and IRE1a chemical inhibition or
genetic knocldown inhibited colonic tumorigenesis in an immunodeficient mouse model,
confirming its presurvival role (X. X. Li et al., 2017Altogether, the activation of IREla and its
effect on cancer cell death or survival seems to be highly dependent on its oligiorrgiate
which modulates its endoribonucleas®l kinase actities

ATF6 activation through ERtress inductioheads to the increased expression of genes involved
in UPR and ERAD: XBP1, GRP78, chaperones and oxidoreductases, among othersnltheole i
UPR is majorly cytoptective, and its activation contributes to ftnaing of the IRE1o and PERK
signaling, eliciting presurvival propertiesn vitro andin vivo (CubillosRuiz et al., 2017; I. Kim

et al., 2008; Schewe & Aguir®hisq 2008) ATF6 activation has been linked to increased tumor
dormancy and increased tumor resistance to chemotherapy, interestingk/Teindependent
activation of mTOR signalinfSchewe & AguirreGhiso, 2008).

Apoptosis is known as a tolerogenic type of cell death because, up to date, it was dedieited t

did not induce an immune response. However, some forms of cell death produced by certain ER
stressinducing stimuli lead to the release of danger signalhieydyingcell, indicating that cell

death signaling under ER stress could be even more complex atygpedtiontext dependent

(discussed below) (Galluzzi et al., 2017a).

Taken together, cancer cells undergoing ER stress will induce the UPR, wiaatontext and
time dependent manner liWfavor pro-survival or predeath pathways resulting in enhanced or

decreased tumor progression.

5. Endoplasmic reticulum and immunogenic cell death

There is growing evidence that the UPR can control theamior immune response byodulating
thecharacteof cancer cell death. The UPR can regulate the release DAMRBSs already defined
which are classical “find me” and “eat me” signalsbitief, DAMPs are intracellular moleces
usually ubiquitousand tightly regulatedthat are hidden from the immune system’s recognition
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under normal conditions. However, upanutestress or deatimduction cells can induce an
iImmunogenicdriver response by the expression of DAMPs on thesteface (e.g. CRE&nd
HSPs) or bytheir extracellular release (e.g. ATP aktigh Mobility Group Box 1- HMGB1)
(Galluzzi et al., 2017a; Grootjans, Kaser, Kaufman, & Blumberg, 2016). This type otattlid
known as Immunogenic Cell DeathCD) (Figure 16). Interestingly ICD mustbe preceded by
the ER stress and UPR in order to induce CRT and HSPs surface exposure. $e thieGRRT
exposure it habeen suggestatiatthis eventdepends orctivation of the PERK/eIF2a pathway
(Panaretakis et al., 2009Furthermore ATP release depends anduction of preimortem
autophagyGalluzzi et al.2017a) The importance of ATP and HMGBL1 release can be appreciated
in theRipk3™ or MIkl”~ TC-1 syngeneic mouse lung cancer cells, which are impaired in secretion
of these two DAMPs under canonical ICD inducer Mitoxantrone. As opptsiteeir WT
counterparts, Ripk3™ or MIkl”~ TC-1 fails to induce immune response, which can be rescued by
local administration oATPases plus a synthetic TLR4 ligawhere theby APCs and CD8T

cells intratumoral infiltration is restore(H. Yang et al., 2016).

CRT binds CD91, ATP binds purinergic receptors (P2Y2 or P2X7) and HMGB1 blf4,
respectively(Galluzzi et al., 2017a). These receptors are found on DCs and promote engulfm
of dying cells, attraction of dendritic cells intbet tumor bed, production of 4L and tumor
antigen presentation, respectively. In the case of CRT, it is a highlgreedscalciurrbinding ER
chaperone that has important functions in the immune response. For example, CRapisrane

for MHC class | nolecules, regulating antigen presentation hence affecting recognition&yrCD
cells(Raghavan, Wijeyesakere, Peters, & Del Cid, 2033 also associated with the increased
expression of CD86, CD80 and MHtIassll in the cell surface of DCs, leading to an efficient
antircancer CD8T cell responséGrootjans et al., 2016). CRT exposure also plays an important

role in the immunosurveillance mechanism induced by cells
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that have increased ploidy (Senovilla et al., 2012). Even though we know that ER stress induces
CRT exposure to the cell surface during ICD, the mechanism by which this phenomenon happens

1s still unknown.
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Figure 16: ICD and immune activation.

Immunogenic cell death (ICD) is an active process of exposing and secreting DAMPs in order to
attract immune cells and elicit immune response. Canonical ICD inducers sach as Doxorubicin
(Doxo), Mitoxantrone (MTX) and gamma-irradiation (y-ray) triggers Calreticuline (CRT), High
Mobility Group Box 1 (HMGB1) and some of the heat shock protein family (HSP) exposure as an
eat me” signals. As a result, professional phagocytic cells like dendritic cells (DCs) are activated
and through antigen presentation and cytokine stimulation programme CDS8* T cells in targeted
cytotoxic response toward malignant cells.

HMGB]1 secretion during cell death can activate the UPR in DCs by increasing GRP78 expression
and XBP1 splicing. When XBP1 was silenced, there was a downregulation of CD86 and CD80 cell
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surface activation markers and MHC class Il expression. These eventsd@sulte decrease of
T cell proliferation and differentiation affecting the activation of T cell@xivivo co-cultures
(Grootjans et al., 2016). In more recent studies, increased expression of HMGBNIHMEP 1
and pelF2a was correlated with a high amount of tumor infiltrating lymphocytes in triple negative
breast cance(NBC) patientg(Park et al., 2016).

Besides DAMPs, there are also “don’t eat me” signals that will helpaceells avoid the immune
system’s recognition. ER stress regulated proteins also controlsigesés. For example, GRP78
inhibition in BALB/c and athymic tumebearing mice increased Monocyte Chemoattractant
Proteinrl (MCP-1) serum levels and reguldteCD47, a glycoprotein of the immunoglobulin
superfamily critical in selfecognition.Non-malignanttissue increased the CD47 “don’t eat me”
signal in response to GRP78 inhibition, while the tumoral tissue decreased itssexprn this
way, GRP78 intbition stimulated macrophage infiltration and reduction of estrogen reeeptor

positive breast cancef€ook et al., 2016).

In summary, the UPR has a very important role in ICD induction and constitutes a pgoariget

for the development of antiancer strategies. This is the case for checkpoint blockade
immunotherapies that can only benefit patients with tumors that have TILs prewidhs t
treatment. Tumors that admthave TILs can be sensitized to checkpblotkade immunotherapies
when combined withICD-inducing drugs(Pfirschke et B 2016). In this sense, the -co
administration of chemotherapies that do not induce ICD with immunogenic chemotherapies

capable of inducing the UPR should be considered as a promisirzaaoér strategy
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6. UPR cross-talk and immune regulation

A. NFkB

The UPR can crosstalk witldifferent signaling pathways in order to regulate tuimost
interactions. Interestingly, the three branches of the UPR have been shown ® thelyre
inflammatory NFkB pathway. IRE1 interacts with TRAF2, recruitingB kinase (KK) and
inducing the pbsphorylation and degradation of IkB, which allows NF«kB to translocate to the
nucleus and regulate thanscription of its target genes. IkB has a shorter half-life than NFkB and
for this reason, changes in protein translation under ER stress stimudicthvaite the PERK
pathway, will induce the NFxB pathway by affecting the IkB:NF«B ratio. Finally, ATF6 can induce
NFkB through the activating phosphorylation of AKT (Grootjans et a) 2016).

B. Hypoxia

Under low oxygen availability, the UPR can interact with the hypoxiatdlpathway, whiclcan
promote vascularization, glycolysis, and survival. When hypoxic conditions areranbith ER
stress inducers the HIklpathway and the UPRysergize to activate downstream targets
including VEGHPereira, Frudd, Awad, & Hendershot, 2014). An example of this synergy is when
HIF1a, which is hyperactivated in TNBC, heterodimerizes with sXBP1 under hypoxic conditions,
correlating withpoor patient prognosis. They will both functioncasregulators and regulate the
transcription of HIF-& transcriptional targets (i..EGFA, PDK1, GLUT1andDDIT4) (Chen et

al., 2014). Control of mRNA translation is an important cellular response to bothdsR atrd
hypoxia. Hypoxia activates the PERKF24/ATF4 pathway leading to the inhibition of global
mRNA translation. The translation of ATF4 will still take place in a HIFlo-independent but
PERK/eR20/ATF4-dependent manner, most likely through Siah proteins. Siahl and Siah2 are
proteins that stabilize HIF1a and ATF4, through prolyl hydroxylase (PHD1) downregulation.

The PERK/ATF4 and IRE10/xBP1 pathways can also induce Siah2. The fact that Siah2 has sXBP1
responsive @ments in its promoter raises the possibility of a direct control of the PERK/ATF
pathway by the IRE1 pathway. This could be the first step in the response sastrdgions as
Siahl and Siah2 can stabilizeF1& and then it is possible theliF1a could replace sXBP1 in the
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Siah promoter, as their response elements overlap (Scortegagna et al., 2014). The
PERK/eF20/ATF4 branch of the UPRas been shown to have a{survival effect on tumor cells
under hypoxic conditions. This occurs through the WR&liated activation of prsurvival

autophagy and its inhibition increases cell death (M. Wang & Kaufman, 2014).

C. Responsdo pathogen

The similarities between the antigepecific immune response triggered by ICD and the one
induced by pathogen infection have led scientisisuestigatehese pathwaysommonalitiesin
hopeto apply this knowledge in cancer research. This is the case of TLRs, whichtara pat
recognition receptors (PRRSs) that recognize pathagsociated molecular patterns (PAMPS).
Activation of TLRs and the IRla/sXBP1 pathway are interconnected and result in the induction
of the innate immune surveillance in response to pathogen infection. In macrophages, TLR
activation will induce a RO8ependent specific activation of the IRE1a/sXBP1 pathway, but not

of the other arms of the UPR. Then, sXBP1 will induceland IFNf cytokine production
(Martinon, Chen, Lee, & Glimcher, 2010). This kind of response is not restricted to TlRsreas

is a clear link between the UPR and Retinoic-aetticible gend (RIG-1)-like Receptors (RLRS).
RLRs are RNA helicases that sense pathogenic RNA and initiate antiviral itpnRegent studies
have linked IREla with the RIG-I pathway upon pathogen infection (Cho et al., 204:3)
pathological conditions (Eckard et al., 2014)pm the activation of IREla’s endonuclease
activity, the cleavage of endogenous RNA through its downstream pathway RIEYDlgRed
IRE1-Dependent Decay) may produce fragments that resemble those of pathogentaak tie
caps or 3polyA-tails that mark RNA as “self”. These fragments will activate RIGhat will

induce an innate immune response.

D. Endogenous RNA sensing

In the context of cancer, endogenous RNAs that are not shielded by RNA binding proteins have
already been shown to act as DAMPs for PRRe/as observed that in primary human breast
cancers, activated stromal cells present unshielded RNA in exosomes iroqodgmpate anti

viral signalingto the tumor microenvironmentheseunshielded RNAin stromal exosomes result
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in an inflammatory response when transferred to immune cells and in tumoh guoavinvasion
when transferred to breast cancer c@labet et al., 2017). These studies were perforime&dro

and in athymic mice, but ath studies performed in immunocompetent mice demonstrated that
RIG-1 activation induced the secretion of extracellular vesicles by melanolisatitat act as
Immune activating agents favoring the anticancer immune resfidasslerPlenker et al., 2016)
Studies in immunocompetent mice demonstrated that the administration of a siRNAedésign
silence Bt2 and activate R5-1 efficiently inhibited tumor growth through an antitumor immune
response. This antitumor response involved the activation of myeloid and plasmacysoiHOC
cells, CD4 and CD8T cells and was associated with the secretion of itgyeokines (IFN, IL-
12p40 and IFNy) (Poeck et al., 2008). Furthermore, RIGas been proposed as a tumor suppressor
in HCC as RIGI deficiency promotes hepatocellular carcinotd&€(C) carcinogenesifHou et al.,
2014) Other studies in highlynmunodeficienimice have suggested that RIGan inhibit tumor
growth by inducing apoptosis through the regulation of BIHB/ proteins (Besch et al., 2009)
Additionally, it was described that pancreatic cancer cells treated with-HRK8 helicase ligands

die through immunogenic cell death (ICD). This ICD occurred through thsldeation of CRT

to the cell surface and the posterior release of HMGBL thiabted DCs and cytotoxic CDE
cells(Duewell et al., 2014).

E. Proinflammatory cytokines and interferons

The Ink between UPR andFNI was not clear, as UPR inducing age(ttsnicamycin and
thapsigargihhave not been found toggerany production or secretion tyfpe | IFNs(J. A. Smith
etal., 2008) However,combined with LPS or poly I:C (agonists of TLR4 and TLR3) the increase
in IFNI was massively induced as compare®RR agonist alon@-. Hu et al., 2011; J. A. Smith

et al., 2008)In addition, other pranflammatory cytokines including H6 and TNFo havebeen
inducedas well revealingmore general UPR control over cytokinersion (Martinon et al.,
2010; J. A. Smith et al., 2008).

IRE1 RNasehemical inhibitionwas recently shown to sensitize breast cancer tumors to paclitaxel
treatment and prolong survival of TNBC turdmaring immunodeficient micLogue et al.,
2018) Mechanistically, IREpromotedsecretion of pranflammatory cytokinessuch asCXCL1,
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IL-6 and IL8) which in turnenhancd cell proliferation and growthThisresultsuggesthat IRE1
activity would accelerate tumor growtwhich was notthe case when testéa vivo uponIRE1
RNase chemicahhibition. Neverthelesshis findingstrengtherthe ideaof IRE1functionsasthe
master regulator of cethesecretomeAlthough,as cd secretome varies from one to another cell
typeit is rational to assume that depending on cell type where IRE1 is modulatechapeat

different, possibly even contradictive outcomes of thgtilation

The pretumorigenic or antitumorigenic effeat$ individual cytokines are context dependent and
heavily influenced by synergisms in the complex cytokmigu. UPR, as central actor the cell
secretome control, plays crucial part in cytokine modulation, and here we discussfsitrae

cytokine possibly affected by UPR and implicated in tumor development.

Altogether, these studies highlight the importance of studying the regulatibe &fPR in the
context of cancer in order to understand immunogenicity and to improve the antitumor immune

responses and therapies.
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SUMMARY

Dietary restriction (DR) was shown to impact on
tumor growth with very variable effects depending
on the cancer type. However, how DR limits cancer
progression remains largely unknown. Here, we
demonstrate that feeding mice a low-protein (Low
PROT) isocaloric diet but not a low-carbohydrate
(Low CHO) diet reduced tumor growth in three inde-
pendent mouse cancer models. Surprisingly, this ef-
fect relies on anticancer immunosurveillance, as
depleting CD8" T cells, antigen-presenting cells
(APCs), or using immunodeficient mice prevented
the beneficial effect of the diet. Mechanistically, we
established that a Low PROT diet induces the
unfolded protein response (UPR) in tumor cells
through the activation of IRE1a and RIG1 signaling,
thereby resulting in cytokine production and
mounting an efficient anticancer immune response.
Collectively, our data suggest that a Low PROT diet
induces an IRE1a-dependent UPR in cancer cells,
enhancing a CD8-mediated T cell response against
tumors.

INTRODUCTION

Dietary restriction (DR) without malnutrition, which includes
caloric restriction (CR) and fasting, is well recognized as one of
the most reliable methods to enhance life span and reduce the
incidence of a wide variety of diseases, including human cancers
(Fontana and Partridge, 2015). DR has a beneficial impact on
health and life span, affects cancer development (Longo and

828 Cell Metabolism 27, 828-842, April 3, 2018 © 2018 Elsevier Inc.

Mattson, 2014; Lu et al., 2017; Meynet and Ricci, 2014), and
sensitizes tumor cells to chemotherapy (Meynet et al., 2013; Ru-
bio-Patifo et al., 2016), notably by increasing tumor immunosur-
veillance (Di Biase et al., 2016). The identification of new
methods to induce immunosurveillance has become crucial for
the development of effective therapeutic protocols against can-
cers, the inhibition of tumor development and progression, and
the enhancement of long-term protection. However, using DR in-
terventions, such as acute fasting or prolonged CR, to reduce
tumor growth can be very difficult to tolerate for most cancer pa-
tients receiving treatment due to the development of cachexia
and DR-related weight loss (Porporato, 2016). Therefore, devel-
oping alternative methods to benefit from DR-mediated reduc-
tion in tumor growth without impacting total caloric intake is an
area of intense research (Bénéteau et al., 2012; Pietrocola
et al., 2016). Indeed, it has been suggested that macronutrient
modulation rather than calorie intake determines the effect of
DR on health and aging (Levine et al., 2014; Solon-Biet et al.,
2014). Interestingly, several studies have demonstrated that
the balance of protein in the diet is especially important for these
effects, as a low-protein (Low PROT) diet produces beneficial
metabolic effects similar to DR, such as reductions in insulin-
like growth factor 1 (IGF-1) and cancer incidence and an increase
in longevity (Fontana et al., 2013; Levine et al., 2014; Solon-Biet
et al., 2014, 2015).

Macronutrient modulation might also impact protein homeo-
stasis, which is also referred to as proteostasis, and in particular
endoplasmic reticulum (ER) functions (Cubillos-Ruiz et al., 2017).
Consequently, the adaptive unfolded protein response (UPR) is
stimulated when ER proteostasis is disturbed. Accumulating
evidence indicates that chronic activation of the UPR supports
the main hallmarks of cancer by favoring cancer cell autonomous
and non-autonomous processes, which ultimately condition the
immunosuppressive and pro-tumorigenic microenvironment
(Cubillos-Ruiz et al., 2017). However, certain forms of ER stress
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(environmentally or therapy-induced) can elicit immunogenic
cancer cell death (ICD), which enables the release of key immu-
nostimulatory (such as interferon y [INFy]) and danger signals,
eventually driving efficient antitumor immunity (Galluzzi et al.,
2015; Garg et al., 2015).

The UPR is controlled by three main ER resident sensors:
Inositol Requiring Enzyme 1a (IRE1a), Activating Transcription
Factor 6a (ATF6a), and PKR-like endoplasmic reticulum kinase
(PERK) (Hetz et al., 2015). Upon ER stress, IRE1a oligomerizes
and auto-transphosphorylates, thus activating the endoribonu-
clease domain that subsequently catalyzes the non-conven-
tional splicing of X-box binding protein 1 (XBP1) (Calfon et al.,
2002; Lee et al., 2002) together with the tRNA ligase RtcB (Lu
et al., 2014). Spliced XBP1 (sXBP1) is an active transcription fac-
tor that regulates the expression of genes encoding proteins
involved in protein folding and quality control, ER-associated
degradation, and phospholipid synthesis. IRE1a. RNase activity
is also involved in regulated IRE1-dependent decay (RIDD) of
mRNA, rRNA, and microRNAs (Maurel et al., 2014). Interestingly,
in response to ER stress, RIDD-mediated RNA cleavage into sin-
gle-strand fragments lacking markers of self was shown to acti-
vate RIG1 (Retinoic Acid Inducible Gene 1). This RIDD-RIG1
pathway affects in turn adaptive immunity in humans (Eckard
et al., 2014). Similar to IRE1a, on ER stress, PERK dimerizes
and trans-autophosphorylates, thus leading to the phosphoryla-
tion of the translation initiation factor elF2a and global protein
synthesis attenuation. This also leads to translational activation
of ATF4, a transcription factor that controls the expression of
genes whose products are involved in amino acid transport,
autophagy, and redox control (Pakos-Zebrucka et al., 2016).
Finally, ER stress induces ATF6 export from the ER and its trans-
membrane cleavage by Site-1 protease (S1P) and Site-2 prote-
ase (S2P), two Golgi resident proteases. The released cytosolic
ATF6 fragment acts as an active transcription factor (Hetz
et al., 2015).

Based on these premises, we analyzed the mechanism by
which macronutrient modulation can mimic the antitumoral
properties of DR by feeding mice ad libitum with isocaloric
custom diets. Our results demonstrate that an isocaloric Low
PROT diet but not a low-carbohydrate (Low CHO) diet can
induce an IRE1a/RIG1-dependent increase in immunosurveil-
lance, suggesting that such a diet can represent a clinically inter-
esting alternative to DR interventions in the context of cancer
development, tumor immunity, and treatment.

RESULTS

A Low-Protein Diet Limits Tumor Development through
the Induction of Imnmunosurveillance

To analyze the effect of macronutrient modulation on tumor
development, we fed mice bearing myc-driven lymphoma iso-
lated from Ep-Myc mice (Adams et al., 1985) custom engineered
isocaloric diets containing either 25% less proteins (Low PROT)
or 25% less carbohydrates (Low CHO) compared with the control
diet. Mice were fed ad libitum with the different diets, and the
regimens’ impact on mouse survival was monitored over time
(Figure 1A). We established that only Low PROT diet increased
mouse survival, whereas global food intake and mouse weight
were equivalent for all diets (Figures S1A and S1B). The increase
in survival observed under the Low PROT diet was associated
with a reduction of spleen weight compared with the other
groups, thus indicating reduced lymphoma development (Fig-
ure 1B). Moreover, lymphoma-bearing lymph nodes from immu-
nocompetent mice fed with a Low PROT diet presented an
increase in IFNy expression (Figure S1C). Given that IFNy is a
key cytokine for innate and adaptive immunity, we hypothesized
that the Low PROT-dependent increase in survival could, at least
in part, be due to an enhanced anticancer immune response. To
test this hypothesis, we depleted cytotoxic CD8" T cells using an
anti-CD8-specific antibody (Figures S1D and S1l). Strikingly, the
impairment of the cytotoxic immune response prevented the
beneficial effect induced by the Low PROT diet, suggesting a
central role for CD8"* T cells (Figure 1A).

To further confirm the role of Low PROT diet-induced immuno-
surveillance, we transplanted primary lymphoma cells isolated
from Eu-Myc mice into immunodeficient NOD-Scid gamma
¢~ (NSG) mice. As shown in Figure 1A, a Low CHO diet did
not impact mouse survival compared with the control diet (Fig-
ure 1C). Conversely, a Low PROT diet led to a dramatic decrease
in mouse survival compared with the control diet (Figure 1D).
Importantly, the co-injection of C57BL/6 splenocytes (containing
mainly T and B cells syngeneic with the En-Myc lymphoma cells
injected) resulted in an increase in mouse survival under a Low
PROT diet (Figure 1D). These findings further confirm the key
role of the immune system in the beneficial effect of the Low
PROT diet on tumor development.

We extended our observations in vivo using two
additional mouse models: a murine colorectal carcinoma
(CRC) cell line (CT26) subcutaneously injected into syngeneic

Figure 1. A Low PROT Diet Affects Tumor Development in a CD8-Dependent Manner

(A) Survival curve of syngeneic C57BL/6 mice that were intravenously injected with Ep-Myc lymphoma cells. Mice were fed ad libitum with Ctl, Low CHO, and Low
PROT diets and were intraperitoneally injected with PBS or 2CD8 antibody (Ctl, n = 8; Low CHO, n = 9; Low PROT, n = 10; Low PROT «CD8, n = 6).

(B) Spleen weight of C57BL/6 mice intravenously injected with Ep-Myc lymphoma cells and fed ad libitum with Ctl, Low CHO and Low PROT diets (4 mice

per group).

(C and D) Survival curve of NSG mice that were intravenously injected with Eu-Myc lymphoma cells with or without splenocytes and fed ad libitum with Ctl, Low
CHO and Low PROT diets (Ctl, n = 5; Low CHO, n = 5; Low PROT, n = 5; Ctl + Splenocytes, n = 3; Low PROT + Splenocytes, n = 3).

(E) Tumor growth curve of syngeneic BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma cells. Mice were fed ad libitum with Ctl and
Low PROT (—12.5%, —25%, and —40%) diets (Ctl, n = 7; Low PROT —12,5%, n = 7; Low PROT —25%, n = 8; Low PROT —40%, n = 8).

(F) Tumor volume at day 14 of data shown in (E).

(G) Tumor growth curve of syngeneic BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma cells. Mice were fed ad libitum with Ctl and
Low PROT diets and were intraperitoneally injected with PBS or «CD8 antibody (Ctl, n = 11; Low PROT, n = 10; Ctl «CD8, n = 8; Low PROT «CD8, n = 8).

(H) Tumor volume at day 12 of data shown in (G).

*p < 0.05, *p < 0.01, **p < 0.001. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not
mentioned, differences are not significant. All experiments are representative of two performed. See also Figure S1.
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Figure 2. A Low PROT Diet Increases CD8 Tumor-Infiltrating Lymphocytes

(A and B) BALB/c mice were subcutaneously injected with CT26 colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT diets. Upon sacrifice,
CD3" cells were isolated from spleens and incubated with (A) live CT26 cells or (B) B16 cells for 4 hr. The ability of T cells to kill tumor cells was determined by flow
cytometry. Cell death of CT26 and B16 cells was determined by DAPI staining (at least seven mice per group).

(legend continued on next page)
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immunocompetent BALB/c mice and a murine melanoma cell
line (B16) subcutaneously injected into syngeneic immunocom-
petent C57BL/6 mice. Given that a Low CHO diet did not have
any effect on mouse survival using the Epn-Myc model (Figures
1A and 1B), we focused our attention on the Low PROT diet.
We first tested the impact of diet-protein content on tumor
growth in the CT26-BALB/c model by generating isocaloric diets
presenting a reduction of 12.5%, 25% (as in Figures 1A-1D), or
40% of protein content. The global food intake and mouse
weight were equivalent for all diets (Figures S1E and S1F).
While —12.5% and —25% protein diets resulted in similar tumor
growth reduction, the —40% diet did not show any beneficial
effect (Figures 1E and 1F). We therefore decided to use
the —25% Low PROT diet (named Low PROT diet) for the rest
of the study. Then, using the CT26-BALB/c model (Figures 1G
and 1H) and the B16-C57BL/6 model (Figures S1G and S1H),
we established that a Low PROT diet attenuated tumor develop-
ment in an immune-dependent manner, as the depletion of
CD8" T cells (shown in Figure S1l) prevented the beneficial
effects mediated by the Low PROT diet (Figures 1G, 1H, S1G,
and S1H). Importantly, we verified that food intake or mouse
body weight were not affected by the different diets in both
models (Figures S1J-S1M). We also verified that glycemia was
not affected by the Low PROT diet (Figure S1N).

Altogether, we established using three independent and
different mouse cancer models that a Low PROT diet attenuates
tumor growth through the induction of an anticancer immune
response.

To directly address whether a Low PROT diet can induce an
efficient and specific anticancer immune response, we isolated
T cells from the spleens of BALB/c mice previously injected
with CT26 cells and fed with a control or a Low PROT diet and
from C57BL/6 mice previously injected with Ep-Myc cells and
fed a control, Low CHO, or Low PROT diet. We then tested the
ability of isolated cytotoxic T cells to kill tumor cells ex vivo. In
both models, T cells isolated from the spleens of Low PROT-
fed mice were more efficient in killing syngeneic tumor cells
compared with T cells isolated from control and Low CHO
diet-fed mice (Figures 2A, S2A, and S2B). To test whether cyto-
toxic activity of T cells was specific for the syngeneic tumor cells,
we incubated ex vivo the T cells isolated from the CT26-BALB/c
model with B16 melanoma cells. T cells isolated from the CT26-
BALB/c model fed with a Low PROT diet, while efficiently killing
CT26 cells (Figure 2A), were unable to kill B16 cells (Figure 2B),
thus suggesting that a Low PROT diet leads to the expansion
of tumor antigen-specific T cells. Although the percentage of tu-
mor-infiltrating T regulatory cells (Treg, CD3*CD4*CD25*
CD1277) did not vary in CT26 tumors, intratumoral natural killer
cells (NK, CD3~ NK1.1%) and CD3*/CD8" T lymphocytes were
increased (Figure 2C). Importantly, this beneficial effect of the
Low PROT diet was confirmed and correlated with an increase
in CD8* tumor-infiltrating lymphocytes (TILs) that were visualized
by immunofluorescence on tumor sections of BALB/c bearing

CT26 tumors (Figures 2D and 2E). The increase in CD8" TILs
was associated with an increase in the mRNA levels of IFNy
and its target CXCL10 in tumors in vivo (Figures S2C and S2D).

We demonstrated that a Low PROT diet can limit tumor devel-
opment not by affecting tumor cell proliferation capacity or by
inducing tumor cell death directly but rather through the increase
in TILs that results in the induction of an efficient and specific
anticancer immune response.

Low-Protein-Diet-Induced Immunosurveillance

Requires APCs and Involves INFy Production by

Tumor Cells

Antigen-presenting cells (APCs), like dendritic cells (DCs) or
macrophages, are central for antigen presentation (Joffre et al.,
2009; Kroemer et al., 2013). We therefore investigated their
involvement in vivo by depleting phagocytic cells from the
myeloid lineage (DCs and macrophages) using liposome clodro-
nate (Van Rooijen and Sanders, 1994) (Figures S3A and S3B).
Interestingly, the Low PROT diet-mediated protective effect
was lost upon APC depletion (Figures 3A and 3B).

To further support our conclusions, we neutralized CD86, a
co-stimulatory protein expressed on APCs that is required for
T cell activation, using a blocking antibody in vivo (Figure S3C).
As for APCs depletion, CD86 blockade in vivo prevented the ef-
fect of the Low PROT diet on tumor growth (Figures 3C and 3D).
Cytokine production by tumor cells, including INFy, plays a key
role in ICD (Galluzzi et al., 2015). We established that reduction
of IFNy expression by tumor cells (Figure 3E) prevents the effects
of a Low PROT diet on tumor growth (Figure 3F.)

Collectively our data suggest that a Low PROT diet can induce
an antitumoral immune response that relies on APCs and, at
least in part, on IFNy production by tumor cells.

A Low-Protein Diet Induces IRE1x-Dependent ER Stress
Since we found that a Low PROT diet induced an antitumoral ef-
fect in three independent mouse tumor models, we then sought
to investigate the underlying molecular mechanism by moni-
toring key signaling pathways previously reported as affected
by such a regimen. We did not observe significant modulation
of the mammalian target of rapamycin (mnTOR) pathway or of
GCN2 (general control nonderepressible 2) activation, two key
sensors of the amino acid content in the cells (Kim et al., 2017;
Wek et al., 1995) (Figures S4A-S4C). We also did not observe
any modulation of the Akt pathway (Figures S4A and S4B).
Moreover, recently, autophagy induction by CR mimetics was
associated with an increase in anticancer immunosurveillance
(Pietrocola et al., 2016). However, we did not observe any sign
of autophagy induction as judged by LC3 conversion in tumor
cells isolated from Low PROT-fed mice compared with the
control diet (Figures S4D and S4E). Hence, in our model of an
isocaloric, mild reduction of protein intake, the increase in immu-
nosurveillance is not mediated by the modulation of macroau-
tophagy or mTOR/GCN2/Akt pathways.

(C) Effect of Ctland Low PROT diets on the intratumoral frequency of infiltrating Treg, NK, CD3*, and CD8* cells in CT26 tumors as analyzed by flow cytometry (at

least three mice per group).

(D) Immunofluorescent staining of CD8* T cells in BALB/c CT26 bearing tumors after 25 days of diet. Scale bar is equivalent to 50 pm.

(E) Corresponding quantification (three mice per group).

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. When not mentioned, differences are not significant. See also Figure S2.
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Figure 3. Role of Macrophages and Dendritic Cells on the Antitumor Effect of a Low PROT Diet

BALB/c mice were subcutaneously injected with CT26 colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT diets.

(A) Mice were intraperitoneally injected with clodronate liposomes (Lipo Clod) or PBS liposomes (Lipo PBS) (Ctl-Lipo PBS, n = 8; Low PROT-Lipo PBS, n = 8;
Ctl-Lipo Clod, n = 6; Low PROT-Lipo Clod, n = 6).

(B) Tumor volume at day 14 of data shown in (A).

(C) Mice were intraperitoneally injected with PBS or «CD86 antibody (Ctl - PBS, n = 8; Low PROT - PBS, n = 7; Low PROT — «CD86, n = 7).

(D) Tumor volume at day 15 of data shown in (C).

(E) Knockdown in CT26 cells of IFNy using the shRNA technique. IFNy expression was analyzed by qPCR.

(F) BALB/c mice were subcutaneously injected with CT26 shRNA of interferon +y colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT diets.
Tumor volume at day 13.

*p < 0.05, **p < 0.01. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not mentioned, dif-
ferences are not significant. See also Figure S3.
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We then reasoned that reducing protein intake could limit
amino acid availability in tumor cells. Knowing that alterations
in certain amino acids (such as proline) can control ER stress in-
duction (Jeon et al., 2015; Sahu et al., 2016), we monitored the
content of amino acids in tumors. We observed a decrease in
most of the amino acids present in tumors isolated from Low
PROT diet-fed mice compared with tumors isolated from the
control diet group (Figure S4F). We therefore investigated the
activation status of different UPR markers in tumors isolated
from mice fed with the control or Low PROT diets. GRP78 and
CHOP expression were increased and IRE1a phosphorylation
was detected in tumor cells isolated from mice fed a Low
PROT diet (Figures 4A and 4B), indicating that a Low PROT
diet induced the UPR in cancer cells. We did not observe any
modulation of the AFT4 and ATF6 branches of the UPR (Figures
S5A-S5C).

Given that a Low PROT diet induced the expression of cyto-
kines (IFNy and CXCL10) in tumor cells (Figures S1C, S2C, and
S2D) and that IRE1a is a central player in this phenomenon
(Martinon et al., 2010), we further investigated this pathway.
We observed an increase in sXBP1 protein levels in tumor cells
obtained from mice fed a Low PROT diet (Figures 4A and 4B).
ER stress-dependent IRE1a induction mediated by a Low
PROT diet in tumors in vivo was further supported by the
degradation of RIDD target mRNAs (Figure 4C). RIG1 (retinoic
acid inducible gene 1) senses the small RNA fragments gener-
ated by RIDD, leading to its activation (Cho et al., 2013).
We observed the induction of RIG1 protein levels within the tu-
mors isolated from Low PROT-fed mice (Figures 4D and 4E).
Importantly, the activation of IRE1a signaling, as judged by
the generation of sXBP1, was not observed in TILs nor in
DCs, thereby suggesting it is a tumor cell-specific activation
(Figure 4F).

Collectively, our data indicate that feeding tumor-bearing mice
a Low PROT diet induces an IRE1a-dependent UPR in tu-
mor cells.

IRE1a-Mediated RIG1 Activation in Tumor Cells Is
Required for a Low PROT-Induced Anticancer Immune
Response

If IRE1a signaling in tumor cells is a central event in the Low
PROT-induced anticancer immune response, we reasoned that
attenuation of ER stress should prevent the beneficial effect pro-
vided by this diet. To test this hypothesis, we first injected CT26
cells in syngeneic immunocompetent BALB/c mice fed ad libi-
tum with the control or Low PROT diets. As observed in Figure 1,
feeding the mice a Low PROT diet decreased tumor progression
compared with mice fed with a control diet (Figures 5A and 5B).

Eleven days after subcutaneous injection of tumor cells, half of
the mice in each group were treated either with the pan ER stress
inhibitor TUDCA or with PBS (vehicle). Strikingly, TUDCA treat-
ment prevented the antitumoral effect of the Low PROT diet,
thereby indicating that ER stress is necessary to achieve such
response. To further support this observation, we then used
the IRE1a-specific RNase inhibitor MKC4485 to block
IRE1a-downstream signaling events. Although tumor burden
was reduced by the Low PROT diet, this effect was impaired
upon treatment with MKC4485 (Figures 5C and 5D). We verified
the efficacy of both inhibitors by assessing the reduction in
CHOP (for tauroursodeoxycholic acid [TUDCA]) or sXBP1
expression (for MKC4485) (Figures 5E and 5F) in tumor cells of
mice fed with a Low PROT diet. Consistent with our hypothesis,
both inhibitors prevented CD8" T cell infiltration in tumors (Fig-
ures 5G, S6A, and S6B), and this effect was associated with a
drastic reduction in Low PROT-induced IFNy mRNA levels in
tumors (Figure S6C). Importantly, neither the Low PROT diet
nor the inhibitors affected T cell populations in lymphoid organs
of tumor-bearing mice, suggesting a local modulation of the im-
mune cell infiltrate rather than a global impact on whole immune
cell populations (Figures S6D and S6E).

To demonstrate that the Low PROT diet-induced anticancer
immune response is controlled by the modulation of IRE1a in
cancer cells, we used CT26 cells that were stably silenced for
IRE1a (using two independent shRNA sequences, Figure 6A).
Importantly, we verified that IRE1a knockdown did not impact
on cell proliferation (Figure S7A). We again validated that a
Low PROT diet limited tumor growth (Figure 6B). Very impor-
tantly, our in vivo data also demonstrated that IRE1a knockdown
is sufficient to prevent the beneficial effect of a Low PROT diet on
tumor growth (Figures 6C, 6D, S7B, and S7C).

To further support our conclusions and to prevent any off-
target effects of both small hairpin RNA (shRNA) targeting
IRE1a, we invalidated IRE1a in CT26 cells using the CRISPR/
Cas9 technology (Figure 6E). Again, IRE1a invalidation did not
have an impact on cell proliferation in vitro (Figure S7D) but
blunted the Low PROT diet-dependent reduction in tumor
growth (Figures 6F-6H). Finally, to elucidate the role of RIG1
on the IRE1a-dependent antitumor effect of the Low PROT
diet, we invalidated RIG1 in CT26 cells using the CRISPR/Cas9
technique (Figure 6E). As for IRE1a, RIG1 invalidation did not
modulate cell proliferation in vitro (Figure S7D) but prevented
the reduction in tumor growth induced by the Low PROT diet
(Figures 6F-6H). We then confirmed that IRE1« invalidation in tu-
mor cells limited the splicing of XBP1 and RIG1 activation
induced by the Low PROT diet (Figure 6l), confirming that RIG1
activation is downstream of IRE1a. activation.

Figure 4. A Low PROT Diet Causes Unresolved ER Stress in CT26 Tumors

Syngeneic BALB/c mice were subcutaneously injected with CT26 colorectal carcinoma cells and fed ad libitum with Ctl and Low PROT diets.

A) Tumors were harvested after 25 days of diets and lysates were prepared. Expressions of proteins related to the IRE1a pathway were analyzed by western blot.
B) Average quantification of GRP78, pIRE1a, sXBP1, and CHOP compared with ERK2 levels (used as a loading control) or the corresponding total protein.
C) mRNA levels of RIDD targets were measured in tumors by qPCR (at least five mice per group).

¢
(
(
(D) Expression of RIG1 in tumor tissues was analyzed by western blot.
(E) Average quantification of RIG1 compared with ERK2 levels.

(

F) CD4*/CD8" TILs were isolated from CT26 tumors and DCs were isolated from spleens of BALB/c mice fed with Ctl and Low PROT diets. mRNA levels of sXBP1

were determined by gPCR and normalized by uXBP1.

*p < 0.05, **p < 0.01, **p < 0.001. Error bars represent SEM. When not mentioned, differences are not significant. See also Figures S4 and S5.
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Figure 5. Treatment with ER Stress Inhibitors Reverses the Antitumor Immune Response Induced by a Low PROT Diet

(A-D) Tumor growth curves of syngeneic BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma cells and were fed ad libitum with Ctl
and Low PROT diets. Mice were (A) intraperitoneally injected with TUDCA (five mice per group) (C) or administered MKC4485 by gavage from day 11-16 after
subcutaneous injection with CT26 cells (at least five mice per group). Average tumor size at day 16 of mice treated with (B) TUDCA or (D) MKC4485 of data shown
in (A) and (C).

(E) Tumors were harvested after 30 days of diets and lysates were prepared. Expression of CHOP and sXBP1 were analyzed by western blot.

(F) Corresponding average quantification of CHOP and sXBP1 compared with ERK2 levels (used as a loading control).

(G) Quantification of immunofluorescent staining of CD8* T cells in tumors shown in Sup Figure 6A (three mice per group).

*p < 0.05, *p < 0.01, **p < 0.001. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not
mentioned, differences are not significant. All experiments are representative of two performed. See also Figure S6.
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Altogether, these results indicate that a Low PROT diet in-
duces IRE1a-mediated RIG1 activation in tumor cells and that
this represents a central event in the Low PROT diet-induced
immunosurveillance.

Increased IRE1« Signaling Is Associated with Increased
Antitumor T Cell Response in Human Cancers

We then decided to corroborate our mouse findings to human
data. For that matter, we investigated whether tumor IRE1« ac-
tivity could be associated with signatures of antitumoral re-
sponses. Recently, a gene signature reflecting IRE1a activation
was established in glioblastoma (Lhomond et al., 2018). Using
TGCA datasets, we stratified glioblastoma (n = 523), melanoma
(n=293), and colorectal cancers (n = 456) based on IRE1a activ-
ity and identified for each cancer type IRE1¢"9" and IRE1«'*
populations (Figures S7E-S7G). Then we investigated the
expression of a series of T cell markers (Figures 7A-7C) in both
populations in the three cancer types. Interestingly, in both glio-
blastoma and melanoma, high IRE1a activity correlated with
increased levels of T cell markers (Figures 7B-7D). Surprisingly,
when the same analysis was carried out in CRC, the enrichment
in T cell markers was exclusively observed in grade | tumors (Fig-
ures 7A and 7D).

These results suggested that the association between an in-
crease in IRE1a signaling and the increase in T cell recruitment
is a common feature observed in human tumors from various
origins (Figure 7).

DISCUSSION

In this study, we examined the effect of Low CHO or Low PROT
isocaloric diets on tumor growth using three independent immu-
nocompetent syngeneic mouse models: the En-Myc-C57BL/6 B
lymphoma model, the B16-C57BL/6 melanoma model, and the
CT26-BALB/c CRC model. We established that a 25% reduction
in protein but not in carbohydrate intake with no change in calo-
ries resulted in a marked decrease in tumor growth. All diets used
in our study were isocaloric but had very different impacts on tu-
mor growth (Figure 1). This suggested that the class of nutrients
rather than the amount of energy present in the food is essential
to limit tumor growth. Very importantly, this effect was not related
to the inhibition of cancer cell proliferation or to the induction of
cancer cell death per se but was rather due to the induction of an
efficient antitumoral immune response. Depletion of CD8* T cells
(Figures 1A, 1G, 1H, S1G, and S1H), the use of immunodeficient
mice (Figures 1C and 1D) or depletion/blocking of APCs (Figures

3A-3D) prevented the beneficial effect of the Low PROT diet. We
also established that feeding tumor-bearing mice with a Low
PROT diet induced a tumor-specific cytotoxic T cell response
(Figures 2, S2A, and S2B). Therefore, our data challenge the
common dogma that lowering protein in the diet limits tumor
development by decreasing tumor proliferation. Instead, we
demonstrate that a mild reduction in protein intake without a
change in total calories ingested induces an adaptive IRE1a-de-
pendent signal in the tumor cells, leading to RIG1 activation. We
have also shown that this IRE1a/RIG1-dependent anticancer im-
mune response goes in hand with cytokine production and that
this plays a role in the Low PROT diet-induced anticancer im-
mune response as shown for IFNy (Figures 3E and 3F).

Nutrients are main regulators of circulating IGF-1, the levels of
which are correlated with increased cancer risk. Consistently, di-
etary restriction-mediated reduction in IGF-1 is largely described
as preventing cancer incidence (Klement and Fink, 2016; Meynet
and Ricci, 2014). Restriction of protein intake or some amino
acids is more efficient than CR in reducing IGF-1, which conse-
quently inhibits the PI3K/mTOR pathway and therefore limits tu-
mor cell proliferation (Fontana et al., 2008, 2013; Norat et al.,
2007; Underwood et al., 1994). However, in our experiments, a
mild reduction of dietary protein content (by 25%) slightly, but
significantly, reduced the amino acid concentration within tumor
tissues but was not associated with a significant modulation of
the mTOR pathway (Figures S4A, S4B, and S4F). In addition,
we demonstrated that the Low PROT diet-dependent reduction
in tumor development was effectively abrogated upon CD8*
T cell or APC depletion (Figures 1A, 1G, 1H, 3A, and 3B) or
when using immunodeficient mice (Figures 1C and 1D). More-
over, IRE1a. and RIG1 inhibition or invalidation in tumor cells
reverted the Low PROT-dependent reduction in cancer develop-
ment (Figures 5 and 6). Altogether, our results argue against a
role of circulating IGF-1 in our settings but indicate that a Low
PROT diet induces a tumor cell IRE1a-dependent activation
of anticancer-specific T cells in a PISBK/mTOR-independent
manner.

The UPR has been described as being either pro- or antitu-
moral depending on the tumor type, the intensity of the stress,
and the nature of the microenvironment (Cubillos-Ruiz et al.,
2017; Obacz et al., 2017). We made the observation that mild
dietary reduction of protein intake leads to the induction of the
UPR in tumor cells (Figure 4). We demonstrated that the benefi-
cial effect of the Low PROT diet is dependent on the endoribonu-
clease activity of IRE1a (using the MKC4485 RNase inhibitor,
Figure 5). Our data therefore suggest that IRE1a activity can

Figure 6. A Low PROT Diet Induces an Anticancer Imnmune Response in an IRE1a-Dependent Manner

(A) Knockdown in CT26 cells of IRE1a using two different shRNAs. IRE1a. expression was analyzed by western blot.

(B and C) (B) Tumor growth curve of BALB/c mice that were subcutaneously injected with CT26 (Empty Vector) colorectal carcinoma cells (C) and with shIRE1a
CT26 colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT diets (at least eight mice per group).

(D) Picture of representative dissected tumors for each group.

(E) Invalidation in CT26 cells of IRE1a and RIG1 using the CRISPR/Cas9 technique. IRE1a and RIG1 expression was analyzed by western blot.
(F) Tumor growth curve of BALB/c mice that were subcutaneously injected with CRISPR Ctl, CRISPR IRE1a and CRISPR RIG1 CT26 cells and were fed ad libitum

with Ctl and Low PROT diets (at least eight mice per group).
(G) Tumor volume at day 13 of data shown in (F).
(H) Picture of representative dissected tumors for each group.

() Tumors were harvested after 17 days of diets and lysates were prepared. Expressions of proteins related to the IRE1a pathway were analyzed by western blot.
*p < 0.05, **p < 0.01. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not mentioned, dif-

ferences are not significant. See also Figure S7.
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selectively contribute to the modulation of tumor outcome by im-
pacting on the tumor cells themselves and/or on the nature of the
tumor microenvironment.

It was recently established that activation of XBP1 in tumor
associated DCs led to a decrease in the anticancer immune
response (Cubillos-Ruiz et al., 2015). The authors therefore
suggested that targeting ER stress responses could have
some relevance in cancer treatment. In our model of Low
PROT diet-induced immunosurveillance, we observed the acti-
vation of the IRE1a. pathway in tumor cells but not in DCs or
TILs (Figure 4F). This suggests that this is a tumor cell-specific
ER stress response, probably due to the high metabolic de-
mand and sensitivity of tumor cells to ER stress and the
UPR. Moreover, this also coincides with tumor IRE1-dependent
mechanisms recently described to modulate the nature of the
tumor microenvironment (Lhomond et al., 2018). However,
our study points toward a careful use of IRE1a inhibitors for
cancer treatment.

In the context of our current observations, how IRE1« is
activated in tumor cells upon a Low PROT diet remains to be
elucidated. One possibility would be that a Low PROT diet,
leading to a decrease in specific amino acids in tumors (Fig-
ure S4F) results in IRE1a activation, as it was previously sug-
gested (Jeon et al., 2015; Sahu et al., 2016). However, which
amino acids are involved remains to be clarified. Another hy-
pothesis could be that somehow a Low PROT diet modulates
glycemia that is known to be a central regulator of the UPR (Cu-
billos-Ruiz et al., 2017). However, we did not observe a differ-
ence in glycemia between the two groups (Figure S1N). The
exact nature of how IRE1a is activated in tumor cells upon a
Low PROT diet remains to be identified, in particular the spe-
cific signaling balance between sXBP1 and RIDD. Indeed, it
was recently demonstrated that both arms of the IRE1a
signaling pathway play antagonistic roles through the remodel-
ing of tumor microenvironment. As such, one might postulate
that a Low PROT diet could condition a specific IRE1a
signaling code in tumor cells that would favor the recruitment
of cytotoxic T cells to the tumor site and prevent the generation
of protumoral stroma.

Recently, the use of caloric restriction mimetics (CRm) was
shown to induce an anticancer immune response through the in-
duction of autophagy (Pietrocola et al., 2016). However, we did
not observe any modulation of autophagy in our settings (Figures
S4D and S4E), suggesting that CRm and Low PROT diets utilize
independent and possibly complementary pathways to increase
immunosurveillance. Here, we describe that a 25% reduction in
protein intake is sufficient to induce an efficient anticancer im-
mune response. Of note, this diet did not have a systemic impact
on the proportion of immune system populations (Figures S6D
and S6E), suggesting a local tumor microenvironment modula-
tion that results in T cell recruitment.

Limitations of Study
Limitation of our work is brought by the fact that there is no estab-
lished or consensus definition of the percentage of protein reduc-
tion that is sufficient to generate a Low PROT diet, a factor that
might be individual, tissue, and tumor dependent. Therefore, it re-
mains a challenge to compare studies using strong protein reduc-
tion or prolonged fasting with studies using a mild reduction in pro-
tein intake. Very low-protein conditions will impact body weight,
which may not be suitable for therapeutic approaches (Di Biase
et al., 2016). Importantly, in most of these studies, the role of the
immune system was not addressed, as experiments were per-
formed in immunodeficient xenograft models. We observed that
a drastic reduction in protein content (by 40%) did not lead to a
protection toward tumor growth (Figure 1E) in our model, underly-
ing the notion that a mild reduction in protein content may not only
be more easily tolerated by patients but also that a massive reduc-
tion in protein may prevent the beneficial effect of the diet.
Stimulating the ability of the immune system to fight and limit/
eradicate tumor development is among the most promising
treatment strategies. The enthusiasm for immunomodulating
therapies targeting immune checkpoints results from the suc-
cess observed in patients suffering from several types of cancer
(Callahan et al., 2016). However, this approach is restricted to
some types of cancers or some mutations within a cancer
type. Here, we describe a simple and efficient method to stimu-
late the targeted killing of cancer cells by T cells. However, given
that mice have a metabolic rate 7-fold higher compared with hu-
mans and that they appear to be more resistant to cachexia than
humans (Bozzetti and Zupec-Kania, 2016; Demetrius, 2005), the
effect of such DR interventions on improvements in immunosur-
veillance in human cancer prevention should be investigated in
future studies. Translating the relevance of our work to humans
can be hard to address, as data from cancer patients receiving
aLow PROT regimen are not available. For this reason, we inves-
tigated the link between IRE1a activation and the increase in
antitumor T cells markers (Figure 7). Importantly, regardless of
the type of tumor analyzed (CRC, melanoma, or glioblastoma),
we observed a strict correlation between a high IRE1a signature
and an increase in markers associated with immunosurveillance,
suggesting that our results could be relevant to cancer patients.
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Detailed methods are provided in the online version of this paper
and include the following:

® KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
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Figure 7. IRE1a Signaling Signatures and T Cell Markers in CRC, Melanoma, and Glioblastoma
(A—C) mRNA expression of Th1-, cytotoxic mechanisms-, chemokines-, adhesion-, T cell, and MHC class | and Il genes based on the groups defined relative to
IRE1a activity (High or Low). Probe analysis was carried out from CRC stage | (A), melanoma (B). and glioblastoma (C) tumors from patients according to tumor

IRE1a status (i.e., IRE1a high [gray boxes] and IRE1a low [white boxes] groups).

(D) Significant representative genes modulated in IRE1a low versus high tumors. PRF1: Perforin-1, HLA-DRA: HLA class Il histocompatibility antigen, DR alpha
chain, CD3D: T cell surface glycoprotein CD3 delta chain, CD8A: T cell surface glycoprotein CD8 alpha chain.
*p < 0.05, *p < 0.01, **p < 0.001. Error bars represent SEM. See also Figure S7.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

FITC Anti-CD19

FITC Anti-CD45R

FITC Anti-CD49B

FITC Anti-CD11b

FITC Anti-TER-119

VioBlue Anti-CD4

PE Anti-CD8

PE Anti NK1.1

PE Anti-CD11c

PECy7 Anti-CD86

APC Anti-CD127

FITC Anti-CD3

VioBlue Anti-F4/80

APCCy7 Anti-CD25

Mouse monoclonal Anti-XBP1

Mouse monoclonal Anti-ERK2

Rabbit monoclonal Anti-IRE1a

Rabbit monoclonal Anti-pS6K

Rabbit polyclonal Anti-S6K

Rabbit polyclonal Anti-pAKT

Mouse monoclonal Anti-AKT

Rabbit monoclonal Anti-LC3B

Rabbit polyclonal Anti-elF2a

Rabbit polyclonal Anti-pelF2o

Rabbit monoclonal Anti-RIG1

Rabbit monoclonal Anti-ATF4

Mouse monoclonal Anti-CHOP

Rabbit polyclonal Anti-GCN2

Mouse monoclonal Anti-ATF6

Rabbit polyclonal Anti-pIREa.

Rabbit polyclonal Anti-GRP78

Rabbit monoclonal Anti-pGCN2
anti-CD8-depleting antibody (clone53-6.7)
anti-CD86-blocking antibody (clone GL-1)
Purified Anti-mouse CD8a (clone 53-6.7)
Alexa Fluor 594 anti-rat secondary antibody

Miltenyi Biotec
Miltenyi Biotec
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
eBioscience
eBioscience
BD Biosciences
Santa Cruz
Santa Cruz

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Novus biologicals
Novus biologicals
Abcam

Abcam

Bioxcell
Bioxcell
Biolegend
Molecular Probes

130-102-494; RRID:AB_2661108
130-110-845; RRID:AB_2658273
553857; RRID:AB_395093
553310; RRID:AB_394774
557915; RRID:AB_396936
558107; RRID:AB_397030
553032; RRID:AB_394570
557391; RRID:AB_396674
557401; RRID:AB_396684
560582; RRID:AB_1727518
564175

11-0031-85; RRID:AB_464883
48-4801-82; RRID:AB_1548747
557658; RRID:AB_396773
sc-8015; RRID:AB_628449
sc-1647; RRID:AB_627547
3294; RRID:AB_823545

9234; RRID:AB_2269803

9202; RRID:AB_331676

9271; RRID:AB_329825

2967; RRID:AB_331160

3868; RRID:AB_2137707

9722; RRID:AB_2230924

9721; RRID:AB_330951

3743; RRID:AB_2269233

11815; RRID:AB_2616025

2895; RRID:AB_2089254

3302; RRID:AB_2277617
NBP1-40256; RRID:AB_2058774
NB100-2323; RRID:AB_10145203
ab21685; RRID:AB_2119834
ab75836; RRID:AB_1310260
BEO0004-1; RRID:AB_1107671
BE0025; RRID:AB_1107678
100701; RRID:AB_312740
A11007; RRID:AB_141374

Chemicals, Peptides, and Recombinant Proteins

jetPEI DNA transfection Reagent
Clodronate Liposomes and PBS Liposomes
TUDCA

MKC4485

Recombinant mouse IL-2

DAPI

Fast Sybr Green

PolyPlus Transfection
Liposoma B.V.
Sigma-Aldrich

John B. Patterson
AbD Serotech
Sigma-Aldrich
Applied Biosystems

POL101-10N
PBS-02
T0266
N/A
PMP38
D9542
4385616
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tagman Fast Universal PCR Master Mix Applied Biosystems 4352042
0O.C.T. compound Tissue-Tek 4583
amino acids mixture (98 atom % 13C, 98 Sigma-Aldrich 608254

atom % 15N)

Critical Commercial Assays

Mouse Tumor Dissociation Kit Miltenyi Biotec 130-096-730
Mouse CD4/CD8 (TIL) Microbeads Miltenyi Biotec 130-116-480
Mouse CD11c Microbeads ultrapure Miltenyi Biotec 130-108-338
ECL Western Blotting Detection Reagents GE Healthcare RPN2106
Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225
RNAeasy minikit Qiagen 74104
Omniscript RT kit Qiagen 205113
Experimental Models: Cell Lines

Mouse B16-F1 cells ATCC CRL-6323
Mouse CT26.WT cells ATCC CRL-2638
Human Embrionic Kidney-293T Cells ATCC CRL-1573
Experimental Models: Organisms/Strains

Mouse: Ep-Myc The Jackson Laboratory 002728
Mouse: C57BL/6JOlaHsd ENVIGO N/A
Mouse: BALB/cOlaHsd ENVIGO N/A
Mouse: NOD scid gamma c”~ (NSG) The Jackson Laboratory 005557
Oligonucleotides

Atf3 (Mm00476033_m1) Applied Biosystems 4331182
Ero1lb (Mm00470754_m1) Applied Biosystems 4331182
Sars (Mm00803379_m1) Applied Biosystems 4331182
Trib3 (MmM00454879_m1) Applied Biosystems 4331182
Hsp90b1 (Mm00441926_m1) Applied Biosystems 4331182
Hyou1 (Mm00491279_m1) Applied Biosystems 4331182
Rn18s (Mm03928990_g1) Applied Biosystems 4331182
Scara3 Forward This paper N/A
TGCATGGATACTGACCCTGA

Scara3 Reverse This paper N/A
GCCGTGTTACCAGCTTCTTC

Blos1 Forward This paper N/A
CAAGGAGCTGCAGGAGAAGA

Blos1 Reverse This paper N/A
GCCTGGTTGAAGTTCTCCAC

Col6 Forward This paper N/A
TGCTCAACATGAAGCAGACC

Col6 Reverse This paper N/A
TTGAGGGAGAAAGCTCTGGA

IFNy Forward This paper N/A
TCAAGTGGCATAGATGTGGAAGAA

IFNy Reverse This paper N/A
TGGCTCTGCAGGATTTTCATG

CXCL10 Forward This paper N/A
GCTGATGCAGGTACAGCGT

CXCL10 Reverse 5'- This paper N/A
CACCATGAATCAAACTGCGA

Bactin Forward This paper N/A

TGGAATCCTGTGGCATCCATGAAA
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bactin Reverse This paper N/A
TAAAACGCAGCTCAGTAACAGTCCG

sXBP1 Forward Villeneuve et al., 2010 N/A
GCTGAGTCCGCAGCAGGTG

uXBP1 Forward Villeneuve et al., 2010 N/A
GAGTCCGCAGCACTCAGACT

XBP1 Reverse Villeneuve et al., 2010 N/A
GTGTCAGAGTCCATGGGAAGA

shRNA target sequence: IRE1a. sh#1: This paper N/A
CCAAGATGCTGGAGAGATT

shRNA target sequence: IRE1a sh#2: This paper N/A
GCTCGTGAATTGATAGAGA

shControl Santa Cruz sc-108060
shIFNy Santa Cruz sc-39607-SH
Recombinant DNA

psPAX2 plasmid Addgene 12260
pSUPER Oligoengine VEC-PRT-0005/0006
MLV-Gag-Pol Els Verhoeyen N/A
CRISPR-Cas9-control plasmid Santa Cruz sc-418922
CRISPR-Cas9-IRE1a plasmid Santa Cruz sc-429758
CRISPR-Cas9-RIG1 plasmid Santa Cruz sc-432915
Software and Algorithms

Bioinfominer e-NIOS www.bioinfominer.com

GraphPad Prism 7

GraphPad software

https://www.graphpad.com/scientific-
software/prism/

Image J NIH https://imagej.nih.gov/ij/
Xcalibur 2.1 Thermo Fisher Scientific N/A

Other

Control Diet ENVIGO TD.130931

Low CHO Diet ENVIGO TD.130932

Low PROT Diet -12,5% ENVIGO TD.170630

Low PROT Diet -25% ENVIGO TD.130933

Low PROT Diet -40% ENVIGO TD.170631

Dulbecco’s MEM (DMEM) w/o Amino Acids USBiological D9800-13

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfiled by the Lead Contact,

Jean-Ehrland Ricci (ricci@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were performed according to the guidelines of the Institutional Animal Care and Use Committee and the
regional ethics committee (approval reference PEA-232 and PEA-233). All experiments used age-matched female littermates.
Ep-Myc/wild-type (WT) mice were obtained from The Jackson Laboratory (#002728). Five-week-old WT syngeneic C57BL/6 mice
and BALB/c mice were obtained from ENVIGO. NOD scid gamma ¢”~ (NSG) mice were obtained from The Jackson Laboratory
(#005557) and housed in our animal facilities (C3M-Nice, France).

Mice were fed with isocaloric diets generated by ENVIGO: Control (Ctl: TD.130931), low carbohydrates (Low CHO: TD.130932) and
low protein diet (Low PROT or Low PROT -25%: TD.130933). When specified, two other low protein diets were used (Low
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PROT -12.5%: TD.170630 and Low PROT -40%: TD.170631). % energy CHO:PROT:FAT: Ctl - (70.9%:19.5%:9.6%); Low CHO -
(54%:26.9%:19.2%); Low PROT -25% - (73.7%:14.9%:11.5%); Low PROT -12.5% - (72.2%:17%:10.8%); Low PROT -40% -
(76.4%:12.2%:11.4%).

WT syngeneic C57BL/6 mice were intravenously injected with 0.1 x 10® Ep-Myc cells. At day four after injection, the food was
replaced with isocaloric diets generated by ENVIGO for 2 weeks: Ctl, Low CHO or Low PROT. BALB/c and C57BL/6 mice were
fed with isocaloric Ctl and Low PROT diets (-12.5%, -25%, -40%) one week before subcutaneous injection with 0.5 x 108 CT26 cells
or 0.25 x 10° B16 cells. NOD scid gamma ¢~ (NSG) mice were fed with Ctl, Low CHO or Low PROT isocaloric diets generated by
ENVIGO one week before intravenous injection with 0.1x10° E-Myc cells. For the groups with splenocyte co-injection, splenocytes
from wild-type C57BL/6 mice were freshly isolated and washed in PBS. Then, 2x 10° splenocytes were co-injected with 0.1x10° Ep-
Myc cells.

Syngeneic C57BL/6 mice and NSG mice injected with Eu-Myc cells were monitored for lymphoma development and systemic
signs of illness, including apathy, breathing problems, precipitous weight loss, and limited ability to reach food or water. Animals
were euthanized as soon as they exhibited any signs of iliness. After subcutaneous B16 and CT26 tumor cell injection syngeneic
C57BL/6 and BALB/c mice were inspected daily for tumor development. Increase in tumor size was measured with a caliper. Tumor
volume was calculated as follows: (Length x width to the power of 2)/2, where L is the longer of the 2 measurements.

For antibody-mediated depletion experiments in vivo, mice were intraperitoneally injected with 100 pg of an anti-CD8-depleting
antibody (Bioxcell, clone53-6.7, #BE0004-1) or vehicle (PBS) every second day for seven doses during 2 weeks after tumor cell in-
jection. For antibody-mediated blockade experiments in vivo, mice were intraperitoneally injected with 100 pg of anti-CD86-blocking
antibody (Bioxcell, clone GL-1, #BE0025) or vehicle (PBS) every second day for seven doses during 2 weeks after tumor cell injection.
For dendritic cell and macrophage depletion in vivo, mice were injected intraperitoneally with 200 pL of a 5mg/mL clodronate-loaded
liposome suspension (Liposoma B.V., #PBS-02) every second day for seven doses during 2 weeks after tumor cell injection. Control
mice were injected with 200 puL PBS-loaded liposomes using the same schedule.

TUDCA (Sigma-Aldrich, #T0266) was intraperitoneally administered in PBS (250 pg/gram of mouse body weight). MKC4485 was
administered by oral gavage at a dose of 10 mL/kg from a 30 mg/mL suspension in 1% microcrystalline cellulose in a simple sugar at
300 mg/kg daily (Provided by John B. Patterson). Both inhibitors were administered from day 11 until day 16 after subcutaneous
tumor cell injection. Then, the mice were euthanized for further analysis. When described glycemia was measured after a few hours
of fasting by using a freestyle Optium blood glucose monitoring device.

Cell Lines and Cell Culture Conditions

Lymphoma-bearing C57BL/6 Ep-Myc mice were killed by cervical dislocation as soon as they presented signs of iliness. A single-cell
suspension was prepared from lymph nodes by teasing them on a 70-um nylon filter. Cells were either resuspended in DMEM
(GIBCO) supplemented with 10% fetal bovine serum (FBS), 10 mM Hepes, 0.1 mM L-asparagine, and 50 uM B-mercaptoethanol
for further ex vivo analysis or reimplantation in wild-type mice. B16 cells were obtained from the ATCC (#CRL-6323) and cultured
in DMEM (GIBCO) supplemented with 10% fetal bovine serum (FBS). CT26 cells were obtained from the ATCC (#CRL-2638) and
cultured in RPMI-1640 medium (GIBCO) supplemented with 10% FBS and 1% sodium pyruvate. When indicated CT26 cells were
cultured for 24 hr in amino acid (AA)-deprived medium (USBiological, #D9800-13). All cell lines were incubated at 37°C in a 5%
CO? atmosphere.

METHOD DETAILS

Cytotoxicity Assay

CD3" cells were negatively sorted from mice spleens using autoMACS (Miltenyi Biotec) with FITC antibodies against CD19 (Miltenyi
Biotec, #130-102-494), CD45R (Miltenyi Biotec, #130-110-845), CD49b (BD Biosciences, #553857), CD11b (BD Biosciences,
#553310) and Ter-119 (BD Biosciences, #557915). The resulting purified cells were co-incubated with CT26 or B16 cells at a
ratio 1:5 in the presence of IL-2 (0.1 ng/mL, AbD Serotech, #PMP38) for 4 hr or 48 hr at 37 °C. Flow cytometry (MACS-Quant Analyzer,
Miltenyi Biotec) was used to analyze the cell viability of CT26 and B16 cells. CD3-negative population and back gating was used to
confirm the difference in forward scatter and side scatter parameters between cells. Cell death was evaluated by looking at plasma
membrane permeabilization of CT26 and B16 cells using 4’,6-diamidino-2-phenylindole staining (DAPI, Sigma-Aldrich #D9542).

Flow Cytometry Analysis
To obtain a single-cell suspension from tumors, lymph nodes, and spleens were filtered through a 70-um strainer, stained, and
analyzed on MACS-Quant Analyzer (Miltenyi Biotec). The following fluorochrome-conjugated anti-mouse antibodies were used:
CD4 (VioBlue, #558107), CD8 (PE, #553032), NK1.1 (PE, #557391), CD11c (PE, #557401), CD86 (PECy7, #560582), CD127
(APC, #564175), CD25 (APCCy7, #557658) (BD Biosciences). CD3 (FITC, #11-0031-85), F4/80 (VioBlue, #48-4801-82) (eBioscience).
Percentage of CD4* and CD8* cells are calculated within CD3* cells. T regs were defined as the CD3*CD4*CD25*CD127 T-cell
population. NK cells were defined as CD3"'NK1.1" cells. DCs were defined as F4/80"CD11c* cells and macrophages were defined as
F4/80* cells. Percentage of CD86™ cells was calculated within CD11c* cells.
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Confocal Laser Scanning Microscopy

Tumoral tissue was snap-frozen in O.C.T. compound (Tissue-Tek, #4583). Then, 5-um cryosections were prepared and fixed in
acetone. Purified anti-mouse CD8a (Biolegend, clone 53-6.7, #100701) was used for CD8 staining and was visualized using Alexa
Fluor 594 anti-rat secondary antibody (Molecular Probes, #A11007). All sections were stained with DAPI. For each condition at least
three measurements were performed. The number of CD8-positive cells was determined in optical fields of 40x on individual sec-
tions. Samples were imaged using a Nikon A1R confocal microscope and processed with ImageJ software analysis.

Western Blot Analysis

Tissue samples were collected and lysed using a Precellys 24 (Bertin Instruments) homogenizer (3 X 30 s, 6500 X g) in Laemmli
buffer. Proteins were immunoblotted with the indicated antibodies. Immunoblots were visualized (FUJIFILM LAS4000) using the
ECL Western Blotting Detection Reagents (GE Healthcare, #RPN2106), and quantification was performed using ImagedJ software.
anti-XBP1 (#sc-8015), and anti-ERK2 (#sc-1647) antibodies were purchased from Santa Cruz Biotechnology. Anti-IRE1a (#3294),
Anti-pS6K (#9234), anti-S6K (#9202), anti-pAKT (#9271), anti-AKT (#2967), anti-LC3B (#3868), anti-elF20. (#9722), anti-pelF2a
(#9721), anti-RIG1 (#3743), anti-ATF-4 (#11815), anti-CHOP (#2895) and GCN2 (#3302) antibodies were purchased from Cell
Signaling. Anti-ATF6 (#NBP1-40256) and anti-pIRE1a (#NB100-2323) were purchased from Novus Biologicals. Anti-GRP78
(#ab21685) and anti-pGCN2 (#ab75836) was purchased from Abcam.

Reverse Transcriptase Quantitative-PCR (RT-qPCR) Analysis

CT26 tumors were dissociated with the mouse Tumor Dissociation Kit (Miltenyi Biotec, #130-096-730) and CD4*/CD8" TILs were
sorted from the obtained single cell suspension using mouse CD4/CD8 (TIL) MicroBeads (Miltenyi Biotec, #130-116-480) in an au-
toMACS (Miltenyi Biotec). CD11c* DC were sorted from spleens of tumor-bearing BALB/c mice using mouse CD11c Microbeads
ultrapure in an autoMACS (Miltenyi Biotec, #130-108-338). For total tumor tissue samples were collected and lysed using a Pre-
cellys 24 (Bertin Instruments) homogenizer (3 X 30 s, 6500 x g) and total RNA was isolated from cells and tissue using the RNAeasy
minikit (Qiagen, # 74104) according to the manufacturer’s protocol. Reverse transcription was performed using the Omniscript RT Kit
(Qiagen, #205113). Quantitative-PCR was performed with Fast SYBR Green (Applied Biosystems, Life Technologies, # 4385616) or
TagMan Fast Universal PCR Master Mix (Applied Biosystems, #4352042) using the 7500 Fast and the Step One real-time PCR
systems (Applied Biosystems) following the manufacturers’ instructions.

The following primers were used for SYBR Green gqPCR: Scara3 Forward 5-TGCATGGATACTGACCCTGA-3' and Reverse
5-GCCGTGTTACCAGCTTCTTC-3'; Blos1 Forward 5-CAAGGAGCTGCAGGAGAAGA-3' and Reverse 5-GCCTGGTTGAA
GTTCTCCAC-3' Col6 Forward 5-TGCTCAACATGAAGCAGACC-3' and Reverse 5-TTGAGGGAGAAAGCTCTGGA-3' IFNy
Forward; 5-TCAAGTGGCATAGATGTGGAAGAA-3 and Reverse 5-TGGCTCTGCAGGATTTTCATG-3’; CXCL10 Forward
5'-GCTGATGCAGGTACAGCGT-3' and Reverse 5-CACCATGAATCAAACTGCGA-3'; Bactin Forward 5-TGGAATCCTGTGGCATC
CATGAAA-3' and Reverse 5-TAAAACGCAGCTCAGTAACAGTCCG-3'. sXBP1 Forward 5-GCTGAGTCCGCAGCAGGTG-3';
uXBP1 Forward 5'-GAGTCCGCAGCACTCAGACT-3' and XBP1 Reverse 5'-GTGTCAGAGTCCATGGGAAGA-3' (Villeneuve et al.,
2010) . The housekeeping gene (-actin was used as a control for RNA quality and for normalization.

The following Tagman assay primer sets from Applied Biosystems were used: Atf3 Mm00476033_m1; Ero1/b Mm00470754_m1;
Sars Mm00803379_m1; Trib3 Mm00454879_m1; Hsp90b1 Mm00441926; Hyou1 Mm00491279_m1. The housekeeping gene Rn18s
was used as a control for RNA quality, and used for normalization: Mm03928990_g1.

All analyses were performed in triplicate, and melting curve analysis was performed for SYBR Green to control product quality and
specificity.

Generation of shiIFNy- and shiIRE1«-Transduced Cells

Self-inactivating viruses were generated by transient transfection of 293T cells (ATCC, #CRL-1573) and tittered as described
previously (Frecha et al., 2011). Briefly For VSV-G preparation, 3 microgram of envelope plasmid was co-transfected using the
classical calcium phosphate method with a 8,6 microgram Gag-Pol packaging plasmid (psPAX2, Adgene, #12260) and 8,6 micro-
gram of a plasmid encoding a control shRNA plasmid (Santa Cruz, #sc-108060) and a self-inactivating mouse lentiviral shIFNy
plasmid (Santa Cruz, #sc-39607-SH). Eighteen hours after transfection, the medium was replaced by Opti-MEM supplemented
with HEPES (Invitrogen). Viral supernatants were harvested 48 hr after transfection and filtered. The vectors were concentrated at
low speed by overnight centrifugation of the viral supernatants at 3000g at 4°C.

For the generation of stable CT26 with silenced IRE1a, we used the pSUPER retroviral vector with neo+GFP (Oligoengine, #VEC-
PRT-0005/0006). The target sequences were as follows: sh#1= 5-CCAAGATGCTGGAGAGATT-3'and sh#2= 5-GCTCGTGAATT
GATAGAGA-3'. Oligonucleotides were cloned into the pSUPER vector following the manufacturer’s protocol. Double-stranded
DNA templates encoding siRNA oligonucleotides for IRE1a were synthesized. The specific oligonucleotide sequence contained a
sense strand of 19 nucleotides followed by a short spacer (TTCAAGAGA) and the reverse complement of the sense strand. Five
thymidines were added at the end of the synthesized oligonucleotide as an RNA polymerase Il transcriptional stop signal.
Oligonucleotides were annealed and ligated into the pSUPER vector digested by Bglll and Hindlll, and insertion was confirmed
by EcoRI-Hindlll digestion via migration in an agarose gel. For VSV-G preparation, 3 microgram of envelope plasmid was co-trans-
fected using the classical calcium phosphate method with a 8,6 microgram MLV-Gag-Pol packaging plasmid and 8,6 microgram of
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the empty pSUPER plasmid or the shIRE1a. containing pSUPER plasmids. CT26 cells were transduced and sorted using a SONY
sorter SH800 based on GFP expression, resulting in >95% purity.

Generation of CRISPR/Cas9 Cells

For the generation of stable CT26 with invalidated IRE1a or RIG1 cells were transfected with 3 pg of CRISPR-Cas9-expressing
knockout plasmids (control, sc-418922; IRE1a, sc-429758; RIG1, sc-432915; all from Santa Cruz) using the jetPElI DNA transfection
Reagent (PolyPlus Transfection, #POL101-10N) as described by the manufacturer. The knockout plasmids are a mixture of three
plasmids, each carrying a different guide RNA specific for the target gene, as well as the Cas- and GFP-coding regions. GFP+ cells
were selected by sorting on a SH800S Cell Sorter (Sony Biotechnology) 24 hr after transfection, and depletion of target proteins was
verified by immunoblotting.

Sampling of Intracellular Metabolites

Tumor samples were resuspended in 170 pL of ultrapure water, manually crushed with a micro potter, vortexed, and then sonicated
5 times for 10 s using a sonication probe (vibra cell, Bioblock Scientific). At this step, 20uL of each sample were withdrawn for further
determining the total protein concentration (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, #23225). Then, we added 350 pL
of methanol to the remaining 150 L of lysate and we sonicated again twice for 10 s each using a sonication probe. Cell debris were
then removed by centrifugation for 30 min at 4°C and 20,000g. Supernatant was recovered and incubated 1h30 on ice before a sec-
ond centrifugation step for 15 min at 4°C and 20,000g. The resulting metabolic extracts were dried under a stream of nitrogen using a
TurboVap instrument (Thermo Fisher Scientific) and stored at —80°C until analysis.

Dried extracts were dissolved using a given volume of 95 % mobile phase A / 5% mobile phase B to give in a 1000 ng/mL total
protein concentration for alanine, arginine, proline methionine, tyrosine, isoleucine, leucine, phenylalanine, and tryptophan quantifi-
cation. The extract was then diluted 2-fold for aspartic acid, glutamine, glycine, and valine quantification, while another 4-fold dilution
was performed for asparagine, serine, threonine, glutamic acid, lysine, and histidine quantification. A defined concentration* of a
labeled amino acids mixture 98 atom % 13C, 98 atom % 15N (Sigma-Aldrich, #608254) was added to each sample in
order to normalize the signals and estimate endogenous amino acid concentrations. *13C 415N -Asn , 0.21 pg/mL; *13C3,
15N-Ser, 0.27 pg/mL; *13C4,15N-Asp, 0.64 ng/mL; *13C5,15N2-Gin, 0.24 pg/mL; *13C2,15N-Gly, 0.34 pg/mL; *13C4,15N-Thr,
0.32 pg/mL; *13C5,15N-Glu, 0.58 pg/mL; *13C3,15N-Ala, 0.54 pg/mL; *13C6,15N2-Lys, 0.26 pg/mL; *13C6,15N3-His,
0.06 pg/mL; *13C6,15N4-Arg, 0.35 ng/mL; *13C5,15N-Pro, 0.2 pg/mL; *13C5,15N-Val, 0.31 pg/mL; *13C5,15N-Met, 0.12 pg/mL;
*13C9,15N-Tyr, 0.23 ng/mL; *13C6,15N-lle, 0.26 pg/mL; *13C6,15N-Leu, 0.56 pg/mL; *13C9,15N-Phe, 0.26 pg/mL; *13C11,15N2-
Trp, 0.34 pg/mL.

Analysis of Amino Acid Residues by Liquid Chromatography Coupled to High Resolution Mass Spectrometry (LC-MS)
LC-MS experiments were performed using a Dionex Ultimate chromatographic system (Thermo Fisher Scientific) coupled to an
Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific) fitted with an electrospray ion source. The mass spectrometer
was externally calibrated before each analysis using the manufacturer’s predefined methods and provided recommended calibration
mixture. Chromatographic separation was performed on a Discovery HS F5 PFPP 5 um, 2.1 x 250 mm column (Sigma-Aldrich) at
30°C. The chromatographic system was equipped with an on-line prefilter (Thermo Fisher Scientifics). Mobile phases were 100%
water (A) and 100% aceonitrile (B), both of which containing 0.1% formic acid. Chromatographic elution was achieved with a flow
rate of 250 pul/min. After sample injection (20 L), elution started with an isocratic step of 2 min at 5% phase B, followed by a linear
gradient from 5 to 100% of phase B in 18 min. These proportions were kept constant for 4 min before returning to 5% of phase B and
letting the system equilibrate for 6 min. The column effluent was directly introduced into the electrospray source of the mass
spectrometer, and analyses were performed in the positive ion mode. Source parameters were as follows: capillary voltage set at
5 kV, capillary temperature at 300°C; sheath and auxiliary gas (nitrogen) flow rates at 50 and 25 arbitrary units, respectively; mass
resolution power of the analyzer set at 50,000 at m/z 200 (full width at half maximum, FWHM) for singly charged ions. The acquisition
was achieved from m/z 50 to 250 in the positive ionization mode during the first 12 min of the run. Under these conditions, we
achieved a good chromatographic separation and detection (with an average mass accuracy better than 3ppm) of the 19 targeted
amino acids (under their [M+H]+ form). These species were readily identified and quantified by the isotope dilution method using 13C,
15N-labeled homologues (see above). Corresponding extracted ion chromatograms were generated and resulting peaks integrated
using the Xcalibur software (version 2.1, Thermo Fisher Scientific) for alanine ((M+H]+ at theoretical m/z 90.05496, retention time
2.98 min), arginine (m/z 175.11895, 3.19 min), asparagine (m/z 133.06077, 2.81 min), aspartate (m/z 134.04478, 2.84 min), glutamate
(m/z 148.06043, 2.95 min), glutamine (m/z 147.07642, 2.84 min), glycine (m/z 76.03931, 2.84 min), histidine (m/z 156.07675,
3.03 min), isoleucine (m/z 132.10191, 5.73 min), leucine (m/z 132.10191, 6.37 min), lysine (m/z 147.11280, 3.00 min), methionine
(m/z 150.05833, 4.17 min), proline (m/z 116.07061, 3.22 min), phenylalanine (m/z 166.08626, 8.57 min), serine (m/z 106.04987,
2.81 min), threonine (m/z 120.06552, 2.88 min), tryptophan (m/z 205.09715, 10.58 min), tyrosine (m/z 182.08117, 5.51 min), and valine
(m/z 118.08626, 3.79 min). P-values were calculated by applying a Mann Whitney test using the GraphPad Prism Software.

Bioinformatic Analysis
Patients were clustered according to IRE1a activity based on the normalized z-score of gene expression for the BiolnfoMiner
signature of 38 genes (Lhomond et al., 2018). The z-score was calculated by the equation (X - m)/s, X stands for normalized log2
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expression data of each gene in each sample; m stands for mean of expression of each gene among all samples; and s stands for
standard deviation. Raw data (*.CEL files) of the GSE27306 dataset (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE27306) from (Pluquet et al., 2013) were processed into R/Bioconductor by using the RMA normalization and Limma
package (Ritchie et al., 2015). The deferentially expressed genes (DEGs) between DN and WT U87 cells, were selected by using a
corrected p value threshold of 0.05 and fold change threshold of |log2(fc)| >1.5. 1051 deferentially expressed (D.E.) genes were
then introduced into the BiolnfoMiner tool and gene prioritization was executed based on the biomedical ontologies of the four-
different functional and phenotype databases (GO), Reactome, MGl and HPO, separately. For the annotation process was used
the “complete” version (this version amplifies the annotation of each gene with the ancestors of every direct correlated ontological
term, exploiting the structure of ontological tree) and the hypergeometric pvalue threshold was set to 0.05. 227 highly prioritized
genes including their proximal interactors was the union of the BiolnfoMiner output from the four databases and 38 hub-genes
were highlighted as the intersection with the IRE1a signature of 97 genes of (Pluquet et al., 2013). The BiolnfoMiner signature was
composed of 19 genes; highly up-regulated in WT versus DN U87 cells (ASS7, C3, CCL20, COL4A6, CXCL2, CXCL5, CXCLS,
IFI44L, IL1B, IL6, KCNN2, MMP1, MMP12, MMP3, PLA2G4A, PPP4R4, SERPINB2, TFPI2, ZNF804A), and 19 genes; highly
down-regulated in WT versus DN U87 cells (ANGPT1, CFH, CFl, CLEC3B, COL3A1, COL8A1, DACH1, DCN, FHL1, GAS1, LUM,
OXTR, PLACS8, RGS4, TAGLN, TGFB2, THBS1, TIMP3, TMEMZ255A).

This 38-genes signature was used to stratify 3 different types of tumors including glioblastoma multiform (GBM; TCGA and
GBMmark, Lhomond et al., 2018), melanoma (TCGA) and colorectal cancer (TCGA) into IRE1a high and IRE1a low activity tumors.
Then based on these 2 tumor groups, the expression of the following T-cell markers was evaluated in the two groups using the
transcriptome data: IFNG, IL12, TBX21, IRF1, STAT1, GZMA, GZMB, GZMH, PRF1, GNLY, NKG7, CXCL9, CXCL10, CCLS5,
CX3CL1, CXCR3, CCL2, CCL4, CXCL11, MADCAM1, ICAM1, VCAM1, CD3D, CD8A, GBP1, and all the available HLAs.

Statistics

Statistical analysis was conducted using GraphPad Prism 7 software. Differences in calculated means between groups were
assessed by two-sided Student’s t tests. For experiments involving more than two groups, differences in the calculated mean values
between the groups were assessed by one-way analysis of variance (ANOVA) followed by Fisher’s exact test. Kaplan-Meier survival
analyses were performed, and survival curves were compared using log-rank tests. A P-value less than 0.05 was considered
significant. Error bars represent the means + standard error of the mean (SEM).
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Supplemental Figure legends

Figure S1. Related to Figure 1. Effect of diets on C57BL/6 and BALB/c
mice injected with tumor cells. (A) Food intake and (B) mice weight of
C57BL/6 mice injected with Ep-Myc lymphoma cells and fed ad libitum with Ctl,
Low CHO and Low PROT diets. (€C) IFNy mRNA levels in the lymph nodes of
C57BL/6 lymphoma bearing mice (D) Flow cytometry profile showing the
effective antibody-mediated depletion of CD8 T lymphocytes. (E) Food intake
and (F) mice weight of syngeneic BALB/c mice that were injected with CT26
colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT (-
12,5%, -25% and -40%) diets. (G) Tumor growth curve of syngeneic C57BL/6
mice that were subcutaneously injected with B16 melanoma cells. Mice were fed
ad libitum with Ctl and Low PROT diets and were intraperitoneally injected with
PBS or aCD8 antibody (Ctl, n=6; Low PROT, n=8; Ctl a«CD8, n=6; Low PROT
aCD8, n=8). Tumor volume at day 12 (H) of data shown in (G). (I)
Confirmation of antibody-mediated depletion of CD8 T lymphocytes in mice. Flow
cytometry analysis of the proportion of CD4 and CD8 T cells in spleens of
C57BL/6 mice injected with Ep-Myc or B16 cells and BALB/c mice injected with
CT26 cells. (J3) Food intake and (K) mice weight of syngeneic C57BL/6 mice that
were injected with B16 colorectal carcinoma cells. (L) Food intake and (M) mice
weight of syngeneic BALB/c mice that were injected with CT26 colorectal
carcinoma cells. Mice were fed ad libitum with Ctl and Low PROT diets. (N)
Glycemia was measured in BALB/c mice that were injected with CT26 colorectal
carcinoma cells after 21 days of Ctl and Low PROT diets. *P < 0.05, **P < 0.01.
Error bars represent SEM. When not mentioned, differences are not significant.
Comparisons of every group vs. Ctl group, except where specified otherwise.

When not mentioned, differences are not significant.

Figure S2. Related to Figure 2. A Low PROT diet induces IFNy and
CXCL10 mRNA levels in CT26 tumors. (A-B) C57BL/6 mice were
intravenously injected with Ep-Myc cells and BALB/c mice were subcutaneously
injected with CT26 colorectal carcinoma cells. C57BL/6 mice were fed ad libitum
with Ctl, Low CHO and Low PROT diets. BALB/c mice were fed with Ctl and Low

PROT diets. Upon sacrifice, CD3* cells were isolated from spleens and incubated
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with live Enu-Myc cells or CT26 cells for 48 hours. The ability of T cells to Kill
tumor cells was determined by flow cytometry. Cell death of Ep-MYC (A) and
CT26 cells (B) was determined by DAPI staining (3 mice per group). (C-D)
BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma
cells and were fed ad libitum with Ctl and Low PROT diets. Tumors were
harvested and (C) IFNy and (D) CXCL10 mRNA levels were measured by gPCR
(at least 3 mice per group). *P < 0.05, ***P < 0.001. Error bars represent SEM.
Comparisons of every group vs. Ctl group, except where specified otherwise.

When not mentioned, differences are not significant.

Figure S3. Related to Figure 3. Effect of clodronate liposomes and CD86
blockade on myeloid cells. BALB/c mice were subcutaneously injected with
CT26 colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT
diets. (A) Mice were intraperitoneally injected with liposomal clodronate (Lipo
Clod) or PBS liposomes (Lipo PBS). Flow cytometry profile confirming Lipo Clod-
mediated depletion of dendritic cells (F4/80- CD11c*) and macrophages (F4/80%).
(B) Flow cytometry profile showing the effective antibody-mediated blockade of
CD86 on CD11c™ cells.

Figure S4. Related to Figure 4. A Low PROT diet does not modulate
mMmTOR, AKT, GCN2 or autophagy in CT26 tumors. Syngeneic BALB/c mice
were subcutaneously injected with CT26 colorectal carcinoma cells and fed ad
libitum with Ctl, and Low PROT diets. (A) Tumors were harvested after 25 days
of diets and lysates were prepared. Expression of indicated proteins were
analyzed by western blot. (B) Average quantification of pS6K and pAKT
compared with the corresponding total protein levels. (C) Expression of pGCN2
and the corresponding total protein was analysed by western blot. (+)
corresponds to CT26 cells cultured under amino acid deprivation conditions, used
as a positive control for GCN2 activation. (D) Status of LC3 autophagy related
conversion was analyzed by immunoblots. (E) Average quantification of LC3II
compared with ERK2 levels (used as a loading control). (F) relative amount of

amino acids measured in CT26 tumors isolated from Ctl or Low PROT diet fed
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mice (n=8 for Ctl and n=7 for Low PROT condition). Error bars represent SEM.

When not mentioned, differences are not significant.

Figure S5. Related to Figure 4. A Low PROT diet does not modulate ATF6,
eIF2 or ATF4 in CT26 tumors. (A) Expression of ATF6, eIF2 and ATF4
proteins were analyzed by immunoblots. (B) Average quantification of cleaved
ATF6, pelF2 and ATF4 compared with ERK2 levels (used as a loading control) or
the corresponding total protein. (C) mRNA levels of ATF6 and ATF4 targets were
measured in tumors by qPCR (at least 3 mice per group). Error bars represent

SEM. When not mentioned, differences are not significant.

Figure S6. Related to Figure 5. Treatment with ER stress inhibitors
affects the recruitment of CD8 Tumor Infiltrating Lymphocytes. BALB/c
mice that were subcutaneously injected with CT26 cells and were fed ad libitum
with Ctl and Low PROT diets. Mice were treated with TUDCA and MKC4485 from
day 11 to 16 after subcutaneous injection. (A) Immunofluorescent staining of
CD8 T cells in tumors, scale bar is equivalent to 50 ym (B) Flow cytometry
analysis of the frequency of infiltrating CD8 T cells in CT26 tumors. (C) IFNy
MRNA levels in CT26 tumors of BALB/c mice. (D) Flow cytometry analysis of the
proportion of CD4 and CD8 T cells in lymph nodes and (E) spleens of BALB/c
mice. **P < 0.01, ***P < 0.005. Error bars represent SEM. Comparisons of
every group vs. Ctl group, except where specified otherwise. When not

mentioned, differences are not significant.

Figure S7. Related to Figure 6 & 7. Knockdown in CT26 cells of IREla
using two different shRNAs. (A) Proliferation curves in vitro. (B) Tumor
growth curve of BALB/c mice that were subcutaneously injected with sh#2 IREla
CT26 cells and were fed ad libitum with Ctl and Low PROT diets. (C) Tumor
volume at day 11 of data shown in Fig 6B-C and Sup Figure 7B. (D) Proliferation
curves in vitro of CRISPR Ctl, CRISPR IREla and CRISPR RIG1 CT26 colorectal
carcinoma cells. Hierarchical clustering of CRC (n=456; E), Melanoma (n=293;
F) and Glioblastoma (n=523, G) patients (TCGA cohorts) based on high or low



N o o A WwN R

IREla activity as assessed with the median z-score of the expression pattern of
the IREla gene signature of 38 hub-genes (Lhomond et al. 2018). Pearson
correlation was used to measure the similarity between different genes and
tumor cases, as well. The expression pattern of WT vs. DN has been described in
detail in (Pluquet et al., 2013). Blue: low mRNA expression levels, Red: high
mMRNA expression levels. Error bars represent SEM. When not mentioned,

differences are not significant.



2. Preliminary result
IRE1 activation correlates with increased MHCI expression.

We have previously showed that low PROT diet in mice induces atuamir immune response
dependent on specific IRE1 signali(fgubioPatino, Bossowski et al., 2018lijechanistically,

low PROT diet induced immunosurveillance by activation of an IRE1/RIG1 aiswmite tumoral
cells, concomitant with enhanced cytokine expression and® GD&ll-dependent antiancer
cytotoxic response. Although increase in cytokine secretion is required for edhamtune
response, other molecular modifications that remains to be identified are requitezlihduction

of specific anticancer immune responsks IRE1 signaling in tumor cells seemshe the core
determinant of low PROIhduced immunosurveillance, we focused our attention on the effect that
modulation of this pathway could have on the immunogenic phenotype of canceA aabsn
determinant of effective adaptive immune response andrtummmune escape mechanisnthe
modulation of surface expression of MH@oleculeqGarrido, Aptsiauri et al., 2016As MHC-

| is a criticaldeterminant of cancer cell inmunogenicity, we aimed to analyze the effect of IRE1
on MHGC surface expression. In this regard, we used CT26 cells invalidatedREdr by
CRISPR/Cas9 technology. Surprisingly, we observed lower surface expressibiCdfin IRE1-

deficient CT26 cells as compared to control cells (Fig 1A).

We reasoned that if IRE1 deficiency leads to downregulation in MBbi@face expression, then
IRE1-specific induction could conversely lead to MH@crease. As there is no known specific
inducer of IRE1 which is available, and the commonly used ER stress inducing ageokep
general UPR induction (not specific to IRE1), we decided to use-&®BAigated palmitate
(PA/BSA) as one of the specific IRE inducer reported so far, as somessejbrted that lipid
alterations affecting ER membrane lipidic composition could more directly entRIEE1 (Kitali,
Ariyama et al., 2013, Lancaster, Langley et al., 2@48gFig. 6for a proposed modeMWe chse
100 uM dose of PA/BSA, which over -2bur treatment did not affect cell viability (Fig. 1B) and
was reported to induce IRE1 activati@fitai et al., 2013, Lancaster et al., 2018)e performed a
kinetic assay of PA/BSA treatment over-Rdur period in CT26 cells, where vamalyed UPR
activation and MH@ surface expressioftunicamycin(1 pg/mL) treatmentvas used as a positive

control forgeneral ER stress indimn. We observe@time-dependent increase in phosphorylation
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of IRE1 upon PA/BSAstimulation starting atlhr and lasting over 2#-period as assessed by
western blot (Fig. B). In contrast, other branches of UPR were not, or only mildly affected, as
assesselly ATF4 expressiorand ATF6cleavaggFig. 1C). To determine thénduction ofIRE1
RNaseactivity, wemeasuredherelative levelof splicedmRNA XBP1 both by classical PCR and
by real time gPCR (Fig. D-E). In both approaches, we observed strong-tie@endent induction
of XBP1 splicing, indicating IRE1 RNase activation. Finally, we analykedsurface gxession
of MHC-I by flow cytometryconsidering only viable CT26 cella the kinetic treatmentvith
PA/BSA, where weobserved anodest but consistemmtcrease in MH@ levels overa24hr-period,
contrary to cells treated with tunicamycin, where MHEves potently declined (Fig.F). Given
that tunicamycin also stimulated IRE1 RNase activitig.l D-E), we concluded thgbrobably
additional mechanisms induced by a mgeeeral ER stress leads to MHIGecrease, wheredse
specific IRE1 activatiordrives MHC-I overexpression on the cell surfade remains to be
determind if the PA/BSA treatment of IRE1 invalidated CT26 does not modulate MHC
expressionAs the effeciof PA/BSA and tunicamycin on MHCsurface expression are in strike
contrast, we cannot exclude the participation of additional signaling patimtys phenomenon,
as under tunicamycin treatment we cannot distinguish between the effetterdirainchs of the
UPR. Nevertheless, as UPR activation is usually reported as a negatia&taregf MHGI
expressior(Ulianich, Terrazzano et al., 2011), we consider our results linking IRE1 actinity w
positive regulation of MHC-I expression of high relevance.
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Figure 1. Palmitate induces IRE1 activation in CT26 colorectal cancer cells.
(A) Histograms of MHC-I expression in CT26 CRISPR CTR and IRE1 KO cells as
assessed by flow cytometry. (B) Viability of CT26 cells treated with BSA-conjugated
palmitic acid (PA). (C) Western blot and (D) PCR analysis reveal activation of IREla
upon PA stimuli over time. (E) Relative sXBP1 mRNA expression respect to uXBP1 in
CT26 cells treated with palmitic acid as assessed by qPCR analysis. (F) Surface
expression of MHC-I in PA/BSA-treated-CT-26 cells over time as assessed in one
representational experiment by flow cytometry. PA/BSA (100uM), Palmitic Acid
conjugated with BSA; TUN, (1 ug/mL) Tunicamycin.
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Glutaminase inhibition induces IRE1 activation and MHGC | surface expression.

Although it is reported that lipid modulation can induce specific IRE1 membhaskering and
activation(Kitai et al., 2013)and the treatment with BSRalmitatein vitro indeed resulted in
such activation in CT26 cells (Fig.ahd Fig. 6), we have no direct evidences that lipid profile
differs among tumors isolated froml and low PROT diet fethice. Instead, webserveda
modulationin aminoacid levels among tumors isolated from mice @R and lowPROT diet,
with particulardecrease in thglutamate/glutamine ratifArticle 1 Fig. 6). However, we do not
know if this dutamine/glutamate modulation is the result of altered cellular metabolignt @&

the result of differential extracellular glutamine uptaRéere are evidences that fatty acid
metabolism can be affected by the disruption of glutamine/glutamate converkich, i turn
modulates lipid composition, but this has yet to be tastedr model of lowPROT diet(Biancur,
Paulo et al., 2017, Halama, Kulinski et al., 208)rprisingly, the inhibition of glutaminase has
been reported to upregulate the proteins involved in lipid and fattyreleittd processéBiancur

et al., 2017) Thus, theresultof glutaminase inhibitioron lipid-driven IRE1 modulations not
evident and has to be experimentally testédr that matterandto more directly translate the
conditions of glutamine/glutamate modulation thatolieervedn vivo, we decided to investigate
whether glutamine metabolism could impact IRE1 activity and in turn MiExXpression, as we
observed with PA/BSA treatme/e treated CT26 cells with a specific glutaminase 1 inhibitor,
CB-839, known to block the conversion of glutamine to glutamate, the first enzymatersion
enabling glutamine to enter cellular metabolic pathways such as theg(Gfoas, Demo et al.,
2014).First, we established the treatment dose giilDCB-839, as that level did not affiecell
viability, but impacted in cellular stress, reflected in diminished cell pralieraFig. 2A).
Subsequently, we treated CT26 cells with-& for 24hourand analyzed the surface expression
of MHC-I. As shown in Fig. 2B, glutaminase inhibitioesulted in increased MHCexpression
resembling PA/BSA effect, as contrary to tunicamycin treatment. JesadRE1 activation, we
analyzedhe generation sXBP1 by gPCR (Fig. 2C) and phosphorylation of IRE1 by western blot
(Fig. 2D), where in both cases we observed a potent IRE1 activation and faBifesdent
signaling. Strikingly, CB339 did not produced significant increase in CHOP expression, as
compared to complete glutamine deprivation in the medium (Fig. 2E), indicatingRBat |

activation is morespecifically induced by glutaminase inhibition than by glutamine deprivation.

93



This uneven induction of CHOP between CB-839 and glutamine deprivation could be a result of
activation of nutrient-sensing pathways, triggered by glutamine deprivation, which might not be

the case when glutamine is still present, but its metabolic conversion is blocked.
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Figure 2. Glutaminase inhibition induces IRE1 activation and MHC-I surface
expression in CT26 cells. (A) Viability and cell number of CT26 cells treated with CB-
839 glutaminase inhibitor for 24h as estimated by DAPT flow cytometry staining. (B)
MHC-I surface expression in CT26 cells under treated with CB-839 and tunicamycin for
24h as assessed by flow cytometry (C) Relative sXBP mRNA expression respect to
uXBP1 in CT26 under CB-839 treatment, glutamine deprivation or tunicamycin (tunika)
treatment as assessed by qPCR analysis. (D) Western blot analysis of CT26 cells treated
with BSA-Palmitate (PA/BSA), glutaminase inhibitor CB839 and tunicamycin (Tun) for
3h (E) Western blot analysis of CT26 cells treated with glutaminase inhibitor CB839 or
glutamine deficient media (-Glut) for 24h.
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Low-PROT diet reduces immune checkpoint markers and induces IFN expression.

Immune checkpoints are immunosuppressive markers hampering effectrearazgrimmune
response. There is a huge interest in developing clinical treatments tangetinge checkpoints
signaling to reactivate compromised immune response. For example, ramias sthowed
enhanced antitumor immune response with the ugecélorie restriction mimetic metformin via
downregulation of PEL1 expression in tumor cells (Cha, Yang et al., 2018¥ therefore
investigatedexpression of immune checkpoimmt vivo upon lowPROT diet regiran. For that
matter we ifst reproduced our findings of loRROT-driven tumor growth suppression (Fig. 3 A-
B). We observedheexpected increase in TILs under [ *ROT egimen (Fig. 3C). Interestingly,
the expression of immunoinhibitory checkpoint markers PD1 and CTLA4 were sigtiifica
decreased in CO8TI lymphocytes present in tumors of mice fedBROT diet, as compared to
those on the control diet (Fig 3C). That decrease in immunoinhibitory signalithdy @ontribute
to enhanced antiancer immune response and tumor growth inhibition underPIR®@T
conditions. Additionally, PEL1 decrease was specific to CD8ubpopulation, as we did not
observe differences in RDL expression within CD45cells, which is the pamarker of
lymphocytes. Moreover, we found increased gene expressiéWaefanda trend towardéhcreasd
levels of/[FNS andIFNy in whole tumor lysates. In conclusion, [6ROT diet reduced immune
checkpoint surface expression on central eatieercytotoxic T lymphocytes and simultaneously

increased IFN type | signaling.
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Figure 3. Low PROT diet downregulates immune checkpoints on CDS" lymphocytes in
CT26/BALBc colorectal cancer mouse model. (A) Tumor growth and (B) weight at the
endpoint of CT-26 tumor bearing-BALB/c mice fed CTR and Low PROT diets (Ctr: n=12 ,
Low PROT: n=11) (C) Flow cytometry analysis of immune cell populations within the
tumors and surface expression of inhibitory immune markers. (D) Gene expression analysis
of cytokines in whole tumor extracts isolated from tumors in A, at least 3 per group. *P <
0.05, **P < 0.01. Error bars represent SEM.
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Low-PROT diet impactson cancer cell immunogenic phenotype.

To directly address the phenotype of cancer cells under low PROT diet regimeegate/ely
sorted the tumor cell population from CT26 turbearing mice shown in Figure 3. Rjrsve
observed modulation in surface expressioncelf markers regulating the immune response:
NKG2D ligand H60, don't eat memarker CD47 and immune checkpoint markeb-L1 as
measured by flow cytometry (Fig. 4A). Importantly, tumor cells isolateeh fow PROT diefed
mice exhibited markedly elevated MHCexpression as compared to those in CTR diet,
accompanied by significant increase in CD47 andLRexpression. Ircontrast, expression of
H60, a MHCI-like glycoprotein which is a kvan as a NKG2D ligand, was reduced under low
PROT diet, and CTLA4 expression was not modulated (Fig. 4A). These results ewguéx
regulation of the surface immune marker composition on tumor cells under low PR@kdiry

as compared to CTR diet. Next, we measured the mRNA level of a panel of egtatiemokines
and inflammatoryrelated genes in sorted tumor cells (Fig. 4B). The levels of the cysakive,
IFNp, CXCL1, CXCL1Q CXCL11] IL-15 andGM-CSFwere increased under low PROT diet, as
well as interferorstimulated gene 19§G15 and the chemokin€CL2 (Fig. 4B). To further
extend our observations, we measured the expression of genes implicated ihagdg#thbling
machinery to assess whether the modulation of MH&Xpression is driven at the transcriptional
level (Fig. 4C). Indeed, we have found increased levelcAéf1 gene, whose protein product is
important in MHCI assembling(Blees, Reichel et al., 2015dditionally, we found elevated
TRIM69MRNA, E3 ubiquitin ligasemplicated in immune tumor control and apoptosis. We also
investigated gene expression of known mouse NKG2D ligands, and we found that only one of
them,RAEI was significantly upregulated under low PROT diet (Fig. 4D). That was uctexhe
as we have not found any signiofvivo andin vitro surface expression of this marker by flow
cytometry. It is possible that as soon as RAE exposed on the plaanmembrane surface, the
cell is instantly recognized and eliminated by surrounding immune céksother explanation
would be thaRAEL1 is mutated and even though it is transcribed, the protein is not functional.

However, this hypothesis has to be tested in future experiments.

Collectively, our data indicate that feeding turbearing mice a lowROT diet results in

alteration inthe cell secretomend cancerimmunogenicity. Whethethese two events are
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reciprocal or independent has to be yet determined. Although, it is likely that modulation in

cytokine secretion would eventually impact on surface marker expression, such as positive

regulation of IFNy on MHC-I expression. Furthermore, it is not clear if any of the described
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Figure 4. Flow cytometry and qPCR analysis of isolated CT26 cells from CT26 tumor-
BALB/c mice under CTR and Low PROT diets. (A) Flow cytometry analysis of surface
expression markers in CT26 cells (B) Gene expression analysis of cytokines and chemokines
in sorted CT26 tumor cells. At least 3 mice per group. (C) Gene expression analysis of MHC-
I assembling machinery. (D) Gene expression analysis of NK-G2D ligands and IDOI in
isolated tumor cells. *P < 0.05, **P < 0.01, ***P<0.001. Error bars represent SEM.
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modulation in cytokines, chemokines or surfammunemarkers are dependent e IRE1-RIG-
| axis induced by low PROT diet.

Low-PROT diet promotes Retinoblastomaprotein phosphorylation

As we observed some modulation in NKG2D ligands expression on cancer cell under différent die
regimens, we speculated what could be the mechanism regulating such modulati@miB267 f
proteins implicated in the control of cell cycle has been described as regofasorae NKG2D
ligands expres®on (Jung, Hsiung et al., 2012). Thus, we tested the expression of E2F1 and
phosphorylation levels of retinoblastoma (RB) protein in whole tumors by westermalgsia.

We found no changes in E2F1 protein levels, but we observed elevated phosphorylation of RB
under low PROT diet regimen (Fig. 5). RB proteamnbind transcription factorsuch as members

of the E2F family and thereby inhibit their functions. Phosphorylation of RB disrupts that this
interaction and releases E2F transcriptiantors, hence promoting their activity. These data
suggest that E2F proteins might have higher activity via lower inhibitory aggulof RB in
tumors from Low PROT diet fed mice. Interestingly, this result agpjositionwith what we might
expect, gice we observed a reduction in tumor growth under Low PROT diet, and phosphorylation
of RB protein is associated by cell proliferation. However, if the immune respahs=d by low
PROT diet is signaled via NKG2D ligands (at least partially), the obd@tvaesphorylation of RB
could play a role in mediating enhanced anticancer immune respeogee experiments will
address the link between Low PR@Oduced immune response and cell cycle control in tumor

cells.
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Figure 5. A Low PROT diet increase phosphorylation of Retinoblastoma (RB) protein
in CT26 tumors. Syngeneic BALB/c mice were subcutaneously injected with CT26
colorectal carcinoma cells and fed ad libitum with CTR, and Low PROT diets. Tumors were
harvested after 25 days of diets and lysates were prepared. Expression of indicated proteins
were analyzed by western blot.

100



AcCoA —p Fatty acid
synthesis

Figure 6. A recapitulative scheme of glutamine metabolism and IRE1 activation.

First step of glutamine incorporation to cellular metabolism is its conversion to glutamate by
GLSI1. Glutamate is being subsequently processed and can enter mitochondrial to fuel TCA
cycle, acting as an anaplerotic precursor. Citrate can exit TCA cycle and enhance synthesis
of AcCoA, central metabolite participating in fatty acid biosynthesis. The modulation of ER
lipid composition can trigger IRE1 activation, which in turn control cell secretome, including
MHC-I assembling machinery and its components. Direct treatment with saturated fatty acid
Palmitate (PA/BSA) can induce IREI activation. AcCoA, acetyl-CoA; GLN, glutamine;
GLU, glutamate; GLS1, glutaminase 1; TCA, tricarboxylic acid cycle; PA/BSA, BSA-
conjugated palmitate; IRE1, Inositol Requiring Enzyme 1; MHC-I, major histocompatibility
complex class L.
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DISCUSSION AND PERSPECTIVES

We have demonstrated that IRE1 expression in tumoral cells is critical intoatingsan effective
antrcancer immune response induced by-BROT diet in three independesitngeneic mouse
models: Egmyc lymphoma, colorectal carcinoma and melanoma. Either genetic or chemical
ablation of IRE1 resulted in reversion of tumor growth suppression unddPR&N regimen,
accompanied with reduced CDB8ILs and abrogated cytokine production (summarizeigare

17). In addition,retinoic acidinducible gend (RIG-1) seems to participate downstream of IRE1
by triggering IFNI type response in tumoral cells, followed by immune recognition and response.
The ablation of RI& in cancer cells phenocopied IRE1 knatdwn resistance to IolRROT diet
induced immunosurveillance. Both IREL RIG-I genetic deletios did not impact on tumor
growth under CTR diet, indicating that in the studied model theamiir properties depermd on

at least two elements: external stressor @ROT regimen) and intact immunity (syngeneic mouse
model). Multiple implications and questions arise from this work that need todeattd in the

further studies.

1. Diet, metabolism and cancer

Diet is recognized as the major environmental factor affecting cancendskuavival in humans.
Unfortunately, despite the growing awareness and scientific progresban constitutes the
healthy diet worldwide a trend toward overweight ahdsity is still on riseaccompanied bthe
prevalence of unhealthy over healthy dietary patt@ediaboration, 2017; Imamura et al., 2015)
The preventive impact of diet on cancer onset is well acknowledged and doalinectatrast
to the impact of the diet on clinical outcomes in patients with diagnosed caheszfdre, there is
a growing interest in researching the nutritional impact on already estaltisheds, aiming to

provide additional benefits in combination with current @aticer therapies.

The vast majority of experimental studies investigating diet and caneerbegn done in
immunodeficient mouse models. The obvious limitation of such approach is the lack of immune
system and its implication in tumor develogmy which means that the effect of tiested

nutritional approach is immune system independent.
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Figure 17: Low PROT induced immune response.

Syngeneic tumor bearing mice fed a diet lowered in protein content have decreased tumor progression.
Low Protein diet induces activation of IRE1/RIG1 signaling within cancer cells, which favors cytokine,
chemokine secretion and increased T cell tumor infiltration. This leads to enhanced anticancer immune
response characterized by higher cytotoxicity towards tumoral cells. The numbers “1?” and “2?” indicates
the place of the molecular links whose mechanims have yet to be determined.

Recent studies have brought attention on the importance of diet- and calorie restriction mimetic-
induced anticancer immunosurveillance (Di Biase et al., 2016; Pietrocola et al., 2016). Although
those researches are uncovering the importance of the immune system in anti-cancer response, they
attribute this activation to the induction of autophagy within tumor cells upon mouse starvation or
to enhanced protection of immune system components against anti-tumor chemotherapy by short-

term-starvation. Both of these regimens impacted on mouse weight and are not easy to translate
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into clinical settings. Instead, we described that mild reduction (25%) in dietary protein content
only, without decreasing the overall calorie consumption and in the absence of combination with

additional chemotherapy treatment, led to tumor growth reduction.

The observed reduction in tumor growth under low PROT diet regimen was entirely dependent on
an effective anti-cancer immune response. This conclusion is further supported by our finding that

tumor growth in an immune-deficient mouse model was accelerated under low PROT diet as

Low Protein TUMOR CELL Anticancer immune
diet IRE1 / RIG-I response

Reduced
tumor growth

Figure 18: Recapitulative scheme of low PROT diet-induced anticancer immune
response.

Low PROT diet regimen induces IREI/RIGI axis signaling within tumor cells. That
signaling is indispensable for activation of effective anti-cancer immune response resulting
in reduction in tumor growth. The two remaining open question are: “1?”” how does a low
PROT diet selectively activate IRE1/RIG1 signaling within tumor cells and, “2?” how is
this signaling being translated into an effective anti-cancer immune response?

compared to CTR diet. We showed that this immune response is dependent on IRE1/RIG1 axis
within the tumor cell population (Fig. 17). Thus, we can reason that diet is acting on tumoral cells
which in turn activate an immune system response towards themselves. That scenario seems fitting
to the observation that tumor growth is accelerated in the immuno-deficient mouse model under
low PROT regimen, as it would be predicted from IRE1 activation which functions as the pro-

survival and pro-tumoral branch of the UPR.

Establishing the above course of events (graphically represented on figures 17 and 18), leaves two
unanswered questions — how can a dietary regimen result in IRE1/RIG1 signaling within cancer
cells, and how is this signaling inducing an anti-cancer immune response? Some of the proposed

hypothesis will be presented in this section.
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Glucose and glutamine are main sources of carbon contributing to de novo lipid biosynthesis, but
under a hypoxic environment some cancer cell lines can incorporate significant amounts of
extracellular acetate to provide a precursor of acetyl-CoA and facilitate lipid biosynthesis
(Kamphorst, Chung, Fan, & Rabinowitz, 2014). It is interesting to note that the work of Pietrocola
et al., describes that hydroxycitrate (a calorie restriction mimetic that blocks the production of
cytosolic acetyl-CoA) given chronically by itself has the ability to improve immune surveillance
and reduce tumor burden. Diet-derived acetate whose significant fraction is generated by gut
microbiota and contribute to generation of acetyl-CoA may be delivered by the bloodstream to
supply tumor growth (Hosios & Vander Heiden, 2014). Thus, it might be possible that acetate
levels could drive differential lipid metabolism under amino acid restricted conditions, or under
hydroxycitrate treatment, which would drive unique stress response observed under low PROT diet
conditions. In addition, the impact of the microbiota and its products (such as acetate) is another

uninvestigated aspect of low PROT diet-induced anti-cancer immune response. The role of

CB-839
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diet . metabolism
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Figure 19: Open question one - Metabolic modulation that could lead to IRE1 activation.

Treatments leading to induction of anti-cancer immunosurveillance. What could be a common
denominator of all of them (at least partially) is the modulation of the pool of acetyl-CoA. Ac-
CoA molecules can directly impact on differential fatty acid synthesis, which in turn can lead to
specific induction of IRE1 activity within tumor cells. Dashed lines indicate the hypothetical links
that have yet to be tested.
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microbiota and arttancer immune resporsis one of the most debated subjects in the recent
years(York, 2018; Zitvogel, Ma, Raoult, Kroemer, & Gajewski, 2018)

Acetyl-CoA — a central metabolite crossconnecting nutrient metabolism

Acetyl-CoA is mainly knowras the activatedarrier of the acetyl groujor incorporationnto the
Krebs cycle to fuel mitochondrial oxidative metabolism and ATP production, but it hasso le
important function in lipid biosynthesis and as a donorcafyh groups for protein acetylation.
Thereforge any metabob perturbations and stressors likely can impact or refleecatyCoA
modulation.In addition,acetylCoA lays at the interface between central carbon and fatty acid
metabolism. It has been proposed that under hypoxic conditions, for instance in casewhsolid t
microenvironment, the glycolytic flux is impaired and redirected towathte production rather
than @etylCoA, diminishing its availability for downstream metabolic pathways, narfadty

acid and ketone bodies synthesis, steroid biogenesis and protein acetylatiohyptxis,stressed
tumor cells are pushed to rely on titheracetylprecursorsmainly glutamine and acetate, but also

on branched chain-amino acids drek-fatty acid extracellular absorption.

Cells can obtain required fatty asieither by absorption from the environment odeynovdipid
biosynthesis, and cancer cells in general prefer the secon&araiat, they require constant pool
of acetylCoA as a main precursor of fatty acid biogenesis. It has been establiahasiibstantial

fraction of cytosolic aetyl-CoA does not come from glucose or glutamine in hypoxic cells.

As mentioned, specific IRE1 activation can be the result of lipotoxiotydase in saturated versus
unsaturated fatty acid accumulation within the ER membrane), but simultaneolsliyds®een
implicated in modulation of lipogenesis by activation of sterol regulatory elelngating proteins
(SREBB (J. Y. Kim et al., 2018). More importantly, this UPR induction has been accompanied by
increased immune cells infiltration in theousemodel of high fat dietinducedhepatitis, more
specificallyby macrophage infiltratiofNakagawa et al., 2014}t would be interesting to test by
metabolomics whether there is a change in the lipidomic profile of tumors developedawder

PROT diet to have an insight in the metabolic alterations leading to spetifatiaa of IRE1.

GCN2 is an important sensor of amiacid availability in the cell. Upon amiraxid deprivation,
the pool of norbound tRNA rises, which induces phosphorylation of GCN2 and triggers ATF4
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transcriptional activatior(Ye et al., 201Q) Independently GCN2 participates in the mTOR
inhibition, possibly by the regulation of elF2a, which once it isactivated halts protein translation
(Averous et al., 2016). Autophagy can be also induced and in some context deper@enizon
activation(X. Xia et al., 2018; X. J. Xia et al., 201@)terestingly, GCN2ATF4 signaling under
nutrient scarcity has been linked to increased flux of hexosamine biosynthbtiapdhrough
transcriptional regulation of the stmiting enzyme GFAT1 (Chaveroux et al., 2016)
Hexosamine pathway srongly implicated in the production of-&tetylglucosamine, substrate
that is used in protein maturation to be attached to hydroxyl group of serine orrtbig@aimno
acid residues ina process termedO-GIcNAcylation (Harwood & Hanover, 2014)0-
GIcNAcylation has been recognizedasimportant mechanism in cancer biology, development
and progression, impacting tumor metabolism and possibly anticancer immune e€xpofasg

& Qian, 2017).

Under our low PROT diet we have found mild but significant reduction of many amino adids wit
thetumor microenvironment(ticle 1 Hg. S4F). Despite of this decrease, mave not found any
signs of GCN2 nor elF2a phosphorylation in the tumors of mice under low PROT diet regimen
(Article 1Fig. S4C and S5A). mTOR and AKathwaysvere not modulated eithehiticle 1 Fig.
S4A-B). In addition, autophagy was not increased as tested by LC3 lipidatioig 1 Fig.S4D).
Most importantly, ATF4 was not induced under low PROT diti¢le 1 Fig. SSAB). Hence, the
magnitude ofamino acid decrease in our model does not seem to be enough to triggelnGCN2
autophagysignaling.

As we have observed differential modulation in amino acid content between tumorsdifssuot

mice under control and Low PROT dietvith particular shift toward higher glutamine/glutamate
ratio, we decided to investigate the effect of altered glutamine metabolism dattiseds IRE1
activity and MHCI expression. That glutamine/glutamate shift could be the result of differential
extracellular glutaminanport, but as GCN2 signaling was not affected, we reasoned that it is more
likely to be the alteration in the enzymatic conversion of glutamine to glutanfate, wWe used
CB-839, a specific glutaminase inhibitpto block glutamine to glutamate conversiavhich we
expected to partially mimic the phenotype we obsemved/o. First, we established the conditions

and dose where GB39 had minimal impact on cells viability (Preliminary results Fig. 2A). In
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suchan experimental setip CB-839 treatment indwx IRE1 activation, as assessed by IRE1l
phosphorylation and sXBP1 levels (Preliminary results Fig. 2C and D). Intgigstit did not
induce general acute ER stress, as the extent of CHOP induction was minor asedampa
glutamine deprivation (Preliminary results Fig. 2E). At the same time Msl€face expression
was markedly induced (Preliminary results Fig. 2BYicating that alterations in glutamine
metabolism indeed can lead to modulation in cell surface Nlg&pression, simultaneously
inducing IRE1 activity. Further studies will be needed to establish whether theseagatiare
connected at the molecular level, or whether they are independent but indysdliel by a

common trigger.

In the context of GCN2 activation in tumor progression, recent findings uncovered origy way
which GCN2 promotgcancer survival and resistance upon chemotherapeutic asparaginase therapy
(Nakamura et al., 2018Interestingly from our standpoint, this study also uncovers some GCN2
independent phenotype of asparaginase treatsrstome cancers are dependent on extracellular
asparagine, removal of this amiacid fromthetumor environment by enzymatic degradatias
been proposed as an efficient way to starve cancer cells. GCN2 activatiomowasts attenuate
asparaginase induced cell death via AOf&en stress response within wide range of cancer cell
types. Interestingly, the transcriptional profiling of human leukemic lympistblICCRFCEM
treated either with the asparaginase alone on in combinationav@@N2 inhibitor revealed
molecular pathways that were induced by asparagine depletion independi@nhefreanGCN2
signding. Upon GCN2 inhibition, upsgam bioinformatic analysis indicated igation of
pathways under regulation of Epidermal growth factor, IFNy and TNFa. This indicates that amino

acid deprivation in the form of asparaginase treatment inducedflammatory phenotype, but

in anGCN2-independent mannefhus, it surprisingly phenocopies some of the aspedttetiw
PROT dietthatwe describeésindependent of GCN2 activity.

In summary, the mechanisaf how low PROT diet induce specific IRE1/RIG1 axis in tumor cells
are not yet determed and can be transmitted by indirect action of various components
(metabolites, microbiota, fatty acid biosynthesis or others not known). It wiiidbgoal of future

studies to establish the exact metabolic modulation within cancer cells that |HE$ tnduction.
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2. IRE1 and cellsecretome

As IREL1 is central in proteostasis and stress respansékely thatIRE activationwould result

in enhanced resistance of tumor cells¢attiandfacilitate survival in thénostile environment and
toxicity upon chemotherapeutitreatment.indeed, IRE1 RNase activity ablation was shown to
sensitize breast cancer tumors to paclitaxel treatment and prolong saf¥rn@e negative breast
cancer(TNBC) tumorbearing immunodedient mice(Logue et al., 2018)n this study Logue et
al. screenea panel of human breast cancer cell lines and observed differential expretsion
sXBP1 protein and mRNA under basal conditions, with the highest levels in TNBC celdtide
cell lines with hormone receptor expression (estrogen and (hormonal epitheliah dactor
receptor AHER?2) receptors). They have demonstrated ithaitro secretion of pronflammatory
cytokines (CXCL1, IL6 and IL8 amongst others) is partially IREEpendenand promote cancer
proliferation via cytokine autocrine loop. Howevehis enhanced proliferation effect was not
reproducedn vivo when IRE1 RNase inhibitor was used as a single treatméren combined
with the chemotherapeutic paclitaxel, IRE1 RNase inhibition resulted in tumetigreduction.
Mechanistically the molecular observation of Logeteal. associating cytokine production
dependent of IRE activity is inagreementith our findings, as in the case of IRE1 activation we
have observed induction of pimoflammatory cytokines in tumor cel(®reliminary resultd=ig.

4B). In addition, we have also observed acceleration of tumor progressaomnmmunodeficient
mouse modelArticle 1 Fig. 1 GD), which could be explained by IRElependent cytokine
induction under lowPROT diet. In summary, in the context of immunocompetent mice IRE1
signaling seems to exert dominantly amtnor effects by dominant role of immune system activity

in tumor development, at least within the tested cancer models.

As it also happens, TNBC cells in contrast to the other studied breast calhtiaes heavily rely

on extracellular glutamine levels and exhibit high espron of glutamine converting enzymes,
which make them more sensitive to glutaminase inhibitors treai{@eoss et al., 2014; L. Zhu,
Ploessl, Zhou, Mankoff, & Kung, 2017). As glutamine deprivation is known to induce UPR, it
would be of high interest to investigate if the obtained difiees in SXBP1 levels (that Logues et
al. observed both in basal culture conditions anglivo) are not due to differential glutamine

requirements among breast cancer types.
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UPR and lowgrade inflammation — lesson from aging

As mentioned in thechapter of aging and UPR, aging is tightly correlated with increased
proteotoxicity as a result of damaged polypeptide, protein aggregate accomatati decreased
UPR functionality. In the context of longevity and increased hesgléim, reducing the lograde
body inflammation seems to be one of the most accepted and described ways. Frgthewno
grade chronic inflammation is also tightly connected with increasaedeince of cancer. Hence,
acute inflammation (wound healing) is positive, but prolonggthmmatory processes are
detrimental, and in the context of cancer, it seems to be of the utmost importanitehtoosvards
adaptive immunity, otherwise persistent innate inflammatiounld accelerateancer progression.
As the immune regulation is tightly controlled and regulated at many levelnaleeular switch
between innate and adaptive immunity is likely to depend on more than a single sigatlingy
or molecule. It is appealing to speculate thateast partially, this switch could be éaplent on
specific tumoral cell secretome orchestrateoly the UPR. More specifically, secretion of
inflammatory factors mightedependent othe IRElactivation evolutionarilythe mostonserved

branchand the only onexisting ER stress sensor in simpbeganisms.

This area of the reciproceg¢gulation between tumor amthmune systenis still under vigorous
scientific investigationFuture studies will reveal to what extent the proposed engagement of UPR

in shaping tk character of anttancer immune response is true.
Altered lipid metabolism and IRE1 modulation

Solid tumors have been found to alter their lipid metabolism, partially by stimulagimgléhnovo

lipid biosynthesis from precursors. Lipid oxidation has been tightly connectbadiomtgrade
inflammation and stress signaling and has been shown to play a role in both nthat&ptive
immune responses. As it has been discussed and shown by many studies, IRE1 catliybe direc
induced by lipidmembrane stresand related lipotoxicity (Ariyama, Kono, Matsuda, Inoue, &
Arai, 2010; Covino, Hummer, & Ernst, 2018; Halbleib et al., 2017; Kitai et al., 2013; Lancaster et
al., 2018; Volmer, van der Ploeg, & Ron, 201Barticularly, the ratio between saturated and non
saturated fatty acid seems to play central role in lipotoxicity and WafAty This could add

another factor contributing tihhe UPR activation within tumor cells, as it is evident that tumor
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tissue differs vastly in its lipidomic profile as compared to-n@lignant tissuélVe have observed
that with fatty acid Palmitaten vitro stimulation in CT26 cancer cellRE1 is being activated
(Supplementaryesults Fig. 1). We have hypothesized that the observed alterations iraigino
profile between tumors dissected from CTR and low PROT diet fed mice could mekititriential
fatty acid metabolism within tumor cellBhe future experimentsith the claracterization of tumor
lipidome and metabolome would bring more data to verify this hypothesis.

In turn, IRE1 can participate ole novdipid bio-synthesis as its RNase activity was indispensable
in oncogenanduced gene expression of fatty acid synthesizymes such as 6fMGCR1,
HMGCS1, ACLY, ACACA, FASNand SCD (Xie et al., 2018).

IRE1-RIG-I axis

As described previously, @dear link exists betwan the UPR and RIG-I activation. RIG-I belongs
to the retinoieacidinducible gend-like receptors (RLRs), that are RNA helicases sensing
pathogenic RNA andnitiating antiviral immunity. Studies have linked IRE1 with the RIG
pathway via production of cleaved endogenous-stoaldedshort RNAs by IRE1 RNase RIDD
activity. Those RIDD products could resemble pathogenic RNA as they lack 3Agallyand 5’

cgp, normally being present in endogenous mRMNAese fragments recognised as-self cellular
RNAs can be sensed by RIGhat would induce innate immune response by turning on production
of specific cytokines, like type-lFNs, CXCL10 and IE6, accompani also by MHC class |
upregulation(K. Li, Qu, Chen, Wu, & Shi, 2017). Endogenous shiielded RNAs have already
been shown to play role in cancer by ac@sgDAMPS(K. Li et al., 2017). In immunocompetent
mice, RIGI induces anticancer immune response against melanoma cells by stimulating the
secretion of extracellular vesicles carryiNgp30-ligand (BAG6) that act as immune activators
(DasslerPlenker et al., 2016RIG-I-dependent antitumor immune response involves myalwid
plasmacytoid D&activation, NK cells, T lymphocytes and is strongly associated witettretion

of IFNs-1 (Besch et al.2009; DasslePlenker et al., 2016; Poeck et al., 2008)erestingly, we
have also observed RIG-I activation in the tumors undeHB@T diet regimen, where we could
attribute it to the activation of the IRE1 branch of UPR (Article 1 Fig. 4D-E an@l)
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Additional observation linking RI& with induction of the antcancerimmune response come
from the study wher@ancreatic cancer celigere treated withRIG-1 activatingligandswhich
resulted in canonical ICD inductioagccompanied witlCLR andHMGB1 exposurgDuewell et
al., 2014). As we did not observe impairment in tumor cell viability under low PROTeduing
that would result in ICD induction, we report novel undetermined character ef ¢@aling in
the anticancer immune responaetivation. W& characterized RKBas downstream hub of UPR
activation, it isof high importance to note the recently proposaechanism involving RIG
signalingasanew paradignof innate immuity activation which can senstral infectionvia the
UPR. Briefly, this sensing is the result of high demand on protein synthesiuibgss/that hijacks
the host protein synthesis machinery to produce vast amount of structural viral pretsEssary
for its replication and spreading (J. A. Smith, 201Bhis proposed paradigm shares some
important features linking UPRith RIG-I and subsequent immune resporiksat resemble some

of the signaling pathway that we have described under low PROT diet condition.

In similar manner, additional data bridging vinafected tumor phenotype with increased CD8
cell antttumor response come from the study where tubeaing mice were infected with
replicationrcompetent vaccinia virus. Upon virus treatment, researchers have obsenede
systemactivation andantitumor cytotoxicity more widespread than tlaetual site ofnfection,
providing additional protection agattumorinvasion and metastagisl. Kim et al., 2018) Thus,
general adaptive immune response is likely to be involved in this viral-infected imalde long-
term protective ardiumor immunity. It would be of high interest to investgathether RIG

deficient cells would provoke such immune response upon similar treatment.

Recently RIGI activation has been shown to induce innate antitumor activity dependent on NK
cells. In nouse melanoma model, RiGstimulation induced secretion okteacellular vesicles
expressing on its surface NKp8and Bag6 that triggered NK cells activation and -&nthor
immune response resulting in inhibitiof tumor growth(DasslefPlenker et al., 2016). Bag6 is
known asa quality check point proteimvhich participatesn formation of complexes directing
ubiquitinated proteiatowards proteasomal degradation (ERAD). Intriguingly, Bag6 wagites

as part of a cluster of genes located within the MEElSs and strongly induced upon IFNy

treatment. Thust is possibletat in addition to its immunogenic activity, Bag6 could serve also
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as antigefrprocessing regulator (Anton & Yewdell, 201#)will be the matter of future studies to
decipher if the above described mechanisms are present and/ficangmnmpact on differences in

anticancer immune response between CTR and low PROT diet regimen.

3. ICD and tumor immunogenicity

The £cond open questiaarising fom our studies is how IRE1 signalifiacilitate anticancer
immune response (Fig. 18 marked “2?”). That link is netessarily intuitive because
IREVsXBPL1is usually(but not always) linked to cell survival, poor patient prognosis and late

stages of tumor development (Avril, Vauleon, & Chevet, 2017; Sakatani et al., 2017).

ImmunogenicER-resident lectidike chaperonecalreticulin (CRT) exposure occurs through a
phylogenetically conserved stress pathwapgending on the chemokine CXCL8 (knownlas3)
andPERK/elF2a activation. We have found no indication that PERK/eIF2a is activated under low
PROT diet regime. Therefore, the magnitude of ER stress within tumor is likely not sufficient to
promoteCRT exposureThe unaffected tumor growth under low PROT diet in CD8cell-
depleted immunocompetent mice and in an immunodeficient mouse model also points fo lack o
spontaneous cell death of tumor cells under low PROT diet feeding. Mitoxantrone (MTX}, one
the best studied ICInducer has been shown to facilitate8lsecretion in tumor celis vitro as

well as in mouse tumois vivo (Sukkurwala et al., 2014). It should be noted that IRE1 silencing
has beershown to strongly attenuate-B.gene expression and secretion by Logue et al., and in
addition IRE1 activatiorgenesignature correlates with higher-8 mRNA in tumor of breast
cancer patientd.ogue et al., 2018)Therefore, heimmunogenidy of cancer cells, facilitated by
CRT exposureandor IL-8 induction, could b&n some conditionst least partiallydependent on
IRE1 signaling. It has to be stated here that high expression level8ainidl its receptor CXCR2
havebeen associated with poor prognosis in several type of cancer (Piperi et al.Sabtigny

et al., D13) On the other handhat signalingvouldfacilitate tre antigeruptake byAPCs andhe
subsequent presentation of antigens to T lyoagteswhich in turn would promotan anticancer
immune responsgukkurwala et al., 2014l is notan isolated case wheéimemolecular athway

is being attributed with enhanced immune response, yet in retrospeatimet studieturns out to

be associated with poor disease outcome.
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The conflicting data oallowing aneffective immune response with ICD and cancer progression
between experimental animal models and clinical observation/trials are auednirea of debate
(Galluzzi, Buque, Kepp, Zitvogel, & Kroemer, 2017b; Hou, Greten, & Xia, 2017). It has been
correctly pointed out that some ICD inducers also significantly incneasmflammatory and
tumor growth promoting signaling molecules, such a%dlLIL-6 and TLRsignalingcascadesAs

such, instead of slowing cancer progression through immune response;inflapmmatory
environment accelerates cancer growth and shortens patient lifespan. Moreopkrsme that
have already evolved either high immune suppression mechanisms or low immunogenic
phenotypes can exhibit very high resistance to immunomodulatory therapies. Withdaintiasa
cancer immunity, or in case where physiological immunity is impaired;ih@dDcing therapies
could be unable to providdl the benefits expected by their actions. Nevertheless, it is an open
questionwhich percentage of cancer cases en@hatextent can benefit from immune targeted
therapies. Acumulating preclinical and clinical data support the notion thdbtigeterm disease
outcome is far more dependent on a@ncer immunological memory amimunosurveillance
(Emens et al., 2017; Galluzzi, Buque, Kepp, Zitvogel, & Kroemer, 2015; PapaioannoataBeni
Vitsos, Tsitsilonis, & Samara, 2016).

The puzzling paradox emerges from studies where b&R been reported fmwomote cancer
progression and froravidence implicatingJPRin induction of an effective antiancer immune
response which favours ICDhe patient survival prognosis is based on the cancer phenotype after
cancer detection. Once cancer is diagnoseds wery frequent that the onset of malignant
transformation had occurred months/years before detection, allowingauosils escape all
immune barriers elicited by the organism. Thus, UPR activation at this late stalgeonly make

an impact as a prsuvival, antiproteotoxic mechanism that would promote faster tumor growth
and cell death escape. Hence, we can predict/speculate what conditions have tmhegget t

an effective anttumor UPR-driven immune response:
-functionalimmune system
-basal immunogenicity of cancer cells

-basal TILs infiltration
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-specific UPR modulation, promotiram ICD-like phenotype

Unlessall of the above criteria ar@multaneously present, UPR modulaticend specificIRE1
inductionmight not be the optimal strategyreduce cancer progressidn fact, in that scenario,
they are likely to promote tumor progression due to thekspraival character and implication in
cytokine production. It would be helpful to look at the aboviega from the perspective of clinical
and experimental studies. In clinics, the first two of theéffanctional immune system” and “basal
immunogenicity of cancer cells” afeequently absentn fact, the tumor growth is dependent on
at least oneut ofthistwo components being dysfunction@ihe experimental setp making use

of tumor transplanted into syngeneic mouse model provides many investigationatspé&uoef
differs in some important aspects between the spontaneous cancer develgpmectas in
nature, factor that has to be acknowledged as one of the limitation of sucls.skHidigy, the
transplanted tumor consists of mature cancer cells that already undemeerdlignant and
malignant cancer evolution steps. That means that the t@oeptor organism “naive” mouse

in that case- have missed the first steps of cancer development and is colonized by final stage
cancer cells. The successful progression of this cancer has been determintednrerttiost and
implies that either the caar cells escaped immune recognition, or they efficiently paralyzed the
immune response against them. As they have been transplanted into new syngeneiereotie
Immune system is yet intact, the two scenarios that are not mutually exclusive Ilgréoliteke
place: 1 the cells are immunologically nafetectable and their presence do not induce the
activation of anticancer immunity, or 2initially the immune system is actively removing
malignant cells, but eventually immunoinhibitory signaling antidimor cell number prevail over
anticancer immunity and cancer cells continue proliferating. In the secondrggehe immune
system has chance to develop an effectiveaaricer response before the accumulating mass of
malignant cells and their immaoinhibitory signaling paralyze the am@ncer response. This is not
what we could expect to find in the clinical settings, whereaaicer immunity has already been
compromised in a stelpy-step process during malignant transformation over years. fohereve
have to point out that the abeweentioned experimental model constitutes an important

translational limitation of our findings.
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In that line, mportant clinical observation is the correlation of SXBP1 tumor expression é@mpati
prognosis. In tumor biopsies of patiemigh TNBC a specific XBP1 genexpression signature
wasstrongly associated with poor prognosis, progression and metastatic eventet(@he2014;

H. Li et al., 2015). The poor prognosis for patients with breast cancer is streagtyadaed with
cancer immune evasion, linked to the loss of MHé&xpression. Indeed, expression levels of
human leukocyte antigen class | molecules are signifig downregulatedt transcriptionalevel

in breast cancdiu et al., 2012; Seliger, Maeurer, & Ferrone, 2000). As the loss of Vik@e
mechanism recognized as major contributor for tumor immune escape, and core pa-6f MH
complex assembling machinery lays within ERs ibf high relevance to investigate whether ER
perturbation could result in hampered M#i@xpression, and if so, that modulation would
eventually shape TIL functionality and numbers. This will be further discussed.bel

Similarly, in colorectal cancer the infiltration of immune cells within the TME is an important
factor of clinical tumor responsiveness to immunotherapy, and varies acrostotieetal cancer
stages in humans, observing high CD&sells in stages I, Il and Il @depletion of CD8T cells

in stage IV. On the contrary, Tregs are depleted in stages | and Il addeenin the last stages,
pointing out the importance of adjusting therapeutic interventions according horthme system
statuswithin the TME (Angelova et al., 2015).

Another interesting observation the epigenetic regulation of basal IRE1 expression levels
mediated byEnharter of ZesteHomolog 2(EZH2) levels (Bujisic et al., 2017)In this article
authors compared two main families Diffuse Large Bcell Lymphoma (DLBCL) Germinal
Center Bcell-like (GCB) andActivated Bcell-like (ABC). They have noticed that IREXBP1
branch is downregulated in most of th€E&DLBCL, and sXBP1 genetic induction specifically

in this DLBCL subtype decreased tumor growth in an immunodeficient mouse xenograft model.
They tested the hypothesis of EZH2tlasmain epigenetic regulator of IREEkpressiorusing a
chemical inhibitorof EZH2 activity, GSK343GSK343modified the methylation status of IRE1
promoter, induced its transcription and restored the IRE1 protein levels. Even thoughdhe tum
suppressive effects of IRE1 overexpression have been attributed to the modulaX&Paf the
researchers also acknowledged the possibility that other functions of IRE1, su@Daxéuld

participate in the observed effect. Additionally, it is known that IRE1 expressipositively
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regulated by other branches of UPR, raising the pidigsif modulation in basal IRE1 levels after
genetic overexpression of sXBP1 (Blazanin et al., 2017; Tsuru, Imai, Saito, & Kohno, 2016).

Many of the promising immunomodulatory therapies fail becaudeatgative effect on immune
system itself. For instance, histone deacetylase inhibitors (HDACI) theapgg in principle
provide benefits by triggeringn antitumor response. This would be through induction of
immunogenic phenotypes of tumor cells via canonical-t€latedHMGB1 release as shown in
B16 mouse melanoma (Booth, Roberts, Poklepovic, Kirkwood, & Dent, 2017). Unfortunately,
HDACI can also positively modulate immune check panfibitor molecules like PEL ligands,
which hampers the antancer immune response (Booth et al., 2017; TerraBaviaerio et al.,
2017; Woods et al., 2015). In that context, the combination of HDACi with immune checkpoint
inhibitorshas been found to result in a survieatension However, some promising HDAGke
HDAC1/2 inhibitor can elicit strong toxicity towards immune cells, especiallytayio T cells,
which could greatly impair the artancer response and beneficial outcolfesB. Jones edl.,
2014).The interesting similarities emerge between low PROT diet regimen and HDAC inhibitor
therapy, which could result in PDL upregulation and antiancer immune response. However,
low PROT diet {25% reduction) used in our studies did not lead to any negative effects on the

immune system components, while HDAC inhibitors have shown to have risks.
Phosphorylation of RetinoblastomaProtein

Retinoblastoma (RB) is a tumor suppressor protein most known as inhibitor of dellbgyc
negative regulation of E2F family of proteins. RB phosphorylative inactivation oriorutkiring

tumor progressiomot only stimulates proliferation by promotinige cellularG1-S transition
through derepression of E2F transcription factofsut it also impactson a variety ofother
malignantevents. For instance, RB has been found to modulate multiple cytokines and chemokines
as well as cancer stem ceilarkers(Kitajima et al., 2017)Upon RB genetic invalidation ifme
p53-nullbreast cancer cell line MCGF, the transcriptional levels of IL6, CXCL1/2/3/5 have been
drastically increased, followed by increase in stem cell markers. Iiajdihemokines such as
CCL2 and CCL5 were markedly upregulated. On the other hand, genes involved in lipid
biosynthesis and glutamine to glutamate conversion were downregulated @R} as well

as PGAM1. PGAML1 is one of the first enzyme of the glycolytic pathwayse/ldownregulation

117



can disrupt the glycolytic flux and affettte ocidative branch of the pentose phosphate pathway
and the serine biosynthesis pathw@paneton & Gottlieb, 2012Dncogene KRAS was another
target downregulated upon RB inactivation. MiH&ssembling machinery was also upregulated
(TAPBP, TAP1, HLAA/J/G and most importantly ERAP1), pointing out the possible role of RB
in immune detection and response. This idea reflects a hypothesis that halsdasnproposed

in some of the researches indicating the role of pRB in inteHmafulated pathways and MHC-

Il regulation (Kitajima & Takahashi, 2017; X. Zhu, Pattenden, & Bremner, 1999). Of note,
expression of XBP1 and its target EDEM1 was attenuated under inactivation of R8stewgyg
that this tumor suppressor may lyestream of their regulation, which would be consistent with

previous reported studies (Brewer, Hendershot, Sherr, & Diehl, 1999).

In our model of low PRD dietinduced tumor growth reduction we surprisingly observed
increased phosphorylation of RB as compared to tumors dissected from mice under cdntrol die
(Preliminary results Fig.5). That would imply that celiciey ratesand proliferation could be
increased in conditions of low PROT diet. Nevertheless, overall tumor growth wasssgg in

those conditions, in contrast to the experiment performed in immunodeficient mouse model, the
case that was already discussed in chapter “IRE1 and cell sectetdnie reasonable to
hypothesizehat even though cancer cells received grewvtimoting signals by phosphorylation

of RB, the immune system negated this effect. Would it mean that by promoting theiRig a

we could expect even higher tumor growth suppression under low PROT diet regimen? Unless
experimentally tested, we can neither answer, nor rule out this question, but isiblplahat
inactivation of RB by phosphorylation could be necessary to induce, at leastypatiaffective
Immune response via regulating the immunogenicity of cancerlitetight be possible that tumor

cells in contrast to healthy cells metabolically fail to adapt toR&@T dietTME conditions. This

could lead as explained by the differential stress sensitization (Dfe&pmenon to tumor cell
proliferation even without necessary nutrients, which might render malignasifpcefie to un
controlled death. In addition, RB is implicated in [FNy-driven MHC class |l regulation and 4&
production (upon RB phosphorylation), whimight actually promote immune activati@ung et

al., 2012; Kitajima et al., 2017; X. Zhu et al., 1998jerestingly, NKG2D ligands such BAE-

1 (discussed below) could be also regulated through E2F transcription factodywestream
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targets of RB(Jung et al., 2012)As such, pRBdriven E2F activity could lead to expression of

immunogenic NKG2D ligands and alert immune system to eliminate malignant cells.
MHCI and MHCI -like family of proteins

As it is shown inpreliminary results FigdA, MHC class I(MHC-I) surfaceexpression is
significantlyinducedin tumor cells isolated from mice bearing CT@#orectal carcinoma (CRC)
cells under lowPROT feedingMHC-I moleculesare present on almost all nucleated cells in
mammals andlisplay oligopeptides on the caurfacewhich are recognised by CD§ cell
receptors, enaiolg T cell activation in the presence of secondary signals that results in T cell

immunosurveillancandcytotoxicity.

Importantly this lowPROT diet induced MH@E expression was dependentI®EL (Preliminary
results FiglA). As cancer cells isolated from tumuoearing mice under IoRROT diet exhibited
significant increase in MHon their cell sulace Preliminary results Fig.4Ait would be of high
interest to investigate if this phenotype is contributing to higher immune resplose®ed in that
group.In addition, we have found elevated mRNA levels of key MHESsembling machinery
proteins such asTAP1 and TRIM69 (Preliminary resultsFig. 4C). On the other hand, this
upregulation could be the direct consequence of IFNy signaling, which is a known potent induced

of MHC-I expression.

Intriguingly, ER stress has controversial role in MH@rocessing and exposurER stress
induction has been linked bmthdecreaséde Almeida, Fleming, Azevedo, CarrFRonseca, & de
Sousa, 2007; Granados et al., 2009; Ulianich et al., 2@htl) increase in MHC expression
(Gameiro et al.2014; Malamas, Gameiro, Knudson, & Hodge, 20lk6purin vitro experiments
general induction of ER stress bgatment witha chemical blocker oN-linked glycosylation
(Tunicamycin)indeed led to massive downregulation in MHH€urface expression on CT26 cells
(Preliminary resultsFig. 1D). However, specific IRE1 induction by palm#acid treatment
resulted in timedependent increase in MHICexpression Rreliminary resultsFig. 1A-D).
However, those experiments have to be reproduced in#Rpiessed cells in order to test whether
this induction is being dependent on its signaling or is it an effect of anothernisecha
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The other interesting modulation found on tumoral cells under low PROT diet regimen is th
modulation of PBL1. PD-L1 expression ohepatocellular carcinoma (HC@)potently induced

by IFN-vy release from tumor-infiltrating T cellsin vivoand is not observed in cell culture conditions
(ConchaBenavente et al., 2016; Sanmamed & Chen, 20EA)y is mainly released by T cells

upon antigen recognition afidcell activationand serves prolonged T-cell cytotoxic response and
amplification Thus, induction oPD-L1 by IFN-y represents an immuneself-limiting activation
mechanism, name@daptiveimmuneresistance{Dosset et al., 2018).

The crucial importance of RD1/PD1 axis in inducing longerm tumor rejection has been recently
shown in scientific works investigating immunostimulatory chemotherapies in catabpirwith
antrPD1 treatment. The researchers haweestigatedthe effect of SFluorouracil (5FU),
Oxaliplatin (Ox)andMitomycin C (MitoC) as single agents and the combinationBtswith Ox,
named Folfox, and-5U plus MitoC. Whereas Ox is known as an inducer of IGBUSvas shown

to deplete myeloidierived supressor cells (MDSCs), and MitoC is a-I2Ib chemotherapeutic.

The double treatments, Folfox and-8/MitoC groups resulted in slight tumor growth retardation

in CT26BALBc mice, and no tumor rejection was observed in all groups. Only under the
combination of Folfox with artiPD1 treatment the investigators observed massive effect on mouse
survival as 92% of the mice were alive at day 17 after begirthangeatment compared to 56%

in Folfox alone and 0% in control group. In addition, 62% of mice underwent complete tumor
regression and sustained letegm immunoprotection specific towards CT26 cancer aelthe
combined therapy with Folfox and aD1 More importantly, MitoC provided nodditional
effect combined with anf?D1 treatment, indicating immune modulation and ICD as central events
in tumor suppression and rejection. Mechanistically, Folfox treatment induc&i TLzell
intratumoral infiltration, increased numbers of fpositive CD8 T cells and promoted IFN
release in response to immunogenic peptide binding. On the other hand, this combinedttreatme
also upregulated translational and surface expression of immune inhibitoryorecékeé PD1

and Tim3, making T cells suscéple to exhaustion, which was indeed observed as'Thglls
progressively lost their antitumor activity vivo when not combined with arBD1 therapy. At

the same time, in response to T -@idtived IFN tumor cells upregulated its PL expression,

that further facilitated immune suppression. In accord with this result, we haveatbsignificant

increase in PEL1 expression on isolated tumor cells from mice under low PROT diet regimen
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(Preliminary result&ig. 4A). Even though this modulation of AL1 did not hampered low PROT
induced immune response, it could be interesting to test whether the combinatiorRi3-afti

therapy would result in additional beneficial response when combined with low PROT di

Thus, IFNy-driven induction of a variety of immunoinhibitory ligands on tumor cells renders
resistance towards immunomodulatory therapies (Benci et al., 2016). It would festinteto
examine whethespedfic UPR activation, centred on IRE1, would somehow abrogate this
immuneinhibitory potential of cancer cells, by for instance, modaoihabf the cell secretome and

sufaceexpression of immune checkpoint ligands.

The tumor was called “wound that neverlhda the case of a real wound, immune cells can vastly
infiltrate it and their growth can be promoted by growth factors resulting enefibial effect.
However, this inflammatory process is detrimental in the context of canceurAsharized in
numerous studies, many cytokines have dual roles in tumor progression. The sdeukimigan
promote or inhibit tumor growth, depending on the context. For exan@#e producedy tumor
cells and surrounding stromal celfagcilitates cancemvasion and mestasesbut in the earlier
phases of tumor development it acts as a tusumpressor, inhibitingell growth, induing
apoptosisandattenuatinggrowth signals such athe proteoncogeic c-Myc (S. Lee & Margolin,
2011).

Similarly, cellsproducing those cytokines seem to reflect the same properties, namelygsungpre
or accelerating tumor growth depending on the context. HgAcCE cells that are an important
component of TILs in patients bearing different types of cagmeesess potert antitumor activity
mediated by production of proinflammatory cytokines, direct cytotoxic activity armlosstalk with
other immune populations residing within TME. The importance of yd T cellshas been highlighted
by analysis of ~18,000 transcriptomes from 39 human tumors, wherer-infiltrating y6 T cells
presencevas identified as the most sigiént favorable prognostinarker(Lo Presti et al., 2018)
Here again, cytokine H17 seems to have dualistic role in tumor progressiony&ficells have
been identified as main contributors of this cytokine in TMELTLpromote TCR recognition and
cytotoxic T cell response, but at the same timas found tacceleratéumor vascularization and
growth in immunodeficient mic€S. Lee & Margolin, 2011)0f note, tumor cell recognition by

T cellsis based on the natural killer receptors such as NKG2D and NKp30, which points out the
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importance of surface expression of their ligands on cancer(Celiscia, Lopes, & Silvé&antos,
2013).The crosgalk between immune cell populations and their cytokine secretion is a critical
aspect in tumor development and shapes effectivecantier responses. Nevertheless, in our
model the central event and one of the early steps driving immune response is activation of
IRE1/RIG| axis in tumor cells. Thus, in the following studies the differential phenotypenoéca

cells and their secretome between IRE1/RIGnctional and deficientells have to be addressed

in order to determine novel molecular effectors playing a role in low P&&Tinduced arti

cancer immune response.
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