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Titre
Les effets anti-tumoraux d'un régime pauvre en protéines et de la signalisation IREla
Résumé

Les interventions nutritionnelles sont étudiées dans le contexte des maladies non
transmissibles telles que le cancer. Les régimes alimentaires tels que la restriction calorique,
le jetine, les régimes cétogenes et restreints en protéines ont montré leur capacité a limiter la
progression tumorale. Ainsi, récemment nous avons décrit l'effet protecteur d'un régime
isocalorique partiellement réduit en protéines dans plusieurs modeles de souris cancéreuses.
Nous avons ainsi établi que ces régimes appauvris en protéine limitaient la croissance
tumorale via I’induction d’une immunosurveillance anticancéreuse dépendante de I’activation
de la protéine IRE1a.

Inositol-requiring enzyme 1la (IREla) est le senseur du stress du ER (réticulum
endoplasmique) le plus conservé au cours de I'évolution. Il est induit en réponse a un stress dit
UPR (Unfolded Protein Response). L'UPR est activé par l'accumulation de protéines mal
repliées dans le RE, les perturbations lipidiques de la membrane du RE, I'hypoxie et la
privation de nutriments. IREla active des cibles en aval via son activité endoribonucléase
notamment. Ainsi, IREla, via son activit¢ endoribonucléase, conduit principalement a
I'épissage de XBP1 et la dégradation concomitante de certains ARNs par un processus connu
sous le nom de Regulated IRE1-Dependent Decay (RIDD). Alors que 1'épissage XBP1 permet
de préserver I'homéostasie cellulaire, I'induction massive de RIDD conduit & 1'apoptose en
réponse a un stress chronique du RE.

La signalisation IREla a été décrite comme jouant un role dual dans les cancers. Alors que
l'axe IRElo-XBP1 promeut la progression tumorale dans plusieurs tumeurs solides et
liquides, la branche IRE1a-RIDD a été suggérée comme suppresseur de tumeur dans le
glioblastome. Etant donné que nos découvertes précédentes ont montré que IREla est
impliqué dans les effets protecteurs d'un régime pauvre en protéines contre les tumeurs, nous
avons étudié I'effet de I'expression exogéne de IREla dans des cellules tumorales implantées
chez des souris immunocompétentes.

Nous avons constaté qu’une activation compléte de 1’activité ARNase d’IREla limitait la
croissance tumorale de modeles de cancers colorectaux et pulmonaires. Les tumeurs
présentaient une activité plus élevée IREla ce qui se traduisait par une activation des voies
IRE10-XBP1 et IRE1a-RIDD, une immunosurveillance anticancéreuse plus élevée et des
cellules tumorales en apoptose. En conclusion, nos résultats indiquent qu’une activation
complete de I’activité RNAse d’IRE1a peut jouer un réle suppresseur de tumeur.

Mots clés
Cancer, régime alimentaire, stress du ER stress, réponse immunitaire anti-cancer, IREla,
apoptose






Title
The anti-tumoral effects of a low protein diet and of the IRE1a signaling
Summary

Nutritional interventions are investigated in the context of non-communicable diseases such
as cancer. Dietary regimens such as caloric restriction, fasting, ketogenic and protein-
restricted diets have shown benefits to control tumor progression. Indeed, we have previously
reported the protective effect of an isocaloric diet partially reduced in protein in several
cancer mouse models. Beyond a stronger anticancer immunosurveillance dependent on
cytotoxic T cells, the low protein diet limited tumor growth in an IRE1a-dependent manner.

Inositol-requiring enzyme la (IREla) is the most evolutionally conserved ER (endoplasmic
reticulum) stress sensor induced as part of the Unfolded Protein Response (UPR). The UPR is
activated by accumulation of misfolded proteins in the ER, lipidic disturbances in the ER
membrane, hypoxia and nutrient deprivation. IREla activates downstream targets via its
endoribonuclease activity resulting in XBP1 splicing as well as degradation of RNAs by a
process known as the Regulated IRE1-Dependent Decay (RIDD). While XBP1 splicing
recovers cellular homeostasis, massive RIDD induction leads to apoptosis under chronic ER
stress.

The IRE1a signaling has been described to play dual roles in most hallmarks of cancer. While
the IRE1a-XBP1 axis in tumor cells supports tumor progression in several solid and liquid
oncogenic malignancies, the IRE1a-RIDD branch has been suggested as tumor-suppressive in
glioblastoma. Since our previous findings showed that IREla is implicated in the tumor-
protective effects of a low protein diet, we investigated the effect of the exogenous expression
of IREla in tumor cells implanted in immunocompetent mice.

We found that overexpression of IREla and self-induction of its full RNAse activity was
detrimental for subcutaneous tumor growth of colorectal and Lewis lung carcinomas. Tumors
with higher IREla activity were characterized by active IREla-XBP1 and IRE1a-RIDD
branches, a higher anticancer immunosurveillance and tumor cells undergoing apoptosis. The
enhanced anti-cancer immune response elicits upon IREla overexpression was mainly
dependent on T cell-mediated-cytotoxicity. In conclusion, our findings support the notion that
IRE1a with a full RNAse activity can have tumor-suppressive roles.

Keywords
Cancer, diet, ER stress, anti-cancer immune response, IRE1a, apoptosis
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INTRODUCTION

Cancer is a complex pathological condition characterized by highly proliferating and
abnormal cells that become malignant upon acquisition of certain properties (Hanahan, 2022).
Malignant transformation relies on the intrinsic cell capacity to deliberately growth
independent of extrinsic signals. In addition, oncogenic transformed cells alter the
surrounding heathy stromal tissue to make it tumor-friendly and integral part of the
established tumor mass. Oncogenic diseases are really heterogenous depending on inherited
and acquired mutations, the cell type undergoing neoplastic outgrowth, the tissue, the organ,
and therefore, the nature of the tumor microenvironment (TME). Therefore, cancer hallmarks
have been defined to cluster complex and common tumoral processes irrespective of the type
of cancer for better understanding of this multistep disorder (Hanahan and Weinberg, 2011),

(Hanahan, 2022).
Hallmarks of cancer

The pathological evolution of neoplastic cellular masses broadly includes tumorigenesis,
tumor expansion and metastatic dissemination (Hanahan and Weinberg, 2011). In 2000, six
hallmarks of cancer were described such as sustained proliferative signaling, evasion of
growth suppressors, resistance to cell death, replicative immortality, facilitation of
angiogenesis and acquisition of abilities for invasion and metastasis. In 2011, two new tumor
properties were recognized as hallmarks of cancer including aberrant energy metabolism and
the capability to avoid tumor cell clearance by the immune system (Figure 1). Emerging
cancer properties that endow neoplastic tissues to acquire oncogenic potential have also been
described such genomic instability and mutations as well as tumor-promoting inflammation
(Hanahan and Weinberg, 2011), (Hanahan, 2022). More recently, aberrant protein
glycosylation in tumor cells has been reported to contribute to most of the oncogenic
hallmarks (Pinho and Reis, 2015). Interestingly, the gut microflora and likely the intra-
tumoral microbiome have been also added to the list of cancer enabling characteristics

(Hanahan, 2022).

Establishment of malignant neoplastic lesions relies on the capacity to halt apoptotic signaling
pathways that are induced along the transit of a primary tissue mass from premalignant to
transformed and immortalized (Hanahan and Weinberg, 2011) (Figure 1). Tumor suppressors
such as retinoblastoma (Rb) and p53 are in charge of enabling cell cycle progression when
cellular resources and conditions are enough and favorable for cell replication and division.
Therefore, loss of these genes as well as alterations in members of their signaling endow cells
with the capacity to proliferate and survive irrespective of extracellular availability of

nutrients, oxygen and growth factors as well as intrinsic genetic damage. Through



mechanisms that avoid replicative senescence such as upregulation of telomerase,
transformed cells become immortalized warranting malignancy (Hanahan and Weinberg,

2011).

Altered bioenergetic metabolism based on high consumption of glucose for production of
lactic acid by aerobic glycolysis in tumor cells was first described by Otto Warburg along the
second decade of 1900 (Koppenol et al., 2011) (Figure 1). The Warburg effect opened the
understanding of how uncontrolled cellular proliferation is supported by a less energetically
efficient but more rapid metabolic pathway. Up to date, the Warburg effect is known to
support not only bioenergetics in tumor cells but biosynthesis for rapid cell proliferation since
glucose is catabolized via glycolysis to render intermediates for synthesis of nucleotides,
amino acids and lipids. Despite the original postulate of Warburg, not all tumor cells rely
exclusively on glucose for oncogenic growth during their multistep evolution from malignant
establishment of the primary tumor mass to its metastatic spread. Beyond the Warburg effect,
critical roles of certain amino acids such as glutamine is an intense area of research

(Koppenol et al., 2011), (Hanahan and Weinberg, 2011).
Cancer risk factors

Cancer as a non-transmissible disease was estimated by the World Health Organization in
2015 to be the first or the second cause of death in individuals below 70 years old in a vast
number of countries including most of America, Europe, Asia and Oceania (Bray et al.,
2018). The International Agency for Research on Cancer (IARC) reported in 2020 making
use of databases of 185 countries and 36 types of cancers that breast, lung and colorectal
cancers are the three top most newly diagnosed oncogenic diseases ranking in the top five

cancers with the highest leading cause of death in both genders (Sung et al., 2021) (Figure 1).

The high prevalence of certain types of cancer reflects mainly the exposition to avoidable risk
factors and in minor proportion a genetic inherited predisposition (Bray et al., 2018) (Figure
1). Individuals with genomes susceptible to cancer development are carriers of heterozygotic
mutations in oncogenes or tumor suppressors. Loss of this heterozygosis in some cells by a
second acquired mutation triggers persistent cell growth. As compared to the minor
contribution of heritable oncogenic mutations, acquired somatic mutations due environmental
and physiological factors increase the probability of tumorigenesis with aging. In Western
countries, smoking, overweight mainly abdominal, poor physical activity, alcohol abuse,
reproductive lifestyle and dietary habits are commonly described as modifiable factors that
increase incidence of several types of cancers and their early onset. Other risk factors include

radiation, pollution and viral infections (Hanahan and Weinberg, 2011), (Bray et al., 2018).
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Colorectal carcinoma (CRC) is a good example of oncogenic diseases whose frequency
rapidly increases in migrating populations (Keum and Giovannucci, 2019). Individuals
coming from geographical areas with low CRC incidence have shown an increased CRC risk
when migrate to countries with westernized dietary habits and high CRC rates. Western
dietary patterns are characterized by high consumption of red and processed meat, low intake

of fibers as well as consumption of refined sugars (Keum and Giovannucci, 2019).
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Figure 1. Cancer risk factors, hallmarks and global incidence and mortality in 2020

Global incidence and mortality are according to estimates from GLOBOCAN 2020 produced by the International
Agency for Research on Cancer (IARC) in 2020. 19.3 million new diagnosed cancer cases and near 10 million of
new cancer death were reported in 2020 based on worldwide data of 36 types of cancer from 185 countries

including both sexes and all groups of age with no distinction of cancer stages (Sung et al., 2021).
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Due to the high association between dietary patterns as environmental and modifiable risk
factors and carcinogenesis, human nutrition is nowadays and from two or three decades ago
an intense research area in the field of non-communicable diseases (Mozaffarian et al., 2018).
Studies of human nutrition as a modern science date from almost a century ago (Mozaffarian
et al., 2018) even though since the ancient Greeks and Romans, the benefits of a controlled
food intake in terms of quantity were described for healthiness and longevity (Tajan and
Vousden, 2020). Therefore, the following chapters are a compendium of scientific research
illustrating the links among cancer, nutrition and the anti-cancer immune response. At the
molecular level, cellular sensor pathways responsive to the nutritional status are detailed in

the context of oncogenic disorders.

I. Diet, metabolism and cancer

Modern scientific studies in nutrition and their impact on human health started from
individual nutrient characterization (Mozaffarian et al., 2018). Indeed, the first identified
vitamin, thiamine was isolated in 1926 and around 1950, all vitamins were characterized and
associated with multiple deficiency diseases. Between 1950 and 1990, total calories and
macronutrients (fat, carbohydrate, and protein) were recognized as nutritional parameters
implicated in general wellbeing status and associated with cardiovascular and metabolic
diseases. From 1990, more sophisticated epidemiological studies brought the notion that
nutritional regimens beyond consumption of single nutrients are associated with non-
communicable diseases. This scientific new vision of the modern nutrition opened the door to
research focused on the physiological effects of specific dietary regimens (Mozaffarian et al.,

2018).

The first description of the Mediterranean dietary regimen was made by a nutritionist in 1945
who noted a high number of elderly and low prevalence of metabolic-related disorders in the
Mediterranean population as compared to that from the United States consuming an Anglo-
Saxon diet (Soldati et al., 2018). Indeed, consumption of the Mediterranean diet has been
negatively associated with risks of cancer development and related mortality (Soldati et al.,
2018). Based on the association between nutritional regimens and diseases, malnutrition is
currently considered as a physiological condition driven by a poor nutritional quality and a
risk factor for cardiovascular and metabolic disorders including cancer (Mozaffarian et al.,

2018).

Studies on human nutrition are extremely controversial due to the lack of standardized healthy
diets and restrictive dietary regimens in terms of macronutrient and micronutrient
composition, macronutrient caloric input, nutrient sources and temporal feeding patterns

(Lévesque et al., 2019). In parallel, the lack of guidelines to report physiological parameters
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complicates the comparison among nutritional regimens and the interpretation of their impact
on specific human pathologies. Despite these limitations, half of all cancer patients modify
their diets as an attempt to prolong survival (Tajan and Vousden, 2020). Therefore, current
scientific efforts in the cancer research field are focused on unraveling the metabolic
pathways and molecular mechanisms elicited by protective custom dietary regimens in pre-
clinical cancer models to benefit from them in clinical therapeutic settings (Lévesque et al.,

2019), (Tajan and Vousden, 2020), (Kanarek et al., 2020).

This chapter intends to illustrate the wide spectrum of dietary interventions resulting in
positive anti-cancer outcomes in a repertory of pre-clinical and clinical studies. Major
oncometabolic and nutrient-sensing pathways will be also described as the molecular basis

underlying cancer cell response to nutritional conditions.

I.1  Dietary interventions as anti-cancer therapies

The rational of nutritional interventions to attack cancer progression is a dual paradigm
explained by the intrinsic metabolic requirements of malignant tissues and a sub-optimal anti-
tumoral immunosurveillance due to malignant and amplifying immunosuppressive signals as
well as nutrient competition within the tumor mass (Tajan and Vousden, 2020). Tumor cells
are nutrient devouring and highly consumers not only of glucose but amino acids such as
glutamine and serine as well as lipids to support their anabolic metabolism. This notion in
parallel with more recent specific metabolic vulnerabilities of tumors are the bases of cancer
research focused on anti-cancer dietary interventions including caloric restriction (reduction
in calories), ketogenic (high fat and low carbohydrate content) and protein-restricted diets as
well as fasting nutritional regimens alone or in combination with standard chemotherapies

(Lévesque et al., 2019), (Tajan and Vousden, 2020) (Figure 2).

Anti-cancer interventions have also shown to boost the anti-cancer immune response (Buono
and Longo, 2018), (Rubio-Patifio et al., 2018b), (Orillion et al., 2018) (Vernieri et al., 2022).
As part of the anti-cancer immunosurveillance, cytotoxic T lymphocytes (CTLs) are major
drivers of potent adaptive anti-cancer responses (Raskov et al., 2021). T cell priming and
activation is a process dependent on antigen-presenting cells (APCs) loaded with tumor-
associated antigens (TAAs) and releasing activating cytokines. Therefore, effective anti-
cancer immune responses driven by CTLs also rely on the crosstalk between APCs and CD4"
helper T cells (Borst et al., 2018). Homeostatic and pathological regulatory mechanisms
decreasing the intensity of the immune response are also potentiated in cancer leading to
immunosuppressive phenotypes in the TME and tumor progression (van der Leun et al.,
2020), (Pathria et al., 2019), (Pawelec et al., 2019). In addition, cytotoxic NK cells as part of

the innate immunity display an anti-cancer potential (Guillerey et al., 2016).
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L1.1 Caloric restriction and low carbohydrate diets

Caloric restriction (CR) diets with not more than 30% calorie reduction were one of first
regimens to be investigated in the cancer field due to their positive impact on metabolic
disorders such as obesity, diabetes mellitus and cardiovascular diseases (O’Flanagan et al.,
2017). CR has also been reported to reduce cancer incidence in rodents (Lv et al., 2014) and
non-human primates (Mattison et al., 2017). Some of mechanisms elicited by CR diets
include reduction of glycemia, insulin levels and systemic attenuation of the signaling
cascades induced by insulin-like growth factor (IGF-1) (Kanarek et al., 2020) (Figure 2).
IGF-1 activates molecular pathways such as MAPK and PI3K-Akt-mTOR involved in cell
proliferation as well as accelerated glycolytic and anabolic metabolism. Indeed, a catabolic
metabolism by fatty acid oxidation and induction of apoptosis depending on activation of
AMPK pathway have been reported under CR regimens (O’Flanagan et al., 2017), (Kanarek
et al., 2020).

CR has also been involved in autophagy induction, cellular process with dual roles in cancer
progression (Tajan and Vousden, 2020). CR has shown to reduce the expression of
transcription factors involved in synthesis of inflammatory factors in cancer cells (O’Flanagan
et al,, 2017). Despite the impact that CR might have in these signaling cascades, some
malignant cells can display resistance to this dietary intervention due to aberrant mutations in
tumor suppressors such as p53 and phosphatase and tensin homolog (PTEN) as well as in
oncogenes such as c-Myc, IGF-1 receptor and downstream effectors (Buono and Longo,
2018). CR restriction based on reduction of dietary carbohydrate content is not only beneficial
by reducing glucose but fructose (Kanarek et al., 2020). Apart from glucose feeding
devouring tumor cells, fructose has been shown to induce glycolysis in gastrointestinal tumor
cells, lipogenesis and to enhance tumor growth. Indeed, consumption of fructose has been
reported to induce the appearance of colorectal carcinoma in genetically modified mice. On
the contrary, rather than deprivation, supplementation of mannose has shown to limit tumor
growth in mouse xenografts. This is explained by mannose interfering with glucose
metabolism due to the usage of the same enzymes while not generating cellular energy

(Kanarek et al., 2020).

The anti-tumor effects of CR regimens do not count as anti-cancer therapies unless combined
with standard chemotherapeutic treatments (O’Flanagan et al., 2017), (Lévesque et al., 2019)
(refer to Table 1 for clinical trials of dietary interventions in cancer). Indeed, caloric
restriction in a 25% as well as CR mimetics such as 2-deoxyglucose sensitized lymphoma-
bearing mice to a pro-apoptotic treatment (Meynet et al., 2013). However, even under
chemotherapy, persistent CR diets might be detrimental rather than beneficial in cancer

patients who have lost body weight and undergo cachexia, sarcopenia and immunodeficiency
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following chemotherapy. As an alternative to sustained CR, intermittent CR regimens based
on short-term fasting periods have been studied resulting in better outcomes in mouse models
of solid cancers when combined with chemotherapeutics (O’Flanagan et al., 2017), (Kanarek

etal., 2020).

FFasting
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Figure 2. Effects of nutritional caloric restriction, ketogenic diets and fasting regimens
Physiological and metabolic effects of nutritional interventions. Sensibilization of tumor cells and resistance of
healthy cells to chemotherapy under nutritional caloric restriction by fasting. CR, caloric restriction; low CHO,
low carbohydrate diet; KD, ketogenic diet; FMD, fasting mimicking diet; DSS, differential stress sensibilization;
DSR, differential stress resistance; PTEN, phosphatase and tensin homolog; Treg cells, regulatory T cells; IGF-1;
insulin-like growth factor; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol-3-kinase; Akt
protein kinase B; mTOR, mammalian target of rapamycin; AMPK, AMP-activated protein kinase.

Alternatives to persistent and intermittent CR diets include the use of CR mimetics which are
pharmacological compounds targeting some of the pathways modulated by CR diets (Lee et
al., 2021). Rapamycin, the known inhibitor of mTOR, a common signaling pathway
hyperactivated in tumors has shown anti-cancer outcomes in mouse models of solid cancers.
Likewise, the anti-diabetic metformin has shown to limit tumor growth in several solid and
liquid cancers as well as in combination with anti-cancer therapies in clinical trials.
Resveratrol, a fruit polyphenol and sirtuin activator showed anti-tumoral effects in several

cancer mouse models but the opposite in combination with a chemotherapeutic for breast
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cancer. Hydroxycitrate, a weight-loss compound has shown anti-tumoral effects in

combination with some chemotherapeutics (O’Flanagan et al., 2017).

Alternatives to caloric restriction by reduction in the content of dietary macronutrients
without changes in total calories, isocaloric diets, have proved to have anti-cancer effects in
combination with pro-apoptotic treatments (Rubio-Patifio et al., 2016) (Figure 2). An
isocaloric nutritional regimen reduced 25% in carbohydrates has shown to promote apoptosis
by decreasing the expression of the anti-apoptotic factor Mcl-1 in Eu-Myc lymphoma-bearing
mice. The low carbohydrate diet (low CHO) diet activated the AMPK pathway resulting in
inhibition of mTOR, attenuation of protein translation and lower expression levels of Mcl-1 in
malignant lymph nodes. Mice bearing lymphoma tumors showed prolonged survival when
treated with a pro-apoptotic chemotherapeutic under low CHO diet. Therefore, the low CHO
diet sensitized lymphoma-bearing mice to chemotherapeutics by targeting tumor intrinsic
anti-apoptotic mechanisms involved in anti-cancer therapy resistance (Rubio-Patifio et al.,
2016). Other alternatives to caloric restriction diets include isocaloric ketogenic diets that are
low in carbohydrates but high in fat content that might be safer to implement in advanced

cancer patients with impaired physical conditions (Kanarek et al., 2020).

L1.2 Ketogenic diets

Ketogenic diets (KDs) are other regimens mimicking some of the physiological and systemic
effects of CR regimens. This dietary intervention is based on extremely low carbohydrate,
low protein and high fat content to potentiate the synthesis of ketogenic bodies (acetoacetate,
acetone and D-f-hydroxybutyrate) by hepatic fatty acid B-oxidation (Weber et al., 2020)
(Figure 2). The use of KG diets as an anti-cancer intervention was stimulated by the
hypothesis based on the Warburg effect that tumors relying on a glycolytic metabolism might
be more inflexible to generate energy from alternative carbon sources such as lipids and
ketogenic bodies (Weber et al., 2020), (Tajan and Vousden, 2020). Nowadays, it is
recognized that some tumor cells can metabolize ketone bodies. The anti-cancer impact of
KDs can indeed be associated with the general improvement of life quality since ketogenic
bodies are metabolic and signaling modulators of inflammation and oxidative stress

(Puchalska and Crawford, 2017).

KDs have shown to limit tumor growth in mouse models of solid cancers and to synergize
with anti-cancer therapies. In addition, cachexia preventive effects have been reported in
cancer patients under chemotherapy (O’Flanagan et al., 2017), (Weber et al., 2020) (Table 1).
Despite the positive impact of a KD (1% carbohydrate, 18% protein and 81% kcal fat)
limiting tumor growth and lowering glycemia (Shukla et al., 2014), another ketogenic recipe

(9% protein and 91% kcal fat) also diminished glycemia without changes in tumor
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progression and survival of tumor-bearing animals (De Feyter et al., 2016). Versions of
ketogenic regimens with very low or null carbohydrate content and different percentage of fat
and protein might count for the different outcomes in mouse models of cancer. Aside from the
anti-cancer benefits of diets limited in carbohydrates and enriched in fat, some studies have
pointed out that the nature of these macronutrients such as low glycemic load carbohydrates
and unsaturated fatty acids might have more impact on human health rather than their

proportion (Ludwig et al., 2018).

A realistic review of 29 animals studies in which KDs were implemented in already tumor-
bearing mice showed that 72% of the studies reported limited tumor growth and increased
animal survival (Klement, 2017). In clinical trials, 42% of 24 human studies reported anti-
tumoral effects (Lévesque et al., 2019) (Table 1). Different dietary ketogenic formulas,
variability in the dietary compliance among patients, few numbers of participants in the
studies and diet implementation at late disease stages might explain the lower number of
clinical trials reporting clear anti-cancer benefits of KDs (Kanarek et al., 2020), (Weber et al.,
2020). Apart from reduced glycemia, a decreased glycolytic flux with concomitant lower
levels of lactate and markers of the pentose phosphate pathway have been detected in tumors.
Other physiological benefits were gain of body weight in cachexic cancer patients and
healthier parameters of body composition in patients under radiotherapy (Klement, 2017).
Indeed, stage IV non-small cell lung cancer patients under KD in combination with short-term
fasting and breast cancer patients under KD as complementary treatment to chemotherapy
have displayed longer overall survival (Klement, 2020).

Table 1. Clinical trials of dietary regimens as monotherapy or in combination with
anti-cancer therapies

Examples include recruiting, ongoing and completed clinical studies. Taken and adapted from

(Lévesque et al., 2019)

Anti-cancer intervention

Dietary intervention Cancer type

(Number of clinical trial)

breast cancer/
advanced solid tumors

Fasting
different versions

platinum chemotherapy
(NCT00936364)

docetaxel, doxorubicin,
cyclophosphamide
(NCT01175837 and
NCT01304251)

paclitaxel, trastuzumab,
pertuzumab (NCT02379585)

Fasting- mimicking diets breast/ Chemotherapy (NCT01954836,
different versions prostate/ NCTO02710721 and
ovarian/ NCT03162289)
melanoma/ Neoadjuvant chemotherapy
non-small cell lung/ (NCT02126449)
advanced lung adenocarcinoma/ | Standard therapies
gynecological (NCT03340935)
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Dietary intervention

Cancer type

Anti-cancer intervention

(Number of clinical trial)

Surgery (NCT03454282)
Chemo-, hormono-, targeted or
immunotherapies
(NCT03595540)

Carboplatin, pemetrexed and
pembrolizumab
(NCT03700437)

Metformin (NCT03709147)

Ketogenic diets
different versions

high-grade glial/ brain/
malignant glioma/
recurrent/refractory/end-stage
glioblastoma/

glioblastoma multiforme/
head and neck/

breast/ breast ER"/ stage IV
breast/

None (NCT01092247,
NCT01716468, NCT01865162,
NCT02092753, NCT02286167,
NCT03160599, NCT03171506,
NCTO03194516,)
Chemoradiation
(NCTO01419483, NCT01419587,
NCT01975766, NCT02046187,

non-small cell lung/ lung and NCT02516501)
ovarian and endometrial/ Surgery (NCT02744079 and
pancreatic/ prostate NCTO03285152)
primary central nervous system | Surgery followed by chemo-
lymphoma/ and radiotherapy
metastatic cancers (NCTO1535911)
Radiation and temozolomide
(NCT02302235)
Paclitaxel (NCT03535701)
Very low-carbohydrate diet | advanced cancer None (NCT00444054)

for 28 days

Carbohydrate-restricted

non-squamous non-small cell

metformin with platinum-based

diet lung chemotherapy (NCT02019979)
Low- or medium-glycemic | colon None (NCT02129218)

diet for 12 weeks

Carbohydrate restricted prostate None (NCT03679260)

diet (6 months)

Very low-carbohydrate and | colorectal adenocarcinoma None (NCT03221920)
high-fat diet

Protein-restricted diet prostate None (NCT01692587)

Low protein diet from a

metastatic castrate-resistant

Sipuleucel-T (NCT03329742)

week before to 10 days prostate
after treatment
Vegetarian vs vegan diets any type prescribed therapy
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Dietary intervention Cancer type Anti-cancer intervention
(Number of clinical trial)
(6 months) (NCT02437474)

Importantly, although most of tumors are fed by glucose, few of them can benefits from lipids
for expansion (Kanarek et al., 2020). In these rare cases, carbohydrates as energetic sources
would be more beneficial than ketogenic bodies as anti-cancer interventions. Therefore, the
metabolic preferences of the type of tumor should be considered prior to recommend and

implement dietary regimens to cancer patients (Kanarek et al., 2020).

L13 Fasting

Fasting is nowadays a very common dietary approach in the research field due to the positive
benefits seen in health indicators of individuals suffering of obesity, diabetes, cardiovascular
diseases, neurodegenerative diseases as well as oncogenic pathologies (Lee et al., 2021).
There is a wide spectrum of fasting nutritional regimens ranging from intermittent to periodic
fasting. The former alternates periods from 16 to 48 h of none or low food intake with
standard food consumption on regular basis whereas the latter refers to fasting or fasting-
mimicking diets (FMDs) applied from 2 to 21 days or more (Mattson et al., 2017). FMDs
based on plant-derived nutrients, restricted in total calories over the time, with similar
percentage of carbohydrates and fats are designed to mimic the physiological and metabolic
effects of fasting while decreasing the adverse effects associated with no food intake for long-
term. Another eating program has been called time-restricted feeding where food
consumption is scheduled at a specific time during the day for a limited period of hours
(Buono and Longo, 2018). A phase I clinical trial in cancer patients receiving standard anti-
cancer treatment has shown that a cyclic FMD (5 days consuming the FMD and from 16 to 23
days of refeeding) potentiates the systemic and intra-tumoral immune response based on
reduction of circulating myeloid-derived suppressor cells and higher intra-tumoral infiltration

of cytotoxic T cells (Vernieri et al., 2022).

All versions of fasting regimens result in a normal low glycemia, use of the glycogen stores,
fatty acid catabolism, generation of ketogenic bodies and decreased plasma levels of leptin, a
hormone controlling the appetite and increased plasma levels of adiponectin, a hormone with
glycolytic and lipolytic effects (Mattson et al., 2017), (Lee et al., 2021) (Figure 2). These
metabolic effects are shared between KDs and fasting regimens although there are distinctive
processes potentiated by the particularities of each dietary regimen and their modalities.

Usage of ketogenic bodies as energetic fuel is an adaptive mechanism to fasting developed by
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animals along evolution that might be advantageous and provide resistance to challenging

health conditions such as cancer (Mattson et al., 2017).

The different responses of healthy and malignant cells to short-term fasting have been shown
to mediate a better physiological outcome upon chemotherapy (O’Flanagan et al., 2017).
These physiological phenomena have been defined as differential stress resistance (DSR) and
differential stress sensibilization (DSS) (Figure 2). Fasting impacting negatively on the
mitogenic signaling driven by IGF-1 attenuates proliferation and metabolism of heathy cells.
Therefore, healthy cells are more protected and resistant to the cytotoxic effects of
chemotherapeutics targeting highly proliferating cells. On the contrary, tumor cells which
elicit compensatory mechanisms driving cell growth and anabolic metabolism upon reduced
IGF-1 signaling are sensitized to chemotherapy (Buono and Longo, 2018), (Tajan and
Vousden, 2020).

Mice bearing subcutaneous breast cancer allografts have shown limited tumor growth after 2
cycles of fasting (48-60 h) (Lee et al., 2012). This effect was maximized under fasting and
chemotherapy as an example of DSS. Likewise, allografts of melanoma and glioma as well as
xenografts of human triple negative breast cancer and ovarian cancer showed limited tumor
growth when fasting was combined with chemotherapy. As an example of DSR, fasting
allowed multiple treatments with doxorubicin in tumor-bearing mice that in the absence of
fasting showed early lethality. Mouse models of different solid cancers showed prolonged
animal survival and less metastasis under the combination of fasting and chemotherapy.
Mechanistically, starvation of in vitro tumor cells resulted in DNA damage and ROS

generation, effects potentiated upon chemotherapy (Lee et al., 2012).

As chemotherapy is associated with adverse side effects but are the standard treatment for
many types of cancer, fasting regimens are intensively studied to improve responses to
chemotherapy by making malignant cells more vulnerable while conferring protection to
healthy tissues (Tajan and Vousden, 2020). Indeed, FMDs low in calories, low in proteins,
high in complex carbohydrates and high in fats have been beneficial in reducing physiological
side effects when applied to patients prior and after chemotherapy in several clinical trials (de
Groot et al., 2020), (Lévesque et al., 2019) (Table 1). Beyond the DSR and DSS phenomena,
positive impact of fasting dietary regimens on the anti-tumoral immune response has been
also reported to potentiate the effects of chemotherapy in cancer mouse models by enhancing

recruitment of more cytotoxic CD8" T lymphocytes into the TME (Buono and Longo, 2018).

114 Protein-restricted diets

Low consumption of animal protein has been associated with low risks of all-cause and

cancer mortalities at middle age while a negative correlation has been found with aging
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(Levine et al., 2014) (Figure 3). This finding is based on a study with approximately 6000
adults with a mean age of 65 years reporting that high protein consumption in the group of
50-65 years old associated with high risk of cancer-related mortality even after controlling for
the percentage of calories derived from carbohydrates and fat. Interestingly, higher
consumption of protein specifically from animal sources was significantly associated with
higher risk of cancer-related mortality. Furthermore, the association between protein intake
and cancer mortality was the inverse in the older population (> 66 years old) indicating that
protein consumption irrespective of the source is in indeed beneficial in elderly individuals
probably due to different nutritional requirements of this age group. Mechanistically, levels of
IGF-1 were positively associated with protein consumption in both age groups and were
found to mediate the association between protein intake and risks of cancer-related mortality

(Levine et al., 2014).

In pre-clinical studies, anti-cancer preventive effects of a low protein diet were reported in
subcutaneous melanoma and breast tumor-bearing mice primed for a week with low (4-7 %)
and high (18 %) protein isocaloric diets prior to tumor cell transplantation (Levine et al.,
2014) (Figure 3). Mice under low protein diet showed limited tumor growth which negatively
associated with blood levels of IGF-1. Indeed, melanoma-bearing mice deficient in IGF-1

signaling also displayed limited tumor growth (Levine et al., 2014).

Subcutaneous xenografts of prostate and breast cancer displayed limited growth when mice
were fed a 7% protein-containing diet as compared to an isocaloric 21%-containing protein
control diet irrespective of diet priming, body weight loss and alterations in glycemia
(Fontana et al., 2013) (Figure 3). This finding suggests that low protein diets are not only
preventive when consumed prior to tumor development but also displayed anti-tumoral
effects when consumed during tumor progression. Lower blood levels of IGF-1 and the
prostate cancer biomarker PSA as well as attenuation of the mTOR signaling were detected in
tumor-bearing mice under low protein diet. Consistently, a synergic anti-tumoral effect was
observed under low protein diet in combination with mTOR inhibition. Interestingly, priming
mice with 20% protein diets limited tumor growth when proteins were derived from plants
while 10% protein diets limited prostate cancer growth irrespective of the source. Therefore,
anti-cancer preventive effects of low proteins diets can be achieved either by reducing the
content of animal protein or consuming vegetal proteins with no restriction (Fontana et al.,

2013).

Up to date, there are several clinical trials applying protein-restricted diets in prostate cancer
patients (Lévesque et al., 2019) (Table 1). The clinical trial completed with patients no
receiving anti-cancer therapies has reported metabolic benefits such as improvement of

insulin and leptin sensibility (NCT01692587). A clinical trial applying dietary protein
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restriction prior and after dendritic cell-based vaccination in metastatic castrate-resistant
prostate cancer (NCT03329742) and a study of vegetarian versus vegan diet (NCT02437474)
have been completed but results related to cancer progression, respond to anti-cancer
therapies and tumor remission are not publicly available (Lévesque et al., 2019). Despite the
lack of conclusive results, this dietary intervention seems to be promising in the clinic, at least

for prostate cancer patients (Table 1).
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Figure 3. Anti-cancer effects of protein- and amino acid-restricted diets

Epidemiological human studies and pre-clinical studies in cancer mouse models show the benefits of consuming
animal protein-restricted diets, vegetal protein-containing diets and amino acid-restricted diets. In pre-clinical
studies, protein- and amino acid-restricted diets display preventive as well as anti-cancer effects by reduction of
IGF-1 levels and mTOR activation, induction of ER stress and enhancement of the anti-cancer immune response.
Low PROT, low protein diet, ER, endoplasmic reticulum; IRE1, inositol-requiring protein 1a; IGF, insulin-like
growth factor; mTOR, mammalian target of rapamycin; Met, methionine,; Cys; cysteine; Ser, serine; Gly, glycine;

Pro, proline; MDSCs, myeloid-derived suppressor cells.

No impact of reduction in dietary proteins on cancer progression in subcutaneous glioma-
bearing mice fed a 4% protein diet ten days after tumor cell transplantation has been reported

(Brandhorst et al., 2013). Although controversial results, low proteins diets with anti-tumoral
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effects report an underlying attenuation of the IGF-1 signaling as CR, KDs and fasting.
Therefore, mitigation of the signaling cascades triggered by this hormone such as the mTOR
pathway is a common feature of dietary regimens as anti-cancer interventions. However,
novel molecular pathways independent of mTOR activation have been found to mediate the

protective anti-tumoral effects of low protein diets (Rubio-Patifio et al., 2018b).

A protein-restricted diet containing 12% of protein has been reported to extend survival of
lymphoma-bearing mice and to limit tumor growth of subcutaneous melanoma and colorectal
carcinoma mouse models (Rubio-Patifio et al., 2018b) (Figure 3). Among different low
protein diets, only nutritional regimens with partial protein reduction of 12.5% and 25%
displayed anti-tumoral effects in mice primed with the diet prior to tumor cell transplantation.
Interestingly, neither modulation of the GCN2 (general control nonderepressible 2), the
Akt/mTOR pathway nor autophagy induction were seen as underlying mechanisms of the
protein-restricted diet. Rather, specific activation of a member of the endoplasmic reticulum
(ER) stress response was found activated in colorectal carcinoma tumors under low protein
diet. Indeed, the low protein diet showed an anti-tumoral protection dependent on activation

of the ER stress sensor IRE1a. in tumor cells (Rubio-Patifio et al., 2018b).

The vulnerability of tumors under low protein regimens are beyond the intrinsic molecular
mechanisms of malignant cells (Tajan and Vousden, 2020). The enhancement of the anti-
cancer immune response counts as one of the systemic physiological effects of protein-
restricted diets. Indeed, the above-mentioned study reported a stronger anti-cancer
immunosurveillance under low protein diet (Rubio-Patifio et al., 2018b) (Figure 3). The anti-
tumoral effects of this protein-restricted diet depended on cytotoxic T lymphocytes that were
highly recruited to the TME and displayed higher effect functions (Rubio-Patifio et al.,
2018b). Another study has reported the synergism between a 7% protein diet and immune
checkpoint inhibition based on PD-1 blockade. The low protein diet was shown to impair
tumor growth and extend survival of orthotopic renal tumor-bearing mice under

immunotherapy (Orillion et al., 2018).

Amino acid-restricted diets, rather than partial or full protein dietary restriction are also
alternatives under investigation due to the high risk of cachexia (Tajan and Vousden, 2020)

and sarcopenia in cancer patients (Buono and Longo, 2018).

115 Amino acid-restricted diets

Dietary protein-restricted regimens including nutritional formulas lacking methionine or
methionine and cysteine have been reported to synergize with immunotherapies in pre-clinical
studies (Orillion et al., 2018) (Figure 3). Reducing the content of methionine or methionine

and cysteine in cell culture media polarized bone marrow-derived macrophages (BMDMs)
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toward an anti-tumoral phenotype. Macrophages with anti-tumoral phenotypes (canonically
considered as M1-like phenotypes) display immunostimulatory and anti-cancer properties
including the expression of IL-12, inducible nitric oxide synthase (iNOS) and tumor necrosis
factor o (TNFa) (Pathria et al., 2019) (refer to section II1.1.4). An 80 % methionine-restricted
diet lacking cysteine limited tumor growth in mice bearing prostate cancer depending on the
presence of macrophages. Indeed, tumor slowdown under methionine-restricted diet was as
effective as immunotherapy blocking the surface expression of the T cell immune checkpoint
PD1 with an antagonist antibody (refer to section II1.3.1). The combination of the diet and
PD1 blockade enhanced the anti-cancer immunosurveillance by potentiating the recruitment
of M1 macrophages and cytotoxic T cells while decreasing the infiltration of pro-tumoral M2

macrophages and myeloid-derived suppressor cells (Orillion et al., 2018).

Nutritional formulas deprived in serine and glycine (SG) also displayed anti-tumoral effects
in genetically engineered mouse (GEM) models of Apc-driven intestinal cancer and Ep-Myc
driven-lymphoma (Maddocks et al., 2017) (Figure 3). Consumption of the SG-deprived diet
by mice bearing neoplastic tumors increased survival of the two GEM models and limited
tumor growth in the intestinal cancer model. The SG-deprived diet also limited tumor growth
in mice with established subcutaneous human colorectal tumors and induced necrosis in
subcutaneous Ep-Myc tumors. Interestingly, the SG-free diet synergized with increased levels
of reactive oxygen species (ROS) induced by genetic modification for extension of survival of
lymphoma-bearing mice. Therefore, SG-free diets may be suitable in combination with
chemotherapeutics and radiotherapy controlling tumor growth by induction of ROS in pre-

clinical studies (Maddocks et al., 2017).

The anti-tumoral effects of dietary deprivation of non-essential amino acids such as serine and
glycine may depend on the oncogenic signaling and the origin of the tissue (Maddocks et al.,
2017). Indeed, a SG-free diet did not extend the survival of two GEM models of pancreatic
ductal adenocarcinoma (PDAC) (Figure 3). Kras activation in the Kras-driven PDAC GEM
model induced the expression of several enzymes of the serine biosynthesis pathway
explaining the resistance of PDAC-bearing mice to SG nutritional starvation (Maddocks et

al., 2017).

The anti-cancer effects of amino acid-deprived dietary formulas depend on the ability of
tumor cells to compensate for the lack of that specific nutrient (Sahu et al., 2016). For
instance, a proline-deprived diet has shown to limit tumor growth of subcutaneous lung
cancer xenografts (Figure 3). This effect was only observed when tumor cells where highly
dependent on in vitro exogenous supplementation of the non-essential amino acid proline for
acquisition of tumor-initiating potential. Indeed, the tumor-suppressive potency of the

proline-free diet was seen in mice with stablished tumors. The dependency on proline uptake
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was a consequence of a defective proline synthesis pathway by c-Myc-mediated
transcriptional downregulation of several enzymes contributing to proline synthesis in lung
tumor cells. Mechanistically, depletion of proline led to uncontrolled protein synthesis in a
mTOR-independent manner, unresolved ER stress mediated by IREla activation in

exogenous proline dependent cells (Sahu et al., 2016).

The distinctive amino acid requirements of oncogenic malignances determine the impact of
dietary protein restriction as anti-cancer interventions (Tajan and Vousden, 2020). Although
cancers show different circulating amino acid profiles, glutamine, tryptophan and citrulline
are commonly reduced in several solid cancers (Pavlova and Thompson, 2016). High
requirement of these amino acids could be exploited to design amino acid-deprived diets that
successfully control tumor progression (Pavlova and Thompson, 2016). In addition, the gut
microbiota tightly involved in most physiological processes and the immune response is
profoundly modulated by the wide repertory of nutritional regimens mentioned along this
chapter. The interaction between the microbiome and nutrients under specific dietary
regimens also count for the effects of nutritional formulas as anti-cancer interventions (Yin et

al., 2018), (Tajan and Vousden, 2020).

I.2  Oncometabolism

Altered metabolism as a hallmark of cancer is exploited by neoplastic tissues to acquire an
advantageous plasticity to support tumor cell development and expansion (Faubert et al.,
2020). Opportunistic profit from the extracellular matrix at the expense of nutrient
competition and stromal cell reprograming, nutrient channeling towards metabolic pathways
supporting oncogenesis and quick adaptation to challenging metabolic conditions are
involved in all the stages of tumor evolution. The main metabolic alterations associated with
tumorigenesis include uncontrolled uptake of glucose and amino acids such as glutamine,
anabolic metabolism and production of NAPDH using glycolytic and TCA cycle anaplerotic
substrates, differential acetyl-CoA-mediated epigenetic modifications and environmental
metabolic modifications (Pavlova and Thompson, 2016), (Faubert et al., 2020). State-of-the-
art studies in the field of cancer metabolism benefits from metabolomics as the gold standard
approach for identification and quantitation of the cancer metabolome (Jang et al., 2018),
(Faubert and DeBerardinis, 2017). Whereas steady-state metabolomics informs about
alterations in metabolite levels, stable isotope tracing of labeled nutrients helps to infer
aberrant metabolic pathways deployed by malignant tissues (Antoniewicz, 2018), (TeSlaa et

al., 2021), (Fernandez-Garcia et al., 2020), (Hui et al., 2020).
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L2.1 Catabolism of glucose

The most consumed exogenous nutrients by highly proliferating cells are glucose and
glutamine which are catabolized to support cellular bioenergetics and biosynthesis (Pavlova
and Thompson, 2016). Glucose, for instance, is metabolized through glycolysis which is an
oxidative sequence of ten cytoplasmic reactions yielding either pyruvate that can be further
channeling into the tricarboxylic acid (TCA) cycle for oxidative phosphorylation (OxPhos) or
lactate (Figure 4). Production of lactate as in anaerobic fermentation but in the presence of
oxygen occurs in rapidly proliferating cells by aerobic glycolysis (Pavlova and Thompson,

2016), (Lane et al., 2020).

The glycolytic pathway is characterized by reduction of NAD+ to NADH and inefficient but
quick generation of energy (2 ATP molecules per mole of glucose) (Pavlova and Thompson,
2016) (Figure 4). Highly proliferating cells deployed aerobic glycolysis for rapid ATP
production and recovering of oxidized NAD+ molecules when producing lactate to maintain
the glycolytic flux. A higher ratio NAD+/NADH and lower accumulation of ATP in the
cytoplasm when glycolysis is uncoupled to the TCA cycle and OxPhos positively feedback to
continue glucose catabolism through aerobic glycolysis. Aerobic glycolysis is also deployed
by rapid proliferating cells to support biosynthesis and increase cell biomass. Indeed, the ratio
of NAD+/NADH determines the oxidative cellular power to support nucleotide and amino
acid synthesis (Pavlova and Thompson, 2016), (Lane et al., 2020). Glycolytic intermediates
are also channeled into the pentose phosphate pathway (PPP) for generation of ribose rings
needed for de novo nucleotide biosynthesis. Glycolytic intermediates are also substrates for
synthesis of amino acids such as serine and glycine and for fatty acid synthesis via acetyl-

CoA (O’Neill et al., 2016), (Lane et al., 2020).

Full oxidation of glucose through the TCA cycle coupled to OxPhos as compared to aerobic
glycolysis is a more efficient pathway for energy production (30 ATP/glucose). The TCA
cycle is a series of ten mitochondrial reactions starting from acetyl-CoA condensation with
oxaloacetate to render citrate and finishing in generation of 4 carbon-oxaloacetate to reinitiate
the cycle. Acetyl-CoA can be supplied either by glycolysis via pyruvate or by fatty acid
catabolism. The TCA cycle yields reducing equivalents such as NADH and FADH2 that
generate the electrochemical gradient used for the electron transport chain for generation of
ATP across the mitochondrial membrane (Figure 4). In addition, TCA cycle intermediates
serve as carbon sources for amino acid and fatty acid synthesis, metabolic processes

depending on growth factors or oncogenic signaling (O’Neill et al., 2016), (Lane et al., 2020).
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Figure 4. Catabolic metabolism and oncogenic regulation

Glucose, glutamine and fatty acid catabolism as energetic sources. The Warburg effect is represented with thicker
red arrows. Intermediate metabolites derived from glucose, glutamine and fatty acids catabolism are represented
with the corresponding colour of the precursor. Metabolites represented in black can be generated from more than
an energetic source. GLUTI, glucose transporter 1; PKM2, pyruvate kinase muscle isozyme 2; PDH, pyruvate
dehydrogenase; PC, pyruvate carboxylase; IDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase; FH,
fumarate hydratase; ASCT2, neutral amino acid exchanger; GLS, glutaminase; GDH, glutamate dehydrogenase.

1.2.2 Catabolism of glutamine

Replenishment of the TCA cycle is also mediated by glutamine at the level of a-
ketoglutarate, an anaplerotic TCA cycle substrate (O’Neill et al., 2016) (Figure 4). Glutamine
is enzymatically deamidated in the mitochondria losing its y-nitrogen to render glutamate by
the action of glutaminase (GLS). Glutamate is in turn deaminated losing its o-nitrogen by
glutamate dehydrogenase (GDH) contributing to the mitochondrial of pool of a-ketoglutarate
that fuels the TCA cycle. When glutamate is deaminated by aminotransferases, o-

ketoglutarate and other non-essential amino acids (NEAAs) are generated such as aspartate,

alanine and serine (Zhang et al., 2017), (Lukey et al., 2017), (Kurmi and Haigis, 2020).
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L2.3 Catabolism of fatty acids

Aside from glucose and glutamine as a bioenergetic fuels, fatty acids also count as energetic
sources (O’Neill et al., 2016) (Figure 4). Catabolism of fatty acids by [3-oxidation takes place
in mitochondria and renders acetyl-CoA and reducing equivalents such as NADH and
FADH?2 for the largest production of ATP (Lane et al., 2020). Activation of fatty acids with
acetyl-CoA is the first step occurring in the cytoplasm prior to transfer into the mitochondria
by a process mediated by carnitine conjugation to the acyl-CoA-fatty acids containing chains

of more than six carbons (O’Neill et al., 2016).

1.2.4 The Warburg effect

Cell origin, intrinsic oncogenic and mitogenic pathways dictate the tumor appetite for
glucose, glutamine and other nutrients (Pavlova and Thompson, 2016), (Faubert et al., 2020).
For instance, glucose uptake and the first reactions of glycolysis are highly upregulated by
oncogenic PI3K/Akt/mTOR as well as Ras-driven signaling in cancer cells (Figure 4).
Noteworthy, aerobic glycolysis decoupled from OxPhos is neither a consequence of defective
mitochondrial respiration nor an exclusive feature of malignant tissues. Healthy cells highly
proliferating during some differentiation stages or highly active such as effector T
lymphocytes also deploy temporal and reversible aerobic glycolysis. On the other hand,
cancer cells exhibiting a stem cell-like phenotype which are tightly associated with anti-
cancer therapy resistance rely more in ATP production via OxPhos (Pavlova and Thompson,
2016). Indeed, increased mitochondrial respiration and biogenesis was found critical for
metastasis of breast cancer cells but not for growth of the primary tumor (Vander Heiden and
DeBerardinis, 2017). Lactate as a metabolic byproduct of cancer cells in hypoxic regions can
be a carbon source for tumors cells in normoxic areas for anabolic metabolism (Dey et al.,

2021).

Production and secretion of lactate while inhibiting generation of acetyl-CoA are processes
enhanced by c-Myc and other oncogenic drivers (Faubert et al., 2020) (Figure 4). Lactate
secretion and accumulation in the local microenvironment acidify the extracellular milieu and
impact in stromal cells. High content of lactate has been associated with an
immunosuppressive TMEs characterized by impaired anti-cancer functions of T lymphocytes.
Furthermore, lactate impacts on endothelial cells and fibroblasts promoting angiogenesis and

extracellular matrix remodeling (Pavlova and Thompson, 2016).

L2.5 Glutamine oncocatabolism and nutrient scavenging in cancer

After Otto Warburg’s observation about aerobic glucose metabolism with concomitant

production of lactate by malignant tissues, Harry Eagle reported an elevated requirement of
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the NEAA glutamine among the 20 dietary amino acids in some mammalian cell lines (Lukey
et al., 2017). This is consistent with the highest enrichment of glutamine over the other amino
acids in the circulation (Zhang et al., 2017). Indeed, ASCT2, the main transporter of
glutamine into the cell is upregulated by c-Myc in some cancer cells (Figure 4). The high
demand of glutamine explains the limited tumor growth in mice bearing myeloma xenografts
and cMyc driven-tumors upon pharmacological inhibition of GLS. GLS expression is indeed
altered in tumors and heterozygotic loss of GLS has been shown to delay
hepatocarcinogenesis in mice. However, upon glutamine scarcity, tumor cells might need to
de novo synthesize glutamine while fueling the TCA cycle with glucose through oxalacetate
generated by pyruvate carboxylase as seen in mouse models of orthotopic glioma xenografts
and Kras-driven lung cancer. Indeed, glutamine synthetase (GLUL), the enzyme catalyzing
glutamine biosynthesis is highly upregulated by c-Myc in a Kras-driven pancreatic cancer
mouse model and its inhibition limited tumor growth (Zhang et al., 2017), (Lukey et al.,

2017), (Kurmi and Haigis, 2020).

Scavenging of proteins via engulfment of extracellular proteins by macropinocytosis,
engulfment of cells and autophagy have been suggested as adaptive and opportunistic means
of amino acid replenishment (Zhang et al., 2017), (Kurmi and Haigis, 2020) (Figure 4).
Indeed, a xenograft of Kras-driven pancreatic cancer showed limited tumor growth upon
treatment with a macropinocytosis inhibitor. This suggests that the engulfment of
extracellular proteins could be an alternative route of nutrient absorption that upon
degradation would yield not only glutamine but other NEAAs and essential amino acids
(EAAs) enriching the pool of free amino acids (Zhang et al., 2017). Indeed, c-Myc-induced
liver tumors have shown a metabolic plasticity upon GLS inhibition by compensatory
mechanisms dependent on amidotransferases to sustain glutamine metabolism (Méndez-
Lucas et al., 2020). Likewise, glycolysis was hyperactivated upon GLS deficiency to sustain
the TCA cycle. In addition, blocking de novo synthesis of serine and fatty acids was

overcome by tumor cells via exogenous uptake of nutrients (Méndez-Lucas et al., 2020).

L12.6 Pentose phosphate pathway and nucleotide biosynthesis

Glucose-derived carbons are the building blocks for feeding the pentose phosphate pathway
(PPP) and lipogenesis as well as the hexosamine biosynthetic pathway (HBP) (Pavlova and
Thompson, 2016), (Kaushik and DeBerardinis, 2018) (Figure 5). The PPP is a cytosolic
metabolic route starting from the glycolytic intermediate glucose-6-phosphate and following
an oxidative phase that renders NADPH, a reducing cofactor needed for fatty acid synthesis.
The second PPP phase is a sequence of non-oxidative reactions producing pentose sugars for

nucleotide synthesis. De novo nucleotide synthesis also depends on specific amino acids such
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as glycine as a carbon source for de novo synthesis of purines as well as glutamine and
aspartate for formation of the nitrogenous ring of pyrimidine and purine bases (O’Neill et al.,

2016), (Pavlova and Thompson, 2016).

1.2.7 De novo lipogenesis

Lipid biosynthesis is an mTOR-regulated pathway fed by intermediate metabolites of
glycolysis, the TCA cycle and the PPP (Pavlova and Thompson, 2016). Mitochondrial citrate
generated from a-ketoglutarate by reductive carboxylation can be exported into the cytosol to
generate acetyl-CoA as the building blocks of straight-chain fatty acids and cholesterol which
are synthesized via NADPH-dependent reactions (Figure 5). Palmitic acid is used as a
precursor of straight- and long-chain fatty acids as well as unsaturated or branched-chain fatty
acids. Branched-chain fatty acids also require branched-chain amino acids. Esterification
between fatty acids and glycerol-3-phosphate renders a diverse plethora of triglycerides and
phospholipids which are energy stores and constituents of biological membranes (O’Neill et

al., 2016), (Pavlova and Thompson, 2016).

1.2.8 Synthesis of amino acids

Glutamine is a central NEAA that drives biosynthesis of amino acids as a carbon and nitrogen
donor (Pavlova and Thompson, 2016) (Figure 5). Amino-transfer reactions of the a-nitrogen
of the glutamine remaining in glutamate depend on how much cells rely on GLS activity. A
high glutamate: a-ketoglutarate ratio determined by a high GLS activity dictates the transfer
of the amine o-nitrogen of the glutamate into o-ketoacids by aminotransferases.
Consequently, amino acids such as aspartate, alanine and serine are synthesized. Aspartate
can further generate arginine and asparagine, the latter after amidation of aspartate with the
amide y-nitrogen of glutamine. Interestingly, glutamine might be also implicated in uptake of
six EAAs and the NEAA tyrosine by efflux of intracellular glutamine through the neutral
amino acid antiporter LAT1. Glutamine-derived glutamate is indispensable for biosynthesis
of another NEAA such as proline (Pavlova and Thompson, 2016), (Lukey et al., 2017),
(Kurmi and Haigis, 2020).

12.9 Anabolic oncometabolism

Nucleotide synthesis under oxygen availability seems to be the most limiting anabolic
pathway for tumor growth (Vander Heiden and DeBerardinis, 2017). Malignant cells rely on
de novo nucleotide synthesis and their capacity to promote angiogenesis since exogenous
assimilation of nucleotides as compared to uptake of other nutrients is not a favored process.

In addition, oxygen levels are also low as compared to the levels of circulating glucose. This

30



explains why several glycolytic and TCA cycle intermediates as well as amino acids
contribute to nucleotide biosynthesis, therefore, to DNA replication and proliferative
potential. Indeed, aerobic glycolysis with lactate production partial contributes to a high
NAD+/NADH ratio required for nucleotide synthesis in tumor cells (Vander Heiden and
DeBerardinis, 2017). Nucleotide biosynthesis is also upregulated by oncogenic signals
(Figure 5). Expression of c-Myc, loss of the tumor suppressor retinoblastoma (Rb) and
mutations in p53 associate with increased expression of several enzymes of this biosynthetic
pathway. One of these enzymes is a direct c-Myc target and is also post-translationally
regulated by the MAPK and mTOR pathways (Zhang et al., 2017). Indeed, c-Myc expressions
regulate the uptake of glutamine and its contribution to nucleotides biosynthesis to sustain the
high nitrogen demands of malignant cells (Pavlova and Thompson, 2016). In addition,
essential enzymes of the PPP have been found upregulated by oncogenic signaling such as
Ras-driven pathways (Pavlova and Thompson, 2016), (Lukey et al., 2017), (Kurmi and
Haigis, 2020), (Faubert et al., 2020).

Several enzymes participating in biosynthesis of fatty-acyl chains have been reported
upregulated in several tumor cells by c-Myc (Pavlova and Thompson, 2016) (Figure 5).
Inhibition of these enzymes have anti-cancer effects. When de novo fatty acid biosynthesis is
compromised in cancer cells, uptake of fatty acids from the extracellular milieu and induction
of lipid release from stromal cells to feed tumor cells have been suggested as adaptive
mechanisms. In addition, upon cytosolic acetyl-CoA deficit, acetate has been reported to be
taken from the TME and incorporated into lipogenic biosynthetic pathways in brain

malignancies (Pavlova and Thompson, 2016).

De novo synthesis of some amino acids to increase cellular biomass is a common metabolic
feature of tumors (Zhang et al., 2017) (Figure 5). Indeed, mutations in PI3K in colon cancer
drive upregulation of alanine aminotransferase. Upregulation of alanine and aspartate
aminotransferases has also been seen in liver cancer. Upregulation of phosphoserine
aminotransferase supports tumor growth and chemotherapy resistance in colorectal cancer.
Proline biosynthesis is indeed upregulated by c-Myc. Accumulation of proline might enhance
collagen synthesis and extracellular matrix deposition favoring cancer cell invasion (Pavlova
and Thompson, 2016), (Faubert et al., 2020). Epigenetic repression of arginine synthesis is
common in solid oncogenic malignancies promoting arginine uptake from the extracellular
fluid. This may count as a tumor strategy to accumulate aspartate for nucleotide biosynthesis
and destinate exogenous arginine to polyamide synthesis which induces tumor proliferation
(Pavlova and Thompson, 2016), (Garcia-Bermudez et al., 2020). Indeed, depletion of this
NEAA is studied in the clinics for treatment of several solid and liquid cancers. Likewise,

depletion of asparagine with L-asparaginase is under investigation for treatment of

31



hematological tumors that depend on exogenous assimilation of this NEAA (Zhang et al.,

2017), (Vander Heiden and DeBerardinis, 2017).
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Figure 5. Anabolic metabolism and oncogenic regulation

Synthesis of pentose phosphates and hexosamines from glucose along its catabolism via glycolysis. Synthesis of

serine, glycine, alanine from glucose-derived carbons and glutamate-derived amine nitrogen. Synthesis of

nucleotides from glucose derived-pentose phosphates and glutamine- and aspartate-derived carbons and

nitrogens. Synthesis of TCA cycle intermediates and amino acids from glutamine. Synthesis of proteins from

glucose-derived amino acids, glutamine-derived amino acids and exogenous uptake of essential amino acids.
Synthesis of cholesterol from acetyl-CoA and fatty acids from acetyl-CoA and branched-chain amino acids.
Synthesis of TAG and phospholipids from glycolytic intermediates. Synthesis of glutathione from cysteine,

glutamine and glycine. PPP, pentose phosphate pathway; PSAT, phosphoserine aminotransferase;

glutamate pyruvate transaminase; TAG, triacylglycerides; EAA, essential amino acids; LATI, amino acid

transporter;, GLS, glutaminase; GDH, glutamate dehydrogenase; GOT2, aspartate aminotransferase; Gln,

glutamine; Glu, glutamate; Asp, aspartate; Pro, proline; Gly, glycine; GSH, reduced glutathione; GSSG, oxidized

glutathione; , xCT, cystine-glutamate antiporter;, ASNS, asparagine synthetase.
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Serine is the third metabolite most consumed by cancer cells in vitro after glucose and
glutamine (Lukey et al., 2017). Indeed, the gene encoding the first enzyme of the serine
synthesis pathway was found to be critical for tumorigenesis in a breast cancer xenograft.
Indeed, mitogenic signals have been reported to regulate the accumulation of glycolytic
intermediates by inhibiting a cancer cell-expressed isoform of pyruvate kinase. Cancer cells
benefit from biosynthesis of serine and other metabolites from glycolytic intermediates at

expenses of a reduced glycolytic flux (Pavlova and Thompson, 2016), (Faubert et al., 2020),

The tripeptide glutathione and a master cellular antioxidant is also de novo synthesized from
glutamate, cysteine and glycine to control the redox homeostasis (Lukey et al., 2017) (Figure
5). Strengthening of the cellular antioxidant mechanisms is an intrinsic strategy of neoplastic
masses to support tumorigenesis, oncogenic evolution, metastasis and resistance to anti-
cancer therapies. Indeed, human acute myeloid leukemia and metastatic liver cancer showed
upregulation of the enzymes implicated in glutathione biosynthesis (Zhang et al., 2017). In
addition, glutamine-derived o-ketoglutarate can function as a cosubstrate of histone
demethylases and DNA demethylases driving epigenetic modifications that when suppressed
associate with tumorigenesis and anti-cancer therapy resistance (Zhang et al., 2017), (Vander
Heiden and DeBerardinis, 2017). Cytosolic acetyl-CoA also modulates epigenetics via
acetylation of histones. Oncogenic signaling driven by Ras and Akt activation are implicated
in the increase of global histone acetylation in glioblastoma and prostate cancer (Pavlova and

Thompson, 2016).

A recent in vitro study has reported that despite the major consumption of glucose and
glutamine followed by serine, lower uptake of other amino acids from the cell culture medium
counts for the majority of the cellular carbon mass in highly proliferating mammalian cells
(Hosios et al., 2016). Using lung cancer cells which rely on aerobic glycolysis, glucose and
glutamine were shown to minimally contribute to the carbon biomass mainly governed by
proteins. In contrast, 15 exogenous amino acids excluding glutamine were the major
contributors to the carbon biomass to support proliferation at expenses of glucose and
glutamine bioenergetic contributions. In general, glucose and glutamine as carbon sources to
increase biomass is secondary to their catabolic fate which are essential to support cell

proliferation in in vitro cancer cells (Hosios et al., 2016).

1.2.10 The hexosamine biosynthetic pathway

The hexosamine biosynthetic pathway (HBP) is a series of four cytoplasmic reactions starting
from the glycolytic intermediate fructose-6-phosphate (Lam et al., 2021) (Figure 6). This
minor pathway uses from 2 to 3% of the total intracellular glucose for de novo biosynthesis of

the nucleotide sugar uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) (Marshall et
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al., 1991). The free pool of UDP-GIcNAc serves to glycosylate proteins in processes
occurring in membranous cellular compartments as well as in the cytoplasm (Lam et al.,

2021).

The HBP flux reflects nutrient availability and metabolic dynamics since its sequential
reactions require ATP, glucose-derived carbons, the amide nitrogen of the glutamine, acetyl-
CoA and nucleotides (Akella et al., 2019), (Lam et al., 2021). The HBP might be considered
as a metabolic route favored as part of the oncoanabolism. Indeed, oncogenic Kras has
promoted tumor cell growth by inducting the HBP. This pathway also exhibits nutrient-
sensing properties since UDP-GIcNAc is involved in regulation of metabolic enzymes.
Cytosolic levels of UDP-GIcNAc are dictated by the flux rate of its de novo synthesis via the
HBP flux and its consumption rate. O-GlcNAcylation cycling by O-GlcNAc transferase
(OGT) and O-GlcNAcase (OGA) is critical for controlling the free pool of UDP-GIcNAc.
Indeed, OGT and OGA are considered the master regulators of the UDP-GlcNAc levels due
to the high affinity of OGT for this substrate as compared to other glycosyltransferases
(Hanover et al., 2018), (Biwi et al., 2018), (Akella et al., 2019), (Lam et al., 2021).

Incorporation of glycans to asparagine residues of proteins, known as N-glycosylation occurs
co-translationally when peptides translated by ribosomes are simultaneously translocated into
the endoplasmic reticulum (ER) for proper folding (Rudd et al., 2001) (Figure 6). Apart from
the specific advantages that glycan branches confer to proteins such as solubility, stability and
protection from proteolytic cleavage, N-glycosylation of proteins serves to signal whether a
newly synthesized protein is properly folded and is suitable for trafficking to the Golgi
apparatus (GA). If the nascent glycopeptide is misfolded, the protein is targeted by the ERAD
machinery to be degraded in the proteasome (Ryan and Cobb, 2012).

The rate-limiting step during synthesis of the oligosaccharide precursor prior to glycosylation
of nascent peptides is the incorporation of GIcNAc (Lam et al., 2021). GlcNAc as well as N-
acetyl-galactosamine (GalNAc) can also be covalently attached to serine or threonine residues
of glycoproteins in a post-translational modification known as O-glycosylation starting in the
ER and continuing in the GA (Ryan and Cobb, 2012), (Rudd et al., 2001) (Figure 6). N- or O-
glycosylation is more characteristic of secreted or surface proteins, fact that highlights the
importance of glycans in ligand binding and interaction with extracellular entities. In contrast,
O-GlcNAcylation occurring in the cytoplasm by OGT is a feature of post-translationally
modified intracellular proteins and plays a regulatory role as protein phosphorylation

(Munkley and FElliott, 2016) (Figure 6).

N-glycosylated proteins exhibit three major structures 1) high mannose 2) hybrid including

terminal GlcNAc linked to downstream mannose residues and 3) complex with bi-, tri- and
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tetra-antennary branches composed of galactose, fucose and terminal sialic acid (Ryan and
Cobb, 2012) (Figure 6). Mammalian N-glycoproteins display complex glycan structures. O-
glycosylated structures include 1) mucin-like motifs which are glycan branches elongated
from O-GalNAc attached to a peptide and 2) Lewis antigens which are glycan motifs
elongated from GIcNAc (Pinho and Reis, 2015). Stabilization of proteins at the plasma
membrane is a common property conferred by O- and N-glycan modification. Indeed, N-
glycosylation sites are enriched in surface growth factor receptors such as EGFR, IGF-1R,

FGFR and PDGFR (Pinho and Reis, 2015).

Anomalies in glycosylated proteins are involved in autoimmunity, cardiometabolic diseases
including diabetes and cardiovascular disorders (Stambuk et al., 2021). In addition,
glycosylation has gained special attention in cancer beyond the already known functions of
proteoglycans which are components of the extracellular matrix and glycosphingolipids
constituents of biological membranes (Pinho and Reis, 2015). Indeed, all hallmarks of cancer
are modulated by glycosylation (Munkley and Elliott, 2016). Cellular localization of specific
glycosyltransferases and glycosidases, their expression and activity dictate the sequential
incorporation of saccharidic units on proteins determining the glycan tree structure and
composition (Munkley and Elliott, 2016). In general, most aberrant glycoconjugates show
alterations in sialylation, fucosylation, O-glycan shortening and N-/O-glycan branching

(Pinho and Reis, 2015).

L2.1 N-glycosylation in cancer

Cancer cells display complex N-glycoproteins containing repeated N-acetyllactosamine units
(galactose and GIcNAc) and terminal sialic acid (Pinho and Reis, 2015) (Figure 6). The
enzyme GnT-V (mannoside acetyl-glucosaminyltransferase 5) mediates a 1-6 branching
between mannose and GlcNAc allowing further elongation of the glycan tree in contrast to
GnT-II mediating a f1-4 linkage. GnT-V is regulated by the Ras/MARK pathway and its
upregulation has been found to drive breast cancer expansion and metastasis. In addition,
GnT-V-mediated glycosylation has been implicated in stemness-like features and tumor
growth of colon cancer. In contrast, GnT-III competing with GnT-V and blocking branch
lengthening has shown to reduce the metastatic outgrowth of melanoma cells. For instance, E-
cadherin glycosylation mediated by GnT-V opposite to the action of GnT-III in cancer cells
leads to impaired cell-to-cell contacts while potentiating tumor cell migration and metastasis

(Pinho and Reis, 2015).

Polysialylation of adhesion molecules on tumor cells is another aberrant modification that
correlates with tumor aggressiveness and impaired prognosis in solid tumors (Munkley and

Elliott, 2016), (Biill et al., 2014). Indeed, expression of the sialyltransferase ST6Gal-I is not

35



@ GLUT1 @ ASCT2 GLUT2 QO
NH,

UAP1 q)
glucose glutamine glucosamine ‘so0000 %"\p NH,
GlcNAc 1-phosphate

000000 g, i, NH,
UTP PPi

i l Q0000 = sluamae 000000 ' UDP-GleNAe

X

ATP PGM3
ADP+|NAGK O
GFPT1 %}) GNPNATI .gﬂ.z...,,

000000 7?’ 0O-GlcNAcylation
fructose HEXOSAMINE glucosamine N-acetylglucosamine of intracellular proteins
6-phosphate BIOSYNTHETIC 6-phosphate OOCoa 6-phosphate
PATHWAY acetyl-CoA SH-CoA
=
= e (O @
=9 HAS B GIcNAc & GleUA peptide

G . Ser/Thr U Ser/Thr
\_e;;)o 3o Hyaluronan synthesis

[u}

®B CYTOPLASM

N-glycosylation

&

'® B 00 O e A

Gle GleNAc Man Gal GalNAc Sialic acid Fucose

ER MEMBRANE
GOLGI APARATUS

ER LUMEN
cis-Golgi medial-Golgi
GlcNAc-transferase
—_—
oligosaccharyl- glucosidases mannosidases
() transferase } LacNAc
-
peptide peptide peptide galactosyl- &

AST sialyl-transferases

brid
lycan

complex N-glycan

hlgh mannose
oligosaccharide precursor N-glycan
Glc;ManyGleNAc,-dolichol

trans-Golgi

ans GOLGI APARATUS O-glycosylation |

core 1 fucosy]transterases
—_— core 2 i_‘ %:

s s v G
erriar T Ser/Thr Ser/Thr M

sialyltransferases *

core 3 . core 4 .
—— clongation — clongation

Ser/Thr Ser/Thr
SLe?/SLe*

Figure 6. The hexosamine biosynthetic pathway, O-GlcNAcylation, N-glycosylation, O-

glycosylation and HA synthesis

De novo synthesis of UDP-GIcNAc by the HBP in the cytoplasm. Usage of UDP-GIcNAc in the cytoplasm for O-
GlcNAcylation of intracellular proteins by OGT and OGA cycling and for synthesis of HA at the plasma
membrane. Usage of UDP-GlcNAc for N-glycosylation and O-glycosylation of surface and secreted proteins along
the protein secretory pathway. Common N-glycan and O-glycan structures on proteins destinated to the plasma
membrane and to the extracellular matrix. GLUTI/2, glucose transporter 1/2; ASCT2, neutral amino acid
exchanger; GFPTI, glutamine-fructose-6-phosphate transaminase 1; NAGK, N-acetylglucosamine kinase;
GNPNATI, glucosamine-phosphate N-acetyltransferase 1; PGM3, phosphoglucomutase 3; UAPI, UDP-N-
acetylglucosamine pyrophosphorylase 1; UDP-GIcNAc, uridine diphosphate N-acetylglucosamine; OGT, O-
GlcNAc transferase; OGA, O-GlcNAcase; Ser/Thr, serine/threonine; GlcUA, glucuronic acid; HA, hyaluronic
acid; HAS, hyaluronan synthase,; ER, endoplasmic reticulum; Ans, asparagine; LacNAc, N-acetyllactosamine; Le,
Lewis antigens; SLe, sialylated Lewis antigens; Glc, glucose; Man, mannose; Gal, galactose; GalNAc, N-

acetylgalactosamine.
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only altered in colon, stomach and ovarian tumors, but it is also a poor prognostic marker of
colon malignancies. Expression of IGF-I is attenuated upon silencing of ST6GalNAc-I
leading to impairment of the metastatic abilities of gastric tumor cells. Furthermore, sialylated
glycoconjugates are sensed by Siglecs receptors expressed on immune cells. Aberrant
sialylation of tumor antigens is associated with immunosuppression and tumor immune
evasion (Munkley and Elliott, 2016). Binding of a fucose unit to the GlcNAc residue of
glycoproteins is another modification characteristic of hepatocellular carcinoma as well as

lung and breast cancers (Pinho and Reis, 2015).

1.2.2 O-glycosylation in cancer

Mucin-like motifs are part of the Tn and T antigens expressed on cancer cells (Pinho and
Reis, 2015) (Figure 6). These antigens and their sialylated versions can be generated as
truncated forms of O-glycans in cancer cells. Sialylated Tn antigen functions as a tumor-
associated epitope highly expressed on several solid cancers including colorectal tumors and
associated with enhanced tumor expansion, migration, invasion and impaired clinical

outcome (Pinho and Reis, 2015).

Sialylated versions of the Lewis antigens, glycan motifs which are part of the blood group
system have been found highly expressed in tumors and negatively associate with cancer
patient survival (Pinho and Reis, 2015). Several terminal fucosyltransferases critical for
synthesis of Lewis antigens are also deregulated in several cancer types, including colorectal
cancer. Indeed, surface expression of tumor-associated sialylated Lewis antigens has been
associated with upregulation of some sialyltransferase and fucosyltransferases in gastric and
pancreatic tumor cells. Generation of neoantigens in tumor cells by aberrant O-glycosylation
can be used for detection of soluble glycoproteins. For instance, serum biomarkers of
colorectal, pancreatic and gastric carcinomas include sialylated versions of the Lewis
antigens. In colorectal carcinoma, sialylated Lewis antigen A is a circulatory biomarker

(Pinho and Reis, 2015), (Munkley and Elliott, 2016), (Moffett et al., 2021).

L2.3 O-GlcNAcylation in cancer

OGT and OGA have been reported to mediate transcriptional, epigenetic and metabolic
regulation (Yang and Qian, 2017). For instance, OGT and OGA cycling controls the
transcription cycle by activating O-GIlcNAcylation of RNA polymerase II for the formation of
the pre-initiation complex. Competition of O-GIlcNAcylation and phosphorylation at common
sites regulates the activity of RNA pol II for binding to transcription start sites as well as

transcription initiation and elongation (Yang and Qian, 2017).
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Hyper O-GlcNAcylation is a feature of many oncogenic malignancies mediated by
overexpression of OGT (Pinho and Reis, 2015). O-GlcNAcylation has been detected in
several key proteins of oncogenic signaling such as cyclin D1, c-Myc and p53 (Munkley and
Elliott, 2016). OGT stabilizes cyclin D1 which controls the progression of cell cycle from G1
to the synthesis S phase. OGT was shown to bind and O-GlcNAcylate cyclin D1 in the
nucleus of human breast and colorectal cancer cells promoting its stabilization. O-
GlcNAcylation of cyclin DI increased its half-life by decreasing its ubiquitination and
proteasomal degradation. The protection conferred by O-GIlcNAcylation against proteasomal
degradation of the oncogene cyclin D1 has been also described for other cell cycle controllers
such as p53, B-catenin and FOXM1. This highlights the implication of O-GlcNAcylation in

the cell cycle deregulation occurring in tumor cells (Masclef et al., 2019).

Components of the PI3K/Akt and NF-kB pathways, matrix metalloproteases, E-cadherin and
VEGF-A are also O-GlcNAcylated (Pinho and Reis, 2015). Resistance to apoptosis induced
by death receptors such as Fas and TNFRI1 is another process regulated by glycosylation
downstream of ligand binding (Munkley and Elliott, 2016). Likewise, several enzymes
involved in epigenetic modifications and repairing of DNA breaks occurring in cancer cells
have been reported to be regulated by O-GIlcNAcylation (Hanover et al., 2018), (Pinho and
Reis, 2015). Glycolytic and mitochondrial enzymes as well as components of the electron
transport chain are O-GlcNAcylated. (Munkley and Elliott, 2016), (Hanover et al., 2018).
Hypoxia inducible factor-1 (HIF-1) has been shown to be regulated by O-GlcNAcylation,
modification associated with the increase of the glucose transport GLUT1 mediated by the

HIF-1 upon hypoxia (Hanover et al., 2018).

Beyond the UDP-GIcNAc synthesis depending on the nutritional status of the cell, O-
GlcNAcylation regulates the activity of major metabolic pathways (Yang and Qian, 2017). To
do so, OGT has three isoforms including a nucleocytoplasmic and short OGT isoforms
localized in the cytoplasm and nucleus and a mitochondrial isoform. OGA presents a
nucleocytoplasmic isoform that beyond the O-GIcNAc hydrolase domain contains a histone
acetyltransferase (HAT)-like domain. The OGA short isoform localizes in the ER and lipid
droplets and lacks the HAT domain. Indeed, OGA acetylates pyruvate kinase M2 (PKM?2) via
its HAT domain and mediates the interaction between OGT and PKM2 upon glucose
availability. This leads to O-GlcNAcylation of PKM2 and the enhancement of aerobic
glycolysis. During fasting, OGT has been described to O-GIcNAcylate PPARy co-activator
la (PGCla) promoting gluconeogenesis. Apart from the coupling of the UPR and the HBP by
XBP1s transcriptional control of several HBP enzymes and the induction of protein O-

GlcNAcylation, O-GlcNAcylation has been described to directly control protein homeostasis
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by co-translational O-GIcNAcylation of nascent proteins. This has been suggested to stabilize
the nascent proteins by avoiding premature degradation mediated by ubiquitination. Likewise,

OGT has been shown to inhibit the activity of the proteosome (Yang and Qian, 2017).

1.2.4 Glycosaminoglycans in cancer

The glycocalyx of cells and the extracellular matrix are enriched in glycosphingolipids,
proteoglycans and glycosaminoglycans (Pinho and Reis, 2015), (Reily et al.,, 2019).
Glycosphingolipids are glycosylated structures attached to a hydroxyl group of ceramides
which are highly abundant glycolipids in the cellular membranes of humans and contribute to
membrane dynamics and signaling. Proteoglycans are proteins modified with classical N- and
O-linked types of glycans and the distinctive O-linked extended repeats of disaccharide
residues containing GIcNAc or GalNAc in combination with glucuronic acid (GlcUA) or
galactose. These long sugar chains are known as glycosaminoglycans. Proteoglycans
including heparan sulfate, keratan sulfate and chondroitin sulfate are part of the cell
glycocalyx that mediates the interaction of cells with the surrounding and signaling. Other
glycosaminoglycan mainly produced as a sugar free chain is hyaluronic acid (HA) (Reily et

al., 2019) (Figure 6).

Production of HA has been described to contribute to most hallmarks of cancer (Caon et al.,
2020). HA is a polymer of repeated disaccharide units of GlcNAc and GlcUA (Figure 6).
Synthesis of HA from UDP-sugars present in the cytoplasm is mediated by the hyaluronan
synthase (HAS) family. Whereas in healthy conditions HA is a polymer with a high molecular
weight (HMW HA), under pathophysiological states HA displays lower molecular weight
(LMW HA). LMW HA is associated with angiogenesis, inflammation, tumor -cell
proliferation by activating mitogenic pathways, EMT induction, metastasis and chemotherapy
resistance. Within the TME, activated CD8" T cells expressing CD44 and its interaction with
HA has been suggested to mediate intra-tumoral infiltration. On the contrary, HA surrounding
tumor cells has been reported to act as a barrier limiting the interaction with immune cells

(Caon et al., 2020).

Higher accumulation of HA in the TME in parallel with collagen deposition, hypoxia,
vascular alterations and metastatic potential have been reported in tumors of patients and
mouse models of pancreatic cancer (Li et al., 2018). Aberrant production of HA by tumor
cells has been reported in colorectal, breast, gastric, hepatic, lung and pancreatic cancer and
associates with tumor aggressiveness and impaired prognosis. Beyond tumor-promoting roles,
lower levels of HA and CD44 have also been described to associate with impaired survival
and prognosis of oral carcinoma and melanoma. Therefore, HA production in tumors plays

dual roles in regulating tumor progression (Caon et al., 2020).
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I.3  Cellular nutrient-sensing molecular pathways

Cell proliferation is coupled to the nutrient-sensing molecular signaling for induction of an
anabolic metabolism depending on the available carbon, nitrogen and energy sources as well
as extrinsic stimulation by growth factors (Robles-Flores et al., 2021). This connection is
mediated by the crosstalk between the mitogen-activated protein kinase (MAPK) pathway
involved in cell growth and mitogenic division in response to growth factors and the mTOR
pathway that induces anabolic reactions in nutrient-rich conditions. Strikingly, malignant cells
increase biomass and cell growth at expenses of anabolism and persistent activation of mTOR
even when nutrient supply is limited (Robles-Flores et al., 2021). Indeed, the MAPK pathway
starting by activation of Ras is a major molecular signaling deployed by neoplastic cells to
acquire oncogenic malignancy and uncouple cell growth and environmental signals (Drosten

and Barbacid, 2020).

1.3.1 The MAPK pathway

Nearly 100% of pancreatic ductal adenocarcinoma bears mutation in the isoform KRas
whereas around a 50% and 30 % of colorectal cancer and lung adenocarcinoma present
mutated version of KRas, respectively (Drosten and Barbacid, 2020). Other isoforms of Ras
(HRas and NRas) as well as Braf and Raf, downstream components of the MAPK pathway
are found mutated in a minor percentage in most human oncogenic malignancies. Activating
mutations in growth factor receptor tyrosine kinases also count for constitute activation of the
MAPK pathway. Therefore, several clinical trials with inhibitors targeting the MAPK
pathway are ongoing (Drosten and Barbacid, 2020).

The MAPK pathway is hierarchically composed of three levels of serine/threonine kinases
(Fang and Richardson, 2005) (Figure 7). The MAPK-ERK pathway is triggered upon binding
of growth factors to cognate receptors tyrosine kinase (RTK) on the plasma membrane. Ras is
recruited to the cytoplasmatic domains of the receptor and becomes active upon binding to
GTP. Activation of the oncogene Ras results in recruitment and phosphorylation of the first
layer of MAPK proteins (MAPK3), Rafl, Braf or Araf. Phosphorylated MAPK1 proteins
activate the second level of MAPK proteins (MAPK2), MEK1/2. MAPK2 phosphorylates and
activates the transcription factors ERKI1/2 that determine the cellular outcome by
transcriptional regulation in the cell nucleus (Fang and Richardson, 2005), (Roberts and Der,
2007), (Terrell and Morrison, 2019). Activation of transcription factors such as c-Myc, c-Fos
and Elkl ultimately mediate the cellular response to growth factors to drive cell survival,
proliferation and differentiation (Drosten and Barbacid, 2020). In colorectal cancer for

instance, cell proliferation is mainly mediated by the MAPK-ERK pathway and has been
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implicated in angiogenesis, tumor niche remodeling, invasion and metastasis (Fang and

Richardson, 2005), (Roberts and Der, 2007).
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Figure 7. The MAPK and PI3K pathways, cellular outcomes

The three MAPK pathways and the activation triggers are depicted. Activation of transcription factors in the
nucleus leads to different cellular outcomes depending on the stimulus and the downstream activated transcription
factors. Activation of PI3K pathway by growth factors and insulin leads to activation of mTORCI and
transcriptional regulation mediated by Akt promoting cell proliferation, survival and anabolic metabolism. RTK,
receptor tyrosine kinase; IRS, insulin receptor substrate 1; GRB2 and SOS, adaptor proteins;, MAPK, mitogen
activated protein kinase; MEK, mitogen activated protein kinase-ERK kinase; ERK, extracellular signal regulated
kinase; STAT, signal transducer and activator of transcription; ASK1, apoptosis signal-regulating kinase 1; TAKI,
transforming growth factor [-activated kinase 1; JNK, c-Jun N-terminal kinases; mTORCI, mTOR complex 1;
BAD, Bcl2 associated agonist of cell death; PI3K, phosphatidylinositol-3-kinase; PIP3, phosphatidylinositol
(3,4,5)-triphosphate; PDKI, phosphoinositide-dependent kinase 1; Akt, protein kinase B; GSK3, glycogen

synthase kinase-3.

The other MAPK pathways, namely c-Jun N-terminal kinases (JNK1/2/3) and stress-activated
protein kinases, p38 kinases (o/B/y/d) and ERKS are activated by growth factors as well as
stress signals whereas JNK and p38 are specifically activated by cytokines (Fang and
Richardson, 2005) (Figure 7). Activation of these downstream kinases induces transcription

factors such as c-Jun and STATI as well as post-translational modifications of cytoplasmic
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proteins resulting in cell proliferation, differentiation, secretion of inflammatory factors as

well as apoptosis (Fang and Richardson, 2005), (Roberts and Der, 2007).

Tumorigenic functions of Ras are also associated with activation of the catalytic subunit of
the phosphatidylinositol-3-kinase (PI3K) (Shaw and Cantley, 2006). Activation of PI3K
occurs at the levels of Rafl along the MARK ERK pathway by binding of the catalytic
subunit of PI3K to Ras-GTP. Apart from Ras-mediated activation of PI3K, mutations of the
pl10a catalytic and p85a regulatory subunits of PI3K as well as other elements of this
pathway have been reported in around 30% of all human oncogenic malignancies (Fang and

Richardson, 2005), (Roberts and Der, 2007).

1.3.2 The PI3K pathway

Activating mutations in the catalytic subunit of PI3K drive oncogenic cell transformation in
colorectal, gastric and breast cancers (Shaw and Cantley, 2006). However, the most common
mutation responsible for activation of the PI3K signaling in human cancers occurs in
phosphatase and tensin homolog (PTEN). PTEN is a phosphatase catalyzing the inverse
reaction of PI3K, thus blocking this molecular pathway. The PI3K pathway starts by
activation of this kinase upon binding of insulin to the insulin receptor substrate 1 (IRS1), a
RTK. Subsequently, synthesis of phosphatidylinositol (3,4,5)-triphosphate (PIP3) drives
recruitment of the serine/threonine protein kinase B (Akt) to the plasma membrane. Akt is
activated upon phosphorylation by phosphoinositide-dependent kinase 1 (PDK1) (Shaw and
Cantley, 2006), (Sengupta et al., 2010), (Robles-Flores et al., 2021) (Figure 7).

PI3K pathway is involved in cell survival, growth, cell differentiation and metabolism
(Robles-Flores et al., 2021) (Figure 7). For instance, Akt mediates the inhibition of glycogen
synthase kinase-3 (GSK-3) by phosphorylation. GSK negatively impacts on cell cycle by
phosphorylation of c-Myc and cyclins as well as on cell survival and differentiation by post-
translational modification of c-Jun, B-catenin, mesenchymal markers and sterol-regulatory
element-binding transcription factor 1 (SREBP1). Therefore, upon Akt-mediated inhibition of
GSK-3, those processes are stimulated. In addition, Akt is implicated in DNA repair,
inactivation of the pro-apoptotic factor BAD, activation of the NF-xB pathway and
inactivation of the transcription factor FoxO. Activation of FoxO by cellular stress leads to
induction of pro-apoptotic factors and genes responsive to stress. In addition, the roles of Akt
in metabolism encompass the direct activating phosphorylation of enzymes of the glycolytic
pathway and fatty acid biosynthesis beyond its functions as a major activator of the mTOR
signaling (Shaw and Cantley, 2006). Moreover, PI3K signaling increases the PPP flux in

transgenic mice developing PTEN-deficient breast tumors (Mossmann et al., 2018).
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1.3.3 The mTOR pathway

mTOR, the mammalian target of rapamycin mTOR is a metabolic manager of anabolic and
catabolic processes that monitors the cellular provisions of energy, nutrients and oxygen to
achieve the optimal coupling among intracellular biosynthesis, bioenergetics and extrinsic
signaling (Sengupta et al., 2010), (Robles-Flores et al., 2021) (Figure 8). mTOR is the
catalytic serine/threonine kinase factor driving formation of two different complexes,
mTORC1 and mTORC2 which are rapamycin-sensitive and insensitive, respectively

(Mossmann et al., 2018).

mTOR belongs to the family of PI3-related kinases. mTORCI1 includes four additional
components such as Raptor, mLSTS, PRAS40 and Deptor (Sengupta et al., 2010),
(Mossmann et al., 2018) (Figure 8). Raptor, a regulatory element controls complex assembly,
its cellular localization as well as amino acid sensing properties and recruitment of substrates.
PRAS40 and Deptor are regulatory elements that suppress mTOR kinase activity. This
complex regulates mRNA translation through phosphorylation of S6 kinases (S6Ks) and the
translation initiation factor 4E-binding proteins (4EBPs). Unphosphorylated 4EBPs bind to
the initiation factor elF4E interrupting the formation of the cap-binding complex and
inhibiting cap-dependent translation. mTORCI-mediated activation of S6Ks leads
phosphorylation of different substrates, thus contributing to the protein translational process

(Sengupta et al., 2010), (Mossmann et al., 2018).

mTORCI activation requires recruitment and anchor to the lysosomal membranes (Sengupta
et al., 2010) (Figure 8). One of the activating stimuli is the presence of intracellular amino
acids such as leucine, arginine and glutamine while the lack of extracellular leucine and
arginine causes a strong suppression of mTOR activity (Sengupta et al., 2010), (Mossmann et

al., 2018).

mTORCI transcriptionally regulate enzymes participating in glycolysis, amino acid, sterol
and lipid metabolism as well as in the pentose phosphate pathway and nucleotide biosynthesis
(Robles-Flores et al., 2021) (Figure 8). mTORCs1 via S6K1 activates the transcription factor
sterol regulatory element binding proteins (SREBP)-1 that upregulated the expression of fatty
acid transporters and enzymes of the lipogenesis pathway and the oxidative phase of the PPP
under insulin and fatty acid stimulation or low levels of sterols. In that way, mTORCI
upregulates biosynthesis of lipids as part of mechanisms induced by Akt. mMTORC1-mediated
lipogenesis supports cellular biomass and modulates the composition of biological
membranes. In addition, mMTORC1 activation positively impacts on mitochondrial biogenesis
through activation of PGCla and oxidative bioenergetics (Sengupta et al., 2010), (Mossmann
etal., 2018).
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Figure 8. The mTOR and AMPK pathways, cellular outcomes

The mTOR pathway is activated upon growth factor and insulin stimuli as part of the PI3K/Akt pathway and
enhanced by mutations in oncogenes and tumor suppressors in cancer cells. mTORCI activation in the lysosome
drives transcriptional, translational and post-translational regulations to induce the energetic and anabolic
metabolism and inhibit autophagy. The AMPK pathway is activated upon nutrient deprivation decreasing the
AMP/ADP to ATP ratio. AMPK activation induces autophagy and promotes cell survival by inhibition of mTORCI
and induction of a catabolic metabolism. RTK, receptor tyrosine kinase; IRS, insulin receptor substrate 1; PI3K,
phosphatidylinositol-3-kinase; PIP2, phosphatidylinositol (4,5)-triphosphate; PIP3, phosphatidylinositol (3,4,5)-
triphosphate; PDKI, phosphoinositide-dependent kinase 1; Akt, protein kinase B; mTORCI, mTOR complex 1;
S6K, S6 kinase; elF4A/B/E, eucaryotic initiation factor 44/4B/4E; PDCD4, programmed cell death protein 4;
eEF2K, eucaryotic elongation factor 2 kinase;, 4EBPI, translation initiation factor 4E-binding protein 1; SREBPI,
sterol-regulatory element-binding transcription factor 1; TSCI1/2, tuberous sclerosis complex; AMPK, AMP-
activated protein kinase; LKBI, liver kinase Bl; CaMKK, calcium/calmodulin kinase kinase; TAK-1, TGF-[-
activated kinase 1; Sirtl, sirtuin 1; PPP, pentose phosphate pathway.

mTORCI1/2 is activated by growth factors such as insulin and IGF-1 through induction of the
PI3K/Akt pathway and the MARK-ERK signaling (Robles-Flores et al., 2021) (Figure 8).
Akt and ERK1/2 indirectly activate mMTORCI by inhibitory phosphorylation of the TSC2. Akt
also activates mTORC1 via stimulatory phosphorylation of Raptor and inhibitory
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phosphorylation of PRAS40. Under nutrient and growth factor-enriched conditions, mMTORCI1
inhibits autophagy while under starvation, mTOR inhibition leads to concomitant induction of
autophagy. Restoration of the cytoplasmic pool of amino acids by transporters mediating their
efflux from lysosomes after autophagic degradation of proteins positively impact on
mTORCI activity while autophagy is inhibited (Kroemer et al., 2010), (Sengupta et al.,
2010), (Robles-Flores et al., 2021).

Activating mutations in PI3K and Ras and loss-of-function mutations in PTEN and p53 drive
hyperactivation of mTORC1 (Robles-Flores et al., 2021) (Figure 8). The altered metabolism
of tumors also counts for sustained mTORCI1 signaling. For instance, glutaminolysis supports
mTORCI activation whereas mTORCI1 enhances c-Myc translation that upregulates GLS
expression. Indeed, dual inhibition of mTORC1 and GLS limited tumor growth of lung
carcinoma xenografts and blocking glutamine influx suppressed mTORC activity and limited
tumor growth of colorectal xenografts. Inhibition of a leucine transporter highly expressed in
some tumors in combination with rapamycin has shown to limit prostate tumor growth.
Furthermore, mTORCI signaling in tumor cells via c-Myc and HIF-1a is implicated in
glycolysis by upregulation of the GLUT!1 transporter, hexokinase 2 and PKM2. Some
enzymes of the PPP are also upregulated by mTORCI in cancer cells (Mossmann et al.,

2018).

134 The AMPK pathway

The AMP-activated kinase (AMPK) senses increased levels of AMP and ADP upon nutrient
starvation, induces lipolysis to cope with the energetic cellular demands, inhibits mMTOR and
activates p53 (Robles-Flores et al., 2021) (Figure 8). As a bioenergetic sensor, AMPK is
allosterically activated by AMP binding to its y subunit and post-translationally activated by
upstream kinases such as liver kinase B1 (LKB1) induced under energy depletion and
calcium/calmodulin kinase kinase (CaMKK) induced upon higher concentration of cytosolic
calcium. TGF-B-activated kinase 1 (TAK-1) downstream of the TNFa binding and pattern
recognition receptor (PRR) engagement leading to NF-xB activation also activates AMPK.
These kinases activate AMPK by phosphorylating its catalytic o subunit (Kroemer et al.,
2010), (Lin and Hardie, 2018), (Robles-Flores et al., 2021).

The tumor suppressor LKB1 is commonly mutated in lung adenocarcinomas and its genetic
ablation has been directly linked to persistent mTORC]1 activation due to defective AMPK
checkpoint in benign tumoral masses (Shaw and Cantley, 2006), (Robles-Flores et al., 2021).
AMPK inhibits mTORCI1 through direct activating phosphorylation of TSC2, mechanism that
promotes cell survival upon nutrient scarcity and hypoxia (Figure 8). AMPK can also

phosphorylate Raptor leading to inhibition of the catalytic functions of mMTORCI1 causing cell
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cycle arrest under energy depletion (Sengupta et al., 2010). The LKB1-AMPK signaling
negatively control the expression of an enzyme of the pyrimidine biosynthesis. Therefore,
loss of LKB1 in KRas-driven NSCLC cells leads to mTORCI1 activation and nucleotide
synthesis (Mossmann et al., 2018).

Apart from induction of autophagy by AMPK-mediated mTORCI1 inhibition, AMPK can
contribute itself to the autophagic process by activation of Sirtuin 1 (Sirtl) (Kroemer et al.,
2010) (Figure 8). Sirtl is a NAD+-dependent deacetylase promoting autophagy. Positive
feedback between AMPK and Sirtl induces autophagy under nutrient depletion.
Deacetylation of LKB1 by Sirtl increases its kinase activity in the cytoplasm and
consequently, AMPK activation, whereas AMPK indirectly increases the levels of NAD+,
therefore, supplying cofactors for Sirtl activity (Kroemer et al., 2010). Hyperactivation of c-
Myc and an anabolic metabolism can induce AMPK activation and concomitant activation of
p53 which drives mitochondria-dependent apoptosis. AMPK also negatively regulate the
expression of c-Myc target genes, although tumor cells overexpressing c-Myc are resistant to

those metabolic checkpoints (Dejure and Eilers, 2017), (Robles-Flores et al., 2021).

1.3.5 The integrated stress response

The integrated stress response (ISR) is an evolutionarily conserved and adaptive mechanism
induced upon extracellular conditions such as glucose and amino acid deprivation, hypoxia,
alterations in the protein homeostasis (or proteostasis), redox status and viral infections
(Costa-Mattioli and Walter, 2020) (Figure 9). The plasticity displayed upon activation of the
ISR endows cells with the capacity to sense homeostatic alterations in the cytoplasm as well
as in the lumen of the endoplasmic reticulum (ER) to face and survive challenging
extracellular and intrinsic conditions or to induce apoptosis when cell homeostasis cannot be
recovered upon persistent or highly intense cellular insults. Therefore, the ISR is implicated in
metabolic disorders including cancer. Pharmacological modulators of the ISR have been
studied as anti-cancer therapeutic candidates (Pakos-Zebrucka et al., 2016), (Costa-Mattioli
and Walter, 2020) (refer to Table 2).

The mammalian ISR relies on activation of four serine/threonine kinases, namely, general
amino acid control nonderepressible 2 (GCN2), double-stranded RNA-dependent protein
kinase (PKR), PKR-like ER kinase (PERK) and heme-regulated inhibitor (HRI) (Costa-
Mattioli and Walter, 2020) (Figure 9). Subsequent phosphorylation of the translation
initiation factor elF2a results in inhibition of global mRNA translation. However, special
mRNAs such as ATF4 will be translated to control the expression of genes which are part of

the new transcriptional and translational program leading to cytoprotection or cytotoxicity.
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Negative regulatory events when ISR is orchestrated rely on induction of a phosphatase

complex that dephosphorylates elF2a (Costa-Mattioli and Walter, 2020).

elF2a kinases shared structural features in their catalytic kinase domain as well as activation
mechanisms such as dimerization and trans-autophosphorylation upon stress stimuli (Costa-
Mattioli and Walter, 2020) (Figure 9). GCN2, the most conserved elF2a kinase is mainly
activated upon amino acid scarcity. PERK is a transmembrane ER sensor that control the
translational program as part of the unfolded protein response (UPR) activated in part by
proteotoxicity-mediated ER stress (refer to section II). Accumulation of misfolded proteins
counts as a major stimulus for PERK activation. PKR is mostly activated by double stranded
RNA (dsRNA) of viral and cellular origins. HRI is activated upon low concentrations of heme
complexes, oxidative and osmotic stresses and protein aggregation. Collectively, elF2a
kinases are patrols of the cellular homeostasis and several alterations trigger their activation in
an overlapping-manner in order to ensure cooperative and redundant control of the most
optimal translational program upon induction of the ISR (Pakos-Zebrucka et al., 2016),
(Costa-Mattioli and Walter, 2020).

Assembly of the initiator tRNA ternary complex (TC) composed of elF2, GTP and
methionine bound to tRNA carrier is disrupted upon phosphorylation of the o subunit of elF2
(Costa-Mattioli and Walter, 2020) (Figure 9). When global translation is attenuated by
decreased levels of the TC, mRNAs containing one or more upstream open reading frames
(uORFs) at the 5° untranslated region (5°-UTR) are translated irrespective of 5°Cap
recognition. Some of the translated mRNAs are the transcription factors ATF4 and ATFS as
well as the pro-apoptotic C/EBP homologous protein (CHOP) and the eIF2 phosphatase
GADD34. Translation of GADD34 is part of the negative feedback loop of the ISR that
warrants termination when the stimulus is no longer present. Expression of GADD34 reflects
the differential transcriptional and translational program executed upon induction of ISR since
GADD34 is translated as an uORF-containing mRNAs but it is also transcriptionally
upregulated by ATF4 (Pakos-Zebrucka et al., 2016), (Costa-Mattioli and Walter, 2020).

The complex crosstalk among the ISR, autophagy and the UPR dictates the cellular outcome
of the ISR depending on the insult (Pakos-Zebrucka et al., 2016). ATF4 induced upon PERK
activation upregulates the expression of genes involved in the autophagic process (Kroemer et
al., 2010). In addition, ATF4 can positively control genes encoding factors inhibiting
mTORCI activity to trigger autophagy upon nutrient depletion and ER stress. Autophagy as
part of the ISR under nutrient deprivation, particularly amino acid depletion is associated with
cytoprotection. Recovery of cell homeostasis during ER stress by lowering proteotoxicity

caused by an overload of misfolded proteins depends on PERK as a common mediator of the
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ISR and UPR. PERK mediated-ISR activation will decreased mRNA translation as an early
mechanism promoting cell survival. When cell homeostasis is highly compromised, instead of
cellular survival mechanism, ISR contributes to apoptosis. CHOP executes transcriptional
upregulation of GADD34 and pro-apoptotic factors of the Bcl2 family such as BIM under
irremediable ER stress. Sustained PERK signaling upon chronic ISR also leads to

downregulation of inhibitors of apoptosis (Pakos-Zebrucka et al., 2016).
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Figure 9. The Integrated Stress Response (ISR), mechanisms and cellular outcomes under early

and chronic induction

The ISR is activated upon different stimuli including misfolded proteins and nutrient deprivation leading to
phosphorylation of elF2. Inhibition of elF2 by phosphorylation leads to attenuation of the global mRNA
translation while allows translation of 5’ uORF-containing genes such as ATF4 and GADD34. ATF4 is one the
downstream targets of the early ISR that promotes cell survival. Upon chronic induction of the ISR, GADD34 and
CHOP drive cell apoptosis. ER, endoplasmic reticulum; UPR, unfolded protein response; ATF6, activating
transcription factor; IRE] a, inositol-requiring enzyme a; PERK, PKR-like ER kinase; GCN2, general amino acid
control nonderepressible 2; PKR, double-stranded RNA-dependent protein kinase; HRI, heme-regulated inhibitor,
Aa, amino acid; elF2, eucaryotic initiation factor 2; met, methionine; ATF4, activating transcription factor 4;

CHOP, C/EBP homologous protein; GADD34, DNA damage-inducible 34, CDS, coding sequence.
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The ISR is highly implicated in oncogenic processes (Costa-Mattioli and Walter, 2020), (Tian
et al., 2021). Oncogenic transformation resulting in increased protein demands beyond the
cellular protein folding capacity induces ISR to slowdown translation while warranting cell
viability. Indeed, in metastatic prostate cancer models where PERK mediated protein
synthesis attenuation, pharmacological inhibition of ISR resulted in apoptosis. Furthermore,
growth of c-Myc driven lymphoma in mice was attenuated upon ATF4 silencing whereas
animal survival was prolonged. Indeed, tumor cell proliferation and the anabolic metabolism
driven by c-Myc was shown to activate GCN2 with concomitant overexpression of ATF4 to
reinforce translational attenuation. Deficiency of GCN2 and ATF4 limited growth, finding
that might be exploited in combination with amino acid deprivation of malignant tissues. ISR
activation in malignant cells might also be activated by anti-cancer interventions contributing
to tumor cell survival and chemoresistance (Pakos-Zebrucka et al., 2016), (Costa-Mattioli and

Walter, 2020).

Collectively, the ISR clusters molecular signaling events that commonly render elF2a
phosphorylated as the major mechanism leading to mRNA translational attenuation and
reprograming as a strategy for cellular homeostatic protection (Costa-Mattioli and Walter,
2020). As noted, some of the elF2a kinases as the most upstream transducers of the ISR
participate in other molecular signaling pathways such the UPR (Figure 9). Interestingly, the
ISR and the UPR share the common outcome of selective translational mitigation to adapt to
diverse environmental and intrinsic factors (Costa-Mattioli and Walter, 2020). The UPR is a
molecular avenue with additional mechanisms that cells deploy to keep their homeostasis

upon challenging nutritional conditions and proteostatic stress (Hetz et al., 2020).

Table 2. Pharmacological inducers and inhibitors of ISR and ER stress

Compound Action and mechanism Reference

CCT020312 Selective PERK induction. No activation of | (Pakos-Zebrucka et
general UPR. Arrest of cell cycle by cyclin | al., 2016)
depletion. Potential with anti-cancer therapies.

Histidinol/Halofuginone/ | GCN2 induction. Halofuginone, inhibition of | (Pakos-Zebrucka et

Asparaginase/Arginine angiogenesis. al., 2016)

deiminase

Guanabenz/Sephinl ISR enhancement by inhibiting of elF2a | (Costa-Mattioli and
dephosphorylation via GADD34. Studies on | Walter, 2020)
neurodegenerative diseases. (Pakos-Zebrucka et

al., 2016)

Salubrinal/Sal003 ISR enhancement by inhibiting of elF2a | (Costa-Mattioli and
dephosphorylation via GADD34. Control of | Walter, 2020)
viral infections and studies on | (Pakos-Zebrucka et
neurodegenerative diseases and diabetes. al., 2016)

ISRIB Inhibition of ISR by attenuation of elF2a | (Costa-Mattioli and
phosphorylation. Studies on neurodegenerative | Walter, 2020)
pathologies and cognitive and memory
disorders.

GSK2606414/ Inhibition =~ of = PERK  activation by | (Pakos-Zebrucka et

GSK2656157 autophosphorylation. Anti-tumoral effects and | al., 2016)

49




Compound

Action and mechanism

Reference

anti-angiogenic activity in pre-clinical mouse
cancer models.

ATP analogs: SP600125/
SyK

Inhibition of GCN2 activation.

(Pakos-Zebrucka et
al., 2016)

RPLA41 peptide

ISR modulation by enhancement of nuclear to
cytoplasmic translocation of phosphorylated
ATF4 for proteasomal degradation. Studies on
cancer.

(Pakos-Zebrucka et
al., 2016)

Tunicamycin

ER stress induction by inhibition of GlcNAc
phosphotransferase, enzyme catalizing the
transfer of P-GIcNAc from UDP-GIcNAc to
dolichol phosphate in the first step for synthesis
of the oligosaccharide precursor for N-
glycosylation.

(Urano et al., 2000)

Thapsigargin

ER stress induction by inhibition of
sarcoplasmatic ER calcium ATPase (SERCA)
pump and depletion of calcium in the ER.

(Urano et al., 2000)

DTT

ER stress induction by inhibition of disulfide
bond formation.

(Urano et al., 2000)

KIRA6

Allosteric inhibition of IREla by ATP-
competitive ligand. Inhibition of IRE1a RNAse
activity by blocking oligomerization.

(Morita et al., 2017)

STF-083010

Inhibition of IRE1a. RNAse activity

(Lerner et al., 2012)

MKC8866/4u8C/B-109/

Selective IRE1 RNAse inhibition. Potential with
chemotherapy

(Zhao et al., 2018),
(Li et al, 2017),
(Xie et al., 2018)

Compound 18

Inhibition of IRE1ae RNAse activity by blocking
oligomerization.

(Morita et al., 2017)

IAX4/IAX6

Selective activation of IREla RNAse
independent of allosteric activation by targeting
IREla nucleotide-binding pocket. Induction of
ER adaptive proteostasis in a cellular model of
Alzheimer’s disease.

(Grandjean et al.,

2020)

II. The IRE1a signaling in cancer

The ER is a critical organelle for co- and post-translational protein maturation, folding and

quality control of over a third of all cellular proteins (Hetz and Papa, 2018). Most of the

proteins destined to plasma membrane, ER and GA residents and proteins of the secretory

pathway are translated by ER membrane-associated ribosomes facilitating their simultaneous

translocation into the ER lumen. The protein maturation processes occurring in the ER

include sequential steps that control the tridimensional structure of newly synthesized

polypeptides based on protein folding, disulfide bond formation and glycosylation. Quality

control relies on the ER-protein associated degradation machinery (ERAD) which is tightly

dependent on N-glycosylation and ultimately drives protein ubiquitylation for subsequent

degradation by the 26S proteasome (Hetz and Papa, 2018).

Environmental stimuli affecting cell homeostasis count for alteration of the proteostasis

inducing ER stress due to glucose deprivation, amino acid starvation and hypoxia (Hetz et al.,
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2020). Alterations of calcium homeostasis, lipidic unbalanced in ER membranes and more
specifically, point mutations in proteins affecting their folding capabilities represent cellular
disturbances inducing ER stress. Accumulation of misfolded proteins can also result from
accelerated mRNA translation due to viral infection and accelerated proliferative rate of
oncogenic transformed cells or incapability of clearing the misfolded proteins by ERAD (Yoo
et al., 2017). Stress induced by lipidic disturbances can result from changes in the protein to

lipid ratio of the ER membrane (Covino et al., 2018), (Hetz et al., 2020)

Series of findings since 1977 led to the discovery of the UPR as part of ER stress induced by
accumulation of misfolded proteins and under glucose deprivation (Hetz et al., 2020). The
UPR attenuates the burden of misfolded proteins to restore cellular homeostasis by decreasing
the translational rate, improving protein folding by chaperones and foldases, degrading non-
functional newly synthesized proteins by ERAD and increasing lipid synthesis for ER
membrane expansion. However, apoptosis is induced by UPR driving a different cell fate

under chronic ER stress (Yoo et al., 2017), (Hetz et al., 2020) (Figure 10).

II.1 The UPR signaling

UPR is a complex tripartite mechanism driven by transmembrane ER stress sensors described
in vertebrates (Hetz and Papa, 2018), (Hetz et al., 2020) (Figure 10). These ER stress
transducers are 1) protein kinase RNA- (PKR-) like ER kinase (PERK), 2) activating
transcription factor 6 (ATF6 a and ) and 3) inositol-requiring enzyme 1 (IREla and ) which
are kept inactive by binding of immunoglobulin protein (BiP). BiP is a chaperone of the heat
shock protein 70 family localized in the ER lumen that binds the ER stress sensors and keeps
them in an inactive form until finding of a misfolded protein takes place. The ER stress
sensors share structural features including an ER luminal domain that is bound by BiP via its
ATPase domain during their inactive monomeric state and a cytoplasmic domain that for
IRE1 displays kinase as well as endoribonuclease enzymatic activities (Yoo et al., 2017). BiP
chaperone has a substrate-binding domain that senses misfolded proteins. The accepted
mechanism for activation of the ER stress transducers is recognition of defective folded
proteins by BiP with subsequent release of the luminal domain of the ER sensors. However,
direct sensing of misfolded proteins by IREla has been proposed in yeast by in silico

analysis, but not in mammals (Hetz and Papa, 2018), (Hetz et al., 2020).

UPR is activated when N-linked protein glycosylation and disulfide bond formation are
perturbed as well as upon depletion of the ER stores of calcium that affects calcium-
dependent resident chaperones (Hetz et al., 2020) (Figure 10). UPR orchestrates two
temporal cellular programs as part of the adaptive output in order to restore proteostasis.

Global translational inhibition to avoid further overloading of proteins in the ER and
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enhancement of the ERAD machinery for clearing of misfolded proteins count as the first
strategy. The second program is based on transcriptional activation of several genes involved
in general protein quality control. The latest reaction is accompanied with a selective
translational recovery to allow protein synthesis of ER stress responsive mRNAs (Hetz and

Papa, 2018), (Hetz et al., 2020).
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Figure 10. The UPR mechanisms and cellular outcomes under early and chronic induction

The UPR is activated by different stimuli including misfolded proteins, lipidic disturbances, defects in N-
glycosylation, calcium depletion, nutrient deprivation and hypoxia. Three ER stress sensors are activated and their
downstream targets promote homeostasis recovery and cell survival upon early UPR induction or induce
apoptosis upon chronic and intense induction of the UPR. ER, endoplasmic reticulum; BiP, binding
immunoglobulin protein; IREla, inositol-requiring enzyme o PERK, PKR-like ER kinase; ATF6, activating
transcription factor; S1/2P, site 1/2 proteases; cATF6, cleaved ATF6;, XBPlu/s, unspliced and spliced X-box
binding protein 1; RIDD, IREI-dependent decay of RNAs; ATF4, activating transcription factor 4, CHOP, C/EBP
homologous protein; GADD34, DNA damage-inducible 34, ERAD, ER-protein associated degradation machinery;,

aa, amino acid.

IL1.1 The PERK pathway

PERK, a member of the ISR, inactivates eEF2a by phosphorylation to attenuate cap-
dependent translation (Hetz and Papa, 2018) (Figure 10). As a consequence, the overload of
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new synthesized proteins in the ER is decreased. One exception of protein synthesis inhibition
is the translation of PERK downstream target, the activating transcription factor 4 (ATF4).
ATF4 regulates the expression of UPR responsive genes, including genes involved in
restoring cellular homeostasis as well as C/EBP homologous protein (CHOP), an inducer of
apoptosis. Induction of either resolving ER stress-genes or pro-apoptotic genes is a fine-tuned
equilibrium that depends on the duration and severity of the stimulus. When ER stress is not
resolved, ATF4 and CHOP form heterodimers to exacerbate even more the ER stress with
concomitant induction of cellular death by apoptosis (Yoo et al., 2017), (Hetz and Papa,
2018), (Hetz et al., 2020).

11.1.2 The ATF6 pathway

ATF®6 is a transcription factor that upon release from BiP binding exposes the interaction site
with coat protein-II (COP-II) vesicles leading to its translocation into the GA and cleavage by
the resident proteases S1P and S2P (Hetz and Papa, 2018), (Hetz et al., 2020) (Figure 10).
The cleaved active form corresponding to ATF6 cytosolic domain translocates into the
nucleus to regulate the expression of several genes including X-box binding protein 1 (XBP1)
and genes involved in ERAD. Interestingly, transcriptional induction of XBP1 by ATF6 has
been hypothesized to occur as a key step to sustained UPR in a time-dependent fashion (Hetz
et al., 2020). The role of ATF6 in regulating the expression of ER chaperones and XBP1 was
suggested to occur before XBP1 is activated by splicing and targets specifically other genes to
maintain ER stress adaptive mechanisms (Yoshida et al., 2001). In addition, ATF6 and the
alternative spliced version of XBP1 can also heterodimerize to regulate the transcriptional
program elicited under UPR (Yoo et al., 2017). Activated ATF6 and XBP1 have been
suggested to mediate maximal activation of the UPR. This might be an evolutionary
advantage in cells expressing both proteins such as mammalian cells since ATF6 homolog has

not been found in yeast (Yoshida et al., 2001).

11.1.3 The IRE1a pathway

The most conserved UPR branch from yeast to mammals is triggered by IRE1 (Figure 10).
IRE1la isoform has been found expressed in all cell types tested (Urano et al., 2000) and the
one extensively documented in the literature (Hetz et al., 2020). This serine/threonine kinase
has a cytoplasmatic domain with kinase and endoribonuclease activities at the C-terminal of
the protein. The kinase domain participates in the trans-autophosphorylation event needed for
activation of at least two of these molecules upon dimerization in the ER membrane (Shamu
and Walter, 1996). The cytoplasmic kinase domain is linked to the ER luminal domain that
senses metabolites, for instance, inositol and probably, unfolded proteins within the ER.

Kinase functions of IREla as well as its scaffold activity have been described, however, the
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most reported function of the protein is linked to its endoribonuclease activity (Hetz et al.,

2020).

IRE1la is responsible for activation of XBP1 by alternative splicing of this transcription factor
(Shen et al., 2001) (Figure 10). Spliced XBP1 (XBP1s) has been described to regulate several
genes involved in restoring cell homeostasis under ER stress by forming heterodimers with
other transcription factors apart from ATF6. XBPl1s-induced genes are involved in protein
folding, ERAD, protein secretion and translocation into the ER as well as lipid synthesis. The
RNAse activity of IREla has also been linked to a process called regulated IRE1-dependent
decay of RNAs (RIDD) in which cytosolic and ER-resident mRNAs encoding proteins of the
secretory pathway, GA-localized glycosylating enzymes and chaperones are degraded (Han et
al., 2009). In addition, microRNAs and ribosomal RNAs are also targeted by RIDD (Hetz and
Papa, 2018), (Hetz et al., 2020).

11.1.4 Cell fate under terminal UPR

The crosstalk among all the UPR branches and regulatory networks endow cells with
molecular tools to quickly react and adapt to stress (Hetz et al., 2020). For instance, induction
of the PERK pathway genetically facilitates ATF6 synthesis. Likewise, active ATF6 regulates
the expression of several chaperones, including its own conformational repressor, BiP.
Indeed, both XBP1s and ATF6 have been reported to positively regulate the gene expression
of BiP as part of a negative feedback loop controlling the activation of ER stress transducers
(Yoshida et al., 2001). CHOP induced predominantly as part of the PERK pathway can also
be upregulated by IREla and ATF6. Furthermore, all the three ER stress transducers are
regulated by post-translational modifications as well as interaction with negative and positive
cofactors, adaptors and scaffold proteins. The term UPRosome is currently used to describe
the protein network and crosstalk with components of other molecular pathway that mediate

the different outputs of the UPR (Hetz and Papa, 2018), (Hetz et al., 2020).

Under sustained chronic ER stress, PERK and IREla engage the terminal UPR program that
instead of resolving the stress, leads to cell apoptosis (Hetz et al., 2020) (Figure 10). CHOP,
mainly induced under PERK hyperactivation acts as a transcription factor with different
partners for upregulation of pro-apoptotic genes as well as suppression of anti-apoptotic
factor. GADD34-driven mechanisms as described under chronic ISR is shared with the UPR
signaling for induction of apoptosis. The translational program resumes upon
dephosphorylation of eEF2a aggravating ER stress and leading to cell death (Li et al., 2014).
Re-starting of translation may also depend on ATF4-mediated upregulation of amino acid
transporters which activates mTORCI1, suppresses autophagy and induces activation of

critical components of the translation machinery (Pakos-Zebrucka et al., 2016).
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Under IRE1a hyperactivation by cluster formation, the RNAse output of this ER transducer
drives RIDD with the consequent massive decay of ER-localized mRNAs (Hetz et al., 2020)
(Figure 10). mRNA degradation diminishes the ER cargo and protein-folding components
which further impair ER stress. In addition, RIDD reduces the levels of some microRNAs that
repress pro-apoptotic factors involved in inflammasome formation dependent on caspase 1.
Hyperactivation of PERK and IREla during terminal UPR induces intrinsic apoptotic
pathways (Hetz and Papa, 2018), (Hetz et al., 2020).

1.2 IREla, a protein with multiple functions

Sensing misfolded protein in the ER lumen has been the most described signal for activation
of IREla, however lipid bilayer stress in the ER also triggers the UPR, in special IREla
(Hetz et al., 2020). IREla as an integral protein has a transmembrane domain that allows
physical sensing of the mechanical properties of the ER membrane (Covino et al., 2018).
Lipid bilayer stress has been reported to activate IREla when there is a perturbed ratio of
phosphatidylethanolamine to phosphatidylcholine, higher lipid saturation and inositol
depletion. In response to inositol depletion and lipid saturation of the ER membrane, IRE1a
activation increases membrane lipid biosynthesis leading to a more fluidic ER membrane. The
protein-to-lipid ratio of ER membranes has been suggested as a factor driving IREla
activation. Accumulation of proteins in the ER bilayer rather than in the ER lumen might
decrease the lateral diffusion of the membrane, allowing IRE1a molecules being close enough

to oligomerize (Covino et al., 2018).

11.2.1 Kinase domain-dependent IREa activity

IRE1la is required for activation of c-Jun N-terminal kinases (JNKs). JNKs, a family of signal
transducers of the MAPK pathway were activated upon pharmacological induction of ER
stress dependent on the IREla kinase domain (Urano et al., 2000). Indeed, overexpression of
IREla also increased activity of JNK whereas overexpression of a kinase mutant decreased
JNK activation. JNK activation was shown to be independent of the PERK pathway upon
induction of ER stress. The TNF-receptor associated factor-2 (TRAF2) was identified as an
IRE1 kinase domain-binding partner that upon recruitment mediates JNK activation upon ER

stress (Urano et al., 2000) (Figure 11).

The fine and complex interconnection among ER stress, autophagy and apoptosis under
nutrient starvation has been reported to depend on IREla-mediated JNK activation (Castillo
et al., 2011) (Figure 11). Bax inhibitor-1 (BI-1), a conserved ER transmembrane protein

suppressing apoptosis mediated by ER calcium release was shown to negatively regulate

55



autophagy by inhibiting the interaction between IREla and TRAF2 under nutrient starvation
conditions. BI-1 was shown to physically associate with IREla and repress its binding to
TRAF?2. This correlated with lower JNK activation. Indeed, JNK1 displays a pro-autophagic
effect mediated by phosphorylation of the anti-apoptotic factor Bcl-2, dissociation of the
complex Beclinl/Bcl-2 and release of Beclin 1 for autophagosome formation (Kroemer et al.,
2010). Adult Drosophila melanogaster flies showed a longer lifespan after fasting when BI-1
was knocked-down suggesting that at whole-organism level, IRE1a activation induces JNK

and may drive autophagy and apoptosis under nutritional deprivation (Castillo et al., 2011).
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Figure 11. IREa activities dependent on its kinase domain

IREa in a complex with TRAF2 activates JNKs and the NF-kB pathway to drive apoptosis upon ER stress
induction. IREo functionating as a scaffold protein interacts with filamin A and InsP3R at MAMs and it is
implicated in cytoskeleton remodeling and cell migration as well as mitochondrial bioenergetics. ER, endoplasmic
reticulum; DTT, dithiothreitol; UV, ultraviolet light; IRE] a, inositol-requiring enzyme o TRAF2, TNF-receptor
associated factor-2; JNK, c-Jun N-terminal kinases; NF-xB, nuclear factor kappa-light-chain-enhancer of
activated B cells; InsP3R, inositol-triphosphate receptors; MAM, mitochondria-associated membranes; BAX, Bcl2
associated X protein; BIM, Bcl2-like protein 11.

IREla also activates the NF-«xB pathway (Hu et al., 2006) (Figure 11). As for JNK
activation, IREla is involved in activation the NF-kB pathway via physical interaction with
TRAF2. Apoptosis induced by ER stress due to IREI activation was dependent on NF-xB

activation and downstream of TNFa secretion and autocrine signaling. However, NF-xB
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activation by ER stress was irrespective of the TNFa-driven signaling. Apoptosis was a result
of inhibition of TNFa-induced activation of the NF-kB and JNK pathways due to lower levels
of TRAF2 upon ER stress. IREa activity drove NF-kB pathway activation independent of

TNFa as well as initiation and amplification of apoptotic mechanisms in ER stressed cells

(Hu et al., 2006).

IREa also participates in activation the transcription factor AP1 by induction of members of
the MAPK signaling such as JNK and p38. In addition, ERK activation upon ER stress has
been shown to involve IREa. Activation of NF-xB and AP1 links the kinase domain-
dependent IREa signaling to synthesis and production of cytokines such as IFN-I beyond the
role of XBP1s in inducing cytokines by binding to their promoters (Smith, 2018).

IREla functions as a scaffold platform for filamin A, an actin-binding protein involved in
cytoskeleton remodeling (Urra et al., 2018) (Figure 11). The direct physical interaction
between these two proteins was shown to occur at the ER irrespective of IREla RNAse
activity. IRE1a dimer or oligomer formation upon ER stress induction was critical for filamin
A phosphorylation and cell migration. Indeed, IRE1a functions as a scaffold for filamin A
and at least one of its activating kinases. Involvement of IREla in cytoskeleton remodeling
and cell migration was confirmed in Drosophila melanogaster, Zebrafish and in in brain
tissue. Therefore, IREla may participate in acquisition of metastatic abilities. Cancer
dissemination relying on this mechanism will not be affected using pharmacological
inhibitors of the IRE1a RNAse activity, a very common approach in cancer research (Urra et

al., 2018).

Non-canonical roles of IREla functioning as a scaffold at the mitochondria-associated
membranes (MAMSs) support mitochondrial bioenergetics (Carreras-Sureda et al., 2019)
(Figure 11). MAMs are the physical bridges communicating the ER and mitochondria. IRE1a
accumulated in MAMs participates in the transfer of calcium through inositol-triphosphate
receptors (InsP3Rs) from the ER to the mitochondria. Indeed, IREla and InsP3R were shown
to physically interact at MAMs. IREla deficient cells displayed a drop in mitochondrial
calcium transfer and concomitant decrease of mitochondrial ATP pool, lower oxygen
consumption rate, higher levels of AMPK phosphorylation and increased autophagic flux
under nutrient starvation. Splicing of XBP1 was not required for complex formation between
IP3R and IREla to regulate mitochondrial calcium uptake at basal conditions. At a
physiological level, IREla kinase mutation in mouse liver tissue showed reduced levels of
InsP3R, changes in other MAM-related proteins, TCA metabolites and higher lactic acid
(Carreras-Sureda et al., 2019).
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11.2.2 IREa RNAse activity

XBP1 is the canonical target of the IREa signaling mediated by its RNAse activity (Hetz et
al., 2020) (Figure 12). XBP1 mRNA splicing releases an intron containing 26 nucleotides in
mammals producing an open reading frame (ORF) shift. The spliced version of XBP1 mRNA
(XBP1ls) is generated by re-ligation of the fragments by the tRNA ligase RtcB. Cytoplasmatic
generation of XBP1s protein occurs during translation of the unspliced mRNA (XBP1 or
XBP1u) which is associated with ER-bound ribosomes (Majumder et al., 2012). Pausing of
XBP1u translation by docking of the ribosome to the ER membrane allows activated IRE1a
to rapidly generate XBP1s mRNA in the cytosol (Hetz and Papa, 2018). Upon early ER
stress, XBP1s mRNA accumulates in cytoplasm due to global translational attenuation. The
splicing might confer stability to XBP1 avoiding its degradation. When the translational
program of some mRNAs is recovered in more advanced UPR, XBP1s is translated while the
mRNA is degraded. In this manner, cells immediately respond with sufficient effector protein
when protein synthesis resumes while turnover of XBP1s mRNA fines tune the intensity of

the signaling (Majumder et al., 2012).
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Figure 12. The two branches of the IRE1a RNAse activity

IRE1 & drives splicing of XBP1 during early induction of the UPR and massive RNA degradation as part of RIDD
during chronic UPR induction. IRE]la dimerization and activation lead to XBPIs activation and to homeostatic
recovery and cell survival upon adaptive UPR. IREla oligomerization and hyperactivation lead to RIDD
induction and apoptosis upon terminal UPR. IRE] ¢, inositol-requiring enzyme o; XBP1u/s, unspliced and spliced
X-box binding protein 1; cATF6, cleaved ATF6; RIDD, IREI-dependent decay of RNAs; Scara3, Scavenger
Receptor Class A Member 3, Blosl, Biogenesis Of Lysosomal Organelles Complex 1 Subunit 1; Col6al, Collagen
Type VI Alpha 1 Chain; LD, luminal domain; KD, kinase domain; RD, RNAse domain;, TMD, transmembrane
domain; P, phosphate group; basic, basic motif; Leu ZIP, leucine zipper motif; HR, hydrophobic region; TP,

translational pausing domain; TAD, transactivation domain; ORF, open reading frame.
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This basic leucin zipper transcription factor controls its own transcriptional expression and
directly targets several genes involved in ER homeostasis which are constitutively expressed
even in the absence of ER stress (Acosta-Alvear et al., 2007) (Figure 12). Some of these
constitutive UPR genes encode PERK, ATF4, ER resident chaperones such as BiP, DNAJB9,
calreticulin and calnexin, members of the disulfide isomerase (PDI) family and components
of the protein secretory pathway. Likewise, components of the ERAD pathway and general
proteolysis, lipid and fatty acid metabolism, enzymes involved in protein glycosylation,
glycolysis, gluconeogenesis and carbohydrate metabolism are also part of the constitutive

UPR genes targeted by XBP1s (Acosta-Alvear et al., 2007).

While splicing of XBP1 has been reported to be cytoprotective, RIDD induction is described
as a process induced before apoptosis under chronic ER stress (Hetz et al., 2020) (Figure 12).
The kinase domain of IREla has to be functional to allow the RNAse domain being
sufficiently active to degrade RNA beyond splicing of XBP1 (Han et al., 2009). Auto-
activation of at least two IRE1a molecules by close interaction of their luminal domains in the
absent of trans-phosphorylation renders the dimer active only for splicing of XBPI.
Oligomerization of IREla depending on auto-transphosphorylation enables the two outcomes

of the IRE1la RNAse activity, XBP1 splicing and RIDD (Han et al., 2009).

Insulin-producing pancreatic islet 3 cells are very dependent on the ER machinery (Back and
Kaufman, 2012). Therefore, the IRE1a-XBP1 signaling has been extensively reported in the
context of type I and type II diabetes mellitus (T1D and T2D). Pro-insulin mRNA is degraded
likely by the IREla-RIDD pathway upon chronic high glucose stimulation followed by
apoptosis in an in vitro model of T2D. Hyperglycemia, high demands of insulin and cellular
glucolipotoxicity have been linked to ER stress induction and the insulin resistant T2D

phenotype (Back and Kaufman, 2012) (Figure 13).

IRE1la plays roles in T1D disease onset and progression (Morita et al., 2017) (Figure 13). A
mouse model of T1D showed that hyperactivation of IRE1a, upregulation of the thioredoxin-
binding protein TXNIP as well as reduced insulin mRNA levels in pancreatic 3 cells are part
of the terminal UPR signaling leading to apoptosis and associated with disease initiation.
Therefore, treating pre-diabetic mice with pharmacological inhibitors of the IREla RNAse
activity decreased XBP1s and TXNIP, increased insulin mRNA levels in B cells, decreased
glycemia and reverted the pathological phenotype (Morita et al., 2017). Furthermore,
upregulation of TXNIP depends on IREla-mediated downregulation of microRNA-17
irrespective of XBP1 splicing suggesting that apoptosis is mediated by RIDD induction
(Lerner et al., 2012).
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The IRE10-RIDD pathway is implicated in antibody secretion by plasma B cells which are
highly dependent on the ER machinery (C.-H. A. Tang et al., 2018) (Figure 13). Splenic B
cells from XBP1-deficient mice show reduced levels of soluble I[gM immunoglobulin upon
stimulation with lipopolysaccharide (LPS) which negatively correlated with higher protein
expression of IREla. Indeed, XBP1 regulates the expression of IREla as part of a negative
feedback loop. A distinctive phosphorylation site of IREla upon LPS stimulation, but no
upon tunicamycin treatment induced degradation of canonical RIDD mRNA targets in B
cells. Induction of RIDD in B cells by bacterial toxin stimulation was accompanied with
reduction of mRNA and protein levels of heavy chains of soluble IgM in a XBPls
independent manner (C.-H. A. Tang et al., 2018).

IREla hyperactivation and concomitant RIDD induction have also been reported in splenic
CD8a" DCs (Osorio et al., 2014) (Figure 13). This subtype of DCs (¢DCls) displays a high
dependency on the IRE1a signaling to control ER homeostasis through constitutive activation
of the IREla-XBP1 pathway. IREla hyperactivation in XBP1 deficient cDCls was
associated with lower cross-presentation of dead cell derived-antigens. Downregulated genes
beyond XBP1s targets were found to be RIDD targets such as genes involved in the peptide
uptake and processing machinery in the ER for loading onto major histocompatibility
complex class I (MHC-I). RIDD induction by IREla hyperactivation as a compensatory
strategy in XBP1 deficient cDCls is detrimental for cross-presentation of dead cell-related

antigens and therefore, for their T cell-activating functions (Osorio et al., 2014).

The IRE10-XBP1 pathway maximizes the host innate immunity depending on macrophage-
cytokine production against bacterial pathogens engaging Toll-like receptors (TLRs)
(Martinon et al., 2010) (Figure 13). Upon stimulation of murine macrophages with the TLR4
agonist LPS (lipopolysaccharide), unique activation of the IREla pathway was seen among
all the UPR branches. XBP1s was shown to play a downstream role upon stimulation of TLRs
for sustained production of specific innate immune mediators such as IL-6. Indeed, XBP1s
was found to be recruited to the promoters of genes encoding IL-6 and TNFa. TLR2-specific
bacterial infection in mice lacking XBP1 in hematopoietic cells produced a higher bacterial

burden and less efficient bacterial clearance in the lungs (Martinon et al., 2010).

Hypoxia disrupting ER harmony induces the UPR since protein folding in the ER requires
oxygen. Indeed, IREla and concomitant JNK-driven autophagy as part of the adaptive ER
responses have been induced by hypoxia (Chipurupalli et al., 2019) (Figure 13). XBPls
interaction with hypoxia-inducible transcription factor-1, subunit o (HIF-1a) and B-catenin
was reported to confer a cellular advantage to cope with reduced oxygen availability (Xia et

al., 2019). Increase of HIF-1a and XBPls in parallel with a reduction of -catenin levels
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occurred upon hypoxia in colon cancer cells. Reduction of the proto-oncogene [-catenin was
mediated by ER stress-dependent proteasomal degradation. Lower levels of [-catenin
released the inhibition of the HIF-1a-induced transcriptional program while higher levels of
XBP1s cooperated with HIF-1la upon hypoxia increasing survival. Therefore, the IRE1a-
XBP1 axis synergizes with the cellular response to hypoxia by enhancing HIF-1a program
and mediating negative regulation of the P-catenin signaling that is detrimental for cell

survival in hypoxic conditions (Xia et al., 2019).
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Figure 13. The IRE1la RNAse activities in different cell types, mechanisms of action and cellular
outcomes

Different stimuli activate IRElo in pancreatic [ cells, B lymphocytes and DCs leading to RIDD induction
upstream of apoptosis, lower antibody secretion and lower MHC-I presentation, respectively. Different stimuli
activate IRE 1o in macrophages, cancer cells and any cell leading to XBP1 splicing upstream of higher bacterial
clearance, oncogene inhibition mediated-cell survival and glycosylation-mediated cell survival, repectively. TI1D,
12D, type 1 and type diabetes mellitus;, MHC, major histocompatibility complex; DCs, dendritic cells; TLR4/2,
Toll-like receptor 4/2; ROS, reactive oxygen species, IL-6, interleukin-6; TNF a, tumor necrosis factor a; HIF-1a,
hypoxia inducible factor-1a; HBP, hexosamine biosynthetic pathway; UDP-GIcNAc; uridine diphosphate N-

acetylglucosamine; Ser/Thr, serine/threonine.

The IRE1a-XBP1 pathway regulates the HBP (Wang et al., 2014) (Figure 13). Upon cardiac
ischemia/reperfusion in mice, the infarct region of the heart showed ER stress induction and
higher levels of O-GIcNAc modified proteins and enzymes of the HBP. Among them,
GFPT1, the first and rate-limiting enzyme of the HBP was found upregulated. Induction of
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XBP1s post-reperfusion occurred upstream of the HBP activation. XBP1s was shown to bind
the GFPT1 promoter. Indeed, XBP1s is an authentic regulator of the HBP since induction of
ER stress with general stimuli caused upregulation of GFPT1 and higher O-GIcNAcylation.
Cardioprotective functions of XBPIls upon ischemia/reperfusion in mice overexpressing
XBP1s in cardiomyocytes was depending on GFPT1 and O-GlcNAcylation (Wang et al.,
2014). The crosstalk between the IREla signaling and the HBP also confers survival
advantages to Caenorhabditis elegans expressing a gain-of-function mutant of GFPT1 by
induction of protein quality control processes such as ERAD, proteasomal degradation and
autophagy. The increased longevity of GFPT1 mutant worms was completely dependent on

the IRE1a-XBP1 signaling (Denzel et al., 2014).

II.3 IRElo and cancer

Alterations of ER proteostasis have been involved in most hallmarks of cancer (Lhomond et
al., 2018), (Hetz et al., 2020). This phenomenon that can be understood considering the high
proliferation rate, metabolic demands, secretion capabilities of malignant tissues as well as
stressful stimuli coming from the TME. Therefore, the IRE1a signaling pathway has been
extensively studied in the context of tumorigenesis and cancer progression and controversial
outcomes have been reported. Dual functions of the IREla pathway, either pro-tumorigenic
or tumor-suppressive have been described in cancer development and progression (Hetz et al.,
2020). Cancer type and subtype, oncogenic drivers and dependency of the cell type on the ER
machinery and UPRosome dictate the role of this molecular signaling (Rubio-Patifio et al.,
2018a). This chapter illustrates the implications of IREla in cancer progression mainly in

pre-clinical cancer models.

11.3.1 IRE1ain solid tumors

IRE1a pathway modulates the cell secretome, even more in transformed tissues (Gameiro and
Struhl, 2018). Non-transformed and transformed breast epithelial cells have shown to inhibit
protein synthesis upon glutamine deprivation and during recovery after nutrient depletion.
Global translational repression was accompanied by synthesis of ATF4, XBP1s and other ER
stress members as well as upregulation of inflammatory factors as part of the selective
transcriptional and translation program upon ISR induction. The highest synthesis of
inflammatory proteins was seen in transformed cells. The inflammatory response leading to
expression of IL-8, IL-6 and CCL20 increased cell migration of transformed cells. Secretion
of inflammatory factors might count as mechanism contributing to the metastatic potential of

nutrient-depleted tumor. These soluble factors can signal metabolically stressed cells in an
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autocrine fashion to pursue a more nutrient-available microenvironment (Gameiro and Struhl,

2018).

Constitutive IRE1a-XBP1 axis has been detected in breast cancer cells, especially in triple
negative breast cancer (TNBC) cells (Logue et al., 2018) (Figure 14). IREla gene signature
predictive of the IREla activity showed that human breast cancers with high activity had a
basal-like with a more mesenchymal-like phenotype, increased invasiveness and a worse
clinical outcome. Genes strongly associated with the IRElo gene signature encode
inflammatory factors such as IL-8, IL-6, CXCL1, GM-CSF and TGFp2. Production and
secretion of these cytokines and cell proliferation were reduced upon pharmacological
inhibition of the IREla. RNAse activity with MKC8866. Indeed, blocking these cytokines
with neutralizing antibodies decreased proliferation of TNBC cells at the same level that upon

treatment with MKC8866 (Logue et al., 2018).

High levels of XBP1s, production of cytokines and clonogenicity were observed in TNBC
cells treated with paclitaxel, a common chemotherapeutic for breast cancer (Logue et al.,
2018). Inhibition of IRE1a abrogated the tumor-initiating potential of TNBC cells and in vivo
MKC8866 treatment enhanced the response to chemotherapy. Indeed, combined treatment
limited growth of TNBC tumor xenografts and extended mouse survival in comparison to
single treatment with paclitaxel. Moreover, continuous IREla inhibition seemed to be

beneficial after withdrawal of paclitaxel (Logue et al., 2018).

The IRE1a-XBP1 pathway plays pro-tumoral roles by supporting the response to hypoxia in
TNBC tumors (Chen et al., 2014) (Figure 14). XBP1 silencing in human TNBC cells limited
tumor growth and lung metastasis in orthotopic xenografts mouse models as well as decreased
tumor incidence of TNBC patient-derived xenografts (PDX). Combination of XBP1 silencing
and the chemotherapeutic doxorubicin in TNBC PDXs led to inhibition of tumor relapse.
XBP1s as well as HIF-1a were shown to confer tumor-initiating potential to TNBC cells.
XBP1s physically interacting with HIF-1a and co-occupying the promoters of HIF-1a targets
demonstrated that both factors were necessary for optimal activation of the hypoxic
transcriptional program. Therefore, XBP1s regulates the hypoxic transcriptional program
orchestrated upon activation of HIF-la to sustain tumor growth in TNBC mouse models.
Furthermore, a high XBP1 gene signature associated with shorter free survival in TNBC
patients and XBP1-regulated HIF-1a transcriptional program also associated with a worse

clinical outcome in these TNBC patients (Chen et al., 2014).

Activation of IREla-XBP1 pathway in breast cancer has been reported to be controlled by c-

Myc oncogenic expression since silencing of c-Myc in breast cancer cell lines decreased the
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expression of IREla and XBPls (Zhao et al., 2018) (Figure 14). Indeed, a high positive
correlation between the expression of c-Myc and IREla has been seen in breast cancer
patients by immunohistochemistry. c-Myc was demonstrated to bind to IREla promoter and
putative enhancer regions in PDX tumors with high c-Myc expression. Likewise, c-Myc and
XBP1s were shown to physically interact in the nucleus and co-occupy the promoter of genes
encoding ER-stress related proteins and ERAD components. Unidirectionally, c-Myc was
demonstrated to increase the transcriptional activity of XBP1s. Silencing of XBP1s in c-Myc

overexpressing cells reduced their clonogenic potential (Zhao et al., 2018).

Inhibition of IRE1a RNAse activity with MKC8866 has shown that tumor growth limitation
of orthotopic PDX models correlated with the expression levels of c-Myc in tumors (Zhao et
al., 2018). Combined treatment of MKC8866 and the chemotherapeutic docetaxel caused total
tumor remission with no relapse after treatment withdrawal. Docetaxel and MKC8866 as
monotherapy significantly limited tumor growth of PDX models. The synergic effect of both
drugs caused lower proliferation and angiogenesis as well as higher apoptosis induction in
tumors. Furthermore, a sensibilization to chemotherapy in the combination treatment was
dependent on high c-Myc expression in p53 null-genetically engineered mouse (GEM)
models. The combination therapy was associated with higher intra-tumoral infiltration of T
lymphocytes and lower recruitment of MDSCs. The combination therapy also reduced the

lung metastatic potential of TNBC cells (Zhao et al., 2018).

The IRE1a-XBP1 axis has also been implicated in angiogenesis induction and cancer cell-
mediated immunosuppression in TNBC (Harnoss et al., 2020) (Figure 14). Silencing of
XBP1 or IREla limiting tumor growth of subcutaneous xenografts led to reduced expression
of VEGF-A. Decreased levels of other pro-angiogenic factors and lower vascular
permeabilization were observed in IREla-deficient tumors. The IREla signaling was
implicated in tumor cell-mediated TME remodeling since reduced number of cancer-
associated fibroblasts (CAFs) and MDSCs were detected in tumors upon IREla inhibition.
Indeed, mRNA levels of genes encoding soluble factors involved in recruitment of these
stromal cells were downregulated in IRE1a-deficient subcutaneous xenografts (Harnoss et al.,

2020).

IREla is implicated in the acquisition of a mesenchymal and more aggressive tumor
phenotype in PDAC (Genovese et al., 2017) (Figure 14). Pancreatic tumor epithelial cells
from a Kras-driven PDAC transgenic mouse model escaped senescence upon acquisition of a
mesenchymal-like (MS-L) phenotype. The escaper cells exhibited a higher in vivo tumor-
initiating potential. Downregulation of the Kras signature and target genes of the chromatic
remodeler, SMARCBI1 in parallel with upregulation of genes involved in cell cycle

progression were detected in these cells. Silencing of the tumor suppressor SMARCBI
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resulted in higher tumorigenesis, metastatic outgrowth whereas re-expression of SMARCBI
reverted the aggressive mesenchymal phenotype and prolonged survival of PDAC mouse
models. Aggressive SMARCBI1-deficient tumor cells showed a high protein synthesis rate
that led to induction of the IREla-XBPls axis as well as higher c-Myc expression.
Malignancy of mesenchymal-like tumors due to attenuation of the original oncogenic
signaling driven by Kras and SMARCBI1 was dependent on the gain of another oncogenic
mechanism driven by c-Myc activation. Genetic suppression of IREla in SMARCBI-
deficient tumors limited tumor growth, prolonged mouse survival and decreased

clonogenicity (Genovese et al., 2017).
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Figure 14. The IRE1a pathway and its mechanisms of action in tumor cells of pre-clinical cancer
mouse models

IRE1 & activation via XBP1 splicing in TNBC, PDAC, CRC, HCC and c-Myc-driven lymphomas supports tumor
progression while IREla activation in defective IRE1a-GCB-DLBCL leads to tumor suppression. Uncoupled
XBPIs and RIDD induction is associated with tumor progression and suppression, respectively in glioblastoma
multiforme. TCNB, triple negative breast cancer; VEGF, vascular endothelial growth factor; TME, tumor
microenvironment, PDAC, pancreatic ductal adenocarcinoma; CRC, colorectal carcinoma; ABC, ATP-binding
cassette; HCC, hepatocellular carcinoma; GCB-DLBCL, germinal center B cell-like diffuse large B-cell
lymphoma; SDC, stearoyl-CoA desaturase 1; MUFA, monounsaturated fatty acids;, GBM, glioblastoma

multiforme.

The IRE10-XBP1 pathway has been reported to confer to metastatic disseminated cancer cells
(DCCs) the ability to outgrowth in PDAC patients and mouse models (Pommier et al., 2018).
DCCs were characterized by loss of epithelial gene expression and lower expression of MHC-

I and XBP1s. Once implanted into the liver of pre-immunized mice, DCCs homing the livers
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with a quiescent phenotype were unable to form macro-metastasis by the action of T cells.
Upon T cell, but not NK cell depletion, DCCs acquired an epithelial phenotype for formation
of macro-metastasis while expressing MHC-I. The cell autonomous switch from quiescent to
proliferative states in DCCs was depending on XBP1s. XBP1s controlled MHC-I expression
in DCCs homing the livers. MHC-I expression on DCCs caused their elimination by CD8" T
cells in pre-immunized mice. In contrast, XBP1 expression in DCCs led to formation of
hepatic macro-metastasis by epithelial, proliferating and MHC-I" DCCs upon T cell
depletion. Therefore, DCCs with a quiescent phenotype downregulate MHC-I to escape
immune cell killing by attenuating the IREla-XBP1 signaling. The hepatic outgrowth of
DCCs with a latent metastasis-initiating potential were processes mediated by reactivation of

the IRE1a-XBP1 pathway (Pommier et al., 2018).

Tumor-promoting effects of IREla activation through modulation of B-catenin-mediated
clonogenicity has been reported in colon carcinoma (Li et al., 2017) (Figure 14). IREla
genetic silencing or pharmacological inhibition of its RNAse activity upon 4u8C treatment
limited subcutaneous tumor growth. IREla-silenced tumor xenografts showed a reduction of
cell proliferation markers such as -catenin and p-catenin-regulated genes, cyclin D1 and c-
Myc. Abolishing IREla expression induced ER stress with subsequent activation of the
PERK pathway and translational attenuation of -catenin. Reduction of B-catenin expression
correlated with impaired clonogenicity and cancer stem cell markers. Tumor-protective roles
of IREla in a B-catenin-mediated manner were also recapitulated in an immunocompetent

mouse model of chemical-induced colonic tumorigenesis (Li et al., 2017).

IREla independent of its RNAse activity has been link to an oncogenic phenotype enhanced
by overnutrition (Wu et al., 2018) (Figure 14). Hepatic silencing of IREla reduced tumor
number and size of a chemical-induced hepatocellular carcinoma mouse model upon high fat
diet (HFD). IREla-silenced livers displayed hepatocyte apoptosis and reduced proliferation
associated with lower expression of STAT3 and its transcriptional targets, c-Myc and HIF-1a.
IRE1la played critical roles in the aberrant metabolism and inflammation of obesity-enhanced
HCC since liver steatosis and serum and hepatic levels of TNFa and IL-6 were reduced upon
IRE1la silencing. Correlating with reduction of inflammatory factors and STAT3 activation,
the NF-xB pathway was also impaired. Human HCC tumors displayed higher IREla
expression than healthy tissue which correlated with STAT3 phosphorylation and poorer
patient survival (Wu et al., 2018).

The IRE1a-XBP1 axis as a tumor-protective signaling mediating drug resistance has been
shown in colon carcinoma (Gao et al., 2020) (Figure 14). Colon carcinoma cells resistant to
the chemotherapeutic 5-fluorouracil (5-FU) displayed higher expression of ATP-binding

cassette (ABC) transporters. This plasma membrane transporters export drugs out of the cells.
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IREla silencing or pharmacological inhibition reduced the expression of the transporter
ABCBI1 while XBP1s was found to bind the ABCB1 promoter. Interestingly, the IREla was
implicated in multi-drug resistance since inhibition of the IREla sensitized 5-FU-resistant
cells to treatment with 5-FU and other chemotherapeutics. Indeed, inhibiting IRE1a RNAse
activity limited tumor growth of a subcutaneous xenograft mouse model bearing 5-FU-
resistant colon carcinoma cells. Synergism when combined with 5-FU chemotherapy was

seen depending on reduced levels of ABC transporters (Gao et al., 2020).

The equilibrium between the two different outputs of the IRE1a. RNAse activity was shown
to dictate tumor brain development (Lhomond et al., 2018) (Figure 14). A high IREla-gene
signature in glioblastoma multiforme (GBM) correlates with shorter patient survival, higher
immune response and tumoral invasion markers. Based on XBPls and RIDD signatures,
clustering of tumors revealed that the group of patients with XBP1s"¢"/RIDD"" tumors
displayed shorter survival, higher expression of markers of tumor invasion, angiogenesis and
macrophages than the XBP1s""/RIDD"" group. The XBP1s"¢"/RIDD"" group was enriched
in mesenchymal tumors. A model of antagonizing functions of IREla. RNAse activity was
suggested whereby the IRE1a-XBP1 signaling is positively implicated in tumor malignancy
by potentiating tumoral invasion, angiogenesis and immune infiltration whereas the the RIDD
axis is more tumor-suppressive. Indeed, primary GBM cells classified as XBP1s"¢"/RIDD""
recapitulated a more aggressive tumor phenotype when implanted into mice (Lhomond et al.,

2018).

11.3.2 IRE1ain hematological cancer

Anti-tumoral functions of the IRE1a signaling pathway has been reported in diffuse large B-
cell lymphoma (DLBCL), specifically, of the germinal center B-cell-like (GCB) subtype
(Bujisic et al., 2017). Differentiation of B cells into plasma cells, a process shut-down in
GCB-DLBCL, is linked to a high IRE1a-XBP1 signaling. Indeed, plasma cells display a
developed ER machinery with sufficient protein folding and maturation capabilities to sustain
high secretion of immunoglobulins and cytokines. Therefore, XBP1s as a transcription factor
was first described to bind to the X box motif of the HLA-DRa locus encoding the a chain of

a variant of MHC class II in a human B lymphoblastic cells (Liou et al., 1990).

Defects in the IRE1a-XBP1 signaling due to IRE1a downregulation was suggested to occur
characteristically in GCB-DLBCL (Bujisic et al., 2017) (Figure 14). The IREla pathway was
the only one among the other UPR branches to be impaired. EZH2 histone methyltransferase
was found to epigenetically silence IREla expression through addition of H3K27me3 marks
on its promoter. Interestingly, gain-of-function mutations of EZH2 is a common genetic

alteration in GCB-DLBCL. GCB-DLBCL xenografts showed increased transcriptional
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expression and higher protein levels of IREla upon pharmacological inhibition of EZH?2.
Epigenetic downregulation of IREla by EZH2 was a common oncogenic feature in other
types of cancer including cervical cancer. XBP1s displayed a tumor-suppressive function
since its overexpression limited tumor growth in subcutaneous xenografts of GCB-DLBCL

(Bujisic et al., 2017).

Opposite to the finding in GCB-DLBCL, tumor-promoting functions of the IRE1a-XBP1 axis
have been reported in Myc-driven liquid malignancies such as Burkitt’s lymphoma (Xie et al.,
2018). Pro-tumoral roles of XBP1s was mediated by positive transcriptional regulation of
stearoyl-CoA desaturase 1 (SCD1) by binding to its promoter (Figure 14). SCDI is an ER
resident protein and the enzyme catalyzing the rate-limiting reaction for synthesis of
monounsaturated fatty acids (MUFAs). MUFAs contribute to the fluidic properties of the ER
membrane. c-Myc was shown to transcriptionally regulate XBP1 expression by binding to its
promoter, to stabilize IRE1a protein and to alter the ER morphology in human B lymphoma
cells expressing inducible c-Myc. Indeed, gene expression profiles of Burkitt’s lymphoma

patients revealed high levels of XBP1s mRNA targets (Xie et al., 2018).
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Figure 15. Implication of the IREla pathway in the multi-step evolution of different types of
cancer

IRE1 & activation supports tumor expansion, TME remodeling, EMT and invasion, cancer cell stemness and drug
resistance as well as metastasis in TNBC, PDAC, CRC, HCC and c-Myc-driven oncogenic malignancies. TCNB,
triple negative breast cancer; PDAC, pancreatic ductal adenocarcinoma; CRC, colorectal carcinoma; HCC,
hepatocellular carcinoma; TME, tumor microenvironment,; IL, interleukin, CXCLI, chemokine C-X-C motif ligand
1; GM-CSF, granulocyte monocyte-colony stimulating factor; TGFf2, transforming growth factor f2; VEGF,
vascular endothelial growth factor; CAFs, cancer-associated fibroblasts;, MDSCs, myeloid-derived suppressor

cells; TNFa, tumor necrosis factor a; GBM, glioblastoma multiforme; EMT, epithelial to mesenchymal transition.
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Pharmacological inhibition of IREla RNAse with B-109 limited tumor growth of
subcutaneous xenograft of high c-Myc human B lymphoma cells (Xie et al., 2018). Indeed, B-
109 treatment decreased SCD1 and de novo synthesis of lipids whereas MUFA
supplementation rescued the impaired viability of high c-Myc cells caused by B-109. Tumor-
supportive effects of XBP1s downstream of c-Myc-driven tumor progression were extended
to N-Myc-driven malignancies such as neuroblastoma. In addition, XBP1 silencing limited
tumor growth of subcutaneous xenografts of N-Myc neuroblastoma cells. Combination
treatment of the IREla inhibitor B-I09 and chemotherapeutics such as doxorubicin or
vincristine sensitized human B lymphoma cells to apoptosis. This synergic effect benefited

from the reduction in SCD1 protein given by B-109 (Xie et al., 2018).

Collectively, all these studies illustrate how the IRE1a signaling is involved in the multi-step
evolution of neoplastic tissues, mainly by playing tumor-promoting functions (Figure 15).
Indeed, oncogenic drivers have been shown to deploy the IREla pathway as a mechanism to
enhance the ER machinery to cope with excessive proteotoxicity due to the high proliferative
rate. Likewise, oncogenic drivers activate the IREla-XBP1 axis to benefits from the
pleiotropic functions of XBPIls which enhances and regulates transcriptional programs
supporting tumor cell growth. Ingenious studies have proven that IREla plays a role in
acquisition of stemness properties conferring mesenchymal phenotypes with higher migration
capabilities, invasiveness and tumor-initiating potential. Tumoral aggressiveness supported by
the IRE1a pathway have been shown to be activated by c-Myc and to depend on the hypoxic
response and secretion of pro-inflammatory factors for TME remodeling and angiogenesis
induction. Malignancy supported by IREla-XBP1 axis is also implicated in resistance to
multiple chemotherapeutics. Opposite to the major described functions of XBP1s, induction

of RIDD has been recently described as tumor suppressive (Lhomond et al., 2018).

III. The anti-cancer immunity

The anti-cancer immunosurveillance is orchestrated by different immune cells of the innate
and adaptive immunity with cooperative functions. Within the TME, the crosstalk among
activating and regulatory immune cells with tumor and other stromal cells dictates
immunostimulatory and immunosuppressive phenotypes. Tumor cells play a critical role in
shaping the immunological and metabolic features of the TME. While immunologically dying
tumor cells can be recognized by immune cells, immune escape mechanisms are often
deployed supporting the neoplastic growth. Likewise, metabolic conditions within the TME
often dampen the anti-cancer functions of several immune cell population. Therefore, more
specialized anti-cancer interventions based on immunotherapy are currently under

development and optimization.
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III.1 Anti-cancer immunosurveillance and immunosuppression

1I1.1.1 Cytotoxic T lymphocytes

Naive mature T lymphocytes expressing a CD8 containing T cell receptor (TCR) undergo
clonal expansion upon activation by recognition of TAAs presented by APCs (Raskov et al.,
2021) (Figure 16). The recognition mechanism implies binding of the TCR to antigenic
peptides presented onto major histocompatibility complex class I (MHC-I). The
immunological synapse is formed by activated CD8" T cells via engagement of the TCR, the
co-receptor CD8 and adhesion molecules expressed on target cells. A secondary signal
mediated with the co-receptor CD28 is needed prior to orchestration of the killing program.
Ligands of CD28 such as CD80 and CD86 are highly expressed on professional APCs
including macrophages, dendritic cells and B cells. Fully activated CD8" T cells display
higher proliferation and secrete cytokines such as interleukin (IL)-2 (Raskov et al., 2021).
CD8" T cell priming in a TAA-dependent manner occurring in the lymph nodes and tumor
infiltration precede the establishment of the immunological synapse between activated

effector CTLs and antigen presenting-tumor cells in the TME (Topalian et al., 2016).

Cytotoxic mechanisms of effector CD8" T cells rely on release of perforin and granzyme at
the immunological synapse between CTLs and tumor cells (Raskov et al., 2021) (Figure 16).
These cytolytic enzymes permeabilize the cell plasma membrane by pore formation to induce
apoptosis of the target cells. Alternatively, the Fas ligand expressed on CTLs binds to Fas
receptors on target cells inducing apoptosis. CTLs in their naive and effector states are
powerful circulatory patrols of peripheral organs. This property together with their cytotoxic
potential, secretion of pro-inflammatory cytokines such as interferon y (IFNy) and activation
by TAAs make them key immune cells for specific recognition and control of neoplastic
masses. However, infiltration of CD8" T cells into the TME vary depending on the type of
tumor. Cold and hot tumors have been defined by the absence and presence of infiltrated
CTLs, respectively. A more recent classification considers altered immune-suppressed and
altered immune-excluded tumors. The former classification refers to tumors containing few
CTLs in the periphery and immunosuppressed by the immune cells including regulatory T
cells while the latter classification refers to tumors deprived of CTLs due to a harsh TME
(Raskov et al., 2021).

Antigen-experienced effector CTLs develop memory as part of their adaptive immunological
features (Han et al., 2020). Memory CD8" T cells are potent anti-tumor effectors due to their
long-lived functions and therefore, persistence during chronic diseases (Figure 16). In
addition, the long-term T cell-mediated anti-cancer immunity displayed by central memory

and memory effector CD8" T cells has been reported stronger than that of effector T cells in
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pre-clinical cancer mouse models. Therefore, the presence of these memory CD8" T cells has
associated with an improved cancer prognosis in humans whereas the proportion of
circulatory memory CD8" T cells relative to total CD8" T cells has predicted a better response
to immune checkpoint blockade. In addition, resident memory CD8" T cells at barrier sites of
mucosal tissues have conferred protection against melanoma by direct killing of tumor cells.
This contributes to the loading of DCs with TAA in the TME. DCs carrying tumor antigens
can prime naive CD8" T cells in lymph nodes, thus potentiating the anti-cancer immune

response (Han et al., 2020).
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Figure 16. CD8" T cell, anti-cancer mechanism of action and immune checkpoints

CD8* T cells are primed and activated by DCs cross-presenting tumor-associated antigens in tumor draining-
lymph nodes and within the tumor. Antigen-experienced effector and memory CD8" T cells are activated by tumor
cells presenting antigens onto MHC-I within the TME. Activated effector CD8*T cells orchestrate a killing
program by inducing apoptosis in tumor cells via perforin and granzymes and by binding of the Fas ligand to the
Fas receptor expressed on tumor cells. Antigen-experienced effector CD8" T cells undergo exhaustion
characterized by higher expression of immune checkpoints on T cells and binding to ligands expressed on tumor
cells. TCR, T cell receptor; MHC-I, major histocompatibility complex I; DC, dendritic cell; TME; tumor
microenvironment, IFNy, interferon y; PDI, programmed cell death protein 1, PD-L1, programmed cell death
ligand 1; TIM3, T cell immunoglobulin mucin receptor 3; CAR, chimeric antigen receptor.

Different states of CD8" T cells include naive-like, cytotoxic CD8" T cells and dysfunctional
phenotypes in human tumors (van der Leun et al., 2020). The dysfunctional or exhausted
states of CD8" T cells are identified by higher expression of inhibitory molecules such as
programmed cell death protein 1 (PDI1), cytotoxic T lymphocyte-associated antigen 4
(CTLA4), lymphocyte activation gene 3 protein (LAG3), T cell immunoglobulin mucin
receptor 3 (TIM3) and 2B4 (Figure 16). These proteins are immune checkpoints to negatively

71



control the intensity and duration of the immune response avoiding tissue injury and
autoimmunity (Dolina et al., 2021). Ligands expressed by APCs, regulatory T cells and tumor
cells activate these molecules on CD8" T cells triggering inhibitory signaling cascades.
Exhausted CD8" T cells display an impaired cytotoxicity and lower secretion of activating
and inflammatory cytokines such as tumor necrosis factor (TNF), IL-2 and IFNy. Cancer
patients currently benefits from immune checkpoint blockade (ICB) as anti-cancer
immunotherapies aiming to boost the anti-cancer immunosurveillance (van der Leun et al.,

2020).

Different expression levels and combinations of the exhaustion markers can define pre-
dysfunctional and dysfunctional states as part of a transitional process occurring in intra-
tumoral CD8" T cells undergoing exhaustion (van der Leun et al., 2020). Apart from
environmental factors within the TME, continuous exposure of TAAs drives T cell
exhaustion. Indeed, activated T cells drive their own disfunction upon persistent triggering of
the TCR. Success with ICB in part depends on the dysfunctional profile of tumor-infiltrating
T lymphocytes. For instance, in hepatocellular carcinoma-bearing mice, early dysfunctional
intra-tumoral CD8" T cells with tumor reactive functions present at early tumorigenic stages
positively responded to PD1 or PD-L1 blockade recovering cytotoxic functions in contrast to

late dysfunctional lymphocytes in more advanced tumors (van der Leun et al., 2020).

1I1.1.2 Helper and regulatory CD4" T lymphocytes

CD4" T cells participate in the anti-cancer immune response via different subsets of antigen-
experienced cells such as cytotoxic effectors, memory and regulatory (van der Leun et al.,
2020). Helper CD4" T cells can display cytotoxic functions by direct killing of tumor cells via
TAA recognition or by modulating the TME. Although this is not the most described
functions of helper T cells, CD4" T cells help to prime CTLs in lymph nodes, therefore,
contributing to the effector anti-cancer immunosurveillance (Figure 17). This has been
described as a second CD8" T cell-priming step occurring in secondary lymphoid organs
depending on CD4" T cells and DCs. The same DC presenting and cross-presenting MHC-II-
destinated antigens onto MHC-I can present antigenic epitopes to both, CD4" and CD8" T
cells, respectively (Borst et al., 2018).

DCs activating CTLs by cross-presentation need stimulatory membrane-bound signals that
occurs by simultaneous antigen presentation to CD4" T cells for optimal priming of CTLs
(Borst et al., 2018) (Figure 17). DCs are activated upon binding of CD40 to the CD40 ligand
expressed on activated CD4" T cells. This co-stimulatory signal increases the expression of
CD80 and CD86 on DCs enhancing the priming of CTLs via CD28. In addition, CD4" T cells
potentiate the interaction between CD70 expressed on DCs and CD27 on CD8" T cells. This
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binding promotes activation and differentiation of CTLs. This adaptive mechanism for CD8"
T cell priming dependent on CD4" T cells after the classical and first priming step by DCs
alone has shown more potent activation of CTLs. Complementary signals coming from CD4"
T cells seem to confer unique input to DCs priming CD8" T cells. Indeed, DCs activated as
part of innate signals are not able to induce CTL differentiation into memory cells unless they
have been in contact with CD4" T cells. Among the unique features of CTLs primed with the
contribution of CD4" T cells, higher clonal expansion, differentiation into memory CD8" T
cells, higher migratory capacities and tumor infiltration have been reported (Borst et al.,

2018).

CD4" T cells, specifically regulatory T cells (Treg cells) are key modulators of the CTL
activity (Ohue and Nishikawa, 2019) (Figure 17). Treg cells act through inhibitory
mechanisms to maintain the immune response homeostasis by controlling the self-tolerance
avoiding allergies and autoimmunity disorders. However, their presence in the TME rather
than beneficial suppresses the anti-cancer immune response and associates with impaired
control of tumor progression and poor cancer prognosis. Effector Treg cells inhibit DCs
maturation in draining lymph nodes and therefore, suppress CD8" T cell priming in both, the
lymph nodes and the TME. Treg cells in contact with self-antigens released by dying tumor
cells expand clonally in the TME. Expression of CTLA4 on effector Treg cells mediates
immunosuppression by engaging CD80 and CD86 expressed on DCs and blunting the co-
stimulatory signal via CD28 needed for CD8" T cells to become cytotoxic. Indeed, CTLA4
displays a higher affinity for CD80/CD86 than CD28 expressed on CD8" T cells (Ohue and
Nishikawa, 2019). Moreover, intra-tumoral Treg cells show higher activation than circulatory

Treg cells based on higher levels of CTLA4 (van der Leun et al., 2020).

Treg cells also display immunosuppressive mechanisms in an antigen-independent manner
(Ohue and Nishikawa, 2019) (Figure 17). By expressing high levels of CD25 which is the IL-
2 receptor a-chain, Treg cells bind with high affinity to IL-2 depriving CD8" T cells of a
cytokine that promotes CTL proliferation. Moreover, secretion of immunosuppressive
cytokines such as transforming growth factor (TGF)-p and IL-10 also blunts the activity of
effector CTLs. Metabolic immunosuppression is also deployed by Treg cells since binding of
CTLA4 to CD80 and CD86 on DCs promotes the expression of metabolic enzymes involved
in tryptophane catabolism (Ohue and Nishikawa, 2019). Generation of immunosuppressive
tryptophan catabolites within the TME together with depletion of tryptophane hinder effector
functions of CTLs (Uyttenhove et al., 2003), (Fallarino et al., 2006). In addition, Treg cells
are sensible to oxidative stress and Treg cells undergoing apoptosis by oxidative stress release
high content of ATP. ATP catabolism in the TME generates the immunosuppressive

metabolite adenosine that negatively impacts on CTL functions. Treg cell depletion in the
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TME by CTLA4 blockade has shown to increase the anti-cancer immunosurveillance in pre-

clinical mouse cancer models (Ohue and Nishikawa, 2019).
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Figure 17. CD4* T helper cells, Treg cells, NK cells and anti-cancer immune mechanisms of
action

CD4* helper T cells participate in a second priming event of CD8" T cells mediated by DCs cross-presenting
tumor-associated antigens in lymph nodes that induces a more potent activation of CTLs. CD4" Treg cells
participates in the negative regulation of antigen-experienced effector CD8" T cells that inhibits CTLs anti-cancer
Sfunctions within the TME. NK cells are activated upon the absence of MHC-I molecules on tumor cells and upon
recognition of activating ligands. Activated NK cells orchestrate a killing program by induction tumor cell
apoptosis via perforin and granzymes. TCR, T cell receptor; MHC-I/II, major histocompatibility complex I/II;
CD40L, CD40 ligand; DC, dendritic cell; Treg cell, regulatory T cell; CTLA4, cytotoxic T lymphocyte-associated
antigen 4; TGFp, transforming growth factor f3; NK cell, natural killer cells; KIRs, killer cell immunoglobulin-like
receptors;, NCRs, natural cytotoxic receptors; TNFa, tumor necrosis factor o; GM-CSF, granulocyte monocyte-

colony stimulating factor; CAR, chimeric antigen receptor.

I1r.1.3 NK cells

Natural killer (NK) cells are the cytotoxic lymphocytes of the innate immunity that were first
described as granular cytotoxic lymphocytes that spontaneously kill tumor cells (Guillerey et
al., 2016). Therefore, mechanisms for recognition of cancer cells are not mediated by TAAs
presented on MHC. Rather, the lack of MHC-I on tumor cells and the integration of
stimulatory and inhibitory signals upon receptor binding determinate the active and inactive
states of NK cells (Figure 17). By the self-missing mechanism, NK cells are activated upon
the absent of MHC-I molecules on any target cells. Consequently, the self-tolerance mediated
by stimulation of inhibitory killer cell immunoglobulin-like receptors (KIRs) in humans and
Ly69 in mice is lost. This mechanism makes NK cells critical for recognition of tumor cells

that downregulate the expression of MHC-I to escape CTL-mediated immunosurveillance.
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Likewise, binding of stimulatory receptors such natural cytotoxic receptors (NCRs) and
NKG2D to heparan sulphate glycosaminoglycans and damage-associated proteins drives NK
cell activation. Damage-associated proteins or stress-induced ligands are commonly
expressed by tumor cells. In addition, NK cell recognition mechanisms include binding of
CD16 (FcyllIR) to the Fc region of IgG antibodies opsonizing tumor cells. In that way, NK
cells display antibody-dependent cell-mediated cytotoxicity (ADCC). Cytokines such as type
I IFN, IL-2, IL-12, IL-15 and IL-18 also count for activation of NK cells (Guillerey et al.,
2016).

NK cells have conferred anti-tumoral protection in mouse models of spontaneous tumors
(Vivier et al., 2008). Upon activation, effector NK cells display similar cytotoxic mechanism
as CTLs such as the release of cytolytic granules containing perforin and granzyme B. In
addition, induction of apoptosis of tumor cells can occur by binding to cell death receptors
expressed on the target cells since NK cells expressed the Fas ligand and the TNF-related
apoptosis-inducing ligand (TRAIL). Since NK cells display low tumor infiltrating
capabilities, their anti-cancer effector functions are more potent to control metastatic cells and
liquid oncogenic malignancies. A low activity of NK cells in the circulation has been
positively associated with the risk of cancer development in humans (Guillerey et al., 2016),

(Vivier et al., 2008).

NK cells contribute to innate as well as adaptive immune responses by modulating the
activity of T lymphocytes and DCs (Vivier et al., 2008) (Figure 17). Indeed, spontaneous
cytotoxicity against tumor cells releases tumor antigens that can be cross-presented by DCs.
Cytokines secreted by NK cells such as IFNy, TNFa and granulocyte monocyte colony-
stimulating factor (GM-CSF) are involved in DC maturation and maturate DCs can secrete
IL-12 reinforcing NK cell effector functions (Vivier et al., 2008). Furthermore, NK cells can
secrete chemoattracts to DCs in the TME (Wculek et al., 2020). In lymph nodes, NK cells can
potentiate the priming of CD4" T cells by secreting IFNy, although cytotoxicity against
activated T cells can also take place as an immune homeostatic mechanism. Treg cells
secreting TGFf attenuate the effector functions of NK cells (Vivier et al., 2008). Therefore,
potentiating the anti-tumoral effector functions of NK cells by in vivo induction with
cytokines and agonist antibodies are tested as immunotherapeutic interventions. In addition,
the revolution of engineering immune cells with a chimeric antigen receptor (CAR) counts on
NK cells for the development of adoptive cell transfer-based immunotherapies (Sivori et al.,

2021).
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111.1.4 Dendritic cells and macrophages

Dendritic cells (DCs) are the most potent APCs and recognized as the “Nature’s adjuvants”
(Sabado et al., 2017). DCs elicit as well as regulate naive and memory T cell immune
responses. Conventional and plasmacytoid DCs (¢cDCs and pDCs, respectively) are the two
major subtypes in the circulation, lymphoid organs and peripheral organs, although cDCs
display higher migratory capacity. cDCs can be further divided in two subsets such as cDC2
inducing a strong CD4" T-mediated immunity and ¢DC1 which are more potent in cross-

presentation to CD8" T cells (Sabado et al., 2017).

Constitutive expression of MHC-II is detected in DCs (Sabado et al., 2017). DC activation
and concomitant maturation depends on the acquisition of antigens via recognition of
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) (Figure 18). Activation drives upregulation of MHC-I and MHC-II, costimulatory
molecules such as CD80 and CD86 as well as production of cytokines. DCs secrete cytokines
that modulates immune responses such as IL-12 boosting T cell-mediated responses and IL-
12, IL-15 and type I IFN boosting NK cell activities. Maturation of DCs enhances their
antigen processing and presentation machinery and migration to lymphoid organs by
upregulation of the CCR7 receptor while reducing their phagocytic properties. DCs uptake
antigens by several mechanisms including phagocytosis, micropinocytosis, macropinocytosis
and endocytosis mediated by receptors including Fc, apoptotic and scavenger receptors. Apart
from presenting classical peptides, DCs can present glycopeptides after uptake of

glycoconjugates by C- type lectin receptors (Sabado et al., 2017).

The presence of cDC1 within the TME and in tumor-draining lymph nodes is key for priming
of CD8" T cells (Wculek et al., 2020). DCs modulate the CTL-mediated anti-cancer immune
response via the formation of an immunological synapse between the CD8" T cell and DC
mediated at first by binding of the TCR to the antigen loaded onto MHC-I. The strength of the
synapse depends on co-stimulatory signals such as CD80/CD86 binding to CD28 but also on
the interaction between CDI137L-CDI137, CD40-CD40L and CD70-CD23 (Figure 18).
CDI137L binding induces proliferation of CD137" T lymphocytes, CD70 binding promotes
priming, differentiation and activation of CD23" T cells and CD40 binding is important for
DC reciprocal activation mediated by CD40L" T cells. DCs also secrete chemoattractants for

T cells in the TME such as CXCL9 and CXCL10 (Wculek et al., 2020).

Immunosuppression mediated by DCs expressing programmed cell death ligands (PD-L1/2)
attenuates CTL-mediated immune responses (Wculek et al., 2020) (Figure 18). Indeed,
impaired recruitment, differentiation and survival of DCs into the TME have been observed in

human and mouse tumors, in part mediated by lower secretion of the chemoattract CCL4.
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Higher content of cDC1 in human tumors positively associates with PD1 ICB responsiveness.
Beyond DC activation and mobilization, delivery of neoantigens derived from mutated TAAs
alone or in combination with adjuvants and adoptive transfer of autologous antigen-loaded
DCs seem to be promising anti-cancer therapies that potentiate NK cell, CD4" T cell and

CD8' T cell-mediated immune responses (Wculek et al., 2020).
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Figure 18. The anti-cancer immune responses of DCs and macrophages. Immunosuppressive
responses of TAMs and MDSCs in cancer

DCs are activated upon tumor antigen uptake. Upon activation, release of inflammatory cytokines and chemokines
contributes to CTL and NK cell activation. Antigen processing and DC cross-presentation to CDS™ T cells as well
as expression of costimulatory molecules mediate CD8" T cell priming and activation. DCs expressing immune
checkpoint ligands drives CTL exhaustion. Macrophages are activated upon tumor antigen recognition and
uptake. Macrophage activation leads to release of inflammatory cytokines mediated by NF-xB activation.
Phagocytosis of tumor cells by macrophages is inhibited upon activation of the immune checkpoint SIRPa by
CDA47 expressed on tumor cells. TAMs and MDSCs are induced by cytokines released tumor cells and Treg cells.
TAMs and MDSCs induce immunosuppression within the TME and tumor progression by releasing
immunosuppressive cytokines and angiogenic factors. DC, dendritic cell, DAMPs, damage-associated molecular
patterns, PRRs, pattern recognition receptors, CTL, cytotoxic T cells; NOS, nitric oxide synthase; SIRPa, signal
regulatory protein o; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor cell; CSF, colony

stimulating factor; VEGF, vascular endothelial growth factor; indoleamine 2,3-dioxygenase.

Macrophages are professional phagocytes with antigen-presenting capabilities that can
orchestrate an immune response by secreting cytokines and chemokines to attract and activate
CD8" T cells and NK cells (Ruffell and Coussens, 2015) (Figure 18). Macrophages are found
in the circulation but also as tissue resident cells that in most cases undergo local proliferation
in healthy conditions. In cancer, the pool of tissue resident macrophages is replenished by

local expansion as well as monocytes recruited from the circulation following chemoattractant
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factors such as C-C chemokine ligand 2 (CCL2) and colony-stimulating factor (CSF-1)
(Ruffell and Coussens, 2015).

Anti-cancer functions of pro-inflammatory macrophages include secretion of IL-12, inducible
nitric oxide synthase (NOS) and TNFa, a cytokine profile that is dependent on induction of
the NF-xB pathway (Pathria et al., 2019) (Figure 18). The canonical NF-«B (nuclear factor
kappa-light-chain-enhancer of activated B cells) pathway is activated in macrophages upon
engagement of pattern recognition receptors and cytokine receptors by DAMP-expressing
cellular entities and extracellular cytokines (Dorrington and Fraser, 2019). Receptor
activation at the plasma membrane leads to phosphorylation of the IKK2 complex that further
phosphorylates the inhibitory NF-kB protein IkB. Phosphorylation of IkB induces its
proteasomal degradation by polyubiquitination releasing its inhibitory binding to NF-xB
subunits forming dimers. Free NF-kB dimers translocate into the nucleus to transcriptionally

regulate the expression of several genes including cytokines (Dorrington and Fraser, 2019).

Activation of the PI3K signaling has been shown to be deleterious for the pro-inflammatory
state of tumor-associated macrophages (TAMs) (Pathria et al., 2019). Silencing of this
pathway has increased the pro-inflammatory profile of macrophages, augmented CTL activity
and limited tumor growth and metastasis while increasing animal survival in several cancer
mouse models. The anti-cancer phenotype of repolarized TAMs has also been characterized
by upregulation of MHC-II and downregulation of immunosuppressive factor such as IL-10,

TGFp, CCL2 and arginase (Pathria et al., 2019).

Before 1970, macrophages were believed to play anti-cancer functions since in vitro studies
showed that activated macrophages lyse tumor cells (Pathria et al., 2019). It is now
recognized that TAMs are mainly polarized in the TME to play immunosuppressive functions
that support tumor growth (Pathria et al., 2019). Accumulation of macrophages in tumors has
been associated with poor cancer prognosis and survival (Ruffell and Coussens, 2015),
(Cassetta and Pollard, 2018). Still, TAMs are capable of phagocyting tumor cells within the
TME of several cancer mouse models upon inhibition of an immune checkpoint triggered by
CD47 highly expressed on tumor cells (Figure 18). CD47 expressed on any cell is known as
the “do not eat me signal” mechanism to keep macrophage self-tolerance. CD47 binding to
signal regulatory protein o (SIRPa) on macrophages inhibits phagocytosis, a mechanism of

tumor cell immune escape (Pathria et al., 2019).

1I1.1.5 Tumor-associated macrophages and myeloid-derived suppressor cells

Myeloid-derived cells count as the majority of the immune cell populations in solid tumors

(Ruffell and Coussens, 2015). Therefore, targeting the CCL2 receptor CCR2 in pre-clinical
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mouse models has shown to control tumor growth depending on a decrease of the
immunosuppressive myeloid cells within the tumors and concomitant CTL-mediated anti-
cancer response (Pathria et al., 2019). Polarization of TAMs toward an immunosuppressive
phenotype in the TME is a process mediated by soluble factors, metabolites, extracellular
acidification and hypoxia. This phenotype resembles the anti-inflammatory one displayed by
macrophages upon tissue development and repair. Part of the polarizing signals are coming
from lymphocytes secreting Th2 cytokines such as IL-4, IL-10, IL-13. Once polarized, TAMs
also secrete Th2 cytokines which attenuate anti-cancer immune responses. TAMs producing
tumor-promoting soluble factors and extracellular matrix remodelers support tumor survival

and chemotherapy resistance (Ruffell and Coussens, 2015) (Figure 18).

TAMs have been described to favor angiogenesis by secreting vascular endothelial growth
factor-A (VEGF-A), increasing its bioavailability by production of matrix metalloproteinase 9
and inducting VEGF-A production by endothelial cells (Cassetta and Pollard, 2018) (Figure
18). Indeed, a subpopulation of TAMs expressing the angiopoietin receptor associates with
vessels and its depletion limits tumor growth and metastasis. In addition, TAMs have been
shown to inhibit CTLs by in vitro nutrient depletion and by in vivo upregulation of PD-LI.
TAMs also recruit Treg cells to the TME. Pro-metastatic functions of TAMs have been
described in pre-clinical cancer mouse models where macrophage depletion decreased the
metastatic burden. Furthermore, tumor cells migrate following soluble factors secreted by

macrophages (Ruffell and Coussens, 2015), (Cassetta and Pollard, 2018), (Hou et al., 2021).

In contrast to TAMs which are differentiated and mature macrophages, myeloid-derived
suppressor cells (MDSCs) derived from cancer-induced myelopoiesis are immature myeloid
cells with a natural immunosuppressive activity (Talmadge and Gabrilovich, 2013). Indeed,
this immune population of undifferentiated cells with phenotypes similar to monocytes or
granulocytes and with immunosuppressive functions are highly detected only under
pathological states caused by infection, inflammation and neoplastic growth. MDSCs can be
classified as monocytic-MDSCs (Mo-MDSCs) expressing NOS and granulocytic or
polymorphonuclear-MDSCs (G or PMN-MDSCs) expressing arginase. The latter subtype is
the predominant in most cancer mouse models. MDSCs proliferation is induced by tumors

secreting VEGF-A and GM-CSF, G-CSF and M-CSF (Talmadge and Gabrilovich, 2013).

MDSCs inhibit CTL activity and their frequency in the circulation negatively correlates with
T cell numbers (Talmadge and Gabrilovich, 2013) (Figure 18). Therefore, the presence of
MDSCs has been associated with poor cancer prognosis. Indeed, surgical resection of solid
tumors has decreased the number of circulating MDSCs and T cell dysfunction. Depletion of
MDSCs in cancer mouse models limits tumor growth and metastasis while increasing

survival. MDSCs support tumor invasion by secreting proteolytic enzymes such as matrix
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metalloproteinases. Likewise, MDSCs are involved in angiogenesis and metastasis. T cell
dysfunction mediated by MDSCs has been described dependent on secretion of NOS, ROS,
arginase and cyclooxygenase 2 (Talmadge and Gabrilovich, 2013), (Pawelec et al., 2019),
(Hou et al., 2021).

III.2 Tumor cells immunogenicity versus immune escape

Apoptosis of malignant cells can be induced by extrinsic signals such as cell death ligands
(i.e., Fas ligand, TRAIL and TNFa) expressed by CTLs and NK cells (Hanahan and
Weinberg, 2011). Intrinsic danger signals such as DNA damage, cellular stress and disruption
of cellular homeostasis associated with oncogene-triggered cancer cell proliferation and
anabolism also elicit apoptosis in tumor cells. Extrinsic and intrinsic apoptotic programs
converge on the release of cytochrome ¢ from mitochondria to the cytoplasm which leads to
caspase activation of caspases 8 and 9 that initiate proteolytic activation of effector caspases
such as caspase 3. Dead cells are cleared from the resident tissue by neighboring and
phagocytic immune cells without inducing adaptive immune responses (Hanahan and

Weinberg, 2011) (Figure 19).

As a hallmark of cancer, neoplastic cells avoid apoptosis by p53 loss-of-function mutations,
upregulation of anti-apoptotic factors, secretion of growth factors, downregulation of pro-
apoptotic members and interruption of the extrinsic death ligand-induced apoptotic pathway
(Hanahan and Weinberg, 2011). Therefore, standard anti-cancer drugs are intended to induce
apoptosis of tumor cells (Pol et al., 2015). Beyond apoptosis of tumor cells, some anti-cancer
cytotoxic drugs are inducers of an immunogenic version of the apoptotic pathway.
Immunogenic cell death (ICD) induced by several clinically approved chemotherapeutics
such as anthracyclines not only eliminate cancer cells by activating intrinsic apoptosis but
amplify tumor cell killing by potentiating adaptive immune responses against dying cells (Pol

et al., 2015) (Figure 19).

111.2.1 Immunogenic cell death

Tumor cell immunogenicity depends on signals produced by malignant cells that are
recognized by the immune system (Garg et al., 2017). Immunogenic cell death (ICD) elicits
the recognition of dying tumor cells by DCs and macrophages which can further present
TAAs to T lymphocytes to elicit an adaptive anti-cancer immune response (Figure 19).
DAMP exposition or secretion by stressed, injured or dying tumor cells is detected by PRRs,
phagocytosis receptors and purinergic receptors on APCs. DAMPs can be either exposed and
highly expressed on the plasma membrane such as calreticulin or secreted into the

extracellular matrix such as ATP and high motility group protein Bl (HMGB1) (Krysko et
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al., 2012). Recently, secretion of type IFN and extracellular annexin Al and extracellular
nucleic acids have been considered as part of the coordinated ICD mechanisms induced by

chemotherapy (Pol et al., 2015), (Garg et al., 2017).

The mechanism of action of several standard care for many cancers such as chemotherapy
and radiotherapy is the induction of ICD (Krysko et al., 2012) (Figure 19). Indeed,
doxorubicin, mitoxantrone and y-radiation were the first anti-cancer treatments identified as
ICD inducers, specifically by induction of ER stress. However, ER stress induction in the
absent of ROS production leads to induction of immunologically silent apoptosis. Anti-cancer
drugs inducing a strong ICD rely in part in the parallel induction of ER stress and ROS
production which promote the expression and secretion of multiple alarmins even at the pre-
apoptotic stage (Krysko et al., 2012). Indeed, ICD has been induced in mouse models of
Kras“'?P-driven colorectal carcinoma upon combination treatment with an antibody targeting
epidermal growth factor receptor (EGFR) and chemotherapy. ICD was dependent on ER
stress induction and DC-mediated phagocytosis. Immunized mice with CD8" T cells isolated
from colorectal carcinoma-bearing mice treated with the combination therapy were more
resistant to tumor growth after rechallenging. ICD was described as dependent on suppression

of XBP1, a downstream effector of the UPR pathway (Pozzi et al., 2016).

Calreticulin, a calcium-binding and ER resident protein functions as a chaperone and a
regulator of calcium levels and signaling (Krysko et al., 2012). Calreticulin exposure as part
of the ICD induced in cancer cells under chemotherapy not only mediates tumor cell
phagocytosis by APCs but antigen processing and presentation for T cell priming (Figure
19). The exposure of calreticulin during ICD occurs in the pre-apoptotic and early apoptotic
stages before the cell membrane has been permeabilized (Obeid et al., 2007). Exposure of this
alarmin during the pre-apoptotic stage depends on the protein secretory pathway including the
transport from the ER to the GA and protein trafficking mediated by PERK and PI3K as well
as induction of the pro-apoptotic factors BAX and BAK. However, not all ICD inducers rely
on the same molecular pathways for exposure of calreticulin and ICD can also be induced in

the mid and late apoptotic stages (Krysko et al., 2012).

Release of ATP during the pre-apoptotic stage depends on the pathways driving calreticulin
exposure while ATP secretion during early apoptosis depends on caspases and autophagy
induction (Krysko et al., 2012) (Figure 19). ATP in the extracellular matrix is detected by
purinergic receptors such as P2X7 on DCs. Subsequently, activation of the inflammasome
and secretion of IL-1B by DCs take place together with TAA presentation to CD8" T cells.
Beyond ATP as an alarmin, ATP catabolism and generation of adenosine in the extracellular
milieu is immunosuppressive rather than immunogenic. Adenosine is generated by ATP

hydrolysis by CD39 and CD73 expressed on Treg cells (Krysko et al., 2012).
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Figure 19. Tumor cell immunogenicity and immune escape mechanisms of tumor cells
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ICD of tumor cells elicits an adaptive anti-cancer immune response via recognition of DAMPs by DCs. Activated
DCs cross-present and present tumor associated antigens to CD8+ and CD4+ T cells. MHC-II specific expression
on tumor cells induce an adaptive anti-cancer immune response by activation of CD4+ T cells. Tumors cells that
undergo apoptosis expose PE and permeabilize their membrane. Tumor cell debris is recognized and cleared by
macrophages via phagocytosis with not induction of an adaptive immune response. Tumor cells escape immune
surveillance by decreasing the surface expression of MHC-I via mutations in genes coding for MHC-I, mutations
in genes coding for members of the processing and presenting machinery, mutations in genes of the IFNy-driven
signaling, epigenetic silencing of MHC-I and autophagy of MHC-1. Hyper-sialylation of the tumor cell glycocalyx
is another tumor cell immune evasion mechanism that inhibits the effector functions of immune cells via Siglec
receptor binding. ICD, immunogenic cell death;, PM, plasma membrane; PE, phosphatidylethanolamine; DAMPs,
damage-associated molecular patterns; HMUGB1; high motility group protein Bl; IFN-I, class I interferon; PRRs,
pattern recognition receptors;, CTL, cytotoxic T cell; DRiPs, defective ribosomal products; SLiPs, short-lived
proteins, ER, endoplasmic reticulum; GA, Golgi apparatus;, MHC, major histocompatibility complex; Siglec,

Sialic acid-binding immunoglobulin-like lectin; M ¢, macrophage; DC, dendritic cell; NK, natural killer.

HMGBI is a chromatin binding protein that is secreted as a dead cell-derived antigen by
necrotic cells (Krysko et al., 2012). This induces a potent inflammation dependent on
neutrophils, monocytes and macrophages. Cancer cells undergoing ICD release HMGB1
during the later stages in a process dependent on caspases (Figure 19). The immunogenic role
of HMGBI1 has been shown in mice immunized with HMGB1-depleted tumor cells which
displayed higher tumor burden upon wildtype tumor cell rechallenge. The activity of secreted
HMGBI1 also depends on the redox status of the extracellular milieu since only an
intermediate oxidized form functions as a DAMP inducing pro-inflammatory cytokine

secretion (Kazama et al., 2008). Rather than immunogenetic, secretion of HMGBI1 can
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immunosuppress tumor infiltrating DCs by binding to their inhibitory TIM3 receptors
(Krysko et al., 2012).

More recently, tumor-specific expression of MHC-II has been correlated with better cancer
prognosis in humans and tumor growth limitation in pre-clinical models (Axelrod et al., 2019)
(Figure 19). MHC-II molecules which are constitutively expressed on DCs when expressed
by tumor cells seem to contribute to tumor cell immunogenicity. Indeed, higher diversity of
peptides presented by MHC-II may improve CTL recognition. Apart from MHC-II null tumor
cells, tumor cells expressing MHC-II has been described as constitutive or IFNy-inducible.
Tumor specific MHC-II expression and related pathway have been reported in human
melanoma, glioma, lymphoma, breast, colon, ovarian, prostate and lung carcinoma. Apart
from better survival in some of these cancer patients, tumor-expression of MHC-II associated
with higher infiltration of CD4" and CD8" T cells. In pre-clinical cancer mouse models,
exogenous upregulation of MHC-II limited tumor growth dependent on T cells and
irrespective of NK cells. Interestingly, some of these studies have shown that co-stimulatory
signals such as CD80 and CD86 are not necessarily needed for tumor regression (Axelrod et

al., 2019).

Rather than ICD and MHC-II expression, tumor cells deploy several immune escape
mechanisms such as upregulation of the immune checkpoint PD1 ligand (PD-L1),
presentation of poor immunogenic antigens and downregulation of MHC-I (Garg et al., 2017).
These mechanisms together with an immunosuppressed TME decrease tumor -cell

immunogenicity and dampen the effects of the ICD (Garg et al., 2017).

111.2.2 Tumor immune escape

Any nucleated cells express on the surface polymorphic glycosylated MHC-I molecules
loaded with short peptides containing eight to ten amino acids (Blander, 2018). MHC-I
molecules are composed of the constant light chain f2-microglobulin that is non-covalently
attached to the heavy o chain. The a chain contains three domains, al and a2 form the
peptide-binding groove. MHC-I loading with internal peptides derived from the host as well
as internalized viruses and bacteria is the classical pathway for antigen presentation whereas
cross-presentation refers to MHC-I loading with exogenous proteins taken by endocytosis and
phagocytosis. Cancer cells presenting their internal peptides onto MHC-I are sensed by CD8"
T cells and if neoantigens are present, an anti-cancer immune response is elicited (Blander,

2018) (Figure 19).

Loading of MHC-I with peptides is a post-translational process occurring in the ER (Blander,
2018) (Figure 19). Prior to MHC-I loading, cytoplasmatic proteins are degraded by the
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proteosome before peptides are translocated into the ER. While B2-microglobulin is co-
translationally translocated into the ER by the Sec61 complex, the a chain is folded in the ER
by chaperones such as calnexin and BiP prior to formation of the dimer B2-microglobulin-a
chain. The peptide loading complex (PLC) including the peptide transporter associated with
antigen processing (TAP), tapasin, the chaperones ERp57 and calreticulin as well as the ER
aminopeptidases ERAP1 and ERAP2 associates with the assembled MHC-I molecule.
Interactions between MHC-I and the PLC allow MHC-I to bind high affinity peptides prior to
export of the complex toward the ER-Golgi apparatus intermediate compartment (ERGIG).
Quality control processes occurring in the ER, ERGIG and in the cis-Golgi by tapasin,
calreticulin and UDP-glucose:glycoprotein glucosyltransferase (UGT1/UGGT1) warrant that
MHC-I is proper folded and loaded with high affinity peptides. Therefore, unfolded, empty or
sub-optimally loaded MHC-I with low affinity peptides are retained in these compartments

and do not traffic to the plasma membrane (Blander, 2018).

During cancer progression, tumor cells undergo immunoediting because of the intense
crosstalk with the anti-cancer immunosurveillance (Dunn et al., 2004). Cancer immunoediting
is a process that entails three phases if the first one, elimination of all tumor cells does not
occur. Adaptive mechanisms deployed by tumor cells under the pressure of the innate and
adaptive immune system allow neoplastic clones to survive and to generate new tumor cell
variants which are immune resistant. After this equilibrium phase is reached, immune escape
of the tumor cells takes place allowing their uncontrolled proliferation. Immune escape
depends on the capacity of tumor cells to be less immunogenic and to reprogram the TME
toward an immunosuppressive niche while weakening the anti-cancer immunosurveillance

(Dunn et al., 2004).

Lower immunogenic tumor cells downregulate MHC-I to escape sensing by CD8" T cells
(Burr et al., 2019) (Figure 19). Mutations in genes encoding members of the MHC-I antigen
presenting machinery and the IFNy response pathway have been described as original as well
as acquired tumor resistance strategies. Indeed, the IFNy-triggered pathway induces MHC-I
and PD-L1 expression via activation of the JAK/STAT pathway. Apart from transcriptional
downregulation of MHC-I, epigenetic silencing of MHC-I has been recently shown in human
cancer cells. Inhibition of the epigenetic silencing upregulated several components of the
MHC-I antigen presenting machinery such as proteasomal members, TAP and MHC-I heavy
chains. Furthermore, epigenetic repression of MHC-I also occurred upon IFNy stimulation,
fact that led to tumor cell resistance to T cell-mediated cytotoxicity. A poised state of MHC-I
by bivalent histone marks (suppressive H3K27me3 and activating H3K4me3) was shown to

be conserved in different human cancer cells as well as in stem cells suggesting that tumor
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cells deploy an evolutionarily conserved mechanism to acquire immune resistance (Burr et

al., 2019).

In cancer cells where MHC-I is not mutated neither downregulated, autophagy has been
shown to mediate lower presentation of MHC-I at the cell surface (Yamamoto et al., 2020)
(Figure 19). In human PDAC cells, MHC-I was shown to accumulate in autophagosomes and
to be degraded by lysosomes as part of an autophagic mechanism. Indeed, inhibition of
autophagy not only increased surface expression of MHC-I, but potentiated T cell mediated
killing as well as limited pancreatic primary and liver metastatic tumor growth in a CD8" T
cell-dependent manner. Autophagy of MHC-I modulated the immunogenicity of ICB-
resistant PDAC cells since MHC-I inhibition sensitized tumor-bearing mice to combination

ICBs with PD1 and CTL4 (Yamamoto et al., 2020).

Beyond MHC-I expression for CTL recognition, the nature of the presented peptides is
critical for activation of T lymphocytes (Wculek et al., 2020) (Figure 19). Neoantigens
derived from mutated proteins count as immunogenetic epitopes eliciting adaptive anti-cancer
immune responses. MHC-I can present peptides generated from defective ribosomal products
(DRiPs) and short-lived proteins (SLiPs) (Ruiz Cuevas et al., 2021). Indeed, the MHC-I
immunopeptidome of cancer cells is highly abundant in peptides derived from proteins
containing non-annotated open reading frames (ORFs) and frame-shifted genes. These non-
canonical proteins are more unstable and therefore, contribute less to the cell proteome but
they generate five time more MHC-I peptides in human B lymphoma cells than annotated
canonical proteins (Ruiz Cuevas et al., 2021). Peptides derived from novel or unannotated
ORFs have been shown to be additional sources of tumor-associated antigens in melanoma,
chronic lymphocytic leukemia and glioblastoma (Ouspenskaia et al., 2022). Beyond the
classical immunopeptidome, glycopeptides can also be presented by MHC-I (O-glycans) and
MHC-II (N-glycans) (Wolfert and Boons, 2013). Tumor cells expressing O-glycosylated
truncated version of mucin 1 have been suggested to present hypo-glycosylated epitopes on

MHC-I that trigger CTL recognition (Wolfert and Boons, 2013).

Hyper-sialylation of the glycocalyx is another tumor cell mechanism of immune evasion
(Daly et al., 2019) (Figure 19). Sialic acids are self-associated molecular patterns (SAMPs)
expressed by heathy cells and help to keep immune tolerance. Sialic acid-binding
immunoglobulin-like lectin (Siglec) receptors are expressed by most of the immune cells to
mediate the recognition of sialic acid-containing glycoproteins. Most of hematopoietic cells
express at least one activating or inhibitory member of the Siglec family. Siglec-7/9 ligands
such as mucin-type of O-glycans containing sialic acid residues are highly expressed on
colon, renal and cervical carcinomas as well as melanoma and chronic myeloid leukemia.

Tumor de-sialylation by intra-tumoral delivery of a sialyltransferase inhibitor limited
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melanoma tumor growth in mice dependent on CTL-mediated cytotoxicity, higher infiltration
of CTLs and NK cells and lower numbers of Treg cells. Besides, sialylated mucin 1 expressed
on breast cancer cells binds to Siglec-9 expressing macrophages inducing an M2 phenotype
with an increased expression of PD-L1 and lower capabilities to induce proliferation of CD8"

T cells (Daly et al., 2019).

111.2.3 Metabolic challenges for immune cells in the TME

Apart from immune checkpoint and cytokine-mediated immunosuppression, immune cells
experience restrictive and inhibitory metabolic conditions in the TME (O’Neill et al., 2016).
Although different immune cell types and subtypes display distinctive nutritional
requirements, some metabolic features within the TME have been extensively described to
commonly reprogram the anti-tumoral functions of diverse immune cells populations. For
instance, glucose scarcity in the TME due to its high consumption by addictive tumor cells
limits innate and adaptive anti-cancer activities since activated effector T cells and NK cells
are also highly dependent on glucose. Therefore, competition not only for glucose, but for
other critical nutrients, metabolites and oxygen apart from immunosuppressive metabolites
secreted by cancer cells, stromal cells and immunosuppressive immune cells shape the anti-

cancer immunosurveillance (O’Neill et al., 2016) (Figure 20).

Activated effector T and NK cells are highly dependent on glucose for production of energy
by aerobic glycolysis rather than by TCA cycle-OxPhos metabolism (Bader et al., 2020). Treg
cells are more dependent on TCA cycle-OxPhos metabolism relying on fatty acid oxidation
for survival. DCs upon stimulation with tumor cells via TLR engagement engage glycolysis
and fatty acid synthesis. Tumor resident macrophages displaying an M1 phenotype rely on
glycolysis, fatty acid synthesis and amino acid metabolism whereas the M2 phenotype
depends on TCA cycle-OxPhos metabolism and fatty acid oxidation. MDSCs when infiltrated
in the TME rely more on fatty acid oxidation rather than on glycolysis (Bader et al., 2020). In
general, activated effector immune cells with anti-cancer functions seem to rely on rapid
production of energy through aerobic glycolysis while long-lived, regulatory and
immunosuppressive phenotypes rely on TCA cycle-OxPhos metabolism (A. Wang et al.,

2019) (Figure 20).

Glucose limitation in the TME has been shown to induce the expression of PD1 in T cells and
to impair TCR signaling (Buck et al., 2017). PD1 signaling in T cells is also associated with
reduced glycolysis and increased fatty acid oxidation, consequently, accumulation of Treg
cells is favored in the TME (Buck et al., 2017). In addition, higher glycolytic rate in tumor
cells increases the secretion of colony stimulating factor (CSF) which attracts MDSCs with

immunosuppressive effects on T cells (Bader et al., 2020). Aerobic glycolysis by tumor cells
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produces a great amount of lactate in the TME. Indeed, the expression of lactate
dehydrogenase correlates with tumor progression and severity (Bader et al., 2020).
Accumulation of extracellular lactate and lactate uptake by CTLs and NK cells
transcriptionally attenuate IFNy production. Within the acidic TME, CTLs have shown an
impaired infiltration and lower anti-cancer effector functions depending on lactate production
by tumor cells. Lactate uptake by TAMs has been shown to increase the expression of VEGF
and arginase depending of HIF-1a while promoting tumor growth (Buck et al., 2017) (Figure
20).

Lactate produced by tumor cells reprograms immune cells and endothelial cells to promote
angiogenesis (Bader et al., 2020). Treg cells in the TME benefit from extracellular lactate due
their high capacity to metabolize it. Therefore, Treg cell survival is supported by lactate
accumulation in the TME (Bader et al., 2020). Glycolytic tumors highly expressing c-Myc
have shown to increase the expression of PD1 in Treg cells while decreasing the infiltration of
CD8" T cells (Kumagai et al., 2022). Higher expression of PD1 on Treg cells was depending
on lactate uptake via the transporter MCT1. Lactate uptake mediated Treg cell proliferation
and immunosuppressive capacity against CD8" T cells and demonstrated to interfere with the
response to PD1 blockade (Kumagai et al., 2022). Beyond lactate accumulation, hypoxia in
the TME induces the expression of HIF-1a in TAMs and MDSCs and concomitant induction
of PD-L1 leading to T lymphocyte disfunction (Buck et al., 2017). In addition, hypoxia also
induces the Treg cell phenotype and their recruitment to the TME. Furthermore, higher
production of extracellular adenosine is induced under hypoxia (Buck et al., 2017). Activated
Treg cells play a role in converting extracellular ATP to adenosine by highly expressed CD39
and CD73. Adenosine binding to A2A receptors on T cells attenuates their anti-cancer
functions (Ohue and Nishikawa, 2019). Prostaglandin E2 generated by tumor cells, TAMs
and stromal cells expressing cyclooxygenase 2 is another immunosuppressive metabolite in

the TME impairing the anti-cancer functions of NK cells (Melaiu et al., 2019) (Figure 20).

Amino acid competition and scarcity in the TME shape the anti-cancer immune response
(Bader et al., 2020) (Figure 20). Glutamine deprivation has been shown to promote CD4" T
cell differentiation toward a Treg phenotype. Catabolism of arginine by NOS and arginase
leads to arginine depletion in the TME which is important for survival, differentiation toward
a memory phenotype and anti-cancer functions of CD8" T cells. Arginine depletion has been
associated with accumulation of MDSCs and T cell disfunction in the TME. Indeed, arginase-
expressing MDSCs and TAMs contribute to impair T cell cytotoxicity in the TME. Depletion
of arginine by arginase rather than by NOS is favored in TMEs with abundant lactate. This
has been shown to induce the secretion of tumor-promoting factors by TAMs. On the

contrary, arginine catabolism by NOS produces nitric oxide which is associated with a pro-
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inflammatory phenotype in macrophages and T cell infiltration into the TME (Pavlova and

Thompson, 2016), (Buck et al., 2017), (Bader et al., 2020).

hypoxia - @OOOO® glucose depletion 1 immunosuppressive  MYPoxia
glucose @ lactate accumulation i phenotypes /7\ e A ~
®+ ®+ extracellular acidification + survival & [ Treg “ ‘j\\ T AMé ‘\/ MDSC }j %
lati cell J \ va p
glutamine depletion w \\;/ W Y~
— OO0
—_— .
. . Trp catabolism
lactate Trp depletion and 1 tumor-promoting 1 adenosine from | PD-L.1 expression bl’pIDO
kynurenine production factors extracellular ATP 1 Arg depletion by arginase/NOS %Y
H, y-NH. metabolic support by CD39 and 1 Trp depletion and kynurenine
&Z./‘ ’ extracellular ATP CD73 production by IDO Alla o G;n a

. release to fee

glutamine PGE2 PGE?2 production tumor cells

roliferation, differentiation, intra-tumor infiltration, effector functions & survival I
p
regul 'y and i ppressive
. immune cells:
~— . 1PDI expression ) 1 TCA cycle-OxPhos metabolism
TME \‘/CTL ) | glycolysis /NK\,\‘ llgg:“ly“z .
/ fi Etily el i item \Pellj ! ¥ production activated immune cells:
'* 1 apoptosis — . 1 aerobic glycolysis
hypoxia

Figure 20. Metabolic challenges for immune cells in the TME

High consumption of glucose, glutamine and depletion of amino acids, production of lactate and acidification by
tumor cells in a hypoxic TME challenge the metabolism and functions of immune cells. Treg cells, TAMs, MDSCs
and CAFs are attracted to the TME and their survival and functions are potentiated under these conditions.
Immunosuppressive immune cells contribute to tumor growth by releasing pro-tumoral soluble factors and
depleting amino acids. Effector functions of cytotoxic cells are dampened under extracellular acidification,
hypoxia, nutrient deprivation and lactate accumulation, adenosine and PGE?2 in the TME. Trp, tryptophan; PGE2,
prostaglandin E2; Arg, ariginine; NOS, nitric oxide synthase; IDO, indoleamine 2,3-dioxygenase; Treg cell,
regulatory T cell; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor cell; CAF, cancer-
associated fibroblast; Ala, alanine; Gln, glutamine; TME, tumor microenvironment; TCA, tricarboxylic acid;

OxPhos, oxidative phosphorylation.

Cancer cells but also TAMs, MDSCs and cancer-associated fibroblasts (CAFs) upregulate
enzymes such as indoleamine 2,3-dioxygenase (IDO) and tryptophan-2, 3-dioxygenase
(TDO) responsible for tryptophan catabolism and generation of the byproduct kynurenine
(Buck et al., 2017). Besides tryptophan depletion in the local TME, kynurenine blunts T
lymphocyte anti-cancer functions by induction of apoptosis and by facilitating the Treg
phenotype. Higher activity of IDO has been associated with NK cell dysfunction and
proliferation of MDSCs (Bader et al., 2020). CAFs as part of the tumor stroma are
reprogramed to support tumor progression. Indeed, CAFs have shown to release alanine and
produce glutamine to feed tumor cells (Reina-Campos et al., 2017), (Dey et al., 2021) (Figure
20).

II1.3 Anti-cancer immunotherapies

Immunotherapy as an intervention to boost the anti-cancer immune response is a promising

approach in continuous optimization which has brought successful outcomes in the clinic
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(Riley et al., 2019). Immunotherapies represent another angle to attack cancer minimizing the
off-target-effects of conventional non-surgical standards of care such as radiotherapy and
chemotherapy. After the first clinically approved immunotherapies based on recombinant
IFNa in 1986 and IL-2 in 1992, a lot of effort has been made to optimize and generate novel
immunotherapeutic approaches. In 2010, the first therapeutic anti-cancer vaccine based on
autologous TAA-loaded DCs was approved for prostate cancer. Beyond activating cytokines,
agonist antibodies targeting in parallel several stimulatory immune receptors and anti-cancer
vaccines, immune checkpoint blockade (ICB) has been developed leading to the clinical
approval of CTL4 inhibition for treatment of advanced melanoma in 2011. Since then, new
ICBs for PD1, PD-L1 and the novel engineering of chimeric antigen receptor (CAR)-
expressing T and NK cells have become the focus of pre-clinical research and clinical trials

(Majzner and Mackall, 2018), (Riley et al., 2019), (Parihar et al., 2019), (Depil et al., 2020).

1I1.3.1 Immune checkpoint blockade

Several PD1 and PD-L1 ICBs are clinically approved for treatment of more than 20
oncogenic malignancies (J. Tang et al., 2018). Indeed, anti-PD1/PD-L1 treatments, as a
monotherapy or in combination with anti-CTLA4, chemotherapy, radiotherapy, anti-
angiogenic drugs, IDO inhibitors and other anti-cancer agents have been tested in more than a
thousand clinical trials (J. Tang et al., 2018). However, up to date, a minority of patients
displays long-term anti-cancer protection whereas the majority does not respond to ICB or if
they initially do, tumor progression is also possible (Schoenfeld and Hellmann, 2020). To
avoid primary resistance, response to ICB is predicted based on the expression of the immune
checkpoint within the tumor, the mutational load and immune cell infiltration. Mechanisms
for acquired resistance have been suggested such as lower expression of MHC-I, defects in
the IFNy signaling leading to lower expression of MHC-I and PD-L1, decreased expression of
immunogenic neoantigens and upregulation of other immune checkpoints (Schoenfeld and

Hellmann, 2020).

CTL4 is an early and global immune checkpoint that regulates CD8" T cell priming and
activation via Treg cell functions whereas PD1/PD-L1 immune checkpoint is dominant in
tumors with already antigen-experienced immune cells (Topalian et al., 2016). Although
tumor cells per se can constitutively express PD-L1 due to aberrant oncogenic pathways or
mutational gene arrangements, activated effector CTLs secreting IFNy can potentiate the
expression of PD-L1 on APCs and tumor cells within the TME. This mechanism described as
adaptive immune resistance is indicative of a strong anti-cancer immunosurveillance in the
TME driven by effector CD8" T cells that upon antigen encounter upregulate PD1. This is
followed by PD-L1 upregulation in the TME to control the excessive activity of CTLs.
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Therefore, not only the presence of CD8" T cells at the invasive tumor front in patients has
been positively associated with response to PD1 ICB, but PD-L1 expression in tumors is used

as a predictive biomarker of a better response to PD1/PD-L1 ICB (Topalian et al., 2016).

The outcome of ICB also depends on targeting immune checkpoints that are commonly
expressed in CTLs and Treg cells (Topalian et al., 2016). For instance, PD1 ICB may not only
potentiate CTL functions but the immunosuppressive effects of effector PD1" Treg cells
negatively impacting on the anti-cancer effect of the immunotherapy (Ohue and Nishikawa,
2019). Therefore, combinatorial ICB treatments are under optimization. Targeting PD1 and
CTL4 in combination showed a better progression-free survival than the monotherapies in
melanoma patients. Indeed, this ICB combination has been clinically approved for certain
types of melanoma (Topalian et al., 2016). ICB response predictions are optimized over time
with the possibility of using oncogenic drivers, mutational load and cancer-associated viruses
and the microbiome as biomarkers. Likewise, other immune checkpoints such as TIM3,
LAG3, CD39, CD73 and the adenosine receptor A2A have been targeted in clinical trials
(Topalian et al., 2016).

I11.4 IREla and the anti-cancer immune response

Transmissible ER stress from tumor cells to immune cells such as macrophages has been
reported (Mahadevan et al., 2011), (Jiang et al., 2020). Although in in vitro settings,
macrophages displayed ER stress induction with XBP1 splicing when growing in conditioned
culture medium from tumor cells that experienced ER stress upon pharmacological induction.
Macrophages displaying induction of XBPls and other UPR branches secreted more
cytokines depending of TLR4 sensing (Mahadevan et al., 2011).

The IRE1a-XBP1 signaling has been reported to confer to NK cells not only proliferative
advantages, but higher effector functions against tumors and virus (Dong et al., 2019). NK
cells upon viral infection in mice showed upregulation of XBPls (Figure 21). Therefore,
mice with IREla-deficient NK cells showed higher viral titers and shorter survival upon
infection. XBP1-deficient NK cells displayed defective expansion in peripheral blood and
organs after adoptive transfer. Indeed, XBP1s was demonstrated to bind the c-Myc promoter
and positively regulates its expression. In addition, pharmacological inhibition of IREla
decreased the mitochondrial respiratory capacity of primary human NK cells. Adoptive
transfer of IREla- or XBP1-deficient NK cells into mice resulted in higher number of

melanoma tumors in the lungs (Dong et al., 2019).

Activation of IREla in primary bone marrow-derived dendritic cells (BMDCs) in contact

with tumor cell lysates played a positive role in cross-presentation to cytotoxic T cells (Medel
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et al., 2018). Indeed, inhibition of IRE1ao RNAse decreased the production of cytokines and
MHC-I/peptide complexes in BMDC:s in the presence of melanoma cell lysates. Furthermore,
the ability of BMDCs to activate melanoma antigen-specific CD8" T in the presence of
cancer-associated antigens was reduced upon inhibition of IREla. Adoptive cell transfer of
CD8" T cells and melanoma cell lysate-stimulated BMDCs expressing an IRElo. RNAse
mutant into immunocompetent mice produced defective proliferation of CD8" T splenocytes

(Medel et al., 2018).

Positive impact of the IRE1a signaling on DCs homeostasis and functions has been reported
by several studies (Osorio et al., 2014), (Osorio et al., 2018). However, within the tumor
milieu, XBP1s has been shown to decrease the anti-tumoral functions of infiltrated DCs in
ovarian cancer (Cubillos-Ruiz et al., 2015) (Figure 21). Indeed, patient samples of ovarian
solid tumors and ascites have shown detectable levels of XBP1s mRNA in DCs which
negatively correlated with the number of T Ilymphocytes. In pre-clinical settings,
transplantation of XBP1 deficient BMDCs limited tumor growth in orthotopic models of
ovarian cancer. Likewise, lower number of peritoneal tumor masses, significant less ascites
accumulation, reduced splenomegaly and prolonged mouse survival were seen in an

orthotopic ovarian cancer model of metastasis (Cubillos-Ruiz et al., 2015).

Immunosuppressive metabolic reprogramming of DCs within the TME has been reported to
occur by lipid peroxidation (Cubillos-Ruiz et al., 2015) (Figure 21). Higher accumulation of
lipids, ROS, aldehyde-protein adducts led to downstream induction of XBP1s in intra-tumoral
DCs or DCs exposed to ascites. XBP1s induction by lipid peroxidation was implicated in
downstream lipogenesis in intra-tumoral DCs since XBP1-deficient DCs displayed lower
intracellular triglyceride accumulation. XBP1s induction in intra-tumoral DCs was shown to
be deleterious for activation of anti-cancer T lymphocytes. Indeed, ovarian cancer mouse
models lacking XBP1 in DCs displayed higher numbers of intra-tumoral T lymphocytes and
lower numbers of Treg cells. Adoptive transfer of T cells from ovarian tumor-bearing mice
with XBP1-deficient DCs to wildtype ovarian tumor-bearing mice limited tumor growth.
Moreover, in vivo silencing of either XBP1 or IREla by nanoparticle-delivered siRNA

targeting DCs extended survival of ovarian tumor-bearing mice (Cubillos-Ruiz et al., 2015).

Activation of the IRE1a pathway has also been reported to modulate TLR-mediated cytokine
secretion in macrophages upon bacterial infection in mice and macrophage polarization
toward an inflammatory M1-like phenotype (Cubillos-Ruiz et al., 2017). In the context of
cancer, the IREla pathway is involved in macrophage-mediated extracellular matrix
remodeling supporting in vitro cancer cell invasion (Yan et al., 2016) (Figure 21). The

IREla-XBP1 axis was triggered by stimulation with anti-inflammatory Th2 cytokines in
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bone marrow-derived macrophages (BMDMs). Activation of the transcription factors STAT3
and STAT6 was upstream of XBP1s induction. sXBP1 increased the secretory capacity of
BMDMs to export lysosomal proteases such as cathepsins in their inactive forms.
Conditioned media from Th2 cytokine-stimulated BMDMs increased the invasion capabilities
of a pancreatic neuroendocrine tumor cells whereas IRE1a. RNAse inhibition reduced tumor

cell invasion (Yan et al., 2016).
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Figure 21. The IREla pathway modulates the anti-tumoral functions of immune cells within the
TME
IRE1 & activation and XBP1 splicing support NK cell proliferation and their anti-cancer effector functions. XBP1

splicing is induced in macrophages exposed to immunosuppressive cytokines and drives secretion of immature
cathepsins that increase the tumor cell invasive capabilities in vitro. Induction of XBP1 splicing in DCs and T cells
within the TME decreases their tumor infiltration and their anti-cancer effector functions. Induction of XBPI
splicing in human PMN-MDSCs enhances their immunosuppressive functions and dampens the adaptive anti-
cancer immune response. NK cells, natural killer cells; DCs, dendritic cells; TAG, triacylglycerides; IL,
interleukin, STAT3/6; ROS, reactive oxygen species; GLUTI; glucose transporter 1, PMN-MDSCs,
polymorphonuclear-myeloid-derived suppressor cells; LOX-1, oxidized LDL receptor 1.

Activation of IRE1a-XBP1 axis is also implicated in the immune-suppressive effects of
malignant TMEs as a typical tumoral mechanism to blunt T lymphocyte-mediated anti-cancer
immunosurveillance (Song et al., 2018) (Figure 21). Ascites resident T lymphocytes and
within the tumors of ovarian cancer patients exhibited higher activation of the IRE1a-XBP1s
pathway and an impaired anti-tumoral response. Healthy primary CD4" T cells treated with

ovarian cancer-derived ascites displayed higher and lower expression of XBP1s and the
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glucose transporter GLUTI, respectively. Furthermore, ascites-exposed CD4" T cells
displayed defective protein N-glycosylation as well as lower glycolysis and mitochondrial
respiration. Indeed, defective glucose uptake was upstream of IREla activation. Activated
IREla mediated degradation of glutamine transporters restricting glutamine uptake and its
usage as an energetic substrate. XBP1s induction had a negative impact on the anti-cancer
functions of T lymphocytes since XBP1 deficiency in CD4" T cells limited tumor growth in
ovarian cancer mouse models. Likewise, IRE1a. deficiency in CD4" T cells showed decreased
peritoneal carcinomatosis and prolonged survival in a mouse model of ovarian cancer (Song

etal., 2018).

XBPls induction in CD8" T cells by accumulation of cholesterol in the TME has shown to
blunt their cytotoxic effects through T cell exhaustion irrespective of the type of cancer (Ma
et al., 2019) (Figure 21). Exhaustion markers and cholesterol content in CD8" T cells showed
a positive correlation in melanoma cells homing the lungs, in lung and colon carcinomas
subcutaneously implanted as well as in colon cancer and myeloma patient samples. Exhausted
CDS8" T cells displayed higher apoptosis induction and lower cytotoxicity. Intra-tumoral CD8"
T acquired an exhausted phenotype in parallel with accumulation of cholesterol upon
infiltration into the cholesterol-enriched TME of several cancer mouse models. Interestingly,
induction of XBP1s by cholesterol was found to induce the expression of exhaustion markers
by binding to their gene promoter. Pharmacological inhibition of IREla RNAse after
adoptive transfer or XBP1 silencing prior to adoptive transfer of CD8" T cells into tumor-

bearing mice strongly reduced the number of melanoma foci in the lungs (Ma et al., 2019).

XBP1s induction defines a granulocyte population with immune-suppressive properties such
as polymorphonuclear-myeloid derived suppressor cells (PMN-MDSCs) (Condamine et al.,
2016) (Figure 21). PMN-MDSCs is the predominant population of suppressor cells in the
TME of the majority of human cancer types. Indeed, LOX-1 was a successful biomarker to
define the PMN-MDSC population in tumors of non-small cell lung cancer (NSCLC), head
and head cancer patients (HNC) and myeloma multiple patients. Upregulation of XBP1s
correlated with the expression of LOX-1 in PMN-MDSCs isolated from cancer patients.
LOX-1, the oxidized LDL receptor 1 is a scavenger receptor expressed in several cell types
such as macrophages and endothelial cells, but not reported in PMN such neutrophils. High
expression of LOX-1 in PMN-MDSCs was specific to human cells. PMN-MDSCs from
patients displayed an immune-suppressive activity when co-cultured with T cells.
Pharmacological inhibition of XBP1s upon general ER stress induction reverted the immune-
suppressive phenotype of high LOX-1 PMN-MDSCs cells. LOX-1 upregulation correlated
with clinical cancer stage, tumor size and impaired survival in several human cancers and

(Condamine et al., 2016).
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Collectively, most of these studies implicating the IRElo pathway in the anti-cancer
functions of different populations of immune cells show that activation of IREla occurs
downstream of soluble factors and metabolic alterations within the TME. Immune cells
undergoing metabolic ER stress in the neoplastic niche exhibit impaired anti-tumoral
activities leading to tumor growth and progression. In contrast, NK cells rely on XBP1 and c-
Myec activation as part of intrinsic mechanisms non-related to the TME. Certainly, the IRE1a
pathway is a key modulator of innate and adaptive immune mechanisms orchestrated within

oncogenic niches.
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Abstract

IREla is one of the three ER transmembrane transducers of the Unfolded Protein Response (UPR)
activated upon endoplasmic reticulum (ER) stress. IREla activation has a dual role in cancer as it may
be either pro- or anti-tumoral depending on the studied models. Here, we describe that exogenous
expression of IRE1a, resulting in IRE1a auto-activation, did not affect cancer cell proliferation in vitro
but resulted in a tumor-suppressive phenotype in syngeneic immunocompetent mice. Indeed, exogenous
expression of IREla in murine colorectal and Lewis lung carcinoma cells drastically impaired tumor
growth once syngeneic tumor cells were subcutaneously implanted in immunocompetent mice but not
in immunodeficient mice. Mechanistically, the in vivo protective effect of overexpressing IREla in
tumor cells was associated with IREla RNAse activity driving both XBP1 mRNA splicing and
regulated IRE1-dependent decay of RNA (RIDD). We showed that the tumor-suppressive phenotype
upon IREla overexpression was characterized by the induction of apoptosis in tumor cells in parallel
with an enhanced adaptive anti-cancer immunosurveillance. Hence, our work indicates that IRE1a
overexpression and/or activation in tumor cells can limit tumor growth in immunocompetent mice and
might point towards the need of adjusting the use of IREla inhibitors for cancer treatment based on

IRE1la expression and activation.

Keywords cancer cancer, UPR, IREla, XBP1s, RIDD, anti-cancer immunosurveillance, apoptosis



INTRODUCTION

Nutritional interventions are target of the intense research focused on the treatment of non-
communicable diseases including metabolic disorders such as cancer. Indeed, dietary regimens such as
caloric restriction, fasting, low carbohydrate, ketogenic as well as low protein and amino acid-restricted
diets have shown some benefits to control tumor development and progression in pre-clinical and
clinical studies [1, 2]. The nutritional regimens slowing down tumor growth or extending animal
survival have been reported as underlying molecular mechanisms: (i) reduction of the insulin-like
growth factor-1 (IGF-1)-triggered signaling cascades such as the PI3K/Akt/mTOR pathway, (ii)
activation of AMPK, (iii) apoptosis induction, (iv) DNA damage, (v) oxidative stress and (vi) alterations
in proteostasis with induction of endoplasmic reticulum (ER) stress in tumor cells [3-5]. Indeed, we
have previously reported the protective effect of an isocaloric diet partially reduced in protein (Low
PROT diet) in several cancer mouse models. We demonstrated that the Low PROT diet-induced anti-
cancer immunosurveillance was mediated, at least in part, via an inositol-requiring enzyme 1o (IRE1a)-

dependent signaling pathway [6].

IRE1la is a transducer of the Unfolded Protein Response (UPR). The UPR is canonically activated upon
accumulation of improperly folded proteins in the ER but also by disturbances in the ER lipid
composition [7, 8]. IREla is a type [ transmembrane protein exhibiting both kinase and
endoribonuclease activities in its cytosolic domain. The IREla serine/threonine kinase activity is
responsible for its auto-transphosphorylation upon ER stress-dependent IRE1a dimerization, which in
turn leads to activation of the IRE1a RNAse activity. Most of the IRE1a signaling outputs have so far
been linked to its RNAse activity, first through the non-conventional splicing of XBP1 mRNA, that
yields the transcription factor XBP1s, and second through RNA degradation (also called Regulated
IRE1 Dependent Decay, RIDD) [9]. The interplay between XBP1s and RIDD is key to control cell life
and death decisions driven by ER stress. Beyond these catalytic activities, IREla was also recently
described to exhibit scaffold functions that were associated with cell migration and calcium signaling

[10].

Alteration of ER homeostasis is associated with most cancer hallmarks and IRE1a signaling has been
extensively studied in pre-clinical models of solid and hematological cancers. For instance, constitutive
activation of the IRE1a-XBP1 signaling in triple negative breast cancer (TNBC) has been reported to
play pro-tumorigenic roles in xenografts and genetically modified mouse models through increased
cytokine secretion, modulation of cancer cell stemness-like properties, response to hypoxia, induction
of angiogenesis, stroma remodeling of the tumor microenvironment (TME), chemotherapy resistance
and tumor relapse in vivo [11-14]. In pancreatic ductal adenocarcinoma (PDAC) genetic mouse models,
IRE1a has also been involved in acquisition of a more aggressive tumor phenotype with mesenchymal-
like properties and higher tumor-initiating and metastatic potential [15, 16]. The IRE1a-XBP1 axis has

been pro-tumorigenic in colon carcinoma mouse models via cell stemness-related processes [17] and



resistance to chemotherapy in immunodeficient animals [18]. Interestingly, opposite functions of the
two IREla RNAse activity outputs have been suggested in human glioblastoma and recapitulated in
xenograft mouse models of glioblastoma. Indeed, XBP1s and RIDD were described as pro- and anti-
tumorigenic, respectively [19]. Tumor-suppressive roles of IREla were also documented in
hematological cancers such as diffuse large B-cell lymphoma (DLBCL), specifically, of the germinal
center B-cell-like (GCB) subtype. Indeed, a defective IRE1a-XBP1 pathway via epigenetic silencing
of IREla has been recognized as a hallmark of GCB-DLBCL. Therefore, exogenous expression of
XBP1s in subcutaneous xenografts of GCB-DLBCL in mice limited tumor growth [20]. In contrast, in
other non-Hodgkin’s lymphomas such as Burkitt’s lymphoma, the IRE1a-XBP1 axis promoted tumor
growth [21]. This dual role of the IRE1a signaling in cancer has been also described in different innate

as well as adaptive immune cell populations within the TME of several solid oncogenic malignancies

[22].

Hence, since IRE1a exerts dual roles in tumor progression, either pro- or anti-tumoral, we sought to
investigate the effect of the exogenous expression of IREla in tumor cells implanted in
immunocompetent mice. We found that overexpression of IREla was detrimental for subcutaneous
tumor growth of colorectal and Lewis lung carcinomas. Tumors with IRElo overexpression were

characterized by a higher anti-cancer immunosurveillance and tumor cells undergoing apoptosis.



RESULTS

Low Protein diet-dependent tumor protection correlates with IREla activation in tumors, higher

anti-cancer immunosurveillance and increased synthesis of pro-inflammatory cytokines

To determine how Low PROT diet-induced IRElo activation was involved in immunosurveillance,
immunocompetent BALB/c mice were fed for 7 days with an isocaloric control (CTR) or Low PROT
diet prior to subcutaneous (SC) engraftment of syngeneic colorectal carcinoma CT26 cells (Fig. 1A).
Tumor-bearing mice were kept under diet until sacrifice and tumors were analyzed 15 days post-tumor
engraftment. Low PROT tumors were significant smaller than CTR tumors considering tumor volume
by caliper measurement and tumor weight after resection (Fig. 1B). XBP1s protein levels were higher
in Low PROT tumors confirming ER stress induction with activation of the IRE1a pathway (Fig. 1C)
as we previously described [6]. Immune profiling indicated that tumor-infiltrating lymphocytes (TILs),
specifically CD8" T cells (Fig. 1D), tumor-associated macrophages (TAMs) (Fig. 1E) and intra-tumoral
dendritic cells (DCs, Fig. 1F) were enriched in Low PROT tumors. Correlating with higher recruitment
of cytotoxic T cells into the TME of Low PROT tumors, a significant increase in the surface expression
levels of MHC-I (Major Histocompatibility Complex-I, specifically H2Kd) was detected on isolated
tumor cells from Low PROT diet-fed mice (Fig 1G). Furthermore, enhanced anti-tumoral effector
functions of T lymphocytes from tumor-bearing mice fed the Low PROT diet were also observed by ex

vivo cytotoxicity assay (Fig 1H).

Since the expression of XBP1s was higher in Low PROT tumors and H2Kd was differentially expressed
on Low PROT tumor cells, transcript levels of genes encoding members of the antigen processing and
presenting machinery as well as proinflammatory factors were quantified in isolated tumor cells.
Transcript levels of ERAP1 (Endoplasmic Reticulum Aminopeptidase 1), an ER-resident
aminopeptidase, which generates peptide fragments that can be presented by MHC-I were higher in
Low PROT tumor cells (Fig. 1I). Likewise, TAP1 (Transporter 1, ATP Binding Cassette Subfamily B)
which is a member of a transporter complex localized in the ER membrane that shuttles cytoplasmic
peptides into the ER to be loaded onto MHC-I was also upregulated in Low PROT tumor cells (Fig.
1I). Pro-inflammatory factors including type I interferons, TNF-a and GM-CSF, chemo-attractants
(CXCL10, CXCL11, CCL2) and the NK cell-activating cytokine IL-15 were upregulated under Low
PROT diet (Fig. 1J). These findings indicate that the Low PROT diet regulates gene expression in
malignant cells, which might endow them to express more pro-inflammatory soluble factors and
increase the antigen processing and presenting machinery that enhances the immunosurveillance of the

tumor.



IRE1a overexpression in CT26 cells leads to IRE1a self-activation driving XBP1 mRNA splicing
and RIDD induction

To test whether the Low PROT diet-induced immunosurveillance could be linked specifically to IRE1a
expression in tumor cells, we overexpressed (OE) IREla in CT26 cells. IRE1a OE was confirmed by
its higher transcript levels as compared to WT and mock cells (Fig. 2A). IRE1a OE resulted in auto-
activation as judged by the increase in XBP1 mRNA splicing. Protein levels of IRE1a in OE cells were
in accordance with its transcript levels (Fig. 2B). IRE1a OE resulted in RNAse activation since XBP1s
was increased together with lower transcript levels of the RIDD targets, Blosl and Col6al (Fig. 2C).
ERAPI1 and TAPI transcripts which were upregulated in Low PROT isolated tumor cells (Fig. 1I) were
also increased in OE cells as compared to mock cells (Fig. 2C). OE cells displayed a proliferative
capacity similar to that of control cells (Fig. 2D). Even though cell growth was decreased under
treatment with tunicamycin (Fig. 2E) or 2-deoxyglucose (Fig. 2F), two ER stress inducers, OE and
mock cells exhibited similar phenotypes. Interestingly, transcript levels of several cytokines that were
upregulated in Low PROT tumor cells were not increased in OE cells (Fig. 2G), suggesting that Low
PROT diet had a wider impact on tumor cells than IREla overexpression alone. Hence, exogenous
expression of IREla in CT26 drives XBP1 mRNA splicing and RIDD with no changes in cell

proliferation in vitro even under ER stress induction with various pharmacological inducers.

IREla-overexpressing tumors display a limited tumor growth, tumor cell apoptosis and higher

immune cell infiltration

To evaluate the impact of IREla OE on tumor growth and immunogenicity, IRE1a-overexpressing
(OE) CT26 cells were subcutaneously engrafted in syngeneic immunocompetent BALB/c mice. IREla
OE yielded drastic reduction in tumor size when compared to control tumors (Fig. 3A). Importantly,
this effect was also observed in a subcutaneous syngeneic mouse model of Lewis lung carcinoma since
IREla-overexpressing (OE) LLCI cells generated smaller tumors in C57BL/6 mice (Fig. 3B and Fig.
S1A). Prior to in vivo engraftment, OE LLC1 cells were generated and validated in vitro showing higher
transcript levels of IREla in parallel with a significant increase of XBP1 mRNA splicing (Fig. S1A).
IREla OE in LLC1 cells did not change their proliferative capacity in vitro (Fig. S1B). We verified
that protein levels of IRE1a and XBP1s were increased in isolated tumor cells from OE CT26 tumor-
bearing mice (Fig. 3C) and that no significant changes in protein levels of other UPR members, namely,
ATF4 and CHOP were observed between mock and OE CT26 tumor cells (Fig. 3C). Analysis of
isolated CT26 OE tumor cells confirmed the full RN Ase activity of IRE1a as judged by the upregulation
of XBP1s and downregulation of RIDD targets (Fig. 3D). A close characterization of the tumor cells
isolated from Fig 3A, indicated that OE CT26 tumor cells undergo apoptosis in vivo as judged by the

increased PARP cleavage (Fig. 3E), a canonical caspase substrate, and the increased DEVDase activity



(Fig. 3F). Interestingly, in those cells, the extent of RIDD activation appeared much higher (more than
2-fold change) than that of XBP1 mRNA splicing (less than 1.5-fold change) thereby suggesting the
forced activation of pro-death RIDD in OE cells. Intra-tumoral immune profiling of OE CT26 tumor-
bearing mice revealed higher infiltration of immune cells (Fig. S2A). Among them, TILs, specifically
CD3" T cells, cytotoxic CD8" T cells and helper CD4" T cells (Fig. 3G) were higher in OE CT26
tumors. In addition, tumor-infiltrating NK cells (Fig. 3H) and resident TAMs (Fig. 3I) were higher in
OE tumors. CD11" resident TAMs were shown to express higher levels of activation markers like MHC-
IT and CD86 (Fig. S2B). Surface expression levels of MHC-I (specifically H2Kd) and CD47 were
upregulated and downregulated, respectively, on tumor cells (Fig. 3J). This correlated with the
upregulation of H2Kd seen on Low PROT tumor cells (Fig. 1G). Surface expression of another MHC-
I variant of the same haplotype (H2Ld) and the MHC class I-like molecule (H60) did not change in OE
cells (Fig. S2C). Importantly, isolated CD3" T cells from the splenocytes of OE tumor-bearing mice
displayed higher cytotoxicity when co-cultured in vitro with CT26 cells (Fig. 3K), indicating a specific
adaptive anti-cancer immune response in those mice. Hence, IRE1a overexpression in CT26 and LLC1
tumors is associated with limited tumor progression in immunocompetent mice, via the induction of

cell death and a higher immune cell infiltrate.

IRE1a overexpression-associated tumor suppression is mainly dependent on cytotoxic T cells

To document the impact of IRE1a OE on cell death and the adaptive immune response, we injected the
CT26 OE cells into immunodeficient Nude mice that lack functional T and B cells. The engraftment of
IREla OFE CT26 cells revealed a trend but not significant impairment of the tumor growth as judged
by the tumor weight at endpoint (Fig. 4A). We confirmed that IRE1a transcripts were significantly
higher in isolated OE CT26 tumor cells which correlated with RNAse activation based on upregulation
of XBP1s and downregulation of RIDD targets (Fig. 4B). OE CT26 tumor cells isolated from tumor-
bearing Nude mice displayed higher caspase activity (Fig. 4C). This result recapitulates the enhanced
caspase activity observed in OE CT26 tumor-bearing immunocompetent mice (Fig. 3F), even if it did
not result in a significant reduction in tumor size. Immune profiling showed higher infiltration of NK
cells (Fig. 4D) as well as resident TAMs expressing MHC-II in OE tumors compared to control tumors
(Fig. 4E). Although cell surface expression of H2Kd and CD47 did not change, H60, an activating
ligand of NK cells, was upregulated on OE tumor cells (Fig. 4F). These results suggested that IREla
overexpression in tumor cells results in cell death induction in vivo. However, IREla OE-associated
cell death was not able to significantly reduce tumor growth in the absence of functional adaptive
immune cells, even if other immune cells (such as NK and TAMs) infiltrated the OE tumors (Fig 4D,

4E).



DISCUSSION

We have shown that exogenous expression of IRE1a in tumor cells results in an anti-tumoral phenotype
in immunocompetent but not in immunodeficient mice (Fig 3,4). This finding correlates with the tumor
growth limitation observed under Low PROT diet (Fig. 1). These tumor-suppressive functions of
IREla correlated with RIDD induction in tumor cells and with an increase in tumor cell death and
higher immune cell infiltrate. We demonstrated that the anti-tumoral phenotype associated with IRE1a
overexpression in tumors partially depended on cytotoxic T cells. Beyond the information that the
nature of IREla activities (XBP1s vs RIDD) is a key factor in regulating tumor growth-associated
outputs, our data also suggest that IREla expression level on its own could also be a factor to be
considered, most likely because it could alter IREla scaffolding functions and the subsequent
biological outputs. In many cases, pro-tumoral roles of IREla are associated with XBP1 mRNA
splicing, which when coupled with certain oncogenic drivers copes with the inherent cytotoxicity of
rapidly proliferating tissues. In parallel, the expression of XBP1s supports tumor cells in the stressful
TME deprived of nutrients and oxygen. Indeed, XBP1s has been shown to confer tumor cells the ability
of initiating tumor growth and respond to hypoxia in cooperation with HIF-1a [12]. Hence, XBP1s and
its tumor-protective effects might be the result of adaptive ER stress mechanisms induced to support

the competitive tumor cell growth.

The tumor-protective roles of the IRE1a-XBP1 axis have been positively associated with the expression
of c-Myc in TNBC [13], PDAC [15] as well as in high c-Myc human B lymphomas and N-Myc-driven
human neuroblastoma [21]. This is an important point to take into consideration because depending on
the oncogenic driver, signaling pathways supporting the tumor proliferative capacity and anabolic
metabolism will vary among different cell and cancer types. Therefore, tumors expressing high levels
of c-Myc and XBP1s such as TNBC will benefit from the inhibition of this signaling axis. Altogether,
the oncogenic drivers, the type of cancer, the immunocompetence of cancer animal models and
subcutaneous or orthotopic tumors may count for the dual role of the IREla pathway in cancer.
Considering the transformed cell lines used in our study, genomic characterization of colorectal
carcinoma CT26 cells has shown homozygous mutation of Kras at G'?D, homozygous deletion of
Cdkn2a and no mutations but high expression of Myc, p53, Mdm2, HIF1-a and Nras [25]. In Lewis
lung carcinoma LLC1 cells, heterozygous Kras mutation at G'2C is present [26]. This might count for
the tumor-suppressive roles of IRE1a overexpression in these cells since the oncogenic driver is Kras

and not c-Myc and the IRE1a is mostly oriented towards RIDD rather than XBP1s.

Exogenous expression of IREla in our model resulted in a full induction of its endoribonuclease
activity with no changes in the in vitro cell proliferative capacity even upon extra ER and nutritional
stresses. Despite the robustness of IRE1a-overexpressing cells in in vitro settings, in vivo implanted

cells within the restrictive TME displayed an impaired growth. In this regard, XBP1 splicing and RIDD



induction when uncoupled have been reported to be tumor-protective and tumor-suppressive,
respectively [19]. Therefore, we can hypothesize that higher levels of RIDD induction as compared to
XBP1 splicing in tumor cells growing in vivo could be responsible for driving terminal UPR with
induction of apoptosis in IRE1a-overexpressing cells. Indeed, tumor cells undergoing apoptosis was a
common feature of the immunocompetent and the immunodeficient cancer mouse models. Certainly,
most studies define IREla activation based on XBP1 splicing but, selective as well as massive

degradation of some mRNAs and miRNAs, could also dictate tumor growth progression.

Irrespective of tumor cells undergoing apoptosis, an enhanced anti-cancer immune response was seen
in IREla-overexpressing tumors. The less aggressive tumor phenotype might be a combination of
endogenous apoptosis induced by toxic IREla exogenous expression in tumor cells growing in vivo
and an anti-cancer immune response elicited by the immunogenic tumor cell death. Likewise, a potent
anti-cancer immunosurveillance elicited by plasma membrane and soluble factors secreted by tumor
cells at early stages during tumor progression cannot be ruled out. Indeed, MHC-I was upregulated in
tumor cells from tumor-bearing immunocompetent mice in parallel with a downregulation of CD47,
inducing the ‘don’t eat me’ signal for macrophages. In addition, in immunodeficient mice, H60, an
activating ligand of NK cell receptors was found upregulated. We can hypothesize that in the absence
of functional T cells in Nude mice, cytotoxic NK cells played a major role in controlling tumor growth
[27]. Therefore, modulation of immune markers on tumor cells overexpressing IRE1a and consequent

activation of immune cells cannot be ruled out.

We consistently recapitulated tumor-suppressive phenotypes under a Low PROT diet and upon
exogenous expression of IREla in tumor cells. However, the molecular mechanisms underlying these
anti-tumorigenic effects might be different. For instance, the Low PROT diet modulated the synthesis
of several pro-inflammatory factors in tumor cells while IRE1a-overexpression in CT26 cells did not
change the transcript levels of these cytokines and chemo-attractants, which might correlate with a
RIDD characteristic. Common features between the nutritional and genetic models include higher
expression of genes coding for members of the antigen processing and presenting machinery and
indeed, upregulation of MHC-I on tumor cells in both models. Despite the distinctive features of each
model (nutritional vs genetic), this study shows that overexpression of IRE1a and the subsequent nature
of its RN Ase signaling outputs towards XBP1s or RIDD should be carefully considered to design proper
anti-cancer treatments to potentiate scaffolding functions and RIDD induction that may in turn sensitize

tumor cells to apoptosis.
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MATERIALES AND METHODS

Mice

All animal experiments were performed according to the guidelines of the Institutional Animal Care
and Use Committee and the regional ethics committee (approval references PEA-503 and PEA 673).
All experiments used age-matched five-week-old female littermates. WT syngeneic BALB/c and
C57BL/6 mice as well as Nude mice were obtained from ENVIGO and housed in our animal facility
(C3M-Nice, France). When specified, mice were fed isocaloric diets purchased from ENVIGO: Control
(CTR: TD.130931) and Low Protein diet reduced in protein (Low PROT -25%: TD.130933). The
caloric composition of these diets (% of energy provided by carbohydrate: protein: fat content) was the
following: CTR - (70.9% : 19.5% : 9.6%) and Low PROT -25% - (73.7% : 14.9% : 11.5%), see [6].
Mice were fed the specified diets for seven days prior to subcutaneous engraftment of tumor cells. WT
syngeneic BALB/c and Nude mice were subcutaneously engrafted with 0.75x10° CT26 cells while
C57BL/6 mice were subcutaneously engrafted with 0.5x10° LLC1. After subcutaneous engraftment of
CT26 and LLCI cells, mice were inspected every two days for tumor development. Tumor growth was
monitored by caliper measurement following the equation (width® x length)/2. Animals were sacrificed

when at least a tumor reached 1000 mm?.

Cell lines and cell culture conditions

CT26 cells were obtained from the ATCC (#CRL-2638) and cultured in RPMI-1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (5000 U/mL) (Gibco)
and 1% sodium pyruvate (Gibco). LL/2 (LLC1) cells were obtained from the ECACC (#90020104) and
cultured in DMEM (Gibco) supplemented with 10% FBS. All cell lines were mycoplasma free. CT26
and LLC1 cells were seeded and cultured for 48 h prior to cell engraftment into mice and for validation
of IREla expression and activity by RT-qPCR. CT26 and LLC1 cells were treated with tunicamycin at
1 pg/mL for 16 h after cell culture for 24 h. For cell growth experiments, CT26 cells were seeded and
24 h post-seeding, tunicamycin (Sigma-Aldrich) or 2-deoxyglucose (Sigma-Aldrich) were added at the
indicated concentrations for a total cell culture of 96 h. All experiments were performed in duplicates

or triplicates. All cell lines were incubated at 37 °C in a 5% CO?* atmosphere.

Generation of mock and IREla-overexpressing cells

A lentiviral vector coding for human IREla (hERNT) and GFP under the control of the SFFV promoter
was designed (pLV[Exp]-SFFV>Sall/lhERN1[NM_001433.5](ns)}:T2A/Sall:EGFP) and purchased
from VectorBuilder (VB201207-1387mct). This lentiviral vector was used to generate the control
vector expressing only GFP. In summary, the lentiviral vector was designed to contain Sall restriction

sites upstream of the insert (nERN1) and downstream of the T2A sequence. Enzymatic digestion with
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Sall and re-ligation at 16 °C for 16 h yielded the control plasmid coding for GFP under the control of
the SFFV promoter. For generating transduced cells, self-inactivating viruses were generated by
transient transfection of 293T cells (ATCC, #CRL-1573) and tittered as described previously [23].
Briefly, using the classical calcium phosphate method, the envelope plasmid VSV-G (3 pg) was co-
transfected with 8.6 ug of Gag-Pol packaging plasmid (psPAX2, Adgene, #12260) and 8.6 ug of the
empty lentiviral vector coding for GFP or the lentiviral vector coding for hERNla (VB201207-
1387mct). Eighteen hours after transfection, the medium was replaced by Opti-MEM supplemented
with 1% HEPES (Invitrogen). Viral supernatants were harvested 48 h after transfection and filtered with
a 0.45 um filter. The vectors were concentrated at low speed by overnight centrifugation of the viral
supernatants at 3000 g and 4 °C. Viral particles were titered in CT26 and LLC1 cells. CT26 and LLC1
cells were transduced with viruses at a multiplicity of infection (MOI) equivalent to 1. Cells were seeded
(8x10* cells) in 6-well culture plates overnight prior to virus addition to the cell culture media. Cells
were kept in the same media up to 48 h before medium refreshment and cell expansion. Transduced
cells were sorted (SONY sorter SH800, Sony Biotechnology) based on GFP expression, resulting in
>95% purity. Exogenous expression of hIRE1a was verified by RT-qPCR and immunoblotting.

Quantitative Reverse Transcription-PCR (RT-qPCR) analysis

For in vitro cultured cells, cells seeded for 48 h were detached with trypsin-EDTA 0.25% (Gibco) and
collected. Cell pellets were lysed in tryzol prior to RNA extraction with chloroform. Reverse
transcription was performed using the Omniscript RT Kit (Qiagen, #205113). Quantitative-PCR was
performed with Power SYBR Green PCR master mix (Applied Biosystems, Life Technologies, #
4367659) using the Step One real-time PCR systems (Applied Biosystems) following the
manufacturers’ instructions. For whole tumor, a piece of the frozen tissue was cut and mechanically
disrupted in tryzol using a Pre-cellys 24 tissue homogenizer (Bertin Instruments) (3 x 30 s, 6500 x g).
For analysis of only tumor cells from tumor-bearing mice, tumors were enzymatically digested with the
Tumor Dissociation Kit for mouse (Miltenyi Biotec, #130-096-730) yielding a single tumor cell
suspension. Tumor cells were magnetically isolated using the Tumor Cell Isolation kit for mouse
(Miltenyi Biotec, 130-110-187) following the manufacturers’ instructions. In brief, dissociated tumors
were incubated with a depletion cocktail for 15 min and after magnetic isolation using an AutoMACS
Pro Separator (Miltenyi Biotec), the negative and positive fractions containing tumor cells and stromal

cells, respectively, were frozen either as a dry pellet or in 10% DMSO-containing FBS.

The following primers for mouse sequences were used for SYBR Green qPCR:

Gene Primer sequences (forward 5°-3’ / reverse 5°-3°) Source
ERNI1 AGAGAAGCAGCAGACTTTGTC This paper
GTTTTGGTGTCGTACATGGTGA
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Gene Primer sequences (forward 5°-3’ / reverse 5°-3°) Source

XBPlu GAGTCCGCAGCACTCAGACT Villeneuve et al., 2010
GTGTCAGAGTCCATGGGAAGA

XBP1s GCTGAGTCCGCAGCAGGTG Villeneuve et al., 2010
GTGTCAGAGTCCATGGGAAGA

Scara3 TGACAGGGATGTACTGTGTGT This paper
TGCAAAGATAGGTTCTTCTGGC

Blosl CAAGGAGCTGCAGGAGAAGA This paper
GCCTGGTTGAAGTTCTCCAC

Col6al TGCTCAACATGAAGCAGACC This paper
TTGAGGGAGAAAGCTCTGGA

IFNa AGCAGATCCAGAAGGCTCAA This paper
GGAGGGTTGTATTCCAAGCA

IFNB GCAGCTGAATGGAAAGATCA This paper
TGGCAAAGGCAGTGTAACTC

IFNy TCAAGTGGCATAGATGTGGAAGAA This paper
TGGCTCTGCAGGATTTTCATG

TNFa CCCTCACACTCAGATCATCTTCT This paper
GCTACGACGTGGGCTACAG

CXCL10 CCAAGTGCTGCCGTCATTTTC This paper
GGCTCGCAGGGATGATTTCAA

CXCLI11 GGCTTCCTTATGTTCAAACAGGG This paper
GCCGTTACTCGGGTAAATTACA

CCL2 TTAAAAACCTGGATCGGAACCAA This paper
GCATTAGCTTCAGATTTACGGGT

GM-CSF TCGTCTCTAACGAGTTCTCCTT This paper
CGTAGACCCTGCTCGAATATCT

IL15 ACATCCATCTCGTGCTACTTGT This paper
GCCTCTGTTTTAGGGAGACCT

Rn18S GTAACCCGTTGAACCCCATT This paper
CCATCCAATCGGTAGTAGCG

Rplp0 AGATTCGGGATATGCTGTTGGC This paper
TCGGGTCCTAGACCAGTGTTC

ERNI primers were designed to recognize mouse and human sequences. The housekeeping genes
Rn18S and Rplp0 were used as control for RNA quality and normalization. All analyses were performed
in technical triplicates and melting curve analysis was performed for SYBR Green to control product

quality and specificity.
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Western Blot Analysis

For whole tumors, pieces of tumor tissue were cut and mechanically disrupted in a protease inhibitor-
containing RIPA buffer using a Pre-cellys 24 tissue homogenizer (Bertin Instruments) (3 x 30 s, 6500
x g). Magnetically isolated tumor cells (Tumor Cell Isolation kit for mouse (Miltenyi Biotec, 130-110-
187) were lysed in a protease inhibitor-containing RIPA buffer. Protein lyses were quantified and
standardized (Pierce BCA protein assay kit, Thermo Scientific, #23225), immunoblots were developed
using the Amersham ECL Prime Western Blotting Detection Reagent (Cytiva, #RPN2236) and
visualized with ImageQuant LAS 4000 (GE Healthcare, Life Science). The following antibodies were

used for immunoblotting:

Antibody Source Identifier

Rabbit monoclonal anti-IRE1a Cell Signaling 3294; RRID:AB_823545
Mouse monoclonal anti-XBP1 Santa Cruz sc-8015; RRID:AB 628449
Mouse monoclonal anti-CHOP Cell Signaling 2895; RRID:AB 2089254
Rabbit monoclonal anti-ATF4 Cell Signaling 11815; RRID:AB_2616025
Rabbit polyclonal anti-PARP Cell Signaling 9542, RRID:AB_2160739
Mouse monoclonal anti-ERK2 Santa Cruz sc-1647; RRID:AB 627547

Flow Cytometry Analysis

CT26 tumors were dissociated with the mouse Tumor Dissociation Kit (Miltenyi Biotec, #130-096-
730) yielding a single cell suspension. Stained samples were analyzed with a MACSQuant Analyzer 10

(Miltenyi Biotec). The following fluorochrome-conjugated anti-mouse antibodies were used for flow

cytometry and isolation of CD3" splenocytes:

Antibody Source Identifier (cat #, RRID)

APC-eFluor 780 anti-CD45.2 eBioscience, Thermo  Fisher | 47-0454-80, RRID:AB 1272211
Scientific

PE anti-H-2Kd BD Biosciences 553566, RRID:AB 394924

PE anti-H-2Ld/H-2Db BioLegend 114507, RRID:AB_313588

PE-Cyanine7 anti-CD274 (PD-L1, | eBioscience, = Thermo  Fisher | 25-5982-82, RRID:AB 2573509

B7-H1) Scientific

APC anti-H60a

REAfinity, Miltenyi Biotec

130-108-847, RRID:AB 2651975

PE-Vio770 anti-CD47

REAfinity, Miltenyi Biotec

130-103-105, RRID:AB_ 2659751

APC anti-CD3

BioLegend

Cat# 100236, RRID:AB 2561456

PE-Vio770 anti-CD8a

REAfinity, Miltenyi Biotec

130-119-123, RRID:AB 2733250

V450 anti-CD4

BD Biosciences

560468, RRID:AB 1645271

CD152 Antibody, anti-mouse, PE

Miltenyi Biotec

130-102-570, RRID:AB_2655252

PE-Vio770 anti-CD49b

Miltenyi Biotec

130-105-402, RRID:AB_ 2660461
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Antibody Source Identifier (cat #, RRID)

Brilliant Violet 42 anti-CD64 | BioLegend 139309, RRID:AB_2562694

(FcgammaRI)

PE anti-MERTK (Mer) Biolegend 151505, RRID:AB_2617036

Alexa Fluor 647 anti-1-A/I-E Biolegend 107617, RRID:AB_493526

PE-Cyanine7 anti-CD86 (B7-2) eBioscience, Thermo  Fisher | 25-0862-82, RRID:AB 2573372
Scientific

eFluor 450 anti-F4/80 eBioscience, Thermo  Fisher | 48-4801-82, RRID:AB 1548747
Scientific

PE/Cy7 anti-CD11c BD Biosciences
FITC anti-CD11b

PE anti-CDl11c¢

558079, RRID:AB 647251
553310, RRID:AB 394774
557401, RRID:AB 396684

BD Biosciences

BD Bioscience

PE anti-annexin V Miltenyi Biotec 130-118-499
FITC anti-CD19 Miltenyi Biotec 130-102-494, RRID:AB 2661108
FITC anti-CD45R (B220) REAfinity, Miltenyi Biotec 130-110-708,

RRID:AB 2658274)
130-102-258, RRID:AB_2660456
130-112-719, RRID:AB 2654114

FITC anti-CD49b
FITC anti-Ter-119

Miltenyi Biotec
REAfinity, BD Biosciences

Intra-tumoral infiltration of immune cell populations was calculated as a percentage from the whole
tumor. Tumor-infiltrating lymphocytes (TILs) were defined as followed: CD3" TILs (CD3"/CD45"),
CD8" TILs (CD8'/CD3") and CD4" TILs (CD4'/CD3"). Infiltrating NK cells were defined as
CD49b/CD37/CD45". TAMs were defined as CD86'/CD11¢"/CD11b"/F4/807/CD45" in CTR and Low
PROT tumors while resident TMAs were defined as CD64 /Mertk /CD45" cells in mock and OE

tumors.

Cytotoxicity Assay

Spleens were manually smashed and filtered through a 40 um strainer to obtain a single cell suspension
of splenocytes. CD3" cells were depleted by magnetic isolation using an autoMACS Pro Separator
(Miltenyi Biotec) after staining with FITC-conjugated antibodies against CD19 (Miltenyi, #130-102-
494), CD45R (Miltenyi, #130-110-708), CD49b (Miltenyi, #130-102-258), CD11b (BD Bioscience,
#553310) and Ter-119 (Miltenyi, #130-112-719). The resulting purified cells were co-cultured with
CT26 cells at a ratio 5:1 in the presence of IL-2 (1 ng/mL, Miltenyi Biotec #130-094-055) for 4 h at
37°C. Cell death of CT26 cells was monitored by DAPI" staining by flow cytometry (MACSQuant
Analyzer 10, Miltenyi Biotec).

Cell death measurement

Cell death was analyzed either by DEVDase activity or 4°,6-diamidino-2-phenylindole staining (DAPI,
Sigma-Aldrich #D9542) staining. To measure apoptosis in isolated tumor cells, the activity of
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DEVDases was assayed as described previously [24] with some modifications. Briefly, cells were lysed
in a lysis buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 20 mM EDTA, 0.2 % NP40, 2 ng/mL
aprotinin, 1 mM PMSF, and 10 pg/mL leupeptin). Protein lysates were quantified and standardized
(Pierce BCA protein assay kit, Thermo Scientific, #23225) and loaded into a black 96-well plate
(CellStar) in the presence of 0.2 mmol/L of the caspase-3 substrate Ac-DEVD-AMC (Enzo LifeScience,
ALX-260-031-M005) diluted in the lysis buffer containing 10 mmol/L DTT. Caspase activity was
determined either in the absence or presence of 1 mmol/L Ac-DEVD- CHO (Enzo LifeScience, ALX-
260-030-M001) using a fluoroscan recording the emission fluorescence at 460 nm (Fluoroskan Ascent,
Thermo Scientific). The specific DEVDase activity was calculated as the change in fluorescence per

minute.

Statistical analysis

Graphs and statistical tests were generated using Prism v.8 (GraphPad software, Inc.). Differences in
calculated means between groups were assessed by two-tailed, unpaired Student’s t tests. A p-value less

than 0.05 was considered significant.
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FIGURE LEGENDS

Figure 1. Low PROT diet limits tumor growth, activates the IRE1a pathway, increases the anti-

cancer immunosurveillance and the synthesis of inflammatory genes.

A. Immunocompetent BALB/c mice fed a control (CTR) or Low Protein (Low PROT) diet for seven
days were engrafted with syngeneic colorectal carcinoma CT26 cells. B. Subcutaneous (SC) tumor
growth curve and tumor weight at endpoint (CTR, n=5 and Low PROT, n=6). C. Protein expression of
IRE1a and XBP1s in whole tumors isolated from B. D, E, F. Percentage of CD8" TILs, TAMs and DCs
from whole tumor presented in B, as quantified by flow cytometry (CTR, n=4 and Low PROT, n=5).
G. Surface expression levels (MFI) of H2Kd determined by FACS analysis on live and isolated tumor
cells (CTR, n=4 and Low PROT, n=4). H. Percentage of dead CT26 cells co-cultured with CD3" T
splenocytes isolated from tumor-bearing mice (from B) for ex vivo cytotoxicity assay. I. Transcript
levels in isolated tumor cells of proteins involved in the antigenic peptide shuttle into the ER and peptide
loading onto MHC-I as quantified by RT-qPCR. J. Transcript levels in isolated tumor cells from B of

type I and II interferons, cytokines and chemokine ligands.

Bars represent mean £ SD (or SEM for panel B) and each data point represent a biological replicate.
Statistical differences were determined by two-tailed, unpaired Student’s t-test. In vivo experiments are

representative of several performed.

Figure 2. IREla-overexpressing CT26 cells display a functional IRE1a protein with an enhanced

endoribonuclease activity.

A. Transcript expression levels of ERN1 and XBP1s/u in WT, mock and IRE1a-overexpressing (OE)
CT26 cells in basal conditions and under tunicamycin 1 pg/mL for 16 hours (biological triplicates of a
single experiment). B. Protein expression levels of IREla and CHOP were determined by
immunoblotting in WT, mock or OE CT26 cells in basal conditions and under tunicamycin 1 pg/mL
for 16 hours (representation of one out of three independent experiments). ERK?2 is used as a loading
control. C. Transcript levels of hERN1, XBP1s/u, RIDD targets, ERAP1 and TAPI in mock and OE
CT26 cells were quantified by RT-qPCR (combined data of three independent experiments). D. Cell
growth of mock and OE CT26 cells (combined data of three independent experiments). E. Cell growth
of mock and OF CT26 cells when treated with indicated doses of tunicamycin (biological triplicates of
a single experiment). F. Cell growth of mock and OE CT26 cells when treated with indicated doses of
2-DG (biological triplicates). G. Transcript expression of type I and II interferons, ligands of
chemokines and cytokines in mock and OE CT26 cells as quantified by RT-qPCR (technical triplicates

of a single experiment).

Bars and data points of the cell growth curves represent mean + SD. Statistical differences were

determined by two-tailed, unpaired Student’s t-test.
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Figure 3. IRE1a overexpression in CT26 tumor cells limits tumor growth in immuno-competent

syngeneic mice.

A. Subcutaneous (SC) tumor growth curve and tumor weight at endpoint of immunocompetent BALB/c
mice engrafted with mock and IRE1a-overexpressing (OE) CT26 cells (n=5 per group). B. Tumor
weight at endpoint of immunocompetent C57BL/6 mice subcutaneously engrafted with mock and
IREla-overexpressing (OE) LLCI cells (n=8 per group). C. Protein expression levels of IRE1a, XBP1s
and other UPR components (CHOP, ATF4) in isolated tumor cells from CT26 tumor-bearing mice
(presented in A). ERK2 is used as a loading control. D. Transcript expression levels of IRE1a, XBP1s/u
and RIDD targets (Scara3, Blosl, Col6al) in isolated tumor cells from CT26 tumor-bearing mice and
quantified by RT-qPCR. E. Protein expression levels of PARP and cleaved PARP in isolated tumor
cells from CT26 tumor-bearing mice. ERK?2 is used as a loading control F. Caspase (DEVDase) activity
in isolated tumor cells from CT26 tumor-bearing mice. G. Percentage of CD3" TILs, CD8" TILs and
CD4" TILs from whole CT26 tumors were quantified by flow cytometry. H, I. Percentage of resident
TAMs and tumor-infiltrating NK cells from whole CT26 tumors were quantified by flow cytometry. J.
Surface expression levels (MFI) of immune markers on live GFP"/CD45 CT26 tumor cells were
quantified by flow cytometry. K. CD3" T splenocytes were isolated from mice bearing mock or OE-
CT26 tumors (from A) and incubated with WT CT26 for 4 hours (ratio 5 T cells for 1 CT26 cell). The
ability of T cells to kill tumoral cells was determined by flow cytometry.

Bars represent mean = SD and each data point represents biological replicates. Statistical differences
were determined by two-tailed, unpaired Student’s t-test. In vivo experiments are representative of at

least two performed.

Figure 4. IRE1a overexpression in CT26 tumor cells limits tumor growth mainly dependent on T

cells.

A. Subcutaneous (SC) tumor growth curve and tumor weight at endpoint of immunodeficient Nude
mice engrafted with mock (n=7) and IREla-overexpressing (OE) CT26 cells (n=5). B. Transcript
expression levels of IRE1a, XBP1s/u and RIDD targets in isolated tumor cells from tumor-bearing mice
were quantified by RT-qPCR. C. Caspase (DEVDase) activity in isolated tumor cells from tumor-
bearing mice presented in A. D, E. Percentage of resident TAMs and tumor-infiltrating NK cells from
whole tumors were quantified by flow cytometry. F. Surface expression levels (MFI) of immune

markers on live GFP"/CD45 tumor cells were quantified by flow cytometry.

Bars represent mean = SD and each data point represents biological replicates. Statistical differences
were determined by two-tailed, unpaired Student’s t-test. In vivo experiments are representative of two

performed.
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SUPPLEMENTARY FIGURE LEGENDS
Figure S1. Characterization of LLC1 cells overexpressing IRE1a.

A. Transcript levels of IREla and XBP1s/u in mock and IRE1a-overexpressing (OE) LLCI cells in
basal conditions and upon treatment with tunicamycin 1 pg/mL for 16 h hours (technical triplicates of
a single experiment). B. in vitro cell growth of mock and OE LLCI cells over 72 hours (biological

triplicates of a single experiment).

Bars represent mean = SD. Data points of the cell growth curve represent mean = SD. Statistical

differences were determined by two-tailed, unpaired Student’s t-test.
Figure S2. Immune profiling of mock- or OE-CT26 tumors grown in syngeneic BALB/c mice.

A. Percentage of tumor-infiltrating immune cells measure in whole tumors of mock- or OE-CT26
tumor-bearing BALB/c mice (n=5). B. Surface expression levels (MFI) of activation markers on
resident CD11¢” TAMs (CD64"/Mertk /CD45") in the tumor presented in A. C. Surface expression
levels (MFI) of immune markers on live GFP'/CD45 CT26 tumor cells were quantified by flow

cytometry from tumors presented in A.

Bars represent mean + SD and each data point represents biological replicates. Statistical differences

were determined by two-tailed, unpaired Student’s t-test.
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PRELIMINARY RESULTS

Preliminary results are presented in a scientific journal format.

The tumor suppressive effect of a low protein diet might be mediated by glycosylation in

malignant cells leading to increased immunosurveillance
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Abstract

Some nutritional regimens as therapeutic interventions have shown anti-cancer benefits. We recently
reported that an isocaloric diet reduced in proteins (Low PROT diet) limited tumor growth through a T
cell-mediated anti-cancer immune response. However, how this diet alters the immunogenicity of tumor
cells remains to be found. Here, using metabolomics characterization of tumors, we observed that the
levels of uridine diphosphate N-acetylhexosamines, UDP-HexNAc(s) and uridine diphosphate hexoses,
UDP-Hex(s) were higher in tumors from mice fed the Low PROT diet as compared to tumors from
mice fed a control diet. UDP-HexNAc(s) and UDP-Hex(s) are common substrates for N- and O-
glycosylation as well as O-GlcNAcylation of proteins. Aberrant glycosylation contributing to most
hallmarks of cancer is known to modulate the immune response. We observed that the increase in
uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) was not linked to de novo synthesis but
correlated with transcriptional downregulation of O-GIcNAc transferase (OGT) and O-GlcNAcase
(OGA), two major regulators of UDP-GIcNAc levels beyond the hexosamine biosynthetic pathway
(HBP). In addition, changes in glycosylated structures that have been reported in more immunogenic
tumors were detected on Low PROT tumor cells. In conclusion, we have found that a Low PROT diet
resulted in differential glycosylation patterns in tumoral cells, therefore representing a possible

mechanism underlying tumor cell immunogenicity under this protein-restricted dietary regimen.

Keywords cancer, low protein diet, anti-cancer immune response, UDP-HexNAc, glycosylation, OGT,

OGA, tumor immunogenicity



INTRODUCTION

Anti-cancer therapies have benefited from nutritional interventions to improve response to the treatment
while minimizing side effects and improving life quality and survival (Tajan and Vousden, 2020),
(Kanarek et al., 2020). We have previously reported that an isocaloric diet reduced in a 25% of proteins
(Low PROT diet) limited tumor growth in several cancer mouse models. The protein-restricted dietary
formula was designed to keep the same amount of calories by a compensatory increased of
carbohydrates and lipids. The tumor-suppressive effect of the Low PROT diet depended on a stronger
anti-cancer immune response mediated by cytotoxic T cells (Rubio-Patifio et al., 2018). Here, we aimed
to decipher tumor metabolic alterations associated with enhanced anti-cancer immunosurveillance

under the Low PROT diet.

We have found that uridine-diphosphate (UDP)-sugars were more abundant in tumors of mice fed the
Low PROT diet. Uridine diphosphate N-acetylhexosamines, UDP-HexNAc(s) and uridine diphosphate
hexoses, UDP-Hex(s) are common substrates fueling glycosylation reactions mediating N- and O-
glycosylation of extracellular and surface proteins as well as O-GlcNAcylation of intracellular proteins
(Pinho and Reis, 2015), (Reily et al., 2019). Aberrant glycosylation has been reported to contribute to
most hallmarks of cancer (Chandler et al., 2019), (Li et al., 2016), (Song et al., 2020), (Arnold et al.,
2020). Disturbances in the hexosamine biosynthetic pathway (HBP) for de novo synthesis of uridine
diphosphate N-acetylglucosamine (UDP-GlcNAc) (Kim et al., 2020), (Chokchaitaweesuk et al., 2019),
(Akella et al., 2019) as well as deregulation of major enzymatic regulators, O-GlcNAc transferase
(OGT) and O-GlcNAcase (OGA) (Liu et al., 2018), (Phoomak et al., 2018) are mechanisms underlying
aberrant glycosylation in cancer. The cytoplasmic abundance of UDP-GlcNAc is dictated by its rate of
synthesis and consumption. Beyond the HBP and the UDP-GIcNAc salvage pathway governing the
synthesis of this metabolite, OGT consumes UDP-GIcNAc for post-translational O-GlcNAcylation of
proteins and OGA releases GIcNAc from O-GlcNAcylated proteins. Therefore, OGT and OGA tightly
control the free pool of UDP-GIcNAc (Yang and Qian, 2017), (Lee et al., 2021).

In the present work, we found that the Low PROT diet does not change the global metabolism of tumors
but resulted in an increase of the tumoral levels of UDP-HexNAc(s) and UDP-NAc(s). Along with more
abundant UDP-sugars, OGT and OGA were found transcriptional downregulated. Glycosylated
structures of the tumor cell glycocalyx that have been associated with more immunogenic tumors
(Ghasempour and Freeman, 2021) were found differentially changed on the surface of tumor cells from
mice fed the Low PROT diet. Our preliminary results therefore suggest that differential glycosylation
processes associated with unbalanced levels of UDP-sugars and deregulation of UDP-GIcNAc master
regulators, OGT and OGA are possible mechanisms underlying tumor cell immunogenicity under low

PROT diet.



RESULTS

A low PROT diet increases UDP-HexNAc and UDP-Hex levels in tumors

To unravel the metabolic alterations associated with a stronger immune response under the Low PROT
diet (Rubio-Patifio et al., 2018), in vivo steady state metabolomics analysis and stable isotope carbon

tracing of universally labeled glucose were performed in tumor-bearing mice (Fig. 1A).

We chose to analyze the effect of the low PROT diet at earlier stages during tumor progression avoiding
metabolic differences related to the tumor size. Indeed, the mid-term in vivo experiment allowed us to
make a non-biased comparison of metabolic features between CTR and low PROT tumors avoiding
limited nutrients and oxygen availability when comparing bigger versus smaller tumors at later stages
during tumor progression. Therefore, mice were sacrificed 11-12 days post-tumor cell engraftment
when tumors displayed a small but similar volume in CTR and Low PROT groups of mice. A trend to
upregulate MHC-I on tumor cells and a significant higher infiltration of CD8" T cells were observed in
Low PROT tumors at this earlier stage of tumor development (Fig. S1A), suggesting that modifications

of tumor cell interaction with the immune system induced under Low PROT diet were already present.

Targeted steady-state metabolomics analysis of polar metabolites showed that the levels of 148
metabolites do not fully discriminate between CTR and low PROT tumors by principal component
analysis (PCA) despite dietary protein reduction (Fig. 1B). This result fits with the mouse phenotype
observed under a partial (-25%) reduction of dietary protein content which is characterized by the same
body weight and food intake as its control counterpart (Rubio-Patifio et al., 2018). Among the 25 most
discriminant tumoral metabolites, uridine diphosphate-N-acetylhexosamines (UDP-HexAc) and uridine
diphosphate-hexoses (UDP-Hex) were significant higher in Low PROT tumors (Fig. 1C). HPLC-MS
detection of glucose (Glc) and galactose (Gal) does not discriminate between them. Therefore, UDP-
HexNAc refers to a metabolite mix composed of UDP-GIcNAc and UDP-GalNAc whereas UDP-Hex
clusters UDP-Glc and UDP-Gal. Other discriminant metabolites included fatty acids, nucleotides and
amino acids (Fig. 1C). We focused our attention on the nucleotide sugars UDP-HexAc and UDP-Hex
due to their implications in protein glycosylation, ER stress, tumor cell immunogenicity and immune
response (Pinho and Reis, 2015), (Wang et al., 2014), (Rudd et al., 2001), (Li et al., 2016). Total levels
of UDP-HexNAc and UDP-Hex were higher in Low PROT tumors in steady-state but not in livers of

corresponding mice reflecting the specificity of this phenomenon (Fig. 1D).

Since UDP-GIcNAc and UDP-Glc are synthesized from glucose, we traced the incorporation of labeled
carbons derived from [U-'">Cs]-Glucose into these metabolites. In the case of UDP-GIcNAc, de novo
synthesis from glucose is driven by the HBP (Fig. 1E). Levels of UDP-HexNAc M+6 and UDP-Hex
M+6 were not different between CTR and Low PROT tumors (Fig. 1F) indicating that the higher total
level of UDP-HexNAc is unlikely to be a consequence of increased de novo synthesis from glucose due

to an enhanced flux rate through the HBP. Importantly, tumoral levels of [U-"Cs]-Glucose of mice



supplemented with this tracer were roughly 50% (Fig. S1B), enrichment that allows tracking the
incorporation of glucose-derived labeled carbons into downstream metabolites (Jang et al., 2018).
Despite this tracer enrichment in tumoral tissue, the contribution of isopologues M+6 to the total levels
of UDP-HexNAc and UDP-Hex were 2% (Fig. S1C) and 8-15% (Fig. S1D), respectively, in tumors.
The low levels of UDP-HexNAc M+6 may reflect the 2 to 3% contribution of intracellular glucose to
the HBP (Marshall et al., 1991). Like in tumors, the contribution of isotopologues M+6 to the total
levels of UDP-HexNAc and UDP-Hex was low in livers. Despite this low "*C labeling, UDP-HexNAc
M+6 was higher in Low PROT livers (Fig. S1C) suggesting that the de novo synthesis of UDP-HexNAc
can be detected upon in vivo tracing of labelled glucose. Total levels of other nucleotide sugars such as

GDP-mannose (Fig. S1E) and CMP-sialic acid (CMP-Neu5Ac) (Fig. S1F) were unaltered in tumors.

To monitor whether higher total levels of UDP-HexNAc in Low PROT tumors could be associated with
the GlcNAc salvage pathway and the activity of OGA fueling the HBP at the level of GIcNAc 6-
phosphate (Fig. 1E), the levels of GlcNAc were measured. We did not observe any changes in total
levels of GlcNAc between CTR and Low PROT tumors (Fig. S1G) indicating that the release of
GlcNAc derived from the recycling of glycosylated proteins cannot explain higher levels of UDP-
GlcNAc. Monitoring the levels of glucosamine as another carbon source fueling the HBP at the level
of glucosamine 6-phosphate (Fig. 1E) revealed that glucosamine was higher in Low PROT tumors (Fig.
S1H).

Altogether, these results show that the Low PROT diet associates with higher tumoral levels of UDP-
HexNAc and UDP-Hex. The [U-'"*Cs]-Glucose tracing did not allow to confirm neither rule out de novo
synthesis by the HBP. We therefore decided to find out whether higher levels of these nucleotide sugars

may be a consequence of accumulation rather than de novo synthesis in tumors.

Tumor cells under Low PROT diet downregulate OGT and OGA and display distinctive

glycosylated structures

Beyond de novo synthesis, the cytoplasmic levels of UDP-GlcNAc are governed by the activity of OGT
and OGA (Fig. 2A). In addition, the levels of UDP-GIcNAc and UDP-GalNAc as well as the levels of
UDP-Glc and UDP-Gal are tightly connected since these nucleotide sugars can be converted from
glucose to galactose and vice versa by reciprocal epimerization (Akella et al., 2019). All these
nucleotide sugars participate in N- as well as O-glycosylation of proteins and synthesis of
glycosaminoglycans destinated either to the extracellular matrix or the cell surface. In addition, UDP-
GlcNAc is also incorporated as a unique saccharide moiety onto serine/threonine residues of proteins

by a O-GIcNAcylation reaction catalyzed by OGT (Ong et al., 2018).

To check whether key enzymes involved in UDP-GIcNAc synthesis, consumption and release from
glycosylated proteins were deregulated, transcript levels of the enzyme catalyzing the first rate-limiting

step of the HBP, GFPT1 as well as OGT and OGA were measured in isolated tumor cells from tumor-



bearing mice fed the CTR or Low PROT diet. Whereas the levels of glutamine-fructose-6-phosphate
transaminase 1 (GFPT1) were unaltered (Fig. 2B), OGT (Fig. 2C) and OGA (Fig. 2D) were
downregulated in tumor cells from mice fed the Low PROT diet. No changes in the transcript levels of
GFPT1 was consistent with the unaltered levels of UDP-HexNAc M+6 that we observed upon *C
glucose tracing. This may indicate that de novo synthesis from glucose is not potentiated by the Low
PROT diet while accumulation of UDP-GIcNAc could be a consequence of lower expression of OGT.
Indeed, OGT is a master regulator of the free pool of UDP-GIcNAc due to its high affinity for this
nucleotide sugar as compared to some organelle-resident UDP-GIcNAc transferases and UDP-GIcNAc
transporters localized in the endoplasmic reticulum and Golgi apparatus (Haltiwanger et al., 1992),
(Biwi et al., 2018). Of note, positive correlations of OGT and OGA transcript expression have been
described in several types of cancer including colorectal carcinoma, lung, breast and prostate cancers
(Qian et al., 2018). Rather than genomic alterations of OGT and OGA in several cancers, transcriptional
reciprocal regulation between OGT and OGA has been demonstrated in PDAC cells. Human PDAC
tissues have shown higher expression of OGT and OGA transcript and proteins (Qian et al., 2018).

Pursuing downstream effects of higher levels of UDP-HexNAc and UDP-Hex in tumors, proteins
modified with O-GIcNAcylation, global N-glycan structures and surface glycoconjugates were
analyzed. While O-GlcNAcylated proteins in whole tumors did not display different levels under Low
PROT diet (Fig. 2E), certain N-glycans structures from isolated Low PROT tumor cells showed
differential abundance (Fig. 2F) by mass spectrometry analysis. N-glycan profiling of isolated tumor
cells by glycomics detected 15 different structures including three high oligo-mannose and twelve
complex bi-antenna and tri-antenna type of N-glycan trees. The mature complex N-linked glycans
which are more diverse were relatively lower abundant than precursor oligo mannose structures likely
due to the detection of global N-glycans in whole tumor cells (Fig. 2F). Clustering based on glycan
branching and sialylation revealed that complex bi-antenna type of N-glycans were relatively less
abundant while sialylated complex type of N-glycans were relatively more represented in Low PROT
tumor cells (Fig. 2G). Detection of glycoconjugates expressed on the surface of isolated tumor cells by
a lectin microarray containing 96 lectins (Table 1) revealed that three lectins mediated a differential
binding to the glycocalyx of tumor cells isolated from CTR and Low PROT diet-fed mice. While rPAIL
recognizing Tn antigens (mucin type of O-glycans) was lower detected, rGC2 (Lewis antigens of the

blood group system) and rGRFT (Man) were higher in Low PROT tumor cells (Fig. 2H).

Altogether, these results suggest that a Low PROT diet might differentially impact on glycosylation
processes in tumor cells in association with higher levels of UDP-HexNAc and UDP-Hex in tumors,

possibly due to the deregulation of OGT and OGA expression in tumor cells.

Discussion of these preliminary results is part of the Discussion and Perspectives section of the

thesis



Table 1. Lectin microarray containing 96 lectins for detection of surface glycoconjugates

* indicates differential detection on Low PROT tumor cells

# | Name # | Name # | Name # | Name
1 | LFA 25 | rCGL2 49 | rBC2LA 73 | STL

2 | WGA 26 | PHAE 50 | AOL 74 | rGal3C
3 | PVL 27 | GSLII 51 | AAL 75 | rLSLN
4 | MAL 28 | rSRL 52 | rAAL 76 | rCGL3
5 | MAH 29 | UDA 53 | rPAIIL 77 | PNA

6 | ACG 30 | PWM 54 | rRSIIL 78 | ACA

7 | rACG 31 | rfF17AG 55 | rPTL 79 | HEA

8 | rGal8N 32 | rGRFT* 56 | PSA 80 | ABA

9 | SNA 33 | NPA 57 | LCA 81 | Jacalin
10 | SSA 34 | ConA 58 | rAOL 82 | MPA
11 | TJIAI 35 | GNA 59 | rBC2LCN 83 | HPA
12 | rPSL1a 36 | HHL 60 | LTL 84 | VVA
13 | ADA 37 | ASA 61 | UEAI 85 | DBA
14 | PHAL 38 | DBAI 62 | TIAII 86 | SBA
15 | DSA 39 | CCA 63 | MCA 87 | rPPL
16 | TxLcl 40 | Heltuba 64 | FLAG-EW29Ch | 88 | rCNL
17 | ECA 41 | rHeltuba 65 | PTLI 89 | rXCL
18 | RCA120 42 | Ricinus communis | 66 | GSLIA4 90 | VVAI
19 | rGal7 43 | VVAII 67 | rGC2* 91 | WFA
20 | rGal9N 44 | rOrysata 68 | GSLIB4 92 | rABA
21 | rGal9C 45 | rPALa 69 | IMOA 93 | rDiscoidin I
22 | rIC14 46 | rBanana 70 | EEL 94 | DBAIII
23 | rDiscoidin I | 47 | rCalsepa 71 | rPAIL* 95 | rMalectin
24 | BPL 48 | rRSL 72 | LEL 96 | CSA




MATERIALES AND METHODS

Experimental models 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 references PEA-503). All experiments
used age-matched five-week-old female littermates. WT syngeneic BALB/c were obtained from

ENVIGO and housed in our animal facility (C3M-Nice, France).

Mice were fed isocaloric diets purchased from ENVIGO: Control (CTR: TD.130931) and Low Protein
diet reduced in a 25% (Low PROT -25%: TD.130933). The caloric composition of these diets (% of
energy provided by carbohydrate: protein: fat content) was the following: CTR - (70.9% : 19.5% : 9.6%)
and Low PROT -25% - (73.7% : 14.9% : 11.5%). Mice were fed the specified diet for seven days prior
to subcutaneous engraftment of tumor cells. Control diet from ENVIGO was designed to contain the
same composition in term of energy and nutritional sources than the standard diet provided by the

animal facility.

WT syngeneic BALB/c mice were subcutaneously engrafted with 0.75x10° CT26 cells. After
subcutaneous engraftment of CT26 cells, mice were inspected every two days for tumor development.
Tumor growth was monitored by caliper measurement following the equation (width? x length)/2.
Animals were sacrificed when at least a tumor reached 1000 mm® except for in vivo metabolomics and
isotope tracing experiments in which mice were sacrificed 12 days post-subcutaneous injection of tumor

cells.
Cell lines and cell culture conditions

CT26 cells were obtained from the ATCC (#CRL-2638) and cultured in RPMI-1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (5000 U/mL) (Gibco)
and 1% sodium pyruvate (Gibco). CT26 cells were mycoplasma free and were incubated at 37 °C in a

5% CO? atmosphere.

Method details
In vivo stable isotope tracing

For steady-state metabolomics, blood was collected from the tail vein of tumor-bearing BALB/c mice
prior to sacrifice and organ resection. Tumors and livers were harvested and immediately frozen in
liquid nitrogen. For *C isotope tracing, blood was collected from the tail vein of tumor-bearing prior
to administration of the tracer, immediately and 40 min after the first injection. [U-'">Cs]-Glucose (D-
GLUCOSE (U-"C®, 99%), # CLM-1396, Cambridge Isotope Laboratories, Inc.) was administered to

the mice via two consecutive intra-peritoneal discrete bolus injections (1 g/kg mouse weight in 200 pl



of sterile NaCl 0.9%) separated by a 20 min interval. After the second injection of the tracer, mice were
immediately sacrificed by cervical dislocation. Tumors and livers were resected and frozen in liquid
nitrogen. Plasma was isolated by centrifugation at 6000 x g for 2 min and frozen in liquid nitrogen.
Animals had access to food during the experiments. All the collected samples were stored at -80°C for

further LC-MS-based metabolomics analyses.
Targeted LC-MS metabolite analyses

For tissues, frozen samples were homogenized using a stainless-steel tissue grinder (1292, BioSpec
Products) and 10 mg of tissue powder were used for metabolite extraction. For metabolomic analysis,
the extraction solution for polar metabolites was composed of 50% methanol, 30% acetonitrile (ACN)
and 20 % water. The volume of the extraction solution was adjusted to the cell number (1 mL per 1x10°
cells). Plasma was diluted 20 folds with the same extraction solution. After addition of the extraction
solution, samples were vortexed for 5 min at 4 °C and centrifuged at 16000 x g for 15 min at 4 °C. The
supernatants were collected and stored at -80 °C. LC-MS analyses were conducted on a QExactive Plus
Orbitrap mass spectrometer equipped with an Ion Max source and a HESI II probe coupled to a Dionex
UltiMate 3000 UPLC system (Thermo). External mass calibration was performed using a standard
calibration mixture as recommended by the manufacturer. Samples were injected onto a ZIC-pHILIC
column (150 mm X 2.1 mm; i.d. 5 pum) with a guard column (20 mm x 2.1 mm; i.d. 5 um) (Millipore)
for LC separation. For chromatographic separation, buffer A (20 mM ammonium carbonate, 0.1%
ammonium hydroxide, pH 9.2) and buffer B (ACN) were used. The chromatographic gradient was run
at a flow rate of 0.200 pl min™" as follows: 0-20 min, linear gradient from 80% to 20% of buffer B; 20-
20.5 min, linear gradient from 20% to80 % of buffer B; 20.5-28 min, 80% buffer B. The mass
spectrometer was operated in full scan, polarity switching mode with the spray voltage set to 2.5 kV
and the heated capillary held at 320 °C. The sheath gas flow was set to 20 units, the auxiliary gas flow
to 5 units and the sweep gas flow to 0 units. The metabolites were detected across a mass range of 75-
1,000 m/z at a resolution of 35000 (at 200 m/z) with the automatic gain control target at 10° and the
maximum injection time at 250 ms. Lock masses were used to ensure mass accuracy below 5 ppm. Data
acquisition and peak integration of metabolites and isopologues was performed with a Thermo Xcalibur
software (Thermo). Metabolites were identified by the exact mass of each singly charged ion and by

the known retention time on the HPLC column.
Quantitative Reverse Transcription-PCR (RT-qPCR) analysis

For analysis of only tumor cells from tumor-bearing mice, tumor were enzymatically digested with the
Tumor Dissociation Kit for mouse (Miltenyi Biotec, #130-096-730) yielding a single cell suspension.
Tumor cells were magnetically isolated using the Tumor Cell Isolation kit for mouse (Miltenyi Biotec,
130-110-187) following the manufacturers’ instructions. In brief, dissociated tumors were incubated

with a depletion cocktail for 15 min and after magnetic isolation using an AutoMACS Pro Separator



(Miltenyi Biotec), the tumor cell-containing fraction was frozen either as a dry pellet or in 10% DMSO-
containing FBS. Cell pellets were lysed in tryzol prior to RNA extraction with chloroform. Reverse
transcription was performed using the Omniscript RT Kit (Qiagen, #205113). Quantitative-PCR was
performed with Power SYBR Green PCR master mix (Applied Biosystems, Life Technologies, #
4367659) using the Step One real-time PCR systems (Applied Biosystems) following the

manufacturers’ instructions.

The following primers for mouse sequences were used for SYBR Green qPCR:

Gene Primer sequences (forward 5°-3° / reverse 5°-3°) Source

Gfptl TGGTGTGCGGAGTGAACATAA This paper
GTGTGCTCTATCACGGCACTT

Ogt GACGCAACCAAACTTTGCAGT This paper
TCAAGGGTGACAGCCTTTTCA

Oga AGCGAAGATGGCAGAGGAGT This paper
CCGTGCTCGTAAGGAAGGTA

Rplp0 AGATTCGGGATATGCTGTTGGC This paper
TCGGGTCCTAGACCAGTGTTC

The housekeeping gene Rplp0 was used as control for RNA quality and normalization. All analyses
were performed in technical triplicates and melting curve analysis was performed to control product

quality and specificity.
Western Blot Analysis

For whole tumors, pieces of tumor tissue were cut and mechanically disrupted in RIPA buffer
containing protease inhibitors and PUGNAC (Sigma Aldrich, # A7229) using a Pre-cellys 24 tissue
homogenizer (Bertin Instruments) (3 x 30 s, 6500 x g). Protein lyses were quantified and standardized
(Pierce BCA protein assay kit, Thermo Scientific, #23225), immunoblots were developed using the
Amersham ECL Prime Western Blotting Detection Reagent (Cytiva, #RPN2236) and visualized with
ImageQuant LAS 4000 (GE Healthcare, Life Science). The following antibodies were used for

immunoblotting:

Antibody Source Identifier

Mouse monoclonal anti-O-GlcNAc | Cell Signaling 9875; RRID:AB 10950973
(CTD110.6)

N-glycan purification and structural analysis by glycomics

Magnetically isolated tumor cells were frozen as a dry pellet. Dry material was sequentially extracted
three times by chloroform/methanol (2:1, v/v) and chloro- form/methanol (1:2, v/v). Pellets containing
the glycoprotein fraction were suspended in Tris/HCI and centrifuged at low speed. Supernatant was
precipitated with 70% cold ethanol overnight and centrifuged at 1200 x g. Total glycoprotein fraction
was resuspended in a solution of 6 M guanidinium chloride and 5 mM EDTA in 0.1 M Tris/HCI, pH 8,
and agitated for 4 h at 4 °C. Dithiothreitol was then added to a final concentration of 20 mM and



incubated for 5 h at 37 °C, followed by addition of iodoacetamide to a final concentration of 50 mM
and further incubated overnight in the dark at room temperature. Reduced/alkylated sample was
dialyzed against water at 4 °C for 3 days and lyophilized. The recovered protein samples were then
sequentially digested by TPCK-treated trypsin for 5 h and chymotrypsin overnight at 37 °C, in 50 mM
ammonium bicarbonate buffer, pH 8.4. Crude peptide fraction was separated from hydrophilic
components on a C18 Sep-Pak cartridge (Waters) equilibrated in 5% acetic acid by extensive washing
in the same solvent and eluted with a step gradient of 20%, 40%, and 60% propanol in 5% acetic acid.
Pooled propanol fraction was dried and subjected to Peptide-N-glycosidase F (Roche) digestion in 50
mM ammonium bicarbonate buffer pH 8.4, overnight at 37 °C. The released N- glycans were separated

from peptides using the same C18 Sep-Pak procedure as described above.

Following their purification, N-linked glycans were permethylated using the NaOH/dimethyl sulfoxide
reagent (Ciucanu and Kerek, 1984). The per- methylated derivatives were then extracted in chloroform
and repeatedly washed with water. MALDI-QIT-TOF spectra were acquired on 4800 Proteomics
Analyzer mass spectrometer (Applied Biosystems, Framingham, MA, USA) in reflecton positive or
negative mode by delayed extraction using an acceleration mode of 20 kV, a pulse delay of 200 ns and
grid voltage of 66%. Samples were prepared by mixing directly on the target 1 puL of oligosaccharide
solution (1-5 pmol) with 1 pL of 2,5 dihydroxybenzoic acid matrix solution (10 mg/mL in
CH30H/H20, 50/50, vol/vol). Between 50 and 100 scans were averaged for every spectrum.

Glycosylated structures were deduced based on the m/z peak in the spectrum.

For comparison between CTR and Low PROT groups, all glycans were relatively quantified as
percentages of all identified glycan within each sample by integrating corresponding MALDI-MS
signals from three technical replicates (Aoki et al., 2007), (Yamakawa et al., 2018).

Lectin microarray

The surface glycome of isolated tumor cells was profiled by a lectin microarray containing a panel of
96 immobilized lectins (Table 2). To analyse multiple glycan structures, plasma membrane proteins
were labeled with Cy3 and the same protein was hybridized to the lectin microarray. The resulting chips
were scanned for fluorescence intensity on each lectin-coated spot using an evanescent-field
fluorescence scanner GlycoStation Reader (GlycoTechnica Ltd.). Data were normalized using the

global normalization method.

Table 2. Lectin, species, origin and glycan-binding specificities of the 96 lectin microarray.

Name Species Origin Specificity'?

LFA Limax flavus Natural Sia

WGA Triticum vulgaris Natural (GIcNAc)n, polySia
PVL Psathyrella velutina Natural Sia, GIcNAc

MAL Maackia amurensis Natural a2-3Sia

MAH Maackia amurensis Natural a2-3Sia

ACG Agrocybe cylindracea | Natural a2-3Sia
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Name Species Origin Specificity'?

rACG Agrocybe cylindracea | Recombinant | a2-3Sia

rGal8N Homo sapiens Recombinant | a2-3Sia

SNA Sambucus nigra Natural a2-6Sia

SSA Sambucus sieboldiana | Natural a2-6Sia

TJAI Trichosanthes japonica | Natural a2-6Sia

rPSL1a Polyporus squamosus | E.coli a2-6Sia

ADA Allomyrina dichtoma Natural a2-6Sia, Forssman, A, B

PHAL Phaseolus vulgaris Natural GlcNAcB1-6Man (Tetraantenna)

DSA Datura stramonium Natural GlcNAcB1-6Man (Tetraantenna)

TxLcl Tulipa gesneriana Natural Mannose/GalNac

ECA Erythrina cristagalli Natural BGal

RCA120 Ricinus communis Natural BGal

rGal7 Homo sapiens Recombinant | Typel LacNAc, chondroitin polymer

rGal9N Homo sapiens Recombinant | GalNAcal-4Gal (A), PolyLacNAc

rGal9C Homo sapiens Recombinant | PolyLacNAc, Branched LacNAc

rC14 Gallus . gallus Recombinant | Branched LacNAc
domesticus

rDiscoidin I1 D.zctyostelmm Recombinant | LacNAc, GalB1-3GalNAc (T), GalNAc (Tn)
dicodeum

BPL Bauhinia purpurea alba | Natural GalB1-3GlcNAc(GalNAc), a/fGalNAc

rCGL2 Homo sapiens Recombinant | GalNAcal-3Gal (A), PolyLacNAc

PHAE Phaseolus vulgaris Natural bisecting GIcNAc

GSLII Griffonia simplicifolia | Natural GlcNAcB1-4Man

rSRL Sclerotium rolfsii Recombinant | Corel,3, agalacto N-glycan

UDA Urtica dioica Natural (GIcNAc)n

PWM Phytolacca americana | Natural (GIcNAc)n

rF17AG Escherichia coli Natural GlcNAc

rGRFT* Griffithia sp. Recombinant | Man

NPA Narcissus . Natural Manal-3Man
pseudonarcissus

ConA Canavalia ensiformis Natural 1(\}/111’1\] Acﬁ1_2Malﬁi?g(1§i\f§?g)ﬁg\fanal_6)Man’

GNA Galanthus nivalis Natural Manal-3Man, Manal-6Man

HHL Hippeastrum hybrid Natural Manal-3Man, Manal-6Man

ASA Allium sativum Natural GalB1-4GlcNAcB1-2Man

DBAI Dioscorea batatas Natural High-man

CCA Castanea crenata Natural Galactosylated N-glycans up to triantenna

Heltuba Helianthus t uberosus | Natural Manal-3Man

rHeltuba Helianthus tuberosus Recombinant | Manal-3Man

VVAIIL Vicia villosa Natural Man, Agalacto

rOrysata Oryza sativa Recombinant | Manal-3Man, High man, biantenna

rPALa Phlebodium aureum Recombinant | Man5, biantenna

rBanana Musa acuminata Recombinant | Manal-2Manal-3(6)Man

rCalsepa Calystegia sepium Recombinant | Biantenna with bisecting GIcNAc

rRSL Ralstonia Recombinant | aMan, al-2Fuc (H), al-3Fuc (Le*), al-4Fuc (Le*)
solanacearum

rBC2LA Burkholde;iza Recombinant | aMan, High-man
cenocepacia

AOL Aspergillus oryzae Recombinant | al-2Fuc (H), al-3Fuc (Le*), al-3Fuc (Le?)

AAL Aleuria aurantia Natural al-6Fuc (Core), al-2Fuc (H), al-3Fuc (Le*), al-

3Fuc (Le%)

rAAL Aleuria aurantia Recombinant | al-2Fuc (H), al-3Fuc (Le*), al-3Fuc (Le?)

rPAIIL Pseudgmonas Recombinant | aMan, al-2Fuc (H), al-3Fuc (Le*), al-4Fuc (Le?)
aeruginosa

rRSIIL Ralstonia Recombinant | al-2Fuc (H), al-3Fuc (Le*), al-3Fuc (Le?)
solanacearum

rPTL Pholiota terrestris Recombinant | al-6Fuc
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Name Species Origin Specificity'?
PSA Pisum sativum Natural al-6Fuc up to biantenna
LCA Lens culinaris Natural al-6Fuc up to biantenna
rAOL Aspergillus oryzae Recombinant g(é;il*“(llldcea()COre), al-2Fuc (H), al-3Fuc (Le), al-
rBC2LCN Burkholde;iza Recombinant | Fuc al-2GalB1-3GlcNAc (GalNAc)
cenocepacia
LTL Lotus tetragonolobus Natural Fuc (Le*,LeY)
UEAI Ulex europaeus Natural al-2Fuc
TJAIL Trichosanthes japonica | Natural al-2Fuc
MCA Momordica charantia | Natural al-2Fuc
El\ﬁ(géh Earthworth Recombinant | 6-sulfo-galactose
PTLI Psophocarpus Natural aGalNAc (A, Tn)
tetragonolobus
GSLIA4 Griffonia simplicifolia | Natural aGalNAc (A, Tn)
rGC2* Geodia cydonium Recombinant | al-2Fuc (H), aGalNAc (A), aGal (B)
GSLIB4 Griffonia simplicifolia | Natural aGal (B)
rMOA Marasmius oreades Recombinant | aGal (B)
EEL Euonymus europaeus | Natural aGal (B)
rPAIL* Pseudgmonas Recombinant | a,fGal, aGalNAc (Tn)
aeruginosa
LEL Lycopersicon Natural Polylactosamine, (GIcNAc)n
esculentum
STL Solanum tuberosum Natural Polylactosamine, (GIcNAc)n
rGal3C Homo sapiens Recombinant | LacNAc, polylactosamine
rLSLN Laetiporus sulphureus | Recombinant | LacNAc, polylactosamine
rCGL3 Coprinopsis cinerea Recombinant | LacDiNAc
PNA Arachis hypogaea Natural GalB1-3GalNAc (T)
ACA Amaranthus caudatus | Natural GalB1-3GalNAc (T)
HEA Hericium erinaceum Natural GalB1-3GalNAc (T)
ABA Agarics bisporus Natural GalB1-3GalNAc (T), GlcNAc
Jacalin Artocarpus integrifolia | Natural GalB1-3GalNAc (T), GalNAca (Tn)
MPA Maclura pomifera Natural GalB1-3GalNAc (T), GalNAca (Tn)
HPA Helix pomatia Natural aGalNAc (A, Tn)
VVA Vicia villosa Natural a,fGalNAc (A, Tn, LacDiNAc)
DBA Dolichos biflorus Natural a,fGalNAc (A, Tn, LacDiNAc)
SBA Glycine max Natural o, GalNAc (A, Tn, LacDiNAc)
rPPL Pleu;lfocy bella Recombinant | a,f GalNAc (A, Tn, LacDiNAc)
porrigens
rCNL Clitocybe nebularis Recombinant | o, GalNAc (A, Tn, LacDiNAc)
rXCL Xerocomus Recombinant | Corel,3, agalacto N-glycan
chrysenteron
VVAI Vicia villosa Natural GalNAc B 1-3(4)Gal
WFA Wisteria floribunda Natural Terminal GalNAc, LacDiNAc
rABA Agarics bisporus Recombinant | Gal § 1-3GalNAc (T), GIcNAc
rDiscoidin | Dz.ctyostelmm Recombinant | Gal
Discodeum
DBAIII Dioscorea batatas Natural Maltose
rMalectin Homo sapiens Recombinant | Glcal-2Glc
CSA Oncorhynchus keta Natural Rhamnose, Gala1-4Gal

! Abbreviations: Gal (D-galactose), GalNAc (N-acetyl-galactosamine), GleNAc (N-acetylglucosamine), Fuc (L-

fucose), Glc (D-glucose), Sia (Sialic acid), LacNAc (N-acetyl-lactosamine). Between brakers, T (antigen T), Tn

(antigen Tn), Le (Lewis antigen), Le* (Lewis antigen A), Le® (Lewis antigen B), Le* (Lewis antigen X), LeY
(Lewis antigen Y), A (Antigen A), B (Antigen B), H (Antigen H)
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2Specificity data were obtained by frontal affinity chromatography and glycoconjugate microarray
Quantification and statistical analysis

Principal Component Analysis (PCA) and heatmap plots of steady state levels of 148 metabolites were
performed with Metaboanalyst 5.0. Briefly, no data filtering and normalization of the data by auto-
scaling were applied. The clustering was performed based on the abundance of tumoral metabolites.
PCA plots show the 95 % confidence regions of each group. Data was not corrected for the presence of

the naturally occurring "*C stable isotopes.

Graphs and statistical tests were generated using Prism v.8 (GraphPad software, Inc.). Differences in
calculated means between groups were assessed by two-tailed, unpaired Student’s t tests. A p-value

lower than 0.05 was considered significant.
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FIGURE LEGENDS

Figure 1. UDP-HexNAc and UDP-Hex are more abundant in tumors of mice fed a Low PROT
diet.

A. Protocol for in vivo steady state and [U-'">Cs]-Glucose tracing-based metabolomics in
immunocompetent mice bearing syngeneic CT26 colorectal carcinoma subcutaneous tumors. B.
Principal Component Analysis (PCA) plot of steady state metabolites of CTR (n=4) and Low PROT
(n=4) tumor-bearing mice. The clustering was performed based on the levels of 148 metabolites
quantified by HPLC-MS. C. Heatmap of the 25 most discriminant metabolites at steady state between
CTR (n=4) and low PROT tumors (n=4). D. Steady state levels of UDP-HexNAc and UDP-Hex in
whole tumors and livers. E. Scheme of the metabolic reactions for de novo synthesis of UDP-GIcNAc
from [U-""Cs]-Glucose by the HBP and the salvage pathway. Reaction for de novo synthesis of UDP-
Glc from [U-"*C¢]-Glucose. F. Tumoral levels of UDP-HexNAc M+6 and UDP-Hex M+6 (CTR, n=5;
Low PROT, n=5) upon [U-"*Cs]-Glucose. PCA and heatmap plots were generated with Metabolanalyst
5.0. Bars represent mean + SD and each data point represents biological replicates. Statistical
differences were determined by two-tailed, unpaired Student’s t-test. GFPT1, glutamine-fructose-6-
phosphate aminotransferase; GNPNAT]1, glucosamine-phosphate N-acetyltransferase 1; NAGK, N-
acetylglucosamine kinase; GlcNAc, N-acetylglucosamine; PGM3, phosphoglucomutase 3; UAPI,
UDP-N-acetylhexosamine  pyrophosphorylase; =~ UDP-GIcNAc, wuridine  diphosphate  N-
acetylglucosamine; HK, hexokinase; PGM, phosphoglucomutase; UGP, UTP pyrophosphorylase,
UDP-Glc, uridine diphosphate glucose.

Figure 2. OGT and OGA are transcriptionally downregulated and levels of glycosylated

structures are perturbed in tumor cells isolated from Low PROT diet-fed mice.

A. Scheme representing the control of OGT and OGA on the cytoplasmic levels UDP-GIcNAc. UDP-
HexNAc and UDP-Hex interconversion and their input to protein glycosylation occurring in the
endoplasmic reticulum and Golgi apparatus. B. C. D. transcript levels of GFPT1, OGT and OGA in
isolated tumor cells from mice fed a CTR (n=5) or Low PROT (n=5) diet. E. Levels of O-GlcNAcylated
proteins in whole tumors of mice fed a a CTR (n=4) or Low PROT (n=4) diet. F. N-glycan profile of
isolated tumor cells from CT26-tumor bearing mice fed a CTR (n=4) or Low PROT (n=4) diet as
detected by glycomics. G. Relative enrichment of bi-antenna and complex sialylated N-glycan
structures in isolated tumor cells from tumor-bearing mice were measured by glycomics. H. Levels of
lectin binding to the glycocalyx of isolated tumor cells from mice fed a CTR (n=3) or Low PROT (n=3)
diet measured by a lectin microarray. Bars represent mean = SD and each data point represents

biological replicates. Statistical differences were determined by two-tailed, unpaired Student’s t-test.
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SUPPLEMENTARY FIGURE LEGEND

Figure S1. Tumoral total levels, isotopologue contribution and isotopologue levels of UDP-sugars
in tumors and livers upon [U-"Cg]-Glucose. Steady-state levels of nucleotide sugars, GleNAc and

glucosamine in tumor-bearing mice fed a Low PROT diet.

A. MHC-I surface expression (MFI) on tumor cells and CD8" TILs (%) in CT26 tumor-bearing Balb/c
mice were measured by flow cytometry at day 11 post-subcutaneous engraftment. B. Fractional
enrichment of [U-"*Cs]-Glucose in plasma, tumors and livers of tumor-bearing mice fed a CTR (n=5)
or Low PROT (n=5) diet. C. Isotopologue contribution to UDP-HexNAc total levels in whole tumors
and livers and levels of UDP-HexNAc M+6 in livers upon [U-"*Cs]-Glucose tracing. D. Isotopologue
contribution to UDP-Hex total levels in whole tumors and livers and levels of UDP-Hex M+6 in livers
upon [U-"*Cs]-Glucose tracing. p values in isotopologue enrichment plot represent statistical difference
of total levels of the metabolite. E. F. Tumoral steady state levels of GDP-Man and CMP-Neu5Ac in
tumors. G. Tumoral steady-state levels of GIcNAc. H. Tumoral steady-state levels of glucosamine. Bars
represent mean = SD and each data point represents biological replicates. Statistical differences were

determined by two-tailed, unpaired Student’s t-test.
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IRE1a bifunctionality in cancer has been reported in several solid and liquid tumors. Most of
the roles of the IRE1a signaling have been described as tumor-promoting not only for tumor
expansion but for TME remodeling, angiogenesis, epithelial-to-mesenchymal transition,
metastasis and anti-cancer drug resistance. We have previously shown that the tumor-
suppressive effects of a Low PROT diet was dependent on the IREla pathway (Rubio-Patifio
et al.,, 2018b). In agreement with these findings, we have recently found that exogenous
expression of IREla in tumor cells limited tumor growth in immunocompetent mouse models

of colorectal and lung carcinomas (Article 1, Figure 3).

Noteworthy, the anti-tumoral phenotype observed upon exogenous expression of IREla is
limited to subcutaneous tumor models in our study. To confirm whether the tumor-
suppressive effects associated with IREla overexpression in malignant cells occur
irrespective of the tumor model, tumors growing in the tissue of origin should be monitored.
Overexpression of IREla either in tumors orthotopically implanted or in transgenic mice
spontaneously developing tumors with inducible IREla expression in malignant cells are
alternatives that could be tested. Subcutaneous tumors that share the same location beyond
their type and genetics might resemble more to each other than to orthotopically growing
tumors. Subcutaneous implanted tumors of different types of cancer share similar TMEs and
largely differ from the parental TME of orthotopic tumors (Kim et al., 2021), (Cai et al.,
2022).

IREla overexpression in tumor cells led to self-activation of its full RNAse activity (Article
1, Figure 2). XBP1 splicing as well as RIDD induction were shown to be enhanced in
IREla-overexpressing cells. Despite no alteration in the proliferation rate of in vitro cultured
IREla-overexpressing cells (Article 1, Figure 2), these cells displayed a disadvantage while
growing in vivo. Apart from a higher anti-cancer immunosurveillance based on higher intra-
tumoral levels of CTLs, NK cells and resident TMAs (Pathria et al., 2019) (Article 1, Figure
3), tumor cells undergoing apoptosis were detected in IREla-overexpressing tumors in
immunocompetent as well as immunodeficient mice (Article 1, Figure 3 and Figure 4). As
compared to the tumor-suppressive effects of a Low PROT diet (Rubio-Patifio et al., 2018b)
(Article 1, Figure 1), IREla overexpression limited tumor growth partially dependent on
cytotoxic T cells and with not induction of cytokines and chemokines in tumor cells.
Therefore, different molecular mechanisms underlie the anti-tumoral effects of the Low

PROT diet and IRE1a exogenous expression in malignant cells.

One of the factors that may contribute to the different anti-tumoral phenotypes driven by the
Low PROT diet and the exogenous expression of IREla is the levels of induction of RIDD in

the two tumor models. To prove that induction of apoptosis in IRE1a-overexpressing cells
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growing in vivo is mediated by RIDD induction, exogenous expression of an IREla RNAse
domain mutant (N906A or K907A) and a kinase mutant (1642G) that can be activated with
INM-PP1 could be performed in CT26 cells. The IRE1a kinase mutant (1642G) is inducible
by binding to INM-PP1, a cell-permeable adenosine nucleotide that functions as an allosteric
activator of the kinase domain. The IRElo mutant (I1642G) auto-transphosphorylates and
splices XBP1 but is unable to induce RIDD (Han et al., 2009). Whether in vivo apoptosis is
induced in WT IREla-overexpressing cells by RIDD induction, exogenous expression of the
two IREla mutants in CT26 cells is not expected to limit tumor growth upon tumor cell
engraftment into immunocompetent mice. However, exogenous expression of the IREla
kinase mutant (1642G) and activation upon supplementation with 1INM-PP1 may have an
unexpected tumor phenotype when implanted into mice since the capacity to splice XBP1
would be retained in these genetically engineered tumor cells. We have not tried only
induction of XBPIs in CT26 cells prior to tumor implantation into mice. The tumor
phenotypes driven by exogenous expression of WT and the two IRE1a mutants can be useful
to distinguish between the two IREla RNAse outcomes and potential IRE1a kinase and
scaffold activities in our cancer mouse model. However, the feasibility of in vivo

supplementation of tumor-bearing mice with INM-PP1 must be evaluated.

Another factor that may contribute to differences between our nutritional and genetic tumor
models is changes in the microbiota induced by the Low PROT diet. The gut microbiome is a
critical regulator of the physiological metabolism and the immune system (Tajan and
Vousden, 2020). Diet is a direct modulator of the gut microbiome and the microflora is
implicated in nutrient processing and synthesis of certain metabolites that contribute to
physiological processes implicated in tumorigenesis. Indeed, patients with colorectal
carcinoma (CRC) show differences in the gut microbiome as compared to healthy individuals.
Consumption of animal protein has been associated with higher abundance of mucin-
degrading bacteria impairing the gut barrier functions that contribute to carcinogenic
processes including changes in the expression of oncogenes and tumor suppressors,
hyperplasia and hyperproliferation of the colonic epithelium. Furthermore, consumption of
essential polyunsaturated fatty acids (PUFAs) such as omega-3 fatty acids has been associated
with anti-cancer effects in CRC patients. In mouse models, dietary intake of omega-3 fatty
acids associates with higher content of anti-inflammatory bacteria that can promote anti-
cancer immunity and synergize with immunotherapy (Song and Chan, 2019). Indeed, certain
gut commensal bacteria detected under ketogenic diet have been associated with a positive
response to immune checkpoint blockade by potentiating an anti-cancer adaptive immune
response depending on higher activity and infiltration of CD8" T cells and lower Treg cells in

tumors (Routy et al., 2018), (Tajan and Vousden, 2020).
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As a proof of concept of the anti-tumoral phenotype driven by exogenous expression of WT
IREla in tumor cells, rescue in vivo experiments could be performed. By knocking down
IREla in IREla-overexpressing cells, we could expect that engraftment of these cells into
immunocompetent mice rescue the tumor growth to the levels of WT cells. Importantly,
knockdown of IREla in IRE1a-overexpressing cells should result in IRE1a expression levels
similar to that of WT cells. As a pharmacological alternative, induction of IREla in WT
CT26 tumor-bearing mice with a specific pharmacological activator of IREla might help to
confirm the anti-tumoral impact of activating IREla in tumor cells (Raymundo et al., 2020),
(Grandjean et al., 2020). Although, systemic activation of IREla by pharmacological
induction might affect the whole TME yielding a different tumor phenotype.

I. IRE1a overexpression in tumor cells is deleterious for cancer progression

irrespective of GFPT1, OGT and OGA transcriptional downregulation

We observed that under Low PROT diet, malignant cells display transcriptional
downregulation of OGT and OGA with not changes in GFPTI1, the rate-limiting enzyme of
the hexosamine biosynthetic pathway (HBP) (Preliminary results, Figure 2B, 2C, 2D). To
determine whether the IREla signaling is associated with regulation of the HBP as well as
OGT and OGA, transcript levels of these enzymes were measured in IRE1a-overexpressing
(OE) malignant cells isolated from tumor-bearing mice. GFPT1 was found upregulated in OE
cells (Figure 22A) while not changes in OGT (Figure 22B) and OGA (Figure 22C)
transcripts were detected between mock and OE cells. Upregulation of GFPT1 is expected in
OE tumor cells since XBP1s has been described to bind the GFPT1 promoter and drive its
transcriptional upregulation as a bona fide mechanism induced upon different cellular stresses
(Wang et al., 2014), (Denzel et al., 2014). However, GFPT1 upregulation was not seen in
Low PROT tumors cells (Preliminary results, Figure 2B) which suggests that IREla
activation induced by the Low PROT diet may not impact on the HBP.
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Figure 22. Exogenous expression of IREla in malignant cells of tumor-bearing mice does not

impact of the transcript levels of OGT and OGA
Transcript levels of GFPT1, OGT and OGA in magnetically isolated tumor cells from mock (n=4) and OE (n=4)
tumor-bearing mice measured by RT-gPCR.
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Not changes in OGT and OGA transcripts in OE tumor cells (Figure 22B, 22C) may indicate
that the downregulation of OGT and OGA observed in tumor cells under Low PROT diet
(Preliminary results, Figure 2C, 2D) is either upstream of IRE1a activation in tumor cells
or independent of the IREla signaling. Importantly, at this stage a post-translational
regulation of OGT and OGA cannot be ruled out since protein levels of these enzymes and
their activities were not measured in OE cells. Certainly, the transcriptional downregulation
of OGT and OGA in Low PROT tumor cells as changes that could explain higher total levels
of UDP-sugars under Low PROT diet is not a mechanism recapitulated upon IREla
overexpression in isolated tumor cells. This could count as a distinctive mechanism induced
upstream or irrespective of IREla activation under Low PROT diet. Measuring tumoral
levels of UDP-HexNAc(s) and UDP-Hex(s) in OE tumors by metabolomics would be
informative of IRE1a-mediated induction of the HBP for de novo synthesis of UDP-GlcNAc.

II. A tumor-suppressive low protein diet induces putative differential

glycosylation in malignant cells (Preliminary results)

Our preliminary results have shown that UDP-HexNAc(s) and UDP-Hex(s) are more
abundant in Low PROT tumors (Preliminary results, Figure 1D). We focused on the
nucleotides sugar among other tumoral metabolites that were differentially abundant
(Preliminary results, Figure 1C) because these UDP-sugars are substrates for glycosylation
of proteins. The link among glycosylation, ER stress and the immune response is extensively

documented in oncogenic malignancies (Pinho and Reis, 2015), (Xu et al., 2017).

Among the other metabolites that were discriminant between tumors of CTR or Low PROT
diet-fed mice (Preliminary results, Figure 1C), CMP, CDP, CTP, UMP and UDP were
more abundant in Low PROT tumors. This could be a result of either higher synthesis or
lower consumption. Further analysis of their "*C labeling upon [U-"Cs]-Glucose tracing

might bring insights into their potential synthesis from glucose.

In consistency with the reduction in dietary protein content, methionine and lysine, two EAAs
were lower in Low PROT tumors (Preliminary results, Figure 1C). Studies with protein-
restricted diets have shown that the levels of amino acids are buffered in plasma at expense of
muscle atrophy (Kanarek et al., 2020). Although, an isocaloric protein-free diet has shown to
decrease the levels of most amino acids in plasma while slightly decreasing the animal body
weight (Adibi et al., 1973). Key organs are fed by circulating amino acids coming from
muscle and other organs such as the liver and the small intestine under dietary protein
restriction. Levels of amino acids in plasma have been found increased rather than reduced

under full deprivation of each of the essential amino acids in the diet (Kamata et al., 2014).
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This could explain why in our study, levels of amino acids in plasma were unaltered (data
non-shown) and only two EAAs were decreased in tumors under a partial reduction of dietary

proteins.

Deprivation of amino acids within the tumor microenvironment by reduction of amino acids
at the organism level is hard to achieve without causing toxicity (Kanarek et al., 2020). Due to
the risk of cachexia under caloric restriction, our protein restricted diet was designed to be
isocaloric. Partial reduction of dietary proteins did not affect mouse body weight neither food
intake arguing for not perturbations in global animal physiology as compared to other studies
depleting essential amino acids and causing body weight loss and reduced food consumption
(Kamata et al., 2014) . It is likely that circulating amino acids derived from minimal protein
catabolism or de novo synthesis by the skeletal muscle, liver and other organs supply the
tumor under nutritional protein reduction. In agreement with the reduction of methionine in
Low PROT tumors, dietary methionine reduction has been shown to limit tumor growth of
Ras-driven colorectal carcinoma PDX mouse models and to sensibilize tumor-bearing mice to

chemotherapy and radiotherapy (Gao et al., 2019).

Interestingly, Low PROT tumors were also characterized by higher abundance of some fatty
acids (Preliminary results, Figure 1C). Four out of these six lipids that were increased in
Low PROT tumors are essential polyunsaturated fatty acids (PUFAs) including linolenic acid,
linoleic acid, eicosapentanoic acid and arachidonic acid while oleic acid and palmitoleic acid
are monounsaturated fatty acids that can be endogenously synthesized (Dierge et al., 2021).
The higher abundance of essential PUFAs might reflect the composition of the isocaloric Low
PROT diet that has a compensatory increased in 20% of lipids in order to be isocaloric and to
compensate for the reduction in proteins. PUFAs such as linoleate, arachidonate, linolenate
and eicosapentaenoate have been shown to accumulate within lipid droplets of tumor cells
grown in acidic media (Dierge et al., 2021). Uptake of exogenous PUFAs by tumor cells
growing in 3D spheroids has shown to drive cancer cell cytotoxicity by ferroptosis (Dierge et
al., 2021). Therefore, in our study, higher fat content in the Low PROT diet might potentiate
the uptake of extracellular fatty acids by tumor cells.

Higher abundance of two non-essential fatty acids (Morigny et al., 2021) correlates with the
higher levels of pantothenate and pantetheine 4-phosphate in Low PROT tumors
(Preliminary results, Figure 1C). The latest metabolites are needed for synthesis of
coenzyme A, a critical cofactor for synthesis as well as catabolism of fatty acids via acetyl-
CoA (Bourgin et al., 2022). Indeed, pantothenic acid (vitamin B5) has been reported to
display immunostimulatory effects upon PD-L1 blockade in a colorectal carcinoma mouse
model and to potentiate the effects of cytotoxic T cells (Bourgin et al., 2022). CDP-

ethanolamine, an intermediate of the synthesis of phosphatidylethanolamine (PE) was also
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higher in Low PROT tumors. PE, one of the most abundant phospholipids is enriched in the
plasma membrane and the inner mitochondrial membrane (Garlapati et al., 2021). In a mouse
model of prostate cancer, oral supplementation with a precursor of PE limited tumor growth
by decreasing membrane fluidity and the expression of GLUT1 on the cell surface resulting in
metabolic stress, mitochondrial disfunction, lipolysis, autophagy and ultimately, apoptosis

(Garlapati et al., 2021).

Whether these metabolic features of the Low PROT nutritional regimen beyond dietary
reduction of amino acids impacts on tumor cell immunogenicity is an open question and
deserves to be further explored. How tumor cells compensate for the dietary reduction of
amino acids by de novo synthesis or uptake from the extracellular milieu can be interesting to
study as an adaptive strategy of tumors growing under a protein-restricted diet. A deep
metabolic understanding of the tumoral metabolism under Low PROT diet should consider
the lower steady-state levels of lactate which may indicate lower tumor cell dependency for
aerobic glycolysis (Preliminary results, Figure 1C), although the levels of lactate M+3 upon
[U-Cs]-Glucose tracing were not lower in Low PROT tumors (Figure 23A). Whether higher
abundance of dietary fat in the Low PROT nutritional formula is associated with higher
uptake of fatty acids by tumors and whether these fatty acids are used for lipogenesis or fatty
acid oxidation (FAO) within tumors are open questions. Likewise, whether the higher tumoral
abundance of fatty acids is a consequence of catabolizing stored TAG within lipid droplets
can also be explored. Certainly, higher fat content in the Low PROT diet might potentiate
ketogenesis in the liver since the steady-state levels of 3-hydroxybutyric acid were
significantly higher in the liver while a trend for higher abundance of this the ketone body
was detected in plasma and tumors (Figure 23B). Uptake of 3-hydroxybutyric acid by tumor
cells may serve either as an energetic fuel or as a modulator of intracellular signaling

pathways (Puchalska and Crawford, 2017).

Whether tumor cells under Low PROT diet uptake fatty acids (FA) and either burn fat by
FAO or synthesize phospholipids and TAG for lipid storage can be monitored by measure the
levels of expression FA transporters and several enzymes involved in fatty acid catabolism
and lipogenesis. Attractive candidates to be measured include CD36, a FA transporter,
enzymes participating in TAG synthesis such as long-chain fatty acid-CoA ligase (ACSL),
glycerol-3-phosphate acyltransferase (GPAT), 1-acylglycerol-3-phosphate O-acyltransferase
(AGPAT) and diglyceride acyltransferase (DGAT) and enzymes participating in FAO such as
carnitine palmitoyltransferase 1A (CPT1A), the rate-limiting enzyme of FAO and medium-
chain acyl-CoA dehydrogenase (MCAD), enzyme that catalyzes the first-step for oxidation of
medium-chain fatty acids (Loo et al., 2021), (Puca et al., 2021).
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Figure 23. Lactate levels upon [U-C¢]-Glucose tracing and steady-state levels of 3-
hydroxybutyric acid

A. Fractional enrichment, isopologue contribution to total levels of lactate and levels of lactate M+3 in tumor and
liver upon [U-13C4]-Glucose tracing in tumor-bearing mice fed a CTR (n=35) or Low PROT (n=35) diet. B. Steady-
state levels of 3-hydroxybutyric acid in tumor, liver and plasma of tumor-bearing mice fed a CTR (n=4) or Low
PROT (n=4) diet measured by mass spectrometry.

II.1 Finding the sources of UDP-sugars in Low PROT tumors

UDP-GIcNAc is synthesized from glucose, glutamine, acetyl-CoA and nucleotides as part of
the HBP (Preliminary results, Figure 1E) for glycosylation of proteins and synthesis of
glycosaminoglycans such as hyaluronan (Akella et al., 2019). Therefore, UDP-GIcNAc has
been considered a nutritional sensor since its de novo synthesis depends on key energetic and
building block metabolites. Thus, UDP-GIcNAc synthetic rate reflects cellular nutritional
availability (Chiaradonna et al., 2018). Although UDP-HexNAc(s) content was more
abundant in Low PROT tumors (Preliminary results, Figure 1D), a higher flux rate through
the HBP was not seen by [U-""Cs]-Glucose tracing. An enhanced HBP from glucose is
expected to yield higher levels of the isotopologue M+6 (Preliminary results, Figure 1E)
which was not detected in Low PROT tumors (Preliminary results, Figure 1F). Likewise,
higher synthesis of UDP-Glc from [U-'"*Cs]-Glucose was not detected in Low PROT tumors

(Preliminary results, Figure 1F).

Another way of fueling the HBP is via the GlcNAc salvage pathway that bypasses the first
reaction of the HBP by channeling free GIcNAc for generation of GlcNAc 6-phosphate
(Preliminary results, Figure 1E) (Campbell et al., 2021). Tumoral levels of GIcNAc were
monitored but no differences were observed between groups (Preliminary results, Figure
S1G). The expression of the enzyme NAGK could be quantified to monitor whether GIcNAc
is channeled into the HBP by the salvage pathway.
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Higher flux rate of the HBP from glucosamine is plausible since total levels of glucosamine
were higher in Low PROT tumors (Preliminary results, Figure S1H). However,
glucosamine fueling the HBP for higher synthesis of UDP-GlcNAc can only be confirmed by
tracing "°C labeled glucosamine. The activity of GFPT1 and NAGK can be assayed by "*C
labeled glucose and °C labeled glucosamine, respectively, by quantifying the '*C labeling of
the common product of both reactions, glucosamine 6-phosphate (Akella et al., 2019)
(Preliminary results, Figure 1E). In addition, the expression of glucose transporters
functioning for uptake of glucosamine such as GLUT1/2/4 (Uldry et al., 2002) as well as the
expression of NAGK, the enzyme channeling glucosamine into the HBP could be measured
(Akella et al., 2019). Expression levels of the second rate-limiting enzyme of the HBP, UAP1
catalyzing the last step of the pathway by addition of UTP and generation of the high energy
sugar donor UDP-GIcNAc (Lam et al., 2021) can also be measured.

Interestingly, the higher total levels of UDP-HexNAc(s) and UDP-Hex(s) in Low PROT
tumors (Preliminary results, Figure 1D) were lost upon "“C labeled glucose tracing
(Preliminary results, Figure S1C, S1D). This could be explained by the acute effects of the
tracer when administrated by discrete bolus instead of by infusion (Fernandez-Garcia et al.,
2020), (Grima-Reyes et al., 2021). Excessive supplementation of the labeled nutrient, in this
case glucose, may affect the levels of downstream metabolites derived from the tracer.
Indeed, disturbances of the physiological metabolism are expected by discrete administration
of the tracer (Grima-Reyes et al., 2021). A tracer enrichment in plasma between 10 to 30%
has been recommended to avoid challenging the global metabolism of the animal (Jang et al.,
2018). Therefore, the steady-state levels of these nucleotide sugars in tumor-bearing mice not
challenged with the tracer reflect a more reliable tumoral abundance in non-perturbed

physiological conditions (Preliminary results, Figure 1D).

As higher steady-state levels of UDP-HexNAc(s) could not be explained by a higher flux of
the HBP from labeled glucose and in the absence of glucosamine tracing, transcriptional
expression of critical enzymes regulating the levels of UDP-GIcNAc were quantified in tumor
cells (Preliminary results, Figure 2B, 2C, 2D). Rather than changes in GFPT1, OGT and
OGA were found downregulated. Downregulation of OGT and a lower activity could explain
accumulation of UDP-GIcNAc and higher levels of UDP-GalNAc due to epimerization
between these nucleotide sugars (Preliminary results, Figure 2A). Likewise, UDP-Glc and
UDP-Gal can be generated from the accumulated UDP-GIcNAc as it has been reported in
liver of mice supplemented with oral GIcNAc (Ryczko et al., 2016). UDP-GIcNAc can also
fuel the pools of other nucleotide sugars such as GDP-Man and CMP-Neu5Ac (Akella et al.,
2019). However, the levels of these nucleotide sugars were not found altered in Low PROT

tumors (Preliminary results, Figure S1E, S1F). To verify that downregulation of OGT and
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OGA also occur at the protein level, we will measure OGT and OGA protein expression in

isolated tumor cells by Western blot.

I1.2 The multiple fates of UDP-HexNAc(s) and UDP-Hex(as) in tumor cells

OGT mediates the incorporation of a unique moiety of GIcNAc from UDP-GIcNAc into the
serine/threonine residues of proteins while OGA catalyzes the removal of GIcNAc from O-
GlcNAcylated proteins (Yang and Qian, 2017). OGT-mediated O-GlcNAcylation of
cytoplasmic, nuclear and mitochondrial proteins in contrast to N- and O-glycosylation is
commonly reported to regulate the activity of intracellular proteins as phosphorylation does
(Parker et al., 2021). Indeed, phosphorylation and O-GlcNAcylation as post-translational
modifications can compete for common sites within a protein and therefore, fine-tune
intracellular signaling pathways. O-GlcNAcylation plays regulatory roles controlling the
activity and localization of several target proteins involved in gene expression and

metabolism (Parker et al., 2021).

Despite the transcriptional downregulation of OGT and OGA, no obvious changes in the
levels of O-GlcNAcylated proteins were detected when comparing whole tumors of CTR and
Low PROT diet-fed mice (Preliminary results, Fig. 2E). To verify this finding, we will
measure O-GlcNAcylated proteins in isolated tumor cells since detection of O-GIcNAcylation
in the whole tumor may mask slight differences between tumor cells from CTR and Low

PROT diet-fed mice.

11.2.1 Putative roles of OGT and OGA lower expression in Low PROT tumor cells

The transcriptional downregulation of OGT and OGA that we observed in the less aggressive
Low PROT tumors (Preliminary results, Figure 2C and 2D) is in line with the tumor-
protective roles of OGT that have been described in several types of cancer (Lam et al.,
2021). Upregulation of OGT via the PI3K-mTOR-cMyc pathway (Sodi et al., 2015) and its
interplay with glycolysis, HIF-1a and ER stress (Ferrer et al., 2014) have been observed in
breast cancer. OGT via induction of the oncogenic transcription factor FOXM1 and synthesis
of metalloproteinases has been involved in breast cancer aggressiveness and metastasis
(Ferrer et al., 2017). OGT upregulation has been connected with aerobic glycolysis and
metastasis in prostate cancer (Lynch et al., 2012). O-GlcNAcylation levels have positively
correlated with hepatocellular carcinoma recurrence (Zhu et al., 2012). OGT upregulation has
been detected in cholangiocarcinoma (CCA) and associated with poor survival (Phoomak et
al., 2012). Upregulation of OGT and higher levels of O-GlcNAcylation have been also
reported in colorectal carcinoma and associated with EMT (Steenackers et al., 2016), tumor-

initiating potential (Guo et al., 2017) and metastasis (Jiang et al., 2019).
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We have not found an association among higher levels of UDP-HexNAc(s) (Preliminary
results, Figure 1D), the HBP (Preliminary results, Figure 1F, 2B) and O-GlcNAcylation of
proteins. Instead, we have observed a negative correlation between the levels of UDP-sugars
(Preliminary results, Figure 1D) and OGT/OGA mRNA levels (Preliminary results,
Figure 2C, 2D) with not appreciable changes in protein O-GlcNAcylation levels
(Preliminary results, Figure 2E). Most reports associating OGT with cancer progression
describe a link between O-GlcNAcylation and the HBP. For instance, enhanced O-
GlcNAcylation associated with higher flux of the HBP has been shown to be part of the
metabolic reprogramming of more aggressive and metastatic lung tumors (Kim et al., 2020).
Non-small-cell lung cancer (NSCLC) cells driven by oncogenic Kras and loss-of-function
mutation in LKB1 de novo synthesized UDP-GlcNAc through an enhanced HBP dependent
on GFPT. Higher O-GlcNAcylation as well as upregulation of complex type of N-glycans on
the surface of tumor cells conferred survival advantages to co-mutant tumor cells. Inhibition
of GFPT limited tumor growth in Kras/LKB1-driven NSCLC xenografts and in a GEM
mouse model (Kim et al., 2020). Considering this evidence and our findings, no appreciable
changes in the HBP and O-GIcNAcylation levels occurring under the Low PROT diet match

with the less aggressive tumor phenotype driven by nutritional protein restriction.

O-GlcNAcylation and the HBP have been involved in the intrinsic and acquired
chemotherapy resistance of human breast, hepatocellular carcinoma, leukemia and cervical
tumor cells (Liu et al., 2018). The resistance phenotype was characterized by activation of
Akt, subsequent induction of XBPls and upregulation of GFPT. Higher expression and
activity of GFPTI led to higher levels of UDP-HexNAc. Higher O-GlcNAcylation under
chemotherapy led to O-GlcNAcylated caspases displaying a decreased apoptotic activity in
resistance cells. As a positive feedback mechanism, Akt activation was also dependent on O-
GlcNAcylation. Inhibition of OGT sensibilized tumor cells to chemotherapies by decreasing
the pro-survival signals and increasing the activity of caspases whereas OGT overexpression
rescued the resistant phenotype (Liu et al., 2018). On the contrary, O-GlcNAcylation and
stabilization of thymidylate synthase has been shown to sensitize colorectal carcinoma to 5-
FU treatment. Therefore, treating tumor-bearing mice with an OGA inhibitor in combination

with 5-FU had a synergic effect in this cancer mouse model (Very et al., 2022).

As OGT and OGA display metabolic roles, a link between the Low PROT diet and
OGT/OGA deregulation (Preliminary results, Figure 2C, 2D) is plausible. Although an
impact of dietary protein reduction on OGT and OGA expression could be expected,
numerous reports have already described a link between OGT regulation and lipid
metabolism. As the Low PROT diet contains more fat and FAs are more abundant in Low

PROT tumors (Preliminary results, Figure 1C), a connection between OGT/OGA

113



deregulation and lipid metabolism in tumor cells might be possible. For instance, OGT and
OGA cycling has been reported to control the response to insulin by inhibiting Akt via O-
GlcNAcylation as well as other downstream effectors of the insulin signaling as a negative
feedback mechanism (Yang et al., 2008). When exogenously expressed, OGT induces hepatic
insulin resistance and concomitant gluconeogenesis, glycogen depletion and inhibition of
lipogenesis in the liver. In this context, OGT downregulated several regulators of lipid
synthesis including sterol regulatory element-binding protein-1 (SREBP-1) and its
downstream targets with not changes in genes involved in fatty acid oxidation such as CPTI1A

and MCAD (Yang et al., 2008).

As OGT and OGA are temporally and physiologically regulated by substrate availability and
hormones, their transient activities do not necessarily match with changes in the intracellular
levels of free UDP-GIcNAc (Yang and Qian, 2017. Indeed, there is not a linear correlation
between nutritional availability and OGT/OGA cycling. O-GIcNAcylation of proteins cannot
be considered a readout of higher nutrient flux through the HBP since under nutrient scarcity,
O-GlcNAcylation is also elevated and regulated by glucagon. In addition, mutual regulation
of OGT and OGA occurs transcriptionally, but post-translational modifications including O-
GlcNAcylation of both proteins also seem to play a role (Yang and Qian, 2017). Mutual
transcriptional regulation between OGT and OGA occurs since exogenous expression of
OGA increases OGT mRNA levels while knockdown of OGA decreases OGT expression in
hepatocytes (Qian et al., 2018). In addition, OGT knockdown decreased OGA mRNA levels
while OGT exogenous expression did not lead to OGA upregulation (Qian et al., 2018).
Therefore, mutual downregulation of OGT and OGA not necessarily has to be linked with
global changes of the O-GlcNAcylated proteome in our study (Preliminary results, Figure
2E) but instead, to O-GlcNAcylation of specific target proteins. Indeed, expression of OGT
not correlating with augmented global O-GlcNAcylation of intracellular proteins has been

reported in TNBC tumor cells (Chokchaitaweesuk et al., 2019).

Higher expression of OGT has been associated with carcinogenesis mediated by fat
overnutrition as in fatty liver (NAFLD)-associated hepatocellular carcinoma (HCC) patients
(Xu et al., 2017). Indeed, exogenous expression of OGT enhanced tumor growth whereas
OGT knockdown reduced primary tumor growth in the liver and lung metastasis. The tumor-
promoting role of OGT was associated with upregulation of fatty acid synthase (FASN),
increased levels of palmitic acid, downstream induction of ER stress with IREla activation
and induction of JNK/c-Jun and NF-kB/TNFa pathways. Higher HCC cell viability upon
OGT upregulation was decreased by inhibiting ER stress (Xu et al., 2017).
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As we have found downregulation of OGT mRNA in tumor cells under an isocaloric Low
PROT diet with a compensatory increase in fat, we can hypothesize that by a negative
feedback loop, higher levels of fatty acids in Low PROT tumors (Preliminary results,
Figure 1C) might induce transcriptional downregulation of OGT in tumor cells (Preliminary
results, Figure 2C). Alterations in amino acids levels due to the nutritional protein restriction
might also count as metabolic alterations that could drive OGT/OGA deregulation
independent of IREla activation in tumor cells (Article 1, Figure 1C), (Rubio-Patifio et al.,
2018b). This hypothesis (Figure 27) fits the unaltered expression levels of OGT and OGA in
IREla-overexpressing tumor cells from tumor-bearing mice (Figure 22). Downregulation of
OGT may lead to lower OGA mRNA levels by their reciprocal regulation (Preliminary
results, Figure 2D) and concomitant accumulation of UDP-GlcNAc and derived UDP-sugars

(Preliminary results, Figure 1D) irrespective of the HBP (Preliminary results, Figure 1F).

Other evidence connecting the pro-tumoral roles of OGT with lipid metabolism has been
reported in breast cancer (Sodi et al., 2018). OGT suppression decreased the levels of free
fatty acids and lipid droplets. These changes associated with reduced expression of SREBP-1
and lipogenic enzymes including fatty acid synthase (FASN) and ATP citrate lyase (ACLY).
Indeed, OGT knockdown limited tumor growth of breast xenografts whereas exogenous
expression of SREBP-1 rescued tumor growth (Sodi et al., 2018). Beyond SREBP-1
regulation, O-GlcNAcylation of serine/arginine-rich protein-specific kinase 2 (SRPK2) has
been shown to induce mRNA splicing of lipogenic genes in human breast cancer cells (Tan et
al., 2021). Induced lipogenic genes such FASN and ACLY associated with higher levels of
fatty acids and cholesterol. Tumor growth of subcutaneous xenografts were rescued in SRPK2
KO cells upon exogenous expression of wildtype SRPK2 but not upon ectopic expression of

O-GIcNAcylation deficient SRPK2 mutants (Tan et al., 2021).

To determine the effects of OGT and OGA downregulation in tumor cells, we initiated the
generation of OGT and OGA stable knockdown CT26 cells. Knockdown cells have been
generated to first monitor whether partial silencing of OGT and OGA is cytotoxic and
whether full genetic silencing is feasible in term of cell viability. The cell phenotype based on
the levels of downregulation of OGT and OGA, effects of downregulation of one of these
genes in the expression of the other one and cell proliferative capacity will be characterized
prior to subcutaneous transplantation of OGT and OGA knockdown CT26 cells into

immunocompetent mice.
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11.2.2 Hpyaluronic acid as a product or source of UDP-sugars in Low PROT

tumors

Downstream of higher levels of UDP-GIcNAc and UDP-Glc in Low PROT tumors (Fig. 1D,
Preliminary results), synthesis of hyaluronic acid (HA) could be potentiated. Although,
rather than tumor-suppressive, HA has been described to support angiogenesis, EMT and
metastasis in different types of cancers including colorectal carcinoma (Caon et al., 2020),
(Ghasempour and Freeman, 2021). Accumulation of HA in the TME does not only depends
on higher de novo synthesis by hyaluronan synthases (HAS) integral proteins of the plasma
membrane but on substrate availability (Caon et al., 2020). Indeed, in TNBC mouse models,
an enhanced HBP via upregulation of GFPT was observed in parallel with increased levels of
O-GlcNAcylation and HA production (Chokchaitaweesuk et al., 2019). Higher HA
production was also dependent on HAS2 upregulation. HAS2 deficiency limited breast tumor
growth while diminishing cancer-stem cell (CSC) features such as tumor-initiating potential
and chemotherapy resistance. Silencing of both HAS2 and GFPT1 synergized in decreasing
the CSC potential of breast tumor cells. Indeed, co-expression of GFPT and HAS2 was
negatively correlated with cancer survival of breast cancer patients. O-GlcNAcylation was
shown to play overlapping and also different roles as that of HA production in cancer

progression (Chokchaitaweesuk et al., 2019).

Accumulation of UDP-GIcNAc, UDP-Gle, UDP-glucuronic acid (UDP-GIcUA) and HA has
been reported in breast cancer biopsies correlating with higher transcript levels of GFPT
(Arnold et al., 2020). As mRNA levels of HAS were unaltered, higher HA production in
breast tumors was suggested to be a result of higher substrate availability via an enhanced
HBP (Oikari et al., 2018). Furthermore, UDP-glucose 6-dehydrogenase (UGDH), the enzyme
catalyzing the synthesis of UDP-GIcUA from UDP-GIc has been found upregulated in TNBC
patients and associated with tumor aggressiveness. Lower HA production by silencing UGDH
in tumor cells limited tumor growth of breast cancer xenografts. In addition, UGDH silencing
increased the expression of several genes involved in lipid catabolism (Arnold et al., 2020).
Based on this evidence, whether UDP-sugars in Low PROT tumors are destinated to HA

production does not correlate with the tumor-promoting roles described for HA.

On the contrary, HA positively impacting on the immune system has been described in DCs
derived from CRC patients. Treating DCs with low molecular weight (LMW) HA fragments
increased their activation (Caon et al., 2020) and their potential to activate T lymphocyte
proliferation (Rizzo et al., 2014). Likewise, higher DC migration capabilities toward lymph
nodes was observed in a mouse model of CRC xenograft (Rizzo et al., 2014). Whether

production of LMW HA is a consequence of the accumulation of UDP-sugars in our study,
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enhancement of the anti-cancer immune response by changes in the extracellular matrix

within the Low PROT TME is a plausible mechanism.

Rather than UDP-sugars as substrates for HA production, accumulation of UDP-sugars in
tumor cells as a consequence of HA uptake from the TME has been described in pancreatic
cancer (Kim et al., 2021). LMW HA feeding pancreatic tumor cells rescued their impaired
proliferation upon GFPT1 deficiency by fueling the HBP through the GlcNAc salvage
pathway mediated by NAGK. In vitro cultured pancreatic tumor cells as well as orthotopic
tumors were susceptible to GFPT1 deficiency whereas subcutaneous tumors were insensible.
These differences were attributed to higher deposition of HA in the TME of subcutaneous
tumors. HA uptake via macropinocytosis by pancreatic tumor cells reverted the decrease in
clonogenicity, cell proliferation and O-GlcNAcylation levels upon GFPT1 silencing (Kim et
al., 2021). Therefore, HA deposition in the TME and uptake by tumor cells might count as a

mechanism for accumulation of UDP-sugars in tumor cells under Low PROT diet.

Tumor-suppressive roles of UDP-sugars beyond their contribution to glycosylation processes
have been reported in lung cancer (X. Wang et al., 2019). Higher UGDH mRNA levels in
human lung cancer tissues correlated with malignancy and UGDH knockdown reduced lung
metastasis in mouse xenografts. Interestingly, higher UGDH-depending migrating capabilities
of lung cancer cells were beyond synthesis of HA. UGDH consuming UDP-Glc was
demonstrated to increase the mRNA stability of SNAIL, an EMT- related transcription factor.
UDP-Glc was shown to be tumor-suppressive by binding and inhibiting an RNA-binding
protein stabilizing SNAIL mRNA. Therefore, UDP-Glc supplementation reduced lung
metastasis while increasing survival of tumor-bearing mice. Migration and metastasis of lung
tumor cells were shown to be dependent on UDP-Glc consumption by the activity of UGDH
irrespective of HA synthesis (X. Wang et al., 2019).

Altogether, this evidence stimulates to measure levels of HA in Low PROT tumors by

histological staining with HA binding proteins.

11.2.3 N- and O-glycosylation in Low PROT tumor cells

N- and O-glycosylation depends on UDP-HexNAc(s) and UDP-Hex(s) (Preliminary results,
Figure 2A). These glycosylation events start co-translationally in the ER and continue post-
translationally in the the GA as part of the secretory pathway (Stanley, 2011). Therefore, ER
stress and glycosylation are tightly related (Vincenz and Hartl, 2014). N-glycosylation which
depends on the incorporation of GlcNAc from the UDP-GIcNAc free pool to asparagine
residues of proteins also rely on the incorporation of glucose from UDP-Glc for synthesis of
immature glycosylated proteins in the ER (Reily et al., 2019). N-glycosylated proteins carry

glycan trees that acquire a mature and definitive structure in the GA after modification by
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removal and addition of sugar residues from the precursor structure (Reily et al., 2019). O-
glycosylation of proteins containing mucin-like motifs rely mainly in the incorporation at first
of GalNAc from UPD-GalNAc to serine or threonine residues of proteins (Chandler et al.,
2019). Subsequent addition of other sugar residues including GIcNAc determine the structure

and length of the O-type of glycans (Chandler et al., 2019), (Reily et al., 2019).

The global N-glycan profile of isolated tumor cells from Low PROT diet-fed mice showed
that among 15 identified N-glycan structures, few of them changed their levels as detected by
glycomics (Preliminary results, Figure 2F). Lower and higher relative levels of complex
non-sialylated bi-antenna and sialylated type of N-glycans, respectively were detected in Low
PROT tumor cells (Preliminary results, Figure 2G). Higher branched type of N-linked
glycans expressed on the cell surface of colorectal tumors (M. C. Silva et al., 2020) and
higher sialylation of the tumor glycocalyx (Biill et al., 2014), (Moffett et al., 2021) have been
described as tumor cell mechanisms for immune invasion and chemotherapy resistance.
Opposite to this evidence, we found higher relative abundance of global sialylated structures
including membranous and intracellular glycans in the less aggressive tumor phenotype
driven by the Low PROT diet. In our study, the glycan structures detected by glycomics can
be derived from the intracellular compartment as well as the plasma membrane since
subcellular fractionation of isolated tumor cells was not performed prior to mass
spectrometry. In addition, glycan detection by glycomics is more favorable for smaller glycan
trees since larger structures are underestimate due to their lower ionization and detector
response of the mass spectrometer (Yamakawa et al., 2018). Therefore, a partial N-glycan

profile might be provided by glycomics.

N- and O-glycosylation confers to target proteins protection against proteolytic cleavage,
solubility, stability and specific features. Indeed, glycan epitopes of glycosylated proteins
confer distinctive immunological features when these proteins are expressed on the cell
surface. For instance, MHC-I is N-glycosylated for proper folding, maturation, transport to
the cell surface and likely recognition by the CD8" T cell receptor (Ryan and Cobb, 2012).
Likewise, branched N-glycosylation of PD-L1 confers protein stability as well as T cell
inhibitory properties (Li et al., 2016). As the glycomics approach was performed in whole cell
lysates, we decided to detect glycosylation on the tumor cell surface with lectin staining. The
glycocalyx of tumor cells was screened by a lectin microarray containing 96 lectins
(Preliminary results, Table 1). Lectins are carbohydrate-binding proteins that recognize
with low affinity glycan epitopes on glycoconjugates (Chandler et al., 2019). Out of 96
lectins, three lectins were differentially detected between CTR and Low PROT tumors cells

(Preliminary results, Figure 2H).
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rPAIL, a lectin recognizing o,fGal and aGalNAc (Tn antigen) (Preliminary results, Table
2) was lower detected in Low PROT tumor cells (Preliminary results, Figure 2H).
However, other lectins that have the ability to bind the aGalNAc moiety of Tn antigens such
as HPA, VVA, DBA, SBA, rPPL and rCNL (Preliminary results, Table 2) did not show any
significant differences in staining of membranous glycoconjugates on isolated tumor cells
from CTR or Low PROT diet-fed mice (data non-shown). Therefore, whether Tn antigens are
lower expressed in Low PROT tumor cells must be confirmed by specific antibodies
recognizing Tn antigens. Although we cannot warrant that alterations of Tn antigens on the
tumor cell glycocalyx occur under Low PROT diet, this is a promising hint since Tn antigen
exposure is a common aberrant glycosylation in several types of cancer including colorectal
carcinoma (Remer et al, 2021), (Ghasempour and Freeman, 2021). Therefore, lower
exposure of Tn antigens on tumor cells under Low PROT diet correlates with a less

aggressive tumor phenotype.

More than 80% of surface or secreted proteins are O-glycosylated (Remer et al., 2021).
Tumor cells expressing aberrant glycosylated O-linked mucins are very common. For
instance, enrichment of Tn antigens (GalNAc-a-1-O-Ser/Thr) as well as sialylation of Tn
antigens have been reported in tumor cells (Moffett et al., 2021). Truncation of these
structures not allowing for elongated O-glycan trees from the core structure detailed above is
a common feature of glycosylated proteins at the tumor cell surface. Deregulation of GalNAc
transferases and competition for the same substrates by different glycosyltransferases underlie
the synthesis of these truncated O-glycan structures. Truncated O-glycosylated epitopes
exposed on the tumor cell surface count as neo-antigens. Mutations in the chaperone of the T
antigen synthase potentiate the synthesis of Tn antigens over T antigens (Galp-1-3GalNAc-a-
1-O-Ser/Thr) as well as the generation of sialyl-Tn antigens (STn) by upregulation of the
sialyltransferase ST6GalNAc-I (Pinho and Reis, 2015). Likewise, Lewis epitopes including
determinant of the blood groups are also glycosylated structures present not only on proteins,
but in lipids. These epitopes can be sialylated and have been reported as tumor markers on the

cell surface or in the circulation (Reily et al., 2019).

Most of the FDA-approved cancer biomarkers detected by antibodies are indeed
glycoconjugates (Remer et al., 2021). In this regard, the Tn antigen has been considered a
pan-marker of human cancer in contrast to the T antigen that is expressed on cancer cells but
also in healthy tissues. Cell surface exposition of truncated O-glycans has been associated
with perturbances in cell differentiation, invasion and adhesion in mouse models of
gastrointestinal cancers. Furthermore, surface expression of truncated O-glycans correlates

with impaired cancer prognosis of colorectal carcinoma patients. Higher and heterogeneous
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expression of Tn antigens within single tumors has been reported in human colon, breast,
lung, pancreatic and skin cancers. Expression of Tn antigens has been positively associated
with co-occurrence of the STn and T antigens. Interestingly, PDX of 13 types of cancers
including CRC displayed Tn antigen expression on tumor cells indicating maintenance of

truncated O-glycan structures upon tumor transplantation (Remer et al., 2021).

The interaction between tumor cells and stromal cells including immune and endothelial cells
is highly mediated by O-glycosylated epitopes as well as N-glycosylated proteins expressed
on tumor cells and lectins expressed by stromal cells (Chandler et al., 2019). Naturally
expressed lectins recognizing glycan structures on the tumor glycocalyx are potentiated or
inhibited depending on the aberrant glycosylation on tumor proteins and lipids. Animal lectins
include galectins which bind to galactose residues and selectins which recognize sialylated
and fucosylated glycan structures. For instance, E- and P-selectins expressed by endothelial
cells recognize sialylated Lewis X epitopes on N-glycosylated proteins expressed by tumor
cells of several types of cancers including colon carcinoma. Galectin-3 expressed on
endothelial cells bind to mucin-type of O-glycans such as the T antigen on mucin-1 (MUCI)
on tumor cells contributing to rolling and extravasation. Therefore, glycosylation on tumor
cells as well as on endothelial cells within the TME is a key modulator of angiogenesis and

metastasis (Chandler et al., 2019).

Tumor cells expressing galectin-1 bind the VEGFR bearing branched N-type of glycans
expressed by endothelial cells (Croci et al., 2014). This has been shown to be a compensatory
mechanism through a glycosylation-mediated signaling inducing angiogenesis upon VEGF
blockage and therefore, resistance to VEGF anti-cancer therapies (Croci et al., 2014). Another
naturally occurring lectins that predominantly attenuate innate and adaptive immune
responses are Siglec receptors with different binding specificities for sialylated structures (De

Bousser et al., 2020), (Liibbers et al., 2018).

Under healthy conditions, membrane-bound mucins are a protective barrier of epithelial cells
against pathogens and injury. Mucins also inhibit inflammation (Bhatia et al., 2019),
(Ghasempour and Freeman, 2021). Mucins expressing O-type of glycans but also N-type of
glycans on the surface of tumor cells can bind ICAM-1 expressed on T lymphocytes leading
to T cell tolerance and avoiding tumor-associated antigen recognition. In addition, mucins on
tumor cells bind inhibitory Siglec receptors on APCs provoking suppression. MUC16, an
ovarian cancer marker downregulates CD16 and other activating receptors on NK cells, thus
dampening their cytotoxic functions. MUC4 on pancreatic tumor cells has been involved in
apoptosis of CD8" T cells. Aberrant glycosylation of mucins on tumor cells contributes to
metastasis by potentiating tumor cell migration by binding to selectin-expressing leukocytes

and platelets and inhibiting immune cell recognition. High expression of MUCI1 associates
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with tumor invasion and metastasis as well as activation of the NF-xB pathway and higher

activity of matrix metalloproteinases (Bhatia et al., 2019).

rGC2 recognizing al-2Fuc (antigen H), aGalNAc (antigen A) and aGal (antigen B) was
higher detected on Low PROT tumor cells (Preliminary results, Figure 2H). Other lectins
binding to al-2Fuc (antigen H) such as rRSL, AOL, AAL, rPAIIL, rRSIIL, UEAI, TJAII and
MCA (Preliminary results, Table 2) did not change between CTR and Low PROT groups.
In addition, lectins recognizing the other glycan motifs aGalNAc (antigen A) and aGal
(antigen B) such as PTLI, GSLIA4 and HPA as well as GSLI4B, rMOA and EEL did not
change either (data non-shown). Thus, we cannot confirm an increase of the glycan structures
recognized by rGC2 based on the binding of other lectins with redundant specificities.
Therefore, whether there is more exposure of these Lewis antigens must be confirmed by
antibody staining. Noteworthy, higher surface expression of Lewis antigen A (Le") has been
detected by immunofluorescence on colon heathy mucosa while the neoplastic tissue lacked
Le® expression (Aronica et al., 2017). This would correlate with putative higher expression of

Le* on Low PROT tumor cells.

Our lectin microarray data showed higher binding of rGRFT recognizing terminal mannose
residues on Low PROT tumor cells (Preliminary results, Figure 2H). Other lectins binding
to high oligo mannose mediated by linkage specificity such as ConA, GNA, DBAI, HHL,
NPA and Heltuba (Preliminary results, Table 2) were not changing between CTR and Low
PROT groups (data non-shown). However, rBanana and rOrysata detecting mannose residues
displayed a trend for higher binding to Low PROT tumor cells (Figure 24) as rtGRFT does.
No changes in the majority of lectin recognizing mannose residues might be explained by
their linkage-mediated recognition as compared to rGRFT that binds terminal mannose
irrespective of their sugar bonds. Whether oligo mannose N-type of glycans are higher
exposed by Low PROT tumor cells is not associated with decreased binding of lectins
recognizing complex N-types of glycans such as PHA-L and DSA (data non-shown). Lectins
binding to sialic acid (in a a2-3 and a2-6 linkage) such as MAL, MAH, ACG, SNA, SSA,

TJAI were unaltered.
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Figure 24. Levels of lectins recognizing mannose residues on the glycocalyx of tumor cells
Tumor cells were isolated from mice fed a CTR (n=3) or a Low PROT diet (n=3).
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Importantly, higher oligo mannose type of N-glycans on Low PROT tumor cells detected by
the lectin array do not correlate with the global N-glycan profile by glycomics that showed
higher relative abundance of complex and sialylated structures in Low PROT tumor cells with
not changes in high oligo mannose N-glycans (Preliminary results, Figure 2F). High oligo
mannose structures are more common of intracellular immature proteins along the glyco-
editing process occurring from the ER to the GA as part of the protein secretory pathway. The
high abundance of these precursors in whole tumor cells as detected by mass spectrometry
might mask slight changes in high oligo mannose structures expressed on the cell surface.
Therefore, although not correlating with the N-glycan profile of whole cellular proteins as
detected by mass spectrometry, higher surface expression of oligo mannose might be possible
as indicated by the lectin array. This is promising hint since reports on colorectal carcinoma

describe this type of N-linked glycosylation as immunostimulatory (M. C. Silva et al., 2020).

Higher levels of complex branched N-glycans have been detected on human colorectal
carcinoma (CRC) tissues in association with carcinogenesis progression while negatively
correlating with Treg cell markers (M. C. Silva et al.,, 2020). Branched N-glycans are
generated by the action of the N-acetylglucosaminyltransferase V (GnT-V) and GnT-V
mRNA levels correlated with CRC progression. Complex branched N-glycan expressed on
the tumor cell surface were shown to be tumor-protective by inhibiting immune recognition.
Branched N-glycans functioning as immune checkpoints suppressed the CD4" T cell
activating functions of APC cells and cytokine secretion. Immunosuppression was mediated
by lower binding of lectins expressed on APCs such as DC-SING. DC-SING recognition of
high mannose containing-glycosylated structures on tumor cells was masked by exposition of
branched N-glycans attenuating lectin binding and DC activation. Indeed, pharmacological
inhibition of N-glycan branching as well as genetic silencing of GnT-V limited tumor growth
in immunocompetent mice in an immune response dependent manner (M. C. Silva et al.,

2020).

Despite this evidence in CRC, higher exposition of high oligo mannose rather than branched
type of N-glycans was determinant for the metastatic potential of cholangiocarcinoma (CCA)
cells. In addition, a crosstalk between O-GlcNAcylation and N-glycosylation has been shown
to mediate this process. High mannose type of N-glycans were enriched on the cell membrane
in metastatic CCA cells and downregulated upon inhibition of O-GlcNAcylation as compared
to parental cells. Higher expression of oligo mannose N-glycans in metastatic CCA cells
conferred advantages for migration. Accumulation of high oligo mannose N-glycans was
associated with al,2-mannosidase IA (MANI1A1l) downregulation mediated by O-
GlcNAcylation of FOX0O3. MANI1AT1 is a mannosidase operating in the GA to trim mannose
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residues for generation of hybrid and complex N-glycans and its expression is controlled by
the transcription factor FOXO3. Indeed, a positive correlation among metastasis, O-
GlcNAcylation, high mannose N-glycans and a negative association with MAN1AT1 protein

expression was confirmed in human CCA tissues (Phoomak et al., 2018).

Altogether, the glycomics and the lectin binding approaches brought different hints about the
glycans structures that can be differentially abundant in Low PROT tumor cells. As the
identification of global N-glycan structures in whole cell lysates by glycomics may be biased
by the abundance of intracellular immature N-glycoconjugates, we will determinate whether
there is higher surface exposition of oligo mannose N-type of glycans by individual lectin
staining measured by flow cytometry. In addition, using specific antibodies for Tn antigens
would be more suitable than lectin staining due to the cross specificity of the lectins for
several glycans. Measure the levels of expression of the glycosyltransferases and glycosylases
involved in synthesis of high mannose N-glycans and Tn antigens as well as nucleotide sugar
transporters at membranous compartments would be also informative to drive conclusion
about these putative changes in the glycocalyx of Low PROT tumor cells. In addition, the
expression of membrane-bound mucins can also be measured since MUC1, MUC4 and

MUCI16 have been reported to contribute to cancer.

In a cytotoxic assay, ex vivo glycosidase treatment of isolated tumor cells prior to co-culture
with T splenocytes from tumor-bearing mice can be performed to link modifications of the
tumor cell glycocalyx with the anti-cancer immune response. Glycosidases catalyzing the
removal of high oligo mannose (Endo H) and complex type of N-glycans (PNGase F) as well
as O-glycans (O-glycosidases) from the tumor cell surface are deglycosylation treatments that
deserve to be tested. Likewise, removal of terminal sugar residues such as sialic acid,
galactose and fucose moieties can bring insight into the composition of the tumor cell
glycocalyx that contribute to the establishment of the immunological synapse between tumor
cells and T lymphocytes. Cytotoxic assays with NK cells as well as efferocytosis assays with
BMDCs upon glycosidase treatment of isolated tumors might broaden the repertory of

immune cells that interact with cancer cells and are modulated via the tumor glycocalyx.

III. Pursuing differential glycosylation in surface immune markers higher

expressed on Low PROT tumor cells

Changes in glycosylation on immune markers that were found upregulated on tumor cells
under Low PROT diet were monitored. Mouse MHC-I (H2Kd haplotype) that is higher
expressed on tumor cells under Low PROT diet (Article, Figure 1G) displays three N
glycosylation sites as reported by UniProtKB (P01902) including Asn at positions 107, 197
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and 277. To check whether H2Kd displays differential glycosylation patterns under Low
PROT diet, whole tumors were treated with glycosidases that are specific for different glycan
structures (Fig. 24A). Peptide-N-glycosidase F (PNGase F) is an amidase cleaving N-glycans
trees by recognizing the core GIcNAc moiety attached to the Asn residue of a protein while
Endoglycosidase H (Endo H) cleaves between the two innermost GIcNAc residues of N-
linked high mannose and hybrid glycans containing at least five mannose residues (Stanley,

2011) (Figure 25A).
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Figure 25. MHC-I is N-glycosylated

A. Scheme of the glycan specificity and cleavage site of PNGase F and Endo H based on the Glycoproteomics
Technical Guide from New England Biolab. Asn, asparagine; blue square, GIcNAc; green circle, mannose; X, any
sugar. B. Cell lysates treated with PNGase F (250 U and 80 U/ ug of protein) at 37 °C for 1 h. C. Cell lysates
treated with Endo H (80 U/ ug of protein) at 37 °C for 1 h. Whole tumors from mice fed a CTR (n=4) or Low
PROT diet (n=4) were used for glycosidase digestion.

Digestion of whole tumor lysates with PNGase F partially deglycosylated H2Kd (Figure
25B). The H2Kd signal of control samples appearing around 55 kDa became a sharper band
at the same size while a second lower band was newly generated upon treatment. The lower
band appearing around 40 kDa is likely to be the deglycosylated form of H2Kd which is
reported to have a peptide molecular weight of 41 kDa by UniProtKB. However, the
remaining band that appears around 55 kDa after PNGase F treatment might correspond to
glycosylated forms of H2Kd that likely contain core o (1-3) fucose attached to the first
GlcNAc moiety. PNGase F is not able to cleave if fucose is present. Whether H2Kd is only
decorated with N-glycan structures, PNGase A treatment should fully deglycosylate H2Kd
containing core fucose moieties. In contrast to PNGase F, H2Kd was insensible to digestion
with Endo H (Figure 25C) revealing that H2Kd does not bear high oligo mannose structures

which are more common of immature H2Kd proteins along their folding process in the ER
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(Rudd et al., 2001). PNGase A treatment will be tested prior to detection of H2Kd in tumors.
As a positive control, in vitro cultured tumor cells treated with tunicamycin must be included

as a reference of fully deglycosylated H2Kd.

As compared to the role of glycosylation in MHC-I protein folding and antigenic peptide
loading, knowledge of the mature N-glycan structures on MHC-I and their roles at the cell
surface is more limited (Ryan and Cobb, 2012). Human MHC-I molecules have been
described as bearing fucose-containing-sialylated complex (bi- and tri-antenna) types of N-
glycans. In addition, high mannose structures have been detected in a lower expressed
allotype which might be more critical for NK cell recognition (Ryan and Cobb, 2012). A
more recent study has shown that sialylation of MHC-I on human DCs impairs its stability at
the plasma membrane and associates with higher protein turnover and lower MHC-I half-life
(Z. Silva et al., 2020). Desialylation of DCs increased their activating functions when co-
cultured with autologous T lymphocytes based on higher synthesis of IFNy by T cells.
Desialylation, indeed, decreased the molecular weight of the heavy o chain of MHC-I with
slight but appreciable changes in its molecular weight as visualized by Western blot.
Importantly, desialylation of human colorectal adenocarcinoma cells did not increase the
surface expression of MHC-I indicating that sialic acid on MHC-I expressed by these tumor
cells if present it is not affecting MHC-I protein stability (Z. Silva et al., 2020). Beyond
MHC-I glycosylation, antigenic glycopeptides containing mono- and disaccharide structures
presented by MHC molecules have been identified in melanoma and leukemic cells (Moffett
et al., 2021). Therefore, glycan modification not affecting the antigen processing and
presenting machinery also contribute to immune recognition of tumor cells (Moffett et al.,

2021).

In addition to MHC-I, PD-L1 was also higher expressed on Low PROT tumor cells (Figure
26A), likely as a consequence of IFNy exposition within the TME (Topalian et al., 2016).
Different to MHC-I, PD-L1 was fully deglycosylated upon PNGase F treatment (Figure 26B)
as it has extensively described that PD-L1 bears complex types of N-glycans (Lee et al.,
2019). It seems that PD-L1 does not contain core fucose moieties that limit the digestion with
PNGase F. PD-L1 was insensible to treatment with Endo H (Figure 26C) confirming the
presence of complex N-glycans on this immune marker. By searching in UniProtKB
(Q9EP73), five N-linked glycosylation sites have been reported for mouse PD-L1 including
Asn at positions 35, 191, 199, 218 and 236 while for human PD-L1 four N-glycosylation has
been reported at Asn 35, 192, 200 and 219 (Li et al., 2016). Glycosylated human PD-L1 has
been detected as a smear by Western blot with a molecular weight between 40 and 50 kDa (Li
et al., 2016) reflecting fewer N-glycosylation sites as compared to mouse PD-L1 that appears
between 55 and 70 kDa in our study (Figure 26B, 26C). The deglycosylated form of PD-L1
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upon PNGase F digestion appears as a sharp band between 35 and 40 kDa which is near to the
reported peptide molecular weight of 33 kDa and consistent with the molecular weight of

deglycosylated human PD-L1 (Li et al., 2016).
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Figure 26. PD-L1 is fully N-glycosylated

A. Surface expression levels (MFI) of PD-L1 on tumor cells from mice fed a CTR (n=4) or a Low PROT (n=4) diet
as detected by flow cytometry. B. Cell lysates were treated with PNGase F (80 U/ ug of protein) at 37 °C for 1 h.
C. Cell lysates were treated with 1 uL of Endo H 80 U/ ug of protein) at 37 °C for 1 h. Whole tumors from mice
fed a CTR (n=4) or Low PROT diet (n=4) were used for glycosidase digestion.

Detection of H2Kd and PD-L1 in non-treated samples (Figure 25 and Figure 26) showed
that differences in molecular weight due to distinctive glycosylation trees between CTR and
Low PROT tumors cannot be appreciated by Western blot. Indeed, detection of differential
glycosylation patterns relying on differences in molecular weight requires massive changes of
the glycan structures or changes in several glycan trees on the same protein depending on the
number of glycosylation sites. Upon treatment with PNGase F, the deglycosylated form of
H2Kd was slightly stronger in Low PROT than in CTR tumors. This might suggest that core
fucose moieties at the N-glycan trees are likely less predominant under Low PROT diet.
Treatment with other O-glycosidases beyond PNGase A might bring insight into O-glycan
modifications of H2Kd, although this has not been reported.

PD-L1 expression is regulated at transcriptional, post-transcriptional, post-translational and
extracellular levels (Cha et al., 2019). PD-L1 protein PTM-mediated stability is dependent on
N-glycosylation. As for MHC-I and other secreted proteins along the secretory pathway, PD-
L1 glycosylation starts in the ER for proper protein folding. Interaction with PD1 is mediated
by poly-N-acetyllactosamine extensions on some N-glycosylation sites (Cha et al., 2019). In
human tumor cells, PD-L1 has been demonstrated to carry extensive complex type of N-
glycans in the extracellular domain while not bearing O-glycans (Li et al., 2016).
Glycosylated PD-L1 was shown to be stable for at least 16 h as compared to the fully
deglycosylated form that was stable only for 4 h. Glycosylation of PD-L1 confers protection
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against proteasomal degradation enhanced by GSK3p-mediated phosphorylation and
subsequent ubiquitination. GSK3-mediated PD-L1 destabilization has been shown to confer
less immunosuppressive properties to breast tumor cells orthotopically implanted in

immunocompetent mice while enhancing the infiltration of activated CTLs (Li et al., 2016).

Altogether, although we did not observe obvious changes in glycosylation on MHC-I and PD-
L1 by Western blot, glycosylation of these immune markers is critical for their stability,
expression on the cell surface and functions. Therefore, alternative to digestion with PNGase
F or PNGase A that remove whole N-glycans, digestion with exoglycosidases such as
neuraminidases removing terminal sialic acids, galactosidases, mannosidases and fucosidases
with different specificities for the glycosidic linkage may provide insights of the glycan tree
composition of H2Kd and PD-L1. However, visualization of changes upon removal of these
saccharide moieties may result challenging by Western blot. As an alternative,
glycoproteomics of purified H2Kd and PD-L1 may provide information of the glycan tree
composition with the pitfall that the longest glycan structures can be missed out from the
glycan profile. In addition, other immune markers that can be differentially expressed on Low

PROT tumor cells are potential glyco-candidates that can be studied.

IV. Perspectives, a working model

As a working model (Figure 27), we suggest that beyond dietary reduction of proteins,
higher abundance of fatty acids in Low PROT tumors might lead to transcriptional
downregulation of OGT and OGA in tumor cells. The link between lipid metabolism and
OGT activity has been commonly reported. However, dietary protein reduction could also be
the trigger of OGT and OGA deregulation. To test whether higher dietary fat is connected to
OGT/OGA downregulation, a tailored isocaloric diet can be designed increasing the content
of fat in 20% while reducing carbohydrates and maintaining the same protein content.
Decreased expression of OGT and OGA might be a consequence of a negative feedback
mechanism to attenuate lipid synthesis since OGT has been shown to induce lipogenesis in
several cancer mouse models. Lower expression of OGT and OGA might be linked to
accumulation of UDP-GIcNAc which in turn leads to higher abundance of UDP-GalNAc and
UDP-Glc. Accumulation of these nucleotide sugars could be involved in disturbances of
glycosylation processes driven differential N- or O-glycosylation as well as putative synthesis
of HA in Low PROT tumor cells. Noteworthy, HA deposition in the TME may also count for
accumulation of UDP-GIcNAc and UDP-Glc in Low PROT tumors.

Differential glycosylation might be involved in higher tumor cell immunogenicity under Low
PROT diet mediated by higher cell surface exposition of oligo mannose N-glycans and lower

O-linked Tn epitopes. In parallel, the protein-restricted diet and likely independent of
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OGT/OGA downregulation could activate the IRE1a pathway via lower levels of amino acids
(Sahu et al., 2016) or by lipidic disturbances of the ER membrane. It is also plausible that the
IREla signaling might be enhanced by higher content of UDP-sugars that can accumulate in
the cytoplasm and the ER. IREla activation might have a positive impact on tumor cell

tumorigenicity in a glycosylation-independent or dependent manner.
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Figure 27. Hypothetic effects of the Low PROT diet on tumor cell immunogenicity

The Low PROT diet induces activation of the IREla pathway and transcriptional downregulation of OGT and
OGA in tumor cells. Tumoral accumulation of UDP-sugars downstream of OGT/OGA lower expression can result
in differential glycosylation of the tumor cell glycocalyx and HA production. Putative changes in tumor cell
glycosylation associated with OGT and OGA downregulation and IREla activation may positively impact on
tumor cell immunogenicity. Dashed lines and question marks represent putative cellular processes occurring
within tumor cells, at the tumor cell surface and at the immunological synapse between tumor cells and immune
cells within the TME. OGT, O-GIcNAc transferase; OGA, O-GlcNAcase; IREI a, inositol-requiring protein 1a;
ER, endoplasmic reticulum; GA, Golgi apparatus; CTL, cytotoxic T cell; DC, dendritic cell; NK cell, natural killer
cell; Gle, glucose; GlcNAc, N-acetylglucosamine; GlcUA; glucuronic acid;, Man, mannose; Gal, galactose;
GalNAc, N-acetylgalactosamine
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tracing on cancer metabolism
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ABSTRACT

Background: There is growing interest in the analysis of tumor metabolism to identify cancer-specific metabolic vulnerabilities and therapeutic
targets. Finding of such candidate metabolic pathways mainly relies on the highly sensitive identification and quantitation of numerous me-
tabolites and metabolic fluxes using metabolomics and isotope tracing analyses. However, nutritional requirements and metabolic routes used by
cancer cells cultivated in vitro do not always reflect the metabolic demands of malignant cells within the tumor milieu. Therefore, to understand
how the metabolism of tumor cells in its physiological environment differs from that of normal cells, these analyses must be performed in vivo.
Scope of Review: This review covers the physiological impact of the exogenous administration of a stable isotope tracer into cancer animal
models. We discuss specific aspects of in vivo isotope tracing protocols based on discrete bolus injections of a labeled metabolite: the tracer
administration per se and the fasting period prior to it. In addition, we illustrate the complex physiological scenarios that arise when studying
tumor metabolism — by isotopic labeling in animal models fed with a specific amino acid restricted diet. Finally, we provide strategies to minimize
these limitations.

Major Conclusions: There is growing evidence that metabolic dependencies in cancers are influenced by tissue environment, cancer lineage,
and genetic events. An increasing number of studies describe discrepancies in tumor metabolic dependencies when studied in in vitro settings or
in vivo models, including cancer patients. Therefore, in-depth in vivo profiling of tumor metabolic routes within the appropriate pathophysiological

environment will be key to identify relevant alterations that contribute to cancer onset and progression.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords Stable isotope tracing; Tracer administration; Interorgan exchange; Fasting; Tumor metabolism

1. INTRODUCTION

Metabolic reprogramming has been recognized as a hallmark of
cancer [1,2]. The challenge of expanding our understanding of major
cancer metabolic features and specific metabolic dependencies re-
quires sophisticated approaches, such as metabolomics. Metab-
olomics allows the identification and relative quantitation of numerous
metabolites by mass spectrometry coupled to gas or liquid chroma-
tography (GC/LC-MS). Other techniques such as magnetic resonance
spectroscopy enable metabolite identification and quantification, but at
a lower scale [3]. Metabolomics endows cancer researchers with a
high-resolution tool for the quantification of absolute and relative
abundances of metabolite pools in malignant tissues and biofluids
surrounding the tumoral mass [4]. Levels of these small molecules
provide hints of which metabolic pathways have been aberrantly
altered during oncogenic transformation [5].

Stable isotope resolved metabolomics allows to monitor how labeled
metabolic sources contribute to bioenergetic, biosynthetic, and/or

redox pathways that sustain tumoral tissues in their transformed state
(Figure 1). Depending on the intracellular metabolic labeling, isotope
tracing helps to infer metabolite interconversion, a feature that cannot
be perceived by steady state metabolomics [6]. Tracing the incorpo-
ration of stable isotopes of carbon (*3C), nitrogen ('°N), or hydrogen
(2H) from isotopically labeled nutrients (tracers) into downstream tissue
metabolites is considered the state-of-the-art approach to study
cancer metabolism [7]. This methodology determines the isotopic
composition of metabolites based on the differences in atomic masses.
For instance, the heavy stable isotope of carbon (130) has a molecular
mass increased by a unit (M+1) as compared to the most naturally
abundant carbon isotope ('2C). These differences in nominal masses
allow to distinguish the fully labeled glucose with six heavier carbons
(M-+6) from unlabeled glucose (M+0). Therefore, tracing a stable
labeled nutrient into downstream metabolites allows to follow the
cascade of chemical reactions by which nutrient catabolism or
anabolism is increased or decreased. Aberrant metabolite uptake or
secretion from tissues can also be estimated by isotopic labeling.
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Figure 1: Time course steps of in vivo stable isotope tracing approaches. Lower panel, carbon, and nitrogen fate of labeled glucose and glutamine in main metabolic
pathways. PPP, pentose phosphate pathway; HBP, hexosamine biosynthetic pathway; TCA, tricarboxylic acid cycle; ALT, alanine aminotransferase; LDH, lactate dehydrogenase;

PDH, pyruvate dehydrogenase; PC, pyruvate carboxylase; GLS, glutaminase; and GDH,

Tumors usually reside in a poorly vascularized microenvironment
under nutritional conditions that significantly differ from those found
in cell culture media [8,9]. Therefore, cancer cells growing in vitro do
not necessarily display the same metabolic phenotype as the intact
tumor. For instance, Ras-driven lung tumors in mice are more
dependent on glucose to fuel the tricarboxylic acid (TCA) cycle and
less dependent on glutamine compared to their in vitro counterpart
cell lines [10]. Nutritional availabilities and metabolite exchange
between stromal and cancer cells also determine how tumor cells will

2

glutamate dehydrogenase. Created with BioRender.com.

metabolically adapt to competitively growth and survive [3]. There-
fore, in vivo tracer-based metabolomics is the most authentic
approach for studying the nutritional requirements and metabolic
reprograming of intact malignant tissues. For instance, tracing the
incorporation of uniformly carbon labeled glucose, ([U—13CG]-
glucose), into downstream metabolites has expanded our notions of
how glucose is metabolized in tumoral tissues (Figure 1). However,
preferential glucose contribution to the TCA cycle through the activity
of pyruvate carboxylase (PC) — as compared to the activity of

MOLECULAR METABOLISM 53 (2021) 101294 © 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com


http://BioRender.com
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

pyruvate dehydrogenase (PDH) — has been reported in mouse
models of lung cancer and breast cancer-derived lung metastasis.
The differential labeling patterns of TCA cycle intermediates arising
from reactions catalyzed by PC and PDH in the presence of [U—13CG]-
glucose have allowed to estimate the relative activity of the former
enzymes for anaplerotic replenishment of the TCA cycle in these
tumors [11,12]. De novo serine biosynthesis from fully carbon-
labeled glucose has been demonstrated to preferentially occur in
lung metastases of breast cancer as compared to primary tumors by
quantitation of serine M+3 [13]. [U—"3Cs]-glutamine fueling the TCA
cycle through glutaminase activity has been demonstrated by the
labeling pattern of glutamate M-+5 and TCA cycle intermediates. The
latest metabolic pathway has been shown to preferentially occur in
in vitro culture of lung tumor cells as compared to lung tumors
growing in mice [10]. In addition, KRAS mutant/LKB1 deleted-driven
lung cancer cells labeled with 15N1-amide-glutamine display a high
flux through the hexosamine biosynthetic pathway reflected by an
increase in the detection of ">N-UDP-GICNAC [14] (also refer to
Table 1 for more examples and details). Beyond preclinical research,
stable isotope labeling to study cancer metabolism in patients
highlighted that glucose does not only yield energy by aerobic
glycolysis, but is also terminally oxidized in several types of tumors.
Moreover, radioisotope labeled nutrients, such as the glucose
analogue 8FDG (Fluorodeoxyglucose), are commonly used for cancer
diagnosis and follow-up treatment by positron emission tomography
[3].

New insights into the metabolic reprograming of tumors have been
acquired by continuously improving isotope tracing approaches.
Broadly, typical experimental designs include the following: (i) food
deprivation of animal models before tracer administration, (ji) tracer
supplementation, (i) collection of tissues and biofluids of interest
(iv), metabolite extraction from samples, (v) analytical measurement
of metabolites by GC/LC-MS, and (vi) chromatographic peak inte-
gration and data analysis (Figure 1, upper panel). Importantly,
although '3C, '°N, and 2H stable isotopes occur naturally at a very low
level, their natural abundance can impact the isotopic composition of
metabolites and confound the labeling derived from the tracer. For
instance, one of the most common isotopic tracing relies on 13C,
which displays a natural abundance of 1.07%. Therefore, correcting
the natural abundance of stable isotopes deserves attention when
rigorously analyzing the fractional enrichment of downstream me-
tabolites [15].

In this review, we will discuss how tracer supplementation impacts
global physiology and how this might confound the interpretation of
metabolic processes occurring in healthy and transformed tissues.
Likewise, fasting before tracing supplementation can trigger an
adaptive metabolism in mice; a topic that will be addressed to broaden
our understanding of its potential impact on animal physiology and
tumor metabolism. We will illustrate these two sections with metab-
olomic data from stable isotope tracing by discrete bolus administra-
tion in cancer mouse models. Complex scenarios that arise when
metabolic reprograming is studied by isotope tracing in nutritional-
restricted mice will be also covered.

2. DOES /N VIVO TRACER ADMINISTRATION CHALLENGE
PHYSIOLOGICAL METABOLISM?

Studying in vivo cancer-specific metabolic pathways in animal models
by stable isotope tracing is challenging at several steps of the pro-
cedure, including the very first step i.e., tracer delivery for optimal
enrichment in tumor cells. To avoid substantial disruption of the
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physiological homeostasis upon tracer delivery, an isotopic enrichment
equivalent to 10—30% of the total circulating pool of the tracer is
recommended. This will enable downstream labeling patterns without
excessive impact on the bloodstream concentration of the given
metabolite [4]. To deliver a tracer, several administration methods
have been successfully developed and optimized.

Performed on conscious mice, single or multiple discrete boluses by
intraperitoneal (i.p) or intravenous (i.v) injections or gavage provoke
intense and transient tracer boosts in the bloodstream that might
complicate/hinder data analysis and interpretations [16,17]. The un-
natural systemic metabolic effects caused by bolus include glucose
spikes [16], likely causing increases in insulin secretion following each
[U—1305]-glucose injection. Repeated mice handling to deliver the
tracer through discrete bolus also leads to acute stress responses
which affect the whole-body metabolism [18]. Nevertheless, this tracer
administration method is simple to perform and does not require the
use of anesthesia, an advantage when considering the influence of
anesthetics on cellular energy metabolism [19].

Continuous tracer infusion through the tail vein of sedated animals are
advantageous because it allows a mild and continuous tracer delivery
to achieve a stable concentration permitting robust evaluation of
steady-state labeling of metabolic pathways in tissues of interest.
Compared to this, tracer infusion through catheterization of the jugular
vein on conscious immobile mice hold similar advantages to reach
metabolic steady state, without the disadvantage related to the use of
anesthetics. Importantly, infusion through a jugular vein catheter re-
quires specialized surgical skills and expertise.

From a physiological point of view, tracer delivery by feeding animals
with a solid or liquid diet containing the labeled nutrient is simple and
advantageous — because the tracer is absorbed over time reaching
physiological levels while not disturbing mouse feeding habits.
Furthermore, it minimizes the metabolic response to stress induced by
animal handling. Although this tracer delivery method is emerging as a
promising strategy to perform in vivo stable isotope tracing, it is not
often used because of limitations such as the strict control of the
animal feeding behavior, long tracing periods, and a substantial eco-
nomic outlay [20,21]. To date, the most commonly used procedures to
deliver labeled nutrients are constant intravenous infusions and single
or multiple discrete boluses (i.v, i. p, or gavage) (please refer to
Table 1). As reviewed by Fernandez-Garcia et al. [7], the advantages
and disadvantages of each method should be a priori understood to
choose the best option according to the specific scientific question.
Delivering an exogenous nutrient into an animal is not trivial, and
depending on the administration method, it entails notable inherent
technical limitations that may directly complicate the analysis of
metabolomic data and interpretation of tumor metabolic phenotypes.
Some of them have not been extensively covered in the literature,
leaving a gap in our basic knowledge and much more space for
improvement. Here, we focused on (i) the disruption of physiological
homeostasis after bolus injections and (i) the tissue-specific conver-
sion of the tracer from one isotopologue to another and into its
downstream metabolites.

2.1. Disruption of physiological homeostasis upon tracer
administration

Although very few studies have reported results on this technical
aspect, it is widely accepted that a discrete bolus of labeled nutrients
causes intense and transient tracer peaks in the bloodstream as shown
in mouse and human studies [16,17]. Such phenomenon has not been
sufficiently described in the literature and deserves further attention
because it can mislead the interpretation of tumor metabolic
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Table 1 — Compilation of in vivo GC/LC-MS-based stable isotope tracing studies using labeled glucose, glutamine, and lactate in cancer mouse models.

Tracer administration Fasting Experimental details Metabolic analysis Ref
['3Cl-glucose
Ad libitum liquid diet None [UJng]—qucose in liquid diet for 18 h Fractional enrichment of intra-tumoral metabolites in [20]
NSCLC PDX models versus ex vivo tissue cultures
Infusion Diurnal fasting of 6 h [U—"3Cg]-glucose at 30 and 20 mg/kg/min for 6 h Glucose contribution to the TCA cycle in Ras-driven [10]
through the jugular vein and carotid artery in free- NSCLC tumors and tumor-derived cell lines
moving mice, anesthesia for mouse sacrifice
Infusion Unspecified [U—"3Cg]-glucose at 30 mg/kg/min for 6 h through the Pyruvate carboxylase activity estimation by differences [12]
jugular vein between malate M-+3 and succinate M+3 in breast
cancer tumors and derived lung metastases
Infusion Unspecified [U—"3Cg]-glucose at 30 mg/kg/min for 6 h through the Proline catabolism by the activity of proline [49]
jugular vein dehydrogenase in breast primary tumors and derived
lung metastasis
Infusion Nocturnal fasting of 16 h [U—"3Ce]-glucose at approximately 540 mg/kg/minfor  Contribution of circulating lactate to glycolytic [28]
1 min by initial bolus followed by 11 mg/kg/min for 3h intermediates and the TCA cycle by co-infusion of fully
through the tail vein under anesthesia labeled glucose and positional labeled lactate in
[1303]—Iactate at 36 mg/kg/min for 10 min by initial tumors of human NSCLC xenografts in mice
bolus followed by 6 mg/kg/min for 3 h
Infusion Nocturnal fasting [U—"3Cg]-glucose at 1 mg/kg/min (after a 5 min Contribution of circulating glucose to the TCA cycle in [50]
priming) for 2 h through the jugular vein colorectal tumors under anti-metabolic treatments
Infusion Fasting of 6 h [U—13CG]-qucose at 20 mg/kg/min for 3 h through the Glucose oxidation and acetate production in primary [51]
jugular vein in free-moving mice soft tissue sarcoma mouse models
Infusion Fasting of 16 h [U—"3Cq]-glucose and ['3C; 5]-glucose at 412.5 mg/  Contribution of glucose to pyruvate and lactate [52]
kg for 1 min by initial bolus followed by 8 mg/kg/min Relative glucose flux through glycolysis over the PPP
for 3 h through the tail vein under anesthesia (ratio lactate M+2/M+-1)
Infusion Unspecified [U—"3Cg]-glucose at 30 ma/kg/min for 6 h through the  Glucose contribution to de novo biosynthesis of serine  [13]
jugular vein in primary breast cancer tumors and derived lung
metastases
Discrete bolus Unspecified [U—"3Cq]-glucose at approximately 1 g/kg every Glucose entry to the TCA cycle by pyruvate [11]
15 min for 1 h through the tail vein carboxylase in a NSCLC mouse xenograft
Discrete bolus Unspecified [U—"3Cg]-glucose at 1 g/kg for 22 min through the tail  Glucose contribution to de novo synthesis of glutamine  [23]
vein by glutamine synthetase in glioblastoma PDX mouse
[U—"3C5]-glutamine at 0.15 g/kg models
['3|-glutamine and ['°N]-glutamine
Infusion Unspecified [U—13C5]-glutamine at 1.9 mg/kg/min for 4 h through Uptake of circulating glutamine by tumor cells in [23]
the intra-carotid artery under anesthesia glioblastoma PDX mouse models
Infusion Diurnal fasting of 6 h [U—"3C5]-glutamine at 2.0 mg/kg/min and 3.7 mg/kg/  Glutamine contribution to the TCA cycle in Ras-driven [10]
min for 6 h through the jugular vein and the carotid NSCLC tumors and tumor-derived cell lines
artery in free-moving mice, anesthesia for mouse
sacrifice
Infusion Fasting of 16 h [U—13C5]-glutamine at 172.5 mg/kg for 1 min by initial Contribution of glutamine to the TCA cycle [52]
bolus followed by 2.88 mg/min/kg for 5 h through the intermediates in melanoma PDX mouse models
tail vein under anesthesia
Infusion Nocturnal fasting of 16 h [y-15N]-qutamine at 300 mg/kg for 1 min by initial Glutamine ‘y-nitrogen contribution to the HBP by [14]
bolus followed by 5 mg/kg/min for 5 h through the tail  detection of UDP-HexNAc M1 in tumors of
vein under anesthesia subcutaneous lung xenograft mouse models
Discrete bolus Unspecified [y—15N]—qutamine at 700 mg/kg for 2 h and 4 h by Contribution of glutamine-derived vy-nitrogen to [53]
intra-peritoneal injection orotate and dihydroorotate synthesis in subcutaneous
Hela xenograft and breast tumors
Discrete bolus Unspecified [U—"3Cs]-glutamine and [U—"°N,]-glutamine at Glutamine contribution to glutathione and pyrimidine [17]
100 mg/kg for 10 min through the tail vein nucleotide synthesis in chemotherapy-resistant AML
tumors. In vivo and in vitro different usage of aspartate
by AML cells
['3Cl-lactate
Infusion Fasting of 16 h I§ 3Cg]-lau:tate at 15 mg/kg/min by initial bolus followed Contribution of circulating lactate to the TCA cycle and [16]

by 0.2 mg/kg/min for 2 h through the tail vein under
anesthesia

glutamine by detection of malate M+1 in
subcutaneous mouse xenografts of NSCLC

NSCLC, Nonsmall cell lung carcinoma; PDX, patient-derived xenograft; PPP, pentose phosphate pathway; HBP, hexosamine biosynthetic pathway.

interval with the following stable isotope tracers: [U—13CG]-g|ucose or
[U—"3C5]-glutamine. Carbon-labeled glucose delivery caused global
changes in the circulating metabolome of tumor-bearing mice, as
shown by principal component analysis (PCA) (Figure 2A). Interestingly,
glucose and many free fatty acids appear among the top 15 signifi-
cantly discriminant metabolites, which hint at variations in the sys-
temic energetic metabolism upon discrete administration of exogenous
glucose (Figure 2B). Similarly, global changes in the circulating

phenotypes. Therefore, we have explored the extent to which tracer
delivery through multiple discrete boluses could stimulate physiolog-
ical metabolism and cause global metabolic changes in plasma.

In vivo stable isotope tracing by two discrete bolus injections was
performed on tumor-bearing mice. Glucose and glutamine are two of
the most abundant metabolites in plasma and they play critical func-
tions in the metabolism of tumors; therefore, we decided to perform
in vivo tracing by two successive intraperitoneal injections at a 20 min

4 MOLECULAR METABOLISM 53 (2021) 101294 © 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com


http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

A B M Unlabeled C D MUniabeled
M[U-"C,]-Glucose (U-"C,]-Glutamine
@ Unlabeled
e o (U-°C,)-Glucose sl Y & (0 Guutaming| iy
g e Omithine = . acetykglutamine
o © * . . Lysine § i K | Asparagine
= A Myristic acid < s Glutamine
S . . Oteic acid = . ° e Pantothenate
e . Paimitoleic acid R cis-aconitate
& o O Linolenic acid o o Lysine
by Linoleic acid - O Arginine
2 Hexanoyl-camitine & betaine
acetyl-camitine | Docosahexaenoic acid
10 -5 0 5 10 5 0
3-hydroxybutyric acid Glycine
PC1 ( a7 %) Docosahexaenoic acd PC1 (30'2%) [Methionine
Ribose Threonine
betaine Proline
—_— — S
151 95 0 05 1 15 fowzscore
Uiz conmootoos #» Urea
Gln =sssscscsssnsananas
Cireulating [glgodstream
metabolites
Perivenous
hepatocytes
N
NH./ NHs* oA\ \ Urea
A CA ) NH,*
|:: I Gln — AAD' ¥ ) ) Urea 4
Y > ) — Ornithine™~ rulling ====-- # Citrulline
L kT il ey [ RS L 1 T gl i) gt il ]
Energetic metabolism Nitrogen recycling Nitrogen recycling Arginine synthesis
(physiologic conditions) (excessive ammonia) (intestinal-renal axis)
F 1% bolus 1 bolus G Periportal
é Plasma Glutamine ? Plasma Glutamine
§ g
= il ~ M+0
§ 100 G 2" bolus
€ g0 M+1
& H
© N\ - M+2
=
c
@
[ GIn M+2
2
$ ki >
0.0¥————7—7 g 0 .
0 15 30 45 60 w 0 15 30 45 60
time (min) time (min)
Plasma Citrulline - Plasma Citrulline
=Unlabelad 3
U-"*N,]-Glutamine =
l_ [U-*N,] 12108 0006 g 100 -
Argininosuccinate © £ 80 o, M+2
N £ 9007 — s o M#1
Glutamine " X 60x107 H M+0
g s 5 40 a
Arginine 05 7 I c
0 rowzscore 3.0%10° S 20
Citrulline 05 0.0 §
|<- omin  40min fre Omin  40min
Onmithine e

[U-"*N,]-GIn tracing

[U-"N,]-GIn tracing

Figure 2: Impact of tracer administration on physiological homeostasis and interorgan exchange fluxes. A,C. Principal component analysis (PCA) plots of the circulating
metabolome from tumor-bearing mice traced with [U—"3Cq]-glucose (n = 4) and [U—"%Cs]-glutamine (n = 5) versus unlabeled control mice (n = 5), respectively. The clustering
has been performed based on 97 metabolites that were detectable and quantifiable in plasma with the LC-MS method used. B,D. Heatmap with the top 15 discriminant metabolites
led to the clustering showed in panels A and C, respectively. Mice were intraperitoneally injected with two boluses separated by a 20-min interval of [U—"3Cg]-glucose (1 g/kg) and
[U—"3C5]-glutamine (0.3 g/kg). Blood was collected from the tail vein, 40 min after the first tracer injection. E. Schematic representation of the main glutamine interorgan exchange
fluxes occurring in mammals and their impact on circulating metabolites that can be further taken up by tumors. F. Kinetics of M+0, M+1, and M+2 glutamine levels in plasma on
[U—"5N,]-glutamine tracing. Results are shown as peak areas (left panel) and fractional enrichment (right panel). Tumor-free mice were intraperitoneally injected with two boluses
separated by a 20-min interval of [U—"°N]-glutamine (0.3 g/kg) and blood was collected from the tail vein at 0 min (n = 3), 25 min (n = 3), 40 min (n = 3), and 55 min (n = 3)
after the first tracer injection. G. Schematic representation of the hypothetical conversion of circulating glutamine M2 into glutamine M-+1 on [U—"°N,]-glutamine tracing. H.
Heatmap representing changes in glutamine, argininosuccinate, arginine, citrulline, and ornithine levels in the plasma of tumor-free mice after 40 min of [U—"°N,]-glutamine
tracing (n = 3) compared to unlabeled mice (n = 3). I. Citrulline isotopologues in the plasma of tumor-free mice after 40 min of [U—'°NoJ-glutamine tracing (n = 3) versus
unlabeled mice (n = 3). Results are shown as peak areas (left panel) and fractional enrichment (right panel). Results have been corrected for the presence of naturally occurring '3C
stable isotopes using Metabolite AutoPlotter, a free online tool for metabolomics data processing [43]. Bars represent mean + SD. Statistical differences were determined by two-
tailed Student’s t-test. a-KG, o.-ketoglutarate; Arg, arginine; Gin, glutamine; Glu, glutamate; GLS, glutaminase; GLUD, glutamate dehydrogenase; GLUL, glutamate-ammonia ligase;
NHz", ammonium; OAT, ornithine aminotransferase; P5CS, pyrroline-5-carboxylate synthase; and TCA, tricarboxylic acid. Created with BioRender.com.
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metabolome of tumor-bearing mice were observed upon the delivery of
carbon-labeled glutamine (Figure 2C). Glutamine, other amino acids,
and urea cycle intermediates were among the top 15 significantly
discriminant metabolites, suggesting alterations in the physiological
metabolism of nitrogen upon discrete administration of exogenous
glutamine (Figure 2D). These preliminary results indicate that discrete
administration of exogenous nutritional sources can cause global
changes in the circulating metabolome and possibly in the tumor
metabolism, which could lead to misleading interpretations of tumor
metabolic phenotypes.

Importantly, we cannot extrapolate to which extent plasma metabolic
alterations induced by discrete bolus might impact the tumor
metabolism. In cancer animal models, the nutrient composition of the
plasma differs from that of the tumor interstitial fluid (TIF). Concen-
trations of a specific nutrient can either be increased, decreased, or
unchanged in TIF compared to the plasma of a mouse with pancreatic
cancer [22]. Depending on the nutrients modulated in plasma after
tracer bolus, those alterations might not be mirrored in tumors. This
will also be dictated by tumor-specific metabolic dependencies [10].
It could be argued that both the number of injections and the tracer
doses we used are higher compared to other studies [23,24]. How-
ever, there are also examples in the literature where the total amount
of [U—"3Cg]-glucose and [U—'3Cs]-glutamine injected is similar or
even higher than what we have used [11,25,26]. Therefore, we
encourage the scientific community studying cancer metabolism
through in vivo stable isotope tracing to assess whether the delivery
of a given tracer induces substantial changes not only in the tumor
metabolome, but also in the circulating metabolome. Ideally, analysis
of the tumor interstitial fluid metabolome would be even more
informative. The experimental protocols thus could be optimized (e.g.,
lowering tracer concentration and/or doing single instead of multiple
boluses) to minimize alterations in the physiological levels of the
labeled source without compromising the isotopic enrichment
required to track downstream metabolic reactions. As proposed by
Yuan et al. [26], measuring glycemia throughout [U—13CG] glucose
tracing experiments will be helpful to establish the optimal conditions.
Similar real-time measurements of plasma glutamine concentration
during tracer administration can also be considered using specific
enzymatic analyzers.

2.2. Interorgan exchange fluxes of the tracer: a [U—15N]-glutamine
case study

Owing to its role as an energetic substrate for mammalian tissues,
glucose has been traditionally recognized as the main source of
interorgan circulatory fluxes. However, recent elegant studies have
shown that up to 37 metabolites are sufficiently concentrated in mouse
plasma to substantially contribute to interorgan fluxes. Constant
infusion is the best technical option to achieve the isotopic steady
state, facilitating the interpretation of complex labeling patterns derived
from the interorgan exchange of the tracer. Metabolic flux analysis
(MFA), which aims to model complex metabolic networks only if
steady-state isotopic labeling is achieved highlighted that circulating
lactate has the highest circulatory flux and is a major carbon source for
TCA cycle anaplerosis in most mammalian organs and certain tumor
entities [27,28]. However, MFA is based on mathematical assumptions
and simplifications of interconnected metabolic networks that some-
timesan mislead interpretations [29].

It cannot be excluded that interorgan exchanges of labeled sources
other than glucose-derived metabolites occur. When studying tumor
metabolism, considering the interorgan exchange of the tracer is
crucial — as the resulting tracer and its downstream metabolites may

complicate plasma and tumor labeling patterns. This might be of high
importance if occurring at the level of nutrients to which cancer cells
are addicted, because it could bring confusing interpretations of tumor
metabolic phenotypes. Here, we aimed to recapitulate the importance
of metabolic compartmentalization and the main interorgan exchange
fluxes occurring in mammals to sustain physiological homeostasis
[27,30—32]. We will focus on the interorgan fluxes derived from
glutamine metabolism (summarized in Figure 2E), the most abundant
amino acid in plasma, and one of the most common substrates used to
study tumor metabolism through in vivo stable isotope tracing (refer to
Table 1).

Apart from its contribution to nucleotides and protein synthesis,
glutamine is involved in many metabolic pathways to sustain the
physiological functions of mammalian tissues [33]. Therefore, gluta-
mine has a high interorgan exchange flux (Figure 2E). Dietary gluta-
mine is absorbed by the gut, where it is subsequently deaminated into
glutamate and o.-ketoglutarate (ct-KG) to fuel the TCA cycle and sustain
the energetic demands of enterocytes and colonocytes [34]. Beyond
the gut, glutaminolysis supports TCA cycle anaplerosis in almost every
organ, with a particularly high contribution in the pancreas [27].
Glutamine carbons also fuel anabolic pathways [33] leading to pro-
duction of glucose and glycolytic intermediates not only in gluco-
neogenic tissues (liver, kidney), but also in other organs, such as the
pancreas [32]. In addition, the incorporation of glutamine to both
glycolytic and TCA cycle intermediates provides a carbon skeleton for
synthesis of several nonessential amino acids (NEAAs). Glutamine
carbons also contribute to the synthesis of glutathione, proline, and
arginine; the latest through a pathway that involves the intestinal—
renal axis [35—37]. Briefly, glutamine-derived glutamate is con-
verted into pyrroline-5-carboxylate (P5C) in the small intestine, which
serves as a precursor for the synthesis of ornithine, an intermediate of
the urea cycle. Therefore, glutamine fuels the urea cycle in the gut,
which in turn releases citrulline into the portal vein that is further
taken up by the kidney for de novo biosynthesis of arginine [38,39]
(Figure 2E).

The amide and amine groups of glutamine substantially contribute to
the physiological metabolism of nitrogen [33]. The amide group is
incorporated into the synthesis of asparagine, nucleotides, hexos-
amines, and nicotinamide adenine dinucleotide (NAD). Similarly, the
amine group serves for the synthesis of several NEAAs (e.g., aspartate,
alanine, and serine) through glutamate transamination. The highly
active nitrogen metabolism in mammalian tissues generates consid-
erable amounts of ammonium, which is toxic. Therefore, mammalian
organs (mainly the liver and the kidney) act in concert to recycle
ammonium under diverse physiological conditions [39,40].

Liver zonation regulates ammonium recycling through compartmen-
talization of glutamine metabolism (Figure 2E). Under physiological
conditions, periportal hepatocytes extract glutamine from the portal
vein and subsequently catabolize it into glutamate and a-KG. Gluta-
minolysis in periportal hepatocytes generates a carbon skeleton to fuel
the TCA cycle and produce two ammonium molecules that are recycled
as urea by the urea cycle [39]. The urea produced in periportal he-
patocytes is then released into the bloodstream and transported to the
kidneys, where it is eliminated through the urine. The liver is the only
mammalian organ with a full urea cycle, and therefore, it also recycles
ammonium derived from the nitrogen metabolism of other tissues. In
perivenous hepatocytes, glutamate generated in periportal hepatocytes
is taken up and converted into glutamine through the recycling of
ammonium. When ammonium is excessively concentrated in plasma,
this glutamine—glutamate—glutamine cycle in the liver is enhanced to
maximize its recycling [39,41,42].
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Physiological glutamine interorgan exchanges can be illustrated with
in vivo [U—15N2]-glutamine tracing, which we performed in tumor-free
mice through two discrete bolus injections. Importantly, a transient
equilibrium between labeled and unlabeled glutamine was reached at
least 30 min after the second bolus of [U—"°N]-glutamine. Never-
theless, a switch from M+2 to M+1 glutamine (the latest being the
main circulating isotopologue) occurred in a time-dependent manner
(Figure 2F) [43]. Such an unexpected and quick phenomenon (25 min
after the first bolus injection) suggests a tissue-specific conversion of
[U—‘5N2]-glutamine through the glutamine—glutamate—glutamine
cycle between periportal and perivenous hepatocytes (Figure 2E, G). As
the excessive intake of dietary protein or amino acids has been shown
to increase renal ammonium excretion [40], we hypothesized that [U—
'5N,]-glutamine administration might stimulate glutaminolysis, and
concomitantly, ammonium production. Therefore, this would activate
ammonium recycling through the glutamine—glutamate—glutamine
cycle in the liver, leading to the mix of circulating glutamine iso-
topologues that we observed.

Glutamine is highly taken up and metabolized by certain tumor types
such as glioma and liver tumors [44,45]. Although not formally proved,
it is likely that the presence of substantial glutamine in the bloodstream
following two discrete [U—15N2]-glutamine boluses can alter the la-
beling patterns of glutamine addicted tumors. However, the position of
the labeled nitrogen in circulating glutamine M+1 remains unresolved:
Do we have a mix or only a specific 15N1-glutamine isotopomer (15N1-
amine- and/or 15N1-amide-g|utamine)? Since liquid chromatography
coupled to tandem mass spectrometry (LC-MS-MS) was not per-
formed, we cannot illustrate the isotopomer distribution of the gluta-
mine M--1 isotopologue. Nevertheless, we hypothesized that
conversion of glutamine M+2 into M+1 might occur in the liver
(Figure 2F) [43]; thus the labeled nitrogen of glutamine M-+1 should
correspond to its amine-group (Figure 2G). In this case, the relative
abundance of the metabolites that incorporate the '°N-amide-group of
glutamine would be under-estimated; possibly leading to false con-
clusions. Normalization according to the percentage of plasma gluta-
mine M+2 enrichment would be a solution to correct the loss of
labeled amide. However, this requires the achievement of a circulating
isotopic steady state, which is not reached through tracer adminis-
tration by bolus (es).

Physiological [U—15N2]-glutamine interorgan exchanges can also lead
to the presence of other circulating labeled metabolites. For instance,
glutaminolysis would generate an excess of labeled ammonium in the
bloodstream. Although ammonium is physiologically recycled in the
liver and excreted by the kidney through urine, this does not account
for complete elimination [40]. Therefore, in the context of cancer,
circulating labeled ammonium might be taken up and metabolically
recycled by tumors through ammonium assimilating enzymes [46].
Reinforcing the hypothesis of a dynamic nitrogen metabolism upon
[U—15N2]-glutamine administration, we observed increased levels of
all urea cycle intermediates in the plasma of mice after 40 min of
tracing (maximal glutamine abundance) (Figure 2H). Furthermore,
consistent with the physiological synthesis of arginine through the
intestinal—renal axis (Figure 2E), total levels of plasma citrulline were
significantly higher and substantial levels of labeled citrulline were
detected in circulation after 40 min of [U—15N2]-glutamine tracing
(Figure 2lI) [43]. Further in vivo isotope tracing experiments are
required to refine the proposed hypothetical mechanism of interorgan
exchange that might occur after discrete bolus administration of
nitrogen-labeled glutamine.

It is also important to mention that if instead of tracing [U—15N2]-
glutamine we had traced [U—13C5]—glutamine, we would have never
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observed the fast time-dependent conversion of one glutamine iso-
topologue to another in the bloodstream — because the carbon skel-
eton is maintained throughout this physiological glutamine—
glutamate—glutamine cycle (Figure 2G). Therefore, the choice of the
tracer is an important factor to consider according to the biological
model used and the specific scientific question raised, when designing
in vivo stable isotope tracing protocols.

Whether glutamine interorgan exchange might occur following
continuous infusion of [U—°No]-glutamine still needs to be addressed.
Nevertheless, it seems plausible that this phenomenon is likely to be
exacerbated by discrete administration methods, which do not allow
for a constant supply of the tracer and require injections of the tracer at
high concentrations and/or multiple boluses (refer to Table 1).
Although we cannot extend our results to other tracers, the interorgan
exchange of circulating nutrients other than glutamine has been
already reported in mammals [30—32]. Whether the resulting labeled
metabolites in the bloodstream can alter tumor labeling patterns
might depend on the avidity of cancer cells for this given nutrient.
Recently, a glucose—alanine cycle between tumor and liver has been
reported in a zebrafish melanoma model [47]. After considering the
potential impact of delivering a tracer by discrete bolus, optimization
of experimental settings would help to minimize the isotopic labeling
of the tracer derived from an interorgan exchange, as it naturally
happens. In our case, shortening the [U—'°N,]-glutamine tracing
period partially prevented the conversion of glutamine M-+2 into
glutamine M+1 without impacting tracer enrichment in the blood-
stream (Figure 2F). Other parameters such as the route of admin-
istration might influence plasma and tumor labeling patterns. For
instance, the route used to administer '3C-labeled fructose has been
shown to impact the way it is metabolized [48]. Therefore, it would be
of interest to investigate whether delivering a given tracer through
different discrete administration methods (oral, i. p, i. v) influences
the outcome of the experiment. Finally, another parameter to
consider is the fasting period that is usually performed before con-
stant tracer infusions (refer to Table 1). However, the impact of
fasting when performing in vivo stable isotope tracing has not been
fully addressed and it will be considered in the following section.

3. TO BE FASTED OR NOT TO BE FASTED? THE PARADIGM OF
FASTING IN ISOTOPE TRACING

Fasting of animal models before tracer administration is commonly
included as part of most in vivo isotope tracing protocols despite any
consensus. Fasting is expected to maximize tissue uptake of the
labeled metabolite and minimize fluctuations in the concentration of
plasma and tissue metabolites caused by variable feeding behaviors
among animals fed ad libitum. This common practice might be anal-
ogous to the routine overnight fasting required in the clinic before
measuring serum biochemical variables in humans (glycemia,
cholesterol, for instance). Interestingly, changing this clinical standard
to a more practical nonfasting blood sampling when measuring the
lipidic profile has been effective for predictions of cardiovascular dis-
ease risk in humans [54].

In the case of in vivo stable isotope tracing, fasting is not intended to
change animal metabolism, but to provide a basal postabsorptive
metabolic state as has been described in humans [55]. Indeed,
intraoperative [13U—CG]-qucose infusions for metabolomic analysis of
resected tumors and biopsies from adults and children with different
types of cancer have been performed under fasting as required by a
surgical intervention [16,56,57]. In the context of cancer research on
animal models, rigorous studies to experimentally determine the
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optimal fasting duration to achieve a basal metabolic state in mice
have not been undertaken yet. Interestingly, in stable isotope tracing
studies, mice commonly undergo fasting periods that last longer than
the clinical standard for human blood sampling. Whether mice
deprived of food for 8h and longer are just fasted or rather starved is to
be determined. Beyond the fasting duration, mice are also commonly
fasted during their active night cycle, a practice that disrupts their
natural feeding-fasting rhythm.

Few recent studies have investigated metabolite fluxes in fasted and
fed states by independently infusing several labeled metabolites.
However, analysis of total metabolite levels in plasma and tissue
beyond labeling enrichment has not been reported [31,32]. Here, we
discuss (i) the major systemic effects of fasting in mice and (ii) the
impact of fasting on the levels of tumoral metabolites upon discrete
bolus injections of fully carbon-labeled glucose. The latter topic will be
illustrated with our metabolomics and tracing data.

3.1. Adaptive metabolism to food deprivation in mammals
Metabolic plasticity in fed, postabsorptive, and fasted states allows
organisms to adjust their metabolic demands to nutrient availability
(Figure 3A). In humans, the smooth metabolic transition from fed to
fasted state is regulated by insulin, glucagon, and other hormones.
Major changes after two or three days of fasting are glucose and
nonesterified fatty acid release into plasma because of hepatic
glycogenolysis and lipolysis in adipose tissue [58]. When hepatic
glycogen stores are depleted, gluconeogenesis remains as the main
hepatic pathway producing circulating glucose [59]. In accordance
with this adaptive metabolism in humans, mice undergoing diurnal
fasting for 8 h use glycogenolysis and gluconeogenesis for synthesis of
glycolytic intermediates in most organs [32]. Indeed, gluconeogenesis
has been shown to contribute more than glycogenolysis to circulating
glucose, whereas glycogen stands out as a major contributor of
glycolytic intermediates in mice fasted for 8 h [32].

Mice fasted for 8 h display higher glycogen breakdown in most organs to
fuel tissue energetic demands as compared to fed animals. Gluconeo-
genesis contribution to circulating glucose and TCA cycle intermediates
also occur in the liver and extrahepatic tissues of mice fasted for 8 h.
Among the gluconeogenic substrates, lactate and glycerol contribute the
most to circulating glucose and the TCA cycle in tissues. Major differ-
ences between 8 h-fasted and refed mice come from increased glycerol
usage for the production of circulating glucose in fasted animals. This
correlates with a key metabolic feature of the fasted state, i.e., the
catabolism of triglycerides producing free pools of glycerol for gluco-
neogenesis [32]. In mice fasted for 8.5 h, glycerol followed by alanine
and fatty acids made a higher direct contribution to circulating glucose
than in fed mice [31]. Glucose conversion to circulating lactate (the Cori
cycle) for subsequent lactate oxidation by tissues has been described as
the main flux dictating carbohydrate oxidation irrespective of 8 h-fasting
and refeeding in mice [32]. Apart from the Cori cycle with a flux rate
notably decreased in fasted mice, other major circulating metabolite
fluxes are not significantly perturbated after food deprivation for 8 h [31].
Overall, when a steady-state labeling is reached after the infusion of
tracers other than glucose and fructose, fasting does not significantly
change animal tissue nutrients consumption [31]. Besides adipose tis-
sue and muscle, minor changes in tissue nutrient usage occurred in
fasted mice for 8 h. The analysis of the specific labeled nutrient
contribution to tissue metabolites along with the determination of total
metabolite levels in plasma and tissue will bring novel notions of sys-
temic and organ-specific changes because due to fasting.
Carbohydrate oxidation from dietary glucose constitutes the main
source of energy production upon feeding. Mice refed during the

night after diurnal fasting have shown two-fold higher carbohydrate
oxidation and glucose turnover from the circulation as compared to
fasted animals [32]. In the fasted state, energetic demands are
satisfied from different substrates as compared to the fed state. As
the availability of dietary glucose drops over the fasting period, there
is a gradual switch from carbohydrate to fatty acid oxidation. Fatty
acid oxidation in the liver not only yields energy for hepatic demands,
but also produces alternative fuels such as ketone species by
ketogenesis [59]. Circulating ketone species are taken up by extra-
hepatic tissues such as the brain, heart, and skeletal muscle for
production of energy by terminal oxidation [60]. Indeed, the human
circulating metabolome during starvation is characterized by high
levels of ketone species, unsaturated long-chain fatty acids, and
acylcarnitines along with ketogenic amino acids and their catabolites.
Most of these metabolites reach significantly higher levels after two
days of fasting in humans [58].

Mice fasted for 8.5 h during the day showed an augmented
contribution of fatty acids to tissue TCA cycle intermediates as
compared to fed animals. In addition, fatty acids were the major
direct contributors to circulating D-B-hydroxybutyrate (D-B0HB), the
most abundant ketone body. The direct contribution of this ketone to
the tissue TCA cycle was higher in the fasted state. Thus, systemic
carbohydrate and fat contribution to tissue TCA cycle stand out as
the major metabolic phenomena differentiating fasted and fed
states, respectively. Signs of this metabolic switch have been
observed in mice fasted for 8.5 h [31]. Fasting, as a physiological
challenge, elicits an evolutionarily conserved and adaptive metabolic
mechanism characterized by a gradual switch in substrate usage to
cope with energetic demands when dietary glucose becomes
scarcer over time (Figure 3A).

3.2. Impact of fasting for in vivo stable isotope tracing on mouse
physiology

Most of the stable isotope tracing studies in cancer mouse models in
the previous years show variability in experimental setups with respect
to fasting duration and timing (refer to Table 1). Several studies
infusing glucose, glutamine, and lactate have reported fasting periods
of 6 or 16 h [10,14,16,28,50—52]. For those studies where the fasting
time was detailed, both diurnal and nocturnal fasting appeared as
options. Despite the absence of consensus, overnight fasting for 16 h
is the most common practice. Interestingly, one of the most recent
tracing studies in healthy mice has reported that diurnal fasted animals
for 8 h display a respiratory exchange ratio (RER) that decreased from
0.9 to 0.8 after 2 h of fasting. As a measure of carbon oxidation, RER
was below 0.8 after 4 h of fasting onset, reflecting definitive fat
burning [31]. Therefore, fasting for 16 h is expected to induce meta-
bolic adaptations that rely on fatty acid oxidation for energy production.
Another critical aspect of fasting beyond its duration is associated with
its daily timing. Since mice are nocturnal mammals consuming food
mainly in their active night cycle, an imposed nocturnal fasting disrupts
their natural feeding-fasting cycle. Under normal conditions, the sys-
temic circadian clock couples brain and systemic signals with the
organism behavior to anticipate and adapt nutrient availability to en-
ergetic demands along the day—night cycle. Food intake and digestion
along with carbohydrate and fat oxidation, as well as daily oscillations
of the local and global metabolism are transcriptionally and hormonally
regulated by the circadian clock [61]. Environmental desynchronization
of the feeding-fasting rhythm of mice with their natural wake—sleep
cycle might lead to metabolic alterations [61,62], whereas reinforc-
ing the natural circadian rhythm with night-restricted feeding and
diurnal fasting provides better control of physiological metabolic
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Figure 3: Metabolic plasticity during feeding and fasting. A. Schematic representation of the systemic metabolic phenomena occurring in fed and fasted states. Glycogen
breakdown, gluconeogenesis, fatty acid release by lipolysis, and systemic switch from carbohydrate to lipid oxidation during the transit from fed to fasted states. Systemic changes
impact tumoral metabolism depending on the availability of energetic substrates. B. Fractional enrichment of '3C-labeled glucose in plasma, liver, and tumor of fasted (n = 4—5)
and fed mice (n = 4—5) on [U—"3Cg]-glucose administration. C. Peak area of glucose isotopologues in plasma, liver, and tumor of fasted (n = 4—5) and fed mice (n = 4—5)
traced with [U—"3C4]-glucose versus their respective unlabeled control mice (n = 4—5). [U—'3Ce]-glucose (1 g/kg) was administered by two intraperitoneal boluses separated by a
20-min interval in 3 h-fasted and fed tumor-bearing mice. Blood was collected from the tail vein 40 min after the first tracer injection. Results have been corrected for the presence
of naturally occurring *3C stable isotopes using Metabolite AutoPlotter, a free online tool for metabolomics data processing [43]. D. Total levels of o-B-hydroxybutyrate in plasma
and tumor of fed and fasted mice traced with [U—"3Cg]-glucose (1 g/kg) and [U—'3Cs]-glutamine (0.3 g/kg) versus their respective unlabeled control mice (n = 4—5). Bars
represent mean + SD. Statistical differences were determined by the two-tailed Student’s t-test. OxPhos, oxidative phosphorylation; FAO, fatty acid oxidation; TAG, triglycerides; D-

BOHB, o-B-hydroxybutyrate. Created with BioRender.com.

parameters [62,63]. Mice undergoing diurnal or nocturnal fasting for
only a day display perturbations in the circadian rhythmic expression of
more than 80% of hepatic transcripts as compared to mice fed ad
libitum [64]. Therefore, it is rational to argue that food deprivation for
16 h overnight before tracer administration entails not only a prolonged
period of fasting, but also circadian metabolic perturbations. These

potential physiological alterations should be experimentally determined
and considered for in vivo stable isotope tracing experiments.

It is still unclear whether diurnal fasting impacts tracer enrichment in
the bloodstream and global or tumor metabolism. Some suggestions
can be made from our metabolomics studies. Subcutaneous tumor-
bearing mice fasted in the morning for 3 h or fed ad libitum were
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supplemented with [U—"3Cg]-glucose by discrete boluses (Figure 3B)
[43]. Tracer enrichment in the circulation was slightly and signifi-
cantly lower in fed mice compared to fasted animals, although suf-
ficiently high (40%) to detect labeling into downstream metabolites
(Figure 3B) [43]. Whereas levels of [U-'3Cq]-glucose were not
different in the liver, labeled glucose in tumors mimicked circulating
levels of the tracer. Heterogeneity among samples did not stand out
as a parameter that was dramatically changed between fasted and
fed state. Thus, in terms of tracer enrichment, a diurnal fasting period
of 3 h when performing glucose tracing by discrete boluses does not
bring apparent benefits.

Administration of [U—13C6]-glucose increased total levels of glucose in
plasma and tumor irrespective of fasted and fed state (Figure 3C) [43].
In the liver, total glucose levels upon tracer administration were
increased in the fasted state, but not in fed mice despite similar
enrichment of labeled glucose (Figure 3B) [43]. These higher levels of
hepatic glucose correlate with higher levels of circulating glucose
following its exogenous administration, and likely, with an augmented
hepatic appetite for sugar upon its availability.

Total levels of circulating o-B-hydroxybutyrate (D-BOHB) were signif-
icantly decreased in fasted mice on supplementation with [U—'C]-
glucose, but not with [U—"3Cs]-glutamine (Figure 3D, upper panel). As
glucose is the preferential energetic substrate at a systemic level,
these results may indicate a ketogenic status that is not ameliorated by
a less favorite source of energy, glutamine. Circulating levels of this
ketone body did not change in fed mice irrespective of labeled glucose
administration. In tumors, the abundance of D-BOHB was significantly
decreased after labeled glucose supplementation and to a lesser extent
upon labeled glutamine administration in fasted mice (Figure 3D, lower
panel). No changes were observed in plasma and tumors of fed ani-
mals irrespective of labeled glucose administration. As a ketone body,
D-BOHB could be synthesized at higher levels by its main producer, the
liver, exported to the circulation and taken up by the tumor as an
alternative energetic fuel in fasted mice. We cannot exclude that D-
BOHB could also be produced at a higher extent by the tumor itself
[60]. Irrespective of the source of this ketone body, reduced levels of
intratumoral D-BOHB in fasted mice are likely associated with the
exogenous administration of labeled glucose and glutamine. Therefore,
fasting might impact tumoral metabolism by favoring the use of
alternative energetic fuels such as ketones due to food deprivation.
Even though tracer supplementation decreased intratumoral levels of
D-BOHB to different degrees depending on the labeled nutrient
exogenously administrated, terminal oxidation of D-BOHB through
oxidative phosphorylation might still occur in fasted mice upon tracing
as compared to fed animals. Tracing the fate of labeled carbons in
fasted mice might partially reflect a gradual switch from ketone to
tracer oxidation in tumors rather than a basal metabolic usage of the
labeled nutrient by transformed tissues.

Metabolic alterations associated with fasting and subsequent tracer
supplementation by discrete bolus cannot be ruled out. Beyond tracer
supplementation-associated disturbances of the animal physiology,
nonoptimized fasting periods may contribute to systemic and tissue-
specific metabolic alterations. We encourage, as a rational alterna-
tive, (i) to perform in vivo stable isotope tracing experiments in fasted
and fed mice to determine the optimal conditions in a cancer animal
model of interest. /n vivo tracing without prior fasting would not only be
experimentally simpler, but also advantageous. If fasting is experi-
mentally proven to be beneficial for in vivo tracing in cancer animal
models, we suggest (i) diurnal and short-term food restriction in mice.
Considering that fasting might impact animal physiology and stable
isotope tracing, it is intriguing to consider whether tracing in mice

depleted of certain nutrients will lead to confounding interpretations.
Such a complex scenario will be illustrated in the next section, focusing
on mice under amino acid-restricted diets or amino acid-depleting
antimetabolic drugs.

4. IMPACT OF AMINO ACID RESTRICTION APPROACHES ON
IN VIVO STABLE ISOTOPE TRACING

Amino acids (AAs) not only serve as building blocks for protein syn-
thesis, but also provide carbons and nitrogen atoms for anabolic re-
actions, energy production, regulation of the redox balance as well as
epigenetic and post-transcriptional gene expression. Therefore,
beyond their widely known glucose dependence, it is now well-
established that cancer cells are also addicted to nonessential amino
acids (NEAAs) to sustain tumor growth [65,66]. As a consequence, the
classification of AAs as essential and nonessential does not properly
reflect tumor dependencies and several NEAAs have been reclassified
as conditionally essential in the context of cancer [67,68].

The AA requirements of cancer cells are dependent on several factors
irrespective of their oncogenic mutations. However, both extracellular
(i.e., in the TME) and intracellular AA availability dictate the de-
pendency of tumors for certain AAs. In this sense, some tumors are
dependent on de novo biosynthesis of the NEAAs that are present at
very low concentrations in plasma, such as aspartate [69,70]. Simi-
larly, some AAs (e.g., glutamine, and serine) are spatially depleted
within the TME of certain cancer types [22], rendering tumors
dependent on de novo biosynthesis [71] or extracellular protein
scavenging [72,73]. In addition, conditionally essential AAs can also be
de novo synthesized at insufficient concentrations to satisfy tumor
needs, which partly explains the avidity of cancer cells for exogenous
sources of such AAs. Moreover, some tumors are auxotrophic for
certain NEAAs since epigenetic modifications suppress the expression
of key metabolic enzymes involved in their de novo biosynthesis. For
instance, the gene encoding for the asparagine synthetase (ASNS)
enzyme is commonly silenced in acute lymphoblastic leukemia (ALL),
rendering ALL cells auxotrophic for asparagine [74]. Similarly, several
cancers are deficient for the urea cycle enzyme, argininosuccinate
synthase (ASS1), which appears to be a metabolic advantage by
diverting aspartate into de novo pyrimidine synthesis [75], but renders
ASS1-deficient cancer cells auxotrophic for arginine [76].

Targeting the addiction of tumors for certain AAs appears to be a
promising anticancer therapeutic strategy. In this context, AA dietary
modifications are emerging as a potential approach to exploit the AA
dependencies of tumors to enhance anticancer therapies [77,78]. For
instance, tumor growth inhibition and sensitization to chemo- and
radiotherapy have been observed in several mouse cancer mouse
models fed a low-methionine diet [79]. Interestingly, dietary restriction
of certain NEAAs has also shown antitumoral effects. For instance,
serine/glycine-free diets have been efficient in reducing tumor growth
in several xenografts and autochthonous mouse cancer models driven
by different mutations [80,81]. More recently, limiting asparagine
bioavailability through dietary restriction has been shown to reduce the
metastatic potential of an orthotopic breast cancer mouse model [82].
Going a step further, it would be of great interest to study tumor
metabolism in mouse cancer models under AA-restricted diets. Un-
derstanding how cancer cells adapt their metabolism to sustain tumor
growth will help to identify and tackle the potential mechanisms of
resistance occurring on AA restriction. In in vitro settings, stable
isotope tracing appears to be a valuable tool to follow the metabolic
adaptations of cancer cells deprived of specific AAs. [U—13CG]-qucose
tracing in vitro has shown that de novo serine synthesis is induced by
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cancer cells under serine-deprived conditions. As a consequence, the
combination of dietary serine restriction and pharmacological inhibition
of phosphoglycerate dehydrogenase (PHGDH), a rate-limiting enzyme
in the serine biosynthetic pathway, has shown antitumoral effects on
mouse cancer models resistant to each treatment alone [81,83].
Indeed, in vivo [U—1306]—glucose tracing has not been performed to
directly prove increased de novo serine synthesis in tumors of mice fed
with a serine-free diet. However, very few studies have applied in vivo
stable isotope tracing to unravel tumor metabolism in animals upon AA
restriction or any other antimetabolic treatment [17,84,85]. In addition,
many of these studies have limited the use of in vivo stable isotope
tracing to assess the efficacy of enzymatic inhibitors, without exploring
potential tumor metabolic adaptations in response to a given anti-
metabolic treatment [86—88]. Based on the scarcity of these studies,
we hypothesized that the physiological consequences of systemic AA
deprivation might lead to a very complex isotopic scenario in the TME
that challenges the interpretation of tumor labeling patterns. At a
physiological level, it is not trivial to starve tumors of AAs without
impacting the systemic metabolism. The depletion of circulating AAs
disrupts the AA physiological homeostasis, which is dictated by the
organ-specific metabolite turnover [30]. To illustrate this point, serine
and glycine are highly interconverted both in the kidney and the liver,
contributing to the systemic homeostasis of one-carbon metabolism,
which supports important physiological processes (e.g., nucleotide and
amino acid synthesis, redox balance, epigenetic regulation)
[30,39,40,89,90] (Figure 4A). Despite being the organ expressing the
highest levels of ASNS [91—93], the pancreas is addicted to exoge-
nous sources of asparagine, a feature that is reflected by asparagine
enrichment in digestive enzymes synthesized by pancreatic acinar
cells as compared to the global proteome [94] (Figure 4B). Therefore,
targeting tumor nutritional requirements using specific AA restriction
strategies may also impact the metabolism of nontumoral tissues,
especially those with specific AA metabolic functions, a phenomenon
that might disturb the composition of the circulating metabolome.
While plasma AA levels of tumor-bearing mice have been shown to
remain highly constant even upon protein deprivation — partly owing to
muscle atrophy to maintain a constant supply of EAAs in mammalian
organs [78,95] — it is reasonable to argue that upon AA dietary

restriction, the organism will undergo adaptative responses to sustain
its physiologic metabolic functions. Based on the metabolic alterations
observed on tracer administration (Figure 2), we hypothesized that
performing in vivo stable isotope tracing on mouse cancer models fed
with an AA-restricted diet might stimulate systemic adaptative re-
sponses leading to specific interorgan exchange and conversion of the
labeled source. In this scenario, the interpretation of tumor labeling
patterns would become particularly challenging, which might explain
the lack of such studies in the literature.

5. CONCLUSIONS & PERSPECTIVES

Despite the apparent difficulty of studying the metabolism of
nutritional-restricted tumors by in vivo stable isotope tracing, we
strongly believe that this is a necessary step to deeply understand the
metabolic adaptations leading to treatment escape and tumor
relapse. Therefore, we encourage the scientific community to
address this hot topic. As previously described, careful selection of
the tracer, optimization of its concentration, administration method,
and duration of the tracing period will be key to designing protocols
that can address specific scientific questions and obtain interpretable
results. Thus, an exhaustive bibliographic study of the physiological
adaptative responses occurring upon restriction of specific metabo-
lites followed by an experimental optimization in the cancer animal
model of interest will be required. Importantly, most tumor entities
are composed of various cell types including cancer cells (evolving in
hypoxic or oxygenated areas) and stromal cells (fibroblasts, immune,
and endothelial cells). There is extensive evidence of cross-talk be-
tween cancer cells and stromal cells to sustain tumor metabolism
[23,96—100]. Consequently, each cell-specific population contributes
to the metabolic profile of the tumor in vivo [101,102]. When per-
forming in vivo stable isotope tracing, these different populations
might metabolize tracer, providing labeled metabolites independent of
the circulation, another complex scenario that might resemble the
interorgan exchange of labeled nutrients. Determining the metabolic
features of cancer cells and different cell populations within the TME
have been challenging till now; because the time needed to isolate
the different cell populations is incompatible with the stability of the
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metabolites that have a rapid turnover [96]. Tracing labeled nutrients
(for instance, [U—13C6]—glucose) into macromolecules with a lower
turnover than metabolites has been proposed as an elegant solution
to dissect cell-type specific metabolism in pancreatic adenocarci-
nomas [103].
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Simple Summary: Cancer treatments are evolving at a very rapid pace. Some of the most novel
anti-cancer medicines under development rely on the modification of immune cells in order to
transform them into potent tumor-killing cells. However, the tumor microenvironment (TME) is
competing for nutrients with these harnessed immune cells and therefore paralyzes their metabolic
effective and active anti-cancer activities. Here we describe strategies to overcome these hurdles
imposed on immune cell activity, which lead to therapeutic approaches to enhance metabolic fitness
of the patient’s immune system with the objective to improve their anti-cancer capacity.

Abstract: Chimeric antigen receptor (CAR) T and CAR NK cell therapies opened new avenues
for cancer treatment. Although original successes of CAR T and CAR NK cells for the treatment
of hematological malignancies were extraordinary, several obstacles have since been revealed, in
particular their use for the treatment of solid cancers. The tumor microenvironment (TME) is
competing for nutrients with T and NK cells and their CAR-expressing counterparts, paralyzing their
metabolic effective and active states. Consequently, this can lead to alterations in their anti-tumoral
capacity and persistence in vivo. High glucose uptake and the depletion of key amino acids by
the TME can deprive T and NK cells of energy and building blocks, which turns them into a state
of anergy, where they are unable to exert cytotoxic activity against cancer cells. This is especially
true in the context of an immune-suppressive TME. In order to re-invigorate the T, NK, CAR T
and CAR NK cell-mediated antitumor response, the field is now attempting to understand how
metabolic pathways might change T and NK responses and functions, as well as those from their
CAR-expressing partners. This revealed ways to metabolically rewire these cells by using metabolic
enhancers or optimizing pre-infusion in vitro cultures of these cells. Importantly, next-generation
CART and CAR NK products might include in the future the necessary metabolic requirements by
improving their design, manufacturing process and other parameters. This will allow the overcoming
of current limitations due to their interaction with the suppressive TME. In a clinical setting, this
might improve their anti-cancer effector activity in synergy with immunotherapies. In this review,
we discuss how the tumor cells and TME interfere with T and NK cell metabolic requirements. This
may potentially lead to therapeutic approaches that enhance the metabolic fitness of CAR T and CAR
NK cells, with the objective to improve their anti-cancer capacity.

Keywords: T cell; NK cell; CAR T cell; CAR NK cell; metabolism; glycolysis; OXPHOS; immunother-
apy; cancer therapy
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1. T Cell and CAR T Cell Metabolism Plays a Major Role in Anti-Cancer Immunity
1.1. T Cell Metabolism in a “Healthy” Environment

T cells are major components of the adaptive immune system. CD4+ cells, as well
as CD8+ T cells, function as effectors of the immune system. T cells continuously screen
lymphoid and peripheral tissues such as the spleen and lymph nodes for antigens (peptides
or lipids) that are presented by the major histocompatibility complex (MHC) of antigen-
presenting cells (APCs). APCs include macrophages, dendritic cells and B cells. When
T cells recognize a specific antigen from pathogens or tumor cells through their TCR,
they start to expand and migrate to the diseased tissues, where they exert their effector
functions by killing infected or malignant cells. In order to perform these effector functions,
T cells undergo complex molecular changes. Once the TCR is engaged, protein tyrosine
kinases phosphorylate tyrosine residues situated in the cytoplasmic tail of the TCR, which
then binds to various signaling molecules that activate multiple transcription factors that
transform naive T cells into effector T cells [1].

This requires an extensive “metabolic reprogramming” of T cells in order to provide
the energy and building blocks for their clonal expansion and to ensure their anti-cancer
activity. Some of the earlier studies on immunometabolism of human T cells were pub-
lished in the context of HIV. HIV-1 mainly infects CD4+ T cells and accumulation. The
evidence has brought to light the association between T cell metabolism reprogramming
and HIV-1 pathogenesis [2,3]. Recently, metabolic reprogramming of T cells was proposed
as an approach for HIV cure and HIV reservoir eradication [4]. Resting T cells in our
bloodstream rely mainly on oxidative phosphorylation (OXPHOS) and fatty acid oxidation
in the mitochondria to generate enough ATP, which sustains their homeostasis. Upon
antigen encounter, they rapidly start to increase glucose and amino acid (aa) uptake, which
alters their metabolism to glycolysis, by increasing the activity of multiple kinases (Phos-
phoinositide 3-kinase (PI3K)/Protein kinase B (AKT)/mammalian target of rapamycin
(mTOR) [5-9]. For example, activation of mTOR promotes glycolysis through the upregula-
tion of the major regulator c-Myc and hypoxia-inducible factor 1 « (HIF1«x) [10,11]. Glucose
uses mainly the glucose transporter 1 (GLUT1) transporter for its uptake, whereas aa such
as glutamine uses large amino acid transporter 1 (LAT1), serotonin N-acetyltransferase
(SNAT-1,-2) and ASC amino acid transporter 2 (ASCT2) [12-14]. In human and mouse T
cells, antigen exposure that requires a co-stimulatory signal through CD28 [15,16] results in
activation of the central metabolic regulator mTOR, which boosts the GLUT1 transporter
ensuring increased glucose uptake [17-19].

Glucose is first metabolized into pyruvate, which according to the T cell activation
state, follows a different metabolic pathway. Resting T cells convert pyruvate to acetyl-CoA
for mitochondrial respiration. Interleukin 7 (IL-7) is the main survival cytokine required
for the maintenance of these cells as it upregulates GLUT1 for glucose uptake [20,21]. In
contrast, antigen-stimulated T cells increase their glucose uptake 18-fold, compared to rest-
ing T cells [22], and preferentially convert the resulting pyruvate into lactate, which is then
secreted via the monocarboxylate lactate transporters (MCT), MCT1 and MCT4 [16,23,24].
Of note, pyruvate can also be directly imported by the MCTs [25]. This process is called
“aerobic glycolysis” and permits a more rapid metabolism of incoming glucose to pyruvate.
This occurs by rapid regeneration of the cofactor NAD+, while at the same time, provides
many precursors for aa, protein and lipid synthesis that are all required by rapidly divid-
ing cells. Additionally, increased glycolytic flux also increases the expression of effector
molecules and requires high rate glycolytic enzymes, such as GAPDH, which is then unable
to exercise non-glycolytic functions, including interferon y (INFy) inhibition at the mRNA
level [26]. In parallel, activated murine and human T cells also continue to some extent
their mitochondrial metabolism because some of the pyruvates from glycolysis can enter
into the mitochondria and is converted into acetyl-CoA, which enters the tricarboxylic acid
(TCA) cycle to produce carbon dioxide and water, but also drives the electron transport
chain to produce ATP and reactive oxygen species (ROS) [27-29].
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An essential aa such as glutamine is required for T cell proliferation [13,16,27]. Ac-
tivated T cells upregulate glutamine transporters and glutaminolytic enzymes, which
metabolize glutamine to o-ketoglutarate that fuels the TCA cycle [16]. T cell proliferation is
not only sustained by ATP generation but also by ROS production, which stabilizes effector
molecule expression and redox homeostasis in murine T cells [29,30]. Moreover, inhibition
of the mitochondrial transport chain in murine T cells and hematopoietic stem cells renders
them functionally incompetent in vivo, underlining the importance of mitochondrial func-
tion in these cells [29,31]. Importantly, it was recently revealed that intermediate products
of the TCA cycle are implicated in histone modification, thereby modulating gene transcrip-
tion and function of several genes, important for T cell fitness [30,32,33]. It is important to
note that in the activation phase, effector T cells use mainly aerobic glycolysis. However,
once they become memory T cells, they adapt again to OXPHOS metabolism, as shown
in the context of murine T cells [34]. Subsequently, once they are repeatedly challenged,
murine T cells, as well as human T cells, rapidly undergo a reactivation by adapting their
metabolism [35,36].

We further focus on the T cell immunometabolism and function in the context of cancer
and cancer treatment, focusing on chimeric antigen receptor (CAR) T cell immunotherapy.

1.2. T Cells Metabolism in the “Tumor” Microenvironment (Figure 1)

T cell therapies are very effective for hematopoietic malignancies [37-40]. However, for
solid tumors, this is not the case since the metabolic environment can be very immunosuppres-
sive, reverting murine and human T cells into a nonfunctional exhausted phenotype [41-43].
Uncovering these immune-metabolic hurdles will be essential for a more rational design of
future cancer therapies. Acidity, low oxygen levels (hypoxia), suppressive metabolites and
low nutrient availability encountered in the tumor microenvironment (TME) can severely
suppress therapeutic T cell effector function. This was previously not considered in the context
of clinical trials. However, it now represents a major concern in the field of immunotherapy
and has encouraged an extensive field of research. Tumor cells rely strongly on glycolysis
for their energy (ATP) production. Strangely enough, it has become clear that tumors cells
still have the capacity to use OXPHOS, which is a metabolic pathway that generates more
ATP. However, cancer cells use mainly glucose for fueling glycolysis, even in the presence of
sufficient oxygen. This phenomenon, called aerobic glycolysis, was discovered by Warburg
(Warburg effect; [44—48]). Glycolysis leads to strong tumor cell proliferation that depletes
the TME of nutrients for the T infiltrating lymphocytes (TILs) and also produces immuno-
suppressive metabolites [26,49]. However, as indicated above, T cells can make a sudden
switch in their metabolism from oxidative phosphorylation to glycolysis in order to exert
their effector function [6,26]. This actually means that activated/effector T cells adapt an
anaerobic glycolytic metabolic program in a similar manner to highly proliferating cancer
cells [5]. Thus, T cells and cancer cells are in continuous competition for the same nutrients
to sustain themselves (Figure 1). Importantly, T cell metabolic requirements can vary with
the type of solid tumor. Indeed, glucose uptake by tumors and the TME results in glucose
deprivation for T cells. Additionally, the byproduct lactate is extremely immunosuppressive,
which leads to the acidification of the tumor environment [50-52], weakening CD8+ T cell
effector functions, proliferation and cytokine production both in the murine and human
context [53,54]. In the TME, T cells are often subjected to hypoxia, leading to the inhibition of
mitochondrial function, a decrease in reactive oxygen species (ROS) and ATP levels, which
paralyze effector T cells both in the murine and human context [55].

Another important mechanism by which cancer cells inhibit T cell effector functions is
through the expression of ligands to immune checkpoint molecules such as programmed
cell death 1 (PD-1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4), which are
highly upregulated on the surface of activated T cells. PD-1 and CTLA-4 engagement inhibit
mTOR function through the protein phosphatase 2A (PP2A) and SH2-domain-containing
tyrosine phosphatase 2 (SHP-S) signaling, respectively [56—60]. It was shown that that
co-inhibitory immune checkpoint blockade (e.g., anti-PD-1, anti-CTLA-4) reduced glucose
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uptake by the tumor cells reinstating glucose availability for the T cells. This might, in
part, explain the success of this kind of immunotherapy [61]. T-cell immunoglobulin and
mucin domain-3 (TIM3), another co-inhibitory molecule, can activate mTOR; however, the
mechanism by which this occurs has yet to be revealed [62]. In the TME, regulatory T cells
and myeloid-derived suppressor cells (MDSCs) can secrete factors such as transforming
growth factor 3 (TGF{3) and Indoleamine-pyrrole 2,3-dioxygenase (IDO), which reduce
human T cell function by mTOR suppression [63]. Furthermore, IL10, IL35 and adenosine
can severely affect human effector T cell activity [64].

In the TME, only low levels of amino acids remain available for T cells. For example,
glutamine is a primary energy source for tumor cells; however, low levels of glutamine
are detrimental for T cell activation and function [12,14]. The aa arginine is also essential
for human T cell function and is strongly depleted from the TME because it also becomes
consumed by the cancer cells [65-67].

TIL and chimeric antigen receptor (CAR) T cells are clearly subjected to the same chal-
lenges in the TME that inhibit effector T cell metabolism and function. Below, we introduce
this novel immunotherapy consisting of presenting newly engineered CARs on T cells. In
order to reveal how to improve immunotherapies by reactivating TILs as well as CAR T
cells or protecting them against the hostile TME, we address the different components in
the TME that contribute to the changes in T effector metabolism in more detail and how
one could therapeutically interfere with these obstacles to revert the exhausted T cells or
CARTT cells into potent anti-cancer effector T cells.
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Figure 1. T cell metabolism in the tumor microenvironment. Naive T cells rely mainly on oxidative
metabolism. Following activation with an antigen, T cells switch to a glycolytic metabolism by
activation of the mTOR pathway. This metabolic program supports effector T cell functions. If antigen
stimulation persists long term, such as in the tumor environment, inhibitory receptors such as PD1
and CTLA4 can rewire T cell metabolism by reducing glycolysis and glutaminolysis, which weakens
effector functions. Other factors in the TME contributing to the exhausted state of T cells include low
levels of oxygen, low levels of tryptophan metabolized into kynurenine by IDO, low levels of arginine,
high levels of lactate and resulting acidification and strong competition of T cells with cancer cells for
glucose and glutamine. PD1: Programmed cell death 1; CTLA4: cytotoxic T-lymphocyte-associated
protein 4; ASCT2: ASC amino-acid transporter 2; GLUT1: glucose transporter 1; OAA: Oxaloacetate;
-KG: o-Ketoglutarate; AMPK: Adenosine monophosphate kiinase; LDH: Lactate dehydrogenase;
TME: Tumor microenvironment; Akt: Protein kinase B; mTOR: mammalian target of rapamycin;
ATP: Adenosine triphosphate; ROS: Reactive oxygen species; PI3K: Phosphoinositide 3-kinase; IDO:
Indoleamine-pyrrole 2,3-dioxygenase; ETC: Electron transport chain; TCA: Tricarboxylic acid; CoA:
Coenzyme A. Figure generated with Biorender.com (accessed on 15 November 2021).
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1.3. CAR T Cells for Anticancer Treatment: Latest Developments

In cancer, particularly in the context of hematological tumors, T cells are also used
as a therapeutic tool. In this type of immunotherapy, the patient’s T cells are genetically
engineered ex vivo to express a CAR that recognizes a specific antigen present on the
surface of the tumor cells. After reinfusion of these cells in the patient’s circulation, the
binding between the CAR T cells and the cancer cells induces a cytotoxic response. One
example of this therapy currently being used in clinics is for the treatment of advanced
B-cell lymphomas, resulting in complete remission in 30 to 40 % of the patients. Importantly,
it needs to be emphasized that CAR T cells are used last in line as a therapeutic strategy to
suppress tumor cells. This means that the T cells are often isolated from the patients after
various treatments, including chemotherapy that can alter the metabolic phenotype of the
T cells (mitochondrial damage and metabolic alterations) [68]. Therefore, metabolism is an
important aspect in the conception and the anti-tumoral activity of a CAR T cell.

1.3.1. Continuous Improvements in the CAR Design to Stir CAR T Cell Metabolism
(Figure 2)

The CAR incorporated at the surface of T cells has a T cell receptor (TCR)-like structure.
The extracellular part consists of a single variable chain fragment (scFv) of an antibody
that recognizes the antigen present on the cancer cell surface. The transmembrane and
intracellular parts contain co-stimulatory domains that permit the amplification of the
signaling and, thus, the response of the T cell following binding to the tumor antigen. In the
first-generation CAR T cell design, CD3( was the only signaling domain used, but in the
following generations, CD28 and/or 4-1BB (CD137) co-stimulatory domains were added to
this structure. The choice of these domains is also important for the metabolic status and
the survival of the CAR T cells. It was observed in patients that the use of 4-1BB permitted
a persistence of CAR T cells in time, without exhaustion of those CAR T cells, via the
stimulation of the noncanonical nuclear factor kappa B (NF-kB) pathway [69]. In contrast,
the CD28 costimulatory domain does not permit the cells to survive longer than 30 days in
the patients [70-73]. This phenomenon can be explained by the fact that the 4-1BB promotes
improved mitochondrial function so that T cells can rely on mitochondrial respiration as
their energy source, which promotes the survival of central memory T cells by the activation
of adenosine monophosphate kinase (AMPK), as demonstrated in mice [74]. When the
CD28 co-stimulatory domain was included in the CAR, patient T cells were relying more on
glycolysis (via activation of the PI3K/AKT/mTOR axis), which pushed their differentiation
towards effector memory T cells [75,76]. Following antigen recognition by the CAR, CD28
stimulated GLUT1 via the PI3K/AKT pathway, linked to the mTOR/Myc pathways, which
are also implicated in amino acid/lipid metabolism [17,19]. These data underline the
importance of the choice of the co-stimulatory domain to shape CAR T cell metabolism and
permit short-term or long-term anti-tumor efficacy. As for CAR T cells, TIL performance
also depends strongly on the metabolic status of the malignancy and the TME.

Cytokines also play a role in the metabolic shape of the CAR T cells (see Section 1.3.2).
Indeed, the fourth CAR T cell generation, also known as “TRUCKS” (T-cell redirected
for unrestricted cytokine-mediated killing), has a transgenic cytokine expression system
that improves their expansion and persistence in vivo via metabolic changes [77]. The
cytokines employed in this strategy are interleukin 12 (IL12), IL15 and IL18. IL15 can, for
example, lower the glycolysis level in human CAR T cells via a decrease in mTOR complex
1 (mTORC1) activity, whilst OXPHOS levels/respiratory capacity and expression of fatty
acid oxidation-related genes are increased in these cells. This metabolic phenotype allows
the human CAR T cells to have a stem cell memory behavior with higher cell proliferation
and in vivo longevity [78]. More recent fifth-generation CAR T cells express a sub-unit
of the IL2 receptor (IL2RB) between the stimulatory domains (CD3¢ and CD28/4-1BB).
Since IL2RB presents a binding site for STAT3, the cells can activate the JAK-STAT pathway,
following the antigen recognition, which leads to a higher proliferation rate. Moreover,
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these human CAR T cells seem to have a stronger anti-cancer activity against leukemic

cells [79].
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Figure 2. Different generations of CAR T cells and their signaling pathways. TM: Transmembrane;
scFv: Single-chain variable Fragment; Vy: Variable Light chain; Vy: Variable Heavy chain; IL2RB: in-
terleukin 2 Receptor B; mTORC: mammalian target of rapamycin complex; FAO: Fatty Acid Oxidation;
JAK-STAT: Janus Kinase-Signal Transducers and Activators of Transcription; PI3K: Phosphoinositide
3-kinase; Akt: Protein kinase; CART: Chimeric Antigen Receptor T cell. Figure generated.

1.3.2. Ex Vivo Expansion of CAR T Cells to Manipulate Their Metabolism

As they are immune cells and similar to TILs, CAR T cells are highly sensitive to
metabolic changes in their environment, which can influence their survival and their
functionality. When cultured ex vivo, CAR T cells are often cultured in the presence of
supra-physiological nutrient levels in order to generate enough cells for reinfusion. This
also means that the cytotoxic efficiency is compromised when changing from an overdosed
medium to a nutrient restrictive microenvironment. Thus, the composition of expansion
media plays an important role in the process of CAR T cell generation and needs to be
optimized in order to facilitate the transition between the ex vivo expansion and in vivo
adaptation. For example, carnosine, an amine poorly present in sera, when added to the
medium, facilitates human T cell transduction and their in vivo engraftment by switching
the main metabolic state from glycolysis to OXPHOS, which allowed a better anti-tumoral
response [80]. Currently, expansion media rely essentially either on fetal bovine serum
(FBS) or human serum (HS), which does not take into account some blood fractions, which
might highly compromise human CAR T cell fitness [81].

The effect of cytokines on T cell metabolism is only beginning to be explored in the
field. Survival cytokines, IL2 and IL7, promote glycolysis in T cells [21,82], while IL-15
promotes their mitochondrial biogenesis [36]. TGF[3 seems to suppress both glycolysis and
mitochondrial respiration. Therefore, the choice of cytokines or growth factors in the media
for CAR T cell expansion might be crucial for their in vivo adaptation.

It is therefore important to be aware that the ex vivo expansion of these CAR T cells is
a tricky step in the process and can be limiting and compromise treatment efficacy. Several
research teams are currently trying to improve CAR T cell therapy by circumventing the ex
vivo expansion step and directly generating CAR T cells in vivo. In recent studies, lentiviral
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vectors specifically recognizing the CD3" or even the CD8" human T cells were used to
generate efficiently anti-CD19 CAR T cells directly in vivo and were able to wipe out the
targeted healthy and malignant B cells in humanized mouse models [83-87]. Although
this still needs to be evaluated, one can speculate that these in vivo generated CAR T cells
might expand in their proper environment and maintain their metabolic fitness in vivo.

More recently, an elegant strategy to overcome in vivo CAR T cell exhaustion has
been reported with better outcomes than PD-1/PD-L1 blockade, which can improve T
cell functions but do not change the epigenetic reprogramming associated with T cell
exhaustion. The approach is based on inducing a transient rest in CAR signaling and,
therefore, temporally blocking the sustained CAR T cell activation that leads to exhaus-
tion [88]. This approach made use of temporal downregulation of the surface expression of
the CAR by inducing its degradation by pharmacological treatments. The tunable control
of CAR expression levels not only improved CAR T cell anti-tumoral functions in vivo in
terms of intensity and duration but also led to non-exhausted T cells with a memory-like
phenotype in xenograft mouse models of leukemia and osteosarcoma. Interestingly, the
already established exhaustion of CAR T cells can even be reverted after a transient rest of
the CAR signaling [88].

1.4. Importance of Nutrients, Metabolites for T/CAR T Cell Metabolism, Survival and Function
(Figure 1)

Currently, in the clinic, CAR T cells are essentially used as a therapeutic strategy for
hematopoietic malignancies. Unfortunately, the efficiency of this technique is extremely
poor to non-existent when it comes to a solid tumor. This can be explained by the low
number of known specific antigens in these types of cancers. Furthermore, the TME can, by
its composition, affect the metabolic phenotype of these cells, and even a slight change in its
composition can alter T cell functionality and survival [89,90], as described in Section 1.1.

1.4.1. Glucose Availability in the Tumor Environment

Glucose is the key element for which T cells and cancer cells compete and is therefore
limited in the TME. This is a critical metabolite for energy production via metabolic path-
ways such as glycolysis and OXPHOS. Indeed, once activated, effector T cells increase their
glucose uptake via a higher expression of the glucose transporter GLUT1, which permits
higher use of glycolysis compared to OXPHOS. The important consumption of glucose by
tumor cells, therefore, favors a decrease in glycolysis in immune cells such as T effector
cells, thereby reducing their proliferation and cytokine production [54,61].

Interestingly, a side effect of reduced glucose availability also leads to the apparition
of memory T cells with higher OXPHOS respiration in a human context [91]. Therefore,
recent investigations have tried to use glucose restriction to enhance CAR T cell persistence
and response. Indeed, in a lymphoma mouse model, CD8" effector T cells that underwent
a transient glucose restriction displayed a higher cell proliferation and persistence in the
blood and induced improved tumor clearance. Moreover, effector cytokines such as IFNy
and granzyme B were released at higher amounts from these cells [92]. Currently, the
use of glucose restriction in the process of CAR T development in the clinic might still be
risky and needs further investigation. However, it is possible that by substituting glucose
with other carbohydrates such as galactose, we might improve CAR T cell generation and
production in the future.

Alternatively, Qiu et al. revealed that under glucose restriction, acetate was able
to rescue effector T cells functions. They showed that exhausted human and murine T
cells could be epigenetically remodeled and reactivated by acetate, and this resulted in
enhanced INFy gene transcription and cytokine production [33]. Therefore, interfering
with metabolism using acetate might be of therapeutic benefit.
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1.4.2. Lactate, a Side Product of Tumor Cell Glycolysis

Other immunosuppressive metabolites are present in this TME. As tumor cells gener-
ally rely on glycolysis, lactate is one of these elements. Glycolysis causes greater amounts
of lactate production, which leads to acidification in the TME. This influences the murine T
cell effector function in terms of cytolytic capacity and cytokine production [93]. Lactate
reduces the anti-tumoral response by impairing NAD+ recycling and therefore block-
ing the enzymatic reactions, involving glyceraldehyde 3-phosphate dehydrogenase and
3-phosphoglycerate dehydrogenase, which promotes the differentiation of murine T lym-
phocytes in regulatory T cells (Treg) [94]. Lactate also functions as an oncometabolite,
which polarizes macrophages to the M2 type and maintains Treg cells in a low glucose
TME [94-96].

In order to reduce these high levels of lactate in the TME, Mane et al. also used an
inhibitor of the lactate Dehydrogenase (LDH), which, when combined with a CAR T cell
therapy, reduced the tumor growth in a murine prostate xenograft cancer model treated
with human CAR T cells [97,98]. Of note, human CAR T cells might, in the context of a
murine tumor, show lower activity. Lactate induced TME acidification and rendered TILs
incapable of IL2 and INFy production and increased the number of regulatory T cells in
humans [99,100]. Unsurprisingly, the inhibition of LDH restored human effector T cell
proliferation and function [101]. In another approach, Renner et al. [102] used an inhibitor
(diclofenac) of the lactate transporters MCT1 and MCT4 to reduce the efflux of lactate
from the tumor into the TME. Due to the diclofenac treatment effector, T cells remained
functional and were able to control tumor growth. In addition, this drug, which targets
glycolysis, also improved immunotherapy outcomes.

1.4.3. Limited Amino Acid Availability

Glutamine is an important essential metabolite and the most abundant aa in blood.
Upon TCR signaling, T cells highly express aa transporters and increase their glutamine
uptake. Glutamine is a major fuel for metabolic pathways in active T cells [103]. Therefore,
glutamine is an important metabolic element for effector T cells and also for tumor cells.
Hence, many cancer cell types over-express ASCT2, the main glutamine transporter, which
induces a reduction in the glutamine pool that is available for T cells in the TME. Indeed,
targeting glutamine uptake in a human cancer xenograft mouse model resulted in reduced
tumor development [104]. Therefore, the availability of glutamine is an important element
for anti-tumoral response by promoting T cell proliferation and cytokine production [105].
As expected, Leone et al. [106] demonstrated that glutamine blockade in tumor-bearing
mice reduced mitochondrial and glycolytic metabolism in cancer cells, which in turn
reduced hypoxia, acidification and nutrient depletion in the TME. In contrast, in effector T
cells, glutamine blockade induced upregulation of oxidative metabolism and an activated
phenotype with effector function [106]. This differential response upon interference with
glutamine metabolism between cancer and T cells in a mouse model might be of therapeutic
benefit for tumors but needs further investigation. Unexpectedly, one interesting study
showed that the restriction of glutamine metabolism during the TCR stimulation led to
reduced exhaustion and increased anti-tumor activity in T cells [107]. More in depth
studies are needed to reveal the importance of glutamine in different types of cancers and
infiltrating T cells.

Other aa play an important role in the competition between tumor and healthy cells.
Tryptophan is an essential aa that is also important for the production of certain molecules
required by effector T cells. Contrary to glutamine, its catabolism produces several metabo-
lites through the kynurenine pathway that reduce the TCR response and favor T cell
apoptosis in humans as wells as in mice [108]. The IDO enzyme that catalyzes the con-
version of tryptophan into kynurenine was found to be upregulated in murine cancer
cells [109] and is linked to an inhibition of the glycolytic pathway in T cells, which reduces
the anti-tumoral response of effector T cells [110]. Therapeutic inhibition of IDO in cancer
might therefore restore T cell function [111].
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Arginine is essential for protein synthesis and is also involved in immunometabolism
through its metabolites such as Nitrite Oxide and polyamines [112]. Similar to glutamine, a
lack of arginine in the TME impaired murine T cell function [113] and activation of human
and murine T cells, especially through the decrease in activation markers expression such
as CD25/CD28 [114,115]. Indeed, higher levels of arginine have been linked to improved
survival of memory T cells and anti-tumoral response [112].

1.4.4. Hypoxia in the TME Has Important Effects on TIL Infiltration and Function

Lactate secretion and high glycolytic activity in the tumor cells are linked to a hostile
hypoxic environment in the TME. The importance of oxygen availability for T cells was
shown by supplying oxygen to tumor-bearing mice, which led to increased T cell infiltration
and improved tumor regression [116,117]. This hypoxic state triggers the transcription
factor HIF1ein T cells, which is also stabilized by T cell activation and favors glycolysis by
upregulation of GLUT1 expression and some other enzymes and regulators. Hypoxia also
induces a higher production and release of reactive oxygen species (ROS) that impair T cell
mitochondrial functions and induce T cell exhaustion in mice [118,119]. In order to bypass
this problem, recent work in the CAR T cell field showed that it is now possible to generate
T cells that will express the CAR only in hypoxic conditions. Hence in normoxia, the CAR
is degraded, but once in hypoxic conditions, the CAR is stabilized at the cell surface in
a murine solid tumor model, and all the pathways required for an effective anti-tumoral
response remain active [120].

In hypoxic tumors, adenosine is a major immunosuppressive factor that limits the
function of murine as well as human T cells in the TME via activation of the adenosine
Ajp receptor (ApaR) [121,122]. In this regard, CAR T cells deficient for the AypR were
engineered, which became insensitive to high adenosine levels and maintained cytokine
production, activation of the JAK-STAT signaling pathway and anti-tumor functions [123].

1.4.5. Cholesterol

Cholesterol uptake by TILs in the TME activates their endoplasmatic reticulum (ER)
stress response and the inositol requiring enzyme 1« (IRE-1c) signaling pathway, which
induces inhibitory receptor expression on murine and human TILs and, as a consequence,
their exhaustion [124]. A new mechanism by which the antitumor response of mouse CD8 T
cells can be potentiated through modulating cholesterol metabolism was reported. Inhibit-
ing cholesterol esterification in T cells by genetic ablation or pharmacological inhibition of
ACAT]1, a key cholesterol esterification enzyme, led to potentiated effector function and
enhanced proliferation of CD8 but not CD4 T cells. This is due to the increase in the plasma
membrane cholesterol level of CD8 T cells, which causes enhanced T-cell receptor clustering
and signaling as well as a more efficient formation of the immunological synapse [125].
Cholesterol metabolism still needs to be further studied in order to explain these effects on
anti-cancer T cell response.

1.4.6. Mitochondria in T Lymphocytes Infiltrating the TME

Mitochondria are essential for T cells in terms of energy, biosynthesis of macro-
molecules in order to sustain their clonal expansion and also for T cell effector function.
Once activated, effector T cells undergo dramatic mitochondrial remodeling to sustain
their functions [29]. However, T cells lose mitochondrial function and mass when they
infiltrate the TME. This process coincides with the upregulation of co-inhibitory checkpoint
molecules [42]. Furthermore, this process is accompanied by the repression of the tran-
scriptional co-activator peroxisome proliferator-activated receptor-gamma coactivator 1ot
(PGC1a) that is essential for mitochondrial biogenesis. In accordance, overexpression of
PGClo rescued intratumoral T cell metabolism and improved T cell effector function in a
melanoma mouse model [126]. Therefore, increasing mitochondrial mass and quality may
armor T cells to resist the hostile tumor environment.
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1.5. Immune Checkpoint Molecules and T Cell Metabolism in the TME (Figure 1)

Immune checkpoint molecules (ICM) are co-inhibitory receptors expressed by T cells
that are essential for preventing autoimmunity or immunopathologies. However, in the con-
text of tumors, they can tune down anti-tumor responses of T cells. Checkpoint molecules
and their ligands are expressed by multiple cells in the TME, which can impact the T cell
metabolism and efficiency in a more direct manner. Upon antigen stimulation, costimula-
tory signals such as CD28 are essential for human and murine T cell activation, glycolysis
and mitochondrial activity [17,127]. In contrast, ICM such as PD-1 and CTLA-4 revert this
process by switching human T cell metabolism and reducing T cell effector functions [128].

Targeting immune checkpoint receptors such and CTLA-4, PD-1 and PD-1 ligand in
blood malignancies has proven to be efficient. However, several patients relapsed, and
the efficacy in solid tumors was not as successful. Programmed death-1 (PD-1) is a major
regulator of T cell exhaustion; thus, human T cells stimulated with a PD-1 Ligand reduced
their glucose uptake and used neither glycolysis nor catabolism of glutamine. Conversely,
these cells express a higher rate of Fatty Acid Oxidation and lipolysis [129]. PD-1 signaling
is also linked to a reduction in the expression of the proto-oncogene cMyc and reduced
activity of the PI3K/Akt/mTOR pathway [130]. However, Chang et al. [61] showed
that signaling through PD-L1 in tumor cells promotes glycolysis. Antibody-mediated
blockade of PD-L1 reduced tumor glycolysis rate and restored the level of glucose in the
TME, and consequently improved anti-cancer T cell effector function [61], which might
be potentiated by the metformin-induced reduction in tumor hypoxia [42]. Additionally,
it was shown that increasing phosphoenolpyruvate (PEP) levels in tumor-reactive T cells
through overexpression of PEP carboxykinase 1 (PCK1) in T cells restored their anti-cancer
T cell activity that counteracted the low levels of glucose in the TME [49]. Importantly, PD-1
was shown to inhibit PGC1«, inducing a reduction in glycolysis and loss of mitochondrial
mass in TILs. In accordance with this observation, this TIL phenotype was reverted by
PGC-1o overexpression [42,126].

In order to overcome this dampening of T cell function through immune checkpoints
in the TME, CAR T cells have been engineered, in which inhibitory receptors were re-
moved [131-136] or that express costimulatory signals or secrete factors that can re-activate
the immune system, such as inhibitors or cytokines. This was demonstrated in mice
xenografted with human tumors as also in murine cancer models [137,138]. One of these
immune-stimulating cytokines is IL12P70, which was reported to increase CAR T cell activ-
ity [139-141]. Sachdeva et al. [142] used an elegant procedure to achieve two objectives at
once by gene editing of CAR T cells, in which they inserted the IL12P70 expression cassette
into the PDCD1 locus (coding for PD-1). In this way, PDCD1 regulatory elements control
the secretion of IL12P70, which will only be expressed with the CAR T cells encountering
the tumor antigen. This concomitantly led to the abolition of PD-1 expression. These IL12
secreting human CAR T cells knock-out (KO) for PDCD1 increased significantly antitumor
activity in a patient-derived xenograft mouse model compared to CAR T cells KO for
PDCD1 alone or CAR T cell counterparts [142]. These results might be explained by the
controlled IL12P70 secretion [139-141,143].

Similar to PD-1, CTLA-4 is also important in the process of tumoral immune escape
by inhibiting CD28-costimulation in effector T cells and therefore preventing activation-
induced glycolysis [144]. By blocking CTLA-4 mediated signaling, T cell stimulation and
metabolism can be reverted to glycolysis again by reviving PI3K/Akt/mTOR signaling
and turning T cells back into potent effector cells.

Upon engagement, TIM3, another ICM, leads to reduced glycolysis and GLUT1 ex-
pression and might also inhibit glutaminolysis [145], while the ICM, lymphocyte activation
gene 3 (LAG3) negatively regulates mitochondrial metabolism [146]. TIM3 and LAGS3 are
highly expressed by exhausted T cells [147-150].

Unfortunately, from the clinical point of view, tumor cells stimulate not only these
immune blockades but also secrete immunosuppressive cytokines and enzymes. It is
for this reason that in certain tumors, an inhibitor of the immune blockade should be



Cancers 2022, 14, 183

11 of 39

accompanied by inhibitors of these pathways [151], as reviewed by Tabana et al. [152].
Therapeutic interference with these metabolic regulatory molecules may affect biosynthesis
and epigenetic marks that influence T cell function and fate. This is discussed in detail in
the next section.

1.6. Epigenetics Influences the Metabolic Response of T and CAR T Cells (Figure 3)

In recent years it has become clear that epigenetic remodeling plays a major role in
T cell immunometabolism and differentiation, as shown in a murine context [153,154].
Several types of epigenetic events were revealed: DNA modification (e.g., by methylation),
histone modification, non-coding RNA (ncRNA)-associated modifications and chromatin
organization/condensation. The different epigenetic modifications in T/CAR T cells and
their importance for T cell physiology have recently drawn a lot of attention and initiated a
new field of research.

DNA modification and, more precisely, methylation generally occur to silence a gene
expression, e.g., effector genes are often methylated in naive/memory T cells and demethy-
lated in effector T cells. Therefore, DNA methyltransferases (DNMTs) are highly active in
exhausted T cells. Their inhibition therefore can lead to a reduction in T cell exhaustion
and an increase in less differentiated T cells [155]. Interestingly, glucose restriction by itself,
for example, can reduce the expression and the activity of epigenetic enzymes such as
the methyl transferase enhancer of zeste homolog 2 (EZH2), leading to reduced cytokine
expression and mouse cytotoxic T lymphocyte (CTL) exhaustion [156,157].

Imprinting of the “histone code” is an essential mechanism of gene regulation. The
core histone proteins undergo post-translational modification relying on metabolites and
cofactors, resulting in epigenetic remodeling of genomic regions in the T cells. Therefore,
in CART cells, anti-tumoral or pro-tumoral elements might be modulated by epigenetic
modification. It is indeed possible to target cell metabolism in order to impact epigenetics.
For example, S-adenosylmethionine (SAM), a metabolite synthetized from methionine and
a methyl donor, can modulate the methylation of DNA and histones. The upregulation of
the methionine transporter SLC43A2 in cancer cells results in TILs deprived of methionine,
which in turn results in decreased histone methylation and cytokine production in both
murine and human T cells [158]. It is, however, not yet clear whether methionine restriction
or supplementation might be of benefit as an anti-cancer treatment [158].

a-ketoglutarate, fuel for the TCA cycle derived from glutamine metabolism, regu-
lates demethylation in aerobic conditions [159,160]. Thus, the use of an a-ketoglutarate-
dependent demethylation inhibitor such as S2HG facilitates the apparition of central
memory CD8" T cells. Alternatively, inhibition of glutamine metabolism may decrease
o-ketoglutarate and, as a result, increase a hypermethylation state of the DNA in murine T
cells [106,161].

In a mouse tumor context, the histone acetylation marks differ strongly between
effector and exhausted T cells [162]. Metabolites such as acetyl-CoA, propionyl-CoA and
succinyl-CoA are involved in this process and lead, for example, to H3K17 acetylation of
introns, a characteristic of exhausted T cells [126,163]. Memory and effector T cells show
higher histone acetylation at the INFy promoter compared to naive T cells and exhausted T
cells [43,162]. In accordance with this, providing acetate in a glucose-deprived TME can
induce histone acetylation in T cells, thereby restoring their effector function [92].

Conversely, histones deacetylation enhanced T cell effector function and anti-tumoral
response. Histone acetylation inhibitors were further used to avoid T cell exhaustion.
Thus, nicotinamide adenine dinucleotide (NAD*) generated from glycolysis can change the
cell fate via its regulation of sirtuins that are NAD*-dependent deacetylases [164]. These
sirtuins can modulate cellular metabolism. For instance, in human CDS8* T cells, some
sirtuins can maintain the FOXO1 protein stability that promotes OXPHOS metabolism in
resting cells. However, they also can regulate cell proliferation via the deacetylation of p65,
a subunit of NF-«kB [165,166].
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Even high levels of lactate can lead to histone modification, also called “lactylation”
that is implicated in metabolic changes in macrophages, but its role in T cells remains
to be determined even though it can be triggered by metabolic enzymes, such as lactate
dehydrogenase, that play important roles in T cell life [167].

In view of the tight interconnection between metabolism and epigenetic modifications
in CD8+ T cells differentiation, effector functions and exhaustion, particularly in the TME,
it will be essential to try to therapeutically interfere with these processes, as suggested in a
recent review by Van Acker et al. [168].
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Figure 3. Immunometabolism shapes the epigenome of T cells. Here several of these epigenetic
modifying pathways and metabolites influencing histone modification are outlined. OAA: Oxaloac-
etate; a-KG: a-Ketoglutarate; S2HG: S-2-hydroxyglutarate; DNMTs: DNA methyltransferase; EZH?2:
Enhancer of zeste homolog 2; SAM: S-adenosyl methionine; SAH: S-adenosyl homocysteine; NAD+:
Nicotinamide adenine dinucleotide; NADH: Nicotinamide adenine dinucleotide hydrogen; HDACs:
Histone deacetylases; HATs: Histone acetyltransferase. Figure generated by Biorender.com (accessed
on 15 November 2021).

2. NK and CAR NK Cell-Based Therapies for a First-Line Anti-Cancer Immune Response

In contrast to T lymphocytes, natural killer cells are the granular effector lymphocytes
of the innate immune system. Therefore, recognition mechanisms of damaged cells are
MHC-independent, and the absence of MHC on any cell elicits the killing program in
NK cells. Rather than recognizing specific antigenic peptides on the cell surface, NK
cells bind ligands expressed on cells that are infected by viruses, bacteria and parasites
or transformed by oncogenes [169]. Once the cytotoxic program is engaged, secretion
of cytolytic enzyme-containing granules occurs, as well as production of IFNy which
promotes inflammation. Indeed, NK cells are responsible for a direct and non-primed
cell killing, with an early onset during the immune response, orchestrated upon pathogen
infection as well as tumor development and progression. Activation of NK cells is the
consequence of soluble and membrane-bound signals that come from other immune cells,
such as antigen-presenting cells (APCs) and damaged cells. Ligand-binding by a large
spectrum of stimulatory and inhibitory receptors on NK cells underlies the self-tolerance
and cytotoxic responses displayed by these granular lymphocytes [170]. Even though NK
lymphocytes have been classified as part of the innate immune response, memory NK
cells have recently been reported [171]. These long-lived memory NK cells and similar
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NK memory-like phenotypes were described upon infection with human cytomegalovirus
(CMV) and upon in vitro treatment with several inflammatory cytokines [170].

2.1. NK Cells Display Unique Anti-Cancer Immunosurveillance Mechanisms (Figure 4)

In the context of cancer, NK cells were described to follow two mechanisms for the
recognition of oncogenic cellular entities [172,173]. Firstly, by the so-called “self-missing”
recognition, malignant cells deprived of MHC (major histocompatibility complex) class I
molecules do not signal to the inhibitory receptors, KIRs (killer cell immunoglobulin-like
receptors) that are expressed on NK cells, which do not become activated [170,174,175]. The
second mechanism relies on the activation of stimulatory receptors on NK cells such as natural
cytotoxicity receptors (NCRs) and NKG2D (natural killer group 2D, a C-type lectin-like
receptor), which generally bind to heparan sulfate glycosaminoglycans, damage-associated
proteins or stress ligands expressed on the surface of cancer cells [176]. Likewise, tumor cells
also express ligands binding to immune checkpoint molecules expressed on NK cells, which
are in part also expressed on T cells (e.g., PD-1, LAG3, 2B4, T cell immunoreceptor with Ig
and ITIM domains (TIGIT)), warranting immune escape from these natural killers [7,177].
As effector lymphocytes, NK cells can kill tumor cells by themselves by directly secreting
cytolytic enzymes such as perforin and granzymes. Antibody-dependent cell-mediated
cytotoxicity (ADCC) is another mechanism orchestrated by NK cells that directly target tumor
cells via CD16 (FcylIIIR) binding to IgG antibodies recognizing tumor-associated antigens
(TAAs) [178,179]. Once CD16 expressed on NK cells is engaged, tumor cell killing occurs via
secretion of cytolytic granules. At a slower pace but still direct, NK cells can induce tumor cell
death once death receptor ligands encounter their cognate receptor (e.g., Fas (CD95) and tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)) on transformed cells. Indirectly,
NK cells can secrete a rich repertory of soluble factors including IFNYy, tumor necrosis factor
o (TNFo) and granulocyte-macrophage colony-stimulating factor (GM-CSF) that beyond
contributing to the establishment of adaptive immune responses dependent on APCs, T and
B lymphocytes can induce necrosis of tumor cells [170].

Due to their cytotoxic functions without pre-immunization, these cytotoxic immune
cells represent a promising avenue for anti-cancer therapies. For instance, in vivo activation
of NK cells using cytokine treatments (e.g., IL2, IL12, IL15, IL18 and IL21) has been investi-
gated in several types of mouse cancer models and human cancers [180-183]. Furthermore,
the use of antibodies to potentiate ADCC as well as to inhibit NK cell immune checkpoints,
with similar immunotherapies used for effector T cells activation, are other alternatives that
have been tested in mouse cancer models [2]. Antibodies that strengthen ADCC by NK
cells include engineered versions that recognize tumor antigens in parallel with a stronger
binding to CD16 [184]. In addition, antibodies to activate stimulatory receptors such as
4-1BB in combination with antibodies targeting TAAs are also part of therapeutic strategies
under investigation [185]. Direct in vivo activation of NK cells using blocking antibodies
against KIRs [186], the inhibitory receptor NKG2A [187] and immune checkpoints have
also been tested in vitro as well as in pre-clinical studies and clinical trials of different types
of cancer, showing that their potential benefits still need optimization. More sophisticated
antibody-based approaches to potentiate in vivo NK cytotoxicity use bi- and tri-specific
killer engagers that target TAAs and at the same time bind to NK receptors such as NKG2D,
CD16 and IL15 cross-linking moieties [170,188].

Owing to the NK cell contribution to adaptive immune responses and the fact that they
do not need to be of autologous origin, NK cells are used for adoptive cell transfer-based
anticancer therapies. Sources of either allogeneic or autologous NK cells include peripheral
blood and cord blood (CB). However, NK cells can also be derived from hematopoietic
stem cells, embryonic stem cells and induced pluripotent stem cells (IPSC). Indeed, au-
tologous, but mainly haploidentical allogeneic NK cells, have been used in clinical trials
not only for hematological malignancies [189-192] and also for solid tumors in patients
with recurrent ovarian and breast cancer [193], non-small cell lung carcinoma [194] and
digestive cancers [195] as well as metastatic melanoma and renal carcinoma [196]. However,



Cancers 2022, 14, 183

14 of 39

the efficacy of NK cell-based immunotherapy for the treatment of solid cancers is rather
poor, as NK cells not only need to expand in vivo following adoptive transfer but also
infiltrate the tumoral mass and remain activated despite the immunosuppressive condi-
tions of the TME [197]. NK cells derived from umbilical CB are poorer in cytotoxicity
but can be expanded more easily and activated with cytokine treatments. Indeed, stem
cell-derived NK cells have already been used in pre-clinical studies and clinical trials of
liquid malignancies [198]. Evidently, NK cell lines generated from malignant NK cells
represent the most expandable sources of NK cells, with the additional benefit of facilitating
genetic engineering. Indeed, genetically engineered NK-92 cells are part of ongoing human
clinical trials [172]. The most efficient source of NK cells for adoptive cell transfer in terms
of cost, delays, cell expansion, in vivo persistence and anti-cancer cytotoxicity is still under
investigation, but the most recent evidence indicates that stem cell-derived NK cells are a
promising off-the-shelf alternative for anti-cancer therapies.

tumor cell

NK cell NK cell-tumor cell
synapse

KIRs/ NKG2A: classical MHC-
k e non-classical MHC-|

(mition) ™", 22
. (HLA-GIE)
NKG2D _@_ ZMICA;MICB, ULBPs

CD3Z/DAP-12%

NK cell signaling

-

—N\— ITAM ‘C’—- ch region of Ab vs Ag
&= .,tokine D16 = classical MHCH
receptors NKp30/44/46 2

secretion cytotoxicity

immune responses

IL-2 / CD94-NKG2C/E tumor cell killing
IL-12 ~// aM-CSF T ™
IL-15 ) TNFa @ degranulation Tﬁgﬁ ; h‘
o ”__?8 ® |FNy ® granzymeB. PGE2 : 3 £ ST @
1L-21 @® perforin kynurenine ., ¢ - .' 8
cytokine enhacement of adaptive > ‘

>4

J

Figure 4. Simplified overview of the human NK cell-tumor cell synapse. Tumor cells signal to
inhibitory and activating receptors expressed on NK cells. The binding of KIRs and NKG2A to
MHC-I molecules leads to NK cell inhibition; engagement of NKG2D, NKp30/44/46, NKG2C/E
and CD16; and drives the activation of NK cells. Upon receptor engagement, inhibitory signaling
is mediated by ITIM motifs. Activating signaling can be ITAM-dependent and ITAM-independent.
Activating receptors commonly form complexes with adaptor molecules such as DAP10 and DAP12
that trigger the activating signaling cascade. In addition to NK cell activation mediated by receptor
engagement, cytokines also stimulate NK cells. Total NK cell activation is characterized by the
production of inflammatory cytokines and degranulation, which leads to the release of cytolytic
granules containing perforin and granzyme B. Lytic enzymes released at the synapse between NK
cells and tumor cells warrant tumor cell clearance. Cytokines secreted by NK cells strengthen
adaptive immune responses depending on several soluble factors within the TME such as TGFf§,
NO, PGE2 and L-kynurenine that are secreted by tumor and stromal cells, limit the killing of tumor
cells by NK cells. KIRs: Killer cell Immunoglobulin-like receptors; DAP: DNAX-activating protein;
ITIM: Immunoreceptor tyrosine-based inhibitory motifs; ITAM: Immunoreceptor tyrosine-based
activation Motifs; MHC-I: Major Histocompatibility Complex I; HLA: Human Leukocyte Antigen;
MICA, MICB: MHC class I chain-related protein A and B; ULBPs: UL16 binding proteins; HS GAGs:
Heparan Sulfate Glycosaminoglycans; Ab: Antibody; Ag: Antigen; GM-CSF: Granulocyte monocyte-
colony stimulating fFactor; TNFa: Tumor cecrosis factor «; IFNy: Interferon vy; IL: interleukin;
TGFf: Transforming growth factor 3; NO: Nitric oxide; PGE2: Prostaglandin E2; TME: Tumor
microenvironment. Figure generated with Biorender.com (accessed on 15 November 2021).


Biorender.com

Cancers 2022, 14, 183

15 of 39

Genetic modifications of NK cells irrespective of their source were performed despite
the poor performance of gene delivery achieved into these cells [199]. NK cells lacking
CD16 were modified to express this receptor [200], and other NK cell lines were engineered
to synthesize IL15 [201]. Furthermore, more specific targeting of tumor cells was pursued by
engineering NK cells to recognize TAAs, cellular entities known as CAR NK cells [202,203].
In contrast to T cells that have the property of recognizing TAAs via MHC-I, receptors
targeting tumoral antigens are not normally expressed on NK cells. Therefore, engineering
CAR for NK cells so that they can recognize specific tumoral antigens is a powerful tool
that allows the use of cytotoxic effectors in immunotherapy beyond CAR T cells. Similar
to CAR T cells, CAR NK cell design has evolved towards third- and fourth-generation
CARs that not only include the CD3( chain but also other co-stimulatory molecules such
as 4-1BB, DAP-12 and CD28 as part of the activating intracellular domain. The design
of the extracellular domain of the CAR in NK cells depends on the type of cancer. For
instance, CAR NK cells have already been generated to recognize CD19+/CD20+ B-cell
acute lymphoblastic leukemia and chronic lymphocytic leukemia [204,205], CD33+ acute
myeloid leukemia [206], CD138+ multiple myeloma [207], CD5+ T cell lymphoma [208],
GD2+ neuroblastoma [209], GPA7+ melanoma [210], EGFR+/HER-2+ glioblastoma [211],
EpCAM-+/HER-2+ breast [201], CD24+/HER-2+ ovarian [212] ROBO-1+ pancreatic [213]
and MUC-1+ carcinomas, including colorectal cancer [214].

2.2. The Metabolism of Activated NK Cells in a “Healthy” Environment (Figure 4)

Apart from stimulatory and inhibitory signaling at the synapse of NK cells and target
cells, the metabolism of NK cells also governs how these granulocytes will proliferate,
maturate and function. A low basal metabolic rate, in terms of fluxes through glycolysis and
OXPHOS, is a feature of resting or quiescent murine NK cells. For acute NK cell responses,
this low metabolic rate is still sufficient for the production of IFNy in NK cells, upon
short-term in vitro stimulation with cytokines or via receptor binding because inhibition of
these metabolic pathways limits the production of IFNy. However, NK cells also participate
in immune responses over extended periods, not only displaying cytotoxic functions but
also sustaining adaptive immune responses. Prolonged stimulation of murine and human
NK cells with different cocktails of cytokines not only activates them but also increases
glycolysis and OXPHOS. Augmented glucose uptake and glycolytic rate in activated
NK cells are accompanied by increased expression of glucose transporters and glycolytic
enzymes [215]. Indeed, upregulation of the glucose transporter GLUT1 was reported in
cytokine-stimulated NK cells, which correlated with their increased effector functions,
production of IFNy and granzyme B and NK cell proliferation [216]. Cytokine stimulation
was also reported to augment the expression of amino acid transporters [28,197]. Likewise,
an augmented OXPHOS in activated NK cells correlates with the higher mitochondrial
mass observed in NK effectors during in vivo CMV infection. Upon stimulation, different
subtypes of circulating NK cells (CD56"118" and CD569™), as well as tissue-resident NK
granulocytes, underwent an increase in the energetic metabolism although to different
extents [215]. The importance of glycolysis for NK cell effector functions was demonstrated
by administrating 2-deoxyglucose (2-DG), a metabolic inhibitor of glycolysis, into mice
infected with mouse CMV. Mice treated with 2-DG showed impaired virus clearance and
consequently higher viral titers [217].

When active, NK cells rely on glucose to fulfill energetic and biosynthetic demands.
Indeed, glucose metabolism and consequently the production of lactate is sustained by
pyruvate entering the TCA cycle, which produces citrate in the mitochondria. However, cit-
rate is not further metabolized through the TCA cycle but rather exported to the cytoplasm
and converted into malate. This reaction yields NAD+, a cofactor that is needed to sustain
glycolysis. In turn, cytosolic malate enters the mitochondria as a carrier of electrons to
yield NADH, which fuels the electron transport chain for ATP synthesis. This exchange of
mitochondrial citrate by cytosolic malate is known as the citrate-malate shuttle (CMS) and
serves to sustain glycolysis as well as the electron transport chain in mitochondria [215].
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The glucose dependency of activated NK cells for glycolysis and OXPHOS was reflected by
glutaminolysis inhibition, which did not limit OXPHOS nor the effector functions of these
granulocytes. Indeed, OXPHOS was shown to be sustained, to a greater extent, by the CMS
compared to glutaminolysis in stimulated NK cells [218].

Metabolism of NK cells has been associated with the activity mTOR [219]. mTOR was
shown to be involved in the metabolic changes during NK cell maturation but also during
the activation of mature NK cells. Similar to T cells, mTOR activity gradually decreased in
the transit from the pre-NK to mature NK cell state in order to sustain proliferation and
differentiation. Indeed, mature and resting NK cells displayed the lower activity of this
master regulator of the cell metabolism. However, activation of NK cells was accompanied
by an increase in the activity of mTOR [220]. Indeed, when treated with the classical
mTOR inhibitor, rapamycin, mice infected with CMV displayed NK cells with limited
proliferative capacity, less production of IFNYy, lower cytotoxicity and consequently higher
viral load. Notably, in vitro activated NK cells with different combinations of cytokines or
receptor engagement have a variable dependency on mTOR activity to increase glycolysis.
Noteworthy, mTOR activity in NK cells is highly dependent on the levels of the amino
acids glutamine and leucine [215].

Memory-like NK cells (ML-NK cells) have been described in mice and humans upon
infection with CMV as virus-specific effectors that persist after infection [221]. These
“adaptive” NK cells are self-renewable and generate pools of NK cells with higher effector
functions following a second activation. Interestingly, these so-called adaptive NK cells
rely on mitochondrial fitness and OXPHOS to exert an anti-viral and possibly also an anti-
cancer program. Indeed, the establishment of mouse memory-like NK cells was reported
to depend on the capacity of NK cells to recover a maximal mitochondrial function. This
process is achieved upon removal of damaged mitochondria by mitophagy in rapidly
proliferating NK cells [215]. Interestingly, this type of NK cells was also described to
execute an anti-tumoral killing program with a higher production of INFy and cytotoxicity
and this for a longer period upon reactivation.

The metabolic program of activated NK cells is not only sustained by mTOR but also by
other metabolic regulators such as sterol regulatory element-binding proteins (SREBPs) and
cMyec. Interestingly, a non-canonical function of SREBPs that is unrelated to the synthesis
of fatty acids and cholesterol was described in IL2/ IL12 stimulated NK cells, which rely on
glucose to increase their biomass [222]. Increased proliferation, glycolysis and OXPHOS in
stimulated NK cells were dependent on SREBPs, as pharmacological inhibition of SREBPs
abolished these changes but did not affect mTOR activation. SREBPs transcriptionally
regulate the expression of the mitochondrial citrate transporter and cytosolic malate across
the mitochondrial membrane and also regulate the expression of the first enzyme, which
catalyzes the cytoplasmic conversion of citrate into malate, which is the ATP citrate lyase.
Therefore, these two proteins are critical for the citrate-malate shuttle (CMS). By tracing-
based metabolomic analysis, the majority of the citrate detected in stimulated NK cells was
cytosolic, and therefore generated by the CMS. The importance of SREBPs in mediating
NK cell metabolism and cytotoxicity was demonstrated by in vivo inhibition of SREBPs
in melanoma tumor-bearing mice upon adoptive NK cell transfer as it abolished their
anti-tumoral effect [222].

Inhibition of SREBPs in cytokine-stimulated NK cells reduces NK cell cytotoxicity
to a greater extent compared to the inhibition of mTOR with rapamycin, indicating that
SREBPs play a unique role in NK function [223]. Indeed, SREBPs control cMyc expression
in mouse NK cells stimulated with IL2 and IL12 as inhibition of SREBPs decreased the
protein expression of cMyc. cMyc is known to control the transcriptional expression of the
rate-limiting enzyme of de novo polyamine synthesis, ornithine decarboxylase (ODC1).
Upon inhibition of SREBPs, ODC1 transcript levels were decreased as well as several
polyamines in cytokine-activated NK cells. Inhibition of de novo polyamine synthesis
resulted in lower proliferation, glycolytic and OXPHOS rates and less production of IFNy
and granzyme B. However, the activation of NK cells with polyamine addition was not
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able to rescue the metabolic and cytotoxic defects in NK cells that are caused by SREBP
inhibition. Instead, this rescue occurred via the production of IFNy and granzyme B.
Polyamines participate in a post-translational modification known as hypusination that
occurs in a translation initiation factor. Inhibition of SREBPs was shown to decrease the
transcript levels of one of the enzymes involved in hypusination. Inhibition of hypusination
decreased NK cell proliferation, OXPHOS rate, production of cytokines as well as NK cell-
mediated cytotoxicity. Therefore, as part of SREBPs and cMyc downstream signaling and
apart from SREBP regulation of the energetic metabolism, de novo polyamine synthesis and
hypusination seem to be downstream pathways that contribute to the optimal performance
of cytokine-stimulated NK cells [223].

Upon stimulation with IL2 and IL12, cMyc, an anabolic transcription factor, was
upregulated at the transcript and protein levels in IL15-expanded splenic mouse NK
cells. However, the expression of hypoxia-inducible factor-1x (HIF-1x) was not critically
modulated by cytokine stimulation. NK cell stimulation increased the expression of the
transferrin receptor CD71, glycolytic and OXPHOS rates, as well as mitochondrial mass
in a cMyc-dependent and a HIF-1x-independent manner. These metabolic responses in
stimulated NK cells were accompanied by increased production of IFNy and granzyme B.
Interestingly, initial cMyc upregulation upon stimulation with IL2 and IL12 was mTOR-
dependent for cytokine stimulation less than 18 h and fully independent of Akt-driven
signaling. Blocking the highly expressed aa transporter SLC7A5 reduced the expression
of cMyc, mTOR activity, energetic metabolism and cytokine production in activated NK
cells. While this aa antiporter extrudes mostly glutamine for uptake of some other amino
acids such as leucine, only glutamine availability controlled cMyc expression in stimulated
NK cells independently of mTOR activity. Therefore, cMyc expression in NK cells was
dependent on the SLC7A5 transporter and glutamine, pointing out that high expression
of cMyc requires not only rapid translation machinery but also sufficiently available aa.
Indeed, the role of glutamine in NK cell responses was shown to be independent of fueling
the TCA cycle for OXPHOS, which was consistent with the reliance of activated NK cells
on the CMS. Glutamine was shown to be critical not as an energetic fuel but as an aa that
is needed for the upregulation of cMyc. In this regard, glutamine deprivation but not
inhibition of glutaminolysis dramatically reduced OXPHOS and glycolytic rates, as well as
cytokine production and in vitro cytotoxicity of NK cells against tumor cells [218]. This is
not exactly the same for T cells residing in the TME (see point 1.2.3)

2.3. NK Cells Are Metabolically Challenged within the TME (Figure 5)

Similar to other stromal cells infiltrating the TME of solid malignancies, also equivalent
to T cells, NK cells experience metabolic challenges that could impair their cytotoxic
functions. For example, glucose restriction occurs due to sugar-devouring tumor cells.
Indeed, the TME should be viewed as an area with specific cellular entities, nutrient and
oxygen availability, and soluble factors that will shape the functions of already resident and
newly incoming cells. For instance, some of the immunosuppressive signals from tumor
and stromal cells exert metabolic changes in NK cells that induce their exhaustion. NK cell
exhaustion could be detrimental to controlling tumor progression. One example includes
the combination of TGFf3 with IL2 that not only downregulates the expression of several
activating receptors on NK cells but also decreases OXPHOS in activated NK cells, thereby
reducing their proliferation and cytotoxic responses [197,224]. TGF3 was reported to limit
NK cell metabolism by inhibiting mTOR [225]. Sources of TGF{3 within the TME include
regulatory T lymphocytes (Treg), M2 macrophages, cancer-associated fibroblasts (CAF)
and tumor cells. For instance, TGF[3-secreting Treg cells negatively impact NK cells via the
activation of the NK receptor CD69.
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Figure 5. NK cell metabolism upon activation and challenges within the TME. NK cells rely on
glucose to sustain glycolysis and OXPHOS for the production of energy. The citrate-malate shuttle
between mitochondrial citrate and cytosolic malate provides sufficient reducing equivalents in the
cytoplasm to sustain glycolysis and glycolytic ATP production while generating lactate. The citrate—
malate shuttle also generates NADH molecules in the mitochondria apart from the ones that are
generated by the tricarboxylic acid during OXPHOS. NADH molecules are oxidized by the electron
transport chain to produce ATP. Upon NK cell activation, SREBPs transcriptionally controls the
expression of the malate—citrate antiporter SLC25A1 and the ATP citrate lyase. In activated NK cells,
the glucose transporter Glut1 is upregulated as well as the aa transporter SLC7A5. The exchange of
intracellular glutamine for other aa, such as leucine through SLC7AS5, increases the intracellular aa
availability that is required to activate mTORC1 and enhance cMyc expression. cMyc transcriptionally
controls glycolysis as well as the expression of the glucose transporter GLUT1. NK cells at the synapse
with tumor cells and within the tumor microenvironment encounter extracellular acidification. This
is mediated by a higher content of lactate secreted by tumor cells, inhibitory metabolites such as
adenosine, limited availability of glucose and aa such as glutamine, arginine and leucine, as well
as soluble inhibitors of SREBPs such as 25/27-HC. LDH, lactate dehydrogenase; PHD, pyruvate
dehydrogenase; TCA, tricarboxylic acid; OAA, oxalacetate; x-KG, o-ketoglutarate; ETC, electron
transport chain; OXPHOS, oxidative phosphorylation; CMS, citrate—-malate shuttle; SREBPs, sterol
regulatory element-binding proteins; mTORC1, mammalian target of rapamycin complex 1; MDH,
malate dehydrogenase; 25/27-HC, hydroxycholesterol; TME, tumor microenvironment. aa, amino
acid. Figure generated by Biorender.com (accessed on 15 November 2021).

2.3.1. The Hypoxic Tumor Environment and NK Cell Function

Several metabolic aspects of the TME were shown to alter NK cell functions. For
example, higher levels of adenosine, as a tumor-derived metabolite produced by ATP and
AMP that are released by tumor cells in a hypoxic microenvironment, limited NK cell
functions similar to T cell functions when adenosine was bound to adenosine receptors
expressed on NK cells. Adenosine was reported to decrease OXPHOS and glycolysis of
human NK cells, stimulated with IL2 plus IL15, which reduced their cytotoxicity [226].
A hypoxic TME was also suggested to shape NK cell metabolism. Some studies showed
that hypoxia could reduce but not entirely abolish NK cell functions. Activation of HIF-1x
mediates the transcriptional regulation of glycolytic genes, which might be critical for
NK cells in order to keep their cytotoxic effects in a low oxygen environment. However,
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evidence is controversial since hypoxia also decreased the expression of several activating
NK cell receptors such as NKp30, NKp46 and NKG2D [197]. Moreover, a hypoxic TME
leads to granzyme B degradation in NK cells through autophagy [224].

2.3.2. Effect of the Metabolite Lactate and Other Metabolites on NK Cell Performance

Our understanding of NK cell metabolism has mainly progressed in the past ten years
since immunometabolism was mostly studied in T lymphocytes and myeloid cells [8].
Lactate is one of the metabolites that is readily generated by tumor cells and was shown to
blunt the anticancer immune surveillance of NK cells and of T cells, as mentioned earlier.
Indeed, local secretion of lactate by tumor cells within the TME of murine melanoma
and pancreatic adenocarcinoma models was associated with less infiltration of NK cells,
which produced lower levels of IFNy and granzyme B. In vitro stimulated NK cells did
not only secrete lower levels of IFNYy but also reduced levels of IFNYy transcripts when
treated with lactic acid or cultured in low pH conditions. Upregulation of nuclear factor of
activated T cells (NFAT), a transcription factor controlling IFNy expression during NK cell
activation was also found to be inhibited upon lactic acid treatment and led to apoptosis
of NK cells. Extracellular lactic acid was shown to be taken up by NK cells, which caused
intracellular acidification and a drop in ATP levels. Therefore, immune cell evasion in
these cancer models was dependent on the levels of expression of lactate dehydrogenase
A (LDHA) in tumor cells and the levels of lactate within the TME, which dampened the
cytotoxic effects of NK cells [53]. Another study in colorectal carcinoma patients found that
when the carcinoma metastasized to the liver, lactate was produced, which in turn causes
intra-cellular acidification of intra-tumoral NK cells. Additionally, NK cells residing in the
liver displayed mitochondrial dysfunction and underwent apoptosis [215].

The NK cell-tumor synapse was described as an energetically demanding connection.
Indeed, there is mitochondrial polarization in NK cells to the site of tumor cell docking. This
is accompanied by a reduction in the mitochondrial membrane potential of NK cells when
the tumor cell is targeted as a reflection of an energy-consuming mechanism [227,228].
Alterations of the glycolytic pathway were described in intra-tumoral NK cells. In a
lung cancer mouse model, NK cells displayed a reduced glycolytic rate, which correlated
with lower effector functions. Interestingly, fructose-1,6-biphosphatase, an enzyme of
gluconeogenesis, was found to be upregulated in these NK cells, in accordance with
glycolysis inhibition and an improved NK cell anti-cancer activity upon inhibition of this
enzyme [229]. In addition, metabolic alterations can be caused by inhibition of SREBPs,
major transcription factors that mediate higher glycolytic rates, cytotoxicity and cytokine
production in cytokine-stimulated NK cells. Indeed, higher levels of naturally occurring
SREBP inhibitors such as 25- and 27-hydroxycholesterol were found in tumors of patients
with breast, gastric or colorectal carcinomas [197]. These compounds are synthesized from
cholesterol by enzymes upregulated in macrophages and some tumors [215].

2.3.3. Limited Amino Acid Availability in the TME

Other metabolic challenges encountered by NK cells within the nutrient-deprived
TME include reduced aa availability. Although reported in vitro, human NK cell lines and
primary cells display lower proliferative capacity and IFNy production when arginine
levels are low. Furthermore, the absence of leucine in the culture media inhibited the mTOR
pathway in NK cells. Aside from the aa requirements of NK cells, the production of certain
aa byproducts can modulate NK metabolism. In myeloid cells, arginine catabolism that
occurred as a result of inducible nitric oxide synthase (iNOS) upregulated the yield of nitric
oxide. Nitric oxide in the TME impairs NK cell-mediated ADCC, and the inhibition of iNOS
or the depletion of myeloid-derived suppressor cells (MDSCs) was shown to revert NK cell
cytotoxicity [230]. Furthermore, myeloid cells also upregulated arginase, an enzyme that
catabolizes arginine and depletes this aa in the TME. In addition, L-kynurenine, which is a
byproduct of tryptophan degradation and is catalyzed by IDO, was described to inhibit
the proliferative capacity of NK cells. A similar scenario was reported for T cells in the
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TME. This also leads to the upregulation of activating NK cell receptors (i.e., NKp46 and
NKG2D) and cytokine synthesis [231]. Activated NK cells display high levels of the L-
kynurenine transporter across the cell membrane, and these granulocytes are at high risk
of undergoing inhibition by this catabolite within the TME [215]. Apart from producing
immunosuppressive catabolites, IDO depletes tryptophan in the TME and therefore reduces
the availability of this essential aa [8]. Prostaglandin E2 (PGE2) is another metabolite that
NK cells can encounter within the TME. PEG2 is synthesized by cyclooxygenases that can
be expressed not only in tumor cells but also in tumor-associated macrophages (TAM)
and other stromal cells. PGE2 is known as a critical modulator of NK cellular functions.
For instance, PGE2, once bound to EP2 and EP4 receptors on NK cells, can decrease the
expression of several activating NK cell receptors such as NKp30, NKp44, NKp46 and
NKG2D. In TMEs where PGE?2 is secreted, NK cell cytotoxicity is impaired. PEG2 blocking
was shown to improve NK cell effector functions in a mouse model of metastatic breast
cancer. Likewise, a positive outcome when using inhibitors of cyclooxygenase 2 in several
solid malignancies was reported [232].

Recently, the effect of glutathione on NK cell cytotoxicity was described. Pharma-
cologically blocking the formation of epigenetic enzymatic complexes that contain the
demethylase LSD1 did not only decrease the viability of NK cells but also OXPHOS respi-
ration, which had a lesser effect on T cells. In correlation, mitophagy with ROS production
and reduced glycolysis were also demonstrated. The oxidative stress and impaired viability
were rescued by glutathione supplementation, and the cytotoxic effect of NK cells was also
partially reinstalled. This occurred upon scaffolding LSD1 inhibition, despite not reversing
the impaired energetic metabolism. Therefore, the redox status of NK cells seems to be
crucial for their cytotoxicity, even when their energy metabolism is affected. Improvement
of the anticancer effector functions of NK cells beyond an optimal energetic metabolism
was suggested with nutritional supplementation of glutathione [233].

2.3.4. Targeting the Metabolism in the TME to Re-Establish NK Effector Function

Boosting NK cell effector functions by targeting the metabolism within the TME is
a promising avenue for anticancer therapies. However, this is not an easy task when
considering that metabolic pathways are not exclusive to tumor cells and that targeting
them might also affect stromal cells [234]. Despite this, several strategies were suggested to
overcome the metabolic challenges that NK cells encounter when fighting cancer cells in
liquid as well as solid malignancies. For example, chemotherapy-induced tumor cell death
might diminish the amount of glucose consumed by tumor cells. Consequently, NK cells
may benefit from a TME that is less deprived of glucose. Inhibitors of glutaminase, which
reduce the entry of glutamine into the TCA cycle in tumor cells, might increase glutamine
availability in the TME in order to activate mTOR and induce cMyc translation in NK
cells. Treatment with inhibitors of the glycogen synthase kinase 3 (GSK3) in order to avoid
cMyc degradation might retain NK cells in their active state. Indeed, GSK3 inhibitors were
described to increase the antitumor cytotoxic functions of NK cells [234]. These strategies
could also be applied in combination with adoptive NK cell transfer. In the context of CAR
NK cells, it is fair to consider whether there are versions of CARs that increase NK cell
effector functions by making them more metabolically fit and resistant in order to fight
malignant cells.

2.4. How Can CAR NK Cells Persist, Remain Cytotoxic and Metabolically Fit in TME?

When considering adoptive cell transfer, CAR NK cells were developed as an al-
ternative to CAR T cell-based therapy, as several side effects can occur when delivering
genetically modified T lymphocytes. Some of the limitations associated with CAR T cell
immunotherapy include graft-versus-host disease (GVHD), cytokine release syndrome
(CRS) and immune cell-associated neurotoxicity (ICAN) [235]. Although not very well
established, CAR NK cells are believed to be less prone to causing GVHD because of
the strong regulation of their self-tolerance for healthy as well as “self” tissue, which are
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mediated by inhibitory NK receptors. As part of innate immunity, NK cells do not generate
antigen-specific clones as compared to T cells. In addition, NK cells present different
properties to elicit the production of myeloid-derived cytokines that might generate an
inflammatory storm. Apart from side effects that are minimized with CAR NK cells, these
biological entities carry a broad spectrum of activating receptors, which might warrant
CAR NK cell activation, even though tumor cells undergo immune-editing and lose the
antigen to which the CAR is specific [236]. CAR NK cells as artificial effector lymphocytes
can display CAR-dependent and CAR-independent mechanisms of action, a property that
makes them valuable for immunotherapy. Indeed, the first clinical trial (NCT03056339)
for CD19-targeting CAR NK cells derived from CB in refractory B cell lymphoma patients
reported a positive clinical response in more than 50 % of the individuals with no signs of
the above-mentioned side effects [237].

Metabolic interventions to improve the immunosurveillance of tumor-infiltrating im-
mune cells have not yet been explored to the same extent compared to targeting tumor
cells with antimetabolic drugs. Indeed, targeting metabolism within the TME is another
avenue that is currently being investigated in combination with classical immunother-
apy but primarily in the context of T cells. For instance, in melanoma, neutralizing the
acidic pH of the TME with oral bicarbonate showed improved tumor growth control in
combination with anti-PD-1 treatment. Likewise, oral bicarbonate, in combination with
adoptive T cell transfer, extended the survival of tumor-bearing mice [238,239]. Other
strategies focused on glucose and lactate metabolism in tumor cells [49,240-243]; however,
targeting these metabolic pathways exclusively in malignant cells remains a challenge
and is still in progress [80,244,245]. Currently, the following are being investigated and
refined: targeting glutamine metabolism in tumor cells [106,246], arginine metabolism in
myeloid cells [247], tryptophan metabolism in the TME [248], lipid metabolism in both,
tumor [207] and immune cell populations [249] and disruption of signaling pathways
activated by nutrient availability and oxygen content (i.e., mTORCI [250,251], AMPK [252],
HIF-1«x [234,253,254]). Of note, most of these studies include T or CAR T cells.

When focusing on enhancing the anticancer performance of NK cells beyond CAR
engineering in order to target different TAAs and stress ligands, different CAR constructs
were designed to improve NK cell-intrinsic activation pathways and trafficking. Likewise,
there are CAR versions that intend to reduce the tumor cell heterogeneity within solid
TMEs. These CAR versions generate NK cells, which target NKG2D-expressing cancer
stem cells and immune checkpoint expressing tumor cells that evade T cell recognition.
Furthermore, CAR NK cells were generated to avoid immunosuppressive signals within the
tumor, such as TGFp [214]. How all these CAR constructs contribute to NK cell metabolic
fitness remains to be fully interrogated. To our knowledge, genetic modifications that
potentiate the metabolism of CAR NK cells have not yet been reported. One major obstacle
when using primary NK cells in immunotherapy is the lack of an efficient gene transfer
method. Recently, though, two independent studies showed that this hurdle could be
overcome by changing the vesicular stomatitis G (VSV-G) envelope glycoprotein (gp) at
the surface of a lentiviral vector (LV) by a baboon retroviral envelope gp [255,256]. These
new LVs ensured up to 80 % genetic modification of activated NK cells [199,257] and were
shown to generate functional CAR-expressing NKs. Another study also showed high-level
CAR delivery into NK cells by employing an x-retroviral vector system [258]. These results
will pave the way to progress CAR NK cell therapy to the clinic.

In the following section, we illustrate with the few available studies how evaluating
the metabolic fitness of CAR NK cells may provide a better in vitro validation of NK cell
performance prior to pre-clinical and clinical testing. Much of the knowledge about NK cell
dysfunctions is based on pathologies such as obesity. It is very well established that NK cells
from obese mice do not respond efficiently to viral infections. This is indicated by fewer
cytotoxic responses and a lower number in the circulation, and a number of factors that
make these cells less effective against tumors [223]. Immune dysfunction due to obesity has
been associated with a lower energetic metabolism in NK cells upon cytokine stimulation.
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Indeed, lipid accumulation mediated by peroxisome proliferator-activated receptor (PPAR)
downregulates cMyc expression, mTOR activity and decreases the rates of glycolysis
and OXPHOS in NK cells, which limits their anticancer response [259]. The chronic low-
grade inflammation underlying obesity occurs as a result of inflammatory soluble factors
secreted by adipocytes and adipocyte-associated macrophages. This inflammatory niche
resembles the inflammatory TME of several solid tumors. Local microenvironments with
such characteristics induce MDSCs, an immune cell population that is common in oncogenic
malignancies and also detected in obese mice driven [260]. Therefore, CAR NK cells were
designed to target not only tumor cells but also MDSCs within the TME. MDSC-containing
TMEs are often immunosuppressive due to the presence of mediators such as TGFf3 that,
for instance, downregulates the expression of NKG2D co-adapter molecules on NK cells.
A CAR targeting NKG2D ligands was designed to express a fusion protein containing
the extracellular domain of the activating NK receptor NKG2D and the CD3( chain of
cytotoxic T cells as the intracellular domain. NKG2D ligands are not only expressed by
damaged and hypoxic tumor cells but also by intra-tumoral MDSCs. This makes NKG2D
a suitable receptor for dual targeting in solid malignancies [261]. NKG2D CAR NK cells
artificially and constitutively express a functional activating receptor that naturally is
usually reduced in the TME. NK cells modified with this CAR displayed higher NKG2D-
mediated cytotoxicity in vitro against tumor cells expressing NKG2D ligands. Importantly,
this stronger cytotoxicity was retained irrespective of the presence of TGFf and NKG2D
soluble ligands in the cell culture medium, which are components of in vivo TMEs that
limit NKG2D signaling. NKG2D CAR NK cells also displayed enhanced cytotoxicity
against autologous NK2GD ligand-expressing MDSCs (Figure 6). CAR NK cells were
able to limit tumor growth in a xenograft model that was generated by engrafting MDSC
and GD2+ neuroblastoma cells, which did not express NKG2D ligands. Importantly, a
significant tumor growth control was dependent on the elimination of NKG2D ligand-
expressing MDSCs rather than directly targeting tumor cells. These engineered CAR NK
cells did not react against NKG2D ligand-expressing autologous T cells as compared to the
NKG2D CARTT cells, further demonstrating the safety of the adoptive CAR NK cell-based
immunotherapy in terms of GVHD [261].

Memory-like (ML) or adaptive NK cells in humans were reported to display distinctive
metabolic features when compared to non-adaptive NK cells. Aside from having an
augmented mitochondrial mass, mitochondrial membrane potential and OXPHOS rates,
mTOR activation is more enhanced upon CD16 engagement as compared to classical
human NK cells in their ML counterparts [215]. This metabolic fitness has not yet been
reported as the cause of higher cytotoxicity against tumor cells for longer periods. A recent
study, however, clearly shows that ML NK cells were not only suitable for adoptive cell
transfer but can also be engineered with a CAR and displayed improved tumor control
compared to conventional CAR NK cells. Indeed, engineering ML NK cells derived from
PB with a CAR targeting CD19 has shown to improve IFNy production, degranulation
(CD107a+) and cytotoxicity in vitro when co-cultured with NK-cell resistant lymphoma
cells as compared to conventional CAR NK cells. This was confirmed in vivo [236].

Other alternatives to expand human NK cells are currently being tested in order to
obtain metabolically fit CAR NK cells with stronger cytotoxic responses for clinical appli-
cation. For instance, expansion of NK cells was performed under co-culture conditions
using irradiated feeder B cells that were genetically modified to express membrane-bound
IL21 and none or low levels of MHC-I. Expansion in the presence of IL2 and IL15 and a
CD19 CAR encoding retroviral vector yielded metabolically fit CAR NK cells. These feeder
B cells proved to be advantageous for NK and CD19 CAR NK cell proliferation, purity
and reduced their apoptosis. CD19 CAR NK cells expanded using IL21-expressing feeder
B cells were more cytotoxic against CD19+ lymphoma cells and displayed higher tumor
burden control in two lymphoma xenograft models [262]. CD19 CAR NK cells that were
expanded using IL21* feeder B cells upregulated genes involved in aa metabolism and
glycolysis, while genes involved in NK cell activation, differentiation and cell-to-cell adhe-
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sion were downregulated, reflecting a less differentiated state. Higher glucose uptake was
also confirmed in feeder B cell-expanded NK cells. Moreover, genes coding for cell death
receptors and cognate ligands were downregulated upon expansion, indicating that these
NK cells were less prone to undergo cell death. Furthermore, some transcription factors and
signaling proteins that are downregulated in the ML NK cell phenotype were expressed
at lower levels when using the feeder B cell expansion system. This highlighted that the
resulting NK cells had a potentiated adaptive phenotype that resembled ML NK cells.
Furthermore, several metabolic genes such as cMyc, SLC7AS, transferrin receptor (TFRC),
serine sulfhydrase (CBS), phosphoserine phosphatase (PSPH), phosphoserine aminotrans-
ferase 1 (PSAT1) and genes contributing to the CMS, malate dehydrogenase 1 (MDH1) and
pyruvate dehydrogenase (PDHA1) were all upregulated. This study, therefore, described a
novel human NK cell expansion system that was superior in generating allogeneic CAR
NK cells with an ML NK cell phenotype. This phenotype marked by enriched expression of
metabolic genes was associated with rapid cell proliferation without inducing exhaustion.
This highlights the feasibility of CAR NK cell-based immunotherapies, as CB banks are
readily available [262].
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Figure 6. Overview of CAR NK cell generations. Depicted designs are representative of CAR NK cells
resistant to challenges within the tumor microenvironment that limit NK cell metabolism and CAR
NK cells with reported improvement of metabolic features. MDSCs, myeloid-derived suppressor
cells; TGFf3, transforming growth factor (3; tCD19, truncated CD19; GVHD, graft-versus-host disease;
OXPHOS, oxidative phosphorylation; aa, amino acid. Figure generated by Biorender.com (accessed
on 15 November 2021).

Recently, the fourth generation of CAR NK cells was developed to express an anti-
CD19 CAR, specific for B cell lymphoma and IL15 (Figure 6). Moreover, these so-called
armored CAR NK cells were further modified to inhibit an NK immune checkpoint. The ge-
netic modification is based on knocking-out CISH, a gene coding for the cytokine-inducible
SH2-containing protein (CIS). CIS is activated as part of a negative feedback mechanism
induced by IL2 and IL15 stimulation [263]. Targeting this cytokine immune checkpoint
improved the metabolic fitness of NK cells that were derived from CB. These CAR NK cells,
when co-cultured with lymphoma cells, displayed a higher Akt/mTOR/cMyc signaling
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and glycolysis, which was confirmed by increased extracellular acidification. These IL15
secreting anti-CD19 CAR NK cells were more cytotoxic in vitro and persisted longer in mice
when CISH was silenced. Adoptive transfer of these CISH KO CAR NK cells significantly
prolonged the survival of a lymphoma mouse model. This innovative way of specifically
improving CAR NK cell immunotherapy is due to the synergism of combining specific
tumor cell targeting and cytokine activation by the NK cells themselves while abolishing
the cytokine-associated negative feedback. Secretion of IL15 by CAR NK cells gives them
a therapeutic advantage since some TMEs are poor in IL15. Importantly, these CAR NK
cells are also equipped with a suicide gene that allows inducing apoptosis if adoptive cell
transfer results toxic in the clinic [264].

3. Perspectives

Currently, the field is investigating the missing links between the proof of concept
of innovative strategies in order to overcome current limitations in CAR T/NK cells
and their translation into the clinic. Among these hurdles, CAR T/NK cells encounter
immune responses, inhibitory signals, metabolic changes from the tumor cells and tumor
microenvironment, toxic side-effects and loss of long-term persistence, among others. The
field is actively attempting to find solutions to these obstacles by multiple innovative
approaches. These approaches include gene editing techniques and in vivo generation of
CART cells [265] in an attempt to improve the accessibility of the CAR T cell therapy to
more patients. In the future, improved mice models that mimic human hematopoiesis
and immune response more closely [266] will assist the field with addressing pertinent
unanswered questions. Below, we discuss some novel research avenues in the CAR T/NK
field.

3.1. “Off the Shelf” Universal CAR T Cells

T cell and CAR T cell therapies currently rely on autologous T cell transfer, which
requires patient-specific manufacturing. This is a costly process and can lead to hetero-
geneous products from one patient to another. Therefore, huge efforts are invested into
generating allogeneic T cells, which have strong anti-cancer potency that is not rejected
by the patient’s immune system. One strategy for universal CAR T cell generation is
to eliminate the endogenous TCR, resulting in the sole expression of a CAR on the T
cell [131,267-269].

Universal anti-CD19 CAR T cells were developed by gene editing strategies to knock
out the constant region of the TCR« chain and the CD52 gene, in order to make the CAR
T cells resistant to an anti-CD52 antibody that is used for the treatment of B-cell chronic
lymphocyte leukemia (Quasim et al. 2017). The treatment of two children with aggressive
B-ALL with this universal CAR T was effective. More strategies for the generation of
universal CAR T cells as described by Morgan et al. [270].

Mo et al. [271] used an elegant approach based on the fact that recipient T and NK
cells, upon allogeneic CAR T cell infusion, may upregulate co-stimulation receptors such as
4-1BB, while resting T cells will not. Therefore, they engineered therapeutic T cells carrying
an anti-CD19 CAR together with an allogeneic defense receptor exposing 4-1BB Ligand at
their surface, which was shown to eliminate the recipient T cells and NK cells that reacted
against this CAR T cell graft. Here, it is obvious that large metabolic changes are involved
and that we might need to rewire these universal CAR T cells to make them even more
potent and persisting long-term.

Pluripotent stem cells, such as human induced pluripotent stem cells (hiPSCs), can pro-
vide an unlimited T cell source for CAR T cell development, with the potential of generating
off-the-shelf T cell products. T-iPSCs (iPSC-derived T cells) are phenotypically defined,
expandable, easily genetically manipulated and are as functional as their physiological T
cell counterparts. The combination of iPSC and CAR technologies provides an exciting
opportunity for oncology and greatly facilitates cell-based therapy for cancer patients.
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However, T-iPSCs, in combination with CARs, are at the early stage of development and
need further pre-clinical and clinical investigation (for review, see [272]).

3.2. Combining CAR T and CAR NK Cells to Increase Their Anti-Tumor Activity

The most recent studies on CAR NK cells reflect that evaluation of CAR NK cell
effectivity for immunotherapy cannot only rely on the assessment of effector functions,
including cell killing and production of cytokines. Other parameters such as cell phenotype
as well as metabolic features are critical when testing the in vitro efficacy of CAR NK and
T cells. Therefore, immunotherapy pursuing to enhance T and NK cell effector functions
in parallel with the objective to minimize cancer immune-evasion is beginning to yield
promising results [7]. Recently, CAR T and CAR NK cells were combined to pursue this
objective. For example, adoptive NKG2D CAR NK cell transfer enhanced tumor infiltration
of GD2 CART cells that were delivered after CAR NK cell education into a subcutaneous
xenograft containing neuroblastoma cells and MDSCs. In contrast to CAR T cells, which
demonstrated an impaired infiltration in MDSC-containing tumors in the absence of CAR
NK cell education, CAR NK cells homed into the tumor core, irrespective of the presence
of MDSCs in the tumoral mass. GD2 CAR T cells were also able to limit tumor growth and
increase survival in the presence of MDSCs in mice educated with CAR NK cells. Therefore,
NKG2D CAR NK cells that did not directly target neuroblastoma cells due to their lack
of NKG2D ligand contributed to limiting tumor growth by eliminating NKG2D+ MDSCs
and increasing infiltration of neuroblastoma-targeting CAR T cells [261]. Therefore, this
study demonstrated the synergism of combining CAR T and NK cell therapy for improved
control of tumor progression.

3.3. NKT Cells, the Natural Hybrids of T and NK Cells at the Cutting Edge of CAR Therapies

The potential of combining T and NK adoptive cell transfer as immunotherapy might
rely on the mechanisms of malignant cell recognition by T and NK cells. Whereas higher
expression of MHC-I leads to stronger activation of T cells, the presence of MHC-I molecules
inhibits NK cell targeting. Indeed, natural killer T cells (NKT cells) at the border of T and
NK lymphocytes represent an immune population with mixed mechanisms for target cell
recognition. NKT cells constitute a subgroup of T lymphocytes, which expresses some NK
cell markers. Similar to T cells, NKT cells express a TCR, which is restricted to glycolipid
antigens and not peptides. Glycolipid antigens are presented on CD1 molecules, which are
MHC-like and expressed by hepatocytes, adipocytes and professional APCs that present
microbial antigens to T lymphocytes [177,273].

NKT cells were shown to possess higher glycolytic capacity compared to T lym-
phocytes upon TCR engagement [177]. These so-called “innate-like T lymphocytes” are
activated by T cell-like mechanisms via TCR engagement. In parallel, an active or inhibited
state also depends on the engagement of the NK cell receptors expressed on NKT cells.
Indeed, activation via TCR binding to glycolipids presented by CD1 was suggested to be
interrupted by KIR ligation. Although NKT cells display the capacity to kill tumor cells
in a CD1-dependent manner, the role of NKT cells in vivo has mainly been described as
regulatory. The secretion of a repertory of cytokines by NKT cells positively or negatively
contributes to T and NK cell generation and activation [273]. NKT cells with a morphology
resembling NK cells because of their granularity and a low nucleus-to-cytoplasm ratio com-
bine unique characteristics of T and NK cells. However, low numbers, anergy and the NKT
cell switch from Th1l- to an immunosuppressive Th2-like phenotype were observed in can-
cer patients. Therefore, injection of the activating glycosphingolipid «-galactosylceramide
was attempted as immunotherapy. Likewise, adoptive cell transfer of autologous ex vivo
activated NKT cells was studied in clinical trials. CAR NKT cells targeting different onco-
genic malignancies were also tested in pre-clinical models [274]. These attempts did not
result in high efficacy or preventing and reversing anergy, and maintenance of the Thl-like
phenotype has therefore been suggested to boost NKT tumor killing [274]. These attempts
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did not result in high efficacy; therefore, preventing and reversing anergy and maintenance
of the Th1-like phenotype were suggested to boost the NKT tumor killing [273].

Additionally, CAR primary NKT cells were designed to target GD2 ganglioside-
positive neuroblastoma cells. The intracellular CAR domain included the CD3( chain,
CD28 and 4-1BB sequences. The GD2 CAR NKT cells were more persistent than unmodi-
fied NKT cells in a metastatic neuroblastoma xenograft model. In addition, serum levels
of IFNy and GM-CSF post-adoptive cell transfer were higher, indicating that the CAR
design was effective in polarizing NKT cells into the Th1-phenotype. Furthermore, when
adoptively and repeatedly transferred to immunodeficient mice with developing neurob-
lastoma metastasis, these CAR NKT cells not only delayed the metastatic growth but also
significantly increased animal survival. Indeed, CAR NKT cells had the advantage to
infiltrate neuroblastoma tissues and displayed no signs of GVHD, compared to CAR T
cells [274]. In addition, NKT cells were shown to co-localize in tumors with TAMs. Indeed,
NKT cells have the potential to target glycolipid-expressing TAMs via CD1 recognition.
Therefore, CAR NKT cells are not only specific for tumor cells but can also shape the TME
by making it less immunosuppressive. A more advanced version of this CAR was engi-
neered to express IL15. These GD2.CD28.1L15 CAR NKT cells that target neuroblastoma
indicated encouraging results in pre-clinical cancer models and were chosen for an initial
clinical trial. In a pre-clinical setup, this design improved in vivo persistence and tumor
infiltration, as well as limiting to a greater extent the tumor growth, compared to GD2
CAR NKT cells that do not express IL15 [275]. Furthermore, CD19 CAR NKT cells were
also generated and tested in a B lymphoma mouse model. CAR design, including CD62L,
was successful in generating CAR NKT cells that were able to control B cell lymphoma
growth [176]. However, how we can metabolically interfere with this in order to increase
the CAR NKT potency in vivo is currently unknown.

4. Conclusions

One of the major advantages of CAR NK over CAR T cells consists in the fact that
NK cells can be used as an off-the-shelf product, while CAR T cells can only be used
in an autologous setting in order to avoid GVHD. Currently, the generation of CAR T
cells though is slow and very expensive. For this reason, universal CAR T cells using
gene-editing technologies [270] are under development in order to allow their use in an
allogeneic setting. However, in the TME, both NK cells and T cells encounter similar
metabolic challenges but also distinct ones that impede their anti-cancer function. These
similar or distinct general and metabolic features for both NK and T cells are listed in
Table 1, in which we made a side-by-side comparison, including metabolic intervention
strategies that are currently explored. Further identifying key cellular and molecular
mechanisms that regulate NK and T cell metabolism will reveal new and exciting strategies
to engineer innovative CAR NK and T cells in order to overcome the immunosuppressive
TME and promote longevity and metabolic and functional fitness.

In summary, multiple strategies to improve the metabolic fitness of CAR T and CAR
NK cells in the tumor environment are being explored. Moreover, the first results demon-
strated that it might be useful to combine both cell types as described above to overcome the
hurdles in the hostile tumors and TME. Even if improved off-the-shelf CAR-expressing T
and NK cells reduced the costs of this cell-based immunotherapy, in the future, it would be
of vital importance to generate metabolically fit CAR NK and T cells directly in vivo [265].
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Table 1. Comparison between T and NK cell recognition mechanisms, metabolic features, approaches
to improve effectivity of adoptive cell transfer, CAR designs boosting their metabolism and strategies

to improve metabolic fitness of CAR-expressing cells.

Features

Active Effector T Cell

Active Effector NK Cell

Immune cell activation mechanisms

TCR engagement via recognition of peptides onto
MHC-T in target cells [7]

No requirement of MHC-I on target cells, activation
through stimulatory receptors [172]

Energetic metabolism

aerobic glycolysis and OXPHOS via the TCA
cycle [7,20].

aerobic glycolysis and OXPHOS via the CMS [215]

Metabolic phenotype

glycolytic [7]

glycolytic [215]

Energetic sources

glucose and glutamine [20]

glucose [215]

PIBK/Akt/mTORC1 pathway

mTORC1 dependent on and independent of

Metabolic regulators Myc, HIF-1a, glutamine [7] CMYCP;?;{I; 43 ?kélﬂi;}xiz .
Metabolism of memory (-like) phenotype OXPHOS [34] OXPHOS [215]

Metabolic approaches to enhance immune cell
metabolism, effector functions and persistence upon
adoptive cell transfer

In vivo inhibition of the lactate transporters MCT1
and MCT4 by diclofenac in a melanoma mouse
model renders tumors sensible to PD1
blockade [102]

Pharmacological inhibition of SREBPs in a
melanoma mouse model controls tumor
burden [222]

Glucose restriction for expansion of CD8 T+ cells
prior to adoptive transfer into a lymphoma mouse
model drives better tumor burden control [92]

In vitro and ex vivo administration of acetate in

glucose-restricted CD8+ T cells and exhausted T

cells, respectively, increases cytokine expression.

Silencing of the acetyl-CoA synthetase controls

better the tumor burden of a lymphoma mouse
model [33]

Ex vivo pharmacological inhibition of
fructose-1,6-biphosphatase in infiltrating NK cells
from lung tumors in mice enhances glycolysis
in vitro and in vivo tumor control upon adoptive
cell transfer [229]

Overexpression of PEP carboxykinase 1 [49] and
PGClx [42] in T cells transferred into
melanoma-bearing mice lead to higher tumor
cytotoxicity.

Oral bicarbonate in tumor-bearing mice controls
tumor growth upon PD1 and/or CTL4 blockade and
upon adoptive T cell transfer in melanoma-bearing
mice [234]

Pharmacological inhibition of GSK3 in NK cells from
PB expanded with IL15 increases maturation and
tumor cytotoxicity in mouse model of ovarian
cancer [276]

Advantages of adoptive CAR-expressing cell
transfer as a therapy

Commercial approval of several CAR T cell
therapies by the FDA [277]
T cells are more suitable for bioengineering by
classical viral vector transduction [257]

No need for cells of autologous origin [172]
Less prone to GVHD [172]

CAR designs and metabolic fitness

4-1BB-containing CAR: OXPHOS metabolism [75]
and longer in vivo persistence [72]
CD28-containing CAR: glycolytic metabolism [75]
and shorter in vivo persistence [72]

NKG2D-expressing CAR resistant to the immune
and metabolic suppressor TGF3 drives MDSCs
clearance and better tumor burden control of CAR T
cells targeting neuroblastoma in mice [261].

Hypoxia-inducible CAR expression for better tumor
control in mouse models of ovarian cancer and neck
and head cancer [120]

IL15-expressing CAR increases in vivo persistence
and survival of a lymphoma mouse model [278]

Metabolic strategies to improve fitness of
CAR-expressing cells in the TME

IL15 stimulation of CAR T cells reduces glycolysis,
increases OXPHOS and FAO genes and leads to a
stem cell memory phenotype, high proliferation,
longer in vivo persistence, tumor burden control
and survival of a lymphoma model [78]

Cytokine-induced memory-like (ML) NK cells
modified with a CAR displayed better tumor burden
control in lymphoma mouse models as compared to

conventional CAR NK cells and ML NK cells [236]

LDH depletion in prostate tumors improved cancer
growth control by CAR T cells [98]

Genetic deletion of the IL15 immune checkpoint in
IL15-expressing CAR NK cells increases mTOR and
cMyc pathways, glycolytic rates and survival of a
lymphoma model [264]

AsaR deficiency in mouse and human CAR T cells
improved tumor burden control in breast and
ovarian cancer mouse models, respectively [123]

PD1 silencing and expression of IL12 in PD1
deficient CAR T cells increased survival of a
lymphoma xenograft mouse model [142]

NK cell expansion with IL21-expressing feeder cells
increases the expression of several metabolic genes,
glucose uptake and promotes a less differentiated
phenotype while enhancing tumor cytotoxicity in
lymphoma mouse models [262]
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