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Abstract

Autophagy is a process that is involved in the bulk recycling of cellular materials
to replenish cellular demands during crisis. However, in cancer cells, the process
of autophagy is dual-faced. Generally, during the initial stages of tumorigenesis,
autophagy inhibits proliferation, but when the cancer cells face extreme nutrient
deprivation and other metabolic stress then autophagy protects them to metasta-
size. Advances in clinical findings have identified many targets involved in the
autophagic pathway of cancer. This led to the development of trials using
protective autophagy inhibitor and lethal autophagy inducer in order to trigger
cell death dependent on autophagy. Interestingly, the existence of solely
autophagy-dependent death of the cancer cells is yet to be established in patients.
Nevertheless, the present concept of autophagy-dependent cell death is highly
debatable from the point of therapy. Specificity and efficacy issues of autophagy-
dependent cell death remain largely uncertain. This brings us to focus on the
controversies and lacunas in the understanding of cell death and autophagy. The
tumor microenvironment (TME) is regarded as a bed of metabolic cascade that
ensures proper refueling of the nutrient-deprived core facing extremes of pH,
starvation, hypoxia, immunogenic intrusion, and therapeutic insults. The novelty
of this chapter lies in its comprehensive outlook to highlight how autophagy
modulation alters TME and its significance in rewiring the metabolism.

S. Mukhopadhyay (*)
Department of Life Sciences, National Institute of Technology Rourkela, Rourkela, Odisha, India

Present Address: Department of Radiation Oncology, NYU Medical School, Laura and Isaac
Perlmutter Cancer Center, New York, NY, USA
e-mail: subhadip.mukhopadhyay@nyulangone.org

# Springer Nature Singapore Pte Ltd. 2020
S. K. Bhutia (ed.), Autophagy in Tumor and Tumor Microenvironment,
https://doi.org/10.1007/978-981-15-6930-2_5

103

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6930-2_5&domain=pdf
mailto:subhadip.mukhopadhyay@nyulangone.org
https://doi.org/10.1007/978-981-15-6930-2_5#DOI


Keywords

Autophagy · Apoptosis · Metabolism · Glycolysis · Amino acids · Fats · Therapy ·
Tumor microenvironment · Immune system

5.1 Introduction

Tumors achieve their metabolic rewiring due to the fueling from their immediate
microenvironment that makes them dynamic pseudoorgans (Lyssiotis and
Kimmelman 2017). Tumor microenvironment (TME) represents an ecosystem of
cells of heterogeneous lineage which is mainly comprised of cancer cells, stromal
cells, interstitial fluids, immune cells, cytokines, chemokines, tumor-associated
macrophages (TAM), cancer-associated fibroblasts (CAFs), and endothelial cells.
TME provides the tumor a niche that makes them metabolically independent and
breaks free off the homeostatic control of the normal cells thereby making them
behave like a self-regulating organ(oid) like structure (Fig. 5.1). In order to

Fig. 5.1 Exploring the arm that fuels the tumor microenvironment: ecosystem of TME comprises
of heterogeneous cellular components from extracellular matrix (ECM) comprising cancer-
associated fibroblasts, stromal cells, to various immune cells (T, NK, B cells, macrophages), and
fats. TME creates a shield-like structure that is impervious to nutrient uptake, drug bioavailability,
or access to growth factors, resulting in massive autophagy increase in the core where there is high
stress due to starvation and hypoxia, accumulation of metabolic wastes, thereby resulting in the
production of therapy-resistant cancer cells. This figure was created using Servier Medical Art
templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://
smart.servier.com
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understand the metabolic rewiring in a tumor, it becomes imperative to understand
the phenomena of autophagy by virtue of which it can beat all stress response.

The term autophagy comes from the Greek meaning for “self-eating” which
encompasses a highly evolutionarily conserved catabolic process digesting the
cell’s own machinery to bypass a stress condition. Generally, the mechanism of
autophagy remains conserved from yeast to higher mammals and involves the
development of a crescent-shaped double-membrane structure called phagophore
or isolation membrane, sequestering damaged part of the stressed cell en masse and
gives rise to a ring-shaped “autophagosome”. This autophagosome fuses with a
lysosome to give rise to “autolysosome” where the acidic milieu degrades the
cellular cargo into recyclable metabolites which are absorbed into the cytosolic
pool for further cellular nourishment. Till now 41 Atg (Autophagy-related) genes
have been identified to regulate the process of autophagy, and most of the genes have
been identified using yeast as a model organism. This phenomenon remains holisti-
cally conserved across different eukaryotes.

5.2 Fundamentals of Autophagy and its Duality in TME

Briefly speaking, autophagy can be categorized broadly into three types –

macroautophagy, microautophagy, and chaperone-mediated autophagy. In this
chapter, we will be dealing with macroautophagy which will be mentioned hence-
forth simply as autophagy. Before we open the topic about the relevance of
autophagy in the tumor microenvironment, let us understand how the mechanism
of autophagy function and why there is so much debate regarding this. Stress due to
various stimuli like a response to therapy, increasing population of cancer cells,
hypoxic tumor core region, alteration of pH, temperature, nutrient starvation, and
pressure from infiltrating immune cells signal envisages inactivation of mTOR
(mammalian Target Of Rapamycin) triggering the de novo synthesis of a double-
layered isolation membrane that leads to nucleation of the initiation step of
autophagy. Stress evokes a natural autophagic response in a cell through the class
III phosphatidylinositol-3-kinase, hVps34 (human vesicular protein sorting 34)
complex. Binding of Beclin1 with hVps34 is involved in rapid catalysis of PI3P
(phosphatidylinositol-3-phosphate) production. PI3P, Beclin1, and ATG14 mostly
remains tethered together as a specialized pre-autophagic structure called
omagesome (named as such due to the Ω shaped structure) giving rise to the
initial development of autophagosome. The presence of PI3P phosphatases like
PTEN, JUMPY plays an important regulatory signal in the development of budding
autophagic vesicle structure (Mukhopadhyay et al. 2016).

In the mammalian system, the initiation of autophagy is quite complex and
involves the ULK1/2 complex which comprises FIP200, ATG 13, and ATG101
proteins. After initiation, the second major phase of autophagy is elongation, which
is taken care of by the two ubiquitination-like systems LC3 and ATG5-ATG12
processing which gives rise to a mature double-membrane autophagosome structure.
Finally, the autophagosome docks and fuses with the lysosome thereby forming
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autolysosome which help to inundate the cytoplasm with nutrients. Laura et al.
showed that survivability of the disseminated solitary dormant breast cancer and
metastatic tumor recurrence rely on triggering autophagy-mediated through ATG7
(Vera-Ramirez et al. 2018). The topic of autophagy is a highly complicated process
with different and diverse nature at every turn of the tumorigenesis process. Any sort
of stress implicated in a living cell provides an impetus to evoke an autophagy
response. However, the dynamics of autophagy is not operated by a simple “on/off”
switch in context to a cell that is undergoing tumorigenesis to develop into a cancer
cell (Fig. 5.2).

Initially, autophagy behaves in a cytoprotective manner to reduce the stress and
tumorigenic consequences in a cell. But once the benign tumor metastasizes to full-
blown malignancy this cytoprotective mechanism shifts into a lethal phenotype by
supporting and/or fueling the growing tumor cells to ensure their rapid proliferation
and hijacks the metabolic fueling from the body.

Fig. 5.2 Schematic representation of the dynamics of autophagy. Healthy cells exhibiting normal
homeostasis undergoes cytoprotective autophagy during stress, however, when this continues for a
protracted period beyond a point of no return then it becomes lethal and causes autophagy-
dependent cell death. A cell undergoing tumorigenesis face extreme metabolic inhibition by
cytoprotective autophagy, however, once the malignancy sets in then it serves as a promoter of
tumor proliferation. A characteristic duality of autophagy which is different from the normal
cellular autophagy is defined as oncophagy and the status of its progression according to the stages
of the tumor is shown
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Work in this field deserves special attention because of the janus role of
autophagy in cancer. In a healthy cell, the cytoprotective role of autophagy prevents
the buildup of excess stress-mediated damage and tumorigenesis. Protracted stress-
mediated autophagy in these cells commits the cell to cross the “autophagic point of
no return” an elusive concept that commits the cell to crossover an irreversible
autophagy barricade that pushes the cytoprotective phenomena to a lethal makeshift
(as elaborated in Fig. 5.2, Loos et al. 2011) and undergoes autophagy-dependent cell
death (type II programmed cell death). Therefore, for a cancer cell, it becomes
crucial to understand the autophagic point of no return to target them without making
them therapeutically latent to pose risks of cancer recurrence. Autophagic modula-
tion of TME helps the cancer cells strive for austere conditions like hypoxia, extreme
acidosis, and accumulation of biological wastes in the interstitial spaces along with
shielding the infiltrating chemotherapy.

Emerging research has focused on the vital role of TME that is capable of
modulating autophagy and vice-versa. The immediate TME faces a rush of a diverse
cellular niche. How the tumor environment can modulate the autophagy quotient
during therapy to act against or in favor of the clinician is a hot field of research in the
present time and will be discussed in detail in the later sections. There exists a lot of
lacunae between medical research and patient therapy. This work tries to highlight
these points with a focus on the major paradoxes and paradigms of the molecular
mechanism at work behind the autophagic dynamics that modulate the TME inside a
cancer cell.

5.3 Autophagic Regulation of Different Metabolites in TME

5.3.1 Autophagic Contributions of Glycolytic Intermediates

Tumor cells become attuned to dysregulated glucose metabolism leading to disease
recurrence and cancer cell survival benefit under acidic pH stress by glycolysis to
mediate autophagic stress through the PI3K/AKT/mTOR pathway that prolongs
cancer cell survival by resisting apoptosis (Lue et al. 2017; Wojtkowiak et al.
2012). Low glucose in TME triggers energy sensor AMP-activated protein kinase
(AMPK) mediated autophagy induction which becomes responsible for the degra-
dation of damaged or long-lived components to replenish nutrients to compensate
the stress (Williams et al. 2009). On the other hand, high glucose TME accelerated
the SREBP1-autophagy axis to play a crucial role in pancreatic ductal adenocarci-
noma (PDAC) progression (Zhou et al. 2019). Karsli-Uzunbas et al. showed that
conditionally deleted ATG7 is expendable for short-term survival, but help to avoid
the lethal hypoglycemic condition, cachexia during starvation highlighting a new
role of autophagy in glucose homeostasis, and lung tumor maintenance (Karsli-
Uzunbas et al. 2014). Chemotherapeutic insults in autophagy inhibited condition
under glucose restricted condition led to the upregulation of period circadian clock
2 (PER2), a tumor suppressor protein in the colorectal cancer cell (Schroll et al.
2017). Interestingly, GPx1 degradation caused by glucose deprivation triggered
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ROS/AMPK signaling mediated autophagy in PDAC. Also, GPx1 may modulate
glycolysis inhibition in pancreatic cancer under the glucose-starved situation while
GPx1 overexpression and autophagy inhibition resulted in caspase-dependent apo-
ptosis (Meng et al. 2018).

Upregulation of another glycolytic enzyme hexokinase (HKII) was found to be
involved in escalating autophagy in the hypoxic TME of tongue squamous cell
carcinoma (Chen et al. 2018). In a stressful TME, miRNA-7 inhibits autophagy by
upregulation of LKB1-AMPK-mTOR signaling, thereby diminishing the supply of
intracellular glucose pool available to fuel glycolysis (Gu et al. 2017). Glucose
shortage mediated metabolic catastrophe resulted in autophagy-dependent BCR/Abl
protein degradation in chronic myeloid leukemia cells, which are resistant to tyrosine
kinase inhibitor-based therapy (Bono et al. 2016). βIII-Tubulin was known to
decrease the reliance of cells on glycolytic metabolism, priming them to cope with
low glucose stress in TME and protect from the endoplasmic reticulum (ER) by
co-immunoprecipitating with GRP78 in non-small cell lung cancer (NSCLC)
(Parker et al. 2016). GRP78 expression in limited glucose condition, led to
dysregulation of pyruvate kinase M2 (PKM2) that triggered mitochondrial pyruvate
dehydrogenase A (PDHA) and B (PDHB), causing a metabolic transition from
glycolysis to the TCA cycle (Li et al. 2015). Glucose limitation in TME led to
GRP78 mediated autophagic activation that led to degradation of IKKβ, which
instigated inactivation of the NF–κB pathway and consequently altered the expres-
sion of PKM2, GLUT1, and HIF-1α.

Another glycolytic metabolite lactate helps the viability of glucose deprived
melanoma TME in hypoxic conditions by repressing autophagy (Matsuo et al.
2019). In this regard tumor suppressor gene ANKDD1A reduces the half-life of
HIF1α through an increase of FIH1; downregulation of glucose uptake and lactate
production impedes autophagy along with triggering apoptosis in hypoxic glioblas-
toma multiforme (GBM) TME (Feng et al. 2019). Hypoxic TME of PDAC is
involved in autophagy-mediated degradation of stromal lumican involved in
regulating cancer progression (Sarcar et al. 2019).

Acidification of hypoxic and glucose deprived tumor cores by exogenous lactate
supplementation is reported to prevent cell death by inhibiting autophagy in B16
melanoma cells (Matsuo and Sadzuka 2018). On the other hand, depletion of MCT4
on NK cells executes a compensatory metabolic rewiring by inducing autophagy to
minimize the acidic extracellular breast tumor microenvironment that is involved
with the export of lactate (Long et al. 2018). Following the phenomenon of reverse
Warburg effect, cancer cells utilize lactate as an active metabolite and shuttle to TME
to inflict metabolic reprogramming. In this regard, 2-methoxyestradiol, can inverse
L-lactate-induced metabolic reprogramming in osteosarcoma 143B tumor cells
(Gorska-Ponikowska et al. 2017). Phosphoproteomics screening established that
mitochondrial Akt-PDK1 signaling alters tumor metabolism toward glycolysis by
inhibiting autophagy, apoptosis, and support proliferation of hypoxic tumors (Chae
et al. 2016).
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5.3.2 Autophagy Contributions of Amino Acids

In this section, we briefly report about the major contributions of amino acids that are
under the autophagic regulatory control network in TME. Among the amino acids,
the glutamine plays a crucial role to fuel the tricarboxylic acid (TCA) cycle and
maintain the pool size of antioxidants and ammonia.

Glutaminolysis-derived ammonia diffuses into the interstitial space of TME and
is involved in regulating anti autophagy protein TIGAR (Mariño and Kroemer 2010)
in MCF7 cells. Coculturing tamoxifen-resistant cancer cell with stromal fibroblasts
drives catabolism of tumor stroma along with the anabolic activity of tumor cell
(Albanese et al. 2011). Witkiewicz et al. showed that screening of lethal breast TME
supported “Autophagic Tumor Stroma Model of Cancer Metabolism” and identified
that loss of stromal caveolin-1 status in breast cancers leads to autophagy-mediated
recycling of nutrients like lactate, ketones, and glutamine to feed anabolic events in
cancer that led to metastasis and poor clinical prognosis (Witkiewicz et al. 2011).
Interestingly, from the perspective of autophagy, it was reported that SNAT7 is a
critical primary lysosomal glutamine exporter essential for the growth and prolifera-
tion of cancer (Verdon et al. 2017). Besides this, the relevance of arginine in TME
was elucidated by work from Beth Levine’s lab where it was shown that autophagic
impairment leads to the secretion of arginase and subsequent degradation of arginine
was recognized as a metabolic vulnerability in cancer (Poillet-Perez et al. 2018).

On the other hand, preconditioning of primary human renal proximal tubular
epithelial cells without tryptophan led to enhanced survivability in hypoxic
conditions by triggering autophagy (Eleftheriadis et al. 2017). Exemplary findings
established that the autophagic modulation in pancreatic stellate cells controls
alanine secretion which feeds the PDAC in an austere tumor microenvironment to
promote growth (Sousa et al. 2016).

5.3.3 Autophagy Contributions of Lipids

Vital research is being carried out to understand how the TME is being inundated
with lipid molecules which in turn like a vicious cycle promote more fat-derived
energy to fuel the tumor cell. Wen et al. co-cultured adipocytes with colon cancer
cells to establish the mechanism by virtue of which adipocyte-derived free fatty acids
are released to the cancer cells, thereby inducing autophagy as a result of AMPK
activation (Wen et al. 2017). SIRT3 mediated autophagy was reported to adipocyte
differentiation, and lipophagy mediated through increased activity of pyruvate dehy-
drogenase under high salt conditions which may result in an influx of lipid droplets
in TME (Wei et al. 2019; Zhang et al. 2020).
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5.4 Autophagic Regulation of Immune System in TME

An ecosystem in a TME comprises a plethora of immunomodulatory signals secreted
by the cancer cells, CAFs, stromal cells, fibroblasts, macrophages, and T cells that
modify each other to define the metabolic plasticity of the tumor. Tumor-associated
macrophages (TAMs) create an environment conducive to facilitate the progression
of the tumor. Tumor cell-released autophagosomes (TRAPs) stimulate IL-10-pro-
ducing B cells and inhibit neutrophil production to repress antitumor immunogenic
signals. Moreover, within TME, TRAPs are also responsible for converting TAMs
into immunosuppressive M2 like macrophage secreting PD-L1, IL10. Inhibition of
autophagy by Beclin1 silencing led to a decrease of TRAPs and enhanced T cell
activation (Wen et al. 2018). The rush of antitumor response combined with translo-
cation of calreticulin (CRT), extracellular release of ATP, danger-associated molec-
ular patterns (DAMPs), high mobility group box 1 (HMGB1), and stimulation of
type I interferon (IFN) led to a form of cell death which is regarded as immunogenic
cell death (ICD). Targeting ICD by a combination of autophagy and chemotherapy is
a potential approach to improve the prognosis of cancer patients with a long-term
immune memory response to protect against the possible chance of tumor recurrence
(Wang et al. 2018). For instance, Sigma1 utilizes autophagy to eradicate the func-
tional PD-L1 from the cell surface to regulate the tumor immune microenvironment
(Maher et al. 2018).

There is debate over the topic of mechanism that autophagy utilizes to trigger
anticancer immunity while there are reports that show autophagy disarm anticancer
immunity mediated by cytotoxic T cells and natural killer (NK) cells (Li et al. 2017).
Autophagy-dependent regulation of TGF-β in myeloid cells leads to M2 macrophage
accumulation in TME and is involved in controlling metastasis along with epithelial-
mesenchymal transition (EMT) of tumor cells (Jinushi et al. 2017). The motility of
aggressive metastatic cancer cell in a TME cannot be attributed due to a single factor,
rather a hypoxic tumor core due to limited vascularization creating a hypoxic region
which gives rise to mesenchymal-like carcinoma cells that exhibit high EMT and
acquire stem cell-like propensity (Pietilä et al. 2016). Hypoxia-induced autophagy
eliminates pro-apoptotic NK-derived serine protease GZMB/granzyme B, thereby
blocking NK-mediated target cell apoptosis in breast tumor (Viry et al. 2014).
Interestingly, chemotherapy dependent p53 activation helps in granzyme B and
NK cells mediated breast tumor killing through induction of autophagy (Chollat-
Namy et al. 2019).

Recent work confirmed that hypoxic TME activates autophagy as well as
suppresses the immune surveillance of melanoma by NK cells through modulation
of Cx43-mediated intercellular communications (Tittarelli et al. 2015). Although
autophagy can be expendable for chemotherapy-induced cell death, but it is critical
for its immunogenicity (Michaud et al. 2011). Tumor cells with functional
autophagy responded to chemotherapy by attracting dendritic cells and T
lymphocytes into TME. Inhibition of autophagy suppressed the discharge of ATP
from dying cancel cell. Besides it will be interesting to figure out how autophagy can
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be used as a tool in a framework where cancer immunoediting integrates the immune
system’s dual host-protective and tumor-promoting roles (Schreiber et al. 2011).

On the other hand inhibition of autophagy, as clinically identified by loss of LC3,
HMGB1 staining followed by characteristic immune infiltration, and metastasis-free
survival was identified to be a driver of tumor progression due to their adverse role in
anticancer immunosurveillance (Ladoire et al. 2016). On a similar note, Atg5-mutant
KRas (G12D)-driven lung cancer was reduced by depletion of CD25+ Treg cells
thereby demonstrating that autophagy accelerates tumor progression; however, it
represses early oncogenesis, highlighting a role between autophagy and regulatory T
cell controlled anticancer immunity (Rao et al. 2014).

Gene profiling studies in early tumors of FIP200 conditional knockout mice saw
T cells infiltration and CXCL10 secretion in TME (Wei et al. 2011). Interestingly,
proinflammatory cytokine IL-1β secretion via an unconventional export pathway
depending on Atg5 and involving Golgi reassembly stacking protein (GRASP)
paralogues, GRASP55 (GORASP2) and Rab8a (Dupont et al. 2011). Moreover,
elimination of LC3B and Beclin 1 was showed to accompany an increase in ROS,
along with heightened stimulation of caspase-1 and secretion of interleukin 1β
(IL-1β) and IL-18 (Nakahira et al. 2011). Autophagy blockade led to M2 to M1
repolarization of TAM to increased sensitivity of laryngeal cancer cells to cisplatin
in mice (Guo et al. 2019).

Autophagic involvement in TME often presents a puzzle in that the infiltrating
lymphocytes with a TME are dysfunctional in situ, however, they exhibit stem cell-
like properties with massive metastatic potential. It was reported that increased
abundance of extracellular potassium restricts T cell effector activity by restraining
nutrient uptake, thus evoking autophagy and decline of histone acetylation at
effector and exhaustion loci. This in turn produces CD8+ T cells with enhanced
in vivo persistence, multipotency, and tumor clearance (Vodnala et al. 2019).

Besides this, the nonconventional role of autophagy was recently highlighted by
Cunha et al., where they showed antitumor effects of LC3-associated phagocytosis
(LAP) machinery impairment require tumor-infiltrating T cells, dependent upon
STING and type I interferon response. Furthermore, they also showed that autophagy
induction by myeloid cells in TME suppress T lymphocytes by effecting LAP
(Cunha et al. 2018).

5.5 Concluding Remarks

The most important aspect of the knowledge of autophagic relevance holds a clue to
modify the TME to determine the route to sensitization of a tumor (Mukhopadhyay
et al. 2016). The conventional therapeutic regime in clinical trials focusing on
autophagy, makes use of CQ/HCQ-based autophagy inhibition followed by different
drugs like cisplatin, paclitaxel, FOLFOX, or radiation. Considering the duality of
autophagy (Panda et al. 2015) and the intersecting cross-talking pathway shared with
apoptosis (Mukhopadhyay et al. 2014) it becomes important to understand the
autophagic point of no return.
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But the biggest challenge in this regard of utilizing autophagy inhibition/induc-
tion-based medicine is that we still do not have any standard drug for clinical use that
is extremely potent and specific towards tumor cells. Most of the drugs result in a
holistic modulation of the tumor and all the neighboring cells so it becomes difficult
for the effector killer cells or the therapy to intrude the thick TME and reach the core
of the highly aggressive cancer cell that have already achieved high autophagic
potential as an anti-therapeutic defense response. Subsequent to this effect it
becomes a very big problem to estimate the accurate dose of therapy. It remains a
clinical dilemma, to hit the right target without inducing side effects (Yang and
Klionsky 2020). Moreover, there is also variation in stage-specific autophagy level
that adds complexity to its dual character. So, it becomes imperative to search for any
cancer stage-specific genetic event that can be assured to be a good modulatory
marker of TME. An in-depth investigation revealing the molecular mechanism of the
potential clinical drug on the interplay of TME’s autophagy and its metabolic
signatures should be carried out to deliver a coherent approach for tackling this
Achilles’ heel of cancer.
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