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ABSTRACT  Cancer development is tightly controlled by effector im-
mune responses that recognize and eliminate malignantly transformed 
cells. Nonetheless, certain immune subsets, such as tumor-associated 
macrophages, have been described to promote tumor growth, unravel-
ing a double-edge role of the immune system in cancer. Cell stress can 
modulate the crosstalk between immune cells and tumor cells, reshap-
ing tumor immunogenicity and/or immune function and phenotype. 
Infiltrating immune cells are exposed to the challenging conditions 
typically present in the tumor microenvironment. In return, the myriad 
of signaling pathways activated in response to stress conditions may 
tip the balance toward stimulation of antitumor responses or immune-
mediated tumor progression. Here, we explore how distinct situations 
of cellular stress influence innate and adaptive immunity and the con-
sequent impact on cancer establishment and progression. 
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CANCER AND THE IMMUNE SYSTEM: AN OVERVIEW 
The immune system exerts a constant surveillance to pro-
tect the organism against foreign threats (e.g. infections) 
and damaged cells undergoing stress or malignant trans-
formation. Two distinct branches of the immune system 
cooperate to accomplish this protective function: innate 
and adaptive immunity. Innate immunity is the first react-
ing to tissue homeostasis perturbations, being in charge of 
recruiting adaptive immune cells to the injured tissue dur-
ing inflammation. Pre-malignant lesions show disrupted 
homeostasis, thus favoring immune infiltration and chronic 

inflammation. The diverse immune cell types present in the 
tumor niche can either impair or enhance tumor develop-
ment and, consequently, the prognostic value of the tu-
moral immune contexture varies depending on the type of 
cancer [1]. 

The immune system is able to eradicate the majority of 
arising tumors or even control advanced ones via activa-
tion of effector responses. CD8+ T cells recognize specific 
tumor antigens presented via major histocompatibility 
complex class I (MHC-I) molecules, triggering the secretion 
of cytotoxic molecules and effector cytokines [e.g. inter-
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Abbreviatons: 
ATM – ataxia-telangiectasia mutated, CML – 
chronic myelogenous leukemia, CRT – 
calreticulin, DC – dendritic cell, DDR – DNA 
damage response, ER – endoplasmic 
reticulum, GZMB – granzyme B, HIF – 
hypoxia-inducible factor, HRE – hypoxia 
response element, HSF – heat shock 
transcription factor, HSP – heat shock 
protein, ICB - immune checkpoint blockade, 
IFNγ – interferon γ, LLC – Lewis lung 
carcinoma, MDSC – myeloid-derived 
suppressor cell, MHC – major 
histocompatibility complex, MICA – MHC 
class I polypeptide-related sequence, MM – 
multiple myeloma, mTOR – mammalian 
target of rapamycin, NK – natural killer, ROS – 
reactive oxygen species, TAM – tumor-
associated macrophage, TME – tumor 
microenvironment, Treg – regulatory T cell, 
UPR – unfolded protein response, VEGF – 
vascular endothelial growth factor. 
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feron gamma (IFN-γ)] that result in the immune killing of 
the target cell. Nonetheless, persistent antigen stimulation 
leads to T cell exhaustion, a strategy commonly employed 
by tumor cells to evade antitumor responses [2]. Further, 
tumor cells promote T cell dysfunction through expression 
of ligands for inhibitory receptors, as, for instance, pro-
grammed cell death ligand 1 (CD274, best known as PD-L1). 
Anticancer therapies based on inhibitors of these immune 
checkpoints -commonly known as immune checkpoint 
blockade (ICB) therapies- are rendering encouraging clinical 
results, hence supporting the high efficacy of the immune 
system in tumor clearance [3]. Natural killer (NK) cells are 
innate lymphoid cells endowed with a strong antitumor 
cytotoxic function regulated by a complex array of activat-
ing and inhibitory surface receptors [4]. The expression of 
certain NK cell activating ligands is generally upregulated in 
malignantly transformed cells, thereby providing a strong 
stimulatory signal to NK cells that leads to tumor eradica-
tion during tumorigenesis and metastasis [5, 6].  

Pro-inflammatory immune cells are also present in pre-
malignant lesions and tumor niches, where they contribute 
to tumor establishment and growth. Tumor-associated 
macrophages (TAMs) comprise the majority of the innate 
immune infiltrate in solid tumors and predominantly dis-
play an alternatively activated M2-like phenotype, a differ-
entiation state associated with poor prognosis in patients 
with cancer [7, 8]. Polarization of TAMs to an M1-like phe-
notype is normally correlated with better outcome, a fact 
that is prompting the development of anticancer strategies 
that induce macrophage reprogramming [9-11]. Unlike NK 
cells, chronic activation of TAMs and other innate immune 
cells, such as myeloid-derived suppressor cells (MDSCs), 
can potentiate tumor formation and development through 
modulation of physiological processes such as extracellular 
matrix and vascular remodeling or suppression of anti-
tumor responses [8]. Suppression of effector immune re-
sponses is further achieved by recruitment of regulatory T 
(Treg) cells to the tumor site [12]. Concomitantly, mouse 
models with attenuated innate immune cell functions ex-
hibited restricted tumor growth and invasion [13]. Pro-
inflammatory cytokines released by these innate immune 
cells, such as TNF-α, further contribute to establish a pro-
tumoral niche and support neoplastic cell proliferation and 
survival. Of note, immune evasion, together with inflam-
mation, are two emerging hallmarks of cancer [14], under-
scoring the interplay of the immune system and cancer 
progression. 

Here, we review different situations of cellular stress 
that modulate the interaction of the innate and adaptive 
immune system with cancer and how they tip the scale 
towards an immunosuppressive or antitumor state within 
the tumor. 

 

CELLULAR STRESS, IMMUNITY AND CANCER  
Dysregulation of cellular homeostasis and chronic stress 
conditions can lead to malignant transformation. Adapta-
tion to stress is mediated by a series of intrinsic signaling 
pathways that carve the immunogenic profile of the tumor 

cell and define their abilities to evade the immune system. 
In addition, the challenging conditions of the tumor micro-
environment (TME) trigger cellular stress responses that 
both shape the tumor cell phenotype and regulate the 
functions of infiltrating immune cells. Altogether, stress 
conditions in the context of cancer play a central role in the 
interplay between immune cell subsets and tumor cells. 
Stress signaling pathways are highly intertwined with each 
other and can shift the balance towards tumor establish-
ment and development or antitumor immunity. Herein, we 
provide an integrated view of distinct types of cellular 
stress and their impact on cancer immunosurveillance.  

 
Proteotoxic stress 
Body temperature is tightly controlled by a thermoregula-
tory system in homeothermic animals, such as mammals. 
Temperatures above the physiological range generate a 
situation of thermal stress inside the cell that, at a molecu-
lar level, leads to a disruption of protein homeostasis and 
translates into a heat shock protein (HSP) response. Even 
though this response was first described in studies analyz-
ing the effects of heat and it is considered a hallmark of 
thermal stress, proteotoxic stress conditions can be trig-
gered by a myriad of stresses, including oxidative damage 
or genomic instability [15]. HSP response is mediated by 
activation of heat shock transcription factor 1 (HSF1) [16], 
which orchestrates a gene expression program involved in 
the adaptation to stress. HSF1 overexpression has been 
described in different types of tumors [17-19] frequently 
correlating with poor prognosis [20-22]. Thus, HSF1 has 
been shown to contribute to malignant transformation and 
tumor cell survival in breast cancer [23] and multiple mye-
loma (MM) [18], supporting earlier findings in models of 
spontaneous malignancy [24, 25]. In addition, a study in 
breast cancer cell lines unraveled that tumors carrying 
gain-of-function p53 mutations show survival advantage 
against proteotoxic stress due to HSF1 stabilization and 
activation [26]. Recent work further described an interac-
tion between HSP response and oncogene activation in T 
cell acute lymphoblastic leukemia (T-ALL), given that 
NOTCH1 [Notch homolog 1, translocation-associated (Dro-
sophila)] signaling induced HSF1 and ablation of this tran-
scription factor eradicated tumor growth in NOTCH1-
induced T-ALL models [19].  

Heat stress and hyperthermia (fever-range tempera-
tures) also have a direct effect on immunity, activating 
both the innate and adaptive components of the immune 
system [27]. In particular, heat stress has been shown to 
promote neutrophil recruitment into the TME in colon 
carcinoma-bearing mice exposed to whole body hyper-
thermia, which contributed to tumor rejection [28]. Like-
wise, HSF1 activation triggered by mild thermal stress leads 
to rearrangement of natural killer group 2, member D 
(CD314, best known as NKG2D) receptor molecules in clus-
ters along the NK cell plasma membrane, resulting in en-
hanced in vitro antitumor NK cell activity against colon 
carcinoma cells [29]. Similarly, NKG2D ligand (NKG2DL) 
expression was markedly upregulated upon exposure to 
high temperature on the  surface  of a  panel of  tumor  cell  
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FIGURE 1: Modulation of immune function and tumor immunosurveillance by cell stress. The distinct signaling pathways implicated in the adap-
tation to cell stress can positively modulate antitumor immune responses (green), thus favoring tumor elimination, or can be detrimental to cancer 
immunosurveillance (orange), promoting tumor development and growth. The balance between both effects ultimately defines the crosstalk be-
tween the immune system and the tumor. Proteotoxic (A) and genotoxic (E) stress predominantly stimulate effector immune subsets, potentiating 
the recognition and killing of tumor cells. Oxidative (B) and metabolic (F) stress mainly impair effector immune cell functions and promote the 
functions of protumoral immune subsets, such as MDSCs, therefore favoring tumor progression. Hypoxia (C) and ER stress (D) exert a double-edge 
role in cancer immunosurveillance. Ag, antigen; CRT, calreticulin; MDSC, myeloid-derived suppressor cell; NKG2DL, NKG2D ligand; TAM, tumor-
associated macrophage; TME, tumor microenvironment. Illustrations adapted from Servier Medical Art (http://www.servier.fr/servier-medicalart). 
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lines [29, 30]. Thus, HSF1 factor stimulates MICA (MHC 
class I polypeptide-related sequence) transcription under 
heat stress through binding to heat shock elements (HSE) 
in the promoter region of this NKG2DL [31], whereas inhi-
bition [32] or silencing [33] of HSF1 abrogated the heat-
induced upregulation of MICA in tumor cell lines. Moreo-
ver, treatment of MM cell lines with HSP90 inhibitors in-
duces MICA surface expression [34], further supporting the 
importance of HSF1, since HSP90 has been shown to se-
quester HSF1 in unstressed cells, thereby limiting its tran-
scriptional activity [35]. Interestingly, HSPs can also stimu-
late antitumor adaptive immunity by promoting antigen 
presentation of tumor-related peptides [36-38]. Particular-
ly, enhanced dendritic cell (DC) and T cell infiltration owing 
to HSP70-dependent tumor chemokine production has 
been reported in mice challenged with Lewis lung carcino-
ma (LLC) cells [39] and in Eμ-Myc mouse lymphoma models 
[40]. Additionally, HSP70 present on the surface of tumor-
released exosomes improved in vitro NK cell cytotoxicity 
against pancreas and colon carcinoma [41] and lymphoma 
[42] cell lines.  

Collectively, these studies support that proteotoxic 
stress, and activation of the HSP response through HSF1, 
ultimately favors the antitumor immune response (Figure 
1A).  

 
Oxidative stress 
Cellular aerobic metabolism renders oxygen-derived by-
products, commonly known as reactive oxygen species 
(ROS). As ROS are highly reactive chemicals that can dam-
age different biomolecules within the cell, including DNA 
[43], cells rely on antioxidant enzymatic systems to balance 
their redox potential. Dysregulation of such balance and 
increased endogenous ROS levels lead to oxidative stress, 
which, if not resolved, can cause cell death [43, 44]. ROS 
function as secondary messengers that activate transcrip-
tion factors implicated in cell adaptation to stress and 
regulation of immunity (e.g. forkhead box, class O (FoxO) 
[45] and nuclear factor Kappa B (NF-κB) [46]) and modify 
the enzymatic activity of redox-sensitive proteins [47]. 
Consistent with these, several studies have documented a 
connection between cell proliferation and ROS, since these 
metabolites, mostly hydrogen peroxide (H2O2), can inacti-
vate phosphatases that negatively regulate proliferative 
pathways [48-50]. Along with increased proliferation, ex-
acerbated ROS induce DNA damage, thereby favoring tu-
morigenesis [51] (see Genotoxic stress). Additionally, ROS 
are implicated in tumor angiogenesis [52], invasion and 
metastasis [53] as well as evasion of apoptosis [54].  

Noteworthy, the oxidative TME influences the immune 
system surrounding the tumor. A recent study revealed 
that oxidative stress-induced Treg cell apoptosis results in 
release of ATP, which is subsequently converted to immu-
nosuppressive adenosine (see Metabolic stress), hence 
contributing to tumor development and resistance to ICBs 
[55]. In lung and breast cancer models, TAMs required ROS 
to infiltrate the tumor niche and differentiate into a pro-
tumorigenic M2 phenotype [56]. MDSCs isolated from pa-
tients with head and neck cancer as well as from tumor-

bearing mice showed higher ROS content, which was as-
cribed to upregulation of NADPH oxidase 2 (NOX2) [57]. 
Interestingly, lack of NOX2 activity in this model negatively 
affected the ability of MDSCs to limit antigen-specific CD8+ 
T cell activation. Direct inhibition of ROS rendered similar 
results in fibrosarcoma-bearing mice [58], suggesting that 
tumor-related MDSCs contribute to immunosuppression 
through ROS production. Ex vivo studies in metastatic renal 
cell carcinoma further showed that co-culture of sup-
pressed T cells and MDSCs in the presence of the H2O2 
scavenger catalase mostly restores IFN-γ production in T 
cells to physiological levels [59]. Myeloid NOX2-deficient 
mice showed reduced melanoma metastasis and enhanced 
IFN-γ production in NK cells, whereas NK cell depletion 
reestablished metastatic potential, implying that the can-
cer malignancy control exerted by NK cells is hampered by 
myeloid-derived ROS [60]. In line with this, phagocytes, via 
ROS production, efficiently downregulated NKG2D and 
NKp46 (natural cytotoxicity receptor 1; also known as 
NCR1 or CD335) surface expression in vitro, which has been 
proposed to mediate NK cell deficiency in patients with 
acute myeloid leukemia [61]. Concomitantly, NK cell dys-
function in chronic myelogenous leukemia (CML) is likely to 
be caused by tumor-produced ROS, since NK cell cytotoxic 
capacity against primary tumor cells obtained from pa-
tients affected with this malignancy was restored in the 
presence of catalase [62]. In contrast, upregulation of MI-
CA and MICB (MHC class I polypeptide-related sequence B) 
gene expression has been reported in CaCo-2 colon carci-
noma cell line upon oxidative stress [63], an effect that 
could strengthen NK cell recognition and tumor cell elimi-
nation.  

Taken together, these data bring to light a double-
edged role of ROS in the antitumor immune response, em-
phasizing its link to cancer immunosuppression (Figure 1B).  

 
Hypoxia 
Molecular oxygen is crucial for cellular metabolism in aer-
obic organisms and its deprivation, referred to as hypoxia, 
leads to cell stress. The microenvironment of solid tumors 
typically displays low-oxygen conditions. Under hypoxia, a 
series of oxygen-sensing mechanisms including, but not 
limited to, the unfolded protein response (UPR) and mTOR 
(mammalian target of rapamycin) signaling [64] trigger an 
adaptive transcriptional response largely mediated by hy-
poxia-inducible factors (HIF). HIF transcription factors are 
heterodimer proteins comprised by an oxygen-sensitive  
α-subunit that, upon activation, translocates into the nu-
cleus and joins the stable β-subunit. This complex binds to 
HIF-responsive genes through hypoxia response elements 
(HRE) and modulate glucose and lipid metabolism and re-
dox homeostasis in hypoxic cells [65]. HIF-responsive genes 
participate in essential aspects of tumor development such 
as metabolism [66, 67], angiogenesis [68, 69], proliferation 
[70] or invasion and migration [71-73]. Consequently, HIF-
dependent signaling, which is highly activated in hypoxic 
tumor cells, strongly contributes to tumor growth and pro-
gression.  



S. Lorenzo-Herrero et al. (2019)  Tumor immunity and cell stress 

 
 

OPEN ACCESS | www.cell-stress.com 5 Cell Stress | in press 

In addition to its promoting role in tumorigenesis, hy-
poxia also impinges on cancer progression through the 
modulation of immunity. Hypoxia has been shown to up-
regulate PD-L1 expression in a battery of mouse and hu-
man tumor cell lines [74, 75]. Accordingly, silencing of en-
dothelial PAS domain protein 1 (EPAS1; best known as 
HIF2A) in clear cell renal cell carcinoma [75] or HIF1A in 
melanoma and prostate cells [76] reduced PD-L1 expres-
sion and restored cytotoxic T lymphocyte (CTL)-mediated 
tumor cell killing in vitro. Germline mutations in genes that 
govern the Krebs cycle, such as succinate dehydrogenases, 
lead to induction of HIF1 subunits in paraganglioma [77-79], 
which could explain the enhanced expression of PD-L1 
found in this type of cancer [80]. Likewise, hypoxia upregu-
lates PD-L1 expression in tumor-promoting immune cells, 
mainly MDSCs [74], further favoring immune tolerance. 
This upregulation may be mediated by pyruvate kinase M2 
(PKM2), as it binds to HRE on the CD274 promoter togeth-
er with HIF1α [81]. Hypoxic CD8+ T cells show elevated 
levels of inhibitory receptors, including programmed cell 
death 1 (PDCD1; best known as PD-1) and lymphocyte acti-
vating gene 3 (CD223; best known as LAG3) [82], thereby 
contributing to T cell exhaustion. Nonetheless, under hy-
poxia, CD8+ T cells also upregulate stimulatory molecules, 
as TNF receptor superfamily member 18 (TNFRSF18, com-
monly referred to as GITR) [82]. 

Tumor-promoting immune cells are recruited to hypox-
ic regions in solid tumors owing to the secretion of chemo-
tactic factors, such as colony stimulating factor 1 (CSF1) or 
vascular endothelial growth factor (VEGF), by hypoxic tu-
mor cells. In glioblastoma-challenged rats, hypoxic areas 
displayed a higher number of infiltrating TAMs, where they 
were re-educated towards an immunosuppressive M2-like 
phenotype [83]. The hypoxic TME of mice bearing LLC tu-
mors fine-tunes the functional profile of infiltrating M2-like 
macrophages, leading to upregulation of HIF-dependent 
genes such as VEGFA [84]. Along similar lines, TAMs exhibit 
high levels of both HIF-α isoforms in response to hypoxia 
and, in consonance, myeloid-specific deletion of HIF1α [85] 
or HIF2α [86] has recently been correlated to reduced tu-
mor growth and better outcome in breast cancer and colon 
carcinoma, respectively. In addition, HIF1α activates a pro-
angiogenic program in macrophages that promotes vascu-
lar remodeling neo-angiogenesis within the TME. Hypoxic 
TAMs upregulate the negative regulator of mTOR REDD1 
(regulated in development and DNA damage responses 1), 
enhancing abnormal tumor vessel growth (non-productive 
angiogenesis) and metastasis [87]. MDSCs preferentially 
infiltrate hypoxic regions driven by hypoxia-inducible tu-
mor-derived factors, being C-C motif chemokine ligand 26 
(CCL26) a clear example in hepatocellular carcinoma-
associated MDSCs [88]. Ectonucleoside triphosphate di-
phosphohydrolase 2 (ENTPD2), an ecto-ATPase key for 
MDSC function and accumulation, is highly expressed in 
hepatocellular carcinoma cell lines owing to tumor hypoxia 
[89]. Further, tumor-associated hypoxia enhances Treg cell 
infiltration and accumulation via chemotactic factors, such 
as C-C motif chemokine ligand 28 (CCL28), promoting tu-
mor tolerance and angiogenesis in ovarian cancer [90]. 

VEGF also plays an important part in Treg cell infiltration, 
since deficiency of neuropilin-1 (NP-1), a factor that re-
sponds to VEGF, impaired Treg cell infiltration and de-
creased tumor growth in spontaneous melanoma models 
[91].  

Hypoxia has been shown to stimulate infiltration and 
antitumor effector function of CD8+ T cells in mouse mod-
els of implanted tumors [82, 92, 93]. Contrarily, experi-
mental evidence suggests a negative role of hypoxia in the 
crosstalk between NK cells and tumor cells. Hypoxic condi-
tions downregulated MICA on the surface of tumor cells by 
different mechanisms, including shedding of this NKG2DL 
mediated by HIF1α-dependent upregulation of the matrix 
metalloproteinase A disintegrin and metalloproteinase 
domain-containing protein 10 (ADAM10) [94, 95]. Further, 
NK cell cytotoxic killing of breast cancer cells is diminished 
by hypoxia through secreted factors that impair NK cell 
development [96] and tumor cell activation of autophagy 
that leads to degradation of granzyme B (GZMB) in au-
tophagosomes [97]. Similarly, microvesicles produced by 
hypoxic lung carcinoma and CML cells attenuated NK cell 
antitumor responses in vitro, presumably via transforming 
growth factor beta 1 (TGF-β1) and miR23a [98]. Surprising-
ly, NK cell adaptation to hypoxia could support tumor pro-
gression in lung and colon carcinoma through enhance-
ment of angiogenesis [99].  

Collectively, while stimulating CD8+ T cell antitumor ac-
tivity, the hypoxic TME hinders NK cell function, thus illus-
trating the enormous complexity of the role of hypoxia in 
modulating cancer immunosurveillance (Figure 1C). 

 
Endoplasmic reticulum stress 
Cells undergo endoplasmic reticulum (ER) stress under 
conditions that compromise the protein folding machinery 
or produce uncontrolled protein synthesis and load in the 
lumen of the ER. Under these circumstances, an adaptive 
homeostatic response, the UPR, is activated within the cell 
in order to restore ER proteostasis or induce apoptosis 
depending on the strength of the stress signal. As already 
mentioned, disruption of protein synthesis activates the 
HSP response as well (see Proteotoxic stress). Three ER 
stress sensors are in charge of initiating the UPR signaling 
cascade: the inositol-requiring enzyme-1α (IRE1), the pro-
tein kinase RNA-like ER kinase (PERK) and the activating 
transcription factor 6 (ATF6) [100].  

Stress conditions typically related to the TME, such as 
hypoxia or oxidative stress, lead to an imbalance in proteo-
stasis that triggers ER stress responses. Activation of UPR 
mediators in cancer allows not only adaptation to the mi-
croenvironment, but also tumor cell invasion and therapy 
resistance [101, 102]. Notwithstanding, extended ER stress 
can be detrimental to tumor progression through activa-
tion of apoptosis [103]. Prior to apoptosis, ER stress leads 
to surface presentation of danger-associated molecular 
patterns (DAMPs), such as the ER chaperone calreticulin 
(CRT), which elicits pro-inflammatory responses and im-
munogenic cell death (ICD – reviewed in [104]). In this line, 
drug-induced hyperploid colon carcinoma cells, which dis-
play constitutive ER stress, showed increased CRT surface 
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exposure in vitro, which correlated with reduced tumor 
formation in vivo [105, 106]. Likewise, human hyperploid 
cell lines have been shown to upregulate surface expres-
sion of NK cell activating ligands, rendering these cells 
more susceptible to NK cell-mediated killing in vitro [107]. 
Collectively, these studies outline the relevance of the anti-
tumor effect exerted by sustained ER stress in tumor im-
munosurveillance of cells with deviant karyotypes [108].  

Activation of ER stress also constitutes an extensively 
described feature of tumor-infiltrating immune cells. Profil-
ing studies in ovarian cancer-infiltrating DCs in human and 
mouse specimens revealed marked upregulation of ER 
stress effectors, especially corresponding to the IRE1 arm 
[109]. Conditional deletion of X-box binding protein 1 
(XBP1), the main target of IRE1, in DCs [109] or in CD4+ T 
helper cells [110] compromised tumor progression in or-
thotopic murine models while supported T cell prolifera-
tion and function at tumor sites, defining a pro-tumoral 
role for IRE1 through impairment of cancer immunosurveil-
lance. Noteworthy, compared to their healthy counterparts, 
tumor infiltrating MDSCs exhibit higher levels of DNA dam-
age inducible transcript 3 (DDIT3; also known as CHOP), a 
proapoptotic transcription factor downstream of PERK 
branch that is key for MDSC turnover and immunosuppres-
sive function [111, 112]. Noteworthy, ER-stressed tumor 
cells have been recently shown to produce yet-unknown 
soluble factors that drive UPR activation in immune popu-
lations in a process called transmissible ER stress. Condi-
tioned media from murine tumor cells undergoing ER 
stress induced upregulation of UPR markers and promoted 
a pro-inflammatory state in macrophages [113] and down-
regulated cross-presentation to CD8+ T cells in myeloid DCs 
[114]. Whether this phenomenon also affects other im-
mune subsets remains to be determined.  

Despite the extensive studies performed concerning ER 
stress in tumors, the role of ER stress in the crosstalk be-
tween tumor cells and effector immune populations, such 
as NK cells and cytotoxic T cells, remains to be fully eluci-
dated (Figure 1D). 

 
Genotoxic stress 
The integrity and stability of the genome is critical for cell 
survival. Nonetheless, DNA is continually exposed to intrin-
sic and extrinsic factors that cause lesions and threaten cell 
homeostasis. Since DNA anomalies are a daily constant, 
cells have developed a complex system to sense the dam-
age coupled to specific repair mechanisms, such as base 
excision repair (BER) or homology-directed repair (HDR), to 
restore DNA integrity. Activation of the DNA damage re-
sponse (DDR) arrests the cell cycle to cope with the lesions 
and, if the repair is unsuccessful, trigger apoptotic cell 
death [115].  

Cells with a defective or overwhelmed DNA repair ma-
chinery count with high mutation rates and the resultant 
genetic instability can lead to malignant transformation 
[116]. In consonance, pre-cancerous lesions and early aris-
ing tumors display an accumulation of DNA damage and an 
activated DDR network, a hallmark of carcinogenesis [14, 
117-119]. This mutational signature contributes to clonal 

expansion and cancer progression and intervenes in as-
pects as distinct as the response to therapy [120] or the 
interaction with the immune system. For instance, genomic 
instability leads to NF-κB and interferon regulatory factors 
(IRFs) activation, resulting in a pro-inflammatory and pro-
survival state in tumor cells [121], features generally linked 
to immune evasion.  

Immunosurveillance of DNA damage entails diverse 
strategies that allow immune detection and elimination of 
cells undergoing genotoxic stress, including tumor cells. 
Tumor-associated genome instability can favor the genera-
tion of mutant peptides with novel epitopes, known as 
neoantigens, which are presented by MHC molecules on 
the cell surface, resulting in T cell-mediated antitumor cy-
totoxic responses. A significant positive association be-
tween overall rate of mutation, predicted neoepitope load 
and immune cytolytic activity has been described in a wide 
variety of human cancers [122]. In line with this, studies 
analyzing the response rates of patients with cancer to ICB, 
such as anti-CTLA-4 in melanoma [123] or anti-PD-1 in non-
small cell lung cancer (NSCLC) [124], observed a positive 
correlation between the mutational burden and the effica-
cy of the therapy. On the basis of these findings, neoanti-
gens arise as an important part of immunosurveillance in 
cancer, as tumors are characterized by persistent genotox-
ic stress and higher mutation load than healthy tissues.  

NK cells are central in the immunosurveillance of cells 
suffering DNA damage. Genotoxic agents induced the ex-
pression of NKG2DLs in healthy and tumor cells from hu-
man and mouse origin, thereby promoting NK cell activa-
tion and lysis of the affected cells [125]. This upregulation 
was essentially mediated by ataxia-telangiectasia mutated 
(ATM)- and Rad3-related (ATR) protein kinases, which act 
as DNA sensors during DDR. Furthermore, NK cell anti-
tumor function is stimulated upon DNA damage induction 
in MM cells promoting an upregulation of poliovirus recep-
tor (PVR), a ligand for the NK cell activating receptor CD226 
(best known as DNAM-1) [126]. In contrast with this im-
munostimulatory role of genotoxic stress, recent research 
shows that expression of the inhibitory immune checkpoint 
PD-L1 is increased in cancer cells by the DNA double-strand 
break (DSB) pathway in an ATM/ATR-dependent fashion 
[127]. 

ATM is responsible for p53 activation and stabilization 
in the context of DNA damage, a protein also implicated in 
regulating NK cell ligand expression [128]. Pharmacological 
induction of genotoxic stress boosted surface expression of 
ULBP1 and ULBP2 [UL16 binding protein 1/2] in a p53-null 
NSCLC cell line bearing wild-type p53 but not in its mutant 
counterpart [129]. Similar results were obtained upon 
pharmacological reactivation of p53 in human tumor cell 
lines [130]. Moreover, NK cell activating ligand expression 
is also upregulated in MM cell lines owing to ROS-
dependent activation of the DDR pathway [131]. Taken 
together, these studies bring to light the DDR as a master 
regulatory pathway of NK cell ligand expression and NK 
cell-mediated cancer immunosurveillance. 

Another regulator of the immune response to healthy 
and tumor cells undergoing genotoxic stress is transmem-
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brane protein 173 (TMEM173, best known as STING). The 
STING pathway is in charge of detecting cytoplasmic DNA 
and it has been linked to inflammatory responses via acti-
vation of IRF3 and NF-κB [132]. Its significance in antitumor 
immunity was brought to attention by in vivo experiments 
where mice deficient in STING [133] or cGAS (cyclic GMP-
AMP synthase) [134], an upstream component of the 
pathway, failed to reject tumor growth. Treatment with 
STING agonists was shown to enhance antitumor immunity 
in diverse tumor mouse models [135, 136] and cooperated 
with ICB therapy in tumor removal in prostate cancer-
bearing mice [137]. Further, STING signaling pathway is 
crucial in DC priming and effective cross-presentation to 
CD8+ T cells. Infiltrating DCs phagocyte tumor cells and 
remaining cytosolic DNA likely triggers STING activation, 
promoting IFN-dependent priming of immune responses 
[133, 138]. Coupled to these observations, it was demon-
strated that induction of mouse NKG2DLs ensued by DDR 
relies on a STING-dependent pathway [139].  

Collectively, these findings suggest a role for the DDR in 
activating antitumor immune responses mediated by effec-
tor immune populations, mainly NK cells (Figure 1E). 

 
Metabolic stress 
Multicellular organisms normally count with a steady sup-
ply of nutrients and their individual cells control nutrient 
uptake through growth factor signals. Excessive or insuffi-
cient growth factor-regulated nutrient uptake can nega-
tively affect the metabolic machinery leading to cell stress. 
When nutrients are scarce, inhibition of macromolecule 
biosynthesis together with autophagy activation are the 
major strategies that cells employ to adapt. On the other 
end, cells experience nutrient excess when ROS levels ex-
ceed normal values [140], that is, in conditions of oxidative 
stress, an issue already discussed in this review (see Oxida-
tive stress). Yet, rapidly dividing cells need to increase their 
nutrient uptake to fulfill their bioenergetics demands, such 
is the case of tumor cells, which have developed an altered 
metabolism towards anabolic pathways to sustain prolifer-
ation and counteract the nutritional stress associated to 
tumorigenesis [141]. This reprogrammed metabolism has 
been documented in many types of tumors and is nowa-
days considered a hallmark of cancer [14, 142]. A gene-
profiling study analyzing tumor metabolic signatures dis-
covered a great mutation rate affecting the whole network 
of metabolic pathways, although the distribution of genetic 
alterations differed between tumors [143]. These data 
further reinforce the metabolic dysregulation associated to 
cancer. Of note, metabolic reprogramming in tumor cells 
can be controlled by different stress pathways already is-
sued in this review, mainly hypoxia and oxidative stress, as 
oxygen and ROS are integral elements of normal cellular 
metabolism [66, 144, 145]. Tumor cells display a remarka-
bly increased glucose consumption compared to healthy 
cells, resulting in higher glycolytic flux and production of 
ATP and lactate, a process referred to as the Warburg ef-
fect [142]. This glycolytic switch has been associated to 
oncogene activation (e.g. Myc, Ras) and mutation of tumor 
suppressors (e.g. p53) [146, 147]. Tumor cells can also 

scavenge other biomolecules, such as lipids and amino 
acids, from the extracellular space [148]. Collectively, this 
abnormal tumor nutrient consumption derives in a deple-
tion of the available molecules, which creates a nutrient-
poor TME. The tumor addiction to distinct metabolic path-
ways opens a window for antitumor therapies that disrupt 
cancer metabolism. Supporting this notion, approaches 
targeting components of the bioenergetic metabolism, 
such as glucose transporter 1 (GLUT1) inhibitors, show 
promising antineoplastic results in preclinical studies [147].  

The protective function and homeostasis of immune 
cells are also controlled at a metabolic level. As an illustra-
tion, CD4+ and CD8+ T cells experience a characteristic met-
abolic reprogramming that shape their maturation and 
activation upon antigen stimulation [149, 150]. In conso-
nance, cancer progression causes metabolic alterations in 
tumor-associated immune cells, thereby impinging on can-
cer immunosurveillance [151]. Ovarian cancer-induced 
IRE1-XBP1-dependent ER stress results in impaired glucose 
import and metabolism in CD4+ T cells, thereby allowing 
tumor progression [110]. As a consequence of the altered 
tumor metabolism, the TME displays high levels of certain 
immunosuppressive metabolites, such as adenosine. Upon 
interaction of adenosine with adenosine A2a receptor 
(ADORA2A, also known as A2AR) results in diverse immu-
nosubversive mechanisms, including, but not limited to: i) 
impaired DC activation and CD8+ T cell priming [152, 153]; 
ii) hampered NK cell maturation [154] and cytotoxic activi-
ty [155]; iii) increased production of immunosuppressive 
cytokines, such as IL-6 or IL-10 [152, 153]; and iv) upregula-
tion of inhibitory immune checkpoints CTLA-4 and PD-1 
[156-158]. Consequently, blockade of the adenosine signal-
ing pathway has arisen as a new therapeutic approach in 
cancer, achieving encouraging results in combination with 
ICB therapy in preclinical models [159, 160] and improving 
T cell-mediated antitumor immune responses [160, 161]. 
Of note, adenosine levels in the TME are increased owing 
to enhanced activity of ectonucleoside triphosphate di-
phosphohydrolase 1 (ENTPD1, also known as CD39) and 
ecto-5'-nucleotidase (NT5E; best known as CD73) enzymes 
in response to hypoxia, once more highlighting the intense 
crosstalk between different types of cell stress. Further-
more, HIF signaling favors glycolysis over oxidative phos-
phorylation in hypoxic TAMs via upregulation of glycolytic 
genes, a metabolic adaptation that has been linked to a 
pro-tumoral M1-like phenotype of TAMs [151]. Conversely, 
lactic acid accumulation in the TME, a direct consequence 
of tumor growth, decreases the glycolytic flux [162] and 
fine-tunes TAMs towards an M2 phenotype [163], potenti-
ating their immunosuppressive properties. Hence, glucose 
metabolism in TAMs is likely to be subjected to dynamic 
modifications during cancer progression that might adjust 
their phenotype to tumor requirements.  

Other metabolic pathways, such as lipid and amino acid 
metabolism, are modulated in tumor infiltrating immune 
cells as well [164]. In addition to its well-established role as 
immune checkpoint, PD-1 receptor engagement has re-
cently been shown to increase T cell fatty acid β-oxidation 
(FAO) during lipolysis, which was postulated to underpin 
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PD-1-regulated longevity of T cells in the context of chronic 
infections and cancer [165]. Besides, M2-like TAMs in lung 
and melanoma TMEs express higher levels of glutamine 
metabolism enzymes, such as glutamate-ammonia ligase 
(GLUL) [163], a recently uncovered mediator of the immu-
nosuppressive and pro-metastatic properties of TAMs 
[166]. Similar expression profiles were detected in TAMs 
isolated from human glioblastoma biopsies [167]. Further, 
macrophage-specific suppression of heme oxygenase 1 
(HMOX1), an iron-releasing enzyme, correlated with re-
duced tumor growth in breast carcinoma [168] and pros-
tate cancer [169] models, an effect attributed to activation 
of an M1 profile in TAMs. Therefore, metabolic repro-
gramming appears to be crucial in TAMs, since it mediates 
their pro-tumoral activities. DC dysfunction in tumors has 
been linked to metabolic changes as well. Interaction of 
SOCS3 (suppressor of cytokine signaling 3) with PKM2, and 
the consequent inhibition of the latter, altered DC metabo-
lism and disrupted antigen presentation, resulting in at-
tenuated T cell infiltration and augmented tumor growth in 
LLC-challenged mice [170]. Under ER stress conditions, DC 
inability to activate antitumor T cell responses is associated 
to dysregulation of the triglyceride biosynthetic pathway 
[109], supporting an active crosstalk between metabolism 
and cell stress responses. Concomitantly, effector immune 
cells rely on their metabolic plasticity to exert their func-
tion. Upon activation, NK cells suffer a dramatic increase in 
glucose uptake and a shift to glycolytic metabolism that are 
linked to IFN-γ production and GZMB expression [171-173]. 
A study in spontaneous lung cancer models revealed that 
NK cells acquire a dysfunctional state during tumor pro-
gression, characterized by attenuated cytotoxicity and al-
tered cytokine profile, a phenotype ascribed to inhibition 
of glycolysis through aberrant expression of fructose-1,6-
bisphosphatase (FBP1) [174]. Hence, glucose metabolism 
stands out as a critical player in the antitumor capacity of 
NK cells.  

The extracellular amino acid reservoir is directly related 
to the function of different immune subsets as well [175]. 
At this respect, enhanced expression of arginase 1 (ARG1) 
and indoleamine 2,3-dioxygenase 1 (IDO1), enzymes that 
catalyze the degradation of arginine and tryptophan, re-
spectively, have been documented in tumor infiltrating DCs 
[176-178] and MDSCs [179-182]. TAMs are also able to 
scavenge arginine from the TME to synthesize nitric oxide 
via ARG1 activity [164]. The absence of these amino acids 
results in downregulation of the TCR ζ chain in T cells [154, 
183-185], limiting antigen-mediated activation and impair-
ing their cytotoxic activity. Further, arginine starvation 
negatively affects T cell survival, cytokine production and 
proliferation [186, 187], eventually leading to T cell dys-
function. NK cells could also be susceptible to amino acid 
depletion, since low arginine concentrations reduced the 
expression of activating receptors and IFN-γ production in 
NK-92 cell line and inhibited the cytotoxic activity of isolat-

ed human NK cells [188]. Interestingly, tryptophan catabo-
lism renders kynurenine, which enhances Treg cell genera-
tion [142, 154]. Considering the crucial role of amino acid 
availability in the TME, IDO-selective therapeutic strategies 
have been extensively studied [189, 190], although clinical 
trials did not progress as expected, arising doubts about 
amino acid metabolism targeting in cancer.  

Altogether, these findings provide wide evidence for a 
crucial role of metabolic reprogramming in cancer progres-
sion and immune function (Figure 1F). 

 

CONCLUDING REMARKS 
As illustrated in this review, there is an extraordinarily in-
tricate relationship between cell stress and cancer immu-
nosurveillance. Indeed, each type of stress commonly re-
sults in diverse and opposite effects on the antitumor im-
munity, which may constitute a pitfall for harnessing drugs 
that trigger cell stress for the management of patients with 
cancer. For instance, while DNA damaging agents, such as a 
number of chemotherapeutic drugs employed for treat-
ment of patients with different types of cancer, are able to 
ignite antitumor immune responses through the upregula-
tion of immunostimulatory stress-regulated molecules (e.g. 
NKG2D ligands), the same agents can also increase the 
expression of immunosuppressive axis, including certain 
inhibitory immune checkpoints, hence favouring cancer 
immunoevasion. Consequently, there is an urgent call for 
unravelling the precise impact of drugs approved for can-
cer management that rely on cell stress responses -and the 
type of cell stress modulated by these compounds- on can-
cer immunosurveillance and immunotherapeutics. 
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