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In solid tumors, as the tumor grows and the disease progresses, hypoxic regions are often
generated, but in contrast to most normal cells which cannot survive under these
conditions, tumour cells adapt to hypoxia by HIF-driven mechanisms. Hypoxia can
further promote cancer development by generating an immunosuppressive
environment within the tumour mass, which allows tumour cells to escape the immune
system recognition. This is achieved by recruiting immunosuppressive cells and by
upregulating molecules which block immune cell activation. Hypoxia can also confer
resistance to antitumor therapies by inducing the expression of membrane proteins that
increase drug efflux or by inhibiting the apoptosis of treated cells. In addition, tumor cells
require an active interferon (IFN) signalling pathway for the success of many anticancer
therapies, such as radiotherapy or chemotherapy. Therefore, hypoxic effects on this
pathway needs to be addressed for a successful treatment.
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INTRODUCTION

As oxygen cannot diffuse more than 200um from the closest capillary, poorly vascularized tumors
or tumors that grow quick suffer from hypoxia and nutrient starvation. Hypoxia is linked to the
hallmarks of cancer as it promotes tumor survival by inducing the switch to glycolytic metabolism,
enhancing resistance to apoptosis and promoting escape from the immune system attack, among
others (1). Hypoxia generates an immunosuppressive environment by avoiding the establishment
and activity of immune effector cells and also by attracting immunosuppressive cells.

In addition, hypoxia is also involved in the regulation of specific cell signalling pathways required
for the success of several anticancer therapies, such as the interferon pathway. Therefore, a better
understanding of this pathway is necessary for therapy purposes.

INTERFERONS

Interferons (IFNs) comprise a family of cytokines first described in 1957 (2). The name was
originally due to their ability to inhibit viral replication within cells. However, IFNs mediate a broad
range of processes, not just antiviral action (3).

Based on the receptor through which they signal, IFNs are classified as one of three types: type I,
type II and type III (4). In humans and mice, there are 17 different type I IFNs including 13 IFNo.
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subtypes, IFN, IFNe, IFNk and IFNw. In contrast, type II IFNs
consist of a single member, IFNY, and type III IFNs consists of 4
IFNA subtypes. Nevertheless, all IFNs are involved in the innate
response against pathogenic infection upon detection of
microbial products, known as pathogen-associated molecular
patterns (PAMPs), such as genetic material, viral glycoproteins
or bacterial lipopolysaccharides (LPS), via pattern-recognition
receptors (PRRs) (5-7), leading to production and secretion of
IENs to activate an immune response against the infection in
multiple cell types. These cytokines can exert direct antimicrobial
response by inhibiting pathogen replication and inducing cell
death of infected cells or can act in a paracrine manner in non-
infected adjacent cells promoting them to produce an array of
genes called interferon-stimulated genes (ISGs) to prevent
pathogen spread (Figure 1) (9).

THE IFN PATHWAY

The PRRs are located in various cellular compartments and detect
different components of the pathogen during the course of the
infection, and they are classified into cytosolic PRRs or
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FIGURE 1 | Diagram of the type | IFN pathway [modified from (8)].

transmembrane PRRs. Cytosolic PRRs include the ubiquitously-
expressed retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDAS5) for double-strand RNA
(dsRNA) sensing. The cyclic GMP-AMP (cGAMP) synthase
(cGAS), DExD/Hbox helicase 41 (DDX41), DNA-dependent
activator of IFN-regulatory factors (DAI, also known as ZBP1)
and interferon-y-inducible factor 16 (IFI16) provide for double-
strand DNA (dsDNA) sensing. In contrast, transmembrane PRRs
comprised of Toll-like receptor (TLR) family members are limited
to specialized cells such as macrophages and DC.

Cytosolic PRRs

RIG-I and MDAS5 are both caspase recruitment domain
(CARD)-containing RNA helicases able to recognize dsRNA.
RIG-I is activated by short dsRNA molecules, whereas MDA5
recognizes long (>2kb) dsRNAs. Both dsRNA forms can arise
from the genetic material of a dsRNA virus, or alternatively can
be generated by single-strand RNA (ssRNA) viral replication in
the cell (10, 11). Interaction of either of the PRRs with viral RNA
induces unwinding of the dsRNA and conformational changes to
RIG-T and MDAS5 that expose the CARD-containing domains,
which in turn interact with the CARD-containing domain of
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IFNB promoter stimulator-1 (IPS-1) (12), also known as
mitochondrial antiviral-signalling protein (MAVS), which is
located in the mitochondrial membrane (Figure 1). This leads
to TANK binding kinase 1 (TBK1) activation via TRAF3 and to
inducible IkB kinase (IKk) activation via TRAF6. TBK1 is
essential for the phosphorylation of IRF3 and IRF7 (13, 14),
whereas the contribution of Ikk to the cytosolic pathway is
minor, although it also phosphorylates IRF3 and IRF7 (15). After
being phosphorylated, IRF3 and IRF7 form homo and
heterodimers which will induce the expression of chemokines,
inflammatory cytokines and IFNP after their translocation to the
nucleus (16-18).

Importantly, various other receptors have been described to
be involved in dsDNA sensing in the cytosol. For example, the
dsDNA sensor ¢cGAS undergoes conformational changes after
binding to dsDNA, inducing its catalytic activity to generate the
second messenger cGAMP, which will bind to and activate the
stimulator of interferon genes (STING) adaptor protein that
resides in the endoplasmic reticulum of the cell (19, 20). On the
other hand, once dsDNA is bound, DDX41 (21), IFI16 (22) and
DAI (23) can directly bind to STING, which in turn translocates
to signalling compartments via the Golgi apparatus (24), where it
associates with TBK1 and activates IRF3 by phosphorylation
(25). NF-xB is also activated by dsDNA sensing, and appears to
collaborate with IRF3 to induce type I IFN gene expression (26).

However, it has recently been described that STING exerts
antiviral response activities independent of type I IFNs. Two
independent studies showed that mice harbouring serine 365-to-
alanine (S365A) mutation in the C-terminal tail (CTT) of STING
were protected against Herpes Simplex Virus (HSV)-1 infection,
despite lacking a functional STING-IEN response (27, 28). This
suggests that STING can control pathogenic infection through
IFN-independent mechanisms.

Transmembrane PRRs
TLR family members offer a broad coverage to detect almost
every pathogen, as they can recognize many different forms of
genetic material and also extracellular components, leading to
IEN pathway activation. For instance, TLR3 recognizes dsRNA,
whilst TLR7 and TLRS8 detect ssRNA (29) and TLR9 identifies
unmethylated CpG islands (30), in addition to TLR4 that binds
to LPS present in the membrane of Gram-negative bacteria (31).
TLRs that bind genetic material are located in the endosomal
compartment, whereas TLR4 signals from the cell surface, but
also from the endosomes. Upon recognition of foreign material,
TLRs recruit adaptor proteins through their Toll-IL-1 receptor
(TIR) domain, such as myeloid differentiation primary response
gene 88 (MyD88), TIR domain-containing adaptor protein
(TIRAP), TIR domain containing adaptor-inducing IFN
(TRIF) and the TRIF-related adaptor molecule (TRAM) (32).
Signalling can be categorized into two pathways: MyD88
pathway (signals coming from TRL4, TRL7, TLR8 and TLR9)
or TRIF pathway (after TLR3 and TLR4 activation) (33).

After the activation of their specific adaptors, cytosolic and
membrane PRR pathways converge to promote the
phosphorylation of IRF3 and IRF7, which will dimerize and

translocate to the nucleus to induce the expression of type I IFN
genes (15).

TYPE | IFN SIGNALLING

Type I IFNs initiate their signalling via binding to IFNa. receptor
(IENAR), expressed on the surface of all nucleated cells. All type I
IFNs bind to this heterodimeric receptor formed by the subunits
IFNARI and IFNAR2 (4). IFNARI is considered the ‘signal
transduction’ chain, whereas IFNAR2 is more likely to be the
high affinity binding chain of the receptor. On engagement, the
intracellular domains of IFNAR1 and IFNAR2 move together, as
do their associated signalling adaptors, tyrosine kinase 2 (TKY2)
and Janus kinase 1 (JAK1) (4). TKY2 and JAKI are then
activated by reciprocal phosphorylation (34), and they
phosphorylate tyrosine residues on the receptor that will act as
docking sites for the signal transducer and activator of
transcription (STAT) proteins (35). Recruited STAT proteins
are phosphorylated by JAK and other kinases, leading to their
dissociation from the receptor, activation and dimerization (35).

The canonical signalling cascade involves STAT1 and STAT2.
These two transcription factors form a ternary complex called
interferon-stimulated gene factor 3 (ISGF3) with interferon-
regulatory factor 9 (IRF9). ISGF3 complex translocate to the
nucleus, where it binds to a DNA sequence motif known as
interferon-stimulated response elements (ISREs) (35). In
addition to ISGF3, type I IFNs also promote the formation of
STAT1 and STAT3 homo or heterodimers. In this case, the
dimers bind to a different sequence called gamma-activated
sequence (GAS) (36). STAT2/IRF9 complex, in the absence of
STAT1, can also be generated (37). Moreover, type I IFNs can
activate downstream signalling through STAT-independent
pathways such as p38 and extracellular signal regulated kinase
(ERK) (3). All these pathways will finally activate the
transcription of ISGs involved in different mechanisms to
restrain pathogens.

Most ISG-encoded proteins contribute to immune-stimulatory
and antiviral effects. Moreover, PRRs, JAKs and STATSs are also
ISGs, therefore reinforcing IFN signalling. Some ISGs, such as
IFIT proteins, IRF9, MX1 or MX2 have direct antiviral activity
(38). While various ISGs function as chemo-attractants to
lymphocytes and monocytes, others have pro-apoptotic effects,
such as TRAILS, Fas/FasL or ISG12.

ACUTE VS. CHRONIC IFN RESPONSE

Cells have a tight regulation of IFN-induced immune responses.
Whereas an intact IFN signalling is required for acute antiviral
activity, it needs to be weakened to avoid tissue damage. It is
therefore not surprising that cellular responses to IFNs vary
during the course of the infection. Cells can modulate the
magnitude of the response firstly at receptor level, by
generating a truncated form of the receptor incapable of
signalling (39) or by ubiquitinating, endocytosing and later
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degrading the receptor in the lysosomes (40). The level of
endocytosis and receptor degradation correlates with the
degree of signal (41). High IFNARI levels in the cell
membrane and high and tight binding of type I IFNs to the
receptor will strongly promote IFNARI degradation, whereas
low type I IFN concentration or low affinity IFN binding will not
have such a marked effect on the receptor levels.

Furthermore, the signal transduction TYK2/JAK1-STAT axis
is a potential target for some dephosphorylation proteins known
as suppressors of cytokine signalling (SOCS) (42, 43).
Unrestricted type I IFN signalling, due to a lack of SOCSI,
induced inflammation and was potentially lethal in mice (44).
Moreover, epigenetic modification of JAKI (45) or STAT
ubiquitination (46) makes cells unresponsive to IFNo.

Finally, several ISGs control the magnitude of the IFN
response. USP18 is involved in the negative regulation of the
IFN signalling by decreasing the stability of IFN-IFNAR binding
(47) or removing ISG15 from its substrates (48). IFIT1
overexpression resulted in the inhibition of IRF3 activation,
NF-kB activation and IFNP production (49). While the
interferon-inducible isoform of Adenosine Deaminase Acting
on RNA (ADAR-p150) edits RNA duplexes in self mRNAs by
deaminating adenosines into inosines to prevent aberrant
activation of the IFN pathway (50).

However, if the IFN signalling persists, it acquires
immunosuppressive features. This chronic IFN response is
detected in various autoimmune diseases, such as systemic
lupus erythematosus (SLE), Sjogren’s syndrome, systemic
sclerosis or rheumatoid arthritis, as well as in patients with
chronic infections such as hepatitis C virus (HCV) and HIV
(51). Type I IEN pathogenic role in autoimmune diseases is
thought to be due to the promotion of antigen presentation, to
enhance lymphocyte responses and to the induction of
chemokines. Besides, some immune cells express high levels of
the signal transducer molecules (52).

On the other hand, IFNs can also have a protective role in
autoimmune diseases by suppressing the generation and activity of
inflammatory cytokines, inhibiting pathogenic cell proliferation or
limiting T cell responses (53). In addition, type I IFNs can also
induce the expression of suppressive molecules such as IL-10 or the
immune checkpoint inhibitor molecule programmed cell death
ligand 1 (PD-L1), which if exceed the pro-inflammatory cytokine
levels, will abrogate the clearance of the viral infection (54, 55).
Therefore, under chronic viral or bacterial infection, type I IFN
signalling acquires an immunosuppressive role, probably to limit
the toxicity caused by persistent infection. As type I IFNs can exert
both deleterious and protective effects in autoimmune diseases, it is
likely that IFN responses change over the course of the infection or
disease, activating or suppressing the immune response. This is
critical in the consideration of the role of IFNs in cancer.

IFNs AND CANCER

Type I IFNs can be produced in the absence of infection, such as
in the presence of DNA from apoptotic cells (56), non-removed
nucleic acids (57) and autoimmune disease antibodies (58).

In 1909 Paul Ehrlich first proposed that the immune system
could recognize and eliminate tumor cells (59). However, this
was not widely accepted and given the name of ‘cancer
immunosurveillance’ until the late 50s (60, 61). The first
experiments to test this hypothesis in the 1970s were not
successful as they were carried out on mice that were only
partially immunodeficient and the knowledge about the
immune system was limited (62). In the 1990s, endogenous
IFNY was demonstrated to protect the host against
transplanted, chemically induced and spontaneous tumor
growth (63-65). Experiments with mice lacking the
recombinase activating gene (RAG)-2, and thus lacking
lymphocytes T, B and natural killer (NK) T cells, further
demonstrated that tumor development in mice was controlled
by the immune system, as RAG-2 deficient mice were more
sensitive to MCA-induced sarcomas (66).

Nevertheless, it was noted that tumor formation still occurs in
individuals that are immunocompetent, suggesting that tumor
cells are able to escape the immune system pressure (67). This idea
arose from the observation that tumors from immunocompetent
and immunodeficient hosts have different immunogenic
properties (68). Tumors developed in mice with an intact
immune system formed progressively growing tumors when
transplanted into immunocompetent recipients, whereas tumors
originated in the absence of an immune system were rejected when
transplanted into immunocompetent hosts, but grew in
immunodeficient hosts (66, 69). This suggested that the immune
system performs an ‘editing’ process on tumor cells. It can
eliminate highly immunogenic tumor cells, but less
immunogenic cells can escape the deletion phase and generate
tumors poorly recognized by the immune system (68). Therefore,
the immune system provides protection against tumor
development, but it can also promote tumor growth by selecting
tumor cells with low immunogenicity. This dual effect made to
refine the cancer immunosurveillance hypothesis, which was
further renamed as ‘cancer immunoediting’ (66, 67).

Cancer Immunoediting

The editing process that the immune system performs in tumors
can be divided into three phases: elimination, equilibrium and
escape (67). Tumor cells and immune cells interact during the
whole process of tumor formation and these interactions are
mediated by endogenously produced type I and type II IFNs.

Elimination Phase

The elimination phase, also termed protection, is the first step in
the cancer immunoediting. If successfully performed, it will
eradicate the developing tumor and the immunoediting
process will not progress to subsequent phases (68).

In this phase, both the innate and adaptive immune system
recognize cancer cells and kill them. The antitumor immune
response starts when cells of the innate immune system detect
that a tumor is growing. As a result, the disruption of the tissue
surrounding the tumor generates pro-inflammatory molecules
that together with chemokines secreted by tumor cells act as
danger signals for the immune system (70). Once immune cells
reach the tumor mass, they need to distinguish between normal
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self-cells and transformed self-cells. This is achieved by
recognizing tumor-cell-expressed ligands for the NK cell
receptor Natural killer group 2 member D (NKG2D), which
are induced by genotoxic stress, the generated inflammation or
the transformation process itself (71), or tumor-specific antigens
presented by antigen presenting cells (72).

This recognition process leads to chemokine and cytokine
production at the tumor site. Released IFNs induce the
production of more chemokines, which will attract more
immune cells to the tumor and will in turn produce more
cytokines, and therefore the signal will be amplified (68). The
massive release of molecules will activate different processes,
including antiproliferative (73), pro-apoptotic (74) and
angiostatic (75) processes to kill tumor cells. The main two cell
populations recruited by type I IFNs are NK cells and cytotoxic T
cells (CTLs). As tumor cell death generates tumor-cell antigens,
the adaptive immune system will start to take part in the
immunoediting process.

Equilibrium Phase

This is a subclinical phase in which the tumor persists, but it is
prevented from expanding due to the presence of the immune
system. It is probably the longest phase, and can even take years to
occur in humans (76). The immune system is able to contain any
tumor cell variant that has not been killed in the previous phase, but
it is not able to completely remove the tumor. Furthermore, during
this phase, new tumor cell variants arise that display reduced
immunogenicity (i.e. more resistant to the immune attack) (68).

Escape Phase

The escape phase is the tumor progression phase. It is the result of
immune exhaustion or inhibition, or the consequence of the
emerged new cell population’s ability to bypass the immune
pressure. Tumor cells can impede an antitumor immune
response either through the production of immunosuppressive
cytokines (TGFf and IL-10) or via T cells with immunosuppressive
activities (Treg cells) (68). New tumor cells might have also been
submitted to alterations that make them unrecognizable by
immune cells or that allow them to avoid immune destruction
(64). These poorly immunogenic cells will be able to grow and
generate a clinically detectable tumor (68, 77).

Apart from the host’s ability to produce IFNs, tumor cell
responsiveness to IFNs is also important for a successful
antitumor immune response. Tumor cells insensitive to IFNy
due to a mutant IFNYy receptor (IFNGRI1), grew more
aggressively when transplanted into a wild type host (63), but
when those cells were made responsive again by complementation
with a wild type IFNGR1, they became highly immunogenic and
failed to form tumors in the recipients (64). Similarly, it was
observed that several highly immunogenic and poorly tumorigenic
sarcomas from RAG-2 deficient mice were converted into poorly
immunogenic, and thus highly tumorigenic, when rendered
insensitive to IFNYy (66). These observations suggest that IFNy
production both by tumor cells and tumor host is relevant for an
adequate immunosurveillance.

Although type I IFNs were thought to be mainly antiviral
agents, their importance as immunomodulators has become

clear. In the 1960s, it was demonstrated that tumor-bearing
mice had a better outcome when treated with type I IFNs (78,
79). Although these studies showed the antitumor potential of
type I IFNS, it was not until 1981 when the role of endogenously
produced type I IFNs was assessed. When mice challenged with
tumor cells were treated with serum containing anti-IFN specific
antibodies, they developed bigger tumors and had decreased
survival comparing to mice treated with control serum (80, 81).
In a similar way, endogenously produced type I IFN was required
to protect the host against transplanted and primary carcinogen-
induced tumor growth (82). This study also showed that in
contrast to IFNYy, type I IFNs do not require tumor cell
responsiveness to exert the antitumor immune response. In
spite of being insensitive to IFNo/f, 4 of 11 IFNARI-deficient
MCA-induced sarcomas were rejected when transplanted into
wild type recipients (82). Moreover, some IFNARI-deficient
sarcomas that grew in wild type recipients were not converted
into highly immunogenic, non-growing tumors when IFNAR1
expression was restored. Besides, sarcoma cells from mice
lacking IFNAR1 and IFNGR1 were only rejected when
sensitivity to IFNy was restored, not to type I IFN. On the
other hand, IFNov/f sensitivity in hematopoietic cells of the host
was required for an antitumor immune response (82).

IFNs and Anticancer Therapies

Type I IFNs are key components in the success of many of the
current anticancer modalities including radiotherapy,
chemotherapy, immunotherapy and oncolytic viruses (83),
through promotion of direct (tumor cell inhibition) and
indirect (antitumor immune response) effects. Indirect effects,
recently termed ‘immunogenic cell death’ (ICD), arise as a
consequence of the release of nucleic acids or proteins from
dying tumor cells that can activate immune cells (84).

Regarding radiotherapy, type I IEN production by myeloid
cells and IEN detection by tumor cells after radiotherapy was
essential to eradicate the tumor in a mouse melanoma model, as
mice lacking IFNAR1 were unresponsive to IFNf (85). Similarly,
radiation-induced type I IFNs recruited lymphocytes at the
tumor site and exogenously administrated IFNow enhanced
radiotherapy efficacy (86). Furthermore, radiation-mediated
antitumor immunity in immunogenic tumors requires a
functional cytosolic DNA-sensing pathway in dendritic cells
(DC), which subsequently triggers a type I IFN signalling
response in those cells essential for CTLs activation (87).

As with radiotherapy, the anticancer effects of chemotherapy,
which were long thought to be mediated only by direct tumor cell
killing, are now realized to be due in part to the induction of ICD,
thereby involving the immune system in the process. Injection of
mice with tumor cells pretreated with doxorubicin prevented in
vivo tumor growth in immune competent mice only, although
the mechanism was not elucidated at that time (88).
Chemotherapeutic agents used in the clinic such as
anthracyclines (e.g. doxorubicin, epirubicin, mitoxantrone),
radiomimetics (bleomycin) or platinum analogues (oxaliplatin)
induce ICD, via IEN signalling (89). For successful treatment,
anthracyclines must be able to induce the release of type I IFNs in
both tumor and immune cells so that an antitumor adaptive
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immune response against tumor-cell antigens can be activated
(90). This study also showed that IFNARI1 expression in cancer
cells is important for the activity of anthracyclines, as
administration of an IFNARI neutralizing antibody abolished
the therapeutic activity of the drugs. Moreover, a type I IFN-
related gene signature in patients with breast carcinoma treated
with anthracycline-based chemotherapy was able to predict
clinical responses to the treatment (90). As an example,
chemotherapy upregulated the levels of MX1 and its high
levels were associated with better overall survival in
those patients.

Immunotherapy has become a major treatment modality in
the last few years, because of the development of immune
checkpoint inhibitors (ICIs). By blocking immune checkpoints,
the level of T cell activation can be controlled, thus avoiding
excessive inflammation and promoting self-tolerance (91). The
two main targets are CTLA-4 and PD-1 expressed by activated T
cells, and PD-L1 in tumors and inflammatory cells. CTLA-4
controls T cell activation by competing with its homologous T
cell costimulatory receptor (CD28) in the binding to their
ligands. Both molecules bind to CD80 and CD86 (also called
B7-1 and B7-2) expressed by antigen-presenting cells, but CTLA-
4 transmits an inhibitory signal to T cells, whereas CD28
transmits a stimulatory signal. Thus full activation of T cells
requires binding of CD28 to CD80 and CD86, but in tumors,
CTLA-4 is frequently upregulated, as a consequence of T cell
exhaustion due to long time exposure to tumor cells (91).
Similarly to CTLA-4, PD-1 regulates T cell activation by
binding to PD-L1 and PD-L2 expressed in infiltrating
inflammatory cells and tumor cells. Cancer cells overexpress
PD-L1 which blocks T cell activation and finally dampens the
antitumor immune response (92). In this regard, antibodies
against immune checkpoint modulators restore the effector T
cell functions and the antitumor immune response.

Despite existing approved monoclonal antibodies targeting
CTLA-4, PD-1 and PD-L1 for the treatment of lung cancer, RCC
and melanoma, amongst many others, the percentage of patients
responding remains modest, although for those responding it is
of major importance (93, 94). These therapies rely on the
increase of immune responses, and given the importance of
type I IFNs in the maturation, survival and activation of most
immune cells (82), it is likely that a functional IFN pathway is
necessary to achieve success with these therapies. Consistent with
this idea, Zaretsky et al. demonstrated that melanoma patients
who relapsed after treatment with the PD-1 inhibitor
pembrolizumab, had loss-of-function mutations in genes
encoding JAK1 and JAK2 (95). Similarly, defects in IFNy
signalling led to resistance to PD-1 and CTLA-4 blockage (96),
and lung tumors resistant to anti-PD-1 therapy presented
mutations in IFNAR2 and IFNY signalling pathway (97). In
addition, a transcriptome study analyzing advanced melanoma
patients treated with nivolumab (anti-PD-1) alone or combined
with ipilimumab (anti-CTLA-4) showed high T cell infiltration
and IFNY signalling signatures in patients clinically responding
to the therapy. In addition, in vitro studies showed that IFNy
exposure led to similar transcriptome responses unless IFNGR

was altered (98). This study further supports that a functional
IFN signalling and a potent antitumor T cell response are critical
for the success of immune checkpoint therapies.

However, another study reported that IFN signalling in
cancer cells and immune cells had to oppose each other to
stablish a regulatory relationship (99). They showed that whereas
inhibition of tumor IFNY signalling led to reduced ISG
expression in tumor cells, it increased ISG levels in immune
cells by enhancing IFNYy production by exhausted T cells.

Oncolytic virus therapy is based on the ability of modified
virus to specifically target tumor cells, whilst not affecting healthy
cells. In contrast to other therapies, oncolytic virus therapy
requires a defective IFN signalling to succeed, since viruses are
susceptible to IFN-mediated antiviral activity. HSV could destroy
murine breast tumor cells unable to produce and respond to
IFNs (100). In the same way, cancer cell sensitivity to Vesicular
stomatitis virus (VSV) induced cell death was increased after
knocking down or blocking IFNAR (101), IRF5 and IRF7 (102),
thus providing evidence for the requirement of a defective
IFN pathway.

On the other hand, the induction of type I IFNs during
combined adoptive cell therapy and oncolytic virus therapy led
to an autoimmune response, as blocking both IFNo. and IFN
completely abrogated the autoimmune side effect without affecting
the antitumor efficacy of the treatment (103). This study showed
that although a functional type I IFN is required for the success of
many therapies, it is also important to control the magnitude of
the response, as immunotherapy-induced type I IFN secretion can
have a pathogenic role inducing autoimmune toxicity.

CANCER HYPOXIA

One of the main characteristics of solid tumors is hypoxia.
During tumor growth, an oxygen concentration gradient is
generated within the tumor mass, as oxygen can only diffuse
100-180um from the closest capillary, whereby internal cells
become oxygen deprived otherwise known as hypoxia. In
response to the stress generated by oxygen deprivation, cells
activate several adaptive responses to match oxygen supply with
their energetic demands, most of them driven by the hypoxia-
inducible transcription factors (HIFs). Although first identified
as a regulator of erythropoietin (EPO) production (104), HIFs
are now recognized as the key modulators of the hypoxic
response. These transcription factors function as heterodimers
formed by an oxygen sensitive o subunit (HIFlo, HIF2ar and
HIF301) and a stably expressed 3 subunit (HIF1f), also named
aryl hydrocarbon receptor nuclear translocator (ARNT) (105).
HIFa is tightly regulated by oxygen-independent (iron, o
ketoglutarate and ascorbate) and oxygen-dependent
mechanisms. Under normal oxygen tension (i.e. normoxia),
prolyl hydroxylase domain enzymes (PHDs) hydroxylate HIFo
subunits at conserved proline residues, allowing the binding of
the von Hippel Lindau (VHL) E3 ubiquitin ligase complex which
will polyubiquitinate HIFo targeting it for proteasomal
degradation (106, 107). HIFo. can also be hydroxylated in an
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asparagine residue by Factor Inhibiting HIF (FIH), which will
avoid HIF interaction with the coactivators required for the
transactivation of the target genes (108, 109). Under hypoxia
however, PHDs and FIH are not active, HIFo is stabilized and
can translocate to the nucleus and dimerize with HIF1[. This
heterodimer will bind to specific DNA domains called ‘hypoxia
response elements’ (HRE) of target genes and will activate their
expression. HIF activation in hypoxic cells promotes tumor
progression, as they activate genes involved in cell
proliferation, angiogenesis, apoptosis, metabolism, DNA
damage response, ECM remodeling, cell migration and
invasion and evasion of the immune system.

HYPOXIA AND THE IMMUNE SYSTEM

Hypoxia generates an immunosuppressive microenvironment
within the tumor by impeding the homing of immune effector
cells (T cells and NK cells), by blocking their activity and by
recruiting immunosuppressive cells, such as myeloid-derived
suppressor cells (MDSC), tumor-associated macrophages
(TAM) and Treg cells.

MDSC induce T cell anergy, block CD8" T cell activity and
promote Treg cell proliferation (110). Hypoxia can further
promote MDSC differentiation to TAM (111). On the other
hand, TAM infiltrating hypoxic tumor regions are associated
with an M2 immune evasive phenotype (112), as they suppress T
cell function (113). Moreover, it is well known that hypoxia
significantly reduces lymphocyte proliferation directly (114), and
it was observed in vivo that when hypoxic areas were reduced in
tumors, immune cell infiltration increased (115, 116). In
addition, hypoxia can also inhibit T cell proliferation by
upregulating Treg cells (117).

Apart from the specific effect of hypoxia on immune cells,
hypoxic cells can evade innate immune system by expressing
specific molecules, such as the ‘don’t eat me signal’ CD47
molecule (118), or the immune checkpoint inhibitor molecules
PD-L1 and CTLA-4 (119, 120), which will bind to macrophages
and effector T cells and block their activity. Furthermore, under
hypoxic conditions, PD-L1 expression is also upregulated in
MDSC (121). Similarly, major histocompatibility complex class I
chain related (MIC) molecules, one family of NKG2D receptor
ligands are upregulated in many tumor cells (122). This would
effectively lead to NK and T cell mediated immunosurveillance.
However, hypoxic cancer cells secrete MIC ligands (soluble MIC)
to downregulate and degrade NKG2D receptor on T cells and
avoid immune activity (117).

As a consequence of the metabolic switch to glycolysis that
tumor cells undergo under hypoxic conditions, lactic acid levels in
the extracellular media increase considerably. Recent data highlights
the role of lactate as a ‘signalling molecule’ promoting the escape of
the immune surveillance of hypoxic tumor cells (123). Lactate can
attenuate the cytotoxic activity of CTLs (124) and NK cells (125),
and recruit MDSC to the tumor (125). Furthermore, glucose-
deprived T cells, due to the high glucose uptake by cancer cells,
have lower antitumor effector functions (126, 127).

On the other hand, hypoxia upregulates the expression of CD39
and CD73, enzymes involved adenosine metabolism, on tumor
cells, as well as A2A adenosine receptor (A2AR) on immune cells
(128). Extracellular adenosine signals through A2AR on immune
cells and inhibits their activity (129). Additionally, Treg cells express
high levels of CD39 and CD73 and they are able to produce and
secrete adenosine, contributing to immune evasion (130).

Altogether this shows that hypoxia generates an
immunosuppressive environment within the tumor mass, by
recruiting immunosuppressive cells and by upregulating the
expression of molecules involved in immune system evasion. In view
of the role of IFNs in the regulation of these cells, the specific effects of
hypoxia on IFN regulation and signalling are reviewed below.

HYPOXIC REGULATION OF THE
IFN RESPONSE

Regarding the type I IFN pathway, hypoxia induces damage to
mitochondria and makes these organelles release damage associated
molecular patterns (DAMPs), such as mitochondrial DNA
(mtDNA), able to trigger an immune response (131). However,
hypoxia downregulates the cytosolic dsDNA sensor cGAS, thus
reducing STING activation and the consequent type I IFN response,
via increasing the levels of miR-25 and miR-93 (132). This allows
hypoxic tumor cells to evade the immune responses induced by
DAMPs, and promotes the establishment of an immunosuppressive
tumor microenvironment. In addition, hypoxia downregulated the
levels of the dsRNA sensors RIG-I and MDAS5, in addition to other
members of the pathway, via a HIF-independent reduction in
chromatin accessibility (8). Similarly, 2% hypoxia reduced RIG-I
and MDAS protein expression in malignant cells in a HIFlo-
dependent manner, even after treating the cells with the type I IFN
activator 5’-triphosphate RNA (3pRNA), whereas non-malignant or
primary cells presented similar levels (133). Moreover, the high
lactate levels found in hypoxic tumors inhibit type I IEN signalling
via binding to MAVS adaptor protein (134). Besides, hypoxic
inhibition of type I IFN production and less cellular responses to
these cytokines in hypoxia cooperate to suppress immune responses
under low oxygen conditions. The negative effect of tumor hypoxia
on radiotherapy efficacy is partially due to hypoxic inhibition of
IFNY production and the impairment of hypoxic cells to response to
IFNY (135). Using murine tumor cells lines, Murthy et al. observed
that hypoxia inhibited IFNy-dependent gene expression in tumor
cells, reducing immune cell infiltration. Furthermore, CD8" T cells
had reduced ability to proliferate and generate IFNy under hypoxic
conditions, but reoxygenation restored the cytokine-producing
capacity of these cells.

Altogether these studies show that hypoxia is impairing the
type I IFN response and therefore the effector immune cell
responses in tumors. Moreover, IFNy and IFNo (to a lesser
extent) induced the transcription of prolyl hydroxylase 3
(PHD3), a HIF-inducible negative regulator of HIF
transcription factors, in human endothelial cells (136). IFNy
induced PHD3 expression via JAK/STATI1 signalling
independent of HIF1o. They also showed that pharmacological
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inhibition of PHDs suppressed the induction of IFNy-dependent
genes after IFNY treatment.

On the other side, hypoxia and IFNY synergistically work to fully
activate macrophages infiltrating hypoxic tumor regions (137), via
HIFlo and IFN regulatory factor-1 (IRF-1) interaction (138).
Activated macrophages express the inducible NOS2 and produce
NO, which will promote tumor cell apoptosis. In line with this
result, RIG-I gene presents a HRE, and RIG-I expression was found
to be upregulated in human muscle cells under hypoxic conditions
(139) as well as in kidneys of hypoxic mice (140). Supporting the
contribution of hypoxia to IFN signalling, HIF1at lacking mouse
embryonic fibroblast expressed lower levels of IFN1 upon infection
with the DNA virus murine gamma herpesvirus 68 (MHV68),
whereas the levels of IFN0o4 and IFNo6 remained unchanged (141).
Similarly, transcript levels of the IFN-stimulated gene OAS1{ were
also reduced. This study supports that hypoxic regulation of the type
I IFN pathway is not always dependent on HIFla, as previously
described (8). Another study showed that CD4+ T cell stimulation
under hypoxic conditions augmented the secretion of effector
cytokines, especially IFNY, and that hypoxic effects on IFNy
secretion were not dependent on HIFla deficiency (142).
Furthermore, human mesenchymal stromal cells (MSCs) contain
immunosuppressive characteristics which makes them promising
candidates for treating immune disorders, however, they require
specific signals to acquire this phenotype. Wobma et al. found that
combination of IFNy and hypoxia priming produces more
immunosuppressive MSCs than when either cue is used alone.
They showed that IFNy induced the expression of several
immunosuppressive proteins while hypoxia switched MSCs to
glycolysis, causing the production of the T cell inhibitor
lactate (143).

All these studies demonstrate that although there is a general
negative effect of hypoxia on the IFN response, there are also
conditions in which hypoxia has a positive effect, contributing to
and enhancing the IFN signalling.

In regard to infectious diseases, it has been described that
respiratory viruses such as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and influenza A encode antagonists
of the IFN response (144). Recent clinical studies have shown that
COVID-19 patients present low IFN levels and that this correlates
with severe infection. It has been described that COVID-19 infected
patients present hypoxic monocytes unable to produce type I IFNs
after activation by the alarmin HMGBI, as HIF1a acted as a direct
transcriptional repressor of IRF5 and IRF3 (145).

On the other hand, a study from 1993 showed that oxygen
tension greatly affects the response to IFNow and IENY in vitro.
Under hypoxic conditions, the cytopathogenicity of vesicular
stomatitis virus (VSV) was reduced, whereas the antiviral effects
of the IFNs were increased. These results suggested that hypoxia
is a possible host defense system against viral infection, via
potentiating the effects of the IFNs produced at the site of
infection (146). Similar results were obtained more recently,
showing that elevated HIF activity confers resistance to VSV
mediated cytotoxicity, as inhibition of HIF increased cellular
sensitivity to infection and CoCl, treatment to mimic hypoxia
promoted resistance (147). They also detected that HIF

promoted IFNf expression, among other antiviral genes, upon
viral infection. These results suggest that in contrast to tumor
hypoxia where the IFN signalling is suppressed, upon viral
infection, hypoxic regions protect the host and help clearing
up the infectious agent.

TRANSLATIONAL IMPACT

The aim of immunotherapy is to increase the number and
functionality of antitumor effector cells, and ICIs are becoming
the primary treatment modality in this regard. However, only a
subset of tumor types responds to these treatments (93, 94), and
this is mainly due to the tumor and the tumor microenvironment
generated immunosuppression. As mentioned before, tumors
possess different mechanisms to generate an immunosuppressive
environment, such as recruiting immunosuppressive cells or
express specific molecules, in addition to the well-described
effect of hypoxia. Therapeutic approaches that modulate tumor
hypoxia have been shown to improve immunotherapy response.

One of the strategies to improve T-cell function is to reverse
tumor hypoxia by reoxygenation (148). Respiratory hyperoxia
promoted effector T-cell infiltration into the tumor (115). In
addition, inhibition of oxidative phosphorylation directly
alleviated hypoxia and improved the effectiveness of anti-PD-1
therapy (149).

Another way of bypassing hypoxia-induced immunosuppression
is using hypoxia-activated prodrugs (HAPs). HAPs are agents
designed to selectively activate under hypoxic conditions by
enzymatic reduction, generating an active compound able to
kill hypoxic tumor cells. It was observed that the increased blood
vessel density after evofosfamide treatment promoted tumor
infiltration of T-cells and improved ICIs therapy (116, 150).
Similarly, metabolism of CP-506 in hypoxic regions releases
active metabolites which form DNA crosslinks leading,
ultimately, to tumor cell death. It was observed that CP-506
synergies with ICIs (151), suggesting that combination of HAPs
and ICISs is a good therapeutic approach to treat hypoxic tumors.
Moreover, most HAPs generate DNA-damaging cytotoxic
effects, but they can also be designed to release effectors against
a range of molecular targets, such as tarloxotinib, a pan-HER
inhibitor (152).

Similarly, there are some nanoparticle agents in preclinical
development, both oxygen-carrying (153) and oxygen-generating
(154), designed to increase tumor oxygenation. Zhou et al.
established a two-stage oxygen delivery system to relieve tumor
hypoxia. They found that perfluorotributylamine (PFTBA)
nanoparticles were able to inhibit platelet activation leading to an
increase in red blood cell infiltration and therefore, oxygen delivery,
to the tumor, providing an effective way to reverse tumor hypoxia
and tumor resistance to radiotherapy (155).

Modulating the c¢cGAS-STING pathway offers another
opportunity for cancer therapy, offering more specificity than cell-
based approaches. In contrast to other pathways, the cGAS-STING
signalling is not mediated by protein-protein interactions, but
through the soluble second messenger cGAMP, synthesized by
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cGAS from ATP and GTP. It has been described that both
chemotherapeutic agents (e.g. cisplatin and etoposide) and
radiotherapy induce DNA damage, which can activate the cGAS-
STING pathway promoting immune responses and enhancing
tumor cell death (156, 157). Due to genome instability, some
tumor cells spontaneously produce cGAMP (158). Moreover,
cGAS-STING axis was essential for the antitumor effects of ICIs
(159). In this regard, several cGAS-STING agonists, including
STING-binding molecules and cGAMP derivates, have been
developed, as apart from synergize with ICIs, they can enhance
the antitumor effect of tumor vaccines, chemotherapy and
radiotherapy (160).

However, STING activation can also promote tumor growth
(161), metastasis (162) and enhance autoimmune diseases (51),
suggesting that immunotherapies need to achieve a correct balance
between stimulating an antitumor response and avoiding tumor-
promoting inflammation. In this regard, small-molecule-based
approaches have been developed to target cGAS-STING axis.
cGAS inhibitors can be classified into catalytic site inhibitors,
which bind to the active site and are competitive with ATP, GTP
or cGAMP, or inhibitors that disrupt the DNA binding of cGAS,
impeding the initiation of the signalling. STING antagonists on the
other hand, can bind to the cyclic dinucleotide (CDN)-binding
site, and therefore block STING activation, or can bind to cysteine
residues near the transmembrane domain of STING, avoiding this
way the palmitoylation and consequent activation of STING, as
these residues are palmitoylated after CDN-stimulated
activation (163).

The elevated glycolytic activity of solid tumor cells leads to an
increase in lactate, protons and carbonic acid in the extracellular
media, generating acidosis in the tumor microenvironment
(164). Acidosis, like hypoxia, contributes to drug resistance
(165) and immunosuppression (123). Therefore, four main
therapeutic approaches have been developed to correct or
avoid acidosis: 1) buffer therapy, consisting on administrating
weak bases, 2) drugs selectively active at low pH, 3) agents that
block cellular responses to acidosis, and 4) agents targeting the
pH regulatory machinery itself (166). Most of the developed
therapies against tumor acidosis target CAIX, which promotes
the passive efflux of CO, through the plasma membrane, and it is
essentially only expressed in tumor cells (167). The
monocarboxylate transporter family (MCT) members, which
transport lactate through the plasma membrane, are potential
targets to control tumor acidosis as well, however, MCT
inhibitors are still at an early stage of development (168).

Another way of bypassing hypoxia-induced immunosuppression
is targeting the adenosinergic signalling. Inflamed and cancerous
tissue release ATP into the extracellular media, which is degraded into
adenosine by CD39/CD73. Adenosine will eventually signal through

REFERENCES

1. Ruan K, Song G, Ouyang G. Role of Hypoxia in the Hallmarks of Human
Cancer. ] Cell Biochem (2009) 107(6):1053-62. doi: 10.1002/jcb.22214

2. Isaacs A, Lindenmann J. Virus Interference. I. The Interferon. Proc R Soc
London Ser B Biol Sci (1957) 147(927):258-67. doi: 10.1098/rspb.1957.0048

A2AR receptor on immune cells and block their activation and
activity. Silencing A2AR enhanced the efficacy of adoptive cell therapy
(169), similarly, A2AR blockage improved CAR-T therapy (170) and
addition of anti-PD-1 further ameliorated it (171). Preclinical models
showed that combining A2AR antagonists with ICIs promoted tumor
regression, moreover, clinical trials also showed that A2AR antagonist
alone or in combination with ICIs resulted in better outcomes (172,
173). Similarly, small molecule inhibitors or monoclonal antibodies
against CD39 and CD73 are being developed as potential anticancer
therapies. Like A2AR blockage, anti-CD73 therapy improved ICls
therapy in various preclinical cancer models (174) and it showed a
strong antitumor effect in clinical trials (175, 176). This is particularly
relevant to target adenosine-rich tumors.

It will be critical to link these developments to biomarkers of
expression of these targets, to classify patients for the relevant
therapies. But expression alone is not necessarily enough
depending on function-expression relationship. Finally, the
marker to be useful, needs to relate to therapeutic benefit.
Development of an accompanying diagnostic or theranostic
will help bring these new strategies to fruition, in the
selected patients.

DISCUSSION

Here we summarize hypoxic effect on tumor progression
focusing on the immune system evasion, specifically we
addressed hypoxic effects on the type I IFN pathway. Hypoxia
generated immunosuppressive environment not only affects
tumor cells, but also immune cells present in the tumor
microenvironment which can be either recruited to support
immune system evasion or inhibited to avoid their antitumor
activity. Similarly, we have shown that molecules generated in a
hypoxic environment, such as lactate or adenosine, can also
contribute to this immune evasive phenotype, and that they are
potential therapeutic targets. Moreover, targeting these
molecules, as well as targeting hypoxia, could improve the
efficacy of other therapies, e.g. immunotherapy. In this regard,
an active type I IFN signalling is necessary for many anticancer
therapies, however, the level of the IFN response needs to be
controlled to avoid an excessive activation which could lead to
detrimental effects. As with other signalling pathways, hypoxia
regulates the type I IFN signalling and its effects would need to be
considered when developing new therapeutic strategies.

AUTHOR CONTRIBUTIONS

EA and AH wrote the manuscript. All authors contributed to the
article and approved the submitted version.

3. Platanias LC. Mechanisms of Type-I- and Type-II-Interferon-Mediated
Signalling. Nat Rev Immunol (2005) 5(5):375-86. doi: 10.1038/nri1604

4. Pestka S, Krause CD, Walter MR. Interferons, Interferon-Like Cytokines, and Their
Receptors. Immunol Rev (2004) 202:8-32. doi: 10.1111/j.0105-2896.2004.00204.x

5. Goubau D, Deddouche S, Reis e Sousa C. Cytosolic Sensing of Viruses.
Immunity (2013) 38(5):855-69. doi: 10.1016/j.immuni.2013.05.007

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 821816


https://doi.org/10.1002/jcb.22214
https://doi.org/10.1098/rspb.1957.0048
https://doi.org/10.1038/nri1604
https://doi.org/10.1111/j.0105-2896.2004.00204.x
https://doi.org/10.1016/j.immuni.2013.05.007
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Arnaiz and Harris

Hypoxia and IFN Response

(=2}

N

el

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26

. Iwasaki A. A Virological View of Innate Immune Recognition. Annu Rev
Microbiol (2012) 66:177-96. doi: 10.1146/annurev-micro-092611-150203
. Paludan SR, Bowie AG. Immune Sensing of DNA. Immunity (2013) 38
(5):870-80. doi: 10.1016/j.immuni.2013.05.004
. Miar A, Arnaiz E, Bridges E, Beedie S, Cribbs AP, Downes DJ, et al. Hypoxia
Induces Transcriptional and Translational Downregulation of the Type I
IFN Pathway in Multiple Cancer Cell Types. Cancer Res (2020) 80
(23):5245-56. doi: 10.1158/0008-5472.CAN-19-2306
. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How Cells
Respond to Interferons. Annu Rev Biochem (1998) 67:227-64. doi: 10.1146/
annurev.biochem.67.1.227
Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K,
et al. Shared and Unique Functions of the DExD/H-Box Helicases RIG-I,
MDAS5, and LGP2 in Antiviral Innate Immunity. ] Immunol (Baltimore Md
1950) (2005) 175(5):2851-8. doi: 10.4049/jimmunol.175.5.2851
Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T, Miyagishi
M, et al. The RNA Helicase RIG-I has an Essential Function in Double-
Stranded RNA-Induced Innate Antiviral Responses. Nat Immunol (2004) 5
(7):730-7. doi: 10.1038/ni1087
Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an
Adaptor Triggering RIG-I- and Mda5-Mediated Type I Interferon
Induction. Nat Immunol (2005) 6(10):981-8. doi: 10.1038/ni1243
Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT,
et al. IKKepsilon and TBK1 Are Essential Components of the IRF3 Signaling
Pathway. Nat Immunol (2003) 4(5):491-6. doi: 10.1038/ni921
Sharma S, tenOever BR, Grandvaux N, Zhou GP, Lin R, Hiscott J. Triggering
the Interferon Antiviral Response Through an IKK-Related Pathway. Sci
(New York NY) (2003) 300(5622):1148-51. doi: 10.1126/science.1081315
Hemmi H, Takeuchi O, Sato S, Yamamoto M, Kaisho T, Sanjo H, et al. The
Roles of Two IkappaB Kinase-Related Kinases in Lipopolysaccharide and
Double Stranded RNA Signaling and Viral Infection. ] Exp Med (2004) 199
(12):1641-50. doi: 10.1084/jem.20040520
Lin R, Heylbroeck C, Pitha PM, Hiscott J. Virus-Dependent Phosphorylation
of the IRF-3 Transcription Factor Regulates Nuclear Translocation,
Transactivation Potential, and Proteasome-Mediated Degradation. Mol
Cell Biol (1998) 18(5):2986-96. doi: 10.1128/MCB.18.5.2986
Sato M, Tanaka N, Hata N, Oda E, Taniguchi T. Involvement of the IRF Family
Transcription Factor IRF-3 in Virus-Induced Activation of the IFN-Beta Gene.
FEBS Lett (1998) 425(1):112-6. doi: 10.1016/S0014-5793(98)00210-5
Yoneyama M, Suhara W, Fukuhara Y, Fukuda M, Nishida E, Fujita T. Direct
Triggering of the Type I Interferon System by Virus Infection: Activation of
a Transcription Factor Complex Containing IRF-3 and CBP/P300. EMBO ]
(1998) 17(4):1087-95. doi: 10.1093/emboj/17.4.1087
Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP Synthase Is a
Cytosolic DNA Sensor That Activates the Type I Interferon Pathway. Sci
(New York NY) (2013) 339(6121):786-91. doi: 10.1126/science.1232458
Wu J, Sun L, Chen X, Du F, Shi H, Chen C, et al. Cyclic GMP-AMP Is an
Endogenous Second Messenger in Innate Immune Signaling by Cytosolic DNA.
Sci (New York NY) (2013) 339(6121):826-30. doi: 10.1126/science.1229963
Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The Helicase DDX41 Senses
Intracellular DNA Mediated by the Adaptor STING in Dendritic Cells. Nat
Immunol (2011) 12(10):959-65. doi: 10.1038/ni.2091
Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al.
IFI16 Is an Innate Immune Sensor for Intracellular DNA. Nat Immunol
(2010) 11:997. doi: 10.1038/ni.1932
Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, et al. DAI (DLM-
1/ZBP1) Is a Cytosolic DNA Sensor and an Activator of Innate Immune
Response. Nature (2007) 448(7152):501-5. doi: 10.1038/nature06013
Ishikawa H, Ma Z, Barber GN. STING Regulates Intracellular DNA-
Mediated, Type I Interferon-Dependent Innate Immunity. Nature (2009)
461(7265):788-92. doi: 10.1038/nature08476
Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of Innate
Immune Adaptor Proteins MAVS, STING, and TRIF Induces IRF3
Activation. Sci (New York NY) (2015) 347(6227):aaa2630. doi: 10.1126/
science.aaa2630
. Abe T, Barber GN. Cytosolic-DNA-Mediated, STING-Dependent
Proinflammatory Gene Induction Necessitates Canonical NF-kappaB

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Activation Through TBKI1. J Virol (2014) 88(10):5328-41. doi: 10.1128/
JVI.00037-14

Wu J, Dobbs N, Yang K, Yan N. Interferon-Independent Activities of
Mammalian STING Mediate Antiviral Response and Tumor Immune
Evasion. Immunity (2020) 53(1):115-26.e5. doi: 10.1016/j.immuni.2020.06.009
Yamashiro LH, Wilson SC, Morrison HM, Karalis V, Chung J-YJ, Chen KJ,
et al. Interferon-Independent STING Signaling Promotes Resistance to HSV-
1 In Vivo. Nat Commun (2020) 11(1):3382. doi: 10.1038/s41467-020-17156-x
Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, et al.
Species-Specific Recognition of Single-Stranded RNA via Toll-Like Receptor
7 and 8. Sci (New York NY) (2004) 303(5663):1526-9. doi: 10.1126/
science.1093620

Krug A, Luker GD, Barchet W, Leib DA, Akira S, Colonna M. Herpes
Simplex Virus Type 1 Activates Murine Natural Interferon-Producing Cells
Through Toll-Like Receptor 9. Blood (2004) 103(4):1433-7. doi: 10.1182/
blood-2003-08-2674

Park BS, Lee J-O. Recognition of Lipopolysaccharide Pattern by TLR4
Complexes. Exp Mol Med (2013) 45:e66. doi: 10.1038/emm.2013.97

Akira S, Uematsu S, Takeuchi O. Pathogen Recognition and Innate
Immunity. Cell (2006) 124(4):783-801. doi: 10.1016/j.cell.2006.02.015
Honda K, Takaoka A, Taniguchi T. Type I Interferon [Corrected] Gene
Induction by the Interferon Regulatory Factor Family of Transcription
Factors. Immunity (2006) 25(3):349-60. doi: 10.1016/j.immuni.2006.08.009
Cohen B, Novick D, Barak S, Rubinstein M. Ligand-Induced Association of
the Type I Interferon Receptor Components. Mol Cell Biol (1995) 15
(8):4208-14. doi: 10.1128/MCB.15.8.4208

Stark GR, Darnell JE Jr. The JAK-STAT Pathway at Twenty. Immunity
(2012) 36(4):503-14. doi: 10.1016/j.immuni.2012.03.013

Schneider WM, Chevillotte MD, Rice CM. Interferon-Stimulated Genes: A
Complex Web of Host Defenses. Annu Rev Immunol (2014) 32:513-45. doi:
10.1146/annurev-immunol-032713-120231

Blaszczyk K, Nowicka H, Kostyrko K, Antonczyk A, Wesoly J, Bluyssen HA.
The Unique Role of STAT2 in Constitutive and IFN-Induced Transcription
and Antiviral Responses. Cytokine Growth Factor Rev (2016) 29:71-81. doi:
10.1016/j.cytogfr.2016.02.010

Schoggins JW, Rice CM. Interferon-Stimulated Genes and Their Antiviral
Effector Functions. Curr Opin Virol (2011) 1(6):519-25. doi: 10.1016/
j.coviro.2011.10.008

de Weerd NA, Samarajiwa SA, Hertzog PJ. Type I Interferon Receptors:
Biochemistry and Biological Functions. ] Biol Chem (2007) 282(28):20053-7.
doi: 10.1074/jbc.R700006200

Kumar KG, Krolewski JJ, Fuchs SY. Phosphorylation and Specific Ubiquitin
Acceptor Sites Are Required for Ubiquitination and Degradation of the
IFNARI1 Subunit of Type I Interferon Receptor. ] Biol Chem (2004) 279
(45):46614-20. doi: 10.1074/jbc.M407082200

Kalie E, Jaitin DA, Podoplelova Y, Piehler J, Schreiber G. The Stability of the
Ternary Interferon-Receptor Complex Rather Than the Affinity to the
Individual Subunits Dictates Differential Biological Activities. ] Biol Chem
(2008) 283(47):32925-36. doi: 10.1074/jbc.M806019200

Tomita S, Ishibashi K, Hashimoto K, Sugino T, Yanagida T, Kushida N, et al.
Suppression of SOCS3 Increases Susceptibility of Renal Cell Carcinoma to
Interferon-Alpha. Cancer Sci (2011) 102(1):57-63. doi: 10.1111/j.1349-
7006.2010.01751.x

Zitzmann K, Brand S, De Toni EN, Baehs S, Goke B, Meinecke J, et al.
SOCST1 Silencing Enhances Antitumor Activity of Type I IFNs by Regulating
Apoptosis in Neuroendocrine Tumor Cells. Cancer Res (2007) 67(10):5025-
32. doi: 10.1158/0008-5472.CAN-06-2575

Fenner JE, Starr R, Cornish AL, Zhang JG, Metcalf D, Schreiber RD, et al.
Suppressor of Cytokine Signaling 1 Regulates the Immune Response to
Infection by a Unique Inhibition of Type I Interferon Activity. Nat Immunol
(2006) 7(1):33-9. doi: 10.1038/ni1287

Dunn GP, Sheehan KC, Old LJ, Schreiber RD. IFN Unresponsiveness in
LNCaP Cells Due to the Lack of JAK1 Gene Expression. Cancer Res (2005)
65(8):3447-53. doi: 10.1158/0008-5472.CAN-04-4316

Tanaka T, Soriano MA, Grusby MJ. SLIM Is a Nuclear Ubiquitin E3 Ligase
That Negatively Regulates STAT Signaling. Immunity (2005) 22(6):729-36.
doi: 10.1016/j.immuni.2005.04.008

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 821816


https://doi.org/10.1146/annurev-micro-092611-150203
https://doi.org/10.1016/j.immuni.2013.05.004
https://doi.org/10.1158/0008-5472.CAN-19-2306
https://doi.org/10.1146/annurev.biochem.67.1.227
https://doi.org/10.1146/annurev.biochem.67.1.227
https://doi.org/10.4049/jimmunol.175.5.2851
https://doi.org/10.1038/ni1087
https://doi.org/10.1038/ni1243
https://doi.org/10.1038/ni921
https://doi.org/10.1126/science.1081315
https://doi.org/10.1084/jem.20040520
https://doi.org/10.1128/MCB.18.5.2986
https://doi.org/10.1016/S0014-5793(98)00210-5
https://doi.org/10.1093/emboj/17.4.1087
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.1229963
https://doi.org/10.1038/ni.2091
https://doi.org/10.1038/ni.1932
https://doi.org/10.1038/nature06013
https://doi.org/10.1038/nature08476
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1016/j.immuni.2020.06.009
https://doi.org/10.1038/s41467-020-17156-x
https://doi.org/10.1126/science.1093620
https://doi.org/10.1126/science.1093620
https://doi.org/10.1182/blood-2003-08-2674
https://doi.org/10.1182/blood-2003-08-2674
https://doi.org/10.1038/emm.2013.97
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1016/j.immuni.2006.08.009
https://doi.org/10.1128/MCB.15.8.4208
https://doi.org/10.1016/j.immuni.2012.03.013
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1016/j.cytogfr.2016.02.010
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1074/jbc.R700006200
https://doi.org/10.1074/jbc.M407082200
https://doi.org/10.1074/jbc.M806019200
https://doi.org/10.1111/j.1349-7006.2010.01751.x
https://doi.org/10.1111/j.1349-7006.2010.01751.x
https://doi.org/10.1158/0008-5472.CAN-06-2575
https://doi.org/10.1038/ni1287
https://doi.org/10.1158/0008-5472.CAN-04-4316
https://doi.org/10.1016/j.immuni.2005.04.008
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Arnaiz and Harris

Hypoxia and IFN Response

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Wilmes S, Beutel O, Li Z, Francois-Newton V, Richter CP, Janning D, et al.
Receptor Dimerization Dynamics as a Regulatory Valve for Plasticity of
Type I Interferon Signaling. J Cell Biol (2015) 209(4):579-93. doi: 10.1083/
jcb.201412049

Shi HX, Yang K, Liu X, Liu XY, Wei B, Shan YF, et al. Positive Regulation of
Interferon Regulatory Factor 3 Activation by Herc5 via ISG15 Modification.
Mol Cell Biol (2010) 30(10):2424-36. doi: 10.1128/MCB.01466-09

Li Y, Li C, Xue P, Zhong B, Mao AP, Ran Y, et al. ISG56 Is a Negative-
Feedback Regulator of Virus-Triggered Signaling and Cellular Antiviral
Response. Proc Natl Acad Sci USA (2009) 106(19):7945-50. doi: 10.1073/
pnas.0900818106

Patterson JB, Samuel CE. Expression and Regulation by Interferon of a
Double-Stranded-RNA-Specific Adenosine Deaminase From Human Cells:
Evidence for Two Forms of the Deaminase. Mol Cell Biol (1995) 15
(10):5376-88. doi: 10.1128/MCB.15.10.5376

Forster S. Interferon Signatures in Immune Disorders and Disease. Immunol
Cell Biol (2012) 90(5):520-7. doi: 10.1038/icb.2012.12

Kalliolias GD, Ivashkiv LB. Overview of the Biology of Type I Interferons.
Arthritis Res Ther (2010) 12 Suppl 1:S1. doi: 10.1186/ar2881

Prinz M, Schmidt H, Mildner A, Knobeloch KP, Hanisch UK, Raasch J, et al.
Distinct and Nonredundant In Vivo Functions of IFNAR on Myeloid Cells
Limit Autoimmunity in the Central Nervous System. Immunity (2008) 28
(5):675-86. doi: 10.1016/j.immuni.2008.03.011

Teles RM, Graeber TG, Krutzik SR, Montoya D, Schenk M, Lee D], et al.
Type I Interferon Suppresses Type II Interferon-Triggered Human Anti-
Mycobacterial Responses. Sci (New York NY) (2013) 339(6126):1448-53.
doi: 10.1126/science.1233665

Berry MP, Graham CM, McNab FW, Xu Z, Bloch SA, Oni T, et al. An
Interferon-Inducible Neutrophil-Driven Blood Transcriptional Signature in
Human Tuberculosis. Nature (2010) 466(7309):973-7. doi: 10.1038/
nature09247

Okabe Y, Kawane K, Akira S, Taniguchi T, Nagata S. Toll-Like Receptor-
Independent Gene Induction Program Activated by Mammalian DNA
Escaped From Apoptotic DNA Degradation. J Exp Med (2005) 202
(10):1333-9. doi: 10.1084/jem.20051654

Crow Y], Hayward BE, Parmar R, Robins P, Leitch A, Ali M, et al. Mutations
in the Gene Encoding the 3’-5" DNA Exonuclease TREX1 Cause Aicardi-
Goutieres Syndrome at the AGS1 Locus. Nat Genet (2006) 38(8):917-20. doi:
10.1038/ng1845

Barbalat R, Ewald SE, Mouchess ML, Barton GM. Nucleic Acid Recognition
by the Innate Immune System. Annu Rev Immunol (2011) 29:185-214. doi:
10.1146/annurev-immunol-031210-101340

Ehrlich P. Ueber Den Jetzigen Stand Der Karzinomforschung. Ned Tijdschr
Voor Geneeskd (1909) 5:273-90.

Burnet M. Cancer: A Biological Approach. III. Viruses associated with
neoplastic conditions. IV. Practical applications. Br Med ] (1957) 1
(5023):841-7. doi: 10.1136/bm;.1.5023.841

Thomas L, Lawrence H. Cellular and Humoral Aspects of the Hypersensitive
States. New York: Hoeber-Harper (1959) p. 529-32.

Stutman O. Tumor Development After 3-Methylcholanthrene in
Immunologically Deficient Athymic-Nude Mice. Sci (New York NY)
(1974) 183(4124):534-6. doi: 10.1126/science.183.4124.534

Dighe AS, Richards E, Old L], Schreiber RD. Enhanced In Vivo Growth and
Resistance to Rejection of Tumor Cells Expressing Dominant Negative IFN
Gamma Receptors. Immunity (1994) 1(6):447-56. doi: 10.1016/1074-7613
(94)90087-6

Kaplan DH, Shankaran V, Dighe AS, Stockert E, Aguet M, Old L], et al.
Demonstration of an Interferon Gamma-Dependent Tumor Surveillance
System in Immunocompetent Mice. Proc Natl Acad Sci USA (1998) 95
(13):7556-61. doi: 10.1073/pnas.95.13.7556

Street SE, Trapani JA, MacGregor D, Smyth MJ. Suppression of Lymphoma
and Epithelial Malignancies Effected by Interferon Gamma. J Exp Med
(2002) 196(1):129-34. doi: 10.1084/jem.20020063

Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old L], et al.
IFNgamma and Lymphocytes Prevent Primary Tumour Development and
Shape Tumour Immunogenicity. Nature (2001) 410(6832):1107-11. doi:
10.1038/35074122

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer
Immunoediting: From Immunosurveillance to Tumor Escape. Nat
Immunol (2002) 3(11):991-8. doi: 10.1038/ni1102-991

Dunn GP, Old LJ, Schreiber RD. The Three Es of Cancer Immunoediting. Annu
Rev Immunol (2004) 22:329-60. doi: 10.1146/annurev.immunol.22.012703.104803
Smyth M]J, Thia KY, Street SE, Cretney E, Trapani JA, Taniguchi M, et al.
Differential Tumor Surveillance by Natural Killer (NK) and NKT Cells. ] Exp
Med (2000) 191(4):661-8. doi: 10.1084/jem.191.4.661

Matzinger P. Tolerance, Danger, and the Extended Family. Annu Rev
Immunol (1994) 12:991-1045. doi: 10.1146/annurev.iy.12.040194.005015
Gasser S, Raulet DH. The DNA Damage Response Arouses the Immune
System. Cancer Res (2006) 66(8):3959-62. doi: 10.1158/0008-5472.CAN-05-
4603

Dunn GP, Koebel CM, Schreiber RD. Interferons, Immunity and Cancer
Immunoediting. Nat Rev Immunol (2006) 6(11):836-48. doi: 10.1038/
nril961

Bromberg JF, Horvath CM, Wen Z, Schreiber RD, Darnell JE Jr.
Transcriptionally Active Statl Is Required for the Antiproliferative Effects
of Both Interferon Alpha and Interferon Gamma. Proc Natl Acad Sci USA
(1996) 93(15):7673-8. doi: 10.1073/pnas.93.15.7673

Kumar A, Commane M, Flickinger TW, Horvath CM, Stark GR. Defective
TNEF-Alpha-Induced Apoptosis in STAT1-Null Cells Due to Low
Constitutive Levels of Caspases. Sci (New York NY) (1997) 278
(5343):1630-2. doi: 10.1126/science.278.5343.1630

Qin Z, Blankenstein T. CD4+ T Cell-Mediated Tumor Rejection Involves
Inhibition of Angiogenesis That Is Dependent on IFN Gamma Receptor
Expression by Nonhematopoietic Cells. Immunity (2000) 12(6):677-86. doi:
10.1016/S1074-7613(00)80218-6

Loeb LA, Loeb KR, Anderson JP. Multiple Mutations and Cancer.
Proc Natl Acad Sci USA (2003) 100(3):776-81. doi: 10.1073/pnas.
0334858100

Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell (2000) 100(1):57-
70. doi: 10.1016/50092-8674(00)81683-9

Gresser I, Bourali C, Levy JP, Fontaine-Brouty-Boye D, Thomas MT.
Increased Survival in Mice Inoculated With Tumor Cells and Treated
With Interferon Preparations. Proc Natl Acad Sci USA (1969) 63(1):51-7.
doi: 10.1073/pnas.63.1.51

Gresser I, Maury C, Brouty-Boye D. Mechanism of the Antitumour Effect of
Interferon in Mice. Nature (1972) 239(5368):167-8. doi: 10.1038/239167a0
Gresser I, Belardelli F, Maury C, Maunoury MT, Tovey MG. Injection of
Mice With Antibody to Interferon Enhances the Growth of Transplantable
Murine Tumors. J Exp Med (1983) 158(6):2095-107. doi: 10.1084/
jem.158.6.2095

Reid LM, Minato N, Gresser I, Holland J, Kadish A, Bloom BR. Influence of
Anti-Mouse Interferon Serum on the Growth and Metastasis of Tumor Cells
Persistently Infected With Virus and of Human Prostatic Tumors in
Athymic Nude Mice. Proc Natl Acad Sci USA (1981) 78(2):1171-5. doi:
10.1073/pnas.78.2.1171

Dunn GP, Bruce AT, Sheehan KC, Shankaran V, Uppaluri R, Bui JD, et al. A
Critical Function for Type I Interferons in Cancer Immunoediting. Nat
Immunol (2005) 6(7):722-9. doi: 10.1038/nil213

Zitvogel L, Galluzzi L, Kepp O, Smyth MJ, Kroemer G. Type I Interferons in
Anticancer Immunity. Nat Rev Immunol (2015) 15(7):405-14. doi: 10.1038/
nri3845

Budhwani M, Mazzieri R, Dolcetti R. Plasticity of Type I Interferon-
Mediated Responses in Cancer Therapy: From Anti-Tumor Immunity to
Resistance. Front Oncol (2018) 8:322. doi: 10.3389/fonc.2018.00322
Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN, Weichselbaum RR,
et al. The Efficacy of Radiotherapy Relies Upon Induction of Type I
Interferon-Dependent Innate and Adaptive Immunity. Cancer Res (2011)
71(7):2488-96. doi: 10.1158/0008-5472.CAN-10-2820

Lim JY, Gerber SA, Murphy SP, Lord EM. Type I Interferons Induced by
Radiation Therapy Mediate Recruitment and Effector Function of CD8(+) T
Cells. Cancer Immunol Immunother CII (2014) 63(3):259-71. doi: 10.1007/
500262-013-1506-7

Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-
Dependent Cytosolic DNA Sensing Promotes Radiation-Induced Type I

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 821816


https://doi.org/10.1083/jcb.201412049
https://doi.org/10.1083/jcb.201412049
https://doi.org/10.1128/MCB.01466-09
https://doi.org/10.1073/pnas.0900818106
https://doi.org/10.1073/pnas.0900818106
https://doi.org/10.1128/MCB.15.10.5376
https://doi.org/10.1038/icb.2012.12
https://doi.org/10.1186/ar2881
https://doi.org/10.1016/j.immuni.2008.03.011
https://doi.org/10.1126/science.1233665
https://doi.org/10.1038/nature09247
https://doi.org/10.1038/nature09247
https://doi.org/10.1084/jem.20051654
https://doi.org/10.1038/ng1845
https://doi.org/10.1146/annurev-immunol-031210-101340
https://doi.org/10.1136/bmj.1.5023.841
https://doi.org/10.1126/science.183.4124.534
https://doi.org/10.1016/1074-7613(94)90087-6
https://doi.org/10.1016/1074-7613(94)90087-6
https://doi.org/10.1073/pnas.95.13.7556
https://doi.org/10.1084/jem.20020063
https://doi.org/10.1038/35074122
https://doi.org/10.1038/ni1102-991
https://doi.org/10.1146/annurev.immunol.22.012703.104803
https://doi.org/10.1084/jem.191.4.661
https://doi.org/10.1146/annurev.iy.12.040194.005015
https://doi.org/10.1158/0008-5472.CAN-05-4603
https://doi.org/10.1158/0008-5472.CAN-05-4603
https://doi.org/10.1038/nri1961
https://doi.org/10.1038/nri1961
https://doi.org/10.1073/pnas.93.15.7673
https://doi.org/10.1126/science.278.5343.1630
https://doi.org/10.1016/S1074-7613(00)80218-6
https://doi.org/10.1073/pnas.0334858100
https://doi.org/10.1073/pnas.0334858100
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1073/pnas.63.1.51
https://doi.org/10.1038/239167a0
https://doi.org/10.1084/jem.158.6.2095
https://doi.org/10.1084/jem.158.6.2095
https://doi.org/10.1073/pnas.78.2.1171
https://doi.org/10.1038/ni1213
https://doi.org/10.1038/nri3845
https://doi.org/10.1038/nri3845
https://doi.org/10.3389/fonc.2018.00322
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://doi.org/10.1007/s00262-013-1506-7
https://doi.org/10.1007/s00262-013-1506-7
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Arnaiz and Harris

Hypoxia and IFN Response

88.

89.

90.

91.

—_

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Interferon-Dependent Antitumor Immunity in Immunogenic Tumors.
Immunity (2014) 41(5):843-52. doi: 10.1016/j.immuni.2014.10.019

Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N,
et al. Caspase-Dependent Immunogenicity of Doxorubicin-Induced Tumor
Cell Death. ] Exp Med (2005) 202(12):1691-701. doi: 10.1084/jem.20050915
Vacchelli E, Sistigu A, Yamazaki T, Vitale I, Zitvogel L, Kroemer G.
Autocrine Signaling of Type 1 Interferons in Successful Anticancer
Chemotherapy. Oncoimmunology (2015) 4(8):¢988042. doi: 10.4161/
2162402X.2014.988042

Sistigu A, Yamazaki T, Vacchelli E, Chaba K, Enot DP, Adam J, et al. Cancer
Cell-Autonomous Contribution of Type I Interferon Signaling to the Efficacy
of Chemotherapy. Nat Med (2014) 20(11):1301-9. doi: 10.1038/nm.3708
Pardoll DM. The Blockade of Immune Checkpoints in Cancer
Immunotherapy. Nat Rev Cancer (2012) 12(4):252-64. doi: 10.1038/
nrc3239

Sanmamed MF, Chen L. Inducible Expression of B7-H1 (PD-L1) and Its
Selective Role in Tumor Site Immune Modulation. Cancer J (Sudbury Mass)
(2014) 20(4):256-61. doi: 10.1097/PP0O.0000000000000061

Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, et al. Safety and
Tumor Responses With Lambrolizumab (Anti-PD-1) in Melanoma. New
Engl ] Med (2013) 369(2):134-44. doi: 10.1056/NEJMoal305133

Gao J, Shi LZ, Zhao H, Chen ], Xiong L, He Q, et al. Loss of IFN-Gamma
Pathway Genes in Tumor Cells as a Mechanism of Resistance to Anti-
CTLA-4 Therapy. Cell (2016) 167(2):397-404.e9. doi: 10.1016/
j.cell.2016.08.069

Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-
Lieskovan S, et al. Mutations Associated With Acquired Resistance to PD-1
Blockade in Melanoma. New Engl ] Med (2016) 375(9):819-29. doi: 10.1056/
NEJMoal604958

Shin DS, Zaretsky JM, Escuin-Ordinas H, Garcia-Diaz A, Hu-Lieskovan S,
Kalbasi A, et al. Primary Resistance to PD-1 Blockade Mediated by JAK1/2
Mutations. Cancer Discovery (2017) 7(2):188-201. doi: 10.1158/2159-
8290.CD-16-1223

Gettinger S, Choi J, Hastings K, Truini A, Datar I, Sowell R, et al. Impaired HLA
Class I Antigen Processing and Presentation as a Mechanism of Acquired
Resistance to Immune Checkpoint Inhibitors in Lung Cancer. Cancer
Discovery (2017) 7(12):1420-35. doi: 10.1158/2159-8290.CD-17-0593

Grasso CS, Tsoi J, Onyshchenko M, Abril-Rodriguez G, Ross-Macdonald P,
Wind-Rotolo M, et al. Conserved Interferon-y Signaling Drives Clinical
Response to Immune Checkpoint Blockade Therapy in Melanoma. Cancer
Cell (2020) 38(4):500-15.€3. doi: 10.1158/1538-7445.AM2020-3166

Benci JL, Johnson LR, Choa R, Xu Y, Qiu J, Zhou Z, et al. Opposing
Functions of Interferon Coordinate Adaptive and Innate Immune Responses
to Cancer Immune Checkpoint Blockade. Cell (2019) 178(4):933-48.e14.
doi: 10.1016/j.cell.2019.07.019

Hummel JL, Safroneeva E, Mossman KL. The Role of ICPO-Null HSV-1 and
Interferon Signaling Defects in the Effective Treatment of Breast
Adenocarcinoma. Mol Ther ] Am Soc Gene Ther (2005) 12(6):1101-10.
doi: 10.1016/j.ymthe.2005.07.533

Zhang KX, Matsui Y, Hadaschik BA, Lee C, Jia W, Bell JC, et al. Down-
Regulation of Type I Interferon Receptor Sensitizes Bladder Cancer Cells to
Vesicular Stomatitis Virus-Induced Cell Death. Int J Cancer (2010) 127
(4):830-8. doi: 10.1002/ijc.25088

Li Q, Tainsky MA. Epigenetic Silencing of IRF7 and/or IRF5 in Lung Cancer
Cells Leads to Increased Sensitivity to Oncolytic Viruses. PloS One (2011) 6
(12):e28683. doi: 10.1371/journal.pone.0028683

Walsh SR, Bastin D, Chen L, Nguyen A, Storbeck CJ, Lefebvre C, et al. Type I
IEN Blockade Uncouples Immunotherapy-Induced Antitumor Immunity
and Autoimmune Toxicity. J Clin Invest (2019) 129(2):518-30. doi: 10.1172/
JCI121004

Semenza GL, Wang GL. A Nuclear Factor Induced by Hypoxia via De Novo
Protein Synthesis Binds to the Human Erythropoietin Gene Enhancer at a
Site Required for Transcriptional Activation. Mol Cell Biol (1992) 12
(12):5447-54. doi: 10.1128/mcb.12.12.5447-5454.1992

Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-Inducible Factor 1 Is a
Basic-Helix-Loop-Helix-PAS Heterodimer Regulated by Cellular O2
Tension. Proc Natl Acad Sci USA (1995) 92(12):5510-4. doi: 10.1073/
pnas.92.12.5510

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Huang LE, GuJ, Schau M, Bunn HF. Regulation of Hypoxia-Inducible Factor
lalpha Is Mediated by an O2-Dependent Degradation Domain via the
Ubiquitin-Proteasome Pathway. Proc Natl Acad Sci USA (1998) 95
(14):7987-92. doi: 10.1073/pnas.95.14.7987

Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang LE, et al.
Ubiquitination of Hypoxia-Inducible Factor Requires Direct Binding to
the Beta-Domain of the Von Hippel-Lindau Protein. Nat Cell Biol (2000)
2(7):423-7. doi: 10.1038/35017054

Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, Bruick RK. FIH-1
Is an Asparaginyl Hydroxylase Enzyme That Regulates the Transcriptional
Activity of Hypoxia-Inducible Factor. Genes Dev (2002) 16(12):1466-71. doi:
10.1101/gad.991402

Mahon PC, Hirota K, Semenza GL. FIH-1: A Novel Protein That Interacts
With HIF-1alpha and VHL to Mediate Repression of HIF-1 Transcriptional
Activity. Genes Dev (2001) 15(20):2675-86. doi: 10.1101/gad.924501
Gabrilovich D. Mechanisms and Functional Significance of Tumour-
Induced Dendritic-Cell Defects. Nat Rev Immunol (2004) 4(12):941-52.
doi: 10.1038/nri1498

Corzo CA, Condamine T, Lu L, Cotter MJ, Youn JI, Cheng P, et al. HIF-
lalpha Regulates Function and Differentiation of Myeloid-Derived
Suppressor Cells in the Tumor Microenvironment. /] Exp Med (2010) 207
(11):2439-53. doi: 10.1084/jem.20100587

Laoui D, Van Overmeire E, Di Conza G, Aldeni C, Keirsse J, Morias Y, et al.
Tumor Hypoxia Does Not Drive Differentiation of Tumor-Associated
Macrophages But Rather Fine-Tunes the M2-Like Macrophage Population.
Cancer Res (2014) 74(1):24-30. doi: 10.1158/0008-5472.CAN-13-1196
Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, DeNardo DG,
et al. Macrophage Expression of Hypoxia-Inducible Factor-1 Alpha
Suppresses T-Cell Function and Promotes Tumor Progression. Cancer Res
(2010) 70(19):7465-75. doi: 10.1158/0008-5472.CAN-10-1439

Atkuri KR, Herzenberg LA, Niemi AK, Cowan T, Herzenberg LA.
Importance of Culturing Primary Lymphocytes at Physiological Oxygen
Levels. Proc Natl Acad Sci USA (2007) 104(11):4547-52. doi: 10.1073/
pnas.0611732104

Hatfield SM, Kjaergaard ], Lukashev D, Schreiber TH, Belikoff B, Abbott R,
et al. Immunological Mechanisms of the Antitumor Effects of Supplemental
Oxygenation. Sci Trans Med (2015) 7(277):277ra30. doi: 10.1126/
scitranslmed.aaal260

Jayaprakash P, Ai M, Liu A, Budhani P, Bartkowiak T, Sheng J, et al. Targeted
Hypoxia Reduction Restores T Cell Infiltration and Sensitizes Prostate
Cancer to Immunotherapy. J Clin Invest (2018) 128(11):5137-49. doi:
10.1172/JCI196268

Groh V, Wu ], Yee C, Spies T. Tumour-Derived Soluble MIC Ligands Impair
Expression of NKG2D and T-Cell Activation. Nature (2002) 419(6908):734~
8. doi: 10.1038/nature01112

Zhang H, Lu H, Xiang L, Bullen JW, Zhang C, Samanta D, et al.
HIF-1 Regulates CD47 Expression in Breast Cancer Cells to Promote
Evasion of Phagocytosis and Maintenance of Cancer Stem Cells.
Proc Natl Acad Sci USA (2015) 112(45):E6215-23. doi: 10.1073/pnas.
1520032112

Barsoum IB, Smallwood CA, Siemens DR, Graham CH. A Mechanism of
Hypoxia-Mediated Escape From Adaptive Immunity in Cancer Cells.
Cancer Res (2014) 74(3):665-74. doi: 10.1158/0008-5472.CAN-13-0992
Topalian SL, Drake CG, Pardoll DM. Immune Checkpoint Blockade: A
Common Denominator Approach to Cancer Therapy. Cancer Cell (2015) 27
(4):450-61. doi: 10.1016/j.ccell.2015.03.001

Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al. PD-
L1 Is a Novel Direct Target of HIF-1alpha, and Its Blockade Under Hypoxia
Enhanced MDSC-Mediated T Cell Activation. ] Exp Med (2014) 211(5):781-
90. doi: 10.1084/jem.20131916

Gonzalez S, Lopez-Soto A, Suarez-Alvarez B, Lopez-Vazquez A, Lopez-
Larrea C. NKG2D Ligands: Key Targets of the Immune Response. Trends
Immunol (2008) 29(8):397-403. doi: 10.1016/;.it.2008.04.007
Hirschhaeuser F, Sattler UG, Mueller-Klieser W. Lactate: A Metabolic Key
Player in Cancer. Cancer Res (2011) 71(22):6921-5. doi: 10.1158/0008-
5472.CAN-11-1457

Feder-Mengus C, Ghosh S, Weber WP, Wyler S, Zajac P, Terracciano L, et al.
Multiple Mechanisms Underlie Defective Recognition of Melanoma Cells

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 821816


https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1084/jem.20050915
https://doi.org/10.4161/2162402X.2014.988042
https://doi.org/10.4161/2162402X.2014.988042
https://doi.org/10.1038/nm.3708
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nrc3239
https://doi.org/10.1097/PPO.0000000000000061
https://doi.org/10.1056/NEJMoa1305133
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1158/2159-8290.CD-16-1223
https://doi.org/10.1158/2159-8290.CD-16-1223
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1158/1538-7445.AM2020-3166
https://doi.org/10.1016/j.cell.2019.07.019
https://doi.org/10.1016/j.ymthe.2005.07.533
https://doi.org/10.1002/ijc.25088
https://doi.org/10.1371/journal.pone.0028683
https://doi.org/10.1172/JCI121004
https://doi.org/10.1172/JCI121004
https://doi.org/10.1128/mcb.12.12.5447-5454.1992
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1073/pnas.95.14.7987
https://doi.org/10.1038/35017054
https://doi.org/10.1101/gad.991402
https://doi.org/10.1101/gad.924501
https://doi.org/10.1038/nri1498
https://doi.org/10.1084/jem.20100587
https://doi.org/10.1158/0008-5472.CAN-13-1196
https://doi.org/10.1158/0008-5472.CAN-10-1439
https://doi.org/10.1073/pnas.0611732104
https://doi.org/10.1073/pnas.0611732104
https://doi.org/10.1126/scitranslmed.aaa1260
https://doi.org/10.1126/scitranslmed.aaa1260
https://doi.org/10.1172/JCI96268
https://doi.org/10.1038/nature01112
https://doi.org/10.1073/pnas.1520032112
https://doi.org/10.1073/pnas.1520032112
https://doi.org/10.1158/0008-5472.CAN-13-0992
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1084/jem.20131916
https://doi.org/10.1016/j.it.2008.04.007
https://doi.org/10.1158/0008-5472.CAN-11-1457
https://doi.org/10.1158/0008-5472.CAN-11-1457
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Arnaiz and Harris

Hypoxia and IFN Response

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Cultured in Three-Dimensional Architectures by Antigen-Specific Cytotoxic
T Lymphocytes. Br | Cancer (2007) 96(7):1072-82. doi: 10.1038/
5j.bjc.6603664

Husain Z, Huang Y, Seth P, Sukhatme VP. Tumor-Derived Lactate Modifies
Antitumor Immune Response: Effect on Myeloid-Derived Suppressor Cells
and NK Cells. ] Immunol (Baltimore Md 1950) (2013) 191(3):1486-95. doi:
10.4049/jimmunol.1202702

Chang CH, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD, et al.
Metabolic Competition in the Tumor Microenvironment Is a Driver of
Cancer Progression. Cell (2015) 162(6):1229-41. doi: 10.1016/
j.cell.2015.08.016

Ho PC, Bihuniak JD, Macintyre AN, Staron M, Liu X, Amezquita R, et al.
Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-Tumor T Cell
Responses. Cell (2015) 162(6):1217-28. doi: 10.1016/j.cell.2015.08.012
Synnestvedt K, Furuta GT, Comerford KM, Louis N, Karhausen J, Eltzschig
HK, et al. Ecto-5'-Nucleotidase (CD73) Regulation by Hypoxia-Inducible
Factor-1 Mediates Permeability Changes in Intestinal Epithelia. J Clin Invest
(2002) 110(7):993-1002. doi: 10.1172/JCI10215337

Kobie JJ, Shah PR, Yang L, Rebhahn JA, Fowell DJ, Mosmann TR. T
Regulatory and Primed Uncommitted CD4 T Cells Express CD73, Which
Suppresses Effector CD4 T Cells by Converting 5'-Adenosine
Monophosphate to Adenosine. J Immunol (Baltimore Md 1950) (2006) 177
(10):6780-6. doi: 10.4049/jimmunol.177.10.6780

Ohta A, Sitkovsky M. Extracellular Adenosine-Mediated Modulation of
Regulatory T Cells. Front Immunol (2014) 5:304. doi: 10.3389/
fimmu.2014.00304

Liu Y, Yan W, Tohme S, Chen M, Fu Y, Tian D, et al. Hypoxia Induced
HMGBI1 and Mitochondrial DNA Interactions Mediate Tumor Growth in
Hepatocellular Carcinoma Through Toll-Like Receptor 9. J Hepatol (2015)
63(1):114-21. doi: 10.1016/j.jhep.2015.02.009

Wu M-Z, Cheng W-C, Chen S-F, Nieh S, O'Connor C, Liu C-L, et al. miR-
25/93 Mediates Hypoxia-Induced Immunosuppression by Repressing cGAS.
Nat Cell Biol (2017) 19(10):1286-96. doi: 10.1038/ncb3615

Engel C, Brugmann G, Lambing S, Muhlenbeck LH, Marx S, Hagen C, et al.
RIG-I Resists Hypoxia-Induced Immunosuppression and Dedifferentiation.
Cancer Immunol Res (2017) 5(6):455-67. doi: 10.1158/2326-6066.CIR-16-
0129-T

Zhang W, Wang G, Xu ZG, Tu H, Hu F, Dai J, et al. Lactate Is a Natural
Suppressor of RLR Signaling by Targeting MAVS. Cell (2019) 178(1):176—
89.e15. doi: 10.1016/j.cell.2019.05.003

Murthy A, Gerber SA, Koch CJ, Lord EM. Intratumoral Hypoxia Reduces
IFN-y-Mediated Immunity and MHC Class I Induction in a Preclinical
Tumor Model. ImmunoHorizons (2019) 3(4):149-60. doi: 10.4049/
immunohorizons.1900017

Gerber SA, Yatsula B, Maier CL, Sadler TJ, Whittaker LW, Pober JS.
Interferon-Gamma Induces Prolyl Hydroxylase (PHD)3 Through a
STAT1-Dependent Mechanism in Human Endothelial Cells.
Arteriosclerosis Thrombosis Vasc Biol (2009) 29(9):1363-9. doi: 10.1161/
ATVBAHA.109.192542

Melillo G, Taylor LS, Brooks A, Cox GW, Varesio L. Regulation of Inducible
Nitric Oxide Synthase Expression in IFN-Gamma-Treated Murine
Macrophages Cultured Under Hypoxic Conditions. J Immunol (Baltimore
Md 1950) (1996) 157(6):2638-44.

Tendler DS, Bao C, Wang T, Huang EL, Ratovitski EA, Pardoll DA, et al.
Intersection of Interferon and Hypoxia Signal Transduction Pathways in
Nitric Oxide-Induced Tumor Apoptosis. Cancer Res (2001) 61(9):3682-8.
De Luna N, Suarez-Calvet X, Lleixa C, Diaz-Manera J, Olive M, Illa I, et al.
Hypoxia Triggers IFN-I Production in Muscle: Implications in
Dermatomyositis. Sci Rep (2017) 7(1):8595. doi: 10.1038/s41598-017-
09309-8

Urabe A, Doi S, Nakashima A, Ike T, Morii K, Sasaki K, et al. Klotho
Deficiency Intensifies Hypoxia-Induced Expression of IFN-0/f Through
Upregulation of RIG-I in Kidneys. PloS One (2021) 16(10):e0258856-¢. doi:
10.1371/journal.pone.0258856

Lopez DM, Mesri E, Andreanksy S. Activation of the Hypoxia-Inducible
Factor 1 Alpha Is Necessary for Type 1 Interferon and IFN Stimulatory Gene
Expression During Gammaherpesvirus Infection. J Immunol (2020) 204(1
Supplement):171.13-.13.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Roman J, Rangasamy T, Guo J, Sugunan S, Meednu N, Packirisamy G, et al.
T-Cell Activation Under Hypoxic Conditions Enhances IFN-Gamma
Secretion. Am ] Respir Cell Mol Biol (2010) 42(1):123-8. doi: 10.1165/
rcmb.2008-01390C

Wobma HM, Kanai M, Ma SP, Shih Y, Li HW, Duran-Struuck R, et al. Dual
IFN-y/Hypoxia Priming Enhances Immunosuppression of Mesenchymal
Stromal Cells Through Regulatory Proteins and Metabolic Mechanisms.
J Immunol Regener Med (2018) 1:45-56. doi: 10.1016/j.regen.2018.01.001
Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Moller R,
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of
COVID-19. Cell (2020) 181(5):1036-45.€9. doi: 10.1016/j.cell.2020.04.026
Peng T, Du S-Y, Son M, Diamond B. HIF-1o Is a Negative Regulator of
Interferon Regulatory Factors: Implications for Interferon Production by
Hypoxic Monocytes. Proc Natl Acad Sci USA (2021) 118(26):e2106017118.
doi: 10.1073/pnas.2106017118

Naldini A, Carraro F, Fleischmann WR Jr, Bocci V. Hypoxia Enhances the
Antiviral Activity of Interferons. J Interferon Res (1993) 13(2):127-32. doi:
10.1089/jir.1993.13.127

Hwang II, Watson IR, Der SD, Ohh M. Loss of VHL Confers Hypoxia-
Inducible Factor (HIF)-Dependent Resistance to Vesicular Stomatitis Virus:
Role of HIF in Antiviral Response. J Virol (2006) 80(21):10712-23. doi:
10.1128/JV1.01014-06

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, Adaptive, and
Acquired Resistance to Cancer Immunotherapy. Cell (2017) 168(4):707-23.
doi: 10.1016/j.cell.2017.01.017

Scharping NE, Menk AV, Whetstone RD, Zeng X, Delgoffe GM. Efficacy of
PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor
Hypoxia. Cancer Immunol Res (2017) 5(1):9-16. doi: 10.1158/2326-
6066.CIR-16-0103

Jamieson SM, Tsai P, Kondratyev MK, Budhani P, Liu A, Senzer NN, et al.
Evofosfamide for the Treatment of Human Papillomavirus-Negative Head
and Neck Squamous Cell Carcinoma. JCI Insight (2018) 3(16):e122204. doi:
10.1172/jci.insight.122204

Fu Z, Mowday AM, Smaill JB, Hermans IF, Patterson AV. Tumour Hypoxia-
Mediated Immunosuppression: Mechanisms and Therapeutic Approaches to
Improve Cancer Immunotherapy. Cells (2021) 10(5):1006. doi: 10.3390/
cells10051006

Estrada-Bernal A, Le AT, Doak AE, Tirunagaru VG, Silva S, Bull MR, et al.
Tarloxotinib Is a Hypoxia-Activated Pan-HER Kinase Inhibitor Active
Against a Broad Range of HER-Family Oncogenes. Clin Cancer Res (2021)
27(5):1463. doi: 10.1158/1078-0432.CCR-20-3555

Kheir JN, Scharp LA, Borden MA, Swanson EJ, Loxley A, Reese JH, et al.
Oxygen Gas-Filled Microparticles Provide Intravenous Oxygen Delivery. Sci
Trans Med (2012) 4(140):140ra88. doi: 10.1126/scitranslmed.3003679

Zou MZ, Liu WL, Li CX, Zheng DW, Zeng JY, Gao F, et al. A Multifunctional
Biomimetic Nanoplatform for Relieving Hypoxia to Enhance Chemotherapy
and Inhibit the PD-1/PD-L1 Axis. Small (Weinheim an Der Bergstrasse
Germany) (2018) 14(28):e1801120. doi: 10.1002/sml1.201801120

Zhou Z, Zhang B, Wang H, Yuan A, Hu Y, Wu J. Two-Stage Oxygen
Delivery for Enhanced Radiotherapy by Perfluorocarbon Nanoparticles.
Theranostics (2018) 8(18):4898-911. doi: 10.7150/thno.27598

Ahn ], Xia T, Konno H, Konno K, Ruiz P, Barber GN. Inflammation-Driven
Carcinogenesis Is Mediated Through STING. Nat Commun (2014) 5:5166.
doi: 10.1038/ncomms6166

Luthra P, Aguirre S, Yen BC, Pietzsch CA, Sanchez-Aparicio MT, Tigabu B,
et al. Topoisomerase II Inhibitors Induce DNA Damage-Dependent
Interferon Responses Circumventing Ebola Virus Immune Evasion. mBio
(2017) 8(2):e00368-17. doi: 10.1128/mBi0.00368-17

Marcus A, Mao AJ, Lensink-Vasan M, Wang L, Vance RE, Raulet DH.
Tumor-Derived cGAMP Triggers a STING-Mediated Interferon Response in
Non-Tumor Cells to Activate the NK Cell Response. Immunity (2018) 49
(4):754-63.e4. doi: 10.1016/j.immuni.2018.09.016

Wang H, Hu S, Chen X, Shi H, Chen C, Sun L, et al. cGAS Is Essential for the
Antitumor Effect of Immune Checkpoint Blockade. Proc Natl Acad Sci USA
(2017) 114(7):1637-42. doi: 10.1073/pnas.1621363114

Yum S, Li M, Frankel AE, Chen ZJ. Roles of the cGAS-STING Pathway in
Cancer Immunosurveillance and Immunotherapy. Annu Rev Cancer Biol
(2019) 3(1):323-44. doi: 10.1146/annurev-cancerbio-030518-055636

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 821816


https://doi.org/10.1038/sj.bjc.6603664
https://doi.org/10.1038/sj.bjc.6603664
https://doi.org/10.4049/jimmunol.1202702
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1172/JCI0215337
https://doi.org/10.4049/jimmunol.177.10.6780
https://doi.org/10.3389/fimmu.2014.00304
https://doi.org/10.3389/fimmu.2014.00304
https://doi.org/10.1016/j.jhep.2015.02.009
https://doi.org/10.1038/ncb3615
https://doi.org/10.1158/2326-6066.CIR-16-0129-T
https://doi.org/10.1158/2326-6066.CIR-16-0129-T
https://doi.org/10.1016/j.cell.2019.05.003
https://doi.org/10.4049/immunohorizons.1900017
https://doi.org/10.4049/immunohorizons.1900017
https://doi.org/10.1161/ATVBAHA.109.192542
https://doi.org/10.1161/ATVBAHA.109.192542
https://doi.org/10.1038/s41598-017-09309-8
https://doi.org/10.1038/s41598-017-09309-8
https://doi.org/10.1371/journal.pone.0258856
https://doi.org/10.1165/rcmb.2008-0139OC
https://doi.org/10.1165/rcmb.2008-0139OC
https://doi.org/10.1016/j.regen.2018.01.001
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1073/pnas.2106017118
https://doi.org/10.1089/jir.1993.13.127
https://doi.org/10.1128/JVI.01014-06
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1172/jci.insight.122204
https://doi.org/10.3390/cells10051006
https://doi.org/10.3390/cells10051006
https://doi.org/10.1158/1078-0432.CCR-20-3555
https://doi.org/10.1126/scitranslmed.3003679
https://doi.org/10.1002/smll.201801120
https://doi.org/10.7150/thno.27598
https://doi.org/10.1038/ncomms6166
https://doi.org/10.1128/mBio.00368-17
https://doi.org/10.1016/j.immuni.2018.09.016
https://doi.org/10.1073/pnas.1621363114
https://doi.org/10.1146/annurev-cancerbio-030518-055636
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Arnaiz and Harris

Hypoxia and IFN Response

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Lemos H, Mohamed E, Huang L, Ou R, Pacholczyk G, Arbab AS, et al.
STING Promotes the Growth of Tumors Characterized by Low Antigenicity
via IDO Activation. Cancer Res (2016) 76(8):2076-81. doi: 10.1158/0008-
5472.CAN-15-1456

Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A, et al. Carcinoma-
Astrocyte Gap Junctions Promote Brain Metastasis by cGAMP Transfer.
Nature (2016) 533(7604):493-8. doi: 10.1038/nature18268

Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING Pathway
as a Therapeutic Target in Inflammatory Diseases. Nat Rev Immunol (2021)
21(9):548-69. doi: 10.1038/s41577-021-00524-z

Chiche ], Brahimi-Horn MC, Pouysségur J. Tumour Hypoxia Induces a
Metabolic Shift Causing Acidosis: A Common Feature in Cancer. ] Cell Mol
Med (2010) 14(4):771-94. doi: 10.1111/.1582-4934.2009.00994 x
Wojtkowiak JW, Verduzco D, Schramm KJ, Gillies R]. Drug Resistance and
Cellular Adaptation to Tumor Acidic pH Microenvironment. Mol
Pharmaceut (2011) 8(6):2032-8. doi: 10.1021/mp200292¢

Singleton DC, Macann A, Wilson WR. Therapeutic Targeting of the Hypoxic
Tumour Microenvironment. Nat Rev Clin Oncol (2021) 18(12):751-72. doi:
10.1038/s41571-021-00539-4

Pastorekova S, Parkkila S, Parkkila AK, Opavsky R, Zelnik V, Saarnio J, et al.
MN/CA IX: Analysis of Stomach Complementary DNA Sequence and
Expression in Human and Rat Alimentary Tracts. Gastroenterology (1997)
112(2):398-408. doi: 10.1053/gast.1997.v112.pm9024293

Puri S, Juvale K. Monocarboxylate Transporter 1 and 4 Inhibitors as
Potential Therapeutics for Treating Solid Tumours: A Review With
Structure-Activity Relationship Insights. Eur ] Med Chem (2020)
199:112393. doi: 10.1016/j.ejmech.2020.112393

Ohta A, Gorelik E, Prasad SJ, Ronchese F, Lukashev D, Wong MK, et al.
A2A Adenosine Receptor Protects Tumors From Antitumor T Cells.
Proc Natl Acad Sci  (2006) 103(35):13132-7. doi: 10.1073/pnas.
0605251103

Newick K, O'Brien S, Sun J, Kapoor V, Maceyko S, Lo A, et al. Augmentation
of CAR T-Cell Trafficking and Antitumor Efficacy by Blocking Protein
Kinase A Localization. Cancer Immunol Res (2016) 4(6):541-51. doi:
10.1158/2326-6066.CIR-15-0263

Beavis PA, Henderson MA, Giuffrida L, Mills JK, Sek K, Cross RS, et al.
Targeting the Adenosine 2A Receptor Enhances Chimeric Antigen Receptor
T Cell Efficacy. J Clin Invest (2017) 127(3):929-41. doi: 10.1172/JCI89455

172. Fong L, Hotson A, Powderly JD, Sznol M, Heist RS, Choueiri TK, et al.
Adenosine 2a Receptor Blockade as an Immunotherapy for Treatment-
Refractory Renal Cell Cancer. Cancer Discovery (2020) 10(1):40. doi:
10.1158/2159-8290.CD-19-0980

Chiappori A, Williams CC, Creelan BC, Tanvetyanon T, Gray JE, Haura EB,
et al. Phase I/II Study of the A2AR Antagonist NIR178 (PBF-509), an Oral
Immunotherapy, in Patients (Pts) With Advanced NSCLC. J Clin Oncol
(2018) 36(15_suppl):9089-. doi: 10.1200/JCO.2018.36.15_suppl.9089
Allard B, Pommey S, Smyth MJ, Stagg J. Targeting CD73 Enhances the
Antitumor Activity of Anti-PD-1 and Anti-CTLA-4 Mabs. Clin Cancer Res
(2013) 19(20):5626-35. doi: 10.1158/1078-0432.CCR-13-0545

Overman MJ, LoRusso P, Strickler JH, Patel SP, Clarke SJ, Noonan AM, et al.
Safety, Efficacy and Pharmacodynamics (PD) of MEDI9447 (Oleclumab)
Alone or in Combination With Durvalumab in Advanced Colorectal Cancer
(CRC) or Pancreatic Cancer (Panc). ] Clin Oncol (2018) 36(15_suppl):4123—-.
doi: 10.1200/JC0O.2018.36.15_suppl.4123

Siu LL, Burris H, Le DT, Hollebecque A, Steeghs N, Delord J-P, et al. Abstract
CT180: Preliminary Phase 1 Profile of BMS-986179, an Anti-CD73
Antibody, in Combination With Nivolumab in Patients With Advanced
Solid Tumors. Cancer Res (2018) 78(13 Supplement):CT180. doi: 10.1158/
1538-7445.AM2018-CT180

173.

174.

175.

176.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Arnaiz and Harris. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 821816


https://doi.org/10.1158/0008-5472.CAN-15-1456
https://doi.org/10.1158/0008-5472.CAN-15-1456
https://doi.org/10.1038/nature18268
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.1111/j.1582-4934.2009.00994.x
https://doi.org/10.1021/mp200292c
https://doi.org/10.1038/s41571-021-00539-4
https://doi.org/10.1053/gast.1997.v112.pm9024293
https://doi.org/10.1016/j.ejmech.2020.112393
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1158/2326-6066.CIR-15-0263
https://doi.org/10.1172/JCI89455
https://doi.org/10.1158/2159-8290.CD-19-0980
https://doi.org/10.1200/JCO.2018.36.15_suppl.9089
https://doi.org/10.1158/1078-0432.CCR-13-0545
https://doi.org/10.1200/JCO.2018.36.15_suppl.4123
https://doi.org/10.1158/1538-7445.AM2018-CT180
https://doi.org/10.1158/1538-7445.AM2018-CT180
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Role of Hypoxia in the Interferon Response
	Introduction
	Interferons
	The IFN Pathway
	Cytosolic PRRs
	Transmembrane PRRs

	Type I IFN Signalling
	Acute vs. Chronic IFN Response
	IFNs and Cancer
	Cancer Immunoediting
	Elimination Phase
	Equilibrium Phase
	Escape Phase

	IFNs and Anticancer Therapies

	Cancer Hypoxia
	Hypoxia And The Immune System
	Hypoxic Regulation of the IFN Response
	Translational Impact
	Discussion
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


