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W N e

Abstract: The unprecedented successes of immunotherapies (IOs) including immune checkpoint
blockers (ICBs) and adoptive T-cell therapy (ACT) in patients with late-stage cancer provide proof-
of-principle evidence that harnessing the immune system, in particular T cells, can be an effective
approach to eradicate cancer. This instills strong interests in understanding the immunomodulatory
effects of radiotherapy (RT), an area that was actually investigated more than a century ago but had
been largely ignored for many decades. With the “newly” discovered immunogenic responses from
RT, numerous endeavors have been undertaken to combine RT with IOs, in order to bolster anti-tumor
immunity. However, the underlying mechanisms are not well defined, which is a subject of much
investigation. We therefore conducted a systematic literature search on the molecular underpinnings
of RT-induced immunomodulation and IOs, which identified the IFN-JAK-STAT pathway as a major
regulator. Our further analysis of relevant studies revealed that the signaling strength and duration
of this pathway in response to RT and IOs may determine eventual immunological outcomes. We
propose that strategic targeting of this axis can boost the immunostimulatory effects of RT and
radiosensitizing effects of IOs, thereby promoting the efficacy of combination therapy of RT and IOs.
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1. Introduction

IOs have revolutionized the field of cancer care over the past decade [1]. By enhancing
anti-tumor immunity, IOs induce impressive long-term clinical benefits in patients with
various forms of late-stage cancers [2—6], many of which were not amenable to any treat-
ment not long ago. This also revives strong interests in understanding the immunological
effects of well-established therapeutic modalities such as radiotherapy (RT). RT has been
a mainstay cancer therapy since the 1950s, with more than 50% of patients receiving this
treatment during their course of illness. Historically, RT has been included in immuno-
suppressive conditioning of patients for hematopoietic stem cell transplantation, given
its myeloablative action and the radiosensitivity of quiescent lymphocytes. However, re-
cent studies have provided compelling evidence that RT also induces immunostimulatory
effects. As such, the 6th R in RT was recently coined as the Reactivation of the immune
system [7], adding to the other 5Rs known to be important in determining the final clinical
outcomes of RT: Repair, Re-assortment, Repopulation, Reoxygenation, and Radiosensitivity.
Ironically, despite this recent fervent interest in RT-induced immunomodulation, a close
link between RT and the immune system was recognized a long time ago by Russ and
Murphy [8], but it had been largely neglected [9]. By inducing immunogenic cell death
(ICD), RT leads to the release of damaged DNA and damage-associated molecular pat-
terns (DAMPs) such as calreticulin (CRT), ATP, and high mobility group box protein 1
(HMGBI) [10,11], which can act as immunogenic adjuvants. In addition, RT (especially,
hypofractionated RT) induces “novel” mutations/neoantigens, promoting the antigenicity
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of tumors. Together, these signals drive maturation and upregulation of MHC class I and II
molecules on dendritic cells (DCs), the professional antigen presenting cells [12], which
in turn prime tumor-reactive T cells and recruit them into the tumor microenvironment
(TME) to combat tumor cells [13].

With these immunogenic effects and technical advances in RT such as three-dimensional
image guidance, modulation of beam intensity, and multileaf collimators, precision RT
(e.g., stereotactic ablative radiotherapy (SABR) and intensity-modulated radiation therapy
(IMRT)) has been developed, which allows conformal delivery of larger doses per fraction
while minimizing inadvertent doses to normal tissues. This makes RT an appealing
therapeutic option, particularly in this era of personalized medicine and IOs, as they can
turn tumors into in situ “personalized” vaccines. Moreover, by directly killing tumor cells,
RT effectively debulks large tumors that are typically not responsive to IOs and potentially
resensitizes them to IOs. These enticing properties endow RT as an “ideal” therapeutic
partner for IOs. In support of this concept, clinical trials have shown improved efficacy
from combination therapy of RT and IOs [14-16]. While these results have been promising,
overall efficacy from these clinical trials is still limited. Therefore, many studies have been
conducted to delineate the molecular mechanisms underscoring the immunomodulatory
effects of RT and IOs, in order to better employ these treatments in the future.

Generally speaking, RT and IOs rely on their abilities to kill or suppress tumor cells,
thus preventing tumor progression. For this reason, it is not surprising that our systematic
literature search revealed that evolutionally conserved molecular pathways essential for
cell division and differentiation are required for RT and IOs. These include hormone-driven
nuclear receptor pathways (e.g., androgen and estrogen receptor pathways) [17], devel-
opmental pathways (e.g., the Wnt, Hedgehog, TGF-3, and Notch) [18], the inflammatory
NF-«B pathway [19], the growth factor-regulated signaling pathways (e.g., PI3K-AKT-
mTOR and MAPK) [20], and the prevalent JAK (Janus Kinase)-STAT (Signal Transducer
and Activator of Transcription) pathway. In this focused review, we discussed studies
related to the JAK-STAT pathway, but are cognizant that intricate interactions exist among
them (Figure 1) [21]. Many of the aforementioned molecular pathways have been recently
reviewed by others. Readers interested in those pathways are encouraged to read those
excellent reviews [17-20].

The JAK-STAT pathway is a rapid membrane-to-nucleus signaling module [22] regu-
lated by a wide array of extracellular signals including cytokines and growth factors, as
well as cell-intrinsic mutations/alterations. Among all those upstream signals, interferons
(IFNSs), especially IFN-« /3 (belonging to type I IFNs: IFN-Is) and IFN-y (the only member
in type II IFN), are the most widely studied [23]. With their pleiotropic immunological
activities in almost all known pathophysiological settings, IFNs are the focal point of our
review. Binding of IFN-a/3 /v to their respective receptors (IFN-o./ 3 receptor 1/2 (IF-
NAR1/2) and IFN-y receptor 1/2 (IFNGR1/2)) triggers receptor dimerization [24], which
in turn recruits receptor-associated JAKs to close proximity (JAK1 and Tyk2 for IFN-«/ 3,
and JAK1/2 for IFN-y), culminating in JAK activation. Activated JAKs then phosphorylate
tyrosine residues in the cytoplasmic tails of the receptors that serve as docking sites for
STATs on the receptor-JAK protein complex, facilitating phosphorylation of a specific
tyrosine residue in the C-terminus of STATs. Phosphorylated STATs subsequently dimerize
with each other, through the SH2 (Src Homology 2)-domain, to form transcriptionally
active complexes that translocate to the nucleus, bind to interferon-sensitive response
elements (ISREs) or gamma-activated sites (GASs), and directly regulate the transcription
of a wide array of interferon-stimulated genes (ISGs). There are seven members of the
STAT family (STAT1, 2, 3, 4, 5a, 5b, and 6), and of them, STAT1/2 heterodimers are the most
important mediators of the response to IFN-«/ 3 by complexing with the IFN-regulatory
factor 9 (IRF9) to form the ISG factor 3 (ISFG3) transcription factor complex; on the other
hand, STAT1 homodimers are the major STAT proteins activated by IFN-y [24]. Other
STATs, namely STAT3 and STATS5, have also been found to be phosphorylated by IFN-
o/ B /v [25-27]. While STAT4 and 6 can be involved, their activation is restricted to certain
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cell types such as endothelial cells [28,29]. For this reason, we will mainly consider STAT1,
STAT3, and STAT5 proteins. In addition to these essential players in deciding the signaling
strength and transcriptional regulation, the IFN-JAK-STAT axis is also delicately controlled
by multiple negative regulators, including protein tyrosine phosphatases (PTPs) that block
activation of JAK-STAT by dephosphorylating receptor complexes, suppressor of cytokine
signaling (SOCS) proteins (e.g., SOCS1 and SCOS3) that directly interfere with the kinase
domain of JAKs, and protein inhibitor of activated STAT proteins (PIAS) that suppress
STAT transcriptional activity and regulate their degradation (Figure 1). Together, these
construct an intricate and complicated network that controls the expression of various
interferon-stimulated genes that are involved in cell proliferation and survival, cellular
metabolism, DNA damage repair, and evasion from immunosurveillance [30-33]. As such,
the IFN-JAK-STAT axis coordinates intercellular communication between tumor cells and
stromal cells in the TME, controlling tumor progression and representing a central hub in
governing tumor responses (sensitivity and resistance) to RT and IOs.
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Figure 1. Activation of the IEN-JAK-STAT pathway by RT and IOs. DSDBs: double-strand DNA breaks; sncRNAs: small
endogenous non-coding RNAs; DAMPs: damage-associated molecular patterns; IRF1 and IRF9: IFN-regulatory factor 1
and 9; ISGs: interferon-stimulated genes; ISFG3: ISG factor 3; PTPs: protein tyrosine phosphatases; SOCS: suppressor of
cytokine signaling; PIAS: protein inhibitor of activated STAT proteins.
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2. The IFN-JAK-STAT Axis in RT (Friends and Foes)

IFN-o and 3: DNA is the primary target of RT. Upon RT, damaged DNA fragments
that are released into the cytoplasm or exit into the extracellular space and, subsequently,
engulfed by myeloid cells (e.g., DC) can bind to the cyclic GMP-AMP (cGAMP) synthase
(cGAS). This, in turn, activates the adaptor protein STING (stimulator of interferon genes)
and induces IFN-Is (especially IFN-{3) in an interferon regulatory factor 3 (IRF3)/NK-«kB-
dependent manner [34,35]. Both DCs and tumor cells can produce IFN-Is after RT, although
subsequent studies indicated that DCs were the major producers [36]. Consistent with
this, IEINAR1 must be expressed by hematopoietic cells (including DCs) but not cancer
cells to drive anti-tumor responses elicited by RT [37], establishing a pivotal role of the
cGAS-STING-IFN-I-IFNARI axis in DCs in dictating therapeutic effects of RT. In addition
to DNA damage, RT can also induce small endogenous non-coding RNAs (sncRNNAs)
such as small nuclear RNAs Ul and U2, which bind and activate the cytoplasmic viral
RNA sensor RIG-I (retinoic acid-inducible gene I). Subsequently, the mitochondrial adap-
tor protein MAVS (mitochondrial antiviral-signaling protein) is activated and leads to
enhanced IFN-I signaling, promoting radiosensitivity in murine embryonic fibroblasts
(MEFs), glioblastoma (GBM), and colorectal cancer (CRC) [38]. Conversely, as a negative
feedback mechanism, RT also upregulates the RNA helicase Laboratory of Genetics and
Physiology 2 (LGP2), a suppressor of the RIG-I-MAVS pathway, which inhibits IFN-b
expression and confers radioresistance to various tumor cell lines and MEFs [39]. Clearly,
these on-and-off molecular switches of the IFN-I signaling after RT determine tumor re-
sponses to RT, highlighting a prominent role of the IFN-I signaling in RT efficacy. In support
of this, IFN-Is directly enhance radiosensitivity in cervical cancer [40,41], non-small cell
lung cancer [42], glioma [43,44], and pancreatic cancer [45]. Conversely, radioresistant
glioblastoma (GBM) highly expresses negative regulators of the IFN-JAK-STAT signaling
(SOCS1 and SOCS3) and attenuates IFN-JAK-STAT signaling [46]. Based on the radiosen-
sitizing effects of IFN-I signaling and its importance in determining RT efficacy, clinical
endeavors have been undertaken to test combination therapies of RT and IFN-Is. However,
clinical outcomes from these trials were diverse and hard to explain. At present, it remains
premature to conclude whether these combination therapies are effective or not, but early
clinical trials with a limited number of melanoma patients reported severe subacute/late
complications when treated with IFN-o+RT [47,48], casting doubts or requiring precautions
when combining them in the clinic.

IFN-y: RT also greatly increases the abundance of T cells in the tumor, through either
promoting T cell infiltration [49] or survival/proliferation of pre-existing T cells [50]. A
major effector molecule secreted by these tumor-infiltrating T cells (TILs) is IFN-y. An early
study showed that a single dose of RT (15 Gy) in B16-OVA melanoma significantly upregu-
lated vascular cell adhesion molecule 1 (VCAM-1), monokine induced by gamma interferon
(MIG, better known as CXCL9), CXCL10, and MHC-I; all are important immunostimulatory
molecules in driving immune cell extravasation and infiltration. Interestingly, this was
only observed in wild-type but not IFN-y KO mice, providing direct evidence on the im-
portance of host IFN-y signaling in RT-driven immunological effects. In addition, deletion
of IFNGR1 expression on melanoma cells also abrogated these RT effects, indicating an
indispensable role of tumor IFNGR1 signaling in this process [51]. Using the same RT regi-
men in the MC38 CRC model, a subsequent study confirmed that host IFN-y signaling was
crucial for RT efficacy, but in contrast to melanoma, tumor IFNGR1 expression was largely
dispensable, as transduction with dominant negative IFNGR1 did not affect RT efficacy [52].
Although this seemed to be contradictory to a far greater capacity of RT-treated TILs in
lysing MC38 cells, in an IFN-y-dependent fashion [52], one should consider that IFN-y has
pleiotropic functions and can reprogram TILs to become better effectors, which could, in
turn, suppress the growth of MC38 cells via IFNGR1-independent mechanisms. On the
other hand, IFN-y directly induced upregulation of caspase-8 in human medulloblastoma
cells, predisposing these cells to RT [53]. In human CRC cell lines, upregulation of IRF-1
(interferon regulatory factor-1), a transcriptional target of IFN-y, inhibited cell proliferation
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and colony formation, enhancing the radiosensitivity of xenografts [54]. Moreover, typical
fractionated RT (1.8-2 Gy/day, 5 days a week) activated the IFN-y signaling pathway
in A549 lung carcinoma through the MAPK pathway, leading to growth inhibition and
cytotoxicity [55]. Taken together, the importance of tumor-intrinsic IFN-y signaling in
RT may be tumor type-dependent, although it is clear that host IFN-y signaling plays
an essential role in orchestrating the therapeutic effects of RT. In spite of this, substantial
precaution needs to be given when combining IFN-y with RT for therapeutic purpose,
as an early phase IIIA /B clinical trial in patients with NSCLC reported severe toxicities
including fatal radiation pneumonitis [56].

STATs: The above studies showed that IFN-«/ {3/, mainly produced by immune
cells (e.g., DCs for IFN-a/ 3, and T cells for IFN-y), have a largely “friend /helper” role in
promoting RT efficacy. Based on this, one would speculate that downstream of IFN-«/ 3
and IFN-vy, activation of STATs (particularly, STAT1) would exert a similar anti-tumor role.
In support of this notion, anti-proliferative and pro-apoptotic effects of STAT1 in tumor
cells were reported in early studies [57,58]. However, the RT effects were not investigated
in those studies. Thus, a “friend/helper” role of STAT1 and other STAT proteins in RT
remains to be established. To the contrary, most studies with RT so far have suggested a
“foe” role of STATS, i.e., activated STATs in tumor are correlated with radioresistance. STAT3
has been shown to be a major mediator of resistance to RT and chemoradiotherapy in
almost all common types of cancer [59]. One study reported that radioresistant human lung
cancer cells had activated STAT3, coupled with increased expression of Bcl-xL, an impor-
tant anti-apoptotic protein [60]. Another study using the radioresistant pancreatic cancer
cells (PC) showed that STAT3 was also activated, but there was no overt upregulation
of Bcl-xL; rather, the expression of survivin, an inhibitor of apoptosis was increased [61].
Despite these different mechanisms underpinning radioresistance in different types of
cancer cells with active STAT3, targeting STAT3 was an effective approach to overcome
radioresistance [60,62]. We previously found that inhibition of EGFR with cetuximab
greatly improved the overall efficacy of RT in patients with head and neck squamous cell
carcinoma (HNSCC) [63]. Considering that activation of STAT3 is an important down-
stream event of EGFR signaling, we tested whether targeting STAT3 could exert similar
synergistic effects with RT. Our results indicated that either genetic knock-down of STAT3
or pharmacological inhibition of STAT3, especially when combined with a JAK inhibitor,
greatly enhanced the radiosensitivity of HNSCC cells [64,65]. In addition to the important
role of STAT3 activation in mediating radioresistance of HNSCC, another study found
that in radioresistant HNSCC cells, STAT1 was the most highly expressed STAT protein
and transduction of radiosensitive HNSCC cells with STAT1 induced radioresistance [66].
Conversely, STAT1 knock-down (STAT1XP) in both wild-type and radioresistant nu61
HNSCC led to tumor growth suppression and radiosensitization [67]. Mechanistically,
STAT1XP predisposed human HNSCC and melanoma cells to RT-driven suppression of
glycolysis and lactate dehydrogenase A (a key enzyme in glycolysis), suggesting that
STAT1 can protect tumor cells from RT-induced deprivation of energy and cell killing [67].
Interestingly, STAT1, but not STAT3 expression, was significantly increased in radioresistant
human RCC samples and inhibition of STAT1 by fludarabine and siRNAs enhanced RCC
cells’ radiosensitivity [68]. STATS5 also appears to impact the RT response. Inhibition of
active STATS in prostate cancer led to downregulation of RAD51 (an essential homologous
recombination (HR) DNA repair enzyme), which sensitized tumor but not normal tissue to
RT [69]. Similarly, activation of STAT3 and STAT1/IRF1 by RT-induced double-strand DNA
breaks (DSDBs) in different types of cancer can also interact with DNA damage repair
enzymes such as Ataxia-Telangiectasia-Mutated (ATM)-Checkpoint kinase 1 (Chk1), ATR
(ATM and Rad3-related)-Chk2, and BReast CAncer gene 1 (BRCA1). These interactions
boosted DNA repair ability and upregulated PD-L1 (an important immunoregulatory
molecule, discussed below), contributing to radioresistance [70]. Collectively, these studies
indicate that STAT proteins act as “foes” to RT by promoting the metabolic fitness and DNA
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damage repair capability of tumor cells, which can be targeted to overcome radioresistance
in cancer cells.

Friends and Foes: These seemingly contradictory friend and foe roles of IFNs and
STATs in RT may reflect opposing effects of acute vs. chronic activation of the IFN-JAK-
STAT axis associated with different RT regimens. It is possible that effective short-term RT
regimens promote transient production of IFN-a/3 by DCs and of IFN-y by T cells, which
temporarily engage STAT1 and/or other STAT molecules in both host cells (including
immune cells) and tumor cells to trigger protective anti-tumor responses. In contrast,
persistent or multiple rounds of RT caused persistent production of IFNs and overex-
pression of STAT1, associated with the formation and expansion of RT-resistant clones,
as illustrated in HNSCC by Khodarev and colleagues [66,71]. In further support of this
hypothesis, RT-induced expression level of type I IFN signaling genes was significantly
higher in radioresistant breast cancer cells, as compared with nonresistant cells, which
was dependent on the radiation dose and treatment time [72]. Additionally, IFN-related
DNA damage resistance signature (IRDS) was associated with resistance to RT and that
IRDS" breast cancers were more likely to recur after mastectomy and adjuvant RT [73].
A similar finding was reported in IRDS* GBM [74]. Furthermore, a recent study showed
that continuous treatment of melanoma cells with IFN-y, but not IFN-3, induced radiore-
sistance, through both PD-L1-dependent and -independent mechanisms, and strategic
targeting of the JAK-STAT with Ruxolitinib, a JAK1/2 inhibitor, could circumvent the
radioresistance [75]. In addition to chronic/continuous exposure to IFNs, as aforemen-
tioned, constitutive activation of the JAK-STAT pathway could also occur as a result of
stimulation of other extracellular signals (e.g., IL-6 and IL-10) [76], cell-intrinsic changes
associated with non-receptor tyrosine kinases (NRTKSs) such as Src and cytoplasmic kinases
(protein kinase C) [77], as well as special cellular components in the TME (e.g., astrocytes
in GBM) [78], contributing to radioresistance. Moreover, RT activated p53, which, in co-
operation with oncogenic Ras in the unirradiated bystander cells, engaged the JAK-STAT
axis and promoted tumorigenesis, conferring radioresistance to the unirradiated cells [79].
Intriguingly, although IFN-Is from DCs provided a dominant anti-tumor role after RT [36],
IFN-Is in cancer cells actually protected them from CD8" T cell-mediated killing after RT
by inducing serpinb9, a physiological inhibitor of GzmB. This suggests that the cellular
source of IFN-Is may dictate ensuing consequences [80]. Therefore, the duration of IFN
stimulation, the source of IFNs, as well as other upstream signals/tumor cell-intrinsic
alterations can converge on constitutive activation of the JAK-STAT pathway, resulting in
radioresistance rather than radiosensitivity.

In summary, while there is a concern over the toxicity when IFN-o/ 3 /v is combined
with RT in treating patients with cancer, inhibition of JAKs and STATs appears to be an
attractive strategy to boost therapeutic efficacy of RT, considering their prominent roles in
mediating radioresistance in various types of cancer. Nevertheless, only a limited number
of clinical trials have explored the combination therapy of inhibition of JAK/STAT with RT
and the results have been disappointing [81]. It is possible that this clinical information
suffers from unselected patient enrollment to the trials, inappropriate scheduling of the
JAK-STAT inhibitors and RT, doses and administration routes of the inhibitors, and specific
RT regimens (dose and fractionation). Thus, although this combination therapy has a
strong potential to generate synergistic outcomes, well-designed trials are needed to build
optimal therapeutic plans.

3. The IFN-JAK-STAT Axis in IOs (The Yin and Yang)

The Immunostimulatory Effects of the IFN-JAK-STAT Axis (The Yang): IFN-Is are
crucial coordinators of innate and adaptive immunity, with well-recognized roles in viral
immunity [82]. By either directly binding to IFNAR1/2 (Figure 1) or indirectly inducing
production of other chemokines and cytokines, IFN-Is regulate immune cell trafficking, acti-
vation, and maturation [25], and are expected to be important for mediating the therapeutic
effects of I0s. In fact, IFN-«2, one of the 13 types of human IFN-«, was the first cancer
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immunotherapy approved by the FDA in 1986. Since then, IFN-Is, almost exclusively
IFN-«, have received additional approvals to treat several neoplastic diseases, including
follicular non-Hodgkin lymphoma and resectable stage II and III melanoma, mainly in an
adjuvant setting [83]. However, their use in cancer therapy has been dwindling in recent
years, due to the limited efficacy and the revolutionary successes of other forms of 10s
such as ICBs and ACT. To date, all seven FDA-approved ICBs target immune checkpoints
CTLA-4 and PD-1/PD-L1 that are co-opted by tumor cells to evade immunosurveillance.
By blocking these negative immune checkpoints, ICBs (anti-CTLA-4 and anti-PD-1/L1)
re-invigorate the patients” endogenous immune cells, particularly T cells to ward off tumor.
ACT, on the other hand, utilizes exogenously generated super-T cells, including genetically
manipulated autologous T cells, TILs, and chimeric antigen receptor-T cells (well known
as CAR-T cells). Upon infusion into patients, these super-T cells can track down and
eliminate tumor cells. Although the direct use of IFN-Is as immunotherapeutics in the
clinic is decreasing, their important roles in mediating ICBs and ACT have been recognized.
For example, activation of IFN-I signaling was shown to be correlated with abscopal effects
of the combination therapy of anti-CTLA-4 and RT, which were abrogated when IFNAR1
was knocked down in tumor cells [84]. A separate study using a syngeneic lung cancer
model reported that localized RT could overcome resistance to anti-PD-1 by inducing
IFN-B production and subsequently enhancing MHC class I expression. This was largely
abolished when mice were pretreated with anti-IFNAR1 blocking antibodies [85]. Further,
it was found that TME of CRC induced a dramatic downregulation of [IFNAR1 on CD8*
TILs and transferred CAR-T cells, leading to impaired survival of these cells and dampened
anti-tumor responses of CAR-T and anti-PD-1 [86]. Interestingly, in-depth mechanistic
studies revealed that IFINAR1 degradation was mediated by p38 MAPK, a kinase involved
in ligand-independent downregulation of IFNARI1 [87]. Collectively, these studies establish
a pivotal role of IFNARI expression (either on immune cells or tumor cells) in governing 10
efficacy, but direct evidence of IFN-Is in this process is lacking, given that tumor expression
of IFNARI can be regulated by ligand-independent mechanisms (e.g., MAPK) [87].

Like IFN-Is, IFN-y also exerts a multitude of immunological activities, arguably with
greater immunoregulatory potential than IFN-Is [88]. Pioneering work from the Schreiber
group using either IFN-y blocking antibodies [89] or mouse models lacking essential IFN-y
signaling molecules [90] provided compelling evidence on a pivotal role of the IFN-y
signaling in cancer immunosurveillance. Remarkably, a recent report found that the only
shared feature from anti-CTLA-4, anti-PD-1, and the combination of both was the upregula-
tion of IFNG gene expression, suggesting that IFN-y might be the most important cytokine
in ICBs [91]. To this end, we employed IFNGR1~/~ mice and adoptive transfer of total
IFNGR1~/~ T cells to tumor-bearing mice, and found that loss of IFNGR1 in T cells com-
pletely abrogated the efficaciousness of combined anti-CTLA-4 and anti-PD-1 therapy [92].
Furthermore, we showed that melanoma patients that were not responsive to anti-CTLA-4
therapy had tumors harboring a greater copy number loss of IFN-y signaling genes [93].
This was further confirmed in preclinical experiments using a B16 melanoma model with
IFNGR1 knock-down (IFNGR1XP) that showed impaired IFN-y signaling and reduced
sensitivity to anti-CTLA-4 therapy [93]. In a separate study, Zaretsky et al. reported loss-of-
function mutations of JAK1 and JAK2 in two out of four melanoma patients that developed
therapeutic resistance to anti-PD-1; both JAK1/2 mutations were coupled with a total loss of
functional response to IFN-y and JAK1 mutation also caused loss of functional response to
IFN-oc/ 3 [94]. These results were subsequently corroborated by a series of seminal studies
in melanoma and CRC [95-98], pointing to an indispensable role of tumor-intrinsic IFN-y
signaling in ICBs. Despite these congruent findings, the specific underlying mechanisms of
this ICB resistance are poorly defined, although it is generally agreed that IFN-y induces
MHC-I, MHC-II, and other important molecules in antigen-presenting machinery such as
TAP (transporter associated with antigen processing) in tumor cells [99]. Intriguingly, a
recent study showed that IFN-y induced ER stress in various tumor cell lines, leading to
impaired autophagic flux by post-transcriptional downregulation of LAMP-1/2 (lysosome
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membrane protein-1 and -2), key players in the maturation of autophagosome. This ER
stress triggered unfolded protein responses (UPR), contributing to IFN-y-induced apop-
tosis and cell cycle arrest [21]. In correlation, clinical data from patients with melanoma,
HNSCC, and gastric cancer revealed that gene expression profiles (GEPs), including IFN-
v signature genes, successfully separated responders from non-responders to anti-PD-1
therapy [100]. More recently, another study showed that Ifng expression was correlated
with longer progression-free survival of patients with melanoma and NSCLC treated
with anti-PD-1 [101]. Besides these clinical correlations [100,101], there have been clinical
efforts to engage the IFN-JAK-STAT pathway to boost therapeutic responses. A recent
pilot clinical study reported that intratumoral administration of G100, a TLR4 agonist to
patients with Merkel cell carcinoma can act through STAT1 and synergize with IFN-y to
induce promising therapeutic responses [102,103]. A number of ongoing clinical trials are
examining a special formulation of TLR3 agonist capable of inducing IFNs and activating
the JAK-STAT axis in various types of solid tumors, but the clinical outcomes remain to be
reported [104]. Together, these results indicate that an intact IFN-y signaling in both host
T cells and tumor cells is required for therapeutic effects of IOs [105], with demonstrated
clinical relevance and early promising clinical outcomes.

The Immunosuppressive Effects of the IFN-JAK-STAT axis (The Yin): In contrast
to the positive roles of IFNARI expression and IFN-y signaling in governing IOs, a re-
cent study reported that prolonged IFN-y (but not IFN-Is) exposure rendered B16-F10
melanoma cells resistant to ICBs+RT via STAT1-mediated epigenomic changes. Of note,
although IFN-I was not required for the induction of resistance, it helped sustain ICB
resistance, as additional IFNAR1 ablation on top of IENGR1 deletion promoted a greater
therapeutic response in ICB-resistant melanoma, as compared to IFNGR1 deletion alone.
This study provided further support for the concept that prolonged IFN signaling induced
ICB resistance, as administration of a JAK inhibitor to the delayed ICB therapeutic regimen
(therefore, longer exposure to endogenous IFNs) restored the responsiveness to ICBs [75].
Notably, in this study, IFNGR1XC B16-F10 cells did not show resistance to standard anti-
CTLA-4 and anti-PD-L1, which, to some extent, contrasted with our study using IFNGR1KkP
B16-BL6 cells [93]. This discrepancy may be due to the different melanoma models that
were used, differential effects of IFENGR1XO vs. IENGR1XP in tumor cells, and/or different
types of ICBs (anti-CTLA-4+anti-PD-L1 vs. anti-CTLA-4 alone), which warrants further
investigations. To this end, a recent study found that B16-F10 melanoma cells expressing
the model antigen SIY (SIYRYYGL) with IFNGR1 KO or JAK1 KO were immunologically
better controlled by immunocompetent hosts; however, when inoculated together with
WT tumor cells, these KO cells escaped anti-PD-1 therapy and outgrew WT tumor cells,
seemingly contributing to therapeutic resistance to ICBs [106]. Although it was shown that
prolonged exposure to IFN-Is did not induce therapeutic resistance in B16-F10 melanoma
to anti-CTLA-4 and RT [75], another study using different types of tumor models (sarcoma,
CRC, and breast tumor) demonstrated that sustained IFN-I signaling induced secondary
resistance to anti-PD-1 that was developed after four rounds of anti-PD-1 treatments. Mech-
anistically, this was due to IFN-I-induced upregulation of NOS2 (inducible nitric oxide
synthase) but not PD-L1 upregulation [107]. Notwithstanding these discrepant findings of
the role of IFN-I signaling in ICB resistance between these two studies, both indicated that
deletion of IFNARI1 in tumor cells may not mediate primary resistance to ICBs. Namely,
the first study showed a largely normal response in IFNAR1X® B16-F10 melanoma [75]
and the second study actually reported an improved response in IENAR1XO MCA?205 sar-
coma [107], which may be due to different tumor models or treatment regimens that were
used in these studies. Nevertheless, these results indicate that prolonged IFN-I and IFN-y
signaling in tumors may dampen, rather than promote, therapeutic responses to ICBs.

In addition to the above-mentioned mechanisms of immunosuppression that are
independent of PD-L1 upregulation [75,85,107], IFN-induced PD-L1 upregulation has been
linked to immunosuppression in various tumor models. In this regard, IFN-f3 was shown
to induce PD-L1 expression in LLC lung cancer cells in a JAK-dependent fashion [108].
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Furthermore, in vitro treatment of gastric cancer cells with IFN-y led to PD-L1 expression
through JAK-STAT but not MAPK and PI3K pathway, couple with impaired cytotoxicity
of tumor antigen-specific CD8" T cells and EMT phenotype of tumor cells, which could
be overcome by anti-PD-1 [109]. Similarly, in pancreatic ductal adenocarcinoma, IFN-y
induced PD-L1 expression and EMT, which was abrogated by siRNAs against STAT1,
again highlighting an essential role of the JAK-STAT pathway [110]. Importantly, by
blocking IFN-y-driven PD-L1 upregulation via suppression of STAT3, two flavonoids
(baicalein and baicalin) restored T cells” capacity to kill hepatocellular carcinoma (HCC)
cells in vitro and induced more significant tumor regression in immunocompetent BALB/c
mice than in BALB/c-nu/nu mice that lack T cells, indicating an essential role of T cells
in these therapies [111]. Clinically, PD-L1 upregulation via IFN-y-JAK-STAT was more
frequently observed in patients with larger CRC that were positive for vascular or lymphatic
infiltration and poorly differentiated, in correlation to poor survival [112]. However, as
we recently reviewed [105], despite numerous studies assessing PD-L1 upregulation as a
predictive biomarker for therapeutic responses of ICBs, a definitive connection remains
to be established. Based on this, we argue that PD-L1 expression on tumor cells is more
of a dynamic and inducible biomarker, reflecting a greater likelihood of response to ICBs
but not necessarily a consequence of surefire immunosuppressive mechanisms [105]. In
keeping with this notion, a recent report demonstrated that PD-L1 expression in the
presence of IFN-y served as a biomarker for tumors’ sensitivity to IFN-y treatment, but
not immunosuppression [113]. That said, it remains possible that PD-L1 upregulation
and accompanied signaling events after acute exposure to IFN correlate with ICB efficacy;
conversely, chronic/sustained IFN signaling may induce epigenetic changes (e.g., STAT1-
mediated epigenetic alterations [75]) that permanently fix these cells to be resistant to
ICBs, regardless of their PD-L1 upregulation. However, despite the promising preclinical
findings from targeting JAK-STAT [75] and supportive results in early patient trials, no JAK
inhibitors have been approved by the FDA for cancer, due to their limited efficacy and high
toxicity, and off-target immunosuppression [114,115]. Additional results are awaited from
numerous ongoing clinical trials involving Ruxolitinib (a JAK1/2 inhibitor) and Tofacitinib
(a JAK1/3 inhibitor), two FDA-approved JAK inhibitors for other clinical conditions [116].

There are other immunosuppressive mechanisms that can be engaged by IFNs. Using
a lung adenocarcinoma model, Yu et al. [117] showed that IFN-y production induced by
anti-PD-1 led to nuclear phase separation and condensation of yes-associated protein (YAP),
a downstream effector in the Hippo pathway. By complexing with TEA domain (TEAD)
family members, YAP transcriptionally regulated thousands of genes (e.g., CD155), which
negatively regulated T cell effector function and also recruited immunosuppressive cells
such as tumor-associated macrophages (TAM), myeloid-derived suppressor cells (MDSC),
FoxP3* regulatory T cells (Treg), and cancer-associated fibroblasts (CAF) to establish an
immunosuppressive TME. Importantly, the combination of YAP inhibitor with anti-PD-1
showed significant improvement on tumor suppression, independent of the STAT1-IRF1
axis and canonical ISGs, providing a new molecular circuit of IFN-y-induced adaptive
resistance to IOs that can be targeted to enhance ICB efficacy [117]. In contrast, induction
of CD47 on tumor cells, a prominent “don’t-eat-me” signal, by IFN-y relied on the JAK1-
STAT1-IRF1 axis, which prevented phagocytosis of stressed tumor cells by macrophages.
This finding was observed in various tumor cells, suggesting this is a universal immuno-
suppressive mechanism engaged by IFN-y [118]. Furthermore, IFNs, in particular IFN-y,
can impact cellular metabolism by inducing tryptophan 2,3-dioxygenase (TDO) or in-
doleamine 2,3-dioxygenase (IDO), which catabolizes essential amino acid tryptophan to
kynurenine. Kynurenine then activated the aryl hydrocarbon receptor (AhR) and induced
T cell functional suppression and therapeutic resistance [119].

In summary, it has become clear that both immunostimulatory (Yang) and immuno-
suppressive (Yin) effects can be mediated by IFN signaling in response to 10s (Figure 2).
However, the underlying molecular switches of these Yin—Yang outcomes are largely un-
known, although it may be related to acute vs. chronic activation of the IFN-JAK-STAT
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axis, as discussed above in RT. In addition, a general belief is that STAT1 is closely asso-
ciated with the immunogenic effect, and STAT3 and STAT5 behave more like oncogenic
mediators [77], but no definitive evidence has been reported on this and it is likely that their
specific roles are context dependent. Similarly, a recent study showed that JAK1 mediated
IFN-y-driven phosphorylation of STAT1/3/5 and induction of MHC-I, MHC-II, and PD-L1,
whereas JAK2 was not involved in the activation of STAT1 and MHC-I/II induction but
was essential for activation of STAT3/5 and PD-L1 upregulation. Importantly, inhibition
of both JAK1/2 partially blocked anti-PD-L1 therapy, whereas selective blocking of JAK2
seemed to augment anti-PD-L1 therapy [120]. Furthermore, an early study showed that
IFN-y induced tumor dormancy when IFNGR1 expression level was low, but resulted
in tumor elimination when it was high, indicating that the absolute expression level of
IFNGR1 or signaling strength could determine the final outcomes of IFN-y signaling [121].
Moreover, using a 3D fibrin gel model, a recent study found that IFN-y induced apoptosis
of differentiated tumor cells; however, if both IDO1 and AhR were highly expressed in the
tumor-repopulating cells, IFN-y induced p27 instead, which attenuated STAT1 signaling,
preventing tumor cell death and promoting tumor cell dormancy [122]. Therefore, the final
consequences of the IFN signaling may well depend on the duration (acute vs. chronic),
signaling strength (the amount cytokine produced and/or the receptor expression level),
the specific signaling molecules involved (JAK1-STAT1 vs. JAK2-STAT3/5), as well as
tumor types and/or stages (early vs. late).

Upregualtion of MHC |,
MHC-Il, APM

Acute or transient activation of
the IFN-JAK-STAT axis by IO0s
primarily induces
immunostimulatory effects,
including upreglation of
MHC-I/II, DC activatio and
maturation, T cell activation
and recruitment, and
production of effector
cytokines, which depends on
the signaling strength (e.g.,
IFNA/GRHigh) and tumor
type/stage. IFNs can also
directly induce anti-
proliferative and pro-apoptotic
effects in tumor cells.

DC activation and maturation

Chronic or persistent activation of
the IFN-JAK-STAT axis by IOs
predominantly generates

Activation and infiltration of T cells

Rejuvenation of TILs
Effector cytokine production
Acute activation of JAK-STAT
IFNA/GR"igh
Anti-proliferation

immunosuppressive outcomes by
inducing infiltration of suppressive
immune cells (MDSC, TAM, Treg,
etc.), upregulating various
immunosuppressive molecules (PD-
L1, CD47, YAP), depleting essential
nutrients (e.g., tryptophan), causing
T cell apoptosis and tumor cell
dormancy, and fixing epigenetic
therapeutic resistance (e.g., STAT-1-

Pro-apoptosis

Chronic activation of JAK-STAT
STAT1-mediated epigenetics
IDO-TDO-tryptophan depletion and AhR activation
Infiltration of MDSC, TAM, T, and CAF
Upregulation of YAP
Induction of CD47

depenent alrerations), which

depends on the signaling strength
(e.g., IFNA/GRtov).

Upregulation of PD-L1
IFNARY-T cell apoptosis
IFNGR""-Tumor dormancy

Figure 2. The Yin—Yang effects of the IEN-JAK-STAT in IOs. APM: antigen processing machinery; TILs: tumor-infiltrating T
cells; YAP: yes-associated protein; MDSC: myeloid-derived suppressor cells; TAM: tumor-associated macrophages; CAF:

cancer-associated fibroblasts; IDO/TDO: indoleamine/tryptophan 2,3-dioxygenase; AhR: aryl hydrocarbon receptor.

4. The IFN-JAK-STAT AXIS in RT and IOs

The IFN-JAK-STAT Axis in Immunomodulatory Effects of RT: As aforementioned,
RT can induce DSDBs, sncRNAs, and DAMPs. While dsDNAs primarily activate the
c¢GAS-STING pathway [123] and sncRNAs engage the RIG-I-MAVS pathway [38], different
DAMPs are recognized by the host through different mechanisms. For example, translo-
cated calreticulin (CRT) to the outer cell membrane (typically residing in the endoplasmic
reticulum) promotes the phagocytosis of irradiated cells by macrophages and dendritic cells
(DCs); HMGBLI, a highly conserved nonhistone DNA-binding protein, acts as an agonist
of Toll-like receptor 2 (TLR2) and TLR4 [124], two primary pattern recognition receptors
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(PRRs) on DCs; and extracellular ATPs bind to P2X7 purinergic receptors on DC [125,126].
All these danger/stress-associated signals converge on DC activation and maturation,
leading to activation of tumor antigen-specific T cells. Two early studies showed that the
IFNART1 expression in DC (but not tumor cells) plays a dominant role in orchestrating
the immunological effects of RT. However, it is noteworthy to point out that both studies
employed a single high dose of radiation (20 Gy) [36,127], which may not be ideal to
induce immunogenic effects. To this end, a recent study reported that single high-dose RT
(20 or 30 Gy) actually induced expression of the three prime repair exonuclease 1 (Trex1)
that degraded cytosolic dsDNAs and attenuated the cGAS-STING pathway in tumor
cells, thereby lowering production of IFN-f3 by tumor cells. In contrast, hypofractionated
RT (8 Gy/day on three consecutive days) did not induce Trex1 and, therefore, promoted
stronger cGAS-STING activity as well as higher expression of IEN-{3 in tumor cells. Interest-
ingly, knock-down of IFNAR1 in tumor cells completely abolished the therapeutic effects
of this hypofractionated RT, indicating an indispensable role of tumor IFNAR1 expression
in this system [84]. Thus, the relative importance of IFN-I signaling in tumor cells may
be determined by RT dose and fractionation. Nevertheless, host cell expression of IF-
NAR1 has been consistently shown to be instrumental for RT-induced immunomodulatory
effects [37,84,85,128], encompassing increased infiltration of CD45" hematopoietic cells
(CD4" and CD8" T cells, DCs, and macrophages, etc.), upregulation of CXCL10 [128] and
CXCL16 [129] (chemokines for CXCR3* and CXCR6* effector T cells, respectively), increase
in Fas ligand (FasL), production of effector molecules GzmB and IFN-y [128], upregulation
of MHC molecules [130], and downregulation of don’t-eat-me signal CD47 [131]. Similarly,
host IFN-y signaling has been shown to be essential in mediating anti-tumor immune
responses elicited by RT using B16-OVA melanoma [51] and MC38 CRC [52]. While these
studies compellingly pointed to a pivotal role of host IFN signaling in RT, it remains to be
explored how the host JAK-STAT axis is involved in RT-induced immunological outcomes,
although this is expected, given that JAKs and STATs have been shown to be crucial in
dictating immune cell functions [22]. Further, a consensus on the role of tumor expression
of IFNAR1 and IFNGRI1 regarding RT response still cannot be reached, as either an essential
role or a dispensable role was reported [36,84,127]. Additional work should be carried out
to systematically assess how hyperfractionated RT, hypofractionated RT, and single-dose
RT (high dose) may differentially impact the IFN-I and IFN-y pathways in tumors, as
distinct immunological outcomes may ensue after different RT regimens [36,84,127]. To
this end, an early study reported that low-dose total-body irradiation (0.1-0.25 Gy, several
times a week for a total dose of 1.5-2 Gy) induced impressive long-term tumor remission in
the majority of patients with chronic lymphocytic leukemia and low-grade non-Hodgkin’s
lymphoma. This was mediated by immune-enhancing mechanisms (e.g., T cell activation,
increased production of IFN-y and IL-2, and increased expression of IL-2R) rather than
direct radiation killing [132]. Therefore, it may be possible that when RT dose is too high
(>20 Gy), more immunosuppressive effects may be induced [84].

The IFN-JAK-STAT Axis in Radiosensitizing Effects of IOs. It has long been
known that immunological competence of patients contributes to the efficacy of RT, which
determines the dose of radiation required for effective tumor control [133]. T cells, par-
ticularly CD8" T cells, are required for therapeutic effects of RT, as demonstrated by a
study wherein deletion of CD8" T cells largely abolished RT-induced growth suppression
of primary melanoma [134]. A subsequent study pinpointed that it was the pre-existing
intratumoral T cells but not newly infiltrated T cells that governed the therapeutic effects of
RT [50]. Since IOs can rejuvenate the pre-existing T cells [92,135,136], it is expected that IOs
could induce radiosensitizing effects and promote RT. In support of this idea, Rodriguez-
Ruiz et al. showed that RT alone did not generate an overt abscopal effect (i.e., suppression
of unirradiated tumors) in various tumor models (MC38 CRC, B16-OVA melanoma, and
4T1 triple-negative breast cancer), but adding ICBs to RT generated potent curative effects
of both the irradiated and unirradiated tumors, achieving an impressive 100% cure of all
the tumor-bearing mice [15]. Mechanistically, in vitro co-culture of EMT-6 breast cancer
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cells with activated CD8* T cells greatly enhanced the radiosensitivity of EMT-6 cells, via
IFN-y production and iNOS upregulation [137]. Similarly, co-culture of Hela cells with
CD4* T cells radiosensitized Hela cells by promoting RT-induced G2/M arrest, in an IFN-
v-dependent fashion [138]. This IFN-y-dependent mechanism was also confirmed in vivo.
By promoting IFN-y production by CD4* and CD8" T cells, ICBs significantly enhanced
radiosensitivity [139,140]. IFN-y, together with reduction of Treg after ICBs, promoted
recruitment of tumor-associated eosinophils (TAEs), which then mediated normalization
of tumor blood vessels [141]. This alleviated severe hypoxia in the TME, arguably the
most important mediator of radioresistance, and enhanced radiosensitivity. Convincingly,
in vivo depletion of TAEs with anti-Siglec-F antibodies completely abrogated the therapeu-
tic effect of anti-CTLA-4 [142]. Along this line, intratumoral injection of STING agonists
also led to normalization of abnormal tumor vasculature, promoting infiltration of CD8* T
cells, in an IFN-I signaling-dependent fashion [143]. Interestingly, IFN-f3 itself was shown
to possess anti-angiogenetic properties, and by upregulating angiopoietin 1 (Angpt1),
suppressed abnormal angiogenesis and promoted tumor vascular maturation [144]. This,
in turn, enhanced intratumoral oxygenation and radiosensitivity [145]. While these studies
collectively showed that blood vessel normalization represented an important mechanism
of I0-induced radiosensitization, we reason that IOs may drive the radiosensitizing effects
by metabolically reprogramming the TME. A recent study elegantly showed that ICBs tilted
the intratumoral metabolic tug-of-war between TILs and tumor cells towards T cells [146]
and suppressed the Warburg effect, a well-known metabolic feature of tumor cells that pref-
erentially utilize glycolysis for their bioenergetic and biosynthetic needs. The suppression
of the Warburg effect in tumor cells reduced accumulation of lactate, pyruvate, and other
antioxidants such as glutathione, thereby facilitating ROS production and oxidative stress
induced by RT. Greater intracellular ROS level would help fix oxidative damage to DNA
and enhance radiosensitivity. In support of this idea, knock-down of STAT1 predisposed
nu61 HNSCC cells to RT-driven suppression of glycolysis and reduction in anti-oxidation
capacity, leading to greater tumor growth suppression and radiosensitization [67], but it
remains to be tested how IOs affect STAT1 and other members of the JAK-STAT family
in tumor cells. In addition, IOs induced production of effector molecules in addition to
IFNs such as TNF-q, perforin, and GzmB, and engaged other cell death pathways (e.g.,
FasL-Fas), which may facilitate or amplify the direct and indirect effects of RT, resulting in
radiosensitization.

The IFN-JAK-STAT Axis Underscoring Combination Therapy of RT and I10s: With
the immunogenic effects from RT and the radiosensitizing consequences from IOs, it is
an appealing idea to combine RT and IOs as a strategy to improve therapeutic efficacy.
To this end, adding anti-PD-L1 to RT significantly boosted overall efficacy and enhanced
anti-tumor immunity, including increased production of IFN-y in pancreatic ductal ade-
nocarcinoma [147] and hepatocellular carcinoma [148]. Similar results were also found in
TUBO mammary and MC38 CRC tumors when treated with anti-PD-L1 and RT, which
greatly promoted CTL activation and production of IFN-y and TNF-«. This, in turn, re-
duced infiltration of immunosuppressive MDSCs, primarily mediated by TNF-cc and, to a
minor extent, by IFN-y [127]. Another study tested combination therapy of anti-CTLA-4
with RT and demonstrated that this strategy not only depleted Treg (by anti-CTLA-4) but
also promoted the diversity of TCR repertoire of TILs (by RT), resulting in potent anti-
tumor responses. However, upregulation of PD-L1 on tumor cells rendered the majority of
tumor-bearing mice resistant to RT+anti-CTLA-4, and additional blocking of PD-1/PD-L1
(triple-therapy) significantly improved the overall efficacy [16]. In a follow-up study, this
same group reported a PD-L1-independent resistance mechanism that was regulated by
STAT1-mediated epigenetic changes, which, when targeted with an inhibitor (Ruxolitinib),
successfully overcame the therapeutic resistance [75]. Clinically, greater benefits have been
reported in various tumor types when treated with combination therapies of RT+IOs, pro-
viding proof-of-concept clinical evidence [149]. From a mechanistic standpoint, although
pre-existing intratumoral T cells play a predominant role in RT alone [50], both pre-existing
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and infiltrated T cells were required for the combination therapy of RT+IOs [150]. In
keeping with an essential role of host IFNART1 signaling in mediating RT and IOs, either
use of IFNAR1XO mice [84] or in vivo blocking of IFNAR1 with neutralizing antibodies [85]
completely abolished the synergistic effects of RT+IOs. On the other hand, although T
cells and host IFN-vy signaling are essential for RT [51] and ICBs [92], to the best of our
knowledge, their importance in combination therapy of RT and IOs has not been estab-
lished. Likewise, very limited efforts, if any, have been made to evaluate the role of the
JAK-STAT in RT+IOs. Therefore, despite our improved mechanistic understanding of the
role of IFN-JAK-STAT axis in RT+IOs, more work needs to be carried out to pinpoint
their involvement in different experimental settings. To this end, another study reported
that activation of STING after a single-dose 20 Gy RT in the MC38 CRC model actually
drove an influx of immunosuppressive MDSCs and Treg, in an IFN-I and CCR2-dependent
manner [151]. Moreover, RT, especially multiple rounds or prolonged regimens, can induce
adaptive immunosuppression such as upregulation of PD-L1 and CD47 by promoting sus-
tained IFN signaling in tumor cells [130] and production of immunosuppressive cytokine
TGEF- [152] (the Yin effects of RT, Figure 3). Thus, rational strategies are needed to combine
RT and IOs, by maximizing immunostimulatory effects and concomitantly minimizing
immunosuppressive effects, which will greatly improve therapeutic efficacy. We argue the
final outcomes may well depend on the specific tumor types and stages, radiation dose,
fractionation, and types of RT (particles vs. photon), and the scheduling of RT and IOs.
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Figure 3. The Yin—Yang effects of the IFN-JAK-STAT in RT. DSDBs: double-strand DNA breaks; cGAS: cyclic GMP-AMP
(cGAMP) synthase; STING: stimulator of interferon genes; ICDs: immunogenic cell death: DAMPs: damage-associated
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2,3-dioxygenase; MDSC: myeloid-derived suppressor cells.
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5. Concluding Remarks

10s, including ICBs and ACT, have emerged as a new pillar in cancer care, adding
to well-established therapeutic modalities including RT. Whereas IOs have generated
unprecedented long-term clinical benefits in some patients, their efficacy is still limited to a
minority of cancer patients. RT, on the other hand, has been widely used to treat cancer
(>50% patients), but patients have limited options when a recurrence arises. This has
inspired great interest in combining IOs with RT to drive long-lasting therapeutic effects
in more patients, which has prompted numerous endeavors to decipher the underlying
mechanisms governing RT and IOs. One of such mechanisms is the IFN-JAK-STAT axis,
which has been shown to play essential roles in mediating therapeutic sensitivity and
resistance to RT and IOs. Several points are noteworthy. First, while essential roles of
host IFNs signaling in dictating RT have been established [37,51,52,84,85,128], the actual
role of tumor expression of IFINAR1 and IFNGR1 may depend on the dose/fraction of
RT used [36,84,127] and the specific tumor types [51,52]. Further, constitutive activation
of STATSs, resulting from either prolonged IFN signaling, other extracellular stimulus
(e.g., IL-10 and IL-6) [76], and tumor cell-intrinsic alterations, has been largely correlated
with radioresistance. How to strategically promote immunostimulatory host IFNs and
suppress immunosuppressive STATs will greatly improve RT efficacy. As of now, results
from such clinical efforts have been largely disappointing [81]. We reason that guided
enrollment of patients (e.g., selection of patients with the aberrantly active JAK-STAT
pathway in tumor cells), rational scheduling of JAK-STAT inhibitors with RT [65], as well
as RT dose and fractionation (single high-dose RT may not be ideal [84,151]). Second, a
pivotal role of IFNAR1 and IFNGR1 expression (either on immune cells or tumor cells) in
governing IOs has been established, but prolonged /sustained IFN signaling could mediate
resistance to IOs, either through negative feedback mechanisms such as upregulation of
PD-L1, CD47, and YAP, or through epigenetic modifications in the tumor cells. In addition,
the net outcomes from the IFN signaling may also depend on the signaling strength
(IFNGR1High vs. IENGR1W), the specific signaling molecules involved (JAK1-STAT1 vs.
JAK2-STAT3/5), and tumor types and/or stages (more advanced large tumors with highly
activated JAK-STAT tend to develop worse responses). Third, additive/synergistic clinical
outcomes have been reported from clinical trials with combination therapy of RT and IOs.
Nevertheless, the overall efficacy from RT+IO therapies needs to be improved. Clearly, the
IFN-JAK-STAT axis, especially the IFN-y signaling pathway, plays a very important role
in mediating immunogenic effects of RT and in orchestrating radiosensitizing effects of
IOs, placing it at the central stage of connecting RT and 10s. Thus, therapeutic targeting of
this pathway with combinatorial therapies of RT and IO0s would lend great value in future
design of clinical trials. In this regard, several prominent factors worth considering are
sequential administration of RT and IOs, RT doses and fractionation (hyperfractionation
or hypofractionation), the specific types of IR (proton/heavy particles vs. photon), RT
therapeutic plans (inclusion or exclusion of nodes), and dose rates (super-high dose rate
or conventional dose rate). Additionally, the inclusion of more than one ICB with RT
may be considered, as some preclinical studies showed that concurrent administration
of anti-PD-L1 [153] and pre-treatment with anti-CTLA-4 [154] induced the best clinical
responses, when combined with RT. Importantly, retrospective analysis of clinical trials
with RT and anti-CTLA-4 also indicated that initiation of anti-CTLA-4 prior to RT greatly
improved overall survival [155]. Furthermore, recent innovations with ultra-high dose rate
RT (FLASH) have shown promise in sparing normal tissue [156] while killing tumors [157],
which should be explored in combination with IOs. Additional mechanistic understanding
of how the members of the IFIN-JAK-STAT functionally and physically interact with each
other to mediate the immunological effects of RT /FLASH-RT and radiosensitizing effects of
10 will be instrumental in conceiving optimal therapeutic plans. In this regard, a reciprocal
regulation between STAT3 and STAT1 in tumor cells has been discussed [77] and that
different upstream signals (IFN-f3 vs. oncostatin-M [158]) or even the IFN-f3s from different
cells [80] may have opposite effects in response to RT and IOs. All in all, these studies imply
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a Goldilocks principle regarding the role of the IFN-JAK-STAT axis in RT and IOs, that is,
too little (lack of /impairment) [37,51,52,84,85,93,94,128] or too much (sustained /chronic
activation) [75,107] may dampen the optimal therapeutic effects of RT and 1Os.

Author Contributions: L.Z.S. and J.A.B. contributed to writing, overall construction, and final editing
of this manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: Work in our labs has been funded by the V Foundation Scholar Award (V2018-023),
ACS-IRG (91-022-19), the Varian FLASH-RT grant, and R21 (1R21CA230475-01A1) to LS, and
(IR21CA259721-01A1) to LS and JB.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We are grateful for the technical assistance from Hongxing Shen for making the
artistic figure (Figure 1).

Conflicts of Interest: A consensus has been reached among authors on the content of this review. All
authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Sharma, P.; Allison, ].P. Immune checkpoint targeting in cancer therapy: Toward combination strategies with curative potential.
Cell 2015, 161, 205-214. [CrossRef]

Cella, D.; Grunwald, V.; Escudier, B.; Hammers, H.].; George, S.; Nathan, P.; Grimm, M.O.; Rini, B.I.; Doan, J.; Ivanescu, C.;
et al. Patient-reported outcomes of patients with advanced renal cell carcinoma treated with nivolumab plus ipilimumab versus
sunitinib (CheckMate 214): A randomised, phase 3 trial. Lancet Oncol. 2019, 20, 297-310. [CrossRef]

Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Yokoi, T.; Chiappori, A.; Lee, K.H.; de Wit, M; et al.
Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2017, 377, 1919-1929. [CrossRef]
Socinski, M.A.; Jotte, RM.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodriguez-Abreu, D.; Moro-Sibilot, D.;
Thomas, C.A.; Barlesi, F; et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N. Engl. ]. Med. 2018,
378, 2288-2301. [CrossRef] [PubMed]

Gandhi, L.; Rodriguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, E; Domine, M.; Clingan, P.; Hochmair, M.J.;
Powell, S.E; et al. Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2018, 378,
2078-2092. [CrossRef] [PubMed]

Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Rutkowski, P.; Grob, ].J.; Cowey, C.L.; Lao, C.D.; Wagstaff, J.; Schadendorf, D.;
Ferrucci, PF; et al. Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. . Med. 2017,
377,1345-1356. [CrossRef] [PubMed]

Boustani, J.; Grapin, M.; Laurent, P.A.; Apetoh, L.; Mirjolet, C. The 6th R of Radiobiology: Reactivation of Anti-Tumor Immune
Response. Cancers 2019, 11, 860. [CrossRef] [PubMed]

Schaue, D. A Century of Radiation Therapy and Adaptive Immunity. Front. Immunol. 2017, 8, 431. [CrossRef] [PubMed]
Sevenich, L. Turning “Cold” Into “Hot” Tumors-Opportunities and Challenges for Radio-Immunotherapy Against Primary and
Metastatic Brain Cancers. Front. Oncol. 2019, 9, 163. [CrossRef]

Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic cell death in cancer therapy. Annu. Rev. Immunol. 2013, 31, 51-72.
[CrossRef] [PubMed]

Demaria, S.; Golden, E.B.; Formenti, S.C. Role of Local Radiation Therapy in Cancer Immunotherapy. JAMA Oncol. 2015, 1,
1325-1332. [CrossRef]

Abdel-Wahab, Z.; Dar, M.M.; Hester, D.; Vervaert, C.; Gangavalli, R.; Barber, J.; Darrow, T.L.; Seigler, H.F. Effect of irradiation
on cytokine production, MHC antigen expression, and vaccine potential of interleukin-2 and interferon-gamma gene-modified
melanoma cells. Cell. Immunol. 1996, 171, 246-254. [CrossRef]

Rodriguez-Ruiz, M.E.; Rodriguez, I.; Leaman, O.; Lopez-Campos, F; Montero, A.; Conde, A.J.; Aristu, J.J.; Lara, P.; Calvo,
FM.; Melero, I. Inmune mechanisms mediating abscopal effects in radioimmunotherapy. Pharmacol. Ther. 2019, 196, 195-203.
[CrossRef] [PubMed]

Verbrugge, I.; Gasparini, A.; Haynes, N.M.; Hagekyriakou, J.; Galli, M.; Stewart, T.J.; Abrams, S.I.; Yagita, H.; Verheij, M.;
Johnstone, R.W.; et al. The curative outcome of radioimmunotherapy in a mouse breast cancer model relies on mTOR signaling.
Radiat. Res. 2014, 182, 219-229. [CrossRef]

Rodriguez-Ruiz, M.E.; Rodriguez, I.; Garasa, S.; Barbes, B.; Solorzano, J.L.; Perez-Gracia, J.L.; Labiano, S.; Sanmamed, M.E,;
Azpilikueta, A.; Bolafios, E.; et al. Abscopal Effects of Radiotherapy Are Enhanced by Combined Immunostimulatory mAbs and
Are Dependent on CD8 T Cells and Crosspriming. Cancer Res. 2016, 76, 5994—-6005. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cell.2015.03.030
http://doi.org/10.1016/S1470-2045(18)30778-2
http://doi.org/10.1056/NEJMoa1709937
http://doi.org/10.1056/NEJMoa1716948
http://www.ncbi.nlm.nih.gov/pubmed/29863955
http://doi.org/10.1056/NEJMoa1801005
http://www.ncbi.nlm.nih.gov/pubmed/29658856
http://doi.org/10.1056/NEJMoa1709684
http://www.ncbi.nlm.nih.gov/pubmed/28889792
http://doi.org/10.3390/cancers11060860
http://www.ncbi.nlm.nih.gov/pubmed/31226866
http://doi.org/10.3389/fimmu.2017.00431
http://www.ncbi.nlm.nih.gov/pubmed/28443099
http://doi.org/10.3389/fonc.2019.00163
http://doi.org/10.1146/annurev-immunol-032712-100008
http://www.ncbi.nlm.nih.gov/pubmed/23157435
http://doi.org/10.1001/jamaoncol.2015.2756
http://doi.org/10.1006/cimm.1996.0200
http://doi.org/10.1016/j.pharmthera.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30529041
http://doi.org/10.1667/RR13511.1
http://doi.org/10.1158/0008-5472.CAN-16-0549
http://www.ncbi.nlm.nih.gov/pubmed/27550452

Int. J. Mol. Sci. 2021, 22, 12295 16 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Twyman-Saint Victor, C.; Rech, A.J.; Maity, A.; Rengan, R.; Pauken, K.E.; Stelekati, E.; Benci, J.L.; Xu, B.; Dada, H.; Odorizzi,
P.M.; et al. Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in cancer. Nature 2015, 520,
373-377. [CrossRef] [PubMed]

Ide, H.; Miyamoto, H. Sex Hormone Receptor Signaling in Bladder Cancer: A Potential Target for Enhancing the Efficacy of
Conventional Non-Surgical Therapy. Cells 2021, 10, 1169. [CrossRef]

Kumar, V,; Vashishta, M.; Kong, L.; Wu, X,; Ly, ].].; Guha, C.; Dwarakanath, B.S. The Role of Notch, Hedgehog, and Wnt Signaling
Pathways in the Resistance of Tumors to Anticancer Therapies. Front. Cell Dev. Biol. 2021, 9, 650772. [CrossRef] [PubMed]
Galeaz, C.; Totis, C.; Bisio, A. Radiation Resistance: A Matter of Transcription Factors. Front. Oncol. 2021, 11, 662840. [CrossRef]
[PubMed]

Sorolla, M.A.; Parisi, E.; Sorolla, A. Determinants of Sensitivity to Radiotherapy in Endometrial Cancer. Cancers 2020, 12, 1906.
[CrossRef]

Fang, C.; Weng, T.; Hu, S;; Yuan, Z.; Xiong, H.; Huang, B.; Cai, Y,; Li, L.; Fu, X. IFN-y-induced ER stress impairs autophagy and
triggers apoptosis in lung cancer cells. Oncoimmunology 2021, 10, 1962591. [CrossRef] [PubMed]

Villarino, A.V,; Kanno, Y.; O’Shea, J.J. Mechanisms and consequences of Jak-STAT signaling in the immune system. Nat. Immunol.
2017, 18, 374-384. [CrossRef] [PubMed]

Schindler, C.; Levy, D.E.; Decker, T. JAK-STAT signaling: From interferons to cytokines. . Biol. Chem. 2007, 282, 20059-20063.
[CrossRef] [PubMed]

Platanias, L.C. Mechanisms of type-I- and type-Il-interferon-mediated signalling. Nat. Rev. Immunol. 2005, 5, 375-386. [CrossRef]
[PubMed]

Hervas-Stubbs, S.; Perez-Gracia, J.L.; Rouzaut, A.; Sanmamed, M.F.; Le Bon, A.; Melero, I. Direct effects of type I interferons on
cells of the immune system. Clin. Cancer Res. 2011, 17, 2619-2627. [CrossRef] [PubMed]

Qing, Y.; Stark, G.R. Alternative activation of STAT1 and STAT3 in response to interferon-gamma. J. Biol. Chem. 2004, 279,
41679-41685. [CrossRef]

Woldman, I.; Varinou, L.; Ramsauer, K.; Rapp, B.; Decker, T. The Statl binding motif of the interferon-gamma receptor is sufficient
to mediate Stat5 activation and its repression by SOCS3. |. Biol. Chem. 2001, 276, 45722-45728. [CrossRef] [PubMed]

Levy, D.E.; Kessler, D.S.; Pine, R.; Reich, N.; Darnell, J.E., Jr. Interferon-induced nuclear factors that bind a shared promoter
element correlate with positive and negative transcriptional control. Genes Dev. 1988, 2, 383-393. [CrossRef]

Farrar, ].D.; Smith, ].D.; Murphy, T.L.; Murphy, K.M. Recruitment of Stat4 to the human interferon-alpha/beta receptor requires
activated Stat2. J. Biol. Chem. 2000, 275, 2693-2697. [CrossRef]

Brzostek-Racine, S.; Gordon, C.; Van Scoy, S.; Reich, N.C. The DNA damage response induces IFN. J. Immunol. 2011, 187,
5336-5345. [CrossRef]

Fritsch, S.D.; Weichhart, T. Effects of Interferons and Viruses on Metabolism. Front. Immunol. 2016, 7, 630. [CrossRef] [PubMed]
Walter, K.R.; Goodman, M.L.; Singhal, H.; Hall, J.A.; Li, T.; Holloran, S.M.; Trinca, G.M.; Gibson, K.A.; Jin, V.X,; Greene, G.L.;
et al. Interferon-Stimulated Genes Are Transcriptionally Repressed by PR in Breast Cancer. Mol. Cancer Res. 2017, 15, 1331-1340.
[CrossRef]

Castro, F.; Cardoso, A.P,; Goncalves, R.M.; Serre, K.; Oliveira, M.]. Interferon-Gamma at the Crossroads of Tumor Immune
Surveillance or Evasion. Front. Immunol. 2018, 9, 847. [CrossRef] [PubMed]

Zitvogel, L.; Galluzzi, L.; Kepp, O.; Smyth, M.].; Kroemer, G. Type I interferons in anticancer immunity. Nat. Rev. Immunol. 2015,
15, 405-414. [CrossRef] [PubMed]

Arnold, KM,; Flynn, N.J; Raben, A.; Romak, L.; Yu, Y.; Dicker, A.P; Mourtada, F; Sims-Mourtada, J. The Impact of Radiation on
the Tumor Microenvironment: Effect of Dose and Fractionation Schedules. Cancer Growth Metastasis 2018, 11, 1179064418761639.
[CrossRef]

Burnette, B.C.; Liang, H.; Lee, Y.; Chlewicki, L.; Khodarev, N.N.; Weichselbaum, R.R.; Fu, Y.X;; Auh, S.L. The efficacy of
radiotherapy relies upon induction of type i interferon-dependent innate and adaptive immunity. Cancer Res. 2011, 71, 2488-2496.
[CrossRef] [PubMed]

Diamond, M.S.; Kinder, M.; Matsushita, H.; Mashayekhi, M.; Dunn, G.P.; Archambault, ] M.; Lee, H.; Arthur, C.D.; White, ] M.;
Kalinke, U; et al. Type I interferon is selectively required by dendritic cells for immune rejection of tumors. J. Exp. Med. 2011, 208,
1989-2003. [CrossRef] [PubMed]

Ranoa, D.R,; Parekh, A.D.; Pitroda, S.P.; Huang, X.; Darga, T.; Wong, A.C.; Huang, L.; Andrade, J.; Staley, ].P,; Satoh, T.; et al.
Cancer therapies activate RIG-I-like receptor pathway through endogenous non-coding RNAs. Oncotarget 2016, 7, 26496-26515.
[CrossRef]

Widau, R.C.; Parekh, A.D.; Ranck, M.C.; Golden, D.W.; Kumar, K.A.; Sood, R.F; Pitroda, S.P; Liao, Z.; Huang, X.; Darga, T.E.; et al.
RIG-I-like receptor LGP2 protects tumor cells from ionizing radiation. Proc. Natl. Acad. Sci. USA 2014, 111, E484-E491. [CrossRef]
Angioli, R.; Sevin, B.U.; Perras, ].P,; Untch, M.; Koechli, O.R.; Nguyen, H.N,; Steren, A.; Schwade, ].G.; Villani, C.; Averette, H.E.
In vitro potentiation of radiation cytotoxicity by recombinant interferons in cervical cancer cell lines. Cancer 1993, 71, 3717-3725.
[CrossRef]

Griininger, L.; Cottin, E.; Li, Y.X.; No€l, A.; Ozsahin, M.; Coucke, P.A. Sensitizing human cervical cancer cells In vitro to ionizing
radiation with interferon beta or gamma. Radiat. Res. 1999, 152, 493-498. [CrossRef] [PubMed]


http://doi.org/10.1038/nature14292
http://www.ncbi.nlm.nih.gov/pubmed/25754329
http://doi.org/10.3390/cells10051169
http://doi.org/10.3389/fcell.2021.650772
http://www.ncbi.nlm.nih.gov/pubmed/33968932
http://doi.org/10.3389/fonc.2021.662840
http://www.ncbi.nlm.nih.gov/pubmed/34141616
http://doi.org/10.3390/cancers12071906
http://doi.org/10.1080/2162402X.2021.1962591
http://www.ncbi.nlm.nih.gov/pubmed/34408924
http://doi.org/10.1038/ni.3691
http://www.ncbi.nlm.nih.gov/pubmed/28323260
http://doi.org/10.1074/jbc.R700016200
http://www.ncbi.nlm.nih.gov/pubmed/17502367
http://doi.org/10.1038/nri1604
http://www.ncbi.nlm.nih.gov/pubmed/15864272
http://doi.org/10.1158/1078-0432.CCR-10-1114
http://www.ncbi.nlm.nih.gov/pubmed/21372217
http://doi.org/10.1074/jbc.M406413200
http://doi.org/10.1074/jbc.M105320200
http://www.ncbi.nlm.nih.gov/pubmed/11577084
http://doi.org/10.1101/gad.2.4.383
http://doi.org/10.1074/jbc.275.4.2693
http://doi.org/10.4049/jimmunol.1100040
http://doi.org/10.3389/fimmu.2016.00630
http://www.ncbi.nlm.nih.gov/pubmed/28066439
http://doi.org/10.1158/1541-7786.MCR-17-0180
http://doi.org/10.3389/fimmu.2018.00847
http://www.ncbi.nlm.nih.gov/pubmed/29780381
http://doi.org/10.1038/nri3845
http://www.ncbi.nlm.nih.gov/pubmed/26027717
http://doi.org/10.1177/1179064418761639
http://doi.org/10.1158/0008-5472.CAN-10-2820
http://www.ncbi.nlm.nih.gov/pubmed/21300764
http://doi.org/10.1084/jem.20101158
http://www.ncbi.nlm.nih.gov/pubmed/21930769
http://doi.org/10.18632/oncotarget.8420
http://doi.org/10.1073/pnas.1323253111
http://doi.org/10.1002/1097-0142(19930601)71:11&lt;3717::AID-CNCR2820711140&gt;3.0.CO;2-I
http://doi.org/10.2307/3580145
http://www.ncbi.nlm.nih.gov/pubmed/10521926

Int. J. Mol. Sci. 2021, 22, 12295 17 of 21

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Kardamakis, D.; Gillies, N.E.; Souhami, R.L.; Bewerley, P.C. Recombinant human interferon alpha-2b enhances the radiosensitivity
of small cell lung cancer in vitro. Anticancer. Res. 1989, 9, 1041-1044. [PubMed]

Malone, C.; Schiltz, PM.; Nayak, S.K.; Shea, M.W.; Dillman, R.O. Combination interferon-alpha2a and 13-cis-retinoic acid
enhances radiosensitization of human malignant glioma cells in vitro. Clin. Cancer Res. 1999, 5, 417—423.

McGee, M.C.; Hamner, ].B.; Williams, R.F,; Rosati, S.F.; Sims, T.L.; Ng, C.Y.; Gaber, M.W.,; Calabrese, C.; Wu, J.; Nathwani, A.C;
et al. Improved intratumoral oxygenation through vascular normalization increases glioma sensitivity to ionizing radiation. Int.
J. Radiat. Oncol. Biol. Phys. 2010, 76, 1537-1545. [CrossRef] [PubMed]

Morak, M.J.; van Koetsveld, PM.; Kanaar, R.; Hofland, L.]J.; van Eijck, C.H. Type I interferons as radiosensitisers for pancreatic
cancer. Eur. J. Cancer 2011, 47, 1938-1945. [CrossRef] [PubMed]

Ventero, M.P.; Fuentes-Baile, M.; Quereda, C.; Perez-Valeciano, E.; Alenda, C.; Garcia-Morales, P.; Esposito, D.; Dorado, P.; Manuel
Barbera, V.; Saceda, M. Radiotherapy resistance acquisition in Glioblastoma. Role of SOCS1 and SOCS3. PLoS ONE 2019, 14,
€0212581. [CrossRef] [PubMed]

Hazard, L.J.; Sause, W.T.; Noyes, R.D. Combined adjuvant radiation and interferon-alpha 2B therapy in high-risk melanoma
patients: The potential for increased radiation toxicity. Int. J. Radiat. Oncol. Biol. Phys. 2002, 52, 796-800. [CrossRef]

Nguyen, N.P; Levinson, B.; Dutta, S.; Karlsson, U.; Alfieri, A.; Childress, C.; Sallah, S. Concurrent interferon-alpha and radiation
for head and neck melanoma. Melanoma Res. 2003, 13, 67-71. [CrossRef]

Lugade, A.A.; Moran, J.P; Gerber, S.A.; Rose, R.C.; Frelinger, ].G.; Lord, E.M. Local radiation therapy of B16 melanoma tumors
increases the generation of tumor antigen-specific effector cells that traffic to the tumor. J. Immunol. 2005, 174, 7516-7523.
[CrossRef]

Arina, A.; Beckett, M.; Fernandez, C.; Zheng, W,; Pitroda, S.; Chmura, S.J.; Luke, J.J.; Forde, M.; Hou, Y.; Burnette, B.; et al.
Tumor-reprogrammed resident T cells resist radiation to control tumors. Nat. Commun. 2019, 10, 3959. [CrossRef] [PubMed]
Lugade, A.A.; Sorensen, EZW.; Gerber, S.A.; Moran, ].P,; Frelinger, ].G.; Lord, E.M. Radiation-induced IFN-gamma production
within the tumor microenvironment influences antitumor immunity. J. Immunol. 2008, 180, 3132-3139. [CrossRef]

Gerber, S.A ; Sedlacek, A.L.; Cron, K.R.; Murphy, S.P; Frelinger, ].G.; Lord, E.M. IFN-y mediates the antitumor effects of radiation
therapy in a murine colon tumor. Am. J. Pathol. 2013, 182, 2345-2354. [CrossRef]

Meister, N.; Shalaby, T.; von Bueren, A.O.; Rivera, P; Patti, R.; Oehler, C.; Pruschy, M.; Grotzer, M.A. Interferon-gamma mediated
up-regulation of caspase-8 sensitizes medulloblastoma cells to radio- and chemotherapy. Eur. J. Cancer 2007, 43, 1833-1841.
[CrossRef]

Xu, X.; Wu, Y.; Yi, K; Hu, Y,; Ding, W.; Xing, C. IRF1 regulates the progression of colorectal cancer via interferon-induced proteins.
Int. . Mol. Med. 2021, 47, 104. [CrossRef] [PubMed]

Wu, S.Y,; Chen, C.L.; Tseng, P.C.; Chiu, C.Y,; Lin, Y.E.; Lin, C.E. Fractionated ionizing radiation facilitates interferon-y signaling
and anticancer activity in lung adenocarcinoma cells. J. Cell Physiol. 2019, 234, 16003-16010. [CrossRef] [PubMed]

Shaw, E.G.; Deming, R.L.; Creagan, E.T.; Nair, S.; Su, J.Q.; Levitt, R.; Steen, P.D.; Wiesenfeld, M.; Mailliard, J.A. Pilot study of
human recombinant interferon gamma and accelerated hyperfractionated thoracic radiation therapy in patients with unresectable
stage IIIA /B nonsmall cell lung cancer. Int. |. Radiat. Oncol. Biol. Phys. 1995, 31, 827-831. [CrossRef]

Xi, S.; Dyer, K.F,; Kimak, M.; Zhang, Q.; Gooding, W.E.; Chaillet, ].R.; Chai, R.L.; Ferrell, R.E.; Zamboni, B.; Hunt, J.; et al.
Decreased STAT1 expression by promoter methylation in squamous cell carcinogenesis. J. Natl. Cancer Inst. 2006, 98, 181-189.
[CrossRef] [PubMed]

Bromberg, J.E; Horvath, C.M.; Wen, Z.; Schreiber, R.D.; Darnell, J.E., Jr. Transcriptionally active Statl is required for the
antiproliferative effects of both interferon alpha and interferon gamma. Proc. Natl. Acad. Sci. USA 1996, 93, 7673-7678. [CrossRef]
[PubMed]

Spitzner, M.; Ebner, R.; Wolff, H.A.; Ghadimi, B.M.; Wienands, J.; Grade, M. STAT3: A Novel Molecular Mediator of Resistance to
Chemoradiotherapy. Cancers 2014, 6, 1986-2011. [CrossRef] [PubMed]

You, S.; Li, R,; Park, D.; Xie, M.; Sica, G.L.; Cao, Y.; Xiao, Z.Q.; Deng, X. Disruption of STAT3 by niclosamide reverses radioresistance
of human lung cancer. Mol. Cancer Ther. 2014, 13, 606-616. [CrossRef] [PubMed]

Liu, X.; Chen, H.; Hou, Y.; Ma, X; Ye, M.; Huang, R.; Hu, B.; Cao, H.; Xu, L.; Liu, M,; et al. Adaptive EGF expression sensitizes
pancreatic cancer cells to ionizing radiation through activation of the cyclin D1/P53/PARP pathway. Int. J. Oncol. 2019, 54,
1466-1480. [CrossRef] [PubMed]

Park, S.Y.; Lee, C.J.; Choi, ].H.; Kim, J.H.; Kim, ].W,; Kim, J.Y.; Nam, J.S. The JAK2/STAT3/CCND2 Axis promotes colorectal
Cancer stem cell persistence and radioresistance. J. Exp. Clin. Cancer Res. 2019, 38, 399. [CrossRef] [PubMed]

Bonner, J.A.; Harari, PM.; Giralt, J.; Azarnia, N.; Shin, D.M.; Cohen, R.B.; Jones, C.U.; Sur, R.; Raben, D.; Jassem, J.; et al.
Radiotherapy plus cetuximab for squamous-cell carcinoma of the head and neck. N. Engl. ]. Med. 2006, 354, 567-578. [CrossRef]
[PubMed]

Bonner, J.A.; Trummell, H.Q.; Willey, C.D.; Plants, B.A.; Raisch, K.P. Inhibition of STAT-3 results in radiosensitization of human
squamous cell carcinoma. Radiother. Oncol. 2009, 92, 339-344. [CrossRef] [PubMed]

Bonner, J.A.; Trummell, H.Q.; Bonner, A.B.; Willey, C.D.; Bredel, M.; Yang, E.S. Enhancement of Cetuximab-Induced Radiosensiti-
zation by JAK-1 Inhibition. BMC Cancer 2015, 15, 673. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/2554785
http://doi.org/10.1016/j.ijrobp.2009.12.010
http://www.ncbi.nlm.nih.gov/pubmed/20338480
http://doi.org/10.1016/j.ejca.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21478011
http://doi.org/10.1371/journal.pone.0212581
http://www.ncbi.nlm.nih.gov/pubmed/30811476
http://doi.org/10.1016/S0360-3016(01)02700-6
http://doi.org/10.1097/00008390-200302000-00011
http://doi.org/10.4049/jimmunol.174.12.7516
http://doi.org/10.1038/s41467-019-11906-2
http://www.ncbi.nlm.nih.gov/pubmed/31477729
http://doi.org/10.4049/jimmunol.180.5.3132
http://doi.org/10.1016/j.ajpath.2013.02.041
http://doi.org/10.1016/j.ejca.2007.05.028
http://doi.org/10.3892/ijmm.2021.4937
http://www.ncbi.nlm.nih.gov/pubmed/33907823
http://doi.org/10.1002/jcp.28258
http://www.ncbi.nlm.nih.gov/pubmed/30767202
http://doi.org/10.1016/0360-3016(94)00462-5
http://doi.org/10.1093/jnci/djj020
http://www.ncbi.nlm.nih.gov/pubmed/16449678
http://doi.org/10.1073/pnas.93.15.7673
http://www.ncbi.nlm.nih.gov/pubmed/8755534
http://doi.org/10.3390/cancers6041986
http://www.ncbi.nlm.nih.gov/pubmed/25268165
http://doi.org/10.1158/1535-7163.MCT-13-0608
http://www.ncbi.nlm.nih.gov/pubmed/24362463
http://doi.org/10.3892/ijo.2019.4719
http://www.ncbi.nlm.nih.gov/pubmed/30968148
http://doi.org/10.1186/s13046-019-1405-7
http://www.ncbi.nlm.nih.gov/pubmed/31511084
http://doi.org/10.1056/NEJMoa053422
http://www.ncbi.nlm.nih.gov/pubmed/16467544
http://doi.org/10.1016/j.radonc.2009.06.022
http://www.ncbi.nlm.nih.gov/pubmed/19616333
http://doi.org/10.1186/s12885-015-1679-x
http://www.ncbi.nlm.nih.gov/pubmed/26458879

Int. J. Mol. Sci. 2021, 22, 12295 18 of 21

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Khodarev, N.N.; Beckett, M.; Labay, E.; Darga, T.; Roizman, B.; Weichselbaum, R.R. STAT1 is overexpressed in tumors selected
for radioresistance and confers protection from radiation in transduced sensitive cells. Proc. Natl. Acad. Sci. USA 2004, 101,
1714-1719. [CrossRef]

Pitroda, S.P.; Wakim, B.T.; Sood, R.E,; Beveridge, M.G.; Beckett, M.A.; MacDermed, D.M.; Weichselbaum, R.R.; Khodarev, N.N.
STAT1-dependent expression of energy metabolic pathways links tumour growth and radioresistance to the Warburg effect. BMC
Med. 2009, 7, 68. [CrossRef] [PubMed]

Hui, Z.; Tretiakova, M.; Zhang, Z.; Li, Y.; Wang, X.; Zhu, ].X; Gao, Y.; Mai, W.; Furge, K.; Qian, C.N,; et al. Radiosensitization by
inhibiting STAT1 in renal cell carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2009, 73, 288-295. [CrossRef] [PubMed]

Maranto, C.; Udhane, V.; Hoang, D.T.; Gu, L.; Alexeev, V.; Malas, K.; Cardenas, K.; Brody, J.R.; Rodeck, U.; Bergom, C.; et al.
STAT5A /B Blockade Sensitizes Prostate Cancer to Radiation through Inhibition of RAD51 and DNA Repair. Clin. Cancer Res.
2018, 24, 1917-1931. [CrossRef]

Hall, W.A ; Sabharwal, L.; Udhane, V.; Maranto, C.; Nevalainen, M.T. Cytokines, JAK-STAT Signaling and Radiation-Induced
DNA Repair in Solid Tumors: Novel Opportunities for Radiation Therapy. Int. J. Biochem. Cell Biol. 2020, 127, 105827. [CrossRef]
[PubMed]

Khodarev, N.N.; Minn, A.J.; Efimova, E.V,; Darga, T.E.; Labay, E.; Beckett, M.; Mauceri, H.J.; Roizman, B.; Weichselbaum, R.R.
Signal transducer and activator of transcription 1 regulates both cytotoxic and prosurvival functions in tumor cells. Cancer Res.
2007, 67, 9214-9220. [CrossRef] [PubMed]

Post, A.E.M.; Smid, M.; Nagelkerke, A.; Martens, ] W.M.; Bussink, J.; Sweep, F.; Span, PN. Interferon-Stimulated Genes Are
Involved in Cross-resistance to Radiotherapy in Tamoxifen-Resistant Breast Cancer. Clin. Cancer Res. 2018, 24, 3397-3408.
[CrossRef] [PubMed]

Weichselbaum, R.R.; Ishwaran, H.; Yoon, T.; Nuyten, D.S.; Baker, S.W.; Khodarev, N.; Su, A.W.,; Shaikh, A.Y.; Roach, P.; Kreike, B.;
et al. An interferon-related gene signature for DNA damage resistance is a predictive marker for chemotherapy and radiation for
breast cancer. Proc. Natl. Acad. Sci. USA 2008, 105, 18490-18495. [CrossRef] [PubMed]

Duarte, C.W.; Willey, C.D.; Zhi, D.; Cui, X.; Harris, ].].; Vaughan, L.K.; Mehta, T.; McCubrey, R.O.; Khodarev, N.N.; Weichselbaum,
R.R; et al. Expression signature of IFN/STAT1 signaling genes predicts poor survival outcome in glioblastoma multiforme in a
subtype-specific manner. PLoS ONE 2012, 7, €29653. [CrossRef]

Benci, J.L.; Xu, B.; Qiu, Y.; Wu, TJ.; Dada, H.; Twyman-Saint Victor, C.; Cucolo, L.; Lee, D.S.M.; Pauken, K.E.; Huang, A.C.;
et al. Tumor Interferon Signaling Regulates a Multigenic Resistance Program to Immune Checkpoint Blockade. Cell 2016, 167,
1540-1554.e12. [CrossRef] [PubMed]

Gao, C.; Kozlowska, A.; Nechaev, S.; Li, H.; Zhang, Q.; Hossain, D.M.; Kowolik, C.M.; Chu, P.; Swiderski, P.; Diamond, D.J.; et al.
TLRY signaling in the tumor microenvironment initiates cancer recurrence after radiotherapy. Cancer Res. 2013, 73, 7211-7221.
[CrossRef] [PubMed]

Sabaawy, H.E.; Ryan, B.M.; Khiabanian, H.; Pine, S.R. JAK/STAT of all trades: Linking inflammation with cancer development,
tumor progression, and therapy resistance. Carcinogenesis 2021, bgab075. [CrossRef] [PubMed]

Rath, B.H.; Wahba, A.; Camphausen, K.; Tofilon, P.J. Coculture with astrocytes reduces the radiosensitivity of glioblastoma
stem-like cells and identifies additional targets for radiosensitization. Cancer Med. 2015, 4, 1705-1716. [CrossRef]

Dong, Y.L.; Vadla, G.P; Lu, ].J.; Ahmad, V; Klein, T.].; Liu, L.F; Glazer, PM.; Xu, T.; Chabu, C.Y. Cooperation between oncogenic
Ras and wild-type p53 stimulates STAT non-cell autonomously to promote tumor radioresistance. Commun. Biol. 2021, 4, 374.
[CrossRef]

Chen, J.; Cao, Y.; Markelc, B.; Kaeppler, J.; Vermeer, J.A.; Muschel, R.J. Type I IFN protects cancer cells from CD8+ T cell-mediated
cytotoxicity after radiation. J. Clin. Invest. 2019, 129, 4224-4238. [CrossRef]

Johnson, D.E.; O'Keefe, R.A.; Grandis, ].R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev. Clin. Oncol. 2018, 15,
234-248. [CrossRef] [PubMed]

Perry, AK,; Chen, G.; Zheng, D.; Tang, H.; Cheng, G. The host type I interferon response to viral and bacterial infections. Cell Res.
2005, 15, 407-422. [CrossRef]

Zhang, F.; Manna, S.; Pop, L.M.; Chen, Z.]J.; Fu, Y.X.; Hannan, R. Type I Interferon Response in Radiation-Induced Anti-Tumor
Immunity. Semin. Radiat. Oncol. 2020, 30, 129-138. [CrossRef] [PubMed]

Vanpouille-Box, C.; Formenti, S.C.; Demaria, S. TREX1 dictates the immune fate of irradiated cancer cells. Oncoimmunology 2017,
6, €1339857. [CrossRef]

Wang, X.; Schoenhals, ].E.; Li, A.; Valdecanas, D.R;; Ye, H.; Zang, F.; Tang, C.; Tang, M.; Liu, C.G.; Liu, X.; et al. Suppression of
Type I IEN Signaling in Tumors Mediates Resistance to Anti-PD-1 Treatment That Can Be Overcome by Radiotherapy. Cancer Res.
2017, 77, 839-850. [CrossRef] [PubMed]

Katlinski, K.V.; Gui, J.; Katlinskaya, Y.V,; Ortiz, A.; Chakraborty, R.; Bhattacharya, S.; Carbone, C.J.; Beiting, D.P,; Girondo, M.A;
Peck, A.R;; et al. Inactivation of Interferon Receptor Promotes the Establishment of Immune Privileged Tumor Microenvironment.
Cancer Cell 2017, 31, 194-207. [CrossRef] [PubMed]

Bhattacharya, S.; Qian, J.; Tzimas, C.; Baker, D.P.; Koumenis, C.; Diehl, J.A.; Fuchs, S.Y. Role of p38 protein kinase in the
ligand-independent ubiquitination and down-regulation of the IFNAR1 chain of type I interferon receptor. J. Biol. Chem. 2011,
286, 22069-22076. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.0308102100
http://doi.org/10.1186/1741-7015-7-68
http://www.ncbi.nlm.nih.gov/pubmed/19891767
http://doi.org/10.1016/j.ijrobp.2008.08.043
http://www.ncbi.nlm.nih.gov/pubmed/19100922
http://doi.org/10.1158/1078-0432.CCR-17-2768
http://doi.org/10.1016/j.biocel.2020.105827
http://www.ncbi.nlm.nih.gov/pubmed/32822847
http://doi.org/10.1158/0008-5472.CAN-07-1019
http://www.ncbi.nlm.nih.gov/pubmed/17909027
http://doi.org/10.1158/1078-0432.CCR-17-2551
http://www.ncbi.nlm.nih.gov/pubmed/29661777
http://doi.org/10.1073/pnas.0809242105
http://www.ncbi.nlm.nih.gov/pubmed/19001271
http://doi.org/10.1371/journal.pone.0029653
http://doi.org/10.1016/j.cell.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/27912061
http://doi.org/10.1158/0008-5472.CAN-13-1314
http://www.ncbi.nlm.nih.gov/pubmed/24154870
http://doi.org/10.1093/carcin/bgab075
http://www.ncbi.nlm.nih.gov/pubmed/34415330
http://doi.org/10.1002/cam4.510
http://doi.org/10.1038/s42003-021-01898-5
http://doi.org/10.1172/JCI127458
http://doi.org/10.1038/nrclinonc.2018.8
http://www.ncbi.nlm.nih.gov/pubmed/29405201
http://doi.org/10.1038/sj.cr.7290309
http://doi.org/10.1016/j.semradonc.2019.12.009
http://www.ncbi.nlm.nih.gov/pubmed/32381292
http://doi.org/10.1080/2162402X.2017.1339857
http://doi.org/10.1158/0008-5472.CAN-15-3142
http://www.ncbi.nlm.nih.gov/pubmed/27821490
http://doi.org/10.1016/j.ccell.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28196594
http://doi.org/10.1074/jbc.M111.238766
http://www.ncbi.nlm.nih.gov/pubmed/21540188

Int. J. Mol. Sci. 2021, 22, 12295 19 of 21

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Sprooten, J.; Agostinis, P.; Garg, A.D. Type I interferons and dendritic cells in cancer immunotherapy. Int. Rev. Cell Mol. Biol. 2019,
348,217-262. [PubMed]

Dighe, A.S.; Richards, E.; Old, L.J.; Schreiber, R.D. Enhanced in vivo growth and resistance to rejection of tumor cells expressing
dominant negative IFN gamma receptors. Immunity 1994, 1, 447-456. [CrossRef]

Kaplan, D.H.; Shankaran, V.; Dighe, A.S.; Stockert, E.; Aguet, M.; Old, L.J.; Schreiber, R.D. Demonstration of an interferon
gamma-dependent tumor surveillance system in immunocompetent mice. Proc. Natl. Acad. Sci. USA 1998, 95, 7556-7561.
[CrossRef] [PubMed]

Das, R.; Verma, R.; Sznol, M.; Boddupalli, C.S.; Gettinger, S.N.; Kluger, H.; Callahan, M.; Wolchok, ]J.D.; Halaban, R.; Dhodapkar,
M.V,; et al. Combination therapy with anti-CTLA-4 and anti-PD-1 leads to distinct immunologic changes in vivo. J. Immunol.
2015, 194, 950-959. [CrossRef]

Shi, L.Z.; Fu, T.; Guan, B.; Chen, ].; Blando, ] M.; Allison, ].P.; Xiong, L.; Subudhi, S.K.; Gao, J.; Sharma, P. Interdependent IL-7 and
IFN-gamma signalling in T-cell controls tumour eradication by combined alpha-CTLA-4+alpha-PD-1 therapy. Nat. Commun.
2016, 7, 12335. [CrossRef] [PubMed]

Gao, J.; Shi, L.Z.; Zhao, H.; Chen, J.; Xiong, L.; He, Q.; Chen, T.; Roszik, J.; Bernatchez, C.; Woodman, S.E.; et al. Loss of
IFN-gamma Pathway Genes in Tumor Cells as a Mechanism of Resistance to Anti-CTLA-4 Therapy. Cell 2016, 167, 397-404.€9.
[CrossRef] [PubMed]

Zaretsky, ] M.; Garcia-Diaz, A.; Shin, D.S.; Escuin-Ordinas, H.; Hugo, W.; Hu-Lieskovan, S.; Torrejon, D.Y.; Abril-Rodriguez, G.;
Sandoval, S.; Barthly, L.; et al. Mutations Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N. Engl. ]. Med.
2016, 375, 819-829. [CrossRef] [PubMed]

Patel, S.J.; Sanjana, N.E.; Kishton, R.J.; Eidizadeh, A.; Vodnala, S.K.; Cam, M.; Gartner, ].].; Jia, L.; Steinberg, S.M.; Yamamoto, T.N.;
et al. Identification of essential genes for cancer immunotherapy. Nature 2017, 548, 537-542. [CrossRef] [PubMed]

Pan, D.; Kobayashi, A.; Jiang, P.; Ferrari de Andrade, L.; Tay, R.E.; Luoma, A.M.; Tsoucas, D.; Qiu, X.; Lim, K,; Rao, P;; etal. A
major chromatin regulator determines resistance of tumor cells to T cell-mediated killing. Science 2018, 359, 770-775. [CrossRef]
[PubMed]

Manguso, R.T.; Pope, HW.; Zimmer, M.D.; Brown, ED.; Yates, K.B.; Miller, B.C.; Collins, N.B.; Bi, K.; LaFleur, M.W.; Juneja, V.R,;
et al. In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy target. Nature 2017, 547, 413—418. [CrossRef]
Kearney, C.J.; Vervoort, S.J.; Hogg, S.J.; Ramsbottom, K.M.; Freeman, A.].; Lalaoui, N.; Pijpers, L.; Michie, J.; Brown, K.K.; Knight,
D.A.; et al. Tumor immune evasion arises through loss of TNF sensitivity. Sci. Immunol. 2018, 3, eaar3451. [CrossRef]

Heise, R.; Amann, PM.; Ensslen, S.; Marquardt, Y.; Czaja, K.; Joussen, S.; Beer, D.; Abele, R.; Plewnia, G.; Tampé, R.; et al.
Interferon Alpha Signalling and Its Relevance for the Upregulatory Effect of Transporter Proteins Associated with Antigen
Processing (TAP) in Patients with Malignant Melanoma. PLoS ONE 2016, 11, e0146325. [CrossRef]

Ayers, M.; Lunceford, J.; Nebozhyn, M.; Murphy, E.; Loboda, A.; Kaufman, D.R.; Albright, A.; Cheng, ].D.; Kang, S.P,; Shankaran,
V.; et al. IFN-gamma-related mRNA profile predicts clinical response to PD-1 blockade. J. Clin. Invest. 2017, 127, 2930-2940.
[CrossRef]

Karachaliou, N.; Gonzalez-Cao, M.; Crespo, G.; Drozdowskyj, A.; Aldeguer, E.; Gimenez-Capitan, A.; Teixido, C.; Molina-Vila,
M.A_; Viteri, S.; De Los Llanos Gil, M.; et al. Interferon gamma, an important marker of response to immune checkpoint blockade
in non-small cell lung cancer and melanoma patients. Ther. Adv. Med. Oncol. 2018, 10, 1758834017749748. [CrossRef]

Rhee, S.H.; Jones, B.W.; Toshchakov, V.; Vogel, S.N.; Fenton, M.]. Toll-like receptors 2 and 4 activate STAT1 serine phosphorylation
by distinct mechanisms in macrophages. J. Biol. Chem. 2003, 278, 22506-22512. [CrossRef] [PubMed]

Bhatia, S.; Miller, N.J.; Lu, H.; Longino, N.V,; Ibrani, D.; Shinohara, M.M.; Byrd, D.R.; Parvathaneni, U.; Kulikauskas, R.; Ter
Meulen, J.; et al. Intratumoral G100, a TLR4 Agonist, Induces Antitumor Immune Responses and Tumor Regression in Patients
with Merkel Cell Carcinoma. Clin. Cancer Res. 2019, 25, 1185-1195. [CrossRef] [PubMed]

Smith, M.; Garcia-Martinez, E.; Pitter, M.R.; Fucikova, J.; Spisek, R.; Zitvogel, L.; Kroemer, G.; Galluzzi, L. Trial Watch: Toll-like
receptor agonists in cancer immunotherapy. Oncoimmunology 2018, 7, €1526250. [CrossRef] [PubMed]

Shen, H.; Yang, E.S.-H.; Conry, M.; Fiveash, J.; Contreras, C.; Bonner, J.A.; Shi, L.Z. Predictive biomarkers for immune checkpoint
blockade and opportunities for combination therapies. Genes Dis. 2019, 6, 232-246. [CrossRef] [PubMed]

Williams, J.B.; Li, S.; Higgs, E.E.; Cabanov, A.; Wang, X.; Huang, H.; Gajewski, T.F. Tumor heterogeneity and clonal cooperation
influence the immune selection of IFN-y-signaling mutant cancer cells. Nat. Commun. 2020, 11, 602. [CrossRef] [PubMed]
Jacquelot, N.; Yamazaki, T.; Roberti, M.P.; Duong, C.PM.; Andrews, M.C.; Verlingue, L.; Ferrere, G.; Becharef, S.; Vétizou, M.;
Daillere, R.; et al. Sustained Type I interferon signaling as a mechanism of resistance to PD-1 blockade. Cell Res. 2019, 29, 846-861.
[CrossRef]

Morimoto, Y.; Kishida, T.; Kotani, S.I.; Takayama, K.; Mazda, O. Interferon-f signal may up-regulate PD-L1 expression through
IRF9-dependent and independent pathways in lung cancer cells. Biochem. Biophys. Res. Commun. 2018, 507, 330-336. [CrossRef]
Mimura, K,; Teh, J.L.; Okayama, H.; Shiraishi, K.; Kua, L.E,; Koh, V.; Smoot, D.T.; Ashktorab, H.; Oike, T.; Suzuki, Y.; et al. PD-L1
expression is mainly regulated by interferon gamma associated with JAK-STAT pathway in gastric cancer. Cancer Sci. 2018, 109,
43-53. [CrossRef]

Imai, D.; Yoshizumi, T.; Okano, S.; Itoh, S.; Ikegami, T.; Harada, N.; Aishima, S.; Oda, Y.; Maehara, Y. IFN-y Promotes Epithelial-
Mesenchymal Transition and the Expression of PD-L1 in Pancreatic Cancer. J. Surg. Res. 2019, 240, 115-123. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/31810554
http://doi.org/10.1016/1074-7613(94)90087-6
http://doi.org/10.1073/pnas.95.13.7556
http://www.ncbi.nlm.nih.gov/pubmed/9636188
http://doi.org/10.4049/jimmunol.1401686
http://doi.org/10.1038/ncomms12335
http://www.ncbi.nlm.nih.gov/pubmed/27498556
http://doi.org/10.1016/j.cell.2016.08.069
http://www.ncbi.nlm.nih.gov/pubmed/27667683
http://doi.org/10.1056/NEJMoa1604958
http://www.ncbi.nlm.nih.gov/pubmed/27433843
http://doi.org/10.1038/nature23477
http://www.ncbi.nlm.nih.gov/pubmed/28783722
http://doi.org/10.1126/science.aao1710
http://www.ncbi.nlm.nih.gov/pubmed/29301958
http://doi.org/10.1038/nature23270
http://doi.org/10.1126/sciimmunol.aar3451
http://doi.org/10.1371/journal.pone.0146325
http://doi.org/10.1172/JCI91190
http://doi.org/10.1177/1758834017749748
http://doi.org/10.1074/jbc.M208633200
http://www.ncbi.nlm.nih.gov/pubmed/12686553
http://doi.org/10.1158/1078-0432.CCR-18-0469
http://www.ncbi.nlm.nih.gov/pubmed/30093453
http://doi.org/10.1080/2162402X.2018.1526250
http://www.ncbi.nlm.nih.gov/pubmed/30524908
http://doi.org/10.1016/j.gendis.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32042863
http://doi.org/10.1038/s41467-020-14290-4
http://www.ncbi.nlm.nih.gov/pubmed/32001684
http://doi.org/10.1038/s41422-019-0224-x
http://doi.org/10.1016/j.bbrc.2018.11.035
http://doi.org/10.1111/cas.13424
http://doi.org/10.1016/j.jss.2019.02.038

Int. J. Mol. Sci. 2021, 22, 12295 20 of 21

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Ke, M.; Zhang, Z.; Xu, B.; Zhao, S.; Ding, Y.; Wu, X.; Wu, R;; Lv, Y,; Dong, J. Baicalein and baicalin promote antitumor immunity
by suppressing PD-L1 expression in hepatocellular carcinoma cells. Int. Immunopharmacol. 2019, 75, 105824. [CrossRef] [PubMed]
Zhao, T,; Li, Y.; Zhang, J.; Zhang, B. PD-L1 expression increased by IFN-y via JAK2-STAT1 signaling and predicts a poor survival
in colorectal cancer. Oncol. Lett. 2020, 20, 1127-1134. [CrossRef]

Gao, Y,; Yang, ].; Cai, Y.; Fu, S.; Zhang, N.; Fu, X; Li, L. IFN-y-mediated inhibition of lung cancer correlates with PD-L1 expression
and is regulated by PI3K-AKT signaling. Int. ]. Cancer 2018, 143, 931-943. [CrossRef] [PubMed]

Cornez, I.; Yajnanarayana, S.P.; Wolf, A.M.; Wolf, D. JAK/STAT disruption induces immuno-deficiency: Rationale for the
development of JAK inhibitors as immunosuppressive drugs. Mol. Cell. Endocrinol. 2017, 451, 88-96. [CrossRef] [PubMed]
Hedvat, M.; Huszar, D.; Herrmann, A.; Gozgit, ]. M.; Schroeder, A.; Sheehy, A.; Buettner, R.; Proia, D.; Kowolik, C.M.; Xin, H.;
et al. The JAK2 inhibitor AZD1480 potently blocks Stat3 signaling and oncogenesis in solid tumors. Cancer Cell 2009, 16, 487-497.
[CrossRef] [PubMed]

Qureshy, Z.; Johnson, D.E.; Grandis, J.R. Targeting the JAK/STAT pathway in solid tumors. J. Cancer Metastasis Treat. 2020, 6, 27.
[CrossRef] [PubMed]

Yu, M,; Peng, Z.; Qin, M,; Liu, Y,; Wang, J.; Zhang, C.; Lin, J.; Dong, T.; Wang, L.; Li, S; et al. Interferon-y induces tumor resistance
to anti-PD-1 immunotherapy by promoting YAP phase separation. Mol. Cell 2021, 81, 1216-1230.€9. [CrossRef]

Ye, Z.H,; Jiang, X.M.; Huang, M.Y.; Xu, Y.L.; Chen, Y.C; Yuan, L.W.; Huang, C.Y.; Yu, W.B.; Chen, X,; Lu, ].J. Regulation of CD47
expression by interferon-gamma in cancer cells. Transl. Oncol. 2021, 14, 101162. [CrossRef] [PubMed]

Sordillo, P.P; Sordillo, L.A.; Helson, L. The Kynurenine Pathway: A Primary Resistance Mechanism in Patients with Glioblastoma.
Anticancer. Res. 2017, 37, 2159-2171. [CrossRef]

Luo, N.; Formisano, L.; Gonzalez-Ericsson, PI; Sanchez, V.; Dean, P.T.; Opalenik, S.R.; Sanders, M.E.; Cook, R.S.; Arteaga, C.L.;
Johnson, D.B.; et al. Melanoma response to anti-PD-L1 immunotherapy requires JAK1 signaling, but not JAK2. Oncoimmunology
2018, 7, €1438106. [CrossRef]

Kmieciak, M.; Payne, K.K.; Wang, X.Y.; Manjili, M.H. IFN-y R« is a key determinant of CD8+ T cell-mediated tumor elimination
or tumor escape and relapse in FVB mouse. PLoS ONE 2013, 8, e82544. [CrossRef]

Liu, Y;; Liang, X.; Yin, X,; Lv, J.; Tang, K.; Ma, J.; Ji, T.; Zhang, H.; Dong, W.; Jin, X,; et al. Blockade of IDO-kynurenine-AhR
metabolic circuitry abrogates IFN-y-induced immunologic dormancy of tumor-repopulating cells. Nat. Commun. 2017, 8, 15207.
[CrossRef] [PubMed]

Woo, S.R.; Fuertes, M.B.; Corrales, L.; Spranger, S.; Furdyna, M.].; Leung, M.Y.; Duggan, R.; Wang, Y.; Barber, G.N; Fitzgerald,
K.A; et al. STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic tumors. Immunity
2014, 41, 830-842. [CrossRef] [PubMed]

Apetoh, L.; Ghiringhelli, E; Tesniere, A.; Obeid, M.; Ortiz, C.; Criollo, A.; Mignot, G.; Maiuri, M.C.; Ullrich, E.; Saulnier, P; et al.
Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy. Nat. Med. 2007,
13,1050-1059. [CrossRef] [PubMed]

Xu, P; Xu, Y.; Hu, B.; Wang, ]J.; Pan, R.; Murugan, M.; Wu, L.J.; Tang, Y. Extracellular ATP enhances radiation-induced brain
injury through microglial activation and paracrine signaling via P2X7 receptor. Brain Behav. Immun. 2015, 50, 87-100. [CrossRef]
[PubMed]

Wilkins, A.C.; Patin, E.C.; Harrington, K.J.; Melcher, A.A. The immunological consequences of radiation-induced DNA damage. J.
Pathol. 2019, 247, 606—614. [CrossRef] [PubMed]

Deng, L.; Liang, H.; Xu, M.; Yang, X.; Burnette, B.; Arina, A.; Li, X.D.; Mauceri, H.; Beckett, M.; Darga, T.; et al. STING-Dependent
Cytosolic DNA Sensing Promotes Radiation-Induced Type I Interferon-Dependent Antitumor Immunity in Immunogenic Tumors.
Immunity 2014, 41, 843-852. [CrossRef] [PubMed]

Lim, J.Y.; Gerber, S.A.; Murphy, S.P.; Lord, EM. Type I interferons induced by radiation therapy mediate recruitment and effector
function of CD8(+) T cells. Cancer Immunol. Immunother. 2014, 63, 259-271. [CrossRef]

Matsumura, S.; Wang, B.; Kawashima, N.; Braunstein, S.; Badura, M.; Cameron, T.O.; Babb, ].S.; Schneider, R.J.; Formenti, S.C.;
Dustin, M.L.; et al. Radiation-induced CXCL16 release by breast cancer cells attracts effector T cells. |. Immunol. 2008, 181,
3099-3107. [CrossRef]

Garnett, C.T.; Palena, C.; Chakraborty, M.; Tsang, K.Y.; Schlom, J.; Hodge, J.W. Sublethal irradiation of human tumor cells
modulates phenotype resulting in enhanced killing by cytotoxic T lymphocytes. Cancer Res. 2004, 64, 7985-7994. [CrossRef]
Vermeer, D.W.; Spanos, W.C.; Vermeer, P.D.; Bruns, A.M.; Lee, KM.; Lee, ].H. Radiation-induced loss of cell surface CD47
enhances immune-mediated clearance of human papillomavirus-positive cancer. Int. J. Cancer 2013, 133, 120-129. [CrossRef]
[PubMed]

Safwat, A. The immunobiology of low-dose total-body irradiation: More questions than answers. Radiat. Res. 2000, 153, 599-604.
[CrossRef]

Makidono, R. Decrease in radio-sensitivity of the tumor by radiation-induced damage to immuno-related cells. Gan No Rinsho
Jpn. J. Cancer Clin. 1987, 33, 1229-1237.

Lee, Y;; Auh, S.L.; Wang, Y.; Burnette, B.; Wang, Y.; Meng, Y.; Beckett, M.; Sharma, R.; Chin, R.; Tu, T; et al. Therapeutic effects
of ablative radiation on local tumor require CD8+ T cells: Changing strategies for cancer treatment. Blood 2009, 114, 589-595.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.intimp.2019.105824
http://www.ncbi.nlm.nih.gov/pubmed/31437792
http://doi.org/10.3892/ol.2020.11647
http://doi.org/10.1002/ijc.31357
http://www.ncbi.nlm.nih.gov/pubmed/29516506
http://doi.org/10.1016/j.mce.2017.01.035
http://www.ncbi.nlm.nih.gov/pubmed/28131742
http://doi.org/10.1016/j.ccr.2009.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19962667
http://doi.org/10.20517/2394-4722.2020.58
http://www.ncbi.nlm.nih.gov/pubmed/33521321
http://doi.org/10.1016/j.molcel.2021.01.010
http://doi.org/10.1016/j.tranon.2021.101162
http://www.ncbi.nlm.nih.gov/pubmed/34171557
http://doi.org/10.21873/anticanres.11551
http://doi.org/10.1080/2162402X.2018.1438106
http://doi.org/10.1371/journal.pone.0082544
http://doi.org/10.1038/ncomms15207
http://www.ncbi.nlm.nih.gov/pubmed/28488695
http://doi.org/10.1016/j.immuni.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25517615
http://doi.org/10.1038/nm1622
http://www.ncbi.nlm.nih.gov/pubmed/17704786
http://doi.org/10.1016/j.bbi.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26122280
http://doi.org/10.1002/path.5232
http://www.ncbi.nlm.nih.gov/pubmed/30632153
http://doi.org/10.1016/j.immuni.2014.10.019
http://www.ncbi.nlm.nih.gov/pubmed/25517616
http://doi.org/10.1007/s00262-013-1506-7
http://doi.org/10.4049/jimmunol.181.5.3099
http://doi.org/10.1158/0008-5472.CAN-04-1525
http://doi.org/10.1002/ijc.28015
http://www.ncbi.nlm.nih.gov/pubmed/23292955
http://doi.org/10.1667/0033-7587(2000)153[0599:TIOLDT]2.0.CO;2
http://doi.org/10.1182/blood-2009-02-206870
http://www.ncbi.nlm.nih.gov/pubmed/19349616

Int. J. Mol. Sci. 2021, 22, 12295 21 of 21

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Curran, M.A; Montalvo, W.; Yagita, H.; Allison, ]J.P. PD-1 and CTLA-4 combination blockade expands infiltrating T cells and
reduces regulatory T and myeloid cells within B16 melanoma tumors. Proc. Natl. Acad. Sci. USA 2010, 107, 4275-4280. [CrossRef]
[PubMed]

Peggs, K.S.; Quezada, S.A.; Korman, A.J.; Allison, ].P. Principles and use of anti-CTLA4 antibody in human cancer immunotherapy.
Curr. Opin. Immunol. 2006, 18, 206-213. [CrossRef]

De Ridder, M.; Jiang, H.; Van Esch, G.; Law, K.; Monsaert, C.; Van den Berge, D.L.; Verellen, D.; Verovski, V.N.; Storme, G.A.
IFN-gamma+ CD8+ T lymphocytes: Possible link between immune and radiation responses in tumor-relevant hypoxia. Int. J.
Radiat. Oncol. Biol. Phys. 2008, 71, 647-651. [CrossRef] [PubMed]

Wang, Y.; Radfar, S.; Khong, H.T. Activated CD4+ T cells enhance radiation effect through the cooperation of interferon-gamma
and TNF-alpha. BMC Cancer 2010, 10, 60. [CrossRef]

Zheng, X.; Fang, Z.; Liu, X,; Deng, S.; Zhou, P.; Wang, X.; Zhang, C.; Yin, R.; Hu, H.; Chen, X,; et al. Increased vessel perfusion
predicts the efficacy of immune checkpoint blockade. J. Clin. Invest. 2018, 128, 2104-2115. [CrossRef] [PubMed]

Tian, L.; Goldstein, A.; Wang, H.; Ching Lo, H.; Sun Kim, L; Welte, T.; Sheng, K.; Dobrolecki, L.E.; Zhang, X.; Putluri, N.; et al.
Mutual regulation of tumour vessel normalization and immunostimulatory reprogramming. Nature 2017, 544, 250-254. [CrossRef]
Carretero, R.; Sektioglu, .M.; Garbi, N.; Salgado, O.C.; Beckhove, P.; Himmerling, G.J. Eosinophils orchestrate cancer rejection by
normalizing tumor vessels and enhancing infiltration of CD8(+) T cells. Nat. Immunol. 2015, 16, 609—-617. [CrossRef] [PubMed]
Zheng, X.; Zhang, N.; Qian, L.; Wang, X.; Fan, P; Kuai, J.; Lin, S.; Liu, C.; Jiang, W.; Qin, S.; et al. CTLA4 blockade promotes vessel
normalization in breast tumors via the accumulation of eosinophils. Int. |. Cancer 2020, 146, 1730-1740. [CrossRef] [PubMed]
Yang, H.; Lee, W.S.; Kong, S.J.; Kim, C.G.; Kim, ].H.; Chang, SK.; Kim, S.; Kim, G.; Chon, HJ.; Kim, C. STING activation
reprograms tumor vasculatures and synergizes with VEGFR2 blockade. |. Clin. Invest. 2019, 129, 4350-4364. [CrossRef] [PubMed]
Dickson, P.V,; Hamner, ].B.; Streck, C.J.; Ng, C.Y.; McCarville, M.B.; Calabrese, C.; Gilbertson, R.J.; Stewart, C.F.; Wilson, C.M.;
Gaber, M.W,; et al. Continuous delivery of IFN-beta promotes sustained maturation of intratumoral vasculature. Mol. Cancer Res.
2007, 5, 531-542. [CrossRef]

Fukumura, D.; Kloepper, J.; Amoozgar, Z.; Duda, D.G.; Jain, R.K. Enhancing cancer immunotherapy using antiangiogenics:
Opportunities and challenges. Nat. Rev. Clin. Oncol. 2018, 15, 325-340. [CrossRef]

Chang, C.H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, ].D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt,
G.].; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162, 1229-1241.
[CrossRef] [PubMed]

Azad, A; Yin Lim, S.; D’Costa, Z.; Jones, K.; Diana, A.; Sansom, O.].; Kruger, P; Liu, S.; McKenna, W.G.; Dushek, O,; et al. PD-L1
blockade enhances response of pancreatic ductal adenocarcinoma to radiotherapy. EMBO Mol. Med. 2017, 9, 167-180. [CrossRef]
Kim, K.J.; Kim, J.H.; Lee, S.J.; Lee, E.J.; Shin, E.C.; Seong, J. Radiation improves antitumor effect of immune checkpoint inhibitor
in murine hepatocellular carcinoma model. Oncotarget 2017, 8, 41242-41255. [CrossRef] [PubMed]

Wang, Y.; Deng, W.; Li, N.; Neri, S.; Sharma, A.; Jiang, W.; Lin, S.H. Combining Immunotherapy and Radiotherapy for Cancer
Treatment: Current Challenges and Future Directions. Front. Pharmacol. 2018, 9, 185. [CrossRef] [PubMed]

Dovedi, S.J.; Cheadle, E.J.; Popple, A.L.; Poon, E.; Morrow, M.; Stewart, R.; Yusko, E.C.; Sanders, C.M.; Vignali, M.; Emerson, R.O.;
et al. Fractionated Radiation Therapy Stimulates Antitumor Immunity Mediated by Both Resident and Infiltrating Polyclonal
T-cell Populations when Combined with PD-1 Blockade. Clin. Cancer Res. 2017, 23, 5514-5526. [CrossRef] [PubMed]

Liang, H.; Deng, L.; Hou, Y.; Meng, X.; Huang, X.; Rao, E.; Zheng, W.; Mauceri, H.; Mack, M.; Xu, M.; et al. Host STING-dependent
MDSC mobilization drives extrinsic radiation resistance. Nat. Commun. 2017, 8, 1736. [CrossRef]

Vanpouille-Box, C.; Diamond, ].M.; Pilones, K.A.; Zavadil, J.; Babb, ].S.; Formenti, S.C.; Barcellos-Hoff, M.H.; Demaria, S. TGFbeta
Is a Master Regulator of Radiation Therapy-Induced Antitumor Immunity. Cancer Res. 2015, 75, 2232-2242. [CrossRef] [PubMed]
Dovedi, S.J.; Adlard, A.L.; Lipowska-Bhalla, G.; McKenna, C.; Jones, S.; Cheadle, E.J.; Stratford, 1.].; Poon, E.; Morrow, M.; Stewart,
R.; et al. Acquired resistance to fractionated radiotherapy can be overcome by concurrent PD-L1 blockade. Cancer Res. 2014, 74,
5458-5468. [CrossRef] [PubMed]

Young, K.H.; Baird, J.R.; Savage, T.; Cottam, B.; Friedman, D.; Bambina, S.; Messenheimer, D.]J.; Fox, B.; Newell, P.; Bahjat,
K.S.; et al. Optimizing Timing of Immunotherapy Improves Control of Tumors by Hypofractionated Radiation Therapy. PLoS
ONE 2016, 11, e0157164. [CrossRef] [PubMed]

Barker, C.A.; Postow, M.A.; Khan, S.A ; Beal, K.; Parhar, PK.; Yamada, Y.; Lee, N.Y.; Wolchok, J.D. Concurrent radiotherapy and
ipilimumab immunotherapy for patients with melanoma. Cancer Immunol. Res. 2013, 1, 92-98. [CrossRef] [PubMed]

Spitz, D.R,; Buettner, G.R.; Petronek, M.S.; St-Aubin, ].J.; Flynn, R.T.; Waldron, T.J.; Limoli, C.L. An integrated physico-chemical
approach for explaining the differential impact of FLASH versus conventional dose rate irradiation on cancer and normal tissue
responses. Radiother. Oncol. 2019, 139, 23-27. [CrossRef] [PubMed]

Vozenin, M.C.; De Fornel, P,; Petersson, K.; Favaudon, V.; Jaccard, M.; Germond, J.E; Petit, B.; Burki, M.; Ferrand, G.; Patin, D.;
et al. The Advantage of FLASH Radiotherapy Confirmed in Mini-pig and Cat-cancer Patients. Clin. Cancer Res. 2019, 25, 35-42.
[CrossRef] [PubMed]

Doherty, M.R,; Parvani, ].G.; Tamagno, L; Junk, D.J.; Bryson, B.L.; Cheon, H.J.; Stark, G.R.; Jackson, M.W. The opposing effects of
interferon-beta and oncostatin-M as regulators of cancer stem cell plasticity in triple-negative breast cancer. Breast Cancer Res.
BCR 2019, 21, 54. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.0915174107
http://www.ncbi.nlm.nih.gov/pubmed/20160101
http://doi.org/10.1016/j.coi.2006.01.011
http://doi.org/10.1016/j.ijrobp.2008.03.014
http://www.ncbi.nlm.nih.gov/pubmed/18514774
http://doi.org/10.1186/1471-2407-10-60
http://doi.org/10.1172/JCI96582
http://www.ncbi.nlm.nih.gov/pubmed/29664018
http://doi.org/10.1038/nature21724
http://doi.org/10.1038/ni.3159
http://www.ncbi.nlm.nih.gov/pubmed/25915731
http://doi.org/10.1002/ijc.32829
http://www.ncbi.nlm.nih.gov/pubmed/31840816
http://doi.org/10.1172/JCI125413
http://www.ncbi.nlm.nih.gov/pubmed/31343989
http://doi.org/10.1158/1541-7786.MCR-06-0259
http://doi.org/10.1038/nrclinonc.2018.29
http://doi.org/10.1016/j.cell.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26321679
http://doi.org/10.15252/emmm.201606674
http://doi.org/10.18632/oncotarget.17168
http://www.ncbi.nlm.nih.gov/pubmed/28465485
http://doi.org/10.3389/fphar.2018.00185
http://www.ncbi.nlm.nih.gov/pubmed/29556198
http://doi.org/10.1158/1078-0432.CCR-16-1673
http://www.ncbi.nlm.nih.gov/pubmed/28533222
http://doi.org/10.1038/s41467-017-01566-5
http://doi.org/10.1158/0008-5472.CAN-14-3511
http://www.ncbi.nlm.nih.gov/pubmed/25858148
http://doi.org/10.1158/0008-5472.CAN-14-1258
http://www.ncbi.nlm.nih.gov/pubmed/25274032
http://doi.org/10.1371/journal.pone.0157164
http://www.ncbi.nlm.nih.gov/pubmed/27281029
http://doi.org/10.1158/2326-6066.CIR-13-0082
http://www.ncbi.nlm.nih.gov/pubmed/24777500
http://doi.org/10.1016/j.radonc.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/31010709
http://doi.org/10.1158/1078-0432.CCR-17-3375
http://www.ncbi.nlm.nih.gov/pubmed/29875213
http://doi.org/10.1186/s13058-019-1136-x
http://www.ncbi.nlm.nih.gov/pubmed/31036052

	Introduction 
	The IFN–JAK–STAT Axis in RT (Friends and Foes) 
	The IFN–JAK–STAT Axis in IOs (The Yin and Yang) 
	The IFN–JAK–STAT AXIS in RT and IOs 
	Concluding Remarks 
	References

