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The JAK-STAT pathway is a rapid membrane-to-nucleus signaling module regulated 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 (IFNs), especially IFN-a/p (belonging to type | IFNs: IFN-Is) and IFN-y (the only member in type Il
IFN), are the most widely studied. With their pleiotropic immunological activities in almost all known pathophysiological
settings, we discussed the role of the IFN-JAK-STAT axis in radiotherapy (RT) and immunotherapies (I0s), two major
pillars of cancer care.
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| 1. The IFN-JAK-STAT Axis in Inmunomodulatory Effects of RT

RT can induce double-stranded DNA breaks (DSDBs), small non-coding RNAs (sncRNAs), and danger-associated
molecular patterns (DAMPs). While DSDBs primarily activate the cGAS-STING pathway X and sncRNAs engage the
RIG-I-MAVS pathway @, different DAMPs are recognized by the host through different mechanisms. For example,
translocated 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); HMGB1, a highly conserved nonhistone DNA-
binding protein, acts as an agonist of Toll-like receptor 2 (TLR2) and TLR4 B!, two primary pattern recognition receptors
(PRRs) on DCs; and extracellular ATPs bind to P2X7 purinergic receptors on DC BlEl, 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 IFNAR1 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) 81, 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 DSDBs 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 IFN-B in tumor cells. Interestingly, in this
experimental system, knock-down of IFNAR1 in tumor cells completely abolished the therapeutic effects of this
hypofractionated RT, indicating an indispensable role of tumor IFNAR1 expression [&. Thus, the relative importance of
IFN-I signaling in tumor cells may be determined by RT dose and fractionation. Nevertheless, host cell expression of
IFNARL has been consistently shown to be instrumental for RT-induced immunomodulatory effects [SIEIL0ILL]
encompassing increased infiltration of CD45* hematopoietic cells (CD4* and CD8* T cells, DCs, and macrophages, etc.),
upregulation of CXCL10 14 and CXCL16 12 (chemokines for CXCR3* and CXCR6" effector T cells, respectively),
increase in Fas ligand (FasL), production of effector molecules GzmB and IFN-y 11, upregulation of MHC molecules 12!,
and downregulation of don't-eat-me signal CD47 4 (the Yang effects of RT, Figure 1). Similar to host IFN-I signaling,
host IFN-y signaling has been shown to be essential in mediating anti-tumor immune responses elicited by RT using B16-
OVA melanoma 8] and MC38 CRC 1€l Wwhile 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 4. Further,
a consensus on the role of tumor expression of IFNAR1 and IFNGR1 regarding RT response still cannot be reached, as
either an essential role or a dispensable role was reported B, 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 B, 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 18!,

Therefore, it may be possible that when RT dose is too high (>20 Gy), more immunosuppressive effects may be induced
81,

DC andfor

recruit T
vila CXCLY
CRCL1p-CXC R axes. These T

Figure 1. 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
molecular patterns: sncRNAs: small endogenous non-coding RNAs; TH1: IFN-y-producing type | CD4+ T cells; CTLs:
cytotoxic T lymphocytes (CD8+ T cells); LGP2: laboratory of genetics and physiology 2; IDO/TDO: indoleamine/tryptophan
2,3-dioxygenase; MDSC: myeloid-derived suppressor cells. For further details, readers are encouraged to read our full-
length review article, recently published in IIMS.

| 2. The IFN-JAK-STAT Axis in Radiosensitizing Effects of 10s.

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 12, T cells, particularly 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 29, 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 [21. Since 10s can rejuvenate pre-existing T cells
(221123][24] it js expected that 10s 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 221, Mechanistically, in vitro co-culture of activated CD8* T cells with EMT-6 breast cancer cells
greatly enhanced the radiosensitivity of EMT-6 cells, via IFN-y production and iNOS upregulation [137]. Similarly, co-
culture of CD4" T cells with Hela cells radiosensitized Hela cells by promoting RT-induced G2/M arrest, in an IFN-y-
dependent fashion [138]. This IFN-y-dependent mechanism was also confirmed in vivo. By promoting IFN-y production by
CD4" and CD8* T cells, immune checkpoint blockers (ICBs) (e.g., anti-CTLA-4, anti-PD-1/L1), arguably the most
prominent development in the field of 10s over the past decade, significantly enhanced radiosensitivity [139,140]. IFN-y,
together with reduction of T4 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, the most important
mediator of radioresistance, and enhanced radiosensitivity. Convincingly, in vivo depletion of TAEs with anti-Siglec-F
antibodies completely abrogated the therapeutic 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-B itself was shown to possess anti-angiogenetic properties. By
upregulating angiopoietin 1 (Angptl), IFN-B suppressed abnormal angiogenesis and promoted tumor vascular maturation
[144], which in turn enhanced intratumoral oxygenation and radiosensitivity [145]. While these studies collectively showed
that blood vessel normalization represented an important mechanism of 10-induced radiosensitization, we reason that 10s
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 preferentially 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 nu6l 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, 10s induced production of



effector molecules in addition to IFNs such as TNF-a, 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.

3. The IFN-JAK-STAT Axis Underscoring Combination Therapy of RT and
I0s

With the immunogenic effects from RT and the radiosensitizing consequences from IOs, it is an appealing idea to combine
RT and 10s 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
adenocarcinoma 28 and hepatocellular carcinoma 4. 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-a. This, in turn, reduced infiltration of immunosuppressive MDSCs, primarily mediated by TNF-a and, to a minor
extent, by IFN-y . Another study tested combination therapy of anti-CTLA-4 with RT and demonstrated that this strategy
not only depleted Tyeq (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 28, 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 2. Clinically, greater benefits have been reported in various tumor types when
treated with combination therapies of RT+IOs, providing proof-of-concept clinical evidence BY. From a mechanistic
standpoint, although pre-existing intratumoral T cells play a predominant role in RT alone [, both pre-existing and
infiltrated T cells were required for the combination therapy of RT+IOs B, In keeping with an essential role of host
IFNARL1 signaling in mediating RT and 10s, either use of IFNAR1KC mice & or in vivo blocking of IFNAR1 with neutralizing
antibodies 19 completely abolished the synergistic effects of RT+IOs. On the other hand, although T cells and host IFN-y
signaling are essential for RT 12 and ICBs [22], to the best of our knowledge, their importance in combination therapy of
RT and 10s has not been established. 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+10s, more work needs to be carried out to pinpoint their involvement in different experimental settings. To this end,
another study showed that activation of STING after a single-dose 20 Gy RT in the MC38 CRC model actually drove an
influx of immunosuppressive MDSCs and Tyeg, in an IFN-I and CCR2-dependent manner (32 Moreover, RT, especially
multiple rounds or prolonged regimens, can induce adaptive immunosuppression such as upregulation of PD-L1 and
CDA47 by promoting sustained IFN signaling in tumor cells 2 and production of immunosuppressive cytokine TGF- 23!
(the Yin effects of RT, Figure 1). Thus, rational strategies are needed to combine RT with IOs, by maximizing
immunostimulatory effects and concomitantly minimizing immunosuppressive effects of RT, which will greatly improve
therapeutic efficacy. We argue that 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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