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Abstract

Radiotherapy has been used for over hundred years as a local tumor treatment. The occurrence of
systemic anti-tumor effects manifesting as regression of tumors outside of the irradiated field
(abscopal effect) was occasionally observed but deemed too rare and unpredictable to be a
therapeutic goal. This has changed with the advent of immunotherapy. Remarkable systemic
effects have been observed in patients receiving radiotherapy to control tumors that were
progressing during immune checkpoint blockade, stimulating interest in using radiation to
overcome primary and acquired cancer resistance to immunotherapy. Here we review the
immunological mechanisms that are responsible for the ability of focal radiation to promote
antitumor T cell responses that mediate tumor rejection and, in some cases, result in systemic
effects.
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Interactions between radiotherapy and immune responses in cancer

Localized radiotherapy has a broad role in cancer treatment. It is used to reduce risk of
recurrence after surgery, by treating the surgical cavity (e.g., in early breast cancer), as a
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curative treatment in some localized cancers (e.g., early prostate cancer) or as a palliative
modality in metastatic disease, aiming at reducing the bulk of the tumor and relieve
symptoms like pain or mechanical compression of organs. Depending on the clinical setting,
the efficacy of ionizing radiation (IR), has been defined by its ability to either delay cancer
growth or eliminate the irradiated tumor. Clinical observations of tumor responses outside
the irradiated field, albeit extremely rare, are referred to as abscopal effect (from the Latin
“ab™ away fromand “scopus”, fargel) [1]. A recent review of abscopal effects of
radiotherapy reported between 1969 and 2014 the literature detected only 46 cases, despite
millions of patients being treated worldwide [2]. Thus, it is not surprising that the abscopal
effect remained a relatively obscure and largely ignored phenomenon until the advent of
cancer immunotherapy.

The discovery that in some patients blocking the main immune checkpoints, CTLA-4 and/or
PD-1, leads to immune-mediated tumor regression has reignited interest in cancer
immunotherapy [3]. Experimental evidence in pre-clinical models has show that IR can
enhance immune-mediated tumor recognition and rejection, acting in synergy with immune
checkpoint blockade (ICB) [4, 5]. Observations of abscopal responses in patients receiving
palliative radiotherapy due to tumor progression while on treatment with ICB [6, 7] have
further contributed to the interest in deciphering the mechanisms underlying the
immunogenicity of radiotherapy and its interaction with cancer immunotherapy. In this
context, the abscopal effect from an anecdotal phenomenon has become a surrogate endpoint
of efficacy in clinical trials of radiation and ICB [8]. The optimal application of radiotherapy
in its new role as an immune-stimulator is under active investigation, and will be described
in this review..

Cellular responses to ionizing radiation shape the immunogenicity of

irradiated cancer cells

Whereas normal lymphocytes can undergo interphase apoptosis, most cancer cells that
contain lethal damage die when attempting mitosis or sometimes after a few cycles of
replication. Alternatively, they may become senescent, a metabolically active form of
irreversible growth arrest that is often associated with a secretory phenotype [9]. It is
becoming increasingly clear that the type of cellular response induced by IR is intimately
connected to the immunogenicity of irradiated tumors. Here we will discuss the link
between DNA damage repair (DDR) mechanisms (described in BOX 1) and the cytoplasmic
nucleic acids sensing that activate interferon type | (IFN-I)-driven immune activation and
inflammation.

Defects in DDR pathways are known to promote carcinogenesis by allowing the generation
of mutations. Recently it has become clear that dysfunction of DDR processes are both
extremely frequent in cancer and critical for allowing the proliferation of cells carrying
damaged DNA, thereby facilitating the persistence of genomic instability [10]. While
downregulation of DDR processes underlies the enhanced sensitivity of cancer cells to DNA
damaging treatments such as IR, which has been exploited therapeutically for a long time,
the immunological implications of defective DDR are only beginning to be appreciated.
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Progression of cancer cells through mitosis following IR-induced unrepaired DNA DSBs
leads to the formation of micronuclei. Micronuclei have defective membranes that easily
break down exposing double-stranded DNA (dsDNA) to the cytosolic dSDNA sensor cyclic
GMP-AMP synthase (cGAS) [11-13]. cGAS is a pattern recognition receptor that triggers
IFN-I production via the downstream adaptor STING and is critical for activation of immune
responses to viruses [14]. Thus, the accumulation of dSDNA in the cytosol of irradiated
cancer cells activates canonical defense pathways that are hard-wired in the immune system,
and chiefly rely on CD8 T cell activation to clear viral infections. Likewise, successful anti-
tumor immunity elicited by IR is mediated by cGAS and STING pathways in the irradiated
tumor, and relies on activation of anti-tumor CD8 T cells [11, 15, 16].

These recent results emphasize the importance of dsDNA as a danger signal or damage-
associated molecular pattern (DAMP) that defines IR-induced immunogenic cell death
(ICD) [17]. Like other IR-generated DAMPs, including plasma membrane-exposed
calreticulin, secreted HMGBL, and ATP [18, 19], DNA derived from the cancer cells is also
sensed by tumor-infiltrating dendritic cells (DCs) via the cGAS/STING pathway, promoting
DC activation and effective cross-presentation of tumor-derived antigens to T cells [16]
(Figure 1).

Poly-(adenosine diphosphate-ribose)-polymerase (PARP) proteins play multiple roles in
DDR and their inhibition hinders DNA repair and enhances cancer sensitivity to IR [20].
Interestingly, improved tumor control in mice treated with the combination of a PARP
inhibitor and IR was found to depend on the induction of senescence in the cancer cells,
associated with secretion of multiple pro-inflammatory cytokines and chemokines that
stimulated T cell-mediated tumor rejection [21]. Although senescent cells do not proliferate
and cannot generate micronuclei, it has been recently demonstrated that they accumulate
dsDNA in the cytosol that is sensed by cGAS. The DNA is transferred to the cytosol as
chromatin fragments that pinch off from the nuclei, a process that occurs in conjunction with
loss of the nuclear lamina protein lamin B1 [22]. In senescent cells, however, cGAS/STING
pathway activation resulted in a NFkB pathway-regulated pro-inflammatory cytokine
production whereas STING-mediated IFN-1 induction was inhibited by p38 MAP-kinase
activation [22]. These data provide further support for a role of cytosolic DNA as a regulator
of immune signaling following cancer cells irradiation, and suggest that multiple factors can
modulate the type of signals generated.

DNA is not the only nucleic acid that functions as an IR-induced DAMP. Small endogenous
non-coding RNAS, such as Ul and U2, translocate to the cytoplasm after IR where they bind
to the dsRNA sensor DExD/H-box helicase 58 (DDX58, also known as retinoic acid-
inducible gene-1, RIG-I), leading to downstream activation of mitochondrial antiviral
signaling protein (MAVS) and IFN-I production [23].

Overall, the relative contribution to anti-tumor immunity of each of the members of this
growing list of IR-induced DAMPs remains to be determined, but it is likely to vary
depending on the intrinsic immunogenicity of a given tumor [24], the type of radiation dose
and fractionation regimen and the immunotherapy agent used, as discussed below.
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In context: Effects of ionizing radiation in the tumor microenvironment

The tumor microenvironment (TME) is dominated by immunosuppression, with multiple
mechanisms that allow tumor escape from immune-mediated control that have been linked
to tumor responsiveness to immunotherapy [25]. Here we will discuss the mechanisms that
have been shown to influence IR effects and/or that are modulated by IR and can hinder or
promote anti-tumor immune responses.

Mechanisms that limit anti-tumor immunity

Hypoxia is a common feature of the TME, especially prevalent in aggressive and rapidly
growing tumors. Hypoxia drives many processes that favor invasion and metastasis, and
contribute to establishing an immunosuppressive TME [26]. The hypoxia-inducible
factor-la (HIF-1a) upregulates genes that control angiogenesis, metabolism and metastasis
[27]. In addition, HIF-1a. drives the expression of programmed death-ligand 1 (PD-L1) on
both cancer cells and myeloid-derived suppressor cells (MDSCs) [26, 28], and the
production of vascular endothelial growth factor A (VEGFA) by cancer cells. VEGFA
promotes the recruitment of regulatory T cells and MDSCs to the tumor and suppresses the
maturation of DCs [29]. Moreover, HIF-1a increases shedding of the NKG2D ligand MICA
from the surface of tumor cells reducing their killing by NK cells [30]. However, HIF-1a
and VEGFA are required for CD8 T cells adaptation to the hypoxic TME and maintenance
of effector function [31], indicating that therapeutic targeting of these factors could impair
tumor rejection.

The interplay between IR and tumor hypoxia is complex. On the one hand, hypoxic tumors
have reduced radiosensitivity, since indirect DNA damage induced by IR depends on the
formation of ROS (BOX 1). On the other hand, radiation leads to re-oxygenation of hypoxic
tumors, an effect attributed to increased perfusion and decreased oxygen consumption [27].
However, this is paradoxically associated with an increase in levels of HIF-1a and HIF-
regulated proteins, due, in part, to ROS-mediated induction of HIF-1 [32]. Importantly,
macrophages that infiltrated the tumor and produced NO were shown to be responsible for
elevated levels of HIF-1a in normoxic tumors a few days after irradiation due to NO-
mediated S-nitrosylation and stabilization of HIF-1a [33]. Thus, HIF-1a-induced effects
play an important role in shaping the TME after IR.

Cancer-associated fibroblasts (CAFs) are relatively resistant to IR but undergo stress-
induced senescence, which is associated with a secretory phenotype known as senescence-
associated secretory phenotype (SASP). Secreted cytokines, chemokines, pro-angiogenic
and growth factors promote chronic inflammation and a pro-tumorigenic TME [34]. A
recent report provides evidence for a role of IR-activated CAFs in fostering a metabolic
switch in colorectal cancer that increases glutamine consumption via activation of insulin-
like growth factor-1 receptor (IGF-1R). As a consequence, the paracrine IGF-1/IGF-1R
signaling initiated by IR-activated CAFs enhanced progression in a colorectal cancer model
[35]. While this study did not investigate the immune effect of the IR-induced IGF-1/IGF-1R
pathway, there is evidence that its stimulation in the myeloid compartment promotes M2-like
macrophages polarization [36].
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Transforming growth factor-beta (TGF-B) signaling has effects on the tumor cell itself and
on host-tumor cell interactions. Tumor-cell-autonomous TGFp effects can paradoxically
result in tumor suppression as well as tumor promotion [37]. TGFp crosstalk with the TME
shapes cell type-dependent and context-dependent regulatory effects. Activation of TGFB
occurs in the irradiated tumor viaa ROS-induced conformational change of the latency-
associated peptide/TGFp complex releasing active TGFp [38]. Activated TGFf promotes
DNA repair thus contributing to tumor radio-resistance [37]. Most importantly, TGFp drives
immunosuppressive effects which limit IR-induced immune activation. In two mouse tumor
models of breast cancer neutralization of TGFf was required for IR-induced priming of CD8
T cells to multiple tumor antigens, and for T cell-mediated inhibition of non-irradiated
metastases [39]. These data highlight the importance of TGFp-mediated immunosuppression
in the context of the irradiated tumor.

The recruitment of myeloid cells with immunosuppressive function to irradiated tumors can
also hinder the development of anti-tumor immunity. IR was shown to increase the
expression of colony-stimulating factor-1 (CSF-1) by mouse and human prostate cancer cells
in vitro by inducing binding of the DNA damage-induced kinase ABL1 to the CSF1 gene
promoter. In vivo, IR-induced CSF-1 enhanced the recruitment of both, monocytic
(CD11bMly6C!°) and granulocytic (CD11b!°ly6CN') MDSC to mouse tumors, reducing
therapeutic response. Elevated CSF-1 levels in the serum of prostate cancer patients were
seen after radiotherapy, suggesting clinical relevance of this pathway [40]. The chemokine
stromal cell-derived factor 1 (SDF-1, also known as CXCL12) has also been implicated in
IR-induced myeloid cell recruitment to the tumor. Blockade of SDF-1 interaction with its
receptor C-X-C chemokine receptor 4 (CXCR4) prevented IR-induced recruitment of tumor
associated macrophages (TAM) and inhibited revascularization in intracranial human GBM
xenografts [41].

In a mouse tumor model of pancreatic adenocarcinoma, the C-C ligand motif 2 (CCL2)
chemokine was upregulated by IR in the cancer cells, resulting /n vivo in increased tumor
infiltration by inflammatory macrophages expressing C-C chemokine receptor type 2
(CCR2) [42]. The mobilization of inflammatory monocytes via CCL2/CCR?2 axis has been
described as a negative prognosticator in several cancers, including pancreatic cancer [43],
suggesting that IR-induced upregulation of CCL2 is detrimental.

Upregulation of PD-L1-following IR has been reported in several preclinical studies, and
seems to reflect an acquired immune resistance response to interferon-y (IFN-y)-producing
effector T cells induced by IR [5, 39, 44]. Thus, PD-1/PD-L1 axis may represent a major
obstacle to RT-induced tumor rejection, a hypothesis currently being tested in several
clinical studies [8].

Mechanisms that promote anti-tumor immunity

IR has multiple immune-modulatory effects on the TME that favor tumor rejection. As
discussed above, cytosolic dSDNA generated by IR leads to production of IFNp by irradiated
cancer cells, as well as by the DCs infiltrating the tumor, promoting the cross-presentation of
tumor antigens to CD8 T cells [15, 16]. Moreover, IFN-stimulated genes (ISGs) that encode
the chemokines CCL5, CXCL16 (C-X-C motif chemokine ligand 16), and CXCL10, are
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upregulated and drive the primed effector T cells to the tumor [15, 45, 46]. The upregulation
of adhesion molecules on the tumor vascular endothelium following IR can also contribute
to improved T cell infiltration [47, 48].

Surviving cancer cells after radiation exposure can become targets for elimination by NK
and effector CD8 T cells. This effect is in part due to upregulation of NKG2D ligands, a
direct consequence of DDR response activation [49-51]. Increased surface MHC class | and
Fas/CD95 were also shown to increase rejection of the irradiated tumor by adoptively
transferred T cells [52, 53]. There is at least some evidence that the massive alterations in
the post-radiation transcriptome results in changes in the antigenic repertoire presented by
the cancer cells on MHC class I [53]. However, it is not clear if the presentation of a more
diverse peptide pool underlies the broadening of the TCR repertoire of infiltrating T cells
that has been observed after IR [54, 55].

Finally, by promoting transfer of tumor antigens to the infiltrating myeloid cells IR induces
their killing by anti-tumor T cells. The latter effect resulted in tumor regression in an
experimental situation where the cancer cells themselves could not be recognized by T cells
[56]. It remains to be determined if such mechanisms can contribute to overcoming the
resistance to immunotherapy attributed to cancer cell loss of 2-microglobulin or other
components of the MHC class | antigen presentation machinery [25].

Overall, the interaction of IR with the TME is complex. The degree of pre-existing hypoxia
and immunosuppression determine the threshold of positive changes that radiation must
induce to shift the balance towards immune activation, possibly explaining the rarity of
abscopal responses in the absence of immunotherapy. Additionally, radiotherapy’s ability to
induce activating versus suppressive effects may depend on the radiation dose and
fractionation and how they interact with a given tumor, as further discussed below.

In situ vaccination by radiotherapy: from local to abscopal

The demonstration in multiple pre-clinical studies that IR induces anti-tumor T cells when
applied to an /n vivo growing tumor has fostered enthusiasm for its use as a tool to convert a
tumor into an /n situvaccine in patients [57, 58]. However, while T cell contribution to
regression of the irradiated tumor is well-proven [59], the generation of T cell responses that
are effective against non-irradiated metastases has remained a challenge. It is not surprising
that IR alone is capable to elicit abscopal responses only in a very small portion of patients,
considering that most other strategies for therapeutic vaccination in cancer have failed due to
the now well-recognized immunosuppressive barrier [2, 60]. Encouragingly, pilot studies
have shown abscopal responses in about a third of the patients when IR was combined with
stimulation of the immune system by GM-CSF or TLR agonists [57, 61]. The most striking
abscopal responses have been seen when IR was used with immune checkpoint blockade
(ICB), [6, 62]. An example is a patient with metastatic non small cell lung cancer (NSCLC)
refractory to chemotherapy who was treated with radiotherapy to a single liver metastasis
and anti-CTLA-4 and showed complete regression of multiple liver, lung, bone and lymph
node metastases [62]. What is especially remarkable is that this response is durable, lasting
now for more than 4 years in a disease that has shown minimal response to anti-CTLA-4
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alone or combined with chemotherapy [63, 64]. However, as discussed in the next session, a
significant induction of abscopal responses by the combination of IR and ICB has yet to be
confirmed in prospective studies [65]. Two strategies are currently being pursued in pre-
clinical studies to improve the results: (1) combinations of multiple immunotherapy agents
to overcome suppressive pathways and/or to increase T cell activation, and (2) optimization
of radiation delivery to achieve the best ratio of immunea-ctivating to immune-suppressive
signals.

Preclinical studies investigating combinations of multiple immunotherapy agents.

Several strategies are in development to enhance systemic responses to radiotherapy and
ICB, and some have shown benefits in preclinical studies, as detailed below.

Abscopal responses were seen in 17% of mice bearing bilateral B16/F10 melanoma treated
with 20 GyXI to one tumor and anti-CTLA-4. The modest response was attributed to tumor
upregulation of PD-L1 and T-cell exhaustion. Dual immune checkpoint blockade by anti-
CTLA-4 and anti-PD-LI or anti-PD-1 improved responses and long-term survival of the
mice. Radiotherapy broadened the T cell repertoire, while anti-CTLA-4 depleted
intratumoral regulatory T cells, and anti-PD-LI reinvigorated the exhausted T cells [53].

In one study using two poorly immunogenic breast carcinomas (TSA and 4T1), concurrent
blockade of TGFp with radiation (6GyX5) induced CD8 T cell responses to multiple tumor
antigens and regression of irradiated tumors and non-irradiated lung metastases or
synchronous tumors. However, PD-L1 was upregulated in the tumor, and all tumors
recurred. Addition of anti-PD-1 to the combination of radiation and TGFp blockade delayed
tumor recurrence and extended mice survival [39]. In another study, simultaneous targeting
of TGFp and PD-L1 was achieved using a bifunctional fusion protein (M7824). Treatment
of MCA-38-tumor bearing mice with M7824 and 5 Gy X 5 radiation led to an increase of
tumor-specific CD8 T cells and rejection of irradiated and abscopal tumors, while each
treatment alone had modest effects [65].

Abscopal responses were reported in mice bearing breast, melanoma and colorectal bilateral
tumors following local radiation to one tumor with an agonistic anti-CD137 (4-1BB) and a
neutralizing PD-1 antibody. Tumor regression was improved when the three treatments were
combined, and was associated with increased T cell tumor infiltration. The response was
abrogated in mice deficient in BATF-3-dependent dendritic cells, indicating that these cells
were required for cross-priming of tumor-specific CD8 T-cells [64].

An oligonucleotide aptamer that simultaneously targets VEGF and 4-1BB was used to
activate T cells via 4-1BB/CD137 only in the tumor and avoid the toxicity seen with
systemic anti-4-1BB antibody. As monotherapy VEGF-targeted 4-1BB failed to induce
responses in VEGF!OW 4T07 tumors. Tumor-targeted radiation (12GyX1) upregulated VEGF
and enhanced tumor responses to the aptamer. In mice with two 4T1 tumors, which express
high levels of VEGF, abscopal responses were achieved when mice received radiation to one
tumor together with VEGF-targeted 4-1BB [66].
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Preclinical studies investigating the optimization of radiation delivery

The second strategy was initially explored by Dewan et al. [66], in a study comparing side
by side three IR regimens for the ability to induce abscopal effects in combination with anti-
CTLA-4 in mouse models of breast and colorectal cancer. Two regimens consisting of
8GyX3 and 6GyX5 were effective, whereas a single 20Gy dose was not. This result was
puzzling since induction of anti-tumor T cells was observed in pre-clinical studies with the
use of single IR doses as high as 30 Gy in some tumor models, however without evidence of
generating abscopal responses [67]. Many of the IR-induced effects described above result
in rejection of the irradiated tumor, but the bar is higher at the abscopal sites, explaining the
need for more robust T cell responses. Recent data have provided new insights into the
requirements for achieving abscopal responses. In the setting of combinations of radiation
and ICB the induction of abscopal responses relies on the activation of IFN-1 via cGAS and
STING pathway in the irradiated cancer cells. This burst of IFN-I jump-starts the immune
response by attracting BATF3-dependent DCs (best known as DC1, ref. [68]) to poorly
immunogenic tumors that are intrinsically inept at recruiting these DCs [15]. As mentioned
above, dsDNA that accumulates in the cytosol of the irradiated cancer cells is the trigger of
this response, which is under the control of the DNA exonuclease TREX1. TREX1 is
expressed at low levels in all cells and clears cytosolic DNA to prevent autoimmunity driven
by improper IFN-1 activation [69]. In cancer cells TREX1 levels are upregulated in an IR
dose-dependent fashion: after a certain dose threshold TREX1 is induced in quantity
sufficient to digest the accumulated cytosolic DNA, resulting in abrogation of IR
immunogenicity [15]. In the mouse breast and colorectal carcinoma cells tested by Dewan et
al. [66], 6 and 8 Gy doses enhanced dsDNA without increasing TREX1, but 20 Gy induced a
marked upregulation of TREX1 [15]. The threshold for the induction of TREX1
upregulation is dictated by the size of the single IR dose, not by the total dose delivered.

In fact, repeating daily doses of 8Gy three times enhanced the upregulation of IFN-I. For
most carcinoma cells the window of maximal cytosolic dSDNA accumulation ranges
between 6 to 12 Gy, but can vary considerably among different cancer cell lines. If the
importance of this mechanisms is confirmed in the clinic, careful consideration and possibly
ex vivo testing may be needed to identify the optimal IR dose before treatment with the
combination of IR and ICB [70].

Partnership of radiotherapy and immunotherapy

Since many ICBs have entered mainstream oncology in the last few years, their use in
patients that were treated with IR has become common. Many retrospective studies that
analyzed the interaction between IR and ICBs found at least some evidence of abscopal
responses, but in cancers responsive to ICBs it cannot be ruled out that these responses
reflect a later activity of the immunotherapy itself, which can manifest slowly [71]. Two
retrospective studies are of particular interest in supporting the hypothesis that IR can
increase responses to ICB: one study analyzed 98 NSCLC patients treated in a
pembrolizumab trial and found that progression-free survival was significantly longer in
patients who previously received radiotherapy than in patients who did not [72]. In another
study analyzing 101 patients with advanced melanoma it was found that patients who had
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received concurrent radiotherapy while on ipilimumab showed a higher rate of complete
response (25.7% vs. 6.5% for ipilimumab alone; p=0.04) and increased median overall
survival of 19 months vs. 10 months for ipilimumab alone (p = 0.01) [73]. These intriguing
data await confirmation in prospective randomized trials. Many studies that combine IR and
ICBs are ongoing (reviewed in [8]). Among the few studies designed to assess abscopal
responses two early phase trials have shown early positive but limited effects [74, 75] while
others failed to demonstrate a clear benefit of IR [55, 76]. Possible factors that might have
influenced the results of these trials have been discussed elsewhere [65, 77]. The
achievement of local tumor control by IR and ipilimumab was shown to correlate with
abscopal responses in a retrospective trial [7], suggesting that it may reflect the induction of
effective anti-tumor immunity. A better understanding of the mechanisms underlying the
immunogenicity of IR will help patients selection and design of new clinical studies testing
the benefits of IR with immunotherapy.

One setting with enormous potential is early stage disease, where the in situ vaccination by
IR could induce T cell responses that are able to control micro-metastatic/low-burden
disease and reduce recurrence. This notion is supported by the recently reported results of a
trial in 713 patients with locally advanced non-resectable NSCLC. Responders to initial
chemo-radiation were randomly assigned to either anti-PDL-1 antibody durvalumab or
placebo. At an interim analysis patients randomized to durvalumab demonstrated a median
progression-free survival of 16.8 months versus 5.6 months with placebo [78].

Concluding Remarks

Until recently, immunology and radiation biology have evolved in parallel, with limited
interactions between the two disciplines. It is now clear that the two fields of investigation
are converging, in the context of oncology. The tumor response to IR is clearly dependent on
its stimulatory or suppressive effects on the immune system [79]. On the other end, the
ability of IR to harness canonical immune responses to viral infection can be exploited to
elicit anti-tumor CD8 T cell responses. The hope, supported by pre-clinical data and clinical
observations, is that such responses can be elicited in patients with “cold” tumors that do not
engage the immune system, thus enabling them to better respond to ICB [24]. Progress in
establishing the value of IR and its place in the context of cancer immunotherapy requires an
improved knowledge of the molecular and cellular mechanisms that define the
immunogenicity of IR, and their application in the context of IR doses and fractionation. IR
in the clinic is used in a large range of doses delivered in a single, a few, or many fractions,
based on the tumor type and size, its location, and the therapeutic goal. Use of IR to generate
an in situ tumor vaccine requires optimization of the dose and fractionation, and may result
in paradigm shifts when compared with standard radiotherapy. It also depends on the choice
of immunotherapy agents and route of administration (systemic versus intra-lesional) to
combine with radiation to assure the best likelihood of clinical response.
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GLOSSARY

Abscopal effect:
from the Latin ab scopus (away from the target), this term indicates tumor regression seen
outside of the field of radiation.

BATF3-dependent DCs (also known as DC1):
Key antigen-presenting cells for CD8 T cell activation that are dependent for ontogeny on
the transcription factors IRF-8 and BATF-3.

Cyclic GMP-AMP synthase (cGAS):
a cytosolic DNA sensor that binds to microbial DNA as well as self DNA and catalyzes
cGAMP synthesis.

Damage-associated molecular pattern (DAMPS):
Endogenous molecules that functions as endogenous adjuvant once released by stressed or
dying cells.

Homologous recombination (HR):
High-fidelity DNA damage repair mechanism that occurs in S and G, phases of the cell
cycle using a sister chromatid as a template.

Hypoxia:
Refers to a condition in which there is a lower-than-normal concentration of oxygen at the
tissue level.

Immune checkpoint blockade (ICB):

Therapeutic strategy based on the inhibition of immune checkpoint pathways that are in
place to maintain self-tolerance and are co-opted by cancer to evade immune rejection.
Currently approved drugs (antibodies) block immune checkpoint receptor cytotoxic T
lymphocyte antigen 4 (CTLA-4) and Programmed Death 1 (PD-1) and its major ligand PD-
L1

Immunogenic cell death (ICD):

A form of cell death that is associated with the generation and release of DAMPs and
cytokines that activate innate immune cells and promote the cross-presentation of antigens
derived from the dying cells to T cells.

Non-Homologous End Joining (NHEJ):
Error-prone repair of double-stranded DNA lesions that occurs in G4 phase of the cell cycle
to attach the free DNA ends without a homologous template.

Radiation dose:
Energy deposited by ionizing radiation per unit mass, measured in gray (Gy): 1 Gy = 1 J/kg.

Stimulator of interferon genes (STING):
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a protein that resides on the outer leaflet of the endoplasmic reticulum and the ER-Golgi
intermediate compartment and is activated by cGAMP produced by cGAS and by other
cyclic dinucleotides of bacterial origin. STING activates the type | IFN and NFKB pathways.

Three-prime repair exonuclease 1 (TREX1):
DNA exonuclease that degrades cytosolic single-stranded and double-stranded DNA.
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HIGHLIGHTS

Tumor-targeted radiation occasionally elicits immune-mediated systemic
tumor regression.

Evidence of synergy between radiotherapy and immune checkpoint blockade
(ICB) supports the concept of /n situvaccination by radiation, and ICB
combinations together with an optimization of the radiation dose and
fractionation offer paths to improved responses.

Radiation alters the balance between immune-activating and suppressive
signals in the tumor microenvironment.

Pathways involved in autoimmunity and microbial immunity are responsible
for regulating the induction of type | interferon via cGAS/STING in irradiated
tumors, and are stimulated upon tumor cell irradiation and activation of the
DNA damage response.
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OUTSTANDING QUESTIONS BOX

Besides micronuclei formation, what are the other mechanisms responsible
for accumulation of dsDNA in the cysosol of irradiated cancer cells?

What mechanisms regulate radiation-induced TREX1 upregulation?

Is the DNA that stimulates cGAS in irradiated cancer cells of nuclear or
mitochondrial origin?

Can pharmacological TREX1 inhibition be used to increase responses to
radiation and immune checkpoint blockade?

Can intratumoral delivery of TLR or STING agonists that induce IFN-I
achieve the same efficacy as radiotherapy in enhancing local and systemic
responses to immune checkpoint blockade?

Can standard multi-fraction radiation regimens induce a cumulative cytosolic
dsDNA accumulation and activate the IFN-1 pathway?

Are similar mechanisms critical for the immunogenicity of chemo-radiation?

Can radiation of cancer cells expose antigenic mutations to the immune
system?

Is the paucity of BATF3 DCs in non-irradiated tumors a barrier to achieving
abscopal effects with immune checkpoint blockade?

Trends Immunol. Author manuscript; available in PMC 2019 August 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez-Ruiz et al.

Page 17

BOX 1. lonizing radiation-induced DNA damage and repair mechanisms.

The type of radiation most commonly used for cancer treatment is X-ray or y-ray
ionizing radiation (IR). As opposed to non-ionizing radiations (i.e. radio- or micro-
waves, Vvisible, infrared or UV light), IR causes DNA damage by tearing off electrons
from atoms, which cause damage directly or indirectly via the production of reactive
oxygen species (ROS) generated by interactions between free radicals and molecular
oxygen (Figure 1) [9]. The ensuing cellular response depends upon several factors,
including the dose of IR applied, the type of DNA injury, the phase of the cell cycle, and
the integrity of the DNA damage repair (DDR) machinery. DNA double-strand breaks
(DSBs) represent the principal damage induced by IR. DNA DSBs can be simple or
complex depending on the physical characteristics of the break, the chromatin
architecture surrounding the break and the kinetics of break repair (Figure I1) [80-82].
While simple DSBs are amenable to fast repair, complex DSBs require activation of
coordinated DDR processes to prevent genomic instability and cell death. Cells use two
main mechanisms to repair DSBs: homologous recombination (HR), and non-
homologous end joining (NHEJ) [80]. NHEJ and HR contribute to the fast and slow
component of DSB repair with half-lives ranging from 5 to 30 min and 2 to 5 hours
respectively [80].

NHEJ pathway catalyzes simple rejoining reactions between DNA ends with no sequence
homology, making it highly efficient but also more error-prone. NHEJ repairs the
majority of direct two-ended radiation-induced DSBs and is the predominant repair
mechanism in the G; phase of the cell cycle. In addition to the classical NHEJ process,
the alternative end joining (alt-EJ) mechanism can be triggered to either compensate for
the lack of some NHEJ core proteins or for the failure of NHEJ or HR to complete repair.
Alt-EJ uses the PARP1 polyribosylating enzyme and the XRCC1/DNA ligase |11 complex
to repair DNA breaks [80].

The HR pathway is elicited to repair complex DNA DSBs. This mechanism is relatively
slow but highly accurate because it uses an undamaged DNA guide strand to repair the
DSBs. As a consequence, HR can only operate during the S and G2 phase of the cell
cycle when sister chromatids are present to obtain homologous DNA sequences, while
NHEJ is inhibited by the cell cycle regulator CYREN [83].
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Figure 1: Radiation-induced secretion of IFN-1 is critical for abscopal responses.
lonizing radiation leads to the release of tumor associated antigens (TAA) and damaged

DNA that can stimulate the production of type-I interferon via the cGAS/STING pathway in
tumor cells. The subsequent secretion of IFN-1 and interferon-stimulated genes (including
CXCL10) promote the recruitment and activation of BATF3-DCs. Once in the tumor,
BATF3-DCs take up the TAA and tumor-derived DNA to further stimulate the production of
IFN-I. Activated BATF3-DCs then migrate to the tumor draining lymph node where they can
prime CD8+ T cells to initiate cytotoxic T-cell responses. Once activated, cytotoxic T
lymphocytes (CTLs) migrate to the irradiated tumor and eliminate residual cancer cells, and
to distant metastatic sites leading to systemic tumor regression (abscopal effect).
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A

A Photon

Figure I:
A- Direct effect. Following X-ray, an electron is ejected and directly damages DNA. B-

Indirect effect. The incident photon ejects an electron, which creates a free radical. The
diffusing free radical then causes damage to DNA.

Trends Immunol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rodriguez-Ruiz et al. Page 20

Simple
two-ended DBS

DDA IPC e o

Complex
two-ended DBS

m M Slow Repair  Alt-EJorHR S and G2

Complex
one-ended DBS

Slow Repair HR S and G2

Figure I1:
Major type of DBS breaks. Simple DSBs involve two broken DNA ends (i.e. two-ended

DSB) in close proximity. Complex DSBs consist in two broken DNA ends in proximity to
additional DNA damage (i.e., cross-links, single stranded breaks, etc...) or a DSB within a
replication fork (one-ended DSB).
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