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Abstract

In the past, radiation therapy was primarily used to control local disease but recent technological
advances in accurate, high-dose ionizing radiation (IR) delivery have not only increased local
tumor control but in some cases reduced metastatic burden. These *“off target” therapeutic effects
of IR at non-irradiated tumor sites, also known as abscopal effects, are thought to be mediated by
tumor antigen-primed T cells that travel to metastatic sites and promote tumor regression.
Similarly, early indications reveal that IR in combination with immune checkpoint inhibitors, such
as ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1), can provide superior therapeutic
responses. These observations suggest that local radiotherapy results in altered gene expression,
exposure of new antigens or cell-death that can interact with immunotherapy. As such,
radiotherapy enhancement of immune responses offers a promising synergy with the potential for
substantial clinical benefit. This review focuses on the biology that underlies the mechanisms for
the interaction between radiation-induced tumor cell death and enhanced immunological response.
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Introduction

In non-metastatic cancer patient populations, radiotherapy is a standard of care for curative
purposes but is used mainly to relieve symptoms in metastatic cancer. Radiotherapy induces
its cytotoxic response by producing DNA double strand breaks (DSBs) (1, 2) that are sensed
by protein kinases such as ATM, ATR and DNA-PK (3). While these factors have a direct
role in DNA repair they can also activate multiple transcription factors including NF-kB,
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p53 and MAPK-induced factors (4-6). For example, recent studies have suggested that the
macrophage transcriptional response to IR is dependent on a small number of sensors and
signaling pathways such as ATM, p53 and reactive oxygen species (ROS) induced
transcriptional factor NRF2 (7). Furthermore, following IR exposure DNA can be released
into the cytoplasm where it induces an interferon (IFN) response via activation of cytosolic
sensory pathway which signals through stimulator of INF signaling (STING) (8).

Earlier studies, primarily preclinical, have shown that radiotherapy immunomodulatory
effects can contribute to therapeutic responses (1) as IR, either as a single agent or in
combination with immune therapies, can induce phenotypic alterations in cancer cells.
Infiltration of T cells into tumors has been shown to be enhanced by local IR (9). Though IR
alone can occasionally increase the systemic immune response (10), this can be
counterbalanced by increased tumor infiltration of myeloid-derived suppressor cells and
regulatory T cells, which can contribute to immune tolerance (11, 12). In addition, the tumor
microenvironmental and associated secreted factors can also create an immunosuppressive
milieu (13, 14). Despite this, the combination of IR and immunotherapy can elicit a potent
systemic immune response (15-17) that may lead to elimination of distant metastatic disease
(18, 19). These observations suggest that local radiotherapy results in altered gene
expression, exposure of new antigens or cell-death and when combined with
immunotherapy, this synergy could produce substantial clinical benefit.

Immune Checkpoints

The field of immune checkpoint therapy is now approaching the same treatment category as
surgery, chemotherapy, radiation and targeted therapy for cancer (20). Cytotoxic T-
lymphocyte associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) are
protein receptors expressed on T-cells. Engagement of CTLA-4 and PD-1 with their ligands
(B7-1 or B7-2 and B7-H1 or B7-H2 respectively) restricts T-cell activity (1, 21). Anti-
CTLAA4 or anti-PD1 therapy may work better with tumors having mutational burden as
exemplified by melanoma and non-small cell lung cancer, respectively (22, 23). Perhaps not
surprising then, patients harboring mutations in genes controlling DNA repair, replication
and maintenance of genomic integrity showed greater responses to immune checkpoint
inhibition (24). These studies suggest an additional rationale for combining radiotherapy and
immunotherapy.

Interaction between Radiation and Immune system

Anti-tumor immunity is a multi-step process that is regulated by multiple signals (25). To
initiate the process, tumor antigens activate antigen-presenting cells (dendritic cells-DCs)
and these activated DCs migrate to draining lymph nodes. After processing the peptides in
the proteasome, DCs present the peptides as part of the major histocompatibility (MHC)
molecules to T cells in the context of co-stimulatory signals that result in T cell activation
and proliferation. Thereafter, tumor-specific T cells differentiate into effectors and
successfully reject tumor cells after overcoming their immune-suppressive niche. Other T
cells differentiate into memory T cells, which could protect the host from metastatic disease
and suppress tumor recurrence (26). Various immunotherapeutic agents, which are either in
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development or currently approved act at one or more of the steps of this process. Previous
studies have demonstrated that radiotherapy can potentially enhance uptake of tumor
antigens by dendritic cells and their subsequent activation, as well as migration of the
activated effector T cells back to the tumor (27-29). As discussed before, the main action of
radiotherapy is thought to be DNA damage but studies have also shown that local high-dose
of IR activates tumor associated dendritic cells which in turn support tumor specific effector
CD8+ T cells suggesting that efficacy of radiotherapy efficacy depends on the presence of
CDB8+ T cells where as CD4+ T cells and macrophages are nonessential (27, 30). One of the
primary host defense mechanisms is the recognition and elimination of invading genetic
material. Particularly important is the cytosolic nucleic acid sensor cyclic GMP-AMP
(cGAMP) synthase (cGAS), which binds to double stranded DNA irrespective of its
sequence specificity, activating type-1 interferons and other inflammatory cytokine
expression (30-32). cGAS catalyzes the conversion of GTP and ATP into 2"3’-cGAMP that
acts as a second messenger to bind and activate endoplasmic reticulum protein STING
(stimulator of interferon genes) (33). STING in turn can activate protein kinases IKK and
TBK1 further activating transcription factors NF-kB and IRF3, respectively, to induce
transcription of type | IFNs and other immune and inflammatory gene products (34).

TREX1 (DNase I11) is a 3'—5" DNA exonuclease that targets both ssDNA as well as
dsDNA in the cytoplasm (35) and can remove mismatched 3" terminal deoxyribonucleotides
at DNA strand breaks, suggesting it may serve an editing role in DNA replication or gap
filling during DNA repair (36, 37). Loss of 7rex 1in humans has been linked to various
autoimmune and inflammatory diseases with a common feature being elevated expression of
IFN-stimulated genes due to defective clearing of cytosolic DNA (35, 36). 7rex 1-/- deficient
mice exhibit inflammatory diseases due to elevated ISG expression. Recent studies have
shown that myocarditis and the autoimmune phenotype in 7rex 1-/-are rescued by sting
deletion, further supporting an important role for DNA sensing pathways play in
inflammatory responses (32, 38).

Treatment of tumors that are refractory to immune checkpoint inhibitors with radiotherapy
induces cancer cell-intrinsic activation of interferon-beta (IFN-f), mimicking a viral
infection, and resulting in recruitment of Batf3-dependent DCs (39). Further, this process is
mediated by the accumulation of dsDNA in the cancer cell cytoplasm, which is sensed by
cGAS and leads to downstream activation of STING. lonizing radiation dose and
fractionation schedule is critical for IFN-I production. DNA exonuclease TREX-1 is induced
in different cancer cells after exposure of cells with 12-18 Gy of ionizing radiation. TREX1
degrades cytoplasmic dsDNA thereby limiting IFN-1 activation.

The DNA damage produced by IR and often heightened by DNA repair inhibitors can
increase the amount of unrepaired DNA damage. This in turn can create a tumor genomic
landscape that parallels the high mutational burdens often observed in tumors. However, it is
difficult to substantiate if a qualitative difference in unrepaired DNA damage between
radiation alone and radiation with DNA repair inhibitors can be manipulated for priming
tumors to immunotherapy. However recent studies suggest that immunotherapeutic response
may be more pronounced in tumors that harbor clonal neoantigens rather than sub clonal
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neoantigens, which are induced by cytotoxic chemotherapy (40). This would dampen the
effectiveness of IR to serve as a potent elicitor of a systemic immune response.

Radiotherapy may have immunosuppressive properties due to up-regulation of MHC-1,
death receptors, and checkpoint proteins that drive co-inhibitory pathways to evade immune
eradication (41). Radiotherapy can also deplete circulating lymphocytes and/or those
sequestered in secondary lymphoid organs (42). Furthermore, cytokine TGF-p (which has
immunosuppressive activity), is activated by RT in the tumor microenvironment (13, 43, 44)
and TGF- B secretion hampers the ability to generate an effective cytotoxic T cell response
to tumor antigens (13). Preclinical study data has shown that inhibition of TGF-p before and
after RT exposure leads to regression of irradiated tumor and abscopal effects due to priming
of T-cells to multiple tumor antigens (13). Specific interventions targeting the unfavorable
effect of IR on immune cell/system function could include approaches such as conformal
avoidance of lymphocytes in secondary lymphoid organs, delivery of homeostatic cytokines
such as interleukin-7 (IL-7) and/or interleukin-15 (IL-15) (that mediate the recovery of
CD8+ cytotoxic T cells and CD4+ helper T cells) (45), restitution of lymphocytes with
autologous transfusion, inhibition of galectin 1-mediated lymphocyte apoptosis possibly
with thiodigalactoside, and blockade of TGF- or checkpoint signaling. Synergy between
focal radiation that serves as an /n-situ tumor autovaccination strategy and systemic
immunotherapy has been reported in multiple recent anecdotal studies (46-48) as well as in
prospective clinical trials (49).

Preclinical studies

Preclinical studies have indicated that radiotherapy exerts its effects through various
biological and immunological methods (50) as summarized in the proposed model (Figure
1). Mice treated with hypo-fractionated IR doses (32 Gy in 4 Gy fractions- once weekly) had
better survival, tumor control and fewer lung metastases due to higher NK activity as
compared to mice receiving conventionally fractionated radiotherapy (60 Gy in 30 daily 2
Gy fractions) (51). In another study, mice that received a 25 Gy single fraction before
surgical removal of a tumor had fewer lung metastases compared to mice without IR
treatment. The decrease in metastases in irradiated mice was attributed to dendritic cell
(DC)-mediated phagocytosis (52). In a mouse model of melanoma, CD8+ T cells mediated
the efficacy of high-dose ablative radiotherapy (9).

Furthermore, when radiotherapy is combined with PD-1 inhibitors in an orthotopic glioma
xenograft model (53) or xenograft models of breast and colon cancer, control of tumor
growth and survival of the mice is improved as compared to radiotherapy or immune
checkpoint inhibitors treatment alone (54, 55). When the influence of PD-1 expression on
radiotherapy induced anti-tumor response was investigated in wild type PD-1 and PD-1
deficient knock out mice, better survival was observed in PD-1 knock out mice as compared
to the wild-type group (1). In the same study, investigators demonstrated that the
combination of PD-1 inhibitor and radiation treatment caused synergistic regression of
primary tumors in wild type mice, which was not observed with either of the two treatments
alone. Such treatment also resulted in a significant response in non-irradiated secondary
tumors suggesting an abscopal effect (56).
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Similarly, a preclinical study indicated that anti-CTLA-4 antibody and RT in combination
induced a systemic anti-tumor response in a poorly immunogenic breast carcinoma relative
to anti CTLA-4 alone (57). Furthermore, a patient with metastatic non-small cell carcinoma
(NSCLC) treated with ipilimumab and 5 fractions of 6 Gy RT showed a complete response,
providing promising evidence of abscopal responses (48). As indicated earlier, programmed
death 1 (PD-1) is an inhibitory cell surface receptor which functions as an immune check
point and programmed death ligand 1 (PD-L1) is expressed on a wide variety of cells
including antigen presenting cells, epithelial and endothelial cells (58). Preclinical studies
have shown that the combination of radiotherapy and inhibition of PD-1/ or PD-1 ligand
increases cytotoxic T cells activity and reduces myeloid-derived suppressor cells thus further
alluding to the synergistic effect with immune checkpoint inhibitors and radiotherapy (54,
55, 59).

Clinical Trials

The combination of immunotherapy and radiotherapy is an active field of clinical
investigation and the results have been described in several comprehensive reviews (2, 29,
60). As indicated earlier, CTLA-4 is an inhibitory receptor that suppresses T-cell activation
and proliferation (61) that is also expressed on tumor infiltrating regulatory T cells (Tregs)
(Figure 1). Antibodies, which selectively target CTLA-4, deplete these cells through
antibody dependent cellular cytotoxicity (62). In a clinical study of a patient with metastatic
melanoma, the addition of radiotherapy to ipilimumab (a CTLA-4 inhibitor) treatment
produced an anti-tumor response in non-irradiated as well as radiated lesions, thus
demonstrating an abscopal effect (46).

Multiple clinical investigations have also reported abscopal effects in patients following
combined treatment with ipilimumab and RT (47, 63). However, in the absence of a
comparator arm where patients do not receive radiation, it is difficult to unequivocally
establish whether the responses are due to checkpoint blockade alone or the combination of
blockade and radiation. Nonetheless, some studies point to a signficiant contribution of
radiation to the abscopal responses observed when radiation is combined with
immunotherapy. A retrospective secondary analysis of a Phase 1 trial of pembrolizumab and
radiation for non-small cell lung cancer noted that patients who had previously received
radiation had a significantly better progression-free survival and overall survival than those
who had not received radiation (64).

A Phase 1 clinical trial (NCT01497808) in metastatic melanoma patients treated with 2-3
fractions of radiotherapy (single lung or osseous metastasis) or 6 Gy (subcutaneous or
hepatic metastsis) followed by ipilimumab resulted in a partial response in unirriadated
lesions in 18% of the patients (65, 66). This response rate is numerically higher than that
typically observed with immunotherapy alone, possibly adding credence to the notion that
radiation is a key contributor to the responses seen. A Phase 2 trial (NCT02221739) in
NSCLC patients treated with ipilimumab and RT supported an /n situ vaccacination
hypothesis for the interaction with radiation and confirmed the increased activity of the
combination in a disease which was not responsive to ipilimumab (anti-CTLA-4) alone (65,
66). A Phase 3 multi-institutional clinical trial (NCT00861614) with castrate resistant
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prostate cancer with 1 fraction of RT (8 Gy) and ipilimumab for an osseous metastasis did
not show any significant improvement in over all survival. However, the combination
showed incremental improvement in overall survival in non-visceral metastasis (67). Such
studies have delineated clinical activity for PD-1 and PD-L1 targeted therapies against
numerous cancers including Hodgkin's lymphoma, non small cell lung cancer, bladder
cancer, head and neck and renal cell cancer (68). A Phase 1 clinical trial with anti-PD1
(nivolumab) had similar clinical responses (NCT00730639) (69). A larger Phase 1 trial with
anti-PD1 (MK-3475, lambrolizumab) produced a 38% response rate in advanced melanoma
patients (NCT01295827) (70). An alternative PD-1 antibody, nivolumab, in a Phase 111 trial
demonstrated an objective response rate of 40% and overall survival rate of 73% compared
to a 42% survival rate for patients treated with chemotherapy NCT01721772 (71). On the
basis of these promising response rates, Nivolumab received FDA approval for treatment of
patients with metastatic melanoma in December of 2014 and for treatment of non-small cell
lung carcinoma in March 2015. In addition to predicting clinical efficacy of immune
checkpoint blockade (IBD) on tumor immune phenotype, somatic genomic features or the
gut micrbiome, a recent study has shown that the patient HLA class | genotype also
influences cancer response to IBD. The findings from this study revealed that in two
independent melanoma cohorts, patients with the HLA-B44 supertype had extended survival
while the HLA-B62 supertype or LOH at HLA-1 was associated with poor outcome. The
investigators of the study further suggest that there may be an opportunity for the
development of therapeutic vaccines that can potentially target HLA-B44-restricted
neoantigens expressed by melanoma (72). Although the extant literature alludes to the
promise of radiotherapy-immunotherapy synergy, most of these findings are based on case
reports, retrospective reviews, and small non-randomized clinical trials. Emerging data from
numerous on-going clinical trials evaluating the combination of radiation and
immunotherapy will certainly shed more light on the role of radiation therapy as an
immunoadjuvant.

Summary and future prospective

Cancer resistance to chemotherapeutic drugs, radiation and even targeted antibodies impedes
the secondary treatment of cancer patients. Somatic mutations in tumor cells hinder their
recognition by the immune system and computational analysis of melanoma and NSCLC
genome has revealed both have a high somatic mutational load (73). These cancers are
classified as “immunogenic” due to their robust response to immunotherapy. In such
cancers, ipilimumab and IR exhibit enhanced antitumor activity and abscopal effects (46,
48). To summarize, immunotherapy has opened new avenues to explore the role radiation
plays in inducing T-cell responses in the treatment of solid tumors (74). The combination of
radiation and immune checkpoint inhibitors (CTLA-4 and PD-1) are promising tools for
synergistic improvement in cancer patient outcomes. Moreover, there are many other
modalities such as adoptive cell therapies, which may also be enhanced by radiation.
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Figure 1. Combined effect of radiation and immunother apy
Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and programmed cell death protein

1 (PD-1) are receptors expressed on T-cells and engagement with their ligands (B7-1 or
B7-2 and B7-H1 or B7-H2 respectively) restricts T-cell activity. Anti-CTLA-4 antibody and
RT in combination induce systemic anti-tumor response in number of carcinomas. PD-1, a
cell surface receptor functions as an immune check point and PD-L1 is expressed on a wide
variety of cells such as antigen presenting cells, epithelial and endothelial cells. Preclinical
studies indicate that combination of RT and Inhibition of PD-1/ or PD-1 ligand increases
cytotoxic T cell activity and reduces myeloid-derived suppressor cells. [TCR-T-cell receptor,
MHC-1-major histocompatibility complex, APC- Antigen presenting cell, MSDC-myeloid
derived suppressor cell, regulatory T-cell (T-cell reg), DAMPs-damage associated molecular
patterns (involved in maturation of APCs (dendritic cells), TAA- tumor associated antigens,
MPDL3280A- anti-PDL1, Nivolumab —anti-PD1 and ipilimumab- anti-CTL4]. The figure is
modified from reference (75).
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