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Editorial on the Research Topic 


Targeting DNA damage response to enhance antitumor innate immunity in radiotherapy


Radiotherapy is a mainstay of cancer treatment that is used to treat approximately half of all cancers (1) with cure rates second only to surgery. The efficacy of radiotherapy has been largely attributed to the direct killing of tumor cells. Yet, recent research efforts highlighted considerable indirect effects of radiation on the tumor microenvironment (TME), especially the immune compartment, with clinical implications. This active field of research has revealed a complex relationship between radiation and the local/systemic immune system, yielding both immunostimulatory and immunosuppressive effects. Mechanistically, radiation creates a pro-immunogenic environment through the direct release of damage associated molecular patterns (DAMPs) during immunogenic cell death (2). Cells that survive after radiation modulate the immune system by: 1) intracellular sensing of DAMPs by innate immunity sensors such as cGAS/STING and RIG-I-like receptors followed by production of type 1 interferons, and 2) tumor-associated antigen cross-presentation (3–5). However, these initial immunostimulatory effects are often counterbalanced by immunosuppression. For instance, intracellularly, autophagy and mitophagy contribute to the clearance of immunostimulatory DAMPs (6). In the TME, longer-term immunosuppressive effects are driven by tumor-associated macrophages and myeloid-derived suppressor cells (7, 8). In addition, immune cell repopulation can occur post radiation as the irradiated tissue is driven towards a wound-healing microenvironment (9). Thus, a complex balance of several factors determines whether radiation induces a suppressed or stimulated immune environment. Current efforts are focused on understanding how the interaction between radiation and immunity plays out in the TME, with the goal of designing interventions to promote an immunostimulatory environment.

Shifting the balance toward the immune stimulatory effects of radiation, requires an in-depth knowledge of the biological effects of radiation on the tumor innate immune response and on the different immune cellular compartments. Furthermore, the contribution of tumor specific characteristics, like tumor type and stage, needs also to be considered. In this special edition, Beach et al. review the differential effects of radiation on macrophage populations in the TME. Tumor associated macrophages can be polarized by radiation into anti-inflammatory/pro-tumorigenic macrophages or pro-inflammatory/anti-tumorigenic macrophages depending on the context (Beach et al.). This exemplifies the dual potential of a single immune cell population within the TME to either promote or eradicate tumor cells, depending on factors including radiation dose, the immune profile of the TME, and the tumor type. Further insight regarding the interplay between the tumor and immune response to radiation is described by Gehre et al. Specifically, the authors demonstrate that radioresistant triple negative breast cancer cells upregulate multiple immune checkpoint molecules on their surface compared to radiosensitive cells upon radiation (Gehre et al.). Whether or not radiation leads to immune stimulation is dependent on a combination of factors including tumor intrinsic properties and the broader immune landscape.

Beyond the direct interactions of radiation with tumor cells and intratumoral immune cells, radiation may also have beneficial effects on peripheral immune cells leading to an adaptive immune response. Craig et al. comprehensively review the abscopal effect, a phenomenon whereby radiotherapy efficacy is extended beyond the tumor in the radiation field to tumor(s) outside of the radiation field by engaging a systemic/adaptive immune response. The presence of an abscopal effect has important implications in the context of metastatic and recurrent disease. Although abscopal responses remain rare in clinical settings, there is growing interest in investigating strategies to enhance the presence and consistency of abscopal responses. For instance, a recent study suggested blocking CD47/SIRPα axis increases radiation-induced phagocytosis and immune priming, leading to enhanced systematic tumor control (10, 11).

Therapeutic strategies that enhance anti-tumoral immune responses to radiotherapy such as those targeting the DNA damage and replication stress responses as well as immune checkpoints are currently an intense area of investigation with potential to further improve patient outcomes to radiotherapy. Daley et al. and Jungles et al. provide comprehensive reviews on the biological rationale and current clinical investigation of combining radiation with other treatment modalities in Ewing sarcoma and breast cancer, respectively. For example, several clinical trials are underway to evaluate the combination of PARP inhibitors, radiotherapy, and immunotherapy in breast cancer patients with or without BRCA deleterious mutations.

Inhibitors of the DNA damage response (DDR) are effective radiation sensitizers targeting multiple protective pathways, such as cell cycle checkpoints and DNA repair, that have recently emerged as promising strategies for sensitizing to immunotherapy (12, 13). Combining DDR inhibitors with radiation is an active area of both pre-clinical and clinical research reviewed by Carlsen and El-Deiry and Chan Wah Hak et al. The ability of DDR inhibitors to enhance radiation-induced immune effects including increased type 1 interferon production and immune cell infiltration is highlighted (Chan Wah Hak et al.). Interestingly, inhibition of different DDR targets enhances radiation efficacy with varying magnitudes by synergizing with different pathways of innate immune signaling (14–17). In this Research Topic, Mariampilla et al. describe how ATR inhibition following radiation enhances interferon signaling mediated by cGAS signaling in human lung cancer and osteosarcoma cells. Additional radiosensitizers, including those which target the replication stress response, are being investigated clinically and are reviewed in Zhang et al. Based on the capacity for DDR inhibitors to enhance the immune effects caused by radiation, it is conceivable that these combinations may further sensitize tumor cells to immunotherapy.

Future investigation into the foundational mechanisms behind radiation-induced immune modulation, as well as the synergies with existing treatment modalities, might provide a rationale for leveraging combinatorial strategies in clinical settings aimed at enhancing radiation-induced immune stimulation and sensitization of tumors to immunotherapy. While these concepts are thoroughly covered in the Research Topic, additional work should focus on determining the differential properties of each treatment, alone or in combination, to reveal which settings provide the best clinical outcomes while minimizing toxicity that could arise in the presence of excess systemic inflammation. This will provide clinicians with needed information to accurately match patients with the most effective treatment to ultimately improve the prognosis of the >18 million of new cancer patients diagnosed each year.
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DNA replication is a process fundamental in all living organisms in which deregulation, known as replication stress, often leads to genomic instability, a hallmark of cancer. Most malignant tumors sustain persistent proliferation and tolerate replication stress via increasing reliance to the replication stress response. So whilst replication stress induces genomic instability and tumorigenesis, the replication stress response exhibits a unique cancer-specific vulnerability that can be targeted to induce catastrophic cell proliferation. Radiation therapy, most used in cancer treatment, induces a plethora of DNA lesions that affect DNA integrity and, in-turn, DNA replication. Owing to radiation dose limitations for specific organs and tumor tissue resistance, the therapeutic window is narrow. Thus, a means to eliminate or reduce tumor radioresistance is urgently needed. Current research trends have highlighted the potential of combining replication stress regulators with radiation therapy to capitalize on the high replication stress of tumors. Here, we review the current body of evidence regarding the role of replication stress in tumor progression and discuss potential means of enhancing tumor radiosensitivity by targeting the replication stress response. We offer new insights into the possibility of combining radiation therapy with replication stress drugs for clinical use.
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Background

Although radiation therapy (RT) is used to treat ~50% of malignant tumors (1), it accounts for only 5% of the total cost of cancer patient care, making it the most cost-effective cancer treatment (2). RT is also an effective treatment for patients exhibiting a poor performance status who cannot tolerate surgery (3). Although new technologies, such as CyberKnife®, Tomotherapy®, and proton and heavy ion radiotherapy have been developed, radioresistance remains a crucial factor limiting our ability to cure cancer (4). Primary radioresistance can be caused by genomic or epigenetic changes in tumor cells, and radiation-induced genomic changes lead to secondary radioresistance, which is the most common cause of treatment failure and disease recurrence (5). Owing to limitations associated with normal tissue tolerance, increasing radiosensitivity in only cancer cells remains challenging.

Replication stress (RS) is the slowing or stalling of replication fork progression and is a major cause of genomic instability in cancer cells, which induces the accumulation of mutated and damaged DNA (6). In normal tissues, RS is a factor in the natural aging process (7). Cellular response to RS activates checkpoints to arrest cell cycle and repair DNA damage. Importantly, RS is selectively higher in cancer cells than in normal cells, and makes cancer cells more dependent on RS response pathways to survive (8, 9). Oncogene activation drives continuous proliferation, which is the basis for the generation of RS known as oncogene-induced RS. It is an important source of genome instability and might therefore be the basis of intratumor heterogeneity (10). Moreover, RS-induced DNA damage in tumors activates specific DNA damage repair pathways due to different genomic background cancer types. It also causes cells to enter mitosis with under-replicated regions that can cause genomic instability, thus potentially enhancing malignant behaviors (11). If the cellular response to RS is ineffective, then cells enter mitosis with an excess of damaged DNA, resulting in genomic instability or cell death due to mitotic catastrophe (12). These differences between normal and tumor cells suggest that targeting RS may contribute to the specific elimination of tumors (13).

RS has been highlighted as a hallmark of malignant tumor radiosensitivity (6, 14). Impaired responses to RS sensitize tumors to radiation (15), highlighting the importance of RS-aimed therapy for radiation treatment. Here, we summarize the current body of evidence concerning RS in cancer radiosensitivity, including known inhibitors and other potential targets. Treatments targeting RS-related pathways are suggested as an ideal radiosensitizer for cancer treatment.



RS

Accurate DNA information is crucial for ensuring genomic stability. Conserving DNA integrity during DNA replication requires coordination between multiple cis- and trans-acting factors, such as regulating fork movement, nucleotide supply, transcription machinery, cellular checkpoints, and DNA repair pathways (16, 17). Here, we briefly summarize how RS occurs in malignant cells and the differences between cancer and normal cells, and then reason why RS is an ideal target for cancer treatment.


Sources

Several major exogenous and endogenous factors that cause RS are listed here. Endogenous factors include alternative structures of DNA, centromeres, telomeres, DNA binding non-histones, replication, and transcription conflicts. All replication stressors affect the replication fork timing, causing the replication fork to slow down or even stall. Exogenous factors including DNA damage caused by radiation or cytotoxic substances, nucleotide loss, and abnormal replication, which activate DNA damage response (DDR) (Figure 1) (18).




Figure 1 | Typical exogenous and endogenous sources cause replication stress (RS), such as (A) DNA damage, (B) special DNA structures, (C) proteins tightly bound to DNA, (D) R-loops, and (E) topological stress.





RS Responses

Cells have several strategies for dealing with RS called “RS responses”, including re-priming, fork reversal and restart, translation synthesis, template switching, and break-induced replication (16). RS response dysregulation is a typical characteristic of tumors, which may be caused by the loss of tumor suppressor factor or abnormal oncogene expression. Chronic RS increases the chance of breakage or gap formation in fragile sites, resulting in genomic instability, promoting further activation of oncogenes, and inducing malignant tumors in the early stage (8). Although mild or moderate levels of RS may induce tumorigenesis and promote tumor progression by accumulation genomic instability, in the event of severe and persistent RS, cells will finally develop mitotic disaster, senescence, or apoptosis (19). In the absence of active ataxia telangiectasia and rad3-related (ATR) and checkpoint kinase 1 (CHK1), replication forks cannot be stalled and thus continue to trigger dormant replication origins, leading to deoxynucleotide triphosphate pool depletion as well as slowing and stalling replication fork progression (12). When single-stranded DNA (ssDNA) is no longer protected by replication protein A (RPA), the replication fork collapses, resulting in double-strand breaks (DSBs). When these cells enter mitosis, unduplicated chromosomes trigger cell death through mitotic disasters (20, 21). Moreover, mutations produced during cancer development enhance RS and cause tumor cells to be hyper-dependent on RS response (18), which may be a potential target for cancer therapy (Figure 2).




Figure 2 | (A) Mild or moderate level of replication stress (RS) activates multiple mechanisms such as re-priming to repair DNA damage. (B) Severe and persistent RS leads to double-stranded DNA (dsDNA) break accumulation and eventually causes mitotic catastrophe which triggers cell death.






RS and Radioresistance in Cancer

It is well-established that tumor radiation sensitivity greatly varies among individuals. As a result, some drugs have been reported to target multiple sensitivity or resistance factors (18, 22–24). Tumor radiosensitivity is mainly related to the intrinsic sensitivity of tumor cells and the cancer microenvironment (25). Here, we summarize the well-known mechanisms of radiation resistance and analyze the relationship between RS and the resistance factors (Figure 3).




Figure 3 | Radiosensitivity is associated with hypoxia, cell apoptosis, cell cycle distribution, and DNA damage response.




Hypoxia

Hypoxia is a common feature of malignant tumors resulting from rapid cell proliferation coupled with abnormal vasculature formation (26) and plays a pivotal role in tumor progression and treatment resistance (27). Hypoxia inducible factor (HIF), especially HIF-1, is the key regulator response to hypoxia. Clinical data have shown that eliminating the hypoxic state of tumors is an effective radiosensitizer (28, 29). Preclinical research has shown that NVX-108 increases tumor oxygen levels by 400%, significantly enhancing radio sensitivity (30). Phase I/II clinical trials have indicated the safety of NVX-108, and studies evaluating its efficacy are ongoing (29). Hypoxia also alters cell cycle response to ensure survival and minimal errors throughout cell division (31). Recent research claimed that hypoxia-induced RS was linked to the unfolded protein response (UPR) (32). There are few proteins that link hypoxic DDR and UPR, which suggests that they could be novel therapeutic targets to improve radiotherapy response (33, 34).



Cell Apoptosis

Apoptosis is a key part of the intrinsic tumor suppression mechanism, which is triggered when proliferation becomes aberrant (35, 36). Targeting tumor cell apoptosis also contributes to radiosensitization. A high proportion of cells die through apoptosis, which is a positive indicator of radiosensitivity (37), and enhancing apoptosis effectively enhances tumor radiosensitivity. Knocking down remodeling and spacing factor-1 (RSF-1) enhanced the radiosensitivity of cervical cancer cells by redistributing the cell cycle, inducing cell apoptosis, and eventually inhibiting cell proliferation (38). Astaxanthin enhances irradiation-induced apoptosis in esophageal squamous cell carcinoma cells (39). Deficient RS response also leads to cell apoptosis, which suggests a role as a synergistic factor to RT (40).



Cell Cycle Distribution

The cell cycle distribution of cancer cells affects radio sensitization, especially for some cancer types that depend more on other DDR pathways rather than homologous repair (HR) (41). In different cell cycles, the differences in chromosome structure lead to unequal radiosensitivity. Clinicians believe G2/M is the most sensitive phase since the radiation induces more complex damage that induce longer cell cycle arrest and therefore need proficient HR for repair (42). Meanwhile, the damage that occurs during G2/M can more easily cause premature entry into mitosis, which can lead to a higher possibility of passing incorrect genomic information to the next generation, or even cause mitotic catastrophe directly (43). Eurycomalactone, an active quassinoid isolated from Eurycoma longifolia, has been shown to sensitize non-small cell lung cancer cells to X-rays through a G2/M block (44). Further studies have focused on the G2/M arrest after receiving radiation. When DDR is activated, it temporarily stops the cell cycle to provide more time for repair, or if the damage is too severe, induces apoptosis. Eliminating the radiation-induced G2/M arrest or forcing damage cells to enter into mitosis both sensitizes cancer cells to radiation treatment (45, 46). This cell-cycle-dependent radiosensitization mechanism provides potential directions for further research into radiosensitizers.



DNA Damage and Repair

Cells respond to DNA damage by activating the DDR pathway. Abnormal activation of DDR in tumor cells leads to the generation of radiotherapy resistance (46). High RS also leads to DNA damage and activate the DDR pathway. The five major DNA repair pathways are base excision repair, nucleotide excision repair, mismatch repair, HR, and non-homologous end joining (NHEJ). Any impaired pathway can be compensated for by the overactivation of other pathways (47). These compensatory mechanisms in tumor cells lead to different responses to treatment with DNA damage agents, as well as RT (1, 48). Both RS and radiation activate a similar DDR pathway, providing the possibility of a synergistic effect of targeting RS with RT (49, 50).




Targeting RS as Radiation Sensitizer

Cancer cells relying more on RS response than normal cells to survive provides a potential target of anti-tumor treatment sensitization (51). In this section, we summarized and discussed the specific application of reagents targeting the RS response or RS-induced DDR that have already been demonstrated to be effective or have the potential to enhance tumor radiosensitization (Table 1, Figure 4).


Table 1 | Targeting replication stress as radiation sensitizer.






Figure 4 | Potential targets and corresponding inhibitors of (A) the replication stress (RS), (B) the RS response, or (C) RS-induced DNA damage response (DDR) that have been previously reported.




Inducing Exorbitant RS

In this section, we summarized and discussed the known factors that contribute to the normal DNA replication process. Losing control of them triggers RS thus synthetically sensitizing radiation.


CDC6

Cell division cycle 6 homologue (CDC6) is an important regulator of DNA replication in eukaryotic cells (52, 53) involved in replication complex assembly during G1 phase. Replication fork stall accumulation caused by RS triggers G2/M checkpoint activation. CDC6 promotes the response of the G2/M checkpoint (54) and is positively correlated with tumor progression. Decreased CDC6 expression in tumor cells effectively inhibits tumor cell growth and promotes apoptosis by preventing G1/S and S/G2 transition (55). CDC6 overexpression has been observed in radiation-resistant cells, contributing to an increase in radiation resistance in cancer cells (56). CDC6 downregulation enhanced cisplatin-resistant bladder cancer cell sensitivity in a clinical trial, which is also related to DSB damage (57). Therefore, CDC6 inhibition in tumor cells might be an effective target for enhancing tumor radiosensitivity. Although CDC6 has druggable sites for a chemical molecular, it is an essential protein in most cell lines that makes it difficult for clinical transformation (58). Thus, further study on the regulatory mechanism of CDC6 in radiation resistance will help to develop clinical practical drugs in the future.



TOPK

T-lymphoid-activated killer (T-LAK) cell-derived protein kinase (TOPK) is a mitogen-activated protein kinase kinase-like kinase that plays an important role in cell cycle regulation. TOPK overexpression is a pathophysiological feature in different tumors (59).

TOPK knockdown does not change the radiation response of normal tissues but significantly enhances cancer cell radiosensitivity, and TOPK disruption may lead to tumor-specific radiosensitivity (60). Thus, TOPK, as a cancer-specific biomarker and biochemical target, may enhance the efficacy of cancer treatment while causing minimal damage to normal tissues (59). TOPK was found to enhance tumor radiosensitivity by enhancing intratumor RS (61). Further experiments demonstrated that TOPK helps to restart the stopped replication fork. However, when TOPK was depleted, increased levels of stalled replication forks were observed, with or without external DNA damage (61). Therefore, TOPK suppression increases internal replication damage. Owing to the preservation of irradiation-induced damage and reduced tolerance to RS, TOPK sensitizes cancer cells to radiotherapy.

TOPK interacts with CHK1 and cell division cycle 25 homologue C (CDC25C) complex (key participants in the replication of the damage induced) (61). It facilitates mitotic progression at the G2/M checkpoint via cyclin-dependent kinase 1 (CDK1), and also occurs in response to replication stressors (such as irradiation) by influencing the action of key intermediates such as CHK1 (61). Therefore, the synergistic effect of TOPK inhibition and radiotherapy is likely to produce DSBs after replication. However, unlike CHK1, the toxicity of TOPK inhibitors is limited in normal tissues due to low expression. Therefore, TOPK appears to be a promising target for further research.



CDC20

Cell division cycle 20 homologue (CDC20) has important functions in chromosome segregation and mitotic exit. It is the target of the spindle assembly checkpoint (SAC) and the key cofactor of the anaphase-promoting complex or cyclosome (APC/C) E3 ubiquitin ligase, thus regulating APC/C ubiquitin activity on specific substrates for their subsequent degradation by the proteasome (62). CDC20 is overexpressed in tumor cells and acts as a poor prognostic factor in multiple cancers (63, 64). It further increased after radiation and has been reported to increase radiation resistance via regulating B-cell lymphoma-2 (Bcl-2)/Bcl-2-associated X protein (Bax), forkhead box proteins O1 (FoxO1), or myeloid cell leukemia sequence 1 (Mcl-1)/p-CHK1 in different cancer types (65–67). Suppression of CDC20 expression reverses the radioresistance (65–67). There are multiple available inhibitors of CDC20, including tosyl-L-arginine methyl ester (TAME), Pro-TAME, and apcin. Their main effects involve disrupting the APC-CDC20 interaction (68, 69). Some of them showed great efficacy in suppress tumor proliferating and metastasis (70, 71). However, there has been no evidence on the effects of the CDC20 inhibitors on radiosensitivity. Therefore, CDC20 could be a potential target as a radiosensitizer, but more evidence in future studies is needed.



Mcl-1

As the first anti-apoptotic protein in the Bcl-2 family, Mcl-1 is regulated by the cell cycle and reach peak expression levels in the S/G2 phase. It acts as a functional switch in selecting between HR and NHEJ pathways after DNA damage (72). It blocks radiation-induced apoptosis and inhibits clonogenic cell death (73). Targeting Mcl-1 by a small molecule enhances RS sensitivity to cancer therapy (72). BAY1143572 downregulated Mcl-1 by inhibiting binding of HIF-1α to the Mcl-1 promoter (74). UMI77 is a selective inhibitor of Mcl-1 that dissociates Mcl-1 from the pro-apoptotic protein Bak and produced significant radiosensitization in pancreas cancers (75).




Targeting RS Response

Here, we summarize important RS response factors that are essential for cells to survive. Inhibition of these factors leads to uncontrolled replication collapse and even mitotic catastrophe, which makes them ideal targets for radiosensitization.


PARP

Poly (ADP-ribose) polymerases (PARPs) are involved in DDR and recruit DNA repair proteins to damaged sites by catalyzing ADP-ribosylation, leading to the formation of poly (ADP-ribose) polymers (76). PARP1, the most abundant PARP, plays a similar role to PARP2 in the DDR process and is an important regulator of fork reversal (77). Inhibition of PARP directly increases the speed of fork elongation and does not cause fork stalling, which contrasts with the accepted model in which inhibitors of PARP induce fork stalling and collapse. Aberrant acceleration of fork progression by 40% above the normal velocity leads to DNA damage (78).

However, the effects of PARP inhibitor do not directly decrease the expression of PARP. Rather, the inhibitor forces PARP to become stuck on DNA, thus preventing replication restart and causing RS-induced DNA damage (79). It was also linked to decreased replication fork length with greater ssDNA gaps, which in turn cause more genomic instability at G2/M (80). With all the evidence of PARP inhibitors in RS-induced DNA damage, researchers have reported on various preclinical models of combination therapy with PARP inhibitors and ionizing radiation (IR) (81). Olaparib, a PARP inhibitor that has been widely used in cancer treatment, has been reported to have strong tumor-specific radiosensitization effects (82, 83).



RPA

The RPA complex is one of the first responders to coordinate DNA replication (18, 84). It consists of three subunits, RPA1 (RPA70), RPA2 (RPA32), and RPA3 (RPA14), which are essential to protect ssDNA at replication forks and recruits DNA polymerases α, δ, and ϵ for the initiation and elongation steps of DNA replication (84). It has been reported that RPA1 phosphorylation upon RS decreases the ubiquitination of chromatin-loaded RPA1, leading to an accumulation of RPA1 on stalled replication forks. This helps the DNA-binding domains of RPA2 to bind with RPA1-coated ssDNA, thus contributing to increased RPA2 binding stability (85). Loss of RPA accelerates fork breakage, whereas overexpression of RPA is sufficient to delay a “replication catastrophe” (86). It also plays an important role in DDR in relation to the HR pathway (87). Furthermore, overexpression of RPA significantly increases the radiation resistance in multiple cancer types (88–90). However, there has been no reported inhibitors of RPA because it is an essential protein to all cells. Furthermore, it is a downstream factor of ATR, and thus the regulation of ATR may produce similar effects (86). RING finger and WD repeat domain 3 (RFWD3)-mediated ubiquitination of RPA helps to remove RPA from the damage site, which is a crucial step for HR (91), and thus provides a possible target for increasing radiation sensitivity via ubiquitination regulation.



TopBP1

DNA topoisomerase II-binding protein 1 (TopBP1) serves as a scaffold to assemble protein complexes in a phosphorylation-dependent manner via its multiple breast cancer C-terminal (BRCT) repeats. It is repurposed to scaffold different processes dependent on cell cycle-regulated changes in phosphorylation of target proteins (92). It is known to form phase-separated nuclear condensates that amplifies ATR activity to CHK1 and slow down replication forks (93). TopBP1 also stabilized bloom syndrome helicase (BLM) to maintain genome stability (94). It is often overexpressed in cancer and can bypass control by CDK2 to interact with treslin, leading to enhanced DNA replication (95).

However, it has been reported that at low levels, TopBP1 activates ATR/CHK1, but once TopBP1 protein accumulates above an optimal level, it paradoxically leads to lower activation of ATR/CHK1. This is due to the perturbation of ATR-TopBP1 interaction and ATR chromatin loading by excessive TopBP1. Depletion of TopBP1 in some specific cancer cells enhanced ATR/CHK1 activation and S-phase checkpoint response after RS (96). Thus, simply inhibiting TopBP1 may lead to unexpected results, which makes it not an ideal target for radiation sensitization.



ATR-CHK1

ATR of the phosphoinositide 3-kinase (PI3K) family is a central regulator of RS. After ssDNA fragments are coated with PRA, ATR and ATR-interacting protein are recruited and activated. It further phosphorylates various proteins, including CHK1 kinase, which inhibits mitotic entry and dormant origin activation. Mitotic entry is inhibited by CDC25 phosphatase phosphorylation, which prevents subsequent mitotic CDK activation (97). Cancer genome sequencing showed a very low ATR or CHK1 mutation or deletion frequency. Instead, these genes are often amplified in cancer cells, probably because they need to process high levels of RS to survive. ATR and CHK1 inhibition can increase RS, leading to mitotic catastrophes that trigger cell death (98). Furthermore, inhibition of ATR-related signaling pathways can increase cell apoptosis and effectively improve tumor radiosensitivity (99). ATR inhibitors, such as AZD6738 and VE-821 as well as the CHK1 inhibitor SAR-020106 were effective radiosensitizers in preclinical studies (100–102). An ongoing phase I clinical trial (NCT03188965) is assessing the safety profile of ATR inhibitors (BAY1895344) (103).



RAD51

RAD51 is a master regulator of DNA replication and plays important roles in DSB repair, RS, and mitosis (104). RAD51 is a core factor in overcoming RS by slowing or stalling replication forks, which threatens replication integrity (105). It facilitates fork inversion, protects reverse forks, repairs and restarts broken replication forks, and post-replication gap filling (104, 106).

RAD51 inhibition may lead to increased tumor radiosensitivity, and it has been reported as a potential target of berberine in osteosarcoma radiosensitization (107). Valproate was found to increase tumor tissue cell radiosensitivity by increasing levels of RFWD3 and inhibiting RAD51 (108). The inhibition of nucleophosmin1 (NPM1) by YTR107, a small molecule that binds with NPM1, inhibits pentamer formation and represses RAD51 formation after IR. The synergistic effect of YTR107 and the PARP1/2 inhibitor ABT-888 increased RS and radiation-induced cell mortality (109).



BLM

BLM is a 3’-5’ ATP-dependent RecQ DNA helicase that is one of the most essential genome stabilizers involved in the regulation of DNA replication, recombination, and both homologous and non-homologous pathways of DSB repair (110). It interacts with topoisomerase IIIα (TOP3A), RecQ-mediated genome instability (RMI) 1, and RMI2 to form the BLM-Topoisomerase IIIα-RMI1-RMI2 (BTR) complex, which dissolves double Holliday junctions to produce non-crossover HR products. It also promotes DNA-end resection, restart of stalled replication forks, and processing of ultra-fine DNA bridges in mitosis (111). BLM helicase-deficient cells exhibit multiple defects in DNA replication, including accumulation of abnormal DNA replication intermediates, slower replication fork velocity, and excessive firing of dormant origins, thus exhibit increased levels of chromatid breakage and HR (112). It interacts directly with both RAD51 and RPA, and the function in DNA replication is regulated by sumoylation (113).

The high expression of BLM is a poor prognostic biomarker for multiple cancers (114, 115). Biallelic pathogenic variants in BLM cause bloom syndrome with severe pre- and postnatal growth deficiency, immune abnormalities, sensitivity to sunlight, insulin resistance, and a high risk for many cancers that occur at an early age (116). The symptoms of bloom syndrome including sensitivity to ultraviolet damage, which is similar to radiation, provide the possibility of transforming this genomic defect into a treatment sensitizer. ML216 is a small molecule inhibitor of BLM, and inhibits cell proliferation of BLM-proficient cells and increases the frequency of sister chromatid exchanges (117). Though there has been no data published on the links between a BLM inhibitor and radiation sensitivity till now, it is a promising target worth further research.



WEE1

When ssDNA accumulation at stalled replication forks activates ATR, it phosphorylates CHK1, which in turn activates WEE1 kinase and inhibits CDC25 phosphatase. While WEE1 inhibits CDKs, the key drivers of cell cycle progression, by phosphorylating the conserved threonine 14 (Thr14) and tyrosine 15 (Tyr15) residues, CDC25 activates CDKs by dephosphorylating the same residues (118). Elevated WEE1 expression reduces RS and activates G2/M checkpoints, conferring cell resistance to CHK1 inhibitors (98). Recently, it has been reported that the ATR-WEE1 module inhibits the MOS4-associated complex (MAC) to regulate RS responses (118).

The evidence suggests that WEE1 inhibition impairs the RS response activated by ATR, and thus increases tumor cell radiosensitivity (119). WEE1 kinase inhibitors sensitize tumor cells to proton and X-ray irradiation by inducing RS, independent of TP53 mutation status, such as AZD1775 (120–122). Clinical trials have shown that the WEE1 inhibitor adavosertib could potentiate the efficacy of RT; however, its clinical application is limited by its unfavorable safety profile (123).




Targeting RS-Induced DDR

The RS response shares many biological pathways with DDR. They are widely intertwined and thus hard to completely distinguish (124). Here, we grouped the proteins that are typically related to the DDR pathway but are not necessarily involved in the RS response. Targeting these proteins usually impairs the DDR processing to enhance radiosensitivity, which makes them the most promising targets.


p53

The p53 signaling pathway plays a key role in determining radiosensitivity in normal tissues but is often inactivated during cancer. Loss of p53 in tumor cells allows them to escape cell cycle arrest and apoptosis checkpoints and promotes the growth of early-stage cancer cells by skipping the cell cycle checkpoint caused by RS (125). During DNA replication, IR-induced DNA damage stalls replication forks, and single-strand breaks (SSBs) can be transformed into DSBs, thereby activating the ataxia telangiectasia mutated (ATM)/ATR pathway. ATM and ATR phosphorylate p53 to increase its stability and activate target genes. RS induced by chemotherapy drugs such as trifluridine leads to cell senescence or apoptosis of tumor cells according to the state of p53 (126). Acetylation of p53 may modulate cancer cell radiosensitivity, which provides a promising strategy for radiosensitization (127).



MRE11

Meiotic recombination 11 (MRE11), the core of the MRE11/RAD50/NBS1 (MRN) complex, is involved in DNA break end detection, phosphorylation-dependent signal amplification, and DSB repair (128). The complex is critical for ATM activation of DSBs and downstream activation of G2/M and p53-dependent G1/S cell cycle checkpoints (129, 130). MRE11 also has endonuclease and exonuclease activities residing in the phosphodiesterase domain. These nuclease activities are crucial for the pathway choice of HR and NHEJ (131). Cancer cells rely on DNA repair for survival during cancer therapies, and thus MRE11 might be a promising synergistic therapeutic target.

Dysfunction of it in neoplastic breast tumors results in the accumulation of R-loops, replication-associated DSB, abundance of genomic deletions, and uncontrolled proliferation (132). Evidence suggests that its expression in cancer cells is critical for radioresistance (133). Low MRE11 expression in colorectal cancer cells reduced phosphorylated DNA-PKcs expression and further increases tumor radiosensitivity (134). There are different small and large molecular inhibitors targeting MRE11. Mirin is the first inhibitor found to specifically target MRE11 exonuclease activity with radiosensitizing properties (135). Lung cancer cells treated with Selenium, which is an essential trace element, showed decreased expression of MRE11 and significantly reduced colony formation relative to IR (136). OBP-301, with the insertion of the human telomerase reverse transcriptase (hTERT) promotor, also showed reduced MRE11 expression and thus enhanced radiosensitivity of lung cancer cells (137). Therefore, MRE11 inhibitors are clinically significant for enhancing radiosensitivity, and several clinical trials investigating their potential are ongoing (131).



ATM-CHK2

ATM kinase is a member of the PI3K-like protein kinase (PIKK) family with extensive roles in DDR signaling (138). Upon recruitment by the MRN complex to DSBs, ATM autophosphorylates at different serine sites resulting in the activation of CHK2, p53, and H2AX, which are involved in DNA repair processes and cell cycle arrest (139). The most important transducer of ATM signaling is CHK2, a kinase that signals to DNA repair, cell cycle arrest, and apoptosis. ATM phosphorylates CHK2 on threonine 68 (Thr68), thereby causing CHK2 dimerization and autophosphorylation of the kinase domain and is required for full activation (140).

ATM orchestrates the cellular DDR to cytotoxic DNA DSBs induced by radiation (141, 142). Overexpression of ATM indicates radiation resistance in breast cancer cells (143), whereas deficiency of ATM showed radiation sensitizer effects in multiple cancer types (144–147). Interestingly, more studies have focused on the radiation sensitizer effects that are dependent on the cell cycle and proliferation status (148, 149). After inhibition of proliferation, ATM status did not alter cell death or micronucleus formation after radiation, which suggests that ATM in endothelial cells was immaterial if a cell cycle block was present at the time of irradiation. It is consistent with other data showing that the effect of ATM on radiation sensitivity is more dependent on cell cycle regulation rather than the DDR pathway (148,149). Considering that ATM is a large protein with extensive regions of unknown function, the inhibition of its kinase activity may produce better synergistic effect on treatment. AZD0156, as a potent and selective bioavailable inhibitor of ATM, showed strong radiosensitizer effects in vitro and in a lung xenograft model (150). Specially, the ATM inhibitor AZD1390 is optimized for penetration of the blood-brain barrier with radiosensitizing effects on glioma and lung cancer cell lines, even in a brain metastasis model (141, 151). All of the evidence suggests that treatments targeting ATM may be promising in clinical trials.



MDM2

Mouse double minute 2 (MDM2) protein is a major negative regulator of p53 (152). When activated, p53 suppresses tumors in response to cell damage by mediating cell proliferation, cell cycle arrest, DNA repair, metabolism, angiogenesis, senescence, and apoptosis (153). In normal cells, the self-regulating feedback loop between MDM2 and p53 controls p53 expression (154, 155). The rescue of p53 function in cancer cells by inhibiting the interaction between p53 and MDM2 restored cycle arrest and apoptosis (156). Furthermore, inhibition of MDM2 phosphorylation leads to cell apoptosis and cell cycle arrest, thus repressing tumor cell proliferation in esophageal cancer cells (157). Additionally, MDM2 inhibitors, such as MI-219, increase tumor cell radiosensitivity in a p53-dependent manner. MI-219 combined with radiation resulted in increased p53-dependent DNA damage (158). A novel small-molecule inhibitor, APG-115, was found to enhance gastric adenocarcinoma cell radiosensitivity by blocking the interaction between MDM2 and p53 (159). Therefore, blocking the MDM2/p53 pathway has broad application prospects for treating tumors and enhancing tumor radiosensitivity, especially for tumors with low TP53 mutation levels, such as those of myeloid leukemia.



POLQ

DNA polymerase theta (POLQ) is a DNA polymerase that protects against error-prone transduction DNA synthesis and error-prone DSB (160). It is involved in a major DNA repair pathway that was initially named as alternative end-joining or microhomology-mediated end joining, and was later termed polymerase theta-mediated end joining because POLQ is indispensable in this process (161). POLQ overexpression reduces replication fork speed and impairs cell cycle progression (162). Furthermore, breast cancer related protein (BRCA) 2 and POLQ co-inhibition significantly improves tumor cell sensitivity to cisplatin (163). Reduced POLQ expression inhibits DSB repair and tumor cell survival. Several hepatocellular carcinoma cell lines (Huh7, HepG2, MHCC-92L, SK-HEP-1, and BEL-7404) with low POLQ expression after knockdown were found to be significantly sensitive to chemotherapeutic drugs (160). Depletion of POLQ in POLQ-dependent cancers (i.e., malignancies deficient in HR) leads to synthetic lethality. Furthermore, POLQ depletion was shown to synergize with PARP inhibition (164, 165), and the antibiotic novobiocin was recently reported as a selective POLQ inhibitor (166). Thus, combining novobiocin with radiotherapy should be a new research direction for targeting radioresistance.



BRCA

BRCAs (including BRCA1 and BRCA2) are thought to be the predominant proteins involved in HR in the DDR pathway. In addition, as a master regulator of HR, BRCA1 and BRCA2 also mediate fork protection (167, 168). BRCA mutations increase the susceptibility to various cancer types, including breast, ovarian, prostate, and pancreatic cancers (167). It is also well known that mutations in BRCA result in synthetic lethality with PARP inhibition. The underlying mechanism includes HR deficiency and increasing replication gaps. PARP inhibition results in replication fork collapse, chromosomal instability, cell cycle arrest in G2, and subsequent apoptosis in BRCA-deficient cells (169). Therefore, targeting PARP has become a reliable therapeutic strategy for eliminating BRCA1/2-mutated malignancies at diverse sites including the breast, primary peritoneum, fallopian tubes, ovaries, and pancreas (also see section 4.1.2) (170).

It has been reported that BRCA-deficient tumors are more sensitive to chemotherapeutic agents that induce RS (171). Furthermore, mutations in BRCA1/2 enhance radiosensitivity, indicating the possibility of BRCA as a biomarker of radiation sensitivity (172, 173). Since BRCA1/2 are both large proteins and have complex multiple functions, the development of inhibitors directly targeting BRCA1/2 is difficult to achieve. Therefore, PARPi has been suggested to patients with BRCA1/2 mutations for the synergistic lethal effects. The function of PARPi in radiosensitization are summarized in 4.2.1. Further research may focus on inhibitors that specifically affect the function of BRCA.



PI3K/AKT/mTOR

The PI3K/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway activates the downstream mediator mTOR to translate specific mRNA transcripts (174, 175). They synergistically work with CHK1 to repress DSB-induced RAD51 foci, thus impairing the HR process and enhancing RS in tumor cells. In addition, PI3K/mTORi slows the fork speed by increasing cell division cycle 45 homologue (CDC45) to promote a new origin of replication, thus enhancing CHK1-induced RS (176). The PI3K/AKT/mTOR signaling pathway is hyperactivated or altered in many cancer types (177). Inhibition of the pathway reduces tumor cell radioresistance (178, 179). For example, dactolisib, a dual PI3K/mTOR inhibitor, causes cell cycle arrest in the G2/M phase and improves the radiosensitivity of DU145 cell lines. Dactolisib also inhibits radiation-induced DSB repair in glioblastoma (GBM) cell lines by inhibiting DNA-PKcs and ATM and improves the radiosensitivity of radioresistant prostate cancer cell lines (180).

Torin 2 is a special class of PI3K pathway drugs, which not only inhibits the cell cycle at G1/S but also interferes with S phase progression, causing ssDNA accumulation, DNA damage, and increased checkpoint signaling in triple-negative BRCA cells (181). Furthermore, the dual PI3K/mTOR inhibitor apitolisib (GDC-0980) was demonstrated to inhibit growth and induce apoptosis in human GBM cells (182).




Others

Despite all the classic proteins we discussed above, several novel concepts have been suggested in recent research. A large number of accessory factors involved in the assembly of replisomes have been reported, which includes multi-protein complexes that monitor replication fork progression, generate checkpoint and damage signals, and coordinate DNA synthesis with chromatin assembly (183). We list below several newly identified processes that may be related to RS and radiation sensitivity that may provide ideas for translating basic research into clinical trials.


Ubiquitin and SUMO

Post-translational modification of the DNA replication machinery by ubiquitin and small ubiquitin-like modifier (SUMO) plays key roles in cell division, DNA replication/repair, signal transduction, and cellular metabolism (184). Recent research revealed that ubiquitin/SUMO pathways are essential regulators of DNA replication during initiation, the S phase or elongation, and DNA replication termination (185). SUMO/ubiquitin equilibrium at active DNA replication forks controls CDK1 activation. An increase in ubiquitination of the replisome results in premature disassembly of the replication machinery and generation of CDK1-dependent DNA damage in the S phase (186).

Our group has identified ubiquitination factors that affect radiation sensitivity. We showed that ubiquitin-specific protease 9X (USP9X) mediates lysine-specific demethylase 4C (KDM4C) deubiquitination, which activates transforming growth factor-β2 (TGF-β2)/Smad/ATM signaling to promote radioresistance in lung cancer (142). Furthermore, ubiquitin-conjugating enzyme E2O (UBE2O) facilitates tumorigenesis and radioresistance by promoting MAX interactor 1 (Mxi1) ubiquitination and degradation (187). The SUMO-specific protease (SENP) pathway is also involved in tumor radiation sensitization (188). SUMO E3 ligase PIAS4, which is an essential signal for p53-binding protein 1 (53BP1) loading to the damage site, promote radiation resistance by increasing DDR (189). Ring finger protein 4 (Rnf4), an E3 ubiquitin ligase that targets SUMO-modified proteins, target SUMOylated mediators of DNA damage checkpoint protein 1 (MDC1) and SUMOylated BRCA1 loading at sites of DNA damage. Rnf4-deficient cells and mice exhibit increased sensitivity to IR by suppressing DDR (190). These findings identify ubiquitylation/SUMO as possible radiosensitization targets, but further research is needed.



UPR

UPR is the master regulator of endoplasmic reticulum (ER) stress. A deficiency in UPR results in apoptosis (191). Recent research revealed the link between hypoxia-induced RS and UPR (192). The induction of RNA/DNA helicase senataxin (SETX) in hypoxia is reliant on the protein kinase R (PKR)-like ER kinase (PERK)/activating transcription factor 4 (ATF4) arm of the UPR (32). Hypoxia is present in the majority of human tumors and is associated with poor prognosis due to the protection it affords to radiotherapy and chemotherapy (27). As we described earlier (section 3.1), anti-hypoxia treatments provide additional radiation benefits through cell apoptosis, which establishes a link between UPR and radiation sensitivity.

UPR is widely involved in the establishment and progression of cancers, including BRCA, prostate cancer, and GBM multiforme (193). Elevated mitochondrial UPR markers (mtHSP70 and HSP60) are associated with poor prognosis in patients with lung adenocarcinoma, which is activated by Maf1 through ATF5. Suppressing IR-induced mitochondrial UPR activation by rapamycin resulted in increased sensitivity to IR-mediated cytotoxicity (194). ONC201, an UPR activator, reduced oxidative phosphorylation and thus impairs cell cycle arrest, and the inhibition of DNA repair factors after radiation also enhanced radiation-induced cell death (34). As a new concept of radiosensitization, the clinical significance of UPR still requires further studies.





RS-Induced Innate Immune Response in Radiation Sensitivity

Nowadays, the immune microenvironment is the hotspot in cancer research. It involves all processes of tumorigenesis, cancer progression, and treatment resistance. Innate immunity refers to nonspecific defense mechanisms that act immediately after antigen appearance. The activation of innate immune responses relies on pattern recognition receptors (PRRs). These PRRs detect endogenous damage-associated molecular patterns (DAMPs) or exogenous conserved pathogen-associated molecular patterns (PAMPs) to initiate a signaling cascade resulting in the production of interferons (IFNs) and inflammatory mediators (195, 196).


RS-Induced Innate Immune Activation

As research progressed, some evidence revealed the relationship between RS and innate immune response, which plays a key role in cancer treatment resistance (197). In this study, we have summarized and discussed the potential relationship between targeting RS and innate immune activation.


Innate Immunity Activation by RS in Immune Cells

Excessive RS or RS deficiency leads to the accumulation of replication blockage-derived DNA in the cytoplasm or the formation of micronuclei, resulting in activating the cyclic GMP-AMP (cGAMP) and the cGAMP receptor stimulator of the interferon gene (STING) pathway. cGAMP synthase (cGAS) is a DNA sensor that recognizes and binds with DNA fragments in the cytoplasm, enabling cGAMP synthesis. cGAMP subsequently activates STING. The activation of STING further increases interferon regulatory factor 3 (IRF3) and nuclear factor kappa-light-chain-enhancer of activated B cell (NF-κB) levels (198). IRF3 and NF-κB act as transcription factors to trigger the transcription of IFN-I and cytokines (199). Apart from cGAS, γ-interferon-inducible protein-16, a cytosolic DNA sensor, can detect both self and non-self dsDNA to promote IRF3 and NF-κB-dependent interferon production via STING (195, 200, 201). IFN-1 plays a crucial role in both basal and therapeutic-induced immune responses to cancer. It is a potent immune cell activator, resulting in the activation and maturation of antigen presenting cells (198). The promotion of dendritic cell migration to the tumor site and their maturation depends on IFN-1 signaling (202, 203). Innate immune cells respond to IFN-1 by increasing antigen presentation and the production of immune response mediators, such as cytokines and chemokines. These events help in antigen presentation and chemokine production in innate cells as well as induce antibody production and enhance T-cell responses (198).



Innate Immunity Activation by RS in Tumor Cells

Innate immunity activation by tumor cells is a complex phenomenon. As we mentioned above, cancer cells usually experience higher RS, leading to more cytoplasmic DNA and micronuclei formation. They activate innate immunity by secreting IFN-1 via the cGAS-STING pathway, exocrine exosomes, or extracellular vesicles (EVs), which can be captured by immune cells for inducing a further immune response.

Cancer cells exposed to RS-inducing agents or deficient in RS response show the increased production of IFN-1 and proinflammatory cytokines that can foster an innate immune response (204, 205). One study found that the inhibition of the ATM/CHK2 DNA damage checkpoint axis led to excessive RS and cytosolic DNA accumulation, which subsequently activated the DNA sensor STING-mediated innate immune response in ARID1A-deficient tumors (206). Cytosolic DNA can also be released in exosomes or EVs (207, 208). Exosomes/EVs containing DNA works as DAMPs to innate immune cells. Study found that EVs and exosome dsDNA promoted inflammation via activating the STING pathway in macrophages (209).

The activation of STING in dendritic cells is essential for radiation-induced antitumor immunity (210). In contrast, cGAS-STING activation in tumor cells impairs HR in DDR, which promotes tumorigenesis (211). Moreover, cGAS can act as a decelerator of DNA replication forks, suppressing replication-associated DNA damage (212). The complex network mechanism made it hard to simply target or enhance cGAS-STING to reverse cancer treatment resistance. In contrast, high RS or RS-response deficiency always leads to simultaneous cell damage and immune activation. Hence, it would be a better choice for cancer treatment sensitization.




Targeting RS Response Enhances Radiation Sensitivity by Innate Immunity

The immune response caused by RT remains controversial. The inflammatory responses caused by RT are different depending on the RT pattern (213). Immune cells are highly radiosensitive compared with tumor cells (214). Conventional RT-induced myeloid-derived suppressor cell filtering leads to the suppressive tumor microenvironment (TME) rather than the active TME (215). Though the hypothesis that the damage signal released from tumor cells alone can activate a systemic antitumor immune response called the abscopal effect has been observed in a small-sample study (203), confirming the hypothesis without combining the signal with checkpoint inhibitors is difficult. The basic research revealed that RT may increase programmed death ligand 1 (PD-L1) levels in tumor and immune cells, contributing to immunosuppression and in part explaining the clinical success of the combination of RT with programmed cell death protein 1 (PD-1)/PD-L1 immunotherapy (216). As basic research data are available, more clinical trials regarding the combination of anti-PD-1/PD-L1 antibody with radiation are going on (217–220). Polymorphonuclear neutrophils recruited in the TME post-RT can facilitate tumor progression by forming neutrophil extracellular traps (221). Taken together, the tumor immune microenvironment is thought to be suppressed rather than activated after radiation, which plays a key role in radioresistance. Promoting immune response activation of TME is the key to enhance radiosensitivity (Figure 5).




Figure 5 | Replication stress-induced activation of innate immune response enhances radiosensitivity via cyclic GMP-AMP synthase–STING signaling.



Enhancing RS and targeting RS response are good choices to manage tumors. As mentioned above, excessive RS or RS response deficiency results in more DNA damage, which is the synergy effect of RS and RT from the direct tumor side. As they lead to dsDNA accumulation in the cytoplasm and cell apoptosis, which activate innate immunity, they may enhance radiation sensitivity from the indirect immune side (215, 222).

RAD51-depleted cells accumulate more cytosolic DNA after radiation, activating the STING pathway to increase innate immune response (223). ATR inhibition and radiation drive immune cell infiltration via tumor cell-intrinsic cytokine release to boost immunogenic response to radiotherapy and modulate the radiation-induced inflammatory TME (224). PARP inhibitor and radiation work synergistically to kill lung cancer cells by activating antitumor immunity in the form of increased CD8+ T lymphocytes and the activated STING/TANK-binding kinase 1/IRF3 pathway (225). WEE1 inhibitor increases tumor-specific cytotoxicity and shows a positive effect on immune response after radiation by dendritic cell activation, which can be combined with immune therapy (226, 227).

These studies indicate that the RS-induced activation of innate immune response may be crucial to enhance the radiosensitivity of tumor cells. However, more evidence is needed to draw a general conclusion. Moreover, further studies are needed on the interaction between the effect of RS-induced innate immune response on tumor-cell radiosensitivity and radiation-induced antitumor immunity to achieve the optimal radiotherapy efficacy.




Conclusion

We have summarized the mechanisms of how RS response affects tumor radiosensitivity from the direct tumor side and indirect innate immune side and have further discussed potential targets and drugs to increase radiosensitization. We have reviewed several strategies including directly increasing RS, targeting RS response or RS-induced DDR, and other novel pathways. Although these strategies are predominantly based on preclinical evidence, they provide promising new ideas for enhancing radiosensitivity. As the relationship between RS and tumor radiosensitivity will be explored in the future, we expect these new strategies to bring substantial benefits to patients suffering from radioresistant malignancies.
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Radiotherapy is one of the most effective and frequently used treatments for a wide range of cancers. In addition to its direct anti-cancer cytotoxic effects, ionising radiation can augment the anti-tumour immune response by triggering pro-inflammatory signals, DNA damage-induced immunogenic cell death and innate immune activation. Anti-tumour innate immunity can result from recruitment and stimulation of dendritic cells (DCs) which leads to tumour-specific adaptive T-cell priming and immunostimulatory cell infiltration. Conversely, radiotherapy can also induce immunosuppressive and anti-inflammatory mediators that can confer radioresistance. Targeting the DNA damage response (DDR) concomitantly with radiotherapy is an attractive strategy for overcoming radioresistance, both by enhancing the radiosensitivity of tumour relative to normal tissues, and tipping the scales in favour of an immunostimulatory tumour microenvironment. This two-pronged approach exploits genomic instability to circumvent immune evasion, targeting both hallmarks of cancer. In this review, we describe targetable DDR proteins (PARP (poly[ADP-ribose] polymerase); ATM/ATR (ataxia–telangiectasia mutated and Rad3-related), DNA-PKcs (DNA-dependent protein kinase, catalytic subunit) and Wee1 (Wee1-like protein kinase) and their potential intersections with druggable immunomodulatory signalling pathways, including nucleic acid-sensing mechanisms (Toll-like receptors (TLR); cyclic GMP–AMP synthase (cGAS)–stimulator of interferon genes (STING) and retinoic acid-inducible gene-I (RIG-I)-like receptors), and how these might be exploited to enhance radiation therapy. We summarise current preclinical advances, recent and ongoing clinical trials and the challenges of therapeutic combinations with existing treatments such as immune checkpoint inhibitors.
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1 Introduction

Radiotherapy continues to be one of the most effective treatments for a wide range of cancers since its discovery over a century ago. Approximately half of cancer patients receive radiotherapy at some point in their cancer treatment (1), whether in the curative or palliative settings.

Radiotherapy exploits ionising radiation to cause cell death or senescence via DNA damage. Broadly, necrotic or apoptotic cell death occurs depending on cell type, radiotherapy dose and fractionation schedule (2). Cancer cells that evade apoptosis and continue to divide with accumulated DNA damage can die via mitotic catastrophe. Also, excess autophagy can force the cell into apoptotic or necrotic cell death (3, 4). Classically, the response of tumours to conventional fractionated radiotherapy is governed by the principles of the 4 “R”s of radiobiology: repair of sublethal DNA damage after exposure to ionising radiation, redistribution of cells in the cell cycle whereby cells in the G2/M-phase are most radiosensitive and are preferentially killed in comparison to the more radioresistant late S-phase, repopulation of tumour cells and reoxygenation of previously hypoxic tumour areas (5). A 5th “R” of intrinsic radiosensitivity has also postulated by Steel, after observing the varying survival curves of different tumour cell lines following irradiation, which is thought to be independent of their DNA repair capacity (6). Combining agents that can target DNA damage repair pathways, as one of the 4 “R”s, with radiotherapy holds considerable potential to enhance therapeutic outcomes.

In addition to direct cell killing, radiotherapy can induce immunogenic cell death (ICD) and modulate the immune tumour microenvironment to lead to anti-tumour innate immune activation (7). Due to these immunostimulatory effects, there is increased interest in radiotherapy as a promising combinatorial agent with other immuno-oncology agents such as DNA-damage response (DDR)-targeting agents (8). This two-pronged approach exploits two hallmarks of cancer, namely genomic instability and evasion of immune surveillance (9, 10). The DDR sensing and signalling pathway are the collective mechanisms evolved by cells to combat the threat of DNA damage, namely the detection of DNA lesions, signalling of their presence and promotion of DNA repair (11). Promising DDR druggable targets include those within DNA repair pathways and cell cycle checkpoints, as well as damage-associated molecular pattern (DAMP)-sensing receptors which can amplify the DDR-induced immune response when combined with radiotherapy.



2 Radiotherapy and the anti-tumour immune response

Radiotherapy has both immunostimulatory and immunosuppressive effects. The difference in the ability of radiotherapy to initiate pro-immunostimulatory effects and turn immunogenically “cold” (low T-cell infiltrated) tumours “hot” (high T-cell infiltrated) may account for the enhanced response to radiotherapy of some pre-clinical models and clinical cancer histotypes.


2.1 Immunostimulatory effects mediated by radiotherapy


2.1.1 Immunogenic cell death 

As a defence against microbial infection, the innate immune system has evolved pattern-recognition receptors (PRRs) that detect microbial pathogenic molecules known as pathogen-associated molecular patterns (PAMPs). However, these pathways do not exclusively sense foreign molecules. Immune activation can also occur in the absence of microbial infection, instead being triggered by inflammatory signals released from stressed or dying cells collectively known as damage-associated molecular patterns (DAMPs) (12). Radiotherapy-induced cellular stress and ICD can stimulate an immune response through the generation of DAMPs (13) detected by their cognate pattern recognition receptors (PRRs) (14). ICD has been defined as the chronic exposure of DAMPs in the tumour environment (TME), which can induce an innate and adaptive anti-tumour immune response in the host (15).

A characteristic DAMP induced by ICD is the secretion of adenosine triphosphate (ATP) from dying cancer cells into the extracellular space. Extracellular ATP functions as a “find-me” chemoattractant signal for the recruitment and activation of dendritic cells (DCs) (15–17). High-mobility group box-1 (HMGB1), secreted from the nucleus during ICD, binds to Toll-like receptor (TLR-4) and is critical for activating DCs and facilitating antigen processing and presentation to T cells (18). Translocation of calreticulin to the cell surface on dying cells provides an “eat-me” signal to antigen-presenting cells (APCs) and results in their phagocytosing target cells (19). In the context of cancer, ICD leads to release of tumour-associated antigens (TAA) and subsequent priming of a cancer-specific immune response. Another characteristic of ICD is the expression of heat shock proteins (HSP) HSP70 and HSP90 on dying cell membranes that drives cross-presentation of tumour-derived antigens on major histocompatibility complex class I (MHC-I) (15).



2.1.2 Secretion of pro-inflammatory mediators

Radiotherapy-induced DNA damage can function as a viral mimic through the accumulation of cytosolic DNA or RNA in irradiated cells (20). Cytosolic DNA and RNA activate cyclic GMP-AMP synthase (cGAS)/stimulator of interferon (IFN) genes (STING) and retinoic acid-inducible gene I (RIG-I)/mitochondrial antiviral-signalling protein (MAVS) pathways, respectively (21). These pathways activate complex downstream signalling via interferon regulatory factor 3 (IRF3)/TANK-binding kinase 1 (TBK1) and nuclear factor kappa B (NF-κB) that results in production of Type I IFN and other inflammatory cytokines (e.g. interleukin (IL)-1, tumour necrosis Factor (TNF)-α) (20).

Radiotherapy is a form of ionising radiation that hydrolyses water and forms reactive molecules, such as reactive oxygen species (ROS) and nitric oxide species (NOS), which can directly alter DNA, cellular components, and molecules in the extracellular matrix (ECM) (22). ROS and NOS can be derived both from these direct ionisation events or activated immune cells, and work with other DAMPs to accelerate lymphocyte and DC recruitment. These activated immune cells generate pro-inflammatory cytokines (e.g. TNF-α, IL-1β, IL-6, IL-12) (14, 23, 24), chemokines and growth factors leading to a sustained inflammatory response (22, 25).



2.1.3 Immune cell recruitment and tumour-specific T-cell activation

Recent data suggest that radiation can enhance cancer cell antigenicity through upregulation of genes involved in DNA damage repair and cellular stress responses (20). Immune cell recruitment is subsequently increased via expression of adhesion molecules (e.g. intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and E-selectin) (26) and chemokines (e.g. chemokine (C-X-C motif) ligand 16 (CXCL16)) (27). Within the appropriate inflammatory environment, DCs take up antigens in peripheral tissues and mature and migrate to draining lymph nodes, where they induce activation of naïve T-cells and differentiation into effector T-cells (28). Radiotherapy-induced ICD, as discussed above, increases tumour-associated antigen presentation that can lead to specific tumour-associated antigen T-cell priming, expansion of tumour reactive CD8+ T cells and infiltration into the tumour microenvironment (TME) (29). In summary, inflammatory DAMP signalling generates a favourable environment for activated DCs to process and cross-present tumour-derived antigens from irradiated cells as a “tumour vaccine”, to naïve T cells. These T cells subsequently can be primed and sustain a systemic tumour-specific immune response. The T-cell receptor (TCR) repertoire is also known to be shaped following radiotherapy, including when used in conjunction with immune checkpoint inhibitors (ICI) (30–32).




2.2 Immunosuppressive mechanisms triggered by radiotherapy


2.2.1 Immunosuppressive cells within the tumour microenvironment

Whilst pro-inflammatory signalling can lead to a positive anti-tumour effect, cancer cells adapt to survive with mechanisms such as hypoxia resistance and unrestricted proliferation that can result in a state of chronic inflammation and evasion of immune surveillance (33–35). Evasion of immune recognition or immune escape (36) is now a recognised hallmark of cancer (9) and this inclination towards pro-tumour growth is mediated by changes in cytokine signalling (TNF-α, IL-1β, IL-6, IL-10 and TGF-β) (37, 38) and recruitment of TME-immunosuppressive immune cells such as tumour-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) (39) and regulatory T cells (Tregs) (40, 41).

PD-L1 (programmed death-ligand 1) expression is found to be elevated on tumour cells following irradiation due to interferon gamma (IFN-γ) release from tumour-infiltrating lymphocytes (TILs) (42) and TILs have increased expression of PD-1 (programmed death-1) following ex-vivo irradiation (43). A recent publication found that irradiation of colorectal cancer cells triggered an ATR-mediated DNA repair signalling pathway to upregulate CD47 and PD-L1, through engagement of signal-regulator protein α (SIRPα) and PD-1, respectively, to limit tumour-associated cross-presentation and suppression of innate immune activation (44).

Recruited MDSCs and TAMs can suppress T-cell function through antagonistic cytokine signals (45). Supporting data includes that from a phase I/II clinical trial testing the combination of radiotherapy and a primed DC vaccine in which non-responders had significantly higher baseline tumour levels of MDSCs (46).

Tregs are relatively more radioresistant than other lymphocyte subsets and radiotherapy may increase the infiltration by phenotypically and functionally suppressive Tregs within the TME (40, 41, 47). In several pre-clinical mouse models (B16/F10, RENCA and MC38), Tregs in irradiated tumours expressed higher levels of cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4), 4-1BB (CD137, tumour necrosis factor receptor superfamily 9) and Helios compared with Tregs in non-irradiated tumours (47).

Cancer-associated fibroblasts (CAFs) can be the predominant component of the stroma in the TME and facilitate stroma-mediated radioprotection through multiple mechanisms. Following radiotherapy, CAFs can survive through formation of integrin-mediated attachments (48) and radioprotective integrin β-1 signalling (49). CAFs can promote an oxygen-rich, immunosuppressive and pro-inflammatory TME (50–52) resulting in increased tumour growth, invasion and metastasis (53).

Conversion of ATP to adenosine by CD39 and/or CD73 is a mechanism by which tumour cells can escape immune-surveillance by limiting the functionality of multiple potentially protective immune infiltrates, while enhancing the activity of immunosuppressive cell-types (54). CD39 and/or CD73 (over)expression has been found on the surface of tumour cells (55), CAFs (56) MDSCs (57), TAMs (58), Tregs and exhausted conventional CD4+ and CD8+ T cells (59–61).



2.2.2 Tumour repopulation

One of the 4 “R”s of radiobiology is repopulation (5), and tumour repopulation during radiotherapy and chemotherapy is an important cause of treatment failure (62). Some tumours exhibit accelerated tumour repopulation following irradiation by paracrine caspase 3-dependent prostaglandin E2 (PGE2)-mediated signalling (63). Tumour repopulation may also be driven by a small number of cancer stem cells (CSC) which promote tumour growth following an insult, such as radiotherapy (64). Rapid proliferation of cancer cells is generally accepted as a prerequisite for most conventional chemotherapies and radiotherapy to be effective, and any senescent and/or quiescent tumour cells, such as CSCs, may be treatment-resistant (64). The CSC response to therapy may underpin why macroscopic tumour response to (chemo)radiation is not a robust predictor for clinical outcome, since small numbers of these relatively resistant and less immunogenic CSCs may survive to repopulate the tumour (64). However, in vitro pre-clinical data from human breast cancer cell lines (MCF-7 and T47D) have shown that radiotherapy can recruit CSC cells from a quiescent state into the cell cycle (65) and a CSC-druggable target in combination with radiotherapy would be useful.

As we have seen, radiotherapy can trigger key events leading to potent anti-tumour immune responses via production of immunostimulatory cytokines, DC recruitment, and T-cell recruitment and activation. However, these are negatively balanced by the potential for concurrent triggering of immunosuppressive cells within the TME and accelerated tumour cell repopulation. Targeting the DNA-damage response pathway (DDR) is an attractive approach to tip the scales towards maintaining positive immune anti-tumour states, which can be characterised as ‘pro-immunogenic’ and ‘pro-inflammatory’.





3 Targeting the DNA-damage response pathway

Radiotherapy causes cell damage, stress and death through induction of DNA lesions in the form of crosslinking, single-strand breaks (SSBs) and, most significantly, double-strand breaks (DSBs) (66). These processes induce a plethora of intracellular signalling pathways involved in detecting and repairing DNA damage. Targeting both DNA damage repair and DDR’s downstream cytosolic nucleic acid sensing pathways with small molecules in combination with radiotherapy can lead to increased immune activation and anti-tumour efficacy of these treatments (Figure 1).


3.1 DNA damage repair pathways

Radiotherapy induces double-strand breaks (DSBs) in cancer cell DNA, which results in genomic instability, cell cycle arrest, apoptosis or death via mitotic catastrophe (66). In response to radiotherapy, cancer cells can respond to exploit individualised DNA damage repair mechanisms for survival (67). Three primary DNA repair pathways have evolved to process DSB repair and maintain genomic integrity: homologous recombination, non-homologous end-joining (NHEJ) and alternative end-joining (68). Upregulation of these pathways is a mechanism by which cancer cells may acquire radioresistance and, accordingly, radiosensitisation strategies which inhibit radiation-induced DNA damage repair are expected to provide increased cancer control (66). When DNA repair is inhibited in cancer cells, this leads to accumulation of DNA damage, cellular stress and cell death which subsequently increases the likelihood of these cells triggering innate immune pathways and being recognised by anti-tumour immune surveillance.


3.1.1 ATM and ATR inhibitors

ATM and ATR are both key mediators of the DSB signalling response that induce cell cycle arrest to facilitate DNA repair (69). In addition, conditions that activate ATM and ATR as part of DDR may also participate in regulating the innate immune system and alert it to potentially ‘dangerous’ tumour cells (70).

In response to DSB, the MRE11-RAD50-Nibrin (NBS1) (MRN) complex assembles at DSB sites to act as a DNA damage sensor that activates and recruits ATM to DSB sites (71). Briefly, when a cell triggers the DDR, ATM initiates a massive signalling cascade with the phosphorylation of hundreds of substrates, including p53 and checkpoint kinase 2 (Chk2). Activated p53 transactivates the expression of p21Cip1/kip1, which inhibits Cyclin Dependent Kinase (CDK) 2 and CDK4/6 to induce G1/S arrest (66). Chk2 in turn phosphorylates and inactivates Cell Division Cycle 25 (CDC25C), maintaining the inhibitory phosphorylation of CDK1 by Wee1-like protein kinase (Wee1) and Myelin Transcription Factor 1 (Myt1) to induce G2/M cell cycle arrest or apoptosis (66, 72). Inhibition of the ATM/Chk2 axis can lead to replication stress and accumulation of cytosolic DNA that subsequently activates the cGAS-STING-mediated innate immune response (73).

ATM was recognised as the defective gene in the inheritable human disorder, ataxia-telangiectasia (A-T) (74), and these patients have characteristic features including genomic instability and profound radiosensitivity (75). Deficiency of ATM-mediated signalling reactions causes sensitisation of cells to radiation (76), which has sparked interest in ATM as a therapeutic target for cancer treatment (69). Inhibition of ATM and ATR have the potential to improve radiotherapy outcomes as they are both key mediators of the DDR (69). Indeed, ATM inhibitors such as caffeine (77), wortmannin (78), CP-466722 (79), KU-55933 (80), KU-60019 (81) and KU-59403 (82) increase cell radiosensitivity (83, 84), particularly in p53 low/deficient and phosphatidylinositol 3-kinase (PI3K) highly-expressing cells (77, 85). In a preclinical study in vivo with KU60019 and radiotherapy, combination treatment enhanced TBK1 activity, type I IFN production, antigen presentation and increased CD8+ TILs; moreover, complete responders had established immunological memory (86) (Table 1). The ATM inhibitor (AZD1390) and radiotherapy is being investigated in a phase I clinical trial in brain cancer (NCT03423628). A dual ATM and DNA-PKc inhibitor (XRD-0394) and radiotherapy phase I trial is also recruiting (NCT05002140) (Table 2).


Table 1 | Preclinical RT and DDR combination studies.




Table 2 | Selected clinical trials investigating radiotherapy in combination with DDR inhibitor and/or other agents.



ATR is activated by single-stranded DNA (ssDNA) structures that may arise at resected DNA DSBs or stalled replication forks. ATR is recruited via interaction of ATR-interacting protein (ATRIP) with ssDNA-bound replication protein A (RPA) (105). RPA-ssDNA complexes stimulate loading of the RAD9–HUS1–RAD1 (9–1–1) heterotrimer, that recruits DNA topoisomerase II binding protein 1 (TopBP1) which activates ATR (106). Once ATR is activated, downstream targets, including checkpoint kinase 1 (Chk1), promote DNA repair (107, 108), restart of stalled replication forks (109) and intra-S and G2/M cell cycle arrest (110, 111). In response to DNA damage, activation of the intra-S-phase cell cycle checkpoint slows progression of DNA replication to allow time for resolution (110, 111). In addition, the ATR-dependent G2/M cell cycle checkpoint is activated through degradation of cell division cycle 25A (Cdc25A) (111), and phosphorylation of Cdc25C phosphatase inhibits its ability to activate nuclear cell division cycle 2 (Cdc2) and, hence, mitosis entry (112). Most cancer cells are defective in DNA damage-induced checkpoints through e.g. p53 pathway mutations, which leads to dependence on the intra-S-phase and G2/M checkpoints for cell survival (69). Therefore, ATR inhibition will lead to accumulation of DNA damage, premature entry into mitosis, mitotic catastrophe and cell death (69).

ATR inhibitors include schisandrin B (113), NU6027 (114), NVP-BEZ235 (115), VE-821 (116), VE-822 (117), AZ20 (118) and ceralasertib (AZD6738) (119, 120). NVP-BEZ235 has been reported to induce marked radiosensitivity in Ras-overexpressing cancers (121), and NU6027 has been shown to increase sensitivity to DNA-damaging agents in breast and ovarian cell lines (114). VE-822 results in selective sensitisation of pancreatic tumours to radiation in vivo by increasing persistent DNA damage, decreasing cell cycle checkpoint maintenance and reducing homologous recombination repair (117). In vitro, ATR inhibition downregulates radiotherapy-induced programmed death-ligand 1/2 (PD-L1/2) expression to sensitise cancer cells to T-cell killing, in addition to potentiating DNA damage (122). Promising preclinical in vivo studies (Table 1) of the ATR inhibitor ceralasertib (AZD6738) in combination with radiotherapy have shown an enhanced type I/II interferon response and increased immune cell infiltrate (88), increased RT-stimulated CD8+ T cell infiltration (87, 89), NK-mediated anti-tumour immunity (90), as well as reversal of the Treg immunosuppressive effect (87, 89). In addition, further addition of ICI (i.e. anti-PD-1, anti-PD-L1, anti-TIGIT (T-cell immunoglobulin and ITIM domain)) to the ceralasertib (AZD6738) and radiotherapy combination further improved response and long-lasting immunity in a CD8+ (87, 89) and NK-dependent manner (90).

There are, to date, three early phase clinical studies investigating ATR inhibition and radiotherapy. PATRIOT, a phase I study of ceralasertib (AZD6738) in combination with palliative radiotherapy, has completed recruitment and is awaiting report (NCT02223923). BAY1895344 in combination with radiotherapy and pembrolizumab in recurrent head and neck squamous cell carcinoma (HNSCC) (NCT04576091) and M6620 with radiotherapy and chemotherapy in solid cancers (NCT03641547) are ongoing studies (Table 2).

A downstream target of ATR, Chk1, has also been investigated as a potential therapeutic target, due to its ability to activate intra-S and G2/M cell cycle checkpoints and modulate the replication stress response (123), particularly as a sensitiser to radiotherapy (124). Chk1 inhibitors, to date, include UCN-01 (125), LY2606368 (126), PF-00477736 (127), MK8776 (128) and CCT244747 (129), AZD7762 (130) and LY2603618 (131). Although there have been promising results in refractory acute myeloid leukaemia and advanced cancer with MK-8776 (132, 133) and LY2606368 (134), unfortunately severe adverse effects such as drug-related cardiac toxicity have also been reported during the clinical development of these drugs, e.g. AZD7762 (135). Thus far, no clinical trials are investigating the combination of Chk1 inhibition and radiotherapy.



3.1.2 DNA-PKcs (DNA-dependent protein kinase, catalytic subunit) inhibitors

DNA-PK is pivotal for the initiation of DNA repair following DSBs, which ultimately results in recruitment of proteins involved in DNA damage repair progressing and ligating the broken DNA ends most recognised via the NHEJ pathway (136). Various cancer cell lines with reduced levels of DNA-PKcs show increased radiosensitivity compared to unirradiated controls (137–139) due to defective DNA DSB repair, inhibition of phosphorylated protein kinase B (Akt) on Ser473 and reduction of radiotherapy-induced transcription factor hypoxia-inducible factor-1 α levels (HIF-1 α) (138).

Given that DNA-PKcs is critical in radiotherapy-induced DDR, DNA-PKcs inhibition is an emerging therapeutic target for potentiating radiotherapy responses (140, 141), and many agents have already been tested in clinical trials. Non-selective DNA-PKcs inhibitors include wortmannin, which also inhibits ATM (142), and LY294002, which has a similar structure (143, 144). More selective DNA-PKcs inhibitors include NU7026 (145), NU7441 (146), IC86621, IC87102, IC87361 (147), vanillin (148), OK-1035 (149), SU11752 (150), BVAN08 (151), IC486241 (152) and NK314 (153). More recently, novel inhibitors have been discovered including M3814 (154), AZD7648 (155) and VX-984 (156). Doxycycline was first approved by US Food and Drug Administration (FDA) in 1967 as a broad-spectrum antibiotic and has recently been recognised to function also as an DNA-PK inhibitor (157). Mechanisms by which DNA-PKcs helps to sensitise to radiotherapy include prolongation of radiotherapy-induced G2/M phase arrest (158) and reduced repair of radiotherapy-induced DSB (147, 150, 159) leading to the induction of autophagic cell death and mitotic catastrophe (66).

In terms of DNA-PKcs inhibition leading to stimulation of the innate immune system, a recent study showed that combining radiation with M3814-induced DNA-PK inhibition increased cytosolic dsDNA and tumour type I interferon signalling in a cGAS-STING-independent, but RNA Polymerase III-, RIG-I- and MAVS-dependent manner, in pancreatic cancer models (91). Furthermore, radiotherapy and M3814 increased PD-L1 expression and sensitised to anti-PD-L1 treatment in poorly immunogenic pancreatic cancers (91). DNA-PKcs itself also functions as a DNA sensor that activates innate immunity. It has been reported to function as a PRR by binding to cytoplasmic DNA and can trigger a type I IFN response in a STING/IRF-3/TBK1-dependent manner (160) as well as a STING-independent manner via phosphorylation of heat shock protein HSPA8/heat shock cognate HSC70 (161). It is still unclear whether pharmacological inhibition of DNA-PKcs kinase activity may dampen anti-tumour immunity in contrast to inhibition of other DDR kinases described such as ATM or ATR.

Clinical studies of DNA repair inhibitors, M3814 (NCT04533750) and XRD-0394 (NCT05002140), in combination with radiotherapy are recruiting. In addition, triple combination of M3814 with radiotherapy and chemotherapy (NCT02516813, NCT03770689, NCT04555577) or anti-PD-L1 (NCT04068194, NCT03724890) are also awaiting report (Table 2).



3.1.3 PARP inhibitors

PARP-1 has been the most extensively studied of the PARP superfamily and is a key regulator of DNA damage repair (162, 163). In response to DNA damage, such as that induced by radiotherapy, an initial response is poly(ADP-ribosyl)ation (PARylation) of proteins including nuclear DDR proteins, such as DNA-PKcs, to provide a local signal of DNA damage (163–165). Inhibitors of PARP generally function by inhibiting PARylation or suppressing PARP-1 release by ‘trapping’. PARP-1 inhibition has been reported to sensitise cancer cells to various forms of ionising radiation including conventional gamma irradiation (166, 167), proton-beam irradiation (167) and radionuclide therapy (168, 169) (Table 2). Although SSBs are primary repaired by PARP-1, its inhibition may not be lethal due to other available repair pathways, such as homologous recombination. However, deficiency in BRCA1/2 functionality, which are key components in the HR pathway of DSB repair, leads to synthetic lethality and selective sensitivity to PARP inhibition (170).

Beyond DNA repair, PARP-1 also plays an immunomodulatory role by regulating gene transcription of several immune cell types, modulating the stimulatory ability of DCs, and by directly affecting the differentiation and function of T and B cells (171, 172). PARP-1 knockout mice show reduced T helper type 2 (Th2) differentiation responses (172). PARP-1 is also involved in the differentiation of Foxp3+ regulatory T cells (Treg) and promotion of Treg cell apoptosis during inflammatory responses (172). PARP inhibitors generate cytoplasmic chromatin fragments with micronuclei characteristics which activate cGAS-STING, downstream type I interferon signalling and chemokine ligand 5 (CCL5) secretion in excision repair cross-complementation group 1 (ERCC1)-defective non-small cell lung cancer (NSCLC) cells (173). The capacity of PARP1 inhibitors to upregulate innate immune and inflammasome-like signalling events, such as cGAS-STING signalling, closely depends on their PARP1-trapping abilities (174, 175). In the context of viral infection, activated DNA-PK has been reported to phosphorylate PARP1 leading to its cytoplasmic translocation (176). Cytoplasmic PARP1 can then interact with and directly PARylate cGAS to inhibit its DNA-binding ability (176). This has implications to how PARP inhibition, in the context of cancer-induced genome instability, can positively modulate the host anti-tumour immune response.

Early PARP-1 inhibitors were non-specific and non-selective, such as nicotinamide (177), AG14361 (178) and 4-amino-1,8-naphthalimide (179). Newer PARP-1 inhibitors, such as olaparib and niraparib, are now used in routine clinical practice following approval by the FDA and European Union (180, 181). They are licensed for use in patients with advanced BRCA-mutated ovarian cancer, metastatic-castration-resistant prostate cancer with BRCA1/2 or ATM mutation (182), suspected germline HR repair gene mutated mCRPC who have progressed on enzalutamide or abiraterone (183) and, most recently, recurrent epithelial ovarian, fallopian tube or primary peritoneal cancer which has responded to first-line platinum chemotherapy (184, 185).

Combining PARP-1 inhibition and radiotherapy has been supported by preclinical studies. Particularly in BRCA1-mutant cancers, PARP inhibition showed radiation hypersensitivity in lymphoblastoid cells (186). In various models, PARP-1 inhibitors KJ-28d (187), ABT-888 (188) and the PARP-1/2 inhibitor MK-4827 (189) increased cancer cell radiation sensitivity.

Many clinical trials are underway investigating the combination of PARP inhibitors and radiotherapy, with addition of chemotherapy and/or immunotherapy agents (Table 1). The mechanisms underlying radiosensitisation by PARP inhibitors are still not completely clear and, indeed, recent studies have revealed a wider immunological role for PARP-1 that could potentially be exploited through new therapeutic approaches (190). For example, one study showed through multiomics profiling that macrophage-mediated immune suppression is a liability of PARP inhibition (191). Following this evidence, the rationale for combining CSF-1R blocking antibodies with PARP inhibitors led to reprogramming of the TME and significantly enhanced innate and adaptive anti-tumour immunity, which was CD8+-mediated in BRCA-deficient tumours in vivo (191).



3.1.4 Wee1-like protein kinase (Wee1) inhibitors

Wee1 is a cell cycle checkpoint negative regulator at the G2/M transition. The process by which Wee1 activation leads to phosphorylation and inactivation of the cyclin B1/CDK1 complex blocking entry into mitosis is well described (192).

Emerging studies have highlighted the role of Wee1 directly and indirectly in immune signalling (193). For example, ineffective CDK-1-dependent nuclear laminin degradation abrogates apoptosis induction, leading to immune resistance in tumour cells (194). Accordingly, Wee1 inhibition reconstitutes CDK1 activity to reverse resistance of these cancer cells to immune attack (194). In various cancer models, Wee1 inhibition promotes accumulation of cytosolic dsDNA, leading to activation of the cGAS-STING pathway (Figure 1), increased type I interferon target gene expression when delivered alone (195), as well as in combination with ATR inhibitors (196) or immune checkpoint blockade (197). A STING-independent pathway by which Wee1 inhibition induces the interferon response has also been reported. In cGAS-STING-defective tumour models, Wee1 inhibition can upregulate immune signalling through the dsRNA anti-viral defence pathway by promoting expression of endogenous retroviral element (ERV) (198). ERVs trigger dsRNA stress and the interferon response, resulting in the recruitment of anti-tumour T-cells, and increased expression of PD-L1 with sensitisation to anti-PD-L1 blockade in multiple cancer models (198).

Wee1 inhibitors, some of which are concomitant CDK1 inhibitors, are promising as a combination partner with radiotherapy (199). This combination has shown synergistic effects in various cancer models (200–202). Wee1 inhibitors such as 681641 (203), PD0166285 (204) and adavosertib (MK1775/AZD1775) (92, 202, 205) have been reported to increase the radiosensitivity of cancer cells. Cancer cells very frequently harbour G1 checkpoint deficiencies and Wee1 inhibitor-mediated prevention of DNA repair following radiotherapy may lead to premature entry into mitosis and, ultimately, cell death via mitotic catastrophe (206). Other mechanisms include blocking radiotherapy-induced DNA damage repair (204) by impairing DNA repair protein RAD51 homolog 1 (RAD51) focus formation (202) and suppression of Sirt1 (silent mating type information regulation 2 homolog 1). Sirt1 interacts with and deacetylates HR-repair machinery proteins including Nibrin (NBS1) and RAD51, thus, Wee1-induced Sirt1 suppression impairs HR-repair activity (207).

Several clinical trials are exploring the combination of Wee1 inhibition by adavosertib (MK1775/AZD1775) with radiotherapy and chemotherapy (NCT03028766, NCT03345784, NCT02585973, NCT02037230) (Table 2). The emerging immune-mediating effects of Wee1 inhibition provide a strong rationale for its combination with immune checkpoint inhibitors (198).




3.2 Cytosolic nucleic acid sensing pathways

The ability to detect cytosolic nucleic acids by PRRs, arising from pathogens or disruption of cellular functions from genotoxic stress such as DNA damage, is part of the protective cellular response against infection or injury. These mechanisms are an evolutionary product of anti-microbial responses and can trigger an inflammatory signalling cascade and subsequent activation of the innate immune system. Targeting these nucleic acid sensing mechanisms has the potential to further amplify the DDR-induced anti-tumour innate immunity in conjunction with radiotherapy.


3.2.1 Direct DNA sensing


3.2.1.1 STING agonists

Stimulator of interferon genes (STING) is an endoplasmic reticulum adaptor that senses self and foreign cytoplasmic DNA, via cyclic GMP–AMP synthase (cGAS), and is crucial for effective innate immune signalling (208). Cytosolic DNA induces synthesis of the cyclic dinucleotide (CDN) cyclic GMP–AMP (cGAMP) from ATP and GTP by a cyclase enzyme called cGAS. cGAMP directly binds to STING to cause its dimerization and activation (209, 210), leading to activation of both NF-κB and IRF3 transcription pathways to induce expression of type I interferon, recruitment of immune cells, promotion of DC maturation and antigen-specific immune priming (211).

The cGAS-STING pathway is essential for anti-tumour T cell responses (212). One proposed mechanism is that CD8α+ DCs engulf apoptotic or necrotic tumour cells, and tumour cell-derived DNA triggers STING signalling in DCs (212–214). The subsequent type I IFN production by these DCs facilitates antigen cross-presentation and T-cell priming independent of the TLR or RIG-I/MAVS pathways (212). Recent studies have also suggested that STING signalling in the TME can suppress the immunosuppressive activity of MDSCs (215, 216). STING signalling is critical for radiation-induced anti-tumour responses (214) and, thus, it is an attractive potential treatment combination with radiotherapy. Preclinical data have shown that consideration needs to be given to radiotherapy dose per fraction as doses above 12-18 Gy induce the DNA exonuclease Trex1, which degrades the cytosolic DNA required to stimulate an effective STING-dependent type I IFN response (217).

The first generation STING agonist, 5,6-Dimethylxanthenone-4-acetic Acid (DMXAA), was originally developed as a vascular-disrupting agent (218, 219) and its anti-tumour effect is based on vascular necrosis leading to tumour starvation and haemorrhagic necrosis (218, 220). DMXAA has previously been shown to synergise with radiotherapy in mouse models in a hypoxia-preferential manner (221). However, the TME was found to remain immunologically sterile and tumours eventually progressed with time without durable protective anti-tumour immunity (222, 223). High local STING concentrations can lead to rapid T-cell apoptosis (224) whereas low-dose administration can lead to ‘vascular normalisation’ and favourably transform the TME to allow use of effective combinatorial anti-tumour immunotherapy (225–227).

There are two categories of STING agonists in clinical development: synthetic cyclic dinucleotides (CDNs) or non-CDN small molecules (228). These drugs are generally administered intratumourally due to their poor stability and bioavailability. This caveat limits their use to accessible tumours and recent efforts have been focused on development of STING agonists for systemic delivery (intravenously (228), orally (229, 230) and even as an inhalable nanoparticulate (231)). In addition, novel STING antibody-drug conjugates show promising preclinical results (232). There have only been a handful of preclinical studies investigating novel STING agonists with radiotherapy in vivo (Table 1). In mouse models, STING agonists synergise with radiotherapy to control local and distant disease and mediate rejection of tumour rechallenge (93, 231) via early T-cell-independent and TNF-α-dependent haemorrhagic necrosis, followed by a later stage of CD8 T-cell-dependent control (93). A number of clinical trials have looked into combining STING agonists with ICI or conventional chemotherapy (233); however, at the time of this review no radiotherapy and STING agonist combination clinical trials are in progress.




3.2.2 Crosstalk with RNA sensors


3.2.2.1 Toll-like receptor agonists

Toll-like receptors (TLRs) are a form of PRR expressed on sentinel immune cells which activate innate defence systems by detecting PAMPs. Genotoxic stress and DNA damage are increasingly recognised to signal through TLRs and cause the upregulation of TLR expression (234) via p53 (235). TLR signalling leads to maturation of APCs such as DCs, which are key mediators of T-cell activation and subsequent adaptive immunity. There is growing preclinical evidence that TLR agonists in combination with radiotherapy may lead to enhanced anti-tumour immunity, particularly through the mechanism of enhanced DC-mediated T-cell priming following radiotherapy (236). This occurs at various stages of this pathway; for example, TLR activation enhances type I IFN-signalling in many immune cells, modulates chemokine expression to enhance DC migration to lymphoid tissues (237–239) and upregulates CD80 and CD86 co-stimulatory molecules on DCs, which bind to CD28 on naïve T-cells for antigen/MHC-complex mediated TCR stimulation (240). TLRs can also stimulate DC-mediated release of IL-6 to dampen Treg suppressive signalling (241).

Given these observations, TLR agonists are seen as an attractive combination partner with radiotherapy. There have been numerous preclinical studies (Table 1) and early phase clinical trials (Table 2) of different TLR agonists, particularly of TLR3, TLR7/8 and TLR9, in combination with radiotherapy.

TLR3 senses dsRNA as a PAMP and polyinosinic-polycytidylic acid or poly (I:C) is a synthetic mimic of dsRNA which can stimulate TLR3-signalling pathways and lead to type I-IFN-dependent (242, 243) DC antigen cross-priming in vivo (244, 245). Poly(I:C) also has several immunostimulatory effects, including maturation and activation of DCs (246–248), T-cell stimulation (249, 250), enhanced cytotoxicity of Natural Killer (NK) cells (251–253), reprogramming of MDSCs (254) and repolarisation of macrophage populations from an M2 (classically activated macrophages) to M1 (alternatively activated macrophages) phenotype (255) (Figure 1). Pre-clinical studies exploring TLR3 agonists with radiotherapy in a radioresistant mouse model of lung cancer showed that poly(I:C) enhanced radiotherapy anti-tumour effects (256). The results from initial clinical trials have been disappointing, likely due to the short half-life of poly(I:C) (257). To address this, a degradation-resistant derivative polyinosinic-polycytidylic acid, and poly-L-lysine or poly(ICLC) was developed that has shown efficacy in clinical trials, although toxicity remains an issue (257). Preclinical studies in a murine lymphoma model have investigated the Fms-like tyrosine kinase 3 (Flt3)-ligand with radiotherapy and poly(ICLC) (258). Flt3-ligand is a cytokine which increases migration of DCs into the tumour and radiotherapy then stimulates maturation of DCs via ICD and HMGB-1 signalling for antigen uptake and processing (259). This combination with the addition of poly(ICLC) further maximises DC maturation and activation (246–248). There is a clinical study investigating intratumoral delivery of poly(ICLC) in combination with an in-situ vaccine rhuFlt3L/CDX-301 and radiotherapy which was well-tolerated and showed promising results (258) (NCT01976585) (Table 2). Two phase 2 studies in glioblastoma patients are also investigating the efficacy of poly(ICLC) in combination with radiotherapy (260, 261).




Figure 1 | Druggable targets of the DNA damage response (DDR) pathway currently tested in clinical trials. Radiotherapy induces DNA damage and cell death. Nucleic acid sensing pathways detect cytoplasmic DNA and RNA to stimulate downstream pathways. Cytoplasmic DNA activates the Cyclic GMP–AMP synthase (cGAS) to produce cyclic GMP–AMP (cGAMP) that activates the stimulator of interferon genes (STING) pathway, leading to type I interferon (IFN) production. Radiotherapy-induced type I interferon (IFN) can induce RNA sensor activation through RNA polymerase III conversion of DNA to double-stranded RNA (dsRNA), radiotherapy-induced small non-coding RNA (sncRNA) or STAT1-induced dsRNA synthesis from endogenous retroviral elements (ERVs). These activate (RIG-I)-like receptors (RLRs), melanoma differentiation-associated protein 5 (MDA5) and retinoic acid-inducible gene-I (RIG-I), which also drives pro-inflammatory signalling through type I IFN and pro-inflammatory cytokine production. Toll-like receptors (TLRs) can recognise damage-associated molecular patterns (DAMPs) of single-stranded RNA (ssRNA), dsRNA or unmethylated CpG DNA in intracellular compartments such as endosomes, to lead to activation of nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPKs) and interferon regulatory factors (IRFs). DNA damage repair mechanisms of single- (SSB) and double-strand breaks (DSB) are often upregulated by cancer cells to avoid cell cycle arrest or death. Inhibitors of DNA damage repair components, such as ataxia telangiectasia- mutated (ATM), ataxia telangiectasia and Rad3-related protein (ATR), DNA-dependent protein kinase, catalytic subunit (DNA-PKcs), poly(ADP- ribose) polymerase 1 (PARP-1) and Wee1 (Wee1-like protein kinase) function to propel the cell through the cell cycle, despite the presence of unrepaired damage, leading to accumulation of cytosolic DNA. This leads to cross-talk with the nucleic acid sensing pathway via activation of the cGAS-STING pathway and dsRNA stress pathway via promotion of ERV expression. These two pathways, through positive and negative cross-talk, shape the radiotherapy-induced DDR response that feeds into anti-tumour immune effects, including recruitment of tumour-infiltrating CD8+ T-cells, natural killer (NK) cells and CD11b+ innate immune cells, such as macrophages and neutrophils. Maturation and activation of dendritic cells (DCs) is increased, including DC cross-presentation of tumour-associated antigens to naive T-cells, which can become activated leading to T-cell-mediated cytotoxic-killing of cancer cells. Furthermore, the immunosuppressive effects of myeloid-derived suppressor cells (MDSCs) and regulatory T-cells (Tregs) can be reversed and macrophages can be repolarised from M2 to an M1 pro-inflammatory phenotype. Chk, checkpoint kinase; IKKi, inducible IκB kinase; IL, interleukin; IRAK, Interleukin 1 Receptor-Associated Kinase; MAVS, mitochondrial anti-viral-signalling protein; MyD88, Myeloid differentiation primary response 88; TBK, TANK-binding kinase 1; TNFα, tumour necrosis factor alpha; TRAF3, TNF Receptor-Associated Factor 3. Created with BioRender.com.



TLR7 and TLR8 detect guanosine or uridine-rich single-stranded RNA and their activation can directly induce MDSCs to lose their immunosuppressive function and acquire an APC-like phenotype that can induce tumour-specific T-cell responses (262), convert MDSCs to M1-like macrophages (263), activate NK cells (264–267) and revert Treg immunosuppressive effects (268). The imidazoquinolines are synthetic agonists for TLR7/8 of which topical imiquimod is the most extensively studied as well as being currently licensed for the treatment of superficial basal cell carcinoma (269). A preclinical study in breast cancer has investigated topical imiquimod in combination with radiotherapy and low-dose cyclophosphamide (94), and found that this triple combination had synergistic anti-cancer effects at both irradiated and unirradiated (abscopal) sites. Long-term surviving mice were able to reject tumour rechallenge, likely due to the establishment of anti-tumour immunological memory (94) (Table 1). A phase 2 clinical trial in metastatic breast cancer testing the efficacy of this triple therapy has finished recruiting (NCT01421017) (Table 2). Synergistic effects of subcutaneous TLR7 agonist and radiotherapy have also been observed in a preclinical model of melanoma (95) (Table 1). The efficacy of systemic delivery of the TLR7 agonists R848 (96), DSR-6434 (97), DSR-29133 (98) and 3M-011 (99), in combination with radiotherapy, has been explored in the treatment of several preclinical models of solid cancers. Dual therapy works synergistically to enhance tumour control, generate tumour-antigen-specific T-cells, suppress tumour growth (96–99) after rechallenge in long-term surviving mice (97) (98) and reduce the formation of distant metastases (99). Systemically-administered TLR7/8 agonists are not currently being investigated in a clinical setting; notably a phase I clinical trial investigating systemic TLR7 agonist ANA975 in chronic hepatitis C virus (270) had to be withdrawn due to excessive toxicity in extended preclinical studies (271), highlighting the need for caution when delivering systemic TLR7/8 agonists, especially in combination with radiotherapy (236).

Finally, TLR9 is expressed on APCs and B-cells and senses unmethylated CpG oligonucleotides present in bacterial and viral DNA (272–274). Again, TLR9 agonism can lead to activation and maturation of DCs, cytokine release from T helper type 1 (Th1) cells, differentiation of MDSC towards an M1 phenotype (275–279) and inhibition of Treg immunosuppressive effects (280). Several preclinical studies (281–284) have shown that TLR9 agonists can lead to anti-tumour effects in an NK- and CD8 T-cell-dependent manner (285). Preclinical studies showed enhanced tumour control in combination with radiotherapy in a model of murine fibrosarcoma and lung cancer (100–103), and induction of immunological memory by mice rejecting tumour rechallenge (102). The synergistic effects of radiotherapy and TLR9 agonists are dependent on a competent host immune system (102). Early clinical studies, although in small patient numbers, have tested TRL9 agonists in combination with radiotherapy. CpG-enriched oligodeoxynucleotide delivered intratumorally in combination with radiotherapy, 4 Gy in two fractions, led to overall objective response rates of 27% in the non-treated lesions of patients with relapsed low-grade B cell lymphoma (286).



3.2.2.2 (RIG-I)-like receptor (RLR) agonists

RIG-I and melanoma differentiation-associated gene 5 (MDA5) are collectively (RIG-I)-like receptors (RLR) which detect cytosolic RNA and are a key PRR in anti-viral responses (287). RIG-I preferentially binds to short (>10 bp) dsRNAs whereas MDA5 detects long accessible dsRNAs (>2 kbp) (288, 289), and downstream signalling of either activates IRF3 and NF-κB pathways to induce type I IFN and other inflammatory cytokines. In the context of DNA damage, RIG-I interacts with X-ray repair cross complementing 4 (XRCC4) to impede formation of the XRCC4/LIG4 (DNA ligase 4)/XLF (XRCC4-like factor) at DSBs. High expression of RIG-I compromises DNA repair and sensitises cancer cells to irradiation treatment. In contrast, depletion of RIG-I renders cells resistant to irradiation in vitro and in vivo (290).

In the anti-tumour response, there is increasing evidence that RLR activation in various cancer models by RNA ligands can induce cancer cell apoptosis in a type I IFN-dependent (291), or -independent manner (292, 293). RIG-I signalling can induce ICD of ovarian and pancreatic cancer cells in vivo by systemic activation of DCs, NK cells and CD8+ T cells (294, 295). In a pancreatic cancer model, tumour-derived type I IFN activates DCs and CD8α+ DCs engulf apoptotic tumour material and cross-present tumour-associated antigen to naïve CD8+ T cells (296). RIG-I may also inhibit tumour growth indirectly through regulation of tumour hypoxia (297) and the gut microbiota (298). The efficacy of anti-cancer treatments such as radiotherapy and many chemotherapy agents has also been shown to depend on the RLR pathway through endogenous non-coding RNAs, and depletion of RIG-I in human tumours confers treatment resistance (299).

Harnessing the RLR-pathway through RLR agonists is an attractive therapeutic target and several RLR mimetics or agonists have been developed which have shown promise in preclinical studies. For example, a unique RIG-I agonist in the form of RNA stem-loop of 14 bp (SLR14), when delivered intratumorally, significantly inhibited B16 tumour growth locally and systemically in bilateral and tumour metastasis models, with cured mice developing immunological memory (300). SLR14 was mainly taken up by CD11b+ myeloid cells in the TME leading to subsequent increase in the number of CD8+ T lymphocytes, NK cells, and CD11b+ cells in SLR14-treated tumours (300). MK4621 (or RGT100), a synthetic RNA oligonucleotide RIG-I activator is currently in phase 1 clinical trials for the treatment of advanced/metastatic solid tumours (NCT03739138).

Combining RLR agonists and radiotherapy is an attractive strategy to activate multiple DDR pathways via cytosolic RNA sensing and radiotherapy-induced cytosolic DNA/DNA damage detection. In vitro, an RLR agonist Poly(I:C)-HMW (High Molecular Weight)/LyoVec™ [Poly(I:C)-HMW] sensitised in vitro human lung cancer cells to Fas ligand (FasL)-induced apoptosis by radiotherapy (301). In vivo intratumoral cytoplasmic delivery of the dsRNA mimic poly(I:C) by polyethylenimine (PEI), prior to diffusing alpha-emitting radiation therapy (DaRT), resulted in synergistic tumour and metastatic disease control. Furthermore, immunological memory was demonstrated, whereby splenocytes from treated mice adoptively transferred to naïve tumour-bearing mice, resulted in delayed tumour development and protection from rechallenge (104). Combining RLR-agonists and radiotherapy has not yet been translated into clinical practice and to the best of our knowledge there are no clinical trials investigating this combination.






4 Discussion

We have discussed in detail the various druggable targets related to the DDR pathway, in particular agonists of the nucleic acid sensing pathways and inhibitors of DNA damage repair mechanisms. Next, this review will explore the clinical challenges and implications of combining radiotherapy with DDR-targeted agents.


4.1 The role of conventional chemotherapy

Conventional chemotherapy has historically been used in the backbone of radical chemoradiation (CRT) in many locally advanced tumours such as rectal, cervical and head and neck cancers. Chemotherapy agents traditionally used as radiosensitisers include platin salts (e.g. Cisplatin, Carboplatin) or fluoropyrimidines (e.g. 5-fluorouracil or its prodrug Capecitabine), which trigger cell death by instigating DNA damage (302). Chemotherapy-induced cell death can lead to DNA leakage into the cytosol and trigger intrinsic STING pathway stimulation and activation of the immune system (303). Some may argue that investigating novel DDR-pathway specific agents is redundant given that chemotherapy may exert its anti-cancer effects partly by stimulating the innate immune system (303). However, it is recognised that chemotherapy (304), radiotherapy (305) or concomitant CRT (306) in various cancers can result in lymphocyte depletion which can potentially negate a sustained effective anti-tumour response. Lymphocyte depletion post-treatment is a poor prognostic factor in patients who have undergone radiotherapy for Stage III lung cancer (305) or CRT for newly diagnosed glioblastoma (306). Furthermore, defects in DDR signalling may contribute to chemoresistance in some cancer types (303) and, as such, development of specific DDR-targeting agents remains an important avenue for research.



4.2 Maintaining anti-tumour immunity using ICIs

The anti-tumour innate immunity initiated by radiotherapy and DDR inhibitors is likely to be complementary to the effect of immune checkpoint inhibitors (ICIs), which can sustain and maintain the adaptive arm of the anti-tumour immune response. For example, preclinical studies in lymphoma have shown that treatment with Flt3L, radiation and poly(ICLC) led to PD-L1 upregulation in both tumour cells and intratumoural DCs, and that the further addition of anti-PD-1 antibody led to improved local and systemic tumour control (258). There is an increasing number of early phase clinical studies investigating the addition of ICI with radiotherapy and DDR-targeted agents, such as TLR agonists (NCT03007732, NCT04050085, NCT03507699, NCT02254772) and DNA-PK inhibitors (NCT04068194, NCT03724890, NCT04576091, NCT03923270).

Clinical response to ICIs is typically predicted by tumour mutational burden and neoantigen load (307, 308). Preclinical data suggests that radiotherapy and DDR inhibitors may replicate the phenotype of high mutational and neoantigen burden and rationally direct therapeutic combinations with ICIs. However, the caveat is that radiotherapy-induced subclonal neoantigens may translate into poorer responses to ICI in some tumour types (307). The combination of radiotherapy and anti-CTLA-4 increases the diversity of TIL TCR repertoire, leading to increased tumour control in vivo; however, these tumours remain dominated by a small number of high-frequency T-cell clones (30, 32). It is still unknown whether it is more important to have an immune response against pre-existing tumour antigens or new radiotherapy-generated tumour antigens. As we await the results of the ongoing triple combination treatments (RT + DDR agents + ICI) in early phase clinical trials, further work is needed to investigate such combinations in the context of creation of subclonal neoantigens.



4.3 Tumour-specific radiosensitisation and the safety profile of combination therapy

A key principle of radiation oncology is that the dose delivered to the tumour is limited by the surrounding normal tissue organs-at-risk (OARs). Hence, strategies in designing clinical trials arguably should have some basis for a selective effect of any combination drug on the tumour (309). Preclinical studies in mouse models, for example, show that M3814, a DNA-PK inhibitor given with radiotherapy, shows marked improvement in tumour control (310). However, when translated into clinical practice, a clinical trial of M3814 with radiation (NCT02516813) reported enhanced normal tissue reactions including dysphagia, prolonged stomatitis and radiation dermatitis (311). Pre-clinical models are also severely limited in predicting long-term treatment toxicity in humans.

A further therapeutic challenge of using DDR pathway agents with radiotherapy is that there may be high variability in drug pharmacokinetics leading to varying degrees of radiosensitisation between tumour versus normal tissues, which makes it difficult to predict the therapeutic index for each individual patient (309). Therefore, unless there is a clear mechanism for tumour-specific radiosensitisation, clinical trials combining DNA repair inhibitors and radiotherapy may be severely compromised by unacceptable toxicity. Potential solutions may be an intratumoural route of drug delivery, as taken by certain trials of TLR9 agonists and STING agonists (Table 2), or conditional drug activation, such as with a hypoxia-activated DNA-PK inhibitor (312, 313). Increased knowledge of biomarkers and access to routine tumour profiling may guide the best selection of which DDR agent to use in a particular cancer subtype, for example PARP-inhibitors in BRCA-mutant or ATM/ATR inhibitors in p53-mutant tumours. Advances in radiotherapy delivery techniques using stereotactic techniques to irradiate tumour volumes highly selectively is a further way to reduce off-target combination effects of DDR-targeting agents. For example, a Phase I trial in recurrent head and neck squamous cell carcinoma investigating combining an ATR kinase inhibitor BAY1895344 with pembrolizumab and stereotactic body radiotherapy (SBRT) (NCT04576091) represents one such promising approach.



4.4 Radiotherapy planning, modality and scheduling with DDR delivery

In some occasions, radiotherapy can result in the regression of disease outside of the irradiated field in the so-called abscopal effect, which is thought to be immune-mediated (314). Inducing such systemic anti-tumour immune responses is likely highly dependent on radiotherapy dose and fractionation and these factors, therefore, need to be an important consideration in combination treatments with DDR agents and/or ICI (315).

Irradiation of regional lymph nodes in cancer treatment is common practice either with high doses in macroscopic disease or prophylactic lower doses, if lymph nodes are deemed to be at risk of harbouring micrometastatic disease. This approach has recently become more controversial given that we know these lymphoid organs have an important role in DC-mediated T-cell priming, activation and subsequent tumour infiltration following radiotherapy (31). Routine irradiation of regional lymph nodes may potentially deplete important immune cells and have a detrimental effect on the anti-tumour immune response (316).

The biological effects of radiotherapy, such as DNA damage complexity, depend on radiation quality and degree of linear energy transfer (LET). High LET radiation (e.g. protons, carbon ions, α-particle-emitting radionuclides) can differentially affect cell fate (317). For example, protons mainly induce apoptosis not necrosis which may reduce the leakage of nucleic acids into the cytoplasm to serve as danger signals, hence impacting on the innate immune response (317). The effects of radiotherapy were previously thought to be mainly due to nuclear DNA damage and their repair mechanisms. However, the outcome of irradiation depends also on the activation and regulation of other organelles that determine cellular metabolism, survival and immunological responses such as the mitochondria (318). Recent studies have shown that mitochondrial DNA DSBs activate a type I IFN response and mitochondrial RNA release into the cytoplasm triggers a RIG-I-MAVS-dependent immune response (319, 320). Low-dose versus high-dose radiation, as well as radiation quality, can also have different effects on mitochondria-mediated innate and adaptive immune responses (318). Interestingly, high LET particle radiotherapy which are more efficient in ROS production is reportedly more likely to lead to mitochondria-mediated apoptosis and anti-tumour immune responses (318, 321).

The most appropriate scheduling of DDR agents with respect to radiotherapy also needs to be investigated further. For example, a study investigating a novel TLR7/8 agonist in combination with radiotherapy showed that the optimal combination efficacy required the drug to be administered concurrently at the start rather than end of radiotherapy (98). However, another investigation of a TLR9 agonist showed maximum synergy was observed when mice received the agent three days after radiotherapy in the adjuvant setting (102). Clinical trials investigating TLR3 agonists used in the concurrent or adjuvant setting with respect to radiotherapy both showed activity (258, 260, 261, 322). More preclinical studies investigating the biological basis of optimal scheduling are required, although it may be that optimal scheduling may ultimately be both treatment- and tumour-specific.




5 Conclusion

Our increasing knowledge of the mechanisms of how radiotherapy-induced DDR interacts intimately with the host immune response is critical to the discovery of novel therapeutic targets and effective strategies against cancer. DDR-targeted agents are an exciting avenue for overcoming radioresistance and improving patient outcomes through enhancement of anti-tumour immunity. Understanding the molecular mechanisms and immunological effects of these DDR agents, through rigorous preclinical testing and translational analyses, is key to guiding rational clinical trial design in terms of drug route of delivery, schedules and choice of additional combination treatments, such as chemotherapy or immunotherapy.



Author contributions

CC conceptualised this review and drafted the manuscript. AR, EP, MP, AM and KH contributed to the writing and critical revision of this article. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Wellcome Trust, ICR/RM NIHR Biomedical Research Centre, The Institute of Cancer Research/Royal Marsden Hospital Centre for Translational Immunotherapy, CRUK Head and Neck Programme Grant (C7224/A23275) and ICR/RM CRUK RadNet Centre of Excellence (C7224/A28724).



Conflict of interest

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



References

1. Delaney, G, Jacob, S, Featherstone, C, and Barton, M. The role of radiotherapy in cancer treatment: estimating optimal utilization from a review of evidence-based clinical guidelines. Cancer (2005) 104(6):1129–37. doi: 10.1002/cncr.21324

2. Verheij, M. Clinical biomarkers and imaging for radiotherapy-induced cell death. Cancer Metastasis Rev (2008) 27(3):471–80. doi: 10.1007/s10555-008-9131-1

3. Apel, A, Herr, I, Schwarz, H, Rodemann, HP, and Mayer, A. Blocked autophagy sensitizes resistant carcinoma cells to radiation therapy. Cancer Res (2008) 68(5):1485–94. doi: 10.1158/0008-5472.CAN-07-0562

4. Maier, P, Hartmann, L, Wenz, F, and Herskind, C. Cellular pathways in response to ionizing radiation and their targetability for tumor radiosensitization. Int J Mol Sci (2016) 17(1). doi: 10.3390/ijms17010102

5. Withers, HR. The four r’s of radiotherapy. In:  JTAH Lett, editor. Advances in radiation biology. New York: Academic Press (1975).

6. Steel, GG, McMillan, TJ, and Peacock, JH. The 5Rs of radiobiology. Int J Radiat Biol (1989) 56(6):1045–8. doi: 10.1080/09553008914552491

7. Golden, EB, Frances, D, Pellicciotta, I, Demaria, S, Helen Barcellos-Hoff, M, and Formenti, SC. Radiation fosters dose-dependent and chemotherapy-induced immunogenic cell death. Oncoimmunology (2014) 3:e28518. doi: 10.4161/onci.28518

8. McLaughlin, M, Patin, EC, Pedersen, M, Wilkins, A, Dillon, MT, Melcher, AA, et al. Inflammatory microenvironment remodelling by tumour cells after radiotherapy. Nat Rev Cancer (2020) 20(4):203–17. doi: 10.1038/s41568-020-0246-1

9. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

10. Hanahan, D, and Weinberg, RA. The hallmarks of cancer. Cell (2000) 100(1):57–70. doi: 10.1016/S0092-8674(00)81683-9

11. Jackson, SP, and Bartek, J. The DNA-damage response in human biology and disease. Nature (2009) 461(7267):1071–8. doi: 10.1038/nature08467

12. Matzinger, P. Tolerance, danger, and the extended family. Annu Rev Immunol (1994) 12:991–1045. doi: 10.1146/annurev.iy.12.040194.005015

13. Krysko, DV, Garg, AD, Kaczmarek, A, Krysko, O, Agostinis, P, and Vandenabeele, P. Immunogenic cell death and DAMPs in cancer therapy. Nat Rev Cancer (2012) 12(12):860–75. doi: 10.1038/nrc3380

14. Schaue, D, and McBride, WH. Links between innate immunity and normal tissue radiobiology. Radiat Res (2010) 173(4):406–17. doi: 10.1667/RR1931.1

15. Zhou, J, Wang, G, Chen, Y, Wang, H, Hua, Y, and Cai, Z. Immunogenic cell death in cancer therapy: Present and emerging inducers. J Cell Mol Med (2019) 23(8):4854–65. doi: 10.1111/jcmm.14356

16. Ma, Y, Adjemian, S, Mattarollo, SR, Yamazaki, T, Aymeric, L, Yang, H, et al. Anticancer chemotherapy-induced intratumoral recruitment and differentiation of antigen-presenting cells. Immunity (2013) 38(4):729–41. doi: 10.1016/j.immuni.2013.03.003

17. Ma, Y, Adjemian, S, Yang, H, Catani, JP, Hannani, D, Martins, I, et al. ATP-dependent recruitment, survival and differentiation of dendritic cell precursors in the tumor bed after anticancer chemotherapy. Oncoimmunology (2013) 2(6):e24568. doi: 10.4161/onci.24568

18. Kono, K, and Mimura, K. Immunogenic tumor cell death induced by chemoradiotherapy in a clinical setting. Oncoimmunology (2013) 2(1):e22197. doi: 10.4161/onci.22197

19. Gameiro, SR, Jammeh, ML, Wattenberg, MM, Tsang, KY, Ferrone, S, and Hodge, JW. Radiation-induced immunogenic modulation of tumor enhances antigen processing and calreticulin exposure, resulting in enhanced T-cell killing. Oncotarget (2014) 5(2):403–16. doi: 10.18632/oncotarget.1719

20. Lhuillier, C, Rudqvist, NP, Elemento, O, Formenti, SC, and Demaria, S. Radiation therapy and anti-tumor immunity: exposing immunogenic mutations to the immune system. Genome Med (2019) 11(1):40. doi: 10.1186/s13073-019-0653-7

21. Garg, AD, Galluzzi, L, Apetoh, L, Baert, T, Birge, RB, Bravo-San Pedro, JM, et al. Molecular and translational classifications of DAMPs in immunogenic cell death. Front Immunol (2015) 6:588. doi: 10.3389/fimmu.2015.00588

22. Sprung, CN, Forrester, HB, Siva, S, and Martin, OA. Immunological markers that predict radiation toxicity. Cancer Lett (2015) 368(2):191–7. doi: 10.1016/j.canlet.2015.01.045

23. Ozsoy, HZ, Sivasubramanian, N, Wieder, ED, Pedersen, S, and Mann, DL. Oxidative stress promotes ligand-independent and enhanced ligand-dependent tumor necrosis factor receptor signaling. J Biol Chem (2008) 283(34):23419–28. doi: 10.1074/jbc.M802967200

24. Schaue, D, Xie, MW, Ratikan, JA, and McBride, WH. Regulatory T cells in radiotherapeutic responses. Front Oncol (2012) 2:90. doi: 10.3389/fonc.2012.00090

25. Jia, S, Ge, S, Fan, X, Leong, KW, and Ruan, J. Promoting reactive oxygen species generation: a key strategy in nanosensitizer-mediated radiotherapy. Nanomed (Lond) (2021) 16(9):759–78. doi: 10.2217/nnm-2020-0448

26. Barker, HE, Paget, JT, Khan, AA, and Harrington, KJ. The tumour microenvironment after radiotherapy: mechanisms of resistance and recurrence. Nat Rev Cancer (2015) 15(7):409–25. doi: 10.1038/nrc3958

27. Matsumura, S, Wang, B, Kawashima, N, Braunstein, S, Badura, M, Cameron, TO, et al. Radiation-induced CXCL16 release by breast cancer cells attracts effector T cells. J Immunol (2008) 181(5):3099–107. doi: 10.4049/jimmunol.181.5.3099

28. Banchereau, J, and Steinman, RM. Dendritic cells and the control of immunity. Nature (1998) 392(6673):245–52. doi: 10.1038/32588

29. Wilkins, AC, Patin, EC, Harrington, KJ, and Melcher, AA. The immunological consequences of radiation-induced DNA damage. J Pathol (2019) 247(5):606–14. doi: 10.1002/path.5232

30. Rudqvist, NP, Pilones, KA, Lhuillier, C, Wennerberg, E, Sidhom, JW, Emerson, RO, et al. Radiotherapy and CTLA-4 blockade shape the TCR repertoire of tumor-infiltrating T cells. Cancer Immunol Res (2018) 6(2):139–50. doi: 10.1158/2326-6066.CIR-17-0134

31. Dovedi, SJ, Cheadle, EJ, Popple, AL, Poon, E, Morrow, M, Stewart, R, 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(18):5514–26. doi: 10.1158/1078-0432.CCR-16-1673

32. Twyman-Saint Victor, C, Rech, AJ, Maity, A, Rengan, R, Pauken, KE, Stelekati, E, et al. Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in cancer. Nature (2015) 520(7547):373–7. doi: 10.1038/nature14292

33. Philip, M, Rowley, DA, and Schreiber, H. Inflammation as a tumor promoter in cancer induction. Semin Cancer Biol (2004) 14(6):433–9. doi: 10.1016/j.semcancer.2004.06.006

34. Lin, WW, and Karin, M. A cytokine-mediated link between innate immunity, inflammation, and cancer. J Clin Invest (2007) 117(5):1175–83. doi: 10.1172/JCI31537

35. Li, Q, Withoff, S, and Verma, IM. Inflammation-associated cancer: NF-kappaB is the lynchpin. Trends Immunol (2005) 26(6):318–25. doi: 10.1016/j.it.2005.04.003

36. Dunn, GP, Old, LJ, and Schreiber, RD. The three Es of cancer immunoediting. Annu Rev Immunol (2004) 22:329–60. doi: 10.1146/annurev.immunol.22.012703.104803

37. Hiniker, SM, Chen, DS, Reddy, S, Chang, DT, Jones, JC, Mollick, JA, et al. A systemic complete response of metastatic melanoma to local radiation and immunotherapy. Transl Oncol (2012) 5(6):404–7. doi: 10.1593/tlo.12280

38. Harris, TJ, Hipkiss, EL, Borzillary, S, Wada, S, Grosso, JF, Yen, HR, et al. Radiotherapy augments the immune response to prostate cancer in a time-dependent manner. Prostate (2008) 68(12):1319–29. doi: 10.1002/pros.20794

39. Laoui, D, Van Overmeire, E, De Baetselier, P, Van Ginderachter, JA, and Raes, G. Functional relationship between tumor-associated macrophages and macrophage colony-stimulating factor as contributors to cancer progression. Front Immunol (2014) 5:489. doi: 10.3389/fimmu.2014.00489

40. Kachikwu, EL, Iwamoto, KS, Liao, YP, DeMarco, JJ, Agazaryan, N, Economou, JS, et al. Radiation enhances regulatory T cell representation. Int J Radiat Oncol Biol Phys (2011) 81(4):1128–35. doi: 10.1016/j.ijrobp.2010.09.034

41. Qu, Y, Jin, S, Zhang, A, Zhang, B, Shi, X, Wang, J, et al. Gamma-ray resistance of regulatory CD4+CD25+Foxp3+ T cells in mice. Radiat Res (2010) 173(2):148–57. doi: 10.1667/RR0978.1

42. Dovedi, SJ, Adlard, AL, Lipowska-Bhalla, G, McKenna, C, Jones, S, Cheadle, EJ, et al. Acquired resistance to fractionated radiotherapy can be overcome by concurrent PD-L1 blockade. Cancer Res (2014) 74(19):5458–68. doi: 10.1158/0008-5472.CAN-14-1258

43. Rodriguez-Ruiz, ME, Rodriguez, I, Garasa, S, Barbes, B, Solorzano, JL, Perez-Gracia, JL, 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(20):5994–6005. doi: 10.1158/0008-5472.CAN-16-0549

44. Hsieh, RC, Krishnan, S, Wu, RC, Boda, AR, Liu, A, Winkler, M, et al. ATR-mediated CD47 and PD-L1 up-regulation restricts radiotherapy-induced immune priming and abscopal responses in colorectal cancer. Sci Immunol (2022) 7(72):eabl9330. doi: 10.1126/sciimmunol.abl9330

45. Mantovani, A, Romero, P, Palucka, AK, and Marincola, FM. Tumour immunity: effector response to tumour and role of the microenvironment. Lancet (2008) 371(9614):771–83. doi: 10.1016/S0140-6736(08)60241-X

46. Finkelstein, SE, Iclozan, C, Bui, MM, Cotter, MJ, Ramakrishnan, R, Ahmed, J, et al. Combination of external beam radiotherapy (EBRT) with intratumoral injection of dendritic cells as neo-adjuvant treatment of high-risk soft tissue sarcoma patients. Int J Radiat Oncol Biol Phys (2012) 82(2):924–32. doi: 10.1016/j.ijrobp.2010.12.068

47. Muroyama, Y, Nirschl, TR, Kochel, CM, Lopez-Bujanda, Z, Theodros, D, Mao, W, et al. Stereotactic radiotherapy increases functionally suppressive regulatory T cells in the tumor microenvironment. Cancer Immunol Res (2017) 5(11):992–1004. doi: 10.1158/2326-6066.CIR-17-0040

48. Hellevik, T, Pettersen, I, Berg, V, Winberg, JO, Moe, BT, Bartnes, K, et al. Cancer-associated fibroblasts from human NSCLC survive ablative doses of radiation but their invasive capacity is reduced. Radiat Oncol (2012) 7:59. doi: 10.1186/1748-717X-7-59

49. Mantoni, TS, Lunardi, S, Al-Assar, O, Masamune, A, and Brunner, TB. Pancreatic stellate cells radioprotect pancreatic cancer cells through β1-integrin signaling. Cancer Res (2011) 71(10):3453–8. doi: 10.1158/0008-5472.CAN-10-1633

50. Erez, N, Truitt, M, Olson, P, Arron, ST, and Hanahan, D. Cancer-associated fibroblasts are activated in incipient neoplasia to orchestrate tumor-promoting inflammation in an NF-kappaB-Dependent manner. Cancer Cell (2010) 17(2):135–47. doi: 10.1016/j.ccr.2009.12.041

51. Kraman, M, Bambrough, PJ, Arnold, JN, Roberts, EW, Magiera, L, Jones, JO, et al. Suppression of antitumor immunity by stromal cells expressing fibroblast activation protein-alpha. Science (2010) 330(6005):827–30. doi: 10.1126/science.1195300

52. Kugeratski, FG, Atkinson, SJ, Neilson, LJ, Lilla, S, Knight, JRP, Serneels, J, et al. Hypoxic cancer-associated fibroblasts increase NCBP2-AS2/HIAR to promote endothelial sprouting through enhanced VEGF signaling. Sci Signal (2019) 12(567):1–33. doi: 10.1126/scisignal.aan8247

53. Liao, D, Luo, Y, Markowitz, D, Xiang, R, and Reisfeld, RA. Cancer associated fibroblasts promote tumor growth and metastasis by modulating the tumor immune microenvironment in a 4T1 murine breast cancer model. PloS One (2009) 4(11):e7965. doi: 10.1371/journal.pone.0007965

54. Vigano, S, Alatzoglou, D, Irving, M, Ménétrier-Caux, C, Caux, C, Romero, P, et al. Targeting adenosine in cancer immunotherapy to enhance T-cell function. Front Immunol (2019) 10:925. doi: 10.3389/fimmu.2019.00925

55. Stagg, J, and Smyth, MJ. Extracellular adenosine triphosphate and adenosine in cancer. Oncogene (2010) 29(39):5346–58. doi: 10.1038/onc.2010.292

56. Montalbán Del Barrio, I, Penski, C, Schlahsa, L, Stein, RG, Diessner, J, Wöckel, A, et al. Adenosine-generating ovarian cancer cells attract myeloid cells which differentiate into adenosine-generating tumor associated macrophages - a self-amplifying, CD39- and CD73-dependent mechanism for tumor immune escape. J Immunother Cancer (2016) 4:49. doi: 10.1186/s40425-016-0154-9

57. Li, J, Wang, L, Chen, X, Li, L, Li, Y, Ping, Y, et al. CD39/CD73 upregulation on myeloid-derived suppressor cells via TGF-β-mTOR-HIF-1 signaling in patients with non-small cell lung cancer. Oncoimmunology (2017) 6(6):e1320011. doi: 10.1080/2162402X.2017.1320011

58. d'Almeida, SM, Kauffenstein, G, Roy, C, Basset, L, Papargyris, L, Henrion, D, et al. The ecto-ATPDase CD39 is involved in the acquisition of the immunoregulatory phenotype by m-CSF-macrophages and ovarian cancer tumor-associated macrophages: Regulatory role of IL-27. Oncoimmunology (2016) 5(7):e1178025. doi: 10.1080/2162402X.2016.1178025

59. Hilchey, SP, Kobie, JJ, Cochran, MR, Secor-Socha, S, Wang, JC, Hyrien, O, et al. Human follicular lymphoma CD39+-infiltrating T cells contribute to adenosine-mediated T cell hyporesponsiveness. J Immunol (2009) 183(10):6157–66. doi: 10.4049/jimmunol.0900475

60. Gourdin, N, Bossennec, M, Rodriguez, C, Vigano, S, Machon, C, Jandus, C, et al. Autocrine adenosine regulates tumor polyfunctional CD73(+)CD4(+) effector T cells devoid of immune checkpoints. Cancer Res (2018) 78(13):3604–18. doi: 10.1158/0008-5472.CAN-17-2405

61. Canale, FP, Ramello, MC, Núñez, N, Araujo Furlan, CL, Bossio, SN, Gorosito Serrán, M, et al. CD39 expression defines cell exhaustion in tumor-infiltrating CD8(+) T cells. Cancer Res (2018) 78(1):115–28. doi: 10.1158/0008-5472.CAN-16-2684

62. Kim, JJ, and Tannock, IF. Repopulation of cancer cells during therapy: an important cause of treatment failure. Nat Rev Cancer (2005) 5(7):516–25. doi: 10.1038/nrc1650

63. Huang, Q, Li, F, Liu, X, Li, W, Shi, W, Liu, FF, et al. Caspase 3-mediated stimulation of tumor cell repopulation during cancer radiotherapy. Nat Med (2011) 17(7):860–6. doi: 10.1038/nm.2385

64. Vlashi, E, and Pajonk, F. Cancer stem cells, cancer cell plasticity and radiation therapy. Semin Cancer Biol (2015) 31:28–35. doi: 10.1016/j.semcancer.2014.07.001

65. Lagadec, C, Vlashi, E, Della Donna, L, Meng, Y, Dekmezian, C, Kim, K, et al. Survival and self-renewing capacity of breast cancer initiating cells during fractionated radiation treatment. Breast Cancer Res (2010) 12(1):R13. doi: 10.1186/bcr2479

66. Huang, RX, and Zhou, PK. DNA Damage response signaling pathways and targets for radiotherapy sensitization in cancer. Signal Transduct Target Ther (2020) 5(1):60. doi: 10.1038/s41392-020-0150-x

67. Mladenov, E, Magin, S, Soni, A, and Iliakis, G. DNA Double-strand break repair as determinant of cellular radiosensitivity to killing and target in radiation therapy. Front Oncol (2013) 3:113. doi: 10.3389/fonc.2013.00113

68. Iliakis, G, Mladenov, E, and Mladenova, V. Necessities in the processing of DNA double strand breaks and their effects on genomic instability and cancer. Cancers (Basel) (2019) 11(11). doi: 10.3390/cancers11111671

69. Weber, AM, and Ryan, AJ. ATM And ATR as therapeutic targets in cancer. Pharmacol Ther (2015) 149:124–38. doi: 10.1016/j.pharmthera.2014.12.001

70. Gasser, S, Orsulic, S, Brown, EJ, and Raulet, DH. The DNA damage pathway regulates innate immune system ligands of the NKG2D receptor. Nature (2005) 436(7054):1186–90. doi: 10.1038/nature03884

71. Zou, L, and Elledge, SJ. Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes. Science (2003) 300(5625):1542–8. doi: 10.1126/science.1083430

72. Matsuoka, S, Ballif, BA, Smogorzewska, A, McDonald, ER 3rd, Hurov, KE, Luo, J, et al. ATM And ATR substrate analysis reveals extensive protein networks responsive to DNA damage. Science (2007) 316(5828):1160–6. doi: 10.1126/science.1140321

73. Wang, L, Yang, L, Wang, C, Zhao, W, Ju, Z, Zhang, W, et al. Inhibition of the ATM/Chk2 axis promotes cGAS/STING signaling in ARID1A-deficient tumors. J Clin Invest (2020) 130(11):5951–66. doi: 10.1172/JCI130445

74. Savitsky, K, Platzer, M, Uziel, T, Gilad, S, Sartiel, A, Rosenthal, A, et al. Ataxia-telangiectasia: structural diversity of untranslated sequences suggests complex post-transcriptional regulation of ATM gene expression. Nucleic Acids Res (1997) 25(9):1678–84. doi: 10.1093/nar/25.9.1678

75. Taylor, AM, Harnden, DG, Arlett, CF, Harcourt, SA, Lehmann, AR, Stevens, S, et al. Ataxia telangiectasia: a human mutation with abnormal radiation sensitivity. Nature (1975) 258(5534):427–9. doi: 10.1038/258427a0

76. Hirao, A, Cheung, A, Duncan, G, Girard, PM, Elia, AJ, Wakeham, A, et al. Chk2 is a tumor suppressor that regulates apoptosis in both an ataxia telangiectasia mutated (ATM)-dependent and an ATM-independent manner. Mol Cell Biol (2002) 22(18):6521–32. doi: 10.1128/MCB.22.18.6521-6532.2002

77. Powell, SN, DeFrank, JS, Connell, P, Eogan, M, Preffer, F, Dombkowski, D, et al. Differential sensitivity of p53(-) and p53(+) cells to caffeine-induced radiosensitization and override of G2 delay. Cancer Res (1995) 55(8):1643–8. doi: 10.1016/0360-3016(95)97825-L

78. Price, BD, and Youmell, MB. The phosphatidylinositol 3-kinase inhibitor wortmannin sensitizes murine fibroblasts and human tumor cells to radiation and blocks induction of p53 following DNA damage. Cancer Res (1996) 56(2):246–50.

79. Rainey, MD, Charlton, ME, Stanton, RV, and Kastan, MB. Transient inhibition of ATM kinase is sufficient to enhance cellular sensitivity to ionizing radiation. Cancer Res (2008) 68(18):7466–74. doi: 10.1158/0008-5472.CAN-08-0763

80. Hickson, I, Zhao, Y, Richardson, CJ, Green, SJ, Martin, NM, Orr, AI, et al. Identification and characterization of a novel and specific inhibitor of the ataxia-telangiectasia mutated kinase ATM. Cancer Res (2004) 64(24):9152–9. doi: 10.1158/0008-5472.CAN-04-2727

81. Golding, SE, Rosenberg, E, Adams, BR, Wignarajah, S, Beckta, JM, O'Connor, MJ., et al. Dynamic inhibition of ATM kinase provides a strategy for glioblastoma multiforme radiosensitization and growth control. Cell Cycle (2012) 11(6):1167–73. doi: 10.4161/cc.11.6.19576

82. Batey, MA, Zhao, Y, Kyle, S, Richardson, C, Slade, A, Martin, NM, et al. Preclinical evaluation of a novel ATM inhibitor, KU59403, in vitro and in vivo in p53 functional and dysfunctional models of human cancer. Mol Cancer Ther (2013) 12(6):959–67. doi: 10.1158/1535-7163.MCT-12-0707

83. Vecchio, D, Daga, A, Carra, E, Marubbi, D, Raso, A, Mascelli, S, et al. Pharmacokinetics, pharmacodynamics and efficacy on pediatric tumors of the glioma radiosensitizer KU60019. Int J Cancer (2015) 136(6):1445–57. doi: 10.1002/ijc.29121

84. Zhang, T, Shen, Y, Chen, Y, Hsieh, JT, and Kong, Z. The ATM inhibitor KU55933 sensitizes radioresistant bladder cancer cells with DAB2IP gene defect. Int J Radiat Biol (2015) 91(4):368–78. doi: 10.3109/09553002.2015.1001531

85. Vecchio, D, Daga, A, Carra, E, Marubbi, D, Baio, G, Neumaier, CE, et al. Predictability, efficacy and safety of radiosensitization of glioblastoma-initiating cells by the ATM inhibitor KU-60019. Int J Cancer (2014) 135(2):479–91. doi: 10.1002/ijc.28680

86. Zhang, Q, Green, MD, Lang, X, Lazarus, J, Parsels, JD, Wei, S, et al. Inhibition of ATM increases interferon signaling and sensitizes pancreatic cancer to immune checkpoint blockade therapy. Cancer Res (2019) 79(15):3940–51. doi: 10.1158/0008-5472.CAN-19-0761

87. Vendetti, FP, Karukonda, P, Clump, DA, Teo, T, Lalonde, R, Nugent, K, et al. ATR kinase inhibitor AZD6738 potentiates CD8+ T cell-dependent antitumor activity following radiation. J Clin Invest (2018) 128(9):3926–40. doi: 10.1172/JCI96519

88. Dillon, MT, Bergerhoff, KF, Pedersen, M, Whittock, H, Crespo-Rodriguez, E, Patin, EC, et al. ATR inhibition potentiates the radiation-induced inflammatory tumor microenvironment. Clin Cancer Res (2019) 25(11):3392–403. doi: 10.1158/1078-0432.CCR-18-1821

89. Sheng, H, Huang, Y, Xiao, Y, Zhu, Z, Shen, M, Zhou, P, et al. ATR inhibitor AZD6738 enhances the antitumor activity of radiotherapy and immune checkpoint inhibitors by potentiating the tumor immune microenvironment in hepatocellular carcinoma. J Immunother Cancer (2020) 8(1). doi: 10.1136/jitc-2019-000340

90. Patin, EC, Dillon, MT, Nenclares, P, Grove, L, Soliman, H, Leslie, I, et al. Harnessing radiotherapy-induced NK-cell activity by combining DNA damage-response inhibition and immune checkpoint blockade. J Immunother Cancer (2022) 10(3). doi: 10.1136/jitc-2021-004306

91. Wang, W, McMillan, MT, Zhao, X, Wang, Z, Jiang, L, Karnak, D, et al. DNA-PK inhibition and radiation promote anti-tumoral immunity through RNA polymerase III in pancreatic cancer. Mol Cancer Res (2022) 20(7):1137–1150. doi: 10.1158/1541-7786.MCR-21-0725

92. Patel, P, Sun, L, Robbins, Y, Clavijo, PE, Friedman, J, Silvin, C, et al. Enhancing direct cytotoxicity and response to immune checkpoint blockade following ionizing radiation with Wee1 kinase inhibition. Oncoimmunology (2019) 8(11):e1638207. doi: 10.1080/2162402X.2019.1638207

93. Baird, JR, Friedman, D, Cottam, B, Dubensky, TW Jr, Kanne, DB, Bambina, S, et al. Radiotherapy combined with novel STING-targeting oligonucleotides results in regression of established tumors. Cancer Res (2016) 76(1):50–61. doi: 10.1158/0008-5472.CAN-14-3619

94. Dewan, MZ, Vanpouille-Box, C, Kawashima, N, DiNapoli, S, Babb, JS, Formenti, SC, et al. Synergy of topical toll-like receptor 7 agonist with radiation and low-dose cyclophosphamide in a mouse model of cutaneous breast cancer. Clin Cancer Res (2012) 18(24):6668–78. doi: 10.1158/1078-0432.CCR-12-0984

95. Cho, JH, Lee, HJ, Ko, HJ, Yoon, BI, Choe, J, Kim, KC, et al. The TLR7 agonist imiquimod induces anti-cancer effects via autophagic cell death and enhances anti-tumoral and systemic immunity during radiotherapy for melanoma. Oncotarget (2017) 8(15):24932–48. doi: 10.18632/oncotarget.15326

96. Dovedi, SJ, Melis, MH, Wilkinson, RW, Adlard, AL, Stratford, IJ, Honeychurch, J, et al. Systemic delivery of a TLR7 agonist in combination with radiation primes durable antitumor immune responses in mouse models of lymphoma. Blood (2013) 121(2):251–9. doi: 10.1182/blood-2012-05-432393

97. Adlard, AL, Dovedi, SJ, Telfer, BA, Koga-Yamakawa, E, Pollard, C, Honeychurch, J, et al. A novel systemically administered toll-like receptor 7 agonist potentiates the effect of ionizing radiation in murine solid tumor models. Int J Cancer (2014) 135(4):820–9. doi: 10.1002/ijc.28711

98. Dovedi, SJ, Adlard, AL, Ota, Y, Murata, M, Sugaru, E, Koga-Yamakawa, E, et al. Intravenous administration of the selective toll-like receptor 7 agonist DSR-29133 leads to anti-tumor efficacy in murine solid tumor models which can be potentiated by combination with fractionated radiotherapy. Oncotarget (2016) 7(13):17035–46. doi: 10.18632/oncotarget.7928

99. Schölch, S, Rauber, C, Tietz, A, Rahbari, NN, Bork, U, Schmidt, T, et al. Radiotherapy combined with TLR7/8 activation induces strong immune responses against gastrointestinal tumors. Oncotarget (2015) 6(7):4663–76. doi: 10.18632/oncotarget.3081

100. Mason, KA, Ariga, H, Neal, R, Valdecanas, D, Hunter, N, Krieg, AM, et al. Targeting toll-like receptor 9 with CpG oligodeoxynucleotides enhances tumor response to fractionated radiotherapy. Clin Cancer Res (2005) 11(1):361–9. doi: 10.1158/1078-0432.361.11.1

101. Milas, L, Mason, KA, Ariga, H, Hunter, N, Neal, R, Valdecanas, D, et al. CpG oligodeoxynucleotide enhances tumor response to radiation. Cancer Res (2004) 64(15):5074–7. doi: 10.1158/0008-5472.CAN-04-0926

102. Meng, Y, Carpentier, AF, Chen, L, Boisserie, G, Simon, JM, Mazeron, JJ, et al. Successful combination of local CpG-ODN and radiotherapy in malignant glioma. Int J Cancer (2005) 116(6):992–7. doi: 10.1002/ijc.21131

103. Zhang, H, Liu, L, Yu, D, Kandimalla, ER, Sun, HB, Agrawal, S, et al. An in situ autologous tumor vaccination with combined radiation therapy and TLR9 agonist therapy. PloS One (2012) 7(5):e38111. doi: 10.1371/journal.pone.0038111

104. Domankevich, V, Efrati, M, Schmidt, M, Glikson, E, Mansour, F, Shai, A, et al. RIG-1-Like receptor activation synergizes with intratumoral alpha radiation to induce pancreatic tumor rejection, triple-negative breast metastases clearance, and antitumor immune memory in mice. Front Oncol (2020) 10:990. doi: 10.3389/fonc.2020.00990

105. Wold, MS. Replication protein a: a heterotrimeric, single-stranded DNA-binding protein required for eukaryotic DNA metabolism. Annu Rev Biochem (1997) 66:61–92. doi: 10.1146/annurev.biochem.66.1.61

106. Kumagai, A, Lee, J, Yoo, HY, and Dunphy, WG. TopBP1 activates the ATR-ATRIP complex. Cell (2006) 124(5):943–55. doi: 10.1016/j.cell.2005.12.041

107. Chen, J. Ataxia telangiectasia-related protein is involved in the phosphorylation of BRCA1 following deoxyribonucleic acid damage. Cancer Res (2000) 60(18):5037–9.

108. Tibbetts, RS, Cortez, D, Brumbaugh, KM, Scully, R, Livingston, D, Elledge, SJ, et al. Functional interactions between BRCA1 and the checkpoint kinase ATR during genotoxic stress. Genes Dev (2000) 14(23):2989–3002. doi: 10.1101/gad.851000

109. Errico, A, and Costanzo, V. Mechanisms of replication fork protection: a safeguard for genome stability. Crit Rev Biochem Mol Biol (2012) 47(3):222–35. doi: 10.3109/10409238.2012.655374

110. Sørensen, CS, Syljuåsen, RG, Falck, J, Schroeder, T, Rönnstrand, L, Khanna, KK, et al. Chk1 regulates the s phase checkpoint by coupling the physiological turnover and ionizing radiation-induced accelerated proteolysis of Cdc25A. Cancer Cell (2003) 3(3):247–58. doi: 10.1016/S1535-6108(03)00048-5

111. Xiao, Z, Chen, Z, Gunasekera, AH, Sowin, TJ, Rosenberg, SH, Fesik, S, et al. Chk1 mediates s and G2 arrests through Cdc25A degradation in response to DNA-damaging agents. J Biol Chem (2003) 278(24):21767–73. doi: 10.1074/jbc.M300229200

112. Graves, PR, Lovly, CM, Uy, GL, and Piwnica-Worms, H. Localization of human Cdc25C is regulated both by nuclear export and 14-3-3 protein binding. Oncogene (2001) 20(15):1839–51. doi: 10.1038/sj.onc.1204259

113. Nishida, H, Tatewaki, N, Nakajima, Y, Magara, T, Ko, KM, Hamamori, Y, et al. Inhibition of ATR protein kinase activity by schisandrin b in DNA damage response. Nucleic Acids Res (2009) 37(17):5678–89. doi: 10.1093/nar/gkp593

114. Peasland, A, Wang, LZ, Rowling, E, Kyle, S, Chen, T, Hopkins, A, et al. Identification and evaluation of a potent novel ATR inhibitor, NU6027, in breast and ovarian cancer cell lines. Br J Cancer (2011) 105(3):372–81. doi: 10.1038/bjc.2011.243

115. Maira, SM, Stauffer, F, Brueggen, J, Furet, P, Schnell, C, Fritsch, C, et al. Identification and characterization of NVP-BEZ235, a new orally available dual phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor with potent in vivo antitumor activity. Mol Cancer Ther (2008) 7(7):1851–63. doi: 10.1158/1535-7163.MCT-08-0017

116. Charrier, JD, Durrant, SJ, Golec, JM, Kay, DP, Knegtel, RM, MacCormick, S, et al. Discovery of potent and selective inhibitors of ataxia telangiectasia mutated and Rad3 related (ATR) protein kinase as potential anticancer agents. J Med Chem (2011) 54(7):2320–30. doi: 10.1021/jm101488z

117. Fokas, E, Prevo, R, Pollard, JR, Reaper, PM, Charlton, PA, Cornelissen, B, et al. Targeting ATR in vivo using the novel inhibitor VE-822 results in selective sensitization of pancreatic tumors to radiation. Cell Death Dis (2012) 3(12):e441. doi: 10.1038/cddis.2012.181

118. Foote, KM, Blades, K, Cronin, A, Fillery, S, Guichard, SS, Hassall, L, et al. Discovery of 4-{4-[(3R)-3-Methylmorpholin-4-yl]-6-[1-(methylsulfonyl)cyclopropyl]pyrimidin-2-yl}-1H-indole (AZ20): a potent and selective inhibitor of ATR protein kinase with monotherapy in vivo antitumor activity. J Med Chem (2013) 56(5):2125–38. doi: 10.1021/jm301859s

119. Foote, KM, Nissink, JWM, McGuire, T, Turner, P, Guichard, S, Yates, JWT, et al. Discovery and characterization of AZD6738, a potent inhibitor of ataxia telangiectasia mutated and Rad3 related (ATR) kinase with application as an anticancer agent. J Med Chem (2018) 61(22):9889–907. doi: 10.1021/acs.jmedchem.8b01187

120. Dillon, MT, Barker, HE, Pedersen, M, Hafsi, H, Bhide, SA, Newbold, KL, et al. Radiosensitization by the ATR inhibitor AZD6738 through generation of acentric micronuclei. Mol Cancer Ther (2017) 16(1):25–34. doi: 10.1158/1535-7163.MCT-16-0239

121. Konstantinidou, G, Bey, EA, Rabellino, A, Schuster, K, Maira, MS, Gazdar, AF, et al. Dual phosphoinositide 3-kinase/mammalian target of rapamycin blockade is an effective radiosensitizing strategy for the treatment of non-small cell lung cancer harboring K-RAS mutations. Cancer Res (2009) 69(19):7644–52. doi: 10.1158/0008-5472.CAN-09-0823

122. Sun, LL, Yang, RY, Li, CW, Chen, MK, Shao, B, Hsu, JM, et al. Inhibition of ATR downregulates PD-L1 and sensitizes tumor cells to T cell-mediated killing. Am J Cancer Res (2018) 8(7):1307–16.

123. González Besteiro, MA, and Gottifredi, V. The fork and the kinase: a DNA replication tale from a CHK1 perspective. Mutat Res Rev Mutat Res (2015) 763:168–80. doi: 10.1016/j.mrrev.2014.10.003

124. Chen, Z, Xiao, Z, Gu, WZ, Xue, J, Bui, MH, Kovar, P, et al. Selective Chk1 inhibitors differentially sensitize p53-deficient cancer cells to cancer therapeutics. Int J Cancer (2006) 119(12):2784–94. doi: 10.1002/ijc.22198

125. Bunch, RT, and Eastman, A. Enhancement of cisplatin-induced cytotoxicity by 7-hydroxystaurosporine (UCN-01), a new G2-checkpoint inhibitor. Clin Cancer Res (1996) 2(5):791–7.

126. King, C, Diaz, HB, McNeely, S, Barnard, D, Dempsey, J, Blosser, W, et al. LY2606368 causes replication catastrophe and antitumor effects through CHK1-dependent mechanisms. Mol Cancer Ther (2015) 14(9):2004–13. doi: 10.1158/1535-7163.MCT-14-1037

127. Güster, JD, Weissleder, SV, Busch, CJ, Kriegs, M, Petersen, C, Knecht, R, et al. The inhibition of PARP but not EGFR results in the radiosensitization of HPV/p16-positive HNSCC cell lines. Radiother Oncol (2014) 113(3):345–51. doi: 10.1016/j.radonc.2014.10.011

128. Suzuki, M, Yamamori, T, Bo, T, Sakai, Y, and Inanami, O. MK-8776, a novel Chk1 inhibitor, exhibits an improved radiosensitizing effect compared to UCN-01 by exacerbating radiation-induced aberrant mitosis. Transl Oncol (2017) 10(4):491–500. doi: 10.1016/j.tranon.2017.04.002

129. Barker, HE, Patel, R, McLaughlin, M, Schick, U, Zaidi, S, Nutting, CM, et al. CHK1 inhibition radiosensitizes head and neck cancers to paclitaxel-based chemoradiotherapy. Mol Cancer Ther (2016) 15(9):2042–54. doi: 10.1158/1535-7163.MCT-15-0998

130. Zabludoff, SD, Deng, C, Grondine, MR, Sheehy, AM, Ashwell, S, Caleb, BL, et al. AZD7762, a novel checkpoint kinase inhibitor, drives checkpoint abrogation and potentiates DNA-targeted therapies. Mol Cancer Ther (2008) 7(9):2955–66. doi: 10.1158/1535-7163.MCT-08-0492

131. Weiss, GJ, Donehower, RC, Iyengar, T, Ramanathan, RK, Lewandowski, K, Westin, E, et al. Phase I dose-escalation study to examine the safety and tolerability of LY2603618, a checkpoint 1 kinase inhibitor, administered 1 day after pemetrexed 500 mg/m(2) every 21 days in patients with cancer. Invest N Drugs (2013) 31(1):136–44. doi: 10.1007/s10637-012-9815-9

132. Karp, JE, Thomas, BM, Greer, JM, Sorge, C, Gore, SD, Pratz, KW, et al. Phase I and pharmacologic trial of cytosine arabinoside with the selective checkpoint 1 inhibitor sch 900776 in refractory acute leukemias. Clin Cancer Res (2012) 18(24):6723–31. doi: 10.1158/1078-0432.CCR-12-2442

133. Daud, AI, Ashworth, MT, Strosberg, J, Goldman, JW, Mendelson, D, Springett, G, et al. Phase I dose-escalation trial of checkpoint kinase 1 inhibitor MK-8776 as monotherapy and in combination with gemcitabine in patients with advanced solid tumors. J Clin Oncol (2015) 33(9):1060–6. doi: 10.1200/JCO.2014.57.5027

134. Hong, D, Infante, J, Janku, F, Jones, S, Nguyen, LM, Burris, H, et al. Phase I study of LY2606368, a checkpoint kinase 1 inhibitor, in patients with advanced cancer. J Clin Oncol (2016) 34(15):1764–71. doi: 10.1200/JCO.2015.64.5788

135. Seto, T, Esaki, T, Hirai, F, Arita, S, Nosaki, K, Makiyama, A, et al. Phase I, dose-escalation study of AZD7762 alone and in combination with gemcitabine in Japanese patients with advanced solid tumours. Cancer Chemother Pharmacol (2013) 72(3):619–27. doi: 10.1007/s00280-013-2234-6

136. Lu, H, Saha, J, Beckmann, PJ, Hendrickson, EA, and Davis, AJ. DNA-PKcs promotes chromatin decondensation to facilitate initiation of the DNA damage response. Nucleic Acids Res (2019) 47(18):9467–79. doi: 10.1093/nar/gkz694

137. Douglas, P, Gupta, S, Morrice, N, Meek, K, and Lees-Miller, SP. DNA-PK-dependent phosphorylation of Ku70/80 is not required for non-homologous end joining. DNA Repair (Amst) (2005) 4(9):1006–18. doi: 10.1016/j.dnarep.2005.05.003

138. Liu, Y, Zhang, L, Liu, Y, Sun, C, Zhang, H, Miao, G, et al. DNA-PKcs deficiency inhibits glioblastoma cell-derived angiogenesis after ionizing radiation. J Cell Physiol (2015) 230(5):1094–103. doi: 10.1002/jcp.24841

139. Mamo, T, Mladek, AC, Shogren, KL, Gustafson, C, Gupta, SK, Riester, SM, et al. Inhibiting DNA-PK(CS) radiosensitizes human osteosarcoma cells. Biochem Biophys Res Commun (2017) 486(2):307–13. doi: 10.1016/j.bbrc.2017.03.033

140. Mohiuddin, IS, and Kang, MH. DNA-PK as an emerging therapeutic target in cancer. Front Oncol (2019) 9:635. doi: 10.3389/fonc.2019.00635

141. Willoughby, CE, Jiang, Y, Thomas, HD, Willmore, E, Kyle, S, Wittner, A, et al. Selective DNA-PKcs inhibition extends the therapeutic index of localized radiotherapy and chemotherapy. J Clin Invest (2020) 130(1):258–71. doi: 10.1172/JCI127483

142. Critchlow, SE, Bowater, RP, and Jackson, SP. Mammalian DNA double-strand break repair protein XRCC4 interacts with DNA ligase IV. Curr Biol (1997) 7(8):588–98. doi: 10.1016/S0960-9822(06)00258-2

143. Davidson, D, Amrein, L, Panasci, L, and Aloyz, R. Small molecules, inhibitors of DNA-PK, targeting DNA repair, and beyond. Front Pharmacol (2013) 4:5. doi: 10.3389/fphar.2013.00005

144. Collis, SJ, DeWeese, TL, Jeggo, PA, and Parker, AR. The life and death of DNA-PK. Oncogene (2005) 24(6):949–61. doi: 10.1038/sj.onc.1208332

145. Gurung, RL, Lim, HK, Venkatesan, S, Lee, PS, and Hande, MP. Targeting DNA-PKcs and telomerase in brain tumour cells. Mol Cancer (2014) 13:232. doi: 10.1186/1476-4598-13-232

146. Yang, C, Wang, Q, Liu, X, Cheng, X, Jiang, X, Zhang, Y, et al. NU7441 enhances the radiosensitivity of liver cancer cells. Cell Physiol Biochem (2016) 38(5):1897–905. doi: 10.1159/000445551

147. Shinohara, ET, Geng, L, Tan, J, Chen, H, Shir, Y, Edwards, E, et al. DNA-Dependent protein kinase is a molecular target for the development of noncytotoxic radiation-sensitizing drugs. Cancer Res (2005) 65(12):4987–92. doi: 10.1158/0008-5472.CAN-04-4250

148. Durant, S, and Karran, P. Vanillins–a novel family of DNA-PK inhibitors. Nucleic Acids Res (2003) 31(19):5501–12. doi: 10.1093/nar/gkg753

149. Take, Y, Kumano, M, Hamano, Y, Fukatsu, H, Teraoka, H, Nishimura, S, et al. OK-1035, a selective inhibitor of DNA-dependent protein kinase. Biochem Biophys Res Commun (1995) 215(1):41–7. doi: 10.1006/bbrc.1995.2431

150. Ismail, IH, Mårtensson, S, Moshinsky, D, Rice, A, Tang, C, Howlett, A, et al. SU11752 inhibits the DNA-dependent protein kinase and DNA double-strand break repair resulting in ionizing radiation sensitization. Oncogene (2004) 23(4):873–82. doi: 10.1038/sj.onc.1207303

151. Zhang, B, Huang, B, Guan, H, Zhang, SM, Xu, QZ, He, XP, et al. Proteomic profiling revealed the functional networks associated with mitotic catastrophe of HepG2 hepatoma cells induced by 6-bromine-5-hydroxy-4-methoxybenzaldehyde. Toxicol Appl Pharmacol (2011) 252(3):307–17. doi: 10.1016/j.taap.2011.03.003

152. Davidson, D, Grenier, J, Martinez-Marignac, V, Amrein, L, Shawi, M, Tokars, M, et al. Effects of the novel DNA dependent protein kinase inhibitor, IC486241, on the DNA damage response to doxorubicin and cisplatin in breast cancer cells. Invest N Drugs (2012) 30(4):1736–42. doi: 10.1007/s10637-011-9678-5

153. Guo, L, Liu, X, Nishikawa, K, and Plunkett, W. Inhibition of topoisomerase IIalpha and G2 cell cycle arrest by NK314, a novel benzo[c]phenanthridine currently in clinical trials. Mol Cancer Ther (2007) 6(5):1501–8. doi: 10.1158/1535-7163.MCT-06-0780

154. Wise, HC, Iyer, GV, Moore, K, Temkin, SM, Gordon, S, Aghajanian, C, et al. Activity of M3814, an oral DNA-PK inhibitor, in combination with topoisomerase II inhibitors in ovarian cancer models. Sci Rep (2019) 9(1):18882. doi: 10.1038/s41598-019-54796-6

155. Fok, JHL, Ramos-Montoya, A, Vazquez-Chantada, M, Wijnhoven, PWG, Follia, V, James, N, et al. AZD7648 is a potent and selective DNA-PK inhibitor that enhances radiation, chemotherapy and olaparib activity. Nat Commun (2019) 10(1):5065. doi: 10.1038/s41467-019-12836-9

156. Khan, AJ, Misenko, SM, Thandoni, A, Schiff, D, Jhawar, SR, Bunting, SF, et al. VX-984 is a selective inhibitor of non-homologous end joining, with possible preferential activity in transformed cells. Oncotarget (2018) 9(40):25833–41. doi: 10.18632/oncotarget.25383

157. Lamb, R, Fiorillo, M, Chadwick, A, Ozsvari, B, Reeves, KJ, Smith, DL, et al. Doxycycline down-regulates DNA-PK and radiosensitizes tumor initiating cells: Implications for more effective radiation therapy. Oncotarget (2015) 6(16):14005–25. doi: 10.18632/oncotarget.4159

158. Dong, J, Zhang, T, Ren, Y, Wang, Z, Ling, CC, He, F, et al. Inhibiting DNA-PKcs in a non-homologous end-joining pathway in response to DNA double-strand breaks. Oncotarget (2017) 8(14):22662–73. doi: 10.18632/oncotarget.15153

159. Sun, Q, Guo, Y, Liu, X, Czauderna, F, Carr, MI, Zenke, FT, et al. Therapeutic implications of p53 status on cancer cell fate following exposure to ionizing radiation and the DNA-PK inhibitor M3814. Mol Cancer Res (2019) 17(12):2457–68. doi: 10.1158/1541-7786.MCR-19-0362

160. Ferguson, BJ, Mansur, DS, Peters, NE, Ren, H, and Smith, GL. DNA-PK is a DNA sensor for IRF-3-dependent innate immunity. Elife (2012) 1:e00047. doi: 10.7554/eLife.00047

161. Burleigh, K, Maltbaek, JH, Cambier, S, Green, R, Gale, M Jr, James, RC, et al. Human DNA-PK activates a STING-independent DNA sensing pathway. Sci Immunol (2020) 5(43). doi: 10.1126/sciimmunol.aba4219

162. Kim, DS, Camacho, CV, Nagari, A, Malladi, VS, Challa, S, and Kraus, WL. Activation of PARP-1 by snoRNAs controls ribosome biogenesis and cell growth via the RNA helicase DDX21. Mol Cell (2019) 75(6):1270–1285.e14. doi: 10.1016/j.molcel.2019.06.020

163. Maltseva, EA, Rechkunova, NI, Sukhanova, MV, and Lavrik, OI. Poly(ADP-ribose) polymerase 1 modulates interaction of the nucleotide excision repair factor XPC-RAD23B with DNA via Poly(ADP-ribosyl)ation. J Biol Chem (2015) 290(36):21811–20. doi: 10.1074/jbc.M115.646638

164. Sodhi, RK, Singh, N, and Jaggi, AS. Poly(ADP-ribose) polymerase-1 (PARP-1) and its therapeutic implications. Vascul Pharmacol (2010) 53(3-4):77–87. doi: 10.1016/j.vph.2010.06.003

165. Han, Y, Jin, F, Xie, Y, Liu, Y, Hu, S, Liu, XD, et al. DNA−PKcs PARylation regulates DNA−PK kinase activity in the DNA damage response. Mol Med Rep (2019) 20(4):3609–16. doi: 10.3892/mmr.2019.10640

166. Vormoor, B, Schlosser, YT, Blair, H, Sharma, A, Wilkinson, S, Newell, DR, et al. Sensitizing Ewing sarcoma to chemo- and radiotherapy by inhibition of the DNA-repair enzymes DNA protein kinase (DNA-PK) and poly-ADP-ribose polymerase (PARP) 1/2. Oncotarget (2017) 8(69):113418–30. doi: 10.18632/oncotarget.21300

167. Hirai, T, Saito, S, Fujimori, H, Matsushita, K, Nishio, T, Okayasu, R, et al. Radiosensitization by PARP inhibition to proton beam irradiation in cancer cells. Biochem Biophys Res Commun (2016) 478(1):234–40. doi: 10.1016/j.bbrc.2016.07.062

168. Begg, AC, Stewart, FA, and Vens, C. Strategies to improve radiotherapy with targeted drugs. Nat Rev Cancer (2011) 11(4):239–53. doi: 10.1038/nrc3007

169. Jannetti, SA, Carlucci, G, Carney, B, Kossatz, S, Shenker, L, Carter, LM, et al. PARP-1-Targeted radiotherapy in mouse models of glioblastoma. J Nucl Med (2018) 59(8):1225–33. doi: 10.2967/jnumed.117.205054

170. Farmer, H, McCabe, N, Lord, CJ, Tutt, AN, Johnson, DA, Richardson, TB, et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature (2005) 434(7035):917–21. doi: 10.1038/nature03445

171. Laudisi, F, Sambucci, M, and Pioli, C. Poly (ADP-ribose) polymerase-1 (PARP-1) as immune regulator. Endocr Metab Immune Disord Drug Targets (2011) 11(4):326–33. doi: 10.2174/187153011797881184

172. Rosado, MM, Bennici, E, Novelli, F, and Pioli, C. Beyond DNA repair, the immunological role of PARP-1 and its siblings. Immunology (2013) 139(4):428–37. doi: 10.1111/imm.12099

173. Chabanon, RM, Muirhead, G, Krastev, DB, Adam, J, Morel, D, Garrido, M, et al. PARP inhibition enhances tumor cell-intrinsic immunity in ERCC1-deficient non-small cell lung cancer. J Clin Invest (2019) 129(3):1211–28. doi: 10.1172/JCI123319

174. Kim, C, Wang, XD, and Yu, Y. PARP1 inhibitors trigger innate immunity via PARP1 trapping-induced DNA damage response. Elife (2020) 9. doi: 10.7554/eLife.60637

175. McLaughlin, LJ, Stojanovic, L, Kogan, AA, Rutherford, JL, Choi, EY, Yen, RC, et al. Pharmacologic induction of innate immune signaling directly drives homologous recombination deficiency. Proc Natl Acad Sci U.S.A. (2020) 117(30):17785–95. doi: 10.1073/pnas.2003499117

176. Wang, F, Zhao, M, Chang, B, Zhou, Y, Wu, X, Ma, M, et al. Cytoplasmic PARP1 links the genome instability to the inhibition of antiviral immunity through PARylating cGAS. Mol Cell (2022) 82(11):2032–2049.e7. doi: 10.1016/j.molcel.2022.03.034

177. Ieraci, A, and Herrera, DG. Nicotinamide inhibits ethanol-induced caspase-3 and PARP-1 over-activation and subsequent neurodegeneration in the developing mouse cerebellum. Cerebellum (2018) 17(3):326–35. doi: 10.1007/s12311-017-0916-z

178. Calabrese, CR, Almassy, R, Barton, S, Batey, MA, Calvert, AH, Canan-Koch, S, et al. Anticancer chemosensitization and radiosensitization by the novel poly(ADP-ribose) polymerase-1 inhibitor AG14361. J Natl Cancer Inst (2004) 96(1):56–67. doi: 10.1093/jnci/djh005

179. Noël, G, Godon, C, Fernet, M, Giocanti, N, Mégnin-Chanet, F, and Favaudon, V. Radiosensitization by the poly(ADP-ribose) polymerase inhibitor 4-amino-1,8-naphthalimide is specific of the s phase of the cell cycle and involves arrest of DNA synthesis. Mol Cancer Ther (2006) 5(3):564–74. doi: 10.1158/1535-7163.MCT-05-0418

180. Kim, G, Ison, G, McKee, AE, Zhang, H, Tang, S, Gwise, T, et al. FDA Approval summary: Olaparib monotherapy in patients with deleterious germline BRCA-mutated advanced ovarian cancer treated with three or more lines of chemotherapy. Clin Cancer Res (2015) 21(19):4257–61. doi: 10.1158/1078-0432.CCR-15-0887

181. Mullard, A. European Regulators approve first PARP inhibitor. Nat Rev Drug Discov (2014) 13(12):877–7. doi: 10.1038/nrd4508

182.L, a. FDA grants breakthrough designation to niraparib for metastatic CRPC (2019). Available at: https://www.targetedonc.com/view/fda-grants-breakthrough-designation-to-niraparib-for-metastatic-crpc.

183.FDA Approves olaparib for HRR gene-mutated metastatic castration-resistant prostate cancer. In: Drug approvals and databases 2020. Available at: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-olaparib-hrr-gene-mutated-metastatic-castration-resistant-prostate-cancer#:~:text=On%20May%2019%2C%202020%2C%20the,(mCRPC)%2C%20who%20have%20progressed. (Silver Spring, MD: U.S. Food and Drug Administration)

184.FDA Approves olaparib tablets for maintenance treatment in ovarian cancer. In: Drug approvals and databases 2017. Available at: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-olaparib-tablets-maintenance-treatment-ovarian-cancer. (Silver Spring, MD: U.S. Food and Drug Administration)

185. Ison, G, Howie, LJ, Amiri-Kordestani, L, Zhang, L, Tang, S, Sridhara, R, et al. FDA Approval summary: Niraparib for the maintenance treatment of patients with recurrent ovarian cancer in response to platinum-based chemotherapy. Clin Cancer Res (2018) 24(17):4066–71. doi: 10.1158/1078-0432.CCR-18-0042

186. Bourton, EC, Ahorner, PA, Plowman, PN, Zahir, SA, Al-Ali, H, and Parris, CN. The PARP-1 inhibitor olaparib suppresses BRCA1 protein levels, increases apoptosis and causes radiation hypersensitivity in BRCA1(+/-) lymphoblastoid cells. J Cancer (2017) 8(19):4048–56. doi: 10.7150/jca.21338

187. Ryu, H, Kim, HJ, Song, JY, Hwang, SG, Kim, JS, Kim, J, et al. A small compound KJ-28d enhances the sensitivity of non-small cell lung cancer to radio- and chemotherapy. Int J Mol Sci (2019) 20(23):6026. doi: 10.3390/ijms20236026

188. Guillot, C, Favaudon, V, Herceg, Z, Sagne, C, Sauvaigo, S, Merle, P, et al. PARP inhibition and the radiosensitizing effects of the PARP inhibitor ABT-888 in in vitro hepatocellular carcinoma models. BMC Cancer (2014) 14:603. doi: 10.1186/1471-2407-14-603

189. Wang, L, Mason, KA, Ang, KK, Buchholz, T, Valdecanas, D, Mathur, A, et al. MK-4827, a PARP-1/-2 inhibitor, strongly enhances response of human lung and breast cancer xenografts to radiation. Invest N Drugs (2012) 30(6):2113–20. doi: 10.1007/s10637-011-9770-x

190. Pernin, V, Mégnin-Chanet, F, Pennaneach, V, Fourquet, A, Kirova, Y, and Hall, J. [PARP inhibitors and radiotherapy: rational and prospects for a clinical use]. Cancer Radiother (2014) 18(8):790–8; quiz 799-802. doi: 10.1016/j.canrad.2014.05.012

191. Mehta, AK, Cheney, EM, Hartl, CA, Pantelidou, C, Oliwa, M, Castrillon, JA, et al. Targeting immunosuppressive macrophages overcomes PARP inhibitor resistance in BRCA1-associated triple-negative breast cancer. Nat Cancer (2021) 2(1):66–82. doi: 10.1038/s43018-020-00148-7

192. Qiu, L, Wang, JJ, Ying, SH, and Feng, MG. Wee1 and Cdc25 control morphogenesis, virulence and multistress tolerance of beauveria bassiana by balancing cell cycle-required cyclin-dependent kinase 1 activity. Environ Microbiol (2015) 17(4):1119–33. doi: 10.1111/1462-2920.12530

193. Koh, SB. The expanding role of WEE1. Cell Signal (2022) 94:110310. doi: 10.1016/j.cellsig.2022.110310

194. Hamilton, DH, Huang, B, Fernando, RI, Tsang, KY, and Palena, C. WEE1 inhibition alleviates resistance to immune attack of tumor cells undergoing epithelial-mesenchymal transition. Cancer Res (2014) 74(9):2510–9. doi: 10.1158/0008-5472.CAN-13-1894

195. Li, C, Shen, Q, Zhang, P, Wang, T, Liu, W, Li, R, et al. Targeting MUS81 promotes the anticancer effect of WEE1 inhibitor and immune checkpoint blocking combination therapy via activating cGAS/STING signaling in gastric cancer cells. J Exp Clin Cancer Res (2021) 40(1):315. doi: 10.1186/s13046-021-02120-4

196. Wu, X, Kang, X, Zhang, X, Xie, W, Su, Y, Liu, X, et al. WEE1 inhibitor and ataxia telangiectasia and RAD3-related inhibitor trigger stimulator of interferon gene-dependent immune response and enhance tumor treatment efficacy through programmed death-ligand 1 blockade. Cancer Sci (2021) 112(11):4444–56. doi: 10.1111/cas.15108

197. Hai, J, Zhang, H, Zhou, J, Wu, Z, Chen, T, Papadopoulos, E, et al. Generation of genetically engineered mouse lung organoid models for squamous cell lung cancers allows for the study of combinatorial immunotherapy. Clin Cancer Res (2020) 26(13):3431–42. doi: 10.1158/1078-0432.CCR-19-1627

198. Guo, E, Xiao, R, Wu, Y, Lu, F, Liu, C, Yang, B, et al. WEE1 inhibition induces anti-tumor immunity by activating ERV and the dsRNA pathway. J Exp Med (2022) 219(1):e20210789. doi: 10.1084/jem.20210789

199. Lee, YY, Cho, YJ, Shin, SW, Choi, C, Ryu, JY, Jeon, HK, et al. Anti-tumor effects of Wee1 kinase inhibitor with radiotherapy in human cervical cancer. Sci Rep (2019) 9(1):15394. doi: 10.1038/s41598-019-51959-3

200. Lescarbeau, RS, Lei, L, Bakken, KK, Sims, PA, Sarkaria, JN, Canoll, P, et al. Quantitative phosphoproteomics reveals Wee1 kinase as a therapeutic target in a model of proneural glioblastoma. Mol Cancer Ther (2016) 15(6):1332–43. doi: 10.1158/1535-7163.MCT-15-0692

201. Matheson, CJ, Venkataraman, S, Amani, V, Harris, PS, Backos, DS, Donson, AM, et al. A WEE1 inhibitor analog of AZD1775 maintains synergy with cisplatin and demonstrates reduced single-agent cytotoxicity in medulloblastoma cells. ACS Chem Biol (2016) 11(4):921–30. doi: 10.1021/acschembio.5b00725

202. Kausar, T, Schreiber, JS, Karnak, D, Parsels, LA, Parsels, JD, Davis, MA, et al. Sensitization of pancreatic cancers to gemcitabine chemoradiation by WEE1 kinase inhibition depends on homologous recombination repair. Neoplasia (2015) 17(10):757–66. doi: 10.1016/j.neo.2015.09.006

203. Havelek, R, Cmielova, J, Kralovec, K, Bruckova, L, Bilkova, Z, Fousova, I, et al. Specific inhibition of Wee1 kinase and Rad51 recombinase: a strategy to enhance the sensitivity of leukemic T-cells to ionizing radiation-induced DNA double-strand breaks. Biochem Biophys Res Commun (2014) 453(3):569–75. doi: 10.1016/j.bbrc.2014.09.123

204. PosthumaDeBoer, J, Würdinger, T, Graat, HC, van Beusechem, VW, Helder, MN, van Royen, BJ, et al. WEE1 inhibition sensitizes osteosarcoma to radiotherapy. BMC Cancer (2011) 11:156. doi: 10.1186/1471-2407-11-156

205. Bridges, KA, Hirai, H, Buser, CA, Brooks, C, Liu, H, Buchholz, TA, et al. MK-1775, a novel Wee1 kinase inhibitor, radiosensitizes p53-defective human tumor cells. Clin Cancer Res (2011) 17(17):5638–48. doi: 10.1158/1078-0432.CCR-11-0650

206. Fu, S, Wang, Y, Keyomarsi, K, Meric-Bernstam, F, and Meric-Bernstein, F. Strategic development of AZD1775, a Wee1 kinase inhibitor, for cancer therapy. Expert Opin Investig Drugs (2018) 27(9):741–51. doi: 10.1080/13543784.2018.1511700

207. Chen, G, Zhang, B, Xu, H, Sun, Y, Shi, Y, Luo, Y, et al. Suppression of Sirt1 sensitizes lung cancer cells to WEE1 inhibitor MK-1775-induced DNA damage and apoptosis. Oncogene (2017) 36(50):6863–72. doi: 10.1038/onc.2017.297

208. Abe, T, Harashima, A, Xia, T, Konno, H, Konno, K, Morales, A, et al. STING recognition of cytoplasmic DNA instigates cellular defense. Mol Cell (2013) 50(1):5–15. doi: 10.1016/j.molcel.2013.01.039

209. Sun, L, Wu, J, Du, F, Chen, X, and Chen, ZJ. Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway. Science (2013) 339(6121):786–91. doi: 10.1126/science.1232458

210. Sun, W, Li, Y, Chen, L, Chen, H, You, F, Zhou, X, et al. ERIS, an endoplasmic reticulum IFN stimulator, activates innate immune signaling through dimerization. Proc Natl Acad Sci U.S.A. (2009) 106(21):8653–8. doi: 10.1073/pnas.0900850106

211. Ishikawa, H, and Barber, GN. STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling. Nature (2008) 455(7213):674–8. doi: 10.1038/nature07317

212. Woo, SR, Fuertes, MB, Corrales, L, Spranger, S, Furdyna, MJ, Leung, MY, et al. STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic tumors. Immunity (2014) 41(5):830–42. doi: 10.1016/j.immuni.2014.10.017

213. Ahn, J, Gutman, D, Saijo, S, and Barber, GN. STING manifests self DNA-dependent inflammatory disease. Proc Natl Acad Sci U.S.A. (2012) 109(47):19386–91. doi: 10.1073/pnas.1215006109

214. Deng, L, Liang, H, Xu, M, Yang, X, Burnette, B, Arina, A, et al. STING-dependent cytosolic DNA sensing promotes radiation-induced type I interferon-dependent antitumor immunity in immunogenic tumors. Immunity (2014) 41(5):843–52. doi: 10.1016/j.immuni.2014.10.019

215. Cheng, H, Xu, Q, Lu, X, Yuan, H, Li, T, Zhang, Y, et al. Activation of STING by cGAMP regulates MDSCs to suppress tumor metastasis via reversing epithelial-mesenchymal transition. Front Oncol (2020) 10:896. doi: 10.3389/fonc.2020.00896

216. Zhang, CX, Ye, SB, Ni, JJ, Cai, TT, Liu, YN, Huang, DJ, et al. STING signaling remodels the tumor microenvironment by antagonizing myeloid-derived suppressor cell expansion. Cell Death Differ (2019) 26(11):2314–28. doi: 10.1038/s41418-019-0302-0

217. Vanpouille-Box, C, Alard, A, Aryankalayil, MJ, Sarfraz, Y, Diamond, JM, Schneider, RJ, et al. DNA Exonuclease Trex1 regulates radiotherapy-induced tumour immunogenicity. Nat Commun (2017) 8:15618. doi: 10.1038/ncomms15618

218. Baguley, BC. Antivascular therapy of cancer: DMXAA. Lancet Oncol (2003) 4(3):141–8. doi: 10.1016/S1470-2045(03)01018-0

219. Baguley, BC, and Siemann, DW. Temporal aspects of the action of ASA404 (vadimezan; DMXAA). Expert Opin Investig Drugs (2010) 19(11):1413–25. doi: 10.1517/13543784.2010.529128

220. Ching, LM, Cao, Z, Kieda, C, Zwain, S, Jameson, MB, and Baguley, BC. Induction of endothelial cell apoptosis by the antivascular agent 5,6-Dimethylxanthenone-4-acetic acid. Br J Cancer (2002) 86(12):1937–42. doi: 10.1038/sj.bjc.6600368

221. Wilson, WR, Li, AE, Cowan, DS, and Siim, BG. Enhancement of tumor radiation response by the antivascular agent 5,6-dimethylxanthenone-4-acetic acid. Int J Radiat Oncol Biol Phys (1998) 42(4):905–8. doi: 10.1016/S0360-3016(98)00358-7

222. Matthews, KE, Hermans, IF, Roberts, JM, Ching, LM, and Ronchese, F. 5,6-Dimethylxanthenone-4-acetic acid treatment of a non-immunogenic tumour does not synergize with active or passive CD8+ T-cell immunotherapy. Immunol Cell Biol (2006) 84(4):383–9. doi: 10.1111/j.1440-1711.2006.01448.x

223. Lemos, H, Mohamed, E, Huang, L, Ou, R, Pacholczyk, G, Arbab, AS, et al. STING promotes the growth of tumors characterized by low antigenicity via IDO activation. Cancer Res (2016) 76(8):2076–81. doi: 10.1158/0008-5472.CAN-15-1456

224. Gulen, MF, Koch, U, Haag, SM, Schuler, F, Apetoh, L, Villunger, A, et al. Signalling strength determines proapoptotic functions of STING. Nat Commun (2017) 8(1):427. doi: 10.1038/s41467-017-00573-w

225. Huang, Y, Goel, S, Duda, DG, Fukumura, D, and Jain, RK. Vascular normalization as an emerging strategy to enhance cancer immunotherapy. Cancer Res (2013) 73(10):2943–8. doi: 10.1158/0008-5472.CAN-12-4354

226. Yang, H, Lee, WS, Kong, SJ, Kim, CG, Kim, JH, Chang, SK, et al. STING activation reprograms tumor vasculatures and synergizes with VEGFR2 blockade. J Clin Invest (2019) 129(10):4350–64. doi: 10.1172/JCI125413

227. Chelvanambi, M, Fecek, RJ, Taylor, JL, and Storkus, WJ. STING agonist-based treatment promotes vascular normalization and tertiary lymphoid structure formation in the therapeutic melanoma microenvironment. J Immunother Cancer (2021) 9(2):e001906. doi: 10.1136/jitc-2020-001906

228. Amouzegar, A, Chelvanambi, M, Filderman, JN, Storkus, WJ, and Luke, JJ. STING agonists as cancer therapeutics. Cancers (Basel) (2021) 13(11):2695. doi: 10.3390/cancers13112695

229. Ramanjulu, JM, Pesiridis, GS, Yang, J, Concha, N, Singhaus, R, Zhang, SY, et al. Design of amidobenzimidazole STING receptor agonists with systemic activity. Nature (2018) 564(7736):439–43. doi: 10.1038/s41586-018-0705-y

230. Pan, BS, Perera, SA, Piesvaux, JA, Presland, JP, Schroeder, GK, Cumming, JN, et al. An orally available non-nucleotide STING agonist with antitumor activity. Science (2020) 369(6506):eaba6098. doi: 10.1126/science.aba6098

231. Liu, Y, Crowe, WN, Wang, L, Lu, Y, Petty, WJ, Habib, AA, et al. An inhalable nanoparticulate STING agonist synergizes with radiotherapy to confer long-term control of lung metastases. Nat Commun (2019) 10(1):5108. doi: 10.1038/s41467-019-13094-5

232. Raghida, A, Bukhalid, JRD, Naniye Malli, C, Catcott, KC, Avocetien, K, Bentley, KW, et al. Abstract 6706: Systemic administration of STING agonist antibody-drug conjugates elicit potent anti-tumor immune responses with minimal induction of circulating cytokines. Cancer Res (2020) . 80(16_Supplement):6706. doi: 10.1158/1538-7445.AM2020-6706

233. Le Naour, J, Zitvogel, L, Galluzzi, L, Vacchelli, E, and Kroemer, G. Trial watch: STING agonists in cancer therapy. Oncoimmunology (2020) 9(1):1777624. doi: 10.1080/2162402X.2020.1777624

234. Harberts, E, and Gaspari, AA. TLR signaling and DNA repair: are they associated? J Invest Dermatol (2013) 133(2):296–302. doi: 10.1038/jid.2012.288

235. Menendez, D, Shatz, M, Azzam, K, Garantziotis, S, Fessler, MB, and Resnick, MA. The toll-like receptor gene family is integrated into human DNA damage and p53 networks. PloS Genet (2011) 7(3):e1001360. doi: 10.1371/journal.pgen.1001360

236. Walshaw, RC, Honeychurch, J, Choudhury, A, and Illidge, TM. Toll-like receptor agonists and radiation therapy combinations: An untapped opportunity to induce anticancer immunity and improve tumor control. Int J Radiat Oncol Biol Phys (2020) 108(1):27–37. doi: 10.1016/j.ijrobp.2020.04.020

237. Dieu, MC, Vanbervliet, B, Vicari, A, Bridon, JM, Oldham, E, Aït-Yahia, S, et al. Selective recruitment of immature and mature dendritic cells by distinct chemokines expressed in different anatomic sites. J Exp Med (1998) 188(2):373–86. doi: 10.1084/jem.188.2.373

238. Förster, R, Schubel, A, Breitfeld, D, Kremmer, E, Renner-Müller, I, Wolf, E, et al. CCR7 coordinates the primary immune response by establishing functional microenvironments in secondary lymphoid organs. Cell (1999) 99(1):23–33. doi: 10.1016/S0092-8674(00)80059-8

239. Sallusto, F, Schaerli, P, Loetscher, P, Schaniel, C, Lenig, D, Mackay, CR, et al. Rapid and coordinated switch in chemokine receptor expression during dendritic cell maturation. Eur J Immunol (1998) 28(9):2760–9. doi: 10.1002/(SICI)1521-4141(199809)28:09<2760::AID-IMMU2760>3.0.CO;2-N

240. Janeway, CA Jr, Travers, P, Walport, M, and Shlomchik, MJ. Immunobiology: The immune system in health and disease. 5th ed. New York: Garland Science (2001).

241. Pasare, C, and Medzhitov, R. Toll pathway-dependent blockade of CD4+CD25+ T cell-mediated suppression by dendritic cells. Science (2003) 299(5609):1033–6. doi: 10.1126/science.1078231

242. Durand, V, Wong, SY, Tough, DF, and Le Bon, A. IFN-alpha/beta-dependent cross-priming induced by specific toll-like receptor agonists. Vaccine (2006) 24 Suppl 2:S2–22-3. doi: 10.1016/j.vaccine.2005.01.115

243. McBride, S, Hoebe, K, Georgel, P, and Janssen, E. Cell-associated double-stranded RNA enhances antitumor activity through the production of type I IFN. J Immunol (2006) 177(9):6122–8. doi: 10.4049/jimmunol.177.9.6122

244. Datta, SK, Redecke, V, Prilliman, KR, Takabayashi, K, Corr, M, Tallant, T, et al. A subset of toll-like receptor ligands induces cross-presentation by bone marrow-derived dendritic cells. J Immunol (2003) 170(8):4102–10. doi: 10.4049/jimmunol.170.8.4102

245. Schulz, O, Diebold, SS, Chen, M, Näslund, TI, Nolte, MA, Alexopoulou, L, et al. Toll-like receptor 3 promotes cross-priming to virus-infected cells. Nature (2005) 433(7028):887–92. doi: 10.1038/nature03326

246. Benwell, RK, Hruska, JE, Fritsche, KL, and Lee, DR. Double stranded RNA- relative to other TLR ligand-activated dendritic cells induce extremely polarized human Th1 responses. Cell Immunol (2010) 264(2):119–26. doi: 10.1016/j.cellimm.2010.05.008

247. Smits, EL, Ponsaerts, P, Van de Velde, AL, Van Driessche, A, Cools, N, Lenjou, M, et al. Proinflammatory response of human leukemic cells to dsRNA transfection linked to activation of dendritic cells. Leukemia (2007) 21(8):1691–9. doi: 10.1038/sj.leu.2404763

248. Verdijk, RM, Mutis, T, Esendam, B, Kamp, J, Melief, CJ, Brand, A, et al. Polyriboinosinic polyribocytidylic acid (poly(I:C)) induces stable maturation of functionally active human dendritic cells. J Immunol (1999) 163(1):57–61.

249. Salem, ML, Diaz-Montero, CM, El-Naggar, SA, Chen, Y, Moussa, O, and Cole, DJ. The TLR3 agonist poly(I:C) targets CD8+ T cells and augments their antigen-specific responses upon their adoptive transfer into naïve recipient mice. Vaccine (2009) 27(4):549–57. doi: 10.1016/j.vaccine.2008.11.013

250. Currie, AJ, van der Most, RG, Broomfield, SA, Prosser, AC, Tovey, MG, and Robinson, BW. Targeting the effector site with IFN-alphabeta-inducing TLR ligands reactivates tumor-resident CD8 T cell responses to eradicate established solid tumors. J Immunol (2008) 180(3):1535–44. doi: 10.4049/jimmunol.180.3.1535

251. Lauzon, NM, Mian, F, MacKenzie, R, and Ashkar, AA. The direct effects of toll-like receptor ligands on human NK cell cytokine production and cytotoxicity. Cell Immunol (2006) 241(2):102–12. doi: 10.1016/j.cellimm.2006.08.004

252. Schmidt, KN, Leung, B, Kwong, M, Zarember, KA, Satyal, S, Navas, TA, et al. APC-independent activation of NK cells by the toll-like receptor 3 agonist double-stranded RNA. J Immunol (2004) 172(1):138–43. doi: 10.4049/jimmunol.172.1.138

253. Miyake, T, Kumagai, Y, Kato, H, Guo, Z, Matsushita, K, Satoh, T, et al. Poly I:C-induced activation of NK cells by CD8 alpha+ dendritic cells via the IPS-1 and TRIF-dependent pathways. J Immunol (2009) 183(4):2522–8. doi: 10.4049/jimmunol.0901500

254. Shime, H, Matsumoto, M, Oshiumi, H, Tanaka, S, Nakane, A, Iwakura, Y, et al. Toll-like receptor 3 signaling converts tumor-supporting myeloid cells to tumoricidal effectors. Proc Natl Acad Sci U.S.A. (2012) 109(6):2066–71. doi: 10.1073/pnas.1113099109

255. Vidyarthi, A, Khan, N, Agnihotri, T, Negi, S, Das, DK, Aqdas, M, et al. TLR-3 stimulation skews M2 macrophages to M1 through IFN-αβ signaling and restricts tumor progression. Front Immunol (2018) 9:1650. doi: 10.3389/fimmu.2018.01650

256. Yoshida, S, Shime, H, Takeda, Y, Nam, JM, Takashima, K, Matsumoto, M, et al. Toll-like receptor 3 signal augments radiation-induced tumor growth retardation in a murine model. Cancer Sci (2018) 109(4):956–65. doi: 10.1111/cas.13543

257. Levine, AS, Sivulich, M, Wiernik, PH, and Levy, HB. Initial clinical trials in cancer patients of polyriboinosinic-polyribocytidylic acid stabilized with poly-l-lysine, in carboxymethylcellulose [poly(ICLC)], a highly effective interferon inducer. Cancer Res (1979) 39(5):1645–50.

258. Hammerich, L, Marron, TU, Upadhyay, R, Svensson-Arvelund, J, Dhainaut, M, Hussein, S, et al. Systemic clinical tumor regressions and potentiation of PD1 blockade with in situ vaccination. Nat Med (2019) 25(5):814–24. doi: 10.1038/s41591-019-0410-x

259. Yanai, H, Ban, T, Wang, Z, Choi, MK, Kawamura, T, Negishi, H, et al. HMGB proteins function as universal sentinels for nucleic-acid-mediated innate immune responses. Nature (2009) 462(7269):99–103. doi: 10.1038/nature08512

260. Rosenfeld, MR, Chamberlain, MC, Grossman, SA, Peereboom, DM, Lesser, GJ, Batchelor, TT, et al. A multi-institution phase II study of poly-ICLC and radiotherapy with concurrent and adjuvant temozolomide in adults with newly diagnosed glioblastoma. Neuro Oncol (2010) 12(10):1071–7. doi: 10.1093/neuonc/noq071

261. Butowski, N, Chang, SM, Junck, L, DeAngelis, LM, Abrey, L, Fink, K, et al. A phase II clinical trial of poly-ICLC with radiation for adult patients with newly diagnosed supratentorial glioblastoma: a north American brain tumor consortium (NABTC01-05). J Neurooncol (2009) 91(2):175–82. doi: 10.1007/s11060-008-9693-3

262. Spinetti, T, Spagnuolo, L, Mottas, I, Secondini, C, Treinies, M, Rüegg, C, et al. TLR7-based cancer immunotherapy decreases intratumoral myeloid-derived suppressor cells and blocks their immunosuppressive function. Oncoimmunology (2016) 5(11):e1230578. doi: 10.1080/2162402X.2016.1230578

263. Wang, J, Shirota, Y, Bayik, D, Shirota, H, Tross, D, Gulley, JL, et al. Effect of TLR agonists on the differentiation and function of human monocytic myeloid-derived suppressor cells. J Immunol (2015) 194(9):4215–21. doi: 10.4049/jimmunol.1402004

264. Rechtsteiner, G, Warger, T, Osterloh, P, Schild, H, and Radsak, MP. Cutting edge: priming of CTL by transcutaneous peptide immunization with imiquimod. J Immunol (2005) 174(5):2476–80. doi: 10.4049/jimmunol.174.5.2476

265. Shackleton, M, Davis, ID, Hopkins, W, Jackson, H, Dimopoulos, N, Tai, T, et al. The impact of imiquimod, a toll-like receptor-7 ligand (TLR7L), on the immunogenicity of melanoma peptide vaccination with adjuvant Flt3 ligand. Cancer Immun (2004) 4:9.

266. Gorski, KS, Waller, EL, Bjornton-Severson, J, Hanten, JA, Riter, CL, Kieper, WC, et al. Distinct indirect pathways govern human NK-cell activation by TLR-7 and TLR-8 agonists. Int Immunol (2006) 18(7):1115–26. doi: 10.1093/intimm/dxl046

267. Navi, D, and Huntley, A. Imiquimod 5 percent cream and the treatment of cutaneous malignancy. Dermatol Online J (2004) 10(1):4. doi: 10.5070/D34VW339W4

268. Peng, G, Guo, Z, Kiniwa, Y, Voo, KS, Peng, W, Fu, T, et al. Toll-like receptor 8-mediated reversal of CD4+ regulatory T cell function. Science (2005) 309(5739):1380–4. doi: 10.1126/science.1113401

269. Panelli, MC, Stashower, ME, Slade, HB, Smith, K, Norwood, C, Abati, A, et al. Sequential gene profiling of basal cell carcinomas treated with imiquimod in a placebo-controlled study defines the requirements for tissue rejection. Genome Biol (2007) 8(1):R8. doi: 10.1186/gb-2007-8-1-r8

270. Xiang, AX, Webber, SE, Kerr, BM, Rueden, EJ, Lennox, JR, Haley, GJ, et al. Discovery of ANA975: an oral prodrug of the TLR-7 agonist isatoribine. Nucleosides Nucleotides Nucleic Acids (2007) 26(6-7):635–40. doi: 10.1080/15257770701490472

271. PRESS RELEASE. Anadys Pharmaceuticals Discontinues Development of Hepatitis C Drug [press release]. San Diego, CA: Fierce Biotech, (2007).

272. Hemmi, H, Takeuchi, O, Kawai, T, Kaisho, T, Sato, S, Sanjo, H, et al. A toll-like receptor recognizes bacterial DNA. Nature (2000) 408(6813):740–5. doi: 10.1038/35047123

273. Kawai, T, and Akira, S. The role of pattern-recognition receptors in innate immunity: update on toll-like receptors. Nat Immunol (2010) 11(5):373–84. doi: 10.1038/ni.1863

274. Krieg, AM, Yi, AK, Matson, S, Waldschmidt, TJ, Bishop, GA, Teasdale, R, et al. CpG motifs in bacterial DNA trigger direct b-cell activation. Nature (1995) 374(6522):546–9. doi: 10.1038/374546a0

275. Häcker, H, Mischak, H, Häcker, G, Eser, S, Prenzel, N, Ullrich, A, et al. Cell type-specific activation of mitogen-activated protein kinases by CpG-DNA controls interleukin-12 release from antigen-presenting cells. EMBO J (1999) 18(24):6973–82. doi: 10.1093/emboj/18.24.6973

276. Hartmann, G, Weiner, GJ, and Krieg, AM. CpG DNA: a potent signal for growth, activation, and maturation of human dendritic cells. Proc Natl Acad Sci U.S.A. (1999) 96(16):9305–10. doi: 10.1073/pnas.96.16.9305

277. Jakob, T, Walker, PS, Krieg, AM, Udey, MC, and Vogel, JC. Activation of cutaneous dendritic cells by CpG-containing oligodeoxynucleotides: a role for dendritic cells in the augmentation of Th1 responses by immunostimulatory DNA. J Immunol (1998) 161(6):3042–9.

278. Sparwasser, T, Koch, ES, Vabulas, RM, Heeg, K, Lipford, GB, Ellwart, JW, et al. Bacterial DNA and immunostimulatory CpG oligonucleotides trigger maturation and activation of murine dendritic cells. Eur J Immunol (1998) 28(6):2045–54. doi: 10.1002/(SICI)1521-4141(199806)28:06<2045::AID-IMMU2045>3.0.CO;2-8

279. Shirota, Y, Shirota, H, and Klinman, DM. Intratumoral injection of CpG oligonucleotides induces the differentiation and reduces the immunosuppressive activity of myeloid-derived suppressor cells. J Immunol (2012) 188(4):1592–9. doi: 10.4049/jimmunol.1101304

280. Sakaguchi, S, Yamaguchi, T, Nomura, T, and Ono, M. Regulatory T cells and immune tolerance. Cell (2008) 133(5):775–87. doi: 10.1016/j.cell.2008.05.009

281. Aurisicchio, L, Peruzzi, D, Conforti, A, Dharmapuri, S, Biondo, A, Giampaoli, S, et al. Treatment of mammary carcinomas in HER-2 transgenic mice through combination of genetic vaccine and an agonist of toll-like receptor 9. Clin Cancer Res (2009) 15(5):1575–84. doi: 10.1158/1078-0432.CCR-08-2628

282. Baines, J, and Celis, E. Immune-mediated tumor regression induced by CpG-containing oligodeoxynucleotides. Clin Cancer Res (2003) 9(7):2693–700.

283. Blazar, BR, Krieg, AM, and Taylor, PA. Synthetic unmethylated cytosine-phosphate-guanosine oligodeoxynucleotides are potent stimulators of antileukemia responses in naive and bone marrow transplant recipients. Blood (2001) 98(4):1217–25. doi: 10.1182/blood.V98.4.1217

284. Lonsdorf, AS, Kuekrek, H, Stern, BV, Boehm, BO, Lehmann, PV, and Tary-Lehmann, M. Intratumor CpG-oligodeoxynucleotide injection induces protective antitumor T cell immunity. J Immunol (2003) 171(8):3941–6. doi: 10.4049/jimmunol.171.8.3941

285. Kawarada, Y, Ganss, R, Garbi, N, Sacher, T, Arnold, B, and Hämmerling, GJ. NK- and CD8(+) T cell-mediated eradication of established tumors by peritumoral injection of CpG-containing oligodeoxynucleotides. J Immunol (2001) 167(9):5247–53. doi: 10.4049/jimmunol.167.9.5247

286. Brody, JD, Ai, WZ, Czerwinski, DK, Torchia, JA, Levy, M, Advani, RH, et al. In situ vaccination with a TLR9 agonist induces systemic lymphoma regression: a phase I/II study. J Clin Oncol (2010) 28(28):4324–32. doi: 10.1200/JCO.2010.28.9793

287. Yoneyama, M, Kikuchi, M, Natsukawa, T, Shinobu, N, Imaizumi, T, Miyagishi, M, et al. The RNA helicase RIG-I has an essential function in double-stranded RNA-induced innate antiviral responses. Nat Immunol (2004) 5(7):730–7. doi: 10.1038/ni1087

288. Fitzgerald, ME, Rawling, DC, Vela, A, and Pyle, AM. An evolving arsenal: viral RNA detection by RIG-i-like receptors. Curr Opin Microbiol (2014) 20:76–81. doi: 10.1016/j.mib.2014.05.004

289. Feng, Q, Hato, SV, Langereis, MA, Zoll, J, Virgen-Slane, R, Peisley, A, et al. MDA5 detects the double-stranded RNA replicative form in picornavirus-infected cells. Cell Rep (2012) 2(5):1187–96. doi: 10.1016/j.celrep.2012.10.005

290. Guo, G, Gao, M, Gao, X, Zhu, B, Huang, J, Tu, X, et al. Reciprocal regulation of RIG-I and XRCC4 connects DNA repair with RIG-I immune signaling. Nat Commun (2021) 12(1):2187. doi: 10.1038/s41467-021-22484-7

291. Poeck, H, Wintges, A, Dahl, S, Bassermann, F, Haas, T, and Heidegger, S. Tumor cell-intrinsic RIG-I signaling governs synergistic effects of immunogenic cancer therapies and checkpoint inhibitors in mice. Eur J Immunol (2021) 51(6):1531–4. doi: 10.1002/eji.202049158

292. Besch, R, Poeck, H, Hohenauer, T, Senft, D, Häcker, G, Berking, C, et al. Proapoptotic signaling induced by RIG-I and MDA-5 results in type I interferon-independent apoptosis in human melanoma cells. J Clin Invest (2009) 119(8):2399–411. doi: 10.1172/JCI37155

293. Roulois, D, Loo Yau, H, Singhania, R, Wang, Y, Danesh, A, Shen, SY, et al. DNA-Demethylating agents target colorectal cancer cells by inducing viral mimicry by endogenous transcripts. Cell (2015) 162(5):961–73. doi: 10.1016/j.cell.2015.07.056

294. Ellermeier, J, Wei, J, Duewell, P, Hoves, S, Stieg, MR, Adunka, T, et al. Therapeutic efficacy of bifunctional siRNA combining TGF-β1 silencing with RIG-I activation in pancreatic cancer. Cancer Res (2013) 73(6):1709–20. doi: 10.1158/0008-5472.CAN-11-3850

295. Kübler, K, Gehrke, N, Riemann, S, Böhnert, V, Zillinger, T, Hartmann, E, et al. Targeted activation of RNA helicase retinoic acid-inducible gene-I induces proimmunogenic apoptosis of human ovarian cancer cells. Cancer Res (2010) 70(13):5293–304. doi: 10.1158/0008-5472.CAN-10-0825

296. Duewell, P, Steger, A, Lohr, H, Bourhis, H, Hoelz, H, Kirchleitner, SV, et al. RIG-i-like helicases induce immunogenic cell death of pancreatic cancer cells and sensitize tumors toward killing by CD8(+) T cells. Cell Death Differ (2014) 21(12):1825–37. doi: 10.1038/cdd.2014.96

297. Engel, C, Brügmann, G, Lambing, S, Mühlenbeck, LH, Marx, S, Hagen, C, et al. RIG-I resists hypoxia-induced immunosuppression and dedifferentiation. Cancer Immunol Res (2017) 5(6):455–67. doi: 10.1158/2326-6066.CIR-16-0129-T

298. Zhu, H, Xu, WY, Hu, Z, Zhang, H, Shen, Y, Lu, S, et al. RNA Virus receptor rig-I monitors gut microbiota and inhibits colitis-associated colorectal cancer. J Exp Clin Cancer Res (2017) 36(1):2. doi: 10.1186/s13046-016-0471-3

299. Ranoa, DR, Parekh, AD, Pitroda, SP, Huang, X, Darga, T, Wong, AC, et al. Cancer therapies activate RIG-i-like receptor pathway through endogenous non-coding RNAs. Oncotarget (2016) 7(18):26496–515. doi: 10.18632/oncotarget.8420

300. Jiang, X, Muthusamy, V, Fedorova, O, Kong, Y, Kim, DJ, Bosenberg, M, et al. Intratumoral delivery of RIG-I agonist SLR14 induces robust antitumor responses. J Exp Med (2019) 216(12):2854–68. doi: 10.1084/jem.20190801

301. Sato, Y, Yoshino, H, Tsuruga, E, and Kashiwakura, I. Fas ligand enhances apoptosis of human lung cancer cells cotreated with RIG-i-like receptor agonist and radiation. Curr Cancer Drug Targets (2020) 20(5):372–81. doi: 10.2174/1568009620666200115161717

302. Zitvogel, L, Galluzzi, L, Smyth, MJ, and Kroemer, G. Mechanism of action of conventional and targeted anticancer therapies: reinstating immunosurveillance. Immunity (2013) 39(1):74–88. doi: 10.1016/j.immuni.2013.06.014

303. Barber, GN. STING: infection, inflammation and cancer. Nat Rev Immunol (2015) 15(12):760–70. doi: 10.1038/nri3921

304. Verma, R, Foster, RE, Horgan, K, Mounsey, K, Nixon, H, Smalle, N, et al. Lymphocyte depletion and repopulation after chemotherapy for primary breast cancer. Breast Cancer Res (2016) 18(1):10. doi: 10.1186/s13058-015-0669-x

305. Matiello, J, Dal Pra, A, Zardo, L, Silva, R, and Berton, DC. Impacts of post-radiotherapy lymphocyte count on progression-free and overall survival in patients with stage III lung cancer. Thorac Cancer (2020) 11(11):3139–44. doi: 10.1111/1759-7714.13621

306. Ahn, S, Park, JS, Jang, J, Ahn, KJ, Hong, YK, Yang, SH, et al. The association between total lymphocyte count after concomitant chemoradiation and overall survival in patients with newly diagnosed glioblastoma. J Clin Neurosci (2020) 71:21–5. doi: 10.1016/j.jocn.2019.11.017

307. McGranahan, N, Furness, AJ, Rosenthal, R, Ramskov, S, Lyngaa, R, Saini, SK, et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science (2016) 351(6280):1463–9. doi: 10.1126/science.aaf1490

308. Van Allen, EM, Miao, D, Schilling, B, Shukla, SA, Blank, C, Zimmer, L, et al. Genomic correlates of response to CTLA-4 blockade in metastatic melanoma. Science (2015) 350(6257):207–11. doi: 10.1126/science.aad0095

309. Brown, JM. Beware of clinical trials of DNA repair inhibitors. Int J Radiat Oncol Biol Phys (2019) 103(5):1182–3. doi: 10.1016/j.ijrobp.2018.11.063

310. Zenke, FT, Zimmermann, A, Sirrenberg, C, Dahmen, H, Kirkin, V, Pehl, U, et al. Pharmacologic inhibitor of DNA-PK, M3814, potentiates radiotherapy and regresses human tumors in mouse models. Mol Cancer Ther (2020) 19(5):1091–101. doi: 10.1158/1535-7163.MCT-19-0734

311. Mau-Sorensen, M, Kuipers, M, Nielsen, DL, Verheul, HM, Aftimos, P, de Jonge, MJA, et al. Safety, clinical activity and pharmacological biomarker evaluation of the DNA-dependent protein kinase (DNA-PK) inhibitor M3814: results from two phase I trials, in ESMO 2017 congress. 2018. Annals of Oncology (2018) 29(suppl_8):viii649–viii669. doi: 10.1093/annonc/mdy303.015

312. Wong, WW, Jackson, RK, Liew, LP, Dickson, BD, Cheng, GJ, Lipert, B, et al. Hypoxia-selective radiosensitisation by SN38023, a bioreductive prodrug of DNA-dependent protein kinase inhibitor IC87361. Biochem Pharmacol (2019) 169:113641. doi: 10.1016/j.bcp.2019.113641

313. Alastair, HK, Baker, JHE, Fryer, KH, Banaáth, J, Wang, T, Porres, SS, et al. Hypoxia-selective DNA-PK inhibitor [abstract]. In: AACR-NCI-EORTC international conference. Philadelphia, PA: AACR; Mol Cancer Ther (2017).

314. Demaria, S, Ng, B, Devitt, ML, Babb, JS, Kawashima, N, Liebes, L, et al. Ionizing radiation inhibition of distant untreated tumors (abscopal effect) is immune mediated. Int J Radiat Oncol Biol Phys (2004) 58(3):862–70. doi: 10.1016/j.ijrobp.2003.09.012

315. Ko, EC, Benjamin, KT, and Formenti, SC. Generating antitumor immunity by targeted radiation therapy: Role of dose and fractionation. Adv Radiat Oncol (2018) 3(4):486–93. doi: 10.1016/j.adro.2018.08.021

316. Marciscano, AE, Ghasemzadeh, A, Nirschl, TR, Theodros, D, Kochel, CM, Francica, BJ, et al. Elective nodal irradiation attenuates the combinatorial efficacy of stereotactic radiation therapy and immunotherapy. Clin Cancer Res (2018) 24(20):5058–71. doi: 10.1158/1078-0432.CCR-17-3427

317. Nikitaki, Z, Velalopoulou, A, Zanni, V, Tremi, I, Havaki, S, Kokkoris, M, et al. Key biological mechanisms involved in high-LET radiation therapies with a focus on DNA damage and repair. Expert Rev Mol Med (2022) 24:e15. doi: 10.1017/erm.2022.6

318. Averbeck, D, and Rodriguez-Lafrasse, C. Role of mitochondria in radiation responses: Epigenetic, metabolic, and signaling impacts. Int J Mol Sci (2021) 22(20):11047. doi: 10.3390/ijms222011047

319. Tigano, M, Vargas, DC, Tremblay-Belzile, S, Fu, Y, and Sfeir, A. Nuclear sensing of breaks in mitochondrial DNA enhances immune surveillance. Nature (2021) 591(7850):477–81. doi: 10.1038/s41586-021-03269-w

320. Yamazaki, T, Kirchmair, A, Sato, A, Buqué, A, Rybstein, M, Petroni, G, et al. Mitochondrial DNA drives abscopal responses to radiation that are inhibited by autophagy. Nat Immunol (2020) 21(10):1160–71. doi: 10.1038/s41590-020-0751-0

321. Banoth, B, and Cassel, SL. Mitochondria in innate immune signaling. Transl Res (2018) 202:52–68. doi: 10.1016/j.trsl.2018.07.014

322. Chang, MC, Chen, YL, Lin, HW, Chiang, YC, Chang, CF, Hsieh, SF, et al. Irradiation Enhances Abscopal Anti-tumor Effects of Antigen-Specific Immunotherapy through Regulating Tumor Microenvironment. Mol Ther (2018) 26(2):404–19.



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

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




MINI REVIEW

published: 29 September 2022

doi: 10.3389/fonc.2022.1020606

[image: image2]


The effects of radiation therapy on the macrophage response in cancer


Callum Beach 1, David MacLean 1, Dominika Majorova 1, James N. Arnold 2 and Monica M. Olcina 1*


1 Department of Oncology, Medical Research Council Oxford Institute for Radiation Oncology, University of Oxford, Oxford, United Kingdom, 2 School of Cancer and Pharmaceutical Sciences, King’s College London, London, United Kingdom




Edited by: 

Marco Tigano, Thomas Jefferson University, United States

Reviewed by:
 
Clément Anfray, University of Milan, Italy

*Correspondence: 

Monica M. Olcina
 monica.olcina@oncology.ox.ac.uk

Specialty section: 
 This article was submitted to Radiation Oncology, a section of the journal Frontiers in Oncology


Received: 16 August 2022

Accepted: 12 September 2022

Published: 29 September 2022

Citation:
Beach C, MacLean D, Majorova D, Arnold JN and Olcina MM (2022) The effects of radiation therapy on the macrophage response in cancer. Front. Oncol. 12:1020606. doi: 10.3389/fonc.2022.1020606



The efficacy of radiotherapy, a mainstay of cancer treatment, is strongly influenced by both cellular and non-cellular features of the tumor microenvironment (TME). Tumor-associated macrophages (TAMs) are a heterogeneous population within the TME and their prevalence significantly correlates with patient prognosis in a range of cancers. Macrophages display intrinsic radio-resistance and radiotherapy can influence TAM recruitment and phenotype. However, whether radiotherapy alone can effectively “reprogram” TAMs to display anti-tumor phenotypes appears conflicting. Here, we discuss the effect of radiation on macrophage recruitment and plasticity in cancer, while emphasizing the role of specific TME components which may compromise the tumor response to radiation and influence macrophage function. In particular, this review will focus on soluble factors (cytokines, chemokines and components of the complement system) as well as physical changes to the TME. Since the macrophage response has the potential to influence radiotherapy outcomes this population may represent a drug target for improving treatment. An enhanced understanding of components of the TME impacting radiation-induced TAM recruitment and function may help consider the scope for future therapeutic avenues to target this plastic and pervasive population.
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Introduction

Within neoplastic lesions, immune and mesenchymal cells interact with malignant tumor cells and influence many facets of tumor progression (1–3). Tumor-associated macrophages (TAMs) often make up a large proportion of the immune cell population within the TME. Macrophages are a highly plastic immune cell population, and their phenotypes are shaped by the microenvironments in which they reside (4, 5). In the context of cancer, macrophages are exploited by the tumor cells to adopt phenotypes which counterintuitively, help facilitate disease progression through providing a suitable microenvironment for the progression of multiple carcinomas (6). It is possible to consider the role of TAMs in tumor progression as occurring in phases (Figure 1) which include initial recruitment of TAM progenitors, subsequent polarization to an immunosuppressive phenotype and prevention of anti-tumor immune responses. TAMs can also facilitate angiogenesis to meet the metabolic demands of the cancer while assisting the passage of tumor cells into circulation and setting up the site for secondary tumor growth (7–9). Interestingly, the TAM population is phenotypically diverse to the extent that both pro- and anti-tumoral phenotypes of these cells can reside in the same tumor (10, 11). The prevalence of the TAM population correlates with poor patient prognosis in all cancers (except colorectal) (12–14) highlighting this population as a potential therapeutic target in cancer.




Figure 1 | Schematic representation of the role of TAMs in tumor progression. Radiation can contribute to recruitment and polarization as indicated by the yellow arrows. Figure created in Biorender. Agreement number: RO24DGQPW4.



Radiotherapy is still a mainstay of cancer treatment for approximately 50% of all cancer patients. It is increasingly recognized that radiotherapy is a strong immune modulator, with the capacity to induce both pro- and anti-inflammatory processes (15, 16). As such, radiation can elicit macrophage recruitment into the tumor (17–20). TAM polarization away from tissue-protection and towards anti-tumoral/immunostimulatory functions could be a potential approach to boost the anti-cancer effects of radiotherapy and capitalize on the immune-stimulating effects of this treatment (16, 19). Here, the effect of radiation on TAM recruitment and polarization will be described. We will particularly focus on changes to soluble and physical components of the tumor microenvironment (TME) which may limit the positive effects of radiation on macrophage plasticity and highlight key examples that could be therapeutically targeted to improve radiation response.



Phase 1: Recruitment of TAMs


Recruitment overview

TAMs within the tumor are either present as tissue-resident macrophages or are formed after circulating monocytes are recruited and subsequently polarized into mature TAMs (21, 22). Resident macrophages are present during embryonic development and tend to exist in specific tissues such as Kupffer cells in the liver, and alveolar macrophages in the pulmonary alveolus of the lungs (23). These macrophages can provide a pro-tumorigenic niche and assist with initial tumor growth from a very early stage (24).



Soluble factors impacting TAM recruitment following radiotherapy

Soluble factors that mediate mobilization are critically associated with recruiting monocytes/macrophages to the TME (Figure 1). A well-documented signaling molecule involved in this process is chemokine (C-C motif) ligand 2 (CCL2, also known as monocyte chemoattractant protein 1; MCP1) (25–27). Radiotherapy is known to induce the expression of CCL2 within the TME (28, 29). Increased CCL2 expression can also be regulated by components of the humoral arm of innate immunity such as the complement system (30–32) and the long pentraxin PTX3 (33). Both of these innate immunity components appear to work in concert since PTX3 deficiency results in complement-dependent TAM recruitment in 3-Methylcholanthrene carcinogenesis models (33). Signaling of complement anaphylatoxins C3a and C5a through their respective receptors, C3aR and C5aR1, has been further demonstrated to result in TAM recruitment and polarization towards an immunosuppressive phenotype (30, 31). This includes reduced CD206 expression and upregulation of CD11c, major histocompatibility complex class II, CD80 and CD86 in TAMs from C3 and C3aR1-/- mice (32). Interestingly, expression of C3a, C5a and their receptors C3aR and C5aR1 is induced in melanoma murine tumors following irradiation (20 Gy) (34). Furthermore, complement inhibition at the level of C3 (with a CR2-Crry fusion protein) in combination with radiation has been demonstrated to enhance the numbers of macrophages with an M1-like phenotype (F4/80+, CD11c+, CD206-) in lymphoma tumor models (35).

In addition to chemokines and complement soluble factors, cytokines are also involved in the recruitment of monocytes/macrophages to the TME. Colony-stimulating factor 1 (CSF-1, also known as macrophage colony stimulating factor; M-CSF), which typically is associated with a differentiation/survival signal for monocyte/macrophages, also has chemotactic properties for the recruitment of these cells to a site of inflammation (36, 37). In several tumor types and murine models, radiation has been demonstrated to induce CSF-1 production which can facilitate macrophage recruitment (17, 18). Following irradiation of tumors the DNA damage-induced kinase ABL1 (c-Abl) is recruited into the nuclei of tumor cells to enhance CSF1 transcription (38). CSF-1 production is also induced in response to IL-8, which can be secreted by the macrophages themselves, contributing to a positive feedback axis further perpetuating macrophage recruitment. However, this axis is not necessarily macrophage-specific as cancer cells can also produce IL-8 themselves post-irradiation (39). IL-34 is a cytokine that shares its receptor with CSF-1, binding CSF1-R, and as such they have similar biological properties. Like CSF-1, IL-34 expression is induced after irradiation (40). This induction has also been demonstrated to promote monocyte recruitment to the TME and subsequent polarization to an immunosuppressive phenotype (41).

Furthermore, tumor cells produce IL-6 in response to radiation-induced damage which promotes monocytes/macrophage recruitment to the TME (42–44). In a double-edged role for IL-6, once monocyte recruitment occurs, the cytokine also blocks dendritic cell differentiation and promotes monocytes to differentiate towards a TAM-like cell with an immunosuppressive phenotype (6, 45).



Physical changes in the TME affecting TAM recruitment following radiotherapy

Hypoxia (low oxygen tension) is a common physical feature of the TME that arises due to insufficient oxygen supply to support rapidly growing tumors. Hypoxia is particularly relevant to radiotherapy since cells irradiated under reduced oxygen levels are more resistant to the lethal effects of radiation (46). Hypoxia-inducible factors (HIFs) are key to the transcriptional response to hypoxia. HIF heterodimers consist of an oxygen-sensitive subunit (HIF-1α,  HIF-2α or HIF-3α), and a constitutively expressed HIF-β subunit. Under ambient oxygen concentrations, HIF-α subunits are continually degraded by ubiquitination and proteasomal degradation. However, under low oxygen tensions, HIF-α subunits are stabilized and trafficked to the nucleus where they modulate gene expression through binding hypoxia-responsive elements of specific genes associated with the hypoxic response (47–49). Both HIF-1α and HIF-2α can accumulate in macrophages exposed to hypoxic conditions in vitro (50, 51). In vivo, HIF-1α has been found to be essential for maintenance of appropriate cellular ATP pools necessary for myeloid cell motility and function (52). Furthermore, following tumor irradiation, nitric oxide (NO) generation in TAMs results in s-nitrosylation of HIF-1α at its oxygen-dependent degradation domain which prevents its destruction. Pharmacological inhibition of NO production is associated with reduced tumor growth following irradiation (53). Furthermore, studies using mice specifically lacking HIF-2α in myeloid cells have demonstrated reduced TAM infiltration in hepatocellular and colitis-associated colon carcinoma models through regulation of cytokine receptor CSF-1R and chemokine receptor CXCR4. Interestingly, this observed reduction in TAM infiltration was associated with reduced tumor cell proliferation (54). HIF-dependent induction of CCL2 also further supports monocyte/macrophage recruitment (55). A recent study has demonstrated that vascular endothelial growth factor-A (VEGF-A), another HIF-regulated gene, also plays a key role in both the recruitment of macrophages and the polarization toward an immunosuppressive phenotype as shown by the increase of the marker CD163 (56).



Extracellular matrix

The extracellular matrix (ECM), which constitutes the protein scaffold around the tumor and stromal cells, has a role in providing a platform for innate immune cell infiltration, with many of its components and post-degradation fragments sharing the ability to recruit monocytes. Much focus has been directed to proteolytic fragments of the ECM which have been demonstrated to represent endogenous ligands for binding and activating toll-like receptors (TLRs). The release of glycosaminoglycan hyaluronan (HA) after irradiation of the tumor has been documented (57). HA can also play a role in facilitating macrophage infiltration into the tumor stroma through an interaction with the HA receptor CD44 expressed by macrophages (58). Monocytes/TAMs recruited by the CD44:HA axis have an immunosuppressive phenotype. This is facilitated by the upregulation of IL-10 expression while concurrently downregulating NF-κB signaling (59).

In addition to HA, latent TGF-β (an inactive form of the cytokine) is also released by the ECM post-irradiation. Once activated, TGF-β has a potent influence on TAM recruitment. This can occur directly through enhanced integrin expression and type IV collagenase secretion (60) and indirectly through the upregulation of CXCR4 on monocytes, with perivascular fibroblast expression of CXCL12 attracting the monocytes to the tumor bed (61).

Additionally, damaging the ECM leads to macrophage recruitment due to the attraction of immunosuppressive TAMs through the scavenger receptor CD206 (mannose receptor). This allows the phagocytosis and degradation of collagen fragments to form a strong chemoattractant for macrophages (62, 63). This leads to a feedback loop where initial radiation-induced damage to the ECM leads to recruitment of TAMs that themselves facilitate a continuous wound-healing state within the tumor site, further increasing monocyte/TAM recruitment. In a similar fashion, elastin fragments generated by the activity of macrophage-derived MMPs (9 and -12) have been demonstrated to act as chemotactic factors for monocytes, creating a positive feedback loop which increases the prevalence of TAMs in the TME (64).




Phase 2: Macrophage polarization


Polarization overview

Previously, monocyte polarization into mature macrophages was thought to be binary, with TAMs either acting as inflammatory or immunosuppressive agents within the stroma (65). However, it is becoming increasingly clear that, once polarized, the TAMs phenotypically fall on a spectrum (4). Data, mostly gathered from in vitro studies, has indicated that polarization on this spectrum may depend on the presence of specific factors such as IL-4, IL-10, IL-13, IFNγ, and lipopolysaccharide (LPS) (66, 67) (Figure 2). Once these factors bind to their respective receptor, monocytes undergo polarization and maturation into more specialised TAM phenotypes through downstream signal transduction pathways altering transcription within these cells (68). Recently, it has been identified that TAM polarization can be refined to a three-way polarization program in a spontaneous murine model of breast cancer (11). This three-way program is broadly split into an alternatively-activated-like, angiogenic/immunosuppressive, and inflammatory phenotypic specialization of these cells (11).




Figure 2 | Schematic representation of the effects of radiation on macrophage polarization. Macrophages can adopt both pro- and anti-tumoral phenotypes across a spectrum of possible polarization states. Shown are the effects of radiation on these phenotypes and effector molecules. Figure created in Biorender. Agreement number: LH24DGQ49Q.





Pathways involved in radiation-induced polarization

Following irradiation, macrophage polarization towards either pro- or anti-inflammatory sides of the spectrum may be dependent on irradiation dose and which transcription factors are formed to drive downstream gene expression (69, 70). NF-κB is a key modulator of macrophage polarization and NF-κB p65-p50 heterodimers can initiate transcription of pro-inflammatory genes such as TNFα, IL1β, IL6, IL12, IFNγ and CXCL10 (70). Increased p65/RelA expression following 2 Gy irradiation of the RAW264.7 macrophage cell line or CD11b+ peritoneal macrophages, is associated with increased levels of inducible nitric oxide synthase (iNOS, which is an M1-associated marker) (71). Low dose (2 Gy) whole body irradiation has also been demonstrated to induce iNOS, and concurrently reduce M2-associated markers such as Ym-1 and Fizz-1 in peritoneal macrophages. iNOS expressing TAMs in turn appear important for effector T-cell recruitment into the tumor through vascular normalization (69). Irradiation of human monocyte-derived macrophages with 2, 6 or 10 Gy, results in increased RelB expression which is accompanied by reduced expression of anti-inflammatory genes (such as CD163, and IL-10) (72). Conversely, loss of NF-κB p50 expression has been associated with a pro-inflammatory macrophage phenotype including enhanced TNFα and reduced IL10 expression in bone marrow-derived macrophages incubated with both LPS and irradiated 4T1 cancer cells (10 Gy) (17) (Figure 2).

Enhanced radiation-induced NF-κB signaling can occur following activation of the apical DNA damage kinase, ATM. ATM-dependent NF-κB activation occurs following ubiquitination of NEMO (NF-κB essential modulator) which releases the cytoplasmic p50-p65 heterodimer allowing its translocation to the nucleus to act as a transcriptional activator (73).

ATM activation can also occur downstream of reactive oxygen species (ROS) production. NADPH oxidase 2 (NOX2)-dependent ROS production was reported to be important in ATM-dependent polarization of macrophages towards a pro-inflammatory phenotype through regulation of IRF5 at the mRNA and post-translational level. Therapeutically targeting other DNA damage response components, such as poly (ADP-ribose) polymerase (PARP) also appeared to activate macrophages towards a pro-inflammatory phenotype following increased ATM and IRF5 activation (74). Importantly enhanced expression of iNOS+CD68+ and NOX2+CD68+ TAMs was observed in resected specimens of rectal cancer patients with good responses to neoadjuvant radiotherapy (74). A recent study also suggested that targeting the angiogenic factor, fibroblast growth factor 2 (FGF2), in combination with radiotherapy can increase the iNOS+/CD206+ TAM ratio and improve tumor responses following fractionated radiotherapy (75). These data suggest that FGF2 could be considered as a therapeutic target to be exploited in combination with radiotherapy.



Examples of potential barriers to effective polarization by radiation

As previously mentioned, radiotherapy induces the expression of CCL2 within the TME (28, 29). CCL2 acts to shift the recruited monocytes towards a more immunosuppressive phenotypic type directly by downregulating polarization-related gene expression and indirectly via T helper 2 cells (Th2) releasing anti-inflammatory cytokines such as IL-4, IL-6 and IL-10 (76). In a preclinical pancreatic ductal adenocarcinoma model, the inhibition of CCL2 in isolation had little impact on tumor growth unless used in combination with radiotherapy (77). It was found that irradiation of the tumor caused a significant increase in CCL2 production and radiation-dependent recruitment of monocytes/macrophages (77). Inhibiting this CCL2/CCR2 recruitment axis led to a decrease in tumor growth and vascularity (77). Additionally, the inhibition of CCL2 led to a decrease in TAM presence and a decrease in metastasis (78). This decrease in metastasis was caused by CCL2 inhibition reducing the production of CCL3 by immunosuppressive TAMs thereby reducing the ability of these macrophages to assist with tumor intravasation (78).

There has also been a lot of interest in therapeutically targeting CSF-1 signaling to modulate macrophage polarization following irradiation in a variety of cancers. In glioblastoma tumor models, CSF-1R inhibition delays recurrence following irradiation by reducing radiation-induced monocyte recruitment and differentiation to immunosuppressive TAMs (40). Interestingly, TAM survival in the context of CSF-1R inhibition appears to be facilitated by granulocyte-macrophage CSF (GM-CSF) and IFNγ (79). Altered TAM polarization and a reduction in macrophage migration was also seen in a preclinical prostate cancer model (38). Furthermore, in preclinical colorectal and pancreatic models, macrophage depletion using CSF-1 blocking antibodies, enhances the effectiveness of combined radiotherapy and immune checkpoint inhibitor (anti-PD-L1) treatment suggesting that macrophages act to hinder productive anti-tumor immune functions of radiotherapy (19).

Complement activation and signaling of complement anaphylatoxins through their respective receptors can also impact macrophage polarization. This is relevant in the context of radiotherapy since irradiation has been found to increase the local tumor expression of several complement factors in murine models (following 5 and 20 Gy irradiation) and in patient samples (treated with 1.5-2 Gy) (34). Of note, in the TME, the presence of stromal CD34high fibroblasts expressing high levels of central complement component C3 (which when cleaved will result in C3a production) may also support the recruitment of macrophages with immunosuppressive phenotypes and results in attenuation of T-cell mediated responses (80). Interestingly, C3aR activation in TAMs can occur following intracellular production of C3a by tumor cells; and activation of PI3Kγ signaling downstream of C3aR activation contributes to suppression of anti-tumor responses (81). The effects of irradiation on intracellular C3a or C5a levels across tumor cells, however, is still unclear. Previously published work suggested that the presence of C5a and C3a might be essential for effective tumor radiation responses (34). However, the well-documented impact of C3a and C5a on macrophage recruitment and polarization towards immunosuppression may indicate that targeting the C3a-C3aR or C5a-C5aR signaling axes might prove to be beneficial in certain contexts. In combination with anti-PD-1 blocking antibodies, blocking C5a/C5aR1 signaling has indeed proven effective at improving primary and metastatic disease in lung tumor models (82). Similarly, in the B16-F10 melanoma model, blocking the PD-1/PDL-1 axis alongside C3a-C3aR or C5a-C5aR resulted in improved tumor control (83). The effects of radiotherapy in combination with immune checkpoint and C5a/C5aR1 inhibition, however, has yet to be determined.

The use of TGF-β inhibition in combination with PD-1/PD-L1 inhibition has also found success in a multitude of clinical trials, with phase two trials commencing in non-small cell lung (NCT03631706), triple negative breast (NCT03579472), colorectal (NCT03724851), and pancreatic (NCT02734160) cancers. A summary of additional recent clinical trials combining radiotherapy and macrophage targeting is shown in Table 1. Interestingly, combining TGF-β and PD-1 inhibition with radiotherapy in a preclinical colorectal cancer model demonstrated improved survival plus reduced tumor growth (84). Additionally, this study demonstrated a reduction in TAM recruitment to both primary tumors as well as non-irradiated bilateral lesions (84).


Table 1 | Table summarizing latest clinical trials combining radiotherapy and approaches which may impact macrophage recruitment or function.






Conclusion

Effectively modulating the immunostimulatory effects of radiation has the enticing potential to improve local and distant tumor control (85). Given the relatively high numbers of macrophages in the TME (relative to other cell types) and the enhanced macrophage recruitment observed following irradiation, it is likely that combination therapies will have to consider how to polarize this immune population to the pro-inflammatory, tumoricidal side of the spectrum (86). Indeed, investigation into targeting TAMs is currently at the forefront of cancer immunotherapies and, a greater understanding of mechanisms of recruitment and pro-tumor activity of these macrophages may provide new therapeutic opportunities to improve the efficacy of existing treatments (39). Targeting the soluble factor-receptor axes interactions that may pose a barrier to the most effective polarization could be considered. For example, CSF1-CSF1R, C5a-C5aR1, FGF2 or TGFβ/TGFβR blockade in combination with immune checkpoint inhibitors such as PD1/PDL-1 could be promising strategies (19, 84). Further research into the effect of different radiation doses and fractionation regimes on macrophage recruitment and plasticity will help optimize the timing and nature of the most effective combination therapies. A consideration of the effect of an altered macrophage response to normal tissue toxicity following radiotherapy will also be important since maximal therapeutic benefit relies on effective tumor control with minimal normal tissue toxicity.



Author contributions

Conceptualization: CB and MO. Writing original draft: CB, DMac, DMaj, and MO. Writing review and editing: CB, DMac, DMaj, JA, and MO. Resources: JA and MO. Supervision: JA and MO. Funding acquisition: JA and MO. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Medical Research Council (MC_UU_00001/10). C.B is supported by an International Accelerator Award, ACRCelerate funded by Cancer Research UK (A26825 and A28223). J.N.A. is the recipient of a Cancer Research Institute/Wade F.B. Thompson CLIP grant (CRI3645) and Cancer Research UK grant DCRPGF\100009.



Acknowledgments

We apologies to all the authors that we could not cite due to space constraints. This work was supported by the Medical Research Council (MC_UU_00001/10). C.B is supported by an International Accelerator Award, ACRCelerate funded by Cancer Research UK (A26825 and A28223). J.N.A. is the recipient of a Cancer Research Institute/Wade F.B. Thompson CLIP grant (CRI3645) and Cancer Research UK grant DCRPGF\100009.



Conflict of interest

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



References

1. Kaminska, K, Szczylik, C, Bielecka, Z, Bartnik, E, Porta, C, Lian, F, et al. The role of the cell–cell interactions in cancer progression. J Cell Mol Med (2015) 19(2):283–96. doi: 10.1111/jcmm.12408

2. Hiam-Galvez, K, Allen, B, and Spitzer, M. Systemic immunity in cancer. Nat Rev Cancer (2021) 21:345–59. doi: 10.1038/s41568-021-00347-z

3. Liang, W, Chen, X, Zhang, S, Fang, J, Chen, M, Xu, Y, et al. Mesenchymal stem cells as a double-edged sword in tumor growth: focusing on MSC-derived cytokines. CMBL (2021) 26(3):1–25. doi: 10.1186/s11658-020-00246-5

4. Murray, P, Allen, J, Biswas, S, Fisher, E, Gilroy, D, Goerdt, S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity (2014) 41(1):14–20. doi: 10.1016/j.immuni.2014.06.008

5. Liu, J, Gao, M, Yang, Z, Zhao, Y, Guo, K, Sun, B, et al. Macrophages and metabolic reprograming in the tumor microenvironment. Front Oncol (2022) 12(795159). doi: 10.3389/fonc.2022.795159

6. Muliaditan, T, Caron, J, Opzoomer, J, Kosti, P, Georgouli, M, Gordon, P, et al. Macrophages are exploited from an innate wound healing response to facilitate cancer metastasis. Nat Commun (2018) 9(2951):1–15. doi: 10.1038/s41467-018-05346-7

7. Stockmann, C, Doedens, A, Weidermann, A, Zhang, N, Takeda, N, Greenberg, J, et al. Deletion of vascular endothelial growth factor in myeloid cells accelerates tumorigenesis. Nature (2008) 456(7223):814–8. doi: 10.1038/nature07445

8. Bosiljcic, M, Cederberg, R, Hamilton, M, LePard, N, Harbourne, B, Collier, J, et al. Targeting myeloid-derived suppressor cells in combination with primary mammary tumor resection reduces metastatic growth in the lungs. Breast Cancer Res (2019) 21(103):1–16. doi: 10.1186/s13058-019-1189-x

9. Erler, J, Bennewith, K, Cox, T, Lang, G, Bird, D, Koong, A, et al. Hypoxia-induced lysyl oxidase is a critical mediator of bone marrow cell recruitment to form the premetastatic niche. Cancer Cell (2009) 15(1):35–44. doi: 10.1016/j.ccr.2008.11.012

10. Wang, Y, Lin, Y-X, Qiao, S-L, An, H-W, Ma, Y, Qiao, Z-Y, et al. Polymeric nanoparticles promote macrophage reversal from M2 to M1 phenotypes in the tumor microenvironment. Biomaterials (2017) 112:153–63. doi: 10.1016/j.biomaterials.2016.09.034

11. Opzoomer, J, Anstee, J, Dean, I, Hill, E, Bouybayoune, I, Caron, J, et al. Macrophages orchestrate the expansion of a proangiogenic perivascular niche during cancer progression. Sci Adv (2021) 9(2951):1–15. doi: 10.1101/2020.10.30.361907

12. Zhang, Q-W, et al. Prognostic significance of tumor-associated macrophages in solid tumor: A meta-analysis of the literature. PLoS One (2012) 7(12):1–14. doi: 10.1371/journal.pone.0050946

13. Wang, C, Lin, Y, Zhu, H, Zhou, Y, Mao, F, Huang, X, et al. The prognostic and clinical value of tumor-associated macrophages in patients with breast cancer: A systematic review and meta-analysis. Front Oncol (2022) 12(905846). doi: 10.3389/fonc.2022.905846

14. Larionova, I, Tuguzbaeva, G, Ponomaryova, A, Stakheyeva, M, Cherdyntseva, N, Pavlov, V, et al. Tumor-associated macrophages in human breast, colorectal, lung, ovarian and prostate cancers. Front Oncol (2020) 10(566511). doi: 10.3389/fonc.2020.566511

15. Appleton, E, Hassan, J, Wah Hak, C-C, Sivamanoharan, N, Wilkins, A, Samson, A, et al. Kickstarting immunity in cold tumours: Localised tumour therapy combinations with immune checkpoint blockade. Front Immunol (2021) 12(754436). doi: 10.3389/fimmu.2021.754436

16. Moon, E, Petersson, K, and Olcina, M. The importance of hypoxia in radiotherapy for the immune response, metastatic potential and FLASH-RT. Int J Radiat. Biol (2022) 98(3):439–51. doi: 10.1080/09553002.2021.1988178

17. Crittenden, M, Cottam, B, Savage, T, Nguyen, C, Newell, P, Gough, M, et al. Expression of NF-κB p50 in tumor stroma limits the control of tumors by radiation therapy. PLoS One (2012) 7(6):1–10. doi: 10.1371/journal.pone.0039295

18. Deng, L, Liang, H, Burnette, B, Beckett, M, Darga, T, Weichselbaum, R-R, et al. Irradiation and anti-PD-L1 treatment synergistically promote antitumor immunity in mice. J Clin Invest. (2014) 124(2):687–95. doi: 10.1172/JCI67313

19. Jones, K, Tiersma, J, Yuzhalin, A, Gordon-Weeks, A, Buzzelli, J, Im, J, et al. Radiation combined with macrophage depletion promotes adaptive immunity and potentiates checkpoint blockade. EMBO Mol Med (2018) 10(e9342):1–16. doi: 10.15252/emmm.201809342

20. Agn, G-O, et al. Inhibition of mac-1 (CD11b/CD18) enhances tumor response to radiation by reducing myeloid cell recruitment. Proc Natl Acad Sci USA (2010) 107(18):8363–8. doi: 10.1073/pnas.0911378107

21. Franklin, R, Liao, W, Sarkar, A, Kim, M, Bivona, M, Liu, K, et al. The cellular and molecular origin of tumor-associated macrophages. Science (2014) 344(6186):921–5. doi: 10.1126/science.1252510

22. Zhu, Y, Herndon, J, Sojka, D, Kim, K-W, Knolhoff, B, Zuo, C C, et al. Tissue-resident macrophages in pancreatic ductal adenocarcinoma originate from embryonic hematopoiesis and promote tumor progression. Immunity (2017) 47(2):323–338. doi: 10.1016/j.immuni.2017.07.014

23. Gordon, S, and Pluddemann, A. Tissue macrophages: heterogeneity and functions. BMC Biol (2017) 15(53):1–18. doi: 10.1186/s12915-017-0392-4

24. Casanova-Acebes, M, Dalla, E, Leader, A, LeBerichel, J, Nikolic, J, Morales, B, et al. Tissue-resident macrophages provide a pro-tumorigenic niche to early NSCLC cells. Nature (2021) 595(7868):578–84. doi: 10.1038/s41586-021-03651-8

25. Mizutani, K, Sud, S, McGregor, N, Martinovski, G, Rice, B, Craig, M, et al. The chemokine CCL2 increases prostate tumor growth and bone metastasis through macrophage and osteoclast recruitment. Neoplasia (2009) 11(11):1235–42. doi: 10.1593/neo.09988

26. Stiener, J, and Murphy, E. Importance of chemokine (CC-motif) ligand 2 in breast cancer. Int J Biol Markers (2012) 27(3):179–85. doi: 10.5301/JBM.2012.9345

27. Qian, B-Z, Li, J, Zhang, H, Kitamura, T, Zhang, J, Kaiser, L, et al. CCL2 recruits inflammatory monocytes to facilitate breast tumor metastasis. Nature (2012) 475(7355):222–5. doi: 10.1038/nature10138

28. Bravata, V, Minafra, L, Forte, G I, Cammarata, F, Russo, G, Di Maggio, FM, et al. Cytokine profile of breast cell lines after different radiation doses. Int J Radiat. Biol (2017) 93(11):1217–26. doi: 10.1080/09553002.2017.1362504

29. Wang, P, Guo, F, Han, L, Wang, X, Li, J, Guo, Y, et al. X-ray-induced changes in the expression of inflammation-related genes in human peripheral blood. Int J Mol Sci (2014) 15(11):19516–34. doi: 10.3390/ijms151119516

30. Piao, C, Cai, L, Qiu, S, Jia, L, Song, W, and Du, J. Complement 5a enhances hepatic metastases of colon cancer via monocyte chemoattractant protein-1-mediated inflammatory cell infiltration. J Biol Chem (2015) 290(17):10667–76. doi: 10.1074/jbc.M114.612622

31. Czermak, B, Sarma, V, Bless, N, Schmal, H, Friedl, H, Ward, P, et al. In vitro and in vivo dependency of chemokine generation on C5a and TNF-alpha. J Immunol (1999) 162(4):2321–5.

32. Magrini, E, Di Marco, S, Mapelli, S, Perucchini, C, Pasqualini, F, Donato, A, et al. Complement activation promoted by the lectin pathway mediates C3aR-dependent sarcoma progression and immunosuppression. Nat Cancer. (2021) 2(2):218–32. doi: 10.1038/s43018-021-00173-0

33. Bonavita, E, Gentile, S, Rubino, M, Maina, V, Papait, R, Kunderfranco, P, et al. PTX3 is an extrinsic oncosuppressor regulating complement-dependent inflammation in cancer. Cell (2015) 160(4):700–14. doi: 10.1016/j.cell.2015.01.004

34. Surace, L, Lysenko, V, Fontana, A, Cecconi, V, Janssen, H, Bicvic, A, et al. Complement is a central mediator of radiotherapy-induced tumor-specific immunity and clinical response. Immunity. (2015) 42(4):767–77. doi: 10.1016/j.immuni.2015.03.009

35. Elvington, M, Scheiber, M, Yang, X, Lyons, K, Jacqmin, D, Wadsworth, C, et al. Complement-dependent modulation of antitumor immunity following radiation therapy. Cell Rep (2014) 8(3):818–30. doi: 10.1016/j.celrep.2014.06.051

36. Sauter, K, Waddell, L, Lisowski, Z, Young, R, Lefevre, L, Davis, G, et al. Macrophage colony-stimulating factor (CSF1) controls monocyte production and maturation and the steady-state size of the liver in pigs. Am J Physiol Gastrointest Liver Physiol (2016) 311(3):533–47. doi: 10.1152/ajpgi.00116.2016

37. Pyonteck, S, Gadea, B, Wang, H-W, Gocheva, V, Hunter, K, Tang, L-H, et al. Deficiency of the macrophage growth factor CSF-1 disrupts pancreatic neuroendocrine tumor development. Oncogene (2017) 39(11):1459–1467. doi: 10.1038/onc.2011.337

38. Xu, J, Escamilla, J, Mok, S, David, J, Priceman, S, West, B, et al. CSF1R signaling blockade stanches tumor-infiltrating myeloid cells and improves the efficacy of radiotherapy in prostate cancer. Cancer Microenviron. (2013) 73(9):2782–94. doi: 10.1158/0008-5472.CAN-12-3981

39. Ge Z, DS. The crosstalk between tumor-associated macrophages (TAMs) and tumor cells and the corresponding targeted therapy. Front Oncol (2020) 10(590941). doi: 10.3389/fonc.2020.590941

40. Stafford, J, Hirai, T, Deng, L, Chernikova, S, Urata, K, West, B, et al. Colony stimulating factor 1 receptor inhibition delays recurrence of glioblastoma after radiation by altering myeloid cell recruitment and polarization. Neuro-Oncology (2016) 18(6):797–806. doi: 10.1093/neuonc/nov272

41. Segaliny, A, Mohamadi, A, Dizier, B, Lokajczyk, A, Brion, R, Lanel, R, et al. Interleukin-34 promotes tumor progression and metastatic process in osteosarcoma through induction of angiogenesis and macrophage recruitmen. Int J Cancer (2017) 137(1):73–85. doi: 10.1002/ijc.29376

42. Zhou, T, Zhou, YL, Qian, MJ, Fang, YZ, Ye, S, Xin, WX, et al. Interleukin-6 induced by YAP in hepatocellular carcinoma cells recruits tumor-associated macrophages. J Pharmacol Sci (2018) 138(2):89–95. doi: 10.1016/j.jphs.2018.07.013

43. Zhang, J, Nakatsugawa, S, Niwa, O, Ju, GZ, and Liu, SZ. Ionizing radiation-induced IL-1 alpha, IL-6 and GM-CSF production by human lung cancer cells. Chin Med J (Engl). (1994) 107(9):653–7.

44. Yamanaka, R, Tanaka, R, and Yoshida, S. Effects of irradiation on cytokine production in glioma cell lines. Neurol Med Chir (1993) 33(11):744–8. doi: 10.2176/nmc.33.744

45. Duluc, D, Delneste, Y, Tan, F, Moles, MP, Grimaud, L, Lenoir, J, et al. Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte differentiation into tumor-associated macrophage-like cells. Blood. (2007) 110(13):4319–30. doi: 10.1182/blood-2007-02-072587

46. Hammond, E, Asselin, M-C, Forster, D, O'Connor, J-P-B, Senra, J-M, Williams, K-J, et al. The meaning, measurement and modification of hypoxia in the laboratory and the clinic. Clin Oncol (R. Coll Radiol.) (2014) 26(5):277–88. doi: 10.1016/j.clon.2014.02.002

47. Ivan, M, Kondo, K, Yang, H, Kim, W, Valiando, J, Ohh, M, et al. HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: implications for O2 sensing. Science (2001) 292(5516):464–8. doi: 10.1126/science.1059817

48. Jaakola, P, Mole, D, Tian, Y, Wilson, M, Gielbert, J, Gaskell, S, et al. Targeting of HIF-alpha to the von hippel-lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science (2001) 292(5516):468–72. doi: 10.1126/science.1059796

49. Wang, G, and Semenza, G. Purification and characterization of hypoxia-inducible factor 1. J Biol Chem (1995) 270(3):1230–7. doi: 10.1074/jbc.270.3.1230

50. Griffiths, L, Binley, K, Iqball, S, Kan, O, Maxwell, P, Ratcliffe, P, et al. The macrophage – a novel system to deliver gene therapy to pathological hypoxia. Gene Ther (2000) Volume 7:255–62. doi: 10.1038/sj.gt.3301058

51. Burke, B, Tang, N, Corke, K, Tazzyman, D, Ameri, K, Wells, M, et al. Expression of HIF-1α by human macrophages: implications for the use of macrophages in hypoxia-regulated cancer gene therapy. J Pathol (2002) 196(2):204–12. doi: 10.1002/path.1029

52. Cramer, T, Yamanishi, Y, Clausen, B, Forster, I, Pawlinski, R, Mackman, N, et al. HIF-1α is essential for myeloid cell-mediated inflammation. Cell (2003) 112(5):645–57. doi: 10.1016/S0092-8674(03)00154-5

53. Li, F, Sonveaux, P, Rabbani, Z, Liu, S, Yan, B, Huang, Q, et al. Regulation of HIF-1α stability through s-nitrosylation. Mol Cell (2007) 26(1):63–74. doi: 10.1016/j.molcel.2007.02.024

54. Imtiyaz, H, Williams, E, Hickey, M, Patel, S, Durham, A, Yuan, L-Y, et al. Hypoxia-inducible factor 2α regulates macrophage function in mouse models of acute and tumor inflammation. JCI (2010) 120(8):2699–714. doi: 10.1172/JCI39506

55. Lin, N, and Simon, M. Hypoxia-inducible factors: key regulators of myeloid cells during inflammation. J Clin Invest. (2016) 126(10):3661–71. doi: 10.1172/JCI84426

56. Wheeler, K, Jena, M, Pradham, B, Nayak, N, Das, S, Hsu, C-D, et al. VEGF may contribute to macrophage recruitment and M2 polarization in the decidua. PLoS One (2018) 13(1):1–18. doi: 10.1371/journal.pone.0191040

57. Li, Y, Rahmanian, M, Widstrom, C, Lepperdinger, G, Frost, G, Heldin, P, et al. Irradiation-induced expression of hyaluronan (HA) synthase 2 and hyaluronidase 2 genes in rat lung tissue accompanies active turnover of HA and induction of types I and III collagen gene expression. Am J Respir Cell Mol Biol (2000) 23(3):411–8. doi: 10.1165/ajrcmb.23.3.4102

58. Kobayashi, N, Miyoshi, S, Mikami, T, Koyama, H, Kitazawa, M, Takeoka, M, et al. Hyaluronan deficiency in tumor stroma impairs macrophage trafficking and tumor neovascularization. Cancer Res (2010) 70(18):7073–83. doi: 10.1158/0008-5472.CAN-09-4687

59. Zhang, F, Wang, H, Wang, X, Jiang, G, Liu, H, Zhang, G, et al. TGF-β induces M2-like macrophage polarization via SNAIL-mediated suppression of a pro-inflammatory phenotype. Oncotarget (2016) 7(32):52294–306. doi: 10.18632/oncotarget.10561

60. Wahl, SAJ, Weeks, B, Wong, H, and Klotman, P. Transforming growth factor beta enhances integrin expression and type IV collagenase secretion in human monocytes. Proc Natl Acad Sci USA (1993) 90(10):4577–81. doi: 10.1073/pnas.90.10.4577

61. Arwert, E, Harney, A, Entenberg, D, Wang, Y, Sahai, E, Pollard, J, et al. A unidirectional transition from migratory to perivascular macrophage is required for tumor cell intravasation. Cell Rep (2018) 23(5):1239–48. doi: 10.1016/j.celrep.2018.04.007

62. Madsen, D, Leonard, D, Masedunskas, A, Moyer, A, Jessen, H, Jurgensen, H, et al. M2-like macrophages are responsible for collagen degradation through a mannose receptor–mediated pathway. JCB (2013) 202(6):951–66. doi: 10.1083/jcb.201301081

63. O'Brien, J, Lyons, T, Monks, J, Lucia, M, Wilson, R, Hines, L, et al. Alternatively activated macrophages and collagen remodeling characterize the postpartum involuting mammary gland across species. Am J Pathol (2010) 176(3):1241–55. doi: 10.2353/ajpath.2010.090735

64. Houghton, A, Grisolano, J, Baumann, M, Kobayashi, D, Hautamaki, R, Nehring, L, et al. Macrophage elastase (Matrix metalloproteinase-12) suppresses growth of lung metastases. Cancer Res (2006) 66(12):6149–55. doi: 10.1158/0008-5472.CAN-04-0297

65. Mills, C, Kincaid, K, Alt, J, and Heilman, M. M-1/M-2 macrophages and the Th1/Th2 paradigm. J Immunol (2000) 164(12):6166–73. doi: 10.4049/jimmunol.164.12.6166

66. Mosser, D, and Edwards, J. Exploring the full spectrum of macrophage activation. Nat Rev Immunol (2008) 8(12):958–69. doi: 10.1038/nri2448

67. Xue, J, Schmidt, S, Sander, J, Draffehn, A, Krebs, W, Quester, I, et al. Transcriptome-based network analysis reveals a spectrum model of human macrophage activation. Immunity (2014) 40(2):274–88. doi: 10.1016/j.immuni.2014.01.006

68. Lawrence, T, and Natoli, G. Transcriptional regulation of macrophage polarization: enabling diversity with identity. Nat Rev Immunol (2011) Volume 11:750–61. doi: 10.1038/nri3088

69. Klug, F, Prakash, H, Huber, P, Seibel, T, Bender, N, Halama, N, et al. Low-dose irradiation programs macrophage differentiation to an iNOS⁺/M1 phenotype that orchestrates effective T cell immunotherapy. Cancer Cell (2013) 24(5):589–602. doi: 10.1016/j.ccr.2013.09.014

70. Genard, G, Lucas, S, and Michiels, C. Reprogramming of tumor-associated macrophages with anticancer therapies: Radiotherapy versus chemo- and immunotherapies. Front Immunol (2017) 8(826). doi: 10.3389/fimmu.2017.00828

71. Prakash, H, Kulg, F, Nadella, V, Mazumdar, V, Schmitz-Winnethal, H, Umansky, L, et al. Low doses of gamma irradiation potentially modifies immunosuppressive tumor microenvironment by retuning tumor-associated macrophages: lesson from insulinoma. J Carcinog (2016) 37(3):301–13. doi: 10.1093/carcin/bgw007

72. Pinto, A, Pinto, M, Cardoso, A, Monteiro, C, Pinto, M, Maia, A, et al. Ionizing radiation modulates human macrophages towards a pro-inflammatory phenotype preserving their pro-invasive and pro-angiogenic capacities. Sci Rep (2016) 6:1–15. doi: 10.1038/srep18765

73. Huang, T, Wuerzberger-Davis, S, Wu, Z-H, and Miyamoto, S. Sequential modification of NEMO/IKKgamma by SUMO-1 and ubiquitin mediates NF-kappaB activation by genotoxic stress. Cell (2003) 115(5):565–76. doi: 10.1016/S0092-8674(03)00895-X

74. Wu, Q, Allouch, A, Paoletti, A, Leteur, C, Mirjolet, C, Martins, I, et al. NOX2-dependent ATM kinase activation dictates pro-inflammatory macrophage phenotype and improves effectiveness to radiation therapy. Cell Death Diff. (2017) 24(9):1632–44. doi: 10.1038/cdd.2017.91

75. Im, J, Buzzelli, JN, Jones, K, Franchini, F, Gordon-Weeks, A, Marklec, B, et al. FGF2 alters macrophage polarization, tumour immunity and growth and can be targeted during radiotherapy. Nat Commun (2020) 11(1):4064. doi: 10.1038/s41467-020-17914-x

76. Sierra-Filardi, E, Nieto, C, Dominguez-Soto, A, Barroso, R, Sanchez-Mateos, P, Puig-Kroger, A, et al. CCL2 shapes macrophage polarization by GM-CSF and m-CSF: identification of CCL2/CCR2-dependent gene expression profile. J Immunol (2014) 192(8):3858–67. doi: 10.4049/jimmunol.1302821

77. Kalbasi, A, Komar, C, Tooker, G, Liu, M, Lee, J, Gladney, W, et al. Tumor-derived CCL2 mediates resistance to radiotherapy in pancreatic ductal adenocarcinoma. Clin Cancer Res (2017) 23(1):137–48. doi: 10.1158/1078-0432.CCR-16-0870

78. Kitamura, T, Qian, B-Z, Soong, D, Cassetta, L, Noy, R, Sugano, G, et al. CCL2-induced chemokine cascade promotes breast cancer metastasis by enhancing retention of metastasis-associated macrophages. JEM (2015) 212(7):1043–59. doi: 10.1084/jem.20141836

79. Pyontek, S, Akkari, L, Schuhmacher, A, Bowman, R, Sevenich, L, Quail, D, et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. Nat Med (2013) Volume 19:1264–72. doi: 10.1038/nm.3337

80. Davidson, S, Efremova, M, Riedel, A, Mahata, B, Pramanik, J, Huuhtanen, J, et al. Single-cell RNA sequencing reveals a dynamic stromal niche that supports tumor growth. Cell Rep (2020) 31(7):1–25. doi: 10.1016/j.celrep.2020.107628

81. Haoran, Z, Wang, X, Zhu, Y, Chen, D, Han, X, Yang, F, et al. Intracellular activation of complement C3 leads to PD-L1 antibody treatment resistance by modulating tumor-associated macrophages. Cancer Immunol Res (2019) 7(2):193–207. doi: 10.1158/2326-6066.CIR-18-0272

82. Ajona, D, Ortiz-Espinosa, S, Moreno, H, Lozano, T, Pajares, M, Agoretta, J, et al. A combined PD-1/C5a blockade synergistically protects against lung cancer growth and metastasis. Cancer Discov (2017) 7(7):694–703. doi: 10.1158/2159-8290.CD-16-1184

83. Wang, Y, Sun, S-N, Liu, Q, Yu, Y-Y, and Guo Wang, JK. Autocrine complement inhibits IL10-dependent T-cell-Mediated antitumor immunity to promote tumor progression. Cancer Discovery (2016) 6(9):1022–35. doi: 10.1158/2159-8290.CD-15-1412

84. Rodriguez-Ruiz, M, Rodriguez, I, Mayorga, L, Labiano, T, Barbes, B, Etxeberria, I, et al. TGFβ blockade enhances radiotherapy abscopal efficacy effects in combination with anti-PD1 and anti-CD137 immunostimulatory monoclonal antibodies. Transl Cancer Res (2019) 18(3):621–31. doi: 10.1158/1535-7163.MCT-18-0558

85. Wennerberg, E, Lhuillier, C, Vanpouille-Box, C, Pilones, K, Garcia-Martinez, E, Rudqvist, N-P, et al. Barriers to radiation-induced In situ tumor vaccination. Front Immunol (2017) 8(229). doi: 10.3389/fimmu.2017.00229

86. Pan, Y, Yu, Y, Wang, X, and Zhang, T. Tumor-associated macrophages in tumor immunity. Front Immunol (2020) 11(583084). doi: 10.3389/fimmu.2020.583084



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

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




REVIEW

published: 06 October 2022

doi: 10.3389/fonc.2022.998388

[image: image2]


Anti-cancer immune responses to DNA damage response inhibitors: Molecular mechanisms and progress toward clinical translation


Lindsey Carlsen 1,2,3,4,5 and Wafik S. El-Deiry 1,2,3,4,5,6*


1 Laboratory of Translational Oncology and Experimental Cancer Therapeutics, The Warren Alpert Medical School, Brown University, Providence, RI, United States, 2 The Joint Program in Cancer Biology, Brown University and the Lifespan Health System, Providence, RI, United States, 3 Department of Pathology and Laboratory Medicine, The Warren Alpert Medical School, Brown University, Providence, RI, United States, 4 Pathobiology Graduate Program, The Warren Alpert Medical School, Brown University, Providence, RI, United States, 5 Cancer Center, The Warren Alpert Medical School, Brown University, Providence, RI, United States, 6 Department of Medicine, Hematology-Oncology Division, Rhode Island Hospital, Brown University, Providence, RI, United States




Edited by: 

Qiang Zhang, University of Michigan, United States

Reviewed by: 

Guang Peng, University of Texas MD Anderson Cancer Center, United States

Abdul Q. Khan, Hamad Medical Corporation, Qatar

*Correspondence: 

Wafik S. El-Deiry
 wafik_el-deiry@brown.edu

Specialty section: 
 This article was submitted to Radiation Oncology, a section of the journal Frontiers in Oncology


Received: 19 July 2022

Accepted: 09 September 2022

Published: 06 October 2022

Citation:
Carlsen L and El-Deiry WS (2022) Anti-cancer immune responses to DNA damage response inhibitors: Molecular mechanisms and progress toward clinical translation. Front. Oncol. 12:998388. doi: 10.3389/fonc.2022.998388



DNA damage response inhibitors are widely used anti-cancer agents that have potent activity against tumor cells with deficiencies in various DNA damage response proteins such as BRCA1/2. Inhibition of other proteins in this pathway including PARP, DNA-PK, WEE1, CHK1/2, ATR, or ATM can sensitize cancer cells to radiotherapy and chemotherapy, and such combinations are currently being tested in clinical trials for treatment of many malignancies including breast, ovarian, rectal, and lung cancer. Unrepaired DNA damage induced by DNA damage response inhibitors alone or in combination with radio- or chemotherapy has a direct cytotoxic effect on cancer cells and can also engage anti-cancer innate and adaptive immune responses. DNA damage-induced immune stimulation occurs by a variety of mechanisms including by the cGAS/STING pathway, STAT1 and downstream TRAIL pathway activation, and direct immune cell activation. Whether or not the relative contribution of these mechanisms varies after treatment with different DNA damage response inhibitors or across cancers with different genetic aberrations in DNA damage response enzymes is not well-characterized, limiting the design of optimal combinations with radio- and chemotherapy. Here, we review how the inhibition of key DNA damage response enzymes including PARP, DNA-PK, WEE1, CHK1/2, ATR, and ATM induces innate and adaptive immune responses alone or in combination with radiotherapy, chemotherapy, and/or immunotherapy. We also discuss current progress in the clinical translation of immunostimulatory DNA-damaging treatment regimens and necessary future directions to optimize the immune-sensitizing potential of DNA damage response inhibitors.
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Introduction

The DNA damage response (DDR) involves several pathways including base excision repair (BER) and nucleotide excision repair (NER) to repair single-stranded DNA breaks as well as homologous recombination (HR) and non-homologous end joining (NHEJ) to repair double-stranded DNA breaks. Activation of these pathways results in cell cycle arrest, DNA repair, senescence, and/or apoptosis depending on the extent of DNA damage (Figure 1) (15). Inhibition of DDR proteins including poly-ADP ribose polymerase (PARP), DNA-dependent protein kinase (DNA-PK), WEE1, checkpoint kinase 1/2 (CHK1/2), ataxia telangiectasia and Rad3 related (ATR), or ataxia telangiectasia mutated (ATM) serine/threonine kinase results in cell cycle progression and accumulation of unrepaired DNA (16). This accumulation eventually leads to cell death and/or DNA leakage into the cytosol in the form of micronuclei (17). DDR inhibitor (DDRi) therapy is used to treat cancer patients with tumors that harbor alterations in DDR proteins such as BRCA1/2. In these tumors, inhibition of additional DDR proteins renders the cell incapable of any type of DNA repair, resulting in cell death (18). This mechanism is known as synthetic lethality, a situation in which inhibition or mutation of two proteins separately is viable, but mutation or inactivation of both is lethal to the cell (19). Even in the absence of DDRi agents, cancer cells with defects in DNA repair pathways tend be more sensitive to anti-cancer therapies (20) including chemotherapy as compared to cells without genetic alterations in these pathways (21, 22). In addition, cells with DNA damage repair defects tend to be sensitive to immunotherapy as a result of enhanced neoantigen generation, upregulation of programmed death ligand 1 (PD-L1), and induction of the cyclic GMP–AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway (23–26).




Figure 1 | Mechanism of immune activation by inhibition of DNA damage repair proteins. PARP, ATR, CHK1/2, WEE1, ATM, and DNA-PK play roles in DNA repair pathways including base excision repair (BER), nucleotide excision repair (NER), homologous recombination (HR), and non-homologous end joining (NHEJ) to induce cell cycle arrest, apoptosis, senescence, and/or DNA repair. Inhibition of DNA damage repair proteins (red inhibitor lines) results in cell cycle progression, unrepaired DNA damage, and accumulation of cytosolic micronuclei that contain fragments of DNA (1). This results in activation of the STAT1 (2, 3), cGAS/STING (4), and TRAIL pathways as well as direct activation of immune cells (5, 6) to induce an anti-tumor immune response. The STAT1 pathway induces IFN-γ, which can increase levels of death receptor ligands including TRAIL (7), FasL (8), and TNF (9). The cGAS/STING pathway induces an IFN-I response, which also contributes to increased levels of death receptor ligands (10–13) as well as contributes directly to anti-tumor immunity (14). Created in BioRender.com.



DDRi therapy may be used as a single agent or in combination with DNA-damaging agents such as chemotherapy and radiation therapy (RT) (1) (Table 1). Certain PARP inhibitors (PARPi) are FDA-approved to treat breast, prostate, and gynecologic cancers including ovarian cancer (21–23), and there are numerous clinical trials underway to extend their use to other malignancies (Table 1). The WEE1 inhibitor ZN-c3 has been granted fast track designation by the FDA for treatment of patients with uterine serous carcinoma (27, 28) and is included in nine other clinical trials testing its efficacy in various other types of cancer. Additional clinical trials are ongoing to investigate other DDRi therapies including inhibitors of DNA-PK, and CHK1/2, ATR, and ATM.


Table 1 | Ongoing, completed, and recruiting clinical trials testing the combination of DNA damage inhibitors with immunotherapy in various cancer types.



In addition to inducing cancer cell death by synthetic lethality, it is now well-recognized that DDRi therapy induces innate and adaptive immune responses (29, 30). DDRi-induced immune stimulation primarily occurs via the cGAS/STING pathway (29), but also occurs through signal transducer and activator of transcription 1 (STAT1) pathway activation (2) and direct activation of immune cells including T cells, NK cells, and anti-tumor macrophages (5, 6). As a result of extensive preclinical evidence supporting DDRi-induced immune responses, several clinical trials have been initiated to test the combination of DDRi with immunotherapy, primarily immune checkpoint inhibition (ICI) (Table 1). In this Review, we will discuss the mechanisms of different DDR proteins, their interactions with the immune system, and clinical translation of DDRi + immunotherapy. We also discuss necessary future directions for optimal clinical translation including clarification of variation across different DDRi therapies and across cancer types, as well as the need for a stronger focus on combining DDRi + immunotherapy strategies with DNA-damaging agents such as chemotherapy and RT.



cGAS/STING pathway

The cGAS/STING pathway is heavily implicated in the immunomodulatory effects of DNA damaging drugs and DDRi therapies. The first step of the pathway involves cGAS interaction with double-stranded DNA in the cytosol (31). These segments of DNA are often referred to as micronuclei (32). Then, cGAMP acts as a second messenger to activate STING, which activates TBK1 to recruit and activate IRF3. IRF3 then translocates to the nucleus to induce transcription of immune-stimulated genes (ISG) and type 1 interferons (IFNs). STING also activates IKK and NIK to mediate the induction of canonical and non-canonical NF-κB-driven inflammatory genes (31).

cGAS/STING-mediated IFN signaling enhances the infiltration of anti-tumor T cells and NK cells into the tumor. Though further study is needed to confirm this mechanism, it is also thought that cytosolic DNA from tumor cells can be transferred to the cytosol of immune cells to induce cGAS/STING signaling and enhance antigen presentation and cross-priming in DCs and T cells, respectively (31). Lastly, c-GAS-STING also promotes the senescence-associated secretory phenotype (SASP), which is characterized by cancer cell secretion of pro-inflammatory cytokines, chemokines, proteases, and growth factors that induce senescence and tumor control (31). However, it is important to mention that SASP can also induce an immunosuppressive TME, promoting cancer progression (33).

It is important to note that the effects of cytosolic DNA on cancer progression are likely dependent on cancer stage. In early stages, cytosolic DNA likely leads to immune surveillance through mechanisms such as the cGAS/STING pathway. In late stages, cancer cells are more likely to have lost functional checkpoints of cell cycle and immune regulation, and therefore cytosolic DNA can induce chronic inflammatory signaling that may be associated with survival and metastasis. Thus, the tumor microenvironment should be carefully monitored during the therapeutic induction of cytosolic DNA accumulation and cGAS/STING pathway activation using DDRi therapy (31).

STING agonists are being investigated to treat many types of cancer either as a single agent or combined with ICI or chemotherapy (34). STING-based therapeutics have yet to be combined with DDRi therapy, though there is rationale for combination to enhance DDRi-induced immune activation (34, 35). STING agonists can activate the cGAS/STING pathway in the absence of cytosolic DNA and therefore circumvent the need for DNA damage to induce the type 1 IFN response (35). Some limitations of targeting cGAS/STING in cancer exist, including evidence of cGAS/STING silencing or loss-of-function mutations in certain tumors (35, 36) and cGAS/STING-driven IL-6-dependent survival of chromosomally instable cancers (37). In these cases, administration of cGAS/STING agonists may have limited to no efficacy or may be pro-tumorigenic. Careful consideration of STING agonist combination therapies and evaluation of patients who may not benefit or be harmed by these therapies is needed prior to clinical translation of cGAS/STING + DDRi combination therapies.



TRAIL pathway

The tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is primarily expressed on the surface of immune cells including NK cells, T cells, NK tumor (NKT) cells, DCs, and macrophages (38). It can also be expressed in soluble form after proteolytic cleavage from the cell surface (39). Both membrane-bound and soluble TRAIL bind to death receptor 5 (DR5) and death receptor 4 (DR4) on cancer cells to induce apoptosis (39). TRAIL is induced by the IFN-γ/STAT1 and cGAS/STING pathways (7, 40–42) that are activated after DDRi therapy. The TRAIL pathway is anti-tumorigenic, as evidenced by the increased susceptibility of TRAIL receptor-deficient mice to chronic inflammation and tumorigenesis (43, 44).

In addition to its role in apoptosis, TRAIL also plays an important role in the anti-cancer immune response. For example, some immune cells kill cancer cells in a TRAIL-dependent manner (38, 45) and targeted delivery of TRAIL to cell surface antigens on T cells may enhance their cytotoxic activity (46). TRAIL-TRAIL receptor interaction on MDSCs can limit their lifespan, supporting an anti-tumor immune microenvironment (47, 48). Due to its ability to induce both apoptosis and anti-tumor immune responses, activation of the TRAIL pathway is a promising clinical strategy (49). Various therapeutic approaches have been considered including TRAIL receptor agonists, DR4/5 agonistic monoclonal antibodies, and different formulations such as PEGylated TRAIL (49). Other exciting new directions are being pursued preclinically such as engineering tumor-homing, TRAIL-expressing mesenchymal stem cells (50, 51). TRAIL-based therapies have been studied extensively in the clinic and some have shown early signs of efficacy in non-Hodgkin’s lymphoma (52) and non-small cell lung cancer (53, 54). Limitations include short half-life, limited induction of receptor clustering, binding to decoy receptors such as DcR1, DcR2, and osteoprotegerin (55, 56), and development of resistance (49). There are some ongoing clinical trials with TRAIL-based therapies such as the TRAIL-receptor agonists ABBV-621 in combination with bortezomib and dexamethasone (NCT04570631) and INBRX-109 alone (NCT04950075) or in combination with DNA damaging agents (NCT03715933) (49). No trials are currently investigating the combination of TRAIL-based therapy with DDRi agents.

Combination therapies may overcome some of these limitations, and various preclinical investigations support the combination of TRAIL-based therapies with DDRi. For example, one study found that PARPi enhanced the efficacy of a DR5 antibody in a pancreatic cancer mouse xenograft model (57). Others found that DNA-PKi potentiates p53-dependent apoptosis after treatment with a DNA damaging agent in AML cells, and that the TRAIL pathway plays a major role in this apoptotic response (58). Others have described upregulation of TRAIL-mediated apoptosis after ATMi treatment of melanoma cells (59). These findings provide rationale for combining TRAIL agonists and DDRi therapy in the clinic to enhance induction of apoptosis. Whether or not these types of combination treatments will enhance the anti-tumor immune response remains to be investigated.



DDRi-induced upregulation of PD-L1

PD-L1 is a ligand that binds programmed cell death protein 1 (PD-1) on activated T cells. Binding of PD-L1 to PD-1 inhibits T cell activity (60) and elevated expression of PD-L1 is a major biomarker of favorable response to immune checkpoint inhibitors (61). Experimental evidence suggests that PARPi agents can upregulate PD-L1 expression by blocking glycogen synthase kinase-3 beta (GSK3β), a regulator of glycogen metabolism, cell cycle, inflammation, and proliferation (62). GSK3β also plays a role in the repair of both single- and double-stranded DNA breaks. PARPi-induced inhibition of GSK3β causes inhibition of DNA damage repair and upregulation of PD-L1 (63–65).

ATR inhibitors, on the other hand, seem to upregulate PD-L1 mRNA but downregulate PD-L1 protein expression (66–68). Further, studies have shown that DNA damage-induced upregulation of PD-L1 by cisplatin or ionizing radiation was suppressed by co-administration with ATRi agents (67). DNA-PK inhibitors seem to upregulate PD-L1 (69) along with WEE1 inhibitors (2) and Chk1/2 inhibitors (70, 71), likely by preventing the repair of double-stranded DNA breaks, which activates STAT1/3 signaling through ATM/ATR/Chk1 kinases, resulting in an upregulation of PD-L1 levels (60).



PARP inhibitors

Poly-ADP ribose polymerase (PARP) is an enzyme that plays a critical role in the DNA repair pathways NER and BER, which repair DNA damage that is caused by therapeutic agents such as alkylating agents and chemotherapy (72). The PARP family contains 17 different proteins, but most studied are PARP1 and PARP2. PARP1 binds to DNA regardless of phosphorylation state and PARP2 preferentially binds phosphorylated DNA breaks, but otherwise these proteins largely function similarly (73). PARP inhibitors (PARPi) lead to death by synthetic lethality in cancer cells with deficiencies in the homologous recombination (HR) DNA repair pathway (74). PARPi is FDA-approved to treat breast cancer, prostate cancer, and gynecologic cancers including ovarian cancer (75–77).

PARP plays an important role in the normal functioning of the immune system. PARP2 contributes to the development of mature CD4+ and CD8+ T cells and in vivo data suggests that dual inhibition of PARP1 and PARP2 leads to a measurable decrease in T cell populations. PARP1 and PARP2 also contribute to normal T cell functioning as demonstrated by experiments in which PARP1/2 inhibition resulted in decreased IL-2 and IFN-γ-secreting T cells. PARP1 is also responsible for marking Foxp3-expressing T regulatory cells (T regs) for degradation. Additionally, PARP1 regulates NFAT, a family of transcription factors that that regulates CD4+ T cell differentiation, but it is unclear if inhibition of PARP1 biases CD4+ cells toward a Th1 or Th2 phenotype (73). Lastly, PARP1 may cooperate with IFI16 to induce noncanonical STING activation in response to chemotherapy-induced DNA damage (31).

Interestingly, in BRCA1-deficient ovarian cancer models, PARP inhibition with olaparib increased CD4+ and CD8+ T cells in the tumor and in circulation, reduced their expression of inhibitory receptors PD-1, Tim-3, and Lag-3, and increased their levels of TNF-alpha and IFN-γ secretion. In dendritic cells, PARPi upregulates costimulatory molecules CD80/CD86 and MHC class II which enhances antigen presentation and interactions with T cells. PARPi  may increase expression of cell death receptor ligands and NKG2D ligands, which increases cancer cell sensitivity to NK cell-mediated killing. In macrophages, the impact of PARPi is dependent on factors in the tumor microenvironment including certain cytokines. The DNA damage caused by PARPi leads to cytosolic DNA, activating the cGAS/STING pathway and the type I IFN response (73). PARPi can also increase the amount of DNA in the cytosol, leading to the accumulation of neoantigens (78).

Due to the immune-stimulating properties of PARPi therapy, there is clinical interest in combining PARPi with immunotherapy. Clinical trials testing such combinations are ongoing for ovarian, ovarian, lung, urothelial, prostate, and gastrointestinal cancers (78). The results of these trials have been most promising in ovarian and breast cancer. In ovarian cancer, overall response rates (ORR) ranged from 45-63% and disease control rate (DCR) was 73-81% depending on the patient population. In breast cancer, ORR was 53% and DCR was 47-83% depending on patient population. PARPi alone is effective in patients with prostate cancer and has been combined with IT in several clinical trials. Results of the completed trials have been promising, with 9/17 patients with metastatic castration-resistant prostate cancer (mCRPC) treated with durvalumab and olaparib experiencing a PSA decline of >50% and 4/17 patients experiencing a radiographic response. A combination of pembrolizumab and olaparib in a cohort of patients with wild-type HR proteins had slightly less exciting results, with 7% partial response and 29% DCR. Studies in gastric cancer combining durvalumab and olaparib have reported a 10% ORR and 12-week DCR of 26% (78).



DNA-PK inhibitors

DNA-PK is a serine/threonine protein kinase that plays a critical role in the DNA repair pathways classical NHEJ and HR. DNA-PK inhibitors (DNA-PKi) interfere with its kinase function and sensitize cells to DNA-damaging agents. DNA-PKi can be used as a single agent in some cancers with ATM deficiency by inducing synthetic lethality (79). No DNA-PKi therapies are FDA approved, however there are several ongoing clinical trials involving compounds such as XRD-0394, CC-115, VX-984 (M9831), AZD7648, and M3814 (nedisertib, peposertib, MSC-2490484A) to treat various type of cancer, typically advanced solid tumors (80, 81).

DNA-PK phosphorylates cGAS and suppresses its enzymatic activity. DNA-PK inhibition or deficiency correlates with decreased levels of phosphorylated cGAS and promotes antiviral immune responses (82). Additionally, as DNA-PK is critical to maintaining genomic stability, the loss or inhibition of this kinase may lead to high mutation load secondary to the development of genomic instability. Mutation of the gene encoding DNA-PK protein PRKDC is associated with high mutation load or microsatellite instable (MSI)-high status in The Cancer Genome Atlas pan-cancer cohort. Further, PRKDC knockout and DNA-PKi enhanced the efficacy of ICI (83, 84). The DNA-PKi AZD7648 sensitizes mice with colorectal tumors or melanoma to radiotherapy and induces a tumor control that is dependent on type I IFNs. There are phase I/II clinical trials involving AZD7648 in combination with chemotherapy (NCT03907969) and radiotherapy (NCT04550104) currently ongoing (85). Due to the dependence of AZD7648 on type I IFN responses, it would be interesting to combine this drug with immunomodulatory drugs that enhance the type I IFN response. Additionally, the DNA-PKi peposertib enhanced RT-induced TGFβ/PD-L1-targeted immunotherapy in mice, further supporting the combination of DNA-PKi, RT, and immunotherapy (69).

Three clinical trials are evaluating the combination of the DNA-PKi M3814 combined with the anti-PD-L1 ICI avelumab (86). M3814 has demonstrated monotherapy activity in several tumor cell lines, and M3814 + radiotherapy (RT) combined with avelumab significantly delayed tumor growth as compared to either agent alone + RT in MC38 syngrafts, indicating the benefit of combining DNA-PKi and immunotherapy (87). One trial is investigating M3814 and avelumab +/- radiotherapy for treatment of patients with advanced solid tumors (NCT03724890) (87). Another is investigating avelumab and RT +/- M3814 in advanced solid tumors and hepatobiliary malignancies (NCT04068194) (88). Lastly, one trial is evaluating RT vs. RT + M3814 vs. RT + M3814 + avelumab in patients with advanced prostate cancer that is unresponsive to hormonal therapy (NCT04071236) (89).



WEE1 inhibitors

The WEE1 kinase family consists of three serine/threonine kinases: WEE1, PKMYT1, and WEE1B (WEE2). WEE1 and PKMYT1 play a crucial role in cell cycle regulation and DNA damage repair, while WEE2 regulates cell cycle progression and largely regulates meiosis. WEE1 and PKMYT1 can act like oncogenes and are a major focus in anti-cancer drug development (90). One WEE1 inhibitor, ZN-c3, has been granted fast track designation by the FDA for treatment of patients with uterine serous carcinoma. Another WEE1 inhibitor adavosertib (AZD1775, MK-1775) is highly developed and has been included in over fifty clinical trials to treat various types of cancer since 2008 (28).

WEE1 overexpression abrogates immune cell killing, for example by protecting cancer cells from granzyme B/TNFα induced cell death. One study found that cancer cells develop resistance to granzyme B/TNFα-mediated cytotoxic T cell killing by activating the G2/M cell cycle checkpoint. Further, they found that administration of WEE1i adavosertib reversed this effect, enhanced T cell killing, and synergized with an anti-PD-1 monoclonal antibody in murine models of oral cavity carcinoma, melanoma and colon adenocarcinoma with various TP53 mutations (91). WEE1 inhibition activates the STING and STAT1 pathways in SCLC and enhances the antitumor immune response to PD-L1 inhibition (2). Like the STING pathway, the STAT1 pathway is a major contributor to the anti-tumor immune response. Along with STAT2, STAT1 induces IFN-regulated genes, enhances antigen presentation, and contributes to an inflammatory, anti-cancer response. It is important to differentiate STAT1 and STAT2 from other STAT family members such as STAT3 and STAT5, which contribute to cancer cell survival, proliferation, and angiogenesis (3). It has also been shown that WEE1 induces anti-tumor immunity by activating endogenous retroviral elements and the dsRNA pathway (92). WEE1i also sensitizes head and neck cancers to natural killer (NK) cell therapies (93).

One ongoing clinical trial is evaluating adavosertib with the anti-PD-L1 ICI durvalumab for treatment of patients with advanced solid tumors (NCT02617277). DCR for the total cohort was 36%, suggesting antitumor activity (94). Notably, adavosertib + immunotherapy has a better safety profile compared to adavosertib + chemotherapy, warranting continued investigation (95). Another actively recruiting trial will test the safety, tolerability, efficacy, pharmacokinetics and pharmacodynamics of ZN-c3 alone and in combination with other drugs including the anti-PD-1 ICI pembrolizumab (NCT04158336) (27). As p53 mutations and overexpression of SKP2 and CUL1 may be biomarkers of a favorable response to WEE1i, additional clinical trials in these patient populations in combination with immunotherapy are needed (27, 91).



CHK1/2 and ATR inhibitors

ATR and its major downstream effector checkpoint kinase 1 CHK1 play a role in the DNA damage response. In response to single-stranded DNA breaks, ATR activates CHK1 to trigger intra-S and G2/M phase checkpoints. In response to double-stranded DNA breaks, the MRE11/NBS1/RAD5 complex activates ATM and CHK2 to trigger the G1/S-phase checkpoint (96). Because ATR has a broader range of biological functions than CHK1, it is thought that ATRi may have greater toxicity in normal cells. Therefore, the clinical development of CHK1i is more advanced than ATRi (96). There are over twenty CHK1/2 and ten ATR inhibitors in various stages of clinical trials for many different cancer types mostly in combination with chemotherapy but also with RT and histone deacetylase inhibitors (HDACi) (96). No CHK1/2 or ATR inhibitors are FDA-approved yet (97).

One study found that in the leukemia cell line THP-1, CHK1i increased TBK1 but did not increase IRF3 phosphorylation, induce IRF3 or NF-κB reporter activation, nor induce a type 1 IFN response (98). The same group found that in solid tumor cell lines, addition of CHK1i to chemotherapy treatment such as gemcitabine or camptothecin increased the accumulation of cytosolic DNA but decreased the level of chemotherapy-mediated IRF1 and STAT1 phosphorylation. Interestingly, similar results as far as lack of type 1 IFN response were found using ATRi and WEE1i, indicating that context such as cancer type may affect the ability of DDRi to induce the cGAS/STING pathway (99). Another study found that in murine melanoma models, CHK1i induces an immunogenic signaling and increased levels and activity of CD8+ T cells (100). Similarly, others observed that treatment of patients with head and neck squamous cell carcinoma with CHK1i led to an upregulation of transcripts associated with T-cell activation and inflammatory cytokines and chemokines but also T regs (101). Interestingly, others have shown that the combination of CHK1i and ionizing RT increases micronuclei formation and induces an abscopal tumor regression response in a murine melanoma model (102).

Despite the advanced preclinical development of CHK1i alone or in combination with chemotherapy or RT, there are currently no ongoing or completed clinical trials testing the combination of CHK1/2i with immunotherapy. There are three trials that are evaluating ATRi with immunotherapy. One study (NCT04576091) is investigating sensitization to pembrolizumab with the ATRi elimusertib in combination with RT for treatment of patients with recurrent head and neck cancer. As of February 2022, no patients were enrolled in this study. Another trial is currently recruiting patients with advanced solid tumors to evaluate elimusertib + pembrolizumab without RT  (NCT04095273). Lastly, one trial will evaluate the combination of ATRi M1774 with immune checkpoint inhibition for treatment of patients with metastatic or locally advanced unresectable solid tumors (NCT05396833). The results of these trials are highly anticipated.



ATM inhibitors

ATM is activated by double stranded breaks in DNA, and cells that are deficient in ATM experience abnormal DNA repair. Activated ATM phosphorylates p53 at serine 15 to activate it and phosphorylates MDM2 to prevent its inhibitory binding to p53. ATM also phosphorylates and activates CHK2, which phosphorylates p53 at another activating site (serine 20). p53 induces p21 to inhibit CDK2/cyclin E to induce arrest at the G1 phase of the cell cycle. Activated ATM also phosphorylates NBS1, which is necessary for RT-induced S phase cell cycle arrest, but the complete mechanism remains to be clarified (103).

In Drosophila models, ATR deficiency causes an innate immune response (104). In murine and human cancer cell lines, ATM deficiency induces ISG expression and tumor infiltration of immune cells in a cGAS/STING-dependent manner. Further investigation revealed this effect was mediated specifically by leakage of mitochondrial DNA rather than nuclear DNA into the cytoplasm. The same group found that ATM expression levels negatively correlate with type 1 IFN gene expression in human tumor tissues and that patients with tumors harboring ATM mutations have a favorable response to ICI (105). Similar findings as far as ATM mutations serving as a biomarker of favorable response to ICI have been made in bladder cancer (106). Other studies in pancreatic cancer have shown that ATMi induces type 1 IFNs in a cGAS/STING-independent manner, but this response was dependent on TBK1 and SRC (107). Despite this preclinical evidence of ATMi-induced immune stimulation, there are no clinical trials testing the combination of ATMi and immunotherapy.



Inhibition of oxidative damage repair

Chemotherapy and radiation therapy are well-known inducers of oxidative stress, a condition in the cell characterized by excess reactive oxygen species and the resulting processes that detoxify the cell and repair oxidative damage (108). Oxidative stress plays a major role in inducing cellular damage after treatment with DNA-damaging agents (109). Oxidative stress increases levels of intracellular Ca2+, induces Fenton reaction DNA lesions, and triggers DNA repair mechanisms (110). BER plays a major role in the cellular response to oxidative DNA damage. During BER, damaged bases are excised, generating apurinic/apyrimidinic (AP) sites. At these sites, apurinic/apyrimidinic endonuclease 2 (APE2, APN2, or APEX2) creates a single-strand break which is then fixed by other DNA repair enzymes. Thus, APE2 plays a critical role in the repair of oxidative damage, and in fact knockdown of APE2 led to increased micronuclei formation in the PANC1 pancreatic cancer cell line (111). Oxidative stress plays many roles in the immune microenvironment of the tumor (112). For example, APE2 is involved in B cell development and immunoglobulin class switch recombination and APE2-knockout mice develop defects in immune responses. BER and ATR pathways, both of which are heavily involved in regulating PD-L1 expression, rely on APE2. APE2 involvement in the response to immunotherapy is likely but has not been investigated. There are no APE2 inhibitors in clinical trials for the treatment of cancer. Future studies should investigate the impact of APE2 and other oxidative damage repair enzymes on the immune response and response to immunotherapy (113).



Conclusion and open questions

The clinical applicability of DDRi has been clearly demonstrated for cancers with deficiencies in the DDR pathway. The combination of DDRi with DNA-damaging agents has improved the efficacy of these agents in certain contexts. It is now well-recognized that DDRi compounds stimulate the immune system against cancer and that this effect may be enhanced by combinations with DNA-damaging agents. The cGAS/STING pathway is a major regulator of DDRi-induced immune stimulation, though the STAT1 pathway, TRAIL pathway, and direct activation of anti-cancer immune cells also play important roles. The effects of DDRi on the immune system provide rationale for their combination with immunotherapy such as ICI, as is being tested in various clinical trials.

TRAIL is induced by the IFN-γ/STAT1 and cGAS/STING pathways (7, 40–42) that are activated after DDRi therapy. TRAIL-based therapies have therapeutic potential because of their ability to induce both apoptosis and lasting anti-cancer immunity. There are no FDA-approved TRAIL-based treatments (49), however numerous clinical trials are continuing to investigate new approaches and combination treatments (49, 55, 56). Many preclinical investigations support the combination of TRAIL-based therapies with DDRi (57–59), providing rationale for clinical translation. The addition of ICI to this treatment regimen should also be considered given the heavy involvement of both DDRi and the TRAIL pathway in anti-cancer immune activation.

Less than half (12/33) of the clinical trials that are testing combinations of DDRi and immunotherapy involve combination with a DNA damaging agent such as chemotherapy or radiotherapy (Table 1). Most of the trials that do not include a DNA damaging agent are for treatment of malignancies in which alterations in DDR proteins are common, such as breast cancer and ovarian cancer. While DDRi therapy can induce accumulation of cytosolic DNA and stimulate the immune system in the presence of these alterations, co-administration of DNA damaging agents should be considered to expand the use of this combination therapy to patients without such alterations.

Cancer stem cells are cancer cells with stem-like phenotypes that are slow-cycling and have highly efficient DNA repair, which grants them resistance to chemotherapy and radiotherapy (114). Cancer stem cells present a major challenge as far as overcoming drug resistance and cancer recurrence. Cancer stem cells may also be able to evade the immune system (115), thus immunotherapy alone may not be active against this subset of the tumor. Inhibiting the highly efficient DNA repair processes in cancer stem cells, especially in combination with DNA-damaging agents, may be a promising approach to eliminate this cell population (116). Bulk tumor reduction and elimination of cancer stem cells with the combination of DDRi and DNA damaging agents sequenced with immunotherapy for lasting tumor regression may be a viable treatment option for patients with tumors characterized by cancer stemness. Optimization and validation of treatment dose, timing, and sequencing is necessary in vivo.

Another area in need of further investigation is the differential effects of various DDRi agents on the immune system. Though inhibition of each DDR protein has similar effects in most studies, there seem to be context-specific differences especially for CHK1i. Similar context-dependency may be found with complementary study of other DDR proteins. Further investigation is critical to the application of DDRi + immunotherapy to wider patient populations.
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Evidence of a systemic response related to localized radiation therapy (RT) in cancer management is rare. However, enhancing the immune response via immunotherapy followed by localized RT has shown evidence of tumor shrinkage to non-irradiated metastatic disease thereby inducing an “abscopal effect.” Combined induction of the cGAS-STING pathway and activation of IFN-gamma signaling cascade related to RT within an activated immune environment promotes neoantigen presentation and expansion of cytotoxic effector cells enabling enhancement of systemic immune response. A proposed mechanism, case examples, and clinical trial evidence of “abscopal effect” benefit are reviewed. Results support strategic therapeutic testing to enhance “abscopal effect.”
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Introduction

The abscopal effect is a phenomenon seen when irradiation at a distinct anatomic site induces a systemic antitumor response throughout the body. It was first described using cell lines and was known as the “bystander effect.” Researchers found that in addition to direct cellular damage via reactive oxygen and nitrogen species induced by radiation therapy (RT), irradiated cells could also induce changes in distant non-irradiated cells through cell signaling molecules (1). Initial studies demonstrated that cell culture media taken from irradiated cultures could be transferred to non-irradiated cultures and induce DNA damage (1). Similarly, tumor cells can elicit cellular and DNA changes within normal cells when media used to grow tumor cells is transferred to normal cultures. This conditioned media demonstrates increased levels of many cytokines including transforming growth factor beta (TGFß) and C-C Motif Chemokine Ligand 2 (CCL2) (2, 3). In addition, in vivo experiments using both C57BL/6 wild-type and CCL2-knockout mice subjected to ionizing radiation identified six differentially expressed genes implicated in the abscopal effect in tissue outside the field of radiation. These include TGFß (4) and CCL2 (5), as well as tumor protein P53 (TP53) (6), tumor necrosis factor (TNF) (7), C-C Motif Chemokine Ligand 22 (CCL22) (8), and the proto-oncogene, MDM2 (9).

CCL2 is particularly important, as it is involved in the propagation of the immune effects associated with abscopal activity. Specifically, CCL2 is a member of the monocyte chemoattractant protein family and not only serves an important role in the recruitment of monocytes, but also has been shown to recruit T cells, B cells, NK cells, macrophages, and dendritic cells (10–14). It is induced by multiple pro-inflammatory molecules (15–18) and by reactive oxygen and nitrogen species generated by RT supporting the idea that it contributes significantly to the immune response associated with the abscopal effect (19).

While the precise mechanism for the abscopal effect is complex and continues to be elucidated, current evidence supports that it is primarily a T cell-mediated process. Ultimately, irreparable DNA damage in tumor cells induced by RT increases tumor immunogenicity by providing dendritic cells with tumor-specific antigens to present to, and activate, CD8+ T cells via major histocompatibility complex (MHC) class 1. Clinical case examples, which we summarize, have stimulated ongoing preclinical and clinical trials focusing on strategies to stimulate dendritic cell proliferation and T cell activation to more consistently induce an abscopal effect concurrent with RT.

In an effort to understand abscopal activity, we can look at the molecular mechanism behind RT-induced DNA damage and the immune response. Specifically, RT of tumor cells induces double-stranded DNA breaks and unique nucleotide adducts that leak into the cytosol and bind to the DNA sensor cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS) protein resulting in an increase in intracellular cGAMP (20, 21). Increasing levels of cGAMP then bind to the stimulator of interferon genes (STING) protein leading to the production of type 1 interferons (IFN-1). (IFN-1 binds to IFNAR1/2 receptors that result in a signaling cascade that activates immune-stimulating genes that promote activation of dendritic cell populations (22).

However, in addition to the anti-tumor and immunogenic effects of the cGAS-STING pathway, this pathway has also been shown to induce pro-tumorigenic factors, such as IL-6 through activation of the NFkB pathway and PD-L1 through activation of the JAK-STAT pathway (23, 24). This is important in the context of induction of abscopal effect because IL-6 has been implicated in resistance to RT by suppressing oxidative stress, and efforts to pharmacologically block the production of IL-6, in addition to PD-L1, may help increase the abscopal effect (25). In addition to the canonical cGAS-STING pathway, an alternative STING pathway is also capable of sensing DNA damage independent of the cytosolic DNA receptor cGAS. Instead, this non-canonical STING pathway utilizes a protein complex consisting of a DNA binding protein called Interferon Gamma Inducible Protein 16 (IFI16), DNA damage response factors (ATM serine/threonine kinase [ATM] and Poly ADP-Ribose Polymerase 1 [PARP-1]), tumor suppressor protein p53 (TP53), and a E3 ubiquitin ligase called TNF Receptor Associated Factor 6 (TRAF6). This protein complex ultimately leads to the activation of the NFkB pathway resulting in expression of IFN-ß and thus its downstream targets (26). Each of these unique pathways demonstrates the complexity of RT-induced DNA damage and the diverse molecular mechanisms that play a role in both anti-cancer and pro-cancer response.

Importantly, as the dose of radiation increases, larger amounts of damaged DNA products precipitate in the cytosol activating TREX1, a cytosolic DNA exonuclease that functions to degrade and eliminate cytosolic DNA, precluding the activation of the cGAS-STING signaling cascade that is thought to trigger the abscopal effect. In an effort to fine-tune induction of abscopal effect, Vanpouille-Box et al. sought to determine an optimal radiation dose that maximized production of IFN-1 while minimizing TREX1 expression using a mammary carcinoma mouse model treated with RT and an antibody against anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). CTLA-4 is a cell-surface protein expressed by regulatory T cells to inhibit T cell functions by increasing the activation energy necessary for T cell activation (27). This is especially important in the context of cancer due to the weakly immunogenic self- and tumor-antigens. Ipilimumab is an anti-CTLA-4 antibody and was the first immune checkpoint inhibitor approved for treating cancer (28, 29). Their results showed that an irradiation scheme of 8 grey (Gy) x 3 coupled with an anti-CTLA-4 antibody did not result in TREX1 gene expression, while a single large dose (20 and 30 Gy) coupled with an anti-CTLA-4 antibody did (30). Activation of IFN-1 was preserved in both examples.

In addition to optimizing expression of both immune-stimulating and immune-suppressing genes, several studies have demonstrated the importance of an intact T cell response and a sufficient dendritic cell population to induce an abscopal response. For example, Stone et al. published one of the first preclinical experiments seeking to understand the abscopal effect using a syngeneic fibrosarcoma mouse model. They showed that the radiation dose necessary to reduce tumor size by 50% was significantly smaller in T cell-competent mice compared to T cell-depleted mice. In addition, they noticed that the likelihood of metastasis was lower in T cell-competent mice compared to their T cell-depleted counterparts (31). More recently, Demaria et al. utilized a murine model with both wild-type and nu/nu T cell-deficient BALB/C mice to compare (a) the effect of irradiation alone or irradiation supplemented with the dendritic cell stimulator, Fms Related Receptor Tyrosine Kinase 3 Ligand (Flt3-L), and (b) the effect of tumor immunogenicity using two cell lines (32). The two groups of mice were injected at two distinct anatomic sites with either the highly immunogenic 67NR BALB/C mouse-derived mammary carcinoma cell line or the low immunogenicity A20 BALB/C mouse-derived B-cell leukemia/lymphoma cell line creating a pseudo-primary site that would receive direct RT (2 Gy, single dose) and a secondary site that would not. Their results showed that not only were T cells necessary to induce a response at the secondary, non-irradiated site, the addition of Flt3-L significantly increased the tumor response at the non-irradiated site in the wild-type mice. In addition, the low immunogenicity A20 B cell leukemia/lymphoma cell line did not show a significant increase in response at the secondary site in both the irradiation alone and irradiation + Flt3-L groups demonstrating the importance of an immunogenic tumor in activating a T cell response.

The combination of RT with immune checkpoint inhibition (ICI)—pharmacologic agents has also resulted in a more potent tumor response than either treatment alone in preclinical studies examining head and neck cancer, metastatic melanoma, metastatic pancreatic cancer, and lung cancer (33–35). This has resulted in investigators examining ideal radiation dosing and fractionation schemes when coupled with ICI to induce abscopal responses. For example, Dewan et al. utilized a mouse model of bilateral mammary adenocarcinoma to identify an ideal radiation dose. In their study, they treated mice with either 3 fractions (8 Gy each) coupled with an anti-CTLA-4 monoclonal antibody (mAb), or a single dose (30 Gy) coupled with the anti-CTLA-4 mAb. Their results showed an abscopal response in the group treated with 8 Gy x 3 + anti-CTLA-4 mAb but did not see the same response in the group treated with a single dose of RT (30 Gy) coupled with the anti-CTLA-4 mAb (36).



Clinical case reports of abscopal effect following irradiation without systemic treatment

Early evidence of abscopal activity has initially been portrayed in published case reports which are described below. Each demonstrate systemic clinical response following local site RT as consistent with abscopal activity.

A 57-year-old male was diagnosed with multiple lung nodules, vertebra metastases, and brain metastases (37). The results of pathological examination suggested adenocarcinoma of the lung. RT of 39 Gy in 13 fractions was administered to the ninth thoracic vertebra for destructive extension. However, all the lesions including the brain metastases spontaneously shrunk, thereby supporting abscopal activity as no systemic therapy had been administered. Two months after RT, complete regression to the lung and other non-irradiated thoracic vertebra was achieved. Whole-brain radiotherapy for a total dose of 36 Gy in 12 fractions was performed. Unfortunately,15 months after initial RT, the brain metastasis recurred.

A 61-year-old male with renal cell carcinoma and metastatic lesions to the brain, bone, spine, lung, and lymph nodes underwent stereotactic body radiation therapy (SBRT) to the brain metastases and external beam radiation therapy (EBRT) to the metastatic lesions in his bone and spine (38). 1 month later, lesions that were not subjected to radiotherapy showed regression as evidenced by CT scan. In addition, follow-up CT scans taken 2 months later and 3 months later demonstrated continued response of these untreated lung lesions suggesting a possible abscopal response. Unfortunately, this patient went on to develop new brain metastases requiring additional stereotactic radiosurgery.

A 66-year-old female with clear cell renal cell carcinoma was treated with a nephrectomy (39). Ten years later, the patient had a metastatic lesion of the renal cell cancer in the neck, and was treatment with pazopanib, but then terminated due to intolerability. CT scans of the thorax and the neck showed progression in the neck, portacaval lymph node, hypochondrium subcutaneous node, and new and progressive lung metastases. Palliative RT was given to the neck, but the patient did not resume systemic therapy. Eleven months after (radiation therapy) XRT, the patient had complete regression of the lung metastases, the subcutaneous abdominal node remained, but growth of the portacaval lymph node persisted. 17 months after XRT, the patient’s stable disease remained, demonstrating abscopal activity.

A 93-year-old female with melanoma on the fifth metatarsal (Breslow depth: 2.8 millimeters) underwent therapeutic amputation. Despite amputation, the patient demonstrated disease progression 13 months later. He presented with a 4-centimeter painful inguinal lymph node mass along with 5 cutaneous nodules located on the anterolateral leg below the knee. These cutaneous nodules were hard to palpation and macroscopically consistent with metastasis. The patient underwent palliative RT to the inguinal lymph node for pain management. Interestingly, the patient also demonstrated near complete resolution of the non-irradiated cutaneous lesions one month after RT. The patient was lost to follow-up 14 months later due to relocation to a new city, but demonstrated stable disease throughout that period (40).

A 75-year-old male with a history of stage IV colorectal cancer with liver metastasis (November 2007) status post anterior resection with partial hepatectomy and rectal cancer (January 2010) status post anterior resection presented with abdominal pain in November 2010. Abdominal imaging showed two masses: a 35-millimeter mass located on the left side of the abdomen and a 15-millimeter mass invading the right common iliac artery. The left-sided mass was irradiated using carbon-ion radiation therapy (CIRT) with a regimen of 73.6 Gy x 16 fractions over a 28-day period in January 2011. The mass invading the right common iliac artery was not irradiated due to its proximity to the small intestine. Interestingly, a PET-CT scan performed 1 month after therapy showed significant reduction in tumor size in both the irradiated and non-irradiated tumors as evidenced by decreased fludeoxyglucose accumulation. Unfortunately, the patient died 46 months after CIRT due to myelodysplastic syndrome with no evidence of progression of the two tumors as evidenced by annual PET-CT scans. Taken together, it is likely that this patient had a durable abscopal response to CIRT (41).

An 85-year-old male with a history of recurrent colon cancer in the ascending colon presented with back pain in February 2009 after a 10-month stable period post hemicolectomy (April 2008). CT imaging revealed a 45-millimeter para-aortic tumor along with two 10-millimeter tumors in the mediastinum and right clavicle. The patient was not eligible for chemotherapy due to comorbidities, so the decision was made to perform CIRT (Gy x 12 fractions over 21 days) on the para-aortic mass as part of an ongoing clinical trial. Following completion of therapy, there was a significant reduction in size of the irradiated para-aortic tumor as well as the non-irradiated mediastinal and subclavian tumors as evidenced by both CT and PET-CT imaging. The patient received no additional therapy, which suggests the patient had an abscopal response to CIRT. The patient’s condition has remained stable for 92 months at the time of publication with no change in tumor size (41).

A 63-year-old male presented with a 10.5 cm x 9 cm x 11 cm hepatocellular carcinoma (HCC) with 3 daughter nodules <1 centimeter each. He underwent an extended right lobectomy and was stable for 18 months until metastatic nodules were found in the right lower lobe of the lung and left mediastinal lymph node as evidenced by CT scan. This was confirmed to be HCC metastatic disease due to an alpha-fetoprotein (AFP) of 4,869 ng/mL and a protein induced by vitamin K absence or antagonists II (PIVKA-II) >20,000 mAU/mL. Trans-catheter arterial embolization of the mediastinal tumor was attempted but ultimately aborted due to risk of spinal artery embolism. The decision was made to perform palliative external beam radiation therapy (2.25 Gy x 27 fractions) on the mediastinal node. Following RT, both the mediastinal lymph node and the right lower lobe lung tumor demonstrated significant response as evidenced by CT scan along with a decrease in AFP from 4,869 ng/mL to 23 ng/mL and a decrease in PIVKA-II from >20,000 mAU/mL to 13 mAU/mL. His disease remained stable for 4 years until a 3.5 cm lymph node was found near the left gastric artery. He was treated with stereotactic body radiotherapy and showed no additional disease after 6 months (42).

A 76-year-old female was diagnosed with pulmonary adenocarcinoma (cT1bN0M0) in November 2015, and subsequently underwent a right upper lobectomy with confirmation of pathological pT1bN2M0, stage IIIA disease. The patient did not receive adjuvant chemotherapy. In February 2018, multiple new mediastinal and right hilar lymph node metastases were identified. A total dose of 60.0 Gy of RT was given over 6 weeks to selected lesions. The target area included multiple mediastinal, and several (but not all) right hilar lymph nodes. Twelve weeks after completion of RT, a chest CT scan showed complete disappearance of the treated and untreated pulmonary metastases. Another follow up CT scan was completed (6 months after completion of RT) showing no reappearance of multiple metastatic pulmonary nodules both non irradiated and irradiated pulmonary nodules supportive of abscopal effect (43).

An 81-year-old female was diagnosed with a pT2a, pN0 (0/5), cM0, UICC stage IB squamous cell carcinoma of the left upper lung lobe (44). She underwent a lobectomy with lymphadenectomy, and subsequently had no relapse for 5 years during follow up. Thirteen years later, recurrence was confirmed via biopsy, chest CT showed a mass in the left lung, negative for brain metastasis on MRI, and PET showing left sided pleural carcinomatosis, left sided periclavicular lymph node metastases, and bone metastases in the 12th thoracic and 4th lumbar vertebra. The patient declined systemic treatment. She thus underwent palliative radiotherapy to the symptomatic pulmonary tumor. Four weeks after RT completion, restaging was performed showing a partial remission of the tumor, the nodal metastases and the previously untreated vertebral lesions. During follow-up, further decrease in tumor size and complete metabolic remission of the bone, pleural and lymph node metastases was seen. 25 months after radiotherapy, the patient still had evidence of stable disease, but remained free of disease symptoms.

In June 2018, a 69-year-old male was diagnosed with squamous cell carcinoma of the right lower lobe with involvement of mediastinal nodes (45). The patient was initially treated with vinorelbine and cisplatin however, after four cycles, his symptoms worsened, and chest CT scan confirmed progressive disease. Hence, the chemotherapy regimen was shifted to paclitaxel, but the primary lung lesion was still not controlled, and he showed disease progression in the chest, and as well as a bone scan that showed a new lesion in the right tibia, indicating the occurrence of bone metastases. After initial response, this patient showed progression on the PD-1 inhibitor, camrelizumab, and the tyrosine kinase inhibitor that selectively inhibits VEGFR2, apatinib, and went on to receive palliative CT-guided microwave ablation to the primary lung tumor. One month later, chest CT scan showed the right lower lobe mass and mediastinal lymph nodes were also reduced, indicating an abscopal effect following local ablation.

These cases highlight systemic abscopal effect related to localized RT. The effect involved a broad range of cancer patients that include a robust age range up to 93 years old.



Case reports of abscopal effect with irradiation and enhancing immune modulation

Evidence of abscopal activity related to systemic immune induction of RT may be enhanced with combination immune modulatory therapy. The following case reports support evidence of abscopal activity with combined RT in a setting of failed systemic response prior to ongoing immunotherapy followed by immune response with same immune therapy (abscopal effect) after local RT.

A 54-year-old male patient presented with a stageT4N0M1b disease. He had a pulmonary large cell neuroendocrine carcinoma of the right upper lobe, associated with bilateral adrenal metastases and a PD-L1 tumor proportion score of 20% (46). After four cycles of chemotherapy (pemetrexed, cisplatin) and the VEGF inhibitor, bevacizumab, CT scans revealed disease progression in the right upper lobe as well as in both adrenal glands. Second-line therapy with nivolumab, a PD-1 inhibitor, was started, but increasingly symptomatic spinal cord compression, due to tumor invasion occurred. Hemilaminectomy of the third thoracic vertebra combined with resection of the epidural tumor mass was thus performed. Postoperative radiotherapy (30 Gy) was applied targeting the involved thoracic vertebrae. Nivolumab continued, CT scans 4 months after the first radiotherapy showed partial regression of the lung tumor and adrenal metastases. The patient showed disease progression 10 months after radiotherapy but is still alive, supportive of abscopal effect, 25 months after the initial diagnosis.

A 64-year-old male patient presented with T2N3M1c disease which included an adenocarcinoma of the left upper lobe, mediastinal contralateral lymph nodes and distant metastases (brain and ocular). The patient’s PD-L1 results are currently blinded due to the requirements of a clinical trial (Impower130 trial: ClinicalTrials.gov identifier NCT02367781). The radiological images after 5 months of treatment (four cycles of nab-paclitaxel/carboplatin with atezolizumab, a PD-L1 inhibitor, followed by four cycles of atezolizumab alone) showed an excellent response of the ocular metastasis, but progression of the brain metastasis. The thoracic tumor manifestations showed partial remission after four cycles of combined chemotherapy and immunotherapy with no further shrinkage after the four additional cycles of atezolizumab monotherapy. Whole-brain radiotherapy (WBRT) was performed and atezolizumab was continued. Radiological follow-up 4 months after WBRT showed a partial response in the brain (complete response [CR] of ocular disease and remission of brain disease) as well as complete remission of lung and mediastinal tumor masses, supportive of potential abscopal effect. The patient is still alive with radiologically nearly complete remission 28 months after the initial diagnosis of metastatic lung cancer (46).

A 70-year-old male patient presented with a T3N2M1a disease involving central adenocarcinoma of the middle lung lobe, associated with positive mediastinal lymph nodes and a malignant ipsilateral pleural effusion. There were no EGFR or ALK mutations and the PD-L1 tumor proportion score was 70%. First-line therapy with pembrolizumab, a PD-1 inhibitor, was started, leading to a partial response. After a year of treatment, pulmonary and pleural disease progression occurred, and a clinically symptomatic brain metastasis associated with perimetastatic cerebral edema appeared. Pembrolizumab was continued and WBRT added (30 Gy in ten fractions). Radiography of the thorax after radiotherapy showed partial regression of the lung tumor and pleural effusion, supportive of abscopal activity. The patient is still alive 19 months after the initial diagnosis (46).

A 65-year-old female presented with mucosal melanoma in June 2015 with no evidence of metastatic disease as evidenced by CT scan of the neck and MRI with gadolinium. The decision was made to perform a right partial maxillectomy to remove the lesion followed by targeted intensity modulated radiotherapy (IMRT). Unfortunately, the patient relapsed 9 months later, and evidence of disease progression was found in the neck and lungs. The patient was then enrolled in a trial comparing epacadostat + pembrolizumab or placebo + pembrolizumab, which initially showed tumor response, but ultimately resulted in disease progression. The treatment was stopped, and the patient started a palliative course of IMRT to the neck due to increased symptoms. Interestingly, both the neck lesion and the pulmonary lesions responded to IMRT based on CT scans before and after IMRT suggesting an abscopal response (47).

A 67-year-old female presented with metastatic pancreatic uncinate carcinoma to the right liver lobe in August 2015 with a CA 19-9 of 1,814 U/mL. The patient was initially treated with single-agent gemcitabine, but this was discontinued due to poor response and worsening abdominal pain. The patient was then switched to albumin-bound paclitaxel, which demonstrated partial response based on Response Evaluation Criteria in Solid Tumors (RECIST 1.0), but ultimately demonstrated disease progression with additional metastasis to the right pleura and worsening side effects. The patient was then switched to Apatinib, but this was quickly discontinued due to severe gastrointestinal distress. The decision was made to initiate palliative radiotherapy (45 Gy x 15 over 3 weeks) coupled with GM-CSF to the primary pancreatic tumor due to abdominal pain and jaundice requiring percutaneous transhepatic-cholangial drainage. 1 month later, the patient demonstrated significant response to the primary tumor as evidenced by CT scan, but also demonstrated significant abscopal response to the metastatic sites in the liver and pleura that were outside the cone of radiation (48).

A 33-year-old female presented with a mole on her upper back concerning for melanoma in April 2004. Biopsy of the lesion revealed melanoma with a Breslow thickness of 1.53 millimeters. The decision was made to perform a wide local excision of the malignant lesion along with sentinel lymph node biopsy. The patient remained disease free until 2008 when a PET-CT revealed a 2-centimeter pulmonary nodule suggestive of metastatic disease that was confirmed via CT percutaneous biopsy. She was treated with cisplatin, vinblastine, and temozolomide (CVT) chemotherapy due to lack of a targetable mutation (e.g., BRAF) followed by surgical resection. The patient demonstrated stable disease until surveillance CT scan showed a metastatic paraspinal mass along with hilar lymphadenopathy in August 2009. The decision was made to initiate 4 doses of ipilimumab, a CTLA-4 inhibitor, (10 mg/kg) every 3 weeks which resulted in an initial slight enlargement of the paraspinal mass but effectively stabilized her disease for 14 months. Unfortunately, the patient demonstrated continued enlargement of the paraspinal mass with additional evidence of metastatic splenic lesions. The patient was experiencing significant back pain due to mass effect from the paraspinal mass, so the decision was made to initiate palliative RT to the paraspinal mass (950 Gy x 3 fractions over 7 days). Ten months after therapy, there was evidence of abscopal effect as evidenced by CT-scan demonstrating significant reduction in size of both the treated paraspinal mass and the splenic lesions that were outside the cone of radiation (49).

A 71-year-old male was diagnosed with stage IV lung adenocarcinoma, and began treatment with atezolizumab (50). After 19 months of atezolizumab, there was a complete response to the primary lung tumor. A brain metastasis then developed two years later, which was treated with gamma knife radiotherapy. However, after radiation, the patient’s lung disease recurred. Two months later, the lesions in the lung had shrunk, indicating that the prior changes in the lung may have been pseudo-progression as abscopal effect was later demonstrated.

Combination irradiation with immunotherapy may be associated with more frequent abscopal effect as suggested by preclinical testing and preliminary clinical results (31–36, 51). In summary (see Tables 1, 2), these 17 case reports provide evidence of abscopal effect and support combination with immunotherapy is well tolerated and may enhance abscopal activity related to RT.


Table 1 | Abscopal case reports following irradiation without systemic treatment.




Table 2 | Abscopal case reports of irradiation and systemic treatment following systemic treatment failure.





Current studies evaluating abscopal effect

The clinical trial landscape for abscopal effect and development of clinical trials is increasing. There are several prospective clinical trials investigating the abscopal effect (Table 3). However, consistent results regarding occurrence of abscopal effect and level of benefit are highly variable. Moreover, trials exploring expansion of abscopal effect looking at various irradiation doses, schedules and immune modulating combination therapy still only provide relatively low occurrence rate of abscopal activity. In general, though, when abscopal effect is observed compared to those receiving the same regimen without abscopal effect clinical benefits with respect to response, progression-free survival (PFS) and overall survival (OS) is observed (52–54). In one early retrospective study involving melanoma patients treated with ipilimumab followed by RT, 52% showed evidence of abscopal activity and those who did had significantly improved OS (54). Another retrospective study involving melanoma showed similar results (55). Moreover, in a third small trial of 10 prostate cancer patients improved durable disease control was observed with combined ipilimumab and irradiation (56). Although in a larger later Phase 3 trial of advanced prostate cancer undergoing irradiation and ipilimumab vs. irradiation alone OS was not different (57).


Table 3 | Select ongoing clinical trials involving radiotherapy and checkpoint inhibitors to achieve abscopal effect.



Similarly, several combination PD-1/PD-L1 checkpoint inhibitor treatments with RT have also demonstrated evidence of abscopal activity. KEYNOTE-001 trial demonstrated improved PFS and OS in NSCLC patients who received prior RT and pembrolizumab compared to pembrolizumab alone although actual abscopal events were not well defined (58). Another retrospective study looking at PD-1 inhibitors involving melanoma patients, some receiving RT, showed significant improvement in response rate but no improvement in PFS and OS with combination checkpoint inhibitors/RT. However, only one patient of 59 demonstrated abscopal activity (59). Not all clinical results have reproduced the same result. For example, a Phase I clinical trial examining the ideal radiation dose in patients with metastatic NSCLC or melanoma on pembrolizumab showed abscopal responses in patients treated with either 24 Gy x 3 fractionation scheme or a single 17 Gy fraction (NCT02303990) (60). This suggests that the abscopal response to irradiation is multi-factorial and radiation fractionation regimens may not be universal.

Interestingly, GM-CSF combination RT involving a general group of 41 solid tumor patients showed a high fraction (over 25%) of patients with abscopal activity (breast cancer, NSCLC, thymic cancer) when combined with localized irradiation (61). In addition, Formenti et al. performed a proof-of-principle trial where they supplemented RT with subcutaneous GM-CSF, a cytokine that promotes dendritic cell differentiation and expansion, in patients with metastatic tumors including breast cancer, bladder cancer, and eccrine cancer (51, 62). Their results showed that 30% of patients who received RT supplemented with GM-CSF over the course of 2 weeks had an abscopal response as evidenced by PET/CT. Also, breast cancer patients receiving high dose vs. low dose TGFβ blockade (fresolimumab) along with RT had significantly prolonged OS (63).



Consideration GM-CSF expression/TGFβ knockdown to induce abscopal effect

There continues to be strong evidence that radiation is able to activate the immune system although the mechanism for this has not been fully elucidated (62). RT has also been shown to promote the development of an immunosuppressive tumor microenvironment, specifically by upregulation of PD-L1 (64, 65). Therefore, it has been hypothesized that radiation coupled with immunotherapy would elicit an abscopal effect. However, results have been limited with studies evaluating the dose of radiation and sequencing of combination immunotherapy (66). The abscopal effect has largely been observed in highly immunogenic tumors including melanoma, renal cell, and hepatocellular carcinoma. The tumor microenvironment in these “hot” tumor types are characterized by T cell infiltration and expression of proinflammatory cytokines (67).

In addition to combination with checkpoint inhibitor therapy, autologous tumor cellular immunotherapy may also be considered as a clinical testing direction. Vigil is a triple function immune therapy constructed from patient tumor cells. Vigil mechanism involves the introduction of bifunctional short-hairpin RNA to knockdown furin in the autologous tumor cells. Furin knockdown results in decreased cleavage of TGFβ into TGFβ1 and TGFβ2 (68). TGFβ is an immune suppressive cytokine associated with poor prognosis and therapeutic resistance in many solid tumors (69–71). Vigil plasmid also encodes for human GM-CSF which is also an immune stimulatory cytokine that increases tumor antigen presentation by dendritic cells (72). Moreover, Vigil provides personalized, clonal cancer specific neoantigens to enable the immune system to recognize tumor cells and mount an effective, targeted T-cell mediated response. Vigil has demonstrated improved clinical outcomes which correlated with IFNγ-ELISPOT positivity (73, 74). IFNγ is known to activate a multitude of immune cells, including effector T cells. Vigil has shown clinical benefit in advanced solid tumor patients with overall survival correlation with TISHIGH vs. TISLOW (one year OS 75% vs. 25%, p=0.03795) and elevated MHC-II expression (p=0.038). In recurrent ovarian cancer patients, the OS rate was observed to be 58% compared to historical rate of <20% with standard of care. In a Phase IIb double-blind, randomized, placebo-controlled trial in frontline ovarian cancer maintenance, Vigil patients demonstrated a trend towards benefit (11.5 months vs. 8.4 months for placebo, p=0.078). The result for the secondary endpoint of recurrence-free survival (RFS) for the BRCA-wt subpopulation however, was statistically significant, demonstrating benefit in RFS from procurement (time of initial debulking surgery) and randomization (time of initial Vigil administration; 18.3 months vs. 14.8 months, HR=0.478, p=0.02; 11.5 months vs. 8.0 months, HR=0.514, p=0.02 respectively) and OS from procurement and randomization (not reached vs. 48.3 months, HR=0.490, p=0.047; not reached vs. 41.4 months, HR=0.493, p=0.049 respectively). Based on a post hoc exploratory analysis in the BRCA-wt, HRP subpopulation, RFS and OS were increased in a statistically significant fashion relative to the control arm, demonstrating a benefit with Vigil in RFS from procurement and randomization (18 months vs. 12 months, HR=0.363, p=0.005; 10.6 months vs. 5.7 months, HR=0.386, p=0.007 respectively) and OS from procurement and randomization (not reached vs. 37.3 months, HR=0.340, p=0.018; not reached vs. 26.9 months, HR=0.342, p=0.019 respectively). Long term follow up analysis also revealed that 83% of Vigil treated patients were still alive three years after their initial debulking surgery versus 40% who received placebo (p=0.0006). Clinical testing of Vigil with RT to induce and augment the abscopal effect is under consideration.



Conclusion

Clearly sufficient preclinical and clinical evidence exists which support benefit to patients who incur abscopal effect while undergoing RT. There does not appear to be any concerning toxic effect related to abscopal activity. Benefit associated with response, PFS, duration of PFS and OS has been observed. However, results are inconsistent and hard to predict. Biomarkers indicative of abscopal development are not known. Combination of RT with immune modulatory therapy appear to suggest enhancement in abscopal activity but results are variable. Further research towards enhancement in abscopal activity is warranted. Consideration in modulation of GM-CSF expression and TGFβ knockdown is justified.
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Breast cancer is the most prevalent non-skin cancer diagnosed in females and developing novel therapeutic strategies to improve patient outcomes is crucial. The immune system plays an integral role in the body’s response to breast cancer and modulating this immune response through immunotherapy is a promising therapeutic option. Although immune checkpoint inhibitors were recently approved for the treatment of breast cancer patients, not all patients respond to immune checkpoint inhibitors as a monotherapy, highlighting the need to better understand the biology underlying patient response. Additionally, as radiotherapy is a critical component of breast cancer treatment, understanding the interplay of radiation and immune checkpoint inhibitors will be vital as recent studies suggest that combined therapies may induce synergistic effects in preclinical models of breast cancer. This review will discuss the mechanisms supporting combined approaches with radiotherapy and immune checkpoint inhibitors for the treatment of breast cancer. Moreover, this review will analyze the current clinical trials examining combined approaches of radiotherapy, immunotherapy, chemotherapy, and targeted therapy. Finally, this review will evaluate data regarding treatment tolerance and potential biomarkers for these emerging therapies aimed at improving breast cancer outcomes.
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Introduction

Breast cancer (BC) is the most common non-cutaneous malignancy diagnosed in females, accounting for nearly one-third of all new cancer diagnoses (1). During 2022, in the United States, approximately 287,850 females will be diagnosed with breast cancer, while over 43,000 females will ultimately succumb to their disease (1). Breast cancer incidence has increased in female patients, coinciding with an increase in obesity and decline in fertility rates (1, 2). Early detection and improved loco-regional and systemic therapies have led to improved outcomes among breast cancer patients in recent years (3). However, breast cancer is a heterogenous disease with diverse molecular subtypes, clinical classifications, and genetic variations (3, 4). Using the most common definition, breast cancer is divided into four molecular subtypes—luminal A, luminal B, HER2+, and triple negative breast cancer (TNBC)—based upon the presence or absence of important hormone receptors, including the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (4). This heterogeneity at the tumor level results in different responses to therapy (3–5). Importantly, TNBC is the most aggressive breast cancer subset that disproportionately impacts patients of color and younger patients (4, 6–8). Significantly, more effective therapies for TNBC are desperately needed.

Locally advanced breast cancer is treated via a trimodal approach that includes surgery, chemotherapy, and radiotherapy. Recent advances in precision medicine have been developed to target the molecular differences that exist in breast cancer (3). Endocrine therapies, including the selective estrogen receptor modulator (SERM) tamoxifen, selective estrogen degrader (SERD) fulvestrant, or the aromatase inhibitors anastrozole and exemestane, target the estrogen receptor found in ER+ breast cancer (9). Other precision medicine advancements used in the management of metastatic breast cancer include small molecule inhibitors of key modulators of breast cancer growth and survival. For example, inhibiting the cyclin dependent kinases 4 and 6 (CDK4/6) mechanistically prevents the progression of cancerous cells through the cell cycle, while inhibiting poly (adenosine diphosphate-ribose) polymerase (PARP) impairs DNA repair (10, 11). While these targeted therapies improve survival, therapeutic resistance is common, and the discovery of additional treatment options are warranted.

An emerging therapeutic option for treating breast cancer is immunotherapy, which enables a patient’s immune system to recognize and eliminate cancerous cells. Cancer cells evade the immune system by expressing immune checkpoints: inhibitory molecules that hinder the immune system’s ability to eliminate cancer. Immune checkpoint inhibitors (ICIs) block these immune checkpoints or “brakes” on the immune system, resulting in an increase in antitumor immunity and the eradication of cancerous cells. Currently, clinically utilized ICIs target the programmed death receptor 1 (PD-1)-programmed death ligand 1 (PD-L1) or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) axes (12). ICIs have been most clinically successful in the management of melanoma (13), non-small cell lung cancer (NSCLC) (14), and bladder cancer (15). Overall, more than 40% of all cancer patients are eligible to receive ICIs (16, 17). Importantly, recent studies suggest that ICIs are effective for the treatment of breast cancer patients, although it was originally believed that these patients would respond poorly to immunotherapies due to this disease being a relatively nonimmunogenic cancer (18). Of all breast cancer subtypes, immunotherapy is particularly promising for the treatment of TNBC that cannot be treated via hormone therapies due to not expressing commonly targeted hormone receptors—including the ER, PR, and HER2. Immunotherapy may also be promising for treating this subset of breast cancer, since treatment resistance to standard therapies—like chemotherapy and radiotherapy—remains a significant clinical issue for TNBC patients (19, 20).

Combining radiotherapy with immunotherapy for the treatment of aggressive breast cancers may improve treatment efficacy. Early preclinical studies demonstrate that radiotherapy promotes antigen presentation in tumor cells by causing DNA damage, altering transcription, and potentially leading to presentation of immunogenic peptides (21, 22). By promoting the presentation of immunogenic peptides, the recognition of cancer cells by T cells can be enhanced to reactivate the body against the tumor, thus, overcoming the immunosuppressive effects of immune checkpoints. Clinical studies assessing the effectiveness of multimodal approaches incorporating radiotherapy and immunotherapy in breast cancer are ongoing. While combining immunotherapy and radiotherapy to treat aggressive breast cancers is clinically promising, additional research is necessary to determine the mechanisms underlying this therapeutic approach. This review will cover the cellular and molecular regulators of antitumor immunity as well as review the preclinical and clinical advances supporting immunotherapy as a treatment option for breast cancer patients. Throughout this review, we place a special emphasis on emerging therapeutic approaches and clinical trials combining immunotherapy with radiotherapy to treat breast cancer.


Immune microenvironment in breast cancer

The immune system is a powerful mediator in protecting the body against foreign pathogens, and importantly plays a crucial role in safeguarding the body from self-cells that become cancerous. Paradoxically, the immune system can play both supportive and inhibitory roles in breast cancer progression and is an important pharmacological target to improve patient outcomes (23). Tumors are classified based upon the presence and location of immune cells in the tumor microenvironment (TME), where noninflamed (“cold”) tumors have a low infiltration of lymphocytes and inflamed (“hot”) tumors have a high infiltration of lymphocytes (24). Noninflamed tumors can also have an absence of infiltrating lymphocytes or have lymphocytes only on the peripheral edges of the tumor (“excluded”) (25). Additionally, antitumor immunity is dependent on the immune tone of the TME, with both immunosuppressive and immunostimulatory milieu being common. This is relevant in breast cancer carcinogenesis, where both the innate and adaptive immune system contribute to cancer development and immune evasion (26).

Tumor-associated macrophages (TAMs) are innate immune cells found within the TME that have pro-tumorigenic and anti-tumorigenic effector mechanisms in the context of cancer (27). Macrophages are divided into M1-like macrophages that exert antitumor effects and M2-like macrophages that exert pro-tumorigenic effects; however, these phenotypes are plastic and can be pharmacologically reprogrammed (27). In breast cancer, it has been known for the past two decades that macrophages can promote malignant transformation (28), while monocyte-derived macrophages additionally contribute to breast cancer metastasis (29). FOLR2+ macrophages are a specific subset of TAMs enriched predominantly in healthy mammary glands that positively correlate with CD8+ T cells (30). Contrastingly, TREM2+ macrophages are a subset of TAMs expressed primarily in cancerous breast tissue that contribute to tumor development (30). Additionally, in both TNBC and hormone receptor-positive (HR+) breast cancer, CD163+ TAMs are derived from circulating monocytes and contribute to immunosuppression (31). Neutrophils, another innate cell lineage, can also exert multifaceted pro-tumorigenic and anti-tumorigenic effects under different contexts (32). Within TNBC, there are dichotomous neutrophil-enriched subtypes (NES) and macrophage-enriched subtypes (MES). Specifically, the NES subtype displays an abundance of immunosuppressive neutrophils and is resistant to ICIs, whereas the MES subtype demonstrates mixed responses to ICIs (33). Furthermore, myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature myeloid cells of the innate immune system that suppress CD8+ T cells and other immune cells in the TME, promoting tumor progression (34). Elevated levels of circulating MDSCs were present more often in breast cancer patients than in healthy volunteers and were even higher in patients with metastatic disease (35). MDSC crosstalk signaling promotes breast cancer progression in part through the STAT3 and NOTCH signaling pathways (36). In all, these cells of the innate immune system exert multifaceted effects in the TME and execute significant roles in cancer progression and immune surveillance.

Tumor-infiltrating lymphocytes (TILs) collectively refer to the populations of lymphocytes in the tumor. This population of white blood cells includes T lymphocytes (T cells), B lymphocytes (B cells), and natural killer (NK) cells (37, 38). T cells compose approximately 75% of TILs and consist of different subsets including cytotoxic CD8+ T cells, CD4+ T cells, and regulatory T cells (Tregs) that all contribute to the adaptive immune response (38, 39). The presence of TILs is associated with improved disease outcomes in breast cancer patients (40, 41). CD8+ T cells are directly cytotoxic to tumor cells, while CD4+ T cells can promote antitumor immunity through the secretion of inflammatory cytokines (42). Meanwhile, some immune cell populations may induce immunosuppressive effects in the TME. For example, CD4+ Tregs restrain the activation and function of CD8+ T cells (43). While it is well-established that CD8+ TILs are a favorable prognostic indicator and positively correlate with relapse-free survival in breast cancer (44), the T cell subtypes present in breast cancer are not fully understood (45). CD8+ tissue-resident memory (TRM) cells are one subset of CD8+ TILs contributing to immunity that express cytotoxic molecules and immune checkpoint proteins (46). Interestingly, CD8+ TRM cells are associated with improved relapse-free survival (RFS) in TNBC cancer patients (45). In early-stage TNBC patients, the presence of TRMs is associated with improved patient outcomes—including increased survival and decreased rates of recurrence (46). Increased intra-tumoral expression of CD39+PD-1+CD8+ T cells, another subset of CD8+ TILs, correlates with longer disease-free survival in breast cancer patients (47). In breast cancer, FOXP3+ Tregs are a distinct population of T cells associated with more aggressive forms of breast cancer, including a higher risk of relapse and decrease in survival (48). Additionally, intratumoral Tregs from breast cancer tumors have increased expression of the chemokine receptor CCR8, suggesting a unique phenotype and function of these cells in human breast cancer patients (49). B lymphocytes are a humoral cell population of the adaptive immune system that can contribute to both antitumor immune responses and potentiate cancer development (50). B lymphocytes are less prevalent in invasive breast cancers in comparison to early ductal carcinoma in situ (50). Importantly, the presence of immune infiltrates in the breast tumor may correlate to patient response to therapy. In the SweBCG91RT trial, immune infiltrates, in the form of CD8+ T cells and FOXP3+ T cells, were examined in early-stage breast cancer patients that received breast-conserving surgery (BCS) and postoperative radiotherapy. In this trial, early-stage breast cancer patients with antitumoral immune infiltrates had a decreased risk of recurrence, while the addition of radiotherapy to these patients was found to have limited benefits (51). In summary, a variety of lymphocytes are present in breast tissue and many of these lymphocytes play dual roles in carcinogenesis and immune recognition.

Of the breast cancer subtypes, TNBC is associated with the highest lymphocyte infiltration, followed by HER2+ breast cancer, and finally by HR+, HER2- breast cancer (41). Importantly, lymphocyte infiltration in breast cancer patients varies significantly from 1.1% to 44%, which is independent from tumor size (52). In a study that examined CD8+ T cell infiltration among 12,439 breast cancer patients, the presence of intratumoral CD8+ T cells was associated with a significant reduction in risk of death in both ER- and ER+, HER2+ breast cancer. Specifically, intratumoral CD8+ T cell expression was associated with a 28% reduction in mortality for TNBC and HER2+ tumors and 27% reduction in mortality for ER+, HER2+ tumors (53). Furthermore, there have also been differences found in the tumor immune microenvironment of African American breast cancer patients compared to non-African American patients, which may be contributed to socioeconomic and ancestry factors. African American TNBC patients display an increase in gene expression of immune pathways and an increase in immune infiltration—providing rationale for the application of immunotherapies for these patient populations (54). Inflammatory breast cancer (IBC) is a rare type of breast cancer which clinically presents with distinct rapid and substantial inflammation of the breast (55). IBC has a unique tumor microenvironment composition compared to other breast cancers (56). Emerging evidence suggests that the tumor microenvironments of IBC tumors is associated with an increase in CD8+ T cell infiltration (57, 58) and tumor-associated macrophages (59, 60); however, the effects of the immune system and underlying molecular pathways of IBC carcinogenesis are not fully defined (61). In summary, more research is necessary to understand the implications of immunotherapy for other breast cancer subsets, including HR+ breast cancers and IBC.



Regulators of immune responses in breast cancer

The immunogenicity of tumors is influenced by multiple factors, including the mutational load of the tumor. Cancerous cells accumulate variable levels of somatic mutations, which may result in the production of neoantigens and tumor-specific antigens (TSAs) (62–64). These antigens are recognized by the immune system to distinguish cancer cells from healthy, noncancerous cells (62). The ability of cytotoxic CD8+ T cells to recognize neoantigens produced by tumor cells was reported in the early 1990s and provided an important insight into the antitumor effects of T cells in cancer (65, 66). Cancer immunotherapies are often developed to target these neoantigens because they are tumor-specific and, thus, an attractive target for minimizing on-target, off-tumor effects (63, 67). Compared to other malignancies, breast cancer has less than the median number of somatic mutations (64). Only 5% of all breast cancers are hypermutated and carry a significant load of somatic mutations. Additionally, in breast cancer, the APOBEC signature, a signature that represents dysregulated AID/APOBEC cytidine deaminases, is the primary mutational process leading to these hypermutations (68). As tumor mutational load correlates with response to immunotherapy, from the perspective of antigen presentation, breast cancer is deemed relatively non-immunogenic.

Disruption and dysregulation of the cancer immunity cycle promotes carcinogenesis. Data from The Cancer Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) breast cancer cohorts suggest that malfunction of the cancer immunity cycle contributes to disease progression and serves as a prognostic biomarker (69). Avoiding immune clearance is an important hallmark of cancer that enables cancer cells to expand independently from the inhibitory effects of the immune system (65, 70). In the cancer immunity cycle, antigens produced by cancer cells are sampled by antigen-presenting cells (APCs) such as macrophages, dendritic cells, and B cells (65). APCs then present the antigens via major histocompatibility complexes I or II (MHCI/II) (65). Naïve T cells can recognize these antigens when their T cell receptor (TCR) binds to the MHC on the APC, and this interaction is stabilized by the co-receptors CD4 or CD8. This TCR recognition of the peptide-MHC complex is insufficient to fully activate T cells. An additional co-stimulation signal is required, which occurs when costimulatory molecules, such as CD28, on the T cell recognize signals, such as CD80/86, on the APC. Following these two signals, the APC will release cytokines, such as IL-2, to further direct the activation and differentiation of T cells. Once activated, T cells egress from the lymph nodes, traffic through the blood, and enter the TME (65). Trafficked T cells may then utilize their tumor antigen-specific TCRs to bind to neoantigens presented on MHC-I by the cancer cell, allowing for granzyme and perforin driven cytotoxicity. The overall effect of this pathway is dependent on which population of T cells is recruited to the tumor microenvironment.

In breast cancer, there are several mechanisms utilized by cancer cells to avoid recognition by the cancer immunity cycle (71). One way tumor cells can avoid immune recognition is via loss of MHC class I antigen presentation, which prevents the tumor cells from being recognized by CD8+ T cells (72). In breast cancer cells, this may occur in part through the protein MAL2 that promotes endocytosis of tumor antigens (73). Moreover, breast cancer cells can deplete the costimulatory receptor needed for T cell activation when CTLA-4 on tumor cells and CD80 on APCs promote trans-endocytosis of CD80 (74). Furthermore, by expressing immune checkpoints, cancer cells can target and inhibit the effector functions of T cells, including suppression of antitumor cytokine secretion and T cell proliferation (71). Collectively, these studies illustrate the many ways that breast cancer can avoid recognition by the cancer immunity cycle.

An immune pathway especially critical for modulating immune responses to cancer is the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS/STING) pathway, as represented in Figure 1 (75). The stimulator of interferon genes (STING) is an endoplasmic reticulum (EnR)-bound, transmembrane protein that stimulates the transcription of numerous immune pathways following the recognition of cyclic dinucleotides (CDNs) and cytosolic DNA (cDNA) (75–77). CDNs and cDNA can be produced from viruses, bacteria, and diseased states including cancer (76). These cytoplasmic molecules of genetic information are consequently recognized by cyclic GMP-AMP synthase (cGAS), which produces cyclic GMP-AMP (cGAMP) (76, 77). Chromosomal instability (CIN)—another hallmark of cancer—occurs following chromosomal segregation errors during mitosis and can also activate the cGAS/STING pathway in cancer cells (70, 78). Moreover, in addition to promoting an antitumor immune response through the cGAS/STING pathway, CIN can also promote the activation of other immune cells, including natural killer cells to promote antitumor immunity (79). Micronuclei formation can additionally promote the cGAS/STING pathway to activate an immune response (80). Production of cGAMP by such means activates STING via binding with two STING molecules in the EnR, which leads to STING interacting with TANK-binding kinase 1 (TBK1) (76, 77). TBK1 can then phosphorylate type 1 interferon (T1IFN) transcription factors including interferon regulatory factor 3 (IRF3) and nuclear factor-κB (NF-κB) that promote gene transcription after translocation to the nucleus (76, 77). The cGAS/STING pathway and activation of T1IFNs also plays critical roles in cancer (81). For example, T1IFN production is often associated with T cell infiltration that promotes immune responses against tumors (76, 82, 83). In breast cancer, perinuclear expression of STING was recently found to be associated with improved prognosis in ER+ breast cancers (84). Consequently, the development of STING agonists has been explored as a therapy for the treatment of breast cancer to induce an antitumor response and improve the efficacy of additional immunotherapeutic approaches (85, 86). In short, the cGAS/STING pathway plays a critical role in cancer and is a potential pharmacological target for treating cancer patients.




Figure 1 | The Cyclic GMP-AMP Synthase-Stimulator of Interferon Genes (cGAS/STING) Pathway Plays a Critical Role in Antitumor Immunity. Following DNA damaging events, DNA fragments enter the cytoplasm of cancer cells. This cytosolic DNA is then recognized by the cytoplasmic sensor cGAS, which can then produce cyclic GMP-AMP (cGAMP). Consequently, cGAMP promotes the recruitment of STING molecules in the endoplasmic reticulum, which leads to TANK-binding kinase 1 (TBK1) phosphorylating interferon regulatory factor 3 (IRF3), and nuclear factor-κB (NF- κB). IRF3 and NF- κB then translocate to the nucleus to promote transcription of type I interferons, which can lead to an antitumor response via the promotion of T cell infiltration into the tumor microenvironment.





The role of immunotherapy in breast cancer

Immunotherapeutic approaches aimed at improving cancer control rates in breast cancer patients include cancer vaccines, adoptive cell transfer, and ICIs (87, 88). Cancer vaccines target distinct antigens upregulated in the tumors of cancer patients and provide immunological memory (89). Mechanistically, cancer vaccines seek to trigger an immune response via machinery that promotes the presentation of tumor antigens to the immune system and via adjuvants that cause a proinflammatory response to activate the immune system (89). Current research is focused on developing vaccines that can prevent the progression of aggressive breast cancers—such as triple negative disease (NCT04674306)—and combining breast cancer vaccines with other treatment approaches (NCT00082641, NCT03789097). For instance, mRNA vaccines have recently been successful in the context of COVID-19 and are currently being explored for use in breast cancer (90). Significant work has been done to study the efficacy of breast cancer vaccines both preclinically and clinically; however, most studies have failed to produce significant responses in patients, which may be attributed to the heterogeneity of breast cancer (89, 91).

ICIs have revolutionized cancer therapeutics, leading to Dr. James P. Allison and Dr. Tasuku Honjo being awarded the Nobel Prize in Physiology or Medicine in 2018 (92). One class of ICIs target programmed death-ligand 1 (PD-L1 or B7-H1), which serves to inhibit the immune system by binding to PD-1 on T cells and dampening their cytotoxic abilities (93). PD-L1 is expressed on a myriad of immune cells, including antigen presenting cells, T cells, and B cells, and interacts with its receptor, PD-1, expressed on T cells (94, 95). Mechanistically, PD-L1 and PD-1 interactions suppress tumor immunity by causing T cell apoptosis, anergy, exhaustion, and IL-10 expression (94). Expression of PD-L1 and PD-1 in the tumor microenvironment is a common cancer immune evasion strategy (94). Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4 or CD152) is another immune checkpoint receptor expressed on T cells that has a high affinity for CD80 and CD86, which are necessary for T cell co-stimulation (96, 97). CTLA-4 outcompetes the co-stimulatory molecule CD28 to induce immune suppression (97, 98). In breast cancer, TCGA analyses suggest that TNBC patients express higher levels of PD-L1 as compared to patients with other breast cancer subtypes with approximately 20% of TNBC samples expressing significant levels of PD-L1 (99). While PD(L)-1 inhibition is clinically efficacious in many cancer types, PD-L1 expression poorly predicts clinical benefit, emphasizing the demand for clinical trials evaluating efficacy as well as the need for better biomarkers of treatment response (100).

Importantly, clinical trials have tested the efficacy of ICIs in TNBC. The Phase Ib KEYNOTE-012 clinical trial (NCT0184883) tested whether pembrolizumab (anti-PD-1) was tolerable in patients with PD-L1+ advanced TNBC. This study found that pembrolizumab had an acceptable safety profile, with an overall response rate of 18.5% (101). In the Phase II KEYNOTE-086 trial (NCT02447003), 254 female patients with metastatic TNBC received pembrolizumab in either the second line setting or the first line setting. In the second line setting, patients unselected for PD-L1 expression had an objective response rate (ORR) of 5.3%, while in the first line setting, PD-L1+ patients had an ORR of 21.4%. Tolerability was reaffirmed in both cohorts (102, 103). This trial led to the randomized, open-label Phase III KEYNOTE-119 (NCT02555657) trial that examined the efficacy of pembrolizumab versus single agent chemotherapy in patients with PD-L+ metastatic TNBC. In this trial, PD-L1+ status was characterized by patient PD-L1 combined positive scores (CPS), defined as the ratio of PD-L1+ tumor cells, lymphocytes, and macrophages out of total tumor cells multiplied by 100. Pembrolizumab improved the median overall survival (OS) from 11.6 months to 12.7 months as compared to chemotherapy in patients with a CPS of 10 or higher (104). KEYNOTE-119 motivated the Phase III, double-blind, randomized trials KEYNOTE-355 (NCT02819518) and KEYNOTE-522 (NCT03036488) (105, 106). In KEYNOTE-355, 847 patients with metastatic TNBC or previously untreated, locally recurrent inoperable breast cancer were randomized 2:1 to pembrolizumab and chemotherapy (specifically, paclitaxel, nab-paclitaxel, or gemcitabine plus carboplatin) or placebo and chemotherapy. The co-primary endpoints of this trial were overall survival and progression-free survival, and patients were stratified by PD-L1 expression. Pembrolizumab and chemotherapy improved the median progression-free survival from 5.6 months to 9.7 months for patients with high PD-L1+ scores, providing the clinical rationale for using this combined therapy as a first-line treatment for metastatic TNBC (105). Furthermore, recent data supports that in patients with advanced TNBC with a CPS of 10 or more, the median overall survival increased from 16.1 months in the placebo-chemotherapy group to 23.0 months in the pembrolizumab-chemotherapy group. Similarly, in patients with a CPS of 1 or more, the median overall survival increased from 16 months in the placebo-chemotherapy group to 17.6 months in the pembrolizumab-chemotherapy group (107). In KEYNOTE-522, 1,174 patients with either previously untreated stage II breast cancer or stage III TNBC were randomly assigned 2:1 to receive neoadjuvant and adjuvant pembrolizumab with chemotherapy (either carboplatin or paclitaxel) or placebo with chemotherapy. All patients also received standard of care neoadjuvant doxorubicin–cyclophosphamide or epirubicin–cyclophosphamide. KEYNOTE-522 had two primary endpoints of pathological complete response (pCR, defined as the absence of invasive disease) and event-free survival. Pembrolizumab and chemotherapy significantly increased the pCR compared to chemotherapy alone (51.2% to 64.8%), and these data were foundational to the FDA-approval for pembrolizumab use in combination with chemotherapy for this patient population (106). Thus, these trials have established pembrolizumab as an important treatment for both metastatic and non-metastatic TNBC. Additionally, preliminary data suggests atezolizumab, a humanized anti-PD-L1 IgG1 antibody, is active in PD-L1+ locally advanced or metastatic TNBC; however, accelerated approval was later rescinded based on subsequent demonstration of limited clinical efficacy (108–110).

Clinical trials have also assessed the efficacy of ICIs in the management of HR+ breast cancers. In the Phase 1b KEYNOTE-028 study, patients with ER+, HER2- breast cancer with PD-L1+ tumors received pembrolizumab and achieved an ORR of 12% (NCT02054806) (111). Furthermore, in the Phase 1b JAVELIN study, which tested the safety of avelumab, 43% of patients had HR+, HER2- breast cancer and the ORR was 3% (NCT01772004) (112). The combination of pembrolizumab with chemotherapy (113) and cyclin-dependent kinase inhibitors (114) in this patient population has also not led to improvements in clinical outcomes. These trials highlight that ICIs have limited clinical activity in HR+ breast cancer. The poor efficacy of ICIs for the treatment of HR+ breast cancer may be, in part, due to the limited immune cell infiltrate in these tumors (115). The effects of ICIs are also currently being examined for the treatment of inflammatory breast cancer (116). A Phase II study (NCT02411656) is currently assessing the effects of pembrolizumab in metastatic or recurrent inflammatory breast cancer patients. Moreover, a Phase II study is currently examining the effect of pembrolizumab in combination with hormone therapy during or after radiotherapy for patients with HR+ inflammatory breast cancer who did not respond to neoadjuvant chemotherapy alone (NCT02971748). Clinical trials are currently recruiting patients to assess the effect of ICIs in combination with chemotherapy (NCT03515798, NCT05093387) for the treatment of inflammatory breast cancer. Furthermore, a recent case study suggests clinical promise in combining pembrolizumab and chemotherapy for treating inflammatory breast cancer (117), while additional studies are underway to identify novel biomarkers for anti-PD-1 therapy in this disease, including peripheral T cell exhaustion and clonality markers (118). Moreover, beyond the scope of immunotherapy, current clinical trials are also examining combined therapies of radiotherapy and PARP inhibition for the treatment of inflammatory breast cancer (NCT03598257).

Adoptive cell transfer (ACT) therapy functions by transferring immune cells into cancer patients. Chimeric antigen receptor (CAR)-T cells enable improved T cell recognition of cancers via bypass of the common cancer immune evasion strategies of MHC downregulation and co-stimulation blockade (119). CAR-T cells are composed of single-chain variable fragments (scFv) fused to a costimulatory molecule which is fused to the intracellular CD3ζ signaling domain. The scFv recognizes antigen expressed on the surface of tumor cells. The CD3ζ immunotyrosine activation motif (ITAM) generates T cell activation signal 1 and the intracellular costimulatory domain generates signal 2. This allows CAR-T cells to become fully activated following recognition of peptide without the need for MHC presentation or additional co-stimulation. CAR-T cells, are engineered for each individual patient by first collecting T cells from the peripheral blood of cancer patients, transducing them ex vivo to express the appropriate CAR, expanding, and validating these CAR-T cells, and then reintroducing these cells into patients (120). CAR-T cell therapies are a powerful tool for treating cancer patients in that these modified cells can also persist in patients for extended periods, providing significant support to the immune systems of patients undergoing CAR-T cell therapy (119). Currently, there are six CAR-T cell therapies approved for clinical use in hematologic malignancies (121). However, there are no CARs currently approved for use in breast cancer. In developing CAR-T cell therapies, it is important that the antigens being targeted are enriched in the tumor and not the healthy tissues of patients to prevent “on-target off-tumor” adverse events (119, 120). Additionally, CARs are limited in that they can only be directed towards surface-expressed antigens. CAR-T cells have shown limited promise in solid tumors due to a variety of challenges, including poor T cell infiltration into tumors and immunosuppressive tumor microenvironments, although there is significant work underway to overcome these obstacles. For the treatment of breast cancer, preclinical studies are ongoing to examine the effects of CAR-T cell therapy on various tumor specific antigens including mucin 1 (MUC1), HER2, Lewis Y, mesothelin, and folate receptor alpha (FR-α) (119). Clinical trials are underway to assess the effects of CAR-T cell therapy for treating breast cancer, including CAR-T cells recognizing epithelial cell adhesion molecule (EpCAM) (NCT02915445), cleaved MUC1 (NCT04020575, NCT02792114), and ROR1 (NCT05274451). In addition to CAR-T cell therapy, tumor-infiltrating lymphocytes (TILs) are being examined as a type of adoptive cell transfer for the treatment of breast cancer. TIL therapy involves isolating tumor-infiltrating lymphocytes from patients, expanding them ex vivo with large amounts of IL-2 and other cytokines, then re-infusing them into the patient (122). Importantly, TIL therapy does not significantly modify the lymphocytes, and, unlike CAR-T therapy, TIL therapy assumes patient lymphocytes are able to recognize tumor neoantigens that exist in small quantities. Whole exome sequencing of breast cancer tissues revealed TNBC expresses more neoantigens than non-TNBC, suggesting TNBC patients may be good candidates for TIL therapy (123). An ongoing clinical trial (NCT01174121) seeks to use TIL therapy in metastatic breast cancer, and preliminary data has shown tumor regression in a subset of patients (124). Collectively, these studies suggest the importance of ACT therapies as a potential therapeutic approach for breast cancer.

Despite promise of these therapies as single-agent therapies, additional studies are underway to find ways to increase patient responses to ACT by combining with radiotherapy or other forms of immunotherapy. For example, studies are currently examining combining radiotherapy with CAR-T cell therapy as a means to improve patient response to adoptive T cell transfer and overcome resistance in solid tumors (125). The effect of CAR-T cell therapy and internal radiotherapy are beginning to be evaluated for the treatment of liver metastases in breast cancer patients in a Phase 1b trial (NCT02416466), and results demonstrated some efficacy of the combination therapy with minimal toxicities (126). Moreover, a study recently examined the impact of combining infusion of ex vivo expanded NK cells into a human TNBC xenograft model with radiotherapy and found that the combination therapy significantly decreased primary tumor growth while minimizing toxicity (127). Combining CAR-T cell therapy with anti-PD-1 led to reduced tumor weight and improved CAR-T cell infiltration into the TME in a murine breast cancer model, demonstrating this combination therapy strategy may also be promising for treating breast cancer patients (128). While adoptive cell transfer strategies have shown some promise in the treatment of breast cancer in preclinical models, there has yet to be significant clinical efficacy in these solid malignancies.

In addition to immunotherapy, monoclonal antibodies (mABs) directed either towards tumor-specific antigens or mediators of oncogenic signaling have been used in breast cancer for more than twenty years. Monoclonal antibodies that target growth signaling can prevent cancer cell proliferation and ultimately lead to apoptosis. Additionally, these monoclonal antibodies can mediate antibody-dependent cellular cytotoxicity (ADCC), engaging the immune system to recognize cancer cells coated with antibodies bound to the surface of the cell (129). Trastuzumab is a clinically approved anti-HER2 mAb which improves the overall survival of patients with HER2+ breast cancers (130). Pertuzumab targets a distinct epitope of HER2 and is another mAB used in the management of HER2+ breast cancer. Consequently, mABs are a promising immunotherapy strategy for the treatment of breast cancer patients; however, these therapies are not efficacious for the treatment of triple negative disease that does not express the HER2 receptor. Interestingly, even in HER2-low expression tumors, the DESTINY-Breast04 trial recently demonstrated improved survival in women with metastatic HER2-low expressing tumors using the HER2 targeted therapy trastuzumab deruxtecan (131). Whether HER2-targeted therapies combined with ICIs will be even more effective remains an area of active clinical interest.



The impacts of immunotherapy and radiotherapy in breast cancer

Unfortunately, only 10% of patients with TNBC respond to immune checkpoint inhibitor monotherapy (85). Thus, there is an unmet need to develop more effective therapeutic strategies to improve patient responses to ICIs. One strategy to improve therapeutic efficacy of ICIs may be to combine immunotherapy with other effective breast cancer treatment modalities such as radiotherapy. For this review, we will primarily focus on combined approaches with immunotherapy—in the form of ICIs—and radiotherapy. However, other reviews have examined the effects of combining radiotherapy with cancer vaccines (132, 133), anti-HER2 therapies (134), or CAR-T cell therapy (135).

Radiotherapy is a mainstay breast cancer therapy first used to treat breast cancer patients in as early as the 1800s (136, 137). Clinical radiotherapy involves the delivery of fractionated doses of ionizing radiation to the affected cancerous breast tissue while sparing the surrounding benign tissues. This results in targeted disruption of tumor cells through induction of DNA damage, alterations in the cell cycle, and ultimately cancer cell death (138–140). Multiple randomized clinical trials have effectively established that radiotherapy reduces local recurrence in both invasive and noninvasive breast cancers, in addition to reducing the risk of breast cancer death (141–143). Specifically, after breast-conserving therapy, radiotherapy reduced the 10-year risk of a local or distant recurrence from 35.0% to 19.3% and reduced the 15-year breast cancer death risk from 25.2% to 21.4% (141). Despite such benefits, radiotherapy can have pleotropic effects on the immune system. For instance, large field and total body irradiation, which is clinically indicated in the management of hematologic malignancies (144), is used to induce profound lymphopenia. Meanwhile, localized radiotherapy may promote antitumor immune responses. An early study in the 1950s first described a phenomenon known as the “abscopal effect” that showed a correlation between the immune system and localized radiotherapy (145). The abscopal effect (in Latin, ab: away from, scopus: target) postulates that radiotherapy delivered to one part of the body can reduce tumor size systemically, in regions outside of where radiation is delivered (145–147). Literature suggests that this phenomenon occurs in part through the immune system (148–150), and immunotherapy is believed to promote abscopal effects (151). However, studies show that the abscopal effect is rare (146, 152) and unlikely to be broadly applicable clinically. An additional hallmark study of the late 1970s further expanded upon the connections between radiotherapy and the immune system to show that the efficacy of RT is dependent upon the immune system (153). Significantly, radiotherapy and immunotherapy provide synergistic tumor control when combined in preclinical models (154, 155). In fact, radiotherapy can sensitize even poorly immunogenic cancers including pancreatic cancer (156), head and neck squamous cell carcinoma (157), and breast cancer (158) to ICIs—which emphasizes the promise of combined radiotherapy and immunotherapy treatment modalities.

Notably, the effects of combination radiotherapy with ICIs in breast cancer models have been explored. A crucial study by Demaria et al. in 2005 illustrated the effects of combined radiotherapy and immune checkpoint inhibition in murine models of breast cancer (159). Specifically, combined local radiation with anti-CTLA-4 immune checkpoint inhibition in a poorly immunogenic murine breast cancer model resulted in prolonged survival and decreased lung metastases (159). Furthermore, later studies suggest that fractionated radiotherapy—as opposed to single-dose radiotherapy—induces systemic antitumor effects in combination with anti-CTLA-4 treatment in murine breast cancer models (160). These studies mutually suggest that radiotherapy combined with anti-CTLA-4 therapy promotes antitumor immunity in preclinical breast cancer models—providing rationale for combined use in the clinic (159, 160). Studies suggest that these effects of combined therapy depend on the immune cells present. In fact, in murine breast cancer models, the effects of radiotherapy and anti-CTLA-4 immunotherapy are dependent upon the presence of invariant natural killer T cells (161). Radiotherapy has also been found to induce CXCL16 release by breast cancer cells to attract effector T cells in murine models (162). Moreover, it has been proposed that the synergistic effects of radiotherapy and immune checkpoint inhibitors depend upon MTOR signaling (163) and tumor heterogeneity (164) in murine breast syngeneic models. While these studies display the synergistic effects of combined radiotherapy and ICIs for the treatment of breast cancer, more research is warranted to further understand the implications of these combined therapies.

Radiotherapy has been found to improve innate antitumor responses, deplete immunosuppressive cell types, and augment adaptive immune responses in combination with PD-1 blockade (165). Functionally, it is believed that radiotherapy activates the innate immune system via a process known as cross priming (166). As radiotherapy induces tumor cell death, these cells release neoantigens (167) that may be phagocytosed by nearby APCs. APCs can then activate the adaptive immune system, specifically CD8+ effector T cells, to kill cancer cells (166, 168). Consequently, the efficacy of radiotherapy specifically depends upon the presence of these cytotoxic cells (169). Interestingly, combining radiotherapy with immunotherapy has also been shown to jointly promote tumoral lipid oxidation-dependent ferroptosis via SLC7A11 (170). Radiotherapy can further induce the DNA damage response often associated with the synergistic effects of radiotherapy and immunotherapy. Targeting ataxia telangiectasia mutated (ATM)—a kinase that plays a role in the DNA damage response to double stranded DNA breaks induced by radiotherapy—sensitizes pancreatic cancer to ICIs, providing a mechanistic link for this observed synergy (171). Additionally, inhibition of DNA-dependent protein kinase (DNA-PK) has been shown to synergize with radiotherapy and modulate the immune system in pancreatic cancer models by increasing cytosolic double-stranded DNA and type 1 interferon signaling. Moreover, combined anti-PD-L1 with radiotherapy and DNA-PK inhibition further potentiates antitumoral immunity in preclinical pancreatic cancer models (172). These studies emphasize the complexity underlying the synergistic effects of combined radiotherapy and immunotherapy and can importantly be extended into the breast cancer space to determine the underlying mechanisms of such approaches.

While the precise mechanisms underlying the synergistic effects of radiotherapy and immunotherapy are not well established, studies have suggested that the cGAS/STING pathway may contribute to these combined effects as summarized in Figure 2. As discussed above, the cGAS/STING pathway plays a critical role in the antitumoral immune response by inducing interferon signaling following the recognition of cytosolic DNA (76). It is also well established that radiotherapy induces the cGAS/STING pathway to activate interferon signaling (173, 174). Importantly, interferon signaling can promote antitumor T cell responses (76, 81). It was also recently discovered that STING regulates radiotherapy sensitivity in vivo in part through the production of reactive oxygen species (ROS) (175). In human breast cancer cell lines and murine breast cancer models, inhibition of ectonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1), a hydrolase of cGAMP, was recently found to increase extracellular cGAMP levels and synergize with radiotherapy to prevent tumor growth. The radiotherapy-induced increased production of extracellular cGAMP was subsequently sensed by STING and promoted the infiltration of dendritic cells and cytotoxic T cells into the tumor. Furthermore, depletion of extracellular cGAMP abrogated this immune cell infiltration in breast cancer models, suggesting that these radiation-induced immune effects are dependent upon the presence of extracellular cGAMP and the cGAS/STING pathway (176). Mechanistically, in human breast cancer cell lines, it has also been shown that the cGAS/STING pathway is required for interferon activation induced by combined radiotherapy and anti-CTLA-4 immune checkpoint inhibition (177). In addition to studying the effects of combined radiotherapy with anti-CTLA-4 treatments, preclinical studies suggest that radiotherapy and anti-PD-1/L1 therapy synergistically potentiate antitumor immunity in murine breast cancer models (178–180). Specifically, this antitumor immunity occurs in the form of reduced accumulation of myeloid-derived suppressor cells in the tumor (178), promotion of CD8+ T cell expansion (179), expansion of antigen-specific T cell responses (180), and reduction in tumor growth in non-irradiated tumor sites (181). Importantly, additional work is required to understand the contribution of other innate immune sensors and immune signaling pathways governing the synergistic interactions between radiotherapy and immunotherapy in breast cancer.




Figure 2 | Radiotherapy and Immunotherapy Synergistically Promote Antitumor Immune Responses. One potential combined therapeutic approach is to combine radiotherapy with immune checkpoint inhibition. Radiotherapy promotes DNA damage within cancerous cells, which can consequently be recognized by cGAS and lead to activation of the cGAS/STING pathway to promote antitumor immunity through interferon signaling. Likewise, immune checkpoint inhibitors, such as anti-PD-1 monoclonal antibodies, can modulate an augmented antitumor immune response by turning off immune checkpoints. Under normal conditions, these checkpoints result in a decrease in the cytotoxic abilities of T cells; however, when turned off, this enhances the cytotoxic effects of T cells and results in enhanced antitumoral effects. Numerous preclinical and clinical studies suggest synergy exists in combining radiotherapy and immune checkpoint inhibitors in breast cancer patients and studies are currently underway to determine the best ways oncologists can implement these interactions.



STING-dependent cytosolic sensing of DNA has been found to contribute to innate immunostimulatory responses following radiotherapy (173). However, there are also other pathways that link DNA damage to innate immune signaling. Nucleic acids can also be sensed by retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs), Nod-like receptors (NLRs), and Toll-like receptors (TLRs) (182). Furthermore, the recognition of cytosolic DNA following viral infection has been found to activate a type I interferon response independently from toll-like receptors—further adding to the complexity of such pathways (183). When RIG-1 engages single and double stranded RNA, RIG-I complexes with mitochondrial antiviral-signaling protein (MAVS) and activates the TBK1 complex which ultimately promotes interferon signaling (184). In breast cancer, RIG-I agonists have been found to induce inflammatory transcription factors, type I interferons, and lymphocyte-recruiting chemokines (185).

The DHA-dependent protein kinase (DNA-PK) which, is required for nonhomologous end joining (NHEJ), also serves as another STING-independent innate immune sensor. DNA-PK can be activated by viral DNA leading to IRF3 and IRF7 dependent innate immune sensing (186). Interestingly, inhibition of DNA-PK has also been shown to augment radiation-induced interferon signaling in an RNA Polymerase III, Rig-I, and MAVS dependent fashion (172). TLRs have also been found to contribute to innate immune signaling in breast cancer (187). Specifically, Toll-like Receptor 9 (TLR9) can detect DNA released by tumor cells following chemotherapy leading to enhanced antigen presentation and improved antitumor immune responses (188). Consequently, TLR9 agonists have been examined as potential cancer therapeutics delivered in combination with other therapies (189). Combined TLR9 agonism and radiotherapy promotes systemic antitumor immunity in models of metastatic lung cancer and colon cancer (190). In a preclinical breast cancer mouse model resistant to PD-1, TLR9 agonists increased infiltration of CD8+ T cells into tumors and promoted IFN signaling (191). Collectively, these studies articulate the breadth of the pathways linking DNA damage and innate immune signaling.

While preclinical studies have illustrated the importance of combining radiotherapy with immunotherapy, clinical trials are also underway to assess these combined approaches. The single-arm Phase II clinical trial (NCT02730130) assessed the combination of pembrolizumab and radiotherapy in patients with metastatic TNBC and observed a 17.6% overall response rate, with minor adverse events as a result of combined therapy (192). In this study, radiotherapy was delivered at 30 Gy at five daily fractions to both PD-L1+ and PD-L1- patients. Of the 9 patients observed through this trial, 3 patients with baseline PD-L1+ expression received a complete, durable response, which was similar to responses in studies where all patients had PD-L1+ metastatic TNBC (192). Phase II trials have also evaluated the combination of pembrolizumab and radiotherapy in patients with HR+, HER2- heavily pretreated metastatic breast cancer (NCT03051672). This trial observed that pembrolizumab delivered prior to palliative radiotherapy (20 Gy in 5 fractions) did not result in any objective responses (193). These studies suggest that combined radiotherapy and immunotherapy may be more efficacious for patients with triple negative disease as opposed to HR+ breast cancers; however, additional research is necessary to fully determine the mechanisms of resistance in luminal breast cancer to immunotherapy.

Clinical trials are underway to study the effects of radiotherapy and ICIs in patients with breast cancer. These trials are summarized in Table 1. In addition to examining the effects of combined ICIs with radiotherapy in metastatic TNBC as discussed above (NCT02730130), such clinical trials are also examining combined therapies in metastatic HR+ breast cancer (NCT04756505). Importantly, many clinical trials are aimed at determining the survival outcome of combined therapies, as well as understanding the immune-enhancing effects of radiotherapy and immunotherapy in breast cancer patients. For example, preoperative delivery of radiation boost is being examined in combination with ICIs to enhance ICI efficacy in operable breast cancer (NCT04454528) and in TNBC and HR+/HER2- breast tumors (NCT03366844) (194). Another study is assessing the effects of ICIs on the tumor microenvironment of TNBC patients prior to intraoperative radiotherapy (IORT) (NCT02977468). Trials are also examining the effects of novel therapeutic immune agents, including an antagonistic OX40 monoclonal antibody (NCT01862900) and the STING agonist TAK-676 (NCT04879849) combined with radiotherapy for the treatment of breast cancer patients. While many studies are examining the effects of the ICI pembrolizumab, studies are also examining the effects of the ICI nivolumab in combination with radiotherapy for the treatment of metastatic breast cancer brain metastases (NCT03807765) and patients with TNBC (NCT03818685). Together, these studies will help understand the effects of combined radiotherapy and ICIs in breast cancer patients and provide clinical rationale for combining these therapeutics with other available therapies such as chemotherapy.


Table 1 | Trials examining the effects of combined radiotherapy and immune checkpoint inhibitors.





The clinical and preclinical promise of combining immunotherapy, radiotherapy, and chemotherapy in breast cancer

Importantly, one potential multimodal therapeutic approach is combining immunotherapy, radiotherapy, and chemotherapy. This approach is summarized in Figure 3. The combination of chemotherapy, radiotherapy, and surgery is the standard of care for breast cancer treatment, while numerous studies support the therapeutic potential of combining radiotherapy with chemotherapy for treating breast cancer patients. The evidence supporting the integration of radiotherapy with chemotherapy has been more extensively reviewed elsewhere (140, 195, 196). Importantly, many chemotherapies function by inducing DNA damage, consequently resulting in synergistic effects when combined with radiotherapy in the preclinical and clinical setting (140, 197). Cytotoxic chemotherapeutic agents—such as platinums, taxanes, and antimetabolites—have been found to promote synergistic, radiosensitizing effects in breast cancer (198). Platinum chemotherapies—such as cisplatin and carboplatin—are alkylating agents delivered to breast cancer patients that bind to and crosslink DNA to inhibit proper replication, leading to the formation of double stranded breaks in the DNA (199, 200). Consequently, when platinum therapies are combined with radiotherapy, studies support that this promotes radiosensitization in various subsets of breast cancer, including metastatic IBC (201) and early-stage TNBC (202). Taxanes—such as paclitaxel and docetaxel—inhibit microtubule function, inducing cell cycle arrest at the G2/M Phase, consequently leading to cancer cell death (203). Combining taxane chemotherapy with radiotherapy has been examined in several settings. Combined paclitaxel and radiotherapy led to a 34% complete response in patients with early-stage breast cancer (204). When tested in patients with locoregional recurrence, radiotherapy combined with taxanes or with taxanes combined with cisplatin found increased recurrence-free survival regardless of whether cisplatin was added (205). In the context of locally advanced breast cancer, paclitaxel treatment with concurrent radiotherapy improved disease-free survival and overall survival (206). Antimetabolite chemotherapeutic agents—such as fluoropyridines or gemcitabine—are well-established radiosensitizers that function by mimicking natural metabolites found in the body to become incorporated into DNA or RNA, leading to DNA damage (207, 208). These antimetabolite therapeutics have also been examined in combination with radiotherapy. When treating breast cancer chest wall recurrences with combined gemcitabine and radiotherapy, 100% locoregional control was achieved, although normal tissue toxicity limits this combination clinically (209). Chemotherapy resistant breast cancer treated with capecitabine and radiotherapy was retrospectively analyzed to find that there were no increased toxicities associated with the combination therapy (210). Patients with advanced, non-TNBC treated with capecitabine and radiotherapy led to 73% partial or complete response (211). Collectively, these studies provide the rationale for combining chemotherapy with radiotherapy for the treatment of breast cancer patients.




Figure 3 | Chemotherapy Has Immunomodulatory Effects on the Tumor Microenvironment and May Promote Synergy in Combination with Radiotherapy and Immune Checkpoint Inhibitors. Chemotherapy is a standard of care therapy for the treatment of breast cancer and has significant implications on the immune response. Studies suggest that single-agent chemotherapy can recruit immune cells to the microenvironment of breast cancer tumors. Additionally, in breast cancer patients, response to chemotherapy is dependent upon the presence of tumor-infiltrating lymphocytes. When chemotherapy is combined with radiotherapy, this can induce radiosensitization in preclinical and clinical models, resulting in enhanced cancer cell death. Clinical promise may exist in combining immune checkpoint inhibitors, radiotherapy, and chemotherapy for the treatment of breast cancer. When chemotherapy is combined with immunotherapy, this enhances its efficacy and increases patient survival. Clinical trials are currently underway to ascertain the effects of combined approaches in breast cancer patients.



Chemotherapy, like radiotherapy, has pleotropic effects on the immune system. It is well established that chemotherapy is immunosuppressive, rendering patients undergoing treatment more susceptible to infection (212). However, chemotherapy—particularly in the neoadjuvant setting—has also been found to result in pro-inflammatory, antitumor effects. Neoadjuvant chemotherapy induces immune responses in breast cancer patients, including increasing concentrations of TILs and CD8+ T cells (213, 214). Furthermore, the immune response induced by neoadjuvant chemotherapy predicts survival of breast cancer patients and may prime tumors for treatment with immunotherapy (213, 214). The presence of TILs is predictive of response to chemotherapy in breast cancer, further supporting the complex interaction between the immune system and chemotherapy (215). DNA damage immune response signatures have also been confirmed as prognostic biomarkers in TNBC patients treated with adjuvant doxorubicin and cyclophosphamide (216). Additionally, activation of immune responses mediated by the cGAS/STING pathway have been found to predict patient response to neoadjuvant chemotherapy (217). Collectively, these studies support the complex interactions that exist between chemotherapy and the immune system in breast cancer patients. Moreover, these studies also emphasize the importance of further understanding these complex interactions in both preclinical and clinical breast cancer models.

Many clinical trials are currently evaluating the combination of chemotherapy and immunotherapy in breast cancer patients (218). While the focus of this review is trimodal combinations, primarily with radiotherapy, immunotherapy, and additional agents, others have extensively reviewed the effects of combined chemotherapy and immunotherapy (218–220). The I-SPY2 trial (Investigation of Serial Studies to Predict Your Therapeutic Response With Imaging And Molecular Analysis 2) is one such important trial examining ICIs in combination with chemotherapy. This randomized, adaptive clinical trial aims to assess the effects of novel agents combined with standard therapies for stage II or stage III breast cancer patients (NCT01042379) with high-risk MammaPrint scores, a gene signature used to predict breast cancer patient clinical outcomes (221, 222). The primary endpoint for I-SPY 2 is pCR. One arm of I-SPY 2 examined the therapeutic effects of combining pembrolizumab with neoadjuvant chemotherapy in approximately 250 patients. Pembrolizumab more than doubled the pCR rate in the HR+, HER2-negative subset (13% to 30%) as well as the TNBC subset (22% to 60%) (223). Jointly, these studies support the clinical promise of combining chemotherapy and immunotherapy.

Clinical trials are currently underway to assess the effectiveness of combining chemotherapy with immunotherapy and/or radiotherapy as summarized in Table 2. Trials are currently evaluating the effects of preoperative pembrolizumab combined with neoadjuvant chemotherapy (paclitaxel, carboplatin, cyclophosphamide, doxorubicin, and/or capecitabine) for TNBC or HR+, HER2- breast cancer (NCT04443348), in addition to radiotherapy combined with chemotherapy (nab-paclitaxel and paclitaxel) and pembrolizumab in PD-L1+ TNBC (NCT05233696). Moreover, a Phase III trial is examining the effects of adjuvant pembrolizumab in combination with radiotherapy on disease-free survival in TNBC patients (NCT02954874). The priming effects of radiotherapy on breast cancer patients prior to neoadjuvant chemotherapy are also being examined to further understand the role of the immune response following radiotherapy (NCT03978663). The TONIC trial is a Phase II, randomized, open-label trial examining whether chemotherapy or radiotherapy prior to immune checkpoint inhibition with nivolumab induces an inflamed tumor microenvironment in metastatic TNBC patients (NCT02499367). In this study, chemotherapy resulted in the most significant patient responses, where cisplatin treated patients had an ORR of 23% and doxorubicin treated patients had an ORR of 35% in addition to an increase in immune cell infiltration. Interestingly, patients pretreated with radiotherapy did not see an increase in immune cell infiltration in the form of CD8+ T cells and TILs. However, results from this study suggest that delivering chemotherapy prior to PD-1/PD-L1 inhibition can prime tumors for response to immune checkpoint inhibition (224). These studies highlight the clinical promise of combining chemotherapy, ICIs, and radiotherapy for treating breast cancer patients, and the important research underway to understand the clinical effects of these combined approaches.


Table 2 | Trials currently assessing combined immune checkpoint inhibition, chemotherapy, and/or radiotherapy.





The clinical and preclinical promise of combining immunotherapy, radiotherapy, and PARP inhibitors

Another approach for improving the efficacy of immunotherapy exists in combining immunotherapy and radiotherapy with DNA damage inhibitors, as summarized in Figure 4. Poly(ADP-ribose) polymerase (PARP) proteins help mediate effective DNA damage responses, and PARP inhibitors hold promise for the treatment of breast cancer by inhibiting this repair process (225). Mechanistically, PARP proteins are recruited to sites of damaged DNA and complete a posttranslational modification termed PARylation (225, 226). PARylation recruits DNA repair proteins to induce repair of single-strand breaks (SSBs) (140, 225, 226). PARP inhibitors prevent the accumulation of DNA damage repair proteins, resulting in increased DNA double-strand breaks (DSBs) (225, 226). Approximately 5% of breast cancer patients carry a deleterious mutation in the Breast Cancer (BRCA1/2) genes, which are required for proper DNA damage repair and correlate with increased risk of developing breast cancer (225, 227, 228). In patients with BRCA deleterious mutations, PARP inhibitors cause “synthetic lethality,” wherein loss of multiple DNA repair pathways results in synergistic tumor cell death (229). The PARP inhibitors olaparib and talazoparib are currently FDA-approved for the treatment of HER2-negative, BRCA-mutated breast cancer (225). Combining PARP inhibitors with radiotherapy can promote breast cancer cell death. Mechanistically, radiotherapy induces DNA damage, while PARP inhibitors prevent DNA damage repair (140). PARP1 inhibition was found to radiosensitize breast cancer models to ionizing radiotherapy preclinically (230, 231). Thus, there is a strong preclinical rationale to combine radiotherapy and PARP inhibitors for the treatment of breast cancer clinically.




Figure 4 | PARP Inhibitors Prevent DNA Damage Repair and May Synergize with Both Radiotherapy and Immune Checkpoint Inhibition. Mechanistically, PARP proteins are recruited to regions of DNA damage to assist in the repair of single-strand breaks. When PARP proteins are inhibited, this prevents proper DNA repair and promotes the accumulation of double-strand breaks. In patients that express the BRCA1/2 genes, this damage can be repaired; however, in patients with a deleterious BRCA1/2 mutation, this results in synthetic lethality due to the absence of multiple DNA repair pathways. It is well established that radiotherapy induces DNA damage. When radiotherapy is combined with PARP inhibitors, this prevents DNA damage repair in BRCA mutant cancers. Furthermore, the DNA damage induced by radiotherapy that is then not repaired following PARP inhibition can result in the production of cytosolic DNA molecules. As single agents, immune checkpoint inhibitors illicit immune responses by turning off immune checkpoints, resulting in pro-inflammatory, antitumor effects. Studies are currently underway to determine whether combined PARP inhibition, radiotherapy, and immune checkpoint inhibition will promote enhanced antitumor immunity and be efficacious for the treatment of breast cancer patients.



Clinical trials have begun to evaluate the combination of PARP inhibitors with radiotherapy and/or immunotherapy, which are summarized in Table 3. The PARP inhibitor veliparib has been combined with radiotherapy for breast cancer patients with inflammatory disease or locoregionally recurrent disease (NCT01477489) and is currently being examined in breast cancer patients in combination with preoperative radiotherapy (NCT01618357). The PARP inhibitor rucaparib is also currently being investigated in combination with radiotherapy for TNBC patients who do not respond to chemotherapy (NCT03542175). Furthermore, studies are also combining olaparib and radiotherapy (NCT03109080, NCT03598257). For example, the RADIOPARP Phase I trial examined the effects of olaparib combined with 50 Gy radiotherapy for patients with inflammatory, metastatic, or locoregionally advanced TNBC (NCT03109080) (232). While trimodality therapy can cause an increase in acute self-limited adverse events, overall, the combination is well tolerated (233). However, more research is needed to continue monitoring potential toxicities caused by this treatment modality in patients over time (232, 234).


Table 3 | Clinical trials assessing the effects of PARP inhibitors combined with radiotherapy and/or immune checkpoint inhibitors.



In addition to contributing to radiation-induced DNA damage, studies also suggest that PARP inhibition regulates antitumor immunity (226). Many studies suggest a connection between BRCA mutations, PARP inhibition, and the immune system in breast cancer. In BRCA-deficient TNBC models, PARP inhibition with olaparib induces a CD8+ T cell response in vivo through the activation of the cGAS/STING pathway (235). PARP inhibition also modulates immunosuppressive macrophages in the TME of BRCA1-associated TNBC models and treating these models with CSF-1R antibodies combined with PARP inhibitors overcomes PARP inhibitor acquired resistance (236). Moreover, knock down of BRCA2 in human breast cancer cells activates the cGAS/STING pathway (237). Surprisingly, PARP inhibition in some BRCA proficient ovarian and colorectal cancer models can also activate immune responses through the STING pathway (238). Moreover, combining PARP inhibitors with anti-PD-L1 improves tumor control in preclinical breast cancer models (239). These preclinical data suggest that PARP inhibition may promote antitumor immunity.

Furthermore, studies have examined the mechanisms underlying the interactions between resistance to PARP inhibitors and ICIs. PARP inhibitors have been found to upregulate PD-L1 expression, resulting in immunosuppression (240). Glycosylation of PD-L1 is required for its interaction with PD-1 and subsequent suppression of T cell activity (240, 241). However, inhibition of PD-L1 glycosylation via 2-deoxyglucose (2-DG) promotes T-cell mediated cytotoxicity and potent antitumor activity in combination with PARP inhibitors (240). Human and murine TNBC cell lines resistant to PARP inhibitors display an increase in epithelial-mesenchymal transition and upregulation of PD-L1 (242). These effects are abrogated by the application of metformin to block pAkt S473—potentially providing a synergistic approach to increase PARP inhibition and immunotherapy efficacy (242). In short, various studies suggest that PD-L1 upregulation may regulate PARP inhibitor resistance.

Clinical trials are beginning to report the efficacy of PARP inhibition combined with ICIs in breast cancer patients. In the TOPACIO/KEYNOTE-162 trial, the PARP inhibitor niraparib was combined with pembrolizumab for the treatment of advanced or metastatic TNBC (NCT02657889). Preliminary results from this study suggest that combining PARP inhibition with ICIs may be effective in metastatic TNBC regardless of BRCA status (243). Additionally, ongoing studies are examining the combination of olaparib and durvalumab for patients with metastatic TNBC (NCT03544125) (244), as well as examining the combination of pembrolizumab and olaparib in patients with DNA damage response pathway mutations (NCT03025035). Furthermore, a Phase II, open-label, randomized trial was recently underway to assess the effects of olaparib alone and in combination with atezolizumab in HDR deficient locally advanced or metastatic non-HER2+ breast cancer, although it was recently suspended (NCT02849496) (245). To conclude, these clinical data suggest that PARP inhibition may enhance patient responses to immunotherapy; however, additional research is merited.

Based upon the promise of combining both PARP inhibition with radiotherapy and PARP inhibition with immunotherapy, trials are also examining trimodal approaches with radiotherapy, ICIs, and PARP inhibition. A Phase II trial is currently recruiting patients to ascertain the efficacy and safety of talazoparib combined with radiotherapy and atezolizumab (anti-PD-L1) for PD-L1+ metastatic TNBC patients (NCT04690855). Additionally, a randomized, Phase II study is recruiting breast cancer patients to understand the effects of radiotherapy in combination with pembrolizumab and olaparib to treat patients with triple negative disease (NCT04683679). Moreover, a Phase II trial is currently assessing the effects of combined niraparib, dostarlimab (anti-PD-1), and radiotherapy in metastatic, PD-L1-, or immunotherapy-refractory TNBC (NCT04837209). Importantly, more time is necessary to define the tolerability and efficacy of these trimodal approaches in breast cancer patients.



Safety, tolerability, and cost-effectiveness of combined therapy approaches

Importantly, while combining targeted therapies with radiotherapy and immune checkpoint inhibitors is a promising approach for the treatment of breast cancer patients, more studies are warranted to further examine the safety and tolerance of such combinations. All pharmaceutical agents are associated with potential adverse events and combining therapeutic agents and modalities can heighten the risk of toxicity. Combining therapeutics also has the potential of reducing toxicity if combined therapies are synergistic and require lower doses of these agents in combination compared to when delivered as monotherapies. Clinical and preclinical studies are currently underway to screen for potential adverse effects and unwanted toxicities of combined approaches for the treatment of breast cancer.

Collectively, in breast cancer patients, single agent targeted therapies can result in various toxicities, including cardiovascular (246, 247), endocrine, dermatologic, and pulmonary toxicities (248). While advancements in the delivery of radiotherapy as a monotherapy have allowed for the precise delivery of radiation rays directly to cancerous lesions, radiotherapy can also damage nearby, non-malignant cells, resulting in acute and late-onset toxicities (249). ICIs are associated with idiosyncratic inflammatory adverse events which can occur in potentially any organ system, emphasizing the importance of closely monitoring patients receiving such therapies (250). Anti-CTLA-4 immunotherapies are associated with a higher incidence of immune-related adverse events (irAEs) compared to inhibitors of the PD-1 axis, which may coincide with their different mechanisms of action (249). Anti-PD-1 therapies (i.e., pembrolizumab) may be associated with fewer adverse events than anti-PD-L1 therapies (i.e., atezolizumab) in breast cancer patients (250, 251). Collectively, as more patients receive ICIs as part of their treatment regimens, more screening is warranted to understand why these adverse events take place and how these events can be prevented in patients undergoing treatment.

Combination therapies involving the application of both radiotherapy and ICIs may result in complex effects on the immune system which may promote enhanced therapy efficacy and also therapy toxicity. To date, the combination of radiotherapy and ICIs has been found to be safe and well-tolerated in patients undergoing treatment (249, 252). Combined anti-PD-1 and anti-CTLA-4 ICIs with palliative radiotherapy was found to be associated with few adverse events in patients with non-small cell lung cancer, melanoma, renal cell cancer, and breast cancer (192, 253). Toxicity can also occur in studies combining chemotherapy with ICIs. For instance, in the KEYNOTE-522 trials, while combination of chemotherapy and pembrolizumab improved pathological complete response in patients with early TNBC, this therapy resulted in 78% of patients having grade 3 or higher adverse events, compared to only 73% of patients in the placebo-chemotherapy group (106). Targeted therapy can also cause adverse events. Single-agent PARP inhibition has been found to be less toxic compared to single-agent chemotherapy; however, when PARP inhibitors are used in combination with radiotherapy, toxicity must be closely monitored (248). In a study that combined PARP inhibition (veliparib) with radiotherapy in patients with inflammatory or locoregionally recurrent breast cancer, 1 year post treatment resulted in grade 3 toxicity of 10%. However, 3 years following combined therapy, 46.7% of patients experienced grade 3 toxicity, with 6 out of a total 15 patients having severe fibrosis in the field of treatment (233). Collectively, more studies are needed to screen for such toxicities and determine the proper doses of targeted therapies, ICIs, and radiotherapy that can be efficacious, while inducing minor adverse events and low toxicities in patients with aggressive forms of breast cancer,

While the safety profiles of combined approaches are important to consider when determining the optimal treatment plan, another important aspect to consider is the cost-effectiveness of such therapeutics. Financial toxicity is a growing concern in breast cancer care (254). While ICIs are an emerging and promising therapeutic option for cancer patients, they are costly services for patients, which is a critical factor when patients are deciding what course of therapy to pursue. In a study assessing the cost effectiveness of immunotherapy in non-small cell lung cancer, the median yearly cost of ICIs was $148,431. Importantly, while the costs of ICIs may vary based upon drug rand and mechanism of action, overall, prolonged usage of such therapies beyond two years was not found to be financially feasible for patients (255). Consequently, numerous studies are focused on accessing the cost-effectiveness (CE) of immunotherapies, which is often measured as the incremental cost-effectiveness ratio (ICER), a ratio that represents the cost required for one additional year of life (256). In breast cancer, results from studies assessing the cost-effectiveness of immunotherapies are often mixed and are drug-dependent—supporting the need to further analyze the benefit of prescribing ICIs to cancer patients—especially in combination with other targeted therapies. In solid tumors, ICIs provide significant clinical benefits to patients and certain types of ICIs have been found to be cost-effective in different types of cancer compared to chemotherapy treatment alone (256). In PD-1+, metastatic TNBC, the combination of pembrolizumab with chemotherapy was found to be cost-effective (257). Combined chemotherapy and pembrolizumab was also cost-effective in high risk, early-stage TNBC (258). Combining ICIs with radiotherapy is also cost-effective in non-small cell lung cancer; however, this has not been examined as thoroughly in the context of breast cancer and more studies are warranted (259). More work is also necessary to determine how cost-effective trimodal approaches are for breast cancer patients—such as for combined ICIs, radiotherapy, and targeted therapy. Furthermore, this also starts conversations regarding the overall cost of therapeutics and accessibility to affordable healthcare—which may vary based upon where patients are receiving their cancer care and influence their decisions to receive such therapies.



Future directions

Future clinical trials are focused on assessing whether combination approaches increase immunotherapy efficacy in patients with breast cancer as demonstrated in Table 4 (260). CDK4/6 inhibitors are mainstay treatments for women with metastatic HR+, HER2- breast cancer and induce radiosensitization in preclinical models of ER+ breast cancer and TNBC (261, 262). Furthermore, the CDK4/6 inhibitor abemaciclib enhances the efficacy of anti-PD-L1 ICIs by augmenting antigen presentation and T cell activation in human breast cancer cells (263). These data motivate the assessment of combining CDK4/6 inhibitors with radiotherapy and ICIs in future studies. Currently, the effects of combined stereotactic body radiation (SBRT), ICIs, and hormone therapies are being examined in ER+ breast cancer (NCT04563507). In addition to analyzing the effects of already developed pharmacological agents with radiotherapy and ICIs, future studies should investigate the combined effects of novel cancer therapeutic agents. For instance, combining a phosphoinositide 3-kinase δ (PI3Kαδ) inhibitor with radiotherapy and anti-PD-1 was found to increase CD8+ T cell accumulation and delay tumor growth in a murine syngeneic TNBC model (264). STING agonists are also currently being examined in preclinical breast cancer models in combination with ubiquitinated protein nanovaccines (265), anti-CD47 monoclonal antibodies (266), and CAR-T cell therapy (267). These studies suggest that combining STING agonists, ICIs, and radiotherapy may have clinical potential.


Table 4 | Additional studies assessing combinatorial therapies for the treatment of breast cancer.



Additional studies are crucial to determine the most effective radiotherapy dose and fractionation in patients. The optimal dose fractionation to induce effective antitumor immune responses has not yet been determined, with preclinical literature supporting both ablative single fractions (268) as well as moderate hypofractionation (160, 166). For example, ablative stereotactic body radiotherapy delivered at 15 Gy delivered in 3 fractions or 30 Gy radiotherapy delivered in 1 fraction combined with immunotherapy decreased primary tumor size in a 4T1 murine breast cancer model, while ablative radiotherapy delivered at 1 fraction of 30 Gy transforms the tumor suppressive microenvironment of colon tumors into a pro-inflammatory, CD8+ T cell enriched environment (268, 269). Hypofractionated radiotherapy delivered at 9.18 Gy in 3 fractions or 6.43 Gy in 5 fractions also induces systemic antitumor effects and promotes synergy in combination with anti-PD-1 in syngeneic breast cancer models (270). Conversely, radiotherapy delivered at doses above 12-18 Gy induces Trex1 in other breast cancer models, which can hinder the pro-immune effects of radiotherapy by degrading cellular DNA upstream of the cGAS/STING pathway (177). Prospective clinical evaluations are needed to define the optimal radiotherapy regimens in patients.

In addition to better understanding the mechanisms involved in radiotherapy, it is also critical to further understand the underlying mechanisms involved in immunotherapy efficacy and patient response to immunotherapy. Importantly, many factors play a role in the efficacy of ICIs, such as age (85), sex (NCT04435964), gut microbiome (NCT03383107, NCT05037825), and oncogenic signaling/mutations (NCT01351103) (271). Immunotherapy efficacy may also depend on sites of metastatic involvement. In both patients and preclinical models, liver metastases are associated with diminished immunotherapy efficacy (272). Moreover, it is essential to continue investigating the effects of the cGAS/STING pathway and its implications in both the radiotherapy response and immune response in human cancers. Numerous studies are currently investigating the preclinical implications of the cGAS/STING pathway in cancer and how other mediators of this pathway can be modulated to promote pro-immune, antitumor effects. In all, the mechanisms underlying combined therapies are complex and more research is justified to further understand these interactions.

Moreover, it is also critical to define treatment tolerance since adverse events may occur following combined treatments. Finally, another crucial future direction is developing predictive and prognostic biomarkers indicative of response to combination therapies. While studies suggest TILs, tumor mutation burden (TMB), and immune gene signatures may be potential biomarkers for response to ICIs in breast cancer, biomarkers indicative of combined therapy efficacy have not yet been identified (273, 274). In short, more research is necessary to discover biomarkers to help identify which patient populations will respond best to these novel therapeutic approaches.




Discussion

Breast cancer is the leading non-cutaneous cancer diagnosed among females and is a heterogeneous disease that can result in poor clinical outcomes, especially in patients with triple negative disease. Immunotherapy is an emerging therapeutic option for aggressive forms of breast cancer and combining immunotherapy with radiotherapy may hold clinical benefit. Preclinical studies are underway to understand the potential benefit of combining radiotherapy with immune checkpoint inhibitors and to examine the molecular mechanisms that contribute to potential synergy between these therapies. Additional studies are needed to develop therapeutic approaches targeting canonical and noncanonical regulators of innate immunity in conjunction with radiotherapy and immunotherapy. Clinical trials are currently examining the prognostic benefits of combined ICIs and radiotherapy with other available cancer therapeutics in breast cancer patients. Collectively, these studies support the importance of improving combined therapy efficacy with the ultimate goal of improving outcomes in breast cancer.
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Recent studies suggest that inhibition of the ATR kinase can potentiate radiation-induced antitumor immune responses, but the extent and mechanisms of such responses in human cancers remain scarcely understood. We aimed to assess whether the ATR inhibitors VE822 and AZD6738, by abrogating the G2 checkpoint, increase cGAS-mediated type I IFN response after irradiation in human lung cancer and osteosarcoma cell lines. Supporting that the checkpoint may prevent IFN induction, radiation-induced IFN signaling declined when the G2 checkpoint arrest was prolonged at high radiation doses. G2 checkpoint abrogation after co-treatment with radiation and ATR inhibitors was accompanied by increased radiation-induced IFN signaling in four out of five cell lines tested. Consistent with the hypothesis that the cytosolic DNA sensor cGAS may detect DNA from ruptured micronuclei after G2 checkpoint abrogation, cGAS co-localized with micronuclei, and depletion of cGAS or STING abolished the IFN responses. Contrastingly, one lung cancer cell line showed no increase in IFN signaling despite irradiation and G2 checkpoint abrogation. This cell line showed a higher level of the exonuclease TREX1 than the other cell lines, but TREX1 depletion did not enhance IFN signaling. Rather, addition of a pan-caspase inhibitor restored the IFN response in this cell line and also increased the responses in the other cell lines. These results show that treatment-induced caspase activation can suppress the IFN response after co-treatment with radiation and ATR inhibitors. Caspase activation thus warrants further consideration as a possible predictive marker for lack of IFN signaling.
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Introduction

Local radiotherapy can increase tumor immunogenicity, yielding systemic, abscopal effects on distal metastases in rare cases (1, 2). However, the influence of radiotherapy on the immune system is complex, and radiotherapy may also stimulate immunosuppressive mechanisms (3). Immune checkpoint inhibitors combined with radiotherapy has shown promise in enhancing the antitumor immune effects (4–6). Nevertheless, therapeutic responses remain limited, urging the need for more knowledge and new, efficacious strategies.

The serine/threonine protein kinase ATR is a central regulator of the G2 cell cycle checkpoint and DNA repair following irradiation (7, 8). When ATR inhibitors (ATRi) are combined with irradiation, cells will enter mitosis with unrepaired DNA lesions, which ultimately causes micronucleus formation and cell death (9). ATRi are therefore promising radiosensitizers under clinical evaluation (10, 11). Interestingly, recent studies suggest that ATRi, besides their effects on cell cycle checkpoints and DNA repair, may also increase radiation-induced antitumor immune responses. Increased immune effects, such as activation of CD8+ T cells and immunological memory, have been observed in murine cancer models after treatment with the ATR inhibitor AZD6738 and ionizing radiation (IR) (12–14). Mechanistically, ATRi may stimulate tumor immunogenicity through downregulation of programmed cell death 1 ligand 1 (PD-L1) in irradiated cancer cells (3, 14, 15). In addition, ATR inhibition can potentiate radiation-induced type I IFN responses, likely through generation of cytosolic DNA resulting from increased micronucleus formation after abrogation of cell cycle checkpoints (16, 17). In this scenario, the DNA sensor cGAS recognizes de facto cytosolic DNA in ruptured micronuclei, and triggers induction of type I IFN through the cGAS–STING–IRF3–TBK1 signaling cascade (18–20). Noteworthy, the cGAS–STING–IFN pathway is negatively regulated by three-prime repair exonuclease 1 (TREX1), which degrades the DNA substrates of cGAS (21, 22). In addition, this pathway can be negatively regulated by caspase-mediated protein cleavage (23).

The potentiation of IFN responses after IR and ATRi were mostly shown in murine cancer or human normal cells, and it remains elusive whether similar effects commonly occur in human cancer cells. Furthermore, in some cell lines, IFN responses were rather stimulated through immune recognition of cytosolic RNA (16, 17). Opposing results regarding whether the IFN response was dependent on the cytosolic RNA sensor RIG-I or the DNA sensor cGAS have even been reported for the same cells (MCF10A) (16, 17), underlining the mechanistic uncertainty of the response.

Here, we investigated the hypothesis that combined treatment of human cancer cells with IR and ATRi stimulates cGAS-mediated type I IFN responses, due to G2 checkpoint abrogation and consequently enhanced generation of micronuclei. We found that the combined treatment caused increased cGAS-mediated type I IFN secretion in all tested cell lines except for one, which contained very high basal levels of the exonuclease TREX1. However, downregulation of TREX1 in this cell line did not restore IFN signaling. Rather, the IFN response was restored upon co-treatment with a pan-caspase inhibitor. The caspase inhibitor also further increased the IFN responses in the other cell lines.



Results


Radiation-induced type I interferon signaling declines at high radiation doses, coinciding with a prolonged G2 checkpoint arrest

To explore how ATR inhibitors affect radiation-induced IFN signaling, we first assessed the effects of irradiation alone. We treated the human osteosarcoma cell line U2OS with different radiation doses (2-20 Gy), and measured IFN signaling three to six days post treatment by immunoblotting of phosphorylated STAT1 (pSTAT1). STAT1 is phosphorylated upon autocrine and paracrine type I IFN signaling, rendering pSTAT1 indicative of IFN secretion (18, 24). At six days post treatment, a marked increase in pSTAT1 was observed after lower radiation doses (2 and 5 Gy), whereas higher doses (>10 Gy) gave only minor increases in pSTAT1 level (Figures 1A, B). Similar radiation dose responses have been reported in a previous study, where the lack of IFN secretion after higher doses (> 10 Gy) was attributed to radiation-induced increases in TREX1 expression (25). Contrastingly, we did not find any increase in TREX1 levels in U2OS cells after irradiation with 10-20 Gy (Figure 1A). Our results thus suggest other mechanisms to be responsible for suppression of IFN responses after high-dose irradiation in this cell line. Induction of type I IFN responses has been linked to formation of micronuclei resulting from mitosis with unrepaired DNA after irradiation (18, 19). As arrest at the G2 checkpoint delays mitotic entry, we compared cell cycle progression after low- and high-dose irradiation. The cells arrested notably longer in the radiation-induced G2 checkpoint after higher doses than after lower doses, as expected (Figure 1C). The lack of IFN signaling after exposure to high doses of radiation thus coincides with prolonged G2 checkpoint arrest, suggesting that the arrest counteracts IFN signaling.




Figure 1 | Reduction of radiation-induced IFN signaling at high IR doses coincides with prolonged G2 checkpoint arrest. (A) Immunoblots of U2OS cells harvested at three and six days after IR. Bar charts show pSTAT1 and TREX1 levels relative to total protein and normalized to mock. (B) Quantification of pSTAT1 levels relative to the corresponding mock sample for multiple independent experiments with 5 and 20 Gy as in (A). (3 days: n = 5 for 5 Gy and n = 4 for 20 Gy; 6 days: n = 3) (C) DNA histograms from parallel samples in the same experiment as in (A). The ‘100K’ annotation marks the G2/M phase peak. Results in (A, C) are representative for three independent experiments performed at different time points within 0-6 days post treatment.





ATR inhibition-induced G2 checkpoint abrogation accelerates micronucleus formation after irradiation

We next investigated whether ATR inhibition can abrogate the G2 checkpoint after irradiation with low and high doses. We employed the ATR inhibitor VE822 (berzosertib) at a high concentration (250 nM), which caused ~80% reduction in cell viability (Supplementary Figure S1A, left). Treatment with 250 nM VE822 efficiently abrogated the checkpoint after 2 and 5 Gy irradiation, but less so after irradiation with 10 or 20 Gy (Supplementary Figure S1B). Hence, ATR inhibition is less effective in abrogating G2 checkpoint arrest after higher radiation doses, in agreement with previous studies showing that the G2 checkpoint is regulated by multiple factors (26–30). In our subsequent studies with radiation and ATRi, we therefore irradiated with 5 Gy. U2OS cells showed a pronounced G2 checkpoint arrest at 17 hours after 5 Gy, with the cell cycle profile slowly beginning to redistribute at 22-41 hours post treatment (Figure 2A). Cells co-treated with 5 Gy and 250 nM VE822 showed no sign of checkpoint arrest, with no accumulation of cells in G2 phase at 17-22 hours post treatment (Figure 2A). Furthermore, the G2 checkpoint was almost completely abrogated at 0-6 hours post treatment, as detected by presence of mitotic cells (data not shown). The checkpoint was correspondingly abrogated by a high concentration (1250 nM) of the ATR inhibitor AZD6738 (ceralasertib) (Figures 2B, C). This concentration of AZD6738 caused ~50% reduction in cell viability (Supplementary Figure S1A, right). We also tested lower, less toxic concentrations of both VE822 and AZD6738 (50 nM and 250 nM, respectively), yielding 5-10% reduction in viability (Supplementary Figure S1A). The lower concentrations gave a partial abrogation of the G2 checkpoint (Figures 2B, C). The effect of ATR inhibition was also assessed by immunofluorescence microscopy. Cells treated with 5 Gy IR and 250 nM VE822 generated micronuclei already within 24 hours post treatment (consistent with finalized mitosis), whereas micronuclei were observed at 72 hour post treatment for irradiated mock cells (Figure 2D). These results indicate that ATR inhibitors at high concentrations efficiently abrogate G2 checkpoint arrest and thereby accelerate the generation of micronuclei.




Figure 2 | ATRi abrogates radiation-induced G2 checkpoint arrest, resulting in expedited generation of micronuclei and induction of type I IFN response in U2OS cells. (A) DNA histograms after treatment with IR and VE822. (B) Quantification of proportion of cells in G2/M phase from the experiment in (A). (C) Bar-plotted quantification of G2/M proportions from three independent experiments performed as in (A), at 17 hours after treatments. (D) Micrographs showing anti-dsDNA immunofluorescence staining. ATRi: 250 nM VE822. Scale bars: 20 µm. (E) Immunoblot of phosphorylated STAT1 (pSTAT1) and total STAT1 (STAT1) three and six days after IR with or without VE822 and AZD6738. Pan-actin and γ-tubulin were used as loading controls at three and six days, respectively. (F) Quantification of pSTAT1 levels relative to loading controls for experiments as in (E). Values are normalized to 5 Gy. (G) Immunoblot of pSTAT1 and STING in U2OS cells at three days after the indicated treatments. Bar chart shows STING level relative to total protein and normalized to mock. (H) ELISA of IFN-β in 20X up-concentrated growth media from U2OS cells harvested three days after treatment. Dashed line indicates the lowest interferon-β concentration tested in the standard curve in Supplementary Figure S1E (7.81 pg/ml). n.d. = not detectable.





Combined treatment with IR and ATRi expedites radiation-induced interferon response in U2OS cells

Type I IFN responses upon treatment of U2OS cells with IR and ATRi were measured by pSTAT1 levels and IFN-β ELISA. Irradiation (5 Gy) alone gave nearly no increase in pSTAT1 levels at three days post treatment (Figures 2E, F). Co-treatment with IR and high concentrations of ATRi (250 nM VE822; 1250 nM AZD6738) markedly increased this response, whereas a smaller increase was obtained with the lower concentrations (50 nM VE822; 250 nM AZD6738) (Figures 2E, F). The biggest effect was obtained with the high concentration of VE822 (250 nM), which also caused the highest reduction of cell viability (Supplementary Figure S1A). At six days post treatment, IR alone induced the highest pSTAT1 levels, but this induction nevertheless appeared lower than after the aforementioned high-concentration co-treatments at three days (Figures 2E, F; Supplementary Figure S1C). ATRi thus causes an earlier and more pronounced wave of IFN response, which declines with time. The latter might be related to reduced kinase activities in dying or dead cells. Indeed, the higher concentrations of ATRi rendered measurements unattainable at six days due to too much cell death (data not shown). We also observed increased levels of total STAT1 after the treatments (Figure 2E; Supplementary Figure S1D), consistent with previous work in other cell lines showing that radiation-induced increase in pSTAT1 is accompanied by increased levels of total STAT1 (18). Of note, a previous study has reported that the cGAS–STING–IFN pathway is defective in U2OS cells due to very low or undetectable expression levels of STING1 (31). However, we consistently observed an increase in STING level after treatment with IR and ATRi (Figure 2G), supporting that this pathway may likely be active in U2OS cells after the treatment.

To verify that pSTAT1 levels represent an activated type I interferon signaling cascade, we measured levels of IFN-β in growth medium supernatants by ELISA three days post treatment. Whereas the unirradiated mock samples and the samples treated with IR or ATRi alone failed to give detectable levels of IFN-β, the combined treatment with IR + 250 nM VE822 – which produced the highest increase in pSTAT1 levels – gave clearly elevated IFN-β concentrations in the medium (Figure 2H; Supplementary Figure S1E). The ELISA measurements thus confirm that the increased pSTAT1 levels correlated with IFN-β secretion. Altogether, these results indicate that whereas IR alone induces an IFN response at around six days, the combined treatment with IR and ATRi can induce an expedited response at three days post treatment.



The effect of co-treatment with IR and ATRi on interferon signaling varies between human lung cancer cell lines

As done for U2OS, we next assayed pSTAT1 levels in the non-small cell lung cancer (NSCLC) cell lines SW900, H1975, A549 and H460. Irradiation alone caused a small increase in pSTAT1 for SW900 and H1975 at three days post treatment, and in A549 at six days post treatment (Figures 3A–C). We detected further increased pSTAT1 levels upon co-treatment with IR and ATRi for SW900, H1975 and A549 (Figures 3A–C), albeit to a lesser extent than for U2OS. The highest levels of pSTAT1 were observed after treatment with IR + 250 nM VE822 for SW900 and A549 (Figures 3A, C), in concordance with the results for U2OS (Figures 2F, H). For H1975, the differences between IR and IR + ATRi were not statistically significant, but nevertheless, the pSTAT1 level was increased both after IR alone and in combination with ATRi when compared to the non-irradiated cells (Figure 3B). At six days post treatment, all the treatments of H1975 resulted in pSTAT1 levels around or below the mock sample background level (Supplementary Figure S2C). SW900, on the other hand, showed a marked radiation-induced increase in pSTAT1 level at six days, but still lower than after IR + ATRi at three days (Supplementary Figures S2A, B), resembling the results for U2OS.




Figure 3 | ATRi abrogates radiation-induced G2 checkpoint arrest in four human lung cancer cell lines, and gives increased IFN response in three of these. (A–D) Immunoblots for indicated NSCLC cell lines after treatment with IR and ATRi. Bar charts show pSTAT1 levels relative to loading controls and normalized to 5 Gy. (Results for A549 at three days after treatment and at six days for the other cell lines are shown in Supplementary Figure S2). γ-tubulin, PNUTS and pan-actin were used as loading controls. (E) ELISA of IFN-β in H460 cells treated and analyzed as in Figure 2H. (The zero values are from an experiment where all IFN readings were equal to or lower than the lowest value of the standard curve). (F) Proportion of cells in G2/M phase after treatment with IR and 250 nM VE822. The corresponding DNA histograms are shown in Supplementary Figure S3. (G) Bar-plotted quantification of G2/M proportions from three independent experiments performed as in (F), at 17 hours after treatments.



Notably, no increase in pSTAT1 levels was observed for H460 after treatment with either IR alone or in combination with ATRi, neither at three nor six days post treatment (Figure 3D; Supplementary Figure S2E). This was confirmed by ELISA measurements of IFN-β in H460 (Figure 3E). H460 thus deviates from the other tested cell lines, all of which showed an increase in pSTAT1 levels after treatment with IR and/or IR + ATRi. To address whether H460 also deviated in terms of G2 checkpoint abrogation, we performed cell cycle analyses after treatment with 5 Gy IR + 250 nM VE822. However, all four lung cancer cell lines showed a clear G2 arrest at 17 hours after irradiation, which was abrogated upon ATR inhibition (Figures 3F, G; Supplementary Figures S3A, B). Of note is that A549 had less accumulation of cells in G2 phase after irradiation, likely due to a more pronounced G1 checkpoint (Supplementary Figure S3A). Thus, A549 may cycle more slowly than the other cell lines after the treatment, which could possibly explain the delayed IFN response in this cell line relative to the others. Together, these results show that ATRi can increase the IFN response after irradiation in three out of the five cell lines tested, and weakly in further one cell line, while the G2 checkpoint was abrogated in all five cell lines.



Increased pSTAT1 levels after combined treatment with IR and ATRi are dependent on cGAS

To investigate whether the treatment-induced increases in pSTAT1 levels were dependent on the cytosolic DNA sensor cGAS, we performed siRNA transfection to deplete cGAS in U2OS, A549 and SW900. For all three cell lines, the increase in pSTAT1 level was abolished or heavily diminished upon cGAS depletion (Figure 4A). This result substantiates the hypothesis of IFN secretion in response to detection of cytosolic DNA by cGAS after treatment with IR and ATRi. To further elucidate cGAS’ role in the response, we performed immunofluorescence microscopy of U2OS at three days after treatment with IR with and without 250 nM VE822. If cGAS initiates the type I IFN response after detection of de facto cytosolic DNA in micronuclei, cGAS should localize to the micronuclear lumen. Indeed, cGAS formed distinct foci localized to micronuclei in U2OS cells after the combined treatment (Figure 4B). Transfection with siRNA targeting CGAS abolished this effect despite presence of micronuclei (Figure 4C). Furthermore, siRNA-mediated depletion of STING also abolished the IFN response after IR and ATRi, highly consistent with activation of the cGAS–STING–IFN pathway in U2OS cells (Supplementary Figure S4A). In contrast, transfection with three different non-targeting control siRNAs did not eliminate the IFN response (Supplementary Figure S4A). Taken together, these results show that the IFN response is dependent on cGAS–STING, and that there is a link between micronuclear cGAS localization and induction of the type I IFN response.




Figure 4 | Increased IFN signaling after IR and ATRi is dependent on the cytosolic DNA sensor cGAS.(A) Immunoblots and quantifications of pSTAT1 levels in non-transfected (N/T) and siCGAS-transfected cells at three (U2OS, SW900) or six (A549) days after treatment. Bar charts show pSTAT1 levels relative to loading controls (γ-tubulin or PNUTS) and normalized to 5 Gy. (B) Micrographs of U2OS cells stained with antibodies against cGAS (red) and dsDNA (green) at three days after treatment. (C) Micrographs of U2OS cells transfected with siCGAS as in (A) and harvested at three days after treatment with 5 Gy and 250 nM VE822. Arrows in Figure B-C indicate cGAS foci localized to micronuclei. Scale bars: 20 µm.





Caspase inhibition restores the IFN response in H460 cells and increases the responses in the other cell lines.

As H460 deviated from the other cell lines by the lack of IFN response after treatment, and as TREX1 can degrade the DNA substrate of cGAS, we assessed the protein level of TREX1 in all the cell lines (Figure 5A). The level of TREX1 was considerably higher in H460 than in the other cell lines (Figures 5A, B), which could imply that TREX1 is responsible for the lack of IFN response in H460. To address this, we depleted TREX1 by siRNA transfection. However, depletion of TREX1 in H460 caused massive cell death and growth arrest, and did not produce any IFN response upon treatment with IR and ATRi (data not shown). We therefore titrated the siRNA concentration to obtain a partial depletion of TREX1 in H460, reaching approximately similar level of TREX1 as in the other cell lines (Figure 5C). In this experiment we also included a pan-caspase inhibitor (Q-VD-OPh) to address whether apoptotic cell death might camouflage the effect of TREX1 depletion. Remarkably, the caspase inhibition, but not the TREX1 depletion, resulted in a high pSTAT1 level after treatment with IR and ATRi in H460 (Figure 5C). The magnitude of this response after the triple-treatment was comparable to the IFN response in U2OS cells after IR + ATRi (Figure 5D). The caspase inhibitor also increased the pSTAT1 levels after IR + ATRi in U2OS, SW900 and A549 cells, but no increase was seen in H1975 cells (Figure 6A). Of note is that these differences were not statistically significant for U2OS and A549, but all the experiments anyway showed a similar trend (Figure 6A). To further validate these findings, we measured IFN-β by ELISA in H460, U2OS, H1975 and SW900 cells after treatment with ATRi and/or IR in the presence and absence of the caspase inhibitor. The ELISA results confirmed that caspase inhibition restores the IFN response in H460 and increases the responses in U2OS and SW900 cells (Figures 6B, C). Intriguingly, caspase inhibition also increased IFN-β secretion in H1975 cells (Figures 6B, C), despite the lack of increase in pSTAT1 level (Figure 6A). The amount of secreted IFN-β was even higher for H1975 than for the other cell lines. The pSTAT1 response occurring downstream of IFN-β secretion must thus somehow be downregulated in H1975 cells. Treatment-induced cleavage of caspase-3 and PARP1 were detected in H460, U2OS and H1975 cells (Supplementary Figure S4B), which also were the three cell lines showing biggest increases in IFN response upon caspase inhibition. Altogether, these results strongly suggest that treatment-induced caspase activation is responsible for the lack of IFN response in H460 cells after IR + ATRi. Furthermore, caspase activation also counteracts the IFN response in the other cell lines.




Figure 5 | Caspase inhibition restores IFN signaling in the H460 cell line, which initially lacked the IFN response after IR + ATRi. (A) Immunoblots showing cGAS and TREX1 levels at three days after treatment. Three leftmost lanes: 10, 25 and 50% loading of the co-treated SW900 sample. ATRi: 250 nM VE822. (B) Quantification of immunoblots from three independent experiments as shown in (A) for TREX1, relative to total protein levels and normalized to U2OS mock. (C) Left: Immunoblots of H460 cells at three days after treatment with IR (5 Gy), ATRi (250 nM VE822) and a pan-caspase inhibitor (20 µM Q-VD-OPh). Cells were transfected with control siRNA (UNC; universal negative control) or siRNA targeting TREX1 at six hours prior to the treatment. Right: Quantification of immunoblots for pSTAT1 and TREX1 from two independent experiments, relative to total protein and normalized to the triple-treated non-transfected (N/T) cells (third lane). (D) Immunoblots of H460 cells and U2OS cells at three days after the indicated treatments. The caspase inhibitor was present at 10 µM or 20 µM for 0-72 h or 24-72 h after irradiation, as indicated. The ATR inhibitor (VE822) was present for 0-72 h. Bottom bar chart shows quantification of pSTAT1 levels from three (two for the two latter triple-treatments for both cell lines) independent experiments, relative to γ-tubulin and normalized to the co-treated U2OS sample (5 Gy + 250 nM VE822). Dashed line is included to compare pSTAT1 levels for the triple treated H460 cells with the co-treated U2OS cells.






Figure 6 | Caspase inhibition increases secreted IFN-β. (A) Quantification of pSTAT1 levels from three independent immunoblot experiments in each cell line at three days (H460, U2OS, H1975, SW900) or six days (A549) post treatment. Values are relative to γ-tubulin or total protein and normalized to the triple-treated sample. One sample t test was conducted for differences between co-treated (5 Gy + ATRi) and triple-treated (5 Gy + ATRi + CASPi) samples. (B) ELISA measurements of secreted IFN-β in 20X upconcentrated growth medium supernatants from samples three days after IR and ATRi. ATRi: 250 nM VE822, CASPi: 10 µM Q-VD-OPh (24–72 h). Top: U2OS and H460 with DMEM medium control; bottom: H1975 and SW900 with RPMI medium control. Results from Figures 2H and 3E are included in the plots for U2OS and H460 without CASPi. (C) The IFN-β values in (B) for co-treated (5 Gy + ATRi) normalized to the values for triple-treated (5 Gy + ATRi + CASPi) samples. (n.t.: not tested (U2OS, n = 2), n.s.: not significant).






Discussion

Combined treatment with ATRi and radiotherapy is a promising strategy under evaluation in clinical trials (10, 11, 32). While the rationale until recently has been ATR’s function in DNA damage repair and cell cycle checkpoints, a new role for ATR is also emerging in the suppression of antitumor immune responses [reviewed in (33–35)]. However, the mechanisms of how ATRi regulate immune effects, and to what extent these are important in human cancers, have been unclear. We show that the ATR inhibitors VE822 and AZD6738 can potentiate radiation-induced, cGAS-dependent type I interferon signaling in several cell lines from human osteosarcoma and NSCLC. On the other hand, IFN signaling was not observed in one of the NSCLC cell lines, H460, despite abrogation of the G2 checkpoint and presence of micronuclei. Remarkably, upon addition of a pan-caspase inhibitor, the IFN response was restored in this cell line after irradiation and ATR inhibition. Moreover, the caspase inhibitor also increased the IFN responses in the other cell lines. Our results are consistent with a model where the ATR inhibitors’ abrogating effect on the G2 checkpoint leads to an IFN response via detection of micronuclear DNA by the cytosolic DNA sensor cGAS. The ATR inhibitors thereby accelerate and increase the radiation-induced IFN response. However, treatment-induced caspase activation can suppress this response (Figure 7).




Figure 7 | Model for regulation of type I IFN response by G2 checkpoint arrest. Treatment with IR alone (top) can induce a delayed IFN response, occurring after completion of the IR-induced G2 checkpoint arrest. When the G2 arrest is abrogated by ATRi (ATRi + IR; bottom), the IFN response comes earlier, and it is also stronger (because more micronuclei are formed when there is less time for DNA repair prior to mitosis). In both cases IFN is induced due to immune recognition of DNA from ruptured micronuclei, via the cGAS–STING–IFN pathway. This pathway can be suppressed by treatment-induced caspase activation.



Our finding, that caspase inhibition increases interferon signaling, is consistent with previous studies showing caspase-dependent suppression of the cGAS–STING–IFN pathway during DNA virus infection [reviewed in (23)]. A previous study has reported that caspase inhibition also can increase radiation-induced IFN secretion (36). However, to our knowledge, it has not previously been shown that caspase inhibition increases the IFN response after combined treatment with IR and ATRi. We propose that treatment-induced caspase activation counteracts the IFN response mediated by cGAS-detection of DNA from ruptured micronuclei. This finding may partly explain why different cancer cell lines show large variations in the extent of IFN response after irradiation and ATR inhibition [this study and (17)]. In some cell lines, the treatment induces strong caspase activation which suppresses the response. The underlying molecular mechanism of how pan-caspase inhibition increases the IFN response after IR and ATRi remains to be elucidated. Caspases may potentially cleave cGAS or other factors in the cGAS–STING signaling cascade (23, 37). Furthermore, the previous study with radiation-induced IFN suggested that caspase inhibition prevents breakdown of irradiated cells with cytosolic DNA (36). Notably, the IFN response is regulated by multiple factors. In addition to the micronuclei, mitochondrial DNA or endogenous retroviruses can also cause IFN induction after irradiation (38, 39). An important task for the future is therefore to better understand the relative contribution from each of these pathways.

The lack of IFN response in H460, after both irradiation alone and co-treatment with IR and ATRi, coincided with a higher baseline level of TREX1 in this cell line than in the responding ones. We therefore hypothesized that TREX1 might be a regulating factor for the cGAS–IFN signaling pathway in H460. However, neither partial depletion nor full depletion of TREX1 by siRNA transfection did increase IFN signaling in H460. Furthermore, we failed to see an increase in TREX1 levels after treatment with high radiation doses (10-20 Gy). The observed reduction of IFN response after high doses did therefore not correlate with an induction of TREX1 expression, in contrast to the results of a previous study (25). However, while we assessed TREX1 protein levels, the previous study examined TREX1 mRNA levels and also applied other cell lines than us, which might explain differences between the results.

In our study, we employed two different concentrations of the ATR inhibitors. While the highest, most toxic concentrations of the inhibitors (250 nM VE822; 1250 nM AZD6738) abrogated the G2 checkpoint and induced IFN signaling, the lower concentrations (50 nM VE822; 250 nM AZD6738), which were less toxic, only moderately abrogated the checkpoint and showed minor increases in IFN signaling. Of note is that the higher inhibitor concentrations are toxic even without irradiation, and the concentrations typically used for radiosensitization of cancer cell lines are closer to the lower concentrations in our study. Radiosensitizing effects have for instance been reported with 25-50 nM VE822 in U2OS and A549 cells (40) and with 100-300 nM AZD6738 in A549 and H460 cells (41), as measured by clonogenic survival. Interestingly, in order to cause pronounced increases in IFN signaling, the cells required higher concentrations of the inhibitors than what is needed for a mere radiosensitizing effect. The effects of ATRi in IFN signaling nevertheless required co-treatment with radiation, as treatment with the inhibitors in the absence of irradiation caused no or only small increases in IFN response (Figures 2H; 3E; 6A, B).

The reduction in IFN response after high IR doses (10-20 Gy) correlated with a prolonged G2 checkpoint arrest. This correlation is in line with previous reports showing reduced IFN signaling and a longer G2 checkpoint arrest after irradiation of DNA repair-deficient cells, as compared to repair-proficient cells (16, 18). In repair-deficient cells, the higher level of unrepaired DNA damage with low radiation doses will cause a longer G2 checkpoint arrest, analogous to the prolonged checkpoint arrest seen in repair-proficient cells with high radiation doses. Our results thus strongly support the notion that radiation-induced cell cycle arrest functions to suppress the type I IFN response (16). Previously, a phenomenon of checkpoint adaptation and G2 checkpoint imperfectness, allowing cells to escape checkpoint arrest even with remaining DNA breaks, has been described (42, 43). Interestingly, the link between micronuclei and induction of IFN signaling suggests an important functional role of checkpoint adaptation in stimulating antitumor immune responses.

In conclusion, the combined treatment of irradiation and ATR inhibition can potentiate radiation-induced type I IFN responses, and thus be a candidate immunostimulatory radiotherapeutic strategy. The clinically relevant immune effect of such co-treatment will likely depend on the type of cancer, the heterogeneity of the tumors and possibly also treatment-induced caspase activation. Adding caspase inhibitors could potentially also be a future strategy to increase antitumor immune effects, although it is far from clear how they will affect both normal tissue and other antitumor responses. Further in vivo investigation will unveil the fuller potential of these combined treatments, which may also be further combined with immune checkpoint inhibition.



Materials and methods


Cell culture, irradiation and inhibitor treatment

Human H460 and A549 NSCLC and U2OS osteosarcoma cells were grown in DMEM with GlutaMAX-I, and SW900 and H1975 NSCLC cells in RPMI 1640 medium with GlutaMAX-I (both media from Gibco by Life Technologies), at 37°C with humidified 5% CO2 atmosphere. The media were supplemented with 10% fetal bovine serum (Biowest) and 1% penicillin–streptomycin solution (50 IU/ml) (Gibco). Cells were tested for Mycoplasma infection, and their identity was confirmed by short tandem repeat analysis. ATR inhibitors VE822 (berzosertib/VX970, Selleckchem) and AZD6738 (ceralasertib, Selleckchem) were added 10–30 minutes before irradiation (160 kV X-rays, 1 Gy/min, Faxitron CP-160).



Cell cycle analysis

Cells were fixated with 70% ethanol, stained with Hoechst 33258 (Sigma-Aldrich) and analyzed with a LSR II flow cytometer (BD Biosciences) coupled to the BD FACSDiva v8 software. DNA histograms were analyzed in FlowJo v10. Cell cycle analysis was conducted by the Watson algorithm.



Immunoblotting

Cells were lysed in whole-cell lysis buffer (20 mM NaCl, 2 mM MgCl2, 50 mM Tris-HCl pH 7.5, 0.5% Triton X-100) with protease and phosphatase inhibitor cocktails (cOmplete mini (EDTA-free) and PhosSTOP EASYpack, Roche) and benzonase (100 IU/ml; Merck/Sigma-Aldrich). Protein concentration was measured by Micro BCA Protein Assay kit (ThermoFisher Scientific), and adjusted. Lane Marker Reducing Sample Buffer (Pierce) was added and the samples were boiled for 10 minutes at 95°C. SDS-polyacrylamide 4-15% gradient gels (Bio-Rad) were used for electrophoresis and nitrocellulose membranes (Bio-Rad) for blotting. The resulting membrane was blocked in 5% non-fat skimmed-milk powder in PBS with 0.1% Tween (PBST) at room temperature for a minimum of 30 minutes. Membranes were stained with primary antibodies at 4°C over-night and secondary antibodies at room temperature for 30-45 minutes (antibodies were diluted in the aforementioned blocking solution), before addition of enhanced chemiluminescence solution (ThermoFisher Scientific). Washing of membranes after transfer and antibody incubations was done in room-tempered PBST. Images were processed and quantifications were performed in Image Lab 4.1 (Bio-Rad). Range of detection was verified by excluding saturated signals and by including a dilution series of one of the samples (see Figure 5A). The resulting standard curve allowed for accurate quantification. Antibodies are listed in Supplementary Table 1.



Immunofluorescence microscopy

Cells were cultured on glass coverslips and fixated with 10% formalin solution (Sigma-Aldrich) for 10 minutes at room temperature. Cells were permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) in PBS, and stained with primary antibodies for 1 hour followed by secondary antibodies for 30 minutes. For blocking, the antibodies were diluted in room-tempered DMEM with 10% FBS upon staining of coverslips. The coverslips were washed three times in PBS after fixation, permeabilization and antibody incubations. Coverslips were mounted with mowiol solution (Sigma-Aldrich). Antibodies are listed in Supplementary Table 2.



siRNA transfection for gene knockdown

For cGAS depletion, cells were transfected with 20 nM siCGAS (M-015607-01-0005, SMARTpool, Dharmacon). For STING depletion, cells were transfected with 10 nM siSTING1 (siTMEM173, ID 128591, Ambion). For partial TREX1 depletion, cells were transfected with 5 nM siTREX1 (ID s535182, Ambion). All transfections were performed with Lipofectamine RNAiMax (Invitrogen), at six hours before treatment. For siRNA sequences, consult Supplementary Table 3.



Enzyme-linked immunosorbent assay (ELISA) of interferon-β

Growth medium supernatants were centrifuged to exclude floating cells. Resulting supernatants were 20X up-concentrated by centrifuge filtering through 10 kDa cut-off columns (Amicon Ultracel-10, Merck). ELISA (Human IFN-beta DuoSET ELISA, R&D Systems) was conducted according to supplier’s protocol. Optical density was measured at 450 nm with pathlength correction at 540 nm in a microplate spectrophotometer (PowerWave XS2, BioTek) coupled to the Gen5 software v2.09.1. IFN-β standards were included in all experiments, and a best-fitting 2nd degree polynomial function was used for calculation of measured IFN-β in the samples.



Statistics

Error bars represent standard error of the mean (SEM; n ≥ 3). Dots in bar charts indicate individual experiments. p values (one-sample Student’s t test for pairs involving normalization value (i.e. 5 Gy for most plots); two-tailed, paired-samples Student’s t test for the remaining pairs) were calculated with IBM SPSS Statistics v28, with significance level set to 0.05. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Ewing sarcoma is a fusion-oncoprotein-driven primary bone tumor most commonly diagnosed in adolescents. Given the continued poor outcomes for patients with metastatic and relapsed Ewing sarcoma, testing innovative therapeutic approaches is essential. Ewing sarcoma has been categorized as a ‘BRCAness’ tumor with emerging data characterizing a spectrum of DNA damage repair defects within individual Ewing tumors, including the presence of EWSR1::FLI1 itself, recurrent somatic mutations, and rare germline-based defects. It is critical to understand the cumulative impact of various DNA damage repair defects on an individual Ewing tumor’s response to therapy. Further, in addition to DNA-damage-directed therapies, subsets of Ewing tumors may be more susceptible to DNA-damage/immunotherapy combinations given the significant cross-talk between DNA damage and inflammatory pathways in the tumor microenvironment. Here we review potential approaches utilizing DNA-damaging agents as modulators of the Ewing tumor immune microenvironment, with a focus on radiation and opportunities during disease metastasis and relapse.
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Introduction

Ewing sarcoma is the second most common bone tumor diagnosed in adolescents and young adults. Ewing sarcoma is driven by a fusion oncoprotein derived from the translocation of EWSR1 on chromosome 22 with an ETS family member, most commonly FLI1 on chromosome 11 (1). Patients with upfront metastatic or relapsed Ewing sarcoma continue to have very poor outcomes (2), and new therapeutic approaches continue to be in high demand. The exquisite sensitivity of Ewing tumors to DNA damage has been recognized for decades and DNA damaging agents such as chemotherapy and radiation continue to be the mainstays of Ewing sarcoma therapy, even for aggressive disease (3).

DNA damage can elicit significant alterations in tumor biology, including modulation of the tumor immune microenvironment (TIME). Historically, the impact of DNA damage on the Ewing TIME has been understudied given a paucity of tumor biopsies at the time of relapse and the lack of syngeneic or transgenic (immunocompetent) mouse models of Ewing sarcoma (4). DNA-damaging agents can promote immunogenicity through multiple mechanisms including increasing the neoantigen repertoire, increasing antigen presentation, and shifting the cytokine profile to promote an inflamed tumor microenvironment (5, 6). Understanding TIME alterations elicited by DNA damage specifically in Ewing sarcoma is a high priority, as TIME modulation during DNA damage may offer a new avenue for therapy for patients with aggressive disease. Therapeutically, it can be challenging to increase chemotherapy doses or add additional marrow-suppressive agents into existing chemotherapy backbones for the treatment of Ewing sarcoma, also highlighting why multi-modality approaches, such as TIME modulation, are in need.

Immunotherapy includes medications and cell-based therapies that broadly act by enhancing the anti-tumor immune response through various mechanisms (7) and have been utilized successfully in many adult carcinomas and soft tissue sarcomas (8, 9) (10). Clinical trials investigating single-agent immunotherapy, such as PD1 inhibition, have not demonstrated a significant clinical benefit in advanced Ewing sarcoma (11, 12). Given the importance of immunotherapy type and timing in disease response (13) such results are neither surprising nor discouraging when currently so little is known about the Ewing TIME. Primary Ewing sarcoma is known to have low overall immune infiltration compared to other tumors types. However, some studies have demonstrated a correlation between increased infiltration of CD8+ T cells and improved outcomes (14, 15). Our recent work demonstrated the Ewing TIME can evolve and demonstrate enhanced immune cell infiltration upon disease metastasis and relapse, possibly due to a combination of prior chemotherapy exposure and changes in tumor microenvironments (bone versus lung) (16). This work again highlights the need to better understand Ewing tumor immunobiology, especially in the setting of relapse.

In this mini-review we will discuss the layers of DNA damage repair defects in Ewing sarcoma, how DNA damaging agents can influence the TIME, and ways in which immunomodulation during DNA damage could provide new therapeutic opportunities for Ewing sarcoma in the future.



DNA damage and Ewing sarcoma


EWSR1::FLI1 and DNA damage sensitivity

Ewing tumors demonstrate high sensitivity to DNA damage. DNA damaging agents, including doxorubicin and cyclophosphamide, have formed the chemotherapy backbone for the treatment of Ewing sarcoma since the first use of adjuvant therapy in the 1970s (17). Ewing sarcoma is also sensitive to radiation therapy (18). Decades later, a screen of hundreds of cancer cell lines seeking to identify biomarkers for targeted cancer agents discovered EWSR1::FLI1 was significantly associated with sensitivity to the PARP [Poly (ADP-ribose) polymerase] inhibitor (PARPi) olaparib (19). PARP1 is an enzyme involved in DNA damage repair and a drug target in BRCA-mutant cancers deficient in homologous recombination repair (20). PARP1 drives transcription and accelerates base excision repair (21, 22), and inhibition of PARP1 leads to cell death in cancers deficient in homologous repair by causing defects in the replication fork needed to repair DNA damage. Further studies elucidated that EWSR1::FLI1 interacts directly with PARP (20). Gorthi et al. demonstrated that expression of the EWSR1::FLI1 fusion oncoprotein correlated with increased chemosensitivity (23). Mechanistically, they found that EWSR1::FLI1 promotes R-loop accumulation, and ultimately deranges DNA damage repair machinery by impairing normal BRCA1 functionality. A study in 2002 by Spahn et al. also demonstrated that the N-terminal portion of EWSR1::FLI1 can interact with the C-terminal portion of BRCA1-Associated Ring Domain 1 (BARD1), thus providing another potential link between EWSR1::FLI1 and BRCA1 biology (24). Such studies provided rationale for phase II clinical trial of olaparib as single-agent therapy in patients with refractory Ewing sarcoma (25) and subsequent studies have demonstrated that sensitivity to PARP inhibition in Ewing sarcoma is increased in the setting of other DNA damaging agents (irinotecan, temozolomide) (26). Despite this, the overall clinical response of Ewing tumors to PARPi has been underwhelming. Lastly, elegant work has demonstrated the importance of the level of EWSR1::FLI1 fusion oncoprotein expression on Ewing cell behavior. EWSR1::FLI1 expression can vary between cells within a tumor. It is plausible that Ewing cells with low versus high EWS::FLI1 expression may demonstrate altered sensitivity to DNA damage (27–29), thus allowing for tumor cell subpopulation targeting.



Somatic and germline variants in Ewing sarcoma

In addition to DNA-damage-repair defects imparted by EWSR1::FLI1 in all Ewing tumors, there is the potential for Ewing tumors to harbor additional defects in DNA damage repair through the presence of somatic and germline variants or post-transcriptional modifications resulting in loss of protein expression. When comparing Ewing tumors to adult carcinomas, and even other pediatric primary bone tumors such as osteosarcoma, Ewing sarcoma demonstrates a very low tumor mutational burden (30–32). A handful of recurrent somatic variants, such as STAG2, CDKN2A, and TP53 have been reported in Ewing sarcoma (31, 32). Ewing tumors harboring one or more of these somatic mutations may demonstrate altered responses to DNA damage, as each of the corresponding proteins have been shown to participate in DNA damage repair through different mechanisms. For example, in vitro studies of STAG2-deficient glioblastomas demonstrated increased sensitivity to PARP inhibition (33). In Ewing sarcoma, loss of STAG2 expression can be secondary to STAG2 somatic mutations or loss of protein expression in the absence of a mutation (34).

A third layer of DNA-damage-repair deficiency to consider in Ewing sarcoma derives from germline pathogenic variants. Multiple sequencing studies of pediatric cancers have noted a small fraction of germline pathogenic variants in patients with Ewing sarcoma (35, 36). In a germline variant analysis of sequencing data from 175 patients with Ewing sarcoma, likely pathogenic variants were identified in 13.1% of patients (37). In the variants found, involving 22 different genes, a strong enrichment for DNA repair pathways and DNA double-strand break repair was noted on pathway analysis. Our work and others continue to add to the growing number of germline variants in DNA damage repair genes noted in patients with Ewing sarcoma (38, 39). Our group’s prior work demonstrated that loss of additional DNA damage repair machinery, such as BARD1 expression, can indeed confer Ewing cells more susceptible to DNA damage as compared wuth the sensitivity imparted by the presence of EWSR1::FLI1 alone (40). Figure 1 depicts a brief summary of the spectrum of DNA damage repair deficiencies in Ewing sarcoma.




Figure 1 | The spectrum of DNA damage repair deficiencies in Ewing tumors. Ewing tumors all have a level of DNA damage repair deficiency imparted by EWSR1::FLI1. The presence of one or more recurrent somatic mutations or rare germline pathogenic variants have the potential to contribute an additional level of DNA damage repair deficiency in a subset of Ewing tumors. Figure created by biorender.com.





DNA damaging agents used in Ewing sarcoma therapy

Given the spectrum of DNA damage repair defects in Ewing sarcoma, DNA damaging agents will continue to be a mainstay of therapy. Following the original treatment schema with doxorubicin and cyclophosphamide discussed above, in the 1980s it was noted that ifosfamide and etoposide, which also exert their anti-neoplastic effect through induction of DNA damage, were effective in treating patients with relapsed Ewing sarcoma (41). This led to the development of the National Cancer Institute protocol INT-0091 (CCG-7881 and POG-8850)

in which ifosfamide and etoposide were added to the standard therapy backbone. Improved overall and event free survival was seen in patients with newly diagnosed, localized Ewing sarcoma using this five-drug approach (42). Alternating cycles of VDC (vincristine, doxorubicin, cyclophosphamide) and IE (ifosfamide and etoposide) thus remain the standard of care for patients with upfront localized or metastatic Ewing sarcoma. AEWS0031 later demonstrated that shortening the time between cycles (interval compression) provides additional benefit (43).

In addition to chemotherapy, radiation is also an important component of Ewing sarcoma treatment. Radiation is a curative-intent treatment modality option for local control, either as definitive treatment or as adjuvant treatment following surgical resection. The commonly prescribed radiation dose for definitive treatment of primary tumors is 55-60 Gy in 1.8-2 Gy fractions (44). The most recent Children’s Oncology Group protocols for Ewing sarcoma recommend 45 Gy be delivered to the original tumor volume with an additional 10.8 Gy boost delivered to the post-induction chemotherapy volume (3). Gross residual disease post-surgical resection is treated with 55.8 Gy, and microscopic disease treated with 50.4 Gy. There has recently been data suggesting that dose escalation up to a total dose of 70.2 Gy may be of benefit in improved local control (45), although this strategy has not been widely adopted to date. More recent studies show that hypofractionation (5-10 Gy doses over 5-10 fractions) may be as or more effective at treating sarcomas, including Ewing sarcoma (46).

Radiation therapy is also a key component in the treatment of metastatic and relapsed Ewing sarcoma. For patients presenting with pulmonary metastases at diagnosis, there have been multiple studies demonstrating the survival benefit of whole lung irradiation after completion of chemotherapy (47). For patients presenting with bony metastases, outcomes are worse overall; however, radiation delivery to sites of metastatic disease is beneficial (48). Patients with solitary bone metastases benefited most from radiotherapy, with doses of up to 50 Gy to sites of bony metastases being utilized. As patients with Ewing sarcoma receiving radiation are often a higher-risk patient population (incomplete resections, metastatic disease, relapse, etc.), this is a group of high interest when considering immunotherapy interventions following post-DNA damage modulation of the Ewing TIME.




Immunomodulation through DNA damage


Immunomodulation by chemotherapy

DNA damaging chemotherapeutic agents have been shown to induce immunogenicity through a variety of mechanisms (5). Given the low mutational burden of Ewing sarcoma, the mutagenic potential of DNA damaging agents is an appealing mechanism of enhancing immunogenicity by production of tumor neoantigens (49). Tumor neoantigens can induce increased anti-tumor T cell response which is again beneficial when combined with immunotherapy agents. However, increased neoantigens in the TIME are not always sufficient to induce immune response (50). DNA damaging agents additionally lead to release of damage associated molecular patterns (DAMPs) after cell death. DAMPs stimulate the recruitment of antigen-presenting cells to the site of cell death and further prime the TIME for an adaptive immune response. Doxorubicin and cyclophosphamide are utilized in the treatment of Ewing sarcoma and are known to induce immunogenic cell death (51). Cyclophosphamide additionally remains of particular interest as it has been shown to increase antigen presentation on tumor cells and expand dendritic cell populations that can promote T cell priming (52, 53).

An additional mechanism by which DNA damaging chemotherapeutics can increase anti-tumor immune response is through changes in the cytokine profile of the tumor environment. Cellular response to DNA damage includes activation of signaling pathways that lead to release of proinflammatory cytokines including IFN-α and cytokines triggered by activation of the NF-κB signaling pathway. Specifically, cyclophosphamide has been shown to induce IFN-γ and IL-2, pro-inflammatory cytokines that promote immunogenicity (53). Parkes et al. demonstrated that in a breast cancer model DNA-damage-repair defects lead to increased expression of the chemokines CXCL10 and CCL5 from tumor cells (16, 54).

The precise impact of chemotherapy commonly used in relapsed Ewing sarcoma [irinotecan and temozolomide (IT), topotecan and cyclophosphamide (TC), high dose ifosfamide (IFOS), and gemcitabine and docetaxel (GD) (55)] on Ewing tumor immunobiology is still largely unknown. PARP inhibitors have been shown to induce infiltration of CD8+ T cells in breast cancer, and the efficacy of PARP inhibition is due to recruitment of these cytotoxic T cells through the cGAS/STING pathway (56). In this model, depletion of CD8+ T cells decreased the efficacy of PARP inhibition. In addition to recruiting cytotoxic T cells, PARP inhibition has also been shown to increase the expression of immune checkpoint ligand PD-L1 on cancer cells (57). Our work has previously shown that PD-L1 and PD-L2 expression can be manipulated in Ewing cell subpopulations in response to inflammatory signaling (58).

In summary, the effect of DNA damaging chemotherapeutic agents used in the treatment of Ewing sarcoma can, in theory, manipulate the TIME; however, this is an understudied area. While chemotherapy has the temporary ability to alter the TIME, ultimately due to systemic effects, patients are largely overall immunosuppressed during therapy. Thus, focal delivery of DNA damage, such as radiation therapy, may be beneficial when considering immunotherapy combinations.



Immunomodulation by radiation

The interest in the immune-mediated effects of radiation date back to the 1980s when it was first noted that local radiation can lead to anti-tumor effect at distant sites of disease (59, 60). Subsequently, many studies have demonstrated that local radiation can produce systemic immune-mediated anti-tumor effects, though this is not a consistent finding in all studies (6, 61, 62). Studies examining the radiation anti-tumor effect in immunocompetent vs immunodeficient mouse models of melanoma have demonstrated that the presence of CD8+ cytotoxic T cells are necessary for this response (63). Radiation enhances the immune response to tumors through release of cytokines and chemokines in the tumor microenvironment following cell death (64). These cytokines and chemokines result in infiltration of effector immune cells (dendritic cells, macrophages, cytotoxic T cells) as well as immunosuppressive populations (Tregs, myeloid-derived suppressor cells) (65). Similar to the effect of chemotherapy described above, radiation induces immunogenic cell death leading to release of DAMPs. This leads to increased production and recruitment of proinflammatory cytokines and chemokines, including CXCL9, CXCL10, and CXCL11 (66). The generation of this proinflammatory environment is thought to lead to recruitment of effector T cells and may enhance the priming of T cells in the TIME. Recently, the essential role of natural killer (NK) cells in controlling the radiation-induced anti-tumor has been demonstrated (67).

In addition to promoting a proinflammatory TIME, radiation can also exert immunosuppressive effects. Tregs are a well described subset of CD4+ T cells that exert immunosuppressive effects on the TIME. In some adult carcinomas, radiation has been shown to increase Tregs and the subsequent production of immunosuppressive cytokines including TGF-β and IL-10 (68) TGF-β is known to be increased following radiation and is converted from its latent to active form by reactive species generated during radiation (69). TGF-β exerts immunosuppressive effects on the TIME and it has been shown that increase in TGF-β in the TIME can lead to decreased efficacy of immunotherapy through the exclusion of CD8+ T cells (70). Several studies have demonstrated that inhibition of the immunosuppressive pathways activated by localized radiation can improve radiation-induced tumor kill and anti-tumor immunity (71, 72).

An additional immunosuppressive cell population that can be induced/increased following radiation are myeloid-deprived suppressor cells (MDSCs). MDSCs are well described to promote tumor growth and survival and are known to be recruited into the TIME of pancreatic and prostate cancer immediately following radiation (73), with a decrease in this population seen at 1-2 weeks post radiation. TGF-β is known to induce differentiation of macrophages to an M2 phenotype which is protumor and immunosuppressive. These mechanisms of immunosuppression induced by radiation represent potential targets to improve the anti-tumor immune response induced by radiation.




Radiation therapy in Ewing sarcoma: Untapped potential for multi-modality therapies

Currently, relatively little is known about the specific impact of radiation on the Ewing sarcoma TIME. New therapeutic approaches for patients with metastatic and relapsed Ewing sarcoma are long overdue. While agents that induce tumor DNA damage clearly provide some benefit for the treatment of relapsed disease, they are rarely curative. Understanding which multi-modality therapeutic approaches may circumvent Ewing tumor cell resistance to single- modality therapies is a priority. It is possible that subsets of Ewing tumors in the DNA-damage- repair deficiency spectrum (Figure 1) could demonstrate differential responses to multi-modality therapy. Radiation therapy is often utilized in patients with high-risk (metastatic and relapsed) Ewing sarcoma, and given its potential to modulate the TIME, it is a logical treatment modality to consider in combination with immunomodulation (Figure 2). There has been growing interest in oncology to combine radiation with immunomodulatory agents to improve the anti-tumor immune response (74–76). Given the concurrent immune-stimulatory and immunosuppressive effects that radiation therapy can trigger in the TIME, there has been interest in combination therapies targeting both of these sequalae (77). Broadly speaking, logical categories of immunomodulators to preclinically study in combination with radiation for the treatment of Ewing sarcoma include: 1) immune checkpoint inhibitors (ICI), 2) cytokine modulators, and 3) cell-based therapies. Here we will briefly address each of these approaches.




Figure 2 | Radiation and the Ewing sarcoma tumor immune microenvironment. Radiation is often utilized for the treatment of Ewing sarcoma in the setting of unresectable primary tumors, lung metastases, relapse to the bone, etc. The Ewing tumor immune microenvironment can demonstrate differences in immune infiltration and cytokine abundance in these distinct microenvironments where radiation is utilized. Figure created by biorender.com.



The combination of radiation therapy and ICI in patients with advanced solid tumors has demonstrated promising early clinical results (74, 75). It has also been reported that the presence of DNA damage repair defects, such as germline BRCA 1/2 pathogenic variants, is correlated with increased expression of immunosuppressive ligands such as PD-1/PD-L1 (78), considered one marker of response to immune checkpoint inhibition. This association provides a rationale for preclinically testing the response of Ewing tumors with additional DNA damage repair defects to the combination of radiation and immune checkpoint inhibition.

In addition to examining ICIs, modulation of cytokines in the tumor microenvironment during radiation therapy is of great interest. While not every cytokine can be addressed in this mini-review, we will highlight two. TGF-β is an immunosuppressive cytokine that is increased in tumor microenvironments following radiation and has been shown to confer resistance to radiation (72). Inhibition of TGF-β during radiation has the potential to enhance the anti-tumor immune response (79). A second cytokine, IL-6, is known to be secreted by Ewing tumors (80, 81), and can be upregulated following radiation-induced DNA damage. Further, it is thought that the presence of IL-6 in the TME confers radiation resistance (82). IL-6 inhibitors are active in clinical trials as monotherapy for cancer (83), however, combination therapy with these inhibitors during radiation offers another therapeutic avenue worthy of preclinical testing.

Lastly, there is promise for delivering cell-based therapies in the setting of radiation. Chimeric antigen receptor T-cells (CAR-T) therapies have shown great success in the treatment of hematologic malignancies but have not seen the same success in solid tumors (84). Challenges have included identification of an ideal target antigen, cell trafficking to the tumor, and the overall immunosuppressive environment of solid tumors. Therapies targeting the DNA damage repair pathway have shown some success in solid tumors in improving response to CAR-T therapy through induction of a more pro-inflammatory TIME (85). Additionally, radiation therapy delivered prior to administration of CAR-T in a mouse model of glioblastoma demonstrated improved trafficking and efficacy of the CAR-T cells post-radiation (86). There is ongoing research in the field to identify a targetable antigen for cell based therapies for the treatment of Ewing sarcoma (87). In addition to CAR-T cell therapy, dendritic cell-based immunotherapy is a cell-based therapy that could logically be combined with DNA-damaging agents. Studies have demonstrated improved efficacy of dendritic cell vaccination when given in combination with radiation (88, 89). Lastly, as noted above, recent work has demonstrated the key role of NK cells in the radiation anti-tumor response. Understanding the role of NK cells in the TIME of Ewing tumors specifically during radiation is a priority (67, 90).



Future directions and challenges

Significant historical impediments to studying the influence of DNA damage on the immune microenvironment in Ewing sarcoma include, but are not limited to, the lack of an immunocompetent animal model of Ewing sarcoma (4) and the sparsity of samples from disease relapse and pre-/post- intervention biopsies. Recently, a genetically engineered zebrafish model of Ewing sarcoma has been developed, which may offer a new immunocompetent model (91), although studies specifically investigating immune interactions in this model have not yet been performed. A potentially valuable model for studying the TIME of Ewing sarcoma is the development of humanized (presence of human immune cells), immunocompetent mouse models, a focus of ongoing work by our group. Developing and validating a robust preclinical model to study the impact of DNA-damaging agents used clinically for the treatment of Ewing sarcoma on the TIME is a crucial and necessary step toward determining promising immunomodulatory agents to partner with radiation or chemotherapy in an attempt to improve the outcomes for patients with advanced disease. While DNA damage, such as radiation therapy, is the focus of this mini-review, the impact of other novel agents, such as tyrosine kinase inhibitors, agents targeting EWSR1::FLI1, etc., on the Ewing sarcoma TIME are also worthy of exploration and represent a limitation of this mini-review.
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Only a subset of patients with triple-negative breast cancer (TNBC) benefits from a combination of radio- (RT) and immunotherapy. Therefore, we aimed to examine the impact of radioresistance and brain metastasizing potential on the immunological phenotype of TNBC cells following hypofractionated RT by analyzing cell death, immune checkpoint molecule (ICM) expression and activation of human monocyte-derived dendritic cells (DCs). MDA-MB-231 triple-negative breast cancer tumor cells were used as model system. Apoptosis was the dominant cell death form of brain metastasizing tumor cells, while Hsp70 release was generally significantly increased following RT and went along with necrosis induction. The ICMs PD-L1, PD-L2, HVEM, ICOS-L, CD137-L and OX40-L were found on the tumor cell surfaces and were significantly upregulated by RT with 5 x 5.2 Gy. Strikingly, the expression of immune suppressive ICMs was significantly higher on radioresistant clones compared to their respective non-radioresistant ones. Although hypofractionated RT led to significant cell death induction and release of Hsp70 in all tumor cell lines, human monocyte-derived DCs were not activated after co-incubation with RT-treated tumor cells. We conclude that radioresistance is a potent driver of immune suppressive ICM expression on the surface of TNBC MDA-MB-231 cells. This mechanism is generally known to predominantly influence the effector phase, rather than the priming phase, of anti-tumor immune responses.
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1 Introduction

Triple-negative breast cancer (TNBC) is defined by the absence of estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) expression. It accounts for 10-20% of all breast cancer cases and is characterized by high invasiveness, early metastasis (esp. lung- and brain-metastases), and high recurrence rate. Despite similar therapeutic approaches (surgery, chemo- and radiotherapy), TNBC remains the breast cancer subtype with the worst prognosis. High heterogeneity, the lack of hormone receptors and chemoresistance (triple-negative paradox) leave little room for targeted therapy approaches (1–3). Therefore, therapeutic strategies leading to improved therapy outcomes are urgently needed.

Adjuvant radiotherapy (RT) is perceived as standard of care in patients with early-stage breast cancer undergoing breast-conserving surgery and complete mastectomy. The goal of it is to reduce the risk of locoregional recurrence and breast cancer associated mortality (4, 5). In this context moderately hypofractionated RT (HFRT) has gained importance over the last years (6). It is characterized by increased dose per fraction and simultaneously, decreased fractions in total (40 Gy in total, 15-16 fractions in 3-5 weeks). In comparison to conventional fractionation schedules (50 Gy in total, 25-28 fractions in 5-6 weeks), this approach offers lower acute toxic effects while maintaining local tumor control (7–9). Recently, the FAST-Forward trial indicated that a super-hypofractionated five-day treatment schedule of postoperative radiotherapy (26 Gy, five fractions in one week) is non-inferior to moderately hypofractionated adjuvant radiation therapy (40 Gy, 15 fractions in three weeks) in terms of local tumor control and side effects in women with early-stage breast cancer (10).

RT in general is attributed to both immune stimulatory and immune inhibitory effects. On the one hand, it can enhance anti-tumor immunity by cell death-triggered release of neoantigens, damage-associated molecular patterns (DAMPs, e.g. HMGB1, ATP, Hsp70) and proinflammatory substances (e.g. CXCL10 and CXCL16). Additionally, the activation of the cGAS/STING pathway including consequent type I interferon production and increased MHC-I expression for antigen presentation on the cell surface of cancer cells is also activated by RT (11). Besides the control of the immune checkpoint PD-L1/PD1 axis by interferons, also less well understood immune checkpoint molecules are triggered (12). Hypofractionated RT induces DNA damage and impaired DNA repair results in transfer and accumulation of DNA fragments in the cytoplasm of the tumor cells. As physiological mechanisms for detection of cytosolic DNA (e.g. resulting from invading pathogens), DNA sensing pathways as the cGAS/STING pathway are triggered that activate the innate immune response through a signaling cascade leading to upregulation of cytokine and interferon production (13). This is also a common mechanism in triple negative breast cancer that impacts on tumor cell survival and immune modulation (14, 15). On the other hand it was shown by Rückert et al., that HFRT in particular is predestined to induce immunogenic cell death (ICD) (16), which is defined as “a form of regulated cell death (RCD) that is sufficient to activate an adaptive immune response in immunocompetent syngeneic hosts” (17) leading to T cell-mediated immune responses against tumor antigens. Based on that, RT has been reported to work as in situ cancer vaccine making abscopal effects possible (18). On the other hand, RT can also mediate immune suppressive effects, for example by inducing an increased expression of immune suppressive immune checkpoint molecules (ICMs), the release of immune inhibitory cytokines (e.g. TGF-β) and the infiltration of T regulatory cells (Tregs) as well as myeloid derived suppressor cells (MDSC) into the tumor area (11). The T cell suppression in the effector phase of the immune response mediated via immune inhibitory ICM interactions, can be antagonized by immune checkpoint inhibitors (ICIs). Consequently, a tumor-antigen specific cytotoxic T cell response can be restored (19, 20). That makes combinations of radiotherapy and immune checkpoint blockade (ICB) reasonable.

Although breast cancer has been perceived historically as immunologically “cold” tumor, it becomes more and more evident that the different subtypes differ a lot regarding their respective immunogenicity. TNBC seems to be the most immunogenic subtype, because of its higher tumor infiltrating lymphocyte (TIL) counts and tumor mutational burden (TMB) (21). Supporting this, ICI therapy particularly benefits those breast cancer patients suffering from TNBC (22). Therefore, a growing number of clinical trials examining the efficacy of ICB in patients with TNBC have recently been conducted. Unfortunately, only a small minority of these patients has been shown to benefit from anti-PD-(L)1 monotherapy in terms of overall response rate (ORR) (23). However, Ho et al. reported that therapeutic approaches combining RT and ICB could be superior to ICI monotherapy (24). In this context radioresistant cancer cells remain a major challenge in TNBC treatment because of their capacity to form local- and distant recurrence.

In the past, radioresistance of a cell has always been defined based on the ability to form new cell colonies after being irradiated (25, 26). Since presumably radiation-resistant (breast) cancer cells are responsible for recurrence or metastasis after RT, it may not only be radioresistance alone but rather the combination with immune evasion allowing breast cancer cells to survive and form clinically apparent tumors. Therefore, we hypothesized that radioresistance itself could significantly drive the immunogenic properties of breast cancer cells. To investigate this for the first time, we treated two different radioresistant (RR) and two non-RR MDA-MB-231 cell lines with hypofractionated RT (5 x 5.2 Gy) and analyzed cell death induction by AnnexinV/Propidium iodide staining, Hsp70 release and the activation of human monocyte-derived dendritic cells (DCs) after previous co-cultivation. Furthermore, the immune checkpoint molecule expression on the tumor cell surface was examined. Our key finding was that the expression of immune suppressive ICMs was significantly increased in the radioresistant cell lines after RT.




2 Materials and methods



2.1 Cell lines and cell culture

Four different human MDA-MB-231 cell lines with differences in radioresistance (according to their behaviour in the clonogenic assays) were investigated (27). Besides the wildtype (WT), a brain-metastasizing (BR) clone was used. It was created by Yoneda et al., 2001 by inoculating the MDA-MB-231 WT cells into immunodeficient mice. MDA-MB-231 cells in brain metastases were isolated, grown in culture and reinoculated. This procedure was repeated until only brain metastases occurred after injection into immunodeficient mice (28). Radioresistant (sub)clones (WT RR, BR RR) were generated by irradiation of the WT and BR clone with 4 Gy, pooling of the surviving cells, cultivating them for 10-14 days and irradiating them again. This procedure was repeated to a total dose of at least 40 Gy. Radioresistance was checked after the last irradiation with clonogenic assay (Figures 1A, B).




Figure 1 | Generation of radioresistant breast cancer clones is done by repeated irradiation of MDA-MB-231 breast cancer cells. Radioresistant (sub)clones of MDA-MB-231 cells were generated by repeatedly irradiating MDA-MB-231 wildtype (MDA-MB-231) and brain metastasizing MDA-MB-231 (MDA-MB-231 BR) tumor cells (A). This resulted in more radioresistant clones (MDA-MB-231 RR and MDA-MB-231 BR RR), as verified by clonogenic survival assay (B). Data are from three independent experiments. **p < 0.01; ***p < 0.001 (Student’s t-test).



All four cell lines were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, Pan-Biotech GmbH, Aidenbach, Germany) supplemented with 10% fetal bovine serum (FBS, Biochrom AG, Berlin, Germany) and 1% Penicillin-Streptomycin (PenStrep, Gibco, Carlsbad, CA, USA). Peripheral blood mononuclear cells (PBMCs) derived from healthy human donors were cultured in “DC medium” consisting of RPMI-1640 (Merck, Darmstadt, Germany) supplemented with 1% Pen/Strep, 1% L-Glutamine (Gibco, Carlsbad, CA, USA), 1% Hepes buffer (Gibco Life Technologies, Waltham, MA, USA) and 1% human serum heat inactivated (Gibco, Carlsbad, CA, USA). All cells were cultivated in a standardized and humidified environment (37°C, 5% CO2 and 95% humidity).




2.2 Treatments and sampling

The day after seeding, the four MDA-MB-231 cell lines were irradiated for five days with 5.2 Gy of X-rays (120 kV, 22.4 mA for 0.7 min; X-Ray tube Isovolt Titan, GE Sensing & Inspection, Boston, USA), respectively. The cells were harvested with trypsin (Gibco Life Technologies, Carlsbad, CA, USA) on day 6, 7 and 8 for cell death analysis, on day 7 for ICM expression analysis and on day 6 to evaluate the DC activation potential of untreated and treated tumor cells after co-incubation. Hsp70 concentration in the cell culture supernatant was determined 48 hours after irradiation (day 7) via ELISA.




2.3 Cell death analysis and clonogenic survival assay

2 × 105 cells were stained with 100 μl of cell death staining solution (1 ml of Ringer’s solution (Fresenius Kabi, Bad Homburg, Germany), 0.75 μl/ml of AnnexinV-FITC (AxV) (1 mg/ml) (GeneArt, Regensburg, Germany), and 1.0 μl/ml of Propidium iodide (Pi) (1 mg/ml) (Sigma-Aldrich, Munich, Germany)). After incubation for 30 minutes, the measurement was performed on a CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA) and analyzed with the Kaluza Analysis software (Beckman Coulter, Brea, CA, USA).

To determine the clonogenic potential of the breast cancer cells, 250 tumor cells/well were seeded in a 6-well plate 6h before irradiation. Afterwards they were irradiated with the indicated doses and cultured for two weeks, fixed and stained with 1% crystal violet in ethanol (Sigma-Aldrich, St. Louis, MO). Colonies with more than 50 cells were counted and normalized to mock-treated samples. The survival curves were calculated by adding a curve fit (dek(hx)). All calculations were performed with GraphPad Prism.




2.4 Immune checkpoint molecule expression analysis

2 × 105 cells were stained with staining solution containing FACS buffer (PBS (Sigma-Aldrich, Munich, Germany), 2% FBS and 4% 0.5 mM EDTA (Carl Roth, Karlsruhe, Germany)) and Zombie NIR alone or Zombie NIR and antibodies (Table 1). Before the measurement at the CytoFLEX S flow cytometer, the cells were incubated for 30 minutes at 4°C. To correct for treatment-related autofluorescence, the ΔMFI (mean fluorescence intensity) of every ICM was calculated by subtracting the MFI of the Zombie-only-stained sample (AF ctrl) from the MFI of the Zombie-and-antibody stained one.


Table 1 | List of antibodies used to analyze the expression of immune checkpoint molecules on the surface of non-irradiated and irradiated MDA-MB-231 tumor cells via multicolor flow cytometry.






2.5 Quantitative measurement of Hsp70 in the supernatant of untreated and treated MDA-MB-231 cells

To examine the concentration of tumor cell released Hsp70, the supernatant of the cell cultures was analyzed using a sandwich ELISA assay (Human/Mouse/Rat Total HSP70/HSPA1A ELISA, R&D Systems, Minneapolis, MN, USA). It was performed according to the manufacturer’s instructions.




2.6 Isolation of human peripheral blood mononuclear cells and differentiation to human monocyte-derived dendritic cells

On day 0, human peripheral blood mononuclear cells (PBMCs) were isolated from leukoreduction system chambers (LRSC) of healthy human donors via density gradient centrifugation in SepMate™ PBMC Isolation Tubes (Stemcell, Vancouver, Canada) and Lymphoflot (Biotest AG, Dreieich, Germany). Consequently, they were washed twice at 4°C with PBS (Sigma-Aldrich, Munich, Germany)/0.5 mM EDTA (Carl Roth, Karlsruhe, Germany) and RMPI-1640, respectively. After that, 30 × 106 cells each were seeded on IgG-pre-coated cell culture dishes in 10 ml of DC medium and incubated for 1 h. Subsequently, non-attached cells were removed and 10 ml of fresh DC medium was added.

On day 1, the old DC medium was removed again and 10 ml of RPMI containing 800 U/ml (0.57 μl/ml) of GM-CSF (MACS Miltenyi Biotec, Bergisch Gladbach, Germany) and 500 U/ml (5 μl/ml) of IL-4 (ImmunoTools, Friesoythe, Germany) were added to each cell culture dish. Two days later, on day 3, 4 ml of RPMI and 800 U/ml (0.57 μl/ml) of GM-CSF and 500 U/ml (5 μl/ml) of IL-4 were added. On day 5, 4 ml of RPMI with half of the previously used amount of GM-CSF (400 U/ml = 0.285 μl/ml) and IL-4 (250 U/ml = 2.5 μl/ml) were added.




2.7 Maturation induction of immature DCs via maturation cocktail or co-incubation with untreated and treated MDA-MB-231 cell lines

Six days after the isolation of the PBMCs, the human monocyte-derived immature DCs (iDCs) were harvested mechanically using a serological pipette. After that, 0.75 × 105 iDCs were put into each 6-well in 2 ml of DC medium. In case of co-incubation with non-irradiated or irradiated tumor cells, 1.5 × 105 tumor cells including 2 ml of their respective cell culture supernatant were added. Positive controls (without tumor cells) were established by using a maturation cocktail (MC) containing 13.16 ng/ml of IL-1β (ImmunoTools, Friesoythe, Germany), 1000 U/ml of IL-6 (ImmunoTools, Friesoythe, Germany), 10 ng/ml of TNF-α (ImmunoTools, Friesoythe, Germany) and 1 μg/ml of PGE-2 (Pfizer, Berlin, Germany).




2.8 Maturation

The expression of common activation markers on the cell surface of the DCs was analyzed 48 hours after co-incubation with untreated and treated MDA-MB-231 cells using multicolor flow cytometry. Therefore, the DCs were harvested mechanically at first. Then, the first half of all DCs in each 6-well was stained with a Zombie-only FACS buffer staining solution, the second half was stained with one containing Zombie Yellow and antibodies in addition (Table 2). After incubation for 30 minutes at 4°C, the MFI of the different samples was measured at the CytoFLEX S flow cytometer. The ΔMFI of every activation marker was calculated by subtracting the MFIs of the Zombie-only from the fully stained sample.


Table 2 | List of antibodies used to analyze the expression of various activation markers on the surface of DCs via multicolor flow cytometry.






2.9 Statistical analyses

For statistical analyses the Student’s t-test, the Mann-Whitney U test and the Kruskal-Wallis test with multiple comparisons were used as respectively indicated in the figure legends.





3 Results



3.1 Radioresistant clones of MDA-MB-231 cells can be generated by repeated irradiation

MDA-MB-231 wild type and brain metastasizing tumor cells were repeatedly irradiated with 4 Gy to generate more radioresistant clones, as being verified by standard clonogenic survival assay (Figure 1). The four different human MDA-MB-231 cell lines, MDA-MB-231 WT, MDA-MB-231 BR (brain metastasizing) and the corresponding more radioresistant clones (RR) were used for the consecutive analyses.




3.2 Radiation-induced apoptosis of MDA-MB-231 cells depends on tissue origin of the tumor cells rather than on radioresistance

We then analyzed cell death 24 h – 72 h after hypofractionated irradiation of the four MDA-MB-231 tumor cell lines (Figures 2A, B). Apoptosis, rather than necrosis (Figures 2C–E), was the predominant cell death mechanism and, differed significantly between the irradiated WT and its clones. Apoptosis increased over time, whereas the ratio between the respective cell lines remained similar. Both cell lines that had been derived from brain metastases (BR, BR RR) were very radiosensitive in terms of apoptosis induction and succumbed to it significantly more frequent in comparison to the WT. BR RR even showed the greatest apoptosis rate of all four cell lines despite its radioresistance in the clonogenic assay (Figure 1B), closely followed by BR. This was different in the WT RR clone that was significantly less sensitive to irradiation with regard to apoptosis.




Figure 2 | Cell death induction after irradiation of the four MDA-MB-231 cell lines is dependent on tissue origin rather than on radioresistance. (A) After seeding on day 0, the four MDA-MB-231 cell lines, the WT and the WT-derived brain metastasis clone (BR) as well as the radioresistant (RR) clones derived from those cells (WT RR, BR RR), were treated with 5 × 5.2 Gy. On day 6, 7 and 8, cell death forms were analyzed with Annexin V/Propidium iodide (AxVPi) staining via multicolor flow cytometry. The gating strategy is shown in (B). After pre-gating on the singlets and consequently excluding the debris, the remaining cells were identified as viable, apoptotic, or necrotic as presented. The percentage of apoptosis (C–E) and necrosis (F–H) of the different cell lines 24 (C–F), 48 (D, G) and 72 hours (E–H) after irradiation is shown as median with interquartile range. The data are from nine independent experiments. For statistical analysis, each treated clone was compared to the WT via Mann-Whitney U test (*p < 0.05, **p < 0.01, ***p < 0.001).



Similarly, necrotic cell death (Figures 2F–H) was significantly increased in cell lines derived from brain metastases (BR, BR RR) compared to the WT cell line 24 h after the treatment. Further, only the WT RR cell line showed significantly less necrosis than the WT. However, 48 and 72 hours after irradiation necrotic cell death was significantly decreased in all clones compared to the WT.




3.3 Radioresistance drives the expression of immune suppressive checkpoint molecules following irradiation

The expression of the investigated ICMs did not vary considerably between the untreated WT and its clones. There was a similar base level of ICM expression between all four different cell lines, with just one exception: the immune stimulatory ICM CD137-L was significantly lower expressed in all non-irradiated clones that were originally derived from the WT.

Irradiation with 5 × 5.2 Gy resulted in a significant upregulation of both immune suppressive (PD-L1, PD-L2 and HVEM) (Figures 3C–E) and immune stimulatory (ICOS-L, CD137-L, OX40-L) (Figures 3F–H) immune checkpoint molecules on the cell surface of the treated cells compared to the untreated ones in all examined cell lines. CD137-L as an exception thereof however, was significantly downregulated on the WT after irradiation (Figures 3A–H).




Figure 3 | Radioresistance (RR) drives the expression of immune suppressive checkpoint molecules on the surface of the four presented MDA-MB-231 cell lines 48 hours after hypofractionated irradiation. The gating strategy is presented in (A) After pre-gating on the singlets, the debris was excluded. Then the viable cells were detected via the Zombie NIR viable/dead stain. Immune checkpoint molecule (ICM) expression is presented in the graphs as ΔMFI (mean fluorescence intensity). It was calculated by subtracting the MFI of the Zombie-only-stained samples (AF ctrl) from the respective Zombie-and-antibody-stained samples of various ICMs expressed on the cell surface of the four cell lines. Exemplarily primary data are shown for PD-L1 and PD-L2 detection. The WT and the WT-derived brain metastasis clone (BR) as well as the radioresistant (RR) clones derived from those cells (WT RR, BR RR) were treated with 5 × 5.2 Gy. (B) The expression of immune suppressive (PD-L1: (C), PD-L2: (D), HVEM: (E) and immune stimulatory (ICOS-L: (F), CD137-L: (G), OX40-L: (H) ICMs is presented as median with interquartile range. Data are from seven independent experiments. For statistical analysis, a Mann-Whitney U test was performed to compare untreated and treated cells within one cell line. The same test was used to compare an irradiated radioresistant cell clone with its respective non-radioresistant one. A Kruskal-Wallis test with multiple comparisons was used to examine statistical differences between the ICM expression of the different clones compared to the WT within the respective untreated (#) and treated (*) group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.



However, the radioresistant cell lines (WT RR, BR RR) were characterized by a significantly increased expression of especially the immune suppressive ICMs PD-L1, PD-L2 and HVEM in comparison to the respective non-radioresistant clone.




3.4 Danger signal Hsp70 is released after irradiation irrespective of the tumor cell clone

The release of the damage-associated molecular pattern Hsp70 was significantly increased from the irradiated compared to the respective non-irradiated MDA-MB-231 cells 48 hours after irradiation (Figure 4). However, there was no significant difference between the irradiated WT and its different clones.




Figure 4 | Hsp70 release was significantly increased from irradiated compared to non-irradiated MDA-MB-231 cells. The graph shows the concentration of Hsp70 per 105 cells (ng/ml) in the cell culture supernatant of WT and the WT-derived brain metastasis clone (BR) as well as the radioresistant (RR) clones derived from those cells (WT RR, BR RR), either untreated (blue bars) or after irradiation with 5 × 5.2 Gy (brown bars). Data is presented as median with interquartile range. Data are from six independent experiments. For statistical analysis, a Mann-Whitney U test was performed to compare untreated and treated (5 × 5.2 Gy) cells within one cell line (*p < 0.05, **p < 0.01). Furthermore, a Kruskal-Wallis test with multiple comparisons was used to compare Hsp70 concentrations between the treated WT and its clones.






3.5 Neither non-irradiated nor irradiated MDA-MB-231 cells and their supernatants increase the expression of common activation markers on human monocyte-derived DCs

To investigate the potential of treated and untreated RR and non-RR tumor cells to prime DCs, they were co-incubated with human monocyte-derived DCs (Figures 5A–C). Incubation of the DCs with the maturation cocktail (MC) led to a significant up-regulation of the four analyzed common activation markers CD70, CD80, CD83 and CD86 (Figures 5D–G). However, DCs which were co-incubated with either non-irradiated or irradiated WT, WT RR or BR RR cells and their respective supernatants, did not increase the expression of common activation markers compared to unstimulated, immature DCs (w/o MC).




Figure 5 | Neither untreated nor treated (5 × 5.2 Gy) MDA-MB-231 cells increased the expression of activation markers on dendritic cells (DCs) 48 hours after co-incubation. (A) Human monocyte-derived DCs were differentiated from peripheral blood mononuclear cells (PBMCs) for 5 days before they were co-incubated with untreated and treated wild type (WT) MDA-MB-231 cells or radioresistant (RR) clones. 48 hours later, the expression of common DC activation markers was examined using multicolor flow cytometry. The gating strategy is presented in (B) After pre-gating on the singlets, the viable cells were detected. Then, gating on CD11c positive cells identified DCs. CD70 (D), CD83 (E), CD80 (F), CD86 (G) expression on the cell surface of DCs is presented in the graphs as ΔMFI. It was calculated by subtracting the Zombie-only-stained samples (AF ctrl) from the respective Zombie-and-antibody-stained samples, here shown exemplarily for CD70 (C). The data is presented as median with interquartile range. Data are from seven independent experiments. For statistical analysis, a Mann-Whitney-U test was used to compare activation marker expression on DCs with and without (w/o) maturation cocktail (MC). Further, a Kruskal-Wallis test was performed to compare DCs w/o MC with DCs which had been co-cultured with either untreated or treated cancer cells, respectively. (*p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05).







4 Discussion

According to preclinical data, immunogenic cell death induction has been attributed to hypofractionated irradiation schedules (29, 30) which are more and more clinically applied for RT of breast cancer. In contrast to apoptosis which is considered to have a rather suppressive effect on the immune system (31), necrotic cell death is more immune stimulatory because of the release of potentially immunogenic neoantigens and DAMPs such as Hsp70. Necrosis has been reported to be primarily activated by higher doses of ionizing radiation (hypofractionation). It is the desired form of cell death in the context of anti-tumor immune response initiation (18, 32). Unlike other breast cancer subtypes, TNBC is characterized by a rather high TMB. That in turn, leads to the production of neoantigens (33). Consequently, its higher immunogenicity makes it a potential candidate for ICB.

To get first hints about the immunogenic phenotype of MDA-MB-231 breast cancer cells after hypofractionated irradiation and in dependence of their radioresistant properties and tissue origin (e.g. metastatic spread to the brain), cell death forms were determined of the four different clones. Hypofractionated irradiation induced a mixture of apoptosis and necrosis in the four cell lines (Figure 2). However, in comparison to the two WT cell lines, both brain-metastasized clones showed to be more sensitive to X-rays leading to strongly apoptosis-dominating cell death. It has been reported that metastatic spread to the brain has an impact on radioresistance of MDA-MB-231 cells as shown by a clonogenic assay (34) which could be due to the influence of the brain microenvironment on gene expression patterns of the tumor cells, as also indicated by the findings of Park et al. (35). Radioresistance was verified as previously described (27). The clonogenic survival (Figure 1) confirms that the RR clones have enhanced potential to still form colonies after radiation exposure compared the non-RR clones. Radioresistance was not generally correlated to the capability of tumor cell death induction, as the BR clones had similar amounts of apoptotic and necrotic cells after RT with 5 x 5.2Gy. The relationship between surviving fraction after radiation exposure and the percentage of apoptotic cells at the first days after the same dose of exposure is complex (36). We conclude that radioresistance of the BR cells might also be reflected by cell death forms at later time points than 72 hours and this is already indicated by slightly reduced percentages of necrotic cells of the BR RR clone.

Besides antigenicity, ICD also depends on adjuvanticity (37). Therefore, in the context of cancer cell death, this was exemplarily analyzed by quantifying the Hsp70 concentration in the supernatant of non-irradiated and irradiated tumor cells. In accordance with earlier examinations by Kötter et al., (38). Hsp70 release was significantly increased by irradiated cancer cells in comparison to the respective untreated ones (Figure 4). In sufficient quantities, Hsp70 can stimulate the uptake of tumor antigens (39) and further activate dendritic cells (40). Linder et al. suggested that extracellular Hsp70 is released predominantly by active mechanisms and not mainly during cell death (41). Compared to non-irradiated cells, our analyses showed that triple-negative breast cancer cells after radiation therapy have an increased secretion of HSP70 which is independent of the radioresistance. This suggests, as already observed for other tumor entities, that release of HSP70 is mostly connected to necrosis induction (42) of tumor cells (see Figure 2G) rather than to radiosensitivity being determined with clonogenic assays. However, radiosensitivity is linked to the immune surface phenotype of the tumor cells, most likely being triggered by activation of DNA sensing pathways in the cytosol of the cells (43).

DCs in general play a key role in T cell priming and therefore provide the basis for T cell-mediated anti-tumor immune responses. To get first hints whether the hypofractionated irradiation of the MDA-MB-231 breast cancer cells affects the priming capabilities of DCs, we examined the expression of DC-specific activation markers after co-incubation with untreated and treated tumor cells. However, although hypofractionated RT induced cell death and the release of Hsp70 in all four cell lines, we did not detect increased expression of any of the investigated activation markers (CD70, CD80, CD83 and CD86) on the surface of the DCs after co-incubation, neither with untreated nor with treated cancer cells in this in vitro setting. This suggests that irradiation of breast cancer cells might rather affects the effector phase of anti-tumor immune responses than the priming phase. However more detailed analyses are needed in the future such as how certain DC subsets might be affected. Pilones and colleagues recently discovered that Batf3-dependent conventional dendritic cells type 1 (cDC1) are required for priming RT-induced of tumor-specific CD8+ T cells (44).

Consequently, we analyzed whether the chosen treatment schedule would influence the expression of ICMs on the tumor cells. Most research on immune checkpoint molecules in breast cancer has focused on the PD-1/PD-L1 pathway so far. Monoclonal antibodies (mABs) which antagonize these immune suppressive ICMs and consequently help to restore a potent anti-tumor immune response, have recently led to remarkable long-lasting benefits, but unfortunately just in a minority of (metastatic) cancer patients (24). In this context, higher PD-L1 expression in the tumor has been associated with improved response rates to anti-PD-(L)1 therapies in various cancer types, including TNBC (45–47). Given the predictive value of PD-L1 expression, knowledge about the behaviour of further ICMs in response to irradiation is currently missing but may be beneficial to optimize future radioimmunotherapies (RITs). Therefore, we did not only analyse the expression of PD-L1, but also that of other key ICMs on MDA-MB-231 breast cancer clones.

Consistent with our data, the immune suppressive ICM PD-L1 has been reported to be expressed on the surface of many tumor cells (19, 20, 48, 49). In line with previous in vitro and in vivo examinations using various cancer cell lines and models, we revealed that it is not just PD-L1 which is upregulated by RT, but rather both immune inhibitory and immune stimulatory (50–53) ICM expression is significantly increased on the surface of TNBC cells following (hypofractionated) irradiation. This has already been demonstrated in other settings and tumor entities (54, 55).

However, a key new finding of our analyses is that particularly immune suppressive checkpoint molecules were significantly more upregulated on the cell surface of radioresistant MDA-MB-231 clones. This indicates for the first time that radioresistant tumour cells do not necessarily have a more stem cell-like phenotype, but might rather suppress the immune system by upregulation of immune suppressive molecules following radiation exposure. This, together with reduction of the dsDNA content in the tumor cells that attenuates the cGAS/STING pathway and consecutively the INFgamma-dependent immune activation (27), contributes to immune suppression. Future analyses will have to deal with connections between RT-induced intracellular modifications and modulations on the tumor cell surface to obtain a complete picture of immune suppressive mechanisms in more radioresistant tumor cell clones. Similarly, Jang et al. found in their single cell RNA-based investigation that PD-L1 expression was increased on radioresistant – based on the radiosensitivity index (RSI) – breast cancer cells. These cells included in particular basal, HER2 and luminal B subtypes and were associated with a higher risk of recurrence (56). Based on our data, we conclude that the immunological phenotype of (breast) cancer cells is strongly shaped by radioresistance. To the best of our knowledge, the underlying mechanisms therefore have not been described in the literature so far and have to be addressed in even more detail in the future, particularly in the context of innovative radiation oncology (57). As TNBC is characterized by a higher infiltration of immune cells it has be suggested that that these patients are more responsive to immunotherapy, but, as already stated, only a minority of these patients benefit from anti-PD-(L)1 monotherapy, which can be improved by adding RT. To achieve further improvement, targeting of additional immune checkpoint molecules should be envisaged (58). Our analyses revealed that HVEM has similar expression patterns such as PD-L1 and PD-L2 and it has been suggested that HVEM negatively correlates with overall survival in breast cancer patients (59). For exploration in clinical application double blockade of the PD-1/PD-L1/2 axis and HVEM in combination with RT should be taken into consideration.




5 Conclusion

Basically, there are two main models used to explain tumorigenesis. Both have challenged each other since their existence. On the one hand, there is the cancer stem cell concept which states that so called “cancer stem cells” (CSC) are responsible for cancer development due to their capacity to differentiate into phenotypically diverse cancer cells. Many properties have been attributed to CSCs, amongst others radioresistance. On the other hand, there is the clonal evolution/stochastic model. It assumes that normal cells can acquire distinct mutations over time and become cancer cells (60, 61). Our data indicate that – independent of the CSC concept with its radioresistant stem cells – radioresistant TNBC clones could survive radiotherapy and subsequently, evade the immune response by increased immune suppressive ICM expression. During the last decade it has become evident that the immune system plays an important role in influencing the response to RT treatment and prognosis in many solid tumor entities, including in breast cancer. The most beneficial dose of radiation for induction of anti-tumor immune responses could not be defined until today, but several preclinical, first clinical observation and in silico simulations support the hypothesis that hypofractionated RT is the most immunogenic one (62). Following Stereotactic Ablative Body Radiotherapy (SABR), e.g., there is evidence of systemic immune activation in patients with increased PD1 expression (63). Future studies should nevertheless additionally investigate conventional radiation therapy and moderately hypofractionated radiation therapy with regard to radioresistance and immune phenotype of breast cancer cells. In our analyses we aimed to refer to current clinical approaches focusing on more hypofractionated schedules, as already outlined above (10). Generally, the increased immune suppressive ICM expression could then in turn form the basis for recurrence and newly emerging metastases. Therefore, we speculate that the significance of ICB may increase in parallel to the number of experienced radiotherapy sessions and that targeting different ICMs at once might be necessary in breast cancer. We finally want to stress that the key focus was set on the immune phenotype of the radioresistant breast cancer cells in the here presented analyses. Future work will have to focus on even more detailed functional analyses with DC subsets and consecutive T cell activation. Furthermore, analysis of the expression of ICMs in breast cancer specimen tissue microarray with radiation sensitive- and radiation resistant-patient should provide deeper insights how radiosensitivity might be connected to immune phenotypes of breast cancer tumor cells.
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Target

ATM
CD47/SIRPo.
CD40
CSF-1R

CCR2/CCRS
PI3KY

TLR3
TLR7/9
TLR9

Drug

AZD1390
RRx-001
CDX-1140
Cabiralizamab
Sunitinib
Sunitinib
Sunitinib
Sunitinib
Sunitinib
Sunitinib
Sunitinib
Nilotinib
PLX3397
PLX3397
BMS-813160
BYL719
BYL719
BKM120
BKM120
Poly-ICLC
Imiquimod
SD-101
SD-101
SD-101

Combination

RT

RT + Temozolomide

RT + Poly-ICLC + FLT3-L
RT + Nivolumab

RT

RT

RT

RT

RT + Temozolomide

RT + Surgery + Irinotecan + Cisplatin
RT + Leuprolide + Goserelin + Casodex
RT

RT + Temozolomide

RT + Anti-hormone Therapy
RT + Nivolumab + GVAX
RT + Cetuximab

RT + Cisplatin

RT + Temozolomide

RT + Cisplatin

RT + Temozolomide

RT + Cyclophosphamide

RT

RT + Ibrutinib

RT + Nivolumab

Cancer Type

Glioblastoma
Gliomas
Breast

Pan-

Head and Neck, Pelvic, Nervous System, Thoracic

Metastatic

Soft Tissue Sarcoma

Glioblastoma

Glioblastoma Multiforme
Esophageal

Prostate

Chordoma

Glioblastoma

Prostate

Pancreatic Ductal Adenocarcinoma
Head and Neck Squamous Cell
Head and Neck Squamous Cell Carcinoma
Glioblastoma

Multiple

Glioblastoma Multiforme

Breast

B-Cell Lymphoma

Follicular Lymphoma

Pancreatic

Phase

jai

v
11
11
I

v

10

11
v
v
s

Year

2018
2016
2020
2018
2007
2007
2008
2010
2016
2006
2008
2011
2013
2015
2018
2014
2015
2011
2014
2005
2011
2014
2016
2019

Reterence

NCT03423628
NCT02871843
NCT04616248
NCT03431948
NCT00437372
NCT00463060
NCT00753727
NCT01100177
NCT02928575
NCT00400114
NCT00631527
NCT01407198
NCT01790503
NCT02472275
NCT03767582
NCT02282371
NCT02537223
NCT01473901
NCT02113878
NCT00262730
NCT01421017
NCT02266147
NCT02927964
NCT04050085

Search conducted on ClinicalTrials.gov using search criteria “Cancer”, “Radiation” and “Macrophage”. CSF-1R, Colony Stimulating Factor Receptor 1; CCR2, C-C Chemokine Receptor;

PI3Ky, Phosphatidylinositol-4,

sphosphate 3-kinase catalytic subunit gamma; TLR, Toll-Like Receptor; RT, Radiotherapy.
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Target (drug), Additional
route therapy

DNA repair inhibitors
ATR inhibitor -
(AZD6738,
ceralasertib),

PO

ATR inhibitor -
(AZD6738,

ceralasertib),

PO

ATR inhibitor Anti-PD-L1
(AZD6738,

ceralasertib),

PO

ATR inhibitor Anti-TIGIT, Anti-
(AZD6738, PD-1
ceralasertib),

PO

ATM inhibitor Anti-PD- L1
(KU60019),
PO

DNA-PK inhibitor Anti-PD-L1
(M3814, peposertib),
PO

Weel inhibitor

MK1775/AZD177, Anti-PD-1
adavosertib,
PO

STING agonists

Modified CDN =
derivative molecules,
IT injection

Toll-like receptor agonists

Imiquimod, Cyclophosphamide
topical

Imiquimod, 5
topical

TLR7 agonist (R848), =
I\

TLR7 agonist (DSR- -
6434),
v

TLR7-selective agonist -
(DSR-29133),
v

TLR7/8 agonist (3M- -
011 (854A)),
IP injection

TLRY agonist -
(CpG
oligodeoxynucleotide
1826),

SC peritumoural or IT
injection

TLRY agonist -
(CpG
oligodeoxynucleotide
1826),

peritumoural injection

TLR9 agonist

(CpG
oligodeoxynucleotides),
peritumoural injection

TLR9 agonist B
CpG
oligodeoxynucleotides,

SC injection

(RIG-T)-like receptor agonist (RLR)

dsRNA mimic polyIC  Low-dose
by polyethylenimine cyclophosphamide,

(PolyIC(PEI)), TLR agonist
IT cytoplasmic delivery  (polyIC),
decitabine

Radiotherapy
(RT)

2Gyx2

2Gyx4

18 Gy in 3
fractions on days 1,
3,and 5

20 Gy in four 5 Gy
fractions per day
(MOC2); 24 Gy in
three 8 Gy
fractions per day
over 5 days (SCC7)
8 Gy single
fraction

5 Gy or 8 Gy
single fraction

8 Gy single
fraction

10 Gy single
fraction

8Gyx3
consecutive days

Whole-body RT 2
Gy single fraction

10 Gy single
fraction

KHT and CT26
tumours received a
single dose of 25 or
15 Gy, or 5 daily
fractions of 2 Gy,
respectively.

2Gyx5

2Gyx5

Single dose
(unspecified) or
fractionated RT
delivered in 1-9 Gy
fractions twice
daily, separated by
6-7 hours for 5
consecutive days
for total dose of
10-90 Gy

20 Gy single
fraction

30 Gy in 10
fractions of 3 Gy
over 12 days, or a
single dose (2, 6 or
10 Gy)

20 Gy single
fraction

Diftusing alpha-
emitting radiation
therapy (DaRT)
Intratumoural Ra-
224-coated seeds

Murine
tumour model

CT26 (colorectal
cancer)

TC-1 (HPV-
transformed

lung epithelial
cells)

Hepa 1-6 cells (a
C57/L murine liver
cancer cell line)
and H22 cells

MOC2 and SCC7
HPV-negative
murine oral
squamous cell
carcinoma cell lines

mT4 and KPC2
pancreatic cancer
cell lines

mT4 pancreatic
cancer cell line

MOC-1 murine
oral squamous cell
carcinoma

Panc02 murine
pancreatic
adenocarcinoma
cell line; SCC7
head and neck
cancer model,
MMTV-PyMT
mammary
carcinoma; 3LL
lung
adenocarcinoma
model

TSA mouse breast
carcinoma

B16-F10 and B16-
F1 melanoma

B-cell lymphoma
line A20, the T-cell
lymphoma line
EL4, and its
ovalbumin-
expressing
derivative EG7
CT26 colorectal or
KHT fibrosarcoma
tumours

Syngeneic models
of renal cancer
(Renca), metastatic
osteosarcoma
(LM8) and
colorectal cancer
(CT26)

CT26 (murine
colorectal
carcinoma cell line)
or Panc-02 (murine
pancreatic
carcinoma cell line)

Murine
immunogenic
fibrosarcoma
tumour

Immunogenic
sarcoma (FSa)

Rat glioma cell
lines 9L and RG2

Lewis lung
carcinoma (3LL)
cells

4T1 triple-negative
breast tumours
Squamous cell
carcinoma (SCC)
tumour model Q2

1V, intravenous; SC, subcutaneous; IP, intraperitoneal; I'T, intratumoural; PO, oral.

Immunological eftects

Combination treatment increased TIL CD8+ T cell
infiltration, decreased TIL Treg cells, and promoted
immunological memory. AZD6738 blocked radiation-induced
PD-L1 upregulation to reduce number of TIL Tregs.

Combination treatment showed enhanced type I and type II
IFN signature, increased PD- L1 expression, increased
numbers of DCs, T cells and NK cells.

AZD6738 further increased RT-stimulated CD8+ T cell
infiltration and activation and reverted the
immunosuppressive effect of radiation on the number of
Tregs in mice xenografts. Triple combination with anti-PD-L1
boosted the infiltration, cell proliferation, enhanced IFN-y
production ability of TIL CD8+ T cells, decreased trend in
number of TIL Tregs and exhausted T cells in mice
xenografts. Triple therapy led to more long-lasting immunity
with tumour rechallenge rejection.

ATRi enhanced radiotherapy-induced inflammation in the
TME with NK cells playing a central role in maximizing
treatment efficacy. Anti-tumour activity of NK cells can be
further boosted with ICI targeting TIGIT and PD-1.

Combination treatment further enhanced TBK1 activity, type
1 IFN production, and antigen presentation. ATM inhibition
also increased PD-L1 expression, increased intratumoural
CD8" T cells and established immune memory.

Radiation with DNA-PK inhibition increased cytosolic
dsDNA and tumoural type 1 IFN signalling in a cGAS- and
STING-independent, but an RNA POL III, RIG-1, and
MAVS-dependent manner. Triple combination with anti-PD-
L1 potentiated anti-tumour immunity with a significant
increase in the number of CD4+ , CD8+ , and Granzyme B+
cells compared to radiation alone or radiation with M3814.

Triple combination treatment efficacy is CD8-dependent.
Radiation alone reduced neutrophilic myeloid-derived
suppressor cells and increased Treg tumour accumulation,
unchanged with the addition of AZD1775. T-cells from
tumour-draining lymph nodes (TDLNs) from mice treated
with the triple therapy demonstrated the greatest activation
and IFNYy production upon exposure to MOCI1 tumour
antigen. Mice cured following triple agent treatment did not
engraft tumours following rechallenge.

Combination treatment showed early T-cell-independent and
TNFo.-dependent haemorrhagic necrosis, followed by later
CD8+ T-cell-dependent control of residual disease.

Increased tumour infiltration by CD11c+, CD4+ and CD8+
cells. Tumour control abolished by CD8+ depletion.
Combination treatment led to abscopal effect, long-term
tumour-free mice rejected rechallenge showing
immunological memory.

Combination treatment led to enhanced cell death via
autophagy. Autophagy accelerated via ROS-mediated MAPK
and NF-xB signalling pathways. Combination increased
number of CD8+ T cells and decreased numbers of Treg and
MDSCs in the tumour lesions. Combination enhanced
systemic anti-cancer immunity by increasing the abundance
of T cell populations expressing IFN-y and TNF-o..

Combination treatment led to the longstanding clearance of
tumour in T- and B-cell lymphoma-bearing mice.
Combination therapy led to the expansion of tumour antigen-
specific CD8+ T. Mice that achieved long-term clearance of
tumour were protected from subsequent tumour rechallenge.

Combination led to induction of type 1 interferon and
activation of T and B lymphocytes, NK and NKT cells.
Combination treatment primed an anti-tumour CD8+ T cell
response. Long-term surviving mice had significantly greater
frequency of tumour antigen-specific CD8+ T cells.

Administration of DSR-29133 led to the induction of IFNa/y,
IP-10, TNFo, IL-1Ra and IL-12p70.

Combined therapy resulted in curative responses in a high
proportion of mice bearing established CT26 tumours which
was dependent on the activity of CD8+ T-cells, but
independent of CD4+ T-cells and NK/NKT cells. Long-term
surviving mice treated with combination were protected from
subsequent tumour rechallenge.

In vivo depletion identified NK and CD8 T cells as the cell
populations mediating the cytotoxic effects of treatment, while
in vivo depletion of CD11c+ dendritic cells (DC) in CD11c-
diphtheria toxin receptor (DTR) transgenic mice revealed DC
as the pivotal immune hub in this setting.

Mice cured of their tumours by combined CpG
oligodeoxynucleotide 1826 plus radiotherapy were highly
resistant to SC tumour take or development of tumour
nodules in the lung from IV injected tumour cells when
rechallenged with fibrosarcoma cells 100 to 120 days after the
treatment, suggesting the development of a memory response.
CpG oligodeoxynucleotide 1826 also increased the
radioresponse of the non-immunogenic fibrosarcoma tumour
by a factor of 1.41 and 1.73 when CpG oligodeoxynucleotide
1826 was given SC and IT, respectively.

The CpG ODN-induced enhancement of tumour
radioresponse was diminished in tumour-bearing mice
immunocompromised by sublethal whole-body radiation.
Tumours treated with combination showed increased
necrosis, heavy infiltration by host inflammatory cells
(lymphocytes and granulocytes), and reduced tumour cell
density.

Combination treatment efficacy was lost in nude mice
compared to immunocompetent mice, underlining the role of
immune cells in anti-tumour effects. Tumour infiltration by
immune cells and expression within tumours of the CpG
receptor, TLR9, were not modified by irradiation.

TLR9 agonist alone expanded and activated B cells and
plasmacytoid dendritic cells in wild-type mice and natural
killer DCs (NKDCs) in B cell-deficient (B—/-) tumour-
bearing mice. Combined treatment led to a strong tumour-
specific humoral immune response with deposition of mouse
IgG auto-antibodies in tumour tissue in wild-type mice
whereas the number of tumour-infiltrating NKDCs increased
in B~/ mice.

Splenocytes from PolyIC(PEI) and DaRT-treated mice,
adoptively transferred to naive mice in combination with 4T1
tumour cells, delayed tumour development compared to naive
splenocytes. Delay in tumour development on re-challenge
was demonstrated.
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Target (drug)
& route

DNA repair inhibi

ATM kinase
inhibitor
(AZD1390)

ATR inhibitor
(AZD6738)
ATR kinase
inhibitor
(BAY1895344)

ATR inhibitor
(M6620)

DNA- PK
inhibitor
(M3814)
DNA- PK
inhibitor
(M3814)

DNA- PK
inhibitor
(M3814)
DNA- PK
inhibitor
(M3814)
DNA- PK
inhibitor
(M3814)

DNA- PK
inhibitor
(M3814)
DNA-PK
inhibitor
(XRD-0394)
Dual ATM
and DNA-PK
inhibitor
(XRD-0394)
PARP
inhibitor
(olaparib)
PARP
inhibitor
(olaparib)

PARP
inhibitor
(olaparib)

PARP
inhibitor
(olaparib)

PARP
inhibitor
(olaparib)

PARP
inhibitor
(olaparib)

PARP
inhibitor
(niraparib)
PARP
inhibitor
(niraparib)

(veliparib)

PARP
inhibitor
(Veliparib)

PARP
inhibitor
(Veliparib)

Additional
therapy

rs
N/A

None

Pembrolizumab

Cisplatin;
capecitabine

Avelumab

Cisplatin

Capecitabine

Avelumab

Temozolomide

N/A

N/A

N/A

Durvalumab;
Tremelimumab

N/A

N/A

Durvalumab;
carboplating
ctoposide

N/A

Temozolomide

N/A

Dostarlimab

Temozolomide

N/A

Capecitabine

Wee 1 inhibitor

Adavosertib
(AZD1775)

Adavosertib
(AZD1775)

Adavosertib
(AZD1775)

Adavosertib
(AZD1775)

Cisplatin

Cisplatin

Cisplatin

Gemcitabine

Toll-like receptor agonists

TLRY agonist
(sD-101)
intratumoural

TLRY agonist
(SD-101)
intratumoural
TLRY agonist
(SD-101)
intratumoural

TLRY agonist
(SD-101)
intratumoural

TLRY agonist
(SD-101)
intratumoural

TLRY agonist
(SD-101)
intratumoural

CMP-001
intratumoural

SD-101
intratumoural

Imiquimod
(topical)
Poly(ICLC)
intratumoural

CpG-
enriched
TLRY

agonist (PF-
3512676)
intratumoural

N/A

Anti-OX40 (BMS-
986178)

Epacadostat

Pembrolizumab;
leuprolide acetate;
abiraterone
Acetates
prednisone

Ibrutinib

Nivolumab

Nivolumab;
ipilimumab

Ipilimumab

Cyclophosphamide

rthuFIt3L/CDX-301

Radiotherapy

35 Gy over 2 weeks;
30 Gy over two
weeks;

60 Gy over 6 wecks

20 0r 30 Gy

SBRT 3 fractions
with 23 days
between fractions

Not specified

Hypofractionated in
5 fractions

3Gyx10;2 Gyx
3335

45-50 Gy in 25-28
fractions
over 5 weeks

30 Gy in 10
fractions over 2
weeks

60 Gy in 30
fractions over 6
weeks

Not specified

20 Gy in § fractions
over 1 week

20 Gy in 5 fractions
over 1 week

30 Gy in
10 fractions over
2 weeks

Not specified

Unspecified
standard
radiotherapy
treatment 5 days
per week for 6
weeks

Not specified
consolidative
thoracic
radiotherapy
High-dose 70 Gy in
35 fractions; elective
neck 54.25 Gy in 35
fractions

2 Gy per fraction
given once daily five
days per week over
6 weeks, for a total
dose of 60 Gy

Not specified

Not specified

30 daily fractions of
radiation therapy 5
days per week for 6-
7 weeks

50 Gy to the chest
wall and regional
Iymph nodes plus a
10-Gy boost

504 Gy in 18 Gy
fractions daily, 5
consecutive days per
week for 5:5 weeks

IMRT 5 days a
week, once daily,
Monday to Friday,
for 6 weeks

45 Gy or greater

70 Gy at 2Gy per
fraction, 35
fractions, Monday
to Friday over 7
weeks

525Gy in 25
fractions (2.1Gy/
fraction), using
intensity-modulated
radiation therapy
(IMRT) after
chemotherapy

4 Gy in 2 fractions
over 2 days

Low-dose not
specified over 2
fractions

24 Gy in 8 fractions,
20 Gy in 5 fractions,
4 Gy in 2 fractions

35 Gy in 7 fractions

Not specified

6-10 Gy per fraction
to the injected
lesion given on days
1,3,5,8 and 10

Radiosurgery

Low-dose radiation
therapy to 1 site of
disease

30 Gy in 5 fractions

2Gyx2

4 Gy in 2 fractions
over 2 days

Phase

i

b/

it

1

i

1l

i

i

]

0

0

i

Ib/11

0

o

0

m

Patient
population

Brain cancer

Solid tumours

Recurrent head
and neck
squamous cell
carcinoma

Oesophageal
cancer and other
solid cancers

Advanced
hepatobiliary
malignancies

Locally advanced
tumours

Rectal cancer

Various
advanced
solid tumours

MGMT
promoter
unmethylated
glioblastoma or
gliosarcoma
Advanced head
and neck cancer

Various
advanced
solid tumours

Metastatic,
locally advanced,
or recurrent
cancer

Extensive stage
small cell lung
cancer
Triple-negative
breast cancer

Inflammatory
breast cancer

Extensive-stage
small cell lung,
cancer

Head and neck
cancer

High-grade
gliomas

Triple-negative
breast cancer

Triple-negative
breast cancer

Newly diagnosed
malignant
glioma without
H3 K27M or
BRAFV600
mutations

Inflammatory or
loco-regionally
recurrent breast
cancer

Locally advanced
rectal cancer

Head and neck
cancer

Cervical, upper
vaginal and
uterine Cancers

Intermediate/
high risk
squamous cell
carcinoma of
head and neck
Unresectable
adenocarcinoma
of the pancreas

Untreated
indolent
lymphoma

Low-grade B cell
non-Hodgkin
Iymphoma
Advanced

solid tumours

Oligometastatic
prostate cancer

Lymphoma

Metastatic
pancreatic
adenocarcinoma

Colorectal
cancer
metastatic to
liver

Recurrent low-
grade B-cell
Iymphoma
Metastatic
breast cancer

Lymphoma

Mycosis
fungoides

120

6

37

92

165

£

42

38

54

300

12

115

12

3

29

20

12

31

15

Response

Recruiting

Active, not recruiting

Recruiting

Recruiting

Not yet recruiting

Preliminary efficacy: in-field response (n=
had pCR, 4 PR, 7 SD, and 3 have not yet been evaluated.

One patient was not evaluable.

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Awaiting report

Recruiting

Recruiting

Active, not recruiting

Recruiting

Recruiting

Recruiting

Active, not recruiting

15 disease control failures during the 3 years of follow-up. 13

died (all after recurrence)

Tumour downstaging at surgery was noted in 22 (71%) of 31
patients; nine (29%) of 31 patients achieved a pathological

complete response.

Completed

Active, not recruiting

Completed

Median overall survival for all patients was 21.7 months
(90% CI, 16.7 to 24.8 months) which was substantially
higher than prior results combining gemcitabine

radiation therapy.

26/29 (89.7%) patients had tumour reduction at treated site.
24 (82.8%) patients had tumour reduction at non-treated

sites.

Recruiting

Early outcome reported for 7 patients refractory to prior
therapy with anti-PD-L1 checkpoint inhibition. In these
patients, disease control rate (DCR) and abscopal DCR was
86% (6/7) and 100% (7/7), response rate was 43% (3/7), and
abscopal response rate was 29% (2/7) including 2 patients
with long-term durable complete responses.

Recruiting

Early outcome reported for 13 patients treated with a median
follow-up of 7.7 months. 6 of 12 evaluable patients had
achieved a partial response (50% ORR) and 3 had achieved
>50% reduction in distal tumour burden. Eight of 12 patients
(66.7%) had experienced at least a 30% reduction in distal

tumour burden.

Active, not recruiting

Recruiting

Completed

Completed

Partial or complete response of treated tumour in /11
(72.7%). Six (54.5%) had stable disease/minor regressions at
non-treated sites and three (27.3%) showed significant

distant disease regression.

One (6.7%) patient with complete clinical response, distant

site
clinical response
seen in 5 patients (33.3%).

AEs, Adverse effects; DLTs, Dose-limiting toxicities; NCT, National Clinical Trial; N/A, Not Applicable.

Recruiting

Active, not recruiting

Recruiting

Recruiting

Not ye recruiting

Dose-escalation results reported (n=16 patients enrolled).
‘The most frequent AEs were fatigue in 12/16 and nausea
8/16. No patients discontinued due to DLTs. Four DLTs
were reported: grade 3 mucositis lasting > 7 days in 3/16
and odynophagia in 1/16, all recovered without sequelae.
One fatal suspected unexpected serious AE considered as
radiation pneumonitis occurred.

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

2/24 (8.7%) patients experienced acute grade 3 dermatitis
related to RT. Olaparib-related toxicity grade 3-4
‘haematological toxicity was lymphopenia in 11/24 (45.8%)
patients.

Recruiting

Recruiting

Active, not recruiting

Recruiting

Recruiting

Recruiting

Active, not recruiting

5 dose-limiting AEs occurred: 4 moist desquamation, 1
neutropenia. Crude Grade 3 toxicity was 10% at year 1,
167% at year 2, and 46.7% at year 3. At year 3, 6 of 15
surviving patients had severe fibrosis in the treatment
field.

Common AEs included nausea in 17 patients (53%),
diarrhoea in 16 (50%), and fatigue in 16 (50%). Grade 3
diarrhoea in three (9%) of 32 patients; no Grade 4 events.

Completed

Active, not recruiting

Completed

8/34 patients (24%) experienced a dose-limiting toxicity,
most commonly anorexia, nausea, or fatigue.

Grade 1-2 drug-related AEs reported by all patients. Most
common treatment-related side effect was a flu-like
systemic reaction. 8/29 patients (27.6%) had grade 3 drug-
related AEs. No drug-related grade 4 or serious AEs.

Recruiting

Awaiting report

Recruiting

AEs were consistent with known effects of ibrutinib and of
CpG with no unexpected AEs to suggest synergistic
toxicity. There were no grade 4 or 5 events. AEs led to
ibrutinib dose reduction or discontinuation in 3 patients.

Active, not recruiting

Recruiting
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Chemotherapy in Cervical, Upper Vaginal and Uterine
Cancers (NCT03345784)

Dose-escalating AZD1775 + Concurrent Radiation +
Cisplatin for Intermediate/High Risk HNSCC
(NCT02585973)

Dose Escalation Trial of AZD1775 and Gemcitabine
(+Radiation) for Unresectable Adenocarcinoma of the
Pancreas (NCT02037230)

WEET Inhibitor With Cisplatin and Radiotherapy: A Trial in
Head and Neck Cancer (NCT03028766)

Capecitabine, Oxaliplatin, Selenomethionine, and Radiation
Therapy in Treating Patients Undergoing Surgery For
Newly Diagnosed Stage Il or Il Rectal Adenocarcinoma
(NCT00625183)

Carboplatin, Paclitaxel, Selenomethionine, and Radiation
Therapy in Treating Patients With Stage Il Non-Small Cell
Lung Cancer That Cannot Be Removed by Surgery
(NCT00526890)

Selenomethionine in Reducing Mucositis in Patients With
Locally Advanced Head and Neck Cancer Who Are
Receiving Cisplatin and Radiation Therapy (NCT01682031)
Selenomethionine and Finasteride Before Surgery or
Radiation Therapy in Treating Patients With Stage | or
Stage Il Prostate Cancer (NCT00736645)

Selenomethionine in Treating Patients Undergoing Surgery
or Internal Radiation Therapy for Stage | or Stage I
Prostate Cancer (NCT00736164)

A Study of OBP-301 With Radiation Therapy in Patients
With Esophageal Cancer (NCT03213054)

A Study to Assess the Safety and Tolerability of AZD1390
Given With Radiation Therapy in Patients With Brain
Cancer (NCT03423628)

AZD1390 in Recurrent Grade IV Glioma Patients
(NCT05182905)

A Platform Study of Novel Agents in Combination With
Radiotherapy in NSCLC (NCT04550104)

Sarcomas and DDR-Inhibition; a Combined Modality Study
(NCT05116254)

Combination Therapy for the Treatment of Diffuse Midline
Gliomas (NCT05009992)

ONC201 and Radiation Therapy Before Surgery for the
Treatment of Recurrent Glioblastoma (NCT04854044)

Completed

Completed

Recruiting

Not yet
recruiting
Not yet
recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting
Active, not
recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Active, not
recruiting
Recruiting

Recruiting

Recruiting

Completed

Completed

Active, not

recruiting
Recruiting

Recruiting
Unknown

Recruiting

Recruiting

Recruiting

Completed

Completed

Recruiting

Not yet
recruiting

Withdrawn

Not yet
recruiting
Completed

Completed

Completed

Completed

Completed

Completed

Completed

Recruiting
Active, not
recruiting

Completed

Active, not
recruiting

Terminated

Unknown

Completed

Active, not
recruiting

Recruiting

Completed

Recruiting
Completed

Terminated

Unknown

Active, not
recruiting

Suspended

Active, not
recruiting

Active, not
recruiting

Completed

Completed

Completed

Terminated

Terminated

Terminated

Completed

Withdrawn

Unknown

Recruiting

Recruiting
Recruiting

Not yet
recruiting

Recruiting

Withdrawn

Data retrieved from: https://clinicaltrials.gov/ct2/home Retrieval data 04/19/2022.

RS, repilication stress; DDR, DNA damage response; CDC6, cell division cycle 6 homologue; TOPK, t-lymphoid-activated killer (T-LAK) cell-derived protein kinase; CDC20, cell division
cycle protein 20 homologue; TAME, tosyl-L-arginine methyl ester; Mcl-1, myeloid cell leukemia sequence 1; PARP, poly (ADP-ribose) polymerases; RPA, replication protein A; TopBP1,
topoisomerase Il-binding protein 1; ATR, ataxia telangiectasia and rad3-related; CHK, checkpoint kinase; MRE11, meiotic recombination 11; ATM, ataxia telangiectasia mutated; MDM2,
mouse double minute 2; POLQ, DNA polymerase theta; BRCA, breast cancer related protein; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of
rapamycin; SUMO, small ubiquitin-like modifier: UPR, unfolded protein response.





OPS/images/fonc.2022.998388/table1.jpg
DDR
target

PARP

DNA-PK

WEE1

ATR

ATM
CHK1/2

Interventions

Niraparib + Dostarlimab + RT
Pembrolizumab + Olaparib
Olaparib +/- Pembrolizumab

Olaparib + Durvalumab +/- Carboplatin, Etoposide,
and/or RT

Olaparib +/- Tremelimumab
Pembrolizumab + Olaparib

Durvalumab + Olaparib + RT

Durvalumab + Olaparib
Atezolizumab +/- Niraparib & Temozolomide
Olaparib +/- Atezolizumab

Olaparib+ Pembrolizumab + Paclitaxel

Durvalumab + Olaparib + Copanlisib HCI
Durvalumab + Olaparib

Niraparib + Dostarlimab

Cabazitaxel + Carboplatin + Cetrelimab + Niraparib
Atezolizumab + Talazoparib

Cediranib Maleate + Durvalumab + Olaparib
Niraparib + Dostarlimab

Olaparib + Tremelimumab

Dostarlimab + Niraparib

Rucaparib + Nivolumab

NK cells + Talazoparib

Olaparib + Pembrolizumab

Paclitaxel + Olaparib + Pembrolizumab

Busulfan + Gemcitabine + Melphalan + Olaparib +
Rituximab + Vorinostat

M3814 + Avelumab +/- RT
Avelumab + RT +/- Peposertib

Radium 223 dichloride alone, + Peposertib, or +
Peposertib and Avelumab

Adavosertib + Durvalumab

ZN-c3 + Pembrolizumab (27)
Elimusertib + Pembrolizumab + RT
M1774 + immune checkpoint inhibitor
Elimusertib + Pembrolizumab

None

None

Cancer type

TNBC
Cervical cancer, cervical carcinoma
Metastatic pancreatic adenocarcinoma, stage IV pancreatic cancer AJCC v8

Extensive stage lung small cell carcinoma, stage IV, IVA, IVB lung cancer
AJCC v8

Recurrent ovarian, fallopian tube or peritoneal cancer
Breast cancer

Locally advanced, unresectable pancreatic adenocarcinoma, stage 11 & I1I
pancreatic cancer AJCC v8

Metastatic TNBC
Advanced solid tumors
BRCA mutant non-HER2-positive breast cancer

Recurrent/advanced gastric and gastro-esophageal junction cancer with
HRR mutation and MSS

Advanced solid tumors with selected mutations
Prostate cancer with high neoantigen load

BRCA-mutated unresectable or metastatic breast, pancreas, ovary, fallopian
tube, or primary peritoneal cancer

Metastatic prostate cancer

SLEN11 + small cell lung cancer

Ovarian, primary peritoneal, or fallopian tube cancer after Pt therapy
HPV-negative head and neck squamous cell carcinoma
BRCA-deficient ovarian cancer

BRCA1/2 and PALB2-mutated metastatic pancreatic cancer

Solid tumors

Acute myeloid leukemia

Advanced melanoma with homologous recombination mutation
Advanced gastric adenocarcinoma

Relapsed or refractory lymphomas undergoing stem cell transplant

Solid tumors
Advanced/metastatic solid tumors and hepatobiliary malignancies

Advanced prostate cancer not responsive to hormonal therapy

Advanced solid tumors

Solid tumors

Recurrent head and neck cancer

Metastatic or locally advanced unresectable solid tumors

Advanced solid tumors

Phase

i
I
I
1

it

v
il
v

il

i
il
i
i
v
il
I
s
I
I

1
v

Trial #

NCT04837209
NCT04483544
NCT04548752
NCT04728230

NCT04034927
NCT03025035
NCT05411094

NCT03544125
NCT03830918
NCT02849496
NCT04592211

NCT03842228
NCT04336943
NCT04673448

NCT04592237
NCT04334941
NCT04739800
NCT04681469
NCT02571725
NCT04493060
NCT03824704
NCT05319249
NCT04633902
NCT04209686
NCT03259503

NCT03724890
NCT04068194
NCT04071236

NCT02617277
NCT04158336
NCT04576091
NCT05396833
NCT04095273

Search performed on 7/10/2022 using keywords “immunotherapy” and “PARP inhibitor, DNA-PK inhibitor, WEEI inhibitor, ATR inhibitor, ATM inhibitor, or CHK1/2 inhibitor”.
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Patient

57-year-old
male

61-year-old
male

66-year-old
female

93-year-old
female
75-year-old
male
85-year-old
male
63-year-old
male
76-year-old
female
81-year-old
female

Disease

Unknown
primary

Renal Cell
carcinoma
Renal Cell

carcinoma

Melanoma (toe)

Colorectal
cancer

Colorectal
Cancer

Hepatocellular
Carcinoma

NSCLC

NSCLC

Sites of involvement

Lung nodules, vertebra, and brain
metastases

Bone, spine, brain, lung
lymphadenopathy mets

Neck, lung and portacaval node

Thigh and inguinal node

Liver mets

Nodes (near abdominal aorta,
mediastinal, and subclavian)

Lung and mediastinal nodes

Mediastinal and hilar lymph nodes,
lung disease

Lung, pleura, periclavicular node,
and vertebra

Treatment

Response

Radiation (XRT) to 9" vertebra  All lesions

XRT to brain, spine, and bone

XRT to the neck

Surgery, RT to inguinal region

Resection and RT

Resection and XRT to aortic
lymph node

XRT to mediastinal lymph
node

XRT only, to mediastinal and
hilar lymph nodes.

XRT only

Regression of untreated lung metastases and
lymphadenopathy

Regression of irradiated neck mass and non-
irradiated lung metastases

Regression of thigh lesions

Reduction in both the treated and untreated
liver masses

Untreated subclavian node shrank, and
mediastinal node remained stable.
Mediastinal lymph node and untreated
lung mass

Complete response to multiple untreated
lung lesions

Complete remission of untreated vertebral
lesions and periclavicular node

Reference

(37)

(38)

(39)

(40)

(41)

(41)

(42)

(43)

(44)
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Patient

69-year-
old male

54-year-
old male

64-year-
old male

70-year-
old male

65-year-
old
female
67-year-
old
female
33-year-
old
female
71-year-
old male

Disease

NSCLC

Neuroendocrine

NSCLC

NSCLC

Melanoma
(mucosal)

Pancreas
Cancer

Melanoma
(cutaneous)

NSCLC

Sites of involvement

Lung, mediastinal and other
nodes

Lung, adrenal glands, para-
spinal cord

Mediastinal contralateral
lymph nodes and distant
metastases (brain and
ocular)

Mediastinal lymph nodes
and malignant pleural
effusion, PD-L1 70%

Neck and pulmonary mets

Liver and right pleura

Pulmonary nodule,
paraspinal mass, hilar node,
splenic lesion

Brain mets, mediastinal
lymph nodes lung disease

Treatment

Vinorelbine/cisplatin, paclitaxel, camrelizumab/
apatinib, CT-guided microwave ablation of lung
lesion, following systemic treatment failure

After progression with systemic therapy,
Pemetrexed/cisplatin/bevacizumab, nivolumab,
XRT to para spinal vertebrae

Nab-paclitaxel/carboplatin/atezolizumab,
atezolizumab alone, after progression of all
lesions, WBRT (whole brain radiation therapy)

Failed Pembrolizumab, then WBRT added

Failed Pembrolizumab, then given XRT to neck

Failed Gemcitabine, paclitaxel, apatinib, then
given palliative XRT (to pancreas)/GM-CSF

Failed Cisplatin/vinblastine/temozolomide (CVT),
ipilimumab, XRT to paraspinal mass

Failed nedaplatin/paclitaxel, and Atezolizumab,
then given Atezolizumab/brain XRT

Response

After progression on systemic treatment
and then XTR, right lower lobe mass and
mediastinal lymph nodes reduced

Lung tumor and adrenal metastases
underwent regression

PR to brain, CR to lung and mediastinal
masses was seen after WBRT

Partial regression of the lung tumor and
pleural effusion after WBRT

Tumor regression of the pulmonary
metastases after XRT to the neck

XRT to pancreatic tumor, non-irradiated
systemic metastases significantly
decreased

Regression to non-irradiated hilar
lymphadenopathy and splenic lesions

Primary lung lesion and hydrothorax
decrease after systemic treatment failure
and brain XRT

Reference

(45)

(46)

(46)

(46)

(48)

(49)

(50)
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ClinicalTrials.gov
identifier

NCT04443348

NCT05233696

NCT03978663

NCT02499367

NCT02954874

NCT02971748

NCT03515798

NCT05093387

Study title

P-RAD: A Randomized Study
of Preoperative Chemotherapy,
Pembrolizumab and No, Low
or High Dose RADiation in
Node-Positive, HER2-Negative
Breast Cancer

Phase II Study of Radiotherapy
in Combination With
Chemotherapy and
Immunotherapy in Patients
With PD-L1-Positive
Metastatic Triple-Negative
Breast Cancer

Evaluating the Use of
Stereotactic Radiation Therapy
Prior to Neoadjuvant
Chemotherapy for High-risk
Breast Carcinoma (a SIGNAL
Series Clinical Trial): Three
Fraction Radiation to Induce
Immuno-Oncologic Response
(TRIO Trial)

Adaptive Phase II Randomized
Non-comparative Trial of
Nivolumab After Induction
Treatment in Triple-negative
Breast Cancer (TNBC)
Patients: TONIC-trial

A Randomized, Phase III Trial
to Evaluate the Efficacy and
Safety of Pembrolizumab (MK-
3475) as Adjuvant Therapy for
Triple Receptor-Negative
Breast Cancer With &gt;/= 1
CM Residual Invasive Cancer
or Positive Lymph Nodes
(ypN1mi, ypN1-3) After
Neoadjuvant Chemotherapy

A Phase II Study of Anti-PD-1
(Pembrolizumab) in
Combination With Hormonal
Therapy During or After
Radiation in Patients With
Hormone Receptor (HR)-
Positive Localized
Inflammatory Breast Cancer
(IBC) Who Did Not Achieve a
Pathological Complete
Response (pCR) to
Neoadjuvant Chemotherapy

A Prospective Multicenter
Open-label, Randomized Phase
11 Study of Pembrolizumab in
Combination With
Neoadjuvant EC-Paclitaxel
Regimen in HER2-negative
Inflammatory Breast Cancer.

A Pilot Study of SGT-53 With
Carboplatin and
Pembrolizumab in Metastatic
Triple Negative Inflammatory
Breast Cancer

Conditions

- Triple negative breast cancer
- Hormone receptor positive
breast cancer

- Biopsy-proven, positive
lymph nodes

- Triple negative breast cancer
- Locally advanced breast
cancer

- Unresectable breast
carcinoma

- Metastatic breast cancer

- High risk cancer
- Locally advanced breast
cancer

- Breast cancer

- Invasive breast carcinoma
- Stage 0-1IT breast cancer
- Triple negative breast
carcinoma

- Stage III breast cancer
- Breast inflammatory
carcinoma

- HER2-negative, inflammatory
breast cancer

- Metastatic, triple negative
inflammatory breast cancer

Therapeutic
agent(s)

- Pembrolizumab
- Paclitaxel
- Carboplatin

Cyclophosphamide
- Doxorubicin
- Capecitabine

- Nab-paclitaxel
(100 mg/m2
intravenous)

- Paclitaxel (80 mg/
m2 intravenous)

- Pembrolizumab
(200 mg)

- Neoadjuvant
anthracycline and
taxane based
chemotherapy

- Nivolumab
(3 mg/kg)

- Low dose
doxorubicin
(15 mg)

Cyclophosphamide
(50 mg oral)

- Cisplatin

(40 mg/m2)

- Pembrolizumab
(intravenous)

- Pembrolizumab
(intravenous)

- Epirubicine-
cyclophosphamide
(EC) paclitaxel
chemotherapy

- Pembrolizumab
(MK3475)
(intravenous)

- Carboplatin
(intravenous)

- Pembrolizumab
(intravenous)

- SGT-53
(Transferrin
Receptor-Targeted
Liposomal p53
cDNA)
(intravenous)

Radiotherapy  Phase and

patients
- Radiotherapy - Phase IT
boost - 120
Participants
- Clinical trial
- One to four - Phase II

metastatic sites
will be treated at
the discretion of

- 29 participants
- Clinical trial

the radiation

oncologist

- Neoadjuvant - N/A
radiotherapy - 40 participants
-8Gyx3 - Clinical trial

fractions, with a
fall off dose of 4
Gy x 3 fractions

- Phase IT
- 84 participants
- Clinical trial

- Radiotherapy;
20 Gy to
metastatic lesions

- Radiotherapy - Phase III
within 12 weeks - 1155
post treatment or  participants

12 weeks of last - Clinical trial

breast cancer

operation

- Radiotherapy - Phase IT
- 37 participants
- Clinical trial

- None - Phase II
- 81 participants
- Clinical trial

- None - Phase

- 9 participants
- Clinical trial

Status
(at time of
publication)

- Recruiting

- Recruiting

- Recruiting

- Active, not
recruiting

- Active, not
recruiting

- Active, not
recruiting

- Recruiting

- Not yet
recruiting





OPS/images/fonc.2022.1022542/table3.jpg
ClinicalTrials.gov
identifier

NCT01477489

NCT01618357

NCT03542175

NCT03109080

NCT03598257

NCT02657889

NCT03544125

NCT03025035

NCT02849496

NCT04683679

NCT04837209

Study title

A Phase I Study of
Veliparib Administered
Concurrently With Chest
Wall and Nodal Radiation
Therapy in Patients With
Inflammatory or Loco-
regionally Recurrent Breast
Cancer

Pre-Operative PARPi and
Irradiation (POPI) in
‘Women With an
Incomplete Response to
Neo-Adjuvant
Chemotherapy for Breast
Cancer

A Phase I Study of
Rucaparib Administered
Concurrently With
Postoperative Radiotherapy
in Patients With Triple
Negative Breast Cancer
With an Incomplete
Pathologic Response
Following Neoadjuvant
Chemotherapy

A Phase I of Olaparib With
Radiation Therapy in
Patients With
Inflammatory, Loco-
regionally Advanced or
Metastatic TNBC (Triple
Negative Breast Cancer) or
Patient With Operated
TNBC With Residual
Disease

A Phase IT Randomized
Trial of Olaparib (NSC-
747856) Administered
Concurrently With
Radiotherapy Versus
Radiotherapy Alone for
Inflammatory Breast
Cancer

Phase 1/2 Clinical Study of
Niraparib in Combination
‘With Pembrolizumab (MK-
3475) in Patients With
Advanced or Metastatic
Triple-Negative Breast
Cancer and in Patients
With Recurrent Ovarian
Cancer

A Pilot Study of Olaparib
and Durvalumab in Patients
With Metastatic Triple
Negative Breast Cancer

Open Label, Phase II Pilot
Study of Immune
Checkpoint Inhibition With
Pembrolizumab in
Combination With PARP
Inhibition With Olaparib in
Advanced BRCA-mutated
or HDR-defect Breast
Cancers

A Phase II Open-Label,
Randomized Study of
PARP Inhibition (Olaparib)
Either Alone or in
Combination With Anti-
PD-L1 Therapy
(Atezolizumab;
MPDL3280A) in
Homologous DNA Repair
(HDR) Deficient, Locally
Advanced or Metastatic
Non-HER2-Positive Breast
Cancer

A Phase II Study of
Pembrolizumab and
Ablative Radiotherapy With
or Without Olaparib in
Metastatic Triple-Negative
Breast Cancers : Initial Test
Cohorts of a Platform Trial
to Sequentially Investigate
Combinations of DNA-
Damage Response
Inhibitors and
Immunotherapy for the
Augmentation of Immune
Responses

A Phase IT Study of
NirAparib, Dostarlimab and
Radiotherapy in Metastatic,
PD-L1 Negative or
Immunotherapy-Refractory
Triple-Negative Breast
Cancer (NADIR)

Conditions

- Breast cancer

- Breast cancer

- Breast cancer

- Malignant and triple-
negative breast neoplasms

- Breast inflammatory
carcinoma

- Triple negative breast
cancer

- Breast cancer

- Metastatic breast cancer
- Advanced breast cancer
- Stage IV breast cancer

- Neoplasms

- Ovarian cancer

- Fallopian tube cancer

- Peritoneal cancer

- Stage IV breast cancer

- Estrogen receptor negative
- HER2 negative

- Progesterone receptor
negative

- Stage IV breast cancer

- Triple-negative breast
carcinoma

- Breast cancer

- Locally advanced -
unresectable breast
carcinoma

- Metastatic breast
carcinoma

- Stage III breast cancer
- Stage IV breast cancer

- Triple negative breast
cancer

- Breast cancer
- Triple negative breast
cancer

Therapeutic
agent(s)

- Veliparib (50
mg - 200 mg)

- Lumpectomy/
Mastectomy
- Veliparib

- Rucaparib (300
mg, 400 mg, 500
mg, or 600 mg)

- Olaparib

- Olaparib (oral)

- Niraparib (up
to 300 mg/day
oral)

- Pembrolizumab
(200 mg
intravenous)

- Durvalumab
(intravenous)
- Olaparib (oral)

- Pembrolizumab
(intravenous)
- Olaparib (oral)

- Atezolizumab
(intravenous)
- Olaparib (oral)

- Pembrolizumab
(200 mg
intravenous)

- Olaparib (600
mg oral)

- Niraparib (oral)
- Dostarlimab
(anti-PD-1)
(intravenous)

Radiotherapy Phase Status
and patients  (at time of
publication)
- Standard radiotherapy - Phase T - Completed
(limited to 60 Gy) - 33 participants
- Clinical trial
- Radiotherapy; 2.35 Gy - Phase I - Suspended
per fraction for 16 - 41 participants
fractions for a total of - Clinical trial
375 Gy
- Radiotherapy; 50 Gy - Phase I - Recruiting

in 2 Gy per fraction,
plus 10 Gy boost to
lumpectomy cavity

- 30 participants
- Clinical trial

- Radiotherapy - Phase I - Active, not
- 24 participants  recruiting
- Clinical trial

- Radiotherapy - Phase II - Recruiting
- 300 participants
- Clinical trial

- None - Phase I/I1 - Completed
- 122 participants
- Clinical trial

- None - Phase I - Completed
- 3 participants
- Clinical trial

- None - Phase IT - Recruiting
- 20 participants
- Clinical trial

- None - Phase 1T - Suspended
- 81 participants
- Clinical trial

- 8-9 Gy x 3 fractions or - Phase II - Recruiting

30 Gy in 6 Gy per - 56 participants

fraction for larger - Clinical trial

tumors

- Radiotherapy - Phase IT - Recruiting

- 32 participants
- Clinical trial
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Study title

CIMER: Combined
Immunotherapies in
Metastatic ER+ Breast
Cancer

Gender Difference in sidE
eFfects of ImmuNotherapy: a
Possible Clue to Optimize
cancEr tReatment

Effect of Radiotherapy
Variables on Circulating
Effectors of Immune
Response and Local
Microbiome

The Gut Microbiome and
Immune Checkpoint
Inhibitor Therapy in Solid
Tumors

A Phase I, Open-label, Dose
Escalation Study of Oral
LGK974 in Patients With
Malignancies Dependent on
‘Wnt Ligands

Conditions Therapeutic agent(s)

- Breast - Letrozole (2.5 Mg tablet)

cancer - Palbociclib (125 mg)

- Breast - Immune checkpoint inhibitors as a
Cancer monotherapy or in combination with
- Melanoma radiotherapy and/or chemotherapy

- Lung cancer

- Head and

neck cancer

- Urogenital

neoplasms

- Breast - Radiotherapy

cancer

- Prostate

cancer

- Triple- - Anti-PD-1, anti-PD-L1, or anti-
negative breast CTLA-4 in combination with other
cancer checkpoint inhibitors or agents

- Non-small-  including radiotherapy, surgery, and/
cell lung or chemotherapy

carcinoma

- Malignant

melanoma

- Renal cell

carcinoma

- Triple - Drug: LGK974 (PORCN inhibitor)

negative breast - Biological: PDR001 (anti-PD-1)
cancer

- Pancreatic
cancer

- BRAF
mutant
colorectal
cancer

- Melanoma

- Head and
neck
squamous cell
cancer

- Cervical
squamous cell
cancer

- Esophageal
squamous cell
cancer

- Lung
squamous cell
cancer

Radiotherapy

- SBRT at 50 Gy
x 5 fractions

- Varies

(For breast cancer)
- Standard
fractionation breast
and nodal
radiotherapy to 50
Gyinx 25
fractions

- Partial breast RT
to 30 Gy in x 25
fractions and x 5
fractions

- Varies

- None

Phase and
patients

- Phase II

- 102
participants

- Clinical trial
- 400
participants
Observational
trial

- 66
participants
Observational
trial

- 800
participants
Observational
trial

- Phase T

- 185
participants

- Clinical trial

Status (at
time of
publication)

- Recruiting

- Recruiting

- Completed

- Recruiting

- Recruiting
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identifier

NCT02730130

NCT03051672

NCT04756505

NCT04454528

NCT03366844

NCT02977468

NCT01862900

NCT04879849

NCT03807765

NCT03818685

Study title

A Multicenter Single
Arm Phase II Study to
Assess the Efficacy of
Pembrolizumab Plus
Radiotherapy in
Metastatic Triple
Negative Breast Cancer
Patients

A Phase 1T Study Of
Pembrolizamab In
Combination With
Palliative Radiotherapy
For Metastatic
Hormone Receptor
Positive Breast Cancer

REINA: A Phase I Study
of Radiation Enhanced
IL 12-Necrosis
Attraction in Hormone
Receptor Positive, HER2
Negative Metastatic
Breast Cancer Patients

Preoperative Use of
Radiation Boost to
Enhance Effectiveness of
Immune Checkpoint
Blockade Therapy in
Operable Breast Cancer

Preoperative
Combination of
Pembrolizumab and
Radiation Therapy in
Patients With Operable
Breast Cancer

Effects of MK-3475
(Pembrolizumab) on the
Breast Tumor
Microenvironment in
Triple Negative Breast
Cancer With and
Without Intra-operative
RT: a Window of
Opportunity Study

Phase /11 Study of
Stereotactic Body
Radiation Therapy to
Metastatic Lesions in
the Liver or Lung in
Combination With
Monoclonal Antibody to
0OX40 (MEDI6469) in
Patients With
Progressive Metastatic
Breast Cancer After
Systemic Therapy.

An Open-label, Phase I,
Dose-escalation Study to
Evaluate the Safety and
Preliminary Antitumor
Activity of TAK-676
With Pembrolizumab
Following Radiation
Therapy in the
Treatment of Non-
small-cell Lung Cancer,
Triple-negative Breast
Cancer, or Squamous-
cell Carcinoma of the
Head and Neck That
Has Progressed on
Checkpoint Inhibitors

Phase Ib Study of
Stereotactic Radiation
and Nivolumab in the
Management of
Metastatic Breast
Cancer Brain Metastases

A Multicenter,
Randomised, Open-label
Phase II Study to
Evaluate the Clinical
Benefit of a Post-
operative Treatment
Associating
Radiotherapy +
Nivolumab +
Ipilimumab Versus
Radiotherapy +
Capecitabine for Triple
Negative Breast Cancer
Patients With Residual
Disease After
Neoadjuvant
Chemotherapy

Conditions

- Breast cancer
- Metastatic triple negative
breast cancer

- Metastatic breast cancer

- Stage IV breast cancer

- Hormone receptor positive

breast adenocarcinoma
- Metastatic/ metastatic
HER2- breast carcinoma
- Stage IV breast cancer

- Operable breast cancer

- Breast cancer

- Triple negative breast
cancer

- Metastatic breast cancer
- Lung metastases
-Liver metastases

- Triple negative breast
neoplasms

- Non-small-cell lung
carcinoma

- Squamous cell carcinoma of

head and neck

- Metastatic breast cancer
brain metastases

- Breast cancer
- Triple negative breast
neoplasms

Therapeutic
agent(s)

- Pembrolizumab
(200 mg
intravenous)
(anti-PD-1)

- Pembrolizumab
(200 mg
intravenous)

- Bintrafusp Alfa
(intravenous)
Immunocytokine
NHS-IL12
(subcutaneous)

- Pembrolizumab
(200 mg
intravenous)

- Pembrolizumab

- Pembrolizumab
(MK-3475)
(intravenous)

- Biological:
MEDI6469 (anti-
OX40) (0.4 mg/
kg intravenous)

- Pembrolizumab
(200 mg
intravenous)

- TAK-676 (0.2
mg and above
intravenous)

- Nivolumab
(anti-PD-1) (480
mg intravenous)

- Nivolumab
(360 mg
intravenous)

- Ipilimumab
(anti-CTLA4)
(Img/kg
intravenous)

- Capecitabine
(1000mg/m2)

Radiotherapy

- 30 Gy radiotherapy
delivered in 5, 6 Gray (Gy)
x 5 fractions

- Palliative radiotherapy, 20
Gy in x 5 fractions

- Radiotherapy

- Hypofractionated
radiotherapy boost of 7 Gy
x 1 fraction

- Radiotherapy boost, 8 Gy
x 3 fractions

- Intraoperative
radiotherapy (IORT) on
day of surgery

- Stereotactic body
radiotherapy (SBRT)

- Three arms:

15 Gy, 20 Gy, or 25 Gy
SBRT

- Image-guided
radiotherapy

- Stereotactic radiosurgery
delivered to brain
metastases

- Radiotherapy delivered
per standard practice

Phase and
patients

- Phase II
-17
participants

- Clinical trial

- Phase I

-8
participants

- Clinical trial

- Phase I

-20
participants

- Clinical trial

- Phase 1b/2
-27
participants

- Clinical trial

- Phase I and
11

- 60
participants

- Clinical trial

- Phase T

-15
participants

- Clinical trial

- Phase I/IT
-14
participants

- Clinical trial

- Phase I
- 65

participants
- Clinical trial

- Phase I

- 14
participants

- Clinical trial

- Phase I
-114
participants

- Clinical trial

Status
(at time of
publication)

- Active, not
recruiting

- Terminated

- Recruiting

- Recruiting

- Active, not
recruiting

- Recruiting

- Completed

- Recruiting

- Active, not
recruiting

- Active, not
recruiting





