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Abstract

Clinical trials and case reports of cancer therapies combining radiation therapy with

immunotherapy have at times demonstrated total reduction or elimination of metastatic

disease. While virtually all trials focus on the use of immunotherapy combined with

conventional photon irradiation, the dose-distributive benefits of particles, in particular

the distinct biological effects of heavy ions, have unknown potential vis-a-vis systemic

disease response. Here, we review recent developments and evidence with a focus on

the potential for heavy-ion combination therapy.

Keywords: combination immunotherapy-radiotherapy; heavy-ion radiotherapy; radiation-

induced immunogenic cell death; abscopal effect

Introduction

Cancer therapy today delineates into 2 paradigms: control of local disease and control

of distant disease. Local control combines surgical expertise, that is, attempting to

physically remove as much tumorous tissue from the body as possible, with radiation

therapy (RT), in which tumor cells are destroyed. Depending on disease staging,

these are paired with distant disease control modalities consisting of chemotherapy,

immunotherapy (IT), and, depending on disease type, hormonal therapy. In particular,

IT is an increasingly broad category incorporating techniques ranging from checkpoint

inhibitors to ex vivo modulation and reimplantation of immunoactivating cells [1–3].

By convention, late-stage metastatic disease requiring significant systemic

treatment is thought of as palliative, life-extending care with the goal of creating an

environmental balance in which patients continue their life indefinitely with cancer, but

cancer elimination is not thought of as possibility. However, for decades clinical

reports have been published showing total-remission cases [4], and in the case of RT,

this destruction of systemic disease following local-focused irradiation has come to be

known as the abscopal effect. In light of proposed immunologic mechanisms driving

the abscopal effect, and following the advent of regular IT use in the patient setting,

the idea that metastatic disease may be cured, as opposed to slowed, has started to
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gain traction, with combination immunotherapy-radiation therapy (CIR) forming a potential therapy regimen [5]. Here, we

provide a recent update on CIR with a focus on heavy-ion therapy.

The Abscopal Effect
The abscopal effect does not necessarily describe total disease resolution. Animal studies and human clinical case

reports that have shown systemic disease response following RT have demonstrated variable results, with patients

experiencing disease stasis, disease retardation, total disease elimination, or disease progression; duration and durability

of the abscopal effect appear to vary, with any disease retardation or regression falling under the abscopal umbrella [6,

7].

The mechanism by which the abscopal effect operates remains unknown, and disease responses may belie multiple

mechanistic pathways of response to disease challenge, owing to genetic, environmental, or other confounders. Similar

episodes of sudden, unexplained disease response have been suggested to occur spontaneously, particularly with melanoma

[8]; with RT alone or in a variety of diseases [7, 9]; and with combination therapy, suggesting the potential activation of an

innate capability in the body. Our group has previously proposed a system for classifying degrees of abscopal effect and

potentially assisting with classifying results [10]. To date, the proposed mechanistic thought of the abscopal effect appears to

involve a local inflammatory and/or immunologic response following RT, with disruption of the local tumor microenvironment.

This subsequently leads to a cascading immunoactivation that spreads to become a full-system response through an as-yet

unclear mechanism, with immunologic response detectable in distant, unirradiated tumors [11]. In a complete abscopal effect

Figure. Overview of mechanisms involved in the immunogenicity of (particle) radiation exposure. Immunogenicity of radiation and the related

immunogenic cell death generally depend on antigenicity and adjuvanticity, both important for an effective immune response. Antigenicity of radiation

comprises increased expression of various tumor-associated antigens (TAAs) and major histocompatibility complex-I (MHC-I), thus enhancing

presentation of neo-antigens. Adjuvanticity in this context describes a variety of molecular processes, predominantly the release of damage-associated

molecular patterns (DAMPs), including high-mobility group protein 1 (HMGB1) and adenosine triphosphate (ATP) as well as the translocation of

calreticulin (CRT) from the endoplasmatic reticulum (ER) to the cell membrane. The release of ATP seems to be related with radiation-induced

autophagy, which may be triggered via unfolded protein response (UPR) stimulation. Particle radiation has further been associated with a decreased

expression of programmed death-ligand 1 (PD-L1), possibly indicating a chance for greater T-cell activity. The dosing seems to play a major role in the

activation of an effective immunogenic response upon radiation exposure and a dualism of cyclic GMP-AMP synthase/stimulator of interferon genes

(cGAS/STING) on the one hand and three prime repair exonuclease 1 (Trex1) on the other hand has been reported to guide such activation. The

underlying common factor of this dualism seem to be cytosolic double-stranded DNA (dsDNA) fragments, whose rising concentration results in the

activation of STING via dsDNA sensing by cGAS and a subsequent increased expression and secretion of type I interferon (type I IFN). Nonetheless, a

certain threshold concentration of cytosolic dsDNA is assumed, after which Trex1 activation leads to the degradation of dsDNA, hence resulting in a

lower type I IFN expression. This suggests a minimum dose as well as an upper threshold dose that guides effective immune responses and remains to

be investigated for particle radiation. Ways for dsDNA to reach the cytoplasm upon radiation stress have recently been discussed and may involve

nuclear envelope rupture of the cell nucleus or the involvement of micronuclei (MN) formation and the subsequent rupture of their envelopes. Particle

radiation, which features an increased formation of MN in many cell lines may hence be considered particularly effective in the induction of an immune

response.

Helm et al. (2018), Int J Particle Ther 85

Combining Heavy-Ion Therapy with Immunotherapy: An Update



response, secondary disease appears to be immunologically eliminated [12]. However, the precise mechanisms involved in

each step of this process remain to be elucidated.

Some elements of systemic response to CIR do increasingly appear clear: the inclusion of IT to local irradiation may

improve outcome and increase likelihood of distant effect, above the use of either IT or radiation alone [13]. At worst,

adding radiation to IT appears to have no effect on systemic outcome, with no such cases noted at time of writing, though

notably no randomized controlled trials have evaluated this specific question. At this time, it may be thought that radiation

disrupts the tumor microenvironment, and IT assists in amplifying and directing that local immune response into

something global; the immunogenicity and efficiency of radiation may then be thought of as critical.

Immunogenicity of Radiation Therapy
The various detailed mechanisms thought to be involved in immunogenicity of radiation and radiation-induced immunogenic

cell death (ICD) are beyond the scope of this article and are reviewed elsewhere [14, 15]. A brief overview of immunogenic

mechanisms with respect to particle radiation is depicted in figure 1. Immunogenicity of cell death generally depends on

antigenicity and adjuvanticity, both important for an effective immune response [16]. The antigenicity of radiation is

characterized by an increased expression of TAAs and has been reported to modulate the peptide repertoire of tumor cells,

hence presenting neo-antigens by which cancer immunoediting may be challenged. Additionally, it enhances the MHC-I

expression, thus upregulating antigen presentation [14, 17, 18]. On the other hand, the adjuvanticity of ionizing radiation is

related to the release of DAMPs, which, together with cells displaying increased antigenicity, can initiate an adaptive immune

response [16]. Briefly, DAMPs represent a variety of molecular changes that trigger ICD not only following radiation exposure.

The release of ATP and HMGB1, as well as the translocation of CRT to the plasma membrane, are considered central

hallmarks of ICD [19]. Both photon and particle radiation have been reported as bona fide inducers of ICD [16, 20–22].

Radiation-induced ICD, however, features differential changes in molecular processes that are associated with an efficient

immune response as elegantly reviewed by Galluzzi and colleagues. These processes comprise unfolded protein response,

autophagy, and differential expression of type I IFN, among others [16].

Particle Radiation and Immunogenicity
To date, the majority of clinical reports describing abscopal effects have been incidental in the setting of photon irradiation with

or without IT, though case reports describing abscopal-type reactions sans IT have been published, including with carbon-ion

therapy [7]. In the absence of dedicated clinical trials evaluating combination therapy, it remains unknown how CIR improves

clinical outcomes compared with conventional therapy, particularly with regard to particle therapy.

However, both experimental and clinical evidence suggest that particle therapy, and in particular high linear energy transfer

(LET) carbon-ion therapy, demonstrate improvement in metastasis rate and a reduction in local recurrence [2, 7, 23, 24].

With respect to CIR, particles have been hypothesized to be advantageous, owing to distinct cell death patterns and

damage response pathway induction compared with conventional photon therapy, putatively increasing the immunogenicity of

induced cell death [24]. Particle radiation, in the form of a-particles, has been reported to be a bona fide ICD inducer in

vaccination experiments, with subsequent immune responses in immune-competent hosts [16, 22].

Photons and protons were shown comparable with regard to increase of CRT translocation to the cancer cell surface and

the exposure of molecules important for immune recognition, with proton therapy resulting in a decrease of PD-L1 in cancer

cells, possibly indicating a chance for greater T-cell activity [25]. In mouse studies, carbon-ion irradiation correlated with

stronger immune activation when paired with dendritic cell injection. Combined carbon-ion therapy with IT demonstrates

increased antitumor immunity and reduced the number of metastases compared with RT or IT alone, or in combination with

photons [26–28]. Mouse model studies involving carbon-ion RT and IT continue, with our group working on one direction of

study. To date, no clinical trials have evaluated particle irradiation in conjunction with IT.

While the majority of current clinical research is focused on conventional irradiation and IT, particle technology continues to

progress. For example, in coming years irradiation with oxygen beams may open the door to multi-ion LET tumor painting [29–

31], further complicating the picture of how particle irradiation may potentiate systemic effects.

It has been suggested that higher per-fraction dose, such as in stereotactic body radiation therapy (SBRT) or

hypofractionation, may preferentially generate immune responses [14]. The enhanced dose distribution of ion therapy, owing

to utilization of the Bragg peak seen with particle irradiation as well as the sharp lateral edges of the irradiation field proffered
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by heavy-ion therapy, has enabled both higher doses than conventional treatment with generally fewer side effects, along with

hypofractionated delivery of those doses, yielding perhaps the highest per-fraction doses in all of RT [32, 33].

The mechanism by which hypofractionated treatment appears to result in equivalent to superior treatment results

remains hypothetical, but this has led to great interest in the potential for high-LET near-monofractional treatment of

disease, and the potential immunogenicity theorized therein. Further considerations for particle CIR are discussed below.

Considerations for Dosing with Respect to Immunogenicity

Hypofractionation is a dominant trend in RT, particularly in particle RT [34], with advantages hypothesized with respect to the

induction of ICD [14]. In studies using photon irradiation, increased dose has also recently been shown to depend on further

factors influencing the efficiency of the immune response [35].

The threshold dosing for efficient induction of an immune response involves the activation of the cyclic GMP-AMP

synthase (cGAS)/stimulator of interferon genes (STING) pathway, which has been shown to increase antitumor immune

responses triggered by irradiation [35, 36]. cGAS is a sensor of cytosolic DNA; after binding double-stranded DNA

(dsDNA), cGAS activates the endoplasmatic reticulum adaptor protein STING, among other cytokines. In particular, type I

interferon expression is induced by STING [37, 38], which plays an important role in the recruitment of BATF-3 dendritic

cells, which are necessary for tumor-associated antigen cross presentation to CD8þ CTLs and hence for an effective

immune response [39–41]. cGAS appears to increase in proportion to the amount of dsDNA present in the cell and is

hence dose dependent.

On the other hand, a maximal dose has been suggested in the work of Vanpouille-Box and colleagues [35], defined by the

expression of Trex1, a key regulator of radiation-induced immunogenicity, which degrades cytosolic dsDNA. Trex1 has been

found to be expressed at doses around 12 to 18 Gy of photons in different mouse and human carcinoma cell lines [35, 42] and,

thus, counters the activation of STING and influences type I interferon expression. This suggests that there is a limit of the

benefit provided by dose escalation or hypofractionation with respect to the generated immune response.

To the best of our knowledge, no data on the response of STING or Trex1 activation to particle radiation exist; however, its

potential should be investigated with respect to the dualisms of STING and Trex1. It remains to be clarified whether particle

irradiation immunogenicity operates by similar or different mechanisms.

DNA Damage Pattern and Micronuclei after High-LET Radiation May Influence the Immunogenic
Response

Radiation may influence the mechanism by which dsDNA is released in the cytoplasm, via micronuclei (MN), which forms the

basis of a recent proposal by Durante and Formenti [43]. MN consist of missegregated chromosomes and chromosome

fragments that appear, for example, following cell exposure to ionizing radiation [44, 45]. High-LET radiation, such as protons

or carbon ions, has been found to lead to efficient MN formation [46–49].

Per the proposed mechanism by Durante and Formenti [43], cytosolic DNA in MN may lead to activation of cGAS/STING.

The nuclear envelope of MN in cancer cells may collapse during interphase and, furthermore, relocalization of cGAS to MN

has been reported and has been associated with inflammatory signaling and interferon-stimulated gene expression [50, 51]. In

addition, a number of cancer histologies have been found to feature increased background formation of MN [52], and p53

deficiency, a feature of many cancers, has been tied to an increased transmittance and hence persistence of MN to daughter

cells as they proceed through mitosis, despite radiation-induced damage. As such, following exposure of a given cancer cell to

RT and defective repair within the MN, the DNA in the MN is pulverized, and, following envelope rupture, high activation of

cGAS may occur [43, 53–56]. This forms a proposed basis for the favorable results expected with radiation combination

therapy, particularly with particles.

The authors further present an alternative mechanism, wherein dsDNA is released in the cytoplasm following nuclear

envelope rupture regardless of MN formation and the required mitosis [43]. When irradiated, particularly with high-LET

radiation, a high fraction of small DNA fragments is produced [57–59]. Furthermore, in cancer cells lacking p53 or Rb genes in

particular, nuclear rupture is enhanced [43, 60].

Interestingly, cell-free circulating dsDNA fragments in body fluids of animals as well as in the plasma of patients undergoing

RT has been described and linked with immunostimulation via various mechanisms [61–63]. This may be another distinct

mechanism of action for particle therapy, if the aforementioned induction of very small dsDNA fragments following high-LET

exposure is considered [57, 64, 65].
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Induction of Autophagy after High-LET Radiation and Immunogenic Cell Death

Macroautophagy, generally also termed autophagy is a mechanism of homeostasis and stress response, as it can occur

following exposure to radiation; it comprises the degradation of cellular organelles or proteins to sustain energy needs and de

novo biosynthesis [66–68]. Autophagy was reported to have cell autonomous as well as cell non-autonomous effects,

influencing, for example, radiosensitivity and the outcome of therapy [69]. However, it may function beyond energy generation

in stressed cells. Autophagy has recently been shown to play a major role in triggering ICD and a subsequent immune

response [16, 69, 70] since it leads to ATP release. ATP release by stressed or dying cells is one requirement for an efficient

immune response, and further autophagy appears to be a principle mechanism [71, 72]. Autophagy appears in virtually all

types of tumor cells upon irradiation [73]. In this vein, RT-induced autophagy may potentiate IT; this has been shown in a

melanoma mouse model with photon irradiation [74].

Autophagy has been identified as an important type of cell death following high-LET radiation exposure, as shown with fast

neutrons applied to hepatocellular carcinoma cells [75]. Altmeyer and colleagues [75] found that considerable autophagy took

place in tumor xenografts following high-LET irradiation and hence suggest that autophagy may act as a predominant mode of

cell death in the efficacy of high-LET radiation. This research has been extended by Jin and colleagues to carbon-ions as well

[76], seeming to induce autophagy via unfolded protein response stimulation [77]. Though research is still in the initial stages

across the board, these findings may provide another clue as to the mechanism behind how heavy-ion radiation effectively

induces immunogenic cell death and subsequent immune response.

Further Considerations of Potential Advantages of Heavy Ion Therapy as a Partner to
Immunotherapy

Although studies using photon beams have suggested several potential molecular mechanisms for the abscopal effect,

evidence of abscopal effect induction by particle beams is still limited. For the induction of post-irradiation cell death, the tumor

microenvironment, including factors such as hypoxia, cellular genetics, and cell cycle status, appears to have a strong impact.

Generally, hypoxic cells, cells with mutations in TP53, and G1/G0-phase cells are resistant to photon irradiation; factors extend

even so far as to the time of day cells are treated [78]. Furthermore, cancer stem-like cells are resistant to photon irradiation

[79]. Due to this multitudinous list of factors underlying the cell status within a tumor, uniform irradiation may induce different

phenomena depending on cellular condition and state.

It has been shown that high-LET radiation is able to induce cell death at lower doses against resistant cells. Furthermore, it

has been reported that high-LET radiation is able to induce cell death on cancer stem-like cells or p53 mutant cells [80]. Cell

death independent of p53 following radiation exposure has further been described via the ceramide pathway [81]. The

ceramide pathway in turn is associated with MHC-I enhancement [82], and high-LET particles were reported to efficiently

induce the ceramide pathway in tumor cells [81, 83], indicating another advantageous feature of particle radiation with respect

to its immunogenicity.

In addition, high-LET radiation induced immune cell death at lower doses than photon irradiation [28]. For optimized

treatment in the future, understanding how these factors contribute to post-irradiation immune response is critical.

On the other hand, the effect of irradiation on intratumoral immune cells, or locally in the radiation field at time of treatment,

must also be considered when evaluating local immune stimulation. Durante and colleagues [84] have shown that carbon-ion

therapy generates lower blood toxicity than photon RT, perhaps owing to a reduction in healthy tissue irradiated. Alternatively,

studies of photoimmunotherapy have shown that removing regulatory T cells from a tumor causes drastic regression, including

in distant tumors containing regulatory T cells [85]. This suggests that regulation of immunosuppression might contribute

significantly to the induction of the abscopal effect. Because immune-related cells are generally highly radiosensitive [86], a

systemic effect may be more reliably generated through targeting of intratumor inhibitory immune cells, in theory leading to

induction of the abscopal effect through irradiation of a very limited amount of the distant tumor. Studies to this end are

underway.

Conclusions
Widespread research efforts currently focus on elucidating the mechanisms behind cellular irradiation, local immune response,

and the means by which this local response leads to systemic response. Ultimately, mechanistic understanding of distant

immune response to local radiation may enable controlled induction of abscopal effects, opening the door to curative treatment

of late-stage metastatic disease. Much work remains, however: a wealth of immunotherapeutic interventions are available,
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with more reaching testing and market each quarter, and a variety of radiation therapies, with demonstrated differences in

biological mechanisms of damage and end-stage effect, are currently available. The limited availability of heavy-ion therapy

centers, today clinically limited to carbon-ion and perhaps soon oxygen-ion therapies, further complicates the study of

combination therapy. Cell and animal models, in conjunction with successful early-stage clinical case reports, have suggested

technical and biological superiority of heavy-ion therapy in establishing local disease control and reducing tumor metastasis.

Comprehensive trials from in vitro to in vivo are necessary to evaluate the potential of CIR in treating cancer.
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M, Esposito A, Paone M, Palla M, Palmieri G, Caracò C, Ciliberto G, Mozzillo N, Ascierto PA. Abscopal effects of

radiotherapy on advanced melanoma patients who progressed after ipilimumab immunotherapy. Oncoimmunology. 2014;3:

e28780.

7. Ebner DK, Kamada T, Yamada S. Abscopal effect in recurrent colorectal cancer treated with carbon-ion radiation therapy: 2

case reports. Adv Radiat Oncol. 2017;2:333–338.

8. Khosravi H, Akabane AL, Alloo A, Nazarian RM, Boland GM. Metastatic melanoma with spontaneous complete regression

of a thick primary lesion. JAAD Case Rep. 2016;2:439–441.

9. Hu ZI, McArthur HL, Ho AY. The abscopal effect of radiation therapy: what is it and how can we use it in breast cancer? Curr

Breast Cancer Rep. 2017;9:45–51.

10. Ebner DK, Tinganelli W, Helm A, Bisio A, Simoniello P, Natale F, Yamada S, Kamada T, Shimokawa T, Durante M, the

Abscopal Research Collaboration (ARC). Generating and grading the abscopal effect: proposal for comprehensive

evaluation of combination immunoradiotherapy in mouse models. Transl Cancer Res. 2017;6:S892–S899.

11. Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S, Formenti SC. Using immunotherapy to boost the abscopal

effect. Nat Rev Cancer. 2018. In press.

12. Ngwa W, Ouyang Z. Following the preclinical data: leveraging the abscopal effect more efficaciously. Front Oncol. 2017;7:

1–7.

13. Ng J, Dai T. Radiation therapy and the abscopal effect: a concept comes of age. Ann Transl Med. 2016;4:118–120.

14. Durante M, Reppingen N, Held KD. Immunologically augmented cancer treatment using modern radiotherapy. Trends Mol

Med. 2013;19:565–582.

15. Formenti SC, Demaria S. Combining radiotherapy and cancer immunotherapy: a paradigm shift. J Natl Cancer Inst. 2013;

105:256–265.
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Davodeau F, Gaschet J. Antitumor immunity induced after a irradiation. Neoplasia. 2014;16:319–328.

23. Ogata T, Teshima T, Kagawa K, Hishikawa Y, Takahashi Y, Kawaguchi A, Suzumoto Y, Nojima K, Furusawa Y, Matsuura

N. Particle irradiation suppresses metastatic potential of cancer cells. Cancer Res. 2005;65:113–120.

24. Durante M, Brenner DJ, Formenti SC. Does heavy ion therapy work through the immune system? Int J Radiat Oncol Biol

Phys. 2016;96:934–936.

25. Gameiro SR, Malamas AS, Bernstein MB, Tsang KY, Vassantachart A, Sahoo N, Tailor R, Pidikiti R, Guha CP, Hahn SM,

Krishnan S, Hodge JW. Tumor cells surviving exposure to proton or photon radiation share a common immunogenic

modulation signature, Rendering them more sensitive to T cell-mediated killing. Int J Radiat Oncol Biol Phys. 2016;95:

120–130.

26. Matsunaga A, Ueda Y, Yamada S, Harada Y, Shimada H, Hasegawa M, Tsujii H, Ochiai T, Yonemitsu Y. Carbon-ion

beam treatment induces systemic antitumor immunity against murine squamous cell carcinoma. Cancer. 2010;116:3740–

3748.

27. Ohkubo Y, Iwakawa M, Seino K-I, Nakawatari M, Wada H, Kamijuku H, Nakamura E, Nakano T, Imai T. Combining carbon

ion radiotherapy and local injection of alpha-galactosylceramide-pulsed dendritic cells inhibits lung metastases in an in

vivo murine model. Int J Radiat Oncol Biol Phys. 2010;78:1524–1531.

28. Ando K, Fujita H, Hosoi A, Ma L, Wakatsuki M, Seino KI, Kakimi K, Imai T, Shimokawa T, Nakano T. Intravenous dendritic

cell administration enhances suppression of lung metastasis induced by carbon-ion irradiation. J Radiat Res. 2017;58:

446–455.
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