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a b s t r a c t

Besides its direct cytotoxic effect on the tumor cells, radiation therapy is also able to elicit an immune-
mediated systemic anti-tumor response, resulting in tumor regression in irradiated sites but also within
distant out of field secondary lesions and providing a long-term anti-tumor response. It is now clear that
associating ionizing radiation with immune therapies can enhance radio-induced anti-tumor immune
responses. Over the last decade, such a combination aroused considerable interest among the scientific
community, with many preclinical models and clinical trials, using many types of immune therapies
and radiation regimens. In this article, we summarize the main mechanisms underlying radio-induced
anti-tumor responses. We will then present an extended overview of the recent preclinical and clinical
research built on this background of combined radiation and immune therapy, shedding light on what
we know so far about such a promising strategy.

© 2018 Published by Elsevier Masson SAS on behalf of Société française de radiothérapie oncologique
(SFRO).
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r é s u m é

Outre ses effets cytotoxiques directs, la radiothérapie peut engendrer une réponse systémique antitu-
morale, grâce à l’activation du système immunitaire, et ainsi provoquer une régression tumorale aussi
bien au niveau des sites irradiés qu’en dehors des volumes irradiés, au niveau des tissus tumoraux à
distance. Par cette stimulation du système immunitaire, une réponse prolongée peut être observée, la
radiothérapie agissant comme une vaccination antitumorale in situ. Depuis l’arrivée de l’immunothérapie
dans la prise en charge du cancer, il est maintenant établi que l’association de la radiothérapie à de tels
traitements peut favoriser l’apparition d’une immunité anti tumorale radio-induite. Par conséquent, cette
combinaison a suscité un intérêt grandissant dans la communauté scientifique au cours des dernières
années, et est étudiée dans un grand nombre de modèles précliniques, mais également mise en pratique
dans de nombreux essais cliniques. Dans cette revue de la littérature, nous revenons sur les mécanismes
biologiques sous-tendant cette réponse immunitaire anti tumorale induite par les radiations ionisantes.
Nous allons ensuite dresser un panorama détaillé des essais précliniques et cliniques récents et en cours,
associant la radiothérapie aux diverses stratégies d’immunothérapie, mettant en lumière ce que nous
savons actuellement de cette combinaison prometteuse.

© 2018 Publié par Elsevier Masson SAS au nom de Société française de radiothérapie oncologique
(SFRO).
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1. Introduction

Traditionally, radiobiological explanation of radiation tumor cell
kill was mostly represented by a direct cytotoxic effect, including
the induction of irreparable DNA damage, through double-strand
break, leading to cell-cycle arrest and cell death [1]. Ionizing radi-
ations are known to lead to cell death by many lethal mechanisms,
including mitotic catastrophe, apoptosis, necrosis, autophagy and
senescence and radiation induced DNA damages are classically
explained by the 5R’s of radiobiology: radio sensitivity, repopula-
tion, re oxygenation, redistribution within the cell cycle and repair
of sub lethal damages [2]. Over the past decade, a significant grow-
ing body of evidence has shown that radiotherapy has immune
modulatory effects, leading to redefine the classical vision of radio-
biology [3–5]. Indeed, radiation therapy (RT) is able to stimulate
the immune response through various mechanisms, inducing cel-
lular expression of immune factors on both tumor cells and within
the tumor microenvironment [6–8]. This activation of the immune
system through RT can, in rare isolated cases, lead to an absco-
pal effect, where tumor regression occurs in distant out of field
tumor/metastatic sites [4,9]. Since its first description by Mole et al.
in 1953, several clinical examples have reported this phenomenon
[10]. With the advent of cancer immunotherapies over the last past
years, clinical cases of abscopal responses are more frequent when
RT is associated to such therapies [8,10]. Nevertheless, if absco-
pal effect is one reflection of anti-tumor radio-induced immunity,
it is not sufficient to fully evaluate the efficacy of these associa-
tions. Indeed, many preclinical and clinical trials are now testing
this combination, with various types of immune therapies, such as
checkpoint inhibitors, cytokines, vaccines, etc., and the objectives
of these trials are not only the occurrence of abscopal effect, but
also primary tumor response, progression free survival and overall
survival.

The present review will first focus on the understanding bio-
logical rationale behind immune effects of RT. Then, we will review
preclinical and clinical studies evaluating the combination between
RT and immunotherapy, with the objective of providing an exten-
sive overview of on what we know so far regarding this association.

2. Radiation therapy and the immune system

By its cytotoxic effects over tumor cells, RT can generate tumor-
associated antigens (TAAs), which will be recognized and captured
by antigen presenting cells (APC), such as dendritic cells (DCs),
or by tumor cells themselves. These antigens are processed and
presented to T cells, resulting in the priming and activation of T
cell response against TAAs [11]. Not all radiation induced tumor
cell deaths can lead to the exposure of TAAs, and only cell death
which are sensed by the immune system as dangerous can trigger
an antitumor immune response. These so-called immunogenic cell
deaths are not only accompanied by exposure of TAAs, but also by
a release of damage-associated molecular patterns (DAMPs), such
as heat shock proteins (HSPs), high mobility group box 1 molecules
(HMGB1), nucleotides or uric acid [12,13]. These DAMPs are recog-
nized by toll-like receptors (TLRs), expressed at the surface of DCs,
and play a pivotal role in the activation and maturation of the DCs
[14]. By this phenomenon, DAMPs facilitate the uptake of TAAs and
their presentation via the major histocompatibility complex class
1 (MHC-1) to tumor-specific cytotoxic T lymphocytes CD8+ [15].
Moreover, RT can induce the translocation of calreticulin (CRT) to
the tumor cells’ surface membrane, increasing tumor cell sensitiv-
ity to cytotoxic T lymphocytes [16]. CRT can bind to CD91 on APCs,
such as DCs and macrophages, stimulating receptor phagocytosis
of TAAs and their presentation on MHC-1 [17] (Fig. 1).

RT is not just able to induce the expression of MHC-1 at
the surface of T lymphocytes CD8+, but also the death recep-
tor Fas/CD95 and NKG2D ligand at the surface of T lymphocytes
CD8+ and Natural Killers (NK) lymphocytes, enabling tumor
cells recognition, and hence their destruction, by these immune
cells [18,19].

Radiation can activate both innate and adaptive immune sys-
tem to trigger anti-tumor responses, not only at irradiated site,
but also at distant out of field metastatic sites, consisting in the
abscopal effect [4,9]. Besides the mechanisms exposed earlier to
explain this phenomenon, RT induce an intra-tumor cascade of type
I and type II interferons (IFNs), through the Stimulator of Interferon
Genes (STING)-mediated DNA-sensing pathway [20] (Fig. 2). After
phagocytosis of dying irradiated tumor, tumor derived fragment
of DNA enter CDs cytoplasm. This cytosolic DNA is detected, lead-
ing to the production of cyclic GMP-AMP (cGAMP) by the cyclic
GMP-AMP synthase (cGAS). cGAMP activates STING to up regulate
the transcription of type I IFN genes, through a STING-TBK-IRF3-
NFkB signaling pathway [20–22]. Type I IFNs can stimulate TAAs
presentation by DCs to T cells, and thus their activation, both
within irradiated site and in lymph nodes, enhancing an irradiation-
induced tumor-specific T-cell response. When activated, T cells and
NK lymphocytes will be able to secrete type II IFNs, such as IFN�.
IFN� can, in turn, trigger MHC-1 expression at tumor cells surface
[23]. Hence, through this cascade, RT enhances the recruitment and
activation of T cells and CDs.

Moreover, RT can enhance the secretion of other cytokines, such
as CXCL-10 and CXCL-16, which receptor CXCR-6 is located at the
surface of activated T CD8+ and CD4+ lymphocytes, allowing their
recruitment towards tumor sites [24,25].

Besides, these cellular effects over tumor sites, RT can also
modify the tumor microenvironment: by up regulating adhesion
molecules, such as vascular cell adhesion protein 1 (VCAM-1) and
intracellular cell adhesion protein 1 (ICAM-1), RT promotes the
recruitment of anti-tumor T lymphocytes and other leukocyte into
the tumor microenvironment [26].

Paradoxically, ionizing radiation can also have immunosuppres-
sive effects and enforce immunological tolerance, compromising
its anti-tumor activity (Fig. 3). For example, RT can also induce the
down regulation of co stimulatory surface markers, such as CD86
and CD80, known to be expressed at the surface of immature den-
dritic cells (DCs), thus hampering T-cell activation [27]. Also, RT
has been described to be able to inactivate NK lymphocytes [28].
Moreover, RT can lead to the recruitment of myeloid derived sup-
pressor cells (MDSC) and regulatory T (Treg) lymphocytes in the
tumor microenvironment, contributing to the immune tolerance
of the immune system towards tumor cells [29,30]. Notably, irradi-
ation has been shown to induce monocyte/macrophage infiltration
in tumors. These recruited macrophages, described as tumor associ-
ated macrophages (TAMs), can adopt an M2-like pro-tumoral and
anti-inflammatory phenotype, often leading to tumor recurrence
and treatment failure [31].

Finally, contributing to immune tolerance, RT can enhance pro-
duction of TGF-B, an anti-inflammatory and immunosuppressive
cytokine [32,33].

If RT can act like an “in situ vaccine”, by inducing a sys-
temic immune response against tumor epitopes shared by the
primary and metastatic tumor sites, its immunosuppressive
effects can compromise its efficacy. Therefore, combining RT with
immunotherapies seems to be a logical solution to overcome both
radio-induced immunosuppression and tumor immune tolerance.
Thus far, many pre-clinical and some clinical studies have demon-
strated the synergistic effect of immune therapy and RT on tumor
control [34–36].
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Fig. 1. Immune cell death after ionizing radiation and abscopal effect. RT induces cytotoxic effects, which result in immunogenic cell death, leading to the release of tumor-
associated antigens (TAA). Dendritic cell (DC) will recognize these antigens and capture them in order to present them to T cells through the major histocomaptibility complex
class 1 (MHC-1). Concomitantly, a release of damage-associated molecular patterns (DAMPs) occurs. These DAMPs are recognized by toll-like receptors (TLRs) at the surface
of DC, and help to the activation and maturation of the DC. All these phenomenons will participate to activate tumor-specific cytotoxic T lymphocytes CD8+. Finally, and
that is what is defining the abscopal effect, activated T cells may circulate through the blood and lympatic vessels networks and induce a systemic distant, “out of the field”
immune response. IR: ionizing radiation; DC: dendritic cell; TLR: toll like receptor; MHC 1: type I major histocompatibility complex; DAMPS: damage-associated molecular
patterns; TAA: tumor-associated antigens; TCR: T cell receptor; T CD8+ T CD8+ lymphocyte.

3. Combining radiotherapy with immune therapies:

preclinical studies and clinical application

3.1. Co-administration of cytokines

In their preclinical model, Demaria et al. were interested in the
combination of RT and the systemic fms-like tyrosine kinase-3 (flt-
3) ligand [8]. The growth factor Flt-3 can recruit DCs from the bone
marrow. In this model, mice bearing a syngeneic mammary car-
cinoma in both flanks were treated with Flt-3 ligand daily for 10
days after local RT to only 1 of the 2 tumors. While RT alone led
to growth delay exclusively of the irradiated tumor, growth of the
non irradiated tumor was also impaired by the combination of RT
and Flt-3 ligand [8]. A phase II clinical trial testing the association of
subcutaneous Flt-3 ligand injections with stereotactic body radia-
tion therapy (SBRT) in advanced non small cell lung cancer (NSCLC)
is currently recruiting (NCT02839265).

Similar to Flt-3 ligand, GM-CSF is a potent immune adju-
vant to dendritic cell maturation. Interestingly, in a murine
melanoma model, a long-lasting anti-tumor immunity vaccina-
tion was observed when melanoma cells engineered to secrete
GM-CSF were irradiated [37,38]. In their proof of principle trial,
Golden et al. showed that the combination of radiotherapy with
GM-CSF produced objective abscopal responses in some patients
with metastatic solid tumors [39]. Always with concurrent GM-CSF,

a phase II trial is ongoing, testing Carbon-ion RT in hepatocellular
carcinoma (NCT02946138).

Interleukin-2 (IL-2) is another cytokine which proved its effi-
ciency to induce an abscopal response when combined to RT in
preclinical studies, with long-lasting systemic anti-tumor immune
responses [40]. Some clinical trials are investigating this cytokine
in combination with stereotactic body RT (SBRT) in patients with
oligometastatic solid tumours (NCT02086721, NCT01416831). The
NCT02086721 trial is completed but results are still awaited. Sim-
ilarly, a functional DNA-lipid complex encoding the IL-2 gene,
injected intraprostatically, has been tested following RT, in treat-
ment of locally recurrent prostate cancer (NCT00005072). The
study is completed but results are not published yet [41]. Also,
an agonist of the IL-2 receptor, named EMD 521873, has been
investigated in association with SBRT in NSCLC in a phase I trial
(NCT00879866): the tolerance of this combination was acceptable
and long-term survival was observed in 2 of 13 patients [42].

3.2. Transfer of immune cells

Another way of enhancing radio-induced immune response is
the transfer of immune cells, directly into the tumor. For example,
intra-tumor injection of dendritic cells has been tested in pre-
clinical murine models: when the tumor was irradiated before
subcutaneous administration of the DCs, the number of labeled DCs
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Fig. 2. cGAS-STING-dependent cytosolic DNA-sensing pathway mediates anti-tumor effects of radiation. After entering of tumor derived fragment of DNA into the dendritic
cell cytoplasm, cyclic GMP-AMP synthase produces cyclic GMP-AMP which activates STING to up regulate the transcription of type I IFN genes. Type I IFN will then stimulate
tumor associated antigenes presentation by dendritic cells to T cells. cGAS: cyclic GMP-AMP synthase; cGAMP: cyclic GMP-AMP; STING: Stimulator of Interferon Genes; type
I IFN: Type I interferon; MHC I: Major histopathology complex I; TCR: T cell receptor.

trafficking to the tumors increased and a majority of mice rejected
their tumors completely, providing evidence of potent antitumor
immune response induced by this combination [43,44]. In a phase
I study of neoadjuvant radiation with intra-tumor DCs injections
on high-risk soft-tissue sarcoma patients, no unexpected toxici-
ties or serious adverse events were experienced and eleven out of
18 (61%) patients were alive with no systemic recurrence over a
period of 2–8 years [45]. A phase II trial is recruiting, investigating
the combination of RT and intra-prostatic injection of DCs in high-
risk localized prostate cancer (NCT02107430). Similarly, a phase II
study in glioblastoma is also ongoing, combining EBRT with surgery
and temozolomide with or without DCs injection (NCT01567202).

As another example, Sipuleucel-T is an autologous DC vaccine
for the treatment of metastatic castration-resistant prostate can-
cer and was the first therapeutic cancer vaccine to be approved
by the FDA [46]. A phase I study evaluated the combination of a
single fraction of 8 Gy conformal RT followed by intra-tumor injec-
tion of autologous immature DCs. This combination resulted in
tumor-specific immune responses in 7/10 assessable patients, two
partial responses and 4 minor responses [47]. Another clinical trial
reported results from 40 patients with recurrent, metastatic, or
locally advanced solid tumors treated with an autologous DC-based
vaccine in combination with conformal RT [48]. The response rate
was of 61%. Interestingly, tumor response outside the irradiated
sites was evaluable in 9 patients: 22% had a partial response, 33%
had stable disease, and 44% had progressive disease. Conversely,
in another phase II trial of Sipuleucel-T plus external beam RT
(EBRT) in metastatic castrate resistant prostate cancer patients, RT
failed to enhance the humoral and cellular responses associated
with Sipuleucel-T therapy, when delivered one week before the
administration of the immune therapy [49].

Other ongoing clinical trials are investigating this combination
strategy in hormone-refractory prostate cancer: a phase II study

of Sipuleucel-T plus SBRT and a pilot study of Sipuleucel-T plus
high-dose single-fraction RT (NCT01818986 and NCT01833208).

DCs can also be associated with Cytokine-Induced Killer (CIK)
cells, considered as the most cytotoxic immunologic effector cells.
Cytotoxicity of CIK cells can be enhanced by their interaction
with DCs [50]. Some studies already showed that this combination
of active and passive immunotherapy could improve anti-tumor
immune responses [50,51]. In these studies, autologous mononu-
clear cells were collected from patients and cultured with GM-CSF,
IFN-�, TNF-�, IL-4, and autologous tumor antigen, and finally the
DCs were harvested. Suspension cells were cultured in a medium
containing IFN-�, CD3McAb, and IL, transforming to CIK cells
[50]. A clinical trial testing DC-CIK cells in combination with RT
in treating patients with esophageal cancer is currently ongoing
(NCT01691664).

Other type of adoptive cell transfer exists, such as infusion of
Autologous Lymphoid Effector Cells Specific Against Tumor Cells
(ALECSAT) or of competent polyclonal autologous CD8+ antigen-
specific T cells [52,53]. These autologous immune cells are used
in combination with RT in clinical settings, for example in newly
diagnosed glioblastoma and metastatic Merkel cell carcinoma
(NCT02799238 and NCT02584829).

Another promising approach for optimizing the anti-tumor
immune response consists in using genetically engineered T lym-
phocytes with tumor-specific chimeric antigen receptors (CARs),
such as mesothelin, EGFR, HER2 or c-met [54]. In clinical trials,
CAR-T cells have produced remarkable results in patients with
hematological malignancies [54]. Its association with RT has been
studied in preclinical models, with CAR-T cells directed against
CEA-positive M38 cells [19,55]. Combination of CEA-CAR-T cell
therapy and RT resulted in significant tumor control in half of
the mice treated, while neither RT nor gene-engineered T cells
monotherapy achieved significant efficacy. A clinical trials is now
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Fig. 3. Immunomodulatory effects induced by ionizing radiation: a balance between anti and pro-tumor factors. Paradoxically, ionizing radiation can induce both immuno-
genic effects by, among others recruitment of active dendritic cells and T CD8+ lymphocytes, and immunosuppressive signals. The importance of immunosuppressive signals
with T regulatory lymphocytes, M2-like tumor associated macrophages or myeloid derived suppressor cells may lead in fine to tumor recurrence and treatment failure. DC:
Dendritic cell; TAM: Tumor associated macrophages; NK: Natural killer lymphocyte; LT CD8+: T CD8+ lumphocyte; Treg: T regulatory lymphocyte; MDSC: myeloid derived
suppressor cells; VCAM-1: vascular cell adhesion protein 1; ICAM-1: intracellular cell adhesion protein 1.

ongoing, combining RT, temozolomide and CAR-T cells targeting
EGFR in glioblastoma (NCT03344250).

3.3. Gene-mediated cytotoxic immune therapy (GMCI) and

vaccine therapy

Gene-mediated cytotoxic immunotherapy (GMCI) is a gene
transfer approach, involving intra-tumor injection of aglatimagene
besadenovec (AdV-tk), a non-replicating adenovirus, expressing
the herpes simplex virus thymidine kinase (HSV-tk) gene. This
injection is followed by administration of the prodrug ganciclovir
(GCV). Thymidine kinase (TK) converts GCV into a toxic nucleotide
analog, acting as an in situ chemotherapeutic. GMCI results in
activation of adaptive and innate immunity, producing acute and
memory anti tumor responses [56].

A phase IB clinical trial was conducted, showing that AdV-tk
plus Valacyclovir could be safely delivered with surgery and accel-
erated radiation in newly diagnosed malignant gliomas [57]. The
following phase II trial confirmed the safety of such a combination
in newly diagnosed glioblastoma, even with temozolomide, and
survival outcomes were most notably improved in patients with
minimal residual disease after gross total resection [58]. A Phase
I study of AdV-tk plus prodrug therapy in combination with RT is
currently ongoing, in pediatric brain tumors. This strategy is also
tested in prostate cancer, with a phase III clinical trial, evaluating
the effectiveness of Adv-tk injection plus Valacyclovir in combina-
tion with pelvis RT for patients with intermediate-high localized
prostate cancer (NCT01436968). Finally, another phase II trial is
recruiting, in order to determine the efficacy and safety of in situ

gene therapy, consisting in adenovirus-mediated expression of her-
pes simplex virus thymidine kinase (ADV/HSV-tk) plus valacyclovir
therapy, in combination with SBRT, used as a window of opportu-
nity treatment before nivolumab in patients with metastatic NSCLC
and metastatic uveal melanoma (NCT02831933).

In very few cases, cancer vaccines showed positive results as
a standalone therapy [59,60]. Nevertheless, some studies showed
their utility when used in combination with ionizing radiation
[55,59,61–64]. In their preclinical mice model, Hodge et al. asso-
ciated a TAA-specific vaccine regimen, used to induce a T-cell
response against carcinoembryonic antigen (CEA), to local irradi-
ation of subcutaneous tumors. The antigen cascade induced by
vaccine and local RT mediated the regression of non irradiated
metastasis at distal subcutaneous or distant pulmonary sites [61].

In preclinical studies, whole tumor-cell vaccines (WTCVs) such
as GVAX, an allogeneic cellular vaccine secreting GM-CSF, have
been shown to promote DC maturation and enhance TAA presenta-
tion and T-cell activation [38,65]. A phase I study is evaluating the
combination of an allogeneic GM-CSF transduced pancreatic tumor
cell vaccine (GVAX) associated to low dose cyclophosphamide, with
SBRT and FOLFIRINOX chemotherapy in patients with resected
adenocarcinoma of the pancreas. Nevertheless, the inclusion of
chemotherapy will make the contribution of RT difficult to identify
(NCT01595321).

Besides WTCVs, immune synergy between viral-based vac-
cines and RT has also been investigated in preclinical and clinical
studies. In their preclinical model, Chakraborty et al. used trans-
genic mice for human CEA and murine carcinoma cell expressing
CEA [55]. The treatment consisted in an association between
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local tumor irradiation and active specific vaccine therapy, with
recombinant vaccinia virus and recombinant non-replicating avian
poxvirus expressing CEA. By enhancing T-cell immunity and anti-
tumor responses, this combination achieved a significant number
of cures, while neither RT nor vaccine alone inhibited tumor growth
[55].

Many clinical trial evaluated the combination between RT
and poxviral-based therapeutic vaccines, especially in patients
with localized prostate cancer [62,64,66]. Although the primary
endpoint of these initial trials was safety, some data suggested
enhanced immune activity with a significant increase in PSA-
specific T-cell responses. Furthermore, the majority of patients had
improved serum PSA kinetics.

Currently, other ongoing clinical trials are testing the combi-
nation of RT and anti-tumor viral-based vaccines, in other tumor
types than prostatic cancer. For example, a phase I trial evaluating
liver SBRT in association with a viral-based vaccine in patients with
metastatic solid tumors (NCT00081848) is completed. The results
are still awaited.

In other studies, RT was used in combination with peptide
or protein-based therapeutic cancer vaccines. In a cervical can-
cer mice model, RT was combined with human papillomavirus
(HPV) E7 subunit vaccines [67]. Mice were cured following RT
to the tumor in combination with E7 subunit vaccine. Moreover,
these mice were refractory to tumor rechallenge. Also, with a
recent innovative approach, combining RT with Hsp70 peptide
complexes obtained from radio resistant tumor cells and DC fusions
(Hsp70.PC-F), specific immunity to radio resistant tumor cells was
obtained [68]. In this preclinical model, vaccination plus RT inhib-
ited the growth of primary tumors as well as the number of tumor
cells metastasizing to lung. A phase I trial has been investigat-
ing the combination between temozolomide, RT and PEP-3-KLH
conjugate vaccine with basiliximab, a chimeric anti-IL-2 receptor
monoclonal antibody, in glioblastoma that has been removed by
surgery (NCT00626015). The association was well tolerated and
interstingly, it resulted in a depletion of Treg lymphocytes [69].
Similarly, in a phase II trial recruiting adult patients with newly
diagnosed glioblastoma, RT is associated with a heat shock pro-
tein peptide complex–96 vaccine (HSPPC-96), which is developed
from fresh tumor taken at the time of surgery, pembrolizumab and
temozolomide (NCT03018288). Finally, combining RT with peptide
vaccine was also investigated in a phase II study, in NSCLC that
has been completely removed in surgery (NCT00006470). Unfortu-
nately, the study closed without reporting results, due to a lack of
accrual.

3.4. Enhancing T-cell response: “in situ anti-tumor vaccination”

3.4.1. Immune checkpoint inhibitors

Immune checkpoint inhibitors are a promising target to enhance
radio-induced immune response. Cytotoxic T Lymphocyte Antigen-
4 (CTLA-4) and Programmed cell Death-1 (PD-1) are expressed at
the surface of T lymphocytes and are co-inhibitory molecules that
functions to regulate T cell activation, leading to their anergy [70].
In fact, two signals are required for accurate T cell activation. The
first signal is provided by engagement of the T cell receptor (TCR)
with the major histocompatibility complex (MHC). A second, co-
stimulatory signal, is provided by engagement of a co-receptor,
such as CD28, which binds to B7. In contrast to CD28, CTLA-4 and
PD-1 can inhibit T cell activation [70].

In immune cells associated with tumor and tumor micro-
environment, CTLA-4 and PD-1 are up regulated, leading to immune
tolerance towards cancer [71,72].

The most frequent and well documented cases of abscopal
effect are described when RT is associated with CTLA-4 blocking

antibodies, as reported by Chandra et al. or Grimaldi et al. in
metastatic melanoma [73,74].

Many preclinical studies investigated association between
CTLA-4 and RT. In mice model of metastatic breast cancer,
glioblastoma or mesothelioma, the authors observed an absco-
pal effect with the association, a better anti-tumor response
in the irradiated sites and a prolonged survival. These effects
are associated with an increase of CD8+ and CD4+ T cells
and a decrease of Treg lymphocytes within the tumor and its
micro-environment [75–77].

A lot of clinical trials are investigating RT, with standard fraction-
ation or SBRT, in combination with anti-CTLA-4, but only a few are
completed with published results. A phase I/II study in metastatic
castration resistant prostate (mCRPC) cancer patients suggested
that ipilimumab 10 mg/kg plus RT resulted in clinical antitumor
activity with disease control and manageable adverse events [78].
A confirmatory phase III trial in mCRPC patients (NCT00861614),
evaluating ipilimumab and bone-directed RT in patients in pro-
gression after docetaxel, showed a slight increase in survival in the
ipililumab group (11.2 months vs 10 months) [79]. Other phase I/II
and phase III trials are ongoing, combining RT with anti-CTLA-4, in
many type of cancer (Table 1).

As RT can up regulate the expression PD-L1 at the tumor cells’
surface, concomitant administration of anti-PD-1 with RT should
be a logical and robust strategy [80,81]. As a result, the synergy
of this combination has been demonstrated in preclinical studies
[80–83]: in a murine model of metastatic melanoma and renal can-
cer, stereotactic RT combined with an anti-PD-1 allowed a complete
regression of the irradiated tumor associated with a significant
decrease of the size of the distant metastatic sites [80]. This combo
was also tested in a murine glioblastoma model, and resulted in a
better overall survival than RT or anti-PD-1 alone. These favorable
responses were associated with an increase of cytotoxic T cells (CD
8+/IFNϒ+/TNF +) and a decrease of T reg cells (CD 4+/FoxP3 +) in
the tumor infiltration [83].

Interestingly, in their murine melanoma model, Twyman-Saint
Victor et al. showed a better anti-tumor response when RT was
associated with both anti-PD-1 and anti-CTLA-4 antibodies, than
RT with anti-CTLA-4 or anti-PD-1 alone [84].

Recently, the PACIFIC phase trial tested durvalumab, an
anti-PD-L1, as a sequential treatment, following platinum-based
chemotherapy concurrent with RT, in patients with stage III NSCLC:
the median progression-free survival was significantly longer, with
16.8 months in the anti-PD-L1 arm (16.8 months vs. 5.6 months in
the placebo arm; HR of 0.52; 95% CI, 0.42 to 0.65; P < 0.001). The
secondary endpoints, such as time to death or distant metastasis
and objective response rate were also improved with durvalumab
compared to placebo. Considering adverse events, a slight increase
in toxicity in the durvalumab arm was observed but severe toxicity
was similar between the two groups [85]. Based on these results,
durvalumab was recently approved by the FDA in stage III, unre-
sectable NSCLC patients, not progressing after chemo-radiotherapy
[86].

Similarly, results from the first and largest prospective phase
I trial to determine the safety of multisite SBRT in combination
with anti–PD-1 immunotherapy pembrolizumab, in patients with
advanced solid tumors and multiple metastatic sites, were recently
released: SBRT prior to pembrolizumab treatment was well toler-
ated, with no radiation dose reductions, and the overall objective
response rate was 13.2% in the 68 patients with imaging follow-up.
Moreover, the abscopal response, defined as a 30.0% reduction in
any single non irradiated measurable lesion, was present in 26.9%
of patients. Many other clinical phase I/II trials investigating the
RT + anti-PD-1 or anti-PD-L1 combination alone, or associated with
anti-CLA-4, are currently recruiting, in many tumor sites and type
of cancer (Table 1).
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Table 1

Ongoing clinical trials associating radiotherapy with checkpoint inhibitors.

NCT number Study status Phase of
trial

Tumor entity Irradiation regimen Additionnal therapeutics Sequence when described

NCT03042156 Recruiting Observational Advanced solid tumor
malignancy

Palliative RT Checkpoint inhibitor

NCT02843165 Recruiting Phase II Metastatic cancer SBRT 3 × 9.5 Gy Anti-PD1/PDL1 RT 1-21 days after first cycle of
immunotherapy

NCT03110978 Recruiting Phase II NSCLC SBRT 4 × 12.5 Gy Anti-PD1 (Nivolumab) Immunotherapy 24 h before or after RT
then every 2 weeks for a total of 7
doses

NCT03313804 Recruiting Phase II NSCLC or HNSCC SBRT with BED > 100 Gy or 30 Gy by
normofrationnated RT

Immune checkpoint inhibitor
(Nivolumab or Pembrolizumab or
Atezolizumab)

RT within 2 weeks after initiation of
immunotherapy

NCT03543189 Not yet
recruiting

Phase I and
II

Prostate cancer HDR brachytherapy and
normofractionnated RT

Anti-PD1 (Nivolumab) + androgen
deprivation therapy

Immunotherapy 4 weeks before
brachytherapy and every 2 weeks for 4
doses

NCT03297463 Suspended Phase Ib
and II

Metastatic melanoma Hypofractionnated palliative RT Interleukin-2 + anti-CTLA4
(Ipilimumab)

NCT02406183 Completed/No
result

Phase I Metastatic melanoma SBRT 3 × 8–10–12 Gy Anti-CTLA4 (Ipilimumab) RT between 2nd and 3rd
immunotherapy injection (over 4)

NCT03122496 Recruiting Phase I Metastatic anaplastic thyroid
cancer

SBRT 3 × 9 Gy Anti-PDL1 (Durvalumab) + anti-CTLA4
(Tremelimumab)

RT within 2 weeks after first cycle of
immunotherapy

NCT03203304 Recruiting Phase I Hepatocellular carcinoma SBRT 5 × 8 Gy Anti-PD1 (Nivolumab) + anti-CTLA4
(Ipilimumab)

Immunotherapy within 2 weeks after
SBRT

NCT03431948 Recruiting Phase I Advanced solid tumor SBRT 30 to 50 Gy Anti-PD1 (Nivolumab) + anti-CSF1R
(Cabiralizumab) or agonist CD137
(Urelumab)

In combination

NCT03223155 Recruiting Phase I Stage IV small cell lung cancer SBRT 3 to 5 fractions Anti-PD1 (Nivolumab) + anti-CTLA4
(Ipilimumab)

Immunotherapy within a week after
SBRT

NCT03115801 Recruiting Phase II Metastatic renal cell carcinoma
or metastatic urothelial cancer

RT 3 × 10 Gy Anti-PD1 (Nivolumab) + anti-PDL1
(Atezolizumab)

RT and immunotherapy started on the
same day

NCT03383094 Not yet
recruiting

Phase II Advanced/intermediate-Risk
p16+ HNSCC

RT 70 Gy in 33–35 fractions Anti-PD1 (Pembrolizumab) Concurrent

NCT03464942 Not yet
recruiting

Phase II Advanced triple negative
breast cancer

SBRT single dose 20 Gy vs SBRT 3 × 8 Gy Anti-PDL1 (Atezolizumab) Immunotherapy within 5 days after
SBRT

NCT03383302 Not yet
recruiting

Phase I and
II

Early stage non-small cell lung
cancer.

SBRT 3 × 18 Gy or 5 × 11 Gy Anti-PD1 (Nivolumab) Immunotherapy starts the last day of
SBRT

NCT03463408 Not yet
recruiting

Early phase
I

Sarcoma Neoadjuvant normofractionnated RT Anti-PD1 (Nivolumab) + anti-CLA4
(Ipilimumab)

NCT03529890 Not yet
recruiting

Phase II Urinary bladder cancer Neoadjuvant RT 28 × 1.8 Gy + boost
5.4 Gy

Anti-PD1 (Nivolumab) RT 1 week after first cycle of
immunotherapy

NCT03035890 Recruiting Not
applicable

Metastatic NSCLC Hypofractionated RT 3 × 8–15 Gy or
5 × 6–10 Gy

Anti-PD1 (Nivolumab or
Pembrolizumab) or anti-PDL1
(Atezolizumab)

Concurrently

NCT03050060 Recruiting Phase II Metastatic melanoma or NSCLC
or renal cell cancer

Hypofractionated RT Anti-PD1 (Nivolumab or
Pembrolizumab) or anti-PDL1
(Atezolizumab)
+ antiretroviral (Nelfinavir Mesylate)

RT within 3–14 days after first cycle of
immunotherapy

NCT01158248 Unknown Phase II Stage Ib–II or III cervical cancer Pelvic RT + HDR brachytherapy Cisplatin + anti-EGFR (panitumumab) Concurently
NCT02667587 Recruiting Phase III MGMT-methylated

glioblastoma
RT 30 × 2 Gy Temozolomide + anti-PD1 (Nivolumab) Concurently

NCT02617589 Recruiting Phase III MGMT-unmethylated
glioblastoma

Normofractionated RT Temozolomide vs anti-PD1
(Nivolumab)

Concurently

NCT03399552 Recruiting Phase I–II Malignant mesothelioma SBRT Anti-PDL1 (Avelumab) SBRT after the first two doses of
immunotherapy
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Table 1 (Continued)

NCT number Study status Phase of
trial

Tumor entity Irradiation regimen Additionnal therapeutics Sequence when described

NCT02239900 Active, not
reruiting

Phase I–II Metastatic cancer with at least
primary or one metastasis in
the lung, liver or adrenal gland

SBRT 4 × 12.5 Gy or 10 × 6 Gy or
5 × 4 Gy

Anti-CTLA4 (Ipilimumab) Concurently

NCT03539198 Recruiting Observational Locally or metastatic recurrent
head and neck cancer

Proton SBRT 3 to 5 fractions Anti-PD1 (Nivolumab) RT after 2 cycles of immunotherapy

NCT02826564 Active, not
recruiting

Phase I Metastatic urothelial cancer SBRT Anti-PD1 (Pembrolizumab) Immunotherapy prior or concurently
to RT

NCT03283605 Not yet
recruiting

Phase I–II Metastatic head and neck
squamous cell carcinomas

SBRT (< 3 weeks period) Anti-PDL1 (Durvalumab) + anti-CTLA4
(Tremelimumab)

SBRT between 2nd and 3rd cycle of
immunotherapy

NCT00861614 Completed Phase III Advanced prostate cancer RT single fraction of 8 Gy Anti-CTLA4 (Ipilimumab) Immunotherapy within 2 dayx
following RT

NCT03446547 Recruiting Phase II Stage I NSCLC SBRT (3 to 4 fractions) Anti-PDL1 (Durvalumab) Immunotherapy following SBRT
NCT02999087 Recruiting Phase III Locally advanced HNSCC IMRT 33 × 1.6–2.12 Gy Cetuximab + anti-PDL1 (Avelumab) Immunotherapy 8 days after beginning

of RT
NCT03101475 Not yet

recruiting
Phase II Incurable liver metastases

from colorectal cancer
SBRT 3 × 10 Gy Anti-PDL1 (Durvalumab) + anti-CTLA4

(Tremelimumab)
SBRT within 8–14 days after first dose
of immunotherapy

NCT03340129 Not yet
recruiting

Phase II Melanoma brain metastasis Whole brain RT 10 × 3 gy or SBRT
16–22 Gy single dose

Anti-PD1 (Nivolumab) + anti-CTLA4
(Ipilimumab)

Concurently

NCT02864615 Recruiting Phase Ib Metastatic renal cell carcinoma SBRT VEGFR inhibitor or mTOR inhibitor or
checkpoint inhibitors

Concurently

NCT03544736 Recruiting Phase I–II Esophageal cancer Palliative RT or definitive or
neoadjuvant chemoradiotherapy

Anti-PD1 (Nivolumab) ± Paclitaxel and
Carboplatin

Concurently

NCT03540420 Not yet
recruiting

Phase II Limited SCLC Normofractionated
chemo-radiotherapy 30 × 1.5 Gy, 2
fractions per day

Anti-PDL1 (Atezolizumab) Immunotherapy after completed
chemo-radiotherapy and
non-progression

NCT03192059 Recruiting Phase II Advanced and/refractory
cervical cancer, endometrial
carcinoma or uterine sarcoma

RT 3 × 8 Gy Anti-PD1 (Pembrolizumab) Concurently

NCT03051906 Not yet
recruiting

Phase I–II HNSCC IMRT 33 × 2.12 Gy Cetuximab + anti-PDL1 (Durvalumab) Concurently

NCT03453892 Recruiting Observationnal Metastatic cancer Palliative RT Anti-PD1 (Pembrolizumab or
Nivolumab) or anti-CTLA4
(Ipilimumab)

Concurently

NCT02621151 Recruiting Phase II Muscle-invasive urothelial
cancer of the bladder

RT 20 × 2.6 Gy Anti-PD1 (Pembrolizumab) Lead-in single dose of immunotherapy

NCT03426891 Recruiting Phase I Glioblastoma or gliosarcoma RT 30 × 2 Gy Temozolomide + anti-PD1
(Pembrolizumab) + histone
deacetylases inhibitor (Vorinostat)

Concurently

NCT03366844 Recruiting Early phase
I

Breast cancer RT boost 4 × 2 Gy Anti-PD1 (Pembrolizumab) Immunotherapy concurrently to RT
boost

NCT03509012 Recruiting Phase I Advanced lung cancer or
HNSCC

Normo- or hyperfractionated RT Anti-PDL1 (Durvalumab) Concurently

NCT03043599 Active, not
recruiting

Phase I–II SCLC RT 10 × 3 Gy Anti-PD1 (Nivolumab) + anti-CTLA4
(Ipilimumab)

Immunotherapy 2–3 weeks after
completion of RT

NCT02968940 Recruiting Phase II IDH mutant glioblastoma Hypofractionated RT 5 × 6 Gy Anti-PDL1 (Avelumab) Concurently
NCT03507699 Not yet

recruiting
Phase I Liver metastatic colorectal

cancer
SBRT 3 × 7 Gy Anti-PD1 (Nivolumab) + anti-CTLA4

(Ipilimumab) + TLR9 agonist (CMP-001)
Immunotherapy following SBRT

NCT03116529 Recruiting Phase I–II High risk soft tissue sarcoma Neoadjuvant normofractionated
IMRT ≥ 50 Gy ± high-dose spatially
fractionated RT 15 Gy single dose

Anti-PDL1 (Durvalumab) + anti-CTLA4
(Tremelimumab)

Concurently

NCT03050554 Recruiting Phase I–II Early stage NSCLC SBRT 4 × 12 Gy or 5 × 10 Gy Anti-PDL1 (Avelumab) Concurently
NCT02221739 Completed Phase II Metastatic NSCLC RT 3 × 6–9.5 Gy Anti-CTLA4 (Ipilimumab) Immunotherapy within 24 h of starting

RT
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3.4.2. Co-stimulatory agonists

Agonist monoclonal antibodies targeting co-stimulatory signal-
ing through T cell co-receptors have also the potential to enhance
anti-tumor immunity. Thus, CD-40, OX-40 (CD134) and CD-137 (4-
1BB), belonging to the tumor necrosis factor receptor superfamily
and expressed by APCs or T cells [87], are interesting targets to
potentiate radio-induced anti-tumor immune response.

A preclinical study showed that anti-CD40 monoclonal antibody
therapy in combination with RT resulted in a CD8 T-cell–dependent
immunity to B-cell lymphoma [88]. Also, in a lung cancer murine
model of hypo fractionated RT, administration of an OX-40 ago-
nist in combination with RT significantly extended the survival
compared with either agent alone, through an increase of tumor
antigen-specific CD8 T-cell cytotoxic activity [89]. Also, in murine
models of lung, breast cancer or glioma, the association between
RT and CD-137 agonist resulted in enhancing the anti-tumor RT
activity with prolonged survival [90,91]. Finally, in a mouse model
of triple-negative breast tumors, RT has been associated with
an anti-PD-1 and a CD-137 agonist: all mice bearing established
orthotopic mammary tumors were cured when anti-CD137 and
anti-PD-1 monoclonal antibodies were combined with single or
low-dose fractionated RT, which enriched tumors of functionally
active, tumor-specific effector cells [92].

Clinical trials are currently investigating the combination
between RT and co-stimulatory agonists: a phase I study is testing
an anti-CD137 in association with SBRT in advanced solid malig-
nancies (NCT03431948). OX-40 agonist is investigated in phase
I/II trials, in association with SBRT in breast cancer patients with
metastatic lesions (NCT01862900) or in combination with standard
RT and low dose of cyclophosphamide in metastatic prostate cancer
(NCT01303705).

3.5. Increasing tumor antigen presentation: Toll Like Receptors

agonists

Other immunomodulatory substances have been reported to
induce systemic anti-tumor immunity when combined with RT.
TLR agonists are able to facilitate DCs activation and enhance their
capacity to recognize and present TAAs to T cells [93]. Thus, topical
imiquimod, an agonist of TLR-7, was tested in combination with 3
fraction of 8 Gy of RT, in a murine model of skin involving breast
cancer. The authors found that topical imiquimod could synergize
with RT by inhibiting tumor growth. Addition of cyclophosphamide
increased the therapeutic effect. Such combination induced protec-
tive immunologic memory and anti-tumor effect occurred also in
distant non irradiated tumor sites [93].

In a prospective clinical study, low dose RT was used in asso-
ciation with intra-tumor injection of a TLR-9 agonist in mycosis
fungoides patients: in 5 patients over 15, an abscopal response was
observed, correlated with a significant reduction of CD25+, Foxp3+ T
cells in the tumor sites [94]. A phase II study is ongoing, combining a
TLR-4 agonist with hypo fractionated RT in patients with metastatic
or unresectable soft tissue sarcoma (NCT02180698) The phase II
study NCT01539824 investigating the association of a TLR-2 ago-
nist with SBRT in metastatic colorectal cancer is completed, but
unfortunately, results are not published yet. Finally, transposing
Dewan et al.’s animal model into clinical setting, a phase I/II study,
combining topical TLR-7 agonist with low dose cyclophosphamide
and RT in breast cancer patients with skin metastasis, is currently
ongoing (NCT01421017).

3.6. Targeting the tumor microenvironment

Besides cancer cells, host stromal cells in the tumor microen-
vironment, including endothelial cells, fibroblasts and infiltrating
leukocytes, can produce a wide range of chemokines and cytokines

that exert pro-tumor immunosuppressive functions leading to
tumor progression and metastasis. TGF-� is an immunosuppressive
cytokine able to inhibit TAAs presentation by DCs and is secreted by
MDSCs. Notably, its production is enhanced by RT. As a result, this
cytokine represents an interesting target. In their murine model,
Vanpouille et al. showed that the administration of an anti-TGF-�
antibody combined with RT could induce an anti-tumor response
within the irradiated sites but also in pulmonary out of field metas-
tasis, through the generation of CD8+ T-cell responses to multiple
endogenous tumor antigens [95]. As RT generated up regulation of
PD-L1 in myeloid and cancer cells and PD-1 on intra-tumor T cells,
anti–PD-1 antibodies were associated with RT and TGF-� blockade,
resulting in extended survival [95]. A phase I/II trial is investigat-
ing an anti-TGF-� in combination with SBRT in early stage NSCLC
(NCT02581787).

The CCL2-CCR2 signaling axis, through CCL2 and its pro-
tumorigenic function, plays a role in favoring cancer development
and subsequent metastasis [96]. CCL2 is a potent chemo attractant
for monocytes, basophils, T lymphocytes, especially Treg lym-
phocytes and NK cells, and some of these recruited cells (Treg
lymphocytes and MDSCs) are able to support tumor progression
[96]. In a mouse model of pancreatic adenocarcinoma, local deliv-
ery of 20 Gy ablative RT resulted in CCL2 release by tumor cells
[97]. Tumor-derived CCL2 was found to be essential for recruit-
ing inflammatory monocytes/macrophages and TAMs to the tumor
microenvironment. Several CCR2 and CCL2 antagonists have been
developed and their clinical investigation is ongoing [98,99]. How-
ever, for now, combining these agents with radiotherapy is not
explored in clinical setting.

A relevant target in enhancing radio-induced anti-tumor
immune response is immune suppressive regulatory T cells.
Glucocorticoid-induced tumor necrosis factor related protein
(GITR) is a co-stimulatory molecule constitutively expressed on
regulatory T-cells and by effector T-cells upon activation. In CD4+
and CD8+ T cells, when GITR binds to its ligand, it leads to an
increased effector function. Conversely, GITR stimulation in Tregs
leads a decline in suppressive function [100]. Because regulatory
T cells express constitutively high levels of GITR, they are the first
cell population to die in the presence of anti-GITR. A recent pre-
clinical study showed that agonist anti-GITR monoclonal antibody,
when combined with SBRT, could induce immune-mediated sur-
vival advantage in murine intracranial glioma [94]. Even though a
human anti-GITR antibody is now available (MK-4166), no clinical
trials are investigating this molecule in association with RT.

Notably, another way of depleting the tumor microenvironment
in Treg cells, is the administration of low doses of cyclophos-
phamide [101]. In a retrospective clinical trial conducted in NSCLC
patients treated with RT and low dose metronomic cyclophos-
phamide, progression free survival (PFS) was significantly higher
when metronomic chemotherapy was added to RT in comparison to
treatment with RT alone (mean PFS 3.1 vs. 2.55 months; P = 0.0501)
[102]. In many clinical trials, cyclophosphamide is tested, as an
adjuvant, in combination with RT and other immune therapies
(NCT03192059, NCT01303705, NCT01421017, NCT01595321).

Another way of interfering with immune suppressive
tumor microenvironment would be to target tumor associ-
ated macrophages (TAMs). Colony Stimulating Factor-1 (CSF-1)
is a cytokine which influences hematopoietic stem cells to dif-
ferentiate into macrophages and has been described to recruit
TAMs within the tumor micro-environment [103]. Moreover,
TAMs infiltration is correlated with a poor prognosis in many
type of cancer [104,105]. In their mammary tumor–bearing mice
model, Shiao et al. showed that CSF-1 inhibition combined with
RT resulted in TAM depletion, and hence, could delay tumor
growth [103]. This combination could also delay recurrence in
glioblastoma in another preclinical study [106]. Moreover, in a
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preclinical model, the authors showed that CSF1-R inhibition
could prevent radio-induced pulmonary fibrosis by reducing more
drastically the number of CD206+ anti-inflammatory intersticial
macrophages (IMs), making this pathway a very interesting target
[107]. As a result, a phase I study is investigating cabiralizumab, an
anti-CSF-1R antibody, in association with SBRT in advanced solid
malignancies (NCT03431948).

Finally, tadalafil, a small molecule inhibiting
phosphodiestherase-5, can suppress colonic inflammation-
induced tumorogenesis via blocking the recruitment of MDSCs
[108,109]. In HNSCC patients, tadalafil promoted anti-tumor
immunity by lowering MDSCs and Treg lymphocytes [110].
A phase I/II investigating SBRT in combination with tadalafil
in locally advanced pancreatic (NCT01903083) was recently
completed, but the results are still awaited.

3.7. Targeting cGAS-cGAMP-STING pathway

Cytoplasmic DNA sensing, through the cGAS-cGAMP-STING
pathway, plays a pivotal role in APC activation and is essential
for radiation-induced adaptive immune responses [21]. In a pre-
clinical mouse model, STING deficiency was found to abolish the
anti-tumor efficacity of RT [21]. Moreover, STING loss prevented
the regression of abscopal tumours when RT was associated with
immune checkpoint blockade in vivo [111]. As demonstrated in
preclinical studies, treatment with agonists of cGAS-STING path-
way can enhance anti-tumor immunity [112–115]. In a preclinical
mouse model, when combined with RT, a cGAMP agonist could
boost radio-induced anti-tumor responses [21]. Manipulation of
STING signalling could be a promising approach, especially in
the context of combination therapies. For now, cGAS-STING ago-
nists are only tested in combination with checkpoint inhibitors
(NCT02675439, NCT03172936), but not yet in association with RT.
An exploratory prospective, single center study, is investigating the
association of tumor cGAS-STING signaling with SBRT, by analysing
tumor core biopsies (NCT02986867).

4. Discussion

For decades, abscopal tumor regression has been a very rare
phenomenon, described in anecdotal case reports [9,116]. Recent
retrospective studies reported an increased occurrence of this phe-
nomenon, due to the combination of RT with immune therapies,
such as checkpoint inhibition [4,10,73]. Since, such a combi-
nation has been investigated in many preclinical studies, with
very encouraging results. Nevertheless, even if preclinical models
largely contributed to our understanding of radio-induced abscopal
response, RT regimens in animal models are not always relevant,
and sometimes fail to mimic the clinical situation in the patient.
There is an urgent need to find the optimal RT regimen, which
could effectively trigger anti-tumor immunity and hence, produce
an abscopal effect.

The vast majority of ongoing clinical trials is using high doses
with a single fraction or with a hypo fractionated scheme, when
associating RT with immunomodulatory drugs. Notably, in most
case reports witnessing RT-induced abscopal responses, single or
hypo fractionated high doses were employed, as palliative irradi-
ation schemes were used [10]. Nevertheless, the question about
optimal dose and fractionation scheme to induce abscopal effect
is still not answered yet. Several preclinical studies suggest that
RT with high doses per fraction (> 8–10 Gy) is more effective to
enhance anti-tumor immunity [80,81,117–119]. On the contrary, a
retrospective study of metastatic melanoma patients treated with
RT + ipililumab showed a greater systemic efficiency of the combo
with doses per fraction < 3 Gy [73]. More recently, a meta-analysis

of 80 preclinical studies aimed to relate the biologically effective
dose (BED) to the occurrence of abscopal responses: the probabil-
ity of revealing abscopal effects increased with BED, with a 50%
probability when a BED of 60 Gy was generated [120]. Of course,
these results should be interpreted with caution, considering the
disparity in tumor types and murine models.

Similarly, there is no established consensus on the timing of RT
to combine with immunomodulatory agents. In preclinical studies,
for some authors, sequential RT showed better results than con-
current regimen [84] and for others, a concurrent regimen would
be preferred [80,81,121]. However, in the retrospective studies
reporting abscopal effect, especially when RT was associated to
checkpoint inhibitors, an improved survival or/and better tumor
responses were observed with the concurrent regimen [73,122].

Also, for now, no tools to identify patients most likely to respond
to immunotherapy combined to RT are available. Nevertheless,
some biomarkers has been identified to predict benefit from
immunotherapy and might be relevant to predict radio-induced
anti-tumor responses: for many tumor types, expression of PD-L1
is correlated with response to PD-1/PD-L1 inhibition, but in some
cases, tumors that are negative for PD-L1 in immunohistochemistry
can still respond to PD-1/PD-L1 blockade [123–125].

Also, tumor response to anti-PD-1 blockade occurs more fre-
quently in tumors with a high mutational burden, and this
correlation has been shown for melanoma, NSCLC, urothelial cancer
and for tumors with defects in DNA repair mechanisms [126].

The diversity of the T-cell repertoire can be assessed by DNA
sequencing of the TCR V� genes, and a limited T-cell receptor (TCR)
repertoire measured in the peripheral blood had a negative impact
on survival in melanoma patients treated with ipilimumab and in
bladder cancer patients treated with atezolizumab [127,128].

Another way of predicting tumor response to immunotherapy is
the nature of the tumor microenvironment. Tumors can be catego-
rized as immune-inflamed, immune-excluded and immune-desert,
depending on their immune cell infiltration, especially CD-8 T cell,
their expression of PD-L1, and their IFN� or T-cell gene signa-
ture [129]. Immune-inflamed tumors, characterized by their high
CD-8 T cell infiltration, are more likely to respond to immunother-
apy, whereas others exhibit primary resistance to such therapy
[130,131]. In a very recent study, a radiomic-signature of CD8
T-cells could accurately assess tumor immune phenotype and clin-
ical response in patients treated with anti-PD-1/PD-L1 [132]. Such
a promising approach should be tested in predicting tumor and
abscopal response with the combination of RT and immune ther-
apy.

5. Conclusion

Since the advent of checkpoint inhibitors in the anti cancer
therapeutic armamentarium, many other immune therapies are
developed and investigated, giving the radiotherapist a plethora
of molecules to combine with RT, in order to improve anti-tumor
response, both in irradiated tumors and in out-of field metastatic
sites. Nevertheless, the preclinical demonstration that such a com-
bination is able to boost anti-tumor immunity is not sufficient.
Which fractionation, which doses and which sequences we should
use to make these associations clinically relevant are still unan-
swered question. Results of the many clinical trials currently
initiated are eagerly awaited to bring this strategy into clinical
routine.
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