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Simple Summary: Although immune checkpoint blockade has yielded unprecedented and durable
responses in cancer patients, the efficacy of this treatment remains limited. Radiation therapy
can induce immunogenic cell death that contributes to the local efficacy of irradiation. However,
radiation-induced systemic responses are scarce. Studies combining radiation with checkpoint
inhibitors suggest a synergistic potential of this strategy. In this review, we focused on parameters
that can be optimized to enhance the anti-tumor immune response that results from this association,
in order to achieve data on dose, fractionation, target volume, lymph nodes sparing, radiation
particles, and other immunomodulatory agents. These factors should be considered in future trials
for better clinical outcomes. To this end, we discussed the main preclinical and clinical data available
to optimize the efficacy of the treatment combination.

Abstract: Immune checkpoint inhibitors have been associated with long-term complete responses
leading to improved overall survival in several cancer types. However, these novel immunotherapies
are only effective in a small proportion of patients, and therapeutic resistance represents a major
limitation in clinical practice. As with chemotherapy, there is substantial evidence that radiation
therapy promotes anti-tumor immune responses that can enhance systemic responses to immune
checkpoint inhibitors. In this review, we discuss the main preclinical and clinical evidence on
strategies that can lead to an enhanced response to PD-1/PD-L1 blockade in combination with
radiation therapy. We focused on central issues in optimizing radiation therapy, such as the optimal
dose and fractionation for improving the therapeutic ratio, as well as the impact on immune and
clinical responses of dose rate, target volume, lymph nodes irradiation, and type of radiation
particle. We explored the addition of a third immunomodulatory agent to the combination such as
other checkpoint inhibitors, chemotherapy, and treatment targeting the tumor microenvironment
components. The strategies described in this review provide a lead for future clinical trials.

Keywords: PD-1/PD-L1 blockade; radiation therapy; optimization strategies

1. Introduction

Programmed Cell Death Protein 1 (PD-1) and its ligand Programmed Cell Death Lig-
and 1 (PD-L1) play a central role in inhibiting immune responses to tumor cells by reducing
the activation, the proliferation, and the cytotoxic activity of T-cells [1]. The inhibition of
PD-1 or PD-L1 was associated with the restoration of an effective immune response against
cancer cells [2]. In patients, monoclonal antibodies blocking the PD-1/PD-L1 pathway
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have recently only been associated with good response rates in a minority of patients with
metastatic cancers [3]. In non-responding patients, the tumor microenvironment (TME) has
low levels of tumor-infiltrating CD8+ T cells, low PD-L1 expression, high cell proliferation,
and low mutational burden [4]. Thus, searching for combinatorial therapies that increase
responses was necessary. Radiation therapy (RT) is known to induce tumor-cell killing by
creating DNA lesions. It can also induce an anti-tumor immune response [5] by enhancing
the immunogenicity of tumors [6,7] and stimulating the accumulation and activation of
CD8+ T cells [8]. Therefore, it was suggested that RT might increase response rates when
combined to immune checkpoint therapy both in preclinical and clinical studies.

Here, we reviewed multiple strategies to optimize the combination of RT and immune
checkpoint inhibitors (ICI) that target the PD-1/PD-L1 axis (Figure 1). These include
optimizing dose and fractionation, dose rate, target volume, radiation type (e.g., photon vs.
charged particles), timing, and adding a third immunomodulatory agent. The first part of
this review will describe results of preclinical studies. The second part will compile results
from clinical trials evaluating different combination optimization parameters.

Figure 1. Optimization parameters for the association of radiation therapy and PD-1/PD-L1 blockade.
This figure summarizes the title of the different points developed in this review. Abbreviations. TME:
tumor microenvironment; EBRT: external beam radiation therapy.

2. Radiation Therapy/Anti-PD (L)-1 Drugs Combination Optimization in the
Preclinical Setting
2.1. Radiation Therapy Parameters Optimization
2.1.1. Dose and Fractionation

In the past few years, numerous studies have investigated different ionizing radiation
doses and fractionation regimens in association with anti-PD(L)-1 drugs in murine tumor
models. The main purpose was to reach an optimal time-course that can induce both local
and systemic anti-tumor responses.

First, studies showed the interest of combining ICI with normo-fractionated RT that
corresponds to daily fractions of 1.8 to 2 Gy. In a mouse model of colon cancer (CT26),
5 × 2 Gy resulted in a T-cell infiltration in the irradiated site, and an activation of CD8+
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T-cells producing IFN-γ, leading to an upregulation of PD-L1 within the TME [9]. The
addition of anti-PD-1 or anti-PD-L1 antibodies did not only improve local control, but
also had a systemic action. Mice that underwent a complete response rejected the tumor
after rechallenge, highlighting a vaccine-like effect of RT and a specific memory response
against the tumor [10]. By delivering fractions of 2.5 Gy or more, hypo-fractionated RT has
also proved to induce responses in association with anti-PD-(L)-1. In a mouse model of
colon cancer (CT26), Grapin et al. demonstrated that 18 × 2 Gy and 3 × 8 Gy regimens led
to a longer tumor growth delay compared to the 1 × 16.4 Gy regimen [11]. Additionally,
the local immune response was different depending on the fractionation. Indeed, while
18 × 2 Gy induced a myeloid response with an increase in myeloid-derived suppressor cells
(MDSC) and tumor-associated macrophages 2 (TAM2), 3 × 8 Gy and 1 × 16.4 Gy induced
a lymphoid response with an increase in CD8+ T-cells and regulatory T-cells (Treg) [11].
In melanoma and breast cancer models, the combination of hypo-fractionated regimen of
3 × 9.18 Gy in 3 or 5 days, and 5 × 6.43 Gy in 10 days with an anti-PD-1 antibody, resulted in
growth inhibition of both irradiated primary and non-irradiated tumors [12]. Interestingly,
tumor infiltrated lymphocytes (TILs) and local and systemic CD8+ T-cells levels were
similar, regardless of the dose or the total duration of the treatment [12]. Combining an anti-
PD-L1 antibody with brachytherapy delivering 3 × 8 Gy in a colorectal carcinoma model
(MC38) also showed an abscopal effect, a distant effect of RT on non-irradiated lesions [13].
Furthermore, single ablative RT doses also showed promising results. Filatenkov et al.
investigated the immune mechanisms contributing to complete remissions in both CT26
and MC38 colon carcinomas [14]. A single fraction of 30 Gy resulted in an intense CD8+

T-cells infiltration, and a loss of myeloid-derived suppressor cells (MDSC). In breast (TUBO)
and colon (MC38) cancer models, 1 × 12 Gy or 1 × 20 Gy increased the level of PD-L1
expression, and the combination of those regimens with an anti-PD-L1 antibody resulted
in an efficient tumor control on both irradiated and non-irradiated lesions [15]. In contrast,
Vanpouille-Box et al. have demonstrated that doses per fraction greater than 12 Gy reduced
the tumor immunogenicity and the abscopal effect [16]. Finally, a new RT paradigm is
being evaluated, consisting of a limited number of high-dose fractions separated in time
by weeks or months instead of the classic daily fractions. This new scheme, known as
personalized ultra-fractionated stereotactic adaptive radiation therapy (PULSAR), was
tested with an anti-PD-L1 in a MC38 colon cancer model [17]. A single dose of 16 Gy
and 2 fractions of 8 Gy interspaced by 1, 4, or 10 days were compared, in addition to
an anti-PD-L1 antibody. Spacing fractions by 10 days led to a better tumor control than
daily fractions [17].

The current preclinical data demonstrate a wide diversity of responses of RT with anti-
PD-(L)1 depending on the dose and fractionation, but also on the tumor model. Although
the majority of studies evaluate the effect of hypofractionated regimens, interestingly, the
use of normo-fractionated regimens still shows relevance. The optimal time-course, if it
exists at all, is still to be defined.

2.1.2. Target Volume and Radiation Therapy Techniques

The immunoregulatory potential of RT can be influenced, not only by the dose-
fractionation, but also by the irradiated volume, and the RT technique [18]. For instance,
high-dose stereotactic RT can lead to immune suppressive mechanisms such as an increase
in MDSC locally and peripherally, a decrease in lymphocytes at the primary sites, and an
up-regulation of Treg [19]. In some cases, the tumor may be too large to be completely
irradiated, and full irradiation of these bulky tumors could be toxic. Several unconventional
RT techniques have been proposed to partially treat these tumors [18]. First, the spatially
fractionated RT (GRID) was designed to treat large tumors while sparing skin by delivering
a heterogeneous high dose through a GRID block [18] and later through modern linear
accelerators with a MultiLeaf Collimator (MLC-based GRID) [20]. Second, LATTICE
radiation (LRT) can deliver high doses of RT to different areas within bulky tumors while
sparing surrounding healthy organs [21]. Third, the stereotactic body radiation therapy–
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based partial tumor irradiation technique can target specifically the hypoxic parts of bulky
tumors (SBRT-PATHY) [18]. These approaches allow high doses to be delivered into
the tumor while limiting the exposure of healthy tissues and the immune system in the
periphery of the tumor. Markovsky et al. reported in a preclinical trial that irradiating 50%
or 100% of the tumor in an immunocompetent mouse induced the same delay in tumor
growth [22]. However, this effect was abrogated in nude mice as well as in immunodeficient
CD8+ mice. They also highlighted the importance of lymph nodes (LNs) in long-term
tumor control, as their irradiation led to a loss of local control [22]. In another preclinical
study of LRT, it was shown that partial irradiation of two vesicles of 10% of the tumor was
as effective as total irradiation. This partial irradiation significantly delays tumor growth
locally, probably by a bystander effect, and at a distance by an abscopal effect [23]. These
preclinical results demonstrate that partial irradiation of the tumor might be sufficient to
control its growth through an immunostimulatory mechanism. Thus, partial irradiation
would limit the dose delivered to healthy tissues, LNs, and the immune system, which
are essential for a long-term response as well as for the bystander and abscopal effects,
especially when combining RT with ICI.

The irradiation of secondary lymphoid organs might have an impact on the number
and function of immune cells that can be recruited to initiate the anti-tumor immune
response. The role of the tumor-DLN (draining lymph nodes) in the anti-tumor T-cell
activation has been evaluated in preclinical studies that demonstrated a reduced local
control following tumor-DLN irradiation, genetic deficiency, or surgical removal [24–26].
Buchwald et al. suggested that the stem-like CD8+ T-cells in the tumor are supplied by the
tumor-DLN and reduced after DLN irradiation [26]. Stem-like CD8+ T cells differentiate
into terminally differentiated effectors, which have the potential for tumor-cell killing
following anti-PD-L1 antibody [27]. More recently, Marciscano et al. showed that, as
compared to tumor irradiation alone, irradiation of the tumor-DLN attenuated chemokine
expression leading to impaired trafficking of CD8+ T cells into the TME and, ultimately,
decreased survival [24]. Furthermore, elective nodal irradiation reduced the combinatorial
efficacy between RT and immunotherapy.

2.1.3. Dose Rate

In external beam radiation therapy, the dose rate can be changed using two different
methods. The first one uses a standard LINAC with a flattening filter free (FFF) technique,
in order to increase the dose rate by approximately 4 to 5 times (~2000 Monitor Unit/min vs.
~400 Monitor Unit/min). It relies on a beam with a non-uniform dose profile characterized
by reduced head dispersion, foliar transmission, energy variation in a lateral direction,
and reduced peripheral dose compared to a flattened beam [28]. This decreases the beam
activation time, which reduces the duration of RT sessions and minimizes intra-fraction
movement of the patient and/or the tumor, thus improving the reliability of the initial
treatment planning [29]. The second method is FLASH therapy, which allows delivery
at very high speed (several tens of grays in less than a second). This technique is in full
development as it has the advantage of limiting toxicities by sparing healthy tissues [30,31].
Few studies have investigated the effect of dose rate modulation on the RT-induced immune
response. Recently, using the CT26 model, we demonstrated no influence of a moderately
high-dose rate using the FFF technique on the anti-tumor immune response [32]. These
results need to be confirmed by clinical data. However, these preliminary results may
encourage RT oncologists to increase the dose rates of their treatment, even in combination
with immunotherapy. To our knowledge, there is currently no preclinical data concerning
FLASH therapy and its combination with anti-PD-(L)-1. However, the scientific enthusiasm
for this technique prompts the development of such studies.

2.1.4. Particles

Almost all data regarding RT-induced immune response were obtained with photon-
based ionizing radiation. Charged-particle therapy (CPT) with protons or heavier ions
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was described to induce immune responses. Most of the studies evaluated components
related to the immune response on tumor cells in vitro, essentially using carbon ions, rather
than the modification of the TME in vivo. CPT presents specific physical and biologi-
cal properties, such as the differential induction of cell death, and dosimetric properties
which allow the sparing of healthy tissues such as DLN and circulating immune cells to
reduce RT-induced lymphopenia [33,34]. Preliminary animal studies have shown that
CPT induced abscopal responses after irradiation of the primary tumor [34,35]. However,
a direct comparison of conventional RT and CPT is required. Recently, Helm et al. found
that X-rays and carbon ion have the same efficacy when combined with anti-PD-L1 and
anti-CTLA-4 antibodies, both on the irradiated tumor and on non-irradiated lesions [36].
Based on in vitro experiments, Permata et al. have shown that the expression of PD-L1
mRNA and protein increased more importantly after high linear energy transfer (LET)
carbon ion irradiation than after photon based-RT [37]. This induction might be associated
with a better sensitivity to anti-PD-L1 antibody, which needs to be evaluated in vivo. In
parallel, Spina et al. evaluated the effects of carbon-ion irradiation on immune modu-
lation using orthotopic 4T1 mammary tumors [38]. They found a higher induction of
pro-inflammatory cytokines after carbon ions than after photons [38]. In another study,
carbon ion radiation induced an immune cell death characterized by the secretion of high
mobility group box 1 (HMGB1) in human cancer cell lines [39]. The levels of HMGB1 were
similar with equivalent doses of photon irradiation [39]. Finally, our team has recently
described the radiation-induced immune response with a single fraction of proton on
a colorectal tumor model. We described a significant T cell (CD8+ and CD4+), TAM1
and Treg infiltration [40]. Using a transcriptomic analysis, we have also highlighted the
activation of type 1 interferon pathway.

In conclusion, these studies suggest that charged particles may be more immunogenic
than photons. Thus, their combination with ICI is of great interest.

2.2. Radiation Therapy/Anti-PD-(L)-1 Combination Timing

There are many pieces of evidence that ionizing radiation induces an upregulation
of PD-L1 in the tumor [9,15,41], suggesting that an adjuvant blockade of the PD-1/PD-L1
axis after RT is relevant. In a breast murine model (TUBO), Liang et al. reported that
a single injection of anti-PD-L1 antibody 21 days after 1 × 15 Gy resulted in a tumor
regression with tumor rejection in most mice, contrary to RT alone [42]. Conversely, the
sequential association of RT and anti-PD-L1 antibody (5 × 2 Gy followed by an injection of
anti-PD-L1 at day 7) failed to improve survival in mice with colon cancer (CT26) over RT
alone, whereas the injection of anti-PD-L1 antibody at day 1 or day 5 after the beginning
of RT did [9]. In a pancreatic murine model (KPC), simultaneous (days 0, 3, 6, and 9)
addition of anti-PD-L1 antibody to one fraction of 12 Gy was found to be more efficient
on tumor growth than the sequential schedule (anti-PD-L1 at days 6, 9, 12, and 15) [43].
A combination of concurrent anti-PD-L1 antibody (days 0, 2, and 4) with a fraction of 10 Gy
also improved survival of mice with glioma (GL261) compared to either therapy alone [44].
Similar evidence supporting a synergetic effect of the concurrent combination of anti-PD-L1
antibody and a fraction of 10 Gy were found in a murine head and neck cancer model
(B4B8) [41]. More recently, Moore et al. compared three different timings between RT and
anti-PD-L1 antibody in a colon cancer model (MC38) [17]. Even if there was a benefit of
the addition of immunotherapy when given after the single fraction of 16 Gy (days 2, 3,
4, and 6), the optimum combination was found to be the concurrent one (four injections
of ICI with RT at day 2). However, when anti-PD-L1 antibody was given before RT (four
daily injections followed by the single fraction of 16 Gy at day 4), no additive effect was
found compared to RT alone. In parallel, another study showed consistent results with the
use of neoadjuvant anti-PD-1 antibody [45]. Interestingly, the administration of anti-PD-1
antibody prior to RT resulted in an increased radiosensitivity and death of CD8+ T cells,
which could explain the suboptimal effect of neoadjuvant ICI followed by RT, compared to
concomitant or adjuvant ICI [45].
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Therefore, studies evaluating the right timing to combine RT and anti-PD-(L)-1 lead to
conflicting results. One thing is for sure, timing has an impact on efficacy, and further data
are warranted.

2.3. Combination with Other Therapies
2.3.1. Targeting Molecular Modulators of the Immune Response

In a preclinical model of melanoma, Twyman-Saint Victor et al. found that the resis-
tance to RT plus anti-CTLA-4 was due to T-cell exhaustion, notably mediated by PD-1/PD-
L1 axis activation with an upregulation of PD-L1 on melanoma cells. Hence, there was
a significant improvement of survival in the dual checkpoint blockade (anti PD-L1 plus anti-
CTLA-4 antibodies) group associated with RT (1 × 20 Gy) as compared to RT plus either
antibody [46]. Addition of PD-L1 blockade reversed T-cell exhaustion, increased prolifera-
tion of TIL, and enhanced oligoclonal T-cell expansion [46,47]. Oweida et al. showed that
the immune checkpoint receptor T-cell immunoglobulin and mucin-domain containing-3
(TIM-3), was upregulated on TIL CD8+ T cells and Treg after radiation (1 × 10 Gy) plus PD-
L1 blockade in head and neck squamous cell carcinoma orthotopic tumor bearing mice (LY2
and MOC2) [48]. Adding anti-TIM-3 significantly reduced tumor growth, enhanced T-cell
cytotoxicity, and decreased Treg infiltration. Despite these anti-tumor effects induced by the
triple combination, there was no long-term tumor rejection [48]. Moreover, RT (3 × 8 Gy)
plus anti-PD-1 antibody combined with an antibody targeting T-cell immunoreceptor with
Ig and ITIM domains (TIGIT) led to a significant anti-tumor effect in CT26 and B16-F10
models, which was less effective with RT and either antibody alone [11]. Interestingly, the
intake of this anti-TIGIT was lost when RT was administered with a normo-fractionated
regimen. Optimization of fractionation would therefore play a central role in increasing
the efficiency of these combinations.

4-1BB (CD137), an activation-induced costimulatory molecule, is an important reg-
ulator of immune responses through the activation of cytotoxic T lymphocytes and the
production of high amounts of IFN-γ. Stimulation of 4-1BB with agonist antibodies is
a promising strategy to improve the therapeutic efficacy of ICI or to overcome the resis-
tance to ICI. Rodríguez-Ruiz et al. demonstrated in melanoma, breast, and colon cancer
mouse models, that mice receiving RT (3 × 8 Gy) with anti-PD-1 and anti-4-1BB antibodies
achieved faster and almost constant complete responses on distant non-irradiated tumor
lesions [49]. Importantly, all cured mice were fully protected against subsequent tumor
rechallenge. This abscopal effect was dependent on type I IFNs pathway, BAFT3 dendritic
cells, and CD8+ T cells [49]. In addition, another preclinical study has shown that TGFβ
played a role in the modulation of the response to RT, and that TGFβ blockade with RT
enhanced dendritic cells activation and induced CD8+ T-cell responses to endogenous
tumor antigens [50]. TGFβ blockade added to radio-immunotherapy (local RT + anti
41BB + anti-PD-1) notably strengthened the abscopal effect by inducing TIL in distant non-
irradiated tumors [51]. More recently, Lan et al. reported the development of bintrafusp
alfa, a bifunctional fusion protein composed of the extracellular domain of the TGFβ RII
receptor to trap TGFβ, fused to a human immunoglobulin G1 antibody blocking PD-L1 [52].
Using this molecule in combination with RT in several immune-cold murine tumor models,
they showed a synergic action leading to higher survival, increased TIL, reprogramming
of the TME, and reduced tissue fibrosis [53]. Additionally, regression of spontaneous
lung metastases was observed. This abscopal effect was attributed to an enhanced influx
and activation of cytotoxic CD8+ T cells and reduction in immunosuppressive cells in
premetastatic lung niches.

Among new targets, the glucocorticoid-induced TNFR-related protein (GITR) is
known to potentiate the response to tumors by co-activating T-cells and NK cells effectors,
modulating dendritic cells functions and inhibiting Treg [54]. In an anti-PD-1 antibody
resistant tumor 344SQR murine model, combination of anti-GITR antibody, anti-PD-1
antibody, and RT (3 × 12 Gy) significantly improved survival and abscopal response, with
50% of tumor-free mice [55]. Although targeting immune checkpoints in their extracellular
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part is widely used, targeting the transduction pathways induced by their activation is
another possibility. SH2-containing protein tyrosine phosphatase-2 (SHP2) is an oncogenic
phosphatase known to facilitate growth and survival signaling downstream of numer-
ous receptor inputs. Addition of the SHP-2 inhibitor SHP099 to radio-immunotherapy
(RT 3 × 12 Gy + anti-PD-1 antibody) improved the anti-tumor response in an anti-PD-1
antibody-resistant lung cancer model [56].

Many molecules targeting immunosuppressive mechanisms are in development. As-
sessing their effects in combination with RT and anti-PD-(L)-1 seems paramount.

2.3.2. Targeting Immune Suppressive Cells

One major therapeutic obstacle when dealing with immunotherapy is the immuno-
suppressive TME that can result from an increased immunosuppressive cells infiltration
such as Treg or TAM2. In a mouse model of human papillomavirus (HPV)-associated
head and neck cancer, Newton et al. combined anti-PD-1 and anti-CTLA-4 antibodies
with RT (2 × 10 Gy). Two drugs that selectively deplete Treg [57], cyclophosphamide
and a small-molecule inducible nitric oxide synthase (iNOS) inhibitor, L-NIL [58], were
added. Only the combination of cyclophosphamide and L-NIL with dual checkpoint
inhibition and RT induced the rejection of 70% of tumors. The anti-tumor activity was
CD8+ T cell-dependent and led to an immunologic memory against tumor-associated HPV
antigens [57]. On the other hand, indoleamine-pyrrole 2,3-dioxygenase (IDO1) catabolized
tryptophan required for lymphocyte maintenance and function, into kynurenine. Thus,
IDO1 suppresses T cell activation and promotes Treg expansion [59,60]. Ladomersky et al.
developed a triple therapy based on the association of anti-PD-1 antibody, a whole brain
RT (5 × 2 Gy) and an oral gavage with IDO1 inhibitor BGB-5777 in a glioma model [61].
Survival was significantly improved compared to RT alone or with either therapy [61].
Furthermore, RT stimulates CSF-1 secretion by tumor cells allowing TAM2 recruitment.
TAM2 produces factors and cytokines that promote the development of Treg, metastasis,
angiogenesis, matrix remodeling, and PD-1 expression [62,63]. Therefore, Jones et al. tested
a combination of intraperitoneal-injected therapy targeting CSF-1 with anti-PD-L1 antibody
and RT (1 × 10 Gy) [64]. In pancreatic tumors resistant to immune checkpoint blockade,
the triple combination therapy led to a greater tumor regression than with monotherapy
or combined therapies. These results were not observed in the MC38 model that was
sensitive to the combination of anti-PD-L1 antibody and RT without anti-CSF1, suggesting
preferential use in resistant tumors [64]. MER proto-oncogene tyrosine kinase (MerTK),
a macrophage-specific phagocytic receptor, also represents a promising target, as its over-
expression has been linked with poor prognosis. Anti-MerTK antibodies have shown their
interest, by promoting pro-inflammatory effects of immunogenic cell death, resulting in the
suppression of the phagocytosis of apoptotic bodies after RT [65]. Inhibition of the MerTK
in combination with anti-PD-1 antibody and stereotactic RT (3x12 Gy) significantly delayed
tumor growth of non-irradiated lesions and reduced numbers of lung metastases in mice
with bilateral lung adenocarcinoma xenografts. Furthermore, triple combination promoted
the upregulation of CD8+ CD103+ tissue-resident memory cells, known to correlate with
good prognosis [66,67].

2.3.3. Priming, Recruitment, and Activation of Dendritic cells

Intra-tumoral BATF3-expressing dendritic cells correlates with a T cell-inflamed TME
and ICI efficacy, suggesting the importance of T-cell priming and cross presentation in the
response to immunotherapy [18,19,68,69]. To increase the priming of T cells in the DLN,
Hammerich et al. used an in situ injection of FLT3L and polyICLC with RT (1 × 10 Gy)
and anti-PD-1 antibody in lymphoma tumor mice model (A20 cells) [70]. FLT3L triggers
the recruitment of FLT3+ dendritic cells, while PolyICLC allows the activation of TLR3+
dendritic cells. This resulted in delayed tumor growth compared with in situ injection
alone, and durable remissions increased from 40% to 80% in mice [70].
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2.3.4. Combination with Chemotherapy

Kroon et al. found that cisplatin considerably potentiated the abscopal effect of
radio-immunotherapy consisting of a single fraction of 10 Gy, four injections of anti-PD-1
antibody, and anti-4-1BB antibody in AT3 mouse model [71]. Furthermore, this combi-
nation increased overall survival (OS) in a CD8+ T-cell-dependent manner [71]. Another
study showed that cisplatin-based chemoradiation (2 × 12Gy) combined with anti-PD-1
antibody significantly improved RT-induced abscopal effects in MC38 colon cancer and B16
melanoma models [72]. The abscopal effect in these models was based on the recruitment
of CXCR3 + lymphocytes into the non-irradiated tumor secreting CXCL10 chemokines
possibly through the systemic action of cisplatin [72]. Recently, Joseph et al. demonstrated
in three tumor models that concurrent combination of a 5 fluorouracil-cisplatin-based
chemoradiation with a dual CTLA-4 and PD-1 blockade was required to achieve an optimal
anti-tumor effect and to establish a broad and long-lasting protective anti-tumor T cell
immunity through the activation of CD103+ dendritic cells and intratumoral T-cell Th1
and TRM polarization [73].

2.3.5. Targeting Angiogenesis

RT can induce the secretion of VEGF, an angiogenic factor expressed in cancer.
Yang et al. demonstrated that STING pathway regulated tumor angiogenesis in murine
Lewis lung carcinoma model [74]. The combination of STING agonist with VEGFR2
blockade induced complete tumor regression and vascular normalization. Interestingly,
in tumors resistant to ICI (anti-PD-1 or anti-CLTA-4 antibodies), the addition of STING
agonist and VEGFR2 blockade improved the complete response rates compared with ICI
alone (anti-PD-1 or anti-CLTA-4 antibodies). These results encourage the evaluation of this
triple combination with RT, as the STING pathway can be activated by irradiation [16]. Re-
cently, VEGF blockade efficacy was confirmed in combination with radio-immunotherapy
(anti-PD-L1 antibody + 4 × 10Gy) in murine Lewis lung carcinoma model [75].

Taken together, these data demonstrate that an effective stimulation of the anti-tumor
response can be achieved by optimizing several parameters. These promising preclinical
results served as the basis for testing the combination of RT and anti-PD(L)1 blockade in
the clinical setting.

3. Radiation Therapy/Anti-PD(L)-1 Drugs Combination Optimization in Clinical Trials
3.1. Radiation Therapy Parameters Optimization

The goal of RT is to increase tumor control while sparing healthy tissue. Is it currently
used to treat approximately 50% of cancer patients; immunotherapy is an integral part of
the management of many advanced or metastatic tumors, but also in palliative treatments,
hoping for a significant improvement in patient survival. The beneficial effects of RT
on non-irradiated tumor sites known as the abscopal effect (from the Latin “ab scopus”,
i.e., far from the target) have now been demonstrated. The distant activation of the immune
system by irradiation appears to be markedly increased when combined with ICI [76]. If
immunotherapy is seen to be more effective, it is possible that it itself has a radiosensitizing
effect. These findings are at the origin of a strong enthusiasm for the association and in
particular for oligometastatic or even multi metastatic patients. We already have studies
for several types of tumors, in particular melanoma and non-small cell lung cancers,
which show better progression-free survival rates in patients treated with ICI and RT, with
acceptable toxicity. However, the data are not yet sufficiently solid, and it remains to be
proven which combinations and which modifications of the RT parameters (dose, volume,
particles, fractionation, etc.) can bring a therapeutic improvement. It is also necessary to
ensure that these associations, whatever their modalities, are safe.

3.1.1. Fractionation

Identifying the ideal RT fractionation scheme to associate with immunotherapy
represents a major challenge. Several studies have found that RT can induce an anti-
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tumor immune response in a dose-dependent manner [77,78]. In a large National Cancer
Database (NCDB) study, 5281 metastatic melanoma patients who received palliative RT
were included [79]. Patients received either conventional RT (< 5 Gy/fraction) or hy-
pofractionated RT (≥ 5 Gy/fraction) with or without immunotherapy (ICI, interleukins,
or oncolytic virus). The highest OS rates were obtained in patients who received hy-
pofractionated RT and immunotherapy [79]. In the phase 2 PEMBRO-RT study, patients
with advanced non-small cell lung cancer received either pembrolizumab alone or SBRT
(3 × 8 Gy) to one lesion followed by pembrolizumab within 7 days [80]. The objective
response rate and survival outcomes were significantly higher with SBRT [80]. Finding the
optimal dose and fractionation requires accounting for tumor pathological type, tumor size,
tumor location, presence of metastases, intrinsic radiosensitivity, and host characteristics,
which makes it difficult to determine the standard regimen.

3.1.2. Dose

Another factor that can influence the outcomes of RT and ICI combination is the
exposure to low-dose RT [81]. Preclinical studies have suggested that low-dose RT may
stimulate immune cells and modulate the TME. In a post hoc analysis of ipilimumab with
high-dose RT, tumors exposed to low-dose scatter RT were more likely to decrease than
unexposed distant tumors [82]. A post hoc analysis [83] of three trials exploring RT and
immunotherapy associations was performed, including 26 patients. There was significantly
more objective responses in low-dose lesions (1–20 Gy) compared to non-irradiated lesions
(< 1 Gy). Based on these observations, Arnold et al. developed a model where high-dose
RT increases antigen release and presentation, and primes immune cells, whereas low-dose
RT promotes immune-cell infiltration into the stroma and tumor bed [84].

Thus, a single optimal RT scheme might not exist, but rather several ones, depending
on the tumor and host characteristics.

3.1.3. Target Volume

Most of the clinical trials testing RT with immunotherapy have irradiated a limited
number of sites, with a low impact on the systemic response [85,86]. Some authors have
suggested that, in order to enhance the synergy between RT and ICI, all lesions should be
irradiated [87]. This would most likely promote antigen presentation, improve immune
access to tumor bed, and reduce the immunosuppressive barrier effects of bulky lesions in
all areas of the disease. In a subgroup analysis of a phase III trial testing the efficacy of RT
with anti-CTLA-4, it was suggested that patients who might benefit the most from RT were
those with an oligometastatic disease [88]. Several studies have shown that local treatment
of all sites in oligometastatic patients can significantly prolong survival without severe side
effects. In Bauml et al., patients with oligometastatic (≤ 4 lesions) non-small cell lung cancer
were treated with anti-PD-1 antibody and local treatment (surgery, RT, or radiofrequency
ablation) for all lesions [89]. Median PFS was 18.7 months and median OS was 41.6 months.
A phase I trial [90] and the phase II multicenter SABR-COMET [91,92] trial demonstrated
that multisite SBRT followed by PD-1/PD-L1 antibody inhibitors resulted in high local and
distant control with improved OS. Results from ongoing clinical trials allowing irradiation
of all lesions are awaited (NCT03275597, NCT02523313, and NCT03391869).

On the other hand, multisite RT increases the irradiated volume and thus the risk
of toxicities that can dampen the outcomes. For instance, in patients treated with radio-
immunotherapy, RT-induced lymphopenia was associated with a lower response to anti-
PD-1/PD-L1 drugs and a lower survival [93,94]. The depth and duration of lymphope-
nia depend on the location of the irradiation, the treated volumes, and the irradiation
technique [95]. For instance, rotational intensity-modulated RT can deliver low doses to
large volumes of healthy organs. The irradiation of large volumes can affect circulating or
tissue-resident lymphocytes [96]. This should prompt clinicians to rethink the modalities
of RT, especially in combination with immunotherapy. Furthermore, clinical data on partial
tumor irradiation in case of high metastatic burden or bulky tumors (>65 mL) combined
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with pembrolizumab, could lead to similar local control compared to total irradiation [88].
It is clear that the irradiation fields play an important role and thus, sparing non-metastatic
lymph nodes and reducing irradiated volumes can potentially reduce lymphopenia and
improve the anti-tumor immune response [96]. Thus, the extent of irradiation and the
incorporation of elective nodal irradiation could have a significant impact on outcomes.
Future clinical trials investigating concurrent RT with ICI need to compare DLN irradiation
vs. sparing LN, and take into account the irradiation technique and volumes.

3.1.4. Particles

Conventional RT uses photons generated by electron accelerators, but high-energy
charged particles such as protons and carbon-ions, can improve precision of dose delivery
with better normal tissue sparing. Protons and carbon ions are considered superior to
photons for distribution ballistics. Data regarding their immunologic effects remain scarce,
with mostly results from in vitro assays or precliclinal models. By sparing more healthy tis-
sue, protons appear to be an attractive therapy to combine with immunotherapy. Whether
they can be more effective than conventional RT in combination with immunotherapy is
unknown. Seven phase I or II trials with small samples were designed to evaluate the
safety and efficacy of combining proton therapy and immunotherapy in cancer patients
(NCT03765190, NCT03539198, NCT03818776, NCT04834349, NCT02444741, NCT04671667,
and NCT03267836), and are currently ongoing or not yet recruiting. These trials are
investigating proton therapy with anti-PD-1 or anti-PD-L1 antibodies for metastatic can-
cers, non-small cell lung cancer, head and neck cancer, or meningioma. On another note,
a phase 2 study is evaluating the combination of anti-PD-1 antibody (pembrolizumab) with
re-irradiation and intra-tumoral administration of nanoparticles designed to destroy tumor
cells when activated by RT for the treatment of inoperable locoregional recurrent head and
neck squamous cell cancer (NCT04834349). Charged particle therapy and immunother-
apy currently represent an emerging partnership for immune activation and results from
ongoing studies are eagerly awaited.

3.1.5. Radiation Therapy/Anti-PD(L)-1 Combination Timing

When combining RT and ICI, timing might play a crucial role [97]. Data from the phase
3 PACIFIC trial for patients with stage III locally advanced and unresectable non-small
cell lung cancer that had not progressed after ≥2 cycles of chemoradiation revealed that
the addition of consolidation durvalumab (anti-PD-L1 monoclonal antibody) significantly
improved PFS and OS over placebo [98,99]. Although this study did not aim to assess the
timing between RT and immunotherapy, durvalumab had to start 1 to 42 days following
chemoradiation. Pre-specified subgroups analysis showed an improved survival rate in
patients who received the anti-PD-L1 antibody in the 14 days following chemoradiation [99].
This potentially indicates that concomitant combination therapy may be more optimal than
delaying immune checkpoint blockade. In patients with advanced non-small cell lung
cancer, Shaverdian et al. found that RT before pembrolizumab translated into significantly
longer survival outcomes compared to pembrolizumab alone [100]. A meta-analysis
evaluated stereotactic radiosurgery (SRS) for brain metastases and ICI with a focus on
the optimal timing sequence [101]. Concurrent therapy was defined as the administration
of ICI and SRS within one month. The OS, local control, and regional brain control rates
were significantly higher with concurrent therapy. A systematic review recently reported
the effectiveness and safety of concurrent treatment, defined as stereotactic radiotherapy
performed within 30 days of ICI administration. This strategy led to interesting local control,
especially for brain lesions, without increasing toxicity [102]. The results of the PRACTICE
study suggest a possible negative impact of receiving palliative RT within 6 months prior
to immunotherapy initiation in terms of disease control rate and time to treatment failure.
On the contrary, the concurrent palliative RT group exhibited improved time to treatment
failure periods compared with the no RT and previous palliative RT group [103].
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Overall, these studies confirm the importance of the concomitant timing of RT and ICI
that was suggested in preclinical studies.

Currently, more than 30 phase III clinical trials combining RT and immunotherapy are
ongoing. Among these, about two thirds evaluate a concomitant +/− adjuvant combina-
tion, and a third uses the immunotherapy in induction +/− adjuvant condition [104].

3.2. Combination with Other Therapies

Although the combination of RT and ICI has shown synergy, clinical responses vary
widely. Recent studies have implied that the addition of an immunologically active agent
to RT and ICI might increase effectiveness and response rates [105]. Several clinical trials
are being performed or completed to explore the combination of RT and ICI with a third
immunomodulatory agent, such as IDO1 inhibitor in glioblastoma (NCT04047706), Toll-like
Receptor (TLR) 7 Agonist in breast cancer with skin metastases (NCT01421017), or TLR9
Agonist in chemotherapy-refractory metastatic pancreatic adenocarcinoma (NCT04050085).

Floudas et al. assessed the association of AMP-224, an anti-PD-1 fusion protein, with
low-dose cyclophosphamide, and SBRT in chemo-refractory patients with metastatic col-
orectal cancer [106]. The association was well tolerated, but did not increase response
rates or survival. Several clinical trials are ongoing to explore the safety and efficacy of
combining RT with anti-PD-1/PD-L1 drugs and chemotherapy. The phase 3 randomized
international study, KUNLUN, will enroll patients with locally advanced, unresectable
esophageal squamous cell carcinoma treated with definitive chemoradiation with or with-
out concurrent Durvalumab (NCT04550260). INTERACTION is a phase 2 trial that will
enroll patients with stage III squamous cell anal carcinoma to evaluate the efficacy and
safety of DCF (Docetaxel, Cisplatin, and 5-fluorouracil) plus ezabenlimab, an anti-PD-
1 antibody, as neoadjuvant treatment, before concurrent chemoradiation in responders
(NCT04719988). Finally, in patients with metastatic anal carcinoma, the phase 2 trial SPAR-
TANA will investigate the efficacy of combining hypofractionated RT to metastatic lesions,
anti-PD-1 antibody, and DCF in terms of PFS and objective response (NCT04894370).

4. Conclusions

The interest in combinations based on RT and anti-PD-(L)1 drugs is now well accepted
by the scientific and medical community. The doubts about the increased risk of toxicity
seem to be diminishing, although attention must remain in mind.

The impact of new RT modalities on the immune response and on the efficacy of
immunotherapy are currently being evaluated in preclinical conditions (FLASH, new
combinations, etc.) and these results will be valuable for developing future clinical trials.

In order not to miss out on the effectiveness of these combinations, it is necessary
to optimize several parameters and adapt them to each indication. We encourage in-
vestigators of future clinical trials to be aware of the importance of optimizing RT. This
type of combination is certainly the key to giving RT a place as a curative treatment for
metastatic patients.

The development of specific biomarkers will also be necessary for these optimization
of association schemes. Their objectives will be to describe and predict the radiation-
induced immune response, and thus to be able to adapt the immunotherapies which will
have the best probability of being effective.

Among these biomarkers, two are under development in preclinical and clinical stud-
ies via ancillary studies to clinical trials. The first category of biomarkers is developed
from tumor samples (irradiated or out-of-field) taken before and/or after treatment. Even
if these biopsies can be invasive, they make it possible to analyze the tumor microenvi-
ronment with precision (by transcriptomics analysis, Single Cell, etc.) and to precisely
map the radiation-induced immune response and the evolution of the expression of the
target of specific immunotherapies. The second category of biomarkers is developed from
liquid biopsies. They have the advantage of being easily accessible, and can analyze at
several kinetic points. The aim of these biomarkers is to map the systemic response to
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RT, sometimes with a risk to lack of detection sensitivity. Among these are evaluated
the concentrations of circulating cytokines, immune cells, activity, and specificity of LT
CD8+, exosomes, etc. It is important that each clinical trial evaluating combinations of RT
and immunotherapy plans to collect these biological samples in order to have a sufficient
amount of data to perform bioinformatics analysis comprising a large number of variables.

Author Contributions: G.T. and C.M. supervised the review design and writing. J.B. (Jihane Boustani),
B.L., J.B. (Jérémy Baude), O.A., C.L. and C.M. were involved in the writing of this review. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank the French “Ligue contre le cancer”, the
Bourgogne Franche Comté regional council, the ARC and the Cancéropôle EST for funding their
work on this topic.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bardhan, K.; Anagnostou, T.; Boussiotis, V.A. The PD1:PD-L1/2 Pathway from Discovery to Clinical Implementation. Front.

Immunol. 2016, 7, 550. [CrossRef]
2. Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 Pathway: Current Researches in Cancer. Am. J. Cancer Res. 2020, 10, 727–742. [PubMed]
3. De Miguel, M.; Calvo, E. Clinical Challenges of Immune Checkpoint Inhibitors. Cancer Cell 2020, 38, 326–333. [CrossRef] [PubMed]
4. Galon, J.; Bruni, D. Approaches to Treat Immune Hot, Altered and Cold Tumours with Combination Immunotherapies. Nat. Rev.

Drug Discov. 2019, 18, 197–218. [CrossRef] [PubMed]
5. Boustani, J.; Grapin, M.; Laurent, P.-A.; Apetoh, L.; Mirjolet, C. The 6th R of Radiobiology: Reactivation of Anti-Tumor Immune

Response. Cancers 2019, 11, 860. [CrossRef]
6. Demaria, S.; Golden, E.B.; Formenti, S.C. Role of Local Radiation Therapy in Cancer Immunotherapy. JAMA Oncol. 2015, 1,

1325–1332. [CrossRef] [PubMed]
7. Demaria, S.; Pilones, K.A.; Vanpouille-Box, C.; Golden, E.B.; Formenti, S.C. The Optimal Partnership of Radiation and Im-

munotherapy: From Preclinical Studies to Clinical Translation. Radiat. Res. 2014, 182, 170–181. [CrossRef]
8. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic Cell Death in Cancer Therapy. Annu. Rev. Immunol. 2013, 31,

51–72. [CrossRef]
9. Dovedi, S.J.; Adlard, A.L.; Lipowska-Bhalla, G.; McKenna, C.; Jones, S.; Cheadle, E.J.; Stratford, I.J.; Poon, E.; Morrow, M.;

Stewart, R.; et al. Acquired Resistance to Fractionated Radiotherapy Can Be Overcome by Concurrent PD-L1 Blockade. Cancer
Res. 2014, 74, 5458–5468. [CrossRef]

10. Dovedi, S.J.; Cheadle, E.J.; Popple, A.L.; Poon, E.; Morrow, M.; Stewart, R.; Yusko, E.C.; Sanders, C.M.; Vignali, M.;
Emerson, R.O.; 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, 5514–5526. [CrossRef]

11. Grapin, M.; Richard, C.; Limagne, E.; Boidot, R.; Morgand, V.; Bertaut, A.; Derangere, V.; Laurent, P.-A.; Thibaudin, M.;
Fumet, J.D.; et al. Optimized Fractionated Radiotherapy with Anti-PD-L1 and Anti-TIGIT: A Promising New Combination. J.
Immunother. Cancer 2019, 7, 160. [CrossRef]

12. Zhang, X.; Niedermann, G. Abscopal Effects with Hypofractionated Schedules Extending Into the Effector Phase of the Tumor-
Specific T-Cell Response. Int. J. Radiat. Oncol. Biol. Phys. 2018, 101, 63–73. [CrossRef] [PubMed]

13. Rodriguez-Ruiz, M.E.; Rodriguez, I.; Barbes, B.; Mayorga, L.; Sanchez-Paulete, A.R.; Ponz-Sarvise, M.; Pérez-Gracia, J.L.; Melero, I.
Brachytherapy Attains Abscopal Effects When Combined with Immunostimulatory Monoclonal Antibodies. Brachytherapy 2017,
16, 1246–1251. [CrossRef]

14. Filatenkov, A.; Baker, J.; Mueller, A.M.S.; Kenkel, J.; Ahn, G.-O.; Dutt, S.; Zhang, N.; Kohrt, H.; Jensen, K.; Dejbakhsh-Jones, S.; et al.
Ablative Tumor Radiation Can Change the Tumor Immune Cell Microenvironment to Induce Durable Complete Remissions.
Clin. Cancer Res. 2015, 21, 3727–3739. [CrossRef] [PubMed]

15. Deng, L.; Liang, H.; Burnette, B.; Beckett, M.; Darga, T.; Weichselbaum, R.R.; Fu, Y.-X. Irradiation and Anti-PD-L1 Treatment
Synergistically Promote Antitumor Immunity in Mice. J. Clin. Investig. 2014, 124, 687–695. [CrossRef]

16. Vanpouille-Box, C.; Alard, A.; Aryankalayil, M.J.; Sarfraz, Y.; Diamond, J.M.; Schneider, R.J.; Inghirami, G.; Coleman, C.N.;
Formenti, S.C.; Demaria, S. DNA Exonuclease Trex1 Regulates Radiotherapy-Induced Tumour Immunogenicity. Nat. Commun.
2017, 8, 15618. [CrossRef]

17. Moore, C.; Hsu, C.-C.; Chen, W.-M.; Chen, B.P.C.; Han, C.; Story, M.; Aguilera, T.; Pop, L.M.; Hannan, R.; Fu, Y.-X.; et al.
Personalized Ultrafractionated Stereotactic Adaptive Radiotherapy (PULSAR) in Preclinical Models Enhances Single-Agent
Immune Checkpoint Blockade. Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 1306–1316. [CrossRef] [PubMed]

18. Tubin, S.; Yan, W.; Mourad, W.F.; Fossati, P.; Khan, M.K. The Future of Radiation-Induced Abscopal Response: Beyond
Conventional Radiotherapy Approaches. Future Oncol. 2020, 16, 1137–1151. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2016.00550
http://www.ncbi.nlm.nih.gov/pubmed/32266087
http://doi.org/10.1016/j.ccell.2020.07.004
http://www.ncbi.nlm.nih.gov/pubmed/32750319
http://doi.org/10.1038/s41573-018-0007-y
http://www.ncbi.nlm.nih.gov/pubmed/30610226
http://doi.org/10.3390/cancers11060860
http://doi.org/10.1001/jamaoncol.2015.2756
http://www.ncbi.nlm.nih.gov/pubmed/26270858
http://doi.org/10.1667/RR13500.1
http://doi.org/10.1146/annurev-immunol-032712-100008
http://doi.org/10.1158/0008-5472.CAN-14-1258
http://doi.org/10.1158/1078-0432.CCR-16-1673
http://doi.org/10.1186/s40425-019-0634-9
http://doi.org/10.1016/j.ijrobp.2018.01.094
http://www.ncbi.nlm.nih.gov/pubmed/29534901
http://doi.org/10.1016/j.brachy.2017.06.012
http://doi.org/10.1158/1078-0432.CCR-14-2824
http://www.ncbi.nlm.nih.gov/pubmed/25869387
http://doi.org/10.1172/JCI67313
http://doi.org/10.1038/ncomms15618
http://doi.org/10.1016/j.ijrobp.2021.03.047
http://www.ncbi.nlm.nih.gov/pubmed/33794306
http://doi.org/10.2217/fon-2020-0063
http://www.ncbi.nlm.nih.gov/pubmed/32338046


Cancers 2021, 13, 4893 13 of 17

19. Barsoumian, H.B.; Ramapriyan, R.; Younes, A.I.; Caetano, M.S.; Menon, H.; Comeaux, N.I.; Cushman, T.R.; Schoenhals, J.E.;
Cadena, A.P.; Reilly, T.P.; et al. Low-Dose Radiation Treatment Enhances Systemic Antitumor Immune Responses by Overcoming
the Inhibitory Stroma. J. Immunother. Cancer 2020, 8, e000537. [CrossRef]

20. Yan, W.; Khan, M.K.; Wu, X.; Simone, C.B.; Fan, J.; Gressen, E.; Zhang, X.; Limoli, C.L.; Bahig, H.; Tubin, S.; et al. Spatially
Fractionated Radiation Therapy: History, Present and the Future. Clin. Transl. Radiat. Oncol. 2020, 20, 30–38. [CrossRef] [PubMed]

21. Amendola, B.E.; Perez, N.C.; Wu, X.; Amendola, M.A.; Qureshi, I.Z. Safety and Efficacy of Lattice Radiotherapy in Voluminous
Non-Small Cell Lung Cancer. Cureus 2019, 11, e4263. [CrossRef]

22. Markovsky, E.; Budhu, S.; Samstein, R.M.; Li, H.; Russell, J.; Zhang, Z.; Drill, E.; Bodden, C.; Chen, Q.; Powell, S.N.; et al.
An Antitumor Immune Response Is Evoked by Partial-Volume Single-Dose Radiation in 2 Murine Models. Int. J. Radiat. Oncol.
Biol. Phys. 2019, 103, 697–708. [CrossRef]

23. Kanagavelu, S.; Gupta, S.; Wu, X.; Philip, S.; Wattenberg, M.M.; Hodge, J.W.; Couto, M.D.; Chung, K.D.; Ahmed, M.M. In Vivo
Effects of Lattice Radiation Therapy on Local and Distant Lung Cancer: Potential Role of Immunomodulation. Radiat. Res. 2014,
182, 149–162. [CrossRef]

24. Marciscano, A.E.; Ghasemzadeh, A.; Nirschl, T.R.; Theodros, D.; Kochel, C.M.; Francica, B.J.; Muroyama, Y.; Anders, R.A.;
Sharabi, A.B.; Velarde, E.; et al. Elective Nodal Irradiation Attenuates the Combinatorial Efficacy of Stereotactic Radiation
Therapy and Immunotherapy. Clin. Cancer Res. 2018, 24, 5058–5071. [CrossRef] [PubMed]

25. Takeshima, T.; Chamoto, K.; Wakita, D.; Ohkuri, T.; Togashi, Y.; Shirato, H.; Kitamura, H.; Nishimura, T. Local Radiation Therapy
Inhibits Tumor Growth through the Generation of Tumor-Specific CTL: Its Potentiation by Combination with Th1 Cell Therapy.
Cancer Res. 2010, 70, 2697–2706. [CrossRef] [PubMed]

26. Buchwald, Z.S.; Nasti, T.H.; Lee, J.; Eberhardt, C.S.; Wieland, A.; Im, S.J.; Lawson, D.; Curran, W.; Ahmed, R.; Khan, M.K.
Tumor-Draining Lymph Node Is Important for a Robust Abscopal Effect Stimulated by Radiotherapy. J. Immunother. Cancer 2020,
8, e000867. [CrossRef] [PubMed]

27. Im, S.J.; Hashimoto, M.; Gerner, M.Y.; Lee, J.; Kissick, H.T.; Burger, M.C.; Shan, Q.; Hale, J.S.; Lee, J.; Nasti, T.H.; et al. Defining
CD8+ T Cells That Provide the Proliferative Burst after PD-1 Therapy. Nature 2016, 537, 417–421. [CrossRef] [PubMed]

28. Kragl, G.; af Wetterstedt, S.; Knäusl, B.; Lind, M.; McCavana, P.; Knöös, T.; McClean, B.; Georg, D. Dosimetric Characteristics of 6
and 10MV Unflattened Photon Beams. Radiother. Oncol. 2009, 93, 141–146. [CrossRef] [PubMed]

29. Gasic, D.; Ohlhues, L.; Brodin, N.P.; Fog, L.S.; Pommer, T.; Bangsgaard, J.P.; Munck Af Rosenschöld, P. A Treatment Planning and
Delivery Comparison of Volumetric Modulated Arc Therapy with or without Flattening Filter for Gliomas, Brain Metastases,
Prostate, Head/Neck and Early Stage Lung Cancer. Acta Oncol. 2014, 53, 1005–1011. [CrossRef]

30. Wilson, J.D.; Hammond, E.M.; Higgins, G.S.; Petersson, K. Ultra-High Dose Rate (FLASH) Radiotherapy: Silver Bullet or Fool’s
Gold? Front. Oncol. 2019, 9, 1563. [CrossRef] [PubMed]

31. Hughes, J.R.; Parsons, J.L. FLASH Radiotherapy: Current Knowledge and Future Insights Using Proton-Beam Therapy. Int. J.
Mol. Sci. 2020, 21, E6492. [CrossRef] [PubMed]

32. Laurent, P.A.; Kownacka, A.; Boidot, R.; Richard, C.; Limagne, E.; Morgand, V.; Froidurot, L.; Bonin, C.; Aubignac, L.;
Ghiringhelli, F.; et al. In-Vivo and in-Vitro Impact of High-Dose Rate Radiotherapy Using Flattening-Filter-Free Beams on
the Anti-Tumor Immune Response. Clin. Transl. Radiat. Oncol. 2020, 24, 116–122. [CrossRef] [PubMed]

33. Durante, M.; Brenner, D.J.; Formenti, S.C. Does Heavy Ion Therapy Work Through the Immune System? Int. J. Radiat. Oncol. Biol.
Phys. 2016, 96, 934–936. [CrossRef] [PubMed]

34. Durante, M.; Formenti, S. Harnessing Radiation to Improve Immunotherapy: Better with Particles? Br. J. Radiol. 2020,
93, 20190224. [CrossRef]

35. Shimokawa, T.; Ma, L.; Ando, K.; Sato, K.; Imai, T. The Future of Combining Carbon-Ion Radiotherapy with Immunotherapy:
Evidence and Progress in Mouse Models. Int. J. Part. Ther. 2016, 3, 61–70. [CrossRef] [PubMed]

36. Helm, A.; Tinganelli, W.; Simoniello, P.; Kurosawa, F.; Fournier, C.; Shimokawa, T.; Durante, M. Reduction of Lung Metastases in
a Mouse Osteosarcoma Model Treated with Carbon Ions and Immune Checkpoint Inhibitors. Int. J. Radiat. Oncol. Biol. Phys. 2021,
109, 594–602. [CrossRef]

37. Permata, T.B.M.; Sato, H.; Gu, W.; Kakoti, S.; Uchihara, Y.; Yoshimatsu, Y.; Sato, I.; Kato, R.; Yamauchi, M.; Suzuki, K.; et al.
High Linear Energy Transfer Carbon-Ion Irradiation Upregulates PD-L1 Expression More Significantly than X-Rays in Human
Osteosarcoma U2OS Cells. J. Radiat. Res. 2021, 62, 773–781. [CrossRef]

38. Spina, C.S.; Tsuruoka, C.; Mao, W.; Sunaoshi, M.M.; Chaimowitz, M.; Shang, Y.; Welch, D.; Wang, Y.-F.; Venturini, N.;
Kakinuma, S.; et al. Differential Immune Modulation with Carbon-Ion Versus Photon Therapy. Int. J. Radiat. Oncol. Biol.
Phys. 2021, 109, 813–818. [CrossRef]

39. Yoshimoto, Y.; Oike, T.; Okonogi, N.; Suzuki, Y.; Ando, K.; Sato, H.; Noda, S.; Isono, M.; Mimura, K.; Kono, K.; et al. Carbon-Ion
Beams Induce Production of an Immune Mediator Protein, High Mobility Group Box 1, at Levels Comparable with X-Ray
Irradiation. J. Radiat. Res. 2015, 56, 509–514. [CrossRef]

40. Mirjolet, C.; Nicol, A.; Limagne, E.; Mura, C.; Richard, C.; Morgand, V.; Rousseau, M.; Boidot, R.; Ghiringhelli, F.; Noel, G.; et al.
Impact of Proton Therapy on Antitumor Immune Response. Sci. Rep. 2021, 11, 13444. [CrossRef]

41. Oweida, A.; Lennon, S.; Calame, D.; Korpela, S.; Bhatia, S.; Sharma, J.; Graham, C.; Binder, D.; Serkova, N.; Raben, D.; et al.
Ionizing Radiation Sensitizes Tumors to PD-L1 Immune Checkpoint Blockade in Orthotopic Murine Head and Neck Squamous
Cell Carcinoma. OncoImmunology 2017, 6, e1356153. [CrossRef] [PubMed]

http://doi.org/10.1136/jitc-2020-000537
http://doi.org/10.1016/j.ctro.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31768424
http://doi.org/10.7759/cureus.4263
http://doi.org/10.1016/j.ijrobp.2018.10.009
http://doi.org/10.1667/RR3819.1
http://doi.org/10.1158/1078-0432.CCR-17-3427
http://www.ncbi.nlm.nih.gov/pubmed/29898992
http://doi.org/10.1158/0008-5472.CAN-09-2982
http://www.ncbi.nlm.nih.gov/pubmed/20215523
http://doi.org/10.1136/jitc-2020-000867
http://www.ncbi.nlm.nih.gov/pubmed/33028691
http://doi.org/10.1038/nature19330
http://www.ncbi.nlm.nih.gov/pubmed/27501248
http://doi.org/10.1016/j.radonc.2009.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19592123
http://doi.org/10.3109/0284186X.2014.925578
http://doi.org/10.3389/fonc.2019.01563
http://www.ncbi.nlm.nih.gov/pubmed/32010633
http://doi.org/10.3390/ijms21186492
http://www.ncbi.nlm.nih.gov/pubmed/32899466
http://doi.org/10.1016/j.ctro.2020.07.004
http://www.ncbi.nlm.nih.gov/pubmed/32793819
http://doi.org/10.1016/j.ijrobp.2016.08.037
http://www.ncbi.nlm.nih.gov/pubmed/27869095
http://doi.org/10.1259/bjr.20190224
http://doi.org/10.14338/IJPT-15-00023.1
http://www.ncbi.nlm.nih.gov/pubmed/31772976
http://doi.org/10.1016/j.ijrobp.2020.09.041
http://doi.org/10.1093/jrr/rrab050
http://doi.org/10.1016/j.ijrobp.2020.09.053
http://doi.org/10.1093/jrr/rrv007
http://doi.org/10.1038/s41598-021-92942-1
http://doi.org/10.1080/2162402X.2017.1356153
http://www.ncbi.nlm.nih.gov/pubmed/29123967


Cancers 2021, 13, 4893 14 of 17

42. Liang, H.; Deng, L.; Chmura, S.; Burnette, B.; Liadis, N.; Darga, T.; Beckett, M.A.; Lingen, M.W.; Witt, M.; Weichselbaum, R.R.; et al.
Radiation-Induced Equilibrium Is a Balance between Tumor Cell Proliferation and T Cell–Mediated Killing. J. Immunol. 2013, 190,
5874–5881. [CrossRef] [PubMed]

43. Azad, A.; Yin Lim, S.; D’Costa, Z.; Jones, K.; Diana, A.; Sansom, O.J.; Kruger, P.; Liu, S.; McKenna, W.G.; Dushek, O.; et al.
PD-L1 Blockade Enhances Response of Pancreatic Ductal Adenocarcinoma to Radiotherapy. EMBO Mol. Med. 2017, 9,
167–180. [CrossRef]

44. Zeng, J.; See, A.P.; Phallen, J.; Jackson, C.M.; Belcaid, Z.; Ruzevick, J.; Durham, N.; Meyer, C.; Harris, T.J.; Albesiano, E.; et al.
Anti-PD-1 Blockade and Stereotactic Radiation Produce Long-Term Survival in Mice with Intracranial Gliomas. Int. J. Radiat.
Oncol. Biol. Phys. 2013, 86, 343–349. [CrossRef]

45. Wei, J.; Montalvo-Ortiz, W.; Yu, L.; Krasco, A.; Ebstein, S.; Cortez, C.; Lowy, I.; Murphy, A.J.; Sleeman, M.A.; Skokos, D. Sequence
of APD-1 Relative to Local Tumor Irradiation Determines the Induction of Abscopal Antitumor Immune Responses. Sci. Immunol.
2021, 6, eabg0117. [CrossRef] [PubMed]

46. Twyman-Saint Victor, C.; Rech, A.J.; Maity, A.; Rengan, R.; Pauken, K.E.; Stelekati, E.; Benci, J.L.; Xu, B.; Dada, H.;
Odorizzi, P.M.; et al. Radiation and Dual Checkpoint Blockade Activate Non-Redundant Immune Mechanisms in Cancer. Nature
2015, 520, 373–377. [CrossRef]

47. Nowicki, T.S.; Hu-Lieskovan, S.; Ribas, A. Mechanisms of Resistance to PD-1 and PD-L1 Blockade. Cancer J. 2018, 24,
47–53. [CrossRef]

48. Oweida, A.; Hararah, M.K.; Phan, A.; Binder, D.; Bhatia, S.; Lennon, S.; Bukkapatnam, S.; Van Court, B.; Uyanga, N.;
Darragh, L.; et al. Resistance to Radiotherapy and PD-L1 Blockade Is Mediated by TIM-3 Upregulation and Regulatory T-Cell
Infiltration. Clin. Cancer Res. 2018, 24, 5368–5380. [CrossRef]

49. Rodriguez-Ruiz, M.E.; Rodriguez, I.; Garasa, S.; Barbes, B.; Solorzano, J.L.; Perez-Gracia, J.L.; Labiano, S.; Sanmamed, M.F.;
Azpilikueta, A.; Bolaños, E.; 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, 5994–6005. [CrossRef] [PubMed]

50. Vanpouille-Box, C.; Diamond, J.M.; Pilones, K.A.; Zavadil, J.; Babb, J.S.; Formenti, S.C.; Barcellos-Hoff, M.H.; Demaria, S. TGFβ Is
a Master Regulator of Radiation Therapy-Induced Antitumor Immunity. Cancer Res. 2015, 75, 2232–2242. [CrossRef]

51. Rodríguez-Ruiz, M.E.; Rodríguez, I.; Mayorga, L.; Labiano, T.; Barbes, B.; Etxeberria, I.; Ponz-Sarvise, M.; Azpilikueta, A.;
Bolaños, E.; Sanmamed, M.F.; et al. TGFβ Blockade Enhances Radiotherapy Abscopal Efficacy Effects in Combination with
Anti-PD1 and Anti-CD137 Immunostimulatory Monoclonal Antibodies. Mol. Cancer Ther. 2019, 18, 621–631. [CrossRef]

52. Lan, Y.; Zhang, D.; Xu, C.; Hance, K.W.; Marelli, B.; Qi, J.; Yu, H.; Qin, G.; Sircar, A.; Hernández, V.M.; et al. Enhanced Preclinical
Antitumor Activity of M7824, a Bifunctional Fusion Protein Simultaneously Targeting PD-L1 and TGF-β. Sci. Transl. Med. 2018,
10, eaan5488. [CrossRef]

53. Lan, Y.; Moustafa, M.; Knoll, M.; Xu, C.; Furkel, J.; Lazorchak, A.; Yeung, T.-L.; Hasheminasab, S.-M.; Jenkins, M.H.;
Meister, S.; et al. Simultaneous Targeting of TGF-β/PD-L1 Synergizes with Radiotherapy by Reprogramming the Tumor
Microenvironment to Overcome Immune Evasion. Cancer Cell 2021. [CrossRef]

54. Buzzatti, G.; Dellepiane, C.; Del Mastro, L. New Emerging Targets in Cancer Immunotherapy: The Role of GITR. ESMO Open
2020, 4, e000738. [CrossRef]

55. Schoenhals, J.E.; Cushman, T.R.; Barsoumian, H.B.; Li, A.; Cadena, A.P.; Niknam, S.; Younes, A.I.; Caetano, M.d.S.; Cortez, M.A.;
Welsh, J.W. Anti-Glucocorticoid-Induced Tumor Necrosis Factor–Related Protein (GITR) Therapy Overcomes Radiation-Induced
Treg Immunosuppression and Drives Abscopal Effects. Front. Immunol. 2018, 9, 2170. [CrossRef] [PubMed]

56. Chen, D.; Barsoumian, H.B.; Yang, L.; Younes, A.I.; Verma, V.; Hu, Y.; Menon, H.; Wasley, M.; Masropour, F.; Mosaffa, S.; et al.
SHP-2 and PD-L1 Inhibition Combined with Radiotherapy Enhances Systemic Antitumor Effects in an Anti-PD-1-Resistant
Model of Non-Small Cell Lung Cancer. Cancer Immunol. Res. 2020, 8, 883–894. [CrossRef]

57. Newton, J.M.; Hanoteau, A.; Liu, H.-C.; Gaspero, A.; Parikh, F.; Gartrell-Corrado, R.D.; Hart, T.D.; Laoui, D.; Van Ginderachter, J.A.;
Dharmaraj, N.; et al. Immune Microenvironment Modulation Unmasks Therapeutic Benefit of Radiotherapy and Checkpoint
Inhibition. J. Immunother. Cancer 2019, 7, 216. [CrossRef]

58. Hanoteau, A.; Newton, J.M.; Krupar, R.; Huang, C.; Liu, H.-C.; Gaspero, A.; Gartrell, R.D.; Saenger, Y.M.; Hart, T.D.;
Santegoets, S.J.; et al. Tumor Microenvironment Modulation Enhances Immunologic Benefit of Chemoradiotherapy. J. Immunother.
Cancer 2019, 7, 10. [CrossRef]

59. Zhang, X.; Zhu, S.; Li, T.; Liu, Y.-J.; Chen, W.; Chen, J. Targeting Immune Checkpoints in Malignant Glioma. Oncotarget 2017, 8,
7157–7174. [CrossRef] [PubMed]

60. Wainwright, D.A.; Balyasnikova, I.V.; Chang, A.L.; Ahmed, A.U.; Moon, K.-S.; Auffinger, B.; Tobias, A.L.; Han, Y.; Lesniak, M.S.
IDO Expression in Brain Tumors Increases the Recruitment of Regulatory T Cells and Negatively Impacts Survival. Clin. Cancer
Res. 2012, 18, 6110–6121. [CrossRef] [PubMed]

61. Ladomersky, E.; Zhai, L.; Lenzen, A.; Lauing, K.L.; Qian, J.; Scholtens, D.M.; Gritsina, G.; Sun, X.; Liu, Y.; Yu, F.; et al. IDO1
Inhibition Synergizes with Radiation and PD-1 Blockade to Durably Increase Survival Against Advanced Glioblastoma. Clin.
Cancer Res. 2018, 24, 2559–2573. [CrossRef]

http://doi.org/10.4049/jimmunol.1202612
http://www.ncbi.nlm.nih.gov/pubmed/23630355
http://doi.org/10.15252/emmm.201606674
http://doi.org/10.1016/j.ijrobp.2012.12.025
http://doi.org/10.1126/sciimmunol.abg0117
http://www.ncbi.nlm.nih.gov/pubmed/33837124
http://doi.org/10.1038/nature14292
http://doi.org/10.1097/PPO.0000000000000303
http://doi.org/10.1158/1078-0432.CCR-18-1038
http://doi.org/10.1158/0008-5472.CAN-16-0549
http://www.ncbi.nlm.nih.gov/pubmed/27550452
http://doi.org/10.1158/0008-5472.CAN-14-3511
http://doi.org/10.1158/1535-7163.MCT-18-0558
http://doi.org/10.1126/scitranslmed.aan5488
http://doi.org/10.1016/j.ccell.2021.08.008
http://doi.org/10.1136/esmoopen-2020-000738
http://doi.org/10.3389/fimmu.2018.02170
http://www.ncbi.nlm.nih.gov/pubmed/30294332
http://doi.org/10.1158/2326-6066.CIR-19-0744
http://doi.org/10.1186/s40425-019-0698-6
http://doi.org/10.1186/s40425-018-0485-9
http://doi.org/10.18632/oncotarget.12702
http://www.ncbi.nlm.nih.gov/pubmed/27756892
http://doi.org/10.1158/1078-0432.CCR-12-2130
http://www.ncbi.nlm.nih.gov/pubmed/22932670
http://doi.org/10.1158/1078-0432.CCR-17-3573


Cancers 2021, 13, 4893 15 of 17

62. Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, J.M.; Sinha, R.;
Corey, D.; et al. PD-1 Expression by Tumour-Associated Macrophages Inhibits Phagocytosis and Tumour Immunity. Nature 2017,
545, 495–499. [CrossRef]

63. Shi, X.; Shiao, S.L. The Role of Macrophage Phenotype in Regulating the Response to Radiation Therapy. Transl. Res. 2018, 191,
64–80. [CrossRef] [PubMed]

64. Jones, K.I.; Tiersma, J.; Yuzhalin, A.E.; Gordon-Weeks, A.N.; Buzzelli, J.; Im, J.H.; Muschel, R.J. Radiation Combined
with Macrophage Depletion Promotes Adaptive Immunity and Potentiates Checkpoint Blockade. EMBO Mol. Med. 2018,
10, e9342. [CrossRef]

65. Davra, V.; Kimani, S.; Calianese, D.; Birge, R. Ligand Activation of TAM Family Receptors-Implications for Tumor Biology and
Therapeutic Response. Cancers 2016, 8, 107. [CrossRef] [PubMed]

66. Caetano, M.S.; Younes, A.I.; Barsoumian, H.B.; Quigley, M.; Menon, H.; Gao, C.; Spires, T.; Reilly, T.P.; Cadena, A.P.;
Cushman, T.R.; et al. Triple Therapy with MerTK and PD1 Inhibition Plus Radiotherapy Promotes Abscopal Antitumor Immune
Responses. Clin. Cancer Res. 2019, 25, 7576–7584. [CrossRef]

67. Nizard, M.; Roussel, H.; Diniz, M.O.; Karaki, S.; Tran, T.; Voron, T.; Dransart, E.; Sandoval, F.; Riquet, M.; Rance, B.; et al. Induction
of Resident Memory T Cells Enhances the Efficacy of Cancer Vaccine. Nat. Commun. 2017, 8, 15221. [CrossRef]

68. Sánchez-Paulete, A.R.; Cueto, F.J.; Martínez-López, M.; Labiano, S.; Morales-Kastresana, A.; Rodríguez-Ruiz, M.E.;
Jure-Kunkel, M.; Azpilikueta, A.; Aznar, M.A.; Quetglas, J.I.; et al. Cancer Immunotherapy with Immunomodulatory
Anti-CD137 and Anti–PD-1 Monoclonal Antibodies Requires BATF3-Dependent Dendritic Cells. Cancer Discov. 2016,
6, 71–79. [CrossRef]

69. Salmon, H.; Idoyaga, J.; Rahman, A.; Leboeuf, M.; Remark, R.; Jordan, S.; Casanova-Acebes, M.; Khudoynazarova, M.; Agudo, J.;
Tung, N.; et al. Expansion and Activation of CD103 + Dendritic Cell Progenitors at the Tumor Site Enhances Tumor Responses to
Therapeutic PD-L1 and BRAF Inhibition. Immunity 2016, 44, 924–938. [CrossRef] [PubMed]

70. Hammerich, L.; Marron, T.U.; Upadhyay, R.; Svensson-Arvelund, J.; Dhainaut, M.; Hussein, S.; Zhan, Y.; Ostrowski, D.; Yellin, M.;
Marsh, H.; et al. Systemic Clinical Tumor Regressions and Potentiation of PD1 Blockade with In Situ Vaccination. Nat. Med. 2019,
25, 814–824. [CrossRef]

71. Kroon, P.; Frijlink, E.; Iglesias-Guimarais, V.; Volkov, A.; van Buuren, M.M.; Schumacher, T.N.; Verheij, M.; Borst, J.; Verbrugge, I.
Radiotherapy and Cisplatin Increase Immunotherapy Efficacy by Enabling Local and Systemic Intratumoral T-Cell Activity.
Cancer Immunol. Res. 2019, 7, 670–682. [CrossRef] [PubMed]

72. Luo, R.; Firat, E.; Gaedicke, S.; Guffart, E.; Watanabe, T.; Niedermann, G. Cisplatin Facilitates Radiation-Induced Abscopal Effects
in Conjunction with PD-1 Checkpoint Blockade Through CXCR3/CXCL10-Mediated T-Cell Recruitment. Clin. Cancer Res. 2019,
25, 7243–7255. [CrossRef] [PubMed]

73. Joseph, E.L.M.; Kirilovsky, A.; Lecoester, B.; Sissy, C.E.; Boullerot, L.; Rangan, L.; Marguier, A.; Tochet, F.; Dosset, M.;
Boustani, J.; et al. Chemoradiation Triggers Antitumor Th1 and Tissue Resident Memory-Polarized Immune Responses to
Improve Immune Checkpoint Inhibitors Therapy. J. Immunother. Cancer 2021, 9, e002256. [CrossRef] [PubMed]

74. Yang, H.; Lee, W.S.; Kong, S.J.; Kim, C.G.; Kim, J.H.; Chang, S.K.; Kim, S.; Kim, G.; Chon, H.J.; Kim, C. STING activation
reprograms tumor vasculatures and synergizes with VEGFR2 blockade. J. Clin. Investig. 2019, 129, 4350–4364. [CrossRef]

75. Chen, J.L.-Y.; Pan, C.-K.; Huang, Y.-S.; Tsai, C.-Y.; Wang, C.-W.; Lin, Y.-L.; Kuo, S.-H.; Shieh, M.-J. Evaluation of Antitumor
Immunity by a Combination Treatment of High-Dose Irradiation, Anti-PDL1, and Anti-Angiogenic Therapy in Murine Lung
Tumors. Cancer Immunol. Immunother. 2021, 70, 391–404. [CrossRef]

76. Chicas-Sett, R.; Morales-Orue, I.; Rodriguez-Abreu, D.; Lara-Jimenez, P. Combining Radiotherapy and Ipilimumab Induces
Clinically Relevant Radiation-Induced Abscopal Effects in Metastatic Melanoma Patients: A Systematic Review. Clin. Transl.
Radiat. Oncol. 2017, 9, 5–11. [CrossRef]

77. Schaue, D.; Ratikan, J.A.; Iwamoto, K.S.; McBride, W.H. Maximizing Tumor Immunity With Fractionated Radiation. Int. J. Radiat.
Oncol. Biol. Phys. 2012, 83, 1306–1310. [CrossRef]

78. Reits, E.A.; Hodge, J.W.; Herberts, C.A.; Groothuis, T.A.; Chakraborty, M.; Wansley, E.K.; Camphausen, K.; Luiten, R.M.;
de Ru, A.H.; Neijssen, J.; et al. Radiation Modulates the Peptide Repertoire, Enhances MHC Class I Expression, and Induces
Successful Antitumor Immunotherapy. J. Exp. Med. 2006, 203, 1259–1271. [CrossRef]

79. Wang, S.-J.; Jhawar, S.R.; Rivera-Nunez, Z.; Silk, A.W.; Byun, J.; Miller, E.; Blakaj, D.; Parikh, R.R.; Weiner, J.; Goyal, S. The
Association of Radiation Dose-Fractionation and Immunotherapy Use with Overall Survival in Metastatic Melanoma Patients.
Cureus 2020, 12, e8767. [CrossRef]

80. Theelen, W.S.M.E.; Peulen, H.M.U.; Lalezari, F.; van der Noort, V.; de Vries, J.F.; Aerts, J.G.J.V.; Dumoulin, D.W.; Bahce, I.;
Niemeijer, A.-L.N.; de Langen, A.J.; et al. Effect of Pembrolizumab After Stereotactic Body Radiotherapy vs Pembrolizumab Alone
on Tumor Response in Patients with Advanced Non-Small Cell Lung Cancer: Results of the PEMBRO-RT Phase 2 Randomized
Clinical Trial. JAMA Oncol. 2019, 5, 1276–1282. [CrossRef]

81. Janiak, M.K.; Wincenciak, M.; Cheda, A.; Nowosielska, E.M.; Calabrese, E.J. Cancer Immunotherapy: How Low-Level Ionizing
Radiation Can Play a Key Role. Cancer Immunol. Immunother. 2017, 66, 819–832. [CrossRef]

http://doi.org/10.1038/nature22396
http://doi.org/10.1016/j.trsl.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29175267
http://doi.org/10.15252/emmm.201809342
http://doi.org/10.3390/cancers8120107
http://www.ncbi.nlm.nih.gov/pubmed/27916840
http://doi.org/10.1158/1078-0432.CCR-19-0795
http://doi.org/10.1038/ncomms15221
http://doi.org/10.1158/2159-8290.CD-15-0510
http://doi.org/10.1016/j.immuni.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27096321
http://doi.org/10.1038/s41591-019-0410-x
http://doi.org/10.1158/2326-6066.CIR-18-0654
http://www.ncbi.nlm.nih.gov/pubmed/30782666
http://doi.org/10.1158/1078-0432.CCR-19-1344
http://www.ncbi.nlm.nih.gov/pubmed/31506388
http://doi.org/10.1136/jitc-2020-002256
http://www.ncbi.nlm.nih.gov/pubmed/34230108
http://doi.org/10.1172/JCI125413
http://doi.org/10.1007/s00262-020-02690-w
http://doi.org/10.1016/j.ctro.2017.12.004
http://doi.org/10.1016/j.ijrobp.2011.09.049
http://doi.org/10.1084/jem.20052494
http://doi.org/10.7759/cureus.8767
http://doi.org/10.1001/jamaoncol.2019.1478
http://doi.org/10.1007/s00262-017-1993-z


Cancers 2021, 13, 4893 16 of 17

82. Barsoumian, H.; Cushman, T.R.; Caetano, M.D.S.; Cadena, A.; Younes, A.; Tang, C.; Simon, G.R.; Cortez, M.A.; Welsh, J.W. Low
Dose Radiation Improves Anti-Tumor Responses in a Phase 2 Prospective Trial of Concurrent or Sequential Stereotactic Radiation
and Ipilimumab in Patients with Metastatic Lesions. Int. J. Radiat. Oncol. Biol. Phys. 2018, 102, S26. [CrossRef]

83. Menon, H.; Chen, D.; Ramapriyan, R.; Verma, V.; Barsoumian, H.B.; Cushman, T.R.; Younes, A.I.; Cortez, M.A.; Erasmus, J.J.;
de Groot, P.; et al. Influence of Low-Dose Radiation on Abscopal Responses in Patients Receiving High-Dose Radiation and
Immunotherapy. J. Immunother. Cancer 2019, 7, 237. [CrossRef]

84. Arnold, K.M.; Flynn, N.J.; Raben, A.; Romak, L.; Yu, Y.; Dicker, A.P.; Mourtada, F.; Sims-Mourtada, J. The Impact of
Radiation on the Tumor Microenvironment: Effect of Dose and Fractionation Schedules. Cancer Growth Metastasis 2018,
11, 1179064418761639. [CrossRef] [PubMed]

85. McBride, S.; Sherman, E.; Tsai, C.J.; Baxi, S.; Aghalar, J.; Eng, J.; Zhi, W.I.; McFarland, D.; Michel, L.S.; Young, R.; et al. Randomized
Phase II Trial of Nivolumab with Stereotactic Body Radiotherapy Versus Nivolumab Alone in Metastatic Head and Neck
Squamous Cell Carcinoma. J. Clin. Oncol. 2021, 39, 30–37. [CrossRef] [PubMed]

86. Moreno, V.; Gil-Martin, M.; Johnson, M.; Aljumaily, R.; Lopez-Criado, M.P.; Northfelt, D.; Crittenden, M.; Jabbour, S.; Rosen, L.;
Calvo, E.; et al. MA04.01 Cemiplimab, a Human Monoclonal Anti-PD-1, Alone or in Combination with Radiotherapy: Phase 1
NSCLC Expansion Cohorts. J. Thorac. Oncol. 2018, 13, S366. [CrossRef]

87. Brooks, E.D.; Chang, J.Y. Time to Abandon Single-Site Irradiation for Inducing Abscopal Effects. Nat. Rev. Clin. Oncol. 2019, 16,
123–135. [CrossRef] [PubMed]

88. Kwon, E.D.; Drake, C.G.; Scher, H.I.; Fizazi, K.; Bossi, A.; van den Eertwegh, A.J.M.; Krainer, M.; Houede, N.; Santos, R.;
Mahammedi, H.; et al. Ipilimumab versus Placebo after Radiotherapy in Patients with Metastatic Castration-Resistant Prostate
Cancer That Had Progressed after Docetaxel Chemotherapy (CA184-043): A Multicentre, Randomised, Double-Blind, Phase 3
Trial. Lancet Oncol. 2014, 15, 700–712. [CrossRef]

89. Bauml, J.M.; Mick, R.; Ciunci, C.; Aggarwal, C.; Davis, C.; Evans, T.; Deshpande, C.; Miller, L.; Patel, P.; Alley, E.; et al.
Pembrolizumab After Completion of Locally Ablative Therapy for Oligometastatic Non-Small Cell Lung Cancer: A Phase 2 Trial.
JAMA Oncol. 2019, 5, 1283–1290. [CrossRef] [PubMed]

90. Luke, J.J.; Lemons, J.M.; Karrison, T.G.; Pitroda, S.P.; Melotek, J.M.; Zha, Y.; Al-Hallaq, H.A.; Arina, A.; Khodarev, N.N.;
Janisch, L.; et al. Safety and Clinical Activity of Pembrolizumab and Multisite Stereotactic Body Radiotherapy in Patients with
Advanced Solid Tumors. J. Clin. Oncol. 2018, 36, 1611–1618. [CrossRef] [PubMed]

91. Palma, D.A.; Olson, R.; Harrow, S.; Gaede, S.; Louie, A.V.; Haasbeek, C.; Mulroy, L.; Lock, M.; Rodrigues, G.B.; Yaremko, B.P.; et al.
Stereotactic Ablative Radiotherapy versus Standard of Care Palliative Treatment in Patients with Oligometastatic Cancers
(SABR-COMET): A Randomised, Phase 2, Open-Label Trial. Lancet 2019, 393, 2051–2058. [CrossRef]

92. Palma, D.A.; Olson, R.; Harrow, S.; Gaede, S.; Louie, A.V.; Haasbeek, C.; Mulroy, L.; Lock, M.; Rodrigues, G.B.; Yaremko, B.P.; et al.
Stereotactic Ablative Radiotherapy for the Comprehensive Treatment of Oligometastatic Cancers: Long-Term Results of the
SABR-COMET Phase II Randomized Trial. J. Clin. Oncol. 2020, 38, 2830–2838. [CrossRef]

93. Chen, D.; Verma, V.; Patel, R.R.; Barsoumian, H.B.; Cortez, M.A.; Welsh, J.W. Absolute Lymphocyte Count Predicts Abscopal
Responses and Outcomes in Patients Receiving Combined Immunotherapy and Radiation Therapy: Analysis of 3 Phase 1/2
Trials. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, 196–203. [CrossRef]

94. Pike, L.R.G.; Bang, A.; Mahal, B.A.; Taylor, A.; Krishnan, M.; Spektor, A.; Cagney, D.N.; Aizer, A.A.; Alexander, B.M.;
Rahma, O.; et al. The Impact of Radiation Therapy on Lymphocyte Count and Survival in Metastatic Cancer Patients Receiving
PD-1 Immune Checkpoint Inhibitors. Int. J. Radiat. Oncol. Biol. Phys. 2019, 103, 142–151. [CrossRef]

95. Cesaire, M.; Le Mauff, B.; Rambeau, A.; Toutirais, O.; Thariat, J. Mécanismes de la lymphopénie radio-induite et implications
thérapeutiques. Bull. Cancer 2020, 107, 813–822. [CrossRef] [PubMed]

96. Ellsworth, S.G. Field Size Effects on the Risk and Severity of Treatment-Induced Lymphopenia in Patients Undergoing Radiation
Therapy for Solid Tumors. Adv. Radiat. Oncol. 2018, 3, 512–519. [CrossRef]

97. Gunderson, A.J.; Young, K.H. Exploring Optimal Sequencing of Radiation and Immunotherapy Combinations. Adv. Radiat. Oncol.
2018, 3, 494–505. [CrossRef] [PubMed]

98. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Yokoi, T.; Chiappori, A.; Lee, K.H.; de Wit, M.; et al. Durval-
umab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 377, 1919–1929. [CrossRef] [PubMed]

99. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Kurata, T.; Chiappori, A.; Lee, K.H.; de Wit, M.; et al.
Overall Survival with Durvalumab after Chemoradiotherapy in Stage III NSCLC. N. Engl. J. Med. 2018, 379, 2342–2350. [CrossRef]

100. Shaverdian, N.; Lisberg, A.E.; Bornazyan, K.; Veruttipong, D.; Goldman, J.W.; Formenti, S.C.; Garon, E.B.; Lee, P. Previous
Radiotherapy and the Clinical Activity and Toxicity of Pembrolizumab in the Treatment of Non-Small-Cell Lung Cancer:
A Secondary Analysis of the KEYNOTE-001 Phase 1 Trial. Lancet Oncol. 2017, 18, 895–903. [CrossRef]

101. Vanneste, B.G.L.; Van Limbergen, E.J.; Reynders, K.; De Ruysscher, D. An Overview of the Published and Running Ran-
domized Phase 3 Clinical Results of Radiotherapy in Combination with Immunotherapy. Transl. Lung Cancer Res. 2021, 10,
2048–2058. [CrossRef]

102. Trapani, S.; Manicone, M.; Sikokis, A.; D’Abbiero, N.; Salaroli, F.; Ceccon, G.; Buti, S. Effectiveness and Safety of “Real” concurrent
Stereotactic Radiotherapy and Immunotherapy in Metastatic Solid Tumors: A Systematic Review. Crit. Rev. Oncol. Hematol. 2019,
142, 9–15. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ijrobp.2018.06.149
http://doi.org/10.1186/s40425-019-0718-6
http://doi.org/10.1177/1179064418761639
http://www.ncbi.nlm.nih.gov/pubmed/29551910
http://doi.org/10.1200/JCO.20.00290
http://www.ncbi.nlm.nih.gov/pubmed/32822275
http://doi.org/10.1016/j.jtho.2018.08.340
http://doi.org/10.1038/s41571-018-0119-7
http://www.ncbi.nlm.nih.gov/pubmed/30401936
http://doi.org/10.1016/S1470-2045(14)70189-5
http://doi.org/10.1001/jamaoncol.2019.1449
http://www.ncbi.nlm.nih.gov/pubmed/31294762
http://doi.org/10.1200/JCO.2017.76.2229
http://www.ncbi.nlm.nih.gov/pubmed/29437535
http://doi.org/10.1016/S0140-6736(18)32487-5
http://doi.org/10.1200/JCO.20.00818
http://doi.org/10.1016/j.ijrobp.2020.01.032
http://doi.org/10.1016/j.ijrobp.2018.09.010
http://doi.org/10.1016/j.bulcan.2020.04.009
http://www.ncbi.nlm.nih.gov/pubmed/32451070
http://doi.org/10.1016/j.adro.2018.08.014
http://doi.org/10.1016/j.adro.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30370348
http://doi.org/10.1056/NEJMoa1709937
http://www.ncbi.nlm.nih.gov/pubmed/28885881
http://doi.org/10.1056/NEJMoa1809697
http://doi.org/10.1016/S1470-2045(17)30380-7
http://doi.org/10.21037/tlcr-20-304
http://doi.org/10.1016/j.critrevonc.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31325712


Cancers 2021, 13, 4893 17 of 17

103. Bersanelli, M.; Lattanzi, E.; D’Abbiero, N.; Buti, S.; Leonetti, A.; Canè, M.G.; Trapani, S.; Gravina, G.; Porzio, G.; Cannita, K.; et al.
Palliative Radiotherapy in Advanced Cancer Patients Treated with Immune-Checkpoint Inhibitors: The PRACTICE Study. Biomed.
Rep. 2020, 12, 59–67. [CrossRef] [PubMed]

104. Lehrer, E.J.; Peterson, J.; Brown, P.D.; Sheehan, J.P.; Quiñones-Hinojosa, A.; Zaorsky, N.G.; Trifiletti, D.M. Treatment of Brain
Metastases with Stereotactic Radiosurgery and Immune Checkpoint Inhibitors: An International Meta-Analysis of Individual
Patient Data. Radiother. Oncol. 2019, 130, 104–112. [CrossRef] [PubMed]

105. Crittenden, M.R.; Zebertavage, L.; Kramer, G.; Bambina, S.; Friedman, D.; Troesch, V.; Blair, T.; Baird, J.R.; Alice, A.;
Gough, M.J. Tumor Cure by Radiation Therapy and Checkpoint Inhibitors Depends on Pre-Existing Immunity. Sci. Rep. 2018,
8, 7012. [CrossRef] [PubMed]

106. Floudas, C.S.; Brar, G.; Mabry-Hrones, D.; Duffy, A.G.; Wood, B.; Levy, E.; Krishnasamy, V.; Fioravanti, S.; Bonilla, C.M.;
Walker, M.; et al. A Pilot Study of the PD-1 Targeting Agent AMP-224 Used with Low-Dose Cyclophosphamide and Stereotactic
Body Radiation Therapy in Patients With Metastatic Colorectal Cancer. Clin. Colorectal Cancer 2019, 18, e349–e360. [CrossRef]

http://doi.org/10.3892/br.2019.1265
http://www.ncbi.nlm.nih.gov/pubmed/31929875
http://doi.org/10.1016/j.radonc.2018.08.025
http://www.ncbi.nlm.nih.gov/pubmed/30241791
http://doi.org/10.1038/s41598-018-25482-w
http://www.ncbi.nlm.nih.gov/pubmed/29725089
http://doi.org/10.1016/j.clcc.2019.06.004

	Introduction 
	Radiation Therapy/Anti-PD (L)-1 Drugs Combination Optimization in the Preclinical Setting 
	Radiation Therapy Parameters Optimization 
	Dose and Fractionation 
	Target Volume and Radiation Therapy Techniques 
	Dose Rate 
	Particles 

	Radiation Therapy/Anti-PD-(L)-1 Combination Timing 
	Combination with Other Therapies 
	Targeting Molecular Modulators of the Immune Response 
	Targeting Immune Suppressive Cells 
	Priming, Recruitment, and Activation of Dendritic cells 
	Combination with Chemotherapy 
	Targeting Angiogenesis 


	Radiation Therapy/Anti-PD(L)-1 Drugs Combination Optimization in Clinical Trials 
	Radiation Therapy Parameters Optimization 
	Fractionation 
	Dose 
	Target Volume 
	Particles 
	Radiation Therapy/Anti-PD(L)-1 Combination Timing 

	Combination with Other Therapies 

	Conclusions 
	References

