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Chapter 3
Optimizing Radiotherapy 
with Immunotherapeutic Approaches

Jonathan E. Schoenhals, Tijana Skrepnik, Ugur Selek, Maria A. Cortez, 
Ailin Li, and James W. Welsh

Abstract  Several factors must be considered to successfully integrate immuno-
therapy with radiation into clinical practice. One such factor is that concepts aris-
ing from preclinical work must be tested in combination with radiation in preclinical 
models to better understand how combination therapy will work in patients; exam-
ples include checkpoint inhibitors, tumor growth factor-beta (TGF-β) inhibitors, 
and natural killer (NK) cell therapy. Also, many radiation fields and fractionation 
schedules typically used in radiation therapy had been standardized before the 
introduction of advanced techniques for radiation planning and delivery that 
account for changes in tumor size, location, and motion during treatment, as well 
as uncertainties introduced by variations in patient setup between treatment 
fractions. As a result, radiation therapy may involve the use of large treatment 
volumes, often encompassing nodal regions that may not be irradiated with more 
conformal techniques. Traditional forms of radiation in particular pose challenges 
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for combination trials with immunotherapy. This chapter explores these issues in 
more detail and provides insights as to how radiation therapy can be optimized to 
combine with immunotherapy.

Keywords  Radiation • Immunotherapy • SABR • SBRT • CTLA4 • PD1 • TGF-β • 
CD8+ T-cell • Clinical trial

Radiation was first used to treat cancer by Emil H. Grubbe in 1896. Since that time, 
it has become a major component of cancer treatment. More than half of all patients 
with cancer will be treated with radiation at some point during the course of the 
disease. Many forms of radiation therapy involve daily doses of relatively small 
fractions (e.g., 1.8–2 Gy), but advances in the technology used to plan and deliver 
radiation therapy allows the delivery of high radiation doses to tumors while sparing 
the nearby normal tissue. One such technique, stereotactic ablative radiation therapy 
(SABR), can produce local control rates of 98% and overall survival rates of 55% 
for patients with inoperable stage I lung cancer [1]; however, neither SABR nor 
other forms of radiation on its own can control distant disease (metastases) in 
patients with stage IV disease. Radiation can induce antitumor effects outside the 
radiation field (i.e., abscopal effects), but such reactions are rare and require a func-
tioning immune system [2]. That radiation affects aspects of immune function is 
clear; the potential for inducing abscopal (systemic) effects with an essentially 
local form of therapy underscores the importance of clarifying more precisely how 
radiation modulates the immune system to identify which forms of immunotherapy 
will provide synergistic effects with radiation.

3.1  �Checkpoints and Radiation Therapy

3.1.1  �Checkpoint Inhibitors

Checkpoint inhibitors are a group of immune system molecules that act as negative 
regulators to help maintain a balance between autoimmunity and immune response. 
The most clinically relevant examples of checkpoint inhibitors include cytotoxic T 
lymphocyte associated protein 4 (CTLA4) and programmed cell death protein-1/
programmed cell death ligand-1 (PD1/PDL1).

CTLA4 is a receptor found on mature, activated CD4+ and CD8+ T-cells and 
interacts with the B7-1(2)/CD80(86) ligand on antigen-presenting cells. It shares 
this ligand with its co-stimulatory molecule, CD28, which is also found on CD4+ 
and CD8+ T-cells. Once tumor antigens are recognized by antigen-presenting cells, 
they are presented via major histocompatibility complexes (MHCs) to T cells, 
which recognize the antigen by means of T-cell receptors (TCRs). Subsequently, 
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CD28 binds its ligand B7-1(2)/CD80(86) and activates the T cells. Downstream 
effects include CD25 induction followed by activation of the interleukin-2 (IL-2) 
receptor, which ultimately induces differentiation and survival of Teffector cells. 
However, CTLA4 has a much higher binding affinity for the shared ligand, and it 
can outcompete CD28 for this position, causing the opposite effect. When activated, 
CTLA4 dampens T-cell activation and response by suppressing IL-2 production and 
T-cell proliferation. CTLA4 functions early during T-cell activation and can also 
attenuate signaling by kinases such as the PI3K/AKT pathway, which is originally 
activated by TCRs and CD28 [3]. Further, the CTLA4 receptor is constitutively 
expressed on regulatory T-cells (Tregs), and its activation can enhance their prolifera-
tion. These immunosuppressive cells function to directly and negatively control 
dendritic cell (DC) maturation as well as downregulating B7 expression on DCs to 
block the immunostimulatory signal of CD28:B7 [4, 5]. Ultimately, a lopsided bal-
ance in favor of Treg versus Thelper/Teffector cells results in T-cell anergy and tolerance.

In both preclinical and clinical models, radiation and CTLA4 blockade mediate 
synergistic effects that culminate in systemic clearance of tumor outside the radia-
tion field (the “abscopal” or “bystander” effect [6–8]). The term abscopal comes 
from the Latin ab meaning [to position] “away from” and scopus referring to the 
target. Abscopal effects are consistent with increased release of tumor-associated 
antigens, resulting in tumor antigen-specific T-cells that infiltrate tumors both 
locally and distantly. The addition of CTLA4 blockade to radiation releases the 
inhibition on the immunostimulatory interaction of CD28 and its ligand B7-1, an 
interaction that improves T-cell activation and effector-cell generation. The combi-
nation of the two therapies creates a larger pool of effectively primed T-cells and 
creates an environment where they can proliferate without CTLA4 inhibition. 
The primed T-cells subsequently migrate, recognize, and attack tumor cells at dis-
tant sites, occasionally leading to eradication of systemic disease. This combination 
does not produce abscopal effects in all patients; however, additional studies are 
needed to determine which combinations of immunotherapies with radiation will 
result in systemic immunity. Because radiation therapy is traditionally considered a 
local therapy, the combination of immunotherapy and radiation therapy is in effect 
converting a local therapy modality into a systemic therapy [9, 10].

The optimal radiation dose for T-cell priming via tumor-associated antigens is 
still under investigation; however, one group suggested that hypofractionation, spe-
cifically three fractions of 8 Gy each, was the most effective at secondary tumor 
control compared with other fractionation schemes, such as one fraction of 20 Gy 
or five fractions of 6 Gy [6]. Another group, evaluating the effects of fractionation 
on local tumor control, showed that treatment with two fractions of 7.5 Gy each 
maintained lower splenocyte Treg levels than did other fractionation schemes such as 
five fractions of 3 Gy, three fractions of 5 Gy, and 1 fraction of 15 Gy. However, no 
significant differences in  local control were found between any of the treatment 
conditions [11]. Another study supports the notion that single ablative doses may be 
better for local tumor control. In that study, a single fraction of 30 Gy was able to 
eradicate most of the tumors in the CT26 murine model. However, when the mice 
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were given an additional 30 Gy in 10 fractions (3 Gy each, 60 Gy total), most mice 
experienced tumor regrowth and death [12]. This group further showed that the 
30 Gy doses induced high CD8+ infiltration, whereas the additional fractionated 
30 Gy caused recruitment of myeloid-derived suppressor cells to the tumor. This 
discrepancy in results may have been related to differences in the tumor models 
used in the various studies; however, they all suggest that SABR-like doses may be 
effective at invoking antitumor immunity. Notably, however, none of these studies 
tested conventional 2-Gy-per-fraction schemes. At this time, the abscopal effect 
remains elusive, but the hope is that such responses will become more common as 
the search continues for the optimal dosage and timing in terms of patient response 
and toxicity, and as more data become available [13].

PD1 is another immune checkpoint receptor that is expressed by T-cells, B cells, 
NK cells, DCs, and macrophages to help negatively regulate the immune response 
[14]. The PD1/PDL1 pathway acts differently from CTLA4, as it inhibits T-cell 
activity in the effector phase within peripheral tissues and tumors [3, 15]. Once the 
TCR recognizes antigen, the activated T-cell ultimately upregulates PD1 to dampen 
its own activation. PD1 has a multitude of immunosuppressive effects, including 
inhibition of T-cell proliferation, survival, and effector functions; cytokine release; 
cytotoxicity; induction of apoptosis of tumor-specific T-cells; and promotion of 
differentiation of CD4+ cells into Tregs [16, 17]. Therefore, upregulation of PD1 on 
immune cells and expression of PDL1 on tumors tends to promote tumor immune 
evasion.

Although radiation can modify the local tumor microenvironment, as discussed 
below, tumors can also exploit regulatory mechanisms to undermine T-cell 
responses. For example, tumor cells that express PDL1 can successfully undergo 
immunoevasion when that ligand interacts with its receptor PD1 on effector T-cells, 
which then mediates apoptosis of the infiltrating T-cells [18]. Interestingly, a nega-
tive feedback loop has been discovered in which effector T-cells in the tumor’s 
microenvironment produce interferon-gamma (IFN-y), which directly initiates 
PDL1 expression and then downregulates effector T-cells via the mechanism 
described above [19]. Several reports support this hypothesis, including a recent 
human melanoma study demonstrating strong correlations among intratumoral 
T-cell infiltration, PDL1, and IFN-γ [20]. Other studies have shown that fractionated 
radiation increases the expression of PDL1 by the tumor in response to effector 
CD8+ T-cell production of IFN-γ and that combining PD1/PDL1 inhibitors concur-
rently with radiation significantly improved durable systemic immune responses 
[21]. Another recent preclinical study examined the influence of PD1 expression on 
the abscopal effect after treatment with PD1/PDL1 blockade and radiation therapy 
[22]. That group found that the combination of conventional 2 Gy per fraction radia-
tion and PD1/PDL1 blockade produced a curative rate of 66% in the CT26 model, 
and that concurrent administration of the drug with radiation produces the best 
effect. As the radiation reaches the tumor, type I IFNs (IFN-α and IFN-β) and IFN-ɣ 
modulate the microenvironment in ways that upregulate VCAM-1 (which allows 
T-cell trafficking and entry into the tumor), MHC-I, and chemokines to bring addi-
tional immune cells to local sites [23, 24].
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3.2  �Radiation and Immune Function

Ionizing radiation is known to release “danger-associated molecular patterns” such 
as upregulation of high mobility group box 1 protein (HMGB1), ATP, and calreticu-
lin, all of which increase immune activation at the tumor site [25]. Also, release and 
uptake of tumor-associated antigens by antigen-presenting cells in the tumor micro-
environment increase the probability of successful T-cell priming (Table 3.1) [36]. 
Curiously, the immune system seems to be unable to exploit these mechanisms to 
consistently produce specific, durable immune responses. One possible reason why 
is that even when T-cells are specifically activated in appropriate lymph nodes, 
homing and retention of Teffector cells into the tumor are limited because of the known 
ability of tumor cells to restrict the infiltration and activation of cytotoxic 
T-lymphocytes. This tumor-cell immunoevasion and ultimately immunosuppres-
sion is related to specific properties of tumor cells, some of which are highlighted 
below. General principles by which tumor cells evade the immune system include 
successful unchecked cell proliferation, de novo angiogenesis, suppression of T-cell 
penetration into tumor, increasing the ratio or concentration of immunosuppressive 
cells such as Tregs, and suppressing antigen presentation. Indeed, several of the ways 
by which tumor cells escape immune surveillance are identical to the immunosup-
pressive effects induced by radiation, particularly recruiting Tregs and producing 
TGF-β (Table 3.1) in addition to stimulating myeloid-derived suppressor cells and 
alternatively activated macrophages.

Table 3.1  Immunological effects of radiation on the tumor microenvironment

Immunostimulatory effects [26]
•	 General: T-cell priming, trafficking, and effector responses
•	 Inducing pro-inflammatory cytokines (TNF-α, IL-1B, IL-6) that recruit NK and CD8+ cells 

to local sites of cancer [27]
•	 Exposing novel tumor-associated antigens that lead to creation of tumor-specific T-cells 

[28, 29]
•	 Increased adhesion molecules such as VCAM-1 for lymphocyte trafficking, dependent on 

IFN-γ in irradiated tumors [23]
•	 Increased death receptors in tumor cells, stroma [30]
•	 Inducing expression of MHC-I molecules [31]
•	 Calreticulin translocation to surface [32]
•	 Release of HMGB1 by dying tumor cells → activate dendritic cells via toll-like 

receptor-4 [33]
Immunosuppressive effects
•	 Increasing the percentage/ratio of Tregs, a more radioresistant immune cell, by preferential 

killing of more radiosensitive and immunostimulatory cells [11, 34]
•	 Increasing TGF-β levels [35]
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3.2.1  �TGF-β

TGF-β is a multifunctional, polypeptide cytokine, and part of a cytokine superfamily 
that coordinates response to tissue injury and stress. It maintains immune self-tolerance 
while also assisting cancer cells in evading the host immune system. Of the three 
major isotypes of TGF-β (TGF-β1, TGF-β2, and TGF-β3), TGF-β1 is expressed 
mostly in the immune system. It is synthesized as an inactive pre-protein that is 
cleaved to form two homodimers joined by a disulfide bond. The homodimers 
interact with latency-associated protein and latent TGF-β-binding protein, which 
combine to form the so-called large latent complex. Release of free TGF-β requires 
first that the large latent complex be released, and then that the latency-associated 
protein be cleaved; this is accomplished in the extracellular matrix by metallopro-
teinases and thrombospondin. Changes or interactions with integrins can also 
activate latent TGF-β. Subsequently, free TGF-β binds to its transmembrane serine/
threonine kinase heterodimeric receptor (TGFβRI/TGFβRII). Once bound, TGF-β 
has many downstream effects involved in tissue fibrosis, wound healing, carcino-
genesis (e.g., proliferation, differentiation, migration, invasion, the epithelial–mes-
enchymal transition), and immune suppression [37, 38].

3.2.2  �TGF-β and the Immune System

Notably, TGF-β activity differs substantially in early versus late immune responses 
although the molecular event prompting the “switch” between early and late effects 
is unclear. Paradoxically, during the early stages of immune response, TGF-β suppresses 
malignancy directly by stopping tumor cell cycle progression, and indirectly through 
stromal effects (Table 3.2). However, later during tumorigenesis (i.e., the late stages 

Table 3.2  Role of TGF-β in cancer

Early tumor suppressor activity of TGF-β
•	 Cell cycle arrest: Inhibition of c-Myc, which promotes cell cycle entry into S phase (41–43). 

Inhibition of cyclin D-CDK4/6 and cyclin A/E-CDK2 activity (45, 46).
•	 Tumor cell death: Induction of apoptosis via induction of caspases, downregulation of Bcl-2 

apoptotic proteins
Late tumorigenic effects of TGF-β
•	 Cell proliferation: Induction of transcription of CDK inhibitors such as p21 and p16
•	 Angiogenesis and metastasis: Assisting the phenotypic change in tumor-associated 

macrophages from the M1 phenotype to the alternatively activated M2 phenotype, an 
anti-inflammatory, pro-angiogenic and pro-metastasis promoting cell

•	 Cytokine regulation: Blocking of IL-2 suppresses NK cells and activated T-cells
•	 Decreased antigen presentation: Downregulating expression of MHC class II, thereby 

affecting the ability of dendritic cells to present antigens effectively
•	 Upregulation of PD-L1 via interferon production
•	 Stimulation of immunosuppressive cells: Tregs that act on tumor antigen-specific T-cells and 

kill them
•	 Induction of more aggressive phenotypes: Support for the EMT phenotype leading to 

malignant progression, metastasis, and drug/chemo/radio resistance
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of immune response), TGF-β contributes significantly to the immunosuppressive 
microenvironment in ways that encourage tumor progression, metastasis, resistance 
to therapy, and an overall poorer prognosis [39]. TGF-β is produced by both hemato-
logic and solid tumor cells, such as breast, colon, liver, and lung and is also upregu-
lated as a result of ionizing radiation. The latter mechanism directly implicates 
TGF-β in tissue fibrotic processes such as those that lead to radiation pneumonitis.

Another way in which TGF-β regulates a pro-invasive tumor microenvironment 
is by inducing the epithelial-to-mesenchymal transition. Cancer cells that have gone 
through this transition acquire stem-cell-like properties like self-renewal and resis-
tance to chemotherapy or radiation [40]. Recent studies have linked suppression of 
CD8+ tumor-infiltrating lymphocytes with the epithelial-to-mesenchymal transi-
tion, which is modulated by a well-known transcription factor, zinc finger E-box 
binding homeobox 1 (ZEB1) [41]. That study further showed that microRNA-200 
negatively targets PDL1 on tumor cells, but ZEB1 antagonizes this interaction by 
repressing miR-200, ultimately resulting in suppression of tumor-infiltrating lym-
phocytes and metastasis.

Radiation can also induce TGF-β production, which can have devastating conse-
quences in delicate tissues such as the lung. TGF-β stimulates the formation of tissue 
collagen while reducing its degradation, which leads to tissue fibrosis. TGF-β has 
been linked with radiation pneumonitis, a potentially disabling condition that devel-
ops in up to 30% of patients who receive radiation therapy for thoracic malignancies. 
Usually appearing 1–6 months after radiation therapy, radiation pneumonitis mani-
fests as shortness of breath, nonproductive cough, and fever [42], which can cause 
significant morbidity and, in severe cases, can be lethal. TGF-β may elevated in 
patients who develop RP; one recent study showed a seven-fold rise in TGF-β among 
patients who developed pneumonitis after 40 Gy of radiation, peaking at 3 months 
after therapy [43]. However, dosimetric variables did not predict who would develop 
pneumonitis in that study, prompting the authors to suggest stratifying patients at risk 
of developing pneumonitis based on their TGF-β levels before treatment. This topic is 
controversial, as other studies have shown weak or no correlation between serum 
TGF-β levels and RP after thoracic radiotherapy [44–46].

3.2.3  �Anti-TGF-β

Preclinical efforts and some trials are now ongoing to evaluate whether blocking 
TGF-β expression or its downstream effects will promote immune surveillance and 
reverse the environment to a tumor-suppressing phenotype. Various methods of 
blocking this cytokine including TGF-β receptor kinase inhibitors (LY2109761, cur-
rently in preclinical testing for pancreatic cancer), antisense TGF-β oligonucleotides 
(Trabedersen/AP12009, currently in phase III trials for glioma, and in phase I trials 
for pancreatic, melanoma, and colorectal carcinoma), antibodies (fresolimumab/
GC1008, now in preclinical and clinical evaluations), soluble receptors, and tumor 
cell vaccines (Lucanix/Belagen-pumatucel, being evaluated in a phase III for 
non-small cell lung cancer) [38].
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3.3  �NK Cells and the Tumor Microenvironment

Natural killer (NK) cells are key components of the innate immune system that 
specialize in eliminating targeT-cells via direct cytotoxicity and release of immuno-
regulatory cytokines. NK cells targeT-cells that express reduced numbers of MHC 
class I molecules, or, according to the “missing self” hypothesis, an incompatible or 
incomplete repertoire of MHC class I molecules [47, 48].

NK cells express numerous activating receptors that engage stress-induced ligands. 
NKG2D ligands have been found to be upregulated on murine tumor cells after stress-
inducing events such as exposure to high doses of ionizing radiation, which can poten-
tiate the antitumor cytotoxicity of both CD8+ T-cells and NK cells [49]. Interestingly, 
susceptibility to NK cell-mediated cytolysis seems to be enhanced after irradiation of 
KM12 and HeLa cells via upregulation of the NKG2D ligands MICB, ULBP1, and 
ULBP2 [50]. These findings suggest that combining radiation and NK cell-based 
therapy may have additive effects.

3.4  �Radiation Dose: High or Low?

In certain settings, radiation can enhance the activity of the immune system against 
cancer. However, as mentioned previously, the optimal dose and fractionation of that 
radiation have yet to be clearly defined. Variations in both dose and fractionation 
have different biological effects that need to be understood to effectively use radia-
tion to induce immune responses. A “one size fits all” solution is unlikely, but differ-
ent radiation regimens may be needed according to the intrinsic radiosensitivity of a 
particular tumor, the composition of the tumor microenvironment, and the type of 
immunotherapy to be combined with the radiation.

Several lines of evidence indicate that low-dose radiation (10–50 cGy per frac-
tion) is effective at enhancing an immune response. Epidemiologic findings have 
shown that individuals exposed to higher-than-normal levels of background radiation 
may actually have lower cancer mortality than those exposed to lower levels [51–53]. 
However, this remains controversial as other studies have shown either no effect or 
more incidence of cancer [54, 55]. One preclinical study showed that exposure of the 
whole body to low-dose radiation reduced lung metastasis and delayed tumor growth 
[56]. These findings were attributed to enhanced Th1-like cellular immunity [57–60], 
such as activated NK cells, DCs, macrophages, and T-cells and decreased numbers of 
Tregs [58, 59, 61]. On the contrary, low-dose radiation was also used as an immune 
suppressant to treat diseases like rheumatoid arthritis. Nevertheless, the applicability 
of low-dose radiation in clinical settings is limited.

High-dose radiation such as SABR has been shown to improve local disease 
control in addition to promoting abscopal regression when given with immuno-
therapeutic agents [7, 62, 63]. Preclinical studies have shown that ablative radiation 
can lead to the release of tumor-specific antigens, which then direct antigen-
presenting cells to induce a T-cell-dependent response [2, 6, 62, 64, 65]. Moreover, 
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induction of MHC class I expression on tumor cells may be radiation dose-dependent, 
with higher doses inducing more MHC-I expression [66].

Some preclinical studies have found that hypofractionated radiotherapy (use of 
fractions >5  Gy) enhances the effectiveness of immunotherapy [66, 67] although 
more conventional fractionation can also have similar effects [21]. However, use of 
conventionally fractionated radiation over several weeks may continuously kill off 
infiltrating Teffector cells, as suggested by a study indicating that single-dose radiation 
was more effective than fractionated radiation or chemotherapy given with radiation 
[68]. Indeed, as mentioned earlier, another preclinical study involving the CT26 colon 
cancer model showed that an initial 30-Gy radiation dose resulted in CD8+ T-cell 
infiltration, but giving another 30  Gy in 10 fractions after initial treatment led to 
decreases in CD8+ T-cells and increases in myeloid-derived suppressor cells [12]. 
Although a single 30 Gy dose is not clinically relevant, these findings do suggest that 
higher radiation doses given in fewer fractions may result in better immune responses. 
On the other hand, another group found that fractionated and not single-dose radiation 
induced an immune-mediated abscopal effect in combination with an anti-CTLA4 
antibody [6]. Notably, the fractionated doses in this study were ≥6 Gy, which is 
considered high-dose radiation; however, no low-dose fractions were tested.

In conclusion, radiation dose and fractionation are clearly important factors in 
activating an immune response, but the radiation regimens will necessarily differ 
depending on the tumor type. Additional investigations of which dose and fraction-
ation schemes best enhance the immune system are needed if this type of therapy is 
to be effectively extended to patients.

3.5  �Sequence of Radiation and Immunotherapy 
Combinations

Because radiation and immunotherapeutics have different mechanisms of action 
against cancer, their rational combination may well achieve excellent antitumor 
effects with few side effects. The question of which sequence is best is urgent, as it 
will dictate clinical practice when these therapies are extended to patients. However, 
because retrospective analyses of various combinations of radiation and ipilimumab 
have produced controversial and inadequate results (as noted below), prospective 
studies are needed to address this question.

In one retrospective analysis of 166 patients with metastatic melanoma given 
radiation therapy and ipilimumab, the median overall survival time was 9 months 
for patients who had concurrent radiotherapy and ipilimumab (radiation was given 
between first and fourth doses of ipilimumab) and 39  months in patients who 
received radiotherapy after the last dose of ipilimumab [69]. In a separate retrospective 
trial of 46 patients with melanoma brain metastases, patients who received stereo-
tactic radiosurgery during or before ipilimumab had better overall survival and less 
regional recurrence than did patients who received stereotactic radiosurgery after 
ipilimumab [70]. Indeed, most of the trials investigating ipilimumab before, during, 
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or after radiation to date have not revealed significant differences among treatment 
groups [71–74]; however, these trials were not designed to address the issue of 
sequencing. Another preclinical study also did not reveal significant differences 
between concurrent vs. sequential combinations of radiation and ipilimumab [75].

In contrast to ipilimumab, most preclinical studies that combine radiation with 
anti-PD1/PDL1 antibodies have given the two modalities concurrently; this 
approach has generated strong systemic antitumor effects [64, 76]. One preclinical 
study that did consider differences between concurrent versus sequential anti-PDL1 
therapy and radiation found that anti-PD1 seemed to work better when given before 
the radiation is completed [21]. Because radiation induces PDL1 expression in the 
tumor microenvironment [64, 76], anti-PD1/PDL1 drugs given during the radiation 
should achieve the best synergistic effect.

Thus, although the doses and fractionation schedules of radiation seem to be impor-
tant when radiation is to be combined with immunotherapy, few preclinical studies have 
compared various sequences of radiation doses or fractions to determine which doses 
and fractions achieve optimal antitumor immunity. This should be a focus in future 
preclinical investigation, as it will provide guidance for clinical trial designs.

3.6  �Clinical Integration

Radiation therapy as currently used in the clinic has largely been optimized for local 
therapy, and historically it has been hampered by older imaging and radiation-
delivery techniques that cannot precisely locate tumors, especially tumors that 
move, and rely on low-energy photon beams. Indeed, many of the techniques in 
current use for local control may not be optimal in terms of producing systemic 
immunologic responses. This section focuses on the implications of using different 
radiation field sizes with immunotherapy and how to identify the optimal sequenc-
ing of immunotherapy and radiation. A great many other important clinical issues 
also remain to be considered (e.g., appropriate radiation doses, use of induction 
chemotherapy, the number of sites to be irradiated, differences in T-cell priming 
based on the location of metastatic lesions [e.g., bone versus liver]), but these con-
siderations are beyond the scope of this chapter.

3.6.1  �Radiation Field Size

The highly conformal techniques used to plan and deliver SABR have several 
advantages when SABR is to be used in combination with immunotherapy. First, 
SABR treatment volumes are usually quite small, often directed to relatively small 
metastatic lesions that are typically safe distances from critical structures such as 
lung or heart. Because immunotherapy has its own forms of toxicity (e.g., colitis and 
pneumonitis), the ability to treat small volumes has inherent advantages in terms of 
nonadditive toxicity. Smaller volumes may also spare the draining lymphatics, 
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which are important for T-cell education and priming. Also, the often-ablative doses 
used with SABR have unique immunologic effects on the tumor that may also be 
beneficial for eradicating the tumor stroma.

Despite these advantages, and the excellent local control possible with SABR, 
most patients with locally advanced disease require much larger treatment volumes 
that often encompass the tumor, involved lymphatics, and possibly other high-risk 
lymphatics. Although sterilizing draining lymphatics may be beneficial in terms of 
tumor control, it can also have detrimental effects on the host’s immunologic 
response against the tumor, because newly exposed tumor neoantigens are delivered 
to the lymph nodes, where T-cell priming takes place. Moreover, treating larger 
fields often requires prolonged courses of fractionated radiation, for example, giving 
2-Gy fractions daily for 30–35 days. Thus, the antigen-presenting cells and the 
T-cells in the lymph node and in the tumor are essentially eradicated daily for 
6–7  weeks. Further improvements in  local control for locally advanced disease 
often require that radiation be combined with radiosensitizing agents. This poses 
further immunologic challenges because chemotherapy can cause myelosuppres-
sion and deplete lymphocytes [77]. Moreover, chemotherapy is often given with 
steroids to minimize the unpleasant side effects of chemotherapy; steroids can 
prevent T-cell priming, but they may not affect previously activated T-cells [78]. 
Finally, the large fields needed to treat locally advanced disease often approach the 
dose-volume limits necessary to minimize radiation-induced toxicity to normal 
tissues, and adding concurrent immunotherapy agents has a higher potential for 
toxicity, especially when the radiation involves organs with known inflammatory-
mediated side effects from immunotherapy, such as the lung or bowel.

Radiation treatment volume also matters in terms of its hematologic effects; in 
one study [79], the cumulative incidence of grade 2 leukopenia among 27 men who 
received whole-pelvis irradiation (to 46 Gy) for prostate cancer was higher (15% vs. 
2% without pelvic irradiation, P = 0.02), as was grade 2 anemia (8% vs. 0% without 
pelvic irradiation, P = 0.03). Because whole-pelvis radiation therapy may be more 
detrimental hematologically than prostate-only radiotherapy, and because neoadjuvant 
hormonal therapy reduces hemoglobin levels, one might speculate that negative 
effects on functioning immune system and tumor oxygenation could explain the 
disappointing results of RTOG 9413, which enrolled 1323 patients to compare 
whole-pelvis radiation versus prostate-only radiation therapy [80]. On the other 
hand, the immunostimulatory effects of radiotherapy (e.g., tumor cell death, changes 
in antigen availability and inflammatory signals) could have activated lymphocytes 
and DCs [81]. These and other questions remain to be answered in future trials 
designed specifically to examine the effects of radiation on the immune system.

3.6.2  �Sequence

The optimal sequencing of immunotherapy and radiation therapy is another important 
consideration that will need to be worked out specifically for each type immuno-
therapy, as discussed previously. When this chapter was written, only two 
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checkpoint inhibitors had been approved by the US Food and Drug Administration—
anti-CTLA4 and anti-PD1. The need to determine the best sequencing will undoubt-
edly become increasingly challenging as more immunotherapies enter the clinic in 
the future because each new mechanism of action will need to be evaluated in the 
context of how to best combine each agent with radiation.

Perhaps the most extensive experience to date comes from the anti-CTLA4 agent 
ipilimumab, the first approved checkpoint inhibitor. The rationale for combining 
anti-CTLA4 with radiation is that radiation can increase the T-cell repertoire and 
diversity in a tumor, and blocking CTLA4 can promote the expansion of these 
newly activated T-cells [75]. This rationale also seems to favor the use of concurrent 
chemotherapy. Yet ipilimumab can also reduce inhibitor Treg populations, and thus 
pretreatment with ipilimumab could potentially “precondition” the tumor by 
increasing the CD8/Treg ratio, enabling a more robust T-cell response.

Several case reports have described abscopal responses when ipilimumab is used 
with radiation therapy; these reports may offer clues as to how this strategy works 
and the optimal sequencing of these two forms of treatment. In one report, a patient 
with metastatic non-small cell lung cancer received five fractions of 6  Gy each, 
starting concurrent ipilimumab on the day after the first fraction; this patient dem-
onstrated an impressive abscopal response that lasted for several months [82]. 
However, another case report described a patient with metastatic melanoma that had 
progressed on ipilimumab; in that case, 28.5 Gy was delivered in three fractions to 
a paraspinal mass [7]. Several months later, that patient developed a systemic absco-
pal response in the liver, chest, and spleen. Thus giving radiation after disease has 
progressed on ipilimumab (which can deplete Tregs) may have distinct advantages 
and is the topic of a phase I/II trial testing ipilimumab with SABR for advanced 
solid tumors (NCT02239900). This trial will evaluate the timing of radiation during 
ipilimumab therapy (concurrent versus sequential) and will also evaluate different 
radiation doses and the effect of irradiating metastatic disease at different sites.

Experience with radiation plus anti-PD1/PDL1 therapies is becoming more preva-
lent as well. Several trials are underway to evaluate this combination, with most starting 
the anti-PD1 and the radiation at about the same times. Alternatively, other trials are 
evaluating checkpoint inhibition as adjuvant therapy after radiation for patients who 
require larger radiation fields (e.g., those with stage III non-small cell lung cancer or 
mesothelioma). This approach may prove to be safer by reducing the risk of pneumo-
nitis. Radiation has also been shown to increase PDL1 expression in myeloid cells, 
which could further justify its use as an adjuvant to immunotherapy [76].

3.7  �Clinical Trials of Radiation Plus Immunotherapy

3.7.1  �Anti-CTLA4 Therapy

Historically, radiation was developed as means of providing local tumor control; 
immunotherapy, on the other hand, has been tested mainly for patients with metastatic 
disease, as a final option for tumors that have not responded to conventional 
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treatments [83–87]. Clinical synergy between these two modalities has been shown 
in multiple studies of ipilimumab and concurrent radiation given for metastatic mela-
noma [7, 88]. Another group found mainly partial abscopal responses in 9 (43%) of 
21 patients with melanoma, with 2 patients (10%) remaining stable [89]. Combining 
immune checkpoint blockade with radiation therapy has also shown promise in meta-
static prostate cancer; in one phase I/II study of 50 men who received 4- to 10-mg/kg 
doses of ipilimumab plus 8-Gy fractions to each metastatic lesion [90], one patient 
had a complete response and six had stabilized disease; these results led to a random-
ized phase II trial (NCT01689974). Ipilimumab plus SABR is further being tested in 
several phase II trials for patients with stage IV melanoma and any number of metas-
tases (NCT01970527, NCT02107755, NCT01565837).

In one nonrandomized phase I/II trial of 71 men with metastatic castration-
resistant prostate cancer who had experienced disease progression after discontinuing 
antiandrogen therapy, ipilimumab as monotherapy (n = 29) was compared with ipi-
limumab plus a single radiation dose of 8 Gy (n = 41) per bone metastasis, given 
24–48 h before the first ipilimumab dose (3 or 10 mg/kg) [90]. Of men with 28 
evaluable tumors, ipilimumab at 10 mg/kg, with or without radiation, led to reduc-
tions in prostate-specific antigen levels of at least 50% in eight men, and another 
had a complete response. The phase III randomized, double-blind trial for men with 
metastatic castrate-resistant prostate cancer that had progressed after docetaxel, 
involved giving a bone-directed single 8-Gy dose of radiation followed by either 
ipilimumab 10 mg/kg (n = 399) or placebo (n = 400) every 3 weeks for up to 4 
doses. Results from that trial showed a slightly longer median overall survival time 
of 11.2 months for men who received ipilimumab versus 10 months for the placebo 
group (P = 0.053); however, this trial did not reach a significant difference between 
the two cohorts [91]. Ipilimumab is also being tested with cetuximab and intensity-
modulated radiation therapy in a phase Ib trial for patients with previously untreated 
stage III-IVB head and neck cancer (NCT01935921).

3.7.2  �Anti-PD1 Therapy

Several trials are ongoing to test anti-PD1 with radiation therapy for patients with 
melanoma or non-small cell lung cancer that did not respond to at least one regimen 
of systemic therapy or anti-PD-1 therapy. NCT02608385 is a phase I study of PD1 
blockade with pembrolizumab and SABR for advanced solid tumors at the University 
of Chicago; NCT02303990 or “RADVAX” is a stratified phase I trial of pembroli-
zumab with hypofractionated radiation therapy for advanced and metastatic cancers at 
the Abramson Cancer Center of the University of Pennsylvania; and NCT02318771 is 
a trial of hypofractionated radiotherapy with pembrolizumab for recurrent/metastatic 
head and neck cancer, renal cell carcinoma, lung cancer, or melanoma.

Immunotherapy with radiation is also being tested to improve long-term local 
control of high-grade glial tumors. Ongoing trials include a multicenter, open-label 
nonrandomized phase II trial of MEDI4736 for patients with newly diagnosed, 
unmethylated MGMT glioblastoma in which patients are given anti-PDL1 (durvalumab) 
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every 2 weeks with standard radiation therapy (NCT02336165); and a phase I trial of 
PD1 blockade with pembrolizumab and bevacizumab with 5 days of hypofraction-
ated stereotactic radiotherapy for recurrent high-grade glial tumors has been initiated 
at the H. Lee Moffitt Cancer Center and Research Institute (NCT02313272).

The PD1 inhibitor pembrolizumab is currently being tested in a phase II trial for 
patients with surgically resectable squamous cell carcinoma of the head and neck; 
pembrolizumab is given intravenously approximately 2 or 3 weeks before surgery 
to be followed by risk-based intensity-modulated radiation therapy to 60  Gy (in 
daily 2-Gy fractions, NCT02296684); it is also being tested for patients getting reir-
radiation with inoperable locoregionally recurrent or second primary squamous cell 
carcinoma (NCT02289209). Another phase I single-arm, open-label trial is testing 
pembrolizumab in combination with cisplatin-based standard definitive chemora-
diation therapy (to a total dose of 70 Gy, in daily 2-Gy fraction) for patients with 
stage III-IVB squamous cell carcinoma of the head and neck; the accrual goal of 
that trial is about 39 patients (NCT02586207).

Colorectal cancer, especially tumors of the rectum or anal cancer, has long been 
treated effectively by radiation therapy; whether immunotherapy could provide a 
stronger immune response to help destroy tumor cells is being investigated in a 
phase II trial of pembrolizumab plus radiotherapy or ablation for metastatic colorec-
tal cancer (NCT02437071).

3.7.3  �Cytokine Therapy

Intralesional injections of IFN-β (3–5 million units, 3 times/week, before radiation 
to a total dose of 40–60 Gy) has shown mixed results [92–94]. In one such trial, all 
21 patients with metastatic melanoma showed either a complete remission (70%) or 
a partial remission, with a median survival time of 10 months [95]. In another phase 
I trial, SABR (one, two, or three doses of 20 Gy/fraction) is followed by high-dose 
IL-2 at 3 days after the last radiation fraction for metastatic melanoma or renal cell 
carcinoma. That regimen produced antitumor responses as defined by the Response 
Evaluation Criteria for Solid Tumors (one complete response and seven partial 
responses) in nonirradiated target lesions [96]. Ongoing trials combining concurrent 
high-dose IL-2 with radiation therapy for either renal cell carcinoma or melanoma 
are focusing on the immunological effects of this treatment [97, 98].

3.7.4  �OX40 Therapy

Use of OX40 agents with radiation for breast cancer has been delayed somewhat 
given the prevalence of open trials of the monoclonal antibodies trastuzumab or 
pertuzumab for HER2-positive breast cancer. However, a phase I/II study is under-
way to test the anti-OX40 agent MEDI6469  in combination with SABR for 

J.E. Schoenhals et al.



67

metastatic liver or lung lesions in patients with progressive metastatic breast cancer 
(NCT01862900). Another phase I/II trial now ongoing is testing an OX40 agent, 
which is thought to induce proliferation of memory and effector T-cells, in combi-
nation with cyclophosphamide and radiation therapy for patients with progressive 
metastatic prostate cancer (NCT01303705).

3.8  �Conclusions

The combination of immunotherapy plus radiation has great potential to extend the 
benefit of radiation beyond its current role of local control. As we go forward, we 
need to consider how our current radiation techniques are best combined with immu-
notherapy, and in some cases we will likely need to develop unique fields and dosing 
regimens to expand radiation benefit into new patient populations. Pretreatment 
assessment of a patient’s immune state will become important, as well as minimizing 
immunosuppressive agents such as steroids. Moving past checkpoint inhibitors we 
will need to personalize immunotherapy toward patient-specific mechanisms of 
resistance and XRT-specific immunotherapies. More preclinical studies are needed 
to evaluate these questions and establish the safety of combination therapy. By work-
ing to refine and perfect rational combinations of immunotherapy and radiation we 
have an opportunity to improve the lives of many patients.
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