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Abstract

Immunotherapy, particularly immune-checkpoint inhibition, is producing encouraging clinical
responses and affecting the way numerous cancers are treated. Yet immune-checkpoint therapy is
not effective for many patients, and even those who initially respond can experience relapse,
fueling interest in finding new processes or tools to improve the effectiveness of these novel
therapeutics. One such tool is radiation. Both preclinical and clinical studies have demonstrated
that the systemic effects of immunotherapy can be amplified when it is used in combination with
radiation and, conversely, that the immunogenic effects of local irradiation can be amplified and
extended to distant sites when used with immunotherapy. We review how stereotactic ablative
radiation therapy, a technique specifically indicated for tumors treated with immune-checkpoint
inhibitors, can potentiate the effects of immune-checkpoint therapy. We further explore how these
novel therapeutics may transform radiation, previously considered a local treatment option, into
powerful systemic therapy.
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IMMUNOTHERAPY AND RADIATION

Immunotherapy is transforming the way numerous types of cancer are treated and how
oncologists are thinking about the mechanisms of tumor evolution. Immunotherapy acts to
empower a patient’s immune system, either by releasing the “brakes” that blunt T-cell
activity or by blocking the mechanisms developed by tumors to evade immune detection. By
doing so, immunotherapeutics, in particular immune-checkpoint inhibitors, are providing
encouraging clinical responses that are hoped by many to prove more durable than those
evoked by traditional therapeutics.

The first immune-checkpoint inhibitor, ipilimumab, was designed against the naturally
occurring immune-inhibitory receptor cytotoxic T-lymphocyte-associated protein 4
(CTLA4) on T cells; ipilimumab activates the immune system and leads to clinically
significant reductions in tumor burden.1=3 First approved in 2011, ipilimumab became the
first drug shown to extend survival in advanced melanoma and has resulted in durable
disease control for up to 10 years for some patients,*® a remarkable achievement for a
disease with a prior 5-year survival rate of close to 10% to 17%.3 Since that time,
ipilimumab is being tested for other types of cancer, including non-small cell lung cancer
(NSCLC) (NCT02659059; NCT01285609; NCT02477826), prostate cancer
(NCT01377389; NCT01194271; NCT01057810), renal cell carcinoma (RCC)
(NCTO01472081; NCT02210117; NCT02231749), and others.

Two other checkpoint inhibitors, nivolumab and pembrolizumab, target programmed cell
death protein 1 (PD1) receptors on T cells and thereby hinder the ability of tumors to evade
immune surveillance by preventing T cells from interacting with programmed death ligand
(PDL) 1 and PDLZ2, inhibitory ligands, predominantly PDL1, which are overexpressed on
tumor cell surfaces.58 Nivolumab seems to have a better safety profile than ipilimumab®10
and has been approved for treating metastatic melanoma, NSCLC, and recently RCC after
extending overall survival for patients with relapsed disease.11-14 In fact, current
recommendations are that patients with metastatic melanoma or RCC consider enrolling in
immunotherapy trials as first-line treatment.1516 Numerous other checkpoint inhibitors,
stimulators, and immune modulators are also being developed and tested, including those
directed to 0X40,17:18 TIM-3,19.20 |C0S,21.22 G| TR, 2324 IDO,2° the STAT-3 pathway,26-28
and more.29-31 The challenge now is to understand how to use these agents in combination
with previously approved checkpoint inhibitors, and significant research efforts are focused
on how best to combine these drugs with other pillars of oncology—surgery, chemotherapy,
and radiation.

Although immunotherapy has produced exciting results to date, unfortunately as of now the
vast majority of patients do not respond, and among those who do, some may develop
resistant disease. One potential way to improve the effectiveness of immunotherapy may be
to combine it with radiation therapy. In 1953, Mole32 published the first report of an
unexpected, systemic regression of tumor metastasis when local radiation was given to a
primary tumor. Mole termed this an “abscopal” effect, derived from the Latin prefix ab
(“position away from”) and the Greek suffix scopos (“the target™), indicating that the effect
took place away from the site of the irradiated tumor. Since then, this rare systemic effect,
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which has been discovered to be mediated by the immune system,33-42 has been observed
not only in a wide range of tumor types, originally after splenic irradiation for lymphomas
and “liquid” cancers,*3-46 but also in solid tumors after irradiation of the viscera or soft
tissues.34:47-54 Ways of evoking abscopal effects are now the topic of numerous trials
throughout the world. Although preclinical data suggest that local irradiation can have
modest immunosuppressive effects such as increasing transforming growth factor °° and
increasing proportions of regulatory T cells (Tregs)56 and myeloid- derived suppressor cells
(MDSCs),57:58 it also has immune-stimulatory effects such as enhancing T-cell priming.
36-41,59-62 |ndeed, radiation enhances the immunogenicity of tumors through numerous
mechanisms, and this heightened visibility and susceptibility to the immune system cause a
high-amplitude local immune response that can then spread and take effect at other, more
distant sites when combined with immunotherapy.62-68 Although seeing systemic abscopal
responses of nonirradiated gross disease is intriguing, this phenomenon remains rare.
However, using radiation to help control micrometastatic disease, thereby contributing to
important clinical endpoints such as progression-free survival, may be much easier to
achieve.59-71

Today, two forms of external-beam radiation therapy, each of which may have different
antitumor effects, are used in combination with immunotherapy: conventionally fractionated
wide-field conformal radiation and stereotactic ablative radiation therapy (SABR).
Conventionally fractionated radiation is the more common type and involves low-dose
fractions given once a day (e.g., 10-30 fractions of 1.8-3 Gy each). Stereotactic ablative
radiation therapy, on the other hand, involves giving smaller numbers of higher-dose
fractions (e.g., 1-5 fractions of 6-30 Gy each).

We review the preclinical and clinical literature on the most effective combinations of
radiation therapy with immunotherapy. We focus on SABR in particular because it has been
applied mostly to those types of tumors for which immunotherapy has already been
approved (metastatic NSCLC, melanoma, and RCC lesions in lung, bone, liver, and lymph
nodes).”2=77 Interestingly, even though high-dose SABR seems to increase the
immunostimulatory aspect of T-cell priming—its most profound clinical effect—it may also
simultaneously blunt the immune response through increasing the proportions of Tyegs Or
MDSCs. However, as discussed in the following section, the potentially deleterious effects
of radiation may be addressed with immune therapeutics, and thus high-dose SABR seems
to be uniquely positioned to combine with immuno-therapy. Our aim is to shed light on how
best to combine the various types of radiation with immunotherapy to enhance systemic
control, with the ultimate goals of improving future trial design and creating more effective
forms of treatment for solid tumors.

RADIATION AND THE IMMUNE SYSTEM

Many excellent reviews have been published describing the immunogenicity of radiation.
8-82 1 prief, radiation improves the immune system’s ability to recognize solid tumors by
uncovering or releasing previously hidden antigens and immune-stimulatory compounds
from within the tumor that can activate and prime an antitumor immune response (Fig. 1).
These immune-stimulatory compounds (including “eat me” signals) released include
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calreticulin, adenosine triphosphate, high mobility group box 1 protein, granulocyte-
macrophage colony-stimulating factor, uric acid, heat shock proteins, and more.83-88 These
signals, consistent with immunogenic cell death, in conjunction with the release of hidden
antigens, prompt the maturation of dendritic cells and other antigen-presenting cells for T-
cell activation.85:89 Simultaneously, radiation also alters the vascular endothelium of tumor
beds and promotes the release of chemokines that allow the immune system to access the
tumor.99-92 These orchestrated effects culminate in the attraction, invasion, and priming of
CD8* T cells and other effector cells in the tumor microenvironment, which results in
significant local antitumor immune destruction. Although radiation also causes a late,
secondary reactive attraction of immunosuppressive Tregs and MDSCs,>6-%8 this is balanced
by the immunostimulatory effects and in most cases contributes to a local immune response
that can then spread systemically when combined with immune therapy.35-37 This effect of
radiation is intriguing, because even though immune-checkpoint and modulator therapy can
help to overcome barriers to tumor immune evasion or “release the brakes” so that the
immune system becomes more hyperactive, the immune system still needs to recognize a
tumor as foreign to develop a response of appropriate quality and amplitude to attack the
tumor. Radiation thus can be used as a noninvasive tool to promote the necessary steps of
priming the immune system against foreign tumor cells, where antigen presentation and
costimulation are facilitated against hidden epitopes that—ideally—are shared among
distant metastases. Determining which form of radiation (SABR, conventional wide-field
radiation, or something else) is most immunogenic will help to optimize how radiation can
be best coupled with immune therapy to result in the most powerful antitumor effects.

RADIATION DOSE AND IMMUNOGENICITY

The oldest information on radiation and immunogenicity comes from in vitro studies of
various doses of radiation. Stereotactic ablative radiation therapy involves delivering much
higher-dose fractions than does conventional radiation therapy (6—30 Gy vs. 1.8-3 Gy), thus
raising the question of which dose per fraction would have the best effects on tumor
immunogenicity and activation when given in combination with immunotherapy. In vitro
findings suggest that higher doses (consistent with those used in SABR) more effectively
enhance immunogenic activity in irradiated tumor cells than do lower doses.63.93.94
Specifically, higher doses cause up-regulation of more immune-stimulating factors such as
major histocompatibility complex type | (MHC-1), Fas, and intercellular adhesion molecule
(ICAM) and more tumor-associated antigens to be presented on the tumor surface, thereby
leading to greater immune recognition and destruction (Fig. 2).

In 1 study involving the delivery of 0, 10, or 20 Gy to human colon, lung, and prostate
cancer cells in vitro,93 the higher doses prompted greater expression of stimulatory immune
signals and tumor antigens (Fas, MHC-I, ICAM, carcinoembryonic antigen [CEA], and
mucin) on the tumor-cell surfaces, and this greater expression led to more effective immune-
mediated tumor cell killing. Specifically, higher amounts of CEA antigen expressed on CEA
*/A2* colon cancer cells correlated with more tumor death by CEA-specific CD8* T cells.
Therefore, radiation was found to have dose-dependent effects on immunogenicity and
antitumor immune-cell Killing.
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Another in vitro study of human melanoma cells® showed that irradiating with doses of 1,
4,7, 10, or 25 Gy also resulted in dose-dependent increases in tumor antigen presentation to
T cells via MHC-I. The increase in MHC-I with tumor antigens as a function of increasing
radiation dose was particularly striking when doses exceeded 10 Gy (which is within the
dose for SABR) but considerably less so when doses were 4 Gy or less (within the range for
conventionally fractionated radiation). Moreover, the radiation-induced increases in MHC-I
and associated tumor peptides were not the result of newly made MHC-I, but rather was due
to existing MHC-I being expressed as intracellular protein breakdown increased in tumor
cells. Therefore, in this study, the higher radiation doses were used to enhance
immunogenicity, in part by causing greater protein breakdown within the tumor. In the same
report, increases in MHC-I, and the attendant presentation of tumor-associated antigens and
immune recognition through MHC-I, were found to result in increased tumor destruction in
a MC38 mouse colon adenocarcinoma model. These observations seem to illustrate that
higher radiation doses may simply produce greater direct intracellular ionization as opposed
to, or in addition to, pathway modulation or transcription and that doses in the SABR range
seemed to produce increased tumor immunogenicity and killing.

Other animal studies have also confirmed that higher radiation doses create greater tumor
immunogenicity. In 1 such study, treating a mouse B16 melanoma model with single doses
of 5, 7.5, 10, or 15 Gy led to dose-dependent increases in the numbers of tumor-specific,
infiltrating CD8* T cells, which also correlated with improved local tumor control. These
findings, that higher-dose radiation fractions function to enhance T-cell infiltration in the
tumor microenvironment, also imply that, given the correlation between extent of immune
response and local control, improvements in local control from high-dose radiation in the
clinic may be, at least in part, immune mediated. This assertion is controversial but is
supported by recent evidence that administering immune-suppressing steroids during
radiation therapy may, in fact, impair local control %697 Other preclinical studies indicate
that the local control and survival benefits of SABR-like regimens in mouse models are
negatively affected when the mice are depleted of CD8* T cells,”1:98 suggesting also that an
intact immune system is necessary for SABR’s local optimal results. The findings of the
B16 mouse melanoma study, however, also lend credence to the idea that the increase in
immunogenic effects with increasing radiation dose may be dose limiting, in that doses
higher than 15 Gy actually led to poorer CD8* tumor infiltration and no increased benefit in
local control. Although this finding is not universal across animal studies, it does suggest the
existence of an optimal range of high yet sublethal doses that improve immunogenicity and
tumor control and that doses higher this range either have no additional benefit or blunt the
response. The mechanisms underlying this observation have yet to be revealed.

FRACTIONATION AND IMMUNOGENICITY

In addition to investigating the effects of high radiation doses on immunogenicity and tumor
control, other researchers have compared the effects of single, large-dose fraction regimens
that mimic SABR to those of smaller-dose, multifraction schemes that, in some studies,
mimic conventional therapy in animal models, with the goal of determining how
fractionation, not only dose size, affects tumor-immune interactions. Those studies have
generally found that the larger, single-dose regimens are equivalent®® or superior®:% to the
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smaller-dose, fractionated regimens in terms of local control and tumor immunogenicity
(Fig. 3).

In 1 such study,8 a single 20-Gy dose was compared with four 5-Gy fractions in a B16
mouse melanoma model. The single 20-Gy dose produced remarkable local control, with
growth delay in 100% of tumors and complete regression in 35%. In contrast, the regimen of
5 Gy x 4 fractions had no therapeutic effect. Moreover, mice treated with the 20-Gy regimen
had considerably more tumor-infiltrating lymphocytes within the tumors and in the draining
lymph nodes. Local control from the high-dose 20-Gy regimen was further found to depend
on the presence of CD8* T cells, demonstrating again that the benefits of SABR in clinical
practice could be, at least in part, immune mediated. That study revealed that a high-dose,
SABR-mimicking regimen produced not only greater local immune effects but also
infiltration of CD8* T cells into lymph nodes. Importantly, in line with in vitro data showing
that tumor immunogenicity increases as the size of the dose increases, that study also
suggested the existence of a radiation dose threshold that must be reached to achieve
meaningful immune-stimulatory effects, because all mice received the same total dose but
given in different fractions (1 fraction of 20 Gy vs. 4 fractions of 5 Gy), which had
profoundly different effects on tumor control and immune infiltration. The apparent
existence of a threshold has been found in other studies as well and will be important to
consider in designing trials that test whether and how radiation therapy synergizes with
immunotherapy in patients with cancer.”1:99.100

As described in the previous section, 1 study comparing the effects of a single, large-dose
fraction (15 Gy) with those of fractionated regimens (5 fractions of 3 Gy each, 3 fractions of
5 Gy each, and 2 fractions of 7.5 Gy each) in terms of local tumor control and antitumor
immune activation in a B16 melanoma mouse model’® showed that all regimens produced
equivalent local tumor control but had different effects on tumor immunogenicity (e.g., the
ratio of antitumor CD8" T cells to immunosuppressive FOXp3* Tiegs in the tumor
microenvironment). This was noted despite the presence of a dose-dependent increase in
local control and immune activation.

Another study,® in a B16-FO mouse melanoma model, compared large single-dose
irradiation (one 15-Gy fraction) with a more conventional fractionated regimen (five 3-Gy
fractions). The single 15-Gy regimen was found to produce (1) significantly greater
destruction of tumor cells by antitumor cytotoxic T lymphocytes, (2) greater numbers of
activated tumor-specific T cells in draining tumor lymph nodes (anti-OVA CD8* T cells), (3)
greater quantities of antigen-presenting cells presenting tumor antigen in draining lymph
nodes, and (4) greater total numbers of MHC-1-binding immune cells infiltrating the
irradiated tumor. Further, adoptive transfer of tumor-specific T cells led to more T cells
infiltrating and remaining within tumors when the T cells had been taken from the mice
treated with the single 15-Gy dose, whereas the numbers of tumor-specific T cells decreased
over time when they had come from mice treated with the conventionally fractionated
regimen. These results indicate that the high-dose, single 15-Gy fraction regimen produced a
more durable and longer-lasting antitumor immune memory than did the lower-dose,
multifractionated regimen and led to greater immune activation and locally spreading
response near the irradiated tumors.
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Several explanations are possible for why lower-dose fractionated regimens were less
effective than the single high-dose fraction regimen in some of these studies. One may be
that giving repeated low-dose fractions may kill the tumor-infiltrating lymphocytes with
every subsequent dose, thereby undermining the CD8* antitumor response sought from
irradiation. Lymphocytes are known to be exquisitely sensitive to radiation, and repeated
dosing, regardless of fractionation (1.8- to 3-Gy fractions vs. 6-to 30-Gy fractions), will
deplete the tumor of any existing or new lymphocytes that have infiltrated or migrated to it.
101 Thus, even though lower-dose fractions may prompt an antitumor CD8 * response, when
the next dose is given, those fresh, antitumor CD8* populations induced by the previous
dose are killed, thereby blunting the entire effect. Evidence in support of this theory comes
from a study in which mice implanted with CT26 colon adenocarcinoma cells were given
either 1 fraction of 30 Gy or 10 fractions of 3 Gy.”! Relative to conventionally fractionated
therapy, the single, high-dose 30-Gy fractionation resulted in considerably higher tumor
control (90% vs. 10%) and survival; however, adding multiple fractions (3 Gy x 10) after a
single 30-Gy dose led to a reduction in proportions of antitumor CD8* T cells from 70% to
8%. Ultimately, that study demonstrated that CD8™ infiltration and antitumor immunity can
be reduced by extended radiation.

Another explanation for the study results, however, may lie in the fact that some studies used
doses per fraction that were much lower than optimal for inducing an immune response.
Specifically, both in vitro and animal studies showed that achieving optimal immunogenicity
requires radiation doses of 6 Gy or greater to 8 Gy,39:63.93-95 pyt the studies described
previously used only 3- to 5-Gy fractions. Therefore, the differences in results may not have
been due to fractionation per se, but rather to the fact that the doses used per fraction were
below the threshold necessary to produce a strong immunogenic response. Further studies
comparing the effect of radiation dose per fraction on tumor immunogenicity are warranted.

COMBINING RADIATION WITH IMMUNOTHERAPY

As described in the previous sections, preclinical studies have suggested that larger radiation
doses are more immunogenic and provide better local tumor control than smaller doses.
Whether this relationship holds true in terms of enhanced systemic antitumor responses
when radiation is combined with immunotherapy remains to be seen, with some studies
supporting and others refuting this idea. One group, working with a 4T1 mouse breast
cancer model, 100 found that a single 12-Gy fraction coupled with anti-PD1 therapy had a
cure rate of 100% for primary lesions, whereas the cure rate for four 5-Gy fractions was
80%, and that for five 4-Gy fractions was 40%. Although responses to tumors outside the
radiation field were not evaluated in that study, the results nevertheless show a dose-
dependent relationship between radiation fraction dose size and local tumor control
regardless of the total dose delivered, which supports the previous postulate of an
immunogenic dose threshold. The improvement in local control from anti-PD1 and radiation
in this study could result from several mechanisms. Some in vivo results suggest that
although high-dose radiation overall tilts the tumor microenvironment to a proimmune
stimulatory state, it also recruits larger numbers of immune-inhibitory MDSCs,58102-105
Myeloid-derived suppressor cell recruitment is associated with suppression of antitumor T
cells, both immediately after irradiation and subsequently with late-onset local relapse and
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blunting of radiation-induced antitumor immune response.19%:196 The addition of anti-PD1
can reduce the numbers of MDSCs after irradiation, in addition to blocking tumor-induced
T-cell suppression through MDSC PDL1 expression and therefore can enhance radiation-
induced immune-stimulatory effects.107-110 Understanding how immune-checkpoint
modulators can dampen the late immune-suppressive component of the local radiation
response in a way that tilts it further toward a proimmune stimulatory environment is an area
of ongoing investigation.107

Subsequent studies of how fractionation affects the systemic effects of immunotherapy also
showed that higher-dose regimens enhance the ability of immunotherapy to act distantly in
addition to enhancing local control. However, those studies also showed that giving high-
dose fractionated radiation—in other words, keeping the dose per fraction high (=6-8 Gy)
but changing the number of fractions—Ied to still better systemic antitumor responses
compared with single high-dose therapy. In this early comparison of single high-dose
therapy with multiple high-dose therapy (one 20-Gy fraction vs. three 8-Gy fractions vs. five
6-Gy fractions), multiple high-dose therapy was found to produce superior results when
combined with immunotherapy.

The first of these studies!1® involved a 4T1 mouse breast cancer model treated with either
one 12-Gy fraction or 2 12-Gy fractions plus anti-CTLA4 immunotherapy. Because 4T1
mouse breast cancer cells spontaneously metastasize to the lungs, this study was designed to
evaluate whether radiation with anti-CTLA4 would act synergistically to blunt or eradicate
metastases. Both radiation schedules (given to the primary tumor lesion) significantly
decreased the numbers of lung metastases and substantially extended survival of the mice,
but the 2-fraction regimen was superior in decreasing micrometastatic lung disease and
improving survival. Previous studies had evaluated only single high-dose fractions versus
multiple low-dose fractions for superiority, so that the study was the first to test and show
that multiple high-dose fractions were superior to a single high-dose fraction for enhancing
immunogenicity. That same group also noted that the reduction in metastatic disease
occurred only when radiation was combined with anti-CTLAA4, illustrating that the
combination is necessary for an effective systemic response. As mentioned previously, even
though CTLA4 immunotherapy “releases the brakes” on the immune system, the immune
system still needs to recognize a portion of the tumor as foreign, and radiation’s ability to
increase tumor antigen release and modulate the tumor microenvironment to allow both
visibility of the tumor and access to it may provide this necessary step. That same study
found that the distant antitumor effects depended on CD8* T cells, but not CD4* T cells, a
finding in agreement with other preclinical results suggesting that the enhanced systemic,
immune-mediated effects of radiation are, in part or wholly, mediated by cytotoxic T
lymphocytes.35111.112 Gjyen the promising results of this first study, the same group
subsequently tested various dose and fraction combinations to see, which would best
enhance distant immune response in bulky disease.3® Two models were evaluated for
systemic tumor regression, one with TSA breast cancer cells and the other with MC38 colon
cancer cells. In both models, a primary tumor and a secondary tumor were implanted on
either flank. The primary tumor was then locally irradiated with one 20-Gy fraction, three 8-
Gy fractions, or five 6-Gy fractions (the latter two consistent with clinical SABR regimens),
with the assumption that the higher doses would be more immunogenic. Anti-CTLA4 was
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given after the irradiation, and responses of the irradiated primary tumor and the
nonirradiated secondary tumor were both evaluated, the former for local response and the
latter for distant (abscopal) response. The single 20-Gy fraction was as effective as the other
2 fractionation schedules in controlling the growth of the locally irradiated tumor. However,
in terms of eliciting a distant immune response in the secondary, nonirradiated tumor site,
only the fractionated schedules (three 8-Gy or five 6-Gy fractions) enhanced the systemic
effects of anti-CTLA4. Moreover, the three 8-Gy schedule produced a considerably more
exaggerated abscopal response and tumor regression than did the five 6-Gy schedule.
Finally, the one 20-Gy fraction schedule had some synergistic effects with immunotherapy
in producing a distant abscopal response in the MC38 model, but it did not produce an
abscopal response in the TSA model.

Next, these investigators sought to determine the reasons for the success of the three 8-Gy
schedule in producing an abscopal response in both experiments. They found that the three
8-Gy fraction group had more CD8* tumor-infiltrating lymphocytes in the nonirradiated
secondary (abscopal) tumors in the 8 Gy x 3 fraction regimen than did the other
fractionation groups and that more antitumor, cytotoxic T cells (interferon y producing
CD8* T cells) were present in the spleens of mice treated with three 8-Gy fractions that had
an abscopal response. Therefore, although the question of how was not answered completely
(e.g., through increased tumor antigen presentation, chemokine release, vascular changes, or
costimulatory signal presentation), the observation that three 8-Gy fractions led to enhanced
immune dissemination and infiltration of the secondary nonirradiated tumor did confirm that
the optimal clinical response resulted from the superior immunogenic effects of that
fractionation schedule. This second study, the only one to date to combine radiation and
immunotherapy and look at the effect of fractionation on abscopal responses in bulky
disease, showed that several large-dose fractions (8 Gy x 3) were superior to a single high-
dose fraction in producing an abscopal response, echoing the results of that group’s previous
study showing that 2 high-dose fractions (12 Gy x2) were superior to 1 high-dose fraction
(12 Gy x1). Specifically, the single high-dose fraction did eradicate some micrometastases in
the previous 4T1 study and had produced some abscopal response in the MC38 model; it
had no effect in the TSA model, a finding that probably reflects the variability inherent in
the tumor models but also suggests that radiation may work better in synergy with
immunotherapy to eradicate micrometastatic disease rather than gross disease, an
interpretation supported by clinical’® and by preclinical findings.” Also, these studies used
only anti-CTLA4 immunotherapy, and further studies are needed to assess dose size and
fractionation in combination with other immunotherapy agents. The immunogenic effects of
radiation seem to be carried out during the priming stage of the antitumor immune response.
Because each of the numerous immunotherapy modulators acts at different immune
checkpoints or pathways, and therefore at different stages of an antitumor response, it is
likely that they will couple with radiation differently as well.

Finally, previous studies indicating that a single high-dose fraction schedule was quite
immunogenic, more so than a lower-dose (3-5 Gy) fractionated schedule, evaluated the
effects of these 2 regimens only on the primary irradiated tumor, and a single high-dose
schedule was not compared with moderately high-dose hypofractionated therapy (with
fractions in the 6- to 8-Gy range). Findings from the 2 studies described previously seem to
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indicate that a single high-dose fraction is as effective as a moderately high-dose (=6 Gy)
schedule for controlling the local irradiated tumor when combined with anti-CTLA4
immunotherapy. However, the story changes when the focus is on the response of lesions
away from the primary site. Although extended radiation schedules may not be optimal in
terms of an immunogenic response, fractionated therapy does produce drastically different
tumor gene expression patterns than does single-dose therapy.113 Recent findings that
fractionated therapy increased overall gene expression in tumor cells to a greater extent than
did single high-dose therapy revealed that some of the genes that were “turned on” were
immunostimulatory, and others were immunoinhibitory.114-118 Ajlthough the study was not
designed to test how gene expression changes would affect tumor immunogenicity, the
results nevertheless illustrate that fractionated radiation affects tumor phenotypes in quite
different ways than does single-fraction high-dose radiation and in ways that interact with
genes involving the host immune system. Therefore, the benefits from fractionated radiation
relative to single high-dose radiation may be related to the different ways in which short-
course fractionated radiation affects both the tumor and the microenvironmental phenotype
compared with single-dose therapy. Studies are needed to quantify the changes induced by
each type of radiation therapy and to reveal the pathways that might be targeted to bolster
the superior immunostimulatory effects of short-course fractionated radiation compared with
single high-dose or extended low-dose radiation seen in these experiments.

Ultimately, the study that directly compared single high-dose radiation to multiple high-dose
radiation regimens showed that fractionated high-dose regimens (consistent with those used
clinically for SABR) may be the best to use in combination with immunotherapy. The fact
that the three 8-Gy fraction schedule was superior to the five 6-Gy fraction schedule is
consistent with previous in vitro and in vivo data showing that larger fraction dose size (6-8
Gy) is more immunogenic and that more extended, fractionated radiation is inferior to or
interferes with a strong immunogenic effect (i.e., that 5 fractions would be inferior to 3
fractions). More studies corroborating these findings are needed, as are studies comparing
these SABR-like regimens with conventional, lower-dose regimens (e.g., ten 3-Gy fractions)
to fully flesh out all the potential comparisons.

CLINICAL OUTCOMES AFTER RADIATION AND IMMUNOTHERAPY

To date, almost all case reports demonstrating an abscopal effect from combining radiation
and immunotherapy have used SABR or SABR-like dosing regimens (e.g., 1-5 fractions of
>6 Gy).33:3447.119-121 At |east 1 small series of abscopal effect after stereotactic body
radiotherapy (SBRT) alone has been reported for metastatic renal cell cancer,122 and a phase
| study of SBRT and interleukin 2 for renal cell cancer or melanoma revealed a 67%
response rate in nonirradiated lesions with that combination.123 At least 6 cases have been
reported of abscopal effects in melanoma and NSCLC after treatment with checkpoint
inhibitors and radiation. The first such case, reported in 2012,34 heightened interest in
examining how radiation could be coupled with immunotherapy after a 33-year-old woman
with metastatic melanoma had experienced abscopal effects after receiving ipilimumab with
radiation. That woman had received SABR (three 9.5-Gy fractions) to a paraspinal mass in
the thorax, with ipilimumab given both before and after the radiation. That treatment
produced a complete response that persisted as no evidence of disease for a year afterward.
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Subsequently, another abscopal response was reported in a man with metastatic melanoma
who received ipilimumab both before and after SBRT to a liver lesion.19 That man also
experienced a complete response. Another patient with metastatic melanoma was given three
8-Gy fractions of 6-MeV electrons to a primary scalp lesion, followed by brain stereotactic
radio-surgery and ipilimumab.33 That treatment also produced a complete response, with
regression of all systemic diseases. A year later, in 2013, the first report of an abscopal
response to metastatic NSCLC appeared.120 That report involved a 64-year-old man who
received high-dose hypofractionated radiation (five 6-Gy fractions, delivered with intensity-
modulated radiation therapy) to a liver metastasis with concurrent ipilimumab; that patient
also experienced complete response. Other cases of abscopal effects in patients receiving

immunotherapy with SABR or stereotactic radiosurgery also have been reported since that
time.47.119

These case reports of abscopal effects with radiation plus immunotherapy mirror the
preclinical findings that relatively few fractions of relatively high radiation doses produce
the desired systemic effects. Notably, in most cases, the irradiated lesions were visceral
rather than bony or nonvisceral lesions. Thus, the location, and thus the microenvironment,
of the tumor being irradiated probably has significant effects on the biology of the
interaction on radiation with immunotherapy, and hence selection of the site to be irradiated
may be equally important as the choice of radiation dose and fractionation.124 The fact that
almost all reported abscopal cases with immune therapy have involved SABR or stereotactic
radiosurgery-like regimens, however, strongly supports combining SABR regimens with
immunotherapy to achieve abscopal responses.

When this review was written, only 1 phase 111 trial evaluating the efficacy of
immunotherapy and radiation had been published. In that trial, men with advanced, castrate-
resistant prostate cancer were given one 8-Gy fraction of wide-field radiation to a single
bony metastasis followed by ipilimumab or placebo. Although the primary analysis of all
participants in this trial found no improvement in overall survival, overall survival and
progression-free survival increased, and prostate-specific antigen levels dropped by greater
than 50%, among men with favorable prognostic factors (i.e., alkaline phosphatase
concentration <1.5 times the upper limit of normal, hemoglobin concentration of 2110 g/L,
and no visceral metastases) who had received radiation with ipilimumab.”® Before that
report, the safety and antitumor activity of ipilimumab with or without radiation for
metastatic prostate cancer were tested in a phase I/11 trial. 125 In that study, 77 patients
received ipilimumab, either alone or with radiation in the same regimen as in the phase 11
trial (1 fraction of 8 Gy, given as wide-field irradiation, to a single bony metastasis). That
combination therapy was found to be safe, and the addition of radiation to ipilimumab was
found to produce higher rates of stable disease (25% vs. 13% for ipilimumab alone) and
lower rates of disease progression (25% vs. 38%) at a mean follow-up time of 15.7 months.
Thus, results of a primary analysis of the single phase 111 trial conducted to date did not
show an overall difference, but a subgroup of men with prostate cancer seemed to benefit
from the combination therapy. This benefit was observed in patients with lower burdens of
disease (no visceral metastases), which supports the notion that radiation and
immunotherapy may act best to eradicate micrometastatic disease rather than bulky disease.
Preclinical findings and previous reports of abscopal effects suggest that the phase 111 study
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results might have been more positive if the investigators had targeted primary visceral
lesions for irradiation, used multiple high-dose fractions rather than a single high-dose
fraction, and included patients with nonoligometastatic disease. Future studies of the best
ways to enhance systemic effects through the combination of radiation and immunotherapy
will benefit greatly from these results. However, conclusive phase 111 studies demonstrating
synergistic effects of radiation therapy and immunotherapy for metastatic disease are still
eagerly awaited.

Several trials of SABR combined with immunotherapy are ongoing at MD Anderson Cancer
Center. One phase I/11 trial, NCT02239900, is investigating ipilimumab in combination with
SABR (total dose 50 Gy in four 12.5-Gy fractions or 60 Gy in ten 6-Gy fractions) to lung or
liver lesions. Preliminary results from the phase I portion of that trial, to be presented at the
2016 annual meeting of the American Society of Radiation Oncology, indicate that all
treatment combinations for which full enrollment has been reached are safe,126 and
instances of disease response outside the radiation field have also been observed. The phase
I portion of this trial is now complete, and patients are currently being enrolled to the phase
Il portion to provide further data on efficacy.

SUMMARY

Overall, preliminary findings to date suggest that SABR may be particularly well positioned
to couple with immuno-therapy. Although additional studies are needed, preclinical findings
indicate that larger doses per fraction, consistent with those delivered by SABR (i.e., >6-8
Gy), may be the most immunogenic, providing the greatest enhancement of local antitumor
immune response, and, when given with immune-checkpoint inhibitors, provide the greatest
synergy for producing systemic tumor regression,39:63.93.94,98-100.111 |mproved responses to
higher-dose fractions may be the result of several mechanisms, including increased protein
breakdown and consequent tumor antigen and MHC-I presentation as well as modulating the
tumor and its microenvironment to attract and activate greater numbers of antitumor
lymphocytes (increased ICAM, MHC-I, tumor antigens). Although a single fraction of high-
dose radiation has produced superior results compared with lower or conventional-dose
fractionated therapy in many preclinical studies, fractionated high-dose therapy seems to
provide the greatest benefit when coupled with immune-checkpoint inhibition.3° The
superiority of fractionated high-dose, but not fractionated low-dose, radiation supports the
theory that a certain dose threshold level may need to be reached for radiation to be
effectively coupled with immunotherapy. These findings also suggest that using a limited
number of fractions after that dose threshold is reached may have immunogenic benefits and
that fractionated radiation has profoundly different effects from single-dose radiation in
modulating immune-directed genes within the tumor.113 Thus, although extended low-dose
radiation may have a depleting effect on antitumor immune-cell numbers and response, a
short course of high-dose radiation does not seem to have the same negative effect. However,
this supposition should be confirmed in studies comparing immunotherapy with low-dose
extended fractionated therapy in animal models and in patients. Additional investigations are
needed to understand the principles and mechanisms behind this and other observed
radiation—-immune system interactions.
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Finally, most reports to date about abscopal effects from immune-checkpoint inhibitors have
occurred with SABR or SABR-like regimens, and numerous clinical and laboratory trials are
ongoing to reveal the optimal form of radiation to combine with current and future “new
age” immunotherapies. Although we focused in this review on immune-checkpoint
inhibitors (anti-CTLA4 and anti-PD1), other immunotherapies such as chimeric antigen
receptor T cells,127-129 various immune “vaccines” (including oncolytic viruses),130-133 and
others are in the early stages of development. If other such therapies are successful, then
studies of radiation combined with those therapies are expected to emerge. At present, most
of the evidence to support radiation synergizing with immunotherapy comes from preclinical
models and anecdotal case reports; thus, clinical trials of patients with a variety of types of
cancer are needed to definitively demonstrate the benefit of radiation in combination with
immunotherapy in practice. Nevertheless, tantalizing evidence suggests that SABR shows
great promise for combining with current and future immunotherapy regimens for the
treatment of solid tumors.
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FIGURE 1.
Radiation triggers the release of various factors from the tumor and surrounding tissue,

including adenosine triphosphate, granulocyte-macrophage colony-stimulating factor, and
high mobility group box 1 protein. These factors constitute immunogenic cell death, which
allow the APCs to become activated and then migrate to the lymph node. Once at the lymph
node, APCs have increased expression of CD80, resulting in T-cell activation. These T cells
are then able to traffic back to the tumor through increased expression of CXCL16 by the
tumor and ICAM and VCAM expression by the endothelial cells. Increased expression of
MHC I, calreticulin, Fas, and NKG2D ligands on tumor cells allows immune cells to kill
tumor cells. APCs indicate antigen-presenting cells. ATP, adenosine triphosphate; GM-CSF,
granulocyte-macrophage colony-stimulating factor; HMGBZ1, high mobility group box 1
protein; APC, antigen-presenting cell; ICAM, intercellular adhesion molecule; VCAM,
vascular cell adhesion molecule; MHC I, major histocompatibility complex type I.
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There appears to be a dose-dependent increase in tumor immunogenicity and radiation dose
size per fraction. Higher dose size per fraction results in greater infiltration of tumors by
CD8* T cells as well as higher levels of ICAM, Fas, and MHC-1 with loaded tumor antigen
expressed on the tumor cells surface. These higher levels of expression, as a function of
higher radiation dose size, correlate with improved antitumor immune-directed killing. APC,

antigen-presenting cell; ICAM, intercellular adhesion molecule; MHC I, major
histocompatibility complex type I; MDSC, myeloid-derived suppressor cell.
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FIGURE 3.
Stereotactic body radiotherapy—like regimens appear to be more immunogenic than lower-

dose, or conventional, fractionated regimens in preclinical studies. Stereotactic body
radiotherapy-like regimens (right) result in greater infiltration of CD8* T cells in tumor and
draining lymph nodes, as well as antigen-presenting cells in draining lymph nodes. This
immune infiltration correlates with greater immune-directed tumor destruction, control, and
survival. Lower-dose, or conventional, fractionated regimens (left) result in relatively less
robust immune infiltration and, when radiation is prolonged for multiple weeks on end, may
have immune-depleting effects, particularly on anti-tumor-infiltrating CD8* T cells, as well
as increased recruitment of myeloid derived suppressor cells. APC, antigen-presenting cell;
MDSC, myeloid-derived suppressor cell.
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