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Immunotherapy and Radiation Therapy Sequencing: State of the
Data on Timing, Efficacy, and Safety
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2Department of Medicine, Memorial Sloan Kettering Cancer Center

3Department of Radiation Oncology, University of Washington Medical Center, Seattle, WA

Abstract

Radiation therapy exerts a tumoricidal local effect as well as both local and systemic
immunomodulation. Immune checkpoint blockade has become a widely utilized treatment
modality across cancer types with a rapidly growing list of agents and FDA-approved indications.
Moreover, there may be synergy between radiation therapy and immune checkpoint blockade. A
variety of strategies have been employed but the optimal sequencing of these therapies is unclear.
In this review, we discuss the major mechanisms of available immune checkpoint inhibitors and
explore the available preclinical and clinical evidence regarding treatment sequencing. We also
review safety considerations and conclude with possible future directions.”

Precis:

Combined immune checkpoint blockade and radiation therapy have important roles in the
treatment of an increasing number of malignancies, but the optimal sequencing is unknown. In
this review we summarize the available preclinical and clinical evidence regarding the timing of
therapy.
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Introduction:

Both radiation therapy (RT) and immunotherapy are well established components of
therapy across a wide variety of cancers and clinical presentations. Radiation therapy acts
predominantly by causing overwhelming DNA damage to localized targets, although its
cytotoxic effect also results in the release of tumor antigens and changes in the tumor
microenvironment which may be recognized by the host immune system.

Given the rapid acceleration of utilization and its major impact on the therapeutic paradigm
for several malignancies, immunotherapy is often considered a recent advance. However,

its use dates as far back as 1868 when the German physicians W. Busch and F. Fehleisen
noted the regression of tumors in cancer patients when infected with erysipelas. 12 In 1891,
William Coley reported on the intratumoral injection of mixtures of Streptococcus pyogenes
and Serratia marcescens. 3

The normal immune system must operate within a safe window between being too
permissive to foreign pathogens and being overly aggressive toward the normal self.
Remarkably, it typically successfully functions within these confines with guidance from
crucial regulatory mechanisms including regulatory T cells (Tregs) and T-cell anergy.
Unfortunately, in the setting of cancer, the immune system applies selective pressure and
immune tumor editing which can result in deleterious immune suppression and tolerance
and the subsequent escape of tumor cells from immune recognition. 4

There are several therapeutic mechanisms exploited by modern immunotherapy. The most
widely utilized at present is immune checkpoint blockade (ICB), which removes inhibitory
signals of T cell activation, thereby allowing tumor-reactive T cells to mount an antitumoral
response. %6

Over the past several years there has been rapid development and increasing administration
of immunotherapy to treat cancer, with the CTLA-4 inhibitor ipilimumab first approved for
use in metastatic melanoma in 2011 and now also approved for use in renal cell carcinoma,
colorectal cancer, and hepatocellular carcinoma.’ Pembrolizumab, a monoclonal PD-1
blocking antibody, received its first FDA approval for use in the United States in 2014. It is
now approved for at least 15 separate cancer types® and has been joined by nivolumab and
cemiplimab, along with three FDA-approved PD-L1 inhibitors (atezolizumab, avelumab,
and durvalumab). Several other agents are on the horizon®.

There is emerging evidence for synergy between RT and ICB due to both local and systemic
RT-induced immunomodulation, 19-12 which has prompted many ongoing and upcoming
clinical trials exploring combination therapy, the extensive cataloging of which is beyond
the scope of this review. Figure 1 shows an overview of the interplay between RT and

ICB. Radiation’s local cytotoxic effect causes cell death, releases tumor antigens, and can
activate CD8+ T cells, which can promote the migration of tumor-infiltrating lymphocytes
(TILs)13. Moreover, RT can also lead to an increased immune response via changes in the
tumor microenvironment and nearby stromal tissue.14 Conversely, there is evidence that ICB
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can enhance the anti-tumor effect of RT1®; taken together, this supports the concept of a
combined approach.

Although interest and utilization of ICB is clearly accelerating, the optimal sequencing with
radiation therapy is still an unresolved question, both in terms of efficacy and toxicity.
There are considerations that could favor ICB as a priming agent prior to RT, ICB given
concurrently with RT, and consolidative ICB following RT (Figure 2). In this review we
explore the available preclinical and clinical data surrounding the timing of immunotherapy
and RT and will highlight key upcoming clinical trials that will shed more light on this
critical issue.

CTLA-4 Blockade and RT:

The protein receptor CTLA4 on T cells is upregulated following T-cell receptor (TCR)
engagement and serves to dampen TCR signaling by competing with the costimulatory
agent CD28, which results in downregulation of TCR signal amplitude, T-cell activity, and
therefore tumor surveillance. There is also a cell-extrinsic suppressive capacity of CTLA-4
which is mediated through Tregs. 1617 Ipilimumab is currently the only FDA-approved
CTLA-4 inhibitor’.

Preclinical Data:

Several preclinical studies have demonstrated promising synergy between RT and CTLA4
blockade 18-20 Young et al. performed a study in tumor-bearing mice treated with 20 Gy

of radiation to the tumor with anti-CTLA4 antibody, anti-OX40 antibody (which targets
recently-activated T-cells), or both. RT alone led to transient tumor control but all tumors in
this group eventually regrew. Ultimately, the best results were achieved when anti-CTLA4
was given on day 7 prior to RT followed shortly by OX40, suggesting that anti CTLA-4
could produce a priming immunomodulatory effect when given prior to RT.21 Table 1
highlights preclinical data exploring sequencing questions for ICB and RT.

Clinical Data:

There are several ongoing or recently completed early-phase clinical trials testing various
combinations of anti-CTLAA4 therapy and RT. A comprehensive listing is beyond the scope
of this review and this topic is rapidly evolving but Table 2 summarizes a sampling of
relevant trials in a variety of disease sites.

The clinical data are limited with respect to the specific question of the optimal sequencing
of anti-CTLA4 and RT. Kiess et al reported outcomes from 46 patients with melanoma who
received ipilimumab and single fraction stereotactic radiosurgery (SRS) for brain metastases.
Patients who received SRS during or before ipilimumab appeared to have better OS and less
regional recurrence than those treated with ipilimumab first and there was a trend toward
less local failure with concurrent treatment22. Similarly, Schoenfeld et al reported a case
review of 16 patients were treated with whole brain radiation therapy (WBRT) plus SRS
with ipilimumab and found that SRS before ipilimumab appeared to be associated with
improved survival compared to ipilimumab first. However, another group reported outcomes
from 77 melanoma patients who received SRS for brain metastases and did not see a
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difference in survival based on the sequencing of the two modalities?3. Perhaps treatment
within close temporal proximity is most important for maximum efficacy irrespective of the
exact sequencing. For example, Jiang et al reported that outcomes were best for patients
with brain metastases treated with SRS and ipilimumab when the SRS was given within 5.5
months of the last ipilimumab treatment. 24

In the setting of advanced cervical cancer, patients with lymph-node positive cervical cancer
were treated on a recent phase | study of ipilimumab sequentially following standard of care
chemoradiation therapy and demonstrated at 1-year disease-free survival of 74%, showing
possible activity of a consolidative strategy in a population with a poor prognosis. This
study also illustrated an increase in PD-1 expression during chemoradiation therapy that was
sustained with administration of ipilimumab.

Programmed Death-1 Receptor (PD-1) Blockade and RT:

The PD-1 pathway has been one of the key targets for therapeutic intervention over

recent years. PD-1 is predominantly expressed on mature cytotoxic T lymphocytes both
within peripheral tissues and the tumor microenvironment 2526 and serves as a “brake”

on the activation of T-cells, which can thereby mediate tumor cell escape from immune
surveillance. PD-1 binds PD-L1 and PD-L2 which are expressed by tumor cells as well as
antigen presenting cells (APCs). 27 Once bound, T cell activity is inhibited and apoptosis
signaling is increased. ICB can reactivate immunity in some patients but predicting benefit is
difficult and may depend on factors such as age and sex.28

PD-1 expression may serve as a marker of T cell activation as it is expressed on activated
but not resting T-cells in vitro 2% and its expression is associated with antigen-specific

T cells in cancer patients. 3-32 However, PD-1 expression may also be correlated

with an “exhausted” T-cell phenotype in which cytokine production is impaired.30:33.34
Nivolumab3®, pembrolizumab8, and most recently cemiplimab36 are PD-1 inhibitors
currently on the market.

Preclinical Data:

Several studies have investigated the combination of RT and ICB. Verbrugge et al
demonstrated that concurrent RT and PD1 blockade can enhance the curative capacity of
RT in a murine breast model. 37 Sharabi et. al showed that stereotactic body radiation
therapy (SBRT), which allows for the precisely targeted delivery of high-dose radiation,
given one day prior to PD-1 blockade, augments the PD-1 antitumor response and induces
formation of memory T-cells via cross-presentation of tumor antigens. 38 Similarly, another
group showed that anti-PD-1 therapy increased the tumor response to SBRT in a preclinical
hepatocellular carcinoma model.3°

Clinical Data:

The KEYNOTE-001 study investigated the use of pembrolizumab monotherapy for patients
with locally advanced or metastatic non-small cell lung cancer (NSCLC) and reported
durable activity and encouraging 5-year overall survival (OS) rates, particularly for patients
with a PD-L1 tumor proportion score of at least 50%. 40 A pooled analysis of the
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phase 2 PEMBRO-RT and the phase 1/2 MDACC trials for patients with metastatic
NSCLC randomizing to ICB with or without RT showed significantly improved PFS and
OS along with increased response to therapy in the RT arms, adding more evidence
supportive of combination therapy.#! The ETOP NICOLAS trial, also in the setting of
lung cancer, has reported encouraging early safety data for 83 patients treated with upfront
chemoradiation therapy with concurrent nivolumab, 42 with pending report of 1-year PFS
data. A secondary analysis of KEYNOTE-001 showed that patients who had received RT
prior to pembrolizumab appeared to have longer progression-free survival (PFS) and OS
with pembrolizumab treatment than those who had not previously received RT, 43 although
the design of this trial did not include a comparison to the converse sequencing option.

Multiple studies, predominantly phase 1/2 trials, testing a variety of sequencing approaches
have been published or are underway. In the setting of head and neck cancer, for example,
there are early reports from trials adding nivolumab to concurrent chemoradiation with
cetuximab?* or testing cetuximab head-to-head with prembrolizumab, also concurrently.4®

Duska et al. reported on their randomized Phase 1l study of chemoradiation and concurrent
pembrolizumab for locally advanced cervical cancer, which showed safety and tolerability
with the addition a PD-1 inhibitor with chemoradiation.*6 Treatment-related grade =2
toxicity was experienced by 88%, 11 with at least one grade 4 AE and another 23 with

at least one grade 3 AE. Grade =1 diarrhea was reported in 34 (65%; 50% grade 1) patients
with no difference between arms (63 vs 68%, respectively). Two patients experienced 3
DLT’s. Most patients completed cisplatin (100% vs82%), and 83% in both arms completed
all pembrolizumab. The preliminary report from this study show that the combination of
immune checkpoint inhibitors and pelvic chemo-radiotherapy in locally advanced cervical
cancer appears to be safe and effective.

For additional examples and to highlight future directions, Table 3 provides a non-exhaustive
sampling of reported or ongoing prospective trials testing the combination of RT with

PD-1 blockade, including lung, head and neck, breast, gastrointestinal, genitourinary, central
nervous system, hematologic, and gynecologic malignancies.

Programmed Death-Ligand 1 (PD-L1) Blockade and RT:

The transmembrane protein PD-L1 is generally not expressed in cell lines in vitro but

can become induced on tumors and in the tumor microenvironment 4748 by IFN-y which

is in turn produced by effector T-cells as well as by Toll-like receptor ligands through
several signaling pathways including JAK/STAT/IRF-1, MEK/ERK, MyD88/TRAF6, and
p38 MAPK. 49-53 When bound to its partner PD-1, downstream signaling results in immune
inhibition. In addition to PD-1, PD-L1 has emerged as a pharmaceutical target with a similar
goal of preventing immunologic downregulation by removing the “brake”. Atezolizumab®?,
avelumab®®, and durvalumab®8 are monoclonal anti-PD-L1 agents with current indications.

Preclinical Data:

Wau et al. showed in a human bladder cancer cell line and a murine model of bladder
cancer that RT induces expression of PDL1 in a dose-dependent manner. PD-L1 expression
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peaked 72 hours after RT delivery and significantly declined when assessed 7 days after

RT. Furthermore, it appeared that the anti-PD-L1 therapy sensitized the tumor to RT in

a preclinical bladder cancer model. 1° Similarly, Dovedi et al showed in a colorectal

model that concurrent administration of anti-PD-L1 with RT appeared more efficacious than
sequential administration. ®/ Moreover, a separate study found that in vivo PD-L1 inhibition
added to high dose RT significantly improved tumor response in two murine models of
pancreatic ductal adenocarcinoma and reported mathematical modeling suggesting that
radiosensitization was completely abolished if anti-PD-L1 was delayed to 7 days after RT. 58

Clinical Data:

The PACIFIC trial randomly assigned patients with stage 111 NSCLC to receive durvalumab
or placebo following standard chemoradiation therapy. Median PFS was significantly longer
for patients treated with durvalumab compared to placebo (16.8 months versus 5.6 months,
respectively), and there was also improvement in secondary endpoints of response rate

and duration of response. Toxicity endpoints were similar between the groups > and this
landmark trial rapidly changed the standard of care for stage |1l NSCLC. On subgroup
analysis, patients who were randomized within 14 days of completion of RT had improved
survival compared to patients who were randomized after a longer interval. 80

Table 4 shows examples across multiple disease sites of published and ongoing studies
exploring the combination of RT and PD-L1 blockade.

Toxicity and Tolerability of ICB and RT:

As ICB is increasingly utilized and combined with other treatment modalities including RT
and chemotherapy, more refined knowledge pertaining to toxicity is paramount. Untoward
activation of the immune system can lead to a host of immune-related overactivation toxicity
affecting systems throughout the body.

The incidence of radionecrosis after SRS to the brain varies based on diagnostic criteria and
between series but is typically on the order of 13-34% within two years following treatment.
61-64 Fang et al. conducted a retrospective review of 137 patients treated with CNS-directed
RT in combination with either PD-1 or CTLA-4 and found evidence of radionecrosis in 27%
of patients. OS at 1 year did not differ between those that developed radionecrosis and those
that did not.8> Ahmed et al reported no undue toxicity for combination nivolumab and SRS
for brain metastases from melanoma and the toxicity identified was consistent with what
would be expected with ICB alone. 66

Another series of 133 patients with metastatic cancer (small cell lung cancer, melanoma,

or renal cell carcinoma) received RT and a variety of ICB sequences and agents. Overall,
therapy was well-tolerated with mostly mild toxicity and there were no associations between
the site treated and specific immune-related adverse events (ir-AEs), although patients who
received both CTLA4 and PD-1 blockade experienced more any-grade ir-AEs compared to
either individually (71% vs 29%, p<0.001) and there was a trend toward more any-grade
ir-AEs in patients who received RT within 14 days of immunotherapy (39% vs 23%, p=
0.01).67
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A large retrospective review of 750 patients suggests a benefit to OS with concurrent

ICB and RT, especially pronounced with at least 1 month of induction ICB. 8 Qian et al
analyzed outcomes from 75 patients with 566 brain metastases treated with SRS and found
a greater reduction in tumor volume persistent at 1.5, 3, and 6 months when SRS was given
concurrently with ICB (defined as within 4 weeks) versus more than 4 weeks apart; this
effect was most pronounced for PD-1 compared to CTLA-4 inhibition. 69

A phase | dose-finding study of SBRT and durvalumab or the CTLA-4

inhibitor tremelimumab administered as second-line therapy for metastatic pancreatic
adenocarcinoma patients did not report any dose-limiting toxicities thus far. 70 Notably, the
PACIFIC trial showed similar toxicity between durvalumab and placebo in the consolidation
setting. %9

Radiation recall, an acute inflammatory reaction limited to previously irradiated areas has
been reported with a variety of systemic agents.”! The data are limited with respect to RT
and ICB, although nivolumab-induced RT recall pneumonitis was reported in a case even
two years after the delivery of RT. 72

Upcoming Clinical Trials and Future Directions:

There are many ongoing and upcoming trials that will further elucidate the sequencing of
ICB and RT. Furthermore, the combination and sequencing of other systemic therapy as
well as RT is a critical area of interest, especially as ICB moves more into the upfront and
definitive setting alongside traditional cytotoxic chemotherapy and/or targeted therapy.

For locally advanced cervical cancer, NRG-GYO017 is testing atezulizumab as an immune
primer and plus concurrent to chemoradiation versus concurrent only for the definitive
treatment of lymph-node positive locally advanced cervical cancer. 3 The CALLA
study, also in the setting of advanced cervical cancer, is a global phase 111 randomized
placebo controlled trial investigating concurrent and consolidative durvalumab plus
standard of care platinum-based chemoradiation therapy versus standard chemoradiation
alone. * Additionally, the NRG-GY020 trial is examining adjuvant RT with or

without pembrolizumab for resected high-intermediate risk microsatellite instability-high
endometrial cancer patients (NCT04214067).

In the lung cancer arena, ICB is under active investigation in a variety of sequences. Table
5 highlights several trials directly exploring sequencing questions. The SABRseq trial is
currently recruiting patients and will examine SBRT followed by pembrolizumab versus
pembrolizumab followed by SBRT for patients with metastatic NSCLC (NCT 03307759).
In the definitive setting, patients with stage I-11 NSCLC eligible for SBRT monotherapy are
eligible for the PACIFIC-4 trial which will randomize to SBRT plus concurrent durvalumab
versus placebo. 7> Additionally, the I-SABR trial will test the use of nivolumab within 36
hours of SBRT (NCT 01463423). Finally, the phase 111 SWOG S1914 trial is randomizing
patients with high risk early stage NSCLC to induction/consolidation atezolizumab plus
SBRT versus SBRT alone (NCT 04214262).
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The phase Il KEYCHAIN trial is randomizing patients with intermediate/high risk p16-
positive locoregionally advanced head and neck squamous cell carcinoma to concurrent
and adjuvant pembrolizumab with RT versus standard of care therapy (RT with concurrent
cisplatin). 76

Ultimately, ICB will continue to incorporate into the standard of care paradigms for many
malignancies. Understanding and confirming how to best incorporate ICB, either in the
neoadjuvant, concurrent, or adjuvant settings will require well designed clinical trials and
will likely differ between cancer types. Along these lines, strategic use of orthotopic pre-
clinical models, which more accurately reflect tissue specific tumor microenvironments,
may help to guide rational design of these trials.”” Additionally, precise analysis of patient
samples from ongoing trials will be critical to understanding the effects of sequencing

on the tumor microenvironment and mechanisms of tumor cell death or resistance. For
example, the ongoing NRG-GY017 study is testing loading and concurrent atezolizumab
plus chemoradiation vs concurrent atezolizumab plus chemoradiation and is collecting tissue
and blood samples; the primary endpoint of the study is differential immune activation
assessed by clonal expansion of T cell receptor beta repertoires in peripheral blood.”3

Most groups have focused solely on the effects of ICB on T-cells, but it is important

to recognize that many other immune cells are regulated by the PD-1 pathway including
NK-cells, B-cells, macrophages, and dendritic cells. For example, it was recently shown
that B-cells play a key role in anti-tumor immune responses after ICB and that B-cells can
be activated by radiation and PD-1 blockade.”®-8% Understanding how these multiple cell
types work together to effectuate tumor immune surveillance and will be key to unlocking
anti-tumor immunity and increasing the response rates to ICB.

Sequencing Summary and Recommendations:

The combination of ICB and RT is already a viable treatment strategy for patients with

solid malignancies across a large range of histology and stage, although there remain several
unresolved questions, including the sequencing and timing of this combination. Although
there are preclinical and clinical studies that have addressed this topic, further prospective
clinical work is needed to better clarify and directly compare sequencing options, and
conclusions are present are limited. Here we reviewed the available evidence and identified
emerging lines of evidence.

With respect to anti-CTLA4 therapy, the data are insufficient to make a firm
recommendation for sequencing, as most reports retrospectively detail a variety of treatment
regimens with relatively small numbers of patients. However, preclinical data supports
treatment with RT and anti-CTLA4 within close proximity and early clinical trial data shows
a signal for efficacy when given in the concurrend and consolidative setting. 21:81-83

Regarding PD1/PD-L1 blockade, the preponderance of available clinical data most firmly
supports use after RT or in the adjuvant setting, such as in the PACIFIC trial, which
rapidly changed the standard of care for a subset of patients with NSCLC by adding
consolidative ICB after definitive chemoradiation®0. Subset analysis supports the notion of
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starting durvalumab as soon as feasibly possible following chemoradiation, although this
may be confounded to some extent by patients with more favorable disease or overall health
status recovering faster from chemoradiation and perhaps moving sooner to the next phase
of therapy.

However, a large number of studies are underway exploring either concurrent or neoadjuvant
therapy. Preclinical work shows a radiosensitization effect of ICB and a modeling study

has suggested a limited window of opportunity for optimizing this synergy. 58 Concurrent
administration may also maximize the release and availability of tumor-related cytokines for
better recognition by the host immune system.

Outside of a clinical trial, most ICB is given in the setting of advanced and often metastatic
disease. Although durable responses are possible, many patients today unfortunately will
not be cured, and therefore toxicity of treatment and effects on quality of life are of great
importance. Both RT and ICB have distinct side effect profiles, with RT-related adverse
events generally related to normal tissue damage to structures surrounding the target, while
ICB can result in autoimmune damage essentially anywhere in the body. The expected
toxicity profiles of each must be carefully considered and there are reports of interrelated
toxicity, e.g. radiation recall dermatitis or pneumonitis. For the most part, however, the
available evidence suggests that toxicity is not usually synergistic and that ICB given before,
during, or after RT is typically well-tolerated. Von Reibnitz et al published a retrospective
series of 79 patients treated with RT and several ICB agents and did not find a significant

correlation between adverse events when comparing concurrent versus sequential treatment.
84

As ICB moves more into the upfront setting, it will be increasingly employed either
concurrently or in close proximity with other forms of systemic therapy. Some trials, such
as KEYCHAINTS, are exploring the replacement of standard of care chemotherapy in a
definitive head and neck setting, whereas the NRG GY-017 trial is adding atezulizumab

as an immune primer as well as concurrently with standard chemotherapy and RT. 73
Efficacy and toxicity reports from these and other trials will allow for future determinations
about whether ICB can replace traditional systemic therapy or if not, if it can be safely
administered alongside it. Future studies of the addition of immunotherapy to traditional
chemo-radiation are planned to determine the best way to deliver the treatment and if any
improvement is seen with adding immunotherapy to traditional therapy.

Moreover, there are several other related areas of investigation of importance and interest,
including the optimal dose, fractionation, and target volumes of RT when combined with
ICB. Indeed, preclinical work has shown that elective nodal irradiation can actually attenuate
the effectiveness of combined SRS and immunotherapy. 8 Indeed, focal irradiation of

a tumor may stimulate CD8+ and stem-like CD8+ T cells in regional lymph nodes

and irradiation of these nodes in preclinical modeling has been shown to reduce distant
control86, which may have implications for size of radiation fields in the future.
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There are also an increasing number of other types of immunotherapy platforms either
already in use or on the horizon, including other T cell targets, NK cell targets, dendritic cell
vaccines, and intralesional injections.

Conclusions:

Taken together, ICB is under active investigation in conjunction with RT in several disease
sites and is moving into the upfront definitive setting, including increasing emphasis on
concomitant administration. For curative treatment, there is evidence supporting the use

of induction, concurrent, and consolidative usage, and the combination of RT and ICB

is frequently employed in the management of metastatic disease. There are potential

merits to each approach. An induction strategy may allow for maximal immune priming
and may allow for earlier systemic control. Concurrent therapy may maximize synergy
between modalities by taking advantage of RT-induced tumor antigen release as well as RT-
mediated immunologic changes. Consolidation may allow for long-term duration of immune
activation and surveillance after definitive local treatment. There is at least a theoretical risk
of synergistic toxicity with concomitant administration, although early data has not shown
disproportionate adverse events associated with concurrent therapy and at present there

is not strong evidence suggesting differences in toxicity. The overall weight of evidence
supports the framework that the efficacy of the combination of therapies is likely optimized
when given in relatively close proximity.

Overall, there is insufficient evidence to declare one sequencing strategy universally better
than others, and response vary based on tumor type and stage, but ongoing clinical trials
will provide valuable additional insight and should be well-supported by the oncology
community.
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Figure 1:
Basic schematic of interactions between RT and ICB on tumor cells and immune

modulation. MHC = major histocompatibility complex, TCR = T-cell receptor.
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Figure 2:

Framework for considerations regarding immune checkpoint blockade (ICB) and RT
sequencing, including priming (ICB prior to RT), concurrent administration, and adjuvant/
consolidative use. CRT = chemoradiotherapy.
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Relevant preclinical studies investigating sequencing between ICB and RT

Title

1CB Mechanism and
timing with RT

Disease Site/M odel

Key Results

Immune-mediated inhibition of
metastases after treatment with local
radiation and CTLA-4 blockade in a
mouse model of breast cancer8

CTLA-4 blockade given
at 1, 4, and 7 days after
RT

Murine breast
model

RT alone inhibited tumor growth initially

but survival was ultimately similar to

control mice; however, mice treated with RT
followed by anti-CTLA4 had improvement in
development of lung metastases as well as
survival

Radiotherapy-induced anti-tumor
immunity contributes to the
therapeutic efficacy of irradiation
and can be augmented by CTLA-4
blockade in a mouse model®

CTLA-4 blockade given
at 1, 4, and 7 days after
RT

Murine syngeneic
EL4 lymphoma
cells and Lewis
lung carcinoma
cells

CTLA-4 blockade significantly increased the
anti-tumor activity of RT when given in
combination in terms of tumor growth delay

Radiation and dual checkpoint
blockade activate non-redundant
immune mechanisms in cancer?’

RT given before or
concurrently with anti-
CTLA-4

Murine melanoma
model

Combination therapy was more effective than
single agent therapy, with similar results when
given concurrently or with RT before

Optimizing timing of immunotherapy
improves control of tumors by
hypofractionated radiation therapy?!

RT and CTLA-4 blockade
along with anti-OX40
agonist antibody

Murine colorectal
carcinoma model

Anti-CTLA-4 therapy was most effective
when given prior to RT

Radiotherapy increases the
permissiveness of established
mammary tumors to rejection by
immunomodulatory antibodies3’

Anti-PD-1 (as well as
anti-CD137, anti-CD40,
and/or MAC4 antibodies);
anti-PD-1 was given on
days 0, 4, 8, and 12
relative to RT

Subcutaneous and
orthotopically
implanted triple
negative mammary
tumors

Combination of immunostimulatory and
inhibitory checkpoints enhanced the curative
potential of RT

Stereotactic radiation therapy
augments antigen-specific PD-1-

via cross-presentation of tumor
antigen3®

mediated antitumor immune responses

RT and PD-1 blockade

Murine melanoma
and breast models

Immune-stimulating effects of RT were
significantly increased when combined with
PD-1 blockade or regulatory T-cell depletion

Programmed cell death-1 blockade
enhances response to stereotactic
radiation in an orthotopic murine
model of hepatocellular carcinoma3®

Concurrent RT and PD-1
blockade (RT on days 14,
16 and 18) and anti-PD-1
on days 7, 14, and 21

Orthotopic murine
model of
hepatocellular
carcinoma

Tumor response to stereotactic radiation was
augmented with concurrent PD-1 blockade
although the efficacy of the combination was
transient

The role of PD-L1 in the radiation
response and clinical outcome for
bladder cancer's

RT and PD-L1 blockade

Murine bladder
model

PD-L1 blockade induced a longer tumor
growth delay following RT. PD-L1 expression
peaked 72 hours after RT delivery and
significantly declined 7 days after RT

Acquired resistance to fractionated
radiotherapy can be overcome by
concurrent PD-L1 blockade®’

RT and PD-1 or PD-L1
blockade

Multiple murine
models

Fractionated RT with PD-1 or PD-L1
blockade led to improved local control, long-
term survival, and protection against tumor
rechallenge. Concurrent PD-L1 blockade
(rather than sequential)_was required for
improved survival

PD -L1 blockade enhances response
of pancreatic ductal adenocarcinoma
to radiotherapy®8

PD-L1 blockade with RT

Murine pancreatic
carcinoma models

In vivo PD-L1 blockade with high dose

RT improved tumor response; mathematical
modeling suggesting that radiosensitization
was abolished if anti-PD-L1 was delayed to
7 days after RT
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Relevant Prospective Trials Involving CTLA-4 Blockade and RT. MTD= maximum tolerable dose, DLT =
dose-limiting toxicity, WBRT = whole brain RT, SRS = stereotactic radiosurgery

in Metastatic Non-
small Cell Lung

Cancer (NSCLC)

treated lesion)

Trial ClinicalTrials.gov | Setting Phase | Treatment Primary Toxicity Status
ID Endpoint
Immune Activation NCT01711515 Cervical 1 Extended field RT | MTD, DLT 2/21 patients Published
in Patients cancer with concurrent with self-
with Locally (node cisplatin followed limited grade 3
Advanced Cervical positive) by ipilimumab toxicity (lipase
Cancer Treated increase and
with Ipilimumab dermatitis)
Following
Definitive
Chemoradiation
(GOG-9929)87:88
Phase Il Trial NCT02239900 Metastatic 2 SBRT MTD, DLT Several grade 3 | Published
of Ipilimumab solid concurrently (1 events, most
with Stereotactic tumors day after first commonly
Radiation Therapy dose) of diarrhea (6%),
for Metastatic ipilimumab or liver enzyme
Disease: Outcomes, sequentially (1 elevation, and
Toxicities, week after second skin rash (5%
and Low- dose) each); no
Dose Radiation- treatment-
Related Abscopal related grade 4
Responses8? or 5 toxicities
Phase 1 Study NCT01703507 Metastatic 1 WBRT or SRS MTD 16 patients Published
of Ipilimumab melanoma with ipilimumab enrolled, total
Combined With (brain) starting on day 3 of 21 grade 1-
Whole Brain of WBRT or 2 2 neurotoxic
Radiation Therapy days after SRS effects, 1 grade
or Radiosurgery 3 neurotoxicity
for Melanoma prior to
Patients With Brain ipilumumab,
Metastases83 10 additional
grade 3
toxicities,
mostly
commonly GI
(31%), no
grade 4 or 5
toxicity
Ipilimumab and NCT02115139 Metastatic 2 Ipilimumab every | 1-year survival 11/58 patients Abstract
radiation in patients melanoma 3 weeks with rate with treatment- | Presented
with unresectable (brain) whole brain related
melanoma brain radiation therapy significant
metastases: A between cycles 1 events
multicenter, open and 2 including liver
label, phase-2, enzyme
Spanish Melanoma elevation
Group (GEM) (n=4), diarrhea
study®® (n=4), and
intestinal
perforation
(n=1)
Trial of SBRT NCT02406183 Metastatic 1 Ipilimumab every | MTD Pending report | Completed
With Concurrent Melanoma 3 weeks for 4
Ipilimumab cycles with
in Metastatic concurrent RT
Melanoma
Study of Combined NCT02221739 Metastatic 2 Ipilimumab Best tumor Pending report | Completed
lonizing Radiation NSCLC within 24 hours of | response
and Ipilimumab starting RT (excluding
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Chemoradiation
With
Immunotherapy

in Inoperable
cesophageal Cancer
(CRUCIAL)

nivolumab with
concurrent
chemoradiation
for inoperable
early or locally
advanced
esophageal cancer

Trial ClinicalTrialsgov | Setting Phase | Treatment Primary Toxicity Status
ID Endpoint
Neoadjuvant NCT02221739 Soft-tissue | 1/2 Three doses of High-grade Pending report | Open
Durvalumab and sarcoma tremelimumab toxicity and
Tremelimumab Plus (CTLA-4) and histopathologic
Radiation for High durvalumab (PD- response
Risk Soft-Tissue L1) prior to RT
Sarcoma (NEXIS) followed by
surgical resection
followed by
additional
durvalumab
Ipilimumab, NCT01935921 Head and 1 Concurrent Toxicity Pending report | Completed
Cetuximab, and Neck cetuximab and
Intensity-Modulated ipilimumab with
Radiation Therapy RT in locally
in Treating Patients advanced
With Previously treatment-naive
Untreated Stage Il1- head and neck
1VB Head and Neck cancer
Cancer
Combination of NCT03437200 Esophagus | 2 Ipilumumab plus 1 year PFS Pending report | Open
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Relevant prospective trials involving PD-1 Blockade and RT. NSCLC = non-small cell lung cancer, PFS=
progression-free survival, AE = adverse event, SCC= squamous cell carcinoma, DFS = disease-free survival

Trial ClinicalTrials.gov | Setting Phase/ | Treatment Endpoint Toxicity Status
1D Type

Pembrolizumab Metastatic 1/2 Immunotherapy Response rate High grade Published

with or without NCT02492568 NSCLC with or without events

radiotherapy for NCT02444741 RT uncommon, no

metastatic non- new safety

small-cell lung signals

cancer: a pooled

analysis of two

randomised trials 4!

Safety evaluation NCT02434081 Stage 11l 2 Chemoradiation Safety Anemia Published

of nivolumab NCSCC with concurrent (47.5%),

added concurrently nivolumab fatigue (45%),

to radiotherapy in a pneumonitis

standard first line (42.5%); 55%

chemo- mild, 30.3%

radiotherapy moderate,

regimen in stage Il 10.9% severe

non-small cell lung

cancer-The ETOP

NICOLAS trial*2

Phase I1 NCT03383094 Head and 2 RT and PFS Lead-in results | Recruiting

Randomized Trial neck concurrent reported for 8

of Radiotherapy (intermediate/ cisplatin versus patients;

With Concurrent high risk RT and included one

and Adjuvant pl6+, concurrent and DLT (grade 4

Pembrolizumab locoregionally adjuvant adrenal

(Keytruda) Versus advanced) pembrolizumab insufficiency),

Concurrent one grade 3

Chemotherapy in weight loss,

Patients With one grade 3

Advanced/ infusion

Intermediate-Risk reaction

pl6+ Head and

Neck Squamous

Cell Carcinoma

(KEYCHAIN)

Safety evaluation NCT02764593 Head and 1 Chemoradiation DLT 1DLT Initial

of nivolumab neck with cetuximab (mucositis) out | safety

(Nivo) concomitant (Intermediate with addition of of 8 evaluable report

with cetuximab- and high risk) concurrent patients along presented

radiotherapy for nivolumab with one other

intermediate (IR) (various grade 3 AE

and high-risk (HR) schedules) (lipase

local-regionally increase)

advanced head and

neck squamous cell

carcinoma

(HNSCC): RTOG

3504 44

Targeting PD-1 NCT03085719 Metastatic 2 High and/or low Overall Pending Report | Recruiting

Therapy Resistance head and neck dose RT with response rate

With Focused High pembrolizumab

or High and Low on day one

Dose Radiation in

SCCHN

A phase Il NCT02707588 Head and 2 RT with Locoregional Less grade =3 Early

randomized trial of neck; patients cetuxumab or control mucositis and results

pembrolizumab unfit for high pembrolizumab dermatitis in presented

versus cetuximab, dose cisplatin pembrolizumab

concomitant with with arm; similar

radiotherapy (RT) nonoperable dysphagia

in locally advanced

disease
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Trial ClinicalTrials.gov | Setting Phase/ | Treatment Endpoint Toxicity Status
1D Type
(LA) squamous
cell carcinoma of
the head and neck
(SCCHN): First
results of the
GORTEC 2015-01
“PembroRad”
trial®
A Study of NCT02759575 Locally 1/2 RT with Rate of grade Pending Report | Active
Chemoradiation advanced concurrent 3or4 AEs
Plus head and neck cisplatin and
Pembrolizumab for (larynx) concurrent
Locally Advanced pembrolizumab
Laryngeal
Squamous Cell
Carcinoma
Study of NCT03700905 Postoperative 3 Nivolumab or DFS Pending report | Open
Nivolumab Alone head and neck nivolumab plus
or in Combination ScC ipilimumab
With Ipilimumab following
as Immunotherapy surgical
vs Standard resection and
Follow-up in adjuvant RT
Surgical Resectable (with or without
HNSCC After chemo)
Adjuvant Therapy
(IMSTAR-HN)
Anti PD-1 NCT03430479 Metastatic 112 RT + nivolumab DLT Pending report | Active
Antibody With Her2-negative + hormonal
Radiation Therapy breast therapy
in Patients With
HER2-negative
Metastatic Breast
Cancer
Study of PD1 NCT02608385 Limited 1 3 or 5 doses of Recommended | Pending report | Active
Blockade by metastatic SBRT to chosen SBRT dose
Pembrolizumab solid tumors metastatic sites
With Stereotactic followed by
Body Radiotherapy pembrolizumab
in Advanced Solid
Tumors
Safety and NCT04357587 Rectal cancer 1 RT with Rate of AEs, Pending report Recruiting
Feasibility of PD-1 concurrent completion of
Blockade in the capecitabine therapy,
Treatment of with feasibility
Rectal Cancer pembrolizumab
given on days 1,
22, and 43
A Phase Il NCT03115801 Metastatic 2 Immunotherapy Response rate Pending report | Recruiting
Randomized Trial genitourinary (nivolumab,
of Immunotherapy cancers atezolizumab, or
Plus Radiotherapy pembrolizumab)
in Metastatic with or without
Genitourinary RT
Cancers
Combination of NCT03543189 Grade group 1-2 ADT followed Safety, Pending report Recruiting
Nivolumab 5 prostate by nivolumab replase-free
Immunotherapy cancer and RT survival
With Radiation
Therapy and
Androgen
Deprivation
Therapy
Nivolumab With NCT03743662 Recurrent 2 Hypofractionated | Overall Pending report | Recruiting
Radiation Therapy MGMT reirradiation with | survival
and Bevacizumab concurrent
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Pembrolizumab
(MK-3475) For
The Treatment of
Locally Advanced
Cervical Cancer
(MK-3475-A18/
KEYNOTE-A18/

ENGOT-cx11)

pembrolizumab

Trial ClinicalTrials.gov | Setting Phase/ | Treatment Endpoint Toxicity Status
1D Type
for Recurrent Methylated nivolumab
MGMT Methylated Glioblastoma followed by
Glioblastoma adjuvant
nivolumab
Pembrolizumab for | NCT03899857 Newly 2 RT with 0S Pending report Not yet
Newly Diagnosed diagnosed concurrent recruiting
Glioblastoma glioblastoma temozolomide
(PERGOLA) with addition of
concurrent
Pembrolizumab
A Multicenter, NCT04365036 Early stage 3 Toripalimab and PFS Pending report | Recruiting
Phase 3, NK/T Cell induction
Randomized Trial lymphoma chemotherapy
of Sequencial followed by RT
Chemoradiotherapy with concurrent
With or Without toripalimab
Toripalimab (PD-1 versus induction
Antibody) in followed by RT
Newly Diagnosed
Early-Stage
Extranodal Natural
Killer/T Cell
Lymphoma, Nasal
Type (ENKTL)
Study of NCT04221945 Locally 3 Chemoradiation PFS, OS Pending report Recruiting
Chemoradiotherapy advanced with or without
With or Without cervix concurrent
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relevant prospective trials involving PD-L1 Blockade and RT. NSCLC= non-small cell lung cancer, PFS =

progression-free survival, OS = overall survival, DLT = dose limiting toxicity

Trial ClinicalTrials.gov | Setting Phase/ | Treatment Endpoint Toxicity Status
ID Type
Durvalumab after NCT02125461 Stage 111 3 Chemoradiation PFS and Grade 3/4 Published
Chemoradiotherapy in NSCLC with or without oS events in
Stage 111 Non-Small- consolidative 29.9% of
Cell Lung Cancer®® durvalumab patients in
durvalumab
arm and
26.1% of
placebo
arm; most
common
was
pneumonia
Concurrent irradiation | NCT01693562 Advanced head 172 Palliative RT plus Safety and | 5 patients Published
with the anti- and neck durvalumab efficacy reported
programmed cell (palliative grade 1-2
death ligand-1 intent) AESs; no
immune checkpoint grade =3;
blocker durvalumab: most
Single centre subset common
analysis from a phase was
1/2 trial% transient
mucositis
Durvalumab And NCT02891161 Urothelial 1/2 RT with Safety/PF Pending Active
Radiation Therapy cancer concurrent S report
Followed by Adjuvant durvalumab
Durvalumab in followed by
Patients With adjuvant
Urothelial Cancer durvalumab
(T2-4 NO-2 MO) of
the Bladder (DUART)
Prostate Cancer NCT03795207 Oligometastatic | 2 SBRT with or PFS Pending Active
With OligometaSTatic prostate cancer without Report
Relapse: Combining durvalumab (to be
Stereotactic Ablative started 1 month
Radiotherapy prior to SBRT and
and Durvalumab then given for 12
(MEDI4736) months total)
(POSTCARD)
Avelumab With NCT03299660 Locally 2 Standard long- Pathologic | Pending Open
Chemoradiation in advanced rectal course response report
Locally Advanced cancer chemoradiation rate
Rectal Cancer followed by 4
cycles of avelumab
followed by
resection
A Study Evaluating NCT02866747 Recurrent 1/2 Hypofractionated DLT/OS Pending Open
the Association glioblastoma RT with report
of Hypofractionated durvalumab
Stereotactic Radiation starting on the last
Therapy and day of RT
Durvalumab
for Patients
With Recurrent
Glioblastoma
(STERIMGLLI)
CALLA: Efficacy NCT03830866 Cervix (FIGO 3 Durvalumab + PFS Pending Open
and safety of 1B2-11B with chemoradiation or report
durvalumab with and positive nodes placebo +
following concurrent or IHIA-IVA chemoradiation
chemoradiotherapy with any node) followed by
(CCRT) versus durvalumab or
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Trial

ClinicalTrials.gov
1D

Setting

Phase/
Type

Treatment

Endpoint

Toxicity

Status

CCRT alone in
women with locally
advanced cervical
cancer: A phase Ill,
randomized, double-
blind, multicenter
study.

placebo
maintenance for 24
months
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Table 5:

Prospective trials directly comparing sequencing of ICB and RT

Page 25

Trial ClinicalTrials.gov | Setting Phase/ | Treatment Endpoint Toxicity Status
1D Type
Results of an early NCT02635360 Locally 2 Pembrolizumab Safety 88% of Early
safety analysis of a study advanced given after or patients report
of the combination of cervical during with grade published
pembrolizumab and pelvic cancer chemoradiation 2 or higher
chemoradiation in locally toxicity; no
advanced cervical cancer difference
46 between
arms
Anti PD-L1 NCTO03738228 Node 1 Loading Anti- Pending Active
(Atezolizumab) as positive atezolizumab tumor Report
an Immune Primer locally followed by immune
and Concurrently advanced chemoRT response
with Extended Field cervix (extended field)
Chemoradiotherapy for versus chemoRT
Node Positive Locally (extended field)
Advanced Cervical with concurrent
Cancer’ atezolizumab
Sequencing of NCT03307759 Metastatic 1 Pembrolizumab Adverse Pending Recruiting
Stereotactic Ablative non-smell given before or Events report
Body Radiotherapy lung cancer after SBRT
in Combination With
PD-1 Blockade Using
Pembrolizumab in
Metastatic Non-Small
Cell Lung Carcinoma
(SABRseq)
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