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Abstract: Brain metastases traditionally carried a poor prognosis with an overall survival of weeks
to months in the absence of treatment. Radiation therapy modalities include whole brain radiation
therapy (WBRT) and stereotactic radiosurgery (SRS). WBRT delivers a relatively low dose of radiation,
has neurocognitive sequelae, and has not been investigated for its immunostimulatory effects.
Furthermore, WBRT exposes the entire intracranial tumor immune microenvironment to radiation.
SRS delivers a high dose of conformal radiation with image guidance to minimize dose to surrounding
normal brain tissue, and appears to promote anti-tumor immunity. In parallel with many of these
discoveries, immune checkpoint inhibitors (ICIs) have demonstrated a survival advantage in multiple
malignancies commonly associated with brain metastases (e.g., melanoma). Combination SRS and
ICI are theorized to be synergistic in anti-tumor immunity directed to brain metastases. The purpose
of this review is to explore the synergy of SRS and ICIs, including pre-clinical data, existing clinical
data, and ongoing prospective trials.
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1. Introduction

It is estimated that 200,000 patients are diagnosed with brain metastases each year in the United
States, due to the fact that about 10–30% of cancer patients are diagnosed with brain metastases
over the course of their disease [1,2]. However, the true incidence is likely higher, which is due to a
combination of factors, such as an increased incidence noted on autopsy and limitations in reporting
with national registries (e.g., surveillance, epidemiology, and end results), which tend to focus more
on the initial diagnosis and treatment of malignancies rather than events that occur later in the disease
course [3,4]. Additionally, ongoing advances in systemic therapies have resulted in improved overall
survival with an associated increase in the incidence of brain metastases, largely due to an increase in
the number of patients who have systemic disease control with progression only in the central nervous
system (CNS).

Currently, brain metastases (Figure 1) represent the most common intracranial neoplasm and are
estimated to occur up to ten times more frequently than primary brain tumors [3]. While the most
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common primary cancers that metastasize to the brain are non-small cell carcinoma, melanoma, renal
cell carcinoma, and breast cancer, there is now an increased number of patients with brain metastases
due to less common histologies (e.g., pancreatic cancer), as survival improves for these types of cancers
that traditionally had a very poor prognosis [1,5,6]. Historically, the prognosis for brain metastases
was poor with a median survival of 3–4 months in patients who were treated non-surgically [7].
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Figure 1. A T1 post-contrast axial magnetic resonance image of a contrast-enhancing tumor (circled in red).
This patient is a 57-year-old female with metastatic breast carcinoma. The image and presentation are
consistent with a brain metastasis.

For many years, brain metastases were considered a discrete condition with very little attention
paid to the underlying biology of each patient’s disease. A paradigm shift occurred in 1997 when a
recursive partitioning analysis (RPA) including 1200 patients from three Radiation Therapy Oncology
Group studies was published [8]. Median survival time ranged from the best survival of 7.1 months,
for patients with a Karnofsky Performance Status (KPS) > 70%, age < 65 years, and a controlled
primary tumor with no other site of metastatic disease (RPA class I), to the worst survival of 2.3 months,
for patients with a KPS < 70% (RPA class III). All other patients (RPA class II) had a median survival
of 4.2 months. From this point forward, individual patient characteristics began to play more of
a prominent role in the management of brain metastases. Today, the Diagnosis-Specific Graded
Prognostic Assessment (DS-GPA) accounts for the primary tumor type and other unique features in
order to take individual patient characteristics into account (e.g., age, KPS, and histology) [9]. However,
the DS-GPA is not without limitations, such as it being based on retrospective data involving patients
treated between 1985 and 2007. During (and since) that time period, there have been many new
advances in treating and staging these patients. Therefore, it is important to use the DS-GPA in the
context of individual patient factors.
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2. Traditional Treatment of Brain Metastases

Traditional treatment strategies for brain metastases involves a complex multimodality regimen,
consisting of a combination of surgery, SRS, WBRT, glucocorticoids, or systemic treatment alone.
The choice of treatment is often guided by patient specific factors (e.g., DS-GPA and medical
comorbidities); however, the optimal way to coordinate these therapies is unknown and prospective
data are needed to ascertain the answer to this question. Whole brain radiation therapy had been the
mainstay of radiation treatment for decades in these patients. Most commonly, WBRT is delivered
over the course of two weeks, to a total dose of 30 Gy in 10 fractions [10,11]. While WBRT has been
shown to improve rates of local tumor control (LC), it is not associated with an improvement in overall
survival (OS) [12–14]. Furthermore, its association with late toxicities and a decrease in quality of
life due to neurocognitive decline has led to the development of hippocampal sparing WBRT [15–22].
WBRT remains an excellent treatment option for patients with a large burden of metastatic disease and
has the added benefit of targeting microscopic disease that has disseminated to other locations within
the brain.

Patchell et al. authored the original study that demonstrated a benefit with the addition of
surgery to WBRT, which included 48 patients with single brain metastases randomized to surgical
resection + WBRT versus biopsy only + WBRT [23]. The surgery arm had a decreased rate of local
recurrence (20% surgery + WBRT versus 52% WBRT alone); additionally, the surgery arm had improved
overall survival (40 weeks versus 15 weeks). Most importantly, patients who received surgery had
an improved quality of life with a significantly increased time to remain functionally independent,
38 weeks in the surgery arm versus eight weeks in the WBRT arm [23]. This study showed that surgery
combined with WBRT over WBRT alone was associated with a longer time to recurrence, improved
overall survival, decreased risk of neurologic death, and increased functional independence.

Patchell et al. conducted a subsequent trial in 1998, exploring whether surgery alone without
WBRT was sufficient [12]. This phase III trial enrolled 95 patients with single brain metastases and
MRI-confirmed gross total resection with randomization to surgery +/−WBRT. Local failure at one
year was 66% after surgery versus 20% after surgery + WBRT. The distant failure at one year was 50%
for the surgery only arm versus 18% for surgery + WBRT. Additionally, there was a decreased risk
of neurologic death (44% after surgery alone vs 15% after surgery + WBRT). However, there was no
significant difference in median OS with or without the addition of WBRT following surgery [12].

Since the 1990s, there have been multiple prospective randomized trials demonstrating local
failure rates of 55–65% with surgical resection alone, and a reduction in both locoregional failure
and the incidence of new metastases with WBRT following resection [24,25]. These findings may
indicate synergy between surgical resection and WBRT. Figure 2 depicts a patient with brain metastases
who was treated with WBRT to a dose of 30 Gy. As depicted, the entire intracranial tumor immune
microenvironment is impacted by WBRT.

3. Stereotactic Radiosurgery

Stereotactic radiosurgery is the delivery of a large dose of highly conformal radiation therapy
(RT) in a single session to a specified target while limiting dose to normal tissue, as shown in Figure 3.
The original Gamma Knife® was developed in the 1960s by Swedish neurosurgeon Lars Leksell,
which uses cobalt sources to deliver RT. Traditionally, delivery of SRS via this platform requires the
placement of a stereotactic frame; however, now linear accelerator (LINAC)-based SRS, Cyberknife®,
and Gamma Knife ICON® technologies are all options to treat patients with “frameless” SRS. SRS
offers the option of increased LC without the neurocognitive side effects of WBRT; therefore, SRS has
emerged as one of the most effective treatments for brain metastases [16,24,26]. Additionally, it can
often be performed in a single session and may not require interruption or delay in initiating systemic
therapies, such as immunotherapy.
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4. Stereotactic Radiosurgery in the Definitive and Post-Operative Setting

The use of SRS in the definitive setting has been shown to be safe and effective in multiple randomized
prospective trials [15,16]. In 2009, Chang et al. published a landmark trial that randomized 58 patients
with 1–3 newly-diagnosed brain metastases to receive either SRS or SRS + WBRT [15]. At four
months, 64% of patients receiving SRS + WBRT experienced cognitive deterioration, compared to
20% of patients in the SRS arm. As a result of these findings, the trial was stopped early due to the
greater cognitive decline in the SRS + WBRT arm [15]. The one-year OS in this study was 63% versus
21%, favoring the SRS arm (p = 0.003). However, one-year LC was 67% versus 100%, favoring the
SRS + WBRT arm (p = 0.012) and one-year distant brain control was 45% versus 73%, favoring the SRS
arm (p = 0.02) [15].

In 2016, Brown et al. published N0574, which was a multi-institutional phase 3 trial that
randomized 213 patients with 1–3 brain metastases across 34 institutions to either SRS alone or
SRS + WBRT [16]. Their findings demonstrated less cognitive decline at three months favoring the
SRS-only arm (p < 0.001) and improved quality of life favoring the SRS arm (p = 0.001); however,
no survival benefit was observed with a median OS of 10.4 months versus 7.4 months for the SRS
and SRS + WBRT arms, respectively. No differences in LC were found at three months; however, the
SRS + WBRT arm was eventually shown to have more favorable LC rates at six months (81.6% versus
92.6%) and 12 months (72.8% versus 90.1%) [16]. Since there was no statistically significant difference
in overall survival between the groups, this study suggested that SRS may be preferred for patients
with one to three brain metastases because it is associated with less cognitive decline.

Two landmark prospective randomized studies were published in 2017, which served to further
validate the utility of adding SRS in the post-operative setting [24,25]. The NCCTG (N107C/CEC3)
was a multicenter phase 3 trial that randomized patients with resected brain metastases to either
SRS alone or WBRT [24]. This study enrolled 194 patients across 48 institutions in the United States
and Canada. The cognitive deterioration-free survival time was longer in the SRS only arm than
the WBRT arm, 3.7 months versus 3 months (HR: 0.47; p < 0.0001); however, a survival benefit was
not observed [24]. Additionally, LC and distant brain control favored the WBRT arm (p < 0.01) [24].
Mahajan et al. published a single-center phase 3 trial in 2017 that randomized 132 patients who
underwent complete surgical resection for 1–3 brain metastases to either observation or post-operative
SRS [25]. Local tumor control at one-year was 43% versus 72% in the observation and SRS groups,
respectively (p = 0.015) [25].

Presently, the National Comprehensive Cancer Network (NCCN) recommends SRS as the
preferred treatment option in select groups of patients with brain metastases, particularly ones with
a low burden of metastatic disease within the brain [3]. An analysis conducted in 2006 of patients
receiving SRS for four or more brain metastases demonstrated that the total tumor volume was the
most significant factor associated with survival, rather than the number of metastases. While SRS has
been shown to be associated with less cognitive decline in multiple settings, its toxicity profile does
include the development of radionecrosis [27].

5. Impact of Radiation Therapy on the Immune System

Over the past 10–15 years, multiple pre-clinical studies have demonstrated that radiation can
be used as an in situ vaccine because it leads to the release of tumor-associated antigens, which
activate antigen presenting cells (APC) to migrate to the draining lymph nodes where they prime
cytotoxic CD8+ T cells to generate an adaptive immune response [28]. Specifically, ablative doses of
RT can increase T cell priming due to cross-presentation of endogenously acquired tumor-derived
peptides via the major histocompatibility complex (MHC) class I pathway, which is normally used to
present antigens from intracellular pathogens. In a study using subcutaneous murine B16 melanoma
and 4T1 mammary carcinoma models, treating tumors with a single fraction of 14–25 Gy led to an
increase in T cell priming within the draining lymph nodes and a CD8+ T cell mediated decrease in
the size of both primary tumors and distant metastatic lesions. [28]. Interestingly, this was not seen
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after treatment with conventionally fractionated RT [28]. However, other studies have emphasized
that hypofractionated radiation regimens (e.g., 8 Gy × 3 fractions) result in a more robust CD8+ T
cell-mediated abscopal response and improved survival when compared to high-dose single fraction
(e.g., 20 Gy × 1 fraction) in the context of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
blockade [29]. One explanation for this is that hypofractionated radiation causes double-stranded
DNA (dsDNA) to accumulate in the cytoplasm, which stimulates the cGAS/STING (STimulator of
INterferon Genes)/IFN-beta pathway to recruit Batf3+ dendritic cells (DC) that can activate CD8+ T
cell-mediated abscopal responses. However, radiation doses > 12 Gy per fraction induce the expression
of the DNA exonuclease three prime repair exonuclease 1 (TREX1; 3’→ 5’), which degrades cytosolic
dsDNA, abrogating radiation-induced c-GAS/STING induction of Type I interferon (IFN) responses,
and leading to a decrease systemic anti-tumor immunity [30]. Immunogenic cell death (ICD), which can
occur after radiotherapy, is characterized by the exposure of calreticulin on the surface of dying cells, as
well as release of ATP (adenosine triphosphate) and secretion of high-mobility group box 1 protein into
the tumor microenvironment [31]. All of these markers of ICD can increase antigen-presentation and
subsequent CD8+ T cell activation. However, an important caveat is that all of the studies investigating
these pathways used subcutaneous murine models.

Additional evidence suggests that radiation alone also activates many immunosuppressive
mechanisms in the tumor microenvironment, such as release of transforming growth factor beta
(TGF-β) which causes conversion of CD4+ T cells to T regulatory cells (Tregs), and polarization of tumor
associated macrophages (TAMs) into an immunosuppressive M2 phenotype. In addition, radiation
leads to the release of ATP, which is rapidly catabolized into adenosine in the tumor microenvironment.
Local accumulation of extracellular adenosine suppresses DC and effector T cells while promoting
proliferation of Tregs [32]. Emerging data suggests that the site which is irradiated may play a role in
determining the balance between immune activating and immunosuppressive mechanisms [33].

6. Immune Checkpoint Inhibitors

The ability to enhance anti-tumor responses by the immune system offers great promise and has
elicited a great deal of enthusiasm, particularly in the development of immune checkpoint inhibitors.
In 2011, the U.S. Food and Drug Administration (FDA) approved ipilimumab, a monoclonal antibody
against CTLA-4 for use in refractory metastatic melanoma [34,35]. CTLA-4 is a receptor on the surface
of T cells that binds to the B7-1 molecule in antigen presenting cells, resulting in the delivery of an
inhibitory signal which downregulates T cell activity. In 2014, the FDA approved pembrolizumab
and nivolumab, which are monoclonal antibodies against programmed death cell protein 1 (PD-1).
PD-1 is a receptor that is present on the surface of T cells that is a member of the immunoglobulin
superfamily and binds to programmed death ligand-1 (PD-L1) and PD-L2 to decrease T cell activity.
PD-L1 is expressed on a wide repertoire of cells such as tumor cells, macrophages, dendritic cells, and
B cells. In 2016, atezolizumab, an inhibitor of PD-L1 became FDA approved for bladder cancer and
non-small cell lung cancer (NSCLC).

Pembrolizumab has been shown to improve OS and progression free survival with fewer
side-effects when compared to platinum-based chemotherapy in the treatment of advanced NSCLC
with at least 50% PD-L1 expression on tumor cells [36]. Presently, pembrolizumab is FDA approved
for melanoma, NSCLC, head and neck cancer, urothelial carcinoma, gastric cancer, cervical cancer, and
Hodgkin lymphoma. Nivolumab has also shown promise in the clinical setting; two phase 3 trials
published in 2015 demonstrated a survival advantage in patients with advanced NSCLC compared
to chemotherapy [37,38]. Nivolumab is presently FDA approved for melanoma, NSCLC, renal cell
carcinoma (RCC), Hodgkin lymphoma, head and neck cancer, urothelial carcinoma, colorectal cancer
(CRC), hepatocellular carcinoma (HCC), and small cell lung cancer (SCLC) (Table 1).
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Table 1. Immune checkpoint inhibitors and indications.

Drug Target FDA Approved Indications

Ipilimumab CTLA-4 Metastatic Melanoma

Pembrolizumab PD-1
Metastatic Melanoma, NSCLC, Head and Neck Cancer,

Hodgkin Lymphoma, Urothelial Carcinoma, Gastric
Cancer, Cervical Cancer

Nivolumab PD-1
Metastatic Melanoma, NSCLC, RCC, Hodgkin Lymphoma,

Head and Neck Cancer, Urothelial Carcinoma, CRC,
HCC, SCLC

Atezolizumab PD-L1 Bladder Cancer, NSCLC

Ipilimumab + Nivolumab CTLA-4 + PD-1 RCC, CRC

7. Rationale for Combining SRS and Immune Checkpoint Inhibitors in Treating Brain Metastases

The CNS had been viewed as immunologically isolated from the peripheral immune system
based on experiments conducted in the early-mid 20th century, where tumors and fetal tissues
transplanted into the brain parenchyma escaped rejection, unlike their counterparts transplanted in
the periphery [39–41]. The prevailing opinion for many years was that the CNS was “immunologically
privileged” due to: (1) the presence of the blood-brain barrier (BBB), a highly selective permeability
barrier formed by endothelial cells and astroglial cells which regulate the entry of blood-borne
metabolites and toxins into the brain [42]; (2) the absence of a readily draining lymphatic system
which prevented T cells in the cervical lymph nodes from being exposed to CNS antigens; and (3) the
belief that tissue resident macrophages in the CNS (microglia) were ineffective APC due to limited
expression of MHC or costimulatory molecules in the CNS parenchyma [43]. Unfortunately, this
resulted in decreased efforts within the scientific community to develop systemic therapies targeting
metastatic disease in the brain. However, more recent work has suggested that if a robust immune
response is generated outside the CNS, the immune system can bypass all three of these barriers [44].

Data from multiple groups has challenged the view of immune privilege by revealing that the
CNS is not isolated from the rest of the immune system. Neuroinflammation can alter the vasculature
of the BBB in order to allow peripheral immune cells to cross the BBB, microglia can play a key role in
orchestrating interactions with other immune cells, and T cells activated in the periphery can detect
antigens located in the CNS parenchyma [44]. Activated T cells express Very late antigen-4 (VLA-4)
and leukocyte-function-associated antigen-1 (LFA-1), which aid T cell migration across the BBB [45,46].
Additionally, recent evidence suggests there is an alternative route of T cell entry into the CNS that
is independent of the BBB, in which T cells can migrate from the blood to the CSF via the choroid
plexuses within the ventricles [43]. In addition, the discovery of the lymphatic system draining from
the CNS to the cervical lymph nodes has provided further evidence that T cells can be activated by
CNS-derived antigens.

The first evidence of antigen-specific T cell responses in the CNS came from studies of the
“molecular mimicry hypothesis” of autoimmunity. Immune responses against pathogenic epitopes
with similarity to molecules in the CNS can clear the pathogens and lead to T cell mediated responses
against similar antigens in the CNS. Original evidence of this hypothesis came from pre-clinical studies
in a murine model of multiple sclerosis called experimentally-induced autoimmune encephalitis,
where activated T cells specific for components of CNS myelin can be transferred into genetically
susceptible mice to trigger CNS inflammation and hindlimb paralysis [47,48].

In addition, activation of the peripheral immune response can lead to systemic production
of tumor necrosis factor and nitric oxide, which promote transmigration of macrophages and DC
across the BBB in order to serve as APC in the brain [49]. In fact, recent evidence has emerged
suggesting that peripherally derived macrophages can engraft the brain and maintain an identity that
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is distinct from the brain-resident microglia [50]; interestingly, these peripherally-derived APC, but not
endogenous APC, appear to play a critical role in the generation of pro-inflammatory T cell responses.
Endogenous APC, such as microglia, inhibit proinflammatory T cell responses by expressing PD-L1
and anti-inflammatory molecules, such as indolemine [51,52]. In fact, IFN-γ can induce microglia to
express PD-L1, suggesting a mechanism by which anti-PD-L1 antibodies may activate microglia to
promote T cell activation [51].

Other studies in glioma and glioblastoma have shown that these tumors are highly infiltrated by
various cells of the myeloid lineage. Murine models have shown that both microglia and macrophages
from the periphery accumulate around synergy, and that these cells have characteristics of both the
M1 or M2 macrophages [53,54]. In other models utilizing a GL261 murine glioma, CD206 expression
by tumor-infiltrating myeloid-derived suppressor cells are regulated by an autocrine mechanism
that involves TGF-β [55]. Other pre-clinical studies using glioblastoma models in mice have shown
that activating DCs via the TLR3 agonist (poly I:C) in the tumor-draining lymph node can enhance
the anti-tumor immune response to checkpoint blockade and increase survival [56]. Taken together,
all of these data suggest that APCs activation is critical for the effectiveness of ICI against tumors
in the brain.

Checkpoint inhibitors alone are often ineffective against metastatic disease in the brain. Recently,
a pre-clinical study elucidated how immune checkpoint inhibitors work in the intracranial immune
microenvironment [57]. In this study, the presence of extracranial tumor was necessary for effective
responses by combined anti-CTLA-4 and anti-PD-1 therapy. In the absence of extracranial tumor,
melanoma in the brain is able to escape the anti-tumor immune response. Interestingly, synergy
between ICI and extracranial tumor enhances CD8+ T cell recruitment to the brain by peripheral
expansion of effector T cells and upregulation of ICAM-1 and VCAM-1 receptors on blood vessels
within the tumor [57]. In essence, this study showed that the concept of molecular mimicry which is
popular in the autoimmune field can be extended to explain concepts of anti-tumor immunity in the
CNS; anti-PD-1 and anti-CTLA-4 therapies are only effective in eliminating intracranial tumors in the
context of extracranial disease which provides a source of tumor antigens in the periphery. Perhaps
this explains why systemic immune responses in the peripheral blood are not seen after SRS, as they
are after ablative doses of radiation to other sites (e.g., lung and liver) [33]. Radiation alone, delivered
to the brain may not be able to generate a systemic immune response in the absence of extracranial
disease which provides tumor antigens in the periphery to activate antigen-specific T cells that can
cross the BBB and exert their anti-tumor effects in the CNS.

In addition, to an immunosuppressive microenvironment in the brain, there is evidence that
tumors in the CNS induce systemic immune suppression via multiple mechanisms, including secretion
of TGF-β and sequestration of lymphocytes in the bone marrow. Using a metastatic model of B16
melanoma in the brain and other peripheral sites, Jackson et al., found that CNS melanomas were found
to be more tolerogenic than similarly sized tumors outside the CNS due to dysfunctional tumor-specific
T cells, and this occurred secondary to an increase in TGF-β secretion from microglia [58]. In this
study, a combination of tumor antigen-specific vaccination and focal radiation therapy reversed T cell
tolerance and improved survival of mice with intracranial metastases. Not only did this combination
of vaccine and focal radiation improve the ratio of T cell effector cells to T regulatory cells, but it also
led to a decrease in TGF-β secretion from microglia. These data suggest that CNS tumors may impair
systemic antitumor immunity and consequently accelerate cancer progression both in and outside
the CNS, whereas antitumor immunity may be restored by combining vaccination with radiation
therapy [58].

Another mechanism of systemic immunosuppression by tumors that has been described in
pre-clinical models is T-cell lymphopenia which can be due to sequestration of naïve T cells in the bone
marrow [59]. When tumors are introduced into the intracranial compartment, T cell sequestration is
accompanied by decreased S1P1 expression on T cells. Interestingly, inhibiting S1P1 internalization and
reversing the sequestration of T cells in the bone marrow increases the efficacy of immune checkpoint
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inhibitors [59]. Taken together, these data suggests that there are many levels of cross-talk between the
CNS and peripheral immune compartments that can lead to systemic immunosuppression. The clinical
implication is that the presence of an intracranial metastasis may actually promote systemic disease
progression and reduce the effectiveness of immune checkpoint inhibitors even for peripheral tumors.
However, this may explain why combining SRS with ICI holds promise for CNS metastases, as SRS may
release CNS antigens for presentation and counteract some of these immunosuppressive processes.

8. Existing Clinical Data Supporting Combining SRS with Immune Checkpoint Inhibitors

The general rationale for the efficacy of combined radiation and immune checkpoint strategies
is that ICD-inducing agents such as radiation enhance APC activation and T cell priming, and
PD-1/PD-L1 inhibitors can then reverse immune exhaustion that occurs after chronic T cell activation.
Together, these therapies can work in a synergistic manner to increase anti-tumor immunity, and have
been combined in many studies which will be outlined here [60].

Table 2 presents a large number of published studies on combination ICI and SRS in the setting
of brain metastases. Of the 17 studies presented, 15 included patients with melanoma [61–75],
two included patients with NSCLC [76,77], and one study included patients with RCC [77]. The ICI
in 8/17 studies was ipilimumab [61,62,64,65,69,71–73], while 3/17 studies used anti-PD-1 therapies
(such as nivolumab and pembrolizumab), and 6/17 studies used a combination of anti-CTLA-4 and
anti-PD-1 agents [66,68,70,74,75,77]. Of these 17 studies, only one was prospective [73], while the
remaining 16 were retrospective.

In 2015, Kiess et al. at Memorial Sloan Kettering Cancer Center published a retrospective study
evaluating outcomes of patients treated with combined SRS and ipilimumab, where 46 patients
with melanoma brain metastases were treated with ipilimumab and SRS to a single fraction of
15–24 Gy [64]. These 46 patients were segmented into three groups: SRS prior to ipilimumab,
SRS concurrent with ipilimumab (SRS between consecutive ipilimumab doses or within one month
of completing ipilimumab), and SRS after ipilimumab (SRS delivery > 1 month after completing
ipilimumab). A survival advantage was observed for patients who received concurrent therapy
versus ipilimumab administration > 1 month after SRS delivery, with one-year OS of 65% and 56%,
respectively. Interestingly, regional brain control at one-year was 31% in the group that received
concurrent therapies, 36 % in the ipilimumab after SRS group, and 8% in the ipilimumab before SRS
group. These findings were among the first to indicate that combination SRS and ICI may not only
elicit an abscopal-like response within the brain, but that this response may be amplified when SRS is
administered prior to or concurrently with ICI.

A similar retrospective study conducted at the University of Virginia was published by
Cohen-Inbar et al. in 2017, and included 46 patients treated with ipilimumab and SRS to a median
dose of 20 Gy [69]. Patients were segmented into two groups: (1) SRS concurrent with ipilimumab/
ipilimumab following SRS; and (2) SRS administration after completion of ipilimumab. There was a
notable difference in one-year OS for the concurrent or ipilimumab after SRS group versus the group
that received SRS after ipilimumab, 59% versus 33%, respectively. Additionally, an advantage with
local tumor control at one-year was observed for the former compared to the latter, 54.4% versus 16.5%,
respectively (p = 0.005). However, there was a notable higher incidence of radionecrosis in the first
group versus the second group. While these results continue to support an improved response when
SRS is administered concurrently with ICI, this sequence of administration may result in an increased
risk of experiencing late toxicities, such as radionecrosis.

The concept of delivering checkpoint inhibitors concurrently with SRS was illustrated in a
retrospective study conducted at Johns Hopkins University that compared 70 patients with melanoma,
NSCLC, or RCC brain metastases who received ipilimumab and/or pembrolizumab/nivolumab in a
concurrent or non-concurrent sequence [77]. The median OS for patients who received SRS after ICI
had a median OS of 12 months and those who received SRS prior to ICI had a median OS of 15 months.
A survival advantage was observed for the concurrent therapy group with a median OS of 18 months



Int. J. Mol. Sci. 2018, 19, 3054 10 of 18

when compared to the SRS after ICI group (p = 0.021, HR = 2.64) and SRS prior to ICI group (p = 0.002,
HR = 3.82).

The first prospective phase I study combining ipilimumab with RT was conducted at Thomas
Jefferson University in 2017 [73]. This study randomized 16 patients to one of two arms: (1) WBRT +
ipilimumab; and (2) SRS + ipilimumab. SRS was delivered to a median dose of 24 Gy [73]. Patients were
treated with ipilimumab and RT concurrently in both arms. A dose-escalation scheme was utilized
where ipilimumab was started at 3 mg/kg and escalated to 10 mg/kg, as tolerated. The primary
endpoint was to determine the maximum tolerated dose of ipilimumab in combination with both
forms of radiation. The majority of toxicities reported were self-limited (grade 1–2) with minimal
grade 3 toxicities, no grade 4 toxicities, and no reported development of radionecrosis. However, of the
16 patients enrolled, 14/16 developed disease progression and/or died during the follow-up period,
and 9/11 of patients in the SRS arm developed progression or died. Ultimately, the WBRT arm was
closed early due to slow accrual. While this study did demonstrate that combination ipilimumab and
SRS may be well-tolerated, further prospective data are needed to validate the efficacy and safety of
this treatment combination. This also raises the question of why the retrospective data have shown
significantly better outcomes, and if there has been significant selection bias in the retrospective studies
that may have influenced the outcomes?

A recently published meta-analysis by Lehrer et al. demonstrated a 5.3% radionecrosis incidence
rate for the studies reporting, which was more pronounced in patients receiving ipilimumab over
pembrolizumab or nivolumab [78]. Additionally, the same analysis demonstrated a one-year OS of
64.6% versus 51.6% for concurrent and non-concurrent therapy, respectively (p < 0.001), which was
most commonly defined as SRS and ICI administration within four weeks of one another [78].

9. Planned and Ongoing Prospective Randomized Control Trials Assessing the Safety and
Efficacy of Combination Therapy with SRS and Immune Checkpoint Inhibitors

While there is a great paucity of prospective data validating the use of SRS combined with ICI
in the treatment of brain metastases, there are a several phase 1 and 2 prospective trials planned
and underway (Table 3). NCT02696993 is a two-phase study recruiting patients with NSCLC brain
metastases. The first phase will assess dose escalation and determine the maximum tolerated dose
by comparing nivolumab + SRS and nivolumab + WBRT. The second phase will then assess dose
expansion by adding ipilimumab to both arms. The Australian ABC-X Study (NCT03340129) will
compare combination nivolumab and ipilimumab; however, this will be in the setting of metastatic
melanoma and SRS will be added if progression occurs with dual ICI therapy.
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Table 2. Selected studies combining SRS with immune checkpoint inhibitors in brain metastases.

Study H Arm N ICI Target DS-GPA 1-Year OS (%) 1-Year LC (%) 1-Year RBC (%) RN

Mathew et al., 2013 [61]. M NR 25 CTLA-4 NR 32.6 40 16 NR

Silk et al., 2013 [62]. M NR 17 CTLA-4 25% (0-1); 39.3% (2); 25% (3); 10.7% (4) 82.3 NR NR NR

Ahmed et al., 2016 [63]. M NR 26 PD-1 27% (1-2); 19% (3-4) 74.7 82 45.9 NR

Kiess et al., 2015 [64]. M
SRS→ ICI 19

CTLA-4 3 (median)
56 87 36 NR

SRS = ICI 15 65 100 31 NR
ICI→ SRS 12 50 89 8 NR

Schoenfeld et al., 2015 [65]. M
SRS→ ICI 5

CTLA-4 NR
NR NR NR NR

SRS = ICI 4 NR NR NR NR
ICI→ SRS 7 NR NR NR NR

Qian et al., 2015 [66]. M
SRS 6= ICI 22

CTLA-4 or PD-1
3 (median) 44.4 NR NR NR

SRS = ICI 33 2 (median) 62.5 NR NR NR

Ahmed et al., 2017 [76]. NSCLC NR 17 PD-1 59% (0-1.5); 41% (2-3) 40.0 96.0 0.0 NR

Anderson et al., 2017 [67]. M NR 11 PD-1 3 (median) NR NR NR 0

Choong et al., 2017 [68]. M NR 39 CTLA-4 or PD-1 NR 54.9 NR NR 5

Cohen-Inbar et al., 2017 [69]. M
SRS = ICI;
SRS→ ICI 32

CTLA-4
2.5% (0-1); 53% (2); 18.8% (3); 15.6% (4) 59.0 54.4 25.8 31

ICI→ SRS 14 14.3% (0-1); 64.3% (2); 0% (3); 21.4% (4) 33.0 16.5 26.8 7

Gaudy-Marqueste et al.,
2017 [70]. M SRS→ ICI 43 CTLA-4 or PD-1 NR 52.4 NR NR NR

Patel et al., 2017 [71]. M NR 20 CTLA-4 10% (1); 35% (2); 30% (3); 25% (4) 37.1 71.4 12.7 NR

Skrepnik et al., 2017 [72]. M NR 25 CTLA-4 NR 83.0 94.8 72.0 12

Williams et al., 2017 [73]. M NR 11 CTLA-4 NR 60.0 NR NR 0

Yusuf et al., 2017 [75]. M
SRS = ICI 12

CTLA-4 or PD-1 NR
45.0 87.6 46.4 2

SRS 6= ICI 6 21.5 NR 0.0 0

Acharya et al., 2017 [74]. M NR 18 CTLA-4 and/or
PD-1 6% (1); 28% (2); 39% (3); 0% (4) 58.5 85.0 60.0 NR

Chen et al., 2018 [77].
M,

NSCLC,
RCC

SRS→ ICI 30
CTLA-4 and/or

PD-1
NR

63.6 NR NR NR
SRS = ICI 28 77.9 88.0 NR NR
ICI→ SRS 23 50.7 NR NR NR

Note: ICI→ SRS indicates ICI was administered prior to SRS; SRS = ICI indicates that ICI was administered concurrently with SRS; SRS→ ICI indicates that ICI was administered after
SRS; SRS 6= ICI indicates that SRS was not administered concurrently with SRS but the relative timing of each treatment was not provided; Radionecrosis (RN) expressed as number of
lesions affected
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Table 3. Active and planned randomized control trials assessing the safety and efficacy of SRS and immune checkpoint inhibitors in the treatment of brain metastases.

Study Phase Country Histology SRS Dose ICI Target Primary Outcome

NCT02886585 2 USA Melanoma NR PD-1
Overall Response Rate; Overall
Survival; Extracranial Overall

Response Rate

NCT02858869 1 USA Melanoma and
NSCLC

30 Gy/5 fractions
27 Gy/3 fractions

18-21 Gy/1 fraction
PD-1 Dose-Limiting Toxicities

NCT02978404 2 Canada NSCLC and RCC 15-20 Gy/1 fraction PD-1 Progression-Free Survival

NCT02696993 1 & 2 USA NSCLC NR CTLA-4 and PD-1 Maximum Tolerated Dose;
Dose-Limiting Toxicities

NCT03340129 2 Australia Melanoma 16-22 Gy/1 fraction CTLA-4 and PD-1 Intracranial Response to Immune
Checkpoint Inhibitor

NCT02716948 1 USA Melanoma NR PD-1 Incidence of Severe Adverse Effects

NCT02097732 2 USA Melanoma NR CTLA-4 Local Control at 6 months

NCT01703507 1 USA Melanoma NR CTLA-4 Maximum Tolerated Dose
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10. Conclusions

Patients with brain metastases have greater outcomes than ever before due to the evolution of
surgical and SRS techniques alongside improved systemic treatment. Just as the use of SRS involves
careful consideration of size, location, mass effect, edema, symptomatic burden, and the extent of
visceral disease, there is a need to investigate how all of these factors also influence the clinical
response to ICI. While ablative doses of RT, such as those administered with SRS appear to enhance the
anti-tumor activity of the immune system, there is less evidence for this in the brain as compared to
other organs. Recent discoveries challenging the belief that the brain is “immunologically privileged”
have led to increased enthusiasm in combining SRS with immune checkpoint inhibitors. Combination
therapy appears to enhance survival and abscopal-like responses within the brain, which may be
amplified when administered concurrently rather than sequentially. Ongoing and planned prospective
trials are needed to further explore and validate these findings. Future studies will explore elucidating
predictive biomarkers that can be utilized to stratify patients based on the likelihood of the response
to such combined treatment approaches, but this will require collaboration between immunologists,
oncologists, neurosurgeons, and radiation oncologists.
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