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This manuscript reviews the impact of tumor biology and molecular profiles on the management paradigm for BM patients
and critically analyzes the current landscape of SRS, with a specific focus on integration with systemic therapy. We also
discuss emerging treatment strategies combining SRS and ICls, the impact of timing and the sequencing of these
therapies around SRS, the effect of corticosteroids, and review post-treatment imaging findings, including pseudo-
progression and radiation necrosis.
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| 1. Introduction

Brain metastases (BM) represent the most common intracranial neoplasm in adults and occur in approximately 20-40% of
all cancer patients . The most common primary tumors in patients with BM are lung, breast, melanoma, colorectal, and
renal, and these tumors are associated with a median survival time of 6-12 months [l. BMs are distributed along regions
of the brain with rich blood flow, with 80% occurring in the cerebral hemispheres, primarily at the grey-white junctional
border [&. Patients often develop symptoms consequential to the location of the tumor, either by direct tumor infiltration of
critical functional regions, or due to the associated mass effect. Radiation therapy (RT), in the form of stereotactic
radiosurgery (SRS) or whole-brain radiotherapy (WBRT) is considered a mainstay anticancer modality in the treatment of
BM from solid tumors Bl However, the management of BM is based on patient and tumor-specific variables, such as
tumor histology, performance status, prognosis, extent of extracranial disease, presence of targetable actionable
mutations, number of lesions, volume of disease, symptoms, and patient preference 2!,

The role of systemic therapy in the treatment of BM is evolving. Previously, its role was restricted due to variable CNS
penetration of the blood-brain barrier (BBB) and limited activity 4. Targeted therapies with greater CNS penetration and
improved efficacy have emerged in parallel with the identification of driver mutations, which have led to advances in drug
discovery and development 5. Ilmune checkpoint inhibitors (ICls) represent another significant advancement in systemic
therapy options for BM, as they have shown promising CNS activity in subsets of patients 2. As a result, BM can now be
managed with systemic therapy either prior to, concomitantly, or after RT, and various combinations of RT with systemic
therapies are being explored to improve both local and extracranial disease control, as well as overall survival (OS). This
necessitates effective management strategies from multidisciplinary teams, as treatment decisions must balance the risk
of recurrence/progression with treatment-related side effects. Previous reviews have compiled data from retrospective and
prospective studies of combination approaches B8, However, in this review, we summarize the data from recent studies
and clinical trials supporting the use of BM-directed systemic therapies, such as chemotherapy, targeted therapy, and
immunotherapy, that have been completed or are currently being investigated, and their integration with SRS for the
treatment of BM.

| 2. Modern Role for Stereotactic Radiosurgery

SRS is commonly utilized for patients with a disease-specific graded prognostic assessment (DS-GPA) [ score over 2,
low intracranial disease burden, and minimal neurological symptoms. When compared to WBRT, a phase Il study
reported that SRS produces a similar OS with less decline in neurocognitive function (WBRT plus SRS 53% vs. 20% SRS
alone), but with a significantly increased risk of intracranial relapse €. SRS is preferred for patients with a limited number
of BM (4 or fewer lesions) based on the results from randomized trials 219 The radiation doses are based on tumor
dimension, <2 cm, 2.1-3 cm and >3 cm are 24 Gy, 18 Gy and 15 Gy, respectively, based on the Radiation Therapy
Oncology Group (RTOG) 90-05 study (111, The efficacy of SRS appears to be independent of the primary tumor type, as
radioresistant tumors (i.e., renal cell carcinoma and melanoma) have similar control rates as radiosensitive tumors (i.e.,
breast cancer and lung cancer) 12131 Single fraction SRS is not recommended for lesions > 4 cm due to an unacceptable
level of toxicity 24, However, hypofractionated SRS (HF-SRS) or staged SRS can be considered for larger lesions 14,



Fractionated SRS is typically delivered to 25-30 Gy over 3-5 fractions and is considered for lesions close to critical
structures, such as the brainstem or the optic apparatus. Some centers utilize the concept of low overall intracranial
disease burden based on total volume of all brain metastases (<15-30 cc) to select patients to be treated with SRS;
however, this parameter has not been defined adequately and requires prospective validation 4.

In the context of post-operative RT, SRS has replaced WBRT in most instances, but the issue of the optimal interval
between surgery and SRS remains ill-defined 23181 Fyrther, several reports suggest that pre-operative SRS reduces the
risk of meningeal metastases and symptomatic radiation necrosis (RN) compared to post-operative SRS L8l pre.
operative SRS allows for better target volume delineation, as opposed to a poorly-defined irregularly shaped surgical
cavity in the post-operative setting. It also allows for better tumor control by reducing the intra-operative seeding of viable
tumor cells outside the treated cavity, hence decreasing the risk of leptomeningeal disease 9. The rate of symptomatic
RN may be reduced with pre-operative SRS as target delineation is better, less normal brain is irradiated, and the majority
of the irradiated tissue is resected after SRS 8. One major limitation of pre-operative SRS is the lack of pathological
confirmation prior to SRS. Moreover, select reports demonstrate that pre-operative SRS has the potential to lead to
increased wound healing complications 22,

In the post-operative setting, high dose HF-SRS provided greater local control (LC)—defined as radiographic evidence of
stable disease, partial response, or complete response, as compared to lower biological effective dose (BED) regimens
(95% vs. 59%) 2. For example, 25 Gy in 5 fractions (BED10 of 37.5 Gy) was not adequate to control microscopic
disease as compared to 30 Gy in 5 fractions (BED10 > 48 Gy) which had excellent tumor bed control. Similarly, another
study reported that HF-SRS after resection of BM was well tolerated and had improved LC with BED10 = 48 (i.e., 30 Gy/5
fractions and 27 Gy/3 fractions) 22,

The LC rates following SRS for 5 or more intracranial lesions are comparable to those for fewer lesions [23; however,
these patients continue to experience a high rate of distant intracranial failure, and therefore alternative treatment
strategies, such as hippocampal-avoidant whole brain radiotherapy (HA-WBRT), should be considered. There is evolving
evidence that primary SRS alone can be used in select patients with >10 lesions 24, A phase Il randomized trial of SRS
vs. WBRT in 72 patients with 4-15 BMs (NCT01592968) has also been presented, and demonstrated that SRS was
associated with a reduced risk of neurocognitive deterioration relative to WBRT without compromising OS, but clearly with
higher risk of intracranial relapse 22, A prospective phase IlI trial (NCT03550391) will compare stereotactic radiosurgery
with HA-WBRT plus memantine for 5-15 brain metastases.

| 3. Stereotactic Radiosurgery and Systemic Therapies

There are limited data on the outcomes of concurrent chemotherapy with SRS for the treatment of BM. Cagney et al.
reported the outcomes of patients treated with pemetrexed and SRS for lung cancer BM, and found that the combination
was associated with a reduced likelihood of developing new brain metastases ( p = 0.006) and a reduced need for brain-
directed salvage RT ( p = 0.005) 28, However, the combination of pemetrexed and SRS was found to be associated with
increase in radiographic RN (HR 2.70, 95% CI 1.09-6.70, p = 0.03). The authors concluded that patients who receive
pemetrexed after brain-directed SRS tend to benefit from increased intracranial disease control at the potential cost of
radiation-related RN. Shen and colleagues also demonstrated the safety of concurrent chemotherapy and SRS in 193
patients, of whom 37% were delivered with concurrent systemic therapy 7. Kim and colleagues evaluated the outcomes
in 1650 patients who presented with 2843 intracranial metastases [28l; among these, 445 patients (27%) were treated with
SRS and concurrent systemic therapy. The risk of RN in those treated with SRS and concurrent systemic therapy was not
increased as compared to SRS alone (6.6% and 5.3%); however, concurrent systemic therapy was linked to a higher rate
of radiographic RN in lesions treated with upfront SRS and WBRT (8.7 vs. 3.7%, p = 0.04). Further study is warranted to
explore whether symptomatic RN occurs more frequently in patients receiving pemetrexed along with SRS, and detailed
analyses of other systemic therapy combinations are clearly needed to inform clinical practice.

The use of targeted therapies in patients with actionable alterations represents a popular topic in BM research. Patients
with these specific molecular subtypes respond to targeted therapies at higher rates than to chemotherapeutic agents or
IClIs. As patients with BM have traditionally been excluded from clinical trials assessing systemic therapies in BM patients,
the role of these systemic treatments, particularly when used in conjunction with SRS for BM, is unclear. This section
summarizes the data regarding the combination of various targeted therapies with SRS.

The experience with small numbers of patients suggests that combining SRS with trastuzumab emtansine (T-DM1) might
result in high rates of RN. In one study, SRS was given concurrently with T-DM1 in 4 patients, and sequentially in 8
patients 29, The concurrent group had a 50% rate of RN while the sequential group had a 28.6% rate of RN. In a



separate report, RN was observed in 40% of patients that received T-DM1 B%. |n contrast, Mills et al. reported that the
combination of SRS and T-DM1 was well tolerated, with only 3% of patients reporting RN 1. Hence, prospective studies
to evaluate the ideal dose of SRS and timing of T-DM1 are warranted.

Several clinical trials are currently ongoing to evaluate and study the combination of SRS with various targeted agents for
patients with BM, as summarized in Table 1 .

Table 1. Ongoing trials of SRS and targeted therapies in patients with brain metastasis.

Trial . . Study Estimated
. . . Tumor Study Systemic Primary R
Registration Study Location Tvbe Design  Therapv Agent n Endooint Start Completion
No. My 9 Py A9 p Date Date
Peking University Phase i Dec
NCT04147728 Third Hospital NSCLC i Anlotinib 50 El 2019 Dec 2022
First People’s Phase Nov
NCT04643847 Hospital of NSCLC " Almonertinib 47 DOR 2020 Nov 2023
Hangzhou
Betta Phase Mar
NCT02726568 Pharmaceuticals NSCLC Icotinib 30 PFS Dec 2022
I 2016
Co., Ltd.
Case oct
NCT03535363 Comprehensive NSCLC Phase | Osimertinib 6 MTD 2018 Aug 2021
Cancer Center
NCT03769103  Critish Columbia o0, Phase Osimertinib 76 PFS Mar April 2025
Cancer Agency 1} 2019
Trans-Tasman Phase Au
NCT03497767 Radiation NSCLC il Osimertinib 80 PFS 201% March 2024
Oncology Group
Jules Bordet Phase . July
NCT04856475 Institute Breast I Neratinib 104 ORR 2021 July 2025
. T-DM1 and .
NCTO3190967  '\auonal Cancer Breast | lase Metronomic 125  MTD April 5 ine 2023
Institute (NCI) m . 2018
Temozolomide
Abemaciclib, June
NCT04585724 Emory University Breast Phase | Ribociclib, or 25 AE 2020 Oct 2021
Palbociclib
NCT04074096 UNICANCER Melanoma " Nase  Binimetiniband ., PFS Sep Sep 2028
Il Encorafenib 2021
Grupo Espafiol - .
NCT03898908  Multidisciplinar de  Melanoma ase  Binimetiniband .o ORR July Oct 2023
I Encorafenib 2019
Melanoma
Technische .
NCT03430947 Universitat Melanoma " Nase Vemurafeniband . ORR July July 2022
1} Cobimetinib 2018
Dresden
Canadian Cancer Phase Dabrafenib and Nov
NCT02974803 Trials Group Melanoma " Trametinib 6 ORR 2016 June 2021

Abbreviations: n = number; NSCLC = non-small cell lung cancer; El = edema index; DOR = duration of response; PFS =
progression-free survival; AE = adverse events; MTD = maximum tolerated dose; RR = response rate; ORR = objective
response rate.

| 4. SRS and Immunotherapy

SRS is known to increase both innate and adaptive immune responses, making tumor cells more susceptible to T-cell-
mediated killing 22 ( Figure 1 ). The aim is to evoke an immune response that will not only boost local effects but also
lead to an abscopal response, which occurs outside of the irradiated area 2. Large registry studies have demonstrated
improved OS with SRS and IClIs in patients with BM 23], yet several questions regarding appropriate timing, fractionation,
toxicities, and out-of-field responses remain unanswered, and thus several trials are attempting to address these
knowledge gaps 24!,
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Figure 1. lllustration of the immune stimulatory effects of SRS leading to a localized breakdown and permeability of the
BBB, causing the release of tumor associated neoantigens, ultimately leading to T-cell activation by antigen presenting
cells (modest local tumor response and a weak abscopal effect); in contrast, the addition of immune checkpoint inhibitors
(anti-CTLA4, anti-PD1 and anti-PDL1) to SRS leads to strong local tumor response and a strong abscopal effect
(abscopal effect is defined as tumor shrinkage or elimination in sections of the body not directly targeted by local therapy).

The optimal sequence for these modalities is still unclear, with conflicting published results B4, Several studies suggest
that SRS acts as an antigenic primer by releasing neoantigens from dying cancer cells, and the resultant activated T-cells
are further stimulated by ICls to sustain the immune response. Furthermore, SRS eradicates the inhibitory T-cells in the
tumor microenvironment, which would otherwise dampen the immune response B3B8l This hypothesis would suggest
that close temporal sequencing of SRS and ICls is required. Underscoring this hypothesis, ipilimumab before SRS
resulted in a higher partial response rate as compared to ipilimumab administered after SRS (40% vs. 16.7%) B1,
However, a large retrospective study showed that neoadjuvant ICI had no additional advantage over adjuvant ICI [2&],

The concept of concurrent treatment of ICI with to SRS is still up for debate, with some studies using a 2-week window
while others extending this to 1 month B3, Although the timing of SRS in relation to ICIs is likely to be influenced by the
agent of choice and its half-life, as well as the mechanism of immune activation and response, it appears that ICIs given
four weeks before or after SRS have shown the best results 49, Prospective studies in BM patients are urgently needed
to assess the timing and sequencing of ICIs with SRS ( Table 2).

Table 2. Ongoing trials of SRS and immune checkpoint inhibitors in patients with brain metastasis.

Trial . Study Estimated
. . . Tumor Study Immunotherapy Primary R
Registration Study Location Type Desian Agent n Endpoint Start Completion
No. yp 9 9 p Date  Date
Dana-Farber Phase . Sep
NCT03483012 Cancer Institute Breast il Atezolizumab 45 PFS 2021 Sep 2025
Weill Medical
Phase . Nov
NCT03449238 College of Cornell Breast i Pembrolizumab 41 RR, OS 2018 Dec 2026
University
H. Lee Moffitt Jan
NCT03807765 Cancer Center and Breast Phase | Nivolumab 14 DLT 2019 Jan 2022
Research Institute
Massachusetts Any solid Phase . Oct
NCT02886585 General Hospital tumor " Pembrolizumab 102 RR, OS 2016 Sep 2022
University of .
NCT02097732  Michigan Rogel ~ Melanoma ' 1ase pilimumab 40 Lc April 5y 2020
] 2014
Cancer Center
NCT03340129 Velanomalinstitute .\,  Phase  Nivolumab& . . \o0p Aug Aug 2025
Australia [} Ipilimumab 2019
Masonic Cancer
K . Phase - MTD, Jan
NCT03297463 Center, University Melanoma " Ipilimumab 40 ORR 2018 Feb 2020

of Minnesota




Trial Tumor Stud Immunothera Primar Study Estimated
Registration Study Location y py n y Start Completion

No. Type Design  Agent Endpoint Date Date

Sidney Kimmel Jun
NCT02716948 Comprehensive Melanoma  Phasel Nivolumab 90 AE Mar 2023

Cancer Center 2016
NCTO02858869  Emory University M‘;'gg‘l’_"éa Phasel Pembrolizumab 30 DLT 2?)?6 Oct 2021
NCT02696993 “C"z'c’::‘g‘::t"e'r‘ NSCLC Prl'fl‘fe '\:E’iﬁ:":’;gb& 88  DLT,PFS 2%61‘; Dec 2020
NCT02978404 32'%?:2?2.':2'&2 NSR(é'(‘:C' Phl"’l‘se Nivolumab 26 PFS 2‘](;‘1"7 Jun 2022

Montréal (CHUM)

n = number; NSCLC = non-small cell lung cancer; RCC = renal cell carcinoma; OS = overall survival, PFS = progression-
free survival; DLT = dose limiting toxicity; AE = adverse events; LC = local control; MTD = maximum tolerated dose; RR =
response rate; ORR = objective response rate; NSCD = neurological specific cause of death.

The synergistic combination of SRS and ICls also raises concerns about possible side effects, including pseudo-
progression and RN 1, Hubbeling et al. studied adverse radiation effects (AREs)—the imaging correlate of RN in relation
to ICI treatment status, RT type, and timing of treatment 22, They concluded that ICIs and RT did not increase the risk of
AREs. On the other hand, Martin et al. evaluated the risk of RN in melanoma, NSCLC, or renal cell carcinoma BM in
patients who received a combination of ICIs and RT 43 and discovered a correlation between the occurrence of
symptomatic RN and the use of combination therapy, particularly in melanoma patients. Despite reports of an increased
risk of RN in some studies, a meta-analysis of the published literature found no evidence of a higher risk than would be
predicted with SRS alone 4. Clearly, the databases for this approach are limited, and of modest quality, given their
retrospective nature, and prospective randomized trials are required.
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