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Summary

Melanoma brain metastases
occur in ~50% of melanoma
patients. Our study provides
initial insights into the
optimal sequence of radia-
tion and immune checkpoint
inhibitor in the treatment of
melanoma brain metastases
following surgical resection.
Based on our analysis, a
clinical trial examining the
optimal sequence of radia-
tion and immune checkpoint
inhibitor is warranted.

Purpose: Melanoma brain metastases (MBM) occur in ~50% of melanoma patients.
Although both radiation therapy (RT) and immune checkpoint inhibitor (ICI) are used
alone or in combination for MBM treatment, the role of this combination and how
these treatments could best be sequenced remains unclear.

Methods and Materials: We conducted a retrospective analysis of patients with re-
sected MBM who underwent treatment with RT, ICI, or a combination of RT and
ICI. Among the latter, we specifically investigated the differential gene expression
via RNA-sequencing between patients who received RT first then ICI (RT — ICI)
versus ICI first then RT (ICI — RT). We used a glycoprotein-transduced syngeneic
melanoma mouse model for validation experiments.

Results: We found that for patients with resected MBM, a combination of RT and ICI
confers superior survival compared with RT alone. Specifically, we found that RT —
ICI was superior compared with ICI — RT. Transcriptome analysis of resected MBM
revealed that the RT — ICI cohort demonstrated deregulation of genes involved in
apoptotic signaling and key modulators of inflammation that are most implicated in
nuclear factor kappa-light-chain-enhancer of activated B cells signaling. In a preclin-
ical model, we showed that RT followed by anti-programmed death-ligand 1 therapy
was superior to the reverse sequence of therapy, supporting the observations we made
in patients with MBM.

Conclusions: Our study provides initial insights into the optimal sequence of RT and ICI
in the treatment of MBM after surgical resection. Prospective studies examining the best
sequence of RT and ICT are necessary, and our study contributes to the rationale to pursue
these. © 2020 The Authors. Published by Elsevier Inc. This is an open access article un-

der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Brain metastases are the most common intracranial ma-
lignancy in adult cancer patients. Melanoma accounts for
~10% of brain metastases, and ~50% of melanoma pa-
tients with advanced disease develop clinically overt mel-
anoma brain metastasis (MBM). Recently, it has been
shown that immune checkpoint inhibitors (ICIs) produce
intracranial response rates comparable to those previously
described for extracranial systemic responses.' Notably,
analysis of the MBM study was restricted to asymptomatic
patients who did not require radiation therapy (RT),
neurosurgery, or steroids at time of enrollment. There is
increasing preclinical and clinical rationale for synergistic
effects of combining RT with ICI°”’; however, radiation
dose, fraction size, and temporal sequence with ICI (before,
concurrent, or after RT) remain unclear.®!°

Methods and Materials
Patient data

We conducted a retrospective analysis of patients from our
institutional pathology database from 2010 to 2018 who had

resection of a single MBM and received central nervous
system directed RT (n = 8) or ICI and RT (n = 17)
(Table 1). For patients with eligible samples, relevant
clinical information was captured from the electronic
medical record under an institutional review board
(IRB)—approved protocol (IRB00072396: “RAD2620-13:
Melanoma Outcomes in Patients Receiving Radiation
Therapy”). Patient characteristics captured included age at
the time of brain resection, gender, presence of active sys-
temic disease (defined as newly diagnosed metastatic dis-
ease and/or systemic progression within the last 3 months),
presence of active extracranial metastases, Eastern Coop-
erative Oncology Group performance status, total number
of brain metastases (including intact lesions), and mela-
noma molecular graded prognostic assessment score. Most
patients received adjuvant RT after resection of the MBM (n
= 11) compared with resection for local progression after
initial RT (n = 6). Treatment characteristics included
timing and use of systemic therapies (BRAF inhibitor and
immunotherapy), extent of surgical resection (gross total or
subtotal resection), and type of brain radiation (whole-brain
radiation therapy [WBRT], stereotactic radiosurgery [SRS],
or none). Type of radiation treatment was determined by the
treating physician based on number of brain metastases per
institutional practice. Both linear accelerator—based SRS
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and Leskell Gamma Knife (Elekta AB, Stockholm, Swe-
den) SRS were used based on the treating facility. The
prescribed dose was determined per recommendations from
Radiation Therapy Oncology Group 9005. WBRT was
delivered using 3-dimensional conformal opposed lateral
fields with multileaf collimation. The prescribed dose was
determined per physician preference.

Survival analysis

Kaplan-Meier curves were created using the CASAS tool.
CASAS is a Graphic user interface (R package) tool based on
survival for comparing groups'' A log-rank test was used to
test for significant differences in survival. Univariate asso-
ciations were estimated using the Cox proportional hazards
model, and hazard ratios with 95% confidence intervals are
reported. The significance level was set to 0.1 given the small
sample size of the cohort.

RNA sequencing

Patient tissue was obtained at time of surgical resection under
IRB-approved protocols. Tissue processing at time of sur-
gery consisted of fixation in 10% neutral buffered formalin
and routine overnight processing for permanent fixation and
paraffin embedding (FFPE: formalin fixed paraffin
embedded). A retrospective search within the institutional
pathology database from 2010 to 2018 for “melanoma”
(including search fields restricted to brain specimens) yiel-
ded 79 specimens. Cases that did not have a sufficient amount
of tumor volume for sequencing and did not receive radiation
or immunotherapy were excluded. Samples that yielded
acceptable sequences for analysis were sent for sequencing
at the Broad Institute Genomics Platform (Cambridge, MA).
After exclusions, only 17 samples of the original 79 speci-
mens met eligibility and had sufficient sequencing.

Tissues for light microscopy, immunohistochemistry, and
DNA molecular analysis were sectioned from the FFPE
blocks at 5 pm thickness. Sections were stained using he-
matoxylin (Richard-Allan Scientific 7211) and eosin-Y
(Richard-Allan Scientific 7111) for microscopic examina-
tion. Histopathologic tumor classification was reviewed by 4
board certified (American Board of Pathology) neuropa-
thologists. After histopathologic review, unstained sections
were submitted for DNA analysis, specifically using the
SNaPshot mutational panel primer extension-based method
(Thermo-Fisher) and Cancer Mutation Panel 26 (Illumina)
per hospital protocol (Table 1). Unstained slides (5 jim thick,
nonheat-treated) from FFPE tissue blocks were sectioned,
and areas of interest macrodissected by a board-certified
neuropathologist using a corresponding hematoxylin and
eosin-stained slide. RNA was extracted (Qiagen, AllPrep
FFPE kit), quantified, and quality measured by the DV200
score (fraction of RNA fragments whose length is >200 nts).
Samples not meeting minimum requirements (>750 ng
RNA, preferred concentration 10 ng/pL, DV200 > 0.3) were

Table 1  Abbreviated® melanoma brain metastasis patient
data
Variable Level n (%) = 17
Patient characteristics
Age (years) Median (range) 54 (34-81)
Sex Male 13 (76.5)
Female 4 (23.5)
Race White 17
Brain metastases Yes 6 (35.3)
at melanoma
Diagnosis No 11 (64.7)
Active Yes 14 (82.4)
systemic No 3 (17.6)
disease
Presence of Yes 14 (82.4)
extracranial No 3 (17.6)
disease
Number of Median (range) 2 (1-6)
brain
metastases
Pretreatment Median (range) 202 (121-312)
LDH
BRAF mutation Mutated 9 (52.9)
status Wild-type 8 (47.1)
Melanoma 1-1.5 3 (17.6)
molGPA 2.0-2.5 9 (52.9)
3.0-3.5 4 (23.5)
4.0 1(5.9)
Treatment Characteristics
BRAF inhibitor Yes 5 (29.4)
use No 12 (70.6)
Immunotherapy After RT 11 (64.7)
timing (RT — ICI)
Before and 6 (35.3)
after RT
(ICI — RT)
Type of RT SRS 15 (88.2)
WBRT 2 (11.8)
RT Dose
SRS Median (range) 21 (16-32.5)/
(dose/fractions) 1 (1-5)
WBRT Median (range) 33.75 (30-37.5)

/12.5 (10-15)

Abbreviations: ICI = immune checkpoint inhibitor; LDH = lactate
dehydrogenase; molGPA = molecular graded prognostic assessment;
RT = radiation therapy; SRS = stereotactic radiosurgery; WBRT =
whole-brain radiation therapy.

* See source file deposited in the Open Science Framework (OSF)
repository for detailed version of patient data (see Data availability).

held for further evaluation. Samples were processed and
sequenced by Transcriptome Capture (Illumina HiSeq2500)
at the Broad Institute.

Gene expression analysis

Short-read sequences were aligned to the hgl9 human
reference genome using STAR (v2.4.1a). On average, we
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Fig. 1. Effect of timing. Kaplan-Meier curve of patients

with melanoma brain metastases (MBM) who received
radiation therapy (RT) and immunotherapy (n = 17)
stratified according to immunotherapy timing: immuno-
therapy before and after RT (immune checkpoint inhibitors
[ICI] — RT [cyan line, n = 6]) versus after RT (RT —
ICI) (red line, n = 11) (Table 1). Hazard ratios (HR) based
on Cox proportionality hazard models are reported for ICI
— RT versus RT — ICI group (3.54 [0.86-14.65]), type 3
P = .0808, log rank P = .064.

obtained 37,476,289 reads per brain metastasis sample.
Feature counting with mapped bam files was used to obtain
raw count files. SAMseq (https://www.rdocumentation.org/
packages/samr/versions/3.0/topics/SAMseq) was used to
conduct differential expression analysis, as it accounts for
potential correlation in expression among genes and its
permutation-based testing method was deemed more
appropriate for a smaller sample size. After identifying
differentially expressed genes (false discovery rate cutoff,
0.05), expression levels were normalized with samrR before
being log?2 transformed.

Mouse experiments

B16F10 cell line and Lentiviral vector expressing lympho-
cytic choriomeningitis glycoprotein (GP) were transduced
per manufacturer instructions (Clontech). BI6F10-GP cells
(5 x 10°) were implanted in matrigel on right and left flank of
6- to 8-week-old female C57BL/6 mice (Jackson Labora-
tories) in accordance with Institutional Animal Care and Use
Committee guidelines. After tumors were palpable (10 days),
mice were irradiated on the right side with a Superflab bolus
(0.5 cm tissue equivalent material) placed over the tumor,
and thereafter tumor measurements taken. An X-RAD 320
irradiation unit used a light beam (<8 mmz) focused on the

tumor with mice under anesthesia. Tumor diameters were
measured using calipers. Tumor volume was calculated
using the formula for an ellipse (ie, 4/37.[l.w.h], where 1, w, h
are 3 radii of the tumor taken perpendicullar to each other).

Results
Immunotherapy and radiation timing

Patients with MBM who received ICI and RT had superior
survival compared with patients receiving RT alone
(Fig. E1, available online at https://doi.org/10.1016/j.ijrobp.
2020.01.043). We stratified those patients who received ICI
and RT into 2 treatment groups: (1) RT followed by ICI (RT
— ICI) (n = 11); and (2) ICI followed by RT and then ICI
again (ICI — RT) (n = 6), where RT was either SRS (n =
15) or WBRT (n = 2). The median dose/fraction of SRS
was 21 Gy/1 fraction (range, 16-32.5 Gy in 1-5 fractions).
WBRT was delivered in 30 Gy/10 fractions and 37.5 Gy/15
fractions, respectively. Survival analysis suggests that the
RT — ICI treatment group had an improved outcome (log-
rank P = .064) (Fig. 1). At 15 months, we observed a
separation in curves for the “timing” analysis (Fig. 1),
although the small sample size precludes our further testing
the significance of this result.

Differential gene expression analysis

To gain insights into the potential benefits of sequencing RT
— ICI versus ICI — RT, we performed RNA-seq of the 17
included patients who received combination therapy of RT
and ICI. Differential gene expression analysis of resected
MBM between RT — ICI and ICI — RT treatment groups
showed 48 deregulated genes (false discovery rate cut-off,
0.05), all increased in expression in the RT — ICI group
(Fig. 2). Annotation/pathway enrichment analysis revealed a
significant (P <.01, Table E1, available online at https://doi.
org/10.1016/j.ijrobp.2020.01.043) enrichment of genes
functionally involved in apoptosis and antiapoptotic
signaling, including NIK (MAP3K14), key modulator of
noncanonical nuclear factor kappa-light-chain-enhancer of
activated B cells (NFKB) signaling; RIPK1, a receptor
interacting kinase that also participates in NFKB as well as
JNK and Akt signaling; and DAB2, previously reported as
downregulated in ovarian cancer and has a role in immune
regulation.

Sequential administration of a-programmed death-
ligand 1 and radiation in vivo

We next aimed to model the different sequences of RT/ICI
combination therapy. We analyzed the clinical observation
of improved outcome for RT — ICI (for ICI, we used an
anti-programmed death-ligand 1 antibody) using the
B16F10-GP syngeneic melanoma model (Fig. 3a). The


https://www.rdocumentation.org/packages/samr/versions/3.0/topics/SAMseq
https://www.rdocumentation.org/packages/samr/versions/3.0/topics/SAMseq
https://doi.org/10.1016/j.ijrobp.2020.01.043
https://doi.org/10.1016/j.ijrobp.2020.01.043
https://doi.org/10.1016/j.ijrobp.2020.01.043
https://doi.org/10.1016/j.ijrobp.2020.01.043

Volume 108 e Number 1 e 2020 Radiation before immunotherapy enhances response 161

RT —ICI

]
- 1Im

B

RIPK1
MPRIPP1
SCPEP1
SIL1
TEP1
PANX1
FNDC3B
ZBTB7A
MARS
CCHCR1
ELMSAN1
CACTIN
[ cpes7
BRF1
CTDP1
PLEKHM1
DAB2
1 MAP3K14
I PAG1
ARHGAP39
MAFG
EML2
[ . RP11-290F20.3
]

!
ﬂ
n

¥
i
¥

|
!
11

I
b

L'

[ INCENP
CCDC167
SLC36A1
] USP35
—
EFHD2
[ MMP24
AC005594.3
FTH1P2
ANXA2P2
HLA-L
DNAJC1
PLEKHF1
P2RX1
MFSD12
TRIM7
NCF1C
SYT15
© EX0C3L1
TLE6
LILRB5
IGHG3
IGHV3-30
D177
IGKV3-15

4b 1b 2b 8a 5a 5b 6b 3b 10a 11a 2a 6a 1a 4a 7a 9a 3a

Row Z-Score

Fig. 2. Differential gene expression analysis. Unsupervised heatmap of differentially expressed genes (DEGs) (FDR
< 0.05) of patients (n = 17). DEGs all have identical g-values and are ordered based on decreasing fold change, so that
RIPKI1 has highest and IGKV3.15 lowest. All DEGs were overrepresented in the radiation therapy (RT) before immuno-
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are labeled by therapeutic regimen: ICI — RT (cyan line, n = 6) versus RT — ICI (red line, n = 11). Patient’s gene
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unsupervised clustering, the dendrogram clustered the majority of patient treatment groups with each other. Each patient/
column has been assigned a number and letter, shown at the bottom of the heatmap, to aid identification of the patient in
clinical Table 1. Abbreviation: FDR = false discovery rate.
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P value was .055. Abbreviation: PD-L1 = programmed death-ligand 1.

best tumor control within the irradiated volume and
nonirradiated region (the “abscopal site”) was noted for
RT — ICI (Fig. 3b), consistent with the observation that
patients who received RT — ICI had improved outcomes
(Fig. 1b). No antitumor activity was observed when CD8
T cells were depleted, indicating that T cells were
necessary for responses to o-programmed death-ligand 1
therapy in combination with RT (Fig. E2, available online
at https://doi.org/10.1016/j.ijrobp.2020.01.043).

Discussion

Our pilot study indicates that delivering RT followed by
ICI may result in superior survival in MBM patients
compared with RT or ICI alone, or ICI followed by RT. In
line with our study, several smaller studies indicate an
acceptable toxicity profile of RT plus ICI and potentially
improved responses in patients with MBM.'*'* Tran-
scriptome analysis of resected MBM indicated changes in
expression of a limited set of genes, and pathway analysis
indicates involvement of the NFKB signaling pathway. In
line with our observations, RT induces various mecha-
nisms that may enhance response to subsequent therapy

with ICIL, including enhanced antigen-presenting cells,
induction of immune stimulatory cytokines and chemo-
kines, enhanced T cell infiltration, induction of immune
stimulatory cytokine production by T cells, maintenance
of T cell effector function, and partial reversal of T cell
dysfunction.'”"” Of note, an important consideration
when interpreting the RNA-seq data from this study is the
timing of tumor resection and RT/ICI. The majority of
evaluated specimens (11 of 17) were resected before
adjuvant RT, suggesting that the differential gene expres-
sion may be more representative of intrinsic tumor
biology than effects of prescribed therapies. However, the
clinical outcomes still suggest sequential RT — ICI
therapy results in improved antitumor responses, and our
murine model results support these clinical observations.
A preclinical MBM model is needed to further function-
ally dissect the role of different sequencing strategies of
RT and ICI.

In summary, our current study contributes to increasing
evidence that sequencing RT and ICI may have differen-
tial effects on the outcomes of patients with MBM and
prospective studies to validate this are reasonable and
necessary. We aim to design a prospective clinical study
with sufficient patient numbers that would enable us to
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more fully explore this research and validate the results
presented herein based on retrospective, small tissue
samples.
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