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Abstract

Background To evaluate the characteristics of the tumor immune-microenvironment in brain metastases of non-small-cell
lung cancer (NSCLC), we investigated the immunophenotype of primary NSCLC and its brain metastasis.

Methods Expression profiling of 770 immune-related genes in 28 tissues from primary and brain metastases of NSCLC was
performed using the NanoString nCounter PanCancer Immune Profiling Panel. The immune cell profiles were validated by
immunohistochemistry of 42 matched samples.

Results Based on unsupervised clustering and principal component analysis of the immune-related gene expression pro-
file, tumors were primarily clustered according to the involved organ and further grouped according to the EGFR mutation
status. Fifty-four genes were significantly differentially expressed between primary and brain metastatic tumors. Cluster-
ing using these genes showed that tumors harboring mutated EGFR tended to be grouped together in the brain. Pathway
analysis revealed that various immune-related functions involving immune regulation, T cell activity, and chemokines were
enriched in primary tumors compared to brain metastases. Diverse immune-related pathways were upregulated in brain
metastases of EGFR-mutated compared to EGFR-wild-type adenocarcinoma, but not in primary tumors. The interferon-y-
related gene signature was significantly decreased in brain metastases. The anti-inflammatory markers TOLLIP and HLA-G
were upregulated in brain metastases. The proportions of most immune cell subsets were decreased in brain metastases, but
those of macrophages and CD56dim-NK-cells were increased, as was the ratios of CD163*M2- to iNOS*M1-macrophages
and NCR1*NK-cells to CD3*T cells.

Conclusions Our findings illustrate the immune landscape of brain metastases from NSCLC and reveal potential therapeutic
strategies targeting cellular and non-cellular components of the tumor immune-microenvironment.

Keywords Tumor immune-microenvironment - Brain metastasis - Lung cancer - Immunotherapeutic response - Immune
cell profiling

Introduction
Yoon Kyung Jeon and Doo Hyun Chung contributed equally to
this work. Brain metastases develop in up to 30% of patients with
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Conventional platinum-based chemotherapy has low effec-
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their use is limited to patients with targetable oncogenic
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«Fig. 1 The tumor immune-microenvironment differs between the lung
and brain and can be further subgrouped by EGFR mutation status.
a-b, Correlation heatmap for unsupervised hierarchical clustering of
total 28 primary NSCLC and LCBM cases (a) or 18 adenocarcinoma
cases (b) based on the gene expression profile determined using the
nCounter® PanCancer Immune Profiling Panel. ¢ Principal compo-
nent analysis (PCA) plot of the 28 samples based on the involved
organ, histologic diagnosis, EGFR mutation status, and 7P53 muta-
tion status. Other histologic subtypes include sarcomatoid carcinoma
and salivary duct carcinoma. d PCA plot of the 18 adenocarcinoma
cases based on organ and the EGFR mutation status. ADC adenocar-
cinoma; SqCC squamous cell carcinoma

mutations [4]. Immune-checkpoint inhibitors (ICIs) target-
ing the PD-1 axis show clinical efficacy in lung cancer brain
metastasis (LCBM) and are important treatment options [5].
However, the response to anti-PD-1 therapy differs between
primary NSCLC and LCBM [5]. These findings suggest
that the tumor immune-microenvironment serves as a criti-
cal regulator of the intracranial response to ICI therapy.

The tumor immune-microenvironment encompasses
various components other than tumor cells, including stro-
mal cells, immune cells, cytokines, chemokines, and the
extracellular matrix [6]. In glial tumors, pro-tumorigenic
macrophages/microglia account for the majority of infil-
trating immune cells and the lymphoid cells are typically
suppressed by various mechanisms [7, 8]. In immunobhis-
tochemistry-based studies of LCBM with paired primary
lung cancer, the amounts of tumor-infiltrating leukocytes
(TILs) and PD-1-positive TILs were reduced in the brain [9,
10]. Nevertheless, the immune landscape of LCBM is still
poorly understood, and an enhanced understanding of their
immunobiology would improve therapeutic efficacy and lead
to discovery of novel targets for immunotherapy.

To address this issue, we evaluated the tumor immune-
microenvironment of patients with advanced NSCLC with
brain metastases by comparative gene expression profiling
of primary lung lesion and LCBM.

Materials and methods
Patient information

Twenty one patients who underwent surgery for NSCLC
brain metastasis at Seoul National University Hospital
(SNUH) from January 2013 to March 2018 were enrolled
in the study. Clinicopathological information including age,
gender, smoking history, tumor genetic status, treatments,
and follow up data were retrieved from the electronic medi-
cal records. Pathologic staging was based on the 8th edition
of the American Joint Committee on Cancer (AJCC) staging
system.

Table 1 Clinicopathologic characteristics of patients in the
NanoString study cohort and the extended cohort

Characteristic NanoString Extended cohort
study cohort
Patient, n 17 21
Organ, n
Lung 13 21
Brain 15 21
Age at initial diagnosis, median 60 (31-77) 60 (25-77)
(range)
Sex, n (%)
Female 8 (47.1) 9 (42.9)
Male 9 (52.9) 12 (57.1)
Smoking, n (%)
No history of smoking 9(52.9) 11 (52.4)
History of smoking 8(47.1) 10 (47.6)
Histologic type, n (%)
Adenocarcinoma 11 (64.7) 13 (61.9)
Squamous cell carcinoma 2 (11.8) 2(9.5)
NSCLC, other 4(23.5) 6 (28.6)
Stage at diagnosis, n (%)
Early (IA-IIIA) 12 (70.6) 15 (71.4)
Advanced (IIIB-1V) 5(29.4) 6 (28.6)
Molecular alteration, n (%)
EGFR mutation 8 (47.1) 9 (42.9)
TP53 aberration 10 (58.8) 13 (61.9)
ALK translocation 0(0.0) 0(0.0)
KRAS mutation® 0(0.0) 1(4.8)
Adjuvant therapy®, n (%)
Chemotherapy 13 (76.5) 15(71.4)
TKI therapy 1(5.9) 1(4.8)
Timing of brain metastasis, n (%)
Synchronous 0(0.0) 2(9.5)
Metachronous 17 (100.0) 19 (90.5)

*KRAS mutation was screened in 12 patients

"Medical treatment between the initial lung surgery and subsequent
brain metastatectomy

Immune-related gene expression profiling using
the NanoString platform

Expression profiling of 770 immune-related genes was
performed using the nCounter® PanCancer Immune
Profiling Panel (NanoString Technologies Inc., Seattle,
WA) [11]. Ten unstained slides of 10 pm thickness were
obtained from representative formalin-fixed paraffin-
embedded (FFPE) blocks of surgical specimens. Based
on the corresponding hematoxylin and eosin (H&E) slide,
viable tumor portion was macrodissected. After extraction,
the RNA was quantified and its quality was assessed using
DS 11 spectrophotometer (DeNovix Inc., Wilmington, DE)
and AATI Fragment Analyzer (Agilent Technologies,
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«Fig.2 Brain metastasis has a suppressed and unique immunopheno-
type. a Pathway scores calculated with nSolver 4.0 and visualized
as a heatmap plot. Scores are Z-transformed and displayed on the
same scale. Orange, high scores; blue, low scores. b Pathway scores
according to organ (Mann—Whitney U test). ¢ Gene set enrichment
analysis of primary lung cancer versus lung cancer brain metastasis
(LCBM) using the gene sets for immune response category (upper)
and immune function (lower). A positive enrichment score indi-
cates that the gene set is enriched in primary lung cancer samples.
d Representative enrichment plots with P values and false discovery
rate (FDR) ¢ values. e IFN-y signature score (independent-sample ¢
test). CT antigen, cancer/testis antigen; TLR, Toll-like receptor; *,
P <0.05; **, P<0.01; ***, P<0.001; ns not significant

Santa Clara, CA). The criteria for acceptable quality were
RNA concentration > 20 ng/uL, total RNA > 100 ng, A260/
A230 ratio > 1.0, and bioanalyzer peak > 200 nucleotides.
Raw data were processed into a signature matrix using
nSolver Analysis Software version 4.0 (NanoString Tech-
nologies Inc.). The gene expression data are available at
the Gene Expression Omnibus (GEO) repository under
accession number GSE161116.

Clustering and differential expression analysis

Gene expression data were normalized using the DESeq?2
package in R and hierarchical clustering, principal com-
ponent analysis (PCA) and exploration of differentially
expressed genes (DEGs) were performed [12]. Graphs were
plotted using the ggplot2, pheatmap, and EnhancedVolcano
packages in R.

Interferon-y signature scoring

The interferon-y (IFN-y) signature score was calculated
as previously described [13]. Briefly, raw gene expression
counts were subjected to quantile normalization. The result
was log10-transformed, and the IFN-y signature score was
calculated by averaging the values of six genes (IDOI,
CXCLI0, CXCL9, HLA-DRA, STAT1, and IFNG).

Pathway analysis

Gene set enrichment analysis (GSEA) was conducted using
GSEA software v.4.0.3. The reference data file annotated
with immunological functions for 770 genes in the nCoun-
ter® PanCancer Immune Profiling Panel was downloaded
from the NanoString Technologies website (https://www.
nanostring.com/products/gene-expression-panels/gene-expre
ssion-panels-overview/hallmarks-cancer-gene-expression
-panel-collection/pancancer-immune-profiling-panel ?jumpt
0=SUPPORT). These reference data, which are annotated

with the immunological function and biological process
categories from the Gene Ontology Consortium, were then
processed to gene sets in the gene matrix file format (.gmt)
for GSEA.

Based on the same predefined gene sets, immune-related
pathway scores were estimated using the module in nSolver
4.0. The pathway scores were based on the first principal
component of the expression data in each sample, based on
the expression levels for the gene sets related to the specific
pathway [14].

Immune cell deconvolution

The immune cell composition of tumor samples was charac-
terized by the NanoString method and the Cell-type Identi-
fication by Estimating Relative Subsets of RNA Transcripts
(CIBERSORT) algorithm [15, 16].

The NanoString method was carried out using nSolver
4.0. This method evaluates the abundance of 14 immune cell
populations using the expression level of previously defined
cell-type-specific marker genes [17].

The CIBERSORT algorithm computes relative abundance
of 22 immune cell types and their statistical significance
using the reference gene signature matrix (LM22) compris-
ing 547 genes. CIBERSORT analysis was conducted on the
CIBERSORT website (https://cibersort.stanford.edu/).

Immunohistochemistry

Immunohistochemistry was performed using antibodies
against CD3 (Ventana Medical Systems, Tucson, AZ),
NCR1 (R&D Systems, Minneapolis, MN), iNOS (Abcam,
Cambridge, UK), and CD163 (Cell Marque, Rocklin, CA)
with a Benchmark XT autostainer (Ventana Medical Sys-
tems). Immunohistochemistry results were evaluated by
counting the number of cells with robust immunoreactivity
per 10 high-power fields. As a surrogate for 7P53 mutation,
immunohistochemistry for p53 (Dako, Agilent Technologies,
Santa Clara, CA) was performed. Tumors were regarded to
have TP53 aberration if they exhibited p53 overexpression
or null expression, as previously validated [18].

Statistical analysis

The normality of data was assessed by Kolmogo-
rov—Smirnov test and Shapiro—Wilk test. The IFN-y score,
pathway score, and immune cell distribution between the
groups were compared by independent-sample ¢ test and
Mann-Whitney U test. Immunohistochemical data were
compared by Wilcoxon signed-rank test. Statistical analysis
was performed using R statistical software, version 3.6.1.
Two-sided P values <0.05 were considered statistically sig-
nificant in all analyses.
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«Fig. 3 Differential immune landscape according to EGFR mutation
status. a-b, Immune-related pathway scores of primary lung tumors
and LCBM cases in EGFR wild-type (a) and mutant (b) subgroups
calculated by nSolver 4.0 (Mann—Whitney U test). ¢ Immune scores
of EGFR wild-type versus EGFR mutant primary lung adenocarci-
noma samples (Mann—Whitney U test). d Immune scores of EGFR
wild-type versus EGFR mutant LCBM adenocarcinoma cases
(Mann—Whitney U test). CT antigen, cancer/testis antigen; TLR, Toll-
like receptor; *, P<0.05; **, P<0.01; *** P<0.001; ns not signifi-
cant

Results
Patients’ characteristics

Among the 42 tumor samples obtained from 21 patients, 28
samples satisfied the RNA quality criteria and were included
in the NanoString panel analysis (Table 1). The analysis
included 11 pairs of primary lung carcinoma and LCBM
from the same patient, and a further unmatched two primary
lung and four brain metastatic tumors. The diagnosis was
adenocarcinoma in 11 patients, squamous cell carcinoma in
two patients, and other NSCLCs in four patients. No patient
received glucocorticoid therapy prior to surgery for brain
metastases. About half of the patients harbored an EGFR
mutation or TP53 aberration. Among the 8 EGFR mutant
patients in the NanoString study cohort, the detailed muta-
tion profiles were four exon 19 deletions (E19del), three
exon 21 L858R missense mutations (L858R), and one exon
20 missense mutation (S7681/V769L). None of the cases
showed evidence of ALK translocation.

The immune cell profiling results were validated by
immunohistochemistry of 42 matched primary NSCLC and
LCBM samples from the extended cohort. The clinical char-
acteristics were similar to those of the NanoString study
cohort (Table 1).

Tumor immune-microenvironment of the lung
and brain

Based on unsupervised hierarchical clustering of the expres-
sion levels of all immune-related genes, tumors from the
lung and brain formed separate clusters (Fig. 1a). Within
each organ cluster, EGFR wild-type and mutant cases tended
to aggregate in different subgroups, but no distinct cluster-
ing pattern was observed by histology, 7P53 status, or indi-
vidual patient (Fig. 1c; Supplementary Fig. 1a). Cluster-
ing of adenocarcinoma cases (n=18) showed that tumors
were divided into groups according to the involved organ
and EGFR mutation status (Fig. 1b and d; Supplementary
Fig. 1b). These data suggest that primary lung cancer and
LCBM lesions exhibit different bulk immune-related gene
expression profiles, which also differs within each organ
according to EGFR mutation status.

Immunophenotype of brain metastases

To evaluate the immune response in the lung and brain,
we performed pathway analysis using nSolver 4.0. Various
immune-related pathway scores were lower in LCBM com-
pared to those of primary lung cancer; the largest differences
were in the scores of immune regulation, T cell functions,
and chemokine-related pathways (Fig. 2a and b).

GSEA between primary lung tumor and brain metas-
tasis revealed that primary lung lesions were enriched for
genes related to B cell functions (NES=1.78, P=0.013,
FDR q=0.066), T cell functions (NES=1.70, P=0.024,
FDR ¢=0.060), immune regulation (NES =1.60, P=0.008,
FDR ¢=0.092), and chemokines (NES=1.56, P=0.010,
FDR ¢=0.088). In contrast, TGF-f signaling pathway was
upregulated in the LCBM group (NES=1.52, P=0.028,
FDR ¢=0.218), suggesting an immunosuppressive micro-
environment in the brain metastatic lesions (Fig. 2c and d).
IFN-y signature based on six genes has been proposed to be
predictive of the clinical response to PD-1 blockade [13].
The IFN-vy signature score was lower in LCBM compared to
that of primary lung tumor (P=0.038) (Fig. 2e). Altogether,
these data show that LCBM is associated with a suppressed
tumor immune-microenvironment and a reduced tumor
immune response.

Immune landscape according to EGFR mutation
status

EGFR mutation is associated with an uninflamed phenotype
and weak immunogenicity [19]. Because EGFR mutant and
wild-type cases tended to form separate clusters (Fig. 1a—d),
we evaluated the effect of EGFR mutation on immune path-
ways. LCBM showed a suppressed immune response com-
pared to the primary pulmonary lesion irrespective of EGFR
mutation status (Fig. 3a and b). Within primary lung cancer
tissues, there was no significant difference in immune path-
way score according to EGFR mutation status (Fig. 3¢, Sup-
plementary Fig. 2a). However, diverse immune-related path-
ways were upregulated in LCBM cases of EGFR-mutated
compared to EGFR-wild-type adenocarcinoma (Fig. 3d). A
similar trend was detected for brain metastasis tissues of all
histologic subtypes (Supplementary Fig. 2b). EGFR TKI
affects the tumor microenvironment of lung cancer [20].
Thus, we re-analyzed the data excluding the one patient
with previous TKI therapy, which showed that EGFR muta-
tion was associated with increased scores of diverse immune
pathways involved in chemokines (P =0.057), complements
(P=0.029), cytokines (P=0.057), leukocyte functions
(P=0.057), pathogen defense (P=0.029), and regulation
(P=0.057) in LCBM tissue (Supplementary Fig. 2c). Taken
together, it is suspected that EGFR mutation may play a role
in shaping the tumor microenvironment of brain metastatic
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«Fig.4 DEG exploration between primary lung cancer and LCBM
reveals organ-dependent expression profile. a Volcano plot repre-
senting differentially expressed genes for primary lung tumor versus
LCBM. Red and green dots, genes with or without statistical signifi-
cance (fold change> 1.5 and adjusted P <0.05). b Clustering heatmap
of the 54 DEGs between the lung and brain

NSCLC, particularly adenocarcinoma, into a more immuno-
logically active phenotype.

DEGs between primary lung cancer and LCBM

We explored the DEGs between primary lung cancer and
LCBM. Eighteen genes were significantly upregulated in
LCBM and 36 in primary lung cancer (Fig. 4a). In the
cluster analysis based on these DEGs, brain metasta-
ses harboring mutated EGFR tended to cluster together
(Fig. 4b). Among the DEGs, markers of T cells (CD3E)
and B cells (CD79A) were upregulated in the primary lung
tumor while those of M2 macrophage/microglia (CD163)
and NK-cell/neural lineage (NCAM) were upregulated
in brain metastases. Furthermore, the anti-inflammatory
markers TOLLIP and HLA-G [21, 22], were upregulated
in LCBM. S100A8, which stimulates leukocyte infiltra-
tion and cytokine production during lung injury [23], was
upregulated in the primary lung cancer. Although not
statistically significant, the expression of most immune
checkpoint molecules tended to be lower in brain meta-
static lesions than in primary lung tumors, regardless of
the alleged immune stimulatory- or inhibitory-role for
each molecule (Supplementary Table 1).

We further searched for DEGs according to the EGFR
mutation status. Among the lung samples, EGFR-mutated
tumors showed upregulation of LTK and downregulation of
ADA, MAGEA3, MAGEB2, PBK, and USP9Y (cutoff, fold
change > 1.25). Among the brain tumors, DMBTI (fold
change =4.073, adjusted P=6.57E-05) and TGFB2 (fold
change =3.543, adjusted P =0.023) were upregulated in
those with EGFR mutation (cutoff, fold change > 1.25).
Within each organ, no significant difference of immune
checkpoint inhibitors was observed according to the EGFR
mutation status.

Immune cell profiles: higher NK-cell density
and enhanced M2 polarization of macrophages
in LCBM

Next, we assessed the immune cell composition using the
CIBERSORT and the NanoString method proposed by
Danaher et al. [15, 16], and validated the results by immu-
nohistochemistry in the extended cohort. NCR1, iNOS
and CD163 were used as markers of NK-cells, M1- and

M2-macrophages, respectively [24, 25]. The proportions
of most immune cell subsets were reduced in LCBM com-
pared to primary lung cancer. However, the proportion of
M2-macrophages was higher in the brain (Fig. 5Sa, upper;
Fig. 5b). The relative proportions of macrophages and
CD56dim-NK-cells among the total TILs were signifi-
cantly higher in LCBM (Fig. 5a, lower). The ratio of M1- to
M2-macrophages and that of NK-cells to total T cells were
also significantly higher in LCBM (Fig. 5a, lower; Fig. 5c,
d, e; Supplementary Fig. 3). Within each organ, there was
no significant difference in the proportions of immune cell
types between EGFR-mutated and wild-type cases (Supple-
mentary Fig. 4a—d). These findings demonstrate that LCBM
tumors generally have reduced immune cell infiltration but
increased proportions of NK-cells and M2-polarized tumor-
associated macrophages (TAMs).

Discussion

Previous studies comparing primary lung cancer and
LCBM showed good agreement in terms of mutations of
major oncogenic drivers but different copy number altera-
tions of key genes including MYC and CDKN2A/B [26,
27]. Infiltration by T cells was reduced and that by mac-
rophages was increased in LCBM, determined by gene
expression analysis [26]. In this study, we investigated the
immunologic landscape of primary lung cancer and LCBM
to assess the effect of tumor-involved organs and EGFR
mutation status on the tumor immune-microenvironment
and to discover potential immunotherapeutic targets.

EGFR mutation in NSCLC is associated with a lower
tumor mutation burden, PD-L1 expression, and T cell
infiltration [19, 28]. In this study, clustering analysis with
the NanoString panel profiling revealed that the primary
lung cancer and LCBM samples formed distinct clus-
ters, and EGFR wild-type and mutated cases tended to
be distinct within each organ cluster, particularly in the
brain. Immune pathway scoring showed that the immune
reaction potential was consistently lower in LCBM tissue
compared to primary lung tumor, irrespective of EGFR
mutation status. Interestingly, while EGFR mutation status
did not affect the immune pathway scores of primary lung
tumors, the overall immune pathway scores of the LCBM
cases were higher in the EGFR-mutated cases, indicat-
ing an immunogenic phenotype. Therefore, the effect of
EGFR mutation on the tumor immune-microenvironment
may vary among organs and the EGFR mutation of a
tumor might shape the tumor immune-microenvironment
of metastases.

Recently, it has been suggested that there may be dif-
ferences in tumor immune-microenvironment depending
on the type of EGFR mutations. Between the two most
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«Fig.5 Higher NK-cell density and enhanced M2 polarization of mac-
rophages in LCBM. a Immune cell profiling with the NanoString
method. Cell count score for individual cell type (upper) and relative
abundance per total tumor infiltrating leukocytes (TILs; lower) are
plotted (Mann—Whitney U test). Relative proportion of NK-cells per
TILs or T cells are also shown. Total TILs are defined as the mean
value of the count score for B cells, T cells, CD45-positive cells,
macrophages, and cytotoxic cells. b Cell profile of macrophages
analyzed with CIBERSORT algorithm (Mann—-Whitney U test). ¢
Representative immunohistochemical images of NCR1, CD3, iNOS,
and CD163. Scale bar, 50 pm. d Numbers of NCRI1-positive cells,
CD3-positive cells and their ratio (Wilcoxon signed-rank test). e
Cell counts for iNOS-positive cells, CD163-positive cells and their
ratio (Wilcoxon signed-rank test). *, P<0.05; ** P<0.01; ***
P <0.001; ns not significant

common sensitizing mutation cases, i.e., EGFR exon
19 deletion and exon 21 L858R point mutation cases,
there were differences in tumor mutational burden, and
the responses to ICI, which were worse in patients with
exon 19 deletion [28, 29]. Therefore, we also analyzed
DEGs between L858R point mutation and exon 19 dele-
tion patients in lung and brain, respectively. Within lung
samples, no statistically significant DEG was discovered.
Within LCBM cases, one gene (IL8) was upregulated in
exon 19 deleted patients (fold change =5.86, adjusted
P =0.018). Further studies are warranted to unveil the
underlying immunologic differences among these specific
oncogenic mutational profiles.

The expression levels of some genes differed between
EGFR-wild-type and -mutant cases. The expression of
LTK, a close homolog of ALK associated with tumorigen-
esis of acute myeloid leukemia [30], was higher in EGFR-
mutated lung tumors. TGFB2, which is associated with
tumor progression by promoting cancer cell invasion and
epithelial-mesenchymal transition [31], was upregulated in
EGFR-mutated LCBM samples. Improved patient survival
was observed in a phase III trial of a TGF-f2 antisense-
modified NSCLC tumor cell vaccine, and other drugs tar-
geting the TGF-P pathway are under clinical investigation
[32, 33]. The utility of targeting these molecules in EGFR-
mutated lung cancer remains to be evaluated.

Based on immune cell deconvolution analysis and immu-
nohistochemical validation, the macrophage population in
LCBM was polarized to the M2 phenotype compared to pri-
mary lung cancer. TAMs typically exhibit an M2-like phe-
notype and exert pro-tumoral and anti-inflammatory effects
[34]. TAM is the key element of the microenvironment in
glioma and blocking of TAMs with an anti-CSF-/R antibody
induced glioma regression [35, 36]. CSF1, a ligand for CSF-
IR, is also expressed in lung cancer and is associated with
distant organ metastasis [37]. Thus, the therapeutic effect of
CSF-IR blockade or other approaches targeting M2-TAM in
LCBM should be explored.

We also found that the counts of most immune cell
types were smaller in the brain, reflecting the alleged poor
immune repertoire of the CNS [38]. However, regarding the
relative proportion in total TIL counts, the density of mast
cells and T cells were higher in the primary lung lesion,
whereas LCBM samples were highly infiltrated by mac-
rophages and CD56dim-NK-cells. The total NK-cell to T
cell ratio was also higher in LCBM compared to the pri-
mary lung tumor. These findings implicate that the innate
immune system may be closely related to the anti-tumor
immune response to LCBM. CD56dim-NK-cells are major
NK-cell subset responsible for effective cytolytic activity
and secretion of proinflammatory cytokines [39—41]. Thus,
immunotherapeutic strategies targeting these cells may be
effective for LCBM. Of note, DEG analysis showed that the
expression of HLA-G was upregulated in LCBM. HLA-G is
a non-classical HLA class I molecule that suppresses vari-
ous immune cells in the tumor microenvironment [21]. In
an in vitro study using NSCLC cells, HLA-G inhibited the
cytotoxic function of NK-cells [42]. The growth potential of
HLA-G-positive tumor was reversed by a monoclonal anti-
body in a murine in vivo model [43]. Therefore, our findings
suggest that HLA-G contributes to the immunosuppressive
phenotype of LCBM and may serve as a potential therapeu-
tic target which may enhance the cytotoxic effect of NK-cells
by inhibiting HLA-G in tumor cells.

Responsiveness to ICI differs between extracranial and
intracranial tumors [5]. Reduced infiltration of PD-1-posi-
tive TILs in LCBM was suggested as an explanation for the
resistance to ICI [9]. In this study, there was no difference
in PDCD1 (PD-1) or CD274 (PD-LI) expression between
brain and lung tumor tissues; however, the IFN-y signature
score, a predictor of the clinical response to ICI [13], was
lower in LCBM. These findings indicate that differences in
anti-tumor immunity that are obscure at the single-gene-
expression level can be revealed by using a signature score
consisting of multiple genes [13].

However, our study is limited by the small number of
cases analyzed in the NanoString panel analysis. Because
the study used FFPE tissue and a number of the samples
had been stored for more than 5 years, a large number of
cases were excluded due to the inadequate quality of the
extracted RNA. In addition, we were unable to reveal onco-
genic alteration in 9 out of 17 patients in the NanoString
cohort, limiting the evaluation of the immune microenviron-
ment in patients with oncogenic alterations encompassing
genes other than EGFR, KRAS, or ALK. Nevertheless, to the
best of our knowledge, this is the first study of the immune
landscape of matched primary and brain lung cancer metas-
tases in terms of EGFR mutation status. We also validated
the increased proportion of NK-cells and M2-macrophages
in the brain by immunohistochemistry and explored potential
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treatment strategies targeting NK-cells via their interaction
with the HLA-G pathway in LCBM.

Conclusion

We found organ-specific and EGFR-dependent differences
in the tumor immune-microenvironment between primary
NSCLC and its brain metastases. Brain metastases showed
an immunosuppressive phenotype in terms of immune-
related pathways and the composition of immune cell
infiltrates. However, LCBM had a unique immune cellular
component and gene expression, which may have immu-
notherapeutic implications. The differences in the immune
reaction of LCBM according to EGFR mutation status
should be considered when treating patients with EGFR-
mutated lung cancer with brain metastasis.
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