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Background: The tumor immune microenvironment (TIME) of lung cancer brain metastasis is largely unexplored. We carried
out immune profiling and sequencing analysis of paired resected primary tumors and brain metastases of non-small-cell lung

carcinoma (NSCLC).

Patients and methods: TIME profiling of archival formalin-fixed and paraffin-embedded specimens of paired primary tumors
and brain metastases from 39 patients with surgically resected NSCLCs was carried out using a 770 immune gene expression
panel and by T-cell receptor beta repertoire (TCRf) sequencing. Immunohistochemistry was carried out for validation. Targeted
sequencing was carried out to catalog hot spot mutations in cancer genes.

Results: Somatic hot spot mutations were mostly shared between both tumor sites (28/39 patients; 71%). We identified 161
differentially expressed genes, indicating inhibition of dendritic cell maturation, Th1, and leukocyte extravasation signaling
pathways, in brain metastases compared with primary tumors (P < 0.01). The proinflammatory cell adhesion molecule vascular
cell adhesion protein 1 was significantly suppressed in brain metastases compared with primary tumors. Brain metastases
exhibited lower T cell and elevated macrophage infiltration compared with primary tumors (P < 0.001). T-cell clones were
expanded in 64% of brain metastases compared with their corresponding primary tumors. Furthermore, while TCR repertoires
were largely shared between paired brain metastases and primary tumors, T-cell densities were sparse in the metastases.

Conclusion: We present findings that suggest that the TIME in brain metastases from NSCLC is immunosuppressed and
comprises immune phenotypes (e.g. immunosuppressive tumor-associated macrophages) that may help guide

immunotherapeutic strategies for NSCLC brain metastases.

Key words: tumor microenvironment, non-small-cell lung cancer, brain metastases, VCAM1, TCR repertoire, tumor-associated

macrophage

Introduction

Brain metastases are common in advanced lung cancer patients
and a major cause of mortality [1]. Additionally, 10% of patients
who receive surgical resection for early-stage (e.g. resectable)
non-small-cell lung cancer (NSCLC) are found to exhibit

recurrence in the form of brain metastasis [2, 3]. The median sur-
vival of patients with untreated NSCLC brain metastases is a
mere 1-2 months [4]. The primary therapeutic strategy for brain
metastases includes surgery, stereotactic radiosurgery, and whole
brain radiation therapy, with these therapies bestowing minimal
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survival advantages [5]. Driver mutated genes, such as epidermal
growth factor receptor (EGFR) mutation or an anaplastic lymph-
oma kinase rearrangements, are commonly used to guide person-
alized targeted therapies for primary NSCLC, but with relatively
far more limited success for brain metastases [6, 7].

Evasion of the host immune response is a hallmark of cancer
progression. Inhibition of cancer immunosuppression, e.g. by
targeting immune checkpoints, has provided opportune strat-
egies for immunotherapy of patients with advanced stage cancers
such as NSCLC and melanoma [8, 9]. Markers for response to
immune checkpoint inhibition include relatively high tumor mu-
tation burdens, elevated expression of immune checkpoints such
as tumoral programed cell death ligand 1 (PD-L1) and a ‘hot’ or
inflamed state characterized by tumor-infiltrating lymphocytes
(TILs) [10]. In contrast to primary NSCLCs, features of the
tumor immune microenvironment (TIME) in corresponding
brain metastases are far less characterized, in part due to the diffi-
culty in obtaining brain metastases biopsies.

Here, we carried out immune profiling and sequencing of
matched pairs of archival formalin-fixed and paraffin-embedded
(FFPE) primary lung tumors and brain metastases from 39
patients with resected NSCLC. While brain metastases and pri-
mary tumors display mostly similar driver hot spot mutation
profiles, we find that the TIME of brain metastases is, overall,
more immunosuppressed than that of primary NSCLCs. We also
show that T-cell clonal density and richness is lower in brain
metastases compared with primary lung tumors.

Methods

NSCLC cohort

One hundred and fourteen matched FFPE archival non-malignant lung
parenchymas adjacent to tumors (n= 36), primary lung tumors (n=39)
and brain metastases (n=39) were obtained from 39 NSCLC patients
who underwent surgical resection for both primary lung cancer and brain
metastases at The University of Texas MD Anderson Cancer Center
under approved institutional review board protocols. Patients who
received neoadjuvant chemotherapy were excluded from the study. The
characteristics of the 39 patients are summarized in Table 1. This cohort
comprised 24 adenocarcinomas, 8 squamous cell carcinomas, 4 large cell
neuroendocrine carcinomas and 4 other histologies. The major recurrent
pattern of brain metastases was metachronous (n= 37 patients). Thirty-
six brain metastases cases received glucocorticoid treatment before surgi-
cal resection. Seven cases received radiotherapy for brain metastases
before surgical resection.

DNA/RNA extraction

Hematoxylin and eosin stained sections of surgical specimens were
reviewed by an experienced pathologist. Five to fifteen 10 pm-thickness
unstained slides from FFPE tissues were deparaffinized, and then macro-
dissection was carried out to extract RNA and DNA from tumor tissues
using AllPrep DNA/RNA FFPE kit (from Qiagen).

Targeted DNA sequencing analysis

Targeted sequencing of extracted DNA was carried out with the Ion
AmpliSeq Cancer Hotspot Panel version 2 (CHPv2) on the Ion S5XL
platform (ThermoFisher Scientific, Waltham, MA). Custom-developed,
in-house software (OncoSeek) was utilized to interface the data with the
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Integrative Genome Viewer, to filter repeat errors due to nucleotide
homopolymer regions, to compare replicate samples and to annotate the
sequencing variants [11].

Gene expression analysis by nCounter platform
and functional pathways analysis

Gene expression analysis was carried out using nCounter PanCancer
Immune Profiling Panel (NanoString Technologies, Seattle, WA). To
identify differentially expressed genes (DEGs), a two sample #-test was
carried out. Bonferroni method was applied for multiple-testing adjust-
ment to generate adjusted P-values with an o <0.001 used as the statistic-
al threshold. After identifying DEGs, Ingenuity Pathways Analysis
(Qiagen) was used to functionally organize the genes into modulated
pathways and topological gene—gene interaction networks. In addition,
immune cell profiling was carried out using the entire gene sets on
nSolver 4.0 (NanoString Technologies).

Immunohistochemistry analysis

Five-micrometer tissue sections were prepared from available FFPE
blocks of primary NSCLCs and matched brain metastases, and then
mounted on to slides for immunohistochemistry (IHC) staining. All
slides were stained with antibodies raised against CD8 (clone C8/144B,
1:25, ThermoFisher Scientific) and against vascular cell adhesion protein
1 (VCAM1) (clone EPR5047, 1 : 500, Abcam). Brain metastases speci-
mens were also stained with antibodies against CD68 (clone PG-M1,
1:450, Dako) and TMEM119 (1 : 100, Abcam). Quantification of immu-
noreactivity was carried out by selecting 5 x 1 mm? regions within the
tumor followed by enumerating average densities as number of positive
cells per millimeter square for CD8 and percentage of positive areas for
VCAMI1 using the Aperio Image Toolbox analysis software (Leica
Microsystems). The evaluation of microglia and macrophages in
the brain metastases was carried out by assessing CD68 and
TMEMI119 immunoreactivity. CD68-+TMEM119+ denoted microglial
cells, whereas CD68+TMEM119— staining denoted monocyte-derived
macrophages.

TCRp sequencing analysis

TCRP complementarity-determining region 3 sequencing was carried
out using the ImmunoSEQ Assay pipeline (Adaptive Biotechnologies,
Seattle, WA). Clonality was defined as ‘1—normalized entropy’; normal-
ized entropy was calculated by summing the frequency of each clone
times the log (base 2) of the same frequency over all productive reads in a
sample. Richness was defined as the number of unique nucleotide rear-
rangements in a sample. Differential abundance tool on the ImmunoSEQ
Analyzer was used to assess T-cell clone frequencies and abundances. Any
clones with cumulative abundance of <10 were disregarded in the differ-
ential abundance comparison. Only clones with an adjusted P-value
<0.01 were identified as expanded clones. Shared clones were defined as
those detected in both samples with 10 or more cumulative abundance.

Statistical analysis

Non-parametric Mann—-Whitney U tests were carried out when compar-
ing values of their gene expression level or number of immune cells
among lung primary tumors, non-malignant lung parenchyma and brain
metastases. All P-values were two-sided, and P-values of <0.05 denoted
statistical significance. All statistical analysis was carried out in R version
3.3.0.

Detailed methods are described in supplementary Tables S1 and S2,
available at Annals of Oncology online.
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Table 1. Patient’s characteristics (n = 39)

Variable Category Number
Sex Male 17
Female 22
Age at operation for brain metastases Median (range) 61 (40-84) years old
Smoking habits Smoker 35
Never smoker 4
Histology Adenocarcinoma 24
Squamous cell carcinoma 8
Large cell neuroendocrine carcinoma 3
Others 4
Pathological tumor size of lung cancer Median (range) 3.2(0.7-13.00cm
Pathological stage (TNM 7th edition) | 14
Il 12
Il 10
% 3
Adjuvant chemotherapy Present 20
Type of brain metastasis Synchronous 2
Metachronous 37

Interval between operation for lung cancer and operation for
brain metastases

Radiological size of brain metastases

Number of brain metastases before the operation

Radiation therapy for brain metastasis before the
neurosurgery

Median (range)

481 (—2607 to 1933) days

Median (range) 3.1 (1.0-7.0) cm
1 29
2 5
3 2
4 or more 3

Present (interval between radiotherapy
and the neurosurgery)

7 (2 months-1 year
and 3 months)

Others: three non-small-cell lung carcinomas no-otherwise specified (NOS) and one adenosquamous cell carcinoma.

Results

High concordance of detected mutations between
primary lung tumors and brain metastases

We examined the 78 paired tumor samples by targeted DNA
sequencing for hot spot mutations. The samples comprised 158
somatic mutations, which included 127 single nucleotide variants
(SNVs) and 31 insertions or deletions (indels). The primary lung
cancers and the brain metastases comprised 76 and 82 mutations,
respectively. The most frequent mutations resided in TP53,
KRAS, and EGFR genes (Figure 1A). When we compared muta-
tions among paired cases, the detected variants were shared in 28
patients (71%), and 6 patients (15%) had partially shared muta-
tions (Figure 1B). Furthermore, variant allelic frequencies (VAFs)
of each shared mutation were increased in brain metastases com-
pared with the paired primary lung tumor (Figure 1C). Out of 72
shared mutations, VAFs were increased in 60 mutations and the
median difference in the VAFs was 21.6% (range 1.6%—63.4%).

Immune suppressive microenvironment in brain
metastases

To evaluate gene expression signatures of infiltrating immune
cells, we analyzed immune gene expression profiles in the 78

paired brain metastases and primary lung tumors using the
nCounter PanCancer Immune Profiling Panel. We first identified
161 DEGs between the brain metastases and the primary lung
tumor using an adjusted P-value cutoff of <0.001. Clustering
analysis revealed that the identified gene were able to distinguish,
for the most part, brain metastases from primary NSCLCs
(Figure 2A). Functional pathways analysis revealed various sig-
nificantly modulated pathways including inhibition (indicated
by negative z-scores) of dendritic cell (DC) maturation (—1.604),
Th1 immune response (—1.633) and leukocyte extravasation sig-
naling (—1.508). The DEGs also embodied activation (indicated
by positive z-score) of toll-like receptor signaling (2.828) in the
brain metastases, compared with the lung tumors (Figure 2B).
We then carried out topological gene—gene interaction network
analysis. We noted that the top network analysis comprised
markedly suppressed expression (P < 0.001) of the adhesion mol-
ecule VCAMI1 and that comprised highly inter-connected net-
work gene neighbors (Figure 2C). Furthermore, reduced
expression of VCAMI1 at the protein level in the brain metastases
was validated by THC analysis (Figure 2D). These results suggest
that antigen presentation, e.g. by DCs, as well as extravasation of
lymphocytes and adhesion of leukocytes (reduced VCAM1) are
suppressed in brain metastases compared with matched primary
NSCLCs. though antigen exposure using toll-like receptors were
observed.
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Figure 1. Targeted sequence analysis of hot spot mutations in matched primary lung tumors and brain metastases. (A) Relationship be-
tween detected mutations and frequency in primary lung cancer (L) and brain metastases (B). Y-axis represented number of each detected
mutations. (B) Shared mutation across primary lung tumors and brain metastases. Top bar graph depicts the number of detected mutations
(Y-axis) in each sample (X-axis). The orange bar represents total number of detected mutations and the blue bar represents shared mutations
between primary lung tumors and brain metastases. The lower heat map denotes the identified hot spot mutations in primary lung tumors
and brain metastases. Rows represents variants and columns denote samples. Patterns of sharing of variants between brain metastases and
matched primary lung tumors are denoted by the color as indicated in the figure legend on the right. (C) Variant allele frequencies (VAFs) of
the identified 72 variants that are shared between the primary lung tumors (left scale) and brain metastases (right scale). Different types of
mutations are denoted by the indicated colors. The right bar graph showed difference of allelic frequency in shared mutations.
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Figure 2. Immune gene expression profiling of matched primary lung tumors and brain metastases. (A) Differentially expressed immune-
associated genes (n=161) were identified as described in the Methods section and are depicted in the heat map. Rows denote that genes
and columns represent samples (relatively up-regulated, yellow; down-regulated, blue). Tissue types are represented in the accompanying le-
gend (brain metastases, B; primary lung tumor, L). (B) Functional pathways analysis of the differentially expressed genes was carried out using
the commercially available software Ingenuity Pathways Analysis. The top ten pathways, sorted by statistical significance (—log base 10 of P-
values), are shown. (C) Topological gene-gene interaction network Top network analysis by using 161 differentially expressed genes (DEGs)
on Ingenuity Pathway Analysis. Red and green color indicated up-regulated and down-regulated genes in brain metastases, respectively. (D)
Immunohistochemistry of VCAM1 protein was carried out as described in the Methods section. Percentage of areas with positive VCAM1 ex-
pression against total area between brain metastases (B) and primary lung tumors (L).

We then questioned the impact of glucocorticoid treatment on
immune gene expression profiles in the brain metastases. We
found no significant DEGs in brain metastases between patients
with and without glucocorticoid treatment before the metastasis
resection (supplementary Figure S1, available at Annals of
Oncology online). We also found that immune-related gene ex-
pression profiles did not correlate with NSCLC patients’ outcome
(data not shown). Furthermore, differences in number of im-
mune cell subpopulations, estimated based on the differential im-
mune gene profiles, were not statistically significantly between
patients with and without glucocorticoid treatment (supplemen-
tary Figure S2, available at Annals of Oncology online).

Low TILs and high fraction of macrophages in
brain metastases

We then computed relative abundances of immune cell subpopu-
lations based on expression counts from the entire panel of sur-
veyed genes. The abundance measurements of Thl or CD8 T
genes were significant lower in brain metastases than in the pri-
mary tumors (P<0.001) (Figure 3A). In addition, TILs were

significantly lower in the brain metastases than the lung tumors
(P<0.001) (Figure 3B). Moreover, we found statistically signifi-
cantly reduced levels of CD8+ T cells in brain metastases by IHC
analysis (Figure 3C). Also, the relative abundances of DC and
macrophage genes were significantly lower in brain metastases
compared with primary lung tumors (P < 0.001 and P=0.013,
respectively) (Figure 3A). Ratios of macrophage to TIL genes
were statistically significantly higher in the brain metastases
(P<0.001) (Figure 3B). Gene expression levels of the macro-
phage (M2-like) marker arginase-I (ARGI) were statistically
higher in the brain metastases compared with lung tumors
(P<0.001) (supplementary Figure S3, available at Annals of
Oncology online). Since gene expression profiling does not allow
for an accurate discrimination between peripherally derived mac-
rophages and brain resident microglia, the expression of
TMEM119 (microglia marker) was assessed using IHC. This ana-
lysis revealed that the majority of CD68+ immune cells in the
brain metastases were negative for TMEM119 and, thus, repre-
sented macrophages (94% of patients assessed; supplementary
Figure S4, available at Annals of Oncology online). Overall, these
data demonstrate that brain metastases compared with primary
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Figure 3. Increased macrophages and reduced TILs in brain metastases relative to primary lung tumors. (A) Computational assessment of
immune subpopulations based on gene expression analysis was carried out as described in the Methods section. Abundance measurements
of T cells, Th1 cells, CD8 T cells, B cells, dendritic cells (DC), macrophages, neutrophils, and NK cells in brain metastases (B) and primary lung
tumors (L). **P<0.01; *P<0.05. (B) Abundance measurements of TILs and ratio of each immune cell subpopulation against TILs in brain meta-
stases (B) and primary lung tumors (L). The assessed immune subpopulations included DCs, macrophages, Th1 cells, CD8 T cells, neutrophils,
NK cells, regulatory T cells (Treg), and exhausted CD8 cells. **P<0.01, *P<0.05. (C) Density of CD8 cells in brain metastases (B) and primary

lung tumors (L). ***P<0.001.

lung tumors display reduced T cells, including Th1 cells or TILs,
as well as elevated monocyte-derived macrophages suggestive of
immunosuppression in the metastatic sites.

Low density and richness of T cells, but high
frequency of shared T-cell clones in brain
metastases

To comparatively characterize T-cell repertoires in brain meta-
stases and primary lung tumors, we conducted TCRf sequencing
of 39 paired brain metastases and primary lung tumors as well as
36 matched non-malignant lung parenchyma. We found no stat-
istically significant differences in clonality among the three types
of tissues (P=0.922) (Figure 4A). T-cell richness was

significantly lower in the brain metastases compared with the pri-
mary lung tumors or the non-malignant lung parenchyma
(Figure 4A). Similarly, T-cell densities were also statistically sig-
nificantly lower in brain metastases.

Next, we focused on majority of T-cell clones that were associ-
ated with specific antigens after exposure in each tissue. Figure 4B
depicts representative distribution of clones that resided in the
brain metastases and/or the paired lung tumors; we excluded any
clones with <10 of cumulative abundance from further analysis.
Surprisingly, most clones in the brain metastases were shared
with paired lung tumors with the median ratio of the shared
clones at 100% (Figure 4C). We subsequently analyzed signifi-
cantly expanded clones in the brain metastases. We found that
the clones in brain metastases were expanded in 25 patients
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Figure 4. Attenuated T-cell density and richness in brain metastases compared with matched primary lung tumors. (A) TCRf sequencing of
brain metastases and matched primary lung tumors was carried out as described in the Methods section and in supplementary data, avail-
able at Annals of Oncology online. Clonality, richness, and density of T cells in brain metastases (B), primary lung tumors (L) and uninvolved
normal lung parenchyma (N). (B) Representative distribution of T-cell clones residing in either brain metastases and/or paired primary lung
tumors. Clones with <10 of cumulative abundance under the threshold are shown in light gray dots. The blue dots represent differentially
abundant clones in brain metastases, which were expanded clones (P<0.01). The red dots denote differentially abundant clones in primary
lung tumors, which were expanded clones (P<0.01). The dark gray dots showed clones with no significant difference in abundance. (O)
Proportion of shared T-cell clones between brain metastases (B) and primary lung tumors (L). **P<0.001. (D) Frequency of expanded clones
in brain metastases and in primary lung tumors. The frequencies denote proportions of expanded clones of the total clones. (E) Left bar
graph depicts frequency of expanded clones in primary lung tumors against paired non-malignant lung parenchyma. The right bar graph
depicts frequency of expanded clones from the 23 cases paired brain metastases.

between those patients who received and did not receive gluco-
corticoid treatment prior surgical resection (supplementary

(64%), and the median frequency of expanded clones against
total clones in those patients was 11.2% (Figure 4D). Likewise, T-

cell clones were statistically significantly expanded in 23 patients
of the primary lung tumor (63%), and the median frequency of
expanded cloned against total clones was 5.6% in the 23 patients
with expanded clones (Figure 4E). Furthermore, those expanded
clones were detected in 20 patients of the brain metastases (87%)
while the median frequency of the shared clones was 1.8%
(Figure 4E). The data also suggested that tumor-related antigens
were shared between the brain metastases and the lung tumors in
most cases and that clonal expansion occurred in the brain meta-
stases whereas T cells were not infiltrated sufficiently. Of interest,
TCRp sequencing analysis did not show significant difference in
clonality, richness, and density of T cells in brain metastasis sites

Figure S5, available at Annals of Oncology online). These findings,
in accordance with our immune gene expression profiling analy-
ses above, suggest a state of reduced T-cell migration and aug-
mented immunosuppression in the brain metastases relative to
primary lung tumors.

Discussion

Here we interrogated matched primary NSCLCs and brain meta-
stases by sequencing and immune profiling. This effect is exem-
plified by (i) inhibition of pathways implicating leukocyte

Volume 30 | Issue 9 | 2019

doi:10.1093/annonc/mdz207 | 1527


Deleted Text:  
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdz207#supplementary-data
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdz207#supplementary-data
Deleted Text:  
Deleted Text: 1
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdz207#supplementary-data

extravasation, DC maturation, and Th1l immune responses; (ii)
suppressed expression of molecules (e.g. VCAM1) that promote
leukocyte adhesion to inflammatory sites; (iii) increased expres-
sion of markers implicating protumorigenic M2-like macro-
phages; (iv) reduced CD8+ T cell and TIL infiltration and (v)
reduced T-cell richness and density demonstrated by TCR
sequencing. These differential immune effects were observed in
spite of the high proportions of shared tumoral driver hot spot
mutations and T-cell clones between both compartments. Our
study suggests that the tumor immune microenvironment in
brain metastases compared with primary lung tumors is further
immunosuppressed and suggests avenues for devising new strat-
egies for immunotherapy of brain metastases—e.g. by targeting
immunosuppressive macrophages.

The brain has been considered as an immune privileged organ,
however, this concept is being revised as a lymphatic vessel net-
work of brain tissues was reported in the dura mater in mice [12—
14]. Our coupled immune gene expression profiling, pathways
analysis, and topological gene—gene network survey showed an
immune suppressive environment in the brain metastases, in part
exemplified by inhibition of DC maturation, low frequency of
CD8+ T cells and Th1 cells as well as reduced lymphocyte ex-
travasation and leukocyte adhesion. In the brain microenviron-
ment, microglia represent first line innate immunity and play
crucial roles as antigen presenting cells [15]. Once activated, these
cells produce proinflammatory cytokines, chemokines and upre-
gulate immunomodulatory surface markers; subsequently, these
immune responses allow immune cells or modulators to pene-
trate brain tissues through the blood brain barrier [16]. Several
reports have found that bone marrow-derived monocytes are
recruited to brain tumors, where they differentiate into
monocyte-derived macrophages [17-19]. In this context, our
finding that the microglial marker TMEM 119 was mostly absent
in brain metastases suggests that the majority of macrophages
present in these lesions were derived from peripheral monocytes
and not from microglias. It is important to note that we had
found that brain metastases compared with primary lung tumors
exhibited elevated expression of ARG, an enzyme in L-arginine
metabolism thought to be a marker of anti-inflammatory and
protumorigenic M2-like macrophages [20]. Thus, it is reasonable
to suggest that tumor-associate macrophages (TAMs) may also
exert immunosuppressive roles in the immune microenviron-
ment of brain metastases. Our immune gene expression profiling
and pathways analyses are also in line with previous reports dem-
onstrating reduced TILs in brain metastases compared with
matched primary tumors of lung and breast cancer patients [21,
22]. Accordingly, we also observed markedly suppressed expres-
sion of VCAMI1, a molecule that plays crucial roles in mediating
the adhesion of various leukocytes [16]. It is plausible that
VCAM1 suppression is casually linked to the observed reduced
T-cell infiltration in the brain metastases. Supporting this sup-
position are reports showing that drugs that interrupt the binding
of o4 integrin to VCAMI are effective in treating diseases involv-
ing uncontrollable/elevated infiltration of lymphocytes into in-
flammatory sites [23, 24].

Our findings on an increased TAM phenotype in brain meta-
stases suggest that targeting immunosuppressive TAMs may be a
viable immunotherapeutic approach for clinical management of
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brain metastases in resected NSCLC. A CSF-1R inhibitor, which
targets TAMs, has shown promise in melanoma and augmented
chemotherapeutic responses [25]. Additionally, earlier work has
shown that strategies targeting promoters of TAM recruitment
such as CCL2 [26, 27] and CXCL12/CXCR4 [28, 29] attenuated
breast and prostate cancer metastasis. Furthermore, agents tar-
geting activators of M2-macrophage reprograming such as
STAT3 inhibited immunosuppressive cytokine profiles of
myeloid-derived suppressor cells [30]. Caetano et al. have shown
that the cytokine IL-6 promotes immunosuppressive profiles in
lung adenocarcinoma in part by M2 polarization of macrophages
[31]. In the same study, antibodies against IL-6 inhibited lung
adenocarcinoma development concomitant with an M2 to M1
shift in macrophage polarization [31]. Of note, clinical trials are
underway to assess the immunotherapeutic potential of targeting
CSF1/CSF1R, CCL2/CCR2, and IL6R in various solid tumors
including bone metastasis [25]. Future work and clinical studies
are warranted to examine the immunotherapeutic potential of
agents targeting immunosuppressive properties and cytokine
profiles of TAMs in the clinical management of brain metastases
in NSCLC.

Concomitant with our immune gene expression profiling anal-
yses is our finding by TCR sequencing that T-cell richness and
densities, as well as TILs, were reduced in the immune micro-
environment of brain metastases, despite that TCR repertoires
were, for the most part, shared with matched primary NSCLCs. It
is conceivable that most tumor antigens are shared between pri-
mary lung tumors and brain metastases. It is worthwhile to men-
tion that a recent study demonstrated that clonal overlap of
entire TCR sequences was limited between the primary lung can-
cers and brain metastases displaying a 0.23 Morisita overlap index
[22]. In contrast to our study design, the study by Mansfield et al.
[22] did not focus on analysis of abundant T-cell clones, i.e. those
with accentuated roles in the immune microenvironment. It is
noteworthy that we found that somatic hot spot mutations were,
for the most part, shared between primary lung tumor and
matched brain metastases. Yet, for some of these variants their
VAFs were increased in the brain metastases suggestive of clonal
expansion. It is not clear how these variants may disparately
interplay with the host immune response across both compart-
ments. Future studies are warranted to discern the landscape of
tumoral mutations in brain metastases and how they relate to the
immunosuppressive microenvironment.

Our study is not without limitations. It is not clear how our
findings on the immune microenvironment of brain metastases
in NSCLC patients are specific to primary lung malignancy. Also
it is not discerned how the immune microenvironment of brain
metastases compares to that of primary brain tumors. Previous
studies have shown that the majority of immune cells within pri-
mary brain tumors are macrophages and often comprise up to
30% of the tumor mass [32-34]. Of note, Wang et al. demon-
strated that there are increased type-2 (M2) polarized macro-
phages in mesenchymal gliomas [35]. Furthermore, earlier work
demonstrated that for some brain tumors, the macrophages with-
in/surrounding the tumor are bone marrow derived (rather than
microglial) [19], which is line with what we observed in brain
metastases from patients with primary NSCLC. It is plausible that
there are common immune microenvironment features between
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both brain metastases and primary brain tumors and, thus, there
may be immunotherapeutic strategies (e.g. targeting TAMs) that
may be applicable to both of brain metastases from NSCLC and
primary brain tumors. It is noteworthy we employed targeted
mutational hot spot profiling to primarily interrogate the spec-
trum of canonical driver SNVs. For the most part, this strategy
captured truncal variants and not subclonal mutations that may
have been favorably selected in the transition of primary NSCLCs
to brain metastasis—though we noted increased VAFs for some
of these truncal variants suggestive of clonal selection/expansion
from the primary NSCLCs to brain metastases. Of note, we
found, following histopathological evaluation, that tumor cellu-
larity was significantly (P < 0.01, of the paired Wilcoxon rank
sum test) elevated in the brain metastatic lesions compared with
matched primary lung tumors in the NSCLC patients (supple-
mentary Figure S6, available at Annals of Oncology online) which
may explain, in part, the increased VAFs for the various SNVs in
the brain metastases. Future studies employing whole-genome or
single-cell approaches coupled with immune profiling are war-
ranted to study the landscape of genotype—immune phenotype
interactions in brain metastases of NSCLC patients. Another
limitation of our study is that the majority (36 out of 39) of
patients received glucocorticoid treatment before metastasis sur-
gical resection. Patients with brain metastases commonly exhibit
brain edema or neurological symptoms and most receive gluco-
corticoid therapy before neurosurgery [1, 5, 36]. Glucocorticoids
are reported to elicit inhibitory immune responses via reduced
secretion of inflammatory cytokines and leukocyte trafficking
[37]. Nonetheless, our comparative immune profiling and
sequencing analysis of cases with and without glucocorticoid
treatment demonstrated similar overall host immune responses/
microenvironments in brain metastases between both groups.
Future studies are warranted to fully elucidate the impact of
glucocorticoid treatment on the interplay between the host im-
mune response and brain metastases as well as on responses to
immunotherapeutic regimens.

In conclusion, we demonstrate, by comparative immune
gene profiling and sequencing analyses, that the immune
microenvironment of brain metastases is overall immunosup-
pressed, in part by increased infiltration of TAMs, when com-
pared with matched primary tumors in NSCLC patients. Our
study provides new insights into the interplay between the
host immune response and brain metastases in NSCLC
patients and paves the way for developing new immunothera-
peutic strategies, e.g. by targeting TAMs and their immuno-
suppressive profiles/properties, for lung cancer patients with
distant spread to the brain.
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