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Abstract 

Metastases in the brain are the most severe and devastating complication of cancer. The incidence of brain metastasis 
is increasing. Therefore, the need of finding specific druggable targets for brain metastasis is demanding. The aim of 
this study was to compare the brain (immune) response to brain metastases of the most common tumor lineages, 
viz., lung adenocarcinoma and breast cancer. Targeted gene expression profiles of 11 brain metastasis of lung adeno-
carcinoma (BM-LUAD) were compared to 11 brain metastasis of breast cancer (BCBM) using NanoString nCounter 
PanCancer IO 360™ Panel. The most promising results were validated spatially using the novel GeoMx™ Digital Spatial 
Profiler (DSP) Technology. Additionally, Immune cell profiles and expression of drug targets were validated by mul-
tiplex immunohistochemistry. We found a more active immune response in BM-LUAD as compared to BCBM. In the 
BM-LUAD, 138 genes were upregulated as compared to BCBM (adj. p ≤ 0.05). Conversely, in BCBM 28 genes were 
upregulated (adj. p ≤ 0.05). Additionally, genes related to CD45 + cells, T cells, and cytotoxic T cells showed to be 
expressed higher in BM-LUAD compared to BCBM (adj. p = 0.01, adj. p = 0.023, adj. p = 0.023, respectively). The spatial 
quantification of the immune cells using the GeoMx DSP technique revealed the significantly higher quantifica-
tion of CD14 and CD163 in tumor regions of BM-LUAD as compared to BCBM. Importantly, the immune checkpoint 
VISTA and IDO1 were identified as highly expressed in the BM-LUAD. Multiplex immunohistochemistry confirmed the 
finding and showed that VISTA is expressed mainly in BM-LUAD tumor cells, CD3 + cells, and to fewer levels in some 
microglial cells in BM-LUAD. This is the first report on differences in the brain immune response between metastatic 
tumors of different lineages. We found a far more extensive infiltration of immune cells in BM-LUAD as compared 
to BCBM. In addition, we found higher expression of VISTA and IDO1 in BM-LUAD. Taken together, targeted immune 
therapy should be considered to treat patients with BM-LUAD.
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Introduction
The rise of brain metastases (BM) is the most severe 
and devastating complication of solid tumors, occurring 
in up to 50% of patients with metastatic cancer [1]. BM 
causes significant morbidity and negatively affects sur-
vival rates [2]. The incidence of BM has significantly risen 
in recent years due to better treatment modalities that 
resulted in longer survival times, opening wider windows 
for metastases to arise. Furthermore, the development of 
more sensitive diagnostic tools has increased the detec-
tion of BM [3]. The most common brain metastases arise 
from primary tumors in the lung, breast, melanoma, and 
colorectal cancer [4]. Most lung cancer brain metasta-
ses (LCBM) arise from lung adenocarcinomas (LUAD), 
rather early in the course of the disease [5, 6]. In contrast, 
breast cancer brain metastases (BCBM) are usually a late 
complication, of which the triple-negative (TNBC) and 
HER2 + breast cancer subtypes have the highest potency 
to migrate to the brain [7, 8]. The median survival of 
patients with LCBM is approximately 7–12 months and 
about 15 months in patients with BCBM [9, 10]. Despite 
the development of new therapies, novel targeted thera-
peutic agents have little effect on BM, partly due to the 
blood–brain barrier (BBB) obstacle for many drugs, and 
differences in sensitivity between primary tumors and 
their brain metastases [11, 12]. In order to develop tar-
geted immunotherapies to improve treatment outcomes 
for patients with BM, a better understanding of the bio-
logical and immunological characteristics of BM and 
identification of the involved molecular mechanisms is of 
great importance.

After entering the brain, tumor cells face a specific and 
complex environment that is fundamentally different 
from the environment of the primary tumors in terms 
of cell composition, metabolism, and immune land-
scape [13]. The tumor cells, together with the cells in the 
brain, form a complex tumor microenvironment (TME) 
that maintains normal tissue homeostasis and hosts the 
immune response against metastatic tumor cells [14, 15]. 
Intercellular communication is a dynamic network of 
cytokines, chemokines, growth factors, and enzymes that 
remodel the extracellular matrix, leading to profound 
changes in the characteristics of the surrounding tissue 
[16]. Histopathological studies in various tumor types 

have shown infiltration of immune cells including mac-
rophages, granulocytes, T lymphocytes, myeloid-derived 
suppressor cells (MDSCs), as well as cellular heterogene-
ity of the tumor niches [17–19]. Exploring the molecular 
differences between the primary tumor and the matched-
paired brain metastasis has been performed previously 
[20–24]. In addition, the involvement of the immune 
system in cancer progression has been well established. 
However, little is known about the (immune) response of 
the brain toward various types of tumors [21, 25–27].

The aim of this study was to investigate the brain 
(immune) response toward different types of tumors. 
In addition, we aimed to discover targetable molecules 
in brain metastasis from various origins. Therefore, we 
compared cancer- and immune-related gene expression 
profiles in brain metastasis of lung adenocarcinoma (BM-
LUAD) to that of BCBM. Our findings were confirmed 
spatially by using the novel GeoMx Digital Spatial Pro-
filer (DSP) technique and by multiplex Immunohisto-
chemistry. BM-LUAD showed more infiltration of the 
immune cells and higher expression of immune check-
point targets than BCBM. The present findings suggest 
that specific immune therapy may benefit patients with 
brain metastasis of lung cancer.

Materials and methods
Tissue samples and clinical data
The unique cohort of twenty-two Formalin-fix, paraffin-
embedded (FFPE) tissue samples of brain metastasis 
from lung adenocarcinoma (n = 11) and breast cancer 
(n = 11) were collected (Fig. 1a). The clinical characteris-
tics of patients are summarized in Table  1. The median 
age at diagnosis of the patients with BM-LUAD was 
64 years and of the patients with BCBM 48 years. The ER, 
PR, and her2neu status of the primary breast cancers and 
their matched brain metastases are shown in (Table  1). 
None of the patients in either group received therapy or 
corticosteroids 6–12  months prior to brain metastasis 
surgery. Treatments for BM after the surgical removal of 
the brain metastasis were radiotherapy, chemotherapy, 
stereotactic radiotherapy (SRT), and whole brain radio-
therapy (WBRT). The histopathology of primary breast 
cancer and their matched BM showed some discordancy 
(Table  1). That was mainly observed in the primary 

Fig. 1  The Nanostring nSolver advanced analysis for the targeted gene expression, pathway signatures, and immune cell profiles between 
BM-LUAD and BCBM using nCounter PanCancer IO 360™ Panel. a Experimental set-up of targeted gene expression profiling (Nanostring nCounter 
PanCancer IO360 panel, n = 770 genes) and protein expression (GeoMx DSP) of BM-LUAD (n = 11) and BCBM (n = 11) from FFPE tissue samples. 
b Volcano plot indicating differentially expressed genes between BCBM and BM-LUAD (adj. p ≤ 0.05). c Heatmap of normalized differentially 
expressed genes between BCBM and BM-LUAD (absolute fold change ≥ 1; adj. p ≤ 0.05). The scaling of the heatmap is based on each gene. d Box 
plots of nCounter PanCancer IO 360™ biological signatures representing the set of pathway scores upregulated in each brain metastasis group (* 
adj. p ≤ 0.05; ** adj. p ≤ 0.01). e Box plots of immune cell scores acquired pursuant to the tumor location and showing higher levels of CD45 + cells 
notably T cells and cytotoxic cells in BM-LUAD (* adj. p ≤ 0.05; ** adj. p ≤ 0.01)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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triple-negative breast cancer (TNBC) subtype. While 5 
(out of 11) primary samples were TNBC, only 2 (out of 
11) remained TNBC when developing metastasis to the 
brain. This study was approved by the Medical Ethics 
Committee of the Erasmus Medical Center, Rotterdam, 
the Netherlands (MEC 02·953 & MEC-2020–0732), and 
was conducted in adherence to the Code of Conduct 
of the Federation of Medical Scientific Societies in the 
Netherlands.

RNA extraction and quality control
RNA extraction was performed as explained previ-
ously [28]. In short, tissue sections of 5 μm were stained 
with hematoxylin and eosin (H&E) and examined by a 
pathologist. Total RNA was extracted from 10–12 sec-
tions of 10  μm thickness using the RNeasy FFPE kit 
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. RNA was stored in RNase/DNase-
free water at -80 °C. The quality and quantity of extracted 
RNA were assessed by Agilent 2100 Bioanalyzer (Santa 
Clara, CA, USA). RNA degradation was calculated using 
percentages of fragments of 300–4000 nucleotides.

Targeted gene expression analysis using nanostring® 
technology
Gene expression was measured using the PanCancer 
IO 360™ Panel (Nanostring Technologies, Seattle, WA, 
United States), consisting of 770 genes related to cancer 
biology, the microenvironment, the immune response, 
and housekeeping genes as described previously [29]. In 
short, 300 ng of good quality RNA, with a maximum of 7 
μL was used for hybridization with the panel probes for 
17 h at 65 °C using a SimpliAmp Thermal Cycler (Applied 
Biosystems, Foster City, CA, USA). Cleaning of the extra 
unannealed probes was performed using the nCounter 
FLEX system and the expression of genes was calculated 
by scanning 490 fields-of-view (FOV).

Expression data were uploaded to the nSolver software 
(4.0), and data analysis was done using the Advanced 
Analysis module (2.0). The most stable housekeeping 
genes (Additional file 1: Table S1) were used to normalize 
the raw expression data using the geNorm algorithm, and 
the background threshold was set as the mean of negative 
controls plus 2 standard deviations.

Immune cell deconvolution and pathway analysis
To characterize the relative abundance of immune 
cells, immune cell-specific gene markers were chosen 
by calculating the pairwise similarity between all pairs 

Table 1  Clinical characteristics of brain metastasis from lung and 
breast cancer

ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal 
growth factor 2; TNBC: triple-negative breast cancer; SRT: Stereotactic 
radiotherapy; WBRT: Whole brain radiotherapy

Characteristics No %

Total samples 22 100

Cancer type

Brain metastasis from lung adenocarcinoma 11 50

Brain metastasis from breast cancer 11 50

Lung cancer
Median age at diagnosis, years (range) 64 (46–74)

Sex

 Male 6 54.5

 Female 5 45.5

Histology

 Adenocarcinoma 11 100

Smoking status

 Never smoking 1 9.1

 Former smoker 5 45.5

 Smoking 4 36.4

 Unknown 1 9.1

Treatment after surgery of BM

 No treatment 1 9.1

 Radiotherapy 6 54.4

 SRT 1 9.1

 WBRT 2 18.2

 Other 1 9.1

Breast cancer
Median age at diagnosis, years (range) 48 (36–74)

Histology of primary tumor

 ER/PR +  2 18.2

 ER/HER2 +  1 9.1

 HER2 +  1 9.1

 TNBC 5 45.5

 Unknown 2 18.2

Histology of matched-BM

 ER +  3 16.7

 PR +  2 11.1

 ER/PR +  1 5.6

 HER2 +  2 11.1

 TNBC 2 11.1

Unknown 1 5.6

Treatment after surgery of BM

 Radiotherapy 5 45.5

 Chemotherapy 2 18.2

 Radiotherapy & Chemotherapy 2 18.2

 Other 2 18.2
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of candidate marker genes (n = 61) that were above the 
background detection limit [30]. Gene pairs that showed 
pairwise similarity of > 0.6 were selected to identify 
immune cells. The cell type score is the average of log-
transformed expression values of marker genes which 
were used to compare the relative abundance of immune 
cells between BM-LUAD and BCBM. Gene Set Analysis 
(GSA), embedded within the nSolver software, was used 
to evaluate the differences at the pathways level. Path-
way scores were calculated using the average expression 
of genes that were associated with a designated pathway. 
The significant changes for the abundance of immune 
cells and for pathway scores were calculated using the 
t-test between BM-LUAD and BCBM.

GeoMx digital spatial profiler (DSP)
The spatial expression of immune-related targets was 
performed as described previously [31]. In short, 5 um 
of brain metastasis FFPE was used for this experiment. 
Various fluorescent-labeled antibodies were used as mor-
phological markers. At the same time, a cocktail of 79 
antibodies including the immune-related targets, house-
keeping proteins, and negative controls (Additional file 1: 
Table  S2). Two regions of interest (ROIs) were selected 
in each sample: tumor-rich ROI and immune-rich ROI. 
Each ROI Antibodies counting was achieved following 
the manufacturer’s instructions (NanoString Technolo-
gies, Seattle, WA, USA). The protein expression data 
were normalized to two housekeeping proteins (His-
tone H3, S6) and corrected for the background by sub-
tracting the expression of the negative control Ms.IgG2a 
from data expression in every ROI separately. The Linear 
Mixed Model (LMM) was sued to calculate the signifi-
cant differences between the 2 groups, and proteins were 
considered significantly expressed when (adj. p < 0.5).

Immunohistochemistry
All 22 tissue samples were used to validate the sig-
nificantly expressed proteins by performing multiplex 
Immunohistochemistry (IHC). For the immune cell 
types, tissue sections of 5 μm were stained with CD163, 
CD14, PanCk antibodies and with syto13 (DNA) nuclear 
stating and scanned using the GeoMx DSP instrument. 
Additionally, all 22 samples were used for the conven-
tional IHC to validate the expression of VISTA and IDO1 
using Alkaline phosphatase, according to the manufac-
turer’s standard protocol. The stained slides were scored 
and interpreted by a pathologist. VISTA was shown 
to be significantly highly expressed in the BM-LUAD 
group. In order to identify the specific cells that express 
VISTA in BM-LUAD samples, we performed multiplex 

immunofluorescence (IF) staining using 2 independent 
BM-LUAD samples by following the automated protocol 
using the Ventana Benchmark Discovery (Ventana Medi-
cal Systems Inc). The process of staining was carried out 
using a previously published method [31]. A summary of 
all antibodies is shown in Additional file 1: Table S3.

Statistical analysis
The differential expression pattern of genes between BM-
LUAD and BCBM was analyzed using a simplified nega-
tive binomial model and Benjamin-Hochberg procedures 
were applied to correct for multiple testing. Differences 
in pathway scores and cell type scores were assessed with 
the Mann–Whitney U test. All statistical analyses were 
carried out using R statistical software, version 4.0.1. 
The P-values were two-sided, and a P-value ≤ 0.05 was 
considered statistically significant. The protein expres-
sion differences between BM-LUAD and BCBM were 
assessed using GeoMx DSP Analysis software, version 
2.4.0.147. Benjamin-Hochberg method and the linear 
mixed model were applied to account for multiple obser-
vations within a given sample. Heatmaps were generated 
with Log2-normalized data of significantly expressed tar-
gets (adj. p ≤ 0.05). The Heatmap of DEGs was generated 
based on |Log2Fold change|> 1, BH < 0.05, and outliers 
were removed by using Tukey’s rule [32]. The web-based 
tool Morpheus by Broad Institute (RRID: SCR_017386) 
was used for the visualization of data as a heatmap.

Results
Differential targeted gene expression patterns 
between BM‑LUAD and BCBM
The expression of 51/770 genes was below the detec-
tion limit in BM-LUAD and BCBM. A total of 166 genes 
were identified as DEGs (adj. p ≤ 0.05, Fig. 1b), of which 
138 were upregulated in BM-LUAD (adj. p ≤ 0.05) and 
28 were upregulated in BCBM (adj. p ≤ 0.05). The most 
significant differentially upregulated genes considering 
the lowest adj. p-value were present in the BM-LUAD 
and included CD40, TREM1, and ERO1A. The most 
significant upregulated genes based on the lowest adj. 
p-value in BCBM included BAMBI, PRLR, and SFRP1. 
In BM-LUAD higher expression (adj. p ≤ 0.05) was pre-
sent of the chemokines CCL5, CCL13, CCL20, CXCL2, 
CXCL9, and CXCL13; the cellular adhesion molecule 
ICAM1; the T-cell markers CD3D and CD3E; the B cell 
marker CD79A and the monocytes marker CD40. Con-
versely, only CD44 (adj. p ≤ 0.05) was overexpressed in 
BCBM. Importantly, in BM-LUAD the immune check-
point inhibitors VSIR and IDO1 were upregulated (adj. 
p ≤ 0.05; Fig. 1c).
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More active immune response and higher immune cell 
expression in BM‑LUAD than BCBM
Eight pathway scores out of 25 signaling pathways were 
significantly different between BM-LUAD and BCBM 
(adj. p ≤ 0.05). In BM-LUAD there was enrichment for 
genes related to apoptosis (adj. p = 0.013); cytotoxic-
ity (p = 0.034); co-stimulatory signaling (adj. p = 0.023); 
immune cell adhesion and migration (adj. p = 0.047); 
lymphoid compartment (adj. p = 0.028); JAK-STAT 
signaling (adj. p = 0.013) and PI3K-AKT signaling (adj. 
p = 0.016) (Fig.  1d). The BCBM were enriched only 
for genes related to TGF-beta signaling (adj. p = 0.01) 
(Fig.  1d). Using the pairwise similarity method to iden-
tify immune cell types in the samples resulted in iden-
tifying 13 immune cells types. The overall immune cell 
expression was higher in BM-LUAD than in BCBM. In 
general, there were more (CD45 +) immune cells present 
in the BM-LUAD samples (adj. p = 0.01). In particular, 
T cells and cytotoxic T cells were found to be relatively 
more abundant in BM-LUAD compared to BCBM (adj. 
p = 0.023, adj. p = 0.023, resp.) (Fig. 1e). However, B cells, 
DC, CD8 T cells, Exhausted CD8 T cells, macrophages, 
mast cells, NK cells, neutrophils were found to be equally 
abundant in both groups.

Spatial biology confirmed the higher protein expression 
of immune‑related targets in BM‑LUAD
The expressional differences were validated by compar-
ing protein expression in different ROIs within the same 
tissue sample, namely tumor-rich and immune-rich ROIs 
(Fig.  2a). The spatial multiplex-protein measurements 
were carried out in 9/11 BCBM and 11/11 BM-LUAD 
samples of the discovery set (the tumor compartment 
was lost in 2 BCBM samples due to the amount of sam-
ples that was used for RNA extraction). Most of the 
examined targets tailored in the DSP panel were found 
to be higher expressed in BM-LUAD as compared to 
BCBM (Fig. 2b). Confirming the gene expression results, 
CD45 expression was found to be significantly higher in 
BM-LUAD samples (adj. p ≤ 0.05). However, in addition 
to confirming the results, spatial measurements revealed 
that the significant expression of CD45 in BM-LUAD was 
found only in tumor ROIs. Tumor ROIs in BM-LUAD 
expressed higher expressions of CD14, CD163, GZMA, 
BCL-6, BAD, BCLXL, 4-1BB, VISTA, and IDO1. The 

only protein that was significantly higher in the BCBM 
group is CD44 (adj. p ≤ 0.05), confirming the gene expres-
sion results obtained earlier (Fig. 2b–e). In addition, the 
expression of targets including tumor suppressor P53 and 
MET tyrosine-protein kinase were higher in BM-LUAD 
(Fig.  2b–e). Importantly, while selecting immune-rich 
ROIs in both groups, we discovered that those areas were 
much easier to find in BM-LUAD (n = 25) as compared 
to BCBM (n = 7) (Fig.  3d). Despite the higher immune-
rich ROIs in the BM-LUAD as compared to BCBM, pro-
tein expression (Fig.  3a–d) and the composition of the 
immune cells was very similar between the BM-LUAD 
and BCBM (Fig. 3e and f ).

M2 macrophages polarization and drug targets were 
higher in BM‑LUAD compared to BCBM
The higher expression of CD14 and CD163 in BM-LUAD 
was confirmed by fluorescent IHC. The expression of 
CD14 + and CD163 + cells was found to be in between 
tumor cells (Fig. 4a). The cells that express both proteins 
at the same time were found only in BM-LUAD sam-
ples. These results were obtained by using the GeoMx 
DSP technique but not by bulk RNA gene expression, 
highlighting the high sensitivity level of the GeoMx DSP. 
IHC revealed the higher expression of VISTA in all 11 
BM-LUAD samples used in our study (Additional file 2: 
Fig. S1 and Fig. S2). Only 7 samples (out of 9 BCBM) 
showed some positivity of VISTA expression (Additional 
file 2: Fig. S1 and Fig. S2). On the other hand, IDO1 was 
expressed to a lower level in both groups and confirmed 
to be higher in BM-LUAD (Additional file 2: Fig. S1 and 
Fig. S2). The IHC results confirmed the same direc-
tion of expression obtained by gene expression profiles 
and by the spatial protein profiles. By using multiplex IF 
IHC, we found that the higher expression of VISTA was 
not confounded in tumor cells only. The expression of 
VISTA also co-localized with CD3 T cells and to a lower 
level in TMEM19 microglia cells. Additionally, screening 
for the expression of drug targets in brain metastasis of 
both cancers revealed a high level of VISTA and IDO1 in 
BM-LUAD, with relatively higher expression of VISTA 
compared to IDO1 (Fig.  4b). Using the 5-plex immu-
nofluorescence staining, we observed the expression of 
VISTA in tumor cells, CD3 + cells, and at a lower level on 
microglial cells in BM-LUAD (Fig. 4c).

(See figure on next page.)
Fig. 2  Digital spatial profiling of BM-LUAD and BCBM. a Image of a brain metastasis tissue sample used for DSP analysis and stained with 
morphological markers DNA (nucleus, blue), PanCK (tumor, green), and CD45 (immune cells, pink). b Volcano plot of differential expression of 
proteins in PanCK + tumor regions between BCBM and BM-LUAD (absolute fold change ≥ 1 and adj. p ≤ 0.05). c Box plots of protein targets in tumor 
cells containing compartments between BCBM and BM-LUAD. Each dot is presenting one PanCK + ROI in a BM sample, each ROI was measured in 
three replicates in all the samples. d Heatmap of normalized protein expression in PanCK + tumor ROIs between BCBM and BM-LUAD. The scaling of 
the heatmap is based on each target. e Heatmap of median normalized protein expression in tumor cell containing compartments (PanCK + ROIs) 
between BCBM and BM-LUAD
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Fig. 2  (See legend on previous page.)
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Discussion
In the present study, we compared the brain response to 
metastasis of the lung (BM-LUAD) and breast (BCBM) 
and identified 166 differentially expressed genes. Most 
of the DE genes and the pathways associated with them 
were higher in BM-LUAD, suggesting that the brain 
responds differently to the different types of cancerous 
cells. About 55% of the DE genes were immune-related 
and found to be higher in the LUADBM group. By con-
firming the results spatially, we found that the immune 
infiltration is located in between tumor cells of LUAD, 
but not in BC. The infiltration is composed of T cells 
(CD3), Cytotoxic T cells (GZMA), and myeloid-derived 
cells (CD14, CD163). In addition, We found that the 
brain enables higher infiltration of immune cells when 
receiving LUAD cells compared to BC cells. That was 
reflected by the number of immune-rich ROIs that were 
hardly found and selected in the BC samples compared 
to LUAD samples. despite the significant difference in 
the immune-rich areas, the cellular composition of the 
immune infiltrates appeared to be similar. In addition, 
genes coding for chemokines, immune checkpoints 
(e.g. VSIR, IDO1), and the leukocyte adhesion molecule 
ICAM1 were overexpressed in the BM-LUAD. Further-
more, levels of the immune regulatory receptors VISTA 
and IDO1 were significantly higher in BM-LUAD as 
compared to those in BCBM. Pathway analysis revealed 
a more active immune response in the BM-LUAD com-
pared to BCBM. The findings were validated by DSP and 
multiplex IHC and it appeared that in BM-LUAD the 
immune cells merged more often in between the tumor 
cells of BM-LUAD, hinting at a more intense immune 
interaction than observed in BCBM.

Studies on the identification of immunological features 
between brain metastases from different types of can-
cers are limited. Kudo et  al. showed increased infiltra-
tion of M2 macrophages in brain metastasis from paired 
NSCLC samples by comparative immune gene profil-
ing analysis [21]. In a recent study on human NSCLC, 
Zhang et al. showed increased expression of CD163 M2 
macrophages in the tumor brain microenvironment and 
linked this finding with a significant promotion of neo-
angiogenesis [33]. Berghoff et al. found differences in the 
infiltration of microglia and M2 macrophages between 
brain metastasis from NSCLC and melanoma [34]. In 

the present comprehensive analysis, we also found more 
infiltration of M2 macrophages in BM-LUAD as com-
pared to BCBM. However, the increased numbers of M2 
macrophages were accompanied by an overall higher 
immune activity in the TME of BM-LUAD. The finding of 
the significant overexpression of the immune checkpoint 
proteins VISTA and IDO1 in the BM-LUAD compared 
with the BCBM tumor-rich compartments of the brain 
metastases should shape lineage-specific brain metasta-
sis therapeutic approaches. The expression of VISTA so 
far reported in NSCLC (primary tumors) is in line with 
our findings [35–38]. VISTA is an immune regulatory 
receptor predominantly expressed by myeloid cells with 
antigen-presenting properties like microglial cells [39]. 
We found that the expression of VISTA is not confined 
to microglia, but is also present in tumor cells and T lym-
phocytes, reflecting the situation in primary lung cancer 
[35]. High expression of VISTA has been associated with 
worse overall survival (OS) in various cancers [37]. The 
specificity for NSCLC may be attributed to lymphocyte 
enrichment in the TME of NSCLC as compared to that 
of other cancers [40–42]. Since VISTA is a ligand in anti-
gen-expressing cells but is also present in T cells, inves-
tigations on the interference with VISTA in LCBM are 
necessary to discover the effects of being used as a target 
for immune therapy.

IDO1 is also an immune response-modulating mol-
ecule that we found significantly overexpressed in the 
LCBM in the present study. IDO1 is a suppressor of the 
immune response and a rate-limiting enzyme in tryp-
tophan catabolism. Expression of IDO1 is induced by 
interferon-gamma and therefore related to the presence 
of T cells. IDO1 helps cancer cells to escape the immune 
response by tryptophan depletion from the TME and by 
producing the catabolic products of tryptophan degrada-
tion that are toxic to T cells and NK cells. High expres-
sion of IDO1 has been observed in various malignant 
tumors including lung cancers and its overexpression is 
associated with unfavorable clinical outcomes [43–47]. 
Zhao et al. found that IDO1 was highly expressed at the 
later stage of lung cancer suggesting that it may have a 
role in tumor progression [48]. So far, therapeutic inter-
ference with the IDO1 pathway has yielded a wide range 
of responses in cancers of various lineages [49, 50]. The 
present finding of predominant expression of IDO1 in 

Fig. 3  Digital spatial profiling of BM-LUAD and BCBM. a Volcano plot of differential expression of proteins in immune infiltrate regions (CD45 + area) 
between BCBM and BM-LUAD (absolute fold change ≥ 1 and adj. p ≤ 0.05). b Box plots of protein targets in immune infiltrate compartments 
between BCBM and BM-LUAD. Each dot is presenting one CD45 + ROI in a BM sample. (* adj. p ≤ 0.05; ** adj. p ≤ 0.01). c Heatmap of median 
normalized protein expression in CD45 + ROIs between BCBM and BM-LUAD. d Heatmap of normalized protein expression in CD45 + ROIs between 
BCBM and BM-LUAD. The scaling of the heatmap is based on each target. (e) Image of a CD45 + ROI in BCBM sample. The bar graph shows the 
distribution of immune cell types in seven immune ROIs from BCBM. Image of a CD45 + ROI in BM-LUAD sample. f The bar graph shows the 
distribution of immune cell types in twenty-three immune ROIs from BM-LUAD

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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BM-LUAD, not in BCBM, should be taken into consid-
eration when developing combines therapeutic strategies 
with the involvement of IDO1.

In conclusion, this comprehensive comparison of the 
immune response in BM-LUAD and BCBM revealed 
that BM-LUAD are, in contrast with BCBM, highly 
immunogenic tumors with larger numbers of immune 
cells, larger numbers of activated pathways, and signifi-
cant expression of the immune checkpoint molecules 
VISTA and IDO1. Therefore, BM-LUAD is an immu-
nological “hot” tumor as opposed to BCBM, and treat-
ment strategies should be developed accordingly.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40478-​023-​01542-9.

Additional file 1. Table S1. The list of housekeeping genes used for the 
normalization of genes. Table S2. List of (A) morphological markers, and (B) 
antibodies included in the core panel and module used in DSP. Table S3. 
Details of antibodies used in multiplex immunofluorescence staining.

Additional file 2. Fig. S1 Heterogeneity of VISTA and IDO1 expression 
in immunohistochemistry (IHC)-stained brain metastases tissues. A. 
Expression of IDO1 and VISTA in IHC-stained BCBM. The numbers refers to 
a number of that sample (total samples = 9). B. Expression of IDO1 and 
VISTA in IHC-stained BM-LUAD. The numbers refers to a number of that 
sample (total samples = 11). Fig. S2 Comparison of immune check‑
point expressions in high expressed ROIs and low expressed ROIs of 
IHC-stained brain metastases tissues. A. Expression of IDO1 and VISTA 
in IHC-stained BCBM in high expressed - and low expressed ROI. NLC 
stands for the normalized logged counts. The numbers next to the BCBM, 
refer to a number of that sample. B. Expression of IDO1 and VISTA in IHC-
stained BM-LUAD in high expressed - and low expressed ROI. NLC stands 
for the normalized logged counts. The numbers next to the BM-LUAD, 
refer to a number of that sample.

Acknowledgements
The authors thank Dr. Jan von der Thüsen for the valuable discussions. Dr. 
Theierry P.P. van den Bosch for his help with IHC and Dr. Alex L. Nigg for 
discussing the image analysis.

Author contributions
SHN, carried out experiments, collected the data,, prepared figures and tables, 
and wrote the manuscript; WdK assisted with data analysis; JW assisted with 
sample and clinical data collection, DV provided technical assistance with 
DSP; KL provided technical assistance with IHC, JMK, and DAMM designed the 
study, supervised the study and wrote the manuscript. All authors read and 
commented on the manuscript.

Funding
No funds, grants, or other support was received for this study.

Availability of data and materials
The datasets used and analyzed in the current study are available upon 
reasonable request from the corresponding author. Additional data included 
in the study are available in supplementary materials.

Declarations

Ethics approval and consent to participate
This study was approved by the Medical Ethics Committee of the Erasmus 
Medical Center, Rotterdam, the Netherlands (MEC 02·953 & MEC-2020–0732), 

Fig. 4  Digital spatial profiling of BM-LUAD and BCBM. a IHC 
double staining by DSP for immune cell infiltration (CD163 + M2 
macrophages and CD14 + monocytes) in BCBM and BM-LUAD. b IHC 
staining for the expression of therapeutic targets VISTA and IDO1 in 
BCBM and BM-LUAD. c Multicolor fluorescence localizing expression 
of VISTA in BM-LUAD. The grey arrow points to the expression of VISTA 
in tumor cells; the pink arrow points VISTA expression in microglial 
cells; the orange arrow points VISTA expression in immune cells 
(Yellow: TTF1 [Thyroid transcription factor], Aqua: CD3, Red: TMEM19 
[Transmembrane Protein 19], White: VISTA, Green: PanCK)

https://doi.org/10.1186/s40478-023-01542-9
https://doi.org/10.1186/s40478-023-01542-9


Page 11 of 12Najjary et al. Acta Neuropathologica Communications           (2023) 11:64 	

and was conducted in adherence to the Code of Conduct of the Federation of 
Medical Scientific Societies in the Netherlands.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pathology and Clinical Bioinformatics, The Tumor 
Immuno‑Pathology Laboratory, Erasmus University Medical Center, Dr. Mole-
waterplein 40, 3015 GD Rotterdam, The Netherlands. 2 Department of Pathol-
ogy and Clinical Bioinformatics, Erasmus University Medical Center, Rotterdam, 
The Netherlands. 3 Present Address: Institute of Tissue Medicine and Pathology, 
University of Bern, Murtenstrasse 31, 3008 Bern, Switzerland. 

Received: 20 January 2023   Accepted: 5 March 2023

References
	1.	 Fabi A, Felici A, Metro G, Mirri A, Bria E, Telera S, Moscetti L, Russillo M, 

Lanzetta G, Mansueto G (2011) Brain metastases from solid tumors: dis-
ease outcome according to type of treatment and therapeutic resources 
of the treating center. J Exp Clin Cancer Res 30:1–7

	2.	 Hamed M, Schäfer N, Bode C, Borger V, Potthoff AL, Eichhorn L, Schneider 
M (2021) Preoperative metastatic brain tumor-associated intracerebral 
hemorrhage is associated with dismal prognosis. Front Oncol 11:699860

	3.	 Sperduto PW, Mesko S, Li J, Cagney D, Aizer A, Lin NU, Nesbit E, Kruser 
TJ, Chan J, Braunstein S (2020) Survival in patients with brain metastases: 
summary report on the updated diagnosis-specific graded prognos-
tic assessment and definition of the eligibility quotient. J Clin Oncol 
38:3773–3784

	4.	 Nayak L, Lee EQ, Wen PY (2012) Epidemiology of brain metastases. Curr 
Oncol Rep 14:48–54. https://​doi.​org/​10.​1007/​s11912-​011-​0203-y

	5.	 Perez-Moreno P, Brambilla E, Thomas R, Soria J-C (2012) Squamous cell 
carcinoma of the lung: molecular subtypes and therapeutic opportuni-
ties. Clin Cancer Res 18:2443–2451

	6.	 Fenske DC, Price GL, Hess LM, John WJ, Kim ES (2017) Systematic review 
of brain metastases in patients with non–small-cell lung cancer in the 
United States, European Union, and Japan. Clin Lung Cancer 18:607–614

	7.	 Mouttet D, Laé M, Caly M, Gentien D, Carpentier S, Peyro-Saint-Paul H, 
Vincent-Salomon A, Rouzier R, Sigal-Zafrani B, Sastre-Garau X (2016) Estro-
gen-receptor, progesterone-receptor and HER2 status determination in 
invasive breast cancer Concordance between immuno-histochemistry 
and MapQuant™ microarray based assay. PLoS One 11:e0146474

	8.	 Jin J, Gao Y, Zhang J, Wang L, Wang B, Cao J, Shao Z, Wang Z (2018) 
Incidence, pattern and prognosis of brain metastases in patients with 
metastatic triple negative breast cancer. BMC Cancer 18:1–8

	9.	 Ali A, Goffin J, Arnold A, Ellis P (2013) Survival of patients with non-
small-cell lung cancer after a diagnosis of brain metastases. Curr Oncol 
20:300–306

	10.	 Niikura N, Hayashi N, Masuda N, Takashima S, Nakamura R, Watanabe 
K-I, Kanbayashi C, Ishida M, Hozumi Y, Tsuneizumi M (2014) Treatment 
outcomes and prognostic factors for patients with brain metastases from 
breast cancer of each subtype: a multicenter retrospective analysis. Breast 
Cancer Res Treat 147:103–112

	11.	 Kienast Y, Winkler F (2010) Therapy and prophylaxis of brain metastases. 
Expert Rev Anticancer Ther 10:1763–1777

	12.	 Mehta MP, Paleologos NA, Mikkelsen T, Robinson PD, Ammirati M, 
Andrews DW, Asher AL, Burri SH, Cobbs CS, Gaspar LE (2010) The role of 
chemotherapy in the management of newly diagnosed brain metasta-
ses: a systematic review and evidence-based clinical practice guideline. J 
Neurooncol 96:71–83

	13.	 Najjary S, Mustafa DAM, Kros JM (2022) Non-small cell lung cancer brain 
metastasis: the link between molecular mechanisms and novel therapeu-
tic approaches. Cancer Metastasis Mol Mech Clin Therapy

	14.	 Perus LJ, Walsh LA (2019) Microenvironmental heterogeneity in brain 
malignancies. Front Immunol 10:2294

	15.	 Quail DF, Joyce JA (2013) Microenvironmental regulation of tumor pro-
gression and metastasis. Nat Med 19:1423–1437

	16.	 Hanahan D, Coussens LM (2012) Accessories to the crime: functions of 
cells recruited to the tumor microenvironment. Cancer Cell 21:309–322

	17.	 Grivennikov SI, Greten FR, Karin M (2010) Immunity, inflammation, and 
cancer. Cell 140:883–899

	18.	 Guo L, Wang C, Qiu X, Pu X, Chang P (2020) Colorectal cancer immune 
infiltrates: significance in patient prognosis and immunotherapeutic 
efficacy. Front Immunol 11:1052

	19.	 Sun B, Zhao H (2022) A study on immune cell infiltration in lung adeno-
carcinoma. Comb Chem High Throughput Screen 25:2082–2088

	20.	 Koh YW, Han J-H, Haam S, Lee HW (2021) An immune-related gene 
expression signature predicts brain metastasis in lung adenocarcinoma 
patients after surgery: gene expression profile and immunohistochemical 
analyses. Transl Lung Cancer Res 10:802

	21.	 Kudo Y, Haymaker C, Zhang J, Reuben A, Duose DY, Fujimoto J, Roy-
Chowdhuri S, Soto LMS, Dejima H, Parra ER (2019) Suppressed immune 
microenvironment and repertoire in brain metastases from patients with 
resected non-small-cell lung cancer. Ann Oncol 30:1521–1530

	22.	 Lee JY, Park K, Lee E, Ahn T, Jung HH, Lim SH, Hong M, Do I-G, Cho EY, Kim 
D-H (2016) Gene expression profiling of breast cancer brain metastasis. 
Sci Rep 6:28623

	23.	 Fischer GM, Jalali A, Kircher DA, Lee W-C, McQuade JL, Haydu LE, Joon 
AY, Reuben A, de Macedo MP, Carapeto FCL (2019) Molecular profiling 
reveals unique immune and metabolic features of melanoma brain 
metastasesmolecular profiling of melanoma brain metastases. Cancer 
Discov 9:628–645

	24.	 Fukumura K, Malgulwar PB, Fischer GM, Hu X, Mao X, Song X, Hernandez 
SD, Zhang XHF, Zhang J, Parra ER (2021) Multi-omic molecular profiling 
reveals potentially targetable abnormalities shared across multiple 
histologies of brain metastasis. Acta Neuropathol 141:303–321

	25.	 Gonzalez H, Hagerling C, Werb Z (2018) Roles of the immune system 
in cancer: from tumor initiation to metastatic progression. Genes Dev 
32:1267–1284

	26.	 Böttcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M, Sam-
micheli S, Rogers NC, Sahai E, Zelenay S, eSous CR (2018) NK cells stimu-
late recruitment of cDC1 into the tumor microenvironment promoting 
cancer immune control. Cell 172: 1022–1037

	27.	 You H, Baluszek S, Kaminska B (1941) Immune microenvironment of brain 
metastases—are microglia and other brain macrophages little helpers? 
Front Immunol 2019:10

	28.	 Wismans LV, Lopuhaä B, de Koning W, Moeniralam H, van Oosterhout 
M, Ambarus C, Hofman FN, Kuiken T, Endeman H, Mustafa DAM (2022) 
Increase of mast cells in COVID‐19 pneumonia may contribute to pulmo-
nary fibrosis and thrombosis. Histopathology

	29.	 de Geus V, Ewing-Graham PC, de Koning W, de Koning MNC, van den 
Bosch TPP, Nigg AL, van Eijck CHJ, Jozwiak M, van Beekhuizen HJ, Mustafa 
DAM (2022) Identifying molecular changes in early cervical cancer sam-
ples of patients that developed metastasis. Front Oncol 11:5706

	30.	 De Koning W, Latifi D, Li Y, Van Eijck CHJ, Stubbs AP, Mustafa DAM (2021) 
Identification, validation, and utilization of immune cells in pancre-
atic ductal adenocarcinoma based on marker genes. Front Immunol 
12:649061

	31.	 van Krimpen A, Gerretsen VIV, Mulder EEAP, van Gulijk M, van den Bosch 
TPP, von der Thüsen J, Grünhagen DJ, Verhoef C, Mustafa D, Aerts JG 
(2022) Immune suppression in the tumor-draining lymph node cor-
responds with distant disease recurrence in patients with melanoma. 
Cancer Cell 40:798–799

	32.	 Tukey JW (1977) Exploratory data analysis. Reading, MA
	33.	 Zhang Q, Abdo R, Iosef C, Kaneko T, Cecchini M, Han VK, Li SS-C (2022) 

The spatial transcriptomic landscape of non-small cell lung cancer brain 
metastasis. Nat Commun 13:1–19

	34.	 Berghoff AS, Lassmann H, Preusser M, Höftberger R (2013) Characteriza-
tion of the inflammatory response to solid cancer metastases in the 
human brain. Clin Exp Metas 30:69–81

	35.	 Villarroel-Espindola F, Yu X, Datar I, Mani N, Sanmamed M, Velcheti V, 
Syrigos K, Toki M, Zhao H, Chen L (2018) Spatially resolved and quantita-
tive analysis of VISTA/PD-1H as a novel immunotherapy target in human 

https://doi.org/10.1007/s11912-011-0203-y


Page 12 of 12Najjary et al. Acta Neuropathologica Communications           (2023) 11:64 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

non-small cell lung cancerrole of VISTA/PD-1H in NSCLC. Clin Cancer Res 
24:1562–1573

	36.	 Hong S, Yuan Q, Xia H, Zhu G, Feng Y, Wang Q, Zhang Z, He W, Lu J, Dong 
C (2019) Analysis of VISTA expression and function in renal cell carcinoma 
highlights VISTA as a potential target for immunotherapy. Protein Cell 
10:840–845

	37.	 Xie S, Huang J, Qiao Q, Zang W, Hong S, Tan H, Dong C, Yang Z, Ni L (2018) 
Expression of the inhibitory B7 family molecule VISTA in human colorectal 
carcinoma tumors. Cancer Immunol Immunother 67:1685–1694

	38.	 Mulati K, Hamanishi J, Matsumura N, Chamoto K, Mise N, Abiko K, Baba T, 
Yamaguchi K, Horikawa N, Murakami R (2019) VISTA expressed in tumour 
cells regulates T cell function. Br J Cancer 120:115–127

	39.	 ElTanbouly MA, Schaafsma E, Noelle RJ, Lines JL (2020) VISTA: Com-
ing of age as a multi-lineage immune checkpoint. Clin Exp Immunol 
200:120–130

	40.	 Candido JB, Morton JP, Bailey P, Campbell AD, Karim SA, Jamieson T, Lapi-
enyte L, Gopinathan A, Clark W, McGhee EJ (2018) CSF1R+ macrophages 
sustain pancreatic tumor growth through T cell suppression and mainte-
nance of key gene programs that define the squamous subtype. Cell Rep 
23:1448–1460

	41.	 Mier JW (2019) The tumor microenvironment in renal cell cancer. Curr 
Opin Oncol 31:194

	42.	 Toor SM, Syed Khaja AS, El Salhat H, Bekdache O, Kanbar J, Jaloudi M, 
Elkord E (2016) Increased levels of circulating and tumor-infiltrating 
granulocytic myeloid cells in colorectal cancer patients. Front Immunol 
7:560

	43.	 Hennequart M, Pilotte L, Cane S, Hoffmann D, Stroobant V, Plaen ED, 
Eynde BJ (2017) Constitutive IDO1 expression in human tumors is driven 
by cyclooxygenase-2 and mediates intrinsic immune resistanceonco-
genic signaling drives constitutive IDO1 expression. Cancer Immunol Res 
5:695–709

	44.	 Meng Y, Wang W, Chen M, Chen K, Xia X, Zhou S, Yang H (2021) GBP1 
facilitates indoleamine 2, 3-dioxygenase extracellular secretion to 
promote the malignant progression of lung cancer. Front Immunol 
11:622467

	45.	 Kozuma Y, Takada K, Toyokawa G, Kohashi K, Shimokawa M, Hirai F, 
Tagawa T, Okamoto T, Oda Y, Maehara Y (2018) Indoleamine 2, 3-dioxy-
genase 1 and programmed cell death-ligand 1 co-expression correlates 
with aggressive features in lung adenocarcinoma. Eur J Cancer 101:20–29

	46.	 Kocher F, Amann A, Zimmer K, Geisler S, Fuchs D, Pichler R, Wolf D, Kurz 
K, Seeber A, Pircher A (2021) High indoleamine-2, 3-dioxygenase 1 (IDO) 
activity is linked to primary resistance to immunotherapy in non-small 
cell lung cancer (NSCLC). Transl Lung Cancer Res 10:304

	47.	 Mandarano M, Bellezza G, Belladonna ML, Van den Eynde BJ, Chiari R, 
Vannucci J, Mondanelli G, Ludovini V, Ferri I, Bianconi F (2019) Assess-
ment of TILs, IDO-1, and PD-L1 in resected non-small cell lung cancer: 
an immunohistochemical study with clinicopathological and prognostic 
implications. Virchows Arch 474:159–168

	48.	 Zhao X, Li Y, Yang X, Zhang X, Xie J, Li S, Liu H, Guo J, He L, Chen WT (2022) 
Lymphocyte infiltration in association with IDO1 expression in resected 
lung adenocarcinoma and normal adjacent lung tissues. BioMed Res Int

	49.	 Spira AI, Hamid O, Bauer TM, Borges VF, Wasser JS, Smith DC, Clark AS, 
Schmidt EV, Zhao YF, Maleski JE et al (2017) Efficacy/safety of epacadostat 
plus pembrolizumab in triple-negative breast cancer and ovarian cancer: 
Phase I/II ECHO-202 study. J Clin Oncol. https://​doi.​org/​10.​1200/​JCO.​2017.​
35.​15_​suppl.​1103

	50.	 Gangadhar TC, Schneider BJ, Bauer TM, Wasser JS, Spira AI, Patel SP, 
Balmanoukian AS, Bauml J, Schmidt EV, Zhao YF et al (2017) Efficacy and 
safety of epacadostat plus pembrolizumab treatment of NSCLC: Prelimi-
nary phase I/II results of ECHO-202/KEYNOTE-037. J Clin Oncol. https://​
doi.​org/​10.​1200/​JCO.​2017.​35.​15_​suppl.​9014

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1200/JCO.2017.35.15_suppl.1103
https://doi.org/10.1200/JCO.2017.35.15_suppl.1103
https://doi.org/10.1200/JCO.2017.35.15_suppl.9014
https://doi.org/10.1200/JCO.2017.35.15_suppl.9014

	Tumor lineage-specific immune response in brain metastatic disease: opportunities for targeted immunotherapy regimen?
	Abstract 
	Introduction
	Materials and methods
	Tissue samples and clinical data
	RNA extraction and quality control
	Targeted gene expression analysis using nanostring® technology
	Immune cell deconvolution and pathway analysis
	GeoMx digital spatial profiler (DSP)
	Immunohistochemistry
	Statistical analysis

	Results
	Differential targeted gene expression patterns between BM-LUAD and BCBM
	More active immune response and higher immune cell expression in BM-LUAD than BCBM
	Spatial biology confirmed the higher protein expression of immune-related targets in BM-LUAD
	M2 macrophages polarization and drug targets were higher in BM-LUAD compared to BCBM

	Discussion
	Anchor 18
	Acknowledgements
	References


