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An immune-related gene expression signature predicts brain
metastasis in lung adenocarcinoma patients after surgery: gene
expression profile and immunohistochemical analyses
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Background: Lung adenocarcinoma (LUAD) with brain metastasis (BM) occurs frequently and has a
poor prognosis. In this study, we aimed to assess the correlation between gene expression signatures and the
development of BM after surgical resection of LUAD.

Methods: We analyzed the immune-related gene expression profiles of 72 LUADs with and without BM
after surgery and verified them using NanoString method and immunohistochemistry (IHC). We matched
the Tumor, Node, Metastasis (TINM) stage in the groups with and without BM to minimize the effect of
TNM stage. Pathway enrichment studies were also performed.

Results: In the NanoString results, we identified 11 upregulated immune-related gene signature that
correlated specifically with BM in the discovery and validation sets [area under the curve (AUC) =0.750
and 0.787, respectively]. The discovery set achieved 94% sensitivity and 62% specificity and the validation
set displayed 100% sensitivity and 50% specificity. Eight out of the 11 genes were verified by IHC and had
profiles similar to the gene expression profile results (AUC =0.844 for the discovery set and AUC =0.795 for
the validation set). Subgroup analysis revealed that 11 immune-related gene signature enabled prediction
of BM at all TNM stages. There were no differences in the 11 immune-related gene expression signatures
between the primary LUAD samples and the matched brain samples. Pathway enrichment analysis revealed
that the cytokine-cytokine receptor interaction pathway was closely correlated with BM.

Conclusions: The 11 identified immune-related gene expression signatures may be potentially clinically

useful predictors for BM and can provide patient-specific treatment options.
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Introduction the past, the prognosis of NSCLC was particularly poor, but

When cancer spreads to the brain, it results in a dangerous the survival and BM detection rates have slowly increased

process. Approximately 20% of all brain metastases (BMs) owing to the development of targeted treatments and immune
are caused by non-small cell lung cancer (NSCLC) (1). In checkpoint inhibitors. If NSCLC advances to BM, the average
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survival time is very poor, ranging from 4 to 6 months (2). In
breast cancer, where BM is more frequent, biomarkers that
predict BM have been studied extensively (3,4), however, little
research has been conducted on NSCLC.

Immunological mediators are known to play an
important role in the metastasis of primary tumors to
specific organs. Primary cancer cells develop immunological
mediators that can metastasize to specific organs, and
tumor cells move to specific organs via these immunological
mediators. In a breast cancer model, breast cancer cells
expressing CXC chemokine receptor 4 (CXCR4) and CC
motif receptor 7 (CCR7) were found to bind to CXC motif
chemokine ligand 12 (CXCL12) of the lymph nodes or to
chemokine ligand 21 (CCL21) of the lungs and metastasize
to the lymph nodes or lungs (5,6). Breast cancer results in
frequent bone metastasis by guiding breast cancer cells that
secrete CXCR4 to the bones (7). NSCLC cells also produce
interleukin (IL) 7, which promotes bone metastasis (8).
Immunological mediators that promote BM have also been
reported. Breast cancer cells promote BM by expressing
the IL-6 receptor (4). In the breast cancer model, exosome
integrin B3 promotes BM (3).

Previous studies have shown that the expression or
mutation of some specific genes promotes BM in lung
cancer (9-11). In a recent study by Tsakonas er 4/., a 12-
gene immune signature was significantly downregulated in
BM compared to matching primary tumors (12). Several
previous studies, including Tsakonas et /., compared BM
samples to matched primary lung tumor samples (12,13).
When BM occurs, the prognosis is very poor; therefore, the
most important goal of predicting BM is to do so before BM
occurs. However, in previous studies (12-14), identifying the
gene expression pattern before BM occurrence has proven
difficult because brain samples that had already undergone
BM were compared with matched primary lung tumor
samples. Thus, to identify biomarkers that can predict BM
before it occurs, it is necessary to compare primary lung
tumor samples before the occurrence of BM and primary
lung tumor samples for which BM has not been reported.
Because the Tumor, Node, Metastasis (TINM) stage is an
indicator that best reflects tumor progression, the higher
the TNM stage, the more likely that BM will occur.
Therefore, it is recommended to match TNM stages in
patients with and without BM.

Here, we compared primary lung adenocarcinoma
(LUAD) samples prior to BM with TINM staging-matched
primary LUAD samples for which no BM was reported
using gene expression profiling. The gene expression
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profiling results were verified by immunohistochemistry
(IHC). Since brain samples were available from a small
number of BM groups, the gene expression profiles between
primary lung cancer samples and matched brain samples
were also compared. Subgroup analysis was performed to
determine any changes in gene expression profiles based on
TNM stage. We present the following article in accordance
with the TRIPOD reporting checklist (available at: http://
dx.doi.org/10.21037/tler-20-1056).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Institutional Review Board of the Ajou
University School of Medicine (AJIRB-BMR-KSP-17-357)
and individual consent for this retrospective analysis was
waived.

Study population

Figure 1 shows the strategy employed in the present study.
Patient clinicopathologic information is summarized in
Table S1. All patients were diagnosed with LUAD after
undergoing pulmonary resection at Ajou University
Hospital. The 36 patients from the discovery dataset had
undergone surgery between 2005 and 2010, and the 36
patients from the validation dataset had undergone surgery
between 2011 and 2015. All patients underwent a brain
computerized tomography (CT) scan or magnetic resonance
imaging (MRI) before surgery, but no BM was found. Of the
patients in each dataset, half displayed BM during follow-
up after surgery while the other half did not. All tumor
samples were obtained from surgical specimens; therefore,
they were taken before BM. Brain CT or MRI scans were
used to detect BM. TNM stages can also contribute to
BM because different tumor stages have different degrees
of tumor aggression. Therefore, in each dataset, a sample
with the same tumor stage as that of the group with BM
was randomly selected for the group without BM. Patients
with missing data relating to the TNM staging system were
excluded. The median follow-up time was 34 months (range,
4-82 months).

Gene expression analysis using NanoString Technologies

A total of 579 immunology-related human genes were
used for NanoString analysis (nCounter GX Human
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Figure 1 Overall workflow for the development of immune-related gene signatures that predict response to brain metastasis. LUAD, lung

adenocarcinoma.

Immunology V2 Assay Kit; NanoString Technologies,
Seattle, WA, USA) (15). Total RNA (5 pL) was mixed
with the reporter code and capture probe sets. When
the hybridization reaction was complete, the sample was
immediately transferred to the preparation station, and a
high-sensitivity protocol was applied. Samples made in this
way were scanned using the nCounter Digital Analyzer
(NanoString). Data were normalized using the geometric
mean of the positive control counts and a housekeeping
gene. The 11-gene signature score was determined by
applying a log, transformation and calculating the average
of the genes involved. The gene expression heatmap was
plotted and analyzed using ClustVis software (16). The
DAVID Bioinformatics Resources 6.8 tool was used for
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis (17).

IHC stain

Pathological tumor staging was determined based on
the eighth edition of the TINM classification. Tissue
microarrays were used for IHC staining. Two cores of 2 mm
diameter were collected per patient. IHC was performed
using a Benchmark XT automatic IHC staining device with
an OptiView DAB IHC Detection Kit (Ventana Medical
Systems, Tucson, AZ, USA). Information on the antibodies
used is summarized in Table S2.

The intensity of cytoplasmic or membranous expression
of tumor cells was determined on a four-point scale: 0 (no
staining), 1 (faint = light yellow), 2 (moderate = yellow-
brown), and 3 (strong = brown). The percentage (0-100%)
of expression was also calculated. We used the H-score
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method for the determination of IHC staining (18). The
definition of the overall H-score (0-300) is the intensity of
positive cells multiplied by the percentage. IHC stainings
were interpreted independently by two pathologists
without prior knowledge of clinicopathological data. When
discrepancies occurred, the mean value was used.

Statistical analysis

Gene expression normalization, fold-changes and p value
between group with and without BM were obtained using
the nanoString nSolver analysis software (nanoString
technologies Inc.). The false discovery rate (FDR)
was calculated using the ‘fdrtool’ package in R (The
R Foundation, Vienna, Austria). Receiver operating
characteristic (ROC) curves for the potential BM
biomarkers were generated to determine the appropriate
cutoff values. The Youden index was used as a method
to select the optimal cutoff for gene expression levels to
account for potential clinical benefits (19). IBM SPSS
Statistics 25 software (IBM, Armonk, NY, USA) or R
version 3.5.3 (The R Foundation) was used for the analyses,
and a P value <0.05 was considered statistically significant.

Results

Identification of BM-associated genes and pathway
enrichment analysis

To identify the immune-related gene expression signatures
associated with BM, 36 samples from patients with LUAD

were used for the discovery dataset. In the discovery
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dataset, the expression levels of 117 genes were elevated
in the BM group compared to the non-BM group, and the
P value was <0.05. Next, we evaluated the results of the
discovery set again in the validation set. In the validation
set, the gene signature was purified by removing genes
that did not reach a P value <0.05 for a positive association
with BM, which yielded 28 purified genes; 28 genes had an
FDR <0.05 in all dataset. We added genes with significantly
elevated expression in the brain metastasis (BM) group of
the discovery, validation or both database (Appendix I—
Supplementary data 1-3).

Previous studies have reported that BM is associated
with cytokine and chemokine pathways (3,4). Therefore,
a pathway enrichment analysis was performed using 28
genes to identify the pathways leading to BM. In the
KEGG pathway analysis, 13 pathways were found with P
values <0.05 (Table S3). Among the 13 KEGG pathways,
cytokine-cytokine receptor interaction was identified as a
pathway related to cytokines and chemokines. Five genes
were related to the cytokine-cytokine receptor interaction
KEGG pathway, including CCL18, CCL23, CSF2,
IFNAR?2, and IL6ST. Because it is believed that these five
genes play an important role, the expression levels of the
corresponding genes were verified using IHC. CCL23,
CSF2, and IFNAR?2 protein expression levels were not
confirmed despite several trials. The protein expression of
CCL18 in the BM group was higher in the discovery and
validation sets than in the group without BM (P=0.075 and
P=0.047, respectively). IL6ST protein expression in the
BM group was also higher in the discovery and validation
sets than in the group without BM (P=0.039 and P=0.046,
respectively).

To select the genes most closely related to BM, genes
with a P value <0.05 and a fold change >2 were selected.
In the discovery set, 15 out of 28 genes had a fold change
>2. In the validation set, 11 out of 15 genes had a fold
change >2. Finally, we selected 11 genes that are very
closely related to BM (DPP4, ICAMI1, RARRES3, CD74,
CSF2, HLA-DMB, ICAMS, MUC1, CCL18, RORC, and
1CAMA4). Figure 2 shows the heat maps of the unsupervised
clustering analyses of the discovery and validation sets for
the 11 genes. These genes are closely related to BM, as
indicated by an increased frequency of BM at locations
where each gene’s expression level is high. Figure S1 shows
the expression levels of the 11 genes according to BM in
the discovery set. The genes were significantly upregulated
in the group with BM compared to the group without BM
(P<0.05 for all 11 genes). Figure S2 shows the expression
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levels of the 11 genes according to BM in the validation
set. Again, the genes were significantly elevated in the
group with BM compared to the group without BM
(P<0.05 for all 11 genes). The log,, transformed 11-gene
signature was also significantly upregulated in the group
with BM compared to the group without BM (P=0.002 for
the discovery set and P=0.001 for the validation set; Figure
3A4,B). ROC analysis for BM status over the range of
gene expression levels demonstrated high discriminatory
abilities of the genes. In the discovery set, the area under
the curve (AUC) values ranged from 0.676 to 0.793
(Figure 3C). In the validation set, the AUC values ranged
from 0.676 to 0.815 (Figure 3D). We performed ROC
analysis using the log,, transformed 11-gene signature.
The AUC values and their 95% confidence intervals
(CIs) were 0.750 (0.579-0.921) for the discovery set
and 0.787 (0.639-0.935) for the validation set (Figure
3E,F). To identify the potential clinical usefulness of
the 11-gene signature in predicting BM, a Youden
index-based cutoff value for the 11-gene signature was
calculated (19) (cutoff 2.98, sensitivity 94%, and specificity
62% for the discovery set; cutoff 2.86, sensitivity 100%,
and specificity 50% for the validation set). In the discovery
set, the positive predictive value (PPV, BM rate above the
cutoff) was 70.8%, and the negative predictive value (NPV,
no BM rate below the cutoff) was 91.6%. In the validation
set, the PPV was 66.6%, and the NPV was 100%.

Validation of the 11-gene signature by IHC staining

We confirmed that the 11-gene signature can predict BM
in advance by analyzing the mRINA expression levels of
the genes. Next, we aimed to verify whether the protein
expression levels of the 11 genes can predict BM using
IHC. Of the 11 genes, CSF2 was not expressed in cancer
tissues, and MUCI and RORC were strongly expressed
in tumor cells of all patients; therefore, it was confirmed
that BM could not be predicted using CSF2, MUC1, and
RORC. Because the amount of mRINA expression can affect
protein expression, we calculated the average of the 11 gene
mRNA expressions levels: DPP4 was 1,025, ICAMI1 was
3,313, RARRES3 was 1,015, CD74 was 49,800, CSF2 was
30, HLA-DMB was 886, ICAMYS was 94, MUC1 was 8,156,
CCL18 was 1,409, RORC was 239, and ICAM4 was 459.
The mRNA expression level of MUCI was high, and that
of CSF2 was low. The level of mRNA expression in MUCI
and CSF2 may affect protein expression. Finally, eight genes
were analyzed by IHC. The representative IHC expression
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Figure 3 Box plots and receive operating curves (ROC) for 11 genes. (A) Box plots for 11-gene signature of discovery set. (B) Box plots for

11-gene signature of validation set. (C) ROC for each of the 11 genes for discovery set. (D) ROC for each of the 11 genes for validation set. (E)

ROC for 11-gene signature for discovery set. (F) ROC for 11-gene signature for validation set.

levels of the eight genes in the groups with or without BM
are summarized in Figure 4 and Figure S3. As shown in the
representative figure, IHC expression of the eight genes was
higher in the group with BM than in the group without BM.
Figure S4 shows the protein expression levels of the genes
according to BM in the discovery set. With the exception
of CCL18, the genes were significantly upregulated in the

© Translational Lung Cancer Research. All rights reserved.

group with BM compared to the group without BM (P<0.05
for seven genes and P=0.075 for CCLI18). Figure S5 shows
the expression levels of the eight genes according to BM
in the validation set. With the exceptions of ICAM]I and
RARRES3, the genes were significantly upregulated in
the group with BM compared to the group without BM
(P<0.05 for six genes, P=0.168 for ICAM]I, and P=0.154
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Figure 4 High-magnification immunohistochemical expression in the group with or without brain metastases (x400). High DPP4 (A),
ICAM!I (C), RARRES3 (E), CD74 (G), HLA-DMB (1), ICAMS (K), CCL18 (M), ICAM4 (O) expression in the group with brain metastases.
Low DPP4 (B), ICAMI (D), RARRES3 (F), CD74 (), HLA-DMB (J), ICAMS (L), CCL18 (N), ICAM4 (P) expression in the group without
brain metastases.

for RARRES3). The mean value of the IHC expression
levels of the eight genes was also significantly higher in the
group with BM than in the group without BM (P<0.001
for the discovery set and P=0.002 for the validation set;
Figure 5A4,B). Similar to the NanoString method, ROC
analysis was performed to confirm the predictive power
of each gene’s protein expression in the discovery and
validation sets. In the discovery set, the AUC values ranged
from 0.682 to 0.810 (Figure 5C). In the validation set, the
AUC values ranged from 0.645 to 0.753 (Figure 5D). We
performed ROC analysis using the average of the eight

© Translational Lung Cancer Research. All rights reserved.

gene IHC expression levels. The AUCs and their 95%
CIs were 0.844 (0.715-0.973) for the discovery set and
0.795 (0.639-0.950) for the validation set (Figure SE,F).
To identify the potential clinical usefulness of eight-gene
THC expression in predicting BM, a Youden index-based
cutoff value was calculated (cutoff 127.5, sensitivity 83%,
and specificity 72% for the discovery set; cutoff 146.2,
sensitivity 72%, and specificity 84% for the validation set).
In the discovery set, the PPV was 75%, and the NPV was
81.2%. In the validation set, the PPV was 81.2%, and the
NPV was 75%.
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Figure 5 Box plots and receive operating curves for immunohistochemical expression of 8 genes. (A) Box plot for the mean of 8 gene

immunohistochemical expressions in the discovery set. (B) Box plot for the mean of 8 gene immunohistochemical expressions in

validation set. (C) ROC for each of the 8 gene immunohistochemical expressions for discovery set. (D) ROC for each of the 8 gene

immunohistochemical expressions for validation set. (E) ROC for the mean of 8 gene immunohistochemical expressions in the discovery set.

(F) ROC for the mean of 8 gene immunohistochemical expressions in the validation set

Relationship between the 11-gene signature and TNM

stage

Because different tumor stages have different tumor

aggressiveness, the expression of BM-associated genes or
the prediction of BM may differ for each tumor stage. The

© Translational Lung Cancer Research. All rights reserved.

subgroup analysis according to TINM stage was performed

on a total of 72 patients. We compared the 11-gene signature

profiles and IHC expression profiles for each TNM stage

in 36 patients with BM. The 11-gene signature profile was

not significantly different based on stage (stage I vs. II:
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P=0.978 and stage I vs. I1I: P=0.565; Figure 64). The average
IHC expression levels of the eight genes were also not
significantly different based on stage (stage I vs. II: P=0.235
and stage I vs. III: P=0.501; Figure 6B). Next, we analyzed
whether the expression levels of the BM-associated genes
differ according to TNM stage. The 11-gene signature
profile was significantly upregulated in the group with BM
compared to the group without BM at all stages (P<0.05 for
all stages; Figure 6C,D,E). The average of the eight-gene
IHC expression was also significantly upregulated in the
group with BM compared to the group without BM at all
stages (P<0.05 for all stages; Figure 6F,G,H).

Relationship between the LUAD sample before BM and the
brain sample upon BM

To confirm whether there is a change in the immune-
related expression score when cancer cells metastasize to
the brain, we evaluated the relationship between the LUAD
sample before BM and the brain sample upon BM. Among
the 36 BM cases, 9 brain samples were obtained. Figure 74
shows the change in the 11-gene signature profile in each
patient’s BM. In the NanoString analysis, there was no
significant difference between the LUAD sample before
BM and the brain sample upon BM (P=0.218; Figure 7B).
Next, we compared the brain samples of the group with
BM and the lung samples of the group without BM after
surgery. The 11-gene signature profile of the brain samples
from the group with BM was statistically higher than that
of the lung samples in the group without BM after surgery
(P<0.001; Figure 7C).

We then validated the NanoString results using IHC.
Of the nine brain samples, only seven were analyzed
because two patients had no remaining paraffin tissue.
Figure 7D shows the change in the average of the eight-
gene IHC expression levels in each patient’s BM. In IHC
analysis, there was no significant difference between the
LUAD sample before BM and the brain sample upon BM
(P=0.784; Figure 7E). The average of the eight-gene IHC
expression levels of the brain samples in the group with BM
was statistically higher than that of the lung samples in the
group without BM after surgery (P<0.001; Figure 7F).

The results suggest that there is no change in the
immune-related gene expression profile during BM.
However, upon BM, the immune-related gene expression
profile of the brain samples was higher than that of the lung
samples from the group without BM.

© Translational Lung Cancer Research. All rights reserved.
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Discussion

Our research resulted in several important findings. First,
we identified 11 immune-related gene expression signatures
that could predict BM prior to its occurrence in LUAD. We
verified the 11 immune-related gene expression signatures
using IHC. Second, we found that BM is closely related
to the cytokine-cytokine receptor interaction pathway
through KEGG pathway enrichment analysis. Third, the 11
immune-related gene expression signatures did not change
according to TNM stage, and BM could be predicted at all
stages. Fourth, there were no differences in the 11 immune-
related gene expression signatures between the primary
LUAD samples and the matched brain samples.

Based on subgroup analysis, there was no significant
difference in the 11 immune-related gene expression
signatures according to TNM stage, and the gene
expression profile at all TNM stages was able to predict
BM. Because the 11 immune-related gene expression
signatures are related to BM at all TNM stages, gene
expression profiles can be utilized at any stage. Particularly
in the early stage, if we identify patients with a higher risk
of developing BM, personalized follow-up with a focus on
BM and better treatments for these patients are possible.

Several previous studies have compared BM samples to
matched primary lung tumor samples (12,13). Tsakonas et 4.
reported that a 12-gene immune signature was significantly
reduced in BM samples compared to matched primary
tumor samples (12). Wang ez al. reported that alterations in
genes encoding the CDK4/CCND1, CDKN2A/2B, and
PI3K signaling pathways were found more frequently in
BM samples than in paired primary lung tumor samples (13).
However, in our study, there were no significant differences
in the 11 immune-related gene expression signatures
between the BM samples and the paired primary lung
tumor samples. In addition, there was no difference in
gene expression signature according to TINM stage. Two
previous studies have hypothesized that primary tumors
more often cause BM by acquiring changes in certain genes
that were not initially present. However, our study suggests
that certain genes are highly expressed in the early stages of
cancer, which may lead to BM.

In our study, five genes (CCL18, CCL23, CSF2, IFNAR?2,
and IL6ST) involved in the cytokine-cytokine receptor
interaction pathway were found to be closely related to
BM. Su er al. also reported that cytokine-cytokine receptor
interaction was the most significantly enriched signaling
pathway in LUAD BM using microarray analysis of cDNA
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expression profiles (20). Among the genes associated with
the cytokine-cytokine receptor interaction identified by
Su et al., CCL18 was included in our results (20). The
chemokine signaling pathway, an important immunological
mediator pathway, was also elevated in BM samples
compared to primary LUAD samples (20). In experiments
using the Gene Expression Omnibus database, the cytokine-
cytokine receptor interaction pathway was upregulated in
HER2-positive breast cancer with BM (21). When breast
cancer metastasizes to the dura and brain parenchyma,
the gene expression profile is different (22). The most
significantly different KEGG pathway was the cytokine-
cytokine receptor interaction pathway (22). The reason why
this pathway is important in BM is explained by the “seed-
and-soil” theory. Primary cancer cells develop cytokines
that can metastasize to a specific site, and tumor cells move
to specific organs using these cytokines (23).

We verified the results of the NanoString analysis by IHC.
In the clinical field, the NanoString method is expensive,
requires many samples, and is difficult to set up. However,
IHC is advantageous because it is installed in most hospitals
and is not expensive. Of the 11 genes, CSF2 was not expressed
in cancer tissues while MUCI and RORC were strongly
expressed in tumor cells from all patients. In our results, the
mRNA expression level of MUCT was relatively high, whereas
that of CSF2 was low. In fact, MUCI mRINA expression was
too high to detect differences in protein expression, and CSF2
was too low to detect differences in protein expression. Thus,
IHC analysis of the eight genes may be helpful in predicting
BM in hospitals with THC setups.

Our study had some limitations. First, we did not
perform sequencing analysis on the 11 genes with increased
expression. Second, in addition to tumor cells, tumor
stroma/microenvironment is important for the expression
of immune-related genes; however, NanoString analysis
cannot differentiate the two areas. In IHC staining, protein
expression was measured only in tumor cells, and results
that were similar to those of the NanoString analysis were
obtained. Therefore, it is expected that tumor cells have a
greater influence on gene expression than tumor stroma/
microenvironment, even in NanoString analysis. Third,
because our findings could not be verified using the external
validation set, we need to confirm the results on an external
validation set with a larger sample size.

Conclusions

We identified a unique gene upregulation pattern in

© Translational Lung Cancer Research. All rights reserved.
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primary LUAD samples prior to BM compared to primary
LUAD samples with no BM, especially for genes related to
the cytokine-cytokine receptor interaction pathway. The
unique gene pattern was verified by IHC and can be used at
all TNM stages.
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