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ABSTRACT

Background Previous studies found that lung
adenocarcinomas (LUAD) with EGFR-positive and ALK-
positive were less responsive to immunotherapy, which
may be associated with a suppressive tumor immune
microenvironment (TIME). Given the discordance in the
TIME between primary lung cancer and brain metastasis,
it is urgent to explore the TIME in patients with EGFR/ALK-
positive LUAD with brain metastases (BMs).

Methods The transcriptome feature of formalin-fixed and
paraffin-embedded samples of BMs and paired primary
LUAD from 70 patients with LUAD BMs was illustrated by
RNA-sequencing. Six of them were available for paired
sample analysis. Then, after excluding 3 co-occurring
patients, we divided 67 BMs patients into 41 EGFR/
ALK-positive and 26 EGFR/ALK-negative patients. The
differences in immune profiling between the two groups
were analyzed from three dimensions: TIME, T-cell
receptor repertoire, and immunohistochemistry. Finally, the
survival data of 55 patients were collected.

Results Compared with primary LUAD, BMs present an
immunosuppressed TIME, manifested as: inhibition of
immune-related pathways; low expression of immune
checkpoint; decreased infiltration of CD8+T cells and
cytotoxic lymphocyte; increased proportion of suppressive
M2 macrophages. In different subgroups based on EGFR/
ALK gene variation status, both EGFR-positive and ALK-
positive tumors present a relatively immunosuppressive
microenvironment, but the heterogeneity of tumor
microenvironment may undergo different mechanisms.
EGFR-positive BMs showed decreased CD8+T cells and
increased regulatory T cells (Treg) cells, while ALK-positive
BMs showed decreased CD8+T cells and increased M2
macrophages. Moreover, in the TCGA-LUAD cohort, EGFR-
positive tumors showed reduced CD8+T cell infiltrations
(p<0.001) and borderline significantly higher Tregs than
EGFR/ALK-negative (p=0.072). In parallel, ALK-positive
tumors had higher median M2 macrophages infiltrations
than EGFR/ALK-negative (p=0.175), although there was
no statistical significance. Collectively, there was a similar
immunosuppressive milieu between EGFR/ALK-positive
primary LUAD and BMs. Moreover, survival analysis
uncovered higher CD8A expression, cytotoxic lymphocyte
infiltration, and immune scores were significantly

1,7

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous studies reported that brain metastases
present a specific immunosuppressive tumor mi-
croenvironment, given the unique location of brain
organs. In view of the low accessibility of brain me-
tastases samples, the tumor immune microenviron-
ment of brain metastases with EGFR/ALK-positive
has not been explored.

WHAT THIS STUDY ADDS

= EGFR/ALK-positive brain metastases showed a
poorer CD8+T cell infiltration compared with EGFR/
ALK-negative brain metastases. EGFR-positive and
ALK-positive brain metastases may exhibit different
immunosuppressive microenvironments character-
ized by high regulatory T cells infiltration and high
M2-type macrophages infiltration, respectively.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings boost molecular and clinical under-
standing of lung adenocarcinoma brain metastases
with EGFR/ALK-positive and EGFR/ALK-negative.

associated with better prognosis in both EGFR/ALK-
positive and EGFR/ALK-negative groups.

Conclusion This study found that LUAD-derived BMs
exhibited an immunosuppressive TIME and revealed

that EGFR-positive and ALK-positive BMs exhibited
different immunosuppressive characteristics. Meanwhile,
EGFR-negative BMs showed a potential benefit to
immunotherapy. These findings boost molecular and
clinical understanding of LUAD BMs.

INTRODUCTION

Brain metastases (BMs) are common in
patients with advanced non-small cell lung
cancer (NSCLC), particularly patients with
lung adenocarcinomas (LUAD),! and are
associated with significant mortality.” Of
note, patients with advanced EGFR-mutated

BM)
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or ALK-rearranged NSCLGCs treated with tyrosine kinase
inhibitors (TKIs) had a high initial and subsequent inci-
dence, approximately 25%, of BM.” The prognosis of
untreated BMs patients is poor, with a median overall
survival (OS) of 1-2 months.*

The traditional treatment approach for BMs includes
neurosurgical resection, whole-brain radiation therapy,
stereotactic radiosurgery/radiotherapy and systemic chemo-
therapy with a limited survival benefit.” TKIs are used in
patients with targetable oncogenic mutations and are of
limited efficacy against BMs.”® Meanwhile, the tumor
relapse and acquired resistance arose in almost all patients
treated with TKIs eventually” Currently, immunotherapy
with programmed death ligand-1 (PD-L1) inhibitor showed
clinical efficacy and acceptable safety in advanced NSCLC
(including BMs) and were novel treatment options,'*"
but EGFR/ALK-positive tumors show limited response to
immune checkpointinhibitors (ICIs) in patients with primary
LUAD."*™ This may be attributed to the heterogeneity of
tumor immune microenvironment (TIME) among different
driver gene states. Understanding the characterization of
the TIME is the basis for the individualized immunotherapy
of BMs. Previous studies suggested that the TIME of BMs
was more immunosuppressed compared with primary lung
tumor.® ' More potential causes of ICIs primary resistance
in patients with EGFR/ALK-positive NSCLC were as follow:
low tumor mutational burden (TMB),* low Twell clon-
ality,”! low PD-L1 expression,?* PD-L1 expression induced by
intrinsic oncogenic signaling,'® high frequency of bystander
CD39-CD8+tumor infiltrating lymphocytes (TILs),” lack of
CDS+TILs, inactivated TILs,”* and exosome of promoting
CDS8+T cell apoptosis.” Patients with EGFR-positive and ALK-
positive LUAD are often more prone to BMs.” *° There was
discordance in the response to ICIs between primary NSCLC
and BMs,"" which may be attributed to the differences in the
TIME. Therefore, the heterogeneity of TIME in BMs may
also affect the response of ICIs. It is necessary to explore the
heterogeneity of TIME of EGFR/ALK-positive and EGFR/
ALK-negative LUAD BMs.

Herein, we evaluated the TIME in BMs and primary
LUAD by applying RNA sequencing (RNA-seq) for 76
formalin-fixed and paraffin-embedded (FFPE) resectable
tumors from EGFR-positive, ALK-positive and EGFR/
ALK-negative advanced LUAD. We compared the TIME
of BMs with paired primary lung tumors and then focus
on the TIME between different oncogenic alteration
status (EGFR-positive, ALK-positive, and EGFR/ALK-
negative), which will help to clarify the impact of EGFR/
ALK gene variants on the immune microenvironment of
BMs and to lay a theoretical foundation for clinical trans-
lation and drug regimen evaluation.

METHODS

Study cohort

Seventy patients with advanced LUAD with BMs were
diagnosed and enrolled at the Xiangya Hospital Central
South University between 2017 and 2021. Clinical

characteristics were summarized in online supplemental
tables SI-S3. In total, we included 6 primary LUAD and
70 BMs samples from 70 patients, including 12 paired
primary LUAD and BMs samples from 6 patients at the
Xiangya hospital. Primary LUAD and BMs were collected.
Both our BMs and primary lung tumor samples were
obtained from surgical resection. Moreover, previous
studies observed that, in primary NSCLC, EGFR/ALK-
positive patients had low response rates to ICIs compared
with EGFR/ALK-negative patients'” . In the study about
BMs, we classified the tumors harboring activating EGFR
mutations as EGFR-positive, tumors harboring oncogenic
ALK fusions as the ALK-positive, and categorized neither
EGFR mutations or ALK fusions as EGFR/ALK-negative.
Then, the variant status of EGFR and ALK was uesd as the
grouping basis for this study, enrolling 41 EGFR/ALK-
positive (32 EGFR-positive and 9 ALK-positive) and 26
EGFR/ALK-negative (table 1).

Publicly available cohort data sets

The Cancer Genome Atlas (TCGA) data of the LUAD
cohort: the RNA-seq data (COUNT) and clinical data
(https://portal.gdc.cancer.gov/) were downloaded by
using the TCGAbiolinks R package.”” Then, the COUNT
values were transformed into transcripts per kilobase
million values. Information on EGFR mutation and ALK
fusion in the TCGA LUAD cohort was downloaded from
the cBioPortal for Cancer Genomics (https://www.cbio-
portal.org). The TCGA LUAD cohort included 63 EGFR-
positive, 5 ALK-positive and 446 EGFR/ALK-negative
LUAD samples.

Gene mutation detection

Gene mutation status was determined by using next-
generation sequencing (NGS) and quantitative PCR
(qPCR) method. Forty-one samples were detected by
using the NGS method. Germline genomic DNA was
isolated from peripheral blood lymphocytes by operating
the QIAamp DNA Blood Mini Kit (Qiagen). Matched
tumor DNA was extracted from FFPE tumor tissue spec-
imens by using the ReliaPrep FFPE gDNA Miniprep
System (Promega). Tumor genomic and matched germ-
line DNA libraries were built. The indexed libraries were
sequenced using a 100 bp paired-end configuration on the
Gene+Seq-2000 sequencing system (GenePlus-Beijing).
Moreover, 29 samples without data of DNA targeted
sequencing were detected by applying qPCR. DNA was
extracted from corresponding cell pellets with tissue DNA
kits (AmoyDx), and the EGFR, ALK and KRAS status was
assessed with ADx-ARMS detection kits (AmoyDx).

RNA next generation sequencing (RNA-seq)

RNA extraction from FFPE tissue, constructing
sequencing library, sequencing, and quality control for
FASTQ data were performed following the protocol
by Owens et al,*® then clean data were matched to the
human genome (GRCh37) by operating STAR alignment
tool (V.2.7.6a).%
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Table 1

Patient’s characteristics in EGFR/ALK-negative (n=26) and EGFR/ALK-positive (n=41)

Characteristics

EGFR/ALK-negative (N=26)

EGFR/ALK-positive (N=41)

Gender
Female 3 (11.5%)
Male 23 (88.5%)
Age
Mean (SD) 60.5 (8.35)

Median (min, max) 61.0 (37.0, 76.0)
Smoking history

Non-smoker 11 (42.3%)
Smoker 15 (57.7%)

Molecular alterations

EGFR mutations 0 (0%)
ALK rearrangements 0 (0%)
KRAS mutations 10 (38.5%)

Other 16 (61.5%)

T-cell receptor sequences assembled from the bulk RNA-seq
data

T-cell receptor (TCR) repertoire tool (MiXCR) was
applied to identify TCR CDR3 sequences in our RNA-
seq data of LUAD BMs samples, applying it in single end
mode to reads aligned to the human genome (GRCh37)
via STAR19 (V.3.0.0). TCR sequences with less than six
amino acids were excluded from the analysis.

In the study, CDR3 of the TCR [ chain was recovered
from the bulk RNA-seq. The CDR3 sequence was defined
as the amino acids between the second cysteine of the V
region and the conserved phenylalanine of the | region,
according to the ImMunoGeneTics (IMGT) V, D, and
J gene references.”’ The CDR3 sequences were identi-
fied and assigned using the MiXCR software package
with default parameters from FASTQ files’" and thereby
analyze clonality metrics. Richness was calculated as the
number of unique sequences in a repelrtoilre.32

Shannon’s entropy (diversity) was calculated on the
clonal abundance of all productive TCR sequences, scaled
from 0 to 1, representing minimally diverse to maximally
diverse, respectively.

Shannon = — Y"1, piloge (1’1)

where p; is the frequency of clonotype i for the sample
with n unique clonotypes. To determine the clonal char-
acteristics of the TCR repertoire for each sample, clon-
ality was calculated as the normalized Shannon’s entropy,
which was determined by dividing Shannon’s entropy by
the natural logarithm of the number of unique produc-

tive TCR sequencesgg:

1—Shannon

Clonality = log: (n

The detailed results were included in the online supple-
mental table S4.

20 (48.8%)
21 (51.2%)

53.1 (10.7)
53.0 (31.0, 73.0)

31 (75.6%)
10 (24.4%)

32 (78.0%)
9 (22.0%)
0 (0%)

0 (0%)

Differentially expressed analysis and functional pathways
analysis

Differential expressed genes (DEGs) were identified by
using the DESeq2 R package. DEGs were screened by
using a log2 fold change=1and adjusted p<0.05 as the
cut-off. Gene Ontology, Kyoto Encyclopedia of Genes
and Genomesand Hallmark enrichment analysis based
on gene set enrichment analysis (GSEA) by applying the
cluster Profiler R package was used to explore biolog-
ical processes and signaling pathways. The c5.bp.v7.4.
symbols.gm, c2.cp.kegg.v7.4.symbols.gmt, and h.all.v7.4.
symbols.gmt files were determined as the reference files.

RNA-seq data analysis according to TIME in LUAD BMs

The ESTIMATE R package was used to evaluate the
general immune infiltration in BMs samples, which is a
tool that can predict tumor purity by using gene signa-
tures.>* Then, to estimate more detailed immune cell
infiltrations, we used three independent algorithms,
including CIBERSORT, MCP-COUNTER, and QUAN-
TISEQ R packages. CIBERSORT can evaluate the propor-
tions of 22 immune cells based on RNA-seq data by
applying a deconvolution alg01rithrn.35 MCP-COUNTER
is able to calculate 8 immune-cell lineage scores.”® More-
over, the single sample gene set enrichment analysis
(ssGSEA) algorithm was used to estimate the infiltra-
tion of 28 immune cells based on previously published
gene sets from Charoentong et al study.37 The R package
of ImmuCellAl was applied to estimate the infiltrations
of induced regulatory T cells (iTregs) and natural Tregs
(nTregs).38 In addition, a pan-cancer T cell-inflamed
score was developed by Ayers ef al, including 18 inflamma-
tory genes, which could be an inflammatory biomarker
and predict the clinical response of ICIs.” Here, we calcu-

lated the T cell-inflamed score as described previously.40
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Immunohistochemistry

All tumor slides were stained with antibodies against
CD8 (Cat. ab209775, 1:2000, Abcam), Foxp3 (Cat.
ab215206, 1:500, Abcam), and CD163 (ZA-0428 Ready-
to-Use, ZSGB-BIO). The average from five independent
areas containing the greatest abundance of CD8+ cells
was calculated as the density of CD8+T cells under 200x
magnification. To evaluate PD-L1 tumor proportion score
(TPS), the PD-L1 immunohistochemistry (IHC) 22C3
pharmDx kit (Dako) was used.

Statistical analysis

Non-parametric paired Mann-Whitney U test was used
to compare gene expression level or immune cells abun-
dance among primary LUAD and paired BMs. Mann-
Whitney test was used between EGFR/ALK-positive and
EGFR/ALK-negative holding unpaired data. The multiple
hypothesis correction was conducted when comparing
multiple groups. The false discovery rate method was
used to adjust the p value for multiple comparisons.
Comparing the proportion of each TMIT (tumor micro-
environment immune types) type based on categorical
variables was analyzed by Fisher’s exact test. The correla-
tion was analyzed by using the Spearman correlation test.
The prognostic significance of the clinical and molec-
ular factors was evaluated by using Kaplan-Meier plots
(log-rank test). For numerical variables, the maximally
selected rank statistics of the survminer R package was
used to identify the optimal cut-offs.

RESULTS

Tissue characteristics of patients

In total, we enrolled 70 BMs patients in our study from
the Xiangya hospital, with a median age of 58 years old
(range 31-76) and with more men (64.3%) than women
(35.7%). Demographic and clinical characteristics of all
BMs patients (n=70) were summarized in online supple-
mental tables S1-S3. The study included three patients
with co-occurring LUAD BMs excluded from the molec-
ular subgroup analysis (online supplemental figure S1).
We identified 41 EGFR/ALK-positive BMs patients with 32
EGFR-positive and 9 ALK-positive (table 1). Meanwhile,
we identified 26 EGFR/ALK-negative BMs patients as a
comparator population, all of which were EGFR-negative
and ALK-negative. The most common molecular alter-
ations identified in this comparator cohort were KRAS
mutations, found in 10 (38.5%) BMs patients.

Suppressive TIME in LUAD BMs

We conducted paired differential expression analysis in
the 12 paired sample to explore transcriptomic differ-
ence between the primary LUAD and the BMs. A total
of 417 DEGs (online supplemental table S5), including
115 upregulated genes and 302 downregulated genes,
can differentiate BMs from primary LUAD completely by
conducting clustering analysis (figure 1A). GSEA analysis
revealed that various immune-related biological process

and pathways were enriched in primary LUAD compared
with the BMs, such as T-cell activation, antigen processing
and presentation, cytokine—cytokine receptor interaction,
natural killer (NK) cell mediated cytotoxicity and TCR
signaling pathway, interferon-y (IFN-y) response, inflam-
matory response (normalized enrichment score (NES)
<-1, adjust p<0.05), while tumor metabolic pathways
(glycolysis, oxidative phosphorylation, purine metabo-
lism, pyrimidine metabolism) and tumor proliferation
pathways (cell cycle, E2F targets, G2M checkpoint, MYC
targets V1, MYC targets V2) were enriched in BMs (NES
>1, adjust p<0.05) (figure 1B,C; online supplemental
figure S2A,B). Then, we explored the expression of
immune markers in BMs and paired primary tumor (PT).
We found that markers of T cells (CD3E), CD8+T cells
(CD8A), and CD4+T cells (CD4) were downregulated
in BMs (online supplemental figure S3A). Meanwhile,
we evaluated the infiltration abundance of immune cells
between BMs and matched PT based on three indepen-
dent algorithms. BMs showed a lower infiltration score
of activated CD8+Tcell (p=0.063), effector memory
CD8+Tcell (p=0.031), activated B cell (p=0.031), imma-
ture B cell (p=0.031), and T helper cells (Th)1 cell
(p=0.031) than PT based on ssGSEA (figure 1D,E). The
CD8+T cells and plasma cells were significantly lower in
BMs than paired LUAD according to CIBERSORT (online
supplemental figure S4B). The cytotoxic lymphocyte
(CTL) (p=0.031), monocyte (p=0.031), T cells (p=0.063)
and B cells (p=0.063) also were lower in BMs than paired
LUAD applying MCP-COUNTER (online supplemental
figure S4A). Furthermore, in all primary lung tumor
(n=6) and BMs samples (n=70), various immune cells,
including activated B cell, activated CD8+T cell, CD8+ef-
fector memory T Cell (Tem), immature B cell, mast cell
and Thl cell, were higher in primary LUAD than BMs
based on ssGSEA method (p<0.05), while a significantly
increased levels of immunosuppressive M2-macrophages
was shown in BMs (p<0.05, online supplemental figure
S5). In general, our findings revealed that BMs have the
inhibition of immune-activated pathways, reduced acti-
vated immune cell infiltration (CD8+T cells, CTL and
B cells), and increased proportions of immunosuppres-
sive M2-polarized macrophages, suggesting the BMs may
show a more immunosuppressed status than the primary
LUAD.

Moreover, the immune checkpoint molecules,
including programmed cell death protein-1 (PD-1), cyto-
toxic T-lymphocytes-associated protein 4 (CTLA-4), and T
cell immunoreceptor with Ig and ITIM domains (TIGIT),
were lower expression in BMs than in matched PT (p<0.05,
online supplemental figure S3B). However, there was an
equivalent level in messenger RNA (mRNA) expression
of PD-L1 between BM and paired PT (Wilcoxon paired
test, p=1.000, figure 1F). Besides, the consistency of
PD-L1 expression in tumor cells between primary LUAD
and paired BMs was high (4/5) using IHC, and most of
the patients were negative PD-L1 expression (figure 1H).
The correlation in PD-L1 mRNA expression between PT
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Figure 1

10 20 30 40 50
mRNA expression of PD-L1(PT)
Brain metastases show an immunosuppressive tumor microenvironment. (A) Differentially expressed genes (n=417)

are depicted in the heat map. Rows denote genes, and columns define samples (upregulated: red; downregulated: blue).

Tissue types are shown in the accompanying legend (brain metastases: BM; primary tumor, PT). (B) GSEA analysis was carried
out based on Gene Ontology gene list (BM vs PT); (C) GSEA analysis was carried out based on KEGG gene list (BM vs PT);

(D) Immune cells are depicted in the heat map. Rows denote immune cells, and columns define samples (upregulated: red;
downregulated: blue). Tissue types and EGFR mutation status are shown in the accompanying legend. (E) Comparison of
immune cell infiltrations between PT and paired BM; (F) Comparison of PD-L1 mRNA expression between PT and paired BM.
(G) The correlation between PT and BM in the mRNA expression of PD-L1; (H) Contingency table for PD-L1 expression of tumor
cells by using immunohistochemical analysis. GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and
Genomes; mRNA, messenger RNA; PD-L1, programmed death ligand-1.

and BM was 0.6 (p=0.24, figure 1G). Meanwhile, we also
explored the correlation between immune markers and
PD-L1 expression. In PT, CD4 expression (r=1, p=0.0028)
and CD8A expression (r=0.43, p=0.42) were positively
correlated with PD-L1 mRNA expression (online supple-
mental figure S3C). However, we did not follow these
correlations in BMs lesions (online supplemental figure
S3D). BMs also showed a lower IFN-y signature score than
PT (online supplemental figure S3E). Therefore, the
PD-L1 expression of BMs may derive less from the secre-
tion of IFN-y induced by TILs.

Differences of TIME between EGFR-positive, ALK-positive and
EGFR/ALK-negative

Previous study reported that patients with EGFR/ALK-
positive indicated low infiltration of CD8+T cell, low
PD-L1 expression and unfavorable response to anti-
PD-L1 therapy in primary NSCLC. However, it is not
known whether the concordant results occur in the
context of BMs. Thus, we compared the TIME of LUAD
BMs in the EGFR/ALK-positive tumors with that in the
EGFR/ALK-negative tumors. The immune infiltration
profiling of 70 BMs was shown in figure 2A. Intriguingly,
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Figure 2 Differences of tumor immune microenvironment between EGFR/ALK-positive and EGFR/ALK-negative in Xiangya
cohort. (A) Immune cells are depicted in the heat map. Rows denote immune cells, and columns define samples (high
infiltration: red; low infiltration: blue). Molecular alterations group, EGFR mutation site, age, and smoking history are shown in
the accompanying legend; (B) Comparison of the infiltration levels of four immune cells (CD8+T cell, T follicular helper cell, and
NK cell) between EGFR/ALK-positive and EGFR/ALK-negative tumors; (C,D) Comparison of the messenger RNA expression of
CD8A, CD8B and PD-L1 between EGFR/ALK-positive and EGFR/ALK-negative; (E) The proportion of TMIT between EGFR/ALK-
positive and EGFR/ALK-negative is compared. NK, natural killer; ns, no significant;/, not applicable; PD-L1, programmed death
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****p<0.0001.
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the EGFR/ALK-positive group had lower CD8+T cells
than the EGFR/ALK-negative group based on three
immune evaluation algorithms (figure 2B). As expected,
the lower mRNA expression of CDS8A and CD8B also
was found in the EGFR/ALK-positive (figure 2C), but
there was no significant difference in PD-L1 expression
between the two groups (figure 2D). As previous studies
reported,” ** we categorized the TIME of LUAD BMs
into four TMIT based on the median expression value
of CD8A and PD-LI1. Type I tumors (CD8A-high/PD-L1-
high) may benefit from anti-PD-L1/PD-1 therapies, while
Type II tumors (CD8A-low/PD-L1-low) rarely benefit
from anti-PD-L1/PD-1 therapies. We found that EGFR/
ALK-positive tumors had lower proportion of TMIT I
and higher proportion of TMIT II than EGFR/ALK-
negative (p<0.05, figure 2E). In total, the above results
meant that EGFR/ALK-positive tumors display TIME of
poorer CD8+Tcell infiltration compared with EGFR/
ALK-negative tumors.

Then, we divided EGFR/ALK-positive tumors into the
EGFR-positive subgroup and ALK-positive subgroup to
further reveal the specific TIME of the two subgroups.
There was no significant difference in the immune score
and the proportion of CD45+leukocyte cells calculated by
the study of Newman et al*® between EGFR-positive, ALK-
positive, and EGFR/ALK-negative group (online supple-
mental figure S5), however, the EGFR-positive tumors
had higher Tregs, including iTregs and nTregs, infiltra-
tion than ALK-positive and EGFR/ALK-negative by using
QUANTISEQ and immuCellAI methods (figure 3A-C;
online supplemental figure S7). Meanwhile, the highest
infiltration of M2-macrophage was found in the ALK-
positive group by applying CIBERSORT and QUAN-
TISEQ algorithm, compared with EGFR-positive and
EGFR/ALK-negative (figure 3A-C). Therefore, the
overall immune background was not responsible for the
difference in CD8+T cell, Treg cell, and M2 macrophage
infiltrations among the three groups.

In the comparator population (EGFR/ALK-negative),
we identified 10 (38.5%) KRAS mutant BMs patients. A
previous study reported that KRAS mutant tumors had an
immune-activated phenotype in primary NSCLC. There-
fore, we hypothesized that the activated immunopheno-
type of KRAS mutant BMs led to a high proportion of
immune-activating cells in the comparator population.
Then, we split the comparator population into KRAS-
positive tumors (n=10) and EGFR/ALK/KRAS-negative
tumors (n=16) to explore the immune features of KRAS-
positive tumors. We found that KRAS-positive patients
had the highest infiltrations of activated immune cell,
including CD8+T cells, follicular helper T cell (Tth) and
CTLs, and the lowest infiltration of immunosuppressed
M2 macrophage compared with EGFR-positive, ALK-
positive and EGFR/ALK/KRAS-negative (figure 3D;
online supplemental figure S8). Therefore, these results
validated our speculation.

Next, the infiltration density of CD8+TILs, Foxp3+Tregs,
and CDI163+M2 macrophages in different subgroups

was analyzed using IHC (online supplemental table S6).
Meanwhile, we divided BMs samples into three immune
phenotypes (‘infiltrated’, ‘excluded’, and ‘desert’), based
on the spatial localization of the CD8+T cells in tumors
(online supplemental figure S9A). These included the
‘Infiltrated’: CD8+T cells located in the tumor nests; the
‘Excluded’: CD8+T cellslocated in the stroma surrounding
the tumor but not in tumor nests; and the ‘Desert’: the
absence of CD8+T cells in both tumor nests and stroma.
Consistent with the RNA-seq results, both the EGFR-
positive and ALK-positive had lower CD8+TILs, lower
proportion of ‘infiltrated phenotype, and higher propor-
tion of ‘desert’ phenotype than the EGFR/ALK-negative
(p<0.05, figure 4A,B; online supplemental figure S9B).
Meanwhile, the EGFR-positive BMs had higher density
of Foxp3+Tregs than other groups (p<0.05, figure 4C
and D), and the ALK-positive BMs had a higher density
of CD163+M2 macrophages than other groups (p<0.05,
figure 4E,F). Moreover, the KRAS-positive tumors hold
the highest infiltration level of CD8+TILs (online supple-
mental figure S10A).

Furthermore, to explore the consistency of the TIME
of EGFR/ALK-positive tumors between primary LUAD
and BMs, we also analyzed the TIME in EGFR-positive,
ALK-positive, and EGFR/ALK-negative in the TCGA-
LUAD cohort. The TMB was lower in the EGFR-positive
and ALK-positive groups than in the EGFR/ALK-negative
group, respectively, (p<0.01, figure 5A,D). For immune
cell infiltrations, the EGFR-positive tumors had lower
infiltrating levels of activated immune cells, including
CD8+T cells, NK cells, and cytotoxic score, and higher
suppressive myeloid dendritic cells than EGFR/ALK-
negative group with identical results in the CIBERSORT
and MCP-COUNTER R algorithm (figure 5C). Moreover,
we found a borderline significant higher infiltration of
Tregs in EGFR-positive tumors (p=0.072). Inconsistent
with the results of BMs, a significantly lower CD8+T
cells in the ALK-positive group was not observed in the
TCGA LUAD cohort. Still, the result was heavily under-
powered with only five ALK-positive patients available
(figure 5F). The abundance of activated mast cell and
myeloid dendritic cells were higher in the ALK-positive
group, compared with the EGFR/ALK-negative group
(p<0.05; figure 5F). Meanwhile, the ALK-positive group
had higher median infiltrations of M2 macrophages
than the EGFR/ALK-negative group (p=0.175), although
there was no statistical significance. Furthermore, EGFR-
positive had lower TMIT I tumors and higher TMIT II
tumor than EGFR/ALK-negative (p=0.030, figure 5B).
At the same time, there was no significant difference in
TMIT between ALK-positive and EGFR/ALK-negative
(p=0.926, figure 5E). Overall, EGFR-positive tumors
showed a suppressive TIME, which may be the potential
reason for the poor efficacy of immunotherapy in LUAD.

TCR characteristics in LUAD BMs
The above results from RNA-seq showed that CD8+T cells
were the main differences in tumor microenvironment
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Figure 3 Differences of tumor immune microenvironment between EGFR-positive, ALK-positive and EGFR/ALK-negative

in Xiangya cohort. Comparison of the CD8+T cell, M2 Macrophages, and Treg cell between EGFR-positive, ALK-positive and
EGFR/ALK-negative by applying the MCP-COUNTER (A) CIBERSORT (B) and QUANTISEQ (C); (D) Comparison of the infiltration
levels of immune cells between KRAS-mutation and the remaining groups. ns, no significant. The p values were corrected

by the false discovery rate method. Tfh, follicular helper T cell; CTL, cytotoxic lymphocyte; Treg, regulatory T cells; *p<0.05,
**p<0.01, **p<0.001, ***p<0.0001.
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Figure 4 Immunohistochemistry method evaluates the infiltration level of CD8+T cells (A, B) Foxp3+Treg cells (C, D) and
CD163+M2-macrophage (E, F) under 200x magnification. HP, high power. The p values were corrected by the false discovery
rate method. Treg, regulatory T cells.

(TME) features between molecular subgroups. To further
study the specific characteristics of T-cell repertoire in
LUAD BMs, we extracted TCR CDR3 sequences from  higher in BMs (p=0.063), while T-cell richness (p=0.44)
RNA-seq data and assembled them into TCR repertoire ~ was lower in BMs (online supplemental figure S11A),
data. although there is no statistical difference due to possibly

TCR clonality and richness in primary lung tumors and
BMs were compared. We found that T-cell clonality was
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Figure 5 The immune landscape in the The Cancer Genome Atlas lung adenocarcinomas cohort between EGFR/ALK-positive
and EGFR/ALK-negative tumors was compared. (A) Comparison of the TMB between EGFR/ALK-negative and EGFR-positive;
(B) Comparison of the infiltration levels of five immune cells (CD8+T cell, myeloid DC, NK cell, mast cell and CTL) between
EGFR-positive and EGFR/ALK-negative tumors. (EGFR-positive > -negative: red; EGFR-positive < -negative: blue); (C) The
proportion of TMIT between EGFR-positive and EGFR/ALK-negative is compared. (D) Comparison of the TMB between EGFR/
ALK-negative and ALK-positive; (E) Comparison of the infiltration levels of five immune cells (CD8+T cell, myeloid DC, NK

cell, mast cell and CTL) between ALK-positive and EGFR/ALK-negative tumors. (ALK-positive > -negative: red; ALK-positive

< -negative: blue); (F) The proportion of TMIT between ALK-positive and EGFR/ALK-negative is compared. CTL, cytotoxic
lymphocyte; DC, dendritic cell; NK, natural killer; ns, no significance;/, not applicable; TMB, tumor mutational burden; TMIT,
tumor microenvironment immune types; *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.

small sample size. Furthermore, we explored the TCR
repertoires between EGFR/ALK-positive and EGFR/
AlLK-negative. There were no statistically differences in
clonality among the three groups (EGFR-positive, ALK-
positive, and EGFR/ALK-negative; online supplemental
figure S11B). However, T-cell richness was lower in the
ALK-positive group compared with EGFR-positive and
EGFR/ALK-negative (adjust p=0.054, online supple-
mental figure S11B).

In parallel, we explored the CDR3 between EGFR/
ALK-positive and EGFR/ALK-negative. Both CASS-
GRVLNTEAFF (p<0.05) and CASSLWSSSNEKLFF
were higher in EGFR/ALK-negative group compared
with EGFR/ALK-positive (online supplemental figure
S11C).

In addition, we analyzed the association of TCR
repertoires with clinical outcomes in the Xiangya BMs
cohort (n=55). High clonality patients had longer OS
than low clonality patients (log-rank p=0.031, online
supplemental figure S11D). On the contrary, a longer
median OS was found in the low richness group than
in the high group (log-rank p=0.39, online supple-
mental figure S11D), although there was no statistical
significance.

Clinical significance of the immune features in EGFR/ALK-
positive and -negative BMs

We explored the correlation between several immune
factors and OS of patients with LUAD BMs. Considering
the impact of driver gene mutation on a treatment option,
KM survival analysis with a log-rank test was performed
in EGFR/ALK-positive and EGFR/ALK-negative BMs,
respectively. We observed that tumors with high immune
factors (including high CD8A expression, CTL infiltra-
tion, immune score, and T-cell inflamed score) are asso-
ciated with increased OS in both EGFR/ALK-positive and
EGFR/ALK-negative patients (figure 6).

DISCUSSION

Owing to the exclusionary nature of the blood-brain
barrier to peripheral effector immune cells and the immu-
nosuppressive effects in the central nervous system (CNS),
BMs hold a suppressive TIME characterized by reduced
immune activated T cells and increased immunosup-
pressive cells compared with primary lung tumors.® ** *°
In this study, we explored the difference of immunologic
landscape, including CD8+TILs, checkpoint molecules
expression, and TCR repertoires, between primary
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Figure 6 Association of immune features with outcomes of brain metastase in EGFR/ALK-positive and EGFR/ALK-negative
group. All features divided into two categories: CD8A (high/low), CTL (high/low), ImmunScore (high/low), and T-cell inflamed
score (high/low) were performed Kaplan-Meier survival analysis with statistically significance (log-rank p<0.05) in EGFR/ ALK-
positive group (A) and EGFR/ALK-negative group (B). CTL, cytotoxic lymphocyte; Tflam, T-cell inflamed score.

LUAD and BMs and between different EGFR/ALK vari-
ation status. The prognostic significance of the clinical
and immune molecular factors also was analyzed. To our
knowledge, this is the first study to report the TIME based
on different oncogenic alteration status (EGFR-positive,
ALK-positive, and EGFR/ALK-negative) in BMs patients
with LUAD. Figure 7 is a schematic representation of the
findings presented in this study.

CD8+

We depicted an immunosuppressed TIME in BMs
compared with LUAD, exemplified by inhibition of T cell/
B-cell activation and cytokine—cytokine receptor interac-
tion as well as a low infiltrating abundance of CD8+T cells,
CTLs, B cells, and Thl cells and reduced IFN-y signature
score. Besides, the expression level of PD-1, CTLA-4, T
cell immunoglobulin-3 (TIM-3), and TIGIT was reduced
in BMs, while there was no significant difference in PD-L1

M2-
Macrophage

CD8+ T cell}

CD8+ Tcell, Tregt CD8+ T cell|

M2-Macrophage’

Treg|
M2-Macrophage |

Figure 7 A schematic outlining the major findings of the study.

BMs, brain metastases; Treg, regulatory T cells.
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expression between BMs and matched LUAD despite
lower infiltration level of CD8+TILs in BMs. It indicated
that BMs possess a biological molecular basis to treat with
anti-PD-L1 therapy. There were two mechanisms involved
in the PD-L1 expression of tumor cells. First, TILs secrete
IFN-y to upregulate PD-L1 expression, thereby leading to
adaptive immune evasion.*” * Thus, there was a positive
correlation between PD-L1 expression and the existence
of TILs under the mechanism. Second, the expression
of PD-L1 is upregulated by a constitutive oncogenic
pathway.”” *® Consistent with the previous study,” we
found that PD-L1 expression was positively correlated with
TILs markers (CD4 and CD8A) in primary LUAD, and
no correlation was uncovered in BMs. Meanwhile, a lower
IFN-ysignature score was observed in BMs compared with
matched LUAD (p<0.05). Therefore, PD-L1 expression
in BMs may be upregulated via the constitutive oncogenic
pathway or other pathways, while less dependent on the
secretion of IFN-yinduced by TILs.

Tumor infiltrating CD8+T cells and PD-L1 expression
are key factors to access the TIME across solid tumor. In
primary LUAD, the density of CD8+T cells is positively
associated with antitumor activity and a good prog-
nosis,*” which is thought to be the dominant effector
cells following anti-PD-L1 therapy.”” PD-L1 expression
is a more reproducible clinical biomarker used to eval-
uate the response to immunotherapy compared with
TMB with multiple Phase III trials in NSCLC.”" Previous
research with primary LUAD has shown reduced density
of CD8+T cells and PD-L1 expression in EGFR/ALK-
positive patients. In our study with BMs, 67 LUAD BMs
samples (41 EGFR/ALK-positive and 26 EGFR/ALK-
negative tumors) were included. Consistent with the
result from primary LUAD, EGFR/ALK-positive BMs
had lower CD8A expression and CD8+T cells infiltra-
tions than EGFR/ALK-negative BMs by using RNA-seq
and immunohistochemical analysis. However, there was
no significant difference in PD-L1 expression between
the two group. A previous study proposed four types of
TME based on the TILs and PD-L1 expression, providing
new insights for promoting the precision treatment of
tumor immunology.” Subsequently, Ock et al revealed
four TMIT, including TMIT I tumor (high CD8A/high
PD-L1), TMIT II tumor (low CD8A/low PD-L1), TMIT
III tumor (low CD8A/high PD-L1), and TMIT IV tumor
(high CD8A/low PD-L1), based on the mRNA expres-
sion of CD8A and PD-L1.*"" Our study with BMs indicated
that the EGFR/ALK-positive tumors had lower propor-
tion of TMIT I and higher proportion of TMIT II than
the EGFR/ALK-negative tumors. In addition, we found
that EGFR/ALK-positive tumors had a significant higher
proportion of TMIT III (low CD8A/high PD-L1) than
EGFR/ALK-negative tumors (26.8% vs 7.7%), suggested
that the upregulation of PD-L1 in EGFR/ALK-positive
BMs might be more dependent on constitutive onco-
genic pathways. TMIT III patients may have a low respon-
sivity to anti-PD-L1 therapy, as the scarcity of effector
cells may restrict the antitumor immune response, even

in this scenario of high PD-LI expression. For TMIT II
and TMIT III patients, recruiting T lymphocytes into
tumors might be needed. Of note, EGFR/ALK-negative
tumor had a significantly higher proportion of TMIT IV
(high CD8A/low PD-L1) than EGFR/ALK-positive tumor
(34.6% vs 9.8%). Other suppressive pathways might be
dominant in TMIT IV tumors.

Previous study found that both the EGFR-positive and
ALK-positive LUAD indicated immunosuppressive TIME,
but the characteristic is different.’* In our BMs cohort, 67
LUAD BMs samples were included for molecular subgroup
analysis; the results similar to primary LUAD have been
observed. Subsequently, we compared the TIME charac-
teristics in LUAD or BMs between different EGFR/ALK
status groups in detail. The activated T cells infiltrating
in BMs are mainly derived from peripheral trafficking.™
We put forward a plausible hypothesis that low T-cell infil-
tration in EGFR/ALK-positive extracranial tumors may
lead to a decreased T-cell trafficking into the brain. As
expected, a concordant low infiltration of CD8+T cells was
observed in EGFR/ALK-positive primary LUAD and BMs.
In LUAD, elevated Treg cell infiltrations are exhibited in
EGFR-mutant tumors compared with EGFR wild-type, in
which EGFR mutations can persistently activate the JNK/
cJun pathway to promote the recruitment of Treg cells.”*
Similarly, we observed EGFR-positive LUAD had a border-
line significantly higher Tregs infiltrations than others
in the TCGA cohort. Consistent with results of primary
LUAD, the EGFR-positive BMs indicated a TIME char-
acterized by depleted CD8+TILsand elevated Treg cells
(iTregs and nTregs). This finding is supported at both
the mRNA and protein levels. Treg cells are one of the
suppressive immune cells that promote tumor progres-
sion and the failure of antitumor immunity, and infiltra-
tion of Treg cells into tumor foci may elicit suppression
of effector T cells.”” Thus, Tregs may play a major role
in causing EGFR-positive BMs to exhibit immunosuppres-
sive TME. In addition, in the TCGA LUAD cohort, the
ALK-positive tumors had higher median infiltrations of
M2 macrophages than the EGFR/ALK-negative group
(p=0.175), although there was no statistical significance.
Unanimously, in our study with BMs, the ALK-positive
BMs showed a TIME marked by reduced CD8+TILsand
raised M2-type macrophages at both the mRNA and
protein levels. In BMs, most tumor-associated macro-
phages were derived from bone marrow-derived macro-
phages, while less from microglia.”® * Macrophages/
microglia can be polarized to M1-like and M2-like pheno-
types based on functional differences. M1 polarization
is defined as a proinflammatory phenotype. M2 macro-
phages/microglia contribute to immunosuppression,
angiogenesis and tumor growth promotion.”® Conse-
quently, both the EGFR-positive and the ALK-positive
BMs indicated a TIME of diminishing activated immune
cells and augmenting numbers of immunosuppressive
cells. Importantly, the immunosuppressive characteristics
of the two groups are different. Of note, KRAS-mutant
tumors showed a marked immune activation status in
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LUAD BMs, exemplified by an elevated abundance of
CD8+T cells, CTLs, and Tth, and reduced immunosup-
pressed M2-macrophage. Similar to our result from BMs,
in primary lung cancer, a retrospective study found KRAS-
mutant tumors had a significantly higher PD-L1 expres-
sion, high CD8+T cells infiltration and higher TMB
than EGFR-mutant tumors.'” * A meta-analysis revealed
that ICIs prolonged OS in the KRAS-mutant patients
(HR=0.65; 95% CI: 0.44 to 0.97), but not in the KRAS
wild-type patients (HR=0.86; 95%CI: 0.67 to 1.11) in
advanced NSCLC.” Therefore, the high response rate of
KRAS-positive tumors to immunotherapy may be related
to the activated immune microenvironment. Overall, our
data spotlight the importance of detailed dissection of
TIME to identify potential targets for different oncogene-
driven BMs subgroups.

Due to the inaccessibility of BMs samples, there are still
few studies on immune markers for postoperative prog-
nosis in patients with BMs. A previous retrospective study
suggested that CD8+TILsand T-cell clonality are potential
prognostic biomarkers in patients with lung cancer with
BMs.'? A limitation of the result is the too-small sample
size with survival data (n=27). Another study showed that
the protein level of CD3, TIM3, and LAG3 was positively
correlated with OS in lung cancer-associated BMs.* In
our study, we found that high clonality had a longer OS
than low clonality (log-rank p<0.05) and that high diver-
sity had a borderline significant shorter OS than low
diversity (log-rank p>0.05). Previous pilot studies revealed
that tumor-infiltrated T-cell clonality could predict the
response to ICIs therapy.®’ Thus, our study supplemented
the prognostic value of T-cell clonality and diversity in
LUAD BMs. In addition, high infiltration level of CTL
and high expression level of CD8A had a prolonged OS
in BMs patients with LUAD, suggesting that the cytotoxic
killing activity of the CD8+T cells plays an essential role in
the prognosis of BMs patients.

This study has several limitations. The retrospective
nature of our study restricts the range of our results.
Additionally, our Xiangya BMs cohort was not an immu-
notherapy cohort, limiting the ability to evaluate the
response to ICIs in different oncogene-driven BMs. Our
paired sample size is too small, which limits the further
expansion of the research. In addition, the data integrity
of the treatment information in this study is insufficient,
which limits the convincing power of the survival analysis
results.

In summary, this study found that LUAD-derived BMs
may exhibit an immunosuppressive TME. Besides, our
study represents one of the first comprehensive TIME
characterizations dedicated to EGFR/ALK-positive LUAD
BMs. We revealed that EGFR-positive and ALK-positive
BMs may exhibit different immunosuppressive character-
istics; EGFR/ALK-negative BMs had relatively activated
immunophenotype, showing higher CD8+T cells infil-
trations, lower immunosuppressed M2-macrophages and
Tregs, and a higher proportion of TMIT I tumor, and may
be a potential population benefiting from ICIs. These

findings boost molecular and clinical understanding of
LUAD BMs.
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