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Spatial and temporal heterogeneity of tumor
immune microenvironment between primary
tumor and brain metastases in NSCLC
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Abstract

Background Brain metastasis is a common outcome in non-small cell lung cancer, and despite aggressive treatment,
its clinical outcome is still frustrating. In recent years, immunotherapy has been developing rapidly, however, its
therapeutic outcomes for primary lung cancer and brain metastases are not the same, suggesting that there may be
differences in the immune microenvironment of primary lung cancer and brain metastases, however, we currently
know little about these differences.

Methods Seventeen paired samples of NSCLC and their brain metastases and 45 other unpaired brain metastases
samples were collected for the current study. Immunohistochemical staining was performed on all samples for the
following markers: immune checkpoints CTLA-4, PD-1, PD-L1, B7-H3, B7-H4, IDO1, and EphA2; tumor-infiltrating
lymphocytes (TILs) CD3, CD4, CD8, and CD20; tumor-associated microglia/macrophages (TAMs) CD68 and CD163;
and tumor proliferation index Ki-67. The differences in expression of these markers were compared in 17 paired
samples, and the effect of the expression level of these markers on the prognosis of patients was analyzed in lung
adenocarcinoma brain metastases samples. Subsequently, multiplex immunofluorescence staining was performed in
a typical lung-brain paired sample based on the aforementioned results. The multiplex immunofluorescence staining
results revealed the difference in tumor immune microenvironment between primary NSCLC and brain metastases.

Results In 17 paired lesions, the infiltration of CTLA-4* (P=0.461), PD-1" (P=0.106), CD3" (P=0.045), CD4" (P=0.037),
CD8* (P=0.008), and CD20™ (P=0.029) TILs in brain metastases were significantly decreased compared with primary
tumors. No statistically significant difference was observed in the CD68 (P=0.954) and CD163 (P=0.654) TAM
infiltration between primary NSCLC and paired brain metastases. In all the brain metastases lesions, the expression of
PD-L1 is related to the time interval of brain metastases in NSCLC. In addition, the Cox proportional hazards regression
models showed high expression of B7-H4 (hazard ratio [HR]=3.276, 95% confidence interval [CI] 1.335-8.041,
P=0.010) and CD68 TAM infiltration (HR=3.775, 95% Cl 1.419-10.044, P=0.008) were independent prognosis factors
for lung adenocarcinoma brain metastases patients.
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Conclusions Both temporal and spatial heterogeneity is present between the primary tumor and brain metastases
of NCSLC. Brain metastases lesions exhibit a more immunosuppressive tumor immune microenvironment. B7-H4 and
CD68* TAMs may have potential therapeutic value for lung adenocarcinoma brain metastases patients.

Keywords Non-small cell lung cancer, Brain metastases, Immune checkpoint, Tumor microenvironment,

Immunotherapy

Background

Brain metastases have become the leading cause of death
in patients with non-small cell lung cancer (NSCLC),
occurring approximately in 30-50% of patients with
NSCLC [1]. Furthermore, with the ageing of the popula-
tion, rise of people’s living standards, and improvements
in imaging technology, an increasing number of individu-
als are diagnosed with brain metastases. The prognosis
of patients with NSCLC brain metastases is dismal, with
a median survival of 7 months [2]. Therapeutic methods
for patients with NSCLC brain metastases are limited.
Standard treatments include surgical resection, whole-
brain radiotherapy, and stereotactic radiosurgery. How-
ever, despite active treatment, the prognosis remains
poor [3].

Cancer immunotherapy has advanced significantly in
recent years. A reciprocal effect is observed between the
human immune system and cancer cells, and regulating
immune responses at tumor sites is a crucial mechanism
for tumor immune evasion [4, 5]. The cytotoxic T-lym-
phocyte antigen 4 (CTLA-4) and programmed cell death
protein 1 (PD-1)/programmed death ligand 1 (PD-L1)
pathways, also known as an immune checkpoint, are rec-
ognized as an essential immunosuppressive mechanism
in various tumors [6, 7]. Moreover, results from multiple
clinical trials have confirmed the significant therapeutic
effects of anti-CTLA-4 and anti-PD-1/PD-L1 inhibitors
on NSCLC [8-12]. The discovery and clinical application
of immune checkpoint inhibitors is a new direction in the
treatment of NSCLC.

However, using immune checkpoint inhibitors have
several issues. First, the use of immune checkpoint
inhibitors is only effective for particular patients. Not
all patients express CTLA-4 and PD-1/PD-L1 in their
lesions, rendering immunotherapy less effective [13,
14]. In addition, for patients with NSCLC brain metas-
tases, owing to the existence of the blood-brain barrier
(BBB) and the distinctive immune environment of the
brain, heterogeneity may exist in the tumor immune
microenvironment between the primary tumor and
metastases [15]. These reasons may lead to different ther-
apeutic effects of immune checkpoint inhibitors on pri-
mary tumors and metastases.

To address these issues, we turned our attention to
several other immune checkpoints than CTLA-4 and
PD-1/PD-L1 that may be useful for treatment, and
we compared the differences in the tumor immune

microenvironment between primary and metastatic
lesions in patients with NSCLC brain metastases to find
therapeutic methods that benefit the patients.

B7-H3 and B7-H4 in the B7 family, indoleamine
2,3-dioxygenase 1 (IDO1), and EphA2 play important
roles in immune suppression and immune escape, pre-
venting the proliferation and activation of T cells. EphA2
also promotes the proliferation and migration of malig-
nant tumor cells [16-23]. Therefore, B7-H3, B7-H4,
IDO1, and EphA2 may be potential targets for immu-
notherapy. However, only a few studies are available on
these molecules in patients with brain metastases from
NSCLC. Knowledge about their expression levels in brain
metastases lesions and whether their interaction with
tumor immune microenvironment is related to the prog-
nosis of NSCLC brain metastases patients is inadequate.

Herein, immunohistochemical investigation was per-
formed on resected primary NSCLC and its brain metas-
tases to analyze the differences in the tumor immune
microenvironment. We also studied whether these differ-
ences were affected by the time interval of metastasis. In
addition, survival analyzes were performed in lung ade-
nocarcinoma brain metastases patients.

Materials and methods

Patients and tissue microarrays

Samples were obtained from the Department of Pathol-
ogy, Zhongnan Hospital of Wuhan University, involving
the patients with NSCLC brain metastases who under-
went tumor resection at the Department of Neurosur-
gery and Department of Thoracic Surgery, Zhongnan
Hospital of Wuhan University, between January 2016
and March 2021. The inclusion criteria for cases are as
follows: (1) Aged between 18 and 80 years old; (2) Brain
lesions confirmed by histopathology to be brain metasta-
ses from NSCLC (including lung adenocarcinoma, lung
squamous cell carcinoma and lung large cell carcinoma);
(3) Available formalin-fixed and paraffin-embedded
(FFPE) tumor tissue. Patients who had received other
treatments for brain metastasis before surgery and those
with a history of other malignancies were excluded. The
clinicopathological information of patients was col-
lected from electronic records and pathology reports.
Finally, we collected FFPE primary NSCLC tumor sam-
ples (n=17), their paired brain metastases tissue (n=17),
and unpaired brain metastases tissue (n=45) from 62
NSCLC patients with brain metastases. Among them,
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lung cancer samples and brain metastasis samples taken
from the same patient are defined as paired sample, sev-
enteen paired samples are from 17 different patients, and
45 unpaired brain metastasis tissues are from another 45
patients with NSCLC brain metastases. Waived consent
was obtained from all patients. The study was approved
by the Ethics Committee, Zhongnan Hospital of Wuhan
University (ethics No. 2,019,048).

Tissue microarrays were performed following standard
methods [24]. In brief, tumor core regions were marked
on slides stained with hematoxylin and eosin (H&E) and
prepared for tissue microarrays construction. A 1-mm
tumor core region was selected with a needle from sur-
gically resected FFPE tumor samples as representative
tumor regions, and the removed tumor core regions were
arrayed in blank recipient paraffin blocks.

Immunohistochemistry staining (IHC)
Four-micrometer-thick FFPE serial sections were
obtained from the tissue microarrays blocks. IHC stain-
ing of B7-H3, B7-H4, IDO1, and EphA2 was conducted
as follows: The sections were dewaxed in xylene and
rehydrated in alcohol. Thereafter, these were put in a
boiling pressure cooker with EDTA antigen repair buffer
for 150 s for antigen retrieval. Next, sections were incu-
bated with 3.0% hydrogen peroxide solution for 15 min
to block endogenous peroxidase activity. Then, sections
were washed and blocked for 30 min with 5% goat serum.
The primary antibody was added dropwise to the sec-
tions, and the sections were placed at 4 °C and incubated
overnight. The sections were then incubated with the
secondary antibody at room 37 °C for 30 min. Diamino-
benzidine (DAB) was used for the chromogenic reaction.
Finally, sections were counterstained with hematoxylin,
and blue reaction was performed with 0.02% ammo-
nia water, followed by rinsing with water, dehydrating
with graded alcohol, and fixing with neutral gum seal-
ing slides. In addition, immunohistochemical staining of
CTLA-4, PD-1, PD-L1, CD3, CD4, CD8, CD20, CD68,
CD163 and Ki-67 was performed on a Leica Bond Max
automated stainer (Leica) according to the manufac-
turer’s protocol. Human tonsil tissue was included as a
positive control. Use PBS rather than primary antibody
as negative control. All samples were stained in one run.
The primary antibodies used for immunohistochem-
istry are as follows: B7-H3 (1:200 dilution, D9IM2L, Cell
Signaling Technology), B7-H4 (1:150 dilution, D1M8I,
Cell Signaling Technology), IDO1 (1:200 dilution, SP260,
Abcam), EphA2 (1:100 dilution, SC-398,832, Santa
Cruz Biotechnology), CTLA-4 (UMAB249, ready-to-
use, Zhongshan Golden Bridge Biotechnology), PD-1
(UMAB199, ready-to-use, Zhongshan Golden Bridge
Biotechnology), PD-L1 (1:200 dilution, E1L3N, Cell
Signaling Technology), Ki-67 (MIB1, ready-to-use,
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Zhongshan Golden Bridge Biotechnology), CD3 (F7.2.38,
prediluted, Dako), CD4 (4B12, prediluted, Dako), CD8
(C8/144B, prediluted, Dako), CD20 (L26, prediluted,
Leica), CD68 (KP1, prediluted, Dako) and CD163 (MRQ-
26, prediluted, Dako). Anti-rabbit and anti-mouse sec-
ondary antibodies were acquired from Zhongshan
Golden Bridge Biotechnology (Beijing, China).

Multiplex immunofluorescence staining

As described in a previous report [25], multiplex immu-
nofluorescence staining was performed using the Opal
7-Color THC Kit (PerkinElmer, Waltham, MA, USA) in
the FFPE tissue sections of a typically paired NSCLC and
its brain metastases. The stained slides were scanned by
a Vectra 3.0 multispectral imaging system (PerkinElmer,
Waltham, MA, USA). The immunofluorescence mark-
ers consisted of B7-H4 (1:150 dilution, clone D1MS8I,
Cell Signaling Technology), CD3 (F7.2.38, prediluted,
Dako), CD8 (C8/144B, prediluted, Dako), CD20 (L26,
ready-to-use, Leica), CD68 (KP1, prediluted, Dako),
and CK (AE1/AE3, prediluted, Dako). DAPI was used
for nuclei highlighting. After dewaxing and rehydration,
antigen retrievals were performed using a Meidi micro-
wave (Meidi, China). For each primary antibody, tyra-
mide signal amplification linked to specific fluorochrome
from the multiplex immunofluorescence staining Kit was
used for incubation and visualization. We performed the
complete multiplex immunofluorescence staining proce-
dure following the manufacturer’s instructions. In addi-
tion, human tonsil FFPE tissues were analyzed with and
without primary antibodies following the same multiplex
immunofluorescence staining procedure to establish pos-
itive and negative (autofluorescence) controls.

IHC expression scoring

The immunohistochemical staining results were assessed
using semiquantitative methods by two trained patholo-
gists blinded to the patients’ clinical data. As no standard
scoring system is available for the immunohistochemi-
cal staining results of these antibodies, we assessed each
sample in terms of the degree of staining and proportion
of positive tumor cells. Based on the degree of staining,
they were classified into four semiquantitative groups:
no positive staining (score 0), weak (score 1), moderate
(score 2), and strong (score 3). The proportion of tumor
cells stained was also classified into four categories:
<25% (score 1), 26-50% (score 2), 51-75% (score 3), and
>75% (score 4). Next, the two scores were multiplied to
obtain the final immunohistochemical staining score.
The median of the final score was considered as the cut-
off value to decide high and low expression classification.
PD-L1 expression was assessed by tumor proportion
score (TPS), and PD-L1 TPS>1% was considered posi-
tive, consistent with other studies [26, 27]. The number
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of TILs and TAMs was counted and averaged over three
high-powered fields [28], and the median of the counts
was considered as the cutoft value to decide high and low
expression classification (since CTLA-4 and PD-1 are
also expressed in lymphocytes, we also used this method
for counting them). We selected 50% as the cutoft value

Table 1 Clinicopathological features of the patients
n (%) or median (IQR)

Characteristic

Total Paired Unpaired
n 62 17 45
Gender
female 18 (29%) 4 (23.5%) 14 (31.1%)
male 44 (71%) 13 (76.5%) 31 (68.9%)
Age at diagnosis
<60 30 (48.4%) 9 (52.9%) 21 (46.7%)
>60 32 (51.6%) 8(47.1%) 24 (53.3%)
Smoking history
yes 35 (56.5%) 2 (70.6%) 23 (51.1%)
no 27 (43.5%) 5(29.4%) 22 (48.9%)
Stage at diagnosis
I 4(6.5%) 1(5.9%) 3(6.7%)
Il 2(3.2%) 1 (5.9%) 1(2.2%)
Il 4 (6.5%) 3(17.6%) 1(2.2%)
% 44 (71.0%) 10 (58.8%) 34 (75.6%)
Unknown 8 (12.9%) 2(11.8%) 6 (13.3%)
Histology
Adenocarcinoma 57 (91.9%) 15 (88.2%) 42 (93.3%)
Sguamous carcinoma 3 (4.8%) 2 (11.8%) 1(2.2%)
Large cell carcinoma 2 (3.2%) 0 (0%) 2 (4.4%)
Diagnostic time interval
<1 month 43 (69.4%) 10 (58.8%) 33(73.3%)
> 1 month 19 (30.6%) 7 (41.2%) 12 (26.7%)
Brain tumor size (mm), me- 29.5(22.125, 280 (16.0, 30.0 (23.0,
dian (IQR) 41.75) 33.0) 42.0)
Brain metastases number
Single brain metastases 39 (62.9%) 11 (64.7%) 28 (62.2%)
Multiple brain metastases 23 (37.1%) 6 (35.3%) 7 (37.8%)
Extracranial metastases
Yes 13 (21%) 4 (23.5%) 9 (20.0%)
No 49 (79%) 13 (76.5%) 36 (80.0%)
EGFR Mutation
Yes 13(20.7%)  4(23.5%) 9 (20.0%)
No 14 (22.6%) 2(11.8%) 12 (26.7%)
Not tested 35 (56.5%) 11(64.7%) 24 (53.3%)
ALK rearranged
Yes 1(1.6%) 0 (0%) 1(2.2%)
No 16(25.8%) 4 (23.5%) 12 (26.7%)
Not tested 45 (72.6%) 13 (76.5%) 32(71.1%)
Treatment modality
SR 5(8.1%) 2(11.8%) 3(6.7%)
SR+Rad/Chemo 18(29.0%) 7 (41.2%) 1 (24.4%)
SR+Rad/Chemo+TKls 16(25.8%) 5 (29 4%) 11(24.4%)
Unknown 23(37.1%) (17.6%) 20(44.4%)

SR: surgical resection, Rad: radiation therapy, Chemo: chemotherapy, TKis:
tyrosine kinase inhibitors
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for the Ki-67 labeling index (Supplementary Fig. 1 shows
the typical immunohistochemical images of Ki-67). After
careful review and discussion of all the slides by two
pathologists, each slide was scored consistently. Specific
results regarding scoring can be found in Supplementary
Table 1.

Statistical analysis

As described in previous studies, the expression of cat-
egorical variables between matched lesions was evalu-
ated using agreement statistics (k coefficient) [28, 29].
Regarding continuous variables, the normality was evalu-
ated using the Shapiro—Wilk normality test. Paired Stu-
dent’s t-test or Wilcoxon matched-pairs signed rank test
was used to assess the significance of differences between
paired lesions. Mann-Whitney U Test, Student’s T-Test,
Fisher Test, or Chi-Square test were used to analyze the
correlation between biomarkers and clinicopathological
features. The Kaplan—Meier method was used for sur-
vival analysis. Cox proportional hazards model was used
to determine independent prognostic variables. Over-
all survival (OS) was measured from the date of brain
metastases lesion excision until death or the last follow-
up. P-value<0.05 was considered statistically significant.
All statistical analyses were performed using GraphPad
Prism version 8.0.1, SPSS version 26 and R version 3.6.3.

Results

Clinicopathological features of patients

Sixty-two cases of NSCLC with brain metastases were
collected for the current study. The clinical and demo-
graphic information is shown in Table 1. Among them,
primary lung cancer FFPE and their paired brain metas-
tases FFPE were available in 17 patients (15 adenocar-
cinomas and two squamous carcinomas), and the other
45 patients had only brain metastases FFPE available (42
adenocarcinomas, one squamous carcinoma, one large
cell carcinoma, and one large cell neuroendocrine car-
cinoma). Patients’ median age was 60 years (IQR 53-65
years, range 39—72 years). Forty-three patients were diag-
nosed with synchronous brain metastases (diagnostic
time interval<1 month), and other 19 patients had meta-
chronous brain metastases (diagnostic time interval>1
month), and the median interval between the diagnosis
of 19 patients with metachronous brain metastases was
34 months (IQR 21-54 months, range 2-180 months).
Among the 17 paired patients, there were 10 synchro-
nous metastasis patients and 7 metachronous metastasis
patients.

Comparison of tumor microenvironment between primary
NSCLC and paired brain metastases

We compared the tumor immune microenvironment of
17 primary NSCLCs and their paired brain metastases.
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Figure 1 shows typical immunohistochemical images of
paired lesions. The expression of PD-L1, B7-H3, B7-H4,
IDO1, and EphA2 were inconsistent in the paired sam-
ples of 11.8%, 29.4%, 23.5%, 29.4%, and 52.9%, respec-
tively. According to the agreement statistics [28, 29],
PD-L1 (x=0.61, 95% CI 0.13-1.00, P=0.007) and B7-H4
(x=0.53, 95% CI 0.15-0.92, P=0.024) had moderate con-
sistency in primary NSCLC and its brain metastases, and
the expressions of B7-H3 (k=0.43, 95% CI 0.03-0.83,
P=0.059), IDO1 (x=0.38, 95% CI —0.07-0.83, P=0.115),
and EphA2 (x = —0.04, 95% CI —0.49-0.41, P=0.858) in
primary NSCLC and its brain metastases were not con-
sistent (Details are shown in Table 2).

We also compared TILs and TAMs in paired lesions.
As shown in Fig. 2, in primary NSCLC and paired brain
metastases, the median of PD-1* TILs were 11.7 (IQR
5.7-20) and 3.3 (IQR 0.7-11.3) (P=0.106), the median of
CD3" TILs were 46.7 (IQR 12.5-118.4) and 9.0 (IQR 1.5—
31.7) (P=0.045), median of CD4*% TILs were 11.7 (IQR
1.7-31.7) and 1.7 (IQR 0.0-7.8) (P=0.037), median of
CD8* TILs were 20.0 (IQR 11.0-55.9) and 2.7 (IQR 0.0—
9.7) (P=0.008), and median of CD20" TILs were 3.3 (IQR
0.2-28.4) and 0.0 (IQR 0.0-3.3) (P=0.029). The CTLA-4"
TILs in the primary NSCLC and brain metastases were
6.765+8.555 and 8.600+12.854 per high-power field
(P=0.461, a paired Student’s t-test). The CD68* TAM:s
in the primary NSCLC and brain metastases were
40.8241+40.233 and 39.951+64.044 per high-power
field (P=0.954, a paired Student’s t-test). The CD163*
TAMs in the primary NSCLC and brain metastases were
18.506+20.242 and 21.471+33.909 per high-power field
(P=0.654, a paired Student’s t-test). Except for special
notes, all the aforementioned statistical methods are
Wilcoxon matched-pairs signed rank tests. The expres-
sion of PD-1* TILs, CTLA-4" TILs, CD68" TAMs and
CD163" TAMs in brain metastases tissue did not sub-
stantially differ from those in primary NSCLC (P=0.106,
P=0.461, P=0.954 and P=0.654, respectively). In addi-
tion, interestingly, the expression of CD3*, CD4*, CD8",
and CD20+TILs in brain metastases were significantly
decreased compared with primary tumors (P=0.045,
P=0.037, P=0.008, and P=0.029, respectively).

Based on the results of subsequent prognostic analy-
sis, we selected B7-H4, CD3, CD8, CD20, and CD68
for multiplex immunofluorescence staining to show
more straightforwardly the differences in the tumor
immune microenvironment of the primary tumor and
brain metastases. The tumor epithelial cells and nuclei
were labeled with CK and DAPI, respectively (Fig. 3).
We observed prominent colocalization of B7-H4 with
CK (tumor cell marker), indicating that B7-H4 is mainly
expressed in tumor cells. CD3, CD8, and CD20 were
expressed in the tumor stroma, and significantly more
lymphocyte infiltration was observed in the primary
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tumor compared with brain metastases. CD68* TAMs
were expressed in the tumor stroma of both primary
tumors and brain metastases, and no significant differ-
ence was observed between the expression levels.

Difference in tumor microenvironment between
synchronous and metachronous NSCLC brain metastases
All the samples were divided into two groups: synchro-
nous metastasis and metachronous metastasis. Among
17 paired samples, the infiltration of CD8* lymphocytes
were remarkably decreased in synchronously metastatic
brain lesions (P=0.034, Fig. 4). No significant difference
was observed between the paired lesions of synchro-
nous and metachronous metastases among the other
markers (Fig. 4, data details can be found in Supplemen-
tary Table 2). In addition, in 62 cases of brain metasta-
ses lesions, positive PD-L1 expression was significantly
related to synchronous diagnosis of primary tumor and
brain metastases (P=0.006). None of the metachronous
brain metastases were PD-L1 positive, while the PD-L1
positive rate was significantly increased in synchronous
brain metastases (Fig. 5). No other significant difference
was observed among the brain metastases lesions of syn-
chronous and metachronous metastases.

Relationship between immune checkpoint expression and
clinicopathological features in brain metastases

The relationship between immune checkpoints and clini-
copathological features of patients was explored in their
brain metastases lesions (Supplementary Table 1). The
relationship between PD-L1 expression and the time
interval between the diagnosis of primary and metastatic
lesions has been described in the previous section. In
addition, we found that B7-H3 expression was related to
brain metastases size. Patients with high B7-H3 expres-
sion tended to have a smaller brain tumor, with a median
size of 24 mm (IQR 19.25-34 mm) compared with
33.5 mm (IQR 25.25-45.75 mm) in the low expression
group (P=0.012). PD-1 expression was related to extra-
cranial metastases (P=0.029). No significant correlation
was observed between CTLA-4, B7-H4, IDO1, EphA2,
and clinicopathological features.

Effect of tumor microenvironment on metastatic brain
tumor prognosis

We explored the relationship between the expression
of immune checkpoints, lymphocyte infiltration, and
patient prognosis in brain metastatic lesions (Supplemen-
tary Fig. 2 shows typical immunohistochemical images of
all markers in brain metastases). High levels of B7-H3,
B7-H4, IDO1, and EphA2 expression in lung cancer are
correlated to a poor prognosis [30-33]. However, the
impact of their expression on OS in patients with NSCLC
brain metastases has rarely been mentioned. Among the
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A. CTLA-4 B.PD-1

C. PD-L1

Fig. 1 Representative immunohistochemical staining image of NSCLC and its paired brain metastases (not from the same patients). A-M list the typi-
cal immunohistochemical images of CTLA-4, PD-1, PD-L1, B7-H3, B7-H4, IDO1, EphA2, CD3, CD4, CD8, CD20, CD68, and CD163, respectively. Scale bars,
100 um, Original magnification 200x
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Table 2 Expression and agreement statistics (k coefficient) of
PD-L1, B7-H3, B7-H4, IDO1, and EphA2 in primary NSCLC and its
brain metastases

Brain: Kappa P-
data value
PD-L1 PD-L1
Positive Negative
Lung:  PD-L1 Positive 2 2 0.61 0.007
PD-L1 Negative 0 13
B7-H3 high  B7-H3 low
expression  expression
B7-H3 high 6 1 043 0.059
expression
B7-H3 low 4 6
expression
B7-H4 high  B7-H4 low
expression  expression
B7-H4 high 7 1 0.53 0.024
expression
B7-H4 low 3 6
expression
IDO1 high  IDO1 low expression
expression
IDO1T high 4 2 0.38 0.115
expression
IDOT low 3 8
expression
EphA2 high  EphA2 low
expression  expression
EphA2 high 3 3 -0.04 0.858
expression
EphA2 low 6 5
expression

total 62 patients in this study, compared with lung ade-
nocarcinoma, the number of patients with lung squa-
mous cell carcinoma and large cell carcinoma is smaller,
and their immune microenvironment and prognosis are
highly heterogeneous [34]. In order to obtain more accu-
rate results, we excluded these patients (3 squamous cell
carcinoma patients, 2 large cell carcinoma patients) in
the survival analysis. Besides, seven patients were lost to
follow-up, so we only included 50 patients with follow-
up information in the final survival analysis. The median
observation period is 793 (range 147-1870) days. Results
revealed that patients with high B7-H4 (hazard ratio
[HR]=2.802, 95% confidence interval [CI] 1.172-6.703,
P=0.004, Fig. 6E) and IDO1 (HR=2.500, 95% CI 1.149—
5.441, P=0.011, Fig. 6F) expression in brain metasta-
ses had significantly decreased OS. Nevertheless, the
expression of PD-L1 (HR=1.497, 95% CI 0.573-3.908,
P=0.347, Fig. 6C), B7-H3 (HR=1.201, 95% CI 0.572—
2.523, P=0.630, Fig. 6D) and EphA2 (HR=1.299, 95% CI
0.602-2.802, P=0.482, Fig. 6G) in NSCLC brain metas-
tases patients did not have a significant relationship with
the OS.
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Furthermore, the effect of TILs and TAMs in the
immune microenvironment of brain metastases and
Ki-67 labeling index on the OS of patients with lung
adenocarcinoma brain metastases were studied. Patients
with higher CD68* microglia/macrophage infiltration
demonstrated a worse OS (HR=2.275, 95% CI 1.056—
4.900, P=0.024, Fig. 6H). The CTLA-4" (HR=1.336, 95%
CI0.636-2.808, P=0.441, Fig. 6A) and PD-1* (HR=1.591,
95% CI 0.280-1.245, P=0.162, Fig. 6B) lymphocyte infil-
tration in NSCLC brain metastases patients did not have
a significant relationship with the OS. CD3* (HR=0.586,
95% CI 0.275-1.246, P=0.152, Supplementary Fig. 3A),
CD4* (HR=0.687, 95% CI 0.327-1.442, P=0.325, Supple-
mentary Fig. 3B), CD8* (HR=1.095, 95% CI 0.521-2.298,
P=0.810, Supplementary Fig. 3C), CD20* (HR=0.762,
95% CI 0.363-1.598, P=0.472, Supplementary Fig. 3D)
lymphocyte infiltration and CD163* macrophage infiltra-
tion (HR=1.535, 95% CI 0.730-3.226, P=0.257, Supple-
mentary Fig. 3E), CD163*/CD68" ratio (HR=1.661, 95%
CI 0.787-3.502, P=0.202, Supplementary Fig. 3F) had
no prognostic significance in patients with NSCLC brain
metastases. Moreover, the Ki-67 levels had no related
to outcome (HR=1.805, 95% CI 0.779-4.183, P=0.116,
Fig. 6I).

Recently, some scholars have proposed that immune
cells in tumors have different infiltration patterns,
which may affect the prognosis of patients [35, 36]. We
followed the classification rules described by them to
classify patients into immune infiltration phenotype,
immune excluded phenotype and immune desert phe-
notype, and conducted survival analysis. However, no
association between immune infiltration type and patient
prognosis was found in our study (immune excluded phe-
notype vs. immune infiltration phenotype: HR=1.274,
95%CI=0.502-3.230, P=0.604; immune excluded phe-
notype vs. immune desert phenotype: HR=1.206,
95%CI=0.490-2.968, P=0.679, Fig. 7).

Finally, the Cox proportional hazards model was used
for univariate and multivariate analyses. Pvalues<0.100
in univariate analysis were considered in multivari-
ate analysis. Since there are many missing values for the
patient’s subsequent treatment modality, in order to
ensure the accuracy of the results, we did not include it
as a variable in the Cox proportional hazards model, but
only drew the survival curve (Supplementary Fig. 4). In
addition, as we know that patients with higher tumor
stages often have a poorer prognosis, tumor stage was
also included as a covariate in subsequent multivari-
ate analyses (Supplementary Table 4). Hereby, age, stage
at diagnosis, B7-H4, IDO1, and CD68* macrophage
infiltration, were included in the multivariate analy-
sis. The findings revealed that higher expression of
B7-H4 (HR=3.276, 95% CI 1.335-8.041, P=0.010) and
higher CD68* macrophage infiltration (HR=3.775, 95%
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Fig. 2 Comparison of TILs and TAMs between primary NSCLC and brain metastases lesions. Significant differences were observed in CD3, CD4, CD8, and
CD20 expression levels (Numbers/HPF) between the primary NSCLC and paired brain metastases (P=0.045, P=0.037, P=0.008, and P=0.029, respec-
tively). No significant differences were observed in the PD-1, CTLA-4, CD68 and CD163 expression levels (Numbers/HPF) between the primary NSCLC and
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* P<0.05;** P<0.01; ns, not significant. HPF high power field

CI 1.419-10.044, P=0.008) were independent prog-
nostic factors for patients with NSCLC brain metas-
tases (Table 3). However, higher expression of IDO1
(HR=1.719, 95% CI 0.683—4.326, P=0.250) was excluded
as an independent prognostic factor for these patients,
which may be owing to the interaction between IDO1
and other tested factors.

Discussion

Herein, using immunohistochemistry, we discovered
that the tumor microenvironment of primary NSCLC
and brain metastases has both spatial and temporal het-
erogeneity. Spatially, the expression of some immune
checkpoints was inconsistent. Besides, the infiltration
of lymphocytes in brain metastases was significantly
reduced compared with primary tumors, suggesting a
more immunosuppressed microenvironment. Tempo-
rally, in paired lesions, CD8* lymphocytes were more sig-
nificantly suppressed in synchronous metastases. In brain
metastases lesions, the positive expression of PD-L1 was
significantly associated with synchronous metastases.
In addition, we also explored the factors related to the

prognosis of patients with lung adenocarcinoma brain
metastases, and the results revealed the age, expression
of B7-H4 and IDO1, and infiltration of CD68* TAM were
related to the prognosis. The expression of B7-H4 and
the infiltration of CD68" TAM are independent prog-
nostic factors for lung adenocarcinoma brain metastasis
patients.

The brain has been considered immune-privileged for
an extended period because of the BBB. In recent years,
however, many researchers have mentioned that the brain
is immunologically unique instead of privileged since the
discovery of functional lymphatic vessels within the cen-
tral nervous system, and the immune cell infiltration of
brain tumors is rare, but it occurs [15]. This echoes our
findings on the spatial heterogeneity of primary NSCLC
and brain metastases. We found that the TILs density in
brain metastases was significantly lower than in primary
tumors, which is consistent with the findings of some
previous groups [37, 38]. These results partly explain
why some immune checkpoint inhibitors exhibit differ-
ent therapeutic responses in the intracranial and extra-
cranial regions in patients with NSCLC brain metastases
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Fig. 3 Representative images of multiplex immunofluorescence in primary lung cancer and brain metastasis tissues. Scale bars, 50 um
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[39]. Clinicians should fully consider this before applying
immunotherapy.

Only a few studies have used the time interval between
lung cancer and brain metastasis as a subgroup to ana-
lyze differences in the tumor microenvironment. We
found that in brain metastasis tissue, PD-L1 positivity
was more common in synchronous metastases than in
metachronous metastases. This is similar to the findings
of Lee et al., who performed IHC of PD-L1 on primary
lung cancer tissues of 270 patients with NSCLC brain
metastases, and the results showed that compared with
PD-L1-negative patients, synchronous brain metasta-
ses were more frequently observed in PD-L1-positive
patients [40]. This indicates that PD-L1 expression is
strongly correlated with synchronous metastasis whether
detected in primary lung tumors or brain metastases.
This finding is interesting. Is PD-L1 related to the activa-
tion of metastasis of NSCLC to the brain? The reason is
still unclear. The mechanism of lung cancer brain metas-
tasis has been reported before, including the “hemo-
dynamic hypotheses” and “seed-and-soil hypotheses”
[41, 42]. In our clinical observations, the time interval
for lung cancer to metastasize to the brain considerably
varies greatly. This may be related to different initiation
times of metastasis, impediments in the metastasis pro-
cess, or the length of latency of tumor cells in the brain.
Whether these processes are affected by PD-L1 expres-
sion remains to be confirmed by further research. We
also noticed that previous literature has studied the rela-
tionship between the time interval of metastasis and the

tumor microenvironment (including the expression of
PD-L1) in paired NSCLC and brain metastases resected
lesions. Most research results show that compared with
metachronous metastasis, the tumor microenviron-
ment of the primary tumor and brain metastasis tumor
of synchronous brain metastasis is more consistent and
less difference [28, 43—45]. Only one literature reported
different results [46]. This finding has important clinical
significance. For synchronous NSCLC brain metastases,
the more common treatment is surgical resection of the
brain metastases without surgical intervention of the pri-
mary tumor. Because for advanced NSCLC with distant
metastasis, surgical resection of the primary tumor is not
considered an effective treatment method [47], which
leads to a result: we can only perform pathological analy-
sis on brain metastasis tissue, such as the expression of
CTLA-4, PD-1, PD-L], etc., rather than lung. Determin-
ing the consistency of tumor microenvironment expres-
sion between primary tumors and brain metastases can
help clinicians decided whether patients are suitable for
subsequent immunotherapy.

Previous studies have shown that B7-H4 and IDO1
have predictive significance in NSCLC [30, 33]. How-
ever, we know little about their relationship with the
prognosis of NSCLC brain metastasis patients. We per-
formed survival analyzes in lung adenocarcinoma brain
metastases patients. The result showed patients with high
B7-H4 and IDO1 expression in brain metastases had a
shorter survival time (log-rank test), and B7-H4 was an
independent prognostic factor in lung adenocarcinoma
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Fig. 6 Kaplan-Meier survival curves of CTLA-4, PD-1, PD-L1, B7-H3, B7-H4, IDO1, EphA2, CD68, and Ki-67 in lung adenocarcinoma brain metastases pa-
tients. (A-D) CTLA-4 (P=0.441), PD-1 (P=0.162), PD-L1 (P=0.347), and B7-H3 (P=0.630) expression was not correlated with patient survival. (E and F) High
expression of B7-H4 and IDO1 in tumor cells was associated with worse survival (P=0.004 and P=0.011, respectively). (G) EphA2 expression in tumor cells
was not associated with patient survival (P=0.482). (H) High CD68" cells in the stroma were associated with worse survival (P=0.024). (I) Ki-67 index was
not associated with patient survival (P=0.116). The significance in survival differences was analyzed by log-rank test
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brain metastases patients. We noticed that a previous reached, which indicates that B7-H4 is still associated
study also reported the effect of B7-H4 on overall sur- with disease prognosis even at different cutoff values
vival in NSCLC brain metastasis [48]. Although the and is a meaningful predictor of prognosis in NSCLC
classification criteria for high B7-H4 expression in  brain metastases patients. As far as we know, this study
this study were different, a consistent conclusion was is the first to investigate the prognostic value of IDO1
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Table 3 Multivariate analysis of prognostic factor for lung
adenocarcinoma brain metastases patients

Characteristics Total(N)*  Multivariate analysis
HR(95%Cl) Pvalue

Age at diagnosis (years)

<60 18 Reference

>60 25 1.148 (0.434- 0.781
3.036)

stage at diagnosis

-1l 7 Reference

[\ 36 0427 (0.136- 0.146
1.345)

B7-H4

low 27 Reference

high 16 3276(1.335- 0.010
8.041)

IDO1

low 23 Reference

high 20 1.719(0.683-  0.250
4.326)

CD68

low 22 Reference

high 21 3.775(1.419- 0.008
10.044)

Indicators with Pvalues in bold were independent prognostic factor for lung
adenocarcinoma brain metastases patients

* Because the “stage at diagnosis” of 7 patients was unknown, only 43 patients
were finally included in the multivariate analysis

in lung adenocarcinoma brain metastases. Although
the final results show that IDOL1 is not an independent
prognostic factor, the widespread expression of IDO1
in brain metastases and its inhibitory effect on immune
cells may make it a potential therapeutic target. Phase I/
IT clinical trials of epacadostat, an IDO1 inhibitor, have
been reported positively in many advanced solid tumors
[49, 50]. Despite a recent phase III ECHO-301 trial
(NCT02752074) of PD-1 inhibitor in combination with
an IDO1 inhibitor in metastatic melanoma showed no
significant clinical benefit in the treatment group (pem-
brolizumab+epacadostat) compared with the control
group (pembrolizumab+placebo) [51]. Some immuno-
oncologists still believe that IDO1 is not a “bad target,’
and the IDO1-targeting therapy is still meaningful. Ver-
non K. Sondak et al. explained this phenomenon to be
dose-related [52]. However, the mechanism of IDO1
immunosuppression and specific biomarkers that can
respond to IDO inhibitors need to be explored in future
research.

The findings of the current study revealed that CD68*
TAM infiltration have prognostic significance in lung
adenocarcinoma brain metastases. Recently, TAMs have
become a hotspot in tumor immunotherapy research.
According to the traditional classification, TAMs are usu-
ally divided into M1 and M2 phenotypes. M1 phenotype
is considered to have pro-inflammatory and anti-tumor
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effects, and M2 phenotype is considered to have angio-
genic and pro-tumor effects [53]. Previous research has
indicated that most immune cells within primary brain
tumors are macrophages, comprising approximately 30%
of the tumor mass. Compared with extracranial organs,
the brain as an immunologically unique organ has two
sources of TAMs: brain resident microglia and bone
marrow-derived macrophages, both of which can be
labeled by CD68, and the latter are risen by circulating
monocytes recruited into the brain in pathological con-
ditions such as tumors [54-56]. Up to now, there is still
no unified standard for how to distinguish brain resident
microglia and bone marrow-derived macrophages. In
this study, the high density of CD68* TAM infiltration in
brain lesions was confirmed to be a poor prognostic fac-
tor in patients with lung adenocarcinoma brain metasta-
ses, whereas CD163-labeled M2 macrophage infiltration
and CD163/CD68 ratio were not associated with progno-
sis. This may be because brain resident microglia are con-
tained within CD68-positive TAM. Previous study has
shown that brain resident microglia, and not peripheral
macrophages, are the main source of brain tumor mono-
nuclear cells [57]. Interactions between microglia and T
cells can promote brain cancer heterogeneity and immu-
nosuppression [58]. This may partially explain our result.
In addition, the co-expression of M1 and M2 markers
and M1 and M2 phenotype switching is also existing in
brain tumors [59, 60]. The immune microenvironment in
brain tumors is a dynamic process. In our study, we can
only confirm the status of TAM at the moment of surgi-
cal resection, and whether there is a phenotype switch-
ing between M1 and M2 after surgery is unknown. In
summary, targeting intracranial microglia or M2 mac-
rophages may be a potential treatment modality for lung
adenocarcinoma brain metastases patients and more
studies are needed to confirm this.

Although we did not find a significant correlation
between the prognosis of patients with brain metastatic
NSCLC and the expression of PD-1, PD-L1 and B7-H3
in the current study, previous studies have confirmed
that PD-1, PD-L1 and B7-H3 play an important role in
primary brain tumors, including glioblastoma and pri-
mary central nervous system lymphoma, and are asso-
ciated with patient prognosis [61-63]. This shows that
these tumor immune checkpoints still interact with the
surrounding immune microenvironment in the brain, a
special immune-privileged organ [15], and thus exert cor-
responding functions. Although brain metastatic NSCLC
is a tumor of extracranial origin, it eventually colonizes
and proliferates in the brain, and also has the expres-
sion of PD-1, PD-L1 and B7-H3. The specific mechanism
remains to be explored. In the future, it may be mean-
ingful to include primary brain tumors and metastatic
brain tumors in one study and analyze the expression of
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these markers and their relationship with the immune
microenvironment.

Despite providing some valuable insights, this study
has several limitations. First, the small number of paired
samples is a major limitation of our study. It is a single-
center study and not all patients have undergone primary
lesion resection at Zhongnan Hospital of Wuhan Univer-
sity. In addition, some patients only received resection of
brain metastases. For the primary lung cancer, they did
not receive surgical intervention but chose radiotherapy
and\or chemotherapy. This resulted in our inability to
obtain primary tumor tissue of these patients. Second,
the clinical data of some patients were incomplete, affect-
ing subsequent analysis. Third, the tumor core tissue
used to make the tissue microarrays may not accurately
represent the expression of markers in the panorama of
tumor tissue. However, the results from the tissue micro-
arrays measuring the expression of immune markers in
several studies were consistent with each other, which
justifies this approach.

Conclusion

In summary, knowing the spatial and temporal hetero-
geneity of the tumor immune microenvironment of pri-
mary NSCLC and brain metastases and exploring the
role of immune checkpoints in different stages of tumor
evolution is crucial to identify the most appropriate treat-
ment options. In addition, we also identified intracranial
B7-H4 and CD68* TAMs as two valuable predictors of
prognosis in patients with NSCLC with brain metastases.
This study provides a clinical basis for immunotherapy
in patients with lung adenocarcinoma brain metastases.
Future studies are necessary to explore the molecular
mechanism and develop drugs. Multicenter large sam-
ple clinical trials need to be performed to help us better
understand NSCLC brain metastases and develop new
treatment methods to improve patient prognosis.

Abbreviations

BBB Blood-brain barrier
@] Confidence interval
DAB Diaminobenzidine

FFPE Formalin-fixed and paraffin-embedded
H&E Hematoxylin and eosin

HR Hazard ratio

IDO1 Indoleamine 2,3-dioxygenase 1

HC Immunohistochemistry staining
NSCLC  Non-small cell lung cancer

oS Overall survival

PD-1 Programmed cell death protein 1
PD-L1 Programmed death ligand 1

TAMs Tumor-associated microglia/macrophages
TILs Tumor-infiltrating lymphocytes

TPS Tumor proportion score

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512885-024-11875-w.

Page 13 of 15

Supplementary Material 1: Supplementary table 1. The immunohisto-
chemical scores and medians of immune checkpoints, tumor-infiltrating
lymphocytes, tumor-associated microglia/macrophages and tumor prolif-
eration index Ki-67. Supplementary table 2. Infiltration of TILs in paired
samples when classified by synchronous and metachronous metastasis.
Supplementary table 3: Relationship between the expression of immune
checkpoints and clinicopathological features in BM lesions. Supplemen-
tary table 4: Univariate analysis of prognostic factor for lung adeno-
carcinoma brain metastases patients. Supplementary Fig. 1: Typical
immunohistochemical images of Ki-67. Original magnification 200x. Scale
bars, 100 um. Supplementary Fig. 2: Representative immunohistochemi-
cal staining images of all markers in brain metastases. A to M list the typi-
cal weak positive expression, moderate positive expression, strong positive
expression immunohistochemical images of CTLA-4, PD-1, PD-L1, B7-H3,
B7-H4,1DO1, EphA2, CD3, CD4, CD8, CD20, CD68 and CD163, respectively.
Original magnification 200x. Scale bars, 100 um. Supplementary Fig. 3:
Kaplan-Meier survival curves of CD3, CD4, CD8, CD20, CD163 and CD163/
CD68 ratio in lung adenocarcinoma brain metastases patients. (A-F) the
expression of CD3, CD4, CD8 CD20, CD163 and CD163/CD68 in stroma
were not associated with patient survival (P=0.152, P=0.325,P=0.810,
P=0.472,P=0.257 and P=0.202 respectively). Supplementary Fig. 4:
Kaplan-Meier survival curves of treatment modality in lung adenocarcino-
ma brain metastases patients (n=31). SR: surgical resection, Rad: radiation
therapy, Chemo: chemotherapy, TKs: tyrosine kinase inhibitors

Acknowledgements
We are grateful to the patients and their family for their support and
cooperation.

Author contributions

ZQL and SFT conceptualized, designed, and supervised this study; JSL, YXC,
YZH, and JX performed the experiments; JSL and YXC analyzed the data; JSL
and YXC interpreted data and wrote the manuscript; ZQL and SFT revised the
manuscript. All authors read and approved the final manuscript.

Funding
This research was supported by the National Health Commission of China.

Data availability

The raw data for this study will be provided by the authors upon reasonable
request. Requests for access to the dataset should be sent to lizhigiang@whu.
edu.cn.

Declarations

Ethics approval and consent to participate

The study was conducted according to the guidelines of the Declaration of
Helsinki, and approved by the Ethics Committee of the Zhongnan Hospital
of Wuhan University (ethics No. 2019048). The patients provided written
informed consent to participate in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Neurosurgery, Zhongnan Hospital of Wuhan University,
430062 Wuhan, China

’Department of Pathology, Zhongnan Hospital of Wuhan University,
430062 Wuhan, China

Received: 10 October 2023 / Accepted: 13 January 2024
Published online: 24 January 2024


https://doi.org/10.1186/s12885-024-11875-w
https://doi.org/10.1186/s12885-024-11875-w

Liu et al. BMC Cancer

(2024) 24:123

References

1.

20.

22.

23.

Arrieta O, Villarreal-Garza C, Zamora J, Blake-Cerda M, de la Mata MD, Zavala
DG, Muhiz-Herndndez S, de la Garza J. Long-term survival in patients with
non-small cell lung cancer and synchronous brain metastasis treated with
whole-brain radiotherapy and thoracic chemoradiation. Radiat Oncol.
2011;6:166.

Sperduto PW, Kased N, Roberge D, Xu Z, Shanley R, Luo X, Sneed PK, Chao ST,
Weil RJ, Suh J, et al. Summary report on the graded prognostic assessment:
an accurate and facile diagnosis-specific tool to estimate survival for patients
with brain metastases. J Clin Oncol. 2012;30(4):419-25.

ErnaniV, Stinchcombe TE. Management of brain metastases in non-small-cell
lung cancer. J Oncol Pract. 2019;15(11):563-70.

Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrat-

ing immunity’s roles in cancer suppression and promotion. Science.
2011,331(6024):1565-70.

Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, Lichtor T, Decker WK,
Whelan RL, Kumara HMCS, et al. Immune evasion in cancer: mechanistic basis
and therapeutic strategies. Semin Cancer Biol. 2015;35(Suppl):185-5198.

Sun C, Mezzadra R, Schumacher TN. Regulation and function of the PD-L1
checkpoint. Immunity. 2018;48(3):434-52.

Rowshanravan B, Halliday N, Sansom DM. CTLA-4: a moving target in immu-
notherapy. Blood. 2018;131(1):58-67.

Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, Yokoi T, Chiap-
pori A, Lee KH, de Wit M, et al. Durvalumab after chemoradiotherapy in stage
IInon-small-cell lung cancer. N Engl J Med. 2017;377(20):1919-29.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, Chow LQ, Vokes
EE, Felip E, Holgado E, et al. Nivolumab versus docetaxel in advanced non-
squamous non-small-cell lung cancer. N Engl J Med. 2015;373(17):1627-39.
Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WEE, Poddubskaya E,
Antonia S, Pluzanski A, Vokes EE, Holgado E, et al. Nivolumab versus docetaxel
in advanced squamous-cell non-small-cell lung cancer. N Engl J Med.
2015,373(2):123-35.

Fehrenbacher L, Spira A, Ballinger M, Kowanetz M, Vansteenkiste J, Mazieres
J, Park K, Smith D, Artal-Cortes A, Lewanski C, et al. Atezolizumab versus
docetaxel for patients with previously treated non-small-cell lung cancer
(POPLAR): a multicentre, open-label, phase 2 randomised controlled trial.
Lancet. 2016;387(10030):1837-46.

Lynch TJ, Bondarenko |, Luft A, Serwatowski P, Barlesi F, Chacko R, Sebastian
M, Neal J, Lu H, Cuillerot J-M, et al. Ipilimumab in combination with paclitaxel
and carboplatin as first-line treatment in stage llIB/IY non-small-cell lung
cancer: results from a randomized, double-blind, multicenter phase Il study. J
Clin Oncol. 2012;30(17):2046-54.

Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint
inhibitor-based immunotherapy. Lancet Oncol. 2016;17(12):e542-51.

Patel SP, Kurzrock R. PD-L1 expression as a predictive biomarker in cancer
immunotherapy. Mol Cancer Ther. 2015;14(4):847-56.

Sampson JH, Gunn MD, Fecci PE, Ashley DM. Brain immunology and immu-
notherapy in brain tumours. Nat Rev Cancer. 2020,20(1):12-25.

Zou W, Chen L. Inhibitory B7-family molecules in the tumour microenviron-
ment. Nat Rev Immunol. 2008:8(6):467-77.

Kontos F, Michelakos T, Kurokawa T, Sadagopan A, Schwab JH, Ferrone CR,
Ferrone S. B7-H3: an attractive target for antibody-based immunotherapy.
Clin Cancer Res. 2021;27(5):1227-35.

Picarda E, Ohaegbulam KC, Zang X. Molecular pathways: targeting

B7-H3 (CD276) for human cancer immunotherapy. Clin Cancer Res.
2016,22(14):3425-31.

Della Chiesa M, Carlomagno S, Frumento G, Balsamo M, Cantoni C, Conte

R, Moretta L, Moretta A, Vitale M. The tryptophan catabolite L-kynurenine
inhibits the surface expression of NKp46- and NKG2D-activating receptors
and regulates NK-cell function. Blood. 2006;108(13):4118-25.

Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, Ferrara GB.
Tryptophan-derived catabolites are responsible for inhibition of T and natural
killer cell proliferation induced by indoleamine 2,3-dioxygenase. J Exp Med.
2002;196(4):459-68.

Miao H, Wang B. EphA receptor signaling—complexity and emerging themes.
Semin Cell Dev Biol. 2012;23(1):16-25.

Xiao T, Xiao Y, Wang W, Tang YY, Xiao Z, Su M. Targeting EphA2 in cancer. J
Hematol Oncol. 2020;13(1):114.

Pasquale EB. Eph-ephrin bidirectional signaling in physiology and disease.
Cell. 2008;133(1):38-52.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 15

Camp RL, Chung GG, Rimm DL. Automated subcellular localization and
quantification of protein expression in tissue microarrays. Nat Med.
2002;8(11):1323-7.

XiY,Zhang T, Sun W, Liang R, Ganesh S, Chen H. GOLM1 and FAM49B: poten-
tial biomarkers in HNSCC based on bioinformatics and immunohistochemical
analysis. Int J Mol Sci. 2022;23(23).

Herbst RS, Baas P, Kim D-W, Felip E, Pérez-Gracia JL, Han J-Y, Molina J, Kim

J-H, Arvis CD, Ahn M-J, et al. Pembrolizumab versus docetaxel for previously
treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010):
a randomised controlled trial. Lancet. 2016;387(10027):1540-50.

Pabla S, Conroy JM, Nesline MK, Glenn ST, Papanicolau-Sengos A, Burgher

B, Hagen J, Giamo V, Andreas J, Lenzo FL, et al. Proliferative potential and
resistance to immune checkpoint blockade in lung cancer patients. J Immu-
nother Cancer. 2019;7(1):27.

Mansfield AS, Aubry MC, Moser JC, Harrington SM, Dronca RS, Park SS, Dong
H. Temporal and spatial discordance of programmed cell death-ligand 1
expression and lymphocyte tumor infiltration between paired primary
lesions and brain metastases in lung cancer. Ann Oncol. 2016;27(10):1953-8.
Failing JJ, Aubry MC, Mansfield AS. Human leukocyte antigen expression

in paired primary lung tumors and brain metastases in non-small cell lung
cancer. Cancer Immunol Immunother. 2021,70(1):215-9.

SunY,Wang, Zhao J, Gu M, Giscombe R, Lefvert AK, Wang X. B7-H3

and B7-H4 expression in non-small-cell lung cancer. Lung Cancer.
2006;53(2):143-51.

Yim J, Koh J, Kim S, Song SG, Ahn HK, Kim YA, Jeon YK, Chung DH. Effects of
B7-H3 expression on tumour-infiltrating immune cells and clinicopathologi-
cal characteristics in non-small-cell lung cancer. Eur J Cancer. 2020;133:74-85.
Kinch MS, Moore M-B, Harpole DH. Predictive value of the EphA2 recep-

tor tyrosine kinase in lung cancer recurrence and survival. Clin Cancer Res.
2003,9(2):613-8.

Mandarano M, Bellezza G, Belladonna ML, Van den Eynde BJ, Chiari R,
Vannucci J, Mondanelli G, Ludovini V, Ferri |, Bianconi F, et al. Assessment of
TILs, IDO-1, and PD-L1 in resected non-small cell lung cancer: an immuno-
histochemical study with clinicopathological and prognostic implications.
Virchows Arch. 2019;474(2):159-68.

Tamminga M, Hiltermann TJN, Schuuring E, Timens W, Fehrmann RS, Groen
HJ. Immune microenvironment composition in non-small cell lung cancer
and its association with survival. Clin Transl Immunology. 2020,9(6):e1142.
Desbois M, Udyavar AR, Ryner L, Kozlowski C, Guan'Y, Dirrbaum M, Lu S,
Fortin J-P, Koeppen H, Ziai J, et al. Integrated digital pathology and transcrip-
tome analysis identifies molecular mediators of T-cell exclusion in ovarian
cancer. Nat Commun. 2020;11(1):5583.

Hegde PS, Karanikas V, Evers S. The where, the when, and the how of immune
monitoring for cancer immunotherapies in the era of checkpoint inhibition.
Clin Cancer Res. 2016;22(8):1865-74.

Lu BY, Gupta R, Aguirre-Ducler A, Gianino N, Wyatt H, Ribeiro M, Chiang VL,
Contessa JN, Adeniran AJ, Jilaveanu LB et al. Spatially resolved analysis of
the T cell immune contexture in lung cancer-associated brain metastases. J
Immunother Cancer. 2021;9(10).

Kim R, Keam B, Kim S, Kim M, Kim SH, Kim JW, Kim YJ, Kim TM, Jeon YK, Kim
D-W, et al. Differences in tumor microenvironments between primary lung
tumors and brain metastases in lung cancer patients: therapeutic implica-
tions for immune checkpoint inhibitors. BMC Cancer. 2019;19(1):19.
Goldberg SB, Schalper KA, Gettinger SN, Mahajan A, Herbst RS, Chiang AC,
Lilenbaum R, Wilson FH, Omay SB, Yu JB, et al. Pembrolizumab for manage-
ment of patients with NSCLC and brain metastases: long-term results and
biomarker analysis from a non-randomised, open-label, phase 2 trial. Lancet
Oncol. 2020;21(5):655-63.

Lee K, Choi YJ, Kim JS, Kim DS, Lee SY, Shin BK, Kang EJ. Association between
PD-L1 expression and initial brain metastasis in patients with non-small cell
lung cancer and its clinical implications. Thorac Cancer. 2021;12(15):2143-50.
Hess KR, Varadhachary GR, Taylor SH, Wei W, Raber MN, Lenzi R, Abbruzzese
JL. Metastatic patterns in adenocarcinoma. Cancer. 2006;106(7):1624-33.
Paget S. The distribution of secondary growths in cancer of the breast. 1889.
Cancer Metastasis Rev. 1989;8(2).

Li M, Hou X, Sai K, Wu L, Chen J, Zhang B, Wang N, Wu L, Zheng H, Zhang J, et
al. Immune suppressive microenvironment in brain metastatic non-small cell
lung cancer: comprehensive immune microenvironment profiling of brain
metastases versus paired primary lung tumors (GASTO 1060). Oncoimmunol-
0gy. 2022;11(1):2059874.

Batur S, Dulger O, Durak S, Yumuk PF, Caglar HB, Bozkurtlar E, Bozkurt S,
Tastekin E, Cicin |, Ahiskali R, et al. Concordance of PD-L1 expression and



Liu et al. BMC Cancer

45.

46.

47.

48.

49.

50.

52.

53.

54.

(2024) 24:123

CD8+TIL intensity between NSCLC and synchronous brain metastases. Bosn
JBasic Med Sci. 2020,20(3):329-35.

Wu J, Sun W, Yang X, Wang H, Liu X, Chi K, Zhou L, Huang X, Mao L, Zhao S, et
al. Heterogeneity of programmed death-ligand 1 expression and infiltrating
lymphocytes in paired resected primary and metastatic non-small cell lung
cancer. Mod Pathol. 2022;35(2):218-27.

Zhou J, Gong Z, Jia Q, Wu Y, Yang Z-Z, Zhu B. Programmed death ligand 1
expression and CD8+tumor-infiltrating lymphocyte density differences
between paired primary and brain metastatic lesions in non-small cell lung
cancer. Biochem Biophys Res Commun. 2018;498(4):751-7.

Purandare NC, Rangarajan V. Imaging of lung cancer: implications on staging
and management. Indian J Radiol Imaging. 2015;25(2):109-20.

Li Z-Y, Zhang X-H, Chen Y, Guo J-G, Sai K, Yang Q-Y, Chen Z-P, Mou Y-G. Clinical
significance of B7-H4 expression in matched non-small cell lung cancer brain
metastases and primary tumors. Onco Targets Ther. 2013;6:869-75.

Beatty GL, O'Dwyer PJ, Clark J, Shi JG, Bowman KJ, Scherle PA, Newton

RC, Schaub R, Maleski J, Leopold L, et al. First-in-human phase | study

of the oral inhibitor of indoleamine 2,3-dioxygenase-1 epacadostat
(INCB024360) in patients with advanced solid malignancies. Clin Cancer Res.
2017,23(13):3269-76.

Gibney GT, Hamid O, Lutzky J, Olszanski AJ, Mitchell TC, Gajewski TF,
Chmielowski B, Hanks BA, Zhao Y, Newton RC, et al. Phase 1/2 study of
epacadostat in combination with ipilimumab in patients with unresectable
or metastatic melanoma. J Immunother Cancer. 2019;7(1):80.

Long GV, Dummer R, Hamid O, Gajewski TF, Caglevic C, Dalle S, Arance A,
Carlino MS, Grob J-J, Kim TM, et al. Epacadostat plus pembrolizumab versus
placebo plus pembrolizumab in patients with unresectable or metastatic
melanoma (ECHO-301/KEYNOTE-252): a phase 3, randomised, double-blind
study. Lancet Oncol. 2019;20(8):1083-97.

Sondak VK, Khushalani NI. Echoes of a failure: what lessons can we learn?
Lancet Oncol. 2019;20(8):1037-9.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, Gordon S,
Hamilton JA, Ivashkiv LB, Lawrence T, et al. Macrophage activation and
polarization: nomenclature and experimental guidelines. Immunity.
2014,41(1):14-20.

Charles NA, Holland EC, Gilbertson R, Glass R, Kettenmann H. The brain tumor
microenvironment. Glia. 2012,60(3):502-14.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 15 of 15

Quiail DF, Joyce JA. The microenvironmental landscape of brain tumors.
Cancer Cell. 2017;31(3):326-41.

Kudo Y, Haymaker C, Zhang J, Reuben A, Duose DY, Fujimoto J, Roy-Chow-
dhuri S, Solis Soto LM, Dejima H, Parra ER, et al. Suppressed immune micro-
environment and repertoire in brain metastases from patients with resected
non-small-cell lung cancer. Ann Oncol. 2019;30(9):1521-30.

Mdller A, Brandenburg S, Turkowski K, Mdller S, Vajkoczy P. Resident microglia,
and not peripheral macrophages, are the main source of brain tumor mono-
nuclear cells. Int J Cancer. 2015;137(2):278-88.

Mirzaei R, Yong VW. Microglia-T cell conversations in brain cancer progres-
sion. Trends Mol Med. 2022;28(11):951-63.

Muller S, Kohanbash G, Liu SJ, Alvarado B, Carrera D, Bhaduri A, Watchmaker
PB, Yagnik G, Di Lullo E, Malatesta M, et al. Single-cell profiling of human
gliomas reveals macrophage ontogeny as a basis for regional differences

in macrophage activation in the tumor microenvironment. Genome Biol.
2017:18(1):234.

Gabrusiewicz K, Rodriguez B, Wei J, Hashimoto Y, Healy LM, Maiti SN, Thomas
G, Zhou S, Wang Q, Elakkad A et al. Glioblastoma-infiltrated innate immune
cells resemble MO macrophage phenotype. JCl Insight. 2016;1(2).

Takashima Y, Kawaguchi A, Kanayama T, Hayano A, Yamanaka R. Correlation
between lower balance of Th2 helper T-cells and expression of PD-L1/PD-1
axis genes enables prognostic prediction in patients with glioblastoma.
Oncotarget. 2018;9(27):19065-78.

Takashima Y, Kawaguchi A, Hayano A, Yamanaka R. CD276 and the gene
signature composed of GATA3 and LGALS3 enable prognosis prediction of
glioblastoma multiforme. PLoS ONE. 2019;14(5):e0216825.

Takashima'Y, Kawaguchi A, Sato R, Yoshida K, Hayano A, Homma J, Fukai J,
Iwadate Y, Kajiwara K, Ishizawa S, et al. Differential expression of individual
transcript variants of PD-1 and PD-L2 genes on Th-1/Th-2 status is guaran-
teed for prognosis prediction in PCNSL. Sci Rep. 2019;9(1):10004.

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



	﻿Spatial and temporal heterogeneity of tumor immune microenvironment between primary tumor and brain metastases in NSCLC
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Patients and tissue microarrays
	﻿Immunohistochemistry staining (IHC)
	﻿Multiplex immunofluorescence staining
	﻿IHC expression scoring
	﻿Statistical analysis

	﻿Results
	﻿Clinicopathological features of patients
	﻿Comparison of tumor microenvironment between primary NSCLC and paired brain metastases
	﻿Difference in tumor microenvironment between synchronous and metachronous NSCLC brain metastases
	﻿Relationship between immune checkpoint expression and clinicopathological features in brain metastases
	﻿Effect of tumor microenvironment on metastatic brain tumor prognosis

	﻿Discussion
	﻿Conclusion
	﻿References


