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Objective: Our study aimed to reveal the possible molecular mechanisms of CD2 and CD27 in influencing the
tumor microenvironment of breast cancer (BC) brain metastasis based on the TCGA (The Cancer Genome Atlas)
and SRA (Sequence Read Archive) databases.

Methods: We calculated the proportions of tumor-infiltrating immune cells and the immune and stromal cell
scores in 1222 BC samples from the TCGA-BRCA dataset, followed by identification of candidate DEGs. We
further screened for BC brain metastasis-related DEGs in the BC brain metastasis dataset SUB12911144 from the
SRA database. Finally, we established a mouse breast cancer brain metastasis model for in vivo validation.
Results: We further screened two immune-regulatory DEGs (CD2 and CD27). GSEA analysis showed that the
downregulation of CD2 and CD27 expression was closely related to the activation of nitrogen metabolism
pathways. CIBERSORT algorithm analysis showed a correlation between the expression of 16 types of tumor-
infiltrating immune cells and CD2 and 19 types of tumor-infiltrating immune cells and CD27. In addition,
CD2 and CD27 expression were negatively associated with the proportion of M2 macrophages. In vivo experi-
mental results demonstrated that overexpression of CD2/CD27 could suppress the M2 polarization of macro-
phages and inhibit breast cancer brain metastasis.

Conclusion: In the tumor microenvironment, overexpression of CD2/CD27 inhibited the activation of nitrogen
metabolism pathways and suppressed M2 polarization of macrophages, thereby preventing brain metastasis of
breast cancer.

seriously hampering socio-economic development [4,5]. The risks
contributing to BC’s development include genetic and non-genetic fac-

Introduction

According to an epidemiological report published by the Interna-
tional Agency for Research on Cancer (IARC), breast cancer (BC) ac-
counts for 7%-10% of all malignant tumors [1]. With approximately 2.3
million new cases and 690,000 deaths worldwide, BC has surpassed lung
cancer as the most prevalent malignancy worldwide [2]. Worldwide, BC
incidence and mortality are on a significant rise in all regions and age
groups, posing a serious threat to global public health [3]. At the same
time, the trend towards younger BC incidence also means that it could be
detrimental to the female workforce, especially women in socially
important positions, thus widening the gender gap in employment and

tors. Genetic factors include mutations in susceptibility genes such as
BRCA1 and BRCA2 [6,7] non-genetic factors include reproductive and
hormonal risks such as early age at menarche, late menopause, short
breastfeeding periods, and obesity [8-10].

Although the incidence of BC remains high, the overall 5-year sur-
vival rate for women with BC has increased to 90%, largely due to ad-
vances in early diagnosis and comprehensive treatment strategies for BC
[11]. Breast-conserving surgery (BCS), mastectomy, adjuvant radio-
therapy, and chemotherapy are currently the main clinical strategies for
BC treatment, with targeted drugs used to refine treatment depending on

Abbreviations: DEGs, differentially expressed genes; BC, breast cancer; BCS, breast-conserving surgery; TME, the tumor micro-environment; TAM, tumor-asso-
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the type of BC [12-14]. Although technological innovations and
improved treatments have led to important clinical advances in the
treatment of BC, the high recurrence rate of BC remains a major problem
in clinical BC prognosis, mainly caused by BC metastasis. Statistically,
about 90% of BC-related deaths are attributed to tumor metastasis. BC is
the second most common cause of brain metastases among all solid tu-
mors, with approximately 15-30% of BC patients eventually developing
brain metastases [15]. The incidence of brain metastases in patients with
advanced Her2" BC is 25-50%, while the incidence of brain metastases
in advanced triple-negative BC is as high as 50%, and the median overall
survival of BC patients once brain metastases occur is reduced to 4-6
months [16,17]. In addition, the blood-brain barrier makes it difficult
for conventional therapeutic agents to enter the central nervous system,
preventing effective treatment of BC brain metastases. Therefore, it is
clinically important to investigate the molecular mechanisms of BC
brain metastases and identify potential therapeutic targets.

The tumor microenvironment (TME) is the internal environment in
which tumor cells are produced and live, and it differs significantly from
the normal cell growth environment [18]. Recent studies have shown
that TM(E), which includes stromal cells, immune cells, cellular exocy-
tosis, and physical environmental factors, is closely related to tumor
malignant tumor proliferation, immune evasion, and drug tolerance,
and is the environmental "soil" on which tumors develop, develop and
metastasize [19,20]. Tumourigenesis and development initiate
micro-environmental remodeling, which further supports tumor pro-
gression and abnormal regulation of immune cells, which could
contribute to tumor immune evasion and malignant proliferation
[19-21]. In TME, tumor-associated macrophages (TAM) are mostly
induced to polarize into M2-type macrophages, which have immuno-
suppressive functions and could suppress the immune response, thus
promoting tumor metastasis [22-24]. Therefore, TME and tumor pro-
gression are characterized by a synergistic and dynamic development,
and overcoming or weakening the TME barrier is of great importance for
tumor treatment and prognosis.

In this study, we screened BC brain metastasis-related genes from
TCGA and SRA public databases with bioinformatics analysis. We
combined the CIBERSORT and ESTIMATE algorithms to calculate the
proportion of tumor-infiltrating immune cells and immune cell and
stromal cell scores to explore the core factors affecting the involvement
of TME in the development of BC brain metastasis. This study will
provide insight into the pathogenesis of BC brain metastases and provide
potential molecular targets for the early diagnosis and treatment of BC
brain metastases.

Methods
TCGA data download and collation

Data download and collation of clinical data and transcriptomic data
from the TCGA website BC via the tools gdc_client.exe and Rstudio. The
RNA-Seq comparison annotation file (GDC.h38 GENCODE v22 GTF)
provided in the TCGA database was also downloaded, and the Ensemble
id in the sequencing dataset was converted to gene names via R lan-
guage, as well as the clinical information of the corresponding patients,
including age, gender, TNM stage, pathological stage, and prognosis.
One thousand two hundred twenty-two patients were obtained, of which
1109 were BC patient specimens and 113 were paired normal tissue
specimens.

Stromal cell score and immune cell score

The ESTIMATE scoring system consists of a stromal and immune cell
score. The scores are based on gene expression in the TCGA database of
lung adenocarcinoma patients. The scores can be downloaded online at
https://bioinformatics.mdanderson.org/estimate/disease. The ESTI-
MATE algorithm could infer the infiltration of stromal and immune cells
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in TME by analyzing transcriptomic data from tumor samples.
Survival analysis

BC patients were divided into high and low-expression groups ac-
cording to the median of each score, and survival analysis was per-
formed using the "survival" and "survminer" packages in R. Kaplan-Meier
survival curves were plotted, and log-rank tests were performed. Log-
rank test, P<0.05, indicates statistical significance.

Correlation analysis between clinicopathological features and stromal and
immune cell scores

Patients were grouped according to their clinicopathological char-
acteristics, and the difference between high and low stromal and im-
mune cell scores in each group was analyzed. y? test was used to analyze
the correlation between stromal and immune cell scores and clinico-
pathological characteristics. The median of the scores was used to divide
these samples into a high stromal cell score group, a low stromal cell
score group, and an immune cell score as before two groups. The Kaplan-
Meier method and Log-rank test were used to analyze the difference in
overall survival rate between the two groups.

Screening for differentially expressed genes

BC patient samples were divided into two groups, a high stromal (or
immune) score group and a low stromal (or immune) score group, based
on the median scores of the immune cell score and stromal cell score.
Differential analysis was performed using the "limma" package to screen
for differentially expressed genes (DEGs). Screening criteria were set: |
log2FC|>1, false discovery rate FDR<0.05. Heat maps were created
using the R language "pheatmap" package.

Construction of protein-protein interaction (PPI) networks

The STRING tool (https://string-db.org/) was used to construct the
interaction network of DEGs and visualize gene interactions using
Cytoscape software (version 3.7.2). The molecular complex detection
(Mcode) plug-in of Cytoscape was then used to find the most important
modules, i.e., the most densely connected regions, based on topological
principles. Parameters were set to MCODE score > 5, degree truncation
value = 2, node truncation value = 0.2, maximum depth = 100, and k-
score = 2.

Functional enrichment analysis of candidate genes

The R language ’ClusterProfiler’ package, the 'richplot’ package, and
the ggplot2’ package were used to perform GO and KEGG enrichment
analysis of candidate genes, including biological process (BP), molecular
function (MF) and cellular component (CC) analysis. KEGG enrichment
analysis, including biological process (BP), molecular function (MF),
and cellular component (CC) analysis, was performed. Potential and key
targets were screened for P < 0.05, and cellular functions and signaling
pathways were analyzed according to the P value.

COX regression analysis

The univariate COX regression analysis was performed using the R
language ’survival’ package and shows the top 16 genes in the univar-
iate COX ranked from smallest to the largest p-value.
GSEA gene enrichment analysis

Gene set enrichment analysis (GSEA) was performed using "c2.cp.

kegg.symbols.gmt" as the reference gene set, with P<0.05 indicating a
statistically significant difference.
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SRA microarray data acquisition and differential gene expression analysis

The BC brain metastasis-related expression profile dataset
SUB12911144 was obtained through the SRA database (https://www.nc
bi.nlm.nih.gov/sra/), including three BC brain metastasis-free samples
and three BC brain metastasis samples.

Differential analysis was performed using the R "limma" package (htt
ps://www.ncbi.nlm.nih.gov/gds), with [logFC| > 1 and significant P <
0.05 as the filtering criteria, and differentially expressed genes in each
dataset were selected. Volcano and heat maps were created using the R
package "ggplot2" and "heatmap".

Assessment of immune cell infiltration

The BC dataset from the TCGA database was analyzed using the
CIBERSORT algorithm (https://cibersort.stanford.edu/) to filter the
appropriate samples based on P < 0.05 and to calculate the percentage
of each immune cell in the samples. The "ggpubr" package was used to
visualize the infiltration of the 22 immune cells and to analyze the dif-
ferences in the infiltration of the 22 immune cells. 0.05.

Wayne'’s analysis

Wayne analysis was performed using the Draw Venn Diagram tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/) to obtain candi-
date genes.

Breast cancer brain metastasis model

Twenty-four 4-week-old SPF-grade female BALB/c nude mice
(weighing 20-22 g) were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd., China (401) for In vivo experiments. The
mice were housed under constant temperature (25-27°C) and humidity
(45-50%), with free access to sterilized water and food. The experi-
mental animals were used for medical research, and all procedures were
approved by our institution’s animal committee (No. GMU-22-
20230409). A breast cancer brain metastasis model was established by
intracranial injection of GFP/Luc-labeled MDA-MB-231 cells
(CBP30106L, purchased from Nanjing KeyGen Biotech Co., Ltd., China,
Jiangsu). A 4 pL containing 7.5 x 104 MDA-MB-231 cells was stereo-
tactically injected into the right striatum (2 mm from the outside of
bregma, 2.5 mm deep) using a Hamilton syringe. The injection site was
sealed with bone wax, and the wound was sutured [25]. On the 6th and
11th days after tumor inoculation, mice were intravenously injected
with 100 pL of 1 x 109 TU of lentivirus overexpressing CD2 or CD27 or
negative control. In vivo, bioluminescence imaging was performed using
the IVIS imaging system to monitor tumor growth. Brain tissues were
collected and fixed for slicing when the mice died [26].

RT-qPCR

Total RNA was extracted from tissue samples using the TRIZOL re-
agent (15596-018, solarbio, USA) according to the manufacturer’s in-
structions. To measure mRNA expression, total RNA was reverse
transcribed into ¢cDNA using the PrimeScript™ RT-PCR Kit (TaKaRa,
Mountain View, CA, USA). Real-time quantitative reactions were per-
formed on the LightCycler 480 system (Roche Diagnostics, Pleasanton,
CA, USA), using SYBR Premix Ex TaqTM (TaKaRa) with p-actin as the
internal control. Primers used for amplification were designed and
synthesized by Shanghai General Biological Technology Co., Ltd.
(Table S1). The relative transcription level of the target gene was
calculated using the relative quantification method (2-AACT method).
2-AACt represents the fold change in expression of the target gene in the
experimental group compared to the control group, where AACT = ACt
experimental group - ACt control group, and ACt = Ct target gene - Ct
internal control gene. Ct is the cycle threshold value at which the

Translational Oncology 37 (2023) 101768

fluorescence signal reaches a set threshold during the exponential phase
of amplification [27]. Each sample was run in triplicate, and each
experiment was repeated three times.

Western blot

Total protein was extracted from cell lines or frozen tissue samples
using RIPA lysis buffer (R0010, Solarbio, China) mixed with a proteinase
inhibitor cocktail (Roche) on ice. The protein concentration of each
sample was determined using the BCA assay kit (Pierce, Rockford, IL,
USA). Total protein (30 pg) was separated by 10% SDS-PAGE and
transferred to a PVDF membrane (Merck Millipore, Billerica, MA, USA).
The membrane was blocked with 5% BSA for 1 h, washed with TBST
three times for 5 min each time, and then incubated overnight at 4°C
with specific primary antibodies, including CD2 (1:1000, rabbit anti-
ab131276, Abcam), CD27 (1:1000, rabbit anti-ab131254, Abcam),
GAPDH (1:1000, rabbit anti-ab8245, Abcam). The membrane was
washed with TBST three times for 5 min each the next day and then
incubated with the corresponding secondary antibody goat anti-rabbit
IgG (ab6721, 1:500, Abcam). The membrane was washed with TBST
three times for 10 min each time and visualized using the SuperSignal
West Pico chemiluminescence substrate (Thermo Fisher, Waltham, MA,
USA) to detect specific bands. GAPDH antibody was used as an internal
control. The relative level of the target protein was expressed as the gray
value of the target protein band/internal reference protein band [28].
Each experiment was repeated three times.

H&E staining

The nude mouse tumor tissue was fixed with 4% paraformaldehyde,
embedded in paraffin, and sliced (5 pm). The sliced sections were
evaluated for pathological changes by H&E staining, first stained with
hematoxylin for 9 min and then stained with editing for 4 min [29,30],
and observed under a microscope (Nikon, Japan).

Immunohistochemistry staining

For immunohistochemistry (IHC) staining, nude mouse tumor tissues
were fixed in 10% neutral formalin (NBF), followed by paraffin
embedding. Then the tumor block was cut into 5 pm thick slices and
placed on positively charged slides. IHC staining was performed on the
Ventana Discovery Ultra (Ventana Medical Systems, Roche Diagnostics,
Indianapolis, USA) IHC automatic staining machine. The slides were
loaded on the machine and subjected to deparaffinization, rehydration,
endogenous peroxidase activity inhibition, and antigen retrieval. Then,
the slides were incubated with Ki67 antibody (ab16667, Abcam, UK).
IHC tumor sections were visualized using the DISCOVERY-ChromoMap-
DAB kit (Ventana), and Suomijin (Ventana) was used for counterstaining
[31]. The slides were imaged using the Leica Dmi8 microscope and
analyzed using image-pro Premier software.

TUNEL staining

Tumor cell apoptosis in the tumor tissues was detected using the
TUNEL apoptosis detection kit (Millipore, Billerica, MA, USA), and the
protocol was followed as provided in the instructions manual. Specif-
ically, paraffin-embedded sections of mouse tumor tissues were depar-
affinized and rehydrated, and treated with 20 pg/mL proteinase K
(ST532, Beyotime, China) without DNase at 20-37°C for 30 min and
washed three times with PBS. The sections were then incubated at room
temperature in a 3% hydrogen peroxide solution prepared in PBS for 20
min, washed three times with PBS, and incubated at 37°C in a bio-
tinylated solution for 60 min under light avoidance. After that, the
sections were washed once with PBS, incubated at room temperature in
a stopping solution for 10 min, washed three times with PBS, incubated
at room temperature in 50 pL of Streptavidin-HRP working solution for
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30 min, and washed three times with PBS. Subsequently, 0.2-0.5 mL of
DAB chromogenic solution was added and incubated at room tempera-
ture for 5-30 min, then washed three times with PBS. The sections were
sealed and observed under a reverse microscope with ten fields
randomly selected in each group to count the positive and total cells. The
apoptotic cell (%) was calculated using the formula: (number of
apoptotic cells/total number of cells) x 100%. Cells with brown-yellow
nuclei were considered positive apoptotic cells, whereas cells with blue
nuclei were considered normal cells [32,33].

Flow cytometry

Nude mice were anesthetized with excessive isoflurane, and brain
tissues were collected and mechanically chopped, followed by digestion
with PBS containing 2.5 mg/mL trypsin. The cell suspension was ho-
mogenized through a 40 pm nylon membrane (Becton Dickinson Lab-
ware, Franklin Lakes; NJ, USA) and centrifuged at 500 g for 10 min.
After incubation with AF488-CD206 (321114, 1:50) and APC-CD68
(333810, 1:100) at 4°C for 16 h, the stained cells were washed twice
with PBS and analyzed using a flow cytometer (Becton-Dickinson,
Mountain View, CA, USA) with Cell-QuestTM software to calculate the
cell percentage [25,34].

Detection of glutamine content in tumor tissues

Fresh tumor tissues weighing 50 mg were collected and homoge-
nized in cold 70% ethanol. The content of Glutamine was determined
according to the protocol provided by the manufacturer of the Gluta-
mine Assay Kit (ab197011, Abcam, UK). The samples and standard so-
lutions were added to a 96-well plate and incubated for 30 minutes with
a hydrolysis mixture. The reaction mixture was then added and incu-
bated for 60 min. Analysis was performed using the Multiskan SkyHigh
full-wavelength spectrophotometer (Thermo Fisher, USA).
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Statistical analysis

Data were statistically analyzed using SPSS version 24.0. The chi-
square test was used to analyze the correlation between the matrix,
immune cell score, and clinical pathological characteristics. The t-test
and Cytoscape software selected differentially expressed genes (DEGs).
The Kaplan-Meier method was used to evaluate the predictive value of
key genes for brain metastasis in breast cancer. Quantitative data were
expressed as means + standard deviations. Non-paired t-tests were used
to compare cancer tissues and adjacent tissues. One-way analysis of
variance was used for multiple group comparisons, followed by Tukey’s
post-hoc test. For comparisons between different time points, repeated-
measures analysis of variance was used, and Bonferroni was used for
post-hoc tests. A P-value of less than 0.05 was considered statistically
significant.

Results
Bioinformatics analysis

TME is important in mediating tumor metastasis, immune escape,
and immunotherapy suppression [35]. The TME was scored based on the
ESTIMATE algorithm, and the scores were combined with the survival
time and survival status of the corresponding samples to plot survival
curves. The results of the ESTIMATE algorithm analysis showed that the
survival rate of BC patients gradually decreased over time; by dividing
BC patients into high and low subgroups based on the immune cell score,
we found that the survival rates of the two groups were significantly We
found a statistically significant difference in survival rates between the
two groups (Fig. 1A). In addition, there were also statistically significant
differences in immune cell scores between BC patients of different ages
and genders (Fig. 1B,C). Next, BC patients were also divided into high
and low subgroups based on stromal cell scores. Still, there was no
significant difference in survival between the two groups (Fig. 1D), no
difference in immune cell scores between BC patients by gender
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Fig. 1. Correlation between immune cell score and stromal cell score based on ESTIMATE algorithm and prognosis of BC patients

Note: (A) Plotting survival curves based on the ESTIMATE algorithm for immune cell scores; (B) Analysis of variability between high and low age groups based on
immune cell scores; (C) Analysis of variability between genders based on immune cell scores; (D) Plotting survival curves based on the ESTIMATE algorithm for
stromal cell scores; (E) Analysis of variability between high and low age groups based on stromal cell scores (E) Differences between high and low age groups based
on stromal cell scores; (F) Differences between genders based on stromal cell scores.
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(Fig. 1E), and a significant difference in immune cell scores between BC
patients by age (Fig. 1F). The above results suggest that the content of
immune cells and survival rates in BC samples are more relevant than
stromal cells. However, the mechanism of the role of stromal cells in BC
still cannot be ignored.

Candidate DEGs function primarily in immune response or inflammatory
response mechanisms

To further investigate the molecular mechanisms involved in BC
progression, we screened for DEGs involved in the inflammatory im-
mune response based on immune and stromal cell scores. One hundred
thirty-nine up-regulated DEGs and 634 down-regulated DEGs were
found in the high stromal cell score group compared to the low stromal
cell score group (Fig. 2A); and 103 up-regulated DEGs and 729 down-
regulated DEGs were found in the high immune cell score group
compared to the low immune cell score group (Fig. 2B). A total of 103
up-regulated DEGs and 729 down-regulated DEGs were found in the
high immune cell scoring group compared to the low immune cell
scoring group (Fig. 2B). A total of 30 up-regulated DEGs and 193 down-
regulated DEGs (Fig. 2C,D) were screened for immune cell and stromal
cell-related differential genes by Wayne analysis.

w[w&‘; I
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The 223 candidate DEGs obtained were subjected to GO and KEGG
analysis. As shown in Fig. 2EF, the results of GO functional analysis
showed that the candidate DEGs were mainly enriched in mononuclear
cell differentiation, leukocyte mediated immunity, leukocyte activation
involved in immune response, and cell activation involved in immune
response in biological process (BP). Involved in immune response and
cell activation involved in immune response; in cellular components
(CC), they were mainly enriched in the outer side of the plasma mem-
brane, tertiary granule, and The KEGG pathway was analyzed in terms of
the KEGG pathway, and the KEGG pathway was analyzed in terms of the
KEGG pathway. The results of the KEGG pathway analysis showed that
the candidate DEGs were mainly enriched in molecular pathways
related to immune response or inflammatory response. The above results
suggest that the 223 candidate DEGs mainly function in immune
response or inflammatory response mechanisms.

PPI network and single-factor COX regression together screen 10 candidate
DEGs

The 223 candidate DEGs were constructed into a protein network
interoperation map (Fig. 3A), each node representing a protein. The
number of gene nodes connected to the candidate DEGs was displayed in

Fig. 2. Screening of DEGs involved in
the inflammatory immune response
based on immune cell score and stro-
mal cell score

Note: (A) Heat map of differential
genes screened based on stromal cell
scores; (B) Heat map of differential
genes screened based on immune cell
scores; (C) Wayne analysis of up-
regulated differential genes associ-
ated with immune cells and stromal
cells; (D) Wayne analysis of down-
regulated differential genes associ-
ated with immune cells and stromal
cells; (E,F) Candidate DEGs subjected
to GO and KEGG functional enrich-
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Fig. 3. Screening of candidate DEGs by PPI network and one-way COX regression analysis
Note: (A) Protein network interplay map constructed from 223 candidate DEGs; (B) Number of nodes of candidate DEGs linked genes counted; (C) One-way COX
regression to identify prognosis-associated genes in BC; (D) Alternative genes obtained from PPI network and prognosis-associated genes obtained from one-way COX

regression for Wayne analysis.

combination with Cytoscape software (Fig. 3B), and the top 30 DEGs in
terms of gene nodes were screened as alternative genes for the core DEGs
of the network. The 32 genes associated with prognosis in BC were
further identified using one-way COX regression and plotted in a forest
plot (Fig. 3C). A Wayne analysis of the alternative genes obtained from
the PPI network with the prognosis-related genes obtained from one-
way COX regression yielded 10 candidate DEGs, namely CD40LG,
CD2, IL7R, CD27, CD3E, CD5, ITK, CD48, SPN and CD52 (Fig. 3D).

Single gene differential analysis, single gene pairwise differential analysis,
and survival analysis screened for 5 core DEGs

Next, we further examined the expression levels of these 10 candi-
date DEGs in the TCGA-BRCA dataset. The single gene differential
analysis results showed that CD40LG, CD2, IL7R, CD27, CD5, CD48, and
CD52 were differentially highly expressed in BC tissues compared to
normal breast tissues adjacent to cancer. At the same time, the expres-
sion levels of CD3E, SPN, and ITK were not significantly different
(Fig. 4). Single pairwise gene difference analysis showed that CD2,
CD27, CD5, CD48, and CD52 were significantly more highly expressed
in their corresponding BC tissues compared to normal breast tissues
adjacent to cancer. In contrast, CD3E, IL7R, CD40LG, SPN, and ITK
expression levels were not significantly different (Fig. S1). Finally, the
results of the survival analysis curves showed that the expression levels
of all 10 candidate DEGs were strongly correlated with the prognosis of

BC patients (Fig. S2).

Combining these results, we screened five core DEGs that were
differentially highly expressed in BC tissues, involved in immunomod-
ulatory mechanisms, and closely associated with the prognosis of BC
patients.

CD2 and CD27 may be key genes involved in the development of BC brain
metastases

First, 31 DEGs were obtained from the BC brain metastasis dataset, of
which 10 were up-regulated, and 21 were down-regulated (Fig. 5A). GO
and KEGG pathway analysis revealed that the differential genes were
extensively involved in the development of immune responses (Fig. 5B).
Further examination of the expression levels of core DEGs in the BC
brain metastasis dataset showed that the expression levels of CD2 and
CD27 were significantly lower in the brain metastasis group compared
to the control group (Fig. 5C,D). The above results suggest that the levels
of CD2 and CD27 gradually decreased with the progression of the tumor,
which correlated with the size of the primary foci and the extent of
adjacent tissue involvement in BC, and that the expression of CD2 and
CD27 was closely associated with distant brain metastases in BC.

It has been shown that nitrogen metabolism could support tumor cell
and immune cell growth through rapid conversion and that deletion of
specific amino acids in TME could act as a metabolic checkpoint for anti-
tumor immunity. That acquisition of nitrogen sources from the



Translational Oncology 37 (2023) 101768

G. Huang et al.
o o
A-,;, J pe0.001 Bg p=0033 3 cg p=0.002 Q E p=0299
o A o | o
] . |
5 s 84 % e s "
2 g w g H g
g o | 2 A 2 o ] % 24 .
g 3 ] ¢ 3 ¢ 3 .
3 g ¥ g Ff :
o | o
g 8 MR Y g o
4 o Q a o
. 3 o 0902,
8 o : - ° ° S S,
o | . 24 < - Raiio s
. L .
oo i P
o -~ °
. T : x ;
Normal Tumor Normal Tumor Normal Tumor
o
3 p=0512 8 <0.001 8 £=0.002 R p=0.005
= . o M o | H
- @D - @ . c - o
8 5 s S %
2 3 2 o] 2 o | 2 o o
- g e & : .
5 5 . -3
S g 5o . . ) LN ) it
z < s w 91 5 1 3 R « ..,.:'5‘::-”
. % g . fa) 33 [=} sassiseey
- A o .:,:. o 2 .‘;g o o 328 00,4
- oot eiRetssste Sl e IS caorizms s E =
A . e
- o o | vt o]
.

Normal

I 2 0=0954 J | p=0.007 :
PR el B
5 5 -
= 8 ¥

ITK expression
1 15
| L
IL7R expression
10 15
L L
5
137
Y
T

Normal Turnor

Fig. 4. Single-gene differential analysis of candidate DEGs

Normal
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normal breast tissue next to cancer; (E) Differential expression of SPN in BC tissue and normal breast tissue next to cancer; (F) Differential expression of CD5 in BC
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CD27 in BC tissue and normal breast tissue next to cancer. (E) Differential expression of SPN in BC and normal breast tissues; (F) Differential expression of CD5 in BC
and normal breast tissues next to cancer; (G) Differential expression of CD27 in BC and normal breast tissues next to cancer; (H) Differential expression of CD48 in BC
and normal breast tissues next to cancer; (I) Differential expression of ITK in BC and normal breast tissues next to cancer (I) Differential expression of ITK in BC and
normal breast tissues; (J) Differential expression of IL-7R in BC and normal breast tissues.

extracellular environment could be involved in tumor metastasis [36].
The results of the GSEA analysis showed that the down-regulation of
CD2 and CD27 expression was closely associated with the activation of
nitrogen metabolic pathways (Fig. 5E,F).

CD2 and CD27 influence the immune activity of the immune
microenvironment

To further validate the correlation between CD2 and CD27 expres-
sion levels and the immune micro-environment, we analyzed the pro-
portion of tumor-infiltrating immune subpopulations using the
CIBERSORT algorithm. We constructed a profile of 22 immune cell types
in BC samples. The proportion of 22 tumor-infiltrating immune cells in
the BC samples was shown in Fig. 6A. Pearson correlation analysis was
performed to examine the correlation between these 22 tumor-
infiltrating immune cells (Fig. 6B).

Next, we divided the BC samples into CD2 and CD27 high/low
expression groups and detected the expression differences of 22 immune
cells relative to the median expression of CD2 and CD27, respectively.
The differential analysis results showed that a total of 15 types of tumor-
infiltrating immune cells were correlated with the expression level of
CD2 (Fig. 7A), including B cells naive, T cells CD8, T cells CD4 memory
resting, T cells CD4 memory activated, T cells follicular helper, T cells
regulatory (Tregs), T cells gamma delta, NK cells resting, Macrophages
MO, Macrophages M1, Macrophages M2, Dendritic cells resting, Mast
cells resting, Mast cells activated, and Neutrophils. Pearson correlation
analysis was used to test the correlation between the proportion of
tumor-infiltrating immune cells and CD2 expression, which showed that
16 types of tumor-infiltrating immune cells were correlated with CD2

expression, including MO, M1, and M2 macrophages (Fig. 7B-D).

Similarly, the differential analysis results showed that a total of 18
types of tumor-infiltrating immune cells were correlated with the
expression level of CD27 (Fig. 8A), including B cells naive, B cells
memory, Plasma cells, T cells CD8, T cells CD4 memory resting, T cells
CD4 memory activated, T cells follicular helper, T cells regulatory
(Tregs), T cells gamma delta, NK cells resting, NK cells activated, Mac-
rophages MO, Macrophages M1, Macrophages M2, Dendritic cells
resting, Dendritic cells activated, Mast cells activated, and Neutrophils.
Pearson correlation analysis was used to test the correlation between the
proportion of tumor-infiltrating immune cells and CD27 expression,
which showed that 19 types of tumor-infiltrating immune cells were
correlated with CD27 expression, including M0, M1, and M2 macro-
phages (Fig. 8B-D).

Amino acids such as spermine in nitrogen metabolism are closely
associated with the polarization of M2 macrophages [37]. Our study also
observed that CD2 and CD27 expression showed a negative correlation
with the proportion of M2 macrophages, which are closely associated
with tumor metastasis. Therefore, CD2 and CD27 may regulate nitrogen
metabolic pathways and influence M2 macrophage polarization, and
thus in BC brain metastasis.

Overexpression of CD2/CD27 could inhibit M2 polarization of
macrophages and thus inhibit brain metastasis of breast cancer

A brain metastasis model of nude mice with MDA-MB-231 cells
carrying GFP/Luc markers was established by intracranial injection, and
the overexpression of CD2 or CD27 lentivirus was injected for treatment.
In vivo, bioluminescence imaging was performed using the IVIS spectral
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system to monitor tumor growth. Results showed that tumor formation
was significantly inhibited after treatment with CD2 or CD27 lentivirus
(Fig. 9A).

H&E staining, TUNEL, and Ki67 immunohistochemical staining re-
sults showed that the apoptosis of tumor cells was significantly increased

and the proliferation of cells was effectively reduced after treatment
with CD2 or CD27 lentivirus (Fig. 9B-D).

The expression of CD2 and CD27 in nude mouse tumor tissue was
detected by Western blot and PCR. The results showed that the expres-
sion of CD2 in the tumor tissue of the oe-CD2 group was significantly
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Fig. 6. Profile and correlation analysis of tumor-infiltrating immune cells in BC samples

Note: (A) 22 immune cell profiles were constructed in

elevated. The expression of CD2 in the tumor t
group was also significantly elevated compared
(Fig. 9E,F).

BC samples; (B) Pearson correlation analysis between 22 tumor-infiltrating immune cells.

The results mentioned above demonstrate that the overexpression of
CD2/CD27 can inhibit nitrogen metabolism and M2 polarization of
macrophages, thereby suppressing brain metastasis in breast cancer.

issue of the oe-CD27
to the oe-NC group

Flow cytometry was used to detect the proportion of macrophages in
the tumor tissue of each group of nude mice. The results showed that the
proportion of M1 macrophages in the tumor tissue of the oe-CD2 and oe-
CD27 groups was significantly increased. In contrast, the proportion of
M2 macrophages was significantly inhibited compared to the oe-NC
group (Fig. 9G). In addition, compared to the oe-NC group, the oe-
CD2 and oe-CD27 groups exhibited a significant reduction in Gluta-
mine content in the tumor tissues (Fig. 9H).

Discussion

In our study, we screened the TCGA database for tumor-infiltrating
immune cell-related genes associated with prognostic survival and
clinicopathological features of BC patients based on the CIBERSORT and
ESTIMATE algorithms, and combined PPI network, one-way COX
regression analysis, single-gene difference analysis, single-gene pairwise



G. Huang et al.

A

Translational Oncology 37 (2023) 101768

0.8
p<0.001
06 p<0.001
p=0.625 p<0.001 p<0.001
<
£ 044 p<0.001
® ] p<0.001
i =
p<0.001
=0.004 =0.163
p=e P p=0.005
0.2 p<0.001 p=0.337 -
0.001p<0001p=0.002" — - =0.002
p=0.242 oo gl pe0.036P=0.903 =
p=0.646
p=0.754 ‘ |—
0.0 L 1L A
3 . . > A N . Y O N Q. A& &
& d\o@ &F & & e (@\Qe & & P & ¢ & & %a\‘“% ,@Q'b S ,@\"‘b & &
& & F P WS c\Q T I R O - T R
Q‘P bz}\* Q\'Zf5 <© \..,,0 & & & F o?& & o ¥ 0*3"@ & & &F ¢ & e & E
& SRR & & & s &
A & L & & F S & W¥WE W S
2 N
() > & N A (\b L\
e O N & %
& < ©
A &

R=-044,p<22e-16

Macrophages MO
Macrophages M1

Macrophages M2

0 50 100 150 0
CcbD2

CcD2

Fig. 7. Correlation between the proportion of tumor-infiltrating immune cells and CD2 expression
Note: (A) Correlation analysis of the expression levels of tumor-infiltrating immune cells and CD2; (B) Correlation of MO macrophage ratio with CD2 expression; (C)
Correlation of M1 macrophage ratio with CD2 expression; (D) Correlation of M2 macrophage ratio with CD2 expression.

difference analysis, and survival analysis to screen for five core DEGs.
The BC brain metastasis dataset was further used to screen for CD2 and
CD27, key genes involved in developing BC brain metastasis. CD2 and
CD27 are mainly involved in immune activities, play a crucial role in the
BC immune micro-environment, and may be potential indicators of the
immune status of tumor infiltration in BC patients [38-41]. Further-
more, we found that the proportion of immune and stromal components
in tumor-infiltrating immune cells was strongly correlated with BC
progression. These results surface the importance of exploring the in-
teractions between tumor cells and immune cells to provide new ideas
for developing more effective treatment options.

CD2 is a transmembrane glycoprotein of the immunoglobulin su-
perfamily expressed on the surface of T cells, NK cells, thymocytes, and
dendritic cells [42]. The binding partners of CD2 are
lymphocyte-associated antigens expressed on the surface of B cells, T
cells, monocytes, granulocytes, and thymic epithelial cells [43]. CD2 has
multiple roles; intracellularly, CD2 influences the rearrangement of the
agonist cytoskeleton and activates cell signaling; CD2 is an important
component of immune synaptic assembly following T cell-APC binding
and contributes to T cell signaling; and plays an important role in
thymocyte development and NK cell activation [44]. In our study, GSEA
analysis showed that the high CD2 expression group was mainly
enriched in the B-cell receptor signaling pathway, T-cell receptor
signaling pathway, apoptosis, chemokine signaling pathway, JAK-STAT

10

signaling pathway, and natural killer cell-mediated cytotoxicity; in
addition, the low CD2 expression group was mainly enriched in nitrogen
metabolism, potassium propionate metabolism, potassium butyrate
metabolism, and other metabolic pathways.

CD27 and its ligand CD70 are two important components of the TNF-
TNFR superfamily, and their interaction regulates the proliferation and
differentiation of T, B, and NK cells [45]. During T cell activation, CD27
expression increases transiently but is down-regulated when T cells
undergo several rounds of differentiation. CD27 is also expressed in B
cells through the activation of antigen receptors and is a typical marker
of memory B cells [46-48]. In addition, CD27 is also expressed in NK
cells, and its expression could be induced by IL-2 activation [49,50].
Therefore, we further analyzed the relationship between CD27 and
tumor immune infiltrating cells.GSEA analysis showed that the high
CD27 expression group was mainly enriched in chemokine signaling
pathways, cytokine-cytokine receptor interactions, natural killer
cell-mediated cytotoxicity, T-cell receptor signaling pathways, and
B-cell receptor signaling pathways. However, the CD27 low-expression
group was mainly enriched in metabolic pathways such as nitrogen
metabolism, potassium propionate metabolism, and potassium butyrate
metabolism.

Our studies have found that CD2 and CD27 are associated with ni-
trogen metabolism, which plays a regulatory role in tumorigenesis. Ni-
trogen is required for the ab initio synthesis of various biomolecules,
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including nucleotides, amino acids, polyamines, hexosamine, gluta-
thione, porphyrins, ammonia, creatine, nitric oxide, and many other
important biological compounds [51,52]. Amino acids and nucleotides
are the main nitrogen sources in cells and support tumor and immune
cell growth through rapid turnover [53,54]. The reduced state of ni-
trogen is obtained mainly through amino acids, which account for most
of the biomass required by proliferating cells, are the main reservoir of
cellular nitrogen, and play a key role in the growth of BC tumor cells.
TAMs are among the most dominant, common, and numerous tumor-
infiltrating immune cell populations in TME. They are the main natural
immune component of the tumor mesenchyme, consisting mainly of
macrophages residing in surrounding tissues and circulating monocytes
newly recruited to inflammation and tissue injury [55]. There is growing
evidence that TAMs play an important role in tumourigenesis, pro-
gression, and intra-tumor immunotherapy and that high-density TAMs
are associated with poor prognosis, drug resistance, enhanced angio-
genesis, and metastasis in cancer [56-59]. The Mills team proposed that
TAMs are mainly divided into anti-tumour M1-type macrophages
(classical activation state) and pro-tumour M2-type macrophages (se-
lective activation state), which respond to the Th1-Th2 polarisation of T

11

cells, respectively [60]. TAMs are generally biased towards pro-tumor
M2-type polarisation, can participate in tumor invasion and metas-
tasis, and promote epithelial-mesenchymal transition (Epithelial tran-
sition). They also play an important role in promoting
epithelial-mesenchymal transformation (EMT), angiogenesis, and
immunosuppression [61,62]. In addition, M2-TAMs contribute to poor
prognosis by suppressing CD8+ T cell function as a factor affecting the
efficacy of chemotherapy and radiotherapy and promoting tumor
progression.

In our study, we found that CD2 and CD27 expression showed a
negative correlation with the proportion of M2 macrophages. The
possible reason for this is that tumor immunity is abnormal as the tumor
stage progresses, leading to a gradual decrease in CD2 and CD27
expression, and their expression correlates with the extent of BC primary
foci and adjacent tissue involvement. In conclusion, the outcome of CD2
and CD27 in BC tissues is complex, exerting a tumor-promoting or
tumor-suppressing role as the tumor progresses.
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Fig. 9. CD2/CD27 could influence M2 polarization of macrophages and participate in breast cancer brain metastasis.

Note: (A) IVIS spectral system is used for in vivo bioluminescence imaging to monitor tumor growth; (B) H&E staining is used to observe the morphology of nude
mouse tumor tissue (x 200); (C) TUNEL staining is used to detect cell apoptosis in nude mouse tumor tissue (x 200); (D) Ki67 immunohistochemical staining is used
to detect Ki67 protein expression in nude mouse tumor tissue (x 200); (E) RT-qPCR is used to detect the expression of CD2 and CD27 mRNA in nude mouse tumor
tissue; (F) WB is used to detect the expression of CD2 and CD27 protein in nude mouse tumor tissue; (G) Flow cytometry is used to detect the proportion of
macrophages in each group of nude mouse tumor tissue. (H) The Glutamine content in tumor tissues of each group was measured using the Glutamine Assay Kit. *
indicates P<0.05 compared with the oe-NC group, with 8 nude mice in each group.

Conclusion

Summing up the results, we could tentatively conclude that in TME,
overexpression of CD2/CD27 could inhibit the activation of nitrogen
metabolism pathways and suppress M2 polarization of macrophages,
thereby preventing brain metastasis of breast cancer (Fig. 10). Our study
provides a theoretical basis for a deeper understanding of the mecha-
nisms underlying the development of BC brain metastasis and the search
for potential diagnostic and therapeutic targets. Further in vivo and in
vitro studies are needed to investigate the specific molecular mecha-
nisms by which CD2 and CD27 regulate the nitrogen metabolic pathway
to promote macrophage M2 polarization and thus accelerate BC brain
metastasis as the tumor progresses.
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