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Abstract

aS-nicotinic acetylcholine receptor (a5-nAChR) plays a vital part in lung adenocarcinoma (LUAD). However, it is not
comprehensively understood that how the a5-nAChR affects LUAD. Through diverse bioinformatics analyses and immuno-
histochemistry, the expressions of a5-nAChR and SOX2 as well as their relations were dissected. a5-nAChR regulated the
differentiation of monocytes into M2 macrophages by targeting the STAT3/SOX2/CSF-1 signaling in the coculture system by
western blotting and ChIP. a5-nAChR-mediated macrophage-mediated LUAD cell migration via SOX2/CSF-1 signaling in
the cocultured medium. Correlations of a5-nAChR, SOX?2 and M2 phenotype tumor-associated macrophages (TAMs) were
validated in mouse LUAD models and clinical samples. a5-nAChR expression was connected to SOX?2 expression, smok-
ing and bad prognosis of LUAD among clinical samples. Nicotine-induced SOX2 expression was mediated by a5-nAChR
via STAT3. Additionally, SOX2-mediated macrophage colony-stimulating factor (CSF-1) expression contributed to LUAD
progression in vitro. Furthermore, a5-nAChR expression was strongly linked to pSTAT3, SOX2 and M2 macrophage marker
CD206 expression and negatively correlated with M1 macrophage marker CD86 expression in vivo. It is indicated that M2
macrophages are mediated by the new a5-nAChR /SOX2/CSF-1 axis in nicotine-related LUAD, which is a potential thera-
peutic strategy for cancer.

Keywords a5-nicotinic acetylcholine receptor (25-nAChR) - SOX2 - Macrophage colony-stimulating factor (CSF-1) - M1/
M2 polarization - LUAD

Introduction

In terms of lung cancer cases, non-small cell lung cancer
(NSCLC) occupies 80% in which lung adenocarcinoma
(LUAD) is the most common and its incidence is increasing
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annually [1, 2]. Despite advances in diagnosing and treating
LUAD, the five-year overall survival rate of LUAD patients
is less than 20% [3]. Consequently, it is excessively impera-
tive to seek for the new targets for LUAD pathogenesis and
therapy.

In fact, smoking becomes one of the primary reasons
for lung cancer. Nicotine, the primary addiction causing
ingredient in tobacco smoke [4], acts primarily at nico-
tinic acetylcholine receptors (nAChRs) [5]. Functioning
nAChRs are a-subunit homopentamers or heteropentam-
ers with a minimum of a a-subunit or a f-subunit. On the
part of mammals, eight o subunits (CHRNA2-CHRNA7,
CHRNAY9, and CHRNA10) have already been reported,
as well as four p subunits (CHRNB1-CHRNB4), and one
each of the 6 (CHRND), ¢ (CHRNE), and y (CHRNG)
subunits [6]. In genome-wide association studies (GWAS),
it was discovered that CHRNAS (encoding a5-nAChR)
was highly and consistently associated with the risk of
lung cancer induced by smoking [7]. Through gene set
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variation analysis (GSVA) and functional enrichment
analysis, researchers have also discovered other signaling
pathways related to immune evasion in LUAD, such as the
IFN-y/a response, IL-2/STATS signaling pathway, IL-6/
JAK/STATS3 signaling pathway, allograft rejection, and
inflammatory response [8]. In our recent work, it has been
proven that a5-nAChR affects the progression of nicotine-
related lung cancer via STAT3, Ly6E, NLRP3 and FHIT
[9-11] and participates in immune activities of T and NK
cells by regulating STAT3/Jab1/PD-L1 axis in LUAD [12].
It also regulates the tumor-killing activity of TAMs by
promoting the expression of the CD47 protein [13].

It recently became clear that nicotine promotes the
stem-like cell self-renewing [14]. Nicotine is capable of
upregulating SOX2; additionally, that is crucial to self-
renew NSCLC cells and maintain the stemness [15]. SOX2
is critical for the development of embryos and maintains
the stemness of adult stem cells and embryos [16]. SOX2
expression retains cancer stem cell (CSC)-like features,
which is connected to worse outcome of LUAD. SOX2
expression is correlated with a wide variety of tumors
and has been proven with positive impacts on tumor cell
characteristics such as the ability to proliferate, migrate,
invade and metastasize [17]. SOX2 has a significant role
in the recruiting of tumor-associated macrophages (TAMs)
by activating several cytokine expressions, which include
ICAM, CCL3 and MIP-1a [18]. Tumor progression is
mediated by recruitment of TAMs into the tumor micro-
environment (TME).

As for host defence and adaptive immunity, macrophages
play an irreplaceable role [19]. There have been two main
polarization statuses M1 and M2 in macrophages. The most
plentiful immunocytes are macrophages infiltrating the can-
cer, which are generally known as TAMs. Numerous inves-
tigations have demonstrated that macrophages in tumors
display a predominantly M2-like phenotype [20]. In com-
parison, M1 macrophages are characterized by pro-inflam-
mation and cytotoxicity. Additionally, M2 macrophages are
characterized by immunosuppression and boost tissue regen-
eration as well as vascularisation. It has been demonstrated
that M2 macrophages enhance cancer cell proliferation and
viability and promote angiogenesis and metastasis [21]. M2
TAMs are key players in the promotion of tumor growth and
invasion at primary and metastatic cancer sites, and high lev-
els of M2 TAMs have been associated with aggressive tumor
phenotypes and disease development among multiple human
cancers [22]. In lung cancer, M2 TAMs interact with tumor
cells to promote proliferation, chemo-resistance, distant
metastasis and survival [23]. In addition, M2 TAMs produce
cytokines and chemokines that cause T cell exhaustion and
promote the development of immunosuppressive TME [24].
Tobacco smoking influences the immunological milieu by
affecting macrophage polarization and phagocytosis via the
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JAK2/STATS3 pathway [25]. However, the connection among
a5-nAChR, SOX2 and TAMs in LUAD is not yet clear.

In the present research, a5-nAChR and SOX2 expressions
in vivo were explored in LUAD. Additionally, it was showed
that a5-nAChR expression is related to SOX2 expression,
smoking, along with decreased survival. a5-nAChR medi-
ates the phenotypic transformation of M1 and M2 TAMs
via SOX2/CSF-1 signaling and facilitates LUAD cell trans-
fer. To our understanding, it is the earliest research on the
a5-nAChR/SOX2/CSF-1 axis regarding M2 macrophage
polarization in LUAD.

Materials and methods

CHRNAS5 and SOX2 expression and clinical
characteristics using relevant databases

CHRNAS and SOX2 expression properties in TCGA LUAD
(n=483) and normal (n=347) were dissected by means of
GEPIA (http://gepia.cancer-pku.cn/help.html). Correlations
between CHRNAS and SOX2 were determined using the
Tumor Immune Estimation Resource 2.0 (http://cistrome.
shinyapps.io/timer/), a platform applied to the systematic
research on cancer gene expression correlations. Using
KM plotter (http://kmplot.com/analysis), the CHRNAS
expression or SOX?2 expression and LUAD overall survival
of patients with correlation were analyzed: patients with
clinical data on primary tumor sample classification and
use of the UALCAN (http://ualcan.path.uab.edu/analysis.
html), which is an interactive database accessible to tumor
OMICS analysis, to generate box plots of CHRNAS and
SOX2 expression levels in LUAD based on patients’ smok-
ing habits and individual cancer stages [26].

We also analyzed LUAD datasets in TCGA (n=574) by
Gene Ontology (GO) and Gene Set Enrichment Analysis
(GSEA). In addition, GSEA was conducted to detect sign-
aling pathways. GO enrichment analyses were performed
to detect immune cell infiltration and CHRNAS and SOX2
expression in LUAD [27].

Tissue specimens and cell culture

Tissue microarrays (#OD-CT-RsLug04-003, approval no.
SHXC2021YFO1) were supplied by Shanghai Outdo Biotech
Co., Ltd (Shanghai, China) and contained 55 LUAD and 53
paraneoplastic specimens (at the age of 45-82 years, and
the average age was 64.2). In 55 specimens, there existed 15
male non-smokers with adenocarcinoma, 15 male smokers
with adenocarcinoma, 15 female non-smokers with adeno-
carcinoma, and 10 female smokers with adenocarcinoma.
Samples with a clear clinical diagnosis and a pathological
pattern consistent with adenocarcinoma of the lung were
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included. Clinical LUAD samples were obtained from
patients with lung adenocarcinoma at Jinan Central Hospi-
tal, affiliated to Shandong First Medical University (approval
no. R202303060078).

A549 and H1299 cell lines were supplied by the Cell
Resource Center of Chinese Academy of Sciences (Shang-
hai, China). They were incubated in RPMI-1640 culture
medium (#CM 10041, MACGENE, China) added 10% fetal
bovine serum (FBS, #164210-500, Procell, China) and 1%
penicillin/streptomycin (#p1400, Solarbio, China). Cell cul-
ture was performed in moist medium containing 5% CO,
at the temperature of 37 degrees. As described before, the
LUAD cells were cultured with 1 pM nicotine (#54-11-5,
Sigma, USA) for sixteen hours [28]. THP-1 acute monocytic
leukemia cells (#2Q0086, Shanghai Zhong Qiao Xin Zhou
Biotechnology Co.,Ltd. China) were hatched within RPMI-
1640 medium with the addition of 10% FBS, 1% P/S and
0.05 mM B-mercaptoethanol as per production instructions.
The cell lines were within continuous culture for less than
30 days and were periodically checked for the presence of
mycoplasma.

Immunohistochemistry

For analysis by immunohistochemistry, tissue slices (4 pm
thick) were deparaffinized, hydrated, antigen occluded, and
processed with an endogenous peroxidase repressor for
10 min. Subsequently, they were incubated using mouse
monoclonal a5-nAChR primary antibody (1:200, #66363-
1-Ig, Proteintech), SOX2 antibody (1:200, #23064, CST),
phospho-STAT3 antibody (1:200, #AP0070, Abclonal),
CD86 (M1 macrophage marker [29], 1:200, #YT7823,
Immunoway) and CD206 (M2 macrophage marker [29],
1:50, #sc-70586, SANTA) at 4 °C during the night. The
slices were hatched using enhancer-marked goat anti-rabbit
(#pv-9001, China) or anti-mouse (#pv-9002, China) IgG pol-
ymers for 3 min; it was then stained with 3,3'-diaminoben-
zidine (DAB) and restained with hematoxylin. The slices
without primary antibody were used as negative controls
[12]. Two independent investigators blinded to the clinical
data performed expression analysis by microscopy.

This scoring system was utilized: unstained denoted O,
yellow denoted 1, and brown denoted 2. The proportions of
cancer cells were graded as below: < 1% denoted 0, 1-25%
denoted 1, 26-75% denoted 2, and 76—-100% denoted 3. Posi-
tive staining was indicated when the outcome of two indica-
tors multiplied by > 4.

Western blot analysis
Monolayers of A549 and H1299 were homogenized in RIPA

buffer (Cwbio, China) supplemented with phosphatase
blocker cocktail (Cwbio) and phenylmethylsulfonyl fluoride

(Beiotime, China). Total proteins were segregated by SDS-
PAGE on an 8% gel and blotted on a nitrocellulose mem-
brane (0.45 pm, Millipore, USA) for western blot analysis.
Then, those proteins were hatched at 4 °C for 8—12 h using
antibodies against a5-nAChR (1:2000, #66363-1-Ig, Pro-
teintech), pSTAT3 (1:1000, #AP0070, Abclonal), STAT3
(1:2000, #4904, CST), SOX2 (1:2000, #3032, CST) and
GAPDH (1:10000, #10494-1-AP, Proteintech). The levels
of the GAPDH expression were regarded as one internal
reference. Visualize and analyze proteins using FluorChem
E (ProteinSimple, USA).

Plasmid and lentiviral infection

The SOX2 overexpression plasmid and control were pur-
chased from Tsingke Biological Technology. A549 and
H1299 were plated in 6-well plates once those cells were
at 60-70% confluence. Moreover, lipofectamine 2000 (Inv-
itrogen, USA) was used with the aim of adding the plas-
mid to an ultimate concentration of 2 pg/ml as per product
descriptions.

Human CHRNAS ¢cDNAs (MOI=10) were transfected
into the pGV-puro lentiviral puromycin resistance vector.
The overexpression of the a5-nAChR protein was obtained
in A549 (designated a5-nAChR OE). The transfected cells
were cultured using puromycin (2 pg/ml, #P8230, Solarbio)
for a minimum of 1 week.

Chromatin immunoprecipitation (ChiIP)

The chromatin immunoprecipitation experiment was per-
formed with the reagents provided with the SimpleChIP@
Plus Kit (#9004S, CST), in light of the manufacturer’s cer-
tificate. Briefly, the cells were added with 1% formaldehyde
and cultured to approximately 1x 107 cells. The chromatin
of the samples was then digested with microsphere nuclease
(#10011, CST). The DNA was segmented into 150-900 bp.
Detection was done by means of Super DNA Marker
(#CW2583, CWBIO). Chromatin immunoprecipitation was
executed by means of either control IgG or SOX2 (1:50,
#3032, CST) primary antibody. Forward primer 5'-TAAAAT
CTGGCCTTGGGACTC-3' and reverse primer 5-TCTCTC
TGACCAAGGTGTTATG-3' were constructed for the sake
of targeting a -236/-226 area of the human CSF-1 promoter
associated with the transcriptional starting point, which
included the SOX2 binding point. Non-immunoprecipitated
fragments of chromatin were used as input controls.

Luciferase assay
In order to evaluate the activation of the CSF-1 promoter,

luciferase reporter systems were constructed using mutant
CSF-1 and wild-type promoters. Additionally, the systems
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owned one single dual-luciferase reporter plasmid pGL3
[30]. A 24-well plate was seeded with a total of 2 x 10*
A549 cells per well and co-transfected with a combination of
780 ng pGL3-CSF-1 (RiboBio, China) and 200 ng pcDNA-
SOX2 (Tsingke Biotech, China) expression plasmids [31],
and transfection with lipofectamine 2000 (#11668019, Life
Technologies, CA, USA). Two days after transfected, fire-
fly and renilla luciferase activation (#E1980, Promega) was
determined by means of one dual-luciferase reporter trial.
The luciferin-luciferase chemiluminescence method was
used to measure luminescence on a Promega GloMax Navi-
gator. All transfectant experiments were conducted three
times with independent replicates.

Macrophages cocultured with tumor cells

8 10° THP-1 cells were processed with 100 ng/mL PMA
(#HY-18739, MedChemExpress) in each well for 48 h [32].
Macrophages (2 X 10%) and LUAD cells (5 x 10°) were cocul-
tured in 6-well plates for 24 h, and cell coculture superna-
tants were gathered for subsequent assays: effective to target
(E/T) rate of 2.5:1.

Cell migration assay

Cell transfer was determined by means of 24-well tran-
swell plates with 8-pm membrane filters inserted (#3422,
Corning). In brief, 1x 103 LUAD cells were isolated again
within non-serum supplemented medium and plated in upper
chambers (Corning, USA). THP-1-derived macrophages
and tumor cells (NC/SOX2 +) coculture supernatants were
seeded into the lower chamber (RPMI-1640 medium with
10% FBS) [33], or 4 x 10* macrophages were placed in the
lower chamber (24-well plates). Upper chamber cells were
eliminated using one cotton swab, immobilized using metha-
nol, and stained with 1% crystal violet. Migrating cells were
counted using ImagelJ software (Version 1.53e).

Immunofluorescence (IF) assay

IF was conducted with THP-1 derived macrophages and par-
affin sections from clinical patients. It was the immobilized
cells that were treated with 4% paraformaldehyde for 15 min,
permeable with 0.3% Triton X-100 for 3 min at 4 °C, and
inhibited with 10% goat serum for 30 min. Tissue slides
(4 pm thick) were deparaffinized, hydrated, and vulnerable
to an antigen extraction procedure. Those slides were sub-
sequently fixed using goat serum for 45 min, after which
they were treated with primary antibodies against CD86
(1:200, Immunoway, #YT7823), CD206 (1:50, SANTA,
#sc-70586), SOX2 (1:200, CST, #23,064) and a5-nAChR
(1:200, Proteintech, #66,363—1-Ig) and incubated overnight
at 4 °C. In addition, secondary antibodies largely included
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goat antirabbit Alexa Fluor 488 and antimouse Alexa Fluor
594. Nuclear staining was performed by means of DAPL.

Enzyme-linked immunosorbent assay (ELISA)

The CSF-1 level in cell culture supernatants from A549 and
H1299 was determined using the human CSF-1 ELISA Kits
(Multi Sciences, China) as described in the manufacturer’s
guidelines. Subsequently, the cell culture fluid was gathered.
Furthermore, they were centrifuged at 300 X g for 10 min at
the temperature of 4 degrees. In cell culture supernatants,
the CSF-1 cytokine level was measured with ELISA. One
microplate reader was utilized with the intention of measur-
ing the absorbance at 450 nm (Thermo Scientific, USA). The
concentration of CSF-1 was determined from the standard
curve generated by diluting the CSF-1 standard in the assay
device.

Xenograft tumor model

All animal studies were approved by the Institutional Ani-
mal Care and Use Committee of Central Hospital Affili-
ated with Shandong First Medical University (approval
no. JNCH2021-77). BALB/c thymus-free nude mice at the
age of 4-6 weeks were supplied by Beijing HFK Biosci-
ence (Beijing, China). 2 x 10°® A549 cells were suspended
in 100 pl of Dulbecco’s modification of Eagle’s medium
(#CM15019, MACGENE, China). Mice were injected sub-
cutaneously into the right abdomen to achieve xenograft
(n=6). The tumor size was measured by standard formula
for calculating its volume: length x width?/2. After 19 days,
those mice were killed humanely; additionally, the tumor
was harvested, fixed in 4% paraformaldehyde, and subjected
to paraffin embedding, histologic examination and immuno-
histochemical staining.

Statistical analysis

The statistic data were construed by means of Graph-
Pad Prism 9.0 and SPSS v26.0, which was presented as
mean + standard deviation. Each experiment was conducted
independently a minimum of three times. Sample numbers
(n) are indicated in the figure legends. Student’s t-test was
applied to compare the two groups. Differences between
those groups were analyzed by one-way analysis of vari-
ance (ANOVA) and Dunnett’s post hoc test. Pearson’s Chi-
square test was employed to dissect the association between
a5-nAChR and SOX2 in LUAD. Statistical significance was
determined using p-values <0.05 (*p <0.05; **p <0.01;
**%p <0.001), which were considered statistically signifi-
cant in all figures, while ns was not significant.
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Results

CHRNA5 and SOX2 expression correlates
with poor prognosis and smoking status in lung
adenocarcinoma from databases

Through the GEPIA, analysis uncovered the higher expres-
sion levels of CHRNAS5 and SOX2 in TCGA regarding
LUAD tissues (n=483) than those in controls (n=347)
(Fig. 1a). The TIMER 2.0 online assessment revealed that
CHRNAS5 expression positively correlated with SOX2
expression (Fig. 1b). LUAD patients with a high level of
CHRNAS or SOX2 expression had a shorter life than those
with a low level of CHRNAS or SOX2 expression (Fig. 1c,
d). CHRNAS and SOX2 expressions were more elevated
in LUAD smokers than those in nonsmokers based on the
UALCAN (Fig. le, f). Expressions of CHRNAS5 and SOX2
were linked to the cancer stage (Fig. 1g, h). Lastly, it was
suggested that CHRNAS5 and SOX2 might be linked to
LUAD progression.

CHRNAS5 and SOX2 inhibitory effect on macrophage
immunity using GSEA and GO enrichment analysis

Through the GSEA, it was indicated that the TNF-a signal-
ing pathway was negatively correlated with CHRNAS and
SOX2 expressions, besides, the pathway was statistically
significant (Fig. 1i, j). The results of GO analysis showed
that both CHRNAS and SOX2 expression were related to
macrophage infiltration in LUAD (Fig. 1k, 1). TNF-a is a
key cytokine for polarization of the M1 macrophage phe-
notype and tumor killing [34]. As a result, it was suggested
that CHRNAS and SOX2 might be associated with TAMs.

a5-nAChR expression correlated with SOX2, CD86
and CD206 expression in LUAD samples

Since a5-nAChR expression was linked to SOX2 and
macrophage immunity using database analysis, we fur-
ther assessed a5-nAChR, CD86 and CD206 expression.
a5-nAChR and SOX2 expressions were measured by
IHC in LUAD tissue microarray (OD-CT-RsLug04-003).
aS-nAChR (65%, 36/55) and SOX2 (61.8%, 34/55) expres-
sions were markedly increased in LUAD tissues compared
to paracarcinoma tissues (Fig. Im, n). Pearson’s chi-square
analysis revealed a positive association between a5-nAChR
and SOX2 in LUAD (Fig. 10). Expressions of a5-nAChR
and SOX2 were associated with smoking, but not with
patient age or sex (Table 1).

In addition, CD86, CD206, a5-nAChR, and SOX?2
expressions were checked in clinical LUAD samples using

IF staining. a5-nAChR and SOX2 expression raised dur-
ing stage III-IV by comparison with stage I-II tumor tis-
sues (Fig. 2a, b). Expressions of a5-nAChR and SOX2
were upregulated among the smokers by comparison with
the nonsmokers in LUAD tissues. Meantime, the M1/M2
(CD86/CD206) ratio decreased during stage III-IV tumor
tissues by comparison with stage I-II LUAD tissues (Fig. 2c,
d). These showed that a5-nAChR was significantly con-
nected to SOX2 and inversely associated with M1/M2 in
LUAD, which suggested SOX2 and macrophage immunity
were correlated to a5-nAChR expression.

a5-nAChR regulates SOX2 expression
through pSTAT3 in LUAD cells

For the purpose of better comprehending the potential con-
nection between a5-nAChR and SOX2, we examined the
levels of pSTAT3 and SOX2 protein expression by west-
ern blotting in a5-nAChR knockdown and overexpression
as well as in nicotine-treated cells. A549 and H1299 were
chosen for the following experiments. SOX2 interacts with
other factors, such as STAT3, to regulate tumor cell progres-
sion [35]. Our prior study showed that a5-nAChR partici-
pated in nicotine-induced LUAD progression via the JAK2/
STAT?3 pathways [28]. Western blot analysis revealed that
after steady knockdown of a5-nAChR by lentivirus, expres-
sions of SOX2, pSTAT3, and a5-nAChR were reduced sig-
nificantly by comparison with the control group (Fig. 3a).
Meanwhile, a5-nAChR overexpression and nicotine treat-
ment increased the expression of a5-nAChR, pSTAT3, and
SOX2 (Fig. 3b, c). When STAT3 phosphorylation was inhib-
ited by niclosamide, SOX2 expression decreased (Fig. 3d).
These results indicate that nicotine modulates SOX2 expres-
sion via the a5-nAChR/pSTAT3 axis.

a5-nAChR regulates CSF-1 expression via SOX2
in LUAD cells

As a protein important for the recruitment and function of
TAMs, macrophage CSF-1 regulates the survival, differen-
tiation, and proliferation of haematopoietic cell lines, like
promonocytes, osteoclasts, monocytes, monoblasts, and
macrophages [36]. Previous studies have shown elevated
CSF-1 levels in patients’ sera with disparate categories of
lung cancer [37]. Consensus binding sites for SOX2 are
enriched in fragments of the CSF-1 core promoter. Through
the analysis on transcription elements (http://jaspar.gener
eg.net), it was expounded that CSF-1 promoter contained
SOX2 binding points (Fig. 3e). The combination of anti-
SOX2 antibody and CSF-1 gene promoter was investigated
via CHIP trial in sh-CHRNAS and A549 NC groups. A549
cells treated with sh-CHRNAS significantly reduced the
quantity of SOX2 integrating with the CSF-1 promoter, by
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overexpression improved the relative luciferase activation of
CSF-1 versus the binding site mutant group (Fig. 3g). Taken
together, it is denoted that SOX?2 is capable of transactivating

comparison with the NC group (Fig. 3f). We also confirmed
the SOX2 binding site in the CSF-1 promoter using a lucif-
erase reporter. Furthermore, it was discovered that SOX2
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«Fig. 1 Expression of CHRNAS5 and SOX2 in LUAD patients in the
TCGA database. a Expression of CHRNAS in LUAD. b Expression
of SOX2 in LUAD. ¢ The association of CHRNAS expression with
clinical outcomes in LUAD. d The association of SOX2 expression
with clinical outcomes in LUAD. e The expression of CHRNAS
based on patient’s smoking habits in LUAD. f The expression of
SOX2 based on the patient’s smoking habits in LUAD. g The expres-
sion of CHRNAS based on individual cancer stages in LUAD. h The
expression of SOX2 based on individual cancer stages in LUAD. i,
J Expression of CHRNAS and SOX2 correlates negatively with the
TNF-a pathway in GSEA enrichment based on TCGA LUAD sam-
ples. k Associations between CHRNAS expression and 28 immune
cells in LUAD from the TCGA database in GO analysis. 1Associa-
tions between SOX2 expression and 28 immune cells in LUAD from
the TCGA database in GO analysis. m a5-nAChR expression in
LUAD and paracarcinoma samples from smokers and nonsmokers.
Scale bar=100 pm. n SOX2 expression in LUAD and paracarcinoma
samples from smokers and nonsmokers. Scale bar=100 pm. o Cor-
relation between a5-nAChR and SOX2 expression in 55 adenocarci-
noma specimens. P <0.05

the CSF-1 gene through integrating with the areas between
—236 bp and —226 bp of the promoter. Meanwhile, ELISA
results showed that CSF-1 secretion levels significantly
decreased after sh-CHRNAS, and SOX2 overexpression
significantly reversed the a5-nAChR knockdown-mediated
inhibition of CSF-1 in A549 and H1299 (Fig. 3h). It is indi-
cated that «5-nAChR is involved in mediating CSF-1 expres-
sion through SOX2 in LUAD cells.

SOX2/CSF-1 axis involved in the differentiation
of monocytes into M2 macrophages
in the cocultured system

Myeloid progenitors differentiating into heterogeneous pop-
ulation are driven by CSF-1 signal transduction via CSF-
IR, including bone-resorbing osteoclasts, macrophages,
dendritic cells and monocytes. Within the systemic circu-
lation, macrophage transfer, growth, activity and viability
are regulated by CSF-1 [38]. The medium of SOX2-overex-
pressed A549 and H1299 cells significantly decreased the
M1/M2 polarization of macrophages. The reduced ratio was
abolished through adding anti-CSF-1 antibody to A549 and
H1299 (Fig. 4a, b). What’s more, it was suggested that the
SOX?2/CSF-1 axis affected the monocyte differentiating into
M2 macrophages during LUAD.

a5-nAChR-mediated macrophage-mediated
LUAD cell migration via SOX2/CSF-1 signaling
in the cocultured system

A549 and H1299 were cultured in the upper chamber of
transwell plates. THP-1-derived macrophages, which were
conditioned with 100 ng/ml PMA for 48 h, were placed to
the lower chamber of the aforementioned plates. a5-nAChR
knockdown decreased the metastasis capability of A549 and

H1299, whereas SOX2 overexpression partially restored the
metastasis capability of LUAD cells within the coculture
system (Fig. 5a, b). To further verify the function of CSF-
1, the influence of CSF-1 was blocked by adding a CSF-1
antibody to the conditioned medium, which was cocultured
with macrophages and tumor cells in the lower chamber,
and the migration effect of the LUAD cell line was further
examined. Macrophages were stimulated with conditioned
medium from NC- or SOX2-overexpressing LUAD cells.
The CSF-1 antibody group showed significantly inhibited
migration of LUAD cells by comparison with the blank con-
trol and IgG groups (Fig. 5c, d). Additionally, it was demon-
strated that a5-nAChR-mediated macrophage-mediated cell
transfer via SOX2/CSF-1 signaling in LUAD.

Expression levels of a5-nAChR, pSTAT3, SOX2, CD86,
and CD206 are related in LUAD xenograft tissues
of BALB/c mice

Since it was found that a5-nAChR expression was connected
to SOX2 and M1/M2 macrophage ratio in vitro, CD86,
CD206, a5-nAChR, SOX2, and pSTAT?3 expressions were
then evaluated in LUAD xenograft tissues. Tumors origi-
nated in CHRNAS-inhibiting A549 clones, which were
smaller than those originating in control cells (Fig. 6a). We
further evaluated a5-nAChR, pSTAT3, SOX2, CD86 and
CD206 expression in LUAD xenograft tissues. Expressions
of a5-nAChR, pSTAT3, SOX2, and CD206 were more ele-
vated; however, CD86 expression was lower in NC group
than that in KD group (Fig. 6b). Furthermore, expressions of
a5-nAChR, pSTAT3, SOX2 and CD206 were more elevated
in the nicotine-treated xenograft tissues than those in the
NC group tissues, whereas CD86 expression was lower. The
discovery also emerged in both KD and nicotine-treated KD
groups. Moreover, it was indicated that a5-nAChR-mediated
M2 macrophage polarization via SOX2 signaling in LUAD.

Discussion

Smoking is one of the primary risk elements for lung cancer
[39]. As the main addictive part of cigarettes, nicotine has
recently been shown to promote lung tumor initiation and
development by binding to nAChRs and activating down-
stream signaling pathways [40]. By suppressing both innate
and adaptive immune reactions, nicotine exerts an immuno-
suppressive effect [41]. The effect of nicotine on macrophage
polarization is primarily reflected in its ability to promote
macrophage polarization toward the M2 type, which is com-
monly associated with anti-inflammatory responses, tissue
repair, and immunosuppression [42, 43]. Nicotine achieves
this effect by activating specific signaling pathways. aQP3
regulates M2-type macrophage polarization through the
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Table 1 Correlations of

Clinical pathology  Case (n=55) «5-nAChR P SOX2 P
a5-nAChR and SOX2
expression with clinical Positive ~ Negative Positive ~ Negative
parameters in lung
adenocarcinoma specimens Sex
Male 30 20 10 0.530 19 11 0.509
Female 25 16 9 15 10
Age (years)
<60 19 12 7 0511 9 10 0.095
> 60 36 24 12 25 11
Smoking history
No 30 15 15 0.008 12 18 <0.001
Yes 25 21 4 22 3

PPAR-y/NF-xB axis and influences LUAD progression
[44]. Nicotine may also modulate macrophage polarization
through the a7-nAChR, which activates the a7-nAChR/
SIRT1 axis, which in turn modulates THP-1 MO macrophage
polarization through cholinergic anti-inflammatory pathways
[45]. In the present study, our experimental results indicate
that nicotine promotes LUAD progression and macrophage
M2 polarization through the a5-nAChR/SOX2/CSF-1 axis.
Nicotine has a complex role in macrophage regulation in
lung adenocarcinoma, and our results partially explain that
nicotine promotes tumor progression and immune escape of
TAMs in lung adenocarcinoma by modulating the mutual
crosstalk between tumor cells and macrophages.

Nicotine and its constituents have been shown to pro-
mote the self-regeneration of lung adenocarcinoma stem-
like cells [46]. Nicotine is capable of upregulating SOX2,
which is crucial to self-renew NSCLC cells and maintain the
stemness [15]. The transcription factor SOX2 is important
to embryonic progression and even becomes a key player in
maintaining multiple adult stem cell populations and embry-
onic stem cells [47]. In contrast, abnormal SOX2 expression
is linked to a wide range of cancers, and SOX2 positively
influences tumor cell properties, including proliferation,
invasion and transfer [48]. There is also growing evidence
that SOX2 conferred resistance to established cancer treat-
ments and is expressed in cancer stem cells [49]. In our
previous study, it has been proven that a5-nAChR affects
the progression of nicotine-related lung cancer via STAT3
[28]. In this study, a5-nAChR and SOX2 expressions are
associated by modulating STAT3 phosphorylation in nico-
tine-related lung cancer. Otherwise, SOX2 promotes CSF-1
to facilitate M2 macrophage polarization in TAMs, which
promotes LUAD progression. It suggests that acetylcholine
and analogues interplay with the cell surface a5-nAChR to
activate pSTAT3/SOX2/CSF-1 signaling pathway, which
promotes M2 macrophage polarization and is involved in
lung cancer.

CSF-1R-mediated signaling is critical in the survival
and differentiation of mononuclear phagocytes, particularly

@ Springer

macrophages [50]. Previous studies have supported target-
ing the CSF-1/CSF-1R axis as a prospective therapeutic
approache of pancreatic ductal adenocarcinomas or malig-
nant meningeoma [51]. It was discovered in this research
that blocking CSF-1/CSF-1R signaling in lung adenocar-
cinoma reduced M2-type macrophage polarization and
slowed tumor progression. The data suggested that CSF-1/
CSF-1R signaling might be an efficient therapeutic target
for reprogramming the immunosuppressive microenviron-
ment of human LUAD tumors and enhancing the efficacy
of immunotherapy.

TAMs are critical members of the TME and have been
implicated in modulating cancer cell proliferation, metasta-
sis, angiogenesis, extracellular matrix remodeling, immu-
nosuppression, chemotherapeutic resistance and checkpoint
inhibition immunotherapy [52]. In contrast, when properly
stimulated, macrophages mediate the phagocytosis of can-
cer cells and cytotoxic tumor death [53] and have effec-
tive bidirectional interactions with various elements of the
innate and adaptive immune response. Consequently, they
have become therapeutic targets in cancer treatment [54].
Targeting macrophages includes inhibiting cytokines and
chemokines involved in the recruiting and polarization of
tumor-promoting myeloid cells, as well as the activation
of their antitumor and immunostimulatory functions [55].
Previous clinical studies have shown that targeting negative
regulators of myeloid cell function (checkpoints) may actu-
ally have antitumor potential [56]. Macrophage-based strat-
egies hold the promise of complementing and synergizing
with the available toolkit in oncology. Our results suggest
that CSF-1 secreted by cancer cells can effectively stimulate
the macrophage polarization to the M2 type. Accordingly,
the migratory ability of tumor cells and progression were
promoted. These results provide an important theoretical
basis for treating smoking-related lung adenocarcinoma by
targeting macrophages.

SOX2 is a key player in regulating embryo growth and
maintaining stem cell differentiation capability, which acts
as one of stem cell markers [57]. SOX2 has a significant
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Fig.2 a5-nAChR, SOX2, CD86, and CD206 expression was corre-
lated with clinical stage, smoking status, and macrophage polariza-
tion in lung adenocarcinoma. a, b Expression of a5-nAChR and
SOX2 in smokers and non-smokers and different clinicopathologi-
cal lung adenocarcinoma samples. Quantifcations are shown in the

role in the recruiting of TAMs [18]. CSF-1 is known to
be widely overexpressed in tumors and to promote tumor
growth and invasiveness by stimulating the pro-tumori-
genic activity of TAMs [58]. a5-nAChR and SOX2 expres-
sions are associated by modulating STAT3 phosphoryla-
tion and nicotine interplays with a5-nAChR to activate
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right panel. Scale bar=100 pm; n=3; **P <0.01. ¢, d Expression of
CD86 and CD206 in smokers and non-smokers and different clinico-
pathological lung adenocarcinoma samples, the M1/M2 macrophage
ratio is shown on the right. Quantifcations are shown in the right
panel. Scale bar =100 um; n=3; *P <0.05; **P <0.01; ***P <0.001

pSTAT3/SOX2/CSF-1 signaling pathway and promotes
M2 macrophage polarization involved in lung cancer.
These results offer new understanding of the prospective
a5-nAChR molecular systems underlying SOX2/CSF-1
axis-mediated M2 macrophage polarization in lung cancer.
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«Fig.3 a5-nAChR regulates CSF-1 expression through pSTAT3/
SOX2 in A549 and H1299 cells. a expression of a5-nAChR, pSTATS3,
and SOX2 after sh-CHRNAS treatment in A549 and H1299 cells.
*P<0.05; **P<0.01. b Expression, of a5-nAChR, pSTAT3, and
SOX2 after a5-nAChR OE in A549 and H1299 cells. **P <0.01. ¢
Nicotine promoted the expression of a5-nAChR, pSTAT3, and SOX2
in A549 and H1299 cells. **P <0.01; ***P <0.001. d STAT3 silenc-
ing downregulates the expression of STAT3 and SOX2 in A549
and H1299 cells. *P<0.05; **P<0.01. e SOX2-binding site in the
human CSF-1 promoter. f SOX2 bound to the CSF-1 promoter in
A549 cells. ***P<(0.001. Data are presented as the mean+SD of
three independent experiments, ns not signifcantly different. g The
transcriptional activation of the CSF-1 promoter regions by SOX2
was detected by using a dual-luciferase assay in case of binding sites
mutation. n=3; *P <0.05. h CSF-1 levels in cell culture supernatants
treated with sh-CHRNAS or SOX2 overexpression. n=3; *P <0.05;
*#P<0.01; ¥***P <0.001

There are some limitations of the present study that
could be addressed in our following study. The clinical
sample size needs to be expanded to evaluate the applica-
tion of a5-nAChR/SOX?2/CSF-1 in clinical practice. Studies
by multiple research centers can increase the diversity of

a A549

the sample, thereby enhancing the generalizability of the
research findings. Collecting more data by following the
same group of participants over time can help verify the
stability and long-term validity of the initial research find-
ings. The clinical value should be further confirmed in a
larger cohort including preclinical intervention studies.

In a summary, our results suggest that the overexpres-
sion of the a5-nAChR/pSTAT3/SOX2 axis enhances M2
macrophage polarization by upregulating CSF-1 secretion,
and the secreted CSF-1 increases M2 macrophages within
tumors and thereby promotes tumor progression and LUAD
cell migration (Fig. 7). It suggested that the a5-nAChR/
SOX2/CSF-1 axis plays a role in the migration of cancer
cells during M2 macrophage polarization. To comprehen-
sively understand the role of the a5S-nAChR/SOX2/CSF-1
signaling pathway, future research could consider the fol-
lowing aspects: (1) epigenetic regulation: explore the link
between a5-nAChR genes and the epigenetic regulatory of
SOX2 in LUAD; (2) role in the tumor microenvironment:
examine how a5-nAChR/SOX?2/CSF-1 signaling pathway
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Fig.4 SOX2/CSF-1 axis contributed to the differentiation of monocytes into M2 macrophages. a, b Polarization of M1 and M2 macrophages in
the coculture system. M1/M2 ratio results were quantified. Scale bar=100 um; n=3; *P <0.05 **P <0.01; ***P <0.001
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Fig.5 The a5-nAChR/SOX2/CSF-1 signaling pathway involved
in macrophage-mediated cancer cell migration. a, b Transwell
assay showed that sh-CHRNAS5 or SOX2 overexpression regulates
macrophage-mediated migration of A549 and H1299 cells. Scale

regulates the function of immune cells in the tumor microen-
vironment (such as macrophages); (3) validation with clini-
cal samples: use clinical samples for validation studies to
analyze the expression patterns and functional differences of
the a5-nAChR/SOX?2/CSF-1 signaling pathway in different
LUAD patients, as well as the relationship between these
differences and patient prognosis, treatment response, and
immune evasion.

Our study provides valuable insights into the role of
a5-nAChR/SOX2/CSF-1 in antitumor immune response.
Targeting the a5-nAChR/SOX2/CSF-1 axis for lung can-
cer treatment and combination therapy may provide new
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avenues for the development of novel therapies to modu-
late immune responses and inhibit lung cancer growth.
The expression of a5-nAChR is strongly correlated with
smoking status, suggesting that smokers may respond bet-
ter to therapeutic strategies targeting this receptor: develop-
ment of small molecule inhibitors or antibodies targeting
a5-nAChR or gene therapeutics to reduce SOX2 expression
and, in addition, to enhance immune responses in the tumor
microenvironment by modulating CSF-1 signaling. Further
studies are needed to elucidate the underlying mechanisms
by which a5-nAChR/SOX?2/CSF-1 expression affects tumor
biology and its therapeutic efficacy in targeted therapies for
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Fig.7 The a5-nAChR and SOX2 signaling cascade is involved in
lung cancer progression and immune escape. Nicotine and cell sur-
face a5-nAChR bind and interact to activate the STAT3/SOX2 sign-

lung cancer patients, and to explore its therapeutic potential
in a broader range of cancers.

Author contributions Xiaoli Ma and Guiyu Kang contributed to con-
ceptualization; Guiyu Kang, Hui Song, Qi Liu, and Pan Pan contrib-
uted to data curation; Lei Bo, Qiang Li, Jingtan Li, and Jingting Wang
contributed to formal analysis; Xiaoli Ma and Haiji Sun contributed
to funding acquisition; Pan Pan contributed to investigation; Guiyu
Kang and Pan Pan contributed to methodology; Yanfei Jia contrib-
uted to resources; Qi Liu, Qiang Li, Jingting Wang contributed to
software; Guiyu Kang supervised the study; Hui Song contributed to
validation; Lei Bo contributed to visualization; Xiaoli Ma and Guiyu
Kang contributed to writing—original draft; Xiaoli Ma contributed
to writing—review & editing. All authors reviewed the manuscript.

Funding This research was supported by the National Natural Sci-
ence Foundation of China [32170496 and 31970728]; the Natural
Science Foundation of Shandong Province [ZR2021MH322 and
ZR2022QC156]; and the Project of Medicine Health and Technology
Development Plan of Shandong Province [202302051682].

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations Confict of interest

The authors declare that there is no conflict of interests.

Ethics approval The study was approved by the Ethics committee of
the Institutional Animal Care and Use Committee of Central Hospi-
tal Affiliated to Shandong First Medical University and conformed to
the Declaration of Helsinki (approval no. INCH2021-77). The study
involving the usage of human tissues was performed in accordance
with the Declaration of Helsinki and with the approval of the ethics
committee of Shanghai Outdo Biotech and Central Hospital Affiliated

@ Springer

Inhibit

Promote

3 ,—— Proliferation

] , Migration

#® ¢ Invasion

Cancer cell

aling pathway, which promotes macrophage M2 polarization by
promoting CSF-1 secretion in tumor cells, further promoting the met-
astatic ability of tumor cells

to Shandong First Medical University (approval no. SHXC2021YF01
and R202303060078).

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material.
You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

1. Reckamp KL, Redman MW, Dragnev KH et al (2022) Phase II
randomized study of ramucirumab and pembrolizumab versus
Standard of care in advanced non-small-cell lung cancer previ-
ously treated with immunotherapy-lung-MAP S1800A. J Clin
Oncol 40:2295-2306. https://doi.org/10.1200/JC0O.22.00912

2. Naranjo S, Cabana CM, LaFave LM et al (2022) Modeling
diverse genetic subtypes of lung adenocarcinoma with a next-
generation alveolar type 2 organoid platform. Genes Dev
36:936-949. https://doi.org/10.1101/gad.349659.122

3. Jiang X, Gao Y, Zhang N et al (2020) Establishment of immune-
related gene pair signature to predict lung adenocarcinoma
prognosis. Cell Transplant 29:963689720977131. https://doi.
org/10.1177/0963689720977131


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1200/JCO.22.00912
https://doi.org/10.1101/gad.349659.122
https://doi.org/10.1177/0963689720977131
https://doi.org/10.1177/0963689720977131

Cancer Immunology, Immunotherapy (2025) 74:11

Page150f16 11

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Adams SJ, Stone E, Baldwin DR, Vliegenthart R, Lee P, Fintel-
mann FJ (2023) Lung cancer screening. Lancet 401:390-408.
https://doi.org/10.1016/S0140-6736(22)01694-4
Petsophonsakul P, Burgmaier M, Willems B et al (2022)
Nicotine promotes vascular calcification via intracellular
Ca?*-mediated, Nox5-induced oxidative stress, and extracellu-
lar vesicle release in vascular smooth muscle cells. Cardiovasc
Res 118:2196-2210. https://doi.org/10.1093/cvr/cvab244
Matta JA, Gu S, Davini WB, Bredt DS (2021) Nicotinic acetyl-
choline receptor redux: discovery of accessories opens thera-
peutic vistas. Science. https://doi.org/10.1126/science.abg6539
Lassi G, Taylor AE, Timpson NJ, Kenny PJ, Mather RJ, Eisen
T, Munafdo MR (2016) The CHRNAS5-A3-B4 gene cluster and
smoking: from discovery to therapeutics. Trends Neurosci
39:851-861. https://doi.org/10.1016/].tins.2016.10.005

Yang P, He S, Ye L, Weng H (2024) Transcription factor ETV4
activates AURKA to promote PD-L1 expression and medi-
ate immune escape in lung adenocarcinoma. Int Arch Allergy
Immunol 185:910-920. https://doi.org/10.1159/000537754
Zhang Q, Jia Y, Pan P et al (2022) a5-nAChR associated with
Ly6E modulates cell migration via TGF-B1/Smad signaling in
non-small cell lung cancer. Carcinogenesis 43:393-404. https://
doi.org/10.1093/carcin/bgac003

Jia'Y, Zhang Q, Liu Z, Pan P, Jia Y, Zhu P, Jiao Y, Kang G, Ma
X (2022) The role of a5-nicotinic acetylcholine receptor/NLRP3
signaling pathway in lung adenocarcinoma cell proliferation and
migration. Toxicology 469:153120. https://doi.org/10.1016/j.tox.
2022.153120

. Jiao Y, Kang G, Pan P et al (2023) Acetylcholine promotes chronic

stress-induced lung adenocarcinoma progression via a5-nAChR/
FHIT pathway. Cell Mol Life Sci 80:119. https://doi.org/10.1007/
s00018-023-04742-7

Zhu P, Jin Z, Kang G et al (2022) Alpha5 nicotinic acetylcho-
line receptor mediated immune escape of lung adenocarcinoma
via STAT3/Jab1-PD-L1 signalling. Cell Commun Signal 20:121.
https://doi.org/10.1186/s12964-022-00934-z

Kang G, Jiao Y, Pan P et al (2023) a5-nAChR/STAT3/CD47 axis
contributed to nicotine-related lung adenocarcinoma progression
and immune escape. Carcinogenesis 44:773-784. https://doi.org/
10.1093/carcin/bgad061

Algahtani S, Butcher MC, Ramage G, Dalby MJ, McLean W, Nile
CJ (2023) Acetylcholine receptors in mesenchymal stem cells.
Stem Cells Dev 32:47-59. https://doi.org/10.1089/scd.2022.0201
Schaal CM, Bora-Singhal N, Kumar DM, Chellappan SP (2018)
Regulation of Sox2 and stemness by nicotine and electronic-cig-
arettes in non-small cell lung cancer. Mol Cancer 17:149. https:/
doi.org/10.1186/s12943-018-0901-2

Favaro R, Valotta M, Ferri ALM et al (2009) Hippocampal
development and neural stem cell maintenance require Sox2-
dependent regulation of Shh. Nat Neurosci 12:1248-1256.
https://doi.org/10.1038/nn.2397

Novak D, Hiiser L, Elton JJ, Umansky V, Altevogt P, Utikal J
(2020) SOX2 in development and cancer biology. Semin Cancer
Biol 67:74-82. https://doi.org/10.1016/j.semcancer.2019.08.007
Mou W, Xu Y, Ye Y et al (2015) Expression of Sox2 in breast
cancer cells promotes the recruitment of M2 macrophages to
tumor microenvironment. Cancer Lett 358:115-123. https://doi.
org/10.1016/j.canlet.2014.11.004

Wu C, Xu Y, Zhao Y (2022) Two kinds of macrophage mem-
ory: innate and adaptive immune-like macrophage memory.
Cell Mol Immunol 19:852-854. https://doi.org/10.1038/
s41423-022-00885-y

Wei C-Y, Zhu M-X, Zhang P-F et al (2022) PKCo/ZFP64/CSF1
axis resets the tumor microenvironment and fuels anti-PD1 resist-
ance in hepatocellular carcinoma. J Hepatol 77:163—176. https://
doi.org/10.1016/j.jhep.2022.02.019

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dan H, Liu S, Liu J et al (2020) RACK1 promotes cancer pro-
gression by increasing the M2/M1 macrophage ratio via the
NF-kB pathway in oral squamous cell carcinoma. Mol Oncol
14:795-807. https://doi.org/10.1002/1878-0261.12644

Chen S, Lu K, Hou Y et al (2023) YY1 complex in M2 mac-
rophage promotes prostate cancer progression by upregu-
lating IL-6. J Immunother Cancer. https://doi.org/10.1136/
jite-2022-006020

Zhang Q, Abdo R, Iosef C, Kaneko T, Cecchini M, Han VK, Li
SS-C (2022) The spatial transcriptomic landscape of non-small
cell lung cancer brain metastasis. Nat Commun 13:5983. https://
doi.org/10.1038/s41467-022-33365-y

Qian Y, Galan-Cobo A, Guijarro I et al (2023) MCT4-depend-
ent lactate secretion suppresses antitumor immunity in LKB1-
deficient lung adenocarcinoma. Cancer Cell. https://doi.org/10.
1016/j.ccell.2023.05.015

Yuan F, Fu X, Shi H, Chen G, Dong P, Zhang W (2014) Induc-
tion of murine macrophage M2 polarization by cigarette smoke
extract via the JAK2/STAT3 pathway. PLoS One 9:e107063.
https://doi.org/10.1371/journal.pone.0107063

Zhang J, Wang H, Yuan C, Wu J, Xu J, Chen S, Zhang C, He
Y (2022) ITGAL as a prognostic biomarker correlated with
immune infiltrates in gastric cancer. Front Cell Dev Biol
10:808212. https://doi.org/10.3389/fcell.2022.808212

Zhao P, Zhen H, Zhao H, Huang Y, Cao B (2023) Identifica-
tion of hub genes and potential molecular mechanisms related
to radiotherapy sensitivity in rectal cancer based on multi-
ple datasets. J Transl Med 21:176. https://doi.org/10.1186/
$12967-023-04029-2

Zhang Y, Jia Y, Li P, Li H, Xiao D, Wang Y, Ma X (2017) Recip-
rocal activation of a5-nAChR and STATS3 in nicotine-induced
human lung cancer cell proliferation. J Genet Genomic 44:355—
362. https://doi.org/10.1016/j.jgg.2017.03.003

Fahy N, de Vries-van Melle ML, Lehmann J et al (2014) Human
osteoarthritic synovium impacts chondrogenic differentiation of
mesenchymal stem cells via macrophage polarisation state. Osteo-
arthritis Cartilage 22:1167-1175. https://doi.org/10.1016/j.joca.
2014.05.021

Wei D, Wang J, Jiupan Z, Khan R, Abbas Raza SH, Yaping S,
Chao J, Ayari-Akkari A, Ahmed DAEM (2022) Roles of MEF2A
and HOXAS5 in the transcriptional regulation of the bovine FoxO1
gene. Anim Biotechnol. https://doi.org/10.1080/10495398.2022.
2150632

Sohn EJ, Kim JH, Oh S-O, Kim J-Y (2023) Regulation of self-
renewal in ovarian cancer stem cells by fructose via chaperone-
mediated autophagy. Biochim Biophys Acta Mol Basis Dis
1869:166723. https://doi.org/10.1016/j.bbadis.2023.166723

Xie C, Zhou X, Liang C, Li X, Ge M, Chen Y, Yin J, Zhu J, Zhong
C (2021) Apatinib triggers autophagic and apoptotic cell death
via VEGFR2/STAT3/PD-L1 and ROS/Nrf2/p62 signaling in lung
cancer. J Exp Clin Cancer Res 40:266. https://doi.org/10.1186/
$13046-021-02069-4

Lu C-S, Shiau A-L, Su B-H et al (2020) Oct4 promotes M2 mac-
rophage polarization through upregulation of macrophage colony-
stimulating factor in lung cancer. ] Hematol Oncol 13:62. https://
doi.org/10.1186/s13045-020-00887-1

Liu X, Ren X, Zhou L, Liu K, Deng L, Qing Q, LiJ, Zhi F, LiM
(2022) Tollip orchestrates macrophage polarization to alleviate
intestinal mucosal inflammation. J Crohns Colitis 16:1151-1167.
https://doi.org/10.1093/ecco-jcc/jjac019

Mirzaei S, Paskeh MDA, Entezari M et al (2022) SOX2 func-
tion in cancers: association with growth, invasion, stemness and
therapy response. Biomed Pharmacother 156:113860. https://doi.
org/10.1016/j.biopha.2022.113860

Emoto T, Lu J, Sivasubramaniyam T et al (2022) Colony stimulat-
ing factor-1 producing endothelial cells and mesenchymal stromal

@ Springer


https://doi.org/10.1016/S0140-6736(22)01694-4
https://doi.org/10.1093/cvr/cvab244
https://doi.org/10.1126/science.abg6539
https://doi.org/10.1016/j.tins.2016.10.005
https://doi.org/10.1159/000537754
https://doi.org/10.1093/carcin/bgac003
https://doi.org/10.1093/carcin/bgac003
https://doi.org/10.1016/j.tox.2022.153120
https://doi.org/10.1016/j.tox.2022.153120
https://doi.org/10.1007/s00018-023-04742-7
https://doi.org/10.1007/s00018-023-04742-7
https://doi.org/10.1186/s12964-022-00934-z
https://doi.org/10.1093/carcin/bgad061
https://doi.org/10.1093/carcin/bgad061
https://doi.org/10.1089/scd.2022.0201
https://doi.org/10.1186/s12943-018-0901-2
https://doi.org/10.1186/s12943-018-0901-2
https://doi.org/10.1038/nn.2397
https://doi.org/10.1016/j.semcancer.2019.08.007
https://doi.org/10.1016/j.canlet.2014.11.004
https://doi.org/10.1016/j.canlet.2014.11.004
https://doi.org/10.1038/s41423-022-00885-y
https://doi.org/10.1038/s41423-022-00885-y
https://doi.org/10.1016/j.jhep.2022.02.019
https://doi.org/10.1016/j.jhep.2022.02.019
https://doi.org/10.1002/1878-0261.12644
https://doi.org/10.1136/jitc-2022-006020
https://doi.org/10.1136/jitc-2022-006020
https://doi.org/10.1038/s41467-022-33365-y
https://doi.org/10.1038/s41467-022-33365-y
https://doi.org/10.1016/j.ccell.2023.05.015
https://doi.org/10.1016/j.ccell.2023.05.015
https://doi.org/10.1371/journal.pone.0107063
https://doi.org/10.3389/fcell.2022.808212
https://doi.org/10.1186/s12967-023-04029-2
https://doi.org/10.1186/s12967-023-04029-2
https://doi.org/10.1016/j.jgg.2017.03.003
https://doi.org/10.1016/j.joca.2014.05.021
https://doi.org/10.1016/j.joca.2014.05.021
https://doi.org/10.1080/10495398.2022.2150632
https://doi.org/10.1080/10495398.2022.2150632
https://doi.org/10.1016/j.bbadis.2023.166723
https://doi.org/10.1186/s13046-021-02069-4
https://doi.org/10.1186/s13046-021-02069-4
https://doi.org/10.1186/s13045-020-00887-1
https://doi.org/10.1186/s13045-020-00887-1
https://doi.org/10.1093/ecco-jcc/jjac019
https://doi.org/10.1016/j.biopha.2022.113860
https://doi.org/10.1016/j.biopha.2022.113860

11

Page 16 of 16

Cancer Immunology, Immunotherapy (2025) 74:11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

cells maintain monocytes within a perivascular bone marrow
niche. Immunity. https://doi.org/10.1016/j.immuni.2022.04.005
Quail DF, Olson OC, Bhardwaj P et al (2017) Obesity alters the
lung myeloid cell landscape to enhance breast cancer metastasis
through IL5 and GM-CSF. Nat Cell Biol 19:974-987. https://doi.
org/10.1038/ncb3578

Hume DA, MacDonald KPA (2012) Therapeutic applications of
macrophage colony-stimulating factor-1 (CSF-1) and antagonists
of CSF-1 receptor (CSF-1R) signaling. Blood 119:1810-1820.
https://doi.org/10.1182/blood-2011-09-379214

Zhang P, Chen P-L, Li Z-H, Zhang A, Zhang X-R, Zhang Y-J, Liu
D, Mao C (2022) Association of smoking and polygenic risk with
the incidence of lung cancer: a prospective cohort study. Br J Can-
cer 126:1637-1646. https://doi.org/10.1038/s41416-022-01736-3
Wang Y, Bian T, Song L et al (2022) Reducing chemotherapy-
induced DNA damage via nAChR-mediated redox reprograming-a
new mechanism for SCLC chemoresistance boosted by nicotine.
Cancers. https://doi.org/10.3390/cancers 14092272

Singh SP, Kalra R, Puttfarcken P, Kozak A, Tesfaigzi J, Sopori
ML (2000) Acute and chronic nicotine exposures modulate the
immune system through different pathways. Toxicol Appl Phar-
macol 164:65-72

Zhu Y, Zhang S, Sun J et al (2021) Cigarette smoke promotes
oral leukoplakia via regulating glutamine metabolism and M2
polarization of macrophage. Int J Oral Sci 13:25. https://doi.org/
10.1038/541368-021-00128-2

Saranyutanon S, Acharya S, Deshmukh SK, Khan MA, Singh
S, Singh AP (2022) Nicotine causes alternative polarization of
macrophages via Src-mediated STAT3 activation: potential patho-
biological implications. J Cell Physiol 237:1486-1497. https://doi.
org/10.1002/jcp.30607

Lin G, Lin L, Chen X, Chen L, Yang J, Chen Y, Qian D, Zeng
Y, Xu Y (2024) PPAR-y/NF-kB/AQP3 axis in M2 macrophage
orchestrates lung adenocarcinoma progression by upregu-
lating IL-6. Cell Death Dis 15:532. https://doi.org/10.1038/
s41419-024-06919-9

Cao K, Dong Y-T, Xiang J, Xu Y, Li Y, Song H, Yu W-F, Qi
X-L, Guan Z-Z (2020) The neuroprotective effects of SIRT1 in
mice carrying the APP/PS1 double-transgenic mutation and in
SH-SYS5Y cells over-expressing human APP670/671 may involve
elevated levels of a7 nicotinic acetylcholine receptors. Aging
12:1792-1807. https://doi.org/10.18632/aging.102713

Le HHT, Liu C-W, Denaro P, Jousma J, Shao N-Y, Rahman I,
Lee WH (2021) Genome-wide differential expression profiling
of IncRNAs and mRNAs in human induced pluripotent stem cell-
derived endothelial cells exposed to e-cigarette extract. Stem Cell
Res Ther 12:593. https://doi.org/10.1186/s13287-021-02654-6
Takahashi K, Yamanaka S (2006) Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 126:663-676

@ Springer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lee Y, YoonJ, Ko D, YuM, Lee S, Kim S (2021) TMPRSS4 pro-
motes cancer stem-like properties in prostate cancer cells through
upregulation of SOX2 by SLUG and TWIST1. J Exp Clin Cancer
Res 40:372. https://doi.org/10.1186/s13046-021-02147-7
Dermawan JKT, Hitomi M, Silver DJ et al (2016) Pharmacologi-
cal targeting of the histone chaperone complex FACT preferen-
tially eliminates glioblastoma stem cells and prolongs survival in
preclinical models. Cancer Res 76:2432-2442. https://doi.org/10.
1158/0008-5472.CAN-15-2162

Stanley ER, Chitu V (2014) CSF-1 receptor signaling in myeloid
cells. Cold Spring Harb Perspect Biol. https://doi.org/10.1101/
cshperspect.a021857

Ho W1J, Jaffee EM (2021) Macrophage-targeting by CSF1/1R
blockade in pancreatic cancers. Cancer Res 81:6071-6073. https://
doi.org/10.1158/0008-5472.CAN-21-3603

RenL, YiJ, Yang Y et al (2022) Systematic pan-cancer analysis
identifies APOCI as an immunological biomarker which regulates
macrophage polarization and promotes tumor metastasis. Pharma-
col Res 183:106376. https://doi.org/10.1016/j.phrs.2022.106376
Tang Z, Tang C, Sun C, Ying X, Shen R (2022) M1 macrophage-
derived exosomes synergistically enhance the anti- bladder cancer
effect of gemcitabine. Aging 14:7364-7377. https://doi.org/10.
18632/aging.204200

Cheng K, Cai N, Zhu J, Yang X, Liang H, Zhang W (2022)
Tumor-associated macrophages in liver cancer: from mechanisms
to therapy. Cancer Commun 42:1112-1140. https://doi.org/10.
1002/cac2.12345

Lin W, Xu D, Austin CD et al (2019) Function of CSF1 and IL34
in macrophage homeostasis, inflammation, and cancer. Front
Immunol 10:2019. https://doi.org/10.3389/fimmu.2019.02019
Advani R, Flinn I, Popplewell L et al (2018) CD47 Blockade by
Hu5F9-G4 and Rituximab in non-Hodgkin’s lymphoma. N Engl
JMed 379:1711-1721. https://doi.org/10.1056/NEJMoal807315
Li Q, Kong F, Cong R, Ma J, Wang C, Ma X (2023) PVT1/miR-
136/Sox2/UPF1 axis regulates the malignant phenotypes of endo-
metrial cancer stem cells. Cell Death Dis 14:177. https://doi.org/
10.1038/541419-023-05651-0

Chen Y-C, Lai Y-S, Hsuuw Y-D, Chang K-T (2021) Withholding
of M-CSF supplement reprograms macrophages to M2-like via
endogenous CSF-1 activation. Int J Mol Sci. https://doi.org/10.
3390/ijms22073532

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


https://doi.org/10.1016/j.immuni.2022.04.005
https://doi.org/10.1038/ncb3578
https://doi.org/10.1038/ncb3578
https://doi.org/10.1182/blood-2011-09-379214
https://doi.org/10.1038/s41416-022-01736-3
https://doi.org/10.3390/cancers14092272
https://doi.org/10.1038/s41368-021-00128-2
https://doi.org/10.1038/s41368-021-00128-2
https://doi.org/10.1002/jcp.30607
https://doi.org/10.1002/jcp.30607
https://doi.org/10.1038/s41419-024-06919-9
https://doi.org/10.1038/s41419-024-06919-9
https://doi.org/10.18632/aging.102713
https://doi.org/10.1186/s13287-021-02654-6
https://doi.org/10.1186/s13046-021-02147-7
https://doi.org/10.1158/0008-5472.CAN-15-2162
https://doi.org/10.1158/0008-5472.CAN-15-2162
https://doi.org/10.1101/cshperspect.a021857
https://doi.org/10.1101/cshperspect.a021857
https://doi.org/10.1158/0008-5472.CAN-21-3603
https://doi.org/10.1158/0008-5472.CAN-21-3603
https://doi.org/10.1016/j.phrs.2022.106376
https://doi.org/10.18632/aging.204200
https://doi.org/10.18632/aging.204200
https://doi.org/10.1002/cac2.12345
https://doi.org/10.1002/cac2.12345
https://doi.org/10.3389/fimmu.2019.02019
https://doi.org/10.1056/NEJMoa1807315
https://doi.org/10.1038/s41419-023-05651-0
https://doi.org/10.1038/s41419-023-05651-0
https://doi.org/10.3390/ijms22073532
https://doi.org/10.3390/ijms22073532

	Nicotine promotes M2 macrophage polarization through α5-nAChRSOX2CSF-1 axis in lung adenocarcinoma
	Abstract
	Introduction
	Materials and methods
	CHRNA5 and SOX2 expression and clinical characteristics using relevant databases
	Tissue specimens and cell culture
	Immunohistochemistry
	Western blot analysis
	Plasmid and lentiviral infection
	Chromatin immunoprecipitation (ChIP)
	Luciferase assay
	Macrophages cocultured with tumor cells
	Cell migration assay
	Immunofluorescence (IF) assay
	Enzyme-linked immunosorbent assay (ELISA)
	Xenograft tumor model
	Statistical analysis

	Results
	CHRNA5 and SOX2 expression correlates with poor prognosis and smoking status in lung adenocarcinoma from databases
	CHRNA5 and SOX2 inhibitory effect on macrophage immunity using GSEA and GO enrichment analysis
	α5-nAChR expression correlated with SOX2, CD86 and CD206 expression in LUAD samples
	α5-nAChR regulates SOX2 expression through pSTAT3 in LUAD cells
	α5-nAChR regulates CSF-1 expression via SOX2 in LUAD cells
	SOX2CSF-1 axis involved in the differentiation of monocytes into M2 macrophages in the cocultured system
	α5-nAChR-mediated macrophage-mediated LUAD cell migration via SOX2CSF-1 signaling in the cocultured system
	Expression levels of α5-nAChR, pSTAT3, SOX2, CD86, and CD206 are related in LUAD xenograft tissues of BALBc mice

	Discussion
	References




