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Abstract: Globally, chronic obstructive pulmonary disease (COPD) is the cause of high morbidity and mortality, and
constitutes a huge public health burden. Previous studies have reported that inflammation is closely related to
COPD, but its potential mechanism is still unclear. Since the polarization of macrophages is involved in regulating
inflammation, we assume that COPD changes the polarization of macrophages. To verify this, we investigated the
relationship between the expression of S1PR1, HADC1, and inflammatory macrophages in COPD patients via flow
cytometry, gRT-PCR, and western blot analysis. We found that macrophages of COPD individuals differentiated into
M1 phenotype, and the expression of S1PR1 increased and HDAC1 decreased. S1PR1 also inhibits the expression
of HDAC1, so S1PR1/HDAC1 signal regulates the polarization of macrophages. The results of the study put forward

new ideas of the pathogenesis of COPD, and also proposed the possible treatment options.
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Introduction

Chronic obstructive pulmonary disease (COPD)
is a chronic lung disease characterized by
chronic and persistent inflammation in the
small airways and lung parenchyma, which
leads to airway remodeling and parenchymal
destruction [1]. It is not only a respiratory
disease, but also a systemic disease involving
systemic inflammatory manifestations [2, 3].
Systemic inflammation is characterized by an
increase in circulating inflammatory cytokines
even when the patient’s condition is stable in
COPD [4-6]. As we all know, macrophages and
monocytes are widely involved in systemic
inflammatory reactions, and also in pulmonary.
However, their exact role in the pathogenesis of
COPD have not been fully understood. It is
widely accepted that macrophages may play an
essential role in the pathogenesis of COPD
[7-9].

Macrophages originate from two sources: the
embryo macrophage progenitors and the bone
marrow. In the adult, the bone marrow supp-
lies monocytes to seed tissues and inflamma-
tory lesions. Inflammatory monocytes are
recruited from the blood, and bone marrow out-
put of monocytes in the inflammatory process.
Monocyte-derived macrophages and resident
tissue macrophages often participate in in-
flammatory reactions, and sometimes some
monocyte-derived macrophages convert into a
cell as the resident tissue macrophages [10].
So monocyte-derived macrophages are more
important to inflammation. Macrophages may
be polarized at various stages of inflammatory
reaction. Polarized macrophages can divide
into two categories: classically activated macro-
phages (M1) and alternatively activated macro-
phages (M2) [8]. The M1/M2 type of macro-
phage polarization exerts important functions
concerning inflammatory reactions [8]. Accu-


http://www.ajcr.us

S1P/HDAC1 signaling involves COPD inflammation

mulating evidence indicates that acute lung
injury closely involves an extended or magnified
M1 response and faulty M2 mediated repair. It
was also reported that the imbalance in M1/
M2 macrophage polarization may have adverse
effects in inflammatory diseases, including
COPD [11]. Especially M1 macrophages arise
in inflammatory settings suggesting that M1
macrophage polarization is central to inflam-
matory reactions, which involved lung inflam-
mation [8].

Sphingosinel-phosphate (S1P) serves as an
important regulator of cell fate and immune
responses in sphingolipid pathway [12, 13]. A
great deal of progress has been made in deci-
phering its molecular mechanisms, previous
studies have indicated that as an effective
lipid medium, S1P regulates its biological activ-
ity by interacting with cell membrane receptors
(S1P1-5) [14]. An extensive array of publica-
tions have elucidated that S1P can secrete its
protein-coupled receptor into the extracellular
environment, thence achieving the purpose of
regulating cell-cell and cell-matrix interactions,
and affecting cell migration, differentiation and
survival [15]. Alteration of S1P signaling may
leading to diseases, including hepatocellular
carcinoma, atherosclerosis, Huntington’s dis-
ease [16-18]. Sphingolipid molecules have
been reported to have a protective effect on
inflammatory lung diseases, and because of
this, S1P may be relevant for treating of COPD
and may be an effective therapeutic target for
lung injury treatment [19, 20]. Therefore, polar-
ization of macrophages might be of interest to
probe the functions of S1P in the pathogenesis
of COPD. Hait team found that S1P interacted
specifically with histone deacetylases HDAC1
and HDAC2, and then diminish their enzyme
activities. What’s more, histone deacetylase
(HDAC) is a direct intracellular target of S1P and
link nuclear S1P to epigenetic regulation of
gene expression, indicated that HDAC appear
to be an intra-cellular target of S1P [21].

Histone Acetylase (HAT) and HDAC are intimate-
ly related to chromatin structure regulation and
inflammatory gene expression. The HDAC activ-
ity and gene expression level in alveolar macro-
phages, lung tissue as well as peripheral blood
mononuclear cells in COPD patients were lower
than those in healthy controls [22-24]. HDACs
are linked to macrophage activity.
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Herein, we hypothesized that macrophage
polarization involved the inflammation of COPD
by S1P/HDAC1 signaling. To evidence our
hypothesis, we examined the expression of
S1PR1 and HDAC1 in monocyte-derived macro-
phages from controls and individuals with
COPD, and by limiting and increasing signaling,
assessed changes in cell activation.

Methods
Healthy volunteers and COPD patients

We have confirmed that all healthy volunteers
and patients enrolled in this project have the
freedom and right to obtain all relevant in-
formation about this project, and written con-
sents were signed. The studies were conducted
under the Declaration of Helsinki, International
Conference on Harmonisation Good Clinical
Practice Guidelines. The study was approved
by the ethics committee of Shenzhen Univer-
sity located in Shenzhen, China (reference
20201208001). Criteria for recruiting patients
with COPD included the following: 1) GOLD
(2021) is used as the diagnostic basis of COPD
in this study, and the ratio of forced expiratory
volume (FEV1)/forced vital capacity (FVC) <0.7
post-bronchodilator, which proves the patients’
airflow restriction; 2) between the ages of 40
and 70; 3) chest CT scan indicates abnormal
emphysema; 4) all patients did not take any
hormone drugs, theophylline, and other drugs.
Exclusion criteria for recruiting patients with
COPD included the following: 1) the presence of
any other structural or functional lung disease,
such as a past or current diagnosis of allergic
rhinitis; 2) the presence of a respiratory infec-
tion or progressive exacerbation of COPD within
6 weeks before screening; 3) asthma; 4) periph-
eral blood eosinophil count >600 cell/mm3; 5)
hospitalization less than 12 weeks due to exac-
erbation of acute COPD; 6) the patient had a
respiratory disease other than COPD; and 7) if
it is necessary to inhale salbutamol due to
unstable heart condition, it should stop 24
hours before each study visit. Patients are per-
mitted to inhale corticosteroids and oral sus-
tained-release theophylline. Oral or injectable
corticosteroids are allowed in this study, and
the intake dose of prednisone should be less
than 10 mg/day, or 20 mg every two days. If
oxygen therapy patients were treated for less
than 15 hours a day within four weeks before
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Table 1. Primers used for gPCR analysis

Gene Primers sequences

HDAC1 5-GGACTGTGTAGGCATCTTCTG-3’
5’-CAATGACAGCTCCCACAAAG-3’

S1PR1 5’-TAGCACATGCAGCTTCTTTC-3’

5’-TCCATGTAAACTGGGTGGTT-3’

Table 2. Basic information of patients in-
volved in the present study
Healthy COPD group
group (n=5) (n=7)
AGE (year) 61.60+10.38 59.00+6.53 0.604
HEIGHT (CM) 164.80+2.05 168.29+6.92 0.306
NORM_KG 63.86+1.34 66.14+4.52 0.305

BMI 22.74+4.77 21.07+4.38 0.542
BSA 1.67+0.16 1.67+0.17 0.997
FEV1/FVC 0.87+0.05 0.55+0.15 0.001
FVC% 2.56+0.75  3.83+0.72 0.015
FEV1% 2.24+0.70 2.12+0.84 0.805
FEF25_75 2.99+0.99 1.05+£0.55 0.001
PIF 1.81+0.73 2.60+1.28 0.250

Healthy group and COPD patients did not take any
hormone drugs, theophylline, and other drugs. COPD
denotes chronic obstructive pulmonary disease; NORM
denotes normal; BMI denotes body mass index; BSA
denotes Body surface area; FVC denotes Forced vital
capacity; FEV1 denotes forced expiratory volume in one
second; FEF denotes forced expiratory flow; PIF denotes
peak inspiratory flow.

screening, they can also be included in the
study.

Healthy individuals with no history of chronic
lung disease such as asthma, bronchiectasis,
COPD were also included in this study.

Spirometry

Spirometry was measured in all patients follow-
ing the standardized guidelines for ATS/ERS
spirometry, and plethysmography was used to
assess lung volume [25]. All experimental
instruments are strictly carried out by the tech-
nicians with the relevant quality control pro-
gram, technicians and doctors should confirm
that all results are reliable. A spirometer (Vmax
229, Sensor-Medics, U.S.) was used for testing
Flow-volume curves, FVC, relative FVC, FEV1,
relative FEV1, and FEV1/FVC and the best vol-
ume of the three maneuvers was selected.
Data was expressed as the percentage of pre-
dicted normal values. 200 pg salbutamol was
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inhaled before lung function test (Glaxo
Welcome, Chongging, China).

Isolation of human monocytes from peripheral
blood (PBMCs)

Patient derived venous blood (8 ml) was diluted
1:1 with 3.8% sodium citrate (Greiner Bio-One,
Kremsmunster, Austria). The specific steps of
PBMCs separation by density gradient centrifu-
gation are described before [24]. The diluted
venous blood (16 mL) was then added onto 8
ml LymphoPrep (density, 1.077 g/ml) (Ficoll,
GE, China) and then centrifuged at room tem-
perature at 1100 g for 30 min. The top liquid
was discarded, the liquid layer containing
PBMCs was absorbed, and the cells were
washed with pre-cooled PBS once, and centri-
fuged at 300 g for 10 minutes. The use of ACK
lysis buffer (Leagene, Beijing, China) is an
optional step to reduce red blood cell contami-
nation. The Countess Automatic Cell Counter
(Invitrogen, Shanghai, China) measures cell
viability and number. Cell viability is uniformly
>95%.

Macrophage induction using lipopolysaccha-
ride (LPS) and stimulation with granulocyte-
macrophage colony-stimulating factor (GM-
CSF)

PBMCs were isolated using Roswell Park
Memorial Institute (RPMI) 1640 medium con-
taining 10% FBS (Thermo Fisher Scientific,
Shanghai, China) cultured at 5% CO, at 37°C for
3 hours after re-suspension. The medium was
continuously stimulated with GM-CSF at a
working concentration of 100 ng/mL for 14
days and medium was replaced every 2 days.

After that, cells were induced by 100 ng/mL
LPS (Thermo Fisher Scientific, Shanghai, China)
for 24 hours.

Flow cytometry

Flow cytometry was performed according to the
previously published protocol [26]. Simply put,
after treating PMBCS Cells with 0.25% trypsin
(Sigma-Aldrich) without EDTA, the cell concen-
tration was adjusted to 1x107 cells/mL. Add 20
pL fluorescent dye conjugate antibody (1:1000)
at room temperature for 30 minutes away from
light. The antibodies used included phycothrin
(PE)-Cy5-coupled CD86, fluorescein isothiocya-
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A Health (GM-CSF treatment)

method (225¢T) was used to

normalize target gene expres-
sion levels [28]. The primers
used are listed in Table 1.

Plasmids and siRNAs tran-
sient transfection

Transient plasmid transfec-
tion is based on previous
methods [29]. In short, when
the cell density reached
60%~70%, the original me-
dium was removed and 1
mL transfection medium was
added. The ratio of plasmid or

siRNA to Lipo3000 (Thermo
Fisher Scientific, Shanghai,
China) was set at 1:3, incu-
bated at room temperature
for 10 minutes, and then incu-
bated in 12-well plates. The
culture was then incubated in
an incubator at 37°C and 5%
CO,, and after transfection for
3 hours, the culture medium
was replaced and incubated
overnight in a new incubator.

Western blot analysis

Figure 1. GM-CSF simulates the growth of macrophages from healthy (A,
x10) and COPD individuals (B, x10) with time rhythm.

nate (FITC)-coupled CD8O, isophycocyanin
(APC)-coupled MHCII-DQ, and PE-coupled
CD68, all purchased from eBioscience, San
Diego, CA. After staining, analysis was per-
formed using flow cytometry (BD FACS Calibur
benchtop). FlowJo 7.6 software (FlowJo, BD,
Ashland, USA) was used for data analysis.

Extraction, quantitation, and qualitative analy-
sis of RNA

RNA was extracted from PBMCs using the Total
RNA Extraction Kit (R6834-01, Omega, USA)
following the manufacturer’s instructions. The
yield and purity of RNA were determined by a
Nanodrop 2000 (Thermo Fisher Scientific,
Shanghai, China). The qRT-PCR amplifications
were carried out with LightCycler® 480 SYBR®
Green | Mastermix (Roche, Shanghai, China).
The qRT-PCR procedure follows the published
protocol before [27]. All experiments were
repeated independently. The comparative CT
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Protein samples were pre-

pared in ice-cold RIPA buffer
(PO0O13B, Beyotime Biotechnology, Shanghai,
China) supplemented with Protease inhibitor
cocktail for general use (100X, P1005, Beyo-
time Biotechnology, Shanghai, China). The cell
proteins were separated on SDS-polyacrylamide
gel and transferred to the PVDF membrane.
After being blocked with nonfat milk, PVDF
membranes were then incubated with the pri-
mary antibody (ab259902, Abcam) at 4°C over-
night, and the next day treated with the enzy-
mic secondary antibody (ab270144, Abcam)
at room temperature for about 2 hours. The
signal was displayed by enhanced chemilumi-
nescence (P0O018S, Beyotime Biotechnology,
Shanghai, China) and the data was analyzed
using ImageJ2 software.

Statistical analysis

All data are expressed as the means + SE
(Medians). Analysis of variance was performed
with the use of the non-parametric Kruskal-
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Figure 2. Expression of S1PR1 and HADC1. mRNA level of (A) S1IPR1 (***P<0.001) and (B) HDAC1 (**P<0.01) in
macrophages derived from COPD group (n=7) as compared with healthy controls (n=5). Protein level of (C, D) S1PR1
(**P<0.01) and (E, F) HADC1 (**P<0.01) in macrophages derived from COPD individuals (n=7) as compared with

healthy controls (n=5).

Wallis test. When the result was significant,
the Mann-Whitney U test was performed for
comparisons between groups (SPSS software
version 20.0). ANOVA be used for compari-
sons of multiple groups. P<0.05 was consid-
ered significant. All reported p values are
two-sided.

Results
Patient characteristics

Five healthy controls and seven COPD patients
involved in the present study (Table 2). The
Characteristics include age, height, BMI, BSA,
FEV1/FVC, FVC, FEV1, FEF25_75 and PIK
between COPD cases and controls. It was
found that the difference between COPD and
control was significant regarding FEV1/FVC
(P=0.01), FVC% (P=0.015), and FEF25_75
(0.001). Other characteristics including age,
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height, BMI, BSA, BMI, BSA, FEV1 and PIK were
insignificant.

GM-CSF/LPS macrophage stimulation and
S1PR1 and HDAC1 expression in healthy and
COPD patients.

GM-CSF is widely used to stimulate macro-
phage differentiation (Figure 1). After stimulat-
ing healthy and COPD patient-derived PBMCs
with 100 ng/mL GM-CSF, qPCR results showed
a more than 2-fold increase in S1IPR1 mRNA
levels in COPD patients compared with healthy
individuals (Figure 2A, P<0.001, n=7), and con-
versely, a lower HDAC1 mRNA level (Figure 2B,
P<0.01, n=7). Similar to the changing trend of
transcripts, the level of SIRP1 protein in macro-
phages of COPD patients was significantly high-
er (Figure 2C, 2D, P<0.01, n=5), but the level of
HDAC1 protein was decreased (Figure 2E, 2F,
P<0.01, n=7). M1 Macrophage polarization in
the healthy and COPD groups.

Am J Cancer Res 2023;13(9):4478-4489
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Figure 3. FACS analysis of macrophage polarization in cells. A. Representa-
tive results of the number of CD68/CD80, CD86/CD68, MHCII/CD86, CD86/
CD80, MHCII/CD80, and MHCII/CD68 double-positive cells in samples from
healthy controls. B. Representative results of samples from COPD individu-

als.

M1 macrophage polarization

To characterize macrophage phenotype, flow
cytometry was carried out for detecting ratios
of antigens CD68/CD80, CD86/CD68, MHCIIl/
CD86, CD86,/CD80, MHCIl/CD80, and MHCIl/
CD68 [30]. Interestingly, CD68/CD80, CD86/
CD68, MHCIl/CD86, CD86/CD80, MHCIl/
CD80, and MHCII/CD68 double-positive cells
(M1 macrophage cells) were significantly en-
hanced in macrophages from COPD individuals
by comparison with the healthy group (Figure 3)
[31].
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with FTY720 (S1P agonist).
Similarly, limiting S1PR1 up-
regulated IL-10-positive cells,
undermined the number of
IL-12-positive  cells  (Figure
5A, 5B), as measured by flow
cytometry. In addition, the
inhibition of S1PR1 by MK571 resulted in
increasing number of IL-10 positive cells and
decreased IL-12 positive cells (Figure 5C).

S1PR1 up-regulate the expression of HDAC1

In order to study the relationship between
S1PR1 and HDAC1, S1PR1 overexpression
plasmid was constructed and transfected into
macrophages originated from COPD subjects.
Overexpression of S1PR1 significantly sup-
pressed levels of nuclear and cytoplasmic his-
tone acetyltransferase (HAT) (P<0.05, n=7,
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Figure 4. Effect of the inhibition of SIPR1 and HDAC1 on macrophage polarization. A, B. The Western blot images
show the knock-down efficiency of S1IPR1 and HDAC1 (*P<0.05, n=5). C, D. Western blot assay used to determine
the effect of the siHDAC1 on macrophages (*P<0.05, n=5). E. The concentration of IL.-10 was detected in S1IPR1
and HADC1 knockdown group respectively (*P<0.05, **P<0.01, n=5). F. IL-12 concentrations were also measured

after S1IPR1 and HADC1 knockdown (*P<0.05, n=5).

Figure 6A, 6B). Consistent with these data,
overexpression of S1PR1 significantly sup-
pressed the HDAC1 concentration in the nucle-
us and the cytoplasm (P<0.05, n=7, Figure 6C,
6D), it dramatically decreased IL-10 production
(P<0.05, n=7, Figure 6E), but significantly
increased IL-12 (P<0.05, n=7, Figure 6F) in
macrophages from COPD individuals.

Discussion

COPD is a kind of respiratory disease which due
to long-term exposure to noxious particles or
gases, patients often show continuous respira-
tory symptoms and airflow limitation [32]. In
addition to environmental pollution and smok-
ing, genetic mutations are also one of the risk
factors that have been in-depth explored for
COPD, such as gene FAM13A, HHIP as well as
HTR4 [33-37]. Besides, recent publications
have reported that gene S1P and HDAC1 are
widely differentially expressed in COPD patients
and have the potential to become novel thera-
peutic molecular targets, so further exploration
of their deep molecular mechanisms is needed
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[22, 38]. While S1P, via S1PR1, is implicated in
immunological, cardiovascular, and neurologi-
cal processes [39]. The universal expression
of S1P and S1PR1 are proved, and is asso-
ciated with immunity [40]. Moreover, S1P posi-
tively correlated with the release of pro-inflam-
matory cytokines by regulating S1PR1 [41].
S1PR1 family members, including S1PR12 and
S1PR13, are involved in bone marrow-derived
macrophage motility [42]. Thus, our attention
was particularly drawn to elucidating regulatory
networks between S1P and COPD. Interestingly,
we found that S1PR1 was highly expressed.
HDAC1 is involved in innate and adaptive immu-
nity as a deacetylating enzyme [43]. HDACs,
including HDAC1, participate in the regulation
of major histocompatibility complex (MHC)
class | related genes and deacetylate the pro-
moter of MHC class | [44]. And we found that
HDAC1 is lowly expressed in COPD patients. We
also confirmed that CD68/CD80, CD86/CD68,
and CD86/CD80 double-positive cells were
increased if cells were derived from COPD
patients as compared to healthy subjects.
These data emphasize that COPD derived mac-
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Figure 5. The number of IL-10- and IL-12-positive cells in the macrophages
that received no treatment. (A) and in the groups that were treated with
S1PR1 inhibitors, FTY720 (B) and MK571 (C).

rophages assumed a dominant M1 phenotype.
Macrophage polarization is closely related to
human inflammatory response [45]. Macro-
phages transition between classically activated
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macrophages (M1) and alter-
natively activated macroph-
ages (M2) [46]. M1 macro-
phages boost the release of
proinflammatory cytokines, in-
cluding TNF-q, IL-12, and IL-1.
Inversely, M2 macrophages
produce anti-inflammatory cy-
tokines, such as IL-10 and
TGF-B [47]. M1 macrophages
related biomarkers include
TNF-«, IL-1B, IL-6, CD8O,
CD68, and CD86, and bio-
markers of M2 macrophages
include IL-10, MRC1 and Arg-1
[48]. Importantly, main phe-
notype of macrophages in
COPD subjects is M1 [49].

S1PR1 and HDAC1 are known
to be involved in regulation
of macrophages, while the
effects of these genes on
macrophage polarization ha-
ve remained an ongoing de-
bate. In our study, we detect-
ed that downregulation of
S1PR1 induced an increase in
the absolute count of IL-10
positive cells, but inhibited
the proliferation of IL-12 po-
sitive cells, suggesting that
S1PR1 supports the M1 phe-
notype. Our data also show-
ed that, S1PR1 significantly
inhibited the expression of
HDAC1, the number of IL-12-
positive cells increased while
IL-10-positive cells were im-
paired, thus fostering an anti-
inflammatory signal. These
data are also consistent with
previous reports that S1P
inhibited HDAC1 activity in
diverse ways [50, 51]. Our
results confirmed S1P/HDAC1
signaling plays an important
role in regulating macrophage
polarization in COPD patients.
And in order to rule out the
drug effects, we enrolled pa-

tients who had established diagnoses for reli-
able results. However, the number of patients
enclosed is limited, which might compromise
understandings in the results. We believe that
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tion in macrophage nucleus of healthy control group (*P<0.05, n=4). B. The increase of S1PR1 level has influence
on HAT concentration in macrophage cytoplasm of healthy control group (*P<0.05, n=4). C. The effect of S1IPR1
overexpression on the HDAC1 concentration in the nuclei of macrophages derived from healthy controls (*P<0.05,
n=4). D. The effect of S1IPR1 upregulation on the HDAC1 concentration in the cytoplasm of macrophages derived
from healthy controls (*P<0.05, n=4). E. The increase of S1PR1 level has influence on IL-10 concentration in the
culture medium of macrophage in healthy control group (*P<0.05, n=4). F. The increase of S1PR1 level has influ-
ence on IL-12 concentration in the culture medium of macrophage in healthy control group (*P<0.05, n=4).
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