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INTRODUCTION

Malignant pleural effusion (MPE) is a common and disabling
complication of cancer, with one-sixth of patients with malig-
nancy reported to develop effusions during the course of dis-
ease.! Approximately 75% of pleural malignancies are caused
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Abstract

Background: Monocytes are involved in tumor growth and metastasis, but the distri-
bution of monocyte phenotypes and their role in the development of malignant pleu-
ral effusion (MPE) remains unknown.

Methods: A total of 94 MPE patients (76 diagnosed with adenocarcinoma lung
cancer and 18 with squamous cell lung cancer) and 102 volunteers for health exami-
nation in Xiangya Hospital from December 2016 to December 2019 were included in
the study.

Results: The distribution of monocyte subtypes identified by the expression of CD14
and CD16 were analyzed by flow cytometry. The proportion of CD14""CD16™ inter-
mediate monocytes were significantly increased in pleural effusion of MPE patients.
The complement system components were assayed by immunohistochemistry and
ELISA, and higher expression of the classical and alternative pathways were detected
in malignant pleural tissue. Transwell assay further revealed that C5a enhanced the
infiltration of intermediate monocytes into the pleural cavity by promoting CCL2 pro-
duction in pleural mesothelial cells (PMCs). In addition, C5a promoted the secretion
of IL-1f by intermediate monocytes. Furthermore, C5a activated in intermediate
monocytes and IL-1p released after C5a stimulation by monocytes promoted the pro-
liferation, migration, adhesion, and epithelial-to-mesenchymal transition (EMT) of
tumor cells, and attenuated tumor cell apoptosis.

Conclusions: C5a, activated by the classical and alternative pathways of the comple-
ment system, not only mediated the infiltration of intermediate monocytes by enhanc-
ing CCL2 production in PMCs but also induced IL-1f release from the recruited
monocytes in MPE. The consequence of Cb5a activation and the subsequent IL-1f
overexpression in intermediate monocytes contributed to MPE progression.
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by lung cancer, breast cancer, or leukemia.” As the second
most common exudative pleural effusion, however, very little
information is available on the immune mechanisms involved
in the development of MPE. Previous studies have shown
an increased number of CD4 ™ helper T lymphocytes in MPE,
and further revealed that the underlying mechanism is
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inflammatory cytokines and chemokines which mediate the
differentiation and recruitment of CD4™ T cell subtypes in the
pleural cavity.>™ As effector cells of innate immunity, CD14™
monocytes are associated with an inadequate response to che-
motherapy in small cell lung cancer.® In squamous cell lung
cancer, the infiltrated monocytes highly express factor XIIIA,
which promotes lung cancer cell invasion and metastasis.”
However, the role of monocytes in the development of MPE
has not previously been investigated.

Human blood monocytes are broadly classified into
three subsets: “classical” CDI14""CD16~ monocytes
responding to CCL2 and CCL7, which signal through
CCR2; “nonclassical” CD14"CD16" monocytes expressing
CX3CR1, which pairs with CX3CL1; and “intermediate”
CD14""CD16™ monocytes which share the features of both
classical and nonclassical monocytes and express CCL2,
CCL7 and CX3CL1.® Chemokines binding to their receptors
can induce the recruitment of monocytes to sites of infec-
tion. It has been well documented that an accumulation of
monocytes is associated with poor prognosis in cancer,”’
but the subtype distribution and mechanism of infiltrated
monocytes subtype in MPE are poorly elucidated.

As a modulator and effector of innate immune
responses, complement activation not only provides protec-
tion against pathogens but also participates in tumorigene-
sis.” Complement activation via the classical, lectin, and
alternative pathways generates multiple effector molecules,
including C5a, which induces monocyte and neutrophil
chemoattraction and activation by binding to C5aR.'®!!
Complement activation has been implicated as a driver of
tumor growth and metastasis in the tumor microenviron-
ment.'> The expressions of C3, C5, Clq, and factor H are
increased in lung and breast cancer.'>”'® C5a is involved in
tumor immune mechanisms and promotes tumor cell
growth in solid tumors, such as lung, colon, and breast
tumors.'” Blockade of the C5a-C5aR1 axis can impair lung
cancer bone metastasis and the growth of gastric cancer in
mice.'"®'? Additionally, C5a has been reported to induce
A549 cell proliferation, which plays a vital role in the devel-
opment of lung cancer.”® However, little is known about
whether the activation of the complement system, especially
C5a, is involved in the development of MPE.

Our previous study found that complement effector C5a
not only enhanced the activation of nonclassical monocytes
through cytokine release (IL-1f, IL-17 and IL-27), but also
promoted the recruitment of nonclassical monocytes to the
pleural cavity through CCL2, CCL7 and CX3CL1.*! How-
ever, the relationship between C5a and monocytes in MPE
is still unclear. In this study, we explored the distribution
and phenotypic characteristics of monocytes, the activation
of the complement pathway, the possible mechanism of
monocyte recruitment into the pleural space, and the poten-
tial role of C5a and IL-1f-producing intermediate mono-
cytes in the development of MPE.

Overall, we demonstrated that C5a promoted the infil-
tration of intermediate monocytes to the pleural space by
enhancing CCL2 production in PMCs. C5a also induced

IL-1P release from the recruited monocytes. The accumulated
C5a and IL-1f in MPE promoted the proliferation, apoptosis,
migration, invasion, and epithelial-to-mesenchymal transition
(EMT) of lung cancer cells, which contributes to the develop-
ment of MPE.

METHODS
Subjects

The study protocol was approved by the Ethics Committee
of Xiangya Hospital, Changsha, China. All the enrolled
patients signed informed consent forms. A total of 94 MPE
patients (76 diagnosed with adenocarcinoma lung cancer
and 18 with squamous cell lung cancer) and 102 volunteers
for health examination in Xiangya Hospital from December
2016 to December 2019 were included and are summarized
in Table S1. In follow-up in vitro experiments, the clinical
characteristics of 16 patients from the MPE group, and
16 heart failure patients with transudate pleural effusion are
summarized in Table S2.

All MPE patients were evidenced by the demonstration
of malignant cells in the pleural fluid and/or on closed pleu-
ral biopsy specimen. Heart failure diagnosis was confirmed
according to the European Society of Cardiology (ESC)
guidelines by clinical examination, medical history, and
echocardiographic examination by one of four experienced
cardiologists. At the time of sample collection, none of the
patients had received any anticancer therapy, corticoste-
roids, other nonsteroidal anti-inflammatory drugs or
received any invasive procedures of the pleural cavity within
3 months before hospitalization. None of the patients had
any history of carcinoma or pulmonary infection within
1 month prior to hospitalization.

Cells and reagents

Lung adenocarcinoma cell lines A549 obtained from the
American Type Culture Collection (ATCC) were cultured in
RPMI-1640 medium with 10% fetal bovine serum at 37°C,
5% CO,. The reagents for in vitro cell treatment are listed in
Table S3.

Immunohistochemistry

Four micrometers of formaldehyde-fixed pleural tissue were
dewaxed and rehydrated with an alcohol gradient and PBS.
Antigen retrieval was performed with citrate (pH 6.0).
Endogenous peroxidase was blocked with 3% H,O, in water
for 20 min, and nonspecific binding was blocked with
diluted normal goat serum for 60 min, and was then incu-
bated with the primary antibody (mouse anti-human mono-
clonal antibody Clq (ab71089), rabbit anti-human
polyclonal antibody factor B (ab192577), rabbit anti-human
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polyclonal antibody factor P (ab186834), mouse anti-human
monoclonal antibody MBL (ab23457), mouse anti-human
monoclonal antibody factor H (ab118820), mouse anti-
human monoclonal antibody C3a (ab37230), mouse anti-
human monoclonal antibody C5a (ab11877) and rabbit
anti-human polyclonal antibody SC5b-9(ab55811), all anti-
bodies were purchased from Abcam) for 18 h at 4°C.
According to the manufacturer’s instructions, labeling was
identified using the SP goat IgG kit (PV-6000, ZSGB-Bio,
China). The chromogenic reaction solution contained 3, 3'-
diaminobenzidine (DAB) (ZLI1-9018, ZSGB-Bio, China), and
counterstaining was performed with Mayer’s hematoxylin
(Solarbio). Slides were viewed under an imaging fluores-
cence microscope (Olympus BX51; Olympus).

Immunofluorescence staining

The slides of cells were embedded in paraffin according to
standard pathology protocols. After antigen retrieval and
permeabilization with 0.3% Triton X-100, tissues were incu-
bated incubated at 4°C overnight with the recommended
concentrations of primary Abs (mouse anti-human anti-
bodies, including C5a (ab11877, Abcam), CCL2 (MABN712,
Millipore), and rabbit anti-human antibodies, such as
C5aR1 (ab59390, Abcam), CCR2(NBP1-48337, Novusbio))
by the manufacturer. After washing, slides were incubated
with selected secondary Abs (AF594- goat anti-mouse IgG
(ab150116, Abcam), AF488- goat anti-rabbit IgG (ab150077,
Abcam), AF647- donkey anti-goat IgG (ab150131, Abcam))
for 40 min at room temperature in the dark, correctly mat-
ched to the appropriate species. DAPI mounting medium
(Vector Laboratories) was used for cell nuclei staining.
Finally, slides were viewed under an imaging fluorescence
microscope (Olympus BX51; Olympus).

Flow cytometry

The expression markers on monocytes from MPE and blood
were determined by flow cytometry as previously
described.”! The expression markers on monocytes from
MPE and blood were determined by flow cytometry after
surface staining with APC-Cy7 mouse anti-human CD45
mAb, FITC mouse anti-human CD14 mAb, and PE-Cy7
mouse anti-human CD16 mAb (BD Biosciences). Flow cyto-
metry was performed on a BD FACS Cantoll flow cytometer
using Flowjow 10.0 software.

Cell isolation

Peripheral blood and pleural effusion were collected and
overlaid on Ficoll Paque-PLUS (GE Healthcare) and cen-
trifuged at 800 g for 10 min. The peripheral blood mononu-
clear cells (PBMCs) or pleural effusion mononuclear cells
(PFMCs) at the interface of plasma and Ficoll were isolated.
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Mononuclear cells were identified in the singlets gate (FSC-
A/FSC-H). Monocytes were identified within the SSC-A™
CD45™" cells and gated for the CD14"*CD16~, CD14"CD16"
and CD147"CD16™ subsets. CD14""CD16™ monocytes from
PBMC or PFMCs were sorted by BD FACS Aria II
(BD Biosciences). After sorting, CD14 and CD16 expression
on isolated cells were analyzed by flow cytometry (Figure S1).
Isolated monocytes were incubated in RPMI 1640 (Gibco, Invi-
trogen) containing 10% heat-inactivated fetal bovine serum
(FBS, Gibco) at 37°C in 5% CO,.

For isolating PMCs, the cell pellets of MPE were
resuspended in DMEM (Gibco, Invitrogen) containing 20%
heat-inactivated fetal bovine serum (FBS, Gibco). The cells
were seeded into 75 cm” flasks at a density of 1 x 10* cel-
Is/cm? and placed in an incubator at in 37°C 5% CO,. After
24 h, the monolayers were washed with PBS to remove non-
adherent cells, and fresh media was added. The monolayers
were monitored until confluent (7-10 days), trypsinized,
and subcultured for five to six passages.

PCR

The lysis of intermediate monocytes in MPE and transudate
pleural effusion were collected and measured by real-time
qPCR. Total RNAs were extracted from cells with TRIzol
reagent (Invitrogen). The levels of mRNA were quantified
by quantitative reverse transcription PCR (RT-qPCR) using
SYBR Green (Takara), with GAPDH as internal normalized
references. The RT-qPCR results were analyzed and are
shown as relative mRNA levels of the CT (cycle threshold)
values, which were then converted as fold change. Primers
are listed in Table S4.

ELISA

The concentrations of complement component, chemokines
and cytokines in pleural fluids and culture supernatant were
collected and measured by ELISA kits according to the
manufacturers’ protocols (all kits were purchased from
Raybiotech, Ebioscience and Elabscience).

Western blot assay

Western blot assay was conducted as previously described.*
Briefly, cells were lysed with RIPA lysis buffer (Servicebio,
China) plus 1 mmol/l phenylmethanesulfonyl fluoride
(PMSF) (Servicebio, China) for 30 min. The homogenates
were centrifuged at 15000 x g for 15 min at 4°C. Equal
amounts of protein were subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. After transfer-
ring, membranes were blocked with 5% nonfat dry milk or
5% bovin serum albumin (for phosphorylated proteins) for
1 h and then incubated at 4°C overnight with primary anti-
bodies (Table S5) followed by incubation with horseradish
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peroxidase-conjugated secondary antibodies for 1 h at room
temperature. The bands were detected using the Image Lab
system.

Monocyte chemotaxis assays

The 8-pm pore polycarbonate filters in 24-well transwell
chambers (Corning Costar) were used to perform the migra-
tion assay. Purified monocytes from blood (2 x 10°) were
added into the top chamber resuspended in RPMI 1640
medium in the final volume of 100 pl, supernatants of PMCs
were placed in the bottom chamber in a volume of 600 l,
and the chambers were incubated at 37°C in 5% CO, atmo-
sphere for 3 h. Finally, the nonmigratory cells in the upper
chamber were scraped off and washed gently in PBS. The
migratory cells on the bottom surface of the transwell mem-
brane were fixed in 4% paraformaldehyde for 10 min and
then underwent Wright-staining, before being viewed and
photographed under a digital microscope (Olympus BX51;
Olympus). The chemotaxis index was calculated by dividing
monocyte numbers migrated in response to PBS. To investi-
gate whether CCL2 contributed to monocyte migration,
blocking experiments were performed by mixing the super-
natants with 2 pg/ml anti-CCL2 mAb (MAB679-100, R&D
systems) or mouse IgG irrelevant isotype control,
respectively.

Effects of C5a and IL-1f on proliferation,
apoptosis, migration, invasion, adhesion, and
EMT of lung cancer cells in vitro

Proliferation

A549 cells were incubated in the presence of serum-free
medium alone or with 25 ng/ml C5a, 25 ng/ml C5aRA, or
their various combinations (serum-free medium alone, with
10 ng/ml IL-1p, 20 ng/ml IL-1RA, or their various combina-
tions). After incubation for 24 h, A549 cells were trypsinized
and harvested, then stained intracellular kit for Ki-67
(eBioscience) and tested by flow cytometry. Cell prolifera-
tion ability was also measured by the cell counting kit-8
(CCK-8, Dingguo) following the instructions. Cells were
seeded into 96-well culture plates (2 x 10° cells/well) in the
different treated medium. Twenty-four hours later, 10 pl
CCK-8 solution was added to each well and then incubated
at 37°C for another 1-2h. The absorbance at 450 nm
(OD450) was recorded using a microplate reader.

Apoptosis

Apoptotic A549 cells were detected by FITC conjugated
Annexin V and propidium iodide (Annexin V FITC Apo-
ptosis Detect Kit; 556 547, BD) via flow cytometry. The
lysates of A549 were prepared, and Western blot used to

detect the apoptosis-associated protein, including cleaved-
Caspase3 and Bax.

Migration

A wound scratch assay was used to determine migratory
ability. Confluent monolayers of cultured A549 were
scratched with the tip of a p-200 pipette. The cells were
rinsed three times with PBS and afterwards incubated in the
presence of medium alone or C5a, C5aRA, or their combi-
nation (IL-1p, IL-1RA, or their combination). Images of the
wound scratches were captured each time at 0, 24, 36 and
48 h. The remaining gap between migrating A549 was mea-
sured with Image J and expressed as a percentage of the ini-
tial scratched area.

Invasion

A transwell chemotaxis assay was used to determine the
invasion ability. Approximately 5 x 10* cells in serum-free
medium were seeded into the 24-well Matrigel matrix-
coated (Corning) upper chambers, and 500 pl 10% FBS
medium with different treatments (C5a, C5aRA, or their
combination; IL-1fB, IL-1RA, or their combination) were
placed in the lower chambers. Over a time period of 24 h,
non-invaded cells were wiped off by applying a cotton swab,
whereas cells invaded into the lower chambers were fixed
and stained using 0.1% crystal violet. Five fields were chosen
at random for statistical analysis.

Adhesion

A549 cells were cultured in the presence of serum-free
medium alone, C5a, C5aRA, or Cb5a + C5aRA (IL-1p,
IL-1RA, or IL-1P+IL-1RA). After 24 h, the expression of the
I-CAM (353 113, Biolegend) in A549 cells was determined
by flow cytometry. In the adhesion assay, 10° PMCs were
seeded in 12-well plates and grown to 90% confluence.
Pretreated A549 cells were trypsinized and labeled by CFSE
(556547, Biolegend), and then seeded into the washed PMC
monolayers for 24 h. Finally, nonadherent A549 cells were
removed by washing. Total adherent cells containing A549
cells and PMCs were trypsinized and analyzed by flow

cytometry.

Epithelial-to-mesenchymal transition (EMT)

A549 cells were cultured in the presence of serum-free
medium alone, C5a, C5aRA, or C5a 4+ C5aRA (IL-1f, IL-
1RA, or IL-1B+IL-1RA). After 24 h, A549 cells were
trypsinized and harvested, the lysates of A549 were pre-
pared, and Western blot detected the EMT markers, includ-
ing E-cadherin, N-Cadherin, and Vimentin.
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Statistical analysis

Data are expressed as mean £ SD. A Student’s ¢-test was
used for comparisons of two groups. Comparisons of the
data between different groups were performed using one-
way ANOVA or Kruskal-Wallis one-way ANOVA. All sta-
tistical analyses were performed using GraphPad Prism 10.0
software.

RESULTS

Proportion of CD147TCD16" intermediate
monocytes were significantly increased in
malignant pleurisy patients

The distribution of monocytes and lymphocytes in routine
blood tests of MPE patients and healthy subjects was first
investigated. There was a significant increase in the number
and proportion of monocytes in MPE patients compared
with those in healthy subjects, while the proportion of lym-
phocytes tended to decrease in the blood of malignant pleu-
risy patients (Figure 1(a)).

By flow cytometry, we determined that the proportion of
monocytes in MPE samples was increased in comparison
with the corresponding blood samples (Figure 1(b)). Fur-
thermore, a significantly elevated proportion of monocytes
was found in the pleural effusion of MPE patients compared
with patients with transudate pleural effusion (Figure 1(b)).

To further identify the phenotypic characteristics of the
accumulating monocytes in MPE, CD14 and CD16 were
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used as classify markers. Our flow cytometry data indicated
that the proportions of CD14""CD16" intermediate mono-
cytes were significantly increased in the blood and pleural
effusion of the MPE group compared to the transudate
group. In contrast, the proportion of the classical CD14™
*CD16~ monocyte subtype was decreased in the blood and
pleural effusion of MPE patients. Furthermore, the propor-
tion of the CD14""CD16" subset in MPE was 12 times
higher than that of the corresponding peripheral blood com-
partments (Figure 1(c),(d)). Our results indicated that non-
classical monocytes were enriched, prompting us to explore
the mechanism of intermediate monocyte migration to the
pleural space and its function in MPE.

The classical and alternative pathways of
complement activation in MPE patients

We then sought to investigate activation of the complement
system in the pathogenesis of MPE. By immunohistochem-
istry, we detected the presence of motive factors of the clas-
sical (C1q) and alternative pathways (factor B), while little
presence of the mannose-binding lectin (MBL) pathway was
observed (Figure 2(a)). Expression of the regulatory compo-
nents of the alternative pathway (factor P) was observed in
MPE, but no expression of the deactivator of the alternative
pathway (factor H) was detected. Unexpectedly, we detected
no C3a expression but high expression of C5a in malignant
pleurisy tissues. Moreover, expression of the terminal prod-
uct of the complement membrane attack complex (SC5b-9)
was significantly increased in malignant pleurisy (Figure 2
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FIGURE 1

Increased CD14*" CD16™ intermediate monocytes in MPE patients (a) absolute counts and percentages of total monocytes and

lymphocytes in blood samples from MPE patients and healthy subjects. (0 malignant = 94> 0 heaty = 102). (b) Flow cytometry analysis of percentages of total
monocytes in pleural effusion and blood from MPE patients (n malignant = 10, N transudate = 10). () Representative flow cytometry dot plots showing
monocyte subsets in patients with malignant and transudate pleural effusion. Monocytes were first identified within SSC-A™ FSC-A™ cells and subsequently
gated for either CD147"CD16~, CD147*CD16" or CD147"CD16™ subsets. (d) Summary data of monocytes subsets in pleural effusion and blood samples
(n ppE = 10, N yransudate = 6). *Vs. transudate pleural effusion and blood. *p < 0.05. Vs corresponding blood, #p <0.05
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FIGURE 2 Complement system classical and alternative pathways were activated in patients with malignant pleurisy. (a) Representative
immunohistochemistry staining images of pleurisy tissues from MPE patients. Three complement pathway components, including Clq, factor B, MBL,
factor H, factor P, C3a, C5a, and SC5b-9 (original magnification,x200) were detected. (b) The concentrations of complement components from pleural

effusion were measured by ELISA (n ympg = 16, 11 ransudate = 16)

(a)). In summary, our immunohistochemistry data demon-
strated that, classical and alternative pathways were acti-
vated in MPE, leading to high expression of Cb5a, while
MBL, factor H and C3a were not expressed.

By using ELISA, we further confirmed that the levels of
complement components (Clq, factor B, factor P, Factor H,
C5a, and SC5b-9) were higher in the MPE group than the
transudate group. At the same time, the C3a level was
decreased in MPE, which was consistent with the immuno-
histochemistry results (Figure 2(b)). Considering the
absence of C3a expression and elevated C5a level in MPE,
we further studied the effect of C5a on intermediate mono-
cytes in the MPE environment.

C5a enhances recruitment of CD14TTCD16™
intermediate monocytes via the CCL2-CCR2
axis by PMCs

We sought to explore the role of chemokines induced by
Cb5a in the infiltration of intermediate monocytes in MPE.
First, our results showed that the concentration of CCL2,
but not CCL7 or CX3CL1, was much higher in MPE than
transudate pleural effusion (Figure 3(a)). Then, using

immunofluorescence staining, we demonstrated CCL2-CCR2
and C5a-C5aR coexpression in PMCs and intermediate mono-
cytes from MPE (Figure 3(b)). A similar result was
obtained by real-time PCR, which showed that the expres-
sion levels of CCL2 and CCR?2 in intermediate monocytes
were significantly elevated in the MPE group compared to
the transudate group, and PMCs in the MPE group
expressed higher CCL2 than those in the transudate group
(Figure 3(c)). Moreover, C5a could significantly stimulate
CCL2 expression in PMCs (Figure 3(d),(e)). The transwell
assay results further indicated that PMC culture superna-
tant exerted a potent chemoattractant effect on CD14"
*CD16" monocytes, whereas anti-CCL2 mAbs signifi-
cantly suppressed monocyte chemotaxis (Figure 3(f)),
suggesting that the chemotaxis of intermediate monocytes
promoted by PMCs was mediated by the C5a-induced
CCL2-CCR2 axis.

C5a enhances IL-1 release from CD14
TCD16™" intermediate monocytes in MPE

As shown in Figure 4(a), the concentrations of IL-1f and
IEN-y in the supernatant were significantly increased in the



LUO Er AL

WILEYL *

a P<0.0001 250:

P=0.0736
400 A

A

Relative expression in PMCs
« 3
Relative expression in monocyles
a a
@ 3 a
t

" PMCs+lg G

FIGURE 3

Merged

ccL2 CCR2 Merged
Monocytes

PMCs+anti CCL2

Merged

d e

R Malignant
[ Transudate

Relative expression of CCL2

Chemotactic Index

C5a enhanced the recruitment of CD147"CD16™ intermediate monocytes through CCL2/CCR2 axis in MPE. (a) Expression levels of

chemokines CCL2, CCL7, and CX3CLI in pleural effusion were measured by ELISA (n ypg = 16, 0l yransudate = 16). (b) Representative immunofluorescence
images of CCL2-CCR2 and C5a-C5aR coexpression in PMCs and CD14"*CD16™ monocytes from malignant pleural effusion (x200). (c) Real-time gPCR
analysis of chemokines and their receptors expression in CD147"CD16" monocytes (n ypg = 10, N transudate = 6) and PMCs (n ppg = 5, 0 transudate = 3)
from pleural effusion. The expression levels of target genes were normalized to housekeeping gene GAPDH. *Versus. transudate group, **p < 0.01,

***p < 0.0001. (d) The expression of CCL2 in PMCs after treatment with either C5a, C5aRA, or C5a and C5aRA was analyzed by real-time qPCR (n = 3).

*Versus control group, **p < 0.01.”Versus C5a group, *p < 0.05. &Versus C5aRA group, &p <0.05,%

8‘p < 0.01. (e) The concentration of CCL2 in PMCs after

treatment with either C5a, C5aRA, or C5a and C5aRA was analyzed by ELISA (1 = 3). *Versus control. **p < 0.01. “Versus C5a group, “*p < 0.01. “Versus
C5aRA group, ¥p < 0.05. (f) Representative chemotaxis images of CD14"*CD16" monocytes cultured in supernatants from PMCs. The supernatants were
added with either isotype IgG, anti-CCL2, or PBS in the bottom chamber of transwells (x200). *Versus PBS group, *p < 0.05, **p < 0.01. *Versus PMCs

group. *p < 0.05

MPE group compared to the transudate group (Figure 4(a)),
while there was no significant difference in IL-27 and IL-17
expression. Consistent with the supernatant results, the
mRNA level of IL-1B in CDI14"" CDI16" intermediate
monocytes isolated from MPE patients was also significantly
higher than that in transudate subjects, whereas IL-17 and
IL-27 were lower in the MPE group (Figure 4(b)). Unexpect-
edly, the transcription of IFN-y in intermediate monocytes
from MPE was downregulated, which showed a different
trend from the ELISA result of pleural effusion supernatant
(Figure 4(b)). Next, after C5a stimulation, the IL-1p expres-
sion in the presence of LPS in intermediate monocytes were
increased elevated, while C5aRA could prevent this stimula-
tion (Figure 4(c)). As shown in Figure 4(d), ELISA detection
of monocyte culture supernatant showed a similar result.
Our findings indicated that C5a enhanced IL-1P release
from CD14""CD16" intermediate monocytes in MPE

C5a plays a role in the proliferation, apoptosis,
migration, invasion, adhesion, and EMT of lung
cancer cells

To investigate the role of C5a in the progression of MPE, we
first evaluated the effects of C5a on the proliferation of
A549 cells. As indicated by Ki-67 expression levels and the
CCK-8 assay, C5a subsantially promoted A549 cell prolifer-
ation, while C5aRA suppressed it (Figure 5(a),(b)). By west-
ern blot, we further found that C5a caused a significant
increase in the levels of p-AKT and PI3K expression, and
this effect could be inhibited by C5aRA (Figure 5(c)). The
PI3K inhibitor LY29f4002 resulted in a decrease in Ki-
67-positive A549 cells and a lower proliferation index than
C5a treatment alone (Figure 5(d),(e)).

As flow cytometry and Western blot results indicated,
neither C5a nor C5aRA exerted a significant effect on the
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FIGURE 4 C5a-C5aR axis promoted IL-1p production in CD14**CD16" intermediate monocytes. (a) The concentrations of inflammatory cytokines
(IL-1p, IL-17, IL-27, and IFN-y) in pleural effusion were measured by ELISA (nypg = 16; Nyansudate = 16). (b) The expression levels of inflammatory
cytokines (IL-1p, IL-17, IL-27, and IFN-y) in intermediate monocytes were measured by qRT-PCR (nypg = 165 Nyransudate = 16). (¢) The expression levels of
IL-1f in CD147"CD16" intermediate monocytes after either C5a or C5aRA treatment (1 = 3) in the presence of LPS were measured by qRT-PCR. *Versus
control group, *p < 0.05. *Versus C5a group, *p < 0.05. (d) The expression levels of IL-1p in CD14""CD16" intermediate monocytes after either C5a or
C5aRA treatment (n = 3) in the presence of LPS were measured by ELISA (1 = 3). *Versus control. **p < 0.01. *Versus C5a group, *p < 0.05. *Versus

C5aRA group, &p < 0.05

apoptosis of A549 cells (Figure 5(f),(g)). Cisplatin (DDP) is
an effective drug that induces apoptosis in cancer cells, pos-
sibly via caspase-3 activation. To determine whether C5a
exerts an effect on DDP-induced apoptosis in tumor cells,
A549 cells were treated with C5a or C5aRa in the presence
of DDP. As shown in Figure 5(h),(i), the apoptosis of A549
cells and the protein levels of cleaved-Caspase 3 and Bax
were significantly decreased in the C5a + DDP group, while
they were elevated in the C5aRA + DDP group, and C5a
could reverse the increase in apoptosis caused by C5aRA.

We then sought to investigate whether C5a was involved
in the regulation of tumor cell migration and invasion. As
soon as 24 h after wounding, C5a showed promoting effects
on A549 wound closure (Figure 5(j)). Unexpectedly, incuba-
tion with C5aRA alone had no effects on A549 migration,
while it was harmful to C5a-enhanced A549 cell wound
healing (Figure 5(j)). As expected, the addition of C5a
strongly promoted tumor invasion activity. Although the
addition of C5aRA alone did not affect this invasion activity,
it significantly suppressed the invasion activity increased by
C5a (Figure 5(k)).

The expression of intercellular adhesion molecule-1
(ICAM-1, CD54) was significantly elevated after C5a treat-
ment, which could be abolished by the addition of C5aRA
(Figure 5(1)). An adhesion assay further confirmed that a

significant number of A549 cells adhered to the PMC mono-
layer within 24 h. As expected, C5a strongly enhanced adhe-
sion, while C5aRA abrogated the enhanced adhesion activity
of tumor cells and PMCs (Figure 5(m)). Moreover, Western
blot results demonstrated that the levels of N-cadherin and
vimentin, markers of mesenchymal cells, were significantly
increased in Cba-treated A549 cells, whereas the expression
of E-cadherin, an epithelial cell marker, was severely
decreased. Our results also indicated that C5aRA had the
opposite effect on EMT in A549 cells as C5a (Figure 5(n)).

IL-1f plays a role in the proliferation, apoptosis,
migration, invasion, adhesion, and EMT of lung
cancer cells

As shown in Figure 6(a),(b), Ki-67 expression and the prolif-
eration index of A549 cells were increased in the presence of
IL-1P, and this effect was dramatically inhibited by the
IL-1R antagonist (IL-1RA). The MAPK pathway is the best-
known signaling pathway in the development of cancer and
regulates important cellular processes such as proliferation.
We then assessed the protein levels of MAPK and p-MAPK
in treated A549 cells and found that IL-1p treatment
resulted in a significant increase in the levels of MAPK and
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FIGURE 5 Role of C5a in the proliferation, apoptosis, migration, invasion, adhesion, and EMT of A549 cells. (a) Ki-67" expression was measured by

flow cytometry (n = 3) after treatment with either recombinant human C5a, C5aR antagonist (50 nM), or C5a and C5aR. (b) The proliferation index of A549
cells calculated by CCK8 (n = 3). (c) PI3K, p-PI3K, and AKT expression was detected by Western blot. (d) Ki-67" expression was determined by flow
cytometry (n = 3) after treatment with or without PI3K inhibitor in the presence of C5a. (e) The proliferation index of A549 cells in the presence of PI3K
inhibitor (n = 3). (f) The percentages of apoptotic A549 cells were analyzed by Annexin-V ™ staining in flow cytometry (1 = 3). (g) The expression levels of
cleaved-caspase 3 were analyzed by Western blot. (h) Ki-67" expression was measured in the presence of DDP by flow cytometry (n = 3). (i) The protein
levels of cleaved-caspase 3 and Bax were detected by Western blot. (j) Microscopic photography of A549 cells after wound induction at 24 and 48 h (x200).
Wound healing percentage = (Areag, — Areayy,)/ Areagy, X 100%. (k) The chemotaxis of A549 (x200) (n = 3).1) CD54 (I-CAM) expression was determined
by flow cytometry (n = 3). (m) Flow cytometry analysis of CFSE™ cells in the adhesion assay. (n) The protein levels of E-cadherin, N-cadherin, and vimentin
were detected by Western blot (n = 3). *Versus. control group, *p < 0.05, **p < 0.01, **p < 0.001. *Versus C5a group, *p < 0.05, **p < 0.01. ¥*Versus C5aRA

group, ¥p < 0.05, p < 0.01

p-MAPK, while IL-1RA significantly prevented the activa-
tion of MAPK signaling (Figure 6(c)). Our data showed that
apoptosis was significantly lower in IL-1p-treated cells than
in untreated control cells, while the IL-1f receptor antago-
nist significantly stimulated the apoptosis of A549 cells
(Figure 6(d),(e)).

As the wound-healing assay showed, there was a signifi-
cant decline in A549 migration in the IL-1RA group com-
pared to the control group after 36 h (Figure 6(f)). As the
transwell assay showed, in the presence of IL-1f, tumor
invasion activity was promoted, while the addition of
IL-1RA significantly prevented the increase in invasion
capability caused by IL-1p (Figure 6(g)).

In addition, IL-1p significantly induced ICAM-1 expres-
sion in lung cancer cells, and this effect was abolished by the

addition of IL-1RA (Figure 6(h)). As shown in Figure 6(i),
IL-1p strongly enhanced the adhesion of A549 cells to the
PMC monolayer, while IL-1RA abrogated the adhesion
capability. As indicated in the Western blot results in
Figure 6(j), IL-1p increased the expression of N-cadherin
and vimentin, whereas it had no effect on E-cadherin.
IL-1RA had the opposite effect on EMT markers compared
with IL-1.

DISCUSSION

In previous studies, we reported that the anaphylatoxins
C3a and C5a could enhance the homing of nonclassical
monocytes to the pleural cavity by the chemokine axis in
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tuberculosis pleural effusion (TPE).”' In the present study,
we extended our previous work and demonstrated that the
activation of C5a in MPE induced the recruitment of inter-
mediate monocytes and played an essential role in the pro-
gression of MPE.

In the context of cancer, complement C3a and C5a,
which leads to tumor-promoting chronic inflammation in
the majority of the studied mouse models, are continually
generated.”> However, the molecular mechanisms underly-
ing the activation of the complement system, especially C3a
and C5a, in MPE remain unknown. In the present study, we
observed activation of the classical and alternative pathways,
while little presence of the MBL pathway in malignant pleu-
risy tissue (Figure 2), which is different from tuberculous
pleurisy.®' Li et al. elucidated an unknown feature of MBL
function in suppressing tumor development.”* Consistent
with their results, we also detected no MBL expression in
MPE, indicating that in advanced tumors, low or even no
MBL expression is favorable to tumor development and pro-
motes tumor growth. Considering the differential activation
of the complement pathway in MPE and TPE, the expres-
sions of complement factors in pleural effusion might be a
promising diagnostic marker. In the present study, we

detected high activation of C5a and low levels of C3a, both
by immunohistochemistry and ELISA. Our data were con-
sistent with those reported by Bulla and colleagues,'” which
revealed a strong signal for Clq in lung adenocarcinoma
and mild expression of C3. Thus, the activation of the classi-
cal and alternative pathways is increased in MPE and may
be responsible for the high level of C5a. Because C5a is a
strong chemoattractant for inflammatory cells, the major
focus of this study was to explore the role of C5a and mono-
cytes in MPE progression.

Emerging evidence indicates that monocytes contribute
to carcinogenesis by releasing inflammatory mediators.*®
Wang et al. reported that the CD163"CD14" and
CD206"CD14" cell frequencies in MPE were markedly
higher than those in benign pleural effusion, and these
CD14 positive cells could potentially be used as an immune
diagnostic marker for MPE.***” However, the authors did
not analyze the subtype of monocytes in MPE. In agreement
with Wang et al. our data also revealed that the portion of
monocytes was higher in MPE, showing significant increases
compared to those in the blood (Figure 1(a),(b)). In addi-
tion, we demonstrated that CD147"CD16™ classical mono-
cytes were decreased in malignant pleurisy patients, while
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CD14"CD16™ nonclassical and CD14""CD16" intermedi-
ate monocytes were significantly increased in MPE, which
was different from the observations in TPE.*! Interestingly,
the proportion of CD14""CD16" monocytes in MPE was
12 times higher than that in peripheral blood (Figure 1(c),
(d)). However, it is unclear how these accumulating inter-
mediate monocytes enter the pleural cavity and whether
they promote the progression of MPE.

Monocytes were found to be recruited by complement
C5a through the increased secretion of chemokines, includ-
ing CCL2, in severe COVID-19 patients.”® Our previous
results also demonstrated that C5a mediated the infiltration
of monocytes into the pleural cavity by inducing the expres-
sion of chemokines (CCL2, CCL7 and CX3CL1) released by
PMCs in TPE.*' These studies indicated that C5a was a
strong chemoattractant for monocytes. In lung cancer,
Ajona et al. reported that blockade of the C5a-C5aR1 axis
resulted in a substantial improvement in the efficacy of anti-
PD-1 antibodies against lung cancer growth and metastasis
through CXCL16-mediated effects.”” We demonstrated high
expression of CCL2 but no difference in CCL7 or CX3CL1
expression in MPE compared with transudate plural effu-
sion (Figure 3(a),(b)). Additionally, intermediate monocytes
and PMCs in MPE expressed high levels of CCL2 but low
levels of CCL7 and CX3CL1 (Figure 3(c)). Our results dem-
onstrated that intermediate but not nonclassical monocytes
play an important role in MPE. C5a significantly enhanced
the secretion of CCL2 from PMCs (Figure 3(d),(e)). Consid-
ering our present results showing the enrichment of inter-
mediate monocytes in MPE compared to the corresponding
peripheral blood, as well as the high activation of C5a, we
hypothesized that intermediate monocytes could leave the
bloodstream and home to pleural effusion through Cb5a-
inducing chemokines in MPE. To test this hypothesis, we
performed an in vitro transwell assay to elucidate the mech-
anism underlying intermediate monocyte accumulation in
MPE. The results showed that C5a-treated PMCs promoted
the migration of intermediate monocytes, while the anti-
CCL2 mAb significantly inhibited the ability of supernatants
to stimulate monocyte chemotaxis (Figure 3(f)). Therefore,
PMC-produced CCL2 might act as a chemoattractant of
intermediate monocytes into the pleural cavity in MPE, and
C5a could facilitate the CCL2-CCR2 pathway.

Compared with other monocyte subsets, intermediate
monocytes in humans express higher levels of proinflamma-
tory cytokines, such as IL-1p,°>*" which promotes the progres-
sion of tumors.”> However, the role of cytokines released by
intermediate monocytes in MPE needs to be further elucidated.
Our data showed a significant increase in IL-1p expression in
MPE supernatant and a higher level of IL-1p secretion in inter-
mediate monocytes isolated from MPE (Figure 4(a),(b)). Con-
sistent with a previous in vitro study in neutrophils,” our data
showed that C5a has the potential to induce the generation of
LPS-stimulated IL-1f in intermediate monocytes (Figure 4(c),
(d)). Collectively, our results demonstrated that the C5a-C5aR
axis not only regulates the infiltration of intermediate mono-
cytes into the pleural cavity, but also increases the proportion

of IL-1p-releasing intermediate monocytes, which participate
in the immune response in MPE.

Although C5a has been reported to be an essential medi-
ator of inflammation-induced tumorigenesis, little informa-
tion is known about its role in the progression of tumor
cells."” We found that C5a induced A549 cell proliferation
in lung cancer, which was consistent with the findings of
Chen et al.*® Chen et al. also proved that the C5a-C5aR
pathway participates in the pathogenesis of gastric cancer
via activation of the PI3K/AKT axis.'” Similarly, our results
showed that C5a treatment led to a highly significant
increase in the levels of p-AKT. Furthermore, the PI3K
inhibitor LY29f4002 was reported to inhibit A549 prolifera-
tion in the presence of C5a (Figure 5(d),(e)). Thus, it is plau-
sible to suggest that C5a-C5aR signaling regulates the
proliferation of lung carcinoma cells via PI3K/AKT axis acti-
vation. Some reports have indicated that the C5a-C5aR axis
decreases apoptosis in several cell types, such as
neutrophils,® T cells,”> and macrophages.®® Our current
study suggested that the C5a-C5aR axis could protect lung
cancer cells from DDP-induced apoptosis (Figure 5(h),(i)).
The migration, invasion, adhesion, and EMT of tumor cells
are also important factors influencing tumor metastasis. Our
data revealed that C5a facilitated the migration and invasion
of lung carcinoma cells (Figure 5(j),(k)). Additionally, C5a
was reported to promote the intercellular adhesion of A549
cells to PMCs (Figure 5(1),(m)), consistent with previous
studies, which proved that C5a was the principal initiator of
neutrophil adhesion by regulating cell adhesion molecules.>”
Furthermore, the C5a axis showed a similar role in promot-
ing EMT in A549 cells (Figure 5(n)) as it did in renal tubu-
lar epithelial cells.”® Overall, our study revealed that C5a
exerted a tumor-promoting effect by inducing the prolifera-
tion, migration, invasion, adhesion, and EMT of A549 cells
and inhibiting the apoptosis of tumor cells, while C5aRA
significantly reversed these effects.

IL-1p has emerged as a key component of tumor-
promoting inflammation by shaping different elements of
the tumor microenvironment, including cancer cell
proliferation,”>*® migration, and metastasis.’>** Based on
our data showing that C5a has the ability to induce IL-1p
secretion from intermediate monocytes, we attempted to
explore the role of IL-1p overexpression stimulated by C5a.
Here, we demonstrated that the IL-1p/IL-1R axis could pro-
mote the proliferation of A549 cells in vitro (Figure 6(a),
(b)), which was consistent with previous studies on human
natural killer cells and glioblastoma cells.*' We also found a
tendency towards the upregulation of MAPK/p-MAPK
expression in A549 cells after IL-1p treatment (Figure 6(c)),
but further study is needed to confirm whether the MAPK
signaling pathway is the main mechanism by which IL-1f
induces the growth of tumor cells. According to previous
studies, the IL-1p/IL-1R axis is also a regulator of apoptosis
in several cell types.*> Our study reached a similar conclu-
sion, showing that the IL-1B/IL-1R axis regulates the apo-
ptosis of A549 cells (Figure 6(d),(e)). Although IL-1f is
responsible for migration/invasion and has been shown to
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be produced by cells in the tumor microenvironment, such
as macrophages, fibroblasts, and B-cells,” the mechanism
by which IL-1p induces the formation of MPE by shaping
the metastasis of tumor cells in the pleural cavity is poorly
understood. As shown in Figure 6(f)-(i), IL-1p promoted
cancer cell migration, invasion and adhesion. Moreover,
our data in Figure 6(j) showed that the IL-1f/IL-1R axis
may have a regulatory role in the EMT of A549 cells,
which exerts a similar effect on colon cancer cells.*> In
general, our data showed that IL-1f facilitated the prolifer-
ation, migration, invasion, adhesion, and EMT of A549
cells, attenuated the apoptosis of tumor cells, and provided
clues for the combination of chemotherapy and IL-1p
blockade to improve the outcomes of patients with lung
cancer.

In conclusion, our data suggested that the numbers of
intermediate monocytes in MPE were significantly
increased compared with their compartments in blood
and that overrepresentation of intermediate monocytes in
MPE may be due to the PMC-produced CCL2 promoted
by C5a. Our data also revealed the activation of the classi-
cal and alternative pathways of complement in MPE and
the initial role of C5a in MPE. Therefore, the estimations
of monocyte subsets and complement components might
be novel candidate markers for distinguishing different
pleural effusions. Further investigation showed that the
C5a-C5aR axis between pleural mesothelial cells and
intermediate monocytes in MPE was responsible for the
overexpression of IL-1p by intermediate monocytes,
which could represent an immunological pathogenic
mechanism of malignant pleural effusion. Hence, block-
ing C5a-C5aR axis by antagonists alleviated the IL-1f
inflammatory in monocytes, further reducing the forma-
tion of malignant pleural effusion. Moreover, C5a and IL-
1P significantly increased the proliferation, migration,
invasion, adhesion, and EMT of tumor cells and inhibited
apoptosis in vitro. These data add to the emerging role of
complement components activated by intermediate
monocytes in lung tumor progression and metastasis and
raise the possibility that C5a contributes to a tumor-
associated microenvironment that fosters tumor cell
aggressiveness.
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