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Our previous research demonstrated that the Wenxia Changfu Formula (WCF), as a neoad-
juvant therapy, inhibits M2 macrophage infiltration in the tumor microenvironment and pre-
vents lung cancer metastasis. Given tumor-associated macrophages (TAMs) in epithelial-mes-
enchymal transition (EMT), this study investigated whether WCF impedes lung cancer meta-
stasis by attenuating TAM-induced EMT in non-small cell lung cancer (NSCLC) cells. Utilizing a
co-culture model treated with or without WCF, we observed that WCF downregulated cluster
of differentiation 163 (CD163) expression in macrophages, reduced CCL18 levels in the condi-
tioned medium, and inhibited the growth, invasion, and EMT of NSCLC cells induced by mac-
rophage co-culture. Manipulation of CCL18 levels and Src overexpression in NSCLC cells re-
vealed that WCF’s effects are mediated through CCL18 and Src signaling. In vivo, WCF inhib-
ited recombinant CCL18 (rCCL18)-induced tumor metastasis in nude mice by blocking Src sig-
naling. These findings indicate that WCF inhibits NSCLC metastasis by impeding TAM-in-
duced EMT via antagonistic modulation of CCL18, providing evidence for its potential devel-
opment and clinical application in NSCLC patients.

1. Introduction

Non-small cell lung cancer (NSCLC) remains one of the most
prevalent malignancies worldwide '.Despite progressive im-
provements in therapeutics, the prognosis for NSCLC patients re-
mains poor, with 5-year survival rates consistently low . Recur-
rence and metastasis are primary factors contributing to treat-
ment failure in NSCLC patients. Epithelial-mesenchymal trans-
ition (EMT) plays a crucial role in the metastasis cascade of
NSCLC. EMT-tumor cells create an advantageous environment for
their growth by modulating stromal cells. The tumor microenvir-
onment comprises heterogeneous cell types, including infiltrat-
ing immune cells, endothelial cells, cancer-associated fibroblasts,
extracellular matrix, and other stromal components. Among
these, tumor-associated macrophages (TAMs) are major compon-
ents of stromal cells and secrete various cytokines that regulate
tumor growth and metastasis. Clinical and experimental evid-
ence demonstrates that the interaction between the role of TAMs
and cancer cells is involved in the occurrence, recurrence, and
metastasis of NSCLC *". Given the significance of TAMs in cancer
metastasis, the mechanisms underlying the communication
between TAMs and cancer cells have garnered considerable at-
tention in research. For instance, CCL18 triggers are associated
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with cell stemness, NSCLC tumorigenesis, metastasis, and mul-
tidrug resistance °. TAM-derived CCL18 is essential for metastas-
is through the activation of Src/extracellular signal-regulated
kinase (ERK)1/2 signaling. Studies have shown that Src/ERK1/2
activation is related to the interaction between cancer cells and
the tumor microenvironment, which apparently promotes the
EMT of cancer cells ®’. Additionally, research has confirmed that
THP-1 macrophages co-cultured with cancer cells exhibit charac-
teristics of TAMs *°. In this study, NSCLC cells were co-cultured
with THP-1 macrophages to establish an experimental system for
investigating the malignant phenotype of NSCLC cells, macro-
phage polarization, and potential mechanisms.

Wenxia Changfu Formula (WCF) is a traditional Chinese
medicine (TCM) formula comprising Aconiti Lateralis Radix Prae-
parata, Ginseng Radix et Rhizoma, Angelicae Sinensis Radix, and
Radix et Rhizoma Rhei. In vitro and in vivo analyses have demon-
strated that WCF is a potent anti-carcinogenic agent that inhibits
multiple signaling pathways, inducing apoptosis and cell cycle ar-
rest ", Our previous studies revealed that WCF could regulate the
JAK3/signal transducer and activator of transcription 6 (STAT6)/
PPARY signal pathway and reduce M2 macrophage infiltration of
tumor tissue. Notably, research has shown that WCF extract
could inhibit migration and invasion of A549 cells in subcu-
taneous transplantation in nude mice by suppressing matrix
metalloproteinase 2 (MMP2) and MMP9 . Additionally, aconit-
ine ", emodin ", and ginsenoside Rh2 ', the active ingredients in
WCF, modulated the crosstalk between TAMs and cancer cells

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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and suppressed cancer metastasis. While experimental studies
have provided a pharmacological basis for treating NSCLC with
WCEF, its detailed mechanism remains to be fully elucidated. Con-
sequently, this study aims to assess whether and how WCF inhib-
its the metastasis of cancer cells induced by the co-culturing of
macrophages and NSCLC cells.

2. Materials and methods

2.1. Cell lines and cell culture

A549, THP-1, and H460 cell lines were obtained from the Cell
Bank of Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China). All cells were generated and cultured ac-
cording to previously described methods *°. To obtain differenti-
ated macrophages, THP-1 cells were treated with 320 nmol-L™
phorbol 12-myristate 13-acetate (PMA, Sigma, P1585) for 6 h at
37 °C.

2.2. WCF and WCF-contained serum preparation

The Chinese herbal medicine WCF was supplied by the Affili-
ated Hospital of Zhejiang Chinese Medical University (Supple-
mentary Table S1). Aconiti Lateralis Radix Praeparata (12 g) and
Ginseng Radix et Rhizoma (9 g) were soaked for 1 h, then de-
cocted for 2 h. Subsequently, Angelicae Sinensis Radix (6 g) was
added and decocted for 30 min, followed by Rhei Radix et
Rhizoma (12 g), which was decocted twice for 15 min each. The
resulting filtrates were concentrated to 2 g crude drug-mL™" and
stored at -20 °C. To obtain WCF-containing serum, rats were ran-
domly assigned to either the WCF group or the control group. The
WCF group received WCF (40 g-kg™) via gavage, while the con-
trol group received an equivalent volume of saline, administered
twice daily for 3 d. Following a 12-h fast after the final gavage,
rats were given one day’s dosage of WCF. Blood was collected
after 1 h, inactivated at 56 °C, and processed into freeze-dried
powder as previously described .

2.3. Ultra performance liquid chromatography (UPLC)/quadrupole
time-of-flight mass spectrometry (Q-TOF-MS) analysis of WCF

The standards and samples were separated using a gradient
mobile phase comprising (A) acetonitrile and (B) 0.1% formic
acid in water. Separation was achieved using a Thermo Hypersil
GOLD column (100 mm x 2.1 mm, 1.9 um, Boston, USA) main-
tained at 35 °C. The flow rate was set at 0.5 mL-min~" with an in-
jection volume of 1 pL. Mass spectrometry analysis was conduc-
ted on a Bruker Q-TOF instrument (Bruker, Germany) equipped
with an electrospray ionization source (ESI) operating in positive
ion mode. The electrospray source and desolvation temperatures
were maintained at 200 and 325 °C, respectively. Nitrogen flow
rate was established at 8 L-min™". The ESI capillary and cone
voltages were set to 3500 and 30 V, respectively. For MS detec-
tion, accurate mass was maintained in full scan/data-dependent
MS? (full MS/dd-MS*) mode *°.

2.4. NSCLC-TAM co-culture model

To analyze the interactions between NSCLC cells and TAMs in
the presence of WCF, co-culture models were established . THP-
1 macrophages were activated as previously described. Based on
experimental requirements, THP-1 macrophages (5 x 10° per
well in 24-well plate format or 1.2 x 10* per well in 6-well plate
format) in a complete medium were plated in either the lower or
upper chamber and cultured for 6 h. Subsequently, an equal num-
ber of tumor cells in complete medium were seeded in the oppos-
ite chamber and co-cultured for 48 h using a transwell system
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(pore diameter 0.4 pm, Corning Costar, NY, USA). Following this
period, the THP-1 macrophage-activated tumor cells and the co-
culture supernatant (Co-CM) were collected.

2.5. WCF treatment in vitro

To investigate the effects of WCF on co-cultures, THP-1 mac-
rophages co-cultured with tumor cells were treated with or
without WCF-containing serum for 48 h. Subsequently, the super-
natant of co-culture (Co-CM + WCF) was collected. To determine
the combined effects of CCL18 and WCF on A549 cell invasion in-
duced by Co-CM, the tumor cells were treated with conditioned
medium from Co-CM, either depleted of CCL18 by neutralizing
antibody (AbCCL18, Bioss, China) or supplemented with recom-
binant CCL18 (rCCL18, Peprotech, USA), in the presence or ab-
sence of WCF (10%). To assess the relationship between Src ac-
tivation in tumor cells and WCF treatment in co-cultured THP-1
macrophages with NSCLCs, the tumor cells expressing Src were
treated with or without Co-CM in the presence or absence of WCF
(10%).

2.6. Flow cytometry

To investigate the potential anti-tumor effects of WCF on
NSCLC cells when co-cultured with TAMs, an apoptosis assay was
conducted. Tumor cells were co-cultured with THP-1 macro-
phages in 6-well plates with WCF-containing serum (0, 7.5%,
10%, and 15%) for 48 h. Subsequently, cells were washed twice
with phosphate-buffered saline (PBS), trypsinized, and collected
by centrifugation at 1000 r-min™" for 5 min. The cells were then
resuspended to a concentration of 1 x 10° cells/mL, and apoptos-
is was assessed using an apoptosis kit (BD, NJ, USA) following the
manufacturer’s protocol. For macrophages, single-cell suspen-
sions in PBS were stained with anti-human cluster of differenti-
ation 163 (CD163) antibody (Proteintech, China) at 4 °C for
30 min. After three PBS washes, cells were analyzed using a
CytoFlexs Beckman Coulter flow cytometer, and data were pro-
cessed with CytExpert software.

2.7. Cell viability assay

Tumor cells (5 x 10° cells/well) were seeded into 24-well
plates and co-cultured with THP-1 macrophages in the presence
or absence of WCF-containing serum (0, 5%, 7.5%, 10%, 15%,
20%) for 48 h. Following incubation, cell viability was assessed
using the CCK-8 assay as per the manufacturer’s protocol. The op-
tical density was measured at 450 nm using a microplate spectro-
photometer (Tecan, M200 pro, Switzerland).

2.8. Wound healing assay

Cells (2 x 10° cells/well) were seeded into plates for 24 h,
after which a cell-free line was created by manually scratching
the confluent cell monolayers with a 200 pL pipette tip. The
wounded cell monolayers were then washed with PBS and incub-
ated in Roswell Park Memorial Institute (RPMI) 1640 medium
containing WCF-supplemented serum for 24 h. Five scratched
fields were randomly selected, and images were captured using a
bright-field microscope (Nikon, Ts2, CHINA). The percentage of
wound closure was subsequently quantified using Image] soft-
ware.

2.9. Cell invasion assay
Cells (1 x 10° cells/well) were seeded in RPMI 1640 medium

in the upper chamber of a transwell insert. The insert was pre-
coated with BD Matrigel (BD, USA, 275001). A complete medium
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(600 pL, containing 10% FBS) was added to the lower chamber.
Following a 24-h incubation period, cells remaining on the upper
surface of the membrane were gently removed. Migrated cells
were fixed and subsequently stained with 0.5% crystal violet
(Yuanye Biotech, Shanghai, China, 548-62-9). Cell quantification

was performed using a bright-field microscope .

2.10. Ribonucleic acid (RNA) extraction and quantitative real-time
polymerase chain reaction (qRT-PCR) assays

Total RNA was extracted from tissues or cultured cells using
TRIzol reagent (Thermo Fisher) following the manufacturer’s
protocol. Subsequently, 1 pg RNA aliquots were reverse tran-
scribed to cDNA in a final volume of 20 pL under standard condi-
tions using an Evo M-MLV RT Premix for qPCR Kit (Accurate,
Hunan, China). RT-PCR analyses were conducted using SYBR
Green Premix Pro Taq HS qPCR Kit (Accurate, Hunan, China) on
an Appliedbio system Quant Studio 3 Real-Time PCR System (ABI,
USA). Gene expression was normalized to that of glyceraldehyde-
3-phosphate de-hydrogenase (GAPDH) using the relative thres-
hold cycle method and then converted to fold changes. The specif-
ic primers utilized are listed in Supplementary Table S2.

2.11. Enzyme-linked immunosorbent assay (ELISA)

Following WCF exposure, supernatants were collected from
the lower chambers of 24-well plate format cell culture inserts.
The release of interleukin (IL)-12, CCL18, and IL-10 was quanti-
fied using an ELISA kit according to the manufacturer’s instruc-
tions (Multiscuences Biotech, Co., Ltd., Hangzhou, China).

2.12. Immunofluorescence assay

The cells were fixed with 4% paraformaldehyde and per-
meabilized using 0.25% Triton-X 100. Subsequently, an immuno-
fluorescence assay was performed. Briefly, primary antibodies
against E-cadherin, N-cadherin, and vimentin (Proteintech,
Wuhan, China) were applied for overnight incubation at 4 °C, fol-
lowed by staining with Cy3-conjugated secondary antibodies.
After incubation with DAPI, images were captured using a fluor-
escent microscope (ZEISS Observer. Al, Germany).

2.13. Adenovirus infection

Transient overexpression of Src was accomplished through
adenoviral infection using Ad-Src adenovirus for 72 h. The en-
hanced infection procedure was conducted according to the man-
ufacturer’s instructions (Jikai Gene Co., Ltd., Shanghai, China).

2.14. Western blot analysis

Protein extracts were probed using antibodies specific to Src
(Cell Signaling Technology, China), phosphorylated (p)-Src (Cell
Signaling Technology, China), ERK1/2 (Servicebio, Wuhan,
China), p-ERK1/2 (Beyotime, Shanghai, China), E-cadherin (Pro-
teintech, Wuhan, China), N-cadherin (Proteintech, Wuhan,
China), and vimentin (Proteintech, Wuhan, China). A peroxidase-
conjugated anti-rabbit antibody (Proteintech, Wuhan, China)
served as the secondary antibody. The resulting blots were quan-
tified via densitometry analysis using Image] software.

2.15. Systemic xenograft tumor model

BALB/c female nude mice (4-6 weeks old, weighing 16-20
g) were obtained from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The animals were housed in groups of 4-5 per
cage in a pathogen-free environment (55% * 10% humidity, 22 *
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2 °C, and 12-12 h/light-dark cycle) with ad libitum access to
standard laboratory water and diet. On day 0, mice received
2 x 10° luciferase-expressing A549 cells via tail vein (i.v.), fol-
lowed by weekly bioluminescence imaging (BLI) monitoring.
Upon confirmation of engraftment on day 8, the mice were ran-
domized into four groups: i) the solvent control group; ii) the
WCF group, receiving 20 g WCF-kg'-d™" by gavage; iii) the
rCCL18 group, receiving 0.1 pg-kg'-week™ rCCL18 (i.v.); iv) the
WCF + rCCL18 group, receiving 20 g WCF-kg™'-d™" by gavage + 0.1
ug-kg-week™ rCCL18 (i.v.). All mice were euthanized under ex-
cessive isoflurane (RWD, CHINA, R510-22-10) anesthesia when
either experimental or humane endpoints were reached.

2.16. Bioluminescence imaging (BLI)

The IVIS Lumina XR IIl Imaging System with Living Image
software 4.4 (PerkinElmer, USA) was utilized to acquire biolu-
minescence images. Mice were anesthetized and maintained un-
der inhalational anesthesia using a nose cone with 2% isoflurane
in medical oxygen. Prior to imaging, all mice received an in-
traperitoneal injection of 150 mg-kg1 D-luciferin (Abcam, USA,
Ab143655) in PBS. Imaging was conducted 10 min post-injection
with a 12.5 cm field of view. Signal quantification was performed
through region of interest analysis, with results expressed in ra-
diance (unit of p-s™-cm™-sr™") as previously described .

2.17. Immunohistochemical staining

Previously prepared paraffin-fixed tissue sections under-
went processing for peroxidase (DAB) immunohistochemistry.
Following deparaffinization and rehydration using xylene and a
series of decreasing ethanol concentrations (95%, 80%, 70%), 50
mL of 1:500 diluted CCL18 primary antibody was applied to each
sample. The samples were incubated overnight at 4 °C. After a 5-
min water wash, the addition of peroxidase-labeled polymer and
substrate facilitated the visualization of target proteins through
brown staining. Subsequently, the samples were counterstained
with hematoxylin for 30 sec.

2.18. Statistical analysis

Data were presented as mean * standard error and analyzed
using SPSS 26.0 software. Between-group comparisons were con-
ducted using one-way analysis of variance (ANOVA). Statistical
significance was established at P < 0.05.

3. Results

3.1. Chemical profiling of WCF

To analyze the chemical composition of WCF, UPLC/Q-TOF-
MS was employed in both positive and negative-ion source modes
(Supplementary Fig. S1). Twelve active components of WCF were
identified using related standards and reported literature "%,
These components include salsolinol, aloesin, aloe-emodin, fer-
ulic acid, senkyunolide H, emodin, ginsenoside Rb1, aconitine,
ginsenoside Rg2, ginsenoside Rg3, genistein, and rubiadin. The
detailed results are presented in the Supporting Table.

3.2. WCF reduced the effects of TAMs on the proliferation of NSCLC
cells

Our findings demonstrated a significant increase in the pro-
liferation capacity of NSCLC cells within the co-cultured system
compared to isolated A549 and H460 cells. The addition of WCF
resulted in decreased cell viability (Figs. 1A and 1B). Notably,
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Fig. 1 WCF reduced the effects of TAMs on the proliferation of NSCLC cells. (A, B) Effects of WCF-containing serum exposure (0%-20%) after 48 h. (C, D) Annexin V/Prop-
idium iodide (PI) staining was used to assess cell viability. (E, F) Flow cytometry was used to quantify the expression of CD163. (G) The levels of Arg-1 and IL-10 in the mac-
rophages were measured by qRT-PCR. (H) The levels of IL-10 and CCL18 in the supernatant were measured by ELISA. Data are presented as the mean * SD from three inde-

pendent experiments. P < 0.05, "P < 0.01 vs control. WCF, Wenxia Changfu Formula.

15% WCF-containing serum inhibited tumor cell viability, as
evidenced by an increased proportion of Annexin V + tumor cells
(Figs. 1C and 1D). Furthermore, in the co-cultured system, the
percentage of CD163 + cells (a marker of M2-like TAMs) signific-
antly decreased in the various WCF dosage groups compared to
the control group (Figs. 1E and 1F). Gene expression analysis was
conducted using qRT-PCR. Arg-1 and IL-10 were utilized as mark-
ers for M2 macrophages, while tumor necrosis factor-a (TNF-a),
IL-1B, and inducible nitric oxide synthase (iNOS) served as mark-
ers for M1 macrophages. The results indicated reduced expres-
sion of Arg-1 and IL-10 in the WCF group compared to the con-
trol group (Fig. 1G). However, WCF exhibited minimal effect on
the expression of TNF-a, IL-1f, and iNOS (Supplementary Fig.
S2A). Additionally, WCF decreased the levels of IL-10 and CCL18
(Fig. 1H) in a dose-dependent manner without affecting IL-12
levels (Supplementary Fig. S2B) in Co-CM. These observations
suggest that WCF may inhibit M2 polarization of THP-1 macro-
phages co-cultured with NSCLC cells.
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3.3. WCF suppressed EMT of NSCLCs induced by Co-CM

Following treatment with or without WCF-containing serum,
the Co-CM from the co-culture system of NSCLC cells/M2 macro-
phages was collected. Wound healing and transwell assays
demonstrated that WCF suppressed the migration and invasive
capacity of A549 and H460 cells induced by Co-CM (Figs. 2A-2D).
Moreover, Co-CM containing WCF increased the protein expres-
sion level of the cancer cell EMT surface marker E-cadherin while
decreasing the levels of N-cadherin and vimentin (Figs. 2E and
2F). These findings indicate that WCF could also inhibit the EMT
of cancer cells induced by Co-CM.

3.4. Effects of CCL18 consumption or addition combined with WCF
on A549 cell invasion induced by Co-CM

To assess the significance of CCL18 in TAM-mediated EMT in
NSCLC cells, a CCL18-neutralizing antibody was introduced to the
Co-CM. The findings revealed that the combined depletion of
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CCL18 in Co-CM and WCF administration in the co-culture sys-
tem diminished the invasive capacity of NSCLC cells (Figs. 3A and
3B). Additionally, this co-treatment elevated E-cadherin levels
while reducing the phosphorylation of Src and ERK1/2, as well as
the expression of N-cadherin and vimentin in NSCLC cells (Figs.
3C and 3D). Conversely, exogenous recombinant CCL18 signific-
antly counteracted the WCF-induced increase in E-cadherin
levels, decrease in Src and ERK1/2 phosphorylation, and reduc-
tion in N-cadherin and vimentin expression in A549 cells ex-
posed to Co-CM (Figs. 3G and 3H). The introduction of recombin-
ant CCL18 effectively reversed the Co-CM-induced suppression of
NSCLC cell invasiveness mediated by WCF treatment (Figs. 3E
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and 3F). Furthermore, comparable results were observed in
H460 cells (Supplementary Fig. S3).

3.5. Overexpression of Src enhanced invasion of A549 cells induced
by Co-CM

To investigate the role of Src activation in WCF-mediated in-
hibition of NSCLC cell invasion, A549 cells expressing Src were
utilized. This study demonstrated that Src overexpression en-
hanced A549 cell invasion (Figs. 4A and 4B). CCL18 blockade res-
ulted in decreased invasion capabilities of A549 cells and re-
duced expression of p-SRC and p-ERK. The findings indicated that
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Src overexpression counteracted the effects of WCF, increasing E- of Src and ERK1/2, as well as the levels of N-cadherin and vi-
cadherin expression while decreasing the phosphorylation levels mentin in A549 cells induced by Co-CM (Figs. 4C and 4D).
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3.6. Src overexpression mitigated the combined effects of CCL18 de-
pletion and WCF on NSCLC cell invasion

To elucidate the role of the CCL18-induced Src axis in WCF’s
inhibition of A549 cell invasion induced by Co-CM, we prepared
Co-CM depleted of CCL18 for A549 cells expressing Src, with or
without WCF treatment. Our findings demonstrated that Src over-
expression diminished the inhibitory effect of CCL18 depletion
combined with WCF on the invasive capacity of A549 cells in-
duced by Co-CM (Figs. 4E and 4F). Moreover, Src overexpression
counteracted the effects of CCL18 depletion combined with WCF,
leading to increased E-cadherin levels and decreased N-cadherin
and vimentin levels in A549 cells (Figs. 4G and 4H). Comparable
results were observed in H460 cells (Supplementary Fig. S4).

3.7. WCF neutralized rCCL18 increased growth and metastasis of
xenograft

The anti-tumor activity in vivo of WCF was evaluated using
the NSCLC xenograft model (Fig. 5A). As anticipated, fluores-
cence intensity detected in mice and statistical analysis for in vivo
metastasis assessment revealed that rCCL18 promoted tumor
growth and metastasis in vivo compared to the control group,
while WCF intervention mitigated these effects (Figs. 5B and 5C).
Consistent findings were observed in H&E staining and statistical
analysis of metastatic nodules in dissected lung specimens from
mice (Figs. 5D and 5E). Immunohistochemistry testing demon-
strated that CCL18 protein expression was downregulated in
WCF-treated xenografts (Fig. 5F). Furthermore, immunofluores-
cence and Western blot assays showed significantly increased ex-
pression of EMT markers, p-Src, and p-ERK in rCCL18-treated
xenografts (Figs. 5G-5I). Notably, E-cadherin expression was el-
evated, while N-cadherin and vimentin expression were reduced
in the WCF + rCCL18 group compared to the rCCL18 group. West-
ern blot analysis indicated that WCF neutralized rCCL18-induced
activation of the Src/ERK1/2 signaling pathway (Fig. 51). Collect-
ively, these findings suggest that WCF neutralized rCCL18-en-
hanced growth and metastasis of xenografts.

4. Discussion

TAMs are recognized as the predominant inflammatory cells
within the tumor microenvironment, playing a crucial role in
various stages of lung cancer progression ****, Typically, TAMs in
the tumor microenvironment primarily exhibit M2-like charac-
teristics and secrete substantial quantities of chemokines that
contribute to tumor development *°. Among these chemokines,
CCL18 stands out as one of the most significant secreted by
TAMs . Recent investigations have demonstrated that serum
CCL18 levels are markedly elevated in patients with NSCLC, and
these levels correlate with overall survival rates and tumor sta-
ges 27,28

Previous research has established WCF as a potent anti-carci-
nogenic agent, with findings suggesting that the chemokine sig-
naling pathway might play a crucial role in its therapeutic mech-
anism. In the current study, our results demonstrated that WCF
reduced the percentage of CD163" THP-1 macrophages and de-
creased the invasive ability of A549 cells in the co-culture system
of NSCLC cells/THP-1 macrophages. Furthermore, WCF reduced
the levels of IL-10 and CCL18 in Co-CM, indicating its ability to re-
verse the M2 polarization of THP-1 macrophages. Given that EMT
plays a critical role in cell invasion and metastasis of tumors >,
we explored the effect of WCF treatment on the co-culture sys-
tem and the expression of EMT markers in tumor cells. Our re-
search revealed that WCF increased the protein expression of E-
cadherin and decreased the levels of N-cadherin and vimentin in
NSCLC cells induced by Co-CM. These results provide evidence
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that WCF disrupts the interaction between NSCLC cells and
TAMs, inhibiting EMT of cancer cells induced by co-culture. Sub-
sequently, we investigated the molecular mechanisms involved in
WCF-induced tumor inhibition within this co-culture system.

CCL18 has been shown to activate several intracellular sig-
naling pathways downstream of receptors such as the phos-
phatidylinositol transfer protein 3 (PITPNM3)/PYK2 N-terminal
domain-interacting receptor 1 (Nir1) and CCR8 *'. Research indic-
ates that CCL18 triggers activation of Src signal transduction,
which is associated with migration induction, invasion, and EMT
of cancer *"*. Src, a proto-oncogene, has been identified as hav-
ing abnormal activation closely related to the development of
various cancers, including lung cancer *. Oncogenic signal trans-
duction is tightly regulated by Src and Src-mediated complex
pathways, including ERK1/2, JNK, PI3K-AKT, and STAT3 ** .
The Src/ERK1/2 pathway plays a significant role in malignant
transformation *. Li et al. demonstrated a crucial link between
CCL18 derived from M2-like TAMs and Src/ERK1/2 signaling in
breast cancer *'.

This study demonstrates that the addition of WCF in NSCLC
cells inhibits CD163" TAM polarization and M2-like TAM-derived
cytokine production in a co-culture system. WCF impedes NSCLC
metastasis on TAM-induced EMT by antagonistically modulating
CCL18. The anti-cancer effect of WCF is partially attributed to the
regulation of M2 macrophages. Furthermore, the inhibition of in-
vasive capability in A549 cells may involve Src/ERK1/2 activa-
tion in tumor cells. Notably, we established that WCF neutralized
rCCL18 injection-induced metastasis of xenografts. Macrophages
can accelerate their M2 polarization through autocrine CCL18,
and CCL18 derived from tumor cells can recruit macrophages to
the tumor site to induce M2 polarization. The binding of
chemokines and their receptors triggers the activation and phos-
phorylation of Src/ERK1/2, and the phosphorylated ERK1/2 pro-
tein activates EMT-related transcription factor activity ** *.
However, metastasis is a multi-factorial process, necessitating
further research to properly explore therapeutic approaches.
Specifically, investigations are needed on the application of mul-
tiple therapeutic strategies, such as blocking the activity of CCL18
and other pro-tumor factors.

In our animal experiments, we employed a cell-derived xeno-
graft mouse model to investigate whether WCF inhibits lung can-
cer metastasis by mitigating TAM-induced EMT in NSCLC cells.
This model provides valuable biological tools for studying tumor
progression from the establishment of lung tumors to the devel-
opment of micro-metastases, closely mimicking the natural cou-
rse of NSCLC in human patients *’. Tumor implantation and lon-
gitudinal growth, localized almost exclusively in the lung, were
evaluated using BLI *'. Our study demonstrated that rCCL18 pro-
moted tumor growth and metastasis in vivo compared to the con-
trol group, while WCF intervention mitigated these effects. These
findings indicate that WCF counteracted the rCCL18-induced in-
crease in xenograft growth and metastasis, aligning with our in
vitro results. To further investigate the impact of WCF on M2 mac-
rophages and lung cancer metastasis, additional animal experi-
ments using immunocompetent mice should be conducted. This
limitation represents an area for future research in our study.

The “formula” (like WCF) is the primary application mode of
herbal medicine in TCM. It combines several herbs under the
guidance of TCM theory. The complexity of effective components
in TCM formulas presents a significant challenge for comprehens-
ive research, which is the main limitation of this study. In our in-
vestigation, we characterized the chemical composition of WCF,
identifying various ingredients such as ginsenoside, emodin, fer-
ulic acid, and others *°. Certain plants in WCF or their extracts, in-
cluding ginsenoside Rb1 (Renshen), emodin (Dahuang), ferulic
acid (Danggui), and aconitine (Fuzi), have been extensively stud-
ied and used clinically or preclinically “***, While oral administra-
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tion is the primary form of Chinese herbal medicine, the active in- M1 macrophage transformation and reverse the up-regulation of
gredients are limited, and only those absorbed into the blood- PCNA, TGF-B1, and p-Akt induced by M2 macrophages *’. Aconit-
stream can exert effects. Serum pharmacology offers a more sci- ine-containing agents have been found to stimulate ROS produc-
entific and effective method for in vitro experiments of TCM for- tion by TAMs and enhance the anti-tumor activity of dichloro-
mulas compared to crude extracts. Our previous studies ** qualit- acetate against Ehrlich carcinoma '>. Recent studies have also
atively detected ginseng saponins Rb1, emodin, and aconitine in demonstrated that ginsenoside Rb1 exhibits anti-proliferative ef-
WCF-containing serum using high-performance liquid chromato- fects on lung cancer cells ** and enhances macrophage phagocyt-
gram (HPLC). Research has shown that emodin can induce M2 to ic capacity via activation of the p38/Akt pathway *°. Additionally,
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Fig. 5 WCF neutralized rCCL18 increased growth and metastasis of xenograft. (A) Schematic illustration of cell derived xenograft mouse model production. (B, C) Repres-
entative examples of ventral BLI views of tumor burden on days 35 from the four cohorts of mice are shown. (D) H&E staining and IHC staining for protein levels of CCL18.
(E) statistical analysis for metastatic nodules in dissected lung specimen from mice (n = 5). (F) Statistical analysis of CCL18 protein level. (G, H) The expression of EMT mark-
ers were examined by immunofluorescence analysis (scale bars, 200 pm). (I) Western blotting analysis. Data are presented as mean #* SD from three independent experi-
ments. P < 0.05, "P<0.01 vs control; *P < 0.05, *P < 0.01 vs rCCL18. E-cad, E-cadherin; N-cad, N-cadherin; VIM, Vimentin; rCCL18, recombinant CCL18.
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ginsenosides Rg3-based liposomes loaded with paclitaxel have
shown inhibition of IL-6/STAT3/p-STAT3 pathway activation, re-
polarizing protumor M2 macrophages to anti-tumor M1 pheno-
type in breast cancer *’. These findings suggest that ginseng
saponins Rb1, emodin, ginsenosides Rg3, and aconitine may be
active ingredients of WCF. The aforementioned components of
WCF show potential in regulating TAMs, providing a foundation
for further research on the pharmacodynamic components of
WCF. As the material basis of WCF, these components warrant
further investigation, and their anti-cancer mechanisms require
additional exploration.
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5. Conclusion

In conclusion, WCF demonstrates inhibitory effects on
Src/ERK1/2 signaling by antagonistically modulating CCL18,
thereby regulating the interaction between TAMs and NSCLC cells
(Fig. 6). WCF suppresses the upstream molecule TAM-derived
CCL18, which is known to promote NSCLC cell proliferation and
invasion. Additionally, WCF inhibits NSCLC metastasis by impact-
ing TAM-induced EMT and reversing the polarization of M2-like
TAMs. These findings suggest that WCF may serve as a potential
therapeutic agent targeting M2-like TAMs for NSCLC treatment.

M2-TAM

Recruit macrophages

Fig. 6 The schematic illustration of anti-tumor effects of WCF. WCF suppresses the activation of Src and ERK in macrophages-activated NSCLC cells, resulting in the re-
duced production of CCL18. In addition, treatment with WCF reduces the M2 type polarization of macrophages induced by NSCLC cells.
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