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Objective: The CXCL16/CXCR6 signaling pathway is implicated in macrophage polarization. The correlation between CXCL16 and
CXCR6 expressions in decidual tissues from patients with preeclampsia (PE) and macrophage polarization remains unexplored. This
study aimed to investigate the correlation between the chemokine axis CXCL16/CXCR6 and macrophage polarization at the maternal-
fetal interface in PE.

Methods: In this study, macrophage polarization status in the decidua was assessed using Western blotting (WB), immunohistochem-
istry (IHC), and immunofluorescence (IF) staining. For quantitative characterization, primary decidual macrophages were isolated and
subjected to flow cytometry analysis to further evaluate macrophage polarization. Expression of CXCL16 and CXCR6 in decidual
tissues was evaluated by WB and IHC. Additionally, the expressions of CXCL16 and CXCR6 in decidual macrophages were assessed
by immunofluorescence double staining.

Results: [HC and WB demonstrated a significant upregulation of CD86 (P < 0.05), alongside a downregulation of CXCL16, CXCR6,
and CD206 (P <0.01) in PE decidual tissues. IF double staining revealed an increased abundance of CD68+CD80+/CD86+ cells in the
decidua of patients with PE, while CD68+CD163+/CD206+ and CD68+CXCL16+/CXCR6+ cells was decreased. Flow cytometry
analysis of primary decidual macrophages isolated from PE patients confirmed an increase in the proportions of CD68+CD80+ (P <
0.01) and CD68+CD86+ (P < 0.0001), and a marked decrease in CD68+CD163+ (P< 0.001) and CD68+CD206+ (P < 0.0001). These
results indicate dysregulated decidual macrophage polarization in PE, characterized by an M1 bias that may be mediated by impaired
CXCL16/CXCR6 signaling at the maternal-fetal interface.
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Introduction
Preeclampsia (PE) is a pregnancy-specific syndrome marked by progressive clinical deterioration. It is clinically defined
by the new onset of hypertension after 20 weeks of gestation in a previously normotensive woman, accompanied by
proteinuria, maternal organ dysfunction, and/or placental insufficiency. Globally, PE accounts for more than 70,000
maternal deaths and 500,000 fetal/neonatal deaths annually, with the highest incidence of maternal mortality observed in
developing countries.! Recent studies have demonstrated that functional impairments in local placental immune cells,
including macrophages, uterine natural killer cells, and regulatory T cells, and the resulting disruption of immune
tolerance, provide a critical pathological basis for PE development.?

Macrophages are widely distributed throughout body tissues and differentiate from monocytes that migrate from the
bloodstream. These cells can be polarized into the M1 phenotype by the lipopolysaccharide alone or in combination with Th1

cytokines, including interferon-gamma. M1 macrophages secrete pro-inflammatory cytokines and are involved in early
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pathogen clearance and inflammatory tissue damage.> Th2 cytokines, including interleukin-4 (IL-4) and IL-13, can induce
macrophage polarization toward the M2 phenotype. M2 macrophages are essential in mitigating inflammation, promoting
angiogenesis, remodeling the extracellular matrix, and restoring tissue homeostasis.* Decidual macrophages, the second
largest immune cell population at the maternal-fetal interface and accounting for 20-30% of all leukocytes, persist during
gestation and dynamically engage in several biological processes.”® Macrophage polarization refers to the acquisition of
specific phenotypes and functions in response to microenvironmental stimuli and signals in their respective tissue.”®
Macrophages (CD68 ™) can polarize into two distinct phenotypes: classically activated (M1) or pro-inflammatory macrophages
(CD86") and alternatively activated (M2) or anti-inflammatory macrophages (CD206 ) based on two antagonistic pathways of
arginine metabolism.”’ Therefore, the phenotype of decidual macrophages undergoes alterations in response to changes
within the maternal-fetal interface microenvironment. Decidual macrophages protect the semi-allogeneic fetus from maternal
immune rejection and critically mediate implantation, trophoblast invasion, spiral artery remodeling, angiogenesis, and
pathogen clearance. Dysregulation of decidual macrophages results in pregnancy complications including PE, recurrent
pregnancy loss, and preterm birth. '

Chemokines are a superfamily of chemotactic cytokines primarily characterized by their ability to guide cell
migration along concentration gradients.'' Chemokine ligand 16 (CXCL16), a constituent of the chemokine superfamily,
exclusively binds CXC motif receptor 6 (CXCR6). CXCL16 exists dually as a transmembrane protein that acts as
a scavenger receptor for oxidized low-density lipoprotein (oxLDL) and an adhesion molecule for CXCR6+cells, and
a soluble chemokine that induces chemotaxis in CXCR6-expressing cells.'> CXCL16 is highly expressed at the maternal-
fetal interface and is essential in sustaining normal pregnancy. Previous studies have demonstrated that CXCL16 secreted
by trophoblasts inhibits granzyme B secretion from decidual y6 T cells while upregulating the expression of the anti-
apoptotic marker Bcl-xL in trophoblasts, thereby maintaining normal pregnancy.'> Wang et al demonstrated that
trophoblast-secreted CXCL16 binds the macrophage surface receptor CXCR6, driving monocyte differentiation into
M2 macrophages, which suppress natural killer (NK) cell activity by inhibiting cytotoxicity, thereby establishing and
maintaining normal pregnancy.'* Arutyunyan et al revealed that first-trimester dM1 and dM2 macrophages co-express
CXCLI16, with concomitant upregulation of its receptor CXCR6 in extravillous trophoblasts (EVTs), where these cell
types are proximally localized.'> Their study further demonstrates CXCL16-mediated upregulation of placenta-specific
genes, endothelial integrity regulators, cytokeratins, actin-binding molecules, and lectin family members, thereby
facilitating trophoblast motility and invasion.'> Notably, elevated CXCL16 levels are observed in the maternal circulation
of pregnancies affected by PE and gestational diabetes mellitus (GDM),'® while other studies have demonstrated lower
expression levels of CXCL16 in the placental tissue of preeclamptic patients compared to normal pregnant women.'’
Nevertheless, the role of CXCL16 and CXCR6 expressions in decidual macrophages, particularly their polarization
dynamics in PE pathogenesis remains unexplored.

This study employed immunohistochemistry (IHC), immunofluorescence (IF), and primary decidual macrophage
isolation to investigate macrophage polarization status in PE decidua. We analyzed CXCL16/CXCR6 expression and
macrophage co-localization in decidua of preeclamptic patients and normal pregnant women, elucidating CXCL16-
CXCR6 axis dysregulation in decidual macrophages and its pathogenic relevance to PE, thereby providing novel
mechanistic insights into PE pathogenesis.

Materials and Methods

Patients and Sample Collection

This study enrolled 10 patients with PE and 14 women with normal pregnancy who underwent elective cesarean delivery
at the Department of Obstetrics and Gynecology, Affiliated Hospital of Nantong University between November 2024 and
May 2025.

PE is defined as systolic/diastolic blood pressure > 140/90 mmHg after 20 weeks of gestation with random urine
protein 2+ or 24-h urinary protein > 300 mg. Normal pregnant women without complications who underwent cesarean
section in the third trimester due to uterine scarring or other indications. The exclusion criteria included patients with
chronic hypertension, diabetes mellitus, autoimmune disorders, uterine rupture, renal diseases, multifetal gestation,
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conception via assisted reproductive technology, maternal infections (including histologic or clinical chorioamnionitis),
and those with history of smoking or alcohol abuse.

Decidual tissues from 14 healthy women who underwent elective cesarean delivery were collected as the control
group, and the decidual tissues of 10 women who underwent cesarean delivery with PE were collected as the
experimental group. After placental delivery, decidual samples were obtained by scraping the placental bed at the uterine
fundus. Tissues were partially transported in pre-chilled phosphate-buffered saline (PBS) for immediate primary macro-
phage isolation, partially fixed in 10% neutral buffered formalin for IHC and IF, partially washed with physiological

saline and stored at —80 °C or in liquid nitrogen for subsequent protein/RNA extraction.

Decidual Macrophage Isolation

Decidual tissues obtained post-cesarean were promptly transferred to the laboratory. The tissues were minced with
ophthalmic scissors under sterile conditions and repeatedly washed with ice-cold PBS to remove maternal blood. The
tissue fragments were suspended in RPMI-1640 medium (MeilunBio, Dalian, China) and subsequently digested for
60 min at 37 °C in a shaking incubator with 0.5 mg/mL collagenase IV (Solaibio, Beijing, China) and 150 U/mL DNase
I (Beyotime, Shanghai, China). The suspension was sequentially filtered through 150 and 300-um mesh filters to
eliminate undigested debris. Filtered cells were pelleted by centrifugation, treated with red blood cell lysis buffer, and
recentrifuged. The pellet was resuspended in RPMI-1640 and layered onto a Percoll density gradient (Cytiva,
Marlborough, MA). Decidual immune cells were collected from the 40-60% density interface.

FCM Analysis

Isolated immune cells were stained with fluorochrome-conjugated monoclonal antibodies under light-protected condi-
tions following the manufacturer’s protocols. Cells were subsequently washed thrice with ice-cold PBS. The following
monoclonal antibodies were obtained from eBioscience (San Diego, CA, USA). The cells were incubated with PE-
conjugated anti-CD80 (1:50), PE-conjugated anti-CD86 (1:50), PE-Cyanine7-conjugated anti-CD163 (1:50), PE-
Cyanine7-conjugated anti-CD206 (1:50) in the dark for 30 minutes, fixed and permeabilized with BD Fixation and
Permabilization for 20 minutes, and washed with 5 mL of BD Prem Wash. The cells were incubated with FITC-
conjugated anti-CD68 (1:50) in the dark for 30 minutes, after which the CD68"CD80", CD68"CD86", CD68"CD163™,
CD68'CD206 " cells were detected via flow cytometry. Flow cytometry was performed using a FACScalibur system (BD
Biosciences, San Jose, CA, USA), and data analysis was performed using FlowJo software (TreeStar, San Carlos,
CA, USA).

Western Blot (WB) Analysis

Total protein was extracted from decidual tissues using RIPA buffer supplemented with protease inhibitors (Beyotime,
Shanghai, China). The protein concentration was measured using a bicinchoninic acid assay kit (Beyotime, Shanghai,
China). We isolated 30 pg of protein using SDS-PAGE and subsequently transferred it to polyvinylidene fluoride
membranes. The proteins were separated by electrophoresis and transferred onto a membrane according to their
molecular weights. Membranes were blocked for 15 min at room temperature with rapid blocking buffer (NCM
Biotech, Suzhou, China), and subsequently incubated with the following primary antibodies: mouse anti-human
GAPDH (1:100000, Proteintech, Wuhan, China), rabbit anti-human CD86 (1:1000, Proteintech, Wuhan, China), rabbit
anti-human CD206 (1:1000, Proteintech, Wuhan, China), rabbit anti-human CXCL16 (1:1000, Thermo Fisher Scientific,
Shanghai, China), and rabbit anti-human CXCR6 (1:1000, Proteintech, Wuhan, China). After overnight incubation at 4
°C with gentle agitation, retrieve the primary antibody solution, the membrane was then washed three times with TBST,
for 10 minutes each.The membranes were incubated with species-specific secondary antibodies (1:30,000, Cell Signaling
Technology, Danvers, MA, USA) for 2 h at room temperature. The secondary antibody solution was retrieved, and the
membrane was washed again with TBST. Protein bands were visualized utilizing the Odyssey imaging system (LI-COR,
Lincoln, NE, USA), and quantitative analysis was performed using ImageJ software (NIH, Bethesda, MD, USA).
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Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA was isolated from decidual tissues utilizing TRIzol reagent (Vazyme, Nanjing, China) according to the
manufacturer’s instructions. For reverse transcription, 1 pg of total RNA was reverse-transcribed in a 20 pL reaction
volume utilizing HiScript Q RT SuperMix for quantitative polymerase chain reaction (PCR; Vazyme), which contains
a gDNA wiper to eliminate genomic DNA contamination. Additionally, quantitative real-time PCR was performed with
10 uL cDNA template using ChamQ SYBR qPCR Master Mix (Vazyme) on a real-time PCR system. The expression of
the target gene was calculated using the 2-AACt method. All primers were developed by Sangon Biotech (Shanghai,
China). Table 1 presents the primer sequences utilized for amplification.

Immunohistochemistry (IHC)

Fresh decidual tissues were fixed in formaldehyde, dehydrated, embedded in paraffin, and sectioned at 4 um thickness. All
sections were simultaneously subjected to deparaffinization by immersing them in fresh xylene twice for 30 minutes each.
Subsequently, they were sequentially hydrated through a graded ethanol series: absolute ethanol for 10 minutes, 95% ethanol
for 10 minutes, 80% ethanol for 10 minutes, and 75% ethanol for 5 minutes. The sections were then washed three times for
5 minutes each in PBS on a shaking platform. After drying gently, the sections were placed in a humidified chamber. Freshly
prepared 3% H,0O, solution was applied to the tissue areas and incubated at room temperature for 30 minutes in the dark to
quench endogenous peroxidase activity. Following this, the sections were washed three times with PBS for 5 minutes each.
Microwave-assisted antigen retrieval was performed in a 10 mmol/L citrate buffer (pH 6.0) for 3—4 min. The sections were
then allowed to cool down to room temperature naturally. After cooling, they were washed three times with PBS for 5 minutes
each. Finally, the tissue sections were circled with a hydrophobic pen, followed by the application of blocking serum and
incubation at 37°C for 30 minutes. Sections were incubated with following primary antibodies: CD68 antibody,1:200,
Proteintech, Wuhan, China), CD86 antibody (1:200, Proteintech, Wuhan, China), CD206 antibody (1:2000, Proteintech,
Wauhan, China) at 4 °C overnight. Biotinylated goat anti-mouse or goat anti-rabbit secondary antibodies were administered for
30 min at room temperature the following day. Immunostaining was performed using chromogenic substrates, and the findings
were examined using light microscopy. Whole-slide images were captured at 200x magnification and analyzed using Image
J software (NIH, Bethesda, MD, USA).

Immunofluorescence (IF)

Paraffin-embedded sections were deparaffinized using xylene and rehydrated through an ethanol gradient, followed by
PBS washes. Microwave-assisted antigen retrieval was performed in a 10 mmol/L citrate buffer (pH 6.0) for 3—4 min.
Endogenous peroxidase activity was inhibited using 3% H,0O,, and nonspecific binding was obstructed by incubating
tissues with 5% bovine serum albumin for 1 h at room temperature. The initial procedures were performed as described
previously for the IHC protocol. Primary antibody cocktails were administered to sections and incubated overnight at 4
°C in a humidified chamber. On the following day, the sections were washed three times with PBS for 5 minutes each.
After blotting dry around the tissues, the sections were incubated with species-appropriate secondary antibodies
(corresponding to the host of the primary antibodies) for 2 hours at room temperature in the dark. Following incubation,
the sections were washed three times with PBS for 5 minutes each. After blotting dry again, the nuclei were counter-
stained by applying DAPI solution within the circled area and incubating for 10 minutes in the dark. Finally, the sections
were washed with PBS as described in the previous step, blotted dry, and mounted with an anti-fade mounting medium.

Table | The Primers Used for PCR Analysis

Gene Sense Antisense

CXCLI6 CGTCACTGGAAGTTGTTATTGT GTATAGACACCGATGGTAAGCT
CXCR6 TGCCACTGCTCACCATGATTGTC GGAACACAGCCATCACCAGGAAG
TNF-o. CCTGACATCTGGAATCTGGAGACC | CTGGAAACATCTGGAGAGAGGAAGG
IL-6 TGGTGTTGCCTGCTGCCTTC GCTGAGATGCCGTCGAGGATG
GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT

https:
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Imaging was performed utilizing an inverted fluorescence microscope, with co-localization analysis conducted in Image
J software (NIH, Bethesda, MD, USA). The primary antibodies utilized in this experiment included: CD68 antibody
(1:200, Proteintech, Wuhan, China), CD80 antibody (1:200, Abcam, UK), CD86 antibody (1:200, Proteintech, Wuhan,
China), CD163 antibody (1:200, Proteintech, Wuhan, China), CD206 antibody (1:400, Proteintech, Wuhan, China).

Statistical Analysis

All experiments were conducted at least three times, and the data were presented as the mean = standard deviation. The
data conforming to normal distribution and homogeneity of variance between the two groups were analyzed using
Student’s t-test. P < 0.05 was considered statistically significant. The statistical software GraphPad Prism software
(version 9) was used for the statistical analysis.

Results

Abnormal Macrophage Polarization in Patients with PE

To examine the polarization of decidual macrophages in PE, we initially performed IHC and WB analyses. IHC results
revealed that CD68, CD86, and CD206 were expressed in the membranous and cytoplasmic compartments of decidua
(Figure 1A). Compared to those in normal pregnant women, the expressions of CD68 and CD86 were higher in the
decidual tissues of patients with PE, while CD206 expression was lower (Figure 1B). WB analyses revealed that the
protein levels of CD86 were increased and those of CD206 were decreased in the PE group compared with the normal
pregnancy group (Figure 1C and D). Simultaneously, the mRNA levels of the inflammatory cytokines TNF-a and IL-6
were higher in the decidual tissues of the PE group than those in the normal pregnancy group (Figure 1E).

Subsequently, we examined the decidual tissues using IF co-localization staining. We utilized CD68 as a pan-
macrophage marker, CD80 and CD86 as M1 macrophage markers, CD163 and CD206 as M2 macrophage markers.
Fluorescence microscopy analysis revealed that most CD68" decidual macrophages in women with PE brightly stained
CD80 and CD86 (Figure 2A and B), whereas most CD68" decidual macrophages in women with normal pregnancy
stained positive for CD163 and CD206 (Figure 2C and D).

We accurately isolated and extracted primary macrophage from decidual tissues, followed by phenotypic character-
ization and analysis using flow cytometry. We classified CD68'CD80" and CD68'CD86" cells as M1 macrophages and
CD68'CD163" and CD68'CD206" cells as M2 macrophages. Flow cytometry results revealed that compared with
normal pregnancy, the proportion of CD68'CD80" and CD68"'CD86" M1 macrophages was increased in patients with
PE, while the proportion of CD68"CD206" and CD68 " CD163" M2 macrophages was decreased (Figure 3A and B).
Collectively, these results revealed abnormal polarization of decidual macrophages in PE, with a skew toward the M1

phenotype.

Expressions of CXCLI6 and CXCRé6 Decreased in Decidual Tissues of PE Patients
We utilized THC and WB to detect CXCL16 and CXCR6 expressions in decidual tissues. The results indicated that
CXCL16 and CXCR6 were predominantly localized to the cell membrane (Figure 4A). Compared to pregnant women,
patients with PE exhibited lower expressions of CXCL16 and CXCR6 in decidual tissues (Figure 4B). WB analysis
revealed significantly decreased CXCL16 and CXCR6 expression levels in the decidual tissues of patients with PE
(Figure 4C and D). Furthermore, qPCR results confirmed reduced mRNA expressions of CXCL16 and CXCR6 in
decidual tissues in PE (Figure 4E).

The proportions of CD68'CXCL16" and CD68 ' CXCR6" double-positive cells were assessed via IF double-staining
to evaluate CXCL16 and CXCR6 expressions in decidual macrophages. In decidual tissues from patients with PE, the
proportions of CD68"CXCL16" cells and CD68 ' CXCR6" cells were lower than those in normal pregnant women
(Figure 4F and G). These findings indicated that CXCL16 and CXCR6 were expressed in decidual macrophages, and
their expressions were reduced in both decidual tissues and macrophages from patients with PE.
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Figure | Expression of CD68, CD86 and CD206 in decidual tissues of normal pregnancy women and patients with PE. (A) The expression levels of CD68, CD86 and
CD206 in decidual tissues were assessed by immunohistochemistry (¥200). (B) Semiquantitative analysis of (A). (C) The relative protein levels of CD86 and CD206 were
detected via Western blotting. GAPDH was used as an endogenous control. (D) Semiquantitative analysis of (C). (E) The relative mRNA levels of TNF-o and IL-6 were
detected via q-PCR. Student’s t-test was used for the statistical analysis, and *p<0.05; **p < 0.01.

Discussion

Preeclampsia is a highly complex immunological process involving diverse pathophysiological mechanisms, etiologies,
and risk factors. Although its exact etiology remains unclear, endothelial dysfunction, abnormal angiogenesis, insufficient
trophoblast invasion, and impaired remodeling of maternal spiral arteries are considered primary contributing factors.'®
PE has been initially classified into two distinct subgroups: early-onset (< 34 weeks of gestation) and late-onset (>
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Figure 3 Decidual macrophages polarization of normal pregnant women and patients with PE. (A) Flow cytometric analysis to determine the proportion of MI
(CD68"CD80" or CD68"CD86") and M2 (CD68"CD163" or CD68"CD206") in normal pregnancy and patients with PE. (B) Semiquantitative analysis of (A). Student’s
t-test was used for the statistical analysis, and **p<0.01; **p < 0.001; ***p < 0.0001.

34 weeks of gestation) disease, stratified according to gestational age at diagnosis or delivery based on histological,
clinical, biological, hemodynamic, and epidemiological criteria.” Impaired early placental development and subsequent
fetal growth restriction are commonly associated with early-onset PE, whereas late-onset PE (LOPE) is predominantly
related to maternal endothelial dysfunction.'® Macrophages are remarkably adaptable and heterogeneous immune cells
whose phenotype and functional polarization—dictated by the local microenvironment—enable multifunctional capa-
cities, including (1) phagocytosis of pathogens, infected cells, debris, and apoptotic cells; (2) antigen presentation
through processed peptides on MHC molecules; (3) secretion of cytokines (IL-1, IL-6, and TNF-a).” Decidual
macrophages represent the primary antigen-presenting cells within the decidua.” Their high-density perivascular accu-
mulation surrounding invading trophoblasts and spiral arteries highlights their crucial role in modulating the maternal-
fetal interface.'” Although the etiology of PE remains incompletely understood, the polarization status of decidual
macrophages—toward pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes—is essential in sustaining placen-
tal vascular remodeling and maternal-fetal immunological tolerance. An imbalance in macrophage polarization induces
a pro-inflammatory shift at the maternal-fetal interface, suppressing angiogenesis and resulting in vascular endothelial
injury, inadequate trophoblast invasion, and compromised remodeling of uterine spiral arteries. These pathological
cascades collectively facilitate the onset and progression of PE.*°
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Figure 4 Expression of CXCL16 and CXCR6 in decidual tissues and decidual macrophages of normal pregnant women and patients with PE. (A) The expression levels of
CXCLI6 and CXCR6 in decidual tissues were assessed by immunohistochemistry (%X200). (B) Semiquantitative analysis of (A). (C) The relative protein levels of CXCLI16
and CXCR6 in decidual tissues were detected via Western blotting. (D) Semiquantitative analysis of (C). (E) The relative mRNA levels of CXCL16 and CXCRé were
detected via q-PCR. (F) The CD68"CXCLI6" cells in decidual tissues were detected by immunofluorescence double staining. (G) The CD68"CXCR6" cells in the decidual
tissues were detected by immunofluorescence double staining. Scale bars: 100 um. Student’s t-test was used for the statistical analysis, and *p < 0.05; **p < 0.01.

Decidual macrophages exhibit stage-specific phenotypic and functional adaptations during gestation. The M1 phenotype
dominates prior to embryo implantation; however, extravillous trophoblast (EVT) invasion triggers a transition in decidual
macrophages toward a persistent mixed M1-M2 repertoire essential for placental development and spiral artery remodeling,
culminating in M2 macrophage predominance that sustains maternal-fetal tolerance throughout gestation.”' Macrophages are
distinguished by their capacity to remodel many tissues and secrete several growth factors and cytokines. Consequently,
decidual macrophages likely exert critical functions in regulating embryonic implantation, placental development, trophoblast
behavior, and decidual homeostasis'® encompassing the establishment of permissive local immune balance, facilitating EVT
invasion, and coordinating remodeling of uterine smooth muscle, glands, and spiral arteries.”*>* Macrophage functionality is
closely associated with their appropriate polarization status, which is essential for maintaining a physiological immune

microenvironment at the maternal-fetal interface.”* Under physiological conditions, M1 and M2 macrophages coexist in
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a balanced state” with a predominant M2 phenotype in decidual macrophages. Disruption of this homeostasis induces
immunological dysregulation, resulting in obstetric complications, including PE.

Herein, we identified and analyzed pan-macrophage, M1-, and M2-polarization markers in preeclamptic decidual tissues
using IHC and WB, supplemented by IF co-localization staining to evaluate macrophage distribution within the decidual
microenvironment. We performed IHC and WB to analyze pan-macrophage, M1-, and M2-polarization markers in pre-
eclamptic decidual tissues, supplemented by IF co-localization staining to assess spatial macrophage distribution.
Furthermore, we isolated primary decidual macrophages for flow cytometric analysis of M1 and M2 markers. Our findings
revealed that patients with PE exhibit upregulated expression of the pan-macrophage marker CD68, alongside elevated levels
of M1 markers (CD80 and CD86) and decreased levels of M2 markers (CD163 and CD206) in decidual macrophages. These
observations align with established literature. These findings indicate a phenotypic shift from M2 to M1 polarization in
decidual macrophages during PE, indicating that dysregulated macrophage polarization contributes to disease pathogenesis.

Moving beyond the established paradigm of macrophage imbalance, our study sought to position this shift within a specific
molecular context. The predominant pathophysiological model of PE centers on an imbalance of placental angiogenic factors,
most notably the elevated sFlt-1/PIGF ratio, which serves as a robust clinical predictor of systemic endothelial
dysfunction.”>® Our findings, which highlight the downregulation of the CXCL16/CXCR6 axis, illuminate a distinct and
potentially complementary pathological pathway: the dysregulation of local immune communication at the maternal-fetal
interface.

Chemokines are a superfamily of low-molecular-weight chemotactic proteins that facilitate leukocyte migration by
binding to G protein-coupled receptors expressed on target cells.?” The secretion of appropriate chemokine signals by
decidual cells promotes the recruitment of predominantly anti-inflammatory leukocyte subsets, which is essential for
sustaining pregnancy.'? Decidual cells dynamically remodel their chemokine secretion profiles to facilitate various stages
of embryo implantation, while chemokine expression regulates immune polarization responses.”’?* CXCL16, as
a member of the chemokine family, is expressed and secreted by various cell types, including macrophages, dendritic
cells, and cancer cells.'® CXCL16 exhibits context-dependent roles across pathologies: it facilitates atherosclerosis
through T-cell activation and inflammatory cascade induction while contributing to cancer cell proliferation and
migration.”” Lee et al revealed that adipose tissue macrophages polarize toward M1 or M2 phenotypes through the
modulation of the CXCL16/CXCR6 axis, exhibiting immunosuppressive effects by regulating pro- or anti-inflammatory
pathways.* Hong et al demonstrated that macrophages facilitate ovarian cancer cell migration and invasion through the
regulation of the CXCL16/CXCR6 signaling pathway.’' Chemokines are also essential in gestational maintenance.
Dysregulated chemokine expression is associated with pathological conditions such as recurrent pregnancy loss (RPL)
and preeclampsia.’> CXCL16/CXCR6 are highly expressed at the maternal-fetal interface. Current evidence indicates
that trophoblast-derived CXCL16 binds to CXCR6 receptors on decidual immune cells, thereby facilitating immunomo-
dulatory effects essential for maintaining fetomaternal immune tolerance.''** Huang et al demonstrated that during the
first trimester, CXCL16 localizes to cytoplasmic and membranous regions of cytotrophoblasts, syncytiotrophoblasts, and
EVT, whereas CXCR6 is predominantly expressed in decidual immune cells.'>** Sun et al reported significantly reduced
CXCL16/CXCR6 expression in chorionic-decidual tissues from patients experiencing recurrent miscarriage compared to
normal pregnancy tissues.'? Impaired remodeling of uterine spiral arteries is recognized as a principal pathomechanism
in PE, while studies have demonstrated that CXCL16 facilitates HUVEC proliferation, migration, and tube formation in
in vitro angiogenesis models, proposing CXCL16 as a novel pro-angiogenic factor.''** However, research on the
expression profile of CXCL16/CXCR6 in the maternal-fetal interface (specifically within decidual tissue) and its
association with PE remains limited. Herein, we examined and analyzed CXCL16 and CXCR6 expressions in decidual
tissues from patients with PE using IHC and WB. Furthermore, we performed co-localization analysis via IF staining to
assess CXCL16 and CXCR6 expressions within decidual macrophages. Through the methods mentioned above, we
found that CXCL16 and CXCR6 expressions were lower in the decidual tissues of patients with PE compared to healthy
pregnant women. Furthermore, IF co-localization analysis revealed reduced CD68 CXCL16" and CD68'CXCR6"
expressions within the decidua of patients with PE compared to those of healthy pregnant women.

Our discovery of reduced CXCL16/CXCR6 expression in PE decidua adds a novel dimension to the chemokine
dysregulation observed in pregnancy complications. While this exploratory study, limited by its sample size, cannot
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definitively assess the diagnostic specificity and sensitivity of CXCL16/CXCR6 as standalone biomarkers, its value lies
in mechanistic insight. The correlation between CXCL16/CXCR6 downregulation and M1 macrophage polarization
provides a plausible explanation for the local inflammatory milieu in PE. This mechanism is distinct from, but may
interact with, the well-characterized angiogenic imbalance.

This study demonstrated that in the decidual tissues of patients with PE, the number of macrophages is increased, and
these macrophages exhibit polarization toward the M1 phenotype. Furthermore, CXCL16 and CXCR6 expressions are
decreased in the decidual tissues and decidual macrophages of patients with PE. However, PE is a disease with multiple
etiologies and mechanisms. This study has some limitations, including a small sample size and verification of the results
only at the protein level, based on cellular phenotype. The statistical power may be influenced by the small sample size,
warranting larger-scale studies in the future. The specific mechanisms by which the CXCL16/CXCR6 signaling pathway
regulates macrophage polarization and its correlation with PE warrant further investigation.

Conclusion

We initially assessed the expression of CD68, CD86, CD206, CXCL16, and CXCR6 in decidual tissues using IHC and
WB. THC analysis indicated that the expression of CD68 and CD86 was significantly increased in the decidua of patients
with PE (P < 0.01 and P < 0.05, respectively). In contrast, the expression levels of CD206, CXCL16, and CXCR6 were
significantly downregulated (P < 0.05, P < 0.01, and P < 0.05). These findings were consistent with the WB results,
which showed an increased protein level of CD86 (P < 0.01) and decreased protein levels of CD206, CXCL16, and
CXCR6 (P <0.01, P <0.05, and P < 0.05) in the PE group. IF double staining further revealed an increased abundance of
CD68+CD80+/CD86+ cells, alongside a decreased presence of CD68+CD163+/CD206+ and CD68+CXCL16+/CXCR6
+ cells in the PE decidua. To obtain precise quantification, flow cytometric analysis was performed on primary decidual
macrophages isolated from PE patients. The results confirmed a significant increase in the proportions of CD68+CD80+
(P < 0.01) and CD68+CD86+ (P < 0.0001) cells, and a marked decrease in CD68+CD163+ (P < 0.001) and CD68
+CD206+ (P < 0.0001) cells.

Our findings indicate that an imbalance in decidual macrophage polarization is associated with the pathogenesis of
preeclampsia. Additionally, we demonstrated a relationship between the CXCL16/CXCR6 signaling pathway and PE,
indicating a potential association between CXCL16/CXCR6 and decidual macrophage polarization in PE. During PE, the
number of macrophages at the maternal-fetal interface increases, and these cells polarize toward the M1 phenotype.
Furthermore, the decreased expressions of CXCL16 and CXCR6 observed in the decidual tissues and decidual macro-
phages of patients with PE may contribute to altered macrophage polarization, thereby facilitating the onset and
progression of PE. Despite the limitations of this study, it provides novel insights into PE pathogenesis.
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