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Compromised C3b-VSIG4 axis i
between decidual NK cells and macrophages
contributes to recurrent spontaneous abortion
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Abstract

spontaneous abortion.

NK cells and macrophages constitute the predominant immune cell subsets in the decidua during the first trimester
of pregnancy, with macrophages typically adopting an anti-inflammatory phenotype. Conversely, in the third tri-
mester, macrophages undergo a shift towards a pro-inflammatory phenotype concurrent with a reduction in NK cell
numbers. The direct regulatory impact of NK cells on macrophage phenotype remains poorly explored. In our inves-
tigation, we observed that ICAM1* macrophages stimulate the expression of intracellular C3 in LFA1* decidual NK
cells. Notably, Cathepsin W within NK cells exhibit the potential to generate active C3b fragments, effectively inhibit
the proinflammatory phenotype of macrophages by binding to VSIG4. Our study unveils a direct regulatory mecha-
nism orchestrated by decidual NK cells over macrophages, providing a potential pathogenic explanation for recurrent
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Background

Decidual natural killer (NK) cells constitute the pre-
dominant leukocyte population during the first trimes-
ter, representing approximately 70% of maternal interface
leukocytes [1, 2]. With their unique CD56"8"* CD16~
phenotype distinct from peripheral natural killer cells
[3], decidual natural killer cells exhibit high cytokine
secretion capability and low cytotoxicity [4, 5], playing
a crucial role in establishing immune tolerance at the
maternal—fetal interface and promoting embryonic devel-
opment [6]. The insufficient quantity and abnormal func-
tion of decidual natural killer (ANK) cells can both lead to
adverse pregnancy outcomes [7, 8]. Macrophages, com-
prising approximately 20% of the total leukocytes within
the human decidua, constitute the second-largest leuko-
cyte population and play essential roles in establishing a
compatible local immune balance [9-11]. Decidual mac-
rophages are influenced by their local microenvironment
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at the maternal—fetal interface in a similar way to other
tissue-resident macrophages [10].

Previous investigations have revealed dynamic changes
in the phenotype of decidual macrophages throughout
pregnancy. During the early stages, pro-inflammatory
macrophages establish a mildly inflammatory envi-
ronment in the endometrium that facilitates embryo
implantation. In the second trimester, a shift to anti-
inflammatory macrophages ensues, fostering immune
tolerance and creating a stable milieu for embryonic
development. As pregnancy progresses into the third
trimester, macrophages undergo a reversion to the pro-
inflammatory phenotype, playing a role in initiating labor
[12, 13].

Several mechanisms have been documented to eluci-
date the transition of macrophages from pro-inflamma-
tory to anti-inflammatory phenotypes. Decidual immune
cells and the placenta exert an indirect inhibitory effect
on the production of pro-inflammatory macrophages by
secreting soluble inhibitory cytokines [14—16]. Addition-
ally, trophoblasts secrete soluble decorin, which serves to
inhibit M1 macrophages [17].

The temporal shift in the number of NK cells aligns
with the timing of phenotypic transition in macrophages
[18]. However, the existence of a direct inhibitory effect
of NK cells on pro-inflammatory macrophages remains
unreported. Investigation is needed to determine
whether NK cells can bind to surface receptors on mac-
rophages, inhibiting pro-inflammatory macrophages
through this interaction.

Previous studies have primarily focused on how other
cells within the decidual immune microenvironment,
such as macrophages and T cells, regulate NK cells, while
the regulatory effects of NK cells on other cell types
have received comparatively less attention. Additionally,
research on macrophage polarization has largely cen-
tered on the role of soluble factors, with limited explo-
ration of the direct mechanisms involved in macrophage
polarization. In this study, by examining the phenotypes
of decidual NK cells and macrophages in women with
normal pregnancies and those with recurrent spontane-
ous abortions, as well as establishing an in vitro co-cul-
ture system of macrophages and dNK cells, we identified
that decidual NK cells regulate macrophage polarization
through cell surface receptor-ligand interactions. Addi-
tionally, our study revealed the presence of an intracellu-
lar complement system in decidual NK cells, which plays
a critical role in maintaining pregnancy homeostasis.
These investigations underscore the pivotal role of decid-
ual NK cells intracellular C3 in maintaining the normal
decidual microenvironment, providing insights into the
biology of the intracellular complement system and the
pathogenesis of recurrent spontaneous abortion.
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Methods

Human samples

Peripheral blood mononuclear cells (PBMCs) were
obtained at the Blood Center of Anhui Province (Hefei,
China). Informed consent was obtained from each
donor. First-trimester decidual samples from normal
pregnancies and recurrent spontaneous abortion were
obtained at the First Affiliated Hospital of the Univer-
sity of Science and Technology of China (Hefei, China).
Samples with the following conditions were strictly
excluded: genetic abnormalities, uterine malforma-
tions, vaginal infections, antiphospholipid antibody
syndrome or severe inflammation. All human samples
used in the present study were obtained under the
approval of the Ethics Committee of the University of
Science and Technology of China (2022KY-015; Hefei,
China).

Human sample isolation

Peripheral blood mononuclear cells (PBMCs) were iso-
lated using Ficoll density gradients following established
protocols. Decidual tissue was sheared and enzymati-
cally digested with 2 mg/mL collagenase IV (Sigma, cat:
C5138), and the digestion solution was filtered through
a 70 pm cell strainer to obtain a cell suspension. The
cell suspension was centrifuged at 600X g for 10 min to
obtain a cell pellet. The cell pellet was resuspended in red
blood cell lysis buffer (Biolegend, cat: 420301) and left at
RT for 5 min to facilitate lysis. The lysed cell suspension
was diluted with PBS to halt the lysis process. The sus-
pension was centrifuged once again at 600X g for 10 min.
The cell pellet was resuspended in culture medium.
Decidual NK cells and macrophages were sorted from
the obtained cell suspension using fluorescence-activated
cell sorting (FACS) based on specific cell markers.

Fluorescence-activated cell sorting

Decidual single-cell suspensions were obtained as pre-
viously described in the methods section. Anti-CD14
antibodies were employed for macrophage staining [19],
while anti-CD56 antibodies were utilized for NK cell
staining. Antibody cocktails were applied to the cell sus-
pensions and incubated for 30 min at 4 °C. The cells were
washed twice with cold PBS and sorted by flow cytom-
etry (FACSAria " III Cell Sorter; BD Biosciences).

Flow cytometry

Monocyte-derived macrophages or decidua single cells
were resuspended in 100 pL of PBS containing the anti-
body cocktail, and the cells were incubated for 30 min
at 4 °C. The cells were washed twice with cold PBS and
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investigated by flow cytometry (FACSCelesta™ Cell Ana-
lyzer; BD Biosciences).

Fluorescent multipleximmunohistochemistry

Decidual tissue specimens from normal pregnancies
and RSA patients were immersed in a 10% formaldehyde
solution for fixation. Paraffin-embedded decidua tissues
were sliced into 5 pum thick sections and mounted on
glass. After deparaffinization and antigen retrieval of the
sections, immunohistochemical staining was performed
to identify specific cell populations by using a Tyra-
mide SuperBoostTM Kit (Thermo Scientific, cat: B40912
&B40926) according to the manufacturer’s instructions.
Anti-CD68 antibodies (CST, cat: 76437S) were used to
label decidual macrophages, and anti-CD56 antibodies
(CST, cat: 3576S) were used to label decidual NK cells.

Immunohistochemistry

IHC staining was performed on consecutive decidual
sections. Deparaffinization, hydration, and antigen
retrieval were performed as described in the preced-
ing text. Immunohistochemical staining was performed
using a mouse or rabbit polymer detection kit (ZSGB-
Bio, cat: PV-6001/PV-6002) following the manufacturer’s
instructions. An appropriate volume of an endogenous
peroxidase enzyme inhibitor was added to the tissue
sections. The sections were incubated at RT for 10 min.
Subsequently, the sections were washed three times with
PBS buffer, with each wash lasting 3 min. Depending on
the size of the tissue sections, 100 puL or an appropriate
volume of the primary antibody (the same antibodies as
described above) was applied. The sections were incu-
bated at 4 °C overnight. After primary antibody incu-
bation, the sections were washed three times with PBS
buffer, with each wash lasting 3 min. One hundred micro-
liters or an appropriate volume of the enzyme-labeled
goat anti-rabbit/mouse IgG polymer was applied to the
sections. The sections were incubated at 37 °C for 20 min.
Following this step, the sections were washed three times
with PBS buffer, with each wash lasting 3 min. Freshly
prepared DAB chromogenic solution (CST, cat: 8059S)
was added to the sections. The sections were incubated
at RT until positive signals appeared. A brief incubation
(20 s) in hematoxylin staining solution was performed.
Differentiation and rinsing continued until blue colora-
tion was achieved.

Double-staining IHC

HRP and AP dual enzyme staining was performed on the
same decidual section. Sample preprocessing was carried
out following the standard procedures used in conven-
tional IHC. The anti-CD56 (CST, cat: 3576S) antibody
was labeled with alkaline phosphatase (AP) using the

Page 30f 18

universal SAP kit (ZSGB-Bio, cat: SAP-9100) and visual-
ized using Fast Red chromogenic substrate (ZSGB-Bio,
cat: ZLI-9045). The labeled NK cells were observed as
red staining. The anti-CD68 antibody was labeled with
horseradish peroxidase (HRP) and visualized using DAB
chromogenic substrate as described. The labeled mac-
rophages were observed as brown staining.

Viable cell labeling and coincubation

Decidual NK cells or macrophages were suspended at a
concentration of 1x10°/mL in RPMI 1640 serum-free
culture medium. For every milliliter of cell suspension,
5 puL of the provided cell-labeling solution (Thermo, cat:
V22889) was added, and thorough mixing was achieved
through gentle pipetting. Incubation was conducted at
37 °C for 15 min. The labeled suspension tubes were sub-
jected to centrifugation at 300X g for 5 min. The super-
natant was carefully aspirated, and the cells were gently
resuspended in warm (37 °C) RPMI 1640 medium. The
washing procedure was repeated two additional times.
Decidual NK cells and macrophages, following comple-
tion of labeling, were resuspended in 200 pL of RPMI
1640 complete medium. The cell suspension was then
placed in a cell culture incubator set at 37 °C with 5%
CO, for 1 h. After the incubation period, 2 mL of 4%
paraformaldehyde (PFA) was added to the cell suspen-
sion for fixation, and the cells were incubated for 20 min
at RT. The fixed cell suspension was then centrifuged at
2000 rpm for 10 min. Following centrifugation, the cell
pellet was resuspended in 50 pL of PBS and gently mixed
for subsequent fluorescence imaging.

Quantitative PCR analysis

Total RNA was prepared using TsingZol Reagent
(Tsingke, cat: TSP401) and reverse-transcribed into com-
plementary (c) DNA using MonScript " RTIII All-in-One
Mix with dsDNase (Monad, cat: MR05101M). Specific
primers were designed for target genes, and the relative
gene expression levels in cDNA samples were assessed
using real-time quantitative reverse transcription-poly-
merase chain reaction (RT-PCR) with the SYBR Green
Premix Pro Taq HS qPCR Kit (Accurate Biology, cat:
AG11746). To normalize gene expression data, B-actin
was employed as an endogenous control. The primers
utilized are listed in Table S2.

Macrophage polarization

The induction method of macrophages was based on the
previous studies [20, 21]. Monocytes were resuspended
in RPMI 1640 complete medium (10% FBS and peni-
cillin-streptomycin solution), and human M-CSF was
added at a final concentration of 50 ng/mL. 1 mL of cell
suspension was plated into each well of a 6-well culture
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plate. Subsequently, half of the medium was changed
every other day to induce differentiation for 6-7 days,
resulting in the differentiation of cells into the MO phe-
notype. After 6-7 days of differentiation, 100 ng/mL LPS
and 20 ng/mL human IFN-y were added while maintain-
ing the presence of human M-CSEF. Polarize for 24 h to
obtain M1 macrophages. After 6-7 days of differentia-
tion, 20 ng/ml human IL-4 was added while maintaining
the presence of human M-CSF. Polarize for 24 h to obtain
M2 macrophages.

Coculture system of monocyte-derived macrophage
(MdM)—dNK cells

Following the aforementioned steps, monocytes were
induced to differentiate into M1/M2 macrophages. Sub-
sequently, a five-fold excess of decidual NK cells was
added, and centrifugation at 200X g for 2 min was per-
formed to facilitate the settling of NK cells at the bot-
tom of the well plate, ensuring improved interaction with
macrophages. After a 48-h incubation period, NK cells
were removed due to their suspension properties, and
the phenotypic changes in macrophages were assessed.
Inducers of M1/M2 macrophages were present through-
out this process.

Antibody blockade of VSIG4

To block the signal transduction of the C3b-VSIG4 axis,
an anti-human VSIG4 blockade antibody (R&D, cat:
MAB46462) was added at a concentration of 50 ug/mL
before NK cells were added to the MdM-dNK cell cocul-
ture system.

Molecular docking

Protein—protein docking is used to predict the C3 (PDB
ID: 2A73) and CTSW (Predicted by alphafold2) heterodi-
mer. Rigid-body docking was performed using ZDOCK
[22]. A total of 2000 poses were generated, and the poses
with the highest scores for the receptor-ligand complexes
were retained for further analysis. The best binding pose
was filtered by PDBePISA online server (https://www.ebi.
ac.uk/pdbe/pisa/) with macromolecular interfaces and
interactions. Structural analysis and figure preparation
were carried out using PyMol (https://pymol.org).

Western blot

Lysates of decidual NK cells were prepared using RIPA
lysis buffer (Thermo Scientific, cat: 89900) supplemented
with ProtLytic protease inhibitor cocktail (NCM Biotech,
cat: P001). After centrifugation (14,000X g, 10 min, 4 °C),
supernatants were collected for sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis. Then, proteins
were transferred to polyvinylidene difluoride (PVDF)
membranes and blocked with QuickBlock™ Blocking
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Buffer (Beyotime, cat: P0252) for 15 min at RT. PVDF
membranes were incubated with anti-C3 (Abcam, cat:
ab200999) or anti-CTSW (Abcam, cat: ab191083) anti-
body overnight at 4 °C and then incubated with HRP-
conjugated goat anti-rabbit IgG (Sangon Biotech, cat:
D110058).

RNA sequencing

Peripheral blood NK cells, monocytes, decidual mac-
rophages and NK cells from both normal pregnant indi-
viduals and patients with recurrent spontaneous abortion
(RSA) were collected, and RNA was isolated using Tsing-
Zol Reagent (Tsingke, cat: TSP401). Total amounts and
integrity of RNA were assessed using the RNA Nano 6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Tech-
nologies, CA, USA). Total RNA was used as input mate-
rial for the RNA sample preparations. Briefly, mRNA was
purified from total RNA by using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in First
Strand Synthesis Reaction Buffer (5X). First-strand cDNA
was synthesized using random hexamer primers and
M-MuLV Reverse Transcriptase, and then RNaseH was
used to degrade the RNA. Second strand cDNA synthe-
sis was subsequently performed using DNA Polymerase
I and ANTPs. The remaining overhangs were converted
into blunt ends via exonuclease/polymerase activities.
After adenylation of the 3’ ends of DNA fragments,
adaptors with hairpin loop structures were ligated to
prepare for hybridization. To preferentially select cDNA
fragments 370—420 bp in length, the library fragments
were purified with the AMPure XP system (Beckman
Coulter, Beverly, USA). Then, PCR amplification was per-
formed, the PCR product was purified by AMPure XP
beads, and the library was finally obtained. To ensure the
quality of the library, the library needs to be tested. After
the construction of the library, the library was initially
quantified by Qubit2.0 The samples were then diluted to
1.5 ng/pL, and the insert size of the library was detected
by an Agilent 2100 bioanalyzer. After the insert size met
the expectation, qRT-PCR was used to accurately quan-
tify the effective concentration of the library (the effec-
tive concentration of the library was higher than 2 nM)
to ensure the quality of the library. After the library is
qualified, the different libraries are pooling according to
the effective concentration and the target amount of data
off the machine, then being sequenced by the Illumina
NovaSeq 6000. The end reading of 150 bp pairing is gen-
erated. The basic principle of sequencing is to synthesize
and sequence at the same time (Sequencing by Synthe-
sis). Four fluorescent labeled dANTP, DNA polymerase
and splice primers were added to the sequenced flow cell
and amplified. When the sequence cluster extends the
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complementary chain, each ANTP labeled by fluores-
cence can release the corresponding fluorescence. The
sequencer captures the fluorescence signal and converts
the optical signal into the sequencing peak by computer
software, so as to obtain the sequence information of the
fragment to be tested.

Gene set analysis

In order to investigate pathway differences between
conditions, gene set analyses were performed with the
cluster Profiler (version 4.10.0) [23]. R package after
Bulk RNA-seq work flow, including Gene-set enrich-
ment analysis (GSEA) and Gene Set Variation Analysis
(GSVA). GSEA was utilized to investigate the enriched
pathways associated with the upregulated and down-
regulated genes between conditions, allowing for the
identification of gene sets (KEGG pathway, for example)
that show statistically significant, concordant differences
between two biological states. Furthermore, GSVA was
utilized to measure the sample-wise gene set enrichment
scores for specific signatures (M1/M2-prone gene signa-
ture) [24], allowing for the detection of subtle pathway
activity changes over a sample population in comparison
to corresponding methods.

scRNA sequence analysis

The single-cell RNA sequencing data used in this study
were previously published by Guo C et al. [9]. To exam-
ine the gene expression of ICAM and VSIG4 on mac-
rophages of decidua tissues from both normal subjects
and RSA patients, raw data were processed using Cell
Ranger (Version 3.0.0) [25] against the GRCh37 human
reference genome with default parameters. Subsequently,
the Seurat pipeline was applied with default parameters
(Seurat version 5.0.2) [26]. Data from different batches
were integrated with the canonical correlation analysis
(CCA) method implemented in Seurat.

Statistical analyses

Statistical significance was determined using Prism 8.0
(GraphPad, San Diego, CA, USA). Two-tailed unpaired
Student’ s t-tests were used to determine significance
between two groups, unless otherwise specified as

(See figure on next page.)
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paired t-tests in the figure legends. Data represent the
mean = SD. P<0.05 was considered significant.

Results
Reduced cell-to-cell interactions between decidual NK cells
and macrophages in RSA patients.
To investigate potential direct interactions between
decidual macrophages and NK cells through cell surface
ligands, we employed anti-CD68 antibodies to label mac-
rophages and anti-CD56 antibodies to label NK cells for
in situ detection in decidual tissue (Fig. 1A). Both NK
cells and macrophages are abundantly present in decidua
from both normal individuals and those with recurrent
spontaneous abortion (RSA). However, in the perivas-
cular regions of decidual tissue from RSA patients, there
is a significant reduction in the number of NK cells in
close proximity to macrophages. To further elucidate this
phenomenon, we performed staining for NK cells and
macrophages on consecutive sections of decidual tissue
(Fig. 1B). Using the same tissue structure for localiza-
tion in two consecutive sections, in normal decidua, NK
cells are snugly positioned within the gaps between mac-
rophages. Conversely, in the decidua of RSA patients, NK
cells are notably distant from macrophages. Additionally,
we conducted double staining for both cell types on the
same decidual tissue section, revealing a similar pattern
(Fig. 1C). Statistical analysis of the distance between
macrophages (brown) and the nearest NK cells (pink) in
the field of view revealed a significantly greater nuclear
spacing (P<0.0001) in RSA patient decidual NK cells and
macrophages compared to normal individuals (Fig. 1D).
Images of each cell pair and the distances between their
nuclei are shown in Figure S1 and Table S1.
Subsequently, decidual NK cells and macrophages
sorted from both normal individuals and RSA patients
were cocultured in vitro. Although the number of
sorted cells was consistent with healthy controls, the
number of NK cells positioned on the same focal plane
as macrophages in RSA patient noticeably decreased,
indicating a reduction in the interactions between
these two cell types (Fig. 1E). Collectively, these find-
ings suggest that the direct interaction between decid-
ual NK cells and macrophages via cell membrane

Fig. 1 Reduced cell-to-cell interactions between decidual NK cells and macrophages in RSA patients. A Immunofluorescence staining
demonstrating the co-localization of decidual NK cells and macrophages in situ in decidua tissues from normal pregnancies and RSA patients.
Scale bar=5 pum. B Representative immunohistochemical staining of CD68 and CD56 in the serial sections from the same normal pregnant woman
or RSA patient. Scale bar=>5 um. C Dual-color immunohistochemistry depicting cells expressing CD68 (pink) or CD56 (brown) within the same
decidual tissue section. Scale bar=10 um. D Statistical analysis of cell-to-cell distances between NK cells and macrophages in decidual tissues

from normal pregnancies (n=3) and RSA patients (n=3). Thirty cell pairs were randomly selected per tissue section. P values have been determined
by two-tailed unpaired t-test. E Live cell fluorescence staining showing in vitro binding interactions between FACS-sorted decidual NK cells

and macrophages from normal pregnancies or RSA patient. Scale bar=>5 um
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surface ligands may be more prevalent in normal preg-
nancy decidua, with a significant reduction observed
in RSA patient decidua.

M1-prone gene expression signature in the decidual
macrophages of RSA patients

To elucidate the phenotypic characteristics of decidual
macrophages in individuals with recurrent spontaneous
abortion (RSA) and those with normal pregnancies, we
sorted decidual macrophages from both groups for RNA
sequencing. The gating strategy of flow cytometry was
shown in Figure S2. Heatmaps were generated to visu-
alize the expression levels of previously reported M1 or
M2 macrophage phenotype markers in these two mac-
rophage populations [24]. Notably, the expression of M1
phenotype markers in decidual macrophages from RSA
patients consistently exceeded that in macrophages from
normal pregnant decidua, while the trend was reversed
for M2 phenotype markers (Fig. 2A, B).

To complement our findings, we conducted an analy-
sis of previously reported single-cell RNA-seq data for
decidual macrophages [9] (Fig. 2C). Among the mol-
ecules significantly upregulated in RSA patient decidual
macrophages compared to those from normal pregnancy,
FCN1 [27], VCAN [28], S100A8, and S100A9 [29, 30]
were reported as molecules associated with activated
macrophages. Conversely, molecules such as TREM2
[31-33], CCL4 [34], and MMP9 [35], which exhib-
ited lower expression, have been reported to be highly
expressed in tumor-associated macrophages (TAMs).
Furthermore, we employed GSVA analysis to assess
M1- or M2-prone gene signatures within the RNA-
sequence data. The results indicated a significantly
higher M1-prone gene signature score in RSA decid-
ual macrophages than in normal decidua, while the
M2-prone gene signature score was significantly lower
in RSA patient decidual macrophages (Fig. 2D, E). To
validate these findings, we performed qPCR to assess
the expression levels of selected M1 and M2 markers
(Fig. 2F, G). M1 markers, including CD86, CD40, CCR?7,
and CXCL9, exhibited significantly increased expres-
sion in RSA patient decidual macrophages, whereas M2
markers, such as CLEC7A, CTSC, MMP9, and CCL4,

(See figure on next page.)
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demonstrated marked downregulation in RSA patient
decidual macrophages [24].

These results provide compelling evidence that decid-
ual macrophages in RSA patients adopt an activated
state, while those in normal pregnant decidua remain
relatively quiescent.

dNK cells from normal pregnancy inhibit proinflammatory

macrophages

To investigate whether the M1 phenotype inclination of
decidual macrophages in RSA patients might be attrib-
uted to a lack of interaction with decidual NK cells, we
initiated an experimental approach. Peripheral blood
mononuclear cells (PBMCs) were isolated from human
donors, and monocytes were induced with human
M-CSF to generate MO macrophages. After 7 days, the
cells underwent morphological changes, transitioning
into MO macrophages. Subsequent stimulation with LPS/
IFNY or IL-4 led to the differentiation of MO cells into M1
or M2 macrophages, respectively [20, 21]. Flow cytom-
etry analysis revealed three distinct subpopulations char-
acterized by the cell markers CD206 and CD80 (Fig. 3A,
B).

To evaluate the impact of decidual NK cells on M1
macrophages, M1 macrophages were cocultured with
normal decidual NK cells for 48 h. Following coculture,
macrophages were harvested, and their phenotypes were
assessed. Flow cytometry analysis showed a significant
decrease in CD80 expression (P=0.0108) and a notable
increase in CD206 expression (P=0.0134) in M1 mac-
rophages after 48 h of coculture with dNK cells (Fig. 3C,
D). However, these macrophages did not fully transition
into M2 macrophages. Previous reports have indicated
distinct morphological differences between M1 and M2
macrophages [36]. In essence, the elongation of mac-
rophages is associated with increased expression of M2
polarization markers such as Arg-1, CD206, and YM-1,
while M1-polarized macrophages generally exhibit an
oval shape. Upon observation of M1 macrophages cocul-
tured with normal dNK cells, it was evident that many
previously oval-shaped cells had elongated, suggesting
a phenotypic shift toward the M2 direction. In contrast,
most M2 macrophages cocultured with dNK cells main-
tained their elongated morphology (Fig. 3E).

Fig. 2 M1-prone gene expression signature in RSA patients. A, B Heatmap showing expression levels of DEGs selected for known M1(A)

or M2(B) gene markers in decidual macrophages sorted from normal pregnancies (n=3) and RSA patients (n=3). C Volcano plot showing DEGs

in macrophages single cell sequencing from NP and RSA. D, E GSVA scores were calculated from the macrophages RNA-seq dataset using the gene
lists indicated M1(D) and M2(E) phenotype. F, G Validation of M1 or M2 gene expression in normal macrophages and RSA patient macrophages
through gPCR analysis. P values have been determined by two-tailed unpaired t-test
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Furthermore, we examined the gene expression levels
of other M1 phenotype markers, such as IL1B, IL6, and
TNE. The results revealed a significant decrease in the
gene expression levels of these molecules after coculture
with dNK cells (Fig. 3F).

Altogether, these findings indicate that decidual NK
cells from normal pregnancy have the capacity to induce
a transition from an M1 phenotype to an M2 phenotype
in decidual macrophages. The specific molecular mech-
anisms underlying this functionality warrant further
investigation.

dNK cells from normal pregnancy express the natural
ligand of VSIG4

Previously, VSIG4 has been reported to be highly
expressed on M2 macrophages and tumor-associated
macrophages (TAMs) [37-39]. PCR results revealed
that the VSIG4 gene is also highly expressed in decidual
macrophages from normal pregnancies. In contrast,
its expression was nearly absent in decidual NK cells,
peripheral blood NK cells, and monocytes (Fig. 4A).
Additionally, we detected the expression of VSIG4 pro-
tein on the membrane surface of normal decidual mac-
rophages using fluorescence staining (Fig. 4B).

We conducted RNA sequencing on peripheral blood
NK cells and decidual NK cells and performed KEGG
enrichment analysis to identify differential signaling
pathways between the two. We found that, compared
to peripheral NK cells, decidual NK cells were enriched
in the complement and coagulation cascades path-
way (Fig. 4C). Heatmap visualization of gene expres-
sion within this pathway revealed high expression of C3
in decidual NK cells (Fig. 4D). GSEA similarly showed
enrichment of the complement and coagulation cascades
pathway in genes highly expressed in decidual NK cells
(Fig. 4E). Notably, C3 is cleaved to produce C3b, which
happens to be the natural ligand for VSIG4.

To validate C3 expression in decidual NK cells, we used
qPCR to assess the mRNA expression of C3 in periph-
eral NK cells and decidual NK cells. The results indi-
cated minimal expression of C3 in peripheral NK cells,
whereas decidual NK cells exhibited significantly higher
expression levels (P<0.001) (approximately one percent

(See figure on next page.)
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of ACTIN expression level) (Fig. 4F). Additionally, we
detected the expression of C3b protein on the surface of
decidual NK cells (Fig. 4G, H). Under the same detection
conditions, the average fluorescence intensity of C3b in
peripheral NK cells was significantly lower than that in
decidual NK cells (P<0.001).

In summary, normal decidual macrophages exhibit
specific expression of VSIG4, while normal decidual NK
cells express its natural ligand, C3b. These findings sug-
gest a potential interaction between VSIG4 and C3b in
the decidual immune microenvironment.

Weakened LFA1-C3 axis in dNK cells of RSA patients
Analysis of RNA sequencing data from decidual immune
cells of RSA patients and normal pregnancies revealed
a significant downregulation of C3 gene expression in
dNK cells from RSA patients (P=0.0272) (Fig. 5A, B).
This phenomenon was further validated by qPCR results
(P=0.0134) (Fig. 5C). Western blot analysis was per-
formed to assess the expression levels of C3b protein
fragments in dNK cells from normal pregnancies and
RSA patients. The results showed a significant decrease
in the expression of C3b protein fragments in dNK cells
from RSA patients, while dNK cells from normal preg-
nancies exhibited relatively high expression (Fig. 5D, E).

Previous reports have suggested that during T-cell
extravasation from blood vessels into tissues, ICAM1
on endothelial cells can induce the upregulation of C3
mRNA within T cells by binding to LFA-1 on the T cell
[40]. To investigate whether ICAM1 could also induce C3
mRNA expression in dNK cells, we added ICAM1 pro-
tein to the culture system of dNK cells. We observed a
slight but significant upregulation of C3 mRNA in dNK
cells from normal pregnancies in response to ICAM1
treatment. This trend could be reversed by the endog-
enous inhibitor of LFA1-ICAMI1 binding, DEL-1 [41]
(Fig. 5F), suggesting that the mechanism inducing C3
expression is applicable to dNK cells. We hypothesized
that the expression of C3 mRNA in dNK cells is induced
through their interaction with ICAM1-expressing decid-
ual macrophages.

Previous studies have shown that LFA-1 is highly
expressed by decidual NK cells in normal pregnant

Fig. 3 dNK cells from normal pregnancy inhibit pro-inflammatory macrophages. A Schematic representation of macrophage induction

and co-culture system. B Flow cytometry plots depicting distinct subsets of induced macrophages. C, D Representative histogram (left)

and expression level (right) of CD80 (C) or CD206 (D) in macrophages after co-culture with dNK cells from normal pregnancies. Experiments

were repeated for 5 independent times. P values have been determined by two-tailed paired t-test. E Microscopic images illustrating changes

in the cellular morphology of M1 macrophages following co-culture with dNK cells. Scale bar=100 um. F Gene expression levels of IL1B, IL6, TNF,
and CD80 in macrophages co-cultured with normal pregnancy dNK cells. Experiments were repeated for 3 independent times. P values have been

determined by two-tailed unpaired t-test
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women [42]. To investigate whether the reduced expres-
sion of C3 in dNK cells from RSA patients is due to a
defect in the abovementioned mechanism, we examined
the expression levels of LFA-1 in normal and RSA patient
dNK cells. We found that LFA1* dNK cells were sig-
nificantly reduced in the decidual tissue of RSA patients
(P<0.001) (Fig. 5G and H). These data suggest that ANK
cells from RSA patients exhibit lower levels of C3b, the
natural ligand of VSIG4, than normal dNK cells, and
their C3 mRNA expression levels are also lower than
those in normal dNK cells. The reduced expression of
C3 mRNA is attributed to the diminished proportion
of LFA1* dNK cells in RSA patients, resulting in a com-
promised ICAM1-LFA1 signaling axis that induces C3
mRNA expression.

VSIG4 blockade impairs C3b-induced macrophage
polarization.

To investigate the expression of ICAMI signaling
upstream of LFA1-C3 in decidual macrophages and
validate the hypothesis that C3 expression in dNK cells
is induced by ICAMI1 in macrophages, we analyzed
previously published single-cell data of decidual mac-
rophages [9]. Our analysis revealed a significant reduc-
tion in ICAM1 expression in decidual macrophages from
RSA patients compared to those from normal pregnan-
cies (Figs. 2 and 6A, B). Additionally, the expression of
VSIG4, indicative of an M2 phenotype, was significantly
lower in decidual macrophages from RSA patients, con-
sistent with our previous findings. These results were fur-
ther validated by qPCR and immunofluorescence assays
(Fig. 6C—E).

To confirm the existence of the ICAM-LFA1 ligand—
receptor relationship in the decidual microenvironment
and that the M2 phenotype of normal decidual mac-
rophages is maintained through the C3b-VSIG4 axis, we
introduced a blocking antibody against VSIG4 into the
coculture system presented in Fig. 3A. As hypothesized,
blocking VSIG4 partially reversed the phenotypic transi-
tion of normal decidual NK cells from M1 macrophages
to M2-like cells upon coculture with dNK cells (Fig. 6F
and G). This suggests that the function of dNK cells in

(See figure on next page.)
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this context is not solely achieved through this ligand—
receptor pair and may involve other ligands or soluble
cytokines.

These data demonstrate that decidual macrophages
in normal pregnancy can induce high C3 expression
in LFA1* decidual NK cells through ICAM1 signal-
ing. These NK cells, in turn, maintain an M2-like phe-
notype in macrophages through the binding of C3b to
macrophage surface VSIG4. In the decidual microen-
vironment of RSA patients, the compromised ICAM-
LFA1-C3b-VSIG4 signaling axis in macrophages leads to
the inability to sustain the M2 phenotype, disrupting the
immune homeostasis of the decidual microenvironment.

Previous reports have indicated that the C3 protein in
tissue T cells is cleaved by intracellular cathepsin L into
active C3a and C3b fragments [43]. However, our RNA
sequencing data revealed that cathepsin L was almost
nonexistent in both pNK and dNK cells (Fig. 7A). There-
fore, it is highly unlikely that the C3 protein in dNK cells
is cleaved by CTSL. Interestingly, another proteinase
within the same family as cathepsin L, cathepsin W [44,
45], showed significantly high expression levels in dNK
cells (Fig. 7A and D).

To assess the potential binding between CTSW and
C3, we employed ZDOCK to predict the molecular dock-
ing model for the interaction between CTSW and C3
(Fig. 7B, C). The binding region exhibited a mutual inter-
action surface area of 859.1 A% with a binding energy
of — 7.0 kcal/mol, indicating a stable binding affinity
between the two proteins. The cyclic structural domain of
CTSW complemented residues 73—-80 of C3. Specifically,
CTSW Pro321 formed a small hydrophobic region with
the C3 A chain Glu73, resulting in the cleavage of the C3
protein into two parts, starting from the ANA structural
domain of the C3 A chain (residues 1-77), which was
detached to form the C3a fragment. Additionally, CTSW
Pro317 formed a hydrogen bond with C3 A chain Arg80,
facilitating the decomposition of Arg80 by CTSW and
the formation of the N-terminal region of C3b, spanning
residues 80-98. Molecular docking analysis revealed a
stable binding affinity between CTSW and C3, with spe-
cific interactions involving the cyclic structural domain

Fig. 4 dNK cells from normal pregnancy express the natural ligand of VSIG4. A Gene expression levels of VSIG4 in peripheral blood NK cells (pNK),
peripheral blood monocytes (pM), decidual macrophages (dM), and decidual NK cells (dNK). B Fluorescence image depicting the expression

of VSIG4 protein on decidual macrophages. C Biological processes that are significantly enriched in Sankey dot pathway enrichment analysis

of the upregulated genes of dNK relative to pNK. D Heat map of differential genes in complement and coagulation cascade pathways, n=3

per group. E Gene set enrichment analysis (GSEA) revealed an increase in complement and coagulation cascade pathways (enrichment plot:
COMPLEMENT AND COAGULATION CASCADES PATHWAYS, HSA04610) in dNK cells compared with pNK cells, n=3 per group. F gPCR validation

of the differential expression of the C3 gene in dNK cells and pNK cells. G CLSM images showing the secretion of C3b in pNKs and dNKs. The
images were captured using the same parameters. Scale bars=5 pm. H Statistical histogram of C3b mean fluorescence intensity of each decidual
or peripheral NK cell. P values have been determined by two-tailed unpaired t-test
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(See figure on next page.)

Fig. 6 VSIG4 blockade impairs C3b induced macrophages polarization. A Uniform manifold approximation and projection (UMAP) of single-cell
RNA-seq from human decidual immune cells isolated from patients with RSA and healthy controls. The single-cell RNA sequencing data used

in this study were previously published by Guo [9]. B Feature plot showed ICAM1 and VSIG4 expression in the different clusters between Ctrl

vs. RSA as defined in (A). C Gene expression levels of VSIG4 and ICAM1 in decidual macrophages from normal pregnancies and RSA patients. D
CLSM images showing the expression of VSIG4 protein in decidual macrophages from normal pregnancies and RSA patients. Scale bars=5 um. E
Statistical histogram of VSIG4 mean fluorescence intensity of each decidual macrophages from normal pregnancies (n=3) and RSA patients (n=3).
F Gene expression levels of IL1B, IL6 and TNF in macrophages with or without the addition of VSIG4 blocking antibody during co-culture with dNK.
G Representative mean fluorescence intensity of CD80 (upper panel) or CD206 (lower panel) in macrophages with or without the addition of VSIG4
blocking antibody during co-culture with dNK. Experiments were repeated for 3 independent times. P values have been determined by two-tailed
paired t-test

of CTSW and residues 73-80 of C3, ultimately leading to  absence of CTSW expression in RSA patient decidua
the cleavage and formation of C3a and C3b fragments. (Fig. 7E-QG), suggests that the reduced presence of the

The significantly elevated expression of CTSW in nor-  C3b fragment in RSA patient NK cells may be attributed
mal pregnancy decidua NK cells, coupled with the near to insufficient levels of the cleavage enzyme CTSW. These
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Fig. 7 (3 cleavage potential of cathepsin W. A FPKM values of cathepsin family genes in pNK cells and dNK cell RNA-seq data. B Schematic
representation of the interaction between CTSW protein and C3 a-chain protein. C Schematic enlargement of the binding site between CTSW
protein and C3 a-chain protein as simulated by ZDOCK. D Gene expression levels of CTSW in the three major immune cell subtypes of the decidua:
NK cells, macrophages, and T cells. E Gene expression levels of CTSW in decidua NK cells from normal pregnancy and RSA patients. F Western blot
analysis of CTSW protein expression in decidua NK cells from normal pregnancy and RSA patients, TUBULIN expression was measured as loading
control. Experiments were repeated for 2 independent times. G Relative volume quantification of CTSW protein and the loading control protein
TUBULIN using ImageLab software. H Graphic abstract of this article. Created with BioRender.com

findings suggest that C3 in dNK cells may undergo cleav-  Discussion

age by CTSW, and the absence of CTSW in RSA patient ~ Recurrent spontaneous abortion (RSA) can result from

dNK cells is another contributing factor to the reduced various causes, including chromosomal abnormalities,

levels of the C3b fragment (Fig. 7H). reproductive tract anomalies, hormonal imbalances,
autoimmune diseases, and endometrial disorders [48].
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However, the pathogenesis remains unclear in approxi-
mately 50% of RSA cases, which are classified as unex-
plained recurrent spontaneous abortion (URSA). Recent
studies increasingly suggest that many cases of URSA
are associated with immune factors. The decidual micro-
environment is rich in immune cells, and the interac-
tions between different types of immune cells, as well as
between immune cells and stromal cells, are critical for
maintaining immune balance at the maternal—fetal inter-
face. As the most abundant immune cells in the decidual
microenvironment, NK cells play a crucial role in sus-
taining normal pregnancy. Abnormalities in the number
or function of NK cells can lead to pregnancy failure. The
mechanism by which abnormal decidual NK cell function
contributes to recurrent spontaneous abortion has not
yet been fully elucidated.

In this investigation, a substantial reduction in the
interaction between decidual NK cells and macrophages
within the decidual tissue of RSA patients compared
to normal pregnancies was observed. This diminished
contact persisted in an in vitro coculture system, indi-
cating potential direct cell-surface receptor-ligand inter-
actions between these cell types. Subsequent analyses
of RNA-seq data and published single-cell sequencing
data revealed an M1-prone gene expression profile in
decidual macrophages from RSA patients, corroborated
by qPCR. VSIG4, a B7 family-related protein known to
be expressed on M2 macrophages in the tumor micro-
environment or tumor-associated macrophages (TAMs),
was detected in decidual macrophages from normal
pregnancies, but its expression significantly decreased in
RSA patients decidual macrophages. Concurrently, the
natural ligand of VSIG4, C3b, was identified on decidual
NK cells, suggesting a potential interaction through the
C3b-VSIG4 axis. To investigate whether the C3b-VSIG4
axis could inhibit the proinflammatory phenotype of
macrophages, decidual NK cells from normal pregnan-
cies were cocultured with monocyte-induced M1 mac-
rophages. The results demonstrated that decidual NK
cells could suppress the proinflammatory phenotype of
M1 cells. Importantly, this inhibitory effect could be par-
tially reversed by a VSIG4-blocking antibody, indicating
the existence of alternative induction mechanisms in
addition to the C3b-VSIG4 axis.

Earlier studies have reported that T cells, upon extrava-
sation into tissues, induce C3 mRNA transcription in
tissue-localized T cells through the LFA1-ICAM]1 inter-
action. Similarly, we observed a similar phenomenon in
decidual NK cells, where C3 gene expression was much
higher in these cells than in peripheral blood NK cells.
This induction is likely mediated by ICAM1* decidual
macrophages. Notably, cathepsin L, responsible for C3
cleavage in T cells, was nearly absent in decidual NK
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cells, suggesting an alternative mechanism for C3 cleav-
age. Molecular docking analysis proposed that another
cathepsin family member, cathepsin W, may be responsi-
ble for C3 cleavage in dNK cells. Cathepsin W exhibited
significantly elevated expression in normal pregnancy
decidua NK cells but was nearly absent in RSA patient
decidua. These findings suggest a potential role of CTSW
in cleaving C3 in dNK cells and the absence of CTSW in
RSA patient dNK cells may contribute to reduced levels
of the C3b fragment. In contrast, RSA patient decidual
NK cells, characterized by low expression of LFA1, are
unable to efficiently induce the expression of C3 mRNA.
Moreover, the expression level of cathepsin W in these
cells was significantly lower than that in normal preg-
nancy dNK cells. These factors collectively result in
significantly reduced production of C3b compared to
normal levels, which, in turn, fails to provide an adequate
ligand source for VSIG4. Consequently, this deficiency
disrupts the phenotypic characteristics of macrophages
in RSA patients.

In summary, this study uncovers a direct regula-
tory mechanism of decidual NK cells on decidual mac-
rophages through the intracellular complement system,
providing a potential pathogenic mechanism for recur-
rent spontaneous abortion. It is noteworthy that, in
another study, a subset of recurrent spontaneous abor-
tion cases was attributed to insufficient dNK cell num-
bers. In the cases presented in this article, the proportion
of NK cells was not significantly reduced, but their phe-
notype appeared to be abnormal.

However, several issues in this study remain to be
addressed. First, the phenomena observed in this study
need to be validated in a larger cohort of patients with
recurrent spontaneous abortion. Additionally, determin-
ing how to clinically intervene to enhance the expres-
sion of complement C3 or Cathepsin W in decidual NK
cells to treat recurrent spontaneous abortion remains a
challenge. This may require further investigation of the
upstream signaling pathways of C3 in a mouse model.
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