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ABSTRACT

Macrophages are highly heterogeneous immune cells with
context-dependent functions, yet their diversity across
prenatal tissues of the whole body, sexes, and stages
remains elusive. During fetal development, macrophages
play essential roles in tissue formation and maintaining
maternal-fetal immune balance, but their specific
phenotypic and functional changes in the context of fetal
growth restriction remain relatively underexplored. Herein,
we constructed a cross-tissue macrophage atlas of 85 473
cells from 54 tissues of late-gestation fetal pigs. We
identified 15 macrophage subtypes, among which two
Hofbauer cell (HBC) subtypes were distinguished by their
distinct transcriptional and functional characteristics
between the amniotic and chorioallantoic membranes:
HBC GPNMB+ cells upregulated glycolytic enzymes and
extracellular matrix regulators such as LDHA and GPNMB,
while HBC PEG10+ cells expressed immunomodulators
and developmental regulators, including A2M and PEG10.
Two dichotomous subtypes, LYVE1""MHCII®Y and
LYVE1°“MHCII"", were delineated across 27 tissues, with
a conserved transcriptional signature in pigs and humans.
Transcriptional profiling of metabolic pathways revealed
oxidative phosphorylation and the tricarboxylic acid cycle
as core pathways across tissues, alongside tissue-specific
adaptations such as enhanced glycolysis in amniotic
macrophages. Cross-stage comparisons showed fetal
macrophages mainly maintained developmental programs,
whereas adult macrophages globally exhibited heightened
immune activity. Cross-sex and cross-species analyses
revealed high transcriptomic similarity in fetal
macrophages. In growth-restricted fetuses, chorioallantoic
HBCs showed profound remodeling, including increased
inflammation, hypoxia response, and vascular dysfunction
signaling, with altered intercellular communication.
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Collectively, this work provides a comprehensive resource
for understanding fetal macrophage heterogeneity and
offers insights into the potential mechanisms underlying
fetal growth restriction.
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INTRODUCTION

Tissue-resident macrophages (TRMs) originate during
embryonic development, where they are seeded into
developing tissues through successive waves of
hematopoiesis (Ginhoux & Guilliams, 2016). They undergo
further specialization under the combined influence of lineage-
determining transcription factors (TFs) and local niche signals,
giving rise to tissue-specific subtypes that persist after birth
(Lazarov et al., 2023; Mass et al., 2016). These TRMs exhibit
remarkable functional diversity, contributing to immune
defense, tissue remodeling, and homeostasis, with their
phenotypes finely tuned to the requirements of distinct tissue
environments (Guan et al., 2025). Central to this plasticity are
TFs, which serve as master regulators of macrophage
development, lineage commitment, survival, and functional
specialization by integrating intrinsic lineage programs with
extrinsic environmental cues (Lazarov etal., 2023). Classic
examples include SALL1, which specifies the identity of brain
microglia (MG) responsible for synaptic pruning (Holtman
etal., 2017; Li & Barres, 2018); ID3, which determines the fate
of liver Kupffer cells (KCs) involved in iron recycling (Deng
etal.,, 2024; Jenne & Kubes, 2013); and SPIC, a fate-
determining factor for splenic red pulp macrophages (RPMs)
that coordinate erythrocyte turnover (Lavin et al., 2015; Xu &
Huang, 2020). Fetal and adult macrophages share a
conserved core of TFs such as Maf, Batf3, Pparg, Irf8, and
Zeb2 (Mass etal., 2016), yetalso display developmental
stage-specific expression programs. For example, Frenis et al.
(2025) demonstrated that fetal macrophages show higher
expression of HES17 and MYC compared to adult
macrophages. During fetal development, the fetus resides in a
rapidly changing environment shaped by organogenesis,
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maternal-fetal metabolic exchange, and the unique
requirement for immune tolerance at the maternal-fetal
interface (Ander et al., 2019; Prabhudas et al., 2015). These
developmental contexts necessitate both  conserved
transcriptional programs essential for macrophage identity and
stage- or tissue-specific regulators that tailor their functions
throughout ontogeny. Despite their fundamental importance,
the transcriptional and functional heterogeneity of fetal
macrophages across diverse tissues during late gestation
remains poorly characterized.

Macrophage function is increasingly recognized to be tightly
linked to cellular metabolism, which not only supplies energy
and biosynthetic intermediates but also instructs activation
states, effector programs, and tissue-specific functions
(Davies et al., 2017; Nobs & Kopf, 2021; Wculek et al., 2024).
Traditionally, macrophage metabolism has been
conceptualized primarily through in vitro models, where pro-
inflammatory (M1-like) macrophages preferentially rely on
glycolysis and inducible nitric oxide synthase (iNOS) pathways
to support antimicrobial and inflammatory responses (Wculek
etal.,, 2022). In contrast, alternatively activated (M2-like)
macrophages engage oxidative phosphorylation (OXPHQOS),
fatty acid oxidation (FAQO), and glutaminolysis to sustain anti-
inflammatory and tissue-remodeling programs (Wculek et al.,
2022). However, these simplified models fail to capture in vivo
complexity. Metabolic flow and mass cytometry, along with
single-cell transcriptomics-based metabolic inference, have
facilitated single-cell immunometabolism (Ahl etal., 2020;
Artyomov & Van Den Bossche, 2020; Hartmann et al., 2021;
Li etal.,, 2022), revealing remarkable metabolic plasticity of
TRMs across tissues, which in turn shapes tissue-specific
functions such as lipid bhandling, iron recycling, and
phagocytosis (Davies etal.,, 2017; Heieis etal., 2023;
Remmerie & Scott, 2018; Wculek et al., 2022, 2023). Despite
these insights, the metabolic states of fetal macrophages
across multiple tissues and their relationship to functional
specialization during late gestation remain largely unexplored.

Single-cell transcriptomic technologies have greatly
advanced our understanding of macrophage biology,
uncovering heterogeneous compositions and specialized
subsets distinguished by their developmental origins (Wang
et al., 2023), anatomical niches (Domanska et al., 2022), and
functional roles (Miyamoto etal.,, 2024). These studies,
spanning both individual tissue and single-tissue comparisons,
have consistently identified macrophage populations that
reflect a balance between conserved core programs and
tissue-specific adaptations (Chakarov et al., 2019; Dick et al.,
2022; Wang et al., 2023). Among these diverse populations,
the LYVE1""MHCII®™ and LYVE1"°“MHCII"" subtypes stand
out as species- and tissue-conserved subtypes, whose
presence has been consistently observed in humans (Eraslan
et al.,, 2022), mice (Chakarov et al., 2019; Lund et al., 2024),
and zebrafish (Zhou etal., 2023a). LYVE1M"MHCII'oV
macrophages are generally associated with perivascular
niches and vascular homeostasis, whereas LYVE1°*MHCI|sh
macrophages are more tightly linked to immune surveillance
and antigen presentation. However, whether these conserved
subtypes are similarly established in large mammals such as
pigs and the extent to which they share similar transcriptional
and functional features remain unexplored.

Fetal growth restriction (FGR) affects 5%—8% of human
pregnancies (Cotechini etal., 2014; Robb etal., 2017), is
associated with a spectrum of perinatal complications

(Bezemer etal.,, 2024), and leads to long-term adverse
outcomes, including neurodevelopmental disorders and
increased risk of cardiovascular disease in adulthood (Miller
et al., 2016). However, in the pig industry, its incidence is even
higher, impacting 15%—20% of pregnancies (Li et al., 2018;
Van Ginneken etal, 2023). The placenta is a highly
specialized organ composed of both maternal (basal plate and
decidua) and fetal components (chorioallantoic membrane,
amniotic membrane, and villi) in humans (Bezemer etal.,
2024). FGR is commonly linked to abnormal placental
vascular development and impaired perfusion, which lead to
insufficient nutrient and oxygen supply to the fetus (Cotechini
et al.,, 2014; Figueras et al., 2018). Although previous studies
have observed an expansion of pro-inflammatory placental
macrophages, including maternal decidual macrophages and
fetal Hofbauer cells (HBCs), in FGR (Berezhna et al., 2021;
Bezemer etal., 2020, 2024; Chu etal., 2019), the specific
mechanisms by which placental macrophage dysregulation
contributes to FGR pathogenesis remain elusive. The pig
serves as a unique and powerful model, as multiple fetuses
develop simultaneously within the same uterine environment,
with  both normally grown and growth-restricted (GR)
individuals naturally coexisting in a single litter. This feature
minimizes maternal and environmental confounders, thereby
providing a rare opportunity to directly investigate the intrinsic
cellular and molecular mechanisms underlying FGR.

In this study, we constructed a comprehensive single-cell
transcriptomic atlas of fetal pig macrophages across 54
distinct tissues during late gestation. To minimize genetic,
age, and environmental variability, all samples were collected
from the same litter: 49 tissues from a male fetus and 19
tissues from its female littermate, with 14 overlapping tissues
between the two individuals. This design enabled better
controlled cross-tissue cell type comparison and provided a
clearer view of conserved versus tissue-specific macrophage
features. Specifically, we characterized the conservation and
heterogeneity of macrophages across distinct tissue contexts,
with particular attention to the dichotomous LYVE1""MHCII'*"
and LYVE1°“MHCII"" subtypes across this broad tissue
spectrum. We further explored TFs potentially involved in
defining fetal macrophage identity and function within each
individual tissue, assessed their conservation from fetal to
adult stages, and explored tissue-associated metabolic
programs and their links to macrophage function. Additionally,
we performed cross-sex and cross-species comparative
analyses to evaluate the transcriptomic similarity of fetal
macrophages. Finally, we characterized the heterogeneity of
HBCs in the context of FGR to gain preliminary insights into
their possible roles in this condition. Our study provides a
comprehensive foundational framework for understanding fetal
macrophage biology and offers a resource that may inform
future investigations into their developmental and pathological
roles.

MATERIALS AND METHODS

Animals

Pregnant Large White sows and the mated boars were
purchased from Taihe Biotechnology Co., Ltd. (China). For the
discovery cohort used to construct the cross-tissue fetal pig
macrophage atlas, a pregnant sow at gestational day 110 was
anesthetized with isoflurane. For the validation cohort, the
same anesthetic procedure was performed on another
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pregnant sow at gestational day 107. Following anesthesia,
fetuses were delivered via midline laparotomy, and fresh
tissues were immediately collected for downstream
processing. To investigate FGR, chorioallantoic membrane
tissues were sampled from five pairs of normal-weight (NW)
and GR fetuses derived from three pregnant sows at 107-111
days of gestation. All animal procedures were approved by the
Animal Ethics Committee of Jiangxi Agricultural University
(Approval No. JXAULL-2021-37 and No. JXAULL-2023-06-07)
and conducted in strict accordance with institutional
guidelines.

Tissue collection, processing, and single-cell library
preparation and sequencing

This study presents a focused analysis of selected tissues
from a broader collection of organs/tissues and individuals,
with the specific aim of constructing a cross-tissue
macrophage atlas in fetal pigs. Specifically, for the discovery
cohort used to construct the cross-tissue fetal pig macrophage
atlas, we selected 49 tissues from a male fetus (F1S1: Family,
Son4) and 19 tissues from its full-sibling female fetus (F1D1:
Family, Daughter,). Among these, 14 tissues were shared
between the two individuals (F1S1: 49 tissues; F1D1: 19
tissues; overlap: 14 tissues) (Supplementary Figure S1A). For
the validation cohort, 13 tissues matching those from F1S1
were collected from a male fetus of a different litter (F2S3:
Family, Sons) (Supplementary Figure S1A). All fresh tissue
samples destined for single-cell suspension preparation were
immediately stored on ice in sCelLive™ tissue preservation
solution (Singleron Biotechnologies, China) upon collection.
For histological and immunofluorescence analyses, tissues
were fixed in 10% neutral buffered formalin, and the fixative
was replaced after 48 h. Detailed sample information is
provided in Supplementary Table S1.

Following tissue collection, enzymatic digestion was
performed immediately to prepare single-cell suspensions.
Single-cell suspensions were generated using enzyme
combinations optimized for each tissue (e.g., collagenase,
DNase, dispase) as previously described (Cai etal., 2026;
Chen et al., 2025a). Briefly, tissues were minced into small
fragments and incubated in tissue-specific enzymatic digestion
solutions at 37°C in a shaking water bath (110 r/min) for
25-60 min to promote dissociation. The resulting suspensions
were sequentially filtered through 100 ym and 40 pym strainers
(Falcon, USA), subjected to red blood cell lysis (BD
Biosciences, USA), washed, and counted. Bone marrow
tissues (red and yellow) were flushed directly rather than
digested enzymatically. PBMCs were isolated using a porcine
peripheral blood lymphocyte isolation kit (Solarbio, China). For
the brain and pancreas, dissociation was carried out according
to the GEXSCOPE tissue dissociation kit protocol (Singleron
Biotechnologies, China). Single-cell suspensions derived from
each tissue with a cell count exceeding 1x10° and a viability
rate above 80% were immediately used for single-cell library
construction as previously described (Chen et al., 2025a). In
brief, single-cell RNA libraries were prepared using the
GEXSCOPE® Single Cell RNA Library Kit (Singleron
Biotechnologies, China) following the manufacturer’s protocol.
Specifically, cells were captured and barcoded, and mRNA
was reverse-transcribed, followed by cDNA amplification and
library construction. Sequencing was performed on an lllumina
NovaSeq 6000 system (lllumina, USA).
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Single-cell RNA-seq processing, integration and cell type
annotation

Raw sequencing reads were processed to generate gene
expression profiles using CeleScope v.1.1.8 (Singleron
Biotechnologies, China) with default parameters. Briefly,
barcodes and unique molecular identifiers (UMls) were
extracted from R1 reads and corrected for errors. Adapter
sequences and poly(A) tails were trimmed from R2 reads, and
the cleaned R2 reads were aligned to the Sscrofa 11.1
reference genome (Warr etal, 2020) using STARSolo
(Kaminow et al., 2021), with gene annotation based on the
Sus scrofa GTF file (v.101) from the Ensembl database
(Harrison et al., 2024). Reads successfully assigned to the
same cell barcode, UMI, and gene were aggregated to
construct cell-gene count matrices. Gene symbols for
unannotated Ensembl IDs were assigned via BLAST against
the UniProt database (The UniProt Consortium, 2015). Quality
control was performed independently for each sample in
Scanpy v.1.7.1 (Wolf et al., 2018), with cells filtered primarily
based on the following criteria: n_genes_by counts<5 000,
total_counts<30 000, pct_counts_mt<25, max_genes<5 000,
min_genes>300, scrublet_doublet_score<0.25. Additionally,
genes detected in fewer than 3 cells were removed. A two-
step strategy was adopted for data integration and cell type
annotation. First, datasets derived from the same or
physiologically similar organs were analyzed independently
following a standardized pipeline for normalization, batch
correction (implemented via Harmony (Korsunsky etal.,
2019), BBKNN (Polanski etal, 2020), or
FindIntegrationAnchors (Hao etal., 2021)) (Supplementary
Table S1), dimensionality reduction, Louvain clustering, and
cell type annotation. Cell identities were assigned using CelllD
(Cortal etal., 2021) with reference markers sourced from
PanglaoDB (Franzén et al., 2019), the Human Protein Atlas
(https://www.proteinatlas.org/), and relevant literature,
followed by manual curation based on cluster-specific
differentially expressed genes (DEGs) and canonical cell type
markers. Second, organ-level annotated datasets were
globally integrated using Scanorama (Hie etal., 2019) (for
sample effect correction) and BBKNN (Polanski et al., 2020)
(for platform correction) in Scanpy v.1.7.1 (Wolf et al., 2018),
followed by Louvain clustering (resolution=3). Final
annotations were defined using canonical markers, the top
200 DEGs per cluster, and organ-specific references, yielding
an integrated single-cell transcriptomic atlas encompassing all
cell types across all major organs (Cai et al., 2026).

Extraction of macrophages

From the integrated single-cell transcriptome atlas (as
mentioned above) (Cai etal.,, 2026), macrophages were
extracted for focused downstream analysis. Specifically, for
the discovery cohort used for cross-tissue fetal pig
macrophage atlas construction, we extracted macrophages
from one male (F1S1) and one female fetal pig (F1D1)
(gestational day 110, same litter) and applied a step-by-step
workflow in Scanpy v.1.7.1 (Wolf etal.,, 2018) to ensure
accuracy and robustness, as detailed below. First, we
extracted all immune cells (238 039 cells) from the integrated
atlas and performed comprehensive annotation using both
automated and manual methods. This process identified 13
high-quality immune cell types (Leiden algorithm,
resolution=1), which were classified into two major lineages:
myeloid and lymphoid (Supplementary Figures S2A—C). Next,


https://www.proteinatlas.org/
www.zoores.ac.cn

we extracted 134 843 myeloid cells from the re-annotated
immune cell atlas and performed further sub-clustering,
yielding 27 distinct cell types (Leiden algorithm,
resolution=4.5; Supplementary Figure S2D). From this
myeloid subset, we extracted 85 473 macrophages derived
from 54 tissues for downstream analysis. At each step, tissues
with fewer than 50 cells were excluded to ensure robust
representation, and potential contaminating cell types were
removed based on the expression of the top 200 DEGs and
canonical cell type markers. The extracted macrophages were
processed for dimension reduction and unsupervised
clustering by following the workflow in Scanpy v.1.7.1 (Wolf
et al., 2018). In brief, 2 000 highly variable genes (HVGs) were
selected using scanpy.pp.highly_variable_genes, followed by
regression of total counts per cell and mitochondrial gene
percentages via scanpy.pp.regress_out. Genes were scaled to
unit variance (scanpy.pp.scale, max_value=10), and a 50-
component PCA was computed (scanpy.tl.pca, svd_solver=
“arpack”). Batch effects between male and female samples
were corrected using Harmony (scanpy.external.pp.
harmony_integrate). Neighborhood graphs were constructed
(scanpy.pp.neighbors, n_neighbors=15, n_pcs=40, use_rep=
“X_pca_harmony”), and UMAP was used for visualization
(scanpy.tl.umap). Unsupervised clustering was performed via
the Leiden algorithm (resolution=3.5), with DEGs identified
using the Wilcoxon rank-sum test (scanpy.tl.rank_genes_
groups). Cell type annotation combined canonical markers
from literature, top DEGs, and automated classification via
CellTypist v.1.5.1 (Dominguez Conde etal., 2022) (logistic
regression models with majority voting). Clusters with
significant similarity—sharing >100 of the top 200 DEGs,
overlapping  tissue origins, or close hierarchical
proximity—were merged. Clusters predominantly (>85%) from
tissues with established nomenclature (e.g., KCs) retained
canonical names; those with mixed origins or undefined
classifications were designated by representative DEGs. For
the validation cohort, cells annotated as macrophages and
derived from a male fetal pig of another litter (F2S3) were
extracted from the integrated atlas (as described above) (Cai
etal., 2026). We then performed HVG identification
(scanpy.pp.highly_variable_genes), PCA (scanpy.pp.scale,
max_value=10), and UMAP (scanpy.t.umap, default
parameters) dimensionality reduction, followed by Leiden
clustering at a resolution of 0.8. Based on the expression of
canonical macrophage markers and DEGs for each cluster,
non-macrophage clusters were removed, and tissues
containing fewer than 50 cells were excluded. Finally, we
obtained a macrophage dataset comprising 7 688 cells across
13 tissues. To verify the reproducibility of the cross-tissue fetal
pig macrophage atlas constructed from the discovery cohort,
we integrated macrophages from the discovery and validation
cohorts using the sc.external.pp.harmony_integrate function to
correct for batch effects.

Diversity analysis of macrophage subtype composition
To quantify the diversity of macrophage subtype composition
among tissues, the normalized Shannon equitability index (Ey;
Zheng et al., 2021) E,, was calculated as:

_Z;\;piIngpi

Fy= 0P (1)

log,N

where p; is the frequency of subtype i, and N is the total
number of subtypes. The Shannon equitability index ranges

from 0 to 1, with higher values indicating greater diversity.

Functional enrichment analysis

Functional enrichment analysis was performed using the
clusterProfiler v.4.10.0 package (Yu etal, 2012). Multiple
testing correction was applied via the Benjamini-Hochberg
method, with pathways considered significantly enriched at a
P<0.05.

Principal component analysis of cross-tissue
LYVE1"S"MHCI"*" and LYVE1'"**MHCII"9" subtypes

To investigate the cross-tissue transcriptional conservation of
the dichotomous macrophage subtypes (LYVE1M"MHCIIY
and LYVE1°"MHCII"9")  we performed principal component
analysis (PCA) using the following analytical strategy. First,
within each of the 27 target tissues, the two subtypes were
independently annotated based on the expression patterns of
LYVE1, MHC class Il genes (e.g., SLA-DRA, SLA-DQB1,
SLA-DRBT), and cluster-specific DEGs. For each tissue with
both subtypes, the corresponding cells were extracted and
merged into a combined dataset. To mitigate the impact of
data sparsity inherent in single-cell transcriptomics, the top 2
000 HVGs were identified from this merged dataset.
Subsequently, the mean expression profiles of these 2 000
HVGs across all tissue-subtype groups were subjected to PCA
using the prcomp function in R software v.4.3.2 with default
parameters. The first two principal components (PC1 and
PC2) were extracted to evaluate the clustering patterns of the
subtypes across different tissues.

Evaluation of the conservation of LYVE1"S"MHCII'®¥ and
LYVE1'"°*MHCII"e" subtypes in humans

To assess the conservation of dichotomous macrophage
characteristics between pigs and humans, we downloaded
three publicly available human single-cell transcriptomic
datasets (Eraslan etal., 2022; Han etal., 2020; Suo etal.,
2022) and performed subcluster annotation on macrophages
isolated from each tissue.

Subsequently, tissues (lung, muscle, kidney, and heart)
shared by pigs and humans were selected, and MetaNeighbor
(Crow etal, 2018) was used to evaluate the similarity
between the dichotomous subtypes of macrophages in the two
species. Pig MHC class Il genes (e.g., SLA-DRA, SLA-DQBT)
were manually converted to their human orthologs (e.g., HLA-
DRA, HLA-DQBT).

For gene list enrichment scoring, a pig dichotomous
macrophage signature gene list was generated based on
DEGs shared across 14 of the 27 tissues (Supplementary
Table S2). Pig genes were mapped to their human orthologs
using the UniProt database, and then this gene list was
applied to each human tissue dataset using the
scanpy.tl.score_genes function in Scanpy v.1.7.1 (Wolf et al.,
2018) with default parameters (ctrl_size=50, n_bins=25).

Cross-species analysis of fetal macrophages

To assess the conservation of fetal macrophage
characteristics across pigs, humans, and mice, we
downloaded single-cell transcriptomic datasets for human
(Han etal.,, 2020) and mouse (Fei etal.,, 2022). Fetal
macrophages were isolated from these public datasets and
integrated with fetal pig macrophages from matching tissues in
the present study using the FindIntegrationAnchors function in
Seurat v.4.1.1 (Hao et al., 2021). Following HVG selection and
dimensionality reduction, cells were clustered using the
Louvain algorithm with a resolution of 0.5.
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Gene regulatory network analysis

Gene regulatory networks were inferred using pySCENIC
v.0.12.1 (Dominguez Conde et al., 2022), which reconstructs
TF-target interactions through a three-step analytical pipeline.
First, co-expression modules between TFs and their potential
target genes were identified using the GRNBoost2 algorithm,
with input gene expression matrices and a curated list of
human TFs obtained from https://github.com/aertslab/
pySCENIC/blob/master/resources/hs_hgnc_{fs.txt. The
resulting modules were subjected to motif enrichment analysis
against two cisTarget databases (https://resources.aertslab.
org/cistarget/databases/homo_sapiens/hg38/refseq_r80/mc_v
10_clust/gene_based/) to identify direct TF-target interactions,
retaining only regulons containing at least 10 genes. Finally,
regulon activity was quantified across individual cells using
AUCell scoring, and regulon cell-type specificity was
evaluated by calculating regulon specificity scores (RSS),
enabling the identification of cell-type-specific regulatory
programs.

Identification of tissue-shared
transcription factors
A total of 1 232 pig TFs were obtained from the JASPAR
database (https://jaspar.elixir.no/) and used for downstream
analysis. To identify TFs shared across tissues, a TF was
classified as tissue-shared if it was detected in over 80% of
tissues and expressed in more than 5% of cells within a
tissue. Tissue-shared TFs in the fetal and adult stages were
then identified separately.

To identify tissue-specific TFs, the gene specificity index
(Tau, 1) for each TF was computed as described by Yanai
et al. (2005). The index was calculated as follows:

tissue-specific and

N
. (1-%)

i=1

fiy v o

« Xj

Xi= max(x;) (2)
where N is the number of tissues (N=54 in this study) and x;
represents the average normalized gene expression of a given
tissue i, T represents the gene specificity score for the tissue,
with values ranging from 0 to 1; higher values indicate
stronger tissue specificity. A TF was classified as tissue-
specific if it met the following criteria: (1) 1>0.85, (2) average
expression=0.05, and (3) expression in25% of cells within the
dominant tissue. Consistent with the analysis of shared TFs,
tissue-specific TFs were identified separately for fetal and
adult stages.

Gene set scoring analysis

Gene set scoring was performed for 42 metabolic pathways
(Kyoto Encyclopedia of Genes and Genomes (KEGG)
database; Supplementary Table S3), 43 macrophage-related
functional pathways (KEGG/Gene Ontology (GO)/Reactome
databases; Supplementary Table S3), and 32 immune activity
pathways (KEGG/GO/Reactome databases; Supplementary
Table S4). Enrichment scores for each gene set in individual
cells were computed using the scanpy.tl.score_genes function
in Scanpy v.1.7.1 (Wolf et al., 2018) with default parameters
(ctrl_size=50, n_bins=25). For the metabolic and functional
pathway scoring analyses, specific Ensembl [Ds were
manually curated and updated for the following reasons: initial
gene symbols assigned via BLAST alignment against the
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UniProt database were incomplete or ambiguous, often
resulting in truncated or outdated nomenclature; and certain
Ensembl IDs, whose gene symbols were absent from the
initial annotation file, could be retrieved from the UniProt
database. A comprehensive list of these corrected genes is
provided in Supplementary Table S3.

Integration of macrophage datasets from fetal and adult
pigs

The fetal pig macrophage atlas (present study) and adult pig
macrophage atlas (our previously published dataset)
(Chen etal, 2025a) were integrated using the
FindIntegrationAnchors function in Seurat v.4.1.1 (Hao et al.,
2021).

Definition of fetal growth restriction

Fetuses were classified as GR when their body weights were
below one standard deviation of the population mean both
within the litter and across the population. This empirical cutoff
was determined from 860 sixth-generation (F6) mosaic pigs
(Yang etal., 2022), among which individuals were grouped
into NW and GR groups according to different cutoff values
below the population mean of birth weight (ranging from 1.0 to
2.0 standard deviations). The criterion of one standard
deviation below the mean resulted in the greatest difference in
body weight between the two groups at 240 days of age and
was therefore used to define intrauterine growth restriction in
this study.

Macrophages from normal-weight and growth-restricted
fetal pigs

Macrophages were extracted from our previously generated
chorioallantoic membrane single-cell transcriptomic dataset
(Cai et al., 2026), which included samples from five NW and
five GR fetuses. The macrophage subtypes were subjected to
downstream analyses, including normalization, dimensionality
reduction, and identification of DEGs. In brief, 2 000 HVGs
were selected using scanpy.pp.highly_variable_genes,
followed by regression of total counts per cell and
mitochondrial gene percentages via scanpy.pp.regress_out.
Genes were scaled to unit variance (scanpy.pp.scale,
max_value=10), and a 50-component PCA was computed
(scanpy.tl.pca, svd_solver="arpack”). Experimental batch
effects, litter variations, and individual differences were
corrected using Harmony (scanpy.external.pp.harmony_
integrate).  Neighborhood graphs were constructed
(scanpy.pp.neighbors, n_neighbors=15, n_pcs=40, use_rep=
“X_pca_harmony”), and UMAP was used for visualization
(scanpy.tl.umap). DEGs between NW and GR conditions were
computed using the Wilcoxon rank-sum test (scanpy.tl.rank_
genes_groups).

Integration of the cross-tissue fetal pig macrophage atlas
and the FGR macrophage dataset

To clarify the correspondence between macrophage subtypes
in the cross-tissue fetal pig macrophage atlas and those in the
FGR dataset, we integrated the FGR dataset with the cross-
tissue fetal pig ~macrophage atlas using the
FindIntegrationAnchors function in Seurat v.4.1.1 (Hao et al.,
2021). We then assessed the similarity by calculating Pearson
correlations between the average gene expression profiles of
NW and GR macrophages and those of each subtype in the
cross-tissue fetal pig macrophage atlas.

Cell-cell communication analysis
Intercellular communication analysis was performed using the
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CellChat R package (v.1.1.3) (Jin etal.,, 2021) with default
parameters, retaining only significant ligand-receptor
interactions (P<0.05) between cell populations containing =10
communicating cells for downstream analyses.

Immunofluorescence staining and imaging
Paraffin-embedded tissues were cut into sections with a
thickness of 3-5 um using a microtome (Leica, Germany) and
mounted on glass slides. Sections were deparaffinized in
xylene and rehydrated through a graded ethanol series,
followed by antigen retrieval and serum blocking. For double
immunofluorescence staining, tissue sections were incubated
overnight at 4°C with mouse anti-CD163 (ab156769, Abcam,
UK). This antibody was combined with rabbit anti-C10orf85
(ab231317, Abcam, UK) for amniotic membrane sections and
with rabbit anti-NR4A3 (55405-1-AP, Proteintech, USA) for
tonsil sections. After three washes with PBS (pH 7.4), sections
were incubated with Cy3-conjugated goat anti-mouse 1gG
(GB21301, Servicebio, China) and Alexa Fluor 488-
conjugated goat anti-rabbit IgG (GB25303, Servicebio, China)
for 50 min. Following three additional PBS (pH 7.4) washes,
nuclei were stained with DAPI, and sections were mounted.
Multispectral images were acquired using a Pannoramic MIDI
scanner and analyzed with CaseViewer software (v.2.4).
RESULTS

A fetal pig macrophage cross-tissue
transcriptome atlas

To  comprehensively characterize  the  cross-tissue
heterogeneity of macrophages in fetal pigs, we extracted
macrophages from our previously established multi-tissue
integrated single-cell atlas (Cai et al., 2026) by sequentially
isolating and annotating immune cells, re-clustering myeloid
cells, and finally extracting macrophages (Supplementary
Figures S2A-D). After stringent quality control, 85 473
macrophages from 54 distinct tissues were obtained for
downstream analysis, including 49 tissues from a male fetal
pig and 19 tissues from its female littermate, with an overlap of
14 tissues between the two individuals (Figure 1A;
Supplementary Figure S1A and Table S1). These cells were
unequivocally identified as macrophages based on their robust
expression of canonical markers, including CD68, CD163,
MRC1, C1QB, CSF1R and CX3CR1 (Chen etal, 2011;
Rakina etal., 2024), as well as the minimal to absent
expression of markers for other myeloid cell types (Figure 1B;
Supplementary Figure S2E).

Unsupervised clustering following dimensionality reduction
identified 15 macrophage subtypes with distinct transcriptional
signatures and tissue distributions  (Figures 1C-E;
Supplementary Table S1). Several subtypes corresponded to
known tissue-specific macrophage subtypes, such as MG and
border-associated macrophages (BAMs) in the central
nervous system expressing CALCR and CD163, respectively;
KCs in the liver expressing /ID3; and RPMs in the spleen
expressing SPIC (Blériot et al., 2020; Gordon & Pliddemann,
2017; Li & Barres, 2018). Within placental-associated tissues,
we identified two HBC subtypes, both expressing canonical
markers SPP1, CD14, CD68, CD163 and FOLR2
(Supplementary Figure S3A) (Thomas etal., 2021; Yang
et al., 2023), yet distinguished by their tissue distribution and
functional programs. HBC GPNMB+ cells were restricted
exclusively to the amniotic membrane and highly expressed

single-cell

glycolytic enzymes (LDHA, ENO1) and extracellular matrix
(ECM) regulators (GPNMB, ANXA2, COL1A1)
(Supplementary Figure S3A and Table S1). In contrast, HBC
PEG10+ cells resided solely in the chorioallantoic membrane
and highly expressed immunomodulators (A2M, CCL24),
along with MEF2C (a key transcriptional regulator of myeloid
differentiation) and PEG710 (an imprinted gene controlling
placental development) (Supplementary Figure S3A and Table
S1). Notably, this tissue-specific organization was consistently
reproduced across two individuals (Supplementary Figure
S3B). GO enrichment analysis of DEGs revealed that HBC
GPNMB+ cells were enriched for terms related to ECM
organization, wound healing, and pyruvate metabolic
processes, whereas HBC PEG10+ cells were associated with
interleukin-2 production, immune response-activating signaling
pathway, and cell cycle G1/S phase transition, suggesting
functional adaptation to their respective placental niches
(Supplementary Figures S3C, D and Table S1).

In contrast to these tissue-specific subtypes, two
macrophage subtypes with broad tissue distribution were
further delineated. M@ CXCL2+ cells exhibited high
expression of SLA-DQB1, SLA-DRA, CCL4 and CXCL2, while
M@ CCL14+ cells were characterized by elevated expression
of CCL14, LYVE1 and DAB2. Both subtypes were widely
populated across multiple systems, including cardiovascular,
reproductive, respiratory, urinary, and digestive systems
(Figure 1E). Additionally, we identified two proliferative
macrophage subtypes, both exhibiting high expression of cell
cycle regulators such as CENPE, CENPF, and TOPZ2A.
Proliferating microglia (Prolif MG) were almost restricted to the
brain, while proliferating macrophages (Prolif Mg) were
predominantly  distributed across peripheral tissues,
particularly the chorioallantoic membrane, epididymis, salivary
gland, and large intestine, indicating their active expansion
during fetal development (Figure 1E; Supplementary Table
S1). Quantitative assessment of cell composition diversity
using the Shannon equitability index (Zheng etal., 2021)
demonstrated significantly greater macrophage diversity in
digestive and immune systems compared to other systems
(Figure 1E), reflecting the heightened microenvironmental
complexity of these tissues during fetal development.

To further clarify the relationships among macrophage
subtypes, we performed hierarchical clustering of these
subtypes based on their transcriptomic expression profiles,
followed by GO functional enrichment analysis to characterize
functional programs. This analysis grouped the subtypes into
four major clusters with distinct biological specializations
(Figure 1F; Supplementary Table S1): Cluster | (M@ CXCL2+,
Me MYL1+, and M¢ MYL2+) was associated with
inflammatory response and antigen presentation; Cluster Il
(HBC GPNMB+, BAMs, HBC PEG10+, and M@ CCL14+)
exhibited signatures of extracellular structure organization and
tissue remodeling processes; Cluster Il (KCs, M@ CD209+,
RPMs, Mp MARCO+, and M DNASE1L3+) was enriched for
purine nucleoside triphosphate biosynthetic process and
response to lipopolysaccharide; and Cluster IV (MG, prolif Mo,
and prolif MG) showed enrichment in neuronal development
and cell cycle processes.

To verify the reliability of our fetal pig cross-tissue
macrophage atlas, we incorporated macrophage single-cell
transcriptomic data from 13 replicate tissues of an
independent male fetus from a different litter (Supplementary
Figure S1A), and subsequent integration with the discovery
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Figure 1 Characteristics of cross-tissue fetal pig macrophages

A: A schematic diagram of 54 sampled tissues from two fetal pigs. B: UMAP showing the expression levels of 6 selected macrophage marker
genes. C: UMAP visualization of macrophages colored by 15 macrophage subtypes. D: Dot plot showing signature gene expression profiles across
15 macrophage subtypes. Color intensity represents scaled mean normalized expression levels, while dot size corresponds to the percentage of
cells expressing each gene within a subtype. E: Bar plots showing the macrophage subtype proportions across tissues in different systems.
Subtype diversity measured with the Shannon equitability index for each system is shown. F: Molecular and functional characterization of
macrophage subclusters. Left: Unsupervised hierarchical clustering of macrophage subtypes based on gene expression patterns, revealing four
distinct clusters. Middle: Heatmap of cluster-defining signature genes. Representative genes are labeled on the right. Right: Bubble plot of
significantly enriched GO pathways (P-adjust<0.05) specific to each cluster.
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cohort demonstrated favorable clustering of macrophages
across both datasets (Supplementary Figures S4A-C).
Furthermore, the macrophage subtypes identified across the
13 tissues in the validation cohort, together with their relative
proportions and gene expression profiles, were highly
concordant with those in the discovery cohort (Supplementary
Figures S4D, E). Together, the concordant cell identity
features observed across individuals further validate the
reproducibility and robustness of our cross-tissue macrophage
atlas.

Conserved cross-tissue dichotomy of LYVE1"9" and
MHCII"9" macrophages

Previous studies have identified two transcriptionally distinct
macrophage subtypes, LYVE1NS"MHCI 'Y and
LYVE1'°*MHCII"sh  with dichotomous expression patterns
across tissues of humans, mice, and zebrafish (Chakarov
et al., 2019; Eraslan et al., 2022; Lund et al., 2024; Zhou et al.,
2023a). Here, leveraging the comprehensive cross-tissue
single-cell atlas in pigs, we systematically explored these two
subtypes in each individual tissue to comprehensively
characterize their transcriptional programs and assess their
similarity to their human counterparts. Our analysis revealed
that these transcriptionally mutually exclusive subtypes were
widely conserved across fetal pig tissues, being consistently
observed in 27 of the 54 examined tissues (Supplementary
Figure S5A).

Through cross-tissue analysis of conserved transcriptomic
features, we identified the core signatures for each subtype.
Specifically, LYVE1"" macrophages preferentially expressed
genes involved in tissue remodeling and homeostasis (LYVET,
DAB2, MRC1), whereas MHCII"" macrophages were
characterized by elevated expression of antigen presentation
components (SLA-DQB1, SLA-DRA, SLA-DRB1) (Figure 2A;
Supplementary Table S2). Notably, within each tissue, the
expression levels of LYVET and MHC class Il genes (SLA-
DRA, SLA-DRB1 and SLA-DQB7) showed a significant
negative correlation (Spearman’s r<-0.18, P<0.001)
(Supplementary Figures S5A, S6A-D), and this inverse
relationship was further validated in our independent validation
cohort (Supplementary Figure S7A). Despite maintaining their
core molecular signatures, both macrophage subtypes
displayed tissue-specific expression profiles and varying
abundance proportions (Supplementary Figures S8A, B),
reflecting adaptation to distinct tissue microenvironments.
PCA further revealed that PC1 and PC2 clearly segregated
the two subtypes across diverse tissues (Figure 2B). In
addition, GO functional analysis highlighted the functional
divergence between the two macrophage subtypes. LYVE 1"
macrophages were enriched for pathways including receptor-
mediated endocytosis, TGF response, cell-matrix adhesion,
and epithelial cell migration, consistent with their proposed
functions in tissue maintenance and repair (Chakarov et al.,
2019). In contrast, MHCII"9" macrophages showed strong
enrichment for immune activation pathways, particularly
antigen  processing and presentation (Figure 2C;
Supplementary Table S2).

Given the widespread conservation of the dichotomous
macrophage subtypes across tissues, we next sought to
identify the transcriptional regulators underlying their
functional and identity specialization via pySCENIC analysis
(Van De Sande etal., 2020). We identified MAF(+) and
RBPJ(+) as key regulons specifically associated with the

LYVE1"" subtype, both of which exhibited high regulon
specificity scores (RSS>0.5) and consistently showed higher
AUCell scores in LYVE1"" than in MHCII"" macrophages
across nearly all examined paired tissues (Figure 2D;
Supplementary Table S2). Notably, both of these TFs and
their predicted target genes (CLTC for MAF; ITSN1 and
COLEC12 for RBPJ) showed coordinated and specific high
expression in LYVE1"" macrophages (Figure 2E), indicating
functionally relevant regulatory relationships. Consistent with
our findings, Moura Silva et al. demonstrated that Maf acts as
a pivotal regulator in establishing the identity and function of
LYVE1+ perivascular macrophages (2021), further supporting
its conserved role in sustaining LYVE1"" macrophage
programs.

To assess the evolutionary conservation of these
macrophage specializations, we performed cross-species
comparisons between pigs and humans using MetaNeighbor
(Crow et al., 2018). Remarkably, pig LYVE1"" and MHCI|"9"
macrophages (P_LYVE1"" and P_MHCII"") showed strong
transcriptional  similarity to their human counterparts
(H_LYVE1"" and H_MHCII"9") across all examined tissues,
respectively (Figure 2F). Furthermore, specific regulons
identified in pigs were also conserved in some human tissues,
such as the chorionic villus and placenta (Figure 2G). To
further validate this conservation, we generated a list of pig
dichotomous macrophage signature genes based on DEGs
shared across 14 out of 27 tissues (Supplementary Table S2),
and applied it to human datasets. The results revealed
significant enrichment of the pig LYVE1"" signature in human
LYVE1"9" macrophages (P<0.001, Wilcoxon test), with similar
findings for the MHCII"9" macrophages (Supplementary Figure
S9A), providing compelling evidence for the fundamental
nature of this macrophage specialization across species.
Collectively, these results establish the LYVE1"™" and
MHCIIM"  dichotomy as a widely tissue-distributed and
conserved macrophage state during late gestation,
characterized by distinct transcriptional programs, regulatory
mechanisms, and functional roles that are highly analogous to
those observed in human tissue macrophages.

Metabolic heterogeneity of macrophages across tissues
Cellular metabolism dynamically reprograms the phenotypes
and functions of immune cells, exemplified by its central roles
in T cell differentiation (Buck et al., 2015) and macrophage
polarization (Wculek et al., 2022). To explore the metabolic
programs underlying macrophage maintenance and tissue
adaptation, we analyzed the expression of 1 346 metabolism-
related genes encompassing 42 KEGG metabolic pathways in
macrophages across 54 tissues (Supplementary Table S3).
Among these, 247 genes were ubiquitously expressed in over
80% of tissues (detected in >5% of cells per tissue), with
notable enrichment in OXPHOS, reactive oxygen species
(ROS) metabolism, and the tricarboxylic acid (TCA) cycle
(Figure 3A). This enrichment pattern was recapitulated in the
validation cohort (Supplementary Figure S10A). Together,
these findings suggest that fetal macrophages share a
conserved metabolic program centered on mitochondrial
respiration and redox homeostasis, which may provide the
energetic and biosynthetic support required for their survival
and function.

Beyond this conserved metabolic foundation, macrophages
exhibited striking tissue-specific specialization. Among all
tissues, macrophages from the amniotic membrane exhibited
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Figure 2 A macrophage dichotomy across tissues and its conservation in human tissues

A: Volcano plot displaying DEGs between LYVE1""MHCII®™ and LYVE1°"MHCII"" macrophage subtypes across 27 tissues. Genes meeting the
thresholds (|log,(fold change)|>1 and P-adjust<0.05) are colored, with top genes labeled in the plot. B: PCA analysis of gene expression patterns in
LYVE1M"MHCII®™ and LYVE1°“MHCII"" macrophage subtypes from 27 tissues. C: GO terms of the DEGs in LYVE1""MHCII®* and
LYVE1°“MHCII"s" macrophage subtypes. D: Violin plots comparing the average AUCell scores of MAF(+) (left) and RBPJ(+) (right) regulons
between LYVE1""MHCII®" and LYVE1°*MHCII"9" subtypes in each paired tissue. Symbols correspond to significance: ™" P<0.0001. E: Dot plot
showing expression of two regulons (TF and its target genes) in LYVE1""MHCII®™ and LYVE1°*MHCII"" macrophage subtypes across 27 tissues.
Top: MAF(+) regulon (TF: MAF; target: CLTC). Bottom: RBPJ(+) (TF: RBPJ; targets: COLEC12, ITSN1). F: Heatmap showing the correspondence
of LYVE1""MHCII®™ and LYVE1°"MHCII"" macrophage subtypes between pigs and humans, quantified by MetaNeighbor (mean AUROC scores).
G: Dot plot showing expression patterns of the two regulons (identified in Figure 2E) in human tissues.
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Figure 3 Cross-tissue metabolic transcriptional characteristics

A: Bar plot showing the percentage of ubiquitously expressed genes belonging to 42 KEGG metabolic pathways across 54 tissues. B: Line plot
showing expression profiles of 15 selected metabolic genes across 54 tissues. C: Network visualization of significant Spearman correlations (|r{=0.5,
P<0.05) between macrophage metabolic (red nodes) and functional (green nodes) pathway activities. Solid edges: positive correlations (r=0.5);
dashed edges: negative correlations (r<—0.5). Edge colors denote tissue origins. Symbols correspond to significance: “": P<0.0001. D: Scatter plot
showing positive correlation in co-expression patterns between the iron metabolic gene and lysosomal function-related genes in fallopian tube
macrophages.
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the most active metabolic profile, characterized by prominent
engagement in glycolysis, cholesterol metabolism, and
arginine  metabolism  (Supplementary  Figure  S11A).
Consistently, they showed high expression of multiple
metabolic genes, such as glycolytic regulators (GAPDH,
LDHA, TPI1, and PGAMT), lipid metabolism-related genes
(LIPA and NPC2), and GLS, a key gene for arginine precursor
supply (Figure 3B). Pancreatic macrophages showed higher
expression of genes involved in glycerolipid metabolism,
including CEL, PNLIPRP1, and PNLIPRP2 (Figure 3B). Liver
and lymph node macrophages exhibited prominent
arachidonic acid and iron metabolism (Supplementary Figure
S11A), accompanied by high expression of the arachidonic
acid enzyme HPGD and the iron regulators HMOX1 and
SLC40A1 (Supplementary Figure S12A), a pattern
consistently observed in the validation cohort (Supplementary
Figure S10B). Bone marrow macrophages were enriched in
nucleotide metabolism and displayed elevated expression of
genes involved in this pathway, such as HPRT1 and DUT
(Supplementary  Figures S11A, S12A).  Specifically,
macrophages from various brain regions displayed relatively
homogeneous metabolic profiles, which aligns with a previous
study indicating that, with the exception of the intestines,
macrophages within the same tissue or location are largely
homogenous regarding their metabolism (Supplementary
Figure S11A) (Heieis et al., 2023). These brain macrophages
exhibited high lipid metabolic activity and elevated expression
of SCD (Figure 3B), a fatty acid desaturase that is crucial for
driving microglial phenotypic switching by regulating
membrane fluidity (Bogie et al., 2020; Hamilton et al., 2022;
Sun et al., 2025).

To further explore the relationship between metabolic
profiles and macrophage functional characteristics, we scored
individual macrophages against gene sets corresponding to
42 metabolic pathways and 43 functional pathways
(Supplementary Figures S11A, B), followed by quantification
of the pairwise correlations between these metabolic and
functional pathway scores in each tissue (Figure 3C;
Supplementary Table S3). We identified a negative correlation
between OXPHOS and inflammatory pathways in several
tissues, including the small intestine, nose, and bone marrow
(Supplementary Figure S13A). This finding supports previous
in vitro studies showing that OXPHOS is associated with anti-
inflammatory macrophages, whereas pro-inflammatory
subsets rely on glycolysis (Saha etal., 2017; Wculek et al.,
2023). A prominent finding was that lysosomal activity
appeared to be a central functional feature of macrophages,
as robust associations were observed between lysosomal
activity and multiple metabolic pathways across tissues
(Figure 3C). For example, pathways involved in iron
metabolism, including ferroptosis, mineral absorption, and
porphyrin metabolism, showed significant positive correlations
(Spearman’s r=0.5, P<0.001) with lysosomal activity across
tissues, such as the nose, fallopian tube, and bone marrow
(Supplementary Figure S14A). This correlation was also
evident at the gene expression level. Specifically, in fallopian
tube macrophages, the iron metabolism gene FTL exhibited a
strong positive correlation (Spearman’s r20.5, P<0.001) with
lysosome-related genes (CTSB, CTSS and CD68)
(Figure 3D), a pattern consistently observed across other
tissues (Supplementary Figure S14A). These findings highlight
the critical role of lysosomes as key hubs for iron processing
in macrophage-mediated systemic iron homeostasis (Rizzollo
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etal.,, 2021). Similarly, lipid metabolism pathways, such as
cholesterol and sphingolipid metabolism, were positively
correlated with lysosomal function (Supplementary Figure
S14A), as evidenced by the co-variation of lipid metabolism
genes (ASAH1, LIPA, and APOE) with lysosomal hydrolase
genes (Spearman’s r=0.5, P<0.001), particularly in pancreatic
and bone marrow macrophages (Supplementary Figure
S14A), aligning with the central role of lysosomes in lipid
degradation (Melo & Dvorak, 2012). Notably, the centrality of
lysosomal function in macrophages was further corroborated
in the validation cohort (Supplementary Figure S10C), where
significant correlations (Spearman’s r20.5, P<0.001) were
observed in both pathway scores and gene expression levels
(Supplementary Figure S14B).

Taken together, fetal macrophages showed tissue-specific
metabolic adaptations, and different metabolic pathways
exhibited distinct correlations with cellular functions, reflecting
coordinated metabolic—functional coupling across tissues.

Sex comparison in fetal pig macrophages across tissues
Our within-litter experimental design, in which all samples
were collected from a male and a female fetus within the same
uterus, minimizes confounding variables such as environment,
gestational age, and genetic background, thereby facilitating
comparisons of macrophages between sexes across tissues.
We systematically compared 14 shared tissues (11 nervous
system tissues and 3 other tissues) between male and female
fetal pigs. Both the major macrophage subtypes and their
relative abundances were largely consistent between sexes
within each tissue (Figure 4A). Pearson correlation analysis of
the gene expression profiles of all major subtypes across the
overlapping tissues further revealed a high degree of
transcriptional  similarity between male and female
macrophages (Figure 4B). GO enrichment analysis of sex
DEGs across all tissues revealed that functional differences
between sexes were primarily reflected in fundamental
metabolic pathways and basic immune functions (Figure 4C).
For example, in the amniotic membrane, male macrophages
predominantly upregulated processes such as oxidative
phosphorylation and other aerobic respiratory processes,
represented by genes such as ATPS5ME, NDUFA4, and
COX6A1, whereas female macrophages showed increased
expression of genes involved in wound healing and myeloid
cell differentiation, including ANXA2, CD44, and HIF1A. In
contrast, in the umbilical cord, male macrophages showed
enrichment for immune-related pathways such as myeloid
leukocyte migration and monocyte chemotaxis, while female
macrophages exhibited enrichment for aerobic respiration and
ATP metabolic processes. These results indicate that sex
differences among fetal pig macrophages from the same litter
during late pregnancy are subtle at the global transcriptomic
level, with specific functional divergences primarily confined to
fundamental metabolic and immune processes.

Dynamics of macrophage
across fetal and adult tissues
To characterize the spatiotemporal heterogeneity of
macrophage transcriptional and functional programs across
fetal and adult stages, we integrated the single-cell
transcriptomic atlas of fetal pig macrophages generated in this
study with our previously published multi-tissue macrophage
atlas from adult pigs (Chen etal., 2025a). The integrated
UMAP visualization revealed a well-mixed distribution of fetal
and adult macrophages, and hierarchical clustering showed
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Figure 4 Cross-sex transcriptional characteristics

A: Bar plots showing the proportions of macrophage subtypes across 14 overlapping tissues between male and female pigs. Colors correspond to
the macrophage subtypes referenced in Figure 1C. B: Heatmaps showing the Pearson correlation of major subtypes from overlapping tissues
between male and female pigs. C: Bar plots showing the GO terms enriched in genes upregulated in males and females across 4 tissues.

that most macrophage subtypes from both stages clustered
together (Figure 5A; Supplementary Figures S15A-C). This
observation indicated robust dataset integration, thereby
enabling accurate cross-stage comparative analyses.

To elucidate the global transcriptional and functional
heterogeneity between fetal and adult macrophages, we first
aggregated macrophages across all fetal tissues and
compared them with those from all adult tissues (Figure 5B;
Supplementary Table S4). Adult macrophages showed
prominent enrichment in immune-related pathways, including
the regulation of immune effector processes and leukocyte
cell-cell adhesion, together with fatty acid metabolic
processes, reflecting enhanced immune surveillance and
regulatory activities within mature tissue environments. In
contrast, fetal macrophages primarily exhibited strong
enrichment in development-associated pathways, such as the
regulation of leukocyte proliferation, myeloid cell
differentiation, in utero embryonic development, and
cell-substrate junction organization, reflecting their active
involvement in immune cell development and tissue
morphogenesis during ontogeny. Considering that TRMs
originate from the embryonic yolk sac or fetal liver, colonize

their respective tissues before birth, and persist postnatally
through  self-renewal under steady-state  conditions
(Figure 5C), we next examined whether this developmental
divergence persists within representative TRM subtypes (KCs,
BAMs, RPMs, and MG) (Schulz etal.,, 2012; Yona etal.,
2013). Consistent with the results observed at the whole-
tissue level, these subtype-specific analyses further revealed
a conserved shift of TRMs from developmental programs in
the fetal period to immune-competent phenotypes in
adulthood. Specifically, adult KCs, BAMs, and MG were
enriched for antigen processing and presentation, leukocyte
activation, cytokine production, and other immune effector
pathways, indicative of their acquisition of mature host
defense capacities upon environmental exposure after birth
(Figure 5D; Supplementary Figure S15D). In contrast, fetal
TRMs across tissues preferentially upregulated programs
related to cellular proliferation/differentiation and tissue
morphogenesis, such as mononuclear cell proliferation in
RPMs, myeloid cell homeostasis in KCs, cell
migration/adhesion in BAMs, and regulation of neurogenesis
in MG, reflecting their roles in organogenesis and niche
establishment during development (Figure 5D; Supplementary
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Figure 5 Transcriptional programs in fetal versus adult macrophages

A: UMAP visualization of integrated fetal and adult pig macrophages. B: Clustering and word cloud analysis of GO enrichment results for DEGs
between fetal and adult macrophages. C: Bar plot illustrating the tissue distribution of the four TRM subtypes. D: GO terms of DEGs in fetal versus
adult MG. E: Venn diagram showing tissue-shared TFs in fetal and adult pig macrophages. F: Heatmap showing expression patterns of 51 tissue-
specific TFs across 19 tissues in fetal pig macrophages. G: Representative immunofluorescence staining images of DAPI, CD163, and NR4A3 in

the tonsil. H: Representative immunofluorescence staining images of DAPI, CD163, and GLMP in the amniotic membrane.
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Figure S15D). To finely resolve changes in immune activity
between fetal and adult macrophages, we scored
macrophages from each matched fetal-adult tissue pair
against a panel of 32 immune pathways (Supplementary
Table S4). Although minor variability was observed, with fetal
scores exceeding adult scores in a small subset of tissues,
aggregation of all matched pairs revealed that adult
macrophages exhibited  significantly  higher pathway
enrichment scores than fetal macrophages across all
examined immune pathways (Supplementary Figure S16A).
Collectively, these results suggest that adult macrophages
globally possess enhanced immune activity relative to their
fetal counterparts.

To systematically dissect the transcriptional regulation of
macrophages across fetal and adult stages, we next focused
on characterizing TFs that are shared across tissues or
specific to particular tissues at each stage. We first identified
tissue-shared TFs based on the criteria of being expressed in
more than 5% of cells within individual tissues and detected
across over 80% of all tissues in this study at the fetal and
adult stages, respectively. This criterion ensures we capture
TFs with broad functional relevance across most tissues at a
given stage. We identified 115 and 113 tissue-shared TFs in
fetal and adult stages, respectively, with 97 TFs overlapping
between the two stages (Figure 5E; Supplementary Table S4).
These overlapping TFs likely constitute a core regulatory
module essential for maintaining the fundamental identity and
housekeeping functions of macrophages across tissues and
developmental time points. Examples include SPI1, IRFS8,
RUNX1 and STAT1 (Figure 5E), all of which are critical for
macrophage development, polarization, and function,
underscoring their non-stage-restricted roles (Begitt et al.,
2018; Guilliams & Scott, 2017; Langlais et al., 2016; Zhou
et al., 2023b).

We then examined tissue-specific TFs in the fetal and adult
stages, respectively, defined as those with a Tau value (Yanai
et al., 2005) greater than 0.85 (indicating strong enrichment in
a single tissue) and expression in more than 5% of
macrophages within that tissue. At the fetal stage, we
identified 51 tissue-specific TFs distributed across 19 tissues,
whereas in the adult stage, we found a larger repertoire of 78
tissue-specific TFs distributed across 28 tissues (Figure 5F;
Supplementary Figure S17A and Table S4). The expanded TF
repertoire in adulthood (53% increase) may reflect an
adaptation to external environmental exposures and tissue
functional complexity demands, in stark contrast to the
protective intrauterine environment of fetal development.
Among these, 10 TFs were detected as tissue-specific in both
fetal and adult stages, with nearly identical expression levels
at both stages (Supplementary Figure S17B). For instance,
LTF, an iron-binding protein crucial for innate immune defense
against microbial infections (Wu et al., 2011), was specifically
enriched in the bone marrow. Similarly, SPIC, essential for
RPM development and splenic iron recycling (Alam et al.,
2020), maintained splenic specificity, reinforcing its non-stage-
restricted contribution to iron homeostasis.

We next validated two fetal tissue-specific TFs via
immunofluorescence, including the tonsil macrophage-specific
TF NR4A3 and the amniotic membrane macrophage-specific
TF GLMP (Figures 5G, H). Notably, GLMP has not been
previously reported in the amniotic membrane. As a lysosomal
membrane protein, GLMP is involved in critical cellular
functions. Prior studies have shown that GImp-deficient mice

spontaneously develop liver fibrosis (Nesset etal.,, 2016),
accompanied by the pathological accumulation of lipofuscin
and iron within the storage vacuoles of GImp-deficient KCs
(Kong et al., 2014). These findings highlight the essential role
of GLMP in maintaining lysosomal homeostasis and regulating
iron metabolism. Collectively, these results delineate a
diversity in macrophage transcriptional regulation, where a
conserved set of TFs defines macrophage identity and
function across stages and tissues, while stage- and tissue-
specific TFs mediate local adaptation to distinct
microenvironments.

Conservation of fetal macrophages across species

To further explore the cross-species conservation of fetal
macrophages, we downloaded single-cell transcriptomic
datasets of fetal humans and mice (Fei et al., 2022; Han et al.,
2020). Annotated macrophages from organs shared with our
atlas were extracted and integrated with the corresponding pig
macrophage data from our study. Dimensionality reduction
and unsupervised clustering of the integrated dataset
identified a total of seven conserved macrophage subtypes
(M@1-M@7) across eight organs (Figure 6A), characterized by
the expression of canonical macrophage markers such as
CD68, C1QC, AIF1, IFITM3 and MRC1 (Figure 6B).

Among these subtypes, M@1, M2, and M@5 exhibited
distinct tissue specificity: M@1 was predominantly derived from
the liver and highly expressed TIMD4, a classic marker for
liver-resident KCs (Tran et al., 2020); M@2 was enriched in the
brain and expressed P2RY12, a signature marker of brain-
resident MG (Yang et al., 2025); M5 was primarily from the
heart and showed functional enrichment in cardiocyte
differentiation (Figures 6C, D). M¢@3 was a mouse-dominant
subtype with high expression of S1T00A6 and CORO1A, and
was functionally enriched in cell cycle progression and
proliferation processes (Figures 6C, D). Mo4, M6, and M@7
were broadly distributed across multiple organs: M@4 was
defined by high LYVET expression and enrichment in
endocytosis; M6 highly expressed CXCL2 and NFKBIA, with
enrichment in the response to tumor necrosis factor
(Figures 6C, D).

Hierarchical clustering based on gene expression
correlations revealed that cells from the same subtype largely
grouped together across all species, indicating strong
transcriptional conservation (Figure 6E). Notably, for most
subtypes, pig and human macrophages clustered closer to
each other than to mouse macrophages (Figure 6E).
Furthermore, MetaNeighbor analysis (Crow etal., 2018)
confirmed significant cross-species transcriptional congruence
for all subtypes, with particularly high similarity scores
(AUROC=>0.8) observed for M3, M@4, and M6 (Figure 6E).
Collectively, these results demonstrate a remarkable level of
transcriptomic evolutionary conservation in fetal macrophages
across humans, pigs, and mice.

Functional remodeling and context-specific intercellular
interactions of chorioallantoic membrane HBCs in fetal
growth restriction

Based on the fetal pig cross-tissue macrophage homeostasis
atlas, we sought to investigate the role of macrophages in
FGR, a condition predominantly associated with placental
insufficiency (Song et al., 2024). HBCs are placental-resident
fetal macrophages located within the villi, chorioallantoic
membrane, and amniotic membrane (Bezemer et al., 2024,
Tang etal.,, 2011), where they contribute to fetal nutrient
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Figure 6 Cross-species comparison of fetal macrophages

A: UMAP visualization of the integrated fetal macrophage atlas from pig, human, and mouse. B: UMAP visualization showing the expression of six
macrophage marker genes in the integrated atlas. C: Dot plot showing the expression of selected signature genes for seven macrophage subtypes

across species (right). Bar plot showing the enriched GO terms

for the seven subtypes (left). D: Area plots showing the tissue origin (top) and

species origin (bottom) of the seven macrophage subtypes. E: Dendrogram showing the transcriptional similarity among the seven macrophage
subtypes across species (left); heatmap showing the pairwise similarity among the seven subtypes across species (right).
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supply, immune defense, and placental vascular development
(Reyes & Golos, 2018). To this end, we extracted
macrophages from our previously established chorioallantoic
membrane single-cell atlas (Cai etal., 2026), comprising
samples from five NW and five GR fetuses (Figure 7A;
Supplementary Table S5) and across 10 major cell types
(Supplementary Figures S18A, B). These extracted
macrophages expressed canonical HBC markers (Figure 7B),
and integration with our cross-tissue macrophage atlas
revealed that they exhibited the highest transcriptional
similarity to the HBC PEG10+ subtype identified in the atlas
(Supplementary  Figures S19A-C). Consequently, we
annotated these macrophages as HBCs and further dissected
their cellular heterogeneity and transcriptional alterations
between GR and NW conditions.

Differential gene expression analysis of HBCs between GR
and NW groups revealed a marked upregulation of pro-
inflammatory transcriptional signatures in GR. These included
canonical inflammatory mediators such as CCL4, CCLS,
CXCL2, TNF, TLR5, IL18 and IL1A, as well as genes involved
in the NF-kB signaling pathway (RELB, IKBKG, NFKBIA,
NFKBID and NFKBIZ) (Figure 7C; Supplementary Table S5)
(Ping et al., 2019). Additionally, genes associated with hypoxia
response (LDHA, NDRG1 and HIF1A) (Lee etal., 2015) and
vascular regulation (EDN1 and VEGFA) (Apte etal., 2019;
Virdis et al., 2015) were also highly upregulated in GR HBCs
(Figure 7C; Supplementary Table S5). The upregulation of
these genes in GR relative to NW was almost universally
observed across littermate-matched pairs (Figure 7D;
Supplementary Figure S20A), underscoring the robustness of
these changes. Previous studies have reported that elevated
expression of proinflammatory cytokine TNFa (Cotechini et al.,
2014) and the hypoxia-responsive factor HIF-1a (Robb et al.,
2017) in FGR placentas, as well as ET-1 (encoded by EDN1)-
mediated vasoconstriction, are key contributors to FGR
(Nishiyama etal., 2017). In contrast, fewer genes were
specifically upregulated in NW HBCs, which included genes
involved in ion transport (SLC9A9), cAMP hydrolysis
(PDE4D), and histone deacetylation (HDAC9) (Figure 7C;
Supplementary Table S5). Functional enrichment of DEGs
between GR and NW HBCs revealed that GR HBCs were
enriched for pathways including the nitric oxide (NO)
biosynthetic process, response to oxidative stress, cellular
response to hypoxia, TNF signaling pathway, and NF-kB
signaling pathway (Figure 7C). These findings indicate that
FGR-associated HBCs may integrate inflammatory, hypoxic,
and oxidative stress responses to drive vascular dysfunction in
FGR (Almasry et al., 2012; Bezemer et al., 2024; Cotechini
et al., 2014; Krause et al., 2011; Robb et al., 2017).

To characterize how the intercellular communication
networks of HBCs shift in FGR, we performed cell-cell
communication analysis using CellChat (Supplementary Table
S5) (Jin etal., 2021). Our analysis revealed both conserved
and condition-specific signaling pathways shaped by
microenvironmental dynamics. When HBCs served as
signaling senders (Figure 7E), several interactions were
consistently observed in both NW and GR conditions,
suggesting the existence of functionally conserved
communication axes critical for immune regulation and tissue
stability. For instance, HBCs utilized MK and SPP1 signaling
pathways to interact with a broad range of cell types except
trophoblasts and  erythrocytes.  Additionally, = HBCs
communicated with DCs via CCL interactions, including

CCL2-CCR2, CCL8-CCR2, CCL8-CCR, and
CCL14-CCR1, which are known to mediate DC adhesion,
maturation, and functional activation (Fein etal., 2020).
Regarding condition-specific signaling, only the collagen
pathway (COL1A2) was uniquely identified in the NW
condition. In contrast, under GR conditions, we observed more
context-specific interactions. For example, GR HBCs
transmitted immune-related signals via the ICAM pathway to
DCs and NKT cells (Dalal & Sumagin, 2020), as well as via
the TNF pathway to DCs, VECs, and trophoblasts (Arkoudi
etal.,, 2025). They also delivered trophic and remodeling
signals through the IGF pathway to trophoblasts (Cedano
Prieto et al., 2017) and through the THBS signaling pathway
to multiple cell types (Kaur etal.,, 2021; Lin etal.,, 2016).
Together, these findings indicate that while a conserved core
of cellular interactions is maintained, GR HBCs selectively
expand the interactome encompassing inflammatory and
remodeling signals. Concurrently, GR HBCs lose the NW-
specific COL1A2 signaling, which is critical for the composition
and structural integrity of the ECM (Ricard-Blum, 2011).

When HBCs acted as signaling receivers (Figure 7F), the
conserved signals they received in both NW and GR
conditions could be broadly categorized into three major
groups. First, immune and inflammatory signaling pathways
included IFN-Il, TNF, angiopoietin-like protein (ANGPTL),
PTPRC, and CCL chemokine axes. Second, cell adhesion
signaling comprised VCAM and CADM interactions. Third,
growth factor-mediated survival signaling was represented by
the CSF pathway. Beyond these conserved networks, GR
HBCs engaged in additional interaction pairs not detected in
NW HBCs. For instance, immune cells (DCs—, B cells—, T
cells—, NKT-) connected to HBCs through the ITGB2 signaling
pathway; DCs, SMCs, and fibroblasts used the THBS
signaling pathway to communicate with the HBCs; and non-
immune cells (SMCs—, trophoblasts—, and fibroblasts—)
communicated with HBCs through the MK (MDK-NCL)
interaction. Collectively, these results indicate that HBCs
regulate their adhesion, survival, and immune states through a
shared set of core communication pathways, while GR HBCs
acquire unique interactions that may further modulate their
behavior.

DISCUSSION

Pigs are not only of major agricultural importance but also
represent a critical large animal model for studying complex
human diseases, holding promise as potential organ donors
given their striking similarities to humans in physiology,
anatomy, genetics, metabolism, and organ size (Prather et al.,
2013). Single-cell technologies have already advanced our
understanding of pig biology across health, disease, evolution,
and development (Chen et al., 2025a; Huang & Xiao, 2026;
Rao et al., 2023; Xiao et al., 2026; Yao et al., 2025, 2026). In
this study, we constructed a comprehensive macrophage
single-cell transcriptomic atlas across 54 distinct tissues in
healthy late-gestation (peripartum) fetal pigs, representing the
most extensive characterization of macrophage heterogeneity
during this critical developmental window to date.

In our cross-tissue fetal pig macrophage atlas, we identified
two placental anatomical site-specific HBC subtypes, HBC
GPNMB+ and HBC PEG10+, predominantly derived from the
amniotic membrane and chorioallantoic  membrane,
respectively. The amniotic membrane serves as a mechanical
barrier directly in contact with amniotic fluid, requiring
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continuous maintenance of its structural integrity and the
capacity for rapid repair in response to potential injuries, which
is crucial for normal pregnancy progression (Friel et al., 2017;
Mohan etal.,, 2017). Consistent with this physiological
demand, the HBC GPNMB+ subtype highly expresses
glycolysis-related genes (LDHA, ENO1) and ECM regulators
(GPNMB, ANXA2, COL1A1), with significant enrichment in
wound healing and pyruvate metabolism pathways. These
features suggest that HBC GPNMB+ maintains amniotic
barrier integrity by regulating ECM synthesis and promoting
tissue repair, while its high glycolytic activity rapidly generates
ATP to support these processes. GPNMB, which is expressed
in macrophages and promotes tissue repair, has been
reported in multiple tissues (Chen et al.,, 2025b; Ramadoss
et al., 2024; Silva et al., 2018), further supporting the role of
the HBC GPNMB+ subtype in maintaining the functional
homeostasis of the amniotic barrier. In addition, amniotic fluid
oxygen tension is consistently lower than that of maternal
blood circulation, forming a unique physiological hypoxic
microenvironment in the amniotic cavity (De Munck et al.,
2019; Zhang etal., 2011). This hypoxic environment aligns
with the upregulated glycolysis observed in HBC GPNMB+,
indicating that their metabolic specialization is an adaptive
response to the local microenvironment. The chorioallantoic
membrane is highly vascularized and functions as the primary
interface for maternal-fetal exchange, immune tolerance, and
placental angiogenesis (Salih et al., 2022; Yang et al., 2017).
The chorioallantoic-specific HBC PEG10+ subtype highly
expresses immunomodulators (A2M, CCL24) and the
placental development regulator PEG10, with enrichment in
the immune response activation pathway. Since A2M inhibits
inflammatory cytokine production (Rehman etal.,, 2013;
Vandooren & Itoh, 2021) and PEG10 is essential for
trophoblast proliferation (Chen et al., 2015) and maintenance
of placental vascular architecture (Shiura etal., 2021), we
propose that HBC PEG10+ ensures efficient maternal-fetal
exchange and normal fetal growth by orchestrating immune
regulation and vascular development support. Collectively,
these two HBC subtypes may represent specialized
adaptations to the distinct functional demands of different
placental components. Future studies employing spatial
transcriptomics and in vitro functional assays are warranted to
precisely localize and validate these functions.

In our study, we identified a robust dichotomy of
LYVE1NS"MHCII®  and  LYVE1°*MHCII""  macrophage
subtypes across 27 fetal pig tissues, whose transcriptional
signatures and putative functions parallel those described in
human and mouse (Chakarov et al., 2019; Drieu et al., 2022;
Lim etal.,, 2018; Lund etal., 2024). The LYVE1"S"MHCI|""
subtype highly expressed genes involved in endocytosis and
vascular interaction (CD163, MRC1, CD209, COLEC12,
F13A1, SELENOP) (Supplementary Table S2), mirroring the
transcriptional hallmarks of LYVE1+ perivascular
macrophages described in mouse and human tissues
(Chakarov et al., 2019; Lund et al., 2024). The dependency of
this lineage on the TF Maf, as established by Moura Silva
et al. (2021), is further supported by our findings, suggesting
that this genetic program is initiated early and is essential for
their identity. Conversely, the LYVE1°YMHCII"9" subtype was
enriched in genes associated with antigen presentation (SLA-
DQB1, SLA-DRA, SLA-DRB1) and chemokines (CCL4, CCL5,
CXCL8) (Supplementary Table S2), consistent with an
immune-interacting identity (Chakarov etal.,, 2019). Their

coexistence suggests complementary roles in tissue immunity
and homeostasis: LYVE1"9"MHCII®" macrophages serve as
sentinels at vascular interfaces, while LYVE1°*MHCIIM"
macrophages may more actively engage in immune
coordination and inflammatory regulation. As our work reveals
that this paradigm is not only conserved across tissues but
also across species, this finding highlights a fundamental
organizational principle of the macrophage ecosystem under
normal physiological conditions.

Our study characterized the conserved and tissue-adapted
metabolic programs of fetal macrophages across diverse
tissues and revealed their close integration with functional
specialization. The TCA cycle and mitochondrial electron
transport chain (ETC)-driven OXPHOS form a central axis of
cellular energy metabolism, as most cells depend on
OXPHOS for efficient ATP production (Liu et al., 2025). We
identified a set of core metabolic genes involved in OXPHOS,
ROS metabolism, and the TCA cycle that were consistently
expressed across diverse tissues, underscoring mitochondrial
respiration as a fundamental requirement for macrophages
during development (Nolfi-Donegan et al., 2020). A recent
study in mouse and human macrophages across ten organs
has revealed that macrophages require and differentially use
OXPHOS to sustain their identity and function in the steady
state (Wculek etal., 2023). Mitochondrial metabolism is
increasingly recognized as a key determinant that integrates
cellular demands and extracellular cues to regulate
macrophage activation states and effector functions (Wang
etal., 2021). Beyond this conserved foundation, we further
uncovered that macrophages displayed tissue-specific
metabolic signatures, which are strongly supported by
mounting evidence showing that resident macrophages in
different tissues exhibit distinct metabolic profiles tailored to
local availability of nutrients and functional demands (Wculek
et al.,, 2024). For instance, similar to our findings in fetal liver
macrophages, KCs are known to possess a robust capacity
for iron and lipid handling (Blériot etal., 2021; Scott &
Guilliams, 2018; Wculek et al., 2024). Our data suggest that
the metabolic programming underlying such specialization is
established prenatally. Importantly, our correlation analysis
highlights that macrophage metabolism and function are
tightly coupled, with lysosomal activity emerging as a central
coordinator of this relationship. The strong association
between lysosomal function and metabolic pathways, most
prominently iron and lipid metabolism, reinforces the
established role of lysosomes in iron homeostasis and lipid
handling in macrophages (Melo & Dvorak, 2012; Rizzollo
et al., 2021). While these analyses provide important insights,
it is important to acknowledge that our study infers metabolic
states from transcriptomic data. Given the inherent limitations
of mMRNA-based assessments, including temporal discordance
between transcript abundance and protein levels, as well as
the complex regulation of enzyme activity, our findings should
be interpreted as reflecting transcriptional potential rather than
direct metabolic fluxes. Thus, future investigations integrating
metabolomic and proteomic approaches, combined with
functional metabolic flux analyses, are warranted to directly
measure metabolic activities underlying the tissue-specific
functional specialization of fetal macrophages. In summary,
these findings provide additional prenatal evidence that
macrophage metabolism is not merely a source of energy and
biosynthetic substrates, but a fundamental regulatory axis that
shapes macrophage identity and effector programs across
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tissue environments.

While sexual dimorphism is commonly observed in the
mammalian immune system (Oertelt-Prigione, 2012), our
study revealed a high degree of transcriptional similarity
between male and female fetal macrophages across multiple
tissues. We hypothesize that this observation may be
attributed to two key factors: the unique developmental stage
and environmental context. First, our samples were derived
from male and female fetuses within the same intrauterine
environment during late gestation, where sex hormone levels
remain low during this period (Bizzarri & Cappa, 2020; Renault
etal, 2020). As critical regulators of immune sexual
dimorphism (Taneja, 2018), the low abundance of these
hormones may prevent the full manifestation of sex-specific
phenotypes in macrophages. Second, compared to the
complex and variable postnatal environment, the intrauterine
environment is relatively mild. Environmental exposures are
known to be critical drivers of sex-biased immune responses
(Pollard, 2012), as exemplified by the finding of Gal-Oz et al.
(2019) that interferon stimulation amplifies sexual dimorphism
in macrophages. Future studies should expand the range of
tissues analyzed, increase the number of individuals, and
incorporate multiple developmental stages to further explore
potential sexual differences in macrophages and their
underlying regulatory mechanisms.

Focusing on the HBCs in the chorioallantoic membranes of
GR and NW fetuses, we found that these HBCs undergo
complex functional reprogramming, accompanied by selective
remodeling of intercellular communication networks.
Specifically, differential gene expression and functional
enrichment analyses revealed that GR HBCs amplified
classical pro-inflammatory signaling, hypoxia-responsive
signatures, NO biosynthetic process, and vasoconstriction
regulation (e.g., CCL4, IL1A, NFKBID, TNF, HIF1A and
EDNT). Additionally, intercellular interaction analysis showed
that whether acting as signal “senders” or “receivers”, GR
HBCs displayed more ligand-receptor pairs than NW HBCs
(Supplementary  Figure  S21A), indicating enhanced
intercellular communication activity, such as remodeling their
interactome to transmit additional inflammatory (e.g.,
TNF-TNFRSF1A/B) and angiogenic (e.g., HBEGF-EGFR/
ERBB2) signals. Prior studies on FGR in human and animal
models have observed inflammatory activation, hypoxia
signaling, dysregulated NO levels, disrupted ECM, and
aberrant vascular regulation in the placenta (Almasry et al.,
2012; Cotechini etal.,, 2014; Dodson etal., 2013; Krause
et al., 2011; Kulandavelu et al., 2013; Robb et al., 2017). Our
findings in HBCs from FGR pigs align with these observations,
thus allowing us to propose a mechanism orchestrated by GR
HBCs via a cascade of interactions for FGR (Figure 7G): I)
Inflammatory vasoconstriction: GR HBCs overexpress pro-
inflammatory cytokines, which induce vasoconstrictor ET-1
production and release. The secreted ET-1 acts on SMCs and
VECs, causing sustained vasoconstriction (Nishiyama et al.,
2017; Virdis etal., 2015). Il) Hypoxia-amplified inflammation:
pro-inflammatory cytokines simultaneously promote the
accumulation of HIF-1a via NF-kB activation, forming a feed-
forward loop where hypoxia further amplifies the inflammatory
response while generating damaging ROS/RNS that directly
impair vascular structures (Tafani etal., 2016; Tejero et al.,
2019; Wang et al., 2013). lll) NO dysregulation: The resulting
nitrosative stress reduces intracellular NO bioavailability,
eliminating its physiological suppression of ET-1 production
and thereby exacerbating vasoconstriction (Luo et al., 2016).
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IV) Endothelial dysfunction: The pro-inflammatory cytokines
upregulated in GR HBCs directly act on the vascular
endothelium, inducing its contraction and widening
intercellular gaps to increase vascular permeability (Kreuger &
Phillipson, 2016). V) Collagen signaling loss: Loss of the
collagen signaling network, which is essential for establishing
immune tolerance at the maternal-fetal interface and
maintaining placental barrier integrity, contributes to increased
vascular stiffness (Dodson etal., 2013; Shi etal.,, 2020).
Collectively, these mechanisms may converge to disrupt
vascular structure and function via sustained vasoconstriction,
oxidative/nitrosative damage, impaired vasodilatory capacity,
increased vascular permeability, and elevated stiffness.
Consequently, uteroplacental perfusion becomes insufficient,
leading to limited placental blood flow and reduced nutrient
and oxygen delivery to the fetus, ultimately contributing to
FGR. Notably, the regulatory pathway of chorioallantoic
membrane HBCs in FGR proposed herein is solely based on
single-cell transcriptomic data; thus, further validation at the
protein and functional levels is required. For example,
chorioallantoic membrane HBCs from NW fetuses could be
cultured under normoxic, hypoxic, and hypoxic+HIF-1a
inhibitor conditions. Western blot and ELISA assays can then
be used to detect the expression and secretion of
inflammatory factors (e.g., TNF, IL1A) and HIF-1q, thereby
validating the regulatory role of the hypoxia—inflammation
response in HBCs under simulated hypoxic
microenvironments. Furthermore, co-culturing HBCs from NW
and GR fetuses with placental fibroblasts could elucidate their
differential impact on the ECM; quantitative measurement of
COL1A2 secretion and collagen fiber density can detect
whether GR HBCs induce more loss of collagen components.
Future studies should also explore the contribution of other
cell types (e.g., trophoblasts, VECs) to FGR pathology through
multi-omics analyses, as HBC-mediated mechanisms do not
operate in isolation. Additionally, expanding the range of
tissue samples included in such investigations will further
enhance the comprehensiveness of these findings.
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