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ABSTRACT ARTICLE HISTORY
Pulmonary fibrosis is a prevalent, chronic, and fatal illness that poses considerable risks to Received 28 July 2025
life and health. Actinobacillus pleuropneumoniae (A. pleuropneumoniae) is an archetypal Revised 2 February 2026
bacteria responsible for inducing significant pulmonary fibrosis, resulting in substantial Accepted 13 March 2026
economic losses in the pig industry. Nevertheless, the immune response in pig lungs
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against this pathogen and the specific characteristics of fibrosis remain obscure. In this Actinobacillus

study, single-cell RNA sequencing (scRNA-seq) analysis of piglet lungs with or without pleuropneumoniae; piglet
A. pleuropneumoniae infection identified 18 subpopulations with different phenotypes. lung; single-cell RNA
Monocytes, neutrophils, and plasmacytoid dendritic cells (pDCs) were enriched in the sequencing; fibroblast
lungs post-infection and responded to infection by boosting IFN-y-inducible and inflamma-

tory-related gene expression. A. pleuropneumoniae reduces the number of macrophages by

inhibiting monocyte differentiation into interstitial macrophages (IM) and alveolar macro-

phages (AM) and triggering AM endogenous apoptosis. Furthermore, we identified signifi-

cantly augmented pathological fibroblast-like cells that contributed to the rapid

development of pulmonary fibrosis. In contrast, epithelial cells were significantly decreased

and included those with features of epithelial-mesenchymal transition differentiated into

fibroblasts through the signaling of TGFB1 and HIF1A. Cell-to-cell communication analysis

further indicated that the interaction between the epithelial, vascular endothelial, pDCs,

and fibroblast subsets, except for COL3A1 fibroblasts, was enhanced mainly via CD74/(COPA

or MIF) receptor ligands after infection. Our findings elucidate the key pathogenic mechan-

isms driving bacterial pneumonia, while establishing a comprehensive molecular resource

for developing targeted strategies against A. pleuropneumoniae infection and related human

fibrotic lung disorders.
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Introduction

Porcine pleuropneumonia is a highly contagious bac-
terial pneumonia caused by Actinobacillus pleuropneu-
moniae (A. pleuropneumoniae), which results in
massive economic losses to the global pig industry. A.
pleuropneumoniae often causes severe fibrinous hemor-
rhagic lesions in the lungs, resulting in irreparable and
deadly lung pulmonary fibrosis [1]. Furthermore, por-
cine pleuropneumonia is one of the most complex
infections, as other causative pathogens, such as por-
cine reproductive and respiratory syndrome virus
(PRRSV), porcine circovirus type 2 (PCV2), swine
influenza virus (SIV), Streptococcus suis, and
Glaesserella parasuis are frequently co-infected with A.
pleuropneumoniae [2-4]. Current A. pleuropneumoniae
vaccines predominantly mitigate clinical manifesta-
tions, but exhibit limited efficacy in preventing patho-
gen colonization and transmission, impeding global
eradication efforts for porcine pleuropneumonia [5].
The pathogenesis of A. pleuropneumoniae infection
progresses through four distinct phases: colonization,
nutrient acquisition, evasion of host immune defenses,
and tissue necrosis. Key virulence determinants

mediating this process include lipopolysaccharides
(LPS), capsular polysaccharides, outer membrane pro-
teins (OMPs), and pore-forming Apx toxins [6].
During pulmonary infection, massive neutrophil infil-
tration occurs in the affected lung tissues, with the
subsequent release of neutrophil extracellular traps
(NETs) as a Dbactericidal mechanism. However,
A. pleuropneumoniae can counteract this defense by
secreting nuclease enzymes that specifically degrade
NETs, thereby facilitating its immune evasion [7].
A. pleuropneumoniae induces macrophage secretion of
pro-inflammatory cytokines, including IL-6, IL-1(,
TNF-a, IL-8, and MCP-1, which drive hyperinflamma-
tory responses while simultaneously causing macro-
phage dysfunction, ultimately facilitating bacterial
immune evasion [8]. Furthermore, the pathogen inter-
acts with neonatal porcine tracheal epithelial cells, trig-
gering NF-kB pathway activation, IL-8 production, and
programmed necrosis of the epithelial barriers [9].
These findings demonstrate that structural and
immune cells are critical components of the pulmonary
host defense system during A. pleuropneumoniae infec-
tion. Nevertheless, the molecular interplay between



porcine pulmonary tissue cells and A. pleuropneumo-
nige remains poorly characterized at the single-cell
level.

Single-cell RNA sequencing (scRNA-seq) has
emerged as a transformative tool for delineating tissue
ontogeny, tumor microenvironment dynamics, and
host-pathogen interplay and is predominantly applied
in human and murine systems [10-12]. Its expanding
utility in livestock research holds promise for decoding
cellular heterogeneity and molecular trajectories under-
lying complex phenotypes [13-15]. Swine, a promising
animal model for immunobiological studies and xeno-
transplantation research, represents an exclusive nat-
ural reservoir for A. pleuropneumoniae [16-18]. Single-
cell analyses of porcine pulmonary-pathogen interac-
tions may uncover novel immunoregulatory circuits
and evolutionarily conserved defense mechanisms. In
this study, we used scRNA-seq to systematically analyze
the pulmonary immune and structural cell landscape
and intercellular communication networks in the lungs
of piglets during A. pleuropneumoniae infection. Our
analysis revealed three hallmark pathological features:
(1) multi-mechanistic impairment of lung macro-
phages, T lymphocyte populations, and epithelial bar-
riers; (2) disproportionate expansion of profibrotic
fibroblast subsets exhibiting activated proliferative sig-
natures; and (3) extensive ligand-receptor-mediated
interactions between fibroblast subclusters and neigh-
boring cells, particularly involving CD74/COPA signal-
ing axes in epithelial, plasmacytoid dendritic cells
(pDCs), and vascular endothelial compartments.
Notably, alveolar macrophages (AMs) and alveolar
type II (AT II) ATII-2 cells demonstrate relatively
quiescent interactions compared to other cellular con-
stituents. These findings provide mechanistic insights
into A. pleuropneumoniae pathogenesis, while estab-
lishing a comprehensive cellular atlas for investigating
porcine respiratory disease pathobiology.

Materials and methods

Animal model of A. pleuropneumoniae infection in
pig

Six healthy Rongchang pigs at 45d of age were pur-
chased from the Harbin Veterinary Research Institute
(Chinese Academy of Agricultural Sciences). All animals
tested negative for A. pleuropneumoniae ApxIV using
the ApxIV enzyme-linked immunosorbent (ELISA) kit
from Kegian Biology (Kegian Biology, China) and were
randomly divided into two groups (A. pleuropneumo-
niae = 3, Control =3) (Supplementary additional file 1:
Table S1). The A. pleuropneumoniae group was infected
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by nasal instillation of 1ml of 1x10A* CFU of
A. pleuropneumoniae 5b 120. In contrast, the control
group was treated with an equal volume (PBS) volume.
The clinical scores of the pigs were assessed using the
methodology outlined by Sibila et al. [19], which pri-
marily encompassed evaluations of respiratory distress,
appetite loss, and alterations in mental status
(Supplementary additional file 1: Table S2). From
the day of infection (day 0), the pigs were continuously
monitored for clinical signs and body temperature for
three consecutive days. At 72h post-infection, piglets
were weighed, euthanized via intravenous injection of
sodium pentobarbital (25 mg/kg body weight), and lung
tissues immediately collected from both
A. pleuropneumoniae infected and PBS-treated control
groups. Bacterial loads of bronchoalveolar lavage fluids
and lung homogenates were determined by incubation
of serial dilutions on brain-heart infusion plates (con-
taining 20 ug/mL NAD (Sigma, USA) and 5% horse
serum (Gibco, USA) at 37°C and colony counting.

were

Hematoxylin-and-eosin staining

Hematoxylin and eosin staining was performed as
described [20]. Lung tissues were dehydrated using an
ethanol gradient, paraffin-embedded, and sectioned at
a thickness of 5 um. After xylene dewaxing and ethanol
hydration, eosin was added for 2 min before washing
under running water. Hematoxylin in 1% ethanol and
hydrochloric acid was then added for 3 min. After
dehydration, the tissues were fixed in an ethanol gra-
dient and xylene. Images were captured using an
Olympus microscope (Olympus, Tokyo, Japan).

Preparation of single-cell suspensions of pig lung
tissue

Lung tissues from three pigs infected with
A. pleuropneumoniae were promptly excised, focusing
on removing 1 cm from the primary area of the lesions
caused by A. pleuropneumoniae. These lesions were
primarily located in the lung parenchyma near the
middle of the right diaphragmatic lobe and the distal
terminal bronchus. One piece of lung tissue was col-
lected from each pig as an independent biological sam-
ple. Lung tissue was selected from healthy pigs,
originating from an anatomical location identical to
that of the lung tissue collected from pigs infected
with A. pleuropneumoniae. Subsequently, single-cell
suspensions of pig lung tissues were immediately pre-
pared following a previously described standardized
experimental protocol [21]. Briefly, the lungs were
washed with cold PBS three times and minced into
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1 mm pieces using sterilized scissors. Tissue pieces were
dissolved in 1640 medium containing 25 U/mL DNase
I (Solarbio, China), 300 U/mL collagenase type VIII
(Sigma, USA), and 10% fetal bovine serum (FBS) in
a 50 mL tube for 20 min at 37°C. The suspension was
mechanically dissociated and filtered through a 70 um
cell strainer. The cell suspensions were pelleted by
centrifugation at 350 x g for 7 min at 4°C. Red blood
cell lysis buffer (Solarbio, China) was then applied to
remove red blood cells by incubating for 4 min and
quenching with 10 ml PBS. The cell suspension was
centrifuged at 350 x g for 7 min at 4°C and the super-
natant was decanted. After removing dead cells using
OptiPrep medium (Axis-Shield, Scotland), the cells
were counted (cell viability =90.67%+2.6583%) and
immediately analyzed by scRNA-seq.

Single-cell RNA library preparation and sequencing

According to the manufacturer’s protocol, scRNA-seq
libraries were prepared using a Chromium single-cell 3’
library, gel bead, multiplex kit, and chip kit (10x
Genomics). The library pool was sequenced using an
Mlumina NovaSeq 6000 instrument with 150-base-pair
paired-end reads. Subsequently, each sample of the raw
sequence data was mapped to the pig reference genome
Sscrofall.1.104 using Cell Ranger v.4.0.0 (10 X
Genomics). Gene expression matrices were constructed
using Cell Ranger Count Function (Genergy, China).

Sample correlation heatmap and clustering tree

We generated pseudobulk data by aggregating single-
cell raw counts and subsequently computed Pearson
correlation coefficients with the top 3000, 6000, and
9000 highly variable genes to assess the relationships
between samples. The R package “heatmap” was used
to create the sample correlation heatmaps. Additionally,
hierarchical cluster analysis was performed by filtering
the top 3000 high variance genes using the hclust func-
tion from the R package “stats.”

Data quality control and processing of single-cell
RNA-seq

Raw gene expression matrices were analyzed with the
“Seurat” package (v.3.2.2) in R (v.3.6.1) [22]. Briefly,
the Seurat object was created using the following cri-
teria: 1) gene expression =300 genes. 2) Each gene
expressed in>3 cells. 3) The cells retained-300-4000
genes, unique molecular identifiers (UMIs), and less
than  10%  of  mitochondrial  genes.  The
“DoubletFinder” package removed potential doublets

at the expected doublet rate of 0.1. After filtering low-
quality cells, gene expression matrices were normalized
with a scale factor of 10,000 using the LogNormalize
method, and 3000 genes were selected using the vst
method in the FindVariableFeatures function. The lin-
ear dimensional reduction algorithm was applied to
scaled gene expression matrices using the RunPCA
function. Next, we used FindNeighbors and
FindClusters (resolution=0.2) functions to identify
the clusters. The RunUMAP procedures were applied
for further dimensional reduction. More details about
the Seurat analyses can be found on the website tutorial
(https://satijalab.org/seurat/articles/pbmc3k_tutorial.
html).

Identification and proportional changes of cell
clusters

The cell clusters were manually annotated based on the
differentially expressed genes (DEGs) between clusters
using the FindAllMarkers function as previously
reported [13,23-25]. We integrated the cell clusters in
each main lineage to perform sub-clustering of T and
fibroblast cell populations. ScaleData, RunPCA,
RunUMAP, FindClusters, and FindAllMarkers positive
marker analyses were run on each main lineage as
described above. The identified sub-cluster cell popula-
tions were annotated based on their differential gene
expression. The changes in the proportions of all cell
clusters in each sample from A. pleuropneumoniae
infection (n =3) and control groups (n =3) were com-
pared. The cell cluster proportions were calculated
using prop. table function in R, and a stacked bar
chart was generated using ggplot2.

Immunohistochemistry

Immunohistochemical staining was performed as
previously described with some modifications [26].
Briefly, formalin-fixed, paraffin-embedded lung tis-
sue sections (4 um) were rehydrated using a graded
ethanol series. Heat-mediated antigen retrieval was
performed in sodium citrate buffer (10 mM, pH 6.0)
at 95°C for 20 min. Endogenous peroxidase activity
was quenched using 3% hydrogen peroxide for
20 min, followed by blocking with 5% donkey
serum in PBS for 50 min. Primary antibodies against
CD3 (1:200, #MCA5951PB, Bio-Rad) and CD68
(1:200, #25747-1-AP, Proteintech) were applied in
an antibody diluent and incubated at 4°C overnight.
Detection was performed using a polymer-based
immunohistochemistry kit (MXB Biotechnologies,
China) with diaminobenzidine (DAB) chromogen
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development for 5 min. Sections were counterstained
with hematoxylin for 5min, dehydrated using
ascending ethanol concentrations, and cleared in
xylene before mounting with neutral resin. Whole-
slide digital imaging was performed using
a PANNORAMIC MIDI II (3DHISTECH, Budapest,
Hungary) automated  digital slide
Quantitative analysis of immunoreactivity was per-
formed by measuring the optical density in five ran-
domly selected fields per section using the Image]
software (v1.53) with the IHC Profiler plugin.

scanner.

Flow cytometry

The cells were washed and resuspended in PBS. The
cells were incubated with the zombie NIR fixable
viability kit (BioLegend, USA) for 20 min at room
temperature. The cells were washed twice with FACS
buffer (1% FBS in 1 x PBS) and stained with surface
antibodies in 100 pL of FACS buffer for 30 min at 4°C.
The following antibodies were used: Pacific blue
mouse anti-pig CD45 (1:15) (Bio-Rad,
#MCA1222PB, USA), biotin mouse anti-pig CD31
(1:200) (Bio-Rad, #MCA1746B, USA), biotin anti-
human CD326 (EPCAM) (1:300) (BioLegend,
#324215, USA), FITC mouse anti-human SDC2
(H-7) (1:100) (Santa Cruz, #sc-365624 FITC, USA),
FITC mouse IgGl, k isotype ctrl antibody (1:100)
(BioLegend, #400108, USA). The cells were then
washed twice with FACS buffer for 5min 350 x
g and stained with the secondary antibody Brilliant
Violet 605 Streptavidin (1:160) (Biolegend, #405229,
USA) for 30 min at 4°C. Finally, the cells were washed
and immediately analyzed using a CytoFLEX Flow
Cytometer (Beckman, USA). The data were analyzed
with  FlowJo v10.6.2 (FlowJo software, BD
Biosciences).

DEG identification and geneset enrichment analysis

The DEGs of cells between A. pleuropneumoniae and
control groups were calculated using the FindMarkers
function of the “Seurat package.” The FindMarkers
method uses the Wilcoxon rank-sum test by default.
The parameter min. pct was set to 0.25, and the others
were set to default. DEGs were selected as avg logFC
(Fold-change) >0.5 and adjusted p-value <0.05. The
“clusterProfiler” R-package was used for Gene
Ontology (GO) enrichment analysis [27]. The
EnrichGO function used org.Ss.eg.db or org.Hs.eg.db
as gene databases, and default parameters were
applied.
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Defining cell state scores for feature expression

Cell scoring measures the expression levels of a specific
set of genes in each cell [28]. We applied the R package
“AUCell” to calculate pathway activity scores for indi-
vidual cells. The AUCell Rankings function was used to
determine the gene expression ranks for each cell using
the default parameters. Each gene list was assigned
a score based on the gene set. The AUCell_calcAUC
function determines a ranking based on gene expres-
sion. The AUC value indicates the percentage of each
gene present in the highest-ranked cells, designated as
belonging to the pathway genome. Responses to oxida-
tive stress (GO:0006979), inflammatory response
(G0O:0006954), innate immune response
(GO:0045087), and apoptotic signaling pathway
(GO:0097190) were used to define the oxidative stress,
inflammatory response, and T cell apoptosis score,
respectively. All gene sets used in this study are avail-
able in additional file 2 supplementary data Table S3.

Pseudotime trajectory and CytoTRACE analysis

The pseudotime trajectory analysis for the monocytes
and macrophages was run using the R package
“Monocle2” [29]. Gene order was selected as variable
genes with the criteria of mean_expression 20.01&disper-
sion_empirical >1*dispersion_fit. The branched expres-
sion analysis modeling (BEAM) function was used to
identify the dynamic gene expression patterns. The
branched heatmap was mapped with a q value <0.0001,
and GO enrichment analysis was performed.

We applied the CytoTRACE method to predict the
differentiation states of cell clusters in scRNA-seq data
[30]. The R package “CytoTRACE” v0.3.3 was used with
default parameters to calculate the CytoTRACE scores
for the cell clusters. The CytoTRACE scores ranged from
0 to 1, with higher scores indicating a lower degree of
differentiation. For further details on the CytoTRACE
code, please refer to https://cytotrace.stanford.edu/.

Sirius red staining

The Sirius Scarlet Detection Kit (Scientific Phygene,
China) was used to stain paraffin-embedded piglet
lung sections for 1h. After staining, sections were
cleaned and photographed using an Olympus micro-
scope (Olympus, Japan).

Cell-cell communication analysis

CellPhoneDB software was used to infer cell-to-cell
ligand-receptor pair interactions as previously reported


https://cytotrace.stanford.edu/

6 J. ZHU ET AL.

[31] (http://www.cellphonedb.org/). We acquired the
QC-filtered raw count matrices and metadata of the
cell-type annotation as an input file for the
cellphoneDB. In brief, CellphoneDB analysis used the
CellphoneDB statistical analysis, plot heatmap_plot,
and plot dot_plot commands as the default parameters.
The cell-to-cell interaction pairs were selected based on
p-values < 0.05 to evaluate the relationships between
cell types.

Statistical analysis

R (version 3.6.1) and GraphPad Prism (version 8.3.0)
were used for all statistical analyses and graphs.
Differences were considered significant at p < 0.05.

Results

Overview of piglet lung cell types with and without
A. pleuropneumoniae infection

To comprehensively analyze the cell response char-
acteristics of piglet lungs post A. pleuropneumoniae
infection. We conducted scRNA-seq on lung cells
from pigs infected with 1x10A* CFU of
A. pleuropneumoniae for 3d and healthy pigs for
bioinformatics analysis of the obtained data
(Figure 1(A)). Clinical scores showed that the control
group had no signs of disease, and the
A. pleuropneumoniae-infected group showed different
clinical scores (1-3 points) (Supplementary Fig S1A,
B). On the first day post-infection, sick pigs showed
slightly increased body temperature, accelerated
breathing, loss of appetite, immobility, lethargy, and
diarrhea (Supplementary Fig S1A, B). The CFU of
A. pleuropneumoniae in the bronchoalveolar lavage
fluid and lung homogenate of piglets infected with
A. pleuropneumoniae were high (Supplementary Fig
S1C). The infected lung tissue exhibited noticeable
signs of hemorrhagic pneumonia, neutrophil infiltra-
tion, epithelial damage, shedding, and significant
release of intravascular cellulose (Figure 1(B) and
Supplementary Fig S1D). These results indicate that
the pigs were infected with A. pleuropneumoniae.
Subsequently, we performed scRNA-seq on pig lung
tissues of the A. pleuropneumoniae-infected and con-
trol groups (Supplementary Fig S1E).

ScRNA-seq analysis of uninfected and infected
pig lungs revealed 59,062 cells (21,239 in the
A. pleuropneumoniae group and 37,823 in the con-
trol group). To evaluate the similarity between

biological replicates within each group (n=3),
pseudo-bulk RNA-seq analysis was performed.
Correlation heatmaps and clustering tree analysis
revealed robust intra-group transcriptional concor-
dance within both A. pleuropneumoniae-infected (n
=3) and control cohorts (n =3), with distinct inter-
group segregation (Supplementary Fig S1F, G). After
clustering of uniform approximation and projection
(UMAP) analysis, 18 cell types were identified
according to their DEGs, i.e. fibroblast-like cells
(SDC2"CD9"COL15A1")  (n=14,937), epithelial
(EPCAM"8"S100A2*SFTPC™) (n=12,316), T cells
(CD3E") (n=9,257), monocyte (CD14"FCN1") (n
=4,027), AM (S100A8*S100A9") (n=3,721), prolif-
erating fibroblast (CENPF'COL15A1") (n=2,211),
interstitial macrophage (IM) (MARCO"CD163") (n
=2,656), B cells (CD79B"™MS4A1") (n=2,541), neu-
trophil (G0S2*CXCL8'SELL") (n=1,709), plasma
cells (JCHAIN™) (n=1,071), alveolar type II (ATII-
1) (EPCAM'“SFTPC*S100A2") (n = 966), proliferat-
ing T cells (TOP2A"CD3G") (n=872), pDCs
(PLD4"IRF8") (n=804), lymph endothelial cells
(CCL21"MMRNI1") (n=2824), vascular endothelial
cells (VWF'PTPRB") (n=509), COL3Al fibroblast
(COL3A17COL1A2") (n=451), Unknown
(C4ABPA*HPGD'CD3E") (n=88), and ATII-2
(EPCAMIOWSIOOA2+SFTPC_) (n=102) (Figure 1(C-
E), Supplementary Fig S2A and Supplementary addi-
tional file 3: Table S4).

After A. pleuropneumoniae infection, neutrophils
and monocytes showed an upward trend, whereas the
proportions of AM and IM decreased (Figure 1(F)
and Supplementary Fig S2B, C). The percentages of
T, B, and plasma cells after infection were relatively
reduced (Figure 1(F) and Supplementary Fig S2B, D).
Meanwhile, fibroblast-like cells exhibited a significant
increase in number post-infection (Figure 1(F) and
Supplementary Fig S2B), which was further validated
by flow cytometry (Supplementary Fig S2E, F).
Conversely, the relative proportion of epithelial cells
decreased after the infection (Figure I1(F) and
Supplementary Fig S2B). The percentage of ATII
subgroups and vascular endothelial cell abundance
were relatively low, but the percentage of lymphoid
endothelial cells was relatively elevated post-infection
(Figure 1(F) and Supplementary Fig S2B). The rela-
tive difference in the percentage of immune and
structural cells in the piglet lungs with and without
A. pleuropneumoniae infection suggested that bacter-
ial infection severely dampened the balance of cell
populations in the lung tissue.
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Figure 1. Single-cell landscape of the piglet lung with or without A. pleuropneumoniae infection. (A) The flowchart describes the
general experimental design of this study. SCRNA-seq was used to obtain a transcriptional profile of the piglet lung. This figure was
created with BioRender.com. (B) Haematoxylin-and-eosin-stained lung sections from the pigs with or without A. pleuropneumoniae
infection. (C) A UMAP plot shows the different cell clusters. (D) A UMAP plot shows the origins of cell clusters. (E) A dot plot displays
the indicated marker expression of cell clusters in panel C. (F) Average proportion of each cell clusters derived from control (n = 3)
and A. pleuropneumoniae (n = 3). Bar plot shows relative cell compositions at a single sample level.
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Neutrophil, monocyte, and pDcs response

A. pleuropneumoniae infection by boosting IFN-y
inducible and inflammatory-related gene
expression

Myeloid cells are the major contributor to the innate
immunity of piglet lungs after A. pleuropneumoniae
infection, so we further focused on the monocyte,
AM, IM, neutrophil, and pDCs cell populations
(Figure 1(C) and 2(A)). Neutrophils were activated
and had significantly elevated production of the IFN-y-
inducible factors IL-18, IFNGRI, and ISG20 post-
infection (Figure 2(B) and Supplementary additional
file 4: Table S5). GO analysis revealed significant
enrichment of JAK-STAT signaling pathway-
associated  genes in  neutrophils  following
A. pleuropneumoniae infection. In addition, functions
such as inflammatory response, cell adhesion, response
to lipoprotein stimulation, and positive regulation of
leukocyte proliferation were significantly enriched in
neutrophils (Figure 2(C) and Supplementary additional
file 5: Table S6). Consistent with previous findings that
A. pleuropneumoniae is resistant to complement-
mediated phagocytosis, neutrophils downregulated the
expression of bacteria-clearing complement genes
C1QA and C1QB (Figure 2(B) and Supplementary
additional file 4: Table S5). For monocytes, the expres-
sion of genes encoding inflammatory factors IL-18 and
NFKBI1A, the oxidase SOD2, and the suppressor of
cytokine signaling 3 (SOCS3) was upregulated after
infection with A. pleuropneumoniae (Figure 2(B) and
Supplementary additional file 4: Table S5). The expres-
sion of pattern recognition receptors TLR2 and TLR4
also tended to increase in monocytes (Supplementary
Fig S3). Similar to neutrophils, monocyte GO enrich-
ment profiles were mainly related to the innate immune
response and regulation of lymphocyte proliferation
(Figure 2(D) and Supplementary additional file 6:
Table S7). Upon A. pleuropneumoniae infection, pDCs
upregulated interferon-inducible lysosomal thiol reduc-
tase IFI30, CCR7, and the non-canonical NF-kB sub-
unit RelB (Figure 2(B)). These changes suggest
a potential role for pDCs in antimicrobial immune
response function. In addition, pDCs were enriched in
the positive regulation of RNA metabolic processes,
cellular biosynthetic processes, and immune system
processes (Figure 2(E) and Supplementary additional
file 7: Table S8). The expression of the oxidative stress
regulation genes MT1A and SOD2 and the inflamma-
tory gene NFKB1A was upregulated in the AM popula-
tion post-infection  (Figure 2(B)). Following
A. pleuropneumoniae infection, no significant differ-
ences in TLR4 expression were observed in the AM

group (Supplementary Fig S3A). IM is a relatively
under-studied macrophage that is often classified as
an AM-like cell. During A. pleuropneumoniae infection,
IM upregulated the expression of IFI30 and MT1A
while downregulating the IFN-a-induced gene IFI6
(Figure 2(B)). GO enrichment analysis showed that
AM and IM cells upregulated similar functions, predo-
minantly those involved in cytoskeleton organization
and the oxidative stress response (Figure 2(F,G)
Supplementary additional file 8: Table S9 and
Supplementary additional file 9: Table S10).

The AUCell scoring system was used to assess innate
immune cell inflammation and oxidative stress
responses. Neutrophils, monocytes, and pDCs exhibited
a highly inflammatory response and a high level of
oxidative stress after A. pleuropneumoniae infection
(Figure 2(H)). In contrast, AM and IM displayed sig-
nificantly impaired oxidative stress and inflammatory
responses, suggesting that A. pleuropneumoniae infec-
tion may inhibit the immune responses of AM and IM
(Figure 2(H)). Thus, these data suggest that neutro-
phils, monocytes, and pDCs upregulate the oxidative
stress response, IFN-y-inducible factors, and inflamma-
tory factors to boost the immune response to
A. pleuropneumoniae infection, which was in contrast
to AM and IM cell responses.

A. pleuropneumoniae reduce the number of
macrophages by inhibiting monocyte
differentiation into IM and AM and inducing AM
endogenous apoptosis

To understand the mechanism by  which
A. pleuropneumoniae infection is associated with
a reduction in lung macrophages, we performed the
pseudo-time analysis and found that monocytes could
differentiate into AM and IM (Figure 3(A,B)).
Subsequently, we clustered the differentially expressed
genes along the pseudotime trajectory and identified
three clusters (Figure 3(C) and Supplementary addi-
tional file 10: Table S11). Cluster 1 comprised mono-
cytes that expressed hallmarks CDI14 and FCNI
(Figure 3(C,D)) and was predominantly enriched in
myeloid cell differentiation (ZFP36L1), inflammatory
response (NFKB1A), wound healing, and smooth mus-
cle cell proliferation (ID2) (Figure 3(C) and
Supplementary additional file 11: Table S12). Cluster 2
was IM, and the expression of its marker genes
(MARCO and C1QB) gradually increased along the
differentiation pathway from monocytes to IM. IM
was enriched in complement activation (CIQA,
C1QB, and C1QC), myeloid cell differentiation (KLF2
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and PRXL2A), and monocyte chemotaxis functions
(Figure 3(CD), Supplementary additional file 10:
Table S11 and Supplementary additional file 11: Table
S12). Notably, this population was also enriched in the
regulation of smooth muscle cell proliferation, and the
associated genes AIFI and HMOXI1 were highly
expressed in IM (Figure 3(C-E) and Supplementary
additional file 11: Table S12). Cluster 3 comprised
AM, with S100A8 and S100A9 being highly expressed.
The functions of the innate immune response, regula-
tion of intrinsic apoptosis signaling pathway, neutro-
phil chemotaxis, response to the bacterium, and
regulation of collagen metabolic process were enriched
in this cluster, and the collagen metabolic-related genes
CD9 and ACTG1 were highly expressed in AM
(Figure 3(C-E) and Supplementary additional file 11:
Table S12). In addition, cells in the A. pleuropneumo-
niage infection group were mainly monocytes in the
early stages of differentiation. In contrast, the control
group was dominated by terminally differentiated IM
and AM cells, suggesting that A. pleuropneumoniae
infection may have inhibited the differentiation of
monocytes to IM and AM (Figure 3(F-H)). Notably,
pro-apoptotic genes (LGALS1 and LMNA) were upre-
gulated in AM. The anti-apoptotic genes (HMGB2 and
BCL2A1) were downregulated at the end of the trajec-
tory (Figure 3(E) and Supplementary additional file 10:
Table S11).

A. pleuropneumoniae suppresses T cell function by
decreasing the number of T lymphocytes and
inducing apoptosis of CD8A* y48T cells

To characterize the role of T cells in A. pleuropneumo-
niae infection, we identified eight phenotype-specific
T cell subsets, that is, putative GNLYhighCD8+TEM
(effector memory T cells, Tgy), CD8A™YST
(CD2*CD3E*CDSA*TRDC"), putative CD8" Ty (tis-
sue-resident memory T cells, Tgry) (CD8 Tra:
XCL1"EOMES™), naive CD4'T (CD4"CCR7'TCF7"
SELL"), y8T (CD2 CD3E'CD8A TRDC"), proliferat-
ing T cells (CD3E*TOP2A"), putative GZMB™ CD8"
Tey and CD14*CD8* T (CD14* CDS8A*CD3E")
(Figure 4(A-C) and Supplementary additional file 12:
Table S13).

Next, we compared the T cell subset percentages and
relative numbers in the A. pleuropneumoniae-infected
and control groups. The fraction of all T cell subsets
within the T cell compartment decreased, except for
CD8A"YST and proliferating T cells (Figure 4(D)). In
healthy pigs, CD8A™y8 T cells predominated in the
resting state, whereas CD8A'yST cells tended to
increase relative to A. pleuropneumoniae infection in
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the percentage of T cells (Figure 4(C,D)). Interestingly,
A. pleuropneumoniae infection elevated the apoptosis-
related genes FOS and LGALSI in CD8A™yS T cells
and downregulated the ribosomal protein genes RPL38,
RPS21, RPS13, and RPS17 (Figure 4(E) and
Supplementary additional file 13: Table S14). The
expression of the immune checkpoint molecule LAG3
was significantly upregulated following infection, sug-
gesting potential T-cell exhaustion (Figure 4(F)) [32].
Moreover, the apoptosis signaling pathway score of
CD8A'YST cells significantly increased post-infection,
indicating that A. pleuropneumoniae induced apoptosis
of CD8A™ 8T cells (Figure 4(G)). GO analysis further
showed that CD8A™yS8T was involved in the regulation
of actin cytoskeleton organization and supramolecular
fiber organization, indicating the potential of
CD8A*YST in fibrosis pathogenesis (Figure 4(H) and
Supplementary additional file 14: Table S15).
Additionally, post-A. pleuropneumoniae infection,
GNLY"8"CD8" Ty, CDS8A™YST, CD8 Tyy, YOT, and
proliferating T cells significantly elevated the AUCell
innate immune response score, suggesting their poten-
tial capacity to regulate the early immune response
(Figure 4(G)). GO functional analysis of the upregu-
lated DEGs of T subsets after A. pleuropneumoniae
infection was also enriched in pathways related to the
immune response process, T cell activation, response to
bacteria, and granulocyte chemotaxis (Figure 4(H) and
Supplementary additional file 14: Table S15).

A. pleuropneumoniae infection increases TGFB1
and HIF1A expression and promotes epithelial
differentiation into fibroblasts

Epithelial cells were the most abundant structural cells
in the lung, and A. pleuropneumoniae infection signifi-
cantly damaged the alveolar structure and lung epithe-
lial cells (Figure 1(B)). Here, we identified three
epithelial ~ cell ~ subsets: ~SFTPC'S100A2 ATII-1,
SFTPC'S100A2"  ATII-2, epithelial cells, and
EPCAM"€"S100A2*SFTPC™ (Figure 5(A)). Epithelial
cells undergo epithelial-to-mesenchymal transition
and play an important role in fibrotic diseases [33,34].
Epithelial cells and ATII-2 showed similar phenotypes,
expressing S100A2, S100A8, S100A9, CD9, and SDC2
(Figure 1(E)). However, there were few AGER and
AQPS5 labeled alveolar type I (ATI) cells, most likely
due to the damage to ATI cells caused by
A. pleuropneumoniae infection and the low number of
ATT cells in physiological states [13,35]. Compared with
the control group, the relative percentages of all epithe-
lial subsets decreased after A. pleuropneumoniae infec-
tion, among which epithelial cells were the most
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significant (Figure 1(F)). Epithelial-mesenchymal tran-
sition is a key step in pulmonary fibrosis. After
A. pleuropneumoniae infection, the expression of
epithelial cell markers such as EPCAM and FABP5
was reduced in epithelial cells. In contrast, the expres-
sion of fibroblast-specific marker genes, such as SDC2
and COL15A1 was enhanced (Figure 5(B)). UMAP
analysis further indicated that epithelial cells were con-
nected to the fibroblasts. Monocle and CytoTRACE
analysis indicated that epithelial cells could differentiate
into fibroblast-like cells, suggesting that epithelial cells
are an essential source of fibroblasts (Figure 5(A,B)),
and Supplementary Fig S4A-C). Furthermore, previous
studies identified a COL1A1 expressing epithelial sub-
set exclusively in human pulmonary fibrosis [36]. The
pathological extracellular matrix genes COLIAL,
COL2A1, and COL3A1 were highly expressed in
epithelial cells post-A. pleuropneumoniae infection
(Figure 5(C)).

In addition, we found that A. pleuropneumoniae
infection tended to increase the expression of TGFBI,
HIF1A, COPS5, and OS9 in epithelial cells, promoting
epithelial cell transformation (Figure 5(D,E)). DGE
analysis of epithelial cells revealed that MT1A, MT3,
GP91-PHOX, S100A13, and CXCR4 were up-regulated
after infection (Figure 5(F) and Supplementary addi-
tional file 15: Table S16). GO analysis indicated that
epithelial cells were primarily enriched in the function
of ATP metabolism, amide biosynthesis, and cellular
respiration. ATII cell subsets were mainly enriched in
cellular metabolism and mRNA processing (Figure 5
(G) and Supplementary additional file 16: Table S17).

Heterogeneous function of the fibroblast in piglet
lung post A. pleuropneumoniae infection

Fibroblasts heavily infiltrated the piglet lung following
A. pleuropneumoniae infection, among which fibro-
blast-like cells were the most prominent (Figure 1(F)
and Supplementary Fig S2B, D-E), suggesting that
A. pleuropneumoniae infection could induce pulmonary
fibrosis. To evaluate the degree of pulmonary fibrosis,
we performed Sirius red staining and confirmed that
the collagen fibers after A. pleuropneumoniae infection
tended to increase compared to the control group
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(Figure 6(A)). To further focus on fibroblast heteroge-
neity and its role in fibrosis during A. pleuropneumo-
niae infection, we pooled all fibroblasts to identify five

fibroblast subgroups: MT1A fibroblasts
(MT1A*MT3"), HBEGF fibroblasts (HBEGE®), IFN
fibroblasts (CXCL10"CXCL9'IL18"), proliferating

fibroblasts (CENPF'TOP2A"), and COL3A1 fibroblasts
(COL3A1"COL1A2*COL1A1*)  (Figure  6(B-D),
Supplementary additional file 17: Table S18 and
Supplementary Fig S5A). After A. pleuropneumoniae
infection, MT1A fibroblasts and HBEGF fibroblasts
were the predominant fibroblast subgroups; however,
the relative fraction of IFN fibroblasts declined, and
other cell populations were not altered (Figure 6(E)).
Next, we explored the transcriptional characteris-
tics of MT1A fibroblasts. DGE analysis revealed that
the expression of metallothionein-related genes,
MTI1A and MTS3, was upregulated after A. pleurop-
neumoniae infection (Figure 6(F) and Supplementary
additional file 18: Table S19). In addition, GO ana-
lysis indicated that MT1A fibroblasts were enriched
in metal ion regulatory activities and oxidative
responses  following infection (Figure 6(G),
Supplementary Fig S5B, Supplementary additional
file 19: Table S20 and Supplementary additional file
20: Table S21). The antigen presentation-related
genes HLA-DRA, SLA-DQBI1, and CD74 were upre-
gulated in A. pleuropneumoniae-infected HBEGF
fibroblasts, suggesting that HBEGF fibroblasts have
antigen presentation functions and are involved in
the innate immune response (Figure 6(H)). In addi-
tion, HBEGF fibroblasts showed increased expression
of the insulin-inducible gene INSIGI, which can
promote fibrosis (Figure 6(F) and Supplementary
additional file 18: Table S19). Further enrichment
analyses of HBEGF fibroblasts showed upregulation
of genes whose functions are associated with the
inflammatory immune pathway (NF-kB), innate
immune response, LPS stimulation response, and
smooth muscle cell proliferation (Figure 6(G) and
Supplementary additional file 19: Table S20). IFN
fibroblasts can regulate the inflammatory response,
innate immune response, and external stimuli, and
enhance the expression of MT1A and SDC2 fibro-
blast marker genes after A. pleuropneumoniae

subclusters derived from control (n = 3) and A. pleuropneumoniae (n = 3). Bar plot shows relative T cell subclusters compositions at
a single sample level. (E) Scatter-plot showing differential gene expression in the CD8A™ y& T. (F) Violin plot showing the expression
of exhausted gene LAG3 in CD8A" y6 T cell. (G) Violin plots showing AUCell score levels of apoptotic signaling pathway and innate
immune response in T subsets derived from A. pleuropneumoniae and control groups. two-sided wilcox test. (H) Bubble plot
displaying the representative GO enrichment terms of the up-regulated genes in A. pleuropneumoniae compared with control in

T cell subsets. two-sided Wilcox test.
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Figure 5. Characterization of lung injury and epithelial - mesenchymal transition. (A) A UMAP plot highlighting at ii-1, at ii-2,
epithelia and fibroblast-like clusters. (B) Violin plots of EPCAM, FABP5, SDC2 and COL15A1 mRNA expression in epithelia cells from
A. pleuropneumoniae and control groups. (C) Bubble plot showing the expression COL1A1, COL1A2 and COL3AT1 in Epithelia cells
from A. pleuropneumoniae and control samples. (D-E) Violin plots of TGFB1(D), HIF1A, 0S9 and COPS5 (E) mRNA expression in
epithelia cells from A. pleuropneumoniae and control groups. (F) Scatterplot showing different gene expression in the epithelia cells.
(G) Bubble plot revealing the representative GO enrichment terms of the up-regulated genes from A. pleuropneumoniae compared

with control in at ii-1, at ii-2 and epithelia cells.

infection. IFN fibroblast cells showed decreased
expression of CXCL9 and CXCLI10, reducing their
ability to recruit cytotoxic lymphocytes (CTLs), nat-
ural killer (NK) cells, and macrophages [37]
(Figure 6(F)). Interestingly, proliferating fibroblasts
enhanced the expression of fibrosis genes SDC2,
COL15A1, and INSIG1 decreased the expression of
EPCAM during infection (Figure 6(F,I)). Moreover,
UMAP analysis showed that proliferating fibroblasts

were associated with fibroblast-like and epithelial
cells, and pseudo-temporal trajectory analysis indi-
cated that proliferating fibroblasts differentiated into
fibroblast-like cells, indicating that fibroblast-like
cells may be derived from these proliferating fibro-
blasts and epithelia (Figure 1(C) and Supplementary
Fig S5C). Finally, COL3A1 fibroblasts are a subset of
lung fibroblasts that are more prevalent in lung
infections. COL1A1 and COL3A1 fibroblasts were
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identified as pathogenic extracellular matrices. After
A. pleuropneumoniae infection, the matrix remodel-
ing genes COL1A1, COL1A2, COL3A1, FN1, DCN,
LUM, and VCAN were all increased (Supplementary
Fig S5D). GO functional analysis indicated that this
population was enriched regarding lung epithelial
growth, TGFB stimulation, and collagen fibrous
organization (Figure 6(G)). GO analysis of the
human dataset indicated that HBEGF fibroblasts,
IEN fibroblasts, and COL3Al fibroblasts promoted
smooth muscle cell proliferation and tissue repair
(Supplementary Fig S5B). In addition, TLR2 expres-
sion was elevated in HBEGF fibroblasts, indicating
that fibroblasts might sense A. pleuropneumoniae
infection (Supplementary Fig S5E).

Epithelial, vascular endothelial, and pDcs interact
with fibroblast subset through the CD74/COPA
receptor-ligand pair, except for COL3A1 fibroblast

Cell-cell communication networks were constructed
among all the cell populations in the porcine lung
using CellPhoneDB. Under physiological conditions,
epithelial cells strongly interacted with ATII-2 cells
(Figure 7(A)). However, A. pleuropneumoniae infection
diminished the contact between epithelial cells and
ATII-2 while enhancing the interaction with all fibro-
blast subsets, suggesting that epithelial cells were
undergoing a robust process of fibroblast transforma-
tion (Figure 7(A,B)). Consistent with the findings that
numerous cell subsets promoted the proliferation and
collagen formation of myofibroblasts, cell interaction
analysis indicated that epithelial, vascular endothelia,
lymph endothelial, ATII-1, pDCs, monocytes, T cells,
B cells, IM, neutrophils, plasma, and proliferating
T cells promoted the interaction with fibroblast subsets
(Figure 7(A,B)), among these, epithelial, vascular
endothelial, and pDCs had the most apparent interac-
tions (Figure 7(B)). These findings suggest that
A. pleuropneumoniae-triggered fibrinopurulent pleur-
opneumonia injury may arise primarily from interac-
tions between pulmonary cells and fibroblasts during
infection. Intriguingly, AM did not boost the associa-
tion with each subgroup of fibroblasts following
A. pleuropneumoniae infection, but instead marginally
decreased intercellular connections (Figure 7(A,B)).

Next, we investigated the interactive receptor pairs
between each subpopulation of fibroblasts, epithelial
cells, vascular endothelial cells, and pDCs. The interac-
tions between epithelial cells and MTI1A fibroblasts,
HBEGEF fibroblasts, IFN fibroblasts, and proliferating
fibroblasts were mediated primarily by CD74/COPA,
followed by CD74/MIF and EGFR/MIF receptors
(Figure 7(C)). Epithelial cells strengthened communi-
cation with T, lymph endothelial, and ATII-1 cells via
the CD74/COPA ligand pair after A. pleuropneumoniae
infection, whereas COL3A1 fibroblasts and neutrophils
were unaffected (Figure 7(D)). Notably, COL3A1 fibro-
blasts differed from other fibroblast subpopulations,
which primarily enhanced contact with epithelial cells
through EGFR/TGFB1, EGFR/MIF, and ICAM1/
ITGAL, further indicating that A. pleuropneumoniae-
induced fibroblasts were highly heterogeneous and
exerted distinct fibrosis development (Figure 7(C)).
Further analysis showed that in addition to COL3A1l
fibroblasts, other fibroblast subsets and vascular
endothelial cells predominantly communicated through
CD74/COPA, CXCL8/ACKRI, and TGFB1/TGF beta
receptorl (Figure 7(E)). Intriguingly, fibroblast subsets
increase contact with ACKR1" vascular endothelial cells
through CXCL8/ACKRI to engage in the process of
leukocyte recruitment and promote mesenchymal tran-
sition in thyroid-associated eye illness [38]. These
results indicate that vascular endothelial cells are
involved in the inflammatory response and fibrosis
after A. pleuropneumoniae infection. Comparative ana-
lyses revealed conserved molecular pathways involved
in porcine and human fibrotic progression. pDCs pre-
ferentially mediated intercellular crosstalk with fibro-
blast subpopulations (excluding COL3Al-enriched
subsets) through the CD74/MIF, CD74/COPA, and
TGFB1/TGFbeta receptorl signaling axes during infec-
tion. In contrast, COL3A1 fibroblasts exhibited EGFR-
centric interactions with pDCs, predominantly via the
EGFR/MIF and EGFR/TGFB1 ligand receptors
(Figure 7(F)).

Discussion

The immune response mounted by immune cells
against infection represents a core mechanism for con-
trolling various fatal complications and tissue damage.

analysis of fibroblast subsets of A. pleuropneumoniae in comparison with control. An adjusted p-value < 0.05 is labeled in red, while
an adjusted p-value > 0.05 is labeled in black. (G) a bubble plot showing the representative GO enrichment terms of the upregulated
genes from A. pleuropneumoniae compared with control in fibroblast subsets. (H) Violin plots of HLA-DRA, SLA-DQB1 and CD74
mRNA expression in HBEGF fibroblast from A. pleuropneumoniae and control. (1) Violin plots of SDC2, COL15A1, and EPCAM mRNA
expression in proliferating fibroblast from A. pleuropneumoniae and control.
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Figure 7. Cell-communication of fibroblast subsets with other subsets in pleuropneumonia. (A-B) Heatmap showing the interaction
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Previous studies have identified that immune -cells,
including  antigen-presenting neutrophils, CD4"
T cells, and CD163" monocytes counter A. pleuropneu-
moniae infection through diverse regulatory pathways
[39-41]. In this study, we observed that following
A. pleuropneumoniae infection, neutrophils, mono-
cytes, and pDCs upregulated the release of IFN-y-
inducible factors (e.g. IL-18 and ISGs) along with
other inflammatory mediators. These findings provide
clearer insight into the cellular source of IL-18 during
anti-A. pleuropneumoniae infection than earlier reports
[42]. In recent years, research has also revealed that
structural cells (such as fibroblasts, epithelial cells, and
endothelial cells) can perform immune-related func-
tions including pathogen recognition and antigen pre-
sentation in coordination with classical immune cells
[43]. Using scRNA-seq, we identified an excessively
proliferating fibroblast-like cell population. Further
subcluster analysis revealed multiple previously unchar-
acterized fibroblast subpopulations linked to A. pleur-
opneumoniae pathogenicity and host defense, which
exhibited extensive cell-cell communication networks
with various immune cells. Nevertheless, the precise
functional mechanisms of these cellular populations
warrant further investigation. Collectively, this work
systematically delineates the immune response land-
scape of both immune and structural cells following
A. pleuropneumoniae infection, thereby laying a
groundwork for future research into porcine A. pleur-
opneumoniae pathogenesis.

The host innate immune defense against acute pul-
monary bacterial infection requires effective responses
that involve the recruitment and activation of neutro-
phils and monocytes that migrate to the lungs [44,45].
Analysis of scRNA-Seq data revealed that during
A. pleuropneumoniae infection, monocytes, pDCs, and
neutrophils were rapidly recruited to the lung and
exerted antimicrobial functions, partly through upregu-
lation of interferon-stimulated genes (ISGs) and IL-18.
The latter is the only cytokine substantially raised in the
peripheral CD163" monocytes of A. pleuropneumoniae-
infected pigs, which enhances neutrophil activation
[41]. The ability of neutrophils to kill A. pleuropneu-
moniae is stronger than that of alveolar macrophages

(AM) because the bacterium upregulates the expression
of copper-zinc superoxide dismutase (Cu/Zn SODs) in
AM, which helps it escape AM Kkilling [46]. Our data
also showed significant upregulation of superoxide dis-
mutase SOD2 in AM, which may weaken AM’s bacter-
icidal ability. In addition, macrophages undergo
endogenous apoptosis, resulting in fewer macrophages
post infection. Interestingly, IM promoted the prolif-
eration of smooth muscle cells, and AM upregulated
the process of collagen metabolism, indicating that
macrophages may be involved in the process of pul-
monary fibrosis. We also observed that fibroblast-like
cells acquired macrophage-specific surface markers
(CD163, S100A8, and S100A9). This phenotypic con-
vergence implies that A. pleuropneumoniae infection
may drive the macrophage-to-fibroblast transition,
which is consistent with previous studies [47,48].
Furthermore, the pro-inflammatory cytokine IL-18
synergistically enhanced IFN-y production, amplifying
JAK-STAT-mediated immune activation. This cascade
demonstrates that A. pleuropneumoniae triggers
a robust host defense response that is predominantly
orchestrated by monocytes, neutrophils, and pDCs.
Unlike humans and mice, the fraction of y§ T cells is
high in porcine tissues, facilitating fast T cell responses
to external stimuli [49]. We also found that CD8A "y
T cells were highly enriched in the porcine lungs.
However, our scRNA-seq analysis revealed significant
T cell depletion following A. pleuropneumoniae infec-
tion. This phenomenon was consistent with observa-
tions in other respiratory infections (e.g. K
pneumoniae, influenza virus, SARS-CoV-2) and could
be attributed to severe inflammatory cytokine stimula-
tion [50]. Further analysis revealed that following
A. pleuropneumoniae infection, CD8A'yS T cells
showed marked activation and an upregulation of
apoptotic genes. This pro-apoptotic shift provides
a plausible mechanism for the subsequent depletion of
T cells. Recent studies indicate that Th17 cell abun-
dance correlates with chronic lung damage following
A. pleuropneumoniae infection [51], suggesting the key
roles of T cell subsets in the development of the disease.
Consistent with these findings, our data further suggest
that T cells may play a potential regulatory role in

subsets in individuals in the control and A. pleuropneumoniae group, respectively. On the Y-axis, each row represents the name of
a receptor ligand pair. The X-axis depicts the interaction between fibroblast cells subsets and epithelial cells, pDcs, and vascular
endothelial cells, respectively (The intercellular communication is bidirectional, indicating that one cell (e.g. cell a) can have an
impact on another cell (e.g. cell B), then conversely, cell B can also affect on cell a). The color of the bubbles shows the average
expression level of the two genes in the interacting cell groups; the redder the color, the higher the expression level. Meanwhile, the
size of the bubble corresponds to the -log10 value of the P value, indicating the significance of the interaction; the larger the bubble,
the more significant. (D) The interaction of epithelial cells with major cell subsets from individuals with control and

A. pleuropneumoniae by CD74/COPA.



orchestrating the early immune response against
A. pleuropneumoniae. Interestingly, CD8 Ty and
CD8'Tgym cell populations may not be specific to
A. pleuropneumoniae-induced memory, but may repre-
sent Try and Ty residents in lung tissue. Studies have
suggested that resident Try and Ty in lung tissue to
combat pathogen infection can initiate nonspecific
antibacterial responses, coordinate immune reactions,
and recruit T, B, and NK cells to trigger pathogen
alarms [52]. However, the specific roles of porcine
Trm and Tgy require further investigation.
Intriguingly, T cells showed enhanced regulatory activ-
ities associated with structural cytoskeleton repair and
collagen metabolism, indicating that T cells might play
a role in improving A. pleuropneumoniae-induced pul-
monary fibrosis. Previous studies have shown that
T cells display aberrant damage and create severe lung
fibrotic lesions after COVID-19 infection, consistent
with our findings [11,53].

Fibroblasts are critical mesenchymal cells in the sub-
mucosa that are not expected to interact with micro-
organisms in the airway. However, once the alveolar
macrophage and epithelial barrier is compromised, bac-
teria may invade fibroblasts in the lung interstitium.
This invasion may trigger a compensatory host
response, wherein fibroblasts upregulate Toll-like
receptors as part of the innate immune sensing
(43,54]. We found that HBEGF fibroblasts highly
expressed TLR2, as did proliferating fibroblasts post
A. pleuropneumoniae infection, suggesting an antimi-
crobial inflammatory response in fibroblasts. HBEGF
fibroblasts increased the expression of antigen-
presenting genes, such as HLA-DRA, SLA-DQB1, and
CD74. This suggests that HBEGF fibroblast, as well as
IFN fibroblasts, exhibited distinct immune barrier
function in the context of A. pleuropneumoniae infec-
tion. Additionally, the genes associated with prolifera-
tion of smooth muscle cells and collagen formation
were upregulated in MT1A fibroblasts, HBEGF fibro-
blasts, IFN fibroblasts, and COL3A1 fibroblasts, sug-
gesting that these subsets may promote the progression
of pulmonary fibrosis.

Research has established that A. pleuropneumoniae
infection induces severe pulmonary fibrosis, a hallmark
pathology that is a major cause of mortality [55]. Our
results showed that fibroblasts constituted the predo-
minant cellular compartment (70.89%) in infected
lungs, likely driven by TGFB1 and HIF1A mediated
epithelial-mesenchymal transition and fibroblast pro-
liferation. In addition, IFN fibroblasts also significantly
regulate the proliferation of smooth muscle cells, indi-
cating that these IFN fibroblasts may also contribute to
this pathological development. Moreover, the cell
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populations  with  fibrotic =~ characteristics  in
A. pleuropneumoniae infection were similar to those
in influenza virus and SARS-CoV-2 infection [26,56].
We discovered that interaction characteristics induced
by A. pleuropneumoniae infection were highly analo-
gous to those found in idiopathic fibrosis. Specifically,
most of pulmonary cell types enhanced interactions
with fibroblast subsets following A. pleuropneumoniae
infection. Notably, epithelial cells, vascular endothelial
cells, and pDCs exhibited the strongest crosstalk with
fibroblasts. Furthermore, CD74/COPA and MIF are the
most critical interaction ligand pairs between these cells
and fibroblasts, indicating that they may be effective
targets for inhibiting fibrotic progression. To prove
these interactions, further spatial transcriptomics is
required. Based on the similarities between fibrinous
pneumonia caused by A. pleuropneumoniae and the
symptoms of human pulmonary fibrosis, pigs appear
to be perfect models [57]. However, many of the sub-
clusters identified in porcine data require more in-
depth studies.

Conclusion

We established a single-cell resolution atlas of piglet
lungs with and without A. pleuropneumoniae infection,
revealing that macrophage dysfunction, epithelial cell
injury, T cell apoptosis, and fibroblast hyperprolifera-
tion collectively drive infection-induced pathological
damage. This comprehensive cellular atlas defines por-
cine pulmonary cellular composition and function with
unprecedented precision, and provides mechanistic
insights into bacterial pneumonia pathogenesis.
Notably, the observed fibrotic mechanisms establish
pigs as translational models for human pulmonary
fibrosis research.
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