
 
 

Delft University of Technology

Mass cytometry analysis reveals a cross-tissue immune landscape in Actinobacillus
pleuropneumoniae-induced pneumonia

Tian, Yanyan; Jiang, Xuan; Bao, Chuntong; Abdelaal, Tamim; Chen, Dexi; Wang, Wenjing; Li, Fengyang;
Lei, Liancheng; Li, Na
DOI
10.1128/spectrum.02665-24
Publication date
2025
Document Version
Final published version
Published in
Microbiology Spectrum

Citation (APA)
Tian, Y., Jiang, X., Bao, C., Abdelaal, T., Chen, D., Wang, W., Li, F., Lei, L., & Li, N. (2025). Mass cytometry
analysis reveals a cross-tissue immune landscape in Actinobacillus pleuropneumoniae-induced pneumonia.
Microbiology Spectrum, 13(6), Article 02665-24. https://doi.org/10.1128/spectrum.02665-24

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1128/spectrum.02665-24
https://doi.org/10.1128/spectrum.02665-24


 | Bacteriology | Research Article

Mass cytometry analysis reveals a cross-tissue immune 
landscape in Actinobacillus pleuropneumoniae-induced 
pneumonia
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ABSTRACT Porcine contagious pleuropneumonia caused by Actinobacillus pleuropneu­
moniae (APP) is a fatal respiratory disease that threatens the worldwide farming 
industry’s health. The immune responses of extrapulmonary tissues play an impor­
tant role in developing porcine contagious pleuropneumonia; however, the immune 
responses of extrapulmonary tissues induced by APP are rarely uncovered. Here, we 
used high-dimensional mass cytometry to investigate the immune cell response in the 
spleen and peripheral blood during APP infection in mice. We found that the immune 
response triggered by APP was highly tissue-specific. Numerous infection time- or 
tissue-specific immune cell clusters, including previously unrecognized ones, were also 
identified in the spleen and peripheral blood. Integrative analysis of splenic lymphoid 
and myeloid cell clusters maps the dynamic immune response cellular network during 
APP infection. Surprisingly, during the early stages of APP infection, the majority of 
the top 6 cell clusters contributing to the infection time-specificity in the spleen were 
adaptive immune cell clusters rather than innate immune cell clusters, among which
CD24hiMHCII+CD8+TEM cells exhibited a stronger expression of IFN-γ, IL-17A, and IL-10 
compared to the CD24lo compartment. In peripheral blood, there was unprecedented 
heterogeneity in the immune cell composition. Also, peripheral immune cell clusters 
closely related to the severity of APP infection were identified. In summary, our data 
provide a systemic and comprehensive overview of the immune responses to APP 
infection in the spleen and peripheral blood. This provides a foundation for understand­
ing the immune pathogenesis of APP and identifying potential diagnostic biomarkers 
and therapeutic targets.

IMPORTANCE This study explored the cross-tissue immune dynamic landscape in the 
APP-induced pneumonia model by utilizing high-dimensional mass cytometry. We 
discovered that APP-induced immune responses are tissue-specific. Key infection-spe­
cific clusters in the spleen and peripheral blood were identified, some of which were 
previously unrecognized. Meanwhile, the specific functions of APP infection-related 
immune subsets were explored. The research systematically outlined an overview of 
immune responses in these tissues, deepening the understanding of APP pathogenesis 
and laying the foundation for the search for diagnostic and therapeutic targets.

KEYWORDS Actinobacillus pleuropneumoniae, immune cell clusters, mass cytometry, 
immune response

A ctinobacillus pleuropneumoniae (APP) is the causative agent of porcine contagious 
pleuropneumonia, a highly transmissible respiratory disease with a significant 

fatality rate (1). Due to the lack of vaccines with cross-immune protection between 
different serotypes of APP, the mixed infection with swine influenza, swine fever, swine 

June 2025  Volume 13  Issue 6 10.1128/spectrum.02665-24 1

Editor Jose Martinez-Navio, University of Miami, 
Miami, Florida, USA

Address correspondence to Na Li, 
vetlina2013@126.com, or Liancheng Lei, 
leiliancheng@163.com.

Yanyan Tian and Xuan Jiang contributed equally to 
this article. The author order was determined by 
seniority.

The authors declare no conflict of interest.

Received 23 October 2024
Accepted 13 March 2025
Published 16 April 2025

Copyright © 2025 Tian et al. This is an open-access 
article distributed under the terms of the Creative 
Commons Attribution 4.0 International license.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

25
 J

un
e 

20
25

 b
y 

15
4.

59
.1

24
.1

13
.

https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.02665-24&domain=pdf&date_stamp=2025-04-16
https://doi.org/10.1128/spectrum.02665-24
https://creativecommons.org/licenses/by/4.0/


pneumonic disease, and the growing concerns about antibiotic residues and bacterial 
resistance, APP infection has resulted in huge losses for the pig farming industry 
(2). Therefore, it is critical to identify new targets for the prevention and treatment of 
porcine-contagious pleuropneumonia.

Pathogen-induced immune responses determine the development of pneumonia, 
so understanding the composition and characteristics of immune cell subsets during 
APP infection is essential. While several immune cell subsets have been reported in APP 
infection, the majority of research has been focused on the lung tissue (3, 4). It is worth 
noting that the immune response of extrapulmonary tissues also plays an important role 
in the process of APP infection, especially in the spleen and peripheral blood. Different 
microenvironments endow immune cell subsets with unique immune characteristics and 
functions (5). Proteomics analysis of alveolar lavage fluid, peripheral blood mononuclear 
cells (PBMCs), and serum from APP-infected piglets revealed that the immune response 
in PBMCs and serum was faster and lasted longer than that in the lungs, indicating that 
the immune response in the lungs significantly differed from that in the peripheral blood 
(6). In addition, the spleen is required for the development of T cells, the production 
of inflammatory cytokines, and the clearance of bacteria during bacterial infection (7). 
Therefore, a comprehensive understanding of the composition and characteristics of the 
immune cells in extrapulmonary tissues is crucial for APP infection, which may open a 
novel avenue for the prevention and treatment of APP infection.

Given the important role of immune cells and immune responses in bacterial 
pneumonia, in-depth characterization of immune cell composition and characteristics 
in extrapulmonary tissues could better understand the immunopathogenic mechanism 
of APP infection. In this study, we applied mass cytometry to thoroughly analyze 
the characteristics and makeup of immune cells in mouse spleen and peripheral 
blood during APP infection. We discovered immune cell clusters with tissue specificity 
and infection stage specificity, generating a dynamic immune landscape during APP 
infection, which advanced our knowledge of APP pathogenesis.

MATERIALS AND METHODS

Bacterial strains and conditions

APP serotype 5 reference strain L20 (APP 5b L20) and APP serotype 1 reference strain 
(APP CVCC259) were obtained from the Shanghai Entry-Exit Inspection and Quarantine 
Bureau (Shanghai, China) and cultured according to the previous method (3). Briefly, 
single colonies were transferred to 3 mL of Brain Heart Infusion (BHI, BD) liquid medium 
containing 10% heat-inactivated horse serum (Kangyuan Biologicals) and 15 µg/mL 
nicotinamide adenine dinucleotide (NAD, Sigma), and cultured for 6 hours (h) at 37°C 
and 180 rpm/min agitation using a spectrophotometer adjusted by optical density (OD), 
and finally centrifuged at 3,500 × RCF(g). The bacteria were washed three times with 
phosphate-buffered saline (PBS).

Experimental infection

18–22 g, 6- to 8-week-old female ICR mice were purchased from Jilin University 
Laboratory Animal Centre. All animal studies were conducted by the National Guidelines 
for the Welfare of Laboratory Animals (Ministry of Science and Technology of China, 
2006) and approved by the Animal Welfare and Research Ethics Committee of Jilin 
University (License No. 201710034). The mouse APP infection model was constructed 
according to previous methods (3). APP 5b L20-infected group (6.5 × 107 CFU in 30 µL 
of sterile saline injected nasally per mouse), APP CVCC259-infected group (6.5 × 107 CFU 
in 30 µL of sterile saline injected nasally per mouse), and control group (30 µL of sterile 
saline injected nasally per mouse). Mice in the control group were anesthetised before 
infection, weighed, and then executed. The body weights of the mice were observed at 
6 h, 12 h, 24 h, 48 h, 7 d, and 14 d after infection (as shown in each experiment), and 
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the mice in each group were anesthetised and executed, and tissues (spleens, inguinal 
lymph nodes) were collected for further analysis.

Histological analysis

The lungs and spleens of the mice were fixed in 10% buffered formalin. After paraffin 
embedding, the paraffin block was cut into 5 µm using a microtome, first deparaffinized 
and rehydrated, and then the stained part was stained with eosin for 3 min, dehydrated 
in graded alcohols, soaked in xylene, naturally dried in a fume cupboard, and then 
mounted with balsam. Finally, slides were observed and scanned with a PANNORAMIC 
MIDI II automatic digital slide scanner (3DHISTECH, Budapest, Hungary).

Cell isolation

The spleens and inguinal lymph nodes were cut into small pieces, harvested by 
mechanical grinding on a 70 µm Nylon filter in a 50 mL centrifuge tube, and lysed 
using Red Blood Cell Lysis Buffer (Solarbio, Beijing, China) to remove the red blood cells. 
To obtain enough blood cells, the blood samples within each time point were collected 
in an anticoagulation tube as one sample. The blood was then lysed with Red Blood Cell 
Lysis Buffer (Solarbio, Beijing, China) to obtain white blood cells. Resuspend all isolated 
cells in the staining buffer to obtain a single-cell suspension, and store samples on ice 
until mass cytometry antibodies are added.

Mass cytometry antibody staining and data acquisition

Mass cytometry antibody staining and data acquisition were performed according to our 
previous methodology (3). Briefly, antibodies were coupled to the corresponding metal 
tags using the MaxPar X8 Antibody Labelling Kit (Fludigm Science). First, to identify dead 
cells, single-cell suspensions from different tissues were incubated with 0.5 mL of 2 µM 
Cell-ID cisplatin. Next, cell suspensions from different tissues were mixed well with the 
antibody mixture and incubated on ice for 30 min. After staining, cells were stained with 
0.5 mL 125 nM Cell-ID intercalator-Ir (Fludigm Science) to label all the cells in the Fix 
and Perm Buffer (Fludigm Science) overnight at 4°C. Finally, cells were acquired with the 
Helios mass cytometer, and data were normalized using EQ Four Element Calibration 
Beads (Fludigm Science).

Mass cytometry data analysis

The analysis of mass cytometry data were performed as reported in our previous study 
(3). Briefly, data were collected and normalized, and samples were pre-processed using 
Flowjo (version 10.4) to obtain single live CD45+ cells for the study. Next, cells from 
different samples were analyzed using Cytoplore+H-SNE software as previously reported 
(8). Briefly, the t-SNE dimensionality reduction algorithm is applied to various tissues to 
visualize high-dimensional data. The default setting (Perplexity: 30; iteration: 1,000) was 
carried out individually within each tissue. All H-SNE, t-SNE plots, and Gaussian Mean 
shift clustering-derived cell clusters were generated by the Cytoplore software. Each cell 
cluster contained at least 100 cells. In Matlab 2015, hierarchical clustering of phenotypic 
heatmaps was used using Euclidean correlation and average linkage clustering methods 
(9). For the cluster t-SNE maps, the data matrix of the clusters of CD45+ cells in a 
single sample was normalized and calculated, and the top 10 principal components with 
the highest variance were selected as inputs to the t-SNE analysis to cluster clusters 
with similar characteristics together. Histograms were produced using GraphPad Prism 8 
software.

Flow cytometry

Single-cell suspensions of mouse immune cells were obtained according to the 
method of cell separation described above. For cell surface antigen staining, cells were 
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stained with the following fluorochrome-conjugated antibodies, BV510-anti-mouse/
human CD11b (M1/70, Biolegend), BV421-anti-mouse/human CD11b (M1/70, Biole­
gend), PE-anti-mouse F4/80 (W20065B, Biolegend), BV605-anti-mouse F4/80 (W20065B, 
Biolegend), PerCP/Cy5.5-anti-mouse CD3 (17A2, Biolegend), APC-anti-mouse CD3 (17A2, 
Biolegend), APC-anti-mouse CD4 (GK1.5, Biolegend), BV421-anti-mouse CD4 (GK1.5, 
Biolegend), BV510-anti-mouse CD4 (GK1.5, Biolegend), PE/Dazzlem-anti-mouse CD8a 
(53–6.7, Biolegend), PE/Cyanine7-anti-mouse CD8 (53–6.7, Biolegend), BV605-anti-mouse 
CD8a (53–6.7, Biolegend), BV510-anti-mouse Ly6C (HK1.4, Biolegend), BV421-anti-mouse 
MHCII (M5/114.15.2, Biolegend), APC/Cy7-anti-mouse CD62L (MEL-14, Biolegend), PE/
Dazzlem-anti-mouse CD62L (MEL-14, Biolegend), FITC-anti-mouse CD44 (IM7, Biolegend), 
PE/Cyanine7-anti-mouse CD24 (30-F1, Biolegend), PerCP/Cy5.5-anti-mouse CD11c (N418, 
Biolegend), APC/Cy7-anti-mouse CD11c (N418, Biolegend), PE-anti-mouse Ly6G (1A8, 
Biolegend), PerCP-eFluor 710-anti-mouse Ly6G (1A8, Biolegend), and PE-anti-mouse 
TLR4 (SA15-21, Biolegend). For intracellular cytokine staining, spleen single cells were 
stimulated with Phorbol 12-myristate 13-acetate (PMA) (50 ng/mL, Sigma) and iono­
mycin (1 mg/mL, Sigma) for 8 h at 37°C, and 1× brefeldin A and monensin solution 
(BioLegend) were added for the final 4 h. Cultured cells were washed twice using FACS 
buffer and stained with surface markers. The cells were then fixed, permeabilized with 
Cyto-Fast Fix/Perm Buffer Set (BioLegend) and incubated with intracellular antibodies for 
30 min at 4°C, PE-anti-mouse IL-10 (JES5-16E3, Biolegend), APC/Cy7-anti-mouse IL-17A 
(TC11-18H10.1, Biolegend), and APC-anti-mouse IFN-γ (XMG1.2, Biolegend). Cells were 
analyzed on a flow cytometer (Beckman, USA), and data were analyzed with FlowJo
(version 10.4). The acquired data were analyzed using FlowJo software. Through the 
gating strategy, corresponding cell populations were delineated on the scatter plot 
based on the fluorescence signal characteristics of the cells, and the software could 
automatically calculate the absolute numbers of each cell population.

Statistical analysis

After the normality test, multiple group comparisons were made using the Kruskal-Wallis 
test and Dunn test. Mann-Whitney test was used for two group comparisons. *P ≤ 0.05, 
**P ≤ 0.01, and ***P ≤ 0.001.

RESULTS

APP-induced immune responses are tissue-specific

We first established a mouse model of APP infection as previously reported (3). The 
weight change rate of mice dramatically decreased until 24 h after APP infection, and the 
lung weight increase rate and the lung index increased at 6 h and 12 h and decreased 
at 24 h and 48 h, suggesting that mice recovered from the infection after 12 h. Spleen 
index and spleen increase rate increased at 6 h and 12 h (Fig. 1A). Similar results were 
obtained on the lung and spleen pathological lesions (Fig. 1B). After 6 h and 12 h of APP 
infection, it caused purulent alveolar pneumonia, neutrophils filled the alveolar cavity, 
accompanied by fibrinous exudation, edema, hemorrhage, and local necrosis, which 
gradually recovered in 24 h and 48 h. After 6 h and 12 h of APP infection, the spleen 
was congested and swollen, and the red pulp widened and gradually recovered at 24 h 
and 48 h (Fig. 1C). We applied a previously described mass cytometric panel consisting 
of 26 metal-labeled antibodies (3), which included antibodies for immune profiling, 
cell differentiation, activation, adhesion, and APP-specific recognition to probe the 
phenotypic and quantitative complexity of mouse immune cells. The single live CD45+ 

immune cells were distinguished by event length, center, residual, and width parameters, 
DNA staining, and CD45 antibody staining (10). To determine the immune response 
profiles among tissues, we pooled all the data (1,290,940 CD45+ cells) derived from 14 
lungs (219,967 cells), 18 spleens (913,382 cells), and 5 blood samples (157,951 cells) and 
carried out a 5-level HSNE analysis in Cytosplore (8). Here, the landmarks described the 
immune composition among all three tissues (Fig. 1D). Strikingly, the global differences 
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FIG 1 The immune responses against APP infection are tissue-specific. (A, B) Changes in lung weight change rate, lung weight increase rate, lung index, spleen 

weight increase rate, spleen index, and pathological changes at 6, 12, 24, and 48 h after APP infection compared to no infection (0 h). (C) HE staining was used to 

observe pathological damage in the lung and spleen at 6, 12, 24, and 48 h after APP infection compared to no infection (0 h) (20×). (D) HSNE embeddings of

(Continued on next page)
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in immune response in different tissues were displayed by visualizing the tissue origin 
of the cells (Fig. 1E). Next, we determined the major immune lineages based on marker 
expression profiles (Fig. 1D), which identified CD3−CD19−NKp46−CD11b+/CD11c+ myeloid 
cells, CD3−CD19−CD11b−CD11c− innate lymphoid cells (ILCs), CD3+TCRβ+CD4+ T cells, 
CD3+TCRβ+CD8+ T cells, CD3+TCRβ+CD4-CD8- (other) T cells, and CD19+ B cells (Fig. 1F). 
We then quantified the percentage of the major lineage within each tissue and found 
that compared with blood myeloid cells were more abundant in the lung and spleen 
without infection, while these cells gradually increased in lung and blood and decreased 
in the spleen after infection (Fig. 1G). As expected, B cells were the most profound 
population in the spleen and blood, which increased in the spleen during infection while 
the frequencies of these cells reached the lowest point in the blood 12 h after infection 
(Fig. 1G). Compared to the blood, the “other T cells” were relatively more abundant 
in the lung and spleen, and dramatically decreased in the lung 12 h after infection 
(Fig. 1G). Importantly, the frequencies of all the immune lineages except “other T cells” 
changed substantially 12 h post-infection in the blood but not in other tissues (Fig. 1G). 
Moreover, unbiased hierarchical clustering of cell frequencies grouped the samples in a 
tissue-specific manner (Fig. 1H). Together, the global analysis revealed that the immune 
responses against APP infection were tissue-specific.

Characteristics of the myeloid cell response in the spleen post-APP infection

As the largest peripheral immune organ, the spleen index increased from 0 to 12 h 
and gradually decreased from 24 to 48 h after APP infection, suggesting that the mice 
were severely ill at 6 h and 12 h and recovered from the infection after 12 h (3). 
We next performed H-SNE dimensionality reduction analysis of all CD45+ immune cell 
populations (913,382 cells) in the spleen and identified four major immune lineages, 
namely myeloid cells, T cells, B cells, and ILCs, based on marker expression profiles and 
cell density characteristics (Fig. 2A through C). We used Gaussian mean-shift cluster­
ing for further dimensionality reduction and clustering analysis of myeloid cells and 
identified 17 phenotypically distinct myeloid cell clusters that clustered into five groups, 
namely Ly-6C+ monocytes (Mo), polymorphonuclear neutrophils (PMN), eosinophils (Eo), 
dendritic cells (DCs), and macrophages (Mø) (Fig. 2C through G). Interestingly, the 
majority of Mφ (mye-9,11,16) in the spleen did not express CD11b, possibly representing 
mature macrophages in the spleen (11, 12), and its percentage was elevated at 6–12 
h and decreased at 24 h and 48 h of infection (Fig. 2H). CD11b+Mø (mye-10), on the 
other hand, decreased at 48 h post-infection (Fig. 2H). The cell number of CD11b−Mø 
and CD11b+Mø per spleen was further determined at longer times post-infection using 
flow cytometry. CD11b-Mø counts were significantly elevated at 12 h and returned to 
the uninfected level at 7–14 d (Fig. S1; Fig. 2I). Consistent with the mass cytometric data, 
CD11b+Mø counts were significantly reduced at 48 h post-infection and also returned 
to the uninfected level at 7–14 d (Fig. S1; Fig. 2J). Similar results were obtained in 
mouse spleens post-APP CVCC259 infection (Fig. S1; Fig. 2I through J). Compared with 
CD11b+Mø, CD11b-Mø expressed a higher level of TLR4, suggesting that CD11b−Mø 
may have a strong ability to resist infection (Fig. S1; Fig. 2K). Unlike the myeloid cell 
composition in the lung (3), Eo was the most dominant population, which first decreased 
and then increased during infection (Fig. 2L). Interestingly, compared with the lung (3), 
PMN in the spleen showed less heterogeneity and decreased at 6–12 h and increased at 
24 h and 48 h (Fig. 2L). However, only the CD24hi PMN, exhibiting the characteristics of 

Fig 1 (Continued)

1,290,940 immune cells derived from murine lung (N = 14), spleen (N = 18), and PBMCs (N = 5) at the overview level. Each dot represents a landmark, whose size 

is proportional to the number of cells it represents. Colors indicate the ArcSinh5-transformed expression value of each indicated marker. (E) HSNE plots show the 

tissue origin in different colors. (F) HSNE plots show the major immune lineage cluster partitions in different colors. (G) Cell frequencies of each major immune 

lineage in CD45+ cells across three different tissues during APP infection. (H) The stacked bar graph shows the cell frequencies of the major immune lineages (as 

% of CD45+ immune cells) in each sample and hierarchical clustering.
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FIG 2 Cluster identification in the myeloid cell compartment in the spleen. (A) The HSNE embeddings of 913,382 immune cells derived from the spleen (N = 

18). Each dot represents a landmark, whose size is proportional to the number of cells it represents. Colors indicate the ArcSinh5-transformed expression value of 

each indicated marker. (B) The HSNE plot shows the cell density. (C) A HSNE embedding of 913,382 immune cells derived from the spleen (N = 18).

(Continued on next page)
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apoptotic cells, was significantly enriched at 24 h after APP infection (Fig. 2M). Contrary 
to the PMN, the percentage of DCs and Mø increased at 6–12 h and decreased at 24 h 
and 48 h, whereas Mo increased at 6 h and maintained a high level until 48 h (Fig. 2L). 
Altogether, our data reveal the composition and characteristics of myeloid cell subsets in 
the spleen during APP infection.

Characteristics of the lymphoid cell response in the spleen post-APP infection

Similarly, based on the marker expression profiles, we identified 48 phenotypically 
unique clusters for the lymphoid populations (16 CD8+ T, 14 non-CD8+ T, 10 ILC, and 
8 B-cell clusters) (Fig. 3A and B; Fig. S2). At 6 h post-infection, there was a consid­
erable reduction in the percentage of CD11c-Ly-6C+CD8+ TEM cells. On the contrary, 
CD24hiLy-6C+CD8+ TEM cells were significantly increased at 6 h of the infection, and their 
fraction progressively dropped as the infection time prolonged (Fig. 3C). Moreover, the 
absolute number of CD24hiLy-6C+CD8+TEM cells per spleen increased significantly after 
12 h of infection and significantly decreased at 7–14 d. In the inguinal lymph nodes, 
these CD24hiLy-6C+CD8+TEM cells also showed a significant increase at 12 h, with their 
numbers returning to the uninfected level at 48 h (Fig. 3D; Fig. S3). Similar results were 
observed in APP CVCC259-infected mice (Fig. 3E; Fig. S3). In addition, compared to 
CD24loMHCII+CD8+TEM cells, CD24hiMHCII+CD8+TEM cells exhibited a stronger capacity to 
produce cytokines, including IFN-γ, IL-17A, and IL-10 (Fig. 3F and G; Fig. S3). Remarkably, 
CD69, a tissue-resident or activation T-cell marker, was expressed by all CD8- T cells in the 
spleen (Fig. 3B). 24 h after infection, CD24hiCD69+CD8- TEM cells were more abundant in 
the spleen (Fig. 3H), indicating that the CD24hiCD8- TEM cell subsets might be involved in 
the suppression of the inflammatory response at the recovery stage of APP infection.

Consistent with previous studies, there were a large number of B lymphocytes in the 
spleen, which gradually increased with the progression of infection (Fig. 3H). Based on 
the differential expression of markers such as CD11c, Ly-6C, MHC-II, and F4/80, these 
B lymphocytes were further divided into 9 cell populations (Fig. S3A). Among them, 
there was a notable decrease in the percentage of CD24+MHC-II-CD44+ B cells (Fig. 3I). 
In addition, all ILCs in the spleen were NK cells, among which Ly6C+CD11b+ NK cells 
were enriched in the early stage (6 h) of APP infection (Fig. 3J; Fig. S2B). Altogether, our 
data built the landscape of lymphoid cell clusters in the spleen post-APP infection and 
identified the infection-phase-specific clusters.

Integrated analysis of the entire immune system reveals the infection-associ­
ated networks of immune clusters in the spleen

To reveal the immune cell network in the spleen after APP infection, we integrated all 
the immune clusters and performed a t-SNE analysis based on the cell cluster frequen­
cies. There were no clear infection-related patterns among the samples except at 48 h 
(Fig. 4A). Next, the top six cell clusters contributing to the infection time-specific t-SNE 
signatures were identified (Fig. 4A and B). Surprisingly, at the early stage of infection, 
the majority of these top contributors were adaptive immune cell clusters (70%, 21/30) 
rather than innate immune cell clusters (30%, 9/30) (Fig. 4C). Moreover, the numbers 
of T-cell clusters exceeded those of B cells (Fig. 4C). In this context, expected clusters 
were identified in the spleen such as Ly-6C+ Mo, CD64+ Mø, and CD24+ PMN. In addition, 
several previously unrecognized clusters associated with APP infection were identified, 

Fig 2 (Continued)

Colors represent different major immune lineages. (D) t-SNE embeddings of 253,778 myeloid cells showing the ArcSinh5-transformed expression value of each 

indicated marker. (E) A density map showing the local probability density of the embedded cells. (F) A t-SNE plot showing cluster partitions. (G) Heatmap 

displaying the median marker expression value and hierarchical clustering of the markers for 17 clusters identified in panel F. (H) Cell frequency of Mye-9,11,16,10 

in myeloid cells in the spleen. (I, J) Quantification of CD11b+ Mø, CD11b−Mø after infection with APP 5b L20 and APP CVCC259. Error bars indicated mean ± SD. 

(K) The expression levels of TLR4 on CD11b−Mø and CD11b+Mø in the spleen at 12 h after infection with APP 5b L20 using flow cytometry. (L) Cell frequencies of 

indicated immune clusters in myeloid cells in the spleen. (M) Cell frequency of Mye-15 in myeloid cells in the spleen.
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FIG 3 Cluster identification in the lymphoid cell compartment in the spleen. (A, B) Heatmaps display the median marker expression value and hierarchical 

clustering of the markers for clusters identified in each major immune lineage. (C) Cell frequencies of the indicated immune clusters within each major immune 

lineage in the spleen. (D, E) Quantification of CD24hiLy-6C+CD8+TEM after infection with APP 5b L20 and APP CVCC259. Error bars indicated mean ± SD. (F) Flow

(Continued on next page)
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including Eo, Ly-6G+ B, and several CD24hi T-cell clusters (Fig. 4C). Next, a correlation 
analysis was performed on all the clusters, revealing that the samples from 48 h and part 
from 0 h displayed a clear infection-related pattern, while the others were not, consistent 
with the findings in Fig. 5A (Fig. 4D). Together, the integrated system-wide analysis maps 
the immune response cellular network during APP infection in the spleen and indicates 
that adaptive immune clusters play a key role in the early stage of bacterial infection.

Identification of infection-associated clusters in peripheral blood

To explore the immune cell composition in peripheral blood during APP infection, we 
performed a similar mass cytometry analysis and identified 22 myeloid and 24 lymphoid 
cell clusters (Fig. 5; Fig. S4). In the myeloid cell compartment, known cell subsets such 
as Eo, PMN, and Mo were identified. In addition, several previously unrecognized clusters 
(Mye-8, 19, 10, 14, 16) were also identified. Interestingly, MHC-II expressing PMN were 
also detected in peripheral blood at 0 h, indicating the presence of PMN cells with 
antigen-presenting cell characteristics (Fig. 5A). After infection, the number of CD11c-− 

PMN and CD11c− Mo increased at 6–12 h, decreased at 24 h, while at 48 h CD11c 
expression was uniform on myeloid cells (Fig. 5A). Consistent with the mass cytometric 
data, flow cytometric assays also showed that the number of CD11c− PMN increased at 
12 h and then decreased along the infection time until day 7 (Fig. 5C; Fig. S5A and B). 
Moreover, Siglec-F+ Eo was either CD11c− or CD11c+ Eo, where the former was present 
in 0–24 h samples, while the latter was found in 48 h samples (Fig. 5A). In the lymphoid 
compartment, the majority of cell clusters were CD4+ TEM and CD8+ TEM cells in which 
the CD11c+CD4+ TEM cell cluster (lym-21) was dominant 48 h after infection while the 
other T-cell clusters were enriched 0–24 h (Fig. 5B). Further analysis using flow cytometry 
found that the cell numbers of CD11c+CD4+TEM per milliliter increased at 12 h and 
returned to baseline levels at 48 h post-infection. In the inguinal lymph nodes, these cells 
were significantly reduced at 48 h and increased to the uninfected levels at day 7 and day 
14 (Fig. 5D; Fig. S5 C and D). Similar results were obtained post-APP CVCC259 infection 
(Fig. 5D and E; Fig. S5C and D). Five B-cell clusters were identified, and MHC-II+CD45R+ 

B cells (lym-3) increased at 6 h and decreased from 12 to 48 h after infection (Fig. 5B). 
Meanwhile, a B-cell cluster expressing CD11c (lym-14) was identified in 48 h samples. 
ILCs, mainly NK cells, were divided into four clusters based on the differential expression 
of CD11c, Ly-6C, and CD11b (Fig. 5B). After the unbiased hierarchical clustering, the 
samples from 6 h and 12 h were grouped, whereas those from 0 h and 24 h clustered 
together, indicating that the myeloid and lymphoid cell composition and status of 0 h 
and 6 h samples were similar to that of 24 h and 12 h samples, respectively (Fig. 5). 
Finally, the immune composition at 24 h was compatible with the recovery stage after 
APP infection, which was consistent with the findings in the lung and indicated that the 
immune composition in peripheral blood may reflect the infection status in the lung. 
Thus, the infection-associated immune cell clusters were readily identified in peripheral 
blood. The composition of these immune cells can be used to determine the progress of 
APP infection.

DISCUSSION

Porcine-contagious pleuropneumonia caused by Actinobacillus pleuropneumoniae (APP) 
is a severe and contagious respiratory disease, leading to large financial losses to 
the pig industry worldwide (13). Since prevention and treatment for APP infection 
are now exceedingly challenging, a detailed understanding of immune cell dynamics 
during pneumonia holds the potential to uncover new strategies. Although APP is 

Fig 3 (Continued)

cytometry was used to detect the expression levels of IFN-γ, IL-17A, and IL-10 in CD24hiMHCII+CD8+TEM and CD24loMHCII+CD8+TEM after stimulation with PMA 

and ionomycin. (G) Levels of cytokines (IL-17A, IL-10, and IFN-γ) secreted by CD24hiMHCII+CD8+TEM and CD24loMHCII+CD8+TEM were detected by flow cytometry 

(error bars represent median ±SD). (H–J) Cell frequencies of the indicated immune clusters within each major immune lineage in the spleen.
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FIG 4 Infection-associated clusters are revealed in the spleen. (A) A t-SNE embedding of 18 spleen samples, where the t-SNE 

was computed based on the cell frequencies of 65 immune clusters (% of CD45+ cells). One dot represents one sample. 

(B) t-SNE embeddings of 65 immune clusters from 18 samples. One dot represents one cluster. The size of the dot

(Continued on next page)
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not a zoonotic bacterium, it causes similar pathological damage to that seen in S. 
aureus infection, including damage to alveolar epithelial cells and necrotic detachment 
of alveolar walls. APP infection is also associated with a significant increase in the 
recruitment and activation of neutrophils in lung tissues, as well as the release of 
various inflammatory factors. Similarly, Klebsiella pneumoniae infection triggers the 
recruitment and activation of a large number of inflammatory cells (14–16). In addi­
tion, APP anti-infective targets are equally applicable to pneumococcal and Staphylo­
coccus aureus infections, and the immune responses induced by APP could provide 
a basis for other bacterial pneumonia studies (17). Our group previously established 
and compared APP-infected mouse and piglet models and found that the immune cell 
changes observed in ICR mice after APP infection were similar to those in APP-infected 
piglets (3). This suggests that the mouse models can partially explain the immune 
response in piglets following APP infection. However, there is currently no comprehen­
sive analysis targeting APP infection that simultaneously interrogates the innate and 
adaptive immune subsets across various tissues, particularly in the spleen and peripheral 
blood. Furthermore, we built the immune atlas in the spleen and peripheral blood, where 
immune cell clusters, including previously unrecognized ones that mark the infection 
stage and tissues, were identified. In addition, immune cell clusters in peripheral blood 
closely related to the severity of APP infection were readily identified. In addition, we 
selected the key immune clusters identified in APP serotype 5 infection to track their 
changes in APP serotype 1 infection mice. Similar data were obtained between these 
two serotypes, suggesting the generalizability across multiple serotypes (18). In addition, 
the key immune cell subpopulations were further dissected in the spleen, peripheral 
blood, and inguinal lymph nodes at 0 h, 12 h, 48 h, 7 d, and 14 d post-infection, allowing 
us to identify the early markers for different infection stages. Thus, our study, to our 
knowledge, was the first one to systematically dissect the immune response in the 
extra lung tissues post-APP infection, providing resources for the immune pathogenesis, 
potential diagnostic markers, and therapeutic targets for bacterial pneumonia.

With a number of red marrow and marginal zone (MZ) macrophages for removing 
pathogens from the bloodstream, the spleen is an important organ in the regulation 
of disseminated microorganisms (19). Also, the vital role of the spleen in bacterial 
pneumonia is receiving increasing attention. It has been reported that PMN in the 
spleen are efficient in removing the damage produced by pneumococci (20). PMN are 
direct immune effector cells of the antimicrobial response and are rapidly recruited to 
the infection site after infection. Our previous results showed that PMN in the spleen 
rapidly recruited to the lungs in the early stage of APP infection to exert an anti-infective 
effect (3). In addition to this, we found that CD24hiPMN increased significantly after 
24 h of APP infection in the spleen. CD24 cross-linking could significantly accelerate 
PMN death in a cysteine-dependent manner (21). This suggests that PMN are in an 
apoptotic state during the recovery phase of APP infection, thus avoiding excessive 
inflammation. It has been shown that bacterial infection leads to a rapid infiltration 
of Eo into the site of infection, accompanied by a systemic increase in large amounts 
of Eo as well as elevated levels of alpha-defensin, which exerts an anti-infective effect 
(22). Our results also showed that Eo in the spleen decreases during 6–12 h of APP 
infection, a period of severe injury in the spleen. On the contrary, the number of Eo in 
the spleen rebounded during the recovery period of APP infection (24–48 h), suggest­
ing Eo may have a protective role in APP infection. Hee et al. demonstrated that in 

Fig 4 (Continued)

is proportional to the cell frequency value. The more similar the cell frequencies are across tissues, the closer the clusters 

are. (C) A table depicts the top six clusters contributing to the infection time-specific t-SNE signatures. (D) A heatmap shows 

a correlation among 65 immune clusters based on the cell frequencies of total CD45+ cells in each sample and hierarchical 

clustering. The top six clusters and the clusters significantly differentially enriched in different infection times are highlighted 

in different colors. Green: 0 h, yellow: 6 h, blue: 12 h, purple: 24 h, and red: 48 h.
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FIG 5 Mass cytometric analysis reveals the immune composition of peripheral blood after APP infection. (A-B) Heatmap (blue-to-red scale) displaying the 

median marker expression value and hierarchical clustering of the markers for myeloid and lymphoid cell clusters (left panel). Heatmap (green-to-yellow scale) 

showing the corresponding cell frequencies of each cluster within the myeloid or lymphoid cell compartment at each time point. The dendrogram shows the

(Continued on next page)
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psoriasis, Eo promotes PMN infiltration into the inflammatory milieu (23), which could 
explain the synchronization of Eo and PMN changes in the spleen after APP infection 
in our results. Ly6C+ Mø were accumulated in the mouse lungs post-APP infection (3). 
CD11b deficiency exacerbates methicillin-resistant Staphylococcus aureus-induced sepsis 
by upregulating the inflammatory response of macrophages (24). Our results showed 
that CD11b−Mø highly expressing TLR4 was also accumulated in the spleen of APP-infec­
ted mice, suggesting that CD11b−Mø plays an important anti-infective early role during 
APP infection.

Adaptive immune cells, such as T cells, especially memory T cells, have been reported 
to modulate innate immune cells in the early stages of infection (25). To date, studies 
on T-cell function in APP infections are scarce and have focused mainly on the chronic 
phase, as T cells are traditionally adaptive immune cells (26). In our study, the majority 
of the top six clusters contributing to the time-specific profile of the infection were T 
and B cells (70% of all top clusters) in the spleen. In addition, CD24hi MHCII+CD8+ TEM 
cells were significantly increased at 12 h and had a strong ability to secrete cytokines 
IL-10, IFN-γ, and IL-17A. This suggests that when pathogens invade the organism, these 
cells can rapidly release a large number of cytokines that act on immune cells to help 
the organism establish an effective immune response. In addition, the specific spatial 
localization of T cells determined their function. For example, in the epithelial layer of 
the small intestine, resident memory T cells mainly play the role of surveillance and early 
response, while in the lamina propria, they interact more with other immune cells to 
maintain immune homeostasis (27). This suggests that CD24hiMHCII+CD8+ TEM cells may 
have specific spatial localization in different tissues and participate in immune responses 
through interactions with multiple cells. The role of T- and B-cell subpopulations in 
APP infection deserves further in-depth investigation. In addition, the changes in CD24hi 

Ly-6C+ CD8+ TEM cells in the spleen and inguinal lymph nodes following infection do not 
follow an identical trend, highlighting the tissue-specific nature of the immune response.

Because the dynamics of the immune components are consistent with the severity 
of the lung illness, the immunological status in the blood indicates the severity of the 
lung disease. This implies that immune cells in peripheral blood can be used to track 
the progression of an APP infection. After APP infection, we revealed unprecedented 
heterogeneity in the peripheral blood and, in addition to well-known key immune cells, 
identified several previously unidentified clusters such as (Mye-8, 19, 10, 14, 16), whose 
function deserves future determination. In addition, MHC-II+ PMN were present in the 
peripheral blood of mice in the absence of infection, suggesting the presence of PMN 
with antigen-presenting cell characteristics. After 24 h of APP infection, only CD24hi 

PMN were significantly enriched and exhibited characteristics of apoptotic cells. This 
prompted apoptosis, avoided excessive inflammation, and ensured that the organism 
effectively cleared bacterial infections and maintained immune homeostasis. We also 
observed changes in the expression of functional molecules (e.g., CD11c, Ly-6C) on major 
T-cell subpopulations with the onset and progression of the disease, reflecting T-cell 
activation and remodeling in the peripheral blood during APP infection. Meanwhile, 
clustering analysis showed that the immune cell compositions of samples from 0 h and 
24 h of infection were similar, and samples from the acute phase of infection (6 h and 
12 h) were clustered with each other, indicating that the changes in peripheral blood 
immune cells were closely related to the period of APP infection. More importantly, these 
disease-specific changes can be fully captured via single-cell analyses.

Although we explored immune cell subpopulations in different organs after APP 
infection, the function of key cell subpopulations needs to be further investigated. In 

Fig 5 (Continued)

hierarchical clustering of samples in different infection times (right panel). (C) Quantification of CD11c-PMN in peripheral blood after infection with APP 5b L20 

and APP CVCC259. Error bars indicated mean ± SD. (D, E) Quantification of CD11c+CD4+TEM in peripheral blood and inguinal lymph nodes after infection with 

APP 5b L20 and APP CVCC259. Error bars indicated mean ± SD.
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addition, we are well aware that it is crucial to understand the cellular interactions and 
functional status within each tissue. Therefore, our further research will focus on the 
spatial localization of key cell subpopulations and their interactions in each tissue after 
APP infection.

In conclusion, using high-dimensional mass cytometry, we have generated compre­
hensive immune response profiles and discovered key infection-specific clusters in the 
spleen and peripheral blood during APP infection. Therefore, our research not only 
provides a data set repository for the study of porcine contagious pleuropneumonia but 
also establishes the foundation for the development of new drugs and vaccines for APP 
infection from the aspect of targeting host immune responses.

ACKNOWLEDGMENTS

This research was supported by the National Natural Science Foundation of China (Grant 
No. 31520103917) and the National Science Foundation for Young Scholars (Grant No. 
32102686).

Y.T. and X.J. conceived the study and wrote the manuscript. C.B. performed most 
experiments with the help of C.D. and W.W. and Y.T. performed most of the analysis with 
the help of T.A. All authors read and approved the final manuscript.

AUTHOR AFFILIATIONS

1Key Laboratory for Diagnosis and Treatment of Severe Zoonotic Infectious Diseases, Key 
Laboratory for Zoonosis Research of the Ministry of Education, Institute of Zoonosis, and 
College of Veterinary Medicine, Jilin University, Changchun, China
2Leiden Computational Biology Center, Leiden University Medical Center, Leiden, 
Netherlands
3Department of Pattern Recognition and Bioinformatics Group, Delft University of 
Technology, Delft, Netherlands
4Beijing Institute of Hepatology, Beijing Youan Hospital, Capital Medical University, 
Beijing, Beijing, China

AUTHOR ORCIDs

Fengyang Li  http://orcid.org/0000-0001-5102-6284
Liancheng Lei  http://orcid.org/0000-0002-5872-1842
Na Li  http://orcid.org/0009-0006-9447-6908

AUTHOR CONTRIBUTIONS

Yanyan Tian, Data curation, Formal analysis, Investigation, Methodology, Writing – 
original draft | Xuan Jiang, Data curation, Formal analysis, Funding acquisition, Method­
ology | Chuntong Bao, Data curation, Formal analysis | Tamin Abdelaal, Data curation, 
Formal analysis | Dexi Chen, Data curation, Formal analysis | Wenjing Wang, Data 
curation, Formal analysis | Fengyang Li, Data curation, Formal analysis | Liancheng Lei, 
Data curation, Formal analysis | Na Li, Data curation, Formal analysis, Funding acquisition, 
Investigation, Methodology, Writing – review and editing

DATA AVAILABILITY

Mass cytometry data are available via Flow Repository (ID: FR-FCM-Z4SS) DOI:
10.1186/s13567-023-01207-4. The other materials are available from the corresponding 
author upon reasonable request.

ETHICS APPROVAL

All mouse studies were conducted according to the National Guidelines for Experimen­
tal Animal Welfare (Ministry of Science and Technology of China, 2006) and with the 
approval of the Animal Welfare and Research Ethics Committee at Jilin University (Permit 
Number: 201710034).

Research Article Microbiology Spectrum

June 2025  Volume 13  Issue 6 10.1128/spectrum.02665-2415

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

25
 J

un
e 

20
25

 b
y 

15
4.

59
.1

24
.1

13
.

http://orcid.org/0000-0001-5102-6284
http://orcid.org/0000-0002-5872-1842
http://orcid.org/0009-0006-9447-6908
https://www.ncbi.nlm.nih.gov/pmc/?term=FR-FCM-Z4SS
https://doi.org/10.1186/s13567-023-01207-4
https://doi.org/10.1128/spectrum.02665-24


ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum02665-24-s0001.docx). Fig. S1 to S5.

REFERENCES

1. Soto Perezchica MM, Guerrero Barrera AL, Avelar Gonzalez FJ, Quezada 
Tristan T, Macias Marin O. 2023. Actinobacillus pleuropneumoniae, surface 
proteins and virulence: a review. Front Vet Sci 10:1276712. https://doi.or
g/10.3389/fvets.2023.1276712

2. Chien MS, Chan YY, Chen ZW, Wu CM, Liao JW, Chen TH, Lee WC, Yeh KS, 
Hsuan SL. 2009. Actinobacillus pleuropneumoniae serotype 10 derived 
ApxI induces apoptosis in porcine alveolar macrophages. Vet Microbiol 
135:327–333. https://doi.org/10.1016/j.vetmic.2008.09.071

3. Li N, Zhu J, Chen P, Bao C, Wang J, Abdelaal T, Chen D, Zhu S, Wang W, 
Mao J, Scicluna BP, Koning F, Li F, Lei L. 2023. High-dimensional analysis 
reveals an immune atlas and novel neutrophil clusters in the lungs of 
model animals with Actinobacillus pleuropneumoniae-induced 
pneumonia. Vet Res 54:76. https://doi.org/10.1186/s13567-023-01207-4

4. Nerland EM, LeBlanc JM, Fedwick JP, Morck DW, Merrill JK, Dick P, 
Paradis MA, Buret AG. 2005. Effects of oral administration of tilmicosin 
on pulmonary inflammation in piglets experimentally infected with 
Actinobacillus pleuropneumoniae. Am J Vet Res 66:100–107. https://doi.or
g/10.2460/ajvr.2005.66.100

5. Wagner A, Regev A, Yosef N. 2016. Revealing the vectors of cellular 
identity with single-cell genomics. Nat Biotechnol 34:1145–1160. https:/
/doi.org/10.1038/nbt.3711

6. Zhu R, Jiang H, Wang J, Bao C, Liu H, Li F, Lei L. 2021. Dynamic immune 
response characteristics of piglets infected with Actinobacillus 
pleuropneumoniae through omic. AMB Express 11:175. https://doi.org/10
.1186/s13568-021-01336-z

7. Zhou J, Liu J, Wang B, Li N, Liu J, Han Y, Cao X. 2024. Eosinophils promote 
CD8+ T cell memory generation to potentiate anti-bacterial immunity. 
Signal Transduct Target Ther 9:43. https://doi.org/10.1038/s41392-024-0
1752-0

8. Li N, van Unen V, Höllt T, Thompson A, van Bergen J, Pezzotti N, 
Eisemann E, Vilanova A, Chuva de Sousa Lopes SM, Lelieveldt BPF, 
Koning F. 2018. Mass cytometry reveals innate lymphoid cell differentia-
tion pathways in the human fetal intestine. J Exp Med 215:1383–1396. ht
tps://doi.org/10.1084/jem.20171934

9. Li N, van Unen V, Guo N, Abdelaal T, Somarakis A, Eggermont J, Mahfouz 
A, Chuva de Sousa Lopes SM, Lelieveldt BPF, Koning F. 2019. Early-life 
compartmentalization of immune cells in human fetal tissues revealed 
by high-dimensional mass cytometry. Front Immunol 10:1932. https:​/​/​d
oi.org/​10.3389/​fimmu.2019.01932

10. Pool ES, Kooy-Winkelaar Y, van Unen V, Falkenburg JHF, Koning F, 
Heemskerk MHM, Tjon JM-L. 2023. Mass cytometric analysis unveils a 
disease-specific immune cell network in the bone marrow in acquired 
aplastic anemia. Front Immunol 14:1274116. https:​/​/​doi.org/​10.3389/​fim
mu.2023.1274116

11. Davies LC, Jenkins SJ, Allen JE, Taylor PR. 2013. Tissue-resident 
macrophages. Nat Immunol 14:986–995. https://doi.org/10.1038/ni.2705

12. Ikarashi M, Nakashima H, Kinoshita M, Sato A, Nakashima M, Miyazaki H, 
Nishiyama K, Yamamoto J, Seki S. 2013. Distinct development and 
functions of resident and recruited liver Kupffer cells/macrophages. J 
Leukoc Biol 94:1325–1336. https://doi.org/10.1189/jlb.0313144

13. Sassu EL, Bossé JT, Tobias TJ, Gottschalk M, Langford PR, Hennig-Pauka I. 
2018. Update on Actinobacillus pleuropneumoniae-knowledge, gaps and 
challenges. Transbound Emerg Dis 65 Suppl 1:72–90. https://doi.org/10.
1111/tbed.12739

14. Stringer OW, Li Y, Bossé JT, Langford PR. 2022. JMM Profile:​ Actinobacillus 
pleuropneumoniae: a major cause of lung disease in pigs but difficult to 
control and eradicate. J Med Microbiol 71. https://doi.org/10.1099/jmm.
0.001483

15. Chiers K, De Waele T, Pasmans F, Ducatelle R, Haesebrouck F. 2010. 
Virulence factors of Actinobacillus pleuropneumoniae involved in 

colonization, persistence and induction of lesions in its porcine host. Vet 
Res 41:65. https://doi.org/10.1051/vetres/2010037

16. Buettner FF, Konze SA, Maas A, Gerlach GF. 2011. Proteomic and 
immunoproteomic characterization of a DIVA subunit vaccine against 
Actinobacillus pleuropneumoniae. Proteome Sci 9:23. https://doi.org/10.1
186/1477-5956-9-23

17. Li X, Liu Z, Gao T, Liu W, Yang K, Guo R, Li C, Tian Y, Wang N, Zhou D, Bei 
W, Yuan F. 2023. Tea polyphenols protects tracheal epithelial tight 
junctions in lung during Actinobacillus pleuropneumoniae infection via 
suppressing TLR-4/MAPK/PKC-MLCK signaling. IJMS 24:11842. https://do
i.org/10.3390/ijms241411842

18. Dos Santos LF, Costa Polveiro R, Scatamburlo Moreira T, Pereira Vidigal 
PM, Chang YF, Scatamburlo Moreira MA. 2018. Polymorphism analysis of 
the apxIA gene of Actinobacillus pleuropneumoniae serovar 5 isolated in 
swine herds from Brazil. PLoS One 13:e0208789. https://doi.org/10.1371/
journal.pone.0208789

19. Ioannou M, Hoving D, Aramburu IV, Temkin MI, De Vasconcelos NM, 
Tsourouktsoglou T-D, Wang Q, Boeing S, Goldstone R, Vernardis S, 
Demichev V, Ralser M, David S, Stahl K, Bode C, Papayannopoulos V. 
2022. Microbe capture by splenic macrophages triggers sepsis via T cell-
death-dependent neutrophil lifespan shortening. Nat Commun 13:4658. 
https://doi.org/10.1038/s41467-022-32320-1

20. Ercoli G, Fernandes VE, Chung WY, Wanford JJ, Thomson S, Bayliss CD, 
Straatman K, Crocker PR, Dennison A, Martinez-Pomares L, Andrew PW, 
Moxon ER, Oggioni MR. 2018. Intracellular replication of Streptococcus 
pneumoniae inside splenic macrophages serves as a reservoir for 
septicaemia. Nat Microbiol 3:600–610. https://doi.org/10.1038/s41564-0
18-0147-1

21. Parlato M, Souza-Fonseca-Guimaraes F, Philippart F, Misset B, Captain 
Study Group, Adib-Conquy M, Cavaillon J-M. 2014. CD24-triggered 
caspase-dependent apoptosis via mitochondrial membrane depolariza­
tion and reactive oxygen species production of human neutrophils is 
impaired in sepsis. J Immunol 192:2449–2459. https://doi.org/10.4049/ji
mmunol.1301055

22. Khatun A, Sakurai M, Sakai Y, Tachibana M, Ohara N, Morimoto M. 2019. 
Mycobacterial infection induces eosinophilia and production of α-
defensin by eosinophils in mice. J Vet Med Sci 81:138–142. https://doi.or
g/10.1292/jvms.18-0619

23. Kim HJ, Roh JY, Jung Y. 2018. Eosinophils accelerate pathogenesis of 
psoriasis by supporting an inflammatory milieu that promotes 
neutrophil infiltration. J Invest Dermatol 138:2185–2194. https://doi.org/
10.1016/j.jid.2018.03.1509

24. Sim H, Jeong D, Kim HI, Pak S, Thapa B, Kwon HJ, Lee K. 2021. CD11b 
deficiency exacerbates methicillin-resistant Staphylococcus aureus 
-induced sepsis by upregulating inflammatory responses of macro­
phages. Immune Netw 21:e13. https://doi.org/10.4110/in.2021.21.e13

25. Berg GV, Sarvimäki A. 2003. A holistic-existential approach to health 
promotion. Scand J Caring Sci 17:384–391. https://doi.org/10.1046/j.028
3-9318.2003.00240.x

26. Faldyna M, Levá L, Knötigová P, Toman M. 2001. Lymphocyte subsets in 
peripheral blood of dogs--a flow cytometric study. Vet Immunol 
Immunopathol 82:23–37. https://doi.org/10.1016/s0165-2427(01)00337-
3

27. Reina-Campos M, Monell A, Ferry A, Luna V, Cheung KP, Galletti G, 
Scharping NE, Takehara KK, Quon S, Challita PP, Boland B, Lin YH, Wong 
WH, Indralingam CS, Neadeau H, Alarcón S, Yeo GW, Chang JT, Heeg M, 
Goldrath AW. 2025. Tissue-resident memory CD8 T cell diversity is 
spatiotemporally imprinted. Nature 639:483–492. https://doi.org/10.103
8/s41586-024-08466-x

Research Article Microbiology Spectrum

June 2025  Volume 13  Issue 6 10.1128/spectrum.02665-2416

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

25
 J

un
e 

20
25

 b
y 

15
4.

59
.1

24
.1

13
.

https://doi.org/10.1128/spectrum.02665-24
https://doi.org/10.3389/fvets.2023.1276712
https://doi.org/10.1016/j.vetmic.2008.09.071
https://doi.org/10.1186/s13567-023-01207-4
https://doi.org/10.2460/ajvr.2005.66.100
https://doi.org/10.1038/nbt.3711
https://doi.org/10.1186/s13568-021-01336-z
https://doi.org/10.1038/s41392-024-01752-0
https://doi.org/10.1084/jem.20171934
https://doi.org/10.3389/fimmu.2019.01932
https://doi.org/10.3389/fimmu.2023.1274116
https://doi.org/10.1038/ni.2705
https://doi.org/10.1189/jlb.0313144
https://doi.org/10.1111/tbed.12739
https://doi.org/10.1099/jmm.0.001483
https://doi.org/10.1051/vetres/2010037
https://doi.org/10.1186/1477-5956-9-23
https://doi.org/10.3390/ijms241411842
https://doi.org/10.1371/journal.pone.0208789
https://doi.org/10.1038/s41467-022-32320-1
https://doi.org/10.1038/s41564-018-0147-1
https://doi.org/10.4049/jimmunol.1301055
https://doi.org/10.1292/jvms.18-0619
https://doi.org/10.1016/j.jid.2018.03.1509
https://doi.org/10.4110/in.2021.21.e13
https://doi.org/10.1046/j.0283-9318.2003.00240.x
https://doi.org/10.1016/s0165-2427(01)00337-3
https://doi.org/10.1038/s41586-024-08466-x
https://doi.org/10.1128/spectrum.02665-24

	Mass cytometry analysis reveals a cross-tissue immune landscape in Actinobacillus pleuropneumoniae-induced pneumonia
	MATERIALS AND METHODS
	Bacterial strains and conditions
	Experimental infection
	Histological analysis
	Cell isolation
	Mass cytometry antibody staining and data acquisition
	Mass cytometry data analysis
	Flow cytometry
	Statistical analysis

	RESULTS
	APP-induced immune responses are tissue-specific
	Characteristics of the myeloid cell response in the spleen post-APP infection
	Characteristics of the lymphoid cell response in the spleen post-APP infection
	Integrated analysis of the entire immune system reveals the infection-associated networks of immune clusters in the spleen
	Identification of infection-associated clusters in peripheral blood

	DISCUSSION


