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Abstract

Salmonella Typhimurium (ST) infection in pigs poses a significant threat to animal health and food safety; the
intricate mechanisms underlying host-immune responses and pathogen persistence remain poorly understood.
To address this knowledge gap, we comprehensively analyzed the peripheral blood transcriptome in piglets
infected with ST. We performed histopathological evaluation, blood parameter analysis, advanced RNA-sequencing
techniques, and quantitative reverse transcription PCR (RT-gPCR)-based validation. The increasement in the
monocyte counts at 2 days post-infection suggested its potential to serve as a hematological marker for ST
infection in piglets. Functional and pathway enrichment analyses of the differentially expressed genes highlighted
the pivotal roles of innate and adaptive immune responses, notably in pathways associated with Toll-like receptors,
NIK/NF-kB signaling, cytokine signaling, and T cell proliferation. RT-qPCR-based validation using peripheral blood
mononuclear cells provided additional insights into the immune system dynamics in response to ST infection,
revealing the marked elevation of the interleukin (/L)-15, Il-27, and CXCL10 levels being significantly elevated in
ST-infected piglets. Our comprehensive analysis underscores the multifaceted impact of ST infection on piglets
and offers valuable insights into the host-pathogen interactions and the role of host immune system during ST
infection.

Keywords Salmonella Typhimurium, Immune response, RNA-seq, Cytokine signaling, Cellular interaction

*Correspondence:

Sang-lk Oh

sioh@jbnu.ackr

'National Institute of Animal Science, Rural Development Administration,
Wanju 55365, Republic of Korea

’Department of Food Science and Biotechnology, College of Science and
Technology, Korea University, Sejong 55365, Republic of Korea
3Department of Behavioral Health and Nutrition, College of Health
Sciences, University of Delaware, Newark, DE 19716, USA

“Laboratory of Veterinary Pathology and Biosafety Research Institute,
College of Veterinary Medicine, Jeonbuk National University, lksan

54596, Republic of Korea

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
@ Sprlnger O pen sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
— the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-0877-9170
http://crossmark.crossref.org/dialog/?doi=10.1186/s13765-024-00924-4&domain=pdf&date_stamp=2024-8-17

Bok et al. Applied Biological Chemistry (2024) 67:70

Introduction
Pigs infected with Salmonella spp. are significant zoo-
notic reservoirs for the transmission of salmonellosis to
humans [1]. Among the various serovars of Salmonella
enterica, Salmonella enterica serovar Typhimurium (ST)
is particularly prevalent in pigs, affecting all age groups
[2]. It is particularly prevalent in post-weaned pigs,
in which it often leads to enterocolitis, manifesting as
diarrhea. Post-weaned pigs are vulnerable to ST infec-
tion because of a temporary decrease in feed intake and
reduced maternal antibody levels [3]. Several strategies,
including vaccination, antibiotic administration, and reg-
ular health examinations, have been employed to miti-
gate Salmonella infection in post-weaned pigs [4].
Building on the efforts to reduce or eliminate Salmo-
nella infection in post-weaned pigs, identifying key genes
involved in the initial immune responses following ST
infection represents a proactive strategy to control sal-
monellosis. Pathogenesis of ST has been reported in
quantitative reverse transcription PCR (RT-qPCR) stud-
ies using specific immune tissues, such as Peyer’s patches
[5, 6] and mesenteric lymph nodes [7, 8]. Salmonella spp.
typically enters the host through fecal-oral route, and this
pathogen is detected by pattern recognition receptors
(PRRs) of innate immune cells. Some bacteria penetrate
the epithelium and M cells, while others are phagocy-
tosed by macrophages in the submucosal layer [9, 10].
If these bacteria escape due to macrophage death trig-
gered by the caspase-1 pathway, they can spread either
directly or via lymphatic vessels and mesenteric lymph
nodes into the bloodstream, causing systemic infection
[11]. During this systemic infection phase, the immune
response is mediated largely by white blood cells, such as
macrophages, dendritic cells, and natural killer cells. In
addition, peripheral blood mononuclear cells (PBMCs)
contain a mixed population of various immune cells [12].
Therefore, the investigation of gene expression in blood
samples from pigs could serve as a valuable window
into understanding the immune responses in ST infec-
tion. Furthermore, recent studies based on advanced
Next-Generation Sequencing technologies have estab-
lished a foundational understanding of the peripheral
blood transcriptomic responses to ST infections, provid-
ing critical insights into the dynamics of host—pathogen
interactions. Huang et al. highlighted the roles of specific
regulators, such as TGFBI and TRP53, in modulating
intracellular ST replication, demonstrating the complex-
ity of immune response modulation by these genes [13].
Another study by Huang et al. further outlined the influ-
ence of microRNA on the host immune system during ST
infection, emphasizing the intricate network of gene reg-
ulation and signaling pathways involved in the response
to ST [14].
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However, previous studies have primarily focused on
the roles of specific annotated pathway factors; other
potential regulators and mechanisms that may influence
Salmonella—host interactions remain unclear. This gap
in literature underscores the need for continued research
regarding the mechanisms underlying Salmonella infec-
tion and host immune responses. Thus, in the pres-
ent study, we aimed to elucidate the important immune
mechanisms associated with the early stages of ST infec-
tion in post-weaned piglets. To this end, we comprehen-
sively analyzed blood parameters and peripheral blood
transcriptome in ST-infected piglets at 0 and 2 days
post-infection (dpi); these results were validated using
RT-qPCR in PBMCs samples. Our findings will greatly
enhance our understanding regarding the mechanisms
underlying host responses to ST and aid the development
of effective strategies to control ST infection in post-
weaned piglets.

Materials and methods

Animals and sample collection

The animal experimental procedures were approved by
the Animal Ethics Committee of National Institute of
Animal Science in Republic of Korea (approval No. NIAS
2021-503). This study was part of a larger project aimed
at developing novel alternative antibiotics for preventing
Salmonella infection in piglets. The goal of the current
study was to specifically elucidate the Salmonella—host
interaction in ST-infected piglets using transcriptomic
approaches. The analytical samples used in this study
were obtained in our previous study [15], but the pres-
ent study focused on elucidating the peripheral blood
transcriptome in ST-infected piglets. In brief, castrated
piglets (Landrace X Yorkshire, 25 days of age) were ran-
domly assigned to an ST infection group (ST, n=6) and
a negative control group (NC, n=4). To prevent cross-
contamination, animals of each group were housed in
a separate, sanitized room. At the age of 49 days, the
piglets in the ST group were orally administered 1x10%
colony-forming units of ST strain LT2 (ATCC 19585;
American Type Culture Collection, Manassas, VA, USA),
whereas those in the NC group received an equivalent
volume of sterile phosphate-buffered saline, with the dos-
age selected based on previous studies [16, 17]. Compre-
hensive details on the methodologies used in the animal
experiments, including fecal sampling, bacterial isolation,
post-mortem examination at 14 dpi, and histopathologi-
cal analysis, are provided in our previous study [15].

At 0, 2, 5, 8, 11, and 14 dpi, blood samples were col-
lected from the jugular vein of each piglet before the
morning feeding. Blood was collected in EDTA-vacu-
tainer tubes (BD Biosciences, Franklin Lakes, NJ, USA)
for complete blood counts (CBCs) and in Tempus Blood
RNA Tubes (Applied Biosystems, Seoul, Korea) for
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Fig. 1 Blood parameter analysis in ST-infected and NC piglets. WBC, neutrophil, monocyte, and lymphocyte counts at 0, 2, 5,8, 11, and 14 dpi are shown.
Red squares represent the average value of ST group, blue squares denote the NC group. *P<0.05

transcriptome analysis of blood samples obtained at 2
dpi.

Analysis of blood parameters

The CBC test was conducted according to a previous
study [18]. In brief, blood samples were analyzed using
a ProCyte Dx hematology analyzer (IDEXX Laborato-
ries, Westbrook, ME, USA) to quantify white blood cells
(WBCs), neutrophils, monocytes, and lymphocytes.

RNA extraction, library construction, and sequencing

Total RNA was isolated from peripheral blood col-
lected at 2 dpi from pigs of the ST and NC groups using
an RNeasy Mini Kit (Qiagen, Hilden, Germany) per the
manufacturer’s guidelines. Potential genomic DNA con-
taminants were removed using DNase I (Qiagen) for
on-column DNase digestion during RNA purification.
RNA purity and structural integrity were validated using
a NanoPhotometer (Implen, Munich, Germany). RNA
quality was evaluated using a Nano 6000 Assay kit in a
Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA). Libraries were constructed using a TruSeq
Stranded Total RNA Library Prep Globin kit (Illumina,

San Diego, CA, USA) per the manufacturer’s instruc-
tions. In brief, the total RNA was fragmented, and cDNA
was synthesized. The cDNA fragments were subjected to
end repair, A-tailing, and indexed adapter ligation. The
ligated fragments were PCR-amplified, followed by gel
purification to eliminate leftover primers and adapters.
Transcriptome sequencing was executed using the Illu-
mina HiSeq 2000 system, producing 100-bp paired-end
unprocessed reads.

Raw data processing

Raw Illumina sequencing data were obtained after base
calling and stored in FASTQ format. A series of data pre-
processing steps were undertaken to ensure sequencing
data quality and reliability. FastQC v0.11.7 (www.bioin-
formatics.babraham.ac.uk) was used to assess data qual-
ity. Trimmomatic v0.38 (www.usadellab.org) was used
to eliminate N bases from both 5'- and 3’-end reads.
Reads shorter than 36 bp were removed. The trimmed
sequences were aligned to the pig reference genome (S
scrofall.l) using the Hisat2 v2.1.0 mapping program
(www.ccb.jhu.edu/software/hisat2). Using the StringTie
program, we conducted transcript assembly based on a
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Fig. 2 (A) PLS-DA plot (supervised classification) and (B) heatmap of the DEGs. The PLS-DA plot shows a robust separation of the groups (NC vs. ST).
HCA of the DEGs between the two study groups is represented in the heatmap (red color indicates high abundance, blue indicates low abundance). NC

(n=4),ST(n=3)

reference gene model for known transcripts. Read count
values for known genes were used for subsequent analy-
sis of differentially expressed genes (DEGs).

Partial least squares-discriminant analysis (PLS-DA)
PLS-DA is a supervised classification method that builds
on the PLS algorithm to determine axes (latent vari-
ables) that explain the most variance in both predictors
and response variables. We conducted PLS-DA using the
R package (v4.3.1). Processed transcriptome data were
scaled to ensure equal variance across all measured tran-
scripts. Then, a PLS-DA model was constructed to differ-
entiate between the ST and NC groups.

DEG analysis and hierachial clustering analysis (HCA)

Prior to DEG analysis, low-quality genes across samples
were removed and the read counts were normalized.
DEGs were identified using the DESeq2 R package tool,
which assumes that no genes are differentially expressed.
The data were normalized using the median of ratios,
which is calculated as counts divided by sample-specific
size factors determined by median ratio of gene counts
relative to the geometric mean per gene. P-values were
adjusted using the Benjamini & Hochberg method.
DEGs were identified using a false discovery rate (FDR)-
adjusted P<0.05 and log, (fold change)>2.0 as thresh-
olds. In total, 495 DEGs were identified and used in
subsequent analyses.DEGs between the ST and NC
groups were visualized in a heatmap generated using
HCA.

Bioinformatics analyses

Initial exploratory steps involved enrichment analyses of
the DEGs, using the Gene Ontology (GO) framework.
GO provides a systematic nomenclature that uniformly
characterizes gene functions, along with the properties
of their protein products, across multiple databases. We
assessed enrichment in the three primary GO categories:
biological processes (BP), cellular components (CC), and
molecular functions (MF). In addition, we performed
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis.

It is noteworthy that variations may arise in pathway
enrichment across different databases, even for the same
DEGs, because of the unique datasets and algorithmic
processes employed in each database. Therefore, the
same set of DEGs was analyzed using the Ingenuity Path-
way Analysis (IPA) platform (Qiagen) to identify poten-
tial upstream regulators and corresponding canonical
pathways affected by ST inoculation. The upstream regu-
lators were predicted based on the well-curated relation-
ships documented in the Ingenuity Knowledge Base. The
significance of associations identified by Upstream Regu-
lator Analysis in IPA was determined using Fisher’s exact
test, providing statistical rigor to the inferred biological
relationships.

PBMC isolation

At 2 dpi, blood samples were collected from animals of
the ST and NC groups in EDTA tubes and mixed at a 1:1
ratio with Dulbecco’s PBS (Life Technologies, Carlsbad,
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CA, USA). The mixture was deposited on the porous
membrane in a Leucosep tube (Greiner Bio-One, Krems-
miinste, Austria) pre-filled with Ficoll-Paque (GE Health-
care, Chicago, IL, USA). Following centrifugation at 800
x g for 15 min, the PBMCs were carefully harvested from
the Ficoll-Paque interface, washed twice with PBS, and
stored at —80 °C until use in RT-qPCR analysis.

RT-qPCR validation

We used a combination of literature-derived and custom-
designed primers to target a comprehensive panel of
genes of interest (Additional file 1: Table S1). For genes,
such as TLR2, TLR4, and CXCLI0, primer sequences
were adopted from previously published studies and
normalized by ACTB [19-21]. Primers for IL15 and
IL27 were designed using the IDT Oligo Primer Design
Tool (Integrated DNA Technologies, Coralville, IA,
USA) and synthesized at TNT Biotech Co., Ltd. (Jeonju,
Korea). RT-qPCR assays were conducted to validate
the transcriptomic findings. Total RNA was extracted
from PBMCs using a RNeasy Mini Kit (Qiagen) follow-
ing the manufacturer’s instructions. Five hundred nano-
grams of total RNA was reverse transcribed into cDNA
using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) per the sup-
plier’s instructions. qPCRs were run in a 7500 Real-Time
PCR System (Applied Biosystems). The amplification
protocol was as follows: initial denaturation at 95 °C for
5 min, followed by 40 cycles of denaturation at 95 °C for
15 s, annealing at 60 °C for 30 s, and extension at 72 °C
for 30 s. Target gene expression levels were quantified
relative to the ACTB reference gene using the compara-
tive AACT method [22] and analyzed using the StepOne
software v2.1 (Applied Biosystems).

Statistical analysis

Statistical analyses were performed using the SPSS soft-
ware version 25.0 (IBM, Armonk, NY, USA). A general-
ized linear mixed model with Bonferroni correction was
used to evaluate repeated measurements of hemato-
logical and serum biochemical parameters. Within this
model, “time” and “group” were treated as fixed effects,
whereas “piglets nested within groups” was considered a
random effect. The Mann—Whitney U test with Bonfer-
roni correction was employed for non-parametric com-
parisons and to avoid type-1 errors. Data are presented
as meantstandard deviation. Results with P-values<0.05
were considered statistically significant. RT-qPCR results
were analyzed using Welch’s ¢-test to accommodate any
potential variance in gene expression between the ST and
NC groups.
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Results and discussion

Confirmation of phenotypic observations and blood
parameters in ST-infected piglets

In our previous study [15], we reported ST isolation from
all fecal samples (6 out of 6 piglets, 100%) at 2 dpi, along
with histopathological changes indicative of ST infec-
tion at 14 dpi. Piglets in the ST group showed moderate
to severe lesions representative of Salmonella infection,
including villous atrophy, inflammatory cell infiltration,
and ST presentation, in immunohistochemical staining
tissue sections (Additional file 1: Fig. S1). To evaluate
the cellular immune responses to ST infection in piglets,
the WBC, neutrophil, monocyte, and lymphocyte counts
were determined at 0, 2, 5, 8, 11, and 14 dpi (Fig. 1). The
WBC, neutrophil and lymphocyte counts at 5 dpi tended
to be higher in the piglets from ST group than in those
from NC group; this finding is consistent with the results
of a previous study [23]. This previous study reported
that the WBC and neutrophil counts in the ST-infected
piglets increased significantly by 7 dpi, and a genetic
variant in the CCT7 gene was associated with higher
levels of these immune cells. Our findings also revealed
that ST-infected piglets showed significantly higher
monocyte counts (1.30£0.22 K/gL and 1.70+0.53 K/
gL, respectively) at 2 and 5 dpi than the piglets in NC
group (0.88+0.21 K/gL and 0.83+0.35 K/gL, respec-
tively). These results implied that the monocyte count in
ST-infected piglets may serve as a valuable hematology-
based marker for ST infection. Monocytes play a cru-
cial role in controlling ST infection in the early and late
phases and are key to both innate and adaptive immunity.
They originate from progenitors in the bone marrow and
migrate via the bloodstream to peripheral tissues, where
they can differentiate into macrophages and dendritic
cells, which are essential for combating ST infection [24,
25]. The recruitment of monocytes into tissues during
persistent ST infection is critical; the depletion of mono-
cytes during early infection increases the susceptibility to
salmonellosis, underscoring their importance in the host
defense mechanism against ST infection.

RNA-sequencing quality control

To assess the quality of our sequencing data, the sequence
error rate was calculated based on the Phred score, with
Phred scores 10, 20, 30, and 40 corresponding to 10%,
1%, 0.1%, and 0.01% error rates, respectively. Following
paired-end transcriptome sequencing analysis of seven
samples, the outcomes for all samples, except three from
the ST group, aligned with the anticipated range. Addi-
tional file 1: Tables S2 and S3 show the raw and processed
reads for each sample, categorized by total data volume
and Q30 (Phred score for base quality), highlighting met-
rics that exceeded a value of 30 (Additional file 1: Tables
S2-54).
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Table 1 GO terms enriched in peripheral blood samples from Salmonella Typhimurium-infected piglets
Term Count % PValue Genes Fold Bonferroni  Benjamini FDR
Enrichment
Terms for biological process
inflammatory 21 4.1 0.000000 SPHK1, SLCTTA1, PTGER3, IL18,1L27, CXCR6,  4.95 0.00001 0.00001 0.00001
response AIF1, CXCL10, LTB4R2, TLR8, S100A12, CD14,
CCR5, TLR4, TLR2, CMKLR1, IDO1
cellular response 8 1.6 0.000000 LOC100523310,LOC102161784, 1549 0.00068 0.00031 0.00031
to cytokine LOC100523492, CXCR4, LOC100155195,
stimulus GBP2, LOC100523668, GBP1
positive regulation 10 2.0 0.000001 IL1RLT, TNFSF14, SPHK1, CD14, NMI, MMP8,  9.68 0.00094 0.00031 0.00031
of NIK/NF-kappaB TLR4, SASH1, HAVCR2, TLR2
signaling
immune response 21 4.1 0.000001 CD274, GHSR, TNFSF14, IL15, TNFSF13, 3.74 0.00126 0.00031 0.00031
IL18, LOC110260749, CXCR4, CXCR6, CTSV,
LOC100511343, TNFSF13B, CXCL10, SLPI,
CCR9, TLR8, TNFSF11, XCL1, FAS, CCR5, TLR4
positive regulation 10 2.0 0.000003 ILTRLT, KLRKT, CLEC7A, SLC11AT1,IL18,TLR8, 8.15 0.00426 0.00085 0.00085
of interferon-gam- IL27, CD14, TLR4, HAVCR2
ma production
innate immune 20 39 0.000007 FCNT,BLK, IL27,NOD1, C2,15G20, KLRKT, 340 0.00962 0.00161 0.00160
response VNNT1, SLPI, TIFA, TLR8, STO0A12, CD14, TLR4,
S100A8, TLR2
toll-like receptor 2 5 1.0 0000039 TLR2 2324 0.05244 0.00744 0.00737
signaling pathway
MyD88-depen- 7 14 0.000044 TLR8,TLR4, TLR2 1049 0.05776 0.00744 0.00737
dent toll-like
receptor signaling
pathway
positive 7 14 0000222 SPTA1,CD274,IL15, PDCD1LG2, AlFT, 7.93 0.26172 0.03371 0.03341
regulation of T cell HAVCR2, TNFSF13B
proliferation
positive regulation 8 1.6 0.000350 IFNG, CLEC7A, TLRS, ILTRAP, MMP8, AIF1, 6.00 0.38031 0.04785 0.04743
of interleukin-6 TLR4, TLR2
production
Terms for cellular component
external side 21 4.1 0.000000 (CD274,CD163, HHLA2, LOC110257900, 414 0.00005 0.00005 0.00004
of plasma LOC110260749, IL5RA, CXCR4, ECET, CXCR6,
membrane FCER2, CXCL10, KLRK1, CLEC2B, CLECT7A,
CCR9, FAS, CD14, CCRS5, LOC100523789,
TLR4, ABCG1
extracellular space 46 9.1 0.000005 FCNT, FCN2, ASAHT, TINAGLT, TNXB, SPARC,  2.06 0.00115 0.00058 0.00057
TNFAIP6, HP, IL27, C4BPA, RETN, CTSV, ERFE,
TSKU, TNFSF13B, LOC100156248, RELN,
PLAU, SERPINHT, STOOA12, GHSR, IGFBP4,
IL15,CD180, TNFSF13, IL18, NRG1, NM,
MERTK, MMP8, EREG, COL1AT, CHIT1,
CXCL10, COL3A1, COL1A2, SLPI, IFNG, TCNT,
SERPINGT, XCL1, STO0A9, STO0AS, LTF
cell surface 19 3.7 0.000078 FZD1,TNFSF18, PRNP, GHSR, GPR37, SPARC,  2.98 0.01815 0.00611 0.00600
CXCR4, ACVR1B, SLC4A4, LOC100511343,
OSCAR, KLRKT, CLEC7A, PLAU, LY6D, CCR9,
HAVCR2, TLR2, LTF
phagocytic vesicle 6 1.2 0.000441 SLC11A1,TLR2 9.19 0.09878 0.02384 0.02344
membrane
membrane raft 10 2.0 0.000505 PRNP. GHSR, SERPINH1, FAS, CD14, TLR2 434 0.11240 0.02384 0.02344
Terms for molecular function
transmembrane 16 3.2 0.000000 THBD, FCMR, CD180, CD300LB, CHRNAY, 7.31 0.000002 0.000002 0.000002
signaling receptor FCERTA, TLRS, FAS, FCGR2B, LOC100523789,
activity TLR4, TLR2
NAD +nucleosid- 9 1.8 0.000002 ILTRLT, TLRS8, ILTRAP TLR4, TLR2 10.61 0.000731 0.000365 0.000363

ase activity
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Table 2 KEGG pathways enriched in peripheral blood samples from Salmonella Typhimurium-infected piglets
Term Count % PValue Genes Fold Bonferroni Benjamini FDR
Enrichment

Cytokine- 24 4.7 0.00000 TNFSF18, IL15RA, TNFSF14, IL15,IL1R2, TNFSF13,  3.93 0.00001 0.00001 0.00001
cytokine receptor IL18, IL5RA, CXCR4, IL27, ILTRAP, CXCR6, ACVR1B,
interaction TNFSF13B, CXCL10, ILTRLT, IFNG, CCR9, TNFSF11,

XCLT, FAS, TNFRSF25, CCR5, IL9R
Intestinal immune 8 1.6 0.00011 IL15RA, IL15, TNFSF13, CCR9, CXCR4, SLA-DOB, 7.15 0.02758 0.01399 0.01382
network for IgA AICDA, TNFSF13B
production
Rheumatoid 10 2.0 0.00021 IFNG,ILT5 TNFSF13,IL18, TNFSF11, CTSV, SLA- 4.81 0.05396 0.01450 0.01433
arthritis DOB, TLR4, TLR2, TNFSF13B
Pertussis 9 1.8 0.00022 CI1R, CASP1, SERPINGT, C4BPA, NOD1,CD14, TLR4, 544 0.05637 0.01450 0.01433

2

Table 3 Top 10 predicted canonical pathways in peripheral blood samples from Salmonella Typhimurium-infected piglets

Canonical -log(p-value) Ratio z-score Molecules

pathways

Pathogen In- 114 0.0759 1512 CASP1,CCR5,CD163,CLEC7A, COLTAT,COLTA2,COL3A1,COL5A2,CXCLT0,CXCR4,IF

duced Cytokine NG, IL15,IL18,ILTR2,ILTRAP ILTRL1,NOD1,RYR1,SOCS3,STX11,TLR2,TLR4,TLR8, TNFS

Storm Signaling F11,TNFSF13,TNFSF13B, TNFSF14,XCL1

Pathway

Activin In- 7.38 0.0787 0.728 ACVR1B, CEBPB, COL1A1,COLTA2,COL3A1,CXCR4,IL18,ILTR2,ILTRAP, ILTRLT,SMAD

hibin Signaling 9,TCF7,TCF7L2,TLR2,TLR4,TLR8,TNFSF13B

Pathway

Wound Heal- 7.14 00714 0.943 ACVR1B, CEBPB, COLTA1,COLTA2,COL3A1,COL5A2,IFNG, IL15,IL18,ILTR2,ILTRAP,

ing Signaling ILTRLT,MMP8,MRAS, TNFSF11,TNFSF13,TNFSF13B, TNFSF14

Pathway

NOD1/2 Signal-  6.69 0.0802 2324 CASP1,HSPATL, IFNG, IL15,ILT8,NOD1,SLC15A3,TLR2, TLR4, TLR8, TNFSF11,TNFSF13,

ing Pathway TNFSF13B, TNFSF14,TNFSF18

S100 Family Sig- 647 0.0416 3.182 ADGRE1,ADGRE3,ADGRL1,CCR5,CCR9,CMKLR1,CXCR6,EREG, FCGR2B,

naling Pathway FFAR2,FZD1,GHSR, GPR160,GPR171,GPR179,GPR27,GPR37,HTR7,IL18,LPAR3,LPAR6
LTB4R2,MMP8,PLCL1,PTGER3,S100A12,5100A8,S100A9,SMAD9,TCF7,TCF7L2,TLR4

Multiple Scle- 6.46 0.0721 3 C2,CAPN3,CASP1,FAS, IFNG, IL15,IL18,PLAU, SLC8AT,TLR2,TLR4,TLR8, TNFSF11,TNF

rosis Signaling SF13,TNFSF13B, TNFSF14

Pathway

Phagosome 6.45 0.0432 2.921 ADGRE1,ADGRE3,ADGRL1,CCR5,CCRY,CD14,CLEC7A, CMKLR1,CXCR6,FCER1TA,

Formation FCER2,FCGR2B, FFAR2,FZD1,GHSR, GPR160,GPR171,GPR179,GPR27,GPR37,HTR7,L
PAR3,LPARG6,LTB4R2,MRAS, PTGER3,SPHK1,TLR2,TLR4,TLR8

Osteoarthritis 6.13 0.0681 2714 CASP1,CEBPB, FZD1,ILTR2,ILTRAP, IL1RL1,PRKAA2,5100A8,5100A9,SLC39A8 SMAD

Pathway 9,SPHK1,TCF7,TCF7L2,TLR2,TLR4

IL.-10 Signaling 6.13 0.0844 0.277 ARG2,CCR5,FCGR2B, FFAR2,IFNG, IL18,ILTR2,ILTRAP, ILTRLT,MAFB,
PRKAA2,SOCS3,TLR4

Role of Pattern 6.07 0.0833 2 CASP1,CLEC7A, IFNG, IL15,IL18NOD1,TLR2,TLR4,TLR8, TNFSF11,TNFSF13,TNFSF1

Recognition
Receptors in
Recognition of
Bacteria and
Viruses

3B, TNFSF14

PLS-DA was used to reduce the dimensionality of the
transcriptome dataset. The PLS-DA plot in Fig. 2A shows
a clear separation of the samples from the NC and ST
groups, with dimensions 1 and 2 explaining 42.48% and
25.53% of the classification, respectively. The distinct
clustering of the ST and NC groups indicates the pres-
ence of pronounced differences between their respec-
tive RNA expression profiles. This separation, with
dimensions 1 and 2 explaining a substantial portion of

the variance, suggests that the identified biomarkers are
potentially strong predictors of the respective group
characteristics. The robustness of these findings points to
the utility of PLS-DA in discerning subtle yet crucial bio-
logical variations in understanding ST infections.

DEGs in Salmonella-infected piglets
Using the DESeq2 package in R, we identified a total
of 495 DEGs between the ST and NC groups based on
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mental piglets at 2 dpi relative to ACTB expression are shown. *P < 0.05

thresholds of P<0.05 and log, (fold change)>2.0. Among
the 495 DEGs, 247 genes were upregulated, and 248
genes were downregulated in the ST group compared to
the NC group (Additional file 1: Table S5). A hierarchi-
cal clustering-based heatmap is shown in Fig. 2B. In the
heatmap, the ST and NC groups are clearly delineated,
reflecting the differences between the groups as well as
the homogeneity within each group. This pattern indi-
cates a consistent biological response to ST infection, as
evidenced by the specific gene expression alterations.

Enrichment analyses

GO term enrichment

Table 1 lists the significantly (FDR<0.05) enriched GO
terms specifics for BPs, CCs, and MFs. In the BP category,
“inflammatory response,” “cellular response to cytokine
stimulus,” “positive regulation of NIK/NF-kB signaling,’
“immune response,” “positive regulation of interferon-
gamma production,” “innate immune response,” “toll-like
receptor 2 signaling pathway,” MyD88-dependent toll-like
receptor signaling pathway,” “positive regulation of T cell
proliferation,” and “positive regulation of interleukin-6
production” were enriched.

The above mentioned terms have strong implica-
tions in the immune response and inflammatory pro-
cesses. Particularly, the enrichment of DEGs related
to pathway associated with toll-like receptors (TLRs),

such as “toll-like receptor 2 signaling pathway” and

“MyD88-dependent toll-like receptor signaling path-
way’, indicates that TLRs are crucial PRRs in the initial
immune response against ST infection in pigs. Huang
et al. [13] also reported the upregulation of the genes
associated with Toll-like receptors and the MyD88 path-
way in the innate immune system at 2 dpi of ST infec-
tion and the attenuation of these gene expression at 7 dpi.
Our findings indicated that the specific genes associated
with the TLR2 signaling pathway were highly expressed
during ST infection. In general, the lipopolysaccharides
(LPSs) of gram-negative bacteria, such as Salmonella
spp., are primarily recognized by TLR4, which utilizes
MyD88 as a key adaptor protein for signal transduction
[26, 27]. In contrast, TLR2 could recognize pathogen-
associated molecular patterns (PAMPs), such as lipotei-
choic acid and lipoproteins from gram-positive bacteria
[28]. However, a recent study suggested that low-endo-
toxic atypical LPSs can induce TLR4/TLR2 interaction
and heterodimer formation [29]. Therefore, our results
suggested the possibility that atypical LPSs or other com-
ponents of Salmonella spp. (i.e., cell wall constituents or
lipoproteins) stimulate TLR2. The observed increase in
NF-«B expression is attributed to the stimulation of TLRs
by the PAMPs of Salmonella spp. [30]. The results a study
by Huang et al. [13] also support our results, which high-
light the overexpression of the NF-«kB regulon and inhibi-
tory subunit IkB (NFKB1A) in ST-infected pigs classified
as persistent shedders [13]. Activated NF-«B translocates
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to the nucleus, regulating the expression of various
immune-related genes and generating pro-inflamma-
tory cytokines. Our study also reported the enrichment
of specific terms, such as “cellular response to cytokine
stimulus,” “positive regulation of interferon-gamma pro-
duction,” and “positive regulation of interleukin-6 pro-
duction” These findings were also agreement with the
aforementioned previous study by Huang et al. [13],
who analyzed the alterations of both microRNAs and
mRNAs in the peripheral blood from ST-infected pigs at
2 dpi. The findings of this previous study suggested that
the miR-146a regulates the levels of the targets of IFN-
y and IL-6, thereby increasing fecal bacterial shedding;
overall, these findings underscore the significance of IL-6
and IFN-y in response to Salmonella infection [14]. The
term “positive regulation of T cell proliferation” indicates
a potential activation of adaptive immunity [31]. Collec-
tively, these terms highlight a profound involvement of
both innate and adaptive immune responses in ST infec-
tion, with potential crosstalk among cytokine signaling,
TLRs, and T cell activation. The presence of these inter-
connected terms underscores the complexity and inte-
grated nature of the immune response to ST infection
captured in the dataset.

In the CC category, the significantly enriched terms
included “external side of the plasma membrane,
“extracellular space;,” “cell surface, “phagocytic vesicle
membrane,” and “membrane raft” All these terms are pri-
marily associated with the cellular boundary or its imme-
diate surroundings.

The enrichment of “external side of the plasma mem-
brane,” “extracellular space,” and “cell surface” were in
agreement with the findings of previous study in piglets
[32]; this previous study reported a significant upregula-
tion of genes (BGN, DCN, ZFPM?2, and BPI) associated
with the extracellular mechanisms underlying the adhe-
sion of Salmonella spp. to host cells. Our results showed
that these interactions are not confined to intestinal epi-
thelial cells, but also involve blood cellular components,
indicating a systemic response to ST infection. The term
“phagocytic vesicle membrane” suggests the involvement
of immune cells, such as macrophages [33]. Membrane
rafts are specialized microdomains in the plasma mem-
brane that are rich in cholesterol and sphingolipids and
play essential roles in signal transduction and cellular
trafficking [34]. Overall, these results suggest a critical
role of cell surface interactions in the initial stages of the
colonization of, and infection with, Salmonella spp. The
term “phagocytic vesicle membrane” underscores the
importance of cellular boundaries and interactions with
the external environment in the response to ST infection.

In the MF category, the significantly enriched terms
included “transmembrane signaling receptor activity”
and “NAD*' nucleosidase activity” “Transmembrane
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signaling receptor activity” is associated with proteins
that span the cell membrane and transmit signals from
the external environment to the cell’s interior. These
receptors play pivotal roles in immune responses and
cell-to-cell communication [35]. These findings were
agreement with the terms enriched under the BP cat-
egory, suggesting that ST infection could lead to the
activation of specific genes associated with intracellu-
lar immune responses through the stimulation of cell
membrane receptors. “NAD* nucleosidase activity”
pertains to the enzymatic breakdown of nicotinamide
adenine dinucleotide (NAD™), a crucial coenzyme in cel-
lular metabolism. The activity of NAD" is responsible
for various cellular processes, including energy produc-
tion, DNA repair, and cell signaling. While this term
appears to be more related to metabolism, NAD* and
NAD™"-associated pathways are being increasingly recog-
nized for their roles in immune responses. For instance,
the role of NAD" in immune responses was evidenced
by a study on de novo NAD™ synthesis in macrophages
[36], revealing that the cell-autonomous generation of
NAD™ via the kynurenine pathway regulates macrophage
immune function in aging and inflammation. This under-
scores the crucial role of NAD* in mediating macrophage
effector responses and suggests that a decrease in de novo
NAD"* synthesis underlies the decline NAD" levels and
enhancement of innate immune dysfunction in aging and
age-associated diseases.

Overall, the GO enrichment results emphasized the
roles of immune responses and inflammatory processes
in ST infection, particularly highlighting the recogni-
tion of PAMPs by TLRs, including key innate immune
components, such as TLR2 and MyDD88-dependent
toll-like receptors. This recognition is followed by NIK/
NEF-«B signaling and cytokine signaling, leading to T cell
proliferation as a part of adaptive immunity. These find-
ings highlight the involvement of both innate and adap-
tive immune mechanisms in the response to ST infection.
The enrichment of the MF-related terms “transmem-
brane signaling receptor activity” and “NAD™ nucleo-
sidase activity” underscored the importance of signal
transduction and metabolic processes in cellular health
and immune function, and particularly highlighting the
role of NAD" role in immune responses.

KEGG pathway enrichment

The significantly (FDR<0.05) DEG-enriched KEGG path-
ways included “Cytokine-cytokine receptor interaction,’
“Intestinal immune network for IgA production, “Rheu-
matoid arthritis,” and “Pertussis,” shedding light on the
comprehensive impact of ST infection on host immune
mechanisms (Table 2). The “Cytokine-cytokine receptor
interaction” pathway underscores the pivotal role of cyto-
kines in mediating immune responses to ST infection,



Bok et al. Applied Biological Chemistry (2024) 67:70 Page 11 of 18

Table 4 Predicted activated and inhibited upstream regulators with target molecules in peripheral blood samples from Salmonella
Typhimurium-infected piglets

Upstream Molecule Type Activa- p- Target Molecules in Dataset Mecha-

Regulator tion value of nistic
z-score overlap Network

E. coli B5 chemical - 3.054 1.24E-07 CD274,CXCL10,GBP2,IDO1,IFNG, IL18,IL27,TLR2, TLR4,XCL1 107 (20)

lipopolysaccharide  endogenous

non-mammalian
E. coli chemical - 278 33E-06  CXCL10,FNG, IL18,IL27,ST00A8,ST00A9,SOCS3,TLR4 90 (20)
lipopolysaccharide  endogenous

non-mammalian

lipid A chemical 2433 2.75E-05 ACOD1,AICDA, C2,CD14,CXCL10,FCGR28B 107 (17)
toxicant
E.coli B4 chemical 2.21 0.000313 ACOD1,CXCL10,FAS, IENG, IL27,PADI4,SOD2,TLR4 103 (18)
lipopolysaccharide  toxicant
hydrocortisone chemical - 2213 0.000997 CD163,CEBPB, COLTAT,COLTA2,FAS, STO0OA8 73(11)
endogenous
mammalian
cardiotoxin chemical - other 2333 2.81E-06 CASP1,CCR5,CD180,COLTAT,CXCR4,HP, IL18MERTK, STO0A8,5100A9
Salmonella min- chemical - 2.607 0.000232 ACOD1,ACSL1,CXCL10,IFNG, PSTPIP2,SOCS3,TFEC, TLR2 99 (18)
nesota R595 endogenous
lipopolysaccharides  non-mammalian
IFN alpha/beta group 3.052 1.09E-07  CXCL10,GAS7,IFNG, IL15,ILT5RA, IL27,SLPI, TLR2, TNFSF13,TNFSF13B 101 (17)
NFkB (family) group 2.828 4.16E-05 CASP1,CXCL10,DRAMT,IFNG, IL18,STO0A8,ST00A9,TGM2 88 (11)
meds433 chemical 2333 1.51E-05  EREG, FAS, GBP2,LTF, OSCAR, ST00A8,S100A9, TFEC, TGM2
reagent
Ifn gamma complex 2.195 0.00435  CASP1,CXCL10,IGFBP4,SOCS3,TLR4 109 (19)
GC-GCR dimer complex 2219 6.88E-05 CD163,FBP1,HP IL1R2,SLPI
Interferon alpha group 4.037 1.97E-10  CASP1,CCR5,CD274,CXCL10,FAS, FCERTA, GBP1,GVINP1,IDOT,IFNG, 115 (19)

IGFBP4,IL15,IL15RA, IL27,1SG20,LAP3,MERTK, NMI, SOCS3,TGM1,TLR2, TLR4,T
LR8,TNFSF13B, WARS1

IL12 (complex) complex 3.784 1.06E-12  ADGRE1,CCR5,CXCL10,FAS, GADD45G, GZMA, HAVCR2,HLX, 122 (19)
IDO1,IFNG, IL15,IL18,1L27,1SG20,KLRB1,KLRC4-KLRK1/KLRK1,PLAU,
SOCS3,TLR2,TLR4,TNFRSF25

Salmonella chemical 2.33 2.88E-08 ATL1,CD274,EREG, FFAR2,GADD45A, GBP1,IDO1,ILT5RA, IL18 MCF2L2,PLAU, 97 (11)

enterica serotype toxicant SGPP2,SOCS3,TIFA, TNIP3

abortus equi

lipopolysaccharide

ZBTB10 transcription 3317 1.38E-05 ACOD1,ARID5A, BATF3,CD274,CXCL10,1DO1,IL15,1L27,1SG20,NOD1,NR4A3
regulator
Tlr group 2.569 0.000313  CLEC2B, CXCL10,IDO1,IFNG, SOCS3,SPHK1,TNFSF13,TNFSF13B 99 (20)
IFN Beta group 3303 5.78E-08  ACOD1,ANKRD22,C2,CD163,CD274,CEBPB, CXCL10,GBP2,IDO1,IFNG, 119(18)
IL15,IL15RA, IL27,1SG20,KLRB1,PPPTR3B
ZC3H14 other 2236 349E-06  BATF, IL15,IL15RA, MERTK, NMI
DOCK8 other 2.828 8.33E-06  ARID5A, CXCL10,IL15,ILT5RA, IL18,ISG20,MERTK, NMI
TLR7 transmembrane 297 6.14E-05 (CD274,CEBPB, CXCL10,FCMR, IDOT1,IFNG, IL27,15G20,50D2 100 (15)
receptor
Ifn group 2773 6.55E-05  CXCL10,IDO1,IL15,ILT5RA, IL27,1SG20,5100A8,TLR2,TNFSF13B 65 (9)
Tnf (family) group 2.034 4.7E-08  CCR5,CD163,CD274,CXCL10,FCER2, FFAR2,GBP1,IFNG, 88 (15)
IL18IL1R2,LAP3,PTGER3,SLPI, SOCS3,TGM2,TLR2, TNFAIP6,TNFSF11
CSF group 2121 225E-06 CD274,FCER2,FFAR2,ILTR2,SLPI, SOCS3,TGM2,TNFAIP6
vidutolimod chemical drug 3.592 7.34E-10  CALHM6,CD274,CD68,CXCL10,GBP1,IDO1,IFNG, IL27,1SG20,LAP3,SERPINGT,
SOD2,TNFAIP6,TNFSF13B
STAT1 transcription 3.159 6.82E-10  ACOD1,BATF2,C1R, CASP1,CD274,CXCL10,FAS, GBP1,GBP2,HAVCR2,IFNG, 109 (19)
regulator IL15,IL15RA, IL18,ILTR2,PDCD1LG2,SLC8AT,SOCS3, TLRA, TNFSF11,TNFSF1
3B, WARS1
RIPK2 kinase 2216 0.000317 ACOD1,ACSL1,CXCL10,IFNG, SOD2 84(11)
NR4A3 ligand-depen- 2401 0.0845 ADGRET,COLTAT,FHL2,1DO1,SH2D18, TRIB3

dent nuclear
receptor
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Upstream Molecule Type Activa- p- Target Molecules in Dataset Mecha-
Regulator tion value of nistic
z-score overlap Network
PPP2CA phosphatase 2 0.00528  CXCL10,GZMA, SOCS3,UPP1 80 (7)
127 cytokine 35 4.76-14  ADGRE1,CD14,CD163,CD274,CXCL10,FAS, GADDA45G, 136 (19)
GBP1,GBP2,IDO1,IFNG, IL15,IL18,1SG20,PDCD1LG2,SOCS3, TNFSF11,TNFSF13
,TNFSF13B, TNFSF14,TNFSF18
ALDH1A2 enzyme 2 0.000117 COL1A2,COL3A1,IGFBP4,SPARC 74.(7)
TLR4 transmembrane  3.262 248E-07  ARID5A, BATF, CCR5,CXCL10,EREG, FAS, IFNG, IL15,IL15RA, 89 (18)
receptor IL18,1L27,1SG20,KDM6B, MERTK, NMI, STOOA8,SOCS3,TLR2,TLR4
IL5 cytokine 2514 9.98E-09  AICDA, CLEC2B, CXCR4,FAS, FCGR2B, GADD45A, GADD45G, GBP2, HLX, 114 (20)
IFNG, ILTR2,ILTRL1,IL5RA, PSAT1,RBPMS, SGK1,SLC39A8,SNTB1,UPP1
CEBPE transcription 2141 444E-06  CD14,CTSV, IL18,IL5RA, LTF, LYZ, TNFSF13B
regulator
CEBPA transcription 2.728 8.66E-08 ACSL1,CD14,CEBPB, COL1AT,COLT1A2,CPTTA, CXCR4,GADD45A, GFITB, HP, 33 (3)
regulator LTF, RETN, ST00A8,S100A9,50CS3,TNFAIP6
IFNAR1 transmembrane  2.225 942E-08 ACOD1,BCL2L14,CD274,CXCL10,IDO1,IFNG, IL15,IL18,1L27,SOCS3,TGM?2 100 (14)
receptor
BHLHE40 transcription 343 8.6E-08  CASP1,CD14,CD274,CTSV, EREG, FAS, FCGR2B, FFAR2,GBP2,HAVCR2,IFNG, 114 (16)
regulator ILTR2,LAP3,MERTK, SOCS3,50D2,TGM2,TNFSF11,TNFSF14,UPP1
LEP growth factor 2242 3.94E-05 CASP1,CD14,CPT1A, CXCL10,GHSR, IFNG, IL1R2,NPR2,RETN, SCD, 102 (16)
SOCS3,50D2,TNFSF11
SPI1 transcription 2.209 8.99E-09 ADGRE1,BCL7A, CD68,CHITT,FCERTA, FCGR2B, 85(7)
regulator HDAC?7,ID3,IL18,ILTR2,IL27,LTF, LYZ, OSCAR, PDCD1LG2,TFEC, TLR4
miR-338-3p (MR- mature 2236 0000169 COLTAT,COL1A2,COL5A2,NID1,SPARC
NAs w/seed CCAG ~ microRNA
CAU)
miR-29b-3p (and mature 2392 0.000606 COLTA1,COLTA2,COL3AT,COL5A2NID1,SPARC 51(7)
other miRNAs w/ microRNA
seed AGCACCA)
miR-335-3p (MiR- mature 2236 4.86E-05 COLTAT,COL1A2,COL5A2,NID1,SPARC
NAs w/seed UUU microRNA
UCAU)
miR-30c-5p (and mature 2438 0.0162 COL1A1,COLTA2,COL5A2,NID1,SLCT12A4,SPARC
other miRNAs w/ microRNA
seed GUAAACA)
let-7a-5p (and other mature 2244 000119  BCL7A, COL1A1,COL1A2,COL3A1,COL5A2,NID1,SCD, SPARC, TLR4
miRNAs w/seed GA  microRNA
GGUAG)
S100A9 other 2.054 9.95E-08 ABCG1,CASP1,CD274,CXCL10,FAS, ILTRLT,NR4A3,NRG1,PLAU, RAB20,ST00A 110 (19)
8,5100A9,5GK1,50CS3
CSF3 cytokine 2.565 1.32E-09  ADGRE1,BATF, CEBPB, CXCR4,GADD45A, GADD45G, GNLY, IFNG, LTF, LYZ, 98 (19)
MMP8,PDCD1LG2,SOCS3,TLR2,TLR4,TLR8
SAMSN1 other 2.887 8.99E-09  ARID5A, BATF, CXCL10,FCER2,IFNG, IL15,ILT5RA, IL18,ISG20,MERTK, NMI, 94 (7)
SOCS3
CSF2 cytokine 2.784 241E-15  BATF3,CASP1,CCR5,CD14,CD163,CD274,CLECTA, CXCL10,CXCR4,FAS, 122 (18)
FCGR2B, FFAR2,ID3,IDO1,IENG, IL15,ILTRLT,IL5SRA, MMP8,NR4A3,PLAU, PRNP,
SGK1,SNTB1,S0CS3,50D2,SPHK1,TGM2,TIFA, TLR2,TLR4,TNFSF14,UPP1
IL2 cytokine 3233 117612 ACVR1B, AICDA, BATF, CASP1,CCR5,CCR9,CD274,CMKLR1,CXCL10,CXCR4CX 126 (17)
CR6,FAS, FCMR, GADD45G, GBP2,GZMA, HAVCR2,HOPX, IDO1,IFNG, IGFBP4,
IL18,IL1R2,ILTRL1T,KLRB1T,KLRC4-KLRK1/KLRKT,NMI, NR4A3,PSATT,PTPN3,510
0A8,SOCS3,TLR2,TNFSF11,TRIB3,UPP1XCL1
TNF cytokine 3458 3.99E-19  ACODI1,CALHMG6,CASP1,CCR5,CD14,CD163,CD163L1,CD274,CEBPB, CMK 136 (19)

LR1,COLTAT,COLTA2,COL3AT,CXCL10,CXCR4,EREG, FAS, FCER2,FCGR2B,
FRMDA4A, GADD45A, GBP1,GBP2,HP, ID3,IDO1,IFNG, IGFBP4,IL15,IL18,ILTR
2,IL1RL1,IL27,1SG20,KLRB1,LYED, MERTK, MMP8,OSCAR, PLAU, PRNP, RETN,
ST00A8,5100A9,SAMDA4A, SLC11A1,SLC12A4,SLPI, SOCS3,50D2,SPARC,
TBXAS1,TGM2,THBD, TIFA, TINAGL1,TLR2,TLR4, TNFAIP6,TNFRSF25,TNFSF11
,INFSF14
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Upstream Molecule Type Activa- p- Target Molecules in Dataset Mecha-
Regulator tion value of nistic
z-score overlap Network
XRCC5 enzyme 2 0.000802 CD274,CXCL10,PDCD1LG2,TGM2 56 (7)
MET kinase 257 5.03E-05  ARIDSA, HLX, IL15,IL15RA, IL18, MERTK, SOCS3
KRAS enzyme 2619 1.29E-05  ARG2,BCL2L14,CD274,COL1AT,COLT1A2,COL3AT,CXCL10,CXCR4,ER 103 (16)
EG, ETV1,FBLN2,FCGR2B, GAS1,IDO1,KLRB1,PAWR, PPAT,RAB20,SPARC,
TGM2,THBD, TLR2,UPP1
KLF4 transcription 2.608 323E-06 ADGRETAIF1,CD14,COLTA2,GADD45A, ID3,IL15,SERPINHT,SOD2,SPHK1,T 60 (7)
regulator NFSF11
IRF7 transcription 3.658 849E-08  CALHM6,CXCL10,FZD1,GBP1,IDO1,IL15,ILT5RA, IL27,ISG20,NMI, 83(17)
regulator ST100A8,TLR4,TLR8,TNFSF13B
MYD88 other 3.897 644E-09 ACODI1,ACSLT,BATF, CD274,CXCL10HP, IFNG, IL18,ILTRAP, IL27,KDM6B, LTB4 101 (20)
R2,MMP8,PSTPIP2,S100A8,SOCS3,TFEC, TLR2,TNFSF11,TNFSF13B
TICAM1 other 3.383 493E-07  ACOD1,ACSLT,CXCL10,IFNG, ILT5,ILT5RA, IL18,1SG20,PSTPIP2,SOCS3, TFEC, 87 (18)
TLR2
FCGR2A transmembrane  2.596 9.02E-06  ACOD1,CXCL10,FAS, GBP2IFNG, IL18,1SG20 110 (19)
receptor
IRF1 transcription 2643 2.38E-08  ACOD1,C1R, CASP1,CD274,CXCL10,FAS, GBP2,IDOT1,IFNG, 106 (16)
regulator IL15,L18,1L27,PDCD1LG2,SLPI
IL18 cytokine 2.697 6.71E-07  CCR5,CXCL10,FAS, GADD45G, GZMA, HAVCR2, HLX, IFNG, 124 (18)
IL18 KLRC4-KLRK1/KLRK1,TLR4, TNFRSF25,TNFSF11
MEF2A transcription 2383 0.000121  CXCL10,GBP2,IL15,IL27,SG20,NOD1 52 (6)
regulator
F2 peptidase 2207 0.0464 CD68,CXCR4,ECET EREG, IGFBP4,THBD
SASH1 other 2.828 9.27E-06  ARIDSA, CXCL10,IL15,ILT5RA, IL18,I1SG20,MERTK, NMI
TLR9 transmembrane  2.042 5.01E-07 ACODI1,AICDA, CD274,CXCL10,FCER2,FCMR, IDO1,IFNG, IL18,1SG20,KDM6B, 98 (19)
receptor TLR4,TNFSF13B
IRF3 transcription 2.739 0.000633 CALHM®6,CD274,CXCL10,FAS, IFNG, IL15,1L27,1SG20,TLR4 106 (16)
regulator
PLK2 kinase 2 0.000522 CXCL10,IL15,L15RA, MERTK
pembrolizumab biologic drug 2813 3.13E-07 CD274,CMKLR1,CXCR6,GZMA, HAVCR2,IDO1,KLRB1,PDCD1LG2
NFATC2 transcription 2667 242E-10  BATF, CCR5,LD274,CXCL10,FAS, FCER2,HAVCR2,IFNG, 123 (20)
regulator IL15,L18,1L27,1SG20,KDM6B, MERTK, NMI, SOCS3,TLR2, TNFSF13B
IFNBT cytokine 2078 6.69E-08 ACODT,CASP1,CCR5,CD14,CD274,CXCL10,FBLN2,GAST,GBP1,GBP2,DO1,IF 109 (16)
NG, IL18,IL27, KDMEB, KLRC4-KLRK1/KLRK1,NOD1,SH2D1B
IRF9 transcription 2374 8.33E-06 BCL2L14,CXCL10,GBP1,IL18,L27,1SG20,NMI, SOCS3 71(10)
regulator
IFNG cytokine 5327 2.56E-24  ACOD1,AIF1,ARG2,C1R, C2,CASP1,CCR5,CD14,CD163,CD163L1,C 124(18)
D274,CEBPB, CLEC7A, COL1AT,COL1A2,COL5A2,CXCL10,CXCR4
JECET,ETV7,FAS, FBP1,FCER2,FCGR2B, FCN1,FHL2,GBP1,GBP2,HP,
IDOT1,IFNG, IGFBP4,IL15,IL15RA, ILT8,ILTRL1,IL27,1SG20,KLRC4-KLRK1/
KLRK1,LZTS1,MERTK, NMI, PDCD1LG2,PLAU, RAB20,5100A8,ST00A9,SERPIN
G1,SERPINH1,SLCT1A1,SLC15A3,SLC8A1,S0CS3,50D2,STX11,STX3,TBXAST, T
CF7L2,TGM1,TLR2,TLR4,TLR8, TNFAIP6,TNFSF13,TNFSF13B, WARS1
TBK1 kinase 2.387 0.000529 CXCL10,IL15,ILT15RA, IL18,I1SG20,NMI, TLR2 99 (1
IFNA2 cytokine 2588 0.000599 BCL2L14,CXCL10,FAS, IDO1,IFNG, SOCS3,TGM2 80 (1
ARHGAP21 other 3 1.01E-08  ARID5A, BATF, CXCL10,IL15,ILT5RA, IL18,I1SG20,MERTK, NMI
ERBB2 kinase 2.536 0.00139  CEBPB, COL5A2,CXCL10,CXCR4,CXCR6,FBLN2,FFAR2,HP, IFNG, 116 (22)
IGFBP4,NID1,NPR2,NRGT1,SLPI, SPARC, TGM1,TSPAN13
TYK2 kinase 2752 8.93E-07 CCR5,D274,CXCL10,GBP2,GZMA, IDO1,IFNG, PDCD1LG2,SOCS3,UPP1 102 (16)
IRF5 transcription 2.186 0.00158  COLTA1,COL3A1,CXCL10,CXCR4,1SG20 87 (10)
regulator
IL1B cytokine 3.209 6.16E-10  CCR5,CD274,CEBPB, COLTAT,CXCL10,CXCRA4,FAS, HP, 120 (19)
IFNG, IL15,IL18,ILTR2,ILTRAP, IL27,KLRB1,MMP8,NMI,
PLAU, ST00A8,S100A9,S0CS3,50D2,SPARC, TGM1,THBD,
TLR2,TLR4,TNFSF11,TNFSF13B
EBI3 cytokine 2.599 1.99E-06 CD274,FAS, GADDA45G, GBP2,HAVCR2,IFNG, PDCD1LG2 111 (14)
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Table 4 (continued)

Upstream Molecule Type Activa- p- Target Molecules in Dataset Mecha-
Regulator tion value of nistic
z-score overlap Network
PLK4 kinase 2 0.000447 CXCL10,IL15,ILT5RA, MERTK
cigarette smoke chemical 2.101 0.0171 IFNG, IL27,LTB4R2,NRG1,TLR4
toxicant
resiquimod chemical drug 3213 14E-10 AICDA, AIF1,BATF, CD180,CEBPB, CTSV, CXCL10,FCER2,FCGR2B, 111(18)
FCN1,GBP1,GPR160,IFNG, IL15,IL18,1L27,LAP3,SOCS3,50D2,TLR2, TLR4,TLR
8,WARS1
Pam3-Cys chemical 2.205 0.00025 CD163,CXCL10,FNG, SOD2,TLR2 99 (17)
toxicant
imiquimod chemicaldrug 24 0.000677 CXCL10,IFNG, IL18,5G20,PPP1R3B, SOCS3,50D2 86 (18)
MALP-2s chemical 2211 221E-05 IFNG, IL15,ILT5RA, TLR2,TLR4 98 (18)
reagent
PAX3-FOXO1 fusion gene/ 2 0439 CXCR4,IFNG, LY6D, TCF7L2, TMEM47
product
Pam3-Cys-Ser-Lys4  chemical 2.395 545E-10  BATF, CCR5,CD14,CD274,CXCL10,FCGR2B, HAVCR2,IDOT,IFNG, 107 (21)
reagent IL15,IL18,I1L27, KDM6B, TLR2,TLR4,TNFSF13B
CpG ODN 1826 chemical 2.195 0.00784  CD274,CXCL10,FCGR2B, IFNG, XCL1 109 (20)
reagent
poly rl: rC-RNA biologic drug 4.936 1.59E-15 ACODI1,ARG2,BATF2,C2,CD14,CD163,CD274,CLEC7A, CXCL10,ETV7,FAS, 128 (18)

FCGR2B, FCN1,GBP1,GBP2,HAVCR2,IDO1,IFNG, IL15,IL15RA,
IL18,1L27,1SG20,LAP3,MAFB, MERTK, NR4A3,PDCD1LG2,PLAU,
S100A8,50CS3,50D2,TCF7L2,TFEC, THBD, TLR2, TLR4, TNFAIP6,WARS1

CpG chemical drug  3.662 536E-08 AICDA, C2,CD14,CD274,CEBPB, CXCL10,FCGR2B, IDOT,IFNG, IL15,IL18,S0D2 113 (21)
oligonucleotide JTLR2,TNFSF13,TNFSF13B
lipopolysaccharide  chemical drug ~ 5.883 3.09E-34  ABCG1,ACOD1,ACSL1,AICDA, AIF1,ANKRD22,ARG2,BACH2,BATF, 162 (18)

BATF3,BCL7A, C1R, CALHM6,CASP1,CCR5,CCR9,CD14,CD163,CD163L
1,LD180,CD274,CD68,CEBPB, CLEC7A, COL1A1,COLTA2,COL3AT,CO
L5A2,CPT1A, CTSV, CUBN, CXCL10,CXCR4,DHDH, DRAM1,ECI2,EREG,
ETV7,FAS, FBLN2,FCER2,FCGR2B, FFAR2,FZD1,GAS1,GBP1,GBP2,GZMA,
HOPX, HP, ID3,IDO1,IFNG, IGFBP4,IL15,IL15RA, IL18,ILTR2,ILTRAP,
IL27,IL5RA, ISG20,KCNJ15,LAP3 LTB4R2 LTF, LY6D, LYZ, MERTK,
MMP8,NID1,NOD1,NR4A3,0SCAR, PDCD1LG2,PLAU, RBMS2,RBPMS, RETN,
S100A12,5100A8,ST00A9,SERPINH1T,SGPP2,SLCT1A1,SLCT5A3,SLC39A8,SL
PI, SOCS3,50D2,SPARC, SPHK1,TCF7L2,TFEC, TGM2,THBD, TLR2,TLR4,TNFAI
P6,TNFSF11,TNFSF13,TNFSF13B, TNFSF14,TNFSF18,TNIP3,TRIB3,UPP1,VPS3
7C, WARS1,XCL1

laminaran chemical drug 2121 8.06E-08 ACOD1,CXCL10,EREG, IDO1,SGPP2,SLC39A8,TNFAIP6,TNIP3
cytokine group 3.031 8.23E-11  AICDA, FAS, IDOT1,IFNG, KLRC4-KLRK1/KLRK1,PDCD1LG2,PLAU, RETN, 124 (21)
SGK1,50CS3,5S0D2,SPARC, TLR2,TLR4, TNFAIP6, TNFSF11,UPP1

D-galactosamine chemical - 2412 1.32E-06  CASP1,CD14,FNG, IL18,SOD2,TLR4 108 (15)
endogenous
mammalian

tetradecanoylphor-  chemical drug 3.049 3.39E-08 (CD14,CD163,CD68,ECET,EEFTAKMT3,FAS, HTR7,ID3,IFNG, 112 (19)

bol acetate IL18,LYZ, MMP8,PLAU, PRNP, RETN, ST00A8,5100A9,SLC39A8,SLPI,

SOCS3,50D2,SPARC, SPHK1,TBXAST,TGM1,TLR2, TNFSF14,XCL1

IZUMO1R other -2429 1.51E-07 CD14,CLEC7A, IL18,5100A8,5100A9 SLPI

MRTFB transcription -2.333 2.79E-06  COL3A1,COL5A2,CXCR4,FCN1,GPR37,LTF, NUAK1,5100A8,5100A9,5GK1,SLPI,
regulator TBXAS1

fontolizumab biologic drug -2 9.23E-05  FAS, IFNG, IL15RA, TGM3

resolvin D1 chemical - -2 0.00248  CXCR4,GBP2,IFNG, IL18 105 (19)
endogenous
mammalian

NR1H3 ligand-depen- -2.2 346E-06 ABCG1,ADGRET,ARG2,CCR5,CD274,CD68,CXCL10,IFNG, LYZ, MERTK, 99 (11)
dent nuclear NOD1,PLAU, SCD
receptor

SRF transcription -2.333 9.19E-05  BATF, CXCR4,ETV1,FCN1,FHL2,GADD45A, LTF, STO0A8,5T00A9,SLC8A1 SLPI,

regulator TBXAS1,TCF7
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Table 4 (continued)

Page 15 of 18

Upstream Molecule Type Activa- p- Target Molecules in Dataset Mecha-
Regulator tion value of nistic
z-score overlap Network
MRTFA transcription -2.236 0.0035 CXCR4,FCN1T,LTF, STOOA8,ST00A9,SLPI, TBXAST 13(2)
regulator
ILTORA transmembrane -3 1.1E-12  ABCG1,ACOD1,ACSLT,ADGRL2,ARG2,BATF2,CALHM6,DRAMT ET 73(7)
receptor V1,FAS, GBP2,GPR171,HTR7,IFNG, IL15RA, NOD1,PDCD1LG2,SCIN,
SLCO2B1,SOCS3,SPARC, TFEC, TGM2,TGM3,TLR2,UPP1
LILRB4 other -2.2 0.000194  CXCL10,CXCR6,FAS, IFNG, PDCD1LG2 83 (10)
JQ1 chemical -2.121 0.000372 BCL2L14,CD274,CXCR4,ERG, HAVCR2,IFNG, KLRB1,TLR2 91 (1
reagent
ILTRN cytokine -2.449 0.0045 GBP1,IFNG, ISG20,5100A9,SLCT5A3,TCF7L.2 73(7)
STAG2 other -2.219 0.000317 BATF2,CD274,CXCL10,GBP2,1SG20
MEF2C transcription -2 0.000242 BACH2,BLK, CCR5,CXCR4,MMP8,MYOM?2
regulator
TGFB1 growth factor -2.252 281E-11  ABCG1,CASP1,CCR5,CD163,CEBPB, CHMP7,COL1AT,COLTA2,COL3AT,CXC 127 (20)
L10,CXCR4,ECET FAS, FCER1A, FCER2,GADDA45A, GAS1,GBP1,GYGT,GZMA,
HOPX, ID3,IDO1,IFNG, IGFBP4,IL1RL1,KDM6B, KLRB1,KLRC4-KLRK1/KLRK1,M
CF2L2,MGAT3,NR4A3,NUAK1, PLAU, PLCL1,PSAT1,PSPH, RBPMS, SCD, SGK1
,SLC12A4,SLC39A8,SOCS3,SPARC, SPHK1,TGM2,TLR2,TLR4, TNFAIP6, TNFSF1
1,TRIB3,XCL1
SSTR2 G-protein cou-  -2.63 2.14E-06  CEBPB, ETV1,GADD45A, IFNG, IL18,1SG20,SLPI, TLR2, WARS1,XCL1
pled receptor
TGFBR2 kinase -3.639 3.57E-08 ACOD1,ADGRE1,BATF, CASP1,DGAT2,GADD45G, HP, ID3,IFNG, 83 (7)
ILTR2,KLRB1,LPAR3,LY6D, MCF2L2,PDCD1LG2,S100A8,5100A9,SLC12A4,50
CS3,UPP1
MYC transcription -2.017 0.000174 COLTA1,CTSV, CXCL10,CXCR4,FAS, FCGR2B, GADD45A, GAS1,GBP2,GPT2,HP, 102 (17)
regulator ID3,ILTRAP, ISG20,LYZ, NIBAN1,PEG3,PLAU, PSAT1,SGK1,SLCT1A1,SPARC,
TNFSF11,TNFSF13B
Bay 11-7082 chemical - ki- -2.219 0.00281  CASP1,IL15,IL15RA, IL18,SOD2 112(17)
nase inhibitor
ETV6-RUNX1 fusion gene/ -2.828 0.000394 FSCN2,GBP2,IL15,IL15RA, ISG20,NMI, STX11,TLR4 52 (6)
product
epinephrine chemical - -2.19 0.00115  CLEC2B, CXCR4,ERFE, IFNG, IL27 67 (9)
endogenous
mammalian
tyrphostin AG490 chemical drug -2 0.0265 CD68,IFNG, OSCAR, SOCS3
IZUMO1R other -2429 1.51E-07 (CD14,CLEC7A, IL18,S100A8,S100A9,SLPI
MRTFB transcription -2.333 2.79E-06 COL3A1,COL5A2,CXCR4,FCNT,GPR37,LTF, NUAK1,S100A8,5100A9,SGK1,SLPI,

regulator TBXAS1

aligning with the emphasis on the term “cellular response
to cytokine stimulus” in the BP category. This suggests
that ST infection triggers a cytokine-mediated signaling
cascade crucial for initiating and regulating both innate
and adaptive immune responses [37]. The identification
of the “Intestinal immune network for IgA production”
pathway emphasizes the specific impact of ST infection
on mucosal immunity. IgA is the predominant immuno-
globulin class in mucosal areas, such as the gut, playing
a crucial role in neutralizing pathogens and toxins; this
indicates that ST infection triggers an adaptive immune
response aimed at boosting mucosal defenses [38]. Fur-
ther, a previous study reported that the genes associated
with the intestinal immune network for IgA production
were upregulated in chickens after ST infection [39],
demonstrating the significant activation of pathways

involved in Toll-like receptor signaling, cytokine—recep-
tor interactions, and IgA production. These common
pathways highlight the fundamental mechanisms under-
lying innate immunity that are preserved across various
species to combat bacterial infections. The identifica-
tion of disease-specific pathways, such as “Rheumatoid
arthritis” and “Pertussis’, suggests that the immune
response to ST infection shares common pathways with
these conditions. Rheumatoid arthritis is characterized
by chronic inflammation and autoimmunity; therefore,
the activation of this pathway may suggest that ST infec-
tion may induce or exacerbate inflammatory and autoim-
mune processes [40]. The enrichment of the “Pertussis”
pathway underscores the relevance of general mecha-
nisms underlying pathogen recognition, immune activa-
tion, and defense mounted by the host against bacterial
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challenges, suggesting that a broad immune response is
elicited against bacterial infections [41].

Canonical pathway enrichment

The IPA analysis results were consistent with the findings
of the GO term and KEGG analyses, emphasizing the
importance of PRRs, such as TLRs and cytokine inter-
actions. The top 10 pathways identified by IPA canoni-
cal pathway analysis encompassed various biological
processes (Table 3). The most significant pathway was
“Pathogen-induced cytokine storm signaling path-
way” (Fig. 3), underscoring the role of genes involved in
inflammatory responses during pathogenic infections.
Similarly, the “Role of Pattern Recognition Receptors in
Recognition of Bacteria and Viruses” (Fig. 4) highlighted
specific genes that play critical roles in the initial immune
response to microbial pathogens, thereby emphasizing
the importance of innate immunity. Overall, these find-
ings underscore the significant role of immune responses,
particularly those triggered by pathogenic challenges,
and suggest the involvement of a complex interplay of
genes in the immediate response to pathogens.

Upstream regulators and target molecules

The activated upstream regulators (Table 4) suggest a
significant influence of external chemical entities, par-
ticularly those associated with bacterial components,
which elicit strong immune responses. The inhibited
upstream regulators included diverse entities, ranging
from transcription factors (e.g., MRTFB) to responses
on drugs (e.g., fontolizumab), indicating the poten-
tial downregulating of a range of processes, including
transcriptional activities and specific drug responses.
Specifically, the activated regulators indicated a pro-
nounced influence of bacterial components (i.e., lipo-
polysaccharides derived from Escherichia coli and
Salmonella), suggesting the importance of immune
responses, particularly those elicited by bacterial chal-
lenges. Several of the inhibited regulators (e.g., fon-
tolizumab) were related to therapeutic interventions,
hinting at the potential impacts of drugs or treatments
on these genes. Responses to chemicals, such as hydro-
cortisone and cholesterol, further underscored the
diversity of the dataset, emphasizing both endogenous
processes (e.g., lipid metabolism) and external inter-
ventions (e.g., hydrocortisone treatment). Together,
these findings suggested that our dataset captured a
wide range of biological processes, from transcrip-
tional regulation to immune responses to therapeutic
interventions.

RT-qPCR validation using PBMCs
Analyzing genes in PBMCs can be highly informative
for several reasons, primarily because of the diverse
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roles and origins of PBMCs in the immune system.
As the transcriptomic signatures collectively indi-
cated significant enrichment of immune-related sig-
naling pathways, we analyzed the expression of a
few key genes in PBMCs isolated from the piglets.
Specifically, major players involved in the aforemen-
tioned GO terms and KEGG pathways were included:
TLR2, TLR4, CXCLI10, IL-15, and IL-27. While TLR2
and TLR4 transcript levels did not significantly differ
between the groups, CXCL10, IL15, and IL27 mRNA
levels were all consistently higher in the ST group than
in the NC group (Fig. 5).

Our findings that TLR2 and TLR4 expression did not
differ between the study groups is in line with previ-
ous findings that the baseline levels of these receptors
do not markedly fluctuate in response to infection
or disease states, indicating a possible steady state of
readiness for pathogen recognition [42]. In contrast,
CXCL10, IL15, and IL27 transcript levels were signifi-
cantly higher in the ST group than in the NC group.
These cytokines and chemokines are critical in the
recruitment and activation of immune cells, indicat-
ing a more pronounced immune response in the ST
group. CXCL10 has chemotactic properties, directing
the migration of immune cells to sites of inflamma-
tion or infection [43]. IL-15 and IL-27 are pivotal for T
cell proliferation and differentiation and inflammatory
response regulation, respectively [44]. The elevated
levels of these molecules underscore a heightened state
of immune activation, potentially reflecting the piglets’
response to ST infection. In summary, the differential
expression of CXCL10, IL-15, and IL-27 in contrast to
the stable expression of TLR2, and TLR4 reflects the
dynamic nature of the immune response to Salmonella
infection in piglets

Our study revealed the complex interactions
between ST infection and the immune response in pig-
lets, advancing our understanding of the mechanisms
underlying host—pathogen dynamics. We discov-
ered significant alterations in both innate and adap-
tive immune strategies through the identification of
DEGs and GO term and KEGG pathway enrichment
analyses. Notably, the genes associated with Toll-like
receptors, NIK/NF-kB signaling, cytokine signaling,
and T cell proliferation pathways were upregulated,
consistent with the elevated expression of CXCLI0,
IL-15, and IL-27, indicating robust immune activation.
Furthermore, the increase in the monocyte counts at
the early stages of infection suggested its potential to
serve as as a hematological marker for ST infection in
post-weaned piglets. Our integrative approach com-
bined phenotypic, biochemical, and molecular data to
provide a holistic view of the response of piglets to ST
infection. However, this study had a few limitations.
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We utilized RNA-seq technology, which may not ade-
quately reflect the genetic profiles of rare cell popula-
tions, compared to single-cell sequencing, which is a
more advanced. In addition, the present study’s find-
ings do not reflect about the clinical stage-dependent
effects of Salmonella infection. Therefore, future stud-
ies are essential to explore the subtle changes in cells
across different phases of disease progression. Despite
these limitations, the overall results of this study could
enhance our understanding of the mechanisms under-
lying, and contribute to the development of novel
therapeutic strategies for, ST infection in post-weaned
piglets.

Abbreviations

BP Biological pathway

CcC Cellular component

DEG Differentially expressed gene

dpi Days post-infection

FDR False discovery rate

GO Gene Ontology

IPA Ingenuity Pathway Analysis

KEGG Kyoto Encyclopedia of Genes and Genomes
MF Molecular function

NC Negative control

PAMPs Pathogen-associated molecular patterns

Peripheral blood mononuclear cell
PRRs Pattern recognition receptors

PLS-DA Partial least squares-discriminant analysis
RT-gPCR  Quantitative reverse transcription PCR
ST Salmonella enterica serovar Typhimurium
TLR Toll-like receptor

WBC White blood cell
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