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ABSTRACT

Background: Co-infections of the porcine reproductive and respiratory syndrome virus
(PRRSV) and the Haemophilus parasuis (HPS) are severe in Chinese pigs, but the immune
response genes against co-infected with 2 pathogens in the lungs have not been reported.
Objectives: To understand the effect of PRRSV and/or HPS infection on the genes expression
associated with lung immune function.

Methods: The expression of the immune-related genes was analyzed using RNA-sequencing
and bioinformatics. Differentially expressed genes (DEGs) were detected and identified by
quantitative real-time polymerase chain reaction (QRT-PCR), immunohistochemistry (IHC)
and western blotting assays.

Results: All experimental pigs showed clinical symptoms and lung lesions. RNA-seq analysis
showed that 922 DEGs in co-challenged pigs were more than in the HPS group (709 DEGs)
and the PRRSV group (676 DEGs). Eleven DEGs validated by qRT-PCR were consistent with
the RNA sequencing results. Eleven common Kyoto Encyclopedia of Genes and Genomes
pathways related to infection and immune were found in single-infected and co-challenged
pigs, including autophagy, cytokine-cytokine receptor interaction, and antigen processing
and presentation, involving different DEGs. A model of immune response to infection with
PRRSV and HPS was predicted among the DEGs in the co-challenged pigs. Dual oxidase

1 (DUOXI) and interleukin-21 (IL2I) were detected by IHC and western blot and showed
significant differences between the co-challenged pigs and the controls.

Conclusions: These findings elucidated the transcriptome changes in the lungs after PRRSV
and/or HPS infections, providing ideas for further study to inhibit ROS production and
promote pulmonary fibrosis caused by co-challenging with PRRSV and HPS.

Keywords: Porcine reproductive and respiratory syndrome virus; Haemophilus parasuis;
co-infection; immune response; RNA sequencing
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INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS), caused by the PRRS virus (PRRSV),

is one of the most significant and economically important infectious diseases affecting swine
worldwide, and the lung is its primary target organ [1]. Additionally, PRRSV is considered
one of the main etiological agents in the Porcine Respiratory Disease Complex (PRDC), and
the PRDC is a multifactorial respiratory disease complex that predisposes pigs to infection by
bacteria such as Mycoplasma hyopneumoniae [2], Haemophilus parasuis (HPS) [3], Streptococcus suis
[4], Actinobacillus pleuropneumoniae [5], and Salmonella spp. [6]. HPS is an important conditional
pathogen of swine. Its non-virulent strains are common in the upper respiratory tract of

pigs, but virulent strains are the causative agent of Glisser's disease, which is involved in the
development of PRDC [7].

PRRSV and HPS are resulting in combined infections that exacerbate clinical disease [8].
Single infections with PRRSV or HPS have been studied by comparison of viral or bacterial
loads [9], pathogenesis [10,11], clinical syndromes [12], cytokine production [13], and
transcriptome analysis [14,15] in pigs or cells. Simultaneous infection with PRRSV and
HPS increases inflammatory and immune responses and reduces the production of reactive
oxygen species (ROS), which increases the chance of pathogens surviving the host immune
response [16,17]. The detailed mechanism and functional genes involved in combined
infections have not been studied. Lungs are very important as the first line of defense against
invading PRRSV and HPS [18], yet few studies on the response against concurrent PRRSV
and HPS infection in pigs at the gene-expression level. Research at the transcriptome level
may assist in diagnosing pigs simultaneously infected with PRRSV and HPS and improving
understanding of the interactions between pathogens and hosts.

High-throughput sequencing techniques are characterized by high sensitivity, genome-
wide coverage, and unbiased quantification of gene transcription [19]. RNA sequencing is a
powerful and efficient method to analyze the transcriptome of pigs and to identify immune
response genes. This study established experimental models, using PRRSV genotype 2
(Guizhou isolated strain) and HPS serovar 4 (Guizhou isolated strain). All experimental
pigs were assessed by clinical symptoms and lung lesions. RNA-sequencing was applied

to investigate the gene expression differences in lungs from indigenous Chinese Kele pigs
infected with PRRSV or HPS alone or with both pathogens. Filtered differentially expressed
genes (DEGs) were validated by quantitative real-time polymerase chain reaction (QRT-PCR),
the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
of DEGs were analyzed. Two selected genes were detected by immunohistochemistry (IHC)
and western blotting assays. Our findings provide valuable data for identifying immune
response genes, to explain the mechanism of acute inflammatory and immune responses in
PRRSV and HPS co-challenged pigs.

MATERIALS AND METHODS

Ethics statement

All animal procedures were conducted following the National Research Council Guide for
the Care and Use of Laboratory Animals and approved by the Animal Ethics and Research
Committee of Guizhou University (Approval No. EAE-GZU-2020-P008). Pentobarbital
sodium salt (Sigma, USA) was used to relieve the pain of experimental animals.

https://doi.org/10.4142/jvs.21139 9/18


https://orcid.org/0000-0002-5970-4614
https://orcid.org/0000-0002-5970-4614
https://orcid.org/0000-0002-1042-1138
https://orcid.org/0000-0002-1042-1138
https://orcid.org/0000-0002-2589-136X
https://orcid.org/0000-0002-2589-136X
https://orcid.org/0000-0002-3807-6508
https://orcid.org/0000-0002-3807-6508
https://orcid.org/0000-0003-2128-2396
https://orcid.org/0000-0003-2128-2396
https://orcid.org/0000-0002-0135-392X
https://orcid.org/0000-0002-0135-392X
https://orcid.org/0000-0001-7255-7180
https://orcid.org/0000-0001-7255-7180
https://www.ncbi.nlm.nih.gov/bioproject/

C

Journal of
Transcriptome analysis for pigs lung Veterinary Science )

https://vetsci.org

Virus and bacterium

The PRRSV GZBJ12 was obtained from the preventive veterinary laboratory at Guizhou
University. The GZBJ12 strain with 30aa deletion in nonstructural protein 2 was isolated from
a pig herd in the Guizhou province of China in 2017 and belonged to the genotype 2 (North
American strain). The titer of the GZBJ12 strain was 10> TCIDs,/mL.

The HPS4 GZ strain was isolated from the Guizhou province of China in 2019 and belonged
to serotype 4 (moderately pathogenic strain) confirmed by genotyping test [20]. The
concentration of GZ strain inoculum was 1.66 x 10° CFU/mL.

Animal artificial challenge and sample collection

Thirteen 5-week-old Kele piglets from the same litter in a pig farm of Guizhou province were
selected for this study. All piglets without PRRSV, HPS, porcine circovirus type 2 (PCV2),

or CSFV antigens and antibodies in their blood were identified by PCR and enzyme-linked
immunosorbent assay (PRRSV and HPS: Kete Biological Technology Co., Ltd., China; PCV2
and CSFV: Combined Biological Technology Co., Ltd., China). The piglets were randomly
divided into 4 groups, housed separately in different isolation rooms, and inoculated
pathogens according to a previously described method [21] (Table 1). Piglets were allowed
to eat and drink freely. All animals were no secondary infection of other pathogens and
euthanized after 10 d post-infection (dpi). Part of the lung tissue of each pig was collected
and stored in formaldehyde solution for tissue pathology. Another part of the lung tissue of
each pig was collected, homogenized and mixed with Trizol (TaKaRa, Japan) for total RNA
and stored at -80°C.

Clinical symptoms observation and lung lesions evaluation

Rectal temperature and clinical symptoms were recorded daily. Bodyweight was measured
on the initial and final days of the experiment. Lung lesions were observed and scored
according to 3 criteria [12]. Alveolar epithelial cell necrosis: none (0 point), < 30% (1 point),
30%—-60% (2 point), 60%—-90% (3 point), > 90% (4 point). Inflammatory cell infiltration:
none (0 point), < 30% (1 point), 30%—60% (2 point), 60%—-90% (3 point), > 90% (4 point).
Thickening of alveolar wall: 1 layer (O point), 1-2 layers (1 point), 3—4 layers (2 points), 5-6
layers (3 points), > 6 layers (4 points). Each criterion was independently considered and
differences between the 4 groups were assessed by Kruskal-Wallis rank sum test and Dunn's
test for multiple comparisons. The p < 0.05 was considered significant.

Table 1. The inoculation method of different groups

Group Serial number Sex Weight (kg) Inoculation method
PRRSV-HPS 1 Male 21.9 PRRSV BJ12: IM and IN at a dose of 6.7 x 103 TCIDs/kg
2 Female 15.8 HPS4: IN at a dose of 2 x 10° CFU/kg
3 Female 18.1
4 Male 7.1
PRRSV 1 Female 10.5 PRRSV BJ12: IM and IN at a dose of 6.7 x 10*¢” TCIDy,/kg
2 Male 18.4
3 Male 15.6
HPS 1 Female 12.5 HPS4: IN at a dose of 2 x 10° CFU/kg
2 Male 15.9
3 Female 13.7
Control 1 Male 18.6 Inoculated with the same amount of RPMI-1640
2 Female 1.9
3 Male 13.1

PRRSV BJ12: 10%¢7 TCIDs,/mL; HPS4: 1.66 x 10° CFU/mL. RPMI-1640: Gibco, USA.
IM, intramuscular inoculation; IN, intranasal inoculation; PRRSV, porcine reproductive and respiratory syndrome
virus; HPS, Haemophilus parasuis.
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Pathogens load determined by absolute qRT-PCR assay

Total RNA and DNA of each lung were extracted by RNAiso Plus (TaKaRa) and DNAiso
Reagent (TaKaRa) for determining PRRSV and HPS loads, respectively. Total RNA was reverse
transcribed into cDNA with a PrimeScript RT Master Mix Kit (Perfect Real Time) (TaKaRa).
The primers of absolute qRT-PCR were special to the PRRSV N and HPS infB genes [22] as
described in Supplementary Table 1. The pUC57 plasmids carrying the PRRSV N and HPS
infB genes were proportionally diluted into different concentrations to draw standard curves,
respectively. The cDNA or DNA was used for qRT-PCR with a TB Green Premix Ex Taq II (Tli
RNaseH Plus) (TaKaRa), following the instruction manual. Reactions were performed on an
Eppendorf Realplex Sequence Detection System (Eppendorf AG, Germany). Three biological
replicate wells of reactions (25 pL) contained 12.5 pL TB Green Premix Ex Taq II (2x), 2 puL of
50 ng/pL cDNA, 1 pL 10 pM of each primer, and 8.5 pL ddH,O. The qRT-PCR program was
95°C for 30 sec, followed by 40 cycles at 95°C for 5 sec, 60°C for 30 sec, 72°C for 20 sec, and
then we inserted a melt curve stage. The pathogen load of each sample was calculated by the
standard curve equation.

RNA preparation and sequencing

RNA degradation and contamination were monitored on 1% agarose gels. RNA purity,
concentration, and integrity were measured by a NanoPhotometer spectrophotometer
(IMPLEN, USA), Qubit RNA Assay Kit in Qubit 2.0 Flurometer (Life Technologies, USA)

and RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, USA),
respectively. Qualified sample RNA quality met the following conditions: (1) concentration

of RNA > 750 ng/uL, (2) total of RNA > 20 pg, (3) optical density (OD)a40280 = 1.8-2.2, (4) RNA
integrity number > 8. Following manufacturer recommendations, the total RNA of each swine
lung was sequenced with a NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB,
USA). The library preparation of each pig (13 pigs in total) was sequenced on an Illumina Hiseq
2500 platform using 125 bp paired-end sequencing reagent kit (Illumina, USA).

RNA-seq data analysis and DEGs identification

Clean reads were obtained by removing reads containing adapter or poly-N and low-quality
reads from raw reads; Q20 and Q30 of the clean data were calculated. Clean reads were
aligned against ENSEMBL Suscrofal0.2.72 with HISAT2 [23] v2.0.4 running with ‘--rna-
strandness RF’; all other parameters were set as default. StringTie [24] v1.3.3 was applied

to assemble and calculate Fragments Per Kilobase of exon per Million (FPKMs) of coding
transcripts in each sample. FPKM means fragments per kilo-base of exon per million
fragments mapped and is calculated based on the length of the fragments and reads count
mapped to this fragment. If genes FPKM quality status was not “OK” (FPKM < 0.01) or the
FPKM in all samples was zero, it was removed. DEseq2 [25] provided differential expression
statistics of the infection and control groups. The Benjamini & Hochberg method (p-adj) was
used to adjust the pvalue. Transcripts with a p-adj < 0.05 and log,|Fold Change| (log,|FC|) > 2
were considered differentially expressed.

Validation of DEGs with qRT-PCR

We used qRT-PCR to identify the DEGs. Total RNA of each lung was extracted, reverse
transcribed into cDNA, and detected by QRT-PCR as described above. Eleven DEGs were
selected randomly from 3 infected groups after filtering, and the GAPDH gene [26] was used
as the internal reference gene. The 244“ method was used to calculate the gene expression
fold change. All primers of the selected genes were synthesized by Sangon Biotech (Sangon,
China) and showed in Supplementary Table 1.
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DEGs functions and interactive network analysis

The DEGs were classified by the GO enrichment categories according to the DAVID database.
KOBAS3.0 was used to test the statistical enrichment (p < 0.05) of DEGs in KEGG pathways
[27]. Interactive network analysis of DEGs was based on the STRING [28] database,

and the gene, which interacts with more than 5 genes, is a hub gene in the network. We
constructed networks by extracting the target immune-related gene list from the database
using Cytoscape3.7.2 software [29]. The immune response model was constructed using the
Pathway build tool 2.0 in the PRRSV-HPS group.

IHC assay

IHC assays were performed as follows: after dehydration, embedding, and slicing of the
fixed tissue. Blocked with 3% peroxide-methanol at room temperature for 10 min; rinsed

in phosphate-buffered saline (PBS; 3 x 5 min); microwaved 5 minutes in citric acid and
finally washed 10 min in PBS. After a 30-min incubation in goat serum (ZLI-9021; Beijing
Zhongshan Jingiao Biotechnology Co., China), sections were incubated with primary
antibodies DUOXI (1:50) (ab230209; Abcam, UK) and /L21 (1:100) (ab5978; Abcam) overnight
at 4°C. After 2 rinses in PBS for 10 min, sections were incubated at 37°C with goat anti-rabbit
IgG H&L (horseradish peroxidase [HRP]) (ab6721; Abcam) secondary antibodies for 30 min.
Coloration with 3,3-diaminobenzidine (K135925C; Beijing Zhongshan Jingiao Biotechnology
Co.), kept at room temperature in darkness for 2 min, finishing coloration with the distilled
water. Finally, hematoxylin stained; dehydration, clearing, and mounting with neutral gums.

The stained IHC images were analyzed by Image-Pro software (Media Cybernetics, USA). The
intensity of OD measurement and mean densitometric (MD) value calculation details were
described in Wang et al. [30]. The results are shown as mean + SD of 3 views for each sample.
Significant differences were assessed by the Wilcoxon rank-sum test, with p < 0.05 considered
a significant difference.

Western blot assay

Western blot assays were performed as previously described [15]. The protein was collected
from each lung suspended with RIPA lysis buffer (Beyotime, China) from the control and
PRRSV-HPS groups. The protein concentration was measured with a BCA protein assay

kit (Beyotime). The protein was separated on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel electrophoresis and transferred to polyvinylidene diuoride membranes.
After blocking, the membranes were incubated in the primary antibodies IL21 (ab5978;
Abcam), DUOXI (NBP2-16232; Novusbio, USA), GAPDH (GXP199639; GenXspan, USA) and in
secondary antibodies IgG H&L (HRP) (ab6721; Abcam). The resulting signals were visualized
by an ECL detection kit (KFOO1; Affinity, USA). Quantitative differences in western blots
were analyzed by densitometry analysis using Image J software (National Institutes of Health,
USA) [31]. Significant differences were assessed by the Wilcoxon rank-sum test, with p < 0.05
considered a significant difference.

RESULTS

Clinical symptoms and pathology changes

As shown in Fig. 1, the rectal temperature of pigs in the control group ranged from 39.0°C
to 39.3°C, with normal average daily gain (0.47 + 0.01 kg), physical status and behavior. The
rectal temperature of pigs in the PRRSV-HPS, PRRSV and HPS groups started to rise at 1st
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Fig. 1. The rectal temperature change in the different groups.
PRRSV, porcine reproductive and respiratory syndrome virus; HPS, Haemophilus parasuis.

dpi; it was consistently higher than 40°C after 6, 8 and 9 d of infection, respectively. The feed
intake of pigs in the PRRSV-HPS, PRRSV and HPS groups decreased, and the average daily
weight gain were 0.29 + 0.18 kg, 0.40 + 0.12 kg and 0.38 + 0.07 kg, respectively, which was
significantly lower than that of the control group (p < 0.05). In addition, pigs in the 3 infected
groups showed different degrees of depression, lying down behavior, increased breathing
rate and even abdominal breathing.

As pigs showed poor physical status and prognosis after consistent fever, all the pigs were
slaughtered at 10 dpi to observe lung histopathological changes. Pigs that were not inoculated
with pathogens had no microscopic lesions, whereas microscopic lesions of pig lungs in the 3
infected groups showed varying severity of alveolar epithelial cells necrosis, marked thickening
of alveolar wall, inflammatory cell infiltration and fibrous hyperplasia (Supplementary Fig. 1).
Lung lesion was evaluated by scoring the inflammatory cell infiltration, alveolar wall thickening
and alveolar epithelial cell necrosis as described in Table 2. When compared to the control
group, pigs in the 3 infected groups had significantly more alveolar epithelial cell necrosis

(p < 0.05); pigs in the PRRSV and PRRSV-HPS groups had significantly more inflammatory
cell infiltration (p < 0.05) and alveolar wall thickening (p < 0.05). There were no significant
differences in lung lesions among the 3 challenge groups.

Pathogens load in lung tissue

The lung pathogens load was determined by absolute qRT-PCR. The mean amount of HPS
was 10>% copies/uL and 10> copies/uL in the lungs of PRRSV-HPS and HPS groups. The
mean amount of PRRSV was 10*** copies/uL and 10** copies/uL in the lungs of PRRSV-HPS
and PRRSV groups. No HPS was detected from tissues of control and PRRSV groups, no
PRRSV was detected from tissues of control and HPS groups (Supplementary Fig. 2).

Table 2. Lung lesion scores of different groups

Group Alveolar epithelial cell necrosis  Inflammatory cell infiltration Thickness of alveolar wall
Control 0+0 0.33+£0.58 0.33+0.58

HPS 1.33+0.58 1.33+0.58 1.33+0.58

PRRSV 1.33+0.58 2.00+0 2.00+0
PRRSV-HPS 1.50 £1.00 2.00+0 2.00+0

PRRSV, porcine reproductive and respiratory syndrome virus; HPS, Haemophilus parasuis.
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Differential expression profiles in pigs infected with different pathogen
combinations

Thirteen cDNA libraries from 4 groups (control, HPS, PRRSV, and PRRSV-HPS groups) were
sequenced as described in Supplementary Table 2. DEGs were screened with |log 2(fold
change)| > 2 and p-adj < 0.05. A total of 358 genes were up-regulated and 351 genes were
down-regulated in pigs with HPS infection. Three hundred sixty-one genes were up-regulated
and 315 genes were down-regulated in the PRRSV challenge group. Five hundred ninety-five
genes were up-regulated and 327 genes were down-regulated in pigs with PRRSV and HPS
infection, indicating that more DEGs existed in co-challenged groups than the 2 single-
infected groups (Fig. 2A-C). Among the DEGs in different groups, 340 common DEGs (287
up-regulated genes and 53 down-regulated genes) were present in the HPS and PRRSV-HPS
groups, and 582 unique DEGs were present in the concurrent infection group. Three hundred
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Fig. 2. Volcano plots and Venn diagrams of different expression transcripts from HPS, PRRSV, and PRRSV-HPS infected groups. (A-C) Blue indicates significantly
‘Down’, red indicates significantly ‘Up’, and grey means ‘Non’. (D, E) Light blue indicates HPS vs. control DEGs, orange indicates PRRSV vs. control DEGs, yellow
indicates PRRSV-HPS vs. control DEGs, and the part of the 2 circles that intersects indicates genes common to co-infection and single infection.

PRRSV, porcine reproductive and respiratory syndrome virus; HPS, Haemophilus parasuis; Up: up-regulated genes; Down: down-regulated genes; Non: not
differentially expressed genes; DEG, differentially expressed gene.
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and fifty common DEGs (288 up-regulated and 62 down-regulated) were verified in the
PRRSV and PRRSV-HPS groups, and 572 unique DEGs were present in the PRRSV-HPS group
(Fig. 2D and E).

DEG validation by qRT-PCR

Among the eleven validated DEGs, 7 genes showed a consistent up-regulation trend in virus-
or bacteria-challenged pigs, and 4 genes were down-regulated in both the qRT-PCR and
RNA-sequencing results (Fig. 3A). Although the extent of fold-change varied between RNA-
seq and qRT-PCR, the qRT-PCR confirmed the results of RNA-sequencing, and both methods
displayed a strong correlation (R? = 0.85) (Fig. 3B).

The difference in immune biological processes and KEGG pathways between
PRRSV or/and HPS infected pigs

The GO database was used to reveal the differences in GO function and classification of DEGs
between PRRSV or HPS alone-infected and co-challenged pigs (Supplementary Table 3A-C).
Fourteen immune-related biological processes were annotated in the HPS-infected group,
including immune response, receptor cluster, apoptotic process, chemokine mediated signal
transduction, and other 8 unique (GO: 0071356, GO: 0070301, GO: 0006955, GO: 0007264,
GO: 0045785, GO: 0043113, GO: 0006915, and GO: 0070098) and 2 common biological
processes (GO: 0070373, GO: 0006933), as compared with the PRRSV-HPS group, involving
42 genes such as CCL2, CXCLI1, CCL20, CXCL8 (IL8), CTSW, CD36, and IL6. The PRRSV-infected
group specifically enriched 2 categories, regulation of endocytosis (GO: 0030100) and cellular
response to tumor necrosis factor (GO: 0071356), and 3 commons (GO: 0070373, GO: 0006933
and GO: 0097190) biological processes, as compared with the PRRSV-HPS group, including
14 genes such as CD5, CCLI, CCL3L1, and NDRG2. Compared with the 2 single-infected groups,
9 biological processes were specifically enriched in the PRRSV-HPS group, including positive
regulation of ROS metabolic process (GO: 2000379), regulation of integrin-mediated signal
pathway (GO: 2001044), negative regulation of JAK-STAT cascades (GO: 0046426), and B cell
mediated immunity (GO: 0019724), involved xanthine dehydrogenase (XDH), dual oxidase
maturation factor 1 (DUOXA)1, SOCS7, CD5, IFNG, and CD46 (Fig. 4).
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Fig. 3. gRT-PCR identification of randomly selected DEGs and correlation with RNA-seq data. (A) The qRT-PCR identification results of randomly selected DEGs.
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The results of KEGG pathways enrichments show that 47 pathways were significantly enriched in
PRRSV-HPS challenged pigs, 66 pathways were significantly enriched in PRRSV-challenged pigs,
and 92 pathways were significantly identified in the HPS group (Supplementary Table 4A-C).
The top 20 pathways in each group were shown in Fig. 5A-C. Among all pathways, 11 common
pathways related to infection and immune pathways were found in the 3 groups. The JAK-STAT
signaling pathway (including ILI3RA2, SOCS7, SOCS2, IL2IR, AOX2, ILI2A, LEPR, IL21, FHLI, ILIIRA,
and CREBBP), hematopoietic cell lineage (involving CD5, ILIIRA, TFRC, ITGAM, FCGRIA, MME,
and CD8B), AMPK signaling pathway (including ACACA, LEPR, PFKM, HMGCR, PFKP, TSC2,
STRADA, and PPP2R5B), Wnt signaling pathway (including NFATC3, LRPS, FZD9, BTRC, CTNNBI,
PRKACA, CTNND2, APC, and CREBBP), PPAR signaling pathway (FADS2, ACOX2, NRIH3, CYP7AI,
GK, and PLINI), autophagy-animal (involving CTSL, MTMR3, AMBRA1, GABARAP, CFLAR, ATG13,
PRKACA, and TSC2), HIF signaling pathway (including TIMPI, HK3, PFKP, PFKM, TFRC, CREBBP,
and PGK1I), phagosome (including CTSL, FCGRIA, TFRC, ITGAM, SLA-6, COLECI1, and CANX),
cytokine-cytokine receptor interaction (including ILI3RA2, TNFSFI8, CXCL8, IL2IR, IL1?A, LEPR,
IL21, IL1IRA, CXCLII, CCL20, and TNFRSF4), antigen processing and presentation (including
CD8B, CTSL, CANX, and SLA-6), and adherens junction (including CTNNBI, PTPN1, and CREBBP)
were in the PRRSV and HPS concurrent infection pigs. However, the pigs infected with PRRSV or
HPS alone had partially different DEGs in the above pathways (Fig. 5D).

The immune regulatory network of co-infected pigs was more complicated
than pigs infected only with PRRSV or HPS

To explore the similarities and differences of the immune-related DEGs regulatory network
between single and concurrent infection pigs, immune-related genes of each infection group
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Fig. 5. Top 20 KEGG pathway enrichments in the lungs of pigs following infection with PRRSV or HPS alone or dual PRRSV-HPS infection, as well as DEGs of

immune-related pathways from co-challenged pigs. (A) HPS challenged group; (B) PRRSV challenged group; (C) PRRSV and HPS co-challenged group; (D) The
Circos plot of DEGs list in immune-related KEGG pathways from PRRSV-HPS group.
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expressed gene.

were analyzed. The 121 DEGs directly related to immunity, including interleukin family genes,
interferon, chemokine family, complements, scavenger receptors family, histocompatibility
complex I, and toll-like receptor (Supplementary Table 5) were screened from the different
infected groups. Among 80 DEGs in the concurrent-infected group, IL6, IL8, IL21, IL-1/3, IFN-y,
CCL11, CCL20, CXCLY, CXCL11, TIMPI, BCL2L1, and C1QA were hub genes. However, TLR7, CIQA,
and CD274 played a central role in PRRSV-infected pigs, and IL-15, IL-8, IL-6, C5, CCL2, CCL20,
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CCLI11, CXCL10, and CXCL11 were hub genes in the HPS-infected immune regulation network
(Supplementary Fig. 3).

The immune response model was constructed based on the specific biological processes, KEGG
pathways, and the immune regulation network enrichments in the co-infected group (Fig. 6). In
this model, the host used to defend against PRRSV and HPS invasion was predicted, including
directly removing pathogens, promoting lung epithelial-mesenchymal transition, secreting
cytokines and chemokines to recruit immune cells and activate downstream pathways.

DEGs related to immune response were identified by IHC and western blot in
dual-infected pigs

Pigs challenged with PRRSV and HPS, the expression of DUOXI in the lung tissues was lower
than that in the controls (Fig. 7A and B), and the MD of DUOX1 was significantly lower in the
co-infected group than in the control group (Fig. 7E). The IL2] in co-infected PRRSV and HPS
individuals was higher than in the controls (Fig. 7C and D). Compared with the MD of the
control group, the co-infected group displayed a highly significant MD increase (Fig. 7E).

DUOXI and IL21 were also identified by western blot assay with GAPDH as the housekeeping
protein. Pigs simultaneously infected with PRRSV and HPS had a low level of DUOX1 and

a high level of IL21 (Fig. 8A); these differences were significant (p < 0.05) compared to the
controls (Fig. 8B).
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Fig. 7. Immunohistochemical analysis of DUOXT and IL21 proteins in lungs from the PRRSV-HPS group and the
control group. Negative cells are blue, and positive cells are yellow or brown. The DUOXT in the control group (A)
and PRRSV-HPS group (B). The IL21 in the control group (C) and PRRSV-HPS group (D). (E) Mean density of DUOXT
and IL27 proteins in the PRRSV-HPS group and control group.

PRRSV, porcine reproductive and respiratory syndrome virus; HPS, Haemophilus parasuis.
**p < 0.01 by the Wilcoxon rank-sum test.

DISCUSSION

According to previous studies, PRRSV infection accelerates HPS infection and lung lesions
[17,22,32,33]. Pigs co-infected with HPS serovar 4 (moderate virulence) and swine influenza
virus or PCV2 lose weight and exhibit severe lung lesions [21,34]. In this study, pigs infected
with single/concurrent PRRSV or HPS showed clinical signs such as fever, reduced daily weight
gain, and depression to varying degrees. According to the poor prognosis of the experimental
pigs, with the rectal temperature peaking before 9 dpi and significant differences in daily weight
gain between the infected and control groups; thus, 10 dpi was determined as a suitable time
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point to euthanize the pigs for observation. All experimental pigs showed pathological changes.
However, pigs infected with HPS showed no enlargement or exudation in the joints, but they
had varying degrees of adhesions in the lungs, exudation in the thoracic cavity and pericardium,
which may be related to the fact that the HPS strain used was isolated from the lungs. All
challenged pigs showed lung lesions. Pigs co-challenged with PRRSV and HPS showed more
severe fever, pathological changes and microscopic lung lesions, less daily weight gain and
higher pathogens load level than pigs infected with PRRSV or HPS alone. These results suggest
that co-infection with PRRSV and HPS exacerbates lung lesions and chronic inflammation,
resulting in differential host gene expression.

All experimental pigs were sequenced and DEGs were screened. The qRT-PCR results of
eleven differential genes were strongly correlated with the results of RNA-seq (R?=0.85),
which suggested that the RNA sequencing data met the requirements of subsequent analysis.
After analysis and screening, the selected up-regulated gene (IL21) and down-regulated gene
(DUOX1) in the PRRSV-HPS group were validated by IHC and western blot assays. These
results indicate that PRRSV and HPS invade the porcine respiratory system, regulate gene
changes at the transcriptional and protein expression levels to defend against the pathogen
infection and further regulate the immune response system.

The lungs of PRRSV-challenged pigs had increased ROS production [35]. However, HPS can
inhibit the production of ROS by PAMs to increase bacterial survival [36]. In our study, GO
enrichments showed that dual-infection with PRRSV and HPS influences ROS production,
consistent with previous studies [16]. Among the ROS genes in our datasets, XDH has been
demonstrated to be directly related to ROS levels in mouse ovaries [37]. DUOXAI is related to
the maturation of DUOXI, whose primary function is to catalyze the generation of ROS [38].
Compared to the controls, DUOXI was down-regulated (log,FC = -6.816) in the concurrent
infection group and was not differentially expressed in the single infection group. Compared
to the HPS group, DUOX1 was down-regulated (log,FC = -1.821) in the concurrent infection
group, while it was not differentially expressed in the concurrently infected group compared
to the PRRSV group. So, we infer that the down-regulation of XDH directly inhibited ROS
production. The down-regulation of the DUOXAI gene inhibited ROS production by inhibiting
DUOX1 gene expression to prolong pathogen survival in lung tissue, and infection with
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HPS can indeed down-regulate the expression of DUOX1, and its down-regulation can be
accelerated after co-infection with PRRSV. This finding is consistent with Solano et al. [3],
but the regulation mechanism requires further study.

PRRSV infection can activate some immune-related KEGG pathways, but the results vary,
depending on the animal species [15], the virus strain [39] and the duration of infection [40].
The host takes different strategies to activate immune and inflammatory responses upon HPS
infection [41]. In our study, the PRRSV-HPS co-challenged group enrichment immune-related
pathways were all in the PRRSV or HPS alone infected groups. Cytokine-cytokine receptor
interaction and antigen processing and presentation pathways were enriched in HPS-infected
and PRRSV-HPS infected pigs, including up-regulation of IL21 and IL2IR. The expression of IL21/
IL21R has been detected in human fibrotic lungs [42]. The IL21 (log,FC = 4.564)/IL2IR (log,FC =
2.260) genes were significantly up-regulated in the PRRSV-HPS group compared to the controls,
while they were not differentially expressed in the concurrently infected group compared to the
single infected groups. The specific up-regulation of IL2I/IL21R indicates that these gene pairs
participate in the process of pulmonary fibrosis caused by concurrent infection. In addition,

the up-regulation of matrix metalloproteinases (MMPs) and metalloproteinase tissue inhibitors
(TIMPs) is caused by human pulmonary fibrosis [43]. MMP8 (log,FC = 22.825) was upregulated
with TIMPI up-regulation (log,FC = 3.98) in the concurrent infection group. The discovery of
MMPS/TIMPI and IL21/IL21R in respiratory diseases caused by a concurrent porcine virus and
bacteria infection provides new ideas for clinical treatment and targeted drug research.

Among the hub genes of the concurrent infection host immune defense model, IL8is

mainly regulated by NF-«B and is associated with PRRSV clearance and lung injury, and it is
considered as a candidate gene for antiviral and bacteriostasis [44], which is up-regulated

to inhibit PRRSV and HPS infection. IFN-y plays an antiviral role in coping with PRRSV
infection, and compared with susceptible pigs, the up-regulated multiples of local Chinese
pigs resistant to PRRSV infection were more obvious [15]. In this study, IFN-y was up-
regulated in the concurrent infection host, and it may have played an anti-infection role after
pigs were infected with PRRSV and HPS simultaneously. It is worth noting that CD163, the
membrane receptor protein of the PRRSV invasion host, was not up-regulated in the PRRSV
single infection pigs, but up-regulated in the PRRSV-HPS concurrent infection group (log,FC
=2.085). However, Martinez-Martinez et al. [45] found that a high expression of CD163
molecule in the lungs of piglets infected with HPS may contribute to HPS clearance. PRRSV-
HPS concurrent infection has a superposition effect on CDI63, and it is whether promoting
PRRSV infection or cleaning HPS is worth in-depth study.

In summary, this study investigated the transcriptome profiles and identified immune
response genes in lungs from controls and pigs challenged with PRRSV or/and HPS. In

the co-infected group, an immune response model was constructed, and IHC and western
blotting assays detected the expression of DUOXI and IL21. These findings provide ideas for
a further study to inhibit ROS production and promote pulmonary fibrosis caused by co-
challenged with PRRSV and HPS.
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Supplementary Table 1
Primers of qRT-PCR pathogen load and for the validation of selected genes

Click here to view

Supplementary Table 2

Summary of RNA sequencing data from all pigs
Click here to view

Supplementary Table 3

GO enrichments in different groups. A. GO enrichments in the HPS group. B. GO
enrichments in the PRRSV group. C. GO enrichments in the PRRSV-HPS group

Click here to view

Supplementary Table 4

KEGG pathways with pvalue < 0.05 in different groups. A. KEGG pathways with p value <
0.05 in the HPS group. B. KEGG pathways with p value < 0.05 in the PRRSV group. C. KEGG
pathways with p value < 0.05 in the HPS group

Click here to view

Supplementary Table 5

The DEGs associated with immune responses in different groups

Click here to view

Supplementary Fig. 1

Lung tissue lesions in pigs following infection with PRRSV or HPS alone or dual PRRSV-HPS
infection using H&E staining. Sections of uninfected control lungs show the normal and
clear layers of lung structures (A-B). Lung sections of HPS-infected pigs (C-D). (E-F) shows

the lung sections of PRRSV-challenged pigs. Lung sections of PRRSV-HPS co-challenged pigs
(G-H). Arrows indicate the histological lesions.

Click here to view

Supplementary Fig. 2

Quantitative analysis of PRRSV and HPS load in lungs via real-time PCR.

Click here to view

Supplementary Fig. 3

The immune-related proteins regulation network. The immune-related proteins regulation

network in pigs following infection with HPS (A) or PRRSV (B) alone or dual PRRSV-HPS (C)
infection. Yellow circles indicate hub genes for response pathogens challenge.

Click here to view
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