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Cell deconvolution‑based integrated 
time‑series network of whole blood 
transcriptome reveals systemic antiviral 
activities and cell‑specific immunological 
changes against PRRSV infection
Byeonghwi Lim1, Chiwoong Lim1, Min‑Jae Jang1, Young‑Jun Seo1, Do‑Young Kim1, Christopher K. Tuggle2, 
Kyu‑Sang Lim3* and Jun‑Mo Kim1*    

Abstract 

Porcine reproductive and respiratory syndrome (PRRS) causes significant economic losses in the swine industry. How‑
ever, the molecular mechanisms behind the common and cell type-specific systemic responses during PRRS virus 
(PRRSV) infection are not well understood. In this study, we collected viremia data, antibody levels, and whole-blood 
RNA-seq data obtained from eight PRRSV-infected piglets. We utilised a cell deconvolution approach to calculate cell 
type enrichment, constructed a time-serial gene co-expression network with differentially expressed genes, and con‑
ducted functional annotations. Three significant modules were identified within the network. The changes associ‑
ated with viremia revealed an upregulated expression of genes related to antiviral activity. In the T-cell- and NK-cell-
specific modules, infection led to an increased T-cell population and upregulation of genes related to T-cell defence 
responses. Conversely, in the monocyte- and neutrophil-specific module, genes involved in inflammatory responses 
were downregulated due to a decrease in monocyte proportion. This study highlights the time-series antiviral activi‑
ties associated with viremia and the transcriptomic changes associated with immune responses in specific cell types. 
The findings provide comprehensive insights into host responses to PRRSV infection, including diagnostic biomarkers.
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Introduction
Porcine reproductive and respiratory syndrome (PRRS) is 
an infectious viral disease that causes reproductive fail-
ures in breeding sows and respiratory problems in grow-
ing pigs [1, 2]. It is caused by the PRRS virus (PRRSV), 
a single-stranded RNA virus, and is considered the most 
critical disease affecting commercial pig production 
globally [3].

PRRSV specifically targets porcine alveolar mac-
rophages (PAM). The infection results in the destruction 
of these cells due to the virus’s rapid replication. This 
interaction harms the host’s innate immune response, 
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as demonstrated by the limited production of antiviral 
cytokines, namely interferons α and β (IFN-α/β) [4, 5].

Examining the main target organs affected by PRRSV is 
essential for understanding the fundamental mechanisms 
of the disease. However, studies involving blood samples 
studies are also crucial because they minimise unneces-
sary testing and enhance our understanding understand-
ing of the host’s systemic immune response, thereby 
complementing tissue studies. As a result, blood analysis 
is a vital component of PRRSV research [6, 7].

For instance, a previous study focused on verifying the 
presence of quantitative trait loci associated with resist-
ance to PRRSV (NVSL 97–7985 strain) in blood samples. 
This research aimed to explore the whole blood tran-
scriptomic differences in weaning pigs based on their 
WUR genotype [8, 9]. Additionally, researchers identi-
fied different gene expression signatures in pregnant gilts 
associated with low or high foetal mortality rates follow-
ing PRRSV (NVSL 97-7985 strain) infection, through 
whole blood RNA-seq [10].

Despite these efforts, there is still a limited number of 
studies focusing on the comprehensive transcriptome 
analysis of whole blood, specifically in relation to the 
PRRSV JA142 strain.

Whole blood is composed of various cells, including 
immune cells such as monocytes, neutrophils, T-cells, 
B-cells, and NK-cells, all of which contribute to the host’s 
innate and adaptive immune responses [11]. Therefore, 
to understand the immunological changes in PRRSV-
infected pigs, it is essential to monitor the alterations in 
the cellular composition and function of their blood.

Cell deconvolution is an emergent method that uses 
bulk RNA-seq data to estimate the proportions of differ-
ent cell types in samples. This technique offers valuable 
insights into cell types and has the potential to enhance 
our understanding of inter- and intra-cellular dynamics 
and the state of various cellular subsets during PRRSV 
infection.

This study employed a time-sequential experimental 
design to identify systemic changes in the mechanisms 
affected by PRRSV infection and to uncover modifica-
tions in cell-type-specific functions.

Materials and methods
Experimental animals with detection of viremia 
and antibodies
Four-week-old piglets (Landrace × Yorkshire × Duroc; 
n = 8) were sourced from a PRRSV-negative farm and 
housed in the animal facilities at our institution (Fig-
ure  1A). After a seven-day acclimatisation period, the 
eight piglets were challenged intramuscularly with 
2  mL of PRRSV (1 × 103 tissue culture infectious dose 
(TCID)50/mL), which was diluted in sterile PBS. The 

PRRSV-2 strain JA142 (GenBank: AY424271.1) was uti-
lised in this study. Whole blood was collected from pigs 
at 0, 3, 7, 14, 21, and 28 days post-infection (dpi), and the 
serum was separated to detect viremia and PRRSV anti-
bodies, as outlined in a previous study [12].

The Jeonbuk National University Institutional Animal 
Care and Use Committee, Republic of Korea, approved 
all animal experiments (approval number 2016–43).

RNA extraction, complementary DNA (cDNA) library 
construction, and RNA‑Seq
Whole blood samples were collected from the piglets 
using Tempus Blood RNA Tubes (Thermo Fisher Sci-
entific, Waltham, MA, USA) through standard veni-
puncture. Immediately after collection, the tubes were 
shaken vigorously for 10  s to ensure thorough mixing 
of the blood with the RNA-stabilising solution, accord-
ing to the manufacturer’s instructions. For long-term 
storage, the samples were kept at −20 °C. The stabilised 
blood was then transferred to a 50-mL tube and diluted 
with 1 × PBS for RNA extraction, which was performed 
according to the manufacturer’s instructions (Tempus 
Spin RNA Isolation Kit User Guide, Thermo Fisher Sci-
entific). We obtained 45 high-quality RNA samples out of 
a total of 48 samples.

Following the manufacturer’s protocols, the extracted 
RNA was used for library preparation with the TruSeq 
Stranded Total RNA LT Sample Prep Kit (Human Mouse 
Rat) (Illumina, San Diego, CA, USA). The prepared 
libraries were quantified using a Qubit 2.0 Fluorometer 
(Life Technologies, Carlsbad, CA, USA) and validated 
with an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA) to confirm the insert size 
and calculate molar concentration. The indexed libraries 
were analysed using an Illumina HiSeq4000 instrument 
(Illumina), and paired-end (2 × 100  bp) sequencing was 
performed.

Data preprocessing
To select the appropriate quality-filtering strategy, we 
conducted a quality check of the raw read data for each 
sample using FastQC software v0.11.7. Based on the 
quality results, we then trimmed the reads with adap-
tors using Trimmomatic software v0.38. After trimming, 
we re-evaluated the reads with FastQC and mapped 
them to the reference genome (Sus scrofa 11.1.95, 
GCA_000003025.6) of the Ensembl genome browser 
using the default options of the HISAT2 v2.1.0 program.

Raw gene counts for each library were calculated 
using the exons in the Sus scrofa GTF v95 (Ensembl) as 
the genomic annotation reference file, utilising the fea-
tureCounts tool from the Subread package v1.6.3. We 
excluded the haemoglobin subunit alpha (HBA) and 
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haemoglobin subunit beta (HBB) genes from the analysis. 
Out of 45 samples, we retained 43 samples with library 
sizes exceeding 10 million after quality control.

The analysis focused on 10737 genes that were 
expressed in at least four samples, with counts per mil-
lion (CPM) greater than one.

Differentially expressed gene (DEG) analysis
Normalised and scaled expression values derived from 
RNA-seq data were analysed using a generalised mixed 
model (GMM) to account for potential nuisance factors 
[13]. The model included fixed effects for dpi to capture 
temporal changes, while individual piglets were included 
as random effects to address individual-level variation. 
The RNA integrity number (RIN) was also included as a 
covariate to control for variability associated with RNA 
quality.

Least-squares means were calculated to represent the 
average expression levels across different dpi. DEGs were 
identified for all time points relative to the baseline (0 

dpi) using stringent criteria: a false discovery rate (FDR) 
of less than 0.05 and an absolute log2 fold change (FC) of 
at least 1. Gene expression patterns were visualised using 
volcano plots to illustrate the number of DEGs at each 
dpi. Bar plots summarised the upregulated and down-
regulated genes, providing a clear visual representation of 
changes in expression direction.

An overlapping analysis was conducted to identify dif-
ferentially expressed genes across multiple time points, 
with overlapping DEGs for each dpi visually represented 
using a Venn diagram. Additionally, multidimensional 
scaling (MDS) was performed using the R package 
“limma” to demonstrate the similarity among samples 
based on their gene expression patterns.

Cell deconvolution analysis
Cell deconvolution was conducted using filtered gene 
expression data consisting of 10  737 genes, following 
human-based gene annotation across all samples with 
the xCell method [14]. Only the predicted cell types that 

Figure 1  Overview of the experimental design and phenotypes. A Schematic representation of the PRRSV research. Whole blood 
samples were obtained at 0, 3, 7, 14, 21, and 28 days post-infection. B Viremia levels in the PRRSV-infected piglets. C Levels of antibodies 
in the PRRSV-infected piglets.
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were significant (P < 0.2) in more than half of the samples 
(≥ 22), were selected for further network analysis.

Network construction and functional analyses
Weighted gene co-expression network analysis 
(WGCNA) was employed to identify co-occurring mod-
ules among genes and phenotypes, including predicted 
cell types, to better understand their relationships. A 
signed network method was utilised in this analysis. The 
thresholding power was calculated to selectively prune 
branches from the dendrogram based on the geometry of 
the clusters. The adjacency matrix was then transformed 
into a topological overlap matrix (TOM) to minimise 
false connections during module identification. The gene 
expression patterns for each module are expressed as 
log2FC values at each dpi. Functional enrichment analy-
sis was conducted for each module by integrating Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) pathways 
using the Database for Annotation, Visualization, and 
Integrated Discovery (DAVID) v6.8. Additionally, bio-
logical processes (BPs) were analysed using gene ontol-
ogy (GO) terms, applying stringent criteria (P < 0.05 and 
counts ≥ 5) along with the DIRECT option for GO anno-
tation filtering. The enriched GO terms were visualised 
using treemaps created with the REVIGO tool. KEGG 
annotations were also enriched using the same cut-off 
criteria. All data used in the enrichment analyses were 
annotated to S. scrofa.

Gene modulation
Pathview was utilised to analyse the cytokine-cytokine 
receptor pathway, which was consistently enriched across 
the three identified modules, to assess gene modulation. 
The mean log2FC values of the DEGs within each mod-
ule were presented together. Based on the log2FC values, 
a heatmap was created to visualise the variations in gene 
expression at each dpi.

Results
PRRSV viremia and antibodies
The viremia kinetics exhibited a notable temporal pattern 
throughout the infection period. A sharp increase was 
recorded at 3 dpi, where a significant spike was observed. 
The peak levels of viremia occurred at 7 dpi, followed by 
a subsequent decline (Figure 1B). In contrast, antibodies 
for the N protein remained stable at 0, 3, and 7 dpi, with 
a notable increase observed at 14 dpi (Figure 1C). These 
distinct patterns highlight 3 and 7 dpi as critical time 
points for viremia peaks, while 14 dpi seems to spark a 
significant rise in antibodies targeting the N protein 
epitopes.

Transcriptomic data processing and DEG profiling
RNA-seq data were collected at 0, 3, 7, 14, 21, and 28 dpi 
with PRRSV for each of the eight individuals. The raw 
reads average was 40,912,962, and the post-trimming 
average was 38,921,067. The unique mapping rates aver-
aged 73.44%, and the overall mapping rates averaged 
93.93% (Additional file 1).

After mapping the reads to the porcine reference 
genome, visualisation using an MDS plot revealed sig-
nificant differences between the individuals (Additional 
file 2). The number of DEGs, compared to expression lev-
els at 0 dpi, displayed distinct trends: the highest num-
ber of DEGs (550) was observed at 3 dpi, followed by a 
decrease to 131 DEGs at 7 dpi, 49 DEGs at 14 dpi, and 
34 DEGs at 21 dpi. A notable increase in the number of 
DEGs occurred at 28 dpi, with 63 DEGs identified (Fig-
ure  2A). These results underscored the dynamic and 
evolving nature of the gene expression response to the 
infection.

Analysis of DEGs showed a consistent pattern in 
upregulated and downregulated expressions compared to 
the reference at 0 dpi. Specifically, the number of DEGs 
with upregulated expression (n = 410) greatly exceeded 
those with downregulated expression (n = 249) (Fig-
ure 2B, Additional file 3). The immune response induced 
by PRRSV infection is expected to manifest as systemic 
responses through the bloodstream, suggesting there are 
more active signals than inhibitory ones. The number of 
common DEGs across each time point is illustrated in 
Figure 2C.

Cell type enrichment
Cell deconvolution analysis, utilising transcriptomic data, 
allowed for the estimation of raw enrichment scores for 
each cell type in the individuals studied. This compre-
hensive analysis included 64 distinct cell types. The pre-
dicted cell proportions were determined after estimating 
the raw enrichment scores for each cell type for all indi-
viduals (Additional file 4). Significant scores for cell types 
in each individual were identified using a significance 
threshold of 0.2 (Additional file  5). Out of the 64 cell-
type enrichment scores, 29 were found to be significant. 
Changes in raw enrichment scores for six representative 
cell types (monocyte, neutrophil, CD8+ T-cell, NK cell, 
erythrocyte, and platelet) are presented in Additional 
file 6.

Gene co‑expression network (GCN)
To identify the different co-expression modules following 
PRRSV infection in each phenotype (dpi, viremia, anti-
body, and enrichment scores for specific cell types), we 
conducted a WGCNA based on the pairwise correlation 
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of gene expression for 680 genes. At least one gene 
showed significance in five comparisons. Five modules 
(turquoise, green, yellow, blue, and brown) exhibited 
significant correlations with the phenotype (Additional 
file 7).

The turquoise module (216 genes) strongly correlated 
with monocyte—and neutrophil-specific cell types. The 
green module (36 genes) correlated with T cells, while 
the yellow module (75 genes) correlated with both T 
and NK cells. The blue module (197 genes) was linked to 
erythrocyte—and platelet-specific types, and the brown 
module (101 genes) correlated with viremia-specific 
types (Additional file 8).

All modules were found to be associated with only a 
small number of specific cell types. In contrast, a previ-
ous study suggested that various cell types contribute 
to the overall response [9]. During PRRSV infection, 
changes in the transcriptome of whole blood may be 
influenced by multiple cells, primarily white blood cells. 
Nevertheless, the association with specific cells appears 
to be stronger in this study due to the stringent criteria 
used to select significant genes for network construction.

Based on the WGCNA results, we constructed a GCN 
with 623 genes and 44327 significant connections (Fig-
ure  3). The nodes within the network were clustered 
into distinct modules. Notably, genes in the brown 

(viremia-specific) and blue (erythrocyte- and platelet-
specific) modules exhibited a significant increase in 
expression at 3 dpi, followed by a subsequent decrease. 
The genes in the green (T-cell-specific) module also 
showed an initial increase at 3 dpi, followed by a decrease 
at 7 dpi, but then experienced another increase at 14 dpi. 
The yellow (T- and NK-cell-specific) module increased 
at 3 dpi, followed by a decrease and then another rise at 
21 dpi. In contrast, the turquoise (monocyte- and neu-
trophil-specific) module was initially downregulated at 3 
dpi, followed by an increase in gene expression.

Functional annotations
GO enrichment analyses were conducted to identify 
the BPs of DEGs in each module (Additional file 9). The 
results are illustrated in treemaps, with −log10 P-values 
represented as area sizes (Figures  4A–D). The analyses 
revealed that certain GO terms were enriched in “defence 
response to virus” in the viremia-specific (brown) mod-
ule, “protein ubiquitination” in the erythrocyte- and 
platelet-specific (blue) module, “regulation of response 
to wounding” in the T-cell- and NK-cell-specific (yellow) 
module, and “inflammatory response” in the monocyte- 
and neutrophil-specific (turquoise) module.

Additionally, we determined the enriched pathways 
for the DEGs using the KEGG database (Figure  4E; 

Figure 2  Time-serial transcriptome profiling in whole blood during PRRSV infection. A Time-serial volcano plots indicating differentially 
expressed genes (DEGs) were calculated using 0 days post-infection (dpi) as a reference. Significance was determined with FDR < 0.05 and absolute 
log2FC ≥ 1. B The number of DEGs at different time points (3, 7, 14, 21, and 28 dpi). C The Venn diagram shows overlapping DEGs.
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Figure 3  Gene co-expression network (GCN) combined with cell deconvolution in whole blood during PRRSV infection. GCN, 
consisting of 623 nodes (genes) and 44327 edges (interactions), was constructed using WGCNA. The colour of each node is separated 
according to clustered modules: viremia-specific (brown), T cell- and NK cell-specific (yellow), monocyte- and neutrophil-specific (turquoise), 
erythrocyte- and platelet-specific (blue), and T cell-specific (green). Expression patterns in each module were visualised around the GCN.
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Figure 4  Functional enrichments representing biological processes in each module. A Viremia-specific, B Erythrocyte- and platelet-specific, 
C T-cell- and NK-cell-specific, and D Monocyte- and neutrophil-specific treemaps enriched in biological processes during Gene Ontology (GO) 
analyses. E Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment in each module.
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Additional file  9), which yielded results consistent with 
the GO terms analyses. The viremia-specific module 
included pathways such as “cytokine-cytokine recep-
tor interaction”, “coronavirus disease—COVID-19”, and 
“influenza A”. The erythrocyte- and platelet-specific mod-
ule contained pathways related to “porphyrin metabo-
lism”, “mitophagy—animal”, “biosynthesis of cofactors, 
protein processing in the endoplasmic reticulum”, and 
“autophagy—animal”.

In the T-cell- and NK-cell-specific modules, the 
enriched pathways included “allograft rejection”, “Cha-
gas disease”, “natural killer cell-mediated cytotoxicity”, 
“viral protein interactions with cytokines and cytokine 
receptors”, and “cytokine-cytokine receptor interactions”. 
For the monocyte- and neutrophil-specific modules, the 
significant pathways included “complement and coagula-
tion cascades”, “transcriptional misregulation in cancer”, 
“cytokine-cytokine receptor interaction”, and the “Rap1 
signalling pathway”.

The analysis revealed significant enrichment patterns 
across the various modules. Notably, “cytokine-cytokine 
receptor interaction” was particularly enriched in the 
brown module, “porphyrin metabolism” in the blue mod-
ule, “allograft rejection” in the yellow module, and “com-
plement and coagulation cascades” in the turquoise 
module. We specifically focused on “cytokine-cytokine 
receptor interaction”, which was significantly enriched in 
the brown, yellow, and turquoise modules. Overall, the 
cell-type enrichments across all modules aligned with 
their respective functions.

The study on gene modulation concerning “cytokine-
cytokine receptor interaction” across the three identified 
modules (brown, yellow, and turquoise) revealed sev-
eral linked genes. These included OSM, IL5, TNFSF10, 
CXCL10, CSF1, IL1RL1, TNFSF11, and IL9R in the brown 
module; IL10, CCL3L1, CCL5, FASLG, CX3CR1, CCR5, 
and IFNG in the yellow module; and TNFRSF19, CSF1R, 
IL18, CXCR5, ACVR1B, TNFRSF21, and CCR4 in the tur-
quoise module (Figure  5A). To visualise the expression 
levels of the enriched genes involved in cytokine-cytokine 
receptor interactions at each time point, a heatmap was 
generated for the three modules (Figure 5B).

Discussion
Whole blood from pigs infected with the PRRSV 
(JA142 strain) was analysed to investigate systemic host 
responses through time-series transcriptomes, focusing 
on phenotypes that included the predicted proportions 
of cell types. Viremia and PRRSV-specific antibod-
ies (N protein) were presented as previously described 
(Figures  1B and C) [12, 15–19]. The highest number of 
DEGs was identified at 3 dpi, with a sharp decline at 7 
dpi and then a slight increase again at 28 dpi (Figure 2). 

This pattern differed from that observed in the lungs and 
bronchial lymph nodes (BLN), where the highest num-
bers of DEGs were found at 10 dpi after PRRSV infection 
[12]. These results suggest that systemic responses in the 
blood occur more rapidly than local responses in target 
organs, such as the lungs and lymph nodes.

Viral infections trigger the migration of circulating 
monocytes to the target organs, a process influenced 
by pro-inflammatory cytokines [20]. Additionally, the 
proportions of lymphocytes may increase or decrease 
depending on the specific virus involved [21, 22]. In 
the case of PRRSV infection, the enrichment scores for 
monocytes and neutrophils rapidly decreased in the early 
stage (3 dpi). During the same period, there was a slight 
increase in CD8+ T-cells (Additional file 6). Therefore, it 
is believed that changes in the proportion of blood cells 
following PRRSV infection can be indirectly assessed by 
analysing cell type enrichment.

Changes over time in the proportions of different cell 
types and viremia-specific responses were identified 
using an integrative network along with cell deconvolu-
tion (Figure 3). In the whole blood transcriptome analy-
sis of the NVSL 97–7985 strain, a gene expression cluster 
associated with innate immunity, similar to that in the 
brown module (viremia-specific), showed an increas-
ing expression pattern until 4 dpi, followed by a gradual 
decrease by 14 dpi [8, 9].

Additionally, a cluster akin to the turquoise mod-
ule (specific to monocytes and neutrophils) revealed a 
decrease in gene expression at 4 dpi, which then gradu-
ally increased by 14 dpi. However, this cluster was 
enriched in cell signalling pathways rather than func-
tions directly related to monocytes and neutrophils. In 
a separate study using the WUH3 strain, a gene cluster 
associated with both innate and humoral immunity was 
identified, which mirrored the expression pattern of the 
brown module (viremia-specific) and increased up to 11 
dpi [23]. Moreover, a gene cluster related to cell cycle 
regulation displayed decreased expression at 4 dpi, fol-
lowed by an increase of 11 dpi.

Overall, for the JA142 and NVSL 97-7985 strains, the 
immune response initially increased following infec-
tion but then declined at an early stage. In contrast, for 
the WUH3 strain, the immune response continued to 
grow over time, which is considered to be a hallmark of 
the highly pathogenic strain. This study focussed on con-
structing the network with a selected set of fewer genes 
based on strict criteria, which likely contributed to the 
observed differences and more specific results. When 
combined with the analysis of cell type enrichment, the 
changes in gene expression levels of the viremia-specific 
module reflect the overall immune response over time 
after PRRSV infection. Conversely, the alterations in gene 
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expression levels of the other cell type-specific modules 
likely indicate changes in the proportions of specific cells 
within whole blood.

The viremia-specific (brown) module indicated a 
“defence response to virus” (Figure  4A) and showed 
enrichment of “influenza A” (Figure 4E, Additional file 9). 
These findings were consistent with the expression pat-
terns observed in target organs (lung, BLN, and tonsil) 
at 3 dpi expression pattern of target organs in a previous 
study [12]. Notably, four genes (IFIH1, CXCL10, MX1, 

and RSAD2) in “influenza A” were found to be upregu-
lated at 3 dpi, mirroring the expression patterns in the 
organs. This suggests that these genes could serve as 
valuable biomarkers for indicating indirect expression in 
local organs.

IFIH1 encodes MDA5 (a member of the RIG-I-like 
receptor family) and is a cytoplasmic sensor of viral 
infections. CXCL10 has been shown to exhibit both 
protective and pathogenic functions in response to vari-
ous viral infections, depending on the type of infection. 

Figure 5  Gene modulation in the cytokine-cytokine receptor interaction. A Average log2 fold change (FC) values of differentially expressed 
genes (DEGs) throughout different time points (3, 7, 14, 21, and 28 days post-infection in each module: viremia-specific (brown; left), T cell- and NK 
cell-specific (yellow; middle), and monocyte- and neutrophil-specific (turquoise; right). B Heatmap indicating log2FC values of DEGs at each time 
point and module.
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However, its correlation with PRRSV remains unclear 
[24]. Both MxA (MX1) and viperin (RSAD2), possess 
interferon-inducible antiviral activities against RNA and 
DNA viruses [25], and it has been reported that they are 
regulated by lncRNAs during PRRSV infection [26].

Additionally, three genes (OSM, IL5, and CSF1) from 
“cytokine-cytokine receptor interactions” were found 
to be upregulated (Figure 5), particularly at 3 and 7 dpi. 
These genes activate the STAT3 protein (by OSM and 
IL5) and STAT5 protein (by IL5 and CSF1) protein [27], 
which play crucial roles in the differentiation of specific 
T-cells, such as T helper 17 cells associated with STAT3 
[28] and regulatory T-cells associated with STAT5 [29]. 
OSM is also recognised for enhancing the antiviral effects 
of IFN-α and acting as an inducer of adaptive immune 
responses during infections [30, 31]. Furthermore, 
OSM has been reported to inhibit PRRSV replication in 
MARC-145 cells [32].

These findings suggest that systemic antiviral activities 
increase in direct response to viremia in the bloodstream 
during PRRSV infection. The results also provide poten-
tial biomarker candidates for regulating host responses in 
target organs.

The cellular composition of blood changes in response 
to internal factors, such as ageing, and external factors 
like pathogen infections [33, 34].

Cell deconvolution in RNA-seq allows researchers to 
estimate the proportions of specific cell types and enrich 
their functions at the cellular level. This study confirmed 
functional enrichment and cytokine expression using 
two modules: T-cell- and NK-cell-specific, and mono-
cyte- and neutrophil-specific (Figure  3). In the T-cell- 
and NK-cell-specific modules, gene expression related to 
innate and adaptive immune responses was significantly 
upregulated at 3 dpi. This expression then decreased at 
later time points but remained at a lower level of upregu-
lation (Figures 3, 4C). Key genes in this module include 
interferon-γ (IFNG), which is produced by antigen-acti-
vated T-cells. IFNG stimulates adaptive antigen-specific 
responses and innate cell-mediated immune responses, 
primarily through macrophages (Figure 5) [35].

Additionally, CCL5, which is primarily expressed by 
T-cells and monocytes, is known to be induced by TNF-α 
and IFN-γ during pathogen infections, particularly 
viral infections [36, 37]. In pigs infected with PRRSV, 
CD8+ T-cells showed a significant increase in CCL5 lev-
els [38]. This indicates that the population of activated 
T-cells in the bloodstream rises to enhance defence 
responses against PRRSV infection in the early stages, 
with a sustained level of expression in relation to adaptive 
immunity.

In the monocyte- and neutrophil-specific modules, 
gene expression linked to inflammatory responses was 

observed to be rapidly downregulated at 3 dpi, followed 
by a gradual recovery (Figures  3 and 4D). Among the 
genes in this module, IL18, emerged as one of the most 
downregulated genes at both 3 and 7 dpi. This gene is 
known to be present in blood monocytes, including 
macrophages [39]. Additionally, CSF1R is also known 
to be highly expressed in monocytes and macrophages 
(Figure 5) [40].

These findings suggest that monocytes in the blood-
stream may either migrate to local target organs or 
undergo early cell death following PRRSV infection. 
This observed decrease in inflammatory responses 
may be attributed to this reduction in the number of 
monocytes.

This study identified time-serial antiviral activities 
linked to viremia and immunological changes associated 
with specific cell types, namely monocytes and T-cells, 
by analysing whole blood transcriptomes using WGCNA 
and cell deconvolution. T-cells are known to increase in 
number and activate in response to PRRSV infection dur-
ing the early stages of the infection, maintaining some 
presence even at later time points. In contrast, mono-
cytes either migrate to the target organs or die early in 
the infection period. These findings provide a compre-
hensive overview of systemic host responses in whole 
blood and suggest potential biomarkers for diagnosis. 
By employing cell deconvolution, the analysis of whole 
blood transcriptomes reveals broad cellular changes and 
their associated functions, allowing for a more detailed 
understanding of cellular responses.
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