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Abstract 33 

 Prophylactic agents and adjuvants induce immune responses against pathogens in animals, 34 

including chickens. Polyinosinic-polycytidylic acid (PIC), one of the prophylactic agents 35 

and a TLR3 agonist, mimics double-stranded viral RNA and triggers antiviral immune 36 

responses. This study employed RNA sequencing to analyze the transcriptional profile of 37 

DF-1 cells stimulated with PIC. Among 16,550 transcripts, 376 differentially expressed 38 

genes (DEGs) were identified, with 279 (74.2%) upregulated and 97 (25.8%) downregulated. 39 

Notably, PIC significantly increased the expression of inflammatory genes, particularly 40 

Interleukin 8-like 1 (IL8L1) (9.5-fold change), while downregulating Mitogen-activated 41 

protein kinase kinase 6 (MAP2K6). Gene Ontology analysis revealed enrichment of 42 

immune-related biological process (BP) terms, and REACTOME analysis highlighted 43 

significantly enriched pathways, including cytokine signaling in the immune system and 44 

regulation of the ERK1/2 and MAPK cascades. Dual-specificity phosphatases (DUSPs) and 45 

sprouty proteins (SPRYs), key regulators of ERK1/2 and MAPK signaling pathways, 46 

showed distinct upregulation upon PIC treatment, as confirmed by quantitative RT-PCR 47 

(qRT-PCR). Additionally, ERK and MAPK were upregulated in samples infected with Avian 48 

Influenza Virus (AIV), suggesting similarities in signaling pathways involved in viral 49 

immunity. These findings underscore the potential role of ERK1/2 and MAPK signaling 50 

pathways in mediating innate immune responses to PIC treatment and AIV infection, with 51 

DUSPs and SPRYs likely playing regulatory roles in these pathways. This study provides 52 

insight that could inform the development of antiviral and anticancer therapies. 53 

 54 
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1. Introduction 56 

Viral diseases and other health conditions have been significant challenges to the poultry 57 

industry for a long time, affecting billions of birds and causing substantial economic losses 58 

worldwide [1, 2]. Strategies to mitigate these impacts include surveillance, quarantine of 59 

infected animals, and vaccine development. More recently, the stimulation of innate host 60 

responses using polyinosinic-polycytidylic acid (PIC) has emerged as a promising approach, 61 

as it induces the production of pro-inflammatory cytokines and enhances host antiviral 62 

responses. This strategy has shown effectiveness against viruses such as Newcastle disease 63 

virus (NCDV), Marek’s disease virus (MDV), infectious bursal disease virus (IBDV), and 64 

low pathogenic avian influenza virus (LPAIV) [3, 4].  65 

PIC is a synthetic analogue of double-stranded RNA, which is one of the pathogen-66 

associated molecular patterns (PAMPs) that are recognized by a host’s immune system 67 

through pattern recognition receptors (PRRs) [5-7]. Thus, PIC can mimic infection by 68 

dsRNA viruses and induce the host’s defense response. One of the PRRs involved in the 69 

recognition of viral dsRNA is the toll-like receptor 3 (TLR3). In chicken, TLR3 is widely 70 

expressed in both immune cells, such as macrophages and myeloid dendritic cells (mDCs), 71 

and non-immune cells, such as fibroblasts, neurons, and epithelial cells [8-11]. It has been 72 

detected abundantly in chicken embryo fibroblasts (CEFs), chicken kidney cells (CKCs), 73 

DT-40, a chicken B cell-like cell line, and HD-11, a macrophage-like cell line. Similar to 74 

mammalian TLR3, chicken TLR3 recognizes dsRNA and its analog PIC, triggering the 75 

induction of type I interferons [12].  76 

The DF-1 cell line, a chicken embryo fibroblast line, is an immortalized line derived from 77 

chicken embryo fibroblasts [13] and is widely used as a reliable in vitro model for studying 78 

avian viral infections, including those caused by Avian Influenza Virus (AIV) and Newcastle 79 

Disease Virus (NDV). Notably, the absence of endogenous retroviruses provides a clean 80 

experimental background for analyzing host-virus interactions. Therefore, elucidating the 81 

innate immune response pathways, such as TLR3-mediated signaling, in this well-82 

established cell line is crucial for understanding early-stage cellular defense mechanisms in 83 

chickens. This knowledge can serve as a baseline for developing broad-spectrum antiviral 84 

strategies and for informing subsequent in vivo investigations.  85 

Despite the known antiviral effects of PIC, there is limited information regarding the 86 

transcriptional profiles of DF-1 cells upon PIC stimulation. Previous studies evaluating PIC-87 

induced responses in chicken cells have mainly relied on targeted qRT-PCR assays that 88 

examined only a small subset of cytokine- or interferon-related genes without providing 89 

genome-wide or pathway-level insights [13, 14]. An earlier transcriptomic analysis 90 

identified only 47 DEGs and provided limited interpretation of immune pathways, 91 

underscoring the need for broader genome-wide profiling [15]. Another study identified 714 92 

DEGs but, similarly, lacked mechanistic insight into MAPK-associated regulators [16]. Our 93 

previous study also confirmed cytokine induction but was constrained by its targeted-gene 94 

approach, failing to reveal downstream regulatory components [13]. These limitations 95 

collectively highlight the necessity of comprehensive RNA-seq analysis to uncover 96 

regulatory modulators operating beyond classical cytokine pathways. 97 

The MAPK signaling pathway plays a pivotal role in cellular responses, including 98 
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proliferation, differentiation, and immune regulation, making it a key target in host-pathogen 99 

interactions. To maintain proper cellular function, MAPK activity must be tightly regulated 100 

by various modulators, including phosphatases and feedback inhibitors. Among these, dual-101 

specificity phosphatases (DUSPs) and Sprouty (SPRY) proteins serve as essential regulators 102 

of MAPK signaling. DUSPs act as negative regulators by dephosphorylating MAPKs, 103 

thereby controlling the activation of ERK, JNK, and p38 pathways, while SPRY proteins 104 

primarily inhibit the RAF-MEK-ERK cascade by interfering with receptor tyrosine kinase 105 

signaling [17-19]. 106 

In our previous work (Jang & Song, 2020) [13], we assessed PIC-induced innate immune 107 

responses in DF-1 cells using a limited qRT-PCR gene panel, confirming the induction of 108 

several pro-inflammatory and antiviral genes. However, that study did not investigate 109 

transcriptome-wide regulatory changes or explore MAPK-associated modulators such as 110 

DUSPs and SPRYs. The present study builds upon and significantly extends those earlier 111 

findings by employing RNA-seq to provide an unbiased analysis of global transcriptional 112 

responses to PIC, enabling the identification of previously uncharacterized regulatory 113 

pathways. 114 

Given the central role of MAPK signaling in immune regulation, we investigated how 115 

PIC stimulation modulates the expression of key regulators, including DUSPs and SPRYs, 116 

in DF-1 cells. RNA sequencing (RNA-seq) analysis was performed to identify differentially 117 

expressed genes (DEGs) associated with these pathways. Additionally, selected DEGs were 118 

validated through quantitative RT-PCR (qRT-PCR). This research provides foundational 119 

insights critical for developing innovative strategies to prevent and treat viral diseases in 120 

poultry.  121 

 122 

2. Materials and Methods 123 

2.1. Cell culture and regulation of TLR signaling 124 

DF-1 cells, a spontaneously immortalized continuous cell line derived from an East 125 

Lansing Line 0 (ev-0), were routinely cultured in high glucose Dulbecco’s Modified Eagle’s 126 

Medium (HG-DMEM) supplemented with 10% Fetal Calf Serum (FCS) at 37℃ in a 5% 127 

CO2 incubator. To induce TLR signaling, the cells were washed once with phosphate-128 

buffered saline (PBS), and treated with PIC at a concentration of 5µg/ml, followed by 129 

incubation for 6 hours. BAY 11–7085 (BAY), an NF-κB transcription factor inhibitor, was 130 

purchased from Sigma-Aldrich (St. Louis, MO, USA). SB203580 (p38 inhibitor), SP600125 131 

(JNK inhibitor), and PD98059 (MEK inhibitor) were purchased from InvivoGen and 132 

MedChem Express (Monmouth Junction, NJ, USA), respectively. For NF-κB inhibition, 133 

DF-1 cells were treated with 5 μM BAY 11–7085 for 3 h before treatment with 5 μg/mL PIC. 134 

MEK inhibition was performed by treating DF-1 cells with 10 μM PD98059 (MEK inhibitor) 135 

for 18 h, followed by 6 h of stimulation with 5 μg/mL PIC. DF-1 cells were treated with 10 136 

μM SB203580 for 1 h to disconnect the p38 MAPK pathway, followed by 6 h of stimulation 137 

with 5 μg/mL PIC. JNK inhibition was achieved by treating DF-1 cells with 25 μM 138 

SP600125 for 1 h, followed by stimulation for 6 h with 5 μg/mL PIC. 139 
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2.2. In vivo validation using the HPAIV infection model in chickens 140 

To validate and compare the key signaling pathways identified from our in vitro DF-1 cell 141 

experiments, an in vivo infection model was utilized. A/chicken/Vietnam/NA-01/2019 142 

(H5N1), a highly pathogenic avian influenza virus (HPAIV), was used in these experiments 143 

[18]. The viral isolate was propagated in 10-day-old embryonated chicken eggs at 37°C for 144 

48 hours. The allantoic fluid (AF) was harvested from eggs, aliquoted, and stored at −80°C 145 

until use, in accordance with OIE guidelines (Chapter 3.3.4). The 50% infectious dose of 146 

eggs (EID50) of the influenza virus was determined as previously described [20]. Briefly, 147 

serial 10-fold dilutions of the virus were prepared in PBS, and 100 μl of each dilution was 148 

inoculated into the chorioallantoic cavities of 10-day-old embryonated chicken eggs. Five 149 

eggs were inoculated with each virus dilution and incubated at 37°C for 96 hours. The 150 

harvested AF was tested for haemagglutination (HA) activity using 0.5% red blood cells 151 

(RBC) according to the OIE guidelines (Chapter 3.3.4). The EID50/mL of the virus 152 

suspension was calculated using the Reed-Muench method. 153 

Specific pathogen-free (SPF) White Leghorn chickens (4 weeks old) were obtained from 154 

the Poultry Research Centre of the National Institute of Animal Science, Vietnam. Fifteen 155 

chickens per group were intranasally inoculated with 104 EID50 of A/chicken/Vietnam/NA-156 

01/2019 (H5N1) in 200 µL AF. The control group consisted of 15 uninfected SPF White 157 

Leghorn chickens. Following viral infection, the chickens were monitored for clinical signs 158 

of disease. Samples were collected from the trachea on days 1, 2, and 3 post-infection, 159 

following the World Health Organization Manual on Animal Influenza Diagnosis and 160 

Surveillance [21]. All experiments were conducted in compliance with institutional 161 

guidelines for the care and use of laboratory animals, and the protocol was approved by the 162 

Ministry of Agriculture and Rural Development of Vietnam (TCVN 8402:2010 and TCVN 163 

8400-26:2014). 164 

2.3. RNA sequencing of PIC-stimulated DF-1 cells 165 

Total RNA from the DF-1 cells was isolated from DF-1 cells in the presence or absence 166 

of PIC (3 mock-treated DF-1 cell samples, 3 PIC-treated DF-1 cell samples) using the 167 

TRIzol (Invitrogen, USA) reagent according to the manufacturer’s instructions. RNA quality 168 

and integrity were assessed prior to library preparation. The TruSeq RNA Sample Prep Kit 169 

(Illumina) was used according to the manufacturer’s guidelines for RNA sequencing. Human 170 

UHR total RNA (Agilent Technologies) was used as a technical positive control to verify 171 

that RNA extraction, library preparation, and sequencing were performed properly. This 172 

technical control served only to verify performance and was not used for biological 173 

comparison with DF-1 cells in this study. The library was constructed according to a standard 174 

Illumina, Inc. protocol. Libraries with different indexes were pooled and sequenced in a 175 

single lane on an Illumina HiSeq. 2000 high-throughput sequencing instrument with 100 176 

paired-end (PE) reads. 177 

2.4. Identification of Differentially Expressed Genes  178 

The reads were processed using tools in the Galaxy public web server [22]. First, the reads 179 

were quality checked using FastQC (v0.74+galaxy0; [23]) and MultiQC (v1.11+galaxy1; 180 

[24]). High quality reads were then mapped to the latest chicken reference genome at the 181 
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time, bGalGal1.mat.broiler.GRCg7b (Ensembl; [25]), using RNA STAR (v2.7.11a+galaxy0; 182 

[26]). Gene-level quantification was done using featureCounts (Galaxy v2.0.3+galaxy2; 183 

[27]). 184 

Gene counts were normalized and their differential expression analyzed using DESeq2 185 

(Galaxy v2.11.40.8+galaxy0; [28]). Wald tests were applied to estimate statistical 186 

significance, and genes were considered differentially expressed when the FDR-adjusted p-187 

value was <0.05 and the absolute log2 fold change was ≥2. Annotation of DEGs was 188 

performed using the Galaxy “Annotate DESeq2/DEXSeq output tables” tool (Galaxy 189 

v1.1.0), referencing the "bGalGal1.mat.broiler.GRCg7b" genome to assign gene symbols, 190 

biotypes, and other attributes. Visualization of DEG profiles was achieved through volcano 191 

plots generated with ggplot2 R package [29]. 192 

2.5. Bioinformatic analysis 193 

Enriched Gene Ontology (GO) terms were identified using the R packages AnnotationDbi 194 

(version 1.68.0) [26] and GO.db (version 3.20.0) with a significance threshold of raw p < 195 

1.00× 10⁻³ [30]. Additionally, a functional clustering analysis specific to the ERK1/2 and 196 

MAPK signaling pathways was conducted using DAVID, a web-based bioinformatics tool. 197 

The amino acid sequences of DUSPs and SPRYs from various vertebrate species were 198 

obtained Ensembl (release 62) genome browser (https://www.ensembl.org). Multiple 199 

sequence alignments were performed using the MUSCLE tool 200 

(http://www.ebi.ac.uk/Tools/msa/muscle/). Phylogenetic analysis was conducted using the 201 

Neighbor-Joining method with pairwise deletion, 1,000 bootstrap replications, and the 202 

Kimura 2- 2-parameter model, as described previously [31-33]. Functional enrichment and 203 

pathway analysis were conducted to identify the most functional annotations for significant 204 

genes using the g:Profiler tool [34]. In addition, the REACTOME database of pathways and 205 

reactions was used to visualize pathways in a directed acyclic hierarchy [35]. 206 

2.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) of Differentially 207 

Expressed Genes 208 

The nucleotide sequences of chicken candidate genes were retrieved from the National 209 

Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) and the Ensembl 210 

Genome Browser. Primers for gene amplification (Table 1) were designed using PRIMER3 211 

software (http://bioinfo.ut.ee/primer3-0.4.0/). For validation of DEG expression, 212 

quantitative real-time PCR (RT-qPCR) was performed using SYBR Green Supermix on a 213 

CFX96™ IVD Real-time PCR System (Bio-Rad, Hercules, CA, USA). The primer 214 

sequences for the DEGs are listed in Table 1. The PCR conditions were as follows: an initial 215 

step at 94°C for 3 minutes, 39 cycles at 94°C for 10 seconds, 60°C for 30 seconds, and 72°C 216 

for 30 seconds, followed by a final step at 72°C for 10 minutes. Dissociation was performed 217 

at 0.5°C increments from 55°C to 95°C for over 25 minutes. Relative quantification analysis 218 

was performed using the comparative Ct (2(–ΔΔCT)) method [29-30]. Glyceraldehyde-3-219 

phosphate dehydrogenase (GAPDH) was used as an endogenous control to detect mRNA 220 

levels.  221 

2.7. Statistical analysis 222 
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Statistical analyses of qRT-PCR data were performed using GraphPad Prism. 223 

Comparisons between two groups were conducted using a two-tailed Student’s t-test. For 224 

comparisons involving more than two groups, one-way analysis of variance (ANOVA) 225 

followed by Tukey’s multiple comparison post hoc test was used. All data are presented as 226 

the mean ± standard error of the mean (SEM) from at least three independent biological 227 

replicates. A p-value of < 0.05 was considered statistically significant. 228 

 229 

3. Results 230 

3.1. Identification of DEGs induced by PIC treatment in DF-1 cells. 231 

To investigate the transcriptomic responses induced by TLR3 signal activation through 232 

PIC treatment, high-throughput RNA sequencing analysis was performed on PIC-treated 233 

DF-1 cells (Supplementary Table S1). The sequencing data identified 16,550 transcripts, of 234 

which 279 were upregulated and 97 downregulated, as determined by scatter and volcano 235 

plots (Figure 1). DEGs were further classified according to their expression patterns 236 

(Supplementary Table S2). These results showed that the stimulation of DF-1 cells with PIC 237 

significantly increased the expression of several inflammation-related genes, including 238 

Interleukin 8-like 1 (IL8L1) (205.5-fold change), Interleukin 8-like 2 (IL8L2) (333.34 -fold 239 

change), Chemokine (C-C motif) ligand 4 (CCL4) (73.7-fold change) and Colony stimulating 240 

factor 3 (CSF3) (73.99-fold change), Bradykinin receptor B1 (BDKRB1) (38.85-fold change ) 241 

and the Tumor necrosis factor superfamily member 15 (TNFSF15) (56.80-fold change). 242 

Conversely, Mitogen-activated protein kinase kinase 6 (MAP2K6) showed the greatest 243 

decrease in expression (-15.79-fold). 244 

3.2. Bioinformatics analysis of DEGs 245 

Based on mRNA sequencing data, DEGs were annotated using the gene ontology in DF-246 

1 cells after PIC treatment (Figure 2). The most significantly enriched GO terms included 247 

several Biological Process (BP) terms related to cell signal transduction, molecular function 248 

(MF) terms related to cytokine activity and inflammation, and cellular component (CC) 249 

terms associated with extracellular structure. For Kyoto Encyclopedia of Genes and 250 

Genomes (KEGG) pathways analysis, most of the enriched pathways identified were innate 251 

immune response related, including ‘positive regulation of interleukin-2 production’, 252 

‘positive regulation of transcription from RNA polymerase II promoter’, influenza A, 253 

‘positive regulation of fibroblast proliferation’, and ‘regulation of apoptotic process’ (Figure 254 

2). As a result of activating biological process GO terms related to signal transduction and 255 

cell communication, we investigated the ERK1/2 and MAPK signaling pathways, which 256 

play roles in the innate host response. We identified 22 ERK1/2- and MAPK-signaling-257 

related genes involved in innate host response (Table 2). A heatmap of these 22 genes shows 258 

a distinct expression signature that clearly separates PIC-treated samples from control 259 

samples (Supplementary Figure S1). Given that these GO terms highlight the regulation of 260 

critical immune signaling cascades, we focused our subsequent analysis on key regulatory 261 

gene families identified within these terms. Specifically, the Dual-specificity phosphatases 262 

(DUSPs) and Sprouty (SPRYs) families, known as crucial negative feedback regulators of 263 

MAPK and ERK signaling, were selected for further investigation to understand their role 264 
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in modulating the host response to PIC. 265 

3.3. Functional annotation of immune response-related DEGs 266 

To understand the immune response in DF-1 cells by PIC stimulation, enriched functional 267 

terms related to immune system processes were analyzed using Reactome. A total of 28 GO 268 

terms were identified and grouped into three main clusters from Reactome analysis 269 

(Supplementary Table S2).  270 

The first cluster, associated with the adaptive immune system, included 8 GO terms such 271 

as T-cell receptor (TCR) signaling, co-stimulation by CD28 family, signaling by the B-cell 272 

receptor (BCR), class I MHC mediated antigen processing and presentation, MHC class II 273 

antigen presentation, immune-regulatory interactions between Lymphoid and non-274 

Lymphoid cells, Rap 1 signaling, and Butyrophilin (BTN) family interactions.  275 

The second cluster, related to innate immune system, a network of 14 GO terms comprised 276 

of TLR cascades, the complement cascade, nucleotide-binding domain leucine-rich repeat-277 

containing receptor (NLR) signaling pathways, advanced glycosylation end-product 278 

receptor signaling, DDX58/IFIH1-mediated induction of interferon-alpha/beta, cytosolic 279 

sensors of pathogen-associated DNA, Fc-gamma receptor (FcγR)-dependent phagocytosis, 280 

DAP12 interactions, Fc-epsilon receptor (FcεR) signaling, C-type lectin receptors (CLRs), 281 

antimicrobial peptides, neutrophil degranulation, reactive oxygen species (ROS) and 282 

reactive nitrogen species (RNS) production in phagocytes, and the alpha-protein kinase 1 283 

signaling pathway.  284 

The final cluster, focused on cytokine signaling in the immune system, included a network 285 

of 6 GO terms: interferon signaling, interleukin signaling, growth hormone receptor 286 

signaling, prolactin receptor signaling, the TNFR2 non-canonical NF-κB pathway, and FLT3 287 

signaling (Figure 3). 288 

3.4. Evolutionary analysis and string analysis of innate host response-related differentially 289 

expressed genes 290 

To investigate the evolutionary relationships of innate host response-related candidate 291 

DEGs, we extracted and compared amino acid sequences from eight vertebrate species (Rat, 292 

Mouse, Chicken, Human, Chimpanzee, Dog, Pig, and Cow). This analysis focused on two 293 

candidate gene families, DUSPs and SPRYs, which are RTK Signaling Antagonists.  294 

Multiple sequence alignments of DUSPs and SPRYs revealed that the DSP_MAPKp 295 

domain and DUP_DUSPs domain in DUSPs (Supplementary Figure S2), as well as the 296 

Sprouty protein domain in SPRYs, exhibited high sequence identity (Supplementary Figure 297 

S3) across the analyzed species. The high conservation of these domains suggests they play 298 

essential, evolutionarily conserved roles in immune regulation. 299 

3.5. Validation of DEGs in PIC-stimulated DF-1 Cells  300 

When DF-1 cells were treated with PIC, apoptosis occurred gradually (Figure 4A). As 301 

established in our previous study [13], the PIC treatment system reliably induces immune 302 

responses. In this study, we confirmed the upregulation of immune-related genes such as 303 

IL8L2, IL1β, IFNα, and IFNβ under PIC treatment conditions (Figure 4B), further validating 304 
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the robustness of this system.  305 

We used qRT-PCR to analyze changes in mRNA expression of MAPK14 (p38), MAPK8 306 

(JNK), and MAPK3 (ERK1), representative components of the MAPK and ERK1/2 307 

signaling pathways, in PIC-treated DF-1 cells (Figure 5). While the expression levels of 308 

MAPK14 and MAPK8 were not significantly altered, MAPK3 expression exhibited a 309 

significant increase (Figure 5A). These results suggest that ERK1/2 signaling plays a 310 

primary role in the innate immune response induced by PIC in DF-1 cells.  311 

To further investigate downstream targets, we analyzed the expression of DUSP and SPRY 312 

genes, which regulate MAPK and ERK1/2 cascades. PIC treatment significantly upregulated 313 

the expression of DUSP1, DUSP5, DUSP8, and SPRY4 (p<0.0001), as well as DUSP6, 314 

SPRY1, and SPRY2, compared to the control group (Figure 5B). These findings indicate that 315 

PIC strongly induces genes associated with ERK1/2 regulation. 316 

To examine the role of p38 signaling in regulating DUSP and SPRY gene expression, DF-317 

1 cells were treated with SB203580 (a p38 inhibitor), alongside PIC or PIC+SB203580 318 

(Figure 5C). Comparisons between the PIC and PIC+SB203580 groups revealed no 319 

significant differences in DUSP1, DUSP5, or DUSP8 expression. However, DUSP6, SPRY2, 320 

and SPRY4 expression levels were significantly higher in the PIC group compared to the 321 

PIC+SB203580 group, while SPRY1 expression exhibited an even greater difference. These 322 

results suggest that p38 signaling partially regulates specific DUSP and SPRY genes, but its 323 

overall contribution to the innate immune response in PIC-treated DF-1 cells appear limited. 324 

To assess MEK signaling involvement, DF-1 cells were treated with PD98059 (a MEK 325 

inhibitor), either alone or in combination with PIC or PIC+PD98059 (Figure 5D). The PIC 326 

group exhibited significantly higher expression levels of DUSP5, SPRY1, and SPRY4 327 

compared to the PIC+PD98059 group. Interestingly, SPRY1 expression was significantly 328 

higher in the PIC+PD98059 group than in the PIC group. This finding suggests that MEK 329 

signaling has a complex regulatory role, potentially mediating feedback inhibition or other 330 

compensatory mechanisms in response to PIC treatment. 331 

To investigate NF-κB signaling, DF-1 cells were treated with BAY11-7085 (an NF-κB 332 

inhibitor), in combination with PIC or PIC+BAY11-7085 (Figure 5E). Comparisons 333 

between the PIC and PIC+BAY11-7085 groups showed no significant differences in DUSP1 334 

or SPRY4 expression. However, DUSP8 expression was significantly higher in the PIC 335 

group than in the PIC+BAY11-7085 group. In contrast, DUSP5 and SPRY1 expression levels 336 

were significantly higher in the PIC+BAY11-7085 group, while DUSP6 and SPRY2 337 

expression levels were significantly higher in the PIC group. These results indicate that NF-338 

κB signaling differentially regulates specific DUSP and SPRY genes in response to PIC. 339 

3.6. QRT- PCR analysis of MAPKs genes and selected DUSPs and SPRYs genes in the 340 

trachea of HPAIV-infected chickens 341 

To investigate the innate host response in vivo, we performed qRT-PCR using samples 342 

from white leghorn chickens infected with highly pathogenic avian influenza viruses 343 

(HPAIV) at different time points. The expression levels of MAPK3 (ERK1), MAPK8 (JNK), 344 

and MAPK14 (p38) were significantly upregulated (Figure 6A), indicating that p38, JNK, 345 

and ERK signaling pathways are modulated by AI virus infection. 346 
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Additionally, as observed in qRT-PCR experiments conducted with PIC-treated DF-1 cells, 347 

DUSP expression was upregulated by influenza virus infection, whereas SPRY expression 348 

was downregulated (Figure 6B, C). Based on these findings, we propose that the innate host 349 

response mediated by DUSPs through the ERK and MAPK signaling pathways is influenced 350 

by influenza virus infection, while SPRYs may act as negative regulators during AIV 351 

infection.  352 

 353 

4. Discussion 354 

This study provides new insights into how PIC treatment influences the expression of 355 

MAPK/ERK pathway–associated regulatory molecules during an avian innate immune 356 

response. 357 

Viral diseases are a serious threat to global health and present a major challenge to the 358 

poultry industry worldwide [1]. Numerous studies have demonstrated that 359 

immunostimulants can activate the immune system, especially the innate immune response, 360 

against various pathogens, including viruses [36-38]. One such stimulant, PIC, has been 361 

shown to induce antiviral and inflammatory responses [39], and has proven effective against 362 

various viral diseases, including NCDV, MDV, IBDV, AIV, Chikungunya virus, and others 363 

[3, 4, 40, 41]. In this study, we aimed to identify DEGs in DF-1 cells under PIC stimulation 364 

and to investigate the functional categories overrepresented among these DEGs. 365 

Additionally, we investigated which signaling pathway regulates the identified DEGs and 366 

functional categories. The DF-1 cell line, used in this study, is a suitable model for viral 367 

infection studies as it supports the proliferation of avian viruses, including AIV and NDV 368 

[15]. Although the number of DEGs identified in our study (376 DEGs) were fewer than in 369 

a related study by Yu et al. (714 DEGs) [16], they were significantly higher than the 47 370 

DEGs identified in Kim and Zhou[15]. Importantly, 25 and 22 DEGS overlapped with these 371 

studies, respectively. Furthermore, compared with our previous work using targeted qRT-372 

PCR analysis (Jang & Song, 2020) [13], the present study provides a transcriptome-wide 373 

investigation that reveals broader regulatory patterns not detectable using limited gene 374 

panels. This distinction clarifies how our study extends earlier findings and adds mechanistic 375 

depth to PIC-induced immune responses. 376 

The highly upregulated chemokines and cytokines (IL-8, CCL4, CSF3 and TNFSF15) 377 

suggest that PIC induced a coordinated pro-inflammatory response in DF-1 cells, consistent 378 

with established roles of these genes in immune cell recruitment and activation [42-48]. 379 

Functional enrichment analysis (Supplementary Table S3) further showed that these 380 

cytokine-and chemokine-associated DEGs clustered into biological categories related to 381 

chemotaxis, cytokine activity, and receptor–ligand interaction networks, reflecting broad 382 

activation of innate immune signaling pathways. Previous studies have reported the 383 

chemotactic role of cytokines after viral infection [49, 50]. Taken together, these findings 384 

indicate that PIC activates a coordinated inflammatory program characterized by chemotaxis 385 

and cytokine-driven signaling. 386 

However, the mechanisms by which chemokine IL-8 recruits immune cells are not well 387 

understood [51]. TNFSF15 was particularly associated with apoptotic-related processes, 388 
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including regulation of apoptosis, programmed cell death, and overall cell death. Previous 389 

studies have shown that apoptosis is one of the antiviral innate immune mechanisms that 390 

organisms use to defend against viral infections [52, 53]. Thus, the induction of TNFSF15-391 

linked apoptotic pathways may complement chemotactic inflammation as part of the PIC-392 

triggered antiviral response.  393 

On the other hand, Mitogen-activated protein kinase kinase 6 (MAP2K6) expression was 394 

strongly downregulated, and subsequently, the MAPK pathway reaction was negatively 395 

regulated (Supplementary Table S3). MAP2K6 plays a key role in the p38 MAP kinase 396 

signal cascade that regulates several stimuli, including pro-inflammatory cytokines, 397 

bacterial lipopolysaccharides, UV, heat shock, or osmotic stress [54]. In PIC-induced DF-1 398 

cells, this downregulation may have been a strategy to halt cell proliferation in a Raf 399 

(MAPKKK)‐MEK (MAPKK)‐ERK (MAPK) pathway [55], with negative regulation 400 

potentially mediated by upregulation of DUSP1, DUSP5, and DUSP8 [56]. While the exact 401 

mechanisms require further study, this observation aligns with previous findings on MAPK 402 

pathway regulation.  403 

Interestingly, DEGs in the MAPK and ERK1/2 cascades were identified in our study. 404 

Among these DEGs, DUSP family genes and SPRY family genes were selected for 405 

validation. We validated that DUSPs and SPRYs were up-regulated in PIC-treated DF-1 406 

cells. DUSPs are known to regulate MAPK signaling pathways, which are critical for 407 

controlling inflammatory and immune responses, while SPRYs act as RTK signaling 408 

antagonists and influence downstream MAPK activation. Given that PIC mimics viral 409 

dsRNA and activates antiviral signaling through TLR3, the induction of DUSPs and SPRYs 410 

more likely reflects their downstream roles in fine-tuning the magnitude and duration of 411 

MAPK signaling. This regulatory behavior is consistent with the evolutionary conservation 412 

of functional domains in DUSPs and SPRYs, which underscores their importance in innate 413 

immune regulation. Notably, these domains may play a crucial role in modulating the innate 414 

immune response upon PIC stimulation, as indicated by their evolutionary preservation and 415 

established functional relevance. This regulatory behavior is consistent with the established 416 

functional importance of conserved domains in DUSPs and SPRYs in innate immune 417 

regulation. 418 

While earlier studies, including our previous qRT-PCR-based work [13], mainly focused 419 

on cytokine induction following PIC stimulation, the transcriptome-wide patterns observed 420 

here indicate additional regulatory features involving DUSPs and SPRYs. These molecules 421 

function as feedback modulators of MAPK signaling, suggesting that PIC triggers not only 422 

the well-characterized cytokine response but also engages fine-tuning circuits shaping the 423 

amplitude and duration of immune activation. 424 

Many previous studies have reported that DUSPs are upregulated via ERK signaling, 425 

which is mediated by TLR [57, 58]. Similarly, we validated the upregulation of SPRY family 426 

genes in PIC-treated DF-1 cells. These DUSPs and SPRYs have been shown to have 427 

immune-related functions, including suppression of inflammatory cytokines, regulation of 428 

inflammatory gene expression, control of inflammation via JNK MAPKs, and regulation of 429 

T-cell survival in various studies [59-63]. Taken together, these findings support a role for 430 

DUSPs and SPRYs as key modulators of innate immune signalling. In addition, known 431 
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cross-talk among MAPK, NF-κB, and IRF pathways suggests that DUSP- and SPRY-432 

mediated feedback may influence not only MAPK amplitude but also the timing of antiviral 433 

signaling responses. Although this was not directly tested here, our transcriptomic data 434 

support such an integrated regulatory model. 435 

To further explore this regulatory architecture suggested by the transcriptomic data, 436 

expression patterns of DUSP and SPRY family genes were analyzed through MEK, P38, and 437 

JNK inhibitors to determine which signaling systems are regulated by DUSPs and SPRYs. 438 

Overall, DUSPs and SPRYs did not appear to be significantly affected by inhibitors. 439 

However, we observed that DUSP6 was slightly down-regulated by P38 inhibitor treatment, 440 

and SPRY2 and SPRY4 were down-regulated under the same condition. Similarly, DUSP5 441 

and SPRY4 were downregulated by the MEK inhibitor, whereas DUSP6, DUSP8, and 442 

SPRY2 were reduced following the NF-κB inhibitor treatment. These differential responses 443 

suggest that DUSPs and SPRYs are not regulated by a single linear pathway, but rather are 444 

influenced by multiple signaling inputs downstream of PIC stimulation. This is consistent 445 

with the notion that their expression is shaped primarily by upstream TLR–MKK3/6 446 

signaling rather than by direct inhibition of individual MAPK components [57, 64]. in line 447 

with previous studies, SPRY, like DUSPs, is known to be regulated by ERK signaling via 448 

MKK3/6 [65, 66]. Moreover, SPRYs have been reported to downregulate the expression of 449 

RAF, which in turn downregulates MEK expression by playing a role as a negative regulator 450 

[66, 67]. Collectively, these observations support the interpretation that DUSPs and SPRYs 451 

participate in higher-order feedback regulation of MAPK signaling rather than acting as 452 

simple downstream effectors. 453 

Based on these findings, we confirmed the experimental results in the HPAIV samples, 454 

showing DUSPs were upregulated while SPRYs were downregulated in HPAIV-infected 455 

samples. This suggests that DUSPs and SPRYs are not merely genes regulated by the TLR 456 

signaling pathway; during virus infection, they are also regulated by MEK activity. In other 457 

words, PIC and AI infection share overlapping signaling pathways. It should be noted that 458 

for in vivo validation, we used tracheal tissue, a heterogeneous mixture of cell types, in 459 

contrast to the DF-1 fibroblast cell line used in our in vitro part of the study. This difference 460 

has implications for the transcriptomic profiles observed during comparisons. Nonetheless, 461 

within these considerations, valuable insights can be obtained. During AIV infection, it is 462 

plausible that SPRYs, as negative regulators, downregulate their expression to enhance ERK 463 

expression. These in vivo observations likely reflect context-dependent modulation of 464 

MAPK signaling rather than a direct mechanistic consequence of individual pathway 465 

components. 466 

Therefore, the AIV dataset should be interpreted as supportive, rather than mechanistic, 467 

evidence. The in vivo expression patterns validate that several regulatory signatures 468 

observed in DF-1 cells also occur during natural infection, but they do not establish direct 469 

causal relationships. Thus, the AIV findings primarily provide translational reinforcement 470 

of our transcriptomic observations, complementing but not defining the mechanistic 471 

interpretation derived from the in vitro data. In this context, the present study provides 472 

significant insights into the transcriptomic response of chicken cells to TLR3 stimulation.  473 

 474 
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5. Conclusions 475 

Overall, this study provided additional information on PIC-induced immune responses 476 

and their regulation in DF-1 cells and in Avian influenza-infected samples. The findings 477 

suggest that PIC stimulates a strong pro-inflammatory response in DF-1 cells and shed light 478 

on immune response genes and associated biological pathways not previously reported. 479 

Some candidate genes (DUSPs and SPRYs) were involved in both positive and negative 480 

regulation of innate immune response in various health conditions. Therefore, further studies 481 

should elucidate additional signaling pathways (e.g., MKK 3/6) that may regulate ERK1/2, 482 

DUSPs, and SPRYs. Additionally, the immune roles and anti-inflammatory activities of 483 

DUSPs and SPRYs should also be explored in the search for new therapeutics against 484 

various conditions. 485 
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Table 1. Primer sets used in this study 719 

Primer name Primer sequence (5′ to 3′) Tm (°C) Product size (bp) 

IL8L2 F CCAAGCACACCTCTCTTCCA 58 176 

IL8L2 R GCAAGGTAGGACGCTGGTAA - - 

IL1b F GGATTCTGAGCACACCACAGT 58 272 

IL1b R TCTGGTTGATGTCGAAGATGTC - - 

IFNa F GACAGCCAACGCCAAAGC 60 78 

IFNa R GTCGCTGCTGTCCAAGCATT - - 

IFNb F CCTCCAACACCTCTTCAACATG 60 69 

IFNb R TGGCGTGCGGTCAAT - - 

MAPK14 F CGTCTGTTCTGCCTTTGACA 60 218 

MAPK14 R CCATGAGGTGTGTCACCAAG - - 

MAPK8 F TGCCACAAAATCCTCTTTCC 60 230 

MAPK8 R TCCCTTGCTTGACTTGCTTT - - 

MAPK3 F CTGACCCCAAAGCACTTGAT 60 235 

MAPK3 R GATCGATATCCTGGCTGGAA - - 

DUSP1 F TTCCCAGTCTCCATCCCTGT 60 196 

DUSP1 R CTAGGACACGTGGATGGCTC - - 

DUSP5 F GAGCGATGTGGAGAGGAACC 60 144 

DUSP5 R AGGAACTCGCACTTGGAAGC - - 

DUSP6 F CTCCACGAATCTGGACGTTT 60 293 

DUSP6 R CATCGTTCATGGACAGGTTG - - 

DUSP8 F AGTCACTTCATGCGCATTCC 60 153 

DUSP8 R GATGGTGGCTGACCGGGATA - - 

SPRY1 F TTGAGCAGATCAACCAGCAC 60 245 

SPRY1 R CATTTGCACTTCCCACACTG - - 

SPRY2 F ATCATCTTCAGGGCCAGTTG 60 291 

SPRY2 R TTGTCCTCATCATCGTTGGA - - 

SPRY4 F GCACTTTCTGCTGTGCGAAG 60 
 

SPRY4 R GGTGGAGTAGTTGACCAGGC - - 

GAPDH F TGCTGCCCAGAACATCATCC 60 142 

GAPDH R ACGGCAGGTCAGGTCAACAA - - 
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Table 2. Biological process gene ontology terms of MAPK and ERK 1 /2 cascade -related 721 

differentially expressed genes in PIC treated DF-1 cells. 722 

Term RT Count P-Value Gene list 

GOTERM_ 

BP_DIRECT 

negative regulation of ERK1 and ERK2  

cascade 
10 1.70E-03 ABL1, RANBP9, TIMP3, TNIP1, ATF3, 

DUSP6, SPRY1, SPRY2, SPRY4, SYNJ2BP 

positive regulation of MAPK cascade 11 2.50E-03 CD40, FAS, RELT, TNFRSF11B, ADRB2, 
AR, CDON, FGFR2, IGFBP3, IL11, PDGFB 
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Figure legends 724 

 725 

 726 

(A)       (B) 727 

 728 

Figure 1. RNA- sequencing (NGS) data. (a) Scatter plot analysis showing DEGs between 729 

control and PIC-treated DF-1 cells. (b) Volcano plot analysis depicting DEGs between 730 

control and PIC-treated DF-1 cells. The color gradient from blue to red represents low to 731 

high gene expression levels. This figure provides an overview of the transcriptomic response 732 

to PIC stimulation, which serves as the basis for downstream pathway-level analyses, 733 

including MAPK/ERK-associated regulatory genes such as DUSPs and SPRYs. 734 
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 736 

Figure 2. Biological process gene ontology analysis of differentially expressed genes. These 737 

enriched biological processes include MAPK-associated immune responses, providing a 738 

functional framework for downstream validation of MAPK regulators such as DUSPs and 739 

SPRYs. 740 
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 742 

Figure 3. A genome-wide overview of pathway analysis. Reactome pathways are organized 743 

hierarchically. The center of each of the circular "bursts" represents the root of a top-level 744 

pathway. Each concentric step moving outward corresponds to the next lower level in the 745 

pathway hierarchy. Among the significantly enriched pathways were MAPK activation, 746 

cytokine signaling, and receptor-ligand interaction modules, which collectively support the 747 

pathway-level framework in which DUSP/SPRY-mediated feedback operates following PIC 748 

stimulation. 749 
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 752 

(B) 753 

 754 

Figure 4. Comparative analysis between control and PIC-treated DF-1 cells. (A) 755 

Morphology of DF-1 cells by PIC treatment. (B) The expressions of IL8L2, IL1β, IFNα, and 756 

IFNβ in DF-1 cells by treatment with PIC (*p<0.05, n=3). Quantitative analysis was 757 

performed using the 2^-ΔΔCt method, normalized to GAPDH. These cytokine induction 758 

patterns confirm activation of innate antiviral signaling and provide upstream context for 759 

MAPK/ERK pathway engagement, which is later examined through DUSP/SPRY 760 

expression and inhibitor analyses. 761 
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 764 

(C)      (D)    765 

 766 

(E) 767 

 768 

Figure 5. Effects of PIC Treatment and Pathway Inhibitors on MAPK and ERK1/2 769 

Signaling-Related Gene Expression in DF-1 Cells. (A) Relative mRNA expression levels of 770 

MAPK14 (p38), MAPK8 (JNK), and MAPK3 (ERK1) in PIC-treated DF-1 cells. (B) Relative 771 

mRNA expression levels of DUSPs (DUSP1, DUSP5, DUSP6, DUSP8) and SPRY (SPRY1, 772 

SPRY2, SPRY4) genes in response to PIC treatment. (C) Effects of SB203580 (a p38 773 

inhibitor), (D) PD98059 (a MEK inhibitor), and (E) BAY11-7085 (an NF-κB inhibitor) on 774 

DUSP and SPRY gene expression in PIC-treated DF-1 cells. Relative expression levels were 775 

normalized to beta-actin expression and calculated using the 2−ΔΔCt method. Data represent 776 

the mean ± SEM. Statistical significance was determined using t-tests or one-way ANOVA 777 

with post hoc tests (*p<0.01, **p<0.001 ***p<0.0001. N.S indicates no significance, n=3). 778 

This figure directly interrogates MAPK pathway regulation by evaluating DUSP/SPRY 779 

responses to PIC and pathway-specific inhibitors. These analyses highlight the roles of 780 

DUSPs and SPRYs as feedback modulators that fine-tune MAPK/ERK signaling rather than 781 

acting as primary cytokine drivers. 782 
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 789 

Figure 6. qRT-PCR validation of MAPK and selected DUSPs and SPRYs genes in trachea 790 

of highly pathogenic avian influenza-infected chickens. Expression levels of MAPKs, DUSP 791 

genes, and SPRY genes were analyzed by qRT-PCR (*p<0.5, **p<0.01, ***p<0.001, n=3). 792 

Quantitative analysis was performed using the 2−ΔΔCt method by normalization to beta-793 

actin gene expression. The in vivo expression patterns mirror several DUSP/SPRY-794 

associated regulatory features observed in vitro, providing supportive evidence that 795 

MAPK/ERK fine-tuning mechanisms identified in DF-1 cells also arise during natural viral 796 

infection, reinforcing their potential roles as modulators of antiviral signaling networks. 797 
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