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Abstract

Chicken lung is an important target organ of avian influenza virus (AIV) infection, and differ-

ent pathogenic virus strains lead to opposite prognosis. Using a single-cell RNA sequencing

(scRNA-seq) assay, we systematically and sequentially analyzed the transcriptome of 16

cell types (19 clusters) in the lung tissue of chickens infected with H5N1 highly pathogenic

avian influenza virus (HPAIV) and H9N2 low pathogenic avian influenza virus (LPAIV),

respectively. Notably, we developed a valuable catalog of marker genes for these cell types.

Compared to H9N2 AIV infection, H5N1 AIV infection induced extensive virus replication

and the immune reaction across most cell types simultaneously. More importantly, we pro-

pose that infiltrating inflammatory macrophages (clusters 0, 1, and 14) with massive viral

replication, pro-inflammatory cytokines (IFN-β, IL1β, IL6 and IL8), and emerging interaction

of various cell populations through CCL4, CCL19 and CXCL13, potentially contributed to

the H5N1 AIV driven inflammatory lung injury. Our data revealed complex but distinct

immune response landscapes in the lung tissue of chickens after H5N1 and H9N2 AIV infec-

tion, and deciphered the potential mechanisms underlying AIV-driven inflammatory reac-

tions in chicken. Furthermore, this article provides a rich database for the molecular basis of

different cell-type responses to AIV infection.

Author summary

The low-pathogenicity avian influenza virus (LPAIV), H9N2, and highly pathogenic avian

influenza virus (HPAIV), H5N1 are the main epidemic subtypes, resulting in great eco-

nomic losses on poultry and potentially threat to human. Thus, in-depth exploration of

AIV pathogenesis in chickens is necessary for developing efficient control methods. In
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our study, using a single-cell RNA sequencing analysis of 16 cell types in the chicken lung,

we revealed complicated and distinct immune response landscapes after H5N1 and H9N2

AIV infection, and identified key factors contributing to H5N1 AIV driven inflammatory

lung injury. Therefore, our study potentially provides new targets and direction for AIV

control.

Introduction

The low-pathogenic avian influenza virus (LPAIV), H9N2, and highly pathogenic avian influ-

enza virus (HPAIV), H5N1 are the main epidemic subtypes in the ongoing virus circulation

among Chinese poultry causing major economic losses in spite of the long-term vaccination

programs [1–3]. Notably, the ongoing 2021–2022 wave of avian influenza H5N1 in Asia, Africa

and Europe is unprecedented in its rapid spread and extremely high frequency of outbreaks in

poultry [4]. More seriously, H5N1 virus can be transmitted from chickens to humans. Also,

H9N2 virus can serve as the gene donor for H5N1, H7N9 and H10N8 viruses infecting

humans [1–3,5–7]. Therefore, successful control of H5N1 HPAIV and H9N2 LPAIV in chick-

ens is vital for the eradication of diseases and preventing infections in humans. Hence, it war-

rants deeper understanding of the determinant factors of avian influenza virus (AIV) infection

and pathogenesis in chickens for developing efficient control methods.

AIV infections of the chicken mainly occur via the respiratory route, and the lung is the

important target organ. In lung tissue, AIV infection induces both antiviral and inflammatory

factors which play crucial roles in host protection and immunopathogenesis [8,9]. Infection of

chickens with the H9N2 LPAIV usually results in mild clinical signs whereas H5N1 HPAIV

induces death within 36–48 hours, which is related to heightened inflammatory responses in

the latter [10]. However, the specific immune cell types and inflammatory factors contributing

to the immune injury of chicken lung are poorly understood. Besides, efficient replication of

HPAIV compared to LPAIV has been correlated with tissue damage in the lung [11,12]. But

the extent and nature of HPAIV and LPAIV infection in different cell types of chicken lung

has not been elucidated. In this study, we want to explore the spectrum of cell infection types,

and the immune reaction profiles of chicken lung at the peak of H5N1 HPAIV and H9N2

LPAIV infections.

Single-cell RNA sequencing (scRNA-seq) has been widely applied to identify the involve-

ment of different cell types and to investigate the immune responses under conditions of virus

infection [13–15]. It is also a powerful tool for defining viral target cells via analyzing the viral

mRNAs and host signature genes in a single cell [13,16–18]. In particular, scRNA-seq can pre-

cisely be used to examine the patterns of cytokine release in each immune cell and intercom-

munication with the ligand and receptor interaction map at the single cell level [13,19,20]. To

our knowledge, this is the first study on the application of scRNA-seq technology to examine

the responses of the major immune cell types in the lung tissue of chickens infected with

H5N1 and H9N2 AIV.

In order to explore more comprehensive and refined immune cell responses to H5N1 and

H9N2 AIV infection, we sorted the major immune cell types, including MHC Class II antigen

presenting cells and CD3 positive T cells from chicken lung mononuclear cells for performing

scRNA-seq analysis. In this study, we analyzed 16,642 immune cells in the lung tissue isolated

from chickens after AIV infection with different pathogenic strains at various time points. Our

results revealed complex but distinct immune response landscapes in the lung tissue of chick-

ens after H5N1 and H9N2 AIV infection. Our study has developed a valuable catalog of

marker genes for identifying 16 cell types in the lung tissue of chicken via scRNA-seq. We also
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provided (for the first time) the key immune cell types and pro-inflammatory factors that con-

tribute to H5N1 AIV-driven inflammatory injury in chicken lung tissue.

Materials and methods

Ethics statement

All animal experiments were carried out in ABSL-3 facilities in compliance with approved pro-

tocol (CNAS BL0011) by the biosafety committee of South China Agriculture University

(Guangzhou, China). All animal procedures were performed according to the regulations and

guidelines established by this committee and international standards for animal welfare.

Virus and experimental animal infection

Low pathogenic avian influenza H9N2 subtype HN strain (A/Chicken/Hunan/HN/2015), and

high pathogenic avian influenza H5N1 subtype DK383 strain (A/Duck/Guangdong/383/2008)

were isolated and identified by our research team [21,22]. Nine four-week-old, specific pathogen–

free (SPF) White Leghorn chickens (Guangdong Da Hua Nong Animal Health Products Co.,

Ltd., Guangdong, China) were randomly assigned to three groups, namely, a H9N2-infected

group, a H5N1-infected group and control group, each with 3 chickens. The H9N2-infected

group was intranasally (i.n.) inoculated with HN strain (107 EID50 in 0.2 mL). The H5N1-infected

group was intranasally inoculated with DK383 strain (106 EID50 in 0.2 mL). The control group

was inoculated with 0.2 mL of phosphate buffered saline (PBS). Three chickens were dissected at

1-day post-inoculation (DPI) in the H5N1-infected group, 3 DPI in the H9N2-infected group,

and 0 DPI in the control group, respectively. The virus titer in selected organs and virus shedding

were detected as previously described [2], and the data are shown in S1 File.

Immunohistochemistry (IHC) and Preparation of chicken lung

mononuclear cell suspension

Infected or mock-infected chickens were humanely sacrificed. Their lungs were then perfused

with RPMI-1640 containing 2% fetal bovine serum (FBS) (Invitrogen, Waltham, MA, USA)

via the right ventricle. Half of the entire pool of the lung was fixed in 4% paraformaldehyde for

24 hours and embedded in paraffin. Tissue slides were deparaffinized with xylene, hydrated in

a graded series of alcohol solutions to distilled water, and blocked for endogenous peroxidase

in 3% hydrogen peroxide. Sections were then stained with mouse anti-Influenza A virus NP

primary antibody (GeneTex, Alton, CA, USA), followed by staining with anti-mouse-HRP sec-

ondary antibody (Zhongshan Goldenbridge, Beijing, China) and visualizing via optical

microscopy (Olympus, Tokyo, Japan). Then, 0.1g from the other half of the lung tissue was

kept for virus titer detection, and the remaining half of the lung pool was dissected and dissoci-

ated into single-cell suspensions, using the Lung Dissociation Kit (Miltenyi Biotec, Bergisch

Gladbach, Germany) in combination with a gentleMACS dissociator (Miltenyi Biotec) and

enzymatic dissociation [23]. Following enzymatic incubation, cells were forced through a 70-

μm mesh cell strainer. After that, lung mononuclear cells were enriched from lung suspension

with the tissue mononuclear cell kit (Haoyang, Tianjin, China), as described previously [2,24].

Cell viability and counting was performed using Trypan Blue and hemocytometer (Sigma-

Aldrich).

Sample and library preparation for 10x scRNAseq

3×107 lung cell pooled suspension was prepared from three chickens, with 1×107 lung cell sus-

pension for each treatment group. MHC Class II and CD3 positive cells were sorted out from
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each pulmonary cell pool after incubation with the FITC-conjugated MHC Class II and APC-

conjugated CD3 antibodies (SouthernBiotech, Birmingham, AL) using Fluorescence-activated

cell sorting machine (FACS Aria II, Becton Dickinson, New Jersey, USA). The gating strategy

for each population is shown in S1 Fig. Equal number of MHC Class II and CD3 positive cells

in each pulmonary cell pool were mixed together, followed by passing through a 40 μm cell

strainer (Biosharp, China), and the cell viability was above 80%. Subsequently, the cell density

was adjusted to 1 x 106 cells/mL. High quality single cell suspension was subjected to encapsula-

tion using a 10x Genomics v.3 kit (10x Genomics, USA). The library preparation and RNA-

sequencing were completed by Gene Denovo (Guangzhou, China) as described previously [15].

An average of 32956 reads per cell in the H9N2 group, mean reads of 35911 per cell in the

H5N1 group, and mean reads of 28419 per cell in the control group were obtained, respectively.

FACS analysis of Macrophages in lung mononuclear cell suspension

The percentage of macrophages from lung single cell suspension was detected via flow cytome-

try (CytoFLEX, Beckman Coulter, Brea, CA, USA) with the FITC-conjugated mouse anti-

chicken MHC Class II and PE-conjugated mouse anti-chicken KUL01 monoclonal antibodies

(Southern Biotech, Birmingham, USA) [25]. Data were analyzed by the software of FlowJo

V10 (TreestarInc, Ashland, OR, USA). Absolute number of macrophages was calculated by

multiplying the percentage of macrophages with the total cell number of single cell suspension

isolated from lung.

Macrophage sorting and generation of macrophage reference

transcriptional profile via SMART-Seq2 based scRNA-seq

Fluorescence-activated cell sorting machine (FACS Aria II, Becton Dickinson, New Jersey,

USA) was used to sort a single cell into each well of a 96-well PCR plate containing 2.5μL of 10×
Lysis Buffer (Vazyme# N711). For the isolation of macrophage, each pulmonary cell pool was

stained with FITC-conjugated mouse anti-chicken MHC Class II and PE-conjugated mouse

anti-chicken KUL01 monoclonal antibodies (Southern Biotech, Birmingham, USA). Macro-

phages were sorted following the manufacturer’s procedures. Herein, each sorted cell popula-

tion was analyzed in four replicates, and 100 single cells were sorted in each replicate for

subsequent SMART-Seq2 analysis. Four empty wells served as controls in each 96-well plate.

Immediately after sorting, each plate was spun down to ensure immersion of cells into the lysis

solution, snap-frozen on dry ice, and stored at −80˚C until processing. Library construction and

sequencing were completed by Gene Denovo (Guangzhou, China) as described previously [26].

Pearson’s correlation analysis was used to investigate the relationships between the SMART-

Seq2 data of macrophages and lung clusters in scRNA-seq based on levels of gene expression.

Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was extracted from lung cell suspensions or sorted macrophages for qRT-PCR.

qRT-PCR was performed on an ABI7500 Real-Time PCR system (Applied Biosystems, Wal-

tham, MA) using Universal SYBR R Green Supermix Kit reagents (Biorad, CA, USA) accord-

ing to the manufacturer’s specifications. Primers used for qRT-PCR are listed in S2 File. Data

analysis were performed using the 2-ΔΔCt method [27].

10x scRNAseq sequencing data analysis

As described previously [15], the raw scRNA-seq data were aligned, filtered, and normalized

using Cell Ranger (10x Genomics) software (Cell Ranger 3.1.0), and the cDNA reads were
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mapped to the chicken genome of GRCg6a [28]. Only reads that were confidently mapped to

the transcriptome were used for Unique Molecular Identifier (UMI) counting. Cells with

unusually high numbers of UMIs (�8000) or mitochondrial gene percentage (�20%) were fil-

tered out. Cells with<500 or >4000 gene counts were also excluded. Seurat (v4.0.4) is a popu-

lar R package that was used to implement the graph-based clustering approaches [29,30]. T-

distributed Stochastic Neighbor Embedding (t-SNE) [31] or Uniform Manifold Approxima-

tion and Projection (UMAP) [32] in Seurat were used to visualize and explore these datasets.

Other data analyses including standardization, difference of gene expression, and marker gene

screening were also achieved by Seurat.

Cluster marker analysis and cell type annotation

Four strategies were used for cell-type annotation. Firstly, we identified cell types based on the

top 5 expressed genes in each cluster and classical marker genes of chicken immune cells, e.g:

CD4 T cells (CD3D, IL7R and CD4), B cells (BCL11A, Bu-1 and BLB2), CD8 T cells (CD3D,

CD8A and GNLY), Cytotoxic T cells (CD3D, CD8A, GNLY, GranzymeA and IFNG), and Den-

dritic Cells (DCs, BLB2, CD80, CD86 and XCR1) [33,34]. Secondly, the identity of some cell

clusters was manually annotated based on the specific expression of the marker genes that had

orthologous genes as commonly known markers published in the CellMarker database (http://

iocc.hrbmu.edu.cn/CellMarker/) [35], e.g: Th17 cells (CD3D, RORA, CCR6 and CCL20), Mac-

rophages (IL1B, VCAN, and BLB2), and Smooth muscle cells (MYH11 and TAGLN). Next,

identification of most of the remaining cell clusters was based on the specific expression of the

marker genes reported in the literature, e.g: Epithelial cells (BMX and EHF) [36], type II alveo-

lar epithelial cells (SFTPA1, SFTPA2 and SFTPC) [37–39], Fibroblasts (COL1A1, COL1A2 and

COL6A1) [14], Vascular endothelial cells (ADGRL4, VWF, PODXL and SELECTIN) [40–42],

M2 macrophages (BLB2, RNASE6 and VSIG4) [43,44], and Regulatory T cells (Tregs, CD3D,

CD25, IL7R and TNFRSF1B) [45,46]. Last, we combined the marker genes in the CellMarker

database with reported distinctive genes in the literature for annotating the remaining clusters,

e.g: Macrophage like cells (BLB2, VCAN, IL1B,HSPH1 and DNAJA4) [47], and Th2 cells

(CD3D,MAF, CCR4, DRD4, and KK34) [15]. The distribution of the characteristic gene

expression in each cluster was then demonstrated using heat maps and bubble diagrams. The

detailed marker gene information for 18 clusters and cell type annotation is shown in S3 and

S4 Files.

Viral Gene Analysis in Cell Clusters of H9N2-infected group,

H5N1-infected group and control group

To determine the state of H9N2 AIV or H5N1 AIV infection in each cell type, the expression

of viral genes and viral load were analyzed in the different cell types in the H9N2-infected

group, H5N1-infected group and control group. Viral gene expression was analyzed using Cell

Ranger, based on the viral sequence of H9N2 subtype HN strain (A/Chicken/Hunan/HN/

2015) or H5N1 subtype DK383 strain (A/Duck/Guangdong/383/2008) used in this study. The

‘viral genome load’ of a cell in scRNA-seq analysis was based on the number of UMIs that

mapped to the AIV eight segmented mRNAs and expressed as a percentage of total UMI con-

tent of a given cell. To reduce the false positive rate of infected cells, only the cells with highly

expressed AIV genes (at least one transcript per gene per cell) were defined as highly infected

cells. Therefore, the cells in each cell type susceptible to AIV infection could be divided into

highly infected cells (I, total UMI counts of viral transcripts� 8), potential or lowly infected

cells (P, total UMI counts of viral transcripts� 1), and undetected cells (N, UMI counts of

viral transcripts = 0) [13].
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Differentially Expressed Genes (DEGs) Analysis in each cell type between

H5N1 or H9N2-infected and uninfected groups

To explore the response of each cell type to AIV, we further analyzed the DEGs between the

H5N1 or H9N2-infected group and the control group using Seurat software. A hurdle model

in MAST (Model-based Analysis of Single-cell Transcriptomics) [48] was used to find DEGs

for a group in each cell type. DEGs between the H5N1or H9N2-infected group and control

groups were identified by the following criteria: 1) |log2FC|�0.36; 2) p value_adj� 0.05; and

3) percentage of cells where the gene was detected in a specific cluster� 10%. Identified DEGs

were subsequently subjected to GO enrichment analysis.

Ligand-receptor intercellular communication network analysis

We used cellphone DB [49] to infer ligand-receptor pairs in chicken cells via orthologous gene

analysis. A ligand/receptor with non-zero expression in more than 10% of cells in a particular

cell population was deemed an “expressed” ligand/receptor. Then igraph in R was used to

draw interaction maps as previously described [50]. In order to show the lost and/or new inter-

action after H5N1 or H9N2 AIV infection treatment, we calculated all the interactions for con-

trol and the treatment (H5N1 or H9N2 AIV) and then generated an interaction map from all

interactions of control and the treatment. Then, we colored the edges as cyan (lost after treat-

ment), purple (induced after treatment) and black (unaffected by treatment but may be differ-

entially expressed).

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego,

CA, USA). The results were presented as mean ± SEM. The paired t-test and one-way

ANOVA were used for statistical comparison. Data were considered significant at * P< 0.05,

** P< 0.01, *** P< 0.001.

Results

Identification of cell clusters in the lung tissues collected from H9N2 AIV

infected, H5N1 AIV-infected and control chickens

To investigate the responses of major immune cell populations in the lung tissue isolated from

chickens infected with different pathogenic AIV strains at the peak of viral infections, we col-

lected pooled MHC Class II (antigen presentation cells) and CD3 (T cells)-positive cells

derived from the lungs of low pathogenic H9N2 AIV-treated (3 DPI), highly pathogenic

H5N1-treated (1 DPI), and PBS-treated (Control) chickens, for scRNA-seq transcriptional

profiles using the 10× Genomics platforms (Fig 1A). Details on the statistical analysis of

scRNA-seq data are summarized in S5 File. A total of 19,451cells (H9N2 AIV-infected: 6,936;

H5N1 AIV-infected: 6,779; Control: 5,736) were profiled and 19 distinct clusters that could be

visualized using t-SNE were obtained (Fig 1B). The heatmaps displayed the expression level of

characteristic genes in each cluster (Fig 1C). Also, we manually annotated each cluster based

on the expression of characteristic marker genes (as described in the materials and methods

section on strategies for cell-type annotation) (Fig 1D and S3 and S4 Files). The result showed

that there was 5 clusters of non-immune cell types: Vascular endothelial cell (Cluster 4), Fibro-

blast (Cluster 7), Epithelial cell (Cluster 15), type II alveolar epithelial cell (Cluster 17), and

Smooth muscle cell (Cluster 18), and 11 specialized immune cell types: CD8+ T cell (Cluster 3

and Cluster 10), Cytotoxic T cell (Cluster 9), CD4+T cell (Cluster 2), Th2 cell (Cluster 5), Th17

cell (Cluster 12), Treg cell (Cluster 13), B cell (Cluster 16), DC (Cluster 11), Macrophage
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Fig 1. Single-cell profiling of cell populations in the lung collected from H9N2 AIV infected, H5N1 AIV infected and

control chickens. (A) Overview of the study design. The lung cell suspension from three chickens were mixed together as the

pulmonary cell pool for each treatment group. Equal number of MHC Class II and CD3 positive cells in each pulmonary cell

pool were sorted out and mixed together as one sample for single-cell sequencing analysis. (B) t-Distributed Stochastic Neighbor

Embedding (t-SNE) projection representing the 19 clusters of cells identified in the chicken pulmonary cell pools (unified set of

control, H9N2 AIV and H5N1 AIV infection samples). (C) Heatmap showing the normalized expression (Z-score) of

characteristic genes in each cluster. (D) Cell type annotation and dot plot representing characteristic genes (y-axis) in each

cluster (x-axis). Dot size represents the proportion of cells in the cluster that express the gene; intensity indicates the mean

expression level (Z-score) in the cells, relative to those from other clusters. (E) Uniform Manifold Approximation and Projection
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(Cluster 0, Cluster 1 and Cluster 14), Macrophage like cell (Cluster 8), and M2 Macrophage

(Cluster 6) (Fig 1D and S3 and S4 Files, cell type annotation methods). Thus, the atlas of 16

major cell subsets in the lung was also displayed with UMAP (Fig 1E).

To explore the effect of AIV infection on the composition of cell subsets in the lungs, we

analyzed the proportion of each cell type in the lung from H9N2 AIV infected, H5N1 AIV

infected and control chickens. We found that the proportion of macrophages showed a huge

increase in the lungs from H9N2 AIV infected or H5N1 AIV infected chickens when com-

pared to the control (Fig 1F). Moreover, we found that the changes in the macrophages from

single cell suspensions of lungs during H9N2 AIV or H5N1 AIV infections determined by

FACS analysis were similar with that in scRNA-seq data (Fig 1G and 1H), which further con-

firmed the scRNA-seq data and indicated the importance of macrophages in AIV infection

and pathogenesis.

The global infection signature of cell types in the lung after H9N2 or H5N1

AIV infection

To characterize the host responses to H9N2 or H5N1 AIV infection, we analyzed the differential

expressed genes between cell populations of the H9N2 or H5N1 AIV-treated and control samples

using Seurat package (v4.0.4). Massive changes of the transcriptional landscape were found

between the normal lung tissue and tissue from chickens challenged with H9N2 AIV or H5N1

AIV. Compared to the control sample, it was found that most up-regulated host genes were in

macrophages and M2 macrophages of H5N1 group, and macrophages of H9N2 group (Fig 2A

and 2D, and S6 File). And the number of DEGs in most cell populations of H5N1 group was obvi-

ously higher than that in the H9N2 group (Fig 2A and 2D), which implied that H5N1 AIV infec-

tion induced more robust host responses than H9N2 AIV infection. Then, we curated a global

infection signature of top DEGs in H5N1 group and H9N2 group, with varying degree of specific-

ity to a certain cell type (Fig 2B and 2E). We further verified 10 selected up-regulated genes across

all cells in the lung after AIV infection by qPCR, which further confirmed the scRNA-seq data (S2

Fig). We also analyzed the expression of genes involved in the “defense response to virus” (GO:

0051607) within various cell types of H5N1 group and H9N2 group. Antiviral gene expression

profiles for each cell type after AIV infection are displayed in Fig 2C and 2F. Macrophages gener-

ated the most antiviral factors, and H5N1 AIV infection induced a stronger antiviral immune

response than H9N2 AIV infection in lung (Fig 2C and 2F, and S7 File).

Viral load detection in various cell types of H5N1 group, H9N2 group and

Control group

Since the viral mRNA is poly-adenylated, scRNA-seq can capture both viral and host mRNAs

within each individual cell. Therefore, host cells infected with AIV were quantitatively identified

by tracking the intracellular AIV-segmented mRNAs at single-cell resolution. In Fig 3A–3D,

the abundance of viral gene expression in individual cells is illustrated. Viral genes could be

detected in a large number of cells of the H5N1-infected sample, but not H9N2-infected sample,

illustrating widespread and efficient replication of H5N1 AIV in the lung (Fig 3A–3D). To bet-

ter understand the infected cells in lung, the UMI counts of AIV genes were sought in single cell

(UMAP) displaying all identified cell types. (F) Table displaying the total contribution of each cell type aggregated for the

control, H5N1 group and H9N2 group samples in percentage of prepared cell suspension, respectively. (G) Gating of

macrophages with the KUL01+ (PE) and MHC Class II+ (FITC) antibodies. (H) The percentage or number of macrophages from

lung single cell suspensions in the H5N1 group, H9N2 group and Control group, respectively. The data were collected from

three biological samples. Statistical analysis was performed using one-way ANOVA. *P< 0.05, **P< 0.01, ***P< 0.001.

https://doi.org/10.1371/journal.ppat.1011685.g001
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transcriptional data (S8 File). The violin plots showed that eight viral genes were all highly

expressed in macrophage, macrophage-like and M2 macrophage populations of H5N1 group

(Fig 3E and S8 File). Conversely, few viral genes were expressed in cells of H9N2 group (Fig 3F

and S8 File). According to the expression counts of AIV transcripts, the cells in the clusters sus-

ceptible to AIV infection could be divided into highly infected cells (I, total UMI counts of viral

transcripts�8), potentially or lowly infected cells (P, total UMI counts of viral transcripts�1),

and undetected cells (N, UMI counts of viral transcripts = 0). It was observed that nine of the

infected cell populations (CD8 T cell, Th2, DC, Macrophage, Macrophage like, M2 Macro-

phage, Vascular endothelial cell, Fibroblast and type II alveolar epithelial cell) of H5N1 group

carried a high viral load (Fig 3G). On the other hand, only two of the infected cell populations

(DC and Macrophage like) of H9N2 group carried a high viral load (Fig 3G). Additionally, the

proportion of infected cells in the H5N1 group was much higher than that in the H9N2 group

(Fig 3G). Immunohistochemistry (IHC) results showed abundant viral protein expression in

the lung in the H5N1 group, compared to the H9N2 group (S3 Fig, IHC). Moreover, hematoxy-

lin and eosin (HE) staining results indicated that there were significant lesions in the lung of the

H5N1 group, including congestion and inflammatory cell infiltration, but no obvious lesions

were found in the lung of H9N2 group (S3 Fig, HE). These results reminded that massive viral

replication of H5N1 AIV in the chicken lung induced inflammatory damage.

The landscape of inflammatory response within each cell type in the lung

after H9N2 or H5N1 AIV infection

AIV infection initiates in the respiratory tract and spreads in the lung, which triggers wide-

spread pulmonary immune responses. Our foregoing results indicated that highly pathogenic

H5N1 AIV, instead of low pathogenic H9N2 AIV infection, induced pulmonary inflammatory

Fig 2. Global infection signature of cell types in the lung after H9N2 or H5N1 AIV infection. Histogram showing the number of up-regulated (red) and

down-regulated DEGs (green) in H5N1-infected cells (A) or H9N2-infected cells (D) compared to control cells within each cell type. Heatmap showing the

normalized expression (Z-score) of the top DEGs in H5N1-infected cells (B) or H9N2-infected cells (E) compared to control cells within each cell type.

Histogram showing the significantly up-regulated DEGs (log2 fold change�0.36, and p value_ adj�0.05) in each cell type enriched in the gene ontology term of

“defense response to virus” (GO: 0051607). The ranking of genes from top to bottom is based on the mean expression level in H5N1-infected cells (C) or

H9N2-infected cells (F) compared to control cells within each cell type.

https://doi.org/10.1371/journal.ppat.1011685.g002
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damage and a strong antiviral immune response with major viral replication. Therefore, we

further analyzed the expression of genes involved in the inflammatory response after AIV

infection. There are 301 genes related to the GO term of “inflammatory response” (GO:

0006954). The inflammatory response was firstly analyzed within various cells. And we found

that macrophage, M2 macrophage and macrophage-like populations generated abundant

inflammatory factors (Fig 4A). Then, up-regulated genes related to inflammatory response in

each cell type of H5N1 group or H9N2 group are displayed (Fig 4B and 4C, and S9 File). The

ranking of gene from top to bottom is based on the mean expression level in each cell type.

Total number of 203 up-regulated pro-inflammatory genes were detected in H5N1 group,

which was larger than that of H9N2 group (141 up-regulated pro-inflammatory genes) (S9

File). In H9N2 group, macrophages generated the most pro-inflammatory factors. In H5N1

group, macrophages and M2 macrophages contributed to the most pro-inflammatory factors.

These results depicted the inflammatory response landscape of various cell types from the lung

after H9N2 or H5N1 AIV infection, and described the composition of immune cells and

inflammatory genes during AIV-driven inflammatory response.

The key immune cells and genes contribute to the H5N1 AIV-driven

pneumonia

To further identify the cell types involved in generating pro-inflammatory responses, we firstly

analyzed the expression of pro-inflammatory factors including IL6, CCL19, CCL4, CXCL13,

Fig 3. Viral load detection within various cell populations of H5N1 group, H9N2 group and Control group. (A) t-Distributed Stochastic Neighbor

Embedding (t-SNE) projection representing 16 cell types. t-SNE displaying the normalized expression (Z-score) of viral genes in control cells (B),

H9N2-infected cells (C), and H5N1-infected cells (D). Violin plots showing the expression levels of H5N1 AIV genes (E) or H9N2 AIV genes (F) in various

cell types. (G) The cells in various cell types susceptible to AIV infection were divided into highly infected cells (represented by I, total UMI counts of viral

transcripts� 8), potential or lowly infected cells (represented by P, total UMI counts of viral transcripts� 1), and undetected cells (represented by N, UMI

counts of viral transcripts = 0). The percentages of highly infected cells (brown), potential or lowly infected cells (yellow), and undetected cells (light yellow)

were shown in y axis.

https://doi.org/10.1371/journal.ppat.1011685.g003
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IL1β, IL8, and TNFAIP3 in different cell types. We confirmed that these pro-inflammatory fac-

tors were highly expressed in macrophage, M2 macrophage and macrophage like populations

(Fig 5A). Besides, the Pearson’s Correlation analysis between SMART-Seq2 data of macro-

phages (KUL01+CLASS II+) and scRNA-seq showed that Clusters 0, 1, and 14 (annotated as a

macrophage population) had high correlation with macrophages (KUL01+CLASS II+) (Fig

5B), which further increased the reliability of the annotation of scRNA-seq clusters in this

study. Additionally, our foregoing results indicated that the proportion of macrophages was

Fig 4. The landscape of inflammatory response within each cell type in the lung after H5N1 or H9N2 AIV

infection. (A) The sum UMI counts expression of host 301 genes related to inflammatory response in different cell

types (X-axis) (GO: 0006954). The dots indicate the cells from different groups, colored according to the samples. (B)

Up-regulated genes (log2 fold change�0.36) in each cell type of H5N1 group enriched in the gene ontology term of

“inflammatory response”. The ranking of genes from top to bottom is based on the mean expression level in each cell

type. (C) Up-regulated genes (log2 fold change�0.36) in each cell type of H9N2 group enriched in the gene ontology

term of “inflammatory response”. The ranking of genes from top to bottom is based on the mean expression level in

each cell type.

https://doi.org/10.1371/journal.ppat.1011685.g004
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hugely increased in the lung from H9N2 AIV infected or H5N1 AIV infected chickens when

compared to the control in scRNA-seq data (Fig 1F) and FACS validation (Fig 1H). Therefore,

to explore the infiltrated macrophage induced inflammatory response, we sorted macrophages

from each group and detected the expression changes of inflammatory-related genes by

Fig 5. The key immune cells and genes contribute to the H5N1 AIV-driven pneumonia. (A) The normalized

expression (UMI counts) of pro-inflammatory genes including IL6, CCL19, CCL4, CXCL13, IL1β, IL8, and TNFAIP3

in different cell populations. (B) Pearson’s Correlation analysis between the SMART-Seq2 data of macrophages

(KUL01+CLASS II+) and lung clusters in scRNA-seq based on levels of gene expression. (C) Analysis expression of 21

differentially expressed genes (DEGs) in macrophages of single-cell lung suspensions from H9N2 AIV infected

chickens at 3DPI by qRT-PCR. (D) Analysis expression of 21 DEGs in macrophages of single-cell lung suspensions

from H5N1 AIV infected chickens at 1DPI by qRT-PCR. Total RNA of sorted macrophages was extracted from three

chickens of the two infection groups and control groups, respectively. The data were collected from three biological

samples, and each sample was tested in triplicate. The results are presented as mean ± SEM. Statistical comparisons

were performed with paired t-test, and significance was assessed as P-values using GraphPad Prism. *P< 0.05,

**P< 0.01, ***P < 0.001. (E) Predicted interaction map through CCL4, CCL19, and CXCL13 after H5N1 AIV

challenge, respectively. Purple line indicates interactions emerging only after H5N1 AIV challenge.

https://doi.org/10.1371/journal.ppat.1011685.g005
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qRT-PCR. We found that pro-inflammatory cytokines including IFN-β, IL1β, IL6, and IL8

[51,52] and chemokines containing CCL1 and CCL19, were significantly up-regulated in mac-

rophages of H5N1 group instead of H9N2 group (Fig 5C and 5D).

Lastly, in order to depict how cell populations interacted in the lung through pro-inflam-

matory cytokines and chemokines after AIV infection, we plotted the intercommunication

predictions for cell types expressing the receptor or ligand of the pro-inflammatory factors.

Intriguingly, we identified the interaction categories based on CCL4, CCL19, and CXCL13

and their receptors after H5N1 AIV challenge, but not H9N2 AIV challenge. Specifically, the

possible communications of various cell populations in the lung through CCL4, CCL19, and

CXCL13 and their receptors are sketched, which were induced after H5N1 AIV infection (Fig

5E). Thus, H5N1 AIV seemed to induce interactions of cell populations that were not present

in control or H9N2 AIV infected lungs, which may contribute to the pro-inflammatory

response of lung. From the above results, it can be seen that the infiltrated macrophages, pro-

inflammatory cytokines including IFN-β, IL1β, IL6, and IL8, and emerging interactions of var-

ious cell populations through CCL4, CCL19, and CXCL13, may contribute to the H5N1 AIV

driven inflammatory lung injury.

Discussion

Multiple key questions related to the response of the immune cells to AIV infection in chicken

lung have yet to be answered. In particular, the identity of the key immune cell types, antiviral

and inflammatory factors contributing to the host protection and immunopathogenesis have

not been systematically elucidated. Advances in scRNA-seq technology have allowed us to

explore the atlas of the immune cells response to AIV infection in chicken lungs.

In this study, we performed 10x scRNA-seq on the sorted immune cells including MHC

Class II (antigen presenting cells) and CD3 (T cells) positive cells for characterizing the

responses of major immune cell populations in the lung tissue isolated from chickens after

H5N1 HPAIV(1DPI), H9N2 LPAIV (3DPI) and PBS treatment. Here, 19 distinct clusters in

chicken lungs were identified following the analysis of scRNA-seq data. In addition to the 11

specialized immune cell types (14 clusters) that were identified and annotated, we also identi-

fied 5 clusters of non-immune cell types which may be accidentally sorted out during the

experiment. In total, 16,642 immune cells were profiled and analyzed including various T cell

subsets (CD8 T cell, Cytotoxic T cell, CD4 T cell, Th2, Th17 and Treg) and antigen presenta-

tion cells (B cell, DC, Macrophage, Macrophage like cell, and M2 macrophage) (S3 and S5

Files). Moreover, we verified that the SMART-Seq2 data of sorted macrophages was highly

correlated to the marker-based annotation of the macrophage population (Clusters 0, 1 and

14) (Fig 5B), which further indicated the reliability of the annotation of scRNA-seq clusters in

this study. Thus for the first time (to our knowledge), we provided a valuable catalog of marker

genes for identifying 16 cell types in lung tissue of chickens via scRNA-seq (Fig 1 and S3 File).

In future studies, more samples and cell numbers will be necessary for identifying the complete

cell atlas of the chicken lung.

Compared to LPAIV infection, the efficient virus replication of HPAIV can be correlated

with tissue damage in the lung [11,12]. But the extent and nature of HPAIV and LPAIV infec-

tion in different cell types of chicken lung have not been elucidated. In this study, we found

that H9N2 LPAIV seemed to be limited in infecting different cell types. Instead, H5N1 HPAIV

widely infected all cell types identified by single-cell sequence (Fig 3). The difference in the tro-

pism of cell types between LPAI and HPAI seems to align with the clinical outcome of chick-

ens after LPAIV and HPAIV infection. In mice studies, it has been reported that influenza A

Virus could infect all cell types including T cells [14,53], which is in agreement with our
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findings on chickens. Besides the widespread and efficient virus replication, H5N1 AIV infec-

tion induced a stronger antiviral immune response than H9N2 AIV infection in lung (Fig 2C

and 2F, and S7 File). Moreover, the antiviral genes were induced and appeared in nearly all

H5N1 infected cell types (Fig 2C), which indicated that the host response conferred the first

line of defense in all key cell types.

HE staining results revealed that H5N1 AIV, as against H9N2 AIV infection, induced pul-

monary inflammatory damage with inflammatory cell infiltration (S3 Fig), which prompted us

to investigate the key immune cells and genes contributing to the H5N1 AIV-driven pneumo-

nia. By sequentially analyzing the transcriptome of various cell types, we identified that macro-

phage, M2 macrophage and macrophage-like populations generated abundant pro-

inflammatory factors (Figs 4 and 5A). Meanwhile, the high levels of H5N1 virus infection were

discovered in these cell populations simultaneously (Fig 3E and S8 File), which reminded that

massive viral replication potentially induced an excessive immune response. Besides, we found

that macrophages (Clusters 0, 1 and 14) were hugely increased in the lung from H9N2 or

H5N1 AIV infected chickens based on the data from scRNA-seq (Fig 1F) and FACS analysis

(Fig 1G and 1H) detected using KUL01 and MHC Class II antibodies [25,54]. Compared to

other cell types, macrophages demonstrated the most DEGs, especially pro-inflammatory fac-

tors responding to H9N2 and H5N1 AIV infection (Figs 2 and 4). More importantly, we found

that pro-inflammatory cytokines including IFN-β, IL1β, IL6 and IL8 [51,52] and chemokines

containing CCL1 and CCL19, were significantly up-regulated in the macrophages of H5N1

group as against the H9N2 group as determined by qRT-PCR (Fig 5C and 5D). Therefore, we

would consider that moderate expression levels of monocytes/macrophages and inflammatory

factors favor lung damage repair after H9N2 AIV infection. However, uncontrollable viral rep-

lication and cytokine release would induce serious lung immune pathology after H5N1 AIV

infection. Collectively, we especially identified infiltrating macrophages with massive viral rep-

lication contributing to the excessive cytokines released and immune injury after H5N1

infection.

In mice studies, it has been reported that the communication networks between various cell

types play an important role in influenza A virus (IAV)-induced cytokine storm and pneumo-

nia [13]. Thus, we plotted the intercommunication predictions for cell types expressing the

receptor or ligand of the pro-inflammatory factors. Intriguingly, we have identified the interac-

tion categories based on the CCL4, CCL19, and CXCL13 and their receptors after H5N1 AIV

challenge, as against H9N2 AIV infection (Fig 5E), which may contribute to the inflammatory

lung injury. The mechanism by which the intercommunication across various cell clusters

induces the release of inflammatory factors has yet to be explored.

In summary, through scRNA-seq analysis, we demonstrated the key factors associated with

the pathogenesis of AIV infection in chickens. Importantly, by sequentially analyzing the tran-

scriptome of various cell types, we discovered that infiltrating macrophages with massive viral

replication and emerging interaction of various cell populations through CCL4, CCL19 and

CXCL13, may contribute to the H5N1 AIV driven inflammatory lung injury. Paralleled with

the previous findings from the literature, our results and validation studies confirm the fidelity

of our analyses and interpretations. Our data also provide extensive resources for future stud-

ies to address the function of identified cell types and in response to pathogenic infection in

chickens.

Supporting information

S1 File. Detection of the virus titer in major organs and virus shedding.

(DOCX)

PLOS PATHOGENS Key factors correlating with H5N1 AIV driven inflammatory lung injury of chicken via scRNA-seq

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011685 October 11, 2023 14 / 19

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s001
https://doi.org/10.1371/journal.ppat.1011685


S2 File. Primers used for qRT-PCR.

(DOCX)

S3 File. Cell type annotation for each cluster based on the marker genes information.

(DOCX)

S4 File. Marker genes expression in each cluster.

(XLSX)

S5 File. Details on the statistics of scRNA-seq data.

(DOCX)

S6 File. Differentially Expressed Genes (DEGs) in bulk or each cell type between H5N1 or

H9N2-infected and uninfected groups.

(XLSX)

S7 File. Up-regulated DEGs involved in the GO term of “defense response to virus” (GO:

0051607) within each cell type of H5N1 group and H9N2 group.

(XLSX)

S8 File. Statistics of virus-infected cells and expression of viral genes within each cell types.

(XLSX)

S9 File. Up-regulated DEGs involved in the GO term of “inflammatory response” (GO:

0006954) within each cell type of H5N1 group and H9N2 group.

(XLSX)

S1 Fig. The sorting gating strategy for MHC Class II (antigen presentation cells) and CD3

(T cells) positive cells.

(TIF)

S2 Fig. Validation of up-regulated DEGs across all cells in the lung from H5N1 AIV (1

DPI) or H9N2 AIV (3DPI) infected chickens by qRT-PCR. Total RNA of lung cell suspen-

sions was extracted from three chickens of the H5N1 or H9N2 AIV-infected and control

groups, respectively. The data of relative mRNA expression level was derived from the ratio of

the H5N1 AIV (A) or H9N2 AIV-challenge (B) group results to the control group results.

qRT-PCR and RNA-seq results are respectively displayed as the 2−ΔΔCt value and the average

log2 (fold change) values of DEGs. Data from qRT-PCR were collected from three biological

samples, and each sample was tested in triplicate. Statistical comparisons were performed with

paired t-test, and significance was assessed as P-values using GraphPad Prism. *P< 0.05,

**P< 0.01, ***P< 0.001. Error bars indicate SEM.

(TIF)

S3 Fig. Hematoxylin and eosin (HE) staining and immunohistochemical (IHC) analysis of

lung from the H5N1 infected, H9N2 infected and control chickens. Fresh lung tissues were

firstly stained with hematoxylin and eosin, then immunohistochemically labeled for NP pro-

tein antibody, and examined microscopically. Scale bar = 100μm.

(TIF)

Acknowledgments

We are grateful to the South China Agricultural University’s high-level talent launch program

and the "Fuji Peiyou" program of the College of Veterinary Medicine, South China Agricul-

tural University. We are extremely appreciative of the help given by Gene Denovo Corp. dur-

ing bioinformatics analysis.

PLOS PATHOGENS Key factors correlating with H5N1 AIV driven inflammatory lung injury of chicken via scRNA-seq

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011685 October 11, 2023 15 / 19

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011685.s012
https://doi.org/10.1371/journal.ppat.1011685


Author Contributions

Conceptualization: Manman Dai.

Data curation: Manman Dai, Sufang Zhu, Zhihao An, Bowen You, Ziwei Li.

Formal analysis: Manman Dai.

Funding acquisition: Manman Dai.

Methodology: Manman Dai, Sufang Zhu, Zhihao An, Bowen You, Ziwei Li.

Project administration: Ming Liao.

Supervision: Ming Liao.

Writing – original draft: Manman Dai.

Writing – review & editing: Yongxiu Yao, Venugopal Nair.

References
1. Sun Y, Liu J. H9N2 influenza virus in China: a cause of concern. Protein & cell. 2015; 6(1):18–25.

https://doi.org/10.1007/s13238-014-0111-7 PMID: 25384439; PubMed Central PMCID: PMC4286136.

2. Dai M, Li S, Keyi S, Sun H, Zhao L, Deshui Y, et al. Comparative analysis of key immune protection fac-

tors in H9N2 avian influenza viruses infected and immunized specific pathogen-free chicken. Poultry

science. 2021; 100(1):39–46. Epub 2020/12/29. https://doi.org/10.1016/j.psj.2020.09.080 PMID:

33357705; PubMed Central PMCID: PMC7772655.

3. Dai M, Sun H, Zhao L, Wu Q, You B, Xu F, et al. Duck CD8(+) T Cell Response to H5N1 Highly Patho-

genic Avian Influenza Virus Infection In Vivo and In Vitro. Journal of immunology (Baltimore, Md: 1950).

2022; 209(5):979–90. Epub 2022/08/09. https://doi.org/10.4049/jimmunol.2101147 PMID: 35940633.

4. Wille M, Barr IG. Resurgence of avian influenza virus. Science. 2022; 376(6592):459–60.

WOS:000791247600029. https://doi.org/10.1126/science.abo1232 PMID: 35471045

5. Chen X, Wang W, Wang Y, Lai S, Yang J, Cowling BJ, et al. Serological evidence of human infections

with highly pathogenic avian influenza A(H5N1) virus: a systematic review and meta-analysis. BMC

medicine. 2020; 18(1):377. https://doi.org/10.1186/s12916-020-01836-y PMID: 33261599; PubMed

Central PMCID: PMC7709391.

6. Hao X, Hu J, Wang J, Xu J, Cheng H, Xu Y, et al. Reassortant H5N1 avian influenza viruses containing

PA or NP gene from an H9N2 virus significantly increase the pathogenicity in mice. Veterinary microbiol-

ogy. 2016; 192:95–101. https://doi.org/10.1016/j.vetmic.2016.07.002 PMID: 27527770.

7. Ouoba LB, Habibata-Zerbo L, Zecchin B, Barbierato G, Hamidou-Ouandaogo S, Palumbo E, et al.

Emergence of a Reassortant 2.3.4.4b Highly Pathogenic H5N1 Avian Influenza Virus Containing H9N2

PA Gene in Burkina Faso, West Africa, in 2021. Viruses. 2022; 14(9). https://doi.org/10.3390/

v14091901 PMID: 36146708; PubMed Central PMCID: PMC9504354.

8. Szretter KJ, Gangappa S, Lu X, Smith C, Shieh WJ, Zaki SR, et al. Role of host cytokine responses in

the pathogenesis of avian H5N1 influenza viruses in mice. Journal of virology. 2007; 81(6):2736–44.

https://doi.org/10.1128/JVI.02336-06 PMID: 17182684; PubMed Central PMCID: PMC1866007.

9. Koutsakos M, Kedzierska K, Subbarao K. Immune Responses to Avian Influenza Viruses. Journal of

immunology. 2019; 202(2):382–91. https://doi.org/10.4049/jimmunol.1801070 PMID: 30617120.

10. Kalaiyarasu S, Kumar M, Senthil Kumar D, Bhatia S, Dash SK, Bhat S, et al. Highly pathogenic avian

influenza H5N1 virus induces cytokine dysregulation with suppressed maturation of chicken monocyte-

derived dendritic cells. Microbiology and immunology. 2016; 60(10):687–93. https://doi.org/10.1111/

1348-0421.12443 PMID: 27730669.

11. Rebel JM, Peeters B, Fijten H, Post J, Cornelissen J, Vervelde L. Highly pathogenic or low pathogenic

avian influenza virus subtype H7N1 infection in chicken lungs: small differences in general acute

responses. Vet Res. 2011; 42:10. https://doi.org/10.1186/1297-9716-42-10 PMID: 21314972; PubMed

Central PMCID: PMC3037890.

12. Bruder D, Srikiatkhachorn A, Enelow RI. Cellular immunity and lung injury in respiratory virus infection.

Viral immunology. 2006; 19(2):147–55. https://doi.org/10.1089/vim.2006.19.147 PMID: 16817757.

13. Zhang JS, Liu J, Yuan YC, Huang F, Ma R, Luo BH, et al. Two waves of pro-inflammatory factors are

released during the influenza A virus (IAV)-driven pulmonary immunopathogenesis. PLoS pathogens.

2020;16(2). WOS:000518637800010. https://doi.org/10.1371/journal.ppat.1008334 PMID: 32101596

PLOS PATHOGENS Key factors correlating with H5N1 AIV driven inflammatory lung injury of chicken via scRNA-seq

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011685 October 11, 2023 16 / 19

https://doi.org/10.1007/s13238-014-0111-7
http://www.ncbi.nlm.nih.gov/pubmed/25384439
https://doi.org/10.1016/j.psj.2020.09.080
http://www.ncbi.nlm.nih.gov/pubmed/33357705
https://doi.org/10.4049/jimmunol.2101147
http://www.ncbi.nlm.nih.gov/pubmed/35940633
https://doi.org/10.1126/science.abo1232
http://www.ncbi.nlm.nih.gov/pubmed/35471045
https://doi.org/10.1186/s12916-020-01836-y
http://www.ncbi.nlm.nih.gov/pubmed/33261599
https://doi.org/10.1016/j.vetmic.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27527770
https://doi.org/10.3390/v14091901
https://doi.org/10.3390/v14091901
http://www.ncbi.nlm.nih.gov/pubmed/36146708
https://doi.org/10.1128/JVI.02336-06
http://www.ncbi.nlm.nih.gov/pubmed/17182684
https://doi.org/10.4049/jimmunol.1801070
http://www.ncbi.nlm.nih.gov/pubmed/30617120
https://doi.org/10.1111/1348-0421.12443
https://doi.org/10.1111/1348-0421.12443
http://www.ncbi.nlm.nih.gov/pubmed/27730669
https://doi.org/10.1186/1297-9716-42-10
http://www.ncbi.nlm.nih.gov/pubmed/21314972
https://doi.org/10.1089/vim.2006.19.147
http://www.ncbi.nlm.nih.gov/pubmed/16817757
https://doi.org/10.1371/journal.ppat.1008334
http://www.ncbi.nlm.nih.gov/pubmed/32101596
https://doi.org/10.1371/journal.ppat.1011685


14. Steuerman Y, Cohen M, Peshes-Yaloz N, Valadarsky L, Cohn O, David E, et al. Dissection of Influenza

Infection In Vivo by Single-Cell RNA Sequencing. Cell systems. 2018; 6(6):679–91 e4. https://doi.org/

10.1016/j.cels.2018.05.008 PMID: 29886109; PubMed Central PMCID: PMC7185763.

15. Qu X, Li X, Li Z, Liao M, Dai M. Chicken Peripheral Blood Mononuclear Cells Response to Avian Leuko-

sis Virus Subgroup J Infection Assessed by Single-Cell RNA Sequencing. Frontiers in microbiology.

2022; 13:800618. Epub 2022/04/02. https://doi.org/10.3389/fmicb.2022.800618 PMID: 35359721;

PubMed Central PMCID: PMC8964181.

16. Kudo E, Song E, Yockey LJ, Rakib T, Wong PW, Homer RJ, et al. Low ambient humidity impairs barrier

function and innate resistance against influenza infection. Proceedings of the National Academy of Sci-

ences of the United States of America. 2019; 116(22):10905–10. https://doi.org/10.1073/pnas.

1902840116 PMID: 31085641; PubMed Central PMCID: PMC6561219.

17. Russell AB, Elshina E, Kowalsky JR, te Velthuis AJW, Bloom JD. Single-Cell Virus Sequencing of Influ-

enza Infections That Trigger Innate Immunity. Journal of virology. 2019;93(14).

WOS:000473273500018. https://doi.org/10.1128/JVI.00500-19 PMID: 31068418

18. Russell AB, Trapnell C, Bloom JD. Extreme heterogeneity of influenza virus infection in single cells.

Elife. 2018; 7. WOS:000426067200001. https://doi.org/10.7554/eLife.32303 PMID: 29451492

19. Cohen M, Giladi A, Gorki AD, Solodkin DG, Zada M, Hladik A, et al. Lung Single-Cell Signaling Interac-

tion Map Reveals Basophil Role in Macrophage Imprinting. Cell. 2018;175(4):1031-+.

WOS:000449100600016. https://doi.org/10.1016/j.cell.2018.09.009 PMID: 30318149

20. Cosacak MI, Bhattarai R, Reinhardt S, Petzold A, Dahl A, Zhang Y, et al. Single-Cell Transcriptomics

Analyses of Neural Stem Cell Heterogeneity and Contextual Plasticity in a Zebrafish Brain Model of

Amyloid Toxicity. Cell Rep. 2019; 27(4):1307-+. WOS:000465241300026.

21. Xu C, Ye H, Qiu W, Lin H, Chen Y, Zhang H, et al. Phylogenetic classification of hemagglutinin gene of

H9N2 avian influenza viruses isolated in China during 2012–2016 and evaluation of selected candidate

vaccine strains. Poultry science. 2018; 97(9):3023–30. Epub 2018/06/23. https://doi.org/10.3382/ps/

pey154 PMID: 29931183.

22. Sun H, Jiao P, Jia B, Xu C, Wei L, Shan F, et al. Pathogenicity in quails and mice of H5N1 highly patho-

genic avian influenza viruses isolated from ducks. Veterinary microbiology. 2011; 152(3–4):258–65.

https://doi.org/10.1016/j.vetmic.2011.05.009 PMID: 21665388.

23. Jungblut M, Oeltze K, Zehnter I, Hasselmann D, Bosio A. Standardized preparation of single-cell sus-

pensions from mouse lung tissue using the gentleMACS Dissociator. Journal of visualized experiments:

JoVE. 2009;(29). https://doi.org/10.3791/1266 PMID: 19574953; PubMed Central PMCID:

PMC2798855.

24. Dai M, Li S, Shi K, Liao J, Sun H, Liao M. Systematic Identification of Host Immune Key Factors Influ-

encing Viral Infection in PBL of ALV-J Infected SPF Chicken. Viruses. 2020; 12(1). https://doi.org/10.

3390/v12010114 PMID: 31963363; PubMed Central PMCID: PMC7019883.

25. Feng M, Dai MM, Cao WS, Tan Y, Li ZH, Shi MQ, et al. ALV-J strain SCAU-HN06 induces innate

immune responses in chicken primary monocyte-derived macrophages. Poultry science. 2017; 96

(1):42–50. WOS:000391681900007. https://doi.org/10.3382/ps/pew229 PMID: 27486255

26. Dai M, Zhao L, Li Z, Li X, You B, Zhu S, et al. The Transcriptional Differences of Avian CD4(+)CD8(+)

Double-Positive T Cells and CD8(+) T Cells From Peripheral Blood of ALV-J Infected Chickens

Revealed by Smart-Seq2. Front Cell Infect Microbiol. 2021; 11:747094. https://doi.org/10.3389/fcimb.

2021.747094 PMID: 34858872; PubMed Central PMCID: PMC8631335.

27. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(-Delta Delta C(T)) Method. Methods (San Diego, Calif). 2001; 25(4):402–8. Epub 2002/02/16.

https://doi.org/10.1006/meth.2001.1262 PMID: 11846609.

28. Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, et al. Ensembl 2018. Nucleic acids

research. 2018; 46(D1):D754–D61. https://doi.org/10.1093/nar/gkx1098 PMID: 29155950; PubMed

Central PMCID: PMC5753206.

29. Xu C, Su Z. Identification of cell types from single-cell transcriptomes using a novel clustering method.

Bioinformatics. 2015; 31(12):1974–80. https://doi.org/10.1093/bioinformatics/btv088 PMID: 25805722;

PubMed Central PMCID: PMC6280782.

30. Levine JH, Simonds EF, Bendall SC, Davis KL, Amir el AD, Tadmor MD, et al. Data-Driven Phenotypic

Dissection of AML Reveals Progenitor-like Cells that Correlate with Prognosis. Cell. 2015; 162(1):184–

97. https://doi.org/10.1016/j.cell.2015.05.047 PMID: 26095251; PubMed Central PMCID:

PMC4508757.

31. Linderman GC, Rachh M, Hoskins JG, Steinerberger S, Kluger Y. Fast interpolation-based t-SNE for

improved visualization of single-cell RNA-seq data. Nature methods. 2019; 16(3):243–5. https://doi.org/

10.1038/s41592-018-0308-4 PMID: 30742040; PubMed Central PMCID: PMC6402590.

PLOS PATHOGENS Key factors correlating with H5N1 AIV driven inflammatory lung injury of chicken via scRNA-seq

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011685 October 11, 2023 17 / 19

https://doi.org/10.1016/j.cels.2018.05.008
https://doi.org/10.1016/j.cels.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29886109
https://doi.org/10.3389/fmicb.2022.800618
http://www.ncbi.nlm.nih.gov/pubmed/35359721
https://doi.org/10.1073/pnas.1902840116
https://doi.org/10.1073/pnas.1902840116
http://www.ncbi.nlm.nih.gov/pubmed/31085641
https://doi.org/10.1128/JVI.00500-19
http://www.ncbi.nlm.nih.gov/pubmed/31068418
https://doi.org/10.7554/eLife.32303
http://www.ncbi.nlm.nih.gov/pubmed/29451492
https://doi.org/10.1016/j.cell.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30318149
https://doi.org/10.3382/ps/pey154
https://doi.org/10.3382/ps/pey154
http://www.ncbi.nlm.nih.gov/pubmed/29931183
https://doi.org/10.1016/j.vetmic.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21665388
https://doi.org/10.3791/1266
http://www.ncbi.nlm.nih.gov/pubmed/19574953
https://doi.org/10.3390/v12010114
https://doi.org/10.3390/v12010114
http://www.ncbi.nlm.nih.gov/pubmed/31963363
https://doi.org/10.3382/ps/pew229
http://www.ncbi.nlm.nih.gov/pubmed/27486255
https://doi.org/10.3389/fcimb.2021.747094
https://doi.org/10.3389/fcimb.2021.747094
http://www.ncbi.nlm.nih.gov/pubmed/34858872
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/nar/gkx1098
http://www.ncbi.nlm.nih.gov/pubmed/29155950
https://doi.org/10.1093/bioinformatics/btv088
http://www.ncbi.nlm.nih.gov/pubmed/25805722
https://doi.org/10.1016/j.cell.2015.05.047
http://www.ncbi.nlm.nih.gov/pubmed/26095251
https://doi.org/10.1038/s41592-018-0308-4
https://doi.org/10.1038/s41592-018-0308-4
http://www.ncbi.nlm.nih.gov/pubmed/30742040
https://doi.org/10.1371/journal.ppat.1011685


32. Becht E, McInnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, et al. Dimensionality reduction for visual-

izing single-cell data using UMAP. Nature biotechnology. 2019; 37(1):38-+. WOS:000454804600017.

33. Stewart CR, Keyburn AL, Deffrasnes C, Tompkins SM. Potential directions for chicken immunology

research. Developmental and comparative immunology. 2013; 41(3):463–8. https://doi.org/10.1016/j.

dci.2013.05.011 PMID: 23707787.

34. Lei Y, Takahama Y. XCL1 and XCR1 in the immune system. Microbes and infection. 2012; 14(3):262–

7. https://doi.org/10.1016/j.micinf.2011.10.003 PMID: 22100876.

35. Zhang XX, Lan YJ, Xu JY, Quan F, Zhao EJ, Deng CY, et al. CellMarker: a manually curated resource

of cell markers in human and mouse. Nucleic acids research. 2019; 47(D1):D721–D8. https://doi.org/

10.1093/nar/gky900 WOS:000462587400099. PMID: 30289549

36. Wang QY, Zeng FR, Sun YQ, Qiu QQ, Zhang J, Huang WM, et al. Etk Interaction with PFKFB4 Modu-

lates Chemoresistance of Small-cell Lung Cancer by Regulating Autophagy. Clinical Cancer Research.

2018; 24(4):950–62. https://doi.org/10.1158/1078-0432.CCR-17-1475 WOS:000425191300022.

PMID: 29208667

37. Nureki SI, Tomer Y, Venosa A, Katzen J, Russo SJ, Jamil S, et al. Expression of mutant Sftpc in murine

alveolar epithelia drives spontaneous lung fibrosis. Journal of Clinical Investigation. 2018; 128(9):4008–

24. https://doi.org/10.1172/JCI99287 WOS:000443283400037. PMID: 29920187

38. Takezaki A, Tsukumo S, Setoguchi Y, Ledford JG, Goto H, Hosomichi K, et al. A homozygous SFTPA1

mutation drives necroptosis of type II alveolar epithelial cells in patients with idiopathic pulmonary fibro-

sis. Journal of Experimental Medicine. 2019; 216(12):2724–35. https://doi.org/10.1084/jem.20182351

WOS:000523636900004. PMID: 31601679

39. Choi EH, Ehrmantraut M, Foster CB, Moss J, Chanock SJ. Association of common haplotypes of sur-

factant protein A1 and A2 (SFTPA1 and SFTPA2) genes with severity of lung disease in cystic fibrosis.

Pediatr Pulm. 2006; 41(3):255–62. https://doi.org/10.1002/ppul.20361 WOS:000235755800008. PMID:

16429424

40. Zhang XJ, Liu S, Weng XY, Zeng S, Yu LM, Guo JL, et al. Brg1 deficiency in vascular endothelial cells

blocks neutrophil recruitment and ameliorates cardiac ischemia-reperfusion injury in mice. Int J Cardiol.

2018; 269:250–8. https://doi.org/10.1016/j.ijcard.2018.07.105 WOS:000444606500047. PMID:

30049497

41. Murray GP, Post SR, Post GR. ABO blood group is a determinant of von Willebrand factor protein levels

in human pulmonary endothelial cells. J Clin Pathol. 2020; 73(6):347–9. https://doi.org/10.1136/

jclinpath-2019-206182 WOS:000538123000009. PMID: 31662441

42. Favara DM, Banham AH, Harris AL. ADGRL4/ELTD1 is a highly conserved angiogenesis-associated

orphan adhesion GPCR that emerged with the first vertebrates and comprises 3 evolutionary variants.

Bmc Evol Biol. 2019; 19. https://doi.org/10.1186/s12862-019-1445-9 WOS:000475529600002. PMID:

31299890

43. Oliveira LJ, McClellan S, Hansen PJ. Differentiation of the Endometrial Macrophage during Pregnancy

in the Cow. Plos One. 2010; 5(10). https://doi.org/10.1371/journal.pone.0013213

WOS:000282633700011. PMID: 20949061

44. Liao YM, Guo S, Chen YW, Cao DY, Xu H, Yang CY, et al. VSIG4 expression on macrophages facili-

tates lung cancer development. Lab Invest. 2014; 94(7):706–15. https://doi.org/10.1038/labinvest.

2014.73 WOS:000338490100001. PMID: 24862966

45. He S, Zheng G, Zhou D, Huang L, Dong J, Cheng Z. High-frequency and activation of CD4(+)CD25(+)

T cells maintain persistent immunotolerance induced by congenital ALV-J infection. Vet Res. 2021; 52

(1):119. https://doi.org/10.1186/s13567-021-00989-9 PMID: 34526112; PubMed Central PMCID:

PMC8442411.

46. Li H, Anderson SK. Association of TNFRSF1B Promoter Polymorphisms with Human Disease: Further

Studies Examining T-Regulatory Cells Are Required. Frontiers in immunology. 2018; 9:443. https://doi.

org/10.3389/fimmu.2018.00443 PMID: 29559979; PubMed Central PMCID: PMC5845690.

47. Slawinska A, Hsieh JC, Schmidt CJ, Lamont SJ. Heat Stress and Lipopolysaccharide Stimulation of

Chicken Macrophage-Like Cell Line Activates Expression of Distinct Sets of Genes. Plos One. 2016; 11

(10). https://doi.org/10.1371/journal.pone.0164575 WOS:000385505800088. PMID: 27736938

48. Finak G, McDavid A, Yajima M, Deng JY, Gersuk V, Shalek AK, et al. MAST: a flexible statistical frame-

work for assessing transcriptional changes and characterizing heterogeneity in single-cell RNA

sequencing data. Genome Biol. 2015; 16. WOS:000366105700002.

49. Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. CellPhoneDB: inferring cell-cell commu-

nication from combined expression of multi-subunit ligand-receptor complexes. Nature protocols. 2020;

15(4):1484–506. https://doi.org/10.1038/s41596-020-0292-x PMID: 32103204.

PLOS PATHOGENS Key factors correlating with H5N1 AIV driven inflammatory lung injury of chicken via scRNA-seq

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011685 October 11, 2023 18 / 19

https://doi.org/10.1016/j.dci.2013.05.011
https://doi.org/10.1016/j.dci.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23707787
https://doi.org/10.1016/j.micinf.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22100876
https://doi.org/10.1093/nar/gky900
https://doi.org/10.1093/nar/gky900
http://www.ncbi.nlm.nih.gov/pubmed/30289549
https://doi.org/10.1158/1078-0432.CCR-17-1475
http://www.ncbi.nlm.nih.gov/pubmed/29208667
https://doi.org/10.1172/JCI99287
http://www.ncbi.nlm.nih.gov/pubmed/29920187
https://doi.org/10.1084/jem.20182351
http://www.ncbi.nlm.nih.gov/pubmed/31601679
https://doi.org/10.1002/ppul.20361
http://www.ncbi.nlm.nih.gov/pubmed/16429424
https://doi.org/10.1016/j.ijcard.2018.07.105
http://www.ncbi.nlm.nih.gov/pubmed/30049497
https://doi.org/10.1136/jclinpath-2019-206182
https://doi.org/10.1136/jclinpath-2019-206182
http://www.ncbi.nlm.nih.gov/pubmed/31662441
https://doi.org/10.1186/s12862-019-1445-9
http://www.ncbi.nlm.nih.gov/pubmed/31299890
https://doi.org/10.1371/journal.pone.0013213
http://www.ncbi.nlm.nih.gov/pubmed/20949061
https://doi.org/10.1038/labinvest.2014.73
https://doi.org/10.1038/labinvest.2014.73
http://www.ncbi.nlm.nih.gov/pubmed/24862966
https://doi.org/10.1186/s13567-021-00989-9
http://www.ncbi.nlm.nih.gov/pubmed/34526112
https://doi.org/10.3389/fimmu.2018.00443
https://doi.org/10.3389/fimmu.2018.00443
http://www.ncbi.nlm.nih.gov/pubmed/29559979
https://doi.org/10.1371/journal.pone.0164575
http://www.ncbi.nlm.nih.gov/pubmed/27736938
https://doi.org/10.1038/s41596-020-0292-x
http://www.ncbi.nlm.nih.gov/pubmed/32103204
https://doi.org/10.1371/journal.ppat.1011685


50. Skelly DA, Squiers GT, McLellan MA, Bolisetty MT, Robson P, Rosenthal NA, et al. Single-Cell Tran-

scriptional Profiling Reveals Cellular Diversity and Intercommunication in the Mouse Heart. Cell Rep.

2018; 22(3):600–10. https://doi.org/10.1016/j.celrep.2017.12.072 PMID: 29346760.

51. Askari N, Ghazanfari T, Yaraee R, Mahdavi MRV, Soroush MR, Hassan ZM, et al. Association between

Acne and Serum Pro-inflammatory Cytokines (IL-1 alpha, IL-beta 3, IL-1Ra, IL-6, IL-8, IL-12 and

RANTES) in Mustard Gas-Exposed Patients: Sardasht-Iran Cohort Study. Arch Iran Med. 2017; 20

(2):86–91. WOS:000395616000003.

52. Mishra R, Banerjea AC. SARS-CoV-2 Spike Targets USP33-IRF9 Axis via Exosomal miR-148a to Acti-

vate Human Microglia. Frontiers in immunology. 2021; 12. WOS:000645033600001.

53. Manicassamy B, Manicassamy S, Belicha-Villanueva A, Pisanelli G, Pulendran B, Garcia-Sastre A.

Analysis of in vivo dynamics of influenza virus infection in mice using a GFP reporter virus. Proceedings

of the National Academy of Sciences of the United States of America. 2010; 107(25):11531–6.

WOS:000279058000068. https://doi.org/10.1073/pnas.0914994107 PMID: 20534532

54. Dawes ME, Griggs LM, Collisson EW, Briles WE, Drechsler Y. Dramatic differences in the response of

macrophages from B2 and B19 MHC- defined haplotypes to interferon gamma and polyinosinic: polycy-

tidylic acid stimulation. Poultry science. 2014; 93(4):830–8. WOS:000334349500007. https://doi.org/

10.3382/ps.2013-03511 PMID: 24706959

PLOS PATHOGENS Key factors correlating with H5N1 AIV driven inflammatory lung injury of chicken via scRNA-seq

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011685 October 11, 2023 19 / 19

https://doi.org/10.1016/j.celrep.2017.12.072
http://www.ncbi.nlm.nih.gov/pubmed/29346760
https://doi.org/10.1073/pnas.0914994107
http://www.ncbi.nlm.nih.gov/pubmed/20534532
https://doi.org/10.3382/ps.2013-03511
https://doi.org/10.3382/ps.2013-03511
http://www.ncbi.nlm.nih.gov/pubmed/24706959
https://doi.org/10.1371/journal.ppat.1011685

