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With high fecundity and short production cycle, poultry is one of the important sources of meat. During the embryonic and post-hatch period, the higher death rate caused huge economic losses in poultry production. Our previous study showed that chick subcutaneous adipose tissue is an important energy supply tissue besides yolk. Therefore, the metabolic mechanism of subcutaneous adipose tissue in chicks could provide a new perspective of brooding. The objectives of the current study were to evaluate the differences between chick subcutaneous adipose tissue and abdominal adipose tissue before and after hatching and reveal the cross-talk of different cells within the chick subcutaneous adipose tissue. The results of RNA-seq and weighted gene co-expression network analysis (WGCNA) of chick subcutaneous and abdominal adipose tissues showed that the function of chick subcutaneous tissue was related to immunoreaction, and macrophage could be the major immune infiltration cell type in chicken subcutaneous adipose tissue, which were also verified by qPCR, HE stain, and IHC. The results of free fatty acids (FFAs)-induced the cross-talk between macrophages and adipocytes showed that FFAs-Ccl2 (chicken CCL26) axis could have an important role in lipid transportation in adipose tissue. The results of Oil Red O and Nile red stain demonstrated that macrophages have the ability to absorb FFAs quickly. Interestingly, according to the genomic organization of CCL family with representative vertebrate species, we found that chicken CCL26 could be the major chemokine in chicken adipocyte as the status of CCL2 in mammal adipocyte. In conclusion, we demonstrate that FFA-induced Ccl2 (chicken CCL26) secretion is crucial in determining fat depot-selective adipose tissue macrophage (ATM) infiltration, which could be an important medium of lipid transportation in chicken subcutaneous adipose tissue. These findings may have multiple important implications for understanding macrophage biology with chick subcutaneous adipose tissue and provide theoretical basis for lipid metabolism in poultry brooding.
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Introduction

Poultry is one of the important sources of meat, with high fecundity, short production cycle, and other advantages. The first few days after hatching, high mortality has brought huge economic losses to the poultry industry. Therefore, it is of great significance to understand the metabolic mechanism of this special development stage. At hatch period, the main energy supply of chicks is lipid, which mainly exists in unabsorbed yolk and subcutaneous adipose tissue. The storage of subcutaneous adipose tissue in chicks is much higher than that of abdominal adipose tissue, suggesting that subcutaneous adipose tissue plays an important function after hatching. However, the metabolism dynamics of chick subcutaneous adipose tissue is still poorly understood at present. The results of our previous study found that the subcutaneous adipose tissue of chicks experienced great fluctuations from embryonic stage to post-hatch stage, but the metabolic mechanism of subcutaneous adipose tissue in chicks remains to be further explored.

The adipose tissue is a major site of energy storage and maintains systemic metabolic homeostasis through taking up and hydrolyzing lipid (1). Understanding the molecular mechanism of adipose tissue in physiological and pathological settings has important implications to cope with human health and animal husbandry. The excessive lipid deposition is not the specific cause of lipometabolic disturbance, and their regulator network is complex. First, lipid homeostasis depends on the involvement of adipose tissue and the digestive, nervous, endocrine, and immune systems (2, 3). Second, there are clear metabolic differences among adipose tissues distributed in different parts (4, 5). Moreover, the heterogeneity of adipose tissue and the cross-talk of different cell types in adipose tissue maintain lipid homeostasis as a most important mechanism (6–8).

The adipose tissue is divided into white adipose tissue (WAT) and brown adipose tissue (BAT) (9). BAT exerts a protective role of non-shivering thermogenesis by fatty acid oxidation and energy metabolism by glucose utilization (10). The existence of BAT in birds has not been determined, but the deletion of the uncoupling protein 1 (UCP1) gene is a major defect in the birds’ non-shivering thermogenesis (11). Whether there exists WAT browning in birds is also lacking scientific basis (12). The results of our previous study showed that peroxisome proliferator-activated receptor gamma (PPARγ) and carnitine palmitoyltransferase 1A (CPT1a) could be the key points of fatty acid oxidation and non-shivering thermogenesis in chick subcutaneous adipose tissue after hatching (13). At the same time, it has caught our attention why there are a lot of depositions of subcutaneous adipose tissue rather than abdominal adipose tissue during the chick embryo period. In recent years, studies have shown that there were differences between adipose tissue present in subcutaneous adipose tissue and visceral adipose tissue present in the abdominal cavity (14, 15). There are more glucocorticoid and steroid hormone receptors in the visceral adipose tissue than in the subcutaneous adipose tissue, while the subcutaneous adipose tissue is more avid in absorption of circulating free fatty acids and triglycerides (16, 17). It is possible that the function of vast amounts of subcutaneous adipose tissue in chick before hatching could be related to the absorption of remnant yolk. In this respect, understanding the lipid dynamics of subcutaneous adipose tissue of chicks has great significance for yolk absorption and lipid metabolism before and after hatching.

As a heterogeneous tissue, a variety of cell types are present within the adipose tissue, including macrophages, mast cells, neutrophils, eosinophils, group 2 innate lymphoid cells, T cells, B cells, vascular stromal cells, and neurocytes. The cross-talk of different cells within the adipose tissue is the biological foundation of lipid homeostasis (18–20). Recent studies showed that the cross-talk of macrophages and adipocytes generally participates in lipoinflammation (21, 22). When confronted with the metabolic stress after hatching, adipocytes recruit macrophages in response to inflammatory signals for keeping lipid homeostasis. The medium of cross-talk between adipocytes recruiting macrophages is complicated and changeable, including adipocytokines, fatty acid, chemokines, inflammation cytokines, and extracellular vesicles (23–26). However, there is no report related to the cross-talk of adipocytes and macrophages in chick subcutaneous adipose tissue at present.

Therefore, the objectives of current study were to evaluate the differences between chick subcutaneous adipose tissue and abdominal adipose tissue before and after hatching through RNA-seq and weighted gene co-expression network analysis (WGCNA), and to explore the cross-talk between adipocytes and macrophages in lipoinflammation and lipid homeostasis, aiming to provide theoretical basis on physiological characteristics about lipid metabolism and brood in poultry production.



Materials and methods

All experimental procedures were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People’s Republic of China. The study was approved by the Institutional Animal Care and Use Committee of Northwest A&F University (Permit Number NWAFAC1019).


Animals

Lohmann pink chicken embryos and chicks used in the current study were bought from the Yangling Julong Poultry Industry Co. Ltd. (Yangling, China). Incubation conditions were as follows: E (embryonic) 1–E19, 37.8°C, E19–E21, 37°C–37.5°C (Qingdao Xinyi Electronic Equipment Co., Ltd., Qingdao, China). After hatching, chicks were allowed ad libitum access to water and feed. Chicks were humanely euthanized by cervical dislocation, and subcutaneous adipose tissues were collected. Considering that the chicken embryos have individual differences, 12 subcutaneous adipose tissue samples were collected in four development stage (E14, E20, D1, and D9). Samples for RNA and protein detection were stored at −80°CC, and the other samples for paraffin section were dipped in 4% formaldehyde until analysis. Three adult Lohmann pink chickens used for macrophage isolation were also purchased from the Yangling Julong Poultry Industry Co. Ltd. (Yangling, China).



RNA Isolation and Library Preparation

Total RNA for RNA-seq was extracted using RNAiso plus kit (Takara, Tokyo, Japan) from 12 samples in four stages (E14, E20, D1, and D9). Total RNA concentrations were evaluated using Qubit 2.0 kit (Invitrogen, CA, USA), and total RNA quality were evaluated using agarose electrophoresis (Sangong, Shanghai, China). Twelve RNA samples were mixed into three RNA pools of equal mass in every development stages (E14, E20, D1, and D9). Twelve complementary DNA (cDNA) libraries were prepared using Hieff NGS™ MaxUp Dual-mode messenger RNA (mRNA) Library Prep Kit for Illumina® (YEASEN Biotech Co., Ltd, Shanghai, China). The quality of cDNA libraries was measured by Qubit 2.0 fluorometer DNA assay kit (Invitrogen, CA, USA) and submitted for sequencing (Illumina Xten, San Diego, USA).



Primer Design and qPCR

qPCR was performed to verify the RNA-seq expression pattern of different development stages. Total RNA for quantitative real-time PCR (qPCR) was extracted using RNAiso plus kit (Takara, Tokyo, Japan) from 12 samples in four stages (E14, E20, D1, and D9). Total RNA concentration and quality were evaluated using Nanodrop 1000 (Thermo, MA, USA). Reverse transcription of RNA to cDNA (Takara, Tokyo, Japan) was performed before qPCR, carried out in the Y480 Real-Time PCR detection system (Roche, Basel, Switzerland) utilizing SYBR green detection (Takara, Tokyo, Japan). Primers designing used NCBI primer, and their Tm was close to 60°C (Supplementary Table S1). The amplification protocol was as follows: 95°C for 30 s, followed by 50 cycles of 95°C 10 s and 60°C for 30 s. Melt curve analysis was performed between 55°C and 95°C, with a 0.5°C increment every 5 s. Samples were run in triplicate. All mRNA expression levels were normalized to the arithmetic mean of ACTB (27); the mRNA relative expression was quantified using the 2−ΔΔCt method (28). Twelve differentially expressed genes (DEGs) [fold change (FC) > 2 and false discovery rate (FDR) < 0.05] were randomly chosen for verification by qPCR. Hub genes belonging to DEGs were also chosen for verification by qPCR.



HE Staining, Toluidine Blue Staining, and IHC

Chick subcutaneous adipose tissues were fixed in 4% paraformaldehyde solution in PBS for 2 days and processed through a series of procedures including dehydration, paraffin embedding, sectioning, and staining. All these procedures were performed by Wuhan Servicebio Technology Co., Ltd. (Wuhan, China), including hematoxylin and eosin (HE), toluidine blue, and immunohistochemistry (IHC). Primary antibody information was LGALS3 (Galectin 3) (Servicebio, Wuhan, China).



Cell Culturing


Chicken Adipocyte Culturing

Chick embryos were sacrificed by cervical dislocation, and the subcutaneous adipose tissue was placed in a 10-ml tube with 1 ml phosphate-buffered saline (PBS) at room temperature, cut into tiny bits with scissors. Adipocyte was obtained by collagenase II digestion (Sangong, Shanghai, China). The condition was as follows: 0.1 mg/ml collagenase II in 1× Hanks’ balanced salt solution, incubated at 37°C for 1 h and shook every 5 min. Adipocyte was collected from cell suspension through a 200-mesh cell strainer and maintained in Dulbecco’s modified Eagle’s medium (DMEM) high glucose containing 10% fetal bovine serum (FBS) (Solarbio Science & Technology Co., Ltd., Beijing, China), 5% chicken serum (Solarbio Science & Technology Co., Ltd, beijing, China), 50 U/ml penicillin, and 50 μg/ml streptomycin (Sangong, Shanghai, China).



Chicken Macrophage Culturing

Chicken-monocyte-derived macrophages were collected in chicken blood by density gradient separation (Solarbio Science & Technology Co., Ltd., Beijing, China) and maintained in Roswell Park Memorial Institute (RPMI) 1640 containing 10% FBS, 5% chicken serum, 50 U/ml penicillin, and 50 μg/ml streptomycin.

RAW264.7 macrophage was maintained in RPMI 1640 containing 10% FBS, 50 U/ml penicillin, and 50 μg/ml streptomycin.

3T3-L1 adipocyte was maintained in DMEM high glucose containing 10% FBS, 50 U/ml penicillin, and 50 μg/ml streptomycin.

Three free fatty acids (FFAs) [palmitic acid (PA), oleic acid (OA), and linoleic acid (LA)] (Sangong, Shanghai, China) principally in adipose tissue and yolk were used in this study for evaluating the effect of the adipose tissue macrophage (ATM) infiltration.




Western Blot

Cells were collected for protein experiments after FFA treatment. Total protein of adipocyte was lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (1 mM MgCl2, 10 mM Tris–HCl pH 7.4, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), and 1% Nonidet P40 cocktail). The proteins were collected and quantified by using the BCA™ Protein Assay Kit (Sangon, Shanghai, China). The proteins were separated by 5%–12% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and transfected to polyvinylidene fluoride (PVDF) membranes and blocked in 5% non-fat milk for 1 h at room temperature. The membranes were incubated overnight with the following primary antibodies: CCL2 (C–C motif chemokine ligand 2) (Sangon, Shanghai, China), CCL5 (Beyotime, Shanghai, China), CCR2 (C–C motif chemokine receptor 2) (Sangon, Shanghai, China), and CCR5 (Sangon, Shanghai, China). Then, blots were washed three times with PBS and were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Sangon, Shanghai, China) for 1 h at room temperature. The blots were examined by using ECL reagents (Sangon, Shanghai, China) according to the manufacturer’s instructions. The intensity of the bands was quantified by using Image Lab™ Software (Bio-Rad).



Cell Migration and Recruitment Assays

FFA-induced cell migration between adipocyte and macrophage was detected by wound healing insert (ibidi, Gräfelfing, Germany). In brief, cell density of adipocyte and macrophage was adjusted to 1×105 3T3-L1. Then, a total of 100 μl 3T3-L1 adipocyte and RAW264.7 macrophage suspension was respectively added into the wound healing insert. After removing the attachment, the wound healing insert was removed and counted microscopically (Shunyu, Ningbo, China). After incubation for 24 h in three FFAs (100 μM) condition medium, the 0 μM FFA complete medium was used as negative control (NC). Cells were fixed in 4% paraformaldehyde solution and counted microscopically again. FFA-induced cell recruitment between 3T3-L1 adipocyte and RAW264.7 macrophage was detected by transwell assay with a pore size of 12 μm (NEST Biotechnology, Wuxi, China). In brief, 3T3-L1 adipocyte and RAW264.7 macrophage were washed twice with PBS and resuspended in the medium and adjusted to suit cell density. Then, RAW264.7 macrophage suspension was added to the upper compartment of a six-well transwell culture chamber. 3T3-L1 adipocyte suspension in three FFAs (100 μM) condition medium was added to the undercompartment of the six-well transwell culture chamber. After incubation for 24 h, cells were fixed in 4% paraformaldehyde solution, stained with 1× Wright-Giemsa staining solution (Sangon, Shanghai, China), and counted microscopically again. The processing of cell migration and recruitment between chicken adipocyte and macrophage was same as abovementioned.



Oil Red O and Nile Red Staining

RAW264.7 and chicken macrophages were cultured in three FFAs (100 μM) condition medium for 24 h. Oil red and Nile red staining were used to detect the macrophage foaming processing. For Oil red O staining, samples were fixed for 30 min in 4% paraformaldehyde. After washing, fixed cells were incubated in Oil red O (Sangong, Shanghai, China) staining solution (0.5% in isopropanol) for 20 min. For Nile red staining, samples were fixed in 4% paraformaldehyde for 30 min. After washing, fixed cells were incubated for 5 min in Nile red (Sangong, Shanghai, China) staining solution and counter-stained in Hoechst 33342 staining solution (Sangong, Shanghai, China).



RNA-seq Analysis and Statistics

Fast QC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used for quality control (29). Trimmomatic (http://www.usadellab.org/cms/?page=trimmomatic) was used to remove reads containing adapter, reads containing poly-N, and low-quality reads (30). Q20 was the filter standard for the following analysis. Available data were mapped to the reference genome sequence from NCBI database (GCF_016699485.2) using HISAT2 tool (https://daehwankimlab.github.io/hisat2/) (31). DEGs were determined by DESeq2 (32) and satisfy the fold change >2 and FDR <0.05. Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.kegg.jp/) pathway enrichment analysis were performed using DAVID (http://david.abcc.ncifcrf.gov/) and satisfy the condition that FDR <0.05. Paired t-test was performed for qPCR verification of DEGs and hub genes by SPSS 18.0 (IBM, New York, USA). For weighted gene co-expression network analysis (WGCNA) (33), more than 90% of the genes with counts <10 were removed, and the median absolute deviation (MAD) of top 5,000 genes was extracted to construct a coexpression network. WGCNA parameters were as follows: power=8, minModuleSize=30, networkType=“signed,” corType=“pearson,” TOMType=“signed,” and mergeCutHeight=0.25. The functional enrichment analysis of genes in each module was performed by DAVID dataset (http://david.abcc.ncifcrf.gov/). The protein–protein interaction (PPI) network of the interested module was constructed using the STRING online database (https://string-db.org/) (34). The degree algorithm of Cytohubba plugin based on Cytoscape was used to identify the high-degree genes, which played a critical role in the PPI (35).



Statistics

Statistical analysis was performed using SPSS software version 21.0 (SPSS Inc., Chicago, IL) or Microsoft Excel (Microsoft). Data analysis involved unpaired two-tailed Student’s t-test for two groups and one-way ANOVA for more than two groups. Data shown are average ± standard error of the mean (SEM). The p-value of <0.05 was considered to be statistically significant.




Results


RNA-seq Library Characteristics of Subcutaneous Adipose Tissue During the Embryonic and Post-Hatch Period

Twelve libraries represented four development stages, including E14, E20, D1, and D9. The range of total reads for the 12 samples was 40,146,820–56,033,980. For each sample, the number of total mapped reads were more than 94%, the number of uniquely mapped reads were more than 92%, the Q20 bases ratio were more than 96%, and Q30 bases ratio were more than 87% (Supplementary Table S2). The results of correlation and clustering analyses showed that 12 samples were divided into four groups, which were the same as their development stages (Figures 1A, B). The result of the principal component analysis (PCA) was similar to that of the correlation analysis, but D1 and D9 groups were indistinguishable (Figures 1C). The distribution of TPM was similar across all samples (Figure 1D).




Figure 1 | RNA-Seq library characteristics of chick subcutaneous adipose tissue in four development stages. (A) Correction analysis of 12 RNA-Seq library of chick subcutaneous adipose tissue in four development stages; (B) cluster analysis of 12 RNA-Seq library of chick subcutaneous adipose tissue in four development stages; (C) PCA of 12 RNA-Seq library of chick subcutaneous adipose tissue in four development stages; (D) TPM distribution box plot of 12 RNA-Seq library of chick subcutaneous adipose tissue in four development stages.





Expression Dynamics of mRNAs in the Subcutaneous and Abdominal Adipose Tissues During the Embryonic and Post-Hatch Period

Pairwise comparisons between the subcutaneous adipose tissue libraries in four development stages from embryo or chick were used to examine mRNA expression. Between E14 and E20, 777 genes were upregulated, and 1,840 genes were downregulated (Figures 2A, E). Between E20 and D1, 1,864 genes were upregulated, and 299 genes were downregulated (Figures 2B, F). Between D1 and D9, 797 genes were upregulated, and 139 genes were downregulated (Figures 2C, G). The cutoff criterion of DEGs were FDR <0.05 and log2|FC|>1. All the DEGs between different development stages are shown in Supplementary Table S3. Twelve DEGs were selected randomly for verification by qPCR. Eleven DEGs showed similar expression dynamics as RNA-seq data (MX1, MARCO, CMPK2, RNASE6, ZC3HAV1, LCP2, INPP5D, RANBP3L, REM1, CXCL14, DGAT2, and TSPO2) (Figures 3A–L). Undeniably, the mRNA expression dynamics of some genes were not completely the same as the RNA-seq in each developmental stage. In addition, DEGs of the abdominal adipose tissue between different development stages were referred to a previous study (36). Moreover, DEGs of the abdominal adipose tissue between E20 and D1 were analyzed by DESeq2 R-package, which had 229 upregulated genes and 378 downregulated genes (Figures 2D, H).




Figure 2 | DEGs between different development stages of chick subcutaneous adipose tissue and abdominal adipose tissue. (A) Volcano of DEGs between E14 and E20 in chick subcutaneous adipose tissue; (B) volcano of DEGs between E20 and D1 in chick subcutaneous adipose tissue; (C) volcano of DEGs between D1 and D9 in chick subcutaneous adipose tissue; (D) volcano of DEGs between D1 and D9 in chick abdominal adipose tissue; (E) heatmap of DEGs between E14 and E20 in chick subcutaneous adipose tissue; (F) heatmap of DEGs between E20 and D1 in chick subcutaneous adipose tissue; (G) heatmap of DEGs between D1 and D9 in chick subcutaneous adipose tissue; (H) heatmap of DEGs between E14 and E20 in chick abdominal adipose tissue.






Figure 3 | qPCR verification of 12 EDGs between E20 and D1 in chick subcutaneous adipose tissue in four development stages.





Enrichment Analysis of the Subcutaneous and Abdominal Adipose Tissues During the Embryonic and Post-Hatch Period

GO and KEGG analyses were performed to determine the biological function of DEGs between different development stages in chick subcutaneous and abdominal adipose tissues. KEGG analysis of DEGs was divided into three parts, including subcutaneous adipose tissue, abdominal adipose tissue, and comparison of subcutaneous and abdominal adipose tissues. For chick subcutaneous adipose tissue, the results of KEGG enrichment between E14 and E20 showed that DEGs were involved in cell proliferation and tissue development, the results of KEGG enrichment between E20 and D1 showed that the function of DEGs were associated with immune response and inflammation, and the results of KEGG enrichment between D1 and D9 showed that DEGs were related to adipocyte differentiation (Figure 4A; Supplementary Table S4). For chick abdominal adipose tissue, the results of KEGG enrichment between E18 and E20 showed that DEGs were involved in neuroactive ligand receptor and focal adhesion. The results of KEGG enrichment between E20 and D0 showed that DEGs were involved in insulin resistance and PPAR signaling pathway. The results of KEGG enrichment between D0 and D1 showed that DEGs were involved in cell proliferation and apoptosis. The results of KEGG enrichment between D1 and D3 showed that DEGs were involved in PPAR signaling pathway (Figure 4B; Supplementary Table S5). Comparing the DEGs (E20 vs. D1) between subcutaneous adipose tissue and abdominal adipose tissue (Supplementary Table S6), the functions of DEGs in subcutaneous adipose tissue were centered on immunity and inflammation, and the functions of DEGs in abdominal adipose tissue were related to PPAR signaling pathway (Figures 4C, D; Supplementary Table S7). The results of GO enrichment were similar to KEGG enrichment; the function of DEGs (E20 vs D1) in subcutaneous adipose tissue was related to immune and inflammation, and the function of DEGs (E20 vs D1) in abdominal adipose tissue was involved in adipocyte differentiation (Figure 5).




Figure 4 | KEGG enrichment of DEGs between different development stages in chick subcutaneous and abdominal adipose tissues. (A) KEGG enrichment of DEGs between different development stages in chick subcutaneous adipose tissue in four development stages; (B) KEGG enrichment of DEGs between different development stages in chick abdominal adipose tissue in five development stages; (C) Venn analysis of DEGs between subcutaneous adipose tissue and abdominal adipose tissue (E20 vs. D1); (D) KEGG enrichment of Venn analysis of DEGs between subcutaneous adipose tissue and abdominal adipose tissue (E20 vs. D1).






Figure 5 | GO enrichment of DEGs between different development stages in chick subcutaneous and abdominal adipose tissues. (A) GO enrichment of DEGs between different development stages in chick subcutaneous adipose tissue; (B) GO enrichment of DEGs between different development stages in chick abdominal adipose tissue; (C) GO enrichment of Venn analysis of DEGs between subcutaneous adipose tissue and abdominal adipose tissue (E20 vs. D1).





WGCNA and Hub Genes Identification of the Subcutaneous and Abdominal Adipose Tissues During the Embryonic and Post-Hatch Period

MADs of the top 5,000 genes were used to construct a coexpression network from different development stages of subcutaneous and abdominal adipose tissues, respectively. The MADs of the top 5,000 genes of the abdominal adipose tissue were clustered into 14 modules, including black (n=210), blue (n=575), brown (n=491), cyan (n=52), green (n=459), greenyellow (n=147), magenta (n=164), pink (n=187), purple (n=161), red (n=404), salmon (n=79), tan (n=147), turquoise (n=695), and yellow (n=486). The MADs of the top 5,000 genes of the subcutaneous adipose tissue were clustered into nine modules, black (n=68), blue (n=823), brown (n=712), green (n=365), magenta (n=35), pink (n=45), red (n=96), turquoise (n=2,056), and yellow (n=700). All the genes of different modules from subcutaneous and abdominal adipose tissues are shown in Supplementary Table S8. The results of cluster dendrogram, network heatmap, and eigengene adjacency indicated a significant difference among modules from subcutaneous and abdominal adipose tissues, respectively (Figure 6). According to the results of KEGG enrichment analysis from each module, the functions of subcutaneous adipose tissue in the turquoise module were involved in lysosome, toll-like receptor signaling pathway, and apoptosis (Figure 7A), and the function of the abdominal adipose tissue in the brown module was related to fatty acid metabolism (Figure 7B). The results of GO and KEGG enrichment analyses of all modules are shown in Supplementary Tables S9, S10. The hub genes of subcutaneous adipose tissue turquoise module were obtained from the intersection of genes in the turquoise module and genes inflammation pathway (NF-κB, Jak-STAT, and TLR pathways) (Figure 7C). All the hub genes in the subcutaneous adipose tissue were verified by qPCR, and their mRNA expression dynamics was similar to RNA-seq in the subcutaneous adipose tissue and different from RNA-seq data in the abdominal adipose tissue from embryonic to post-hatch period (Figures 8A–I).




Figure 6 | WGCNA parameters of RNA-Seq library of chick subcutaneous and abdominal adipose tissues from embryonic to post-hatch development. (A) Cluster dendrogram of RNA-Seq library of chick abdominal adipose tissue in five development stages; (B) network heatmap of RNA-seq library of chick abdominal adipose tissue in five development stages; (C) eigengene adjacency heatmap of RNA-seq library of chick abdominal adipose tissue in five development stages; (D) cluster dendrogram of RNA-seq library of chick subcutaneous adipose tissue in four development stages; (E) network heatmap of RNA-seq library of chick subcutaneous adipose tissue in four development stages; (F) eigengene adjacency heatmap of RNA-Seq library of chick subcutaneous adipose tissue in four development stages.






Figure 7 | KEGG enrichment of different modules of chick subcutaneous and abdominal adipose tissues from embryonic to post-hatch development by WGCNA. (A) KEGG enrichment of different modules of chick subcutaneous adipose tissue in four development stages by WGCNA; (B) KEGG enrichment of different modules of chick abdominal adipose tissue in five development stages by WGCNA; (C) hub genes identification of turquoise module in chick subcutaneous adipose tissue in four development stages.






Figure 8 | qPCR verification of hub genes in chick subcutaneous and abdominal adipose tissues during the peri-hatching period in chickens.





Immune Cells Infiltration and Related Genes Expression of Subcutaneous Adipose Tissue During the Embryonic and Post-Hatch Period

The results of HE staining of chicken subcutaneous adipose in E14, E20, D1, and D9 showed that the level of immune cells infiltration in D1 was higher than that in E20 (Figure 9A, E). As the marker gene of chicken macrophage (lacking of F4/80), LGALS3 IHC staining and mRNA expression demonstrated that macrophage was the major type in chicken subcutaneous adipose tissue after hatching (Figures 9B, D). To exclude mast- and T-cell infiltration effects, qPCR and toluidine blue staining were used to identify the level of mast and T cells. The results of toluidine blue and mast cells marker gene (CTSG) showed that there was lower mast cell infiltration in chicken subcutaneous adipose tissue during the embryonic and post-hatch period (Figure 9C). Besides, there was no signal of T-cell marker genes (CD4 and CD8A) for qPCR examination in chicken subcutaneous adipose tissue samples. According to the evidence of immune cells infiltration of chicken subcutaneous adipose tissue, the cross-talk of macrophage and adipocyte could be crucial in determining lipid metabolism during the embryonic and post-hatch period. In addition, part of the important genes in adipocyte and macrophage was analyzed and showed once again the importance of cross-talk between macrophage and adipocyte (Figures 9F, G).




Figure 9 | Immune infiltration of four development stages of subcutaneous adipose tissue in chicken. (A–C) HE staining, IHC staining (LGALS3), and toluidine blue staining of chick subcutaneous adipose tissue in four development stages; (D, E) the expression of mast cell (CMA1) and macrophage (MAC2) marker genes of chick subcutaneous adipose tissue in four development stages; (F) FPKM of macrophage-related genes of chick subcutaneous adipose tissue in four development stages; (G) qPCR of macrophage-related genes of chick subcutaneous adipose tissue in four development stages.





Chematic Structure of the Genomic Organization and Expression Pattern of CCL Family and Its Relatedness with Representative Vertebrate Species

CCL2 was the major chemokine of adipocyte in most mammals. Chickens do not have the CCL2 gene, so we have investigated the structure of the genomic organization of CCL2 and CCL5 gene clusters in chicken and representative species. In mammals, the CCL2 gene cluster was located in the upstream of Tmem132e gene, and the CCL5 gene cluster was located in the downstream of Tmem132e gene. In birds, the locus of the mammal CCL2 gene was the bird CCL26 gene, suggesting that CCL26 gene in birds could have similar function to CCL2 gene in mammals (Figure 10A). Based on the phylogenetic tree of CCL26, CCL1, CCL2, CCL4, and CCL5 in human, mouse, and chicken, the chicken CCL26 has a closer kinship with CCL2 rather than CCL26 in human and mouse (Figure 10D). According to the mRNA expression pattern of CCL gene family in chicken adipose tissue, CCL26 could be the major chemokine in chicken adipocyte as the status of CCL2 in mammal adipocyte (Figures 10B, C).




Figure 10 | Schematic structure of the genomic organization and expression of CCL family with representative vertebrate species. (A) Schematic structure of the genomic organization of CCL family with representative vertebrate species; (B) the phylogenetic tree of CCL26, CCL1, CCL2, CCL4, and CCL5 in human, mouse, and chicken; (C) the expression pattern of CCL family of chicken subcutaneous adipose tissue in four development stages.





FFA-Induced Adipocyte and Macrophage Chemokines and Receptors Expression

To explore the relationship between adipocyte and macrophage chemokines and receptors expression, the mRNA and protein expression levels of Ccl2 (chicken CCL26), CCL5, CCR2, and CCR5 were measured by qPCR and Western blotting (Supplementary Figures S1A–C). The results in Figure 11 show that the mRNA and protein expression levels of Ccl2 were significantly upregulated after treatment with FFAs condition medium in 3T3-L1 adipocyte; the mRNA expression level of CCL26 was also significantly upregulated after treatment with FFA condition medium in chicken adipocyte. Besides, there was no difference with FFA condition medium in RAW264.7 and chicken macrophages.




Figure 11 | FFA-induced adipocyte and macrophage chemokines and their receptors expression in chicken and mouse. (A) FFA-induced 3T3-L1 adipocyte Ccl2 mRNA expression; (B) FFA-induced RAW264.7 macrophage Ccl2, Ccl5, Ccr2, and Ccr5 mRNA expression; (C) FFA-induced 3T3-L1 adipocyte Ccl2 protein expression; (D) FFA-induced RAW264.7 macrophage Ccl2, Ccl5, Ccr2, and Ccr5 protein expression; (E) FFA-induced chicken adipocyte CCL26 mRNA expression; (F) FFA-induced chicken macrophage CCL26, CCL5, CCR2, and CCR5 mRNA expression. a,b=p<0.05.





FFA-Induced Cell Migration and Adipocyte Recruitment of Macrophage

Cell migration and recruitment of adipocyte and macrophage were measured by wound healing and transwell assay in the study. As revealed in Figure 12, the result shows that cell migration between RAW264.7 macrophage and 3T3-L1 adipocyte was remarkably enhanced by PA, OA, and LA compared with control (p<0.05). Meanwhile, the cell migration between chicken macrophage and adipocyte was increased by PA, OA, and LA compared with control (p<0.05). The results of the transwell assay showed that FFA significantly promoted the recruitment ability of 3T3-L1 adipocyte compared with control (p<0.05). Similarly, FFA significantly promoted the recruitment ability of chicken adipocyte compared with control (p<0.05). Besides Ccl2 within 3T3-L1 adipocyte and CCL26 within chicken adipocyte, FFAs themselves can also recruit macrophages (Figure 13).




Figure 12 | FFA-induced cell migration (insert) between adipocyte and macrophage in chicken and mouse. (A) FFA-induced cell migration (insert) between 3T3-L1 adipocyte and RAW264.7 macrophage; (B) FFA-induced relative healing area between 3T3-L1 adipocyte and RAW264.7 macrophage for 24 h; (C) FFA-induced cell migration (insert) between chicken adipocyte and macrophage; (D) FFA-induced relative healing area between chicken adipocyte and macrophage for 24 h a,b=p<0.05.






Figure 13 | FFA-induced adipocyte recruitment (transwell) of macrophages in chicken and mouse. (A) Schematic diagram of FFA-induced adipocyte recruit macrophage in chicken and mouse; (B, D) FFA-induced 3T3-L1 adipocyte recruit RAW264.7 macrophage; (C, E) FFA-induced 3T3-L1 adipocyte recruit the number of RAW264.7 macrophage in unit area for 24 h; (F, G) FFA-induced chicken adipocyte recruit chicken macrophage; (H, I) FFA-induced chicken adipocyte recruit the number of chicken macrophage in unit area for 24 h. a,b=p<0.05.





FFA-Induced Macrophage Foaming

FFA-induced macrophage foaming was measured by Oil red and Nile red staining. The results showed that three FFAs significantly promoted the foaming level of RAW264.7 macrophage compared with control (p<0.05) (Figures 14A, B). The results showed that three FFAs significantly promoted the foaming level of chicken macrophage compared with control (p<0.05) (Figures 14C, D).




Figure 14 | FFA-induced macrophage foaming. (A) FFA-induced RAW264.7 macrophage foaming (Oil red and Nile red staining); (B) quantization of FFA-induced RAW264.7 macrophage foaming (Oil red staining); (C) FFA-induced chicken macrophage foaming (Oil red and Nile red staining); (D) quantization of FFA-induced chicken macrophage foaming (Oil red staining). a,b=p<0.05.






Discussion

In recent years, many researchers have studied the metabolic mechanism of abdominal fat deposition in chickens, ignoring the significance of chick subcutaneous adipose tissue. During the embryonic and post-hatch period, chick subcutaneous adipose tissue appeared earlier than abdominal adipose tissue, and their weight was more than that in abdominal adipose tissue. Our previous study revealed that chicken subcutaneous adipose tissue is another important energy supply tissue during the post-hatch period, but the understanding of chick subcutaneous adipose tissue is still at a low level. Therefore, the purposes of this study were to explore the differences between chick subcutaneous adipose tissue and abdominal adipose tissue during embryonic and post-hatch period through RNA-seq and WGCNA and to explore the cross-talk between adipocytes and macrophages.

The results of RNA-seq of chick subcutaneous adipose tissue in four development stages revealed that the metabolic differences between four development stages were huge. Through qPCR verification, 11 of the 12 DEGs have the same tendency as shown in RNA-seq, which showed that sequencing data has a certain credibility in this study. GO and KEGG enrichment between different development stages showed that the function of chick subcutaneous adipose tissue was related to inflammatory reaction. Combined with the published data on chick abdominal adipose tissue during the embryonic and post-hatch period, we found that there were only 128 common DEGs within E20 vs. D1 between subcutaneous adipose tissue and abdominal adipose tissue. The KEGG enrichment of DEGs (E20 vs. D1) only in abdominal adipose tissue was related to PPARG signal pathway, and the DEGs (E20 vs. D1) only in subcutaneous adipose tissue were related to inflammatory reaction. It revealed that chick subcutaneous adipose tissue seems to be a more active organ than abdominal adipose tissue, and inflammation-related metabolism could have an important relationship with lipid metabolism. Accumulating evidence suggested that subcutaneous and abdominal adipose tissues are differentially associated with metabolic disorders. According to WGCNA of chick subcutaneous and abdominal adipose tissues during the embryonic and post-hatch period, we found that the turquoise module of subcutaneous adipose tissue was enriched in lysosome function and inflammatory reaction, and the brown module of abdominal adipose tissue was related to fatty acid metabolism. It was inferred that the function of chick subcutaneous and abdominal adipose tissues could be largely different in many aspects. The differences between subcutaneous adipose tissue and abdominal adipose tissue in chicks were similar to rodents and human. For example, fatty acid metabolism in subcutaneous adipose tissue is more active, while abdominal adipose tissue has a greater relationship with insulin sensitivity. Interestingly, all bioinformatics analysis of chick subcutaneous adipose tissue points to inflammatory reaction, which was different from the function of subcutaneous adipose tissue in rodents and human. Ten hub genes were identified, and their functions were related to macrophage, which had different mRNA expression patterns from chick abdominal adipose tissue during the embryonic and post-hatch period.

Obesity is characterized by an accumulation of macrophages in adipose, some of which form distinct crown-like structures (CLS) around adipocyte. In addition to macrophages, there are other innate immune cells such as mast cells, neutrophils, eosinophils, group 2 innate lymphoid cells, and adaptive immune cells including T and B cells. To identify the cell type of immune infiltration in chick subcutaneous adipose tissue, IHC (LGALS3), toluidine blue staining, and qPCR were used to confirm the existence of macrophage, mast cells, and T cells, and those results showed that macrophage was the major cell type within chick subcutaneous adipose tissue during the embryonic and post-hatch period. The gene expression programs of adipose tissue macrophages were generally highly divergent and strongly shaped by the tissue environment, with distinct gene modules driving the functional characteristics of locally resident macrophages. It is increasingly being recognized that the nutrient composition present in tissues can influence the phenotypes and inflammatory functions of macrophages. Combined with our previous study, we inferred that the FFA metabolism of subcutaneous adipose tissue was associated with macrophage. As the receptor of FFAs, TLR4 was the first hub gene in chick subcutaneous adipose tissue, once again proving the close relationship between FFA metabolism and macrophage function.

Significantly, chickens do not have CCL2 gene, and we have investigated the structure of the genomic organization of CCL2 and CCL5 gene cluster in chicken and representative species. Based on the phylogenetic tree of CCL gene family in adipose tissue of human, mouse, and chicken, CCL26 in chicken was more closely related to CCL2 than CCL26 in mammals. The expression pattern of Ccl2 (chicken CCL26), CCL5, CCR2, and CCR5 showed that CCL26 could be the major chemokine in chicken adipocyte as the status of CCL2 in mammal adipocyte.

As the three major fatty acids in egg and chick subcutaneous adipose tissue, PA, OA, and LA were used to evaluate the effect of FFA-induced chemotactic migration between adipocyte and macrophage. Three FFA-induced chemotactic migration in mouse and chick adipocytes demonstrated that FFAs increased the secretion of Ccl2 (chicken CCL26) and enhanced the ability of macrophages recruitment. However, FFA-induced chemotactic migration in mouse and chick macrophage showed that FFAs did not affect the secretion of Ccl2 (chicken CCL26) and CCL5 in macrophage, demonstrating that FFA-mediated macrophage recruitment only existed in adipocytes. This phenotype may be related to protecting chick subcutaneous adipose tissue from excessive immune infiltration or related to the process of macrophages leaving adipose tissue.

There were various interaction patterns between adipocytes and macrophages in adipose tissue and were precisely regulated by the microenvironment of adipose tissue. According to current studies and RNA-seq data in this study, TRIM29 plays an important role in the macrophage activation of adipose tissue, especially in viral infection and inflammation (37, 38). The mRNA expression of TRIM29 in E14 was significantly higher than that in E20, D1, and D9 in chick subcutaneous adipose tissue (Supplementary Table S3), which indicated that TRIM29 was the controller of macrophage in adipose tissue; the release of this signal allows macrophages to rely on their high plasticity to perform their specific functions in adipose tissue, including cleaning up damaged adipocytes and protecting adipose tissue from inflammation reaction.

Accumulation of extracellular lipids, as occurring upon excessive cell death or lipidolysis, is a common feature of partial inflammation lipid metabolism disorders. Some studies showed that macrophages had the ability to transport cholesterol, which have strongly correlated with atherosclerosis. It is speculated that the function of macrophages in chick subcutaneous adipose tissue could be related to FFAs transport. Our finding demonstrated that FFAs could be stored in macrophages in large quantities for a short time, which had a similar phenotype with cholesterol-induced macrophage foaming in atherosclerosis. Direct diffusion is the main transport mode of short-chain fatty acids across the membrane, while long-chain fatty acids are mainly dependent on the transport of carrier proteins. In this mode, excessive fatty acid accumulation between cells could be a potential inflammatory risk. Lipidolysis could be one of the driving factors in the cross-talk between adipocyte and macrophage (39). The ability of macrophages to absorb fatty acids combined with their unique cell migration capacity may be an important medium to help lipid transport in adipose tissues (40). It could be confirmed by the negative correlation between CCL2–CCR2 axis and body weight (41). Substantial evidence is still lacking for these speculations, and further studies are needed to prove them. Furthermore, FFA-mediated cross-talk between adipocyte and macrophage also has certain limitations in this study. The gene expression programs of adipose tissue macrophages polarization are generally highly divergent and strongly shaped by the tissue environment, including adipocytokine, cell debris, apoptosis body, and hormone.



Conclusion

In this study, combined with our previous study, we investigated the differences between chick subcutaneous adipose tissue and abdominal adipose tissue during the embryonic and post-hatch period by enrichment analysis and WGCNA and found that macrophage was associated with the process of lipid homeostasis. We demonstrated that FFA-induced Ccl2 (chicken CCL26) secretion is crucial in determining fat depot-selective adipose tissue macrophage (ATM) infiltration (Figure 15). These findings may have multiple important implications for understanding macrophage biology with chick subcutaneous adipose tissue during the embryonic and post-hatch period.




Figure 15 | Graphical abstract. (A) Transcriptome sequencing and analysis protocol of chick subcutaneous and abdominal adipose during the embryonic and post-hatch period; (B) immune infiltration of chick subcutaneous adipose tissue between E20 and D1; (C) FFA-induced Ccl2 (Chicken CCL26) secretion is crucial in determining fat depot-selective adipose tissue macrophage (ATM) infiltration.





Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA811769.



Ethics Statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of Northwest A&F University.



Author Contributions

HZ, MW, and XT analyzed the data; HZ wrote the manuscript; HZ, XT, MW, QL, XY, and WZ collected the samples; QL performed the qPCR; XY and WZ reviewed and edited the manuscript; XS designed the experiment. All authors contributed to the interpretation of the results and writing of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Project supported by National Natural Science Foundation of China (31972557).



Acknowledgments

We thank JuLong Poultry Industry Co. Ltd. (Yangling, Shannxi, China) for sample collection.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.889439/full#supplementary-material

Supplementary Table S1 | List of the primers used in this study

Supplementary Table S2 | Quality control summary of RNA-seq data

Supplementary Table S3 | DEGs list

Supplementary Table S4 | Subcutaneous fat different stages KEGG enrichment

Supplementary Table S5 | Abdominal fat different stages KEGG enrichment

Supplementary Table S6 | Subcutaneous fat VS Abdominal fat E20-D1 genes list.

Supplementary Table S7 | Subcutaneous fat VS Abdominal fat E20-D1 KEGG and GO enrichment.

Supplementary Table S8 | modules gene lists in abdominal fat and subcutaneous fat by WGCNA.

Supplementary Table S9 | GO and KEGG enrichment of modules in different stage subcutaneous fat by WGCNA.

Supplementary Table 10 | GO and KEGG enrichment of modules in different stage abdominal fat by WGCNA.

Supplementary Figure S1 | The expression of chemokines and their receptors in adipocyte and macrophage. (A): Relative mRNA expression of Ccl2, Ccl5, Ccr2 and Ccr5 in RAW264.7 macrophage and 3T3-L1 adipocyte; (B): Relative protein expression of Ccl2, Ccl5, Ccr2 and Ccr5 in RAW264.7 macrophage and 3T3-L1 adipocyte; (C): Relative mRNA expression of CCL26, CCL5, CCR2 and CCR5 in chicken macrophage and adipocyte. *P<0.05, **P<0.01.



Abbreviations

ATM, adipose tissue macrophage; WAT, white adipose tissue; BAT, brown adipose tissue; UCP1, uncoupling protein 1; PPARγ, peroxisome proliferator-activated receptor gamma; CPT1a, carnitine palmitoyltransferase 1A; WGCNA, weighted gene coexpression network analysis; E, embryonic; D, day; DEGs, differentially expressed genes; HE, hematoxylin and eosin; IHC, immunohistochemistry; PA, palmitic acid; OA, oleic acid; LA, linoleic acid; qPCR, quantitative real-time PCR; Galectin 3, LGALS3; SDS, sodium dodecyl sulfate; PBS, phosphate-buffered saline; FBS, fetal bovine serum; CCL, C–C motif chemokine ligand; CCR, C–C motif chemokine receptor; HRP, horseradish peroxidase; MAD, median absolute deviation; SEM, standard error of the mean; PCA, principal component analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CLS, crown-like structures.



References

1. Bartelt, A, and Heeren, J. Adipose Tissue Browning and Metabolic Health. Nat Rev Endocrinol (2014) 10(1):24–36. doi: 10.1038/nrendo.2013.204

2. Kohlgruber, AC, Gal-Oz, ST, LaMarche, NM, Shimazaki, M, Duquette, D, Koay, HF, et al. γδ T Cells Producing Interleukin-17A Regulate Adipose Regulatory T Cell Homeostasis and Thermogenesis. Nat Immunol (2018) 19(5):464–74. doi: 10.1038/s41590-018-0094-2

3. Chouchani, ET, and Kajimura, S. Metabolic Adaptation and Maladaptation in Adipose Tissue. Nat Metab (2019) 1(2):189–200. doi: 10.1038/s4225

4. Bai, S, Wang, G, Zhang, W, Zhang, S, Rice, BB, Cline, MA, et al. Broiler Chicken Adipose Tissue Dynamics During the First Two Weeks Post-Hatch. Comp Biochem Physiol A Mol Integr Physiol (2015) 189:115–23. doi: 10.1016/j.cbpa.2015.08.002

5. Matsha, TE, Ismail, S, Speelman, A, Hon, GM, Davids, S, Erasmus, RT, et al. Visceral and Subcutaneous Adipose Tissue Association With Metabolic Syndrome and its Components in a South African Population. Clin Nutr ESPEN (2019) 32:76–81. doi: 10.1016/j.clnesp.2019.04.010

6. Lynes, MD, and Tseng, YH. Deciphering Adipose Tissue Heterogeneity. Ann N Y Acad Sci (2018) 1411(1):5–20. doi: 10.1111/nyas.13398

7. Monk, JM, Liddle, DM, Hutchinson, AL, and Robinson, LE. Studying Adipocyte and Immune Cell Cross Talk Using a Co-Culture System. Methods Mol Biol (2020) 2184:111–30. doi: 10.1007/978-1-0716-0802-9_9

8. Rondini, EA, and Granneman, JG. Single Cell Approaches to Address Adipose Tissue Stromal Cell Heterogeneity. Biochem J (2020) 477(3):583–600. doi: 10.1042/BCJ20190467

9. Li, B, Li, L, Li, M, Lam, SM, Wang, G, Wu, Y, et al. Microbiota Depletion Impairs Thermogenesis of Brown Adipose Tissue and Browning of White Adipose Tissue. Cell Rep (2019) 26(10):2720–2737.e5. doi: 10.1016/j.celrep.2019.02.015

10. Mills, EL, Pierce, KA, Jedrychowski, MP, Garrity, R, Winther, S, Vidoni, S, et al. Accumulation of Succinate Controls Activation of Adipose Tissue Thermogenesis. Nature (2018) 560(7716):102–6. doi: 10.1038/s41586-018-0353-2

11. Ricquier, D. UCP1, the Mitochondrial Uncoupling Protein of Brown Adipocyte: A Personal Contribution and a Historical Perspective. Biochimie (2017) 134:3–8. doi: 10.1016/j.biochi.2016.10.018

12. Ouchi, Y, Chowdhury, VS, Cockrem, JF, and Bungo, T. Av-UCP Single Nucleotide Polymorphism Affects Heat Production During Cold Exposure in Chicks. J Therm Biol (2021) 98:102909. doi: 10.1016/j.jtherbio.2021.102909

13. Zhao, H, Wu, M, Tang, X, Li, Q, Yi, X, Wang, S, et al. Function of Chick Subcutaneous Adipose Tissue During the Embryonic and Posthatch Period. Front Physiol (2021) 12:684426. doi: 10.3389/fphys.2021.684426

14. Suárez-Zamorano, N, Fabbiano, S, Chevalier, C, Stojanović, O, Colin, DJ, Stevanović, A, et al. Microbiota Depletion Promotes Browning of White Adipose Tissue and Reduces Obesity. Nat Med (2015) 21(12):1497–501. doi: 10.1038/nm.3994

15. Yuzbashian, E, Asghari, G, Hedayati, M, Zarkesh, M, Mirmiran, P, and Khalaj, A. The Association of Dietary Carbohydrate With FTO Gene Expression in Visceral and Subcutaneous Adipose Tissue of Adults Without Diabetes. Nutrition (2019) 63-64:92–7. doi: 10.1016/j.nut.2018.12.014

16. Do, TTH, Marie, G, Héloïse, D, Guillaume, D, Marthe, M, Bruno, F, et al. Glucocorticoid-Induced Insulin Resistance is Related to Macrophage Visceral Adipose Tissue Infiltration. J Steroid Biochem Mol Biol (2019) 185:150–62. doi: 10.1016/j.jsbmb.2018.08.010

17. Hill, JL, Solomon, MB, Nguyen, ET, Caldwell, JL, Wei, Y, and Foster, MT. Glucocorticoids Regulate Adipose Tissue Protein Concentration in a Depot- and Sex-Specific Manner. Stress (2020) 23(2):243–7. doi: 10.1080/10253890.2019.1658736

18. Schwalie, PC, Dong, H, Zachara, M, Russeil, J, Alpern, D, Akchiche, N, et al. A Stromal Cell Population That Inhibits Adipogenesis in Mammalian Fat Depots. Nature (2018) 559(7712):103–8. doi: 10.1038/s41586-018-0226-8

19. Weinstock, A, Brown, EJ, Garabedian, ML, Pena, S, Sharma, M, Lafaille, J, et al. Single-Cell RNA Sequencing of Visceral Adipose Tissue Leukocytes Reveals That Caloric Restriction Following Obesity Promotes the Accumulation of a Distinct Macrophage Population With Features of Phagocytic Cells. Immunometabolism (2019) 1:e190008. doi: 10.20900/immunometab20190008

20. Sun, W, Dong, H, Balaz, M, Slyper, M, Drokhlyansky, E, Colleluori, G, et al. snRNA-Seq Reveals a Subpopulation of Adipocytes That Regulates Thermogenesis. Nature (2020) 587(7832):98–102. doi: 10.1038/s41586-020-2856-x

21. Engin, AB. Adipocyte-Macrophage Cross-Talk in Obesity. Adv Exp Med Biol (2017) 960:327–43. doi: 10.1007/978-3-319-48382-5_14

22. Zhao, H, Shang, Q, Pan, Z, Bai, Y, Li, Z, Zhang, H, et al. Exosomes From Adipose-Derived Stem Cells Attenuate Adipose Inflammation and Obesity Through Polarizing M2 Macrophages and Beiging in White Adipose Tissue. Diabetes (2018) 67(2):235–47. doi: 10.2337/db17-0356

23. Nawaz, A, Aminuddin, A, Kado, T, Takikawa, A, Yamamoto, S, Tsuneyama, K, et al. CD206+ M2-Like Macrophages Regulate Systemic Glucose Metabolism by Inhibiting Proliferation of Adipocyte Progenitors. Nat Commun (2017) 8(1):286. doi: 10.1038/s41467-017-00231-1

24. Li, H, Xiao, Y, Tang, L, Zhong, F, Huang, G, Xu, JM, et al. Adipocyte Fatty Acid-Binding Protein Promotes Palmitate-Induced Mitochondrial Dysfunction and Apoptosis in Macrophages. Front Immunol (2018) 9:81. doi: 10.3389/fimmu.2018.00081

25. Pan, Y, Hui, X, Hoo, RLC, Ye, D, Chan, CYC, Feng, T, et al. Adipocyte-Secreted Exosomal microRNA-34a Inhibits M2 Macrophage Polarization to Promote Obesity-Induced Adipose Inflammation. J Clin Invest (2019) 129(2):834–49. doi: 10.1172/JCI123069

26. Ramirez, AK, Dankel, SN, Rastegarpanah, B, Cai, W, Xue, R, Crovella, M, et al. Single-Cell Transcriptional Networks in Differentiating Preadipocytes Suggest Drivers Associated With Tissue Heterogeneity. Nat Commun (2020) 11(1):2117. doi: 10.1038/s41467-020-16019-9

27. Vandesompele, J, De Preter, K, Pattyn, F, Poppe, B, Van Roy, N, De Paepe, A, et al. Accurate Normalization of Real-Time Quantitative RT-PCR Data by Geometric Averaging of Multiple Internal Control Genes. Genome Biol (2002) 3(7):Research0034. doi: 10.1186/gb-2002-3-7-research0034

28. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

29. Brown, J, Pirrung, M, and McCue, LA. FQC Dashboard: Integrates FastQC Results Into a Web-Based, Interactive, and Extensible FASTQ Quality Control Tool. Bioinformatics (2017) 33(19):3137–9. doi: 10.1093/bioinformatics/btx373

30. Bolger, AM, Lohse, M, and Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics (2014) 30(15):2114–20. doi: 10.1093/bioinformatics/btu170

31. Kim, D, Paggi, JM, Park, C, Bennett, C, and Salzberg, SL. Graph-Based Genome Alignment and Genotyping With HISAT2 and HISAT-Genotype. Nat Biotechnol (2019) 37(8):907–15. doi: 10.1038/s41587-019-0201-4

32. Love, MI, Huber, W, and Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

33. Langfelder, P, and Horvath, S. WGCNA: An R Package for Weighted Correlation Network Analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559

34. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING V11: Protein-Protein Association Networks With Increased Coverage, Supporting Functional Discovery in Genome-Wide Experimental Datasets. Nucleic Acids Res (2019) 47(D1):D607–13. doi: 10.1093/nar/gky1131

35. Doncheva, NT, Morris, JH, Gorodkin, J, and Jensen, LJ. Cytoscape StringApp: Network Analysis and Visualization of Proteomics Data. J Proteome Res (2019) 18(2):623–32. doi: 10.1021/acs.jproteome.8b00702

36. Hicks, JA, and Liu, HC. Expression Signatures of microRNAs and Their Targeted Pathways in the Adipose Tissue of Chickens During the Transition From Embryonic to Post-Hatch Development. Genes (Basel) (2021) 12(2):196. doi: 10.3390/genes12020196

37. Xing, J, Weng, L, Yuan, B, Wang, Z, Jia, L, Jin, R, et al. Identification of a Role for TRIM29 in the Control of Innate Immunity in the Respiratory Tract. Nat Immunol (2016) 17(12):1373–80. doi: 10.1038/ni.3580

38. Xing, J, Zhang, A, Zhang, H, Wang, J, Li, XC, Zeng, MS, et al. TRIM29 Promotes DNA Virus Infections by Inhibiting Innate Immune Response. Nat Commun (2017) 8(1):945. doi: 10.1038/s41467-017-00101

39. Jaitin, DA, Adlung, L, Thaiss, CA, Weiner, A, Li, B, Descamps, H, et al. Lipid-Associated Macrophages Control Metabolic Homeostasis in a Trem2-Dependent Manner. Cell (2019) 178(3):686–698.e14. doi: 10.1016/j.cell.2019.05.054

40. Agarwal, P, Combes, TW, Shojaee-Moradie, F, Fielding, B, Gordon, S, Mizrahi, V, et al. Foam Cells Control Mycobacterium Tuberculosis Infection. Front Microbiol (2020) 11:1394. doi: 10.3389/fmicb.2020.01394

41. Cox, N, Crozet, L, Holtman, IR, Loyher, PL, Lazarov, T, White, JB, et al. Diet-Regulated Production of PDGFcc by Macrophages Controls Energy Storage. Science (2021) 373(6550):eabe9383. doi: 10.1126/science.abe9383




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhao, Wu, Tang, Li, Yi, Zhao and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-889439-g011.jpg
A B
Ccl2 Ccl5
L[5 é 15 = NC .é 20 = NC
> 8 8 = A 3 = FFA
Qflgs S S 15
23 G 8
T 2 s
<8 0|2 g
—|E D | Eos E
g1 @ [ @ 05
: > = - =
els 2k =
IED O &oo 2 oo
S PA OA LA PA OA LA
=
¢ NC OA ~
Col2 o o e s s |- 11D 3 cor2 cers
g é 1.5 = NC .é 2.0 = NC
g‘ Acth | e e — e w|-42kDa é 8 = FFA 8 = FFA
] NC PA €10 g
Sl col2 e o i*ﬂkDa b 2o
< % 0.5 %
- Acth | D e e ey e W - 40k Da ' 2 05
I B B
4 NC LA 2 oo 2 00
™ | Col2 - 11kDa ooon A oA a
Acth | ee= GP S o= o= = - /15Dy
D RAW264.7 Macrophage
NC OA NC PA NC LA
Ccl2 o e -11kDa Ccl2 E - — i -11kDa Ccl2 E.-.-“HkDa
Cor2 |=» — — =— — _ |-4%Da Cer2 E - — i -42kDa  Ccr2 E----E-Qma
Col5 [0 e @ @D @ ew |-161D2 Cols (B o s o w{ 16(Da  Col5 [ wm o e - 16KD
Cor5 [ =« o = == &8 -41kDa Cors BB S B e = = |-41kDa  Cor [lie e mm o = | 41KDa
Acth | — c— —— — w40k Da ACHD | o o S e | -42kDa Acth e e— e -=—42kDa
E F
CCL26 CCL26 CCLS
2 S 5 20 o 80 = NC
- 3 2 D FFA 3 = FFA
% g 3 g 1.5 g 2
< <z( 2 § 1.0 <Z(
cl|l 4 E
o| E o | E 1
x| o1 O | vos Q
ol 2 © -} E-
Z| 8 |3 s
Ol go S| &oo Bo
g PA OA LA PA OA LA
]
= CCR2 CCR5
[ =4 - -
2 S 20 = NC g 20 = NC
L8 oA B = FFA
£ | g5 g 15
O3 3
§ 1.0 é 1.0
& £
Q05 209
K k<t
2 oo & 0o
PA OA A PA OA LA






OEBPS/Images/fimmu-13-889439-g005.jpg
>

E20 VS D1 E14 VS E20

D1VS D9

Subcutaneous Adipose Tissue

GO BP Enrichment

cell adhesion

positive regulation of epithelial to...
peptide cross-linking -

negative regulation of cell migration -
cell migration -

regulation of cell growth -

negative regulation of transcription...
DNA damage response, signal
palate development

inflammatory response

B cell receptor signaling pathway
ventricular septum morphogenesis -
chemotaxis

immune response

regulation of cell proliferation -
positive regulation of B cell proliferation -
integrin-mediated signaling pathway -
regulation of cell adhesion -

cell division -

cell adhesion -

defense response to virus -

wound healing -

inflammatory response -

innate immune response -

skeletal system development -
positive regulation of nitric oxide...
chemotaxis

integrin-mediated signaling pathway
L— negative regulation of cell migration

C

Abaominal

Subcataneous

axon guidance - [IN=s

gl

B
9

-!!
[

’\’Ir\:
S8

° BN S

- 3

&

Im‘
l__ o
a5

ov.
©

©

|36

p Value

0.001
0.002
15

0 %0 g0 do

log2(FC)

DEGs between E20 and D1
subcutaneous fat VS abdominel fat
GO BP Enrichment

Common  — cholesterol homeostasis
extracellular matrix organization
cell adhesion

positive regulation of vasoconstriction
positive regulation of nitric oxide...
response to antibiotic
myelination

triglyceride catabolic process
endochondral ossification
memory

receptor-mediated endocytosis
— B cell receptor signaling pathway
inflammatory response

ventricular septum morphogenesis
integrin-mediated signaling pathway

fat only

regulation of cell adhesion

positive regulation of B cell proliferation
cell adhesion

positive regulation of phosphatidy...
skeletal system development

fat only

regulation of cell proliferation |

3
7
0

|
B

p Value

0.01
0.02
0.03
0.04

lubww
F

log2(FC)

Abdominal Adipose Tissue
GO BP Enrichment

cell division -
microtubule-based movement -
regulation of G2/M transition of..
mitotic cytokinesis -

very-low-density lipoprotein particle..
cytokinesis -

immune response -

mitotic nuclear division +

mitotic chromosome condensation -
activation of protein kinase activity -

E18 VS E20

steroid metabolic process -
cell adhesion -

protein refolding -

cell surface receptor signaling pathway -
triglyceride catabolic process -
response to progesterone -
membrane organization -
cell chemotaxis

brain renin-angiotensin system -
cell adhesion -

positive regulation of nitric oxide..
endothelial cell proliferation -
positive regulation of cell differentiation -
epithelial to mesenchymal transition -
cellular response to amino acid starvation -
skeletal system development -
sprouting angiogenesis -
positive regulation of monocyte..
heme catabolic process -
defense response to bacterium .
defense response to Gram-negative
cytolysis -

defense response to Gram-positiv
regulation of vasoconstriction -
negative regulation of cysteine-type... .
response to oxidative stress -
defense response -
energy homeostasis -

E20 VS DO

DOVS D1

D1VS D3

peptide cross-linking -

log2(FC)

p Value

0.01
0.02
0.03

0.05





OEBPS/Images/fimmu-13-889439-g007.jpg
Subcutaneous adipose tissue

Tight junction

Glutathione metabolism

Fanconi anemia pathway
Homologous recombination

Oocyte meiosis
Progesterone-mediated oocyte maturation
p53 signaling pathway

ECM-receptor interaction

DNA replication

Cell cycle

Notch signaling pathway

Phagosome

NOD-like receptor signaling pathway
Influenza A

Steroid biosynthesis

Apoptosis

Toll-like receptor signaling pathway
Lysosome

Ribosome

Ribosome biogenesis in eukaryotes
Valine, leucine and isoleucine degradation
PPAR signaling pathway

Insulin resistance

Pantothenate and CoA biosynthesis
Focal adhesion

Biosynthesis of antibiotics

MAPK signaling pathway

NF-kappa B signaling pathway

Cell adhesion molecules (CAMs)
Pathways in cancer
Cytokine-cytokine receptor interaction
Hematopoietic cell lineage

ntestinal immune network for IgA production
T cell receptor signaling pathway
Primary immunodeficiency

WGCNA modules KEGG

black
blue
brown
green
magenta
red
turquoise
yellow

Genes in turquoise moudias

TLR4

MAPK1
TLR7
CD80
STAT1
TLR1A
CD40
CD86
MAPK12
IL1B

Hubgenes

Genes in NF-kB, Jak-STAT and TLRs pathway

Focal adhesion
ECM-receptor interaction
Metabolic pathways
Biosynthesis of antibiotics

PPAR signaling pathway

Cell adhesion molecules (CAMs,
Ribosome biogenesis in eukaryotes
FoxO signaling pathway
Base excision repair
Gap junction
Mismatch repair
Pyrimidine metabolism
Fanconi anemia pathway
Progesterone-mediated oocyte maturation
ocyte meiosis
p53 signaling pathway
INA replication
Cell cycle
RNA polymerase
Oxidative phosphorylation
Nicotinate and nicotinamide metabolism
Purine metabolism
Adrenergic signaling in cardiomyocytes
Cardiac muscle contraction
Biosynthesis of amino acids
Pantothenate and CoA biosynthesis
MAPK signaling pathway
Protein processing in endoplasmic reticulum
Synthesis and degradation of ketone bodies
Glycerolipid metabolism
Terpenoid backbone biosynthesis
Glycine, serine and threonine metabolism
Pyruvate metabolism
Adipocytokine signaling pathway
Lysine degradation
Jak-STAT signaling pathway
Peroxisome
Insulin resistance
Vitamin B6 metabolism
Butanoate metabolism
Fana/ acid biosynthesis
Trypfophan mefabolism
Glyoxylate and dicarboxylate metabolism
Fatty acid degradation
Carbon metabolism
Fatty acid metabolism
Propanoate metabolism
Valine, leucine and isoleucine degradation
Phagosome
Toll-like receptor signaling pathway

Abdominal adipose tissue
WGCNA modules KEGG

. .
. .
e L]
. .
. .
. L]
.
.
.
.
.
.
.
3
.
.
L]
.
.
» Count
.
. ® 20
L] @ ©
& @
.
L] Qualue
004
003
002
001
.
.
.
.
.
.
.
.
L
.
.
¥0ccc3gx0TCcQ
CS55352£88883
859 =¢gat = o=
205
=°3%538%2 g%
= g
oE 2
o
o





OEBPS/Images/fimmu.2022.889439_cover.jpg
’ frontiers | Frontiersin Immunology

RNA-seq Based Transcriptome
Analysis Reveals The Cross-Talk of
Macrophage and Adipocyte of
Chicken Subcutaneous Adipose
Tissue during The Embryonic and
Post-Hatch Period





OEBPS/Images/fimmu-13-889439-g008.jpg
qPLR
Relative expression

S v 9 w
8 < < 3

°
; 3
60 60
Iea 80
I a
Irea 90
Isa sa
Iva va
Iea €0
|za za
a 1a
froa 00
|oz3 023
teia 613
13 813
| 25| 03
o3 913
Fsi3 513
.L._m 13
1

gPCR gPCR
Relative expression e exprssion
P

e T

5 8 :
g 8 R
—
- s s A EH& N
Wid _zx& .
3 bos-yNy w bas-yNy _ Serhal
GPCR qPCR
Relative expression  Fotate cxpreedion
2 e & o«
[ S S
}sa 60 60
|ea 8a 80
ez 1a 10
fea 9a 90
fsa <a sa
ra va va
fea ea £a
T tza = a ¢ za
2 Fra = a a
s Foa %) ] s 0a
foza 0z3 023
Foi3 613 613
e 813 813
23 213 213
FoL3 913 913
Fsia 513 513
13 13 ¥i3
R
Widd " Widd uhwqu
m bes-yNy w bas-yNy T
GPCR qPCR GPCR
Relative expression Relative expression Relative expression
e e, o 822 o . © v & o
LA — DU
|sa Fea 60
e 80 el
) 10 20
frea Iea 90
fsa tsa sa
va Fva va
fea |ea €a
- fea S lea 9 za
X Fia 2 a3 a
& froa O oa © 0a
foza 023 023
(E] 613 613
S} 813 813
Faa 03 203
Fora foia 913
Fsta Fsia 13
Foia | R4E] E|
T TT —r—TT —TT T
EEEEE 8 @ g ™ e § Bes NS
Wid Widd
-4 bes-yNY [a) boas-yNY o bosyNy

FPKM of abdominal adipose tissue

FPKM of chicken subcutaneous adipose tissue

qPCR of chicken subcutaneous adipose tissue





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        RNA-seq Based Transcriptome Analysis Reveals The Cross-Talk of Macrophage and Adipocyte of Chicken Subcutaneous Adipose Tissue during The Embryonic and Post-Hatch Period

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Animals

          



          		

            RNA Isolation and Library Preparation

          



          		

            Primer Design and qPCR

          



          		

            HE Staining, Toluidine Blue Staining, and IHC

          



          		

            Cell Culturing

          

            		

              Chicken Adipocyte Culturing

            



            		

              Chicken Macrophage Culturing

            



          



          



          		

            Western Blot

          



          		

            Cell Migration and Recruitment Assays

          



          		

            Oil Red O and Nile Red Staining

          



          		

            RNA-seq Analysis and Statistics

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            RNA-seq Library Characteristics of Subcutaneous Adipose Tissue During the Embryonic and Post-Hatch Period

          



          		

            Expression Dynamics of mRNAs in the Subcutaneous and Abdominal Adipose Tissues During the Embryonic and Post-Hatch Period

          



          		

            Enrichment Analysis of the Subcutaneous and Abdominal Adipose Tissues During the Embryonic and Post-Hatch Period

          



          		

            WGCNA and Hub Genes Identification of the Subcutaneous and Abdominal Adipose Tissues During the Embryonic and Post-Hatch Period

          



          		

            Immune Cells Infiltration and Related Genes Expression of Subcutaneous Adipose Tissue During the Embryonic and Post-Hatch Period

          



          		

            Chematic Structure of the Genomic Organization and Expression Pattern of CCL Family and Its Relatedness with Representative Vertebrate Species

          



          		

            FFA-Induced Adipocyte and Macrophage Chemokines and Receptors Expression

          



          		

            FFA-Induced Cell Migration and Adipocyte Recruitment of Macrophage

          



          		

            FFA-Induced Macrophage Foaming

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-889439-g004.jpg
Subcutaneous adipose tissue Abdominal adipose tissue
KEGG KEGG
. p53 signaling pathway Cytokine—-cytokine receptor interaction [N X ]
Progesterone-mediated oocyte maturation PPAR signaling pathway eoe
Focaliﬁuggz ECM-receptor interaction | ® LN ) m";
ECM-receptor interaction Neuroactive ligand-receptor interaction { @ « @ e
Herpes simplex infection Glycine, serine and threonine... - e P
Influenza A Grive Focal adhesion { & ® o
Toll-like receptor signaling pathway Fatty acid biosynthesis . ®
. N . Lysosome 0075 Biosynthesis of amino acids L) @
Glycosphingolipid biosynthesis - glﬁ:ooss%rrl:: ; " - p53 signaling pathway °
Tightjgunction . & s GlYOxylate and dicarboxylate metabolism . Gikiis
Cell adhesion molecules (CAMs) { @ » Biosynthesis of antibiotics [ d
Regulation of actin cytoskeleton { @ @ Progesterone-mediated oocyte... L] 7S
DNA replication { . Count Oocyte meiosis ) 0060
Jak-STAT signaling pathway ° P Vitamin B6 metabolism . -
Calcium signaling pathway ) ® Cell cycle )
_ Drug metabolism - other enzymes . ®- TGF-beta signaling pathway &
Intestinal immune network for IgA production . 2 Metaboli f biotics b
Glycosaminoglycan degradation . o« letaboliam:af xenobiotics by... N
Cytokine-cytokine receptor interaction ) Insulin resistance |
Apoptosis ®
VEGF signaling pathway L[]

Insulin signaling pathway

Vitamin B6 metabolism

FoxO signaling pathway

TGF-beta signaling pathway
Adrenergic signaling in cardiomyocytes
Arginine and proline metabolism D
Neuroactive ligand-receptor interaction
RIG-I-like receptor signaling pathway
PPAR signaling pathway

000 -0
E18 VS E20
E20 VS DO

DO VS D1
D1VS D3

Subcutaneous fat VS Abdominal fat
E20-D1 KEGG

Calcium signaling pathway
Focal adhesion

ECM-receptor interaction
Neuroactive ligand-receptor...
Porphyrin and chlorophyll... .
RIG-I-like receptor signaling...
C Intestinal immune network for...
Regulation of actin cytoskeleton

Progesterone-mediated oocyte...

Jak-STAT signaling pathway

E20 vs D1 in subcutaneous fat Cytokine-cytokine receptor...
Cell cycle

DEGs p53 signaling pathway
Glycosaminoglycan degradation
Apoptosis

Herpes simplex infection
Phagosome

VEGF signaling pathway
Toll-like receptor signaling...
Influenza A

Lysosome

Glycine, serine and threonine...
PPAR signaling pathway

D1VS D9

E14 VS E20
E20 VS D1
[ XXX ]

[ ]

Qalue

0075
0050

0025

Count
e
@ »
® =

E20 vs D1 in abdominal fat
DEGs

Common

Abdominal fat only
Subcataneous fat only





OEBPS/Images/fimmu-13-889439-g013.jpg
Macrophage,
=

Medium Adi.pocyte
Culture Dishes Culture Dishes Culture Dishes Medium NC Culture Dishes Medium+FA
B RAW?264.7 Macrophage D  RAW264.7 Macrophage + 3T3-L1 Adipocyte
] AP TR -

NC
PA(C16:0)
PA(C16:0)

= =
© ©
- -
o o
< <
(e} o
S N
e} o
- -
e e
3 3
c RAW?264.7 Macrophage E RAW264.7 Macrophage
3009 **p=0.001 3009 **p=0.001 3009 **p=0 001 1509 **p=0.001 2009 **p=0.001 1509 **p=0.001
€ € € z E 150 <
S 200 S 200 5] S 200 5 § % 100
8 8 3 8 8 100 o] 8
o) o) 3 kol o} B s0
8 100 8 100 m g o |i°| 3 G r1‘1 3 |<_>(,;ﬁ_|
i} i} ¥ . 0 T 0 T T o T T
L ¢ & & KNS & & SN S
F , G i i
Chicken Macrophage Chicken Macrophage + Adipocyte
= : 3 : -
o [EE £ g - E
ZL . e : Qo
< : < T
5, ), 100 jm
ey A\ . : 3
& J @
-~ / e
o : o
< . <
N O " i v > o
100m ! 100 um
= = - -
. < \ | .
8 : =y Ry 07 | 2 i d
z . O Ll o o \
e . 3
. 100 ym 4 100 ym
H ) )
Chicken Macrophage Chicken Macrophage
**b_0.008 *P=0.026
" £ 100 & 100 i
= - 2 =]
8 © 38 8 8
= = 50 3 50 3
8 S8 o o






OEBPS/Images/fimmu-13-889439-g002.jpg
A

Log10(F value)

Valcano plot of DEGs between E14 and E20
Subcutaneous adipose tissue

Valcano plot of DEGs between E20 and D1
Subcutaneous adipose tissue
o ——

HBEL |1 —FMO3 Up: ]
ke Toea e
Awvza. ;
= sq'nlal-/"“ Down: H MARCO
0 ACE S \ewarst | 299 ; ‘
15»09/@‘;“? x| '5 PRCIS
e E] HIFsA  REP °
APLNRABHD \ ooy < 7
Sl Q | ONTNAPI P APEP
AR B opase s .mms> vt e
L o aig
100 S ENTPDY rmml; nws{
Up: o CLs™N |
777
Down:
1840 .
o Lin H

Log2(FC)

0
Log2(FC)

Heatmap of DEGs between E14 and E20
Subcutaneous adipose tissue

FPKM (E20_2)

FPKM (E20_3)
FPKM (E14_3)
FPKM (E14_1)
FPKM (E14_2)

Heatmap of DEGs between D1 and D9

C

Valcano plot of DEGs between D1 and D9
Subcutaneous adipose tissue

D

Valcano plot of DEGs between E20 and D1
Abdominal adipose tissue

' Up: —MIOX Up:
.| rober| 797 oot | 229
R Down: P Dawn:
HE : : 378
[ 139 _ mes
0 i g :
T 3 ;
Q I < ;
s T = Fmiors
% RASD! | aext e 2
o s«mw\wwi dx{v\u/msL -
o ‘%\ww
Ne eors
e i
Log2(FC) Log2(FC)
F
Heatmap of DEGs between E20 and D1
Subcutaneous adipose tissue
FPKM (D1_3)
FPKM (D1_1)
FPKM (D1_2)
FPKM (E20_2)
FPKM (E20_1)
FPKM (E20_3)
H

Subcutaneous adipose tissue

FPKM (D1_2)
FPKM (D9_3)
FPKM (D9_1)
FPKM (D9_2)

Heatmap of DEGs between E20 and D1
Abdominal adipose tissue

FPKM (E20_2)
FPKM (E20_1)
FPKM (E20_3)
 FPKM (E20_4)
FPKM (D1_3)
FPKM (D1_1)
FPKM (D1_2)
FPKM (D1_4)






OEBPS/Images/fimmu-13-889439-g015.jpg
E14
E18
E20
DO
D1
D3

Chick

RNA-seq WGCNA

\%

D9

I Subcutaneous adipose tissue
I Abdominal adipose tissue

difference between subcutaneous and abdominal adipose tissue

V4 ~N

Subcutaneous adipose tissue
immune response

Abdominal adipose tissue

insulin resistance

inflammation
Chick subcutaneous adipose tissue
E20 D1
Lipidosis 4 Lipidolysis 4
48,

*od

et

Macrophage

Mast cell

‘ Undetected Undetected

Tcell

Cc
Stage 1 Stage 2
Lipidolysis Lipidalysis Br-unw chemokine signal
s (%%)
.
4 \
D

e N
* cCLS & CC(e
= ccrR2
* CCR5

Chicken subcutaneous adipose tissue (D1)





OEBPS/Images/fimmu-13-889439-g012.jpg
3T3-L1

NC/FA medium

0 Hour 24 Hour

- —————E

RAW264.7  3T3-L1 RAW264.7

Adipocyte Macrophage Adipocyte Macrophage
¥ ¥ V v

NC Oh

OAOh

Oh

LA

PA Oh

Cell count

300

200

NC/FA medium

0 Hour 24 Hour
——————

Chicken Chicken Chicken Chicken

Adipocyte Macrophage Adipocyte Macrophage
y

NC Oh

OA0Oh

Oh

LA

Cell count

4 i i

LA 24h OA 24h NC 24h

PA 24h

150

100

50






OEBPS/Images/fimmu-13-889439-g006.jpg
Abdominal adipose tissue

Subcutanreous adipose tissue

>

Height

=]

Height

oy

Cluster Dendrogram

Network heatmap plot

Wm"f\\ ™ .ii \ IV Eigengene adjacency heatmap
—

4
4

Cluster Dendrogram

WIS

W‘ Eigengene adjacency heatmap
: ‘ I -






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-889439-g009.jpg
A B C
HE Toluidine blue
=¥ B .i’:“ 7= x
) PTG ¢
CNIT Y R b
. A F 4 L iy g <
i, 4 * ~— [
Ll I ‘J‘\%f) w f;
PR R ¢ a0 ‘
Yol AR\ 2
® & 50
e, & Y
= - e
i \ »
< e b '.,
Qe NRLTN 9
l.l.lE i et . L
e 1‘ - 3 1o !
Ttwl S
;T T : A== J —
- =5
= WL S
o SN e
5 -
&l & '-",'g,s\ - [a]
B << P
r 2 , + sopm
T e R
. @Y L AR L 08 "f
‘ ) ‘e e )T ¥
o Sy A Y Sl o
O [ ? H SO 3
= Ve @@ S
G Ty
D F Macrophage genes
CMA1(CTSG)
200 == FPKM " 50 CCR5 CCR2 CCL5 IL6R
== gPCR 5 d
150 6
g g
a 100 4 g k2
50 2 10
0 0 0 d
T8 5 8 1§58 1§58 $§58 §go 8
w w o o w w w w w w w w
E
MAC2 (LGALS3) Macrophage genes
40— == FPKM 30 _ 150 CCR5 CCR2 CCL5 IL6R
== gPCR 5
2 a
s ¥ 20 o 8100 &
< o 2
20 o o a
o o a &
w 10 B = 50
10 k] b b b
o
0 0 4 d G c e b b 2 a
I & 5 8 I 8538 " ¥TR s 8 " ¥TRas8 " IR s
w w w w a a w w (=] a w w a a w w [a] a





OEBPS/Images/fimmu-13-889439-g003.jpg
=
X
a
w

FPKM

=
L7

o
w

FPKM

MXx1
80 250
= G
% q 200
150 2
40 3
100 0
20 55
o 0
E14  E20 D1 D9
RNASE6
250 40
= oK
200 q 5
150 F-
20 8
100 b
- 10
o 0
E14  E20 D1 D9
INPP5D
50 15
mE FPKM
404 B gPCR
i 0
o
(o]
20 bl
5
10
o 0
E14 E20 D1 D9
CXCL14
150 5
B FPKM
B qPCR 4
100 34
o
o
23
50

=3
o

E14 E20 D1 D9

- FPKM of chicken subcutaneous adipose tissue

gPCR of chicken subcutaneous adipose tissue

MARCO
60 5
[ FPKM
B qPCR .
S .-
< )
el
& 2%
20
1
0 0
E4 E20 D1 D9
ZC3HAV1
30 8
[ FPKM
B gPCR .
S -
< R
& P
10
2
0 0
E14 E20 D1 D9
RANBP3L
150 8
B FPKM
B gPCR .
100 "
7 4 )
& 2
50
2
0 0
E14 E20 DI D9
DGAT2
800 15
B FPKM
B gPCR
600
5 10
X 400 &
& )
0.5
200
0 00

E14 E20 D1 D9

CMPK2
100 250
[ FPKM
s0{ B aPCR 200
g 60 150 %
& w0 100 0
20 50
0 0
Et4 E20 DI D9
LCP2
50 4
I FPKM
404 B gPCR .
s 30 o
2 2 g
& 20 2
10 !
0 0
Et4 E20 DI D9
REM1
60 6
[ FPKM
B gPCR
S 4
& 3
w Py
20 2
0 0
E14 E20 D1 D9
TSPO2
80 20
B FPKM
B gPCR
60: 15
= Fe]
X 40 10 &
g E
20 05
0 00

E14 E20 D1 D9





OEBPS/Images/fimmu-13-889439-g010.jpg
Mammals

Biras

Asic2
CClL2
CCL7
CCL11
ccL8
CCL1
CCL13
CCL7
Tmem132e

Human CHHH—HHHHE -
Chimapnzee THHHH—HHHHEE -~

House mouse -TSHHHHHH—m--
Norway rat T HHHH— -

Water buffalo T H——HH—0-
Goat T H——H—

Pig -TH{—H—-
Rabbit T H—{—{H—-
©
3 i
Q Q
o o
Chicken ————F
Ostrich ——F——{- -

Mallard ——— X[} -~

Taf15

FPKM

B mouse Ccl26

human CCL26
chicken CCL1
mouse Ccl1
human CCL1
mouse Ccl2
human CCL2
chicken CCL26
chicken CCL4
mouse Ccl4
human CCL4
chicken CCLS
mouse Ccl5
human CCL5

C

Chicken
10009 = E14
500{ i
= D1

== D9
20

10

N D %) ™ A 9 Q ©
O Y o
& o O OO





OEBPS/Images/fimmu-13-889439-g001.jpg
Correlation Heatmap

E14_1 068 0.630.70 0.74 0.78 0.71 0.77 0.79 0.75 (1)3
E14 2 0.70 0.65 0.72 0.7 0.80 0.73 0.79 0.81 0.77, 0.8
E14_3 068 063 0.700.75 0.78 0.72 0.77 0.79 0.76 0.7
E20 1
E20 2
E20_3 2
D1_1
D1 2
D13 ,
D9 1
D9 _2
D9_3 ‘
b T NI (OI ‘_I NI ﬂl 1—| (\Il(") ‘—l NI(’) %ggggglglglglglglg
3338885"5888 IMI_*I INIAI N2 WN =W
TRTRTRN RN i ®
(o] D
PCA analysis P
‘ y TPM distribution boxplot
0.50- .‘ 5y TTTTTTTTITT
Samples ol
= 0.254 " D1 = I
g ®p o5 i
S 5 B4 ]
o (et ]
& 000y ® B0 8 oy M
< H 51
O
Q. .0.25- A -10J
: : : TN TN TN e
I 1= I = TTTOOATITIITOOO
N S N < © e
s © o o e TRTRTEN RN RN

PCA1 (28.64%)





OEBPS/Images/fimmu-13-889439-g014.jpg
RAW?264.7 Macrophage

OA LA PA

NC

a

a

0.8

Buiuieys pai 10

[ %

&

- &

a =)
© < ~ o
= S o =

50um

un

s0um

Buiuieys pal a|IN

abeydouioep / ¥9zZMVYY

Chicken Macrophage

“ [ %
© &
© r ?0
a L
@ © < & o
° o c = o
Ecomwuﬂo

PA

LA

souh

OA

S

NC

(6]

Buiuieys pas |0 Buuieyg pas a|IN

abeydosoep us)oiyd





