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Hypocalcemia is closely associated with inflammatory diseases in dairy cows. Recent research has underscored the key role of calcium in the adaptations of the innate immune system during this period. The main objective in the present study was to compare the transcriptome profiles and analyze differences in the expression of neutrophil (PMNL) immune function-related genes and calcium binding-related genes in hypocalcemic cows. At 2 days postpartum, a concentration >2.10 mmol Ca2+/L was used to classify cows as controls (CON), and a concentration <2.00 mmol Ca2+/L used to classify cows as low-calcium (LCAL) (n = 8 in each group). A routine medical examination was conducted by the attending veterinarian to ensure there were no other complications and that the blood β-hydroxybutyrate was <1.2 mmol/L. Blood was collected from the tail vein (20 mL) to isolate PMNL, and 5 cows in each group were used for RNA sequencing and statistical analysis of gene expression differences. Transcriptome RNA-seq sequencing analysis was via omicsstudio using the R package edgeR. GO and KEGG enrichment analysis were used for bioinformatics. The remaining 3 cows in each group were used for validation of RNA sequencing data via quantitative PCR, which confirmed the observed responses. Compared with CON, 158 genes in LCAL were significantly up-regulated and 296 genes were down-regulated. The downregulation of Interleukin-12 (CXCL12), Tubulin beta chain (TUBB1), L1 cell adhesion molecule (L1CAM), and Myeloperoxidase (MPO) indicated a decrease in immune function of PMNL in LCAL cows. The decreased expression of calcium-binding pathway-related genes in PMNL of LCAL cows indicated a decrease in immune function of PMNL likely related to calcium ions. For example, cartilage acid protein 1 (CRTAC1) and calcium/calmodulin-dependent kinase 4 (CAMK4) were significantly reduced in LCAL cows. The upregulation of Cyclin dependent kinase inhibitor 1A (CDKN1A), Perforin 1 (PRF1), and Homeodomain interacting protein kinase 3 (HIPK3) indicated that LCAL led to greater cell apoptosis and senescence. Overall, the analyses indicated that the reduction in PMNL immune function during hypocalcemia is associated with downregulation of intracellular Ca2+ related genes and upregulation of genes controlling apoptosis and senescence. Together, these alterations contribute to an immunosuppressive state during the transition period.
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Introduction

Subclinical hypocalcemia is a relatively common disorder in high-producing multiparous dairy cows during the transition from late-pregnancy to lactation. It can lead to immune dysfunction and increase the incidence of inflammatory diseases such as metritis and mastitis (1). Calcium, an key mineral and secondary messenger, regulates various cellular physiological functions and signal transduction pathways (2) such as blood coagulation, nerve conduction, membrane permeability, muscle contraction, enzyme activity, hormone release and immune function (3). Studies have shown that hypocalcemia directly impairs the response of immune cells to activating stimuli (4).

Neutrophil (polymorphonuclear, PMNL) are highly-mobile cells that can effectively track, engulf and eliminate microorganisms by producing toxic molecules (5, 6). As a signaling molecule, calcium helps connect multiple PMNL receptors and mediates the interaction of PMNL with the host and pathogens (7). Among cells of the immune system, PMNL play a vital role in the defense against infection in cows afflicted by hypocalcemia (8). Our previous studies have shown that subclinical hypocalcemia can reduce PMNL migration, chemotaxis, adhesion, and phagocytosis in dairy cows during the transition (9). Thus, we hypothesized that calcium imbalance would affect the PMNL transcriptome.

To test the hypothesis, we selected dairy cows with subclinical hypocalcemia according to plasma calcium concentrations. RNA sequencing was used to investigate changes in the transcriptome of circulating PMNL in these cows.



Materials and methods

Heilongjiang Bayi Agricultural University (Daqing, China) Animal Use and Care Ethics Committee approved the animal research program (No. 2020120701).


Animals

Holstein dairy cows from a commercial dairy farm in Heilongjiang Province (China) were examined by the attending veterinarian to ensure that there were no other complications: normal calf delivery, absence of placental retention, subclinical mastitis (by California Mastitis Test) or ketosis [blood β -hydroxybutyrate <1.2 mmol/L as measured by hemoketometer (TNN-2, Beijing Yicheng Bioelectronic Technology Co., LTD.)]. Subsequently, blood samples were taken before feeding and after milking. One set of samples (5 mL) was collected into a heparin-sodium tube and plasma isolated after centrifugation at 1,400 × g for 10 min. Plasma calcium concentration was immediately determined using an automatic biochemical analyzer (Pointcare M4, China), which generates results within 10 min. Another set of samples (20 mL) was then collected into a sodium-citrate tube for PMNL isolation. A total of 16 cows were included, among which 8 cows with calcium concentration between 1.38 and 2.00 mmol/L were regarded as low-calcium (LCAL), and 8 cows with Ca2+ > 2.10 mmol/L were regarded as controls (CON) (9). All cows had a BCS of approximately 3.25 and 3.50 at calving; CON cows yielded 26.1 ± 3.7 kg and LCAL cows yielded 26.2 ± 4.6 kg, with mean dry matter intake of 20.8 ± 1.4 kg at 2 days postpartum. A portable semi-automatic milking equipment was used to assess milk yield and electronic scales were used to measure output at 06:00 and 15:00 on the sampling days.



Isolation and culture of PMNL

On day 2 after calving, 5 mL of blood was collected into a tube containing 1 mL of 3.82% sodium citrate (Solarbio, Beijing, China). There were 4 of these tubes collected per cow. After mixing, the sample was transported to the laboratory at 4°C within 2 h. A commercial PMNL isolation kit (Solarbio, Beijing, China) was used for isolation according to the manufacturer's instructions. Briefly, separation solution A and B in the kit and the blood were added into the centrifuge tube according to 4:2:1, and centrifuged at 800 × g for 30 min. The sediment was washed and erythrocytes lysed using red cell lysing reagent (Solarbio, Beijing, China) followed by centrifugation at 300 × g for 10 min at 4°C. The PMNL was re-suspended in 1 mL TRIzol reagent (Life Technologies) and stored at −80°C for RNA extraction.



RNA extraction and sequencing

Total RNA (n = 5 in each group) was separated and purified with TRIzol (Invitrogen, Carlsbad, CA, USA) according to the protocols provided by the manufacturer. The NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA) was used to control the amount and purity of total RNA. The Agilent 2100 (Agilent, USA) was used to test the integrity of RNA, and all samples had an RNA Integrity Number (RIN number) >7.0 (indicating the quality of the samples was appropriate for subsequent mRNA analysis). Total RNA (5 μg) was used for attachment of DynabeadsTM Oligo (dT)25 (Invitrogen, CA, USA) to capture poly(A)mRNA through two rounds of purification. Subsequently, poly(A)mRNA was fragmented into small pieces using divalent cations at high temperature. The cleaved RNA was used for reverse transcription to synthesize cDNA using DNA polymerase I (E. coli) (NEB, MA, USA) and RNase H (NEB, MA, USA). During this process, dUTP Solution (NEB, MA, USA) was incorporated into the two-strands to make the ends of the double-stranded DNA blunt ends. An A-base was then added to the blunt ends of each strand, preparing them for ligation to the indexed adapters. Each adapter contained a T-base overhang for ligating the adapter to the A-tailed fragmented DNA. Agencourt AMPure XP Beads (Beck,an Coulter, CA, USA) were then used to screen and purify the size of its fragments. After treatment of the U-labeled second-stranded DNAs using Uracil-DNA Glycosylase (NEB, MA, USA), a PCR reaction was used to make a library with a fragment size of 300 bp (±50 bp). Lastly, a 150 bp paired-end sequencing on an Illumina Hiseq 4000 (LC Bio, China) was performed following the vendor's recommended protocols. Library construction and sequencing was completed by LC Bio Technology CO., Ltd. Hangzhou, China (https://www.omicstudio.cn/index).



Gene expression verification

Genes from the RNAseq analysis were randomly selected for verification using fluorescent quantitative PCR in 3 cows not used for RNAseq in each the CON and LCAL groups. Assay information is presented in Table 1. The successfully extracted PMNL was washed in an RNASE-free EP tube. TRIzol was added to each well. After centrifugation with chloroform, RNA was precipitated with isopropyl alcohol (Sigma Aldrich, Beijing, China). After washing with 75% ethanol (prepared with DEPC water), appropriate amount of DEPC water was added and mixed to dissolve RNA. The OD value of the extracted RNA was detected by the nucleic acid protein analyzer (Nabi, MicroDigital, South Korea), and the RNA concentration of the cDNA synthesized by reverse transcription was calculated.


TABLE 1 Primer sequences.
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RNA isolation and qRT-PCR

RNA was obtained using PrimeScript RT kit of Gdna Eraser (Takara Bio, Dalian, China) to obtain cDNA. PCR reactions (n = 3 in each group) were performed in the BioRad iCycler iQTM Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA). Primers used for random validation of bovine transcriptome genes and β-actin are shown in Table 1. The mRNA abundance in each sample was normalized to β-actin and quantified using the 2−ΔΔCT method.



Sequence and primary analysis

The cutadapt software (https://cutadapt.readthedocs.io/en/stable/, version is cutadapt-1.9) was used to acquire raw sequencing data (n = 5 in each group) in fastq format using the parameters: ~cutadapt -a ADAPT1 -A ADAPT2 -o out1.fastq -p out2.fastq in1.fastq in2.fastq -O 5 -m 100. Low-quality sequences and repetitive sequences were removed to generate CleanData in fastq.gz format. CleanData were aligned against the bovine genome (Bos taurus, Ensembl v96) by HISAT2 software (https://daehwankimlab.github.io/hisat2/, version hisat2-2.0.4) to obtain the bam file (the parameter is ~hisat2−1 R1.fastq.gz−2 R2.fastq.gz -S sample_mapped.sam). Then, we used StringTie software (http://ccb.jhu.edu/software/stringtie/, version is stringtie-1.3.4d.Linux_x86_64) to initially assemble genes or transcripts (the parameter was ~stringtie -p 4 -G genome. gtf -o output.gtf -l sample input.bam). Next, all sequences were merged and a comprehensive transcriptome reconstructed using gffcompare software (http://ccb.jhu.edu/software/stringtie/gffcompare.shtml, version: gffcompare-0.9.8. Linux_x86_64). After generating the final transcriptome, StringTie and ballgown (http://www.bioconductor.org/packages/release/bioc/html/ballgown.html) were used to estimate the expression level of all transcripts, calculated as FPKM (FPKM = [total_exon_fragments /mapped_reads(millions) × exon_length(kB)]), (Command line: ~stringtie -e -B -p 4 -G merge.gtf -o samples.gtf samples.bam) with the R package edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html) DESeq2 (http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html), and analyze significant differences between samples. Genes with a difference of FC > 2 or FC <0.5 and p value < 0.05 were defined as differentially expressed. They were used for GO and KEGG enrichment analyses.



Ingenuity pathway analysis

The protein interaction network and pathway analysis were generated using STRING (https://cn.string-db.org/) and Cytoscape (https://apps.cytoscape.org/). The genes were grouped into known functional pathways and networks, mainly according to rodent and human data. The significantly different genes (FDR <0.05) resulting from edgeR were uploaded to STRING and Cytoscape. In both cases, default settings were used for simultaneous analysis of up-regulated and down-regulated genes. The analysis focused on pathways involved in development and function of the blood system, as well as networks involved in immune or metabolic diseases.



Statistical analysis

Data are presented as the means ± standard error of the means (SEM) with n representing the number of independent experiments. Data generated from CON and LCAL groups were compared using unpaired Student's t-test. A probability (P) value of <0.05 was considered statistically significant.




Results and discussion

During the transition period, cows with subclinical hypocalcemia have an increased risk of metabolic and inflammatory diseases including mastitis and metritis. Furthermore, subclinical hypocalcemia induces PMNL dysfunction (10). Changes in PMNL gene expression from pregnancy to lactation have been reported (11); however, the effect of subclinical hypocalcemia on PMNL gene expression in vivo is unknown. Here, we aimed to establish a molecular basis for the effect of serum calcium concentration on PMNL dysfunction during the transition period.

A total of 454 genes were differentially expressed in LCAL cows, among which 158 genes were up-regulated and 296 genes were down-regulated (Figure 1A). The hierarchical cluster analysis heat map of differential expression is shown in Figure 1B. The histogram of GO enrichment analysis results reflected the distribution of the number of genes with significant differences in GO terms in biological processes, cellular components and molecular function categories in LCAL cows (Figure 1D).
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FIGURE 1
 (A) Number of differentially expressed genes in PMNL from dairy cows with low plasma calcium [means ± SEM (n = 5)]. (B) Hierarchical clustering of differentially expressed genes in dairy cows with low plasma calcium. Red represents the up-regulated genes, and blue represents down-regulated genes [means ± SEM (n = 5)]. This pathway was generated through the use of omicstudio (https://www.omicstudio.cn/login). (C) Ggplot2 was used to display the GO enrichment analysis results in the form of a scatter diagram (bubble diagram). In the horizontal coordinate, Rich factor represents the number of differentially expressed genes located in the GO/the total number of genes located in the GO (Rich factor=S gene number/B gene number) [means ± SEM (n = 5)]. This pathway was generated through the use of omicstudio (https://www.omicstudio.cn/login). (D) Histogram of GO enrichment analysis of differentially expressed genes in PMNL from dairy cows with low plasma calcium. Data are the analysis of GO Terms enriched in biological processes, cell components and molecular functions. The number of different genes (S gene number) was annotated by GO_Term from largest to smallest, and select GO_Terms include the Top25, Top15, and Top10 differentially expressed [means ± SEM (n = 5)].


There were 25 genes associated with biological processes involving the regulation of transcription, DNA-template, signal transduction, positive regulation of transcription by RNA polymerase, immune response, and G Protein-coupled receptor signaling. There were 15 cellular component-related genes with significant differences, a response more pronounced than the number of genes associated with biological processes. Among them, the largest numbers of differentially expressed genes include membrane, membrane components, cytoplasm, nucleus, and plasma membrane among others. Regarding molecular function, genes affected are related to protein binding, metal ion binding, ATP binding, hydrolase activity, DNA binding, nucleotide binding, DNA-binding transcription factor activity, transferase activity, identical protein binding, nucleic acid binding.

Compared with PMNL in LCAL and CON cows (KEGG database analysis, Figure 1C), Staphylococcus aureus infection, Cytokine-Cytokine receptor interaction, genes related to Phagosome, Fructose and Mannose metabolism were affected. Our analysis showed that these changes in PMNL from LCAL cows were associated with reduced PMNL function (Figures 2–4), which may increase the risk of disease infection in these cows during the transition period (9).
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FIGURE 2
 (A) Genes related to granulocyte recruitment that were differentially expressed in the PMNL of LCAL group. The color intensity indicates the degree to which the relative expression increased (red) or decreased (green) [mean ± SEM (n = 5)]. This pathway was generated through the use of Cytoscape (https://apps.cytoscape.org/). (B) Randomly selected genes for verification that are related to granulocyte recruitment [means ± SEM (n = 3)].*P < 0.05, **P < 0.01, means there is a significant difference from the comparison table. (one-way analysis of variance).
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FIGURE 3
 Genes related to calcium ion binding in PMNL that were differentially expressed in LCAL group. The color intensity indicates the degree to which the relative expression increases (red) or decreases (green) [mean ± SEM (n = 5)]. This pathway was generated through the use of Cytoscape (https://apps.cytoscape.org/).
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FIGURE 4
 (A) Circulating PMNL from LC cows show apoptosis, necroptosis and cell senescence in the process of cell growth and death. The intensity of the color indicates the degree of relative expression increase (red) or decrease (green).and gray indicates no significant changes [mean ± SEM (n = 5)]. This pathway was generated through the use of Cytoscape (https://apps.cytoscape.org/). (B) Randomly select genes related to granulocyte recruitment for verification [means ± SEM (n = 3)]. **P < 0.01 means there is a significant difference from the comparison table. (one-way analysis of variance).


Calcium signaling-related genes were downregulated in PMNL from LCAL cows, indicating that low blood calcium concentrations induced PMNL calcium imbalance. Genes regulating PMNL recruitment and migration, as well as those involved in calcium-related processes, were downregulated in LCAL dairy cows, suggesting that the PMNL inflammatory response also was dysfunctional in these cows (12). PMNL from LCAL dairy cows demonstrated had reduced life span due to an upregulation of genes involved in apoptosis and a decreased expression of genes that regulate cell survival. Complement, which can mediate immune and inflammatory responses, and genes that act as mediators of innate immunity in the coagulation cascade also were down-regulated. Changes were also obvious in the process of infection and inflammation, and may lead to a harmful chronic inflammatory state (13).


Recruitment of PMNL

Genes involved in the recruitment of PMNL were downregulated in LCAL dairy cows. These included “Chemokine signaling pathway” and “Leukocyte trans-endothelial migration” in the immune system, the “Phagosome” in “Transport and catabolism” and the “Cell adhesion molecule (CAM)” in “signaling molecules and interactions” (Figure 2). In order to enter the site of infection and cause inflammation, host cells and microorganisms release chemotactic agents to guide PMNL to migrate to the area, and PMNL are rapidly recruited to the site of tissue injury to phagocytose and destroy pathogens (14). Thus, the present data agree with previous reports indicating that LCAL can decrease PMNL recruitment and increased risk of mastitis.

Lower expression of CXCL12, CXCL2, CXCL16 and CCR3 in LCAL dairy cows further confirmed a reduced capacity for recruitment and migration of PMNL to the inflammation site (15, 16). LCAL dairy cows had lower expression of PRKCZ, a calcium and diacylglycerol independent serine/threonine-protein kinase, confirming that hypocalcemia reduced PRKCZ kinase activity to decrease transendothelial migration (17, 18), thus, increasing the risk of infectious diseases.

Compared with CON dairy cows, lower expression of MPO, TUBB1, and TUBB3 in LCAL indicated that PMNL phagocytosis and oxidative bursts might have been reduced (19). The expression of adhesion molecules such as L1CAM, member of the immunoglobulin superfamily, was decreased in PMNL of LCAL dairy cows (20). Taken together, the present and previous results suggest that dairy cows with LCAL greatly increase the risk of mastitis partly due to alterations in PMNL gene expression, which causes immune cell dysfunction (21).



Calcium ion binding pathway

Calcium, an important second messenger, is a critical regulator of multiple physiological processes, including blood coagulation, membrane permeability, and hormone release (22). The impacts of LCAL on dairy cattle welfare and production extend beyond its clinical symptoms. Inadequate concentrations of ionized Calcium in the circulation impaired immune cell function and smooth muscle contraction (4, 23). In LCAL dairy cows, several calcium signaling and calcium-binding genes in PMNL were down-regulated (Figure 3A), which suggest a reduced capacity to respond to calcium as an attempt to attenuate PMNL function (12). These changes included voltage-gated calcium channel activity, calcium ion binding, calcium ion transmembrane transport protein activity, and calcium channel activity related genes. Voltage-gated calcium channels (VGCCs) are transmembrane proteins composed of multiple subunits that translate electrical activities into intracellular calcium elevations and downstream signaling pathways (24). In this study, lower expression of Voltage-dependent L-type calcium channel subunit alpha-1S (CACNA1S; giving rise to L-type calcium currents), CACNA1E (giving rise to R-type calcium currents), and Ryanodine receptor 3 (RYR3; mediating release of Ca2+ from the sarcoplasmic reticulum into the cytoplasm in muscle) further confirmed that LCAL cows experienced a decrease in intracellular calcium influx by modulating VGCCs in PMNL. As such, it is likely that chemotaxis and migration capacity were reduced.

Calmodulin plays a key role in the Ca signaling system including the regulation of metabolism and gene expression, normal growth and development of cells, and transport of calcium. As such, one important function related to calcium is that it can promote its absorption. Calcium/calmodulin dependent protein kinase I (CAMK1) and CAMK4 which operate in the calcium-triggered CaMKK-CaMK signaling cascade regulate the activity of several transcription activators, which play pivotal roles in immune response and inflammation. Dependence on Ca2+ leads to a significant decrease in the expression of activated small calcium binding protein S100 (S100A1, S100B) (25) genes that influence sarcoplasmic reticulum Ca2+ cycling, mitochondrial function, and decreased ROS production all of which could cause immune dysfunction in LCAL dairy cows.

Mitochondria are required for several important processes in PMNL, including chemotaxis, phagocytosis, production of ROS, and regulation of apoptosis. The primary structure of GAS6 contains 4 epidermal growth factor domains, 2 of which contain calcium-binding consensus sequences. GAS6, which has a consensus sequence binding to calcium, was also significantly decreased in LCAL cows. It has been reported that mice with GAS6 gene deletion exhibited abnormal growth of splenic lymphoid organs such as the spleen and lymph nodes and had delayed clearance of apoptotic cells. In addition, they developed a wide-range of autoimmune diseases (26).



Apoptosis and cell survival

A number of genes differentially expressed between LCAL and CON groups determine changes in cell growth and proliferation, as well as cell death and survival. Circulating PMNL from LCAL dairy cows had decreased cell “apoptosis,” increased “cell senescence” and decreased “necroptosis” during cell growth and death (Figure 4), which is likely to exacerbate inflammatory responses as regulation of PMNL survival/apoptosis is critical for controlling and resolving inflammation. Expression of GZMB, which encodes a potent regulator of cell apoptosis, was decreased in LCAL dairy cows. Expression of cell senescence-related E2F3, CDKN1A and HIPK3 in LCAL dairy cows was significantly increased, suggesting that subclinical hypocalcemia induced cell senescence through increased E2F3, CDKN1A and HIPK3 expression (27, 28). The aging of the organism is accompanied by a series of progressive metabolic changes and the accumulation of senescent cells, as well as the decline of functions and the emergence of various diseases (29). The functional changes of senescent cells come from abnormalities in morphology, quality and their organelles such as mitochondria, endoplasmic reticulum, and cell nucleus (30). The increased senescence of circulating PMNL in subclinical hypocalcemia dairy cows may be another important reason for their susceptibility to inflammatory diseases.




Conclusions

The results presented here emphasize a link between disequilibrium of calcium homeostasis and peripartal innate immune dysfunction. We have determined that PMNL from dairy cows with subclinical hypocalcemia have an altered transcriptome, including those associated with PMNL recruitment changes, changes in calcium binding, changes in apoptosis and cell survival. These changes indicated reduced immune functions associated with subclinical hypocalcemia, and increased susceptibility to infectious disease during the early transition period for dairy cows.
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