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Abstract: Mammary gland epithelium, as the first line of defense for bovine mammary gland
immunity, is crucial in the process of mammary glands’ innate immunity, especially that of bovine
mammary epithelial cells (bMECs). Our previous studies successfully marked SYK as an important
candidate gene for mastitis traits via GWAS and preliminarily confirmed that SYK expression is down-
regulated in bMECs with LPS (E. coli) stimulation, but its work mechanism is still unclear. In this
study, for the first time, in vivo, TLR4 and SYK were colocalized and had a high correlation in mastitis
mammary epithelium; protein–protein interaction results also confirmed that there was a direct
interaction between them in mastitis tissue, suggesting that SYK participates in the immune regulation
of the TLR4 cascade for bovine mastitis. In vitro, TLR4 also interacts with SYK in LPS (E. coli)-
stimulated or GBS (S. agalactiae)-infected bMECs, respectively. Moreover, TLR4 mRNA expression
and protein levels were little affected in bMECsSYK- with LPS stimulation or GBS infection, indicating
that SYK is an important downstream element of the TLR4 cascade in bMECs. Interestingly, IL-1β,
IL-8, NF-κB and NLRP3 expression in LPS-stimulated or GBS-infected bMECsSYK- were significantly
higher than in the control group, while AKT1 expression was down-regulated, implying that SYK
could inhibit the IL-1β, IL-8, NF-κB and NLRP3 expression and alleviate inflammation in bMECs
with LPS and GBS. Taken together, our solid evidence supports that TLR4/SYK/NF-κB signal axis in
bMECs regulates the innate immunity response to LPS or GBS.

Keywords: TLR4–SYK interaction axis; mastitis; bMECs; dairy cattle

1. Introduction

Mastitis is the most challenging mammary gland inflammatory disease of dairy cows,
and it seriously affects the cows’ health and profitability of dairy pastures [1,2]. Invasion
and colonization of pathogenic bacteria in breast tissue is the main cause of mastitis [3,4],
and the clinical symptoms of mastitis are pathogen-specific [5,6]. The ability to resist
pathogen infection within the mammary gland depends on the efficiency of the mam-
mary gland immune system, which not only prevents the pathogens from invading the
mammary glands but also effectively eliminates pathogen infections and promotes the
restoration of normal functions of mammary gland tissues [7–9]. The innate and adap-
tive immune systems composed of complex components of tissues, cells and molecules
work together to provide the optimal protection for breast health [10,11]. In particular,
the first line of defense represented by mammary epithelium is to effectively initiate the
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immune response, killing and eliminating pathogens before any abnormal changes in
breast tissue occur, which is crucial for the resistance of and impacts susceptibility to breast
infection to mastitis [9,12,13]. Once the pathogen successfully breaks through the physical
defenses of the nipple end, mammary cell populations (lymphocytes, mammary epithe-
lial cells, endothelial cells, etc.) can initiate intracellular immune-related signal axes via
specific pattern recognition receptors [14–17], such as TLRs/NF-κB, LPS/CD14/TNF-α,
JAK-STAT, etc., stimulate immune-related cells to release proinflammatory factors (TNF-α,
IL-1β, IL-8, etc.) and recruit neutrophils and macrophages into mammary endophagtic
pathogens. Here, mammary epithelial cells (MECs) play an important role and are irre-
placeable. Furthermore, MECs initiate different signal cascades for response to different
pathogen infections [18,19], for instance, activating the TLR2/TLR4-NF-κB pathway for
response to E. coli infection, while activating the TLR2/IL17A pathway response to S. aureus
and the TLR2/TLR4-IL-1β/IL-6 pathway response to mycoplasma. TLR2 and TLR4 are
particularly important in mammary gland immune defense because they are pathogen-
associated molecular pattern ligands (PAMPs) that cause mastitis linked to Gram-positive
(peptidoglycan, LTA) and Gram-negative (lipopolysaccharide, LPS) pathogens, including
S. aureus, S. uberis and E. coli [14,16,20]. Moreover, in the early or late stages of breast
infection with pathogens, MECs and their recruited immune cells can secrete specific innate
immunosoluble cytokines or chemokines (CCL2, CCL 5, CCL 20, CXCL10, TNF-α, MyD88,
etc.) [16,18,21,22]. Therefore, it is not only a huge challenge to study the immunoregulatory
strategies of MECs to different pathogens but also an interesting and meaningful issue that
attracts the eyes of many researchers.

Spleen tyrosine kinase (SYK) is a cytoplasmic protein nonreceptor tyrosine kinase that
plays a vital role in immune cell response (adaptive immunity and innate immunity) and
nonimmune cell and other unexpected biological functions, especially in mediating those
including innate immune recognition, cell adhesion, brown fat formation, blood vessel de-
velopment, osteoclast maturation and platelet activation [23–26]. In hematopoietic-derived
cells, SYK is required for Fcgamma receptor signaling in macrophages and neutrophils [27]
and for BCR activation in B cells [28], while it coupling with IL-1 secretion sensitizes al-
lergy to hapten and proinflammatory responses in dendritic cells [29]. Moreover, SYK has
a matching unique expression pattern with the transcription factor KLF5, ZNF608 and
c-MAF in human basophils [30], while it activates the NLRP3 inflammasome in human
monocytes [31] and unifies human platelet activation [32]. In nonhematopoietic cells, SYK
mediates the differentiation and activation of brown fat and is an important mediator of
brown adipogenesis and function [24]. SYK is also a potentially effective cell migration
inhibitor in epithelia, including murine/rat mammary epithelium, skin epithelium, and my-
oepithelium, but does not have an effect in lung and intestinal epithelia [33]. Furthermore,
SYK phosphorylation affects the inflammatory response of gastric mucosal epithelium to
H. pylori and mediates high glucose signal transduction in proximal tubule epithelial cells
with TLR4 [34]. Moreover, SYK regulates the proliferation of bovine MECs and affects
mammary gland remodeling [35]. However, the TLR4/NF-κB pathway plays a key role in
bovine MECs inflammation induced by LPS (E. coli) [20]. SYK coupled with the cytoplasmic
domain of TLR4 and plays an important role in the TLR4 cascade response in dendritic
cells [36], and in neutrophils and monocytes as well [37], but little is known in MECs,
especially in bovine MECs.

To investigate the correlation of SYK and TLR4 in the innate immunity response of
bMECs, this study focuses on the differential expression of SYK and TLR4 before or after
LPS stimulation or S. agalactiae (GBS) in bovine MECs via siRNA, qRT-PCR, Western blot
(WB) and immunofluorescence. We preliminarily explore the position of the TLR4–SYK
signaling axis in bMECs with LPS or GBS. Our research provides a research basis for
understanding the defense and immune response of bovine mammary glands against
pathogenic infections and new strategies for the prevention and treatment of mastitis.
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2. Materials and Methods
2.1. Experimental Animals

The animal-related procedures were approved by the Animal Welfare Committee of
Nanjing Agricultural University, China, with the approval number 20160615. All animal
experiments were performed in strict accordance with the guidelines and rules set by the
committee.

Mammary gland tissue samples were obtained from six Chinese Holstein cows for
experimental research. Sample selection standard: from the same pasture, with the same
nutritional standards and growing environment, 3rd early lactation (15–60 days). The
samples were divided into two groups: normal health group (3 cows, mean of somatic cell
count (SCC) value = (18.7 ± 3.1) × 104 < 30 × 104 cells/mL) and clinical mastitis group
(3 cows, mean of SCC value = (1558.5 ± 101.9) × 104 > 100 × 104 cells/mL, mammary
gland tissue: red, swollen, fever, painful, etc.). Breast lobular tissue (approximately 1–2 cm3

in size, avoid connective tissue and adipose tissue as much as possible) from dairy cows
was removed via biopsy, placed in 0 ◦C DMEM/F12 complete culture medium and quickly
brought back to the sterile laboratory. We then prepared for the next experiment, such
as total RNA and protein extractions, isolation and primary culture of bovine mammary
epithelial cells (bMECs).

2.2. Total Tissue RNA Extraction and mRNA Expression Analysis

Total RNA was isolated from mammary gland tissue using TRIzolTM Reagent (Cat#15596-
026, ThermoFisher, WaItham, MA, USA), and RNA concentration was quantified by the
SparkTM multimode microplate reader. First-strand cDNA was synthesized by incubat-
ing 1 µg of total RNA with RevertAid first-strand cDNA synthesis kit (#K1621, Thermo
Scientific with gDNA Eraser, WaItham, MA, USA), according to the manufacturer’s instruc-
tions. Quantitative PCR was performed on a real-time PCR system, including Bio-RadCFX
ManagerTM (Åercules, CA, USA) and SuperReal (SYBR Green, Bio-Rad, Åercules, CA, USA)
fluorescence quantification kit (#FP205, TIANGEN Biotech, Beijing, China). The primers
and procedures are listed in Supplementary Table S1. All experimental operations follow
the MIQE guideline [38,39].

2.3. Tissue Total Protein Extraction and Protein Level Analysis

The traditional RIPA lysis solution method (including PMSF) was used to extract the
total protein of mammary gland tissue and bMECs (Cat#P0013C, Beyotime Biotechnology,
Shanghai, China), and the total protein concentration was determined by the BCA method
protein assay kit (Cat#P0012, Beyotime Biotechnology, Shanghai, China). Protein levels of
SYK and related proteins were analyzed by conventional WB techniques. Antibodies for
this study include Anti-SYK (Cat#sc-166226, Santa Cruz Biotechnology, Dallas, Texas, USA),
Anti-SYK (Cat#ab40781, Abcam, Cambridge, UK), Anti-pSYK (p-Y319.17A, Cat#sc136248,
Santa Cruz Biotechnology, Dallas, Texas, USA), Anti-TLR4 (Cat#sc293072, Santa Cruz
Biotechnology, Dallas, Texas, USA), Anti-NLRP3 (Cat#15101, Cell Signaling Technology,
USA), Anti-IL-1β (Cat#12703, Cell Signaling Technology, Beverly, MA, USA), AffiniPure
Goat Anti-Mouse IgG (Cat#BA1038, BOSTER, Wuhan, China) and AffiniPure Goat Anti-
Rabbit IgG (Cat#BA1039, BOSTER, Wuhan, China). The proteins were boiled in SDS-PAGE
sample buffer (62.5 mM Tris-HCl, pH 6.8; 2% SDS; 10% glycerol; and 0.1% bromophenol
blue) containing β-ME, analyzed by SDS-PAGE and transferred onto PVDF (Bio-Rad)
membranes, which were subsequently blocked in 5% nonfat milk (wt./vol in PBS) for 1 h
at room temperature and immunoblotted with the indicated primary antibodies at 4 ◦C
overnight and appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies
for 1 h at room temperature, washed and then probed.

2.4. Isolation, Culture and Identification of Pathogenic Microorganisms in Milk

Isolation of pathogenic bacteria: Under aseptic conditions, pathogenic bacteria in
the milk sample were isolated and purified using five selective mediums (MacConkey
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Agar) (MAC, isolation of Gram-negative bacteria), Triple Sugar Iron Agar (TSI, isolation
of Escherichia coli, Salmonella, Shigella), Salmonella-Shigella Agar (SS, isolation of Salmonella
and Shigella), Gauze’s Synthetic Medium No. 1 (GSMN1, isolation of actinomycetes) and
Columbia Blood Agar (CBA, isolation of hemolytic streptococcus) in combination with
plate scribing (four-zone scribing method): Milk samples were dipped in inoculation rings
and inoculated into the above five media to isolate and purify pathogenic bacteria in the
milk samples. We inverted the culture dish and placed it in a 37 ◦C incubator for 24 h to
obtain a single colony clone of the pathogens; we repeated this once. Then, the single colony
of the pathogen was placed in the broth and cultured at 37 ◦C for 24 h (220 rpm/min),
and we obtained a single pathogen flora. Identification of pathogenic bacteria: Gram
stain was used to identify pathogenic bacteria in milk samples that were negative or posi-
tive. Pathogen bacteria genomic DNA was extracted and purified using Rapid Bacterial
Genome Isolation Kit (#B518225, Sangon Biotech, Shanghai, China). PCR reaction sys-
tem and procedure: The total PCR volume was 50 µL, including 5 µL 10× Buffer (with
Mg2+), 1 µL dNTPs, 2 µL upstream primer [LPW57 5′-AGTTTGATCCTGGCTCAG-3′ (NO.
10th–27th bp)] and 2 µL downstream primer [LPW58 5′-AGGCCCGGGAACGTATTCAC-3′

(NO. 1370th–1389th bp)]. Then PCR products were detected by 2% agarose gel electrophore-
sis and identified by 16S ribosomal RNA (16S rRNA) gene sequencing (Supplemental
Figure S1, NCBI database). Streptococcus agalactiae (GBS) is one of the pathogenic microor-
ganisms.

2.5. Isolation, Identification and Primary Culture of bMECs In Vitro

Isolation of bMECs: First, we chose healthy cows [40]. Then bMECs were isolated
by the tissue block inverted adherent method [41,42], and the specific operation process
refers to our previous research [43]. Identification of bMECs: bMECs were identified by
immunofluorescence staining through epithelial sensitivity to cell membrane Keratin-18
(C-18, Cat#sc-51582, Santa Cruz, Dallas, TX, USA). Primary culture of bMECs: 1 × 105

cells/mL cell suspension, seeded on a 6-well culture plate, placed in a 37 °C, 5% CO2
cell incubator; we replaced the DMEM/F12 complete culture medium every 48 h for the
subculture and within 20 generations for the primary culture (Supplemental Figure S2).

Climbing sheets of bMECs: We put the sterile antistripping slide into a sterile petri
dish (labeled), took 100 µL of 1 × 105 cells/mL cell suspension, inoculated it on the slide
glass under aseptic conditions and then inoculated it at 37 °C, in a 5% CO2 cell incubator,
cultivated it for 24 h and changed the cell culture medium. Direct adhesion rate of cells with
an inverted microscope was about 90%, indicating that the cell climb was basically complete.
Fixation of bMECs: The cells that completed the climb were gently washed twice with
1× PBS; we absorbed the excess 1 PBS with absorbent paper and immediately fixed the slide
cells with an appropriate amount (100 µL) of 4% paraformaldehyde, which stood at room
temperature for about 20 min, and then sucked the 4% paraformaldehyde residue with
absorbent paper, dried the result and directly performed subsequent immunofluorescence
staining experiments or stored the slides at −20 °C.

2.6. Lipopolysaccharide (LPS from E. coli) Stimulation Assay on bMECs In Vitro

bMECs with a concentration of 5 × 105 cells/mL were passaged in 6-well plates for
24 h and stimulated with LPS (Cat#D8437, Sigma–Aldrich, St. Louis, MO, USA) derived
from E. coli. The LPS concentration was 25 µg/mL, and the stimulation time program was
referred to our previous research [43]. Total RNA and protein were extracted via All-In-One
DNA/RNA/protein Mini-Preps Kit (#BS88003, Sangon Biotech, Shanghai, China) and
stored at −80 °C for qRT-PCR and Western blot analysis.

2.7. Pathogenic Microorganism-Infected bMECs for In Vitro Validation

In vitro validation was performed in bMECs isolated from mammary gland tissues of
three healthy dairy cows. Stimulating bMECs experiments followed Grunert and Stevens
with a little change: bEMCs (5 × 105) were placed in 6-well plates for 24 h and then
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stimulated with the pathogenic microorganisms multiplicity of infection (MOI = 10, pfu
number per cell) for 60 min [15,44]. The total RNA of two group cells (stimulated and
unstimulated) were extracted using the Trizol method and stored at −80 ◦C. The RT-qPCR
reaction system and conditions were identical to the in vivo validation experiments.

2.8. SYK Gene siRNA in bMECs

Designing three pairs of siRNA sequences induced post-transcriptional silencing
of the SYK gene in bMECs (Supplemental Table S2). Then SYK siRNA sequences were
transfected into bMECs by LipoFiterTM Liposomal Transfection Reagent (Cat#HB-TRLF-
1000, HANBIO, Shanghai, China). The specific operation steps refer to the instructions of
the transfection reagent. Cell concentrations used for the transfection experiments were
5 × 105 cells/mL.

2.9. Immunofluorescence Colocalization for TLR4 and SYK in Bovine Mammary Gland Tissue
and bMCEs

Bovine mammary gland tissue blocks (approximately 2 mm3) were made into paraffin
sections using conventional paraffin slice techniques. The morphological changes between
normal bovine mammary gland tissue and mastitis tissue were evaluated by conventional
H&E staining. The correlation between SYK and TLR4 was analyzed in bovine mammary
gland tissue via dual fluorescence staining: Permeabilized sections were blocked using 5%
BSA for 1 h; SYK expression was significantly down-regulated in both mammary gland
tissue Fluorescent antibodies: CoraLite488-conjugated Goat Anti-Mouse IgG (Cat#SA00013-
1, Proteintech Group, Wuhan, China), Cy3-conjugated Affinipure Goat Anti-Rabbit IgG
(Cat#SA00009-2, Proteintech Group, Wuhan, China).

2.10. Coimmunoprecipitation (Co-IP) for TLR4 and SYK in Bovine Mammary Gland Tissue
and bMCEs

Bovine mammary gland tissue was lysed (operated on ice) by conventional RIPA lysate
(including PMSF), and total protein concentration was detected by BCA protein assay kit,
adjusted to 1 mg/mL, divided into 200 µL/clade and stored at −80 °C for reserve. The
specific operation steps were as follows Protein G Agarose beads were prepared according
to instructions (Cat#37478S, Cell Signaling Technology, Beverly, MA, USA) and incubated
with 3µg of the mouse or rabbit monoclonal antibodies overnight at 4 ◦C. The related beads
were washed six times with IP buffer and boiled in SDS-PAGE buffer for 10 min at 95 ◦C.
The samples were separated by SDS-PAGE gel and transferred onto PVDF membranes.
Western blot experiments were performed with the indicated antibodies and visualized
with Super-Signal West Pico chemiluminescent substrate (Pierce Chemical, Dallas, TX,
USA). Then, the interaction between SYK and TLR4 was assessed in mammary gland tissue
or bMECs via conventional WB.

2.11. Statistical Analysis Method

Statistical analysis of data was performed by Graph-Pad Prism 6 software; qRT-PCR
results of differential gene mRNA expressions were analyzed by the relative quantitative
method (2−44Ct). ImageJ software was used according to the light of the target band
in the WB image, and density values were converted into specific values to compare
protein level differences. All data were analyzed via Student’s t-test and one-way ANOVA.
Immunofluorescence colocalization analysis were also performed using ImageJ software
(parameter standard: Pearson’s correlation coefficient, PCC).

3. Results
3.1. SYK Plays an Essential in Immune Response for Bovine Mastitis

Our previous GWAS study showed that SYK is an important candidate gene for
bovine mastitis. GO classification and enrichment analysis results confirmed that SYK is
enriched upon entry into ATP binding (molecular function), plasma membrane and cytosol
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(biological processes), and intracellular signal transduction (cellular components) (Figure 1),
respectively. Protein–protein interaction (PPI, STRING version 11.5) analysis revealed that
SYK is associated with TLR4 and NLRP3 (local clustering coefficient = 0.72, PPI enrichment
p-value = 0.025 < 0.05, Supplemental Figure S3A). In addition, Encyclopedia of Genes and
Genome (KEGG) analysis results also showed that SYK is involved in NF-κB, PI3K-AKT, B
cell receptor, C-type lectin receptor and natural killer cell-mediated cytotoxicity signaling
pathways (Supplemental Figure S3B). Public datasets for this research are available in the
NCBI SRA database: PRJNA556499.
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Figure 1. Gene functional annotation and enrichment analysis for bovine mastitis (20 normal cows
and 20 mastitis cows). (A) The top 10 entry of three GO classifications and enrichment (molecular
function, biological processes and cellular components); (B) gene list of the molecular function: SYK
in the ATP binding entry (red marker); (C) gene list of the biological processes: SYK in the plasma
membrane and cytosol entry (red marker); (D) gene list of the biological processes: SYK in the plasma
membrane and cytosol entry (red marker).
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3.2. SYK, TLR4, NLRP3 and IL-1β Gene Expressions in Mammary Gland Tissue of
Chinese Holstein

H&E staining revealed that the tissue framework in mastitis tissue was severely
damaged: the normal structure of mammary gland was destroyed, including alveolar
shrinkage and inflammatory cell invasion, and especially devastating was the destruction
of the integrity of the alveolus structure (Figure 2A). Differential expression of SYK and
related genes in bovine mammary tissues (normal and mastitis tissues) were detected
via qRT-PCR and showed that SYK gene expression was significantly down-regulated in
mastitis, while AKT1, TLR4, TLR2, IL1β, IL-8, IL-10, NF-κB and NLRP3 gene expression were
significantly up-regulated (Supplemental Figure S4). Moreover, SYK protein level was also
significantly down-regulated in bovine mastitis tissue, and protein levels of NLRP3, TLR4
and IL-1β were significantly up-regulated (Figure 2B,C). SYK phosphorylation level was
also tested. Interestingly, p-SYK level decreased slightly, although there was no significant
difference compared with SYK level in bovine mastitis tissue. The data also showed that
SYK gene expression and protein levels have a strong consistency in bovine mastitis, and
NLRP3, TLR4 and IL-1β as well. Regrettably, we did not find suitable antibodies to detect
the protein levels for bovine TLR2, IL-8, IL-10 and NF-κB.
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Figure 2. TLR4, SYK, p-SYK, IL-1β and NLRP3 protein levels in bovine normal mammary gland and
mastitis tissues (3 normal cows and 3 mastitis cows). (A) Morphological differences in normal bovine
mammary gland and mastitis tissue (H&E staining); (B) TLR4, SYK, p-SYK, IL-1β and NLRP3 levels
were detected in bovine normal mammary gland and mastitis tissues via the WB method; (C) the
relative quantitative method of intDen value to calculate the difference of TLR4, SYK, p-SYK, IL-1β
and NLRP3 levels in bovine mammary gland and mastitis tissues. * p < 0.05, ** p < 0.01, ns = no
difference.
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3.3. Colocalization of SYK and TLR4 in Bovine Mammary, Mastitis Tissues and bMECs

Our immunofluorescence colocalization revealed that TLR4 is predominantly localized
in the cell membrane of bMECs, while SYK protein is mainly located in the cellular matrix of
bMECs (Figure 3A). The Pearson’s correlation coefficient (PCC) of the immunofluorescence
colocalization results of the above two proteins in the microenvironment of normal dairy
cow mammary tissues was 0.5187 (0.4 < PCC < 0.6), which means a low-to-moderate
correlation. Furthermore, the PCC value of immunofluorescence colocalization of TLR4
and SYK in bovine mastitis tissue was 0.8857 (0.6 < PCC < 1.0), which was highly correlated.
Figure 4 shows the results of immunofluorescence colocalization between TLR4 and SYK
in bMCEs: the PCC was 0.6277 in control group, and the PCC was 0.8667 (30 min) and
0.8546 (60 min) in bMCEs with LPS, while it was 0.8912 (30 min) and 0.8611 (60 min) in
bMCEs with GBS (Supplemental Figure S5). The coimmunoprecipitation analysis also
confirmed the direct interaction of TLR4 and SYK in bovine mammary and mastitis tissues
(Figure 3B,C).
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Figure 3. The correlations between TLR4 and SYK protein in bovine normal mammary gland and
mastitis tissues (3 normal cows and 3 mastitis cows). (A) Immunofluorescence colocalization of TLR4
and SYK in bovine normal mammary gland and mastitis tissues, TLR4 and SYK colocalize in the
mammary epithelium (normal: low-to-moderate correlation, PCC = 0.5187; mastitis: high correlation,
PCC = 0.8857); (B,C) coimmunoprecipitation of TLR4 and SYK in bovine normal mammary gland
and mastitis tissues (B: TLR4 pulled SYK; C: SYK pulled TLR4).
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3.4. SYK Protein Levels Showed Time-Course Effect in bMECs with LPS Stimulation or
GBS Infection

We focused on the levels of SYK protein in bMECs with LPS stimulation or GBS
infection. Data revealed that SYK protein levels were down-regulated in bMECs with stim-
ulation, of which significantly down-regulated at 30 min (Figure 5A) after LPS stimulation.
Although with the prolongation of the stimulation time the protein level began to turn back
after 30 min, it was still down-regulated until the end of the stimulation time (120 min), and
there was a significant difference (p < 0.05). Interestingly, similar phenomena also appeared
in GBS-infected bMECs, but what puzzled us was that SYK levels showed a downward
trend during 60–120 min (Figure 5B). Further, the correlation between TLR4 and SYK in
bMECs with LPS stimulation or GBS infection by using coimmunoprecipitation confirmed
that there was direct interaction between TLR4 and SYK in bMECs (Figure 5C,D).
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Figure 5. SYK levels, correlation between TLR4 and SYK in bMECs with LPS or GBS 30 min.
(A,B) SYK protein levels in bMECs with LPS (E. coli, 25 µg/mL) stimulation or GBS (MOI = 10)
infection (time course); (C) coimmunoprecipitation of TLR4 and SYK in bMECs with LPS (Up: TLR4
pulled SYK; Middle: SYK pulled TLR4; Down: input); (D) coimmunoprecipitation of TLR4 and SYK
in bMECs with GBS (Up: TLR4 pulled SYK; Middle: SYK pulled TLR4; Down: input). * p < 0.05,
** p < 0.01, *** p < 0.001.
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3.5. SYK, TLR4, NLRP3 and IL-1β Expressions in bMECs and SYK siRNA bMECs (bMECsSYK-)
with LPS Stimulation or GBS Infection

We designed three SYK gene siRNA interference sequences, among which siRNA1
sequence (p < 0.01) had the best interference effect (Figure 6A). SYK gene expression was
significantly down-regulated in bMECsSYK- with LPS stimulation for 30 min; the RT-PCR
suggested that the interference effect of siRNA is significant (Supplemental Figure S6),
while there was no difference in bMECsSYK- with GBS stimulation infection. The mRNA
expression of TLR2, TLR4, NLRP3, AKT1, inflammatory factors (IL-1β, IL-8, and IL-10) and
transcription factor (NF-κB) were also detected, and we found that there were no differences
in mRNA expression between bMECs and bMECsSYK-, implying that bMECsSYK- is still able
to complete normal cellular functional activity (Figure 6B–D). In bMECs and bMECsSYK-
stimulated by GBS and LPS, the expressions of TLR2, TLR4 (p < 0.05), IL-8 (p < 0.001), IL-10
(p < 0.01), AKT1 (p < 0.01) and NLRP3 (p < 0.001) were up-regulated in bMECs, while
IL-1β and NF-κB down-regulated in LPS-stimulated bMECs. Moreover, under LPS and
GBS stimulation, IL-1β (p < 0.01), IL-8 (p < 0.001), IL-10 (p < 0.01), NF-κB (p < 0.01) and
NLRP3 (p < 0.001) were significantly up-regulated, while AKT1 markedly down-regulated
(p < 0.01).
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Figure 6. SYK gene siRNA interference and association genes expression in bMECs with LPS or
GBS. (A) WB detection band showed that siRNA1 had the best interference effect in bMECsSYK- and
for subsequent experiments; (B) TLR2 and TLR4 gene expressions in bMECs and bMECsSYK- with
LPS and GBS; (C) IL-1β, IL-8 and TLR4 gene expressions in bMECs and bMECsSYK- with LPS and
GBS; (D) AKT1, NF-κB and NLRP3 gene expressions in bMECs and bMECsSYK- with LPS and GBS.
* p < 0.05, ** p < 0.01, *** p < 0.001.
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3.6. SYK, TLR4, NLRP3 and IL-1β Protein Levels in bMECs and bMECsSYK- with LPS
Stimulation or GBS Infection

In bMECsSYK-, the SYK level was significantly down-regulated (p < 0.01), and the
phosphorylation level of p-SYK (Tyr319 and Tyr352) was also significantly down-regulated
(p < 0.01). Data also revealed that there was no significant difference between SYK and
p-SYK, namely, the SYK protein had high phosphorylation at Tyr319 and Tyr352, suggesting
that SYK was in an activated state in bMECs (Figure 7). The TLR4 level was significantly up-
regulated in both bMECs and bMECsSYK- with LPS stimulation or GBS infection, suggesting
that TLR4 plays an important in the immune response of bMECs. Furthermore, the NLRP3
level (p < 0.05) was significantly up-regulated in bMECs with LPS, while it was even higher
up-regulated in bMECsSYK-. However, interestingly, the NLRP3 level changed little in
GBS-infected bMECs, while it was significantly up-regulated in bMECsSYK-, indicating that
SYK can inhibit the NLRP3 level in bMECs. Moreover, IL-1β levels were significantly up-
regulated in LPS-stimulated or GBS-infected bMECs and bMECsSYK-, and the up-regulation
was higher with LPS stimulation, with the highest being found in bMECsSYK-.
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Figure 7. SYK, TLR4, IL-1 and NLRP3 protein levels in bMECs and bMECsSYK- with LPS or GBS
(30 min). (A) TLR4, SYK, p-SYK, IL-1β and NLRP3 protein levels were detected in bMECs and
bMECsSYK- with LPS or GBS via the WB method; (B) the relative quantitative method of intDen
value to calculate the difference of TLR4, SYK, p-SYK, IL-1β and NLRP3 protein levels in bMECs and
bMECsSYK-. * p < 0.05, ** p < 0.01, ns = no difference.



Biomedicines 2023, 11, 97 13 of 19

4. Discussion
4.1. SYK Plays a Crucial Role in the Innate Immune Response of Bovine Mammary Gland Tissue
and bMECs

Genome-wide association analysis (GWAS) provides appropriate research and control
strategies for a better understanding of the genetic and biological basis of factors such
as complex traits, diseases, etc., and bovine mastitis as well [45,46]. In this study, GO
functional annotation and enrichment analysis results revealed that SYK was an important
candidate gene for mastitis traits in Chinese Holstein. At the mRNA level, SYK expression
was significantly down-regulated in both bovine mammary gland tissues and showed
the same expression trend in LPS-stimulated and GBS-infected bMECs in vitro. More
importantly, the SYK protein levels trend was similar to gene expression; that is, the SYK
protein level was significantly down-regulated in bovine mastitis tissue and LPS-stimulated
or GBS-infected bMECs, suggesting SYK plays a critical role in the immune response of
bovine mammary gland tissue and bMECs in response to pathogenic bacterial infection.
However, SYK phosphorylation represents the activation of SYK. Our research shows that
the SYK total protein down-regulated but SYK activity was unchanged.

4.2. The SYK mRNA Expression and Protein Level in bMECs Responded to LPS Stimulation or
GBS Infection Presented Time-Dependent Properties

Once the mammary gland is infected with foreign pathogenic bacteria, it will cause
the mammary gland tissue to initiate the innate immune response [7,10]. Then mammary
epithelial cells (MECs), as the first line of defense, will also promptly secrete multiple
cytokines (such as IL-1β, IL-8 and TNF-α, etc.) and recruit a large number of lymphocytes
(such as neutrophils) into the breast tissue to kill pathogens [22,47], resulting in a sharp
increase in somatic cell count (SCC) of the milk in early and late breast infection and
the corresponding mastitis phenotype. bMECs are the key to the rapid elimination of
bacteria and prevention of mastitis [48,49]. In this experiment, LPS and GBS were used to
stimulate and infect bMECs in vitro, respectively, and SYK expression was affected by LPS
stimulation or GBS infection time, suggesting that the activity of exogenously stimulated
bMECs is time-dependent [50,51]. In addition, genes such as TLR2, TLR4, NLRP3, IL-1β,
IL-8, IL-10, AKT1 and NF-κB showed significant differences in mRNA expression before
and after LPS stimulation or GBS infection, indicating their involvement in the immune
response to bMECs. SYK protein levels were also affected by LPS stimulation or GBS
infection time, which once again proves the results of the LPS stimulation or GBS infection
time program research and the reliability of the in vitro validation model.

4.3. The TLR4–SYK Signaling Pathway Participates in the Immune Response of Bovine Mammary
Gland Tissue and bMECs for Mastitis

Understanding the potential molecular mechanisms and immune regulation strategies
of the susceptibility or resistance of dairy cow mammary gland tissues and mammary
epithelial cells to pathogenic bacteria will be beneficial to the prevention and treatment of
mastitis [19,22,52,53]. Our data revealed that the mRNA expression (p < 0.01) and protein
levels (p < 0.01) of TLR2 and TLR4 were significantly up-regulated in bovine mastitis
mammary gland tissues, suggesting that bovine mammary gland tissue initiates different
innate immune regulatory pathways to respond to pathogenic infections [22,54]. In vitro,
we stimulated or infected bMECs (including bMECsSYK-and bMECs) by using LPS and
GBS, respectively, and found that the mRNA expression and protein levels did not differ in
the two cells above, similar to the predecessors who infected bMECs through E. coli and
S. aureus activated TLR2 and TLR4 [14]. In addition, our data also showed that the TLR2
cascade is mainly involved in the immune regulation of GBS-infected bMECs, while the
TLR4 cascade is involved in the immune regulation of bMECs caused by LPS and GBS,
which might be due to specific pathogen antigens initiating different immune responses in
bMECs [18]. Previous studies have confirmed that the TLR4–SYK signal axis plays a key role
in the immune response to LPS stimulation in neutrophils and monocytes [37]. Furthermore,
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SYK was down-regulated in peripheral blood neutrophils of dairy cows with mastitis
(E. coli), participates in the TLR4 cascade, regulates the production of reactive oxygen
species (ROS) in bovine neutrophils and affects neutrophils to kill pathogens [15,55,56].
Immunofluorescence colocalization data showed that TLR4 and SYK had a high correlation
in bovine mastitis mammary gland tissue and bMCEs. In addition, coimmunoprecipitation
results confirmed the presence of the TLR4–SYK signaling pathway in bovine mammary
gland tissues and bMCEs to participate in the immune cascade response to mastitis and the
same phenomenon in bMECs with LPS or GBS. Data also revealed that, under the same
pathogenic factor, the expression of TLR2 and TLR4 showed little difference in bMECs and
bMECsSYK-. In summary, SYK is a downstream ligand of the TLR2/4 [32,37], suggesting
that TLR4–SYK is essential in the immune response of LPS stimulation or GBS infection
of bMECs.

4.4. SYK Affected AKT1, IL-1β, IL-8, IL-10, NF-κB and NLRP3 Expression in bMECs with LPS
or GBS

As a key player in the JAK2/STAT5 pathway, AKT1 plays an important role in bMECs
differentiation, secretion, survival and proliferation, as well as in the regulation of breast
remodeling and lactation sustainability [17,57,58]. JAk2 and STAT5, two key players in the
immune cascade response, are associated with bovine mastitis susceptibility [59]. AKT1
was significantly up-regulated in bovine mammary gland tissue in LPS-stimulated or
GBS-infected bMECs, suggesting that there might be a SYK–AKT1 signal axis in bMECs to
respond to LPS or GBS. Interestingly, compared with bMECs, it was significantly down-
regulated in LPS-stimulated or GBS-infected bMECsSYK-, while the expression of IL-1β,
IL-8, IL-10, NF-κB and NLRP3 in bMECsSYK- was higher than in bMECs, and NPRP3 protein
level as well, indicating that these above genes were involved in the SYK-mediated immune
response in bMECs. Therefore, based on the evidence from the experimental data, we
propose the hypothesis that the potential TLR4/SYK/NF-κB/NLRP3 signal axis exists in
bMECs to modulate the immune and inflammatory responses, although more research
data are needed.

According to our research, the whole system is shown in Figure 8. When bMECs
are stimulated by bacteria, the TLR4/SYK axis is implied. The expression of SYK and
P-SYK markedly down-regulate. Then SYK reduction leads to the decrease in AKT1
expression and the increase in NF-κB expression. Finally, NF-κB enters nuclear to regulate
IL-1β, il-8 and IL-10 transcriptions to trigger the whole inflammatory immunity response.
NF-κB is positively related to the degree of inflammation of clinical acute mastitis, and
upstream of NF-κB leads rapid reduction in milk level [60,61]. Previous studies have
shown that alpinetin, cepharanie, curcumin, astragalin and thymol can release mastitis
level via reducing TLR4, IκBα, NF-KB, P65, ERK and MAPK expression [62–66]. Discovery
of TLR4/SYK axis may provide a new target for drug research on mastitis.
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5. Conclusions

SYK is an important candidate gene for mastitis resistance traits in Chinese Holstein.
The TLR4–SYK signal axis is involved in the immune cascade response of dairy cow
mammary gland tissue. More importantly, the TLR4–SYK signal axis plays an important
role in the immune response of bMECs with LPS or GBS. SYK and the TLR4 protein were
negatively correlated in BMECs under LPS or GBS stimulation. SYK can regulate the
expression of IL-1β, IL-8, NF-κB and NLRP3 to inhibit the inflammatory response of bMECs.
It is possible that the potential SYK–AKT1 signal axis participated in the immune response
of bMECs. In conclusion, our research data supported the presence of the TLR4–SYK signal
axis in bMECs to regulate immune and inflammatory response to LPS or GBS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11010097/s1. The online version of this article
contains Supplemental Materials. Supplemental Figure S1. Isolation, immunofluorescence identifi-
cation and primary culture of bMECs from bovine mammary tissue. (A) bMECs were isolated via
tissue block inversion (1–2 mm3); (B) unpurified bMECs with few lymphocytes (×100); (C) purified
bMECs (×100); (D) purified bMECs (×400); (E) the bMECs were identified by immunofluorescence
staining (Fluorescence confocal microscopy, ×400). Supplemental Figure S2. Alignment of bacterial

https://www.mdpi.com/article/10.3390/biomedicines11010097/s1
https://www.mdpi.com/article/10.3390/biomedicines11010097/s1
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16sRNA sequences in the NCBI database revealed that Streptococcus agalactiae was isolated in milk
samples. Supplemental Figure S3. Protein–protein interaction (PPI) and KEGG pathways analysis
for SYK. (A) PPI analysis for SYK, TLR4 and NLRP3 in Holstein cows (interaction score with high
confidence = 0.70); (B) KEGG pathways analysis revealed that SYK participates in PI3K-AKT, NF-κB
and C-type lectin receptor signaling pathways, etc. Supplemental Figure S4. SYK, TLR2, TLR4,
IL-1β, IL-8, IL10, AKT1, NF-κB and NLRP3 expressions in bovine normal mammary and mastitis
tissue. * p < 0.05, ** p < 0.01, *** p < 0.001. Supplemental Figure S5. The scatterplot of TLR4 and SYK
colocalization in bMCEs via the Colocalization Finder of the ImageJ. Supplemental Figure S6. SYK
gene expressions in both bMECs and bMECsSYK- with LPS or GBS. Supplemental Table S1. Primers
of internal reference gene, mastitis candidate genes and other related genes for qRT-PCR analysis in
Chinese Holstein. Supplemental Table S2. siRNA sequence for SYK gene in bMECs. Supplemental
File S1. The 16s sequencing process of pathogenic bacteria.

Author Contributions: Y.C. and J.H. codesigned this experiment; F.Y., L.Y., M.X., M.Z., F.C. and J.T.
participated in all experimental work; F.Y., Q.J. and L.Y. analyzed the experimental data; F.Y. wrote
and calibrated the manuscript. All the authors have read and authorized the published version of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by The National Natural Science Foundation of China (Grant
No. 31970413), a start-up grant from Nanjing Agricultural University (Grant No. 804090), and the
Science and Technology Project of the Ministry of Public Security (Grant No. 2021 JC26).

Institutional Review Board Statement: The animal-related procedures were approved by the Animal
Welfare Committee of Nanjing Agricultural University, China, with the approval number 20160615.

Acknowledgments: We thank Nanjing Weigang Dairy Co., Ltd., for providing Chinese Holstein
mammary gland tissue.

Conflicts of Interest: There is no conflict of interest in the submission of this manuscript, and the
manuscript is authorized to be published by all authors.

Abbreviations

SYK, spleen tyrosine kinase; MECs, mammary epithelial cells; bMECs, bovine mammary epithe-
lial cells; LPS, Lipopolysaccharides; GBS, streptococcus agalactiae; SCC, somatic cell count; TLR4, toll-like
receptor 4; NLRP3, NOD-like receptor protein3; PCC, Pearson’s correlation coefficient.

References
1. Ruegg, P.L. A 100-Year Review: Mastitis detection, management, and prevention. J. Dairy Sci. 2017, 100, 10381–10397. [CrossRef]

[PubMed]
2. Hogeveen, H.; Huijps, K.; Lam, T.J. Economic aspects of mastitis: New developments. New Zealand Vet. J. 2011, 59, 16–23.

[CrossRef] [PubMed]
3. Taponen, S.; Liski, E.; Heikkila, A.M.; Pyorala, S. Factors associated with intramammary infection in dairy cows caused by

coagulase-negative staphylococci, Staphylococcus aureus, Streptococcus uberis, Streptococcus dysgalactiae, Corynebacterium bovis, or
Escherichia coli. J. Dairy Sci. 2017, 100, 493–503. [CrossRef] [PubMed]

4. Gruet, P.; Maincent, P.; Berthelot, X.; Kaltsatos, V. Bovine mastitis and intramammary drug delivery: Review and perspectives.
Adv. Drug Deliv. Rev. 2001, 50, 245–259. [CrossRef] [PubMed]

5. Petzl, W.; Zerbe, H.; Gunther, J.; Seyfert, H.M.; Hussen, J.; Schuberth, H.J. Pathogen-specific responses in the bovine udder.
Models and immunoprophylactic concepts. Res. Vet. Sci. 2018, 116, 55–61. [CrossRef]

6. Hertl, J.A.; Schukken, Y.H.; Welcome, F.L.; Tauer, L.W.; Grohn, Y.T. Effects of pathogen-specific clinical mastitis on probability of
conception in Holstein dairy cows. J. Dairy Sci. 2014, 97, 6942–6954. [CrossRef]

7. Sordillo, L.M. Mammary Gland Immunobiology and Resistance to Mastitis. Vet. Clin. N. Am. Food Anim. Pract. 2018, 34, 507–523.
[CrossRef]

8. Lundberg, A.; Nyman, A.K.; Aspan, A.; Borjesson, S.; Unnerstad, H.E.; Waller, K.P. Udder infections with Staphylococcus aureus,
Streptococcus dysgalactiae, and Streptococcus uberis at calving in dairy herds with suboptimal udder health. J. Dairy Sci. 2016, 99,
2102–2117. [CrossRef]

9. de Greeff, A.; Zadoks, R.; Ruuls, L.; Toussaint, M.; Nguyen, T.K.; Downing, A.; Rebel, J.; Stockhofe-Zurwieden, N.; Smith, H. Early
host response in the mammary gland after experimental Streptococcus uberis challenge in heifers. J. Dairy Sci. 2013, 96, 3723–3736.
[CrossRef]

http://doi.org/10.3168/jds.2017-13023
http://www.ncbi.nlm.nih.gov/pubmed/29153171
http://doi.org/10.1080/00480169.2011.547165
http://www.ncbi.nlm.nih.gov/pubmed/21328153
http://doi.org/10.3168/jds.2016-11465
http://www.ncbi.nlm.nih.gov/pubmed/28341052
http://doi.org/10.1016/S0169-409X(01)00160-0
http://www.ncbi.nlm.nih.gov/pubmed/11500230
http://doi.org/10.1016/j.rvsc.2017.12.012
http://doi.org/10.3168/jds.2014-8203
http://doi.org/10.1016/j.cvfa.2018.07.005
http://doi.org/10.3168/jds.2015-9487
http://doi.org/10.3168/jds.2012-6320


Biomedicines 2023, 11, 97 17 of 19

10. Hughes, K. Development and Pathology of the Equine Mammary Gland. J. Mammary Gland Biol. Neoplasia 2021, 26, 121–134.
[CrossRef]

11. Merkin, J.; Russell, C.; Chen, P.; Burge, C.B. Evolutionary dynamics of gene and isoform regulation in Mammalian tissues. Science
2012, 338, 1593–1599. [CrossRef]

12. Humer, E.; Aditya, S.; Zebeli, Q. Innate immunity and metabolomic responses in dairy cows challenged intramammarily with
lipopolysaccharide after subacute ruminal acidosis. Anim. Int. J. Anim. Biosci. 2018, 12, 2551–2560. [CrossRef]

13. Isobe, N. Control mechanisms for producing antimicrobial factors in ruminant mammary gland. Anim. Sci. J. Nihon Chikusan
Gakkaiho 2017, 88, 937–943. [CrossRef]

14. Yang, W.; Zerbe, H.; Petzl, W.; Brunner, R.M.; Gunther, J.; Draing, C.; von Aulock, S.; Schuberth, H.J.; Seyfert, H.M. Bovine TLR2
and TLR4 properly transduce signals from Staphylococcus aureus and E. coli, but S. aureus fails to both activate NF-kappaB in
mammary epithelial cells and to quickly induce TNFalpha and interleukin-8 (CXCL8) expression in the udder. Mol. Immunol.
2008, 45, 1385–1397. [CrossRef]

15. Stevens, M.G.; Peelman, L.J.; De Spiegeleer, B.; Pezeshki, A.; Van De Walle, G.R.; Duchateau, L.; Burvenich, C. Differential gene
expression of the toll-like receptor-4 cascade and neutrophil function in early- and mid-lactating dairy cows. J. Dairy Sci. 2011, 94,
1277–1288. [CrossRef]

16. Liu, B.; Che, Y.; Zhang, M.; Ren, W.; Xia, X.; Liu, H.; Huang, T.; Huang, J.; Lei, L. IFN-gamma Activates the TLR4-CCL5 Signaling
Through Reducing Arginine Level, Leading to Enhanced Susceptibility of Bovine Mammary Epithelial Cells to Staphylococcus
aureus. Inflammation 2020, 43, 2209–2221. [CrossRef]

17. Creamer, B.A.; Sakamoto, K.; Schmidt, J.W.; Triplett, A.A.; Moriggl, R.; Wagner, K.U. Stat5 promotes survival of mammary
epithelial cells through transcriptional activation of a distinct promoter in Akt1. Mol. Cell. Biol. 2010, 30, 2957–2970. [CrossRef]

18. Gilbert, F.B.; Cunha, P.; Jensen, K.; Glass, E.J.; Foucras, G.; Robert-Granie, C.; Rupp, R.; Rainard, P. Differential response of bovine
mammary epithelial cells to Staphylococcus aureus or Escherichia coli agonists of the innate immune system. Vet. Res. 2013, 44, 40.
[CrossRef]

19. Gondaira, S.; Higuchi, H.; Iwano, H.; Nishi, K.; Nebu, T.; Nakajima, K.; Nagahata, H. Innate immune response of bovine
mammary epithelial cells to Mycoplasma bovis. J. Vet. Sci. 2018, 19, 79–87. [CrossRef]

20. Zhuang, C.; Liu, G.; Barkema, H.W.; Zhou, M.; Xu, S.; Ur Rahman, S.; Liu, Y.; Kastelic, J.P.; Gao, J.; Han, B. Selenomethionine
Suppressed TLR4/NF-kappaB Pathway by Activating Selenoprotein S to Alleviate ESBL Escherichia coli-Induced Inflammation in
Bovine Mammary Epithelial Cells and Macrophages. Front. Microbiol. 2020, 11, 1461. [CrossRef]

21. Yu, G.M.; Kubota, H.; Okita, M.; Maeda, T. The anti-inflammatory and antioxidant effects of melatonin on LPS-stimulated bovine
mammary epithelial cells. PLoS ONE 2017, 12, e0178525. [CrossRef] [PubMed]

22. Zheng, L.; Xu, Y.; Lu, J.; Liu, M.; Bin, D.; Miao, J.; Yin, Y. Variant innate immune responses of mammary epithelial cells to
challenge by Staphylococcus aureus, Escherichia coli and the regulating effect of taurine on these bioprocesses. Free Radic. Biol. Med.
2016, 96, 166–180. [CrossRef] [PubMed]

23. Mocsai, A.; Ruland, J.; Tybulewicz, V.L. The SYK tyrosine kinase: A crucial player in diverse biological functions. Nat. Rev.
Immunol. 2010, 10, 387–402. [CrossRef] [PubMed]

24. Knoll, M.; Winther, S.; Natarajan, A.; Yang, H.; Jiang, M.; Thiru, P.; Shahsafaei, A.; Chavarria, T.E.; Lamming, D.W.; Sun, L.; et al.
SYK kinase mediates brown fat differentiation and activation. Nat. Commun. 2017, 8, 2115. [CrossRef]

25. Bukong, T.N.; Iracheta-Vellve, A.; Saha, B.; Ambade, A.; Satishchandran, A.; Gyongyosi, B.; Lowe, P.; Catalano, D.; Kodys, K.;
Szabo, G. Inhibition of spleen tyrosine kinase activation ameliorates inflammation, cell death, and steatosis in alcoholic liver
disease. Hepatology 2016, 64, 1057–1071. [CrossRef]

26. Rosa, J.P.; Raslova, H.; Bryckaert, M. Filamin A: Key actor in platelet biology. Blood J. Am. Soc. Hematol. 2019, 134, 1279–1288.
[CrossRef]

27. Kiefer, F.; Brumell, J.; Al-Alawi, N.; Latour, S.; Cheng, A.; Veillette, A.; Grinstein, S.; Pawson, T. The Syk protein tyrosine kinase is
essential for Fcgamma receptor signaling in macrophages and neutrophils. Mol. Cell. Biol. 1998, 18, 4209–4220. [CrossRef]

28. Mukherjee, S.; Zhu, J.; Zikherman, J.; Parameswaran, R.; Kadlecek, T.A.; Wang, Q.; Au-Yeung, B.; Ploegh, H.; Kuriyan, J.; Das, J.;
et al. Monovalent and multivalent ligation of the B cell receptor exhibit differential dependence upon Syk and Src family kinases.
Sci. Signal. 2013, 6, ra1. [CrossRef]

29. Yasukawa, S.; Miyazaki, Y.; Yoshii, C.; Nakaya, M.; Ozaki, N.; Toda, S.; Kuroda, E.; Ishibashi, K.; Yasuda, T.; Natsuaki, Y.; et al.
An ITAM-Syk-CARD9 signalling axis triggers contact hypersensitivity by stimulating IL-1 production in dendritic cells. Nat.
Commun. 2014, 5, 3755. [CrossRef]

30. Peng, X.; Zhao, M.; Gao, L.; Sen, R.; MacGlashan, D., Jr. Identifying regulatory pathways of spleen tyrosine kinase expression in
human basophils. J. Allergy Clin. Immunol. 2019, 145, 947–957. [CrossRef]

31. Zewinger, S.; Reiser, J.; Jankowski, V.; Alansary, D.; Hahm, E.; Triem, S.; Klug, M.; Schunk, S.J.; Schmit, D.; Kramann, R.; et al.
Apolipoprotein C3 induces inflammation and organ damage by alternative inflammasome activation. Nat. Immunol. 2020, 21,
30–41. [CrossRef]

32. Falker, K.; Klarstrom-Engstrom, K.; Bengtsson, T.; Lindahl, T.L.; Grenegard, M. The toll-like receptor 2/1 (TLR2/1) complex
initiates human platelet activation via the src/Syk/LAT/PLCgamma2 signalling cascade. Cell. Signal. 2014, 26, 279–286.
[CrossRef]

http://doi.org/10.1007/s10911-020-09471-2
http://doi.org/10.1126/science.1228186
http://doi.org/10.1017/S1751731118000411
http://doi.org/10.1111/asj.12808
http://doi.org/10.1016/j.molimm.2007.09.004
http://doi.org/10.3168/jds.2010-3563
http://doi.org/10.1007/s10753-020-01288-9
http://doi.org/10.1128/MCB.00851-09
http://doi.org/10.1186/1297-9716-44-40
http://doi.org/10.4142/jvs.2018.19.1.79
http://doi.org/10.3389/fmicb.2020.01461
http://doi.org/10.1371/journal.pone.0178525
http://www.ncbi.nlm.nih.gov/pubmed/28542575
http://doi.org/10.1016/j.freeradbiomed.2016.04.022
http://www.ncbi.nlm.nih.gov/pubmed/27107770
http://doi.org/10.1038/nri2765
http://www.ncbi.nlm.nih.gov/pubmed/20467426
http://doi.org/10.1038/s41467-017-02162-3
http://doi.org/10.1002/hep.28680
http://doi.org/10.1182/blood.2019000014
http://doi.org/10.1128/MCB.18.7.4209
http://doi.org/10.1126/scisignal.2003220
http://doi.org/10.1038/ncomms4755
http://doi.org/10.1016/j.jaci.2019.10.005
http://doi.org/10.1038/s41590-019-0548-1
http://doi.org/10.1016/j.cellsig.2013.11.011


Biomedicines 2023, 11, 97 18 of 19

33. Neuhaus, B.; Buhren, S.; Bock, B.; Alves, F.; Vogel, W.F.; Kiefer, F. Migration inhibition of mammary epithelial cells by Syk is
blocked in the presence of DDR1 receptors. Cell. Mol. Life Sci. CMLS 2011, 68, 3757–3770. [CrossRef]

34. Yang, W.S.; Kim, J.S.; Han, N.J.; Lee, M.J.; Park, S.K. Toll-like receptor 4/spleen tyrosine kinase complex in high glucose signal
transduction of proximal tubular epithelial cells. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2015, 35,
2309–2319. [CrossRef]

35. Hou, X.; Lin, L.; Xing, W.; Yang, Y.; Duan, X.; Li, Q.; Gao, X.; Lin, Y. Spleen tyrosine kinase regulates mammary epithelial cell
proliferation in mammary glands of dairy cows. J. Dairy Sci. 2016, 99, 3858–3868. [CrossRef]

36. Yin, H.; Zhou, H.; Kang, Y.; Zhang, X.; Duan, X.; Alnabhan, R.; Liang, S.; Scott, D.A.; Lamont, R.J.; Shang, J.; et al. Syk negatively
regulates TLR4-mediated IFNbeta and IL-10 production and promotes inflammatory responses in dendritic cells. Biochim. Et
Biophys. Acta 2016, 1860, 588–598. [CrossRef]

37. Miller, Y.I.; Choi, S.H.; Wiesner, P.; Bae, Y.S. The SYK side of TLR4: Signalling mechanisms in response to LPS and minimally
oxidized LDL. Br. J. Pharmacol. 2012, 167, 990–999. [CrossRef]

38. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55,
611–622. [CrossRef]

39. Bustin, S.A.; Beaulieu, J.F.; Huggett, J.; Jaggi, R.; Kibenge, F.S.; Olsvik, P.A.; Penning, L.C.; Toegel, S. MIQE précis: Practical
implementation of minimum standard guidelines for fluorescence-based quantitative real-time PCR experiments. BMC Mol. Biol.
2010, 11, 74. [CrossRef]

40. Jedrzejczak, M.; Szatkowska, I. Bovine mammary epithelial cell cultures for the study of mammary gland functions. Vitr. Cell.
Dev. Biol. Anim. 2014, 50, 389–398. [CrossRef]

41. Basirico, L.; Morera, P.; Dipasquale, D.; Troscher, A.; Serra, A.; Mele, M.; Bernabucci, U. Conjugated linoleic acid isomers strongly
improve the redox status of bovine mammary epithelial cells (BME-UV1). J. Dairy Sci. 2015, 98, 7071–7082. [CrossRef] [PubMed]

42. German, T.; Barash, I. Characterization of an epithelial cell line from bovine mammary gland. Vitr. Cell. Dev. Biol. Anim. 2002, 38,
282–292. [CrossRef]

43. Yang, F.; Chen, F.; Li, L.; Yan, L.; Badri, T.; Lv, C.; Yu, D.; Zhang, M.; Jang, X.; Li, J.; et al. Three Novel Players: PTK2B, SYK, and
TNFRSF21 Were Identified to Be Involved in the Regulation of Bovine Mastitis Susceptibility via GWAS and Post-transcriptional
Analysis. Front. Immunol. 2019, 10, 1579. [CrossRef] [PubMed]

44. Grunert, T.; Stessl, B.; Wolf, F.; Sordelli, D.O.; Buzzola, F.R.; Ehling-Schulz, M. Distinct phenotypic traits of Staphylococcus aureus
are associated with persistent, contagious bovine intramammary infections. Sci. Rep. 2018, 8, 15968. [CrossRef] [PubMed]

45. Kurz, J.P.; Yang, Z.; Weiss, R.B.; Wilson, D.J.; Rood, K.A.; Liu, G.E.; Wang, Z. A genome-wide association study for mastitis
resistance in phenotypically well-characterized Holstein dairy cattle using a selective genotyping approach. Immunogenetics 2019,
71, 35–47. [CrossRef]

46. Blum, S.E.; Goldstone, R.J.; Connolly, J.P.R.; Reperant-Ferter, M.; Germon, P.; Inglis, N.F.; Krifucks, O.; Mathur, S.; Manson, E.;
McLean, K.; et al. Postgenomics Characterization of an Essential Genetic Determinant of Mammary Pathogenic Escherichia coli.
MBio 2018, 9, e00423-18. [CrossRef]

47. Wei, Z.; Wang, J.; Wang, Y.; Wang, C.; Liu, X.; Han, Z.; Fu, Y.; Yang, Z. Effects of Neutrophil Extracellular Traps on Bovine
Mammary Epithelial Cells in vitro. Front. Immunol. 2019, 10, 1003. [CrossRef]

48. Alva-Murillo, N.; Ochoa-Zarzosa, A.; Lopez-Meza, J.E. Sodium Octanoate Modulates the Innate Immune Response of Bovine
Mammary Epithelial Cells through the TLR2/P38/JNK/ERK1/2 Pathway: Implications during Staphylococcus aureus Internaliza-
tion. Front. Cell. Infect. Microbiol. 2017, 7, 78. [CrossRef]

49. Zhao, Y.; Tang, J.; Yang, D.; Tang, C.; Chen, J. Staphylococcal enterotoxin M induced inflammation and impairment of bovine
mammary epithelial cells. J. Dairy Sci. 2020, 103, 8350–8359. [CrossRef]

50. Shahid, M.; Wang, J.; Gu, X.; Chen, W.; Ali, T.; Gao, J.; Han, D.; Yang, R.; Fanning, S.; Han, B. Prototheca zopfii Induced
Ultrastructural Features Associated with Apoptosis in Bovine Mammary Epithelial Cells. Front. Cell. Infect. Microbiol. 2017, 7, 299.
[CrossRef]

51. Wang, J.; Guo, C.; Wei, Z.; He, X.; Kou, J.; Zhou, E.; Yang, Z.; Fu, Y. Morin suppresses inflammatory cytokine expression by down-
regulation of nuclear factor-kappaB and mitogen-activated protein kinase (MAPK) signaling pathways in lipopolysaccharide-
stimulated primary bovine mammary epithelial cells. J. Dairy Sci. 2016, 99, 3016–3022. [CrossRef]

52. Enger, B.D.; Nickerson, S.C.; Tucker, H.L.M.; Parsons, C.L.M.; Akers, R.M. Apoptosis and proliferation in Staphylococcus aureus-
challenged, nonlactating mammary glands stimulated to grow rapidly and develop with estradiol and progesterone. J. Dairy Sci.
2019, 102, 857–865. [CrossRef]

53. Brenaut, P.; Lefevre, L.; Rau, A.; Laloe, D.; Pisoni, G.; Moroni, P.; Bevilacqua, C.; Martin, P. Contribution of mammary epithelial
cells to the immune response during early stages of a bacterial infection to Staphylococcus aureus. Vet. Res. 2014, 45, 16. [CrossRef]

54. Fu, Y.; Zhou, E.; Liu, Z.; Li, F.; Liang, D.; Liu, B.; Song, X.; Zhao, F.; Fen, X.; Li, D.; et al. Staphylococcus aureus and Escherichia coli
elicit different innate immune responses from bovine mammary epithelial cells. Vet. Immunol. Immunopathol. 2013, 155, 245–252.
[CrossRef]

55. Lin, Y.C.; Huang, D.Y.; Chu, C.L.; Lin, Y.L.; Lin, W.W. The tyrosine kinase Syk differentially regulates Toll-like receptor signaling
downstream of the adaptor molecules TRAF6 and TRAF3. Sci. Signal. 2013, 6, ra71. [CrossRef]

http://doi.org/10.1007/s00018-011-0676-8
http://doi.org/10.1159/000374034
http://doi.org/10.3168/jds.2015-10118
http://doi.org/10.1016/j.bbagen.2015.12.012
http://doi.org/10.1111/j.1476-5381.2012.02097.x
http://doi.org/10.1373/clinchem.2008.112797
http://doi.org/10.1186/1471-2199-11-74
http://doi.org/10.1007/s11626-013-9711-4
http://doi.org/10.3168/jds.2015-9787
http://www.ncbi.nlm.nih.gov/pubmed/26277317
http://doi.org/10.1290/1071-2690(2002)038&lt;0282:COAECL&gt;2.0.CO;2
http://doi.org/10.3389/fimmu.2019.01579
http://www.ncbi.nlm.nih.gov/pubmed/31447828
http://doi.org/10.1038/s41598-018-34371-1
http://www.ncbi.nlm.nih.gov/pubmed/30374136
http://doi.org/10.1007/s00251-018-1088-9
http://doi.org/10.1128/mBio.00423-18
http://doi.org/10.3389/fimmu.2019.01003
http://doi.org/10.3389/fcimb.2017.00078
http://doi.org/10.3168/jds.2019-17444
http://doi.org/10.3389/fcimb.2017.00299
http://doi.org/10.3168/jds.2015-10330
http://doi.org/10.3168/jds.2018-15498
http://doi.org/10.1186/1297-9716-45-16
http://doi.org/10.1016/j.vetimm.2013.08.003
http://doi.org/10.1126/scisignal.2003973


Biomedicines 2023, 11, 97 19 of 19

56. Boulougouris, X.; Rogiers, C.; Van Poucke, M.; De Spiegeleer, B.; Peelman, L.; Duchateau, L.; Burvenich, C. Methylation of selected
CpG islands involved in the transcription of myeloperoxidase and superoxide dismutase 2 in neutrophils of periparturient and
mid-lactation cows. J. Dairy Sci. 2019, 102, 7421–7434. [CrossRef]

57. Chen, C.C.; Boxer, R.B.; Stairs, D.B.; Portocarrero, C.P.; Horton, R.H.; Alvarez, J.V.; Birnbaum, M.J.; Chodosh, L.A. Akt is required
for Stat5 activation and mammary differentiation. Breast Cancer Res. BCR 2010, 12, R72. [CrossRef]

58. Arranz, A.; Doxaki, C.; Vergadi, E.; Martinez de la Torre, Y.; Vaporidi, K.; Lagoudaki, E.D.; Ieronymaki, E.; Androulidaki, A.;
Venihaki, M.; Margioris, A.N.; et al. Akt1 and Akt2 protein kinases differentially contribute to macrophage polarization. Proc.
Natl. Acad. Sci. USA 2012, 109, 9517–9522. [CrossRef]

59. Villarino, A.V.; Kanno, Y.; O’Shea, J.J. Mechanisms and consequences of Jak-STAT signaling in the immune system. Nat. Immunol.
2017, 18, 374–384. [CrossRef]

60. Boulanger, D.; Bureau, F.; Mélotte, D.; Mainil, J.; Lekeux, P. Increased nuclear factor kappaB activity in milk cells of mastitis-
affected cows. J Dairy Sci 2003, 86, 1259–1267. [CrossRef]

61. Connelly, L.; Barham, W.; Pigg, R.; Saint-Jean, L.; Sherrill, T.; Cheng, D.S.; Chodosh, L.A.; Blackwell, T.S.; Yull, F.E. Activation of
nuclear factor kappa B in mammary epithelium promotes milk loss during mammary development and infection. J. Cell. Physiol.
2010, 222, 73–81. [CrossRef] [PubMed]

62. Chen, H.; Mo, X.; Yu, J.; Huang, Z. Alpinetin attenuates inflammatory responses by interfering toll-like receptor 4/nuclear factor
kappa B signaling pathway in lipopolysaccharide-induced mastitis in mice. Int. Immunopharmacol. 2013, 17, 26–32. [CrossRef]
[PubMed]

63. Ershun, Z.; Yunhe, F.; Zhengkai, W.; Yongguo, C.; Naisheng, Z.; Zhengtao, Y. Cepharanthine attenuates lipopolysaccharide-
induced mice mastitis by suppressing the NF-κB signaling pathway. Inflammation 2014, 37, 331–337. [CrossRef] [PubMed]

64. Fu, Y.; Gao, R.; Cao, Y.; Guo, M.; Wei, Z.; Zhou, E.; Li, Y.; Yao, M.; Yang, Z.; Zhang, N. Curcumin attenuates inflammatory responses
by suppressing TLR4-mediated NF-κB signaling pathway in lipopolysaccharide-induced mastitis in mice. Int. Immunopharmacol.
2014, 20, 54–58. [CrossRef]

65. Li, F.; Liang, D.; Yang, Z.; Wang, T.; Wang, W.; Song, X.; Guo, M.; Zhou, E.; Li, D.; Cao, Y.; et al. Astragalin suppresses inflammatory
responses via down-regulation of NF-κB signaling pathway in lipopolysaccharide-induced mastitis in a murine model. Int.
Immunopharmacol. 2013, 17, 478–482. [CrossRef]

66. Liang, D.; Li, F.; Fu, Y.; Cao, Y.; Song, X.; Wang, T.; Wang, W.; Guo, M.; Zhou, E.; Li, D.; et al. Thymol inhibits LPS-stimulated
inflammatory response via down-regulation of NF-κB and MAPK signaling pathways in mouse mammary epithelial cells.
Inflammation 2014, 37, 214–222. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3168/jds.2018-16027
http://doi.org/10.1186/bcr2640
http://doi.org/10.1073/pnas.1119038109
http://doi.org/10.1038/ni.3691
http://doi.org/10.3168/jds.S0022-0302(03)73710-2
http://doi.org/10.1002/jcp.21922
http://www.ncbi.nlm.nih.gov/pubmed/19746431
http://doi.org/10.1016/j.intimp.2013.04.030
http://www.ncbi.nlm.nih.gov/pubmed/23669335
http://doi.org/10.1007/s10753-013-9744-6
http://www.ncbi.nlm.nih.gov/pubmed/24062060
http://doi.org/10.1016/j.intimp.2014.01.024
http://doi.org/10.1016/j.intimp.2013.07.010
http://doi.org/10.1007/s10753-013-9732-x

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Total Tissue RNA Extraction and mRNA Expression Analysis 
	Tissue Total Protein Extraction and Protein Level Analysis 
	Isolation, Culture and Identification of Pathogenic Microorganisms in Milk 
	Isolation, Identification and Primary Culture of bMECs In Vitro 
	Lipopolysaccharide (LPS from E. coli) Stimulation Assay on bMECs In Vitro 
	Pathogenic Microorganism-Infected bMECs for In Vitro Validation 
	SYK Gene siRNA in bMECs 
	Immunofluorescence Colocalization for TLR4 and SYK in Bovine Mammary Gland Tissue and bMCEs 
	Coimmunoprecipitation (Co-IP) for TLR4 and SYK in Bovine Mammary Gland Tissue and bMCEs 
	Statistical Analysis Method 

	Results 
	SYK Plays an Essential in Immune Response for Bovine Mastitis 
	SYK, TLR4, NLRP3 and IL-1 Gene Expressions in Mammary Gland Tissue of Chinese Holstein 
	Colocalization of SYK and TLR4 in Bovine Mammary, Mastitis Tissues and bMECs 
	SYK Protein Levels Showed Time-Course Effect in bMECs with LPS Stimulation or GBS Infection 
	SYK, TLR4, NLRP3 and IL-1 Expressions in bMECs and SYK siRNA bMECs (bMECsSYK-) with LPS Stimulation or GBS Infection 
	SYK, TLR4, NLRP3 and IL-1 Protein Levels in bMECs and bMECsSYK- with LPS Stimulation or GBS Infection 

	Discussion 
	SYK Plays a Crucial Role in the Innate Immune Response of Bovine Mammary Gland Tissue and bMECs 
	The SYK mRNA Expression and Protein Level in bMECs Responded to LPS Stimulation or GBS Infection Presented Time-Dependent Properties 
	The TLR4–SYK Signaling Pathway Participates in the Immune Response of Bovine Mammary Gland Tissue and bMECs for Mastitis 
	SYK Affected AKT1, IL-1, IL-8, IL-10, NF-B and NLRP3 Expression in bMECs with LPS or GBS 

	Conclusions 
	References

