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Abstract
Bovine mastitis caused by Streptococcus agalactiae (S. agalactiae) has resulted in substantial economic
loss to the animal husbandry industry; however, the associated molecular mechanism remains unclear
and the role of TNFRSF21 in the in�ammatory response caused by S. agalactiae is unknown. In this
study, we focused on bacterial isolation and identi�cation, histological observations, and provide the �rst
report of the association between TNFRSF21 and pyroptosis. The results showed that S. agalactiae-
induced in�ammation can cause increasing damage of the tissue and pyroptosis ratio, signi�cantly
increased the level of in�ammatory cytokine production (e.g., NLRP3, caspase-1, and IL-1β), and
upregulate TNFRSF21 following S. agalactiae infection in a time-dependent manner. In conclusion, these
�ndings indicated that it may �ght against the in�ammatory response induced by S. agalactiae by
inhibiting TNFRSF21 expression and reducing NLRP3 in�ammasome pathway-mediated in�ammatory
necrosis.

Introduction
Bovine mastitis is caused by in�ammation of the udder tissue due to a microbial infection or physical
trauma, which is responsible for substantial economic loss to the dairy industry [1,2]. Various pathogenic
factors can induce mastitis, including the pasture environment, milking methods, bacteria, and host
genotype [3-5]; however, an infection with pathogenic bacteria represents the main cause of mastitis.
When pathogenic bacteria invade the mammary gland, the increased permeability of the blood-milk
barrier gives rise to a high number of somatic cells in the milk [6]. At the same time, mammary epithelial
cells and immune cells work together through pattern recognition receptors that detect pathogen-related
molecular patterns to induce a rapid and powerful immune response, which may cause in�ammation
while removing pathogenic microorganisms [7,8]. At present, S. agalactiae has attracted increased
attention due to its high prevalence, and associated risk of inter-species transmission [9], which can lead
to a variety of diseases (e.g., dairy cow mastitis, neonatal meningitis, sepsis, and toxic shock) [10,11].
However, the mechanism of S. agalactiae-induced in�ammation remains poorly understand. Thus, this
study used S. agalactiae to construct in�ammatory models to elucidate the associated mechanism.

Tumor necrosis factor (TNF) receptors play an important role in the cellular resistance to pathogens and
tumor-related immune response, and are key factors of both the in�ammatory and immune regulatory
responses [12,14]. As a member of the TNF receptor superfamily, TNFRSF21 is highly expressed in a
variety of tumor tissues (e.g., ovarian cancer, breast cancer, and adult sarcoma) with potential anticancer
effects and can promote the apoptosis of both untransformed and tumor-derived cells [13-15]. In
addition, TNFRSF21 has been found to regulate the proliferation and differentiation of immune cells
[16,17]. TNFRSF21 has also been shown to have a certain promotional effect on endothelial cell necrosis
induced by lupus susceptible mice and autoimmunity caused by tumor cells [18,19]. The activation of
nuclear factor-κB (NF-κB) can induce TNFRSF21 expression, the overexpression of which will lead to
activation of the NF-κB pathway [15]. The signal mediated by NF-κB is necessary to maintain TNFRSF21
expression in Jurkat leukemia cells [20]. When TNFRSF21 is blocked, the NF-κB signaling pathway is also
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inhibited [21]. In contrast, the up-regulation of TNFRSF21 expression can induce HeLa apoptosis [22].
This suggests that TNFRSF21 may mediate the in�ammatory responses in tumor progression via NF-κB
[23,24]. Coincidentally, once NF-κB is activated, it can regulate the expression of in�ammatory genes and
cytokine release (e.g., TNF-α, IL-1β, and pro-caspase-1), which assemble on the scattered Golgi apparatus
to form NLRP3 in�ammasomes, leading to cell pyroptosis and lysis [25-28]. Under normal conditions,
pyroptosis represents an important component of the immune response to resist various diseases [29];
however, excessive pyroptosis will inevitably lead to the occurrence of systemic sepsis [30]. Our previous
research found that TNSFRSF21 genetic polymorphisms are signi�cantly related to the susceptibility and
tolerance of dairy cow mastitis through a genome-wide association analysis [31]. However, the role of
TNFRSF21 in the occurrence and development of mastitis remains unknown.

In this study, a murine mastitis model of S. agalactiae infection was constructed and we found that
NLRP3 was signi�cantly increased and accompanied by upregulated TNFRSF21 expression, indicating
that NLRP3 may promote TNFRSF21 expression during the in�ammatory response of the breast tissue
and jointly promoted pyroptosis. Thus, TNFRSF21 may represent a novel drug target for regulating
cellular pyroptosis and relieving in�ammation.      

Materials And Methods
Milk sample collection  

A total of 20 milk samples, including eight normal milk samples and 12 mastitis milk samples, which
were collected from the Weigang Animal Diary Company, Jiangsu, China.

Bacterial strains

S. agalactiae was isolated from fresh milk samples collected from cows with mastitis and injected into
the mammary gland tissue of mice to construct a mastitis model. A single colony was isolated from the
fresh milk samples using the plate-drawing method and expanded culture to extract the bacterial DNA.
After sequencing, multiple pathogenic bacteria (e.g., S. agalactiae) were obtained (primer sequence: F5'-
AGTTTGATCCTGGCTCAG-3' and R5'-AGGCCCGGGGAACGTATTCAC-3', Sangon Biotech, Shanghai,
China). S. agalactiae was incubated on a shaker for 12 h (37°C at 220 rpm), diluted with PBS, and coated
on the plate to achieve the desired concentration (1 × 109 CFU/mL), in accordance with previously
published methods [27]. The bacteria was stored for a short time at 4°C. Before use, 1 mL of the diluted
bacterial solution was resuscitated for 4 h (37°C at 220 rpm), and centrifuged for 5 min (3000 rpm). The
supernatant was removed and the bacterial pellet was resuspended in 1 mL PBS.

Animals

A total of 36 female and 15 male KM mice (6–8-weeks-old, weighing 20 g–25 g) were maintained under
SPF housing conditions. Both the female and male mice cohabited at a two female to one male ratio for
conception, standard rearing, and free drinking water (25°C ± 1°C, humidity 40%–80%). They were housed



Page 4/16

separately after pregnancy until 12 days after calving. The feeding and management of the experimental
animals were carried out in accordance with the Animal Management Regulations issued by the National
Science and Technology Commission of the People's Republic of China (November 14, 1988), and with
the permission of the Animal Ethics Committee of Anhui Normal University (Approval No. 2015002).

Mouse model of mastitis

Female mice were randomly separated into two groups: 1) S. agalactiae group, one breast was injected
with PBS and the other was injected with S. agalactiae after 12 days post-partum; and 2) PBS group, one
breast received a blank control and the other was injected with PBS after 12 days post-partum. The pups
were removed 2 h prior to the experiment. The female mice were anesthetized with 1% carbrital, and the
third and fourth pairs of milk areas were wiped with a cotton ball soaked in 75% alcohol. Slowly, 100 µL
of S. agalactiae was injected into the left breast area with a microinjector needle with a diameter of 0.06
mm, and 100 µL of sterile PBS was injected into the right side. At the corresponding time points (24 h, 48
h, and 72 h) after treatment, the mice were sacri�ced by cervical dislocation, and the mouse mammary
glands were collected under aseptic conditions for subsequent processing and analysis.

Histopathological analysis

The mammary gland samples of the S. agalactiae group and PBS group were collected and �xed in 4%
buffered paraformaldehyde for more than 48 h. the samples were embedded in para�n, sectioned, and
stained with hematoxylin and eosin (H&E), and the pathological changes were observed by microscopy.

Western blot analysis

After mixing 400 µL cell lysate and 4 µL proteinase inhibitor, 40 mg of udder tissue were added, ground
for 50 s into a powder on an ultrasonic shaker, and lysed for 2.5 h on a shaker. The lysate was
centrifuged at 13,000 × g for 20 min and the entire process was carried out at 4°C. Next, the supernatant
was collected into a new centrifuge tube and the supernatant was quanti�ed using a BCA Protein Assay
Kit (Beyotime Biotechnology, Shanghai, China). An appropriate amount of SDS-PAGE loading buffer was
added to the protein sample and placed into a metal incubator for 95°C 10 min. The samples were
allowed to cool to room temperature and stored at -20°C. After the protein was transferred to the PVDF
membrane, it was blocked in 5% BSA for 1 h and incubated with the primary antibody at 4°C overnight.
The membranes were then washed three times with TBST for 10 min/wash. The membranes were
incubated with a horseradish peroxidase-labeled secondary antibody at 37°C for 1 h. After washing the
membrane three times with TBST, an enhanced chemiluminescence solution detection system was used
to take pictures and perform an analysis (Tano, Shanghai, China). Densitometry was performed using
ImageJ software (National Institutes of Health, Bethesda, MD). The following antibodies were used in this
study: TNFRSF21 (Catalog No: #bs-7678R, BOSTER Biotechnology, Wuhan) 68 kDa, NLRP3 (Catalog No:
#sc-134306, Santa Cruz Biotechnology, USA) 120 kDa, IL-1β (Catalog No: #sc-12742, Santa Cruz
Biotechnology, USA) 17 kDa, caspase1 (Catalog No: #sc-392736, Santa Cruz Biotechnology, USA) 45 kDa,
GAPDH (Catalog No: #AT0002, CMCTAG, USA) 36 kDa, goat anti-mouse IgG secondary antibody (Catalog
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No: #BA1038, BOSTER Biotechnology, Wuhan), and goat anti-rabbit IgG secondary antibody (Catalog No:
#BA1039, BOSTER Biotechnology, Wuhan).

Pyroptosis detection

Mammary tissue sections (thickness: 4 µm) were depara�nized and dehydrated by density and
�uorescently stained. Densitometry was performed using ImageJ software (National Institutes of Health,
Bethesda, MD). The methods were performed in accordance with the manufacturer instructions in the
TUNEL cell pyroptosis detection kit-CY3 (50T) (BOSTER, Wuhan, China).

Statistical analysis

Statistical analyses were performed using a Student’s t-test with GraphPad Prism version 6.0 (GraphPad
Software, San Diego, CA, USA). Data were presented as the mean ± the standard deviation (SD). The
�uorescence intensity was determined by de�ning a circular region-of-interest (ROI) for the entire cell.
ROIs were corrected based on the average value of a background ROI de�ned outside the cell. A
colocalization analysis was performed using JACoP Plugin in ImageJ. A threshold of P < 0.05 was
considered statistically signi�cant.

Results
Isolation and identi�cation of S. agalactiae

S. agalactiae is an epidemic zoonotic pathogen that was initially detected in dairy products. We isolated
six strains from 50 single colonies in fresh milk samples by 16S rRNA sequencing, including S.
agalactiae, Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, and
Klebsiella pneumoniae. For further con�rmation, we cultured Streptococcus in a blood Agar medium
exhibiting gray colonies (Fig. 1a). The bacteria were Gram-stained, revealing a purple chain shape
(Fig.1b). PCR detection was developed based on -1,4-glusidase gene and the ampli�ed fragment was
approximately 1283 bp (Fig.1c). The recovered and puri�ed PCR products were sent for sequencing
(Sangon Biotech, Shanghai, China). The maximum similarity of the 16S rRNA sequence between this
strain (CSA 001) and S. agalactiae (NR 117503.1) was 99.85%, they were located on the same
evolutionary branch, and the Bootstrap value was 100% (Fig.1d).

S. agalactiae-induced histopathological impairment of the mammary gland in mice.

Mice were sacri�ced at 24 h, 48 h, and 72 h after the mammary glands were injected with S. agalactiae.
After dissection, the third and fourth pairs of the breast areas were full of milk at 24 h, and no obvious
in�ammation was observed. At 48 h, the mammary gland areas became swollen and purple. After 72 h,
the mammary gland areas on both sides were severely congested, the breast was degenerated, and pus
had obviously appeared on the left side (S. agalactiae injection) (Fig. 2). We further �xed the breast
tissues, cut them into sections, and stained with H&E. While the acinus in the control group was found to
be relatively intact, the acini in the S. agalactiae injection group displayed progressive damage with the
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extension of infection time. Furthermore, the injury was more obvious in the breast tissue in the S.
agalactiae treatment group compared with the control group. The epithelial cells had sloughed off the
acinar structure was gradually destroyed, interstitial thickening was observed, and immune cell
in�ltration, neutrophils, and exfoliated necrotic breast epithelial cells were scattered in the acinar lumen.
Over time, these phenomena became increasingly more serious (Fig.2).

S. agalactiae increased the level of IL-1β, NLRP3, caspase-1, and TNFRSF21 expression in the mouse
mammary glands.

To explore the role of TNFRSF21 in a mouse mastitis model induced by S. agalactiae, we detected the
level of TNFRSF21, NLRP3, IL-1β, and caspase-1 protein expression by Western blot. From left to right,
Figures 3a and e show the expression for the normal 1, normal 2, control, and treatment groups. Normal 1
and normal 2 were from the same pregnant mouse after stopping breastfeeding for 2 h, with one breast
as the blank control and the other injected with PBS in the third pair, which was sacri�ced at 24 h, 48 h,
and 72 h following PBS injection. The Control and treatment groups were from the same pregnant mouse
that had stopping breastfeeding for 2 h, with one breast injected with PBS and the other one injected with
S. agalactiae in the third pair, which was sacri�ced at 24 h, 48 h, and 72 h after injection, respectively. We
found that the level of TNFRSF21, NLRP3, IL-1β, and caspase-1 expression in the normal 1 and normal 2
mice did not change signi�cantly. Compared with the normal group, the level of TNFRSF21 expression in
the control group did not change at 24 h, but was higher at 48 h and 72 h (P < 0.01), and showed a
signi�cant upward trend from 24 h to 72 h. The level of TNFRSF21 expression was signi�cantly higher in
the S. agalactiae treatment group than in the control group at 48 h and 72 h (P < 0.01) (Fig.3b). The level
of NLRP3 expression in the treatment group peaked and was extremely signi�cantly different with the
other three groups at 24 h (P < 0.001). There was a subsequent downward trend in the level of NLRP3
expression, with an increasingly smaller difference, which was higher compared with the other three
groups at any given time (P < 0.01). The level of NLRP3 in the control group peaked at 48 h and were
higher than the normal group at 24 h, 48 h, and 72 h (P < 0.05) (Fig.3c). The level of IL-1β expression in
the control group increased substantially and was higher than that of the normal 1 and normal 2 groups
at 24 h, 48 h, and 72 h (P < 0.05); however, the treatment group expressed the highest level of IL-1β at 48
h, and the difference between the control group gradually became smaller, but remained at signi�cant
levels (P < 0.05) (Fig.3d). Compared with the normal 1 and normal 2 groups, the level of caspase-1
expression in the control and treatment groups did not change signi�cantly at 24 h and peaked at 48 h (P
< 0.01). Although the level of caspase-1 expression in the control and treatment groups decreased at 72 h,
it remained at a higher level than that of the normal group (P < 0.05) (Fig.3f).

 S. agalactiae triggers pyroptosis in mouse mammary epithelial cells.

To further explain whether the in�ammatory response of the breast epithelial cells caused by S.
agalactiae promotes TNFRSF21-mediated cell pyroptosis, we examined pyroptosis by TUNEL staining.
(Fig. 4a, the arrows indicate pyroptosis). These results were con�rmed by western blot. With an increase
in infection time, the negative control group exhibited potential mammary epithelial cell pyroptosis. The



Page 7/16

mammary gland cellular pyroptosis ratios in the S. agalactiae treatment group gradually increased, and
were signi�cantly higher than that of the control group (P < 0.001; Fig. 4b).

Discussion
Due to the diversity and complexity of its pathogenic factors, mastitis has been plaguing the
development of global animal husbandry for several years, which is threating to human health. Recently,
it has been discovered that S. agalactiae can frequently cause mastitis due to its highly infectious and
pathogenic characteristics, [10], clinical neonatal infections, meningitis, endocarditis, and bacteremia [32].
Regarding the pathogenic molecular mechanism of mastitis caused by S. agalactiae, the experts’ views
are highly variable, and no conclusions have been reached. Our previous research found that TNSFRSF21
genetic polymorphisms are signi�cantly related to the susceptibility and tolerance of dairy cow mastitis
through a genome-wide association analysis [31]; however, the role of TNFRSF21 in S. agalactiae-induced
mastitis remains unknown. In this study, we found that the mammary gland tissues of the mice infected
with S. agalactiae (bacterial solution with a concentration of 1 × 109 CFU/mL) displayed more severe
histopathological damage than that of the control groups, and the level of caspase-1, IL-1β, NLRP3, and
TNFRSF21 expression was signi�cantly increased. Interestingly, the control groups also displayed a
considerable degree of in�ammation.

NLRP3 in�ammasomes can be detected in many in�ammatory diseases, which leads to caspase-1 and
IL-1β production [33]. Our results are consistent with studies that have shown that an S. aureus infection
can trigger NLRP3 production [34]. As a Gram-positive bacterium, S. agalactiae can also induce high
levels of NLRP3 expression, which is accompanied by a surge of IL-1β. These cellular in�ammatory
factors can cause damage to the breast tissue [35]. Therefore, hematoxylin-eosin staining (H&E) revealed
that the mammary tissues of mice infected with S. agalactiae were more severely damaged than that of
the control groups. However, the control groups also showed relatively severe damage and up-regulation
of in�ammatory factors, which may be caused by systemic infection. When there is an imbalance
between the normal pyroptosis ratio and recovery ratio, it may lead to decreased barrier integrity, inducing
bacterial translocation and the development of systemic sepsis [30].

TNFRSF21 up-regulation, T cell failure, and pyroptosis signals can be observed in patients with viral
hepatitis [36]. Although the expression of pyroptosis signals is crucial for the removal of pathogens, an
excessive stress response will cause continuous damage [37]. Our results showed that NLRP3, caspase-1,
and IL-1β expression was signi�cantly up-regulated during the early stages of infection. However, H&E
staining revealed that there was no obvious damage in mouse mammary tissues and PBS group infected
by S. agalactiae at 24 h. Furthermore, TNFRSF21 was not signi�cantly up-regulated at 24 h following
infection, which may represent the initial stage of the infection when the cell can still repair itself. After 48
h of infection, TNFRSF21 expression in both the control group and S. agalactiae treatment group showed
a signi�cant trend towards up-regulation, and the up-regulation of TNFRSF21 induced by S. agalactiae in
the breast tissue was more obvious compared with the normal group. At the same time, the �uorescent
pyroptosis staining results were also consistent with these �ndings. Both the control group and the S.
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agalactiae stimulation group had no obvious pyroptosis at 24 h; however, the pyroptosis ratio was
signi�cantly increased after 48 h. It has been revealed that the cells may enter a developmental phase of
pyroptosis during the later stages of infection. It is during these later stages when the immune system is
unable to repair the cells that have been over-damaged by the in�ammatory response. TNFRSF21
expression was signi�cantly up-regulated, which promoted cellular pyroptosis and tissue necrosis
together with NLRP3.

Conclusion
In this study, S. agalactiae isolated from fresh milk samples was used to establish a mouse model of
mastitis in this study. The �ndings of this study emphasized that S. agalactiae induced pyroptosis in
mammary epithelial cells in vivo, and further promoted TNFRSF21 up-regulation through activation of the
NLRP3 in�ammasome and IL-1β expression, which aggravates tissue damage. However, there was no
evidence that TNFRSF21 was a direct factor that led to pyroptosis in the later stages of the NLRP3
in�ammasome. Further understanding of the role of S. agalactiae in the pathogenesis of mastitis will
provide clues for the development of new treatment strategies to prevent disease.
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Figure 1

Isolation and identi�cation of S. agalactiae. Identi�cation of S. agalactiae: a The grayish-white colonies
were grown in Colombian blood Agar culture medium. b Gram staining revealed purple chain bacteria. c A
PCR assay was conducted based on the α-1,4-glucosidase gene, which was positive (1283 bp). d
Sequencing: bacteria CSA 001 (1283 bp) and S. agalactiae (NR 117503.1) were the same bacteria, with a
con�dence level of 100%.
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Figure 2

S. agalactiae-induced histopathological impairment in mice. S. agalactiae was injected into the third and
fourth pair of mammary glands on the left, and PBS was injected into the third and fourth pair of
mammary glands on the right. H&E staining of breast histology: control group and treatment group
(injected with S. agalactiae).
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Figure 3

S. agalactiae increased the level of IL-1 β, NLRP3, caspase-1, and TNFRSF21 expression in mice. The
mammary gland tissues of each group (n ≥ 3) were collected at 24 h, 48 h, and 72 h after S. agalactiae
and PBS infection. a and e The level of IL-1 β, NLRP3, caspase-1, and TNFRSF21 protein expression in the
mice was detected by Western blot. b, c, d, and f The relative IL-1 β, NLRP3, caspase-1, and TNFRSF21
protein levels were quanti�ed using Image J software and normalized to GAPDH expression in mice. Data
are presented as the means ± the standard deviation (SD) (n ≥ 3) (*P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 4

S. agalactiae induced pyroptosis in the mammary epithelial cells of the mice. a TUNEL staining of
pyroptosis in the mouse mammary gland tissues in each group (n ≥ 3). b The percentage of pyroptosis in
the mouse breast tissue. Data are presented as the means ± the standard deviation (SD) (n ≥ 3) (***P <
0.001).
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Figure 5

S. agalactiae-stimulated mammalian mammary gland epithelium-induced pyroptosis via activation of the
NLRP3 pathway and excessive TNFRSF21 expression. S. agalactiae was isolated from bovine mastitis
milk samples, which was used to infect the mice. The S. agalactiae-infected mammary gland epithelium
activated the NLRP3 in�ammasome and induced excessive TNFRSF21 expression; however, there was no
evidence to support the relationship between NLRP3 in�ammasome activation and TNFRSF21. Finally,
pyroptosis was observed in the mammary epithelial cells.


