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Bovine mastitis is perplexing the dairy industry since the initiation of intensive dairy

farming, which has caused a reduction in the productivity of cows and an escalation

in costs. The use of antibiotics causes a series of problems, especially the formation of

bacterial antimicrobial resistance. However, there are limited antibiotic-free therapeutic

strategies that can effectively relieve bacterial infection of bovine mammary glands.

Hence, in this study, we constructed a mammary gland tissue-specific expression

vector carrying the antimicrobial peptide of bovine-derived tracheal antimicrobial peptide

(TAP) and evaluated it in both primary bovine mammary epithelial cells (pBMECs)

and mice. The results showed that the vector driven by the β-lactoglobulin gene

(BLG) promoter could efficiently direct the expression of TAP in pBMECs and the

mammary gland tissue of mice. In addition, significant antibacterial effects were

observed in both in vitro and in vivo experiments when introducing this vector to

bovine-associated Staphylococcus aureus-treated pBMECs and mice, respectively. This

study demonstrated that the mammary gland tissue-specific expression vector could be

used to introduce antimicrobial peptide both in in vitro and in vivo and will provide a new

therapeutic strategy in the treatment of bovine mastitis.

Keywords: bovine mastitis, TAP, antibiotic alternatives, S. aureus, mice model, plasmid

INTRODUCTION

Cow mastitis is one of the most prevalent domestic animal diseases and leads to reduced milk
production, increased veterinary cost, and early culling (1–3). The primary reason for mastitis
is bacterial infection; one of the most problematic pathogens is Staphylococcus aureus, a Gram-
positive pathogen that infects between 3 and 15% of dairy cows in a herd (4). At present, to reduce
economic losses, most farms set up mastitis management programs, such as routine antibiotic
therapy, culling cows with chronic infections, and monitoring milk somatic cell numbers (5). For
breeding mastitis-resistant dairy cattle, approaches through both traditional breeding methods,
including comparing innate immune response patterns and metabolic parameters, and recent
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studies to find molecular markers through epigenetic and
genome sequencing are attempting to improve cow resistance
to mastitis (6). However, these approaches still have various
limitations. For example, the routine use of antibiotics may
lead to antibiotic resistance (7). Cow breeds from the mastitis
resistance breeding procedure can hardly meet all economic
parameters perfectly, such as a decrease in milk production (6).
Mastitis is a lasting and difficult problem that still challenges the
global dairy industry.

Antibiotic-free approaches aimed at curing or relieving
mastitis symptoms have been investigated to overcome
these obstacles (8). Studies on therapeutic strategies with
bacteriophages (9), nanoparticles (10), cytokines (11), natural
compounds (12), and antimicrobials (13) have the potential
to become novel effective methods. β-defensins are potential
antimicrobial that can protect against respiratory pathogens in
cattle (14). It is mainly distributed in the mucosal layer of various
organs of mammals and birds, and is also widely expressed in
breast tissue, which plays an important role in breast resistance
to microbial infection and maintenance of normal physiological
functions (15). The biological activity, expression regulation, and
genetic engineering of defensins have always been the focus of
research. Tracheal antimicrobial peptide, a β-defensin, was firstly
discovered in 1991 (16). It has a broad spectrum of antimicrobial
activity and special antimicrobial mechanism. Both pathogenic
microorganisms and various pro-inflammatory factors can
specifically induce the upregulation of TAP gene expression in
mammary tissue of dairy cows, with the maximum upregulation
of tens of times, thus enhancing the local defense ability of
mammary gland (17). Therefore, tracheal antimicrobial peptide
is expected to provide a powerful help to solve the growing
problem of bacterial resistance.

Here, we developed a plasmid transgene strategy that results
in specific expression of TAP in bovine mammary gland cells.
Plasmid-delivered TAP significantly relieved S. aureus infection,
and the plasmid therapy effect was verified in mice. This research
established a new potential antimicrobial therapy for bacterially
derived bovine mastitis.

MATERIALS AND METHODS

Ethics Statement
All experimental protocols in this study were reviewed and
approved by the Institutional Animal Care andUse Committee of
Yangzhou University (ZZCX2020-SYXY-2). All methods in this
study were carried out in accordance with the Administration
of Affairs Concerning Experimental Animals published by the
Ministry of Science and Technology of China.

Vector Construction
Plasmid pEGFP-N1 (Miaoling Biosystem, Wuhan, China) was
used as the basal plasmid in the construction of mammary gland
tissue-specific expression vector carrying TAP gene. The bovine-
derived TAP and BLG promoter genes were cloned from the
cDNA and DNA extracted from the whole blood and pBMECs of
a Holstein cow, respectively. pBLG-EGFP-N1 was generated by
replacing the AseI–NheI fragment (cytomegalovirus promoter)

with the BLG promoter using homologous recombination
(Thermo Fisher, Shanghai, China). In addition, a HindIII–SacII
fragment that contained TAP sequence was ligated into the
multiple cloning site (MCS) of pBLG-EGFP-N1 to obtain
the plasmid pBLG-TAP-EGFP-N1 (Figure 1E). Primers used in
the construction of pBLG-TAP-EGFP-N1 are shown in Table 1.

Cells and in vitro Transfection
Primary bovine mammary epithelial cells (pBMECs) were
aseptically obtained from a healthy slaughteredHolstein lactating
cow and maintained in DMEM/F12 medium (Thermo Fisher,
Waltham, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Thermo Fisher, Beijing, China), penicillin–
streptomycin (Procell, Wuhan, China), and various cytokines
as previously described (18). For transient transfection, 1 µg of
either pBLG-TAP-EGFP-N1 vector or negative controls (Novus
Biologicals, Briarwood, USA) was used to transfect pBMECs
and HEK293T cells with FuGENE R© 6 Transfection Reagent
(Promega, Madison, USA). At 12 h after transfection, the
expression of GFP was observed and photographed under an
inverted fluorescence microscope (Carl Zeiss, Shanghai, China).

The Isolation of Bovine-Derived S. aureus
The strain of S. aureus used in this study was isolated from raw
milk of a Holstein cow suffering from clinical mastitis. In short,
100 µl of diluted milk samples was plated onto a Baird-Parker
Agar plate and incubated aerobically at 37◦C for 12–24 h. The
black and round colonies with a halo were picked for further
isolation and identification. The suspected colonies were sub-
cultured by streaking on a MacConkey plate, and one more
optional sub-culture was conducted if different morphological
colonies grew on a plate. Single colonies were identified by
specific PCR targeting Nuc gene of S. aureus (Table 1) and
sequencing. Subsequently, the identified colonies were expanded
cultured routinely at 37◦C in brain–heart infusion (HARDY
Diagnostics, Santa Maria, USA) broth and stored in 30% glycerol
at−80◦C.

S. aureus was resuscitated in LB culture medium and cultured
for 16 h at 37◦C. The culture was centrifuged for 15min at
5000 r/min. S. aureus was resuspended in a saline solution. The
number of bacteria was subsequently measured in the inoculum
through measurement of OD600nm on a spectrophotometer (19).
Based on these OD results, the inoculum was diluted in PBS to
the desired number of bacteria. The exact number of CFU of
the inoculum was confirmed by plate counts on tryptone soya
agar plates.

Bacterial Challenge
The pBMECs were seeded in six-well plates at 80% confluence
before infection, and the cells were divided into three groups: a
normal group, an infection group, and an antibacterial group.
The cells in the infected group were incubated with bovine-
associated S. aureus for 4 h at 37◦C and with 5% CO2 and a
multiplicity of infection (MOI) of 100:1 from the infected group.
The cells in the antibacterial group were infected with bovine-
associated S. aureus 12 h after transfection with the recombinant
plasmid. All groups of cells were collected from six-well plates
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FIGURE 1 | Molecular cloning of pBLG-TAP-EGFP-N1. (A) Analysis diagram of the promoter element of BLG. (B) BLG promoter PCR amplification diagram (2,358 bp

corresponds to the 2,318 bp promoter + 20 bp upstream homologous arm + 20 bp downstream homologous arm). Marker: DL5000 DNA Marker. BLG promoter:

PCR amplification product of BLG promoter. The five rows contained the same sample with replicates. (C) PCR amplification of the TAP gene (236 bp corresponds to

the 192 bp TAP gene + 22 bp upstream homologous arm + 22 bp downstream homologous arm). Marker: GeneRulerTM 100 bp DNA Ladder. TAP: PCR

amplification product of TAP gene. The five rows contained the same sample with replicates. (D) The recombination vector named pBLG-TAP-EGFP-N1 was verified

by sequencing. The result showed that all of the target genes (TAP gene, BLG promoter) were correct without any misalignment, indicating that pBLG-TAP-EGFP-N1

was successfully constructed. (E) Design and construction of pBLG-TAP-EGFP-N1.

and fixed overnight in chilled 70% ethanol (−20◦C). The cells
were centrifuged and washed two or three times with PBS.
Then, 500 µl of PI staining solution (50µg/ml propidium

iodide, 100µg/ml RNase A, and 0.2% Triton X-100) was added,
and the cells were incubated at 4◦C for 30min. Finally, the
cell proliferation and apoptosis were determined with CCK-8
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TABLE 1 | Introduction of primer information.

Gene Size Primer sequence (5′-3′)

TAP 236 bp F:CTCAGATCTCGAGCTCAAGCTT

ATGAGGCTCCATCACCTGCT

P:CATGGTGGCGACCGGTGGATCC

CTTCTTTCTACAGCATTTTA

BLGpromoter 2,518 bp F:GCCATGCATTAGTTATTAAT

AGGTGCTTTATTTCCGTCTC

P:GACTGCAGAATTCGAAGCTT

ACAGCCTCCCTTGGTCTC

Nuc 279 bp F:GCGATTGATGGTGATACGGTT

R:AGCCAAGCCTTGACGAACTAAAGC

The underlined part is the homologous sequence of the target knockout gene.

assay (Abcom, Shanghai, China) and flow cytometry (Abcom,
Shanghai, China).

Animals
The ICR mice employed in this study were all at first parity
and 7–10 days of lactation with a weight of 40–50 g. The
baby mice were separated from their mothers 1–2 h before the
experiment. A mixture of oxygen and isoflurane (2–3%) was
used for inhalational anesthesia of the mice and a bolus of PBS-
diluted Vetergesic (i.e., buprenorphine 10 µg/kg, Val d’Hony
Verdifarm NV, Belgium) was administered intraperitoneally
(i.p.) as analgesic prior to any surgical intervention. Mice were
housed individually in a regulated environment of humidity
and temperature (12-h light/dark cycle, lights on at 08:00) with
standard mouse diet and water.

In vivo Transfection/Infection of Mice
A total of 18 ICR mice were randomized into six groups. Three
mice were first transfected with pBLG-TAP-EGFP-N1 and then
challenged with S. aureus after 24 h, serving as the prevention
group. Three mice were first challenged with S. aureus and then
transfected with pBLG-TAP-EGFP-N1 after 24 h, serving as the
treatment group. Three mice only infected with S. aureus served
as the infection group. Three mice were inoculated with PBS
and served as control group 1. Three mice were transfected
with empty vector (pEGFP-N1), serving as control group 2.
The remaining three mice were first challenged with S. aureus
and then transfected with pEGFP-N1 after 24 h, serving as
control group 3. For the transfection, the recombinant plasmid
pBLG-TAP-EGFP-N1 was transiently transfected into mice using
in Entranster-in vivo transfection reagent (Engreen Biosystem,
Beijing, China) according to the manufacturer’s instructions.
Numerous studies have shown that the transfection agent causes
limited inflammation in mice and rats (20, 21). In brief, the mice
in the prevention and treatment groups were injected with 150µl
of transfection master mix containing 18.75 µg of DNA, 37.5 µl
of transfection reagent, 75 µl of 10% glucose solution, and 37.5
µl of double-distilled water, via caudal vein. For the challenge
of S. aureus, 50 µl of bacterial suspensions (1 × 108 CFU/ml)
were injected into the mice in the prevention, treatment, and
infection groups through intramammary infusion (22). All mice

were euthanized by cervical dislocation after treatments, and the
mammary gland, heart, liver, spleen, lung, and kidney samples
were aseptically removed for fluorescence quantitative PCR and
Western blot. Breast tissue samples were also used to make
paraffin sections for pathological tests.

Quantitative Real-Time Polymerase Chain
Reaction (PCR)
Total RNA was extracted from mammary gland, pBMECs,
and HEK293T cells with RNAprep Pure Plant Kit (TIANGEN,
Shanghai, China). The concentration and purity of the extracted
RNA were detected by a spectrophotometer (Takara, Shanghai,
China) to ensure the quality of RNA. The primers designed for
quantitative real-time PCR (qRT-PCR) targeting TAP and β-
actin (housekeeping gene) were synthesized by a commercial
company (Takara, Dalian, China). qRT-PCR was performed
using the LightCycler R© 480 System (Roche, Basel, Switzerland)
with High Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, Foster City, USA) and SYBR Premix EX Taq (Takara,
Beijing, China) according to the manufacturer’s instructions. The
relative expression levels of TAP were calculated with the 2−11Ct

method (23).

Western Blot
Euthanized mice had their mammary gland tissue removed,
and 30mg of mammary gland tissue was digested with 300
µl of RIPA buffer (Thermo Fisher, Shanghai, China) under
ultrasound exposure for 30min at 4◦C. The samples were
centrifuged at 13,800 × g for 20min at 4◦C. After isolating
proteins by PAGE, the membranes were blocked with 5%
pure milk for 2 h at room temperature (RT) and then washed
with TBST (Thermo Fisher, Shanghai, China). The membranes
were incubated with anti-EGFP (Biorbyt, Wuhan, China) and
anti-β-actin primary antibodies (Cell Signaling Technology,
Shanghai, China) overnight at 4◦C. Then, the membranes were
incubated with a secondary antibody for 1 h. ECL (Thermo
Fisher, Shanghai, China) was used for substrate coloration.

Bacteria Counting
Bacterial colony-forming unit (CFU) counts were obtained
after plating serial logarithmic dilutions of mammary gland
homogenates. The mammary gland homogenate supernatant
from each sample was inoculated in a S. aureus chromogenic
culture (Ao Bo Xing, Beijing, China) dish for bacterial culture,
and the number of colonies in the culture dish was counted
after 24 h, and transforming counts into base 10 logarithm
(log10) values (24). Bacterial genomic DNA was extracted and
purified from themammary gland homogenate, and specific PCR
amplification and sequencing were performed for the specific
Nuc gene of S. aureus to verify that the infecting bacteria were
indeed bovine-associated S. aureus.

Pathological Tests
Mammary gland samples were fixed in 4% paraformaldehyde,
covered with paraffin, and then dehydrated in a concentration
gradient of ethanol. HE staining was performed after sectioning,
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and then pathological damage to the breast tissue was evaluated
by optical microscopy.

Inflammatory Cytokine Assay
The levels of TNF, IL1, and IL6 in the mammary tissues of mice
were determined using enzyme-linked immunosorbent assay
(ELISA) kits (Qiao Du, Shanghai, China), and the operation was
performed according to the manufacturer’s instructions. In brief,
breast tissues were ground up after adding normal saline at 0.2
g/mL. The supernatant was centrifuged at 3,000 rpm for 10min
to detect inflammatory factors.

Statistics and Data Analysis
All the variance of the experimental data was analyzed using SPSS
17.0 statistical software (IBMCorporation, Armonk, NY, USA). If
the result was significant, the LSD method was used for multiple
comparisons, and each group of data is represented by the mean
± standard deviation.

RESULTS

Validation of Recombinant Plasmid
pBLG-TAP-EGFP-N1
To specifically express the TAP gene in bovine mammary glands,
we selected the promoter of BLG gene, which is specifically
expressed in the mammary gland. The sequence of promoter
region (2318 bp) was obtained from online public database
GenBank (Figure 1A). It included the first 1,2 introns and exon
regions of nearly 1,000 bp of BLG gene, as well as 2,171 bp
upstream regulatory sequence at the 5’ end, which contained
multiple regulatory action sites or response elements, such as GC-
box, CAAT-box, and TATA-box. The BLG promoter and TAP
gene were cloned by PCR, and their sizes were identified through
agarose gel electrophoresis. The electrophoresis results showed
that the cDNA sequence of TAP was consistent with the expected
fragment size at about 200 bp, and the BLG promoter sequence
was consistent with the expected fragment size at about 2,000

bp (Figures 1B,C). The recombinant vector was named pBLG-
TAP-EGFP-N1 and verified by Sanger DNA sequencing. After
assembly and alignment, it was shown that the open reading
frames (ORFs) of the recombinant plasmid showed that all target
genes were correct without any misalignment, indicating that
pBLG-TAP-EGFP-N1 was successfully constructed (Figure 1D).

The Expression of pBLG-TAP-EGFP-N1 in
pBMECs
The pBMECs were isolated from the collected mammary tissue
of lactation cows by digestion method. The cells were pebbly and
polygonal. It was observed that EGFP was efficiently expressed
in pBMECs, while its expression was hardly to be detected
in HEK293T cells via immunofluorescence after lipofection
(Figure 2A). In addition, qPCR showed that a highly significant
higher relative expression level of TAP was detected in pBMECs
transfected with pBLG-TAP-EGFP-N1 (24,202.00 ± 978.73),
compared with the controls (Figure 2B).

Isolation and Identification of S. aureus
After culture and sub-culture, regular PCR targeting Nuc gene
was performed on four suspected strains of S. aureus. The
amplification of the 279-bp sequences of Nuc gene was observed
from the PCR products of all the four suspected strains
(Figure 3A). In addition, the sequencing data showed that these
four bacterial strains belonged to S. aureus (Figures 3A,B) with
100% identity, and one of them (No. 4) was employed in further
experiments. The results of BLAST homology comparison
showed 100% similarity with the specific Nuc gene of S. aureus
in the database (Figure 3C).

The Expression of TAP Relieved S. aureus

Infection in vitro
Under S. aureus challenge, pBMECs showed apoptosis
characteristics, such as shrinking of the cell membrane and
loss of normal cell morphology. However, with the expression of
TAP, little change was observed in the transfected cells compared
with the controls (Figure 4A). The CCK-8 assay indicated that

FIGURE 2 | pBLG-TAP-EGFP-N1 in pBMECs. (A) Specific expression of pBLG-TAP-EGFP-N1 in primary mammary epithelial cells (×100 magnification). (B) Relative

expression of the TAP gene in pBMECs and HEK293T cells.
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FIGURE 3 | Detection results of a specific gene Nuc in Staphylococcus aureus. (A) PCR electrophoresis of Nuc gene. Marker: GeneRulerTM 100 bp DNA Ladder.

Nuc: PCR amplification product of Nuc gene. (B) Sequencing of the Nuc gene. The four rows indicated samples of S. aureus isolates numbered 1–4, respectively. (C)

The results of BLAST homology comparison showed 100% similarity with the specific Nuc gene of S. aureus in the database.

the overexpression of TAP significantly relieved the decreased
cell proliferation caused by S. aureus infection (Figure 4B).
Additionally, the results of Annexin V-FITC-based flow
cytometry elucidated the results above, in which the expression
of TAP reduced apoptosis of infected pBMECs (Figures 4C,D).
Compared with the infection group, the proportion of early
apoptotic cells in the antibacterial group decreased from 8.88
to 2.94%, and the proportion of late apoptotic cells decreased
from 5.52 to 0.83%. Although the rate of cell necrosis increased
from 1.45 to 4.61%, the total living cell rate increased from 84.1
to 91.6%.

The Expression of pBLG-TAP-EGFP-N1 in
Mammary Tissue of Mice
The plasmid pBLG-TAP-EGFP-N1 was delivered through
murine caudal vein before/after S. aureus infection. The fusion
protein EGFP-TAP was efficiently expressed in the mammary
tissues of the mice transfected with the recombinant plasmid,
while it was unable to be detected in other tissues of the

transfected mice and the mammary tissues of the controls
(Figure 5A). The real-time PCR also showed that the target gene
was only transcribed in mammary tissues of transfected mice
(Figure 5B). The relative expression level of TAP gene in murine
mammary tissues was significantly increased by 32.34 ± 1.21
times (p < 0.01). The expression levels of target gene in the
heart, liver, spleen, lung, and kidney ofmice were not significantly
different from that of the controls (p > 0.05).

Mastitis Pathogen Verification and
Colony-Forming Units
At 24 h after treatment, the numbers of S. aureus colonies reduced
significantly both in the prevention group and treatment group,
compared with the infection group (Figure 6A). Mammary
glands of mice in the prevention group had a median bacterial
load of 3.74 log10 CFU/g of gland, and those in the treatment
group had a median bacterial load of 3.51 log10 CFU/g, which
represents an decrease of 5.62 log10 CFU/g of gland compared
to the original inoculum (Figure 6B). The qPCR showed a
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FIGURE 4 | Detection of cell growth and apoptosis after pBLG-TAP-EGFP-N1 transfection. (A) Cell morphology after S. aureus and TAP treatment. Scale bar:

200µm. (B) CCK-8 test of cell growth after treatment. (C,D) Cell apoptosis analysis by flow cytometry.

reduction of S. aureus-specific geneNuc relative expression in the
TAP-treated group (Figure 6C).

Histopathological Changes
Mammary glands were graded for gross pathological appearance.
Mild or lack of inflammation was characterized by the presence
of milk in the mammary glands, while redness of the glands
indicated a severe local inflammatory reaction accompanied with
a slimy exudate, indicative of a high bacterial burden (25). The
mammary glands of mice in the model group showed significant
and severe inflammation, which were very similar to that in
control group 3. The prevention group and treatment group
showed mild inflammatory symptoms, which were very similar
to those in control groups 1 and 2 (Figure 7A).

We elucidated the therapeutic effect visually through
mammary gland paraffin sections. After S. aureus infection,
inflammation could be easily detected in the sections. The

interstitium of mammary gland cells was obviously widened,
high level of edema was observed, and a large number of
inflammatory cells were infiltrated. The vascular dilatation and
hemorrhage were observed. Most of the acinar epithelial cells
in the exudated area were necrotic, detached, disintegrated,
and disappeared. Neutrophils were scattered in many acinus,
and part of the neutrophils were necrotic and disintegrated.
Regardless of whether the TAP vector was injected before or after
S. aureus inoculation, inflammation remission was significant.
There were a few inflammatory cells in the breast tissue, the
infiltration was not obvious, the phenomenon of acinar epithelial
abscission and necrosis was less, and the breast cells were
basically intact (Figure 7B).

Changes in Inflammatory Cytokines
Inflammatory cytokines in the breast were measured. As shown
in Figure 6D, the levels of TNF-α, IL-1β, and IL-6 after TAP
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FIGURE 5 | pBLG-TAP-EGFP-N1 in the mammary gland tissue of mice. (A) Western blot analysis of TAP expression in the mouse any tissue. The fusion protein

EGFP-TAP was efficiently expressed in the mammary tissues of the treatment group (n = 3), while it was unable to be detected in other tissues of the transfected mice

and the mammary tissues of the controls (n = 3). (B) qPCR test of TAP expression in mouse any tissue. The relative expression level of TAP gene in murine mammary

tissues was significantly increased. The expression levels of target gene in the heart, liver, spleen, lung, and kidney of mice were not significantly different from that of

the controls.

plasmid treatment were significantly lower than those of the
model group (p < 0.001). In particular, the decrease in TNF
levels was the most significant, and the levels of IL-1β and IL-
6 in the prevention group and treatment group were close to
those in control groups 1 and 2. Similarly, the control group
2 did not show a significant increase in inflammatory cytokine
levels compared to the control group 1. There was no significant
difference between the levels of inflammatory factors in control
group 3 and the model group, and the empty vector did not
relieve the inflammation of mastitis mice.

DISCUSSION

Bovine mastitis is a common disease with high incidence, mainly
caused by bacterial infection, and S. aureus is an important
pathogenic bacterium (26). Bovine mastitis results in prevalent
and large-scale financial losses in the global dairy industry (4).
Small-molecule antibiotic therapy has already been used for both
the treatment and prevention of S. aureus-induced mastitis. The
treatment of bovine mastitis with currently approved antibiotics,
such as pirlimycin, has a cure rate of about 10–30% (27).
However, there are many drawbacks to using antibiotics to treat
mastitis in cows (28). The presence of antibiotic residues in
milk intended for human consumption is a matter of consumer
concern. Antibiotics in milk were first identified in the 1960s
and have been increasing ever since, with a significant increase
in detection since 2000 (29). In order to avoid the problem
of residual milk after antibiotics are used, farms often choose
to stop production for a period of time after antibiotics are
given, resulting in milk returning to antibiotic-free levels. Such
a measure is obviously not the most satisfactory option for
farmers, and it will bring serious economic losses. In addition,

the problem of bacterial resistance caused by long-term use
of antibiotics has also been a major concern. Global concerns
regarding bacterial antibiotic resistance demand prudent use of
antibiotics in livestock production (30). The resistance rates of S.
aureus infection and multidrug-resistant strains are increasing,
making the clinical anti-infective treatment more difficult (31).
As a result, it is particularly urgent and important to develop new
drugs and alternative antibiotic therapies (32).

Antimicrobial peptide (AMP) is an important
immunomodulated molecule that can protect the host
from the invasion of pathogenic bacteria (33) and has been
widely considered as a new alternative antibiotic product.
Unfortunately, despite the potent antibacterial activity of AMPs
in vitro, the hysteretic screening approach and in vivo failure
still hinder their further development, thus becoming the largest
barrier to their clinical application. For example, pig protegrin
(34) derivative IB-367 (iseganan) failed in Phase III clinical trials
of oral mucositis (35, 36). Similarly, magainin can be easily
degraded by various proteases in blood circulation within a few
minutes, thereby losing its antimicrobial activity (37). A series of
factors, including serum stability, toxicity, and the production
cost, is far from negligible when it comes to clinical application
and in vivo efficacy. In recent years, many gene expression
vector delivery strategies have emerged in the treatment of
inflammatory diseases. For example, IL-19 gene recombinant
plasmid was used to treat experimental autoimmune myocarditis
in rats (38). The results showed that the recombinant plasmid
could significantly inhibit the inflammatory response of
experimental autoimmune myocarditis in rats. Local injection
of naked plasmid DNA encoding miR-200c in gingival tissues
effectively rescued miR-200c expression, protected against
periodontal inflammation, and alleviated the impaired glucose
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FIGURE 6 | Therapeutic effect of plasmid pBLG-TAP-EGFP-N1 on S. aureus-infected mice. (A) Chromogenic culture plate colony count of S. aureus in murine

mammary tissue homogenate. The number of plate colonies in the treatment (S. aureus+TAP plasmid, n = 3) and prevention (TAP plasmid+S. aureus, n = 3) groups

were significantly lower than that in the infection group. The number of plate colonies in control groups 2 (Empty vector, n = 3) and 3 (S. aureus+Empty vector, n = 3)

showed that the empty vector neither caused nor had any resistance to S. aureus infection in the mammary glands of mice. (B) Mammary gland CFU post plasmid

pBLG-TAP-EGFP-N1 treatment. The CFU of the mammary gland was highly consistent with the above results, which further supported the above conclusion. (C)

Inflammatory cytokine levels in the murine mammary gland. There was no significant difference in the levels of inflammatory factors between the infection group and

the control group 3, and both were significantly higher than the other experimental groups. Inflammatory cytokine levels in the treatment and prophylaxis groups were

not significantly different from those in uninfected controls 1 (PBS, n = 3) and 2. (D) Q-PCR of the Nuc gene in murine mammary gland tissue. The change of relative

expression level of Nuc gene was consistent with that of CFU in each experimental group.

metabolism in PiOS mice (39). This strategy makes up for the
regret of giving AMPs directly and provides us with a new idea of
using AMPs. However, some existing plasmid delivery strategies
still have some disadvantages. The recombinant plasmid cannot
be expressed directionally in the lesion, and the expression of
exogenous genes in other tissues or organs may affect the health
level of the body and lead to other diseases (40–42). In the
treatment of cow mastitis, several researchers have performed
related application exploration. Chen et al. constructed the
recombinant plasmid carrying human-derived lysozyme gene for
the treatment of bovine mastitis (43). However, the introduction
of exogenous gene will increase the concern of biosafety and
may induce some negative effects on the production of animals
(44, 45). In contrast, in this study, we constructed a mammary
gland tissue-specific expression vector carrying the AMP of
bovine-derived TAP gene and evaluated its expression efficiency
in pBMECs, HEK293T cells, and different organs of mice.

In this way, it will also avoid the potential biosafety risk and
immunological rejection of the recombinant plasmid being
expressed in other tissues. TAP is a member of the β-defensin
family of antibiotic peptides, which is expressed in the tracheal
mucosa and mammary gland of cows, and had a broad-spectrum
antibacterial effect (14). There are a lot of other studies that
have been done on β-defensins, demonstrating their therapeutic
potential in inflammatory diseases. Equine β-defensin 1 (EBD1)
is induced in the respiratory tract in response to equine herpes
virus infections (46). Porcine β-defensin 2 affects bacteria
and pseudorabies virus (47). P9 peptide derived from mouse
β-defensin-4 makes aggregation with viral glycoproteins,
which prevent viral RNA release, and P9 has been reported
to have a broad range of antiviral properties against various
respiratory viruses (48). The rat β-defensin-2 and IL-22 emerged
as biomarkers for the multidrug-resistant Klebsiella pneumoniae
bacterial infection (49).
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FIGURE 7 | Pathology of mammary glands in mice. (A) Gross pathology of murine mammary glands. The murine mammary glands of control 1 (PBS, n = 3) and 2

(Empty vector, n = 3), which were not infected with S. aureus, were milky and lack of inflammation. Mice infected with S. aureus in the control 3 (S. aureus+Empty

vector, n = 3) and infection (S. aureus, n = 3) groups showed significant red and inflammatory responses in the mammary glands, while those in the treatment (S.

aureus+TAP plasmid, n = 3) and prevention (TAP plasmid+S. aureus, n = 3) groups showed the opposite. (B) Histopathological examination of murine mammary

glands. Mice infected with S. aureus without transfection TAP gene showed significant inflammatory symptoms, including inflammatory cell infiltration, local breast

acinar hyperplasia, blood vessel dilatation, and bleeding in the control 3 and infection groups. Regardless of whether the TAP vector was injected before or after S.

aureus inoculation, inflammation remission was significant in the treatment and prevention groups. This result was very similar to control 1 and control 2 without S.

aureus infection. Scale bar: 100µm. Green arrow: The inflammatory cells were infiltrated. Yellow arrow: Hyperplasia of breast acinus. Red arrow: Vascular dilatation

and hemorrhage.

The overexpression vector often carriesGFP and other marker
genes, and the expression product is a fusion protein with GFP.
Therefore, the effect of tagging proteins on the function of AMPs
should be considered in advance. The TAP involved in this
study is an amphiphilic polypeptide, which exists in the form
of polypeptide. This prevents its non-polar surface from being
exposed to aqueous solutions. Defensins acts on the membrane
or envelope wall by its amphiphilicity (50–52). The classical
mechanism of action of cationic defensins is the disturbance of
the anionic bacterial membrane. In this way, bacterial destruction

occurs by the interaction between the electrostatic forces of
positively charged amino acids within defensins(s) and the
negatively charged ones on the cellular surface (53). The structure
of GFP is very stable. The spatial structure is cylindrical, just like
a bucket, and the luminescent group is located in the center of the
bucket. Thus, we can visualize it as a paint bucket with pigment.
The outer wall of the bucket effectively prevents its influence on
the spatial structure of the target protein (54–56). The GFP does
not require any reaction substrate and cofactor, has no species
restriction, and can be expressed in a variety of biological cells to
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emit stable fluorescence. Existing experiments have proved that
GFP does not affect the bactericidal effect of defensins (57, 58). In
conclusion, we can conclude that GFP does not affect the spatial
structure and bactericidal mechanism of TAP. The therapeutic
effect of TAP in mice increased the possibility of its foreseeable
application in the treatment of bovine mastitis.

For the studies in vitro, the recombinant plasmid can be
specially expressed in the targeted cells, bovine mammary
epithelial cells. In addition, a significant protective effect on
preventing the apoptosis of mammary epithelial cells infected
by S. aureus was observed. Although a certain degree of cell
necrosis was induced by transfection of the recombinant plasmid,
this effect was limited. This may be due to the cytotoxicity of
liposomes at the initial stage of transfection. When the AMPs
were expressed, they prevented cell apoptosis caused by bacterial
infection. In vivo studies in mice, quantitative bacterial loads,
histological evaluation, the expression levels of inflammatory
factors, and the differences of qualitative clinical symptoms all
strongly indicated that the treatment with plasmid pBLG-TAP-
EGFP-N1 significantly decreased the intramammary bacterial
loads and inflammation caused by S. aureus-induced bovine
mastitis. Moreover, the q-PCR and Western blot indicated that
the recombinant plasmid was able to significantly increase the
expression level of TAP gene in murine mammary gland without
spreading systemically. Of course, we detected extremely obscure
protein bands in tissues other than the breast, which we can
attribute to a guess that the target protein travels through the
bloodstream into other tissues in small amounts, so this level of
expression is negligible. It is worth mentioning that the empty
vector was introduced as the control group, and we found that
transfection of the empty vector neither caused the inflammation
of the mouse breast, nor had the effect of relieving the breast
inflammation induced by S. aureus. On the premise that the
interfering factors are fully eliminated, we can basically confirm
that TAP produces an obvious effect on the treatment of mastitis
in mice.

In summary, the ultimate goal of the dairy industry is to
produce reliable and high-quality dairy products for customers,
which is undeniably profit-oriented. Therefore, low-cost and
mature approaches to attenuate the effect of both mastitis and
antibiotic overuse are truly feasible ways to address this difficulty.
This study demonstrated a proof of principle that plasmid-
delivered AMPs could reduce mammary bacterial infection in
mice. Further studies are needed to evaluate the biosafety and
antibacterial effect of pBLG-TAP-EGFP-N1 in cows withmastitis.
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