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Bovine mastitis, an inflammatory disease that occurs frequently in early lactation or the
dry period, is primarily caused by bacterial infections. There is growing evidence that
Aerococcus viridans (A. viridans) is becoming an important cause of bovine mastitis. The
treatment of bovine mastitis is primarily based on antibiotics, which not only leads to a
large economic burden but also the development of antibiotic resistance. On the other
hand, bacteriophages present a promising alternative treatment strategy. The object
of this study was to evaluate the potential of a previously isolated A. viridans phage
vB_AVIM_AVP (AVP) as an anti-mastitis agent in an experimental A. viridans-induced
murine mastitis model. A. viridans N14 was isolated from the milk of clinical bovine
mastitis and used to establish a mastitis model in mice. We demonstrated that
administration of phage AVP significantly reduced colony formation by A. viridans and
alleviated damage to breast tissue. In addition, reduced inflammation was indicated by
decreased levels of inflammatory cytokines (TNF-a, IL-18, and IL-6) and myeloperoxidase
(MPQ) activity in the phage-treated group compared to those in the phosphate buffered
saline (PBS)-treated group. To the best of our knowledge, this report is the first to show
the potential use of phages as a treatment for A. viridans-induced mastitis.
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INTRODUCTION

Bovine mastitis is an inflammatory response primarily caused by infection of the udder tissue,
which has a serious impact on the health of dairy cows and the quality of their milk (1). Bovine
mastitis results in prevalent and large-scale financial losses in the global dairy industry (2). With
advances in the modern dairy industry, farmers have been constantly seeking low-cost and effective
ways to minimize the damage caused by mastitis. Although optimizing the milking process,
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antibiotic use and disposal of infected animals decreased this damage, these methods led to an
increase in the cost of milk production. Even more worrying is the emergence of drug resistance and
the contamination of residues in milk due to the overuse of antibiotics (2, 3). As a result, restrictions
on antibiotics and new methods for combating resistant bacteria are urgently needed globally (3-5),
making the development of new drugs and the discovery of new treatments even more important.
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FIGURE 4 | Histopathological examination of murine mammary glands. At 24 h post-inoculation of A. viridans N14 with or without AVP treatment, the mammary
glands were removed for histopathological analysis. Representative H&E-stained mammary tissues from each group are shown (100x). (A) The Control group
(Normal), (B) Safety-Control group (5 x 107 AVP), (C) Bacteria-PBS group (5 x 108 N14), (D) Bacteria-AVP-L group (5 x 10° N14 + 5 x 10° AVP), (E)
Bacteria-AVP-M group (5 x 10° N14 + 5 x 10% AVP), (F) Bacteria-AVP-H group (5 x 106 N14 4+ 5 x 107 AVP). Scale bar = 200 um.

the mammary glands was significantly reduced (P < 0.001). The
bacterial loads of the Bacteria-AVP-L group and Bacteria-AVP-M
group were 2.1 x 10%> CFU/g and 4.5 x 10?> CFU/g, respectively.
In the high-dose phage-treated mice, no colonies were detected
in the mammary glands.

Titer of Phage AVP in Mammary Glands
After Therapy

To detect the phage titer in the mammary glands treated with
different doses of AVP 24 h after challenge, the double-layer plate
method was used to count phage in their tissue homogenates.
No phage was detected in the Bacteria-AVP-L group. In contrast,
phage remained in the mammary glands of the Bacteria-AVP-M

group (1.8 x 10? PFU/g) and the Bacteria-AVP-H group (8.7 x
10% PFU/g) after 24 h (Figure 3).

Effects of Phage AVP on A.
viridans-Induced Mastitis

Histopathological Changes

To investigate the protective effect of phage AVP on A. viridans-
induced mastitis in mice, H&E staining was used to analyse the
pathological changes of the mammary glands (Figures 4A-F).
Histopathological analysis showed that the control group had
intact acinar walls and no inflammatory cell infiltration, showing
the normal structure of breast cells (Figure 4A). In contrast, the
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acinar integrity of the Bacteria-PBS group was destroyed, and the
acinar wall was thickened, which was accompanied by a large
amount of inflammatory cell infiltration (Figure 4C). After phage
therapy, the damage to the acinar structure caused by A. viridans
was considerably weaker than that of the Bacteria-PBS group, and
neutrophil infiltration was alleviated (Figures 4D-F). However,
intact structure and no typical pathological damage were found
in the Safety-Control group, indicating the safety of phage AVP
application in this study.

Effects of Phage AVP on MPO Activity and
Inflammatory Cytokines in a Murine
Mastitis Model

The inflammation level was assessed indirectly based on the
level of the neutrophil marker MPO. After A. viridans infection,
the accumulation of neutrophils in the mammary glands of
the Bacteria-PBS group was significantly elevated (Figure 5). In
contrast, MPO activity significantly decreased and approached
the level of the control group after medium- and high-dose phage
treatment (Figure5, P < 0.001). Furthermore, there was no
significant difference between the Control group and the Safety-
Control group, which corresponded to the pathological changes.
Inflammatory cytokines in the breast were also measured.
As shown in Figure 6, the levels of TNF-a, IL-1f, and IL-6
after phage treatment were significantly lower than those of
the Bacteria-PBS group (P < 0.001). In particular, the levels
of IL-1f and IL-6 in the medium-dose and high-dose phage-
treated groups were close to those in the control group. Similarly,
the Safety-Control group did not show a significant increase in
inflammatory cytokine levels compared to the Control group.

DISCUSSION

The main bacteria causing mastitis in dairy cows are
Streptococcus dysgalactiae, Streptococcus uberis, S. agalactiae, S.
aureus, and E. coli (31, 32); the latter three have been identified
and studied by animal models (33-35). In particular, some
studies have used phages to treat a mouse mastitis model caused
by S. aureus and E. coli, which have shown therapeutic effects
in vivo (25, 36, 37), indicating that the application of phages is
safe and effective. Although the currently reported efficacy of
bacteriophages on mastitis cows is absent or highly limited with
a curation rate of only 16.7% (38, 39), which may indicate that
more research is needed to investigate the complex interactions
of phages and bacteria in vivo.

Bovine mastitis caused by A. viridans could not be overlooked.
It is easy to mistake this bacterium for Staphylococcus
or Streptococcus (40, 41), resulting in misjudgment and
mistreatment. Misidentifying the bacteria will also have a
strongly negative effect for phage therapy against A. viridans,
considering phage species specificity. In fact, the mastitis
caused by A. viridans is more serious than previously known.
Additionally, with the long-term and large-scale use of antibiotics
in the dairy industry, the problem of antibiotic resistance has
become increasingly serious. The same problem is observed in
the case of A. viridans, which has developed resistance to most
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FIGURE 5 | Effect of phage AVP on MPO activity in Aerococcus
viridans-induced mastitis. MPO activity was measured in the mammary glands
of different treatment groups at 24 post-inoculation. The mammary gland
tissues of the healthy mice were used as controls. All data are shown as the
mean =+ SD (n = 6 each group). *P < 0.05, **P < 0.01, **P < 0.001
compared to PBS treated group.

of the commonly used antibiotics usually used for Gram-positive
bacteria (14, 42, 43). There have been reports that A. viridans
is even resistant to vancomycin and other back-up antibiotics
(17, 44). Therefore, the use of antibiotics for the infection of
potentially drug-resistant A. viridans will be limited. In addition,
the application of antibiotics will cause the residue of antibiotics
to exist in milk in a certain period of time, which will bring
further losses to farmers and other unknown health risks to milk
consumers. In contrast, phages are specific against certain strains
of bacteria, and there are no reports about their harmful effects
on both humans and animals (45).

In this work, we used a murine model of A. viridans induced
mastitis, which showed typical symptoms of bovine mastitis
as reported before (29). To date, AVP isolated in our earlier
stage is the only reported bacteriophage that infects A. viridans.
To verify the potential of its therapeutic value, we used AVP
to treat the mastitis model. Our results showed that AVP can
effectively remove A. viridans in the murine mastitis model,
and the bactericidal effect of the phage is not affected by other
factors in vivo. Comprehensive evaluation of pathological tissue
sections, MPO activity, and inflammatory factor levels showed
that phage treatment significantly improved the inflammation of
breast tissue. These results are similar to the reported therapeutic
effect of phage therapy on murine mastitis caused by other
bacteria (25, 37), which further indicates the effectiveness of
phage therapy in the treatment of mastitis.

This experiment is a therapeutic study of bacteriophages in
mice infected with A. viridans. It is necessary to conduct research
on the preventive effect of bacteriophages on mastitis. In future
work, more strains, different times of phage administration
and long-term follow-up will be involved to conduct in-depth
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FIGURE 6 | Cytokine levels in the mammary gland. At 24 h post-inoculation, the levels of pro-inflammatory cytokines in all mammary glands were measured with an
enzyme-linked immunosorbent assay. The levels of TNF-a (A), IL-18 (B), and IL-6 (C) in murine mammary gland tissue of all treatment groups were determined. The
tissues of the healthy mice served as controls. All data are shown as the mean + SD (n = 6 each group). *P < 0.05, **P < 0.01, ***P < 0.001 compared to PBS
treated group.

research on the efficacy of phages; in particular, bona fide studies
in dairy cattle are necessary. In addition, the residual A. viridans
in faces, bedding materials and utensils are also responsible for
bovine infection (15). It is conceivable that the bacteriophage
AVP can be used as a spray to disinfect the farm environment
and thus reduce infections by A. viridans, and AVP could play
this effective preventive role based on its stability at different pHs
and temperatures.

It must be acknowledged that phages are highly specific,
which is an advantage and a limitation. Therefore, the selection
of appropriate phages is the key factor for prophylactic or
therapeutic applications. Because phage therapy belongs to
precise and personalized therapy, it is necessary to specifically
select appropriate phages for the prevention and treatment of
a specific farm or patient. On the other hand, phages still exist
in the mammary gland 24 h post-inoculation in this experiment,
which is conducive to the further elimination of residual bacteria.
Longer observation periods may enable further reduction of
colonies and improvement of inflammation; nevertheless, the
risk of bacterial resistance is also increased. However, both of the
above disadvantages can be compensated for by phage cocktail
therapy (46). In addition, mastitis in the clinic is likely to be
caused by the coinfection of multiple bacteria; therefore, phages
of various bacteria may need to be combined into a cocktail to
achieve better prevention and treatment effects. Overall, phage
use is indeed safe and promising, but there are a number of
challenges that remain to be addressed.

CONCLUSIONS

In this study, the murine mastitis model was established by using
A. viridans. A. viridans infection caused significant pathological
damage to the mammary gland tissue of mice. AVP can effectively
eliminate the A. viridans that causes mastitis in mice. In addition,
the application of AVP can effectively ameliorate the pathological
damage to the mammary gland caused by A. viridans infection
and the subsequent development of inflammation, as indicated

by the histological analysis of mammary gland tissue and the
measurement of MPO activities and pro-inflammatory cytokines.
In summary, AVP has shown pharmaceutical potential in the
treatment of mastitis caused by A. viridans. The results of this
study indicate that bacteriophages are promising candidates for
controlling bacterial infection.
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