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Aim: In this study, Staphylococcus phage JD007 bactericidal activity and induced
immune responses during treatment were assessed in a dermal abscess model.

Materials and Methods: Dermal abscesses in nude mice were established by injecting
a clinical isolate of S. aureus SA325 isolated from the back under-dermal abscess of an
in-patient.

Results: Phage JD007 was able to inhibit the growth of S. aureus SA325 at MOI = 1
or 10, significantly preventing the formation of dermal abscesses. Moderate immune
responses were observed in the prevention group through detection of cytokines.

Conclusion: Phage JD007 inhibits the formation of dermal abscesses caused by a
clinical S. aureus strain in nude mice without robust immune responses.
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INTRODUCTION

With the increasing prevalence antibiotic resistant infections, including MRSA (methicillin-
resistant Staphylococcus aureus) and the emergence of VRSA (vancomycin-resistant S. aureus)
(Xiao et al., 2013; Limbago et al., 2014), innovative treatments are urgently needed. Recently,
there has been renewed interest in phage therapy (Thiel, 2004; Salmond and Fineran, 2015), which
has been proposed as a potential antimicrobial therapy as far back as the 1920’s (Salmond and
Fineran, 2015). Advances in biotechnology have led to the identification of numerous classes
of bacteriophages with different host specificities such as K, GH15, Twort, phiIPLA-RODI, and
phiIPLA-C1C (O’Flaherty et al., 2004; Kwan et al., 2005; Gu et al., 2012b; Gutierrez et al., 2015).
Furthermore, whole genome sequences of these phages enables us to understand their biology at a
much deeper level (Cui et al., 2017b).
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Phages have been used to treat infectious disease in various
animal models. A single dose of phage MR10 exhibited efficacy
similar to linezolid in resolving the course of hindpaw infection
in diabetic animals, suggesting this approach could serve as
an effective strategy in treating MRSA mediated foot infections
in diabetic individuals (Chhibber et al., 2013). Phage LS2a
has been shown to prevent abscess formation in rabbits when
injected simultaneously with S. aureus into the subcutaneous
site (Wills et al., 2005). Phage Kpn5 could potentially be used
as stand-alone therapy for the Klebsiella pneumoniae induced
burn wound infection, effective even against antibiotic-resistant
strains (Kumari et al., 2009). Additionally, in clinical trials, phage
products have showed efficacy according to some reports (Marza
et al., 2006).

Phage host specificity narrows their use with lysing efficacies
that can vary significantly depending on the phage strain.
Reports have also documented failures of phage therapy in vivo
(Sarker and Brussow, 2016), so, it is necessary to evaluate
phages’ bacteria killing efficacy both in vitro and in an animal
model. Staphylococcus phage JD007, which belongs to family of
Myoviridae was identified in 2012 and has been shown to have
wide host range (Cui et al., 2012), capable of killing S. aureus of
different MLST Types (Cui et al., 2017a). The aim of this study
is to evaluate the treatment efficacy of JD007 in dermal abscesses
caused by a clinical strain of MRSA and the immune responses
elicited during therapy.

MATERIALS AND METHODS

Animals
BALB/c nude mice (WT, Shanghai Super B&K laboratory animal
Corp. Ltd., [SCXK(HU)2005—0001], Shanghai, China) were
used in this study. Dermal abscesses were stereo tactically induced

as described previously (Capparelli et al., 2007). Uninfected mice
served as controls. Mice were euthanized on days 1, 3 and
10 after infection. Ethics eligibility of this study was approved
by the Shanghai General Hospital Ethics Committee (Shanghai
Jiao Tong University School of Medicine). All experiments were
performed in accordance with the national animal protection
guidelines approved by the local animal ethics committee. Fifty
mice were randomly divided into five groups, 10 mice in each
group, including control group (no treatment), phage JD007
group (injected with purified phage JD007), infection group
(infected by S. aureus SA325), prevention group (phage JD007
were injected 1 h before mice was infected by S. aureus SA325),
and treatment group (phage JD007 was injected 1 h after mice
were infected by S. aureus SA325).

Bacteriophage Purification
High-titre phage stocks were obtained through amplification in
liquid LB (Luria-Bertani) medium supplemented with 10 µM
MgCl2 and 5 µM CaCl2. In culture, S. aureus SA325 was infected
phage JD007 at a MOI of 0.1 and incubated at 37◦C overnight.
The visible bacterial lysate in liquid culture were obtained,
and then incubated with chloroform (final concentration was
2%) for 30 min with gentle shaking to kill residual bacteria.
Remaining bacterial products were removed by centrifugation at
6,500 rpm (Beckman, JA18.0, United States) for 15 min. Phage
contained in the supernatant was enriched at 4◦C overnight
using polyethylene glycol (PEG) 8000 (final concentration 10%
w/v), and precipitated at 8,500 rpm for 20 min (Beckman,
JA18.0, United States). Afterwards, the pellet was dissolved in
TM buffer [(Tris-Mg2+ Buffer) 10 mM Tris–HCl (pH 7.2–7.5),
100 mM NaCl, 10 mM MgCl2.5 mM CaCl2] and vortexed. PEG
8000 was removed by adding the same volume of chloroform
after vortexing. The solution was centrifuged at 4,000 g/min
for 10 min, and the supernatant containing the phage was

FIGURE 1 | Staphylococcus aureus SA325 growth was inhibited by phage JD007 in vitro. (A) Phage JD007 could inhibit the growth of SA325 at MOI = 1.
(B) Inhibition zones and plaques were formed by phage JD007 in two-layer agar plate of SA325 and were marked using green and red arrows, respectively.
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FIGURE 2 | Photos of dermal abscesses in nude BALB/c mice using phage JD007. (A–E) Represented the dermal abscesses of mice individually in control group,
phage group, infection group, prevention group, and treatment group. The blue arrows showed the skin sites injected with S. aureus SA325.

isolated. CsCl was added at a concentration of 0.5 g per 1 mL,
and the phages were purified by discontinuous centrifugation
in a CsCl gradient (1.33, 1.45, 1.50, and 1.70g/cm3) in TM
buffer in Ultra-Clear tubes (Beckman Coulter, Inc., Fullerton,
CA, United States) by centrifuging at 35000 rpm/min for 4 h.
Finally, the layer with enriched phage was obtained with a
syringe, dialyzed against TM buffer and stored at 4◦C (Boulanger,
2009).

S. aureus Strain and Culture Condition
Staphylococcus aureus strain SA325 (MRSA, confirmed by
antibiotic resistant profile) was isolated from an in-patient with
a re-occurring back under-dermal abscess due to long-term bed
rest. SA325 concentration was calculated by serial dilutions when
grown to OD600 nm = 0.4, and plated uniformly using the glass
spreading rod, and cultured overnight at 37◦C, the value of SA325
per OD600 nm was 9.5× 109 CPU/mL.

S. aureus Growth Inhibition Assay
Drop tests were conducted using two-layer agar plates. S. aureus
SA325 was cultured to OD600 nm = 0.4 in TSB (Tryptic soy broth)
supplemented with 10 µM MgCl2 and 5 µM CaCl2. Bacteria
grown to logarithmic phase were mixed with 0.7% agar LB and
then poured on the plate of LB agar (1.5%) uniformly, incubating
at room temperature for 30 min. Finally, 3 µL of serial dilutions
of phage JD007 was dropped on the plate. The inhibition zones
were observed after an overnight culture.

The inhibition growth curves for phage JD007 infected
S. aureus SA325 were determined using MOIs of 0, 0.01, 0.1, and
1 inoculated in 96 well plates separately and incubated at 37◦C.
OD600 nm of these cultures was measured every 30 min extending
for 8 h. Assay was performed three times (n = 3) with three
biological replicates.

Mice Dermal Abscess Infection Model
Staphylococcus aureus was prepared by culturing at 37◦C in TSB
to exponential phase at which time the bacteria was collected and
washed twice with PBS with immediate centrifugation. SA325
was re-suspended at final concentration of 1× 109 CFUs/100µL,
and kept on ice before injecting nude mice intradermally.

All animal experiments were approved by the Shanghai
General Hospital Ethics Committee (Shanghai Jiao Tong
University, China), and conducted according to the Chinese Law
for Animal Protection. To investigate the antimicrobial efficacy
of phage JD007 for subcutaneous abscesses, BALB/c nude mice
(6–8 weeks old) were anesthetized by intraperitoneal injection of
a saline solution containing fentanyl (0.05 mg/kg), midazolam
(5 mg/kg), and medetomidine (0.5 mg/kg). The backs of the
animals were disinfected with 70% ethanol, and 50 µL suspension
containing 5× 108 CFU S. aureus SA325 in PBS were inoculated
subcutaneously; 50 µL of phage JD007 was injected into the
infected region. Mice were weighed before inoculation. Weight
and abscess formation were measured daily extending for 10 days.
The length (L) and width (W) of abscesses were determined using
a caliper. The size of the abscesses was then calculated with the
standard formula for area: V = [π/2] × L ×W (Weinandy et al.,
2014).

Immune Response During Treatment
Using Staphylococcus Phage JD007
Three mice in each described above were randomly enrolled
and euthanized on the third day of the experimental protocol.
Serum from each mouse was obtained, and immune cytokines

FIGURE 3 | Changes of dermal abscesses sizes formed in nude BALB/c mice
during phage therapy. There are no abscesses formed in control and phage
groups during the whole procession of observation periods.
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FIGURE 4 | Inflammatory cytokines responses in nude BALB/c mice during phage therapy. (A–E) Are separately represents the sera level of IL-1β, IL-6, IL-8, IFN-γ,
and TNF-α of mice from different groups, ∗p < 0.05.

(IL-1β, IL-6, IL-8, IFN-γ, and TNF-α) were measured using
ELISA (Beijing 4A Biotech Co., Ltd.).

Statistical Analysis
A two-tailed unpaired Student’s t-test was used for statistical
analysis with GraphPad Prism Software. P-values of less than
0.05 were considered significant unless specifically indicated
otherwise.

RESULTS

S. aureus SA325 Growth Is Inhibited by
Phage JD007 in Vitro
Staphylococcus aureus SA325 was co-cultured with phage JD007
at 37◦C with co-culture OD600 nm measurements made at 30 min
intervals for 8 h. Results showed that phage JD007 inhibited the
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FIGURE 5 | Weights gains in nude BALB/c mice during phage therapy. Body
weights gain were calculated by subtracting original body weight from weights
on the 10th day. Body weights gains in groups of infection and treatment were
significantly lower than that in control group, ∗p < 0.05.

growth of S. aureus SA325 as early as 1 h after co-incubation at
MOI = 1 (Figure 1). Whereas, S. aureus SA325 grew normally
when infected by phage JD007 at lowers MOIs = 0.1 and 0.01. The
drop test results showed that phage JD007 formed clear inhibition
zones in two-layer agar plates.

Phage JD007 Prevents S. aureus
SA325-Mediated Dermal Abscess
Formation in Nude BALB/c Mice in Vivo
Dermal abscess formation was established in the back of nude
mice and observed daily for 10 days. Results showed that the
maximum sizes of dermal abscesses were achieved on the second
day following infection. On the seventh day, all of the abscesses
were scarred. As shown in Figures 2, 3, we could see no visible

dermal abscesses formed in control group, phage group, and
prevention group during the entire observation period. On the
third day, the abscess sizes tended to decrease in size, and mice’s
dermal abscess size in the treatment group were significantly
smaller than those in the infection group (p < 0.05).

Inflammatory Cytokines Responses of
Nude BALB/c Mice During Phage
Therapy
Cytokines of IL-1β, IL-6, IL-8, IFN-γ, and TNF-α in the sera
were measured using ELISA on the third day. As shown in
Figure 4, there were no significant differences between IFN-γ and
TNF-α among those groups. IL-1β, IL-6, and IL-8 in treatment
groups were higher than those in control group, whereas there
were no significant differences between the negative control and
prevention groups.

Weight of Nude BALB/c Mice During
Phage Therapy
Weights of mice in each group were measured daily,
encompassing the entire observation period. Body weights
gain were calculated by subtracting original body weight from
weights on the tenth day. As shown in Figure 5, weight gains in
infection group and phage treatment were much lower than that
compared with control group. The weight gain in the prevention
and phage JD007 groups had no significant difference compared
with the PBS control group during treatment.

DISCUSSION

Staphylococcus aureus SA325 was isolated from a re-occurring
back under-dermal abscess of an in-patient with long-term bed
rest. In vitro bactericidal activity tests showed that phage JD007
could form a clear inhibition zones using a two-layer soft agar
plate assay, and could inhibit growth of SA325 at MOI = 1 or 10.

FIGURE 6 | Proposed scheme of selecting phages for therapy. The success of phage therapy needs the pool of phages and their susceptibility to the definite
infectious bacterial pathogen at infection sites should be tested previously; the products containing of different phages were produced firstly and the sensitive
phages would be chosen for therapy.
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In order to evaluate the ability of phage JD007 to prevent or
treat of abscesses caused by S. aureus, a dermal abscess model
was established in nude mice model using clinical isolate SA325,
as reported previously (Malachowa et al., 2013). In this study,
we successfully established the dermal abscess infection in nude
BALB/c mice using S. aureus SA325. Furthermore, the efficacies
of treatment of the abscesses using phage JD007 were evaluated.
There were no observed abscess formation in the prevention
group. The average abscess sizes of phage treatment group were
smaller than those of the infection group. The results indicate
that phage JD007 prevents formation of abscess. Also, it supports
earlier observations on phage MSa inhibition S. aureus dermal
abscess formation (Capparelli et al., 2007).

To evaluate the response of mice during prevention and
treatment after phage JD007 inoculation, the weight changes were
observed during the whole process. As bacteriophages are viruses
containing nucleic acid and proteins, they may bring some risk
to humans when used for the treatment of bacteremia, as the
complex composition of the phage may induce unpredictable
immune responses when administered to the blood. The average
weights gains in the infection and treatment groups were
significantly lower than those in the control, PBS, phage JD007,
and prevention groups. Furthermore, immune responses of the
mice during treatment were evaluated, mice sera was taken
on the third day, and the inflammatory cytokines of IL-1β,
IL-6, IL-8, IFN-γ, and TNF-α in serum were measured using
ELISA. The cytokines IL-1β and IL-6 both belong to endogenous
pyrogens, and they can be applied to the hypothalamus regulating
center to cause fever. IL-1β and IL-6 levels were significantly
higher in the treatment group, while there were no significant
differences among prevention, infection, or control groups,
indicating that phage JD007 treatment may destroy the cells of
S. aureus robustly, leading to increase of IL-1β and IL-6 that may
cause fever. It’s reported that TRIM29 could negatively regulate
the proinflammatory cytokine IL-6 and TNF-α production in
response to LPS and bacteria Haemophilus influenzae (Xing et al.,
2016). Whether S. aureus infection suppresses the TRIM 29
expression and leads to increased expression of IL-6 should be
further examined. IL-8 was significantly elevated in infection
and treatment groups. IL-8 can signal chemotactic neutrophil
leukocytes and activate T cells in the infection sites, clearing
the pathogen. IFN-γ and TNF-α can activate mononuclear
macrophages, which can enhance the phagocytosis and killing
functions; TNF-α can directly kill the cell infected by virus. There
were no significant changes in any of these groups.

The specificity of bacteriophages is one of important reason
hindering clinical use of phage for therapy, though cocktails

may overcome this fault (Gu et al., 2012a; Mendes et al.,
2014). There are numerous public reports describing the
success of phage therapy inhibiting infectious diseases caused
by dermal associated infections (Vieira et al., 2012; Trigo
et al., 2013). We postulate that phage therapy could become
an important choice for the treatment of wound infections.
As shown in Figure 6, the pool of different phages should
be established before using them for therapy; at the same
time, the bacteria causing infection should be isolated and its
sensitivity to the phages in the pool confirmed. The formula
of sensitive phages must be prepared at first; once the bacteria
causing the infection is confirmed to be sensitive to phages
in the pool, the formula containing the sensitive phage should
be chosen for treatment of the infections. The success of
phage therapy depends upon the pool of different kinds of
bacteriophages.

In summary, phage JD007 could inhibit the growth of
S. aureus both in vitro and in vivo. Phage JD007 can prevent
abscess formation caused by S. aureus isolated from an in-
patient’s abscess samples through under-dermal injection, and
can also significantly reduce the severity of dermal abscess caused
by S. aureus. In conclusion, phage JD007 is a promising candidate
phage for use in preventing dermal abscess.
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