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ABSTRACT Treatment of infections caused by staphylococci has become more difficult
because of the emergence of multidrug-resistant strains as well as biofilm formation. In
this study, we observed the ability of the phage lysin LysGH15 to eliminate staphylococ-
cal planktonic cells and biofilms formed by Staphylococcus aureus, Staphylococcus epider-
midis, Staphylococcus haemolyticus, and Staphylococcus hominis. All these strains were
sensitive to LysGH15, showing reductions in bacterial counts of approximately 4 log
units within 30 min after treatment with 20 pwg/ml of LysGH15, and the MICs ranged
from 8 wg/ml to 32 ug/ml. LysGH15 efficiently prevented biofilm formation by the four
staphylococcal species at a dose of 50 ug/ml. At a higher dose (100 wg/ml), LysGH15
also showed notable disrupting activity against 24-h and 72-h biofilms formed by S. au-
reus and coagulase-negative species. In the in vivo experiments, a single intraperitoneal
injection of LysGH15 (20 ng/mouse) administered 1 h after the injection of S. epidermidis
at double the minimum lethal dose was sufficient to protect the mice. The S. epidermidis
cell counts were 4 log units lower in the blood and 3 log units lower in the organs of
mice 24 h after treatment with LysGH15 than in the untreated control mice. LysGH15 re-
duced cytokine levels in the blood and improved pathological changes in the organs.
The broad antistaphylococcal activity exerted by LysGH15 on planktonic cells and bio-
films makes LysGH15 a valuable treatment option for biofilm-related or non-biofilm-
related staphylococcal infections.

IMPORTANCE Most staphylococcal species are major causes of health care- and
community-associated infections. In particular, Staphylococcus aureus is a common and
dangerous pathogen, and Staphylococcus epidermidis is a ubiquitous skin commensal
and opportunistic pathogen. Treatment of infections caused by staphylococci has be-
come more difficult because of the emergence of multidrug-resistant strains as well as
biofilm formation. In this study, we found that all tested S. aureus, S. epidermidis, Staphy-
lococcus haemolyticus, and Staphylococcus hominis strains were sensitive to the phage ly-
sin LysGH15 (MICs ranging from 8 to 32 wg/ml). More importantly, LysGH15 not only
prevented biofilm formation by these staphylococci but also disrupted 24-h and 72-h
biofilms. Furthermore, the in vivo efficacy of LysGH15 was demonstrated in a mouse
model of S. epidermidis bacteremia. Thus, LysGH15 exhibits therapeutic potential for
treating biofilm-related or non-biofilm-related infections caused by diverse staphylococci.
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taphylococcus aureus and Staphylococcus epidermidis, two staphylococcal species,
are the main causes of nosocomial infections (1, 2). S. aureus is a common and
dangerous pathogen that causes both health care- and community-associated infec-
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tions, including skin and wound infections, pneumonia, severe sepsis, endocarditis, and
others (3). S. epidermidis is a ubiquitous skin commensal and opportunistic pathogen,
usually causing infection and bacteremia in immunocompromised patients, especially
those with implanted medical devices (4, 5). Treatment of infections caused by staph-
ylococci has become more difficult because of the emergence of multidrug-resistant
strains, particularly methicillin-resistant staphylococci.

The pathogenicity of both S. aureus and S. epidermidis is also associated with biofilm
formation on biotic and abiotic surfaces (6, 7). A biofilm hinders the penetration of
antibiotics into its interior, resulting in therapy failure (5, 8). Additionally, the presence
of persister cells is also thought to be responsible for the recalcitrance of biofilms to
antibiotics (9). Biofilms formed on the surfaces of medical devices act as reservoirs for
infection (10). Thus, staphylococcal biofilms are usually responsible for chronic and
recurrent infections (11).

It has been reported that S. epidermidis biofilms are more difficult to eliminate than
S. aureus biofilms (12). Studies have shown that subinhibitory concentrations of various
antibiotics, including nafcillin, tetracycline, and vancomycin, increase biofilm formation
by staphylococci (13-15). The internal structure of a biofilm is very firm, making
removal difficult (16). Even high concentrations (16X the MIC) of vancomycin do not
eliminate staphylococcal biofilms (17).

Lysins encoded by phages are highly evolved peptidoglycan hydrolases that lyse the
host cell during the terminal stage of the phage lytic life cycle to ensure the release of
phage progeny (18). Other phage virion- or tail-associated muralytic enzymes (VAME or
TAME, respectively), such as HydH5, TAME from phage K, and P128, also possess
antibacterial properties (19-21). Due to their high efficiency, lack of resistance, lack of
neutralizing antibodies, and specificity, lysins hold great therapeutic potential for
bacterial infections caused by antibiotic-resistant strains. Additionally, it has been
reported that several staphylococcal phage-derived lysins, such as LysH5 (22),
LysKAamidase (23), P128 (10), PlySs2 (24), and ClyF (25), possess the ability to clear
biofilms.

Previous studies have proven that LysGH15, a lysin derived from the staphylococcal
phage GH15 (26, 27), shows bactericidal activity against methicillin-resistant S. aureus
(MRSA) and methicillin-sensitive S. aureus (MSSA) (28). The structures of three individual
domains of LysGH15 were determined to explore the molecular mechanism underlying
its lytic activity (29). LysGH15 did not induce resistance in MRSA or MSSA strains after
repeated treatment, and LysGH15-specific antibodies did not affect the killing efficiency
of LysGH15 against MRSA in vitro or in vivo (30). LysGH15 showed efficacy in treating
mouse models of MRSA bacteremia and pneumonia (28, 31). However, the sensitivity of
other staphylococcal species to LysGH15 and the ability of LysGH15 to remove staph-
ylococcal biofilms have not been studied.

In this study, the activity of LysGH15 against both planktonic cells and biofilms of S.
aureus, S. epidermidis, Staphylococcus haemolyticus, and Staphylococcus hominis was
determined in vitro. The protective effects of LysGH15 against lethal S. epidermidis
infection in vivo were also studied.

RESULTS

Bactericidal activity of LysGH15. All the isolated strains, including 25 S. epidermidis
strains, 2 S. haemolyticus strains, 2 S. hominis strains, and 2 S. aureus strains, were
confirmed using PCR (see Fig. S1 in the supplemental material) and sequencing. All the
staphylococcal strains, with the exception of SE009 and SE020, were mecA gene
positive (Fig. S2), indicating that they can be methicillin resistant. The antibiotic
resistance phenotypes in most strains were consistent with their gene types, with the
exception of R066 and WO001, which were mecA gene positive but showed methicillin
sensitivity (Table 1).

These staphylococci were used to detect the bactericidal activity of purified
LysGH15 (Fig. S3). As shown in Fig. 1, all the S. aureus, S. epidermidis, S. haemolyticus,
and S. hominis strains were sensitive to LysGH15. The overall bacterial numbers
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FIG 1 Bactericidal activity of LysGH15. Different strains (approximately 108 CFU/ml) were exposed to
LysGH15 (20 ug/ml) or PBS for 30 min at 37°C. Bactericidal activity is displayed as the number of viable
bacteria after treatment. The values represent the means = SD (n = 3).

decreased from 7 log units to approximately 3 log units after 30 min of treatment with
LysGH15 (20 wg/ml). In addition, all the remaining bacteria were sensitive to LysGH15.
The MICs of LysGH15 against these strains ranged from 8 to 32 ug/ml, as shown in
Table 1.

No potential resistance. Both the vancomycin-resistant S. epidermidis (VRSE) strain
B052 and the vancomycin-sensitive S. epidermidis (VSSE) strain B020 were used to
determine the potential resistance to LysGH15. When S. epidermidis was exposed to
serial dilutions of LysGH15, no spontaneous resistance mutants (the VRSE strain B052
and VSSE strain B020) were recovered. The cells collected from every generation
showed similar sensitivities (Fig. 2). The MICs of the strains that underwent subculturing
were the same as those of the parent cells.

Antibiofilm activity of LysGH15. The ability of all the staphylococcal strains to form
biofilms was determined. As shown in Fig. S4, S. epidermidis SE009, S. haemolyticus SWO053,
S. hominis SWS11, and S. aureus R066 formed the strongest biofilms (4 X ODc = OD, where
ODc is the cutoff of the optical density [OD] measurement obtained three times in the
negative control) at both 24 h and 72 h among all the strains of these four staphylo-
coccal species. LysGH15 degraded the biofilms of all the other strains at a concentration
of 150 nug/ml, as shown in Table 2. Furthermore, micrographs obtained via scanning
electron microscopy (SEM) clearly revealed the structurally complex and dynamic
multilayered matrix architecture of the biofilms (Fig. 3).

LysGH15 prevented biofilm formation by these four strains to differing degrees. The
values for OD at 590 nm (ODsy,) of the three groups treated with different doses of
LysGH15 were much lower than those of the untreated group (P < 0.01 [Fig. S5A to D]).

. Em PBS W LysGH15 g, HE PBS EE LysGH15
71 71
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W 44 3 4
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FIG 2 LysGH15 sensitivity of parent S. epidermidis cells and subcultures. The decrease in CFU per milliliter
was used to evaluate the bactericidal activity of LysGH15 (20 ug/ml) against different generations of S.
epidermidis cells (approximately 107 CFU/ml), and PBS was used as a control. The values represent the
means *= SD (n = 3).
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TABLE 2 Elimination of preformed biofilms by LysGH15 (150 wg/ml)

% elimination of biofilm (mean * SD)

Strain 24-h biofilm 72-h biofilm
B021 64.47 = 5.03 82.90 = 5.95
SE009 81.53 = 3.06 68.51 = 4.71
SE004 51.02 = 14.89 4717 £17.80
W062 46.83 £ 12.36 64.92 = 10.30
WO059 48.03 = 7.59 42.86 = 16.23
B003 64.59 = 3.28 82.28 = 11.42
B074 62.34 = 3.51 65.86 = 9.13
WO004 56.79 = 5.56 5349 = 11.64
B052 69.16 = 3.34 68.80 * 14.02
SE020 63.79 = 15.37 54,50 = 55.31
B020 77.36 =5.13 81.18 = 3.86
WO073 62.63 = 9.64 79.88 + 3.85
B032 44.04 +=9.01 75.75 = 12.83
SE008 53.09 = 10.48 35.79 = 15.42
W068 74.12 = 2.09 53.82 = 4,85
B073 78.86 = 3.15 85.51 = 4.15
B070 57.00 =9.30 67.24 + 13.85
B098 69.28 = 2.81 56.36 = 8.60
B002 54.10 = 6.64 65.84 = 19.24
W039 77.22 =238 64.42 += 291
6W059 50.35 = 2.90 54,11 = 3.54
8B046 56.38 = 1.44 58.16 = 3.99
1W037 53.20 = 2.73 56.38 = 5.92
5W062 48.69 * 6.85 53.64 + 19.60
8W045 39.68 = 6.20 4413 = 3.10
SWO053 57.89 = 1.49 51.70 = 7.29
SW054 4563 £ 10.41 4442 + 488
SWS12 4193 +4.18 39.14 = 2.11
SWS11 7229 =295 58.58 = 20.17
R066 73.38 = 3.1 64.08 = 3.24
WO001 7417 = 4,57 70.88 = 8.15

The rates of inhibition of biofilm formation by LysGH15 were calculated and are shown
in Table 3. Significant decreases in biofilm mass, from 43% to 89%, were observed after
LysGH15 treatment (50 wg/ml). The ability of LysGH15 to prevent biofilm formation was
dose dependent.

Additionally, preformed young biofilms (24 h) and old biofilms (72 h) were treated
with different concentrations of LysGH15 (50 wg/ml, 100 wg/ml, and 150 wg/ml). The
strong young and old biofilms (4 X ODc = OD) of the SE009, SW053, SWS11, and R066
strains were destroyed by LysGH15 (Fig. S5E to H). The ODsq, values of the two groups
treated with high doses of LysGH15 (100 wg/ml and 150 wg/ml) were much lower than
those of the untreated groups. The rates of biofilm clearance by LysGH15 were
calculated and are shown in Table 4. LysGH15 exhibited dose-dependent activity. The
biofilms produced by all four strains underwent significant removal by LysGH15 at a
concentration of 150 wg/ml, and all the clearance rates reached 51% to 81%, although
clearance was not significant at other doses; these results were also evident in SEM
micrographs (Fig. 3). The use of confocal laser scanning microscopy (CLSM) also showed
that the biofilm thickness, including that produced by S. epidermidis SE0Q9, S. epider-
midis B020, S. epidermidis W039, S. aureus R066, S. hominis SWS11, and S. haemolyticus
SW053, was significantly lower after treatment with LysGH15 (150 wg/ml) than after
treatment with phosphate-buffered saline (PBS) (Fig. 4; see also Fig. S6). As shown in
Fig. S7, the number of live cells (green) in the PBS treatment group was much higher
than in the LysGH15 treatment group, which is consistent with the SEM results.
Additionally, LysGH15 degraded the biofilms of all the other strains at a concentration
of 150 wg/ml, as shown in Fig. S4 and Table 2. Thus, LysGH15 not only prevents the
formation of biofilms but also removes previously formed biofilms.

LysGH15 protects mice against S. epidermidis lethal infection. An intraperitoneal
injection of 1 X 108 CFU of S. epidermidis B020 per mouse was sufficient to produce
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FIG 3 Micrographs of biofilms taken by scanning electron microscopy. The micrographs show biofilm
formation by S. epidermidis SE009 (A), S. aureus R066 (B), S. haemolyticus SW053 (C), and S. hominis SWS11
(D) after incubation for 24 h and 72 h, followed by further treatment with LysGH15 (150 ug/ml) or PBS
for 1 h. These images were obtained using SEM. The bars represent 10 um.

100% mortality within 2 days. The 2X minimum lethal dose (MLD) (2 X 108 CFU) of
B020 was determined to be a challenge dose. After infection for 1 h, the bacterial loads
reached >10° CFU/ml in the blood. At this time, the mice were treated with LysGH15
at different doses (5, 10, and 20 wg/mouse). As shown in Fig. 5A, all the mice treated
with PBS died within 48 h. In contrast, all the mice treated with 20 pwg/mouse of
LysGH15 recovered, and bacteremia greatly decreased. The bacterial load in the
blood was 3.8 log units after 24 h of treatment, which was lower than 7.5 log units
after 24 h in the PBS-treated group (Fig. 5B). The bacterial loads in the lungs, livers,
spleens, and kidneys of LysGH15-treated mice dropped to 2.1, 2.0, 2.3, and 1.5 log
units, respectively, 24 h after treatment, whereas the bacterial loads of PBS-treated
mice increased to 4.8, 5.4, 5.3, and 5.0 log units (Fig. 5C to F), respectively. Based on
histopathological observations (Fig. S8), the lungs, livers, kidneys, and spleens of
the mice treated with LysGH15 did not show severe inflammation or other patho-
logical changes at 48 h. The organ tissues of LysGH15-treated mice at 48 h looked
similar to those of normal mice.

The cytokine levels in the blood of the different treatment groups were measured.
In the PBS-treated group, gamma interferon (IFN-vy) levels were increased at all time
points; however, tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) levels
increased rapidly during the first 6 h after the challenge dose and then declined

TABLE 3 Inhibition of biofilm formation by LysGH15

% inhibition (mean = SD) of biofilm formation by indicated concn of LysGH15

24 h 72 h

Strain 50 pg/ml 100 pg/ml 150 pg/ml 50 pg/ml 100 pg/ml 150 pg/ml

SE009 7329 +441 8595*+899 86.00+ 650 89.47*+249 91.13+435 90.78*+ 1.11
SWO053 50.16 £0.42 60.97 =295 63.78 =551 43.21*+871 51.18+3.28 63.32+5.82
SWS11 47.13+£394 5055*+228 6057 +6.02 4469 +7.74 5938 *+751 5585+7.07
RO66 58.75*+ 214 7579*+938 7676 *+7.52 67.60*+ 698 6499 +248 81.41+*3.77
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TABLE 4 Elimination of preformed biofilms by LysGH15
% elimination (mean = SD) of biofilm formation by indicated concn of LysGH15

24 h 72 h

Strain 50 pg/ml 100 pg/ml 150 ng/ml 50 pg/ml 100 pg/ml 150 pg/ml
SE009 11.88 £28.50 5849 +7.55 81.53+3.06 28.78 = 19.77 57.19 =3.71 6851 £ 4.71
SW053 47.57 =7.61 46.57 £6.55 57.89* 149 4030 =* 1543 4828 = 1245 51.70 £7.29
SWS11 3495 *4.73 51.63£1230 7229 =295 41.69 = 19.45 5292 =3.05 58.58 = 20.17
R066  5.29 + 6.63 53.01 =178 7338*3.1 1733 %455 4263+500 64.08=*3.24

gradually (Fig. 6). In contrast, LysGH15 significantly reduced IFN-y, TNF-¢, and IL-6
levels in the blood at 24 h, resulting in no significant change compared with the blood
of normal mice.

DISCUSSION

In this study, not only S. aureus but also S. epidermidis, S. haemolyticus, and S. hominis
were sensitive to LysGH15. In general, S. aureus strains are more sensitive to lysins than
S. epidermidis strains (32). However, our study demonstrated that LysGH15 showed
similar bactericidal activity against the above-named species of staphylococci. We also
found that S. epidermidis did not develop resistance to LysGH15 after repeated expo-
sure, and this was consistent with the results obtained in previous studies of phage
lysins, such as ClyS and PlySs2 (33, 34).

Many reports noted that both S. aureus and S. epidermidis could be killed by lysins
of S. aureus phages, which included LysH5 (22), LyskAamidase (23), P128 (10), PlyGRCS
(35), SAL-2 (36), and ClyF (25), as well as the lysins of phages 80«, ®11, K, P68, Twort,
PhiSH2, and WMY (37). Additionally, S. epidermidis phage-derived lysins, such as
Andhra_gp14 and Andhra_gp10 (38), also showed bactericidal activity against S. aureus
and S. epidermidis. Interestingly, PlySs2 (also known as CF-301), the lysin derived from
Streptococcus suis phage, showed lytic activity against staphylococci all the same (24).
In comparison, the activity of LysGH15 (MIC ranged from 8 to 32 ug/ml) against diverse
staphylococci in vitro was similar to or better than those of most other lysins, at least
based on these limited studies.

LysGH15 effectively inhibited the biofilm formation of S. aureus, S. epidermidis, S.
haemolyticus, and S. hominis. The ability of LysGH15 to inhibit biofilm formation is most
likely attributable to its rapid bactericidal activity before biofilm formation. However, a
few biofilms still formed even when a high concentration of LysGH15 was used. LysH5
and P128 also showed similar results (10, 39). This phenomenon should be attributed
to the method used to test the biofilm. Crystal violet (CV) was used to stain the biofilms,

PBS Treated

A B C
» !
e

LysGH15 Treated

FIG 4 CLSM analysis of biofilms. Micrographs show biofilm formation by S. epidermidis SE009 (A), S.
aureus R066 (B), S. hominis SWS11 (C), and S. haemolyticus SW053 (D) after incubation for 24 h
followed by treatment with LysGH15 (150 ng/ml) or PBS for 1 h. The biofilms produced by the strains
were assessed using LIVE/DEAD staining. The bars represent 10 um. The images were obtained using
CLSM.
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FIG 5 LysGH15 protects mice against S. epidermidis lethal infection. (A) Treatment of a mouse bacteremia model with LysGH15. The mice infected with
2 X 108 CFU of S. epidermidis B0O20 were divided into four groups (10 mice per group). Groups were treated with different doses of LysGH15 (5, 10, or
20 pg/mouse) or PBS. (B) Bacterial load in the blood after infection. The infected mice were treated with 20 ug/mouse of LysGH15 or PBS at 1 h after
the challenge (the arrow indicates the time at which the LysGH15 or PBS was injected). Each group contained six mice. (C) Bacterial load in the lungs.
(D) Bacterial load in the livers. (E) Bacterial load in the spleens. (F) Bacterial load in the kidneys. Gray bars, PBS; black bars, LysGH15 (20 wg/mouse). Values
are means = SD (n = 3).

and then the OD,4, was determined. All of the denatured protein (lysin), dead bacteria,
bacteria debris, live bacteria, and extracellular polymeric substances (EPS) contributed
to the value of ODsq,. LysGH15 also could destroy preformed biofilms at higher doses.
The role of phage lysin is to hydrolyze the cell wall of the host so that phages are
released. Therefore, lysin should not destroy the matrix of biofilms unless it kills the
cells. However, cells are the main component of biofilms. Once the cells in the biofilms
are lysed, the integrity of the biofilm is destroyed, resulting in clearance (11). Thus, the
biofilm removal range of a lysin should be consistent with its lytic spectrum, and the
results of this study support this hypothesis. The dose of LysGH15 required to clear
biofilms was higher than that required to lyse planktonic staphylococci and inhibit
biofilm formation, potentially because the matrix of the biofilms, including the exopo-
lysaccharide, environmental DNA (eDNA), and proteins, hinders the penetration of
LysGH15. The results obtained by SEM, CLSM, and OD;,, detection indicated the
continued presence of biofilms, which could be attributed to LysGH15 insufficiency

15000~
30001 25001 -= Control
jry -o- LysGH15
T 10000 =5 __ 2000 Ny :
> € 2000 ) —+ Norma
g 5 £ 15001
(=]
3 @ 1
5000- 1000
w L 1000 %
Z 2
* = 500-
g * ke * * *
0 0 * $ $ 9 , 0-— + + + ;
0 6 122 18 24 30 0 6 12 18 24 3 th  6h  12h 18h  24h
Time(h) Time(h) Time(h)

FIG 6 Cytokine levels. The BALB/c mice were injected intraperitoneally with S. epidermidis B020 (2 X 108 CFU/mouse). One hour later, the mice were treated
with LysGH15 (20 ug/mouse) or PBS. At the indicated times, IFN-y, TNF-a, and IL-6 levels in the serum were determined. * and **, P values of <0.05 and <0.01,
respectively, compared with the buffer-treated control; #, P < 0.05 compared with the uninfected control. There were 6 mice in every group (PBS, LysGH15,
and normal), and this experiment was repeated three times. Values are means = SD (n = 3).
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because the remaining cells and biofilms were also sensitive to LysGH15 (data not
shown). Thus far, several lysins, including LysKkAamidase (23), LysH5 (22), LysSA97 (40),
and ClyF (25), have been reported to be able to remove biofilms formed by S. aureus
and/or S. epidermidis. LysGH15 showed biofilm elimination ability similar to or better
than those of these lysins. It is worth mentioning that PlySs2, PlyGRCS, and P128 were
most likely more effective at removing biofilm (10, 24, 35).

In the animal experiments, a lower dose (20 wg) of LysGH15 was needed to protect
mice against lethal S. epidermidis bacteremia than the dose of LysGH15 (50 ug) to treat
mouse bacteremia caused by MRSA (28). This indicated that LysGH15 showed superior
elimination against S. epidermidis than against S. aureus in vivo. The levels of cytokine
significantly increased at 6 h after treatment with LysGH15, which could be attributed
to the lysis of S. epidermidis. This phenomenon was similar to the results obtained in S.
aureus infection after treatment with LysGH15 (41), and the reason could be that the
rapid release of abundant S. epidermidis cell debris and contents induced the innate
immune response (42, 43). For revealing the antibiofilm ability of LysGH15 in vivo,
further research is necessary.

This study supports the use of phage-encoded lysin to prevent and disperse
staphylococcal biofilms. The broad antistaphylococcal activity of LysGH15 on plank-
tonic cells and biofilms makes LysGH15 a valuable treatment option for biofilm-related
and non-biofilm-related staphylococcal infections, including infections with S. aureus, S.
epidermidis, S. haemolyticus, and S. hominis.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All the strains used in this study were isolated from clinical
specimens from patients at the First Hospital of Jilin University (Changchun, Jilin Province, China). The
bacterial types and antibiotic susceptibilities of these isolates were evaluated using the Vitek2 Compact
microbial identification system (bioMérieux, Boston, MA). All the isolated strains were confirmed by
identifying the gap gene. The primers Gapl-for (ATGGTTTTGGTAGAATTGGTCGTTTA) and Gap2-rev
(GACATTTCGTTATCATACCAAGCTG) were used to amplify the 931-bp fragment of the gap gene as
described previously (44). The primers MRS1 (5'-TAGAAATGACTGAACGTCCG-3') and MRS2 (5'-TTGCGA
TCAATGTTACCGTAG-3') were used to detect a 154-bp fragment of the mecA gene (methicillin resistance)
(45). All the isolates were routinely cultured using tryptic soy broth (TSB; Becton, Dickinson and
Company, Franklin Lakes, NJ) at 37°C with shaking at 180 rpm.

Animals. Female BALB/c mice, 18 g to 20 g (6 to 8 weeks of age), were obtained from the
Experimental Animal Company of Yisi (Changchun, China) and kept under specific-pathogen-free con-
ditions. The mice were maintained in individually ventilated cages (five animals per cage) with a 12-h
light/dark cycle. The animals were treated humanely, and all possible efforts were made to minimize
suffering. The mice had access to food and water ad libitum. The researchers did not know which test
group the mice were allocated to during the experiment or when assessing the outcome.

All the animal experiments were conducted in strict accordance with the Regulations for the
Administration of Affairs Concerning Experimental Animals approved by the State Council of the People’s
Republic of China (46) and approved by the Animal Welfare and Research Ethics Committee at Jilin
University.

Preparation of LysGH15. An Escherichia coli BL21(DE3) strain that expressed LysGH15 was con-
structed and stored by our laboratory in a previous study. LysGH15 was expressed, purified, and prepared
according to the previous description (29).

Bactericidal range of LysGH15 among staphylococcal strains. All the staphylococcal strains were
cultured in TSB medium until the optical density at 600 nm (ODy,,) reached 0.4 to 0.5, and then the
cultures were washed three times with phosphate-buffered saline (PBS) by centrifugation (8,000 X g for
1 min at 4°C). LysGH15 was added to the staphylococcal suspensions, and the final concentration of
LysGH15 was adjusted to 20 wg/ml. Then the mixtures were incubated at 37°C, and the bacteria were
counted 30 min after incubation began. As a negative control, PBS was used to treat the staphylococcal
isolates under the same conditions.

Determination of MIC. The MICs of LysGH15 against the different strains were determined
according to previous studies (33). Briefly, all the strains were suspended in TSB (5 X 105 CFU/ml)
and subsequently distributed into each well of a 96-well microplate. Then different concentrations
of LysGH15 (ranging from 512 ug/ml to 0.25 wg/ml) or the control buffer were added to challenge
the cells. The mixtures were incubated for 48 h at 37°C. Cell pellets were obtained after centrifu-
gation (5,000 X g for 10 min at 4°C), and the viable cells in the pellets were detected using an
alamarBlue vital dye (Invitrogen, Carlsbad, CA).

Determination of S. epidermidis resistance to LysGH15. The bacterial resistance of S. epidermidis
strains B052 and B020 to LysGH15 was determined by repeated exposure in plate lysis assays as
previously described, with some modifications (47). Twofold serial dilutions of LysGH15 (concentrations
ranged from 160 ug/ml to 10 wg/ml) were spotted (10 wl) onto a freshly plated lawn of a vancomycin-
sensitive strain (B020) or a vancomycin-resistant strain (B052) on TSB plates and grown overnight at 37°C.
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The cells from spots that did not fully clear the lawn (sublethal) were scraped, inoculated in 5 ml of TSB,
and grown to an ODg,, of 0.4 to generate a new lawn for the next round of plating and LysGH15
exposure; this process was repeated for eight cycles. The cells obtained from each generation were
tested for their sensitivity to LysGH15 (20 ug/ml).

Biofilm assay. The ability of staphylococcal strains to form biofilms was evaluated using a 96-well
microtiter plate method described previously (48), with some modifications. Briefly, the staphylococcal
strains were inoculated into 5 ml of sterile TSB medium and grown for 16 h at 37°C. A 1:100 dilution of
each staphylococcal culture was transferred into fresh TSB medium, and 200 ul (106 CFU/mlI) of each
diluted culture was added to three wells in untreated 96-well microtiter plates (NEST Biotechnology,
Wuxi, China). The wells that contained only broth were used as the negative controls. The plates were
incubated at 37°C for 24 h and 72 h without agitation. The nonadherent cells were removed by removing
the cultures with a pipette, and the wells were then washed three times with sterile PBS. The biofilms
were treated with 200 ul of LysGH15 (150 ug/ml) for 1 h at 37°C. The bacteria that remained attached
to the well walls were fixed with 200 ul of methanol (Destilacija, Tesli¢, Bosnia and Herzegovina) for 30
min, and then the wells were emptied and dried at room temperature. Subsequently, each well was
stained for 30 min with 200 ul of 1% (wt/vol) crystal violet (CV) stain at room temperature. The wells
containing the biofilm total biomass were washed gently with sterile deionized water and dried at room
temperature. Then 200 wl of 33% (vol/vol) glacial acetic acid was added to each well to solubilize the
bound CV from the stained S. epidermidis biofilms. The ODyy, was measured using a Synergy 2
multimode microplate reader (BioTek, Winooski, VT). The adherence capabilities of the isolates were
classified as one of four levels categorized in a previous study (49): strong (4 X ODc = OD), moderate
(2 X ODc < OD = 4 X ODc), weak (ODc < OD = 2 X ODc), or non-biofilm forming (OD = ODc). ODc
is the cutoff of the OD measurement obtained three times in the negative control. The experiments were
performed in triplicate.

Activity of LysGH15 against staphylococcal biofilms. R066, SE009, SWO053, and SWS11 formed the
strongest biofilms among the S. aureus, S. epidermidis, S. haemolyticus, and S. hominis isolates, respec-
tively. These strains were used to detect the LysGH15-mediated inhibition of biofilm formation, as
described previously (48), with some modifications. Briefly, the strains were inoculated into 5 ml of sterile
TSB medium and grown for 16 h at 37°C. A 1:100 dilution of each strain culture was transferred into sterile
TSB medium and then cultivated to an ODg, of 0.4. The cultures were then centrifuged, resuspended in
equal volumes of TSB medium, and mixed, and 100 ul of culture was added to each well of a 96-well
microtiter plate. The wells were then divided into five groups. A volume of 100 ul of LysGH15 diluted in
TSB was added to different groups at a final concentration of 50 wg/ml, 100 wg/ml, or 150 wg/ml. Sterile
TSB medium (100 ul) was added into staphylococcal cultures as a control. Sterile TSB medium (200 wl)
was used as a negative control. Each group contained triplicate samples. The plate was covered, and the
bacteria were left to adhere and grow at 37°C for 24 h and 72 h without agitation. After incubation, the
residual biofilms were stained with CV, and the OD,,, was measured.

The effects of LysGH15 on the removal of young (24 h) and old (72 h) biofilms from the wells were
also tested. S. aureus R066, S. epidermidis SE009, S. haemolyticus SW053, and S. hominis SWS11 were
cultured in a 96-well microtiter plate to form young biofilms (24 h) and old biofilms (72 h). The
nonadherent cells were removed by pipetting out the remaining culture and washing the wells three
times with sterile PBS. The biofilms were treated with 200 ul of LysGH15 (50 wg/ml, 100 ng/ml, or 150
ng/ml) diluted in PBS and incubated for 1 h at 37°C. As a negative control, 200 ul of sterile PBS was
added to other wells. Each group contained triplicate samples. After incubation, the residual biofilms
were stained with CV, and the OD.,, was measured.

SEM of biofilms. S. aureus R066, S. epidermidis SE009, S. haemolyticus SW053, and S. hominis SWS11
were cultivated in 5 ml of TSB to an ODy,, of 0.4 at 37°C with shaking at 180 rpm. The cultures were then
centrifuged and resuspended in equal volumes of TSB medium. Next, 200 ul of bacterial culture and 200
wul of fresh TSB were added to each well of a 24-well microtiter plate; the wells were covered with sterile
14-mm-diameter glass sheets pretreated with polylysine. Then the 24-well microtiter plate was incubated
overnight at 37°C without shaking. After incubation for 24 h and 72 h, the nonadherent cells were
removed by removing the cultures with a pipette and washing the wells three times with sterile PBS. The
biofilms were treated with 150 ng/ml of LysGH15 diluted in buffer for 1 h at 37°C. PBS was used as a
negative control. The biofilm lysates were immobilized with 5% glutaraldehyde, dehydrated with
different concentrations (20%, 50%, 70%, 90%, and 100%) of ethanol, and then freeze-dried before
performing scanning electron microscopy (SEM) (Hitachi S-3400N; Hitachi High-Technologies Europe
GmbH, Krefeld, Germany).

CLSM. The effects of LysGH15 on the biofilms were assessed using a LIVE/DEAD BacLight staining kit
(catalog number L-13152; Invitrogen, Carlsbad, CA) and visualized using confocal laser scanning micros-
copy (CLSM) (50). Young biofilms (24 h) of S. epidermidis SE0Q9, S. aureus R066, S. hominis SWS11, S.
haemolyticus SW053, S. epidermidis B020, and S. epidermidis W039 were cultured. The nonadherent cells
were removed and the wells were washed three times with sterile PBS. Then the biofilms were treated
with 150 ug/ml of LysGH15 or PBS for 1 h at 37°C, and the wells were washed once with 0.85% sodium
chloride. SYTO9 and propidium iodide (PI), which stain live cells and dead cells, respectively, were used
to stain the biofilms by following the manufacturer’s protocol. Finally, the biofilms were visualized using
CLSM (FV300; Olympus, Tokyo, Japan).

LysGH15 activity against S. epidermidis in vivo. A mouse model of bacteremia caused by S.
epidermidis B020 was constructed according to a previous study, with some modifications (28). The mice
in three groups (each group contained 10 mice) were inoculated intraperitoneally with different doses
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of a bacterial suspension (1 X 107, 1 X 108, and 1 X 10° CFU/mouse) to determine the minimum dose
that caused 100% mortality over 7 days of follow-up (minimum lethal dose [MLD]). The number of dead
mice was recorded every day. Once the MLD was determined, 2X MLD was used as the infective
inoculum (challenge dose). The procedure for this experiment was carried out as described previously,
with modifications (51).

The mice were treated with LysGH15 (0, 5, 10, or 20 ug/mouse) intraperitoneally 1 h after injection

with 2X MLD (2 X 108 CFU) B020 (n = 10 in each group). The control group was treated with an equal
volume of PBS under the same conditions. The number of dead mice was recorded every day for 30 days.

The bacterial loads in the blood and vital organs were measured. At predetermined intervals, the

bacterial counts were determined in 10 ul of peripheral blood obtained from the caudal veins of mice
treated with either LysGH15 or PBS. To determine the bacterial loads in the organs, the lungs, livers,
spleens, and kidneys were collected from euthanized mice (ketamine and xylazine, 100 mg/kg of body
weight) at 1, 6, 12, 18, or 24 h following B020 challenge. Then the organs were weighed and
homogenized in sterile PBS on ice. The bacterial loads in the tissues were measured using serial dilution
and plating techniques.
Histopathology was performed for the main organ tissues. The mice were euthanized at 24 h and 48
h after B020 challenge, and the lungs, livers, spleens, and kidneys were removed and immediately placed
in 4% formalin. Then, the fixed tissues were stained with hematoxylin and eosin (H&E) using conventional

staining methods, and the tissue cells were examined using microscopy (30).
The cytokine levels in the blood were measured in different groups at 1, 6, 12, 18, or 24 h after

challenge. The blood samples were collected from mice receiving different treatments, separated
overnight at 4°C, and then centrifuged (5,000 X g) for 10 min at 4°C. The cytokines, including interferon
gamma (IFN-vy), tumor necrosis factor alpha (TNF-«), and interleukin-6 (IL-6), were quantified using an
enzyme-linked immunosorbent assay (ELISA) (eBioscience, San Diego, CA) according to the manufactur-
er's instructions (52).

Statistical analysis. SPSS Statistics version 19.0 (SPSS Inc., Chicago, IL) was used for the statistical

analysis of the experimental data. A one-way analysis of variance (ANOVA) was performed for normally
distributed data. A P value of <0.05 was considered statistically significant. Error bars in figures represent
standard deviations (SD).
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