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Fig. 1. Cumulative curves of MICs of 14 antibiotics tested for 830 MRSA isolates as determined by the broth microdilution method. Note that VCM, TEIC, LZD, DAP, ST, RFP and ABK
showed good antimicrobial activities.

hVISA isolation. On one hand, 5 hospitals had high rates of hVISA
isolation such that three, one and one hospitals had hVISA isolates
ranging from 12.5% to 15.22%, 23.81% and 47.37%, respectively. The
location of latter two hospitals was distant from each other

Table 2

resistant (81.82%).

Prevelence of VISA, hVISA, BIVR and blaZ-positive strains among all 830 blood-stream MRSA isolates.

(Table 2). Further analyses revealed that 45 out of 54 hVISA
(83.33%) showed BIVR-type vancomycin resistance and, in vise
versa, 45 out of 55 BIVR strains were hVISA-type vancomycin

Hospital Region Sample VISA hVISA BIVR hVISA/BIVR blaZ positive strains
&
number phenotype Non-BIVA BIVR
Number % Number % Number % Number % Number % Number %

A Kanagawa 108 2 1.85 1 0.93 2 1.85 1 0.93 90 8333 1 0.92
B Fukuoka 84 0 000 20 2381 20 23.81 19 22,62 54 6429 0 0.00
C Saga 79 0 0.00 1 1.27 1 1.27 1 127 77 9747 0 0.00
D Aichi 79 1 0.00 0 0.00 0 0.00 0 0.00 79 10000 0O 0.00
E Kanagawa 24 (o] 0.00 1 4.17 1 4.17 1 4.17 23 9583 1 417
F Tokyo 19 0 0.00 9 47.37 5 26.32 5 26.32 10 52.63 0 0.00
G Hyogo 77 1 1.30 0 0.00 0 0.00 0 0.00 74 9610 © 0.00
H Fukuoka 33 1 0.00 1 3.03 0 0.00 0 0.00 30 9091 O 0.00
I Tochigi 32 0 0.00 4 12.50 2 6.25 2 6.25 23 7188 0 0.00
] Tokyo 46 1 217 7 1522 6 13.04 6 13.04 32 6957 0O 0.00
K Tokyo 50 0 0.00 7 14.00 9 18.00 7 14.00 42 8400 0 0.00
L Chiba 50 0 0.00 o] 0.00 0 0.00 0 0.00 48 9600 O 0.00
M Hamamatsu 80 2 2.50 2 2.50 7 8.75 2 2.50 64 80.00 0 0.00
N Nagasaki 69 0 0.00 1 145 2 2.90 1 145 65 9420 2 2.90
Total 830 8 096 54 6.51 55 663 45 542 712 9430 4 7.27

2 hVISA/BIVR, MRSA strain which has both hVISA and BIVR phenotypes.
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We reported earlier that the strain with BIVR phenotype tends
to eliminate the blaZ gene encoding p-lactamase or inactivate p-
lactamase [21]. To see if the same is true in the present isolates, we
examined the presence of the blaZ gene by PCR. Among 55 BIVR
isolates, only 4 were blaZ positive that was equivalent to 7.27%,
while 94.3% Non-BIVR MRSA were blaZ positive (Table 2).

We also identified two LZD non-susceptible isolates from two
different hospitals. The nucleotide sequence of all five rrn operons
in the V domain regions of the 23S rRNA in the two LZD-resistant
isolates was analyzed. Both strains carried a G2576T mutation on
the 3rd and 5th rrn operons (data not shown).

4. Discussion

The bacteremic infections caused by the methicillin-resistant
S. aureus are problematic due to the high mortality and only
limited antibiotics are available for the treatment [24]. In this paper,
we carried out nationwide surveillance of antimicrobial suscepti-
bility of bloodborne MRSA isolates to ascertain resistance patterns
in order to assist in the enforcement of infection control measures.
Our major findings were that over 97% of the isolates were sus-
ceptible to teicoplanin, linezolid, sulfamethoxazole/trimethoprim,
daptomycin, arbekacin and rifampin, while the majority of the
MRSA strains showed resistant to minocycline, meropenem, imi-
penem, clindamycin, ciprofloxacin, cefoxitin, and oxacillin. On the
vancomycin susceptibility, 72 out of 830 isolated (8.67%) showed
reduced susceptibility to vancomycin, including 8 strains (0.96%) of
VISA, 54 (6.51%) of hVISA, and 55 (6.63%) of BIVR. In addition, the
most of the hetero-VISA isolates (83.3%) showed BIVR phenotype.

Vancomycin has been used as the first line for the chemotherapy
of MRSA infections. However, problems in the vancomycin therapy
of MRSA infections are increasing cases of the treatment failure that
raises questions regarding currently employed treatments [25].
Followings are the examples. (i) The vancomycin treatment of high-
risk patients with MRSA bacteremic infection often failed even
though the MIC of vancomycin was within susceptible ranges.
When MICs of vancomycin were <0.5 pg/ml, the treatment failed in
44% of cases, and when that were 1—2 pg/ml, 90% of cases resulted
in failure [26,27]. (ii) Infections of MRSA with the vancomycin MICs
>1.5 pg/ml poorly responded to the vancomycin therapy and high
mortality rates were recorded [28]. (iii) Not for all, but some of the
apparently vancomycin susceptible MRSA strains contain the
population that shows heterogeneous vancomycin-intermediate
S. aureus (hVISA) [8]. Recently, several lines of evidence docu-
mented that the bacteremia by VISA and hVISA were associated
with prolonged bacteremia, high rates of complication and poor
responses to the vancomycin treatment compared with bacteremia
by vancomycin susceptible MRSA [29,30]. Takata et al. reported that
bacteremic MRSA strains, which showed the properties of both
hVISA and BIVR were associated with a higher probability of mor-
tality, compared with the bacteremic MRSA that shows only one of
these properties [11]. Nevertheless, even though the clinical data
for the isolates used in the present study were not available for
assignment of the isolates with reduced susceptibility to vanco-
mycin into the group of poor response to vancomycin therapy, the
relatively high prevalence of the isolates with reduced vancomycin
susceptibility in the bloodborne MRSA should not be overlooked.

The Japanese Antimicrobial Surveillance Committee carried out
the nationwide antimicrobial susceptibility surveillance of the
bacteria from patients with respiratory tract infections (RTIs) for
three consecutive years, 2007 through 2009, at the Central Sur-
veillance Laboratory. Among 324 MRSA isolates, none was from
blood stream and their overall antibiotic susceptibility patterns
against 11 antibiotics were more or less similar to that of the pre-
sent study throughout (Table 1) [12—14]. Trends of antibiotic

susceptibility studied in 2007—-2009 are essentially comparable
with that in the present study except for the susceptibilities to VCM,
TEIC, MINO, LZD and DAP. This study identified a total of 8 VISA
isolates (0.96%), whereas not any VISA strain was identified in the
previous study (Table 1) [12—14]. The low prevalence of VISA in the
non-blood stream MRSA was also reported in our previously study
that only 6 VISA isolates (0.25%) had been identified in a retro-
spective study of the 2446 non-bacteremic MRSA isolates from
1978 through 2005 collected from 17 regionally distant hospitals
[31]. Although it is not clear whether there is any inevitable rela-
tionship between the incidence of VISA isolate and the sources of
specimen, further studies may be required.

Prevalence study of hVISA has been hindered by the lack of a
simple and accurate method to identify such strains. Two Etest
methods, the macro Etest method and GRD Etest strips, have been
developed for the detection of hVISA/VISA. Moreover, their evalu-
ation varied considerably. One group of investigators reported that
the macro Etest method had higher specificity (98%) than the GRD
E-test [32]. Our studies by a combination of two screening methods
and the population analysis showed that overall prevalence of
hVISA was 6.51%, among the 830 blood stream MRSA isolates,
whereas another group in Japan under the similar conditions re-
ported that 18.5% were hVISA among 162 [11]. The prevalence of
the hVISA widely varied from one country to another: Spain, 65%;
France, 20%; Germany, 2—14%; Italy, 1%; Brazil, 4%; England, 0—16%;
Belgium, 0.4%; Canada, 1.5%; Turkey, 26%; and USA, 0.3—13.9%
[32—41]. Although the causes for these gaps are not known at the
moment, the possible reasons can be that the precise hVISA is
difficult to determine given the ranges of testing methodologies,
definitions, and changes in vancomycin susceptibility breakpoints.
This may explain the variations in hVISA prevalence detected across
hospitals, geographical regions, and patient populations.

Vancomycin remains the reference standard for the treatment of
MRSA infections, however, as a result of limited tissue distribution
and the emergence of isolates with reduced susceptibility to van-
comycin, the need for alternative therapies that target MRSA has
become apparent. Although new antibiotics, including linezolid,
daptomycin and tigecycline, have been developed, superiority of
these agents over vancomycin has not been yet established in the
treatment of MRSA. Another problem is frequent emergence of
MRSA strains resistant against these new drugs [42,43]. In the
present study we identified two linezolid non-susceptible isolates
from two different hospitals, both carrying G2576T mutation in
domain V of the 23S rRNA gene. We previously showed that the
G2576T mutation was prevalent in the linezolid non-susceptible
S. aureus in Japan [22,44]. Daptomycin became available for clin-
ical use in USA in 2003 and has seen gradually increasing pre-
scription primarily as a second-line agent for severe: MRSA
infections, but it was not approved in Japan until early 2011. In the
present study, we identified 10 isolates with reduced susceptibility
to daptomycin with MIC of 2 pg/ml. As all these isolates were iso-
lated from 2008 through 2011, it seems unlike that these strains
developed resistance due to the daptomycin administration. There
were several reports on the positive correlation between vanco-
mycin- and daptomycin-resistances, and on the development of
daptomycin resistance both in vivo and in vitro in S. aureus by
exposing the strains to vancomycin [45—48]. Since all the dapto-
mycin non-susceptible isolates identified in the present study
showed slightly high vancomycin MIC (2 pg/ml, data not shown),
the decreased susceptibility of these strains to daptomycin might
be, at least partially, due to vancomycin administration during the
antibiotic therapy.

Emergence of B-lactam antibiotic induced vancomycin-resistant
MRSA (BIVR) was first reported in 2004 [49]. This type of vanco-
mycin resistance is mainly attributable to a rapid depletion of
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vancomycin in the medium that was triggered or promoted by f-
lactam antibiotics [50]. Therefore, an empiric combination therapy
by vancomycin and f-lactam antibiotics for co-infection of MRSA
and Gram-negative bacteria might not be an optimal choice of
treatment as suggested by our group and others [11,21,49,50].
Recently, clinical impact in BIVR and hVISA has been reported.
Among 162 blood-borne MRSA isolates, 30 and 39, equivalent to
18.5% and 24.1%, respectively, were hVISA and BIVR phenotypes,
respectively [11]. Furthermore, 60% of hVISA and 46.2% of BIVR
were found to show BIVR and hVISA properties, respectively. The
study reported that the mortality of the patients who were infected
by the hVISA/BIVR two-phenotype MRSA and treated with vanco-
mycin and B-lactam antibiotics trended to be higher compared with
the patients infected by either BIVR or hVISA [11]. This study
documented that increasing numbers of the vancomycin resistant
MRSA such as VISA, hVISA and BIVR were isolated from the MRSA
bacteremic specimens. Continued surveillances and evaluation of
outcomes for patients infected by MRSA are to be warranted.
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ABSTRACT

Background: Candida species are clinically important causes of bloodstream infections because their
mortality is very high. Given that some species of Candida are azole-resistant, identifying the distribu-
tions of Candida species could facilitate the formulation of an appropriate empirical antifungal therapy. It
has been shown that the distribution varies depending on the continent, country, city, and hospital. In
this paper, we describe the distributions of species in hospitals in northern Osaka, Japan.
Method: We evaluated blood culture results obtained from six tertiary hospitals in the northern Osaka
area between 2004 and 2011. We also obtained comorbidity information from the patients' hospital
medical records. Kaplan—Meier curves were drawn to compare the risk of death related to the different
species.
Results: Of the 165 cases of candidemia confirmed by blood culture, 66% were male and the mean age
was 62 years (range = 0—96). Overall, Candida albicans comprised 70 cases (43%), followed by Candida
parapsilosis with 36 cases (22%), Candida glabrata with 25 cases (15%), Candida tropicalis with 11 cases
(7%), Candida krusei with 10 cases (6%), and other Candida species with 13 cases (8%). C. tropicalis had
higher associated mortality than other species, although it was not statistically significant.
Conclusions: C. albicans was the most frequently isolated species, but the proportion of non-albicans
Candida species was not negligible. The relatively high frequency of non-albicans Candida species
distinguished the Japanese distribution from other areas. This characteristic distribution may have
important implications when formulating an empirical antifungal therapy for Japanese clinical practice.
© 2014, Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.

1. Introduction

in-hospital mortality [5] and delaying empirical treatment for more
than 12 h is associated with higher mortality {6].

Candida species are among the most common causes of noso-
comial bloodstream infection (BSI) [1]. They are important in
clinical settings because the mortality rate associated with candi-
demia is very high [2,3]. However, conducting an epidemiological
study of candidemia is challenging because cultures rarely confirm
the infection. Many hospitals in Japan lack suitable facilities for
performing reliable mycological assays of Candida species. Thus,
Japanese physicians use empirical therapy because it is not possible
to delay treatment until positive blood culture results are obtained
[4]. The incubation time has a statistically significant impact on the

* Corresponding authors. Tel.: +81 6 6879 5093; fax: +81 6 6879 5094.
E-mail addresses: morrydaich@alum.emory.edu, morrydaich@hotmail.com
(D. Morii), seki@hp-infect.med.osaka-u.ac.jp (M. Seki).

http://dx.doi.org/10.1016/jjiac.2014.05.009

Numerous surveillance programs have focused on candidemia,
which have documented the prevalence of different Candida spe-
cies. In the early 1990s, a population-based surveillance study
organized by the Centers for Disease Control and Prevention (CDC)
found that Candida albicans was the dominant Candida species [7],
followed by Candida parapsilosis. Subsequent surveillance pro-
grams have noted an increase in the proportion of non-albicans
Candida BS], particularly an increase in Candida glabrata [8]. This
change in distribution is considered to be important because fungal
drug susceptibility testing is not the universal standard of care, so
knowledge of the infecting species is used to guide therapy. Both
C. glabrata and Candida krusei are considered to be azole-resistant
species [9,10] so any change in the distribution of Candida species
affects the choice of empirical antifungal therapy. The distribution
of Candida species varies geographically. In Canada and Europe, for
example, the prevalence of C. albicans is higher than that in other

1341-321X/© 2014, Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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regions. The United States (US) has a higher proportion of
C. glabrata than other regions, while Candida tropicalis is dispro-
portionately prevalent in Latin America [11].

In this study, we determined the distributions of Candida species
in northern Osaka, Japan using data collected during 2004-2011
from tertiary care hospitals.

2. Methods
2.1. Study design

The data used in this study were obtained from tertiary care
hospitals in the northern Osaka area of Japan. Blood culture results
were evaluated between 2004 and 2011. Six hospitals in the
northern Osaka area participated in this study, including one uni-
versity hospital (1000 beds), one national center for cardiovascular/
cerebral diseases (600 beds), and four city hospitals (360—600 beds
for each). We received approvals by the ethical review board in
Osaka University Hospitals. This study is registered in UMIN
(UMINOO00008282). A candidemia case was defined as the first
isolation of any Candida species from blood drawn from a patient at
any of the participating hospitals. Medical records were also
reviewed to identify the underlying medical conditions, treat-
ments, and potential risk factors.

The detection and species determination of isolates were per-
formed in each hospital laboratory using CHROMagar (Kanto
Chemical Co. Inc., Tokyo, Japan), APl 20C AUX (SYSMEX bioMérieux
Co. Ltd, Kobe, Japan), or a Vitek Yeast Biochemical Card (SYSMEX
bioMérieux Co. Ltd, Kobe, Japan). All of the clinical decisions were
entrusted to the discretion of the patient's physician. One hospital
lacked suitable technology to determine the species type from 2004
to 2009, so only data obtained from this hospital between 2010 and
2011 were included in the analysis.

When identifying underlying conditions and risk factors, we
defined “broad-spectrum antibiotics” as fourth generation cepha-
losporins and carbapenems. Exposure to broad-spectrum antibi-
otics, anti-MRSA drugs, and prophylactic antifungal agents were
defined as the use of these drugs during the 60 days prior to the
blood cultures being taken. A central venous line was counted
when it was placed in a patient within seven days before the blood
culture was taken. Diabetes mellitus, including impaired glucose
tolerance, was a clinical diagnosis made by the reviewers of the
medical records in each hospital. Hemodialysis was either chronic
hemodialysis or other types of active blood purification therapy
within the 60 days prior to the blood test.

2.2. Statistical analysis

The relative frequencies were calculated to compare the distri-
butions of different Candida species. Kaplan—Meier curves were
also drawn to visualize the survival distributions. SAS version 9.3
(SAS Institute Inc., Cary, NC, US) was used for the statistical
analyses.

3. Resuits

A total of 165 cases were detected. Among them, 81 were
detected in the university hospital, 3 were in the national center for
cardiovascular/cerebral diseases, and 81 were in city hospitals.
Table 1 shows the clinical and demographic characteristics of the
patients with candidemia. The mean age was 62 years
(range = 0—96) and 66% of the patients were male. One person was
found to possess two species types. We treated this patient as two
cases in the analysis. The department where Candida species were
isolated most frequently from blood samples was internal medicine

Table 1
Characteristics of patients with candidemia (n = 165).

Patient characteristics

Sex (male), n (%) 109 (66)
Age (years), mean (SD) 62 (23)
Department, n (%)

Internal medicine 62 (38)

Cardiology 9(5)
Hematology/oncology 20 (12)
Pediatrics/pediatric surgery 13 (8)
Cardiothoracic surgery 13 (8)

Gastrointestinal surgery 35(21)
Other surgery 13(8)
Comorbidity/risk factor, n (%)
Diabetes mellitus 55 (33)
Hemodialysis 22 (13)
Chemotherapy 32(19)
Immunosuppression 60 (36)
Central venous line 129 (78)
Anti-MRSA drug 20 (12)
Broad-spectrum antibiotics 88 (53)
Fluconazole 19 (12)
Micafungin 44 (27)
Hospital days to isolation, median (25th, 75th percentile) 35(18,73)

with 62 cases. Internal medicine is an aggregate of all types of in-
ternal medicine departments, other than cardiology and hematol-
ogy/oncology. Gastrointestinal surgery was second with 35 cases. In
terms of comorbidities, 129 patients (78%) had central venous line
placements within seven days prior to their blood samples being
tested, 88 patients (53%) were exposed to broad-spectrum antibi-
otics before Candida isolation, and 125 patients (75%) had been
hospitalized for more than 18 days at the time of detection.

During the study period, 165 cases of candidemia were
confirmed by blood cultures at the participating hospitals. Overall,
42.4% (70 cases) of the infections were due to C. albicans, followed
by C. parapsilosis (21.8%, 36 cases), C. glabrata (15.2%, 25 cases),
C. tropicalis (6.7%, 11 cases), C. krusei (6.1%, 10 cases), and other
Candida spp. (7.9%, 13 cases) (Fig. 1).

The evaluation of the clinical outcomes showed that the 28-day
all-cause mortality was 32% for all cases. C. tropicalis had a higher
in-hospital mortality than other species, although the difference
was not statistically significant (Fig. 2). Of the patients who died,
90% died within 31 days of candidemia being diagnosed. With
respect to the differences in mortality, the status of comorbidities,
rather than the virulence of each species, may explain the higher
likelihood of mortality in patients with C. tropicalis. In this study, a
chi-squared test showed that there was a statistically significant

*Qthers or not
specified

C. krusei
(n= 10, 6%)

(

C. albicans

C. tropicalis (n =70, 43%)

(n=11,7%)

C. glabrata
(n =25, 15%)

C. parapsilosis
n=(36,22%)

Fig. 1. Overall distribution of Candida species (n = 165). * One case of Candida famata,
one case of Candida lusitanice, and 11 cases of undetermined Candida species.
C. albicans is the most frequently isolated, and C, parapsilosis follows.
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Fig. 2. Survival curve for candidemia patients with each Candida species. C. tropicalis
had a higher in-hospital mortality than other species, although the difference was not
statistically significant.

association between diabetes mellitus and C. tropicalis (but not
with non-tropicalis Candida) (p = 0.027).

Among all cases, prophylactic fluconazole was given in 19 cases.
The crude data shows that the percentages of C. albicans and
C. parapsilosis decreased and the percentages of C. glabrata and
C. krusei increased in the cases where patients were given flucon-
azole prophylaxis (Table 2). On the other hand, prophylactic
micafungin was given in 44 cases. The crude data shows that the
percentage of C. parapsilosis and C. krusei increased in the cases
where patients were given micafungin prophylaxis (Table 3).

4. Discussion

The distributions of Candida species differ among geographical
areas. An international surveillance study, SENTRY study, showed
that the prevalence of C. tropicalis was higher in Latin America than
other regions. The prevalence of C. parapsilosis in Latin America was
also higher than that in the US [11] (Fig. 3). In the US, C. glabrata was
significantly more prevalent than other areas. A subanalysis of the
SENTRY study showed that there were fairly variable species dis-
tributions even within countries and continents. Some species
were specific to a particular region. For example, a nationwide
sentinel surveillance study conducted in Brazil showed that
Candida pelliculosa was the fourth most frequently isolated species
with a prevalence of 6.2% [12]. This species is not mentioned in The
Infectious Diseases Society of America (IDSA) Guidelines 2009 [13],
although it was more prevalent than C. glabrata (4.9%) and C. krusei
(1.1%) in Brazil. This suggests that we may need to pay greater
attention to the local distribution rather than the continental
distribution.

Several population-based or sentinel surveillance studies con-
ducted in the US have shown that 45—58% of candidemia cases

Table 2
Candida species with or without fluconazole prophylaxis.
Fluconazole Fluconazole
prophylaxis +, n (%) prophylaxis —, n (%)
C. albicans 6(32) 64 (44)
C. parapsilosis 3(16) 33(23)
C. glabrata 4(21) 21(14)
C. tropicalis 2(11) 9(6)
C.krusei 4(21) 6 (4)
Others 0(0) 13(9)
Total 19 146

Table 3
Candida species with or without micafungin prophylaxis.

With micafungin
prophylaxis, n (%)

Without micafungin
prophylaxis, n (%)

C. albicans 18 (41) 52 (43)
C. parapsilosis 13 (30) 23(19)
C. glabrata 7(16) 18 (15)
C. tropicalis 2(5) 9(7)
C. krusei 4(9) 6(5)
Others 0(0) 13 (11)
Total 44 146

were caused by C albicans, 12—24% by C. glabrata, and 7—21% by
C. parapsilosis [7,14—16] (Table 4). However, only one nationwide
epidemiological study of Candida species is available from Japan
[17], which was based on a survey conducted during 1999. Ac-
cording to this study, the prevalence of C. albicans was 48%, while
that of C. parapsilosis was 19%, C. glabrata was 16%, C. tropicalis was
12%, and C. krusei was 3%, among the candidiasis cases reported.
Thus, the nationwide trend in the late 1990s appears to have been
quite similar to that detected in northern Osaka in the present
study. However, local reports from other parts of Japan suggest that
there are quite different prevalence rates [18—20] (Fig. 4). One
study from a suburban city near Hiroshima (NHO Kure Medical
Center) reported an extremely high C. glabrata prevalence of 42%
during 2002—-2008, while the prevalence of C. albicans was 29% and
that of C. parapsilosis was 16% [18]. This difference may be due to
contrast of urban area rural area. Urban areas including northern
Osaka and Tokyo (Juntendo University and St. Luke's hospital) have
relatively low percentage of C. glabrata. The distributions of
different Candida species do not appear to be identical throughout
Japan, so it is important to consider local data trends as well as
national trends.

The relatively low numbers of Candida-positive blood cultures in
particular hospitals hinder epidemiological studies of these species.
In general, each hospital produces a very low number of positive
culture results, which means it is difficult to determine the distri-
butions of species. This is why it may make sense to consolidate
data from several hospitals within a district. However, the repre-
sentativeness of the consolidated distribution may be doubtful if
we include more hospitals in the analysis. In addition to spatial
considerations, the length of the observation period is also
important. The spatial and temporal scales we selected were arbi-
trary. We collected data from the main tertiary hospitals in north-
ern Osaka for eight consecutive years.

A limitation of our study is that the biological methods used for
species identification were not identical. In contrast to several
population-based surveys conducted in the US, three different

Canada(n=161) 22 7 ¢
4 u C. albicans

Europe (n=302) [ u C. glabrata

United States (n=589) B # C. parapsilosis

i # C. tropicalis

Latin Ameri =132) § 0

atin America (n = 132) B C. krusei
Japan (n=1301) [ @ Candida spp.

0% 50% 100%
Percentage of total isolates

Fig. 3. The global diversity of Candida species isolated from bloodstream-infected
patients based on the SENTRY program™® (1997-2000) and a Japanese study™ (2001).
*[11], **[17] Japan and Latin America show greater percentage of non-albicans Candida
than Canada and Europe.

- 103 -



D. Morii et al. / ] Infect Chemother 20 (2014) 558562 561
Table 4
Surveillance in the United States.
Reference Year City/region % of total
C. albicans C. parapsilosis C. glabrata C. tropicalis C krusei Other species
Kao [7] 19921993 Atlanta, San Francisco 52 21 12 10 4 -
Hajjeh [14] 1998-2000 Connecticut, Baltimore 45 13 24 12 - -
Diekema [15] 1998~-2001 lowa 58 7 20 11 2 2
] j from a prospective nationwide surveillance stucy. Clin Infect Dis 2004;39:
Northern Osaka 309-17.
(n= 165, 2004201 1) [2] Pagano L, Antinori A, Ammassari A, Mele L, Nosari A, Melillo L, et al. Retro-
1 €. albicans spective study of candidemia in patients with hematological malignancies.
NHO Kure MC €. glabrata Clinical features, risk factors and outcome of 76 episodes. Eur ] Haematol
(n=31,2002-2008) ] ] | » C parapsitosis 1999:63:77-85.
| | | ] G apieat [3] Viscoli €, Girmenia C, Marinus A, Collette L, Martino P, Vandercam B, et al.
Juntendo Univ. | - i o ‘_“ " Candidemia in cancer patients: a prospective, multicenter surveillance study
(n=96, 1994~2000)§ | € hrued by the Invasive Fungal Infection Group (IFIG) of the European Organization for
} S , 1 Candida spp. Research and Treatment of Cancer (EORTC). Clin Infect Dis 1999;28:1071-9,
St. Luke's . — [4] Cornely OA, Bassetti M, Calandra T, Garbino J, Kullberg BJ, Lortholary O, et al.
(n=71,1993-1999) | § ! | i i ESCMID* guideline for the diagnosis and management of Candida diseases
0% 20% 40% 60% 80% 100% 2012: non-neutropenic adult patients. Clin Microbiol Infect 2012;18:19~37.
Percentage of total isolates [5] TaurY, Cohen N, Dubnow S, Paskovaty A, Seo SK. Effect of antifungal therapy
timing on mortality in cancer patients with candidemia. Antimicrob Agents
Fig. 4. The domestic diversity of Candida species isolated from bloodstream-infected Chemother 2010;54:184~90.
patients in Japanese hospitals. *[ 18], **[19], ***[20] NHO Kure MC shows greater per- [6] Morrell M, Fraser V], Kollef MH. Delaying the empiric treatment of Candida
centage of C. glabrata than other hospitals. bloodstream infection until positive blood culture results are obtained: a
potential risk factor for hospital mortality. Antimicrob Agents Chemother
Lo . . . 2005;49:3640-5.
species identification systems were used, which depended on the [7] Kao AS, Brandt ME, Pruitt WR, Conn LA, Perkins BA, Stephens DS, et al. The
hospital. The development of a centralized system in Japan would epidemiology of candidemia in two United States cities: results of a
facilitate the standardization of species identification. Sentinel or population-based active surveillance. Clin Infect Dis 1999;29:1164-70.
[8] Ptaller MA, Diekema DJ. Role of sentinel surveillance of candidemia: trends in

population-based surveillance via a central laboratory will also be
necessary to address concerns about the internal validity of using
different biological testing methods.

There are several possible explanations for the different distri-
butions among regions. Prior exposure to antifungal drugs is one
possible explanation because patients treated recently with an
azole drug have an increased risk of infection with fluconazole-
resistant Candida [21]. Furthermore, Ben-Ami et al. reported a
statistically significant association between fluconazole-resistant
species and certain types of antibiotics, such as metronidazole,
carbapenem, trimethoprim-sulfamethoxazole, clindamycin, and
colistin [22]. A possible selective effect of age is another possible
explanation because very young children and neonates are more
likely to be infected by C. parapsilosis [23]. Several studies have
shown that C, glabrata infections are more common in older cohorts
than younger ones [24,25]. More importantly, differences in general
antifungal practices may have caused the different distributions
among regions. The Infectious Diseases Society of America's
guidelines recommend fluconazole for many forms of candidiasis,
including adult nonneutropenic candidemia [13], whereas the Eu-
ropean Society of Clinical Microbiology and Infectious Diseases'
guidelines grade azoles lower than echinocandins for the treatment
of invasive candidiasis and candidemia [4]. In the most recent
Japanese guidelines, fluconazole is recommended only for mild
candidiasis, otherwise echinocandins are recommended [26].
These different practices may explain the regional differences in the
distributions of Candida species. Further research is required to
determine whether these factors can explain the regional differ-
ences in the distributions of Candida species.
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- We developed a novel catlomc antlmlcroblal peptide, AG30/5C which demonstrates anglogemc propemes 5|mllar to those W

. of LL-37 or. PR39. However, improvement of its stability and cost efficacy are required for clinical application. Therefore, we *

~ examined the metabolites of AG30/5C, which provided the further optimized compound, SR-0379. SR-0379 enhanced the
proliferation of human dermal fibroblast cells (NHDFs) via the PI3 kinase-Akt-mTOR pathway through mtegrln -mediated

resistant microbes and fungl We evaluated the effect of SR-0379 in two different would- heahng models in rats, the full-

"  ~ granulation  tissue formation, prohferatlon of endothelial cells and fibroblasts -and ‘antimicrobial activity. These results

sharing data and materials.

* E-mail: nakagami@gts.med.osaka-u.acjp (HN); morishit@cgt.med.osaka-u.acjp (RM)

Introduction

Antimicrobial peptides are produced by multicellular organisms
as a defense mechanism against competing pathogenic microbes
[1]. Gurrently, more than 1,200 antimicrobial peptides have been
discovered in animals and plants [2]. In addition to their
antimicrobial functions, some peptides, such as LL-37, are known
to have other functions. For example, LL-37 is chemotactic for
monocytes, T cells, neutrophils and mast cells and also stimulates
mast cell histamine release and angiogenesis [3]. These observa-
tions have led to the development of a therapeutic concept using
antimicrobial peptides as multifunctional effector molecules to
prevent infection directly and to promote wound healing in
various ulcers. Indeed, many researchers have tried to develop
antimicrobial peptides for topical use and systemic application [4]
[5]. Before these peptides can be used in clinical applications,
several improvements must be made, including 1) increased

PLOS ONE | www.plosone.org

stability, 2) reduced cytotoxicity and 3) improved antimicrobial
activity [6]. To improve the stability of antimicrobial peptides,
converting amino acids from L to D conformations has been
attempted [7]. Antimicrobial peptides are usually positively
charged, between 12 and 100 amino acids in length and form
amphipathic structures. The production of shorter analogs may
also resolve the cost issue for clinical applications.

We previously developed an antimicrobial peptide named
AG30 (angiogenic peptide 30) that contained 30 amino acids
and possessed both angiogenic and antibacterial functions [8] [9].
For clinical application in the treatment of drug-resistant ulcers,
we have modified AG30 to enhance its angiogenic activity,
broaden its antibacterial function, enhance its stability and reduce
its cost. In this study, we have demonstrated the production of a
stable, shorter peptide, SR-0379, that contains twenty amino
acids, including one lysine residue that has been converted to D-
lysine. This peptide exhibited antimicrobial activities against a

March 2014 | Volume 9 | Issue 3 | 92597
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number of bacteria, including drug-resistant bacteria, and induced
the proliferation, tube formation, migration and contraction of
human dermal fibroblast cells.

Treatment with SR-0379 significantly accelerated wound
healing in a skin ulcer model. In the intracellular mechanism of
wound healing, we focused on the PI3K/Akt/mTOR pathway. It
has been reported that Akt/mTOR activation, by the ablation of
Pten and Tscl, dramatically increased epithelial cell proliferation,
migration, and cutaneous wound healing, while pharmacological
inhibition of mTOR with rapamycin delays wound closure [10].
Indeed, SR-0379 would activate the Akt/mTOR pathway which
lead to accelerate wound healing. Further application of SR-0379
might provide a new therapeutic option to treat various ulcers,
such as diabetic ulcers and severe burns.

Results

Design of SR-0379

For use in clinical applications, we first modified AG30 to
improve its stability and reduce its cost. To perform the lead-to-
drug-candidate optimization, various approaches to improve
stability were evaluated. The metabolic stability of AG30/5C
was evaluated by using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) (Figure. S1 in
File SI). The major metabolites were 20 amino acids (aa), 18 aa
and 17 aa, which overlap the N terminus AG30/5C and 12 aa in
the middle of AG30/5C (Fig. 1A). The metabolites of AG30/5C
were cleaved by endopeptidases and exopeptidase at multiple sites,
with most cleavage sites present in the C-terminus. Those
metabolites were synthesized (Fig. 1B), and their proliferation in
HUVECs, tube formation in co-culture of HUVECs and NHDFs
and antibacterial activities against Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus were evaluated. Treatment with
the 20-aa peptide (SR-0007) vyielded significant increases in
proliferation of HUVEGCs (Fig. 1C), whereas other metabolites
did not have significant effects (data not shown). The stimulatory
effects of SR-0007 were equivalent to the effects of AG30/5C
(Fig. 1C). Furthermore, the treatment with SR-0007 (10 pg/ml)
induced tube form in co-culture of HUVECs and NHDFs with the
same level of AG30/5C (Fig. 1D). SR-0007 exhibited similar
antibacterial activities against Escherichia coli, Pseudomonas acruginosa
and Staphylococcus aureus as AG30/5C (Table 1). These results
revealed that SR-0007, which consists of 20 amino acids, is a
potent candidate metabolite like AG30. However, SR-0007 was
rapidly degraded by rat and human sera at 37°C (Figure 1E).
Therefore, we further modified SR-0007 to improve its stability.
The lysine in SR-0007 was replaced with D-form lysine, and the
resulting compound was named SR-0379. As shown in Fig. 1E,
the stability of SR-0379 was significantly improved, suggesting that
SR-0379 might be resistant to the actions of known natural
peptidases [11].

Antibacterial activity of SR-0379 in drug-resistant/
sensitive strains

We examined the antibacterial effects of AG30/5C, SR-0007
and SR-0379 against E. coli, P. aeruginosa and S. aureus (Table 1).
Importantly, SR-0379 exhibited more potent antibacterial activity
against E. coli compared to the original SR-0007 peptide, whereas
the minimal inhibitory concentration (MIC) of SR-0379 against P.
acruginosa was equivalent to that of SR-0007. A number of strains
were then evaluated for their sensitivities to SR-0379 (Table 2).
SR-0379 demonstrated potent antibacterial activity against gram-
positive and gram-negative aerobes and anaerobes. Additionally,
SR-0379 exhibited antibacterial effects against fungi such as
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Candida krusei. Notably, the antimicrobial spectrum of SR-0379 is
broader than the spectra for antibiotics such as chloramphenicol
or amphotericin B (Table 2) failed to exhibit an inhibitory activity
against fungi or bacteria, respectively. Furthermore, we tested the
antibacterial effects of SR-0379 on antibiotic-resistant/sensitive
strains for use in clinical applications. Unexpectedly, SR-0379
exhibited similar inhibitory effects on various antibiotic-resistant
strains, such as methicillin-resistant S. awreus (MRSA) and
multidrug-resistant Acinetobacter baumannii, compared to the sensi-
tive strains (Table 3). As antimicrobial peptide functional
mechanisms are related to the disruption of the bacterial
membrane [12], SR-0379 may exhibit potent antibacterial effects
against other antibiotic-resistant strains.

Cellular functions of SR-0379 and its molecular
mechanisms

We investigated the effects of SR-0379 on the proliferation,
migration and contraction capacity of neonatal normal human
dermal fibroblasts (NHDFs) and examined the angiogenic activity
of HUVECGs in co-culture with NHDFs. In the proliferation assay,
the treatment with SR-0379 (1, 3 and 10 pg/ml) resulted in
significant increase in the proliferation of fibroblasts in a dose-
dependent manner (Fig. 2A). Whereas Normal Human Epidermal
Keratinocytes (NHEKSs) were treated with SR-0379 (1, 3 and
10 pg/ml), SR-0379 did not affect cell proliferation (Figure S2 in
File S1). Similarly, in the tube formation assay, the treatment with
SR-0379 (0.5, 2.5 and 10 pg/ml) significantly induced tube
formation of HUVEGs in co-culture with NHDFs as angiogenic
activity (Fig. 2B). In the migration assay, the treatment with SR-
0379 (1 and 10 pg/ml) also resulted in significant increases in
migration activity (Fig. 2C). In the fibroblast-collagen-matrix
contraction assay, the treatment with SR-0379 (1, 3, 10 and
30 pg/ml) significantly induced contraction as a measure of
wound healing activity (Fig. 2D). When compared to the activities
of FGF2 (0.3 pg/ml), the contraction activity of SR-0379 (30 pg/
ml) was more potent, while the other activities were equivalent or
less potent in SR-0379. Interestingly, the treatment with SR-0379
significantly increased the mRNA expression of interleukin-8 (IL-
8) which was attenuated with pretreatment of Wortmannin
(PI3kinase inhibitor, 100 nM) (Figure S3A in File S1). Similarly,
the treatment with SR-0379 increased IL-8 protein expression in a
dose dependent manner Figure S3B in File S1).

What are the molecular mechanisms of these actions of SR-
0379? The phosphorylation effects of SR-0379 on FAK at Tyr397
and Tyr925 and on Akt at Ser473 were examined in NHDFs. As
shown in Fig. 3A, treatment with SR-0379 (10 pg/ml) increased
the phosphorylation of FAK Tyr397 and Akt Ser473 but not of
FAK Tyr925 after 30 minutes, similar to the well-known
antimicrobial peptide LL-37. The treatment with SR-0379 at
doses of 0.3 to 10 pg/ml also significantly increased the
phosphorylation of FAK Tyr397 and Akt Ser473 (Fig. 3B). The
involvement of integrins was also tested in NHDFs. Pretreatment
with RGD peptide (30, 100 and 300 pM), a small-molecule
integrin antagonist, inhibited the activation of FAK and Akt
induced by SR-0379 (Fig. 3C). Wortmannin (100 nM) and
Rapamycin (1 nM) also inhibited the activation of Akt induced
by SR-0379 (Fig. 3D, 3E). The treatment with SR-0379 (10 pg/
ml) resulted in a significant increase in cell proliferation of
fibroblast, whereas Akt knockdown using siRINA attenuated SR-
0379-induced cell proliferation (Figure 3F and Figure S4A in File
S1). Similarly, an inhibitor of Akt by Akt inhibitor IV (1 pM) also
attenuated SR-0379-induced cell proliferation (Figure S4B in File
S1). These results demonstrated the importance of Akt pathway in
the effect of SR-0379.

March 2014 | Volume 9 | Issue 3 | €92597

- 107 -



A Novel Anti-Microbial Peptide in Wound Healing

A
Parent compound(AG30/5C) MLKLIFLHRL KRMRKRLKRK LRFWHRKRYK
MLKLIFLHRL KRMRKRLKRK (SR-0007)
MLKLIFLHRL KRMRKRLK
Major metabolites
MLKLIFLHRL KRMRKRL
LHRL KRMRKRLK
B
AG30/5C MLKLIFLHRL KRMRKRLKRK LRLIWHRKRYK  (Net charge= 17)
SR-0007 MLKLIFLHRL KRMRKRLKRK (Net charge= 11)
SR-0379 MLKLIFLHRL KRMRKRL DLys RK (Net charge= 11)
Cc D
140 ¢ . . 200
120 F
g5 100 | §g ™0
TE 80 | 2E
28 ¢ | gé 100
S 29
g 40 S8 50
20 | =
0 — 0
Control AG30/5C SR-0007 Control AG30/5C SR-0007
E
100 —@— SR-0379 rat serum

—&— SR-0379 human serum
+++0-- - SR-0007 rat serum
--+[F-- SR-0007 human serum

Remaining Peptides
(% of control)
b=

1 L i L 3 'l
0 5 10

Incubation time (min)

Figure 1. Lead optimization from the angiogenic peptide AG30/5C. A) Major metabolites of AG30/5C determined by MALDI-TOF MS. The
parent compound (AG30/5C) was incubated with rat serum in vitro 60 minutes. The metabolites were identified by comparison with the pre-
incubation peptide. B) Sequences and net charges of AG30/5C and AG30/5C-derived peptides (SR-0007 and SR-0379). The lysine (K) of SR-007 was
replaced with D-lysine in SR-0379. C) Effect of AG30/5C (10 pg/mi) and SR-0007 (10 pg/ml) on HUVECs proliferation. N =3 per group. *P<0.05 vs.
control. D) Effect of AG30/5C (10 pg/ml) and SR-0007 (10 pug/ml) on tube formation. The formation of capillary-like structures was observed in co-
cultures of HUVECs and NHDFs. N =5-12 per group. ¥P<0.05 vs. control. E) Stability of SR-0007 and SR-0379 in rat and human sera. SR-0007 and SR-

0379 were quantified before or after incubation in vitro with rat and human sera for either 3 or 10 minutes, N=2.

doi:10.1371/journal.pone.0092597.g001

Acceleration of wound healing by SR-0379 in vivo

To evaluate the potential use of SR-0379 in clinical practice, a
full-thickness wound model with a skin flap was employed in a
streptozotocin-induced diabetic rat model. On day 2, the wound
area was quickly and significantly reduced in the SR-0379
(0.2 mg/ml) group but not in the saline and FGF2 groups
(Fig. 4A, 4B). As shown in Fig. 4A, the color of the wound surface
on day 6 was red (bloody) in the SR-0379 treatment group. In
contrast, the color of the wound surface was still dark with necrotic
skin visible in both the saline and FGF2 groups. Reduced wound
area in the SR-0379 group was sustained on days 6 and 13
(Fig. 4B). The skin wound was completely healed at day 19 with
SR-0379 treatment, whereas the wound did not heal until day 24
with saline treatment (Fig. 4C).
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To determine the utility of SR-0379 in a clinical situation, we
finally evaluated whether the compound could accelerate wound
healing in an acute infection wound model, as the presence of
infection largely diminishes the wound-healing process. After
creating full-thickness defects, S. aureus was inoculated. Treatment
with SR-0379 (1 mg/ml) significantly reduced the unhealed
wound size on days 8 and 15 compared to the saline and FGF2
groups (Fig. 5A, 5B). The effects of SR-0379 on wound healing
were more potent than the effects of FGF2, which is currently a
standard therapy (Fig. 4B, 5B). To determine the effect of SR-0379
on wound healing, granulation tissue formation was analyzed by
subcutaneously implanting a paper disc (Fig. 5C). Granulation
tissue weight was significantly increased by treatment with SR-
0379 (100 pg/disc). To further evaluate the effect of SR-0379 on
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Table 1. MICs of several compounds against E. coli, P. aeruginosa and S. aureus.

E. coli (ATCC25922)

Compound

AG30/5C 32 16/32

SR-0379 8 16/32

0.008-0.06 0.25-1

Meropenem

doi:10.1371/journal.pone.0092597.t001

wound healing, collagen production and proliferation were
measured using the incised wound rat model. The tensile strength
after SR-0379 treatment (5 ug) was significantly increased
compared to saline treatment. Treatment with SR-0379 induced
granulation tissue formation and collagen production, which may
accelerate wound healing.

Collagen gel assay is a conventional method to investigate cell
behavior that more closely resembles cell' behavior in vive. As
shown in Figure 2D, the diameter of the collagen gel containing
went down by treatment of SR-0379. The promotion of the
wound healing with SR-0379 was supported by the enhanced
contraction in viro.

Discussion

Recently, wet dressing has been strongly recommended to
accelerate the process of wound healing because epithelial cells
and dermal fibroblasts proliferate well under wet conditions [13].
However, wounds under wet conditions present an ideal

P. aeruginosa (ATCC27853)

S. aureus (ATCC29213)

16/32

16

0.03-0.12

The scores indicate the MICs (mg/ml) for E. coli, P. aeruginosa and S. aureus. MICs represent the individual data from two independent experiments.

environment for bacterial growth due to the presence of moisture
and warmth. Wound infection has become one of the major risk
factors in the delay of wound healing [14], although physicians
take many precautions to prevent wound infection. Wound
colonization is defined as the presence of multiplying microor-
ganisms on the surface of a wound but with no associated clinical
signs and symptoms of infection [15]. Recently, the term critical
colonization has gained acceptance and is defined as the
borderline of colonization and infection. As wound colonization
is most frequently polymicrobial and involves numerous microor-
ganisms that are potentially pathogenic, the diagnosis of clinical
colonization is difficult for general physicians in a clinical setting.
Recombinant growth factor proteins, such as FGF2 and PDGF,
have been shown to stimulate ulcer-healing processes in clinical
applications [16,17]. However, the wound might fail to be healed
by these growth factors in the event of an infection, as these
growth factors have no antibacterial properties. Therefore, a
wound-healing drug with antibacterial properties would be ideal to
avoid the risk of infection during wound care.

Table 2. In vitro activities of SR-0379 against Gram-positive and Gram-negative bacteria and fungi.

Gram staining

Strain

Bacteria Aerobes

G(-)Bacilli

Fungi Strain

Candida krusei

MIC (pg/mi)

Salmonella Enteritidis 8 4

Acinetobacter baumannii 8 16/32

Bacteroides fragilis 32 1

SR-0379 Amphotericin B

32 2

NT: Not tested.
doi:10.1371/journal.pone.0092597.t002
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The scores indicate the MICs (mg/ml) for gram-positive and gram-negative bacteria and fungi. MICs represent the individual data from two independent experiments.
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Table 3. In vitro activities of SR-0379 against seven strains of drug-resistant bacteria.

Bacteria Drug resistance MIC (ng/ml)

Carbapenem-resistant 16-64

Staphylococcus aureus Methicillin-sensitive 32

Methicillin-resistant (2) 32

MICs represent the individual data from two independent experiments.
doi:10.1371/journal.pone.0092597.t003
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Figure 2. Cellular function of SR-0379. A) Effect of SR-0379 on NHDFs proliferation. NHDFs were treated with SR-0379 (1, 3 and 10 pg/ml) or
FGF2 (0.1 pg/ml). N =4 per group. *P<<0.05 vs. control. B) The upper panel shows representative pictures of tube formation in a co-culture of HUVECs
and NHDFs (Control, FGF2: 0.2 pg/ml) and SR-0379 (10 pg/ml). The lower panel shows the effects of SR-0379 on tube formation in a co-culture of
HUVECs and NHDFs. N =5 per group. *P<0.05, **P<<0.01 vs. control. C) The upper panel shows representative pictures of the migration induced by
FGF2 (0.1 pg/mi) and SR-0379 (10 pg/ml). The lower panel shows the effects of FGF2 (0.1 pg/ml) and SR-0379 (1 and 10 pg/ml) on migration. N=4
per group. *P<<0.05, **P<0.01 vs. control, #P<0.01 vs. SR-0379 (1 pg/ml). D) The upper panel shows representative pictures of the fibroblast-
collagen-matrix contraction assay with FGF2 (0.3 pug/ml) and SR-0379 (1, 3, 10 and 30 pug/ml). The lower panel shows the effects of FGF2 (O 3 pg/ml)
and SR-0379 (1, 3, 10 and 30 pg/ml) on fibroblast-collagen matrix contraction. N=3 per group. *P<0.05, **P<0.01 vs. control.
doi:10.1371/journal.pone.0092597.g002
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Figure 3. Activation of the PI3 kinase/AKT/mTOR pathway by SR-0379 in NHDFs. A) Effects of SR-0379 on phosphorylated FAK (Tyr397 and
Tyr925) and phosphorylated Akt (Ser473) as determined by Western blot. The cells were treated with SR-0379 (10 pg/ml) for 0, 5, 15 and 30 minutes
or LL-37 (10 pg/mi) for 15 minutes. B) Effects of SR-0379 on phosphorylated FAK (Tyr397 and Tyr925) and phosphorylated Akt (Ser473) as determined
by Western blot. The cells were treated with SR-0379 (0.1, 0.3, 1, 3 and 10 pg/ml) for 30 minutes. C, D) Effects of RGD peptide and wortmannin on the
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group. ¥*P<<0.01 vs. control si RNA, # P<<0.05 vs. SR-0379 (1 pg/ml) treated with control siRNA.

doi:10.1371/journal.pone.0092597.g003

Based on this idea, we developed AG30, an antibacterial compound to achieve 1) more stability upon exposure to serum,

peptide with angiogenic activity. Although our previous study
demonstrated that AG30/5C is useful to in the treatment of ulcers
[8,9], cost and stability are problems for clinical applications.
Therefore, in this study, we modified AG30/5C as a lead
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2) lower cost, 3) wider antibacterial activity and 4) rapid wound
healing. The initial analysis using the metabolites of AG30/5C
revealed that a core sequence of 20 aa

MLKLIFLHRLKRMRKRLKRK; SR-0007) was enough to
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Figure 4. Effects of SR-0379 and FGF2 on full-thickness wound model with flap in diabetic rat model. A) Representative pictures of skin
flaps in the streptozotocin-induced diabetic model in the saline (control), SR-0379 (0.2 mg/ml) and FGF2 groups (0.06 mg/ml) on days 0, 6, 13 and 20.
B) Quantification of the wound area is represented as a percentage of the initial wound area. N=6 per group. **P<0.01 vs. control, ##P<0.01 vs.
FGF2. C) Days to complete healing by the contraction of full-thickness skin flaps in the streptozotocin-induced diabetic model.

doi:10.1371/journal.pone.0092597.g004

stimulate human umbilical vein endothelial cells (HUVECs)
proliferation and tube formation at a level similar to AG30/5C.
This smaller peptide led to a reduced cost of peptide synthesis. In
the previous reports, the replacement with the D-form amino acid
improved the proteolytic resistance of antimicrobial peptides [18].
For example, the D-amino acid variants of host defense peptide
chicken cathelicidin-2 showed enhanced stability in human serum,
and fully resistant to proteolysis by trypsin and bacterial proteases.
The modifications increase the stability and lower cytotoxicity of
the peptides without altering their antimicrobial potency. We also
confirmed the degradation by the peptide bond cleavages in N-
terminus of SR-0379, and the change from L-lysine to D-lysine
(SR-0379) increased the resistance to serum. Importantly, SR-
0379 displayed broader antibacterial activity than the original
AG30 and SR-0007. The bactericidal action of antimicrobial
peptides such as pexiganan is thought to result from irreversible
membrane-disruptive damage [19] [20] [21]. Especially, from the
mechanisms of antibacterial activity, SR-0379 exhibited the same
MIC against drug-resistant strains, such as aminoglycoside-,
carbapenem- and fluoroquinolone-resistant P, aeruginosa and
MRSA and the multidrug-resistant 4. baumannii. SR-0379 might
be useful to prevent infection by these drug-resistant bacteria.

In vitro experiments with SR-0379 demonstrated the induction
of proliferation, tube formation, migration and contraction. The
closure of cutaneous wounds involves three processes: epitheliza-
tion, connective-tissue deposition and contraction. In particular,
contraction is one of the main factors contributing to epidermal

PLOS ONE | www.plosone.org

wound healing [22]. The fibroblast-collagen matrix contraction
model provides a unique way to study mechanisms. Treatment
with SR-0379 promoted contraction in this model, which
corresponds to wound healing. The stimulatory effect of SR-
0379 on the wound healing process was also confirmed by two in
vivo wound-healing models. Furthermore, SR-0379 was able to
induce angiogenesis and granulation tissue formation in the paper
disc model and collagen production and proliferation in the
incised wound rat model. These results support the potential use of
SR-0379 in the wound-healing process. The ulcer model with
infection is a unique model that is especially close to a clinical
situation. Importantly, SR-0379 treatment resulted in rapid
healing without infection compared to FGF2.

Although the multiple functions of antimicrobial peptides are
well known, the mechanisms are still unclear. For example, LL-37
is often reported in the analysis of FPR2 (formerly known as
FRPLI), the promiscuous Pertussis Toxin (PTX)-sensitive GPCR
and the purinergic receptor P2X7 and in the transactivation of
epidermal growth factor receptor (EGFR) [3]. The activation of
EGFR in epithelial cells, endothelial cells and fibroblasts by LL-37
resulted in activation of the p38 MAPK, ERK1/2 MAPK, NFkB
and PI3 kinase pathways. In contrast, although we also examined
the contribution of P2X7 receptors to the effect of SR-0379, the
specific antagonist of P2X7 (Brilliant Blue G) failed to inhibit the
effects of SR-0379 (data not shown). SR-0379 also weakly
activated EGFR. Interestingly, SR-0379 strongly activated FAK,
while an integrin inhibitor (RGD peptide) blocked the Akt/
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mTOR pathway. Downstream of FAK, SR-0379 also activated
the PI3 kinase-Akt-mTOR pathway. As mTOR is known to
regulate cell growth and survival by integrating nutrient and
hormonal signals [10], an inhibitor, rapamycin, attenuated the
proliferation induced by SR-0379 in human fibroblasts. The
treatment of SR-0379 resulted in increase in cell proliferation of
fibroblast, whereas Akt knockdown attenuated the SR-0379-
induced cell proliferation These results demonstrate the impor-
tance of Akt pathway in the effect of SR-0379.

We have successfully produced SR-0379 as a multifunctional
(angiogenic and pro-fibrotic), potent antibacterial peptide with a
broad spectrum, including aerobes and anaerobes, Gram-positive
and Gram-negative species and drug-resistant and drug-sensitive
bacteria and fungi. These properties occur via the activation of PI3
kinase-Akt-mTOR signaling and are useful in the stimulation of
wound healing under wet conditions. Further modification of SR-
0379 should yield an ideal compound for the treatment of diabetic
ulcers, burns and other incurable ulcers. Currently, we plan to test
SR-0379 in the treatment of patients with MRSA-positive diabetic
and ischemic ulcers.

PLOS ONE | www.plosone.org

Materials and Methods

Analysis of the AG30/5C metabolites using MALDI-TOF/
MS

Rat sera were collected from rats. AG30/5C was incubated in
pooled rat serum at 37°C. Samples were collected before
incubation, after 10 minutes of incubation and after 60 minutes
of incubation and were precipitated by the addition of an
equivalent amount of acetonitrile containing 0.1% trifluoroace-
tate. The samples were centrifuged, and the supernatants were
purified using ZipTip m-C18 (Millipore, MA). Sample solution
was mixed with matrix solution (d-cyano 4-hydroxy cinnamic
acid). The measurement sample for MALDI (0.4 pL) was applied
on a MALDI target plate and dried, and the sequences of the
AG30/5C metabolites were confirmed by MALDI-TOF/MS
analysis (4700 Proteomics Analyzer, Applied Biosystems, CA).
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Serum stability assay

In witro stability studies were performed by incubating the
peptide with rat or human serum. Human sera (Pool of donors, 5
men and 5 women) were commercially purchased from KAG
(Kyoto, Japan), which has been permitted only for experiment. We
don’t use the human biological specimens without the documented
informed consent. Rat sera were collected from rats. 'The peptide
(500 pg/ml) was added to serum (300 pL) and incubated at 37°C.
A part of samples (90 pL) were taken, and the proteins were
precipitated with acetonitrile containing 0.1% trifluoroacetate
(200 pL). The precipitate was separated by centrifugation. The
supernatants were analyzed by high-performance liquid chroma-
tography (HPLC).

Proliferation, tube formation, cell migration and

contraction assays

HUVEGs, NHDFs and NHEKs were purchased from Kurabo
(Osaka, Japan). The endothelial cells were maintained in
HuMedia EB2 and the fibroblasts were maintained in Medium
106S. Both media were supplemented with 1% fetal bovine serum
(FBS) as described previously [9]. The epidermal keratinocytes
were maintained in HuMedia KB2, Cells were incubated at 37°C
in a humidified atmosphere of 95% air/5% CO, with exchange of
medium every 2 days. HUVECs were cultured in 96-well plates at
a density of 10,000 cells/well and incubated for 48 hours at 37°C
with AG30/5C or FGF2 (recombinant human FGF basic, R&D
systems, Inc., Minneapolis, MN). The proliferation of HUVECs,
NHDFs and NHEKSs was analyzed using a WST-1 assay (Dojindo,
Kumamoto, Japan). Tubule formation assay has recently been
developed in which endothelial cells are co-cultured with
fibroblasts. An angiogenesis assay kit (Kurabo, Osaka Japan) was
used according to the manufacturer’s instructions. Various
concentrations of peptides or FGF2 were added to the medium.
After 11 days, the cells were incubated with diluted primary
antibody (mouse anti-human CD31, 1:4,000) for 1 hour at 37°C
and diluted secondary antibody (goat anti-mouse IgG alkaline
phosphatase-conjugated antibody, 1:500) for 1 hour at 37°C;
visualization was achieved with 5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium (BCIP/NBT). The tube-like struc-
tures were measured in terms of total tube length with the software
(Angiogenesis Image Analyzer, Kurabo, Osaka Japan). Cell
migration was evaluated using an Oris cell migration assay kit
(Platypus Technologies, LLC., Madison, WI) according to the
manufacturer’s mnstructions. Briefly, the assay utilizes cell-seeding
stoppers to restrict cell seeding to the outer annular regions of the
wells. Removal of the stoppers reveals a 2-mm diameter unseeded
region, the migration zone, into which the seeded cells migrate.
The number of cells that migrated into the detection zone was
measured using a plate reader. Cellular collagen gel contraction
assays were performed as previously described [23] [24]. A
solution of collagen and NHDFs (2x10° cells/ml) was added to a
24-well plate at 37°C for 1 hour, and medium supplemented with
DMEM containing 10% FBS was then added. The cells were
cultured for 24 hours. The culture medium was removed, and
DMEM (serum-free) containing SR-0379 or FGF2 was added.
The cell-embedded matrix was released from the culture dish
surface. At each time point, the lattices were digitally photo-
graphed from a fixed distance, and their areas were calculated
using image analysis software. In the proliferation assay of
fibroblast, RGD peptide, Wotmannin, Akt inhibitor IV and
Genistein were obtained from Sigma-Aldrich (St. Louis, MO).
Rapamycin was obtained from Funakoshi Co., Lid.(Tokyo,
Japan). Akt siRNA I (#6211) and control siRNA I (#6568) were
obtain from Cell Signaling (Boston, MA).
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NHDFs were plated at a density of 5000 cells per well in 96-well
culture plates in the corresponding culture media without
antibiotics one day prior to transfection. Lipofectamine RINAj-
MAX was purchased from Invitrogen. The lipofectamin (2 pL)
was gently added to 100 pL. medium and the mixture was
incubated for 20 minutes at room temperature. The Akt or
Control siRNA was added to the mixture and was incubated for 5
minutes. Transfection complexes were added to each well. NHDFs
were incubated for 24 hours at 37°C in a CO, incubator and then
SR-0379 (10 pg/ml) was added. NHDFs proliferation was
analyzed using a WST-1 assay.

Measurement of MICs against Bacteria and Fungi

Antimicrobial activity of the peptides was evaluated against
Escherichia coli JCM 5491, Pseudomonas aeruginosa JCM 6119,
Staphylococcus  aureus  JCM2874,  Salmonella  Typhimurium
JCM1652, Acinetobacter baumannii JCM6841, Bacteroides fragilis
JCM11019, Fusobacterium nucleatum JCM11025, Penicillium glabrum
JCM22534, Fusarium solani JCM11383, Alternaria alternata JGMS5800
(RIKEN, A research institution for basic and applied science in
Japan), Micrococcus luteus NBRC 13867, Bacillus subtilis NBRC3134,
Propionibacterium  acnes NBRC107605, Trichophyton mentagrophytes
NBRC6124, Trichophyton rubrum NBRCO185, Candida krusei
NBRC1395 (National Institute of Technology and Evaluation,
Tokyo, Japan), Salmonelle Enteritidis IID604 (The Institate of
Medical Science, The University of Tokyo, Tokyo, Japan).
Additionally, the clinical isolates (Drug-sensitive/resistant Pseudo-
monas aeruginosa and Staphylococcus aureus, Osaka University Hospital)
and multidrug-resistant Acinetobacter baumannii (ATCC BAA-1605)
were used. The MICs (expressed as pg/ml) of AG30/5C, SR-0007
and SR-0379 were determined by the broth microdilution method
as previously described [8,9]. Serial two-fold dilutions of peptide
were added to 0.1 ml of medium containing each type of bacteria
and fungi at concentrations of 0.4x10* — 5x10* CFU/ml. The
plates were incubated at 37°C with vigorous shaking for 24 or
48 hours. The MICs were determined as the lowest concentrations
of peptide that inhibited visible bacterial growth.

Western blot analysis

Protein extracts (15 pg) were resolved by 10% SDS-PAGE and
were then transferred to nitrocellulose membrane. Western
blotting was performed. Phospho FAK (Tyr397), Akt, phospho
Akt (Ser 473), mTOR, phospho mTOR (Ser2448) and o-Tubulin
antibodies were obtained from Cell Signaling (Boston, MA). FAK
antibody was obtained from Millipore (Billerica, MA). Phospho
FAK (Tyr925) antibody was obtained from Abcam (Cambridge,

Real-time reverse transcription-polymerase chain
reaction (RT-PCR) analysis and ELISA

Expression of the human IL-8 mRNA was measured using real-
time reverse transcription polymerase chain reaction (RT-PCR).
Total RNA was extracted from the tissue samples using ISOGEN
reagent (NIPPON GENE, Toyama, Japan). Complementary
DNA (cDNA) was synthesized using the Thermo Script RT-
PCR System (Invitrogen, Carlsbad, CA). Relative gene-copy
numbers for IL-8 mRNA and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were determined by real-time RT-PCR
using TagMan Gene Expression Assays (IL-8: Hs00174103_m1;
GAPDH: 4352934). Absolute gene-copy numbers were normal-
ized to GAPDH using a standard curve.

The cell free culture supernatants were harvested after
treatment of SR-0379 (1, 3 and 10 pg/ml) at 24, 48 and 72 hours.
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The amount of IL-8 was measured by enzyme-linked immuno-
sorbent assay (ELISA) (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions.

Effect of SR-0379 on wound healing in a streptozotocin-
induced diabetic model

This experimental protocol was approved by the committee for
ethics in animal studies of AnGes MG. Male HWY/Slc rats (7
weeks) were given a single intravenous injection of 65 mg/kg
streptozotocin (STZ, Sigma-Aldrich, St. Louis, MO), and whole-
blood glucose was monitored 24 hours later. This strain is hair less
in adult and suitable for wound healing model. The glucose level
criterion for diabetes was set at 300 mg/dl. STZ-induced diabetic
rats were anesthetized. The square flap (1.73 cm x 1.73 cm) was
made in the back of rats. In the center of the flap, the square
wound (1.41 cm x 1.41 cm) with full-thickness defect was made
(area per wound; 2 cm?). In the flap model, skin was cut in three
directions of square wound to partially block the blood flow to
wound. SR-0379 (0.2 mg/ml, 50 pl), FGF2 (0.06 mg/ml, 50 pl)
or saline (control) was administered to each wound (each time
point from day O to 28). Dressings (Perme-roll, Nitto Denko,
Japan) were applied to the wounds. We took a picture of wound
with scale every time and calculated the size of scanned image
using  software  (http://hp.vector.co.jp/authors/VA004392/
Download.htm#lenara).

Effect of SR-0379 on wound healing in a A
cyclophosphamide-induced immunodeficient infection
model

Male HWY/Slc rats (7 weeks) were given a single intravenous
injection of 100 mg/kg cyclophosphamide (CPA, Wako Pure
Chemical Industries, Ltd., Osaka, Japan) and were anesthetized
for the preparation of a full-thickness skin flap 24 hours later.
CPA-treated rats with white blood cell counts lower than 5,000
were used. The bacteria (S. aireus, 1 x10° CFU/ml) was applied to
each wound on days 0, 1, 2 and 3. SR-0379 (1 mg/ml, 50 pl),
FGF2 (125 pg/ml, 50 pl) and saline (control, 50 pl) were
administered to the wound at time points on days 0 to 27.
Dressings (Perme-roll, Nitto Denko, Japan) were applied to the
wounds. Healing size was evaluated by photographing the wound
area at a close and fixed distance. The remaining unhealed wound
size was measured from the image.

Evaluation of granulation tissue formation in a paper disc
implantation model

Granulation tissue formation was determined as described
previously [25]. A paper disc containing saline or SR-0379 (1, 10
and 100 pg) was implanted into the subcutaneous tissue on the
backs of 9-week-old Crl:CD(SD) rats under anesthesia. Four or
five rats were used for each experimental condition. The paper
disc was removed on day 8 and the granulation tissue around the
paper disc was weighed after the removal of absorbed fluids with
paper wipe.

Evaluation of collagen production and proliferation in
the incised wound rat model

The dermises of Crl:CD(SD) rats (7 weeks) were incised under
anesthesia. In the back of rats, we cut the skin (30 mm) and
sutured 3 points (Nylon thread, Natsume Seisakusho Co., Ltd.,
Tokyo, Japan). SR-0379 (0.5 and 5 pg per day) was topically
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administered in sutured wound one a day for 5 days, and during
the period the suture was removed at day 3. At day 6, extracted
skin was fixed in one side and pulled in another side. The tension
was monitored until the opening of sutured wound. In this
evaluation, the increase in tension reflects the strength of sutured
wound.

Statistical analysis

All values are expressed as the means + SEM. Analysis of
variance and a subsequent Fisher’s Least Significant Difference
test were used to determine the significance of differences in
multiple comparisons.

Supporting Information

File S1 Supporting figures $1-84. Figure S1, MALDI-TOF
MS analysis. A) Major metabolites of AG30/5C determined by
MALDI-TOF MS. Parent compound (AG30/5C) was incubated
with rat serum @ vitro for 10 minutes and 60 minutes. The
metabolites were identified by the comparison with that from pre-
incubation. Figure S2, Effect of SR-0379 on cell proliferation.
Normal Human Epidermal Keratinocytes (NHEKS) were treated
with SR-0379 (1, 3 and 10 pg/ml). The results were shown as
percent increase compared with control (no treatment). N = 3 per
group. *¥P<C0.05 vs. control. Figure S3, Effect of Akt pathway on
SR-0379-induced cell proliferation. A) Knockdown of Akt
expression by siRNA was confirmed with western blot analysis
anti-Akt antibody and anti-a-tubulin antibody. The sample was
extracted from NHDFs with no treatment (NT), non-target siRNA
(C: control) and Akt siRNA. B) Effects of Akt inhibitor on NHDFs
proliferation stimulated by SR-0379. The cells were preincubated
with Akt inhibitor IV (I pM) for 1 hour and then were treated
with SR-0379 (1, 3 and 10 pg/ml). N =3 per group. *P<<0.05 vs.
control, *¥P<<0.01 vs. control, ## P<0.01 vs. SR-0379 (1 pg/ml),
1 P<0.01 vs. SR-0379 (3 pg/ml), 11 P<<0.01 vs. SR-0379
(10 pg/ml). Figure S4, Up-regulation of interleukin-8 (IL-8)
induced by treatment of SR-0379. A) IL-8 mRNA expression
was quantified by real time PCR and shown as a relative
expression compared with that of GAPDH mRNA. NHDFs were
treated with SR-0379 (10 pg/ml) for 24 hours. Effects of
Wortmannin (PI3kinase inhibitor, 100 nM) and Genistein (Tyro-
sine-specific protein kinase inhibitor, 100 nM) on SR-0379-
induced IL-8 mRNA expression. N=3 per group. *P<<0.05 vs.
control, *P<0.01 vs. control, ## P<0.01 vs. SR-0379 (no
inhibitor). B) IL-8 levels in culture supernatants form NHDF was
measured by ELISA at 24, 48 and 72 hours after treatment.
NHDFs were treated with SR-0379 (1, 3 and 10 pg/ml) for
72 hours. N=2.
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