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Abstract

Photodynamic therapy (PDT) for localized microbial infections exerts its therapeutic effect both
by direct bacterial killing and also by the bactericidal effects of host neutrophils stimulated by
PDT. Therefore, PDT-induced damage to neutrophils must be minimized, while direct
photoinactivation of bacteria is maintained to maximize the therapeutic efficacy of antimicrobial
PDT in vivo. However, there has been no study in which the cytocidal effect of PDT on
neutrophils was investigated. In this study, the cytocidal effects of PDT on neutrophils were
evaluated using different antimicrobial photosensitizers to find suitable candidate photosensitizers
for antimicrobial PDT. PDT on murine peripheral-blood neutrophils was performed in vitro using
each photosensitizer at a concentration that exerted a maximum bactericidal effect on methicillin-
resistant Staphylococcus aureus (MRSA), and morphological alteration and viability of
neutrophils were studied. Most neutrophils were viable (> 80%) after PDT using toluidine blue-O
or methylene blue, while neutrophils showed morphological change and their viabilities were
decreased (< 70%) after PDT using other photosensitizers (erythrosine B, rose bengal, crystal
violet, Photofrin, new methylene blue, and Laserphyrin). These results suggest that PDT using
toluidine blue-O or methylene blue can preserve host neutrophils while exerting a significant
therapeutic effect on in vivo localized microbial infection.

INTRODUCTION

Photodynamic therapy (PDT) is a therapeutic modality for diseases caused by unwanted
tissues or cells. A photosensitizer accumulates in proliferative tissues such as tumors, and it
is activated by visible light and induces the generation of singlet oxygen or other reactive
oxygen species (ROS), which damage unwanted cells (1-3). PDT has already been applied
in clinical situations for malignant tumors and demonstrated satisfactory results (4, 5).
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In recent years, PDT has become an emerging new therapeutic modality for localized
microbial infection. Although the antimicrobial effect of PDT was discovered as early as
1900, the potential of PDT was not exploited for several decades due to the discovery and
development of antibiotics (6). However, due to the widespread emergence of multiple-
drug-resistant bacteria in the 1980s caused by inappropriate or excessive use of antibiotics,
PDT has attracted considerable attention as a possible alternative approach. The
antimicrobial mechanism of PDT is quite different from that of antibiotics, and PDT might
be effective even for multi-drug-resistant bacteria (6-10).

There have been an increasing number of reports, especially since 2009, on therapeutic
applications of PDT for microbial infection, indicating a steady increase of interest in
antimicrobial PDT. However, although favorable results of in vitro PDT for cultured
bacteria have been described in many reports, good results in vivo in animal models of
localized infections have only been described in a few reports. Therefore, the conditions for
efficacy of PDT in vivo remain unknown in many infection models.

We recently demonstrated that in vivo PDT using Photofrin® for murine methicillin-resistant
Staphylococcus aureus (MRSA) -induced arthritis, showed a pronounced biphasic dose
response (11, 12). Light doses that were too low and also light doses that were too high were
ineffective and there was an optimum fluence of 20 J/cm? to give the best antibacterial
effect. These observations were explained by the role of host neutrophils activated by PDT
in killing the bacteria as well as direct bacterial photoinactivation by the PDT generated
ROS (12). Low-dose PDT (the product of photosensitizer concentration and light fluence
that varies for each photosensitizer) failed to kill the bacteria and failed to activate the
neutrophils, while excessively high dose PDT killed the neutrophils as well as the bacteria,
and the bacteria were easily able to regrow in the absence of neutrophil host defense (11).
Therefore, the cytocidal effects of PDT on neutrophils should be minimized at the same time
as the direct bactericidal effects of PDT are maximized to optimize the in vivo therapeutic
effect of antimicrobial PDT. Moreover, both the expansion of the therapeutic window and
improvement of therapeutic efficacy would be made possible by using a photosensitizer that
can kill bacteria but not neutrophils.

In past studies on PDT for microbial infections, erythrosine B (13), rose bengal (14), crystal
violet (15), Photofrin® (11), new methylene blue (14), toluidine blue-O (14), methylene blue
(14) and Laserphyrin® (16) have been used as photosensitizers. Some recent studies have
shown a favorable therapeutic effect of PDT in vivo using toluidine blue-O or methylene
blue in animal models of localized microbial infection (17, 18). In this study, we evaluated
and compared the cytocidal effects of PDT using these photosensitizers on murine
peripheral-blood neutrophils. Initially, bactericidal effects of PDT using each photosensitizer
were evaluated to determine the appropriate concentration of each photosensitizer for the
next experiment. Then the cytocidal effect of PDT on neutrophils was examined using each
photosensitizer at the previously determined concentration. Based on the results,
photosensitizers with weak cytocidal effects on neutrophils but high bactericidal effects are
proposed for improved therapeutic efficacy of antimicrobial PDT in vivo.

MATERIALS AND METHODS

MRSA strain

This study was conducted in accordance with the guidelines of the Institutional Review
Board for the Care of Animal Subjects at the National Defense Medical College.

MRSA isolated from clinical specimens of a patient in the National Defense Medical
College Hospital was used (11, 12). MRSA was grown in brain heart infusion (BHI, Difco
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Laboratories, Detroit, MI) supplemented with oxacillin with static culture for 12 h followed
by shaking culture for 4 h at 37°C under aerobic conditions. Cell density was monitored by
absorbance at 600 nm (OD of 0.8 = 1x108 cells/mL).

Photosensitizers

Erythrosine B (ET), rose bengal (RB), crystal violet (CV), new methylene blue (NMB),
toluidine blue-O (TB), methylene blue (MB) were all obtained from Sigma-Aldrich (St.
Louis, MO, USA), Photofrin® (PHP, Pfizer Japan, Tokyo, Japan) and Laserphyrin® (NPe6,
Meiji Seika Pharma, Tokyo, Japan) were used for each experiment (Table 1). The calculated
log (P) values (octanol: water partition coefficients) were obtained using ChemBioDraw
Ultra (CambridgeSoft, Cambridge, MA, USA). The molecular weight of Photofrin (PHP) is
not uniform, therefore, the PHP concentration was indicated by mass concentration in all of
the results.

Measurement of light absorbance of the photosensitizers

Each photosensitizer was dissolved in Hanks’ balanced salt solution (HBSS, Sigma-Aldrich)
to a final concentration of 20 uM (except for PHP; final concentration of 10 ug/mL). The
absorption spectrum of each solution was measured using a spectrophotometer (U-3300,
Hitachi, Tokyo, Japan) from 300 to 800 nm. In each photosensitizer, when the absorption
band was single, the wavelength of the absorption peak was used for the irradiation
wavelength. When there were two or more absorption bands, the longest wavelength of the
absorption peaks was used for the irradiation wavelength (Table 1).

PDT in vitro for MRSA to determine appropriate concentration of the photosensitizer

Serial dilutions of each photosensitizer in HBSS solution were made, and MRSA was
suspended in each solution (final cell density of 1 x 108 CFU/mL) in a 12-well plate under
dark conditions at 37 °C. Each mixed solution was immediately irradiated with a fluence of
20 J/cm? using a xenon light source (MAX-301, Asahi Spectra, Tokyo, Japan) with a
bandpass filter of which the central wavelength was set at the absorption peak wavelength of
each photosensitizer. The bandwidth (FWHM) of each filter was kept at 40 nm regardless of
the photosensitizer. A power meter (Field Master; Coherent, Santa Clara, CA) was used to
measure the light fluence rate, which was set at 40 mW/cmZ2. Immediately after the
irradiation, each mixed solution was subjected to serial dilution and cultured on BHI agar for
24 hours under dark conditions and the numbers of colonies were counted. The number
(colony-forming units; CFU) of viable MRSA was calculated on the basis of dilution ratio.
From the distribution of CFU, an appropriate concentration of each photosensitizer was
defined on the basis of the following criteria: when the surviving CFU showed a biphasic
dose response with photosensitizer concentration, the appropriate concentration was
determined as that at which the surviving CFU after PDT was the lowest; when the
bactericidal response was not biphasic, the appropriate concentration was determined as the
lowest concentration at which the CFU after PDT was lower than 100. When the appropriate
concentration that met the requirements above could not be optimized, the irradiation energy
was reduced from 20 to 5 J/cm? and the concentration of each photosensitizer was serially
decreased.

PDT in vitro for peripheral neutrophils

Murine venous blood was collected from the postcaval veins of C57BL/6NCr mice (8-9
weeks old, 20-25 g in weight, Japan SLC, Hamamatsu, Japan) and neutrophils were
collected using a gradient centrifugation method (11). Neutrophils were suspended in 80 uL
of each photosensitizer-HBSS solution mixed with 20 uL of 0.4% trypan blue solution (final
cell density of neutrophils of 6 x 103/uL). Ten pL of the mixed solution was dropped onto a
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glass slide and was photoirradiated under microscopic observation. A white light source
built into a bright field microscope (CX41; Olympus, Tokyo, Japan) with a bandpass filter
was used for irradiation, and the power density was adjusted to 20 mW/cm? (this was the
highest power density that could be obtained using this light source). Morphological changes
in neutrophils were visualized using a digital camera (C-3040 ZOOM; Olympus) installed in
the microscope.

To quantify the killing of neutrophils, the mixed cell suspension was added to a 96-well
plate (100 pL/well) and irradiated with energy of 5, 20 or 50 J/cm? using a xenon light
source with bandpass filters (as described above). After irradiation, 10 puL of mixed
suspension was dropped onto a Burker-Tiirk hemacytometer (Erma, Tokyo, Japan), and
trypan blue-stained and unstained neutrophils were counted using the microscope (CX41).
The viability of neutrophils (= Trypan blue-unstained neutrophils/Total neutrophils per unit
field) was calculated. As a control, viability of neutrophils after incubation (10 minutes) in
each mixed solution without irradiation was calculated (0 J/cm?).

Statistical analysis

RESULTS

Data are expressed as means + SE. One-way analysis of variance followed by Scheffe’s post
hoc test was used for data analysis. SPSS ver.16 was used for data analysis. P-values < 0.05
were considered statistically significant.

Appropriate concentration of each photosensitizer

Figure 1 shows the surviving CFU of MRSA after in vitro PDT using the eight
photosensitizers. Because two different fluences were used (5 and 20 J/cm?) it is difficult to
compare all 8 photosensitizers, however it can readily be seen that ET and RB were the most
effective, while CV and PHP were the least effective. The remaining 4 photosensitizers
(NMB, TB, MB, NPe6) had intermediate levels of effectiveness. Many photosensitizers
(CV, PHP, NMB, TB and MB) showed a biphasic dose response with the most killing
occurring at a concentration lower than the maximum tested. The reason for this observation
is thought to be due to self-shielding by the photosensitizer in solution. In other words at
high photosensitizer concentrations light is absorbed non-productively by photosensitizer in
solution which is not bound to bacteria preventing light from reaching photosensitizer which
is bound to bacteria. The selected concentrations of the photosensitizers according to the
specifications outlined above were determined to be 5 uM for ET, 1 uM for RB, 100 uM for
CV, 100 pg/mL for PHP (corresponding to 168 uM HP equivalent), 20 uM for NMB, 20 uM
for TB, 100 uM for MB and 20 uM for NPe6 (Fig. 1, values highlighted by squares).

Morphological alteration of neutrophils during irradiation

When ET, RB, CV, PHP or NMB were used as photosensitizers via irradiation on
microscope slides, neutrophils began to be stained with trypan blue and showed a swollen
morphological change during photoirradiation (Fig. 2). On the other hand, neutrophils did
not show any remarkable morphological changes during photoirradiation using TB, MB or
NPe6 (Fig. 2).

Viability of neutrophils after PDT

Viability of neutrophils after PDT using ET, RB, CV, PHP or NMB was significantly lower
than dark control (< 70%) at each fluence tested (Fig. 3). After PDT using TB or MB, the
viability of neutrophils was maintained at a high level (> 80%) with fluences of 5 or 20 J/
cm?. However, with a fluence of 50 J/cm?, the viability of neutrophils after PDT was
significantly lower than dark control (Fig. 3). After PDT using NPe6, the viability of
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neutrophils was maintained at 75% with a fluence of 5 J/cm?; however, it was significantly
lower than dark control with fluences of 20 or 50 J/cm? (Fig. 3).

DISCUSSION

Two of the antimicrobial photosensitizers, TB and MB, did not show a significant cytocidal
effect on neutrophils. In the case of TB or MB, the cytocidal effect was weaker than that of
other photosensitizers even when high fluences were applied. The other photosensitizers,
especially PHP and NMB, demonstrated a strong cytocidal effect on neutrophils.

While TB, MB are hydrophilic with a negative log (P) value (19, 20), CV, ET, NPe6, NMB,
RB, and PHP are amphiphilic with progressively higher positive log (P) values (20-26). The
cell membrane of a mammalian cell is composed of double-layered phospholipids, and
hydrophilic molecules therefore cannot permeate the cell membrane, while amphiphilic and
hydrophobic molecules can easily permeate the cell membrane and be promptly transported
into the cell (27). However, bacteria also have a cell membrane composed of double-layered
phospholipids but encased in a cell wall. It is likely that more hydrophilic photosensitizers
are relatively better at inactivating bacteria, perhaps because they can at least bind to the cell
wall if not penetrate the cell membrane, while more hydrophobic photosensitizers can
penetrate the cell membrane of the much bigger mammalian cells but are excluded by the
cell wall of bacteria. This study showed that other properties of photosensitizers such as
electric charge, molecular weight and absorption wavelength seemed not to be correlated
with strength of cytocidal effect on neutrophils.

It is well-known that PDT is able to stimulate many aspects of the mammalian immune
response including neutrophils, dendritic cells, macrophages, T-lymphocytes and mast cells
(28). These studies have been mainly directed towards understanding how PDT can
stimulate anti-tumor immunity by enhancing the uptake of tumor-associated antigens by
dendritic cells and their priming of T-cells (29). It is also known that neutrophils play an
important role in the anti-tumor effects of PDT, which is abrogated if they are eliminated
(30). However it was not generally realized that PDT-stimulated neutrophils also played an
important role in the anti-bacterial effect of PDT until our studies concerning bacterial
arthritis mentioned above (11, 12).

The effectiveness of different photosensitizers in killing bacteria (especially Gram-
negatives) can vary markedly (31) and now in addition the effectiveness of the cytocidal
effect against neutrophils must be taken into account in designing antimicrobial PDT
protocols. Both TB and MB have long been used as bactericidal photosensitizers against
Gram-negative bacteria as well as Gram-positive bacteria (32). The peak absorption
wavelength of MB is 664 nm while 596 nm of TB, which might enable deeper treatment due
to better light penetration compared with other photosensitizers (33). In conclusion, PDT
using toluidine blue-O or methylene blue showed minimal damage to neutrophils under
optimal concentrations of the photosensitizers for killing MRSA. Therefore, further
investigations of the in vivo therapeutic efficacy of PDT using TB or MB should be
performed.
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Figure 1.

Colony-forming units (CFU) of methicillin-resistant Staphylococcus aureus after
photodynamic therapy in vitro using each photosensitizer (Log;g CFU/mL). The values on
the right side of the name of each photosensitizer are the applied wavelength and fluences of
photoirradiation. The square-rounded values are the estimated appropriate concentration of
each photosensitizer.
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Morphological alteration of neutrophils during photoirradiation using each photosensitizer.

Bar = 10 um. Total irradiation time was 30 min in each case.
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Figure 3.
Viability of neutrophils after photodynamic therapy using each photosensitizer at fluences of
0, 5, 20 and 50 J/ecm?. *P < 0.05

Photochem Photobiol. Author manuscript; available in PMC 2013 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Tanaka et al.

Photosensitizers used

Table 1

Page 11

Erythrosine B (ET)

Rose Bengal (RB)

Crystal Violet (CV)

Photofrin® (PHP)

+
NH,

cr i~ W, -
0‘@ :
HN NH
=1 b 1
B = 1]
[ ]} I".
i
[+ .-' L
", 4
FW 897.88 1017.64 407.99 1231.28 ~ 4883.30
Absorption wavelength 525 nm 550 nm 590 nm 15t 396 nm
5th: 630 nm
Iog(P)* 11 3.46 0.63 3.96
Charge negative negative positive negative
New Methylene Blue | Toluidine Blue O (TB) | Methylene Blue (MB) Laserphyrin® (NPe6)
(NMB)
N N N - 00c
= - =
OO | OO | KOO "
HN \5 tr HA 5 N: \T‘ \5 r/ A :
+ o0 00—
- * & I T "
- ‘ A
e n,
FW 347.91 305.83 319.85 799.69
Absorption wavelength 1st: 588 nm 15 596 nm 664 nm 1t 403 nm
2d: 628 nm 2d: 630 nm 2nd: 656 nm
log(P)* 23 -1.445 -0.785 1.47
Charge positive positive positive negative

*
log(P): calculated log partition coefficient octanol:water
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