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Abstract

Photodynamic therapy (PDT) employs the triple combination of photosensitizers, visible light and
ambient oxygen. When PDT is used for cancer, it has been observed that both arms of the host
immune system (innate and adaptive) are activated. When PDT is used for infectious disease,
however, it has been assumed that the direct antimicrobial PDT effect dominates. Murine arthritis
caused by methicillin-resistant Staphylococcus aureus in the knee failed to respond to PDT with
intravenously injected Photofrin®. PDT with intra-articular Photofrin produced a biphasic dose
response that killed bacteria without destroying host neutrophils. Methylene blue was the optimum
photosensitizer to kill bacteria while preserving neutrophils. We used bioluminescence imaging to
noninvasively monitor murine bacterial arthritis and found that PDT with intra-articular methylene
blue was not only effective, but when used before infection, could protect the mice against a
subsequent bacterial challenge. The data emphasize the importance of considering the host
immune response in PDT for infectious disease.
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Photodynamic therapy (PDT) was discovered over 110 years ago by accidental observation
of its antimicrobial effects [1]. Paramecia (a unicellular protozoan) were killed in the
presence of a dye, acridine orange, only when exposed to strong daylight. In the intervening
years since then, PDT has been investigated mainly as a cancer therapy and has found
applications in ophthalmology and dermatology. PDT consists of three components: the dye
or photosensitizer (PS), the light of the correct wavelength to be absorbed by the PS and
ambient molecular oxygen [2]. For a reason not entirely understood, hyperproliferating cells
(responsible for the three diseases listed above) have a preferential uptake of PS. After PS
localization occurs, light excitation of the PS yields an electronically excited PS that can
give a long-lived triplet state. The PS triplet can then react subsequently with molecular
oxygen (O,) via energy transfer to produce singlet oxygen (10,), a highly reactive and
transient molecular species [3]. Additional reactions of the PS with oxygen caused by
electron transfer from reactive oxygen species (ROS) includes: hydroxyl radicals,
superoxide and hydrogen peroxide, where hydrogen peroxide may participate in the self-
perpetuating Fenton reaction, yielding more hydroxyl radicals [4]. These ROS have been
shown to destroy tumors by three distinct mechanisms (Figure 1): direct cytotoxicity
towards tumor cells, causing apoptosis and necrosis; destruction of tumor capillaries and
microvasculature mediated by PDT damage towards endothelial cells; and an acute
inflammatory response that can activate host defense mechanisms involving neutrophils and
dendritic cells (DCs).

In recent years PDT has been studied as an alternative antimicrobial strategy motivated by
the worldwide increase in antibiotic resistance [5,6]. PSs have been designed in such a way
that they will preferentially bind to microbial cells compared with host mammalian cells [7].
Here the idea is to locally introduce the PS into the infected area, followed after a short time
by illumination of the infected tissue that will lead to killing of the microbes without
unacceptable tissue damage. PDT has been applied to or proposed for many types of
localized infections such as burns, wounds, abscesses, fungal infections of the skin or nails,
periodontitis, endodontics, caries, sinusitis, otitis media, stomach infections, and so on [8,9].
The usual outcome measures are reduction of the number of colony-forming units (CFUS) in
the infection and improved healing of the lesion (if applicable).

There does not seem to have been any connection made so far between the immune
stimulating effects of PDT that have been widely studied in cancer models [10-12] and the
antimicrobial effects of PDT when used as an infection treatment. This is somewhat
surprising in light of the fact that the primary purpose of the immune system is to combat
invasion by pathogens. We have discovered that in a mouse model of bacterial arthritis, PDT
can not only produce a therapeutic effect when carried out after infection, but can also
produce a protective effect if carried out before infection.

PDT & immune response

It was initially considered that PDT-induced damage to tumors was confined to the treated
site. However, it is now accepted that the multifactorial effects of this therapy that include
direct tumor cell killing, damage to the vasculature and activation of the immune system
allow systemic effects to operate as well [13]. PDT triggers several cell-signaling cascades
and the release of cell fragments, cytokines and inflammatory mediators that stimulate a
complex interplay between the innate and the adaptive arms of the immune system. This
aspect has been extensively investigated as part of the anticancer effect of PDT [10,11,14].
PDT alters tumor microenvironment by stimulating the release or expression of various pro-
inflammatory and acute phase response mediators from the PDT-irradiated area. This
reaction, in turn, activates systemic inflammation and innate and adaptive immunity. Figure
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2 graphically illustrates some of the cells, signaling pathways and mediators responsible for
activation of the immune system after PDT.

PDT & innate & adaptive immune systems

Defense against invading pathogens is provided by the immune system in two interlocking
ways: the innate immune system, designed to protect the body from all invaders without pre-
exposure; and the adaptive immune system, which can mount specific attacks against
specific invaders. Although the innate and the adaptive immune systems play different roles
in defending the body, both arms generally act together in a concerted manner.

The innate immune system is an antigen-non-specific defense mechanism that is activated
very soon after infection. It is the first line of defense of the body and lacks immunologic
memory, thus remaining unchanged regardless of how often the pathogen is encountered.
Innate immunity is designed to recognize molecules/biochemical patterns exhibited by a
foreign aggressor, for example ‘pathogen-associated molecular patterns’ (Figure 2). Most
host defense cells express pattern-recognition receptors, a sub-class of which is known as
Toll-like receptors, and so there is an immediate response against the invading
microorganism. Researchers have recently discovered a second array of molecular motifs
associated with host tissue stress or damage known as ‘damage-associated molecular
patterns’ (DAMPs) [15-18]. These molecules are normally considered to be intracellular but
tend to get exposed or secreted by damaged/dying cells acquiring immunostimulatory
properties. The most frequently reported examples of DAMPSs released after PDT are heat
shock proteins (HSPs) HSP60, HSP70, HSP90 and GRP94 that are upregulated and
translocated to the cell membrane [19,20]. It is likely that recognition of DAMPs is linked to
expression of pattern-recognition receptors as has been found for CD14 [21] and TLR4 [22].

The innate immune response system includes humoral elements, which are soluble, and
includes the complement system, antimicrobial proteins, acute phase proteins and cytokines
and cellular elements such as innate leukocytes. The innate leukocytes include phagocytic
cells (neutrophils, macrophages and DCs), mast cells and NK cells.

PDT regimes that prompt a powerful inflammatory response induce a rapid influx of
neutrophils into the treated site leading to improved tumor response rates and enhanced
immunity [23,24]. Neutrophils are among the first cells recruited to the illuminated area and
their main function is to release enzymes for killing infectious organisms and secrete
leukotrienes, prostaglandins, cytokines and other chemicals that promote inflammation.
Neutrophilia begins immediately after PDT and it is still present 24 h later. Krosl et al.
reported a 200-fold increase of neutrophils within 5 min after irradiation, followed by an
increase in the levels of mast cells, myeloid cells and monocytes between zero and 2 h after
PDT [25]. Sluiter and colleagues first observed that neutrophils adhere to the microvascular
wall after PDT /n vivoand provided essential information of their relevance in the anti-
tumor response [26]. Cecic et al. investigated the impact of PDT on the systemic and local
kinetics of neutrophil trafficking with SCCVII and EMT6 tumor models [23]. Significant
neutrophilia was observed upon PDT treatment and was prevented by complement
inhibition. The activation of the complement system in particular has emerged as a powerful
mediator of PDT antitumor effects [27-29]. Complement not only acts as direct mediator of
inflammation, but also stimulates cells to release secondary inflammatory mediators,
including cytokines IL-1B, TNF-a, IL-6, IL-10, G-CSF, thromboxane, prostaglandins,
leukotrienes, histamine and coagulation factors. The final complement activation is the
membrane-attack complex that forms transmembrane channels, disrupting the integrity of
the plasma membrane and leading to cell lysis and death.
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Macrophages, as phagocytic cells, can directly kill microbes, infected cells and tumor cells.
The activation and recruitment of macrophages induced by PDT potentiate immunity.
Macrophages uptake antigens and present them to the T lymphocytes during the adaptive
immune response. Macrophages, as well as DCs mentioned below, can therefore be referred
to as APCs. Additionally, macrophages secrete cytokines, chemokines and other mediators
essential in the development of PDT-mediated inflammation. Macrophages can be activated
by low PDT doses (non-lethal) and secrete TNF-a [30,31]. The presence of HSP70 secreted
by apoptotic and necrotic cells seems to be essential for macrophage activation [32].
Evidence also indicates that macrophages can show preferential toxicity towards treated
tumor cells [33].

PDT-mediated enhancement of immunity is believed to be due, at least in part, to
stimulation of DCs by DAMPs released/secreted by dying tumor cells [34,35]. DCs are the
most potent APCs and a key element in the development of an immune response. Immature
DCs are constantly sampling their environment for pathogens. Upon capturing antigens
through phagocytosis and becoming activated by inflammatory cytokines, DCs migrate to
lymph nodes. By the time they enter the lymph nodes, they have matured and are able to
present antigen to T lymphocytes. Mature DCs express MHC proteins at the cell surface, as
well as appropriate costimulatory molecules. This enables the T4 lymphocytes or T8
lymphocytes to become activated, proliferate and differentiate into effector cells, activating
the adaptive immune response. PDT has the potential to create a favorable environment at
the tumor site for antigen loading and DCs activation. PDT induces IL-1 and I1L-6
expression [36] and upregulates HSP70 interaction with APCs such as DCs [37].

The adaptive immune response is triggered by recognizing endogenous and exogenous
antigens. APCs express MHC proteins at the cell surface. This MHC antigen complex is
recognized by T cells passing through the lymph node. Exogenous antigens, produced by
exogenous pathogens such as bacteria, parasites or toxins, are usually displayed on MHC
class 11 molecules, and mainly activate CD4* helper T cells. The role of CD4* helper T cells
in PDT-mediated immunity remains unclear and they may have a supportive function
[38,39], but the uncertainty may have been caused by inclusion of Tregs in the CD4*
population. Endogenous antigens, characteristic of viruses and tumor cells, are presented by
MHC class | molecules and activate CD8* cytotoxic T-cells. The first evidence of the
specificity of the PDT antitumor effects came from Canti et a/. [40], and the formation of
immune memory was reported by Korbelik and Dougherty [41]. The control of the growth
of tumors present outside the treatment field is mediated by CD8* T cells and is
accompanied by induction of antitumor immune memory responses [38]. In a recent study,
Gollnick’s group showed that PDT induced the expression of MHC class | molecules
activating NK cells and costimulating CD8" T cells [42].

The PDT-induced immune response can be impaired by the mechanisms that the tumor
employs to avoid or escape attack by the immune system, in particular by intratumoral
accumulation of Tregs [43]. Tregs can be defined as a CD4* T cell subpopulation that
functionally suppresses an immune response. Tregs prevent autoimmunity, protect beneficial
flora in the intestines and control established inflammation in tissues. On the downside,
Tregs may sometimes help cancer cells to escape immune attack. Our laboratory was the
first to realize that Tregs may play an important and negative role in PDT-induced antitumor
immunity [44]. Tregs can be efficiently depleted by a low dose of cyclophosphamide, a
traditional cytotoxic cancer drug that damages tumor DNA and can potentiate antitumor
immunity. In this case, the depletion of Tregs potentiates benzoporphyrin derivative
monoacid ring A(BPD)-mediated PDT, leading to significant long-term J774 tumor cures
and memory immunity. Besides Tregs, it has been reported that PDT can also cause
immunosuppression and that this phenomenon can occur in mice without tumors [45,46].
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These reports have nearly all been concerned with the suppression of the contact
hypersensitivity reaction in mice [46,47], although the actual mechanisms behind this
phenomenon are still poorly understood.

On the other hand, attention should be given to how PDT affects immune cells. Several
investigators have pointed out that the cytotoxic reaction in PDT may induce functional
damage in phagocytes and/or decrease the number of these cells hampering the PDT
outcome [48,49]. As we review in the following sections, the preservation of neutrophils is
especially important for optimal antibacterial PDT. The PDT susceptibility of lymphocytes
has led to PDT being proposed as treatment of graft versus host disease, some forms of
autoimmune disease and cutaneous T-cell lymphoma [50-53].

PDT & immune response against cancer

The ideal cancer therapy should cause local tumor regression and eradication, as well as
induce a tumor-directed immune response capable of eliminating the primary tumor, distant
metastases and establish long-term tumor control. PDT may meet these expectations since it
triggers acute inflammation and potentiates the immune response [2].

One of the first reports highlighting the immune response against cancer in PDT was
proposed by Evans et al., who investigated the role of TNF-a production in murine
macrophages treated with PDT [31]. Korbelik et al. later demonstrated that activation of
immune memory is necessary for the most effective tumor control [41,54]. The success of
PDT-induced anti-tumor immunity seems to be dependent on the presence of tumor
rejection antigens. Our laboratory showed long-term cures and rejection of rechallenge of
green fluorescent protein-expressing RIF tumor while no immune effect was observed in its
wild-type counterpart [55]. Besides local immune responses, PDT was able to lead to the
destruction of distant, untreated, established, antigen-expressing tumors as we demonstrated
using CT26.CL25 tumor-bearing mice [56]. The role of tumor antigen in PDT has recently
been investigated in the clinical setting. Kabingu et a/. demonstrated that PDT of basal cell
carcinoma in patients increased systemic immune responses against Hipl, a known tumor
antigen in basal cell carcinoma [57]. Two other reports discussed the induction of antitumor
immunity after PDT for angiosarcoma [58,59]. Many factors that affect this process are not
completely understood, especially concerning the correct PDT dosimetry for optimizing the
antitumor immunity effect. For instance, is high-fluence or low-influence PDT best? Is high
or low fluence rate best? Is cellular or vascular targeting best?

The administration of immunostimulants or adjuvants and combination therapies has been
used to sustain and amplify the PDT-induced immunity against tumors [12,60]. Many of
these combination adjuvants are derived from microbial stimulators. Their role is to activate
TCRs or similar pattern-recognition receptors present on the surface of macrophages and
DCs. OK-432 is a preparation derived from Killed streptococcal bacteria that increased the
tumor-free time in mice with NR-S1 squamous cell carcinoma when it was injected intra-
tumorally 3 h before irradiation [61]. Another study has shown that low doses of
Corynebacterium parvum led to a delayed response of immune system that prevent the
phototoxic killing of immune cells attracted to the tumor [62]. The majority of
immunostimulants are delivered by intratumoral injection. Systemic activation of the innate
immune system and uncontrolled secretion of cytokines would be toxic and even fatal.

A related approach that takes advantage of immunostimulatory effects of PDT is the PDT-
generated cancer vaccines [35,63]. Instead of the standard PDT of solid tumors, tumor tissue
is treated by PDT ex vivoto produce the vaccine material that is injected to the subject with
a tumor. Although it is in a very early phase, recent research indicates that PDT vaccines
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have clinical potential to become beneficial adjuvants or primary therapy in the treatment of
various cancers [64].

PDT in arthritis

Acrthritis is a form of joint disorder that involves inflammation of one or more joints that can
lead to long-term work incapacity [65,66]. During the course of the disease, peripheral joints
are commonly destroyed by pathological proliferations of synovial membrane. In the early
stages of the pathology, the treatment involves a combination of splintage and medical
therapy. The patients with persistent joint inflammation are candidates for synovectomy, but
this procedure can have an uncertain outcome [67]. PDT is known for the treatment of
selected tumors in many countries and could be an alternative approach for arthritis
treatment (Figure 3) [68]. Pathogenic synovial tissue and solid tumors present some
similarity especially in the hyperproliferative nature and the induction of neovascularization.
The microvasculature is often disorganized but it plays a key role in the progression of the
pathology. One study has demonstrated that inhibition of angiogenesis, in a rabbit model of
arthritis, prevented the development of disease [69].

Several studies have been performed to verify the efficacy of PDT as an arthritis treatment.
Many animal models of rheumatoid arthritis have been studied and different PSs, locally or
systemically administered, were employed to test the optimal conditions for treatment. The
choice of PS, the dose of the compound, the route of administration, the times, dose and
kind of illumination have been investigated.

In 1994 Ratkay et al. performed a study to compare the effect of PDT and other
immunomodulatory treatments in adjuvant-enhanced arthritis in MRL-Ipr mice [70]. The
arthritis was induced with two intradermal injections of Freud’s adjuvant supplemented with
heat-inactivated, lyophilized Mycobacteria tubercolosis. The PS, BPD, was injected
intravenously and activated with red light (690 nm) by transcutaneous PDT, 80 J/cm? light
dose on 0, 10 and 20 days after arthritis induction. The results of this study demonstrated
that PDT gave no signs of skin photosensitivity and prevented clinical arthritis signs (such
as cartilage erosion and bone destruction) even in more severe stages. Another effect noted
was a transitory decrease in circulating leukocytes.

Later, Trauner et al, developed an antigen-induced arthritis model (AlA) in rabbits to
investigate time-dependent distribution of BPD in articular and periarticular tissues after
systemic administration and to evaluate photodynamic synovectomy to produce pathologic
tissue destruction [71]. A bilateral synovitis was developed in rabbits that were sensitized
with two intra-cutaneous injections of ovalbumin over a 6-week period. After 6 weeks both
knees of each animal were intra-articular injected with ovalbumin in sterile saline solution.
Light of wavelength 690 nm, 100 J/cm?2 was applied by using of intra-articular optical fibers.
The first results showed that significant quantities of BPD were localized in pathological
synovium, and with intra-articular light administration a selective synovial destruction was
observed. The knee treated with light showed a transient erythema that resolved by 24 h in
all animals.

In two more studies the authors used the same animal model (AlA) and the same PS (BPD)
used by Trauner’s group [72,73]. In the first one, Ratkay et a/. [72] investigated the
mechanism of action and local efficacy of transdermal PDT, 50 J/cmZ2. While the untreated
animals showed a pronounced synovitis in synovial and subsynovial tissue with infiltration
of inflammatory cells (in particular leukocytes, T cells and monocyte/macrophages), in
transdermal PDT treatment, moderate signs of inflammation were still evident, but the
treatment prevented pannus formation, cartilage and bone erosion. Moreover, apoptotic cells
that expressed T-cell and macrophage markers were observed in histological examination.
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This study demonstrated that transdermal PDT prevented inflammation and subsequent
severe stages of arthritis and also suggested a possible mechanism of action of PDT. In the
second paper, Chowdhary et a/. studied the distribution and quantification of BPD
administered intravenously and intra-articularly [73]. They demonstrated that the
biodistribution and the selective uptake of the compound in target cells depended on the
dose and route of administration (intra-articular or intravenous) and also the efficacy of PDT
by light delivery. A study on biodistribution of a different PS, hematoporphyrin (HpD), was
performed by Beischer ef al. [67]. They used a rabbit AIA model and animals, after
intravenous injection of HpD, and delivered total light doses of 50, 100 and 200 J/cm? with
a 630-nm laser. Significant accumulation of HpD was evident in periarticular inflammatory
tissue and in pannus on the femoral condyle margins. Small quantities of compound were
revealed in cartilage whereas no traces were showed in muscle tissue. Moreover, the authors
did not observe histological damage due to PDT in periarticular tissue. Small areas of focal
necrosis of bone marrow in femoral epiphysis were observed when higher light doses were
used. They demonstrated that activation of HpD by intra-articular injection provided a
selective ablation of inflamed synovium.

Some studies have been conducted to verify the effect of PDT using different PSs at various
doses to optimize the treatment of arthritis. Funke ef a/. used tetrahydroporphyrin
tetratosylate in a model in severe combined immunodeficient mice [74]. Arthritis was
induced by injection of murine fibroblast cell line (LS48) in the mouse knee joint.
Tetrahydroporphyrin tetratosylate presented some advantages, such as minimal dark
toxicity, high phototoxicity, high water solubility, rapid clearance from the body and it was
able to localize in inflamed tissue [75,76]. PDT was performed using laser light coupled into
a fiber-bundle. The laser system emitted light at 761 + 3 nm, the affected knee was exposed
to 100 J/cm? for 200 s. This model of treatment, using a second generation PS with near
infrared absorbance, offered the opportunity to penetrate deeper into tissue [76,77]. The
treatment was well tolerated by animals and results of this study demonstrated that PDT
reduced the duration and severity of the characteristic swelling of the joint, induced by LS48
cell proliferation. Moreover, signs of inflammation were not observed in the immediate
vicinity of the treated lesion. Skin and intra-articular tissue, such as ligaments, menisci and
cartilage remained undamaged. The unwanted effect observed in this study was the
development of some necrosis in adjacent, well-vascularized skeletal muscle with paralysis
of the treated extremity. The occurrence of paralysis could be due to the small size of the
knee joints of the mice. One more PS studied was talaporfin sodium in a rat collagen-
induced arthritis model and rheumatoid arthritis membrane [78]. Talaporfirin has been tested
in PDT J/n vivoand in vitro studies in many different tumor models [79-83]. It was
accumulated selectively in tumors and showed rapid elimination from normal tissue. In this
study the authors performed PDT with intra-articular injection of talaporfin sodium and
intra-articular irradiation. The authors demonstrated that PDT with talaporfin sodium was
effective for the synovial membrane of patients with rheumatoid arthritis both /n vitroand in
vivo as well as on the synovial membrane of rats with collagen-induced arthritis. The
effectiveness depended on the concentration of talaporfin sodium and the laser irradiation
energy. The results of these studies suggested PDT could be a potential new clinical
treatment for arthritic joints.

Antimicrobial PDT & PDT for infection

Over 100 years ago, Raab observed the killing of Paramecium caudatum when a harmless
dye (acridine) was combined with visible light. A few years later Tappeiner demonstrated
the involvement of light and oxygen in the process observed by Raab and he coined the
name ‘photodynamic action’. Though PDT in the field of microbiology was discovered a
century ago, it has mainly been applied for cancer treatment and ophthalmology but its
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application in the field of infectious diseases has been limited. The discovery of antibiotics
in 1940 revolutionized the treatment of infectious diseases. The recent increase of antibiotic
resistance, probably due to inappropriate and excessive use of antibiotics, social factors
related to compliance and mechanisms adopted by bacterial cells to increase their resistance
to external assaults, has given rise to the growth of interest in different therapeutic strategies
for the treatment of infections. PDT can act on a broad spectrum of pathogens such as
bacteria, parasitic protozoa, fungi, yeasts and viruses. Moreover, it is a noninvasive method
and lacks the ability to induce resistance itself. Nitzan et a/. in 1992 demonstrated that the
difference of bacterial walls between Gram-positive and Gram-negative bacteria led to a
fundamental difference of sensitivity to PDT treatment [84]. Antimicrobial PDT with a wide
range of PS is more effective in inactivating Gram-positive bacterial species. The
cytoplasmic membrane of these bacteria is surrounded by a porous layer of peptidoglycan
and lipotechoic acid that provides more permeability to PS [85]. In contrast the wall
membrane of Gram-negative bacteria consists of a double layer, an inner cytoplasmic
membrane and an outer membrane that are separated by the peptidoglycan-containing
periplasm. The outer membrane restricts the binding and penetration of PS [86]. Fungal cell
walls, instead, have a relatively thick layer of B-glucan and chitin that leads to a
permeability barrier intermediate between Gram-positive and Gram-negative bacteria.
Several studies have been carried out to overcome the issue of permeability of the
membrane [84,87] to improve the efficacy of PDT treatment against Gram-negative bacteria.
Moreover, it has been observed that imparting positive charge to PS can also produce an
increase spectrum PS that could inactivate all classes of microorganisms: Gram-positive and
Gram-negative bacteria [5], fungi [88], viruses [89], parasites [90] and even highly resistant
life forms such as bacterial spores [91] and the cystic stage of Acanthamoeba[92]. The
choice of PS is a key factor for the treatment with PDT. In addition to optimized
photophysical characteristics (such as high quantum yields for the generation of long-lived
triplet state and the cytotoxic singlet oxygen species), important features of antimicrobial PS
should be high-affinity for microbial cells compared with host mammalian cells providing
the ability to induce microbial cell inactivation while minimizing the risk of inducing
mutagenic processes and damage to the host tissue in the area of infection. Ideally PDT
should prevent the regrowth of the pathogens after the treatment [93]. Many studies aimed to
optimize these compounds to improve the selectivity for microbial cells over host
mammalian cells [94], maximizing absorption in the near infrared regions of the spectrum
[95] and reducing photobleaching [96]. Phenothiazinium dyes such as toluidine blue O and
methylene blue [97-99] and azure dyes [100] have been widely tested and employed in PDT
against Gram-positive, Gram-negative and fungal cells. Other PSs, such as porphyrins
[101,102], phthalocyanines [103-105] and C60 fullerenes [88], have been synthesized and
studied. These studies have proven PDT to be very effective in in vitroand /n vivo models
of infection. The importance of selectivity of PS in the treatment of infections has been
demonstrated in a study where the authors investigated two different PSs. The use of a
conjugate poly-L-lysine and chlorin (pL-ce6) and free chlorin(e6) (ce6) in an established
soft tissue infection caused by S. aureus in the mouse thigh [106] and demonstrated that
when each pL-ce6 and c were injected into the infected area and illuminated with the same
red light, the conjugate pL-ce6 produced much more bacterial killing than ce6; moreover, it
produced less damage to the host tissue. Other in vitro and in vivo studies have been carried
out to verify the efficacy in many different kinds of infections produced by different
bacterial strains. Numerous animal studies have been designed to verify the efficacy of PDT
in infection models in mice and rats. Positive results were obtained in a model of severe
combined immunodeficient mice with oral candidiasis [107]. Another study investigated
wound infections inoculated with Pseudomonas aeruginosa and treated with PDT using pL-
c. It was found that the healing was faster after PDT treatment rather than an alternative
topical antimicrobial, silver nitrate application [108]. The effect of TBO-PDT on Vibrio
vulnificus infections in a mouse excisional wound model was studied by Wong et a/. and
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was also found to be beneficial as mice were saved from death due to sepsis [109].
Zolfaghari e al. [110] used MB-PDT to treat methicillin-resistant S. aureus (MRSA) in two
models of mouse wound infection (excisional and partial thickness wounds) and found a 25-
fold reduction in the number of viable MRSA. Animal models to study PDT effect on
infection presented some limitations and difficulties in monitoring the development of
infection; usually it was necessary to kill the animals, to remove the infected area and count
the CFUs. To monitor the microbial infections, Hamblin et a/. developed a new approach
based on the use of genetically engineered bacteria that emit bioluminescence [108]. In this
way, the infection could be detected in real-time using an intensified charge-coupled-device
camera. Using this method the effect of PDT in many different conditions has been
investigated. The efficacy of PDT was demonstrated on Escherichia coliand P. aeruginosa
in excisional wounds infected in mice models [108,111] using polycationic PS conjugate.
Also, in burn infections, Dai et a/. [112] and Lambrechts ef a/. [113] demonstrated the
positive effect of PDT against A. baumanniiand S. aureus. Moreover, the effect of PDT has
been investigated in animal models of oral and dental infections [107,114-118], soft tissue
infections [106,119], viral infections [120,121] and leishmaniasis [122-124]. Some clinical
trials for PDT for infectious disease have been carried out on viral lesions, dermatological
infections such as acne and rosacea, and also in dental and gastric infections. The subject of
clinical applications and clinical trials of PDT for infections has recently been reviewed in
detail [9].

PDT for bacterial arthritis

Intravenous

Bacterial arthritis presents several difficulties in treatment. There is less blood flow to bone
and cartilage tissue and this lack of perfusion sharply reduces the bioavailability of systemic
antibiotics. The frequent use of artificial implants in joints raises the chance of biofilm
formation and the “foreign body response’ predisposes to infection. The issue of multidrug
resistant bacteria has emerged as an exacerbating factor in orthopedic infections,
necessitating surgery, continuous irrigation and prolonged antibiotic regimes for patients
with such intractable bacterial infections. An alternative therapeutic approach to bacterial
arthritis using PDT has been investigated with Photofrin®, a PS that has proven effective in
antitumor applications. The fact that Photofrin is known to be effective in killing Gram-
positive bacterial species /n vitro [125] suggested that Photofrin may be active in PDT of
arthritis caused by MRSA, a Gram-positive pathogenic species.

Photofrin

The testing of intravenous Photofrin to mediate PDT for bacterial arthritis caused by MRSA
was first reported by Tanaka et al. [126]. MRSA causes many problematic infections in
humans that respond poorly to standard therapies and tend to recur and become chronic and
intractable. Photofrin can kill Gram-positive bacteria such as MRSA but is inactive against
most Gram-negative species. Although PDT with Photofrin resulted in high levels of
cytotoxicity for cultured MRSA, the therapy had a low efficacy in a murine MRSA arthritis
model in the knee joint. Intravenously injected Photofrin accumulated well in the infected
joint as shown by fluorescence imaging. However, when the infected joint was illuminated
the number of MRSA CFUs extracted from the joint was actually higher than the controls
that received PS alone, light alone or no treatment (Figure 4a). This undesired outcome was
attributed to the PDT killing of intra-articular neutrophils that otherwise could have
controlled the bacterial infection. Nearly 30% of intra-articular leukocytes, primarily
neutrophils, were killed immediately during or following PDT. Intra-articular neutrophil
counts further decreased after 24 h, and in the meantime, isolated peripheral neutrophils with
morphological damage from PDT were on the path towards cell death. It was inferred that
this unwanted side effect of PDT with Photofrin was responsible for the increase in MRSA
CFUs in the mouse model. Thus, when applying PDT to clinical treatment of bacterial
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arthritis, it was important and necessary to consider not only the PDT-mediated cytotoxicity
towards the bacteria, but also towards the immune defense cells in the host tissue.

Intra-articular Photofrin

Considering the ineffectiveness of PDT using intravenous injection of Photofrin for murine
MRSA bacterial arthritis, an alternative strategy to administer Photofrin was necessary that
would hopefully decrease the cytotoxic effect on host neutrophils. It was hypothesized that
local administration of PS and immediate irradiation at the local infection site could
dramatically reduce PDT-induced damage to mammalian host cells [127]. Therefore we
redesigned the Photofrin PDT protocol to include direct administration in the form of intra-
articular rather than systemic intravenous injection and followed that local injection with
immediate photoirradiation to increase the chances that the PS would rapidly bind to
bacteria, while binding to host neutrophils would be slower [128]. In this way, it was
proposed to concentrate the PS at the local infection site and limit diffusion to other areas,
minimizing the uptake and hence cytotoxicity of Photofrin to the host leukocytes. To further
optimize the approach, we evaluated a range of light doses ranging from 5 to 70 J/cm? using
a 635-nm laser. The results showed a biphasic light dose response with maximum MRSA
killing (determined by CFUs extraction) at 20 J/cm?, with lower bacterial reduction values at
5 and 10 J/cm? and also lower bacterial reduction at 30, 50 and 70 J/cm? (Figure 4b).
Furthermore maximum neutrophil accumulation was also found at a fluence of 20 J/cm?2. At
this fluence, in contrast to the results from the intravenous Photofrin study [126], there was
no immediate decrease in neutrophil counts or alteration of morphology, and in addition,
neutrophil accumulation after 24 h was actually facilitated by PDT. The conclusion was that
at light doses below this optimum level, insufficient amounts of bacteria were eliminated,
and at levels above 20 J/cm?, neutrophil and tissue damage was significant, with both cases
leading to bacterial regrowth after treatment. Direct intra-articular injection of Photofrin at
the bacterial arthritis site with immediate PDT at the optimal light dosage could lead to
optimal PDT therapeutic effects.

Finding a selective PS for PDT of bacterial arthritis

From the studies discussed above concerning the biphasic PDT effects of Photofrin on
MRSA arthritis, we learned that the possibility of a cytocidal effects against neutrophils
must be taken into account in designing antimicrobial PDT protocols. Therapeutic the
beneficial effect of PDT for localized microbial infections could be exerted 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 /n vivo.

In a recent study [129], we evaluated and compared the cytocidal effects of PDT on MRSA
bacteria and on murine peripheral-blood neutrophils using eight different PSs whose
structures are given in Figure 5. These PSs were erythro sine B [130], rose bengal [91],
crystal violet [131], Photofrin [126], Laserphyrin [132], toluidine blue-O [91], methylene
blue (MB) [91] and new MB [91]. The results suggested that PDT using TB or MB could
preserve host neutrophils (>80% viability) while killing substantial amounts of MRSA (5-6
logs of killing). While TB and MB are hydrophilic with a negative easured (P) value
[133,134], crystal violet, erythrosine B, NPe6, new MB, rose bengal and PHP are
amphiphilic with progressively higher positive log (P) values [129]. Both mammalian cell
and bacteria membrane are composed of double layered phospholipids, but the bacterial cell
membrane is encased in a cell wall [135]. It is likely that more hydrophilic PSs (high log (P)
value) 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 PSs (high log (P)
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value) can penetrate the cell membrane of the much bigger mammalian cells but are
excluded by the cell wall of bacteria. The peak absorption wavelength of MB is 664 hm and
that of TB is 596 nm; these longer wavelengths might enable deeper treatment due to better
light penetration compared with other PSs as found for MB [136]. In conclusion, PDT using
TB or MB showed minimal damage to neutrophils under optimal concentrations of the PS
for extensive killing MRSA.

Therapeutic PDT for bacterial arthritis using intra-articular MB

Based on the previous studies [129], we selected MB as an optimal PS for antimicrobial
PDT in a model of bacterial arthritis in conjunction with direct intra-articular injection and
immediate photoirradiation [137]. To carry out detailed examination of the PDT effects in
the knee joint and demonstrate longitudinal progress of infection in the same mouse in an
efficient manner, we established a murine intractable MRSA arthritis model using a
combination of genetically engineered luciferase-expressing bioluminescent MRSA (lux-
MRSA) [138] and artificial resin microparticles. The artificial resin microparticles injected
into the mouse knee joint along with the bacteria enabled the establishment of biofilm
formation, which leads to severe and intractable arthritis.

We initially studied a therapeutic PDT (Th-PDT) protocol in which MB (10 pl of 100 uM
solution) was injected into the infected joint 24 h after establishment of infection, followed
by immediate illumination of the knee joint with 660-nm light from a lamp fitted with a
band-pass filter. Using an effective light dose ranging from 50 to 80 J/cmZ, there was a
reduction in bioluminescent signal of lux-MRSA from the knee joint starting from day 1
after PDT and lasting for the succeeding 7 days (Figure 6). Quantification of the therapeutic
effect showed a 2-log; reduction of bacterial bioluminescence signal. These results
indicated that the therapeutic window of PDT using intra-articular MB was broader than that
of PDT using Photofrin [128].

The bioluminescent intensity did not decrease immediately after Th-PDT, which suggested
that Th-PDT did not exert a direct bacterial killing effect as expected. This finding might be
due to biofilm formation on the surface of the resin microparticles that inhibited the binding
of methylene MB to lux-MRSA cells and therefore led to the failure to exert a direct
bacterial killing. To further study the mechanism of Th-PDT effect for bacterial infection
using MB, an anti-GR-1 (antineutrophil) antibody was administered. The therapeutic effect
of PDT was eliminated by the administration of anti-GR-1 antibody, indicating that the
therapeutic effect of PDT led to reduction of bacterial infection via an attraction and
accumulation of neutrophils into the infectious region rather than by PDT-mediated bacterial
killing.

Preventive PDT regimen

The crucial role of neutrophils in the therapeutic response of tumors to various PDT
regimens has been reported several times [23,26,139]. Although the role of PDT-activated/
stimulated neutrophils in the therapeutic effects of PDT against cancer is established, the
role of neutrophils in the therapeutic effects of antimicrobial PDT had not been previously
reported before our studies in murine bacterial arthritis [126,128,129].

The previous findings concerning the therapeutic effect of PDT indicated that PDT using
MB could strongly activate innate host defense mechanisms against a microbial infection.
Therefore, we hypothesized that PDT might suppress bacterial growth and inhibit the
establishment of infection when performed as a protective pre-conditioning regimen. To test
this hypothesis we devised a preventive PDT (Pre-PDT) protocol, consisting of carrying out
PDT on a murine normal knee joint (non-infected) and then examined the protective effect
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of Pre-PDT on the subsequent development of infection after PDT [137]. The dose level
chosen was similar to that shown to be optimal in the Th-PDT study (i.e., killed the bacteria
without undue harm to host cells and tissues).

Pre-PDT was carried out at different time points. Pre-PDT performed on normal mouse knee
joints 24 h before (but not 2 h before) the bacterial inoculation strongly inhibited the
subsequent bacterial growth and suppressed the development of the infection as measured
by bioluminescence imaging (Figure 7). Light alone or MB alone 24 h before infection had
no such protective effect. Our results showed that in the Pre-PDT group, neutrophils
immediately migrated into the tissue around microvessels and the number of leukocytes,
mainly neutrophils, in the knee joint began to increase within 2 h after bacterial inoculation.
This finding suggested that a certain preparatory state of neutrophil priming was achieved,
because generally, neutrophil accumulation into the regions of bacterial infection needs at
least 6 h from bacterial invasion because time is needed for the expression of chemotactic
factors on vascular endothelium and surrounding tissues [140,141]. Moreover, the effect was
eliminated by administration of an intravenous antineutrophil antibody (anti-GR-1),
indicating that neutrophil activity played an important role in the protection against infection
by Pre-PDT as well as the resolution of infection by the Th-PDT regimen. It should be noted
that anti-GR1 is not absolutely specific for neutrophils and therefore other leukocytes could
be implicated as well. If pre-PDT protects by stimulating neutrophils, what chemotactic
factors were involve in this stimulating process? We performed Pre-PDT with a set of
neutralizing antibodies for chemotactic factors and other pathways, which are responsible
for neutrophil activation and accumulation. These were IL-1f, TNF-a, IL-6, macrophage
inflammatory protein 2 (MIP-2), antikeratinocyte-derived chemokine, ICAM-1 and E-
selectin. In addition, mice were given SN50, which is an inhibitor of NF-xB [142]. The
results suggested that all the tested chemotactic factors (except for 1L-6) were involved in
the effect of Pre-PDT to stimulate innate immunity. IL-6 is not normally considered a
chemotactic factor and does not act on neutrophils. Therefore, Pre-PDT might activate the
whole sequential cascade for the accumulation, migration and activation of neutrophils into
the local infectious site.

PDT could be applied as a preventive (prophylactic) strategy for a surgical-site infection
after high-risk orthopedic surgery such as total knee arthroplasty, as well as a therapeutic
modality for a traumatic or a post-surgical infection in orthopedics. PDT could be a new
strategic application for treatment and prevention of bone and joint bacterial infections as
well as intractable arthritis caused by multiple-drug-resistant bacteria.

Conclusion

This review has presented data that show for the first time that activation of the immune
response after antimicrobial PDT is an important process. It had previously been assumed
that in PDT for infection, the PS bound to the infecting microorganism, and the ROS,
produced after illumination, killed the pathogen without excessively damaging the host
tissue. In the case of bacterial arthritis in the knee the chief elements of the host response
system that respond to the bacteria are neutrophils.

In retrospect it should not have been surprising that PDT of bacterial arthritis by
intravenously administered Photofrin was ineffective. Intravenously injected PS delivered
by blood flow in the capillaries are designed to be targeted to host cells and tissue, not to be
targeted to invading microbial cells. Furthermore, one type of host cell that is highly
susceptible to PDT, namely neutrophils, are the primary mediators of host defense to
invading bacteria. If PDT kills the main defenders it is unlikely to be beneficial for the
infection. When the Photofrin was injected into the infected area (intra-articular) the effects
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on the infection were better than after intravenous injection. Even here, however, there was a
noticeable biphasic dose response, whereby low or high doses of light were less effective
than a modest dose that allowed bacterial reduction without killing the host neutrophils.
However Photofrin is a PS designed to treat cancer and could be expected to bind
preferentially to host cells such as neutrophils, even though it is also known to kill Gram-
positive bacteria such as MRSA. In an effort to identify a more selective PS that would kill
bacteria without killing neutrophils, we screened a panel of potential PS and selected MB as
a lead compound.

When intra-articular MB was tested in a MRSA arthritis model with bioluminescent
bacteria, there was again a beneficial response with modest doses of light. However, the
reduction in bioluminescence was blocked by antibodies against neutrophils, suggesting that
PDT was stimulating the host response rather than killing the actual bacteria. This
observation prompted us to test the novel concept of carrying out PDT before initiating the
infection. The success of the preventative regimen suggests that PDT could be used in a
prophylactive manner in high-risk orthopedic procedures, where infection is a real risk.
Taken together the data covered in this review show that activation of the host immune
response in the course of PDT for infection can no longer be ignored.

Expert commentary

This is the first demonstration that the activation of the host immune response after PDT, a
phenomenon that has been frequently studied in cancer applications, is also involved in the
therapeutic effects of PDT for infections. It had previously been assumed that all the
therapeutic benefit of PDT in infection models was due to direct killing of bacteria and fungi
by the ROS produced in PDT. The known activation of neutrophils after PDT, their
mobilization from the bone marrow and their attraction to the site of inflammation caused
when PDT is carried out in tissue, suggests that these mechanisms could also be responsible
for significant antibacterial effects. Many questions remain. Do these mechanisms centered
on host cell activation apply in other infection models besides bacterial arthritis? Do these
mechanisms apply to other classes of pathogen such as Gram-negative bacteria or fungal
cells? Our study focused on identifying a PS that preserved the viability of neutrophils while
killing bacteria, rather than identifying different PS that could possibly better carry out the
priming of neutrophils to respond to bacterial infection, so further PS screening investigation
may be necessary.

Five-year view

It is expected that the discoveries covered in this review could have implications in the
broader field of PDT for infection. Investigators will have to ask themselves to what extent
the reduction in pathogen numbers that is observed after PDT to localized infections is really
due to PDT-mediated killing of the microorganisms and to what extent the reduction is due
to activation of the host innate immune system after PDT. Furthermore the use of PDT as a
preventative measure in high-risk surgical procedures may need to be given serious
consideration. Since no overt damage appears to be caused by preventative PDT and,
moreover, low-dose PDT has been shown to increase the wound healing response in several
models as well as in non-healing ulcers in humans, the use of preventative PDT may need to
be investigated further.
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Figure 1. Mechanisms of photodynamic therapy for cancer treatment

The PS is usually injected intravenously followed after a suitable interval by illumination of
the tumor with light of a suitable wavelength. The excited PS transitions to a long-lived
triplet state that interacts with oxygen to form superoxide and hydroxyl radicals in a Type |
process or to form singlet oxygen in a Type Il process. These ROS produce direct killing of
tumor cells by necrosis and apoptosis and shut down tumor blood vessels.

hv: Light; PDT: Photodynamic therapy; PS: Photosensitizer; ROS: Reactive oxygen species;
S*: Singlet state.
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Figure 2. Stimulation of immune system after photodynamic therapy for cancer treatment
The tissue damage to the tumor caused by the ROS leads to release of DAMPs that activate
host immune cells such as macrophages, neutrophils and dendritic cells in an analgous
manner to the PAMPs released by invading pathogens. The DCs can take up antigens

released by apoptotic tumor cells and migrate to draining lymph nodes, where they activate

naive T cells to become tumor-specific cytotoxic T cells that can return to destroy the tumor.

hv represents light.
DAMP: Damage-associated molecular pattern; DC: Dendritic cell; hv: Light; PAMP:

Pathogen-associated molecular pattern; PDT: Photodynamic therapy; ROS: Reactive oxygen

species.
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Figure 3. Photodynamic therapy for arthritis

Systemic or intra-articular injection of photosensitizer followed by illumination of the
affected joint can destroy hyperplasic synovium, shut down neovasculature and kill host
inflammatory cells such as macrophages, T lymphocytes or neutrophils responsible for the
arthritic pathology.
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Figure 4. Photodynamic therapy for methicillin-resistant Staphylococcus aureus arthritis with
Photofrin®

Colony-forming units extracted from synovial fluid at sacrifice of mice 24 h after PDT. (A)
Photofrin was injected intravenously in mice with MRSA arthritis and 24 h later the affected
knee was illuminated. (B) Photofrin was injected intra-articularly into the affected knee,
which was immediately illuminated.

IR: Irradiation (635-nm light); MRSA: Methicillin-resistant Staphylococcus aureus, PDT:
Photodynamic therapy; PS: Photosensitizer (Photofrin®).

(A) Reproduced with permission from [126].

(B) Reproduced with permission from [128].
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Figure 5. Structures of photosensitzers screened for selectivity for killing bacteria while

preserving neutrophils

(A) Erythrosine B; (B) Rose bengal; (C) Crystal violet; (D) Photofrin®; (E) Laserphyrin®:;

(F) Toluidne blue O; (G) Methylene blue; (H) New methylene blue.
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Figure 6. Therapeutic photodynamic therapy with intra-articular methylene blue

Series of representative bioluminescence images captured from the same mouse for each
group at time points up to 7 days post-PDT. Mice received an intra-articular injection of
methylene blue (10 .l of 100 M solution) followed by immediate illumination with
different fluences of 660-nm light.

PDT: Photodynamic therapy.

Adapted with permission from [137].
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Figure 7. Preventative photodynamic therapy with intra-articular methylene blue

Time course of quantification of bioluminescence signals from mice treated with
preventative methylene blue-photodynamic therapy with 50 J/cm? of 660-nm light (and
controls) administered either at 2 or 24 h before infection with bacteria.

IR: Irradiation; PDT: Photodynamic therapy; PS: Photosensitizer.

Adapted with permission from [137].
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