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ABSTRACT

Cutaneous lesions caused by the fungus
Paracoccidioides brasiliensis lead to ulcerative
wounds, which are difficult to be cured by
conventional treatment with anti-fungal drugs due
to their adverse effects and the multidrug
resistance that some fungal isolates present. So,
the laser therapy emerges as an alternative
treatment since its anti-inflammatory effects and
wound healing properties are already known. In
this work, we showed that lesions caused by the
inoculation of yeast cells into the back foot-pad
of BALB/c mice and treated with HeNe laser
present greater histologic organization, milder
inflammatory infiltrate, higher organization of the
granulation tissue around the lesion, and enhanced
immunolabeling for iINOS. In addition, an
increased SOD activity and NO concentration,
higher percentage of macrophages, and lower
neutrophil numbers were observed. The percentage
of NK and NKT cells were also slightly higher
after the first laser session. Altogether these
results point towards a dual effect of the laser
treatment, decreasing the inflammatory response
and accelerating the wound healing of the lesions.
In this sense, the HeNe laser can be considered
as an effective adjunctive treatment to be
combined with pharmacologic therapies for
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improving the treatment of painful non-healing
paracoccidioidomycotic wounds.
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INTRODUCTION

The thermodimorphic human pathogenic fungus
Paracoccidioides brasiliensis (Pb) is the etiological
agent of the most important systemic mycosis in
Latin America, the paracoccidioidomycosis (PCM)
[1]. The infection starts in the lung, due to the
inhalation of infecting propagules, but has a
tendency to disseminate to other tissues or organs
via lymphatic and/or blood vessels [2-5]. In the
skin and mucous membranes the infection leads to
painful and sensitive lesions where the fungi
remain fully pathogenic and active for a long
period even after the beginning of pharmacologic
therapy. Furthermore, it is not uncommon that
mucocutaneous lesions progress to ulcerative
wounds that predispose the host to secondary
microbial infection [6, 7].

Cutaneous lesions in PCM are conventionally
treated with systemic antifungal agents, which
include sulfonamides, amphotericin B, or imidazoles,
but very few patients achieve full remission from
treatment with these medications either when
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given alone or in combination. Besides, such
therapies induce systemic adverse effects to the
patients, are long-term treatments, and have their
efficacy frequently questioned due to the
multidrug resistance that some Pb isolates present
[8]. So, the search for non-pharmacologic therapies,
such as the low-level laser therapy (LLLT), which
may also be effective alternative and/or adjunctive
treatments for maximizing patient healing with
avoidance of toxic effects [9], is necessary,
desirable, and justified.

The helium-neon (HeNe) laser has emerged as an
alternative treatment since its microbicidal activity
and its ability to heal wounds without changing
cell function are already well known [10, 11].
Although the exact mechanism of LLLT remains
to be established, some reports document anti-
inflammatory effects, improvement in tensile
strength of wounds, and reduction of painful
symptoms through the biostimulation of cellular
events [12, 13].

Using an experimental model of
paracoccidioidomycotic lesions caused by the
inoculation of yeast cells into the back foot-pad
of BALB/c mice, our group has explored the
biological mechanisms underlying the inflammatory
process after three sessions of HeNe laser
treatment.

Our results demonstrated that HeNe laser-treated
lesions presented reduction in footpad edema,
faster cutaneous wound healing, confluent
granulomas, diffuse and more loosely-distributed
immunolabeling for Tumor Necrosis Factor-alpha
(TNF-a), and enhanced labeling of Interferon-
gamma (IFN-y) [14]. In another study, we reported
alterations in lesion microenvironment after laser
treatment such as inhibition of the CXCL10
chemokine secretion and hypoxia-inducible
factor 1 (HIF-1) expression, increase of vascular
endothelial growth factor (VEGF) expression, and
decrease of reticulin fiber deposition [15]. Finally,
in a more recent study, we have also observed
decreased levels of pro- and anti-inflammatory
cytokines and of chemokine ligand 3 (CCL3), as
well as decreased density of fibronectin and
laminin fibers in lesions exposed to HeNe laser
irradiation [16].

The purpose of this work was to analyze some
immune modulatory effects occurring early on the
next day after the action of HeNe laser on the
healing of paracoccidioidomycotic injuries to
support and corroborate the data obtained
previously.

MATERIALS AND METHODS

Animals

Specific pathogen free BALB/c male mice,
6-8 week-old, were purchased from Centro Multi-
Institucional de Bioterismo (CEMIB) and
maintained in transparent acrylic plastic isolators
under aseptic conditions throughout the study,
with sterile water and feed provided ad libitum.
All procedures were carried out in accordance
with the guidelines proposed by the Brazilian
Society on Animal Care and approved by the
animal care and use committee of the University
of Campinas (protocol 1944-1).

Fungal strain

The virulent isolate Pb18 of P. brasiliensis was
used throughout the experiments. Fungal cells
were grown at 37°C in Fava Netto’s medium and
used at the 7" day of cell culture growth. Viability
was determined by Lactophenol cotton blue
staining [17] and was higher than 90%.

Infection of mice

Thirty mice received 5x10° yeast forms of
P. brasiliensis contained in 50 pl buffer into the
left back footpad, followed immediately by 50 ul
sterile saline into the opposite one. Animals were
monitored daily for the progression of lesions,
which peaked at 7 days after inoculation.

Laser treatment

Seven days after P. brasiliensis infection, the
animals were separated into twelve sets of five
mice each (six sets in the experimental group and
six sets in the control group). On days 7, 8 and 9
following infection, the lesions of mice from the
experimental group were irradiated with laser
(referred as T1, T2 and T3, respectively). The control
group underwent the same handling, but was
sham-irradiated (referred as non-treated animals).
The laser used in this study was a helium-neon
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laser with a measured output of 3.5 mW, which
emits light in a collimated beam (diameter 4 mm)
with a wavelength of 632.8 nm. The irradiating
flux for each treatment (previously determined
by dose response studies) was 3.0 Jcm? with a
stimulation time of 110 seconds. The laser probe
was applied punctually, in contact with the
wound, without anesthesia or sedation. Twenty-
four hours after each treatment, five animals from
each group were Killed by CO, inhalation and the
footpads removed for analysis.

Histopathological analysis

The footpads were collected and fixed in 4%
paraformaldehyde solution for 16 hours at 4°C.
The specimens were submitted to diafanization
with xylene, dehydrated by graded -ethanol,
embedded in paraffin and cut in 5-pum-thick
sections. Histologic changes were evaluated on
sections stained with hematoxylin and eosin
(H&E).

Flow cytometry analysis of cell populations in
paracoccidioidomycotic lesions

After sacrifice, the footpads from laser-treated and
non-treated animals were removed, soaked and
mashed in phosphate-buffered saline (PBS)
containing 5% fetal calf serum. The solution
obtained passed by a cell strainer with mesh pore
size of 100 um (BD, San Diego, California, USA)
and was then centrifuged at 1000 g for 15 minutes
at 4°C for subsequent cellularity evaluation. The
red cells were removed by using ammonium
chloride lysis buffer (0.16 M NH,CI, 0.01 M
KHCO;, 0.001 M EDTA, pH 7.4). Multi-color
flow cytometric phenotypic analysis was performed
with a Gallios device (Beckman Coulter) using
fluorescent isothiocyanate (FITC), phycoeyrthrin
(PE) and allophycocyanin (APC) as fluorescent
dyes. Directly conjugated anti-mouse monoclonal
antibodies were used: CD3, CD11b, Ly6G/6C
(BD Pharmigen, San Jose, CA, USA), CD11b and
NK1.1 (eBioscience, San Diego, CA, USA). For
macrophages detection anti-mouse F4/80-like
receptor was used with Mouse BD Fc Block™
purified anti-mouse CD16/CD32 mAb 2.4G2,
the staining was amplified by using a biotinylated
anti-rat  1gG2a mAb RG7/1.30 second-step
antibody followed by a “bright” third-step reagent,
Streptavidin-APC (BD Pharmigen, San Jose,

CA, USA). Fluorochrome-labelled isotype-matched
negative controls for the specific monoclonal
antibodies were also obtained from Pharmingen.
The assessment of neutrophil population was
performed using the subtraction of macrophages
population from CD11b and Ly6G and Ly6c positive
cells. Cells were stained for 20 min and then
washed with PBS, fixed with paraformaldehyde
4% and analyzed by flow cytometry in a Gallios
device (Beckman Coulter). Analyses were performed
after recording 10.000 events for each sample
using Flow Jo 7.6.5 (Ashland, OR, USA).

Immunohistochemical analysis

The production of inducible isoform of Nitric
Oxide Synthases (iNOS) by macrophages in laser-
treated and non-treated lesions was done by using
immunohistochemical method. The footpad sections
were deparaffinized with xylene, hydrated in an
ethanol gradient and water before stain reaction.
Directly after, incubation was performed with
3% H,0, in absolute methanol (v/v) to block
endogenous peroxidase activity (10 min). From
here all procedures were done according with
ImmunoCruzTM rabbit ABC Staining System
(sc-2018) datasheet. Briefly, all sections were
incubated with goat serum to avoid secondary
antibody nonspecific binding for one hour at 4°C
and then incubated with specific primary
antibodies to mouse iNOS both from AbCam
(Cambridge, Cambridgeshire, UK) for 16 hours at
4°C. After washing, sections were overlaid for 1 h
with the secondary antibody biotin-conjugated.
This was followed by incubation with AB enzyme
reagent to amplification of signal reaction. Bound
antibodies were detected by reactivity with
3,3 -diaminobenzidine plus H,0,. After tap
washing, the slides were counterstained by Harris
Haematoxilin and mounted with Permount. For
immunohistochemical controls primary antibodies
were omitted from the staining procedure and were
negative for any reactivity. Quantification of the
immunostaining (integrated density of pixels/area)
was done by using the Image J software [18].

Assessment of tissue nitric oxide (NO)
concentration and superoxide dismutase
(SOD) activity

After sacrifice, the footpads from laser-treated and
non-treated animals were removed, soaked and
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mashed in phosphate-buffered saline (PBS). The
solution obtained was filtered with a syringe filter
of 0.22 um and then centrifuged at 1000 g for
15 minutes at 4°C. The SOD activity in the
supernatant was measured using the SOD Assay
Kit-WST (Sigma-Aldrich, USA) and standardized
with SOD from bovine erythrocytes (Sigma
Chemical Co., St. Louis, MO, USA). Nitrate
(NO3) + nitrite (NO, ) were measured in the
supernatant using the Cayman Chemical Nitrate/
Nitrite Colorimetric Assay kit (Cayman Chemical
Co., Ann Arbor, MI, USA). This assay converts
NO; to NO, with nitrate reductase, and total NO
is measured as total nitrite using the Griess
reagent.

Statistical analysis

Mann Whitney test was used for statistical
evaluation of the results comparing laser treated
and non-treated lesions. Results are expressed as
mean values + SEM, and p values lower than 0.05
were considered to be statistically significant.

RESULTS

Histopathological analysis

The paracoccidioidomycotic lesions obtained
from non-treated animals had the same pattern at

the 8, 9 and 10 days post infection, showing a
disorganized epidermis and superficial dermis
with an intensive mixed inflammatory infiltrate
where some fungi can be seen (Figure 1A). At the
center of the lesion, a substantial necrotic center
with draining of fibrinous exudate, cellular debris
and viable fungi was visible (Figure 1B). The
animals that were treated with one session of laser
irradiation (T1) showed the same morphological
pattern observed with the untreated specimens,
but with hyalinization of the collagen fibers on
the connective tissue and lack of vacuolated
macrophages against a larger area of granulomatous
inflammation (data not shown). In mice treated
with two sessions of laser irradiation (T2) the
epidermis and superficial dermis showed greater
histologic organization, milder ~mononuclear
infiltrate and a light increase in collagen
deposition (Figure 1C). At the center of the lesion,
there was still a substantial necrotic center, but
less viable fungi and a mixed inflammatory
infiltrate are seen (Figure 1D). After three laser
sessions (T3), the dermis presented a normal
histological appearance with an intense collagen
deposition (Figure 1E). At this time, the lesions
also presented a higher organization of the
granulation tissue pointing to the encapsulation of
the lesion (Figure 1F).

Epidermis
and
superficial dermis

Center of the
lesion

Figure 1. Histopathological features of PCM lesions treated or not with HeNe laser. Animals were inoculated with
yeast forms of P. brasiliensis into the left back footpad, and 7, 8 and 9 days following infection the lesions were
irradiated with laser. (A and B: non laser-treated animal (NT); C and D: animals treated with 2 laser sessions (T2);
E and F: animals treated with 3 laser sessions (T3). Note that laser-treated lesions show greater histologic
organization, milder mononuclear infiltrate and an increase in collagen deposition (arrows). The figures are
representative of at least three experiments performed on different experimental days. Bar: 50 um.
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Flow cytometry reduction of these subpopulations was observed in

Cell populations present in the experimental PCM the lesions and the same cell percentage in laser

footpad lesions were analyzed by flow cytometry ~ treated and non-treated animals at days 9 and 10
(Figure 2). post infection was found (Figure 2A/D).

The analysis of lymphocyte subsets revealed a  The analysis of the total phagocytes population
significant increase in the percentage of cells  showed that these cells correspond to more than 80%
expressing NK and NKT cells associated markers  of the total cells present in the lesion, and no significant
soon after the first day of treatment (T1). After  differences between laser treated and non-treated
two (T2) and three laser sessions (T3), a gradual ~ groups could be demonstrated (Figure 2B/D).
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Figure 2. Analysis of cell populations at the experimental PCM lesion. A, B and C are representative dot-plots for:
NK and NKT cell subsets, total phagocytes, and macrophage population, respectively. D: percentage of cells in
lesions from non-treated (o) and laser treated animals (e). A higher percentage of macrophages and NK and NKT
cells can be observed on the lesions after HeNelaser irradiation. Results are expressed as mean * standard error
(SEM) for at least five animals. * p<0.05; ** p<0.01.
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However, the percentage of macrophages was
higher (Figure 2C/D), while the percentage of
neutrophils was significantly lower, in laser-
treated animals than in the non-treated controls
(Figure 2D).

Immunohistochemistry

increased expression in laser treated animals when
compared to non-treated ones (Figures 3A to 3D).
While non-treated animals showed weak labeling
for iINOS (Figure 3A), laser treated animals
presented strong labeling for this molecule after
one (T1), two (T2) or three treatments (T3)
(Figures 3B, 3C and 3D, respectively). These results

The analysis of INOS production, by the were quantitatively confirmed by histometric
immunohistochemistry technique, revealed an  computer-based analyses (Figure 3E).
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Figure 3. Immunohistochemistry staining for iNOS. A: Non-treated animals (NT); B to D: animals treated with one
(T1), two (T2) or three (T3) laser irradiation session, respectively. Inset panel depicts negative control; no primary
antibody. Note that laser-treated lesions present strong labeling for iINOS after treatment. The figures are
representative of at least three experiments performed on different experimental days. Bars: 250 um (inset) and
100 pum. E: The graphic corresponds to quantitative analysis of selected microscopic fields of lesions from laser-
treated and non-treated lesions in terms of iINOS. Results are expressed in total pixels and represent the mean £ SEM

for at least five animals. *p<0.05.
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Figure 4. Superoxide dismutase (SOD) activity and tissue nitric oxide (NO) concentration in
lesions from non-treated (NT) mice and after two (T2) or three (T3) laser treatment. Both the
SOD activity and the NO concentration show a significant increase after two laser irradiation
sessions and a reduction after three sessions of laser treatment. Results are expressed as mean +
standard error (SEM) for at least five animals. ** p<0.01; *** p<0.0001.

Superoxide dismutase (SOD) activity and
nitric oxide (NO) concentration

The laser treatment of the PCM lesions leads to
dramatic changes in the superoxide dismutase
activity and nitric oxide production when compared
to the non-treated group.

The SOD activity showed a significant increase
after two laser irradiation sessions (T2). After three
laser irradiation sessions (T3) the enzyme activity
was reduced, but it remained significantly higher
than the non-treated animals (Figure 4A). The
nitric oxide concentration also significantly increased
after two sessions of laser irradiation (T2). After
the third day of treatment (T3), however, tissue NO
concentration was diminished, remaining considerably
lower than the non-treated group (Figure 4B).

DISCUSSION

The study of skin and soft-tissue lesions in PCM
is important not only because of their frequency,
difficulty of treatment and diagnostic value for the
disease but also because they predispose patients
to secondary bacterial infections [6, 7, 19].

Because of the discomfort evoked by PCM lesions
and collateral drugs effects, the HeNe laser
irradiation can represent an adjunctive, or even an
alternative, therapy since its microbicidal effect,
wound healing properties and non-invasive
characteristics are already well known [9, 10, 20-23].
Although the exact mechanism of laser therapy

remains obscure, it is known that it reduces the
time and improves the quality and tensile strength
of tissue repair, has anti-inflammatory effects, and
provides reduction of painful symptoms at injured
tissue areas [12, 13, 24, 25].

In leukocytes, the therapeutic effect of HeNe laser
begins with photo-chemical reactions that are able
to enhance the phagocytic activity and to increase
the synthesis of bactericidal substances, like nitric
oxide (NO) and peroxide anion, by a mechanism
that involves the increased permeability of cell
membranes to ions including Ca®* [23-25]. Moreover,
under the action of HeNe laser the enzyme
superoxide dismutase (SOD), which is responsible
for catalyzing the reaction that converts superoxide
radicals into oxygen and hydrogen peroxide
(a potent killer of microbes), is reactivated [24, 26].

Histopathological results presented here showed
that laser treatment of lesions was efficient in
accelerating tissue repair since epidermis and
dermis are better organized with increased collagen
deposition and granulation tissue formation,
which represent typical processes of fibrogenesis.
Evidence that laser photostimulation increases
collagen synthesis has already been obtained from
different studies [14, 27-29]. Beyond these effects,
lesions that were exposed to three sessions of
HeNe laser irradiation present less viable fungi
and this fact certainly minimizes fungal infection
dermal effects.
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NK and NKT lymphocyte subpopulations are
critical in protection against pathogens [30-32]. In
experimental PCM, NK cells are very effective
during the precocious phase of the disease and
are involved in natural host resistance against
the fungus since they would be potential sources
of interferon-gamma (IFN-y) and granulocyte-
macrophage colony-stimulating factor (GM-CSF)
at an early stage of infection [30-34]. Data
presented here show an increase in the percentage
of NK and NKT cells in laser-treated animals.
Previously, we have demonstrated increased
levels of IFN-y in animals treated with the laser,
which may be, at least partially, produced by NK
cells [14]. The increase of these cells in animals
treated with one session of irradiation may be the
result of a major attraction of these cells to injury,
helping to control and limit the spread of the
pathogen by both directly and/or inducing death
by producing IFN-y that is important for
phagocyte activation.

The prolonged presence of neutrophils in PCM
lesions has long been reported [18, 35, 36].
However, neutrophils are less efficient in
eliminating Paracoccidioides brasiliensis as
compared with macrophages, since many of them
are susceptible to infection due to deficiencies in
the process of phagocytosis of pathogens [37, 38].
Here, we observed that laser-treated lesions show
reduced percentage of neutrophils and substantially
increased percentage of macrophages.

Macrophages play a central role in wound healing
and are the main phagocytic cells in tissue repair,
removing pathogens in addition to the remaining
fragments (debris) from tissues, cells and matrix
[39, 40]. When activated at the injury site, they
secrete large amounts of growth factors and
cytokines amplifying the initial signals released
by degranulation of platelets and neutrophils [39].
Some growth factors such as fibroblast growth
factor (FGF) and vascular endothelial growth
factor (VEGF) stimulate proliferation of endothelial
cells, which are likely to have pro-angiogenic
activity in tissue healing [39]. So, the greatest
number of macrophages in laser-treated lesions
can indicate an antifungal response more efficient
as well as a healing process more advanced,
which is consistent with the histopathological
findings.

It is well established that activated macrophages
kill phagocytosed pathogens by converting molecular
oxygen into reactive oxygen intermediates (ROISs),
and by producing reactive nitrogen intermediates,
particularly nitric oxide (NO), through the action
of an enzyme called inducible nitric oxide
synthase (iNOS). Indeed, in the current experimental
model of PCM, we have observed that laser-
treated mice present significant increase in iINOS
protein expression and NO release.

This increase in NO release observed in laser-
treated animals, is certainly related to greater
fungicidal activity of macrophages and increased
resistance to infection PCM, as already observed
by other authors [41, 42]. Our experimental model
also revealed that after three laser sessions the NO
released is reduced. This may be related to an
accelerated healing because of a greater elimination
of the pathogen, and, therefore, a milder
inflammatory process. In fact, the literature has
shown that an overproduction of NO, or a
continuous production over a long period, can
enhance host susceptibility to the fungus, making
wound healing difficult [43, 44]. In vitro experiments
to evaluate the formation of nitric oxide,
peroxynitrite, and superoxide anion radical in
mice peritoneal macrophages exposed to HeNe
laser radiation are being conducted in our
laboratory and such results certainly will improve
our understanding regarding the effects of laser
therapy on macrophages.

Data presented here also show significant differences
between laser-treated and non-treated animals in
relation to the superoxide dismutase (SOD)
activity. SOD is an enzyme which catalyzes the
dismutation of superoxide radicals (O,. + O,- +
2H" — 0O, + H,0,) and such a reaction may play
an important role in PCM lesion for two reasons.
The first reason is that high concentrations of
superoxide radical (O,-) can delay the healing
process because of its interaction with NO to form
peroxynitrite-anion with the subsequent formation
of hydroxyl radical, which has an extremely
potent cytotoxic effect [24, 45]. The second reason
is that increased generation of hydrogen peroxide
(H,0,) plays an important role in the elimination
of microbes [42, 46, 47]. Thus, the increase in
SOD activity observed in laser-treated animals
results in both the reduced concentration of
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superoxide, which leads to an acceleration of
wound healing, and a greater release of H,0O,,
which is an important inflammatory mediator
involved in the resistance against P. brasiliensis
[48, 47, 49, 50].

We have also evaluated the direct action of HeNe
laser on Paracoccidioides brasiliensis yeast cells.
Our results show that HeNe laser is able to
decrease viability and fungal growth, as well as to
increase the expression of fungal structures that
are used by the pathogen as virulence mechanisms
(personal report). It is most probably that these
effects also play an important role in accelerating
the wound healing process.

CONCLUSION

Altogether our results indicate a dual effect of the
laser treatment, decreasing the inflammatory
response and accelerating the wound healing of
the lesions. In this sense, we believe that the
HeNe laser can be considered as an effective
adjunctive treatment to be combined with
conventional drug therapy for improving the
treatment of painful non-healing
paracoccidioidomycotic wounds.
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