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nocytes, in the amount of keratin, and epidermal thickness in GII than in GI.
Conclusions: PDT with Phthalomethyl D stimulates the processes of heal-
ing/repair and immunomodulation during viral infection, initially favoring
the inflammatory response and, after 21 days, contributing to the an-
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ti-inflammatory response profile, making this approach possible in the treat-
ment of individuals infected with SARS-CoV-2.
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1. Introduction

The recent global new coronavirus (SARS-CoV-2) pandemic has frightened
communities around the world due to its high rates of transmissibility and
death, leading to countless economic, psychosocial, and catastrophic conse-
quences [1]. Because it is an unknown, recent and devastating pathology, there is
no effective treatment or prevention for SARS-CoV-2 infection, requiring rapid
mobilization and investigation of potential substances and clinical tools, includ-
ing photodynamic therapy (PDT) [2] [3] [4].

PDT involves the administration of a photosensitizer or phototherapeutic
agent to a diseased tissue of interest, followed by the photoactivation of that
agent by a coherent laser light source or light-emitting diode at a specific wave-
length [5]. When a photochemical cell reaction occurs, it is used to selectively
destroy the target tissue [6] [7] [8]. Phthalocyanines (Pcs), porphyrin analogues,
are the second generation of photosensitive substances that have been used in
the treatment of skin diseases, such as basal cell carcinoma, psoriasis and actinic
keratosis, and bacterial and viral manifestations, often showing positive results
in reducing injury with minimal or no toxicity [9] [10] [11]. However, PDT has
been little explored and, after extensive bibliographic research, we have not been
able to find a report of its use in biological models of SARS-CoV-2.

PDT has been successfully used in previous pandemics, such as that from
1918, and in other coronavirus-like infections with an impact-reduction effect
[12] [13], but this seems to have been forgotten or “left out”. Recent studies have
shown its potential effect on the treatment of different bacteria and viruses, in-
cluding the coronavirus [14] [15] [16] [17] [18].

This study aimed to use experimental models of poxvirus infection to deter-
mine whether the use of PDT associated with the phototherapeutic agent Phtha-
lomethyl D, developed by the authors, would be effective in the process of repair,
healing and immune improvement induced by poxviruses in mice. Based on the
findings of the literature and those found in our work, we believe in the enorm-
ous potential of this proposed therapy associated with Phthalomethyl D as an
experimental model in the treatment against SARS-CoV-2 and similar corona-

virus infections.

2. Methods

We used a mouse model of poxvirus infection to study the effect of PDT com-
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bined with aluminum phthalocyanine (AlPc), methylene blue (MB), and vitamin
D, through Phthalomethyl D, on the processes of healing/repair and immuno-
modulation. The study was approved by the Institutional Animal Care and Use

Committee of Centro Universitario de Caratinga in Minas Gerais, Brazil.

2.1. Inducing Poxvirus Infection in Mice

Sixty-nine 2-month-old male BALB/c mice were housed in individual cages and
maintained under a 12-h light-dark cycle and a temperature of 22°C, with free
access to food and water. All animals underwent surgery for viral induction with
poxviruses, which comprise a family of linear double-stranded DNA genome
viruses ranging from 140,000 to 370,000 base pairs (bp). They have a complex
morphology and replicate exclusively in the cell cytoplasm. The prototype of the
family Poxviridae is the vaccinia virus (VACV) belonging to the viral subfamily.
For surgery, the mice were anesthetized with pentobarbital (50 mg/kg intraperi-
toneally), and lidocaine (0.5 mg/20 gs.c) was used for local anesthesia. Under
aseptic conditions, a 1-cm ventral incision was made to implant a 13-mm sterile
round glass coverslip subcutaneously. The incision was closed with 1/04 metric
absorbable suture.

The mice were randomly divided into 2 groups: group I (n = 35), treated with
PDT without the use of a phototherapeutic agent; and group II (n = 34), treated
with PDT with the use of Phthalomethyl D, which was administered orally or
introduced into the digestive tract through a 4-cm flexible esophageal or sto-
mach tube (gavage). Small volumes (1 mL/100 g body weight) were administered
at the beginning of the light cycle (resting phase) 10 times for 30 min. Mice were
divided into subgroups and sacrificed with a lethal dose of pentobarbital at 7, 14,

and 21 days after viral induction.

2.2.PDT and Laser Irradiation

PDT was performed with an intravascular laser irradiation of blood (ILIB) pro-
totype through the radial artery for 30 min at a wavelength of 660 - 460 nm, 100
mW output power, and in continuous wave mode for spot irradiation (Ecco Fi-
bras, Sdo Paulo, SP, Brazil). Spot irradiation was performed in contact with the
skin at room temperature (22°C). Mice had free food and water access for 24 h
before receiving PDT, for which they were divided into 3 subgroups of 6 mice
each. All subgroups were subjected to PDT with ILIB at 24, 48, and 72 h, and at 5
and 7 days after subcutaneous implantation of the glass coverslips. Two sub-
groups continued to receive PDT with ILIB at 14 days after surgery, and only 1
subgroup was treated at 21 days.

2.3. Assessment of Healing/Repair and Immunomodulation

Mice were examined clinically at 48 h and 5 days postoperatively for assessment
of the healing/repair process. Images were acquired with a Nikon-Coolpix 4500

digital camera for histological investigation. After euthanasia, the surgical scar
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was resected to remove the coverslips, which were fixed in 3.5% formaldehyde
for 1 h and stained with hematoxylin-eosin (HE). The slides were viewed in a
Zeiss Ultraphot microscope at 40x magnification for histomorphometric analy-
sis. The coverslips were photographed with a Nikon-Coolpix 4500 digital camera
coupled to an Olympus microscope. The number of cells was counted using Im-
age-Pro Plus software (Media Cybernetics, Silver Spring, USA), and the follow-
ing criteria were evaluated: number of giant cells, number of nuclei present in
giant cells, amount of collagen/fibrin, and numbers of monocytes/fibroblasts,

plasma cells, neutrophils, and lymphocytes.

2.4. Statistical Analysis

Counts are presented as the frequency of the analyzed variables. The association
between variables was investigated by Pearson’s chi-square test. P values < 0.05
were considered significant. All analyses were performed with SigmaStat, version
1.0 (Jandel Scientific).

3. Results

At 48 h after surgery, gross examination of incision closure revealed the presence
of blood clots in 60% of mice in group II (PDT + Phthalomethyl D). Both groups
had a high rate of partial incision closure and acute inflammatory control (93.3%
in group II vs. 73.3% in group I). One mouse died in group II, against none in
group I. The suture was preserved in all animals, regardless of the type of treat-
ment. At 5 days, incision closure was significantly different between groups
(70% of mice in group II had complete closure vs. 41.6% in group I). In group I,
the incision was visible in 33.3% of mice, and noticeable despite hair in 57.7%. In
group II, the incision was visible in 50%, noticeable despite hair in 43.3%, and
nonvisible but palpable in 6.7% (Table 1).

Microscopically, there was a greater amount of amorphous fundamental sub-
stance, fibrocytes, and fibroblasts and a reduction in epidermal thickness, in the
number of keratinocytes, and in the amount of keratin in group II compared
with group I (Figure 1). An inflammatory infiltrate was present in mice in group
II, although smaller and with greater circulatory response.

The number of giant cells was significantly higher in group II than in group I.
Both groups showed an increase in the number of giant cells at 14 days after im-
plantation of the glass coverslip, and a decrease in these values at 21 days. Re-
gardless of the type of treatment and postoperative assessment time point, most
cells tended to have 2 to 5 nuclei. However, when treatment type and time point
were considered, giant cells with more nuclei were detected in group II and at 14
days after surgery (Table 2).

Because of difficulties in distinguishing cells and fibrous material in the his-
tomorphometric analysis of the HE-stained specimens, monocytes, macrophages
and fibroblasts were grouped into one cluster, while fibrin and collagen were

grouped into another cluster. The number of monocytic cells/fibroblasts was
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Table 1. Macroscopic parameters at 48 h and 5 days after surgery in poxvirus-infected mice receiving photodynamic therapy with
(treated, n = 34) and without (untreated, n = 35) Phthalomethyl D.

Absolute number %
Time point Parameters
Untreated  Treated  Untreated Treated
Presence of blood clots 0 9 0% 60% 17.4*
Preserved suture 35 34 100 100 0
Absent 0 0 0 0 -
48 hours
Initial closure (<2/3) 1 4 6.66 26.6 21.3*
Incision closure
Partial closure (>2/3) 35 34 93.3 73.3 1.3
Complete closure 0 0 0 0 -
Absent 0 0 0 0 -
Initial closure (<2/3) 0 0 0 0 -
Incision closure
Partial closure (>2/3) 8 6 53.3 40.0 8.6
Complete closure 7 9 46.6 60.0 6.6*
5 days
Visible 5 6 345 40.0 12.06*
Macroscopic appearance Noticeable despite hair (<2/3) 10 8 66.6 53.3 4.93%
of the incision Nonvisible but palpable (>2/3) 0 1 0 6.66 28.06*
Nonvisible and nonpalpable 0 0 0 0 -

*Chi-square values calculated for the association between laser application/non-application and time points, significant at 5% with a degree of freedom.

Table 2. Giant cell counts in the inflammatory infiltrate at 7, 14, and 21 days after surgery
in poxvirus-infected mice receiving photodynamic therapy with (treated, n = 34) and
without (untreated, n = 35) Phthalomethyl D.

Number of giant cell nuclei Number of giant cells
Time point/group
2to5 6to10 11to15 >15 n Chi-square
Untreated 8 2 0 1 9
7 days 15%
Treated 27 6 1 2 34
Untreated 23 19 5 5 52
14 days 18%
Treated 76 31 7 6 123
Untreated 15 11 0 2 29
21 days 23*
Treated 28 19 7 8 64

*Chi-square values calculated for the association between laser application/non-application and time
points, significant at 5% with a degree of freedom.

significantly higher at all postoperative assessment time points in group I than in
group II (Figure 2). Also, in both groups, the number of these cells increased
from day 5 to day 14, with a decline in the last experimental week only in mice

in group I (Table 3).

4. Discussion

Treatment is based on exposure of the site to light at a wavelength that corresponds
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Figure 1. Photomicrographs of the skin of BALB/c mice treated without (GI) and with
Phthalomethyl D (GII). (A) Group I (40x). Blue arrows indicate epithelial thickening
with an important balance of inflammatory infiltrates. (B) Group II (40x), Phthalomethyl
D. The blue arrows indicate epithelial thickening with an important balance of inflam-
matory infiltrates. (C) Group I (40x). The blue arrows indicate hypertrophy of epidermal
cells and increased singlet oxygen delivery.

Figure 2. Photomicrograph after 21 days of photodynamic therapy showing Phthalome-
thyl D leukocyte response. The arrows indicate the responses of granular tissue, mast
cells, leukocytes, and inflammatory defenses.

Table 3. Numbers of monocytic cells/fibroblasts, fibrous material, and inflammatory in-
filtrating cells at 7, 14, and 21 days after surgery in poxvirus-infected mice receiving pho-
todynamic therapy with (treated, n = 34) and without (untreated, n = 35) Phthalomethyl
D.

Monocytic  Fibrous material

cells/fibroblasts (fibrin/collagen) Lymphocytes  Plasma cells Neutrophils

Timepoint UT T 4 UT T 4 UT T 4 UT T § UT T g

7 days 1109 887 23* 704 252 214* 18 43 10* 24 72 24* 7 11 1
14 days 1429 1133 34* 145 175 4% 5 60 47* 13 78 26* 2 0 2

21 days 1344 1292 20* 123 228 34* 49 31 4% 19 51 15% 0 0 -

T, treated; UT, untreated. *p < 0.05 for the chi-square test, untreated x treated at different time points.
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to the absorption wavelength of the photosensitizer. This activated agent trans-
fers energy to the triplet molecular oxygen, which, after photoexcitation, is con-
verted into singlet oxygen, generating reactive oxygen species (ROS). The sub-
sequent oxidation of lipids, amino acids and proteins induce cell necrosis and
apoptosis. In addition, ROS indirectly stimulate the transcription and release of
inflammatory mediators [3] [5] [6] [7] [19] [20]. The absorption of photons
emitted by laser irradiation may lead to the promotion of the phototherapeutic
agent or photosensitizer from its ground state to the short-lived excited singlet
state. When a photochemical cell reaction occurs, it is used to selectively destroy
the target tissue. It is a two-stage treatment, where the photosensitizer is admi-
nistered systemically or topically and preferably accumulates in the injured cells
[5]. Afterwards, the treatment site is exposed to light at a wavelength that cor-
responds to the absorption wavelength of the photosensitizer [6] [7] [8]. Inhibi-
tion of mitochondrial enzymes seems to be the main event in cell death of PDT
[21] [22].

MB is well known as a histological dye, used for many years, and when acti-
vated by light, it has an effect against various types of microorganisms [23] [24]
[25], including treatment of malaria and schizophrenia [26] [27]. Vitamin D is
photosensitive with direct photochemical degradation by mechanisms involving
photosensitizers that generate ROS or by indirect effects of light that lead to lipid
oxidation, facilitating the action of PDT [28]. Pcs are strong candidates for use
in PDT due to their efficient incorporation into target cells, high triplet yields,
and optimal tissue penetration by light owing to their high absorption coefficients
at the range of 650 to 680 nm [10] [29] [30]. Pcs include zinc-phthalocyanine
(ZnPc), tetrasulfonated aluminum phthalocyanine (AlPcS4), and chloroaluminum
phthalocyanine (AlPcCl), which are used to evaluate oxidative stress in cell lines
after photodynamic antimicrobial chemotherapy or the antimicrobial activity of
the compounds [11] [26] [30]. Previous results suggest that porphyrins are effec-
tive in the treatment of leishmaniasis by PDT [31]. In murine and in vitro mod-
els, Pcs showed minimal or no toxicity [11].

Laboratory experiments show that light in the blue 400 - 470 nm range is anti-
microbial against numerous bacteria [14] [15] [16] [17] [32] [33] [34] and has the
potential to reduce opportunistic bacterial infections associated with SARS-CoV-2
and other coronavirus infections, as well as red light and near infrared at wave-
lengths in the range of 600 to 700 nm and 700 to 1000 nm, respectively, where
they have the potential to reduce pulmonary inflammation and fibrosis [35] [36]
[37]. Based on these studies, the use of these wavelengths is suggested to inacti-
vate the virus [18] and to treat its complications, such as acute respiratory dis-
tress syndrome (ARDS) [4], one of the main causes of death in all coronavirus
pandemics, including the SARS-CoV-2 pandemic [36] [37].

One of the most important strategies for the management of SARS-CoV-2 in-
fection is the faster rehabilitation of damaged tissue and oxygenation, antiviral
effects and, finally, the reduction or control of the cytokine storm, reducing in-

flammatory agents. PDT can be used as adjunctive therapy or even as an alterna-
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tive therapy in all of these mechanisms, without side effects or drug interactions
(3] [38].

This study provides experimental evidence that PDT performed with a laser at
100 mW and Phthalomethyl D is effective in improving wound healing and the
systemic inflammatory process. The postoperative macroscopic observations of
the effects of PDT + Phthalomethyl D on wound healing in poxvirus-infected
mice are in accordance with those reported by Balbino et a/ [39].

Our results suggest a stimulatory effect of PDT with a laser at 100 mW and
Phthalomethyl D on the formation of giant cells. These results disagree with
those of Liang et al, [40] who found that preselected single Chinese hamster
ovary (CHO) cells exposed to 740 and 760 nm laser microbeam generated by a
titanium-sapphire laser at 86 and 174 mW and different time exposures had
poor ability to divide and to form giant cells. However, they suggest a relation-
ship between increased giant cell formation and exposure time to PDT and
higher power density. Thus, the increase in giant cell counts in our experiment
may be explained by the relationship between the exposure time of 30 min and
PDT with a 100-mW power density laser in the radial artery.

When comparing the number of giant cells in the groups analyzed, there arose
a doubt about the ability of PDT with 100-mW power density to induce macro-
phage fusion and giant cell formation, since differences in the frequency of giant
cells may result from the fusion of a larger number of macrophages, which
would lead to a reduction in their frequency by the production of giant cells with
a greater number of cell nuclei. To rule out this possibility and more efficiently
establish the relationship between laser action and giant cell formation, we
counted the number of nuclei, a method previously used by Kyriakides ef al. [41]
in their studies of granulomatous inflammation. Because in both groups the
number of nuclei per giant cell was equal to 6 - 7 nuclei, it can be suggested that
PDT with 100-mW power density and Phthalomethyl D plays a role as a stimu-
lator of macrophage fusion and giant cell formation.

Our findings showed a higher number of monocytes and fibroblasts in
mice receiving PDT without a phototherapeutic agent (group I). The lower
frequency of macrophages in mice treated with PDT + Phthalomethyl D
(group II) may be related to the number of giant cells. Several authors have re-
ported the dose-dependent activation of macrophages in laser therapy. Novose-
lova et al [42] investigated the effect of in vitro exposure to low-level laser ther-
apy (632.8 nm) on the immune cells of mice and suggested that, under low ex-
posure doses, the production of tumor necrosis factor (TNF)-alpha and inter-
leukin (IL)-6 by macrophages increase, superoxide dismutase (SOD) activity is
present and nitric oxide levels decrease; in addition, they suggest that laser ir-
radiation may delay the production of reactive nitrogen and oxygen species.
Therefore, it can be suggested that, at low doses, the phagocytic activity increases
and cell viability decreases after exposure to PDT with 100-mW power density
and Phthalomethyl D. In view of the foregoing, the relationship between the ac-

tion of the laser and the activation of monocytic cells may support our positive
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results and explain the process of systemic inflammation resolution, with more ef-
ficient wound closure and a decrease in the number of giant cells from day 14 to
day 21 of treatment in mice subjected to PDT (100 mW) with Phthalomethyl D.

When analyzing the inflammatory infiltrate, we observed an anti-inflammatory
effect of PDT (100 mW) with Phthalomethyl D in the last week of treatment,
with a decrease in the number of lymphocytes and plasma cells, whereas the
number of these cells increased in the controls. However, it is noteworthy that,
throughout the experiment, the number of lymphocytes and plasma cells in mice
receiving PDT (100 mW) with Phthalomethyl D was higher than that of mice
receiving PDT without a phototherapeutic agent. It is possible that laser
exposure stimulated a pro-inflammatory response in the first 2 weeks of treat-
ment, contributing to the activation and migration of these cells. Among T and
B lymphocytes, T lymphocytes would be activated by the action of PDT (100
mW) with Phthalomethyl D, thus releasing cytokines that characterize the Th2
response and, therefore, promote the differentiation of B lymphocytes into
plasma cells. However, these data should be confirmed in future studies aiming
to measure cytokines in blood and tissues infected with SARS-CoV-2. The
present results suggest an inhibitory role of IL-4 on TNF-alpha, promoting
greater macrophage survival and giant cell formation, and also suggest that,
when treating patients with PDT (100 mW) and Phthalomethyl D, there is an
increase in homing of T lymphocytes, mainly Th2 cell homing, which is essential
for the treatment of SARS-CoV-2 infection.

5. Conclusion

PDT performed with an 100 mW laser and Phthalomethyl D stimulates the
healing/repair and immunomodulation processes during viral infection, favoring
the inflammatory response initially and, after 21 days, contributing to the an-
ti-inflammatory response profile. However, in order to better understand these
mechanisms, our findings need to be confirmed by new studies using molecular
and cellular biology techniques to more accurately identify the kinetics of the in-
flammatory infiltrate and the pattern of cytokines involved in SARS-CoV-2 in-
fection. We suggest multicenter studies in humans infected with different virus-
es, including SARS-CoV-2, using phthalomethyl D and an ILIB prototype for
application in the radial artery. We suggest a 6-month follow-up for all patients

undergoing this new and promising technique.
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