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Objective: Cell migration is an essential process in skin wound healing. Photo-
dynamic therapy (PDT) enhances wound healing by photoactivating a photo-
sensitizer with a specific wavelength of light. Cystic fibrosis transmembrane
conductance regulator (CFTR) is an ion channel expressed in multiple layers of
keratinocytes. Recent studies showed that the activation of CFTR-related down-
stream signaling affects skin wound healing. We examined whether indocyanine
green (ICG)-mediated PDT-enhanced cell migration is related to CFTR activation.
Approach: The spatial and temporal expression levels of CFTR and proteins in-
volved in focal adhesion, including focal adhesion kinase (FAK) and paxillin, were
evaluated during cell migration in vitro and in vivo for wound healing.

Results: ICG-PDT-conditioned medium collected from cells exposed to 5dJ/cm?
near-infrared light in the presence of 100 ug/mL ICG activated CFTR and en-
hanced HaCaT cell migration. The expression of phosphorylated FAK Tyr861 and
phosphorylated paxillin in focal adhesions was spatially and temporally regulated
in parallel by ICG-PDT-conditioned medium. Curcumin, a nonspecific activator
of CFTR, further increased PDT-enhanced cell migration, whereas inhibition of
CFTR and FAK delayed cell migration. The involvement of CFTR in ICG-PDT-
enhanced skin wound healing was confirmed in a mouse back skin wound model.
Innovation: CFTR is a potential new therapeutic target in ICG-PDT to enhance
wound healing.

Conclusion: ICG-PDT-enhanced cell migration may be related to activation of the
CFTR and FAK pathway. Conditioned medium collected from ICG-PDT may be
useful for treating patients with chronic skin ulcer by regulating CFTR expres-
sion in keratinocytes.

Keywords: cell migration, cystic fibrosis transmembrane conductance regu-
lator, focal adhesion, photodynamic therapy, wound healing

INTRODUCTION nually on medical treatments.! It is

EvVERY YEAR IN THE UNITED STATES, estimated that 1-2% of people in de-
chronic wounds affect ~6.5 million veloped countries will suffer a chronic
patients, and the government spends wound during their lifetime.2 Human
approximately $25 billion (U.S.) an- skin wound healing is a complex bio-
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logical process that occurs in response to tissue in-
jury.® This process occurs in three overlapping
phases, including inflammation, tissue formation,
and tissue remodeling. Normal wound healing relies
on the well-orchestrated combination of the sophis-
ticated biologic and molecular events associated
with cell migration, adequate circulation, nutrition,
and immune responses. However, some chronic skin
wounds caused by pressure, venous dysfunction, or
diabetes mellitus exhibit healing difficulties.* New
treatments are urgently needed to improve wound
healing.

Recently, systematic reviews have shown that
photodynamic therapy (PDT) associated with a la-
ser or LED light source improves human skin
wound healing, possibly by inducing a localized
acute inflammatory response.? PDT is widely used
to treat a variety of cancers, benign and malignant
skin diseases, and wounds.?® PDT is a noninvasive
procedure implemented by administering a photo-
sensitizer, which is activated with light of defined
wavelength in the presence of oxygen in the tissue.
The photodynamic effects on cell targets are mainly
attributed to the singlet oxygen/reactive oxygen
species (ROS) generated during irradiation, which
cause apoptosis and necrosis of the target cells.” The
photosensitizer tends to accumulate in organelles
inside the cell and triggers selective cell death.
Singlet oxygen/ROS are generated during irradia-
tion through Type I and Type II mechanisms in
mammalian cells and microbes.®® The treatment is
commonly well tolerated by patients with minimal
side effects. Most, if not all, photosensitizers cur-
rently in use are relatively costly'®!! and have an
absorption peak in the visible light spectrum, lim-
iting light penetration into the tissue and their ap-
plications in the clinic. Indocyanine green (ICG) has
a high safety profile and has been approved by the
United States Food and Drug Administration for
use as a contrast agent in retinal and choroidal
vascular imaging and liver function testing since
1956.'2 ICG-mediated PDT has been applied in on-
cological research and antibacterial research since
the early 2000s.13'* ICG is a less costly photosen-
sitizer with an absorption peak in the longer near-
infrared (NIR) spectrum, indicating its treatment
potential in PDT translational medicine.'’ How-
ever, the mechanism underlying PDT-enhanced
wound healing largely remains unknown, and the
ICG-mediated PDT effect on wound healing has
never been studied. Additionally, PDT requires a
specific light source and photosensitizer, which are
not available in all clinics. If key molecules can be
identified in the PDT-conditioned medium, new
drugs may be developed to treat chronic ulcers.

Cystic fibrosis (CF) is the most common geneti-
cally inherited disease among Caucasians. The
disease is caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR),
which encodes a chloride-conducting transmem-
brane channel that regulates anion transport and
mucociliary clearance in the airways. Functional
failure of CFTR results in mucus retention and
chronic infection, leading to local chronic airway
inflammation that is harmful to the lungs.'® To
date, more than 2,000 mutations in CFTR have
been identified; of the known mutations, a deletion
of phenylalanine at position 508 (Phe508del) is the
most common in populations with northern Euro-
pean ancestry.'® Cell migration plays critical roles
in multiple physiological and pathophysiological
processes in tissue repair. During cell migration,
both the composition and morphology of the focal
adhesion exhibit dynamic changes.'® The number,
size, distribution, and function of focal adhesions
are regulated by site-specific phosphorylation of
focal adhesion kinase (FAK), ¢-Srec, paxillin, and
p130Cas.!” In halide killifish, CFTR and phos-
phorylated FAK are colocalized in the apical
membrane and subjacent membrane vesicles of
mitochondria-rich salt-transporting cells.'®

Most wound healing studies have focused on
how CFTR affects airway epithelial repair. Al-
though the skin sweat chloride test remains the
gold standard for CF diagnosis,'? little is known
about how CFTR affects skin physiology other than
sweating. The expression of CF'TR in the epidermis
in both humans and mice was not reported until
recently.2’ Dong et al. found that delta F508cftr ™~
mice with defective CFTR exhibited delayed wound
healing compared with wild-type mice and CFTR
did not appear to have ion channel function in
keratinocytes.?® The physiological functions of
CFTR in ICG-PDT-enhanced cell migration in vitro
and skin wound healing have not been evaluated.

In this study, we investigated how CFTR is in-
volved in ICG-mediated PDT-regulated cell mi-
gration in vitro and in skin wound healing.

CLINICAL PROBLEM ADDRESSED

Chronic skin ulcer remains a major challenge to
the health care system globally. Despite advances
in biotechnology, many chronic ulcers, such as ve-
nous ulcer and diabetic ulcer, show healing diffi-
culties. PDT appears to be a new therapeutic
modality for enhancing wound healing, and many
clinical trials have shown promising results.
However, the specific mechanism induced by PDT
in wound healing is not completely understood.
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Searching for a new target for this treatment may
help to improve skin wound healing. The role of
CFTRin skin wound healing was not explored until
recently. In this study, we found that ICG-PDT
enhances in vitro cell migration and wound healing
in mice, which may be related to activation of
CFTR. ICG-PDT is safe and inexpensive and the
conditioned medium is easy to collect. Therefore,
CFTR might be a potential target in ICG-PDT-
conditioned medium to improve wound healing in
patients with chronic ulcer.

MATERIALS AND METHODS

PDT system

The PDT system was modified from a previous
report.'! It was composed of a NIR lamp on top of a
metal box to reflect light. A plate or dish containing
cells was placed at the center during irradiation.
ICG has been reported to act as a photothermal
agent when activated with NIR irradiation. It can
produce heat up to 48.5°C to kill hepatocellular
carcinoma in a mouse model.?! To avoid photo-
thermal effects, the irradiation system was main-
tained at 37°Cx1°C by an electric fan. The NIR
lamp (PARS38E; Philips, Amsterdam, The Nether-
lands) emits infrared light at a wavelength ranging
from 700 to 2,200 nm and peaking at 1,100 nm. The
light power on the irradiated surface was set at
65.5 mW/cm? at 780 nm by adjusting the distance of
the lamp and confirmed by a power meter (TD300-
3W-V1-SENSOR,; Ophir, Jerusalem, Israel).

Chemicals and photosensitizer

ICG (Diagnogreen; Daiichi Sankyo, Taipei, Tai-
wan) was dissolved in sterile water following the
manufacturer’s instructions before use as a pho-
tosensitizer.'’ Curcumin and CFTR inhibitor 172
were dissolved in dimethyl sulfoxide (DMSO) (final
concentrations of DMSO was less than 0.1%) im-
mediately before use. FAK inhibitor 14 was dissolved
in Milli-Q water. All chemicals were purchased
from Sigma (MO).

Cells and PDT-conditioned medium

Skin wound healing combines the production of
extracellular matrix by fibroblasts in the dermis
and cell migration of keratinocytes in the epider-
mis. To study how ICG-PDT-conditioned medium
affects keratinocyte migration, an immortal Ha-
CaT keratinocyte cell line purchased from Ameri-
can Type Culture Collection (ATCC) was used in
the experiments. HaCaT cells (5 x 10°) were seeded
in a 2.5-cm dish and grown for 24 h in Dulbecco’s
modified Eagle’s medium (DMEM) complete me-
dium. The cells were incubated with 100 ug/mL

ICG for 10min. After washing with phosphate-
buffered saline (PBS), the cell culture was replaced
with 1mL of fresh DMEM (without phenol red)
containing 10% fetal bovine serum before exposure
to different doses of NIR (0, 2.5, 5, and 15 J/cm?).
After exposure to light, the dish was incubated for
6h in an incubator. The supernatant (ICG-PDT-
conditioned medium) was collected and stored at
—20°C until used.

Cytotoxicity

A total of 5x10* cells/100 uL were seeded into a
well of a 96-well plate and grown for 24 h at 37°C. The
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT; Sigma Aldrich, MO) assay was used
to determine cell cytotoxicity after exposure to dif-
ferent chemicals or ICG-PDT treatments. After
treatment, a final concentration of 0.5 mg/mL MTT
was added to each well for 24 h and an absorbance
at 590nm was measured. ICG-PDT-conditioned
medium-induced cell death was measured with ethi-
dium homodimer-1 (EthD-1, E1169; ThermoFisher
Scientific, OR), a membrane-impermeable fluores-
cent dye, which binds to DNA. The dye enters a dis-
rupted cell membrane and emits red fluorescence
after excitation at 528 nm.

In vitro cell migration assay

To study the effects of CFTR-related ICG-PDT-
initiated cell migration in vitro, 5x 10° HaCaT cells
in 70 uLi complete medium were seeded into silicon
inserts (Culture-Insert 2 Well; Ibidi, Martinsried,
Germany). The insert created a central gap in the
cell sheet. Cells were rinsed once with PBS to remove
debris after removal of the silicon insert after 16h
of culturing. The conditioned medium collected from
different doses of ICG-PDT (0, 2.5, 5, and 15 J/cm?
NIR light exposure in the presence of 100 ug/mL ICG)
was added to the cells with/without CFTR enhancer
or inhibitor, and FAK inhibitor, respectively. The cells
were cultured until total confluence. Cell migration
was monitored and recorded with a digital camera
every 3 h under a microscope (Olympus, Japan). The
images were analyzed with Imaged software (NIH).

Localization of CFTR and FAK
in focal adhesion

After incubation with ICG-PDT-conditioned
medium at different time points, the cells were
fixed with 4% paraformaldehyde for 15min and
permeabilized with 0.1% Triton X-100 for 10 min.
Nonspecific background was reduced with blocking
solution (CAS-Block; Thermo Fisher, CA) for 1h at
room temperature. HaCaT cells were incubated
with CFTR (No. ab2784; Abcam, Cambridge, Uni-
ted Kingdom) and phospho-FAK Y861 (No. 4084;
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Abcam) for 24 h at 4°C. The cells were washed with
PBS every 5min for 1h and then incubated with
Alexa Fluor-conjugated secondary antibody (Ab-
cam) and Hoechst 33342 (Thermo Fisher) for 1h at
room temperature. Fluorescence images were
captured under a confocal microscope (FV1000;
Olympus). Imaged was used to analyze the images.

Immunoblotting

Cell lysates were harvested in a cold radio-
immune precipitation assay lysis buffer (50 mM
Tris-Cl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% so-
dium deoxycholate, 1 mM PMSF, 1mM NaF, and
1mM Na3VO,) and stored at —80°C. Protein con-
centration was analyzed using the Lowry assay
method, which used bovine serum albumin as a
standard. Equal amounts of samples were electro-
phoresed on 6—10% SDS-PAGE gels and trans-
ferred to a nitrocellulose membrane (Amersham
Biosciences, Aylesbury, United Kingdom). The
membranes were blocked with 5% nonfat dry milk
in washing buffer for 1 h at room temperature. After
blocking, the membranes were then incubated with
different primary antibodies, including CFTR (No.
ACL-006; Alomone Labs), phospho-FAK Tyr861
(No. 4084; Abcam), total-FAK (No. 32658; Abcam),
phospho-paxillin Tyr118 (No. AB3837; Chemicon,
Thermo Fisher, CA), paxillin (No. AB3794; Che-
micon, Thermo Fisher), and fS-actin (No. 16039;
Abcam) for 24h at 4°C. Immunocomplexes were
detected by incubation with 1:5,000 dilutions of
horseradish peroxidase-conjugated IgG antibodies
(Abcam) for 1h at room temperature. The bands
were visualized by using an Enhanced Chemilu-
minescence Detection Kit (Amersham Biosciences)
and western blotting detection system (Im-
ageQuant LAS 4000, Germany). ImagedJ (NIH) was
used for images analysis.

Animal wound healing model

An incisional wound model is more predictive
than excisional wound model to detect altered
healing and thus can reduce the number of animals
used in the experiments.?? A mouse central back
incisional wound model?® was used to examine
whether CFTR is involved in ICG-PDT enhancing
skin wound healing in vivo. Twenty 8—11-week-old
female C57BL/6 mice were purchased from the
Laboratory Animal Center at National Cheng Kung
University. Animals were kept in a temperature-
controlled room with a 12-h day/12-h night cycle
with food and water ad libitum. All experimental
procedures were performed under approval from
the Laboratory Animal Center of the University.
Mice were anesthetized by intraperitoneal injection
of a fivefold diluted solution of Zoletil 50 (0.5 mL/

100 g body weight; Virbac, Carros, France) and xy-
lazine (80 mg/kg body weight; Virbac). A 2-cm full-
thickness skin wound was created on the central
dorsal aspect of the mouse back. The wound was
treated with ICG-PDT. After a 10-min incubation of
100 ug/mL ICG (20 uL) followed by PBS washing,
wounds were exposed to 0, 5, and 15 J/cem® NIR. The
wounds were healed by secondary intention and
were recorded with a digital camera every 2—3 days.
Digital images were analyzed by Imaged (NTH).

Histology, immunofluorescence staining

Mice were sacrificed by COo inhalation. The
wounds were collected and bisected along the hor-
izontal axis of the wounded skin. The tissue was
fixed in 4% formaldehyde and embedded in paraffin
for H&E staining. For immunofluorescence stain-
ing, sections were blocked with a blocking solution
(Dako, CA) for 1h at room temperature after anti-
gen retrieval. The sections were incubated with
primary antibodies overnight at 4°C and incubated
with fluorescent conjugated secondary antibodies
and 4’,6-diamidino-2-phenylindole (DAPI).

Statistical analysis

One-way or two-way analysis of variance
(ANOVA) with post hoc tests were used to analyze
the data using GraphPad Prism (Version 7.0;
GraphPad Software, CA). Results were expressed as
the mean with standard deviations. At least three
separate, independent experiments in duplicate for
all in vitro experiments and six replicates in two
separate animal experiments were done to reach
significant results. A p-value of less than 0.05 was
considered statistically significant.

RESULTS
ICG-PDT-conditioned medium affects HaCaT
cell migration

To investigate whether ICG-PDT promotes cell
migration, the conditioned medium collected after
exposure to different doses of PDT (NIR irradiation
at 0, 2.5, 5, and 15 J/cm? in the presence of 100 ug/
mL ICG) was added to the HaCaT cell sheet with a
gap in the center (Fig. 1A). The cell gaps became
smaller at as early as 3h and healed at 12h as
compared with those in the other groups (**p <0.01
at 6, 9, and 12h) after incubation with conditioned
medium collected from the 5J/cm? PDT sample. A
higher ICG-PDT dose of 15J/cm? did not enhance
cell migration (Fig. 1B). These results suggest that
there is an optimal level of ICG-PDT stress for
enhancing cell migration. The conditioned medium
from 5dJ/cm® PDT was used for further experi-
ments. Supplementary Figure S1 shows the con-
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Figure 1. ICG-PDT-conditioned medium enhances cell migration. (A) A gap was created at the center of a HaCaT cell sheet. The cells were incubated with
ICG-PDT-conditioned medium collected from different ICG-PDT conditions (0, 2.5, 5, and 15J/cm? with 100 ug/mL ICG). The gaps were monitored with a digital
camera at different time points until one of the gaps was completely healed. (B) Data were pooled from three separate experiments (**p<0.01 compared with
the control, two-way ANOVA, Bonferroni comparison test). Scale bar=100 um. ANOVA, analysis of variance; ICG, indocyanine green; PDT, photodynamic

therapy.

trols of ICG-PDT from Figure 1, including the ab-
solute control (no ICG, no light), dark control (in-
cubated cells with ICG without exposure to light),
and light control (light exposure without ICG).
Supplementary Figure S2 shows that a higher light
dose (15 J/ecm?) induced cell death, which may ex-
plain the inhibition of cell migration under this
condition as shown in Figure 1.

Intensity (a.u.)

so04/4|'} |

CFTR and FAK expression in focal adhesion

To investigative the spatial relationship of
CFTR and FAK, both proteins were examined un-
der a confocal microscope after 6 h of incubation in
5J/cm® ICG-PDT-treated conditioned medium.
Figure 2 shows representative confocal images
from HaCaT cells expressing CFTR (green spots in
two connected cells; Fig. 2A), phospho-FAK Tyr861

CFTR
p-FAK Tyr861

0 2 4 6 8 10 12 14 16 18 20 22
Length (um)

Figure 2. Colocalization of CFTR and phosphorylated FAK Tyr861. (A) Representative confocal images from HaCaT cells expressing CFTR (green) in two
connected cells from three separated experiments. (B) Phospho-FAK Tyr861 (p-FAK Tyr861; red) and (C) merge were examined 6 h after incubation with ICG-
PDT-treated (5J/cm? and 100 ug/mL ICG) conditioned medium. (D) Line scan of fluorescence intensity (arbitrary unit, a.u.) showing high colocalization of CFTR
and phospho-FAK Tyr861. Scale bar=10 um. CFTR, cystic fibrosis transmembrane conductance regulator; FAK, focal adhesion kinase.
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(red; Fig. 2B), and a merge of both images (Fig. 2C).
The merged fluorescent images and graph images
highlight the colocalization of CFTR and phospho-
FAK Tyr861 in the focal adhesion structure
(Fig. 2D).

Temporal and spatial expression of CFTR,
phospho-FAK Tyr861, and paxillin

The temporal and spatial expression of CFTR,
phospho-FAK, and phospho-paxillin in HaCaT cells
after exposure to conditioned medium (collected
from 5dJ/cm? NIR with 100 ug/mL ICG) was exam-
ined by fluorescence microscopy and immunoblot-
ting. Immunofluorescence staining revealed that
CFTR and phospho-FAK Tyr 861 were colocalized at
6h after conditioned medium treatment (Fig. 3A).
Western blotting showed that CFTR, phospho-FAK,
and phospho-paxillin increased by as early as 3h
and peaked at 6 h. The proteins decreased thereaf-
ter and returned to the baseline level at 9h after
treatment with conditioned medium (Fig. 3B). The
expression level of CFTR paralleled that of phospho-
FAK and phospho-paxillin proteins in a temporal
manner (Fig. 3C). These results suggest that ICG-
PDT-promoted cell migration may be related to the
activation of CFTR, which subsequently regulates
the downstream FAK signaling pathway.

0Oh

6h

12 h

24 h

Activation or inhibition of CFTR affects
cell migration

In addition to the increased CFTR expression by
1.5-fold at 6-h incubation following treatment with
ICG-PDT-conditioned medium, as shown in
Figure 3B, the role of CFTR in cell migration in re-
sponse to ICG-PDT was further investigated by the
activation or inhibition of the proteins using chemi-
cals. Wild-type and mutant CFTR channels can be
activated by curcumin.?* Curcumin, CFTR inhibitor
172,25 and FAK inhibitor 142 were added to ICG-
PDT-conditioned medium-treated HaCaT cells. The
cytotoxicity of these chemicals was examined in an
MTT assay with HaCaT cells in separate experiments
(Supplementary Fig. S3). Curcumin concentrations
lower than 10 uM (*p <0.05, ¥*p < 0.01 compared with
the control; Supplementary Fig. S3A), CFTR inhibi-
tor 172 concentrations less than 40 uM (Supplemen-
tary Fig. S3B), and FAK inhibitor 14 concentrations
lower than 10 uM (Supplementary Fig. S3C) did not
affect cell viability.

Incubation with 2.5 uM curcumin enhanced cell
migration to a similar extent as 5J/cm? ICG-PDT-
conditioned medium (Fig. 4A). Addition of 5uM
curcumin further enhanced cell migration compared
with ICG-PDT-conditioned medium alone (9-h,
*p <0.05; Fig. 4B). Higher concentrations of curcu-
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Figure 3. Expression of CFTR, phospho-FAK Tyr861, and phospho-paxillin in HaCaT cells after treatment with ICG-PDT-conditioned medium. (A) Immuno-
fluorescence images of HaCaT cells treated with ICG-PDT-conditioned medium (5J/cm? and 100 ug/mL ICG) at different time points. The cells were fixed and
stained with the primary antibodies anti-CFTR (green) and phospho-FAK Tyr861 (p-FAK; red), and DAPI (blue). The figures show representative images from
three separated experiments. (B) Representative inmunoblots from three separate experiments revealed dynamic expressions of CFTR, phospho-FAK Tyr861
(p-FAK), total FAK (t-FAK), phospho-paxillin Tyr 118 (p-paxillin), and p-actin in HaCaT cells treated with the same conditioned medium. (C) The protein
expression levels were guantified with ImageJ software (*p<0.05, two-way ANOVA, Bonferroni comparison test). Scale bar=10 um. Figures show repre-
sentative data from three separate experiments. DAPI, 4’,6-diamidino-2-phenylindole.
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min (10 and 20 pM) inhibited cell migration (data not
shown), which may be explained by the cytotoxic
effects at these concentrations (Supplementary
Fig. S3). Cell migration was delayed after incubation
with 5 and 10uM CFTR inhibitor 172 at 12h
(*p <0.05, compared with ICG-PDT; Fig. 4C, D).
The inhibition was more prominent at a higher
concentration (20 uM, ***p <0.001, compared with
ICG-PDT, pink curve; Fig. 4D). Figure 4F shows the
enhancement of cell migration (red curve, *p <0.05,
*#p<0.01, compared with the control) with ICG-
PDT, whereas FAK-inhibitor 14 robustly inhibited
cell migration at 2.5 and 5 uM (*p <0.05, **p <0.01,
compared with ICG-PDT).

ICG-PDT enhances wound healing in mice

To determine the optimal ICG-PDT dosage for
enhancing wound healing in vivo, irradiation of the
wounds with 0, 5, and 15 J/cm? PDT with different
concentrations of ICG were evaluated on mouse
skin. After exposure to 5J/cm? PDT and 100 ug/mL
ICG, the wounds healed faster compared with
those exposed to 15J/cm? PDT and the same con-
centration of ICG and the control (Fig. 5A). By day
11, ICG-PDT-treated wounds were reduced by

76%, compared with 35% in the controls (*p <0.05;
Fig. 5B). Figure 5C shows that CFTR increased on
day 1 after PDT treatment and returned to normal
levels on day 15 in the mouse epidermis.

Possible mechanism of CFTR regulates cell
migration in ICG-PDT

Figure 6 shows a schematic diagram summariz-
ing the results of the present study, how ICG-PDT
may affect CFTR, and downstream related signals
involved in cell migration and wound healing.
Oxidative stress induced by ICG-PDT through type
I and type Il reactions activates CFTR, which turns
on downstream molecules in the focal adhesion and
switches cell migration on/off.

DISCUSSION

This study demonstrated that conditioned me-
dium collected from ICG-mediated PDT with a low
light dose (less than 15J/cm?) enhanced cell mi-
gration in vitro and wound healing in mice. This
enhancement may be related to the activation of
CFTR, which affects the related downstream FAK
signaling pathway. Our results agree with those of
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previous studies showing that a lower light dose is
beneficial for cell migration and wound heal-
ing.52"?8 Tedesco and Jesus used the photosensi-
tizer silicon—naphthalocyanine in a liposomal
formulation and irradiation with a laser at 670 nm
with low light doses 0of 0.5, 1, 3, and 5 J/cm? on an ex
vivo human skin model.?’ They found that low-dose
(1J/cm?) PDT prevented elastic network degrada-
tion. An even lower light dose (0.07 J/cm?) initiated
the formation of new collagen, as reported by the
same authors.?® In our model, 5J/cm? ICG-PDT
improved cell migration, whereas 15dJ/cm? ICG-
PDT inhibited cell migration in HaCaT cells. Si-
milar effects were observed in mouse skin wound
healing: a 15J/cm? light dose enhanced wound
closure to a lesser extent than 5dJ/cm? We mea-
sured the 780-nm wavelength of the NIR lamp as a
representative absorption peak of ICG. Notably,
810 nm may also activate ICG.2° The light power of
the 810-nm irradiation was 64.8+0.2 mW/cm?.
Cells and mouse wounds may receive a nearly
doubled light dose if this wavelength is accounted
for in the effects. A low light-dose PDT is believed to
produce better biostimulation,” whereas a light
dose greater than 30J/cm? is typically applied to

kill cancer cells.® Singlet oxygen/ROS is well
known to have dual effects in cellular processes.
Excessive singlet oxygen/ROS levels kill cells,
whereas low levels of singlet oxygen/ROS affect cell
signaling, particularly at the level of redox modu-
lation.?° The low-dose ICG-PDT may produce a low
level of singlet oxygen/ROS that ultimately pro-
motes cell migration and skin wound healing
through the activation of CFTR and modulation of
different downstream cellular signaling events.
The light dose for treating benign skin lesions, in-
cluding acne, viral infection, and wound is usually
around 10-times less than the light dose for treat-
ing a tumor in clinic.® The therapeutic range in the
present study on mouse wound is 5-15 J/cm? with
100 ug/mL ICG. However, there could be a big
difference between animal and human dose.
There is no clinical report of topical ICG-PDT on
wound healing in human and more studies are
needed to clarify the optimal therapeutic range of
ICG-PDT.

Huang et al. found that the CFTR/nuclear factor-
kB-urokinase receptor signaling pathway plays a
critical role in endometrial cell migration in pa-
tients with endometriosis.®® Chen et al. demon-
strated that activation of epidermal CFTR leads to
mitogen-activated protein kinase/nuclear factor-
kB suppression, which alleviates inflammation,
reduces proliferation, promotes the differentiation
of human keratinocytes (HaCaT cells), and pro-
motes cutaneous wound healing in CFTR mutant
(DF508) mice.?> Our findings suggest that the
activation of CFTR and subsequent regulated down-
stream FAK signaling can be attributed to ICG-
PDT-enhanced cell migration. However, additional
studies are needed to explore how CFTR affects
inflammation, proliferation, and differentiation in
wound healing following treatment with ICG-PDT.

CFTR is a well-studied ion channel target of
curcumin. Both wild-type and mutant CFTR
channels can be activated by curcumin. Exposure
of different CFTR deletion constructs and airway
epithelial cell lines to 30 uM curcumin for 30 min
induced CFTR crosslinking.® However, curcumin
itself did not potentiate CFTR channels, whereas a
cyclic derivative of curcumin with no crosslinking
activity showed the opposite results.®®* Curcumin
not only allows AF508-CFTR to escape from the
endoplasmic reticulum and to anchor in the plasma
membrane, but also stimulates its channel activity
once it reaches the plasma membrane®* and thus
promotes cell migration. In contrast, another study
showed that 10uM curcumin retards cellular
growth and migration by downregulating Src and
FAK kinase activity.®® We found that 5 M curcu-
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min further increased cell migration in

ICG-PDT-conditioned medium. Concen- L2 LAl
trations higher than and equal to 10 uM e |CG-PDT-conditioned medium activates CFTR in keratinocytes.
inhibited cell migration. A possible ex- e Activated CFTR regulates other molecules in the focal adhesion, in-

planation is that CFTR activation was
maximized by ICG-PDT and the addition
of curcumin had only minimal effects on
the activation. These results indicate that
optimizing singlet oxygen/ROS in the cell

cluding FAK and paxillin to enhance cell migration.

e Direct ICG-PDT treatment of mouse wounds enhanced wound healing,
which is related to CFTR activation.

e |CG-PDT-conditioned medium may be effective for treating chronic skin
ulcer because of its high safety profile and easy accessibility.

is critical for cell motility.

To date, six tyrosine phosphor-acceptor sites in
FAK have been identified: Tyr397, Tyr407, Tyr576,
Tyr577, Tyr861, and Tyr925.3¢ We only studied
phospho-FAK Tyr861. The other phosphorylated
sites of FAK require further evaluation. ICG-PDT
induces the expression of hundreds of genes and
downstream proteins. Low doses of light with a
photosensitizer clearly demonstrated the beneficial
effects of PDT on wound healing. We examined
CFTR as a possible regulator in ICG-PDT-
enhanced cell migration and skin wound healing.
PDT may activate CFTR, FAK, and paxillin in a
synergistic manner during cell migration. A limi-
tation of targeting CFTR is that the ICG-PDT-
conditioned medium must be collected before
treating a wound; additionally, molecules in the
conditioned medium other than CFTR that may
regulate wound healing have not been examined.
Additional studies are needed to confirm whether
our results reflect a general phenomenon in PDT by
testing other photosensitizers.

INNOVATION

Many clinical trials have shown that PDT has
positive effects in patients with chronic skin ulcers.
In this study, we found that ICG-PDT activated
CFTR and eventually enhanced cell migration and
wound healing. CFTR is an attractive target in
ICG-PDT-conditioned medium. Most, if not all,
photosensitizers are costly and PDT light sources
are not available in most clinics. ICG-PDT was
shown to be safe and inexpensive. The conditioned
medium from ICG-PDT is easy to collect. This ap-
proach will enable rapid translation to improve
wound healing in patients with chronic ulcer.
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Abbreviations and Acronyms

ANQOVA = analysis of variance
CF = cystic fibrosis
CFTR = cystic fibrosis transmembrane
conductance regulator
DMEM = Dulbecco’s modified Eagle's medium
DMSO = dimethyl sulfoxide
FAK = focal adhesion kinase
ICG = indocyanine green
MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide
NIR = near-infrared
PBS = phosphate-buffered saline
PDT = photodynamic therapy
ROS = reactive oxygen species




