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Abstract

Objective: The purpose of this study was to Investigate the effect of 810-nm low level laser therapy (LLLT) on
dendritic cells (DC) in vitro. Background data: LLLT can enhance wound healing and increase cell proliferation and
survival, and is used to treat inflammatory conditions. However there are reports that LLLT can stimulate leukocytes
and could therefore be pro-inflammatory. Recently, DC have been found to play an important role in inflammation
and immune response. Methods: Murine bone-marrow-derived DC were isolated, stimulated with lipopolysac-
charide (LPS) or CpG oligodeoxynucleotide and treated with 810-nm laser, using fluences of 0.3, 3, and 30]/ cm?
delivered at irradiances of 1, 10, and 100 mW/cm? respectively. Confocal microscopy, flow cytometry for DC
markers, viability using propidium iodide, enzyme-linked immunosorbent assays (ELISA) for secreted interleukin-12
(IL-12), and bioluminescence measurements in cells transduced with a reporter for toll-like receptor (TLR)-9/nuclear
factor kappa B (NF-xB) activation, were performed. Results: LLLT changed the morphology of LPS-stimulated DC,
increased their viability, and altered the balance of DC activation markers (major histocompatibility complex [MHC]
class 2 up and CD86 down). LLLT reduced IL-12 secretion from DC stimulated by either LPS or CpG. LLLT
reduced NF-«B activation in reporter cells stimulated with CpG. There was no obvious light dose response ob-
served. Conclusions: Taken together, these data suggest that 810-nm LLLT has an anti-inflammatory effect on

activated DC, possibly mediated by cyclic adenosine monophosphate (c(AMP) and reduced NF-«B signaling.

Introduction

ENDRITIC CELLS (DC) ARE KNOWN TO BE efficient stimu-

lators of T and B-lymphocytes, and they play a crucial
role as professional antigen-presenting cells (APC) in initiat-
ing and modulating the immune response. DC are sometimes
described as the orchestrators of the immune response'.
Langerhans cells were the first type of DC discovered in the
skin, in 1868 2, but modern understanding of DC only started
approximately 25 years ago.

A human has about 10° Langerhans cells located above the
proliferating keratinocytes in the skin, and most of the DC
remain in an immature state, characterized by a lack of mi-
gration mobility and their inability to stimulate T cells.® Al-
though they lack co-stimulatory molecules for T or B
lymphocyte activation, including CD40, CD54, CD80, and
CD86, immature DC are capable of capturing antigens and
expressing them in the context of major histocompatibility

complex (MHC) class 2. Only a few DC are necessary to
provoke strong T-cell response. Accumulating evidence
suggests that DC play an increasingly complex role in both
the beneficial and the detrimental effects of inflammation
and immunity. Many diseases caused by either overactive
immune responses or sub-optimal immune responses are
manifested by DC dysfunction. Among the many signals that
DC respond to, toll-like receptor (TLR) ligands are perhaps
the best known and most powerful.* TLR ligands are mem-
bers of a broad class of pattern-recognition molecules that
warn the immune system of the presence of potentially
dangerous microbial pathogens, and rapidly mobilize a cel-
lular defense system.” Nine principal TLR members® are now
known, each of which recognizes a different microbial mo-
lecular motif.° Although TLR are expressed on many dif-
ferent cell types, DC are one of the most effective responders.
In the present study, we used two TLR ligands: lipopoly-
saccharide (LPS) from the outer cell wall of Gram-negative
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bacteria recognized by TLR4,” and CpG oligodeoxynucleo-
tide containing a non-methylated CpG motif typical of bac-
terial DNA that is recognized by TLR9.®

Photobiomodulation (PBM) or low-level light therapy
(LLLT) has been proven to have many significant effects in
enhancing healing and preventing tissue death.”'® Karu’s
laboratory, among others, has reported that mitochondria
are a principal intracellular target of red and near-infrared
light,'! and cytochrome ¢ oxidase is proposed to be a pho-
toreceptor that absorbs light as far into the infrared as
1000 nm."? There have been reports of increased cytochrome
¢ oxidase activity after low level ligh’t,13 and by stimulating
the mitochondrial electron transport train, increased intra-
cellular adenosine triphosphate (ATP) after light delivery to
isolated mitochondria'* has been observed.

Many genes have been shown to have their transcription
upregulated (or downregulated) after illumination of cells
with various wavelengths and fluences of light. For exam-
ple, illumination of human fibroblasts with a 628-nm light-
emitting diode led to altered expression of 111 genes of 10
functional groups.'® Studies have shown that one mecha-
nism of light-mediated gene regulation is related to the ac-
tivation of the pleiotropic transcription factor nuclear factor
kappa B (NF-xB),' probably via generation of mitochondrial
reactive oxygen species.

NF-«B is a transcription factor regulating multiple gene
expression, and has been shown to govern various cellular
functions, including inflammatory and stress-induced re-
sponses and survival.'"® NF-xB activation is governed by
negative feedback by inhibitor of NF-xB (IxB), an inhibitor
protein that binds to NF-xB, but can undergo ubiquitination
and proteasomal degradation,' thus freeing NF-xB to
translocate to the nucleus and initiate transcription.*’

In addition, NF-xB also plays an important role in acti-
vation of inflammation. Many studies have shown that red
or near-infrared light can reduce inflammatory conditions
such as arthritis > * or gingival inflammation.” The goal of
this study was to investigate the effect of LLLT mediated by
an 810-nm laser on murine bone- marrow-derived DC.

Materials and Methods
Bone-marrow-derived DC culture

All animal procedures were approved by the Sub-
committee on Research Animal Care of the Massachusetts
General Hospital and met the guidelines of the National
Institutes of Health. Bone-marrow-derived DC were pre-
pared from 5- to 7-week-old male C57BL/6 mice purchased
from Jackson Laboratories (Bar Harbor, ME).

Femurs from mice were dissected, and muscle and tissue
were removed. Cleaned bones were washed twice with
Hanks Buffered Salt Solution, and placed into culture (mu-
rine DC) media composed of RPMI-1640 (Gibco-Invitrogen,
Carlsbad, CA) with 1% penicillin-streptomycin (Cellgro-
Mediatech, Manassas, VA), and 0.1% 2-mercaptoethanol
(Invitrogen), with 10% heat inactivated fetal bovine serum
(Invitrogen). Bones were cut and bone marrow was flushed
with at least 5mL of media. The bone marrow suspension
was strained with a 70-mm cell strainer (Becton Dickinson,
Franklin Lakes, NJ), cells were collected by centrifugation at
1500 rpm for 5min, and erythrocytes were lysed with ammo-
nium chloride buffer (155 mM NH4C], 10 mM KHCO;3, 0.1 mM
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EDTA). Bone marrow cell suspension was re-suspended at
1.5 x 10° /mL in murine DC media with 20 ng/ mL GM-CSF
(Sigma, St Louis, MO). Cells were plated at 3 mL/well in six
well plates (Corning, Corning, NY), and incubated at 37°C
with 95% relative humidity and 5% CO,. On day 3, cells
were fed by exchanging half of the media with fresh murine
DC media. Purity and yield of CD3- and CD4-positive cells
were measured by flow cytometry. In addition, cell death
was quantified by propidium iodide staining and by flow
cytometry. To assure the consistency of cell population,
plates with >85% purity and <10% cell death were selected
for experiments. On day 8, loosely adherent and non-
adherent cells were collected and washed twice in phosphate-
buffered saline (PBS), centrifuged and re-suspended at 2x
10°/mL in 60-mm cell-culture-treated dishes (Corning), and
incubated at 37°C with 95% relative humidity and 5% CO,
overnight.

HEK 293 TLR9 NF-xB reporter cells. TLR9/NF-«xB/
SEAPorter™ cell line was obtained from Imgenex (San Die-
go, CA). HEK 293 cells were stably co-transduced with DNA
coding for human toll-like receptor 9 (TLR9) and a NF-xB
luciferase reporter gene to produce a cell line originally de-
signed to perform high throughput screening for TLR ago-
nists. The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum
(Hyclone, Waltham, MA) and 1% penicillin-streptomycin in
37°C incubator. The luciferase assay system (Promega, Ma-
dison, WI) was used to measure bioluminescence according
to manufacturers’” instructions. Part of the cell lysate was
measured in a plate luminometer (Wallac Tri-Lux beta, Per-
kinElmer Life and Analytical Sciences, Waltham, MA).
Reading time was set to be 10sec and each sample was read
twice. The remainder of the cell lysate was used to measure
cell protein (BCA assay, Pierce Biotechnology Inc., Rockford.
IL), in order to normalize the relative light units to mg of
protein.

LPS and CpG treatment

Lipopolysaccharide from Escherichia coli purified by gel
chromatography (Sigma-Aldrich) was added to DC at a
concentration of 1 or 10 ug/mL. Light was delivered at two
time points, either immediately after LPS or 12h after LPS
addition. Two different types of CpG oligodeoxynucleotide
were employed. CpG 1826 has the sequence (5'-TCCATG
ACGTTCCTGACGTT-3') and is recognized by the murine
TLR9.** Because the TLRY transduced in the HEK293 cells
was of human origin, we used CpG ODN2006 (5'- TCG
TCGTTTTGTCGTTTTGTCGTT-3).*> Both the CpG ODN
2006 and 1826 were purchased from Invivogen (San Diego,
CA) and were used at concentrations of 10 ug/mL. Incuba-
tion times for both LPS and CpG were 24h except for the
HEK 293 TLR9 NF-«B reporter cells, where four time points
were used: 0, 8, 16, and 24 h.

Low level light irradiation

An 810-nm laser (HOYA Conbio, Fremont, CA) was used
as the light source, and the illumination time was set at
5min. The laser had an adjustable total power output with a
maximum of 5W. The spot size was adjusted via a Fresnel
lens to cover a 6-cm dish (28 cm?). The power output was
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measured using a Lasermate power meter (Coherent, Inc.,
Santa Clara, CA) and the homogeneity of the spot was
checked by moving the power meter detector over the area of
the spot. Fluences of 30, 3, and 0.3]/cm?® were delivered
at irradiances of 100, 10, and 1mW/cm?, respectively, to
individual 6-cm dishes. A wide range of fluences was cho-
sen because previous studies have suggested that many
features of LLLT effects on cells exhibit a biphasic dose
response, in other words, fluences that are too low or too
high may both have a reduced effect.?® The irradiance was
varied in order to keep the illumination time constant.
Light- treated dishes were incubated in the incubator for
24 h before analysis.

IL12 measurement

Quantitative enzyme-linked immunosorbent assays (ELI-
SA) was performed with a kit (Cat No. 88-7120, eBioscience
Inc., San Diego, CA) that measures mouse interleukin-12 (IL-
12) (total p40) in cell culture supernatants according to the
manufacturers’ instructions.

Cell morphology and quantification
of protein expressions

Twenty-four hours” incubation after light treatment, the
cell morphology was monitored by using confocal micros-
copy. Cells were stained with anti-murine fluorescent anti-
bodies (Invitrogen) against MHC class 2 (IA-b, FITC-labeled,
MM3401) CD80 (B7-1, R-PE labeled, MR6504) and CD11c
(APC-labeled, MCD11c05) 15 min before microscopy. In the
confocal fluorescence micrographs, the fluorescence from
these antibodies was false-colored red, green, and blue, re-
spectively, to make superimposition more visible. The same
antibodies were used to quantify cell-membrane protein ex-
pression levels in live cells by flow cytometry. Propidium
iodide was added to distinguish live cells from dead cells.

Statistical analysis

All assays were performed in duplicate, and each sample
was read twice and averaged. Excel software was used to
perform Single-Factor ANOVA to evaluate the statistical
significance of experimental results (p < 0.05).

Results

LLLT affects DC morphology
and marker expression by confocal microscopy

Lipopolysaccharide is a potent stimulator for DC activa-
tion and maturation. No other cells exhibit the shape and
motility typical of mature DC. With proper stimulation, DC
display fine long dendrites (>10 um) and the size of the cell
body also enlarges from the immature stage. A fully mature
DC also displays MHCII, CD86 and CD11c¢ on its membrane.
This mature state allows it to capture antigens and stimulate
antigen-specific T cells. The level of CD11c does not change
with levels of maturation and/or activation of DC, therefore
allowing this marker to be used as an invariant fluorescent
marker of DC purity.

Many studies have shown that low-level light has di-
minishing positive or even negative effects at higher fluence,
such as 30]/cm?, because of its biphasic dose response26
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FIG. 1. Confocal microscopy. Twenty-four hours after
specified treatments (the combination light immediately
followed addition of LPS) DC membrane protein expression
was analyzed by antibody staining. Blue, CD1lc; red,
MHCII; and green, CD86. (A) control; (B) 30]/cm2 810-nm
laser; (C) LPS (1ug/mL); (D) combination of LPS (1ug/mL)
plus 30J/cm2 810-nm laser. Laser treatment of LPS treated
DC downregulated surface MHCII whereas CD86 was up-
regulated, and the dendrites were more developed than
those in the LPS- only group. LPS, lipopolysaccharide; DC,
dendritic cells.

This high fluence of “low-level” light together with more
usual fluences such as 3 and 0.3]/cm? were selected to test if
bone-marrow-derived DC responded to the 810-nm contin-
uous wave laser. In the present study, we did not observe any
significant dose response effects. After 24h incubation after
light irradiation, which allows DC to process activation and
maturation, confocal microscopy imaging showed that the
laser alone did not change either of the membrane marker’s
expression compared with the untreated DC (Fig. 1A and B).
However, if laser was delivered to the DC continuously in-
cubated with lipopolysaccharide, the surface MHCII was
downregulated, whereas CD86 was upregulated (Fig. 1C and
D). Furthermore, the dendrites of DC with LPS plus light were
more developed than those in the LPS-only group.

Laser affects DC membrane marker expression
and viability by FACS analysis

Confocal microscopy imaging indicated that 24 h after ir-
radiation was a suitable time point at which to distinguish
changes of membrane marker expression. At the same time
point, fluorescence-activated cell sorting (FACS) analysis on
the same three markers was quantified as shown in Fig. 2
(BD FACSAria Cell-Sorting System, BD Biosciences, San Jose,
CA). Dexamethasone is a potent synthetic compound of the
glucocorticoid class of steroid hormones, and acts as an anti-
inflammatory and immunosuppressive agent. FACS showed
that dexamethasone downregulated MHCII without signifi-
cantly affecting expression levels of CD81 and CD11c. On the
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FIG. 2. FACS analysis of DC membrane markers. Twenty-

four hours after specified treatments (the combination light
immediately followed addition of LPS), 10,000 DC were
stained with antibodies against CD11c, MHCII, and CD86.
Laser treatment of LPS-treated DC significantly down-
regulated surface MHCII whereas CD86 was upregulated.
There was a similar significant change but at much smaller
levels in non-LPS-treated DC. LPS, lipopolysaccharide; DC,
dendritic cells; MHC, major histocompatibility complex; dex,
dexamethasone.

other hand, LPS upregulated both MHCII and CD86 after
24 h. Results with 810-nm laser confirmed the confocal mi-
croscopy imaging data that laser alone did not significantly
change MHCII or CD86, but in the presence of LPS, 810-nm
laser reduced levels of expression of membrane MHCII but
increased expression of CD86.

LPS treatment of DC caused a small but significant
amount of cell death. Figure 3 shows that incubation with
0.1ug/mL LPS led to 13+ /- 1.2% cell death after 24h as
judged by propidium iodide staining. Delivery of 3]/cm2 of
810-nm laser immediately after LPS addition significantly
reduced this cell death to 3+ /- 1.3% (p <0.01). The reduc-
tion of LPS-induced cell death was less when the laser was
delivered 12 h after addition of LPS (data not shown).
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FIG. 3. FACS determination of cell death. Twenty-four
hours after specified treatments (the combination light im-
mediately followed addition of LPS), 10,000 DC were stained
with propidium iodide. Laser treatment significantly re-
duced the number of dead DC in the LPS-treated group. LPS,
lipopolysaccharide; DC, dendritic cells; dex, dexamethasone.
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FIG. 4. ELISA measurement of IL-12 secretion. Twenty-
four hours after specified treatments (the combination light
immediately followed addition of LPS), IL-12 in the DC
medium was measured by ELISA kit. Laser treatment sig-
nificantly reduced IL-12 secretion in DC simulated with ei-
ther LPS or CpG.. ELISA, enzyme-linked immunosorbent
assays LPS, lipopolysaccharide; IL-12, interleukin-12 ;DC,
dendritic cells.

Laser reduces secretion of IL12
in DC stimulated by TLR ligands

IL-12 is a cytokine secreted primarily by DC in response
to pro-inflammatory stimuli such as TLR ligation.?” Its role is
to increase inflammation and to stimulate T-cell responses to
particular antigenic threats.”® As can be seen in Fig. 4, the
baseline IL-12 secretion level from DC was increased fivefold
by CpG and increased fourfold by LPS. The CpG-induced IL-
12 level was reduced by >50% after 0.3]/ cm? 810-nm laser,
and only a little bit more by fluences of 3 and 30]/cm?. The
light response of the IL-12 induced by LPS was broadly
similar to that of the IL-12 induced by CpG, but required a
higher light dose (3]/ cm?) to achieve a major reduction.
Laser had no effect on the background unstimulated level of
IL-12 at any fluence.

Laser reduces NF-kB activation stimulated
by CpG in TLRI/NF-kxB/SEAPorter™ cells

The TLR9/NF-kB/SEAPorter cell line was created to allow
high throughput screening of TLR9 agonists and antagonists,
but it also allowed us to examine the effect of 810-nm laser
on TLR9 mediated signaling. Figure 5 shows that there was
no significant reduction in NF-«B activation in the un-
stimulated HEK293 cells at all three time points after 3]/cm?2
of 810-nm laser. In the cells stimulated with CpG, there was a
dramatic sixfold increase in NF-xB activation at 8 h that re-
duced to fourfold at the 16h time point, and reduced even
more to threefold at 24 h. When these cells were treated with
3]/cm? 810-nm laser, the NF-xB activation caused by CpG
was reduced by two thirds at 8h (p <0.01) and by half at
later time points (p < 0.05).

Discussion

This study has demonstrated for the first time that DC
respond to 810-nm NIR laser with significant morphology
changes and modulation of membrane marker expression
levels. LLLT prevented DC cell death caused by LPS stimu-
lation as in other reports of its anti-apoptotic and pro-survival
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FIG. 5. NF-«xB activation in TLR9/NF-xB/SEAPorter™
cells. At specified time points after addition of CpG and/or
illumination, cells were lysed and NF-«B activity was mea-
sured by bioluminescence assay. Laser treatment signifi-
cantly reduced NF-xB activation in cells stimulated with
CpG at all time points. NF-xB, nuclear factor kappa B.

effects in various cell types. LLLT significantly reduced
secretion of the pro-inflammatory cytokine, IL-2 in TLR
stimulated DC. Furthermore, our data taken together con-
firm previous reports and clinical trials from other labora-
tories that NIR laser indeed has effects on reducing
inflammation.”*?

There is evidence that light acts on cells via the NF-«xB
pathway among others,'®* and many reports have demon-
strated that light could have different impacts on different
cells and tissues, specifically as regards inflammation. Various
studies have reported that the immediate effects of light can
be regarded in some cases as pro-inflammatory** and im-
munostimulatory,® and in other cases as anti-inflammatory>®
and immunosuppressive. The fact that NIR laser alone in our
study did not significantly change immature DC but showed
significant changes after the addition of LPS or CpG had in-
duced DC maturation, might imply that light acting on DC
requires TLR signaling.

We have previously shown that in murine embryonic fi-
broblasts (MEF), NIR laser activates NF-«xB via generation of
mitochondrial reactive oxygen species (ROS).'® This effect
occurred in the absence of any TLR stimulation. One differ-
ence between our previous study and the present report that
could explain the apparently conflicting results, is ROS
generation. We showed in the MEF study that addition of
antioxidants such as ascorbic acid and N-acetylcysteine ab-
rogated both the ROS and NF-«B activation caused by NIR
laser. DC are primary cells and the DC medium contains
0.1% p-mercaptoethanol (BME) as recommended for primary
cell isolates (see Materials and Methods). This BME may
have been sufficient to quench any ROS produced in the
mitochondria of DC. In fact we did not see ROS production
after 810-nm laser of DC using dichlorodihydrofluorescein
diacetate as a fluorescent ROS indicator as previously de-
scribed (data not shown). Therefore it may be the case that
LLLT has the potential to be pro-inflammatory in the absence
of antioxidants, but acts as an anti-inflammatory stimulus in
the presence of sufficient antioxidants.
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The reduction in levels of IL-12 by 810-nm laser in DC that
have been stimulated with either LPS (TLR4 agonist) or by
CpG (TLR9 agonist) is consistent with the anti-inflammatory
effect of LLLT. A clue to the possible mechanism of this effect
is provided by a report” that compounds that elevate in-
tracellular levels of cyclic adenosine monophosphate (cAMP)
can also reduce secretion of pro-inflammatory cytokines such
as TNF-o, IL-1, IL-6 and, especially, IL-12. This phenomenon
was thought to be because of blockage of phosphorylation of
P38 mitogen-activated protein kinase (MAPK) by increased
cAMP levels, but the NF-«B binding to the IL-12 promoter
was not affected. It should be noted that there are several
papers®*® from multiple different laboratories that show
that cellular levels of cAMP are increased by in vitro LLLT.

It has been recently discovered that there are (at least) two
NF-«B activation pathways.*' The canonical NF-«B-signaling
pathway activated in response to infections (TLR signaling)
and cytokines is based on degradation of IkB inhibitors. This
pathway depends upon the IkB kinase (IKK), which contains
two catalytic subunits, IKKx and IKKf. IKKf is essential for
inducible IkB phosphorylation and degradation, whereas
IKKo is not. IKKa is involved in processing of the NF-kB2
(p100) precursor. IKKo preferentially phosphorylates NF-
kB2, and this activity requires its phosphorylation by up-
stream kinases, one of which may be NF-«B-inducing kinase
(NIK). IKK« is therefore a pivotal component of a second NF-
kB activation pathway based on regulated NF-xB2 proces-
sing, rather than IkB degradation.

Whereas light irradiation took place immediately after
addition of LPS, this was an early time point in the process of
maturation of DC. Photo-induced signaling could be inter-
fering with signaling from the TLR, and this interference
could determine the relative gene expression levels of dif-
ferent DC markers such as MHCII and CD86. It is at present
unclear why the levels of MHCII and CD86 moved in dif-
ferent directions after laser treatment. Both these markers are
considered to be upregulated during the process of DC
maturation and activation. However, it is likely that the
overall result of unbalancing the coordinated expression
levels of MHCII and CD86 would lead to less effective DC
function, in other words to lower immune response levels to
various stimuli. This may in fact be a partial explanation of
the anti-inflammatory effect that is known to be one of the
many benefits of LLLT. Reduced DC activation would tend
to lessen the degree of inflammation produced by both the
innate and adaptive arms of the immune system in response
to diverse insults and injuries.

Conclusion

Taken together, the present data suggest that 810-nm
LLLT has an anti-inflammatory effect on activated DC,
possibly mediated by cAMP and reduced NF-xB signaling.
Further work is needed to fully explore the determinants and
mechanistic pathways of LLLT on DC in various states of
maturation and activation.
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