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Abstract

Purpose of Review—The goal of this review is to summarize the field to date and to discuss
strengths and limitations of low-level laser (light) therapy (LLLT) for the future investigation as a
treatment of inflammatory disease.

Recent Findings—LLLT is a promising therapeutic, particularly for those diseases of skin and
joints because they are most accessible to treatment. Indeed, the known mechanisms of LLLT
support its use for anti-inflammatory purposes, as well as stimulation of tissue growth and repair.
Although the standard of care for the majority of inflammatory diseases is immunosuppressive
agents such as corticosteroids with undesirable toxicities, LLLT offers a unique approach by being
non-invasive and incurring minimal side effects. It is also relatively inexpensive and accessible and
even has the possibility to be patient directed at home.

Summary—There is evidence that LLLT is able to modulate the immune system at the skin and
joint, and it has been shown to be efficacious in humans by affecting bacterial colonization as it
may pertain to chronic rhinosinusitis. However, there is variability in the methods of laser
application as well as a lack of evidence for laser type, dose-ranging studies, and wavelength
selection that create barriers to the implementation of LLLT without further more rigorous and
standardized study. The heterogeneity makes it difficult to draw strong conclusions about the
efficacy of LLLT and its mechanisms.
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Introduction

Low-level laser (light) therapy (LLLT) is a continuous laser or light-emitting diode (LED) of
600 to 1000 nm wavelength applied for the purposes of analgesia, stimulating tissue repair,
and/or decreasing inflammation [1e]. LLLT is also known as “cold laser therapy” because it
does not cause temperature rise in treated tissue that would lead to change in the tissue
architecture [2+¢]. This is in contrast to ablative lasers such as CO, and Er:YAG which
induce heat-related changes in the superficial tissue and are often employed in scar revision
[3]. Another form of laser delivery is photodynamic therapy (PDT), involving the
administration of a specific wavelength of light that activates a photosensitizer. These
components are non-toxic individually, but combine to induce cellular and tissue changes in
an oxygen-dependent manner. PDT has been employed for the treatment of cancer and is
thought to have multiple mechanisms by which it exerts its’ effects: the production of
reactive oxygen species (ROS) that is toxic to tumor cells, damage to the tumor-associated
vasculature, and stimulation of an immune response against tumor cells [4]. These as well as
other adaptations of laser treatment are a rapidly growing modality for targeting pain and
modulation of the inflammatory response in musculoskeletal, autoimmune, and cutaneous
disease as well as alternative approaches for cancer therapy.

Multiple mechanisms have been proposed to explain the observed effects of LLLT, also
referred to as photobiomodulation [1e] (Fig. 1). A widely accepted hypothesis is that light
therapy stimulates tissues due to the overlapping absorption spectra between oxidized
cytochrome ¢ oxidase (CCQ), the terminal enzyme of the electron transport chain, and the
action spectra from biological responses to light [Lee, 2¢¢]. It is thought that CCO acts as a
photoacceptor from red and near-infrared regions of light via copper and iron chromophores,
which consequently accelerates cellular metabolism and the production of ATP [5].
Additionally, the nitric oxide (NO) hypothesis proposes that LLLT promotes NO release as a
result of photodissociation of NO from CCO which subsequently increases the rate of ATP
production and promotes vasodilation [2¢e, 6]. NO release is believed to modulate ROS and
in turn regulate transcription factors related to growth and repair [2¢, 7]. A review of the
molecular mechanisms of LLLT-enhanced cellular proliferation showed that LLLT reduces
the concentration of signaling molecules involved in the inflammatory response such as
nuclear factor kappa B (NF-xB) and can inhibit prostaglandin E2, tumor necrosis factor
alpha (TNF-a.), cyclooxygenase-2, and interleukin (IL)-1B [8].

These anti-inflammatory mechanisms and the non-invasive nature of LLLT suggest that it
would be a desirable therapeutic option for any disease pathology defined by an
inflammatory state or requiring stimulation of growth and repair. As a result, it has been
welcomed as a potential treatment modality for a variety of conditions. However, studies
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thus far have provided conflicting results for the efficacy of LLLT, which may be a result of
inconsistent treatment protocols that require further study (Table 1).

This review seeks to update the reader on recent advances using low-level laser therapy and
photodynamic therapy in the treatment of inflammatory and autoimmune disease.

Musculoskeletal Disorders

Pain

LLLT or “cold laser therapy” has been widely used in pain management with proposed anti-
inflammatory and analgesic effects. LLLT is a favorable option for pain as it offers a non-
invasive therapeutic option that is thought to stimulate biologic activity and promote tissue
healing [2¢¢]. This is particularly relevant at a time when the incidence of chronic pain is
increasing, and the medical profession is re-evaluating the use of many classic pain
medications such as narcotics.

LLLT has been shown to be effective against nociceptive [9] and neuropathic pain [10],
though there is no evidence yet for its use in central pain [11]. LLLT has been shown to
inhibit action potentials in peripheral nerves equating to a 30% neural blockade within 10 to
20 min of application, which is reversed within 24 h [12]. It is hypothesized that this takes
place as a result of decreased mitochondrial membrane potential in DRG neurons that
reduces the production of ATP [13]. Studies suggest that pain reduction following LLLT
occurs from a decrease in oxidative stress and edema formation [14]. LLLT is also thought
to affect serotonin and endorphin release, diminishing pain signaling [15, 16]. Despite these
promising results, implementing LLLT into clinical treatment has had limitations. Many of
the studies that have evaluated LLLT in pain measure results over a short time course and do
not provide any evidence for long-term benefit in pain treatment. As a result, the FDA has
approved LLT only for temporary relief of muscle and joint pain [11]. There is also high
variation in the methods of application of LLLT as well as a lack of evidence for laser type
and ideal dose of laser application and wavelength [17].

A systematic literature review by Clijsen et al. assessed the effectiveness of LLLT on pain in
adult patients with musculoskeletal disorders. They found a significant difference in pain
between LLLT and placebo LLLT control, supporting that LLLT is an effective treatment for
musculoskeletal pain (D= 0.85, 95% CI -1.22 to —0.048, p < 0.001). The authors carried
out additional subgroup analyses to examine whether study design, anatomic location, and
adherence to the World Association for Laser Therapy (WALT) guidelines affected
outcomes. The WALT guidelines were created in an attempt to standardize laser treatment
protocols based on condition and anatomical location, though many studies do not follow
these recommendations. There was no difference in groups based on anatomic location that
was laser treated (knee, wrist, shoulder, back) or study design (randomized control trial vs.
clinical trial) [18], and there was no significant difference between studies that adhered to
WALT guidelines. However, the authors suggest that WALT adherence may be clinically
relevant as the mean change was greater than the minimum clinically important difference
for the visual analog scale (VAS), a unidimensional measure of pain intensity used for
assessment in this study as defined by multiple authors [19, 20]. This review was limited due
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to the multitude of treatment regimens and a high variety of anatomical locations that were
treated, though the significant benefit from LLLT in this meta-analysis suggests that the
benefits are independent of anatomical site. Many of the studies included in this meta-
analysis employed additional treatments such as exercise or cold pack therapy, warranting
further study with LLLT alone compared with the standard treatment protocol. In addition,
further evaluation of appropriate laser protocol based on anatomic location should be carried
out.

Carpal Tunnel Syndrome

Carpal tunnel syndrome is a mononeuropathy secondary to the entrapment of the median
nerve by chronic inflammation and swelling of the transverse carpal ligament. It can cause
significant functional impairment and ultimately require surgical intervention if standard
treatment fails. LLLT has shown positive results in its use for injured peripheral nerves in
animals, inducing Schwann cell proliferation [21]. Recently, a number of clinical studies
have sought to assess the potential therapeutic benefit of LLLT in carpal tunnel syndrome.

Lazovic et al. carried out a double-blind, placebo-controlled study to assess the short-term
efficacy of LLLT in patients with mild-moderate carpal tunnel syndrome lasting <1 year.
They assessed active laser vs. placebo (sham) laser applied 5 times per week for 2 weeks,
followed by 10 treatments every other day for 3 weeks for a total of 20 treatments. Patients
were evaluated before and 3 weeks after treatment. Following LLLT treatment, there was a
significant decrease in pain compared with control, based on VAS scores. There were
significantly fewer cases with positive Tinel’s sign (a clinical indicator of median nerve
entrapment) in the active laser group, although a decrease in the presence of Tinel’s sign was
seen in both LLLT and control groups. There was also a significant decrease in the wrist to
digit 2 median sensory nerve conduction velocity as compared with control [22]. This study
indicates that LLLT may be beneficial for the treatment of both symptoms and nerve
pathology in carpal tunnel syndrome.

A meta-analysis assessed the efficacy of LLLT in randomized control trials for carpal tunnel
syndrome. Overall, LLLT was not superior to placebo in assessment of sensory nerve action
potential, functional status improvement, pain reduction, or motor electrodiagnostic
evaluations. However, there was a significant improvement with LLLT over placebo with
regard to grip strength (MD 2.19, 95% CI 1.63-2.76) [23]. This meta-analysis was limited to
a small number of trials, with a substantial amount of heterogeneity that led to the exclusion
of different studies in each analysis. Further, the laser type, duration, method of application,
frequency of application, and total dose varied greatly among the eight studies. Individually,
many of the studies that included higher total doses of laser treatment were those that
showed significant differences among LLLT and placebo groups, which may be a
contributing factor. There was also inconsistent use of splinting in the studies, with some
trials allowing splints to be worn, potentially undermining the efficacy of LLLT in these
studies and the subsequent analysis in this review.

A Cochrane systemic review, which adheres to strict methodological and reporting standards
to minimize bias and improve accuracy of results, summarized the results of randomized
clinical trials assessing the use of LLLT for the treatment of carpal tunnel syndrome with

Curr Allergy Asthma Rep. Author manuscript; available in PMC 2020 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wickenheisser et al.

Page 5

similar findings. Seven clinical trials met inclusion criteria. Hand grip at 12 weeks was
stronger in the LLLT group than in control (MD = 2.04, 95% CI 0.08-3.99, p=0.04). There
was also a significant improvement in the visual analog scale (VVAS, as described above) at
12 weeks in the LLLT group compared with control (MD = 0.97, 95% CI 0.84-1.73, p=
0.001). There were no statistically significant differences in any other parameters measured
including symptom severity scores and functional status scores, as well as nerve conduction
studies [2¢]. Like the aforementioned meta-analysis, this study was also limited by
heterogeneity as a result of multiple laser therapy protocols involving different doses given
at varying anatomical locations. Standardized laser protocols of laser beam strength and
anatomic location that are compared with placebo as well as consistent outcome
measurements should be studied in the future to minimize confounding variables and assess
the possible benefits for carpal tunnel syndrome.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a progressive inflammatory autoimmune disease that afflicts
just under 1% of the US population [24]. RA is known to involve the influx of inflammatory
cells into the synovium/joint space and the production of pro-inflammatory cytokines that
result in irreversible damage and functional impairment. RA therapies are constrained by the
range of moderate to severe side effects associated with long-term systemic exposure. LLLT
provides a potential non-invasive, anti-inflammatory treatment with minimal side effects that
could prove useful in this disease.

Alves et al. found that LLLT is able to modulate both the early and late stages of RA ina
collagen-induced arthritis (CIA) rat model. This study examined the histological effects of
LLLT treatment at different stages of RA progression in the knees of the CIA rat model.
Groups were divided by treatment at either 12 h after arthritis induction or 7 days after
arthritis induction with the same LLLT parameters (780 nm, 7.7 J/lcm?, continuous). LLLT at
both early and late RA progression stages significantly improved mononuclear inflammatory
cells, exudate, medullary hemorrhage, hyperemia, necrosis, distribution of fibrocartilage,
and number of chondroblasts and osteoblasts compared with the RA untreated control group
(p<0.05) [25].

Issa et al. sought to evaluate the clinical and histological results of LLLT in a murine model
of acute (zymosan A) and chronic (collagen bovine type 1) inflammation. In acute arthritis,
treatment 15 min after arthritis induction was not effective in improving histologic
parameters of inflammation. For animals with acute arthritis receiving two laser treatments
at 15 min and 24 h, LLLT therapy at 905 nm significantly reduced resorption of the articular
surface area, whereas that at 660 nm exacerbated the articular surface resorption as
compared with untreated control (p= 0.044). Conversely, in the chronic arthritis group, 660
nm was the only wavelength of LLLT that showed significant reduction in articular
resorption (p = 0.026). This study indicates that the different wavelengths of light may exert
differential effects on acute and chronic stages of arthritis. These pre-clinical controlled
studies support that optimization and study of laser wavelength, penetration, and timing are
relevant to clinical endpoints being measured and may explain why different clinical trials
have shown inconsistent results. A major limitation of this study is the euthanasia of animals
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24 h after LLLT treatment; thus, the results are only applicable to the immediate 24 h
following treatment, without evidence of how LLLT may influence inflammation over time.

It has been shown that IL-6 deficiency delays arthritis onset and reduces severity in the CIA
model, suggesting a role for this inflammatory cytokine in the pathogenesis of RA [26].
Multiple studies have also suggested that IL-6 overproduction correlates with RA disease
severity [27, 28]. Though the use of IL-1 and TNF-a. inhibitors have changed the landscape
of RA treatment, there are still a number of patients who do not respond to these treatments,
suggesting that there are other potential targets that influence RA disease [29-31]. Araki and
Imaoka et al. studied the role of IL-6 in the effects LLLT in rheumatoid arthritis. These
authors studied linear, polarized, near-infrared light to assess the mechanism(s) of LLLT in
both human cell lines isolated from the knee joint of an RA patient and those in the CIA rat
model. The MH7A cell line retains the morphological and functional characteristics of
synovial cells, which were incubated with or without recombinant human IL-1p for 16 h and
then treated with LLLT illumination. Reverse transcription polymerase chain reaction (RT-
PCR) measuring gene expression of IL-6 in these cells showed a decrease in the laser-treated
group. CIA was induced in female rats followed by either laser or no treatment.
Immunohistochemistry of synovial fibroblasts showed a reduction in IL-6 in the laser-treated
group as compared with control [23]. Since the pro-inflammatory cytokine IL-6 is known to
be involved in the pathogenesis of RA and high levels are detected in synovial fluid and
serum of RA patients, LLLT-mediated reduction of this signaling molecule may be the
mechanism by which LLLT exerts its therapeutic effects in RA.

RA is characterized by joint destruction as a result of leukocyte migration into the synovium
in a chemokine-dependent manner [32]. Chemokines facilitate adhesion of leukocytes
following migration to the site of inflammation [33]. Zhang et al. examined the immune
signal changes that occur in the CIA rat model of RA and what changes occurred in these
pathways following LLLT treatment. They observed that CCL2 chemokine gene expression
increased in arthritis and significantly decreased with LLLT treatment. Ingenuity pathway
analysis was used to reveal the role of chemokine signaling pathways in the activation of
CCL2 production. This was validated with real-time PCR, RT-PCR, and
immunohistochemistry [34]. This study suggests that changes to CCL2 expression may be
one of the mechanisms by which LLLT reduces inflammation in RA.

LLLT is a promising treatment for RA given its non-invasive nature and anti-inflammatory
effects. Current research in pre-clinical studies shows that it could play a major role in
attenuating the immune response that leads to joint destruction and debilitation. LLLT as a
therapeutic modality in arthritis should be studied further to determine both the mechanisms
by which it may modify disease progression and its efficacy in human disease.

Dermatology

Laser therapy has long been used in the field of dermatology for cosmetic procedures such
as wrinkle reduction and skin resurfacing, as well as the treatment of acne and other skin
pathologies. The original laser technologies used in dermatology were based on the principle
of photothermolysis or heat-induced changes to the skin [35]. Further, ultraviolet (UV) light
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has been used in the treatment of pathologies including acne vulgaris and psoriasis but is
less favorable given its risk of skin damage and carcinogenesis. Recently, LLLT has been
evaluated for the use of acne vulgaris, and its therapeutic effects are thought to be a result of
ROS production that destroys bacteria [36, 37] as well as anti-inflammatory effects [38, 39].
It is hypothesized that red—near-infrared light modulates cells of the immune system to exert
its effects, though this mechanism has yet to be proven in the literature. There have been
many advances in laser therapy that allow illumination to be delivered to a large surface area
with commercially available technology. This warrants the determination of the changes that
occur at the skin level following LLLT and the mechanism of action by which it exerts anti-
inflammatory effects.

Omi et al. sought to characterize the cellular and cytokine expression changes that occur in
healthy human skin after LLLT. They evaluated histopathological changes in adult skin
samples, as well as qualitative and quantitative changes in the inflammatory markers IL-2
and IL-4. They utilized IL-2 and IL-4 as markers of T helper 1 (Ty1) and T helper 2 cell
(TH2) activity, respectively. They found that laser radiation induced endothelial cell edema
with hemostasis and infiltration of monocytes, neutrophils, and mast cells in the
extravascular dermis at 3 h which persisted for 1 week after treatment. After 1 week of
treatment, they noted the presence of both IL-2 and IL-4, with higher amounts of IL-4, in
skin homing T lymphocytes. Lymphocytes and fibroblasts were still observed at 4-5 weeks
after treatment [40<]. The authors propose that treatment with LLLT increases both T1 and
TH_2 activity with greater activation of T2 cells as indicated by higher IL-4 levels. Chen et
al. showed that LED blue and red light illumination of healthy skin activates redox-sensitive
NF-xB signaling in murine embryonic fibroblasts via generation of ROS [7]. When
combined, these studies indicate that in healthy skin, laser treatment affects immune cell
infiltration, which may be a potential mechanism by which LLLT could affect cellular
change in immune-mediated cutaneous disease.

Psoriasis is a chronic, immune-mediated disease with skin and joint manifestations that is
often relapsing and remitting [41]. The pathophysiology is known to involve abnormal
keratinocyte proliferation and immune cell infiltration as a result of aberrant antigen
presentation [42]. This immune response is defined by the activation of NF-xB signaling and
increased T helper 17 (TH17) cells that are the source of an enhanced IL-17 inflammatory
response. Typical regimens for the treatment ofpsoriasis include UV light, utilizing UVB
and UVA light [42]. UV phototherapy acts through multiple mechanisms including apoptosis
of inflammatory cells, suppression of Ty17 cells, and activation of immune-suppressing
signals such as IL-10, T2, and regulatory T (Tyeg) cells [43]. Phototherapy is a favorable
treatment option in patients who require treatment over large areas of the body. Narrowband
UVB treatment can even take place at home and has not been associated with an increased
risk of skin cancer [41, 44]; however, UVB treatment has substantial insurance and co-pay
costs and side effects such as photosensitization that may make it a less desirable treatment
option. UVA light therapy (PUVA) is used much less frequently as it has been associated
with increased risk of skin malignancy [45, 46].
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Since LLLT exhibits multiple anti-inflammatory and immune-modulating effects and has
shown promise in diseases defined by altered T cell signaling, psoriasis is a reasonable
disease in which to pilot therapy particularly given that other forms of light therapy have
been successful. In contrast to other light treatments, LLLT has stronger penetration with the
potential for photobiomodulation, which may prove more promising. There have been a
small number of studies utilizing LLLT for the clinical treatment of psoriasis although the
literature is still in its infancy [47, 48]. Specifically, Ablon et al. treated psoriasis patients
with 8-10 sessions of combined 830 and 633 nm LED therapy, with normalization of skin
plaques in 60-100% of the treated surface area [47]. Future controlled studies should
compare LLLT with current light-based therapies used to determine whether it is equivalent
or superior.

Alopecia Areata

Alopecia areata (AA) is an autoimmune response against hair follicles, known to involve an
inflammatory infiltrate primarily composed ofCD4+ T cells and Langerhans cells
surrounding follicular bulbs [49]. The rate of hair loss recurrence remains relatively high
despite current therapies [50-52]. The primary light therapy that has been used for the
treatment of alopecia areata is the excimer laser (308 nm), a UV-based therapy [53]. The
excimer laser is a well-tolerated and effective treatment, but it can be quite expensive and
has been shown to only be a successful treatment of the scalp without much benefit for
alopecia of other areas of the body [54]. Narrowband ultraviolet B (NB UVB) light has also
been used for treatment; however, there are concerns for its carcinogenic potential [53].
Interestingly, in 1967, Mester et al. noticed that low-power laser could induce hair growth in
mice [55], and paradoxical hair growth following laser hair removal treatments has been
documented [56]. This suggests that in addition to the potential effects of LLLT on the
immune system, it may also directly influence hair growth. Thus, LLLT has been suggested
as a potential therapy for hair loss secondary to AA, especially since it has few adverse side
effects while retaining the benefits of a local (as opposed to systemic) light-based therapy.

Waiz et al. carried out a clinical trial using a pulsed infrared diode laser (904 nm) on
treatment-resistant AA of the scalp, beard, eyebrow, and mustache. Of the 34 patches
treated, 32 showed hair regrowth, and no adverse side effects were noted. This was in
contrast to consistent reporting of erythema and skin blistering with or without
hyperpigmentation that was seen with excimer laser treatment as the comparator treatment
[57]. A case series also showed that LLLT contributed to hair regrowth in 75% of patients
with scalp AA previously resistant to other treatments even though patients were using an
unspecified concomitant therapy [50]. In a prospective study, 46.7% of patients with mild
patchy AA experienced hair regrowth 1.6 months earlier in treated areas compared with non-
treated areas [58]. Interestingly, the three patients with comorbid atopic dermatitis were non-
responders, which could indicate that the presence of other conditions, particularly those that
are Ty2 predominant, may affect the success of laser therapy, albeit the number of
individuals treated was so low that this is difficult to conclude with certainty. Given the cost
and potential adverse side effects of excimer laser, possible carcinogenicity with NB UVB,
and inconsistent treatment results with current therapies based on traditional
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immunosuppression, LLLT has minimal toxicity and shows some promise that warrants
further study in the treatment of AA, particularly in refractory cases.

Atopic Dermatitis

The use of LLLT in human studies has shown promising anti-inflammatory effects,
particularly on T cell function, as discussed in previous sections. This study sought to assess
LLLT as a treatment for canines with existing atopic dermatitis (AD) on either both
forepaws or both hind paws (each dog served as its own control). Canine AD is a genetically
predisposed, inflammatory, pruritic skin disease associated with overproduction of
immunoglobulin E (IgE) antibodies in dogs, and it shares similarities with human AD,
characterized by an abnormal T2 inflammatory response [59]. A localized canine atopic
dermatitis severity score (LCADSS) and owner localized pruritic visual analog score
(LPVAS) were assessed as endpoints in LLLT, both of which decreased significantly from
week 0 at weeks 2, 4, and 5 for both LLLT and placebo paws [60]. The authors suggest that
this was likely due to a placebo effect which has been demonstrated in previous veterinary
studies, among both caregivers and veterinarians [61]. However, it is also possible that the
laser had systemic effects, and given that each dog served as its own control, this could have
led to the placebo paw receiving treatment inadvertently from systemic effects of the laser.
In the future, a non-treated or sham-treated control group should be studied as a comparator
to control for potential systemic effects of LLLT. Of note, the use of LLLT in human AD has
yet to be evaluated and should be studied with caution given the anecdotal experience of
noted AD worsening in the AA trial described above [58].

Psoriasis and AA are skin disorders mediated by Tyl and Ty17 responses in contrast to AD,
which results from the aberrant Ty2-mediated pathology. It is possible that the mechanism
of LLLT is not advantageous for allergic skin disorders that are T cell mediated. IL-4 is a
known mediator of T2 cell recruitment, and Omi et al. showed that LLLT increased IL-4,
which may affect disease outcomes in human and canine AD [40¢]. Thus, the clinical
efficacy and mechanistic action of LLLT must be further clarified to best direct the utility of
laser therapy in immune-mediated diseases in the future.

Otolaryngology

Multiple studies have shown that nasal decolonization of Staphylococcus aureus will lead to
a decreased nosocomial infection rate in hospitalized patients [62, 63]. Methicillin-sensitive
S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA) contribute to 25% of
nosocomial infections. Antibacterial resistance of MRSA is a growing clinical problem
particularly in those with nasal colonization. Near-infrared (NIR) laser, which is within the
wavelength spectrum of LLLT, has been shown to successfully Kill bacteria without raising
tissue temperature, suggesting that it could be used in decolonization in human patients
without contributing to bacterial antibiotic resistance [64].

Krespi and Kizhner demonstrated the successful use of LLLT for nasal decolonization of
MSSA and MRSA in antibiotic-resistant patients. The authors found that LLLT successfully
eradicated nasal decolonization with a 940-nm (600 J/cm?) laser having the greatest rate of
success. They also suggest that LLLT potentiated effects of a topical antibiotic (e-mycin) to
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which bacteria had been previously resistant, although there was no antibiotic-only control
in this study for rigorous comparison [64]. The authors propose that LLLT alters the
respiratory process of the cellular plasma membrane by lowering membrane potential and
then subsequently inactivates the bacterial resistance mechanism of drug efflux. This study
provides promising preliminary data for the use of LLLT in nasal decolonization and should
be studied further with an antibiotic-only control.

Patients with nasal colonization combined with other non-infectious factors can develop
chronic rhinosinusitis [65] for which systemic antibiotics are often ineffective due to biofilm
formation [66, 67]. As shown in the aforementioned study by Krespi et al., LLLT disrupts
bacterial biofilms and decreases bacterial counts in patients with nasal colonization.
Photoactive (PA) agents also produce cytotoxic species when excited with specific
wavelengths of light causing bacterial cell death [68]. These findings lead Krespi and
Kizhner to further test LLLT as a potential therapy for patients with chronic rhinosinusitis.
NIR alone was compared with laser-activated indocyanine green, a PA agent which has been
successful in the eradication of common bacterial pathogens in chronic rhinosinusitis (CRS)
[69] as well as treatment of acne vulgaris [70]. The study evaluated 23 symptomatic, post-
surgical CRS patients with nasal cultures positive for pathogenic bacteria. Group 1 was
treated with 940-nm laser intra-nasally, and group 2 was treated with a combination of
indocyanine green and 810-nm laser (wavelength to which indocyanine green is responsive)
intra-nasally. Clinical efficacy using a validated patient-reported outcome measure
(SNOT20; Sino-Nasal Outcome Test) and nasal endoscopic scoring was statistically
different (p < 0.05) in both groups at the end of the study compared with readouts at the
beginning of the study [71]. There was no difference between LLLT alone as compared with
LLLT plus indocyanine green with regard to nasal culture growth or diversity, and the
endoscopy results and SNOT20 were not different between treatment groups. This suggests
that laser illumination has clinical benefit in the treatment of CRS independent of the effects
of a PA agent; however, this study was not controlled, and there would be an added value
from an untreated control group to compare the efficacy ofLLLT in the treatment of
refractory CRS with respect to patient-reported outcome measures and bacterial diversity/
amount of growth.

Nephrology

Anti-glomerular basement membrane (GBM) disease is an autoimmune disease defined by
antibodies directed against the glomerular and/or pulmonary basement membrane. Human
glomerulonephritis-associated renal injury is associated with the infiltration of macrophages
within the glomeruli and interstitium [72]. These macrophages establish a pro-inflammatory
environment via mediators including TNF-a,, IL-18, and ROS [73-75]. LLLT has shown
promise as an anti-inflammatory agent that can reduce these and other components of the
inflammatory response. Although LLLT has been studied as a therapeutic modality for
pathologies that are either at or just below the skin surface, there has been little study of
LLLT effects on internal organs given the limitations of laser depth.

Yamamoto et al. sought to assess the effect of LLLT in a rat model of crescentic
glomerulonephritis. They evaluated external application of LLLT for 14 days following
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injection of an anti-GBM antibody into rats. RT-PCR analysis of cortical tissue isolated from
the left kidney of each animal showed that following LLLT, levels of TNF-a were attenuated
albeit not significantly (p=0.07) and mRNA levels of IL-1p were significantly decreased (p
< 0.05). Histologically, LLLT suppressed crescent formation as compared with control
(GBM without LLLT, 82.0 + 4.7%, GBM with LLLT, 46.8 + 9.9%, p<0.05). LLLT
treatment also significantly decreased the number of CD8+ lymphocytes infiltrating the
glomerulus compared with control (p < 0.05) and appeared to suppress the infiltration of
ED1-expressing macrophages, though this difference was not significant [76]. Some
important limitations of this study include a difference in laser energy delivered to the right
and left kidneys (25 J/cm? and 11 J/cm?, respectively), which is thought to be due to
interference from the spleen. Further, rat kidneys are much easier to access with laser
applied externally, and in order to apply this treatment modality to the human kidney, an
internal source, such as an implant, would be required. Although this pre-clinical in vivo
data is compelling, it highlights a major limitation of LLLT as a treatment for deeper tissues;
specifically noted was a distinctly different energy dose delivered per kidney given its
proximity to other organs. Even if a laser could penetrate to the appropriate depth, this study
highlights that anatomical interference would still be a barrier to delivery. Nevertheless, this
study is an important first step toward applying LLLT to deeper tissues and expanding
beyond external application.

Neurology

Multiple sclerosis (MS) is a chronic, inflammatory disease of the CNS defined by aberrant
Tyl and TH17 lymphocytes that react to myelin. Studies in experimental autoimmune
encephalomyelitis (EAE) show many similarities to MS and support the hypothesis that MS
originates from activation of CNS antigen-specific CD4+ T cells in the periphery [77].
Additionally, EAE is characterized by overproduction of NO by innate immune cells, such
as macrophages and microglia, which is also implicated in many diseases of neurological
dysfunction. LLLT has been studied in central nervous system disease as an adjunct therapy
for diseases including Alzheimer’s in mouse models, as well as neurologic deficits related to
stroke and traumatic brain injury in rats and rabbits [78-82]. It has also shown promising
anti-inflammatory effects in immune-mediated diseases as discussed above, making LLLT a
potential therapy for MS.

Goncalves et al. examined both the effect and mechanisms of LLLT in EAE [83]. In this
study, the two laser wavelengths tested (660 nm, 904 nm) reduced the NO influx seen in the
spinal cord with EAE induction (p < 0.01) and markedly inhibited clinical signs of disease
and EAE-associated weight loss, a clinical marker for disease severity and deterioration.
Although both 660-nm and 904-nm treatments significantly decreased IL-17, IFN-y, and
IL-1p levels in the spinal cord, only the 660-nm laser significantly reduced the infiltration of
inflammatory cells into the CNS (p < 0.02) and attenuated demyelination. This study
indicates that LLLT is effective against the neuroinflammation in this animal model of
multiple sclerosis and may prove to be a successful treatment modality in the future. It also
illustrates the need to consider wavelength as an important variable to study in a given
disease as there were clear differences in between the two laser types tested in this study.
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Pulmonology

Asthma, a chronic inflammatory disease of the airways, is characterized by an imbalance in
the ratio of CD4+ T cell subtypes: Tyl and Ty2. It is also known to involve various innate
immune cell types (eosinophils, mast cells, neutrophils), cytokines (IL-4, IL-13, IFN-y), and
IgE [84-86]. Given that LLLT has shown promising anti-inflammatory effects in other
disorders defined by an abnormal T cell response such as RA and AA as discussed above, it
was evaluated as a potential treatment for allergic asthma. This is particularly relevant as
most cases of allergic asthma are treated with inhaled and systemic glucocorticoid therapy,
the latter ofwhich has known significant, long-term side effects [87].

Wang et al. sought to evaluate the effects of LLLT as compared with inhaled budesonide in a
rat model of allergic asthma. Animals were treated once daily with LLLT or inhaled
budesonide for 21 days. There was no significant difference between LLLT and budesonide
groups; however, compared with the asthmatic untreated control group, LLLT decreased
overall inflammatory cell numbers in bronchiolar lavage (BAL) fluid and specifically
decreased eosinophils. On histopathology, LLLT reduced the infiltration of inflammatory
cells similar to budesonide. LLLT also reduced IL-4 and IFN-y levels in BAL and serum and
serum IgE [88].

Souza et al. carried out an in vitro study of LLLT on U937 cells that are representative of
alveolar macrophages in the setting of oxidative stress and lipopolysaccharide (LPS) as a
model cell system of bronchial asthma and chronic obstructive pulmonary disease (COPD).
The authors specifically looked at the mechanisms of LLLT in the U937 cells subjected to
oxidative stress and the ability for LLLT to restore glucocorticoid sensitivity, which is
thought to be a result of histone deacetylase (HDAC) inhibition [89]. Following treatment
with LLLT, an upregulation of HDAC activity was seen in vitro with inhibition of LPS/
H202-induced TNF-a and IL-8 secretion. This was reliant upon cAMP-dependent protein
kinase A elevation and the inhibition of PI3K signaling, mechanisms proposed by the
authors by which LLLT promotes anti-inflammatory effects. Further, with restoration of
HDAC activity, LLLT was able to re-sensitize the U937 cells to the action of
dexamethasone, where they had previously been glucocorticoid-resistant [90].

Although these studies provide some interesting mechanistic data, the in vivo asthma study
in particular shows a less robust clinical effect in a Ty2-mediated disease, consistent with
the AD pilot data. Given the small number of pre-clinical and in vivo studies in humans and
animals, the varying applications and wavelength of lasers, and the timing/duration of LLLT
application during disease, it is difficult to conclude whether or not LLLT mechanistically is
more efficacious in off-setting Ty1/ Ty17 inflammation. Repeated and more standardized
clinical studies will be required to better interpret the impact of LLLT on inflammatory-
mediated disease.

Phototherapeutics

As laser therapy itself has been studied for the treatment of various disease states, there have
also been developments in the use of laser light to trigger delivery of drugs, referred to as
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phototherapeutics or photodynamic therapy (PDT). In the management of cancer, PDT has
been used to deliver localized bursts of cytotoxic O to tissues marked for destruction [91]. It
has also been studied for antimicrobial use in skin and mucosal infections with success [92,
93]. Fan et al. described its use to deliver 5-aminolevulinic acid for the treatment of rosacea,
a chronic skin condition with unknown pathogenesis [94]. Light-activated pro-drugs have
also been evaluated [95-97], though they have been limited by short spectral wavelengths (<
450) with little ability to penetrate tissue. The optical window of tissue defines red and NIR
spectral wavelengths of 600-900-nm light that are able to penetrate tissue up to 3 cm deep
and subsequently overcome limitations of light absorption and scatter [98—105]. The ability
to penetrate tissue at a deeper level makes PDT a favorable option for disease pathologies
that are not limited to the skin. Further, it allows for the combination of laser therapy with an
additional therapeutic, potentially creating a superior treatment option that allows for
selective delivery of a photoreleasable drug to a targeted area rather than systemic delivery.
There have been exciting breakthroughs in the development of photoresponsive agents that
can be activated by longer wavelengths that are better able to penetrate tissue [106].
Lawrence et al. conjugated anti-inflammatory drugs to the light-responsive fluorophore Cy5
anchored to vitamin B12. These photocleavable drug conjugates can be loaded into and
transported by red blood cells (RBCs). In vitro studies have shown RBC-B12-colchicine
successfully disrupts the microtubule network of co-incubated HeL a cells after wavelength-
specific photocleavage [107]. This is a promising new technology for the treatment of
inflammatory disease, particularly RA where high-dose systemic therapy with substantial
side effects is often required to address joint pathology.

Conclusions

LLLT is a promising therapeutic modality in the realm of inflammatory diseases,
particularly those of skin and joints that are most accessible to treatment. It offers a unique
approach by being non-invasive and incurring minimal side effects. It is also relatively
inexpensive and accessible and even has the possibility to be patient directed at home. For
the majority of inflammatory diseases, the standard of care is immunosuppressive agents
such as corticosteroids that have a multitude of undesirable systemic consequences. LLLT
has the potential to be used as both an adjunct and stand-alone treatment in a variety of these
conditions and could possibly minimize side effects. In particular, the known mechanisms of
LLLT support its use for anti-inflammatory purposes, as well as stimulation of tissue growth
and repair. There is evidence that LLLT is able to modulate the immune system at the skin
[40e, 42, 52] and joint [25, 108] and has been shown to be efficacious in humans in affecting
bacterial colonization as it may pertain to chronic rhinosinusitis [71, 109]. At the pre-clinical
level of investigation, it has been shown to modulate immunologic processes in animal
models of multiple sclerosis, [83] allergic asthma, [88, 90, 110], and rheumatoid arthritis
[24, 25, 34, 108].

Importantly, there is high variability in methods of application as well as a lack of evidence
for laser type, dose-ranging studies, and wavelength selection that create barriers to the
implementation of LLLT without further more rigorous and standardized study. The
heterogeneity among studies makes it difficult to draw strong conclusions about the efficacy
of low-level laser therapy and its mechanisms. Though Clijsen et al. did not find significant
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differences among studies that adhered to the WALT guidelines compared with those that
did not [18], standardization of laser protocols will likely be required for measuring
treatment efficacy in the future. The results presented here show a foundation for the future
investigation of LLLT as a treatment in inflammatory disease and a summary of the field to
date.
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Fig. 1.

Mgchanisms of low-level laser therapy (LLLT). Schematic illustrating the absorption of red/
near infrared (NIR) light by mitochondrial chromophores. Subsequently, production of ATP
increases, reactive oxygen species (ROS) are generated, and nitric oxide (NO) is released.
These changes influence gene transcription via modulation of transcription factors such as
nuclear factor kappa B (NF-xB)
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