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Abstract

Vaccination via skin often induces stronger immune responses than via muscle. This, in line with
potential needle-free, painless delivery, makes skin a very attractive site for immunization. Yet,
despite decades of effort, effective skin delivery is still in its infant stage and safe and potent
adjuvants for skin vaccination remain largely undefined. We have shown that laser technologies
including both fractional and non-fractional lasers can greatly augment vaccine-induced immune
response without incurring any significant local and systemic side effects. Laser illumination at
specific settings can accelerate the motility of antigen-presenting cells or trigger release of
‘danger’ signals stimulating the immune system. Moreover, several other groups including the
authors explore laser technologies for needle-free transcutaneous vaccine delivery. As these laser-
mediated resurfacing technologies are convenient, safe and cost-effective, their new applications
in vaccination warrant clinical studies in the very near future.
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Vaccination is one of the most effective and economical means to control infectious diseases
and has led to the global eradication of smallpox, near-eradication of polio and tremendous
reduction of deaths resulting from vaccine-preventable diseases like measles, diphtheria and
influenza [1]. Vaccines are regarded as one of the greatest achievements in the modern
medicine. The first vaccination practice with a written record can be chased back to
approximately 1550 when ancient Chinese practitioners blew up powdered smallpox scabs
into noses of the healthy people to generate immunity against smallpox [2]. Later in 1700s,
skin scarification was used to deliver cowpox for smallpox vaccination [3], which
contributes greatly to the global control and eventual eradication of smallpox. Yet,
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scarification causes severe skin lesion, risks infection and lacks control and reproducibility,
and it is thus not used in modern era [4].

Nowadays, vaccines are mostly delivered into the muscular tissue by a hypodermic needle
as it is convenient and sufficient, but it causes pain and generates bio-hazardous sharp
wastes [5]. Moreover, about 10% of the population has needle phobia and it is difficult for
them to be vaccinated by this procedure [6]. In the past few years, there is a renewed interest
in skin vaccination as the skin contains large amounts of antigen-presenting cells (APCs)
[7]. Yet, there are two major hurdles for skin vaccination to be practical in the clinic. Firstly,
adjuvants that are suitable for skin vaccination are critically lacking despite the fact that a
number of adjuvants have been developed in preclinical studies, but mainly for
intramuscular (IM) vaccination [8]. Secondly, new technologies are urgently needed for
needle-free, convenient and safe skin vaccination [7,9]. The current review discusses some
of these advances with a specific focus on the use of laser technology to enhance vaccine
immunogenicity and to deliver vaccines in a needle-free, painless manner.

Vaccine adjuvant for skin vaccination

Currently, there are only three clinic vaccines delivered by intradermal (ID) injection and all
three of them contain no adjuvants. The most popular Bacille Calmette—-Guerin (BCG)
vaccine is best delivered by ID injection [4]. It consists of live-attenuated Mycobacterium
bovis, that express multiple Toll-like receptor (TLR) agonists, like TLR2, TLR4 and TLR9
[10], and thus no adjuvant is needed for the vaccine. Another ID vaccine is seasonal
influenza vaccine that was approved for ID injection 2 years ago by a newly developed ID
microinjection system in both EU and USA [11,12]. Again, no adjuvant is incorporated in
this delivery route despite that MF59 and AS03 adjuvants have been approved for IM
injection of this vaccine in EU [13]. Likewise, rabies vaccine was based on killed rabies
virus and recently recommended for ID injection by WHO because ID injection induced a
comparable or better seroconversion than IM injection, yet with a less vaccine dose in the
absence of adjuvant [14]. The fact that no adjuvant is currently approved for skin
vaccination by US FDA raises an urgent need of developing such adjuvants, if we are to
explore this route of vaccination into adjuvanted vaccines. Moreover, delivery of adjuvanted
vaccines into the epidermis of the skin may be also safer than delivery of the vaccine into
the muscle because the adjuvant would be more restricted in the epidermis where no nerves
reside. This is of particular clinical significance because of renewed concerns about the
long-term side effects of adjuvants related to narcolepsy. Several recent studies reported a
possible association of an AS03-adjuvanted 2009 pandemic H1N1 influenza vaccine
(Pandemrix) with the rising cases of narcolepsy, an incurable chronic neurological disease
with disturbed sleep-wake cycles, in EU [15-17]. In contrast to the rising cases of
narcolepsy in EU, no such an increase was observed in USA where no adjuvant was used in
its pandemic 2009 H1N1 vaccine in the same period of time. If the causative link is
confirmed, it is clear that it is the adjuvant, not the antigen contributes to narcolepsy,
although the underlying mechanism is not known. ‘Molecular mimicry’ has been proposed
as a common mechanism underlying adjuvant-induced autoimmune and neurodegenerative
diseases due to the modulation of self-antigen and production of self-reactive anti-bodies
and/or T cells [18-20]. Although the causative link of these chronic diseases to the use of
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adjuvants is not yet confirmed, adjuvant safety will continue to be the center of debates
among scientific communities, health authorities and the general public.

Similar to development of adjuvants for IM immunization, potential systemic and long-term
side effects are also a major concern for development of adjuvants for skin vaccination. It
will be difficult for any new adjuvants to be approved by FDA without sufficient proof of
long-term adjuvant safety. Yet, development of adjuvants for skin vaccination faces
additional challenges. Skin is very sensitive to inflammation in general compared to muscle.
We recently evaluated local reactions following ID injection of Alum, TLR agonists,
emulsion adjuvants and combinatorial adjuvants and found that Alum might be too toxic to
be used in skin vaccination because Alum caused severe and persistent local reactions in the
skin for weeks, concurrent with heavy infiltration of inflammatory cells into adjuvant-
treated skin [8,21]. All the other adjuvants tested, except for TLR4 agonist monophosphoryl
lipid A (MPL) and TLR9 agonist CpG, induced severe local reactions including swelling,
ulceration and long-term deposition, which jeopardized skin barrier function and increased
local infection risk [8,21]. The high sensitivity of the skin to inflammation prevents the use
of the majority of traditional adjuvants for skin vaccination. Moreover, emulsion adjuvants
may not be applicable to the skin. High viscosity emulsion adjuvants are difficult for
administration with newly approved ID microinjection systems and almost all emulsion
adjuvants are unable for delivery by microneedles due to the biological incompatibility with
microneedle fabrication processes. Emulsion adjuvants also tend to stay in the skin for a
prolonged period of time, causing itching, irritation and discomfort compared to IM
immunization.

Laser-vaccine adjuvant

We recently developed laser-based vaccine adjuvant (LVA) in attempt to augment vaccine-
induced immune responses without injection of any foreign or self-materials into the body
[8,22]. Adjuvantation by a physical means is a completely novel concept by which the major
concern on the long-term side effects of adjuvants can be largely eased. We explored two
types of laser illumination (non-fractional and micro-fractional) to enhance immune
responses induced by several vaccines.

Non-fractional laser adjuvant

Non-fractional laser adjuvant is laser illumination of a small area (<1 cm?) of the skin
followed by ID injection of the vaccine into laser-illuminated site to enhance motility and
antigen-uptake ability of APCs (reure 1, left panel).

Our investigation showed that a brief (1-2 min) illumination of the inoculation site with a
532 nm Nd:YAG laser was able to enhance vaccine-induced immune response [22]. The
brief illumination did not raise the skin temperature higher than 41°C as measured by an
infrared camera or cause alteration in the skin visibly or histologically [22]. Laser
illumination significantly enhanced ovalbumin (OVA)-induced serum antibody titer by
approximately fourfold as compared to OVA immunization alone [22]. The laser adjuvant
effect appears not to be limited to 532 nm Nd:YAG laser. Lasers at other wavelengths in the
visible and near-infrared ranges show a comparable adjuvant effect (data not shown), hinting
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a common mechanism irrelevant to laser wavelengths, peak energy levels and working
modes.

Indeed, intravital confocol imaging showed that the brief laser illumination significantly
enhanced motility and migration of APCs in the dermal tissue [22]. The motility and
migration could be further enhanced by antigen injection [22]. Enhanced APC motility and
migration enable them to survey a larger area and facilitate antigen sampling as previously
described as dendrite surveillance extension and retraction cycling habitude (dISEARCH)
[23-26]. In accordance to this, more OVA was taken up by APCs in laser-treated skin as
compared to control skin following ID injection [22]. In addition, the interstitial space of the
dermal tissue consists of a complex microarchitecture comprising fibrillar proteins and
proteoglycans, and APCs are anchored within the matrix, limiting cell migration through the
interstitium [27]. The dense dermal tissue scaffolds are also altered considerably by brief
laser illumination as shown by transmission electron microscopy (TEM) [8,28]. The dermal
collagen fibers were dissociated and the interaction between DCs and surrounding tissue
scaffolds was disrupted at the site of laser illumination, while leaving the surrounding APCs
alive [8,28]. Conceivably, loose interstitial microarchitecture can enhance the tissue
permeability and permit the relatively free movement of APCs in laser-treated skin (ricure 1).
Besides the increased APC migratory ability, we observed ‘dermal cord’ formation right
after laser illumination, indicative of migration of a large number of APCs into lymphatic
vessels (LVs) [28]. Moreover, laser illumination appeared to enlarge preformed portals in
perilymphatic membrane to facilitate DC entry into LVs [28]. The diameter of these portals
was significantly increased after laser illumination and further increased by DC occupancy,
in line with previous report [29].

To validate a potential of the novel LVA for clinical use, we explored its immune-enhancing
effects on an experimental nicotine vaccine (Nic-KLH) and mouse-adapted PR8 influenza
vaccine in murine models. Incorporation of LVA into the primary immunization of a three-
dose ID immunization regimen (LVVA/ID) significantly increased serum anti-nicotine
antibody (NicAb) titer by approximately threefold as compared to three-dose 1D
immunization alone. Serum NicAb titer in LVA/ID group was also much higher than that
induced by four doses of Alum-incorporated IM immunization (Alum/IM) [21]. Multiple
Alum/IM immunizations are currently used for anti-nicotine immunotherapy against
nicotine addiction in the clinic [30,31]. Besides the significantly increased serum NicAb
titer, LVA/ID immunization also prolonged the peak NicAb titer as compared to ID
immunization alone or Alum/IM immunization [21]. The High NicAb titer in LVA/ID group
translated into more significant inhibition on nicotine entry into the brain following
intravenous nicotine challenge [21]. Brain nicotine level in LVA/ID group was reduced by
34% as compared to ID immunization alone [21]. LVA/ID also significantly enhanced PR8
vaccine-induced hemagglutination inhibition (HAI) titer by 50% as compared to ID
immunization or 100% as compared to IM immunization (reure 2A). After viral challenge,
LVA/ID immunization significantly reduced lung viral titer from 11 x 10% in IM group and
5 x 104 in ID group to only 6 x 102, a 2-log reduction as compared to IM and 1D group
(FIGURE ZB).
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The effect of LVA is similar to that of Alum and considered to be moderate. We are thus
pursuing combination of LVA with other adjuvants to further boost vaccine-induced
immune response. Because laser illumination did not induce DC maturation [22], we
explored whether a combination of LVA with a stimulator of DC maturation could
synergistically enhance vaccine-induced immune responses. To this end, MPL was chosen
since it induces only a mild skin reaction following ID injection and it has been approved for
human use [8,21]. Combinatorial LVA/MPL was found to enhance OVA-induced immune
response by 21-fold, while LVA or MPL alone only enhanced immune response by 4- or 10-
fold, respectively [8,21]. As for Nic-KLH vaccine, LVA/MPL significantly enhanced serum
NicAb titer by 33-fold, while LVA and MPL alone only enhanced serum NicAb titer by 4-
and 13-fold, respectively [21]. Importantly, combination of LVA with MPL didn’t increase
local side effects as compared to either adjuvant alone [8,21].

Given that laser treatment can enhance in situ DC migration and entrance into LVs, we
employed this technology to augment DC-based immunotherapy [28,32]. We used a slightly
invasive laser illumination in an assumption that a mild local inflammation might further
boost DC migration to the draining lymph nodes [28,32]. It was found that such laser
illumination followed by ID injection of tumor lysate-pulsed DCs induced more vigorous
expansion of tumor-specific IFN-y-secreting CD8+ T lymphocytes, completely abrogated
early growth of 4T1 breast cancer and B16F10 melanoma in prophylactic models and
significantly extended the survival of 4T1-resected mice in a therapeutic model [28,32]. This
simple, convenient laser-based approach merits further investigation for improving DC-
based immunotherapy in clinical settings.

Micro-fractional laser adjuvant

Micro-fractional laser adjuvant under the current development is non-ablative fractional
laser illumination of the inoculation site. While keeping the stratum corneum in place, high-
precision laser microbeams coagulate an array of narrow and deep columns in the epidermis
and dermis with a desirable density (rcure 1, right panel). It is well known that skin injury is
healed by expansion of surrounding healthy epithelial cells to close the injury. The larger the
injured skin area is, the longer the closure takes. On the contrary, if many micropores are
generated in the skin with the total area equivalent to the injury, it would be healed much
quickly since it takes only a day or two for each micropore to be fully closed [33]. This well-
known phenomenon leads to the development of ablative fractional laser (AFL) and non-
ablative fractional laser (NAFL) for skin resurfacing. These fractional laser resurfacing
technologies become a gold standard in today’s skin rejuvenation industry [34-37]. While
these micro-coagulated tissues present no visible lesion in the skin, they serve as
endogenous adjuvants by release ‘danger signals’ to stimulate the immune system. In this
regard, recent mechanism study of alum revealed that alum could cause cell deaths and
release of endogenous danger signals, such as uric acid [38], dsDNA [39,40] and possible
RNA, heat shock proteins, purine metabolites, ATP and others. These endogenous danger
signals are recognized by damage-associated molecular patterns (DAMPS) in or on the
APCs, including TLRs, NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), C-type
lectin receptors (CLRs) and a DNA-binding receptor [41]. Binding of the DAMPs with the
endogenous danger signals activates NF-kB transcriptional factors and inflammasome,
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leading to the production of chemokines and inflammatory cytokines to augment specific
and adaptive immune responses [41,42]. In mimicking the action of alum, laser-damaged
cells in the microthermal zones (MTZs) would also release DAMPSs resulting in recruitment
of a large number of APCs into each MTZ and enhancement of their antigen-uptake and
activation (reure 1).

In accordance to this, treatment of the inoculation site with NAFL prior to ID injection of
OVA elevated OVA-specific antibody production by 4.5-fold. NAFL also significantly
enhanced PR8 flu vaccine-induced HAI titer by 50% as compared to ID injection and 120%
as compared to IM injection (reure 2A). After viral challenge, lung viral titer in NAFL/ID
group was reduced significantly compared to ID or IM group (meure 2B). No significant
difference was found in HAI and lung viral titers between the non-fractional and fractional
laser groups (reure 2A & B), indicating a comparable adjuvant effect between the two laser
adjuvants. However, by analysis of subtype antibodies, we found that NAFL induced
primarily a Thl-biased immune response as evidenced by a significant increase in 19G2a/
IgG1 ratio in NAFL/ID group over ID or LVA/ID group (reure 2C). Another advantage of
NAFL is that its adjuvant effect is independent on skin colors, as the laser energy is mainly
absorbed by water, in contrast to the non-fractional laser [43]. Finally, micro-fractional laser
has a potential to further augment vaccine-induced immunity by delivery of vaccines into or
through the MTZs generated. Recently, a handheld non-ablative fractional laser device was
approved by FDA for wrinkle removal at home, which emits a tiny laser beam of 1410 nm
with 0.5 pm in diameter and generates a 5 x 8 array of MTZs in a 7 x 10 mm? skin area
within 1-2 sec [44]. Approval of this device for cosmetics at home confirms super safety of
the device and the laser treatment. The safety is further warranted by the fact that only a tiny
skin area on the arm is exposed to laser for vaccination, whereas a large area of the skin on
the face is treated by the laser for cosmetics. Remarkably, this super safe laser device is
found to greatly boost various vaccines ID administered (manuscript in preparation).
Mechanistically, NAFL leads to enhanced expression of proinflammatory cytokines such as
TNF-q, IL-6, 1L-12, CCL-2 and the like, in contrast to the non-inflammatory LV A described
earlier. Presumably, laser-induced tissue damage triggers release of DAMPs that then
actively recruit APCs, resulting in sufficient antigen-uptake and activation of APCs (ricure 1).

of LVA

LVA is completely novel for immune-enhancement of ID vaccines. In contrast to
conventional adjuvants that intend to improve immunogenicity of vaccines, LVA primes our
body to better respond to a given vaccine and it has the following advantages. Firstly, LVA
doesn’t require any modification of vaccine formulation or an increase in injection volume.
This is not trivial in that any modification of vaccine manufacturing faces new regulatory
approval and that skin tissue can only accommodate a limited volume of injection [45].
Secondly, LVA can be a standalone adjuvant or combined with ID microinjection systems
or microneedle array patches to enhance vaccine-induced immune response [12,46]. Thirdly,
LVA induces little skin reactions, whereas a majority of traditional adjuvants induce long-
term deposition and ulceration that can potentially jeopardize skin barrier function [8,21].
LVA also has little concern of long-term side effects as no additive is injected besides
antigen itself, which are the major concern on the use of traditional adjuvants [15-17,47—
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51]. Fourthly, LVA enhances skin vaccination independent of specific vaccine/adjuvant
formulations. In contrast, traditional adjuvants, like alum, emulsion adjuvants, liposomes,
depend on the right vaccine/adjuvant formulations to be effective [52-55]. Finally, LVA can
be conveniently combined with other adjuvants with good safety profiles to further boost
skin vaccination because of its unique way to enhance the activity of APCs [56-60].

Advanced technologies for vaccine delivery via the skin

ID injection of vaccines into the thin skin via hypodermic needles requires specially trained
personnel, which hampers its broad use in the clinic. To eliminate pain and biohazardous
wastes, needle-free vaccine delivery technologies have been actively pursued in the last two
decades [7,9,12,46,61]. These technologies aim to breach the barrier function of stratum
corneum (SC) located on superficial skin with 10-20 um in thickness. SC is composed of a
densely packed lipid structure impermeable to most of the environmental pathogens and it
presents a major barrier for transcutaneous immunization [62]. A variety of physical,
mechanical and chemical strategies have been explored to breach SC and enhance
transcutaneous drug or vaccine delivery. For example, microneedles use ultra-fine and -short
needles to physically penetrate the SC layer while tape stripping can mechanically remove
SC to facilitate transcutaneous delivery [46,61,63]. The best example of this line of
investigation is recent approval of using an 1D microinjection system to deliver seasonal
influenza vaccine in USA and EU [12]. The ID micro-injection system precisely delivers
vaccines into the dermal tissue and results in dose-sparing of seasonal influenza vaccine as
compared to IM immunization [11]. Ultrasound, electrical and thermal effects have been
also evaluated for increasing SC permeability and transcutaneous vaccine delivery [5,64—
66]. Some of these technologies under the development have a rather limit in delivery
efficiency, while others like microneedle-based delivery must deal with biological
incompatibility of microneedle fabrication processes in spite of their high delivery
efficiency. The latter becomes an outstanding issue for adjuvanted vaccines because most of
adjuvants are not compatible to the process.

Laser-facilitated transcutaneous immunization

Laser-facilitated skin vaccination may serve as an alternative for delivery of adjuvanted
vaccines via skin. The technology is able to retain the high delivery efficiency as
microneedles do, but without need of any needles. The earliest investigation showing
increased entrance of vaccines into the skin by full-surface laser illumination (reure 3A) was
taken more than 20 years ago. Nelson et al., used 250 ps Er:YSGG laser (2790 nm) to
reliably and precisely remove SC and enhance penetration of large molecules into the skin,
but the efficacy was only half of that induced by tape stripping [67]. Subsequently, Lee et
al., found that treatment of the skin with low-fluence Er:YAG laser (2940 nm) partly ablated
the SC and significantly enhanced transdermal delivery and immunization of lysozyme [68].
Erbium:YAG laser also significantly increased permeability of macromolecule dextran and
insulin, as well as small molecules such as 5-aminolaevulinic acid, 5-fluorouracil, vitamin
C, methotrexate, narcotic analgesics, DNA, small interfering RNA and peptides [69-75].
The laser treatment is capable of selectively ablating SC layer, generating photomechanical
stress between intercellular regions and altering the morphology and arrangement of

Expert Rev Vaccines. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

corneocytes [66,71]. Unfortunately, the degree of laser enhancement is relatively low, and
laser-affected skin displays a slow recovery in general [76].

A different laser platform called ablative fractional laser AFL) (reure 3B) has been evaluated
for its ability to enhance transcutaneous drug/vaccine delivery in recent years [34,76-81].
AFL generates an array of self-renewable microchannels in the skin and each spans from
skin surface to deep epidermal or dermal tissue depending on laser energy and epidermal
thickness [76,77]. These microchannels provide ‘fast lanes’ for topically applied drugs or
vaccines to enter the dermis [77]. The microchannels also permit drugs or vaccines to
radically or 3D diffuse into the surrounding tissue [77]. Besides efficient delivery, AFL-
based transcutaneous vaccine delivery is extremely safe due to a quick recovery of laser-
affected skin within 1-2 days by growing healthy epithelial cells surrounding each
microchannel [76,77]. Although the AFL-based vaccine delivery has not been advanced to
clinical stages, AFL-based drug delivery has been practiced in the clinic by dermatologists
to deliver photo-sensitizers for photodynamic therapy (PDT) [82,83]. Brief laser
illumination of the inoculation site can sufficiently boost transcutaneous vaccine delivery
while allowing a quick skin recovery within the same day, provided that laser energy and
percent coverage are appropriately justified. Such a laser platform is expected to have a
great impact on needle-free, painless transcutaneous immunization.

In accordance to this, Lee et al., showed that a fractional Er:YAG laser (2940 nm) greatly
increased permeability of murine and porcine skins to dextran of at least 150 kDa in size, or
to small molecules imiquimod and 5-aminolevulinic acid, with a quick skin recovery within
the same day [76,84]. Our group evaluated a clinical UltraPulse fractional CO, laser
(Lumenis Inc.) for its enhancement of transcutaneous delivery of OVA [77]. We found AFL
was much more efficient than tape stripping as reflected by approximately 100-times higher
serum anti-OVA antibody titer in AFL group than in tape stripping group [77]. Another
group of investigators took advantages of a commercial P.L.E.A.S.E Device (Pantec
Biosolutions AG) to generate micropores in the skin and to assess enhanced transcutaneous
delivery of OVA, B-galactosidase and a grass pollen allergen Phl p 5 [85-87]. Their study
showed that laser-based delivery induced a Th2-biased immune response, which could be
modulated by incorporation of Th1l-inducing adjuvants, like R848, poly I:C and CpG
[85,86]. Moreover, CpG-adjuvanted allergen immunization through laser-generated
micropores gave rise to a therapeutic efficacy equivalent to that of subcutaneous injection
[86]. Details of laser parameters, drug or vaccine, model system as well as the major
findings in the above and the following laser-facilitated transcutaneous drug/vaccine
delivery are summarized in tasie 1.

Besides direct SC ablation (reure 3A & B), laser energy can also be absorbed by specific
medium to generate pressure driving drugs/vaccines into the tissue through the effects
known as ‘laser-induced cavitation bubble expansion and collapse’ (ricure 3C & D). In this
regard, a microsecond pulsed dye laser (Palomer, 504 nm) was used to direct a hydrophobic
dye into clear gelatine about 20 years ago [88]. In that system, the dye was delivered into the
gelatine gel in axial and radial directions from a distance of as much as 500 um [88]. Very
recently, Park et al., used a 250us pulsed Er:YAG laser at 2940 nm to induce photoacoustic
effects in water to inject drug through a nozzle of only 100 um in diameter into gelatine gel
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or skin of guinea pigs [89]. In their model, a fine liquid stream of fluorescein isothiocyanate
(FITC) was successfully ejected vertically into the target surface after a relatively low level
laser treatment (1-2J) [89]. Doukas et al., irradiated a black polystyrene with a nanosecond
pulsed Q-switched ruby laser (694 nm) to generate photomechanical waves, which then
propagate to the underneath rhodamine-B dextran solution and finally impinge into the skin
[90]. The advantage of this treatment is to transiently increase the permeability of the SC
layer and the barrier function of SC can be fully recovered within minutes, ensuring the
safety of this technology [90]. The above laser-based driving system by shining laser onto
specific laser-absorption medium is very promising for needle-free transcutaneous vaccine
delivery.

Laser-enhanced DNA immunization

DNA vaccines are regarded as the third generation of vaccines and have the advantage to
induce Thl-biased immune response and cellular immunity to attack intracellular pathogens
[91]. Yet, the major challenge of DNA immunization is to efficiently deliver DNA into cells
and achieve high expression efficiency [92]. Several groups evaluated laser-based strategies
for their ability to enhance DNA entry into cells. Zeira et al., explored a femtosecond (fs)
laser beam gene transduction system (SG-LBGT) that could enhance non-viral DNA
immunization by laser-induced cell permeability [93]. They exposed the inoculation site for
30 sec to a pulsed fs laser (200 fs argon ion pump laser, 76 MHz, 780 nm) with the focal
plane only 1.5 mm in diameter, after ID injection of HBsAg DNA vaccine. It was found that
the treatment significantly increased and prolonged HBsSAg gene expression, induced higher
serum anti-HBsAg antibody titer and retarded HBsAg-expressing synergistic tumor growth
in mice compared to the same vaccination in the absence of laser treatment [93]. Tsen et al.,
utilized a different fs laser (500 fs fiber laser, 200 kHz, 1043 nm) to enhance DNA
immunization, in which an unfocused laser beam with 4 mm in diameter was used to
illuminate 1D or IM DNA injection site [94]. The unfocused laser illumination significantly
enhanced DNA immunization by increasing transfected area, minimizing the damage and
simplifying the implementation [94]. Fs laser was also used to illuminate carbon black
nanoparticles to induce localized shock waves and transient holes on the cell membrane
facilitating efficient entry of DNA into the cells and gene expression while maintaining a
good cell viability [95]. Moreover, when a thin layer of DNA-coated gold microparticles
was deposited onto an aluminium foil, ablation of the aluminium foil with a Nd:YAG laser
(1064 nm) generates a plasma jet to carry the accelerated particles with a high velocity
(>1000 m/s) to reach the target tissue without undergoing a severe deceleration and achieves
a better penetration and distribution of particles in the target tissue [96].

Expert commentary

The renewed interesting in skin vaccination is highlighted by the recent approval of ID
microinjection system for flu vaccines and the extensive evaluation of other skin delivery
technologies. However, many needle-free vaccine delivery technologies under development
are still in their infant stages. Potential benefits of significant improvement in vaccine
efficacy, patient-compliance and cost—effectiveness in a long term warrant accelerated
investigation and advance of skin vaccination to the clinics, despite the fact that any
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significant alteration of current vaccination practice is rather costly due to a relatively large
population required for clinic evaluation. Novel adjuvants, especially those with new
features in safety and delivery are urgently needed for boosting skin vaccination. We are
focused on the development of a physical type LVA by brief illumination of the inoculation
site to enhance ID vaccine-induced immune response. The biggest advantage of LVA is its
superior safety without the risk of long-term side effects, which are the major concern on the
use of traditional adjuvants. Besides LVA, the use of laser to enhance transcutaneous
vaccine delivery and DNA immunization has also been actively pursued in the last two
decades and significant progress has been made in this field of research in the past few
years. These technologies take advantages of endogenous tissue absorbers or exogenous
medium to facilitate transcutaneous vaccine delivery or DNA transfection, concomitant with
little skin damage. AFL-based delivery of photosensitizers and fertility hormones has been
evaluated in the clinic with excellent safety profile and efficiency. Laser technology for
vaccine delivery is expected to be advanced to the clinic evaluation in the near future. A
laser technology that integrates the effect of laser adjuvant and needle-free delivery will be
the next focus of our investigation. Such a technology will offer safe, cost-effective,
convenient vaccine delivery and adjuvantation in the clinic.

Five-year view

Non-fractional and micro-fractional LVA alone or in combination with other suitable skin
adjuvants are being validated and optimized in large animal models in preparation for
clinical trials. We anticipate the first clinic trial in the coming years in which non-ablative
fractional laser will be assessed for its ability to boost seasonal flu vaccine in the elderly.
Moreover, LVA has been investigated in association with nicotine, influenza and DC-based
cancer vaccines so far. The investigation should be extended to other vaccines, like hepatitis
B, rabies, polio and measles vaccines. Concurrent with these efforts, an integrated system
that combines laser-mediated vaccine adjuvant and needle-free, painless transcutaneous
immunization will be targeted in the next 5 years. Special focus needs to be placed on
developing a convenient vaccine deploying system that can accurately deliver vaccines right
into laser-generated microchannels. Ideally, the laser device is small as a pen or flashlight
that costs only tens of dollars. With this device, laser-directed vaccination can be self-
applicable or requires little trained personnel, significantly reducing the cost of vaccine
delivery and distribution. The device may also result in dose-sparing of various vaccines,
further lowering the cost.
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Figure 1. lllustration of non- and micro-fractional laser-based vaccine adjuvant
Non-fractional laser shines a light beam onto the skin. The laser energy is low enough not to

hurt cells, but high enough to disrupt dermal tissue scaffolds and increase motility, migration
and entry of antigen-presenting cells into lymphatic vessels. Micro-fractional laser shines
multiple tiny laser beams onto the skin. The laser energy is sufficient to kill cells that are
directly exposed to the laser, and the dead cells release endogenous danger signals leading to
active recruitment of antigen-presenting cells around each MTZ.

MTZ: Micro-thermal zone.
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Figure 2. Laser adjuvant effects on PR8 vaccine
BALB/c mice (6-8 weeks) were intradermally immunized with mouse-adapted formalin-

inactivated PR8 vaccine equivalent to 2ng hemagglutin per mouse in the presence of non-
fractional (LVA/ID) or micro-fractional laser illumination (NAFL/ID) or absence of
adjuvants (ID). Naive mice (non-immunized) and IM of the same amount of PR8 vaccine
served as controls. Four weeks later, serum HAI titers and a ratio of 1gG2a to 1IgG1 were
quantified (A & C). Mice were then challenged with 10 x 50% lethal dose (LDsg) of PR8
virus and 4 days later lung viral titers were quantified (B).

*, p<0.05; **, p<0.01, n = 4-6.

ID: Intradermal; IM: Intramuscular; LVA: Laser-based vaccine adjuvant; NAFL: Non-
ablative fractional laser.
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Figure 3. Laser technologies in vaccine delivery
(A) Full-surface laser illumination ablates part or entire light-exposed SC layer to facilitate

transcutaneous vaccine delivery. (B) Ablative fractional laser generates multiple
microchannels in the skin. (C & D) Laser can also hit on specific ‘“medium’ generating
photoacoustic effects that impel the liquid drug or vaccine reservoir (C) or coated gold
nanoparticles (D) into the skin.
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Tablel
Laser technology for drug/vaccine delivery.
Study (year) Laser (wavelength, Drugs/vaccines Model system  Results Ref.
pulse)
Nelson et al. (1991) Er:YSGG (2790nm, Hydrocortisone IFN Swine Increase permeability by [67]
250us) 2.8- and 2.1-times,
respectively
Lee et al. (2008) Er:YAG (2940nm, Peptides Hen egg Mice Enhance peptide delivery [68]
250us) lysozyme by three to 140-times and
antibody titer to lysozyme
by three-fold
Chen et al. (2012) CO, laser (1060nm) OVA Mice Enhance antibody titer to [77]
OVA by 100-times as
compared to tape
stripping
Weiss et al. (2012) P.L.EAS.E. Recombinant Phl p 5with Mice Generate equal humoral [85]
CpG immune response as
subcutaneous injection
Shangguan et al. (1996) Flash-lamp-pumped Hydrophobic dye gelatin gel Drive the dye a few [88]
dye laser (504nm, millimeters into the gels in
1.3us) both axial and radial
directions
Park et al. (2012) Er:'YAG (2940nm, FITC Guinea pig Deliver drug over the [89]
250ps) epidermis and dermis
within 280-452 ym from
the skin
Doukas et al. (2001) Q-switched ruby laser  Rhodamin-B dextran, Guinea pig Enhance the transdermal [90]
(694nm, 28ns) dinitrochlorobenzene, delivery of small molecules
insulin and the systemic delivery
of insulin
Zeira et al. (2007) Argon ion laser DNA encoding HBsAg Mice A single ID injection [93]
(780nm, 200fs) induced high titer and
long-lasting humoral
response and protective
cellular response
Tsen et al. (2009) Yb:glass fiber laser DNA encoding luciferase Mice Enhance transfection [94]
(1043nm, 500fs) efficiency of the ID
administrated plasmids
Chakravarty et al. (2010)  Ti:sapphire laser Carbon black Cell lines Nanoparticles activated by~ [95]
(800nm, 100fs) nanoparticles with calcein, laser could facilitate the
BSA or DNA delivery of molecule,
protein and DNA
Menezes et al. (2012) Nd:YAG (1064nm, Gold microparticles with Allium cepa Laser ablates aluminum [96]

ID: Intradermal; IFN: Interferon; OVA: Ovalbumin.
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