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Background: Psoriasis is a chronic and currently incurable inflammatory skin disease characterized
by hyperproliferation, aberrant differentiation, and inflammation, leading to disrupted skin barrier
function. The use of natural agents that can abrogate these effects could be useful for the treatment
of psoriasis. Earlier studies have shown that treatment of keratinocytes and mouse skin with the
green tea polyphenol (—)-epigallocatechin-3-gallate (EGCG) mitigated inflammation and increased
the expression of caspase-14 while promoting epidermal differentiation and cornification. However,
bioavailability issues have restricted the development of EGCG for the treatment of psoriasis.
Materials and methods: To overcome these limitations, we employed a chitosan-based
polymeric nanoparticle formulation of EGCG (CHI-EGCG-NPs, hereafter termed nanoEGCG)
suitable for topical delivery for treating psoriasis. We investigated and compared the efficacy of
nanoEGCG versus native or free EGCG in vitro and in an in vivo imiquimod (IMQ)-induced
murine psoriasis-like dermatitis model. The in vivo relevance and efficacy of nanoEGCG
formulation (48 pg/mouse) were assessed in an IMQ-induced mouse psoriasis-like skin lesion
model compared to free EGCG (1 mg/mouse).

Results: Like free EGCG, nanoEGCG treatment induced differentiation, and decreased
proliferation and inflammatory responses in cultured keratinocytes, but with a 4-fold dose
advantage. Topically applied nanoEGCG elicited a significant (p<<0.01) amelioration of pso-
riasiform pathological markers in IMQ-induced mouse skin lesions, including reductions in
ear and skin thickness, erythema and scales, proliferation (Ki-67), infiltratory immune cells
(mast cells, neutrophils, macrophages, and CD4* T cells), and angiogenesis (CD31). We also
observed increases in the protein expression of caspase-14, early (keratin-10) and late (filaggrin
and loricrin) markers of differentiation, and the activator protein-1 factor (JunB). Importantly,
a significant modulation of several psoriasis-related inflammatory cytokines and chemokines
was observed compared to the high dose of free EGCG (p<<0.05). Taken together, topically
applied nanoEGCG displayed a >20-fold dose advantage over free EGCG.

Conclusion: Based on these observations, our nanoEGCG formulation represents a promising
drug-delivery strategy for treating psoriasis and possibly other inflammatory skin diseases.
Keywords: chitosan nanoparticles, topical delivery of chitosan nanoformulated EGCG,
psoriasis-like skin inflammation, phytochemical treatment of psoriasis, normal human epidermal
keratinocytes, differentiation, anti-inflammatory action
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Introduction

Psoriasis is a common, chronic, and currently incurable
inflammatory skin disease that affects an estimated 125 mil-
lion people worldwide, including =7.5 million in the USA
alone.” Even though the etiology of psoriasis is incompletely
understood, it is known to be characterized by increased
proliferation and aberrant differentiation of epidermal kerati-
nocytes, as well as infiltration of immune cells and increased
angiogenesis in the skin.*” There is evidence that inflam-
matory mediators produced by keratinocytes and infiltrating
immune cells play a critical role in the immunopathogenesis
of psoriasis.®!! Despite advances in understanding psoriasis
pathophysiology, curative treatments remain elusive, espe-
cially for mild to moderate cases for which powerful inject-
able biological therapies are not approved.'? Because inflamed
psoriatic skin lesions in patients generally occur in visible
skin sites, patients often experience significant emotional and
social incapacities due to their condition. Standard of care for
mild/moderate psoriasis mainly relies on palliative treatment
involving psoralen and ultraviolet A therapy, topical treat-
ment with small molecules, corticosteroids, retinoids, deriva-
tives of vitamin D,, and/or concomitant immunomodulatory
therapy.'*'¢ These therapies are limited by low efficacy and/or
high relapse rates, high costs, and adverse side effects includ-
ing relapse, as well as the chronic nature of these treatments,
leading to widespread frustration and dissatisfaction among
patients.'” These unmet challenges urgently necessitate the
development of new mechanism-based treatments and drug
delivery strategies. One such approach is to explore the use
of non-toxic, natural botanicals that possess the ability to
abrogate or mitigate multiple aspects of psoriasis.'

Earlier studies have shown that treatment of normal
human epidermal keratinocytes (NHEKSs) and mouse skin
with (—)-epigallocatechin-3-gallate (EGCQG), the main
catechin found in green tea, induced the expression of criti-
cally important keratinocyte differentiation markers, includ-
ing caspase-14 and p57/KIP2."?! Furthermore, studies in
skin cancer cells, ultraviolet-irradiated human and IL-12
knockout mouse skin, as well as human vascular epithelial
cells, demonstrated that EGCG promotes immunoregulatory/
anti-neoplastic functions and anti-angiogenic effects.?>%¢
However, bioavailability issues have restricted the develop-
ment and delivery of EGCG for the treatment of psoriasis.
To overcome these limitations, we utilized an innovative
chitosan-based nanocarrier encapsulating (—)-epigallocat-
echin-3-gallate (CHI-EGCG-NPs, hereafter referred to as
nanoEGCG)?*® as a novel topical delivery vehicle for the
treatment of psoriasis. Chitosan is a naturally occurring
N-deacetylated derivative of chitin composed of mainly

glucosamine units. Its properties as an inert, biodegradable
cationic polymeric nanoparticle have encouraged its utiliza-
tion as a topical drug delivery vehicle for dermatological
ailments.”” Another advantage is that at physiological pH,
chitosan is positively charged as a result of the protonation of
its primary amine groups, allowing for efficient encapsulation
of negatively charged drugs via electrostatic interaction.?**
In this study, the in vitro cytotoxicity, pro-differentiation
and anti-inflammatory effects of chitosan-based nanoEGCG
were first determined in vitro in NHEKs. We then examined
the anti-psoriatic efficacy of topically applied nanoEGCG
compared to free EGCG in an imiquimod (IMQ)-induced
Balb/c mouse psoriasis-like skin inflammation model.

Materials and methods

Chemicals and reagents

EGCG, DMSO, sodium dodecyl sulfate, and MTT were pro-
cured from Sigma (St Louis, MO, USA). A 1,000-fold stock
concentrate of EGCG was prepared in sterile endotoxin-free
water, aliquoted, and stored at —20°C; other stock solutions
were made in DMSO. Trypsin—EDTA and L-glutamine, con-
jugated secondary antibodies, and ProLong® Gold Antifade
reagent containing DAPI were all obtained from Gibco BRL/
Invitrogen (Carlsbad, CA, USA). IMQ cream 5% (Imiquad™)
was purchased from Pattersson Veterinary Supply (Greeley,
CO, USA). Human mix-matched 6-Plex and mouse 36-Plex
ProcartaPlex™ multiplex bead-based immunoassay kits were
purchased from eBioscience Affymetrix/eBioscience (Santa
Clara, CA, USA). EpiLife growth medium and human kera-
tinocyte growth supplement (HKGS) kit supplements were
from Invitrogen Corp. CELLnTEC progenitor cell-culture
medium (CnT-PR) was from ZenBio (Raleigh, NC, USA).
A detailed list of primary antibodies used in this study is
provided in Table S1. The Pierce BCA Protein Assay Kit and
Invitrogen Novex precast Tris—glycine gels were purchased
from Thermo Fisher Scientific (Rockford, IL, USA). The
mini-protean precast Tris—glycine gel was from Bio-Rad
Laboratories (Des Plaines, IL, USA). Ultrapure deionized
water was used throughout all the experiments and all other
reagents were of analytical grade or higher.

Preparation and characterization

of nanoEGCG formulations

Preparation, optimization, and characterization of chitosan-
based EGCG-loaded (nanoEGCG) or chitosan-based void
(without EGCG) nanoparticles (CHI-Void-NPs) were essen-
tially as previously described.?’*® Nanoparticles were then
diluted in distilled water and further analyzed as detailed in
the following subsections.
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Size measurement with dynamic light scattering

The size distribution of CHI-Void-NPs and nanoEGCG
in aqueous dispersion was determined using a Malvern
Zetasizer (Malvern Instruments, Westborough, MA, USA).
Two milliliters of nanoEGCG or CHI-Void NPs was placed
in a 4-sided, clear, plastic cuvette and analyzed directly at
25°C. To prevent clumping (aggregation), the nanoparticle
formulations were sonicated for several minutes, and the size
of the nanoconjugates was found to be consistently less than
200 nm in diameter (Figure S1).

Zeta potential measurement

Zeta potentials of the chitosan-based nanoparticles encapsu-
lating EGCG in aqueous dispersion were determined using
the Malvern Zetasizer instrument. Approximately 1 mL of the
nanoEGCG was placed in a disposable capillary zeta potential
cell available from the Zetasizer Nano series. Measurements
were performed at 25°C.

Size measurement with transmission electron
microscopy (TEM)

The size and morphology of CHI-Void-NPs and nanoEGCG,
as well as their localization and assessment of their ultra-
structure in live cell cytoplasm, were determined with a
JEOL JEM-100CX transmission electron microscope (JEOL,
Peabody, MA, USA) as described previously.*! In brief, one
drop of the nanoEGCG solution was mounted on a thin film
of amorphous carbon deposited on a copper grid (300 mesh)
then air dried, and the sample was examined directly. After 2
and 36 months, the size and morphology of the stored prepa-
rations were re-examined via negative staining using the drop
method*? by placing a 2 pL drop of the sample on a Pioloform
(Ted Pella, Redding, CA, USA) carbon-coated 300 mesh
Cu grid (EMS, Hatfield, PA, USA). Samples were allowed
to adsorb for 30 s, then the excess droplet was removed
with the tip of a wedge-shaped filter paper. A 2 uL drop of
Nano-W (Nanoprobes, Yaphank, NY, USA) was placed on
the grid and the excess was again removed with fresh filter
paper. After drying, the samples were placed in a Philips
CM120 transmission electron microscope (FEI, Eindhoven,
the Netherlands) at 80 kV, and photographed with an SIS
MegaView III digital camera (EMSIS, Muenster, Germany).
Size characterization analysis was performed using the SIS
iTEM software (version 5.0) measurement feature calibrated
to a grating replica on latex spheres (EMS).

Determination of encapsulation and loading
efficiencies

The amount of EGCG bound to nanoparticles was determined
by disintegrating the nanoparticles and measuring EGCG with

ultraviolet—visible (UV-vis) spectroscopy. First, the amount
of free EGCG (not encapsulated) was separated by filtering
through a Millipore (Burlington, MA, USA) centrifugal device
with a 3 kDa cut-off, assisted by centrifugation, at around
6,500 rpm for 30 min. A measured (known) amount of nano-
EGCQG particles was disintegrated by adding an acetic acid
solution. The entire solution was passed through the Millipore
filtration centrifugal device and centrifuged as before to sepa-
rate the EGCG. The EGCG concentration of the centrifugate/
filtrate was then determined using a Nanodrop 2000C U V-vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The encapsulation/entrapment and loading efficiencies
were determined using the following formulae:

EGCG
! x100

Encapsulation efficiency (%) = 1
P y(%) [EGCG], M
, , [EGCG], ,
Loading efficiency (%)= —————x100 (2)
[nanoEGCG],

where [EGCG], is the concentration of EGCG encapsulated
in nanoEGCG and [EGCG], is the total concentration of
EGCG (meaning the total amount of EGCG added ini-
tially). [EGCG], , is the total weight of EGCG encapsulated
in EGCG and [nanoEGCG],, is the total weight of the
nanoparticles encapsulating EGCG (nanoEGCG). The results
were used to determine the free EGCG equivalents for each
batch of nanoEGCG particles.

Evaluation of storage stability, in vitro release
kinetics, and cellular uptake of nanoparticles

To assess the stability of nanoEGCG, samples were added to
5 mL glass vials, sealed with plastic caps, and placed in an
accelerated stability chamber at a temperature of 37°C+2°C
with a relative humidity of 65%t5%. The in vitro release
kinetics of EGCG from the nanoEGCG were investigated with
a dialysis method with fresh release medium. In brief, 2.0 mL
of a solution of nanoEGCG or free EGCG was dissolved in
PBS solution, added to a dialysis bag (molecular weight cut-
off=6-8 kDa), and dialyzed against 20 mL of release medium
under gentle stirring with a paddle revolving at 100 rpm at a
temperature of 37°C. At designated time intervals, 500 puL
aliquots of external release medium were withdrawn, after
which the dialysis buffer was replenished with an equal volume
of fresh medium and returned to suspension. The withdrawn
medium was centrifuged at 5,000 g for 5 min at 4°C, and the
supernatant content of released EGCG in the supernatant was
determined with high-performance liquid chromatography
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(HPLC) as in the Supplementary materials. The proportion

as a percentage of cumulative EGCG release was plotted
against dialysis time, and each experiment was executed in
triplicate.

For the cellular uptake assay, NHEKs were cultured
at 37°C under humidified air with 5% CO, in serum-free
CnT-PR growth medium supplemented with penicillin
(100 U/mL), streptomycin (100 pg/mL), and amphotericin
(100 pg/mL) (Life Technologies, Carlsbad, CA, USA).
NHEKSs were harvested by trypsinization at optimal con-
fluence and seeded into 6-well culture plates at a density
of 5x10* cells/well. After 2 days, the cells were incubated
with nanoEGCG at 0, 5, 10, 20, 40, and 80 uM (expressed
as free EGCG equivalents) in growth medium for 12-24 h,
followed by 2 washes in PBS to remove excess free EGCG
or nanoEGCQG. Cells were then disrupted by ultrasonication
and centrifuged at 5,000x g for 6 min, and filtered superna-
tants were collected and analyzed with HPLC as described
earlier”’ to determine the cellular uptake of EGCG at each
concentration of free EGCG equivalents.

Keratinocyte isolation, culture, treatment with
|2-O-tetradecanoyl-phorbol- | 3-acetate (TPA) or
recombinant human IL-22 (rhIL-22), and detection

of secreted cytokines

Primary NHEKSs used in this study were isolated from neo-
natal foreskin or adult skin biopsies and used to establish
primary cultures as previously described,* and were stored
frozen until used. The samples were obtained from Meriter
Hospital (Madison, WI, USA) following institutional guide-
lines under a University of Wisconsin—Madison-approved
institutional review board protocol, and experiments were
conducted with adherence to the principles of the Declaration
of Helsinki. Cells were cultured in EpiLife medium supple-
mented with HKGS or in CnT-PR culture medium main-
tained at 37°C in a 5% CO, humidified incubator.

Preparation of protein lysates and Western blotting
After treatments, cell or mouse skin lysates were prepared
by homogenization. Protein concentrations were determined
and Western blotting with various antisera was performed as
previously described.3*%

In vivo anti-psoriatic activity studies

Ethical statement

The animal study in this research was carried out in accor-
dance with the recommendations of the Guidelines for the
Care and Use of Laboratory Animals. All protocols were

approved by the University of Wisconsin—Madison School
of Medicine and Public Health Animal Care and Use
Committee.

Mouse IMQ-induced skin inflammation model and
treatment with free EGCG and nanoEGCG

The in vivo efficacy studies were carried out using 6—8-
week-old BALB/c mice (Harlan Laboratories, Madison,
WI, USA). The mice were housed in cages at 25°C+2°C
and 45% relative humidity, with a 12 h light/dark cycle,
provided with food and water ad libitum, and maintained
under pathogen-free conditions. Protocols for induction of
psoriasis-like skin inflammation and treatment were essen-
tially as previously described,** with slight modifications as
detailed in the Supplementary materials. Mice were shaved

and divided into 4 groups of 5 mice (Figure S5). In brief,
starting at day 3, control mice (group 1) were treated with
Vaseline alone (local Walgreens pharmacy), while groups
2, 3, and 4 (a total of 15 mice) received a daily topical dose
of 20 mg and 62.5 mg of 5% IMQ cream (Aldara) on the
right ear and shaved back skin, respectively. Another group
not included in this result was group 5, where mice were
treated with CHI-Void-NPs alone (the results were similar
to group 1 and we preferred to present group 1 as a common
control because the effect of free EGCG is also compared).
Group 2 (IMQ+) continued to receive topical IMQ cream
alone for a total of 14 days (until day 17) to achieve the
optimal chronic inflammation. Starting on day 9, mice of
groups 3 and 4 were co-treated, in addition to IMQ, with
free EGCG (group 3: 1 mg/cm? shaved skin/right ear area) or
nanoEGCG (group 4: 48 g/cm? shaved skin/right ear area).
All EGCG treatments for both groups 3 (IMQ-+free EGCG)
and 4 (IMQ+nanoEGCG) were delivered in 100 puL of PBS,
7 times a week, 3 h before the daily application of IMQ
cream, until day 17. Mice were monitored daily throughout
the 14 day treatment period.

Inflammation severity scoring and measurement

of ear and skin thickness

The degree of severity of erythema and inflammation, as well
as the presence of scales and skin hardness on the ears and
skin of treated mice, were scored using a semi-quantitative
Psoriasis Area and Severity Index scoring system from 0 to
4 based on their physical appearance: 0=no skin abnor-
malities, 1=slight, 2=moderate, 3=marked, and 4=severe.
In addition, ear skin thickening was assessed on alternate
days using an electronic digital micrometer (Caliper; Fisher
Scientific, Madison, WI, USA). On day 17, all mice were
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euthanized, and skin and spleen were harvested as described
previously.**

Skin and spleen histology, immunohistochemistry,
and analysis

Formalin-fixed, paraffin-embedded skin and spleen sections
were processed for immunohistochemistry, mounted, and
visualized with a Zeiss light microscope, and automated
images were acquired with 20x/40x objectives as described
earlier.’* Data acquisition and image analysis using Nuance™/
Inform platform software (PerkinElmer, Boston, MA, USA)
technology were as described previously.**3¢ Isotype controls
were used for immunostaining (proportion of brown and
green/red pixels for antigen staining) with values averaged
from at least 5 fields for each tissue/group. Other stainings
were as detailed in Supplementary materials.

ProcartaPlex multiplex bead-based immunoassay

for cytokine and chemokine profiling

The effects of nanoEGCG versus free EGCG interventions
on inflammatory responses in either TPA-activated NHEKs
or the IMQ-induced psoriasis-like skin inflammation mouse
model were analyzed essentially as previously described,*
and as detailed in the Supplementary materials. Cytokine/

chemokine values obtained with immunoassay were normal-
ized against established referenced standards to allow for
comparisons between the studied groups.

Statistical analysis

Statistical analyses were carried out with GraphPad Prism,
version 6.1 (GraphPad Software, La Jolla, CA, USA). All
quantitative data are expressed as meantstandard error of
the mean (SEM) or SD, and significant differences between
treatment groups were determined with the Student’s #-test
or analysis of variance with Bonferroni post hoc testing. A
p-value <0.05 was considered significant.

Results

Preparation and physical characterization
of CHI-Void-NPs and nanoEGCG

We previously reported the synthesis and characterization of
nanoEGCG formulations suitable for oral delivery.?’ Here,
chitosan nanoparticles encapsulating EGCG were synthe-
sized by the gelation method. The size/size distribution and
morphology of these nanoparticles were examined with
dynamic light scattering (Figures 1A and S1A). As antici-
pated, the zeta potential of both CHI-Void-NPs (Figure S1B)
and nanoEGCG (Figure 1B) was found to be positive as a

result of chitosan having abundant free amine groups. More-
over, the size and morphology were further established with
TEM, which showed that the size of the nanoparticles ranged
between 80 nm and 225 nm in diameter, and most nanopar-
ticles were more or less spherical (Figures 1C and S2). The
encapsulation efficiency of the EGCG by the nanoparticles
was found to be around 65%, while the loading efficiency
was in the range of 8%—10% w/w. With the aid of UV-vis
spectroscopy, the amount of EGCG encapsulated in the
chitosan nanoparticles was determined (Figure 1D and E).
The size, polydispersity factor/index, and zeta potentials
of the CHI-Void-NPs and nanoEGCG are summarized in
Figure 2A. Therefore, the positive charge is an indication of
the superior bioadhesive properties of the nanoformulations,
which is a prerequisite for topical delivery.

As depicted in Figure S3, we observed similar in vitro
release kinetics of free EGCG and nanoEGCG as reported
earlier.?” In brief, a very rapid and complete dissolution of
free EGCG was observed within 2 h, whereas a controlled
release rate of EGCG from nanoEGCG peaked at about
50% within 6 h, approaching a maximal release of 100%
after 24 h.

Biological characterization, in vitro
uptake, and anti-proliferative effects
of nanoEGCG in cultured normal and

activated keratinocytes
We next determined the biological significance of nanoEGCG
by examining its effects on cellular growth/viability and dif-
ferentiation, as well as the uptake and accumulation into
cultured NHEKS over 2448 h, and compared these effects
to those of free EGCG using spectroscopic data (Figure 1D)
to calculate the relative doses of EGCG delivered by the
nanoparticles. Employing MTT (Figure 2B) and trypan blue
dye exclusion (Figure 2C) assays, we observed that whereas
CHI-Void-NPs had a negligible effect on cell growth, nano-
EGCG markedly and dose- and time-dependently inhibited
cell growth/viability, with IC,; values for 24 h and 48 h of
37 uM and 5.2 UM, respectively, compared to 72.1 uM and
20.2 uM for free EGCG (Figure 2B and C). The IC, values
for nanoEGCG were consistently 2—4-fold lower than those
for free EGCG with respect to inhibition of cell growth after
24 h and 48 h of treatment, respectively.
Hyperproliferation is a key feature of psoriatic kera-
tinocytes, both in vivo and ex vivo,’” and IL-22-induced
proliferation is related to psoriasis-like changes in vitro.
We therefore sought to determine the ability of nanoEGCG
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Figure | Size characterization and encapsulation and loading efficiencies of chitosan-based nanoEGCG. (A) Size measurement and distribution of nanoEGCG using dynamic
light scattering. (B) Zeta potential measurement of nanoEGCG. (C) Representative transmission electron microscopy photomicrographs showing the relative homogeneous
size and morphology of (i) diluted nanoEGCG and (ii) undiluted nanoEGCG, and (iii) CHI-Void-NPs. Scale bar=200nm; the insets represent higher magnification.
(D) Encapsulation and loading efficiency of EGCG on to chitosan nanoparticles as monitored with UV-vis spectra for free EGCG (not encapsulated) and total EGCG
(encapsulated + free). (E) UV-vis spectra used to construct the standard curve, with EGCG concentrations of 25, 12.5, 6.25, 3.12, and 1.6 pg/mL.

Abbreviations: EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, CHI-EGCG-NPs, chitosan-based polymeric nanoparticle formulation of EGCG; CHI-Void-NPs, chitosan-

based void (without EGCG) nanoparticles; UV-vis, ultraviolet—visible.

to inhibit IL-22-induced keratinocyte proliferation.3
Pretreatment of NHEKs with or without nanoEGCG
(5-10 uM) or 4-fold higher free EGCG (20 uM) followed
by co-treatment with or without rhIL-22 (20 ng/mL) for a
total of 48 h significantly inhibited IL-22-induced prolif-
eration (Figure 2D). These data suggest that nanoEGCG
can significantly reduce the hyperproliferative phenotype
orchestrated by I1L-22. Again, the doses of EGCG required
to achieve a superior effect were 4-fold less than those of
free EGCG. Next, we used liquid chromatography—mass
spectrometry to determine the amount of EGCG that actually
accumulates in cells over a 24 h period of treatment with
nanoEGCG or free EGCG (5-80 uM). Our data indicated
that uptake of nanoEGCG was approximately 3-fold higher
than uptake of free EGCG (Figure 2E). Further assessments
of the cellular uptake and localization of nanoparticles into

cultured NHEK s using TEM directly demonstrated the uptake
and localization of dense nanoparticle-containing vesicles
inside the cell cytoplasm (Figure 3A-D). Therefore, for these
and subsequent studies, we assumed a 4-fold advantage in
effectiveness of nanoEGCG over free EGCG.

NanoEGCG treatment induces
expression of epidermal differentiation
markers and inhibits TPA-induced
inflammatory responses in cultured
NHEKs

To determine whether nanoEGCG possesses pro-differ-
entiative properties, NHEKs were treated with/without
nanoEGCG (5-10 uM) or free EGCG (1040 uM). The
morphology and expression of early and late epidermal
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Figure 2 Effect of nanoparticles on in vitro cellular growth/viability and uptake. (A) Size, PDI, and surface charge of nanoparticles. In both cases the zeta potential is
around +33 mV to +38 mV, indicating that both the CHI-Void-NPs and nanoEGCG have positive surface charge, which is due to the presence of cationic chitosan polymer.
(B) Dose-response curve of CHI-Void-NPs, nanoEGCG and free EGCG on NHEK growth/viability as assessed with the MTT assay, analyzed as percent viable cell numbers
per million. The growth/viability of untreated cells was set as 100%. (C) Histograms showing comparative effects of free EGCG and nanoEGCG treatment on viable NHEK
number after 48 h treatment as determined with the trypan blue dye exclusion assay. Results are expressed as percentage cell number harvested (48 h) in relation to the
cell number present at the time of initiation of treatment (0 h). (D) Comparative effects of free EGCG versus nanoEGCG on IL-22-induced hyperproliferation (assessed
as viability) of keratinocytes in vitro (equivalent doses as indicated in the figure). (E) Cellular uptake and cumulative drug content (in tM) in the cytoplasm of NHEKSs after
treatment. Data are presented as the meantSEM of experiments in which each treatment was repeated in 710 wells (C), and experiments were performed in triplicate
(D, E). *<0.05, ¥*p<<0.01, **p<<0.001, and ***p<0.0001 compared with vehicle-treated controls.

Abbreviations: PDI, polydispersity index; EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, CHI-EGCG-NPs, chitosan-based polymeric nanoparticle formulation of EGCG;
CHI-Void-NPs, chitosan-based void (without EGCG) nanoparticles; NHEK, normal human epidermal keratinocyte; ns, not significant.

keratinocyte differentiation markers were examined, includ-  revealed morphological changes suggestive of differentiation
ing caspase-14, keratin-10 (K10), transglutaminase-1, (Figure S4, especially panel 4E). This was confirmed with
and involucrin, all of which are known to be deregulated in ~ Western blot analysis of each of these factors, which dem-
inflamed psoriatic lesions. Phase-contrast photomicrographs  onstrated that nanoEGCG (5 uM) induced the expression of

International Journal of Nanomedicine 2018:13 submit your manuscript 4195
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=165966.pdf

Chamcheu et al

Dove

sk
sekok
—~ 500 =3 _
400 o 7
E —— - 2
o 300 r— T
a — [o2]
= 200 =
< 100 <
- =
- 0
—
4,000 — =
= + T
ITEI 3,000 * £
—
(o2
D 2,000 2
- ok N
® 1,000| s o
- — x <
= 1
E: Campse 1o [0 0 1N O : 5
Keratin-10 | s s S —_—
| | -~ 600 — =38 o
Tease-1 [ [ S B B I T 5 T
[= seofok =3 r—
Involucrin | Ssss  a— ‘- ) 400 | T > ns
) = " a4 L
o | ———— S ol = S
[ 1
> N} N N LL w 2
SIS S ] z
¢ N ot " 0 F o
& & TPA(100ngmL-"): — — — + + + o -+ o+ 4
« <« © EGCG (20 pM): — + — _ + — Cos - s
s NanoEGCG (5 uM): — — + — — + S~ s~ o4

Figure 3 Cellular uptake of nanoEGCG and its effects on epidermal keratinocyte differentiation markers and TPA-induced inflammatory responses in vitro in keratinocyte
cultures. (A-D) Transmission electron microscopy photomicrographs of NHEKs treated with nanoEGCG showing localization of nanoEGCG on the cell surface (A), in the
cytoplasm near tonofilaments (B), in cytoplasmic vesicles in the vicinity of multiple mitochondria (C), and in cytoplasmic vesicles within a dense meshwork of tonofilaments (D).
(E) Western blot analysis of NHEK lysates showing the effects of free EGCG (10-20 uM) and nanoEGCG (5 UM equivalent concentration) on the expression of early and
late differentiation markers as indicated. Blots were stripped and reprobed for B-actin to determine equal protein loading, and the results shown are representative of
3 independent experiments. (F) Effect of a 24 h treatment with free EGCG (20 uM) or nanoEGCG (5 1wM) on TPA-induced secretion of pro-inflammatory cytokines in
NHEK cultures; cytokines in cultured supernatants were analyzed with human 6-Plex ProcartaPlex mix-matched immunoassay (described in Materials and methods and
Supplementary materials section). Data in (F) are expressed as the mean+SEM of experiments in which each treatment was repeated in 10 wells. ¥p<<0.05, **p<<0.01,
*#¥p<<0.001, and ¥**p<<0.0001 for the indicated 2-way comparisons.

Abbreviations: EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, chitosan-based polymeric nanoparticle formulation of EGCG; NHEK, normal human epidermal
keratinocyte; TGase- |, transglutaminase- |; TPA, |12-O-tetradecanoyl-phorbol-|3-acetate; CXCL2, C-X-C motif chemokine ligand-2; TGF-B, transforming growth factor-B;
TNF-0, tumor necrosis factor-o; ns, not significant; SEM, standard error of the mean.

all tested differentiation markers to equal or greater levels
compared to a 4-fold higher dose of free EGCG (20 uM)
(Figure 3E).

To determine whether nanoEGCG is capable of coun-
teracting inflammation, we utilized an in vitro TPA-induced
model of keratinocyte inflammation. NHEKSs were pretreated
with nanoEGCG (5 uM) or free EGCG (20 uM) before
stimulation with TPA (100 ng/mL, 6 h) for a total of 24 h.
Employing a mix-matched human ProcartaPlex multiplex
immunoassay, analysis of a range of secreted inflammatory
mediators revealed that both nanoEGCG and free EGCG
significantly blunted TPA-induced secretion of IL-1, IL-6,
IL-8, tumor necrosis factor-o. (TNF-at), transforming growth
factor- and C-X-C motif chemokine ligand-2 into culture
media (Figure 3F). In addition, TPA-induced secretion of
these mediators was particularly sensitive to nanoEGCG,
with significant inhibition occurring at an equivalent

concentration of 5 UM of nanoEGCG (Figure 3F), with
effects in many cases superior to the effects of a 4-fold higher
equivalent dose of free EGCG.

Topically applied nanoEGCG more
significantly reduces IMQ-induced

skin inflammation, while normalizing
epidermal architecture and proliferation
in lesioned mouse skin

To establish the in vivo anti-psoriatic effects of nanoEGCG,
we employed the IMQ-induced murine psoriasis-like skin
inflammation model® using 4 treatment arms (Figure S5).
At day 14 of the study, animals topically treated with IMQ
cream displayed a psoriasis-like phenotype including promi-
nent inflammation, scales, and thickened ears and trunk skin
(Figure 4A-D and M-0). Ear thickness steadily increased

submit your manuscript

4196

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=165966.pdf
https://www.dovepress.com/get_supplementary_file.php?f=165966.pdf

Dove Chitosan-nanoformulated EGCG improves psoriasis-like disease in mice

IMQ(-) Ma(+) . IMQ(+)/[EGCG IMQ(+)/nanoEGCG

5 5 = 0.8
i £
e ¢ T ¢4 E 0.6
* [/
o 3 * = 3 o 0 *
[*] (/] c o 04 e
Q ok = c £ U B
n 2 g 2 Kok £ ¥ ]
g @ S S Oz
1 o 1 =
2 0y S 0 o 0.0 x x .
E 5 10 15 P 5 10 * 15 0 5 10 15
_ -1
1 Days Days Days

* IMQ+nano EGCG group  # IMQ+EGCG group  # IMQ(-) # IMQ(+)

Q spokok

sofoiok 600 T '

sorkok 4 ok ' ol

80

—
sefiok ok

Number of cells per
400 pM section

Epidermal thickness (uM) U

Figure 4 Effect of topically applied free EGCG and nanoEGCG on IMQ-induced psoriasis-like ear/skin lesions. (A-L) Mouse ears and back skins were shaved, then topically
treated with either control cream (IMQ(-)) (A, E, 1) or IMQ alone (IMQ(+)) (B, F, J) for 14 days. Two additional IMQ+ groups were co-treated with either free EGCG
(C, G, K) or nanoEGCG (D, H, L) starting at day 5 for 9 additional days (depicted in treatment protocol diagram, Figure S5). Photomicrographs show: (A-D) ears with
IMQ-induced erythema and scaling; (E-H) H&E-stained histological sections of skin showing pathological features (arrows in panels F, G, and H represent the thickness of the
back skin epidermis in the respective groups); (I-L) Kié7-stained sections of skin showing (hyper)proliferation. For panels E-L, magnification x200. Scale bar=50 uM. Arrows
represent the thickness of the back skin epidermis in the respective groups. (M—Q) Quantitative assessments of changes reflecting the following pathological hallmarks of
psoriasis: (M) inflamed ear erythema, (N) degree of scaling, (O) changes in ear thickness over time, (P) epidermal thickness at the end of the experiment, and (Q) proportion
of Ki67*-cells in total skin and epidermis. For (M—Q), each data point represents the mean of 6 random fields per mouse per treatment group with 5 mice/group. *p<<0.05,
*#¥p<0.01, ¥*p<0.001, and ****p<0.0001.

Abbreviations: EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, chitosan-based polymeric nanoparticle formulation of EGCG; IMQ, imiquimod.
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by about 2—4-fold from days 3 to 6 after IMQ treatment and
remained constant throughout the rest of the experiment
(Figure 40). Histological analyses of skin sections treated with
IMQ alone (IMQ+, group 2) (Figure 4F and J) revealed acan-
thosis, epidermal rete-ridge projections (arrows in Figure 4F)
and Munro’s microabscesses. In contrast, mice that received
only control Vaseline cream (group 1) showed no skin abnor-
malities (Figure 4A and E). Topical application of free EGCG
(1 mg/cm? skin area; group 3) or nanoEGCG (48 pg/cm? skin
area; group 4) (Figure 4G— K and H-L) to lesioned skin co-
treated with IMQ suppressed psoriasis-like symptoms. Indeed,
treatment with nanoEGCG was even more successful in
blocking erythema (Figure 4D and M), improving scale score
(Figure 4N) and reducing ear and skin thickness (Figure 40
and P) to values similar to matched-control mice after 14 days
of treatment. Further, lesioned skin treated with nanoEGCG
(»<<0.001) or free EGCG (p<<0.01) exhibited significantly
reduced histological psoriasis-like features (compare control
IMQ(-) (Figure 4E), IMQ(+) (Figure 4F), IMQ(+)/EGCG
(Figure 4G), and IMQ(+)/nanoEGCG (Figure 4H)-treated
skin).

Because psoriasis is characterized by hyperproliferation of
keratinocytes, we further determined the effect of nanoEGCG
treatments on proliferation in vivo. Quantitative immunos-
taining analysis of Ki67*-epidermal keratinocytes/dermal
cells revealed significantly reduced expression of Ki67 upon
treatment with either free EGCG or nanoEGCG (p<<0.01 for
both treatments) (Figure 4K and L) compared to the IMQ(+)
alone-treated group (Figure 4J) showing similarly lower
expression values to the control IMQ(—) group (Figure 4I).
These values were not as low as those from control mice, but
were nevertheless markedly reduced compared to the robust
increases in Ki67 expression in IMQ-treated skin (Figure 4Q).

Topical application of nanoEGCG inhibits
leukocyte and lymphocyte infiltration in

IMQ-induced back skin lesions

Psoriasis is characterized by increased dermal/epidermal
infiltration of inflammatory cells.”**** Using the Nuance
imaging and Inform software analysis technology platforms
with a 3-chromogen spectral library (Figure S6), we quanti-
fied selected markers of infiltrating immune cells by immu-
nostaining in the skin of the 4 treatment groups. Markers were
selected to visualize and quantitate mast cells (toluidine stain-
ing) (Figure SA-D), neutrophils (neutrophil elastase staining)
(Figure 5F—I), macrophages (F4/80 staining) (Figure SK-N),
and CD4* T cells (red staining) (Figure SP—S). Quantitative
results are shown in Figure 5E, J, O, and T, respectively,

along with the mean intensity in Figure 5U, and confirm
that IMQ treatment alone causes infiltration of numerous
inflammatory cells into the epidermis compared with control
mice (compare Figure 5A, F, K, and P with Figure 5B, G,
L, and Q). Treatment with either free EGCG (p<<0.01 vs
control) or nanoEGCG (p<<0.0001 vs control) drastically
reduced infiltration of all tested cell types, including CD4*
T lymphocytes (Figure SP-T, red staining), with values for
nanoEGCG-treated lesions reduced to levels almost as low as
control skin. These results provide compelling evidence that
topically applied EGCG, and especially nanoEGCG, inhibits
and/or reverses inflammatory infiltrates typically associated
with psoriasis pathophysiology, at least in the IMQ-induced
mouse model of psoriasis.

Topical application of nanoEGCG
promotes epidermal differentiation and
JunB expression in IMQ-induced skin

lesions in mice
The expression of several differentiation-related proteins,
including activator protein-1 (AP-1) factors, is altered in
inflamed psoriatic lesions in both humans and mice.*
Loricrin is an insoluble precursor protein that is expressed
in the granular layer of the epidermis and is a major compo-
nent (70%-80%) of the cornified envelope.’! Loricrin expres-
sion occurs late in keratinocyte development and is typically
down-regulated in lesioned and non-lesioned skin of psoriasis
patients.*® However, unlike in human psoriasis, murine pso-
riasiform disease models overexpress loricrin in the entire
epidermis®=*? (Figure 5Q and U, green fluorescence). We quan-
titatively examined the effect of free EGCG and nanoEGCG
treatments on loricrin expression in this model. Immunostain-
ing data revealed that both free EGCG and nanoEGCG treat-
ments normalized loricrin expression to the granular layers,
and nanoEGCG was 20-fold superior to free EGCG in reduc-
ing loricrin expression and could be reduced to levels com-
parable to those in the control group (Figure SP—S and U).
Caspase-14 expression is down-regulated in parakera-
totic psoriatic skin lesions compared to non-lesioned and
normal skin in both humans and mice.** Following mor-
phometric and quantitative immunostaining analyses, we
first observed that caspase-14 expression is indeed reduced
in mouse skin treated with IMQ only (compare Figure 6A
and B, brown color). Treatment of IMQ(+) lesions with
free EGCG increased the expression of caspase-14 in the
inflamed epidermis, and treatment with nanoEGCG was
able to increase caspase-14 expression to levels qualitatively
similar to the IMQ(—) control group (Figure 6A-D).

submit your manuscript

4198

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=165966.pdf

Dove Chitosan-nanoformulated EGCG improves psoriasis-like disease in mice

IMQ(+) IMQ(+)/EGCG IMQ(+)/nanoEGCG

Mast cells

=
[
L2
I
(]
=
+
<
o
(8]
b~ 50 sofotok ok 500 i sottok =3
S b okkk + 400 R
= > AT~ + = ook ok o= —[—
@ a 40 W= 400 ® 3
o = Zo - T E o - 300 .
E® 2 58 5 30 "53'9 .
co =50 * 58 200
© O 20 * 28 200 538
o+ ) -] —_
Sw Ew - 2 100
= ® 10 s = 100 E=
o £ == =@ 5
> o 320
3 0 _— o LI 0L
i & 000 000 & & 000 000 & < 000 000
N N & O\x\® Y & & O@% ¢
2 A Ca
N < OXQ N \‘\O QX\\Q N \@Q OX\\Q
S S N\
T U sefokok
500 o 1901 s e
w3 400 8 L
..z_ S c E c 2100
o < O 300 I°- 8 b
—
5§88 a0 c$s
Ewn? gog %
S= 100 = s 2 -
z3 A
0 0
I} o S @ e I}
© s o) ) § & ) o)
s & & &£ s & & &£
N N 3 o S
& N & & X &
& < N N < &
N OX\ N O\X\
N N

Figure 5 Effect of topically applied free EGCG and nanoEGCG on infiltrating immune cells and expression of differentiation markers in IMQ-treated mouse skin lesions: Mice
were treated in 4 groups as described in the legends to Figure 4 and Figure S5. (A-D, F-l, K-N, P—S) Photomicrographs showing immunohistological features of: (A-D)
mast cells (toluidine blue staining); (F-I) epidermis/dermis (NE, brown staining), and microabscesses (arrow); (K—N) macrophages (F4/80, red staining); and (P—S) double
immunofluorescence staining for loricrin (green) and T-lymphocytes (CD4%, red staining). Nuclei were counterstained blue with DAPI. Magnification for all panels x200.
(E, ), O, T, U) Quantitative analyses of changes in immune cells: (E) mast cells; (J) NE+ cells; (O) F4/80+ cells; and (U) loricrin in the 4 treatment groups. Each data point
represents the mean£SD of 4 random fields/mouse from 5 mice/group. *p<<0.05, *p<<0.01, **p<<0.001, and ****p<<0.0001 for the indicated 2-way comparisons.

Abbreviations: EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, chitosan-based polymeric nanoparticle formulation of EGCG; IMQ, imiquimod; NE, neutrophil elastase;
LPV, low-power view.
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Figure 6 Effect of topically applied free EGCG and nanoEGCG on expression of epidermal differentiation markers and JunB in IMQ-treated mouse skin. (A-P)
Photomicrographs showing expression of various epidermal differentiation markers and the activator protein-| factor JunB. Mice (6—8 weeks old) underwent treatments in
4 groups as described in the Supplementary materials and shown in Figure S5. After the end of the treatment period, all mice were euthanized, skin samples were taken, and
sections were processed for immunostaining of various proteins using specific antibodies as described in Materials and methods and Table S|. Immunohistochemical labeling
of differentiation markers and JunB expression are shown for control (IMQ(-)) (A, E, I, M), IMQ(+) (B, F, J, N), IMQ+free EGCG (C, G, K, O), and IMQ+nanoEGCG
(D, H, L, P) samples from treated skin. Expression of the following proteins was analyzed in brown staining and counterstained in blue: (A-D) caspase-14, (E-H) filaggrin,

(I-L) keratin-10, and (M—P) JunB. Magnification x400. Scale bar=100 nm.

Abbreviations: EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, chitosan-based polymeric nanoparticle formulation of EGCG; IMQ, imiquimod.

Filaggrin, a major structural protein that is processed to its
mature form by caspase-14, is involved in cornification.*¢*
Approximately 5% of psoriasis patients harbor mutations in
the filaggrin gene, and an estimated 80% exhibit depressed
filaggrin expression in skin lesions.*** We previously
reported a reduction in filaggrin expression in the IMQ-
induced murine model of psoriasis®® and have confirmed
this in the current study (compare Figure 6E and F, brown
staining). We found that treatments with either nanoEGCG
or free EGCG increased filaggrin expression in IMQ-induced
skin lesions to values similar to control when compared to
IMQ-alone-treated mouse skin (compare Figure 6E, G, and
H to Figure 6F).

In normal epidermis, the most abundant structural pro-
teins are keratins that form the intermediate filament cytoskel-
eton.”® Proliferative keratins-5 and -14 are expressed in the
basal epidermal layers, while keratins-1 and -10 are expressed

suprabasally during keratinocyte differentiation. Given that
inflamed psoriatic skin displays aberrantly suppressed dif-
ferentiation keratins (which is confirmed in our IMQ-induced
mouse model) (compare Figure 61 and J), we investigated the
effect of nanoEGCG treatment on protein expression of K10.
We observed that treatment of IMQ-induced skin lesions with
either free EGCG or nanoEGCG restored K10 expression in
the upper granular layers (Figure 6K and L).

Abrogation of JunB, a member of the AP-1 signaling
complex in keratinocytes, triggers release of inflammatory
mediators that contribute to psoriasis immunopathogenesis
by recruiting inflammatory cells to the skin.** Because IMQ
treatment down-regulates AP-1 transcription factor proteins®
(compare Figure 6M and N), we determined the effect of free
EGCG and nanoEGCG on JunB expression and observed
that treatment with both forms of EGCG restored epidermal
expression (Figure 6M—P).
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Topical application of EGCG/nanoEGCG
alleviates tissue vascularization, and
modulates IMQ-induced alteration of
multiple immune mediators

An increased number of tortuous blood vessels (angiogen-
esis) was observed in both human psoriatic and IMQ-induced
mouse skin lesions. Such blood vessels were visualized
with CD31 immunofluorescence in the 4 treatment groups
(Figure 7A—D; especially Figure 7B in the IMQ-only treat-
ment group). Results from the 4 treatment groups reveal that
treatment with either free EGCG or nanoEGCG strongly
decreased tissue vascularization. Quantitation of results
(Figure 7E) showed that nanoEGCG is superior to free

IMQ(-)

IMQ(+)

CD31

IL-1B
' . .

TNF-o

EGCQG, reducing the number of blood vessels per session to
levels similar to control mice.

Pro-inflammatory cytokines IL-1f and TNF-o., produced
either by keratinocytes or by immune cells, are believed to play
amajor role in psoriasis pathogenesis.>!%**% Here, we observed
that IMQ-induced lesions exhibited increased expression of
IL-1pB and TNF-o. (Figure 7F-0), but that topical application
of nanoEGCG (p<<0.001) or free EGCG (p<<0.01) significantly
inhibited expression of both cytokines, with nanoEGCG
reducing expression (measured by fluorescence intensities)
to values similar to control mice (Figure 7F-J and K-O).

We also examined the expression of a panel of other
Th1/Th17 cytokines and associated mediators, including
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Figure 7 Effect of topically applied free EGCG and nanoEGCG on tissue vascularization and cytokine expression in IMQ-treated mouse skin. Skin samples were processed
for immunofluorescence staining with antibodies. (A-D, F-I, K-N) Photomicrographs showing representative skin sections for protein expression of: (A-D) angiogenesis

marker CD3| (green staining), (F-1) psoriasis-related pro-inflammatory cytokines IL-1

B (green staining) and (K—N) TNF-o (red staining), all at a magnification of x400. Scale

bar=50 pum. (E, J, O) Histograms of quantitation of IMQ+ sections stained for (E) CD3 |*-positive blood vessels (number per 400 UM section), (J) fluorescence intensity for
IL-1B, and (O) fluorescence intensity for TNF-c.. Quantitative analyses using the Nuance imaging and Inform software were as detailed in Materials and methods. Statistical
significance is shown for all samples (£SEM) and comparisons meeting significance criteria are shown: *p<<0.05, *p<<0.01, and ***p<0.001.

Abbreviations: EGCG, (—)-epigallocatechin-3-gallate; nanoEGCG, chitosan-based polymeric nanoparticle formulation of EGCG; IMQ, imiquimod; TNF-¢,, tumor necrosis

factor-o.
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interferon-y, IL-17, 1L-22, IL-23, and interferon-inducible
protein-10 (a chemokine for Thl), which are reported to
play important roles in human and murine psoriasiform
immunopathogenesis.®'!%5” Using a 36-Plex ProcartaPlex-
based multiplex immunoassay cytokine and chemokine
profiling kit, we comparatively determined the effect of
free EGCG and nanoEGCG treatments in our IMQ-induced
mouse model. The expression levels of 4 mediators (IL-3,
IL-9, epithelial neutrophil activating peptide-78 [ENA-78],
and regulated on activation, normal T cell expressed and
secreted [RANTES]) were not significantly altered by free
EGCG treatment of IMQ-induced lesions (Figure S7). How-
ever, we found that treatment with nanoEGCG significantly
decreased the expression levels of 31 out of the 36 factors
tested, while free EGCG treatment decreased only 28 of
the 36 immune mediators analyzed (Figure S8A and B),
even though the equivalent EGCG concentration in free
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Figure 8 (Continued)

EGCG (1 mg) was approximately 21-fold more than that of
nanoEGCG (48 ng). Furthermore, expression levels of 21
of the immune mediators that were inhibited by nanoEGCG
were significantly less than by free EGCG (asterisks in
Figures 8A and B and S8A and B). In addition, nanoEGCG
was able to up-regulate the anti-inflammatory cytokine
IL-10, potentially providing an additional benefit (Figure 8A,
second row, extreme left graph). Finally, we also observed
significantly reduced expression of chemokines such as
macrophage inflammatory proteins (MIP-1o, MIP-1p3, and
MIP-2) by free EGCG treatments, with nanoEGCG again
showing a superior ability to reduce expression of these
factors (Figures 8B and S§B).

Discussion and conclusion
This study describes the characterization and biological
evaluation of a polymeric nanocarrier for delivery of green
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Figure 8 Effect of topical application of free EGCG and nanoEGCG on the expression of signature inflammatory cytokines and chemokines in IMQ-treated mouse skin. (A,
B) Expression levels of secreted pro-inflammatory and anti-inflammatory cytokines and chemokines using the mouse-specific 36-Plex ProcartaPlex multiplex immunoassay
as described in Materials and methods and Supplementary materials. Total back skin lysates were isolated from the 4 treatment groups and equal protein aliquots were
processed for expression levels of: (A) pro-inflammatory or anti-inflammatory Thl and Th2 cytokines as well as activators of granulocytes and/or monocytes/macrophages,
and (B) Th17/Th22/Treg cytokines as well as type | and type 2 chemokines along with granulocyte and monocyte/macrophage chemokines. Bars are meantSEM for each
cytokine and chemokine, and statistical significance for comparisons is shown as *p<<0.05, **p<<0.01, ***p<0.001, and ****<<0.0001.

Abbreviations: EGCG, (-)-epigallocatechin-3-gallate; nanoEGCG, chitosan-based polymeric nanoparticle formulation of EGCG; IMQ, imiquimod; IFN-y, interferon-y; TNF-o,
tumor necrosis factor-o; LIF, leukemia inhibitory factor; G-CSF, granulocyte—colony-stimulating factor; M-CSF, macrophage—colony-stimulating factor; MIP, macrophage

inflammatory protein; MCP, monocyte chemoattractant protein; IP, interferon-inducible protein.

tea catechin EGCG as a novel therapeutic approach for
the management of psoriasis. The efficacy of green tea or
its constituent polyphenol EGCG is well documented in
a variety of human disease models.’® Despite these pre-
clinical proofs of concept, only limited clinical success has
been reported,®® due at least in part to the low stability and
bioavailability of EGCG in its free form.'"® To circumvent
these problems, we employed a nanoparticle formulation
based on the biodegradable cationic polymer chitosan.
A nanoformulation based on chitosan has several advantages
over other known natural polymeric nanoparticles. Chito-
san’s propensity to form hydrogels makes it an ideal carrier

for natural and water-soluble drugs. In addition, chitosan
polymers are able to release bound EGCG in a steady and
sustained fashion, as we previously demonstrated in simu-
lated gastric and intestinal fluids.??® This simulated behavior
is very relevant because oral and topical deliveries are the
preferred routes for therapeutic protocols in dermatological
applications.

To assess whether nanoEGCG retains its mechanistic
identity compared with free EGCG in a biologically relevant
context, we examined the expression of several skin proteins
known to be modulated by EGCG in keratinocytes in cell cul-
tures and in an in vivo psoriasis-like mouse model system.

International Journal of Nanomedicine 2018:13

submit your manuscript

4203

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=165966.pdf

Chamcheu et al

Dove

In the current study, our nanoEGCG formulation
exhibited significantly improved cellular uptake, pro-
differentiation, and anti-psoriatic activity compared to free
EGCG in vitro and in vivo. We observed not only a steady
release of nanoEGCG in cells, but also the inhibition of
multiple TPA- and IL-22-induced proliferation and inflam-
matory responses. Using human epidermal keratinocytes,
we observed that nanoEGCG can efficiently modulate key
proteins related to keratinocyte differentiation, inflam-
mation, and hyperplasia at a 4-fold lower equivalent dose
compared with free EGCG. Thus, our nanoEGCG for-
mulate may help to alleviate the reported problems with
stability and/or bioavailability of EGCG in clinical tests.

We also used an in vivo mouse model of psoriasiform
disease to test further the performance of our nanoEGCG
formulation in reducing parameters of skin inflammation.
Topical IMQ treatment produces a psoriasis-like dermatitis in
both humans and mice,*° with lesions showing several par-
allels to genuine psoriatic lesions. The murine model there-
fore serves as an excellent preclinical model for testing the
efficacy of promising therapeutics. Here, we demonstrate
that topical application of nanoEGCG to skin lesions elicited
by 5 days of pretreatment and 9 days of co-treatment with
IMQ resulted in marked improvement in multiple aspects
of psoriasiform disease in mice. NanoEGCG completely
normalized the epidermal architecture and reduced inflamma-
tion via reduction and alleviation of psoriasiform phenotype.
These effects of nanoEGCG were equal or superior to those
obtained with over 20-fold higher doses of free EGCG. Fur-
ther testing showed that nanoEGCG reduced the proportion of
infiltrating immune cells as well as the expression of secreted
Th1/Th2/Th17 inflammatory immune mediators and activa-
tors of mononuclear cells, all of which play important roles
in human psoriasis pathophysiology.?” Quantitative analysis
of the expression of 36 immune mediators in lesioned skin
lysates, compared with treated and matched-control groups,
confirmed the superiority of nanoEGCG over free EGCG
in improving (31 out of 36) and, in several cases, almost
completely normalizing the expression of the tested immu-
nomodulatory markers. Taken together, our findings suggest
that the nanoEGCG formulation is a novel and potentially
potent approach for delivering EGCG, which possesses
anti-psoriatic activity in vitro in cell culture and in vivo in
IMQ-induced psoriasis-like disease in Balb/c mice.

The enhanced anti-proliferative, anti-inflammatory, and
pro-differentiation effects of nanoEGCG indicate that it
retains the mechanistic activity of free EGCG while improv-
ing its delivery and effectiveness. Our preclinical findings

strongly suggest that nanoEGCG warrants further testing as
a novel, effective addition to the currently available options
for the topical treatment of psoriasis.
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