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ABSTRACT: Signal transducer and activator of transcription 3 (STAT3) is
constitutively activated in psoriatic skin inflammation and acts as a key player
in the pathogenesis and progression of this autoimmune disease. Although
numerous inhibitors that intervene in STAT3-associated pathways have been
tested, an effective, highly specific inhibitor of STAT3 has yet to be
identified. Here, we evaluated the in vitro and in vivo biological activity and
therapeutic efficacy of a high-affinity peptide specific for STAT3 (APTstat3)
after topical treatment via intradermal and transcutaneous delivery. Using a
preclinical model of psoriasis, we show that intradermal injection of
APTstat3 tagged with a 9-arginine cell-penetrating peptide (APTstat3-9R)
reduced disease progression and modulated psoriasis-related cytokine
signaling through inhibition of STAT3 phosphorylation. Furthermore, by
complexing APTstat3-9R with specific lipid formulations led to formation of
discoidal lipid nanoparticles (DLNPs), we were able to achieve efficient skin
penetration of the STAT3-inhibiting peptide after transcutaneous administration, thereby effectively inhibiting psoriatic
skin inflammation. Collectively, these findings suggest that DLNP-assisted transcutaneous delivery of a STAT3-inhibiting
peptide could be a promising strategy for treating psoriatic skin inflammation without causing adverse systemic events.
Moreover, the DLNP system could be used for transdermal delivery of other therapeutic peptides.
KEYWORDS: signal transducer and activator of transcription 3, lipid nanoparticles, cell-penetrating peptide, aptides, psoriasis,
transdermal delivery

Psoriasis is a common, chronic inflammatory skin disease
affecting all ages that usually manifests as erythematous
plaques with silvery scales.1 Current estimates place the

prevalence of psoriasis at up to 11.4% in adults.2 Patients with
psoriasis have a relapsing and remitting course during their
lifetime that has a significant negative impact on quality of life.
Psoriasis is characterized by epidermal hyperplasia, a result of
hyperproliferation and aberrant differentiation of keratinocytes
and massive infiltration of inflammatory immune cells. These
cells crosstalk with each other through pro-inflammatory
mediators, ultimately fueling a vicious cycle of psoriasis.3,4

Signal transducer and activator of transcription 3 (STAT3),
a member of the STAT family, is activated by Janus kinase
(JAK)-mediated phosphorylation, causing STAT3 to form

dimers that translocate into the nucleus, where they act as
transcription factors.5 STAT3 acts through regulation of
numerous target genes to play an important role in cell
survival, proliferation, differentiation, angiogenesis, and
immune responses.6,7 Notably, STAT3 is constitutively
activated in epidermal keratinocytes of human psoriatic skin
lesions.8 Furthermore, STAT3 is critical for the differentiation
of T-helper type 17 (TH17) cells and is an integral part of
interleukin (IL)-6, IL-21, and IL-23 receptor signal trans-
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duction cascades, which expand and stabilize TH17 cells,
thereby supporting their production of IL-17 and IL-22.9−12

These previous studies clearly indicate that STAT3 is a key
player in the development of psoriasis and an attractive target
in the treatment of the disease. To date, a number of inhibitors
against STAT3-associated pathways have been developed,
including small molecules, decoy oligodeoxynucleotides, and
peptides.7 However, some inhibitors targeting upstream
elements of STAT3 pathways, particularly JAKs, have been
shown to cause severe adverse events because these kinases
also phosphorylate a variety of proteins, including other STAT
family members.13 Given these limitations of existing STAT
pathway inhibitors, there is a need to develop a STAT3
inhibitor that directly intervenes with only STAT3 phosphor-
ylation without affecting JAKs.
Recent screening efforts using our aptide platform

technology led to the identification of a high-affinity peptide

that specifically binds STAT3 (APTstat3), and our subsequent
studies investigated the anticancer effect of APTstat3 tagged
with a cell-penetrating 9-arginine peptide (APTstat3-9R) in
various cancer models in which STAT3 is constitutively
activated.14 In the present study, we examined the suitability of
APTstat3-9R as a topical therapeutic agent against psoriasis.
Transcutaneous delivery is a favorable route for treating
inflammatory skin diseases because it is simple, non-invasive,
and avoids the risk of systemic side effects.15−17 However, the
formidable physiological barriers of the skin, particularly that
posed by the stratum corneum (SC), hinder the penetration of
hydrophilic or larger-sized molecules.18−20 Although lipid-
based formulations have been employed to enhance skin
penetration of bioactive molecules,21−27 their use in trans-
dermal delivery of peptide therapeutics has been limited. Here,
we report a discoid-shaped lipid nanoparticle (DLNP)-assisted
transdermal system for delivery of APTstat3-9R and evaluated

Figure 1. Biological activity APTstat3-9R in keratinocytes. (A) Schematic structure of APTstat3-9R. (B, C) Representative flow cytometry
histogram of intracellular uptake of FITC-labeled APTstat3-9R into human keratinocytes. HaCaT cells were incubated with the indicated
concentrations of FITC-labeled APTstat3-9R for 90 min (B) or with 10 μM FITC-labeled APTstat3-9R for the indicated times (C). Shaded
histograms represent negative controls. Graphs at right of histograms in (B) and (C) show quantification of FITC-labeled APTstat3-9R
uptake in HaCaT cells as a function of APTstat3-9R concentration and time, respectively. MFI, mean fluorescence intensity. (D)
Intracellular uptake and localization of FITC-labeled APTstat3-9R (10 μM) in HaCaT and NIH3T3 cells. Images were acquired by confocal
microscopy at ×400 (top) and ×800 (bottom) magnifications. Scale bars, 50 μm (top) and 20 μm (bottom). (E−G) Viability of
unstimulated HaCaT cells (E), A549 cells (F), and IL-6-stimulated HaCaT cells (G) following incubation with phosphate buffered saline
(PBS), APTscr-9R (20 μM), or APTstat3-9R at the indicated concentrations for 24 h (unstimulated HaCaT cells) or 12 h (A549 cells and
IL-6-stimulated HaCaT cells). The viability of aptide-treated cells was expressed as a percentage of control cell viability. (H) Western blot of
pSTAT3 (Tyr705) and STAT3 in HaCaT cells pretreated with PBS, APTscr-9R (10 μM), or APTstat3-9R (10 μM) for 1 h and then
stimulated with IL-6 (25 ng/mL) for 30 min pSTAT3, phosphorylated STAT3. Data are means ± SEM of three independent experiments
(***P < 0.001; one-way ANOVA with post hoc Tukey test).
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its therapeutic efficacy in a mouse model of psoriasis. We first
demonstrate that intradermally injected APTstat3-9R attenu-
ated psoriasis-like skin inflammation through suppression of
STAT3 phosphorylation and inhibited the release of the key
psoriasis-related cytokines, interleukin (IL)-23 and IL-17, in
two different effector cell types. We further show that
transcutaneously applied DLNPs containing APTstat3-9R
successfully penetrated into the skin and ameliorated local
psoriasis-like skin inflammation.

RESULTS AND DISCUSSION

APTstat3-9R Suppresses Proliferation of STAT3-
Activated Keratinocytes through Inhibition of STAT3
Phosphorylation. We previously showed that APTstat3-9R,
whose sequence and molecular structure are shown in Figure
1A, selectively binds STAT3 and inhibits downstream signaling
pathway in various cancer cells, thereby exerting anticancer
efficacy in tumor-bearing mice.14 Given the cell-penetrating
properties of this STAT3 binder, we sought to determine
whether APTstat3-9R can also be internalized by skin cells. To

this end, we incubated HaCaT human keratinocyte cells with
different concentrations of fluorescein isothiocyanate (FITC)-
labeled APTstat3-9R for various times and analyzed intra-
cellular fluorescence using flow cytometry. As expected,
intracellular fluorescence intensity gradually increased with
increasing incubation time and APTstat3-9R concentration
(Figure 1B, C), reaching a maximum at 4 h. FITC-labeled
APTstat3-9R was distributed to both cytoplasmic and nuclear
compartments of HaCaT cells; a similar pattern of cellular
uptake was seen in NIH3T3 murine fibroblasts (Figure 1D).
Next, we evaluated the cytotoxicity of APTstat3-9R in

HaCaT and NIH3T3 cells. A scrambled aptide (APTscr-9R),
with the same scaffold but containing target-binding regions
consisting of a scrambled sequence, was used as a control.14

Treatment with APTstat3-9R for 24 h did not adversely affect
the viability of keratinocytes or fibroblasts (Figure 1E and
Figure S1). In contrast, treatment of human lung carcinoma
cells (A549), which constitutively express activated STAT3,
with APTstat3-9R (10−20 μM) caused nearly a complete loss
of cell viability; as expected, the negative control, APTscr-9R

Figure 2. Intradermal administration of APTstat3-9R ameliorates psoriasis-like skin inflammation. (A) Experimental protocol for the murine
model of imiquimod-induced psoriasis-like skin. Over the course of imiquimod application, a total of 100 μg of APTscr-9R or APTstat3-9R,
or an equivalent volume of PBS, was injected intradermally into the skin of the back for 6 days, as indicated. (B, C) Clinical parameters of
disease severity were evaluated daily using a clinical scoring system based on the psoriasis area and severity index during the course of
treatment. (B) Clinical score of skin erythema, scaling, and induration, and (C) back skinfold thickness. Skinfold thickness is expressed as a
percentage relative to that in disease-free control mice. (D) Representative phenotypic presentation (left) and histological images of H&E
staining (right) of mouse back skin after 6 days of treatment with PBS, APTscr-9R, or APTstat3-9R. Scale bar, 100 μm. (E) Quantification of
epidermal thickness. Values are percentages relative to disease-free controls. (F) Back skin punch biopsy weights. (G) Levels of
inflammatory cytokines in skin homogenates. Data are presented as means ± SEM (n = 5−6 mice/group; *P < 0.05, **P < 0.01, and ***P <
0.001; one-way ANOVA with post hoc Tukey test). Ctrl, Vaseline-treated mice; IMQ, imiquimod-treated mice.
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(20 μM), had no effect on the viability of either cell type
(Figure 1E, F). Interestingly, in HaCaT keratinocytes that had
been stimulated with IL-6 (25 ng/mL), a major activator of
STAT3 signaling, APTstat3-9R caused a concentration-
dependent reduction in cell proliferation (Figure 1G).
Moreover, whereas STAT3 was rapidly phosphorylated in IL-
6-stimulated keratinocytes, this activating phosphorylation was
blocked by APTstat3-9R (10 μM), as shown by Western blot
analysis (Figure 1H). These findings suggest that APTstat3-9R
is internalized into normal keratinocytes and fibroblasts
without substantially affecting their viability, but suppresses
proliferation of STAT3-activated keratinocytes by inhibiting
phosphorylation of STAT3.
Intradermal Injection of APTstat3-9R Ameliorates

Psoriasis-like Skin Inflammation. To investigate the
biological activity of APTstat3-9R against psoriasis-like skin
inflammation, we first tested an intradermal injection route. A
mouse model of psoriasis was established by topical treatment
of the whole back of mice for 6 consecutive days with

imiquimod cream, a Toll-like receptor (TLR)-7 and -8 agonist.
After exposure to cream for 2 h, mice were intradermally
injected twice a day at a 4 h interval at the indicated area of the
back with APTstat3-9R (50 μg) and sacrificed on day 7
(Figure 2A). Disease severity was evaluated daily using an
objective scoring system based on the Psoriasis Area and
Severity Index (PASI). APTstat3-9R treatment ameliorated the
severity of clinical signs, including erythema, scaling,
induration, and skinfold thickness, at the site of injection
compared with PBS or APTscr-9R from days 5 to 7 (Figure
2B,C). Consistent with clinical scores, gross findings were also
improved (Figure 2D). Furthermore, histological analyses of
punch biopsy specimens from the back skin of APTstat3-9R-
treated mice showed a considerable reduction in epidermal
hyperplasia and inflammatory cell infiltration compared with
mice treated with PBS or APTscr-9R (Figure 2D,E). These
findings were further supported by the reduced weight of
punch biopsy specimens (Figure 2F), suggesting a reduction in
skin edema in APTstat3-9R-treated mice compared with

Figure 3. APTstat3-9R attenuates psoriasis-related cytokine production in vitro and in vivo through inhibition of STAT3 phosphorylation.
(A, B) Cytokine production by BMDCs (A) and BMDMs (B) pretreated with PBS or the indicated concentrations of APTscr-9R (20 μM) or
APTstat3-9R for 6 h, followed by stimulation with R848 (1 μg/mL) for 18 h. (C) Viability of unstimulated BMDCs, incubated with PBS or
the indicated concentrations of APTscr-9R (20 μM) or APTstat3-9R for 24 h. The viability of aptide-treated cells was expressed relative to
that of control cell viability as a percentage. (D) IL-17 production by γδ-T cells pretreated with PBS, APTscr-9R (10 μM), or APTstat3-9R
(10 μM) for 4 h, followed by stimulation with IL-1β (10 ng/mL) and IL-23 (50 ng/mL) for 12 h. Cytokine levels in culture supernatants for
experiments shown in (A, B, D) were determined by ELISA. (e) Representative flow cytometry histogram of pSTAT3 in isolated splenic
mononuclear cells pretreated with PBS, APTscr-9R (10 μM), or APTstat3-9R (10 μM) for 1 h and then stimulated with IL-1β (10 ng/mL)
and IL-23 (50 ng/mL) for 30 min. Shaded histograms represent negative controls. Data in (A−E) represent the average of three independent
experiments. (F) Representative immunohistochemical staining for pSTAT3 in skin lesions in the imiquimod-induced psoriatic mouse
model after 6 days of treatment with PBS, APTscr-9R, or APTstat3-9R. Scale bar, 100 μm. (G) Quantification of immunohistochemical
staining for pSTAT3. pSTAT3-positive areas are expressed as a percentage of the total psoriatic skin lesion area (n = 5 mice/group). Data are
presented as means ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001; one-way ANOVA with post hoc Tukey test). pSTAT3, phosphorylated
STAT3.
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controls. Moreover, protein levels of the psoriasis-related
cytokines, IL-17, IL-12/23p40, and IL-1β, in skin homogenates
were significantly reduced by treatment with APTstat3-9R
(Figure 2G). Notably, psoriasis model mice in all groups (PBS,
APTstat3-9R, APTscr-9R) showed typical adverse systemic
effects of the TLR agonist, including weight loss, apathetic
behavior, and splenomegaly (Figure S2), during the exper-
imental period compared with controls that had not been
topically treated with imiquimod cream. Collectively, these
results indicate that APTstat3-9R effectively ameliorates local
psoriasis-like skin inflammation upon intradermal injection,
but it does not affect systemic adverse events induced by
imiquimod cream.
APTstat3-9R Attenuates Production of Psoriasis-

Related Cytokines by Inhibiting STAT3 Phosphoryla-
tion. It has been shown that, during the initiation of psoriasis,
both dendritic cells and macrophages are activated by TLR7,
-8, or -9 and subsequently produce the proinflammatory
cytokines, IL-1β, IL-12, and IL-23, which polarize naiv̈e T cells
into IL-17-producing T cells.3,28,29 Accordingly, we next
investigated the effects of APTstat3-9R on psoriasis-related
cytokine signaling in these effector cell types after stimulation
with a TLR7 ligand. Accordingly, mouse bone marrow-derived
dendritic cells (BMDCs) and macrophages (BMDMs) were
stimulated with R848 (1 μg/mL), a dual TLR7 and -8 agonist,
in the presence of APTstat3-9R or APTscr-9R. As expected,
APTscr-9R had no effect on cytokines; in contrast, incubation
with APTstat3-9R for 18 h significantly reduced the
production of IL-1β and IL-12/23p40 in R848-stimulated
BMDCs in a concentration-dependent manner (Figure 3A),
but had no effect on BMDC viability (Figure 3C). A similar
trend was observed in BMDMs cultured under the same
conditions (Figure 3B). These data indicate that APTstat3-9R
reduces TLR7-induced proinflammatory cytokine production
in both effector cell types without affecting cell viability.
Because the IL-23/IL-17 axis is a major pathogenic pathway

in psoriasis during the chronic phase,3,11 we next investigated

the effect of APTstat3-9R on the production of IL-17 in γδ-T
cells. Since previous studies have demonstrated that γδ-T cells
produce IL-17 in response to IL-1β and IL-23 in the absence of
T-cell receptor engagement,12,30 we did not use an anti-CD3e
antibody in these experiments. The γδ-T cells isolated from
mouse spleen and draining lymph nodes were pretreated with
APTstat3-9R (10 μM) for 4 h, followed by stimulation with
IL-1β (10 ng/mL) and IL-23 (50 ng/mL) for an additional 12
h, after which secreted IL-17 protein was quantified. Notably,
APTstat3-9R suppressed IL-17 production by IL-1β/IL-23-
stimulated γδ-T cells, whereas APTscr-9R did not (Figure 3D).
We next examined whether APTstat3-9R inhibited phosphor-
ylation of STAT3 in cytokine-stimulated γδ-T cells. After
pretreating murine splenic mononuclear cells with APTstat3-
9R or APTscr-9R (10 μM) for 1 h and subsequently
stimulating with IL-1β and IL-23 for 30 min, we analyzed
STAT3 phosphorylation by flow cytometry. As shown in
Figure 3E, unlike APTscr-9R, APTstat3-9R effectively sup-
pressed STAT3 phosphorylation compared with PBS-treated
control cells, suggesting that APTstat3-9R effectively inhibits
key signaling pathways associated with psoriasis pathogenesis.
We further performed immunohistochemical analyses for
phosphorylated STAT3 (pSTAT3) in the imiquimod-induced
psoriasis mouse model. As seen in images of the upper dermis
of psoriatic skin, pSTAT3 immunostaining was markedly
reduced in APTstat3-9R-treated mice compared to that in
PBS- or APTscr-9R−treated mice (Figure 3F,G). Immunos-
taining for IL-17 yielded similar results (Figure S3).
Collectively, these findings clearly suggest that APTstat3-9R
is able to reduce production of psoriasis-related cytokines by
inhibiting STAT3 phosphorylation in vitro as well as in vivo.

Preparation and Characterization of APTstat3-9R-
Encased DLNPs. Although topical application is a convenient
and effective route for administering therapeutics for early to
mild psoriatic skin, transcutaneous delivery of peptide-based
therapeutics has been a more challenging proposition. When
applied topically to imiquimod-induced psoriasis-like skin of a

Figure 4. Characterization of aptide-encased, discoid-shaped lipid nanoparticles. (A) Schematic representation of aptide-encased, discoid-
shaped lipid nanoparticles (DLNPs) consisting of long-chain phospholipid (DMPC) and short-chain phospholipid (DHPC) containing
APTstat3-9R. APTstat3-9R was added a concentration of 10 wt % to a lipid mixture containing a DMPC/DHPC molar ratio of 3:1. (B)
Representative TEM image of [APTstat3-9R]-DLNPs. Scale bar, 100 nm. (C) Histogram showing the particle size distribution of [APTstat3-
9R]-DLNPs, based on a TEM analysis of 200 nanostructures. (D) Photograph of tubes containing DLNPs without (−) and with (+)
APTstat3-9R 6 h after preparation. (E) The stability of [APTstat3-9R]-DLNPs in distilled water at ambient temperature over time, as
analyzed by dynamic light scattering. Data are presented as means ± SD.
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mouse ear, an aqueous solution of APTstat3-9R (100 μg in
total; twice a day) caused no appreciable amelioration of
psoriasis-like skin inflammation (Figure S4), suggesting
extremely low permeability of the pristine APTstat3-9R across
the skin. This observation contrasts with the efficacy of
intradermally injected peptide (see Figure 2). To overcome
this formidable barrier, we developed a transdermal delivery
formulation for APTstat3-9R based on complexation with
specific lipids. Among known lipid-based formulations, we paid
particular attention to specific phospholipids used for
formation of bicelles (bilayer + micelle), which have a
discoidal nanostructure, because such nanoparticles are
shown to enhance transdermal delivery.31 One specific bicelle
formulation, consisting of the long-chain phospholipid, 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and short-
chain phospholipid, 1,2-dihexanoyl-sn-glycero-3-phosphocho-
line (DHPC), has been shown to self-assemble to form
discoidal nanostructures.31−33 With this precedent-setting
study in mind, we used a film formation-rehydration method
to first examine whether these two phospholipids are capable
of self-assembling into nanostructures containing APTstat3-9R
(Figure S5 and Figure 4). By varying the molar ratio of DMPC
to DHPC, we constructed various lipid nanocomplexes
without and with APTstat3-9R (10 wt %) and characterized
their morphology using transmission electron microscopy
(TEM). As the DMPC/DHPC molar ratio increased from
1:1 to 2:1 to 3:1, the morphology of the lipid nanoparticles
changed from spherical to discoidal in shape (Figure S6).

Figure 5. Transcutaneously administered aptide-encased DLNPs penetrate into the skin. FITC-APT (20 μg) or [FITC-APT]-DLNPs (20 μg
aptide) was transcutaneously applied to the inside ear skin of a disease-free and imiquimod-induced psoriasis mouse. Skin specimens were
mounted between glass slides for imaging 6 h after the application of each preparation. Images were acquired using a two-photon
microscope. (A) Representative images from a disease-free mouse. Optical sections of the upper dermis at a depth of 24 μm below the skin
surface revealed SHG signals of collagen fibers. Scale bar, 100 μm. (B) Representative serial images from a psoriasis model mouse showing
psoriasis-like ear skin at intervals of 6 μm below the skin surface. Scale bar, 100 μm. (C) Representative x-z axis orthogonal images of
psoriasis-like ear skin. Horizontal scale bar, 100 μm; vertical scale bar, 25 μm. (D) Quantitative analysis of relative fluorescence signals in
psoriasis-like ear skin. Average signals were plotted as a function of depth by collecting fluorescence signals for each specimen, subtracting
values for untreated specimens from each treated specimen, and normalizing to the signal at z = 0 μm. Data are presented as means ± SEM
(n = 4 mice/group). FITC-APT, FITC-labeled APTstat3-9R.
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Notably, at a molar ratio of 3:1, the incorporation of APTstat3-
9R (10 wt %) dramatically increased the number of DLNPs
compared with that observed in the absence of the aptide
(Figure S6 and Figure 4b). TEM images revealed a mean size
of these DLNPs in a dry state of 31.3 ± 6.8 nm, with thickness
of 7.7 ± 1.4 nm (Figure 4C). Dynamic light scattering (DLS)
measurements further showed that a 3:1 molar ratio of the two
lipids resulted in formation of the smallest APTstat3-9R-
containing nanoparticles (∼20−30 nm) (Figure S7A,B). In
addition, ζ potential measurements showed that, unlike bare
lipid nanoparticles, DLNPs formed in the presence of
APTstat3-9R exhibited a positive surface charge (Figure
S7C), suggesting successful loading of the aptide into the
nanoparticles. Notably, there was a drastic difference in
colloidal stability between DLNPs with and without APT-

stat3-9R: Whereas bare DLNPs without APTstat3-9R
aggregated within 1 h at ambient temperature, APTstat3-9R-
encased DLNPs retained their original size for more than 15
days (Figure 4D, E). As the guanidine side chain of arginine
can form hydrogen bonds with the phosphate anion of DNA or
RNA,34 we speculate that the arginine residues in the
APTstat3-9R may interact with the phosphate anion in
DMPC/DHPC lipids, forming the more stable DLNPs than
the corresponding nanoparticles without the peptide. For
nanoparticles with the same formulation, a smaller size could
result in more efficient skin penetration. Accordingly, we
selected the smallest-sized, discoid-shaped nanoparticles (i.e.,
those with a molar ratio of 3:1 DMPC/DHPC), designated
[APTstat3-9R]-DLNPs, for subsequent experiments. The
stability of [APTstat3-9R]-DLNPs was further assessed in

Figure 6. Transcutaneous administration of [APTstat3-9R]-DLNPs ameliorates local psoriasis-like skin inflammation. (A) Experimental
protocol. Over the course of imiquimod-induced psoriasis-like ear skin inflammation, an equivalent volume of distilled water (DW), DLNPs
(0.5 mg), [APT]-DLNPs (50 μg aptide), or CLQ (20 mg/cm2) was applied transcutaneously twice per day at a 4 h-interval beginning on day
2 of imiquimod application and continuing to day 6. (B) Ear thickness during the course of treatment. Ear thickness is expressed as a
percentage of that in disease-free controls. (C) Clinical score of skin erythema, scaling, and induration at day 7. Each score is summed and
expressed as a cumulative score. In (B) and (C), clinical parameters were assessed as described in Materials and Methods. (D) Ear skin
punch biopsy weights. (E) Representative phenotypic presentation (top) and histological images of H&E staining (bottom) of mouse ear
skin after 6 days of transcutaneous application of DW, DLNPs, [APT]-DLNPs, or CLQ. Scale bar, 100 μm. (F) Quantification of epidermal
thickness. (G) Levels of inflammatory cytokines in ear skin homogenates. (H) Representative gross image of spleens at day 7. (I) Spleen
weights at day 7. Data are presented as means ± SEM (n = 6−7 mice/group; *P < 0.05, **P < 0.01, and ***P < 0.001; one-way ANOVA with
post hoc Tukey test). Ctrl, Vaseline-applied mice; IMQ, imiquimod-applied mice; APT, APTstat3-9R; CLQ, clobetasol propionate cream.

ACS Nano Article

DOI: 10.1021/acsnano.8b02330
ACS Nano 2018, 12, 6904−6916

6910

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02330/suppl_file/nn8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02330/suppl_file/nn8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02330/suppl_file/nn8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b02330/suppl_file/nn8b02330_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b02330


distilled water (DW), PBS, and 5% fetal bovine serum (FBS)
containing DW by DLS. FBS contains similar lipid
components as found in the skin layers, including free fatty
acids, cholesterols, triglycerides, and phospholipids.35,36 The
nanoparticles, unlike incubation in DW and PBS, became
disrupted rapidly in 5% FBS containing DW (Figure S8),
suggesting that [APTstat3-9R]-DLNPs would become dis-
integrated during skin penetration and release the free
APTstat3-9R.
Skin-Penetrating Ability of [APTstat3-9R]-DLNPs. We

next examined whether [APTstat3-9R]-DLNPs are able to
penetrate the SC layer after transcutaneous application. In this
experiment, FITC-labeled APTstat3-9R was employed to allow
tracking/visualization of penetration by monitoring fluores-
cence. [FITC-APTstat3-9R]-DLNP or FITC-APTstat3-9R
alone was topically applied on the shaved skin of a disease-
free or psoriatic mouse ear. Two-photon microscopy was
employed to visualize and quantify the efficiency of trans-
cutaneous delivery of [FITC-APTstat3-9R]-DLNPs. Image
analysis of the untreated skin was also conducted as a technical
control to avoid autofluorescence-based false-positive results.
Normal mouse ear skin treated with [FITC-APTstat3-9R]-
DLNPs exhibited a greater fluorescence signal in deeper layers
of the skin compared with skin treated with FITC-APTstat3-
9R alone (Figure S9). Fluorescence signal was clearly observed
along the boundary of typical hexagonal structure of
corneocytes that are terminally differentiated keratinocytes,
suggesting paracellular penetration of [APTstat3-9R]-DLNPs
through the intercorneocytes gaps. In particular, second-
harmonic generation (SHG) signals of collagen in tissue
sections at a depth of approximately 24 μm from the top
appeared as red fiber structures, indicative of the dermal
layer.37,38 Treatment with [FITC-APTstat3-9R]-DLNPs
yielded an appreciable fluorescence signal at the upper dermis,
whereas FITC-APTstat3-9R alone seemed to permeate up to
the SC layer (Figure 5A). We then assessed skin-penetrating
capability using the psoriatic mouse ear skin, in which the
polarity of cells is impaired as a consequence of abnormal
proliferation of keratinocytes. As shown in Figure 5B,C, a clear
fluorescence signal, distributed at depths from ∼40 to 60 μm
from the skin surface, was observed in skin treated with [FITC-
APTstat3-9R]-DLNPs; treatment with the aptide alone
resulted in penetration up to depth of ∼10−20 μm. To
quantify the penetration depth into the skin, we analyzed x−y
plane fluorescence signals as a function of the z-axis depth. All
fluorescence signals acquired from the area of interest in each
skin specimen were normalized to the signal of untreated
control skin specimens at a depth of z = 0 μm. A quantitative
analysis revealed that, following application to normal skin,
both [FITC-APTstat3-9R]-DLNPs and the aptide alone
showed a similar pattern, characterized by an exponential
decrease in epidermal layer fluorescence signals to a depth of
∼20 μm; however, the fluorescence signal intensity of [FITC-
APTstat3-9R]-DLNPs trended higher from the epidermis to
the upper dermis layer compared with aptide alone (Figure
S9C). Notably, there was a clearer difference in penetration
ability between the two groups in psoriatic ear skin; the
fluorescence signal intensity of [FITC-APTstat3-9R]-DLNPs
was always significantly higher than that of the aptide alone in
all layers of the skin, from the surface and SC to the dermis
layer at a depth greater than ∼60 μm (Figure 5D).
Collectively, these findings indicate that DLNPs have potential

for use as an efficient transcutaneous delivery formulation for
aptides.

Topical Treatment with [APTstat3-9R]-DLNPs Effec-
tively Ameliorates Psoriasis-like Skin Inflammation. The
efficacy of [APTstat3-9R]-DLNPs against psoriasis-like skin
inflammation was evaluated by directly spreading a [APTstat3-
9R]-DLNP solution on the ears of imiquimod-induced
psoriatic model mice twice per day with 8 h interval (Figure
6A). Compared with distilled water and DLNP vehicle
controls, [APTstat3-9R]-DLNPs significantly reduced mani-
festations of disease over time, including ear thickness, PASI
scores, and ear edema (Figure 6B−D). Consistent with these
assessment results, gross findings were also improved in
[APTstat3-9R]-DLNP-treated skin. Histological analyses
showed marked epidermal hyperplasia and infiltration of
inflammatory cells in control mice treated with distilled
water or DLNP vehicle alone, whereas [APTstat3-9R]-
DLNP-treated skin exhibited a clear reduction in these
pathological findings (Figure 6E,F). In addition, production
of the psoriasis-related cytokines, IL-17, IL-12/23p40 and IL-
1β, by the affected skin was significantly reduced by
[APTstat3-9R]-DLNPs (Figure 6G). Clobetasol propionate
(CLQ), a corticosteroid used to treat psoriasis in the clinic,
also ameliorated the aforementioned symptoms to an extent
similar that produced by [APTstat3-9R]-DLNPs. As expected,
the size and weight of the spleen increased in imiquimod-
treated mice, except in the CLQ-treated group, where the
spleen appeared to have atrophied, indicative of adverse
systemic effects of the corticosteroid drug (Figure 6H,I).
Taken together, these results suggest that transcutaneous
delivery of [APTstat3-9R]-DLNPs effectively ameliorates
psoriasis-like skin inflammation and, unlike conventional
corticosteroid drugs, does so without affecting systemically.
In the current study, we described the biological activity and

therapeutic efficacy of the STAT3-inhibiting peptide, APT-
stat3-9R, against psoriasis-like skin inflammation and report
the development of a transcutaneous delivery system for
peptide therapeutics based on a discoidal lipid nanoparticle
formulation. We showed that APTstat3-9R suppressed
psoriasis-related cytokine signaling in effector cells through
inhibition of STAT3 phosphorylation. Moreover, complexation
of APTstat3-9R with specific lipids at a certain ratio resulted in
formation of discoidal nanoparticles of ∼20−30 nm in
diameter and enabled transcutaneous delivery of the peptide
into epidermal and dermal layers. Finally, we demonstrated
that these peptide-encased discoidal nanoparticles effectively
treated psoriasis-like skin inflammation.
A number of reports have described the successful

transdermal delivery of macromolecules using skin-penetrating
peptides, including Poly-R, SPACE, TD-1, DLP and LP-12,
consisting of short amino acid sequences.34,39−42 Based on
these findings, we initially expected that our 9R-tagged aptide,
APTstat3-9R, would also be able to penetrate the SC layer.
However, unlike previously reported cases, APTstat3-9R
showed little penetration, as confirmed by two-photon
microscopic analysis and in vivo efficacy tests. Thus, we
devised a transdermal delivery system using two phospholipids,
DMPC and DHPC, that have been utilized to prepare bicelles
(discoidal lipid nanoparticles).31 Surprisingly, our aptide-
encased or -complexed bicelles exhibited dramatically
enhanced colloidal stability in aqueous medium compared
with similar bicelles comprising only the two lipids. Due to the
presence of arginine in the APTstat3-9R, it is possible to
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interact with phospholipids and make relatively more stable
nanoparticles. We speculated that similarities in the compo-
sition of lipids in nanoparticles with those in the skin layers
would facilitate transdermal delivery of bicelles. These lipids
can attach themselves to the skin surface, promote
adhesiveness, and protect against water loss from the skin;
they also gradually lead to loosening of the lipid structure and
even cause lipid exchange between intercellular lipid
domains.24,25,43 Moreover, the ultrasmall size of the lipid
nanoparticles (∼20 nm) would facilitate penetration through
the narrow intercellular spaces or gaps in the SC layer. Indeed,
APTstat3-9R-encased discoidal nanoparticles (APTstat3-9R]-
DLNPs) applied to the skin successfully passed through the SC
layer and reached both epidermal and dermal layers in
psoriasis-like mouse skin. Therefore, the ultrasmall lipid
nanoparticle formulation is a key factor enabling transdermal
delivery and therapeutic efficacy of the peptide inhibitor.
Although there are differences between mouse and human
models, including skin thickness, results of two-photon
microscopy-based skin penetration and therapeutic efficacy
tests in a psoriasis-like inflammation model clearly show the
potential of these discoidal lipid nanoparticles as a trans-
cutaneous delivery system.
The first clinically relevant aspect of our study relates to our

assessment of a STAT3-inhibiting peptide in an inflammatory
skin disease. Most treatments for chronic inflammatory skin
disease are accompanied by broad immunosuppression.
Because the immunopathogenesis of psoriasis is generally
understood, regulation of cytokine signaling is considered an
ideal strategy for developing drugs intended to modulate
inflammation. Recently, biologic agents targeting the psoriasis-
related cytokines IL-12/23p40 (ustekinumab) and IL-17
(ixekizumab and secukinumab) have been developed.44−46 In
addition to biologics that target extracellular cytokines, JAK
inhibitors such as tofacitinib have been developed, premised
on the idea that inflammatory cytokines that act primarily
through the JAK-STAT pathway are involved in inducing
inflammation and impaired barrier function.47,48 However,
those biologics and JAK inhibitors carry a risk of unexpected
adverse systemic events, such as sepsis, opportunistic
infections, and pulmonary tuberculosis. Consequently, a highly
efficient inhibitor that targets STAT3 directly, such as the
APTstat3-9R peptide described here, represents a notable
development as it does not exert unintended consequences on
other signaling pathways and thus may have minimal adverse
effects.
The second clinically relevant aspect of our study is the

development of a technically feasible transcutaneous delivery
system for peptide therapeutics, formed by simply complexing
peptide with biocompatible lipids. The resulting peptide-
encased DLNPs were not only able to partly overcome the
formidable physical barrier posed by the skin, but would also
satisfy safety requirements for delivery formulations and
criteria for patient compliance. Topical therapies are the
mainstay of therapeutic options for the majority of patients
with psoriasis, either as monotherapy or in combination with
phototherapy, systemic therapy, and/or biologic therapy. Thus,
the lipid formulation-based transcutaneous delivery system
demonstrated here could be applicable to treatment of other
skin inflammation diseases, including atopic dermatitis.
Lastly, the STAT3-inhibiting peptide has potential for use in

treating many other diseases, ranging from cancer to
inflammation-associated diseases,6,7 in which aberrant activa-

tion of STAT3 is a critical feature. For example, it has been
shown that STAT3 plays a key role in the pathogenesis of
pulmonary fibrosis, kidney fibrosis, and nonalcoholic steato-
hepatitis. Thus, the [APTstat3-9R]-DLNPs developed here
could be used against these hard-to-treat diseases.

CONCLUSION
In summary, we demonstrated that [APTstat3-9R]-DLNPs
efficiently penetrate the skin and exert an anti-inflammatory
effect in a preclinical model of psoriasis through modulation of
cytokine signaling. DLNP-assisted transcutaneous delivery of a
STAT3-inhibiting peptide could be a promising strategy for
treating psoriatic skin inflammation without causing adverse
systemic events. Furthermore, the DLNP system could be
applied to the transdermal delivery of other bioactive peptide
candidates.

MATERIALS AND METHODS
All aptides, including APTstat3-9R, FITC-labeled APTstat3-9R and
APTscr-9R, were custom synthesized by AnyGen (Gwangju, Korea).
All phospholipids, including DMPC and DHPC, were purchased from
Avanti Polar Lipids (Alabaster, AL, USA).

Cell Lines and Culture. HaCaT (human keratinocytes), NIH3T3
(mouse embryonic fibroblasts), and A549 (human lung adenocarci-
noma) cell lines were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA) and were cultured in
Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin/streptomycin under a humidified atmosphere
containing 5% CO2 at 37 °C.

Mice. C57BL/6 wild-type female mice (6−8 weeks old) were
purchased from Orient Bio Inc. (Seongnam, Korea) and maintained
under pathogen-free conditions in the animal facility for at least 1
week. All animal studies were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (National
Academies Press, 2011). All animal experimental protocols were
approved by the Institutional Animal Care and Use Committee of the
Korea Advanced Institute of Science and Technology (KAIST).

Preparation and Characterization of Aptide-Encased
DLNPs. [APTstat3-9R]-DLNPs were prepared using a thin-film
hydration method. Discotic phospholipid nanoparticles were formed
using DMPC as the long-chain phospholipid and DHPC as the short-
chain phospholipid, as described previously.31,32 Briefly, DMPC and
DHPC were dissolved in chloroform and mixed at the appropriate
ratios. The lipid mixture was then vortexed and evaporated under a
stream of nitrogen gas to yield a thin lipid film. The lipid film was
subsequently hydrated with distilled water to a concentration of 1 w/v
% of total lipid and sonicated at room temperature until a transparent
solution was acquired. [APTstat3-9R]-DLNPs were obtained using
the same procedure, except that the lipid film was hydrated with an
aqueous solution of APTstat3-9R, added at a concentration of 10 wt
%.

The size and ζ potential of DMPC/DHPC lipid nanoparticles in
the absence and presence of APTstat3-9R were determined by
dynamic light scattering analysis using a Nanosizer ZS90 (Malvern
Instruments, Ltd., Malvern, UK). Nanoparticle morphology was
examined by TEM using a JEM-3011 system (JEOL Ltd., Tokyo,
Japan) operating at 300 kV. The average diameter of [APTstat3-9R]-
DLNPs was determined by analyzing at least 200 nanoparticles using
ImageJ software, version 1.49 (National Institutes of Health,
Bethesda, MD, USA).

Generation of BMDCs and BMDMs. Bone marrow was
extracted from femurs and tibias of a mouse by flushing each shaft
with RPMI-1640 culture medium (Gibco) using a syringe, after which
red blood cells (RBCs) were lysed with RBC lysis buffer (BioLegend,
CA, USA). Bone marrow cells were suspended, filtered through a 70
μm cell strainer, and resuspended in complete RPMI culture medium
containing 10 ng/mL of granulocyte-macrophage colony-stimulating
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factor (GM-CSF; CreaGene, Seongnam, Korea) and IL-4 (Crea-
Gene). Cells were seeded in 24-well plates at 1 × 106 cells/well. The
medium was replaced every 2 days, and nonadherent and loosely
adherent cells were collected and replated after 6 days. Differentiation
of BMDMs was induced by culturing bone marrow cells in complete
DMEM medium containing 10 ng/mL of macrophage colony-
stimulating factor (M-CSF; CreaGene).
For experiments in which BMDCs and BMDMs were stimulated

with a TLR7 ligand, cells were first treated with phosphate-buffered
saline (PBS), APTscr-9R (20 μM), or APTstat3-9R (1, 5, 10, or 20
μM) for 6 h and then cultured in the presence of 1 μg/mL R848
(resiquimod; Sigma-Aldrich, St. Louis, MO, USA) for 18 h. After 24
h, supernatants were collected for determination of IL-1β and IL-12/
23 p40 levels, measured by enzyme-linked immunosorbent assay
(ELISA).
Isolation, Culture, and Stimulation of γδ-T Cells. Mouse γδ-T

cells were freshly isolated from spleen and lymph nodes using a
TCRγδ+ T cell isolation kit (Miltenyi Biotec, Auburn, CA, USA)
according to the manufacturer’s protocol. The purity of isolated γδ-T
cells was >85%. Isolated γδ-T cells were pretreated with PBS, APTscr-
9R (10 μM), or APTstat3-9R (10 μM) for 4 h and then stimulated
with recombinant IL-1β (10 ng/mL; PeproTech, Rocky Hill, NJ,
USA) and recombinant IL-23 (50 ng/mL; eBioscience, San Diego,
CA, USA), without anti-CD3e antibody, for 12 h. Supernatants were
harvested for measurement of IL-17A by ELISA.
In Vitro Cell Uptake Assay. Cellular uptake of aptide was

determined by flow cytometry and confocal microscope using FITC-
labeled APTstat3-9R. HaCaT and NIH3T3 cells were treated with
different concentrations (1, 5, or 10 μM) of FITC-labeled APTstat3-
9R for varying durations (0.25, 0.5, 1, 2, 4, or 8 h). The cells were
washed twice with PBS to remove peptides that were not taken up,
after which intracellular fluorescence intensity was analyzed by flow
cytometry (LSR II; BD Bioscience, San Jose, CA, USA) using FlowJo
software (Tree Star Inc., San Carlos, CA, USA). Intracellular
localization was confirmed by seeding HaCaT and NIH3T3 cells on
sterilized coverslips and treating with FITC-labeled APTstat3-9R at a
concentration of 10 μM for 6 h. The cells were washed, fixed with 4%
paraformaldehyde (PFA), and then mounted in Vectashield mounting
medium containing 4′,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA, USA) to allow visualization of nuclei.
Intracellular fluorescence intensity and localization were analyzed
using a LSM 780 confocal microscope (Carl Zeiss, Oberkochen,
Germany) with ZEN software (Carl Zeiss).
Cell Viability Assay. Cell viability was evaluated using a WST-1

assay (Roche, Indianapolis, IN, USA) according to the manufacturer’s
instructions. HaCaT, NIH3T3, and A549 cells and isolated BMDCs
were seeded in a 96-well plate and incubated overnight. Cells were
treated with PBS, APTscr-9R, or different concentrations of
APTstat3-9R for 12 or 24 h, after which WST-1 reagent (10 μL)
was added, and plates were incubated for an additional 2 h.
Absorbance was measured at 440 nm using a microplate reader
(VersaMax; Molecular Devices, Sunnyvale, CA, USA). Viability of
aptide-treated cells was expressed relative to that of control cells as a
percentage.
Determination of Cytokine Release and STAT3 Inhibition in

Vitro. Concentrations of IL-17A, IL-12/23 p40, and IL-1β in culture
supernatants were measured using DuoSet ELISA kits (R&D Systems,
Minneapolis, MN, USA), according to the manufacturer’s protocols.
STAT3 inhibition in vitro was determined by Western blot analysis
and intracellular phospho-protein staining assay. Before activating
STAT3 by stimulating with IL-6, HaCaT cells were cultured in serum-
free medium for at least 12 h and then pretreated with PBS, APTscr-
9R (10 μM), or APTstat3-9R (10 μM) for 1 h. Cells were further
stimulated with recombinant IL-6 (25 ng/mL; R&D Systems) for 30
min. HaCaT cells were lysed using a Protein Extraction kit (Pro-Prep;
Intron Biotechnology, Seongnam, Korea). Total protein concen-
tration was measured using a Bradford assay. Equal amounts of
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 10% gel and transferred to a
polyvinylidene difluoride (PVDF) membrane. The membrane was

blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline
containing Tween-20 (TBST) at room temperature for 1 h and
incubated with the following primary antibodies: antiphospho-STAT3
(Tyr705) (Cell Signaling, Beverly, MA, USA), anti-STAT3 (Cell
Signaling), and anti-GAPDH (Abcam, Cambridge, UK). The
membrane was then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody, and immunoreactive proteins were
visualized using an enhanced chemiluminescence (ECL) detection kit
(GE Healthcare, Little Chalfont, UK).

Phosphorylation of STAT3 was determined in splenic mononuclear
cells by flow cytometry using BD Phosflow reagents (BD Bioscience)
according to manufacturer’s instructions. Briefly, splenic mononuclear
cells were isolated by mincing the tissue through a 70-μm cell strainer.
The cells were first treated with PBS, APTscr-9R (10 μM), or
APTstat3-9R (10 μM) for 1 h and then stimulated in vitro with
recombinant IL-1β (10 ng/mL) and IL-23 (50 ng/mL) without anti-
CD3e antibody for 30 min. After washing, cells were permeabilized
with prechilled pure methanol and then stained with phycoerythrin
(PE)-conjugated mouse anti-STAT3 (pY705) monoclonal antibody
(BD Bioscience). Stained cells were analyzed by flow cytometry.

Two-Photon Microscopy. Our two-photon microscopy system
was built on a previously described video-rate laser-scanning two-
photon microscope platform.49 The system uses a mode-locked
tunable Ti:sapphire laser with a wavelength range from 690 to 1020
nm (Chameleon Ultra; Coherent) for two-photon excitation. A prism
pair (10SF10; Newport) was adapted to the system for dispersion
compensation. For video-rate raster scanning, the system has a
custom-developed scanner consisting of a gold-coated polygonal
mirror (BMC-7; Lincoln Laser) and a galvanometer (6240H;
Cambridge Technology, Bedford, MA, USA). The two-dimensional
(2D) field of view is approximately 400 × 400 μm when a 25×
objective lens (CFI75 Apo LWD 25XW, NA1.1, Nikon) is used.
Fluorescence signals with three different bands (CFP/SHG, GFP,
RRP) can be simultaneously detected using three bandpass filters
(FF01-420/5, FF01-525/45, FF01-585/40; Semrock, Rochester, NY,
USA) and three photomultiplier tubes (R7518; Hamamatsu). 2D
images (512 × 512 pixels) are stored on a hard disk at a frame rate of
30 Hz using custom-written software and Matrox Imaging Library
(MIL9).

In Vivo Transcutaneous Delivery. Damage to the outermost
layer of the skin was minimized by carefully performing trans-
cutaneous application, avoiding procedures that involve SC
manipulation, such as tape-stripping and brushing methods. Hair
was gently removed from both ears of the mouse using a depilatory
cream under anesthesia with a 30 mg/kg tiletamine/zolazepam
solution containing 10 mg/kg of xylazine. The ear skin was cleaned
with distilled water and wiped with a cotton swab. Transcutaneous
delivery of APTstat3-9R was visualized by gently applying FITC-APT
(20 μg) or [FITC-APT]-DLNPs (20 μg aptide) to the inside ear skin
of a disease-free mouse or imiquimod-induced psoriasis mouse. After
6 h, the application site was cleaned with a cotton swab, and the ear
skin was harvested and mounted between glass slides for two-photon
imaging. For two-photon microscopy, samples were excited at 840 nm
with a femto-second Ti:sapphire laser at a beam power of 30 mW
using a 25× water-immersion objective lens (CFI75 Apo LWD
25XW). SHG and green fluorescence signals were collected through
bandpass filters (FF01-420/5, FF01-525/45; Semrock) separated by a
dichroic mirror (FF495/Di03, FF555/Di02; Semrock). Images were
captured at sequential 3 μm intervals from the skin surface. Intensity
profiles of FITC signal versus depth of the skin were plotted by
determining the average pixel intensity of four randomly defined
regions using the ‘plot z-axis profile’ plugin in ImageJ software.50 The
surface of the skin (0 μm depth) was defined as the point of maximum
FITC signal. Untreated skin specimens were also imaged to eliminate
signals attributable to autofluorescence of the skin. The x−z axis
sectioned orthogonal view of the skin was reconstructed using the
“volume viewer” plugin in ImageJ software.

Imiquimod-Induced Psoriasis Mouse Model and in Vivo
Treatment. For the imiquimod-induced psoriasis model, mice
received a daily topical dose of 62.5 mg of imiquimod 5% cream
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(Aldara; 3 M Pharmaceuticals, Leicestershire, UK) on the shaved skin
of their back and each ear for 6 consecutive days. An equivalent
amount of petroleum jelly (Vaseline; Unilever, London, UK) was
topically applied to mice in the disease-free control group. Two hours
after imiquimod cream application, mice in the control group received
an intradermal injection of APTscr-9R (50 μg), APTstat3-9R (50 μg),
or an equal volume of PBS (20 μL) in the delimited area of the back
skin using a 30 gauge needle twice a day for 6 days. All therapeutics
were applied under anesthesia with 30 mg/kg of tiletamine/zolazepam
and 10 mg/kg of xylazine. On day 7, mice were sacrificed, and full-
thickness skin samples of identical areas were obtained using 5 mm
punch biopsy tools. The spleen was also removed and weighed.
Alternatively, in experiments designed to evaluate the efficacy of

topically applied APTstat3-9R, a daily dose of 20 mg/cm of
imiquimod 5% cream was topically applied to the inside of each ear
for 6 consecutive days.51 Mice were randomly divided into five
groups. From days 2 to 6, DLNPs (0.5 mg), [APTstat3-9R]-DLNPs
(50 μg, 10 wt %), clobetasol propionate cream (20 mg/cm2,
Dermovate cream; GSK, Brentford, UK), or an equal volume of
distilled water (25 μL) was topically applied to the inside of each ear 4
h before and after imiquimod application so as to minimize
interactions between the two preparations. The disease-free control
group was as described above.
A clinical assessment of the severity of psoriatic skin lesions was

performed daily using Psoriasis Area and Severity Index (PASI)
scores, which rates erythema, scaling, and thickness on a scale of 0 to
4, as follows: 0, no symptoms; 1, mild; 2, moderate; 3, severe; and 4,
very severe. Ear thickness and back skinfold thickness were measured
daily in triplicate using a micrometer (Mitutoyo, Kawasaki, Japan)
before treatment. The percentage change from baseline was
calculated.
Preparation of Skin Tissue for Histological Analysis. Skin

samples were fixed in 4% PFA, embedded in paraffin, and sectioned at
5 μm thickness. Tissue sections were stained with hematoxylin and
eosin using a standard protocol and then analyzed on an Eclipse Ni-E
upright microscope (Nikon Corporation, Tokyo, Japan). Epidermal
thickness was measured based on at least 50 hand-drawn line
segments connecting the SC to the dermal-epidermal junction (DEJ)
for each section using NIS-elements microscopic imaging software
(Nikon).
For immunohistochemistry, skin sections were deparaffinized in

xylene and rehydrated in distilled water. Antigen retrieval was
performed by immersing slides in boiling sodium citrate buffer (10
mM sodium citrate, pH 6.0) for 10 min, after which slides were placed
in 1% sodium hydroxide and 1% hydrogen peroxide in distilled water
for 20 min to quench endogenous peroxidase activity. Nonspecific
binding was blocked by incubating sections with Tris buffer
containing 3% BSA and 0.2% Triton X-100 for 1 h at room
temperature, after which sections were incubated with antiphopho-
STAT3 (Tyr705) antibody (1:100; Cell Signaling) or anti-IL-17
antibody (1:100; Abcam) for 24 h at 4 °C. Slides were then washed
and incubated with biotinylated goat antirabbit secondary antibody
(1:200; Vector Laboratories) for 1 h at room temperature. All slides
were rinsed and incubated with Vectastain Elite ABC kit (Vector
Laboratories) for 30 min followed by incubation with DAB substrate
(Vector Laboratories) for 5 min. Finally, slides were counterstained
with hematoxylin and examined under a microscope. Phosphorylated
STAT3-positive areas were expressed as a percentage of the total area
of the image. Areas in five random sections per mouse were quantified
using ImageJ software.
Measurement of Inflammatory Cytokines in Skin Homoge-

nates. Total protein from skin samples was extracted by adding tissue
protein extraction reagent (T-PER; Thermo Scientific, Waltham, MA,
USA) supplemented with protease inhibitor cocktail (Thermo
Scientific). The samples were homogenized using a disposable
micro homogenizer (Biomasher II; Takara Bio Inc., Shiga, Japan)
and then centrifuged to remove debris. Aliquots of the supernatant
were used for the assay. The concentrations of IL-17A, IL-12/23 p40,
and IL-1β in supernatants were measured using ELISA kits (R&D
Systems), as indicated above.

Statistical Analysis. Data are expressed as means ± SEM unless
otherwise noted. Differences among groups were analyzed by one-way
analysis of variance (ANOVA) followed by post hoc Tukey test. All
statistical analyses were performed using SPSS Statistics 20 software
(SPSS Inc.), and P values <0.05 were considered statistically
significant.
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