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Hyperproliferative keratinocytes and subcutaneous inflammation contribute to the characteristic symptoms
of psoriasis, including erythema, scales, or scaly plaques on the skin. These symptoms significantly affect
patients’ quality of life and cause severe physical and psychological distress. However, current treatment
strategies have limited therapeutic effect and may lead to adverse side effects. In this study, we present
the novel organic photosensitizer TBTDC [5-(((5-(7-(4-(diphenylamino)phenyl)benzo[c][1,2,5]thiadiazol-
4-yhthiophen-2-yl)methylene)amino)-3-methylthiophene-2,4-dicarbonitrile] nanoparticles (NPs) with
aggregation-induced emission (AIE) characteristics to mediate photodynamic therapy (TBTDC NP-PDT)
for psoriasis treatment. We demonstrate that TBTDC NPs effectively generate reactive oxygen species
upon light irradiation and lead to significant apoptosis of psoriatic keratinocytes. Furthermore, TBTDC NPs
exhibit high cellular uptake in diseased keratinocytes and induce endoplasmic reticulum stress (ERS)-
mediated autophagy, which can also enhance apoptosis. Importantly, TBTDC NPs show no cytotoxicity
toward keratinocytes. These unique properties of TBTDC NPs enable remarkable therapeutic effects against
psoriasis-like skin lesions and related inflammation in vivo. Overall, our AlE-active TBTDC NP-PDT represents
a promising strategy for treating psoriasis in clinical settings.
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[1-3]. Typical symptoms of psoriasis include epidermal changes,
such as erythema, scales, or scaly plaques on the skin [4,5], which
cause great physical and psychological pain to patients, and seri-
ously affect the quality of life [6,7]. Excessive proliferation and

Introduction

Psoriasis is a chronic, hyperproliferative, and inflammatory
skin disease that affects 2 to 3% of the population worldwide
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abnormal differentiation of keratinocytes, increased infiltration
of related immune cells in the dermis, and release of inflammatory
cytokines are the main pathological changes of psoriasis [8,9]. The
stimulation of various inflammatory cytokines increases the pro-
liferation of keratinocytes, and hyperproliferative keratinocytes
produce many inflammatory cytokines that maintain and amplify
the inflammatory response [9-11]. Hence, strategies capable of
attenuating keratinocyte hyperproliferation and/or hyperinflam-
mation have been suggested as potential psoriasis treatments.
Psoriasis is primarily treated with pharmacotherapy and
physical therapy now, including the topical application of
calcipotriol (CAL) drugs and photodynamic therapy (PDT)
[12,13]. PDT represents an oxygen-dependent photochemical
reaction based on the photochemical reaction that occurs
among irradiation, a photosensitizer, and molecular oxygen.
First, the photosensitizer accumulates in the target tissue and
then absorbs light upon irradiation with a specific wavelength,
which leads to its transition from ground state to excited sin-
glet state and further development to triplet state with longer
lifetime through intersystem crossing. This excited state can
undergo two kinds of reactions. On the one hand, the triplet
state can directly transfer energy to molecular oxygen leading
to the generation of singlet oxygen, which is called type II
reaction. On the other hand, it can react directly with sub-
strates like cell membranes and molecules leading to the for-
mation of free radicals and radical ions through electron
transfer, which further react with molecular oxygen to pro-
duce O, ", HO’, and H,0,, called type I reaction. Reactive
oxygen species (ROS) produced by both reaction types can
interact with a large number of biological substrates, which
leads to the direct induction of oxidative damage and acceler-
ated cell death [14-18]. The photosensitizer is the core of PDT
and largely determines the effects [19-21]. However, tradi-
tional photosensitizers used in PDT have some inherent dis-
advantages, such as lower solubility in aqueous solutions, easy
aggregation in concentrated solutions, and a tendency for
emission quenching in the solid state. These characteristics
result in reduced ROS generation and ineffective therapy
[21,22]. The aggregation-induced emission (AIE) phenome-
non was discovered by Tang in 2001 [23], and it is the opposite
of the general aggregation-caused quenching effect observed
for traditional luminophores at high concentrations or in the
aggregated state. AIE-based photosensitizers exhibit enhanced
ROS generation upon aggregation [24]. Currently, AIE mate-
rials are widely used in biomedicine, including bioimaging,
cancer therapy, gene delivery, and antimicrobial applications
[25-27]; nonetheless, the application of AIE to treat prolifera-
tive skin diseases has not yet been reported. We previously
showed that TBTDC [5-(((5-(7-(4-(diphenylamino)phenyl)
benzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-yl)methylene)
amino)-3-methylthiophene-2,4-dicarbonitrile] nanoparticles
(NPs) are novel and highly efficient organic photosensitizers
with AIE characteristics [28]. Compared with TBTDC, TBTDC
NPs are more prone to cellular uptake and thus have broader
biological application value; most importantly, our group
has identified that TBTDC NP-PDT can effectively suppress
tumor growth [28]. However, the effects of TBTDC NP-PDT
on the hyperproliferative keratinocytes and abnormal inflam-
matory response in psoriasis remain unclear.
Photosensitizers with organellar targeting functions are rec-
ognized more effective in damaging cells, which is an excellent
advantage of current photosensitizer materials [29]. When a
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photosensitizer enters the cell and is exposed to irradiation, it
is excited from the ground state to an excited state and transfers
energy to oxygen molecules, eventually leading to ROS genera-
tion and cellular damage [16]. Photosensitizers that produce
large amounts of ROS under light irradiation can damage
cells more effectively [30,31]. Some studies have shown that
PDT promotes apoptosis by producing large amounts of ROS
[32,33]. In recent years, a few studies have proposed that PDT
can also promote autophagy, which may promote or inhibit
PDT-induced apoptosis depending on the cell type and specific
stimulant intensity [34,35].

In this study, AIE-active photosensitizer TBTDC NPs medi-
ating PDT is applied in the treatment of psoriasis for the first
time, which is proved to effectively ameliorate psoriasis-like
skin lesions and psoriasis-related inflammation in vivo and
in vitro. Moreover, we found that TBRTDC NP-PDT could
enhance apoptosis not only by generating large amounts of
ROS but also through endoplasmic reticulum stress (ERS)-
mediated autophagy from TBTDC NP targeting the endoplas-
mic reticulum in psoriasis keratinocytes. Our work provides
insights into the development of novel and highly effective
photosensitizers for psoriasis treatment.

Results

Characteristics and nontoxicity of TBTDC NPs

The chemical structure of TBTDC is shown in Fig. 1A, and the
AIE features of TBTDC are shown in Fig. S1B and Fig. 1B. To
further explore the bioapplications of TBTDC, TBTDC NPs
were prepared as described in our previous study [28]. As
shown in Fig. S1C and D, TBTDC NPs had a wide absorption
range up to 750 nm and a maximum absorption wavelength of
525 nm, and the emission maximum of them in tetrahydrofu-
ran (THF) was 825 nm. The hydrodynamic diameter of TBTDC
NPs is ~74 nm, and the polydispersity is ~0.17 (Fig. S1E and
Fig. 1C). In addition, TBTDC NPs exhibited high 'O, produc-
tion efficiency compared to Chlorin e6 (Ce6) and Rose Bengal
(RB) (Fig. S1F to I and Fig. 1D). Our previous studies showed
that TBTDC NPs exhibit low cytotoxicity in HeLa, HepG2,
MCEF-7, and MCF-10 cells [28]. In this experiment, no obvious
cytotoxicity was also found in human immortalized epidermal
cells (HaCaT) incubated with TBTDC NPs, even at concentra-
tions as high as 200 pg/ml for 24 h, compared with that of the
HaCaT cell group according to the Cell Counting Kit-8 (CCK-
8) assay (Fig. 1H). These results indicate that TBTDC NPs have
low cytotoxicity and good biocompatibility.

TBTDC NP-PDT ameliorated imiquimod-induced
psoriasis-like skin lesions in mice

To confirm whether TBTDC NP-PDT could ameliorate skin
lesions in psoriasis, the imiquimod (IMQ)-induced psoriasis-like
mouse model was used in our study (Fig. S2A to D). A flowchart
for this experiment is shown in Fig. 2A and B. Seven days after
the application of 5% IMQ cream on the dorsal skin, IMQ-treated
mice showed psoriasis-like skin lesions, such as erythema, scal-
ing, and thickening, compared to normal mice (Fig. 2C). These
symptoms were effectively ameliorated after TBRTDC NP-PDT
for seven consecutive days, as characterized by nearly no ery-
thema and reduced skin scaling in IMQ-induced psoriatic mice.
However, these symptoms failed to significantly improve IMQ-
induced psoriasis in mice treated with TBTDC NPs or irradiation
(Fig. 2C). Simultaneously, the erythema, scales, thickness, and
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Fig. 1. Chemical structure of TBTDC and characterization of TBTDC NPs. (A) Chemical structure of TBTDC. (B) Fluorescence intensity ratios (I/1,) of TBTDC in THF/water
mixtures with different f,s at the maximum emission wavelength. I, is the fluorescence intensity of TBTDC in THF. (C) Size distribution and TEM image of TBTDC NPs.
(D) Decomposition of ABDA in the presence of TBTDC NPs, Ce6, or RB upon irradiation, where A, and A are the absorbance of ABDA at 378 nm before and after irradiation,
respectively. (E) Viability of HaCaT cells treated with different concentrations of TBTDC NPs for 24 h using the CCK-8 method.

cumulative scores in the IMQ-treated area were significantly
reduced after TBTDC NP-PDT (Fig. 2D).

Furthermore, histopathological analysis showed a signifi-
cant reduction in the degree of keratosis and an enrichment of
the granular layer cells after TBTDC NP-PDT compared with
IMQ-induced psoriatic mice (Fig. 2E). The arrangement of
various cells also restored to normal levels after TBTDC
NP-PDT compared with that of the IMQ-induced psoriatic
mice, which were characterized by thin cuticle layers, epidermal
granular layer cells, spinous layer cells, and basal columnar cell
layers arranged from the outside to the inside (Fig. 2E). In addi-
tion, the epidermis was thinner after TBTDC NP-PDT than
after topical CAL treatment (Fig. 2F), which has been popularly
used for psoriasis [36,37]. However, these improvements were
not observed in mice with IMQ-induced psoriasis treated only
with TBTDC NPs or irradiation.

Keratin 17 (K17) is regarded as a specific hallmark molecule
for psoriasis, and it is overexpressed in the damaged epidermis
of psoriatic skin but not usually expressed in normal epidermal
keratinocytes [38,39]; K6 is a marker of hyperproliferation and
increases in psoriasis, while K10 is associated with normal dif-
ferentiation of epidermal keratinocytes and decreases in pso-
riasis [38,40,41]. To assess the effect of TBTDC NP-PDT on
keratinocyte proliferation and differentiation in the skin of mice
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with IMQ-induced psoriasis, the expression levels of K17, K6,
and K10 were examined using immunohistochemistry (IHC).
The results showed that the expression of K17 and K6 was sig-
nificantly increased in the IMQ group but clearly decreased after
TBTDC NP-PDT compared with that of the IMQ and CAL
groups (Fig. 2G and H). The decreased expression of K10 in the
IMQ group was significantly increased after TBTDC NP-PDT
compared to that in the IMQ and CAL groups (Fig. 2G and H).
Moreover, the number of Ki67" cells, which are strongly present
in psoriasis and correlated with the clinical severity of psoriasis
[42], was also found to decrease after TBTDC NP-PDT com-
pared to that in the IMQ and CAL groups (Fig. 2G and H). In
general, TBTDC NP-PDT ameliorated the IMQ-induced pso-
riasis-like skin lesions in mice and exerted a therapeutic effect
similar to that of topical CAL treatment.

TBTDC NP-PDT inhibited inflammatory response

in IMQ-induced psoriatic mice

The inflammatory response is another important feature of pso-
riasis. Currently, the immune cells closely related to psoriasis are
mainly dendritic cells and CD4" cells. Dendritic cells produce
interleukin-12 (IL-12) and IL-23, which induce naive T cells to
differentiate into CD4" T cells, including T helper1 (Ty1), Ty;17,
and T};22 cells. CD4" T cells produce tumor necrosis factor-o
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Fig.2.Positive effect of TBTDC NP-PDT on IMQ-induced psoriatic lesions in mice. (A and B) Diagram showing the experimental design for animal treatment. (C) Macroscopic
appearance of mouse back skin from day 1to day 8 under different treatments. (D) Erythema, scale, and thickness scores were evaluated daily based on the PASI, and statistical
differences between control group and experimental group at eighth day are indicated. (E) H&E staining of skin lesions in all groups. (F) Epidermal thickness of all groups
calculated by ImageJ 1.8.0. (G) IHC staining of K17, K6, K10, and Ki67 and (H) quantitative analysis of the expression of K17, K6, and K10 and number of Ki67* cells in the skin
lesions of all groups. Data represent the mean + standard deviation (SD) (n=4). *P < 0.05, **P <0.01, and ***P <0.001.
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(TNF-a), IL-17, and IL-22, which promote keratinocyte hyper-
proliferation and secretion of proinflammatory chemokines,
leading to greater recruitment of immune cells and ultimately
amplifying and maintaining the inflammatory response [9]. To
determine whether TBTDC NP-PDT could attenuate the inflam-
matory response in mice with IMQ-induced psoriasis, we exam-
ined the size of the spleen and the number of dendritic cells and
CD4" T cells in the dermis. We found that IMQ increased the
relative spleen weight, while TBTDC NP-PDT significantly
inhibited IMQ-induced splenomegaly (Fig. 3A and B). Mature
dendritic cells express many costimulatory markers, including
CD86 and CD80 (cluster of differentiation 86 and 80, respec-
tively) [43]. In our experiment, the number of CD86", CD80",
and CD4" cells decreased after TBTDCNP-PDT compared to
that in the IMQ group, as shown by IHC (Fig. 3C and D).

Transforming growth factor f1 (TGF-B1) is a cytokine
crucial for T cell regulation and differentiation. Moreover,
increased TGF-B1 has been found in the epidermis of psoriatic
patients, and the level was closely correlated with disease sever-
ity [44,45].1L-17,1L-23, and IL- 1P are key cytokines that medi-
ate the inflammatory response in psoriasis [46,47]. Furthermore,
TNF-a, interferon-y (IFN-y), IL-6, and IL-22 have also been
reported to be increased in psoriasis [48,49]. We further
assessed whether TBTDC NP-PDT inhibited the expression of
inflammatory cytokines in the skin lesions of IMQ-induced
psoriatic mice by examining the expression of TGF-f1 and
inflammatory cytokines by ITHC and quantitative real-time
reverse transcription polymerase chain reaction (QRT-PCR),
respectively. In our experiment, lower TGF-f1 expression was
observed after TBTDC NP-PDT, even compared with that of
the CAL-positive control group (Fig. 3C and D). Furthermore,
the mRNA levels of IL-23, IL17, IL-1p, IL-6, IL-22, TNF-a, and
IFN-y in lesions were highly decreased after TBTDC NP-PDT
compared with that of the IMQ groups, as shown by qRT-PCR
(Fig. 3E). Significantly, the mRNA levels of IL-23, IL-1f, TNF-q,
and IFN-y were considerably decreased after TBTDC NP-PDT
compared with that of the CAL-positive control group, as
shown by qRT-PCR (Fig. 3E). In summary, these data show
that TBTDC NP-PDT inhibited the inflammatory response in
mice with IMQ-induced psoriasis.

TBTDC NP-PDT promotes keratinocytes apoptosis
and autophagy in IMQ-induced psoriatic mice

Studies have demonstrated that PDT mediates cell death by
inducing apoptosis and autophagy [34,50,51]. Therefore, we
examined apoptosis- and autophagy-related indicators to deter-
mine whether TBTDC NP-PDT could induce apoptosis and
autophagy in psoriatic keratinocytes. In our experiment, the
number of TUNEL cells was markedly decreased after TBTDC
NP-PDT compared with that of the IMQ group, as shown by
the terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling (TUNEL) assay (Fig. 4A
and B). Caspase-3, Bax, and Bcl-2 are apoptosis-related pro-
teins, among which caspase-3 and Bax play proapoptotic roles,
whereas Bcl-2 plays an anti-apoptotic role. The expression level
of caspase-3 was clearly increased after TBTDC NP-PDT com-
pared to that in the IMQ group, and the expression level of Bcl-2
was decreased; however, the expression of Bax after TBTDC
NP-PDT showed no difference compared to that of the IMQ
group (Fig. 4C and D). These results indicated that TBTDC
NP-PDT induced keratinocyte apoptosis in mice with IMQ-
induced psoriasis.
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LC3 and P62 are key autophagy-related proteins. LC3 is
recognized as an autophagy marker involved in autophago-
some formation [52]. P62 is considered an autophagy-specific
substrate that penetrates autophagosomes through interac-
tion with LC3 and is efficiently degraded by autolysosomes
during autophagy [53]. In our experiment, the expression
of LC3 was increased, and the expression level of P62 was
decreased after TBRTDC NP-PDT compared with that in the
IMQ group (Fig. 4E and F), indicating that TBTDC NP-PDT
also promoted keratinocyte autophagy in IMQ-induced pso-
riatic mice.

Effective intracellular uptake of TBTDC NPs

in the lipopolysaccharide-induced psoriatic
keratinocyte model

To further explore the mechanism of TBTDC NP-PDT-
mediated apoptosis and autophagy in vivo, a lipopolysac-
charide (LPS)-induced psoriatic keratinocyte model was
established using HaCaT cells (Fig. S4A to D). The flowchart
of the cell experiment is shown in Fig. 5A and B. First, to
demonstrate that TBRTDC NPs are safe and nontoxic, LPS-
induced psoriatic keratinocytes were treated with different
concentrations of TBTDC NPs (0 to 200 pg/ml), and then a
CCK-8 assay was used to measure the cell viability. No sig-
nificant toxicity was observed even at concentrations as high
as 200 pg/ml after incubation with TBTDC NPs for 24 h
compared with that of the LPS-induced psoriatic keratino-
cytes group (Fig. 5C). Next, we determined the intracellular
uptake and the appropriate incubation time of TBTDC NPs
in LPS-induced psoriatic keratinocytes. The fluorescence micros-
copy photographs showed that near-infrared (NIR) fluorescence
could be seen after 10 min and was clearly detected after incu-
bation for 1h, and the brightness gradually increased with
time (Fig. 5D). Moreover, flow cytometry analysis showed
that the fluorescence intensity increased with prolonged incu-
bation (Fig. 5E and F). These results demonstrated the effective
intracellular uptake of TBTDC NPs in LPS-induced psoriatic
keratinocytes. The accumulation of TBTDC NPs in psoriatic
keratinocytes was more than 90% after 6 h of incubation,
as shown by flow cytometry (Fig. 5E and F). Thus, 6 h of incu-
bation of TBTDC NPs was chosen for further experiments.

TBTDC NP-PDT alleviates psoriasis-related
phenotypes in LPS-induced psoriatic

keratinocytes invitro

To better determine the concentration of TBTDC NPs and
irradiation time used for psoriatic keratinocytes in vitro, we
increased the concentration of TBTDC NPs under a fixed
incubation time of 6 h and irradiation time of 10 min and
found that cell viability decreased with an increase in TBTDC
NP concentration (Fig. 6A). TBTDC NP-PDT, especially at
concentrations above 50 pg/ml, significantly decreased the
viability of LPS-induced psoriatic keratinocytes (Fig. 6A).
Similarly, we increased the irradiation time at doses of 50, 100,
and 200 pg/ml and found that the cell viability was decreased
with the increase of irradiation time (Fig. 6B). These results
show that TBTDC NP-PDT significantly inhibited the viability
of LPS-induced psoriatic keratinocytes in a dose- and time-
dependent manner. Considering that the cell viability was
decreased at a dose of 200 pg/ml compared with that of the
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Fig. 3. Inhibitory effects of TBTDC NP-PDT on inflammatory responses in IMQ-induced psoriatic mice. (A) Photos of mouse spleen were recorded on day 8 and quantified by
the (B) spleen index (spleen weight/body weight). (C) IHC staining of CD86, CD80, CD4, and TGF-p1 and (D) quantitative analysis of the number of CD86", CD80™, and CD4*
cells and expression of TGF-B1 in the skin lesions of all groups. (E) mRNA expression of psoriasis-associated inflammatory cytokines in the skin lesions of all groups. Data
represent the mean+SD (n=4). *P <0.05, **P <0.01, and ***P <0.001.

Zhu et al. 2024 | https://doi.org/10.34133/research.0344 6


https://doi.org/10.34133/research.0344

Research

TBTDC NP-PDT

TUNEL

- ek

The number of
.
(=] o (=] (3,1

Relative expression
of Caspase-3

(o Normal TBTDC NP-PDT
e

2 ms

Caspase-3

s 5
8 8
2 ns H & 1.5 *k
™ — L r
a- . . 251.0
1] o m
s £%05
2 p 2 0.0 "
-3

o O Qo o 'l"\‘b \’&0 ')

b & i

& A &
<
A A
& s
g S
8 15 § 15 -
= =™ —
g910 2210
T
2905 2505
E 0.0 5 0.0 -
& & 0
S 8
«Oc'

Fig.4.Increasing apoptosis and autophagy were found in the skin of IMQ-induced psoriatic mice after TBTDC NP-PDT. (A) TUNEL staining and (B) quantitative analysis of the
number of TUNEL* cells in the skin lesions of all groups. (C) IHC staining of caspase-3, Bax, and Bcl-2. (D) Quantitative analysis of the expression of caspase-3, Bax, and Bcl-2
in the skin lesions of all groups. (E) IHC staining of LC3 and P62. (F) Quantitative analysis of the expression of LC3 and P62 in the skin lesions of all groups. Data represent the

mean+SD (n=3). *P<0.05, **P <0.01, and ***P <0.001.

LPS-induced psoriatic keratinocytes, a TBTDC NP concentra-
tion of 100 pg/ml and an irradiation time of 20 min were used
in subsequent experiments.

As shown in Fig. 6C to F, TBTDC NP-PDT significantly
inhibited cell viability and proliferation compared with that
of the LPS group. Consistent with the in vivo results, we found
that TBRTDC NP-PDT significantly reduced K17 expression
at the mRNA and protein levels compared to the LPS group
and CAL-positive control group, as indicated by qRT-PCR
and Western blot (WB) in vitro (Fig. 6G to I). Furthermore,
we examined a set of inflammatory cytokines, including
IL-17A,IL-23A, IL-1f, TNF-a, IL-6, and IL-22, at the mRNA
level in LPS-induced psoriatic keratinocytes, which are closely
related to psoriasis in vivo. The results showed that IL-17A,
IL-23A,1IL-1f, TNF-a, IL-6, and IL-22 were clearly decreased
at mRNA levels after TBTDC NP-PDT compared with that
of the LPS group, and the expression of IL-23A, IL-1f, and
IL-6 was significantly reduced even compared with that of the
CAL-positive control group (Fig. 6]). Overall, these results
confirm that TBTDC NP-PDT alleviates psoriasis-related
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phenotypes to some extent in LPS-induced psoriatic kerati-
nocytes in vitro.

TBTDC NP-PDT induced ROS production and
promoted apoptosis in LPS-induced psoriatic
keratinocytes

Because TBTDC NPs are highly efficient organic photosen-
sitizers with AIE and have a high ROS production rate,
2',7'-dichlorofluorescein diacetate (DCFH-DA) was employed
as an ROS indicator to explore ROS production after TBTDC
NP-PDT in LPS-induced psoriatic keratinocytes. The gen-
eration of intracellular ROS was obviously increased after
TBTDC NP-PDT compared to that in the LPS group, as
shown by fluorescence microscopy and fluorescent micro-
plate reader analysis (Fig. 7A and B). To determine the mech-
anism of increased apoptosis caused by TBTDC NP-PDT
in LPS-induced psoriatic keratinocytes, we first observed the
morphology of the cells after TBTDC NP-PDT under a micro-
scope. We found that the morphology of LPS-induced psoriatic


https://doi.org/10.34133/research.0344

Research

C
T i | ._‘ .f/_- N P v @
& &> € & 15
= ) -— 4 '\’-‘J'-.'-:f_c::"(j .3\
I I I I 35 1.0
3
> 0.5
Day 0 Day 1 Day 2 Day 3 E s
T T T ' “e?hm'bm@ PSS

Cell planting

LPS stimulation TBTDC NP-PDT  Cell harvesting Concentration (ug/ml)

Normal group

¥

{HaCaT+LPS T Tlps T LPSTBTDC NPs 4 LPStirradiation
TBTDCNPs | = -
e  ©e e e
= o i 4 4 i)
- ]
LPS group TBT_I;)C NPs group ! Model group Negative control groups
= !
HaCaT+LPS aCaT+LP5 8 {HaCaT+LP5 ! LPS+ CAL LPS+TBTDC NP-PDT
Irradiation AL TBTDCNP-PDT; e p
] l ? ?

on group Ciﬂ’g roup TBTDC NP-PDT group jPosntlve control group Treatment group

D 10 min 30 min 60 min 180 min 360 min
o - - - - -
- - - - - -
E 10 min 30 min
"‘ 2.83 i 510 7 H 128 2~
-l | A =)
By | ! l I ™ 22 120
Al | | £ & 100
g o .—---1--_—>'f-1— " "J'ﬂr o) e - —-r—"—-—-— T g Z 80 .
v 60 min 180 min 360 min E] 8 60
: : i ; =
i [ A o = 40
I A 37| - QM 7sal 1 Noeal FE o
| W &l | ' oo 0 10 30 60 180360
[ 1 il Incubation time (min)
- .i 1 | [
TBTDC NPs

Fig. 5. Effective and rapid intracellular uptake of TBTDC NPs observed in LPS-induced psoriatic keratinocytes. (A and B) Flowchart of cell experiments. (C) Viability of LPS-
induced psoriatic keratinocytes treated with different concentrations of TBTDC NPs for 24 h using the CCK-8 method. (D) Representative fluorescence images showing the
intracellular uptake of TBTDC NPs in LPS-induced psoriatic keratinocytes at various incubation time points. (E and F) Flow cytometry analysis of the intracellular uptake of
TBTDC NPs in LPS-induced psoriatic keratinocytes at various times. Data represent the mean+SD (n=3).

keratinocytes changed from a spindle shape to a round shape
and finally separated from the bottom of the dish over time
after TBTDC NP-PDT (Fig. 7C). Next, the apoptotic rate was deter-
mined and analyzed using annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) double staining and flow cytometry.
Similar to the in vivo experiments, significantly increased numbers
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of apoptotic cells were found after TBTDC NP-PDT compared
to that in the LPS group (Fig. 7D and E). Importantly, WB analysis
also demonstrated that TBTDC NP-PDT up-regulated the expres-
sion of caspase-3, cleaved caspase-3 (active form of caspase-3),
and Bax, while it down-regulated the expression of Bcl-2 in LPS-
induced psoriatic keratinocytes compared with that of the LPS
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*P<0.05, **P<0.01, and ***P < 0.00L.

group (Fig. 7F and G). These results showed that TBTDC
NP-PDT induced ROS generation and promoted apoptosis
in LPS-induced psoriatic keratinocytes.

TBTDC NP-PDT alleviated psoriasis-like phenotype
and promoted apoptosis through the massive

generation of ROS invitro

High ROS production induced by PDT is crucial in cell damage
[30,31]. To further investigate whether the apoptosis-promoting
effect of TBRTDC NP-PDT on LPS-induced psoriatic keratinocytes
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is mediated by ROS, N-acetyl-cysteine (NAC), a ROS scavenger,
was used. The generation of ROS induced by TBTDC NP-PDT
was significantly decreased after the addition of NAC (1 mM)
(Fig. 8A to C). We further found that the inhibition of cell viability
and cell proliferation resulting from TBTDC NP-PDT in LPS-
induced psoriatic keratinocytes was greatly rescued by NAC, as
detected by the CCK-8 and 5-ethynyl-2’-deoxyuridine (EdU)
assays (Fig. 8D to G). This finding confirmed to some extent
the vital role of ROS produced by TBTDC NP-PDT in mediating
the inhibited growth of LPS-induced psoriatic keratinocytes.
Furthermore, the decreased expression of K17 induced by TBTDC
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NP-PDT was rescued by NAC, as detected by gRT-PCR and WB
analysis (Fig. 8H to J). Therefore, TBRTDC NP-PDT-mediated
alleviation of the psoriasis phenotype in LPS-induced psoriatic
keratinocytes depends on ROS production.

Next, we examined whether TBTDC NP-PDT-mediated
apoptosis in LPS-induced psoriatic keratinocytes occurred
via the production of large amounts of ROS. The number of
apoptotic cells induced by TBTDC NP-PDT was significantly
decreased after the addition of NAC, as detected and analyzed by
annexin V-FITC/PI double staining and flow cytometry (Fig. 8K
and L). At the same time, up-regulation of caspase-3, cleaved
caspase-3, and Bax and down-regulation of Bcl-2 resulting from
TBTDC NP-PDT in LPS-induced psoriasis keratinocytes were
significantly rescued by NAC, as detected by WB analysis
(Fig. 8M and N). These findings showed that TBTDC NP-PDT-
mediated apoptosis occurred via the production of ROS. In sum-
mary, these results suggest that TBTDC NP-PDT alleviates the
psoriasis-like phenotype and promotes apoptosis by efficiently
generating ROS in vitro.

TBTDC NPs target the endoplasmic reticulum
in LPS-induced psoriatic keratinocytes, which
promotes autophagy by ERS after TBTDC NP-PDT

Specific localization of photosensitizers to certain organelles
can result in a targeted attack that causes greater trauma to tar-
get cells and eventually maximizes PDT [29]. To determine
the organelle-targeting specificity of the TBTDC NPs in LPS-
induced psoriatic keratinocytes, a colocalization experiment
was performed. As presented in Fig. 9A, Pearson’s correlation
coefficients for the nucleus and endoplasmic reticulum were
0.28 and 0.92, respectively, and the NIR fluorescence of TBTDC
NPs coincided with the green fluorescence of ER-Tracker Green.
These results demonstrated that TBTDC NPs specifically tar-
geted the endoplasmic reticulum in LPS-induced psoriatic kera-
tinocytes. Previous studies have shown that irradiation-induced
activation of endoplasmic reticulum-localizing photosensitizers
causes oxidative damage to the endoplasmic reticulum, leading
to the induction of ERS [51], which can be marked by glucose-
regulated protein 78 (Grp78) and CCAAT enhancer binding
protein homologous protein (CHOP) [54,55]. Therefore, we
assessed whether TBTDC NP-PDT induces ERS in LPS-induced
psoriatic keratinocytes. The expression of Grp78 and CHOP
was clearly increased in LPS-induced psoriatic keratinocytes
after TBTDC NP-PDT compared to that in the LPS group, as
detected by qRT-PCR and WB assays, respectively (Fig. 9B to
D). Interestingly, increased expression of Grp78 and CHOP was
also observed in the skin of IMQ-induced psoriatic mice after
TBTDC NP-PDT compared to that in the IMQ group, as
detected by qRT-PCR and IHC assays (Fig. 9E to G). These
findings indicated that TBTDC NPs specifically targeted the
endoplasmic reticulum and caused ERS in psoriatic keratino-
cytes in vitro and in vivo.

Studies have shown that ERS is an important mechanism
that induces autophagy [56,57]. During autophagy, cytoplasmic
LC3 (LC3-I) enzymatically cleaves a small polypeptide frag-
ment and converts it to the membrane type (LC3-II). Thus, the
ratio of LC3-II/LC3-I can be used to evaluate the level of
autophagy [58,59]. To determine whether keratinocyte autoph-
agy observed in TBTDC NP-PDT is mediated by ERS, we first
detected autophagy-related molecules in LPS-induced psoriatic
keratinocytes by WB in vitro. Consistent with the in vivo
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experiments, a significantly enhanced ratio of LC3-II/LC3-1
and reduced expression of P62 were observed in LPS-induced
psoriatic keratinocytes after TBTDC NP-PDT compared to
those in the LPS group (Fig. 9H and I). Furthermore, a clear
increase in autophagosomes was found after TBTDC NP-PDT
compared with that of the LPS group, as detected by transmis-
sion electron microscopy (TEM) (Fig. 9]). To further evaluate
the effect of ERS on autophagy, tunicamycin (TM), a mixture
of homologous nucleoside antibiotics that cause the accumula-
tion of unfolded proteins in the endoplasmic reticulum, was
used to activate ERS [60], and 4-phenylbutyric acid (4-PBA),
a chemical chaperone, was used to inhibit ERS [61]. The results
showed that the increased levels of CHOP and Grp78 increased
by TBTDC NP-PDT in LPS-induced psoriatic keratinocytes
were further increased by TM (1 pg/ml) but significantly sup-
pressed by 4-PBA (1 mM) (Fig. 9K and L), which indicated that
ERS was efliciently activated by TM and inhibited by 4-PBA.
Furthermore, we found that the enhanced ratio of LC3-1I/LC3-1
induced by TBTDC NP-PDT was further increased by TM,
while the reduction of P62 was decreased by TM (Fig. 9M and
N). Moreover, both the enhanced ratio of LC3-II/LC3-I and
the reduction in P62 induced by TBTDC NP-PDT were rescued
by 4-PBA (Fig. 9M and N). Collectively, these results confirmed
that TBTDC NPs targeted the endoplasmic reticulum in LPS-
induced psoriatic keratinocytes, resulting in the induction
of ERS after TBTDC NP-PDT and eventually promoting
autophagy.

Increasing autophagy resulting from TBTDC NP-PDT
also promoted apoptosis in LPS-induced psoriatic
keratinocytes

Recent studies have shown that autophagy, which promotes cell
survival, may inhibit apoptosis, while excessive autophagy may
promote apoptosis [34,35]. To determine whether autophagy
induced by TBTDC NP-PDT in LPS-induced psoriatic kerati-
nocytes could promote apoptosis, rapamycin (RaPa), a potent
and specific mammalian target of rapamycin (mTOR) inhibitor,
was used to activate autophagy [62]. In contrast, bafilomycin
Al (Baf A1), a late-stage autophagy inhibitor, was used to block
autophagosome and lysosome fusion [63]. RaPa (0.1 pM)
effectively increased the enhanced ratio of LC3-I1I/LC3-I
and decreased the reduction of P62 induced by TBTDC
NP-PDT, while Baf A1 (10 nM) markedly increased the down-
regulation of P62 induced by TBTDC NP-PDT (Fig. 10A and
B), which indicated that autophagy was efficiently activated
by RaPa and inhibited by Baf A1. In addition, the reduced cell
viability of LPS-induced psoriatic keratinocytes resulting from
TBTDC NP-PDT was significantly increased by Baf A1 (Fig. 10C)
but reduced by RaPa, as shown by the CCK-8 assay (Fig.
10C). This finding indicates the positive role of autophagy in
the inhibition of cell growth. Next, we used an annexin V-FITC/
PI apoptosis detection kit combined with flow cytometry to
analyze the apoptosis rate. We found that the increased apop-
tosis rate induced by TBTDC NP-PDT in LPS-induced pso-
riatic keratinocytes was further increased by RaPa but reduced
by Baf A1 (Fig. 10D and E). Moreover, the increased expres-
sion of apoptosis-related molecules induced by TBTDC NP-PDT,
including caspase-3, cleaved caspase-3, and Bax, was enhanced
by RaPa but reduced by Baf A1, while the decreased expression
of Bcl-2 induced by TBTDC NP-PDT was reduced by RaPa but
enhanced by Baf Al, as shown by WB (Fig. 10F and G). These
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induced psoriatic keratinocytes after TBTDC NP-PDT with or without the addition of RaPa and Baf Al. (D and E) Cell apoptosis rate of LPS-induced psoriatic keratinocytes
after TBTDC NP-PDT with or without the addition of RaPa and Baf Al, as analyzed by flow cytometry. (F) Protein levels of caspase-3, cleaved caspase-3, Bax, and Bcl-2.
(G) Quantitative analysis of the expression of caspase-3, cleaved caspase-3, Bax, and Bcl-2 in LPS-induced psoriatic keratinocytes after TBTDC NP-PDT with or without the
addition of RaPa and Baf Al. (H) Schematic view illustrating the therapeutic role and regulatory mechanisms of TBTDC NP-PDT in psoriasis. Data represent the mean + SD

(n=3).*P<0.05, **P<0.01, and ***P <0.001.

results demonstrated that increased autophagy from TBTDC
NP-PDT also promoted apoptosis in LPS-induced psoriatic kera-
tinocytes. The schematic graph depicting the mechanism of
TBTDCNP-PDT alleviating psoriasis was displayed in Fig. 10H,
which enlightened that TBTDC NP-PDT was an effective can-
didate for psoriasis.

Discussion

Psoriasis is one of the most common skin diseases and usually
causes great inconvenience to patients and seriously damages
their physical and mental health [6,7]. Therefore, it is necessary
to develop eflicient therapeutic strategies to relieve this burden
on patients. In this study, we used AIE-specific photosensitizer
TBTDC NP-mediated PDT as a psoriasis treatment. At the
same time, CAL, a commonly used physical therapy drug, was
employed as a positive control to evaluate the therapeutic effect
of TBTDC NP-PDT on psoriasis in vivo and in vitro, and fur-
ther explore the mechanism.

As a highly efficient multifunctional organic photosensitizer
with AIE function, TBTDC NPs showed higher ROS produc-
tion than commercial Ce6 and RB, suggesting an excellent PDT
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effect of TBRTDC NPs. Moreover, TBRTDC NPs showed no toxic-
ity to HaCaT cells or psoriatic keratinocytes and were effec-
tively taken up by psoriatic keratinocytes, indicating their good
safety and biocompatibility. Our group has previously demon-
strated that TBTDC NP-PDT can effectively inhibit tumor
growth [28]. These characteristics indicate that TBTDC NPs
may be an ideal photosensitizer, which have an extremely high
application value for the treatment of skin diseases.

IMQ is a Toll-like receptor 7/8 ligand agonist that induces
psoriasis-like dermatitis in mice, closely resembling human
psoriasis [64]. IMQ-treated mice showed symptoms of psoriasis-
like lesions such as erythema, scales, epidermal hyperplasia,
splenomegaly, and inflammatory cell infiltration, which are
also closely linked to the increasing expression of K17 [38] and
K6, and the decreasing expression of K10 [40,41]. Surprisingly,
the TBTDC NP-PDT significantly ameliorated these symp-
toms. In our study, TBTDC NP-PDT significantly ameliorated
the psoriasis-like symptoms and decreased the expression of
K17 and K6 but increased the expression of K10 in the IMQ-
induced psoriatic mice. We also evaluated the effects of TBTDC
NP-PDT in the psoriasis cell model. In our study, LPS (0.1 pg/
ml) stimulation of HaCaT cells for 24 h (LPS-induced psoriatic
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keratinocytes) [65] increased cell viability, proliferation, and
K17 expression. However, TBTDC NP-PDT alleviated LPS-
induced hyperproliferation and K17 overexpression. Thus, our
results suggest that TBTDC NP-PDT ameliorates the psoriasis-
like phenotype both in vivo and in vitro.

Furthermore, we found that TBTDC NP-PDT significantly
inhibited IMQ-induced splenomegaly. The number of dendritic
cells, marked by CD86 and CD80 antibodies and playing a
critical role in the local inflammatory response in psoriasis [66],
and CD4" cells in the dermis was also decreased after TBTDC
NP-PDT. Last but not least, TBTDC NP-PDT attenuated IMQ-
induced up-regulation of inflammatory cytokines, including
TGF-B1, IL-1p, IL-17, IL-23, TNE-a, IFN-y, IL-6, and IL-22,
which are important proinflammatory cytokines involved in
psoriasis pathogenesis in the skin lesions of mice. Meanwhile,
LPS-induced up-regulation of inflammatory cytokines, includ-
ing IL-1p, IL-17A, IL-23A, TNF-q, IL-6, and IL-22, was also
down-regulated in psoriatic keratinocytes after TBTDC NP-PDT
in vitro. Our study demonstrated that TBTDC NP-PDT inhibits
inflammatory responses in vivo and reduces the release of
inflammatory cytokines from psoriatic keratinocytes in vitro.

In terms of mechanism, we found that TBTDC NP-PDT
significantly enhanced the apoptosis of keratinocyte in vivo,
including increased TUNEL" cells, up-regulated caspase-3, and
down-regulated Bcl-2 (an anti-apoptotic protein), which was
further confirmed in vitro by increasing the expression of
caspase-3, cleaved caspase-3, and Bax while decreasing Bcl-2.
Moreover, it also significantly up-regulated LC3 and down-
regulated P62 in vitro and in vitro. In addition, a clear increase
in LC3-II/LC3-I ratio and autophagosomes was observed after
TBTDC NP-PDT in vitro. These results strongly indicate that
TBTDC NP-PDT can enhance apoptosis and autophagy in vivo
and in vitro.

Previous studies have shown that PDT generally promotes
apoptosis by producing ROS [32,33]. In our experiment, TBTDC
NPs showed an extremely high 'O, yield upon light irradiation
compared to Ce6 and RB. Furthermore, intracellular ROS pro-
duction was significantly increased in LPS-induced psoriatic
keratinocytes after TBTDC NP-PDT. Finally, the ROS scaven-
ger NAC significantly decreased the high apoptosis rate and
the expression of caspase-3, cleaved caspase-3, and Bax caused
by TBTDC NP-PDT, but up-regulated Bcl-2, suggesting that
apoptosis induced by TBTDC NP-PDT was dependent on the
generation of ROS. In addition, the inhibition of cell viability,
cell proliferation, and K17 expression resulting from TBTDC
NP-PDT in LPS-induced psoriatic keratinocytes were also res-
cued by NAC. Thus, these results revealed that TBTDC NP-PDT
alleviated the psoriasis-like phenotype and promoted apoptosis
through the efficient generation of ROS.

During PDT, photosensitizers with organellar targeting
function are more effective in damaging cells [29]. TBTDC NPs
were found to specifically target the endoplasmic reticulum,
with Pearson’s correlation coefficients of 0.92 in psoriatic kera-
tinocytes by organelle colocalization experiments. However,
the reason why TBTDC NPs have such high endoplasmic
reticulum-targeting activity in psoriatic keratinocytes is unclear.
Interestingly, TBTDC NP-PDT obviously up-regulated the
levels of the ERS-related proteins Grp78 and CHOP in psoriatic
keratinocytes in vitro and in vivo. ERS is an important mecha-
nism underlying autophagy induction [56,57]. In our study,
inhibiting ERS by 4-PBA reduced autophagy induced by TBTDC
NP-PDT, while activating ERS by TM increased autophagy,
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strongly suggesting that autophagy induced by TBTDC NP-PDT
is dependent on ERS. Recently, several studies reported that
autophagy promotes or inhibits apoptosis [34,35]. In this study,
TBTDC NP-PDT-induced apoptosis was significantly reduced
by the autophagy inhibitor Baf A1 and increased by the autoph-
agy activator RaPa, revealing that increased autophagy resulting
from TBTDC NP-PDT could further promote apoptosis in LPS-
induced psoriatic keratinocytes. This study indicates that TBTDC
NPs are safe and effective photosensitizing agents against psoria-
sis. However, a few limitations were observed in our experiment.
For example, the mechanism by which TBTDC NP-PDT regu-
lates immune cells and inflammatory cytokines associated with
psoriasis and the process by which TBTDC NPs target the endo-
plasmic reticulum remains to be investigated.

In summary, this study reports for the first time that TBTDC
NPs with AIE characteristics can mediate PDT to cure psoriasis-
like phenotypes through apoptosis induced directly by ROS
and indirectly by ERS-induced autophagy in vivo and in vitro.
Furthermore, this study will contribute to the development of
innovative and highly efficient photosensitizers for psoriasis
treatment.

Materials and Methods

Preparation, measurements, and characterization

of TBTDC NPs

TBTDC NPs were fabricated from TBTDC (molecular formula:
C,¢H,,N(S;; molecular weight: 634.80 Da) as described in our
previous study [28].

A Bruker AVANCE II1 400 spectrometer was used to record
'H nuclear magnetic resonance (NMR) spectra at 400 MHz
using CDCI, as the solvent. The reference for 'H shifts was
CDCl, at 7.26 ppm. Ultraviolet-visible (UV-vis) absorption
spectra were monitored using a UV-vis spectrophotometer
(Shimadzu UV-2600i, Japan). Fluorescence spectra were mea-
sured using a Transient Steady-state Fluorescence Spectrometer
(Edinburgh, FLS 980). The dynamic light scattering size distri-
bution of the TBTDC NPs was examined using a Malvern
Zetasizer Nano instrument. TEM images of TBTDC NPs were
obtained using a JEM 2100 microscope operated at an accelera-
tion of 200 kV.

To prepare the suspension for the animal experiments,
TBTDC NPs at a concentration of 200 pg/ml were dispersed
in phosphate-buftered solution (PBS) and then sonicated in an
ice bath for 25 min prior to use.

To prepare stock solutions for the cell experiments, TBTDC
NPs at 2 mg/ml concentration were evenly dispersed in PBS,
sterilized with a 0.22-pm filter, and then stored at 4 °C in
the dark. The working solution was diluted in HaCaT cell
medium and dispersed by ultrasound in an ice bath for 15 min
before use.

Evaluation of singlet oxygen generation

9,10-Anthracenediyl-bis(methylene)-dimalonic acid (ABDA;
Shanghai Macklin Biochemical Co. Ltd.) was used to detect the
'0, generation ability of TBTDC NPs. A 2-ml TBTDC NP
(5 pM) aqueous solution containing 10 pl of ABDA (50 pM)
was irradiated by white light (400 to 700 nm, 50 mW/cm?) for
0 to 10 min at intervals of 30 s to measure the UV-vis spectra.
Commercial standardized photosensitizers, including Ce6 and
RB, were purchased from J&K Scientific Ltd. and Shanghai
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Macklin Biochemical Co. Ltd., respectively, and used for com-
parison analyses.

Experimental animals

Male, specific pathogen-free (SPF) C57BL/6] mice (8 to 10 weeks)
were purchased from Southern Medical University Laboratory
Animal Center (Guangzhou, China) and reared in an SPF envi-
ronment with fixed irradiation (12:12 h light-dark cycle), con-
stant temperature (22 = 1 °C), and humidity (60% to 80%), and
all animals were allowed free access to food and water. All mice
were caged and acclimated to the new environment for 5 days
before the start of the experiment. All animal experiments in
this study were approved by the Southern Medical University
Experimental Animal Ethics Committee (No. L2018133).

Psoriasis mouse model and treatments
IMQ cream (Mingxin Pharmaceuticals, Sichuan, China) was
used to generate a mouse model of psoriasis according to previ-
ously reported protocols [65,67,68]. Briefly, the back hairs of
the mice were shaved to fully expose the skin under anesthesia
(80 mg/kg pentobarbital sodium, intraperitoneal injection). A
dose of 62.5 mg of 5% IMQ cream was applied to the hairless
area once daily in the morning for seven consecutive days.
Mice were randomly divided into six groups (n =4 per
group). For the normal group, an appropriate amount of
Vaseline was applied daily to the hair-free areas of the back.
For the IMQ group (model group), mice did not receive any
treatment except IMQ induction. For the TBTDC NP group
(negative control group 1), the IMQ-treated areas were covered
with TBTDC NPs (3 mg/kg), and black plastic sheeting was
applied over the TBTDC NP-covered area to prevent exposure
to irradiation. For the irradiation group (negative control group
2), the IMQ-treated areas were covered with PBS and then
irradiated with a high-power light-emitting diode (LED) light
(10 mW/cm?, 520 nm) for 10 min daily. For the CAL (vitamin
D3 analog) group (positive control group), CAL ointment
(Huabang Pharmaceuticals, Chongqing, China) was topically
applied to the IMQ-treated areas daily. For the TBTDC NP-PDT
group (treatment group), the IMQ-treated areas were covered
by TBTDC NPs for 4 h and then irradiated using the high-
power LED light (10 mW/cm?, 520 nm) for 10 min. Mice were
sacrificed on day 8, and fresh skin was harvested for fixation
or freezing. A schematic diagram describing the design of the
animal experiment is shown in Fig. 2A and B.

Evaluation of pathological indexes

Dorsal skin appearance was recorded daily using a camera
starting from the first day of treatment, and the degree of
psoriasis-like lesions was dynamically monitored and scored
using a modified scoring system based on the clinical psoriasis
area severity index (PASI). The erythema, scale, and thickness
scores ranged from 0 to 4 points: 0, none; 1, slight; 2, moderate;
3, marked; and 4, very marked. The sum of the erythema, scale,
and thickness scores was the cumulative score.

H&E staining

Hematoxylin and eosin (H&E) staining was performed for histo-
logical examination as previously described [69]. Briefly, the dorsal
skin of IMQ-treated mice was fixed in 4% paraformaldehyde
(PFA) (pH 7.2) for 48 h. After dehydration treatment, the speci-
mens were embedded in paraffin, and then 4-pm-thick sections
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were rehydrated and stained with H&E. Images were obtained
using a biological microscope (DM40008, Leica, Germany), and
epidermal thickness was calculated using Image] 1.8.0.

IHC assay

For the IHC analysis, the rehydrated sections were successively
placed in citrate buffer (pH 6.0) at 95 °C for 10 min and then
incubated with 3% H,0, at 37 °C for 15 min, blocking solution
containing 10% goat serum at room temperature for 1 h, and
primary antibodies overnight at 4 °C. The antibodies included
anti-Ki67 (1:200, Abcam, UK); anti-K10 and anti-K6 (1:500 and
1:500, respectively, all BioLegend, CA, USA); anti-CD4 (1:300,
Immunoway, China); anti-CD86 (1:100, ABclonal, USA); anti-
K17, anti-CD80, anti-TGF-f1, anti-LC3, anti-P62, anti-Bax,
anti-Bcl-2, and anti-caspase-3 (1:250, 1:300, 1:200, 1:200, 1:500,
1:2,000, 1:400, and 1:200, respectively, Proteintech, USA); and
anti-Grp78 and anti-CHOP (1:200 and 1:50, respectively,
GeneTex, SC, USA). After washing three times with PBS, the
sections were incubated with horseradish peroxidase (HRP)-
labeled goat anti-rabbit immunoglobulin G (IgG) or anti-mouse
IgG (all ZSGB-BIO, Beijing, China) at 37 °C for 1 h. After wash-
ing again with PBS, immunoreactivity was detected by incuba-
tion with diaminobenzidine (DAB) stain (Solarbio, Beijing,
China). Images were obtained using a biological microscope
(DM40008; Leica, Germany). Quantitative analysis of related
indicators was performed using Image] 1.8.0.

qRT-PCR analysis
FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme,
Nanjing, China) was used to extract total RNA from mouse
skin tissue or HaCaT keratinocytes according to the manufac-
turer’s instructions. The absorbance values at 260 and 280 nm
were measured using a spectrophotometer (Molecular Devices,
San Jose, CA, USA) to determine the concentration and purity
of total RNA. The mRNA samples were reverse-transcribed to
complementary DNA by ReverTra Ace qRT-PCR RTMaster
Mix (TOYOBO, Japan).

qRT-PCR was performed using SYBR Green Real-time PCR
Master Mix (TOYOBO, Japan) in CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, USA). The qRT-PCR procedure
consisted of initial denaturation at 95 °C for 30 s, followed by
40 cycles of denaturation at 95 °C for 5 s, annealing at 55 °C for
20 s,and extension at 72 °C for 15 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and B-actin were used as internal
references. The relative mRNA expression levels were analyzed
using the 2744 method [70]. Primer sequences targeting genes
in mice and humans were shown in Tables S1 and S2.

TUNEL staining

TUNEL detection solution (Beyotime, China) was dropped
onto the sections and incubated at 37 °C in the dark for 60 min
according to the manufacturer’s instructions.

Cell culture

HaCaT keratinocytes were purchased from Cyagen Biotechnology
Co. Ltd. (Guangzhou, China) and grown in Dulbecco’s modified
Eagle’s medium (Gibco, Suzhou, China) containing 10% fetal
bovine serum (Biological Industries, Israel) and 1% penicillin/
streptomycin (Gibco, USA) at 37 °C in a humidified atmosphere
of 5% CO,. The culture medium was changed every other day.
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When the cells reached 80% confluence, they were harvested
using trypsin (Gibco, USA) and plated in well plates.

Psoriasis cell model and treatments

HaCaT keratinocytes (2 X 10° cells per well) were cultured for
12 h in advance, the culture medium was replaced, and the cells
were treated with LPS (0.1 pg/ml, Sigma-Aldrich, USA) for
24 h to construct the psoriasis cell model [65,67].

The grouping of cell experiments was consistent with that
in the animal experiments. Briefly, cells were divided into six
groups and subjected to different treatments. In the normal
group (model group), cell suspensions were added to well plates
without LPS induction. In the LPS group, cells did not receive
any treatment except for LPS induction. For the TBTDC NP
group (negative control group 1), LPS-induced psoriatic kera-
tinocytes were incubated with 100 pg/ml TBTDC NPs without
irradiation. In the irradiation group (negative control group 2),
LPS-induced psoriatic keratinocytes were irradiated with a
high-power LED light (520 nm, 10 mW/cm?) for 20 min with-
out TBTDC NPs. For the TBTDC NP-PDT group (treatment
group), LPS-induced psoriatic keratinocytes were incubated
with 100 pg/ml TBTDC NPs in the dark for 6 h and then 1rrad1—
ated by the high-power LED light (520 nm, 10 mW/cm®) for
20 min and finally incubated for additional 18 h. For the CAL
group (positive control group), 0.5 pM CAL was added to LPS-
induced psoriatic keratinocytes. A schematic diagram describ-
ing the design of the cell experiment is shown in Fig. 5A and B.

Detection of intracellular TBTDC NP uptake

To measure the intracellular uptake of TBTDC NPs, HaCaT
keratinocytes were plated in six-well plates (5 x 10° cells per
well) 12 h in advance and then treated with LPS (0.1 pg/ml) for
24 h. The culture medium was discarded after 24 h, and cells
were incubated with TBTDC NPs (10 pg/ml) in the dark for
the indicated periods. The cells were collected at different incu-
bation time points (0, 10, 30, 60, 180, and 360 min) and ana-
lyzed using flow cytometry (LSRFortessa X-20, BD, USA) and
fluorescence microscopy (Olympus, Japan). The mean fluores-
cence intensity of TBTDC NPs in the cells was recorded under
uniform testing conditions.

Cell viability assay

Cell viability was estimated using the CCK-8 (Beyotime, Chlna)
assay. HaCaT keratinocytes were plated in 96-well plates (6 x 10°
cells per well) and treated with LPS (0.1 pg/ml) for 24 h. To detect
the safety of TBTDC NPs, LPS-induced psoriasis keratinocytes
were incubated with fresh medium containing various concentra-
tions (0, 1.56, 3.13, 6.25, 12.5, 25, 50, 100, and 200 pg/ml) of
TBTDC NPs in darkness for 24 h. After the cells were washed
twice using PBS, 10 pl of CCK-8 solution was added to each well,
and the cells were incubated for another 2 h. The optical density
(OD) was recorded at 450 nm using a microplate reader.

To select the appropriate incubation concentration, TBTDC
NPs with the same concentration gradient were incubated with
LPS-induced psoriatic keratlnocytes for 6 h and then exposed
to an energy density of 10 mW/cm? using the high-power LED
light (wavelength 520 nm) for 10 min and finally incubated for
additional 18 h. Similarly, to select the appropriate irradiation
time, TBTDC NPs with concentrations of 50, 100, and 200 pg/
ml were incubated with LPS-induced psoriatic keratmocytes
for 6 h exposed to the high-power LED light (520 nm, 10 mW/cm®)
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for 10, 20, and 30 min, respectively, and finally incubated
for additional 18 h. The following CCK-8 assays were per-
formed in the same way as described above. Cell viability
of the different treatments was evaluated using the aforemen-
tioned method.

EdU assay

For the EdU assay (Beyotime, China), cells (2 X 10° cells per
well) were plated in 12-well plates. After TBRTDC NP-PDT, the
cells were incubated with EdU working solution for 2 h, fixed
with 4% PFA, and permeabilized with 0.3% Triton X-100 PBS.
Then, a sequence of reaction solutions was added to the wells,
and the nuclei were stained with Hoechst. Cell proliferation
was then visualized using a fluorescence microscope and
detected using flow cytometry.

WB analysis

HaCaT cells were plated in six-well plates (5 X 10° cells per
well). After TBTDC NP-PDT, RIPA Lysis Buffer (ECOTOP
SCIENTIFIC, ES-8148, 100 ml), protease inhibitor cocktail
(Bimake, Houston, Texas, USA, B14001), and phosphatase
inhibitor cocktail (Bimake, Houston, Texas, USA, B15001)
were used to lyse the cells cultured in six-well plates for 20 min
on ice. Cell lysates were centrifuged for 15 min at 14,462¢ and
then heated in 5x sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) Loading Buffer (Genstar, China)
at 100 °C for 10 min. The protein concentration of the harvested
cell supernatant was determined using a BCA kit (Thermo Fisher
Scientific, MA, USA, 23227). Approximately 20 pg of protein
was separated using SDS-PAGE and then transferred to polyvinyl
difluoride membranes (Merck Millipore, Darmstadt, Germany)
and blocked with QuickBlock Blocking Buffer (Beyotime, China,
P0252) for 1 h. The membranes were incubated with primary
antibodies overnight at 4 °C, including anti-K17, anti-caspase-3,
anti-LC3, anti-P62, and anti-GAPDH (1:2,000, 1:1,000, 1:1,000,
1:5,000, and 1:10,000, respectively, Proteintech, USA), anti-Bax
(1:500, Cell Signaling Technology, USA), anti-Bcl-2 (1:500, Santa
Cruz Biotechnology, USA), and anti-Grp78 and anti-CHOP
(1:5,000 and 1:2,000, respectively, GeneTex, SC, USA). Tris-
buffered saline containing Tween 20 (TBST) was used to wash
the membranes three times for 10 min each, followed by incuba-
tion with HRP-conjugated secondary antibodies (1:10,000,
Proteintech, USA) for 1 h at room temperature. After three
washes with TBST, an enhanced chemiluminescence ECL kit
(P10200, NCM Biotech, Suzhou, China) was used to detect pro-
teins in an automated chemiluminescence image analysis system
(Tanon, Shanghai, China). The expression levels of proteins were
quantified using Image] 1.8.0.

Measurement of intracellular ROS production

Briefly, the culture medium was discarded, and cells were
washed twice with PBS after TBTDC NP-PDT, followed by incu-
bation with basal culture medium (without serum) containing
10 pM DCFH-DA probes (Nanjing Jiancheng Bioengineering
Institute) for 1 h in the dark. Then, the fluorescence intensity
was observed using a fluorescence microscope and detected by
a fluorescence microplate reader or flow cytometry.

For the ROS inhibition experiments, cells were preincubated
with 1 mM ROS scavenger NAC for 1 h before TBTDC NP-PDT
and washed twice with PBS after TBTDC NP-PDT. The produc-
tion of intracellular ROS was then detected using the afore-
mentioned method.
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Annexin V-FITC/PI analysis

After PDT, the cells were cultured for an additional 18 h and
stained with FITC-conjugated annexin V and PI (Beyotime)
following the manufacturer’s guidelines. Flow cytometry was
used to analyze the final cell suspensions after staining.

Organelle colocalization experiments

HaCaT keratinocytes (5 x 10* cells per well) were plated in a
confocal dish for 12 h and then subjected to LPS induction.
After LPS-induced psoriatic keratinocytes were incubated with
TBTDC NPs (10 pg/ml) for 6 h, the culture medium was changed,
and the cells were washed three times with PBS. The cells were
then costained with the ER-Tracker Green (Beyotime, China)
for 15 min and Hoechst 33258 (Beyotime, China) for 5 min.
The culture medium was finally discarded, and the cells were
washed twice with PBS. The NIR fluorescence of the TBTDC
NPs, green fluorescence of ER-Tracker Green, and blue fluores-
cence of Hoechst were determined via confocal laser scanning
microscopy (CLSM). Pearson’s correlation coefficients were
analyzed using Image] 1.8.0.

TEM analysis

After performing TBTDC NP-PDT for 18 h, the cells were har-
vested and fixed with 2.5% glutaraldehyde for 1 h at room tem-
perature, before being transferred to 4 °C overnight. The fixed
cells were treated with 1% buffered osmium tetroxide for 1 h
at 4 °C, followed by sequential dehydration with a graded etha-
nol series. The cell samples were then fixed and embedded,
sectioned into thin sections, and finally stained with 3% uranyl
acetate/lead citrate. Subsequently, images were obtained using
an H-7650 TEM (Hitachi, Japan).

Statistical analysis

All data were presented as the mean + SD of at least three bio-
logical replicates. One-way analysis of variance and unpaired
Student’s t tests were utilized for statistical analyses using
GraphPad Prism 8.0. A value of P < 0.05 was considered sta-
tistically significant.

Acknowledgments

Funding: This work was supported by the Natural Science
Funding of Guangdong Province (2022A1515012312 and
2021A1515010023), the National Natural Science Funding of
China (82070083), and Dongguan Social development tech-
nology projects Science and Technology Planning Project
(20231800940792).

Author contributions: P.Z.: Conceptualization, methodology,
data curation, visualization, investigation, and writing—original
draft. Z.W.: Synthesis, methodology, characterization, investiga-
tion, and validation. Z.Y.: Methodology, investigation, and formal
analysis. T.T.: Methodology, investigation, and formal analysis.
Y.L.: Methodology and formal analysis. W.Z.: Methodology. Y.H.:
Investigation. T.C.: Methodology. J.L.: Investigation. C.N.:
Investigation. Z.W.: Investigation. G.H.: Conceptualization,
funding acquisition, and writing—review and editing. Y.L.:
Conceptualization, resources, and writing—review and editing.
Y.C.: Conceptualization, funding acquisition, supervision, and
writing—review and editing.

Competing interests: The authors declare that they have no
competing interests.

Zhu et al. 2024 | https://doi.org/10.34133/research.0344

Data Availability

The datasets used and/or analyzed in the current study are
available from the corresponding author on reasonable request.

Supplementary Materials

Supplementary_Materials (Figs. S1 to S6)
Tables S1 and S2

References

1. Michalek IM, Loring B, John SM. A systematic review of
worldwide epidemiology of psoriasis. J. Eur. Acad. Dermatol.
Venereol. 2017;31(2):205-212.

2. Nestle FO, Kaplan DH, Barker J. Psoriasis. N. Engl. ]. Med.
2009;361(9997):496-509.

3. Sun L, Liu Z, Wang L, Cun D, Tong HHY, Yan R, Chen X,
Wang R, Zheng Y. Enhanced topical penetration, system
exposure and anti-psoriasis activity of two particle-sized,
curcumin-loaded PLGA nanoparticles in hydrogel. J. Control.
Release. 2017;254:44-54.

4. Griffiths CE, Barker JN. Pathogenesis and clinical features of
psoriasis. Lancet. 2007;370(9583):263-271.

5. Menter A, Gottlieb A, Feldman SR, Van Voorhees AS,
Leonardi CL, Gordon KB, Lebwohl M, Koo JYM, Elmets CA,
Korman NJ, et al. Guidelines of care for the management
of psoriasis and psoriatic arthritis: Section 1. Overview of
psoriasis and guidelines of care for the treatment of psoriasis
with biologics. J. Am. Acad. Dermatol. 2008;58(5):826-850.

6. Kimball AB, Jacobson C, Weiss S, Vreeland MG, Wu Y. The
psychosocial burden of psoriasis. Am. J. Clin. Dermatol.
2005;6(6):383-392.

7. Griffiths CEM, Armstrong AW, Gudjonsson JE, Barker JNWN.
Psoriasis. Lancet. 2021;397(10281):1301-1315.

8. ChenC,YiX, LiuP, LiJ, Yan B, Zhang D, Zhu L, Yu P,

Li L, Zhang ], et al. CD147 facilitates the pathogenesis of
psoriasis through glycolysis and H3K9me3 modification in
keratinocytes. Research. 2023;6:0167.

9. Boehncke W-H, Schén MP. Psoriasis. Lancet.
2015;386(9997):983-994.

10. Hawkes JE, Chan TC, Krueger JG. Psoriasis pathogenesis and
the development of novel targeted immune therapies. J. Allergy
Clin. Immunol. 2017;140(3):645-653.

11. Lowes MA, Russell CB, Martin DA, Towne JE, Krueger JG.
The IL-23/T17 pathogenic axis in psoriasis is amplified by
keratinocyte responses. Trends Immunol. 2013;34(4):174-181.

12. Lee H-J, Kim M. Challenges and future trends in the treatment
of psoriasis. Int. J. Mol. Sci. 2023;24(17):13313.

13.  Smits T, Kleinpenning MM, van Erp PEJ, van de Kerkhof PCM,
Gerritsen M-JP. A placebo-controlled randomized study on
the clinical effectiveness, immunohistochemical changes
and protoporphyrin IX accumulation in fractionated
5-aminolaevulinic acid-photodynamic therapy in patients with
psoriasis. Br. J. Dermatol.. 2006;155(2):429-436.

14. Liu S, LiL, Zhang X, Meng Q. Nanotherapies from an
oncologist doctor’s view. Smart Mater Med. 2023;4:183-198.

15. Bacellar IOL, Tsubone TM, Pavani C, Baptista MS.
Photodynamic efficiency: From molecular photochemistry to
cell death. Int. J. Mol. Sci. 2015;16(9):20523-20559.

16. Correia JH, Rodrigues JA, Pimenta S, Dong T, Yang Z.
Photodynamic therapy review: Principles, photosensitizers,

18


https://doi.org/10.34133/research.0344

Research

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

applications, and future directions. Pharmaceutics.
2021;13(9):1332.

Cai X, Wang M, Mu P, Jian T, Liu D, Ding S, Luo Y, Du D,

Song Y, Chen C-L, et al. Sequence-defined nanotubes assembled
from IR780-conjugated peptoids for chemophototherapy of
malignant glioma. Research. 2021;2021:9861384.
Photothermally responsive conjugated polymeric singlet
oxygen carrier for phase change-controlled and sustainable
phototherapy for hypoxic tumor. Research. 2020;2020:5351848.
Badran Z, Rahman B, De Bonfils P, Nun P, Coeffard V,

Verron E. Antibacterial nanophotosensitizers in photodynamic
therapy: An update. Drug Discov. Today. 2023;28(4):Article
103493.

Pham TC, Nguyen V-N, Choi Y, Lee S, Yoon J. Recent
strategies to develop innovative photosensitizers for enhanced
photodynamic therapy. Chem. Rev. 2021;121(21):
13454-13619.

Meng Z, Xue H, Wang T, Chen B, Dong X, Yang L, Dai J,

Lou X, Xia F. Aggregation-induced emission photosensitizer-
based photodynamic therapy in cancer: From chemical to
clinical. ] Nanobiotechnology. 2022;20(1):344.

Chen L, Huang J, Li X, Huang M, Zeng S, Zheng J, Peng S,

Li S. Progress of nanomaterials in photodynamic therapy
against tumor. Front. Bioeng. Biotechnol. 2022;10:

Article 920162.

Luo J, Xie Z, Lam JW, Cheng L, Chen H, Qiu C, Kwok HS,
Zhan X, Liu Y, Zhu D, et al. Aggregation-induced emission

of 1-methyl-1,2,3,4,5-pentaphenylsilole. Chem. Commun.
2001;(18):1740.

Jin G, He R, Liu Q, Lin M, Dong Y, Li K, Tang BZ, Liu B, Xu E
Near-infrared light-regulated cancer theranostic nanoplatform
based on aggregation-induced emission luminogen
encapsulated upconversion nanoparticles. Theranostics.
2019;9(1):246-264.

Chowdhury P, Banerjee A, Saha B, Bauri K, De P. Stimuli-
responsive aggregation-induced emission (AIE)-active
polymers for biomedical applications. ACS Biomater Sci. Eng.
2022;8(10):4207-4229.

Wu J, Liu W, Ge ], Zhang H, Wang P. New sensing mechanisms
for design of fluorescent chemosensors emerging in recent
years. Chem. Soc. Rev. 2011;40(7):3483-3495.

Cao Y, Zhang H-W. Recent advances in nano material-based
application of liver neoplasms. Smart Mater Med. 2021;2:
114-123.

Liao Y, Wang R, Wang S, Xie Y, Chen H, Huang R, Shao L,
Zhu Q, Liu Y. Highly efficient multifunctional organic
photosensitizer with aggregation-induced emission for in vivo
bioimaging and photodynamic therapy. ACS Appl. Mater.
Interfaces. 2021;13(46):54783-54793.

Wang R, Li X, Yoon J. Organelle-targeted photosensitizers for
precision photodynamic therapy. ACS Appl. Mater. Interfaces.
2021;13(17):19543-19571.

Wang N, Zhao Z, Xiao X, Mo L, Yao W, Yang H, Wang J,

Wei X, Yuan Y, Yang R, et al. ROS-responsive self-activatable
photosensitizing agent for photodynamic-immunotherapy of
cancer. Acta Biomater. 2023;164:511-521.

Guo Y, Song M, Liu X, Chen Y, Xun Z, Sun Y, Tan W, He J,
Zheng JH. Photodynamic therapy-improved oncolytic
bacterial immunotherapy with FAP-encoding S. typhimurium.
J. Control. Release. 2022;351:860-871.

Qi S, Guo L, Yan S, Lee RJ, Yu S, Chen S. Hypocrellin A-based
photodynamic action induces apoptosis in A549 cells through

Zhu et al. 2024 | https://doi.org/10.34133/research.0344

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

ROS-mediated mitochondrial signaling pathway. Acta Pharm
Sin B. 2019;9(2):279-293.

Tong F, Ye Y, Chen B, Gao ], Liu L, Ou J, van Hest JCM,

Liu S, Peng E, Tu Y. Bone-targeting prodrug mesoporous
silica-based nanoreactor with reactive oxygen species burst
for enhanced chemotherapy. ACS Appl. Mater. Interfaces.
2020;12(31):34630-34642.

LiX, GuL, ChenY, Wang X, Mei Y, Zhou J, Ma M, Ma J,
Chong Y, Wang X, et al. A novel 450-nm laser-mediated
sinoporphyrin sodium-based photodynamic therapy induces
autophagic cell death in gastric cancer through regulation

of the ROS/PI3K/Akt/mTOR signaling pathway. BMC Med.
2022;20(1):475.

Zhu B, Li S, Yu L, Hu W, Sheng D, Hou J, Zhao N, Hou X,

Wu 'Y, Han Z, et al. Inhibition of autophagy with chloroquine
enhanced Sinoporphyrin sodium mediated photodynamic
therapy-induced apoptosis in human colorectal cancer cells.
Int. J. Biol. Sci. 2019;15(1):12-23.

American Academy of Dermatology Work Group, Menter A,
Korman NJ, Elmets CA, Feldman SR, Gelfand JM, Gordon KB,
Gottlieb A, Koo JYM, Lebwohl M, et al. Guidelines of care for
the management of psoriasis and psoriatic arthritis: Section 6.
Guidelines of care for the treatment of psoriasis and psoriatic
arthritis: Case-based presentations and evidence-based
conclusions. J. Am. Acad. Dermatol. 2011;65(1):137-174.
Nast A, Jacobs A, Rosumeck S, Werner RN. Methods report:
European S3-guidelines on the systemic treatment of psoriasis
vulgaris—update 2015—EDF in cooperation with EADV and
IPC. J. Eur. Acad. Dermatol. Venereol. 2015;29(12):e1-e22.
Yang L, Fan X, Cui T, Dang E, Wang G. Nrf2 promotes
keratinocyte proliferation in psoriasis through up-regulation
of keratin 6, keratin 16, and keratin 17. J. Invest. Dermatol.
2017;137(10):2168-2176.

Jin L, Wang G. Keratin 17: A critical player in the pathogenesis
of psoriasis. Med. Res. Rev. 2014;34(2):438-454.

Navarro JM, Casatorres J, Jorcano JL. Elements controlling
the expression and induction of the skin hyperproliferation-
associated keratin K6. J. Biol. Chem. 1995;270(36):
21362-21367.

Franssen MEJ, Boezeman JBM, Van De Kerkhof PCM,

Van Erp PE]. Monitoring hyperproliferative disorders

in human skin: Flow cytometry of changing cytokeratin
expression. Cytometry B Clin. Cytom. 2004;57(1):32-39.
Chang S-L, Hu S, Hung S-1, Huang Y-L, Hsiao W, Chung W-H.
A comparison of Ki-67 antigen presentation in acute
generalized exanthematous pustulosis and pustular psoriasis.
Arch. Dermatol. Res. 2010;302(7):525-529.

Lim TS, Goh JKH, Mortellaro A, Lim CT, Himmerling GJ,
Ricciardi-Castagnoli P. CD80 and CD86 difterentially regulate
mechanical interactions of T-cells with antigen-presenting
dendritic cells and B-cells. PLOS ONE. 2012;7(9):Article
€45185.

Flisiak I, Chodynicka B, Porebski P, Flisiak R. Association
between psoriasis severity and transforming growth factor
beta(1) and beta (2) in plasma and scales from psoriatic
lesions. Cytokine. 2002;19(3):121-125.

Baran W, Szepietowski JC, Mazur G, Baran E. TGF-

beta(1) gene polymorphism in psoriasis vulgaris. Cytokine.
2007;38(1):8-11.

Ghoreschi K, Balato A, Enerbick C, Sabat R. Therapeutics
targeting the IL-23 and IL-17 pathway in psoriasis. Lancet.
2021;397(10275):754-766.

19


https://doi.org/10.34133/research.0344

Research

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Cai Y, Xue E Quan C, Qu M, Liu N, Zhang Y, Fleming C,

Hu X, Zhang H-G, Weichselbaum R, et al. A critical role of

the IL-1B-IL-1R signaling pathway in skin inflammation and
psoriasis pathogenesis. J. Invest. Dermatol. 2019;139(1):146-156.
Cataldi C, Mari NL, Lozovoy MAB, Martins LMM, Reiche EMV,
Maes M, Dichi I, Simdo ANC. Proinflammatory and
anti-inflammatory cytokine profiles in psoriasis: Use as
laboratory biomarkers and disease predictors. Inflamm. Res.
2019;68(7):557-567.

Gordon KB, Armstrong AW, Foley P, Song M, Shen Y-K,

Li S, Munoz-Elias EJ, Branigan P, Liu X, Reich K. Guselkumab
efficacy after withdrawal is associated with suppression of
serum IL-23-regulated IL-17 and IL-22 in psoriasis: VOYAGE
2 study. J. Invest. Dermatol. 2019;139(12):2437-2446.el.
Huang Q, Ou Y-S, Tao Y, Yin H, Tu P-H. Apoptosis and
autophagy induced by pyropheophorbide-a methyl ester-
mediated photodynamic therapy in human osteosarcoma
MG-63 cells. Apoptosis. 2016;21(6):749-760.

Lin S, Yang L, Shi H, Du W, Qi Y, Qiu C, Liang X, Shi W,

Liu J. Endoplasmic reticulum-targeting photosensitizer Hypericin
confers chemo-sensitization towards oxaliplatin through inducing
pro-death autophagy. Int. J. Biochem. Cell Biol. 2017;87:54-68.
Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T,
Noda T, Kominami E, Ohsumi Y, Yoshimori T. LC3, a
mammalian homologue of yeast Apg8p, is localized in
autophagosome membranes after processing. EMBO J.
2000;19(21):5720-5728.

Ichimura Y, Komatsu M. Selective degradation of p62 by
autophagy. Semin. Immunopathol. 2010;32(4):431-436.
Ibrahim IM, Abdelmalek DH, Elfiky AA. GRP78: A cell’s
response to stress. Life Sci. 2019;226:156-163.

Klymenko O, Huehn M, Wilhelm ], Wasnick R, Shalashova I,
Ruppert C, Henneke I, Hezel S, Guenther K, Mahavadi P,

et al. Regulation and role of the ER stress transcription factor
CHOP in alveolar epithelial type-II cells. J. Mol. Med. (Berl).
2019;97(7):973-990.

Zhao C,YuD,He Z, Bao L, Feng L, Chen L, Liu Z, Hu X,
Zhang N, Wang T, et al. Endoplasmic reticulum stress-
mediated autophagy activation is involved in cadmium-
induced ferroptosis of renal tubular epithelial cells. Free Radic.
Biol. Med. 2021;175:236-248.

Wang Y, Tang M. PM2.5 induces autophagy and apoptosis
through endoplasmic reticulum stress in human endothelial
cells. Sci. Total Environ. 2020;710:Article 136397.

Tanida I, Tanida-Miyake E, Ueno T, Kominami E. The human
homolog of Saccharomyces cerevisiae Apg7p is a protein-
activating enzyme for multiple substrates including human
Apgl2p, GATE-16, GABARAP, and MAP-LC3. J. Biol. Chem.
2001;276(3):1701-1706.

Tanida I, Tanida-Miyake E, Komatsu M, Ueno T, Kominami E.
Human Apg3p/Autlp homologue is an authentic E2 enzyme

Zhu et al. 2024 | https://doi.org/10.34133/research.0344

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

for multiple substrates, GATE-16, GABARAP, and MAP-LC3,
and facilitates the conjugation of hApg12p to hApg5p. J. Biol.
Chem. 2002;277(16):13739-13744.

Wu J, Chen S, Liu H, Zhang Z, Ni Z, Chen ], Yang Z, Nie Y,
Fan D. Tunicamycin specifically aggravates ER stress and
overcomes chemoresistance in multidrug-resistant gastric
cancer cells by inhibiting N-glycosylation. J. Exp. Clin. Cancer
Res. 2018;37(1):272.

Pao H-P, Liao W-1, Tang S-E, Wu S-Y, Huang K-L, Chu S-J.
Suppression of endoplasmic reticulum stress by 4-PBA protects
against hyperoxia-induced acute lung injury via up-regulating
claudin-4 expression. Front. Immunol. 2021;12:Article 674316.
Ping X, Liang J, Shi K, Bao J, Wu ], Yu X, Tang X, Zou J,
Shentu X. Rapamycin relieves the cataract caused by ablation
of Gja8b through stimulating autophagy in zebrafish.
Autophagy. 2021;17(11):3323-3337.

Mauvezin C, Neufeld TP. Bafilomycin A1 disrupts autophagic
flux by inhibiting both V-ATPase-dependent acidification and
Ca-P60A/SERCA-dependent autophagosome-lysosome fusion.
Autophagy. 2015;11(8):1437-1438.

Lin Y-K, Yang S-H, Chen C-C, Kao H-C, Fang J-Y. Using
imiquimod-induced psoriasis-like skin as a model to measure
the skin penetration of anti-psoriatic drugs. PLOS ONE.
2015;10(9):Article e0137890.

Wang Y, Fu S, Lu Y, Lai R, Liu Z, Luo W, Xu Y. Chitosan/
hyaluronan nanogels co-delivering methotrexate and
5-aminolevulinic acid: A combined chemo-photodynamic
therapy for psoriasis. Carbohydr. Polym. 2022;277:Article
118819.

Novoszel P, Holcmann M, Stulnig G, De Sa Fernandes C,
Zyulina V, Borek I, Linder M, Bogusch A, Drobits B, Bauer T,
et al. Psoriatic skin inflammation is promoted by c-Jun/AP-
1-dependent CCL2 and IL-23 expression in dendritic cells.
EMBO Mol Med. 2021;13:e12409.

Li X, Xie X, Zhang L, Meng Y, Li N, Wang M, Zhai C, Liu Z,
Di T, Zhang L, et al. Hesperidin inhibits keratinocyte
proliferation and imiquimod-induced psoriasis-like
dermatitis via the IRS-1/ERK1/2 pathway. Life Sci.
2019;219:311-321.

Thatikonda S, Pooladanda V, Sigalapalli DK, Godugu C.
Piperlongumine regulates epigenetic modulation and
alleviates psoriasis-like skin inflammation via inhibition

of hyperproliferation and inflammation. Cell Death Dis.
2020;11(1):21.

Kim §]J, Jang YW, Hyung KE, Lee DK, Hyun KH, Park S-Y,
Park E-S, Hwang KW. Therapeutic effects of methanol extract
from Euphorbia kansui radix on imiquimod-induced psoriasis.
J. Immunol. Res. 2017;2017:7052560.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods. 2001;25(4):402-408.

20


https://doi.org/10.34133/research.0344



