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Abstract

Programmed drug delivery systems activated

in the fibrotic and tumor microenvironment

Junho Byun

Department of Pharmaceutical Sciences
College of Pharmacy

The Graduate School

Seoul National University

The microenvironment plays a crucial role in both the progression and
treatment of diseases including tumor and hepatic fibrosis. However, current
therapeutics are non-targeting or cell-targeting agents which can induce
systemic adverse effects. The limited therapeutic efficacy of these agents was
mainly associated with the deleterious microenvironment of the tissue.
Therefore, strategies for targeted modulation of the microenvironment should
be further investigated. Herein, we developed the programmed drug delivery
systems that can be activated by exogenous or endogenous stimuli at the
tumor and fibrotic microenvironment. This thesis work is composed of two
parts, which are the exogenous stimuli-actuated delivery system for tumor
immune microenvironment modulation and peptide-delivery nanotherapeutic
for regulation of fibrotic microenvironment.

In Part I, we developed stimuli-responsive delivery platforms that are
programmed to be activated by light or cold atmospheric plasma (CAP). With
these delivery systems, our goal was to eradicate primary tumors as well as
distant tumors following immune microenvironment activation. In the first
chapter, the gold-DNA nanocluster was developed for photo-immunotherapy
on a tumor. Previous studies mainly used one light source for a single type of
phototherapy, such as photothermal or photodynamic therapy, which has
limited therapeutic efficacy as well as insufficient immune reaction. In this
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context, we designed gold-DNA nanocluster intercalating methylene blue for
dual-light activated photo-immunotherapy. By exploiting a CpG sequence as
a template for DNA polymer, delivery of nucleic acid to the dendritic cell was
achieved to activate the tumor immune microenvironment followed by the
prevention of distant tumor growth. Our in vivo study suggest that systemic
injection of the nanocluster elicited enhanced tumor eradication and immune
activation at the tumor site after the dual-light irradiation. In the second
chapter, we developed programmed antigen-releasing hydrogel actuated by
CAP irradiation. Previous clinical trials have utilized CAP for residual tumor
removal, however, its limited penetration depth has limited its effectiveness
in treating primary tumors. Our findings show that the CAP-activated
hydrogel system is capable of sustained release of both tumor antigen and
TGF-beta inhibitor, leading to increased anti-tumor immune response and
primary as well as distant tumor eradication. These results highlight the
potential of the CAP-responsive in situ hydrogel system as a promising
therapeutic platform for overcoming the limitations of CAP's depth-related
restriction in treating primary tumors.

In part II of the thesis, the fibrotic microenvironment was modulated for
the treatment of liver fibrosis. We designed an anti-fibrotic peptide delivery
system that is programmed to be liberated by activated hepatic stellate cells
(aHSCs). Despite the urgent global needs, there is no clinically approved
therapeutic for liver fibrosis. In the fibrotic microenvironment, aHSCs play a
central role in fibrogenesis and express distinct enzyme proteins such as
fibroblast activation protein (FAP). Our goal was selective eradication of
aHSCs in the fibrotic liver by exploiting promelittin, which is a FAP-
responsive prodrug form of melittin. Treatment of promelittin-conjugated
liposome could elicit anti-fibrotic effects in three different hepatic fibrosis
models as well as apoptosis of aHSC. Although this peptide-delivery system
was tested in liver fibrosis, it could be applied to other fibrotic diseases, such
as lung fibrosis and cardiac fibrosis.

Taken together, studies on programmed in situ drug delivery systems,
which can be activated by stimuli, were achieved in this thesis work and
showed promising therapeutic effects following the modulation of the tumor
and fibrotic microenvironment. Furthermore, the drug delivery strategies
suggested in this thesis address the current limitation of the therapeutics,
which can broaden the current therapeutic indication.

Keywords : Drug delivery system, tumor microenvironment,
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1. Disease and the tissue microenvironment

Recently, the tissue microenvironment has received a great deal of
attention for its crucial role in the progression of disease [1, 2]. During the
disease progression, unfavorable stimulation could elicit the complex
interaction between the diseased cell and its surroundings, which involves
secretion of cytokines, immune cell polarization, proliferation of specific
cells, and metabolic reprogramming followed by aggravation of the disease
[3-5]. Although the aspect of the interactions is diverse with the
characteristics of the diseases, the unfavorable effect of microenvironment is
considered to primary hurdle for the clinical translation of the therapeutics [2,

6] (Table 1).

Table 1. Distinct features of microenvironment diseased tissues

Type of
microenvironment
Tumor microenvironment
Tumor cells
M2 macrophages
M1 macrophages
Exhausted CD8 T cells
Adipocytes

Cancer-associated fibroblasts
Tolerogenic dendritic cells
Regulatory CD4 T cells

Hypoxia
Acidosis

Granulocyte colony-
stimulating factor

Lysyl oxidase-like-2
Fibrotic disease

Hepatic stellate cells

CD8+ T cell
NK cells
Tumor necrosis factor-alpha
IL-6
Regulatory CD4+ T cells

Macrophages
Autoimmune diseases

T helper 17 cells

Regulatory CD4 T cells

Infection
CDS8 T cells
Macrophages

Disease

& Tissue LGS

PDL-1 overexpression
Increased population
Decreased population, Anti-tumor
PD-1 overexpression, Pro-tumor
Obesity Inflammation, Pro-tumor

FAP overexpression, Immune
suppression

T cell exhaustion

Pro-tumor
Anti-inflammatory effect

Pro-tumor, Acidification induction

Pro-tumor, Metabolic change
Overexpression, Pro-tumor

Promotion of tumor metastasis

Activated and proliferated,
Fibrogenic cell, Fibroblast activation
protein overexpression

Liver

Decreased population
Decreased population
Inflammation, Pro-fibrotic
Inflammation, Pro-fibrotic
Heart Protective function

Involve in inflammation and
resolution of fibrosis

Pro-inflammatory, Promotes
autoimmune disease

Rheumatoid
arthritis

Anti-inflammatory, Resolution of
autoimmune disease

Reference

4,7, 24]
[3,8,14]

8,9, 29, 30]

[10-12, 24]
[2]
[13]
[12,32]
[3,14]

[7,15, 16, 17]

[12, 16]
[18]
[19]



Among the various diseases, tumor microenvironment has been widely
investigated in terms of negative interaction with an abnormal tumor cell and
their immune suppressive coexisting cells including regulatory CD4 T cells,
M2 macrophages, tolerogenic dendritic cells and cancer-associated
fibroblasts [3, 4, 29, 30]. Tumor-associated macrophages, which were
composed mainly of M2-phenotype macrophages, are known to promote
tumor development by inducing chronic inflammation with tumor-promoting
factors such as transforming growth factor, vascular endothelial growth factor,
and interleukin 4 [14, 31]. Also, the function of dendritic cells, which is a
major antigen-presenting cell for T cell activation, is deteriorated by the
immunosuppressive tumor microenvironment [32]. Additionally, other
factors that composed the microenvironment also play an essential role,
which are hypoxia, angiogenesis, extracellular matrix, low pH, and
metabolites [7, 12]. An increased population of exhausted CD8+ T cells,
which showed high expression of PD-1, is also a specific feature of the tumor
microenvironment [24]. Although chemotherapeutics, which directly target
the tumor cells that have abnormal cell cycle patterns, were the mainstream
for anti-cancer therapy with meaningful progress, therapeutic efficacy was
not sufficient enough mainly due to the diversity of the tumor and complexity
of the microenvironment. Targeting the component of the tumor
microenvironment for anti-tumor therapy has been considered a promising
way to overcome traditional cancer therapy [31, 33]. In this context, an
immune checkpoint inhibitor, which leads to great success in immunotherapy,
showed a convincing therapeutic effect on certain types of tumors by blocking
highly expressed immune checkpoints like PD-1 on exhausted CD8+ T cells
[7, 34]. Therefore, modulation of the tumor microenvironment with
therapeutic modifiers has the potential to bring benefits to both chemotherapy
and immunotherapy [35].

Besides cancer, fibrotic disease has also distinct microenvironment
features represented by activated fibroblast and excess extracellular matrix. It
is known that immune cells in the microenvironment also significantly affect
fibrogenesis such as macrophages and T cells [36-38]. As seen in various
fibrotic diseases including liver, pulmonary, kidney, and cardiac fibrosis, pro-
fibrotic factors derived from multi-directional crosstalk within the
microenvironment can aggravate the fibrosis progression, leading to organ
failure [20, 39, 40]. An abundance of fibrosis-related cytokines and enzymes
in the fibrotic microenvironment is a crucial factor for fibrogenesis, such as
IL-10, TGF-beta, matrix metalloproteinases, and fibroblast activation protein
[40-42]. To ameliorate the severity of fibrosis, remodeling of the fibrotic
microenvironment is needed such as depletion of activated fibroblasts and
reprogramming of pro-fibrotic immune cells [8, 43]. Recent studies showed
that regulatory T cells have protective functions for cardiac fibrosis resulting
in the improvement of myocardial infarction-related lethal symptoms [40].
Also, macrophages play a crucial role in inducing inflammation in the injured
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lung followed by lung fibrosis progression [44]. It was reported that hepatic
macrophages play a central role in the resolution of liver fibrosis for the
treatment of relaxin, which is known as the anti-fibrotic hormone, by a switch
of phenotype from fibrogenic to resolution state [8]. For liver fibrosis
progression, hepatic stellate cell act as central role as principal collagen-
producing cells in the liver microenvironment, which can be activated with
complex interaction with surrounding liver cells [45, 46]. Therefore, specific
ablation of the fibrotic cells in the microenvironment can be a promising
therapeutic approach for diverse fibrotic diseases.

As described above, the microenvironment of disease site has gained
tremendous attention for its multifacet properties, not only enemy should be
conquered, but also exploitable component [47, 48]. Therapeutic approaches
for targeting the microenvironment could be novel treatment options for
incurable diseases as well as broaden the therapeutic options by overcoming
the limitation of current therapeutics [4, 9, 42].
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2. Stimuli-responsive drug delivery systems

For decades, the development of medicine is challenging mainly due to
its complex and wunpredictable pharmacological issues as well as
pharmacokinetic problems after administration [49-51]. Although there were
tremendous feasible results in preclinical studies, systemic toxicity and off-
target effect hinder the clinical translation of the drugs [52]. Inadequate drug
amount reaching disease area also contribute to unsatisfactory drug
development [53].

Recently, as therapeutic biomaterials and nanotechnology evolved, there
is great interest in the development of drug delivery systems that specifically
target the disease site without systemic adverse effects [54, 55]. For this
purpose, diverse targeting strategies were investigated for nanomedicine
delivery. For targeting the tumor tissue, the most popular targeting strategy is
the enhanced permeability and retention (EPR) effect for passive
accumulation [50, 54]. Additionally, active targeting strategies were also
widely investigated by the conjugation of target-specific ligands on the
nanoparticles. Nanoparticles can actively target the various molecules on the
surface of pathogenic cells. Various moieties can be exploited for active
targetings, such as antibodies, aptamers, peptides, small molecules, and
polymers. For example, mannose is widely used for targeting moiety the
macrophage that overexpresses mannose receptors [56]. However, the
therapeutic efficiency of these strategies is controversial and mostly
insufficient for clinical application.

Stimuli-responsive drug delivery system, which can induce a therapeutic
effect on the stimuli-applied area, is a promising strategy in terms of targeting
efficiency. Diverse types of stimuli that could apply to the drug delivery
system have been reported and can be classified as exogenous stimuli and
endogeneous stimuli.

Exogenous stimuli Endogenous stimuli
Light CAP Radiati
g [___| adiation Enzyme . ROS
.3 ' e Yo
& e kY "" "
o oo™
e T ®
o T on®
vd.'N
: {
& W °0 ¢
]
: Redox system pH
Magnetic Heat Ultrasound (e.g. Glutathione)

Figure 1. Types of exogenous stimuli and endogenous stimuli

Exogeneous stimuli-responsive drug delivery systems exploit external
sources for the stimulation, such as light, cold atmospheric plasma, ultrasound,
heat, and radiation. The therapeutic effect of the system can be accomplished
by external stimuli itself or stimuli-actuated drugs. The light-responsive
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therapeutic system is maybe the most widely investigated in the context of
photodynamic therapy and photothermal therapy. Along with specific
wavelengths of light, photosensitizers such as chlorin e6 and indocyanine
green can generate reactive oxygen species [57, 58]. Also, some materials
including gold nanoparticles, polydopamine, melanin, and graphene can
increase their temperature after light exposure [59-61]. Cold atmospheric
plasma, the ionized gas with reactive oxygen species, has been reported as a
clinical tool for anti-bacterial, wound healing, and tumor treatment [62-64].

For the endogeneous stimuli-responsive delivery systems, distinct
pathophysiological properties of the microenvironment at diseased tissues
were used as stimuli to activate therapeutics. An overexpressed enzyme,
distinguished redox system, pH, reactive oxygen species, and metabolites can
be employed as a tool to activate the delivery system. Since the high
expression level of matrix metalloproteinase (MMP) is a well-known feature
of the tumor microenvironment, the MMP-cleavable peptide sequence can be
used for an MMP-actuated delivery system [23]. Harnessing the excessive
amount of ROS in colitis, ROS cleavable polymer was used to formulate
colitis-targeted delivery of therapeutics [65].
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3. Scope of the study

In my Ph.D. thesis, I aimed to develop a stimuli-responsive drug delivery
system that can interact with the microenvironment of disease tissue. Since
the microenvironment has multifaced characteristics of disease development,
I proposed two different approaches. First, considering the microenvironment
as a foe to conquer, I revised the pathogenic microenvironment with an
external stimuli-responsive system into a feasible condition for curing the
disease. On the other hand, I got benefits from the microenvironment by
exploiting endogenous enzymes to design the internal stimuli-responsive
peptide delivery system.

Specifically, exogenous stimuli including red-infrared dual light and
cold atmospheric plasma were investigated to modulate the tumor
microenvironment, respectively. I focused on the improvement of adaptive
immune response in terms of anti-tumoral dendritic cell and T cell activation
with the assistance of a drug delivery system.

Additionally, modulation of pathogenic cell population in the fibrotic
microenvironment has been investigated, by using a cell-specific marker as
internal stimuli. In this context, hepatic fibrosis was used for the disease
model and fibroblast activation protein, which showed distinctively high
expression on activated fibroblast, was exploited for the endogenous stimuli.
I intend to deliver anti-fibrotic peptides and deplete activated fibroblast in the
microenvironment resulting in the resolution of fibrosis.

Chapter 2, 3 : Exogenous stimuli-activated system Chapter 4: Endogenous stimuli-activated system

Red & NIR dual-light Cold atmospheric plasma Fibroblast activation protein in the liver microenvironment

Direct control of aHSC

) .
. y A2
. X i | oo og
| PRL »
aHSC  FAP-responsive regulation APpoptosis of
aHSC
- >
== £
] \ === K .
'_I'umor |_rnmune Remod_elmg of tumor 2 TP o - 2
microenvironment immune > g
activation microenvironment —~

Figure 2. Scope of the studies

In chapter II, dual light-responsive nanomaterial was investigated for
cancer therapy. Following dual light irradiation (660 nm/808 nm), it can
eradicate the local tumor region and boost the anti-tumor immune
microenvironment followed by the prevention of rechallenged tumors. The
photosensitizer-trapped gold nanocluster was formulated by utilizing
methylene blue as a model photosensitizer, gold nanocluster as a model
photothermal agent, and polymerized DNA with CpG sequence as the
backbone of the nanocluster. This dual light-responsive nanosystem could
function as an effective phototherapeutic for the treatment of cancer disease
as well as the activation of immune cells.
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In chapter 111, the cold atmospheric plasma-responsive on-site hydrogel
was developed to reconstruct the tumor immune microenvironment. Cold
atmospheric plasma irradiation can generate reactive oxygen species and
trigger the presentation of tumor-associated antigens. To maximize the
antigen-specific immune reaction, hyaluronic acid-tyramine conjugate with
transforming growth factor B-blocking neoadjuvant was intratumorally
injected. After cold atmospheric plasma irradiation, a micro-network of TLN-
loaded hydrogel was yielded. Immune cells including dendritic cells and T
cells could infiltrate the micro-network and be reprogrammed to anti-tumor
phenotype.

Lastly, in chapter IV, fibrosis activated protein responsive peptide
releasing system was formulated to deliver the anti-fibrotic peptide to
activated hepatic stellate cells. The promelittin peptide was conjugated to
PEGylated liposomes, resulting in site-specific liberation of melittin to
activated hepatic stellate cells. In three types of liver fibrosis models,
intravenously administered nanoparticles significantly reduced fibrotic
regions and the activated hepatic stellate cell population in the
microenvironment.
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Chapter 11

Photosensitizer-trapped gold nanocluster for dual light-
responsive phototherapy
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1. Introduction

External stimulus-responsive systems are being proposed as a new
alternative modality in the field of cancer-targeted therapy [1,2]. Photo-
responsive agents have been particularly studied to achieve complete tumor
ablation through photothermal [3,4] or photodynamic [2,5] effects, which
generate heat or reactive oxygen species (ROS), respectively, upon light
irradiation. Photothermal treatment using near-infrared (NIR) light has
various advantages over conventional anti-cancer therapy [3,6]. For example,
phototherapy facilitates minimally invasive treatment by irradiating light to
the diseased area, and thereby prevents systemic toxicity. Moreover,
photothermal therapy-mediated hyperthermic cell death provides a molecular
switch that can trigger cell death without the limitations of chemotherapy,
such as severe side effects and drug resistance.

However, there are a few remaining concerns surrounding the use of
photoresponsive materials as a new therapeutic. For example, in vivo fate of
photoresponsive materials is important issue because it can produce effective
therapeutic effects through light irradiation to the target area under optimal
conditions. Modification of the photo-responsive materials—gold [7], carbon
[8], and polymers [9]—has been intensively studied as a means to track the
in vivo behavior of nanomaterials for theranostic purposes. However, the
above-listed photoresponsive materials suffer from the quenching of
fluorescence when the fluorescent probe interacts with the hydrophobic
surface of the nanoparticles, and it is a cumbersome process to insert a spacer
or a cleavable linker molecule to prevent this phenomenon. In addition, since
tumor recurrence is often observed in an irradiated lesion after phototherapy,
the phototherapeutic efficacy needs to be improved to ensure complete
eradication of tumor tissues. [10]. In terms of clinical development, some
photoresponsive materials have limitations due to toxicity, safety issues,
and/or unverified excretion profiles [11,12].

In this study, we designed a dual light-responsive DNA-based
nanocluster to achieve an effective image-guided dual phototherapy that is
capable of dual photothermal and photodynamic therapy for theranostic
purposes (Fig. 1). We selected methylene blue (MB) as a model
photosensitizer and gold (iii) ion as the seed material for the photothermal
nanocluster. We synthesized a polymerized DNA fiber via rolling circle
amplification (RCA); this fiber serves multiple functions, acting as a safe and
biodegradable backbone, a delivery carrier of MB, and a template for the gold
nanocluster. MB is a well-known photosensitizer and clinically used for the
treatment of methemoglobinemia with US Food and Drug Administration
approval (Provayblue®) [13]. Several studies reported the applications of MB
for photodynamic anticancer therapy [14-16]. Equipped with the DNA
intercalating ability, MB was loaded in DNA nanostructures [ 14,15]. With the
light-to-heat conversion feature, gold in nanomaterials was studied for
photothermal therapy [17-19]. Photothermal gold nanomaterials have been
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investigated in various shapes of nanosphere, nanoshell, nanorod, and
nanocluster. The application of gold nanoshells for phototherapy of prostate
tumors is in a clinical trial [20]. Taken together, the clinical reports of MB
and gold nanomaterials suggest the potential of MB and gold nanocluster for
translational studies. MB-trapped gold DNA nanoclusters (GMDN) were
generated by reducing gold ions with MB-intercalated long DNA as a cluster
template (Fig. 2A). GMDN yielded acceptable tumor ablation efficacy due to
the response to dual light (660 nm for MB, 808 nm for gold) irradiation.
Moreover, the in vivo behavior of GMDN can be traced by monitoring the
entrapped MB, which has long wavelength-excitable fluorescence. Here, we
report that GMDN can exert phototherapeutic effects via combined
photodynamic and photothermal therapy. Moreover, GMDNs allow image-
guided phototherapy, and thus show potential as a theranostic nanoplatform.

Dual light
Systemic
administration

Gold MB-DNA
nanocluster |
(GMDN) Tumor imaging Tumor ablation

Figure 1. Schematic illustration. For synergistic dual phototherapy,
methylene blue (MB) was trapped in gold DNA nanoclusters to form MB-
trapped gold DNA nanoclusters (GMDN). After systemic administration,
tumor accumulation of GMDN was monitored by molecular imaging. Then,
dual light irradiation (660 nm and 808 nm) was applied to induce
photodynamic and photothermal therapy for tumor ablation.
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2. Materials and methods
Preparation of GMDN

GMDNs were prepared by clustering, which occurred when Au3+ ions
were reduced with MB-intercalated DNA. An oligo primer (5" -
TATATACTAGTCAGATATTACT-3" ) and a linear DNA sequence (5" -
ATCTGACTAGTATATAAACGTCAGGAACGTCATGGAAACGTCAGG
AACGTCATGGAAGTAAT-3" ) were used to produce polymerized CpG
DNA (PD) as previously reported [16]. The linear DNA template was
annealed with the primer (Macrogen Inc., Daejeon, Republic of Korea) in
hybridization buffer (10 mM Tris—HCI, 1 mM EDTA, 100 mM NaCl, pH 8.0),
and then incubated with T4 DNA ligase (125 units/mL; Thermo Fisher
Scientific, Inc.), Waltham, MA, USA); this ligated any nicks in the hybridized
DNA complex to generate a circular template. Inactivation of T4 DNA ligase
was performed at 70 °C for 5 min. This was followed by DNA amplification,
which was performed using phi29 DNA polymerase (100 units/mL; Thermo
Fisher Scientific, Inc.) and 2 mM of dNTPs (ELPIS Biotech, Inc., Daejeon,
Republic of Korea) for 24 h at 30 °C. Free dNTPs were removed by
centrifugation at 11,000% g for 3 min, and the resulting PD was resuspended
in triple-distilled water (TDW). MB was intercalated to PD by incubating 25
puL of PD (10 pg) with 75 pLL of MB (100 uM) for 5 min. The resulting MB-
intercalated PD (MB-PD) was purified by centrifugation at 11,000% g for 3
min and resuspended in 180 ul. of TDW. To prepare GMDN, 10 pL of
HAuCl4-3H20 (50 mM; Sigma-Aldrich, St. Louis, MO, USA) and 10 pL of
dimethylamine borane (5 mM, DMAB; Sigma-Aldrich) were added to 180
puL of MB-PD with vigorous mixing. Gold DNA nanoclusters (GDN) were
prepared under the same conditions but without loading of MB. For further
experiments, various groups were prepared in aqueous 5% glucose solution.

Characterization of GMDN

The physicochemical properties of various nanoclusters were evaluated
in terms of their size distribution, morphology, electron mapping, absorbance,
cargo-loading efficiency, and photo-responsivity. To evaluate morphology
and perform electronic mapping of phosphorus and sulfur, nanoparticles were
observed by energy dispersive X-ray spectroscopy-scanning transmission
electron microscopy (EDS-STEM) using a JEM-2100 F transmission electron
microscope (TEM; JEOL Ltd., Tokyo, Japan). To measure the particle size
distribution, dynamic light scattering was applied with an ELSZ-1000
instrument (Otsuka Electronics Co., Osaka, Japan). The zeta potential was
measured by laser Doppler micro electrophoresis at an angle of 22° with an
ELSZ-1000 instrument (Otsuka Electronics). The UV/Vis spectra of RCA
products were obtained using a SpectraMAX M5 (Molecular Devices Corp.,
Sunnyvale, CA, USA) from 400 nm to 750 nm. The contents of gold and MB
were quantified by inductively coupled plasma mass spectrometry (ICP-MS)
and UV-Vis absorbance spectrum analysis, respectively. The loading amount
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of Au3+ was analyzed with ICP-MS using a Varian 8§20-MS system (Varian,
Sydney, Australia). The MB contents in the various groups were quantified
with an emission peak at 686 nm (Aex 665 nm) by fluorescence measurement
using a SpectraMAX M5 (Molecular Devices). The temperature elevation of
GMDN was evaluated using an infrared thermal camera (FLIR T420; FLIR
System Inc., Danderyd, Sweden) upon 808 nm irradiation by a NIR laser
(BWT Beijing Ltd., Beijing, China) at 1.5 W power.

Cellular Uptake

Cellular uptake of nanoclusters was determined by optical imaging of
the cell pellets, UV-Vis spectra, cellular TEM imaging, and cellular
fluorescence imaging. Murine colon carcinoma CT26 cells (American Type
Culture Collection (ATCC), Manassas, VA, USA) were seeded to a 24-well
plate at a density of 5 x 104 cells per well and incubated for 12 h. The cells
were treated with the various formulations at a PD concentration of 40 pg/mL.
After 4 h incubation, cells were harvested and centrifuged at 100x g for 3 min.
The cell pellet color was visualized by optical imaging. The cell pellet was
resuspended with 200 pL of 5% glucose solution, and the absorbance of cell
suspension was measured at 600 nm using a SpectraMAX M5 (Molecular
Devices). The localization of nanoclusters within tumor cells was visualized
by TEM (Talos L120C; Thermo Fisher Scientific, Inc.). To prepare the cell
samples for TEM imaging, cell pellets were fixed with Karnovsky’s fixative
for 2 h at 4 °C and then washed with cold sodium cacodylate buffer (0.05 M).
The cell pellets were treated with 1% osmium tetroxide solution, and then
subjected to negative staining with 0.5% uranyl acetate. After dehydration by
a series ethanol gradient, the cell pellets were transferred to propylene oxide
and embedded in Spurr’s resin as previously reported [3]. Thin sections (60
nm) of embedded cell pellets were cut by a microtome and observed by TEM.

Intracellular ROS Generation

The intracellular ROS level of nanocluster-treated and light-irradiated
cells was measured by 2 ,7° -dichlorodihydrofluorescein diacetate
(H2DCFDA) staining. CT26 cells were seeded to a 24-well plate at a density
of 5 X 104 cells per well and incubated for 12 h. The various formulations
were applied to the wells at a PD concentration of 40 pg/mL. After 4 h, cells
were washed with phosphate-buffered saline (PBS) and irradiated with a 660-
nm light emitting diode (LED; Mikwang Electronics, Busan, Republic of
Korea) at an intensity of 8000 mCd for 30 min. To detect intracellular ROS
formation, cells were incubated with 10 uM of H2DCFDA (Thermo Fisher
Scientific, Inc.) in serum-free RPMI at 37 °C for 15 min. After the cells were
washed with PBS, and the fluorescence intensity was visualized with a Leica
TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) and
quantified by flow cytometry (FACS Lyric; BD Biosciences, San Jose, CA,
USA).
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In Vitro Photoresponsive Anti-Cancer Efficacy

The in vitro therapeutic effect of GMDN plus dual irradiation was
evaluated by cell viability test and live and dead cell staining. CT26 cells were
seeded to a 24-well plate at a density of 5 x 104 cells per well and incubated
for 12 h. The various formulations were applied to the wells at a PD
concentration of 40 pug/mL. After 4 h, cells were washed with phosphate-
buffered saline (PBS) and irradiated with a 660-nm LED or 808-nm laser.
After 20 h, cell viability was quantified by 3-(4,5-dimethylthizol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The cells were incubated with
MTT (250 pg/mL)-containing culture medium at 37 °C for 2 h and washed
with PBS. The intracellular formazan was dissolved in dimethyl sulfoxide and
absorbance was measured at 570 nm. Live and dead cell staining (Thermo
Fisher Scientific, Inc.) was performed to visualize the cell killing effect by
dual irradiation, as previously described [3]. The cells were stained with
calcein acetoxymethyl (2 pg/mL) and propidium iodide (3 pg/mL) at 37 °C
for 20 min and observed by fluorescence microscopy (Leica DM IL LED;
Leica Microsystems).

Animal Experiments

Five-week-old female BALB/c mice (Raon Bio, Yongin-si, Republic of
Korea) were used for in vivo experiments. All animal experiments were
performed in accordance with the Guidelines for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources. The
study protocol (#SNU-190821-5, 21/08/2019, Seoul National University
Institutional Animal Care and Use Committee) was approved by the
Institutional Review Board for the use of animals at the College of Pharmacy,
Seoul National University.

In Vivo Biodistribution

The in vivo distribution of GMDN was evaluated by molecular imaging
of the fluorescence of MB. CT26-bearing BALB/c mice were established by
subcutaneous inoculation of 1 x 106 CT26 cells. On day 7 after CT26
inoculation, tumor-bearing mice were intravenously injected with free MB or
GMDN at an MB dose of 1.14 mg/kg. In vivo fluorescence images of the
mice were collected at 1 h, 6 h, and 24 h after the administration of GMDN
using an [VIS Spectrum in Vivo Imaging System (PerkinElmer, Inc., Waltham,
MA, USA).

In Vivo Anticancer Effect

The in vivo therapeutic effect of systemically injected GMDN was tested
in CT26 tumor-bearing model mice exposed to dual light irradiation. To
establish the tumor model, 6-week-old female BALB/c mice were
subcutaneously inoculated with 1 x 106 CT26 tumor cells in the right flank.
On day 7 after inoculation, the various formulations were administered
intravenously at a PD dose of 5 mg/kg. At 24 h post-injection, the tumors
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were irradiated with a 660 nm LED (8000 mCd) and an 808 nm laser (1.5
W/em?2) for 5 min each. The temperature of the tumor region was monitored
during NIR irradiation using an infrared thermal camera (FLIR T420). The
volume of tumors was measured by calipers and calculated as previously
reported according to the formula: (Length) x (Width)2 X 0.5 [4].

Ex Vivo Killing Effect of T Cells after GMDN Treatment

To assessment of adaptive immune response, tumor cell killing effect of
T cells was monitored. GMDN-treated and dual light irradiated mice were
sacrificed at 7 days after the treatment and T cells were isolated from the
spleen by nylon wool fiber column method as previously reported [3].
Isolated T cells were stained with CellTracker Green CMTPX dye (Thermo
Fisher Scientific, Inc.) and CT26 tumor cells were labeled by CellTracker Red
CMTPX dye (Thermo Fisher Scientific, Inc.). T cells and CT26 cells were
co-cultured at a ratio of 100:1 and a real-time video was recorded using an
Operetta High-Content Imaging System (PerkinElmer, Inc.).

Statistical Analysis

Statistical analysis and visualization of experimental data were
performed with a one-way analysis of variance (ANOVA) with Student-
Newman-Keuls post-hoc test using GraphPad Prism 7 (GraphPad Software
Inc., San Diego, CA, USA). A p-value less than 0.05 was considered
statistically significant.
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3. Results
Characterization of GMDN

The GMDN were characterized for their morphological,
physicochemical, and photoresponsive characteristics. Elemental mapping
showed that Au, phosphorous, and sulfur co-localized in the nanoclusters,

indicating the presence of gold nanoclusters, DNA, and MB, respectively (Fig.

2B). The average size of GMDN was 51.7 = 7.7 nm (Fig. 2C). GMDN showed
a higher zeta-potential (—28.2 = 0.6 mV) than PD (—48.2 + 0.3 mV). The
amount of encapsulated Au was similar in GMDN and GDN (Fig. 2D), at
129.8 £ 11.7 and 105.7 = 37.3 ng/ug DNA, respectively. The amount of MB
in GMDN was 228.0 + 0.1 ng/ ug DNA, which was not significantly different
from that in PD (Fig. 2E). The formation of gold clusters was characterized
by analysis of the absorbance spectrum (Fig. 2F). Whereas PD and MB-PD
did not exhibit any significant absorption peak, GMDN revealed remarkable
absorbance at 500-700 nm. Due to the loading of Au, the particle had a
photothermal effect (Fig. 2G). While TDW, PD, and MB-PD did not exhibit
any temperature change upon NIR laser irradiation, the temperatures of GDN
and GMDN increased from room temperature to 68.6 = 1.7 and 65.3 £2.1 °C,
respectively, at 3 min after NIR irradiation.
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Figure 2. Characterization of nanoclusters. (A) Schematic illustrations of
GMDN preparation. (B) Elemental mapping images obtained by energy
dispersive X-ray spectroscopy-scanning transmission electron microscopy
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and GMDN were evaluated by inductively coupled plasma mass spectrometry
(ICP-MS). (E) Loading amounts of methylene blue (MB) in MB-intercalated
polymerized CpG DNA (MB-PD) and GMDN were measured by
fluorescence spectrometry. (F) Absorbances of polymerized CpG DNA (PD),
MB-PD, and GMDN were assessed by UV/Vis spectrometry. (G)
Photoresponsive properties of various groups were observed by temperature
monitoring during NIR irradiation.

Cellular Uptake of GMDN

The cellular uptake of the gold nanoclusters was observed based on cell
color, cellular TEM imaging, and fluorescence microscopy. First, the cellular
uptake of GMDN was visualized by the color of the cell pellet (Fig. 3A). The
pellets of GDN- and GMDN-treated cells were much darker than those of the
other groups, and GDN- and GMDN-treated cells had much higher
absorbances than the other groups (Fig. 3B). Gold nanoclusters were observed
in the cytoplasm of GDN- and GMDN-treated cells (Fig. 3C). The cellular
uptake of GMDN was also evaluated by assessing the fluorescence of MB.
PD- and GDN-treated cells did not exhibit any fluorescence, whereas the MB-
PD- and GMDN-treated groups showed strong fluorescence, indicating
cellular uptake of MB. Cells treated with GMDN showed a higher uptake rate
compared to those treated with MB-PD, as assessed by examining the
fluorescence of methylene blue by FACS analysis (Fig. 3E). The nanosized
clusters of GMDN had 2.0-fold higher fluorescence than the microsized
structures of MB-PD (Fig. 3F).
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Figure 3. Cellular uptake of nanoclusters. (A) Cell pellets were observed
after cells were treated with PD, GDN, MB-PD, or GMDN. (B) Absorbances
of cell suspensions were measured at 600 nm. (C) Cellular internalization of
gold nanoclusters was observed by TEM imaging. (D) Cells were treated with
the various formulations and fluorescence was observed by confocal

microscopy. (E,F) Cellular uptake of nanoclusters was measured by flow
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cytometry (E) and analysis of average fluorescence intensity (F)
(***p<0.001).

In Vitro Phototherapeutic Effects of GMDN

The dual light responsiveness of GMDN resulted in ROS generation and
temperature increase, which was able to kill cancer cells. Upon 660-nm
irradiation, ROS generation was not detected in control groups treated with
PD or GDN (Fig. 4A). However, MB-PD- and GMDN-treated CT26 cells
showed robust ROS generation. Photothermal efficacy was observed only in
GDN- and GMDN-treated cells (Fig. 4B, 4C). Upon NIR laser irradiation,
negligible temperature increases were observed in PD- and MB-PD-treated
cells, which lacked Au in the formulation (Fig. 4B). In contrast, significant
temperature increases upon NIR irradiation were confirmed in GDN- and
GMDN-treated cells, which exhibited increases of up to 47.2 + 0.5 and 47.1
+ 0.8 °C, respectively (Fig. 4C). The ROS-mediated photodynamic effect and
heat-mediated photothermal effect led to synergistic anti-cancer efficacy.
Whereas cell viability was not affected by any of the tested formulations in
the absence of irradiation (Fig. 4D), ROS generation upon 660-nm irradiation
significantly reduced the cell viability of the GMDN group to 40.4% (Fig.
4E). Heat generation upon 808-nm NIR irradiation also induced significant
cell death, with the GMDN-treated group showing 43.1% cell viability (Fig.
4F). When both lights were applied to the cells, a synergistic anti-cancer effect
was confirmed (Fig. 4G). The GDN and MB-PD groups showed comparable
cell viabilities above 40% upon dual light irradiation, whereas GMDN-treated
cells showed significantly decreased cell viability under dual light irradiation,
down to 5.4 £ 9.1% (Fig. 4G). The results of live and dead cell staining
supported this synergistic anti-cancer efficacy by showing significantly lower
levels of living cells and higher levels of dead cells when the dual light was
applied to GMDN-treated cells compared to the GDN- or MB-PD-treated
groups (Fig. 4H).
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anti-cancer efficacy was visualized by live and dead cell imaging (n.s., not
significant; ***p<0.001).

In Vivo Anti-Tumor Efficacy of GMDN

The in vivo distribution and synergistic dual phototherapeutic effects of
GMDN were confirmed in vivo (Fig. 5A). Each formulation was
intravenously administered to CT26 tumor-bearing mice. Our results revealed
that free MB was distributed throughout the whole body (Fig. 5B). However,
the fluorescence signal was significantly increased at the tumor site of the
GMDN:-treated group, and lower distribution was seen in other organs (e.g.,
liver) under this treatment. Moreover, the accumulation of GMDN resulted in
a temperature increase from room temperature to 47.1 + 1.7 °C upon 808-nm
NIR irradiation at the tumor site (Fig. 5C). When dual light was applied to the
tumor, slight suppression of tumor growth was observed in the GDN- and
MB-PD-injected groups, which showed average tumor volumes of 902.6 +
306.9 and 981.3 + 671.9 mm3, respectively, while the average tumor volume
of the untreated group was 3169.1 + 328.6 mm3 (Fig. 5D, 5SE). However, dual
light irradiation of the GMDN-treated group significantly inhibited tumor
growth even further, yielding an average tumor volume of 140.0 + 156.1 mm3.
As a result, GMDN improved the survival of the mice (Fig. 5F). While no
mouse survived to day 61 post tumor inoculation in any other group, GMDN-
treated mice showed 100% survival up to day 65 (Fig. SF). When splenic T
cells were extracted from the surviving mice and co-cultured with tumor cells,
a more robust anti-cancer response was observed compared to that obtained
with naive splenic T cells from untreated mice (Fig. 5G).
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tumor inoculation. (F) Survival was monitored for 65 days. (G) Anti-tumor
efficacy was evaluated in a tumor cell co-culture model involving splenic T
cells from treated or untreated mice (*p<0.05; ***p<0.001).
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4. Discussion

Here, we developed dual light-responsive nanocluster GMDN, which
can exert a dual phototherapeutic effect for cancer phototherapy. Our use of a
long DNA strand produced from RCA as a backbone for intercalating MB and
clustering gold ions conferred multi-functionality to the nanoclusters as a
theranostic formulation.

We used RCA to generate a repeated-sequence long PD strand that was
then used as a scaffold for therapeutic cargo loading. As a natural biopolymer,
the DNA nanostructure has great potential in nanotechnology [21]. For
example, the fabrication and construction of a DNA-based structure can be
easily controlled due to its intrinsic intermolecular interactions. DNA can
form duplex, hairpin, loop, and/or G-quadruplex structures, which can endow
the nanostructure with unique functions. The ease of sequence design can also
give additional functionality. Most of all, DNA is a biocompatible and safe
material that is suitable for clinical application.

The robust nanocluster formation by PD, MB, and gold was confirmed
by elemental analysis. MB is a ROS-generating photoresponsive dye and
DNA-intercalating agent [15]. By binding to double-stranded DNA with high
affinity, the MB and PD formed a stable MB-PD complex. When gold ions
were reduced to gold clusters on the PD backbone, the bulky PD structure
was compacted to nano-size and MB-entrapping gold nanoclusters were
formed.

The resulting GMDN nanoparticles could respond to dual light for
photothermal and photodynamic therapy, respectively. When the GMDN
were applied to cancer cells, the particles were efficiently internalized,
whereas this was not true for the micro-sized bulky nanostructures used for
comparison (Fig. 3F). The enhanced cellular uptake due to nanocluster
formation was associated with a synergistic anti-cancer effect. Our in vitro
studies revealed that while photothermal therapy or photodynamic therapy
alone could not induce significant anti-cancer efficacy, the simultaneous
treatment of dual phototherapy resulted in a dramatic anti-cancer killing effect
(Fig. 4G, 4H). The use of dual lights has been reported to exert synergistic
anticancer efficacy compared to single light irradiation [22-24]. The
synergistic effects can be explained by several factors. First, the combination
of dual lights has been shown to overcome the limited penetration depth of
red light. Secondly, the hyperthermia condition by photothermal therapy at
808 nm has been observed to increase the uptake of photosensitizers by tumor
cells [23]. Thirdly, the singlet oxygen generated by photosensitizers at 660
nm is known to attack heat-shock proteins, enhancing the photothermal effect
by 808 nm [25].

GMDN can enable the imaging of tumor tissues, as MB has been used
in clinical settings as a cancer diagnostic dye. When GMDN were
administered intravenously, significant accumulation in tumor tissue was
observed. Since nanoparticles are intrinsically able to accumulate in tumor
tissues through the enhanced retention and permeability effect, a nano-
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formulation that includes an imaging agent can aid in tumor diagnosis [26].
The biodistribution results obtained in this study suggest that GMDN showed
improved tumor imaging with higher selectivity, as compared to the same
amount of free MB.

For translation of this study to the colon cancer patients, optical fibers
need to be used as a light source to irradiate the deep lesion of the patients
[27]. A recent study reported that a 100 um-diameter optical fiber could
provide photothermal ablation of colorectal cancer metastasized to the liver
[28]. In another study, an optical fiber with a 20-mm cylindrical diffuser has
been used for photodynamic therapy of cancer patients [29]. Molecular
imaging data obtained through GMDN might be useful for the treatment of
image-guided phototherapy, which requires access to the correct lesion using
optical fibers.

GMDN also showed a synergistic anti-cancer effect in an animal model.
When tumor growth was monitored for 30 days after photo-treatment,
photothermal therapy or photodynamic therapy alone showed limited
therapeutic efficacy with continued tumor growth. However, complete tumor
ablation was observed at day 65 after dual photothermal and photodynamic
therapy, and no mortality was recorded during this period.
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Chapter I11

Cold plasma-actuated on-site hydrogel for remodeling
tumor immune microenvironment
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1. Introduction
Immune checkpoint inhibitors work by inhibiting the immune-evading
interaction between tumor cells and T cells and have recently emerged as
major players in immunotherapy. Several immune checkpoint inhibitors have
been developed as products for clinical use [1]. For example, anti-PD-L1 and
anti-CTLA antibodies have been extensively used to treat various cancers.
Despite the therapeutic success of immune checkpoint inhibitors, however,
they are usually used in combination with anticancer chemotherapeutics [2].
This is due, at least in part, to the ability of a tumor’s cold immune
environment to limit the efficacy of immune checkpoint inhibitors.

To convert the cold immune environment to a ‘“hot” immune
environment in a tumor, various nanoparticle-based strategies have been
investigated. Nanoparticles entrapping immune stimulants, such as toll-like
receptor agonist and interferon-gamma (IFNy), have been exploited to
reeducate M2-like macrophages to M1-like macrophages [3-5]. Nanoparticle-
based systems have also been used to improve T cell infiltration and activation
[6,7]. Although progress has been made using diverse nanoparticles, it would
be helpful to design a system that could facilitate the immunogenic cell death
of tumor cells and the uptake of tumor-associated antigens (TAA) by activated
dendritic cells (DC) as a means to enhance the immunotherapeutic efficacy.
Notably, the sustainable and repeated delivery of antigens and adjuvants has
been shown to increase the efficacy of antigen presentation by DC [8].

Cold atmospheric plasma (CAP) is an external stimulus that can generate
reactive oxygen species (ROS) [9 ,10] and has been studied for biomedical
applications [11]. Recent reports indicate that CAP irradiation can induce
ROS-mediated tumor cell killing. The exposure of tumor cells to ROS has
been shown to increase the exposure of “eat-me” signals on the damaged
tumor cell surfaces, generating tumor-associated antigens (TAA) [12]. To
fully remodel the tumor immune microenvironment, however, it will be
necessary to trigger uptake of TAA by DC and increase subsequent antigen
processing.

Here, we designed a formulation that exists as a liquid for injection but
forms an on-site hydrogel in response to externally applied CAP. We
hypothesized that CAP could: 1) function to generate ROS and produce TAA;
and 2) make an on-site hydrogel that would act as a sustainable matrix of
nanoadjuvants and TAA. To test these hypotheses, we exploited the ROS-
responsive gelation feature of hyaluronic acid (HA)-tyramine conjugate (HAT)
(Fig. 1A). As a model nanoadjuvant, we loaded transforming growth factor
beta (TGFP) receptor kinase inhibitor (TRKI) into lipid nanoparticles (TLN).
CAP irradiation of nanoparticle-loaded HAT induced phenol polymerization
of HAT to yield TLN entrapped in a matrix of CAP-induced hydrogel
(TLN@CHG) (Fig. 1B). TLN@CHG is proposed to facilitate the
phagocytosis of TAA by DC and activate tumor antigen presentation by the
TLN  nanoadjuvant, thereby remodeling the tumor immune
microenvironment (Fig. 1C). !
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Figure 1. Schematic illustration of CAP-actuated hydrogel with TRKI-
loaded nanoparticles and the proposed mechanism of immune-inflamed
micro-network. (A) Chemical structure and CAP-induced crosslinking of
HAT are depicted. (B) Schematic illustration of the CAP-induced formation
of TLN@CHG. (C) In vivo gelation of TLN@CHG was executed by CAP
treatment. CAP irradiation induced the immunogenic cell death of tumor cells,
which express the “eat me” signal; this functions as a tumor-associated
antigen (TAA). TLN@CHG acts as a TAA reservoir to remodel the tumor
immune microenvironment, resulting in DC recruitment and maturation. The
priming of T cells by mature DC can prevent tumor recurrence via a systemic

immune response.
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2. Materials and methods
Synthesis of HA derivative

HAT was synthesized as previously reported [13] with slight
modification (Fig. STA). Briefly, 100 mg of HA (201 kDa, 0.264 mmol;
Contipro Inc., Dolni Dobrou¢, Czech Republic) and 225 mg of tyramine
hydrochloride (1.325 mmol; Sigma-Aldrich, St. Louis, MO, USA) were
dissolved in 10 ml of triple distilled water (TDW). Subsequently, 100 mg of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 60 mg of N-
hydroxysuccinimide were added. For the conjugation reaction, the mixture
was stirred at room temperature overnight at pH 4.7. To remove unconjugated
tyramine, the solution was dialyzed in 100 mM sodium chloride solution for
2 days, followed by dialysis against 25% ethanol solution for 1 day and
against TDW for 1 day (molecular weight cutoft: 1000 Da). The resulting
HAT was lyophilized. 1H nuclear magnetic resonance (NMR) spectral
analysis was used to confirm the synthesis of HAT and calculate the degree
of substitution for tyramine in HA (Fig. S1B).

Preparation and characterization of TGFp receptor kinase inhibitor-
loaded lipid nanoparticles

TGFP receptor kinase inhibitor (TRKI, SB525334; Selleck Chemicals,
Houston, TX, USA) was encapsulated in lipid nanoparticles. For nanoparticle
preparation, egg L-a-phosphatidylcholine (PC), egg L-a-phosphatidyl-DL-
glycerol (PG), cholesterol (Chol) and TRKI were mixed at a molar ratio of
2:2:1:0.1 and the organic solvent was evaporated under high vacuum using a
rotary evaporator (CCA-1110; Tokyo Rikakikai, Tokyo, Japan). In some
experiments, Lissamine™ Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (Rhodamine DHPE; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) was added to the lipid mixture during nanoparticle
preparation. The thin lipid film was hydrated with phosphate buffered saline
(PBS, pH 7.4), vortexed, and extruded through a 0.2-uym membrane filter
(Thermo Fisher Scientific, Inc.) to yield TRKI-loaded lipid nanoparticles
(TLN). Plain lipid nanoparticles without TRKI (PLN) were prepared as a
control.

The size distribution and zeta potential were evaluated using an ELSZ-
1000 (Photal, Osaka, Japan). The morphology of nanoparticles was observed
by transmission electron microscopy (TEM). For TEM imaging, 10 pl of
nanoparticles was dropped onto a copper grid and air dried. For negative
staining, the grid was stained with 2% uracyl acetate and washed twice with
TDW. The nanoparticles were observed under a transmission electron
microscope (Talos L120C; Thermo Fisher Scientific, Inc.).

Characterization of CAP-induced hydrogel
CAP (P500-SM, Flamme Inc., Gyeonggi-do, Republic of Korea) with
compressed air was used to induce the crosslinking of tyramine with
horseradish peroxidase (HRP, Sigma-Aldrich). For the production_of CAP,
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compressed air was used at a flow rate of 1 liter per minute under a voltage
of 15 kV at a frequency of 20 kHz. During CAP irradiation, the distance
between the device and the mixture of HAT and HRP was fixed at 1 cm.
Crosslinking of tyramine was evaluated by the color change and absorbance
of tyramine solution. Tyramine solution (10 mg/ml) containing HRP (5 U/ml)
was irradiated by CAP for 0, 1, 2, 3, 4, and 5 min. During the CAP irradiation,
photographs and videos were recorded, followed by measurement of the
absorbance spectrum with a SpectraMax M5 microplate reader (Molecular
Devices, Silicon Valley, CA, USA). To fabricate CAP-induced hydrogel from
HAT solution, 0.1 ml of HAT (10 mg/ml) was mixed with 0.5 U of HRP and
irradiated with CAP for 5 min. The resulting CAP-induced HA-based
hydrogel (CHG) was stored at 4°C until use. To form TLN-loaded CHG
(TLN@CHG), TLN containing 0.1 umole of TRKI was mixed with 0.1 ml of
HAT (10 mg/ml) and HRP, and irradiated with CAP. In some experiments,
fluorescein-conjugated-bovine serum albumin (fBSA, 100 pg) was added to
the binary mixture of HAT and HRP or the tertiary mixture of TLN, HAT, and
HRP, and irradiated with CAP, resulting in fBSA-loaded CHG (fBSA@CHG)
or fBSA-loaded TLN@CHG (TLN/fBSA@CHG), respectively. For
comparison with TLN@CHG, TLN containing 0.1 pmole of TRKI was mixed
with 0.1 ml of HAT (10 mg/ml) without CAP irradiation to form a physical
mixture (TLN-+HAT).

Rheological properties were evaluated using a rotational rheometer
(DHR-1; TA Instruments Ltd., New Castle, DE, USA) at various viscoelastic
parameters with fixed frequency. For analysis of the swelling ratio,
dehydrated hydrogel was immersed in water and the weight of the rehydrated
hydrogel was measured at various time points. The swelling ratio was
calculated with the following equation: Wswollen-Wdry / Wdry x 100 =
swelling ratio (%) [14]. The morphology and elemental compositions of the
hydrogels were observed by field-emission scanning electronic microscopy
(SEM) combined with energy dispersive spectroscopy (EDS; AURIGA, Carl
Zeiss AG, Oberkochen, Germany).

Intracellular ROS and cell viability
Generation of intracellular ROS was detected using a fluorescent
oxidative stress indicator. CT26 colon carcinoma cells (American Type
Culture Collection (ATCC), Manassas, VA, USA) were treated with TLN,
TLN+HAT, CHG, or TLN@CHG. For treatment of CT26 cells with CHG or
TLN@CHG, a CT26 cell pellet (5x105 cells) was mixed with 0.1 ml of HAT
(10 mg/ml) and HRP (5 U/ml), and irradiated with a plasma jet for 5 min to
form CHG or TLN@CHG hydrogels containing CT26 cells. The hydrogels
were treated with 1 ml of hyaluronidase (5 U/ml, Sigma-Aldrich) for 1 hr and
isolated single cells were stained with CM-H2DCFDA (Thermo Fisher
Scientific, Inc.) according to the manufacturer’s protocol. The fluorescence
intensity of intracellular ROS was measured by a flow cytometer (BD

Biosciences, San Jose, CA, USA). Cell viability was evaluated by 3-(4,5-
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dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. CT26
cells were treated with CHG or TLN@CHG and exposed to 1 ml of
hyaluronidase (5 U/ml) for 1 hr, and isolated single cells were seeded to 24-
well plates and incubated for 23 hr at 370C. To quantify the dead cell
population following CAP treatment, the cells were stained with MTT
(Sigma-Aldrich).

Animal studies

Five-week-old Balb/c mice (Raon Bio, Yongin, Republic of Korea) were
used for monocyte isolation and in vivo experiments. All studies using
animals were conducted under the Guidelines for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources in Seoul
National University (approved animal experimental protocol number, SNU-
190417-15).

DAMP exposure study

The exposure of DAMP signals on cells was assessed to evaluate
immunogenic cancer cell death. CT26 cells were treated with the various
formulations and the resulting CHG or TLN@CHG hydrogels containing
CT26 cells were treated with 1 ml of hyaluronidase (5 U/ml) for 1 hr. The
level of ATP secretion, one of DAMP signals, was observed in supernatants
of cells treated with various samplesusing an ATP determination kit (Thermo
Fisher Scientific, Inc.). The isolated cell suspensions were seeded to 24-well
plates and incubated for 1 day at 370C. The cells were collected, stained with
mouse anti-calreticulin (CRT) antibody (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA; catalog No. sc-166837, Lot No. C2917) for 1 hr, and further
stained with Alexa Fluor®647-conjugated goat anti-mouse IgG antibody
(BioLegend, Inc., San Diego, CA, USA; catalog No. 405322, Lot No.
B275544) for 1 hr. The CRT-positive cell population was measured by flow
cytometry. For in vivo assessment of CRT exposure, 5-week-old Balb/c mice
were subcutaneously injected in the right flank with 106 CT26 cells. After 7
days, the tumor sites were injected with 0.1 ml of HAT (10 mg/ml) and HRP
(5 U/ml). After CAP irradiation for 5 min, TLN (TRKI dose: 1.5 mg/kg) was
injected to form TLN@CHG in vivo. One day later, the tumor tissues were
extracted and single-cell suspensions were collected. The tumor cells were
stained with anti-CRT antibody (Santa Cruz Biotechnology, Inc.) and
subjected to flow cytometry.

Cancer cell phagocytosis by DC

To evaluate the phagocytosis of CAP-irradiated cancer cells by DC,
CAP-irradiated cancer cells were co-cultured with bone marrow-derived DC
(BMDC) and subjected to real-time recording and TEM imaging. BMDC
were isolated from 5-week-old Balb/c mice as previously described [15]. For
real-time recording, the BMDC were stained with CellTracker Red CMTPX
dye (Thermo Fisher Scientific, Inc.) and seeded to a 96-well clear-bottom
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black polystyrene microplate (Sigma-Aldrich). CT26 cells were irradiated
with CAP for 5 min, labeled with CellTracker Green CMFDA dye (Thermo
Fisher Scientific, Inc.), and then added along with TLN (TRKI dose: 10 uM)
to the BMDC-seeded plate. Co-cultures of CT26 cells and BMDC were
observed by an Operetta High-Content Imaging System (PerkinElmer, Inc.,
Waltham, MA, USA). For cellular TEM imaging, the cells were harvested
after 24 hr and fixed with Karnovsky’s solution for 2 hr at 4°C. The collected
cell pellets were washed with cold 0.05 M sodium cacodylate, fixed with 1%
osmium tetroxide, and stained with 0.5% uranyl acetate. After dehydration
through a graded ethanol series, cell pellets were resuspended in propylene
oxide for 5 min and mixed with Spurr’s resin. The resin was cut into thin
sections (60 nm thick) with an ultramicrotome (Leica EM UC7; Leica
Microsystems GmbH, Wetzlar, Germany) and observed by TEM (Talos
L120C; Thermo Fisher Scientific, Inc.).

Activation of DC in co-culture with cancer cells

The ability of CAP-irradiated cancer cells to activate DC was
investigated by assessing DC maturation markers. BMDC were seeded to a
24-well plate at 105 cells per well. On the following day, CT26 cells in TLN,
TLN+HAT, CHG, or TLN@CHG were added to the BMDC-seeded plate.
After 48 hr, the hydrogels were treated with hyaluronidase, the samples were
centrifuged, and the supernatants were assessed for secreted cytokines using
ELISA. The level of tumor necrosis factor-o (TNFa) was measured with a
Quantikine ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA)
according to the provided instructions. The cells were then stained with
fluorescein isothiocyanate (FITC)-conjugated anti-CD11c (BioLegend, Inc.;
catalog No. 117306, Lot No. B277030) and anti-allophycocyanin (APC)-
conjugated anti-CD86 (BioLegend, Inc.; catalog No. 105012, Lot No.
B245162) for 1 hr. The stained cells were washed with fresh cold PBS and
analyzed by flow cytometry.

Real-time recording of cancer cell phagocytosis by macrophages

Bone marrow-derived macrophages (BMDM) were differentiated to
mimic TAM, and their cancer cell phagocytosis capability was measured. For
differentiation to M2 type [16], BMDM were isolated from the femur bones
of Balb/c mice (Raon Bio) and maintained in Iscove’s Modified Dulbecco’s
medium (IMDM) supplemented with 10% fetal bovine serum (FBS;
GenDEPOT, Katy, TX, USA), 100 U/ml penicillin (Capricorn Scientific,
Ebsdorfergrund, Germany), 100 mg/ml streptomycin (Capricorn Scientific),
and 10 ng/ml macrophage colony-stimulating factor (GenScript, New Jersey,
USA). The cells were differentiated for 7 days with medium replacement on
day 3. On day 7, the BMDM medium was replaced with M2-inducing IMDM
containing 10% FBS and 10 ng/ml IL-4 (GenScript) and culture was
continued for 1 day.

For the real-time recording, M2-like BMDM were stained with
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CellTracker Red CMTPX dye (Thermo Fisher Scientific, Inc.) and seeded to
a 96-well clear-bottom black polystyrene microplate. CT26 cells were
irradiated with CAP for 5 min and labeled with CellTracker Green CMFDA
dye (Thermo Fisher Scientific, Inc.). The CAP-treated CT26 cells and TLN
(TRKI dose: 10 uM) were loaded to the BMDM-seeded plate and the co-
culture of CT26 cells and BMDM was recorded in real-time using an Operetta
High-Content Imaging System (PerkinElmer, Inc., Waltham, MA, USA).

Polarization study of macrophages co-cultured with cancer cells

The macrophage-reprogramming abilities of cancer cells treated with the
various formulations were studied by assessing macrophage markers. The
M2-differentiated BMDM were seeded to a 24-well plate at 105 per well and
incubated overnight. CT26 cells in TLN, TLN+HAT, CHG, or TLN@CHG
were loaded to the BMDM-seeded plate and culture was continued for 24 hr.
The samples were centrifuged, the supernatants were collected, and the cell
pellets were resuspended to single-cell suspensions, which were then stained
with FITC-conjugated anti-CD11b (BioLegend, Inc.; catalog No. 101206, Lot
No. B286843), APC-conjugated anti-F4/80 (BioLegend, Inc.; catalog No.
123116, Lot No. B268075), phycoerythrin (PE)-conjugated anti-CD206
(BioLegend, Inc.; catalog No. 141706, Lot No. B280038), and PE-conjugated
anti-CD86 (BioLegend, Inc.; catalog No. 105008, Lot No. B267647) for 1 hr.
The cells were washed and analyzed by flow cytometry. The levels of TNFa
and IL-6 in the collected supernatant were quantified with a Quantikine
ELISA kit (R&D Systems, Inc.).

Uptake of TLN by macrophages and DC

The cellular uptake of TLN was investigated using confocal laser
scanning microscopy. M2-like BMDM and BMDC were stained with
CellTracker CMFDA dye (Thermo Fisher Scientific, Inc.) and seeded to an 8-
well chamber slide. CT26 cells were labeled with Vybrant™ DiD Cell-
Labeling Solution (Thermo Fisher Scientific, Inc.) and irradiated with CAP
for 5 min. Fluorescence-labeled TLN (Rhodamine; TRKI dose, 10 uM) and
CAP-treated CT26 cells were loaded to the BMDM- or BMDC-seeded slides.
On the following day, the treated cells were observed under confocal
microscopy (TCSS; Leica).

In vivo ROS detection
TLN@CHG-mediated ROS generation in tumor-bearing mice was
observed with the ROS indicator, hydro cyanine (hydro Cy)5.5, which was
synthesized by reducing the iminium cations of cyanine dye [17]. The
obtained hydro Cy5.5 was dissolved with dimethyl sulfoxide. Five-week-old
Balb/c mice were subcutaneously injected in both flanks with 106 CT26 cells
per injection. After 7 days, CT26 tumor-bearing mice were intravenously
injected with hydro Cy5.5 (1 mg/kg). Ten minutes later, tumor sites or normal

muscle areas were treated with TLN+HAT or TLN@CHG. The fluorescence
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intensities of sample-treated sites were observed with an IVIS Spectrum In
Vivo Imaging System (Perkin Elmer).

In vivo DC activation

The in vivo activation of DC was investigated by immunostaining of
spleen tissues. Five-week-old Balb/c mice were subcutaneously injected in
the left flank with 106 CT26 cells. Seven days later, the tumor sites of mice
were treated with the various formulations. Forty-eight hours later, single-cell
suspensions of splenocytes were obtained from spleens [18]. Red blood cells
were lysed with ammonium/chloride/potassium-based buffer (ACK buffer;
0.15M NH4CI, 1M KHCO3, 0.01M EDTA). The obtained splenocytes were
stained with FITC-conjugated anti-CD11c, APC-conjugated anti-CD86,
APC-conjugated anti-CD80 (BioLegend, Inc.; catalog No. 104714, Lot No.
B271484), and APC-conjugated CD40 (BioLegend, Inc.) for 1 hr. The stained
cells were washed with fresh cold PBS and analyzed by flow cytometry.

In vivo retention

The in vivo fate of TLN@CHG was observed by incorporating
methylene blue during gelation and then tracing its fluorescence. Five-week-
old Balb/c mice were subcutaneously injected with TLN@CHG and 10 nmole
of methylene blue (Sigma-Aldrich), and then irradiated with CAP for 5 min.
For comparison, TLN+HAT solution containing 10 nmole of methylene blue
was subcutaneously injected to mice. Fluorescence intensity was observed
daily using an IVIS Spectrum in Vivo Imaging System.

In vivo release of tumor-associated antigens from on-site hydrogel

To measure the in vivo release of TAA from TLN@CHG, fluorescence-
conjugated bovine serum albumin (BSA; Sigma-Aldrich) was used as a model
antigen. Alexa Fluor™ 680 N-hydroxysuccinimide ester (Thermo Fisher
Scientific, Inc.) was conjugated with BSA according to the manufacturer’s
protocol. Five-week-old Balb/c mice were injected with TLN@CHG and 100
pg AlexaFluorTM 680-conjugated BSA (fBSA), and then subjected to CAP
irradiation for 5 min. The fluorescence intensity of BSA in free form or in
TLN/fBSA@CHG was measured using an IVIS Spectrum In Vivo Imaging
System.

To study cross-presentation, BI6F10-OVA cell pellets (5x105 cells)
were mixed with 0.1 ml of HAT (10 mg/ml) and HRP (5 U/ml) and irradiated
with the plasma jet for 5 min. TLN was then added to the hydrogel. This
yielded a mass of BI16F10 cells wrapped in TLN@CHG, which was
strained (40-um) and applied to BMDC. After 12 or 36 hr, the strainer was
removed and the BMDC were stained with FITC-conjugated anti-CD11c and
APC-conjugated anti-MHCI-SIINFEKL (BioLegend, Inc.; catalog No.
141606, Lot No. B273750) for 1 hr. The stained cells were washed with fresh
cold PBS and analyzed by flow cytometry.
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Immune cell profiling in primary and re-challenged tumor tissues

Active immune cells in tumor tissues were characterized using flow
cytometry and immunofluorescence imaging. Five-week-old mice were
subcutaneously inoculated with 106 CT26 cells in the left flank (day 0). After
10 days, mice were intratumorally injected with the various formulations and
exposed to CAP irradiation. On the same day, 5x105 CT26 cells were
subcutaneously re-challenged in the right flank. On day 14, primary tumors
were extracted and single-cell suspensions were obtained from the tumor
tissues. The cells were stained for dead cell exclusion using Zombie-UV
fixable viability dye (BioLegend). For immune cell analysis, the cells were
stained with BV421-conjugated anti-CD45 (BioLegend, catalog No. 103133,
Lot No. B294378), PE/Cy5-conjugated anti-CD3, APC/Cy7-conjugated anti-
CDS8, PE-conjugated anti-CDl1lc, PerCP/Cy5.5-conjugated anti-CDllc,
PerCP/CyS5.5-conjugated anti-TNFa, APC-conjugated IL6, Alexa 488-
conjugated anti-MHCII, PE/Cy7-conjugated anti-CD86, FITC-conjugated
anti-CD4, PE-conjugated anti-IFNy, Alexa 647-conjugated anti-Granzyme B,
and PE-conjugated anti-CD4 antibody. For high-dimensional FACS analysis,
flow cytometry data were acquired on a BD LSRFortessa™ X-20 Flow
Cytometer (BD Biosciences) using the BD FACS Diva software (BD
Biosciences) and processed with the FlowJo software (FlowJo, Ashland, OR,
USA). Live cell numbers were normalized to 16,000 for each group and
dimensionality reduction was performed using the t-distributed stochastic
neighbor embedding (t-SNE) method with six parameters and a perplexity of
30. Five cell populations were identified: CD45+CD3+CD8+ T cells,
CD45+CD3+CD4+ T cells, CD45+CD3-CD11¢+MHC+ dendritic cells,
CD45+CD3-CD11¢c-MHCII- immune cells, and CD45- non-immune cells.
These populations were manually gated and visualized in t-SNE plots.

For analysis of tumor-infiltrating lymphocytes, re-challenged tumors
were harvested on day 14 and processed to single-cell suspensions, which
were stained with anti-mouse CD3 and anti-mouse CD8. Immune cells were
profiled as described above by flow cytometry. For immunofluorescence
imaging, tumor tissues were extracted on day 14, fixed in 10% formalin, and
processed to paraffin sections. The sections were stained with anti-mouse
CD4 (Bio X Cell; catalog No. BE0003-1, Lot No. 699918M2B) and anti-
CD8a using an OPAL Multiplex IHC kit (PerkinElmer, Inc.. The images were
obtained using an automated multimodal tissue analysis system (Vectra,
PerkinElmer, Inc.) and analyzed with the Inform software (PerkinElmer, Inc.).

Transcriptome analysis of the tumor immune microenvironment
Transcript expression of immune cells in tumor tissues was characterized
by next-generation sequencing. Five-week-old mice were subcutaneously
inoculated with 106 CT26 cells in the left flank and 10 days later treated with
TLN@CHG. Four days later (day 14 of the experiment), tumors were
extracted and processed to single-cell suspensions. T cells were stained with
FITC-conjugated anti-CD3 and sorted using a FACSAria III (BD
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Biosciences). Total RNA of sorted cells was obtained using TRIzol RNA
Isolation Reagents (Thermo Fisher Scientific, Inc.) and tested for quality with
an Agilent 2100 bioanalyzer running an RNA 6000 Nano Chip (Agilent
Technologies, Amstelveen, Netherlands). Control and test RNA libraries were
constructed using a QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen, Inc.,
Vienna, Austria) according to the manufacturer’s instructions. High-
throughput single-end 75 bp sequencing was conducted using a NextSeq 500
(Illumina, Inc., San Diego, CA, USA).

Primary tumor ablation and protection from tumor recurrence

The immunotherapeutic efficacy of each formulation was evaluated
against primary and re-challenged tumors. CT26 cells (106) were
subcutaneously transplanted into the left flanks of 5-week-old Balb/c mice.
After 7 days, CT26 tumor-bearing mice were randomly distributed to six
groups. Mice of the TLN@CHG group were intratumorally injected with 100
ul of HAT (10 mg/ml) supplemented with 0.5 U of HRP. After CAP irradiation
for 5 min, the tumor site was treated with TLN (TRKI dose, 1.5 mg/kg) to
form TLN@CHG. On the same day, 5x105 CT26 cells were subcutaneously
re-challenged in the right flank. For depletion of CD8 T cells, mice were
intraperitoneally injected with 200 pg of anti-CD8a antibody (Bio X Cell,
West Lebanon, NH, USA; catalog No. BE0004-1, Lot No. 693018M2) on
days 5, 8, 10, 12, 16, 23, and 30. The volumes of tumors were measured at 3-
day intervals and calculated by the formula: tumor volume (mm3) = the
longest length (mm) x the shortest length (mm)2 % 0.5 [19]. For assessment
of long-term protective efficacy, completely cured mice were re-challenged
with 5x105 CT26 cells at 180 days after the first inoculation. 4T 1-luciferase
(4T1-Luc cells; PerkinElmer, Inc.) breast cancer cells were inoculated as a
negative control.

Tumor metastasis study

The systemic immune responses of mice treated with TLN@CHG were
assessed in a lung metastasis model. 4T1-Luc cancer cells (106) were
inoculated into the right flanks of mice. At day 7 post-inoculation, the mice
were treated as described for the CT26 tumor model and then (on the same
day) intravenously injected with 2x105 4T1-Luc cells. The growth of
metastasized lung tumors was measured weekly using an IVIS Spectrum
imaging system. At each studied time point, luciferin (PerkinElmer, Inc.) was
intraperitoneally injected to the mice and luciferase activity was evaluated
with bioluminescence imaging.

Analysis of memory T cells
To test the antigen-specific long-term immune response, the population
of effector memory T (CD3+CD8+CD44highCD62Llow) cells was
investigated among mice that had been completely cured by TLN@CHG. At
180 days after the first inoculation, these TLN@CHG-treated mice were re-
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challenged with 106 CT26 cells in the right flank. After 7 days, the inguinal
lymph nodes near or far from the tumor were extracted and dissociated to
single-cell suspensions. The lymphocytes were stained with FITC-conjugated
anti-CD3, PERCP/Cy5.5-conjugated anti-CD8a, PE-conjugated anti-mouse
CD62L (BioLegend, Inc.; catalog No. 104412, Lot No. B266801), and APC-
conjugated anti-mouse CD44 (BioLegend, Inc.; catalog No. 103007, Lot No.
B239830) for 1 hr. The stained cells were washed and analyzed by flow
cytometry.

Statistical analysis

One-way analysis of variance (ANOVA) with Tukey’s post-hoc test was
applied for statistical evaluation of experimental data. All statistical analyses
were carried out using the GraphPad Prism software (v8.0, GraphPad
Software, San Diego, CA, USA). A p-value less than 0.05 was considered
statistically significant.
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3. Results
Characterization of TLN and CAP-triggered hydrogel

CHG was generated on-site by crosslinking the tyrosine moieties of HAT
with CAP-generated ROS. HAT was synthesized by conjugating the amine
group of tyrosine to the carboxyl group of HA (Fig. 1A). The CAP-triggered
crosslinking points between tyrosine moieties are illustrated in Fig. 1B. CAP
was used as an external source to generate ROS (Fig. 2A). The air jet of CAP
and the generated ROS are shown in Fig. 2B. The appearance of the tyramine
solution changed from colorless to brown due to the crosslinking of tyramine,
and the absorbance was increased upon CAP irradiation (Fig. 2C,
Supplementary Video S1). CAP irradiation led to the formation of hydrogel,
with the flowable HAT polymer shifting to the gel-form CHG (Fig. 2D). The
entrapment of TRKI did not affect the size or zeta potential of TLN: It was
nanoscale in size with a mean diameter of 112.2 + 26.2 nm (Fig. 2E) and had
a negative surface charge with a zeta potential of -47.38 + 3.9 mV (Fig. 2F).
Our release study revealed that the retention of TLN was highest in
TLN@CHG (Fig. 2G). Our rheology study showed that the storage modulus
of TLN@CHG was significantly higher than that of the physical mixture of
TLN plus HAT (Fig. 2H). Unlike the physical mixture of TLN plus HAT,
which showed no swelling capacity, TM@CHG showed a swelling ratio >
1500% after a 2-hr incubation in TDW (Fig. 2I). SEM imaging revealed that
TLN@CHG had a porous network structure (Fig. 2J). Elemental mapping
showed that TLN@CHG contained the carbon, oxygen, and nitrogen
elements of HAT, and the phosphorus of TLN (Fig. 2K).
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Figure 2. Characterization of TLN and TLN@CHG. (A) Plasma
irradiation from a CAP generator. (B) Optical emission spectrum of CAP. (C)
UV-Vis spectra of tyramine solution after CAP irradiation. (D) Appearance of
HAT and CHG. (E,F) Average sizes (E) and zeta potentials (F) of PLN and
TLN. (G) Retention of TLN was measured in a release study. (H) Storage
modulus was measured using a rotational rheometer. (I) Swelling ratio was
measured in TDW. (J) SEM imaging of TLN@CHG (scale bar, 100 pm). (K)
EDS-TEM elemental mapping (scale bar, 200 um) images of TLN@CHG
(blue, carbon; purple, oxygen; yellow, nitrogen; green, phosphorus). (***p <
0.001; n.s., not significant) Supplementary Video 1. The formation of CAP-
induced hydrogel is recorded.

Carbon

DC-mediated phagocytosis of CAP-irradiated tumor cells and DC
maturation

CAP irradiation induced immunogenic tumor cell death and TLN@CHG
formation, with subsequent promotion of DC phagocytosis and activation
(Fig. 3A). CHG- or TLN@CHG-treated CT26 cells showed significantly
higher intracellular ROS levels than the other groups (Fig. 3B, 3C). The
application of CAP affected the viability of CT26 tumor cells in an irradiation
time-dependent manner (Fig. SIB). In CHG- and TLN@CHG-treated CT26
cells, cell viability decreased to 26.1 + 6.3% and 24.1 + 2.2%, respectively
(Fig. 3D). DAMP signal-positive cells increased with the time of CAP
irradiation (Fig. SIC-S1E). The ATP secretion of CT26 cells increased in the
CHG- and TLN@CHG-treated groups (Fig. 3E). The CRT-positive
populations were 44.8 = 1.0% and 47.3 + 0.8% in the CHG and TLN@CHG
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groups, respectively (Fig. 3F, 3G). Immune cell recruitment of DAMP signals
from TLN@CHG was observed by the migration of BMDC to the hydrogel
(Fig. 3H). Compared to the untreated BMDC showing dispersed distribution,
the coculture of BMDC with CT26 cells-loaded TLN@CHG showed
migration into the hydrogel within 12 hr (Fig. 3H).

CAP-treated CT26 cells were co-cultured with BMDC and phagocytosis
was observed by time-lapse imaging (Fig. 31, Suppl. Video 2). Each step of
phagocytosis is shown by representative capture images from video (Fig. 31)
and TEM imaging (Fig. 3J). Both live cell imaging (Fig. 31) and TEM imaging
(Fig. 3)) show the uptake of tumor cells by nearby DCs, and processing inside
DC. Analysis of CD11c+ CD86+ cell populations of BMDC revealed that co-
culture with CHG- or TLN@CHG-treated CT26 cells yielded 2.6- or 3.2-fold
higher maturation effects, respectively, compared to co-culture with untreated
CT26 cells (Fig. 3K). Similarly, TLN@CHG-treated CT26 cells induced the
highest secretion of TNFa from BMDC (Fig. 3L).
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Figure 3. Phagocytosis of tumor cells by dendritic cells upon CAP
irradiation (A) Schematic illustration of CAP-induced immunogenic tumor
cell death and activation of DC. (B-G) CAP-mediated immunogenic cell
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death of CT26 tumor cells treated with the various formulations. Intracellular
ROS level was measured by H2DCFDA (B, C). (D) MTT assay was used to
measure cell viability. (E) Secretion of ATP was measured in the supernatant
of CT26 cells by assessment of luciferase activity. (F, G) Exposure of CRT on
CT26 cells was analyzed by flow cytometry. (H) Recruitment of BMDC to
CT26 cell-containing TLN@CHG was observed by microscopy. Scale bar =
50 um. (I, J) Phagocytosis of CAP-irradiated tumor cells by BMDC was
observed with live-cell imaging (J) and TEM imaging (J; BMDC, red; tumor
cells, green). The actual time (H:MM) is displayed at upper right of images
in (I). Real-time recording of tumor cell phagocytosis by BMDC is provided
in Supplementary Video 2. (K) BMDC maturation ability was assessed by
examining CD86 expression at 2 days after the addition of CT26 cells treated
with the various formulations. (L) Secretory TNFa was measured from the
supernatants of CT26 cell-treated BMDC. (*p < 0.05; **p < 0.01; ***p <
0.001; n.s., not significant)

In vivo retention of on-site hydrogel

The in vivo gelation of TLN@CHG can yield sustained release of TAA
to the immune cells. CT26-bearing mice were treated with TLN@CHG and
monitoring was performed for CHG (Fig. 4A, 4B) and fBSA as model antigen
(Fig. 4C, 4D). The in vivo gelation of TLN@CHG was observed to entrap
TLN and dying tumor cells, and thereby act as an antigen reservoir (Fig. 4A).
The signal arising from the CAP-formable hydrogel was observed for up to
96 hr at the injection site, whereas the signal totally disappeared within 24 hr
in the absence of CAP irradiation (Fig. 4B). Sustained release of antigen from
the on-site hydrogel was confirmed using fBSA as a model antigen (Fig. 4C,
4D). The fluorescence signal of free fBSA at the injection site disappeared at
24 hr post-injection, whereas that of fBSA trapped within the CAP-responsive
hydrogel was retained at tumor site (Fig. 4C), with 21.5% of the original
signal level still observable at 48 hr post-injection (Fig. 4D).

CT26-bearing mice received intravenous injection of an ROS indicator
and subsequent treatment the various formulations. Increased in vivo ROS
generation was observed at tumor and non-tumor sites of TLN@CHG-treated
CT26-bearing mice (Fig. 4E). Before CAP irradiation, the ROS level was 1.9-
fold higher in the tumor tissue compared to the non-tumor tissue in
TLN+HAT-treated mice. After CAP irradiation, the ROS level of
TLN@CHG-treated mice was 4.1-fold greater in at the tumor site compared
to the muscle site (Fig. 4F).
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Figure 4. In vivo fate and ROS generation of TLN@CHG. (A) The in vivo
fate of TLN+HAT or TLN@CHG was observed by in vivo molecular imaging.
(B) The fluorescence intensity at the injection site was analyzed and plotted.
(C) Retention of fBSA in TLN@CHG was assessed by in vivo molecular
imaging. (D) Signal of fBSA was quantified at each time point. (***p <0.001)
(E, F) Balb/c mice were inoculated with CT26 tumor cells, treated with the
various formulations, and monitored for ROS. (E) In vivo ROS generation
was detected by fluorescence imaging of the ROS indicator immediately after
CAP irradiation. (F) Fluorescence intensities were assessed at muscle (yellow
circles) and tumor (red circles) sites.

Anti-tumor efficacy and protection effect of on-site hydrogel from the
tumor recurrence
TLN@CHG revealed tumor ablation effects in primary tumors and
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abscopal effects in models of distant tumor and lung metastasis. For the
distant-tumor model, CT26 tumor-bearing mice were treated with the various
formulations on day 7 after the first tumor inoculation, and the second tumor
inoculation was performed at a distant site (also on day 7). Mice were
monitored over 180 days (Fig. SA). No mouse survived in the untreated, TLN,
or TLN+HAT groups, and only 16% of CAP-treated group and 33% of CHA-
treated mice survived to day 180 after the first tumor inoculation. In contrast,
100% mice of the TLN@CHG group showed tumor-free survival over the
180 days (Fig. 5B).
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Figure 5. Anti-tumor efficacy of TLN@CHG treatment. (A) CT26-bearing
mice were treated with the various formulations and given a second
inoculation of CT26 tumor cells on the same day (day 7). (B) Survival of mice
was monitored over 180 days. Primary (C) and rechallenged (D) tumors were
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monitored and are shown as individual curves. (E) Scheme for generating the
lung metastasis model using 4T1-Luc tumor cells. (F) Bioluminescence
images of lung metastasis tumors in mice of the untreated and TLN@CHG
groups. (G) Survival rate of 4T 1 tumor-bearing mice treated with the different
formulations.

Primary tumors were monitored for 30 days after inoculation. All mice
of the untreated, TLN, and TLN+HAT groups exhibited tumor growth, while
some of the CAP- and CHG-treated mice exhibited tumor burdens. In contrast,
no tumor growth was observed in TLN@CHG-treated mice (Fig. 5C). After
tumor re-challenge, complete response was observed in some mice of the
CAP (3/6), CHG (3/6), TLN (4/6), and TLN+HAT (3/6) groups, whereas no
mouse of the untreated group exhibited a complete response (0/6) (Fig. 5D).
By comparison, 100% of TLN@CHG group mice exhibited a complete
response (Fig. 5D). The anti-metastatic effect of our on-site hydrogel was
investigated in the 4T1 lung metastasis model. Mice were treated with the
various formulations on day 7 after the first tumor inoculation, and then
received intravenous injection of 4T 1-luciferase tumor cells (also on day 7)
(Fig. 5E). Lung metastatic tumors were visualized by luminescence imaging
of luciferase activity. The anti-metastatic effect in TLN@CHG-treated mice
was significantly greater than that in untreated mice (Fig. 5F). Whereas 100%
untreated mice were dead before day 28, 60% of TLN@CHG mice survived
to 180 days (Fig. 5G).

Generation of immune-inflamed tumor micro-network by on-site
hydrogel

Profiling of DC and T cells in the TLN@CHG-formed tumor micro-
network was conducted by flow cytometry analysis and immunofluorescence
imaging (Fig. 6A). The on-site gelation of TLN@CHG successfully increased
the DC and T cell populations in the tumor (Fig. 6B). The DC population in
TLN@CHG-treated mice was increased by 16.6- and 1.9-fold compared to
the levels seen in untreated and CHG-treated mice, respectively (Fig. 6C).
Significantly higher populations of CD4 T cells and CD8 T cells were
observed in the TLN@CHG-treated group, which exhibited 13.6-fold (Fig.
6D) and 6.6-fold (Fig. 6E) increases, respectively, compared to the untreated
group. Higher populations of CD4 T cells and CD8 T cells in TLN@CHG-
treated tumors were also visualized with immunofluorescence imaging (Fig.
6F). Higher-level expression of DC activation markers was observed in DC
of the TLN@CHG group. The expression levels of TNFA (Fig. 6G, K), IL-6
(Fig. 6H, L), MHCII (Fig. 61, M), and CD86 (Fig. 6J, N) were 3.9-, 3.1-, 2.8-,
and 4.1-fold higher, respectively, in DC of the TLN@CHG-treated group
compared to the untreated group. In addition, we observed a prominent 5.7-
fold increase of the IFNy expression level of CD4 T cells in the TLN@CHG-
treated group compared to the untreated group (Fig. 60, Q). Significant
elevation (6.2-fold) of the GzmB+ CD8 T cell population was also observed
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in the TLN@CHG-treated group compared to the untreated group (Fig. 6P,
R).
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Figure 6. Immune cell profiling of primary tumors under TLN@CHG
treatment (A) Schematic illustration of the experiment. (B) t-SNE projection
for the analysis of DC, CD4 T cell, and CD8 T cell populations in tumor
tissues. (C-E) Proportions of DC (C), CD4 T cells (D), and CD8 T cells (E)
in tumor tissues. (F) Immunofluorescence imaging of CD4 and CD8 T cells
in tumor tissues. (G-N) Representative flow cytometry plots and frequencies
of DC positive for TNFA (G, K), IL6 (H, L), MHCII (I, M), and CD86 (J, N).
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(O-R) Representative flow cytometry plots and frequencies of IFNy-positive
CD4 T cells and GzmB-positive CD8 T cells. (***p < 0.001; n.s., not
significant)
Tumor of on-site
hydrogel

On-site hydrogel-mediated T cell activation was demonstrated by
transcriptome analysis of TLN@CHG-treated tumor cells. Transcript profiles
of T cells were obtained from mice treated with TLN@CHG, as compared to
untreated mice. Relative gene expression levels were visualized with log2
transformed heat map clusters. TLN@CHG-treated tumor-infiltrating T cells
exhibited increased expression levels of cytotoxic CD8 lymphocyte(CTL)
phenotype genes including CD8a, eomes, TNFa, IFNy and granzymes (Fig.
7B). Downregulation of Treg-phenotype genes incuding ID2, STATS, LAG3,
ICOS, CTLA4 and layilin was also observed (Fig. 7C). As TGFp signaling
was blocked by TLN, genes downstream of TGFp revealed the patterns
opposite those seen under TGFB-induced gene expression under TLN@CHG
treatment (Fig. 7D)

immune microenvironment-modulating effects
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Figure 7. Transcriptome analysis of tumor-infiltrating T cells under
TLN@CHG treatment Tumor-infiltrating CD3 T cells were sorted from
CT26-bearing mice and RNA-seq analysis was performed. (A) Clustering
heatmap for transcripts of tumor-infiltrating CD3 T cells from TLN@CHG-
treated versus untreated tumor. (B-D) Heatmaps for differentially expressed
genes in TLN@CHG-treated versus untreated tumor. Relative fold changes
for transcript expression of CTL phenotype-related genes (B), Treg
phenotype-related genes (C), and TGF downstream genes (D).
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Antigen-specific cytotoxic CD8 T cell-mediated systemic immune
response of on-site hydrogel

The mechanism of tumor recurrence prevention was investigated using
a CD8 T cell-depletion study. CD8 T cells were depleted from TLN@CHG-
treated mice by six repeated anti-CD8 antibody injections given at the
indicated time points (Fig. 8A). All CD8 T cell-depleted mice revealed tumor
growth (Fig. 8B) and 0% survival by day 60 (Fig. 8C). To evaluate the
antigen-specific tumor prevention response, CT26-bearing mice were treated
with TLN@CHG, rechallenged with 4T1 or CT26 tumor cells at day 7 after
the first inoculation, and monitored for 180 days (Fig. 8D) All mice
rechallenged with CT26 cells were alive at 180 days, whereas 0% survival at
day 180 was seen among mice rechallenged with 4T1 tumor cells and naive
mice challenged with CT26 tumor cells (Fig. 8E). Complete suppression of
tumor growth was observed in all TLN@CHG-treated mice (Fig. 8F, 8G).
The survival rate exactly matched the tumor incidence rate. Development of
memory effector T cells was observed at day 7 after mice were re-stimulated
on day 180 with CT26 tumor cells (Fig. 8H). The percentage of memory
effector T cells in the tumor-draining lymph nodes of TLN@CHG-treated
mice was significantly higher than that of untreated mice (Fig. 8I).
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Figure 8. Mechanism study of adaptive immune responses. (A) CT26
tumor-bearing mice received anti-CD8 antibody six times before and after
treatment with TLN@CHG, and were rechallenged with a second injection of
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tumor cells at day 7. (B) Rechallenged tumors were individually monitored.
(C) Survival of mice was monitored over 120 days. (D) TLN@CHG-treated
CT26 tumor bearing-mice were rechallenged with CT26 or 4T1 tumor cells
at day 7 after the first inoculation of CT26 tumor cells. Naive mice were
inoculated with CT26 cells as a control group. (E) Survival of mice was
monitored over 180 days. (F) Tumor growth of mice was observed for 28 days
after the second tumor cell inoculation. (G) Appearance of tumor-bearing
mice was assessed on day 7 after the second tumor inoculation. (H)
TLN@CHG-treated CT26-bearing mice were rechallenged with CT26 tumor
cells at day 180 after the first inoculation. (I) Memory T cell populations were
analyzed among T cells from tumor-draining lymph nodes. (***p < 0.001)
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Supplementary Video
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Supplementary Video S1. In situ crosslinking of tyramine under CAP
irradiation. Tyramine solution was left unirradiated (left) or irradiated with
CAP (right). Without CAP irradiation, no color change was observed in the
tyramine solution (left). Upon 5 min of CAP irradiation, the tyramine solution
(right) turned to a brown color due to the crosslinking of tyramine.
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Supplementary Video S2. Phagocytosis of cancer cells by BMDC. Cancer
cells (labeled with green dye) were treated with TN@CHG and co-cultured
with BMDC (labeled with red dye). The actual time (HH:MM) of
phagocytosis is displayed at the top left of the screen.
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Supplementary Figures
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Supplementary Fig. S1. Immunogenic death of tumor cells upon CAP
irradiation. CT26 tumor cells were treated with CAP for various periods.
The levels of intracellular ROS (A), cell viability (B), and cell surface
exposure of CRT (C, D) among CAP-treated cancer cells were analyzed by
flow cytometry. (E) ATP secretion by CAP-treated cells was determined by
luciferase activity (a.u., arbitrary unit). (*p < 0.05; **p <0.01; ***p <0.001)
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Supplementary Fig. S2. Cytotoxic T cells in tumor microenvironments.
CT26-bearing mice were treated with the various formulations at day 7 after
tumor inoculation. At day 14 after tumor inoculation, the populations of
CD3+CD8+ cells in tumor tissues were analyzed by flow cytometry. (***p <

0.001)
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4. Discussion

We herein demonstrate that external CAP can be used to induce on-site
gelation via ROS generation, and the sustained release of TRKI from
TLN@CHG can modulate immunological tumor microenvironments. The
generation of ROS from CAP can play dual roles by inducing both gelation
and the presence of DAMP signals on tumor cells. TLN@CHG could exert
anticancer effects on primary tumors and prevent the growth of distant tumors.

CAP-derived ROS plays an actuating role in the on-site gelation of HAT
via the peroxidase-catalyzed polymerization of phenols. This peroxidase-
catalyzed polymerization is known to involve three steps: radical formation,
radical transfer, and radical coupling [20]. ROS generated from CAP include
superoxide anions, hydroperoxyl radicals, hydrogen peroxide, hydroxyl
radicals, atomic oxygen, and singlet oxygen in the liquid phase [21]. In recent
studies, hydrogen peroxide has been used for crosslinking of hydrogel matrix.
In the studies, hydrogen peroxide was directly added to the solutions of
polymers such as linear poly(ethylene glycol) [22], HA [13], gelatin [23], and
alginate [24]. Unlike those studies using hydrogen peroxide-mediated
crosslinking, the use of CAP offers the advantage of inducing hydrogels under
mild external conditions without the use of toxic peroxide chemical reagents
[25].

The phenolic moiety of HAT is crucial for the on-site formation of
hydrogel upon CAP irradiation. In the presence of peroxidase, the phenol
moiety is known to crosslink to form a hydrogel network. The formation of
hydrogel by phenol residues was reported previously [13,22]. In the prior
studies, tyramine residues were introduced to HA [13] and poly(ethylene
glycol) [22] to enable hydrogels to form in the presence of hydrogen peroxide.
For example, the tyrosine residues of silk protein were utilized as a
crosslinking moiety for polymerization by HRP and hydrogen peroxide [26].

In this study, TLN@CHG showed a higher anticancer effect than CHG,
supporting the ability of TLN to enhance immunotherapeutic efficacy. The
TRKI of TLN is known to block TGFp/Smad signaling [27]. TRKI inhibits
the phosphorylation of TGFp receptor, and thereby blocks downstream
signaling. TGFPB makes an important contribution to the immune-suppressive
tumor microenvironment [28] and has been demonstrated to suppress tumor-
infiltrating T cells, their differentiation to Thl T cells, and the antigen-
presenting ability of DC [29]. The local release of TRKI from TLN@CHG
may therefore contribute to the enhanced recruitment and activation of
immune cells, such as DC and T cells.

The use of on-site gelation by CAP irradiation allowed us to entrap
cancer cells in the hydrogel network. These entrapped and CAP-irradiated
cancer cells may serve as an antigen reservoir. Sustained release of antigen
has been reported to enhance immune activation and maintenance [30], such
that an “antigen reservoir” effect can improve adaptive anti-tumor immunity
[31]. Our hydrogel formulation also maintained the cross-presentation ability
of DC for an extended period : )
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In addition to directing on-site gelation, CAP irradiation can evoke the
killing effect of cancer cells by ROS. CAP alone has been studied as a new
modality for ROS generation-based anti-cancer treatment [21]. ROS-
mediated cell death directly kills cancer cells and induces DAMPs on dead
cancer cells, thereby exerting an immune-activating effect [32,33]. In addition,
many of the limitations of conventional chemotherapy (e.g., chemoresistance,
bioavailability, and certain adverse effects) could potentially be overcome
through the use CAP anti-cancer technology.

Transcriptome analysis provided further evidence that TLN@CHG
treatment was associated with reduction of the Treg phenotype and induction
of the CTL phenotype. Because a TGFf-abundant environment can restrain
Th1 polarization [35] and suppress the effector function of CTL via Treg cells
[36], the greatly enhanced CTL population in TLN@CHG-treated tumors
compared to CHG-treated tumors might be attributed to the ability of TLN to
block TGFp. This modulation of antitumor immunity appears to contribute to
the complete tumor ablation of primary tumors seen in TLN@CHG-treated
mice.

TLN@CHG offers advantages in terms of its biodegradability, which is
provided by its hyaluronic acid backbone. We observed that NP/fBSA@CHG
was retained at the injection sited for at least 4 days, and gradually
disappeared thereafter. This indicates that CHG undergoes biodegradation,
possibly by endogenous hyaluronidase. Hyaluronic acid can be degraded to
tetrasaccharide by hyaluronidase [37]. As TLN is composed of phospholipids,
which are the main components of cell membranes, the degradation products
of TLN and CHG should not be harmful to the body.

Our CAP-induced hydrogel can function for both gelation and removal
of the primary tumor. Several studies have studied the wuse of
immunotherapeutic hydrogel after primary tumor surgery [38]. The post-
insertion of hydrogel was found to prevent the recurrence of cancer cells after
surgical treatment through the sustained release of immunomodulators. Our
CAP-formable hydrogel, in contrast, can kill primary tumors without surgery.
Moving forward, the local-site injection of HAT mixed with TLN followed
by CAP irradiation could potentially replace and improve upon the surgical
implantation of hydrogels.

In conclusion, we herein used CAP-induced on site gelation to entrap
dying tumor cells and TLN in hydrogel networks. CAP-induced ROS
triggered both gelation and immunogenic tumor cell death. The local release
of TRKI from TLN@CHG modulated the immunological tumor
microenvironment by activating innate effector immune cells. The uptake of
ROS-exposed cancer cells by DC and the presentation of tumor antigens to T
cells provided protection against secondly challenged distant tumors.
Although we used TLN in this study, other immune-modulating agents or
nanoadjuvants might be used with CHG to modulate tumor immunological
microenvironments.
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Chapter 4

Liver fibrosis-activated antifibrotic peptide delivery
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1. Introduction

Liver fibrosis is an incurable condition that afflicts millions of patients
globally [1]. Cirrhosis, the most common cause of liver fibrosis, is responsible
for over 1 million deaths per year [2]. Despite the clear clinical need, therapies
for liver fibrosis are limited. Some drugs, including selonsertib, cenicriviroc
and simtuzumab, are in clinical trials, but none has yet been approved for
treatment of liver fibrosis [3]. Among the various cell types in the fibrotic
liver, hepatic stellate cells play a central role in the progression of hepatic
fibrogenesis. In response to liver injury, quiescent hepatic stellate cells
transdifferentiate into activated hepatic stellate cells (aHSC), which possess
fibrogenic properties [4]. aHSC are emerging as therapeutic targets for novel
therapies against liver fibrosis [5]. Indeed, liver fibrosis can be ameliorated
by reducing the aHSC population or inducing aHSC senescence. Nilotinib,
which has been investigated for liver fibrosis therapy, is known to induce
autophagic cell death and apoptosis of aHSC [6]. OSU-03012, a celecoxib
derivative, has been investigated for its potential to induce senescence of
aHSC and promote regression of liver fibrosis [7].

Fibroblast activation protein (FAP), a type II transmembrane
glycoprotein, is known to be specifically overexpressed on the surfaces of
aHSC in the fibrotic liver. In fact, it has been reported that FAP is exclusively
overexpressed in aHSC [8-10]. The active site of FAP, located in an
extracellular portion of the protein, cleaves a Pro-Xxx sequence in amino acid
bonds. If FAP were used to activate antifibrotic therapy and shown to
subsequently reduce the population of abnormally high aHSC in the fibrotic
liver, the therapy should be fibrosis-specific. The naturally occurring peptide
melittin has been reported to have therapeutic potential by virtue of its
antifibrotic properties [11, 12]. Melittin, the principal peptide component of
the venom of the honeybee, Apis mellifera, exhibits strong, non-specific lytic
activity against lipid components of cell membranes. Although melittin can
be effective in reducing aHSC populations in fibrotic liver tissues, clinical
application of melittin against fibrotic diseases has been limited owing to its
non-specific actions, which result in systemic toxicity. A specific activation
system that enabled melittin to act only in fibrotic tissue would represent a
significant repurposing of melittin.

In this study, we tested the hypothesis that FAP-selective liberation of
the antifibrotic peptide, melittin, on the surfaces of FAP-overexpressing
aHSC provides a targeted antifibrotic effect in the liver. To this end, we
designed a delivery system in which promelittin is cleaved only in FAP-
expressing (i.e., fibrotic) regions of the liver, resulting in melittin release into
the fibrotic liver microenvironment. To enhance liver delivery and stability in
the bloodstream, we further tethered promelittin onto the surfaces of
PEGylated liposomes. Here, we report the antifibrotic and survival-
prolonging effects of promelittin-tethered liposomes in three different in vivo
liver fibrosis mouse models: the bile duct-ligation (BDL), carbon
tetrachloride-induced, and high-fat diet-induced models.
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2. Materials and methods
Preparation of promelittin peptide-modified liposomes

Liposomes surfaces were modified with promelittin peptide by
covalently tethering the Cys-promelittin peptide, which sequence is N-
CEPEAEADAEAGPAGIGAVLKVLTTGLPALISWIKRKRQQ-C, via a
maleimide reaction. After being cleaved by FAP, EPEAEADAEAGPA-
melittin peptide could be separated into EPEAEADAEAGP and A-melittin,
as previously reported [43]. Liposomes were prepared by mixing egg L-a-
phosphatidylcholine (PC; Avanti Polar Lipids, Alabaster, AL, USA), egg L-
a-phosphatidyl DL-glycerol (PG; Avanti Polar Lipids), cholesterol (Chol;
Sigma-Aldrich), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (mal-PEG-DSPE; Avanti Polar
Lipids) at a molar ratio of 2:2:2:0.4 in chloroform. For comparison, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-
2000] (PEG-DSPE; Avanti Polar Lipids) was used in place of mal-PEG-DSPE
in some experiments. After removal of chloroform using a rotary evaporator,
the resulting thin lipid films were hydrated with 1 mL of phosphate-buftered
saline (PBS; pH 7.4), vortexed, and extruded three times through 0.2-pm
polycarbonate membrane filters (Millipore Corp., Billerica, MA, USA). This
process resulted in maleimide-activated, PEGylated liposomes (ML) or plain
PEGylated liposomes (PL). The resulting ML were further used to prepare
promelittin-modified liposomes (PRL). For preparation of PRL, 0.8 pumol
cys-promelittin (Peptron, Daejeon, Republic of Korea) was mixed with 1 mL
of ML containing 0.4 pmol of mal-PEG-DSPE. The cysteine in the peptide
was reacted with maleimide groups of ML by incubating at room temperature
for 6 h.

In some experiments, a scrambled cys-promelittin sequence (N-
CEAGAEPAA EPKPATSGDILWVLAARLTVLIGEQKQKRIG-C) or a
promelittin-mimicking fluorescence-quenched peptide [CEPEAEADA-E
(fluorophore)-AGPAGIGAVLK-quencher], was linked to the surface of ML,
resulting in scrambled cys-promelittin peptide-tagged liposomes (SCL) and
promelittin-mimicking fluorescence-quenched peptide-tagged liposomes
(FQL), respectively. This latter dual-modified promelittin-mimicking peptide,
containing 5-[(2-aminoethyl) amino]naphthalene-1-sulfonic acid (EDANS)
as a fluorophore and 4-((4-(dimethylamino) phenyl)azo)benzoic acid
(DABCYL) as a quencher, was prepared as illustrated in Figure 2G. The
EDANS-DABCYL-linked promelittin-mimicking peptide was tethered to
the surface of ML containing 0.4 pmol of mal-PEG-DSPE. The resulting FQL
were purified from unreacted peptides by chromatography on a PD-10
column (GE Healthcare Life Science, Cat. No. 17-0851-01, Mickleton, NJ,
USA) and stored at 4°C until use. FAP-sensitive cleavage of promelittin
peptide on liposomes was tested by monitoring fluorescence recovery of the
quenched fluorophore.

Quantification of peptides on liposomes
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The amount of peptides on liposomes was assayed using fluorescamine,
a heterocyclic dione that reacts with primary amines of peptides. Specifically,
an aliquot (32 pL) of fluorescamine solution (Sigma, cat. No. F-9015; 3
mg/mL in acetonitrile) was added to 100 pL of peptide-conjugated liposomes,
and the mixture was allowed to react at room temperature for 10 min. The
fluorescence intensity of fluorescamine-labeled liposomes was assessed at an
excitation wavelength of 365 nm and an emission wavelength of 470 nm
using a SpectraMA X M5 Multi-Mode Microplate Reader (Molecular Devices,
San Jose, CA, USA). For calculation of peptides on liposomes, a standard
curve was generated using serial dilutions of a cys-promelittin standard
solution. The amount of phospholipids in liposomes was determined using a
phosphate assay [Anderson et al., 1982].

Characterization studies

Liposomes were characterized by size, zeta potential, and morphology.
The size and zeta potential of various liposome preparations were measured
using dynamic light scattering and laser-Doppler micro-electrophoresis,
respectively. The hydrodynamic diameters of liposomes were measured at an
angle of 90° at 24.1°C using a HeNe laser (10 mW) and an ELS-8000
dynamic light-scattering instrument (Photal, Osaka, Japan). Zeta potential
was measured at an angle of 22°. Data were analyzed using the ELS-8000
software package supplied by the manufacturer. Transmission electron
microscopy (TEM) images were acquired using a Talos L120C TEM system
(FEI, Brno, Czech) operating at 120 kV. Liposomes were loaded onto a 300-
mesh copper grid coated with formvar-carbon (01753-F; Ted Pella, Redding,
CA, USA). The grid was washed twice with distilled water and then negative-
stained with 1% (w/v) uranyl acetate, after which images of negatively stained
liposomes were obtained.

Stability test

The stability of liposomes was monitored up to 18 days in the presence
and absence of FAP (5 nM). For 18 days, liposomes were stored with or
without FAP at 4°C or room temperature. The hydrodynamic diameters of
liposomes were measured 3 day intervals using an ELSZ-1000 instrument
(Otsuka Electronics Co.)

FAP-mediated fluorescence recovery test

The cleavage activity of FAP towards promelittin sequences was tested
using the quenching and dequenching feature of the promelittin-mimicking
fluorescence-quenched peptide on FQL. FQL (0.9 mg phospholipid/mL) were
incubated with 1 uM FAP or matrix metalloproteinase 9 (MMP9; R&D
Systems Inc.) at 37°C for 1 h. Recovery of the fluorescence of EDANS
liberated from the nearby quencher DABCYL was assessed by fluorometry
at an excitation wavelength of 335 nm and an emission wavelength of 490 nm
using a SpectraMAX M5 system (Molecular Devices).
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Hemolysis assay

The hemolysis activity of various liposomes was tested using mouse red
blood cells (RBCs). RBCs (2 x 104 cells/mL) were isolated from Balb/c mice
and incubated with various liposome preparations in the absence or presence
of 1 uM FAP. RBCs treated with 1% Triton X-100 served as a 100%
hemolysis positive control, and a suspension of RBCs in PBS was used as a
negative control. After centrifuging samples at 1000 x g for 10 min,
supernatants containing hemoglobin released from lysed RBCs were
transferred to a clear, flat-bottomed, 96-well polystyrene plate (SPL Life
Sciences, Pocheon, Republic of Korea). The percentage of hemolysis was
calculated by measuring the absorbance of each sample at 540 nm using a
SpectraMax Plus plate reader (Molecular Devices).

Release kinetics of PRL

To evaluate the release kinetics of melittin by FAP, PRL (0.9 mg
phospholipid/mL) was incubated without or with 5 nM of FAP. At various
time points, the released melittin was separated from PRL by filtration with a
50-kDa membrane filter (Millipore, Billerica, MA, USA). The amounts of
released melittin were measured using a fluorescamine assay.

FAP-mediated release kinetics of DABCYL-modified peptides from FQL

To evaluate the FAP-mediated release kinetics of fluorescent melittin
from FQL, we incubated FQL (0.9 mg phospholipid/mL) without or with 5
nM of FAP or matrix metalloproteinase 9 (MMP9; R&D Systems, Inc.) at
37°C for various periods. The recovery of fluorescence representing EDANS-
labeled melittin peptide liberated from FQL was assessed by fluorometry at
an excitation wavelength of 335 nm and an emission wavelength of 490 nm
using a SpectraMAX M5 system (Molecular Devices).

Cell culture
LX-2 human hepatic stellate cells (kindly provided by Professor Sang
Geon Kim, College of Pharmacy and Research Institute of Pharmaceutical
Sciences, Seoul National University, Republic of Korea) and FAP-negative
Chang cells (kindly provided by Professor Mi-Ock Lee, College of Pharmacy
and Research Institute of Pharmaceutical Sciences, Seoul National University,
Republic of Korea) were used for testing FAP-mediated cleavage of peptides
on various liposome preparations. Cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
100 units/mL of penicillin and 100 pg/mL of streptomycin at 37°C in a
humidified 5% CO2 atmosphere. For activation, LX-2 cells were stimulated
with TGF-B1 (transforming growth factor-[11) (10 ng/ml; GenScript
Biotechnology, Nanjing, China) for 24 h. In some experiments, LX-2 cells
treated with or without small interfering RNA (siRNA) targeting FAP (siFAP)
were seeded onto 6-well plates (SPL Life Sciences, Pocheon, Republic of
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Korea) at a density of 4 x 105 cells/well and then incubated for 24 h to ~80%
confluence.

Assessment of siFAP efficiency

The efficiency of siFAP was assessed by measuring the expression levels
of FAP using flow cytometry. LX-2 cells were cultured in DMEM
supplemented with 10% FBS, 100 units/mL of penicillin, and 100 pg/mL of
streptomycin. LX-2 cells (4 x 105 cells/well) were seeded to a 6-well plate
(SPL Life Sciences), incubated for 24 h, and transfected for 20 min with 50
nM siFAP (Bioneer Corporation, Daejeon, Republic of Korea) complexed
with 5 pL of Lipofectamine 2000. The sequences of siFAP were 5’-CUC UAU
GCA GUG UAU CGA AdTdT-3’ (sense) and 5’-UUC GAU ACA CUG CAU
AGA gdTdT-3’ (antisense). In some experiments, scrambled-sequence siRNA
(siSCR) was used as a control. After transfection, cells were incubated for an
additional 48 h. Next, cells were stained with a rabbit anti-FAP primary IgG
antibody (1:50, Abcam) for 1 h, followed by an allophycocyanin-conjugated
goat anti-rabbit IgG antibody (1:100, Abcam). After staining, cells were
analyzed via BD LSR Fortessa (BD Bioscience). Control cells were stained
with rabbit IgG isotype antibody (1:50, Abcam) followed by an
allophycocyanin-conjugated goat anti-rabbit IgG antibody (1:100, Abcam).

MTT assay

Cell viability after treatment with various liposome preparations was
assessed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay. Briefly, LX-2 cells were seeded onto 24-well plates at a
density of 6 x 104 cells/well. After cells reached 70% confluence, they were
treated with various liposome preparations for 24 h. MTT solution (500 uM)
was then added to each well and plates were incubated for 2 h. The medium
was then aspirated and 200 pL of dimethyl sulfoxide (DMSO; Sigma-Aldrich)
was added to dissolve formazan crystals generated by metabolically active
(live) cells. The viability of cells was quantified by measuring optical density
at 570 nm using a microplate reader (Tecan Group Ltd., Seestrasse,
Mannedorf, Switzerland).

Animals

Eight-week-old Balb/c mice and C57BL/6 mice (Raon Bio Co.,
Gyeonggi-do, Republic of Korea) were used for in vivo experiments. All
animals (n = 5 mice per group) were maintained and used in accordance with
Guidelines for the Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, Seoul National University (Seoul, Republic of
Korea; approved animal experimental protocol number, SNU-130129-3-1).

Establishment of the bile duct-ligation model
Liver fibrosis was induced in mice by performing BDL surgery under
anesthesia (isoflurane 1.5%) as described previously [36] with slight
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modifications. Briefly, the surgical area was shaved and cleaned
preoperatively using a povidone-iodine solution, then an incision was made
in the upper midline and the bile duct was exposed using a wet swab. The bile
duct was ligated with silk thread knots at two sites and then cut between the
knots, after which the abdominal wall was closed using nonabsorbable silk
thread. On days 1 and 3 after BDL surgery, mice were intravenously injected
with various liposome preparations.

In vivo efficacy test in carbon tetrachloride induced liver fibrosis model

To test the in vivo antifibrotic effect of PRL, the CCl4-induced chronic
liver fibrosis model was established. Eight-week-old female C57BL/6 mice
were intraperitoneally injected with CCl4 1 ml/kg (25% CCl4 in olive oil)
twice a week for 6 weeks [16]. The liver fibrosis-bearing mice were then
intravenously treated with the various liposomes every other day for 2 weeks
and sacrificed at 2 weeks after the first treatment. Blood and liver tissues were
collected for further analysis. To test the in vivo antifibrotic effect of PRL in
an earlier phase of the CCl4-induced liver fibrosis model, 8-week-old female
C57BL/6 mice were intraperitoneally injected with CCl4 at 1 ml/kg (25%
CCl4 in olive oil) twice a week for 4 weeks. The liver fibrosis-bearing mice
were then intravenously treated with PRL every other day for 2 weeks and
sacrificed at 4 weeks after the first PRL treatment. Liver tissues were
collected for analysis.

In vivo efficacy test in high fat diet-induced liver fibrosis model

The high fat diet-induced liver fibrosis model was established by being
fed with a choline-deficient, L-amino acid-defined high-fat diet (CDAHFD,
Research Diets, Inc. New Brunswick, NJ, USA) for 10 weeks. The mice were
then treated with the various liposomes (dose = 0.27 mg phospholipid/mouse)
every other day for 2 weeks and sacrificed 1 day after the last treatment. Blood
and liver tissues were collected for further analysis.

FAP expression analysis by flow cytometry
FAP expression on aHSC of liver tissues was analyzed via flow
cytometry. Single-cell suspensions of liver tissue were obtained as previously
described with slight modification treatment [4]. Briefly, liver tissues were
perfused with HEPES buffer (Sigma-Aldrich; cat. No. H4034) containing
collagenase D (Sigma-Aldrich; cat. No. C5138-1G) and pronase (Sigma-
Aldrich), and digested with stirring at 37°C for 30 min. Cells were collected
by centrifugation at 580 xg for 10 min, and dead cells were excluded using a
Zombie Red Fixable Viability Kit (BioLegend). The cells were then stained
with PE/Cyanine7-conjugated rat anti-mouse CD26 antibody (BioLegend; cat.
No. 137810), PE-conjugated rat anti-mouse CD31 antibody (BioLegend; cat.
No. 102407, Lot. No. B261070), PerCP/CyS5.5-conjugated rat anti-mouse
CD45 antibody (BioLegend; cat. No. 103132, Lot. No. B282872), and rabbit
anti-mouse FAP antibody (Abcam; cat. No. ab28244, Lot No. GR217381-54)
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for 1 hr at 4°C. Secondary antibody staining was performed with Alexa Fluor
647-conjugated goat anti-rabbit IgG antibody (Abcam; cat. No. ab150083,
Lot No. GR3370563-1) for 30 min at 4°C. The HSC population was gated as
CD26-CD31-CD45-VitA+ cells using FACS; quadrants for FAP+ HSC were
selected relative to the fluorescence minus one (FMO) control.

Molecular imaging

The organ distribution of FQL was determined by molecular imaging.
Five days after BDL surgery, BALB/c mice (5 mice per group) were
intravenously injected with FQL at a dose of 0.27 mg phospholipid/mouse.
One hour later, vital organs (i.e., liver, heart, lung, spleen, and kidney) were
isolated and their fluorescence intensities were assessed using an In Vivo
Imaging System (IVIS; PerkinElmer, Inc., Hopkinton, MA, USA) (n = 5
samples per group).

Assay of collagen in liver tissue

The amount of collagen in liver tissues was determined by measuring
the content of hydroxyproline (HDP) using a Hydroxyproline assay kit
(Abcam, Cambridge, UK) as described by the manufacturer. Briefly, 4 days
after BDL surgery, mice treated with various formulations were sacrificed and
their liver tissues were extracted and homogenized. The homogenate was then
treated with 10N NaOH, incubated at 120°C for 1 h, and neutralized with 10N
HCI. After centrifugation at 10,000 x g for 5 min, the supernatant was added
to wells of a 96-well plate and dried at room temperature. The resulting
crystalline residue was dissolved with 0.1 mL of oxidation-buffered
chloramine T solution and incubated at room temperature for 20 min. After
addition of 50 pL of acidic developer solution, provided in the kit, the plate
was incubated at 65°C for 45 min and treated with 50 puL of the provided
DMAB solution. Absorbance was measured at 540 nm using a SpectraMax
Plus plate reader (Molecular Devices).

In vivo assessment of liver function
The antifibrotic effects of liposomes were tested in vivo using a
hematological parameter assay and histological staining. BDL surgery was
performed on 8-wk-old female Balb/C mice (Raon Bio). On days 1 and 3 after
BDL surgery, mice were intravenously administered liposomes at a
phospholipid dose of 2.7 mg/mL. Four days after BDL surgery, blood samples
were collected and assayed for alanine transaminase (ALT), aspartate
transaminase (AST), bile acid and total bilirubin levels by the Neodin VET
Diagnostics Institute (Seoul, Republic of Korea). For histological assessment
of liver tissues, the liver was extracted 4 days after BDL surgery, fixed in 10%
formalin for 48 h, and paraffin-embedded. The tissues sections were analyzed
with hematoxylin and eosin (H&E) staining, and Masson’s trichrome staining.
For H&E staining, tissue sections were immersed in filtered Harris
hematoxylin for 10 sec and then in eosin for 30 sec. The percentage of
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connective tissue areas in fibrotic regions on stained slides was calculated
using a Vectra 3.0 Automated Quantitative Pathology Imaging System
(PerkinElmer, Inc., Hopkinton, MA, USA). Images were analyzed using the
InForm 2.2. software (PerkinElmer, Inc.).

Immunohistochemistry of liver tissues

FAP expression on aHSC in the liver was evaluated with
immunofluorescent staining of formalin-fixed paraffin-embedded tissues.
Liver tissues were sectioned at 4-pum thickness, de-paraffinized with xylene,
and rehydrated with an ethanol series. Tissue slides were incubated with a
Target Retrieval Solution (pH 6.0) (Agilent Dako, Santa Clara, CA, USA).
After being washed, the slides were incubated with 0.1% Triton-X 100,
blocked with 10% goat serum in PBS, and stained overnight at 4°C with rabbit
anti-mouse FAP antibody (Abcam; cat. No. ab28244, Lot No. GR217381-54)
and mouse anti-mouse alpha-smooth muscle actin (aSMA) antibody (Abcam;
cat. No. ab7817, Lot No. GR3356520-4). Alexa Fluor 594-conjugated goat
anti-mouse IgG antibody (BioLegend; cat. No. 405326, Lot. No. B324994)
and Alexa Fluor 647-conjugated goat anti-rabbit IgG antibody (Abcam; cat.
No. ab150083, Lot No. GR3370563-1) were applied for 1 hr at room
temperature, and the slides were imaged using a Thunder imager 3D assay
(Leica Microsystems GmbH, Wetzlar, Germany).

Populations of cells in the liver tissues were analyzed via
immunohistochemistry using various cell markers. Fibrosis-induced mice
were treated with various liposomes. One day after liposome treatment, mice
were anesthetized using isoflurane and the liver was perfused via the vena
cava with 30 mL of PBS, and then collected. Excised liver tissues were fixed
in 4% paraformaldehyde for 48 h at 4°C. After dehydration in 30% sucrose
solution overnight, liver tissues were embedded in OCT compound (Sakura
Finetek, Japan) and frozen at -80°C. Frozen liver sections (8 pum thickness)
were blocked with 10% goat serum (Abcam, Cambridge, UK) and stained
with primary antibodies overnight at 4°C. Alexa Fluor 594 rabbit anti-mouse
alpha-smooth muscle actin (aSMA) antibody (Cell Signaling Technology,
Danvers, MA, USA; cat. No. 36110S), phycoerythrin (PE)-conjugated rat
anti-mouse F4/80 antibody (BioLegend, San Diego, CA, USA; cat. No.
123110), allophycocyanin (APC)-conjugated rat anti-mouse CD26 antibody
(BioLegend; cat. No. 137807), PE-conjugated rat anti-mouse CD31 antibody
(Invitrogen, Waltham, MA, USA; cat. No. 12-0311-82), and rabbit anti-
mouse cytokeratin 7 antibody (Abcam; cat. No. ab181598) were used as
markers of HSCs, macrophages, hepatocytes, endothelial cells, and
cholangiocytes, respectively.

After secondary antibody staining, tissues were counterstained with
DAPI and examined by a VECTRA tissue analyzer (PerkinElmer, Inc.).
Image analysis was applied using the InForm 2.2.1 image analysis software
(PerkinElmer, Inc.).
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qRT-PCR for analysis of cell types

Populations of cells in the liver tissues were also evaluated by running
gRT-PCR. Total RNA was extracted from liver tissue using the TRIzol reagent
(Invitrogen) and reverse-transcribed into cDNA by incubating at 42°C for 60
min and 70°C for 5 min using RT PreMix (Intron Biotechnology Inc., Seoul,
Republic of Korea). The sequences of primers for qRT-PCR are listed in
supplementary Table 1. qRT-PCR was performed at Applied Biosystems 7500
Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA)
using TOPreal qPCR 2x premix (Enzynomics, Daejeon, Republic of Korea,
cat. No. RT501M). The housekeeping gene, glyceraldehyde-3-phosphate
dehydrogenase, was used for normalization of each mRNA expression level.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay

To evaluate apoptosis of cells in liver tissues, the TUNEL assay was
performed. In brief, frozen liver tissue sections (8 um thickness) were stained
with a DeadEnd™ Fluorometric TUNEL System (Promega) according to the
manufacturer's protocols. To identify the types of TUNEL-positive apoptotic
cells, immunofluorescence staining was sequentially done using markers for
various cells. Alexa 594-conjugated anti-aSMA antibody, PE-conjugated
anti-F4/80 antibody, and APC-conjugated anti-CD26 antibody were used to
mark aHSC, macrophages, and hepatocytes, respectively. After overnight
incubation at 4 °C, DAPI staining and mounting were performed on the slides
and fluorescence images of slide were obtained by VECTRA (PerkinElmer,
Inc.). Then, images were analyzed by InForm 2.2.1 image analysis software
(PerkinElmer, Inc.) followed by quantification of co-localization of TUNEL
signals with each cell marker.

Safety study

To evaluate the toxicity of PRL, a survival study was conducted in
normal mice. Eight-week-old BALB/c mice received repeated intravenous
administrations of PL or PRL at a dose of 0.27 mg phospholipid/mouse. Mice
were administered with PL or PRL four times over 2 weeks. The survival and
body weight of mice were monitored over 60 days.

Statistics

Experimental data were statistically analyzed by two-sided, one-way
analysis of variance (ANOVA) using a post hoc Student-Newman-Keul test.
All statistical analyses were performed using SigmaStat software (version
12.0, Systat Software, Richmond, CA, USA). A P-value less than 0.05 was
considered statistically significant.
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3. Results
FAP-specific activation of PRL

PRL and various other liposome formulations, including PL, ML, SCL
and FQL, are schematically depicted in Figure 1A. PRL were constructed by
tethering cys-promelittin in which a cysteine residue was added to the C-
terminus of promelittin to the surface of ML (Fig. 1A). Promelittin has a FAP-
cleavable peptide sequence located at the N-terminus of mature melittin. The
proposed working mechanism of PRL is illustrated in Figure IB.
Promelittin in PRL is cleaved by FAP on aHSC, releasing melittin. The
liberated melittin creates pores in nearby aHSC, thereby reducing the aHSC
population in fibrotic tissues and ultimately resulting in a decrease in collagen
fibers and regression of fibrosis.
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Figure 1. Proposed working mechanism of PRL against liver fibrosis. (A)
Schematic illustration of various liposome formulations. FAP-responsive
PRL were synthesized by linking cys-promelittin onto the surface of ML. (B)
In a fibrotic microenvironment, the promelittin moiety on PRL is cleaved by
FAP on aHSC. FAP-mediated cleavage of promelittin on PRL releases
melittin, which diffuses to nearby aHSC, creating pores in their cell
membranes. The resulting reduction in the number of aHSC in fibrotic tissues
leads to decreased production of collagens and regression of fibrosis.

TEM images revealed that PRL adopted a spherical shape (Fig. 2A).
Surface modification of ML with cys-promelittin or scrambled peptide did
not significantly affect the size of liposomes (Fig. 2B). Zeta potentials of SCL
and PRL increased slightly after peptide conjugation (Fig. 2C), but peptide-
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to-phospholipid ratios did not differ significantly between PRL and SCL (Fig.
2D). The stability of liposomes was not affected by FAP. During the 18-day
study period, none of the liposomes showed a significant size change,
regardless of FAP or storage temperature (supplementary Fig. 2). Although
the physicochemical features of PRL did not differ from those of SCL, the
two formulations differed in their biological responsiveness to the FAP
enzyme. In the absence of FAP, there was no hemolysis of RBCs regardless
of liposome type (Fig. 2E). However, PRL, but not other liposome
formulations, showed RBC hemolysis in the presence of FAP (Fig. 2F). The
release of melittin from PRL was observed in the presence of FAP, but not in
the absence of FAP (Fig. 2G). In the presence of FAP, the release of melittin
from PRL linearly increased up to 12 h of incubation, when it reached 90.7%
release. After 24 h of incubation, 99.6% release was observed.

FAP-specific cleavage of promelittin on PRL was further tested by
monitoring the recovery of quenched fluorescence of FQL in the presence of
FAP. The fluorescence intensity of FQL, dually modified with the fluorophore
EDANS and quencher DABCYL, is quenched by FRET. Cleavage of
promelittin by FAP disrupts the EDANS and DABCYL interaction and
recovers the fluorescence of EDANS (Fig. 2H). Treatment with MMP did not
significant change the fluorescence intensity of FQL (Fig. 2I). In contrast,
FAP treatment substantially enhanced FQL fluorescence, increasing the
fluorescence intensity of FQL at 490 nm by 31.3-fold compared with no-FAP
controls (Fig. 2J). The release of fluorescent melittin from FQL was observed
in the presence of FAP, but not in the absence of FAP or in the presence of
MMP (Fig. 2K). In the presence of FAP, the release of fluorescent melittin
gradually increased with time. More than 50% release was observed within 4
h of incubation with FAP. After 12 h of incubation, 92.6% of the fluorescent
melittin had been liberated from FQL.
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Figure 2. FAP-specific cleavage of promelittin peptide on PRL. (A)
Transmission electron microscopy (TEM) imaging. TEM images of
liposomes, obtained using a Talos L120C TEM system operating at 120 kV.
Scale bar: 100 nm. (B) Size measurements. Liposomes size was measured
using dynamic light scattering (n = 5 samples per group). (C) Zeta potential
measurements. Zeta potential of liposomes was measured by electrophoretic
light scattering (n = 5 samples per group). (D) Peptide-to-phospholipid ratios
were estimated using fluorescamine and phosphate assays (n = 5 samples per
group). (E, F) The hemolytic activity of PRL against mouse RBCs was
evaluated using hemolysis assays (n = 5 samples per group). (G) Release
kinetics of melittin from PRL. PRL was incubated with or without FAP for
various periods. The release of melittin at each point was measured by
fluorescamine assay (n = 5 samples per group). (H) Design of promelittin-
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mimicking fluorescence-quenched peptide-tagged liposomes (FQL). A
fluorescent FRET (fluorescence resonance energy transfer) moiety was
attached to the promelittin-mimicking peptide containing a FAP-dependent
cleavage site, and the FAP-specific activity of the peptide was determined by
assessing FAP-responsive fluorescence. (I) Fluorescence emission spectra of
FQL observed after FAP or MMP treatment. (J) Mean fluorescent intensity of
FQL at an emission wavelength of 490 nm (n = 5 samples per group). (K)
Release kinetics of DABCYL-modified peptides from FQL. FQL was
incubated in the absence or presence of FAP, or in the presence of MMP. The
release of DABCYL-modified peptides was evaluated via spectrofluorometry
(n =5 samples per group).

FAP-specific responsiveness of PRL to aHSC

Having demonstrated the responsiveness of PRL to FAP in a cell-free
setting, we next assessed PRL responsiveness to aHSC using the human LX-
2 hepatic stellate cell line as a model system. In these experiments, LX-2 cells
or Chang cells, used as a FAP-negative control cell, were treated with various
liposome formulations, and cleavage of liposomal promelittin by FAP on cells
was assessed by monitoring recovery of quenched EDANS fluorescence.
Flow cytometry data show that the treatment of LX-2 cells with FAP-specific
siRNA (siFAP) significantly decreased the expression of FAP (Fig. 3A, 3B).
In siFAP-treated cells, the expression level of FAP was silenced by 96.3%
compared to that in untreated cells (Fig. 3C). Confocal imaging was used to
further visualize the silencing of FAP protein in LX-2 cells (Fig. 3D).
Following treatment with FQL, Chang cells showed no change in
fluorescence intensity, whereas siFAP-pretreated LX-2 cells showed little
change in fluorescence. In contrast, treatment of LX-2 cells with FQL induced
a substantial increase in fluorescence (Fig. 3E), indicating effective cleavage
of promelittin and recovery of EDANS fluorescence.

Using MTT assays to assess cell viability following treatment with
various liposome formulations, we found that PL, ML, and SCL had no effect
on the viability of Chang cells, LX-2 cells, or siFAP-treated LX-2 cells (Fig.
3F). Although PRL also had no significant effect on the viability of Chang
cells or siFAP-treated LX-2 cells, they significantly affected the viability of
LX-2 cells, reducing it to less than 40% (Fig. 3F). Fluorescence live/dead cell
staining confirmed these effects, showing that Chang cells (Fig. 3G) and
siFAP-treated LX-2 cells (Fig. 3H) retained full viability follow treatment
with liposomes, regardless of liposome type, whereas only treatment of LX-
2 cells with PRL resulted in an increase in the dead cell population (Fig. 3I).
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Figure 3. Viability of normal and hepatic stellate cells after treatment
with various liposome formulations. (A) LX-2 cells, Chang cells, and
siSCR or siFAP-treated LX-2 cells were stained with rabbit anti-FAP primary
antibody and FITC-conjugated anti-rabbit secondary antibody. Fluorescence-
positive cells were determined by flow cytometry (n = 5 samples per group).
(B) FAP positive cell population was analyzed between LX-2 cells, Chang
cells, and siSCR or siFAP-treated LX-2. (C) The efficiency of the siFAP in
LX-2 cells was evaluated compare to siSCR. (D) Representative confocal
images evaluating the efficiency of siFAP in LX-2 cells. Red color indicates
FAP expression. (E) The fluorescence emission intensity of FQL was
measured at a wavelength of 490 nm after incubation with LX-2 cells, Chang
cells, or siFAP-treated LX-2 cells (n = 5 samples per group). (F) MTT assays
were used to determine cell viability of following treatment with various
liposome formulations (n = 5 samples per group). (G-I) Fluorescence
microscopy assessment of live (green)/dead (red) Chang cells (G), siFAP-
treated LX-2 cells (H) and LX-2 cells (I). Scale bar: 50 pm.

FAP expression and activation of PRL in a liver fibrosis model

We next tested whether expression of FAP was increased in a liver
fibrosis model, and if so, whether promelittin on PRL could be cleaved in the
liver. A BDL liver fibrosis model was established using the scheme illustrated
in Figure 4A. Flow cytometry showed higher expression of FAP in aHSC
from the BDL liver compared with cells from a normal liver (Fig. 4B, 4C).
Immunohistochemical staining was performed to assess FAP expression in
liver tissue from normal and BDL mice (Fig. 4D). Molecular imaging
revealed that PRL was specifically activated at the liver in the BDL model. In
normal mice, there was no significant difference of fluorescence intensity
regardless of FQL treatment in all organs tested (Fig. 4E, and 4F). In BDL
model mice, no significant difference was observed in the heart, lung, spleen,
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or kidney (Fig. 4E, 4F). In the liver tissue of BDL model mice, in contrast, a
significant difference was observed in the FQL-treated group, which showed
2.5-fold higher fluorescence intensity.
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Figure 4. FAP-mediated cleavage of liposomal promelittin in BDL
induced fibrosis mice. (A) Experimental scheme for induction of liver
fibrosis using the BDL method (n = 5 mice per group). (B, C) FAP expression
level in HSC from normal mice or BDL mice was analyzed by flow cytometry.
(n =5 samples per group). (D) Immunohistochemical staining for FAP in liver
tissues from normal and BDL mice (n = 5 samples per group). Scale bar: 50
pm. (E) One hour after mice were intravenously injected with FQL, the
fluorescence intensities of vital organs (liver, heart, lung, spleen, kidney) from
normal and BDL mice were monitored using an IVIS Spectrum instrument
equipped with excitation wavelength at 335 nm and emission wavelength at
490 nm. The color bar indicates fluorescence intensity (n = 5 samples per
group). (F) Fluorescence intensity of each organ was calculated between
normal and BDL mice.
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In vivo antifibrotic effect
The experimental scheme for assessing the antifibrotic efficacy of
various liposome formulations in a BDL animal model is illustrated in Figure
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5A. Antifibrotic efficacy was evaluated using histological, biochemical, and
serological analyses. Fibrotic regions of the liver were visualized by Masson’s
trichrome method, which stains collagen fibers blue and normal tissues red.
Masson’s trichrome staining showed fibrotic regions in the livers of mice
treated with ML, PL, or SCL. In contrast, images of whole livers from mice
treated with PRL showed fewer fibrotic (blue-stained) regions compared with
livers from mice treated with any other liposome formulation (Fig. 5B).
Similar to the Masson’s trichrome staining results, H&E staining revealed
tissue damage in the vicinity of blood vessels for groups treated with PL, ML,
or SCL, but not PRL (Fig. 5B). A quantitative analysis of images revealed that
Masson’s trichrome-stained liver tissues from mice treated with PRL showed
significantly fewer fibrotic regions than those from other treatment groups
(Fig. 5C). Applying the METAVIR F staging system, we found that mice
treated with PRL showed the lowest scores compared with mice treated with
PL, ML, or SCL (Fig. 5D). Biochemical assessments of the antifibrotic
efficacy of PRL showed that hydroxyproline levels in BDL mice treated with
PL, ML, or SCL did not significantly differ from those in untreated mice.
However, hydroxyproline levels in PRL-treated BDL mice were 7.2-fold
lower than those in untreated mice (Fig. SE).

We assessed survival of BDL mice following treatment with various
liposome formulations. Among BDL mice treated with various liposome
preparations, those treated with PRL showed the highest survival rate.
Specifically, PRL-treated mice showed 80 % survival 12 d after BDL surgery,
a time point at which mice in all other treatment groups had died (Fig. S5F).
Regarding toxicity, normal mice receiving repeated intravenous doses of PRL
showed complete survival (supplementary Fig. 3A). All five mice survived
for 60 days after four repeated intravenous administrations of PL or PRL
(supplementary Fig. 3B). Moreover, there was no significant difference in
body weight among the groups (supplementary Fig. 3C).

Treatment of BDL mice with PRL altered the cell populations in liver
tissues, which were analyzed with markers for macrophages (F4/80),
hepatocytes (cluster of differentiation 26, CD26), endothelial cells (cluster of
differentiation 31, CD31), cholangiocytes (cytokeratin7, Ck7), and aHSC
(alpha-smooth muscle actin, aSMA). Immunofluorescence imaging (Fig. 5G),
quantitative image analysis (Fig. 5G), and quantitative real time polymerase
chain reaction (QRT-PCR) (supplementary Fig. 4) showed that the populations
of macrophage, hepatocyte, and endothelial cell were not significantly
different regardless of treatment. However, the populations of aHSC and
cholangiocyte were significantly decreased by PRL treatment (Fig. 5G, 5H,
supplementary Fig. 4).

We performed serological analyses with BDL induced liver fibrosis
model. PL, ML, or SCL treatment had no significant effect on ALT (Fig. 5I),
AST (Fig. 5J), bile acid (Fig. 5K) or total bilirubin (Fig. 5L) serum levels,
which were comparable to those in untreated normal mice. However, 4 days
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after BDL, serum levels of ALT, AST, bile acid and total bilirubin were all
significantly lower following PRL treatment compared with untreated mice
or mice treated with other liposome formulations.

TUNEL assays revealed that PRL had an aHSC-selective killing effect.
TUNEL-positive cell analysis followed by IHC showed that the highest
population of apoptotic cells was observed among aSMA-positive cells (Fig.
5M). Flow cytometry showed that about 78.6% of the apoptotically dying cell
populations were aHSC marked with aSMA (Fig. 5N). The population
positive for both TUNEL and aSMA was 9.6-fold higher than that positive
for both TUNEL and F4/80.
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Figure 5. In vivo antlﬁbrotlc effects of various liposome preparations in
the BDL induced lifer fibrosis model. (A) On days 1 and 3 after BDL
surgery, mice were intravenously administered 1 mg/kg PL, ML, SCL or PRL.
On day 4, liver tissues were extracted and further analyzed. (B) Top panel
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shows representative Masson’s trichrome-staining in BDL induced fibrotic
liver. Lower panel shows pseudocolored images by InForm 2.2.1 analysis,
distinguishing fibrotic regions (blue) from normal tissue (red). Bottom panel
shows representative H&E staining in BDL-induced fibrotic liver treated with
various liposomes. (n = 5 mice per group). Scale bar: 50 um. (C)
Quantification of connective tissue area, calculated from whole images of
stained liver. (D) The severity of liver fibrosis for each group, assessed using
the METAVIR scoring system. (E) Collagen content of fibrotic liver samples,
measured using hydroxyproline assays. (F) Survival rates of BDL mice after
treatment with various liposome formulations (n = 10 mice per group). (G)
BDL-induced mice were treated with various liposomes. One day after the
last dose, liver tissues were frozen-sectioned and stained with antibodies
against F4/80 (macrophage), CD26 (hepatocyte), CD31 (endothelial cell),
Ck7 (cholangiocyte), and aSMA (aHSC). (H) Populations of cells were
analyzed using a VECTRA tissue analyzer and the InForm 2.2.1 image
analysis software (n = 5 mice per group). Scale bar: 50 um. (I-L) On day 4
after BDL surgery, blood was collected for serum analysis of ALT (I), AST
(J), total bilirubin (K), and bile acid (L) (n = 5 samples per group). (M) Liver
tissues were stained with TUNEL, followed by immune fluorescence staining
with antibodies against aSMA, F4/80, or CD26, and final counter staining
with DAPI. Representative images of each group (n = 5 mice per group) are
shown. White arrows show TUNEL-positive spots. Scale bar: 50 pm. (N)
Analysis of TUNEL-positive cells in 5 randomly selected fields per sample.
ALT, alanine transaminase; AST, aspartate transaminase.

The antifibrotic efficacy of PRL was evaluated in the CCl4-induced
chronic liver fibrosis model. The treatment scheme for the CCl4-induced liver
fibrosis animal model is illustrated in Figure 6A. Immunohistochemistry (Fig.
6B), FACS analysis (Fig. 6C), and flow cytometry (Fig. 6D) showed that the
expression of FAP was higher in mice treated with CCl4 over 8 weeks
compared to normal mice. Sirius red (Fig. 6E) and Masson’s trichrome (Fig.
6G) staining followed by image analysis (Fig. 6F, 6H, respectively) showed
that the fibrotic regions were significantly decreased in the PRL-treated group
compared to the other groups. The in vivo antifibrotic effect of PLR was also
evaluated using the METAVIR F staging system (Fig. 6I), which revealed that
the METAVIR score was lowest in the PRL-treated group. The level of
hydroxyproline, a major component of collagen, was 3.2-fold lower in PRL-
treated mice than in untreated mice (Fig. 6J).

Serological analysis revealed that PRL treatment significantly lowered
the levels of AST (Fig. 6K) and ALT (Fig. 6L) relative to the other treatments
and the untreated fibrotic control. Immunohistochemistry showed that the
populations of cells positive for F4/80, CD26, or CD31 were not significantly
different among the groups, regardless of treatment, whereas the level of the
aHSC marker, aSMA, was significantly lower in the group treated with PRL
relative to the other groups (Fig. 6M, 6N).
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Figure 6. In vivo antifibrotic effects of various liposome preparations in
the CCly-induced liver fibrosis model. (A) Schematic of the CCls-induced
liver fibrosis model and treatment timelines for the various liposomes. (B)
Immunohistochemical staining for FAP in liver tissues from normal and CCls-
induced liver fibrosis mice (n = 5 samples per group). Scale bar: 50 um. (C,
D) FAP expression levels on HSCs from normal or CCls-induced fibrotic liver
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were analyzed by flow cytometry (n = 5 mice per group). (E, F)
Representative Sirius red-stained liver images for the evaluation of liver
fibrosis, and quantification of the Sirius red-positive area (n = 5 mice per
group). (G) Upper panel shows representative Masson’s trichrome-stained
images of CCls-induced fibrotic liver. Lower panel displays pseudocolored
images by InForm 2.2.1 analysis, distinguishing fibrotic regions (blue) from
normal tissue (red) (n = 5 mice per group). Scale bar: 50 um. (H)
Quantification of the connective tissue area under Masson’s trichrome
staining, as calculated from 5 randomly selected fields per sample. (I) The
severity of liver fibrosis for each group, assessed using the METAVIR scoring
system. (J) Collagen content of fibrotic liver samples, as measured using
hydroxyproline assays. (K, L) Blood was collected for serum analysis of AST
(K) and ALT (L) (n = 5 mice per group), UT: untreated group. (M)
Representative immunofluorescence images of liver tissues stained with
various cell markers including F4/80 (macrophage), CD26 (hepatocyte),
CD31 (endothelial cell), Ck7 (cholangiocyte), and aSMA (aHSC). (N)
Populations of cells were analyzed using a VECTRA tissue analyzer and the
InForm 2.2.1 image analysis software (n = 5 mice per group). Scale bar: 50
pum.

The in vivo efficacy of PRL was evaluated in the CDAHFD-induced
model. The liposome treatment scheme for CDAHFD-induced model mice is
illustrated in Figure 7A. Compared to normal liver tissues, those of
CDAHFD-induced model mice showed upregulated expression of FAP on
aSMA-positive aHSC (Fig. 7B). FACS (Fig. 7C) and flow cytometric
analysis (Fig. 7D) revealed that the level of FAP-positive cells was 5.2-fold
higher in the CDAHFD-induced model compared to normal liver.

Histological evaluation with Sirius red, Masson's trichrome, and H&E
staining consistently revealed that PRL had an antifibrotic effect. In Sirius red
staining, the fibrotic regions were significantly smaller in the group treated
with PRL compared to the other groups (Fig. 7E, 7F). Image analysis of Sirius
red staining showed that the fibrotic region was 3.2-fold smaller in the PRL-
treated group compared to PL-treated group. Masson's trichrome staining
showed that the fibrotic region was lowest in the liver tissue of PRL-treated
mice (Fig. 7G, H). Hydroxyproline levels in PRL-treated mice were 3.1-fold
lower than those in untreated mice (Fig. 7I). The serum levels of AST (Fig.
7)) and ALT (Fig. 7K) were lowest in the group treated with PRL among the
tested groups.
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Figure 7. In vivo antifibrotic effects of various liposome preparations in
the CDAHFD-induced fibrosis model. (A) Schematic of the CDAHFD-
induced fibrosis model and treatment timelines for the various liposomes. (B)
Representative images of liver sections stained for FAP (green), aSMA (red),
and DAPI (blue) (n = 5 mice per group). Scale bar: 50 um. (C, D) FAP
expression levels on HSCs from normal or CDAHFD-induced fibrotic liver

were evaluated by flow cytometry (n

5 mice per group). (E, F)

Representative Sirius red-stained liver images for the evaluation of liver
fibrosis and quantification of the Sirius red-positive area (n = 5 mice per
group). (G) Top panel shows representative Masson’s trichrome-staining of
liver. Bottom panel displays pseudocolored images by InForm 2.2.1 analysis,
distinguishing fibrotic regions (blue) from normal tissue (red) (n =5 mice per
group). Scale bar: 50 um. (H) Quantification of Masson’s trichrome-stained
connective tissue area calculated from 5 randomly selected fields per sample
(n = 5 mice per group). (I) Collagen content of fibrotic liver samples, as
measured using hydroxyproline assays. (J, K) Blood was collected for serum
analysis of AST (J) and ALT (K) (n =5 mice per group), UT: untreated group.
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4. Discussion

In this study, we demonstrated that promelittin on PRL can be
specifically cleaved by FAP in fibrotic liver tissues. The FAP-liberated
melittin was shown to be capable of killing aHSC and alleviating fibrosis in
mouse models of liver fibrosis induced by BDL, CCl4, or CDAHFD. The
cleavage of PRL in liver tissues was visualized by molecular imaging of FQL.
In the liver fibrosis model, PRL treatment exerted an antifibrotic effect and
especially prolonged survival in BDL mice.

Recently, various strategies have been reported to induce antifibrotic
effects. For example, hepatic macrophages have been targeted in relaxin-
mediated liver fibrosis therapy. Relaxin is known to bind to aHSC and hepatic
macrophages, and the binding of relaxin to macrophages was very recently
reported to switch them from the profibrogenic to pro-resolution phenotype
[13]. Other strategies have sought to induce antifibrotic effects by metabolic
regulation aimed at inhibiting the activation of HSCs. For example, an
adiponectin-based agonist was shown to regulate lipid and glucose
metabolism by binding to relevant receptors and thereby suppress HSC
activation [14]. Cotadutide, which is an agonist of the glucagon receptor and
glucagon-like protein-1 receptor, was reported to alleviate fibrosis via
modulating lipogenesis in hepatocytes [15].

In this study, different from inhibiting the activation of HSCs, PRL can
selectively kill FAP-expressing aHSC to exert antifibrotic effects. The
fibrosis-stimulated antifibrotic effect of PRL may prove useful for treating
fibrosis in various fibrosis models. Indeed, we herein show that PRL exhibited
antifibrotic effects in animal models induced by BDL surgery, CCl4, or a
high-fat diet. Our results further show that PRL selectively kills aHSC, not
macrophages, suggesting that the combination of PRL with relaxin gene
therapy may widen the spectrum of effective antifibrotic strategies by
inhibiting the activation of HSCs and depleting aHSC  (supplementary Fig.
1).

In this study, we observed that PRL has substantial antifibrotic effects in
the fibrosis models induced by CCl4 or high-fat diet. The severity of fibrosis
reportedly depends on the dose and duration of CCl4 injection or high-fat diet
feeding [16]. The dosing regimens of antifibrotic agents have differed across
various studies, and different regimens have yielded different outcomes. For
example, when adiponectin agonist treatment was initiated at week 3 of CCl4
injection, liver fibrosis was still evident 3 weeks later [14]. In another study,
relaxin-based gene therapy was initiated at week 4 of CCl4 injection or week
8 of high-fat diet feeding, and complete absence of fibrosis was observed at
2 weeks after the initiation of gene therapy in both models [13]. When an
antagonist of the binding of arginine-glycine-aspartate to integrin was
delivered at week 6 of high-fat diet feeding, liver fibrosis was significantly
ameliorated at week 4 after the initiation of antagonist treatment [17].

To obtain an optimal antifibrotic effect, we used a dosing regimen
wherein PRL injection was initiated at week 6 of CCl4 injection or week 10

o W

o
L)



of high-fat diet feeding. Compared to studies in which treatment began at
weeks 3 or 4 of CCl4 injection or weeks 6 to 8 of high-fat diet feeding, we
began injecting PRL at later phases of CCl4 or NASH model development.
FAP expression intensity has been shown to correlate with the severity of liver
fibrosis [8, 18, 19, 20]. Since PRL needs FAP-expressing aHSC to exhibit
antifibrotic effects, we hypothesized that progressed fibrosis would activate
the antifibrotic effect of PRL more effectively than early-phase fibrosis.
Indeed, we observed that the antifibrotic effect of PRL was less intense when
PRL was given at week 4 of CCl4 treatment compared to the utilized regimen
starting at week 6 of CCl4 induction (supplementary Fig. 7). The increased
effect of PRL when given at the later phase of fibrosis seems to support the
fibrosis-activated antifibrotic effect of PRL.

FAP-specific activation of PRL would be crucial for focusing the effects
of melittin on target fibrotic cells and minimizing possible side effects of
melittin in the bloodstream. To prevent the action of melittin on blood cells,
we conjugated inactive promelittin to the surface of ML. Cys-promelittin was
covalently tethered to the surface of ML using the maleimide reaction.
Because a sulfide group is required for the maleimide reaction, we used cys-
promelittin, in which a cysteine amino acid residue was added to the C-
terminus of promelittin. RBC hemolysis assays support the conclusion that
PRL is inactive against RBCs.

Instead of using the promelittin peptide per se, we used liposome
formulations containing promelittin on the surface. PRL-bound promelittin
has several potential advantages over free promelittin peptide. First,
intravenous injection of nanoparticles has been reported to provide the highest
distribution to the liver [21]. This is consistent with other previous reports
showing that intravenously injected liposomes [22], polymeric micelles [23],
and other nanoparticles [24] are distributed to the liver to a greater extent than
to other organs. Second, the tethering of promelittin on the PEGylated surface
of PRL may prevent the nonspecific adsorption of proteases to liposomes.
PEGylation has been reported to reduce the nonspecific opsonization and
adsorption of proteins onto liposomes [25]. Here, the use of PEGylated
liposomes for PRL could contribute to reducing nonspecific interactions with
and cleavage of promelittin peptide by proteases in the blood. Third, the use
of PRL provides the further opportunity to deliver both melittin and other
antifibrotic chemical drugs, such as silibinin [26, 27] and quercetin [28].
Although we used PRL without chemical agents to demonstrate proof-of-
concept in this study, the co-delivery of other antifibrotic chemical drugs
loaded inside liposomes could further increase the anti-fibrotic efficacy of
PRL.

Quenching and dequenching FRET phenomena have been used to test
the cleavage of substrate peptides by enzymes in vivo. For example, a capsid
protease-sensitive FRET system has been used as a proteolytic assay for the
chikungunya virus [29], and a FRET-based platform employing fluorescent
carbon dots and MnO2 nanosheets have been used to detect glutathione in
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human blood [30]. Here, we tested the FAP-specific cleavage of promelittin
by assessing FAP-mediated recovery of fluorescence of FQL, composed of
promelittin peptide dually modified with the fluorophore EDANS and
quencher DABCYL. In the absence of FAP, FQL remains quenched owing to
FRET between the fluorophore and the quencher. However, the cleavage of
promelittin peptide by FAP abrogates the close interaction of EDANS with
the quencher, resulting in a recovery of EDANS fluorescence. We found that
not only was FQL fluorescence recovered by FAP in a cell-free system, it was
also recovered by FAP-positive LX-2 cells, but not by Chang cells.
Importantly, fluorescence was also increased in the livers of BDL mice
intravenously injected with FQL, confirming cleavage of promelittin peptide
in vivo. The recovery of FQL fluorescence both in vitro and in vivo supports
the cleavage of promelittin on PRL by FAP in fibrotic liver tissues. The
specific cleavage of PRL by FAP on fibrotic liver cells may enhance the
activity of liberated melittin towards FAP-positive cells.

In this study, we observed that the treatment of activated LX2 cells with
siFAP significantly reduced the expression of FAP without affecting cell
viability under PRL treatment. This might occur because the cytotoxic effect
of melittin is nonlinear (supplementary Fig. 5): The viability of activated LX-
2 cells treated with 1.0 pg/ml melittin was 100%, whereas this viability
decreased to 20% following treatment with 2.0 pg /ml melittin. To exert
notable cytotoxicity against LX?2 cells, therefore, melittin must be liberated at
a level greater than its minimal effective concentration.

Our molecular imaging studies revealed that the activation of PRL was
specific to the liver of BDL model mice, and was not seen in other organs.
The notable fluorescence intensities of FQL at the liver of BDL model mice
support the notion that the fluorescent signal is selectively liberated by the
increased FAP expression in liver tissues of BDL model mice. We herein
measured the activation of FQL using ex vivo organ tissues rather than in vivo
whole-animal imaging because the fluorescence signal liberated from FQL
has an excitation wavelength of 335 nm, which limits in vivo imaging. The
results of our ex vivo imaging suggest that there was little FAP-mediated
activation of PRL in other vital organs, such as the heart, lung, spleen, and
kidney. This lack of activation in other vital organs indicates that there is little
possibility that pore-forming melittin will be liberated at nontarget organs.

The antifibrotic efficacy of PRL is attributable to reductions in the
population of aHSC through the cytotoxic action of liberated melittin. FAP
was observed to be overexpressed in stellate cells from the fibrotic liver, but
not those from the normal liver. Hepatic stellate cells in the fibrotic liver are
known to be abnormally activated and overproduce collagen fibers [31]. The
reduction of abnormally high aHSC populations may decrease the production
of collagen fibers, and thereby reduce fibrosis. In this study, we observed that
PRL, which killed FAP-positive sHSC, reduced the levels of hydroxyproline,
a metabolite of collagen fibers [32]. The decrease in collagen fibers in the
BDL liver also supports the efficacy of PRL against collagen fiber formation.
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We observed that PRL did not affect the population of FAP-negative cells
such as macrophages, hepatocytes, and endothelial cells. The decrease of
cholangiocytes by PRL treatment might be attributed to the amelioration of
fibrosis. It has been reported that cholangiocytes are involved in liver
fibrogenesis [33].

Although we demonstrated the antifibrotic efficacy of PRL in a liver
fibrosis model, the selective activation of PRL by FAP suggests the potential
of PRL for the treatment of various fibrotic diseases in which FAP is
overexpressed. FAP has drawn considerable attention as a target enzyme in
various fibrotic diseases and cancer. In the tumor microenvironment, cancer-
associated fibroblasts have been reported to overexpress FAP [34]. In addition
to cancers, fibrotic livers and inflamed areas [9], as well as regions of lung
fibrosis [35], have been shown to overexpress FAP. Moreover, although we
used promelittin to demonstrate FAP-specific activation in fibrotic tissues,
our strategy could be applied to design other FAP-specific activation systems
for fibrotic tissues. For example, other bioactive antifibrotic peptides can be
converted to a form that is inactive in the bloodstream by introducing
additional sequences and tethering the peptides to the surface of liposomes.
Accordingly, FAP-selective cleavage in fibrotic tissues can confer the
targeted therapeutic efficacy of antifibrotic peptides in pathogenic sites.

In this study, we observed 100% mortality at 10 days after BDL surgery
in BALB/c mice. It has been reported that the mortality of mice after BDL
surgery can be affected by the utilized mouse species: Compared to C57BL/6
mice, BALB/c mice are more sensitive to liver fibrosis and show lower
survival after BDL surgery [36]. The techniques used for BDL surgery are
also expected to impact the mortality rate. BDL surgery can be done using
either single-knot ligation or double-knot ligation with resection [37]. Single-
knot ligation decreases but does not completely block the flow of bile through
the bile duct, reflecting the conditions of cholestasis. Double-knot ligation
with resection, which is often used to establish acute liver fibrosis, blocks bile
flow and is associated with lower survival than single-knot ligation. The high
mortality rate seen in our mouse model might be thus attributed to the use of
the double-knot ligation method for BDL surgery in more susceptible
BALB/c mice.

In conclusion, we showed that PRL is selectively activated by FAP
overexpressed in the fibrotic liver and effectively alleviates fibrosis. The
FAP-specific liberation of melittin in the fibrotic liver can reduce the
population of abnormal hepatic stellate cells and reduce the overproduction
of collagen fibers. PRL encapsulating other antifibrotic chemical agents in
their interior may be designed to increase antifibrotic efficacy. Notably, the
PRL described here also provides insight into the design of systems with FAP-
selective activation of other nanomaterials for the effective treatment of a
range of fibrotic diseases in which FAP is known to be overexpressed.
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Conclusion

In this study, I developed three different types of the stimuli-responsive
delivery system. Exogenous stimuli, which were light and cold atmospheric
plasma, were used as a tool for tumor immune microenvironment modulation.
On the other hand, to use endogenous stimuli derived from the fibrotic
microenvironment, a fibroblast activation protein (FAP) responsive drug
delivery system was exploited to deliver anti-fibrotic peptide to pathogenic
fibroblast.

First, I utilized methylene blue (MB) as a model photosensitizer, gold
nanocluster as a model photothermal agent, and polymerized DNA as the
backbone of the nanocluster. We synthesized MB-intercalated gold DNA
nanocluster (GMDN) via the reduction and clustering of gold ions on a
template consisting of MB-intercalated long DNA. Upon dual-light
irradiation, the tumor immune microenvironment was activated in terms of
adaptive anti-tumor immune response by T cells. Tumor growth was almost
completely eradicated in GMDN-treated tumor-bearing mice after dual light
irradiation, and rechallenged tumor growth was also inhibited.

Second, cold atmospheric plasma, the ionized gas which is capable of
inducing immunogenic tumor cell death, was exploited for on-site hydrogel
application in the tumor microenvironment, aiming to facilitate the
sustainable uptake of tumor-associated antigens and nanoadjuvants by
dendritic cells. The hyaluronic acid-tyramine conjugate was intratumorally
injected as a liquid and formed an on-site hydrogel under irradiation with cold
atmospheric plasma. Intratumoral delivery of hyaluronic acid-tyramine
conjugate with transforming growth factor B-blocking nanoadjuvant (TLN)
followed by cold atmospheric plasmid irradiation yielded a micro-network of
TLN-loaded hydrogel (TLN@CHG). In vivo intratumoral injection of
TLN@CHG promoted the activation of dendritic cells and more effectively
increased the proportion of CD4 T cells and CD8 T cells in the tumor
microenvironment, compared to the groups receiving TLN or hydrogel alone.
Moreover, in CT26 tumor model mice, cold atmospheric plasma-induced
TLN@CHG therapy ablated the primary tumor and provided 100% survival
among mice rechallenged with CT26 cells.

Lastly, a liver fibrosis-actuated antifibrotic peptide-delivery system was
reported in which FAP overexpressed in fibrotic regions of the liver liberates
the antifibrotic peptide, melittin, by cleaving a FAP-specific site in the peptide.
The promelittin peptide was linked to PEGylated and maleimide-
functionalized liposomes, resulting in promelittin-modified liposomes (PRL).
The specific cleavage of promelittin on PRL by FAP was tested using
fluorophore- and quencher-modified promelittin liposomes (FQL). Cleavage
of the peptide by FAP, but not by matrix metalloproteinase, recovered the
quenched fluorescence of FQL. In vitro experiments revealed that PRL was
effective in reducing the viability of LX-2 activated hepatic stellate cells
(aHSC), but not that of FAP-negative control cells or LX-2 cells treated with
FAP-specific siRNA. In vivo experiments showed that the fluorescence signal
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of FQL was recovered in bile duct-ligated mouse livers, but not in normal
livers. In three types of liver fibrosis models, intravenously administered PRL
significantly reduced fibrotic regions and the levels of hydroxyproline. All
mice in groups treated with PEGylated or scrambled peptide-conjugated
liposomes only died by day 15 after bile duct ligation. In contrast, PRL-
treated mice showed 80% survival on day 12 after bile duct ligation.

In conclusion, the drug systems which were investigated here exploited
different kinds of stimuli to tumor and fibrosis models. Although these
delivery systems were tested in tumor and liver fibrosis, it could be extended
to other diseases, such as wound healing, obesity and pulmonary fibrosis.

Since the exogenous stimuli were applied to the local diseased area,
unpredictable systemic toxicity could be minimized with the system. One of
the concerns is about the effective therapeutic depth of the stimuli-applied
tissue. Since exogenous stimuli which were used in the thesis have limited
penetration depth, other strategies like an upconversion system or
microneedle could be combined to maximize the efficacy of
microenvironment modulation.

For endogenous stimuli, the study can be applied to other fibrotic
diseases including cardiac fibrosis, pulmonary fibrosis and kidney fibrosis
since fibroblast activation protein is universal feature of activated pathogenic
fibroblast. Furthermore, with knowledge of disease-specific enzyme-
responsive materials, it can be broadened to other types of disease.

Taken together, the stimuli-activated drug delivery system is a promising
microenvironment-targeted therapeutic option and has potential in terms of
its compatibility with other synergetic systems.
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