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Photoimmunotherapy using indocyanine 2
green-loaded Codium fragile polysaccharide

and chitosan nanoparticles suppresses tumor
growth and metastasis
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Abstract

Metastasis and recurrence are the main challenges in cancer treatment. Among various therapeutic approaches,
immunotherapy holds promise for preventing metastasis and recurrence. In this study, we evaluated the efficacy
of treating primary cancer and blocking metastasis and recurrence with photo-immunotherapeutic nanoparticles,
which were synthesized using two types of charged polysaccharides. Codium fragile polysaccharide (CFP), which
exhibits immune-stimulating properties and carries a negative charge, was combined with positively charged
chitosan to synthesize nanoparticles. Additionally, indocyanine green (ICG), a photosensitizer, was loaded inside
these particles and was referred to as chitosan-CFP-ICG (CC-ICG). Murine colon cancer cells (CT-26) internalized
CC-ICG, and subsequent 808-nanometer laser irradiation promoted apoptotic/necrotic cell death. Moreover,
intratumoral injection of CC-ICG, with 808-nanometer laser irradiation eliminated CT-26 tumors in mice.
Rechallenged lung metastases of CT-26 cancer were inhibited by dendritic cell activation-mediated cytotoxic

T lymphocyte stimulation in mice cured by CC-ICG. These results demonstrated that CC-ICG is a natural tumor
therapeutic with the potential to treat primary tumors and suppress metastasis and recurrence.
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Introduction

Advancements in the life sciences and medical technolo-
gies have allowed for effective cancer treatments [1, 2].
However, many patients still experience cancer metas-
tasis and recurrence [3, 4]. These phenomenon occur
via complex mechanisms, often accompanied by high
anticancer drug resistance [5, 6]. Anticancer treatments
have been combined to prevent metastasis or recurrence;
however, no promising results have been found.

Cancer immunotherapy is evolving rapidly [7, 8], offer-
ing minimal side effects compared to traditional chemo-
therapy [7]. Immunotherapy leverages immune cells of
the body to eliminate tumors, with techniques such as
immune checkpoint inhibitors, cancer vaccines, and chi-
meric antigen receptor T cell treatments now in clinical
use [9]. These treatments work by activating cytotoxic T
lymphocytes (CTL) [9], which selectively induce cancer
cell death with minimal impact on normal cells [7, 9].
Therefore, effective induction of CTL activity blocks can-
cer metastasis or recurrence, and many studies are being
conducted for this purpose.

CTL activity is triggered by dendritic cells (DC) [10]
that capture invading antigens and present specific pro-
teins to T cells [10], promoting their differentiation and
proliferation [10]. However, cancer antigens are proteins
derived from patient cells and limit the activity of DCs
[11]. In cases where DC activity cannot be sufficiently
induced against antigens, vaccines are manufactured by
adding adjuvants, which are immune activators [10—12].
Adjuvants enhance antigen-specific immune activity by
inducing DC stimulation, thereby helping to induce the
efficient cytotoxicity of CTLs against antigen-expressing
cells [12]. Thus, cancer immunotherapy using appropri-
ate adjuvants is necessary, as cancer antigens are not
immunogenic.

Natural polysaccharides exhibit various physiological
activities, including anticancer, anti-inflammatory, and
immune stimulatory activities [13, 14]. Codium fragile
(C. fragile) is consumed as food in Asia, and C. fragile
polysaccharide (CFP) confers its anticancer effects via
activation of DCs [15, 16], natural killer cells, and CTLs
in both mice and humans [15-17]. Chitosan is a polysac-
charide extracted from the shells of crustaceans, such as
shrimp, and is used in pharmaceutical and biomedical
fields [18]. Chitosan has many advantages, including low
immune response induction, excellent biocompatibility,
a high degree of biodegradability, and natural abundance
[18, 19]. It functions as a drug carrier; however, because
it is positively charged, chitosan is used as a drug carrier
by forming a nanostructure with a negatively charged
material [20].

Photothermal therapy (PTT) is a tumor treatment [21]
that employs laser irradiation to generate localized heat.
This method offers the advantage of minimizing damage
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to surrounding tissues [21]. For this treatment, a photo-
sensitizer that converts the light energy of a near-infrared
(NIR) laser into heat energy is required [22]. Although
various photosensitizers are being developed, indocya-
nine green (ICG) is actively used because of its stability in
the body [22]. Recent advances in nanoparticles technol-
ogy have enhanced the efficacy of PTT by enabling tar-
geted tumor irradiation using NIR-loaded nanoparticles,
such as ICG [23, 24].

In this study, we synthesized nanostructures by com-
bining CFP, which has a negative charge and functions as
an immune stimulator, with chitosan, which has a posi-
tive charge. ICG was loaded inside the nanoparticles to
make them suitable for photoimmunotherapy against
cancer; these were named chitosan-CFP-ICG (CC-ICQ)
nanoparticles. We hypothesized that CC-ICG-mediated
PTT would treat primary tumors by blocking metas-
tasis and recurrence through its immunotherapeutic
ability (Scheme 1).

Methods

CFP purification

Polysaccharides from C. fragile were extracted fol-
lowing the procedure described by Tabarsa et al. [25].
Briefly, dried samples were immersed in 90% ethanol,
followed by hot water extraction at 65 °C once the etha-
nol had completely evaporated. The water-soluble crude
polysaccharides were precipitated using ethanol treat-
ment. Additionally, the Sevag technique was employed
to remove the unbound proteins from the polysaccha-
rides. To further enhance the purification, the sample
was loaded onto a diethylaminoethyl Sepharose fast flow
column (17-0709-01, GE Healthcare Bio-Science AB,
Uppsala, Sweden). Three active fractions, CFP-F1, CFP-
F2, and CFP-F3 were collected. Among these fractions,
CFP-F2 demonstrated an excellent immune response and
was therefore selected for further studies [15-17, 25, 26].

CC-ICG synthesis

CC-ICG nanoparticles were synthesized using ultrasoni-
cation at room temperature. CFP was dissolved in dis-
tilled water, and chitosan (Daejung, Korea) was dissolved
in a 1% (v/v) acetic acid solution. The two polysaccha-
rides were mixed in the following ratios: 1:1, 1:2, and 1:3.
Ultrasonication was then performed to form nanopar-
ticles through material entanglement on ice under the
following conditions: pulse-on 3 s, pulse-off 7 s, for a
total of 3 min at 40% amplitude. The total volume of the
mixture was fixed at 6 mL, and 2 mg of ICG was added
(Tokyo Chemical Industry, Tokyo, Japan). The nanopar-
ticles were harvested using centrifugation at 6200 x g for
10 min, and the pellet was resuspended in distilled water.
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Scheme 1 Induction of complete primary tumor remission and inhibition of lung cancer metastasis or recurrence by CC-ICG-mediated photoimmuno-
therapy. CFP, Codium fragile polysaccharide; ICG, indocyanine green; CC-ICG, chitosan-CFP-ICG; NIR, near-infrared; DC, dendritic cell

CC-ICG characterization

CFP, chitosan, and chitosan-CFP (CC) levels were mea-
sured using a Fourier Transform Infrared Spectrometer
(JASCO, FT-4100, Tokyo, Japan). The zeta potential and
nanoparticle size were determined using a Dynamic Light

Scattering Particle Analyzer (Litesizer DLS 500; Anton
Paar, Graz, Austria). Transmission electron microscopy
(TEM) images were obtained using an H-7600 transmis-
sion electron microscope (Hitachi, Tokyo, Japan). The
encapsulated ICG amount was quantified using a UV-vis
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spectrophotometer (Cary 100 Bio; Varian, Palo Alto,
CA, USA). PTT was performed using a fiber-coupled
continuous-wave diode laser (808 nm; Changchun New
Industries Optoelectronics Technology Co., Ltd., Jilin,
China), and temperature changes and thermal images
were obtained using a MobIR Air Mobile Phone Thermal
Imaging Camera (ZIYOUHU, China).

Cell line and cell culture

The murine colon carcinoma cell line CT-26 (ATCC,
CRL-2638; Korean Cell Line Bank, Seoul, Korea) was
cultured in RPMI-1640 medium with 1% penicillin/strep-
tomycin and 10% fetal bovine serum (FBS). CT-26 W T-
iRFP-Neo cells (CT-26-iRFP; Imanis Life Sciences,
CL091, Rochester, USA) were cultured in an RPMI-1640
medium with 1% penicillin/streptomycin, 10% FBS, and
0.4 mg/mL G418. Both cell lines were maintained in a 5%
CO, incubator at 37 °C.

Annexin V/DAPI staining

CT-26 cells (1x10° cells/well) were seeded in 24-well
plates (SPL Life Sciences Co., Ltd., Korea) and treated
with phosphate-buffered saline (PBS), chitosan, CFP,
CC, and CC-ICG. One hour after treatment, cells were
irradiated with an NIR laser at 1, 1.5, and 2 W/cm? for 5
min. Twenty-four hours post-irradiation, cells were har-
vested and stained with annexin V- fluorescein isothio-
cyanate (FITC) (BioLegend, San Diego, CA, USA) and
4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) at
room temperature in the dark for 15 min. The apoptotic/
necrotic cells were analyzed using flow cytometry (Novo-
Cyte; ACEA Biosciences, San Diego, CA, USA).

Mice

Five- to six-week-old female C57BL/6 and BALB/c mice
(20+0.2 g) were purchased from Orient Bio (Gyeonggi,
Korea). Mice were raised in pathogen-free conditions at
the Laboratory Animal Center of Asan Medical Center.
All animal experiments were approved and conducted
according to the guidelines of the National Research
Council's Guide for the Care and Use of Laboratory
Animals and the Institutional Animal Care and Use
Committee at Asan Medical Center (Protocol number:
2023-20-260).

Antibodies

Fluorescently labeled Brilliant Violet 785™ anti-mouse
cluster of differentiation (CD)11c, FITC anti-mouse CD3,
FITC anti-mouse CD90.1, FITC anti-mouse Gr-1, FITC
anti-mouse CD49b, FITC anti-mouse TER-119, allophy-
cocyanin (APC) anti-mouse CD40, Brilliant Violet 605™
anti-mouse CD80, phycoerythrin (PE)/Cyanine7 anti-
mouse CD86, peridinin-chlorophyll-protein (PerCP)
anti-mouse I-A/I-E, PerCP/Cyanine5.5 anti-mouse H-2
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Kb, PE/Cyanine7 anti-mouse T cell receptor (TCR)-f,
PerCP5.5 anti-mouse CD4, Brilliant Violet 785™ anti-
mouse CD8, and APC anti-mouse CD44 were purchased
from BioLegend (San Diego, CA, USA).

Generation of bone marrow-derived dendrite cells (BMDC)
Bone marrow (BM) was harvested from the hind limbs
of six-week-old C57BL/6 mice. The collected BM was
suspended in red blood cell lysis buffer (Thermo Fisher,
Waltham, MA, USA) and washed with PBS. BM cells
(1x10° cells/mL of culture medium) were seeded in
24-well plates. The cells were incubated with 100 ng/mL
of recombinant murine interleukin-4 and 100 ng/mL of
recombinant granulocyte marcrophage colony stimulat-
ing factor. The differentiation of BMDCs was confirmed
by CDllc expression on day 6 of culture using flow
cytometry (NovoCyte, ACEA Biosciences, Inc.).

Analysis of BMDC activation

CT-26 cells (1x10° cells/mL) were seeded in 24-well
plates and treated with PBS, chitosan, CFP, CC, and CC-
ICG, followed by irradiated with an NIR laser for 5 min at
1.5 W/cm? Twenty-four hours after treatment, the cul-
ture medium was collected. On day 6, the BMDC culture
medium was removed and replaced with the collected
CT-26 culture medium. Twenty-four hours after incuba-
tion, BMDC morphology was observed using a micro-
scope (EVOS M5000; Thermo fisher), and co-stimulatory
and major histocompatibility complex (MHC) molecule
expression were analyzed using flow cytometry (ACEA
Biosciences Inc.)

Analysis of splenic DC activation

To analyze splenic DC activation, C57BL/6 mice were
injected intravenously (i.v.) with PBS, chitosan, CFP, CC,
and CC-ICG. Six hours post-injection, the mice were
sacrificed, and their spleens were harvested. The spleens
were sectioned into small pieces using curved scissors
and digested with collagenase IV and DNase-containing
culture medium at 37 °C for 20 min. Aggregated and
undigested tissues were removed using a 100-nm nylon
mesh and washed with PBS. The pellet was resuspended
in 5 mL of Histopaque-1077 (Sigma-Aldrich) and layered
with 5 mL of fresh Histopaque-1077. FBS was then added
to the upper layer of the cell suspension. The cells were
centrifuged at 600 x g for 10 min without a break. The
fraction that was denser than 1.077 g/cm?® was harvested
as leukocytes. The splenocytes were then stained with
lineage and DC activation markers, as shown in previous
studies [12, 27, 28]. The stained cells were analyzed using
flow cytometry (NovoCyte, ACEA Biosciences, Inc.).
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PTT of CT-26 tumor

CT-26 cells (5x10°/100 uL of PBS) were subcutane-
ously injected into BALB/c mice. On day 7, the mice
were randomly divided into five groups: PBS, chitosan,
CFP, CC, and CC-ICG. The aforementioned compounds
were injected intratumorally and were then irradiated
with an NIR laser at 1.5 W/cm? for 5 min. Tempera-
ture changes and thermal images were obtained using
a MobIR Air Mobile Phone Thermal Imaging Camera
(ZIYOUHU, China). Tumor growth and survival rates
were monitored.

Rechallenge of lung metastatic CT-26 cancer

For the rechallenge of lung metastatic CT-26 cancer, on
day 38 after primary tumor inoculation, mice that were
cured by CC-ICG and laser irradiation were i.v.-injected
with CT-26-iRFP cells (5x10° cells/100 pL of PBS). The
PBS-, chitosan-, CFP-, and CC-treated mice were also
inoculated iv. with CT-26-iRFP cells as control groups
for the rechallenge. The survival of the mice was moni-
tored for 30 days post-injection (day 62 of the primary
CT-26 challenge). On days 7, 10, and 14 after the rechal-
lenge of lung metastatic CT-26 cancer, near-infrared
fluorescent protein (iRFP) fluorescence was imaged using
the Xenogen In Vivo Imaging System 200 BLI system
(Caliper Life Sciences). Survival rates of mice were moni-
tored for 20 days after the rechallenge of 4T1-iRFP. The
detailed schedule of tumor challenge is shown in Fig. S8.

Hematoxylin and eosin (H&E) staining

On day 21 of the CT-26 rechallenge, mice were sacri-
ficed, and 1 mL of 3.7% formaldehyde was injected intra-
tracheally. The lungs were harvested and fixed with 3.7%
formaldehyde at 4 °C overnight, dehydrated, and embed-
ded in paraffin. The embedded lung tissue was sectioned
into 5-pum thick slices and placed on glass slides. The
sections were stained with H&E (Sigma-Aldrich), and
images were obtained using an EVOS M5000 microscope
(Thermo Fisher Scientific).

Analysis of memory T cells

Splenocytes were harvested on day 21 post-rechallenge
of lung metastatic CT-26 cells. The splenocytes were
stained with anti-CD8, anti-CD4, anti-TCR-f, and anti-
CD44 for 20 min at 4 °C. Cells were washed with PBS and
suspended in PBS containing DAPI (Sigma-Aldrich). The
cells were analyzed using Novocyte (ACEA Biosciences,
Inc.).

Live imaging for CTL activity

CD8 T cells were isolated from the splenocytes of CT-26
rechallenged mice using a CD8 T cell isolation kit (Milt-
enyi Biotec, Bergisch Gladbach, North Rhine-Westphalia,
Germany). Isolated CD8 T cells (1x10°) were cultured
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with CT-26-iRFP cells (1x10% in 24-well plates. Live
images of CTL activity were obtained using a fluores-
cence microscope (EVOS M5000, Thermo Fisher Sci-
entific) and live cell instruments (LCIbio, Gyeonggi-do,
Korea) for 16 h.

Statistical analysis

Data are presented as the meantstandard error of the
mean. One-way or two-way Tukey multiple comparison
tests were used to analyze the dataset. Statistical signifi-
cance was set at p<0.05.

Results

CC-ICG synthesis

Nanoparticles were synthesized using chitosan and CFP
(Fig. 1A). Infrared spectroscopy was performed to sub-
stantiate the ionic interaction between CFP and chito-
san during CC synthesis. Infrared spectroscopy reveals
absorption bands associated with S=O asymmetric
stretching and C-O-S stretching in CFP, which are pres-
ent in CC [15]. Furthermore, the absorption band con-
tributes to N-H bending, and a distinctive chitosan peak
is also present in CC [29]. These findings indicated that
CC was synthesized through electrostatic interactions
between chitosan and CFP (Fig. 1B). The zeta potential
of CC was measured at 25.4+1.2 mV (Fig. 1C and Table
S1). TEM revealed that CC formed perfectly spherical
nanoparticles with a size of 277.8+9.5 nm at a chitosan
to CFP ration of 1:1 (Fig. 1D, E and Table S1). The ICG
carrying rate of CC was 5.3+0.2%, which showed that
107.8 pg of ICG was carried in 4.5 mg of CC. Compared
with that of CC, CC-ICG exhibited a slight increase in
size (Fig. 1E and S1) and had a high absorbance at 808 nm
(Fig. 1F). Therefore, these data indicated that CC-ICG
was successfully synthesized.

CC-ICG-mediated PTT against CT-26 tumors

Under NIR laser irradiation for 5 min at 1.5 W/cm?
the temperature of CC-ICG increased to 63.5+1.9 °C,
whereas no temperature changes were observed with
PBS, chitosan, CFP, or CC groups (Fig. 2A). In addition,
the temperature of CC-ICG increased in a power-depen-
dent manner due to NIR laser irradiation (Fig. 2B), and
temperature increases were also concentration-depen-
dent at a laser power of 1.5 W/cm? (Fig. 2C). Therefore,
irradiation with NIR laser at 1.5 W/cm? for 5 min was set
as the optimal parameters for PTT.

Considering that CC-ICG with NIR laser irradiation
elevated the temperature, we next examined the effects of
PTT on CT-26 cells, a colon cancer cell line. To confirm
whether CC-ICG treatment enhanced phagocytosis com-
pared to ICG treatment alone, we measured ICG fluo-
rescence in CT-26 cells. CC-ICG-treated cells displayed
strong ICG fluorescence, whereas free ICG showed
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Fig. 1 Synthesis and characterization of chitosan-CFP-ICG nanoparticles (A) Schematic of CC-ICG synthesis. (B) Fourier transform infrared spectrometer
images of chitosan, CFP, and CC. (C) Zeta potential of chitosan, CFP, ICG, Chito-ICG, CC, and CC-ICG. (D) Transmission electron microscope images of CC
and CC-ICG. (E) Mean size of the particles. (F) The absorption spectra of ICG, CC, and CC-ICG. CFP, Codium fragile polysaccharide; ICG, indocyanine green;
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minimal fluorescence (Fig. 2D and S2). After irradiating
CT-26 cells with an NIR laser for 5 min, CC-ICG treat-
ment elevated the temperature to 63.7£0.5 °C, whereas
the other treatments did not increase the temperature

(Fig. S3). This temperature increase led to enhanced
apoptotic/necrotic cell death in CC-ICG-treated CT-26
cells after NIR laser irradiation, whereas cell death was
absent in the other control treatment groups (Fig. 2E).
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Fig. 2 CC-ICG with NIR irradiation induces apoptotic/necrotic cell death in CT-26 cells (A) Time-dependent heating curves of indicated reagent-treated
culture medium irradiated by NIR laser at 1.5 W/cm? power for 5 min. (B) Temperatures changes depending on CC-ICG-treated culture medium and NIR
laser power. (C) Dose-dependent temperature alterations by NIR laser irradiation at 1.5 W/cm? power for 5 min. (D) CT-26-iRFP cells are treated with PBS,
0.01 mg/mL ICG, and 0.5 mg/mL CC-ICG (chitosan: 0.245 mg, CFP: 0.245 mg, and ICG: 0.01 mg). One hour after treatment, ICG fluorescence is analyzed.
Scale bar: 100 um. (E) CT-26 cells were treated with the indicated reagents and irradiated with or without NIR laser at 1.5 W/cm? power for 5 min. Apop-
totic/necrotic cell death is analyzed using Annexin V/DAPI staining (left panel). Mean percentage of apoptotic/necrotic cells is shown (right panel). Data
are representative and averaged from six independent samples (n=6, two-way ANOVA, mean +SEM, **p <0.01). CFP, Codium fragile polysaccharide; CC,
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DAPI, 4’ 6-diamidino-2-phenylindole; ANOVA, analysis of variance; SEM, standard error mean
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Therefore, these data indicate that CC-ICG can be used
for PTT.

In vivo CC-ICG-mediated PTT against CT-26 tumor in mice

CC-ICG-mediated PTT was successful in CT-26 cells, we
next examined whether CC-ICG-mediated PTT could
eliminate CT-26 tumors in vivo. BALB/c mice with sub-
cutaneous CT-26 tumors were intratumorally injected
with PBS, chitosan, CFP, CC, and CC-ICG, and irradiated
with an 808-nm laser at 1.5 W/cm? for 5 min. The sur-
face temperature of the CT-26 tumor in CC-ICG-treated
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mice increased to 68.31£0.7 °C, whereas the temperature
of the CT-26 tumors in the other control groups was
unchanged (Fig. 3A and B). Three days post-PTT (10
days after tumor transplantation), tumors in the other
control groups resumed growth, whereas only burn
scars remained on the tumors in CC-ICG-treated mice
(Fig. 3C upper panel). Thirteen days post-PTT (20 days
after tumor transplantation), tumors CC-ICG-treated
mice had completely disappeared, leaving only small
burn scars, whereas the tumors in the other control
groups grew remarkably (Fig. 3C low panel). In contrast,
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inoculation, the mice are treated intratumorally with PBS, chitosan (12.5 mg/kg), CFP (12.5 mg/kg), CC (12.5 mg/kg chitosan and 12.5 mg/kg CFP), and
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(A) Thermal image of the tumor in mice after NIR laser irradiation. (B) Mean temperatures of the tumor after NIR laser irradiation (n=6, two-way ANOVA,
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cells; PBS, phosphate-buffered saline; NIR, near-infrared; s.c., subcutaneously; w/o, without
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injection of CC-ICG without NIR irradiation did not
induce anti-tumor effects in the mice (Fig. 3C left panel).
Moreover, while the tumors in the other control groups
continued to grow, CC-ICG-mediated PTT exhibited
complete tumor remission (Fig. 3D). In terms of sur-
vival rate, all mice treated with CC-ICG-mediated PTT
survived, whereas all other control mice died within 31
days of tumor transplantation (Fig. 3E). These data dem-
onstrated CC-ICG-mediated PTT can induce complete
tumor remission in vivo.

Induction of DC activation by CC-ICG

We previously confirmed that CFP induces DC activa-
tion [15, 17, 30]. To evaluate if CC-ICG, which contains
CFP, could similarly induce DC activation, BMDCs were
treated with culture medium from CT-26 cells exposed to
CC-ICG and controls, followed by NIR laser irradiation
for PTT. After 24 h, the CC-ICG-treated culture medium
transferred to BMDCs which induced dramatic changes
in dendritic morphology and upregulated co-stimulators
and MHC molecules in BMDCs, compared to that in
control media treatments (Fig. S4). Next, we examined
whether CFP-containing CC-ICG could induce splenic
DC activation in mice after PTT (Fig. 4A). CT-26 tumor-
bearing mice were treated with PBS, chitosan, CFP, CC,
and CC-ICG and were irradiated with an NIR laser for
5 min. The frequency, population, and number of DCs
substantially increased in the spleen of mice treated with
CFP, CC, and CC-ICG, whereas no significant changes in
the spleen DCs of PBS- and chitosan-treated mice were
observed (Fig. 4B). In addition, the activity of co-stimu-
lators and MHC molecules in splenic DCs were dramati-
cally upregulated by CFP, CC, and CC-ICG treatment,
whereas those in PBS- and chitosan-treated splenic DCs
were not (Fig. 4C and D). Toxicity evaluation revealed
that CC-ICG treatment in mice did not promote inflam-
mation in the peripheral tissues or liver toxicity (Fig. S5
and S6). Moreover, CC-ICG in mice disappeared within
24 h in vivo and ex vivo (Fig. S7). Thus, these data suggest
that CFP-containing CC and CC-ICG induces DC activa-
tion in the spleen without damaging peripheral tissues.

Prevention of lung metastatic CT-26-iRFP tumor growth in
CC-ICG-mediated cured mice

Considering that CC-ICG-mediated PTT effectively
treats primary CT-26 tumors and promotes splenic DC
activation, we next examined whether the CC-ICG-
cured mice could survive a rechallenge of lung metastatic
CT-26-iRFP cancer. On day 32 after the primary tumor
challenge, CT-26-iRFP cancer was re-administered intra-
venously to the mice whose primary CT-26 cancer had
completely remitted (Fig. S8). Mice treated with PBS, chi-
tosan, CFP, and CC all succumbed to metastatic tumor
growth within 24 days after lung metastatic CT-26-iRFP
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administration (Fig. 5A). Mice whose primary CT-26
tumor was cured by CC-ICG survived for more than
30 days after re-administration of lung metastatic CT-
26-iRFP (Fig. 5A). Moreover, in CC-ICG-cured mice,
iRFP fluorescence was not observed in the lungs until
21 days after CT-26-iRFP re-administration, whereas
iRFP fluorescence in other control groups was observed
in the lungs 10 days after re-administration (Fig. 5B). On
day 21 after the rechallenge, almost no infiltration of CT-
26-iRFP cells was observed in the lungs of CC-ICG-cured
mice, whereas a significant number of tumors had started
growing in the lungs of mice from other control groups
(Fig. 5C and S9). Histology data showed the infiltration
of CT-26-iRFP cells into the lungs in the control groups,
whereas it was hardly observed in CC-ICG-cured mice
(Fig. 5D). These findings suggest that CC-ICG-cured
mice were able to suppress the growth of lung metastatic
cancer upon re-administration.

CC-ICG-induced T cell immunity contributes to protection
against rechallenged CT-26 cancer

To identify the mechanism for suppressing the lung
metastatic CT-26 growth upon re-administration in
CC-ICG-cured mice, we evaluated the effect of CC-ICG
on the induction of T cell immunity. Twenty-one days
after re-administration of CT-26, splenic T cell activ-
ity was confirmed. T cells in the spleen were gated into
cells expressing TCR- among living leukocytes (Fig. 6A
and S10A). The total number of splenic T cells, includ-
ing CD4 and CD8 subsets, was significantly increased in
CC-ICG-cured mice compared with those in other con-
trol group mice (Fig. 6A and S10B). Additionally, the pro-
portion and population of memory CD4 and CD8 T cells
expressing CD44 increased dramatically in mice treated
with CC-ICG compared with those in mice from the
other control groups (Fig. 6B and S11). We next co-cul-
tured isolated CD8 and CT-26 cells to determine whether
the T cells could exhibit cytotoxicity toward CT-26 cells
(Fig. 6C). CD8 T cells from the spleen of CC-ICG-cured
mice exhibited strong cytotoxicity towards CT-26-iRFP
cells, penetrating the tumor cells (Fig. 6D and Video
S5). In contrast, CD8 T cells isolated from the spleens
of other control mice exhibited no substantial aggres-
siveness towards CT-26-iRFP cells (Fig. 6D and Video
S1-4). In addition, CD8 T cells from CC-ICG-cured
mice produced high levels of interferon-y, tumor necro-
sis factor-a, and perforin during co-culture with CT-
26-iRFP, whereas T cells from control group mice did not
(Fig. 6E). Therefore, these data demonstrated that CD8 T
cells from CC-ICG-cured mice exhibited cytotoxic ability
against re-administered cancer cells.
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Fig. 4 CC-ICG-induced activation of splenic DCs CT-26 tumor-bearing mice are treated with PBS, chitosan, CFP, CC, and CC-ICG, and irradiated with an
NIR laser. Six hours after injection, the mice are sacrificed, and the spleens are harvested. (A) Schematic illustration of the analysis strategy for splenic DCs.
(B) Population and frequency of splenic DCs (left panel). Absolute number of splenic DCs (right panel). (C) Co-stimulator and MHC molecule expres-
sion in splenic DCs. (D) Mean fluorescence intensity (MFI) of the co-stimulator and MHC molecule population of splenic DCs. Data are representative
and averaged from six independent samples (n =6, two-way ANOVA, mean +SEM, **p <0.01). CFP, Codium fragile polysaccharide; CC, chitosan-CFP; ICG,
indocyanine green; CC-ICG, chitosan-CFP-ICG; CT-26 cells, murine colon cancer cells; PBS, phosphate-buffered saline; NIR, near-infrared; DC, dendritic cell;
CD, cluster of differentiation; MHC, major histocompatibility complex; IgG, immunoglobulin G, ANOVA, analysis of variance; SEM, standard error mean

Discussion

Various drug delivery systems are being developed for
tumor treatment to suppress side effects and increase
treatment efficiency [31]. Similar to COVID-19 vaccines,
lipid-based nanoparticles are being developed as carriers
for anticancer drugs and immunotherapies [32]. Lipid-
based nanostructures are advantageous because they
employ lipids similar to cellular membrane components;
however, the side effects caused by PEGylation, which
is used for stability, are problematic [32]. Therefore, in
this study, natural polysaccharides were used as carriers

to deliver drugs, as they offer biological activity without
side effects [20]. Chitosan has low immunogenicity and is
used as a material that can deliver various drugs by sur-
face charge without causing side effects such as inflam-
mation [20]. In addition, CFP has exhibited its potential
as an immune stimulator by triggering the activity of DCs
and natural killer (NK) cells in humans and mice [15, 17].
The combination of these two polysaccharides resulted in
the formation of nanoparticles with appropriate size and
characteristics for drug delivery. In addition, CC-ICG
was used as a photoimmunotherapy agent to develop a
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Fig. 5 CC-ICG-cured mice survived rechallenged lung metastatic CT-26 cancer On day 32 of primary CT-26 tumor injection, the CC-ICG-cured mice are
rechallenged with CT-26-iRFP by i.v. injection. PBS, chitosan, CFP, and CC are administered to mice as the rechallenge controls. (A) Survival rate of mice
after CT-26 tumor primary challenge and rechallenge of CT-26 tumors (n=5). (B) The iRFP fluorescence of CT-26-iRFP on the indicated day of rechallenge
is analyzed using an in vivo imaging system. (C) Representative photographs of lung tissues on day 14 of the CT-26-iRFP rechallenge. (D) Hematoxylin
and eosin staining of lung tissues. Data are representative of analyses from six independent samples (n =6, two-way ANOVA, mean + SEM, **p <0.01). CFP,
Codium fragile polysaccharide; CC, chitosan-CFP; ICG, indocyanine green; CC-ICG, chitosan-CFP-ICG; PBS, phosphate-buffered saline; NIR, near-infrared;
ANOVA, analysis of variance; SEM, standard error mean; i.v,, intravenous



Ryu et al. Journal of Nanobiotechnology

(2024) 22:650

Page 12 of 15

A B [CrBs
100- . 80+ Chitosan
& - 9 [ICFP
o <
— 80- sk kil ek |:|CC
z s 2 60- s [Icc-ice
2 604 Ik o **9(*
8 ;.Z: 40 ok
S 40 P _ 2 _ pm
; ok g-
Ee} .2 S < 20
E 2 = 3
= = {1 o [
TCR-p* Tcells CD4 Tcells CD8 Tcells CD4 Tcells CD8 Tcells
' Immune cells Abs ™,
/ cc-Icc : : CD8 Tcell & CT-26-iRFP \
v @ e Yyl Co-Culuwre
v L@"‘ o I v
< % ~4 ‘ : _— Live image
-/ Spleen
—<':"_‘__)) ;-—‘—\ _J
Treated mice ) -
\ “* isolation y
D Chitosan
Oh
8h
16 h
E Jek ek ok
100 - n 40 - o 10.0 - = Cpes
Fok Fok ek Chltosan
= 80 - o o 8.0 - = [CICFP
30
?E’ 60 6.0 [lcc
s 20 1 ' [CIccHce
£ 404 4.0 -
k4 -
2 20 10 2.0 -
3
0 0

TNF-a

Fig. 6 (See legend on next page.)

INF-y

Perforin



Ryu et al. Journal of Nanobiotechnology (2024) 22:650

(See figure on previous page.)

Page 13 of 15

Fig. 6 CC-ICG-mediated PTT elicits memory immunity against CT-26 cells Splenocytes are harvested from mice on day 14 after CT-26-iRFP rechallenge.
(A) Total number of TCR-B* T, CD4 T, and CD8 T cells in the spleen. (B) Percentage of CD44* memory cells in CD4 and CD8 T cells. (C) Schematic illustra-
tion of CTL activity evaluation by co-culture with CT-26-iRFP. (D) Time-dependent imaging of CTLs co-cultured with CT-26-iRFP. (E) Concentrations of
indicated cytokines measured in the culture medium. Data are representative and averaged from six independent samples (n=6, two-way ANOVA,
mean +SEM, **p<0.01). PTT, photothermal therapy; CFP, Codium fragile polysaccharide; CC, chitosan-CFP; ICG, indocyanine green; CC-ICG, chitosan-
CFP-ICG; CT-26 cells, murine colon cancer cells; PBS, phosphate-buffered saline; NIR, near-infrared; TCR, T cell receptor; CD, cluster of differentiation; CTL,

cytotoxic T lymphocyte; IFN, interferon; TNF, tumor necrosis factor

new nanomedicine that can treat primary tumors and
prevent metastasis and recurrence.

Cancer immunotherapy utilizes the cytotoxic activity
of CTLs and NK cells [9, 11]. Unlike NK cells, CTLs rec-
ognize antigens and exhibit selective cytotoxicity, leading
to cancer cell death [9]. In this way, antigen recogni-
tion by CTLs is driven by antigen presentation by DCs.
While CTL activity has been extensively studied in can-
cer immunotherapy using drug delivery systems, the role
of DC activity has often been underreported [33-35].
Although in vitro-differentiated DCs originate from bone
marrow cells, they often differ from in vivo DCs in terms
of size, shape, and function [36, 37]. In addition, when
DCs are activated by antigens in peripheral tissues or
blood, they must migrate to the spleen or lymph nodes;
however, these indicators cannot be confirmed in DCs
differentiated in vitro [37, 38]. Therefore, research on
CTL-mediated cancer immunotherapy requires in vivo
data on the activity of DCs in the spleen or lymph nodes
of mice [39-41]. In vivo DC activity in these organs
directly supports the induction of CTL activity [39-41].
In this study, based on the DC activation capacity of CFP,
we demonstrated that DCs in the spleen were activated
after CC-ICG-mediated PTT. In addition, CC-ICG treat-
ment increased the number of DCs in the spleen, indi-
cating DCs from peripheral blood or tissue had migrated
to the spleen. Therefore, these data suggest that splenic
DCs are sufficiently activated by CC-ICG to induce CTL
activity.

Immunotherapy studies to treat tumors in peripheral
tissues must confirm the activity of lymph node immune
cells [42, 43]. When studying immunotherapy in subcu-
taneously transplanted tumors, DC and T cell activity in
the inguinal lymph nodes should be analyzed [43]. How-
ever, we analyzed the activation of DCs and T cells in the
spleen. We did not confirm the results of immune acti-
vation in lymph nodes because the purpose of this study
was to block tumor recurrence and metastasis after pri-
mary cancer treatment. For this purpose, we used a lung
metastasis model in which lung metastasis was induced
by intravenous administration. Pathogens administered
systemically in this way are responsible for immunity in
the spleen [44]. Therefore, we concluded that confirm-
ing immune activity in the spleen, which is responsible
for systemic immunity, supports the development of a
defense system against circulating cancer cells.

PTT has a great advantage in that it only affects the
area irradiated by the laser [21]. For tumors located close
to the skin, such as skin cancer or breast cancer, PTT
is efficient for treatment [21, 45]. However, this local-
ized effect can be a disadvantage when treating tumors
in internal organs that cannot be directly reached by the
laser. To overcome these limitations, methods involving
wavelengths with deeper tissue penetration or the use of
laser irradiation following open surgery can be employed
[21, 46]. The ICG used in this study induces a tempera-
ture-increasing effect in response to the NIR laser, but
its transmittance is low due to its high wavelength [46].
Therefore, applying laser irradiation after laparotomy for
internal organ tumors are appropriate.

Nanoparticles are advantageous because they target
specific tumors [47, 48]. Antibodies or ligands that act as
active targets are bound to the surface of the nanoparticle
[49], and passive targeting relies on the enhanced perme-
ability and retention (EPR) effect by controlling nanopar-
ticle size [50]. However, the tumor-targeting efficiency
of nanoparticles is not satisfactory under passive or
active target conditions [47, 51]. In this study, we aimed
to use the EPR effect for PTT, but owing to the limit of
the amount of CC-ICG delivered inside the tumor, a suf-
ficient temperature increase could not be achieved even
with NIR laser irradiation. In subsequent studies, we will
focus on ways to improve the tumor-targeting efficiency
of nanoparticles to enhance the effectiveness of photoim-
munotherapy for the treatment of primary tumors and
prevention of their metastasis and recurrence.

Conclusions

In conclusion, we synthesized ICG-loaded nanoparticles
using the respective charge combinations of chitosan and
CEP. CC-ICG-mediated PTT showed a thermal-raising
effect with the NIR laser and induced complete tumor
remission. In addition, the immune response induced by
CC-ICG while treating the primary tumor suppressed the
growth of re-administered lung metastasis cancer. There-
fore, the CC-ICG nanoparticles developed in this study
is a promising novel nanomedicine for treating primary
cancer and preventing metastasis and recurrence via
photoimmunotherapy.

Abbreviations

CFP Codium fragile polysaccharide
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BMDC Bone marrow-derived dendrite cells
MHC Major histocompatibility complex
iv. intravenously
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