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tumor-associated macrophages for refractory
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Abstract

Background Arginase is abundantly expressed in colorectal cancer and disrupts arginine metabolism, promoting
the formation of an immunosuppressive tumor microenvironment. This significant factor contributes to the insen-
sitivity of colorectal cancer to immunotherapy. Tumor-associated macrophages (TAMs) are major immune cells

in this environment, and aberrant arginine metabolism in tumor tissues induces TAM polarization toward M2-like
macrophages. The natural compound piceatannol 3’-O-glucoside inhibits arginase activity and activates nitric oxide
synthase, thereby reducing M2-like macrophages while promoting M1-like macrophage polarization.

Methods The natural compounds piceatannol 3’-O-glucoside and indocyanine green were encapsulated
within microparticles derived from tumor cells, termed PG/ICG@MPs. The enhanced cancer therapeutic effect of PG/
ICG@MP was assessed both in vitro and in vivo.

Results PG/ICG@MP precisely targets the tumor site, with piceatannol 3’-O-glucoside concurrently inhibiting argi-
nase activity and activating nitric oxide synthase. This process promotes increased endogenous nitric oxide produc-
tion through arginine metabolism. The combined actions of nitric oxide and piceatannol 3’-O-glucoside facilitate
the repolarization of tumor-associated macrophages toward the M1 phenotype. Furthermore, the increase in endog-
enous nitric oxide levels, in conjunction with the photodynamic effect induced by indocyanine green, increases

the quantity of reactive oxygen species. This dual effect not only enhances tumor immunity but also exerts remark-
able inhibitory effects on tumors.

Conclusion Our research results demonstrate the excellent tumor-targeting effect of PG/ICG@MPs. By modulating
arginine metabolism to improve the tumor immune microenvironment, we provide an effective approach with clini-
cal translational significance for combined cancer therapy.
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Introduction

Research conducted over the past few decades has
revealed a close relationship between malignant tumors
and the immune system [1]. Immunotherapy has brought
hope due to long-term effects on cancer treatment [2].
Nevertheless, the immunosuppressive tumor microen-
vironment hinders further advances in immunotherapy.
Tumor-associated macrophages (TAMs) represent the
most abundant immune cells within this environment.
TAMs can be classified into two types: M1-like mac-
rophages, which possess tumor-killing abilities, and
M2-like macrophages, which promote tumor progres-
sion [3]. Numerous studies have demonstrated that
dysregulated amino acid metabolism in tumor tissue
affects the survival, proliferation, and functional activa-
tion of immune cells in the tumor microenvironment [4].
Abnormal arginine metabolism is a key factor leading to
TAM differentiation [5, 6]. Modulating arginine metabo-
lism in tumor tissue to increase the M1/M2 ratio in the
tumor microenvironment is an effective approach to
enhance the effectiveness of immunotherapy.

ARG1 and iNOS are two essential enzymes that play
pivotal roles in arginine metabolism in tumor tissues.
ARG]1 is often overexpressed in tumors [7], where it
promots arginine metabolism to produce substances
such as ornithine and polyamines, which contribute
to the formation of an immunosuppressive microenvi-
ronment and induce the polarization of TAMs toward
M2-like macrophages [8]. On the other hand, iNOS
promotes arginine metabolism to produce nitric oxide
(NO), facilitating TAM polarization toward M1-like
macrophages [9, 10]. Therefore, simultaneously inhib-
iting ARG1 activity in tumors while promoting iNOS
activity can effectively reduce the proportion of
M2-like macrophages, improve the immunosuppressive
tumor microenvironment, and boost the effectiveness
of tumor immunotherapy [11]. Currently, various drugs
targeting arginase have been developed to regulate
TAM phenotypes [12, 13]. However, most commonly
used inhibitors, such as boronic acid, nor-NOHA,
NOHA, and CB-1158, have unclear pathological tox-
icity, high long-term costs, and issues with complex
structural modifications and low drug bioavailability
during drug delivery [14—17]. Natural compounds, with
advantages such as easy accessibility and controllable
toxicity, are gradually becoming favored in nanomedi-
cine delivery. Piceatannol 3’-O-glucoside (PG), the main
active component of the traditional Chinese herbal
medicine rhubarb, possesses multiple functions includ-
ing anti-inflammatory, antiaging, and immune-enhanc-
ing properties [18], and its safety has been extensively
validated. In addition to inhibiting arginase activity,
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PG can also increase the activity of NOS, inhibiting
the formation of M2-like macrophages while promot-
ing the polarization of M1-like macrophages [19]. Some
studies have reported that PG alone can promote TAM
polarization into M1-like macrophages [20]. Therefore,
PG is an excellent natural chemical drug with a triple-
effect mechanism used to improve arginine metabolism
in tumors, promote TAM repolarization into M1-like
macrophages, and enhance tumor immunity. Addition-
ally, cells secrete extracellular vesicles (EVs) in response
to internal and external stimuli [21]. Among EVs, cell
microparticles (MPs), are characterized by diameters
ranging from 100 to 1000 nm [22]. Compared with
other artificially synthesized nanocarriers, MPs exhibit
strong homologous targeting and biological safety,
hold immense potential for tumor-targeted drug deliv-
ery, and are increasingly recognized as promising drug
delivery modalities across a spectrum of diseases [23,
24]. In a phase I trial, Bernard et al. documented the
excellent safety of EVs derived from dendritic cells
(DCs) in melanoma patients [25]. Furthermore, Benja-
min et al. demonstrated in a phase II clinical trial that
EVs derived from DCs could increase the antitumor
functions of NK cells in patients with non-small cell
lung cancer [26]. Hence, the delivery of natural drugs
using vesicles has potential for translation into clinical
applications.

Here, we report the use of tumor cell-derived MPs for
the delivery of two drugs, PG and indocyanine green
(ICQ), termed as PG/ICG@MPs, for tumor-targeted
therapy. ICG, an FDA-approved near-infrared dye, is
used in clinical imaging and therapy [27]. After suc-
cessful delivery to the tumor site, PG within PG/ICG@
MPs inhibits arginase activity in tumor tissue, thereby
reducing the number of M2-like macrophages. Addi-
tionally, PG activates NOS enzymes to promote NO
synthesis. Both NO and PG drive the polarization of
TAMs to M1-like macrophages to boost tumor immu-
nity. Moreover, under 808 nm laser irradiation, NO
synergizes with the photodynamic effect of ICG to gen-
erate more reactive oxygen species (ROS) for tumor
ablation. In summary, our PG/ICG@MPs display an
excellent targeting capability after intravenous injec-
tion (Scheme 1). By inhibiting the aberrant metabolism
of arginine in tumors and activating tumor immunity,
combined with the photodynamic effect of local 808 nm
irradiation, remarkable therapeutic effects on tumors
have been observed. The successful implementation of
this study significantly advances the development of
natural drugs with multiple potentials. This property is
crucial for reducing the time and cost associated with
the clinical translation of immunotherapy.
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Scheme 1 Schematic illustration of in vivo PG/ICG@MP therapy. PG/ICG@MPs specifically target tumor tissue for the controlled release of PG

and ICG. PG facilitates the generation of endogenous NO, effectively polarizing TAMs into M1-like macrophages synergistically with PG. In addition,
NO synergizes with the photodynamic effect of ICG to generate more ROS for tumor ablation. By inhibiting abnormal arginine metabolism

in tumors to activate tumor immunity and combining with localized 808 nm irradiation, enhanced tumor therapy has been achieved

Materials and methods

Human CRC tissues, cell lines, and ethics statement

The cell lines used in this work were all obtained from the
American Type Culture Collection (ATCC, USA) and the
National Collection of Authenticated Cell Cultures. The
cell culture medium was DMEM (Gibco, MA, USA) or
RMPI 1640 (Gibco, MA, USA), supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. The
cells were cultured in a controlled environment (95% air,
5% CO,, 37 °C).

The colorectal cancer tissue used in this study was
handled in compliance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki).
All patients provided signed informed consent and did
not receive adjuvant chemotherapy before surgery. Our
research was approved by the Human Research Eth-
ics Committee of Huazhong University of Science and
Technology.

Bioinformatic analysis

To analyze the expression levels of ARGI across various
cancers, the UALCAN database was utilized, the “Prot-
eomics” option was selected, and the target gene “ARG1”

was entered into the gene input box. The “Pan-cancer
view” feature was then employed to visualize ARG1
expression across different cancer types. For specific
analysis of colon cancer, the “Colon cancer” option was
chosen, followed by selecting the “Total protein” button
to retrieve the expression data for ARG1 in this cancer
type. Similarly, the GEPIA database (http://gepia.can-
cer-pku.cn/) was used to assess the expression levels of
ARG2. On the GEPIA homepage, “ARG2” was entered
into the gene input box, and the search function was acti-
vated. In the “Expression DIY” section, the tumor types
“Colon adenocarcinoma (COAD)” and “Rectum adeno-
carcinoma (READ)” were selected to obtain the expres-
sion data for ARG2 in colon and rectal cancers. For
evaluating ARG2 expression in various tumor cell lines,
the Human Protein Atlas (https://www.proteinatlas.org/)
was consulted. After entering “ARG2” in the search box
on the homepage, the “Cell line” option was selected from
the search results to access the relevant expression data.
Additionally, the STRING database (https://cn.string-db.
org/) was employed to construct a Protein—Protein Inter-
action (PPI) network for ARG and NOS family proteins.
By selecting the “Multiple proteins” option on the home-
page and entering “ARG1, ARG2, NOS1, NOS2, NOS3”
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into the protein name input box, a comprehensive PPI
network map was generated.

Preparation and characterization of PG/ICG@MPs

LoVo, MC38 cells were starved for 12 h, and then
exposed to UV irradiation (UVB, 300 J/min) for 1 h.
Next, the cells were treated with PG (5 pg/mL) and ICG
(10 pug/mL) for 24 h. The supernatants were subsequently
centrifuged at 600xg for 10 min and 3000xg for 15 min to
remove debris. Subsequently, the supernatants were cen-
trifuged at 18,000xg for 60 min to collect the drug-loaded
MPs, after which the pellets were washed three times
with PBS. The morphology of the MPs was observed
by using a transmission electron microscope (TEM,
HT7800). The size and zeta potentials of the drug-loaded
MPs were measured via Dynamic Light Scattering (DLS,
Zetasizer Nano ZS90, Malvern). The concentration of PG
in the MPs was determined using High-Performance Liq-
uid Chromatography (HPLC) with a Hypersil Gold C18
column (250 mm*4.6 mm, 5 pm). The concentration of
ICG in MPs was quantified using a UV spectrophotom-
eter (Nanodrop, USA) at 780 nm.

Western blotting and RT-qPCR

For Western blotting, tissues and cells were lysed via
ultrasonic disruption with a mixture of RIPA lysis buffer
(P0013B,  Beyotime),  phenylmethylsulfonylfluoride
(PMSE, # ST506, Beyotime), and phosphatase inhibi-
tor (HY-K0021, MCE). After 30 min, the supernatant
was collected by centrifugation. Protein concentrations
were quantified using BCA Protein Assay Kit (KTD3001,
Abbkine, China). The proteins were then exposed using
a gel imaging system (Bio-Rad, USA) after electrophore-
sis, membrane transfer, and incubation with primary and
secondary antibody. Table S1 shows the primary antibod-
ies used.

A FastPure Cell/Tissue Total RNA Isolation Kit
(RC101-01, Vazyme) was used to extract total RNA.
Next, the extracted RNA was reverse transcribed to gen-
erate cDNA, which was subsequently detected by qPCR
utilizing a one-step PCR system. Table S2 shows the
sequences of the primers used.

Homologous targeting ability of PG/ICG@MPs in vitro

and in vivo

LoVo cells were exposed to PG/ICG@MPs (PG, 40 ng/
mL; ICG, 5 pg/mL) for 0, 2, 4, and 8 h, respectively. The
intracellular fluorescence was then assessed with a fluo-
rescence microscope (Olympus, 1X73, Japan) for both
the ICG and LysoTracker. For precise targeted intracel-
lular uptake assays, LoVo cells, SW4380 cells, 7860 cells,
and HUVECs were treated with PG/ICG@MPs for 24 h.
The intracellular fluorescence of LysoTracker, ICG, and
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Hoechst was then detected using a fluorescence micro-
scope (Olympus, IX73, Japan).

Various subcutaneous tumor models were created
using MC38, MB49, and RM-1 cells. PG/ICG@MPs
derived from MC38 cells and labeled with DiR were sub-
sequently intravenous injected into the mice. After 12 h,
the in vivo fluorescence of the subcutaneous tumors in
the tumor-bearing mice was detected using a Bruker MI
SE 721 imaging system (Bruker, USA).

ARG?1 inhibition and iNOS activation of PG/ICG@MPs

LoVo cells were treated with PBS, PG/ICG, or PG/
ICG@MP for 24 h, and then illuminated with or with-
out an 808 nm laser. The levels of intracellular NO
was subsequently verified using the DAF fluorescence
probe (S0019S, Beyotime, China). Total NO levels were
detected using the Griess reagent (S0021S, Beyotime,
China) after treating LoVo cells with PBS, PG, PG/ICG,
and PG/ICG@MP for 24 h. LoVo cells were co-incubated
with different concentrations of PG (0, 5, 10, 20, 40,
80 uM) for a period of 24 h, and the total NO was tested
using Griess reagent. Moreover, 7860, B16 cells were co-
incubated with PG (5 pM), and the total NO concentra-
tion was measured with Griess reagent after 24 h.

LoVo cells were co-incubated with PBS, PG, PG/ICG,
PG/ICG@MP for 24 h. The ATP content in each group
was measured using an ATP detection kit (S0026, Beyo-
time, China). Similarly, the ATP content was measured in
LoVo cells treated with different concentrations of PG (0,
5, 10, 20, 40, 80 uM) for a period of 24 h.

LoVo cells were co-incubated with PBS, PG/ICG, or
PG/ICG@MP for a period of 24 h. Subsequently, the cells
were irradiated with/without 808 nm laser irradiation.
Following this, the LoVo cells were stained with DCFH-
DA (S0033S, Beyotime, China) and Hoechst 33342
(C1022, Beyotime, China) to measure the ROS levels in
different treatment groups.

Polarization of tumor-associated macrophage in vitro

and in vivo

RAW 264.7 cells co-cultured with MC38 cells treated
with LPS (100 ng/mL), IL-4 (20 ng/mL), PG/ICG, PG/
ICG@MP (PG, 40 ng/mL; ICG 5 pg/mL) for 24 h. Sub-
sequently, RAW 264.7 cells were collected for qRT-PCR
to detect M1-like macrophage markers (TNF-a, iNOS) or
M2-like macrophage markers (ARG1, MRC1).

The same experimental procedures were used for flow
cytometry analysis, RAW 264.7 cells were collected for
flow cytometry to detect Ml-like macrophage mark-
ers (CD 80, 104705, Biolegend) or M2-like macrophage
markers (CD 206, 141711, Biolegend).

For in vivo detection, tumor tissues were collected and
cut into 2*2 mm pieces, then, incubated with DMEM
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media containing Collagenase Type I (1 mg/mL), Colla-
genase Type IV (1 mg/mL), DNase I (5 ug/mL), and Hya-
luronidase (0.4 mg/mL) for 6 h at 37 ‘C with persistent
agitation. Next, the cells were collected by centrifugation
(300g, 5 min), then washed twice with PBS and filtered
twice using a 70 pm filter, and then the red blood cells
were lysed. The single-cell suspensions were co-incu-
bated with Zombie Aqua'" Fixable Viability Kit (423101,
Biolegend) and TruStain FcX' (anti-mouse CD16/32)
Antibody (101319, Biolegend). Subsequently, M1 (CD
80) and M2 (CD 206)-like macrophage markers were
detected by flow cytometry (BD, USA).

Animal experiments

C57BL/6 mice (6 weeks old, 18-22 g, male) were pur-
chased from Hubei Biont Biological Technology Co.,
Ltd. Mice were housed in a room with a 12-h light—dark
cycle and a constant temperature of 22 +2 °C. The animal
experiments were performed according to the guidelines
set by the National Research Council’s Guide for the Care
and Use of Laboratory Animals. The protocol received
approval from the Institutional Animal Care and Use
Committee at Tongji Medical College, Huazhong Uni-
versity of Science and Technology (Approval number
$3366).

MC38 cells (3*10°) suspended in 100 pL of PBS were
injected subcutaneously into the right flank dorsal of
C57BL/6 mice, and the animals were anesthetized with
pentobarbital (0.3%, 50 mg/kg). When the volume of
the dorsal tumors reached 100 mm?, the mice were ran-
domly divided into five treatment groups that were
intravenously injected with the following treatments via
the tail vein: (I) PG/ICG@MP + 808 nm laser, (II) PG/
ICG@MP, (III) PG/ICG, (IV) PBS+808 nm laser, (V)
PBS, PBS (100 pL) and PG/ICG@MP (5 pg/mL, 100 pL)
were intravenous injected to mice tail vein. After 12 h
of injection, the dorsal tumor of mice in group I and IV
was irradiated with 808 nm laser (1 W/cm? 10 min),
and after 24 h, the procedure was repeated. Tumor size
and body weight were measured every 2 days using digi-
tal vernier calipers and an electronic scale respectively.
Tumor volumes were estimated using the following for-
mula: (tumor length) * (tumor width)?/2. The Normalized
tumor volume was calculated as V/VO0, where VO is the
initial tumor volume before treatment. Tumor tissues
were removed from the mice (one from each group) after
15 days and stained with hematoxylin and eosin (HE) for
histological analysis. M1- or M2-like macrophage mark-
ers were detected by immunofluorescence histochem-
istry. At the conclusion of the survival observation, the
tumors from the remaining mice in each group were
imaged and measured on an electronic scale.
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Statistical analysis

All the results are presented as the means + SDs. P <0.05
was considered statistically significant. The statisti-
cal analysis was conducted using Prism 8.0 software
(GraphPad). Multiple comparisons among groups were
conducted using either one-way ANOVA or two-way
ANOVA. The statistical analysis involved conducting
unpaired two-tailed Student’s t-tests to compare two
groups.

Results

Arginase is abundant in various tumors

Arginine metabolism plays a crucial role in cancer devel-
opment, and numerous studies have highlighted the
elevated abundance of arginase in various tumors. Fig-
ure 1A shows higher levels of ARG1 expression in dif-
ferent types of cancer, such as colon cancer, renal cancer,
endometrioid cancer, pancreatic cancer, head and neck
cancer, and glioblastoma, when compared to normal tis-
sues (https://ualcan.path.uab.edu/index.html). Figure 1C
demonstrated the overexpression of ARG2 in various
cancer cells (https://www.proteinatlas.org/). Additionally,
Fig. 1B and D reveal the overexpression of both ARG1
and ARG2 in colon and rectal cancer (http://gepia.can-
cer-pku.cn/). IHC staining was conducted on 10 pairs
of human colorectal cancer tissues and adjacent normal
tissues to provide additional evidence for these find-
ings. Figure 1E indicates a higher abundance of ARGI in
tumor tissues compared to normal tissues, with an IHC
score approximately close to 8, whereas the IHC score
for normal tissues reached only 3 (Fig. 1F). Fig. S1 also
demonstrated the overexpression of ARG1 in colorectal
tumor tissues and various cell lines. Moreover, Fig. 1G
highlights a strong association between arginase and
NOS expression, as NOS is the crucial enzyme to gen-
erate NO for cancer therapy. These findings implies that
targeting arginase could hold promise for precision can-
cer treatment (https://cn.string-db.org/).

PG inhibits colorectal cancer progression

Considering the elevated expression of arginase in vari-
ous tumors, including colorectal cancer, targeting argi-
nase with an inhibitor appears promising for colorectal
cancer therapy. PG is a natural small-molecule drug
known for its ability to inhibit arginase activity and
elevate cellular endogenous NO levels, the 2D chemi-
cal structure is shown in Fig. S2. To explore the anti-
cancer potential of PG, SW480, LoVo, and HCT116
cells were treated with PG and PBS. As illustrated in
Fig. S3, cells treated with PG exhibited reduced inva-
sion and migration compared with those in the control
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group. Additional assays, such as the CCK8 assay and
wound healing assay (Fig. S4), further supported the
anticancer effects of PG. Besides inhibiting the prolif-
eration, migration, and invasion of tumor cells, PG also
promotes tumor cell death. Annexin V-FITC (Fig. S5)
and CellTiter-Glo assays (Fig. S6) demonstrated that
PG has a stronger tumor-killing effect compared to the
control group. In summary, these results suggest that
PG has potential as an anticancer drug, and its incor-
poration into cell microparticles could be explored for
cancer therapy.

Preparation and characterization of PG/ICG@MPs

PG/ICG@MPs were collected by gradient centrifuga-
tion and quantified using BCA protein analysis. The
levels of PG and ICG were analyzed by HPLC and UV-
vis spectroscopy, respectively. The PG/ICG@MPs had
a drug loading capacity of 3.342 ng of PG and 0.43 pug
of ICG per pg of protein. Standard curves for ICG and
PG were established using UV spectrophotometry and
HPLC (Fig. S7). TEM revealed that PG/ICG@MPs were
monodisperse and exhibited a saucer-like morphol-
ogy (Fig. 2A). Dynamic light scattering (DLS) showed



Wang et al. Journal of Translational Medicine (2024) 22:908

MPs

PG@MPs

Page 7 of 16

ICG@MPs

PG/ICG@MPs

C
. — PGlCG@MP — PIC/ICG@MP
A — PG@MP 2 — ICG@MP
s S — PGICG
= 20 N — ccemp 2
g . @ E — ICG
= | mP 5 2 5
= =4 =
2 e il 2
: 21 4 2
E = 1
s <
N
T ||||||l'| LI -10 T T T T T 1 T
100 1 500 600 700 800 900
Diame?gs (nm) X @fQ @)§ @)§ Wavelength (nm)
e & o
Q RS e\\
E F < G
60
g 2k ok %k k
i Mr_1
g 0.4 50 -
TSG-101 | £ 0 s S S s | 44 KDa @ | T —— PG/ICG@MP
8 8401 — ICG@MP
GAPDH | M e e S | 36 KDa @ go- g — PGIICG
B 8 301 - ICG
o ) % o % 2 —
& ¥ ©\§ ©\§ @\§ - PBS
Q
€& &E & 20
L 0.0 y : —
\\0 = D =] =
VY N ©\§ @\§ ©@Q Time (min)
S <
&

Fig. 2 Characterization of PG/ICG@MPs. A TEM images of MPs, PG@MPs,

ICG@MPs, and PG/ICG@MPs. Scale bar: 100 nm. B Diameters of the MPs,

PG@MPs, ICG@MPs, and PG/ICG@MPs determined via DLS analysis (Malvern Zetasizer). C Zeta potential of MPs, PG@MPs, ICG@MPs, and PG/ICG@
MPs determined via DLS analysis (Malvern Zetasizer). D UV—vis spectra of ICG, ICG@MPs, and PG/ICG@MPs. E The expression levels of TSG-101

in LoVo cells, MPs, PG@MPs, ICG@MPs, and PG/ICG@MPs were assessed via western blot analysis. F Quantification of TSG-101 expression in LoVo
cells, MPs, PG@MPs, ICG@MPs, and PG/ICG@MPs. G The temperature of PG/ICG@MPs, ICG@MPs, PG/ICG, ICG, and PBS after irradiated with 808 nm

laser at different time. * p<0.05, ** p<0.01, *** p<0.001, **** p <0.0001

that the MPs, PG@MPs, ICG@MPs and PG/ICG@MPs
exhibited similar morphologies and overall dimensions,
with diameters of approximately 350 nm (Fig. 2B) and
zeta potentials of -6 mV (Fig. 2C). The UV absorption
spectra of ICG, PG/ICG, ICG@MPs, and PG/ICG@
MPs were similar, suggesting the effective integration of
ICG into the MPs (Fig. 2D). Additionally, to verify the

stability of PG/ICG@MPs, we stored them for one week
and then measured their particle size and zeta potential
to verify their stability (Fig. S8). These results demon-
strated the good biostability of PG/ICG@MPs.

TSG-101 is currently recognized as a biomarker of
extracellular vesicles, and the purity of our derived micro-
particles was explored by Western blotting experiments
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(Fig. 2E), Fig. 2F presents the quantitative data for TSG-
101. In addition, ICG serves as a clinical contrast agent
with FDA approval, is commonly employed in liver dis-
ease diagnosis [27], and has excellent photothermal and
photodynamic therapeutic effects. Figure 2G showcased
the strong photothermal characteristics of PG/ICG@
MP, ICG@MP, and ICG when exposed to 808 nm laser
radiation.

PG/ICG@MPs target tumor tissues precisely to inhibit ARG1
and activate iNOS

Cell microparticles exhibit excellent biocompatibility
in vivo, attributed to their homologous targeting ability,
making PG/ICG@MPs suitable for precise cancer tar-
geting. In this study, we investigated the cellular uptake
and targeting efficiency of PG/ICG@MPs through sev-
eral fluorescence experiments. Initially, LoVo cell derived
PG/ICG@MPs were co-incubated with LoVo cells. Fluo-
rescence microscopy revealed that ICG fluorescence
predominantly co-localized with lysosomes, indicating
specific internalization via endocytosis. Notably, PG/
ICG@MPs entered the intracellular space within 2 h
and peaked at 4 h (Fig. 3A), showcasing faster inter-
nalization. The fluorescence linear index is presented
in Fig. 3C. To evaluate the homologous targeting ability
of PG/ICG@MPs, we co-incubated LoVo cell-derived
PG/ICG@MPs with various cell lines, including LoVo,
SW480, 7860, and HUVECSs. After 4 h, cells were washed
with PBS three times. Figure 3B illustrates that only
LoVo cells exhibited a pronounced green fluorescence,
whereas SW480, 7860, and HUVECs did not demon-
strate a notable green fluorescence. This indicates that
MPs derived from LoVo cells selectively accumulated in
LoVo cells, demonstrating excellent targeting ability. To
further verify the precise targeting ability of PG/ICG@
MPs in vivo, we established subcutaneous tumor mod-
els using MB49, RM-1, and MC38 cells. Upon reaching
a tumor volume of approximately 100 mm?, MC38 cell-
derived PG/ICG@MPs labeled with DIR fluorescence
were intravenously injected. After 12 h, in vivo fluores-
cence conducted by Caliper IVIS Lumina II (Fig. 3D and
E) revealed strong fluorescence exclusively in the MC38
subcutaneous tumor model, consistent with the findings
from the previous cell experiments. To further validate
the homologous targeting ability in vivo, we assessed the
fluorescence of the MC38 subcutaneous tumor model at
0, 6, 12, 24, and 48 h (Fig. S9). The mice were sacrificed
at 12 h post-injection, and examination of the relevant
internal organs revealed that the fluorescence in the
tumor was significantly higher than in other organs (Fig.
S10). These finding demonstrates the excellent targeting
ability of PG/ICG@MPs.
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The successful delivery of PG/ICG@MPs to the tar-
geted tumor tissue prompted a further investigation into
their ability to reverse metabolic reprogramming. As
illustrated in Fig. 3F, treatment with PG, PG/ICG, PG@
MPs, and PG/ICG@MPs were found to decrease ARG1
levels and enhance iNOS levels. Tumor cells were treated
with five different groups, including PBS, PBS+laser
(PBS+L), PG combined with ICG (PG/ICG), PG/ICG@
MP, and PG/ICG@MP +laser (PG/ICG@MP+L). The
mRNA levels of ARG1 and iNOS were measured using
qPCR, as shown in Fig. 3G and H. The PG/ICG@MP+L
treatment exhibited the most significant effects on
decreasing ARGLI and increasing iNOS expression.

PG/ICG@MP inhibits cancer progression by generating

NO and ROS

As iNOS is a Nitric Oxide synthase, it plays a pivotal role
in the promotion of NO production. The accumulated
NO levels were quantified using the Griess assay, with the
standard curve obtained from the kit (Fig. S11). Figure 4A
demonstrated that PG/ICG@MP exhibited the highest
NO production, whereas the PBS group showed minimal
NO generation. DAF-FM DA is a fluorescent probe that
interacts with intracellular nitric oxide, Fig. 4B, C show-
cased that PG/ICG, PG/ICG@MP, and PG/ICG@MP+L
group exhibited higher fluorescence intensity compared
to PBS and ICG@MPs after 24 h co-incubation, sug-
gesting that PG/ICG@MP has the potential to enhance
intracellular NO generation. Given that PG can activate
endothelial nitric oxide synthase by inhibiting arginase,
we further explored whether PG also promoted NO pro-
duction in other tumor cells. Co-incubation of B16, and
7860 cells with PG (10 pM) for 24 h, as shown in Fig.
S12, PG treated group showed increased NO levels. This
suggests that tumors expressing high levels of Arginase
may benefit from the therapeutic potential of PG/ICG@
MP.

Given that PG/ICG@MPs effectively inhibited argin-
ase activity and promoted NO production, the subse-
quent objective was to assess the anticancer potential
of NO. Previous research has highlighted the signifi-
cance of NO as a key molecule influencing mitochon-
drial respiratory metabolism [28]. Elevated NO levels
contribute to mitochondrial dysfunction, resulting in
diminished ATP production and subsequently lowering
cellular energy levels. This phenomenon can be utilized
to improve the effectiveness of photodynamic therapy.
The functional state of mitochondria can be assessed
by measuring alterations in mitochondrial membrane
potential (MMP). A JC-1 assay kit was employed to
monitor alterations in MMP. JC-1 aggregates and emits
red fluorescence when the MMP is high, indicating
normal mitochondrial function. On the other hand,
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bar=20 um. B The specific targeting ability of PG/ICG@MPs across different cell lines was assessed via fluorescence microscopy. Blue: Nuclei stained
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Scale bar=100 um. * p<0.05, ** p<0.01, *** p<0.001, *** p<0.0001

JC-1 is present in its monomeric form and emits green
fluorescence under conditions of low MMP. Cells were
treated with PBS, PG/ICG, PG/ICG@MP, and PG/
ICG@MP +L for 24 h, followed by a JC-1 assay. Fig.
S13 illustrates that the PG/ICG, PG/ICG@MP, and PG/
ICG@MP +L treatment groups all exhibited a reduc-
tion in mitochondrial membrane potential, character-
ized by increased green fluorescence and reduced red
fluorescence, indicating MMP depolarization.

Previous studies have highlighted NO as an effective
modulator capable of reducing ATP levels by dimin-
ishing MMP and fostering mitochondrial dysfunction
[29]. Hence, we hypothesized that PG/ICG@MP might
impede ATP synthesis. A calibration curve for ATP (Fig.
S$14) was employed to assess ATP production in vari-
ous treatment groups. Figure 4D reveals that ATP lev-
els decreased upon co-incubation with PG, PG/ICG,
and PG/ICG@MP, while the control group maintained
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relatively high ATP levels. Moreover, ATP concentra-
tion gradually decreased with increasing PG concentra-
tion (Fig. S15), indicating the significant efficacy of PG in
decreasing ATP production in cancer cells. The reduc-
tions in mitochondrial membrane potential and ATP
production, both indicative of mitochondrial dysfunc-
tion, results in a reduction in intracellular oxygen con-
sumption. As photodynamic therapy (PDT) efficacy is
substantially influenced by the oxygen and NO contents
within tumor tissues, the NO generation stimulated by
PG/ICG@MPs could enhance PDT treatment efficiency.
Subsequently, PDT efficacy was evaluated in different
treatment groups using a DCFH-DA fluorescent probe.
Figure 4E, F illustrates that PG/ICG@MPs, coupled with
808 nm laser irradiation, exhibited the highest fluores-
cence intensity compared to other treatment groups. This
observation suggests that PG/ICG@MPs promote NO
generation, thereby enhancing PDT efficacy.

Subsequently, to evaluate the tumor-killing poten-
tial of PG/ICG@MPs, we divided LoVo cells and MC38
cells into five different treatment groups, including PBS,
PBS+L, PG/ICG, PG/ICG@MP, and PG/ICG@MP +L.
Figure 4G illustrates that the LoVo cell viability of the PG/
ICG@MP with laser treatment group reached the lowest,
showcasing the most potent killing effect, while the cell
viability of the control group reached nearly 100%, Fig.
S16 also verified the tumor-killing effects of PG/ICG@
MP with 808 nm laser on MC38 cells. Additionally, live
and dead cell staining was employed to corroborate the
therapeutic killing efficacy of the diverse treatments
(Fig. S17). To better mimic the human tumor environ-
ment, we established a colorectal cancer patient-derived
organoid model. Under different treatment groups (PBS,
PBS+L, PG/ICG, PG/ICG@MP, and PG/ICG@MP +L),
the growth trends of the organoids varied. The PG/ICG@
MP +L group showed the most significant growth inhibi-
tion of the organoids (Fig. 4H).

PG/ICG@MPs repolarize TAMs to M1-like macrophages

in vitro

Extensive data suggest that excess M2-like mac-
rophages are one of the major factors in the progres-
sion of colorectal cancer metastasis [30]. It has been
claimed that M2-like macrophages can promote tumor
cell proliferation and metastasis and immunosuppres-
sion by increasing the levels of epidermal growth fac-
tor, matrix metalloproteinase (MMP), and vascular
endothelial growth factor (VEGEF), in addition to the
secretion of cytokines [31-33]. In contrast, M1-like
macrophages play an opposing role and directly kill
tumor cells by secreting antitumor factors such as
TNF a and IL-1p [34]. Hence, repolarizing TAMs into
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M1-like macrophages represents an important thera-
peutic approach. NO, a secondary signaling molecule,
has been shown to effectively enhance the polarization
of M1-like macrophages [9].

Afterward, we explored the polarization effect of
PG/ICG@MP on TAMs in vitro. The polarization abil-
ity was examined through six well co-culture systems.
MC38 cells were co-incubated with PBS, IL-4, LPS, and
PG/ICG@MP in the bottom chamber, and RAW 264.7
cells were seeded in the upper chamber, after 24 h, the
cellular morphology of RAW 264.7 was observed (Fig.
S$18). After that, RNA was isolated for RT-qPCR to
confirm their polarization. LPS is a conventional drug
used to induce M1-like macrophages, while IL-4 is
capable of inducing M2-like macrophages, as depicted
in Fig. 5A and B, the PG/ICG, and PG/ICG@MP treat-
ment groups exhibited higher expression of M1-like
macrophages markers (TNF a and iNOS) compared
to the control group, while not displaying significant
expression of M2-like macrophages markers (ARG1
and MRC1) (Fig. 5C, D). These findings indicated that
TAMs treated with PG/ICG@MP could significantly
upregulate M1-related markers TNF o and iNOS while
downregulating M2-related markers ARG1 and MRCL1.

Given that M2-like macrophages comprise the great-
est number of TAM, the direct repolarizing effect of
PG/ICG@MP on M2-like macrophages was then stud-
ied in vitro. RAW 264.7 cells were differentiated into
M2-like macrophages by pre-treating them with IL-4
following the protocol described in reference [35]. After
treated with different treatment groups, M1-like mac-
rophage marker CD 80 was detected by Flow cytome-
try, as depicted in Fig. 5E and Fig. S19. In particular, the
group treated with PG/ICG@MPs and irradiated with
an 808 nm laser, exhibited the highest CD 80 expres-
sion, whereas the PBS group showed the lowest CD
80 expression. Furthermore, we utilized the Transwell
system to investigate whether PG/ICG@MPs attract
macrophages through chemotaxis. CCL2, a chemokine
capable of stimulating macrophage migration, was uti-
lized in our study. An 8-pm microporous membrane
was employed to divide the layers, with RAW 264.7
cells cultured in the upper chamber and exposed to
various treatments for 12 h. Among the groups tested,
the PG/ICG@MP with MC38 cells exhibited the high-
est attraction of RAW 264.7 cells, as depicted in Fig.
S20. These results indicated that PG/ICG@MPs could
enhance the infiltration of macrophages. Thus, by effec-
tively reprogramming TAMs to the M1 phenotype and
increasing ROS and NO levels, PG/ICG@MPs have the
potential to inhibit colorectal cancer cells.
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Fig. 5 PG/ICG@MPs could induce the repolarization of TAMs to the M1 phenotype to enhanced tumor immunity. A, B Quantification of TNF a
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in RAW 264.7 cells under different treatments. F Expression of M1-like macrophage marker CD 80 in tumor tissue from mice under different

treatments. * p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001

The effect of PG/ICG@MPs on xenograft tumors in vivo

Following in vitro validation, we investigated the anti-
tumor activity of PG/ICG@MPs in vivo. As illustrated
in Fig. 6A, the MC38 cells were subcutaneously inocu-
lated into the right flank of the mouse to establish the
tumor model. Once the tumor volume reached approxi-
mately 100 mm?3, PBS, PG/ICG, and PG/ICG@MP
derived from MC38 cells were intravenously injected
twice every 2 days, followed by treatment with or with-
out 808 nm laser irradiation (1 W/cm? 10 min) at the
tumor sites. In accordance with previous cell experi-
ments, PG/ICG@MPs irradiated with 808 nm laser (PG/
ICG@MP+L) demonstrated pronounced inhibition of
tumor growth (Fig. 6B, Fig. S21) due to the strong pho-
tothermal therapy (PTT) effect of ICG. In contrast, the
tumors in the PBS-treated group continued to grow, and
the tumor weight in the PG/ICG@MP +L group was the
lowest compared to other groups (Fig. 6C). Furthermore,
none of the treatment groups experienced any promi-
nent weight loss during the fifteen-day treatment period
(Fig. 6D). The biochemical analysis of blood from mice in
PBS and PG/ICG@MP treatment groups after 2 weeks

(including aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), lac-
tate dehydrogenase (LDH), blood urea nitrogen (BUN),
and creatinine (CREA) levels) revealed no significant
changes, indicating that PG/ICG@MPs have no apparent
toxicity in these mice (Fig. S22). Additionally, hematoxy-
lin—eosin (HE) staining of the liver, kidney, and intes-
tines revealed no significant differences between the two
groups (Fig. $23). At the conclusion of the 40-day obser-
vation period, the combination treatment group demon-
strated a generally higher survival rate compared to the
control group, as shown in Fig. S24.

After treatment, we examined the changes in ARG1
and iNOS levels across the various treatment groups.
One mouse from each treatment group was selected
for sacrifice at fifteen days post-treatment, and tumor
tissues were collected. Half of the tissues were used
to extract single-cell suspensions, while the other half
was subjected to HE staining and immunofluorescence
analysis. As depicted in Fig. 6E, the PG/ICG@MP +L
treatment group displayed a higher proportion of iNOS
and a lower proportion of ARG1 (Fig. 6E), in contrast,
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the control group exhibited a notable ARG1 expression.
Additionally, in Fig. 5F and Fig. S25, the percentage of
M1-like macrophages in the PG/ICG@MP with 808 nm
laser treatment group was notably high at 69%, whereas
the PBS treatment group exhibited only 14.3% M1-like
macrophages. Immunofluorescence analysis further
confirmed a higher proportion of M1-like macrophages
in the PG/ICG@MP with 808 nm laser treatment group
(Fig. S26), In contrast, the control group exhibited a
prominent presence of M2-like macrophages, known to
promote tumor progression. TUNEL assays (Fig. S27)
and HE staining (Fig. S28) showed that the PG/ICG@
MP group treated with 808 nm irradiation achieved the
best therapeutic outcomes.

Discussion

Abnormal arginine metabolism is common in tumors and
is also a significant contributing factor to the increase in
M2-like macrophages in the tumor microenvironment,
thereby promoting the formation of an immunosuppres-
sive microenvironment. Our results demonstrate that the
recombinant microparticles PG/ICG@MPs target the
elevated arginase levels in abnormal arginine metabo-
lism, increasing the ratio of M1/M2 macrophages and
enhancing antitumor immunity. Simultaneously, the PG-
activated NOS enzyme promotes NO production, while
when combined with ICG, it generates more ROS and
high temperatures for tumor ablation, thereby exerting
a certain inhibitory effect on tumors. Colorectal cancer
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often exhibits abundant abnormal arginase, with a large
number of M2-like macrophages in the tumor microen-
vironment, making colorectal cancer clinically insensitive
to immunotherapy. Our study demonstrates the potential
to stimulate the immune response in colorectal cancer
and boost tumor-killing with abundant ROS, offering a
hopeful outlook for enhancing clinical treatments for
colorectal cancer.

Our previous bioinformatics analysis revealed that
apart from being abundantly expressed in colorectal can-
cer [36], arginase is significantly elevated in other tumors
such as pancreatic cancer [37], and prostate cancer [38].
Although our study focused on colorectal cancer cells
and animal models, Moreover, due to the unique bio-
logical characteristics and metabolic differences of vari-
ous types of tumors, arginase expression is abnormally
elevated in only some malignant tumors [39]. These
malignant tumors may share common target points. This
recombinant microparticle may have similar effects on
tumors with abnormal arginine metabolism, improving
the immunosuppressive tumor microenvironment and
enhancing tumor treatment outcomes.

EVs derived from cells represent a promising plat-
form for drug delivery. Extensive research has delved
into the field of EVs, which are generated from various
sources such as tumor cells [40], mesenchymal stem
cells [41], adipocytes [42, 43], macrophages [44], and T
cells [45]. Although previous studies suggest that tumor
cell-derived exosomes may transmit signals that pro-
mote tumor growth, subjecting tumor cells to physical or
chemical stimuli, such as starvation or ultraviolet irradia-
tion, may mitigate the pro-cancer effects of their secreted
EVs [46]. Theoretically, tumor derived EVs can target not
only the solid components of tumors but also circulat-
ing tumor cells (CTCs) in the bloodstream with potential
specificity. While our study validated these findings only
at the cellular and animal levels, considering the excel-
lent biosafety of our recombinant microparticles, further
clinical validation of recombinant EVs’ application is nec-
essary. Nevertheless, the transition from experimental to
clinical stages still faces significant challenges. We antici-
pate that these intriguing recombinant microparticles
will herald more effective cancer treatment strategies.

In summary, our study presents an exciting therapy
to improve the tumor immune microenvironment. The
recombinant PG/ICG@MPs modulate arginine metabo-
lism in tumor tissue, increased the ratio of M1/M2 mac-
rophages, and increased NO levels. When combined
with ICG to generate more ROS, this approach exerts
significant killing and inhibitory effects on tumors. With
excellent biosafety and tumor-targeting capabilities, this
strategy represents a promising clinical approach for can-
cer treatment.
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Abbreviations

PG Piceatannol 3-O-glucoside
ICG Indocyanine green

IM ICG@MP

PM PGeMP

PIM PG/ICG@MP

TAM  Tumor-associated macrophage
MP Cell microparticles

EV Extracellular vesicles

PDT Photodynamic therapy

PTT Photothermal therapy

CTC Circulating tumor cell

ARG Arginase

NO Nitric oxide

NOS  Nitric oxide synthase

iINOS  Inducible nitric oxide synthase
DC Dendritic cell

ROS Reactive oxygen species

FBS Fetal bovine serum

PVDF  Polyvinylidene difluoride membranes
HE Hematein-Eosin

IHC Immunohistochemistry

MMP  Mitochondrial membrane potential

PFA Paraformaldehyde
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=100 um. Fig. S18. Photograph of RAW 264.7 after treated with PBS, IL-4,
LPS, and PG/ICG@MP. Scale bar = 20 um. Fig. S19. Detection of M1-like
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macrophage markersin IL-4 treated RAW 264.7 macrophages of different
groups by flow cytometry. Fig. S20.Photograph of RAW 264.7 which was
recruited by PBS, CCL2, MC38, PG/ICG@MP, and MC38 + PG/ICG@MP by
Transwell co-culture system, Scale bar = 50 um.Cell number in different
treatment groups, * p < 0.05,** p < 0.01, *** p < 0.001, *** p < 0.0001. Fig.
S21. Photograph of tumor tissue with different treatment groups. * p <
0.05,**p < 0.01,*** p < 0.001, **** p < 0.0001. Fig. S22. Levels of AST, ALT,
ALP, LDH, BUN, and CREA were measured in the blood serum of mice from
both PBS and PG/ICG@MP treatment groups. The normal ranges for these
biomarkers are as follows: AST, ALT, ALP, LDH, BUN, and CREA. * p < 0.05,
**p <001, p <0001, *** p <0.0001. Fig. S23. HE staining of the liver,
kidney, and intestine sections from mice treated with PBS and PG/ICG@
MP showed no pathological damage in either treatment group. Scale bar
=100 pm. Fig. S24. Survival rate of different treatment groups. Fig. S25.
Detection of M1-like macrophage markerof tumor tissue from mice in
different treatment groups tested by flow cytometry. Fig. S26. CD 80and
CD 206were detected by Immunofluorescence of tumor tissue from mice
in different treatment groups. Scale bar = 50 pm.Fig. S27. TUNEL assays

of tumor tissue from mice in different treatment groups. Scale bar = 20
um. Fig. S28. HE staining of tumor tissue from mice in different treatment

groups. Scale bar = 100 pm.
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