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Abstract

Phototherapy is a promising antitumor modality, which consists of photothermal therapy (PTT) and photodynamic
therapy (PDT). However, the efficacy of phototherapy is dramatically hampered by local hypoxia in tumors, over-
expression of indoleamine 2,3-dioxygenase (IDO) and programmed cell death ligand-1 (PD-L1) on tumor cells. To
address these issues, self-assembled multifunctional polymeric micelles (RIMNA) were developed to co-deliver
photosensitizer indocyanine green (ICG), oxygenator MnO,, IDO inhibitor NLG919, and toll-like receptor 4 ago-

nist monophosphoryl lipid A (MPLA). It is worth noting that RIMNA polymeric micelles had good stability, uniform
morphology, superior biocompatibility, and intensified PTT/PDT effect. What's more, RIMNA-mediated IDO inhibition
combined with programmed death receptor-1 (PD-1)/PD-L1 blockade considerably improved immunosuppres-
sion and promoted immune activation. RIMNA-based photoimmunotherapy synergized with PD-1 antibody could
remarkably inhibit primary tumor proliferation, as well as stimulate the immunity to greatly suppress lung metastasis
and distant tumor growth. This study offers an efficient method to reinforce the efficacy of phototherapy and alleviate
immunosuppression, thereby bringing clinical benefits to cancer treatment.
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Multimodal synergistic therapy that integrates the advan-
tages of single therapy exhibits a remarkable super-sum
effect and great prospects for development in tumor
treatment [1]. The advent of nanotechnology offers
unprecedented foreground for multimodal synergistic
therapies, which can consolidate therapeutics with differ-
ent functions into a single nanosystem to produce signifi-
cant antitumor efficacy [2-5]. Phototherapy, consisting of
photothermal therapy (PTT) and photodynamic therapy
(PDT), has become a promising tumor treatment modal-
ity due to its strengths of less drug resistance, rapid heal-
ing and good efficacy [6]. The combined strategy of PTT
and PDT can realize better treatment outcomes with
fewer photosensitizer doses, lower irradiation power, and
shorter treatment duration, as well as less side effects on
normal tissues [7, 8]. PTT-mediated hyperthermia can
boost the permeability of cell membranes and enhance
the uptake of photosensitizer-loaded nanocarriers by
tumor cells as well as improve local blood flow and
increase the O, concentration in tumor tissues, thus pro-
moting the generation of reactive oxygen species (ROS)
[9, 10]. In turn, ROS produced during PDT can destroy
heat shock proteins, thereby weakening their protective
effect on tumor cells during PTT [11, 12]. As an near-
infrared (NIR) fluorescent dye, indocyanine green (ICG)
is approved by U.S. Food and Drug Administration (FDA)
one and only for in vivo applications and also acts as a
photosensitizer [13]. Although ICG-loaded nanocar-
riers improve some shortcomings of free ICG, such as
easy aggregation, low ROS yield, and poor stability [14].
However, its efficacy of PDT is dramatically reduced due
to the hypoxic microenvironment in the tumor [15, 16].
To overcome this problem, MnQO, is introduced to cata-
lyze the formation of O, from overexpressed H,O, in the

ficient ROS during ICG-mediated PDT to induce apop-
tosis of tumor cells [17-19]. Phototherapy can effectively
inhibit the primary tumor, but it is difficult to restrain the
metastasis and recurrence of the tumor [20].

Metastatic tumor that spreads to distant organs
accounts for more than 90% of tumor-related deaths [21].
At present, the two biggest challenges in clinical tumor
treatment are to prevent the metastasis of local tumor
and avoid recurrence [22]. To settle these problems,
better treatments must be developed to kill tumor cells
extensively and completely. Tumor immunotherapy is a
method that can prevent the metastatic spread of local
tumor and avoid recurrence by boosting the immune sys-
tem to identify and kill tumor cells [23]. Although PTT
and PDT have been reported to produce tumor-associ-
ated antigens (TAAs) and activate acute inflammation to
evoke tumor-specific immunity, the efficacy of antitumor
immunity is limited [24]. Tumor cells evade the recog-
nition by the immune system due to various immune-
negative regulatory signals that inhibit T cell activation,
which may be the reason for the failure of antitumor
immunotherapy [25]. Therefore, one of the most effec-
tive tactics is inhibition of negative immunomodulation
to reactivate the antitumor immune response [25-27].
Tumor cells overexpress indoleamine 2,3-dioxygenase
(IDO), which is in charge of catalyzing the transition of
tryptophan (Trp) to kynurenine (Kyn), subsequently pro-
motes the expansion of immunosuppressive regulatory T
cells (Tregs) and inhibits the proliferation and activation
of antitumor effector T cells, thus facilitating the immune
escape of tumor cells in the TME [28-30]. In addition,
programmed cell death ligand-1 (PD-L1) overexpressed
on tumor cells binds to programmed death receptor-1
(PD-1) on T cells to induce exhaustion of T cell, which
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Scheme 1 Schematic illustration of RIMNA polymeric micelles as amplifier for robust photoimmunotherapy synergized with PD-1 blockade

antibody against primary tumors, distant tumors, and lung metastasis

also grants tumor cells to avoid immune surveillance
[31, 32]. Considering the immune escape pathway, sev-
eral immune checkpoint inhibitors of IDO and PD-1/
PD-L1 have been exploited to reprogram the immuno-
suppressive microenvironment in preclinical and clini-
cal trials [33]. Nevertheless, phase III clinical trials of
IDO inhibitors have failed [34], and the clinical response
rate to PD-1/PD-L1 blockade is only 10%~30% [35].
Rational combination therapy strategies have attracted
widespread attention by transforming “cold” tumors into
“hot” tumors to trigger infiltration of T cell into tumors
through various methods (e.g. chemotherapy, radiother-
apy, phototherapy, etc.) [36—39].

Herein, we fabricated multifunctional polymeric
micelles (Arginylglycylaspartic acid (RGD)-ICG/MnO,/
NLG919/monophosphoryl lipid A (MPLA)@polymeric
micelles, labeled as RIMNA) for the synergistic treat-
ment of enhanced PTT-PDT-immunotherapy. RIMNA
polymeric micelles loaded with photosensitizer ICG,
oxygenator MnO, and IDO inhibitor NLG919 were
synthesized by thin-film hydration plus sonication
method, as well as toll-like receptor (TLR) 4 ago-
nist MPLA were inserted on the surface. As shown in

Scheme 1, the treatment strategy was mainly conducted
via the steps as follows: (1) RIMNA polymeric micelles
accumulated into the tumor after systemic administra-
tion, then responded to NIR laser and high glutathione
(GSH) in TME to release drugs. (2) The excess H,O, in
TME provided sufficient substrate for MnO, exerting
an enzymatic reaction to produce O,, which could ame-
liorate the hypoxic status in tumors and promote PDT
efficacy. Besides, MnO, also enhanced the PTT effect
of ICG. (3) Under NIR laser irradiation, RIMNA poly-
meric micelles killed primary tumors by PDT/PTT syn-
ergistic treatment, as well as released TAAs. (4) TAAs
and MPLA were absorbed by immature dendritic cells
(DCs) and induced DCs maturation, thereby activat-
ing antitumor immune responses. (5) Subsequently, the
IDO-mediated Trp/Kyn immune escape pathway was
blocked by NLG919, which reduced Tregs ratio and
strengthened the function of effector T cells. (6) PD-1
blockade antibody further improved tumor-specific
immune responses, prevented distant tumors growth
and lung metastasis. RIMNA-based photoimmuno-
therapy in combination with PD-1 blockade antibody
offered a promising strategy to fight tumor.
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2. Materials and methods

2.1. Preparation of RIMNA

The polymeric micelles RIMNA were prepared using
thin-film hydration plus sonication method based on
polyethylene polycaprolactone-ss-polyethylene glycol-
ss-polyethylene polycaprolactone (PCL-ss-PEG-ss-PCL)
copolymer synthesized by our research group. First,
MnO, and hydrophobic ICG were fabricated accord-
ing to the previous literature [40]. Next, PCL-ss-PEG-
ss-PCL (20 mg), ICG (1 mg), DSPE-PEG-COOH (1 mg),
NLG919 (1 mg), MPLA (20 pg) and MnO, (0.2 mg) were
dissolved in an eggplant bottle with dichloromethane
and sonicated for 5 min. Then a thin film was obtained
by rotary evaporation to remove dichloromethane and
hydrated at 65 °C drying oven for 5 h. Subsequently, the
mixture was sonicated using a probe sonicator in ice bath
for 10 min and dialyzed with deionized water to remove
free drugs. Finally, RIMNA was acquired after NH,-RGD
ligation by 1-(3-Dimethylaminopropyl)-3-ethylcarbod-
iimide (EDC)/N-Hydroxysuccinimide (NHS) activation
reaction. RINA (without MnO, loading), RIMA (with-
out NLG919 loading), and RIMN (without MPLA load-
ing) were formulated by the similar methods as depicted
above.

Cellular uptake study in vitro

CT26 cells were cultured in confocal plates overnight
and fresh roswell park memorial institute (RPMI) 1640
medium containing Free ICG, RINA, and RIMNA
(ICG: 10 pg/mL) were added. After co-incubation for
2 h, the cells were irradiated with 808 nm laser (1.5 W/
cm?, 5 min). After incubation for another 2 h, confocal
laser scanning microscope (CLSM, Zeiss LSM 710, Jena,
Germany) was used to observe the cells after Hoechst
staining.

Intracellular ROS generation assay in vitro

Phosphate buffer saline (PBS), RINA, and RIMNA were
co-cultured with CT26 cells for 2 h (ICG: 10 pg/mL).
Next, the cells were incubated with 2}7’-dichlorodihy-
drofluorescein diacetate (carboxy-H,DCFDA) for 15 min
at 37 °C. Then the cells were washed once with PBS and
irradiated with 808 nm laser for 5 min (1.5 W/cm?).
Intracellular ROS levels were detected by CLSM and flow
cytometry (BD FACS Calibur, USA).

Cytotoxicity assay in vitro

CT26 cells were inoculated into 96-well plates and co-
incubated with RIMNA, RINA, and Free ICG (ICG
equivalent concentration was 2.5, 5, 10 and 20 pg/mL) for
24 h. In the laser irradiation group, the cells were irra-
diated with 808 nm laser for 5 min (1.5 W/cm?). After
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that, 100 uL RPMI1640 medium mixed with CellTiter 96
Aqueous One Solution Cell Proliferation Assay (MTS)
(20 pL of MTS in every 100 pL RPMI1640 medium) was
added to each well, and the cells were incubated in the
incubator for 30 min followed by being assessed with a
Varioskan Flash Multimode Reader (Thermo Fisher Sci-
entific, USA).

IDO inhibition

CT26 cells (1.5x10% were seeded into a 24-well plate,
and 50 ng/mL of interferon (IFN)-y was added into
each well and incubated overnight to stimulate the IDO
expression. After that, the cells were co-cultured with
PBS, NLG919, RIMA, RIMNA and RIMNA + Laser
(the concentration of NLG919 was 5 pg/mL) for 24 h,
respectively. After incubation for 2 h, the cells treated
with RIMNA + Laser were irradiated with 808 nm laser
(1.5 W/cm? 5 min) and co-incubated for another 22 h.
After that, the supernatants were collected and the con-
tents of Kyn and Trp were measured with enzyme linked
immunosorbent assay (ELISA) kits.

Tumor accumulation study in vivo

CT26 cells (1x10° were inoculated into the right but-
tock of female BALB/c mice (6—8 weeks old) to establish
CT26 tumor-bearing mouse model. When the tumors
grew to ~200 mm?, the mice were randomly divided into
RIMNA, Free ICG and PBS groups to observe the tumor
accumulation of polymeric micelles after intravenous
administration (ICG dose: 5 mg/kg, n=5). In vivo imag-
ing was performed at 6, 12, 24, 48 and 72 h post injection.

PTT-PDT synergistic antitumor study in vivo

CT26 cells (1x10°) were injected subcutaneously in the
right buttock of BALB/c mice (6—8 weeks old) on day 0.
And the mice were divided into 4 groups on day 7: (1)
RIMNA + Laser; (2) RINA + Laser; (3) Free ICG + Laser;
(4) PBS + Laser (ICG dose: 5 mg/kg), of which the tumors
received 808 nm laser (1.5 W/cm?) for 5 min at 24 h and
48 h after tail vein intravenous administration every 5
days and observed with Fluke infrared imaging device to
record the temperature change. Finally, the treated mice
were sacrificed to collect the tumor and major organs
from all groups for hematoxylin and eosin (H&E) analysis
on day 15. And the hypoxia and ROS generation of tumor
cells were investigated via immunofluorescence stain-
ing methods. For the hypoxia study, after intraperitoneal
injection of pimonidazole hydrochloride 1.5 h into the
mice, the tumors were collected and sliced into sections.
The tumor sections were blocked by 10% donkey serum
and incubated with hyproxyprobe-1 and FITC-labeled
anti-IgG (H+L) second antibody following the manufac-
turer’s instructions. For the ROS level study, the tumors
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were irradiated with 808 nm laser (1.5 W/cm? 5 min)
after dichlorodihydrofluorescein diacetate (DCFH-DA)
intratumorally injected into the mice for 2 h. Then the
tumor tissues were collected and sliced into sections.
All the sections were stained with DAPI before being
detected by CLSM.

Abscopal effect study

The tumor-bearing mouse models were established
by inoculating CT26 cells (1x10°) into the right flank
of the BALB/c mice on day 0. CT26 cells (2x10°) were
inoculated into the left flank on day 6. Once the vol-
umes of primary tumors reached about 80 mm? on day 7,
RIMNA, RINA, RIMA, RIMN, [+N+A, and PBS (ICG
dose: 5 mg/kg, n=5) was intravenously (i.v.) injected to
the mice, respectively. These treatments were operated
twice with an interval of 5 days. At 24 and 48 h after
intravenous injection, the primary tumors of the mice
were irradiated with 808 nm laser (1.5 W/cm? 5 min).
100 pg aPD-1 was injected intraperitoneally every 3 days
for 4 times [41]. The tumor volumes and body weights of
mice were noted every two days. The tumor volume (V)
was calculated by using the equation: V=0.5 X length X
width?, When the tumor volumes reached 2000 mm?, the
mice were ethically required to be euthanized.

Immune responses study

On day 21, spleens, tumor-draining lymph nodes, and
tumors of the treated mice were harvested and pre-
pared into single-cell suspensions. The obtained sin-
gle cells were co-marked with anti-CD11c, anti-CD80,
anti-CD40, and anti-CD86 antibodies for analyzing
the mature DCs; co-stained with anti-CD3, anti-CD4,
and anti-CD8 antibodies for analyzing the CD4* and
CD8" T cells; co-marked with anti-CD4, anti-CDS,
and anti-CD69 antibodies for analyzing the activation
of CD4" and CD8' T cells; co-marked with anti-CD4,
anti-CD8, and anti-IFN-y antibodies for analyzing the
IFN-y-secreting T cells; co-marked with anti-CD4 and
anti-Foxp3 antibodies for the analysis of the Tregs; and
co-marked with anti-CD4, anti-CD8, anti-CD44, and
anti-CD62L antibodies to measure the central memory
T cells according to the procedures of the manufacturer
by using flow cytometry. Meanwhile, the sera were also
collected to detect tumor necrosis factor-a (TNF-a) and
interleukin-4 (IL-4) through ELISA kits.

Tumor metastasis inhibition

The mice treated as described in part “Abscopal effect
study” received tail vein injection of CT26 cells (1x10°)
on day 20. For analyzing metastasis, the lungs were col-
lected and prepared for H&E staining on day 30.
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Statistical analysis

All data were displayed as mean + standard error of mean
(SEM). All statistical analyses were presented using
GraphPad Prism by one-way or two-way analysis of vari-
ance (ANOVA) and P<0.05 was considered statistically
significant.

Results and discussion

Preparation and characterization

Multifunctional polymeric micelles (RIMNA) with phos-
pholipid layer and drug loaded core were constructed
using thin-film hydration plus sonication method to
encapsulate photosensitizer ICG, oxygenator MnO,,
IDO inhibitor (NLG919), and TLR4 agonist MPLA.
The transmission electron microscopy (TEM) images
of RIMNA presented regular spherical shape (Fig. 1A).
The average hydrodynamic diameter and zeta poten-
tial of RIMNA were 161.87+4.14 nm and —22.3+0.01
mV, respectively. And the particle size of RIMNA was
between 160 and 180 nm and kept steady within 7
days, which was able to realize high accumulation into
the tumor site via enhanced permeability and reten-
tion (EPR) effect (Fig. 1B) [42]. Dynamic light scattering
(DLS) further showed that RIMNA had a homogeneous
distribution with a narrow dispersion in PBS solution
(pH 7.4) (Fig. 1C). Besides, we detected the particle size
change of RIMNA in GSH solution to verify the reduc-
tion sensitivity. The results showed that there were two
broad peaks in the presence of GSH, suggesting that -ss-
was destroyed to cause the fragmentation of RIMNA
under reductive condition. The ultraviolet-visible (UV-
vis) absorption spectra revealed that the characteristic
absorption peak of ICG and NLG919 were at ~780 nm
and ~ 280 nm, respectively, which indicated the success-
ful loading of ICG and NLG919 in RIMNA (Fig. 1D). The
photothermal efficiency of RIMNA was also studied in
Fig. 1E and F, and the results demonstrated that the tem-
perature rise of RIMNA, RINA, and Free ICG were 53.4
C, 50.8 °C, and 45.8 C, respectively. By comparison, PBS
solution showed a negligible rising of temperature, indi-
cating that polymeric micelles ameliorated the defect of
free ICG and the presence of MnO, enhanced the PTT
effect [43-45].

Cellular uptake, ROS generation, and cytotoxicity in CT26
tumor cells

As shown in Fig. 1G, polymeric micelles enabled
enhanced uptake of ICG by CT26 tumor cells. It’s worth
mentioning that the cellular uptake of ICG in Free ICG,
RINA and RIMNA groups significantly increased when
cells exposed to NIR laser irradiation, which may be
ascribe to that the temperature elevation enhanced the
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Fig. 1 Characterization and CT26 cell-level evaluation of RIMNA. (

A) TEM images of RIMNA (Scale bar =50-200 nm). (B) The particle size stability

of RIMNA stored at 4 °C (n=3). (C) The particle size distribution of RIMNA in PBS solution (pH 7.4) with or without GSH. (D) The absorption spectra
of RIMNA, ICG, and NLG919. (E) Temperature curves and (F) corresponding infrared thermal imageries of RIMNA, RINA, Free ICG, and PBS under NIR
laser irradiation. (G) The CLSM images indicated cellular uptake (Scale bar =20 um). (H) The CLSM images and (I) representative flow cytometric
plots indicated ROS production (Scale bar =20 um). The survival rate of CT26 cells incubated with various concentrations of RIMNA, RINA or Free

ICG (J) without or (K) with NIR laser irradiation (n=3)

fluidity and permeability of cell membrane [46]. Next,
ROS probe carboxy-H,DCFDA was used to determine
the intracellular ROS production. There was almost no
ROS produced in the cells dealt with PBS, PBS + Laser
or RINA (Fig. 1H). And compared with non-laser irra-
diation group, the green fluorescence signal of RINA
was enhanced after laser irradiation. The cells incu-
bated with RIMNA exhibited weak ROS fluorescence
[47], and the intracellular ROS signals dramatically
augmented when the laser irradiation was carried out.
What’s more, the flow cytometry histograms displayed
the similar results to the CLSM images, which demon-
strated that both laser irradiation and the introduction

of MnO, improved the level of intracellular ROS
(Fig. 11).

PEG/PCL copolymers approved by the U.S. FDA have
been extensively explored as potential drug delivery vehi-
cles, which is non-toxic and biocompatible [48]. As an
NIR fluorescent dye, ICG is approved by the U.S. FDA
for clinical use [49]. MTS assay was used to evaluate the
biocompatibility of polymeric micelles and photother-
apy-caused cytotoxicity of RIMNA (Fig. 1] and K). RINA
exhibited no damage to CT26 cells, indicating polymeric
micelles were biocompatible and safe. The slight cyto-
toxicity of RIMNA at high concentrations may be the
results of MnO,-mediated Fenton reaction [50]. RIMNA,
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RINA, and Free ICG all exhibited concentration-depend-
ent phototoxicity to CT26 cells under laser irradiation.
When the concentration of ICG reached 10 pg/mL, the
cell survival rate treated with RINA +Laser group was
about 50%, while that of RIMNA + Laser group decreased
significantly to about 20%. Therefore, RIMNA plus laser
irradiation could effectively kill tumor cells through PTT-
PDT effects. To detect the inhibitory effect of RIMNA
on IDO pathway, CT26 cells were treated with PBS,
NLG919, RIMA, RIMNA and RIMNA + Laser, and the
contents of Kyn and Trp were measured with ELISA Kkits.
As shown in Fig. S1 (Supporting Information), the ratio
of Kyn to Trp treated with NLG919 exhibited an apparent
decline. Compared with PBS and RIMA groups, the ratio
of Kyn to Trp in RIMNA and RIMNA +Laser treated
group decreased greatly, demonstrating the inhibition
effect of RIMNA polymeric micelles on IDO signal path-
way caused by NLG919.

3.3. Tumor accumulation in vivo

In vivo imaging was proceeded to surveillance the accu-
mulation of polymeric micelles after intravenous admin-
istration. CT26 tumor-bearing mice of the three groups
(PBS, Free ICG, and RIMNA) were tracked at 6, 12, 24,
48, and 72 h post injection (Supporting Information Fig.
S2). For the PBS group, no signal was observed at each
time point. The signal of Free ICG was found at 6 h, while
negligible signal was observed after 48 h because of the
rapid metabolism of ICG. In contrast, the fluorescence
of RIMNA was stronger than that of Free ICG at all time
points, and the maximum accumulation of ICG at the
tumor site was attained after 24 h of intravenous admin-
istration, proving that EPR effect based on polymeric
micelles could facilitate tumor accumulation [51].

PTT-PDT effect in vivo

The antitumor capacity of RIMNA-based PTT-PDT was
estimated through CT26 subcutaneous tumor model
and the schematic illustration of the treatment plan was
displayed in Fig. 2A. CT26 tumor-bearing mice were
irradiated with 808 nm laser (1.5 W/cm?) at 24 h and
48 h after administration of PBS, Free ICG, RINA, and
RIMNA. The PBS group induced the least change in tem-
perature even being irradiated for 5 min (Fig. 2B-D). The
Free ICG group showed an ineffective temperature eleva-
tion (below 44 °C) due to poor stability, short retention
time, high clearance rate, and less tumor accumulation
[14]. An enhanced photothermal conversion effect was
observed in RINA treatment group, and the temperature
of tumor increased to 51.3 °C. Surprisingly, owing to the
MnO,-enhanced PTT effect, the RIMNA group showed a
dramatic temperature increase to 54.9 °C, demonstrating
its favorable photothermal capacity. Notably, even after
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48 h of intravenous injection, the tumor site achieved
54.1 °C under laser irradiation, which illustrated RIMNA
enhanced the in vivo stability and intratumoral accumu-
lation of ICG. Furthermore, we investigated hypoxia of
tumor tissues via immune-fluorescence staining meth-
ods. Hyproxyprobe-1 combined with anti-FITC antibody
were applied to evaluate the hypoxia status in tumor.
As an oxygen sensitive fluorescent probe, the design of
hyproxyprobe-1 is based on oxygen sensitive fluores-
cent dyes. In hypoxic environment, nitroimidazole in the
hyproxyprobe-1 reduced by the nitroreductase in the cell
to emit green fluorescence, and the fluorescence intensity
deepens with the increase of the degree of hypoxia. Large
areas of green fluorescence represented for hypoxia was
remarked in the PBS + Laser and Free ICG + Laser treated
group (Fig. 2E). The hypoxia status of the tumor in the
RINA +Laser treated group was slightly relieved, which
may be due to that sufficient hyperthermia accelerated
blood flow and increased intravascular O, concentration
in tumor tissues [1, 52]. Especially there was very little
green fluorescence in RIMNA + Laser group, suggesting
that MnO, catalyzed the generation of O, and relieved
the hypoxia of tumor tissues. As shown in Fig. 2F, there
was no visible green fluorescence indicated ROS in the
PBS+ Laser treated group, demonstrating that 808 nm
laser irradiation alone couldn’t generate ROS. The green
fluorescence in Free ICG + Laser group and RINA + Laser
group was faint, while that in the RIMNA + Laser group
was strong, indicating that MnO,-mediated tumor
hypoxia amelioration significantly reinforced PDT effect.
Tumor apoptosis via PTT-PDT was detected through
H&E staining methods. The most necrosis tumor cells
could be observed in RIMNA + Laser group, implying the
enhanced PTT-PDT combined effect promoted tumor
apoptosis (Fig. 2G). Besides, H&E images demonstrated
that there was no obvious histopathological damage of
major organ tissues (Supporting Information Fig. S3),
proving the good biocompatibility of RIMNA.

Immune responses in vivo

DCs play a key role in the initiation and moderation of
innate and adaptive immunities [53, 54]. To test whether
RIMNA plus NIR irradiation could induce DCs matura-
tion for initial immune response in vivo, tumor-drain-
ing lymph nodes were removed and stained. The results
demonstrated that the expression levels of CD40, CD80,
and CD86 on the surface of DCs were notably reinforced
in the groups treated by RIMNA + Laser compared with
other groups (Fig. 3A-F). RIMNA-based photoimmuno-
therapy could induce the largest amount of TAAs pro-
duction, combined with the immunostimulatory effect of
MPLA, promoting the highest maturation and stimula-
tion level of DCs.
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We further estimated the effect of RIMNA + Laser on
tumor immune microenvironment and systemic immune
activation by detecting cytotoxic T lymphocytes (CTLs)
and T helper cells (Ths) in tumor and spleen. CTLs
(CD3*CD8%) and Ths (CD3*CD4") are vital parts of
the adaptive immunity, which kill tumor cells directly
or activate the immune cells [55]. As shown in Fig. 4A
and B, RIMNA + Laser treatment enhanced the intratu-
moral infiltration of CTLs and Ths, which resulted in a
pronounced increase of CD3*CD8" and CD3*CD4" T
cells to 18.4% and 11.3%, respectively. These results were
supposed to be that MnO, loaded in RIMNA alleviated

hypoxic status in tumor and reprogrammed the immu-
nosuppressive environment, together with RIMNA poly-
meric micelles-mediated phototherapy, achieved potent
antitumor responses. A similar increase of CD3*CD8"
and CD3"CD4" T cells was also noted in the spleen,
where RIMNA + Laser promoted them by 2.25-fold and
1.66-fold compared to PBS+ Laser, respectively (Fig. 4C
and D), revealing that RIMNA + Laser treatment could
stimulate a systemic immune response. These results
demonstrated that RIMNA + Laser effectively triggered
DCs maturation in vivo to activate a powerful antitumor
immune response.
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IEN-y is a proinflammatory cytokine released by
immune cells with the functions of inhibiting tumor
cell proliferation and stimulating adaptive immu-
nity [56]. The results suggested that the percentages of
CDS'IFN-y" T cells was 5.21%, 2.04%, 2.38%, 2.86%,
1.71%, and 1.19% in RIMNA + Laser group, RINA + Laser
group, RIMA+Laser group, RIMN+Laser group,
I+N+A+Laser group, and PBS+Laser group, respec-
tively (Fig. 4E and F). Compared with PBS+ Laser treat-
ment (0.25%), RIMN+Laser treatment significantly
boosted CD4* T cells secreting IFN-y by 10.12-fold
(2.53%), while RIMNA + Laser achieved the same aim by
an increase of 18.76-fold (4.69%), proving that MPLA as a
potent and safe adjuvant is able to bind to TLR4 and form
phagosomes for inducing the secretion of proinflamma-
tory cytokines [57]. It is worth pointing out that owing to
the inhibition of IDO by NLG919, a notable rise of IFN-
y-secreting CD81 and CD4* T cells was monitored in the
RIMNA + Laser group compared to RIMA + Laser group.

One of the remarkable features of adaptive immu-
nity mediated by T cells is immune memory response,
which plays a crucial role in protecting organisms from

the second attack of tumor [58]. To verify whether
RIMNA plus laser was able to produce an immune
memory effect, the collected splenocytes suspension
was stained to calculate central memory T cells (T¢y,).
The results displayed that the percentage of CD8" T, in
RIMNA + Laser group was 50.7% (Supporting Informa-
tion Fig. S4), which was the highest among all the groups.
Similarly, the percentage of CD4* T, in RIMNA + Laser
group was 44.4%, which was remarkably higher than that
in RINA+Laser group (34.8%), RIMA +Laser group
(33.3%), RIMN+ Laser group (31.4%), I+ N+ A+ Laser
group (21.5%), and PBS + Laser group (21.3%). Therefore,
the above results indicated that RIMNA + Laser treat-
ment could trigger robust immune memory effects.

Abscopal effect of RIMNA-mediated PTT-PDT synergistic
immunotherapy

Encouraged by the potent immune activation results
of RIMNA + Laser treatment, we further explored
the antitumor effects in vivo through the bilateral
CT26 tumor model by 2 cycles of intravenous injec-
tion plus 808 nm laser irradiation every 5 days and
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intraperitoneal administration of PD-1 antibody
on days 8, 11, 14, and 17 (Fig. 5A). RINA + Laser,
RIMA +Laser, and RIMN+Laser groups showed
moderate tumor inhibition, while RIMNA + Laser sig-
nificantly eradicated primary tumor (Fig. 5B). It’s also
worthy to mention that the inhibition efficacy of dis-
tant tumor in RIMNA + Laser group was much better
than that of RIMA +Laser and RIMN + Laser treat-
ment, which may be attributed to that the presence of
NLG919 and MPLA evoked powerful immune response
against distant tumors (Fig. 5C). Further combination
of RIMNA +Laser with PD-1 antibody achieved the
highest growth inhibition both of primary and dis-
tant tumors. It’s worthy noted that complete tumor
eradication without recurrence was achieved in all 5
tumor-bearing mice treated with RIMNA + Laser with
PD-1 antibody. In contrast, although RIMNA + Laser
treatment also obviously prolonged the survival time,
all the mice died on day 43 (Fig. 5D). Altogether, the
fact verified that RIMNA +Laser with PD-1 antibody
had optimal antitumor efficacy, particularly inhibition
distant tumors via the abscopal effect. Moreover, the
above results also proved that suppressing the activity
of Tregs and reactivating CTLs to block the immune
escape of tumor cells has been considered a hopeful
and effective antitumor strategy [28, 59].

The combination of PD-1 antibody strengthened

the immune effect and antitumor metastasis

Inspired by the superior abscopal effect of
RIMNA + Laser combined with PD-1 antibody, we next
investigated its anti-metastasis mechanism and effi-
cacy. The RIMNA+aPD-1+Laser group increased
the proportions of CTLs and Ths by 2.38- and 2.30-
fold compared to PBS+Laser group, respectively
(Fig. 6A and B, Supporting Information Fig. S5A and
B). It's worthy noted that higher activation level of
CTLs and Ths were observed in the spleens following
treatment with RIMNA +aPD-1+Laser (Fig. 6C and
D, Supporting Information Fig. S5C and D). Moreo-
ver, RIMNA +aPD-1+Laser treatment increased the
IFN-y-secreting CTLs ratio by ~15.63- and ~1.44-
fold compared with PBS+Laser and RIMNA + Laser
groups, respectively (Fig. 6E and Supporting Informa-
tion Fig. S5E). Tregs are a subset of T lymphocytes
that inhibit the function of effector T cells, leading to
tumor development and immunosuppressive TME
[55, 60]. RIMNA+aPD-1+Laser treatment appar-
ently decreased the proportion of Tregs compared
with other groups, notably by 1.40-fold compared with
PBS+ Laser group (Fig. 6F and Supporting Information
Fig. S5F). RIMNA +Laser could significantly upregu-
late the amounts of TNF-«a and IL-4 in the sera, and the
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addition of aPD-1 further promoted these proinflamma-
tory cytokines’ secretion (Fig. 6G and H), indicating a
synergistic effect to induce inflammatory response. These
results suggested that RIMNA +Laser synergized with
aPD-1 efficiently initiated T cell activation in vivo.

As shown in Fig. 61, no lung nodule was observed in
the RIMNA +aPD-1+Laser group, indicating its desir-
able anti-metastatic effects. Furthermore, T, in spleens
were quantitatively analyzed with flow cytometry. The
proportions of Ty, among CD8" and CD4* T cells in the
RIMNA +aPD-1+ Laser treated group were significantly
higher than those in the PBS+Laser group (P<0.001,
Fig. 6], K and Supporting Information Fig. S5G, H). Over-
all, those results proved that RIMNA +aPD-1+ Laser
could effectively inhibit tumor growth in primary tumor,
distant tumor, and pulmonary metastasis models through
robust PTT-PDT synergized with immunotherapy.

Conclusions

In conclusion, we designed and developed GSH-respon-
sive polymeric micelles RIMNA with MnO,, NLG919,
and MPLA encapsulated for augmented PTT-PDT syn-
ergized with immunotherapy. MnO, was able to improve
ROS production via MnO,-catalyzed O, generation in
the H,0,-overexpressed TME, inducing strengthened

PDT as well as PTT effects and the release of TAAs.
Moreover, MPLA activated the TLR4 pathway to increase
the secretion of proinflammatory cytokines and NLG919
inhibited IDO to reduce Tregs, thus enhancing antitumor
immune response. Notably, RIMNA also attenuated TME
immunosuppression by remarkably promoting the intra-
tumoral infiltration of CTLs and Ths. Further, RIMNA-
based PTT-PDT-immunotherapy exhibited excellent
efficacy in suppressing the growth of distant tumor and
preventing tumor metastasis of colon tumor combined
with PD-1 checkpoint blockade. Taken together, this
work showed the multifunctional polymeric micelles to
elicit effective PTT-PDT and enlarge PTT-PDT-induced
immune stimulation for steady antitumor immunity,
demonstrating a prospective strategy for tumor therapy.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02813-w.

Supplementary Material 1: Figure S1 Inhibition of RIMNA polymeric
micelles on IDO signal pathway. Data were displayed as mean + SEM

(n =3,**P <0.01, **P <0.001). Figure S2 Fluorescence images of CT26
tumor-bearing mice after i.v. injection of RIMNA, Free ICG or PBS. Figure
S3 H&E staining images of main organs (Scale bar =50 um). Figure S4 The
percentages of CD44"CD62L" among CD8* T cells and CD4* T cells in
spleens after indicated treatment. Data were expressed as mean +SEM
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(n =3,%P <0.05,**P <0.01, ***P <0.001 vs. RIMNA +Laser group). Figure
S5 Flow cytometric analyses of (A) CD3TCD8™ T cells, (B) CD3+CD4*

T cells, (C) CD8TCD6I™ T cells, (D) CD4TCD6E9 T cells, (E) IFN-ytCD8*

T cells, (F) CD4™Foxp3* T cells, (G) CD8TCD44MCD62LM T cells and (H)
CD4*CD44"CDE2LM T cells collected from spleens of tumor-bearing mice
with different treatments.
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