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Multifunctional Nanodrug Mediates Synergistic
Photodynamic Therapy and MDSCs-Targeting

Immunotherapy of Colon Cancer

Dongbing Ding, Huihai Zhong, Rongpu Liang, Tianyun Lan, Xudong Zhu,
Shengxin Huang, Yong Wang, Jun Shao, Xintao Shuai,* and Bo Wei*

An ideal tumor treatment is supposed to eliminate the primary tumor and
simultaneously trigger the host antitumor immune responses to prevent tumor
recurrence and metastasis. Herein, a liposome encapsulating phosphoinositide
3-kinase gamma (PI3Ky) inhibitor IPI-549 and photosensitizer

chlorin e6 (Ce6), denoted by LIC, is prepared for colon cancer treatment.

LIC internalized into CT26 cells generates reactive oxygen species (ROS)
under laser irradiation to cause immunogenic tumor cell death, during which
immunostimulatory signals such as calreticulin are released to further induce
T lymphocyte-mediated tumor cell killing. Meanwhile, IP1-549 transported by
liposome can inhibit PI3Ky in the myeloid-derived suppressive cells (MDSCs),
resulting in downregulation of arginase 1 (Arg-1) and ROS to promote MDSCs
apoptosis and reduce their immunosuppressive activity to CD8" T cells.
LIC-mediated immunogenic photodynamic therapy synergizes with MDSCs-
targeting immunotherapy, which significantly inhibits tumor growth via
facilitating the dendritic cell maturation and tumor infiltration of CD8" T cells
while decreasing the tumor infiltration of immunosuppressive regulatory

T cells, MDSCs, and M2-like tumor-associated macrophages. Moreover,

the synergistic therapy increases the number of effector memory T cells (Tg),)
in spleen, which suggests a favorable immune memory to prevent tumor
recurrence and metastasis. The Ce6 and IPI-549-coloaded multifunctional
nanodrug demonstrates high efficacy in colon cancer treatment.

surgical technique, chemotherapy, and em-
ployment of molecular targeted therapies
have successfully improved the outcome of
localized colon cancer. However, the prog-
nosis of colon cancer patients with metas-
tasis or postoperative recurrence still re-
mains a great challenge.?l Notably, can-
cer immunotherapy which unleashes the
inhibition of tumor-mediated immuno-
suppressive microenvironment or stimu-
lates the host immune system to elimi-
nate tumor cells is emerging as a promis-
ing strategy to prevent tumor recurrence
and metastasis.’! For example, immune
checkpoint blockade (ICB) therapy utilizing
antibodies for programmed death 1/pro-
grammed death ligand 1 (PD-1/PD-L1) or
cytotoxic T lymphocyte-associated protein
4 not only restores intrinsic immune re-
sponse to tumors but also induces per-
sistent antitumor immune memory after
treatment.*! Other immune modulation
strategies based on intra/extracellular lac-
tic acid exhaustion or tumor microenvi-
ronment glutathione (GSH) depletion have
been reported to enhance the effect of
immunotherapy.>¢! Whatever the specific

1. Introduction

Colon cancer is one of the most common malignant tumors
derived from the digestive system.[!] Recent improvements in

immunotherapeutic means, tumor immune microenvironment
(TIME) exerts crucial roles in modulating antitumor immunity
and associates with the progression of tumors. It is well known
that immune suppressive cells, including myeloid-derived sup-
pressive cells (MDSCs), M2-like tumor-associated macrophages
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Scheme 1. Schematic illustration of the preparation of multifunctional nanodrug using liposome to coencapsulate a photosensitizer Ce6 and a PI3Ky
inhibitor IPI-549 (denoted by LIC) and the LIC-mediated colon cancer inhibition by synergisticimmunogenic photodynamic therapy and MDSCs-targeting

immunotherapy.

(TAMs), and regulatory T cells (Tregs), are closely related to the
suppressive TIME and responsible for tumor immune escape.”!
Accumulating evidence is suggesting that MDSCs as a group of
heterogeneous cells consisting of myeloid progenitor cells and
immature granulocytes, immature macrophages, and immature
dendritic cells (DCs) may serve as a negative regulator of antitu-
mor immune response by suppressing various T cells functions,
thereby favoring the polarization of TAMs to the protumoral M2-
like phenotype and promoting Tregs expansion.[®! It is also found
that phosphoinositide 3-kinase gamma (PI3Ky) signaling plays a
crucial role in the activation and migration of myeloid cells.[’l and
the immunosuppressive tumor microenvironment mediated by
PI3Ky expressed in MDSCs facilitates tumor growth.[1] TP1-549,
a selective PI3Ky inhibitor, may inhibit the immune response of
MDSCs and reshapes TIME by reprogramming polarization of
TAMs to tumoricidal M1-like phenotype and promoting prolif-
eration and activation of cytotoxic T lymphocytes (CTLs).['!] Be-
sides, IPI-549 can attenuate ICB resistance and restore ICB sensi-
tivity in cancer immumotherapy.['?! Owing to its good antitumor
efficacy and favorable biosafety, IPI-549 has been promoted to a
phase II clinical trial (NCT03795610).

On the other hand, photodynamic therapy (PDT) is a promis-
ing strategy for clinical cancer treatment featuring high spa-
tiotemporal selectivity, good safety, and noninvasiveness.[** In
PDT, a nontoxic photosensitizer in combination with oxygen
exposed to light with a specific wavelength can generate cy-
totoxic reactive oxygen species (ROS) which induces apoptosis
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and necrosis of tumor cells and damages the tumor-associated
vasculature.!'*] Besides, ROS can trigger immunogenic cell death
(ICD) to generate tumor-associated antigens and release damage-
associated molecular patterns (DAMPs), including calreticulin
(CRT), high-mobility group box 1 (HMGBI), and adenosine
triphosphate (ATP) from dying tumor cells.'>) These DAMPs
subsequently induce mature of DCs and activation of specific ef-
fector T cells and natural killer (NK) cells, thus enhancing host
antitumor immune response for both primary and metastatic
tumors.[16:17]

So far, immunotherapeutics based on nanoscale delivery sys-
tems have been developed to enhance the efficacy of cancer
immunotherapy.'8! Specifically, nanodrug-mediated cancer im-
munotherapy is achieved via targeting cancer cells to trigger ICD
and targeting TIME to reverse immunosuppressive microenvi-
ronment or targeting the peripheral immune system to facilitate
the generation of antigen-presenting cells (APCs) and CTLs.["]
In the present study, we constructed an immunoregulatory nan-
odrug, which was named LIC, by utilizing liposome to coencap-
sulate the ICD-inducer chlorin e6 (Ce6) and TIME-regulator IPI-
549. The nanoscale LIC was expected to accumulate in colon can-
cer to induce immunogenic ICD and target MDSC in TIME to re-
verse the immunosuppressive microenvironment, thereby boost-
ing the cancer immunotherapy (Scheme 1). Both in vitro and in
vivo experiments were performed to explore the LIC-mediated
synergistic effect of immunogenic PDT and MDSCs-targeting
immunotherapy in colon cancer treatment.
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Figure 1. Characterization of nanodrugs. a) The size distribution of LIC. b) Transmission electron microscope (TEM) image of LIC. c) Stability of LIC in
phosphate buffer saline (PBS) containing 10% FBS at 37 °C (n = 3). d) UV-vis absorption spectra of LIC, LC, free Ce6, and LI. e) Fluorescence spectra
of LIC, LC, and free Ce6. f) Cumulative release of Ce6 and IPI-549 from LIC at pH 6.5 (n = 3).

2. Results and Discussion

2.1. Preparation and Characterization of Nanodrugs

Lecithin (PC), phosphatidylethanolamine (PE), cholesterol
(CHO), and 1,2-distearoyl-sn-glycero-3-phosphoe-thanolamine-
N-[methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) were
utilized to form the liposome, and PI3Ky inhibitor IPI-549
and photosensitizer Ce6 were coloaded into liposome to obtain
the nanodrug (LIC) as described in the Experimental Section.
The Ce6-encapsulated liposome (LC) and IPI-549-encapsulated
liposome (LI) were prepared for control experiments. As
measured by dynamic light scattering (DLS), LIC showed an
average diameter of 83.4 + 1.6 nm and a Zeta potential of
—44.4 + 7.15 mV (Figure 1a and Figure Sla, Supporting In-
formation). Under transmission electron microscopic (TEM)
observation, LIC exhibited spherical morphology with uniform
size distribution (Figure 1b). The size, polydispersity index,
and Zeta potential of LI and LC were similar to that of LIC
(Figure S1b-d, Supporting Information). Incorporation of
DSPE-PEG2000 increased the colloidal stability and may endow
the liposome with stealth property for long circulation.?’] LIC
in 10% fetal bovine serum (FBS)-containing phosphate buffer
saline (PBS) showed no change in size over 72 h at 37 °C,
which indicated a high stability in normal physiological con-
dition (Figure 1c). The loading contents of Ce6 and IPI-549 in
LIC were 0.95% and 3.81%, respectively. With Ce6 encapsula-
tion, LC and LIC showed UV-vis absorption peaks at 405 and
640 nm, which were consistent with that of free Ce6 (Figure 1d).
The fluorescence emission peak of LC and LIC was shown at
663 nm, exhibiting a slight redshift from 653 nm of free Ce6
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(Figure 1e). These results suggested a successful loading of Ce6
into liposomes. The release behaviors of Ce6 and IPI-549 from
LIC were determined at pH 6.5. As shown in Figure 1f, 44% Ce6
and 40% IPI-549 were released at 12 h, while 66% Ce6 and 61%
IPI-549 were released at 24 h.

2.2. In Vitro Cytotoxicity

To explore the cytotoxicities of nanodrugs, CT26 cells were incu-
bated at different concentrations of LI, LC, and LIC with or with-
out laser exposure. Without the irradiation of 660 nm laser, cells
incubated at different concentrations of nanodrugs showed no
obvious changes in viabilities (Figure 2a). With laser irradiation,
LC and LIC presented obvious cytotoxicity in a concentration-
dependent manner in CT26 cells. Both of them showed a 50%
inhibitory concentration (IC50) at 0.7 x 10~° M Ce6 (Figure 2b),
which indicated that ROS generation during PDT procedure
killed tumor cells as reported.l'*?!] However, LI displayed no ob-
vious cytotoxicity in CT26 cells, which was likely due to the lack
of PI3Ky-AKT signals in CT26 cells. Then, we investigated the
effects of nanodrugs on CT26 cell apoptosis. Without laser ir-
radiation, apoptotic rates of CT26 cells incubated with PBS, LI,
LC, and LIC were 3.96%, 3.73%, 4.79%, and 4.15%, respectively
(Figure S2a, Supporting Information). In contrast, the apoptotic
rates of CT26 cells incubated with PBS, LI, LC, and LIC under
light irradiation increased to 4.51%, 4.74%, 45.87%, and 54.99%,
respectively (Figure 2¢). It is well known that ROS-mediated ox-
idative stress can lead to a decrease in mitochondrial membrane
potential for cell apoptosis characterized by phosphatidylserine
(PS) exposure on cell membrane.[?2] Here, a kit with Mito-Tracker
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Figure 2. In vitro killing effects of nanodrugs on CT26 cells. In vitro cytotoxicity of LI, LC, and LIC a) without or b) with light irradiation (660 nm,
0.8 W cm™2, 1 min) (n = 4). c) CT26 cell apoptosis determined by flow cytometry. d) Fluorescence images of Annexin-V staining (green) and staining
for change in mitochondrial membrane potential (red). Scale bar: 25 pm. e) Statistical analysis of cell cycle distribution and f) apoptotic rate of CT26
cells in different groups (n = 3). g) Representative plots of CT26 cell cycle distribution. (+) represents 660 nm (0.8 W cm~2, 1 min) light irradiation.
*p < 0.05, **p < 0.01, ***p < 0.001, NS: no significant difference.
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Red CMXRos and Annexin V-fluorescein isothiocyanate (FITC)
for apoptosis detection was employed to verify the CT26 cell apop-
tosis under confocal laser scanning microscope (CLSM). Cells
in the PBS (+) and LI (+) groups showed normal mitochondrial
membrane potential without PS exposure on the cell membrane,
which were also observed for cells treated with PBS, LI, LC, or LIC
without laser irradiation (Figure 2d and Figure S2e, Supporting
Information). On the contrary, the LC (+) treatment and LIC (+)
treatment induced obvious decrease in mitochondrial membrane
potential and PS exposure (Figure 2d). These results suggested
that LI treatment could not trigger obvious apoptosis of CT26
cells regardless of laser irradiation, whereas the LC treatment
and LIC treatment under light irradiation significantly elevated
apoptotic rates of CT26 cells (Figure 2f and Figure S2¢, Support-
ing Information). The influence of nanodrugs on the cell cycle
was further investigated. The LC and LIC treatments displayed
little effect on the cell cycle of CT26 cells without light irradia-
tion but blocked the cell cycle in the S phase to show a significant
decrease of proportions of the G2/M phase with light irradiation
(Figure 2e,g). Furthermore, PBS and LI showed no obvious effect
on the cell cycle of CT26 cells regardless of laser irradiation (Fig-
ure S2b,d, Supporting Information). These findings confirmed
that LC (+) and LIC (+) could exert phototoxicity to induce CT26
cell apoptosis and block their cell cycle, whereas LI could not kill
CT26 cells directly.

2.3. PDT-Elicited ICD In Vitro

PDT may produce reactive oxygen species to trigger immuno-
genic cell death, causing the release of damage-associated molec-
ular patterns (DAMPs) such as CRT, HMGB1, and ATP.I*15] The
ROS generation in CT26 cells receiving treatments of various
nanodrugs was explored via flow cytometry analysis and CLSM
observation. Under laser exposure, CT26 cells treated with LC
and LIC showed remarkably enhanced mean fluorescence in-
tensity of ROS probe 2’,7’- Dichlorodihydrofluorescein diacetate
(DCFH-DA) in comparison with cells incubated with PBS or
free Ce6 (Figure 3a,b). Consistently, CT26 cells treated with LC
or LIC under laser irradiation showed stronger fluorescence of
ROS probe than cells receiving other treatments (Figure 3c). CRT
translocation from the endoplasmic reticulum to the surface of
dying cells during PDT procedure can stimulate DC mature and
activation of specific effector T cells to result in enhancement
of host antitumor immune response.!'2] Then, we investigated
whether LIC-based PDT can induce exposure of CRT in dying
tumor cells. Both flow cytometry analysis and CLSM observation
confirmed that LC or LIC treatment with laser irradiation trig-
gered exposure of CRT on CT26 cells. In comparison, PBS or free
Ce6 treatment under laser irradiation induced much lower lev-
els of CRT expression on the surface of CT26 cells (Figure 3d—f).
Extracellular HMGBI release and ATP secretion from dying tu-
mor cells during PDT procedure can also induce host antitumor
immunity.">] Here, HMGB1 and ATP secretions were measured
using enzyme-linked immunosorbent assay (ELISA). The LC (+)
treatment and LIC (+) treatment showed much higher levels of
HMGBI release and ATP secretion than other treatments, which
was in line with CRT expression (Figure 3g,h). Live and dead cell
staining was employed to visualize the killing efficacy of PDT in
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CT26 cells. Under CLSM observation, cells treated with free Ce6
(+), LC (+), and LIC (+) showed much stronger red fluorescence
(dead cells) and weaker green fluorescence (live cells) than cells
treated with PBS (+) and LIC. Interestingly, Ce6-encapsulated
nanodrug seemed to show an enhanced killing efficacy as com-
pared with free Ce6. That is, cells treated with LC (+) and LIC (+)
even showed slightly weaker green fluorescence than cells treated
with free Ce6 (+) (Figure 3i). These results suggested that the LC
and LIC treatments with laser irradiation can enhance ROS re-
lease and effectively induce ICD signals in CT26 colon cancer
cells in vitro.

2.4. Inhibition of MDSCs via Targeting PI3Ky-AKT Signaling
Pathway with LIC

The PI3Ky-AKT pathway plays vital roles in cell metabolism, sur-
vival, and proliferation.[?*! PI3Ky as one of the four isoforms of
PI3K family is highly expressed in myeloid cells to selectively
regulate their immunosuppressive behavior.[?2°! It has been re-
ported that the number of MDSCs was increased in the blood
and spleen of tumor-bearing host to promote tumor progression
and metastasis.[¥?”] The MDSCs-mediated inhibition of T cell
function is associated with r-arginine catabolism, and 1-arginine
shortage suppresses the proliferation of T cells. Meanwhile, it
has been ascertained that upregulation of arginase 1 (Arg-1) and
inducible nitric oxide synthase (iNOS) in MDSCs promotes 1-
arginine catabolism to suppress T cell immune response.[828:2]
In addition, ROS is another mediator for MDSCs to exert im-
munosuppressive activity. Previous studies have shown that sup-
pression of ROS production in MDSCs can eliminate MDSCs-
mediated immunosuppressive effect in vitro.3% To investigate
the effect of LIC-mediated PI3Ky-AKT signal inhibition on the
immunosuppressive activities of MDSCs in vitro, spleen-derived
MDSCs were purified by MDSC isolation kit and more than 95%
of sorted cells were identified as CD11b*Gr-1* MDSCs (Figure
S3a,c, Supporting Information). As shown in Figure 4a—d, flow
cytometry analysis showed that PI3Ky inhibition using IPI-549-
loaded nanodrugs significantly decreased the Arg-1 and ROS lev-
els in MDSCs as free IPI-549 did. Interestingly, the LI and LIC
treatments even showed slightly enhanced effect to lower the
Arg-1 expression and ROS production in MDSCs as compared
to free IPI-549 treatment. Furthermore, treatments with IPI-549,
LI and LIC all remarkably increased the apoptosis of MDSCs,
which was apparently due to the suppression effect of IPI-549
on the PI3Ky-AKT signaling pathway (Figure 4e,f). Then, we fur-
ther tested whether the IPI-549-loaded nanodrugs could allevi-
ate the suppressive activity of MDSCs on CD8" T cells in vitro.
CD8" T cells were purified from the spleen of normal mice and
their purity were ~97% (Figure S3b,c, Supporting Information).
Much higher CD8" T cell proliferation was detected when they
were cocultured with MDSCs pretreated with LI and LIC rather
than free IPI-549 or PBS (Figure 4g,h). As shown in Figure 4i—
1, PI3Ky was highly expressed in purified MDSCs and inhibit-
ing PI3Ky in MDSCs with free IPI-549, LI, and LIC obviously
downregulated the downstream phosphorylated AKT (pAKT),
although the total AKT showed no significant difference in
different treatment groups. These results strongly demonstrated
that inhibiting PI3Ky-AKT signal with [PI-549-loaded nanodrugs
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Figure 3. PDT-mediated cytotoxicity and immunogenic cell death (ICD) in CT26 cells in vitro. a) Flow cytometry detection of ROS production in CT26
cells after various treatments. b) Statistical analysis of ROS generation (n = 3). c) Confocal imaging of ROS (green) production in CT26 cells after
different treatments. Scale bar: 25 pm. d) Flow cytometry detection of ICD signal CRT expression on CT26 cells after various treatments. e) Statistical
analysis of CRT expression (n = 3). f) Confocal imaging of CRT (green) expression on the surface of CT26 cells after different treatments. Scale bar:
25 pm. g) Determination of HMGB1 release after different treatments (n = 3). h) Detection of ATP secretion after different treatments (n = 3). i) CLSM
images of live (green) and dead (red) CT26 cells after various treatments. Scale bar: 50 ym. (+) indicates 660 nm (0.8 W cm~2, 1 min) light irradiation.
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Figure 4. Suppression of MDSCs through PI3Ky-AKT signaling pathway inhibition with IPI-549-based nanodrugs in vitro. a) Arg-1 expression determined
by flow cytometry and b) statistical analysis of proportions of Arg-1 expression in MDSCs receiving various treatments (n = 3). c) ROS levels determined
by flow cytometry and d) statistical analysis of proportions of ROS levels in MDSCs receiving various treatments (n = 3). e) Cell apoptosis determined by
flow cytometry and f) statistical analysis of apoptotic rates in MDSCs receiving different treatments (n = 3). g) Proliferation of CD8% T cells determined
by flow cytometry analysis and h) statistical analysis of proliferation rates of CD8% T cells after being cultured together with nanodrug-pretreated MDSCs
(n=3).1i) PI3Ky expression determined by western blot analysis. j) Quantification of pAKT and total AKT expressions by flow cytometry and k,I) statistical
analysis of percentages of pAKT and total AKT expression in MDSCs receiving various treatments (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, NS: no

significant difference.
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could effectively decrease the Arg-1 and ROS levels in MDSCs,
promote the MDSCs apoptosis, and subsequently alleviate their
suppressive effects on CD8" T cells. Consequently, the antitumor
immune responses may be enhanced by this MDSCs-targeting
treatment.

2.5. Tumor-Targeting and Biodistribution of LIC In Vivo

Nanodrugs have been reported to accumulate in solid tumors
via passing through the interendothelial gaps of tumor blood
vessels or actively passing through endothelial cells.[*!*?] Fluo-
rescence imaging study was performed to evaluate the tumor-
targeting and distribution of LIC in CT26 tumor-bearing mice.
LIC was labeled with fluorescent dye 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR) to make the nan-
odrug imaging-visible. The fluorescence intensity of DiR-labeled
LIC gradually increased in tumor tissues to reach the highest at
24 h after tail vein administration (Figure 5a,b), which indicated
that 24 h postadministration was a proper time point to perform
laser irradiation in the antitumor PDT experiments. Further, the
fluorescence signal of DiR-labeled LIC remained strong at 48 h
postadministration. These results indicated that LIC could effec-
tively accumulate in the CT26 tumor in vivo. At 48 h after in-
jecting the DiR-labeled LIC, the ex vitro fluorescence intensity of
tumor tissues were much higher than that of main organs in-
cluding heart, liver, spleen, lung, and kidney (Figure 5c), which
suggested a favorable accumulation of LIC in the CT26 tumor es-
sential for a targeted regulation of tumor immune microenviron-
ment. After intravenous injection, nanoparticles may be covered
by serum proteins and form a protein corona to cause a uptake
of nanoparticles by the mononuclear phagocyte system (MPS).[33
Generally, liver and spleen have abundant MPS which can arrest
the circulating nanoparticles. Thus, imaging-visible LIC showed
fluorescence signal distribution in spleen in ex vivo fluorescence
imaging, which was also observed in other studies./'73*]

2.6. Antitumor Effects In Vivo

It has been reported that IPI-549 may inhibit PI3Ky in MDSC
to reverse the immunosuppressive tumor microenvironment for
an antitumor immunotherapy,[1®!! and Ce6 under laser irradia-
tion may induce ICD of tumor cells to release immunogenic sig-
nals boosting the anticancer immunotherapy.['®! The therapeutic
schedule illustrated in Figure 5d was carried out to explore the
synergistic antitumor potential of the codelivered Ce6 and IPI-
549. Tumors were excised from tumor-bearing mice at the end of
treatment (Figure 5f). Tumor growth was quick in animals treated
with PBS (+), showing tumor volumes over 3000 mm? at 15 d
post-treatment. Treatments with different nanodrugs all showed
obvious inhibitory effects on tumor growth. Moreover, in com-
parison with the LI (+) or LC (+) treatments, LIC (+) treatment
exhibited the best effect to inhibit tumor growth, clearly indicat-
ing that Ce6 and IPI-549 acted synergistically to enhance anti-
tumor immunotherapy (Figure 5g). Consistently, tumor weight
in the LIC (+) treatment group was much lower than that in the
LI (+) treatment group and LC (+) treatment group (Figure 5h).
The LI treatment and LI (+) treatments resulted in similar tumor
growth and weight, which suggested that the laser irradiation did
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not enhance the antitumor effect of nanodrug only incorporating
IPI-549 (Figure S4a—c, Supporting Information). To assess the ef-
fects of nanodrugs on tumor proliferation, apoptosis and necro-
sis, tumor sections in each group were subjected to hematoxylin-
eosin (H&E), Ki67, and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end-labeling (TUNEL) staining. As
shown in Figure 5e, tumor tissue from the animal groups treated
with LIC (+) displayed the highest apoptosis rate and the lowest
proliferation rate. Obviously, although the LI (+)-mediated im-
munotherapy and LC-mediated immunogenic PDT were both ef-
fective to inhibit tumor growth, treatment with LIC (+) further
enhanced the therapeutic effect due to the synergistic effects of
IP1-549 and Ce6.

Aiming to evaluate the side effects of nanodrugs in vivo, body
weight of mice were recorded during the treatment, and blood
and main organs of mice were collected at the end of treat-
ments for further analysis. No significant body weight loss was
found (Figure 5i), and no obvious pathological alterations in the
main organs (heart, liver, spleen, lung, and kidney) were ob-
served for all treatment groups (Figure S5a, Supporting Infor-
mation). Serum markers of liver function (aspertate aminotrans-
ferase (AST), alanine aminotransferase (ALT)) and renal func-
tion (blood urea nitrogen (BUN), creatinine (Cr)) were at normal
levels and showed no significant differences between the four
groups (Figure S5b—d, Supporting Information). These results
confirmed that LIC had low side effects in vivo.

2.7. Nanodrugs-Mediated TIME Remodeling for Inmunotherapy

To better understand why the LIC (+) treatment showed much
better tumor growth inhibition than the LC (+) treatment and
LI (+) treatment, we further examined the infiltration of various
immune cells in tumor tissues and spleens, including MDSCs, T-
cell subpopulations, TAMs, DCs, and NK cells. Gating strategies
to investigate percentages of various immune cells in tumor and
spleen were shown in Figure S6 in the Supporting Information.

It is well known that effector T cells and regulatory T cells are
the main T cell subpopulations involving in tumor immune re-
sponse, PDT-induced ICD may facilitates T cell recruitment and
activation in tumor tissues to increase antitumor immunity.*3!
CD8" T cells are the major subsets that exert crucial roles in
antitumor immunotherapy by producing several cytokines like
interferon-y (IFN-y) , granzyme, and perforin.**! On the other
hand, Arg-1, ROS, and iNOS produced by MDSCs are mainly re-
sponsible for tumor growth and spreading as they restrain the
CD4* and CD8" T cells immune response.?®] Therefore, the syn-
ergistic effect of PDT and MDSCs-targeting immunotherapy of
IP1-549 on major T cell subsets were evaluated. As shown in Fig-
ure 6a,b, the ratio of CD8" T cells to CD3" cells were significantly
increased in the LI (+) and LC (+) treatment groups as compared
with the PBS (+) treatment group. Moreover, the LIC (+) treat-
ment enhanced tumor infiltration of CD8* T cells more effec-
tively than the LI (+) treatment and LC (+) treatment. CD4+ T
and CD8" T cells are main subpopulations of CD3* T cells. Al-
though it seemed that the percentage of CD4* T cells in CD3*
T cells in the LIC (+) treatment group showed a slight decrease,
the difference between the four groups had no statistical differ-
ence (Figure 6¢). In addition, an increased ratio of CD8* cells to
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Figure 5. In vivo fluorescence imaging and synergistic antitumor therapy of nanodrugs. a) In vivo fluorescence imaging of CT26 tumor-bearing mice
at different time points after tail vein injection of DiR-labeled LIC and ex vivo ﬂuorescence imaging of main organs and tumor at 48 h after injection.
b) Quantification of in vivo fluorescence intensity of tumors at different time points after injection (n = 3). c) Comparison of fluorescence intensities
between major organs and tumor excised at 48 h after injection (n = 3). d) Schematic illustration of therapeutic strategy in animal model. e) Photograph
of tumors excised from mice receiving various treatments. Scale bar: 50 pm. g) Tumor growth curves for mice receiving different treatments (n = 6). Data
are shown as mean + standard error of mean (SEM). h) Tumor weights in different therapeutic groups and i) changes of body weight during various
treatments (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Nanodrugs enhanced antitumor immune responses in CT26 tumor. a) CD8% T and CD4* T cells ratios in tumor tissues determined by flow
cytometry after different treatments (gated on CD3* cells). b) Statistical analysis of the ratio of CD8* T cells or c) the ratio of the CD4™" T cells to the CD3*
cells in different groups (n = 6). d) Statistical analysis of the ratio of CD8" T cells to CD4" T cells in different groups (n = 6). €) Immunohistochemical
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T (Tgm) cells in spleen after different treatments determined by flow cytometry (gated on CD3*CD8™ T cells). g) Statistical analysis of Tgy, proportions
in CD3*CD8* T cells in different groups (n = 6). h) Immunofluorescent staining of the nucleus (blue) and PD-1 expression (red) in CT26 tumors in
different groups. Scale bar: 50 pm. *p < 0.05, ***p < 0.001, NS: no significant difference.
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CD4* T cells in the LIC (+) treatment group was also observed
(Figure 6d). The immunohistochemical (IHC) and immunofluo-
rescent staining for CT26 tumor sections indicated the increased
infiltration of CD8" T cells in tumor tissues in the three nan-
odrug treatment groups (Figure 6e). From these results, the in-
creased tumor infiltration of CD8* T cells was a major cause for
the better tumor killing of LIC (+) treatment.

Admittedly, MDSCs promote the expansion of regulatory
T cells (Tregs) to maintain an immunosuppressive TIME.[837]
However, immunogenic PDT could decrease the number of
Tregs in tumor tissues to remodel the immunosuppressive
TIME.38 As shown in Figure S7a,b in the Supporting Informa-
tion, staining of Foxp3 as biomarker for Tregs indicated that the
numbers of Tregs in tumor tissue were significantly decreased in
the LI (+) treatment group and the LIC (+) treatment group and
no obvious decrease of Tregs was observed for the LC (+) treat-
ment group as compared to the PBS treatment group (p > 0.05).

Antitumor immune memory is essential for a long-term
prevention of tumor recurrence and metastasis. Memory T cells
are broadly subdivided into central memory T cells (T,,) and
effector memory T cells (Tgy,). Ty, mainly migrates to lymphoid
tissues whereas Tp,, can traffic to lymphoid tissues and periph-
eral nonlymphoid tissues.[3**%l Notably, T, can generate some
critical cytokines like tumor necrosis factor-a (INF-«) and INF-y
to trigger a strong protective immunological memory when it
encounters the same tumor-specific antigens.*!! To investigate
the immune memory effect of the nanodrugs, CD8* Ty, and
Ty in spleen were analyzed by flow cytometry. Compared with
the PBS (+) treatment group, the LI (+) treatment group and
the LC (+) treatment group showed much higher percentages
of Tgy (CD3*CD8*CD44*CD62L") in spleen. More excitingly,
the synergistic therapy using LIC (+) induced the highest
Tpy proportion in spleen (Figure 6f,g). The percentage of Ty,
(CD3*CD8*CD44*CD62L") in the LIC (+) treatment group was
much lower than that in other groups, which may be attributed
to the differentiation of T, to Tgy, stimulated by tumor-specific
antigen (Figure S8, Supporting Information). These results
implied that the combined therapy of LIC-mediated PDT and
MDSC-targeted immunotherapy may possess a potential to
prevent colon cancer recurrence due to its immune memory
effect. Myeloid cells-enriched tumors treated by IPI-549 could
upregulate the PD-1 expression on CD8" T cells.l'?] Moreover,
immunogenic PDT can induce CD8" T cells activation and
recruitment to tumors, while PD-1 upregulation was founded in
the process of T cells activation.l'**2] Thus, the increased PD-1
expression in the LIC (+) treatment group observed in our study
is likely due to the IPI-549-mediated PD-1 upregulation and the
activation of CD8% T cells induced by the immunogenic PDT
(Figure 6h and Figure S9, Supporting Information).

Previous studies have revealed that PI3Ky overexpressed in
MDSCs plays key roles in the regulation of immunosuppres-
sive tumor microenvironment (TME) during tumor growth
and suppression of PI3Ky can reshape tumor immune mi-
croenvironment to inhibit tumor growth.[') Here, we found
that the LI (+)-treated mice showed a decreased number of
MDSCs in tumor tissues, and the LIC (+)-treated mice further
displayed a remarkable decrease of MDSCs, apparently owing
to a synergistic effect of IPI-549 and PDT as determined by flow
cytometry analysis (Figure 7a,b,e). These results were in line
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with previous reports that immunogenic PDT procedure could
reduce infiltration of MDSCs in tumor tissues.I**! Consistently,
immunofluorescent staining showed that the LIC (+) treatment
significantly downregulated the expression of PI3Ky (Figure 7f
and Figure S10, Supporting Information). Obviously, the LIC (+)
treatment effectively reduced the number of MDSCs in tumors,
which was favorable for tumor growth inhibition.

MDSCs have the potential to differentiate to TAMs in the tu-
mor microenvironment, and inhibition of PI3Ky on MDSCs pro-
motes polarization of TAMs from the protumoral M2-like phe-
notype to the antitumoral M1-like phenotype.'**#] As shown
in Figure 7c—e, the LI (+) and LC (+) treatments resulted in a
significant decrease of M2-like TAMs (CD11b*F4/80*CD206%)
and the LIC (+) treatment further reduced the infiltration of
M2-like TAMs in tumor tissue. In addition, flow cytometry
analysis showed a much higher percentage of M1-like TAMs
(CD11b*F4/807CD16/32%) in the LI (+) treatment group than
the PBS (+) treatment group. Surprisingly, the percentages of
M1-like TAMs in the LC (+) and LIC (+) treatment groups were
found to be decreased as compared to that in the PBS (+) treat-
ment group, which was likely due to the damage of PDT to
macrophages (Figure S11a,b, Supporting Information).

DCs maturation is a crucial step for further presentation of
tumor-specific antigens and activation of T lymphocytes.[164] Tt
has been reported that PDT may cause CRT expression on the
surface of tumor cells to act as a distinct biomarker of ICD which
is an “eat me” signal to mediate the engulfment of dying can-
cer cells and cancer-cell debris by immature DCs and to induce
the succeeding antitumor immune response.*®! Thus, CRT in
tumor tissue during PDT was tested using immunofluorescence
assay. As shown in Figure S12 in the Supporting Information, the
LC (4) and LIC (4) treatments appeared to trigger much more
CRT expression in tumor tissues than the LI (+) and PBS (+)
treatments. Then, we examined the influences of various treat-
ments on the DCs maturation. Costimulatory molecules CD80
and CD86 were regarded as biomarkers for DCs maturation. In
line with the CRT expression, the percentages of mature DCs in
the LC (+) and LIC (+)-treated mice were much higher than that
in the PBS (+)-treated mice (Figure 7g,h).

An immunogenic PDT may increase the number of NK cells
in tumor tissues or draining lymph nodes, which is in favor of
antitumor immunity.*’] However, MDSCs have been reported
to inhibit the interleukin-2 (IL-2)-mediated cytotoxicity of NK
cells by affecting the activity of Stat5 in tumor-bearing mice and
patients.[*®] Here, we investigated the effect of LIC (+) therapy on
NK cell activation in spleen. The percentage of NK cells in spleen
was obviously increased in the LIC (+)-treated mice as compared
to other treatment groups (Figure S13, Supporting Information).
Thus, the LIC nanodrug could elicit strong host antitumor im-
mune effects in primary tumors as well as peripheral immune
organs.

3. Conclusion

A nanodrug incorporating photosensitizer Ce6 and PI3Ky in-
hibitor IPI-549 was prepared for the synergistic photodynamic
therapy and MDSCs-targeting immunotherapy of colon cancer.
This nanodrug possessed good biocompatibility and excellent
tumor-targeting properties. Ce6 delivered to tumor could exert
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Figure 7. Nanodrugs regulated myeloid cells to enhance antitumor immune responses in CT26 tumors. a) MDSCs in tumor tissues after different
treatments determined by flow cytometry (gated on CD11b* cells). b) Statistical analysis of MDSCs (CD11b*Gr-1%) ratio in CD11b* cells in different
treatment groups (n = 6). ¢) M2-like TAMs in tumor tissues after various treatments determined by flow cytometry (gated on CD11b™ cells). d) Statistical
analysis of M2-like TAMs (CD11b*F4/80*CD206™") ratio in CD11b* cells (n = 6). €) Immunohistochemical and immunofluorescent staining of Gr-1
and CD206 in CT26 tumors after different treatments. Scale bar: 50 ym. f) Fluorescence images of nucleus (blue) and PI3Ky (red) expression in CT26
tumors after different treatments. Scale bar: 50 pm. g) Mature DCs in tumor tissues after various treatments determined by flow cytometry (gated on
CD11ct cells). h) Statistical analysis of mature DCs (CD80*CD86%) ratio in CD11b* cells (n = 6). *p < 0.05, **p < 0.01, NS: no significant difference.

Adv. Sci. 2021, 8, 2100712 2100712 (12 O‘F15) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

PDT effects under light irradiation to trigger cascade immune
responses, including immunogenic signals released from tumor
cells, DCs maturing, and infiltration of antitumor T-lymphocytes
in the tumor microenvironment. Meanwhile, IPI-549 released in
the tumor microenvironment could inhibit PI3Ky in MDSCs to
promote proliferation and activation of CD8% T cells, decrease
Tregs, reprogram the polarization of TAMs to M1-like phenotype.
Thus, the LIC-based immunogenic PDT and IPI-549-induced im-
munotherapy via targeting PI3Ky-AKT signaling pathway in MD-
SCs synergistically boosted the antitumor immune effect and im-
mune memory. In animal study, the LIC (+) treatment most sig-
nificantly inhibited the CT26 tumor growth. These results high-
light the great potential of this multifunctional nanodrug for a
highly effective cancer treatment.

4. Experimental Section

Reagents, Synthesis, and Characterization of Nanodrugs: ~Lecithin (PC),
cholesterol (Chol), and DSPE-PEG2000 were obtained from Advanced
Vehicle Technology (shanghai, China). PE was purchased from Macklin
(shanghai, China). IPI-549 was purchased from MedChemExpress Co., Ltd
(Shanghai, China). Chlorin e6 (Ce6) was purchased from J&K Scientific
Co., Ltd. (Shanghai, China). All reagents utilized in current study were an-
alytical grade. For the synthesis of nanodrug loaded with IPI-549 and Ce6
(LIC), a total of 30 mg of PC: PE: Chol: DSPE-PEG2000 (with a molar ratio
of 50: 25: 25: 5), 1.2 mg IPI-549, and 0.3 mg Ce6 were sufficiently dis-
solved in 10 mL chloroform in the dark environment. Then, a rotary evap-
oration procedure (42 °C, 100 rpm, 30 min) was performed to remove
solvent and form lipid films. Next, 5 mL ultrapure water was added to
peel off lipid films. The suitable particle size of nanodrug was obtained
via a probe supersonic method (power level 130 W, 20 kHz, 20 min). Nan-
odrugs loaded with single IPI-549 (LI) or Ce6 (LC) were prepared with only
IP1-549 or Ce6 addition procedure. Further, LIC encapsulated with 0.3 mg
DiR was prepared for in vivo fluorescence imaging. The size distribution
and morphology of the nanodrugs were measured by DLS and transmis-
sion electron microscopy (TEM). The UV-vis absorption spectra of free
Ce6 and nanodrugs were obtained by UV-vis spectrometry. Further, the
fluorescence spectra of free Ce6, LC, and LIC were measured by fluores-
cence spectroscopy at 401 nm excitation. To explore the stability of LIC,
0.1 mL nanolipsome solution was suspended in 0.9 mL PBS containing
10% FBS (pH 7.4, 37 °C). At determined time periods, the diameter of LIC
was measured by DLS. To detect the loading capacity and encapsulation
efficiency of LIC, a dialysis bag (35000 Da) was utilized to remove free
drugs. After ultrafiltration, nanodrugs were freeze dried to a powdery form
for further detection. To explore the cumulative release of Ce6 and IPI-549
in vitro, a 5 mL solution of LIC, filtered through a sterile filter (0.45 pm),
was added to a dialysis bag (14 kDa) which were then transferred into
the 10 mL release medium (PBS containing 0.5% Tween 80, pH 6.5). At
determined time points, 1 mL release medium was taken out for further
detection and simultaneously replaced by the same volume fresh medium.
Ce6 and IPI-549 concentrations were determined by UV spectrophotome-
try and high-performance liquid chromatography, respectively.

In Vitro Cytotoxicity Experiments:  CT26 colon cancer cells were cultured
in Roswell Park Memorial Institute (RPMI)-1640 medium with 10% FBS
and 1% penicillin/streptomycin at 37 °C in an atmosphere of 5% CO,.
Cell Counting Kit-8 (CCK-8) assay was performed to detect cytotoxicity of
nanodrugs with or without light irradiation. Briefly, CT26 cells were seeded
into 96-well plates at a density of 5 x 103 cells per well and cultured for
24 h. Then, the cells were treated with various concentrations of LI, LC,
and LIC for 6 h. After washed with PBS, the cells were irradiated with or
without a 660 nm laser for 1 min (0.8 W cm~2) and cultured for another
24 h. Cell viability was assessed by CCK-8 (Beyotime Biotechnology, China)
detection according to the manufacturer’s protocol.

For apoptosis analysis, CT26 cells were seeded into 24-well plates at
a density of 5 x 10* cells per well and cultured for 24 h. Then, the cells
were treated with PBS, LI, LC, and LIC at an identical concentration of Ce6
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(0.8 x 1078 m). After 6 h of incubation, the cells were washed with PBS
and irradiated with or without a 660 nm laser for 1 min (0.8 W cm™2),
followed by another 24 h incubation. These cells were harvested and
stained with Annexin V-FITC/propidium iodide (PIl, keyGEN BioTECH,
China) for flow cytometry analysis. For immunofluorescent imaging, the
nanodrugs-treated CT26 cells were incubated with Annexin V-FITC/Mito-
Tracker Red CMXRos/Hoechst 33342 (keyGEN BioTECH, China) and ob-
served by CLSM.

For cell cycle analysis, CT26 cells were seeded into 12-well plates at
a density of 2 X 10° cells per well and cultured for 24 h. Then, the cells
were treated with PBS, LI, LC, and LIC at an identical concentration of Ce6
(0.8 x 107 m). After 6 h of incubation, the cells were washed with PBS and
irradiated with or without a 660 nm laser for 1 min (0.8 W cm™2), followed
by another 24 h incubation. These cells were harvested and fixed in ice-
cooled 70% ethanol for 18 h. Then, the cells were stained with RNase A
and Pl (keyGEN BioTECH, China) for 30 min at room temperature. DNA
contents were determined by flow cytometry analysis.

In Vitro Detection of ROS Generation: For flow cytometry analysis,
CT26 cells were seeded into 24-well plates at a density of 5 x 10* cells per
well and cultured for 24 h. Then, the cells were treated with PBS, free Ce6,
LC, and LIC at an identical concentration of Ce6 (0.8 x 107° m). After 6 h
of incubation, the cells were stained with DCFH-DA (Beyotime Biotech-
nology, China) for 0.5 h at 37 °C and then exposed to a 660 nm laser
for 1 min (0.8 W cm~2). These cells were harvested and ROS generation
was determined by flow cytometry analysis. For CLSM imaging, CT26 cells
(1% 10° cells per dish) were seeded into a 35 mm dish with 2 mL RPMI-
1640 culture medium. PBS, Free Ce6, LC, or LIC were added to different
dishes at a same Ce6 concentration (0.8 x 107¢ m) and incubated for 6 h.
The cells were stained with DCFH-DA and 4’,6-diamidino-2- phenylindole
(DAPI) for 20 min at 37 °C and then exposed to a 660 nm laser for T min
(0.8 W cm™2). Then, these cells were observed by CLSM.

In Vitro Determination of Crucial ICD Biomarkers: For flow cytometry
analysis of CRT expression, CT26 cells were seeded into 24-well plates at
a density of 5 x 10* cells per well and cultured for 24 h. Then, the cells
were treated with PBS, free Ce6, LC, and LIC at an identical concentration
of Ce6 (0.8 x 107 m). After 6 h of incubation, the cells were exposed to a
660 nm laser for 1 min (0.8 W cm~2) and cultured for another 24 h. The
cells were harvested and stained with the antimouse CRT antibody (Be-
yotime Biotechnology, China) and a second fluorescent antibody. Finally,
the expression of CRT was detected by flow cytometry. For CLSM imaging,
CT26 cells (1 x 10° cells per dish) were seeded into a 35 mm dish with
2 mL RPMI-1640 culture medium. PBS, Free Ce6, LC, or LIC were added
to different dishes at a same Ce6 concentration (0.8 X 1076 m) and incu-
bated for 6 h. After 6 h of incubation, the cells were exposed to a 660 nm
laser for 1 min (0.8 W cm™2) and cultured for another 24 h. After fixed
with 4% paraformaldehyde for 15 min, the cells were stained with the anti-
mouse CRT antibody (Beyotime Biotechnology, China) for 2 h and subse-
quently labeled with a PE-conjugated secondary antibody for 1 h at room
temperature. After stained with DAPI for 10 min, the expression of CRT
was observed by CLSM.

To examine the release of HMGB 1 and ATP, CT26 cells were seeded into
24-well plates at a density of 5 x 10* cells per well and then cultured for
24 h. The cells were treated with PBS, free Ce6, LC, and LIC at an identical
concentration of Ce6 (0.8 x 1076 m). After 6 h of incubation, the cells were
exposed to a 660 nm laser for 1 min (0.8 W cm~2) and cultured for another
24 h. Then, the cell supernatants were collected and determined using
a HMGB1 ELISA Kit or an ATP ELISA Kit, following the manufacturer’s
instructions.

Live/Dead Viability Assay In Vitro:  CT26 cells (2 x 10° cells per dish)
were seeded into a 35 mm dish with 2 mL RPMI-1640 culture medium.
PBS, Free Ce6, LC, or LIC were added to different dishes at a same Ce6 con-
centration (0.8 X 107 M) and incubated for 6 h. After incubation, the cells
were exposed to a 660 nm laser for 1 min (0.8 W cm~2) and cultured for
another 24 h. Then, the cells were stained with Calcein acetoxymethylester
(AM) (2 x 1076 m) and PI (2 x 1076 m) (keyGEN BioTECH, China) and
observed by CLSM.

MDSCs and CD8* T Cells Purification Experiments: Male BALB/c mice
aged 4-5 weeks were inoculated with CT26 cells to obtain tumor-bearing
mice according to the protocol of animal model. Two weeks after CT26
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cells inoculation, mice were sacrificed and spleens were collected to filter
through a 70 pm filter to prepare a single cell suspension. Then, mononu-
clear cells were obtained using a lymphocyte separation medium. MDSCs
were isolated using the antimouse Gr-1-Biotin antibody and antibiotin Mi-
croBeads (Miltenyi Biotech, Germany) according to the protocol of the
MDSC-kit. The purity of isolated MDSCs was identified by staining with
antimouse CD11b-FITC (BioLegend, USA) and antimouse Gr-1-PE/Cy7
(BioLegend, USA) antibodies and further detected by flow cytometry. For
CD8* T cells purification, normal BALB/c mice aged 4-5 weeks were sac-
rificed and spleens were collected to filter through a 70 pm filter to prepare
a single cell suspension. Similarly, mononuclear cells were obtained using
lymphocyte separation medium and CD8* T cells were directly isolated us-
ing the anti-CD8a (Ly-2) MicroBeads (Miltenyi Biotech, Germany) accord-
ing to the protocol. The purity of isolated CD8* T cells was identified by
incubating with antibodies of antimouse CD3-PerCP/Cyanine 5.5 (BioLe-
gend, USA) and antimouse CD8-APC (BioLegend, USA) and measured by
flow cytometry analysis.

PI3Ky Inhibition Studies In Vitro: Western blot analysis was performed
to identify the expression of PI3Ky in MDSCs. First, total protein was ex-
tracted from purified MDSCs and protein contents were detected by the
bicinchoninic acid (BCA) kit. After separating on a sodium dodecyl sulfate-
polyacrylamide gel electrohoresis (SDS—PAGE) gel, proteins were trans-
ferred to polyvinylidene difluoride membranes and incubated with the
anti-PI3Ky antibody (Abcam, USA) and subsequent a secondary antibody.
Then, PI3Ky proteins were visualized using an electrochemiluminescence
(ECL) kit. Proteins extracted from CT26 and RAW264.7 cells were used as
negative and positive controls, respectively.

For experiments of PI3Ky inhibition in MDSCs, purified MDSCs were
seeded into 24-well plates (5 x 10* cells per well) and cultured in RPMI
1640 medium with 10% FBS and 1% penicillin/streptomycin at 37 °C in
an atmosphere of 5% CO, and treated with PBS, free IPI-549, LI, and
LIC respectively at an identical concentration of IPI-549 (2 ug mL™") for
12 h. For Arg-1 detection, MDSCs were inoculated with fixation and per-
meabilization buffer for 45 min at room temperature. Then, the MDSCs
were labeled with the antimouse Arg-1-APC antibody (ebioscience, USA)
and analyzed by flow cytometry. For ROS detection, MDSCs pretreated
with nanodrugs or controls were inoculated with DCFH-DA (Beyotime
Biotechnology, China) for 20 min at 37 °C and ROS levels in MDSCs were
analyzed by flow cytometry. For apoptosis detection, MDSCs pretreated
with nanodrugs or controls were harvested and stained with Annexin V-
FITC/propidium iodide (keyGEN BioTECH, China) and detected by flow
cytometry. For pAKT and total AKT detection, MDSCs pretreated with nan-
odrugs or controls were incubated with antibodies of antimouse pAKT-
FITC (ebioscience, USA) and antimouse AKT-PE (ebioscience, USA) and
measured by flow cytometry. Purified CD8* T cells were labeled with car-
boxyfluorescein succinimidyl ester (CFSE) (5 x 107® m) and seeded into
24-well plates (5 x 10° cells per well) which were pre-coated with 2 pg mL~"
anti-CD3 antibody (clone 145-2C11), Then, purified MDSCs pretreated by
PBS, free IPI-549, LI or LIC (IPI-549, 2 pg mL”) for 4 h were mixed with
CD8* T cell suspension at a ratio of 1:2. Then, 1 ug mL™" anti-CD28 anti-
body (clone 37.51) and 30 ng mL~" IL-2 were added in MDSCs and CD8*
T cells coculture system. After 64 h, the cells were harvested and stained
with Ghost Dyes (Tonbo Biosciences, USA) and the antimouse CD8-APC
(BioLegend, USA) antibody in order. CFSE signal (gated on live and CD8"
T cells) were analyzed by flow cytometry which represented the prolifera-
tion of CD&* T cells.

Animal Model: Male BALB/c mice aged 3-5 weeks were purchased
from Yancheng Biotechnology Co., Ltd (Guangzhou, China). All animal
experimental procedures were approved by the Institutional Animal Care
and Use Commiittee of the Sun Yat-sen University. To establish a tumor
model, CT26 cells (1 x 10° cells per mouse) were subcutaneously im-
planted in the right axilla. Tumor size and mouse weight were recorded
every day. The tumor volume was calculated using the following formula:
length x width? x 0.5.

In Vivo Fluorescence Imaging:  DiR-labeled LIC was injected into tumor-
bearing mice via the tail vein at a DiR dose of 0.75 mg kg™! body weight.
Then, the fluorescence imaging system (Carestream IS 4000, USA) was
performed to capture fluorescence images in vivo at determined time

Adv. Sci. 2021, 8, 2100712

www.advancedscience.com

points after injection. At 48 h postadministration, fluorescence imaging
of main organs and tumors was captured in vitro.

In Vivo Antitumor Assays and Toxicity to Main Organs:  When tumor vol-
umes reached 250 mm?3, tumor-bearing mice were randomly separated
into five groups (n = 6 per group) and injected with 250 pL of PBS, LI, LI,
LC, and LIC via tail vein once every other day at IPI-549 and Ce6 doses of
3.0 and 0.75 mg kg™ body weight, respectively. Twenty four hours postin-
jection, tumor-bearing mice were exposed to a 660 nm laser for 1 min
(0.8 W cm™2). Tumor size and mouse weight were recorded every two
days. When tumor growth reached ~3000 mm?, the mice were sacrificed
and tumors were dissected for H&E, Ki67, and TUNEL staining and TIME
analysis.

To investigate the toxicity of nanodrugs in vivo, the sera of tumor-
bearing mice were obtained to evaluate liver function (AST, ALT) and renal
function (CR, BUN) at the end of treatment. Simultaneously, main organs
(heart, liver, spleen, lung, and kidney) were obtained from tumor-bearing
mice to perform H&E staining.

Analysis of Host Antitumor Immune Responses: At the end of a treat-
ment course, host antitumor immune responses were analyzed. Specif-
ically, the mice were sacrificed and tumors, as well as spleens, were col-
lected, digested, and prepared single-cell suspensions. To determine T-cell
subpopulations, the suspensions of tumors were stained with antibodies
of antimouse CD3-PerCP/Cyanine 5.5, antimouse CD4-FITC, antimouse
CD8-APC. To determine tumor-associated macrophages (TAMs), the sus-
pensions of tumors were labeled with antibodies of antimouse CD11b-
FITC, antimouse F4/80-APC, antimouse CD16/32-PerCP/Cyanine 5.5, and
antimouse CD206-BV421. To detect MDSCs, the suspensions of tumors
were stained with antibodies of antimouse CD11b-FITC and antimouse
Gr-1-PE/Cy7. To analyze mature DCs, the suspensions of tumors were in-
cubated with antibodies of antimouse CD11c-PE/Cy7, antimouse CD80-
FITC, and antimouse CD&6-BV605. To evaluate the immune memory, the
suspensions of spleens were incubated with antibodies of antimouse CD3-
PerCP/Cyanine 5.5, antimouse CD8-APC, antimouse CD44-AF700, anti-
mouse CD62L-PE. To identify NK cells, the suspensions of spleens were
labeled with antibodies of antimouse CD3-PerCP/Cyanine 5.5 and anti-
mouse CD49-APC. Finally, the populations of immune cells in suspensions
were assessed using flow cytometry. All fluorescent-labeled flow cytomet-
ric antibodies in this part were purchased from BioLegend (San Diego, CA,
USA).

Immunohistochemical and Immunofluorescence Analysis: At the end of
treatments, mice were sacrificed and tumors were collected to prepare
paraffin-embedded sections. For immunohistochemical analysis, the sec-
tions were incubated with primary antibodies and secondary antibod-
ies after deparaffinating, quenching of endogenous peroxidase activity
and blocking with bovine serum albumin (BSA). Then, the sections were
scanned with an optical microscope and interesting areas were captured.
For immunofluorescence analysis, the sections were first deparaffinized
and blocked with BSA. Then, the sections were stained with primary an-
tibodies and secondary fluorescent antibodies sequentially. Finally, these
sections were observed with CLSM and interesting areas were captured.

Statistical Analysis: The data are shown as mean + standard devi-
ation (SD). Statistical differences between two groups were performed
using the unpaired Student’s t-test and the differences between multi-
ple groups were analyzed using one-way analysis of variance (ANOVA)
(GraphPad Prism5, San Diego, CA, USA). Statistical significance is ex-
pressed as *p < 0.05, **p < 0.01, and ***p < 0.001.
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