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Studies show that infiltrated myeloid-derived suppressor cells (MDSCs) are vital in the immunosuppressive

tumor microenvironment and account for lymphoma refractoriness and recurrence. Here, we developed
a biomimetic nanoplatform (PM-PLGA-DOX/GEM) in which platelet membranes (PM) wrap PLGA
nanoparticles co-loaded with doxorubicin (DOX) and gemcitabine (GEM). PM-PLGA-DOX/GEM would
accumulate in tumor tissues because of the enhanced permeation and retention (EPR) effect and the

tumor cell-induced platelet aggregation (TCIPA) effect. GEM could eliminate the MDSCs in tumor
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tissues, thereby reversing the immunosuppressive tumor microenvironment. Furthermore, DOX could

invoke the immunogenic cell death (ICD) of lymphoma cells. Consequently, numerous T cells were
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Introduction

Lymphoma, originating from lymphoid hematopoietic tissues,
is one of the top ten malignant tumors with high mortality. Its
incidence is increasing year by year and appears to be a trend
amongst the younger population.* Until now, chemotherapy has
remained the mainstay for lymphoma treatment. Nevertheless,
conventional chemotherapy has limited efficacy due to cumu-
lative dose effects and non-specific biodistribution of agents.>
In recent years, the treatment of lymphoma has entered a new
era with the rapid development of tumor immunotherapy.®
However, clinical results of immunotherapy are far from satis-
factory compared with its remarkable achievements in
preclinical research.® Studies have shown that the immuno-
suppressive tumor microenvironment accounts for the unsat-
isfactory outcome of immunotherapy in the clinic.>®

Mpyeloid derived suppressor cells (MDSCs), a heterogeneous
and immature population of myeloid cells with suppressive
properties, are considered as the essential cells to maintain the
immunosuppressive tumor microenvironment.” MDSCs can
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recruited and activated to improve the therapeutic effects. This study will offer a potential platform for
clinical treatment of lymphoma and other solid tumors.

suppress both innate and adaptive immune responses, and
lymphoma prognosis is negatively correlated with the infiltrated
number of MDSCs in tumor tissues.*> MDSCs can strongly
suppress the activation and cytotoxicity of T cells and NK cells,
which directly evoke the anti-tumor immune responses.’*'
Furthermore, MDSCs also can stimulate recruitment of regulatory
T cells, another population of immunosuppressive cells, in tumor
sites.”” The wide suppressive activity of MDSCs in immunosup-
pressive tumor microenvironment leads to tumor progression and
refractoriness to a great extent, which renders MDSCs as a poten-
tial target for the effective tumor immunotherapy. Recently, some
therapeutic methods are raised based on MDSCs, such as gem-
citabine that directly damages MDSC, tyrosine kinase inhibitor
that induces MDSC differentiation, and phosphodiesterase type 5
inhibitor that reduces the activity of MDSCs, etc."** However,
these methods have side effects on normal tissues because of the
poor selectivity. Moreover, as MDSCs are a double-edged sword,
excessive clearance of systemic MDSCs takes a risk of evoking
autoimmune diseases." Therefore, it is important to develop new
strategies for selectively depleting MDSCs in tumor tissues rather
than systemic MDSCs, which is still challenging unfortunately.*

Recently, nanoparticles coated with cell membranes are
widely developed as biomimetic drug delivery systems. In
particular, platelet membranes-enveloped nanoparticles have
drawn much attention by virtue of unique features of plate-
lets.’*™® As a natural population of blood cells, platelets are
produced numerously every day with a circulating lifespan of 7-
10 days." Additionally, platelets can adhere to cancer cells by
tumor cell-induced platelet aggregation (TCIPA),*® which may

© 2022 The Author(s). Published by the Royal Society of Chemistry
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be attributed to protein molecule binding such as P-selectin on
platelet membranes (PM) and podocalyxin-like protein 1
(PCLP1) on tumor cells.* These proteins are retained in PM that
prepared from natural platelets.”” PM-enveloped nanoparticles
are expected to actively target tumor sites through the TCIPA
effect. Consequently, platelet membranes endow the coated
nanoparticles with essential properties such as good biocom-
patibility, excellent biodegradability, immune escape, pro-
longed circulation time and tumor accumulation.'®>?

In this study, we establish a biomimetic nanoplatform (PM-
PLGA-DOX/GEM) that PM cloak PLGA nanoparticles co-loaded
with gemcitabine (GEM) and doxorubicin (DOX). For the PM-
PLGA-DOX/GEM, on one hand, platelet membranes can protect
normal cells from the encapsulated drugs, thereby notably
reducing the side effects. On the other hand, platelet
membranes can prevent nanoparticles from immune surveil-
lance and physical clearance. PM-PLGA-DOX/GEM can accu-
mulate in the tumor tissues because of the enhanced
permeation and retention (EPR) effect and TCIPA effect,>**
which will greatly increase the drug concentration in tumor
tissues. GEM can selectively eliminate the MDSCs in tumor
tissues, hence relieving tumor immunosuppression. Further-
more, DOX can induce immunogenic cell death (ICD) of
lymphoma cells.>® ICD has been considered to dramatically
strengthen the tumor cell immunogenicity via arising damage-
associated molecular patterns (DAMPs) and incite T cell acti-
vation finally.>**” Taken together, the therapeutic effects will be
improved remarkably because of the enormously enhanced
anti-tumor immunity (Fig. 1). This study is supposed to offer
a novel strategy for lymphoma treatment based on immuno-
genic activation and immunosuppressive reversion.

Materials and methods

Materials and reagents

DOX and GEM were obtained from MedChemExpress (NJ, USA).
PLGA was bought from Sigma-Aldrich (MO, USA). Cell Counting
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Fig. 1 Schematic illustration of PM-PLGA-DOX/GEM structure and
therapeutic = strategy. PM-PLGA-DOX/GEM nanoparticles are
synthesized by platelet membranes (PM) wrapping PLGA nanoparticles
co-carried with doxorubicin (DOX) and gemcitabine (GEM). They can
accumulate in tumor tissues through the EPR effect and TCIPA effect.
Herein, DOX can induce immunogenic cell death (ICD) of tumor cells,
and GEM can eliminate the filtrated MDSCs in tumors, thus relieving
tumor immunosuppression. The anti-tumor immune responses are
enhanced by the recruited and activated cytotoxic T lymphocytes
(CTLs) based on immunogenic activation and immunosuppressive
reversion.
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Kit-8 (CCK-8) was purchased from Dojindo (Kyushu, Japan). The
Annexin V-FITC Apoptosis Detection Kit was bought from BD
Biosciences (NJ, USA). Monoclonal antibodies to CD8, Gr-1,
CD11b and calreticulin (CRT) were bought from BioLegend
(CA, USA). ELISA Kkits for transforming growth factor-p (TGF-B),
interleukin-10 (IL-10) and high mobility group protein B1
(HMGB1) were bought from CUSABIO (Wuhan, China).

Platelet membrane preparation

Platelets were obtained through centrifugation of whole blood.
Briefly, the whole blood of C57BL/6] mice was drawn with acid-
citrate anticoagulation and centrifuged at 200g for 10 min at
room temperature. The supernatant was collected to obtain
platelet-rich plasma (PRP). Then platelets were collected after
PRP was suffered to centrifugation with 2000g for 20 min and
PBS washing. Platelet membranes were prepared by a multi-
gelation process.” Platelet suspensions added with protease
inhibitors were frozen at —80 °C and then thawed at 25 °C. This
freeze-thaw process was repeated three times to acquire platelet
membranes.

Synthesis of PM-PLGA-DOX/GEM nanoparticles

PLGA-DOX/GEM nanoparticles were synthesized through
a double emulsion and solvent evaporation method. DOX and
GEM were added to 1 M NaOH solution with the concentrations
of 20 mg ml~". PLGA particles were dissolved in dichloro-
methane (50 mg ml~'). These two kinds of solution were mixed
at the volume ratio of 1 : 2 to prepare the first emulsion by 2 min
sonication. Next, 1% poloxamer aqueous solution was added for
another 2 min sonication to obtain the water/oil/water emul-
sion. The solvent was evaporated through gently stirring for 3 h
in a fume hood. PLGA-DOX/GEM nanoparticles were collected
by centrifugation at 80 000g for 5 min, washed by water and
filtrated by 0.2 pm filter membrane. The prepared platelet
membranes as described above were mixed with PLGA-DOX/
GEM nanoparticles in deionized water. The mixture was stir-
red overnight after sonication for 3 min. A “right-side-out”
assembly was obtained because the outer membranes of
platelets are negatively charged and PLGA particles are nega-
tively charged.”” The final PM-PLGA-DOX/GEM nanoparticles
were synthesized after centrifugation.

Characterization

The morphological characteristics of PM-PLGA-DOX/GEM
nanoparticles were observed using a transmission electron
microscope (TEM-2100, JEOL, Japan). The diameter distribution
was detected by dynamic light scattering (BI-9000AT, Broo-
khaven, USA). Drug loading (DL) and encapsulation efficiency
(EE) were analyzed via high performance liquid chromatog-
raphy (HPLC). Drug release behavior was determined by
dynamic dialysis as described previously.*®

Cell culture

As a lymphoma cell line induced in a C57BL mouse, EL4 cells
were obtained from National Collection of Authenticated Cell

RSC Adv, 2022, 12, 28104-28112 | 28105
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Cultures (Shanghai, China). They were cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS) at
37 °C and passaged every three days.

Induction of MDSCs in vitro

Sterile bone marrow cells were collected from femurs and tibias
of C57BL/6] mice. After erythrocyte lysis, the resulting cells were
plated into 6 well plates at a density of 1.5 x 10° cells per well
and induced through 40 ng ml~" IL-6 and 40 ng ml~ " GM-CSF in
the medium for 4 days. MDSCs (CD11b*Gr-1") were obtained via
flow cytometry sorting and cultured in the RPMI 1640 medium
added with 10% FBS, 10 mM HEPES, 2 mM t-glutamine, and 20
uM 2B-mercaptoethanol.

CCK-8 assay

To determine the cytotoxicity of PM-PLGA-DOX/GEM on EL4
cells and MDSCs, CCK-8 assay was carried out. Cells were
seeded into 96-well plates at 1 x 10* cells per well and treated
with PBS (as the control group), DOX, PLGA-DOX, DOX + GEM,
PLGA-DOX/GEM, and PM-PLGA-DOX/GEM, respectively. The
absolute concentrations for DOX and GEM were 0.25 pg ml "
and 0.20 pg ml™ ', respectively. After 24 hour treatment, 10 pl
CCK-8 solutions were added to each well and incubated for
another 3 h. A microplate reader was utilized to determine the
optical density (OD) at 450 nm. Cell viability (%) was calculated
as the formula: ODgeatment/ODcontrol X 100%.

Apoptosis assay

Cell apoptosis was detected by the Annexin V-FITC Apoptosis
Detection Kit. EL4 cells and MDSCs were seeded into in 6-well
plates with a density of 2 x 10° cells per well and treated with
PBS, DOX, PLGA-DOX, DOX + GEM, PLGA-DOX/GEM, and PM-
PLGA-DOX/GEM, respectively. After 24 hour incubation, cells
were collected by centrifugation and washing. Cold binding
buffer was used to resuspend the cells. Afterwards, each tube
was added with 5 pl Annexin V-FITC for 15 minute incubation in
the dark. Apoptosis was analyzed quantitatively using flow
cytometry.

ICD biomarker determination in vitro

The EL4 cells treated as above were fixed by 4% para-
formaldehyde and then incubated with the anti-CRT primary
antibodies for 1 h at 37 °C. Thereafter, the cells were added with
FITC-conjugated secondary antibodies for additional one hour
incubation away from light. Cells were counterstained with
DAPI to present nuclei and further observed with a confocal
microscope to estimate the CRT expression levels. Additionally,
HMGB1 released from EL4 cells was analyzed by HMGB1 ELISA
kit.

MDSC suppressive assay

The treated MDSCs as above were co-cultured with autologous T
cells at different ratios of 1:1, 1:5, and 1:10 for 4 days.
Culture medium was supplemented with anti-CD3/CD28 anti-
bodies as T-cell stimulators. The MDSC suppressive effect on T-
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cell proliferation was measured using *H-thymidine incorpo-
ration assay that cells were pulsed with 0.5 pCi per well *H-
thymidine. *H-Thymidine incorporation was measured using
a multi-purpose scintillation counter.

Establishment of lymphoma-bearing mouse model

8 week old female C57BL/6] mice were purchased from the
Comparative Medicine Center of Yangzhou University (Yangz-
hou, China). All animal experiments were approved by the
Animal Ethics Committee of Yangzhou University and per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Yangzhou University. EL4 cells (100 pl) at
the density of 2 x 107 cells per ml were administrated subcu-
taneously to establish lymphoma-bearing mouse model. Tumor
sizes were measured every two days and tumor volumes were
figured using the formula: 1/2 x length x width®. When the
volume reached 80-150 mm?, the model was considered to be
established successfully.

In vivo distribution of PM-PLGA-DOX/GEM

After being injected intravenously with PLGA-DOX/GEM or PM-
PLGA-DOX/GEM nanoparticles (DOX 5 mg kg '), the
lymphoma-bearing mice were sacrificed at different time points
(2, 4, 8, 12 and 24 h). Their major organs and tumors were
separated, weighed, lysed and homogenized. Acidified iso-
propanol was used to extract DOX in the tissue homogenate.
The extracted supernatant was analyzed using HPLC after
centrifugation.

Therapeutic efficacy in vivo

Lymphoma-bearing mice were randomly allocated into 6
groups, namely control group (PBS), DOX group, PLGA-DOX
group, DOX + GEM group, PLGA-DOX/GEM group, and PM-
PLGA-DOX/GEM group. Each group had 5 mice and each
mouse was injected intravenously every 2 days via tail vein. For
a single dose, the equivalent dosage of DOX was 1 mg kg™ and
GEM was 2 mg kg '. Relative tumor volume (RTV) was calcu-
lated as V/V,, where V, signifies the initial volume before
treatment. Tumor tissues were isolated after the mice were
sacrificed on day 12 post treatment. The tumors isolated from
mice were sectioned after formalin fixing paraffin embedding.
Staining with hematoxylin and eosin (H&E), Ki67 and TUNEL
was performed to evaluate the therapeutic effects.

Anti-tumor immunity in vivo

Tumor tissue sections were suffered to immunofluorescence
assay to access the anti-tumor immunity in tumors. The paraffin
section were deparaffinized and retrieved. After BSA blocking,
they were incubated with primary antibodies (CRT, CD8, CD11b
and Gr-1) overnight in a humidified box at 4 °C. PE-conjugated
goat anti-rabbit antibodies were used as secondary antibodies
for CRT, CD8 and CD11b. The secondary antibody for Gr-1 was
labelled with FITC. With nuclei stained with DAPI, immuno-
fluorescence was observed using confocal microscopy and
typical images were taken.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Safety assessment

To estimate the in vivo safety of PM-PLGA-DOX/GEM, healthy
C57BL/6] mice were administrated intravenously with PBS,
DOX, PLGA-DOX, DOX + GEM, PLGA-DOX/GEM, and PM-
PLGA-DOX/GEM, respectively. On day 12 after treatments,
blood serum was obtained for biochemical test. Creatine
kinase-MB (CK-MB), alanine transaminase (ALT) and creatinine
(CRE), which respectively reflects myocardial injury, hepatic
function, and renal function, were determined. Major organs,
including heart, lung, liver, spleen and kidney, were isolated
from the sacrificed mice and made into section. After H&E
staining, an optical microscope was used to capture histo-
pathological changes.

Statistical analysis

One-way ANOVA followed by SNK test was utilized to analyze
data by the SPSS software (version 13.0). A P-value < 0.05 was
considered statistically significant (*P < 0.05, **P < 0.01, ***P <
0.001).

Results and discussion
Characterization of PM-PLGA-DOX/GEM nanoparticles

The morphology of PLGA-DOX/GEM and PM-PLGA-DOX/GEM
nanoparticles was detected by TEM. As displayed in Fig. 24,
both PLGA-DOX/GEM and PM-PLGA-DOX/GEM nanoparticles
showed a homogeneously dispersed spherical morphology with
diameter of about 150 nm and 180 nm, respectively. For drug
delivery, the diameters are desired because particles with sizes
less than 10 nm could be quickly removed by renal clearance
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Fig. 2 Characterization of PM-PLGA-DOX/GEM nanoparticles. (A)
TEM images of PLGA-DOX/GEM and PM-PLGA-DOX/GEM nano-
particles. (B) Stability of PM—PLGA-DOX/GEM in PBS and 20% serum
at 37 °C. (C) Drug loading (DL) and encapsulation efficiency (EE) of
PLGA-DOX/GEM and PM—-PLGA-DOX/GEM nanoparticles. (D) Drug
release profiles of PM—PLGA-DOX/GEM nanoparticles in PBS at pH =
7.4 and pH = 5.5.
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while particles more than 200 nm could not passively target
tumors through the EPR effect.”® Furthermore, platelets could
bind to tumor cells (Fig. S11) while platelet membranes that we
prepared retained these specific proteins (Fig. S27), suggesting
that platelet membranes would facilitate accumulation of the
cloaked nanoparticles in tumors. As shown in Fig. 2B, platelet
membrane-cloaked PLGA nanoparticles indicated favorable
stability in serum and PBS without aggregation and precipita-
tion. The drug loading (DL) and encapsulation efficiency (EE) of
PM-PLGA-DOX/GEM nanoparticles were detected by HPLC
(Fig. 2C). For DOX, the DL was 3.81 + 0.27% and EE was 79.16 +
0.35%. For GEM, the DL and EE were 3.67 & 0.32% and 75.43 £+
0.48%, respectively. Furthermore, the in vitro release profiles of
PM-PLGA-DOX/GEM nanoparticles were determined (Fig. 2D).
Nearly 70% of both DOX and GEM were released within 12 h in
PBS at pH = 5.5, while the cumulative release of DOX and GEM
were only approximately 30% in 24 h when PM-PLGA-DOX/
GEM nanoparticles dispersed in PBS with pH = 7.4. These
results demonstrate that PM-PLGA-DOX/GEM nanoparticles
have a pH-triggered release pattern, resulting in high concen-
tration of drugs in tumor tissues on account of tumor acidic
microenvironment.*®

In vitro anti-tumor efficacy

The cytotoxicity of PM-PLGA-DOX/GEM nanoparticles on EL4
cells was assessed using CCK-8 assay. As shown in Fig. 3A, the
cell viabilities of EL4 cells treated with DOX, DOX + GEM, PLGA-
DOX, PLGA-DOX/GEM, and PM-PLGA-DOX/GEM were obvi-
ously inhibited compared with the control group and there was
a higher inhibition rate in PM-PLGA-DOX/GEM group than any
other groups (P < 0.05). Moreover, flow cytometric analysis of
EL4 cell apoptosis was conducted. EL4 cells were cultured with
the indicted treatments for 24 hour and then stained with
Annexin V-FITC (Fig. 3B). The apoptosis rates were significantly
increased in treatment groups (P < 0.05). Particularly, the PM-
PLGA-DOX/GEM group had a higher rate compared with PLGA-
DOX/GEM (P < 0.05) while there was no significant difference
between the DOX + GEM and PLGA-DOX/GEM groups.

This phenomenon can be explained by the EPR effect of
nanoparticles failed in vitro.** The consistent results of cell
viability inhibition and apoptosis reveal that platelet
membrane-coated nanoparticles could enhance drug toxicity
through relatively targeted drug delivery to tumor cells, thus
improving the anti-tumor effects.

Recently, immunogenic cell death (ICD) has emerged
emphatically and been recognized to remarkably aggrandize the
tumor cell immunogenicity through arising damage-associated
molecular patterns (DAMPs) and ultimately activating effector T
cells. Therefore, ICD plays an essential role in anti-tumor
immunity.*” It has been reported that some chemotherapeutic
agents including DOX can evoke ICD.*® To investigate whether
ICD was similarly elicited by our DOX formulation, we next
investigate CRT and HMGBI1 that reflect the degree of ICD using
immunofluorescence and ELISA, respectively. As Fig. 3C and
S3t illustrate, the fluorescence signals of CRT on EL4 cell
surface in treatment groups were obviously stronger than the

RSC Adv, 2022, 12, 28104-28112 | 28107
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Fig.3 Cytotoxicity of PM—PLGA-DOX/GEM on EL4 cells. (A) Cell viability of EL4 cells subjected to PBS (control), DOX, PLGA-DOX, DOX + GEM,
PLGA-DOX/GEM, and PM-PLGA-DOX/GEM, respectively. (B) Flow cytometric analysis of EL4 cell apoptosis. EL4 cells were cultured with the
indicted treatments for 24 h and then stained with Annexin V-FITC. (C) CRT immunofluorescence on EL4 cells with different treatments. Scale
bars: 20 um. (D) HMGBL levels released from EL4 cells with different treatments were detected by ELISA in the supernatant. All experiments were

repeated three times. *P < 0.05, **P < 0.01, ***P < 0.001.

control group, and the PM-PLGA-DOX/GEM group appeared
the best outcome among all groups (P < 0.01). The HMGB1
levels released from EL4 cells were in accordance with the CRT
fluorescence with the highest concentration in PM-PLGA-DOX/
GEM group (Fig. 3D, P < 0.01). Given these results, PM-PLGA-
DOX/GEM nanoparticles could elicit favorable ICD to further
activate effector T cells.

Cytotoxic activity of PM-PLGA-DOX/GEM nanoparticles on
MDSCs in vitro

GEM, as an antimetabolite chemotherapeutic agent, was re-
ported to be particularly promising in eliminating MDSCs
compared with other chemotherapeutics,****> and we further
assessed the efficacy of PM-PLGA-DOX/GEM nanoparticles to
MDSCs. Bone marrow cells of mice were induced by IL-6 and
GM-CSF and then sorted by flow cytometry to obtain MDSCs, as

28108 | RSC Adv, 2022, 12, 28104-28T112

previously described.*® As shown in Fig. 4A, DOX + GEM, PLGA-
DOX/GEM and PM-PLGA-DOX/GEM nanoparticles dramati-
cally reduced the cell viability of MDSCs (P < 0.01), while free
DOX and PLGA-DOX nanoparticles slightly impaired MDSCs
compared with the control. Consistently, a considerable MDSC
apoptosis was detected in DOX + GEM, PLGA-DOX/GEM and
PM-PLGA-DOX/GEM groups (Fig. 4B, P < 0.01). These results
suggest that GEM in the nanoparticles retained the ability of
eliminating MDSCs.

MDSCs have a wide and cross-talk immunosuppressive
activity as a critical component in immunosuppressive tumor
microenvironment. Through secreting some cytokines, like
TGF-B and IL-10, MDSCs can induce the expansion of regulatory
T cells and compromise the function of T cells and natural killer
cells. MDSCs also can directly suppress T cell proliferation,
hence inhibiting the anti-tumor immune responses promi-
nently.***” In order to evaluate the impact of PM-PLGA-DOX/

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04326b

Open Access Article. Published on 03 October 2022. Downloaded on 8/7/2025 9:45:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
995 051 m 29 00 <1682 318
100 o] -
* = - = 007
S~ 80 8 8 3
g 2007 2007
: ol
£ w
I
-(% okl *k Kk ’ T Y ’ ~ Ta °
'; 404 a0 0 w0 0* 0° 0w oo w0 0* 0’ w0 o W 0* 0°
Control DOX PLGA-DOX
8 20+ . ‘ \ wfne o2 | wodar 23 e e
0- T T T 200 - 200
C & &S S 8 ] 8 ] 30
& O P FF S
¢ & o O )
QV Q Q 100 100 100
& X
Q&Y o Lo A o .
Q“ S’ o W W W W@ o W W W o w w
DOX+GEM PLGA-DOX/GEM PM-PLGA-DOX/GEM
C 600- D
20000
—_ == Control
-l
= DOX
£ 400 s | -
= . 15000 = PLGA-DOX
2 3 == DOX+GEM
2 2004 o 10000+ == PLGA-DOX/GEM
a bl == PM-PLGA-DOX/GEM
T 50004
0_ Ll
&‘o\ o
GO

Fig. 4 Cytotoxic effects of PM—PLGA-DOX/GEM on MDSCs in vitro. (A) Cell viability of MDSCs respectively treated with PBS (control), DOX,
PLGA-DOX, DOX + GEM, PLGA-DOX/GEM, and PM-PLGA-DOX/GEM for 24 h. (B) MDSC apoptosis after 24 hour treatments was investigated
by flow cytometry with Annexin V-FITC staining. (C) IL-10 and TGF- secreted by MDSCs in the medium were detected by ELISA. (D) Inhibitory
effect of MDSCs on T cells was investigated using MDSC suppressive assay. All experiments were repeated three times. *P < 0.05, **P < 0.01.

GEM nanoparticles on MDSC immunosuppressive efficacy, we
further determined the IL-10 and TGF-B secretion and per-
formed T cell suppression assays. After MDSCs were cultured
for 24 h with different treatments, the supernatant was detected
using ELISA. As Fig. 4C exhibits, the secretion of both IL-10 and
TGF-B was decreased by DOX + GEM, PLGA-DOX/GEM and PM-
PLGA-DOX/GEM nanoparticles (P < 0.05). MDSCs induced from
bone marrow after different treatments were co-cultured with
autologous T cells stimulated by anti-CD3/CD28 Abs at ratios of
1:1,1:5,and 1: 10, respectively. The T cell proliferation was
determined by incorporated *H-thymidine. As shown in Fig. 4D,
the *H-thymidine incorporation was increased notably in the
DOX + GEM, PLGA-DOX/GEM and PM-PLGA-DOX/GEM groups
at ratios of 1:1 and 1:5 (P < 0.05), implying that inhibitory
effect of MDSCs on T cell proliferation was impaired by GEM in
different formulations.

In vivo anti-tumor efficacy

PM-PLGA-DOX/GEM nanoparticles are expected to achieve
enrichment in the tumor sites by taking advantage of the EPR
effect and TCIPA effect, thus improving the drug concentration
in tumor tissues. Therefore, in vivo distribution profiles of PM-
PLGA-DOX/GEM nanoparticles were detected (Fig. 5A and B). In
the PM-PLGA-DOX/GEM group, the concentrations of DOX in
tumor tissues were about 2 folds as the PLGA-DOX/GEM group,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Distribution of PM—PLGA-DOX/GEM nanoparticles in vivo.
Lymphoma-bearing mice were treated with PLGA-DOX/GEM nano-
particles (A) and PM-PLGA-DOX/GEM nanoparticles (B) and sacrificed
at different time points (n = 5).

which reveals that platelet membrane can greatly improve the
concentration of tumor tissues by active targeting.

Next, the in vivo anti-tumor effects of PM-PLGA-DOX/GEM
nanoparticles further
bearing mice were established in this experiment. As shown
in Fig. 6A and B, tumors in the control group displayed
a marked growth. In contrast, the tumor sizes in all treatment
groups decreased compared with the control group. The average
tumor volumes that were treated with DOX, PLGA-DOX, PLGA-
DOX/GEM, and PM-PLGA-DOX/GEM successively decreased,
along with the smallest one in the PM-PLGA-DOX/GEM group
(P < 0.01). To further evaluate the therapeutic effects, tumor
tissues in different groups were sectioned and suffered to
different staining. In Fig. 6C for H&E staining, tumor tissues

were investigated. EL4-lymphoma-
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Fig. 6 Therapeutic effects of PM—PLGA-DOX/GEM nanoparticles in vivo. (A) Representative subcutaneous tumors isolated from lymphoma-
bearing mice with different treatments at day 12. (B) Relative tumor volume—time curves after treatments in different groups. (C) Histopatho-
logical changes of tumors from lymphoma-bearing mice treated with different formulations for 12 days. Scale bar: 50 um. (D) Immunohisto-
chemical staining images for Ki67 in tumors from different groups. Scale bar: 20 um. (E) Fluorescence images for TUNEL staining in tumors
isolated from mice that received different treatments. DAPI was utilized to counterstain nuclei. Scale bar: 20 um, *P < 0.05, **P < 0.01 (n = 5).

presented extensive necrosis and apoptosis in the PM-PLGA- In vivo immune microenvironment
DOX/GEM group. From the Ki67 staining images (Fig. 6D), we
could found the tumor tissues had the least Ki67 expression,
a proliferation marker, after PM-PLGA-DOX/GEM treatment.
Meanwhile, the massive apoptosis in tumor tissues treated with
PM-PLGA-DOX/GEM nanoparticles were observed (P < 0.01), as
the TUNEL staining exhibited (Fig. 6E and S47). These results
consistently revealed the superior therapeutic efficacy of PM-
PLGA-DOX/GEM.

Since the favorable therapeutic efficacy of PM-PLGA-DOX/GEM
has been verified, the tumor immune microenvironment was
further investigated. Firstly, the expression of CRT exposed on
the cell surfaces was determined in tumor tissues, which re-
flected the levels of ICD that could make the dead cells ‘visible’
to antigen presenting cells and then stimulate T cell activation.
In Fig. 7A and S5A,7 we can find that green fluorescence in

1dva/14d

1dva/1-49/911ad

1dva/gad

Control PLGA-DOX DOX+GEM PLGA-DOX/GEM PM-PLGA-DOX/GEM

Fig.7 Effects of PM=PLGA-DOX/GEM nanoparticles on anti-tumor immunity in vivo. (A) CRT immunofluorescence of EL4 tumor sections from
different groups. CRT was labelled with PE and DAPI was used to counterstain nuclei. Scale bar: 20 um. (B) Immunofluorescence for MDSCs
(CD11b*Gr-1%) infiltrated in tumor tissues that subjected to indicated treatments. CD11b was marked by PE and Gr-1 was labelled by FITC. Scale
bar: 50 um. (C) Detection of CD8" T cells in tumor tissues with PE-labelled CD8 and DAPI staining. Scale bars: 20 um (n = 5).
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treatment groups were stronger than that in control group with
the strongest fluorescence in the PM-PLGA-DOX/GEM group (P
< 0.01). This result demonstrates that PM-PLGA-DOX/GEM
remarkably increased the CRT exposure and improved the
ICD level of tumor cells.

Besides the predominant ICD level in vivo, the introduction
of GEM was hypothesized to reduce the infiltrated MDSCs,
which are recognized as crucial immunosuppressive cells. After
different treatments, MDSCs infiltrated in tumor tissues were
detected by immunofluorescence and flow cytometry with PE-
labelled CD11b and FITC-labelled Gr-1. As shown in Fig. 7B,
S5B and S6,f the number of MDSCs (CD11b'Gr-1") in tumor
tissues was decreased in the DOX + GEM, PLGA-DOX/GEM and
PM-PLGA-DOX/GEM groups, especially in the PM-PLGA-DOX/
GEM group. MDSCs can suppress the anti-tumor immune
responses by secreting a lot of cytokines, such as TGF-B and IL-
10. Therefore, we detected their secretion from MDSCs to
further reveal the immunosuppressive function (Fig. S7t). As we
can see, PM-PLGA-DOX/GEM treatment significantly reduced
both TGF-B and IL-10 secretion from MDSCs than other groups
(P < 0.05), thus reversing MDSC immunosuppression. To eval-
uate the anti-tumor immunity, we further assessed the infil-
trated cytotoxic T lymphocytes (CTLs, CD8") in tumors in
different groups. From Fig. 7C, S5C and S8, we can obviously
find many CTLs in tumor tissues in the PLGA-DOX/GEM and
PM-PLGA-DOX/GEM groups. Moreover, the PM-PLGA-DOX/
GEM group had more CTLs than PLGA-DOX/GEM group (P <
0.05), which demonstrates the superiority of platelet
membranes in drug delivery. Taken together, PM-PLGA-DOX/
GEM nanoparticles could enhance anti-tumor immunity
through immunogenic activation and immunosuppressive
reversion, thus improving the anti-tumor effects.

iy
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Fig. 8 In vivo toxicity of various formulations on normal cells and
tissues. (A) CK-MB, ALT, and BUN concentrations in serum at day 12
post-injection. (B) H&E-staining images of heart, lung, liver, spleen and
kidney. Scale bar: 200 um (n = 5).
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In vivo safety assessment

Healthy C57BL/6] mice were utilized in this experiment. After
different treatments, the general conditions of mice, including
eating, behaviour, and physical features, had no apparent
changes.

Additionally, there was no significant difference in CK-MB,
ALT and CRE levels among all groups (Fig. 8A). The toxicity to
major organs was also evaluated by H&E staining. As Fig. 8B
shows, no obvious pathological changes happened in any
organs from PM-PLGA-DOX/GEM treated mice. As a result,
PM-PLGA-DOX/GEM nanoparticles are promising for tumor
clinical treatment with good biocompatibility.

Conclusions

In summary, we successfully synthesized PM-PLGA-DOX/
GEM biomimetic nanoparticles with high encapsulation effi-
ciency and good biocompatibility. PM-PLGA-DOX/GEM can
make drugs accumulate in tumor tissues via EPR and TCIPA
effects to improve the drug concentration. Hereinto, DOX can
induce immunogenic cell death of lymphoma cells, while GEM
can eliminate the MDSCs in tumor tissues. Therefore, PM-
PLGA-DOX/GEM nanoparticles could enhance anti-tumor
immune responses through immunogenic activation and
immunosuppressive reversion, thus improving the anti-tumor
effects. This study provides a potential strategy for tumor
clinical treatment.
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