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KEY WORDS Abstract Immunotherapy has revolutionized the landscape of cancer treatment. However, single
immunotherapy only works well in a small subset of patients. Combined immunotherapy with antitumor
synergism holds considerable potential to boost the therapeutic outcome. Nevertheless, the synergistic,
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fabricated by coating M1 macrophage-derived EVs on the surface of the nano-complex cores assembled
with siRNA against PAK4 and a photoactivatable polyethyleneimine. The engineered EVs induced potent
PAK4 silencing and robust immunogenic phototherapy, thus contributing to effective antitumor effects
in vitro and in vivo. Moreover, the antitumor synergism of the combined treatment was quantitatively
determined by the CompuSyn method. The combination index (CI) and isobologram results confirmed

that there was an antitumor synergism for the combined treatment. Furthermore, the dose reduction index
(DRI) showed favorable dose reduction, revealing lower toxicity and higher biocompatibility of the en-
gineered EVs. Collectively, the study presents a synergistically potentiated cancer treatment modality by
combining PAK4 silencing with immunogenic phototherapy in engineered EVs, which is promising for
boosting the therapeutic outcome of cancer immunotherapy.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Immunotherapy has achieved remarkable success in combatting
cancers. However, cancer cells exploit various tactics to adapt,
evade and even resist immune attack'. Single immunotherapy
frequently leads to treatment failure due to different adaptive
immune resistance, and only a small fraction of patients (i.e.,
10%—30%) benefit from the treatment’. Nowadays, various stra-
tegies have been developed to enhance the response rate of cancer
immunotherapy'. For example, patients are generally stratified as
potential responders versus no-responders, and only responders
receive specific immunotherapy. Another promising strategy is to
develop combined immunotherapy, especially for that with syn-
ergistic antitumor effects, to promote proper treatment modalities
are synergized to maximize the therapeutic outcome” .

Tumor-cell-intrinsic immune exclusion and the poor immuno-
genicity of the tumor microenvironment (TME) are two primary
mechanisms accounting for the low response rate of cancer immu-
notherapy®’. P21-activated kinases 4 (PAK4) is a well-known driver
for the proliferation, development, and progression of various tumor
malignancies, such as melanomas, colorectal carcinoma, breast
cancer, and pancreatic cancer®’. More recently, it has been identified
that PAK4 represents a key tumor “guard” for immune exclusion.
PAK4 could promote the phosphorylation and nuclear translocation
of the transcription factor $-catenin, thus activating the Wnt/$-cat-
enin pathway, an oncogenic signaling pathway involving in exclu-
sion of tumor-infiltrating immune cells'™''. To this end,
downregulation of PAK4 expression can not only inhibit the survival
of cancer but also can boost intratumoral immune infiltration. To
trigger potent antitumor effects, effective PAK4 silencing should be
combined with strategies that can enhance the immunogenicity of
TME. Phototherapy is typically able to induce immunogenic cell
death (ICD) and thus directly kill cancer cells. Additionally, the
lysed tumor cells can in turn release damage-associated molecular
patterns (DAMPs) and tumor antigens. These signals can further
increase tumor immunogenicity and promote the maturing of
antigen-presenting cells such as dendritic cells (DCs), which finally
results in the activation of cytotoxic CD8™ T cells'* '*. During the
last few years, combining immunogenic phototherapy with other
immunotherapies has attracted ever-growing attention™'>. However,
the synergistic, additive, and antagonistic antitumor effect of the
combined treatment has been rarely explored.

Extracellular vesicles (EVs) are naturally occurring
membrane-enclosed vesicles secreted by almost all cell types.

Owing to the role of natural RNA nanocarriers, EVs have sparked
intensive interest in the delivery of diverse nucleic acid thera-
peutics, including siRNAs, miRNAs, mRNAs, ASOs, and other
types of RNAs'®"', In addition, several pharmaceuticals in the
EV industry, such as Codiak Biosciences and EVOX Therapeutics,
have harnessed EVs for nucleic acid therapy. EVs are character-
ized by numerous favorable characteristics for therapeutic de-
livery, such as excellent biocompatibility, low immunogenicity,
protection of nucleic acid therapeutics, intrinsic targeting capacity,
circulation stability, the capacity of crossing biological mem-
branes, and the ability to gain direct cytosolic delivery'®22%,
Moreover, EVs derived from specific cell types possess some
unique characteristics analogous to their parental cells. For
example, M1 macrophages possess innate inflammation-directed
tumor accumulation properties. Due to cellular originality, EVs
derived from M1 macrophages also possess the tumor tropism
property>>>*. However, the clinical translation of EVs is still
constrained by low isolation yield and loading efficiency .
Under this circumstance, engineering bioinspired EV-like nano-
systems can simultaneously take advantage of the unique prop-
erties of EVs and the facile preparation and cargo loading of
synthetic nanoparticles”’ .

In this study, a synergistic cancer treatment modality was
established by combining PAK4 silencing with immunogenic
phototherapy in engineered EVs. To this end, siRNA against the
target PAK4 (siPAK4) was complexed with a chlorin e6 (Ce6)-
conjugated, thioketal-linked polyethyleneimine (TPC) to obtain the
photoactivatable nano-complexes (TPCS). Then, TPCS was
encapsulated by M1 macrophage-derived EVs to generate the
engineered EVs (TPCS@EV). TPCS@EV could simultaneously
silence the expression of PAK4 and induce robust immunogenic
phototherapy in vitro and in vivo, thereby, contributing to effective
antitumor effects. As quantitively confirmed by using the Compu-
Syn software (ComboSyn, Inc., Paramus, NJ), the combined treat-
ment of the engineered EVs exhibited antitumor synergism between
PAK4 silencing and immunogenic phototherapy, thus contributing
to synergistically potentiated therapeutic outcomes (Fig. 1).

2. Materials and methods
2.1. Materials

Lipofectamine 2000 (Lipo 2000) (Thermo Fisher Scientific,
Waltham, USA); siPAK4, scramble siRNA (siNC) and Cyanine 5-
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Schematic depiction of the synergistic cancer treatment modality of engineered EVs (TPCS@EV) by combining PAK4 silencing with

immunogenic phototherapy. siRNA against the drug target PAK4 (siPAK4) was complexed with a chlorin e6 (Ce6)-conjugated, reactive oxygen
species (ROS)-degradable polyethyleneimine (TPC) to form the nano-complexes (TPCS). Subsequently, the TPCS nano-complex cores were
encapsulated by M1 macrophage-derived EVs to construct the engineered EVs (TPCS@EV). TPCS@EV could elicit potent PAK4 silencing and
robust immunogenic phototherapy, thus contributing to synergistically boosted antitumor therapeutic outcomes.

labeled siNC (Cy5 siNC) (Suzhou Ribo Life Science, Jiangsu,
China); branched PEI (1.8 kDa) and Ce6 (J&K Chemical,
Shanghai, China); 2,7-dichloro-dihydro-fluorescein diacetate
(DCFH-DA) (Yeasen, Shanghai, China); Annexin V-FITC/propi-
dium iodide (Annexin V-FITC/PI) staining kit (Yeasen, Shanghai,
China); 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich, St. Louis, USA); anti-PAK4
antibody (14685-1-AP), anti-calreticulin (CRT) antibody and
anti-(-Actin antibody (20536-1-AP) (Proteintech, Chicago, USA);
horseradish peroxidase-conjugated secondary antibody (ZSGB-
Bio, Beijing, China); mouse high mobility group box 1 protein
(HMGB1) ELISA kit (Nanjing Jin Yibai Biotechnology, Nanjing,
China); adenosine triphosphate (ATP) assay kit (Beyotime
Biotechnology, Shanghai, China).

2.2.  Cell culture and animals

RAW264.7, B16F10, and CT26 cells expressing firefly luciferase
(CT26-Luc) cells were obtained from the Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences.
RAW264.7 and B16F10 cells were maintained in DMEM sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin, while CT26-Luc cells were cultured in RPMI 1640
supplemented with 10% FBS and 1% penicillin-streptomycin.
Cultures were maintained in a humidified atmosphere of 5% CO,
at 37 °C.

C57BL/6J mice (female, 6—8 weeks) and BALB/c mice (fe-
male, 6—8 weeks) were bought from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. All animal experiments were
performed under the guidelines of the Institutional Animal Care
and Use Committee (IACUC) of Beijing Institute of Technology

(approval number,

202016).

BIT-EC-SCXK (Beijing) 2016-0006-M-

2.3.  Preparation of the engineered EVs

The engineered EVs (TPCS@EV) were prepared by coating M1
macrophage-derived EVs on the surface of TPCS nano-complex
cores formed between siPAK4 and Ce6-conjugated, thioketal-
linked polyethyleneimine (TPC). EVs were isolated by ultra-
centrifugation at 100,000 xg, 4 °C for 90 min using an Optima
XPN-100 centrifuge (Beckman Coulter, Germany). The isolated
EVs were subjected to a hypotonic treatment to isolate the EV
membrane through incubation with a mixture buffer consisting
of Tris (2 mmol/L), MgCI2 (1 mmol/L), KCI (1 mmol/L), and 1%
(w/v) protease inhibitor cocktail at 4 °C overnight3l. The identity
of EVs was evaluated by western blot, transmission electron mi-
croscopy (HT7700, Hitachi, Japan) imaging, nanoparticle tracking
analysis (ZetaView PMX120, Particle Metrix, Germany), and
CytoFLEX Flow Cytometer (Beckman, Germany). The photo-
activatable polyethyleneimine (TPC) was synthesized by cross-
linking PEI with thioketal and conjugating with Ce6, according
to our previous work®>. TPC was complexed with siPAK4 to
obtain the TPCS nano-complex cores at a weight ratio of 10:1
between TPC and siPAK4. Encapsulation of TPCS nano-complex
cores by EVs was achieved by using an extrusion approach re-
ported previously”'. Briefly, EVs were mixed homogenously with
TPCS nano-complexes at an optimized weight ratio between EVs
and TPCS of 1:1. The mixture was then physically co-extruded
through a 200 nm polycarbonate membrane for 11 passes using
a mini-extruder (Avestin LiposoFast LF1, Canada). The encap-
sulation of TPCS by EVs was characterized by using several
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approaches, including confocal laser scanning microscopy
(CLSM, Zeiss Z-760, Germany), NanoView (ExoView R200,
USA), transmission electron microscopy (TEM), dynamic light
scattering (DLS) and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). To characterize the storage stability,
the particle size of TPCS@EV and TPCS nanoparticles in phos-
phate buffer saline (PBS) before and after storing at room
temperature away from light for 24 h was measured. The encap-
sulation efficiency of siPAK4 by TPCS@EV was determined by
using the Quant-iT RiboGreen RNA assay. To characterize the
reactive oxygen species (ROS)-responsive characteristic, the
morphology and siRNA release properties of TPCS@EV with or
without laser irradiation were measured by using TEM and
agarose gel retardation assay, respectively. The tumor tropism
properties of TPCS@EV, TPCS, and EVs were evaluated in
B16F10 tumor-bearing mice by using in vivo fluorescence imaging
(PerkinElmer, USA).

2.4.  Determination of PAK4 silencing in vitro

First, the cellular uptake of TPCS@EV was examined. B16F10
were seeded in glass-bottom dishes (5 x 10% cells/dish) and
cultured overnight. Cells were individually transfected with free
Cy5 siNC, and Cy5 siNC-loaded TPCS and TPCS@EYV for 4 h at
a siRNA concentration of 100 nmol/L. Then, cells were stained
with Hoechst 33342 and observed by CLSM. The PAK4 silencing
activity of TPCS@EV was determined by using quantitative real-
time PCR (qQRT-PCR) and Western blot. B16F10 cells were seeded
in 6-well plates at a density of 2 x 10° cells/well. The culture
medium was discarded after culturing for 24 h, and opti-MEM
supplemented with TPCS*NC@EV or TPCS@EV nanoparticles
with a final siRNA concentration of 100 nmol/L was added. After
incubation at 37 °C for 4 h, a fresh complete medium was used to
replace opti-MEM. Cells in photo-treatment groups were sub-
jected to 660 nmol/L laser irradiation (0.1 W/cm?, 2 min). After
incubation for another 44 h, the mRNA and protein levels of PAK4
were determined by qRT-PCR and western blot, respectively.

For gqRT-PCR analysis, the total RNA in different groups was
isolated with TRIzol reagent (Sigma-Aldrich), reversely tran-
scribed with TransScript cDNA Synthesis SuperMix (TransGen
Biotech), and subjected to PCR amplification with PCR SuperMix
(YEASEN), according to the manufacturer’s instructions. The
stable housekeeping gene GAPDH was adopted as the endogenous
reference. The used primers included PAK4 (F): 5'-
CGCCAAGCCGATGAGTAAC-3', PAK4 (R): 5-AGGGCCT-
TAGCACAGAGTTT-3', GAPDH (F): 5'-AACTTTGGCATTGT
GGAAGGGCTC-3’, GAPDH (R): 5-TGGAAGAGTGGGAGT
TGCTGTTGA-3'.

For western blot examination, total protein was separated by
SDS-PAGE and electrotransferred to a nitrocellulose membrane.
After blocking with 5% skimmed milk, the membranes were
individually incubated with PAK4 and (-Actin antibodies at 4 °C
overnight. Afterwards, the membranes were washed three times
and incubated with horseradish peroxidase-conjugated secondary
antibody at room temperature for 1 h. Protein bands were visu-
alized by a chemiluminescence approach.

2.5.  Measurement of intracellular ROS level
The intracellular ROS level was examined by CLSM.

BI16F10 cells were seeded in glass-bottom dishes (5 x 10*
cells/dish) and cultured for 24 h. Cells were then transfected with

TPCS or TPCS@EV for 4 h at a siRNA concentration of
100 nmol/L. After the transfection procedure, the culture medium
was replaced by a fresh complete culture medium, and cells in
photo-treatment groups were subjected to laser irradiation
(660 nmol/L, 0.1 W/cm?) for 2 min. Thereafter, the intracellular
ROS was detected by using DCFH-DA (10 pmol/L) as the ROS
probe, according to the manufacturer’s instructions. Subsequently,
cells were stained with Hoechst 33342 and observed by CLSM.

2.6.  Examination of immunogenic cell death cascade in vitro

For CLSM examination of CRT exposure, B16F10 cells were
seeded in glass-bottom dishes (5 x 10* cells/dish) and cultured for
24 h. Cells were transfected with TPCS@EV at a siRNA con-
centration of 100 nmol/L for 4 h. After being irradiated with
660 nmol/L laser (0.1 W/cm?, 2 min), the cells were further
incubated for 2 h and probed with CRT antibody (Proteintech,
USA). After washing three times, cells were incubated with Alexa
Fluor 488-conjugated secondary antibody (ZSGB-Bio, China) at
room temperature for 1 h followed by a washing step. The cells
were then stained with Hoechst 33342 and observed by CLSM
(Zeiss Z-760, Germany). For western blot analysis, cells were
seeded in 12-well plates and cultured for 24 h. Cell transfection
was performed according to the above method. The expression of
CRT was analyzed by probing with CRT antibody. The detailed
western blot protocol was the same as that mentioned in Section
2.4. For determination of the extracellular level of HMGB1 and
CRT, cells were transfected as described above. Afterwards, the
conditioned media were collected and analyzed by using com-
mercial mouse HMGB1 ELISA and ATP assay kits, according to
the manufacturer’s instructions, respectively.

2.7.  PAK4 silencing and immunogenic cell death (ICD) cascade
in vivo

To analyze PAK4 silencing and ICD cascade in vivo, B16F10 cells
(1 x 10°% were inoculated into the right flank of C57BL/6J mice
(female, 6—8 weeks). Mice were intravenously injected with PBS
and TPCS@EV after the tumor volume reached approximately
80 mm> (n = 3). Mice were subjected to a total of 4 injections
once every other day at an equal siRNA dosage of 1 mg/kg. The
tumor tissues of mice in TPCS@EV plus photo-treatment were
irradiated with 660 nmol/L laser (0.2 W/cm?, 10 min) after 8 h
post-injection. Mice were euthanized on Day 22 after tumor
inoculation and tumor tissues were harvested. The total RNA and
protein were isolated to determine the level of PAK4 by qRT-PCR
and western blot, according to the method described in Section
2.4. Frozen sections of tumor tissues were prepared for immu-
nofluorescence analysis of CRT exposure.

2.8.  Antitumor activity in vitro

The antiproliferative effect of TPCS@EV was evaluated by
measuring cell confluence using the Operetta CLS Live Cell
Analysis System. B16F10 and CT26-Luc cells were cultured in
96-well plates (4 x 10° cells/well) overnight. Subsequently, cells
were transfected with TPCS@EYV for 4 h at a siRNA concentration
of 100 nmol/L. After replacing the culture medium with a fresh
complete medium, cells in the photo-treatment group were sub-
jected to laser irradiation (660 nmol/L, 0.1 W/cm?) for 2 min, and
then maintained in the Operetta CLS Live Cell Analysis System to
monitor cell confluence for 120 h.
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Cell apoptosis/necrosis was examined by Annexin V-FITC/PI
staining. BI6F10 cells were seeded in 12-well plates (10° cells/
well) for 24 h. Thereafter, cells were transfected with TPCS@EV
for 4 h (siPAK4, 100 nmol/L). Cells in the photo-treatment group
were subjected to 660 nmol/L laser irradiation (0.1 W/cm?,
2 min). After incubation for another 44 h, cells were stained with
Annexin V-FITC/PI for flow cytometry (FCM) analysis.

2.9.  Antitumor synergism in vitro and in vivo

Next, we quantitatively determined whether the antitumor effects
between PAK4 silencing and immunogenic phototherapy were
synergistic, additive, or antagonistic in vitro by using the CompuSyn
method. To achieve individual immunogenic phototherapy without
PAK4 silencing, the TPC polymer was complexed with siNC to
prepare TPCS*™“@EV nanoparticles. Accordingly, to achieve a
combined effect between PAK4 silencing and immunogenic pho-
totherapy, TPCS@EV nanoparticles were used. As full PAK4
silencing can only be achieved in the presence of photo-treatment, it
is impossible to measure the individual contribution of PAK4
silencing for TPCS@EV. A1-D1-5-based ionizable lipid nano-
particle termed “iILAND” was developed by our group and has been
shown to work well for siRNA delivery in vitro and in vivo™. In
addition, iLAND/siPAK4 complexes (iILAND®P*K%) showed a
comparable knockdown efficiency to that of TPCS@EV in vitro and
in vivo (Supporting Information Fig. S1). Therefore, iLAND A4
was used to achieve individual PAK4 silencing without photo-
therapy instead of TPCS@EV. B16F10 and CT26-Luc cells were
transfected with iLAND*PAK4 4¢ the siPAK4 concentrations of 1.0,
2.0,3.0,4.0,5.0,7.5,10.0, 12.5 and 15.0 pg/mL. Accordingly, cells
were individually transfected with TPCS*N“@EV nanoparticles
plus photo-treatment (TPCS*N“@EV L+) and TPCS@EV nano-
particles plus photo-treatment (TPCS@EV L+) at the siRNA con-
centrations of 1, 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 pg/mL. Cells in
photo-treatment groups were exposed to 660 nmol/L laser irradia-
tion (0.1 W/cm?, 2 min). After incubation for 48 h, cell viability was
determined by using the MTT assay. Specifically, 20 uL of MTT
solution (5 mg/mL) was added to each well followed by incubation
for 4 h. The culture medium was then replaced with 200 pL of
dimethyl sulfoxide to dissolve the formed formazan crystals, and the
absorbance of the formazan solution was measured at 490 nmol/L
by using a SpectraMax M3 microplate reader (Molecular Devices).
Finally, the antitumor efficiency was determined and subjected to
synergistic analysis using the CompuSyn method.

To investigate the antitumor synergism in vivo, C57BL/6J
mice were implanted with B16F10 cells as described in section
2.7. When the tumor volume reached approximately 80 mm?>,
mice were intravenously injected with TPCS®NC@EV L+,
TPCS@EV L+, or iLANDSPAX4 4t different siRNA doses (i.e.,
0.25, 0.5, and 1 mg/kg) once every other day for a total of 4
injections (n = 5). After 8§ h post-injection, mice in photo-
treatment groups were exposed to 660 nmol/L laser irradiation
0.2 W/ecm?, 10 min) at the tumor sites. The tumor size and body
weight were measured every other day. On Day 22, the tumor
tissues were excised and weighed. The tumor volume and tumor
weight in TPCSNC@EV L+, TPCS@EV L+, and iLAND*PAK4
treated groups at different doses were compared to the PBS-
treated group to calculate the reduction of tumors. The percent
reductions of tumor volume and tumor weight were then
subjected to synergism and dose reduction analysis by using
the CompuSyn method. To evaluate the biocompatibility of
TPCS*™C@EV L+, TPCS@EV L+, and iLANDY"X* the

major organs, including the brain, heart, liver, spleen, lung, and
kidney of mice receiving the highest siRNA doses were collected
for Hematoxylin and Eosin (H&E) staining.

2.10.  Statistical analysis

Two-tailed Student’s 7-test was utilized to analyze the significant
difference between the two groups, while the analysis of variance
(ANOVA) was used to perform multiple comparisons. Results are
presented as mean + standard deviation (SD). A P value less than
0.05 was considered statistically significant with *P < 0.05,
#*P < 0.01, #*P < 0.001, and ****P < 0.0001, respectively.

3. Results

3.1.  Preparation and characterization of the engineered EVs

EVs were isolated from the culture medium of M1 macrophages
through ultracentrifugation. Western blot, TEM imaging, and NTA
results confirmed the successful isolation of EVs (Fig. 2A—C).
Besides, the isolated EVs significantly expressed some proin-
flammatory markers of M1 macrophages, such as CD80, MHCII,
and Ly6C (Supporting Information Fig. S2). The in vivo fluores-
cence imaging result revealed the tumor tropism of M1
macrophage-derived EVs (Supporting Information Fig. S3). The
Ce6-conjugated, thioketal-linked polyethyleneimine (TPC) previ-
ously developed by our group was used to complex with siPAK4
to form the TPCS nano-complexes™. Subsequently, the TPCS
nano-complex cores were encapsulated by EVs through the
extrusion approach to generate the engineered EVs (TPCS@EV).
The optimal weight ratio between EVs and TPC was 1:1,
TPCS@EV prepared at the weight ratio had the lowest particle
size (Supporting Information Fig. S4). Confocal laser scanning
microscopy (CLSM) and NanoView images of TPCS@EV
revealed an obvious overlap of the fluorescent signals of EVs and
TPCS nano-complex cores (Fig. 2D and E). Additionally, the
SDS-PAGE image revealed that TPCS@EV presented a similar
protein expression pattern to that of EVs (Supporting Information
Fig. S5). Compared to TPCS, TPCS@EV displayed a round,
core—shell structure (Fig. 2F). Following surface coating, the
average hydrodynamic diameter of nanoparticles increased from
about 100 nmol/L of the uncoated TPCS to about 117 nmol/L of
the coated TPCS@EV. Accordingly, the surface charge decreased
significantly from about 16 mV of TPCS to about —7 mV of
TPCS@EV (Fig. 2G). These results collectively confirm the
encapsulation of EVs on TPCS nano-complexes. Both TPCS and
TPCS@EV nanoparticles exhibited good stability without signif-
icant change in the average particle size after storing at room
temperature away from light for 24 h (Supporting Information
Fig. S6). PCS@EV could effectively load siRNA with an encap-
sulation efficiency of 93.4%, which was comparable to that of
Lipo 2000, a commercial transfection reagent (Supporting Infor-
mation Fig. S7). After that, we explored the ROS-responsive
property of TPCS@EV and confirmed that TPCS@EV could
disassemble into a relatively smaller irregular structure and
released siPAK4 following laser irradiation, likely due to the
cleavage of ROS-sensitive thioketal linkers (Fig. 2F and Sup-
porting Information Fig. S8A and B). TPCS@EYV exhibited better
tumor accumulation in vivo than TPCS, revealing that EV coating
considerably improved the targeting capability (Supporting In-
formation Fig. S9).
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Figure 2

Preparation and characterization of the engineered EVs (TPCS@EV). (A) Western blot analysis of the positive markers (i.e., CD9 and

CD63) and negative markers (i.e., calnexin and APOB100) of M1 macrophage-derived EVs. TEM imaging (B) and nanoparticle tracking analysis
(C) of EVs. (D) analysis of TPCS@EV by CLSM. Red, TPCS nano-complexes. Green,
3,3—dioctadecyloxacarbocyanine perchlorate (DiO)-labeled EVs. (E) Fluorescence colocalization analysis of TPCS@EV by NanoView. Red,
TPCS. Green, CD81-positive EVs. Blue, CD9-positive EVs. TEM imaging (F) and dynamic light scattering analysis (G) of TPCS and TPCS@EV.

Fluorescence colocalization

Data in G are represented as mean = SD (n = 3).

3.2.  PAKA4 silencing and immunogenic cell death (ICD) cascade
in vitro and in vivo

The ability of the engineered EVs to induce PAK4 silencing and
immunogenic cell death (ICD) cascade was examined. As shown
in Fig. 3A, the level of PAK4 mRNA and protein in BI6F10 cells
was significantly downregulated after being treated with
TPCS@EV plus laser irradiation (TPCS@EV L+), when
compared to the PBS, siPAK4, TPCS"N“@EV plus laser irradi-
ation (TPCS*NC@EV L+) and TPCS@EV without laser irradia-
tion (TPCS@EV L-) treated groups (P < 0.01). Compared to
TPCS L+ treatment, a slight, but not significant, increase in
silencing efficiency in vitro was observed for TPCS@EV L+.
Moreover, the mRNA and protein level of PAK4 in the tumor
tissue of B16F10 tumor-bearing mice was further investigated.
Likewise, a significant improvement in silencing potency was
observed for TPCS@EV L+ treatment in comparison to siPAK4,
TPCS*NC@EV L+, and TPCS@EV L-treatments (P < 0.001). Of
note, TPCS@EV L+ exhibited higher knockdown efficiency
in vivo than TPCS EV L+ (P < 0.05), possibly due to the
enhanced tumor targeting ability (Fig. 3B).

As the generation of ROS is essential for the induction of the
ICD cascade, the capacity of TPCS@EV to enhance the level of
intracellular ROS in response to laser irradiation was examined. It

was observed that similar to TPCS L+, TPCS@EV L+ effectively
induced the generation of intracellular ROS (Supporting Infor-
mation Fig. S10). We then tested whether the photoactivatable
EVs could induce an ICD cascade by measuring CRT exposure,
HMGBI release, and ATP secretion. CLSM images and western
blot results validated that TPCS@EV effectively boosted CRT
exposure in the presence of laser irradiation (Fig. 3C and D).
Besides, the release of HMGBI1 and ATP in the culture medium
was significantly enhanced after TPCS@EV L+ treatment
(Fig. 3E and F). To evaluate the ICD cascade in vivo, the tumor
tissues of B16F10 tumor-bearing mice after various treatments
were collected for immunofluorescence analysis of CRT exposure.
Compared to other groups, TPCS@EV plus laser irradiation
boosted higher CRT exposure in the tumor tissues, which was in
agreement with the result of PAK4 silencing in vivo (Fig. 3G).
Taken together, EV encapsulation and laser irradiation enhanced
the PAK4 silencing and ICD cascade of TPCS@EYV in vivo.

3.3.  Antitumor activity of the engineered EVs

Having proven TPCS@EV L+ could induce potent PAK4
silencing and ICD cascade, we then tested whether the engineered
EVs could elicit effective antitumor activity. First, the ability of
TPCS@EV to inhibit the proliferation of tumor cells was
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Figure 3  The engineered EVs (TPCS@EV) induced potent PAK4 silencing and immunogenic phototherapy in vitro and in vivo. The PAK4
mRNA and protein level in BI6F10 cells (A) and the tumor tissues of BI6F10 tumor-bearing mice (B) after various treatments. For the
TPCSNC@EV complex, TPC was complexed with siNC instead of siPAK4. Fluorescence imaging (C) and Western blot analysis (D) of cal-
reticulin (CRT) exposure in B16F10 cells after different treatments. Determination of high mobility group box 1 protein (HMGB1) release (E) and
adenosine triphosphate (ATP) secretion (F) in the culture media of B16F10 cells following different treatments by using ELISA and ATP assay,
respectively. (G) Fluorescence imaging of CRT exposure in the tumor tissues of B16F10 tumor-bearing mice after different treatments. Data in A,

B, E, and F are represented as mean + SD (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.

examined by measuring cell confluence using the Operetta CLS
Live Cell Analysis System. Compared to the untreated cells,
TPCS@EV plus laser irradiation effectively inhibited the prolif-
eration of B16F10 by 82.6%. In contrast, TPCS@EV without
photo-treatment exhibited no significant inhibition of cell prolif-
eration (Fig. 4A and B). The results suggest laser irradiation was
of key importance to enhance the antiproliferative activity of
TPCS@EV. Similarly, an effective antiproliferative efficiency of
67.6% was observed in CT26-Luc cells after treating cells with
TPCS@EV in the presence of photo-treatment (Fig. 4C and D).
Additionally, the capacity of TPCS@EV to induce cell apoptosis
and necrosis was measured. As shown in Supporting Information
Fig. S11, TPCS@EV plus laser irradiation could significantly
promote the apoptosis and necrosis of BI16F10 cells, when
compared to the PBS and TPCS@EV L-groups.

3.4.  Synergistic antitumor effects in vitro

The synergistic antitumor activity of TPCS@EV in B16F10 and
CT26-Luc cells was examined. As shown in Fig. 5A and B,
TPCS@EV combined PAK4 silencing with immunogenic photo-
therapy, thus contributing to higher cancer cell-killing activity

than PAK4 silencing and immunogenic phototherapy treatment
alone. In addition, the antitumor synergism between PAK4
silencing and immunogenic phototherapy was quantitatively
determined by using the CompuSyn method. The combination
index (CI) values <1, =1, and >1 indicate synergism, additive
effect, and antagonism, respectively’*. The CompuSyn analysis
result indicates that the CI values for the combined treatment of
TPCS@EV were <1 in B16F10 and CT26-Luc cells, revealing
there was a synergistic antitumor effect between PAK4 silencing
and phototherapy in vitro (Fig. 5C and D).

3.5.  Synergistic antitumor effects in vivo

We further investigated whether the combined antitumor therapy
between PAK4 silencing and immunogenic phototherapy of
TPCS@EV in vivo was synergistic, additive, or antagonistic. As
shown in Fig. 6A—C and Supporting Information Fig. S12, mice
receiving the combined treatment showed slower tumor growth,
smaller tumor size, and lower tumor weight than mice receiving
PAK4 silencing or immunogenic phototherapy treatment alone.
The anticancer activity of the combined treatment of TPCS@EV
was further confirmed by H&E staining of the excised tumor
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Figure 4

The antiproliferative effects of the engineered EVs (TPCS@EV) with or without photo-treatment in BI6F10 and CT26-Luc cells.

Cell proliferation was examined by using the Operetta CLS Live Cell Analysis System. Bright-field imaging (A) and cell confluence determi-
nation (B) of B16F10 cells after various treatments. Bright-field imaging (C) and cell confluence determination (D) of CT26-Luc cells after
various treatments. Data in B and D are represented as mean + SD (n = 3), ****P < 0.0001.

tissues (Fig. 6D). As shown by the results of CompuSyn analysis,
the combination index (CI) values for the combined treatment
against tumor volume on Days 16, 18, 20, and 22 were <1 at the
higher level (Fig. 6E and Table S1). Besides, all the CI values for
the combined treatment against the tumor weight were <1
(Fig. 6F). Together, these results confirm that there were syner-
gistic antitumor effects on inhibition of tumor growth (i.e., tumor
volume and tumor weight) for the combined treatment of
TPCS@EV.

In line with the CI values, isobolograms for 50%, 75%, and
90% inhibition of tumor volume demonstrated that the combined
treatment at EDsg, ED7s, and EDg, showed antitumor synergism,
which occurred at a higher level and in the latter stage of the
treatment (Supporting Information Fig. S13). Moreover, it is
indicated that the dose reduction index (DRI) >1, =1, and <1

indicates favorable dose reduction, no dose reduction, and un-
favorable dose reduction, respectively’*>. All the DRI values
for the combined treatment of TPCS@EV against tumor volume
on Days 16, 18, 20, and 22 were >1, indicating there was a
favorable dose reduction between PAK4 silencing and immu-
nogenic phototherapy (Supporting Information Fig. S14 and
Table S1). In addition, the antitumor synergism and favorable
dose reduction values for the combined treatment were agreed to
the results of the CompuSyn simulation of tumor weight (Sup-
porting Information Fig. S15A and S15B). For EDys on Day 22,
the DRI value indicated PAK4 silencing (i.e., siPAK4) dose can
be reduced by about 6.07-folds and immunogenic phototherapy
(i.e., TPC) dose can be reduced by 2.15-folds in the combined
treatment, when compared to the EDsq value of each therapy
alone (Table S1).
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The biocompatibility properties of individual PAK4 silencing, dose (Supporting Information Fig. S16). In addition, no obvious
individual immunogenic phototherapy, and the combined treat- histological toxicity and inflammation infiltrates were observed in
ment were assessed. The results show that there was no significant major organs of mice, including the brain, heart, liver, spleen,
alteration of body weight in different groups at the highest siRNA lung, and kidney, after different treatments at the highest siRNA
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Figure 6  The antitumor synergism between PAK4 silencing and immunogenic phototherapy of the engineered EVs in B16F10 tumor-bearing
mice at different siRNA doses (L, 0.25 mg/kg; M, 0.5 mg/kg; H, 1 mg/kg). The average tumor growth curves (A) (n = 5), and the representative
images (B) and weight (C) of the excised tumors after different treatments (n = 3). (D) Representative images of Hematoxylin and Eosin (H&E)
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doses (Supporting Information Fig. S17). These results collec-
tively confirm the biosafety of the combined treatment of
TPCS@EV.

4. Discussion

Overexpression of PAK4 in cancer cells has multiple oncogenic
signaling, such as the acquisition of proliferation, survival, and in-
vasion. More recently, PAK4 has been identified as a key regulator
of the phosphorylation and nuclear translocation of $-catenin, thus
leading to the activation of Wnt/$-catenin signaling and immune
evasion in cancers such as melanoma and colorectal carcinoma'%'".
To this end, PAK4 silencing holds great potential for cancer treat-
ment to directly inhibit cancer proliferation and promote immune
infiltration. Currently, PAK4 has been widely adopted as a drug
target, and several PAK4 inhibitors (i.e., KPT-9274, ATG-019, and
PF-03758309) are in clinical trials such as NCT04281420,
NCT00932126, NCT04914845, and NCT02702492°°,

Compelling pieces of evidence validated that phototherapy can
induce immunogenic cell death (ICD) by utilizing photosensitizer
agents to adsorb near-infrared laser and release ROS'*"'*. Apart
from directly killing cancer cells, immunogenic phototherapy is
capable of promoting the release of damage-associated molecular
patterns (DAMPs). As a stimulatory signal, DAMPs can increase
tumor immunogenicity and activate the immune system by
promoting dendritic cell maturation and antigen presentation,
which eventually primes the naive T cells into CD8™ cytotoxic T
cells'*'>. Therefore, immunogenic phototherapy holds great
promise to induce immune activation in combined cancer
immunotherapy.

Herein, we established a combined antitumor modality by
combining PAK4 silencing with immunogenic phototherapy using
engineered EVs for synergistically-boosted antitumor efficacy.
The antitumor synergism was quantitatively determined by using
the CompuSyn approach. The combination index (CI) demon-
strated that there were synergistic antitumor effects between PAK4
silencing and immunogenic phototherapy of TPCS@EV in vitro
and in vivo. The antitumor synergism in vivo occurred at higher
siRNA doses and in the latter stages of the scheduled therapy.
Slight antagonism was observed for the combined treatment at a
lower level (i.e., lower fa value). This is of less concern since CI
values are less relevant to the therapeutic outcome at a low level.
By contrast, synergism or antagonism is more important and
therapeutically relevant at high dose levels for cancer treatment, as
fighting cancer in small fractions has slight significance in cancer
treatment®*”. The dose reduction index (DRI) analysis revealed
favorable dose reductions for the combined treatment between
PAK4 silencing and immunogenic phototherapy. These dose re-
ductions may contribute to lower toxicity and higher biocompat-
ibility®>. Taken together, our results demonstrated that the
engineered EVs achieved synergistic antitumor effects between
PAK4 silencing and immunogenic phototherapy.

5. Conclusions

In summary, the engineered EVs were established to combine
PAK4 silencing with immunogenic phototherapy for synergistic
antitumor outcomes. The engineered EVs induced robust PAK4
silencing and ICD cascade in vitro and in vivo. As a consequence,
effective inhibition of the proliferation and growth of cancer cells
was achieved. Moreover, the synergistic antitumor effect of the

combined treatment was quantitatively demonstrated in vitro and
in vivo, revealing that the combined treatment was more effective
than PAK4 silencing and immunogenic phototherapy alone.
Together, the study presents a synergistically potentiated cancer
treatment modality by combining PAK4 silencing with immuno-
genic phototherapy in the engineered EVs, which is essential and
promising for synergistic antitumor treatment.
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