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Abstract
Background

The tumor microenvironment in bladder cancer exerts an inhibitory effect on immune effector cells. Thus,
removing this inhibitory effect could help improve the e�cacy of immune checkpoint inhibitors, and
combination immunotherapy is a promising strategy for increasing the proportion of patients with
bladder cancer who bene�t from immune checkpoint inhibitors. However, it is di�cult to effectively and
simultaneously deliver multiple drugs to the tumor tissue. In this study, we describe the design and in vivo
validation of macrophage-derived exosome-mimetic nanovesicles (EMVs) as a nanoplatform for
coloading and targeted delivery of a CD73 inhibitor (AB680) and monoclonal antibodies targeting
programmed cell death ligand 1 (aPDL1).

Results

Our results indicated that these nanocomplexes (AB680@EMVs-aPDL1) were highly stable, provided
adequate biosafety in vivo, and exhibited enhanced targeting in a mouse model of bladder cancer.
Moreover, the CD73 inhibitor reduced extracellular adenosine production, and the combination therapy
signi�cantly promoted activation of cytotoxic T lymphocytes, resulting in suppression of tumor growth in
vivo.

Conclusions

Therefore, using EMVs to deliver a combination of aPDL1 and a CD73 inhibitor may be an effective
combined immunotherapy strategy for treating bladder cancer.

Background
Bladder cancer is the 11th most commonly diagnosed cancer, with more than 430,000 new cases and
165,000 related deaths each year [1, 2]. Approximately 20–25% of patients with bladder cancer present
with muscle-invasive bladder cancer (MIBC) or metastatic bladder cancer [3]. During the last two decades,
platinum-based combination chemotherapy has been the �rst-line treatment for MIBC after radical
cystectomy and for metastatic bladder cancer [4], although the curative rate is still unsatisfactory [5, 6].
Immune checkpoints inhibitors (ICIs) have recently emerged as an effective option for treating various
cancers [7]. Bladder cancer has the third highest mutation burden among all cancers, which may increase
the neoantigen load, enhance immunogenicity, and ultimately improve the response to immunotherapy [8,
9]. Since 2016, various monoclonal antibodies (mAbs) that target programmed cell death 1 (PD-1) or
programmed cell death ligand 1 (PD-L1) have been approved and clinically used to treat cisplatin-
resistant and metastatic MIBC [10]. Although ICI treatment of MIBC can provide good e�cacy in some
cases, the objective response rate is approximately 20% [11–13], highlighting the challenges of effective
immunotherapy for advanced and metastatic MIBC.
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Cancer cells achieve immune escape through various mechanisms, which may decrease the
effectiveness of blocking immune checkpoints. Thus, combined immunotherapy is a promising strategy
for increasing the proportion of patients with MIBC who objectively bene�t from ICIs. One promising
approach to overcoming ICI resistance involves eliminating the inhibitory effect of the tumor
microenvironment (TME) on immune effector cells [14]. In this context, the TME produces various
immunosuppressive factors and elevated adenosine levels strongly inhibit tumor-reactive T-cells and
natural killer cells [15]. The main source of adenosine is the decomposition of AMP by CD73 (an ecto-5'
nucleotidase), which is highly expressed on the surface of immune cells and cancer cells [16].
Furthermore, the CD73-adenosine metabolic pathway plays an important role in immunosuppression and
is associated with a poor prognosis in many solid tumors [17, 18]. Moreover, anti-PD-1/PD-L1 treatment
may increase CD73 expression on cancer cells and attenuate the effects of treatment [19]. However,
targeting CD73 can inhibit the development and metastasis of multiple tumor types and cause
synergistic effects with anti-PD-1/PD-L1 treatment [20, 21]. Therefore, in our laboratory, we have
investigated strategies to combine anti-PD-L1 treatment (aPDL1) with CD73 inhibitors, such as AB680, to
enhance immunotherapeutic effects in patients with bladder cancer [22].

The synergistic effects of this combined strategy may require the simultaneous delivery of aPDL1 and
AB680 to concurrently exert their effects on tumor tissues. In this context, improving nanotechnology may
help guide the development of more rational and effective drug delivery systems [10], which could permit
simultaneous, sustained, and targeted delivery. Exosome-mimetic nanovesicles (EMVs), which are
prepared via serial cell extrusion, have recently been considered as an alternative to extracellular vesicles
as nanodrug systems [23, 24] because they share similar characteristics, including the membrane
properties of the parent cell [25]. Furthermore, relative to extracellular vesicles, EMVs are less expensive to
prepare and have a greater production yield with more enrichment of proteins and RNAs [26, 27].
Moreover, EMVs can be engineered to have enhanced drug/gene loading e�ciency and better targeted
delivery or diagnostic functions [28, 29]. Thus, macrophage-derived EMVs have been used as tumor-
targeting vehicles to simultaneously deliver mAbs and small molecule inhibitors [23, 30, 31].

In the current study, we designed and validated a nanoplatform for treating bladder cancer using
macrophage-derived EMVs to simultaneously deliver aPDL1 and AB680 as combined immunotherapy.
The EMVs were derived from a macrophage cell line (RAW264.7 cells), and AB680 was encapsulated into
the EMVs (AB680@EMVs) using a co-extrusion method. The aPDL1 was then conjugated to the surface
of the EMVs (AB680@EMVs-aPDL1) in order to enhance tumor accumulation and therapeutic effects
(Scheme 1). In vitro and in vivo models were used to evaluate the tumor-targeting and therapeutic effects
of this nanodrug system as a combined immunotherapy strategy for treating bladder cancer.

Materials And Methods

Materials
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AB680 and aPDL1 (atezolizumab) were obtained from MedChemExpress (NJ, USA). Nile Red and 1.1′-
dioctadecyltetramethyl indotricarbocyanine iodide (DiR) were purchased from Solarbio (Beijing, China).
Dimethyl sulfoxide (DMSO) and 4',6-diamidino-2-phenylindole (DAPI) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). The Cell Counting Kit-8 (CCK-8) and bicinchoninic acid (BCA) Protein Assay Kit were
obtained from Beyotime (Nanjing, China). Enzyme-linked immunosorbent assay (ELISA) kits for tumor
necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ) were obtained from R&D Systems
(Minneapolis, MN, USA). Antibodies targeting mouse CD4, CD8, and CD69, as well as carboxy�uorescein
diacetate succinimidyl ester (CFDA-SE) and propidium iodide (PI), were purchased from BD Biosciences
(San Diego, CA, USA). DSPE-PEG2000-NHS (2,990 Da) was obtained from Nanosoft Polymers (Winston-

Salem, NC, USA). Dynabead kits targeting mouse CD8+ cells and mouse T-activator CD3/CD28 were
purchased from ThermoFisher (Waltham, MA, USA). An Adenosine Assay Kit, anti-mouse Ki-67 primary
antibodies, and goat anti-human secondary antibodies were purchased from Abcam (Cambridge, UK). All
reagents and chemicals were of analytical grade.

Cell lines and animals
MB49 cells (murine transitional cell carcinoma of the bladder) was obtained from the Chinese Academy
of Sciences Cell Bank (Shanghai, China). RAW264.7 cells (murine macrophages) were obtained from the
China Centre for Type Culture Collection (Wuhan, China). MB49 and RAW264.7 cells were cultured in
RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (Gibco) at 37°C in an atmosphere containing 5% CO2.

Male C57BL/6J mice (5–6 weeks old, weight: 15–18 g) were purchased from the Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China) and were housed under speci�c pathogen-free conditions.
All animal experiments were approved by the animal care and use committee of Fudan University and
conformed to the National Research Council guidelines for Laboratory Animal Care in Research.

Preparation of AB680@EMVs and AB680@EMVs-aPDL1
A stock solution of AB680 (1 mg/mL) was prepared in DMSO. The EMVs were prepared using slight
modi�cations of previously reported protocols [32, 33]. RAW264.7 cells were resuspended at a density of
5 × 106 cells/mL in Dulbecco's phosphate-buffered saline (PBS) with different concentrations of AB680
and then serially extruded through polycarbonate membrane �lters with varying pore sizes (5, 1, 0.4, and
0.2 µm; Millipore Isopore) using a mini extruder. The co-extrusion product was centrifuged (40,000 × g at
4°C for 1 h) to remove debris and unbound AB680.

aPDL1 was conjugated to AB680@EMVs using DSPE-PEG2000-NHS as a crosslinker and the postinsertion
method. PEG-DSPE block copolymers are amphiphilic polymers that are used to prepare various types of
nanomaterials, and the PEG terminal groups can be activated and connected to various targeting ligands.
The postinsertion method is a simple, rapid technique used to insert various drug ligand-PEG-DSPE
copolymers into nanoparticles [34, 35]. aPDL1 (2 mg/mL in borate buffer, pH 8.0) was incubated with
DSPE-PEG2000-NHS (dissolved in DMSO) at a molar ratio of 1:10 and stirred gently for 6 h at room
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temperature. The excess DSPE-PEG2000-NHS was removed using dialysis (molecular weight: 3,500 Da),
and the remaining aPDL1-PEG-DSPE was reacted with EMVs or AB680@EMVs at various molar ratios for
2 h. To eliminate unconjugated antibodies, the resulting mixture was centrifuged at 40,000 rpm for 30
min and then washed twice using borate buffer. After centrifugation, the supernatant was scanned to
determine the surface-bound antibody concentration, which was calculated as the original amount minus
the free antibody concentration in the supernatant. The AB680@EMVs-aPDL1 were then redispersed in
PBS (pH 7.4).

Characterization of AB680@EMVs and AB680@EMVs-
aPDL1
The particle size, zeta potential, and polymer dispersion index of the EMVs, AB680@EMVs, and
AB680@EMVs-aPDL1 were characterized using dynamic light scattering at 25°C (Zetasizer Nano ZS90;
Malvern). The size stability of the AB680@EMVs-aPDL1 in PBS and 10% serum was also measured at
different time points using dynamic light scattering. The morphology of the AB680@EMVs and
AB680@EMVs-aPDL1A was evaluated using transmission electron microscopy (TEM; JEM2100, Japan)
at an acceleration voltage of 75 kV.

The presence of aPDL1 on the EMVs was identi�ed using secondary antibodies (�uorescein
isothiocyanate [FITC]-labeled goat anti-human immunoglobulin). The secondary antibodies (100 µL) were
incubated for 2 h at room temperature with 2 mL of the AB680@EMVs-aPDL1 or AB680@EMVs
dispersions, which were then centrifuged to remove the excess antibodies and washed twice. The stained
nanocomplexes were then redispersed in PBS at pH 7.4, and �uorescence was evaluated using
�uorescence microscopy (BX-60F; Olympus, Japan).

The protein concentrations in the EMVs were quanti�ed using the BCA method. The EMV solution was
diluted 10-fold using acetonitrile, sonicated for 30 min, and �ltered using a 0.45-µm membrane. The
amount of AB680 in the EMVs was analyzed using high-performance liquid chromatography at 225 nm
(Agilent Technologies, CA, USA). Chromatography was performed using a C18 column (5 µm, 250 × 4.6
mm) at 40°C with 25% acetonitrile and 75% puri�ed water containing 10 mM K2HPO4 (pH 5.3) and 0.15
mM ethylenediaminetetraacetic acid as the mobile phase, which was pumped at a rate of 1.0 mL/min.
Drug loading was calculated as the amount of AB680 divided by the amount of EMV protein (nm/µg).
The encapsulation e�ciency was calculated as the amount of AB680 present in the EMVs divided by the
total amount of AB680. The amount of bioactive aPDL1 conjugated to the EMVs was calculated based
on the difference between the original amount and the amount in the supernatant using the BCA method.
The graft ratio was calculated as the amount of conjugated-aPDL1 divided by the total amount of
aPDL1.

In vitro release of AB680 from the EMVs
The in vitro release of AB680 from the AB680@EMVs and AB680@EMVs-aPDL1 was evaluated over a 48-
h period using a dialysis bag at 37°C. Each sample (3 mL) was added to a separate dialysis bag
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(molecular weight: 1,000 Da), which was immersed in 30 mL of a release medium (PBS [pH 7.4] or
acetate buffer [pH 5.5]) with gentle agitation. At the predetermined time intervals, 2 mL of the release
medium were removed for analysis and replaced with an equivalent volume of fresh medium. The
concentration of AB680 in the removed medium was measured using high-performance liquid
chromatography and the chromatographic conditions described above.

In vitro cellular uptake
Flow cytometry was used to assess cellular uptake of the EMVs, and Nile Red was used as a substitute
for AB680 in Nile Red@EMVs and Nile Red@EMVs-aPDL1. MB49 cells were harvested, seeded into 12-
well plates (5 × 105 cells/well), and cultured for 24 h at 37°C. The medium was then replaced with fresh
medium containing the Nile Red@EMVs or Nile Red@EMVs-aPDL1 (Nile Red at 50 ng/mL), and the cells
were cultured for 2 h. The medium was then removed, MB49 cells were collected, and �ow cytometry was
performed (Attune NxT; Thermo, USA). These experiments were performed in triplicate.

Confocal laser scanning microscopy was also used to evaluate the cellular uptake and distribution of Nile
Red@EMVs-aPDL1. MB49 cells were inoculated into glass-covered 24-well plates (5 × 104 cells/well) and
cultured for 24 h. The medium was then replaced with serum-free medium containing free Nile Red, Nile
Red@EMVs, or Nile Red@EMVs-aPDL1 (Nile Red at 50 ng/mL). The cells were cultured for 2 h, the
medium was discarded, and the cells were washed three times using PBS before being immediately �xed
in precooled 4% paraformaldehyde for 30 min. Finally, MB49 cells were stained using DAPI as a nuclear
dye and visualized using confocal laser scanning microscopy (FV100; Olympus).

Inhibition of extracellular adenosine production
MB49 cells were cultured in 24-well plates under standard conditions. On the day of the experiment, the
cells were pretreated for 4 h using 0.5 mL medium containing different concentrations of AB680,
AB680@EMVs, and AB680@EMVs-aPDL1. The cells were then washed twice and incubated for 1 h in 0.5
mL PBS. The extracellular adenosine concentrations for each group were determined using an Adenosine
Assay Kit according to the manufacturer’s instructions.

In vitro T-cell activation
Puri�ed CD8+ T cells were obtained from splenocytes that had been isolated from C57BL/6J mice (5–6
weeks old) via negative separation selection using a Dynabeads kit for mouse CD8+ cells, according to
the manufacturer’s instructions. The CD8+ T cells were then seeded into 96-well plates (1 × 105 cells/mL,
0.2 mL/well) and stimulated using Dynabeads mouse T-activator CD3/CD28 (2 µL/well). The cells were
then cultivated for 24 h with PBS, AB680, or AB680@EMVs (equivalent to AB680 at 5 nM), and CD69
expression was measured using phycoerythrin-conjugated antibodies to mouse CD69 using �ow
cytometry.

In vitro coculture
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MB49 cells were collected in the logarithmic phase and stained using CFDA-SE (5 µM) at 37°C for 10 min.
CFDA-SE-labeled cells were then washed twice using PBS and resuspended in RPMI-1640 medium to a
�nal concentration of 1 × 105 cells/mL. Unlabeled splenocytes were also suspended in RPMI-1640
medium (5 × 106 cells/mL) to act as effector cells against CFDA-SE-labeled MB49 cells. CFDA-SE-labeled
MB49 cells were plated in 12-well plates (1 × 105 cells/mL, 0.5 mL/well), and the splenocytes (5 × 106

cells/mL, 0.5 mL/well) were then added to plates to produce a 50:1 ratio of effector:target cells. The
target cells were also incubated without effector cells to evaluate spontaneous cell death. After
incubation for 4 h, the mixture of cells was treated for 24 h using different complexes (equivalent to 3
µg/mL of aPDL1 or AB680 at 5 nM) or PBS as a control. The cells were then collected and stained using
PI, and MB49 cell death (ratio of CFDA-SE+/PI+) was evaluated after CFDA-SE-labeled tumor cells were
gated using �ow cytometry [36, 37].

In vivo biodistribution
A near infrared �uorescent dye (DiR) was used to replace AB680 in traceable DiR@EMVs-aPDL1, which
were used for the biodistribution analysis. A mouse model of bladder cancer was created by
subcutaneously injecting MB49 cells (2 × 106 cells/200 µL) into the right lateral chest wall of C57BL/6J
mice. Tumor-bearing mice were then intravenously injected with free DiR or DiR@EMVs-aPDL1
(equivalent to 5 mg/kg of DiR) via the tail vein. After 24 h, the mice were sacri�ced, and the main organs
and tumor tissues from each group were collected for ex vivo �uorescent imaging using an optical and X-
ray live imaging system (Bruker; excitation: 760 nm, emission: 790 nm).

In vivo synergistic antitumor effects
The in vivo antitumor effects of the AB680@EMVs-aPDL1 were evaluated using tumor-bearing C57BL/6J
mice. When the tumor size reached approximately 100 mm3, the mice were randomly divided into seven
groups (6 mice/group), and the day of randomization was de�ned as day 0. Tumor-bearing mice were
intravenously injected four times every 3 days (four injections over a 9-day period) with PBS (control
group), EMVs, AB680, aPDL1, AB680@EMVs, EMVs-aPDL1, or AB680@EMVs-aPDL1 via the tail vein. The
doses were 5 mg/kg of aPDL1 and 10 mg/kg of AB680. However, because atezolizumab is a human
IgG1, the four injections for that group were administered over a shorter period (i.e., days 1, 4, 7, and 10)
to avoid the development of neutralizing mouse anti-human immunoglobulin [38]. The lengths and
widths of the tumors were measured every 3 days using calipers, and the mice were also weighed. The
tumor volume (mm3) was calculated as width2 × length / 2. After day 15, all mice were euthanized, and
the tumors were excised and weighed.

In vitro and in vivo safety assessment of EMVs
The cytotoxic effects on MB49 cells were evaluated using CCK8 assays. MB49 cells were seeded into 96-
well plates (5 × 103 cells/well) and cultured for 24 h before treatment using PBS (control group), EMVs,
AB680, aPDL1, AB680@EMVs, EMVs-aPDL1, or AB680@EMVs-aPDL1 (equivalent to 3 µg/mL aPDL1 and
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5 nM AB680). After 24 h of incubation, the numbers of viable cells were determined using CCK-8 assays
according to the manufacturer’s instructions. Untreated control cells were considered 100% viable.

Mice were also treated using different products and then sacri�ced on day 15. The main organs (heart,
liver, spleen, lungs, and kidneys) were immediately collected and �xed using 4% paraformaldehyde for 1
day. The tissues were then embedded in para�n, sliced into 5-µm sections, and stained using
hematoxylin and eosin for histological evaluation.

Ki-67 expression and immunohistochemical analysis of
tumor tissues
The antitumor effects of the EMVs were also evaluated based on the expression of Ki-67 (a marker of
tumor cell proliferation) in the tissues. After the mice were sacri�ced, the tumors were harvested, washed,
�xed, and subjected to hematoxylin and eosin staining and immunostaining to detect Ki-67 expression
(primary antibody, 1:100 dilution), as previously reported [28, 39, 40]. The slices were then examined
using an inverted light microscope (H550S; Nikon, Japan) by a certi�ed pathologist who was blinded to
the sample status.

Immunological analysis of tumor-in�ltrating lymphocytes
The tumors were sectioned into small pieces (1–2 mm3) after necrotic and connective tissues had been
removed. The small pieces were gently squeezed through a 200-mesh nylon sifter and then repeatedly
ground and rinsed using PBS to acquire tumor-in�ltrating lymphocytes (TILs), which were collected as a
single-cell suspension. In a sterile centrifuge tube, 3 mL mouse lymphocyte separation solution was
placed in layers of 100% (density: 1.083 g/mL) and 75% (density: 1.062 g/mL), and then 3 mL of the
collected cell suspension was added before centrifugation at 2,000 rpm for 5 min. The enriched TIL
suspension in the 100% layer was collected, washed with buffer, adjusted to an appropriate density, and
then incubated with phycoerythrin-conjugated antibodies to mouse CD4 and allophycocyanin-conjugated
antibodies to mouse CD8 antibodies for 30 min at room temperature. Flow cytometry was then performed
to determine the CD8+/CD4+ ratio for the TILs.

Tumor-associated cytokine concentrations
Tumor tissues were �nely ground in liquid nitrogen and then dissolved for 20 min in RIPA buffer
containing 1 mM phenylmethylsulfonyl �uoride. The supernatants were collected via centrifugation
(12,000 × g) at 4°C for 30 min. Concentrations of TNF-α and IFN-γ in the supernatants were evaluated
using corresponding ELISA kits according to the manufacturer’s instructions.

Statistical analysis
All analyses were performed using GraphPad Prism 8.0 (SanDiego, CA, USA). Experimental data were
presented as means ± standard deviations. Two groups were compared using Student’s unpaired t tests,
and multiple groups were compared using one-way analysis of variance. Results with P values less than
0.05 were considered statistically signi�cant.
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Results And Discussion

Characterization of the AB680@EMVs-aPDL1
The characteristics of the EMVs, AB680@EMVs, and AB680@EMVs-aPDL1 are summarized in Fig. 1 and
Table 1. AB680@EMVs-aPDL1 had a mean diameter of 218.2 ± 17.6 nm and a polydispersity index of
0.108 ± 0.013. Dynamic light scattering analysis revealed that the mean hydrodynamic diameter of the
AB680@EMVs-aPDL1 increased after drug loading and antibody conjugation (Fig. 1A, B). Similarly, the
zeta potential for AB680@EMVs-aPDL1 decreased from − 9.4 to − 13.7 mV (compared with
AB680@EMVs), which may re�ect the presence of the negatively charged aPDL1-PEG-DSPE. The sizes of
the AB680@EMVs-aPDL1 and AB680@EMVs suggested that these complexes were reasonable for
systematic administration, based on the enhanced permeability and retention effect [41, 42]. Furthermore,
serial extrusion through polycarbonate membranes with varying pore sizes reportedly provides 8-fold
greater EMV production with 26-fold greater total protein content versus natural exosomes [43].

The morphological characteristics of AB680@EMVs-aPDL1 were observed using TEM, which revealed a
generally spherical and compact shape (Fig. 1B). AB680@EMVs-aPDL1 did not exhibit any clear
differences compared with blank EMVs, although the edge intensity of the AB680@EMVs-aPDL1
appeared to be increased. Moreover, AB680@EMVs-aPDL1 maintained sizes of 200–230 nm for up to 72
h in PBS (pH 7.4) and in PBS with 10% FBS (Fig. 1C), with no signi�cant differences between the two
types of media, suggesting that these complexes had stable sizes that were appropriate for clinical
applications. Fluorescence microscopy revealed circumferential green �uorescence (Fig. 1D), which
indicated binding of the FITC-labeled secondary antibodies around the AB680@EMVs-aPDL1 and
suggested that aPDL1-PEG-DSPE was successfully distributed around the EMVs.

As shown in Table 1, AB680@EMVs-aPDL1 were successfully prepared with a high encapsulation
e�ciency (61.0% ± 3.1%). Furthermore, loading of AB680 into the EMVs and EMVs-aPDL1 increased at
AB680 concentrations of 30–90 µM (Fig. 1E), although no additional loading was observed at
concentrations greater than 90 µM, suggesting that the optimal loading concentration was 90 µM. The
AB680 content decreased slightly after insertion of aPDL1-PEG-DSPE into AB680@EMVs-aPDL1, which
may be related to AB680 release during the conjugation process (Table 1, Fig. 1E). We also investigated
the graft ratio of aPDL1 conjugated on the surface of the EMVs using a series of EMVs/aPDL1 weight
ratios (1.0–3.5 mg protein/mg, w/w; Table 2). A ratio of 2.5 mg protein/mg (w/w) was ultimately selected
to synthesize the EMVs-aPDL1 for subsequent experiments.

In vitro kinetics of AB680 release from the EMVs
Because characterization of the EMVs suggested that these vesicles had good stability, we also
evaluated AB680 release at normal physiological pH (pH 7.4, PBS) and in an acidic environment (pH 5.5,
acetate buffer). The in vitro drug release pro�le of the AB680-loaded EMVs-aPDL1 was evaluated over 48
h (Fig. 1F), which revealed a burst of AB680 release during the �rst 12 h and a more constant sustained
release during the next 36 h. These results suggested that the EMVs could provide a sustainable drug
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concentration within the tumor site. In addition, the EMVs released approximately 50% of AB680 at
normal physiological pH, with an increase to 65% in the acidic environment, which may be explained by
EMV aggregation and structural disruption in the acidic environment. This property may also be
considered desirable for cancer therapy, given the acidic nature of the TME [30, 44]. Our results indicated
that the AB680@EMVs and AB680@EMVs-aPDL1 could maintain continuous release of a CD73 inhibitor
for up to 2 days, with improved release in an acidic environment.

Cellular uptake of AB680@EMVs-aPDL1
Flow cytometry was used to evaluate uptake of AB680@EMVs-aPDL1 by MB49 cells using Nile Red as a
substitute for AB680. The Nile Red@EMVs group had signi�cantly greater �uorescence after 2 h, relative
to the group with free Nile Red (P < 0.01; Fig. 2A, B), although the uptake pro�les of Nile Red@EMVs-
aPDL1 and Nile Red@EMVs were similar (P > 0.05). Intracellular colocalization of the EMVs was
investigated using confocal laser scanning microscopy, which also revealed that Nile Red@EMVs-aPDL1
or Nile Red@EMVs had much greater �uorescence around DAPI-stained nuclei, relative to free Nile Red
(Fig. 2C). In this context, a membrane surface with good biocompatibility is critical for nanocomplexes.
Furthermore, macrophage-derived EMVs have good ability to target tumor cells [23, 30]; AB680
internalization is thought to occur via passive diffusion, and cellular uptake of EMVs is thought to involve
clathrin-mediated endocytosis and macropinocytosis [45]. Although MB49 cells strongly express PD-L1
[38], which facilitates the binding of EMVs-aPDL1, the negative charge and relatively large size of EMVs
may impair uptake to some extent [46]. Nevertheless, our �ndings suggested that the AB680@EMVs-
aPDL1 had good in vitro cellular uptake.

Inhibition of extracellular adenosine production
The inhibitory effects of free AB680, AB680@EMVs, and AB680@EMVs-aPDL1 on CD73 in MB49 cells
were evaluated based on extracellular adenosine production. In tumor cells, CD39 and CD73 work in
tandem to generate extracellular adenosine, which triggers the accumulation of immunosuppressive
intracellular cAMP in antitumor T cells via signaling through high-a�nity receptors (A2AR) and low-
a�nity receptors (A2BR) [47, 48]. We pretreated MB49 cells using different concentrations of AB680,
AB680@EMVs, and AB680@EMVs-aPDL1, and an Adenosine Assay Kit was then used to evaluate
adenosine production over a 1-h period. Adenosine production was inhibited in a concentration-
dependent manners by free AB680, AB680@EMVs, and AB680@EMVs-aPDL1 (Fig. 3A), with clearly
higher inhibition observed after pretreatment using AB680@EMVs and AB680@EMVs-aPDL1 (compared
with free AB680, P < 0.01). This may be related to the greater cellular uptake of AB680 by EMVs. Although
the measured adenosine concentrations were slightly lower in the AB680@EMVs-aPDL1 group than in the
AB680@EMVs group, the difference was not statistically signi�cant.

Enhanced in vitro T-cell activation
As an early marker of lymphocyte activation, CD69 expression can be used to estimate the activation of
CD8+ T cells [49]. Because T-cell activation requires costimulatory signals, mouse T-activator CD3/CD28
was used before the various treatments. We observed that AB680 and AB680@EMVs strengthened T-cell
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activation in vitro (Fig. 3B, C), with AB680@EMVs having a clearly stronger effect (P < 0.05). In the TME,
CD73 is expressed by many cell types (including T lymphocytes) [16]. The control group also had clearly
reduced CD69 expression (P < 0.01), indicating that AB680 suppression of the CD73-adenosine signaling
pathway via EMVs may be instrumental for removing local immunosuppression.

In vitro antitumor effects
We created a coculture system of CFDA-SE-labeled MB49 cells and splenocytes isolated from C57BL/6J
mice (50:1 ratio) and used �ow cytometry to evaluate the cytotoxic effects of various treatments on
MB49 cells. Relative to the control group, the culture medium (PBS) group exhibited mild cytotoxic effects
(Fig. 3D, E), exerted by the mouse-derived splenocytes. However, the AB680 and AB680@EMVs groups
had signi�cantly less cytotoxic effects, relative to the aPDL1 and EMVs-aPDL1 groups (P < 0.01), whereas
the AB680@EMVs-aPDL1 group had strong cytotoxic effects relative to the aPDL1 group (P < 0.01) and
the EMVs-aPDL1 group (P < 0.05). Thus, although AB680 or AB680@EMVs alone could enhance the
cytotoxic effects of lymphocytes via reduced extracellular adenosine production, their effects were clearly
lower than those of aPDL1 or EMVs-aPDL1, and AB680@EMVs-aPDL1 exerted even greater cytotoxic
effects. Therefore, AB680 appeared to exert synergistic effects with aPDL1 treatment.

In vivo biodistribution of the EMVs
The tumor-targeting ability of AB680@EMVs-aPDL1 was evaluated using C57BL/6J mice bearing MB49-
derived tumors. The EMVs were labeled using DiR dye, and in vivo biodistribution was evaluated using
the main organs and tumor after 24 h of treatment. The free DiR was metabolized mainly by the liver and
kidneys, with no clear tumor accumulation (Fig. 4), although clear tumor accumulation was observed in
the DiR@EMVs-aPDL1 group. This may be explained by the enhanced permeability and retention effect,
which allows nanoparticles to passively accumulate at the tumor site, rather than in normal tissues [41,
42, 50]. Furthermore, macrophage membranes contain chemoattractant proteins, which are retained in
the EMVs, to facilitate homing to the tumor site. Therefore, the EMVs may be able to accumulate in
bladder tumors.

In vivo tumor inhibition and histological analyses
The mouse model was used to evaluate the in vivo therapeutic e�cacy of AB680@EMVs-aPDL1 and
other treatments (four injections, typically over a 9-day period), based on changes in body weight and
tumor volume. The PBS and EMV groups did not exhibit any signi�cant antitumor effects (Fig. 5A, B),
although variable reductions in tumor growth were observed in the groups that received AB680,
AB680@EMVs, aPDL1, EMVs-aPDL1, and AB680@EMVs-aPDL1. In this context, previous studies have
indicated that CD73 inhibitors, particularly when combined with ICIs, could limit the growth of various
tumors [19, 20, 51]. Similarly, we observed that AB680 and AB680@EMVs had antitumor effects in a
model of bladder cancer, and the greater effect of AB680@EMVs (P < 0.05) may be related to targeted
accumulation of EMVs at the tumor site. However, the inhibitory effects of AB680@EMVs were weaker
than those of aPDL1 and EMVs-aPDL1 (P < 0.01), and the greatest inhibitory effect was observed in the
AB680@EMVs-aPDL1 group (average day 15 tumor volume: 405.1 mm3, P < 0.01). Moreover, the
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AB680@EMVs-aPDL1 group had a signi�cantly lower tumor weight on day 15, consistent with the tumor
volume curve (Fig. 5C, P < 0.01). Thus, codelivery of aPDL1 and AB680 via the EMVs appeared to exert
potent synergistic effects against an in vivo model of bladder cancer.

We also performed immunohistochemical staining of tumor specimens, revealing dense cell
arrangements with complete structures and clear nuclear and cellular outlines in the control and EMV
groups (Fig. 5D). However, clear cellular disruptions were observed in tumors that had been treated using
aPDL1, EMVs-aPDL1, AB680@EMVs, and AB680@EMVs-aPDL1. Furthermore, AB680@EMVs-aPDL1
treatment reduced the expression of Ki-67 (a major indicator of tumor progression) [52, 53].

Mechanisms of tumor suppression
Tumor cells escape immune surveillance and clearance through the binding of PD-L1 to PD-1 on the
surface of T lymphocytes [54]. In addition, CD73-mediated adenosine signaling through A2AR helps drive
the transition of naïve/memory CD8+ T cells into effector cells via suppression of Wnt signaling [55, 56].
The antitumor mechanism of AB680@EMVs-aPDL1 treatment was evaluated using �ow cytometry to
examine the proportion of CD8+/CD4+ TILs, because a higher CD8+/CD4+ ratio in bladder cancer predicts
a better response to PD-1 inhibition and greater tumor regression [57]. Relative to the control group,
aPDL1 treatment increased the amount of CD8+ TILs, and AB680 treatment also exerted similar effects
(Fig. 6A, B). The highest CD8+/CD4+ ratio was observed in the AB680@EMVs-aPDL1 group, which also
had the greatest therapeutic effect.

The intratumoral concentrations of TNF-α and IFN-γ were estimated in all groups. Relative to the control
group, the AB680@EMVs-aPDL1 group had signi�cantly elevated concentrations of TNF-α (399.70 ± 
48.41 pg/mL) and IFN-γ (145.60 ± 15.08 pg/mL; Fig. 6C, D). The EMVs-aPDL1 group had concentrations
of TNF-α (289.73 ± 30.42 pg/mL) and IFN-γ (123.78 ± 11.55 pg/mL) that were higher than the
concentrations in the AB680@EMVs group (232.35 ± 16.44 and 101.30 ± 8.97 pg/mL, respectively; P < 
0.01). Furthermore, the TNF-α and IFN-γ concentrations were lower in the EMVs-aPDL1 group than in the
AB680@EMVs-aPDL1 group (P < 0.01 and P < 0.05, respectively). Thus, the additional delivery of a CD73
inhibitor in AB680@EMVs-aPDL1 ampli�ed the e�cacy of ICI treatment in this in vivo model. Effector T
cells act as immune stimulators, contribute to the activation and proliferation of cytotoxic T cells, and
secrete various cytokines, including IL-2, TNF-α, and IFN-γ [58]. Once activated, cytotoxic T cells destroy
the tumor cells by releasing cytokines, perforins, and granzymes and by induction of apoptosis [51]. Thus,
the signi�cantly elevated intratumoral concentrations of TNF-α and IFN-γ in the AB680@EMVs-aPDL1
group may help explain the cytotoxic effects of the treatment on bladder cancer.

In vitro toxicity and in vivo biosafety
Safe treatment with low cytotoxicity against normal cells is essential for long-term clinical use. In vitro
results using CCK-8 assays revealed that 24 h of treatment with AB680@EMVs-aPDL1 did not
signi�cantly affect MB49 cell viability (Fig. 7A). In addition, free AB680 had mild cytotoxic effects, which
were eliminated when AB680 was combined with EMVs (Fig. 7A). Moreover, after adjusting for
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differences in tumor response, no signi�cant differences in body weight were observed between the
AB680@EMVs-aPDL1, AB680@EMV, and EMV groups (Fig. 7B), suggesting that EMV-based treatments
were not associated with any clear systemic toxicity during the experiment. Histological examination of
the tumor specimens also failed to reveal any clearly necrotic areas in specimens from all of the
treatment groups (Fig. 7C). Therefore, the AB680@EMVs-aPDL1 were found to be su�ciently safe to
permit additional research regarding whether these complexes could be used as long-term therapy.

Conclusion
In summary, we created macrophage-derived EMVs that were coloaded using a CD73 inhibitor (AB680)
and antibodies targeting PD-L1 (aPDL1). The AB680 was encapsulated using a co-extrusion method, and
the EMVs were then conjugated to aPDL1. Our results suggest that these therapeutic nanovesicles
provided excellent tumor targeting and were safe, based on in vitro and in vivo results. Moreover,
simultaneous delivery of AB680 inhibited extracellular adenosine production, which allowed for activation
of cytotoxic T lymphocytes and improved responses to aPDL1 treatment. Therefore, this natural
nanoplatform may be a novel and promising strategy for delivering combined immunotherapy to bladder
tumors.
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Tables
Table 1. Comparison of the characteristics of EMVs, AB680@EMVs, and AB680@EMVs-aPDL1.

Nanovesicles PDI EE(%) DL(ng/mg protein)*

EMVs 0.119±0.017 - -

AB680@EMVs 0.124±0.008 68.7±4.9 0.113±0.008

AB680@EMVs-aPDL1 0.108±0.013 61.0±3.1 0.102±0.009

Data are presented as means ± standard deviations, n = 3.

*The optimal drug loading e�ciency.

AB680: a CD73 inhibitor, EMVs: exosome-mimetic nanovesicles, aPDL1: monoclonal antibody targeting
programmed cell death ligand 1, PDI: polydispersity index, EE: encapsulation e�ciency, DL: drug loading.

Table 2. The aPDL1 contents of the EMVs-aPDL1 at various EMVs/aPDL1 ratios.
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Weight ratio of EMVs to aPDL1

(mg protein/mg, w/w)

Graft ratio of aPDL1 content

 (%, w/w)

1.0 2.49 ± 0.18

1.5 3.81 ± 0.26

2.0 4.72 ± 0.30

2.5* 5.47 ± 0.36

3.0 5.50 ± 0.24

3.5 5.45 ± 0.19

*The 2.5 weight ratio of EMVs/aPDL1 (mg protein/mg, w/w) was the best option for constructing the
EMVs-aPDL1 nanoparticles.

EMVs: exosome-mimetic nanovesicles, aPDL1: monoclonal antibody targeting programmed cell death
ligand 1.

Figures
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Figure 1

Characterization of AB680@EMVs-aPDL1. (A) Particle sizes and zeta potential of EMVs, AB680@EMVs,
and AB680@EMVs-aPDL1 determined using DLS. (B) The TEM images and size distributions of (a)
AB680@EMVs and (b) AB680@EMVs-aPDL1 (scale bar: 100 nm). (C) Time-based changes in the size
stability of AB680@EMVs-aPDL1 in phosphate-buffered saline (pH 7.4) and 10% fetal bovine serum. (D)
Microscopic images of AB680@EMVs-aPDL1 stained using FITC-labeled secondary antibodies showing
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(a) EMVs conjugated with aPDL1 and (b) unconjugated EMVs incubated with secondary antibodies as a
control (scale bar: 50 μm). (E) Drug loading of AB680 into EMVs and aPDL1-EMVs at different
concentrations. (F) Pro�les of AB680 release from AB680@EMVs-aPDL1 at pH 5.5 and pH 7.4 (mean ±
standard deviation, n = 3). AB680: CD73 inhibitor, EMVs: exosome-mimetic nanovesicles, aPDL1:
monoclonal antibody targeting programmed cell death ligand 1, DLS: dynamic light scattering, TEM:
transmission electron microscopy, FITC: �uorescein isothiocyanate

Figure 2

Cellular uptake of Nile red in different EMVs. (A) Flow cytometry data showing Nile red uptake by MB49
cells. (B) Quantitative analysis of the mean �uorescence intensity from Nile red in MB49 cells (mean ±
standard deviation, n = 3). (C) Confocal microscopy images of MB49 cells after 2 h of incubation with
phosphate-buffered saline, Nile red, Nile@EMVs, and Nile@EMVs-aPDL1. Blue signals represent cell
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nuclei and red signals represent Nile red staining (scale bar: 50 μm). EMVs: exosome-mimetic
nanovesicles, aPDL1: a monoclonal antibody to programmed cell death ligand 1, ***P < 0.001.

Figure 3

In vitro antitumor effects of AB680@EMVs-aPDL1. (A) The CD73 inhibitory activity was measured based
on the inhibition of extracellular adenosine production. (B) Flowcytometry analysis of CD69 expression to
evaluate activation of CD8+ T-cells. (C) Mean �uorescence intensity statistics for CD69 expression in
CD8+ T-cells. (D) In vitro cytotoxicity was evaluated using a co-culture of CFDA-SE labeled MB49 cells
and splenocytes. (E) The death rate of bladder cancer cells was evaluated based on the rate of PI-positive
and CFDA-SE-positive cells (mean ± standard deviation, n = 3). AB680: a CD73 inhibitor, EMVs: exosome-
mimetic nanovesicles, aPDL1: a monoclonal antibody to programmed cell death ligand 1, CFDS-SE:
carboxy�uorescein diacetate succinimidyl ester, PI: propidium iodide, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 4

In vivo biodistribution. (A) Representative �uorescence images showing biodistribution in tumor tissues
and major organs (heart, liver, spleen, lungs, and kidneys) that were removed from tumor-bearing
C57BL/6J mice at 24 h after injection with free DiR and DiR@EMVs-aPDL1 via the tail vein. (B)
Accumulated �uorescence signals in the organs and tumor tissues evaluated using in vivo imaging
(mean ± standard deviation, n = 6). DiR: 1.1′-dioctadecyltetramethyl indotricarbocyanine iodide, EMVs:
exosome-mimetic nanovesicles, aPDL1: a monoclonal antibody to programmed cell death ligand 1, **p <
0.01.
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Figure 5

In vivo anti-tumor effects of AB680@EMVs-aPDL1 in tumor-bearing C57BL/6J mice. (A) Schematic
illustration of the in vivo study; the concentration of AB680 and aPDL1 were 10 mg/kg and 5 mg/kg,
respectively. (B) Tumor volume growth curves for mice that received the different treatments. (C) Tumor
weights were measured after excision from each group (mean ± standard deviation, n = 6). (D)
Hematoxylin and eosin staining (200×) and immunohistochemical staining for Ki67 (200×) using the
tumor slices. AB680: a CD73 inhibitor, EMVs: exosome-mimetic nanovesicles, aPDL1: a monoclonal
antibody to programmed cell death ligand 1, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 6

In vivo effects of combination immunotherapy. (A) Flow cytometry showing the CD8+/CD4+ T-cell ratio.
(B) The CD8+/CD4+ ratio after immune stimulation in all groups (n = 3). (C,D) The TNF-α and IFN-γ
concentrations in the tumor tissues from the various groups (mean ± standard deviation, n = 6). TNF-α:
tumor necrosis factor alpha, IFN-γ: interferon gamma, *P < 0.5, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7

In vitro and in vivo safety assessments for each group. (A) The CCK8 assay revealed that the EMVs with
AB680 and/or aPDL1 had limited cytotoxic effects on MB49 cells (mean ± standard deviation, n = 3). (B)
Body weight changes in MB49 tumor-bearing mice according to various treatments (mean ± standard
deviation, n = 6). (C) Hematoxylin and eosin staining (200×) of major organs from MB49 tumor-bearing
mice after immunotherapy revealed normal morphology. AB680: a CD73 inhibitor, EMVs: exosome-
mimetic nanovesicles, aPDL1: a monoclonal antibody to programmed cell death ligand 1, *p < 0.05 vs.
phosphate-buffered saline and EMVs.
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