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Abstract
Extracellular vesicles (EVs) are important mediators of cell–cell communication,
including immune regulation. Despite the recent development of several EV-based
cancer immunotherapies, their clinical efficacy remains limited. Here, we cre-
ated antigen-presenting EVs to express peptide-major histocompatibility complex
(pMHC) class I, costimulatory molecule and IL-2. This enabled the selective delivery
of multiple immune modulators to antigen-specific CD8+ T cells, promoting their
expansion in vivo without severe adverse effects. Notably, antigen-presenting EVs
accumulated in the tumour microenvironment, increasing IFN-γ+ CD8+ T cell and
decreasing exhausted CD8+ T cell numbers, suggesting that antigen-presenting EVs
transformed the ‘cold’ tumourmicroenvironment into a ‘hot’ one. Combination ther-
apy with antigen-presenting EVs and anti-PD-1 demonstrated enhanced anticancer
immunity against established tumours. We successfully engineered humanized
antigen-presenting EVs, which selectively stimulated tumour antigen-specific CD8+
T cells. In conclusion, engineering EVs to co-express multiple immunomodulators
represents a promising method for cancer immunotherapy.

KEYWORDS
antigen presentation, cancer immunotherapy, drug delivery, extracellular vesicle, targeted cytokine
delivery

 INTRODUCTION

Cancer remains a leading cause ofmortalityworldwide, despite advancements in traditional treatmentmodalities such as chemo-,
radiation and immunotherapy. These approaches often lack specificity, resulting in off-target damage to healthy tissues and severe
side effects. Furthermore, suboptimal drug bioavailability within tumour tissues often requires the administration of higher
doses to achieve therapeutic effects. These increased doses can exacerbate toxicity in normal cells and potentially promote the
emergence of multi-drug resistance in cells exposed to suboptimal drug concentrations (Holohan et al., 2013). Therefore, there
is an urgent need for innovative therapeutic strategies that can target tumours with greater selectivity and efficacy.
Nanoparticles have emerged as a promising platform for drug delivery in cancer therapy. These nanoscale carriers exhibit

unique physicochemical properties that enable the efficient delivery of therapeutic agents, including drugs, DNA, RNA and
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proteins, directly to cancer cells (Blanco et al., 2015). Among them, extracellular vesicles (EVs), including exosomes, are promising
nanovesicles for use in clinical settings owing to their biocompatibility, low immunogenicity and high drug delivery efficiency
(Cheng & Hill, 2022). EVs contain various proteins, lipids and RNAs that induce functional and physiological changes in target
cells (van Niel et al., 2018). EVs released by cancer or antigen-presenting cells reportedly modulate immune responses (Robbins
& Morelli, 2014). For example, cancer-derived EVs express PD-L1, a ligand of the inhibitory receptor PD-1 on T cells, which
hampers the anticancer immune response (Chen et al., 2018; Poggio et al., 2019). In contrast, mature dendritic cell (DC)-derived
exosomes express peptide-major histocompatibility complex (pMHC), which can directly or indirectly stimulate T cells (Pitt
et al., 2016). The stimulatory properties of DC-derived exosomes have shown promising results in cancer immunotherapy (Li
et al., 2023; Lu et al., 2017; Zitvogel et al., 1998). However, few clinical studies have demonstrated the therapeutic effect of EVs
against cancer, possibly because of the limitations of costimulatory molecules and cytokines (Besse et al., 2016).
Cytokines play a pivotal role in regulating immune homeostasis, and their quantities are crucial in clinical immunotherapy

(Berraondo et al., 2019; Briukhovetska et al., 2021). Cytokines are highly effective locally but have severe adverse effects when
used systemically. For example, IL-2 improved T cell immunity in patients with metastatic melanoma and renal cell carcinoma
(Atkins et al., 1999; Rosenberg et al., 1993). However, high IL-2 doses activated endothelial cells, which express high-affinity IL-
2Rα, leading to vascular leak syndrome (Yang et al., 2003). In addition, IL-2 increased the number of regulatory T cells (Tregs),
weakening the immune response to cancer (Ahmadzadeh & Rosenberg, 2006). Several strategies have been developed to over-
come these challenges, including the engineering of IL-2 variants that selectively stimulate memory CD8+ T and natural killer
(NK) cells. These IL-2 variants bind preferentially to IL-2Rβ, thereby reducing the undesirable expansion of Tregs and associated
adverse events (Boyman et al., 2006; Levin et al., 2012; Ren et al., 2022). Another approach involves a fusion protein that com-
bines IL-2 with the orthopoxvirus major histocompatibility complex (MHC) class I-like protein (OMCP), a recognized ligand
of NKG2D, directing IL-2 specifically to NKG2D-positive cells (Ghasemi et al., 2016). Despite these advances, IL-2 variants and
IL-2-OMCP fusion proteins primarily act on polyclonal CD8+ T cells, many of which lack antigen specificity against tumours.
Thus, the targeted delivery of IL-2 to antigen-specific CD8+ T cells remain limited.

To address these challenges and harness the potential of EVs in actively targeting immune modulators, we engineered
antigen-presenting EVs (AP-EVs) and explored their potential in enhancing specific T cell responses. By incorporating pMHC,
costimulatorymolecules, and IL-2 into EVs, we aimed to selectively deliver these immunemodulators to tumour-specific T cells,
thereby promoting a robust and targeted immune response against cancer.

 MATERIALS ANDMETHODS

. Resource availability

2.1.1 Lead contact

Further information and requests for resources should be directed to the lead contact, Dr. Tomoyoshi Yamano.

2.1.2 Materials availability

Plasmids generated in this study are available from the corresponding author upon reasonable request.

. Experimental design

This study aimed to engineer EVs with enhanced functionality for cancer immunotherapy. To extensively stimulate antigen-
specific CD8+ T cells, we utilized EV engineering technology to concurrently express multiple immune modulators in AP-EVs.
AP-EVs were evaluated using nanoparticle tracking analysis, confocal microscopy, nanoFCM, immunoblotting, electron micro-
scope and flow cytometry to analyse their size, concentration and surface proteins. PET imaging was used to assess the in
vivo distribution of AP-EVs. Mice were randomly assigned to different experimental groups for in vivo studies. One mouse
in the combination therapy group unexpectedly died during tumour measurement, and its data were excluded from subsequent
analyses.

. Cell lines

Human embryonic kidney (HEK293 or HEK293T), retroviral packaging (PLAT-A), and lenti-X cells (Takara) were cul-
tured in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) supplemented with 10% heat-inactivated foetal calf
serum (FCS; Thermo Fisher Scientific), 100 U/mL penicillin, and 100 U/mL streptomycin (FUJIFILM Wako). Cells of an
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ovalbumin-expressing murine lymphoma cell line, an EL4 derivative (E.G7; ATCC, CRL-2113), and murine lymphocytes were
cultured in RPMI (Nacalai Tesque) supplemented with 10% FCS, 1× non-essential amino acid (Nacalai Tesque), 1 nmol/L sodium
pyruvate (Nacalai Tesque), 100 U/mL penicillin, 100 U/mL streptomycin (FUJIFILM Wako), and 0.05 μM 2-mercaptoethanol
(ThermoFisher Scientific). All the cells were cultured at 37◦C in a humidified atmosphere containing 5%CO2. To prepare EV-free
FCS, FCS was mixed with 50% PEG-10,000 (Merck) at a 5:1 ratio and rotated at 4◦C for 3 h, PEG was removed by centrifugation
at 2000 × g for 20 min, and the supernatant was filtered through a 0.22-μm strainer and collected. The AP-EV-producing cell
line was cultured in advanced Dulbecco’s modified Eagle’s medium supplemented with 2% EV-depleted FCS, 1 nmol/L sodium
pyruvate, 100 U/mL penicillin and 100 U/mL streptomycin.

. Mice

C57BL/6 was purchased from Japan SLC and Jackson Laboratory. OT-I TCR transgenic mice (CD45.1) were established as
previously described. (Hogquist et al., 1994) All mice were housed in a specific pathogen-free facility.

. Preparation and purification of AP-EVs

HEK293 cells stably expressingOVApeptide-single-chain trimer-CD81-IL2 andCD80-CD9 fusion proteinswere generated using
a retroviral system. Virus titres were measured by qPCR using the Retrovirus Titer Set for Real-Time PCR (Takara, 6166). The
MOI of the OVA-scCD81IL2 virus was 6340, and the MOI of the CD80-CD9 virus was 2031 for infection. HEK293 cells with
high expression levels of OVA-scCD81IL2 and CD80-CD9 fusion proteins were sorted using the BD Melody cell sorter, and a
single colony with the highest expression was established by limiting dilution. This single colony of AP-EV stable cells was used
for further EV production.
For AP-EV purification, the cell culture supernatant was first centrifuged at 300 × g for 5 min to remove cell debris and then

re-centrifuged at 1200× g for 20min to remove cell debris and apoptotic bodies. The supernatant was again centrifuged at 10,000
× g for 30 min to remove apoptotic bodies and large EVs. AP-EVs were isolated from the supernatant through centrifugation at
100,000 × g for 4 h, the pellet was washed with phosphate-buffered saline (PBS), and the AP-EV concentration was determined
using a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific).

. Nanoparticle tracking analysis

The number and characteristics of AP-EVs were determined using a NanoSight LM10 (Malvern Panalytical, Malvern, UK).
Briefly, 600 μL of diluted AP-EV solution was placed on a sample stage, and EP-EV motion was captured at a camera level of
15 for 30 s. Three distinct fields were recorded, and data were analysed using NanoSight NTA version 3.1 software (Malvern
Panalytical) with a detection threshold of three.

. Confocal microscopy

EVswere isolated fromCD81-RFP andCD9-GFP co-transfectedHEK293T cells using ultracentrifugation, as described in ‘Prepa-
ration and purification of AP-EVs’. The EV suspension was passed through a 0.22-μm filter and diluted to 2 × 108 particles/30
μL PBS. A 30-μL suspension was applied onto a glass slide and covered with a cover slip. EVs were visualized through a 100×
oil immersion lens using confocal fluorescence microscopy (Nikon A1R). The colocalization of GFP and RFP was imaged and
quantified using Imaris software (Oxford Instruments, Oxfordshire, UK).

. Antibodies

Antibody staining was performed according to standard procedures. Monoclonal antibodies for surface staining, including anti-
bodies against mCD3 (clone: 17A2), mCD4 (clone: GK1.5), mCD8α (clone: 53–6.7), mCD19 (clone: 6D5), mCD25 (clone: PC61),
mNK1.1 (clone: S17016D), mTCR-Vβ5.1,5.2 (clone: MR9-4), mCD45 (clone: 30-F11), mCD45.1 (clone: A20), mCD45.2 (clone:
104), mCD44 (clone: IM7), mCD62L (clone: MEL-14), mH-2Kb bound to SIINFEKL-APC (clone: 25-D1.16), mCD80 (clone: 16-
10A1), mIL-2 (clone: JES6-5H4), mPD1 (clone: EH12.2H7), hCD8 (clone: SK1), hCD3 (clone: OKT3), hCD69 (clone: FN50) and
hCD54 (clone: HA58) were purchased from BioLegend. An antibody against human TCRβ13.1 (clone: H131) was purchased from
Invitrogen. Intracellular staining was performed using antibodies against mIFN-γ (clone: XMG1.2), mGranzyme B (clone: MF-
14), mFoxp3 (clone: 53–6.7), hIFN-γ (clone: 4S.B3), hGranzyme B (clone: QA16A02), and Nur77 (clone: 12.16). OVA-specific
CD8+ T cells were quantified using the H-2Kb/OVA (257–264) tetramer (Tetramer Shop) according to the manufacturer’ s
instructions.
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. Flow cytometric analysis of EVs

The EV-surface levels of OVAp-MHCI, CD80 and IL-2 were assessed using a PS Capture Exosome flow cytometry kit (FUJIFILM
Wako) according to the manufacturer’s instructions. Briefly, the supernatant obtained after centrifugation at 10,000 × g for 30
min was purified and incubated with EV capture beads for 1 h. The EV-bound beads were stained with APC conjugated anti-
mouse H-2Kb bound to SIINFEKL antibody (clone: 25-D1.16), PE-conjugated anti CD80 antibody (clone: 16-10A1), and APC
conjugated anti-mouse IL-2 antibody (clone: JES6-5H4). All antibodies were diluted 100 times. The beads were incubated at
room temperature for 1 h, vortexed every 20 min, washed, and analysed using a CytoFLEX flow cytometer (Beckman Coulter);
the data were processed using FlowJo software version 10.4.1 (Ashland, OR, USA).

. Single EV analysis using NanoFCM

Single EV analysis was performed as previously described. (Kobayashi et al., 2024) Briefly, EVs (4.0 × 109 particles) were purified
by ultracentrifugation, then stained with fluorescence-conjugated antibodies at a 1:10 dilution in 40 μL of immobilizing buffer
from the MagCapture Exosome Isolation Kit PS Ver.2 (FUJIFILM Wako Pure Chemical) at room temperature for 2 h. After
staining, 960 μL of immobilizing buffer with a binding enhancer was added to the stained EVs. Antibody-conjugated EVs were
further purified by incubating with Tim4 beads, which were prepared by mixing 0.06 mg of streptavidin magnetic beads with
0.1 μg of TIM4-biotin. EVs were eluted from TIM4-beads by incubating the beads for 10 min in 40 μL of elution buffer in two
sequential elution steps. The EVs were analysed using a Flow Nanoanalyzer (NanoFCM, Xiamen, China) equipped with two
lasers (488 and 638 nm) and three band-pass filters (488/10, 525/40 and 670/40). All measurements were performed according
to the manufacturer’ s protocol. Briefly, Milli-Q water was filtered through a Millex-GS 0.22 μmMCE membrane (Merck) three
times for use of the sheath flow of EV flow cytometry. Silica nanoparticle cocktail (68–155 nm, NanoFCM) and polystyrene
250 nm beads (QC Beads, NanoFCM) were used as the size and particle concentration references, respectively. PBS (–) was
measured to determine a threshold for the SS-H channel, which was set to ‘mean+ 3× SD’ of SS-H in PBS (–). EVs were diluted
with PBS (–) at a concentration of 1.0× 108–9 EVs/mL to run EVs at a flow rate of 50–200 events per second and more than 3000
events were recorded during 60 s of measurement. All samples were run under identical pressure (1 kPa), and the signals of SS,
FITC and APC were recorded. The data were processed using FlowJo software version 10.4.1 (Ashland, OR, USA).

. AFM analysis

EVs were immobilized on a poly-L-lysine-modified mica substrate. A Bruker BioScope Resolve AFM system operated in the
peak force tapping mode was used for imaging and nanomechanical analysis as previously described. (Yurtsever et al., 2021)
AFM images were captured using 240 AC-NG cantilevers with the spring constant set using the thermal tuning method. The
peak force tapping amplitude, frequency and setpoint were set to 20–50 nm, 1 kHz, and 0.5–2 nN, respectively. Young’ s modulus
was measured using quantitative nanomechanical mapping and the Sneddon contact mechanical model from a typical 256 ×
256-pixel scan. AFM image rendering and nanomechanical data processing were performed using NanoScope Analysis software
version 1.9.

. Electron microscopy analysis

EV samples were purified using the MagCapture Exosome Isolation Kit PS Ver.2, following the manufacturer’s instructions. EVs
samples (5 × 1010 particles/mL) were then sent to Hanaichi UltraStructure Research Institute (Japan) for electron microscopy
(EM) imaging. The samples were negatively stained by placing a droplet of the sample on a carbon-film grid for 10 s, blotting
off excess liquid, and adding a drop of 2% uranyl acetate staining solution for 10 s. The grid was then blotted and dried at room
temperature. The samples were observed using a JEOL JEM-1400Flash electron microscope at 100kV.

. Western blot analysis

For cell lysate samples, 293 cells were lysed using RIPA buffer (50 mmol/L Tris-HCl, pH 8.0, 150 mM sodium chloride, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate and 2 mM EDTA) containing 1 mM PMSF protease inhibitor. The
lysates were centrifuged at 12,000 rpm at 4◦C for 10 min. Protein concentration was quantified using a BCA Protein Assay Kit
(Thermo Fisher Scientific). For EV samples, EVs were isolated from the supernatants of 293 cells and AP-EVs stable cell lines
via ultracentrifugation. A total of 21 μg of cell lysate protein and 4.3 × 107 particles were analysed using the Simple Western
Wes Instrument (Bio-Techne, ProteinSimple). Western blot analysis was performed using the following primary antibodies:
anti-human β-actin (Sigma-Aldrich, clone: AC-15; 1:100), anti-human GAPDH (MBL, clone: 3H12; 1:100), anti-human TSG101
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(GeneTex, clone: GTX118736; 1:100), anti-human CD81 (BioLegend, clone: 5A6; 1:100), anti-mouse CD9 (Thermo Fisher, clone:
EM-04;1:100), and anti-mouse IL-2 (BioLegend, clone: JES6-1A12; 1:100). The secondary antibodies used were HRP Goat anti-
mouse IgG (BioLegend, clone: Poly4053; 1:300), HRP Goat anti-rat IgG (BioLegend, clone: Poly4054; 1:300), and HRP Donkey
anti-rabbit IgG (BioLegend, clone: Poly4064; 1:300).

. IL- bioassay

CTLL-2 cells were seeded in 96-well plates at 8 × 104 cells/well, and serial AP-EV dilutions were added to each well. Cell viability
was measured after 3 days of culturing using a WST-I colorimetric assay (Nacalai Tesque).

. In vitro T cell proliferation assay

LN T cells fromOT-I transgenic mice were labelled with 1 μMCTV (Thermo Fisher Scientific) at 37◦C for 3 min. In total, 2× 105
CTV-labelledOT-I T cells were co-culturedwithAP-EVs or control EVs at concentrations of 3, 1, 0.3 and 0.1 μg/mLor anti-mouse
CD3/CD28 beads (Thermo Fisher Scientific) for 3 days. OT-I T cell proliferation was evaluated using flow cytometry. To test the
cytotoxic ability of activated OT-I T cells, OT-I T cells were cocultured with AP-EV for 3 days in vitro. After coculture, the cells
were fixed using the True-Nuclear Transcription Factor Buffer Set (BioLegend) following cell surface staining. The production of
granzyme B and IFN-γwas measured by intracellular staining using antibodies against mouse IFN-γ (Biolegend, clone: XMG1.2;
1:50) and mouse granzyme B (Biolegend, clone: MF-14; 1:50).

. Adoptive T cell transfer

LN T cells from OT-I (CD45.1) and C57BL/6 mice (CD45.2) were mixed at a 1:1 ratio and labelled with CTV. In total, 2 × 106
T cells were intravenously injected into CD45.1/CD45.2 recipient mice. After 1 day, the recipient mice were treated with either
50 μg AP-EVs, 50 μg control EVs or IL-2/IL-2 mAb, which comprised 1.5 μg mouse recombinant IL-2 (BioLegend) and 50 μg
anti-IL-2 monoclonal antibodies (S4B6, Bio X cell). After 4 days, the spleens and LNs of the mice were collected, and single-cell
suspensions were prepared and analysed using flow cytometry.

. Pharmacokinetics of EVs

EVs were labelled with 64Cu as previously described (Warashina et al., 2022). 64Cu-labelled EVs (4×109 particles) were intra-
venously administered to anesthetized recipient mice and PET scans were performed using a Focus 220 MicroPET scanner
(Siemens, Knoxville, TN, USA). PET images were reconstructed using MicroPET Manager (version 2.4.1.1; Siemens). The
radioactivity of each pixel was decay-corrected from the time of injection and expressed as the standardized uptake value, which
was calculated as follows: standardized uptake value = (tissue radioactivity concentration [MBq/cm3])/(injected radioactivity
[MBq]/body weight [g]).

. In vivo killing assay

Recipient mice were administered either 200 μg AP-EVs, control EVs, or IL-2/IL-2 mAb. As shown in Figure 4, 4 days following
EV administration, themicewere administered splenocytes (2× 106) comprising an equalmix ofOVAp-coatedCTV-labelled and
non-coated CFSE-labelled splenocytes. As shown in Figure 5, 2 days after the third EV administration, mice were administered
an equal mixture of CD45.2 OVAp-coated (1 × 106) and CD45.1 non-coated splenocytes (1 × 106). For both protocols, mouse
spleens and LNs were harvested 20 h following splenocyte administration. Single-cell suspensions were prepared from these
organs and analysed using flow cytometry.

. Tumour model

To establish the E.G7 tumour model, 1 × 105 E.G7 cells were subcutaneously inoculated into C57BL/6 mice. The following day,
tumour-bearing mice were intravenously administered 1 × 106 CD45.1 OT-I T cells, followed by 200 μg AP-EVs, control EVs,
or IL-2/IL-2 mAb every 3 days starting from day 2, for a total of three administrations. The inoculation procedure was similar
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F IGURE  Direct activation of antigen-specific CD8+ T cells by AP-EVs. (a) CTV labelled OT-I T cells were cocultured with AP-EV or control EV. Bar
graph representing the percentage of CTV-negative OT-I T cells under different concentrations of control EVs (black) and AP-EVs (red). (b) Surface
expression of the OVAp-MHCI complex, CD80 and IL-2 on EVs presented as different signals (alone and in combination). MFI was presented in top right
corner. (c) Stimulatory capability of EVs expressing individual signals (1, 2 and 3). CTV-labelled OT-I T cells were cultured with each EV type prepared in (b);
the percentage of CTV-negative OT-I T cells was quantified using flow cytometry. p-Values were calculated using one-way ANOVA followed by Dunnett’s test.
Dots represent technical triplicate. (d) Production of granzyme B and IFN-γ by CTV-labelled OT-I T cells cultured with AP-EVs, control EVs or
anti-CD/3CD28 beads for 3 days were determined by intracellular staining. (e) Flow cytometric plots of CTV-labelled OT-I T (CD45.1) and polyclonal T cells
(CD45.2) cultured with either AP-EVs or control EVs for 3 days. Numbers represent the percentage of OT-I T cells and polyclonal T cells. (f) Proliferation of
OT-I and polyclonal T cells after culturing with control EVs or AP-EVs determined by flow cytometry. Numbers represent the percentage of CTV-negative
CD8+ T cells. (g) Percentage of CTV-negative OT-I after culturing with AP-EVs stored at 4◦C, −20◦C and −80◦C for 3 months or freshly prepared AP-EVs
determined by flow cytometry. Dots represent technical triplicate. p-Values were determined in (c) and (g) using one-way ANOVA followed by Dunnett’s test.
Data (a–g) are representative of two independent experiments. ANOVA, analysis of variance; AP-EV, antigen-presenting EV; CTV, cell trace violet; EV,
extracellular vesicle.
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F IGURE  In vivo activation of antigen-specific CD8+ T cells by AP-EVs. (a) CTV-labelled OT-I (CD45.1) and polyclonal T cells (CD45.2) were
inoculated into CD45.1+CD45.2+ recipient mice. The following day, mice were administered either control EVs, IL-2/anti-IL-2 mAb or AP-EVs (n = 3 mice per
group). Numbers represent the percentage of CTV-negative OT-I T cells and polyclonal T cells in spleen 4 days after treatment. (b) Percentage of CTV-negative
donor CD8+ T cells in the spleen (n = 3 mice per group). (c) Proportion of donor CD8+ T cells among total CD8+ T cells in the spleen (n = 3 mice per group).
(d) Percentage of CD44highCD62Llow cells among the splenic CD8+ T cells (n = 3 mice per group). (e) Proportion of IFN-γ+ cells in the spleen (n = 3 mice per
group). p-Values were calculated using two-way ANOVA (b-e) followed by Tukey’s test. (f) Pharmacokinetic studies of AP-EVs. Representative MIP positron
emission tomography images are shown at 1 min, 30 min, 1 h, and 24 h post-injection of AP-EVs. (g) Average radioactivity concentration across tissues
presented as the percentage of injected dose per gram tissue (%ID/g) after 24.5 h (n = 4 mice per group). (h,i) Recipient mice were treated with AP-EVs prior
to OT-I T cell transfer at specific intervals. After 4 days, the proliferation of OT-I T cells was quantified (n = 3 mice per group). Data (a-i) are representative of
two independent experiments. ANOVA, analysis of variance; AP-EV, antigen-presenting EV; EV, extracellular vesicle; MIP, maximum intensity projection.
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F IGURE  Effect of AP-EV administration on anticancer immunity. (a) Experimental workflow of the in vivo killing assay. CD45.1+CD45.2+ recipient
mice were treated with CD45.1+ OT-I T cells and injected with either control EVs, IL-2/anti-IL-2 mAb or AP-EVs. The survival of donor CTV-labelled
OVAp-pulsed CD45.2+ and CFSE-labelled non-pulsed CD45.2+ splenocytes was assessed 20 h after infusion. Data are presented as the ratio of OVAp-pulsed
(CTV-labelled) to non-pulsed splenocytes (n = 3 mice per group). (b) E.G7 cells were transplanted into recipient mice, followed after 1 day by three treatments
with either control EVs, IL-2/anti-IL-2 mAb or AP-EVs at 3 days intervals. Tumour growth curves represent the untreated (black), control EV (brown),
IL-2/anti-IL-2 mAb (blue) and AP-EV (red) groups (n = 9 mice per group). (c) Kaplan–Meier survival curve of overall survival. Statistical analysis was
performed using a log-rank (Mantel–Cox) test (n = 9 mice per group). (d) Mice that previously rejected E.G7 post-AP-EV treatment were later
subcutaneously challenged with 1 × 105 E.G7 cells. The tumour growth curves compare untreated and AP-EV-treated mice. p-Values were determined using
two-way ANOVA followed by Dunnett’s test. (e) Kaplan–Meier survival curve for mice subjected to tumour rechallenge. Statistical analysis was performed
using a log-rank (Mantel–Cox) test (n = 6 mice per group). Data (a-c) are representative of two independent experiments. ANOVA, analysis of variance;
AP-EV, antigen-presenting EV; CTV, cell trace violet; EV, extracellular vesicle.

to that used for the tumour model established without adoptive OT-I T cell transfer; however, treatment was initiated on day 1
post E.G7 cell inoculation. Tumour volumes were measured every 2–3 days using a digital caliper and were calculated as length
(mm) × width2 (mm2) × 0.5. Prior to the anti-PD1 combination therapy, E.G7 cells were subcutaneously injected into the mice.
Treatment was initiated when tumour size reached 50–100 mm3. Mice were randomly allocated to one of four groups depending
on the treatment, including 200 μg AP-EVs, control EVs, anti-PD1 antibody and combination therapy groups. The 200 μg AP-
EV/control EV and anti-PD1 treatments were administered every 3 days for a total of three administrations and tumour volume
measurements and calculations were performed for eachmouse. For the tumour rechallengemodel, mice that remained tumour-
free for 60 days after initial tumour inoculation, and age-matched wild-type mice, were subcutaneously inoculated with 1 × 105
E.G7 cells without any further treatment. Tumour volume was measured in both groups at 2 or 3 days intervals.

. TIL analysis

E.G7 cells (1 × 105) were subcutaneously inoculated into C57BL/6 mice. The following day, tumour-bearing mice were intra-
venously administered 200 μg AP-EVs, control EVs, or IL-2/anti-IL-2 mAb every 3 days, for a total of three administrations. On
day 18, tumours were isolated and TILs were prepared using a Tumor Dissociation Kit (Miltenyi Biotec) according to the manu-
facturer’s instructions. To measure IFN-γ production, 5 × 105 TILs were stimulated overnight with 10 μM OVA peptide, treated
with brefeldin A for 5 h, harvested, surface-stained, fixed, and permeabilized using the True-Nuclear Transcription Factor Buffer
Set (BioLegend). The cells were stained with anti-IFN-γ antibody.



 of 

0 10 20 30 40
0

500

1000

1500

2000

2500

0 10 20 30 40
0

500

1000

1500

2000

2500

0 10 20 30 40
0

500

1000

1500

2000

2500

Days
0 10 20 30 40

0

500

1000

1500

2000

2500

Days

Tu
m

ou
r v

ol
um

e 
(m

m
³)

Tu
m

ou
r v

ol
um

e 
(m

m
³)

Non treated Control EVs

IL-2/anti-IL-2 AP-EVs

CD45.2

Te
tra

m
er

-P
E

E
ve

nt
s 

(%
 M

ax
)

0 20 40 60
0

50

100

Days

1/9 survived

(b)

(d)

(e)
Su

rv
iv

al
 (%

)52.447.4

0

30

60

90

120

50.649.3

0

20

40

60

80

0.37099.6

0

200

400

600

800

1.0KControl EVs IL-2/anti-IL-2 AP-EVs

AP-EVsIL-2/anti-IL-2Control EVsNon treated

0                   2                  4                   6           7         Days

OVA-coated CD45.2 splenocytes
Non-coated CD45.1 splenocytes

Analysis

Tetramer-APC

Non treated
Control EVs
IL-2/anti-IL-2
AP-EVs

p = 0.0046

p = 0.0419

(f)

0 5 10 15 20 25
0

500

1000

1500

2000 Control EVs

Anti-PD1
AP-EVs

Combination

Tu
m

ou
r v

ol
um

e 
(m

m
³)

Days

%
 o

f t
et

ra
m

er
+  i

n 
C

D
8+  T

 c
el

ls

0                  2                  4                6           Days

Tetramer staining

0    1                   4                   7  Days

Tumour monitoring

E.G7
transplantation

E.G7
transplantation

0                               5            8          11                             Days

Tumour monitoring

Anti-PD1  treatment 

p < 0.0001
p < 0.0001

0

5

10

15

Con
tro

l E
Vs

Anti
-P

D1

AP-E
Vs

Com
bin

ati
on

p > 0.9999

p
> 0.9999

-103    0    103      104     105 -103   0    103      104     105 -103    0    103      104     105 -103    0    103      104     105

105

104

103

0

-103

105

104

103

0

-103

105

104

103

0

-103

105

104

103

0

-103

-103    0    103         104       105 -103    0    103         104       105 -103    0    103         104       105

· Control EVs
· IL-2/anti-IL-2
· AP-EVs

· Control EVs
· IL-2/anti-IL-2
· AP-EVs

· Control EVs
· IL-2/anti-IL-2
· AP-EVs

· Control EVs
· AP-EVs

(a) (c)

0.025 ± 0.009 0.019 ± 0.005 0.011 ± 0.001 3.580 ± 1.351

F IGURE  Effect of AP-EVs on the expansion of endogenous antigen-specific CD8+ T cells and cancer immunity. (a) Mice were treated with either 200
μg control EVs, IL-2/anti-IL-2 mAb or 200 μg AP-EVs for three times in a 2 days interval. On day 6, PBMCs were collected. Dots showed the percentages of
tetramer-positive cells (n = 4). Standard deviation was presented in top left corner. (b) Experimental workflow for the in vivo killing assay. Mice were treated
with either 200 μg control EVs, IL-2/anti-IL-2 mAb or 200 μg AP-EVs for three times in a 2 days interval. On day 6, OVAp-pulsed (CD45.2+) with non-pulsed
(CD45.1+) splenocytes were transferred to recipient mice. The ratios displayed the percentage of OVAp-pulsed (CD45.2+) with non-pulsed (CD45.1+)
splenocytes in recipient mice’s PBMCs. (c) E.G7 cells were inoculated into recipient mice, followed after 1 day by three treatments with either 200 μg of control
EVs, IL-2/anti-IL-2 mAb or AP-EVs for three times at 3 days intervals. The tumour growth curves are shown. (d) Kaplan–Meier survival curve depicting
overall survival rates. Statistical analysis was performed using a log-rank (Mantel–Cox) test (n = 9 mice per group). (e) Starting from day 5 (tumour size
approximately 100 mm3), E.G7 tumour-bearing mice were treated three times at 3 days intervals with 200 μg of control EVs, AP-EVs, 200 μg of anti-PD1
antibody or a combination of AP-EVs and anti-PD1 antibody for three times. The tumour growth curves are shown. (f) OVAp-specific CD8+ T cells in PBMCs
were detected on day 14. Percentages of tetramer-positive cells from tumour-bearing mice treated with control EVs, AP-EVs, anti-PD1 antibody or AP-EVs
with anti-PD1 antibody are presented (n = 5 mice per group). p-Values were calculated using one-way ANOVA followed by Tukey’s test. Data (a-f) are
representative of two independent experiments. ANOVA, analysis of variance; AP-EV, antigen-presenting EV; EV, extracellular vesicle; PBMC, peripheral
blood mononuclear cell.

. Assessment of AP-EV safety in mice

Six- to eight-week-old female C57BL/6 mice were treated with 200 μg of AP-EV or control EVs three times at 3 days intervals.
At 1- and 14 days post-treatment, liver and lung tissues were collected for Hematoxylin and Eosin (H&E) staining and Sirius
Red staining to quantify inflammation and fibrosis. To measure liver enzymes (aspartate aminotransferase (AST) and alanine
aminotransferase (ALT)) and kidney function markers (blood urea nitrogen (BUN) and creatinine (CRE)), 200 μL of peripheral
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blood was collected from the mouse tail after the completion of the three-dose treatment regimen (200 μg of AP-EV or control
EVs administered at 3 days intervals) at 1- and 14 days post-treatment. The collected blood was incubated at room temperature
for 1 h, and then centrifuged at 500 × g for 4 min to obtain serum. Assays were performed according to the manufacturers’
instructions as follows: AST Activity Assay Kit (Sigma-Aldrich), AST Activity Assay (Sigma-Aldric), BUN Colorimetric
Detection Kit (Thermo Fisher), and Creatinine Colorimetric Assay Kit (Cayman).

. TCR transduction of primary human T cells and co-culture assay with hAP-EVs

To produce humanizedAP-EVs, HEK293 cells were geneticallymodified using the CRISPR-Cas9 system to knock out the expres-
sion of β2m. The cells were then transiently transfected with plasmids encodingNY-ESO-1 peptide-single-chain trimer-MFG-E8
and CD80-MFG-E8-IL2 to generate humanized AP-EVs. ICAM1-expressing AP-EVs were generated by co-transfection of plas-
mids encoding NY-ESO-1 peptide-single-chain trimer-MFG-E8, CD80-MFG-E8-IL2 and ICAM1-MFG-E8. The AP-EVs were
enriched by ultracentrifugation. PBMCs from human HLA-A*02:01-positive healthy donors were stimulated with Dynabeads
Human T-Activator CD3/CD28 beads (Thermo Fisher Scientific) at a 1:1 ratio in X-VIVO 15 medium (Lonza) supplemented
with 5 ng/mL human IL-2 (BioLegend). After 2 days, the beads were removed and the activated T cells were transduced with a
lentivirus encoding the NY-ESO-1-specific TCR, which recognizes the NY-ESO-1 peptide sequence p157–165 (SLLMWITQC).
The culture medium was changed 3 days post-transduction. On day 5, 1 × 105 TCR-transduced primary CD8+ T cells (with 40–
70% TCR expression) were incubated with 20 or 60 μg/mL of either control EVs, pMHCI complex-expressing EVs, or hAP-EVs
in 200 μL X-VIVO 15 medium. After 2 h of cultivation with EVs, cells were harvested, surface-stained, fixed and permeabilized
using the True-Nuclear Transcription Factor Buffer Set (BioLegend), followed by staining for Nur77 expression. After 1-day of
cultivation with EVs, cells were treated with brefeldin A (BioLegend) for 4 h and stained to investigate CD69 and IFN-γ expres-
sion. After 4 days of cultivation with EVs, the cell numbers were calculated, cell culture supernatant was collected and secreted
granzyme B was measured using a Human Granzyme B ELISA Kit (Abcam) or intracellular staining using antibodies. The assay
was performed according to the manufacturer’s instructions.

. Statistical analysis

To compare more than two groups, one-way or two-way analysis of variance (ANOVA) was applied. The variation in survival
rates was analysed using log-rank tests. All statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad
Software, San Diego, CA, USA). p < 0.05 was considered statistically significant.

 RESULTS

. Simultaneous expression of immune modulators on EVs

To present the protein of interest on the surface of EVs, we employed fusion with tetraspanins, such as CD9 or CD81 (Figure 1a)
(Stickney et al., 2016). First, we designed the CD81 fusion protein with a single-chain MHCI trimer (scMHCI) consisting of an
ovalbumin (OVA) peptide, β2m andH2-Kb molecule (Figure S1a) (Hansen et al., 2010).We integrated IL-2 into the second extra-
cellular loop of CD81 via a GS linker to ensure its robust and functional presentation on the EVs (Figure S1a,b). Concurrently,
CD80 was fused with CD9 (Figure S1c). Subsequently, EVs were harvested from the supernatant of human embryonic kidney
(HEK293) cells that stably expressed scMHCI-CD81-IL-2 and CD80-CD9. Flow cytometry revealed high levels of OVAp-MHCI,
CD80 and IL-2 on the EVs from HEK293 cells (Figure 1b), which we named AP-EVs. Western blot analysis confirmed both the
presence of fusion proteins inAP-EVs and the absence of cellular contaminants such as human β-actin andhuman glyceraldehyde
3-phosphate dehydrogenase (GAPDH), verifying the purity of our EV preparation (Figure S1d) (Théry et al., 2018). To verify the
concurrent expression of CD9 and CD81 fusion proteins on individual EVs, HEK293T cells were co-transfected with CD9-green
fluorescent protein (GFP) and CD81-red fluorescent protein (RFP) constructs, and EVs were isolated from the culture super-
natant. Consistent with prior observations (Corso et al., 2019) confocal microscopy revealed that ∼80% of the EVs co-expressed
GFP and RFP (Figure 1c, Figure S1e), suggesting that the majority of AP-EVs simultaneously display OVAp-MHCI-CD81-IL-2
andCD80-CD9. To further validate the co-expression of signals onAP-EVs, we also confirmed the expression of scMHCI-CD81-
IL-2 and CD9-CD80 by NANO-FCM, a state-of-the-art flow cytometer that analyses individual EVs, and found that over 50%
of the EVs co-expressed IL-2 and CD80 (Figure 1d). On the other hand, when we analysed MHCI and IL-2 co-expression in
our control experiment, we did not observe 100% co-expression of these proteins despite all EVs theoretically expressing both
molecules (Figure 1d). This discrepancy likely reflects technical limitations in single EV flow cytometry detection, such as anti-
body competition. Therefore, the observed 50% co-localization of IL-2 and CD80 may represent an underestimate of the actual
co-expression levels. Nanoparticle tracking analysis showed that the average size of AP-EVs was ∼150 nm, comparable to that of
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non-modified control EVs (Figure 1e); transmission electron microscopy revealed that AP-EVs exhibited typical vesicular mor-
phology characteristic of EVs (Figure S1f), and atomic force microscopy (AFM) showed that AP-EVs had morphological and
physical properties similar to those of control EVs (Figure 1f, Figure S1g,h).

. Selective expansion of antigen-specific CD+ T cells with AP-EVs

DC-derived exosomes can directly prime effector T cells but are ineffective in stimulating naïve T cells (Segura et al., 2005; Théry
et al., 2002). We investigated if AP-EVs can stimulate naïve CD8+ T cells; therefore, OVA-specific CD8+ (OT-I) T cells labelled
with cell trace violet (CTV) were cultured with various doses of AP-EVs or control EVs. As naïve T cells lose CTV staining upon
activation, we measured the percentage of CTV-negative T cells to assess activation and proliferation. After 3 days of cultivation,
a dose-dependent expansion of OT-I T cells was observed with AP-EV treatment (Figure 2a, Figure S2). This indicated that
AP-EVs directly activated naïve CD8+ T cells. Subsequently, we examined the minimally required components (signal 1: OVAp-
MHCI, signal 2: CD80, signal 3: IL-2) on AP-EVs for T cell activation. We prepared EVs expressing signal 1 alone; signals 1
and 2; signals 1 and 3; or signals 1, 2 and 3 (Figure 2b) and co-cultured them with OT-I T cells. Signal 1-expressing EVs did not
efficiently activate OT-I T cells (Figure 2c). In contrast, co-expression with signals 2 or 3 strongly stimulated the proliferation of
OT-I T cells, and co-expression of signals 1, 2 and 3 showed themaximum effect. This indicated that signals 2 and 3 synergistically
enhanced CD8+ T cell expansion. Moreover, using anti-CD3/CD28 beads as a positive control for T cell activation, AP-EVs were
shown to activate OT-I T cells, leading to the production of IFN-γ and granzyme B. This suggests the differentiation of naïve
T cells into cytotoxic T lymphocytes (CTLs) (Figure 2d). To determine whether AP-EVs could specifically stimulate CD8+ T
cells, OT-I T cells (CD45.1+) were co-cultured with polyclonal CD8+ T cells (CD45.2+) at a 5:95 ratio, and either control EVs
or AP-EVs were added to the culture. Although control EVs maintained the initial ratio of OT-I to polyclonal CD8+ T cells,
AP-EVs selectively expanded the OT-I T cell population in vitro (Figure 2e,f). Although we utilized freshly isolated AP-EVs,
we observed that AP-EVs stored for up to 3 months at 4◦C or −20◦C (but not −80◦C) demonstrated activity comparable to
that of fresh EVs (Figure 2g). Collectively, these results indicated that AP-EVs, which directly present an antigen, costimulatory
molecule and cytokine, induce robust proliferation of antigen-specific CD8+ T cells.

. In vivo expansion of antigen-specific CD+ T cells by AP-EVs

IL-2/anti-IL-2 mAb complexes selectively bind IL-2Rβ and γ, promoting the expansion of CD8+ T and NK cells; however, their
use for in vivo CD8+ T cell expansion often results in non-specific CD8+ T cell activation and side effects such as splenomegaly
(Boyman et al., 2006). To effectively deliver IL-2 to antigen-specific CD8+ T cells in vivo without causing severe adverse effects,
we investigated the ability of AP-EVs to selectively stimulate antigen-specific CD8+ T cells. Accordingly, we transferred a mix-
ture of congenically marked OT-I T and polyclonal T cells (1:1) to recipient CD45.1+CD45.2+ mice, followed by intravenous
injection of AP-EVs, control EVs or IL-2/anti-IL-2 mAb. After 4 days, donor T cells were analysed (Figure 3a). Consistent with
a previous finding (Létourneau et al., 2010), the IL-2/anti-IL-2 mAb expanded both OT-I and polyclonal T cells. In contrast,
AP-EVs exhibited selective expansion of OT-I T cells in the spleen (Figure 3a–c) and lymph nodes (LNs) (Figure S3a–c), with
the majority of OT-I T cells acquiring the CD44highCD62Llow effector memory or effector phenotype (Figure 3d, Figure S3d).
Additionally, a subset of OT-I T cells differentiated into IFN-γ positive CTLs (Figure 3e, Figure S3e). To investigate the in vivo
distribution of AP-EVs, we conducted a pharmacokinetic analysis of 64Cu-labelled AP-EVs using positron emission tomography
(PET) imaging (Warashina et al., 2022) and found that AP-EVs predominantly accumulated in the spleen and liver (Figure 3f,g).
To clarify the functional duration of AP-EVs in vivo, we administered them several days prior to the transfer of OT-I T cells.
Although a substantial fraction of AP-EVs was cleared by day 2, sufficient activating capacity remained until day 4 after AP-EV
administration (Figure 3h,i).

. AP-EVs potentiate the anticancer efficiency of adoptively transferred T cells

We determined whether the OT-I T cell expansion following the AP-EV treatment in mice could specifically eliminate OVAp-
coated splenocytes by introducing a mixture of CTV-labelled OVAp-coated and CFSE-labelled non-coated splenocytes (1:1) 4
days after EV administration. A marked reduction in OVAp-coated splenocytes from ∼60% to 1.26% indicated that AP-EV-
activated CTLs had high antigen-specific cytotoxicity (Figure 4a). To evaluate their tumour-killing activity, we subcutaneously
inoculated OVA-expressing EL4 (E.G7) cells in mice, followed by the injection of OT-I T cells after 1 day and three doses of
AP-EVs, control EVs or IL-2/anti-IL-2 mAb (Figure 4b). For initial administration, AP-EVs were loaded with pMHCI, CD80
and IL-2. For the two subsequent administrations, we used AP-EVs expressing OVAp-MHCI and IL-2, omitting CD80 to avoid
stimulating the inhibitory receptor CTLA-4 (Vandenborre et al., 1999). A previous report indicated that IL-2/anti-IL-2mAb only
induced a marginal delay in cancer growth and limited the extension of survival (Krieg et al., 2010). We found that the adminis-
tration of AP-EVs significantly delayed cancer progression, and six out of nine mice completely rejected E.G7 cells (Figure 4b,c).
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Moreover, mice that rejected E.G7 cells showed pronounced resistance upon subsequent E.G7 cell rechallenge (Figure 4d,e).
These findings demonstrated that the administration of AP-EVs stimulates the effector function of antigen-specific CTLs and
facilitates the generation of antigen-specific memory CD8+ T cells.

. AP-EVs amplify endogenous antigen-specific CD+ T cells and enhance anticancer immunity

Approximately 1–100 endogenous CD8+ T cells per million recognize a specific peptide-MHC complex (Jenkins &Moon, 2012).
Indeed, the OVA-specific endogenous CD8+ T cells comprise 0.025% of the total CD8+ T cell population in peripheral blood
mononuclear cells (PBMCs) from untreated mice (Figure 5a). We investigated the expansion of this rare population in mice
following administration with AP-EVs, control EVs, or an IL-2/anti-IL-2 mAb on days 0, 2 and 4. On day 7, the AP-EVs were
found to promote the clonal expansion of OVAp-specific CD8+ T cells, representing 3.580% of all CD8+ T cells. In contrast,
control EVs or IL-2/anti-IL-2 mAb treatment failed to selectively expand OVAp-specific CD8+ T cells (Figure 5a). We verified
the effector function of these expanded OVAp-specific CD8+ T cells through an in vivo killing assay. We introduced a mixture
of CD45.2 OVAp-coated and CD45.1 non-coated splenocytes (at a ratio of 1:1) 2 day after the third EV administration. OVAp-
coated splenocytes were eliminated from mice that received AP-EVs (Figure 5b), while the control EVs or IL-2/anti-IL-2 mAb
had no effect. Furthermore, we investigated whether AP-EVs exert anticancer effects via endogenous CTLs in C57BL/6 mice
subcutaneously injected with E.G7 cells and administered AP-EVs, control EVs or IL-2/anti-IL-2 mAb. Notably, the AP-EV
treatment resulted in a substantial delay in cancer progression and extension of survival compared with those in the control
groups (Figure 5c,d). We explored the efficacy of AP-EVs against established tumours. E.G7 cells were subcutaneously injected
into mice and allowed to proliferate until reaching a size of 100 mm3. The mice were administered AP-EVs, anti-PD-1 antibodies
or a combination of both. Monotherapy using either AP-EVs or anti-PD-1 antibodies resulted in only a slight delay in tumour
progression, whereas combination therapy markedly inhibited tumour growth (Figure 5e). Notably, we observed an increased
percentage of antigen-specific CD8+ T cells among the total CD8+ T cells, reflecting a synergistic effect between AP-EVs and
the anti-PD-1 antibody (Figure 5f). These findings highlight the effectiveness of AP-EVs not only in the selective expansion
of endogenous antigen-specific CD8+ T cells but also in enhancing anticancer immunity, particularly when employed with an
anti-PD-1 immune checkpoint inhibitor. Moreover, we evaluated the toxicity of AP-EVs and found that their administration did
not present any apparent adverse effects: we observed no marked changes in body weight, no tissue abnormalities and blood
chemistry parameters consistent with those of the vehicle-treated controls (Figure S4). Additionally, no expansion of polyclonal
CD4+ T cells, polyclonal CD8+ T cells, NK cells or Tregs was observed (Figure S5).

. AP-EVs accumulate in the tumour microenvironment

To investigate the effects of AP-EVs on the tumour microenvironment and their potential contribution to enhanced anti-
cancer immunity, we performed a tumour-infiltrating lymphocyte (TIL) analysis (Figure 6a). We observed the accumulation
of CD8+OVAp-tetramer+ cells (Figure 6b), an increased percentage of IFN-γ+ CD8+ T cells (Figure 6c), and a decreased per-
centage of OVAp-tetramer+PD-1+ exhausted CD8+ T cells (Figure 6d), suggesting that administration of AP-EVs turned the
‘cold’ tumour microenvironment into a ‘hot’ one. We analysed the distribution of 64Cu-labelled AP-EVs in untreated and E.G7
tumour-bearing C57BL/6mice, and the accumulation of AP-EVswas evaluated 24 h after administration. Similar to the results in
Figure 3f, we observed the hepatic accumulation of AP-EVs along with marked accumulation in the tumour (Figure 6e), which
increased over time (Figure 6f). These results suggested that AP-EVs may activate antigen-specific CD8+ T cells in situ, both
within the tumour microenvironment and secondary lymphoid organs.

. Humanized AP-EVs stimulate primary human CD+ T cells

To create humanized AP-EVs (hAP-EVs), we utilized milk fat globule epidermal growth factor 8 (MFG-E8), which binds phos-
phatidylserine (PS) on the surface of EV and is commonly used for EV engineering (Dooley et al., 2021). We engineered the
MFG-E8 fusion protein with a scMHCI comprising anNY-ESO-1 peptide, β2m and the HLA-A02:01 molecule (Figure 7a, Figure
S6a). hCD80 was fused withMFG-E8 and hIL-2 (Figure 7b, Figure S6b). Flow cytometry revealed that hAP-EVs expressed β2m,
hCD80 and hIL-2 (Figure 7c). To assess the functionality of hAP-EVs, we transduced PBMCs from a single HLA-A02:01-positive
healthy volunteer with a lentiviral vector carrying the NY-ESO-1 peptide-specific T cell receptor (TCR) (Robbins et al., 2008),
which also contained a 2A peptide sequence and Venus reporter for the efficient tracking and analysis of CD8+ T cells expressing
NY-ESO-1 peptide-specific TCR. After transduction, 40%–70%of the CD8+ T cells expressedVenus,most of whichwere positive
for NY-ESO-1p tetramer staining (Figure 7d). After 2 h of cultivation with hAP-EVs, TCR-positive cells showed higher levels of
Nur77, a marker of TCR signalling events (Ashouri &Weiss, 2017) than TCR-negative cells, whereas no change in expression was
observed in cells cultured with control EVs or those expressing only the pMHCI complex (Figure 7e). This activation was further
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F IGURE  AP-EVs can directly activate TILs. (a) Schematic representation of AP-EV administration protocol. E.G7 cells were inoculated into recipient
mice. The following day, mice received three treatments with either 200 μg control EVs, IL-2/anti-IL-2 mAb or 200 μg AP-EVs for three times at 3 days
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characterized by elevated CD69 expression and IFN-γ and granzyme B production (Figure 7f–h). Additionally, the number of
NY-ESO-1 peptide-specific CD8+ T cells increased after cultivation with hAP-EVs for 4 days (Figure 7i). To further enhance
their T cell activation capacity, we modified hAP-EVs with the ICAM-1 adhesion molecule and found that they more efficiently
stimulated NY-ESO-1 peptide-specific CD8+ T cells than hAP-EVs alone (Figure S7). Collectively, these results demonstrated
that hAP-EVs effectively stimulate primary human CD8+ T cells in vitro, which was further enhanced by the incorporation of
ICAM-1 into hAP-EVs.

 DISCUSSION

Nanoparticles and EVs, including exosomes, have attracted widespread attention for their potential as drug delivery systems,
diagnostic tools, tissue regenerative agents and immune response modulators. They offer several advantages, including a low
risk of entrapment in small blood vessels, minimal risk of malignant transformation and increased stability compared with cell-
based therapies. Hence, various studies have engineered nanoparticles and EVs capable of activating immune responses. For
example, nanoparticles conjugated with pMHCI and costimulatory molecules or anti-CD28 antibody can effectively expand
antigen-specific CD8+ T cells (Ben-Akiva et al., 2023; Hickey et al., 2017). Despite their remarkable extensibility, the non-
biological origin of nanoparticles presents potential issues in terms of biocompatibility and may elicit undesirable immune
responses or toxicity in clinical applications. In contrast, EVs naturally exhibit superior biocompatibility owing to their bio-
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F IGURE  (Continued)
and NY-ESO-1 TCR-negative T cells after 2 h of stimulation with AP-EVs, signal 1 expressing EVs or control EVs (prepared in c). (f) Percentage of CD69+
NY-ESO-1 TCR-positive and NY-ESO-1 TCR-negative T cells after 1 day of stimulation with 60 μg/mL AP-EVs, signal 1 expressing EVs or control EVs. (g)
IFN-γ expression in NY-ESO-1 TCR-positive and TCR-negative CD8+ T cells following 1 day of stimulation with 60 μg/mL AP-EVs, signal 1 expressing EVs or
control EVs. (h) Amount of granzyme B in the supernatant after 4 days of co-culture determined by ELISA. (i) Numbers of NY-ESO-1 TCR-positive T and
NY-ESO-1 TCR-negative T cells following 4 days of stimulation with 60 μg/mL AP-EVs, signal 1 expressing EVs or control EVs. p-Values were calculated using
two-way ANOVA (e, f, g, i) and one-way ANOVA (h) followed by Tukey’s test. Data (e–i) are presented as technical triplicates. Data (c–i) are representative of
two independent experiments. ANOVA, analysis of variance; AP-EV, antigen-presenting EV; EV, extracellular vesicle; PBMC, peripheral blood mononuclear
cell; TCR, T cell receptor.

logical origins. We engineered AP-EVs equipped with multiple immune modulators on a single EV platform. This design allows
for the concurrent stimulation of targeted T cells with TCR, costimulatory and cytokine signals. A key advantage of AP-EVs is
their adaptability to modifications, which facilitates the incorporation of a diverse array of cytokines and costimulatory signals.
In this study, we integrated IL-2 and CD80 as prototypical cytokines and costimulatory molecules, respectively. However, alter-
native cytokines and signals, such as IL-12 or 4-1BBL, may also be conceivable. For instance, EVs containing pMHCII, CD80 and
IL-12 are anticipated to promote antigen-specific Th1 differentiation, whereas EVs embeddedwith pMHCII, IL-2 and TGF-βmay
induce antigen-specific Tregs, presenting a potential therapeutic approach for autoimmune regulation (Becker et al., 2023). Addi-
tionally, immune checkpoint inhibitors can be applied to AP-EVs to generate anti-PD-1 scFV-tetraspanin fusion proteins (Shi
et al., 2020). In the current study, wemodified hAP-EVs to express the adhesionmolecule ICAM-1 on their surface. Notably, these
ICAM-1-bearing hAP-EVs demonstrated an enhanced ability to activate NY-ESO-1 peptide-specific CD8+ T cells compared
to the unmodified hAP-EVs. This adaptability in selecting costimulatory molecules, cytokines and other immune modulators
enables the flexible customization of AP-EVs for treating various conditions, such as cancer and autoimmune diseases.
DC-based cancer immunotherapies, particularly DC vaccines, are promising therapeutic strategies against malignancies such

as acute myeloid leukaemia, myelodysplastic neoplasms and various solid tumours (Anguille et al., 2017; Del Prete et al., 2023).
Their ability to present tumour-specific antigens and stimulate robust antitumour responses has increased interest in their clinical
use. Although many studies have shown that DC vaccines are safe and feasible, several limitations persist, including undesirable
cellular immune responses, high costs and intricate production processes (Sellars et al., 2022). To overcome these limitations, a
recent study utilizedDC-derived nanovesicles engineered to express pMHCI, costimulatorymolecules and an anti-PD-1 antibody
(Liu et al., 2022). These nanovesicles effectively activated tumour-specific CD8+ T cells and contributed to antitumour immune
responses. However, the nanovesicles lacked cytokine signals and nanovesicle collection fromDCs remains challenging. AP-EVs
may be amore efficient strategy thanDC vaccines or DC-derived nanovesicles owing to their scalable production, ease ofmodifi-
cation and inherent stability stemming from their non-cellular composition. Furthermore, the adaptability of AP-EVs allows the
integration of key insights fromDC vaccine research, such as specific antigen selection, robust immune response stimulation and
safety protocols. By leveraging these strategies within the AP-EV design, cancer immunotherapymay be enhanced by combining
the strengths of both approaches while overcoming the limitations associated with DC vaccines and DC-derived nanovesicles.
Several cytokines have been modified to boost their functions while avoiding the adverse effects of systemic administration.

For example, engineered IL-2 variants have been developed to mitigate the side effects of IL-2 by selectively activating CD8+
memory T and NK cells (Levin et al., 2012; Silva et al., 2019). However, these IL-2 variants lack antigen specificity and cause
expansion of the entire CD8+ T cell repertoire. Orthogonal pairs of IL-2/IL-2R offer an alternative approach for specifically
targeting T cells (Sockolosky et al., 2018); however, this requires genetic modification of T cells and may inadvertently activate
the immune system through repetitive injections because orthogonal IL-2/IL-2R pairs are not recognized as self-antigens. AP-
EV technology circumvents these challenges by allowing the selective delivery of IL-2 to antigen-specific T cells owing to the
simultaneous surface expression of pMHCI and IL-2 on EVs, which could promote the safety and efficacy of antigen-specific
CD8+ T cell activation.
While our study demonstrates the potential of AP-EVs using HLA-A02:01 as a proof of concept, several limitations need

to be addressed for clinical application. The high polymorphism of HLA molecules presents a significant challenge, as each
individual possesses unique HLA types for antigen presentation. This diversity necessitates the development of personalized
AP-EVs expressing specific HLA molecules matching the patient’s type to ensure effective antigen presentation. Our current
approachusing a singleHLAallele (HLA-A02:01)was chosen strategically, as this allele is present in approximately half ofWestern
populations. However, for broader clinical applications, establishing a library of AP-EVs with different HLA types or developing
patient-specific AP-EVs would be necessary.

 CONCLUSION

We engineered EVs expressing a suitable costimulatory molecule, cytokine and pMHCI to selectively deliver immune mod-
ulators to antigen-specific T cells and inhibit tumour growth and survival. Although our findings confirm the efficacy of
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AP-EVs in vivo and in vitro, further research is required to optimize their design and evaluate their safety and efficacy in non-
clinical and clinical trials. Overall, our framework for engineering hAP-EVs may greatly advance the development of EV-based
immunotherapies.
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