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Background: CAR-T cell therapy is effective in the treatment of certain hematological malignancies, and the expansion and 
functional persistence of CAR-T cells in vivo are crucial to clinical efficacy. The aim of this study was to investigate the potential 
of extracellular vesicles (EVs) modified with the CAR antigen to promote the efficacy of CAR-T cells in vivo.
Methods: We generated HEK293T-derived EVs to present the CD19 antigen as the CAR target. In vitro, EVs expressing CD19 
antigen (CD19 EVs) were co-incubated with anti-CD19 CAR-T cells. Then, proliferation, cytokine secretion, CD107a expression, 
tumor killing, subsets, and immune checkpoint expression were measured to assess CAR-T cell function. After infusion of CD19 EVs 
pretreated CAR-T cells into a lymphoma xenograft mouse model, flow cytometry and digital PCR were used to measure the expansion 
of CAR-T cells, and tumor volumes were continuously monitored to assess the anti-tumor efficacy of CAR-T cells in vivo. Another 
mouse model was created to investigate the effect of in vivo injection of CD19 EVs on the functional persistence of CAR-T cells, and 
safety was determined by histopathology of the main organs.
Results: CD19 EVs activated CAR-T cells in an antigen-specific and dose-dependent manner and promoted the selective expansion 
and cytokine secretion of co-cultured CAR-T cells. Specifically, CD19 EVs preferably increased the expansion of the CAR-T 
subpopulation with a high surface CD19-CAR density and consequently enhanced the anti-tumor activity of CAR-T cells. 
Futhermore, CD19-EVs-primed CAR-T cells achieved superior proliferation and anti-tumor effects in a mouse model with lymphoma 
xenograft. In vivo administration of CD19 EVs promoted the functional persistence of CAR-T cells in the xenograft mouse model.
Conclusion: Our findings indicate that antigen-expressing EVs can be utilized as a boost to improve CAR-T cell efficacy in vitro and 
in vivo.
Keywords: immunotherapy, chimeric antigen receptor T-cell, extracellular vesicles, CD19 antigen

Introduction
Chimeric antigen receptor (CAR)-T cell immunotherapy has been clinically successful in patients with certain types of 
leukemia and lymphoma, achieving a high percentage of durable complete remissions.1–4 However, poor expansion or 
persistence of CAR-T cells in some patients may result in disease progression.5,6 It has been reported that robust 
proliferation of CAR-T cells correlates with better clinical response,7 and the functional persistence of CAR-T cells 
in vivo is necessary for long-term remission in patients.8,9 Conversely, insufficient expression of antigens is shown to 
lead to inefficient expansion of CAR-T cells,10 whereas antigen-positive or antigen-dim relapses are associated with rapid 
loss of functional CAR-T cells.11 To enhance CAR-T cell proliferation and persistence in vivo, several groups have 
developed different strategies to deliver CAR target antigens to stimulate adoptively transferred CAR-T cells. For 
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example, a RNA vaccine encoding a CAR-specific antigen and a peptide vaccine carrying CAR-ligands was developed to 
modify dendritic cells (DCs) to display target antigens to activate CAR-T cells, which significantly promoted their 
expansion and persistence in vivo. In addition, the anti-tumor effect of CAR-T cells was improved in mouse models.12,13 

These studies have introduced the concept of activating CAR-T cells with target antigens to promote their efficacy. 
However, the current approaches require the help of antigen presenting cells (APCs), and whether direct stimulation of 
CAR-T cells is feasible needs to be explored.

As a fast-developing field in nanomedicine, extracellular vesicles (EVs) have been exploited as cell membrane-based 
nanovesicle delivery systems.14 EVs are released by almost all cells and are considered as important regulators of 
intercellular signaling.15 Recent studies confirmed that EVs could affect T-cell function through molecules exposed on 
the surface of the EV membrane.16,17 Furthermore, surface molecules carried by EVs could interact with receptors on 
CAR-T cells and thus regulate their functions.18,19 Therefore, stimulating CAR-T cells by EVs armed with target antigen 
could be a potent strategy for facilitating expansion and functional persistence of CAR-T cells.

In this study, we used CD19, the most widely used target in CAR-T cell therapy, as an example to validate the 
potential of this strategy. We genetically modified the HEK293T cell line to obtain EVs with high surface CD19 antigen 
expression (CD19 EVs). CAR-T cells targeting CD19 through a single chain variable fragment (scFv) were tested for 
function and persistence when stimulated by CD19 EVs both in vitro and in vivo. Our data provide the first proof of 
concept evidence for the feasibility and safety of the administration of EVs with CAR target antigen for tunable 
expansion of CAR-T cells.

Materials and Methods
Cell Lines and Cell Culture
The human embryonic kidney cell line HEK293T, the Burkitt lymphoma cell line Raji, and the human chronic 
myeloid leukemia cell line K562 were obtained from the ATCC. Cells were cultured in Dulbecco’s modified Eagle 
medium or RPMI 1640 supplemented with 10% fetal bovine serum (Gibco, NY, USA) at 37°C in a 5% CO2 

atmosphere.

Animals
All animal studies were approved by the Animal Care and Use committee of Tongji Hospital following National 
Institutes of Health guidelines (NIH publication 86–23 revised 1985) and in accordance with Institutional Animal 
Care and Use Committee (IACUC) requirements. Female NCG mice (5–6 weeks old) were purchased from 
GemPharmatech (China). Mice were kept under specific-pathogen-free (SPF) conditions.

Plasmid
For CD19 expression, the lentiviral vector pCDH-CMV-CD19 was purchased from GeneCopoeia. For CD19 knockdown, 
short hairpin RNA (shRNA) targeting the CD19 sequence (GGGCATTCTTCATCTTCAAAG) was designed and 
synthesized by Sangon (Shanghai, China), and then cloned into pLKO.1 lentiviral vector to form recombinant lentiviral 
shRNA. The anti-CD19 CAR lentiviral plasmid was constructed as previously described.20

Lentivirus Preparation and Transfection
The lentiviral particles were prepared by PEI co-transfection of HEK293T cells with the corresponding lentiviral 
plasmids and the packaging plasmids. The supernatants were harvested 48 h after transfection and centrifuged for 30 
min at 3000 g at 4°C to remove cells and then passed through a 0.45-μm filter (Thermo Scientific) to remove cellular 
debris. The supernatant was further centrifuged for 2.5 h at 30,000 g at 4°C (Avanti J-26S XPI High-performance 
Centrifuge, Beckman Coulter). The concentrated lentiviral stocks were frozen at −80°C for future use. HEK-293T and 
Raji cells were infected with lentivirus and sorted by FACS.
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CAR-T Cell Production
Peripheral blood was obtained from healthy donors and patients. Human peripheral blood mononuclear cells (PBMCs) 
were then isolated using lymphocyte separation solution (Axis-Shield) according to the manufacturer’s instructions. 
Human T cells isolated from PBMCs using the CD3 MicroBeads kit (Miltenyi, 130-097-043) were activated with CD3/ 
CD28 Dynabeads (Thermo Scientific, 11131D) in medium (Gibco, A3021002) containing 200 IU mL−1 recombinant IL- 
2 (PeproTech) for 24 h. Activated T cells were transduced with anti-CD19 CAR lentivirus at multiplicity of infection of 
3, and cultured for 10–14 days. The medium was renewed every 2–3 days and the cell concentration was adjusted to 0.5– 
2.5×106 mL−1.

Flow Cytometry
The following antibodies were used for flow cytometry analysis: anti-human CD19-APC (BioLegend), anti-human CD3- 
BV510 (BD Biosciences), anti-human CD4-PerCP–Cy5.5 (BioLegend), anti-human CD8-PE–Cy7 (BioLegend), anti- 
human CD45-FITC (BD Biosciences), anti-human CD45RO-PE (BioLegend), anti-human CD62L-BV605 (BD 
Biosciences), anti-human CD62L-APC-Cy7 (BioLegend), anti-human PD-1-BV785 (BioLegend), anti-human TIGIT- 
BV421 (BioLegend), anti-human LAG3-BV650 (BioLegend), anti-human PD-L1-PE (BioLegend), PE-conjugated CD19 
protein (ACROBiosystems). For the CFSE dilution assay, T cells were labeled with 5 μM CFSE (Thermo Fisher 
Scientific) before culture. The degranulation of CAR-T cells was detected by staining with APC-conjugated CD107a 
antibody (BioLegend) for 4 h. For flow cytometry analysis of tumor from mice, tumors were excised from mice on day 4 
after adoptive T cell transfer (ACT) and dissociated into a single-cell suspension by using tumor dissociation kit 
(Miltenyi, 130-095-929).

Flow cytometry staining was carried out in a 1:100 antibody dilution with 1:100 of Fc block (Biolegend) and 
analyzed on a NovoCyte Flow Cytometer (ACEA Biosciences) or a MACSQuant Analyzer 10 Flow Cytometer (Miltenyi 
Biotec). Flow cytometry analysis of the EVs was performed on a CytoFLEX flow cytometer (Beckman Coulter), as 
previously described.21 The data analysis was performed using the FlowJo software (Tree Star).

EVs Isolation and Quantification
HEK293T and HEK293T-CD19 were transferred into serum-free medium for 24 hours. Then, control EVs and CD19 
EVs were isolated from the supernatants of HEK293T and HEK293T-CD19 cells, respectively, as previously described.21 

Briefly, the supernatants were centrifuged at 500 g for 10 min and then passed through 0.45-μm sterile syringe filters. The 
supernatant was then centrifuged at 14,000 g at 4°C for 1 h (Beckman Coulter) to pellet EVs.

For quantification, isolated EVs were lysed with RIPA lysis buffer (Beyotime, China) containing a protease inhibitor 
cocktail (Roche, Switzerland), and the protein content was quantified by using a BCA assay kit (Beyotime, China).

Nanoparticle Tracking Analysis
After EVs were purified and diluted in PBS, nanoparticle tracking analysis (NTA) was performed on the ZetaView 
Multiple Parameter Particle Tracking Analyzer (Particle Metrix) to observe the Brownian motion of EVs and determine 
the particle sizes.

Western Blotting
Following the lysis and quantification of EVs, samples were loaded with loading buffer and heated at 100°C for 10 min. 
Equal amounts of protein (40 μg) from each sample were separated on SDS-PAGE gels and transferred to PVDF 
membranes (Millipore, USA). The membrane was blocked for 1 h at 25°C using 5% non-fat milk and then incubated 
overnight at 4°C with gentle rocking in the presence of anti-Annexin A1 antibody (Abcam, ab214486, 1:2000), and anti- 
CD19 antibody (Abcam, ab245235, 1:1000). The membrane was incubated with HRP-conjugated secondary antibodies 
for 1 h at room temperature. Immunoblots were visualized with chemiluminescence using Pierce ECL reagent (Thermo 
Fisher, USA).
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Cytokine Detection
For CAR-T cell cytokine release assay in vitro, CAR-T cells were resuspended at a concentration of 1×106 mL−1. Then, 
300 μL of suspension was transferred to a 48-well plate and incubated with PBS or EVs for 24 h. The supernatant was 
separated from cells by centrifugation and stored at −80°C until testing. IFN-γ, TNF-α and IL-2 secretion by CAR-T cells 
was analyzed using cytokine-specific ELISA kits (Neobioscience Technology, China).

Cytotoxicity Assay
Target cells, including Raji WT cells, Raji Dim cells, and K562 cells, were labeled with 1 μM CellTraceTM CFSE or 
Violet (ThermoFisher) and subsequently co-cultured with CAR-T cells for 24 h with an effector to target (E:T) ratio of 
1:1. Dead target cells were determined by using propidium iodide (PI) (BD Pharmingen) staining. The percentage of 
deaths of CellTrace-labeled target cells was used to evaluate the cytotoxicity of CAR-T cells.

Engraftment of Tumor Cells
Raji cells were injected subcutaneously into the right flank of mice at 5×106 cells in 200 μL of PBS. Every 3 or 4 days, 
tumor sizes were calculated according to the formula (width2 x length)/2. Mice were euthanized when they showed signs 
of illness or tumor ulceration with volumes exceeding 1500 mm3.

Adoptive Cell Transfer and EVs Treatment in vivo
A total of 1×106 CAR-T cells were infused through tail vein injection and 200 μg of CD19 EVs was administered by tail 
vein injection on day 1 and 5 after ACT. Mice treated with control EVs or PBS of the same volume served as controls.

CD19 EVs Toxicity Analysis
Serum was extracted 72 h after CAR-T cell infusion. Serum cytokine levels were quantified using human Th1/Th2 
cytokine cytometric beads array kit (BD Biosciences) following the manufacturer’s instructions. CAR-T cell therapy and 
CD19 EVs-induced body weight fluctuations were measured every 3 or 4 days.

To assess liver and kidney toxicity induced by EVs, liver and kidney tissue were collected at designated time points 
after therapy and grinded with 9 times the volume of saline to make 10% tissue homogenate. Alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) and creatinine (CRE) levels were analyzed according to the manufacturer’s 
protocol (BIOBASE, 70911, 70910, 70927).

Droplet Digital PCR
The expansion and persistence of CAR-T cells in vivo were measured by ddPCR, as previously reported.22 Peripheral 
blood was collected from mice at designated time points. The sequence of the CAR primers is as follows: forward 
primer, 5’-CAGCAAAAATACGACCTCCTCACT-3’; reverse primer, 5’-TGGTGCTGCCTTTGATCTCA-3’; and probe, 
5’-FAM-TTGGCGGAGGGACC-3’.

Histopathological Analysis and Immunohistochemistry
Tumor tissues and organs were removed from mice, fixed in formalin, embedded in paraffin, and dissected into 3 mm- 
thick sections. Organ slides were stained with H&E. Fixed tumor slides were incubated with anti-human CD3 antibody 
(Abcam, Ab1669, 1:100) overnight at 4°C to detect the presence of human T cells in tumors. The slices were then treated 
with a secondary antibody and visualized using 3,3′-diaminobenzidine. The cell nuclei were stained with hematoxylin.

Statistical Analysis
All experiments were performed at least three times and all measurement data were presented as the mean ± SEM. All 
data were analyzed using GraphPad Prism 7.0. Statistical significance of differences between two groups was assessed 
using a two-tailed paired or unpaired t-test, comparisons between more than two groups were carried out by one-way 
ANOVA and two-way ANOVA. Animal survival was analyzed using Log-rank (Mantel-Cox) test. p < 0.05 was 
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considered statistically significant and significance is designated with asterisks (ns, not significant; *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001).

Study Approval
All experiments in human subjects were approved by the Ethics Committee of Tongji Medical College, Huazhong 
University of Science and Technology, Wuhan, China (decision on 30.12.2020) and carried out in accordance with the 
approved protocols.

Results
Establishment and Characterization of CD19 EVs
To obtain CD19 EVs, we established a HEK293T monoclonal cell line to express CD19 on the cell surface by transfection 
of lentivirus. Control EVs were produced by HEK293T cells transfected with a control vector. Control EVs and CD19 EVs 
were examined by NTA, and their Brownian motions and size distribution were monitored (Figure S1A and S1B). The 
particle sizes of the control EVs and CD19 EVs were both ranged between 50 and 450 nm, which was consistent with the 
typical particle size of EVs.23 The data indicated that CD19 expressed on the EV membrane surface did not significantly 
influence its physical properties, such as size and motion state. Based on the centrifugation speed used in this study, the EVs 
obtained were mainly microvesicles (MVs), a type of EVs directly shed from the cell membrane, and their specific marker 
was Annexin A1.23 Western blotting confirmed that Annexin A1 was expressed by both types of EVs, and CD19 was 
expressed significantly only in CD19 EVs (Figure S1C). Flow cytometry was used to identify CD19 expression on the 
membrane surface of CD19 EVs (Figure S1D). PD-L1 was hardly expressed on the surface of both control and CD19 EVs 
(Figure S1E).

CD19 EVs Activate CAR-T Cells and Promote Their Expansion and Functional 
Maturation
First, we characterized CD19 CAR-T cells that were derived from healthy donors in combination with EVs in vitro. 
CD19 EVs promoted stimulation, cytokine secretion and proportion of co-cultured CAR-T cells in a dose-dependent 
manner, reaching a peak at a concentration of 700 μg/mL of CD19 EVs (Figure 1A and B). At a concentration of 1350 
μg/mL of CD19 EVs, the levels of cytokine secretion and percentage of CAR-T cells plateaued after reaching high levels, 
suggesting a saturation threshold presumably for CAR-T cells being fully activated by a sufficient amount of target 
antigens presented by 700 μg/mL of CD19 EVs. Therefore, we adopted 700 μg/mL as the concentration for co-culturing 
of EVs for the subsequent experiments.

A B

Figure 1 Activation of CAR-T cells by CD19 EVs is dose-dependent. (A) Cytokine secretion of CAR-T cells analyzed by ELISA after 24 h of co-culture with escalating 
amounts of CD19 EVs. (B) Proportion of CAR-T cells analyzed by flow cytometry after 72 h of co-culture with escalating amounts of CD19 EVs. *P < 0.05, **P < 0.01, 
***P < 0.001.
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After co-incubation of CAR-T cells with PBS, control EVs, or CD19 EVs for 72 h, we found that the proportion of 
CAR-T cells was significantly higher in the CD19 EVs group compared to the PBS group, and further analysis revealed 
that the proportion of CAR-T cells was higher in both CD4+ T cells and CD8+ T cells, while the proportion of CAR-T 
cells in the control EVs group did not differ from that in the PBS group (Figures 2A and S2A). The CAR-T cell 
proliferation in the presence of CD19 EVs was boosted, while control EVs lacking antigen were unable to induce 
proliferation (Figure 2B). The above results indicated that CD19 EVs promoted antigen-specific expansion of CAR-T 
cells, leading to an increase in the CAR-T cell ratio.

To verify whether stimulation of CAR-T cells by CD19 EVs promotes functional maturation, we analyzed the 
degranulation levels, which can be indicated by surface expression of CD107a (LAMP-1).24 In the absence of tumor 
cells, PBS or control EVs had minimal effect on degranulation of CAR-T cells, while CD19 EVs considerably increased 
degranulation, with an average of 11.36% of CAR-T cells expressing CD107a (Figure 2C). In the presence of tumor cells, 
CD19 EVs pretreated CAR-T cells had more pronounced degranulation compared to the other groups (Figure 2D). We 
also analyzed the effects of CD19 EVs on CAR-T cell subsets and immune checkpoint expression. The flow cytometry 
analysis revealed that CD19 EVs induced differentiation of CAR-T cells towards the effector-memory phenotype 
(Figure 2E), with relatively higher levels of PD-1 expression than the other groups, no significant difference in TIGIT 
expression, and some elevated expression of LAG3 without statistical difference (Figure 2F). The increased PD-1 
expression may be associated with CAR-T cell activation.25 Taken together, these data demonstrated that CD19 EVs 
promoted antigen-specific expansion of CAR-T cells and induced their functional maturation.

CD19 EVs Enrich High CD19-CAR-Expressing T Cells and Promote Anti-Tumor 
Activity
Interestingly, CD19 EVs not only induced CAR-T cell proliferation but also promoted CAR expression of CAR-T cells 
(Figure 3A). The median fluorescent intensity (MFI) of surface anti-CD19 CAR in the CD19 EVs group was more than 
two times higher than that of the control EVs group, and the MFI of CAR was significantly higher in both CD4+ and 
CD8+ CAR-T cells (Figure S2B). To clarify the underlying mechanism, we evaluated the proliferation rate of CAR-T 
cells with different levels of CAR expression following stimulation with EVs. We found that CAR-T cells with higher 
CAR MFI showed greater expansion ability when activated by CD19 EVs than CAR-T cells with low CAR MFI, which 
generated more CAR-T cells with high CAR MFI in the newly expanded CAR-T cells, while CAR MFI had no influence 
on CAR-T cell proliferation in the control EVs group (Figure 3B). This finding suggested that CD19 EVs enriched high 
CAR-expressing T cells.

Many studies have demonstrated that CAR surface expression and target antigen density regulated the cytotoxic 
activity of CAR-T cells.26–30 To further confirm this, we sorted high, medium, and low CAR-expressing T cells by 
fluorescence-activated cell sorting (FACS), and used Raji cells with normal (Raji WT) or low CD19 expression (Raji 
Dim) as target cells to determine the levels of degranulation of CAR-T cells with varying CAR expression (Figure 3C). 
The results showed that the higher the CAR expression and antigen density, the higher the level of CAR-T cell 
degranulation (Figure S3). To determine whether high CAR-expressing T cells enriched by CD19 EVs have enhanced 
cytotoxic activity, we treated CAR-T cells with PBS, control EVs, and CD19 EVs respectively, then co-incubated them 
with Raji cells. The CD19 EVs significantly enhanced the anti-tumor activity of CAR-T cells against Raji WT or Raji 
Dim, defined by the death ratio of Raji cells (Figure 3D). The anti-tumor activity of CAR-T cells against Raji Dim was 
lower than against Raji WT, which is consistent with previous studies.26,29 The above results suggested that CD19 EVs 
preferentially promoted the expansion of CAR-T cells with high CAR expression and thereby enhanced anti-tumor 
activity, even against lower antigen expression target.

Effect of CD19 EVs on CAR-T Cells Prepared from Patient-Derived T Cells
The CAR-T cells used in the above experiments were derived from healthy donors. To further evaluate the translational 
potential of our strategy, we applied CD19 EVs to CAR-T cells prepared from T cells derived from patients with B-cell 
malignancies. CD19 EVs promoted CAR-T cell proliferation and CAR expression in most patient-derived CAR-T cells 
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A B

C D

E

F

Figure 2 CD19 EVs promote the expansion and functional maturation of CAR-T cells. (A) Proportion of CAR-T cells analyzed by flow cytometry after 72 h of co-culture 
with PBS, control EVs, and CD19 EVs. (B) CFSE-labeled CAR-T cells were treated with PBS, control EVs or CD19 EVs respectively, for 72 h, then proliferation of CAR-T 
cells was analyzed by flow cytometry. (C) CD107a expression in CAR-T cells stimulated by PBS, control EVs and CD19 EVs respectively. (D) CD107a expression in CAR-T 
cells after a 72 h-treatment with PBS, control EVs and CD19 EVs mixed with Raji cells at effector to target ratio of 1:1. (E and F) Subsets and immune checkpoint expression 
was detected using flow cytometry in CAR-T cells after a 7-day treatment with PBS, control EVs, and CD19 EVs respectively. *P < 0.05, **P < 0.01. 
Abbreviation: ns, not significant.
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(Figure 4A, B and Figure S4A), although CAR-T cells from approximately 20% of tested patients did not respond to 
CD19 EVs (Figure S4B). The CD19 EVs expanded CAR-T cells were fully functional, with higher level of cytokine 
secretion and increased degranulation (Figure 4C–E). Furthermore, we examined subsets of CAR-T cells prepared from 
three patient-derived T cells after co-culture with CD19 EVs. CD19 EVs induced significant increases in the proportion 
of cells with an effector-memory or central-memory phenotype (Figure S4C).

Next, we confirmed that CD19 EVs improved the cytotoxic activity of CAR-T cells (Figure 4F). However, no 
enhancement was seen in three cases. Additional analysis indicated that CAR expression in CAR-T cells from these three 
patients was not increased by CD19 EVs (Figure 4G), implying that the effective enhancement of anti-tumor activity by 
CD19 EVs was closely related to increased CAR expression. Furthermore, linear regression analysis revealed that the 
fold change in CAR MFI and the fold change in CAR-T cell cytotoxic activity after treatment with CD19 EVs were 
proportional with R2=0.7079 (P=0.0012), indicating a strong relationship between them (Figure 4H). This suggested that 
the more CAR-T cells with increased CAR expression induced by CD19 EVs, the higher anti-tumor activity could be 
achieved. Overall, these results demonstrated that CD19 EVs could enhance proliferation, cytokine secretion, and 
degranulation of patient-derived CAR-T cells, as well as enhance CAR expression and anti-tumor ability.

CD19 EVs-Primed CAR-T Cells Have Better Expansion and Anti-Tumor Activity 
in vivo
To explore the functional role of CD19 EVs in CAR-T cells in vivo, tumor-bearing mice were injected intravenously with 
a sub-therapeutic dose of CAR-T cells primed with PBS, control EVs, CD19 EVs or Mock-T cells (Figure S5A). Tumors 

A B

C D

Figure 3 CD19 EVs promote CAR expression of CAR-T cells and enhance their anti-tumor activity. (A) CAR MFI of CAR-T cells analyzed by flow cytometry after 72 h of co- 
culture with PBS, control EVs and CD19 EVs. (B) PBS, control EVs and CD19 EVs were added to CFSE-labeled CAR-T cells for 72 h, 50% of which with low CAR MFI were classified 
as “low” and the 50% of which with high CAR MFI were classified as “high”, and then their proliferation rate was evaluated by flow cytometry. (C) Expression of cell surface CD19 
protein was evaluated and quantified by flow cytometry. (D) CAR-T cells were treated with PBS, control EVs and CD19 EVs respectively for 72 h and then mixed with Raji cells, 
after 24 h incubation the death of Raji cells was determined by using PI (BD Pharmingen) and analyzed using flow cytometry. *P < 0.05, ***P < 0.001. 
Abbreviation: ns, not significant.
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were incompletely inhibited by PBS- or control EVs-pretreated CAR-T cells. In contrast, CAR-T cells primed with CD19 
EVs completely eradicated tumors on day 21 post infusion in mice, with a significantly higher median survival rate 
(Figure 5A and B). Effective tumor control in the CD19 EVs group (Figure S5B) correlated with a higher percentage of 
CAR-T cells in the peripheral blood, which was confirmed by flow cytometry and droplet digital PCR (Figure 5C and D). 

A B C

D E

F G H

Figure 4 CD19 EVs promote the efficacy of CAR-T cells prepared from patient-derived T cells. (A) Proportion and (B) CAR MFI of CAR-T cells analyzed by flow 
cytometry after 72 h of co-culture with PBS, control EVs and CD19 EVs. (C) Cytokine secretion of CAR-T cells analyzed by ELISA after 24 h of co-culture with PBS, control 
EVs and CD19 EVs. (D) CD107a expression in CAR-T cells stimulated by PBS, control EVs and CD19 EVs respectively. (E) CD107a expression in CAR-T cells after 72 
h treatment with PBS, control EVs and CD19 EVs mixed with Raji cells at effector to target ratio of 1:1. (F) CAR-T cells derived from seven patients were treated with PBS, 
control EVs, or CD19 EVs respectively for 72 h and then mixed with Raji cells. After a 24 h incubation, the death rate of Raji cells was analyzed by flow cytometry. (G) CAR 
MFI variation of CAR-T cells in (F) induced by CD19 EVs. The colored lines represent three patients whose CAR-T cells’ CAR expression and anti-tumor activity could not 
be enhanced by CD19 EVs. (H) Based on cytotoxicity data from the 7 patients and the previous 4 healthy donors, simple linear regression was performed on the fold change 
in CAR MFI of CD19 EVs treated CAR-T cells compared to the PBS treated CAR-T cells and the fold change in cytotoxic activity. *P < 0.05, ***P < 0.001. 
Abbreviation: ns, not significant.
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The CD19 EVs induced a slight increase in the proportion of cells with effector phenotype or effector memory phenotype 
in the CD19 EVs treatment group, while a significant decrease in the proportion of cells with central memory phenotype. 
The expression of exhaustion markers did not differ between groups (Figure S5C and S5D).

T cell infiltration in tumors from treated mice was confirmed by both flow cytometry (Figure 5F and G) and IHC 
(Figure 5H). Pretreatment of CAR-T cells with CD19 EVs improved infiltration of CAR-T cells, as well as CAR expression 
in tumors, which could explain the accelerated tumor regression in the CD19 EVs group. Thus, CD19 EVs favored the 
expansion of transferred CAR-T cells, and enabled effective tumor control at a sub-therapeutic dose of CAR-T cells.

A

C D E

F G H

B

Figure 5 CD19 EVs primed CAR-T cells exhibit enhanced proliferation and anti-tumor activity in vivo. (A) Tumor growth and (B) survival of Raji tumor-bearing mice (n = 5 
animals per group) treated with 1×106 CAR-T cells primed with PBS, control EVs or CD19 EVs for 72 h. (C) Proportion of CAR-T cells and (D) CAR transgene copy 
number in peripheral blood on day 9 after ACT. (E) Cytokine serum levels on day 3 after adoptive T cell transfer (ACT). (F–H) on day 4 after ACT, (F) Proportion and (G) 
CAR MFI of CAR-T cells in the tumors analyzed by flow cytometry. (H) CD3+T cell infiltration into the tumors analyzed by IHC (n = 3 animals per group). Scale bars, 50 
μm. *P < 0.05, **P < 0.01, ****P < 0.0001. 
Abbreviation: ns, not significant.
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However, we were concerned that increased CAR-T cell expansion could result in excessive cytokine secretion, an 
undesired effect known as the cytokine release syndrome (CRS).11 To evaluate systemic cytokine release in conjunction 
with exposure to CD19 EVs, we analyzed IFN-γ, IL-6 and TNF-α serum concentrations. Except for an obvious increase 
of IFN-γ, no significant changes in IL-6 or TNF-α levels were observed (Figure 5E). Mice treated with CD19 EVs- 
primed CAR-T cells were of normal appearance and showed regular weight gain over time (Figure S5E). Taken together, 
CAR-T cells stimulated by CD19 EVs showed better proliferation and anti-tumor activity in vivo, without causing 
additional adverse events.

In vivo Application of CD19 EVs Promotes the Functional Persistence of CAR-T Cells
According to a previous study, poor persistence of CAR-T cells can lead to tumor relapse.8 To assess the impact of 
repeated administrations of CD19 EVs in vivo on CAR-T cells, mice engrafted with CAR-T cells received two doses of 
EVs followed by tumor inoculation (Figure 6A). None of the mice showed behavioral abnormalities or significant 
changes in body weight gain (Figure S6A). Furthermore, no significant differences were observed in the indicators of 
liver and kidney function among the groups (Figure S6B and S6C). The physiological structure of the vital organs of the 
mice was normal (Figure S6D). This suggested that the in vivo administration of CD19 EVs was generally tolerable. In 
mice that received PBS or control EVs, the engraftment of CAR-T cells gradually decreased over time without antigen 
stimulation (Figure 6B). Notably, in mice treated with CD19 EVs, CAR-T cells were rapidly amplified after being 
exposed to the first dose of CD19 EVs, and were robustly re-expanded after the second treatment with CD19 EVs and 
were maintained at a higher level. CAR transgene copy number tested on day 6 after CAR-T cell transfer was highest in 
the CD19 EVs treatment group, which was approximately twice as high as that observed in the control groups, and was 
consistent with flow cytometry analysis (Figure 6C).

A B C

ED

Figure 6 In vivo administration of CD19 EVs improves CAR-T cell functional persistence. (A) Flow chart of administration of every group treatment (n = 5 mice per group). 
(B) Cellular kinetics of CAR-T cells transferred into mice analyzed by flow cytometry. (C) CAR transgene copy number in peripheral blood on day 6 after ACT. (D)Tumor 
growth and (E) survival of mice with tumors. C represents CAR-T cells injection, and E represents EVs administration, and T represents tumor cells inoculation. The arrows 
indicate the injection time. **P < 0.01. 
Abbreviation: ns, not significant.
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To test whether the application of CD19 EVs could promote the functional persistence of CAR-T cells, we performed 
tumor inoculation in EV-treated mice. After tumor inoculation, mice receiving repeated CD19 EVs enhancing doses had 
significantly delayed tumor growth and extended survival (Figure 6D and E). The above results indicated that CD19 EVs 
promote the persistence of CAR-T cells in vivo and CAR-T cells maintained by CD19 EVs effectively exerted anti-tumor 
activity.

Discussion and Conclusions
In this study, we generated HEK293T-derived EVs to present CD19 antigen as CAR target. CAR-T cells were activated 
upon scFv recognition of antigens presented by CD19 EVs, which lead to secretion of cytokines, cell proliferation with 
increased CAR expression that favored better cytotoxicity (Figure 7). This approach also exhibited strong cytotoxic 
ability in tumor-bearing mice and improved the functional persistence of CAR-T cells. Our study provides a novel 
intervention strategy that leverages the antigen delivery function of EVs to enhance the proliferation and persistence of 
CAR-T cells, possibly promoting clinical efficacy.

There have been several attempts to activate CAR-T cells by displaying CAR target antigens. In a clinical trial, 
episodic antigen exposure using truncated human CD19 expressing T cells triggered CD19 CAR-T cell proliferation 
in vivo, resulting in more durable CAR-T cell persistence and diminished risk of CD19+ relapse (NCT03186118). In 
addition, some studies have investigated into modifying DCs with proteins or RNA vaccines, followed by DCs presenting 
target antigens to activate CAR-T cells.12,13 These studies have demonstrated the concept of activating CAR-T cells with 
target antigens to obtain better therapeutic effects. However, they were confronted with technical difficulties and high 
preparation costs. Moreover, they relied heavily on the function of antigen-presenting cells or T cells, which may not be 
feasible for some immunocompromised patients, and the use of synthetic substances introduces nonhuman-antigens that 
may trigger an immune response in the host.

Unlike previous approaches, we employed EVs as a vehicle for delivering target antigens to CAR-T cells, with the 
following considerations. Firstly, EVs are membrane-enclosed cell-derived nanoparticles, a natural carrier with lower 
cytotoxicity and immunogenicity,31–33 thus EVs are relatively safe as antigen delivery vehicles. In ongoing clinical trials, 
the EV method is being used to generate CD8+ T cell responses against a spectrum of different tumor antigens with early 
clinical data supporting the execution of the intended mode-of-action in humans.34,35 Second, the EVs used in this study 
are microvesicles, which bud directly from the plasma membrane, so their surface molecules are very similar to those of 
their derived cell line.36,37 Based on this, EVs can be designed and obtained by modifying the parent cell line for any 

Figure 7 A schematic model of the effect of CD19 EVs on CAR-T cell function. EVs secreted by engineered HEK293T cells stably expressed CD19 (CD19 EVs) and were 
administered to CAR-T cells, causing a marked enhancement in CAR-T cell expansion and cytokine secretion, with elevated CAR expression, which was attributed to the 
higher cytotoxicity ex vivo and in vivo.
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protein-based antigen. Third, EVs can be produced quickly and inexpensively on a large scale. In addition, studies on the 
purification and quality control of clinical-grade EVs are ongoing.38 In summary, EVs equipped with the target antigen 
may offer a feasible and simple solution to boost CAR-T cells with any potential antigen specificity. Their time- and cost- 
effective synthesis and tolerability are also favorable for clinical translation.

Tumor-derived extracellular vesicles (TEVs) are natural carriers of tumor-associated antigens, which can be used as 
neoantigen vaccines to induce active anti-tumor immune responses39 or as target cell surrogates to accelerate the 
proliferation to optimize the in vitro culture of CAR-T cells.18 However, many studies have shown that TEVs promote 
tumor growth or metastasis,40,41 and inhibit immune cell functions to help tumor escape immune surveillance and 
clearance.42 It is worth noting that TEVs may induce exhaustion of CAR-T cells, impair their proliferation and anti-tumor 
activity.19,43–45 Specifically, the immunological checkpoints (IC) including PD-L1 found in TEVs could be responsible 
for the negative effect of TEVs in CAR-T cells.19,45 Therefore, in our study, we adopted EVs derived from HEK293T 
cells to deliver target antigen. The HEK293T cell line is derived from human embryonic kidney cells and is frequently 
used in various experiments and studies associated with EVs.46 It has been reported that HEK293T cells derived EVs 
have little effect of T cells.17 Our findings also suggest that HEK293T cells derived EVs hardly express PD-L1 on their 
surface and do not functionally impact on CAR-T cells. In addition, our findings demonstrate that in vivo administration 
of EVs derived from HEK293T cells is safe and tolerable, which is consistent with previous studies.16,47 This indicates 
that HEK293T cells could be used as parent cells to produce EVs with target antigen. Other non-tumor cells, such as 
mesenchymal stem cells or T cells, may potentially be viable EV parent cells and need to be further explored.

In our study, CD19 EVs activate CAR-T cells generated from healthy donors as well as patients-derived T cells, and 
unleash effector responses including proliferation, release of cytokines and degranulation in CAR-T cells, which are 
similar to the findings of a recently published study.18 Our data also suggest that following CD19 EVs activation, CAR-T 
cells undergo effector-memory programming. The effector-memory T cell subset was reported to secrete a higher level of 
IFN-γ and Granzyme B.48,49 Notably, chronic CD19 stimulation is considered as a major cause of T-cell dysfunction,44 

which raises concerns that the long-term exposure to CD19-EVs may lead to an exhaustion of the CART-cells. However, 
in the present study, the doses of CD19 EV administration were limited, and no exhaustion or dysfunction was observed 
after the transient stimulation of CD19 EVs both in vitro and in vivo.

In addition, while CAR-T cells expand faster after CD19 EVs treatment, the CAR MFI was also elevated possibly 
because CAR-T cells with high CAR expression are more sensitive to CD19 EVs. Previous studies suggest that antigen 
and CAR molecule density regulate efficacy of CAR-T cells, as low expression of either the antigen or CAR contributes 
to a limited anti-tumor response.26,27 The ability of CD19 EVs to sensitize CAR-T cells to kill Raji cells with dim CD19 
expression by increasing the percentage of high CAR-expression T cells implied that such approach may help eliminate 
tumor cells with low target antigen density which likely leads to insufficient activation of CAR-T cells10 or resistance to 
CAR-T cell therapy.

Rapid manufacturing of CAR-T cells is crucial in patients with progressive disease, and CAR-T cells cultured in less 
time also retain better anti-tumor activities.50,51 Our study suggests that CD19 EVs primed CAR-T cells had a better 
expansion profile which may reduce the ex vivo culture time needed. Furthermore, repetitive administration of CD19 EVs 
in vivo maintained a relatively high level of circulating CAR-T cells. This artificial setting of animal model was made for 
two reasons: 1. To assess the dynamic proliferation of CAR-T cells in vivo stimulated only by CD19 EVs but without tumor- 
derived first signal; 2. To test whether the repeated dosing of CD19 EVs in vivo lead to any functional impairment of CAR- 
T cells, such as T-cell exhaustion. The results show that when limited doses of CD19 EV were used, the CAR-T cell function 
was maintained and enhanced by CD19 EVs in vivo. This strategy can increase the therapeutic window of CAR-T cells and 
may be beneficial in preventing disease recurrence, as immune surveillance.8,52 Therefore, engineered target-presenting 
EVs may serve as a highly versatile platform for tunable functional behavior of the CAR-T cells both in vitro and in vivo, 
thereby providing potential tools for individualized cellular therapy with current available CAR-T products.

In summary, we present the strategy to generate EVs equipped with a CAR target antigen to drive the expansion and 
function of CAR-T cells. The efficacy and safety of this strategy need to be further investigated in clinical trials. We 
speculate that genetically engineered EVs will be developed as adjuvants for CAR-T cell immunotherapy in the near 
future.
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