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CD19.CAR T-cell–derived extracellular vesicles express CAR and kill
leukemic cells, contributing to antineoplastic therapy
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Key Points

• CD19.CAR+EVs
represent a new
dynamic biomarker of
CAR T-cell activity and
contribute to the direct
killing of cancer
targets.

• CD19.CAR+EVs could
be a new therapeutic
tool for strengthening
or even replacing CAR
T-cell therapy.
-m
ain.pdf by guest on 13 June 2025
Chimeric antigen receptor (CAR) T-cell–derived extracellular vesicles (EVs) might

represent a new therapeutic tool for boosting CAR T-cell antileukemic effects. Here, a

cohort of 22 patients who received infusion with CD19 CAR T cells were monitored for the

presence of circulating CD19 CAR+ T-cell–derived EVs (CD19.CAR+EVs), which were then

separated and functionally characterized for their killing abilities. A good manufacturing

practice (GMP)-compliant separation method was also developed. Results demonstrated

that CD19.CAR+EVs were detectable in peripheral blood up to 2 years after infusion,

indicating long-lasting persistence of their parental cells. Notably, early decreases of

circulating CD19.CAR+EV concentrations correlated with failure of CAR T-cell therapy.

Circulating CD19.CAR+EVs displayed a median size (standard deviation) of 133.1 ± 65.5 nm

and carried a proapoptotic protein cargo. These EVs expressed higher CAR levels than

their parental cells. Furthermore, CD19.CAR+EVs did not activate heterologous T cells and

produced significant, specific, and dose-dependent cytotoxic effects on CD19+ cell lines and

primary cells. The new GMP-compliant EV isolation method allowed for a recovery of

63% ± 5.7% of CD19.CAR+EVs. A deeper analysis of the different protein cargoes carried by

EVs derived from different CAR T-cell subpopulations identified a proapoptotic functional

pathway linked to CD8+LAG-3+ EVs. Overall, our data indicate that CD19.CAR+EVs may be

proposed as promising dynamic new biomarkers of CAR T-cell activity and, by

contributing to the direct killing of leukemic targets, represent a new product with strong

therapeutic potential that could be infused independently of CAR T cells.
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Introduction

Chimeric antigen receptor (CAR) T lymphocytes represent the most
innovative form of immunotherapy against cancer, demonstrating
particular success in the treatment of non-Hodgkin lymphomas,1

B-cell acute lymphoblastic leukemia,2,3 and multiple myeloma.4

Extracellular vesicles (EVs) are a heterogeneous population of
membrane-surrounded particles, released by any cell type and car-
rying a variety of biological cargoes, such as RNAs, microRNAs,
proteins, lipids, and DNA fragments. They play significant roles in the
intracellular cross talk.5,6 EVs have been traditionally classified into 3
main subsets, based on their biogenesis: exosomes, microvesicles,
and apoptotic bodies.7 Exosomes, typically of endosomal origin, are
released by exocytosis, whereas microvesicles, also known as
microparticles or ectosomes, bud directly from the plasma mem-
brane of their parental cells, and apoptotic bodies are released
during cell apoptosis processes.8 Recently, new EV subtypes have
been described; these include oncosomes, particularly large onco-
somes, a distinct class of EVs ranging from 1 to 10 μm in diameter,
that originate from the shedding of membrane blebs in cancer cells,9

and migrasomes, vesicle-like structures that form on the retraction
fibers of migrating cells and play significant roles in various biological
processes.10-12 These different EV subtypes display overlapping
sizes and phenotypes; therefore, the EV subsetting, based on their
biogenesis, is difficult to establish and is considered misleading.13

For this reason, the International Society of Extracellular Vesicles
endorsed the use of the term “EVs” for all EV subtypes, simplifying
the EV classification on the basis of EV diameters. According to the
International Society of Extracellular Vesicles, EVs are currently
classified as small EVs (<200 nm) or medium/large EVs
(>200 nm).13,14

EVs budded by T cells are membrane-bounded vesicles that act as
powerful regulators of immunological responses, mediated both by
their surface receptors and their content.15 CAR T-cell–derived EVs
(CAR+EVs) have been underlined for their potential as a new ther-
apeutic tool in cancer immunotherapy.16,17 It is known that CAR+EVs
express CARs on their surface and carry high levels of cytotoxic
molecules (ie, perforin and granzyme B).18,19 Therefore, CAR+EVs
display significant antitumor effects, interacting with their target cells,
in which they deliver their cytotoxic cargo, enhancing the overall
antitumor immune response and increasing the therapeutic efficacy
of CAR T cells in vivo.17,20-22 CAR+EVs exhibit a lower risk of toxic
effects than CAR T-cell therapy, circumventing safety concerns
associated with live cell therapies, potentially minimizing the risk of
adverse events and immune-related toxicities.18,23 This is due to their
nonproliferative nature, which helps them evade immunosuppressive
mechanisms and to control the administered dose.18,23-25 EVs are
released in the extracellular space and are widely studied as prom-
ising dynamic biomarkers for liquid biopsy purposes.26-29 Higher
levels of circulating CAR+EVs released by CD19 CAR+ T cells were
shown to predict immune effector cell–associated neurotoxicity
syndrome in patients with B-cell lymphomas.30 Here, we undertook
the task of deeply studying the role of circulating biomarkers and the
potential of new therapeutics of CD19 CAR+EVs (CD19.CAR+EVs).
We demonstrated that CD19.CAR+EVs remained detectable in
peripheral blood (PB) of patients for up to 2 years after infusion,
overwhelming the disappearance of their parental cells that occurred
~1 year after infusion. Blood concentration of these EVs had an early
2908 LANUTI et al
decrease in nonresponding patients, suggesting a role of
CD19.CAR+EVs as prognostic biomarkers. Furthermore, these EVs
carried a proapoptotic cargo and displayed significant in vitro cyto-
toxic abilities, suggesting that they may also participate in antitumor
surveillance, representing a new promising therapeutic tool for
strengthening or even replacing CAR T-cell therapies.

Methods

Patients

Twenty-two patients (13 with large B-cell lymphomas, 3 mantle cell
lymphoma, 2 primary mediastinal B-cell lymphoma, and 4 acute
lymphoblastic leukemia), receiving tisa-cel (n = 4), axi-cel (n = 11),
or brexu-cel (n = 7), were enrolled between January 2022 and July
2024. The study was approved by the local ethical committee (RA/
0404367) and was performed following the Helsinki Declaration;
written informed consent was obtained from all participants. Clin-
ical results and patient characteristics are summarized in
supplemental Tables 1-3.

CAR T-cell monitoring by flow cytometry and droplet

digital polymerase chain reaction

Flow cytometry and digital droplet polymerase chain reaction
(PCR) for CD19 CAR+ T-cell detection were performed as detailed
in supplemental Methods and supplemental Figure 1A. CD19
CAR+ T cells and their subsets were also isolated as described in
supplemental Methods.

Flow cytometry EV analysis

PB or cell supernatant samples were stained to detect
CD19.CAR+EVs as already described.31-34 Briefly, 5 μL of PB added
to 200 μL of PBS 1× or 100 μL of CAR+ T-cell–derived supernatant
added to 100 μL of PBS 1× were stained, as detailed in supplemental
Table 4 (monitoring/fluorescence-activated cell sorting [FACS] sort-
ing panel), for 45 minutes in the dark at room temperature (RT). For
intravesicular staining of EVs, samples were further fixed and per-
meabilized using 200 μL of Cytofix/Cytoperm (Becton Dickinson
Biosciences) for 20 minutes in the dark at RT and stained with flotillin-
1, perforin, or granzyme B antibodies for 30 minutes (supplemental
Table 4, EV characterization panel). Samples were acquired by flow
cytometry and analyzed for EV concentrations, phenotypes, and
molecules of equivalent fluorochrome (MEFs), as described and
detailed in supplemental Methods.31,33,35 The gating strategy used to
identify CD19.CAR+EVs is depicted in supplemental Figure 1B.

The limit of detection of the flow cytometry EV analysis (132 nm)
was assessed according to current guidelines (see supplemental
Methods for protocol details).36

Isolation and concentration of EVs for their

characterization and functional assay assessment

Supernatants of FACS-isolated CD19 CAR+ T cells (from pre-
infusion bags or circulating PB samples) were isolated for further
characterization and functional assay assessment. Briefly, cell
supernatants were concentrated by tangential flow filtration, which
preserves all EV sizes in the retentate, and then EVs were isolated
by FACS as previously described.31,37 FACS-isolated EVs were
finally concentrated by polyethylene glycol precipitation or ultra-
centrifugation for further characterization and functional assays.
These procedures are detailed in supplemental Methods.
24 JUNE 2025 • VOLUME 9, NUMBER 12
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Figure 1. Monitoring of CD19 CAR T cells and CD19.CAR
+
EVs in patients

treated with CD19 CAR T cells. A total of 22 patients were monitored for 2 years

from CD19 CAR T-cell infusion. The concentration of circulating CD19 CAR T cells

was monitored both by flow cytometry (purple line) and ddPCR (blue line). CD19

CAR T-cell monitoring was paralleled with the concentration of CD19.CAR+EVs (red

line). Flow cytometry analysis of CD19.CAR+EVs in responding vs nonresponding

patients is also shown. Data were log transformed. A 2-way analysis of variance

(ANOVA), followed by Tukey multiple comparisons test, was performed. An alpha

value of .05 was established for the significance threshold. Each time point

represents the mean (+SEM) of at least 3 independent measurements from distinct

patients. Data are represented as mean + SEM; Mann-Whitney nonparametric test,

and Robust Regression followed by OUTlier Identification test for outliers were

applied.
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Isolation of EVs by immunomagnetic separation

A new protocol based on CD3+ immunomagnetic selection of EVs
was optimized (supplemental Methods).

EV characterization

All isolated EV samples were analyzed by nanoparticle tracking
analysis (NTA), transmission electron microscopy, atomic force
microscopy (AFM), western blot, and proteomics, as previously
described.28,38-40 These procedures are detailed in supplemental
Methods.

EV functional assays

CD19.CAR+EV cytolytic activity was assayed both by MTT and
flow cytometry 7-aminoactinomycin D (7-AAD) incorporation, using
Raji and SUP-B15 cell lines as targets. Briefly, the MTT assay was
performed using different protein doses (0, 0.0025, 0.005, 0.01,
and 0.015 μg per target cell) of circulating CD19.CAR+EVs or
CD19.CAR+EVs obtained from CD19 CAR T-cell bags (pre-
infusion CD19.CAR+EVs) to treat cell targets, as detailed in
supplemental Methods. The highest CD19.CAR+EV protein dose
(0.015 μg protein per target cell) produced a significant target cell
inhibition and was used to study the flow cytometry 7-AAD incor-
poration after 24 hours of treatment, as detailed in supplemental
Methods. The percentage of EV-induced killing was calculated
based on the 7-AAD+ gate, using the following formula:

Killing (%) = [1− viable target cells (sample)/ viable target cells (control)]
×100%

Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-
ware version 10.2.0. A P value <.05 was considered significant.
For each experiment, the used test was specified in the related
figure legend.

Results

Characterization of CD19 CAR+ T-cell phenotypes

Across all analyzed samples from the infused bags, CD19 CAR+

T cells were highly represented, averaging 70.64% (standard error
of the mean [SEM], 4.57) of CD3+ T cells (supplemental
Figure 2A). CD4 frequencies were significantly higher (62.01%;
SEM, 2.66) than those of CD8 (35.12%; SEM, 3.18; P = .0018;
supplemental Figure 2A). The assessment of T-cell subsets
unveiled distinct frequencies, with naïve T cells displaying a mean
of 4.67% (SEM, 1.63), central memory T cells 30.84%
(SEM, 6.95), effector memory T cells 51.67% (SEM, 7.67), and
effector memory re-expressing CD45RA T cells 2.65%
(SEM, 0.70; supplemental Figure 2B).

CD19 CAR+ T-cell and EV monitoring

As shown in Figure 1, the persistence of CAR T cells after their
infusion was monitored at different time points for 2 years, both by
flow cytometry and droplet digital polymerase chain reaction
(ddPCR). In parallel, the circulating concentration of
CD19.CAR+EVs was analyzed (Figure 1), using the gating strategy
detailed in supplemental Figure 1B. As shown in Figure 1, the
concentrations of CAR+ T cells analyzed by flow cytometry and
ddPCR were significantly correlated throughout the monitoring
24 JUNE 2025 • VOLUME 9, NUMBER 12
(r = .9728; P < .0001). Of note, CD19.CAR+EV concentrations
were significantly higher than those of their circulating parental
cells from day +1 to the end of the monitoring (P < .0001), both
when CAR T cells were analyzed by flow cytometry or ddPCR
(except day +7). Overall, these results showed the early appear-
ance of circulating CD19.CAR+EVs (day +1), overwhelming the
disappearance of circulating parental cells and remaining detect-
able even after 2 years from the infusion (Figure 1). Notably, a
2-way analysis of variance performed across all analyzed time
points revealed no significant differences in terms of
CD19.CAR+EV concentrations among the 3 CAR T-cell infusion
products (axi-cel, tisa-cel, and brexu-cel; P > .05). Furthermore,
when we compared the concentration of circulating EVs at
different time points, we observed that CD19.CAR+EVs signifi-
cantly decreased relative to day +1 in nonresponders (day +21,
P = .0340; day +35, P = .0444), whereas they remained stable in
responders (Figure 1; supplemental Table 5). Pretreatment tumor
burden did not correlate with the concentration of circulating EVs
both in responders (R2 = .0107; P = .8073) and nonresponders
(R2 = .0107; P = .8073). Considering the limited half-life of
CAR+EVs (~90% were reported to be cleared within 5 minutes16),
CAR T cells persisting in the body out of blood circulation are the
only conceivable source of circulating CAR+EVs, which persist for
CD19.CAR T-CELL–DERIVED EVs 2909
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Figure 2. Characterization of CD19.CAR+EVs. (A) NTA (i); AFM analysis of circulating CD19.CAR+EVs (ii); western blot analysis of CD63, flotillin-1, and cytochrome C in

circulating CD19.CAR+EV samples (T lymphocytes were used as controls for cytochrome C expression) (iii); and flow cytometry evaluation of CD63 and flotillin-1 expression in

circulating CD19.CAR+EVs (iv). CD63 and flotillin-1 expression (red histograms) were analyzed using the related fluorescence minus one (FMO) as controls (blue histograms).

Mean fluorescence intensity (MFI) ratio values were calculated by dividing the MFI of the positive sample and that of the related FMO control. Data are representative of 3 separate

experiments. (B) Transmission electron microscopy analysis of circulating CD19.CAR+EVs (scale bar, 100 nm). (C) Flow cytometry evaluation of CAR expression on circulating

CD19.CAR+EVs. CAR expression (red histogram) was analyzed using the related FMOs as controls (blue histogram). MFI ratio values were calculated by dividing the MFI of the

positive sample and that of the related FMO control. Data are representative of 3 separate experiments. (D) Venn diagram shows the common and uncommon proteins identified in

circulating and preinfusion CD19.CAR+EVs. Same amount of EVs (pool of 3 individuals per condition containing 3 × 106 EVs) were compared when proteomic analyses were

performed to parallel circulating vs preinfusion EV cargoes. The number 4 refers to the number of identified proteins (4, corresponding to the 1.41% of the total number of

2910 LANUTI et al 24 JUNE 2025 • VOLUME 9, NUMBER 12

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/9/12/2907/2378963/blooda_adv-2024-014860-m

ain.pdf by guest on 13 June 2025



D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/9/12/2907/2378963/blooda_adv-2024-014860-m

ain.pdf by guest on 13 June 2025
at least 2 years. Indeed, our data indirectly demonstrate, to our
knowledge, for the first time in patients, the persistence of CAR+EVs
throughout our follow-up that lasted 2 years. Notably, supporting this
finding, flow cytometry analysis of the bone marrow from patients
with acute lymphoblastic leukemia or mantle cell lymphoma with
marrow involvement showed that CAR T cells were still present in
these tissue samples after their disappearance from circulation
(3.5% ± 1.4% vs 0). These results suggest a role of CAR+EVs as
new promising dynamic biomarkers of CAR T-cell persistence and
efficacy, deserving validation in larger and more extended future
studies analyzing distinct hematologic malignancies.

Characterization of CD19.CAR+EVs

To deeply characterize EVs stemming from preinfusion and circu-
lating CAR T cells, both CAR T-cell populations were isolated from
preinfusion bags (n = 3) or from PB samples of patients who
received infusion (n = 22), respectively. Purified CD19.CAR+EV
samples were further analyzed for their morphological features as
well as for the expression of typical EV markers.13,14 Results from
NTA measurements of circulating CD19.CAR+EVs revealed that
they displayed diameters in the range of small EVs (median size,
133.1 nm; standard deviation [SD], ±65.5 nm; Figure 2Ai), in line
with previously reported data.18 Parallel transmission electron
microscopy (Figure 2B) and AFM (Figure 2Aii) data showed that
these EVs displayed characteristic round/spherical shapes, and
their diameters (AFM mean diameter, 103.5 nm; SD, ±32.3 nm;
Figure 2Aii) overlapped with those measured by NTA. A further
characterization of EV markers was performed both by western blot
and flow cytometry, and according to current guidelines, 2 positive
and 1 negative EV markers were studied.13,14 As shown in
Figure 2Aiii, circulating CD19.CAR+EVs expressed CD63 and the
cytosolic flotillin-1 protein, whereas, as required, they did not
express cytochrome C, which was detected on T cells used as
positive controls. The EV expression of CD63 and flotillin-1 was
confirmed and corroborated by flow cytometry (Figure 2Aiv).
Overlapping results, in terms of sizes (preinfusion EV median size,
131.2 nm; SD, +87.2 nm), shapes, and phenotypic features, were
obtained when preinfusion CD19.CAR+EVs were analyzed
(Figure 2Ei-iv). The entire population of CD19.CAR+EVs expressed
the CAR (Figure 2C). Further proteomic analyses showed a 97.1
% overlap among proteins carried by circulating and preinfusion
CD19.CAR+EVs (Figure 2D). In addition, according to STRING,
proteins identified in circulating and preinfusion CD19.CAR+EVs
were involved in the “EV” pathway (gene ontology cellular
component, 0070062; false discovery rate, 1.22e-92), further
confirming the EV origin of the protein data set (supplemental
Table 6). Therefore, circulating and preinfusion CD19.CAR+EVs,
stemming from CD19 CAR T cells, display similar features.

Killing abilities of CD19 CAR+ T cells and derived EVs

To ascertain the cytolytic potential of preinfusion and circulating
CD19 CAR+ T cells, 2 CD19+ cell lines (Raji and SUP-B15) were
used as targets (supplemental Figure 3A). As expected,
Figure 2 (continued) identified proteins) uniquely carried by circulating EVs, whereas 27

preinfusion CAR+EVs, and 4 other proteins (1.41% of identified proteins) were carried on

CD19.CAR+EVs; western blot analysis of CD63, flotillin-1, and cytochrome C in preinfusio

expression) (iii); and flow cytometry evaluation of CD63 and flotillin-1 expression in preinfu

analyzed using the related FMOs as controls (blue histograms). MFI ratio values were calc

Data are representative of 3 separate experiments.
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CAR T cells efficiently killed Raji and SUB-B15 cells in a dose-
dependent manner, as shown in supplemental Figure 3B-C.

The cytolytic abilities of CD19.CAR+EVs were then studied using
the same CD19+ cell lines as targets. As shown in Figure 3A, a
dose-response MTT analysis was conducted by treating Raji
(Figure 3Ai) or SUP-B15 cell lines (Figure 3Aii) with growing doses
of circulating EVs (expressed as microgram of EV proteins per
target cell). Results showed that, after 48 hours of treatment,
CD19.CAR+EVs significantly affected the cell viability of both
tested cell lines in a dose-dependent manner. The percentage of
viable cells at the highest tested dose (0.015 μg of EV proteins per
target cell) was 27.7% ± 5.51% for Raji and 39.9% ± 7.11% for
SUP-B15 cell lines. These data were further confirmed using
0.015-μg proteins of circulating and preinfusion EV proteins per
target cell to treat the same cell lines and analyzing the cell 7-AAD
incorporation by flow cytometry after 24 hours of treatment. We
observed that both circulating (Figure 3B) and preinfusion
(Figure 3C) CD19.CAR+EVs exerted a significant cytolytic activity,
reaching a killing percentage of 20.3% (±3.8%) and 37.8%
(±7.0%) when Raji and SUP-B15 were used as targets, respec-
tively (Figure 3B), whereas the killing percentage induced by pre-
infusion CD19.CAR+EVs was 42.0% (±12.3%) and 35.8%
(±13.8%) for Raji and SUP-B15, respectively (Figure 3C). These
data were further confirmed using primary CD19+ blasts as targets.
As evidenced in Figure 3C, CD19.CAR+EVs significantly affect
target viability, reaching a killing percentage of 18.8% + 9.8%.

The evidenced cytolytic effects of CD19.CAR+EVs were specific,
given that the same assay performed using EVs stemming from
proliferating heterologous T cells did not affect target cell viability,
either in CD19+ cell lines (killing [percent], 0.71% ± 2.19%) or
primary CD19+ primary blasts (killing percent, 2.35% ± 1.91%).
Furthermore, CD19.CAR+EVs were also used to treat carboxy-
fluorescein succinimidyl ester-stained heterologous T cells. As
shown in Figure 3D, 24 hours of 0.015-μg CD19.CAR+EV protein
treatment did not activate heterologous T cells, indicating a
potential off-the-shelf application of these EVs.

Moreover, the analysis of expressed molecules of CAR by MEF
(Figure 4A) was performed both on circulating CD19.CAR+EVs
and their parental cells from the same patients (n = 3). Red bar
represents the estimated MEFs per μm2 of the CAR+EV surface,
whereas the blue bar represents the estimated MEFs per μm2 of
the CAR T-cell surface. CD19.CAR+EVs express a higher CAR
density on their surfaces than their parental cells (Figure 4A). We
then analyzed the cargo of CD19.CAR+EVs. As shown in
Figure 4B, all detected EVs carried perforin and granzyme B. The
protein cargo identified by proteomics in both preinfusion and
circulating EVs was analyzed by ingenuity pathway analysis soft-
ware. Data show that circulating CD19.CAR+EVs (Figure 4C) carry
116 of 279 identified proteins associated with the function
“apoptosis” (P = 1.26 × 10–16). The same function was activated
by 117 of 279 identified proteins carried by preinfusion
CD19.CAR+EVs (Figure 4D; P = 4.27×10–17).
5 proteins (99.97 % of identified proteins) were those shared by circulating and

ly by preinfusion CAR+EVs. (E) NTA (i) and AFM analysis (ii) of preinfusion

n CD19.CAR+EV samples (T lymphocytes were used as controls for cytochrome C

sion CD19.CAR+EVs (iv). CD63 and flotillin-1 expression (red histograms) were

ulated by dividing the MFI of the positive sample and that of the related FMO control.
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Altogether, these data suggest that CD19.CAR+EVs express high
CAR levels and carry molecules capable of activating the lysis of
the targets.

CD19 CAR+ T-cell subtypes and their derived EVs

We further characterized the phenotype of the infused CD19 CAR
T cells by analyzing the expression of different markers known to
regulate the exhaustion of T cells, that is, PD-1, LAG-3, and TIM-3
(Figure 5A). Interestingly, we found that PD-1 is more expressed in
CD4+ than in CD8+ CAR+ T cells (mean ± SEM; CD3, 45.10% ±
5.65%; CD4, 54.52% ± 6.47%; CD8, 27.39% ± 5.50%; CD4 vs
CD8, P = .0100), whereas the expression of LAG-3 is higher in
CD8+ than in CD4+ CAR+ T cells (mean ± SEM; CD3, 19.17% ±
4.55%; CD4, 9.22% ± 2.88%; CD8, 30.23% ± 7.41%; CD4 vs
CD8, P = .0386). The expression of TIM-3 did not change between
CD3+, CD4+, and CD8+ CAR+ T cells (Figure 5A). Next, CD4+PD-
1+ and CD8+LAG-3+ CAR+ T cells were isolated by FACS to
perform cytotoxicity assays using a CD19+ cell line (Raji) as the
target. Interestingly, we found that the expression of PD-1 on CD4+

CAR+ T cells did not alter their cytotoxic potential (Figure 5B).
Similarly, CD8+LAG-3+ CAR+ T cells displayed a higher ability to
kill tumor cells than total CD3+ CAR+ T cells (mean ± SEM; CD3+

CAR+ T cells, 53.51% ± 4.31%; CD8+LAG-3+ CAR+ T cells,
77.31% ± 6.45%; P = .0115; Figure 5B). The comparison of the
frequencies of CD4+PD1+ and CD8+LAG3+ CAR+ T-cell sub-
populations at day +14 (Figure 5C) showed stable trends, without
statistical differences (P > .05) with respect to preinfused CAR+

T-cell subsets. Indeed, for CD4+PD1+ CAR+ T cells, the initial
mean percentage was 40.70% (SEM, ±5.06%), which remained
substantially stable (41.21%; SEM, ±6.92%) at day +14 (adjusted
P = .9953). Similarly, for CD8+LAG3+ CAR+ T cells, the initial
mean percentage was 8.83% (SEM, ±2.32%), which did not vary
significantly at day +14 (5.86%; SEM, ±2.08%; adjusted
P = .9946). Given the already demonstrated cytolytic potential of
CD19.CAR+EVs, we undertook the task to study the protein cargo
of the EVs released from each of the studied subtypes, to under-
stand their contribution to overall cytolytic activity. As reported in
Figure 5D, the protein expression of LAG3+ EVs, compared with
LAG3– EVs, showed a significant activation of apoptotic functional
pathway as a downstream effect, suggesting a greater contribution
of LAG3+ EVs in the cytolytic activity (P = 2.73 × 10–28; z score,
2.149).

Optimization of CD19.CAR
+
EV isolation under good

manufacturing practice-compliant conditions

Considering the evidence that CD19.CAR+EVs might have thera-
peutic potential, we explored the efficacy of an isolation method
that may be easily implemented for good manufacturing practice
(GMP) applications. In this regard, we optimized CD19.CAR+EV
immunomagnetic separation using anti-CD3 magnetic beads,
reaching a recovery of 63% ± 5.7%. Indeed, GMP anti-CD3
magnetic beads are already commercially available and used in
clinical settings.41 As shown in Figure 6A-B, CD3–immune-
selected CD19.CAR+EVs displayed diameters (median size + SD;
histogram represents the CFSE profile of untreated heterologous T cells, whereas the

overlaid blue histogram represents the CFSE profile of heterologous T cells treated

with CD19.CAR+EVs. Data are representative of 2 independent experiments. CFSE,

carboxyfluorescein succinimidyl ester.
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Figure 4. CD19.CAR
+
EV protein cargo. (A) Estimated MEFs per μm2. The analysis of MEF was performed both on circulating CD19.CAR+EVs and their circulating parental

cells from the same patients (n = 3). The red dots refer to the estimated MEFs per μm2 of CD19.CAR+EV surface, whereas the blue dots represents the estimated MEFs per μm2

of CAR T-cell surface. (B) Dot plots showing expression of granzyme B and perforin in circulating CD19.CAR+EVs; the fluorescence minus one (FMO) control for granzyme B is

shown (i); the percentage of granzyme B–positive EVs is represented (mean percent, 61.9% [SD, 4.7%]; mean MFI ratio, 3.5 [SD, 0.8]) (ii); the control FMO of perforin is shown

(iii); and the percentage of perforin-positive EVs is represented (mean percent, 67.6% [SD, 4.2%]; mean MFI ratio, 6.7 [SD, 1.3]) (iv). The protein functional analyses of circulating

(C) and preinfusion CD19.CAR+EVs (D), calculated by IPA with all identified proteins, are shown. IPA, ingenuity pathway analysis.
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NTA analysis, 103.3 + 55.7 nm, Figure 6A; AFM analysis, 90.7 +
39.2 nm, Figure 6B) and shapes overlapping with those isolated by
FACS. Furthermore, they express CD63 and flotillin-1 (Figure 6C).
CD3–immune-selected CD19.CAR+EVs also displayed significant
killing abilities (Figure 6D). We observed that CD19 CAR+ T cells
release ~3.5 EVs per parental cells in 12 hours in vitro, and each
CD19.CAR+EVs carries 0.0005 μg of proteins. Considering that
the number of CAR+ T cells in each bag ranges from ~6 × 107 to
2 × 108 cells, a range of 1.2 × 108 to 6 × 108 EVs (equivalent to
6 × 104 to 3 × 105 μg of EVs) can be obtained from each donor.
Furthermore, according to the detected concentrations of circu-
lating CD19.CAR+EVs (Figure 1), their total amount in 5 liters of
each patient PB would be in the range 8.5 × 107 to 5 × 108,
corresponding to ~4 × 104 to 2.5 × 105 μg of EVs. We also
observed that their circulating concentrations remained stable for
at least 2 years (Figure 1); therefore, hypothesizing that
their cytolytic functions in vivo overlap with those observed in vitro,
it is conceivable that these concentrations of circulating
24 JUNE 2025 • VOLUME 9, NUMBER 12
CD19.CAR+EVs theoretically kill 2.7 × 1011 to 1.67 × 1013 tumor
cells every 24 hours.
Discussion

CAR T-cell therapy recently gained great attention because of its
outstanding efficacy in the management of several B-cell malig-
nancies. Among the alternative and intriguing therapeutic avenues
linked to CAR T cells, their derived EVs have garnered great
attention due to their safer profile and potential to replicate CAR
T-cell functions, possibly addressing drawbacks inherent in con-
ventional CAR T-cell therapy.17,42 Furthermore, monitoring
CD19.CAR+EVs provides a potential noninvasive method for
dynamically evaluating CAR T-cell functions and persistence in
patients. Here, we undertook the task of characterizing preinfusion
bag contents in terms of CAR T cells and their derived EVs. We
further studied the pattern of circulating CAR T-cell elements (cells
CD19.CAR T-CELL–DERIVED EVs 2913
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and EVs) up to 2 years after CAR T-cell infusion. We noticed that
circulating CD19.CAR+EVs appear early after CD19.CAR T-cell
infusion (day +1), confirming previously reported data.43 Intrigu-
ingly, their concentrations remained higher than those of CD19
CAR T parental cells throughout monitoring, overwhelming the
disappearance of circulating parental cells (1 year after infusion)
and remaining detectable even 2 years after infusion.
2914 LANUTI et al
These data confirm, in patients, the evidence previously obtained in
xenograft models, showing that CAR T cells are not seen in
circulating blood at later time points but persist for some time in the
body, outside the blood circulation.7,44-47 Indeed, CAR+EVs are
rapidly cleared from circulation16; therefore, our data, showing their
long-lasting persistence in PB, together with the findings
evidencing the bone marrow homing of CAR T cells once they
24 JUNE 2025 • VOLUME 9, NUMBER 12
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disappear from circulation, indicate that their parental CAR T cells
persist in the body of patients who underwent infusion, outside the
blood circulation, for at least 2 years. Notably, the long persistence
of infused CAR T cells is one of the clinically relevant results that
our data demonstrate, to our knowledge, for the first time in
patients, indicating that circulating CAR+EVs may serve as a
marker of CAR T-cell persistence outside PB.

More interestingly, we further undertook the task of studying the
features and the cytolytic potential of both preinfusion and circu-
lating CD19.CAR+EVs, with the aim of understanding whether they
have the potential to contribute to the efficacy of CAR T-cell ther-
apies. For these reasons, we analyzed the features of
CD19.CAR+EVs contained in preinfusion CAR T-cell products and
paralleled them with those of circulating CD19.CAR+EVs, demon-
strating that these 2 CD19.CAR+EV subsets overlap in terms of size,
shape, and protein cargo and even in inducing significant cytotoxic,
dose-dependent effects on their targets. Overall, these data showed
that CD19.CAR+EVs retain morphological and functional charac-
teristics in vivo. It is already known that CD19.CAR+EVs express
CARs on their surface, enabling targeted action against tumor
cells.18 Here, we not only confirmed the CAR expression on EVs
24 JUNE 2025 • VOLUME 9, NUMBER 12
derived from CD19 CAR+ T cells, but we also observed, to our
knowledge, for the first time, that CD19.CAR+EVs expressed higher
levels of CARs than their parental cells, as indicated by measure-
ments of MEFs per μm2 of CAR T-cell surface. On the contrary, we
observed that both analyzed populations of CD19.CAR+EVs (pre-
infusion and circulating) contain typical cytotoxic molecules,
including perforin and granzyme B. In line with their parental cells,
the main CD19.CAR+EV mechanism of action has been linked to
the granzyme/perforin system.18 On the contrary, as shown by our
group and in a previous study,18 there is a specific target killing by
EVs derived from CAR+ vs EVs derived from nontransduced T cells,
indicating that surface expression of CAR is essential for targeting of
EVs and their killing activity. Furthermore, as shown in CAR T cells,48

a higher or lower density of CAR molecules present on the surface
of EVs is expected to influence the docking efficiency of EVs on their
targets. Therefore, retaining the antigen specificity of their parental
cells,49 CD19.CAR+EVs allow for targeted therapy against tumor-
associated antigens.17,18,21,50 In addition, the calculated amount of
circulating EVs, based on our data, was shown to kill 2.7 × 1011 to
1.67×1013 tumor cells every 24 hours, which amounts to a sub-
stantial killing of tumor cells, considering that effective levels of
CD19.CAR+EVs are sustained for at least 2 years.
CD19.CAR T-CELL–DERIVED EVs 2915
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These data underline that CD19.CAR+EVs represent a promising
new product with a strong therapeutic potential that could be
possibly infused independently of CAR T cells. In such a context, it
should be noted that EVs display unique biodistribution capabilities
and safety profiles, they cross biological barriers, delivering thera-
peutic molecules to target sites, and are insensitive to PD-L1
inhibition,18 offering clear advantages over their parental cells or
synthetic drug delivery systems.51,52 These data are corroborated
by results from a previous study demonstrating CAR+EV effec-
tiveness in vivo.18 That study showed that CAR+EVs armed with
CARs designed against different antigenic targets have potent
antitumor effects and low toxicity in mouse models representative
of several malignancies.18

It is also known that T-cell receptor activation induces the pro-
duction of cytotoxic T cell-derived EVs expressing the T-cell
receptor/CD3ζ complex.53 Therefore, CD19.CAR+EVs are direct
attackers of B-cell malignancies. Although the correlation
between exhaustion markers of the apheretic product and the
poor or lower functionality of lymphocytes is clear,54 postinfusion
functional studies on patient samples are scarce. A correlation
has been demonstrated between an increased number of
circulating CD4+PD1+LAG3+ CAR T cells and improved out-
comes.55 Here, we were able to separate circulating CD4+PD1+

and CD8+LAG3+ CAR T cells, demonstrating their killing
capacity on CD19+ target cells. Furthermore, we characterized
the respective EVs, demonstrating a significant activation of
apoptotic functional pathway as a downstream effect. These
results open up the possibility for future studies on EV sub-
populations and their possible clinical use. Even if some EV
subtypes (ie, tumor-derived and platelet-derived EVs) may
modulate immune responses,6,28,49,56-61 as already known for
mesenchymal-derived EVs, displaying reduced immunogenic
properties,62,63 we confirmed that CD19.CAR+EVs do not acti-
vate heterologous T cells. Therefore, CD19.CAR+EVs have the
potential to be an “off-the-shelf product,”18 and the translation of
these findings from preclinical and early-stage studies to clinical
practice, leveraging the benefits of both CAR T cells and EVs to
enhance therapeutic efficacy while mitigating associated risks,
has the potential to open new routes for the assessment of novel
immunotherapies. It must be noted that, despite their potential,
the clinical application of CD19.CAR+EVs faces several chal-
lenges; among them, the optimization of GMP-compliant pro-
cedures, ensuring productions of consistent quality and quantity,
is essential.64,65 Here, we optimized the use of a GMP grade,
scalable method, based on the isolation of EVs by anti-CD3
immunomagnetic beads, which could be used for future clinical
applications. We successfully demonstrated that EVs isolated by
anti-CD3 immunomagnetic beads from CD19 CAR T cells
overlap in terms of features and functions with those isolated by
standard procedures, preserving the EV biological integrity. Such
a procedure is efficient (63% ± 5.7% of recovery) and quick, and
it can be fully automated and adapted for commercial closed-
system setups, enabling easy upscaling for clinical applications.

In summary, our results suggest that CD19.CAR+EVs may serve as
biomarkers for monitoring CAR T-cell persistence and efficacy,
predicting the outcomes of CAR T-cell therapy. We also show that
CD19.CAR+EVs have the potential to provide a substantial
contribution to CAR T-cell therapy, offering a promising and scal-
able approach for cancer immunotherapy, which combines the
2916 LANUTI et al
advantages of CAR T cells with the benefits of cell-free therapies.
In conclusion, our study indicates that CD19.CAR+EVs have the
potential to open a new approach to more effective and safer
cancer treatments.
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