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Chimeric antigen receptor (CAR) T cell therapy has yielded un-
precedented outcomes in some patients with hematological ma-
lignancies; however, inhibition by the tumor microenvironment
has prevented the broader success of CART cell therapy.Weused
chronic lymphocytic leukemia (CLL) as a model to investigate
the interactions between the tumor microenvironment and
CART cells. CLL is characterized by an immunosuppressive
microenvironment, an abundance of systemic extracellular ves-
icles (EVs), and a relatively lower durable response rate to
CART cell therapy. In this study, we characterized plasma EVs
from untreated CLL patients and identified their leukemic cell
origin. CLL-derived EVs were able to induce a state of CART
cell dysfunction characterized by phenotypical, functional, and
transcriptional changes of exhaustion. We demonstrate that,
specifically, PD-L1+ CLL-derived EVs induce CART cell exhaus-
tion. In conclusion, we identify an important mechanism of
CART cell exhaustion induced by EVs from CLL patients.

INTRODUCTION
CD19-directed chimeric antigen receptor T (CART19) cell therapy
has resulted in remarkable outcomes in B cell malignancies.1–3 How-
ever, durable remissions are achieved in 30%–40% of patients, and
most patients relapse within the first 1–2 years.4 Similarly, the initial
response rates are 70%–80% in patients with chronic lymphocytic
leukemia (CLL),5,6 but the durable responses are only 20%–40%.7

Furthermore, CART cell activity is significantly limited in solid tu-
mors, and objective responses are rarely reported.8 Several key factors
have been identified that limit CART cell activity, including tumor
antigen escape,9 T cell defects,10 and an immunosuppressive tumor
microenvironment.10,11 The last factor is a complex matrix capable
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of potently inhibiting CART cells and includes myeloid-derived sup-
pressor cells (MDSCs),12 immunosuppressive macrophages,12 regula-
tory T cells, and cancer-associated fibroblasts.13

We have focused on the CLL immunosuppressive microenvironment
in this study since it plays a prominent role in induction of resistance
to CART cell therapy. Of importance to our study, CLL is character-
ized by the abundance of circulating extracellular vesicles (EVs)
bearing immunomodulatory properties.14 EVs have been shown to
promote leukemic survival in CLL patients, likely facilitated by the
interaction between EVs and non-malignant cellular microenviron-
mental components.14 EVs are known to have robust capabilities to
modify host cell function. They have also been found to augment reg-
ulatory T cell function, promote MDSCs, and block the maturation of
dendritic cells and macrophages.15–20 In addition, direct mechanisms
by which EVs interfere with T cell functions are identified through
expression of FasL, resulting in T cell apoptosis in patients with
oral cancer.21,22 While the diverse EV interactions between myeloid
cells, MSDCs, and regulatory T cells are identified, the effect of tu-
mor-derived EVs on CART cell functions remains largely unknown.
Recognizing that CLL is an ideal disease model to study EV impact on
CART cells, and given the suboptimal activity of CART cell therapy in
CLL, we hypothesized that CLL-derived EVs available to us from pa-
tient plasma contribute to CART cell dysfunction. We aimed to
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interrogate the nature and mechanisms of these interactions using
primary EV samples obtained from the blood of CLL patients.

RESULTS
Identification of CLL-derived EVs in patients with CLL

To isolate primary EVs from the plasma of CLL patients (Table S1),
we used the guidelines of the International Society of Extracellular
Vesicles (ISEV)23 established for the isolation of EVs from blood
(see details in Materials and methods). To characterize and
enumerate circulating EVs in platelet-poor plasmas of CLL patients,
we used nanoscale flow cytometry, which allows for multiparametric
detection of submicron particles using fluorescent antibodies. Nano-
scale flow cytometry allows for resolution of particles scattering light
similarly to polystyrene and silica beads ranging from 110 to 1,000 nm
(Figure S1A). By using fluorescent antibodies, EVs can be character-
ized and enumerated for specific surface markers from platelet-poor
plasma. Marker-positive EVs were detected by nanoscale flow cytom-
etry with a size distribution in the same area as 110-nm polystyrene/
180-nm silica beads and 300-nm silica beads (Figures S1B–S1I). Total
plasma particles and CD5+, CD19+, CD45+, and PD-L1+ EVs were
enumerated from the plasma of CLL patients (n = 50) and age-
matched healthy individuals (n = 10) (Figures 1A–1E). Figures
S1B–S1I depict the EV antigen expression and titration of the specific
antibodies by nanoscale flow cytometry. As a positive control for PD-
L1 expression on EVs, we used our established PD-L1GFP-expressing
cell line 786-O to generate EVs expressing PD-L1.24 Linear quantifi-
cation of PD-L1+ EVs was observed from concentrations ranging
from 1,280 to 256,093 PD-L1+ EVs per microliter (Figure S2).

No differences were observed for total particle counts in patients with
CLL versus normal, age-matched controls (Figure 1A). However, we
discovered an abundance of CD45+ EVs (Figure 1B), CD19+ EVs
(Figure 1C), and CD5+CD19+ EVs (Figure 1D) in CLL patients. Given
that CLL B cells are characterized as CD5+CD19+, the marked in-
crease in levels of double-positive CD5+CD19+ EVs suggested CLL
origins (Figure 1D). Additionally, there was a significantly higher
concentration of PD-L1+ EVs in CLL patients versus healthy controls
(Figure 1E). Importantly, in CLL patients, levels of PD-L1+ EVs were
positively correlated with levels of CLL-derived CD5+CD19+ EVs
(Pearson r = 0.320, p value = 0.028) (Figure 1F).

To further confirm the phenotype of EVs measured by nanoscale flow
cytometry, we selected six CLL patient plasmas with high EV particle
counts, and we measured protein expression by western blot. EVs
Figure 1. Identification of CLL-derived extracellular vesicles (EVs) in patients w

(A–E) Dot plots showing total particle number (A) and EV levels (B–E) measured by nanos

and CLL patients (n = 50). (B–E) A panel of fluorescent antibodies was used to enumera

represent number of EVs per microliter transformed in a logarithmic scale (Mann-Whitne

EVs and PD-L1+ EVs in CLL patients. Pearson correlation coefficient was calculated w

markers (TSG101, CD9, CD81) and PD-L1 in a panel of six EV lysates obtained from pl

detected for PD-L1 that corresponds to a glycosylated form of the protein. (H) Relative in

Levels of PD-L1were increased by 1.4-fold (minimum [min]-maximum [max], 1.17–1.77)

3.0-fold increase (min-max, 1.78–4.37) compared to PD-L1low patients. (I) Correlation

between western blot and nanoscale flow cytometric quantification methods. Pearson
were selected for further analysis from three patients with low levels
of PD-L1 (PD-L1low) and three patients with high levels of PD-L1
(PD-L1high). We used a combination of size-exclusion chromatog-
raphy, ultracentrifugation, and lyophilization prior to lysis and protein
extraction and performed immunoblotting for three EV-enriched pro-
teins: CD9, CD81, and TSG10123 (Figure 1G). All samples showed
detectable levels for these three EV markers and, importantly,
confirmed the presence of PD-L1 in CLL patient-derived EVs (Figures
1G and 1H). Differential expression of PD-L1 was observed in the sam-
ples, and densitometry analysis revealed high and low levels of expres-
sion correlating positively with our nanoscale flow cytometric findings
(Figure 1I).

Altogether, our results demonstrate that EV subpopulations can be
detected and enumerated from platelet-poor plasma by nanoscale
flow cytometry as verified by immunoblotting. Levels of CLL-derived
CD5+CD19+ EVs were positively correlated with levels of PD-L1+

EVs in plasma of CLL patients, suggesting the presence of an immu-
nosuppressive EV phenotype.25

CLL-derived EVs induce a state of CART cell dysfunction

We then sought to determine the direct effect of CLL-derived EVs on
CART19 cell effector functions upon stimulation through the CAR
with CD19+ target cells.26–28 To assess these effects, CART19 cells
were cultured in increasing concentrations of EVs in platelet-poor
plasma from CLL patients (CLL-derived EVs) with the CD19+ mantle
cell lymphoma cell line, JeKo-1.We detected a significant alteration of
surface inhibitory receptors including increased expression of CTLA-
4 and TIM-3 on activated CART19 cells within 24 h of EV co-culture
(Figures 2A and 2B). We also noted similar modulation of inhibitory
receptors when CART19 cells were stimulated through their T cell re-
ceptor (TCR) with CD3/CD8 beads (Figure S3). There was a signifi-
cant impairment of CART19 cell antigen-specific proliferation (Fig-
ure 2C) and antigen-specific killing (Figure 2D) in the presence of
CLL-derived EVs. A dose-dependent inhibition of CART cell anti-
gen-specific proliferation was noted when CLL-derived EVs were
co-cultured with CART19 cells. Inhibition was significant at EV/
CART cell ratios of 100:1 (Figures 2C and 2D) and more profound
when higher ratios were used (Figure 2E). Of note, EV/CART cell ra-
tios of 10,000:1 are closer to actual concentrations in patients treated
with CART19 cell therapy (see Discussion). This inhibition of CART
cell effector functions by CLL-derived EVs was also observed whether
CART19 cells were stimulated with the CD19+ JeKo-1 cell line or with
CD19+ leukemic cells isolated from CLL patients (Figure S4).
ith CLL

cale flow cytometry in platelet-poor plasma isolated from normal individuals (n = 10)

te levels of EVs for (B) CD45+, (C) CD19+, (D) CD5+CD19+, and (E) PD-L1+. Values

y test; error bars, SD). (F) Correlation analysis of levels of CLL-derived CD5+CD19+

ith a two-tailed p value. (G) Western blot showing expression of three EV-enriched

atelet-poor plasma of CLL patients. A second band at higher molecular weight was

tensity of gel bands for total PD-L1 (left panel) and glycosylated PD-L1 (right panel).

. The glycosylated form of PD-L1wasmarkedly increased in PD-L1high patients with a

analysis of levels of total PD-L1 (left panel) and glycosylated PD-L1 (right panel)

correlation coefficient was calculated with a two-tailed p value.
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Figure 2. CLL-derived EVs induce a state of CART cell dysfunction

(A and B) Inhibitory receptor expression on activated CART cells is upregulated by CLL-derived EVs. CART19 cells were co-cultured for 24 h with JeKo-1 cells with different

concentrations of EVs (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA; error bars, SEM; three biological and two technical replicates, two experiments).

(C and D) CART19 cell antigen-specific proliferation and killing of CD19+ JeKo-1 cells were decreased in the presence of CLL-derived EVs (blue triangles) compared to

controls (orange squares). EVs/CART19 cells at a 100:1 ratio were co-cultured for 6 h and plated at a 5:1 effector-to-target ratio (E:T ratio) with JeKo-1 cells (****p < 0.0001,

one-way ANOVA; error bars, SEM; three biological and two technical replicates, three experiments). (E) CART19 cell antigen-specific proliferation was further decreased in

the presence of CLL-derived EVs at 1,000:1 and 10,000:1 compared to 100:1. EVs/CART cells were co-cultured for 6 h and plated at a 5:1 E:T ratio with JeKo-1 cells (*p <

0.05, ****p < 0.0001, one-way ANOVA; error bars, SEM; three biological and two technical replicates, one experiment). (F) Treatment of JeKo-1 cell xenografts with CART19

cells alone (red squares) improved survival compared to CART19 cells co-cultured with CLL-derived EVs (purple triangles) or untransduced (UTD) T cells (blue circles). NOD-

SCID-g�/� mice were engrafted with the CD19+ luciferase+ cell line JeKo-1 (1 � 106 cells intravenous [i.v.] via tail vein injection), and engraftment was confirmed through

bioluminescence imaging (total flux, photons [p]/s). Mice were randomized to treatment with (1) UTD T cells, (2) CART19 cells, and (3) CART19 cells co-cultured ex vivo with

CLL-derived EVs for 6 h prior to injection. All T cells were washed prior to injection. A single low dose of CART19 cells (2.5� 105) was injected to induce relapse (*p = 0.0198,

log-rank test; five mice per group).
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Therefore, we used JeKo-1 cells as a surrogate for the remaining
experiments.

To validate these findings in vivo, we performed an ex vivo co-cul-
ture of CLL-derived EVs with CART19 cells immediately prior to in-
jection in a JeKo-1 xenograft model for relapsed disease. We first
determined the duration of co-culture required to induce CART19
cell dysfunction. Our results indicate that EVs are taken by T cells
within 4 h (Figure S5A) and that a co-culture of 6 h is sufficient
to suppress CART19 cell antigen-specific proliferation (Figure S5B).
Longer co-cultures led to more profound inhibition of CART cells.
We therefore used a 6-h ex vivo co-culture as the most suitable
co-culture setting for the in vivo experiment. In this JeKo-1 xeno-
graft experiment, EV-exposed CART19 cells resulted in significantly
decreased survival when compared to control CART19 cells (p =
0.0198, Figure 2F).

EVs from CLL patients induce phenotypical, functional, and

transcriptomic changes of exhaustion in T cells

A potential mechanism for the impact of EVs on CART cells is a direct
competition between the CD19+ EVs and the CD19+ tumor cells for the
CD19-targeted single-chain variable fragment (scFv) on CART19 cells.
To exclude effects from this potential competition, we studied themod-
ulation of E-cadherin-directed CART cell functions by CD19+ EVs.We
confirmed the lack of E-cadherin expression on CLL-derived EVs using
nanoscale flow cytometry (Figure 3A). EVs from CLL patients led to a
significant inhibition of E-cadherin-directed CART cell antigen-spe-
cific proliferation in the presence of the E-cadherin+ cell line, MCF-7
(Figure 3B). This suggested to us that CLL-EV-induced CART cell in-
hibition is not mediated by direct engagement of CART19 cell scFv
with the CD19 ligand expressed on the surface of EVs.

This latter finding as well as increased inhibitory receptor expres-
sion on CART cells led us to postulate that EVs induce a state of
CART cell dysfunction through modulation of exhaustion path-
ways. To investigate this mechanism more directly, we interrogated
the transcriptome of stimulated CART19 cells in the presence or
absence of CLL-derived EVs. CART19 cells were stimulated through
the CAR by co-culturing with irradiated JeKo-1 cells. Total RNA
sequencing (RNA-seq) of activated CART19 cells highlighted a sig-
nificant enhanced expression of AP-1 (FOS-JUN) and YY1 gene
pathways in EV-exposed antigen-stimulated CART19 cells
compared to antigen-stimulated CART19 cells alone (Figures 3C–
3F). There were no clear differences between a high or low EV/
CART19 cell ratio (Figure 3D). Notably, the AP-1 (FOS-JUN) and
YY1 gene pathways are known critical pathways in induction of
T cell exhaustion.29,30

We also performed gene set enrichment analysis on the significantly
upregulated genes, which was highly robust for pathways such as CD4
and CD8 signaling and AP-1 transcriptional targets (Figure 3G).
These findings (Figures 2 and 3) suggest that EVs significantly induce
known phenotypical, functional, and transcriptional hallmarks of
T cell exhaustion.
CART cell dysfunction is more specific to PD-L1+ CLL-derived

EVs

Next, we focused on determining the specific characteristics of CLL-
derived EVs that resulted in CART cell dysfunction. Since CART19
cells exhibited an exhausted phenotype after interacting with CLL-
derived EVs, we examined the specific effects on anti-tumor efficacy
of CART cells induced by PD-L1+ CLL-derived EVs using our JeKo-1
xenograft model (Figures 4A and 4B). An ex vivo co-culture of
CART19 cells with PD-L1high CLL-derived EVs resulted in signifi-
cantly inferior (p = 0.0088) in vivo anti-tumor activity (Figure 4B),
whereas an ex vivo co-culture of CART19 cells with PD-L1low CLL-
derived EVs did not result in a significant impairment of anti-tumor
activity. These experiments indicate that EV-induced CART cell
dysfunction may be associated more specifically with PD-L1+ EVs.
Finally, to examine whether the interaction between PD-L1 on
CLL-derived EVs and PD-1 on CART cells is responsible for CART
cell dysfunction, we measured the antigen-specific proliferation of
CART19 cells in the presence of PD-L1high CLL-derived EVs with
or without PD-L1 blocking antibodies. There was no statistically sig-
nificant reversal of EV-mediated inhibition of CART19 cells (Fig-
ure 4C), suggesting that the interaction is not the predominant mech-
anism of CART cell dysfunction.

DISCUSSION
CART cell immunotherapy is a highly promising and unique
approach to treat human malignancies, but it has been shown to be
suboptimal in most patients, especially those with solid tumors.8,31

CART cell exhaustion is an increasingly recognized mechanism of
treatment failure.10,32–34 Herein, we report the relevant finding that
CLL-derived EVs from patient plasma are highly potent systemic fac-
tors that directly induce features of exhaustion as documented by im-
munophenotypic, transcriptional, and functional alterations in
CART cells. In addition, we show that EV-exposed CART cells result
in impaired anti-tumor activity. An important correlated finding is
that a subset of CLL-derived EVs (PD-L1high) is highly robust in
the induction of CART cell dysfunction in vivo.

Unlike prior reports that suggest tumor-derived EVs mediate
apoptosis of T cells upon TCR stimulation,21,35 our experiments sug-
gest that, rather than inducing apoptosis, EVs derived from CLL pa-
tients predominantly induce CART cell exhaustion. In particular, one
strength of our study is the ability to perform next-generation
sequencing on EV-exposed CART cells to uncover the T cell-specific
exhaustion pathways modulated by the EVs. YY1 has been shown to
bind to the promoter of inhibitory receptors such as PD-1, LAG-3,
and TIM-3, as well as associate with theAP-1 pathway, which contrib-
utes to T cell exhaustion.30 The growing advancements in genome en-
gineering tools will allow for future studies and strategies to alleviate
these EV-induced immunosuppressive effects.

EVs should have a strong potential to play a major role in the
disruption of CART cell function based on our observed pre-clinical
modulation of CART cell function. It is estimated that there are
1 � 1010/mL circulating EVs in the blood36 and between 1 � 103
Molecular Therapy Vol. 29 No 4 April 2021 1533
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and 1 � 106 circulating CART cells in the peripheral blood during
CART cell expansion.37,38 This suggests that a ratio of up to 10million
EVs to CART cells can exist in CLL patients, providing an abundance
of EVs capable of modifying CART cell function.

In these experiments, we used both primary leukemic CD19+ cells
from CLL patients as well as the CD19+ mantle cell lymphoma
cell line JeKo-1 as a modality to stimulate CART19 cells. We
observed that the EV-induced upregulation of inhibitory receptors
on CART cells and inhibition of antigen-specific proliferation
were similar whether they were stimulated via CLL leukemic B cells
or JeKo-1 cells (Figure S4). This suggested to us that EV-induced
CART cell dysfunction is not mediated by leukemic cells, but rather
by antigen-specific stimulation of CART19 cells when in the pres-
ence of EVs. This was also corroborated by our finding that anti-
gen-specific stimulation of E-cadherin-directed CART cells was
similarly inhibited in the presence of EVs from CLL patients (Fig-
ures 3A and 3B).

The main strength of our experiments is the use of primary blood
EVs isolated from patients with CLL as opposed to EVs derived
from cell lines. These primary samples more closely mimic the
leukemic microenvironment in CLL. We did show that EV/CART
cell ratios of 1,000:1 and 10,000:1 induce more profound inhibition
of CART cell function. However, since these are primary samples
with limited volumes available to us, we used ratios of 10:1 to
100:1 through the experiments in this study and observed CART
cell modulation of exhaustion pathways at these lower ratios. In
fact, we observed informative modulation of CART cell transcrip-
tome at an EV/CART19 cell ratio of only 1:1.

The exact mechanisms by which CLL-derived EVs induce CART cell
dysfunction remain largely unknown. Our study indicates that PD-
L1high CLL-derived EVs induce more profound CART cell dysfunc-
tion compared to PD-L1low CLL-derived EVs. The lack of significant
reversal of CART cell inhibition following PD-L1 blockade suggested
to us that intrinsic properties of CLL-derived EVs, rather than inhib-
itory receptors/ligands interactions, are the predominant drivers of
this dysfunction. Experiments to elucidate these mechanisms are
ongoing and will be reported in a follow-up study.
Figure 3. EVs from CLL patients induce phenotypical, functional, and transcrip

(A) CLL-derived EVs do not express E-cadherin. E-cadherin was measured on EVs deriv

to measurements of CD19 on CLL-derived EVs (*p < 0.05, one-way ANOVA; error bars,

CLL-derived EVs decrease E-cadherin CART cell antigen-specific proliferation. EVs/CA

with the E-cadherin+ breast cancer cell line MCF-7 (****p < 0.0001, one-way ANOVA;

number of live T cells significantly decreased when E-cadherin CART cells were co-cultur

E-cadherin CART cells co-cultured with MCF-7 alone (orange squares). The UTD neg

transcriptome is modulated by CLL-derived EVs. CART19 cells were co-cultured with irra

isolated by magnetic sorting (three biological replicates, adjusted p value < 0.05). Gene

(blue columns) compared to CART19 cells alone (salmon column). EVs increase the expr

RNA-sequencing samples. Similar gene expression patterns were noted between both

genuity Pathway Analysis predicts increased activation of the AP-1 pathway (FOS-JUN,

analysis for significantly upregulated genes shows enrichment for pathways associated

scription factors (p = 0.0445) (red bars, p < 0.05).
Our knowledge of EV influence on the microenvironment, and of
immunosuppression in particular, has been advancing. It has been
shown previously that EVs isolated from patients with various tumors
interact with and promote immunosuppressive properties of MDSCs,
regulatory T cells, mesenchymal stromal cells,39,40 and tumor-associ-
ated macrophages to generate impaired immune responses.41 Most
recently, EVs were found to impair CD4+ CART cell functions against
neuroblastoma.42 However, no mechanistic studies were performed,
and this report did not describe any in vivo data or characterization
of the EVs. Our studies reveal that EVs from CLL patients impair an-
tigen-specific functions of CART cells by inducing their exhaustion
pathways. Our future work will include profiling of CLL-derived
EVs to identify immunomodulatory proteins that modulate CART
cell activity and to develop a strategy to block these interactions.

In summary, these studies illuminate an important mechanism by
which circulating CLL-derived EVs lead to CART cell dysfunction
in CLL. We speculate that the CLL model for EV suppression of
CART cell function extends to other malignancies and that further
study with both appropriate pre-clinical tumormodels and utilization
of other unique humanmalignancies will more precisely definemech-
anisms of EV-mediated CART cell dysfunction.

MATERIALS AND METHODS
Preparation of platelet-poor plasma for EVs

Platelet-poor plasma (PPP) samples were prepared following the
International Society on Thrombosis and Hemostasis (ISTH), Inter-
national Society for the Advancement of Science (ISAC), and ISEV
recommendations.23 Briefly, 10 mL of peripheral blood was collected
in EDTA-coated vacutainers. Centrifugation was performed twice at
2,500� g at room temperature using lowest deceleration for 15min to
remove platelets and cellular debris. Plasma was aliquoted and stored
at �80�C. These PPP preparations from the peripheral blood of un-
treated CLL patients are the source of the samples called CLL-derived
EVs throughout the text.

Immunophenotyping of circulating EVs from human plasma

PPP samples were thawed at 37�C, and 10 mL of PPP was incubated
with the following fluorescent antibodies or antibody-matched iso-
types for 30 min at room temperature and in the dark: anti-CD45
tomic changes of exhaustion in T cells

ed from normal donor (ND) and CLL patients by nanoscale flow cytometry compared

SEM; three to five biological replicates, two technical replicates, one experiment). (B)

RT cells at a ratio of 100:1 were co-cultured for 6 h and plated at an E:T ratio of 5:1

error bars, SEM; three biological replicates, two technical replicates). The absolute

edwith MCF-7 cells in the presence of CLL-derived EVs (blue triangles) compared to

ative control (pink circles) shows background proliferation. (C and D) CART19 cell

diated JeKo-1 cells for 24 h at a ratio of 10:1, 1:1, or 0:1 EVs/CART19 cells and then

expression with 10:1 EVs/CART19 cells (green columns) and 1:1 EVs/CART19 cells

ession of AP-1 (FOS-JUN) and YY1. (E) Principal component analysis of CART19 cell

1:1 EV/CART19 cell (blue circles) and 10:1 EVs/CART19 cells (red circles). (F) In-

orange) in CART19 cells co-cultured with CLL-derived EVs. (G) Gene set enrichment

with CD4 (p = 0.037) and CD8 (p = 0.0033) T cell signaling as well as AP-1 tran-
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Figure 4. CART cell dysfunction is facilitated by PD-L1+ CLL-derived EVs

(A and B) CART19 cells alone (red squares) control tumor burden better compared to CART19 cells co-cultured ex vivo with PD-L1high CLL-derived EVs (purple triangles)

(**p = 0.0088, two-way ANOVA; error bars, SEM; fivemice per group). NOD-SCID-g�/�mice engrafted with the CD19+luciferase+ cell line JeKo-1 Luc-ZsGreen (1� 106 cells

i.v. via tail vein injection) and engraftment confirmed through bioluminescent imaging (total flux, p/s). Mice were then randomized for treatment with (1) UTD T cells, (2) CART19

cells, (3) CART19 cells co-cultured ex vivowith PD-L1high CLL-derived EVs for 6 h prior to injection, or (4) CART19 cells co-cultured ex vivowith PD-L1low CLL-derived EVs for

6 h prior to injection. A single low dose of CART19 cells (2.5� 105) was injected to induce relapse. Mice treated with UTD T cells (blue squares) had continued progression of

disease. Mice treated with CART19 cells that were pre-cultured with PD-L1low CLL-EVs had a non-statistically significant impairment of anti-tumor activity (green triangles).

Mice treated with CART19 cells that were pre-cultured with PD-L1high CLL-EVs had significant impairment of anti-tumor activity. (C) CLL-derived PD-L1high EV impairment of

CART19 cells is not significantly reversed by PD-L1 blockade. CART19 cells were co-cultured for 6 h with and without PD-L1high CLL-derived EVs (100:1 EV/CART cell ratio)

and with and without anti-PD-L1 antibody. CD19+ JeKo-1 cells were added at an E:T ratio of 5:1. CART19 cell antigen-specific proliferation was significantly impaired in the

presence of PD-L1high CLL-derived EVs (p < 0.01, two-way ANOVA). This inhibited CART19 cell antigen-specific proliferation did not improve following a co-culture with anti-

PD-L1 antibody (n = 11 biological replicates, two technical replicates, four experiments).

Molecular Therapy
(304002, BioLegend, San Diego, CA, USA), anti-CD5 (364002, Bio-
Legend, San Diego, CA, USA), anti-CD19 (363002, BioLegend, San
Diego, CA, USA), anti-PD-L1 (13684S, Cell Signaling Technology,
Danvers, MA, USA), and anti-E-cadherin (147303, BioLegend, San
Diego, CA, USA). Following EV labeling, samples were resuspended
in filtered PBS (0.22 mm) and analyzed by nanoscale flow cytometry.43

Optimal concentrations for each antibody were determined by anti-
body titration using two to four PPP samples (Figure S1). All anti-
bodies were conjugated with fluorescent dyes using antibody labeling
kits (Thermo Fisher Scientific, Waltham, MA, USA) and according to
the manufacturer’s instructions. Final conjugated antibody concen-
tration and degree of labeling were determined by using the Nano-
Drop One (Thermo Fisher Scientific, Waltham, MA, USA).
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Nanoscale flow cytometry

All PPP samples were analyzed by using an A60-Micro-PLUS
nanoscale flow cytometer (Apogee Flow Systems, Hemel Hempstead,
Hertfordshire, UK). The A60-Micro-PLUS is equipped with a
405-nm laser for light-scatter measurement and two 488- and 638-
nm lasers for fluorescence measurements. Before sample analysis,
the A60-Micro-PLUS was calibrated using a reference bead mix, as
described previously.43 Briefly, polystyrene and silica beads with di-
ameters ranging from 110 to 1,300 nm (Apogee bead mix #1493)
were used to evaluate A60-Micro-PLUS sensitivity for light-scatter
detection (Figure S1). Light-scatter triggering thresholds were set
such that all events falling between 110 and 800 nm were gated as
EVs. Non-specific fluorescent backgrounds produced by plasmas
incubated with isotype controls were used to gate on
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antibody-positive EVs. Samples were run in duplicates at a flow rate
of 1.5 mL/min for 1 min, resulting in an event rate below 10,000 events
per second to avoid coincident particle detection and swarm effect.
Quantification of total particles and marker-positive EVs was per-
formed using FlowJo v10 software (FlowJo, Ashland, OR, USA). Par-
ticles (including EVs) were gated on large-angle light scattering
(LALS) and small-angle light scattering (SALS), and then EV subpop-
ulations were gated on LALS (x axis) and fluorescence intensity (y
axis). For sample detection, laser powers were set at 70 mW (405-
nm laser), 53mW (488-nm laser), and 43mW (638-nm laser). Photo-
multiplier tube detector voltages for LALS and SALS were set at 300
and 320, respectively. Triggering thresholds for LALS and SALS were
set at 20 and 25 (arbitrary units). This methodology was specifically
used for the experiments reported in Figure 1. Figure S1 represents
the gating strategy used for nanoscale flow cytometry of EVs.

To assess the sensitivity of nanoscale flow cytometry for detection and
enumeration of PD-L1+ EVs, 786-O kidney cancer cells were stably
transduced with a lentiviral construct expressing PD-L1 tagged with
the fluorescent reporter GFP in C terminus (Origene, Rockville, MD,
USA).24After sortingofPD-L1GFP-overexpressing cells, cellswere incu-
bated in culture medium supplemented with exosome-depleted FBS
(Gibco,Gaithersburg,MD,USA) for 48h.Culturemediumwas collected
and centrifuged at 2,500� g for 15min to remove dead cells and debris.
PD-L1GFP+ EVs were concentrated using ultrafiltration centrifugal col-
umnswith a cutoff of 100 kDa and following themanufacturer’s instruc-
tions (Amicon, Miami, FL, USA). Several dilutions of PD-L1GFP+ EVs
were spiked-in PPP of three normal donors followed by incubation with
PD-L1 antibodies or antibody-matched isotype. After analysis by nano-
scale flow cytometry, PD-L1GFP+ EVs and PD-L1+ EVs detected by
anti-PD-L1 were quantified and compared. EVs isolated from 786-O
cells genetically knocked out for PD-L1 expression by CRISPR-Cas9
technology were used as negative controls for PD-L1 staining.

EV capture assay

To estimate EV uptake by T cells, an EV capture assay was performed.
EVs were thawed at 37�C and concentrated to 2 � 106 EVs/mL. The
concentration was measured using nanoscale flow cytometry. 200,000
untransduced (UTD) T cells or CART19 cells were cultured with 20�
106 EVs per well in a 96-well plate, with a replicate for each collection
time point (0, 2, 4, and 6 h). At time of collection, the sample was
centrifuged at 300 � g for 5 min to pellet CART19 and UTD T cells.
Supernatants were collected and centrifuged at 2,000 � g for 10 min
to remove cellular debris and aggregates. Supernatants were analyzed
by nanoscale flow cytometry. This methodology was specifically used
for the experiments reported in Figure S5.

EV characterization by western blot

To characterize plasma EVs isolated from CLL patient blood (Table
S1), we followed the recommendations provided by ISEV.23 Five hun-
dredmicroliters of PPP was centrifuged at high speed using a Beckman
Coulter Optima XPN ultracentrifuge equipped with a Beckman
Coulter SW55-Ti rotor. Samples were centrifuged at 100,000 � g for
3 h at 4�C, washed with PBS, and centrifuged again following the
same conditions. Pellets were resuspended in 100 mL of radioimmuno-
precipitation assay (RIPA) buffer, and protein concentration was
measured by a bicinchoninic acid (BCA) protein assay (23225, Thermo
Fisher Scientific, Waltham, MA, USA). Thirty micrograms of protein
lysates was used for SDS-PAGE electrophoresis. Following transfer,
nitrocellulose membranes were blocked with 5% BSA in Tris-buffered
saline with Tween 20 (TBST) for 1 h at room temperature. Membranes
were incubated overnight at 4�C with the following antibodies: rabbit
PD-L1 (E1L3N) XP (13684, Cell Signaling Technology, Danvers,
MA, USA) (dilution 1:1,000), rabbit CD81 (H-121) (sc-9158, Abcam,
Cambridge, MA, USA) (dilution 1:1,000), rabbit CD9 (EPR2949)
(ab195422, Abcam, Cambridge, MA, USA) (dilution 1:1,000), and rab-
bit TSG101 (EPR7130(B)) (ab125011, Abcam, Cambridge, MA, USA)
(dilution 1:1,000). Membranes were washed with TBST and incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies
at a dilution of 1:10,000 for 1 h at room temperature followed by reve-
lation using the SuperSignal West Pico Plus chemiluminescence sub-
strate (Thermo Fisher Scientific, Waltham, MA, USA).

Generation of CART19 cells and E-cadherin-directed CART cells

T cells from normal donors were transduced with a replication-
incompetent lentiviral vector expressing a second-generation CAR
consisting of an anti-CD19 scFv (FMC63) fused to 4-1BB and
CD3z intracellular domains as previously described27 or encoding a
second-generation anti-E-cadherin (clone SC10.178) fused to CD28
and CD3z intracellular domains.

Cell lines

The mantle cell lymphoma cell line JeKo-1 was purchased from
ATCC (CRL-3006, Manassas, VA, USA). For in vivo experiments,
JeKo-1 cells were transduced with a luciferase-ZsGreen lentivirus
(Addgene, Cambridge, MA, USA) and sorted to 100% purity. JeKo-
1 and JeKo-1 Luc-ZsGreen tested negative for mycoplasma (IDEXX,
Columbia, MO, USA). The MCF-7 cell line was a kind gift from the
Weroha laboratory, Mayo Clinic. MCF-7 tested negative for myco-
plasma (IDEXX, Columbia, MO, USA). Cell lines were cultured in
R20 made with RPMI 1640 (Gibco, Gaithersburg, MD, USA), 20%
FBS (Corning Life Sciences, Corning, NY, USA), and 1% penicillin-
streptomycin-glutamine (Gibco, Gaithersburg, MD, USA). Fresh
aliquots of cell lines were thawed at least every 8 weeks (used approx-
imately between passages 2 and 20). The use of recombinant DNA in
the laboratory was approved by the Institutional Biosafety Committee
(IBC no. HIP00000252).

T cell functional assays

CART19 and JeKo-1 or JeKo-1 cells irradiated at 120 Gy were co-
cultured at a 1:1 ratio with or without CLL-derived EVs. T cells for
functional assays were cultured in T cell medium containing X-
VIVO 15 (Lonza, Walkersville, MD, USA), 10% human serum albu-
min (Innovative Research, Novi, MI, USA), and 1% penicillin-strep-
tomycin-glutamine (Gibco, Gaithersburg, MD, USA). EVs were co-
cultured with CART19 cells at 100:1, 10:1, 5:1, and 1:1 EV/CART
cell ratios using three biological replicates of CLL-derived EVs at
37�C, 5% CO2, and then co-cultured with primary CLL cells or
Molecular Therapy Vol. 29 No 4 April 2021 1537
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JeKo-1 cells as indicated in the specific experiment. Cell supernatant
was collected at 24 h, and cells were analyzed by flow cytometry. To
assess killing and proliferation, UTD T cells, CART19 cells, and
CART19 cells co-cultured with CLL-derived EVs at a 100:1 EV/
CART cell ratio were incubated at 37�C, 5%CO2 for 6 h before adding
JeKo-1 target cells. To assess proliferation with PD-L1 blockade,
CART19 cells were co-cultured with and without CLL-derived EVs
at a 100:1 EV/CART cell ratio with and without anti-PD-L1 antibody
(atezolizumab, 20 mg/mL) at 37�C, 5% CO2 for 6 h before adding
JeKo-1 target cells. Atezolizumab44 was a kind gift from the Haidong
Dong laboratory.45 Cells were analyzed by flow cytometry after 48 h
of incubation.

Flow cytometric analysis

Extracellular staining was performed by washing cells with flow buffer
(PBS, 2% fetal bovine serum [FBS] [v/v], and 1% sodium azide [v/v])
and staining with antibodies for 15 min. Cells were washed again
with flow buffer, and cytometric data were acquired using a CytoFLEX
flow cytometer (BeckmanCoulter, Chaska,MN,USA). Gatingwas per-
formed using Kaluza version 2.1 (Beckman Coulter, Chaska, MN,
USA). Cells were gated by singlet discrimination, and live cells were
determined by Live/Dead Aqua staining (L34966, Thermo Fisher Sci-
entific, Waltham, MA, USA). Surface expression of CAR was detected
by staining with a goat anti-mouse F(ab0)2 antibody (A21235, Invitro-
gen, Carlsbad, CA, USA). The following antibodies were used: CD279
(clone EH12.2H7) Brilliant Violet 421 (BV421) (329920, BioLegend,
San Diego, CA, USA), CD366 (clone F38-2E2) phycoerythrin (PE)
(345006, BioLegend, San Diego, CA, USA), CD223 (clone 3DS223H)
fluorescein isothiocyanate (FITC) (11-2239-42, eBioscience, SanDiego,
CA, USA), CD152 (BNI3) PE-Cy7 (369614, BioLegend, SanDiego, CA,
USA), and CD3 (clone SK7) allophycocyanin (APC)-H7 (560176, BD
Pharmingen, San Diego, CA, USA). Absolute quantification was ob-
tained using volumetric measurement. Figure S6 represents the gating
and quantification strategy used for flow cytometric analysis of T cells.

RNA isolation

CART19 and irradiated JeKo-1 cells were co-cultured at a 1:1 ratio for
24 h with CLL-derived EVs at 10:1 and 1:1 EV/CART19 cell ratios.
Three biological replicates of CLL-derived EVs were included as
well as stimulated and unstimulated CART19 cell controls.
CART19 cells were isolated using magnetic sorting with CD4 and
CD8 microbeads (catalog nos. 130-045-101 and 130-045-201, Milte-
nyi Biotec, Auburn, CA, USA). RNA was isolated from the CART19
cells using a QIAGEN miRNeasy micro kit (217084, QIAGEN, Ger-
mantown, MD, USA). To account for donor-donor variability, we
performed RNA-seq on CART19 cells generated from a specific
donor and cultured with EVs derived from multiple CLL patients.

RNA-seq and analysis

Total RNA was prepped with a SMARTer stranded total RNA-seq kit
v2, Pico input mammalian (Takara, Mountain View, CA, USA). Total
RNA (three samples per lane) was sequenced on an Illumina HiSeq
4000 (Illumina, San Diego, CA, USA). Library preparation and
sequencing were performed by the Medical Genome Facility Genome
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Analysis Core (Mayo Clinic, Rochester, MN, USA). Fastq files were
viewed in FastQC v0.11.8 to check for quality. Adaptor sequences
were removed using Cutadapt v1.18.46 Output files were re-checked
for quality and adaptor removal using FastQC v0.11.8. Raw
sequencing data are available at the Gene Expression Omnibus
(GEO: GSE147046).

The latest human reference genome (GRCh38) was downloaded from
NCBI for this report. Genome index files were generated using STAR
v2.5.4b. Paired end reads from the trimmed fastq files were mapped
to the genome. HTSeq (Python 3.6.5) was used to generate expression
counts for each gene. DESeq2 (R v3.6.1, https://www.R-project.org/)
was used to normalize gene counts (geometric mean) and calculate dif-
ferential expression using adjusted p values <0.05.Heatmapwas created
using pheatmap (https://cran.r-project.org/web/packages/pheatmap/
index.html). Networks were generated using Ingenuity Pathway Anal-
ysis v49932394 (QIAGEN, https://www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis). Gene set enrichment analyses
were performed using Enrichr (https://maayanlab.cloud/Enrichr/).
In vivo mouse experiments

6- to 8-week-old non-obese diabetic (NOD)-severe combined immu-
nodeficiency (SCID)-interleukin (IL)-2rg�/� (NSG) mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA) and injected
intravenously with 1� 106 cells from the JeKo-1 Luc-ZsGreen mantle
cell lymphoma cell line. Upon engraftment, mice were randomized to
receive either (1) UTD T cells, (2) CART19 cells, or (3) CART19 cells
co-cultured ex vivo with CLL-derived EVs for 6 h (100:1 EV/CART
cell ratio). All conditions were co-cultured for 6 h, washed, and in-
jected at a dose of 2.5 � 105 cells intravenously. Mice were followed
with serial bioluminescence imaging to measure tumor burden.
Statistical analyses

All statistics were performed using GraphPad Prism version 7.05 for
Windows (GraphPad, La Jolla, CA, USA) or DESeq2. Statistical tests
are described in detail in the figure legends. Briefly, a Mann-Whitney
test was used to test the hypotheses for EV immunophenotype. One-
way ANOVA was used to test the hypotheses for inhibitory receptor
expression, proliferation, and killing. Two-way ANOVA was used to
test the hypotheses for in vivo tumor burden, and a log-rank test was
used to test the hypotheses for in vivo survival. mRNA differential
expression multiple hypothesis correction was performed using Ben-
jamini-Hochberg procedure within DESeq2.
Study approvals

Samples were obtained from untreated patients with CLL under
an Institutional Review Board (IRB)-approved protocol (IRB no.
1827-00). Animal experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee (IACUC no. A1767).
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