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Abstract

Chronic lymphocytic leukemia (CLL) cells receive several stimuli from surrounding cells, such as B-cell receptor (BCR) stimulation, and can
manipulate their microenvironment via extracellular vesicle (EV) release. Here, we investigated the small RNA content (microRNA and
YRNA) of CLL-EVs from leukemic cells cultured with/without BCR stimulation. We highlight an increase of miR-155-5p, miR-146a-5p,
and miR-132-3p in EVs and in cells after BCR stimulation (p < 0.05, n = 25). CLL-EVs were preferentially internalized by monocytes
(p =0.0019, n=6) and able to deliver microRNAs and the hY4 RNA. Furthermore, BCR CLL-EV induced modifications in monocytes
(shape change, microRNA and gene expression, secretome) suggesting nurse-like cell (NLC) differentiation, the tumor-associated mac-
rophages of CLL. Functionally, monocytes treated with BCR CLL-EVs protect CLL cells from spontaneous apoptosis by pro-survival
cytokine production and induce their migration as well as the migration of other immune cells. We finally reported by transfection
experiments that hY4 is able to induce the expression of CCL24, a key gene in M2 macrophage differentiation. In conclusion, we showed
that BCR stimulation modifies the small RNA content of CLL-EVs and that the addition of leukemic EVs to monocytes leads to monocyte
differentiation into NLCs establishing a protective microenvironment that supports leukemic cell survival.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is characterized by the accumu-
lation of mature CD5"CD23*CD19" B lymphocytes in the blood,
bone marrow, and lymph nodes.! When removed from the body, CLL
cells undergo rapid apoptosis, suggesting a crucial interaction be-
tween B cells and their supportive microenvironment.? Several re-
ports have highlighted the bidirectional interaction between leukemic
cells and bystander cells: CLL cells are indeed supported by stimuli
received by the microenvironment, such as CD40,° Toll-like receptor
(TLR),* or B-cell receptor (BCR)® stimulation. In addition, leukemic
cells can influence and modify bystander cells to establish an en-
vironment that promotes their own survival.>” Of these, monocyte-
derived nurse-like cells (NLCs) are important players in CLL cell

survival, chemoresistance, proliferation, and homing.é’8 NLCs can be
described as the tumor-associated macrophages (TAMs) of CLL and
are close to M2 macrophages.’ First described by Burger et al.,® these
cells produce several soluble factors, including BAFF, APRIL,* and
CXCL12.511

CLL cells cross-talk with their microenvironment via direct
contact, the release of soluble factors, and the production of extracellular
vesicles (EVs).}2 EVs are vesicles ranging from 50 nm to up to 1 pm in
size.231% Small vesicles (sEVs—from 50 to 100 nm), also sometimes called
exosomes, are released from the endosomal compartment, while medium
to large vesicles (m/IEVs—from 100 nm to 1 um) are released directly
from the cell membrane by budding.*> EV's can contain different biological
materials, such as surface markers, intracellular proteins, mitochondria,
DNA, and RNA.”1¢718 Encapsulated material or material present at the EV
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surface can travel and be delivered to the recipient cells, triggering several
processes.*?

High-throughput next-generation sequencing analyses have high-
lighted the accumulation of small noncoding RNAs (ribosomal RNA,
transfer RNA, microRNA, and Y RNA) in exosomes.?”1720 |n this report,
we will focus on microRNAs (or miR) and Y RNAs. MicroRNAs play a role
in several biological processes, including CLL pathophysiology.?*??
Y RNAs are well-conserved noncoding RNAs 83 to 112 nucleotides in
length transcribed by RNA polymerase 112324 Four different Y RNAs,
named hY1, hY3, hY4, and hY5, exist in humans.?’> These RNAs are in-
volved in DNA replication and RNA quality control.25%”

More specifically, in the context of CLL microenvironment cross-talk,
Paggetti et al. showed that leukemic EVs can induce the differentiation of
mesenchymal stromal cells (MSCs) into cancer-associated fibroblasts
(CAFs).” Yang et al. confirmed these results and demonstrated that miR-
146a was responsible for the differentiation of MSCs into CAFs.?® In
2017, Crompot et al. showed that EVs isolated from bone marrow MSCs
can rescue CLL cells from spontaneous and drug-induced apoptosis, in-
crease their migration capabilities, and change their gene expression
profile.?? In the same year, Haderk et al. reported that hY4 is enriched in
CLL-derived exosomes and can be transferred to monocytes and activate
TLR7 signaling.!” Yeh et al. showed that BCR stimulation of leukemic cells
can increase miR-150 and miR-155 in CLL exosomes,* showing for the
first time that EV cargo can be modified following a stimulus. BCR trig-
gering can occur in the microenvironment®? and contribute to CLL cell
survival, proliferation, adhesion, migration, and drug resistance.®?

Here, we report a comprehensive analysis of primary CLL cell-
derived EVs by establishing a small RNA content after BCR stimula-
tion and investigating their potential role in the cross-talk between
leukemic cells and monocytes.

METHODS

Patients, sample collection and preparation, and RNA
extraction

This study was approved by the local ethics committee and was based
on peripheral blood mononuclear cell (PBMC) samples collected at
diagnosis after patients provided written informed consent. The cell
purification and RNA extraction methods as well as the patient
characteristics used for EV production, microRNA sequencing, and
quantification in CLL serum are provided in Supporting Information
S1: Data Text and Tables S1-S3, respectively.

Extracellular vesicle isolation and characterization

To isolate CLL-EVs, 100 million fresh purified B-CLLs were cultured in
AIM V™ Medium (Thermo Fisher Scientific) for 24 h in a humidified
atmosphere at 37°C and 5% CO,. This medium does not contain any
serum to prevent any serum EV contamination. Details about EV
characterization, BCR stimulation, quantification and RNA extraction,
RNA sequencing, and real-time validation are provided in Supporting
Information S1: Data Text.

Analysis of monocytes: Morphology, gene expression
comparison, secretome, migration, phagocytosis, CLL
cell protection, cell transfection, and EV
electroporation

Monocytes from healthy donors were cultured at a concentration of
1 million/mL with 10,000 control (unstimulated) or BCR CLL-EVs/

cells. Cell morphology was analyzed, and total RNA was extracted
after 5 days. The gene expression profiles of untreated cells and cells
treated with BCR EVs were analyzed by RNA sequencing as described
above. The EV gene signature was then compared to the NLC and M2
macrophage signatures based on available public data. Additional
details about the monocyte culture, EV internalization, EV uptake
mechanism, morphology analysis, signature generation, and bioin-
formatic analysis are provided in Supporting Information S1: Data
Text. Details about secretome analysis, apoptosis, viability, migration,
phagocytosis assay, cell transfection, and EV electroporation are
provided in Supporting Information S1: Data Text.

Survival and statistical analysis

The Mann-Whitney test (for unpaired data) or the Wilcoxon matched
pair test (for paired data) was used to analyze the statistical sig-
nificance of the differences in the experimental results between the
two groups. For small sample size experiments (e.g., RNAseq), a
parametric test was used but was thereafter confirmed with a greater
number of samples using a different technique. Survival analysis de-
tails are provided in Supporting Information S1: Data Text.

RESULTS
CLL-EV characterization and small RNA sequencing

We first characterized CLL-EVs by transmission electron microscopy,
which revealed typical features of EVs, such as a bilipidic layer and a cup-
like shape (Figure 1A). The size and concentration were analyzed using
nanotrack technologies: EV samples had an average size of 152+4 nm
(n=25). A representative sample size distribution is shown in Figure 1B.
EVs were also characterized by direct flow cytometry based on the
protocol of Crompot et al.%%: We observed clear expression of CD63 and
CD9, two classical exosomal markers of EVs, but low expression of CD81
(Figure 1C). In addition, leukemic EVs were positive for leukemic cells
(CD5), B cells (CD19, CD20), or hematopoietic markers (CD45) but ne-
gative for platelet (CD41), monocyte (CD14), T-cell (CD3), or NK cell
(CD56) markers. In addition, as recommended by MISEV2024 guidelines,
we confirmed the absence of cytochrome C, a protein that should be
absent in EVs, and the presence of HSP70, a cytosolic protein, in EVs
while both proteins were present in cells (Figure 1D). As previously re-
ported,” EV RNA cargo is generally enriched in small RNAs, which was
confirmed in our study by a representative Agilent profile of RNA size in
EVs with a mode of approximately 25 nucleotides (Figure 1E). Therefore,
to further characterize leukemic EVs, we performed small RNA sequen-
cing of CLL-EV RNA (n = 4). The 20 most abundant RNAs expressed in the
fraction of reads are provided in Figure 1F. The highest number of reads
(37.7% + 7.6%) were assigned to microRNAs, followed by ribosomal RNA
(rRNA—19.6% + 6.4%), Y RNA (18.9% +3.1%), PIWI-interacting RNA
(PIRNA—9.4% + 2.7%), small nuclear RNA (snRNA—7.8% + 1.7%), transfer
RNA (tRNA—5.1%+1.3%), and small nucleolar RNA (snoRNA—
1.5% + 0.4%) (Figure 1G). When focusing only on microRNAs, the let-7
family was highly present, as were the other microRNAs previously de-
scribed in CLL physiopathology (miR-150, miR-155) (Figure 1H). hYy4 RNA
was the most abundant Y RNA (63.6% + 3.5%) in EVs, followed by hY5
(17.9% +3.8%), hyl (16.8%+1.2%), and hY3 RNA (1.8%+0.5%)
(Figure 11).

BCR stimulation modulated EV microRNA cargo

BCR stimulation is an important stimulus received by CLL cells that
induces cell survival and plays a crucial role in CLL clone selection.
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FIGURE 1

Characterization of CLL-EVs. EVs produced by purified CLL cells in culture were characterized by different techniques. (A) Transmission electronic

microscopy (TEM). EVs exhibit a classical spherical or cup-like shape with a lipidic bilayer. (B) Nanotrack analysis. The average mode of all analyzed samples was
152 +4 nm (n = 26). (C, D) Direct flow cytometry. EVs expressed CD63 and CD9 (EV markers). CD81 was slightly expressed. EVs were also positive for markers found
on leukemic cells (CD19, CD5, CD20, and CD45) but negative for other markers (CD41, CD14, CD56, and CD3). As recommended by MISEV2024 guidelines, we also
tested a protein that should be absent in EVs (cytochrome C) and a cytoplasmic protein (HSP70). Both proteins were present in the cells as shown in the respective
upper left small panels (E) Agilent profile. A representative Agilent profile of EV RNA content shows that RNA species are mostly small RNAs (25 nucleotides).
(F) Abundance in the fraction of reads of the 20 most abundant RNAs revealed by small RNA sequencing (n = 4). (G) Distribution of the proportion of reads in terms
of RNA species. (H) Distribution of the proportion of reads in terms of microRNAs. (I) Distribution of the proportion of reads in terms of Y RNAs.

Therefore, CLL-EVs were produced in vitro from purified primary
leukemic cells with or without BCR stimulation to highlight potential
changes in the small RNA cargo of EVs. As shown in Figure 2A, BCR
stimulation increased the production of EVs by leukemic cells (n = 26,
p=0.0005) but did not change their size (n=25, p=0.1877)
(Figure 2B). MicroRNA expression comparison revealed that 31 mi-
croRNAs were differentially expressed between unstimulated and
BCR-stimulated conditions (n =4, p <0.05) (Figure 2C). As shown in
Figure 2D, we confirmed the higher abundances of miR-146a
(p <0.0001), miR-132 (p=0.0003), and miR-155 (p <0.0001) in a
greater number of samples (n = 25). Interestingly, these three micro-
RNAs which have a higher level in EVs after BCR stimulation also
have a higher level in leukemic cells (Figure 2E). The choice of these
three specific microRNAs was oriented by their high level in EVs and/
or because these microRNAs have already been described in the CLL
field.2834-37 Additional details about other microRNA analyses are
provided in Supporting Information S1: Data Text and Supporting
Information S1: Figure S1. We also quantified the level of hY4 within
CLL-EVs and CLL cells but no significant difference was observed
after BCR stimulation (Figure 2C,D). Interestingly, miR-155 in EVs is
deregulated in CLL and is associated with a poor prognosis. Additional
details can be found in the Supporting Information S1: Data Text and
Supporting Information S1: Figure S2.

CLL-EVs are preferentially taken up by monocytes and
able to deliver miR-155, miR-132, and miR-146a

Based on previous observations®” and our findings, we postulated
that the increased packaging of some specific microRNAs after BCR
stimulation in CLL-EVs might have some biological and functional
effects on recipient cells. To test this hypothesis, we first sought to
identify the cell types in which these EV cargos are delivered. To
monitor which cell type preferentially uptakes CLL-EVs, 10 million
PKHé67-labeled CLL cells producing green fluorescent EVs were co-
cultured with 2 million CLL PBMCs separated by a filter allowing EV
exchange (Figure 3A—additional details about the method can be
found in Supporting Information S1: Data Text). Although they re-
presented only 3.2% +1.1% (n = 6—Figure 3A), monocytes (CD14%)
rapidly integrated with CLL-EVs compared to other cell types, as
shown by the increase in PKH67+ cells (Figure 3B). This preferential
uptake was even more obvious when analyzing the increase in the
mean intensity ratio (MFIR) (Figure 3C). EV uptake analysis pathways
suggest that EV uptake is an energy-dependent process that requires a
functioning cytoskeleton and clathrin-mediated endocytosis (Figure 3D
and Supporting Information S1: Data Text). A representative histogram
of the uptake-gated CD14" cells is shown in Figure 3E.

To investigate possible cargo transfer, we cultured purified
monocytes from healthy donors without and with EVs produced
under unstimulated (control CLL-EVs) and BCR-stimulated conditions
(BCR CLL-EVs), and the levels of miR-155, miR-146, and miR-132 (all
increased in CLL-EVs after BCR stimulation) were assessed in
monocytes by gPCR after 24 h (Figure 3F). Incubation with control or

BCR CLL-EVs significantly increased the levels of miR-155 (+2.2- and
+7.2-fold, respectively), miR-146a (+5.0- and +9.2-fold, respectively),
and miR-132 (+2.9- and +5.8-fold, respectively) (n=7, p=0.0156).
We also observed a greater increase or a trend toward a greater
increase when comparing monocytes treated with control or BCR
CLL-EVs: miR-155 (p =0.0156), miR-146a (p = 0.2288), and miR-132
(b = 0.0608), confirming that BCR indeed changed the EV microRNA
content. In addition, no significant difference in terms of pri-
microRNA expressions was observed between the different condi-
tions, demonstrating that the increase in microRNA levels was not
due to de novo transcription (Figure 3G).

CLL-EVs are able to deliver hY4 to monocytes

As hY4 RNA was also highly present in CLL-EVs, as demonstrated by
others and confirmed by our sequencing (Figure 11), we evaluated the
impact of BCR stimulation on hY4 RNA levels. We observed an in-
crease of hY4 in monocytes of healthy donors 24 h and 5 days after
CLL-EV treatment. After 12 days, this increase was statistically higher
in monocytes treated with BCR CLL-EVs compared to control CLL-
EVs (Figure 3H).

CLL-EV moadifications induced in monocytes isolated
from healthy donors suggest NLC differentiation:
Morphology and gene expression

After only one addition of 10,000 EVs per cell, we observed a mor-
phological change in monocyte shape after 5 days (Figure 4A):
monocytes took a more fibroblastic shape that was even more ob-
vious on monocytes treated with BCR CLL-EVs, as confirmed by
image quantification (Figure 4B).

To establish potential gene expression changes, monocytes from
three different healthy donors who were not treated with BCR
CLL-EVs or treated with BCR CLL-EVs were subjected to RNA se-
quencing. We found 914 genes that were differentially expressed
(b <0.05, n=3 pairs) (a list of genes is available in Table S10). Inter-
estingly, unsupervised clustering clearly separated the samples based
on EV treatment (Figure 4C). When we performed a gene set en-
richment analysis using the gene set published by Gavish et al.®®
corresponding to the hallmarks of transcriptional intratumor hetero-
geneity, the gene set with the highest significance (g =0.002) and
the highest normalized enrichment score (NES=1.88) was the
“metaprogramme macrophages” based on the glycolysis gene set,
suggesting that this set of genes is associated with “tumoral”
macrophages (Figure 4D).

The top 15 most highly expressed and deregulated genes in
monocytes after treatment with BCR CLL-EVs are provided in
Figure 4E. Interestingly, several upregulated genes were associated
with macrophages or M2 macrophages, and the most downregulated
gene was associated with M1 macrophages. The upregulation of
three genes (CCL24, M-CSF/CSF1, and LILRB1) in M2 macrophages
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FIGURE 2

BCR stimulation modifies the microRNA content of CLL-EVs. Distribution of CLL-EV production (A) and CLL-EV size (B) between the control and BCR

stimulation conditions by nanotrack analysis. BCR stimulation does not influence EV size but significantly increases CLL-EV production. (C) Heatmap of the microRNA
profiles of the EV cargo under control and BCR stimulation conditions determined by small RNA sequencing. A total of 31 microRNAs were differentially expressed
between the two conditions (p < 0.05, n = 4). (D) We selected three differentially expressed microRNAs and confirmed their expression by real-time PCR in a cohort of
25-26 EV samples. The expression was normalized with a pool of four microRNAs as endogenous controls. Since the hY4 level was highly present in EVs, it was also
measured in 14 EV samples. (E) The higher level of these three microRNAs and hY4 was also measured and confirmed in CLL cell samples by real-time PCR (p < 0.05,
n=25). hY4 expression was normalized to the average of RNU44 and RNU48 expression.

was confirmed by real-time PCR. Interestingly, a greater increase
was observed in monocytes treated with BCR CLL-EV for CCL24
(p=0.0078) and for M-CSF/CSF1 (p = 0.0234), suggesting that BCR
CLL-EVs have a different impact than EVs produced under control
conditions (Figure 4F). To investigate this hypothesis more deeply, we
compared the EV signature with NLC and M2 signatures. These
results are provided in Figure 4G,H, Supporting Information
S1: Data Text and Tables S11-S13.

Interestingly, when comparing the expression of three selected
microRNAs increased in EVs after BCR stimulation, we also observed
an increase of these microRNAs when monocytes were differentiated
in NLCs (Supporting Information S1: Figure S3). In addition, some
genes described as targets of the transferred microRNAs (CRISPLD2,
KLF4, and S1PR3 are targets of miR-150, miR-146a, and miR-146a/
miR-155, respectively) decreased while others, specific to NLC
(CCL24, CSF1, MMP9, and SPP1), are increased. Taken together,
these data suggest that monocytes treated with BCR CLL-EVs are
close to NLCs, which are likely M2-like macrophages, according to the
gene expression profile. Using different algorithms for the prediction
of microRNA targets (miRDB, miRTar, TargetScan), we highlighted
potential targets of miR-155, miR-146a, and miR-132 and made the
intersection of these potential targets with the gene downregulated
in monocytes after EV treatment (Figure 5A). As shown in this
gene-microRNA interconnection diagram, some genes are targeted
by multiple microRNAs. We thereafter confirmed the downregulation
of some of these targets by real-time PCR (n= 10, p =0.0020) de-
monstrating as proof of concepts that transferred microRNAs could
have an impact on monocyte gene expression profile (Figure 5B).

BCR CLL-EVs modify the monocyte secretome toward
the NLC secretome

The differentiation of healthy donors' monocytes into NLCs is ac-
companied by drastic changes in their secretome. However, since
NLCs exist only by definition in coculture with leukemic cells, dif-
ferent cytokines can be secreted by both cell types, making it difficult
to investigate the NLC secretome itself. In an attempt to reveal the
specific NLC secretome, we investigated the mRNA levels of several
cytokines between monocytes and NLCs using available public data.
We selected significantly upregulated (FDR <0.05) mRNAs of key
cytokines for NLC differentiation (M-CSF, GM-CSF, CCL2) or CLL cell
survival (SDF1a, IL6, IL10, IFNy), as presented in Figure 6A. We
subsequently measured the levels of these cytokines in the super-
natants of monocytes and monocytes treated with control CLL-EVs
or BCR CLL-EVs after 5 days using a bead-based immunoassay (Lu-
minex). As shown in Figure 6B, the levels of all these cytokines were
significantly greater in the supernatants of monocytes treated with
BCR CLL-EVs than in those of untreated monocytes. However, while
control EVs induced a significant increase in 1L6 (12.2x), IL10 (2.8x),
IL1Ra (4.9x), CCL3 (8.0x), and TNFB (2.2x) compared to those in
untreated monocytes, this effect was not observed for the majority of
cytokines, suggesting that without BCR stimulation, EVs are less able
to induce these modifications. This was confirmed when comparing

cytokine levels between the control CLL-EV and BCR CLL-EV treat-
ment groups: a significant increase was observed for almost all cy-
tokines (except CCL2 and SDF1a), with increases ranging from 2.3x
(IFNy) to 23.7x (IL6) (p <0.05). These results are in line with the
transformation of the monocyte secretome to the NLC secretome,
especially after BCR CLL-EVs. In addition to this NLC signature, we
also evaluated other cytokines previously described as prosurvival
factors in CLL. As shown in Figure 6C, all these cytokines were highly
secreted by monocytes upon CLL-EV treatment, with a trend toward
increased secretion (IL-2, IL-8) or a significant increase (IL-4, IFNa2,
IL-9) with BCR CLL-EVs compared to that with control CLL-EVs.

CLL-EV-transformed healthy donors' monocytes
protect CLL cells from apoptosis and increase the
migration of immune cells

To investigate whether CLL-EVs have any functional impact, mono-
cytes were treated (or not) with control CLL-EVs or BCR CLL-EVs.
After 5 days, the medium was replaced with fresh medium, and
PBMCs from CLL patients were then cocultured with these untreated
or control-EV or BCR-EV-treated monocytes. After 24 h, apoptosis
and viability were analyzed. As shown in Figure 7A, the apoptosis of
leukemic cells was significantly reduced (decrease of 60%, p = 0.0313)
when monocytes were treated with BCR EVs, while no significant
reduction was observed with control CLL-EVs. These results were
confirmed by viability analysis. A representative flow cytometry bi-
parametric dot plot is provided in Figure 7A. Migration in response to
conditioned medium and phagocytosis capabilities were also in-
vestigated and discussed in Supporting Information S1: Data Text and
Figure 7B,C.

RNA contained within CLL-derived EVs is essential
for the induction of monocyte differentiation into
NLCs: The importance of hY4 RNA

To determine whether the different effects of CLL-EVs on healthy
donors' monocytes are due to the presence of RNA, CLL-EVs were
treated with RNAse according to the protocol of Otsuru et al. (details
about the method can be found in Supporting Information S1: Data
Text). Therefore, the expression of mRNAs and the levels of secreted
cytokines upregulated in M2 macrophages or during NLC differ-
entiation were measured by RNA-seq after monocytes were treated
with CLL-EVs. CCL24, CSF1, and LILRB1 expression increases in-
duced by BCR-derived CLL-EVs were decreased or completely abol-
ished when EVs were treated with RNase (Figure 8A). These results
were also confirmed for secreted cytokines such as IL6, CCL4, and
IL10 (Figure 8B).

Since miR-155, miR-146a, and miR-136 are more abundant in
EVs after BCR activation and because miR-150 is one of the most
abundant microRNA EVs, we transfected specific microRNA mimic or
microRNA inhibitors in untreated or BCR CLL-EV treated monocytes,
respectively. While several putative targets of these microRNA are
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FIGURE 3 CLL-EVs are preferentially internalized by monocytes and deliver their microRNA content. (A) Proportion of the different cell types in the six
analyzed CLL patients and schematic representation of the coculture experiment using a 0.4 um filter. (B) Incorporation of PKH67-labeled EVs by different cell types
in terms of PKH64-positive cells and the MFIR (C). Monocytes preferentially internalized CLL-EVs. (D) EV uptake analysis pathways. Monocytes pretreated with
dynasore hydrate (80 uM), cytochalasin D (20 uM), chlorpromazine (10 uM), 5-(N-ethyl-N-isopropyl)amiloride (EIPA) (5 uM), and silibinin (100 uM) or incubated at
4°C were treated with PHK67-labeled CLL-EVs. After 24 h, they were analyzed by flow cytometry, and the percentage of fluorescent cells was determined. Results
were normalized to the condition “monocytes with EV.” (E) Representative flow cytometry experiment showing the increase in monocyte fluorescence in this
coculture system. (F) Quantification of miR-155, miR-146a, and miR-132 in untreated monocytes or monocytes treated with control CLL-EVs or BCR CLL-EVs after
24 h. The difference in microRNA expression increased with CLL-EV treatment, with higher expression of the BCR CLLEVs. MicroRNA expression in cells was
normalized to the average expression of the endogenous controls RNU44 and RNU48. (G) Quantification of pri-microRNAs of these different microRNAs. No
significant difference was observed between the different conditions, demonstrating that the increase in microRNA levels was not due to de novo transcription. (H)
Quantification of hY4 in untreated monocytes or monocytes treated with control CLL-EVs or BCR CLL-EVs after 24 h, 5 days, and 12 days. hY4 expression was

normalized to the average RNU44 and RNU48 expression.

downregulated in monocytes after BCR CLL-EV treatment, the
transfection of microRNA inhibitors or miR mimic did not have any
significant effect (p > 0.05) on CCL24 expression, the most expressed
and upregulated gene highlighted by our RNAseq experiment after
BCR CLL-EV treatment (Figure 8C) that we used to monitor NLC
differentiation. Since hY4 RNA is highly abundant in EVs, transferred
in monocytes, and since its expression after BCR CLL-EVs is higher
compared to untreated cells after 5 days, we transfected a synthetic
hY4 RNA directly in monocytes and observed already after 24 h, the
upregulation of CCL24 mRNA, a key gene in M2 macrophage polar-
ization (Figure 8D). Compared to lipofectamine alone, monocytes
transfected with hY4 showed a 3.0-fold increase in CCL24 expression
(n=6, p=0.0313). In order to verify the specificity of this increase,
another Y RNA, the hY5, was also transfected and did not induce any
modification of the CCL24 level (n =7, p = 0.1094). Inhibition of hY4 was
also investigated by transfection of a siRNA against hY4 in monocytes
followed by a BCR CLL-EV treatment: 24 h after the transfection, a
significant reduction of CCL24 mRNA was observed compared to cells
transfected with a control siRNA (n=7, p=0.0078). In addition, when
the siRNA against hY4 was directly electroporated into BCR CLL-EVs,
similar results were observed (n =4, p =0.0092) (Figure 8D).

DISCUSSION

Several studies have shown that EV content can be influenced by
different stimuli received by cells. Here, we report the first complete
microRNA screening of CLL cells after BCR stimulation. In 2015, Yeh
et al. showed that BCR stimulation can increase EV release by CLL
cells and that these EVs displayed a distinct microRNA signature
with an increase in miR-150 and miR-155.2° Our results confirmed
the increased production of EVs upon BCR stimulation. In addition,
we showed here that several other microRNAs (mR-146a, miR-132,
miR-16, miR-34a, miR-29¢, and miR-223) are modified in CLL-EVs;
in the majority of cases, the microRNA levels observed in EVs reflect
their cellular level upon BCR stimulation. As previously reported”’:'”
and shown in our study, EVs are enriched in small RNAs. We ob-
served that 38% of the RNA EVs were microRNAs. This finding is
consistent with the proportion of microRNAs found in other small
RNA sequencing studies (33% in Paggetti et al.” and 17% in Haderk
et al.¥). In addition, under unstimulated conditions, high levels of
miR-155 and miR-146a were already observed in CLL patient exo-
somes.” Interestingly, the miR-146a content in CLL-EVs is involved
in the transition of mesenchymal stromal cells into cancer-
associated fibroblasts,?® indicating that microRNAs can have a
functional impact when transferred to surrounding cells. The dif-
ferent Y RNA proportions we observed were also similar to those
reported by Haderk, who reported a predominant amount of hY4,
which was validated by a method other than our small RNA se-
guencing method.

In CLL patients' blood, the leukemic compartment is generally
predominant compared to other cell types, especially in advanced
stages. This is also true in the lymphoid tissue compartment, such as
in the bone marrow or the lymph nodes where cells from the mi-
croenvironment are surrounded by a high proportion of leukemic
cells. By coculturing CLL PBMCs with purified PKH67-labeled CLL
cells and by respecting the in vivo cell proportion range, we showed
that monocytes are the first to incorporate CLL-EVs, while the other
cell types are also targeted by CLL-EVs but with slower kinetics and a
smaller proportion. Interestingly, we observed an increase in miR-
155, miR-146a, and miR-132 in monocytes treated with CLL-EVs,
while their respective pri-miRs did not increase, indicating that this
increase was due to transfer and not de novo transcription. The in-
crease in microRNAs tended to always be greater with BCR CLL-EVs.
These results are in line with previous studies demonstrating the
transfer of EV cargo into monocytes. Claben et al. showed the in-
tracellular location of CFSE-stained EVs as well as the transfer of miR-
155.37 Njock et al. observed the transfer of anti-inflammatory mi-
croRNAs to monocytes via endothelial cell EVs.*° We also highlighted
the increase of hY4 in monocytes treated with CLL-EVs. This increase
was statistically higher after 12 days in BCR CLL-EV-treated mono-
cytes compared to control CLL-EVs but was not observed in control
EVs at this late time point. This could be explained by the differences
in EV content after BCR stimulation. In addition, as shown in
Figure 3C, EV internalization slows down after 48-72h and higher
expression of hY4 after 12 days could therefore potentially be ex-
plained by a de novo transcription.

To mimic the in vivo microenvironment in which monocytes are
surrounded by a high proportion of leukemic cells, we treated
monocytes with 10,000 EVs per cell. We previously observed that
leukemic cells can produce an average of 150-200 EVs per cell in
24 h. Given that the number of leukemic cells is often greater
(especially in the tissue where it can reach >90% of the cells) than the
number of monocytes, we concluded that this amount is close to the
physiological doses received in vivo. Under these conditions, we
observed a morphological change in monocytes accompanied by a
modification of their gene expression profile and secretome. In ad-
dition, gene set enrichment analysis associated these gene signatures
with macrophages found in the tumor microenvironment according to
the publication of Gavish et al.®® Since important genes associated
with the M2 macrophage signature were increased and validated by
real-time PCR, we compared this EV signature to M2 macrophages
and the NLC signature. A significant overlap was found between the
EV/NLC, EV/M2, and NLC/M2 signatures, suggesting that NLCs are
indeed M2-like macrophages and that EV-treated cells tend to dif-
ferentiate monocytes into NLCs. When comparing the levels of sev-
eral cytokines in EV-treated monocytes to those in untreated
controls, we observed an increase, and in almost all the patients,
there was a statistically greater increase when BCR CLL-EVs were
used than when EVs were produced under unstimulated conditions.
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FIGURE 4 BCR CLL-EVs induce modifications in monocytes compatible with an NLC phenotype. (A) Monocytes were treated without or with control CLL-EVs
or BCR CLL-EVs, and images were acquired using a microscope. An increased number of fibroblast-shaped monocytes was observed under CLL-EV conditions. (B)
Evaluation of the proportion of fibroblast-shaped monocytes compared to that of round monocytes. A significant increase in fibroblast-shaped monocytes was
observed with BCR CLL-EVs. (C) Unsupervised clustering based on RNA-seq data of samples treated or not treated with BCR CLL-EV. (D) Gene set enrichment
analysis using the gene set published by Gavish et al. corresponding to the hallmarks of transcriptional intratumor heterogeneity. This GSEA highlights three sets of
genes related to tumor macrophages. (E) The 15 genes most highly expressed and deregulated in monocytes after treatment with BCR CLL-EVs. (F) Confirmation by
real-time PCR of three different genes highlighted by RNA-seq (n = 8). (G) Venn diagram of the NLC, EV, and M2 macrophage signatures. “SuperExactTest” was
applied to evaluate the statistical value of the intersections between three signatures, as indicated by the expected overlap and the p values. (H) The intersection of

the three signatures (311 genes) was used to classify monocyte and NLC samples via 3D hierarchical clustering.

These increases are compatible with the RNA overexpression
observed between monocytes (on Day 0) and the same monocytes
differentiated in NLCs (after 14 days in culture with CLL cells).
Interestingly, after the addition of BCR CLL-EVs, the levels of anti-
inflammatory cytokines such as IL-1Ra (+14.9-fold compared to those
in untreated controls), IL-6 (+289-fold), and IL-10 (15.4-fold) were
clearly increased. These cytokines are also significantly increased
compared to those in control EVs, underscoring the additional effect
of BCR CLL-EVs. Other cytokines (previously described as prosurvival

factors for CLL cells), such as IL4,** SDF1a,%® 1L2,*2 1L8,*® IFNy,**,
and 1L9,*° also display significantly increased secretion by monocytes
after BCR CLL-EV treatment.

Previous studies have shown that EVs can induce differentiation
into M2 macrophages. Njock showed that endothelial EVs promote
tumor growth by tumor-associated macrophage reprogramming
and microRNA-mediated targeting of PTEN.*® Yao et al. reported that
circRNAs transferred by EVs can induce macrophage M2 polarization
in lung cancer.*” Additionally, in hematological malignancies, leukemic
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FIGURE 7 Monocytes treated with BCR CLL-EVs protect CLL cells from apoptosis and induce the migration of immune cells but do not change their

phagocytic ability. (A) Apoptosis and viability of CLL cells cocultured with monocytes treated without or with control CLL-EVs or BCR CLL-EVs. CLL BCR-EVs

significantly protect CLL cells from spontaneous apoptosis and increase their viability. Apoptosis and viability were measured by flow cytometry using Annexin V/
CD19/7AAD staining. A representative sample presented in a biparametric dot plot under the three different conditions is provided. (B) Migration of different

immune cells (CD19, B cells; CD14, monocytes; CD8, cytotoxic T cells; CD4, helper T cells) was measured using a Boyden chamber and in response to conditioned
medium from monocytes treated without or with control CLL-EVs or BCR CLL-EVs. The migration index was calculated as the number of cells transmigrating in the
presence of a conditioned medium divided by the number of transmigrating cells in the RPMI medium. (C) Phagocytosis of monocytes treated without or with control
CLL-EVs or BCR CLL-EVs. No significant differences were detected between the different conditions in terms of the number of positively phagocytosing cells or in

terms of the MFIR of the phagocytosed fluorescent bioparticles.

EVs were shown to induce macrophage polarization. Jafarzadeh et al.
reported that chronic myeloid leukemia-derived EVs induce changes
in the expression of genes associated with macrophage polarization in
line with M2 tumor-associated macrophage characteristics.*® Fur-
thermore, multiple myeloma-derived EVs influence the fate of mac-
rophages by transferring miRs able to drive macrophage M2
polarization through the transfer of overexpressed miR-let-7c.*°
One important feature of NLCs is their ability to support CLL cell
survival.>® Here, we showed for the first time that monocytes treated
with BCR CLL-EVs are able to decrease the spontaneous apoptosis of
CLL cells and increase their viability. Interestingly, this effect was not
observed with control EVs. This could be explained by differences in
cytokine production and RNA content between these two types of
EVs. This finding also suggested that when CLL cells receive stimuli
from the microenvironment, the content of their EVs and their effect
on surrounding cells are different. Binder et al. reported that the
vimentin and calreticulin present in NLCs can, for example, trigger the
BCR signaling of CLL cells.3! In addition, gene expression profile
analyses of CLL cells after CLL-NLC coculture showed that NLC ac-
tivated the BCR signaling pathways in CLL cells.)* CM from

monocytes treated with BCR CLL-EVs can increase the migration of
CLL cells but also the migration of other immune cells, such as
monocytes and T cells. This phenomenon represents an amplification
loop establishing a protective microenvironment: indeed, the che-
moattraction of CLL cells toward transformed monocytes will in-
crease CLL cell survival and BCR stimulation, leading to a greater
release of BCR CLL-EVs. These EVs will in turn transform new
monocytes that are also attracted to the tissue microenvironment,
which will ultimately increase the number of NLCs. As T cells are also
attracted to these sites, their antitumoral response is hampered, as
described by Gargiulo et al.>° and Bottcher et al.,>* which promotes
CLL progression.

To elucidate whether monocyte differentiation into NLCs is re-
lated to RNA transfer, we treated CLL-EVs with a high dose of RNAse
according to a protocol previously described.>? We observed that
modifications induced by CLL-EVs, such as gene expression or cy-
tokine production, were decreased/abolished by RNase A treatment,
suggesting that the RNA content is responsible for these changes.
Several authors have shown that microRNA transfer via EVs can in-
duce an M2 macrophage phenotype. Saha et al. reported that EV
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FIGURE 8 The RNA contained within CLL-EVs is essential for the induction of monocyte differentiation into NLCs. Upregulated genes (A) highlighted by RNA-
seq and confirmed by real-time PCR (CCL24, CSF1, and LILRB) as well as increased cytokine levels (B) (IL6, CCL4, and IL10) were detected in monocytes and in the
conditioned medium of cells treated without or with control CLL-EVs or BCR CLL-EVs. For each condition, EVs were also treated with high-dose RNase A for 3 h at
37 °C. RNAse treatment decreased/abolished the effects of CLL-EVs on monocytes. (C) MicroRNA inhibitors and microRNA inhibitor negative control, microRNA
mimics, and microRNA mimic negative control were transfected into monocytes and the expression of CCL24 was quantified as the reflection of NLC differentiation.
No statistical difference was observed compared to control conditions. (D) Synthetic hY4 and hY5, siRNA against hY4, and siRNA negative control were transfected
into monocytes. Overexpression of hY4 was associated with an upregulation of CCL24, while this increase was not observed with hY5 transfection. The inhibition of
hY4 induced the decrease of CCL24 when a siRNA against hY4 was directly transfected into monocyte electroporated into BCR CLL-EVs used to thereafter treat

monocytes.

microRNA cargo from alcohol-exposed monocytes signals naive
monocytes to differentiate into M2 macrophages.>® However, in-
hibition or overexpression of microRNA did not show in our hands
the modulation of key genes in monocyte differentiation. However,
the level of miR-155, -146a, -132, or -150 targets is significantly
downregulated in monocytes treated with BCR CLL-EVs suggesting
that microRNA could contribute to the gene expression modification
but are not sufficient for monocyte differentiation into NLC. Other
authors reported that long noncoding RNAs®* or circular RNAs,>®
via exosome-mediated transfer, also promote M2 macrophage po-
larization. In the context of CLL, Haderk et al. reported that hY4 can
be transferred via CLL exosomes and induce PD-L1 expression in
monocytes as well as the release of several cytokines via TLR7 trig-
gering.)” These results are in line with our observations showing that
inhibition or overexpression of hY4 in monocytes can, respectively, de-
crease or increase the level of CCL24 expression, a key gene in
monocyte differentiation into NLC. Taken together, these data suggest
that multiple RNA species (microRNA, long noncoding RNA, circular
RNA) can cooperate to induce monocyte differentiation.”®

In conclusion, our study revealed a sophisticated communication
pathway within the CLL microenvironment: CLL cells activated by
BCR stimulation exhibit increased EV release and modified RNA
content in terms of microRNAs. These BCR CLL-EVs have the ability
to induce an NLC phenotype in terms of gene and microRNA ex-
pression as well as cytokine release via an RNA-dependent me-
chanism. Compared with untreated monocytes, BCR CLL-EV-
modified monocytes are able to support CLL cell survival and
induce the migration of leukemic cells. Our results also highlight that
the released cytokines also induce the migration of other immune
cells, such as monocytes and T cells, reinforcing the establishment of
a protective microenvironment for CLL cells. The depletion, repro-
gramming, and molecular targeting of TAMs are being evaluated as
new therapeutic strategies for hematological malignancies®’ and
solid cancers.>® Our work provides evidence that EVs represent a
non-negligible part of intercellular communication and that mod-
ulating the number and extent of CLL-EVs to inhibit the formation of
NLCs could represent a potential new therapeutic approach.

AUTHOR CONTRIBUTIONS

Nathan Dubois, Laurence Lagneaux, and Basile Stamatopoulos con-
ceived and designed the experiments. Nathan Dubois performed the
experiments. Nathan Dubois, Laurence Lagneaux, and Basile Stama-
topoulos analyzed the data. Dominique Bron contributed patient
samples and collection. Filip Van Nieuwerburgh and Laurentijn Tille-
man contributed to the RNA-seq and bioinformatic analyses. Nathan
Dubois and Basile Stamatopoulos wrote the paper. All the authors
reviewed the manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All data are available in Supporting Information Tables. All data
eventually not included in the supplemental can be provided upon
request to bstamato@ulb.ac.be.

ETHICS STATEMENT

This study was approved by the Jules Bordet Institute ethics com-
mittee (Belgium). This study was based on peripheral blood mono-
nuclear cell (PBMC) samples collected at diagnosis after patients
provided written informed consent.

FUNDING

This work was supported by a Télévie grant provided by the F.R.S.-
FNRS (Fonds National de la Recherche Scientifique) of Belgium, the
“Association Jules Bordet”, the Bekales Foundation, the "Fondation
Lambeau-Marteaux" and the “Fonds Barsy-Laffut”.

ORCID

Basile Stamatopoulos "= http://orcid.org/0000-0002-0580-7394

SUPPORTING INFORMATION
Additional supporting information can be found in the online version
of this article.

REFERENCES

1. Hallek M, Cheson BD, Catovsky D, et al. Guidelines for the diagnosis
and treatment of chronic lymphocytic leukemia: a report from the
International Workshop on Chronic Lymphocytic Leukemia updating
the National Cancer Institute-Working Group 1996 guidelines.
Blood. 2008;111(12):5446-5456.

2. Lagneaux L, Delforge A, Bron D, De Bruyn C, Stryckmans P. Chronic
lymphocytic leukemic B cells but not normal B cells are rescued from
apoptosis by contact with normal bone marrow stromal cells. Blood.
1998;91(7):2387-2396.

3. Kater AP, Evers LM, Remmerswaal EBM, et al. CD40 stimulation of
B-cell chronic lymphocytic leukaemia cells enhances the anti-
apoptotic profile, but also Bid expression and cells remain suscep-
tible to autologous cytotoxic T-lymphocyte attack. Br J Haematol.
2004;127(4):404-415.

4. Rozkova D, Novotna L, Pytlik R, et al. Toll-like receptors on B-CLL
cells: expression and functional consequences of their stimulation.
Int J Cancer. 2010;126(5):1132-1143.

5. Quiroga MP, Balakrishnan K, Kurtova AV, et al. B-cell
antigen receptor signaling enhances chronic lymphocytic leukemia cell
migration and survival: specific targeting with a novel spleen tyrosine
kinase inhibitor, R406. Blood. 2009;114(5):1029-1037.

6. Burger JA, Tsukada N, Burger M, Zvaifler NJ, Dell M, Kipps TJ.
Blood-derived nurse-like cells protect chronic lymphocytic leukemia
B cells from spontaneous apoptosis through stromal cell-derived
factor-1. Blood. 2000;96(8):2655-2663.


mailto:bstamato@ulb.ac.be
http://orcid.org/0000-0002-0580-7394

16 of 17

CLL EVs induce NLC differentiation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Paggetti J, Haderk F, Seiffert M, et al. Exosomes released by chronic
lymphocytic leukemia cells induce the transition of stromal cells into
cancer-associated fibroblasts. Blood. 2015;126(9):1106-1117.
Stamatopoulos B, Meuleman N, De Bruyn C, et al. AMD3100 dis-
rupts the cross-talk between chronic lymphocytic leukemia cells and
a mesenchymal stromal or nurse-like cell-based microenvironment:
pre-clinical evidence for its association with chronic lymphocytic
leukemia treatments. Haematologica. 2012;97(4):608-615.
Domagala M, Ysebaert L, Ligat L, et al. IL-10 rescues CLL survival
through repolarization of inflammatory nurse-like cells. Cancers.
2021;14(1):16.

Nishio M, Endo T, Tsukada N, et al. Nurselike cells express BAFF and
APRIL, which can promote survival of chronic lymphocytic leukemia
cells via a paracrine pathway distinct from that of SDF-1a. Blood.
2005;106(3):1012-1020.

Burger JA, Quiroga MP, Hartmann E, et al. High-level expression of
the T-cell chemokines CCL3 and CCL4 by chronic lymphocytic leu-
kemia B cells in nurselike cell cocultures and after BCR stimulation.
Blood. 2009;113(13):3050-3058.

Dubois N, Crompot E, Meuleman N, Bron D, Lagneaux L,
Stamatopoulos B. Importance of crosstalk between chronic lymphocytic
leukemia cells and the stromal microenvironment: direct contact, so-
luble factors, and extracellular vesicles. Front Oncol. 2020;10:1422.
Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, micro-
vesicles, and friends. J Cell Biol. 2013;200(4):373-383.

Colombo M, Raposo G, Théry C. Biogenesis, secretion, and inter-
cellular interactions of exosomes and other extracellular vesicles.
Annu Rev Cell Dev Biol. 2014;30:255-289.

Théry C, Witwer KW, Aikawa E, et al. Minimal information for studies
of extracellular vesicles 2018 (MISEV2018): a position statement of
the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J Extracell Vesicles. 2018;7(1):1535750.
Haderk F, Hanna B, Richter K, et al. Extracellular vesicles in chronic
lymphocytic leukemia. Leuk Lymphoma. 2013;54(8):1826-1830.
Haderk F, Schulz R, Iskar M, et al. Tumor-derived exosomes mod-
ulate PD-L1 expression in monocytes. Science Immunology. 2017;
2(13):eaah5509.

Chaput N, Théry C. Exosomes: immune properties and potential
clinical implementations. Semin Immunopathol. 2011;33(5):419-440.
Huang X, Yuan T, Tschannen M, et al. Characterization of human
plasma-derived exosomal RNAs by deep sequencing. BMC Genomics.
2013;14:319.

Nolte-'t Hoen ENM, Buermans HPJ, Waasdorp M, Stoorvogel W,
Wauben MHM, t Hoen PAC. Deep sequencing of RNA from immune
cell-derived vesicles uncovers the selective incorporation of small
non-coding RNA biotypes with potential regulatory functions.
Nucleic Acids Res. 2012;40(18):9272-9285.

Ambros V. The functions of animal microRNAs. Nature. 2004;431(7006):
350-355.

Meltzer PS. Small RNAs with big impacts. Nature. 2005;435(7043):
745-746.

Kowalski MP, Krude T. Functional roles of non-coding Y RNAs. Int
J Biochem Cell Biol. 2015;66:20-29.

Nicolas FE, Hall AE, Csorba T, Turnbull C, Dalmay T. Biogenesis of Y
RNA-derived small RNAs is independent of the microRNA pathway.
FEBS Lett. 2012;586(8):1226-1230.

Perreault J, Perreault JP, Boire G. Ro-associated Y RNAs in metazoans:
evolution and diversification. Mol Biol Evol. 2007;24(8):1678-1689.
Christov CP, Gardiner TJ, Sziits D, Krude T. Functional requirement
of noncoding Y RNAs for human chromosomal DNA replication. Mol
Cell Biol. 2006;26(18):6993-7004.

Sim S, Weinberg DE, Fuchs G, Choi K, Chung J, Wolin SL. The
subcellular distribution of an RNA quality control protein, the Ro
autoantigen, is regulated by noncoding Y RNA binding. Mol Biol Cell.
2009;20(5):1555-1564.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Yang Y, Li J, Geng Y. Exosomes derived from chronic lymphocytic
leukaemia cells transfer miR-146a to induce the transition of me-
senchymal stromal cells into cancer-associated fibroblasts. J Biochem
. 2020;168(5):491-498.

Crompot E, Van Damme M, Pieters K, et al. Extracellular vesicles of
bone marrow stromal cells rescue chronic lymphocytic leukemia B
cells from apoptosis, enhance their migration and induce gene ex-
pression modifications. Haematologica. 2017;102(9):1594-1604.
Yeh YY, Ozer HG, Lehman AM, et al. Characterization of CLL exo-
somes reveals a distinct microRNA signature and enhanced secretion
by activation of BCR signaling. Blood. 2015;125(21):3297-3305.
Binder M, Léchenne B, Ummanni R, et al. Stereotypical chronic
lymphocytic leukemia B-cell receptors recognize survival promoting
antigens on stromal cells. PLoS One. 2010;5(12):€15992.

Burger JA, Chiorazzi N. B cell receptor signaling in chronic lympho-
cytic leukemia. Trends Immunol. 2013;34:592-601.

Crompot E, Van Damme M, Duvillier H, et al. Avoiding false positive
antigen detection by flow cytometry on blood cell derived micro-
particles: the importance of an appropriate negative control. PLoS
One. 2015;10(5):e0127209.

Cui B, Chen L, Zhang S, et al. MicroRNA-155 influences B-cell re-
ceptor signaling and associates with aggressive disease in chronic
lymphocytic leukemia. Blood. 2014;124(4):546-554.

Vargova K, Pesta M, Obrtlikova P, et al. MiR-155/miR-150 network
regulates progression through the disease phases of chronic lym-
phocytic leukemia. Blood Cancer J. 2017;7(7):e585.

Tavolaro S, Colombo T, Chiaretti S, et al. Increased chronic lym-
phocytic leukemia proliferation upon IgM stimulation is sustained by
the upregulation of miR-132 and miR-212. Genes Chromosom Cancer.
2015;54(4):222-234.

Dal Bo M, D'Agaro T, Gobessi S, et al. The SIRT1/TP53 axis is ac-
tivated upon B-cell receptor triggering via miR-132 up-regulation in
chronic lymphocytic leukemia cells. Oncotarget. 2015;6(22):19102-
19117.

Gavish A, Tyler M, Greenwald AC, et al. Hallmarks of transcriptional
intratumour heterogeneity across a thousand tumours. Nature.
2023;618(7965):598-606.

ClaBen L, Tykocinski LO, Wiedmann F, et al. Extracellular vesicles
mediate intercellular communication: Transfer of functionally active
microRNAs by microvesicles into phagocytes. Eur J Immunol. 2017,
47(9):1535-1549.

Njock MS, Cheng HS, Dang LT, et al. Endothelial cells suppress
monocyte activation through secretion of extracellular vesicles con-
taining antiinflammatory microRNAs. Blood. 2015;125(20):3202-3212.
Ghamlouch H, Ouled-Haddou H, Damaj G, Royer B, Gubler B,
Marolleau JP. A combination of cytokines rescues highly purified
leukemic CLL B-cells from spontaneous apoptosis in vitro. PLoS One.
2013;8(3):e60370.

Decker T, Bogner C, Oelsner M, Peschel C, Ringshausen I. Anti-
apoptotic effect of interleukin-2 (IL-2) in B-CLL cells with low and
high affinity IL-2 receptors. Ann Hematol. 2010;89(11):1125-1132.
Francia di Celle P, Mariani S, Riera L, Stacchini A, Reato G, Foa R.
Interleukin-8 induces the accumulation of B-cell chronic lymphocytic
leukemia cells by prolonging survival in an autocrine fashion. Blood.
1996;87(10):4382-4389.

Chen Y, Shao X, Yang H, et al. Interferon gamma regulates a complex
pro-survival signal network in chronic lymphocytic leukemia. Eur
J Haematol. 2023;110(4):435-443.

Chen N, Lv X, Li P, Lu K, Wang X. Role of high expression of IL-9 in
prognosis of CLL. Int J Clin Exp Pathol. 2014;7(2):716-721.

Njock MS, O'Grady T, Nivelles O, et al. Endothelial extracellular
vesicles promote tumour growth by tumour-associated macrophage
reprogramming. J Extracell Vesicles. 2022;11(6):e12228.

Yao Y, Chen C, Wang J, et al. Circular RNA circATP9A promotes
non-small cell lung cancer progression by interacting with HuR and



HemaSphere

17 of 17

48.

49.

50.

51.

52.

by promoting extracellular vesicles-mediated macrophage M2 po-
larization. J Exp Clin Cancer Res. 2023;42(1):330.

Jafarzadeh N, Safari Z, Pornour M, Amirizadeh N,
Forouzandeh Moghadam M, Sadeghizadeh M. Alteration of cellular
and immune-related properties of bone marrow mesenchymal stem
cells and macrophages by K562 chronic myeloid leukemia cell de-
rived exosomes. J Cell Physiol. 2019;234(4):3697-3710.

Tian X, Sun M, Wu H, et al. Exosome-derived miR-let-7c promotes
angiogenesis in multiple myeloma by polarizing M2 macrophages in
the bone marrow microenvironment. Leuk Res. 2021;105:106566.
Gargiulo E, Viry E, Morande PE, et al. Extracellular vesicle secretion
by leukemia cells in vivo promotes CLL progression by hampering
antitumor T-cell responses. Blood Cancer Discovery. 2023;4(1):54-77.
Bottcher M, Boéttcher-Loschinski R, Kahlfuss S, et al. CLL-derived ex-
tracellular vesicles impair T-cell activation and foster T-cell exhaustion
via multiple immunological checkpoints. Cells. 2022;11(14):2176.
Otsuru S, Desbourdes L, Guess AJ, et al. Extracellular vesicles re-
leased from mesenchymal stromal cells stimulate bone growth in
osteogenesis imperfecta. Cytotherapy. 2018;20(1):62-73.

53.

54.

55.

56.

57.

58.

Saha B, Momen-Heravi F, Kodys K, Szabo G. MicroRNA cargo of
extracellular vesicles from alcohol-exposed monocytes signals naive
monocytes to differentiate into M2 macrophages. J Biol Chem.
2016;291(1):149-159.

Xin L, Wu Y, Liu C, et al. Exosome-mediated transfer of IncRNA
HCG18 promotes M2 macrophage polarization in gastric cancer. Mol
Immunol. 2021;140:196-205.

Du A, Yang Q, Sun X, Zhao Q. Exosomal circRNA-001264 promotes
AML immunosuppression through induction of M2-like macrophages
and PD-L1 overexpression. Int Immunopharmacol. 2023;124(Pt
A):110868.

Deng C, Huo M, Chu H, et al. Exosome circATP8A1 induces mac-
rophage M2 polarization by regulating the miR-1-3p/STAT6 axis to
promote gastric cancer progression. Mol Cancer. 2024;23(1):49.
Petty AJ, Yang Y. Tumor-associated macrophages in hematologic
malignancies: new insights and targeted therapies. Cells. 2019;
8(12):1526.

Cassetta L, Pollard JW. Targeting macrophages: therapeutic ap-
proaches in cancer. Nat Rev Drug Discovery. 2018;17(12):887-904.



	Extracellular vesicles from chronic lymphocytic leukemia cells promote leukemia aggressiveness by inducing the differentiation of monocytes into nurse-like cells via an RNA-dependent mechanism
	INTRODUCTION
	METHODS
	Patients, sample collection and preparation, and RNA extraction
	Extracellular vesicle isolation and characterization
	Analysis of monocytes: Morphology, gene expression comparison, secretome, migration, phagocytosis, CLL cell protection, cell transfection, and EV electroporation
	Survival and statistical analysis

	RESULTS
	CLL-EV characterization and small RNA sequencing
	BCR stimulation modulated EV microRNA cargo
	CLL-EVs are preferentially taken up by monocytes and able to deliver miR-155, miR-132, and miR-146a
	CLL-EVs are able to deliver hY4 to monocytes
	CLL-EV modifications induced in monocytes isolated from healthy donors suggest NLC differentiation: Morphology and gene expression
	BCR CLL-EVs modify the monocyte secretome toward the NLC secretome
	CLL-EV-transformed healthy donors' monocytes protect CLL cells from apoptosis and increase the migration of immune cells
	RNA contained within CLL-derived EVs is essential for the induction of monocyte differentiation into NLCs: The importance of hY4 RNA

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	FUNDING
	ORCID
	SUPPORTING INFORMATION
	REFERENCES




