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Abstract

Extracellular vesicles (EVs) are lipid bilayer-bound structures capable of transporting molec-
ular markers from their cell of origin and are secreted by multiple cell types, including
malignant cells. EVs have emerged as promising tools for developing less invasive diag-
nostic approaches. In B-cell acute lymphoblastic leukemia (B-ALL), immunophenotypic
characterization of extracellular vesicle-enriched populations (EVEPs) in peripheral blood
(PB) may provide complementary information for disease detection and monitoring. This
exploratory study aimed to characterize EVEPs obtained from PB and bone marrow (BM) of
adult patients with B-ALL and to compare them with the clinical immunophenotype (CIP).
A total of 12 individuals were initially recruited (eight with B-ALL, one with T-ALL, and
three healthy controls). The study focused on the eight B-ALL patients and three controls,
while the T-ALL sample was used as a specificity control. EVEPs were isolated by differ-
ential centrifugation and analyzed by flow cytometry and confocal microscopy, primarily
evaluating CD3 and CD19 expression. EVEPs derived from PB samples of patients with
B-ALL showed a higher percentage of marker-positive events by flow cytometry (CD45,
CD34, CD19, CD20, and CD10), consistent with the leukemic phenotype identified in the
CIP. Additionally, CD3+CD19+ EVEPs were occasionally detected. These findings suggest
that EVEPs partially reflect the leukemic immunophenotype and may serve as a comple-
mentary source of biological information. The detection of CD3+CD19+ events highlights
complex cellular interactions within the leukemic niche and warrants further investigation.

Keywords: extracellular vesicles (EVs); CD3+ CD19+; B-cell acute lymphoblastic leukemia

1. Introduction
Extracellular vesicles (EVs) are nanometric structures delimited by a lipid bilayer that

play a crucial role in intercellular communication by transporting biomolecules such as
proteins, nucleic acids, and lipids [1–3]. EVs include subpopulations such as exosomes
(30–150 nm) and microvesicles (100 nm–1 µm) [4–6].

In the context of oncology, it has been observed that various neoplastic cells can
release abundant amounts of EVs, which have been associated with tumor progression,
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immunomodulation, and the formation of metastatic niches [7–9]. In the specific case of
leukemia, elevated levels of EVs have been documented in peripheral blood (PB), which
have been associated with participating in leukemic transformation, promoting cell survival,
and altering the bone marrow (BM) microenvironment [10–12], as has been suggested in
other types of cancer [6,7,13–18].

While the diagnosis of acute lymphoblastic leukemia (ALL) is currently based on
invasive methods such as BM aspiration, followed by flow cytometry, cytogenetics, and
molecular biology techniques [19–25], translational research has explored the potential
of EVs as a source of less invasive biomarkers in PB [3,26–28]. Traditional experiments
with EVs have focused on the evaluation of small EVs (mainly exosomes) and, secondarily,
large EVs (mainly microvesicles) [29,30]. Although methodologies exist that seek to purify
extracellular vesicles, biological processes still interfere with selectivity, so absolute purity
cannot be achieved in the isolation of EV populations [31,32]; their joint study could
provide a greater number of markers of interest, including cell surface markers, in addition
to showing intervesicular fusion phenomena that could occur in vivo [33–36]. It might also
provide evidence suggesting the presence or absence of abnormal cells, even when these
are at levels undetectable by routine strategies.

There are currently several methods for characterizing EVs; one of these involves
surface proteins, also known as CDs, which have played a crucial role in this characteri-
zation, primarily through the use of flow cytometry. This has enabled the identification
of tetraspanins such as CD9, CD63 and CD81, which are widely recognized as canonical
markers of EVs [8,37,38]. Furthermore, lineage-specific markers, such as CD19 and CD10
for B cells and CD3 for T cells, are essential for immunophenotypic characterization [39].

Markers such as CD34 and CD20 further contribute to the identification of cellular
differentiation and maturation states. Therefore, the selection of these markers allows not
only for the identification of EVs, but also for the exploration of their potential cellular
origin and biological relevance in leukemic contexts [40,41].

The cargo that can be contained in EVs secreted by B-ALL or T-ALL cells includes
markers specific to leukemia, which has suggested the use of these EVs for the diagnosis
and monitoring of the disease. B-ALL EVs can carry markers such as CD19, CD20, and
CD10 [42,43], while T-ALL EVs can carry markers such as CD3 [44,45].

The existence of a rare lymphocyte subpopulation has recently been described. This
population is characterized by the co-expression of T-lineage (CD3) and B-lineage (CD19)
markers and represents approximately 0.16% of total lymphocytes in healthy donors,
which was significantly more highly expressed in patients with various solid neoplasms
(approximately 0.58%) [34], a cell subpopulation that has also been identified in murine
models [42,43]. It has been established that EVs contain membrane proteins from their cell
of origin [44,45], suggesting two non-mutually exclusive mechanisms for the generation of
double-positive CD3+CD19+ EVs: (1) direct secretion by leukemic lymphoblasts exhibiting
an aberrant dual immunophenotype, a well-characterized phenomenon in leukemia of
ambiguous lineage [46] and reported in solid cancers as well as in healthy murine and
human models [34,43], or (2) post-secretion fusions between CD19+ microvesicles derived
from B lymphoblasts and CD3+ microvesicles derived from T lymphocytes, a mechanism
facilitated by the high vesicular concentration and favorable conditions of the leukemic
microenvironment [15,32,35,47].

The detection of these EVs could in itself offer a molecular reflection of cellular dy-
namics that could be considered aberrant, as has been observed with some other oncogenic
receptors [48], providing a unique window to investigate biological processes underlying
ALL through liquid biopsy [13,29,49].
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Considering the current recommendations in ‘Minimal information for studies of extra-
cellular vesicles’ (MISEV) 2018 and 2023 [30,33], it is important to note that, in the present
work, the fractions obtained by differential centrifugation are defined as extracellular
vesicle-enriched populations (EVEPs). This is stated to emphasize that the samples analyzed
were processed with the purpose of obtaining a heterogeneous set enriched in extracellular
vesicles of different origin and size. The objective of this study is twofold: to contribute to
the immunophenotypic characterization of extracellular vesicles in ‘EVEPs samples’ for the
diagnosis of ALL, and to describe the presence of double-positive CD3+CD19+ EVs.

2. Materials and Methods
2.1. Patient and Control Samples

A descriptive study was conducted that included adult patients (≥18 years) with a
confirmed diagnosis of B-ALL, established according to the criteria of the World Health
Organization [19,25,50]. A total of twelve individuals were enrolled in this study. The
primary analysis included eight adult patients with B-ALL and three healthy controls
(volunteer donors matched for age and sex). One patient with T-ALL served instead as a
control to verify the specificity of the assay (Supplementary Materials, Figure S1). The study
was approved by the ethics, biosafety, and research committees of the Hospital Regional de
Alta Especialidad de Ixtapaluca (protocol NR-053-2024), and all participants signed written
informed consent prior to inclusion.

For the CIP diagnosis of patients with B-ALL (n = 8), four had a clinical diagnosis
established from BM samples and the remaining four from PB. In patients diagnosed
through BM, plasma was obtained as part of the procedure, and an additional 5 mL sample
of PB was collected in EDTA tubes. Based on this design, four samples of EVEPs from
BM and eight EVEPs from PB were analyzed. In the case of healthy controls, a venous PB
sample was obtained in EDTA tubes. Plasma was obtained from all samples; a fraction was
processed immediately for flow cytometry analysis, while the rest was stored at −80 ◦C
until later use in confocal microscopy studies.

2.2. Isolation of EVEPs

To obtain the enriched mixture of large and small EVs, which we refer to as EVEPs,
these were obtained using a differential centrifugation protocol, introducing modifications
to previously described methodologies [31,51]. Briefly, the plasma was initially centrifuged
at 400× g for 10 min to remove intact cells, followed by a second centrifugation of the
supernatant at 1500× g for 10 min to remove larger cell debris and remnants. Finally, the
resulting supernatant was centrifuged at 14,000× g for 15 min at 4 ◦C, obtaining a pellet
corresponding to EVEPs. The pellet was resuspended in pre-filtered 1X PBS and used
for subsequent analyses. Given the method used, the events analyzed are consistently
described as EVEPs.

2.3. Immunophenotype of EVEPs

The immunophenotypic characterization of EVEPs was performed using the Cyteck
Northern Lights-VBR cytometer (Cytek Biosciences, Inc., Fremont, CA 94538, USA). Spec-
troFlo software, version 3.3.0, was used for acquisition (12282023). EVEPs were identified
using a panel of antibodies that included CD63-PE (Sony Part: 2365020, Lot: 215779, clone:
H5C6. Sony Biotechnology Inc., San Jose, CA 95112, USA), CD9-PerCP-Cy5.5 (BioLegend,
San Diego, CA 92121, USA. Cat: 312110, Lot: B393332, clone H19a.), and CD81-Alexa
Fluor 700 (BioLegend Cat: 349518, Lot: B401697, clone 5A6). In parallel, a multicolor panel
(cocktail) was used to characterize the clinical leukemic immunophenotype, including
antibodies directed against CD45, CD34, CD19, CD10, CD5, CD38, CD20, CD138, CD8,
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CD4, CD3, CD7, CD14, CD117, and CD27. All of these were conjugated with fluorochromes
compatible with spectral cytometry (BioLegend Cat: 900009158, Lot: B425396).

Prior to use, all antibodies were centrifuged at 14,000× g for 15 min to remove any
aggregates that could interfere with the analysis of submicrometric particles. The samples
were then incubated with the corresponding antibodies for 20 min at room temperature,
protected from light. After incubation, they were washed with 1 mL of pre-filtered (0.22 µm)
1X PBS, followed by centrifugation at 14,000× g for 15 min at 4 ◦C. Data were acquired using
standardized instrument parameters: FSC = 10, SSC = 10, SSC-B = 115, threshold = 50,000,
and signal amplification factor (ASF) = 1. Subsequent data analysis was performed using
Kaluza software (version 3.2).

Lysed EVEPs were controlled using detergent (detergent disruption control). EVEP
samples were treated with 1% Tween 20 for 30 min at 4 ◦C to destabilize the lipid mem-
branes. The samples were then processed in the same way as the rest of the assays, including
incubation with antibodies, washing, and data acquisition under the same instrumental
conditions. Unstained samples were also used to establish the negative regions in the
histograms. A control consisting of unfiltered 1X PBS to which antibodies were added
without prior centrifugation was also included. All assays were performed in triplicate.

2.4. Confocal Microscopy of EVEPs

For confocal microscopy studies, the samples were thawed at room temperature,
continuously, and the EVEP pellet was fixed with 3% paraformaldehyde for one hour. After
this time, the samples were washed with 1 mL of PBS by centrifugation at 12,000× g for
10 min. The vesicles were blocked with 10% fetal bovine serum for one hour, after which
additional washes were performed with 1X PBS. Labeling was performed using CD63-FITC
antibodies (BioLegend, Cat: 353006, Lot: B262101), CD19-PerCP-Vio700 (Milteny Biotec,
Bergisch Gladbach, Germany, Cat: 130-113-171, clone: LT19) and CD3-PE (Milteny Biotec,
Cat: 130-113-131, clone: BW264/56) antibodies. The samples were incubated for 24 h, then
washed with 1X PBS and centrifuged three times at 10,000× g for 15 min. Once the washing
was complete, the supernatant was removed, leaving approximately 30 µL of 1X PBS; a 1:1
concentration of Vectashield antifade mounting medium (Vectashield®, Newark, CA 94560,
USA) was added, and the samples were mounted on untreated coverslips. The samples
were analyzed on an Axio Imager Z2 LMS900 confocal microscope (Carl Zeiss, Aalen,
Germany) using a 63X objective. The analysis was performed using ZEN software version
3.11.105.05000, while the morphometric analysis of the vesicles was performed using Fiji
version 1.54p with the EVAnalyzer v8.2.3 plugin (threshold: MaxEntropy; circularity:
0.5–0.9; particle size 0.3–0.5 µm, Z-plane projection: max). The colocalization of fluorescent
signals was evaluated using the JACoP v2.1.4 plugin.

2.5. Statistical Analysis

Descriptive statistics were performed, calculating the mean, standard deviation, and
95% confidence interval. Subsequently, for the study population size, an inferential analysis
was performed using the Kruskal–Wallis test (regardless of whether some variables met
normality criteria). The Dunn test was used for post hoc comparisons of the leukemic
immunophenotype. In all cases, a p-value < 0.05 was considered statistically significant.
The statistical software used was Sigma Plot 15 Build 15.0.0.13.

Pearson’s correlation coefficient (r) was used to calculate colocalization using Fiji
software and the JACoP v2.1.4 plugin. The presence of EVs with CD3+CD19+ labeling was
confirmed with the EVAnalyzer plugin.3.
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3. Results
3.1. Clinical Information

Healthy controls were used to standardize the technique, from which 5 mL of PB
was obtained. Samples were collected from 12 individuals (7 men, 5 women; mean age of
33.8 years; old range: 18–66 years). The study cohort comprised 8 patients with B-ALL and
3 healthy controls. The remaining patient, diagnosed with T-ALL, was used as a specificity
control to confirm the absence of lineage overlap (see Supplementary Materials Figure
S1) and was not included in the statistical comparisons of the B-ALL group. All patients
included were diagnosed using flow cytometry, molecular biology, and a comprehensive
medical diagnosis. Diagnostic analyses were carried out primarily using BM or BP, from
which whole blood was obtained; the leukocytes were then isolated from the leukocyte
layer. Additionally, two patients with B-ALL had molecular alterations associated with
intermediate and high risk, specifically the translocation t(9;22) (q34;q11.2), with a minor
breakpoint corresponding to the p190 BCR::ABL1 (e1a2) transcript.

3.2. Standardization of EVEP Analysis by Flow Cytometry

The characterization of EVEPs was performed by spectral flow cytometry. All assays
were performed in triplicate (n = 3) to evaluate the reproducibility of the analytical proce-
dure. Reference beads were used to determine the observed sizes and to demonstrate the
range of sizes of the EVEPs (Supplementary Materials Figure S2).

Figure 1A shows the analysis strategy, which initially included a time gate (Time)
versus lateral dispersion in height (SSC-H), allowing unstable acquisition periods and
instrumental artifacts to be excluded. Subsequently, a compatible region for EVEPs was
defined. For this purpose, two instrumental configurations were evaluated, and the one that
allowed for better event resolution was finally selected: FSC = 10, SSC = 10, SSC-B = 115
threshold = 50,000, and signal amplification factor (ASF) = 1. Similarly, positive regions
were established for the tetraspanins CD81, CD63, and CD9, with clearly defined positive
populations for these markers observed through histogram analysis. Figure 1B shows the
unstained samples as a negative reference for the delimitation of positive regions. Further-
more, the region established as the 104 criterion was identified as a positive signal area.

Figure 1C shows signal loss in samples treated with 1% Tween 20 (disruption control)
for the tetraspanins evaluated, confirming the viability of the isolation method. Addition-
ally, Figure 1D included a control consisting of unfiltered 1X PBS incubated with antibodies
without prior centrifugation, in which a positive signal was detected for CD9 and CD63.
These results suggest the methodological importance of not omitting centrifugation before
using antibodies.

3.3. Comparison of the Expression of Tetraspanins Associated with Extracellular Vesicles Between
Patients with B-ALL and Controls

Once the analysis strategy had been standardized, a comparison was made of the
percentage expression of CD9, CD63, and CD81 tetraspanins in EVEPs obtained from
patients with B-ALL (BM, white bars; PB, gray bars) and healthy donors (hatched bars), as
shown in Figure 2.

Statistical analysis showed no significant differences in the expression of CD81 (H =
3.467, p = 0.196), CD63 (H = 3.289, p = 0.232), or CD9 (H = 5.067, p = 0.086) between the
groups evaluated. Despite this, a trend toward lower CD9 expression was observed in BM
EVEPs from patients with B-ALL compared to healthy controls. The percentage of CD81
and CD63 expression appears to show a slight tendency to be higher in PB EVEPs from
patients with B-ALL compared to the healthy group, without being close to showing a
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significant difference. The above result suggests that the three markers evaluated do not
constitute a differential marker of malignancy by themselves.

Figure 1. Standardization of the analysis of extracellular vesicle-enriched populations using spectral
flow cytometry. The phenotypic characterization of EVEPs is described according to the following
strategy: (A) Cleaning and event selection: A time window (gate) was applied against side scatter
(SSC-H) to exclude artifacts and aggregates, subsequently defining a specific region for EVEPs that
excludes unwanted particles. (B) Control of unstained EVEPs. (C) Disruption control (1% Tween 20):
In order to confirm that the signal of interest corresponds to EVs and not lysates or soluble antigens,
treatment with 1% Tween was performed, observing the absence of positivity events in the histogram
after this procedure. (D) Noise control—aggregates removed by centrifugation (PBS + antibodies
without centrifugation): An unfiltered 1X PBS sample was included to which antibodies were added
without prior centrifugation; a positive signal was detected for CD9 and CD63 markers in this control
condition. All assays were performed in triplicate, n = 3.
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Figure 2. Comparison of the percentage of tetraspanin-positive EVEPs between patients with B-
ALL and controls. A comparative analysis of the expression of CD9, CD63, and CD81 markers
(EV-associated tetraspanins) was performed by flow cytometry, using histograms for representation.
Samples from patients with B-ALL were evaluated, both from bone marrow (white bars) and periph-
eral blood (gray bar), and compared with those obtained from healthy controls (hatched bars). All
tests were performed in triplicate (n = 3). Statistical analysis using the non-parametric Kruskal–Wallis
test revealed no statistically significant differences in marker expression between groups for CD81
(H = 3.467, p = 0.196), CD63 (H = 3.289, p = 0.232), or CD9 (H = 5.067, p = 0.086). Standard deviation
is shown.

3.4. Immunophenotype of EVEPs and Comparison with Clinical Immunophenotype

Figure 3A shows representative histograms corresponding to EVEPs obtained from
PB from a patient with B-ALL and their comparison with a healthy control. These represen-
tations show a clear increase in the percentage expression of markers characteristic of the
B-cell leukemic lineage, including CD45, CD34, CD38, CD19, CD10, and CD20. Consistently,
there was no evidence of overexpression of markers associated with other hematopoietic
lineages, such as the T lineage (CD3, CD5, CD7, CD4, CD8, and CD27) or the myeloid
lineage (CD14 and CD117), or the plasma cell marker CD138, suggesting a phenotypic
specificity of the EVEPs analyzed. The result in Figure 3A suggests that EVEPs can function
and be used as a reflection of the tumor cell phenotype, specifically shown in patients
with a common B-ALL profile. The ability to detect the CD10+/CD19+/CD34+/CD38+

fingerprint suggests the use of EVEPs as a liquid biopsy from PB and their analysis by flow
cytometry.
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Figure 3. Cont.
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Figure 3. (A) Immunophenotypic comparison of PB EVEPs. Representative histograms showing
the immunophenotype of EVEPs obtained from the peripheral blood of a patient with B-cell acute
lymphoblastic leukemia (B-ALL) and their comparison with a healthy control (PB CTRL EVEPs).
(B) Comparative analysis of the expression profile of the marker cocktail in EVEPs. A bubble chart
showing the average percentage of expression of CD markers in CIP (n = 8), PB ALL EVEPs (n = 8),
BM ALL EVEPs (n = 4), and CTRL (n = 3). Fifteen markers were analyzed: CD45, CD34, CD19,
CD10, CD20, CD3, CD38, CD5, CD14, CD8, CD4, CD7, CD27, CD117, and CD138. The bubble size
and distribution allow differences to be observed between samples from patients with ALL and
CIP vs. the control, including CD38, CD10, CD34, CD19, CD20, and CD5. Kruskal–Wallis analysis
followed by Dunn’s post hoc test showed a statistically significant difference in CD38 expression,
with the CIP group showing higher levels than the control (p = 0.011) and the EVEP PB ALL group
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(p = 0.012). In the comparison of all groups, the other markers did not show significant differences
using this strategy. (C) Quantitative analysis of markers associated with B-ALL in EVEPs representing
the average expression percentage with the standard error of selected markers associated with B-cell
acute lymphoblastic leukemia in the different groups analyzed. The lower and upper 95% CIs of the
mean were calculated. This representation was used to visualize the precision of the estimated mean
and explore biological trends between groups based on ‘n’.

Figure 3B shows a visual representation using a bubble chart of the average percentage
of marker-positive types included in the analyzed cocktail, comparing four study groups:
clinical immunophenotype (CIP, n = 8), bone marrow EVEPs from patients with B-ALL
(BM ALL EVEPs, n = 4), peripheral blood EVEPs from patients with B-ALL (PB ALL EVEPs,
n = 8), and healthy controls (CTRL, n = 3). The CIP group consists of clinical results from
four BM samples and four PB samples. The size of the bubble and the number inside it
represent the average percentage of expression. Visually, the B lineage and progenitor
markers CD34, CD38, CD19, and CD10 show very high expression in tumor cells (CIP),
followed by patient EVEPs (BM ALL and PB ALL), suggesting that EVEPs reflect or inherit
the protein signature of the cancer cells from which they originate. In ALL EVEPs, a
notable increase in CD5 expression (~42–45%) was observed compared with the control
group (1.7%). Statistical analysis was performed using the Kruskal–Wallis test followed by
Dunn’s post hoc test. The most robust finding was a statistically significant difference in
CD38 expression: the CIP group showed higher levels compared with the control group
(p = 0.011), and the EVEP group also exhibited higher levels compared with the control
group (p = 0.0001), including the PB ALL EVEP subgroup (p = 0.012). The remaining
CD markers showed no statistically significant differences between groups. CD45 was
the marker most abundantly detected in healthy controls (~15%), which is expected due
to its basal expression in EVs as part of immune homeostasis. Its levels increased in
EVEPs from PB ALL and BM ALL patients, with mean values of approximately 24% and
28%, respectively.

Given the above results, we proceeded to analyze the statistics of the groups in
Figure 3C, obtaining the lower and upper 95% CIs of the mean, which showed the absence
of overlap in the range of values between several groups of interest, such as CD19 and
CD10 between the healthy PB control and the EVEPs of PB B-ALL. The absence of overlap
between the ranges of the lower and upper 95% CIs of the mean of the two groups indicates
or suggests the existence of a statistically significant difference between them. The statistical
findings are consistent with the observed graphical trends.

3.5. Identification of CD3+ CD19+ CD63+ Aggregates Using Confocal Microscopy

Finally, confocal microscopy was used to evaluate EVEPs from the peripheral blood
of three patients with B-cell ALL (Figure 4A). The samples were labeled with anti-CD63-
FITC, anti-CD3-PE and anti-CD19-PerCP-Vio700 antibodies. Following the EVEP isolation
procedure via centrifugation, structures consistent with large multivesicular aggregates,
with diameters ranging from approximately 2 to 21 µm, were identified in the B-ALL
samples; these aggregates showed a positive signal for CD3, CD19 and CD63. Figure 4
shows one of these EVEP aggregates, where sites of marker colocalization were occasion-
ally observed; consequently, a quantitative analysis of this colocalization was performed,
yielding a Pearson correlation coefficient of 0.69 between the CD3 and CD19 signals, a value
consistent with partial colocalization of both markers within the same structure (Figure 4A).
Concurrently, the circularity of the EVEPs was confirmed using the EVAnalyzer plugin of
ImageJ2 software (version 2.3.0). Additionally, a morphometric analysis was performed
using the same plugin, applying strict segmentation criteria. A circularity index of ≥0.9
and a minimum intensity threshold of 20 were established to ensure an objective selection
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of structures consistent with EVEPs and to minimize the inclusion of artefacts. These
parameters confirmed the vesicular morphology of the analyzed structures.

Three samples from apparently healthy individuals were used as a reference
(Figure 4B), in which CD3+CD19+ double-positive cells were also observed. Upon corrobo-
rating this by flow cytometry, a tendency toward a higher percentage of double-positive
CD3+CD19+ EVEPs was observed in the samples from patients with B-ALL compared with
the control samples; however, statistical analysis did not reveal a significant difference
(Supplementary Materials Figure S3).

Figure 4. Cont.
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Figure 4. (A) Identification of CD3+CD19+ EVs in patients with B-ALL from peripheral blood.
The different markers were detected in EVEP aggregates, and occasionally EVs double positive for
CD3+ and CD19+ in peripheral blood samples from patients (P1, P2, P3) with B-ALL (n = 3). The
samples were labeled with anti-CD3-PE, anti-CD19-PerCP-Vio700, and anti-CD63-FITC antibodies.
The images were captured using an Axio Imager Z2 microscope (Carl Zeiss) and analyzed using ZEN
lite software. Verification of the morphometric and colocalization characteristics specific to EVs was
performed using ImageJ2 software and the EVAnalyzer plugin. (B) Identification of CD3+CD19+

EVEPs in controls (C1, C2, C3) from peripheral blood.

4. Discussion
In recent years, extracellular vesicles (EVs) have gained increasing interest as a window

into exploring biological processes associated with oncohematological diseases. In the
context of leukemia, it has been reported that some malignant cells release EVs capable of
transporting proteins, lipids, and nucleic acids, suggesting a possible reflection of both the
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tumor state and its interaction with the BM and immune microenvironment [9,29,52–54].
However, the analysis of EVs in complex tissues such as PB remains technically and
conceptually challenging due to the coexistence of non-vesicular particles with similar
physical–optical properties and the biological heterogeneity inherent to leukemia, which
particularly complicates its study in acute lymphoblastic leukemia (ALL) [44,55].

The present study was descriptive and exploratory in nature, aimed at characterizing
the immunophenotype of extracellular vesicle-enriched populations (EVEPs) obtained
from the BM and PB of adult patients with B-ALL. To this end, spectral flow cytome-
try and confocal microscopy were used as complementary approaches. From its design,
this work focused on documenting expression patterns, apparent discrepancies between
compartments, and poorly described events that would provide information on the com-
plexity of the vesicular secretome in this context, so that they could be considered in the
development of strategies for analyzing clinical associations, prognostic inferences, or
diagnostic applications.

A key limitation of this study is the small size of the final cohort (n = 8 B-ALL and
n = 3 controls), which limits the statistical power to detect significant differences using ro-
bust multiple comparison tests. This restriction means that the results must be interpreted
primarily as consistent biological trends rather than conclusive differences. Additionally,
the cross-sectional design prevents the evaluation of dynamic changes associated with
disease progression or treatment. These limitations are consistent with other initial ex-
ploratory studies in ALL that have addressed the analysis of EVs as a starting point for
further research [26,29,54,56]. However, analysis with 95% confidence intervals (95% CIs)
revealed groups with a clear separation from the control, suggesting an underlying bio-
logical effect that warrants validation in future research, including the dynamics of the
expression of markers such as CD3 and CD19 in EVs from ALL patients during disease
progression and in response to treatment, with the findings presented here providing a
solid exploratory basis.

From a methodological point of view, removing unwanted contaminants at 1500× g
and subsequently isolating EVs by differential centrifugation up to 14,000× g allowed us
to obtain the EV-enriched fraction, predominantly in larger vesicles (sample obtained in
accordance with the purposes of this study), commonly associated with microvesicles,
in line with previously reported strategies [31]. This aspect is relevant, since larger EVs
tend to have a higher total protein load and, consequently, a higher density of surface
antigens, which may favor their detection by flow cytometry. Additionally, the fact that
this approach does not require ultracentrifuges or highly specialized equipment represents
a key operational advantage that enhances its implementation and reproducibility in
conventional clinical settings.

The purpose of this study was to detect ALL-associated markers in the EVEP samples
obtained, which was achieved. However, it is important to bear in mind that, according to
the recommendations of MISEV2023 [33] and MIBlood-EV [13], this type of isolation does
not allow for the complete exclusion of co-isolation of non-vesicular particles, particularly
lipoproteins such as LDL (18–25 nm) and VLDL (30–80 nm), which share size ranges and
physical–optical properties with the smallest EVs [57]. In PB, the abundance of lipoproteins
may be influenced by the patient’s metabolic and inflammatory status, so it is suggested
that this should be taken into account in studies where it could have a drastic influence,
such as in studies focused on the smallest EVs [58,59]. For this reason, together with the
variety of EVs obtained, the term EVEPs is deliberately used throughout the study, referring
to a set of large and small EVs, avoiding the assumption that all detected events correspond
exclusively to extracellular vesicles.
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In order to carry out a technical validation of the spectral flow cytometry detection
analysis, specificity controls were added, including tetraspanins (CD9, CD63, and CD81),
unstained samples, controls with 1% Tween, and PBS with antibodies without prior centrifu-
gation. These controls support the membranous nature of the events analyzed, reducing
limitations in complex biological matrices, thereby seeking rigor and consistency with
established guidelines [60]. It is important to note that, although we did not find a sufficient
statistical difference, our results are consistent with those presented by Li et al. 2022 [61].

All validation experiments were performed in triplicate to improve reproducibility,
optimize selection strategies and ensure consistency in the detection of EVEPs. However,
despite these technical advantages, the biological variability inherent in human samples
represents a significant limitation. As in clinical diagnostic settings, EVEP profiles can
vary significantly between individuals due to underlying biological and pathological
heterogeneity. Therefore, whilst triplicate measurements enhance technical reliability, they
do not fully account for inter-sample variability, underscoring the need for larger cohorts
to validate and generalize these findings.

In the global analysis of markers, CD38 showed very high expression in patient
ALL samples, sufficient to show a statistically significant difference after non-parametric
analysis of the heterogeneous cohort groups (n between 3 and 8 per group). This behavior is
consistent with the role of CD38 as a widely described activation marker in B-ALL [62–64].
In contrast, when viewing the graphs of classic B-lineage markers (CD19, CD10, and
CD20), these appear to show relative attenuation in the peripheral EV compartment when
compared to the cellular immunophenotype. This phenomenon could be interpreted as
a ‘dilution’ of the B lineage in circulating EVs, suggesting that liquid biopsy strategies
based exclusively on these markers may require correlation or normalization factors to
avoid underestimating tumor burden. However, it is essential to emphasize that direct
comparison between cellular and vesicular histograms has intrinsic limitations. Even so,
when comparing EVs from patients with B-ALL versus healthy donors, a clear trend toward
higher expression of B markers was observed in the leukemic context, indicating that the
vesicular compartment retains relevant biological information and is consistent with other
studies [26,61,65].

In the samples we analyzed using immunostaining, we found EVs with the presence
of markers typically associated with the T lineage (CD3, CD5, CD7, and CD4) in EVEPs
from patients with B-ALL. The literature documents a constitutive basal secretion that
is ‘low constitutive basal secretion of small T-cell EVs’ in healthy donors [66–68], which
would explain the presence of these EVs in the total EVEPs of patients. It is important
to note that the bloodstream contains EVs of all cell types that secrete them, including
those with the B-ALL signature. Furthermore, the finding of EVs of different origins can be
explained by several non-mutually exclusive mechanisms: aggregation of EVs of different
origins, interactions between tumor EVs and EVs derived from activated immune cells, or
the release of EVs by non-neoplastic populations secreted constitutively or by stimulation
in the leukemic microenvironment.

When we precipitated EVEPs by centrifugation and subsequently processed them
for confocal microscopy, we observed, on a qualitative basis, that a greater number of
EVEP aggregates remained in samples from patients with B-ALL. Confocal microscopy
revealed the presence of large (2–21 µm) CD3+ CD19+ CD63+ multivesicular aggregates, in
which some EVs co-expressed the CD3+ CD19 markers, as verified by ImageJ2 software
colocalization analysis, and confirmation of the presence of some EVs with colocalization
using the EVAnalyzer plugin, suggesting that a fraction of the detected events correspond
to aggregated structures rather than individual vesicles and, notably, to a lesser frequency of
EVs that did possess colocalization. This finding is relevant when considering the possible
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involvement of lipoproteins and apolipoproteins in vesicular aggregation. Previous studies
have documented an increase in apolipoproteins in patients with B-ALL, as well as their
ability to interact with lipid membranes and extracellular particles [45,58,69–71]. In this
regard, it is plausible that circulating apolipoproteins contribute to the recruitment and
aggregation of EVs from different lineages, promoting the formation of vesicular complexes
capable of transporting biological signals that may appear discordant. In this context,
evidence of CD3+CD19+ cell populations in humans is particularly relevant [34], where a
subpopulation of CD3+CD19+ lymphocytes was described, present in both healthy donors
and cancer patients, with a significantly higher frequency in the latter. Although this study
focuses on cells and not on EVs, it demonstrates that the co-expression of B and T markers
is a real biological phenomenon and not a technical artifact, reinforcing the biological
plausibility of detecting similar hybrid signatures in the vesicular compartment and EVs.

The specificity of the resulting immunophenotype (CD3+CD19+) could suggest a
degree of selectivity, opening the door to research into its biological role in ALL. It is known
that EVs can carry complete functional protein complexes, including those involving
membrane receptors [53,72]. It is plausible that EVs derived from B lymphoblasts (CD19+)
express immunoregulatory ligands (such as MHC class II molecules), which could be
recognized by components of the TCR/CD3 complex present in EVs derived from CD4+

T lymphocytes [44]. This specific interaction would create a targeted molecular bridge,
mimicking the initial events of immune synapse formation on a nanometric scale. Although
this possibility requires direct validation, it would establish these aggregates as biologically
significant entities that reflect cross-lineage communication in the leukemic niche.

It has been suggested that a portion of the double-positive CD3+CD19+ EVs may be
directly secreted by the rare cells that are also double-positive, adding to those vesicles
that could originate through post-secretion aggregation mechanisms and possible fusion
between EVs [72,73]. Research into fusion between EVs and EV-EV relationships can cur-
rently be considered emerging. In mixed-lineage ALL, the presence of double-positive
cell populations with concomitant expression of CD3 and CD19 has been documented.
Circulating apolipoproteins contribute similarly. Liu et al. 2020 described the existence of
B-T cells (CD19+CD3+) in the peripheral blood of healthy individuals and cancer patients.
Although present in both groups, their frequency was significantly higher in cancer patients
compared to healthy donors [34]. Other researchers have reported CD3+CD19 cells [74].
Although this hypothesis remains speculative, it offers a conceptual framework for in-
terpreting the observation of multivesicular aggregates and mixed immunophenotypic
profiles in the context of leukemia.

It is important to note the limitations inherent in the confocal microscopy used in
this study, whose lateral resolution is limited to approximately 180 nm. This restriction
prevented the direct visualization of smaller individual vesicles, so the analyses were
restricted to larger-scale structures.

It is important to note that the release of EVs is a multifactorial process that may
be influenced not only by tumor activity, but also by other clinical and physiological
conditions, such as infections and inflammation [27,52,66]. In this study, all PB and BM
samples were obtained at the time of diagnosis, prior to the initiation of antileukemic
therapy, which enables us to interpret the observed EVEP profiles as representative of a
baseline disease state.

However, although the patients were diagnosed de novo, detailed clinical information
on concomitant conditions was not systematically available. Therefore, we cannot rule
out the possibility that factors other than leukemia may have contributed to the observed
EVEP profiles.
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Furthermore, it has previously been reported that both the concentration and phe-
notypic composition of EVs can change over time as a result of disease progression or
therapeutic intervention [65,75,76].

In this context, the EVEP profiles described here should be interpreted as a single
cross-sectional representation of the disease at the time of diagnosis; further longitudinal
studies will be required to assess their dynamic behavior and their potential utility in
monitoring disease progression and response to treatment.

Finally, the asymmetry in the composition of the cohort (four samples with a CIP
of BM and four of PB) constitutes an additional limitation that could influence the inter-
pretation of comparisons between compartments. However, all samples were included
as reference points because the CIP represents the diagnostic standard in hematological
practice, reflecting a real clinical scenario.

5. Conclusions
This exploratory study presents EVEPs as potential diagnostic tools for adult B-ALL,

representing a viable liquid biopsy option, as the results suggest that they may reflect
leukemia in peripheral blood. This can be supported by comparison with the CIP that
was obtained. On the other hand, the occasional identification of CD3+CD19+ could be
associated with leukemic processes in peripheral blood.
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//www.mdpi.com/article/10.3390/immuno6020033/s1, Figure S1: Lineage-specific EVEP signatures
from bone marrow accurately distinguish B-ALL from T-ALL without marker co-expression; Figure
S2: Identification of EVEPs size range using reference beads; Figure S3: Comparison of CD3+ and
CD19+ EVEP expression in peripheral blood of B-ALL patients versus healthy controls.
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ALL Acute lymphoblastic leukemia
ASF Signal amplification factor
B-ALL B-lineage acute lymphoblastic leukemia
BM Bone marrow
BCR-ABL1 Breakpoint cluster region–Abelson murine leukemia 1
BSA Bovine serum albumin
CD Cluster of differentiation
CIP Clinical immunophenotype
EVEPs Extracellular vesicle-enriched populations
EVs Extracellular vesicles
FSC Forward scatter
LDL Low-density lipoprotein
MHC Major histocompatibility complex
MISEV Minimal Information for Studies of Extracellular Vesicles
PB Peripheral blood
SSC Side scatter
SSC-H Side scatter height
TCR T-cell receptor
VLDL Very low-density lipoprotein
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