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Complexity of multi-source EV interactions in the tumor microenvironment

Method-dependent bias in EV subpopulation separation

Limitations of bulk methods and emerging novel approaches

*Immunoblot, fluorescence
microscopy, NGS, 

MS, RT-PCR

**Mass cytometry, 
imaging mass cytometry, 

scRNA-seq

Different separation methods enrich for distinct EV subpopulations.

Bulk analyses* miss single 
EV/single cell heterogeneity

EV/recipient cell 
sample

Novel multimodal analyses**  
yield high-resolution profiling

Cargo complexity

• Intravesicular and
extravesicular proteins

• Nucleic acids
• Lipids
• Metabolites

Kinase

Subpopulation heterogeneity

• Heterogeneous
EV cargo

• Tropism
• Size
• Morphology
• Density
• Frequency

Complexity within single-source EVs

Macrophage

T cell
B cell

Dendritic cell

Monocyte

NK cell

Neutrophil

Malignant B cells

CD14

CD11c

MHC-II

ICAM-1

TCR

CD68
BCR CD19/20

CD56

CD47

CD66b

CD19/20

BCRPD-L1

MHC-I

Size-exclusion
chromatography

Density gradient
centrifugation

Tangential flow
filtration

Differential
ultracentrifugation

re
su

lts
re

su
lts

re
su

lts
re

su
lts

EV
EV color reflects 
cell of origin

2952

http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.70102&domain=pdf&date_stamp=2025-07-04


© 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. This is an open access article under the terms of 

the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. doi: 10.1002/1873-3468.70102

particular, Bruton’s tyrosine kinase (BTK) represents an interesting example due to its known 
role in EV release in CLL cells [31,32].

EV separation methods enrich distinct EV subpopulations
Established EV separation methods, including size-exclusion chromatography, density 
gradient centrifugation, tangential flow filtration, and differential ultracentrifugation, are 
fundamental for investigating EV effects in vitro and in vivo. However, these approaches 
yield EVs of differing quality and quantity [33]. When enriching EVs from liquid biopsies, 
distinct subpopulations may be selectively isolated, or EVs from multiple sources 
redistributed, potentially resulting in loss or artificial enrichment of specific immune 
cell-derived subtypes [34]. The MISEV guidelines provide a framework for quality controls 
to assess the impact of these separation and concentration methods [35].

Bulk EV and EV recipient analyses miss single-EV and single-recipient 
cell heterogeneity
Current bulk analyses fail to capture the heterogeneity of EV subpopulations, uptake 
dynamics, and single-recipient cell heterogeneity [36]. Comprehensive characterization of 
EV contributions to the TIME requires multi-omic approaches at single-EV and single-cell 
resolution, necessitating the development of novel EV labeling strategies based on the EV 
proteome, transcriptome, and metabolome [37,38].

Conclusion
The emerging field of EVs offers novel insights into intercellular communication within the 
TIME of B-cell malignancies. However, inherent biological and technical complexities 
demand methodological advances and rigorously controlled experiments to address EV cargo 
and subpopulation heterogeneity, particularly given the diverse EV immune interactions that 
influence tumor microenvironmental composition in lymphoid malignancies. Together with 
completing the characterization of key EV-mediated mechanisms, the rapid advancement of 
the EV field presents a compelling opportunity to unlock the full translational potential of 
EVs as therapeutics and diagnostics in B-cell malignancies.
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Additionally, EVs derived from T cells carrying T-cell receptors interact with peptides bound 
to MHC class II complexes on EVs released by antigen-presenting cells. We hypothesize that 
these EV-based immune cell-specific surface protein complexes can be transferred to 
recipient cells, resulting in a dynamic and adaptable surface proteome responsive to shifts in 
the TIME [21].

The complexity and function of single-EV cargo can be delineated by 
multi-modal EV-tagging strategies
EV cargo such as kinases, lipids, metabolites, and nucleic acids can act in synergistic or 
antagonistic fashions to modulate recipient cell phenotypes in a manner dependent on cell 
context [3,22]. Individual EV components’ functional contributions and interactions remain 
poorly defined, as evidenced by ongoing debates over microRNA uptake and efficacy. This 
gap in knowledge necessitates comprehensive and innovative investigations at 
high-dimensional single-cell resolution to elucidate EV function and cargo dynamics fully, as 
conventional approaches using lipophilic dyes and genetic fusion proteins are inadequate for 
patient cell systems [23]. Multi-modal EV-tagging strategies, including protein-based tags, 
lipophilic dyes, and RNA-based tags, allow for characterizing EV heterogeneity and enable 
comprehensive tracing of distinct EV components. However, each tagging method has 
inherent limitations. Lipophilic dyes, although widely applicable, may produce nonspecific 
staining and false-positive results due to non-EV aggregates [6]. Protein-based tags, such as 
genetically encoded fluorescent fusion proteins (e.g., CD63-GFP), can bias analyses toward 
specific EV subpopulations and are limited by low transfection or transduction efficiency in 
primary cell models [24]. RNA-based tags provide specificity for RNA cargo but are prone to 
interference from nucleic acid contaminants or nonspecific extracellular RNA associations 
[25]. To mitigate these issues, we recommend an integrative multi-modal tagging approach 
that combines the complementary strengths of each method.

EV subpopulations are heterogeneous in composition and function
EV subpopulation heterogeneity is a rapidly emerging focus in the field, now being addressed 
by state-of-the-art single-EV techniques, such as nanoparticle tracking analysis, nanoflow 
cytometry, single-particle interferometric imaging sensing (SP-IRIS), Raman spectroscopy, 
or high-resolution single-molecule localization microscopy (SMLM) [26,27]. Previous 
studies relied on bulk analyses of EVs and EV recipient cells, which overlook the existence of 
EV subpopulations carrying distinct biologically active cargo. This hampers a deeper 
understanding of the functional diversity within EV uptake and function [27]. We highlight 
the importance of exploring established disease-related proteins and pathways, such as the 
B-cell receptor and interleukin receptor signaling pathways, or ICPs, for their potential
involvement in EV cargo sorting, release, and functional effects on recipient cells [28,29].
Such investigations may reveal novel mechanisms operating within the TIME and guide
innovative therapeutic strategies targeting this EV-shaped microenvironment [30]. In

Extracellular vesicles (EVs), including exosomes and ectosomes, are critical mediators of 
intercellular immune communication and hold potential as diagnostic and therapeutic agents 
in oncology [1,2]. Small EVs (sEVs), 50-200 nm in size, carry a diverse array of intra- and 
extravesicular proteins, nucleic acids, metabolites, and lipids that drive biological functions 
[3,4]. However, bulk analysis methods limit precise understanding, especially of immune cell 
EV compositional and functional heterogeneity in B-cell malignancies, such as chronic 
lymphocytic leukemia (CLL) or diffuse large B-cell lymphoma (DLBCL) [2,5]. For instance, 
cell-specific EV uptake and functional assays that use lipophilic labeling with flow cytometry 
or single-cell imaging suffer from specificity issues and artifacts [5,6].

Although current studies do not fully address the biological and technical complexities of EV 
and EV recipient cell analyses, the field has made considerable progress in revealing their 
involvement in a broad spectrum of physiological and pathological processes [7,8]. 
Accordingly, advances in single-EV and single-cell analytical methods hold substantial 
potential [9]. Advanced multi-dimensional techniques such as mass cytometry, imaging mass 
cytometry, and single-cell RNA sequencing now enable profiling with over 40 dimensions to 
delineate EV-mediated immune interactions within the tumor immune microenvironment 
(TIME) of B-cell malignancies [10]. Novel multi-modal EV tagging strategies must be 
developed to integrate these technology-driven tumor microenvironmental insights with 
precise EV tracking, and to determine EV effects on immune cell composition and states [11].

The roles of immune cell EVs in the TIME of B-cell malignancies
Immune cell EVs are critical mediators of intercellular communication in B-cell 
malignancies, and although EVs released by malignant B cells have been characterized for 
their effects on fibroblasts, T cells, and myeloid cells, those produced by other immune cells 
subsets within the TIME remain poorly defined despite their major contributions to immune 
evasion and protumor signaling [12–15]. These EVs carry molecular cargo that reflects the 
functional state of their parent cells [2]. In B-cell malignancies increasingly treated with CAR 
T cell therapy, EVs from malignant B cells display surface markers such as CD19 and CD20, 
the B-cell receptor, and its associated kinases [13,16]. In contrast, EVs from CAR T cells can 
mediate cytotoxic effects on target cells from a distance [17]. Interactions involving 
receptor-ligand pairs, such as CD11c on myeloid cell EVs and ICAM-1 on other immune cell 
EVs, further underscore the complexity of immune cell EV-mediated communication[18]. 
Notably, EVs released by malignant B cells and immune cells within the TIME are enriched 
in immune checkpoint proteins (ICPs), including PD-L1, VISTA, and B7-H2, which 
collectively contribute to tumor-mediated immunosuppression through modulation of effector 
immune cell activity [13,19,20]. These EVs can reprogram bystander immune cells toward an 
immunosuppressive phenotype, in part by amplifying ICP expression [14]. A central 
mechanism involves the engagement of EV-associated PD-L1 with PD-1 on T cells, leading 
to T cell exhaustion and functional impairment.

Biological and technical complexities in analyzing 
extracellular vesicle immune interactions in B-cell malignancies

Daniel Bachurski1,2,4,5#, Michael Hallek1,2,3,5

1 Department I of Internal Medicine, Center for Integrated Oncology Aachen Bonn Cologne Duesseldorf, University of Cologne, Faculty of Medicine and University Hospital Cologne, Cologne, Germany.
2 Center for Molecular Medicine Cologne, University of Cologne, Germany.  3 Cancer Research Center Cologne Essen (CCCE), Faculty of Medicine and University Hospital Cologne, University of Cologne, Germany. 

4 Mildred Scheel School of Oncology Aachen Bonn Cologne Düsseldorf, Faculty of Medicine and University Hospital of Cologne, Germany.  5 CECAD Center of Excellence on Cellular Stress Responses in Aging-Associated Diseases, University of Cologne, Germany.

1. Kalluri, R. & McAndrews, K. M. The role of extracellular vesicles in cancer. Cell 186, 1610–1626 (2023).
2. Kalluri, R. The biology and function of extracellular vesicles in immune response and immunity. Immunity 57, 1752–1768 (2024).
3. van Niel, G., D’Angelo, G. & Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228 (2018).
4. van Niel, G. et al. Challenges and directions in studying cell-cell communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 23, 369–382 (2022).
5. Ramirez, M. I. et al. Technical challenges of working with extracellular vesicles. Nanoscale 10, 881–906 (2018).
6. Melling, G. E. et al. Confocal microscopy analysis reveals that only a small proportion of extracellular vesicles are successfully labelled with commonly utilised staining methods. Sci. Rep. 12, 262 (2022).
7. Chen, G. et al. Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature 560, 382–386 (2018).
8. Ikeda, H. et al. Immune evasion through mitochondrial transfer in the tumour microenvironment. Nature 638, 225–236 (2025).
9. Lee, Y.-J., Chae, S. & Choi, D. Monitoring of single extracellular vesicle heterogeneity in cancer progression and therapy. Front. Oncol. 13, (2023).
10. Hartmann, F. J. & Bendall, S. C. Immune monitoring using mass cytometry and related high-dimensional imaging approaches. Nat. Rev. Rheumatol. 16, 87–99 (2020).
11. Verweij, F. J. et al. The power of imaging to understand extracellular vesicle biology in vivo. Nat. Methods 18, 1013–1026 (2021).
12. Paggetti, J. et al. Exosomes released by chronic lymphocytic leukemia cells induce the transition of stromal cells into cancer-associated fibroblasts. Blood 126, 1106–1117 (2015).
13. Gargiulo, E. et al. Extracellular Vesicle Secretion by Leukemia Cells In Vivo Promotes CLL Progression by Hampering Antitumor T-cell Responses. Blood Cancer Discov. 4, 54–77 (2023).
14. Haderk, F. et al. Tumor-derived exosomes modulate PD-L1 expression in monocytes. Sci. Immunol. 2, eaah5509 (2017).
15. Liu, W., Zhu, M., Wang, H., Wang, W. & Lu, Y. Diffuse large B cell lymphoma-derived extracellular vesicles educate macrophages to promote tumours progression by increasing PGC-1β. Scand. J. Immunol. 91, e12841

(2020).
16. Akil, H. et al. Analysis of CD20 and PD-L1 levels on small extracellular vesicles (sEV) produced by DLBCL cells and EBV-transformed B cells, and potential role in T cell inhibition. Exp. Hematol. Oncol. 13, 53 (2024).
17. Fu, W. et al. CAR exosomes derived from effector CAR-T cells have potent antitumour effects and low toxicity. Nat. Commun. 10, 4355 (2019).
18. Zhang, W. et al. ICAM-1-mediated adhesion is a prerequisite for exosome-induced T cell suppression. Dev. Cell 57, 329-343.e7 (2022).
19. Izquierdo, E. et al. Extracellular vesicles and PD-L1 suppress macrophages, inducing therapy resistance in TP53-deficient B-cell malignancies. Blood 139, 3617–3629 (2022).

20. Böttcher, M. et al. CLL-Derived Extracellular Vesicles Impair T-Cell Activation and Foster T-Cell Exhaustion via Multiple Immunological Checkpoints. Cells 11, 2176 (2022).
21. Zeng, F. & Morelli, A. E. Extracellular vesicle-mediated MHC cross-dressing in immune homeostasis, transplantation, infectious diseases, and cancer. Semin. Immunopathol. 40, 477–490 (2018).
22. Ye, C. et al. Src family kinases engage differential pathways for encapsulation into extracellular vesicles. J. Extracell. Biol. 2, e96 (2023).
23. Takov, K., Yellon, D. M. & Davidson, S. M. Confounding factors in vesicle uptake studies using fluorescent lipophilic membrane dyes. J. Extracell. Vesicles 6, 1388731 (2017).
24. Mittelbrunn, M. et al. Unidirectional transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells. Nat. Commun. 2, 282 (2011).
25. Bonacquisti, E. E. et al. Fluorogenic RNA-based biomaterials for imaging and tracking the cargo of extracellular vesicles. J. Controlled Release 374, 349–368 (2024).
26. Bachurski, D. et al. Extracellular vesicle measurements with nanoparticle tracking analysis - An accuracy and repeatability comparison between NanoSight NS300 and ZetaView. J. Extracell. Vesicles 8, 1596016 (2019).
27. Giebel, B. On the function and heterogeneity of extracellular vesicles. Ann. Transl. Med. 5, 150–150 (2017).
28. Dubois, N. et al. 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.

HemaSphere 9, e70068 (2025).
29. Uziel, O. et al. Chronic Lymphocytic Leukemia (CLL)-Derived Extracellular Vesicles Educate Endothelial Cells to Become IL-6-Producing, CLL-Supportive Cells. Biomedicines 12, 1381 (2024).
30. Gargiulo, E., Morande, P. E., Largeot, A., Moussay, E. & Paggetti, J. Diagnostic and Therapeutic Potential of Extracellular Vesicles in B-Cell Malignancies. Front. Oncol. 10, 580874 (2020).
31. Yeh, Y.-Y. et al. Characterization of CLL exosomes reveals a distinct microRNA signature and enhanced secretion by activation of BCR signaling. Blood 125, 3297–3305 (2015).
32. Ikhlef, L. et al. Extracellular vesicles from type-2 macrophages increase the survival of chronic lymphocytic leukemia cells ex vivo. Cancer Gene Ther. 31, 1164–1176 (2024).
33. Stam, J., Bartel, S., Bischoff, R. & Wolters, J. C. Isolation of extracellular vesicles with combined enrichment methods. J. Chromatogr. B 1169, 122604 (2021).
34. Allelein, S. et al. Potential and challenges of specifically isolating extracellular vesicles from heterogeneous populations. Sci. Rep. 11, 11585 (2021).
35. Welsh, J. A. et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches. J. Extracell. Vesicles 13, e12404 (2024).
36. Liu, Z. et al. Advances of New Extracellular Vesicle Isolation and Detection Technologies in Cancer Diagnosis. Small 21, 2405872 (2025).
37. Li, Y.-J., Wu, J.-Y., Wang, J.-M., Hu, X.-B. & Xiang, D.-X. Emerging strategies for labeling and tracking of extracellular vesicles. J. Control. Release Off. J. Control. Release Soc. 328, 141–159 (2020).
38. Bachurski, D., Hallek, M., Nitz, M. & Bu, Y. J. Mass-tag labeling of the cellular secretome. International Patent Application No. WO2023217679A1 (2023).

2953

 18733468, 2025, 20, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.70102 by B

ibl. der U
niversitat zu K

oln, W
iley O

nline L
ibrary on [19/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


