SCIENTIFIC
. \ I é J Cancer Immunol. 2026;8(1):1-12.
Journal of Cancer Immunology Original Research

Mycosis Fungoides Derived Exosomes: Mediators of Tumor Survival
and Immune Suppression

Coral Arkin'?, Emmilia Hodak"*?, Jamal Knaneh'?, Haneen Khoury"?, Batia Gorovitz-Haris"*?, Iris Amitay-
Laish>*, Hadas Prag-Naveh?*, Lilach Moyal*>*"

Laboratory for Onco-Dermatology, Felsenstein Medical Research Center, Petach Tikva 4941492, Israel

*Gray Faculty of Medicine, Tel Aviv University, Tel Aviv 6997801, Israel

*Davidoff Cancer Center, Rabin Medical Center, Petach Tikva 4941492, Israel

“Division of Dermatology, Rabin Medical Center - Beilinson Hospital, Petach Tikva 4941492, Israel

"Correspondence should be addressed to Lilach Moyal, lilachm@post.tau.ac.il
Received date: December 14, 2025, Accepted date: January 28, 2026

Citation: Arkin C, Hodak E, Knaneh ], Khoury H, Gorovitz-Haris B, Amitay-Laish, et al. Mycosis Fungoides Derived Exosomes:
Mediators of Tumor Survival and Immune Suppression. ] Cancer Immunol. 2026;8(1):1-12.

Copyright: © 2026 Arkin C, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are
credited.

Abstract

Background: Mycosis fungoides (MF) is the most common cutaneous T cell ymphoma (CTCL). Tumor-derived exosomes are endosome-
derived extra-cellular-vesicles secreted by cancer cells to create tumor favorable niche. We previously demonstrated that MF-exosomes deliver
a significant load of miR-155 and miR-1246 into recipient cells and increase their motility. Literature MF-derived exosomes is strikingly lacking.

Objective: We aim to characterize the protein profile of MF-derived exosomes and to explore the effect of MF-exosomes on immune cells and
tumor heterogeneity.

Material and methods: MF-exosomes were isolated from CTCL cell lines and plasma samples from patients with early-MF and healthy
controls, using ultracentrifugation. Exosome proteomic content was analyzed via mass spectrometry, verified by FACS-beads, and exosome-
protein delivery by immunostaining of target cells. Survival by MTT viability assay. Apoptosis via FACS of annexin-V+PI staining. T cells were
identified through FACS and FOXP3 expression by qRT-PCR. Immune cell characterization and expression of immune regulators were assessed
using mass flow cytometry by time of flight (CyTOF).

Results- 0X40, GITR, CXCR4, CD44, and CD30 were identified in MF exosomes. MJ-Exosomes (advanced-MF) desensitized MyLa-cells (localized-
MF) to doxorubicin in dependency on CXCR4 receptor. MF-exosomes facilitated apoptosis of T-cells and T__expansion. CyTOF of PBMCs from
healthy donors showed that MF-exosomes decrease the frequency of Th1, T, /CD4+,Th17, Tefrecton/ D8+, M1, and DC, whereas the frequency
of M2 increased the expression of PD-L1and CTLA-4.

Conclusions: Our study characterized the protein cargo of MF-exosomes and offers a novel exosome-mediated mechanism underlying
immune evasion and chemoresistance in MF.
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Introduction presents as an early-stage of the disease, characterized by

persistent, progressive erythematous patches or thin plaques

Cutaneous T cells lymphoma (CTCL) is a heterogeneous of variable size and shape, which can progress to advanced

group of T-cell lymphoma [1] characterized by infiltration of stage of the disease. Sézary Syndrome (SS) is the aggressive

malignant monoclonal T lymphocytes in the skin [1]. Mycosis and leukemic CTCL variant characterized by circulating
fungoides (MF), the most common type of CTCL, initially atypical T-cells, considered as the leukemic phase of MF [2].

J Cancer Immunol. 2026
Volume 8, Issue 1 1



Arkin C, Hodak E, Knaneh ], Khoury H, Gorovitz-Haris B, Amitay-Laish, et al. Mycosis Fungoides Derived Exosomes:
Mediators of Tumor Survival and Immune Suppression. ] Cancer Immunol. 2026;8(1):1-12.

Exosomes are small EVs (30-150 nm) of endocytic origin
secreted by most cell types present in body fluids [3]. The
composition of exosomal cargo is diverse and includes a
wide range of immunosuppressive and immune-stimulatory
proteins, chemokines, cytokines, cellular receptors, lipids, as
well as different nucleic acids such as micro-RNAs [4].

Our previous study [5] showed that MF cell line exosomes
carry miR-155 and miR-1246, deliver them to recipient cells
and promote cell motility. ExomiR-1246, cell-free miR-155 and
cell-free miR-1246 were also upregulated in plasma of patients
with MF in correlation to tumor skin burden.

Recent in-vitro studies showed that tumor-derived exosomes
(TDE) modulate T-cells which in turn contribute to cancer
progression and immune evasion: Lung carcinoma cells
delivered exosomal miRNA-214 to T cells downregulate PTEN
expression promoting Treg expansion [6]; Pancreatic cancer
cell deliver exosomal miRNAs downregulating MAPK1 and
JAK/STAT pathways in T cells [7]; Breast cancer cell exosomes
suppress T cell proliferation via TGF-3 [8]; Melanoma exosomes
express PD-L1 on their membrane to suppress CD8* T cells [9];
Prostate cancer exosomes express membrane FasL to induce
Fas-dependent apoptosis of T cells [10,11]. In addition to their
direct effects on T cells, tumor exosomes can cause T-cell
suppression by affecting myeloid-derived suppressor cells
(MDSCs) [12,13], dendritic cells (DCs) [14-16], and T helper
(Th)[17,18].

The objective of this study was to analyze the protein cargo
of exosomes derived from MF cell lines and plasma of MF
patients, and their effect on chemotherapy resistance, cancer
cell viability, and immune cell polarization.

Materials and Methods
Cell culture

CTCL cell lines: HH- aggressive peripheral CTCL; Hut78- SS;
MyLa- skin MF; and MJ listed by the American tissue culture
collection (ATCC) as a peripheral MF cell line that harbors
human T-lymphotropic virus (HTLV). MyLa and MJ cells
were grown in MDEM, and HH and Hut78 in RPMI, all with
10% fetal bovine serum (FBS) (regular and exosome free by
ultracentrifugation), 1% I-glutamine and 1% pen-strep.

Isolation of normal peripheral mononuclear cells
(nPBMCs) plasma samples and T cell culturing

Blood samples of patients with pretreated early stage MF
(n=6) and healthy controls (n=6) were collected in K,EDTA
tubes under the local Helsinki protocol of RMC. Plasma
samples were obtained by centrifugation of blood samples at
10009 for 10 min in 4°C and then at 2000g for another 10 min
in 4°C.

nPBMCs were separated by Ficoll Hypaque density gradient
(Millipore, Burlinton, MA) [19] and resuspended at 1x10° cells/
ml in RPMI 1640 medium with 10% human serum (Sigma-
Aldrich, St. Louis, MO), followed by the addition of 100U/ml
IL2 (PeproTech, Rehovot, Israel) and 50ng/ml anti-CD3 OKT3
(BioLegend, San Diego, CA) for 48 hr and then with 300U/mL
IL2 (without OKT3).

Exosome isolation

Exosomes were isolated from supernatant of 4 CTCL
cell lines and plasma of early MF patients and healthy
individuals. Non-relevant (NR) exosomes were isolated from
primary skin fibroblasts obtained from healthy individuals
[19]. Exosomes were isolated by differential centrifugation
and ultracentrifugation at 4°C. In brief 300 mL of cell-line
supernatant (Cell density of 3x10° cells/mL), and 3 mL of
human plasma were centrifuged with serial centrifugation.
1300 g for 5 min followed by 2000 g for 10 min were done only
for cell-line supernatant. Cell-line supernatant and plasma
were then centrifuged as follow: 10,000 g for 30 min; filtration
through 0.22 pm; and 90 min at 110,000 g. The exosome pellet
was then suspended and centrifuged again at 110,000 g for 90
min. The supernatant was discarded from the exosome pellet,
and the pellet was resuspended with the remaining volume of
leftover PBS.

Transmission electron microscopy (TEM)

Exosome samples were adsorbed on formvar carbon coated
grids and stained with 2% aqueous uranyl acetate and then
analyzed by JEM 1400 plus transmission electron microscope
(Jeol, Japan).

Nanoparticles tracing analysis (NTA)

Exosome samples were diluted in PBS and analyzed by
NanoSight LM10-HS system with a tuned 405 nm laser
(NanoSight Ltd., Amesbury, UK).

Exosome internalization assay

Samples of 20 uL of exosomes were mixed with 1.5 mL of
Diluent C and 4 L of the red membrane dye PKH26 (Sigma-
Aldrich) and incubated for 10 min. The labelled exosomes
were washed twice with PBS at 100,000 g; PBS from the top
of the washed labeled exosome tube was used as the control.
Thereafter, 5 x 10° NPBMCs or MyLa-cells were incubated with
labeled exosomes (15 pL) for 24 h. Target cells that internalized
the exosomes were analyzed by: 1. Fluorescence microscopy:
cells were centrifuged with the Shandon Cytospin®
cytocentrifuge; fixed with 4% paraformaldehyde; washed with
PBS; and covered with DAPI-Mounting BioLegend. Images
were taking with Axiolmager Z2 microscope (magnitude x40;
Zeiss, Jena, Germany). 2. FACS analysis: cells were washed with
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PBS and analyzed for PKH26-positive cells by FACS (GalliosTM,
Beckman Coulter).

Proteomic content of CTCL cell lines derived exosomes

Exosomes isolated from 4 CTCL cell lines were analyzed by
mass spectrometry at the Smoler Proteomics Center in the
core facility of the Technion. Exosome samples were boiled,
sonicated, precipitated and then digested. The peptides
were resolved by reverse-phase chromatography on 0.075 X
200-mm fused silica capillaries (J&W) packed with Reprosil
reversed phase material (Dr Maisch GmbH, Germany). The
peptides were eluted and Mass spectrometry was performed
by a Q-Exactive plus mass spectrometer (QE, Thermo) in a
positive mode using repetitively full MS scan followed by High
energy Collision Dissociation (HCD) of the 10 most dominant
ions selected from the first MS scan. The mass spectrometry
data was analyzed using the Protein Discoverer 1.4 software
with two search algorithms: Sequest (Thermo) and Mascot
(Matrix science), searching against the human proteome from
the Uniprot database with mass tolerance of 20 ppm for the
precursor masses and 20 ppm for the fragment ions. Peptide-
and protein-level false discovery rates (FDRs) were filtered to
1% using the target-decoy strategy. Protein table was filtered
to eliminate the identifications from the reverse database, and
common contaminants and single peptide identifications.
The data was Semi quantified based on extracted ion currents
(XICs) of peptides. The area of the protein is the average of the
three most intense peptides from each protein.

Detection of exosomal proteins by FACS

Aldehyde Latex FACS beads (Thermo Fisher) were mixed
overnight with exosomes at 4°C. The exosome-beads were
washed, incubated with 100 mM glycine for 30 min, and then
with each one of the following antibodies: CD81-APC (Milteny
Biotec, Bergisch); CD44/130-113-904 and OX40/CST-15149S
(Miltenyi Biotech); GITR/FAB689V and CXCR4/FAB170G (R&D
systems); and CD30/Sc-19658 (Santa Cruz), for 12 min at 4°C.
Isotype- matched antibodies were used as a control. The beads
were washed and then analyzed by flow cytometer (Gallios).

Immunofluorescence staining for exosomal proteins

Cells were treated with exosomes for 24 h and then
cytospined by Shandon Cytospin 3 Cytocentrifuge, fixed with
4% paraformaldehyde, blocked with Goat blocking serum and
incubated for overnight at 4°C with the primary antibodies
that were listed above. Secondary antibodies were incubated
for Th at RT. DAPI-Mounting was added and images were
taken by the Axioimager Z2 microscope Zeiss (x40).

MTT cell viability assay

nPBMCs (2x10° cells/ml) and MylLa cells (2x10° cells/ml)
were incubated in 96 well-plate with 15 pl of MF-exosomes

for 24 h. MTT assay was done and analyzed by ELIZA reader at
wavelength of 570 nm with background subtraction at 630-
690 nm [19].

Chemo-resistance assay

MyLa cells were treated with MJ-exosomes for 24h, then cells
were treated with Doxorubicine (20 nM) (Teva) for another 24
h and with AMD3100 (20 pg/mL) (Sigma). Cell viability assay
was done by MTT [19].

Apoptosis assay

Cells (5 x 10° cells/mL) were incubated with 15 ul of exosomes
for 24 h and stained with fluorescein annexin-V PE and PI.
Apoptosis induction=(%apoptotic cells with exosomes)-(%
apoptotic cells without exosomes).

Gene expression by quantitative real time PCR (RT-
qPCR)

RNA was isolated from MyLa cells and nPBMCs with TRIzol
(Ambion, Life Technologies, Thermo Fisher, Waltham, MA) and
analyzed for gene expression by TagMan RT-qPCR (Applied
Biosystems (ABI), USA) normalized to HPRT1. 5 ng of total RNA
was used for reverse cDNA reaction with the High Capacity
cDNA Reverse Transcription Kit (ABI). For RT-gPCR, we used
TagMan Fast Advanced Master Mix (ABI) on a StepOnePlusTM
Real-Time PCR System (ABI).

Mass flow cytometry (CyTOF)

Three million cells were immunostained with a mixture of
metal-tagged antibodies which include: antibodies panel A to
detect major circulating immune cell subsets (Table S1); and
antibodies panel B to detect the expression of immune cell
regulators (Table S2). All antibodies were conjugated using
the MAXPAR reagent (Fluidigm Inc.). Rhodium and iridium
intercalators were used to identify live/dead cells. Cells were
washed with PBS, fixed in 1.6% formaldehyde (Sigma-Aldrich),
washed in ultrapure HO, and acquired by CyTOF mass
cytometry system (DVS Sciences). The analysis of data was
performed using Cyto Spanning Tree Progression of Density
Normalized Events (SPADE algorithm) on Cytobank database.
The percentage of each immune cell subset was defined on
combination of immune markers (Table S3).

Data analysis

Differences in the expression level of FOXP3 is demonstrated
in -ACt and RQ (relative quantification). Non-parametric
unpaired Mann-Whitney test was used for the comparisons.
For mass cytometry results, the significance of the differential
effects among the comparative groups were determined by
using one way ANOVA (each sub-population separately) or
two ways ANOVA (for groups). *: P<0.05, **: 0.005<p<0.01, ***:
p<0.005.
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Results
Exosomal protein profile in CTCL

Exosomes were isolated from four CTCL cell lines using serial
centrifugation. The isolated exosomes were analyzed for their
size concentration and morphology by nanoparticle tracking
and electron microscopy (Figures S1 and S2). FACS analysis
of CTCL cell-line-derived exosomes revealed high positivity
for the exosomal marker CD81 (Between 81% to 98%)
(Figure S3), indicating that the isolated EVs were exosome-
enriched. Mass spectrometry, employed for a comprehensive
proteomic analysis, detected a total of 566 proteins in MJ-
exosomes, 315 in MylLa-exosomes, 323 in HH-exosomes,
and 172 in Hut78-exosomes (Figure 1A). The presence of
VCP protein (Transitional endoplasmic reticulum ATPase), a
known exosomal membrane-enriched protein, was observed
in exosomes derived from all 4 CTCL cell lines, indicating the
presence of exosomal content.

To assess the purity of our exosome isolates, we evaluated
markers of common contaminants, including intracellular
organelles and lipoproteins. Calnexin (ER), GM130 (Golgi),
Cytochrome C (mitochondria), and histones (nuclear) were
undetectable by mass spectrometry proteomic analysis,
confirming minimal contamination from intracellular
organelles and other EVs. Low but detectable levels of ApoAT1
and ApoB were present in our exosome samples despite the
use of exosome-depleted FBS, likely reflecting trace residual
lipoproteins from the FBS-EVs.

Among the CTCL cell lines, MJ-exosomes exhibited 36
cancer related proteins 19 of them were also expressed by
MyLa-exosomes. Among these 19 shared exosomal proteins,
4 immune checkpoint proteins: ICOS, OX40, GITR, and CD47
were uniquely expressed in MF exosomes (MyLa and MJ).
CXCR4[20] was also uniquely expressed in MF exosomes, while
CD44 [21,22] and CD30 [23] were also expressed in exosomes
from other CTCL cell lines. FACS analysis was performed
to identify exosomal membrane proteins, demonstrating
positive staining for GITR and CD30, while the other 3 proteins
(CXCR4, OX40, CD44) showed negative staining, suggesting
they are intra-exosomal proteins (Figure 1B).

MJ cell line is derived from the peripheral lymphoma cells
of a patient with MF, and represents invasive high-grade MF
cells, whereas MyLa cell line is skin MF cells representing
localized low-grade cells. Therefore, we studied the effect
of MJ-exosomes on Myla cells as part of the intercellular
communication in tumor heterogeneity.

We observed some cytoplasmic foci of OX40, CXCR4, GITR,
CD44, and CD30 in MyLa cells incubated with MJ-exosomes
which was absent in MyLa cells without exosomes, confirming
the presence and transfer of those exosomal proteins (Figure

1C). Exosomes were isolated from plasma samples of MF
patients and healthy donors and confirmed for their size and
concentration by Nanoparticle tracking (Figure S4). Normal
T-cell cultures obtained from nPBMCs of healthy volunteers
treated with exosomes from MF patients demonstrated
cytoplasmic foci of positive immunostaining for OX40, CXCR4,
GITR, CD44, and CD30 (Figure 1D). In contrast, normal T-cell
cultures treated with exosomes derived from healthy donors’
exosomes failed to show the foci staining of those proteins.

MJ-exosomes mediate chemo-resistance in MylLa
cells via CXCR4-mediated signaling

To investigate whether MJ-exosomes affect the chemo-
resistance of MyLa cells, we first tracked the uptake of MJ-
exosomes into Myla cells using stained exosomes with
PKH26 dye (Figure 2A). Subsequently, MTT viability assay
of MyLa cells pre-incubated with MJ-exosomes and treated
with Doxorubicin showed a significant increase (37%) in
the viability of MyLa cells with MJ-exosomes vs without
(p=0.0069) (Figure 2B). Given that CXCR4 inhibitor has been
reported to sensitize cells to chemotherapy [24-26], we
investigated whether CXCR4 is involved in the MJ-exosomes
mediating resistance to Doxorubicin. We saw that CXCR4
antagonist (AMD3100) reduced the chemo-protective effect
of MJ-exosomes on MyLa cells, resulting in a decrease in cell
survival following Doxorubicin treatment 76.3% (-AMD3100)
vs. 56.6% (+AMD3100), (p=0.0097) (Figure 2B).

MF-exosomes induce T-cell death via apoptosis and
necrosis

The ability to evade immune system is a major hallmark of
cancer [27]. Therefore, we evaluated the effect of MF-exosomes
on the viability of T-cell culture. We incubated T-cell culture
with exosomes from: MF cell lines, plasma of MF patients and
plasma of healthy donors.The T-cells were stained for CD81 and
analyzed in MTT viability assay. The immunostaining revealed
a characteristic cytoplasmic CD81 dot staining indicative for
the uptake of exosomes derived from MF cell lines as well
as plasma of MF patients and healthy controls (Figure 3A).
The viability assay demonstrated that MF-exosomes, both
from patient plasma and cell lines, significantly reduced the
viability of the T-cells compared to exosomes from healthy
donor plasma (Figure 3B). Specifically, the viability of the
T-cells was reduced to 89% with MyLa-exosomes (p=0.0242),
63.6% with MJ-exosomes (p=0.0069), and 75% with exosomes
derived from plasma of MF patients (p=0.0175) compared to
cells without exosomes (Figure 3B). In contrast, exosomes of
healthy donors didn't affect the viability of T-cells with 96% live
cells and p=0.0728 in comparison to cells without exosomes
(Figure 3B).

FACS analysis of annexin V and propidium iodide staining
showed a significant increase in the apoptosis and necrosis of
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Figure 1. The proteomic content and delivery of exosomes derived from CTCL cell lines. Venn diagram depicting the overlapping
proteins identified in exosomes derived from four CTCL cell lines using mass spectrometry (A). FACS analysis of CXCR4, GITR, CD44, OX40,
and CD30, along with their matched isotype controls, in MJ- and MyLa-exosomes conjugated to beads (B). Immunostaining of MyLa cells
incubated with MJ-exosomes to monitor the internalization of exosomal CXCR4, GITR, CD44, CD30, and OX40 (C). Immunostaining of T-cell
culture incubated with exosomes from plasma of MF patients, compared to plasma from healthy donors, to detect the uptake of CXCR4,
GITR, CD44, and CD30 (D).
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Figure 2. Uptake of MJ-exosomes by MyLa cells and their impact on resistance to Doxorubicin-induced cell death. Immunostaining
of the exosomal marker CD81 in MyLa cells following a 24 h incubation with MJ-exosomes (magnification x40) (A). Viability assay using MTT
of MyLa cells treated with or without MJ-exosomes for 24 h, followed by treatment with 20 nM Doxorubicin for an additional 24 h, with and
without the CXCR4 inhibitor AMD3100 (20 pug/mL) (B).
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cells with MF-exosomes compared to cells without exosomes
as follows: 8.93% induction of apoptosis (p=0.0258) and
14.75% induction of necrosis (p=0.0157) with MyLa-exosomes
(Figure 3C); 17.21% induction of apoptosis (p=0.0186) and
30.16% induction of necrosis (p=0.0023) with MJ-exosomes
(Figure 3D); and 7.46% induction of apoptosis with exosomes
derived from plasma of MF patients (p=0.0395) (Figure 3E).
Importantly, plasma exosomes from healthy donors had no
apoptotic (p=0.07292) or necrotic (p=0.0852) effects on the
viability of T-cells (Figure 3F). These results provide evidence
that MF-exosomes promote death of T-cells through apoptosis
and necrosis.

MF-exosomes promote expansion of Tregs

Since we identified GITR, which is a known Treg expansion

factor [28], we hypothesized that MF exosomes might facilitate
the polarization of T cells to Tregs. T-cell cultures were analyzed
by FACS for the percent of CD25+CD127- (Treg markers) after
24 h of incubation with and without the following exosomes:
MF cell line exosomes (Figure 3G upper panel); plasma
exosomes of MF patients and healthy donors (Figure 3G lower
panel). The percent of CD25+CD127- cells incubated with MF-
exosomes (derived from MyLa, MJ, and MF patients plasma)
was higher (28.82%, 28.83%, 28.67%, respectively) than cells
with plasma exosomes from healthy donors (23.94%) and cells
without exosomes (16.60%).

Furthermore, the expression level of FOXP3, a transcription
marker of Tregs [29,30] in the T-cells incubated with MyLa-
exosomes increased within 4.79 folds compared to cells
without exosomes (p=0.0286) (Figure 3H).
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Figure 3. Exosomes derived from MF (cell lines and patients' plasma) decrease the viability of T cells and promote polarization of
Tregs. Immunostaining of the exosomal marker CD81 in T cell culture incubated for 24 h with exosomes derived from MF cell lines, plasma
of MF patients or plasma of healthy donors (magnification x40) (A). The viability of the T cell culture, as determined by MTT assay was
compared between cultures incubated with exosomes from MF cell lines, patients' plasma, and healthy donors' plasma, and cells without
exosomes (B). Apoptosis and necrosis in the T-cell culture were assessed by FACS analysis of annexin V and PI staining, comparing the
effects of exosomes derived from MyLa (C), MJ (D), plasma of MF patients (E), and plasma of healthy donors (F) to cells without exosomes.
The frequency of CD25+CD127- cells in the T-cell culture was analyzed by FACS, comparing cultures with or without exosomes from MJ,

MyLa, plasma of MF patients, and plasma of healthy donors (G). RT-gPCR was performed to measure the expression of FOXP3 in the T-cell
culture with or without MyLa-exosomes (H).

J Cancer Immunol. 2026
Volume 8, Issue 1 6




Arkin C, Hodak E, Knaneh ], Khoury H, Gorovitz-Haris B, Amitay-Laish, et al. Mycosis Fungoides Derived Exosomes:

Mediators of Tumor Survival and Immune Suppression. |

Cancer Immunol. 2026;8(1):1-12.

MyLa-exosomes modulate immune cell polarization
and regulate the expression of specific immune
checkpoint proteins, promoting a suppressed
phenotype

We conducted an exploratory analysis using CyTOF on
nPBMCs obtained from healthy donors. Apanel of 41 antibodies
were carefully selected to comprehensively analyze diverse
immune cell populations and immune regulators. nPBMCs
were incubated with MyLa exosomes, while non-relevant (NR)
exosomes were used as a control. The CyTOF experiment was
repeated twice with two different samples of fresh nPBMCs
obtained from two different donors. Utilizing antibody panel
A (markers for identifying specific subsets of immune cells),
we observed a significant decrease in the percentage of Th1,
effector memory (EM) CD4 T cells, Th17, T effector (TE) CD8
T cells, M1, and dendritic cells (DC) subsets upon incubation
with MF exosomes compared to the NR-exosomes (p=0.0229,
0.0269, 0.0376, 0.009, 0.0358, 0.0244, respectively). In contrast,
we detected an increase in the percentage of M2, Naive CD4
and Naive CD8T cells upon incubation with MyLa exosomes vs
NR-exosomes (p=0.0063, 0.0402, 0.0262, respectively) (Figure
4A). Based on antibody panel B (immune checkpoint proteins

and immune regulators), we found a significant increase in
the expression level of three immune checkpoint proteins
in NnPBMCs upon incubation with MF exosomes, vs without
exosomes (Table S2). Programmed death-ligand 1 (PD-L1)
expression was upregulated in EM CD4+ T cells, Th2, Th17,
and natural killer (NK) cells (p=0.0027, 0.0213, 0.0314, 0.0267,
respectively) (Figure 4B). ICOS was upregulated in Th2, Naive
CD8 T, TCRgd cells, DCs, M1 cells and Treg cells (p=0.0227,
0.0353, 0.025, 0.0341, 0.0008, 0.019, respectively) (Figure 4B).
CTLA-4 was increased in Th2, Naive CD8 T cells, NK cells and
M1 (p=0.0036, 0.0076, 0.0002, 0.0357, respectively) (Figure
4B). OX40 was increased in Th17, Naive CD4, Naive CDS8, TE
CD8, B cells and DCs (p=0.0001, 0.028, 0.008, 0.0279, 0.0247,
0.0007, respectively) (Figure 4B). Notably, the NR-exosomes
did not affect the expression of those proteins in the nPBMCs.

Two proteins related to MF, CXCR4 and CD30 were
upregulated upon incubation with MF exosomes. CXCR4
was upregulated in central memory CD4, Th1, Naive CD4,
Naive CD8, TE CD8, EM CD8 (p=0.0042, 0.0003, 0.0209, 0.0029,
0.0247, 0.0033, respectively). CD30 was upregulated in Th2,
Th17, Naive CD8, TE CD8, B cells and DCs (p=0.0125, 0.0102,
0.0044, 0.0016, 0.002, 0.0031, respectively) (Figure 4B).

PDL-1

CTLA-4
mm nPBMCs
@ nPBMCs + NR exo
1 nPBMCs + MyLa exo

axe .

T T T T
s TH2 TH17 NK cells TH2 MNaive CD8  NK cells M1

OX40

ICOs

TH1 el EMCD4 TH17
4= 4 5=
5
-
» i
— .
34 3 49
3 ad
2+ 2
.
2 2+ -
1- 1 14 1
0 T - 0 ol o0l
RAPBMCs RPBIMCS NPBMCS RPBMCs NPBMCS RPBMCs PBMCs PBMCs nPBMCs EMCDAT call
NR ex0+hiya exo +NR exo+Myla exo +NR ex0+MyLa exo
10+
15 TECDB ey ML 6o DCs
* " *
T | —\ r ‘
10 4 4]
5] 2] ﬁ 24 I
T T 0= 0=
APAMCS PBMCS PBMC:

T T
nPBMCs nPBMCs nPBMCs

T T
NPBMCs nPBMCs
NR x0 =myla exo R exosiyla exo

o
+NR exo HVyLa exo

Naive CD8

-

Naive CD4

304 .

-

Il

APBNICs nPBMCs nPBMCs
+NR exo tMyLa exo

APBMCS NPBMICS nPBMCs

PBMCS
#NR exo+iyLa exo +

Figure 4. Comprehensive immune characterization of nPBMCs

T T
CMCD4  THI

cytometry for quantification of immune cell populations and expression of immune regulator proteins in nPBMCs with and without MyLa
exosomes: the percent of several immune cell populations (A); expression of immune regulator proteins in specificimmune cell subsets (B).

T
Naive
cD4

T T T
Naive TECDS EMCDS8

T T T T T
TH2  TH17 Nave TECDE Beells DCs
cDs co8

with and without MyLa-exosomes. Multiplexed single-cell flow mass

J Cancer Immunol. 2026
Volume 8, Issue 1



Arkin C, Hodak E, Knaneh ], Khoury H, Gorovitz-Haris B, Amitay-Laish, et al. Mycosis Fungoides Derived Exosomes:
Mediators of Tumor Survival and Immune Suppression. ] Cancer Immunol. 2026;8(1):1-12.

Discussion

Our study represents the first investigation into the
protein cargo of MF-exosomes and their relevance to MF.
By using exosomes derived from the only two MF cell lines
and confirming the findings on exosomes from plasma of
MF patients, we found that they deliver unique immune
regulator proteins. These exosomes protect target cells from
chemotherapy through exosomal CXCR4, mediate apoptosis
of T cells, reduce Th1 and M2 populations, and increase Treg,
Th2, and M1 populations along with increased expression of
PD-L1.

Herein, we found that CXCR4 is abundant in MF-exosomes
and is delivered into target cells and increased its expression
on target cell membrane. Furthermore, exosomes derived
from a high-grade MF cell line protect low-grade MF cell line
from Doxorubicin in CXCR4 dependent manner. Previous
studies showed that CXCR4 is overexpressed in several cancer
types, including MF, and in correlation with chemo-protective
properties [31-33].

MF-exosomal CXCR4 protects recipient cells from
chemotherapy, and blockade of CXCR4 with AMD3100
reverses this exosome-mediated chemoresistance. Thus, the
CXCR4-CXCL12-driven pro-survival signaling mediated by MF
exosomes, highlight exosomal CXCR4 as a rational therapeutic
target for combining CXCR4 antagonists with chemotherapy
in MF to overcome MF-exosome-mediate chemoresistance.

We suggest that in order to overcome tumor heterogeneity
of MF [34], MF-exosomal CXCR4 protect recipient cells from
chemotherapy, induce their migration and invasion as was
shown for other cancers [35,36], and even might recruit
intratumoral reactive immune cells through CXCR4 mediated
chemotaxis and direct them for immunosuppression [37,38].

Tumor-associated Tregs have been extensively studied in
various malignancies [39,40], including CTCL [42-44]. TDE are
known to enhance Treg and Breg proliferation and function
[44-48]. We found that MF-exosomes expand Treg population
and induce the expression of FOXP3, a key transcription
factor associated with Tregs. Moreover, exosomes obtained
from MF cell lines and plasma of MF patients, but not from
healthy donors, reduced the viability and induced apoptosis
of T-cells, suggesting another regulatory pathway of immune
suppression mediated by MF-exosomes.

The CyTOF analysisdemonstrated that MF-exosomes promote
immune cell remodeling by cell polarization and regulating
the expression of immune regulators. We found a substantial
decrease in the proportion of Th1, EM CD4 T and CD8 TE cells
following the treatment of MF-exosomes, assuming that MF-
exosomes contribute to the downregulation of T cell responses
against MF cells. We also observed a decrease in M1 cells and

an accumulation of M2 cells upon MF-exosomes, which is in
line with the known predominance of M2 cells in MF human
tissues and murine models [49-55].

DCarethe mostimportantand effective APCs that orchestrate
immune responses by priming naive T-cells and providing
subsequent signals required for the activity of effector T-cells
[56]. Studies have indicated that the tumor microenvironment
(TEM) in MF disrupts the maturation and activation of DCs
[57]. Our analysis revealed a decrease in the percentage of
DCs in nPBMCs incubated with MF-exosomes, suggesting
a novel exosome-mediated mechanism that hampers the
activation of tumor-infiltrating T-cells. Similarly, TDE of other
types of malignancies have already been shown to promote
an immature DCs phenotype [58,59].

Our most significant finding is the upregulation of PD-L1
in T-cells, NK cells, and macrophages. TDE can inhibit anti-
tumor immunity via the delivery of variety components
such as miRNAs, noncoding RNAs and members of STAT3
pathway, which mediate an indirect upregulation of PD-L1
on various immune cells within the TEM [60-64]. Since our
proteomic analysis did not identify the presence of PD-L1 in
MF exosomes, we assume that the upregulation of PD-L1 in
immune cells is due to delivery of exosomal microRNAs, which
negatively regulate PD-L1 expression. MF tissue samples
showed a predominance of immature DCs over mature ones
[65,66], and direct contact with immature DCs promotes MF
cell proliferation and MF cell production of IL-10 maintains
long-term DCs immaturity which may promote a T-cell
exhausted phenotype within the CTCL microenvironment
[67-71]. We detected a decrease in DC population due to MF-
exosomes but with increased expression of ICOS and OX40.
Studies have revealed that benign T-cells, MF cells and Tregs
of MF patients showed increases in OX40 and ICOS proteins
[72,73] with strong association to Th2 [74]. We observed an
upregulation of OX40 and ICOS in many subsets of immune
cells, which might indicate for non-specific exosome uptake in
T-cell culture which might differ from the in vivo machinery in
the TEM of MF biopsies.

In addition to PD-L1 upregulation mediated by MF-derived
exosomes, we also observed upregulation of CTLA-4 on
immune cells. These MF-derived exosome effects create a
dual checkpoint-mediated immune escape mechanism. This
dual immunosuppressive pathway, and each single pathway
individually, can be therapeutically targeted through two
complementary strategies: (1) single or dual checkpoint
blockade using anti-PD-L1 and/or anti-CTLA-4 antibodies to
relieve T-cell exhaustion, and (2) combination therapy with
exosome secretion inhibitors and checkpoint inhibitors to
eliminate systemic immunosuppression by circulating MF
exosomes and thereby improve immunotherapy response
rates in MF.
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CD30 is a member of the tumor necrosis factor family
expressed on diverse hematologic malignancies [75,76],
including CTCL[77].1ts expressionin MF seems to be associated
with advanced disease stage and large-cell transformation
[77]. The upregulation of CD30 in the immune cell subset
observed in our study might be associated with inhibition of
T-cell activity or represents an optional internalization into
lymphoma cells to drive anti-apoptotic and anti-proliferative
signals [78-80].

Conclusions

Our study presents the first evidence indicating that MF cells
release exosomesformediatingatumor-favoringenvironment,
marked by immune cell polarization and suppression. MF-
exosomes: induce T-cell apoptosis; expand FOXP3* regulatory
T cells; shift macrophages toward an immunosuppressive M2
state; decrease effector cells (Th1, EM CD4*, TE CD8*, DC) and
upregulate PD-L1/CTLA-4 on immune cells, driving immune
evasion. Simultaneously, these exosomes transport oncogenic
cargo within lymphoma cells, encouraging tumor survival and
chemoresistance.
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