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The identification of low-frequency antigen-specific CD4+ T cells is crucial for
effective immunomonitoring across various diseases. However, this task still
encounters experimental challenges necessitating the implementation of
enrichment procedures. While existing antigen-specific expansion
technologies predominantly concentrate on the enrichment of CD8+ T cells,
advancements in methods targeting CD4+ T cells have been limited. In this study,
we report a technique that harnesses antigen-presenting extracellular vesicles
(EVs) for stimulation and expansion of antigen-specific CD4+ T cells. EVs are
derived from a genetically modified HeLa cell line designed to emulate
professional antigen-presenting cells (APCs) by expressing key costimulatory
molecules CD80 and specific peptide–MHC-II complexes (pMHCs). Our results
demonstrate the beneficial potent stimulatory capacity of EVs in activating both
immortalized and isolated human CD4+ T cells from peripheral blood
mononuclear cells (PBMCs). Our technique successfully expands low-
frequency influenza-specific CD4+ T cells from healthy individuals. In
summary, the elaborated methodology represents a streamlined and efficient
approach for the detection and expansion of antigen-specific CD4+ T cells,
presenting a valuable alternative to existing antigen-specific T-cell
expansion protocols.
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Introduction

Tracking antigen-specific T cells is indispensable for
understanding the cellular immune response and evaluating the
efficacy of antigen-specific immunotherapies across a broad
spectrum of conditions, including viral infections, cancer, and
autoimmune diseases (Serra and Santamaria, 2019; Hont et al.,
2022). CD4+ T cells play a pivotal role in orchestrating adaptive
immune responses through activating innate immune cells, B cells,
cytotoxic CD8+ T cells, and non-immune cells and exerting
regulatory functions (Luckheeram et al., 2012; Cui et al., 2021;
Marks and Rao, 2022). These multifaceted functions depend on
the recognition of specific antigenic peptides presented in complex
with MHC-II by the T-cell receptor (TCR). However, antigen-
specific CD4+ T cells, particularly those specific to neoantigen or
autoantigen peptides, are rarely frequent within peripheral blood
mononuclear cells (PBMCs), posing a technical challenge for the
direct examination of their phenotype (Bacher et al., 2013).

Various technologies have emerged for the detection of antigen-
specific CD4+ T cells, among which the multimerization of fluorescently
labeled pMHCs has become a prominent method (Altman et al., 1996;
Crawford et al., 1998). Tetramer technology, leveraging cytometry-based
methods, has enabled the identification of antigen-specific CD4+ T-cell
populations implicated in diverse immune-mediated diseases
(Christophersen et al., 2019; Patel et al., 2022; Sharma et al., 2023;
Vyasamneni et al., 2023). While high-throughput tetramer peptide re-
loading has been achieved through linker cleavage (Willis et al., 2021), its
applicability is limited due to the instability of certain MHC-II alleles
during this modification. Notably, certain pMHC tetramers exhibit
limitations in staining rare or low-affinity CD4+ T cells. To address
this, affinity maturation to CD4 molecules has been developed, albeit
with testing limited to a specific subset of MHC-II alleles (Sugata et al.,
2021). Alternatively, to enhance avidity for specific TCRs, MHC-II
dextramers and dodecamers have been developed (Dolton et al., 2014;
Huang et al., 2016). Given the challenges associated with tetramer
production, various approaches are continually evolving. Among
these approaches, the use of pMHC microarrays stands out for
detecting antigen-specific CD4+ T cells (Soen et al., 2003; Ge et al.,
2010). However, the application of array techniques demands a
substantial quantity of target cells, presenting challenges in managing
flow conditions and achieving the appropriate orientation of pMHC on
the array surface. These challenges impose constraints on both sensitivity
and specificity (Bentzen and Hadrup, 2017). Antigen-specific CD4+

T cells were isolated using an alternating-current
electrohydrodynamic-based microfluidic platform combined with
surface-enhanced Raman scattering (Dey et al., 2019). Additionally,
proximity labeling approaches have proven successful in detecting CD4+

T cells (Liu et al., 2020; Liu et al., 2022). However, antigen-specific pre-
enrichment may prove beneficial for achieving more sensitive detection
and comprehensive characterization of antigen-specific CD4+ T cells.

Professional antigen-presenting cells (APCs), specifically
conventional dendritic cells (DCs), possess unparalleled potency in
activating T cells due to their phagocytic capabilities and the
expression of diverse costimulatory molecules. Owing to their
functionality, monocyte-derived DCs (MoDCs) are the most widely
used cell population for antigen-presentation purposes and antigen-
specific expansion (Patente et al., 2019; Cauwels and Tavernier, 2020; Gu
et al., 2020). However, the generation of MoDCs entails prolonged

differentiation and maturation procedures, often resulting in an
inadequate yield of functional DCs (Steenblock et al., 2009). The
potency of T-cell stimulation relies on the high density of pMHC
presentation, closely mimicking the role of the secondary lymphoid
organs as the primary sites for naïve T-cell antigenic engagement
(González et al., 2005). To circumvent the drawbacks associated with
the use of cells and create a high-density antigenic environment, various
cell-free systems employing nano/micro-particles have been developed
(Singha et al., 2017; Rhodes et al., 2021; Isser et al., 2022).

EVs, encompassing ectosomes or endosomes, based on their size,
are membrane-enclosed vesicles secreted by all cell types. EVs play a
crucial role in intercellular communication, boasting targeting
specificity and physical stability (Yáñez-Mó et al., 2015). The
compartmentalization of immunostimulant molecules in EVs
becomes an efficient tool in novel immunotherapeutic approaches
(Ukrainskaya et al., 2021; 2023). Analogous to other cells, APCs
secrete EVs carrying replicas of their cell surface, including pMHC
and costimulatory molecules (Lindenbergh et al., 2020). The generation
of EVs necessitates prolonged cultures and isolation procedures. Several
approaches, including sonication, yield EV-like particles of exosomal
size. Although the size of EVs aligns with engineered particles, the
density of pMHCs may be insufficient when employing EV-like
nanoparticles (Vincent-Schneider et al., 2002).

Herein, we report the generation and application of EVs derived
from a genetically modified HeLa cell line expressing CD80 and
pMHC of interest by routine cytochalasin B treatment and further
benchtop centrifugations. Our data unequivocally show that
antigen-presenting EVs exhibit a size similar to microvesicles and
carry a sufficient amount of antigen to activate and subsequently
induce proliferation of antigen-specific CD4+ T cells.

Materials and methods

Cells and culturing conditions

HEK293T and HeLa were provided by Bioresource
collection—Collection of SPF-Laboratory Rodents for
Fundamental, Biomedical and Pharmacological Studies supported
by the Ministry of Science and Higher Education of the Russian
Federation (Contract No. 075-15-2021-1067). Cell lines were
cultured in media (DMEM or RPMI 1640) supplemented with
10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/
mL amphotericin B, and 2 mM GlutaMAX (Gibco). The HEK293T
and HeLa cell lines were cultured in DMEM. The Jurkat 76 TPR cell
line was cultured in RPMI 1640. Human PBMCs were isolated from
the blood of healthy donors by gradient density centrifugation on a
Ficoll-Paque (GE Healthcare) according to the standard protocol.
Healthy donors provided informed consent. The cell lines were
tested for the presence of mycoplasma contamination (Evrogen).

Constructs

Synthetic genes were amplified and cloned into a suitable vector
(Supplementary Table S1). TCR amplicons of alpha and beta chains
were produced by overlapping PCR. CD80 and TCR amplicons were
restricted with XbaI/BamhI and cloned into the pLV2 lentiviral vector
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(Clontech) under the control of the EF1a promoter (Supplementary
Figure S1). Each sequence of the peptide linked to MHC-II was
produced by PCR, restricted with NheI/BamHI, and ligated into the
pLV2 vector carrying the MHC-II leader sequence. The CD4 amplicon
was restricted with NheI/BamHI and ligated into the lentiviral
pLX301 vector under the control of the CMV promoter.

Antibodies

The following fluorophore-conjugated antibodies were used:
anti-human CD80-PE (clone W17149D, BioLegend), anti-human
HLA-DR-APC (clone L243, BioLegend), anti-human CD4-APC-
Alexa Fluor 750 (clone S3.5, Thermo Fisher Scientific), anti-human
CD3-APC or CD3-FITC (clone OKT3, BioLegend), anti-human
TCR α/β-APC (clone IP26, BioLegend), anti-human CD69-APC
(clone FN50, BioLegend), anti-human IFNγ-PE (clone 4S.B3,
BioLegend), and anti-human CD11c-FITC (clone 3.9, BioLegend).

Transduction of Jurkat 76 TPR and HeLa
cell lines

Lentiviral particles were produced by PEI co-transfection of
HEK293T cells with plasmids encoding genes of interest and
packaging plasmids. The medium was changed after 6 h post-
transfection to OptiMEM, supplemented with GlutaMAX,
sodium pyruvate, and 5% FBS (Gibco). The supernatant was
collected after 48 h post-transfection and filtered. The medium
containing lentiviral particles was added to the cell line in a 6-
well plate and centrifuged at 1200 g at 30°C for 90 min with the
addition of polybrene (Merck) at 10 μg/mL. The following day, the
culture medium was changed to the usual medium. After 3 days
post-transduction, CD4+ Jurkat 76 TPR cells were selected with 1 μg/
mL puromycin (InvivoGen) for 7 days.

Generation of EVs

EVs were obtained following a published protocol with some
modifications (Ukrainskaya et al., 2021). The HeLa cell line was
detached from the flask using 5 mM PBS-EDTA for 10 min at 37°C
and 5% CO2. Cells were centrifuged and re-suspended in DMEM, 10%
FBS, and 1% pluronic F-127 (Merck) supplemented with cytochalasin B
(Merck) at a concentration of 10 μg/mL. Cells were incubated for
30 min at 37°C with 5% CO2 at a density of 1 × 106 cells/mL in a
T-25 flask (Corning). Then, cells were shaken intensively for 30 s for the
detachment of EVs and centrifuged at 100 g for 10 min at 4°C. The
supernatant was collected and centrifuged at 300 g for 10 min. The
resulting supernatant was centrifuged at 3500 g for 30 min for EV
precipitation. EVs were counted using the NovoCyte flow cytometer
(ACEA Biosciences) and frozen at −80°C.

Immunostaining of cells and EVs

Cells were washed with PBS and re-suspended in PBS with
fluorescent antibodies. HeLa cells were stained with anti-human

CD80 and anti-human HLA-DR. Jurkat 76 TPR cells were stained
with anti-human CD4, anti-human CD3-APC, and anti-human
TCR. The staining was performed for 30 min at 4°C. Then, cells
were washed with PBS and analyzed using the NovoCyte flow
cytometer (ACEA Biosciences). Centrifuging steps were
performed at 300 g at 4°C.

EVs were washed with DMEM, 10% FBS, and 1% pluronic F-127
and re-suspended in the same medium with fluorescent antibodies
anti-human CD80 and anti-human HLA-DR. The staining was
performed for 30 min at 4°C. Then, EVs were washed with the
same medium and analyzed using the NovoCyte flow cytometer
(ACEA Biosciences). Centrifuging steps were performed at 5000 g
at 4°C.

Confocal microscopy

HeLa cells or HeLa-derived EVs were applied to a poly-L-lysine-
covered 96-well imaging glass plate (Eppendorf) and centrifuged at
100 g for 10 min at room temperature. The attached cells and EVs
were fixed in 4% paraformaldehyde in PBS for 1 h at room
temperature and stained with Hoechst 33342 (Invitrogen), anti-
human CD80-PE, and anti-human HLA-DR-APC antibodies.
Confocal images were captured using a laser scanning
microscope LSM 980 (ZEISS) with a ×63 oil Plan-Apochromat
objective (numerical aperture 1.4). Hoechst 33342 was exited at
405 nm, and the emission was detected in the range of 410–605 nm;
PE fluorescence was exited at 543 nm, and the emission was
registered in the range of 543–623 nm; APC fluorescence was
excited at 639 nm, and the emission was detected in the range
of 569–694 nm.

Jurkat 76 TPR activation analysis

Jurkat 76 TPR cells (100,000 cells per well) were incubated with
EVs or MoDCs at different T cell:EV or MoDC ratios (2:1, 1:1, 1:2,
and 1:5) for 16 h in a 96-well flat bottom plate (Corning). Positive
control cells were incubated with 50 ng/mL PMA (Merck) and 1 μg/
mL ionomycin (Merck). The volume of each well was 200 μL.
Following incubation, cells were washed and analyzed for GFP
expression using the NovoCyte flow cytometer (ACEA
Biosciences). Alternatively, Jurkat 76 TPR cells were analyzed for
the CD69 activation marker. Jurkat 76 TPR cells were incubated
with EVs under the same conditions, stained with anti-human
CD69, washed, and analyzed using the NovoCyte flow cytometer
(ACEA Biosciences).

T-cell in vitro stimulation or expansion and
intracellular IFNγ staining

CD4+ T-cell isolation from PBMCs was performed following the
manufacturer’s protocol (STEMCELL Technologies). CD4+ T cells
were incubated with EVs at a 1:1 ratio in AIM-V medium (Gibco)
supplemented with AlbuMAX (Gibco) in a 96-well round bottom
plate. After 3 h of incubation, brefeldin A (BioLegend) was added at
a concentration of 10 μg/mL. For positive control, CD4+ T cells were
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stimulated with 50 ng/mL PMA (Merck) and 1 μg/mL ionomycin
(Merck) for 2 h, and then brefeldin A (BioLegend) was added at a
concentration of 10 μg/mL. CD4+ T cells were incubated for 14 h
after brefeldin A addition before intracellular cytokine staining
(Molodtsov et al., 2022). CD4+ T cells were washed with PBS and
centrifuged. Cells were stained with anti-human CD3-FITC and
CD4 antibodies for 15 min at 4°C. Then, cells were washed with PBS
and fixed with 2% paraformaldehyde in PBS for 20 min at 4°C. Cells
were washed and stained with an anti-human IFNγ antibody for
40 min at 4°C. Cells were analyzed using the NovoCyte flow
cytometer (ACEA Biosciences).

Alternatively, CD4+ T cells were incubated with EVs at a 1:
1 ratio in a 24-well plate (Corning) for 3 days in RPMI
1640 medium. After 3 days, the medium was changed to RPMI
1640 supplemented with 12 IU/mL recombinant IL-2 (STEMCELL
Technologies). The cell culture medium supplemented with 12 IU/
mL recombinant IL-2 was replenished every 2 days. The last
medium change was absent for IL-2. At day 14, cell CD4+ T cells
were counted and restimulated with EVs at a 1:1 ratio with culture
medium changed to AIM-V medium supplemented with AlbuMAX
in a 96-well round bottom plate. The intracellular IFNγ staining was
performed under the same conditions as described.

Differentiation of MoDCs from monocytes

Isolated PBMCs were re-suspended in RPMI
1640 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/
mL streptomycin, 0.25 μg/mL amphotericin B, and 2 mM
GlutaMAX (Gibco) and seeded in 25-cm2 cultural flasks
(Corning) at a concentration of 6p106 cell/mL. After 2 h, the
unbound cells were removed, and the media were changed to
fresh, supplemented with growth factors—IL-4 (100 ng/mL) and
GM-CSF (50 ng/mL) (STEMCELL Technologies), and then
cultivated for 6 days with a change of half of the media volume
every 2 days. After 6 days, the full medium volume was changed to a
fresh portion with bacterial lipopolysaccharide (10 μg/mL) and
cultivated for 24 h for DC maturation. MoDCs were analyzed for
the expression of CD11c, CD80, and HLA-DR on the membrane
surface using the NovoCyte flow cytometer (ACEA Biosciences).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0
(GraphPad). The statistical test employed is denoted in each figure
legend: * indicates p < 0.05, **indicates p < 0.01, *** indicates p <
0.001, and **** indicates p < 0.0001.

Results

Generation of EVs carrying CD80 and
pMHC molecules

T-cell activation relies on two essential signals: one initiated by
the interaction of TCR with pMHCs and the other facilitated by the
CD28 stimulatory receptor, which binds the B7 costimulatory

molecules (CD80/CD86) expressed on APCs. Notably, CD86 is a
key ligand for CTLA-4, inducing an overall inhibitory effect,
whereas CD80 is responsible for restraining CTLA-4 recycling
(Kennedy et al., 2022). Therefore, we used transgenic cell lines
engineered to express both CD80 molecules and pMHCs featuring
variable peptides as a source of EVs. To ensure optimal presentation
of the peptide on each MHC-II molecule of different alleles, we
introduced a peptide of interest, tethered with an SG linker, to the
beta chain of MHC-II—an approach distinct from exogenous
peptide loading (Kozono et al., 1994; Li et al., 2022). The
presence of clusters of specific pMHCs has been shown to
possess superior potency in the activation of antigen-specific
CD4+ T cells (Al-Aghbar et al., 2022).

Although MoDCs are commonly employed for the presentation
of antigens on MHC-II molecules due to their robust phagocytic
activity (Schlitzer et al., 2015), the generation of MoDCs often yields
a limited cell population. As an alternative, the immortalization of
B cells, another frequently utilized approach for antigen-
presentation studies, requires extended and intricate protocols for
production (Topalian et al., 1994; Linnemann et al., 2015; Wang
et al., 2023). In this study, we opted for HeLa cells for the generation
of EVs, a widely used and versatile cell line enabling the fast
generation of transgenic cell lines (Figure 1A). We created a
panel of genetic constructs with two different MHC-II molecules:
HLA-DR1 (HLA-DRB1*01:01) in complex with influenza A HA306-

318 peptide and HLA-DR15 (HLA-DRB1*15:01) in complex with
autoantigenic myelin basic protein MBP85-99 peptide. As a negative
control, we developed a construct with a fragment of the invariant
chain—CLIP peptide—for both the DR1 and DR15 complexes that
does not elicit a T-cell response. A stepwise lentiviral transduction of
HeLa cells with constructs encoding CD80 and specific pMHC
molecules was performed (Figure 1B). All transduced HeLa cells
exhibited more than 75% positivity for the expression of
CD80 and pMHC.

Obtained transgenic HeLa CD80+DR+ cell lines were treated
with cytochalasin B, which induces a swift disintegration of the actin
cytoskeleton and the establishment of elongated tubular protrusions
that could be effectively separated through agitation. The produced
CD80+DR+ EVs were separated from cells with a series of benchtop
centrifugations. This procedure resulted in the production of EVs
that bear a replica of the membrane surface proteins expressed by
the parent cell. Obtained EVs had a mean diameter of 2,400 nm
(Ukrainskaya et al., 2021) and were readily detectable with flow
cytometry. More than 25% of EVs demonstrated dual positivity for
CD80 and pMHC (Figure 1C). Confocal imaging of HeLa cells and
HeLa-derived EVs further verified the presence of HLA-DR and
CD80 on the membrane surface (Figure 1D;
Supplementary Figure S2).

Modification of the Jurkat 76 TPR cell line

To evaluate the activation potential of the isolated EVs, we
established a specialized cell line bearing cognate TCRs specific to
tested pMHCs. To minimize potential experimental biases
associated with the emergence of chimeric TCRs, we adopted the
Jurkat 76 TPR (triple parameter reporter) cell line with green
fluorescent protein (GFP) under transcription nuclear factor of
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activated T cell (NFAT) promoter, which lacks endogenous TCR
alpha and beta chains (Rosskopf et al., 2018).

To augment the low endogenous expression of the
CD4 molecule in Jurkat 76 TPR cells, we transduced DNA
coding for this essential co-receptor (Figure 2). Subsequently, this
transgenic cell line was further transduced by DNA coding for

HA1.7 or Ob.1A12 TCRs, specific for HA306-318 peptide in the
context of HLA-DR1 (CD4+HA1.7 TCR+ Jurkat 76 TPR) and
MBP85-99 in the context of HLA-DR15 (CD4+Ob.1A12 TCR+

Jurkat 76 TPR), respectively, with cysteine substitutions in the
constant domains to enhance chain pairing (Kuball et al., 2006).
Notably, it was previously reported that HA1.7 exhibits a relatively

FIGURE 1
Generation of antigen-presenting CD80+HLA-DR+ EVs from the HeLa cell line. (A) Schematic representation of the main steps of the generation of
EVs from HeLa cell lines carrying CD80 and pMHCmolecules. (B) Surface staining for the expression of CD80 and HLA-DRmolecules on HeLa cell lines.
(C) Surface staining for the expression of CD80 and HLA-DR molecules on HeLa-derived EVs. Control non-transduced cells and transduced cells or
derived EVs were stained with fluorescent antibodies. The analysis was carried out with flow cytometry. (D) Confocal imaging of CD80+DR1-HA+

cells and EVs. Nuclei were stained with Hoechst 33342 (blue), and CD80 and HLA-DR molecules were stained with PE-(orange) and APC-labeled (red)
antibodies, respectively.
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high affinity for its cognate pMHC, whereas Ob.1A12 exhibits a
lower affinity (KD>200 μM) attributable to an alternative
positioning topology of the TCR (Sundberg et al., 2007).

EVs harboring cognate CD80–pMHC
activate transgenic CD4+TCR+ Jurkat 76 TPR
cells in an antigen-specific manner

Next, we assessed the specificity and amplitude of the activation
potential of CD4+TCR+ Jurkat 76 TPR cell lines in response to
CD80+DR+ EV exposure. The Jurkat 76 TPR cell line expresses
GFP upon activation, facilitating our assessment of TCR specificity
(Figure 3A). Our data revealed that Jurkat 76 TPR cell activation
occurred exclusively when these cells were subjected to incubation
with EVs bearing cognate pMHCs (Figures 3B, C). Specifically,
CD4+HA1.7 TCR+ Jurkat 76 TPR cells exposed to a five-fold
excess of CD80+DR1-HA+ EVs demonstrated a substantial 73%
GFP-positive response. In contrast, incubation with EVs carrying
either CD80 molecules (CD80+ EVs) alone or irrelevant pMHCs
(CD80+DR1–CLIP+ or CD80+DR15–MBP7+ EVs) resulted in
negligible activation, with less than 10% of GFP-positive cells.
Similarly, the CD4+Ob.1A12 TCR+ Jurkat 76 TPR line exhibited
activation exclusively in response to incubation with
CD80+DR15–MBP7+ EVs. Moreover, the incubation with antigen-
specific EVs resulted in the expression of CD69 activation markers for
both CD4+HA1.7 TCR+ and CD4+Ob.1A12 TCR+ Jurkat 76 TPR
(Supplementary Figure S3).

The observed CD4+TCR+ Jurkat 76 TPR activation response
exhibited dose-dependency (Figures 4A, B), as evidenced by levels of
GFP-positive reporters in response to incubation with EVs in
different ratios. The number of GFP-positive cells increased with
the administration of a greater quantity of EVs. We noted that EVs
carrying weakly interacting DR15–MBP7 complexes induced an
even more potent activation response in CD4+Ob.1A12 TCR+ Jurkat
76 TPR cells compared to CD80+DR1-HA+ EVs interacting with
CD4+HA1.7 TCR+ Jurkat 76 TPR in the same quantity. Additionally,
we compared the activation capacity of CD80+DR1-HA+ EVs and
MoDCs to activate CD4+HA1.7 TCR+ Jurkat 76 TPR cell lines
(Supplementary Figure S4). EVs activated cell lines more potently
than MoDCs, further confirming their activation ability.

Collectively, both high- and low-affinity TCRs demonstrated
activation in response to EVs without inducing any discernible
nonspecific background activation. We also demonstrated that
pMHCs remained intact throughout the EV generation protocol
involving cytochalasin B treatment and retained their capability to
engage TCR. Consequently, our data demonstrate the high capacity
of EVs to trigger T-cell responses.

EVs induce the antigen-specific expansion
of native CD4+ T cells from humans

Our data suggest that EVs boast a notable advantage as carriers
of a substantial load of pMHCs and exhibit relative stability. These
characteristics render them particularly suitable for the antigen-

FIGURE 2
Transgenic Jurkat 76 TPR cell lines co-expressing CD4 and HA1.7 or Ob.1A12 TCRs. Surface staining for the expression of CD4, CD3, and TCR
molecules on Jurkat 76 TPR cell lines transduced with lentiviruses coding for CD4 and TCR. The analysis was carried out with flow cytometry. Values
indicate the percentage of positive antigen expression. Blue-shaded histograms represent non-transduced Jurkat 76 TPR cells stained with the
designated fluorophore-conjugated antibody.
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FIGURE 3
Stimulation of CD4+TCR+ Jurkat 76 TPR cells with antigen-presenting EVs. (A) Schematic representation of Jurkat 76 TPR activation due to the
recognition of cognate pMHC with TCR. (B) CD4+HA1.7 TCR+ or CD4+Ob.1A12 TCR+ Jurkat 76 TPR cells were incubated with EVs for 16 h with a 5-fold
excess of EVs. No stimulation (no EVs) was used as a negative control. Stimulation with PMA and ionomycin was used as the non-specific positive control.
The analysis was carried out with flow cytometry. Values indicate the percentage of activated GFP-expressing Jurkat 76 TPR cells. Representative
flow cytometry profiles are shown. (C) Percentage of GFP-positive CD4+TCR+ Jurkat 76 TPR cell lines exposed to various EVs are shown as the mean ±
standard deviation (SD) of three experimental replicates. Statistical analysis was performed using Welch’s t-test.
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specific expansion of CD4+ T cells usually required for the study of
T-cell responses originating from rare clones. Therefore, we aimed
to investigate the feasibility of utilizing EVs to stimulate and expand
human CD4+ T cells in an antigen-specific manner. To achieve this,
we generated EVs bearing the Flu B HA270-286 epitope presented
within the HLA-DR15 complex (CD80+DR15–FLU+ EVs). This
specific epitope has been previously reported as an elicitor of
anti-viral CD4+ T-cell responses in individuals bearing the HLA-
DRB1*15:01 allele (Xiaomin et al., 2020).

We isolated CD4+ T cells from four healthy individuals with a
confirmed heterozygous HLA-DRB1*15:01-positive haplotype.
First, isolated cells were incubated with EVs for 16 h and then
fixed and intracellularly stained for the production of IFNγ. The
difference in the percentage of IFNγ+ cells between

CD80+DR15–FLU+ and CD80+DR15–CLIP+ EVs was not
significant (Figure 5A). Alternatively, isolated cells were subjected
to stimulation with CD80+DR15–FLU+ EVs for 3 days, followed by a
subsequent 10-day expansion with a periodical addition of IL-2 to
further maintain T-cell growth. On the 10th day, T cells were
subjected to secondary stimulation. They were exposed to
CD80+DR15–FLU+ or CD80+DR15–CLIP+ EVs for an additional
16 h. The difference in the percentage of IFNγ+ cells between
CD80+DR15–FLU+ or CD80+DR15–CLIP+ EVs was statistically
significant (p = 0.0286) (Figure 5B; Supplementary Figure S5).
Collectively, our findings illustrate the efficacy of EVs in
selectively promoting the proliferation of antigen-specific CD4+

T cells, enabling the detection of antigen-specific responses from
rare T-cell clones.

FIGURE 4
Stimulation of CD4+TCR+ Jurkat 76 TPR cells with EVs at different ratios. (A) CD4+HA1.7 TCR+ or CD4+Ob.1A12 TCR+ Jurkat 76 TPR cells were
incubated with EVs for 16 h with cell:EV ratios of 1:5, 1:2, 1:1, and 2:1. The analysis was carried out with flow cytometry. Values indicate the percentage of
activated GFP-expressing cells. Representative flow cytometry profiles are shown. (B) Percentage of GFP-positive CD4+TCR+ Jurkat 76 TPR cell lines
exposed to various EVs are shown as the mean ± standard deviation of three experimental replicates. Statistical analysis was performed using
Welch’s t-test.
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Discussion

In this study, we developed antigen-presenting EVs carrying
pMHCs of interest and CD80 costimulatory molecules, which were
employed for the stimulation and expansion of CD4+ T cells. The
obtained EVs exhibited the capacity to activate both immortalized T-cell
lines and primary human CD4+ T cells.

EVs are naturally secreted by all cell types and are commonly
derived from the conditioned media of cultured cells. Various
techniques, including physical and chemical stimulation or genetic
manipulations, have been employed to enhance EV properties
(Syromiatnikova et al., 2022). Standard isolation protocols often
involve ultracentrifugation, precipitation, or chromatography for EV
extraction (Ng et al., 2022). Alternatively, techniques such as sonication
or nitrogen cavitation have been utilized to generate nanoparticles that
mimic EVs (artificial EVs) and replicate the cell surface characteristics
of naturally derived microvesicles (Gao et al., 2016; Thamphiwatana
et al., 2017). In our study, we produced artificial EVs using cytochalasin
B, which is a widespread chemical agent enabling the straightforward
generation of a large quantity of EVs (Pick et al., 2005; Gomzikova et al.,
2020). These HeLa-derived EVs carry membrane-associated proteins,
similar to natural microvesicles, but are slightly larger in size (Théry
et al., 2009). The size of HeLa-derived vesicles facilitates their
quantification with flow cytometry and the assessment of surface
markers. Furthermore, HeLa-obtained EVs have been reported to be
stable and can be stored for several months at −80°C, preserving surface
markers (Ukrainskaya et al., 2021).

Previous studies showed that natural EVs from APCs can present
antigens to T cells (Raposo et al., 1996). However, exosomes with a
diameter of 60–100 nm from the conditioned media carrying HLA-
DR1–HA306-318 complexes weakly activated antigen-specific T cells, in
contrast to cross-linking on latex beads or internalization with DCs
(Vincent-Schneider et al., 2002). This may be attributed to the low
clusterization level of pMHCs, which is insufficient to activate T cells
due to the small size of EVs. To replicate the surface characteristics of

natural EVs derived from APCs, we engineered EVs to carry both the
CD80 costimulatory molecule and pMHCs, similar to professional
APCs. Previously, genetic modification of artificial APCs with
CD80 enabled expansion of antigen-specific CD4+ T cells (Butler
et al., 2010; Garnier et al., 2016). In studies on antigen presentation,
antigenic peptides are typically either loaded exogenously or genetically
implemented, often in conjunction with trafficking motifs such as the
invariant chain or MHC class-I trafficking domain (MITD) protein, to
enhance antigen presence in endosome compartments (Lee and
Meyerson, 2021; Wang et al., 2023). However, it has been reported
that the genetic implementation of antigenic minigenes can elicit lower
reactivity compared to the exogenous loading of antigenic fragments
(Parkhurst et al., 2019). Exogenous loading of peptides may also require
competitive displacement of the peptide already presented on MHC-II,
which can be problematic when exogenous loading is required for low-
affinity peptides that may still be presented and elicit T-cell responses
under physiological conditions (Stadinski et al., 2010; Yang et al., 2014;
Ishina et al., 2023). In our system, each peptide of interest is covalently
bound to the beta chain of the MHC-II molecule, allowing for the
presentation of low-affinity peptides. Previously, the presentation of
peptides covalently linked to the beta chain of MHC-II was successfully
achieved on the cell surface (Yang et al., 2014; Obarorakpor et al., 2023).
Consequently, the relatively large diameter of HeLa-derived EVs and
the high surface concentration of CD80 and pMHCs of interest make
EVs capable of individual activation of antigen-specific CD4+ T cells
without carrier beads or cells. Despite the much lower affinity of
Ob.1A12 TCR to cognate pMHC, the activation of
CD4+Ob.1A12 TCR+ Jurkat 76 TPR was higher compared to
CD4+HA1.7 TCR+ Jurkat 76 TPR stimulated with EVs carrying the
HA epitope. This further confirms the sufficient density of antigenic
epitopes on HeLa-derived EVs, which enables the engagement of even
low-affinity TCRs in promoting activation of T cells.

Due to the lack of proliferation, EVs offer promise for
applications in antigen-specific T-cell expansion. Several
approaches exist for expanding T cells, including nonspecific

FIGURE 5
ntigen-specific expansion of human CD4+ T cells driven by antigen-presenting EVs. (A) Isolated CD4+ T cells from four HDswere incubatedwith EVs
overnight before the assessment of IFNγ production. (B) Isolated CD4+ T cells from four HDs were incubated with CD80+DR15–FLU+ EVs for 3 days and
then expanded for a total of 14 days with further restimulation with CD80+DR15–CLIP+ or CD80+DR15–FLU+ EVs. No stimulation was used as a negative
control. Stimulation with PMA and ionomycin was used as the positive control. Each dot represents the mean value of three experimental replicates.
Statistical analysis was performed using the Mann–Whitney test.
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stimulation of CD3/CD28 or PHA, to polyclonally expand T cells
with the aim of expanding antigen-specific T cells as well (Trickett
and Kwan, 2003; Geiger et al., 2009). However, anti-CD3 and anti-
CD28 antibodies may lead to suboptimal expansion due to
activation-induced cell death and a decrease in viability
(Zappasodi et al., 2008; Fadel et al., 2014). Alternatively, T cells
can be enriched for activation markers (CD154 or CD137) by
incubating them with antigens and then further expanded (Lee
et al., 2020; Abdirama et al., 2021). Typically, to specifically expand
antigen-specific T cells, APCs presenting in PBMCs or MoDCs are
loaded with antigens and incubated for several days with the
addition of growth factors, including IL-2, IL-7, or IL-15
(Cimen Bozkus et al., 2021). However, MoDCs may be
dysfunctional, for example, due to the presence of the tumor
microenvironment (Veglia and Gabrilovich, 2017). Moreover,
several antigen-specific expansion approaches using artificial
APCs (aAPCs) and cell-free systems have been described
(Ichikawa et al., 2020; Isser et al., 2022; Sun et al., 2022). The
application of APCs or aAPCs introduces difficulties related to
proliferation and the consumption of growth factors, while cell-
free approaches require the laborious conjugation of pMHCs or
costimulatory molecules. Ensuring the absence of an exhausted
phenotype in expanded T cells is imperative for the subsequent
functional characterization of the expanded population. Notably,
HeLa-derived EVs, generated using cytochalasin B, as previously
reported, demonstrated the lowest expression of TIGIT on CAR-T
cells after a 2-week period, in contrast to the effects observed with
Dynabeads and IL-2 during expansion (Ukraiskaya et al., 2021).
However, it should be noted that prolonged and continuous
antigen stimulation may lead to the development of an
exhausted T cell phenotype (Han et al., 2010; Ukrainskaya
et al., 2023). Accordingly, we stimulated CD4+ T cells with EVs
once during the antigen-specific expansion and successfully
expanded CD4+ T cells specific to the Flu B HA270-286 viral epitope.

Our technique describing the elaboration of antigen-presenting
EVs capable of activating and expanding CD4+ T cells
(Supplementary Figure S6) provides extensions of several
immunotherapeutic protocols: i) the developed EVs can be
employed for the expansion and investigation of CD4+ T cell
phenotypes, ii) transcriptomic analysis, and iii) cytokine
production assessment. Additionally, iv) the analysis of expanded
T cells can be used to identify TCR sequences, particularly relevant
to cancer and autoimmune diseases, where TCRs often bind to
respective pMHCs with low affinity, making their identification
challenging using conventional tetramer techniques.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the V. A. Nasonova Research Institute of

Rheumatology. The studies were conducted in accordance with
the local legislation and institutional requirements. The
participants provided their written informed consent to
participate in this study.

Author contributions

II: conceptualization, investigation, methodology,
visualization, writing–original draft, and writing–review and
editing. IK: methodology and writing–review and editing. AM:
methodology and writing–review and editing. ES: methodology
and writing–review and editing. SD: methodology and
writing–review and editing. KN: methodology and
writing–review and editing. YR: conceptualization, supervision,
and writing–review and editing. AB: conceptualization,
supervision, and writing–review and editing. AG: funding
acquisition, resources, and writing–review and editing. MZ:
funding acquisition, resources, and writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Russian Science Foundation (Grant No. 23-
44-00043).

Acknowledgments

The authors would like to greatly appreciate Judith Leitner and
Peter Steinberger from Medical University of Vienna, AT, for
providing the Jurkat 76 TPR cell line.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1341685/
full#supplementary-material

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Ishina et al. 10.3389/fbioe.2023.1341685

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1341685/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1341685/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1341685


References

Abdirama, D., Tesch, S., Grießbach, A.-S., von Spee-Mayer, C., Humrich, J. Y.,
Stervbo, U., et al. (2021). Nuclear antigen–reactive CD4+ T cells expand in active
systemic lupus erythematosus, produce effector cytokines, and invade the kidneys.
Kidney Int. 99, 238–246. doi:10.1016/j.kint.2020.05.051

Al-Aghbar, M. A., Jainarayanan, A. K., Dustin, M. L., and Roffler, S. R. (2022). The
interplay between membrane topology and mechanical forces in regulating T cell
receptor activity. Commun. Biol. 5, 40. doi:10.1038/s42003-021-02995-1

Altman, J. D., Moss, P. A. H., Goulder, P. J. R., Barouch, D. H., McHeyzer-Williams,
M. G., Bell, J. I., et al. (1996). Phenotypic analysis of antigen-specific T lymphocytes.
Science 274, 94–96. doi:10.1126/science.274.5284.94

Bacher, P., Schink, C., Teutschbein, J., Kniemeyer, O., Assenmacher, M., Brakhage, A.
A., et al. (2013). Antigen-Reactive T cell enrichment for direct, high-resolution analysis
of the human naive and memory Th cell repertoire. J. Immunol. 190, 3967–3976. doi:10.
4049/jimmunol.1202221

Bentzen, A. K., and Hadrup, S. R. (2017). Evolution of MHC-based technologies used
for detection of antigen-responsive T cells. Cancer Immunol. Immunother. 66, 657–666.
doi:10.1007/s00262-017-1971-5

Butler, M. O., Ansén, S., Tanaka, M., Imataki, O., Berezovskaya, A., Mooney, M. M.,
et al. (2010). A panel of human cell-based artificial APC enables the expansion of long-
lived antigen-specific CD4+ T cells restricted by prevalent HLA-DR alleles. Int.
Immunol. 22, 863–873. doi:10.1093/intimm/dxq440

Cauwels, A., and Tavernier, J. (2020). Tolerizing strategies for the treatment of
autoimmune diseases: from ex vivo to in vivo strategies. Front. Immunol. 11, 674. doi:10.
3389/fimmu.2020.00674

Christophersen, A., Lund, E. G., Snir, O., Solà, E., Kanduri, C., Dahal-Koirala, S., et al.
(2019). Distinct phenotype of CD4+ T cells driving celiac disease identified in multiple
autoimmune conditions. Nat. Med. 25, 734–737. doi:10.1038/s41591-019-0403-9

Cimen Bozkus, C., Blazquez, A. B., Enokida, T., and Bhardwaj, N. (2021). A T-cell-
based immunogenicity protocol for evaluating human antigen-specific responses. Star.
Protoc. 2, 100758. doi:10.1016/j.xpro.2021.100758

Crawford, F., Kozono, H., White, J., Marrack, P., and Kappler, J. (1998). Detection of
antigen-specific T cells with multivalent soluble class II MHC covalent peptide
complexes. Immunity 8, 675–682. doi:10.1016/S1074-7613(00)80572-5

Cui, C., Wang, J., Fagerberg, E., Chen, P.-M., Connolly, K. A., Damo, M., et al. (2021).
Neoantigen-driven B cell and CD4 T follicular helper cell collaboration promotes anti-
tumor CD8 T cell responses. Cell 184, 6101–6118. doi:10.1016/j.cell.2021.11.007

Dey, S., Vaidyanathan, R., Reza, K. K., Wang, J., Wang, Y., Nel, H. J., et al. (2019). A
microfluidic-SERSplatform for isolation and immuno-phenotyping of antigen specific
T-cells. Sens. Actuators B Chem. 284, 281–288. doi:10.1016/j.snb.2018.12.099

Dolton, G., Lissina, A., Skowera, A., Ladell, K., Tungatt, K., Jones, E., et al. (2014).
Comparison of peptide–major histocompatibility complex tetramers and dextramers
for the identification of antigen-specific T cells. Clin. Exp. Immunol. 177, 47–63. doi:10.
1111/cei.12339

Fadel, T. R., Sharp, F. A., Vudattu, N., Ragheb, R., Garyu, J., Kim, D., et al. (2014). A
carbon nanotube–polymer composite for T-cell therapy. Nat. Nanotechnol. 9, 639–647.
doi:10.1038/nnano.2014.154

Gao, J., Chu, D., and Wang, Z. (2016). Cell membrane-formed nanovesicles for
disease-targeted delivery. J. Control. Release 224, 208–216. doi:10.1016/j.jconrel.2016.
01.024

Garnier, A., Hamieh, M., Drouet, A., Leprince, J., Vivien, D., Frébourg, T., et al.
(2016). Artificial antigen-presenting cells expressing HLA class II molecules as an
effective tool for amplifying human specific memory CD4+ T cells. Immunol. Cell Biol.
94, 662–672. doi:10.1038/icb.2016.25

Ge, X., Gebe, J. A., Bollyky, P. L., James, E. A., Yang, J., Stern, L. J., et al. (2010).
Peptide-MHC cellular microarray with innovative data analysis system for
simultaneously detecting multiple CD4 T-cell responses. PLoS One 5, e11355.
doi:10.1371/journal.pone.0011355

Geiger, R., Duhen, T., Lanzavecchia, A., and Sallusto, F. (2009). Human naive and
memory CD4+ T cell repertoires specific for naturally processed antigens analyzed
using libraries of amplified T cells. J. Exp. Med. 206, 1525–1534. doi:10.1084/jem.
20090504

Gomzikova, M. O., Aimaletdinov, A. M., Bondar, O. V., Starostina, I. G., Gorshkova,
N. V., Neustroeva, O. A., et al. (2020). Immunosuppressive properties of cytochalasin
B-induced membrane vesicles of mesenchymal stem cells: comparing with extracellular
vesicles derived from mesenchymal stem cells. Sci. Rep. 10, 10740. doi:10.1038/s41598-
020-67563-9

González, P. A., Carreño, L. J., Coombs, D., Mora, J. E., Palmieri, E., Goldstein, B.,
et al. (2005). T cell receptor binding kinetics required for T cell activation depend on the
density of cognate ligand on the antigen-presenting cell. Proc. Natl. Acad. Sci. 102,
4824–4829. doi:10.1073/pnas.0500922102

Gu, Y., Zhao, X., and Song, X. (2020). Ex vivo pulsed dendritic cell vaccination against
cancer. Acta Pharmacol. Sin. 41, 959–969. doi:10.1038/s41401-020-0415-5

Han, S., Asoyan, A., Rabenstein, H., Nakano, N., and Obst, R. (2010). Role of antigen
persistence and dose for CD4+ T-cell exhaustion and recovery. Proc. Natl. Acad. Sci.
107, 20453–20458. doi:10.1073/pnas.1008437107

Hont, A. B., Powell, A. B., Sohai, D. K., Valdez, I. K., Stanojevic, M., Geiger, A. E., et al.
(2022). The generation and application of antigen-specific T cell therapies for cancer
and viral-associated disease.Mol. Ther. 30, 2130–2152. doi:10.1016/j.ymthe.2022.02.002

Huang, J., Zeng, X., Sigal, N., Lund, P. J., Su, L. F., Huang, H., et al. (2016). Detection,
phenotyping, and quantification of antigen-specific T cells using a peptide-MHC
dodecamer. Proc. Natl. Acad. Sci. 113, E1890–E1897. doi:10.1073/pnas.1602488113

Ichikawa, J., Yoshida, T., Isser, A., Laino, A. S., Vassallo, M., Woods, D., et al. (2020).
Rapid expansion of highly functional antigen-specific T cells from patients with
melanoma by nanoscale artificial antigen-presenting cells. Clin. Cancer Res. 26,
3384–3396. doi:10.1158/1078-0432.CCR-19-3487

Ishina, I. A., Zakharova, M. Y., Kurbatskaia, I. N., Mamedov, A. E., Belogurov, A. A.,
and Gabibov, A. G. (2023). MHC class II presentation in autoimmunity. Cells 12, 314.
doi:10.3390/cells12020314

Isser, A., Silver, A. B., Pruitt, H. C., Mass, M., Elias, E. H., Aihara, G., et al. (2022).
Nanoparticle-based modulation of CD4+ T cell effector and helper functions enhances
adoptive immunotherapy. Nat. Commun. 13, 6086. doi:10.1038/s41467-022-33597-y

Kennedy, A., Waters, E., Rowshanravan, B., Hinze, C., Williams, C., Janman, D., et al.
(2022). Differences in CD80 and CD86 transendocytosis reveal CD86 as a key target for
CTLA-4 immune regulation. Nat. Immunol. 23, 1365–1378. doi:10.1038/s41590-022-
01289-w

Kozono, H., White, J., Clements, J., Marrack, P., and Kappler, J. (1994). Production of
soluble MHC class II proteins with covalently bound single peptides. Nature 369,
151–154. doi:10.1038/369151a0

Kuball, J., Dossett, M. L., Wolfl, M., Ho, W. Y., Voss, R.-H., Fowler, C., et al. (2006).
Facilitating matched pairing and expression of TCR chains introduced into human
T cells. Blood 109, 2331–2338. doi:10.1182/blood-2006-05-023069

Lee, K. H., Gowrishankar, K., Street, J., McGuire, H. M., Luciani, F., Hughes, B., et al.
(2020). Ex vivo enrichment of PRAME antigen-specific T cells for adoptive
immunotherapy using CD137 activation marker selection. Clin. Transl. Immunol. 9,
e1200. doi:10.1002/cti2.1200

Lee, M. N., and Meyerson, M. (2021). Antigen identification for HLA class I– and
HLA class II–restricted T cell receptors using cytokine-capturing antigen-presenting
cells. Sci. Immunol. 6, eabf4001. doi:10.1126/sciimmunol.abf4001

Li, W., Zhang, Y., Li, R., Wang, Y., Chen, L., and Dai, S. (2022). A novel tolerogenic
antibody targeting disulfide-modified autoantigen effectively prevents type 1 diabetes in
NOD mice. Front. Immunol. 13, 877022. doi:10.3389/fimmu.2022.877022

Lindenbergh, M. F. S., Wubbolts, R., Borg, E. G. F., van ’T Veld, E. M., Boes, M., and
Stoorvogel, W. (2020). Dendritic cells release exosomes together with phagocytosed
pathogen; potential implications for the role of exosomes in antigen presentation.
J. Extracell. Vesicles 9, 1798606. doi:10.1080/20013078.2020.1798606

Linnemann, C., van Buuren, M. M., Bies, L., Verdegaal, E. M. E., Schotte, R., Calis,
J. J. A., et al. (2015). High-throughput epitope discovery reveals frequent recognition of
neo-antigens by CD4+ T cells in human melanoma. Nat. Med. 21, 81–85. doi:10.1038/
nm.3773

Liu, H., Luo, H., Xue, Q., Qin, S., Qiu, S., Liu, S., et al. (2022). Antigen-specific T cell
detection via photocatalytic proximity cell labeling (PhoXCELL). J. Am. Chem. Soc. 144,
5517–5526. doi:10.1021/jacs.2c00159

Liu, Z., Li, J. P., Chen, M., Wu, M., Shi, Y., Li, W., et al. (2020). Detecting tumor
antigen-specific T cells via interaction-dependent fucosyl-biotinylation. Cell 183,
1117–1133. doi:10.1016/j.cell.2020.09.048

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4+T cells:
differentiation and functions. Clin. Dev. Immunol. 2012, 1–12. doi:10.1155/2012/
925135

Marks, K. E., and Rao, D. A. (2022). T peripheral helper cells in autoimmune diseases.
Immunol. Rev. 307, 191–202. doi:10.1111/imr.13069

Molodtsov, I. A., Kegeles, E., Mitin, A. N., Mityaeva, O., Musatova, O. E., Panova, A.
E., et al. (2022). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)–
Specific T cells and antibodies in coronavirus disease 2019 (COVID-19) protection: a
prospective study. Clin. Infect. Dis. 75, e1–e9. doi:10.1093/cid/ciac278

Ng, C. Y., Kee, L. T., Al-Masawa, M. E., Lee, Q. H., Subramaniam, T., Kok, D., et al.
(2022). Scalable production of extracellular vesicles and its therapeutic values: a review.
Int. J. Mol. Sci. 23, 7986. doi:10.3390/ijms23147986

Obarorakpor, N., Patel, D., Boyarov, R., Amarsaikhan, N., Cepeda, J. R., Eastes, D.,
et al. (2023). Regulatory T cells targeting a pathogenic MHC class II: insulin peptide
epitope postpone spontaneous autoimmune diabetes. Front. Immunol. 14, 1207108.
doi:10.3389/fimmu.2023.1207108

Parkhurst, M. R., Robbins, P. F., Tran, E., Prickett, T. D., Gartner, J. J., Jia, L., et al. (2019).
Unique neoantigens arise from somatic mutations in patients with gastrointestinal cancers.
Cancer Discov. 9, 1022–1035. doi:10.1158/2159-8290.CD-18-1494

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Ishina et al. 10.3389/fbioe.2023.1341685

https://doi.org/10.1016/j.kint.2020.05.051
https://doi.org/10.1038/s42003-021-02995-1
https://doi.org/10.1126/science.274.5284.94
https://doi.org/10.4049/jimmunol.1202221
https://doi.org/10.4049/jimmunol.1202221
https://doi.org/10.1007/s00262-017-1971-5
https://doi.org/10.1093/intimm/dxq440
https://doi.org/10.3389/fimmu.2020.00674
https://doi.org/10.3389/fimmu.2020.00674
https://doi.org/10.1038/s41591-019-0403-9
https://doi.org/10.1016/j.xpro.2021.100758
https://doi.org/10.1016/S1074-7613(00)80572-5
https://doi.org/10.1016/j.cell.2021.11.007
https://doi.org/10.1016/j.snb.2018.12.099
https://doi.org/10.1111/cei.12339
https://doi.org/10.1111/cei.12339
https://doi.org/10.1038/nnano.2014.154
https://doi.org/10.1016/j.jconrel.2016.01.024
https://doi.org/10.1016/j.jconrel.2016.01.024
https://doi.org/10.1038/icb.2016.25
https://doi.org/10.1371/journal.pone.0011355
https://doi.org/10.1084/jem.20090504
https://doi.org/10.1084/jem.20090504
https://doi.org/10.1038/s41598-020-67563-9
https://doi.org/10.1038/s41598-020-67563-9
https://doi.org/10.1073/pnas.0500922102
https://doi.org/10.1038/s41401-020-0415-5
https://doi.org/10.1073/pnas.1008437107
https://doi.org/10.1016/j.ymthe.2022.02.002
https://doi.org/10.1073/pnas.1602488113
https://doi.org/10.1158/1078-0432.CCR-19-3487
https://doi.org/10.3390/cells12020314
https://doi.org/10.1038/s41467-022-33597-y
https://doi.org/10.1038/s41590-022-01289-w
https://doi.org/10.1038/s41590-022-01289-w
https://doi.org/10.1038/369151a0
https://doi.org/10.1182/blood-2006-05-023069
https://doi.org/10.1002/cti2.1200
https://doi.org/10.1126/sciimmunol.abf4001
https://doi.org/10.3389/fimmu.2022.877022
https://doi.org/10.1080/20013078.2020.1798606
https://doi.org/10.1038/nm.3773
https://doi.org/10.1038/nm.3773
https://doi.org/10.1021/jacs.2c00159
https://doi.org/10.1016/j.cell.2020.09.048
https://doi.org/10.1155/2012/925135
https://doi.org/10.1155/2012/925135
https://doi.org/10.1111/imr.13069
https://doi.org/10.1093/cid/ciac278
https://doi.org/10.3390/ijms23147986
https://doi.org/10.3389/fimmu.2023.1207108
https://doi.org/10.1158/2159-8290.CD-18-1494
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1341685


Patel, S., Ramnoruth, N., Wehr, P., Rossjohn, J., Reid, H. H., Campbell, K., et al.
(2022). Evaluation of a fit-for-purpose assay to monitor antigen-specific functional
CD4+ T-cell subpopulations in rheumatoid arthritis using flow cytometry–based
peptide-MHC class-II tetramer staining. Clin. Exp. Immunol. 207, 72–83. doi:10.
1093/cei/uxab008

Patente, T. A., Pinho, M. P., Oliveira, A. A., Evangelista, G. C. M., Bergami-Santos, P.
C., and Barbuto, J. A. M. (2019). Human dendritic cells: their heterogeneity and clinical
application potential in cancer immunotherapy. Front. Immunol. 9, 3176. doi:10.3389/
fimmu.2018.03176

Pick, H., Schmid, E. L., Tairi, A.-P., Ilegems, E., Hovius, R., and Vogel, H. (2005).
Investigating cellular signaling reactions in single attoliter vesicles. J. Am. Chem. Soc.
127, 2908–2912. doi:10.1021/ja044605x

Raposo, G., Nijman, H. W., Stoorvogel, W., Liejendekker, R., Harding, C. V., Melief,
C. J., et al. (1996). B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 183,
1161–1172. doi:10.1084/jem.183.3.1161

Rhodes, K. R., Isser, A., Hickey, J. W., Ben-Akiva, E., Meyer, R. A., Kosmides, A. K.,
et al. (2021). Biodegradable cationic polymer blends for fabrication of enhanced
artificial antigen presenting cells to treat melanoma. ACS Appl. Mater Interfaces 13,
7913–7923. doi:10.1021/acsami.0c19955

Rosskopf, S., Leitner, J., Paster, W., Morton, L. T., Hagedoorn, R. S., Steinberger, P.,
et al. (2018). A Jurkat 76 based triple parameter reporter system to evaluate TCR
functions and adoptive T cell strategies. Oncotarget 9, 17608–17619. doi:10.18632/
oncotarget.24807

Schlitzer, A., McGovern, N., and Ginhoux, F. (2015). “Dendritic cells and monocyte-
derived cells: two complementary and integrated functional systems,” in Seminars in cell
& developmental biology (Elsevier), 9–22.

Serra, P., and Santamaria, P. (2019). Antigen-specific therapeutic approaches for
autoimmunity. Nat. Biotechnol. 37, 238–251. doi:10.1038/s41587-019-0015-4

Sharma, S., Tan, X., Boyer, J., Clarke, D., Costanzo, A., Abe, B., et al. (2023).
Measuring anti-islet autoimmunity in mouse and human by profiling peripheral
blood antigen-specific CD4 T cells. Sci. Transl. Med. 15, eade3614. doi:10.1126/
scitranslmed.ade3614

Singha, S., Shao, K., Yang, Y., Clemente-Casares, X., Solé, P., Clemente, A., et al.
(2017). Peptide–MHC-based nanomedicines for autoimmunity function as T-cell
receptor microclustering devices. Nat. Nanotechnol. 12, 701–710. doi:10.1038/nnano.
2017.56

Soen, Y., Chen, D. S., Kraft, D. L., Davis, M. M., and Brown, P. O. (2003). Detection
and characterizationof cellular immune responses using peptide–MHC microarrays.
PLoS Biol. 1, e65. doi:10.1371/journal.pbio.0000065

Stadinski, B. D., Zhang, L., Crawford, F., Marrack, P., Eisenbarth, G. S., and Kappler,
J. W. (2010). Diabetogenic T cells recognize insulin bound to IAg7 in an unexpected,
weakly binding register. Proc. Natl. Acad. Sci. 107, 10978–10983. doi:10.1073/pnas.
1006545107

Steenblock, E. R., Wrzesinski, S. H., Flavell, R. A., and Fahmy, T. M. (2009). Antigen
presentation on artificial acellular substrates: modular systems for flexible, adaptable
immunotherapy. Expert Opin. Biol. Ther. 9, 451–464. doi:10.1517/14712590902849216

Sugata, K., Matsunaga, Y., Yamashita, Y., Nakatsugawa, M., Guo, T., Halabelian, L.,
et al. (2021). Affinity-matured HLA class II dimers for robust staining of antigen-
specific CD4+ T cells. Nat. Biotechnol. 39, 958–967. doi:10.1038/s41587-021-00836-4

Sun, L., Shen, F., Xiong, Z., Yang, H., Dong, Z., Xiang, J., et al. (2022). DNA
engineered lymphocyte-based homologous targeting artificial antigen-presenting
cells for personalized cancer immunotherapy. J. Am. Chem. Soc. 144, 7634–7645.
doi:10.1021/jacs.1c09316

Sundberg, E. J., Deng, L., and Mariuzza, R. A. (2007). TCR recognition of peptide/
MHC class II complexes and superantigens. Semin. Immunol. 19, 262–271. doi:10.1016/
j.smim.2007.04.006

Syromiatnikova, V., Prokopeva, A., and Gomzikova, M. (2022). Methods of the large-
scale production of extracellular vesicles. Int. J. Mol. Sci. 23, 10522. doi:10.3390/
ijms231810522

Thamphiwatana, S., Angsantikul, P., Escajadillo, T., Zhang, Q., Olson, J., Luk, B. T.,
et al. (2017). Macrophage-like nanoparticles concurrently absorbing endotoxins and
proinflammatory cytokines for sepsis management. Proc. Natl. Acad. Sci. 114,
11488–11493. doi:10.1073/pnas.1714267114

Théry, C., Ostrowski, M., and Segura, E. (2009). Membrane vesicles as conveyors of
immune responses. Nat. Rev. Immunol. 9, 581–593. doi:10.1038/nri2567

Topalian, S. L., Rivoltini, L., Mancini, M., Markus, N. R., Robbins, P. F., Kawakami, Y.,
et al. (1994). Human CD4+ T cells specifically recognize a shared melanoma-associated
antigen encoded by the tyrosinase gene. Proc. Natl. Acad. Sci. 91, 9461–9465. doi:10.
1073/pnas.91.20.9461

Trickett, A., and Kwan, Y. L. (2003). T cell stimulation and expansion using anti-CD3/
CD28 beads. J. Immunol. Methods 275, 251–255. doi:10.1016/S0022-1759(03)00010-3

Ukrainskaya, V., Rubtsov, Y., Pershin, D., Podoplelova, N., Terekhov, S., Yaroshevich,
I., et al. (2021). Antigen-specific stimulation and expansion of CAR-T cells using
membrane vesicles as target cell surrogates. Small 17, 2102643. doi:10.1002/smll.
202102643

Ukrainskaya, V. M., Musatova, O. E., Volkov, D. V., Osipova, D. S., Pershin, D. S.,
Moysenovich, A. M., et al. (2023). CAR-tropic extracellular vesicles carry tumor-
associated antigens and modulate CAR T cell functionality. Sci. Rep. 13, 463. doi:10.
1038/s41598-023-27604-5

Veglia, F., and Gabrilovich, D. I. (2017). Dendritic cells in cancer: the role revisited.
Curr. Opin. Immunol. 45, 43–51. doi:10.1016/j.coi.2017.01.002

Vincent-Schneider, H., Stumptner-Cuvelette, P., Lankar, D., Pain, S., Raposo, G.,
Benaroch, P., et al. (2002). Exosomes bearing HLA-DR1 molecules need dendritic cells
to efficiently stimulate specific T cells. Int. Immunol. 14, 713–722. doi:10.1093/intimm/
dxf048

Vyasamneni, R., Kohler, V., Karki, B., Mahimkar, G., Esaulova, E., McGee, J.,
et al. (2023). A universal MHCII technology platform to characterize antigen-
specific CD4+ T cells. Cell Rep. Methods 3, 100388. doi:10.1016/j.crmeth.2022.
100388

Wang, Z., Zhang, T., Anderson, A., Lee, V., Szymura, S., Dong, Z., et al. (2023).
Immortalized B cells transfected with mRNA of antigen fused to MITD (IBMAM): an
effective tool for antigen-specific T-cell expansion and TCR validation. Biomedicines 11,
796. doi:10.3390/biomedicines11030796

Willis, R. A., Ramachandiran, V., Shires, J. C., Bai, G., Jeter, K., Bell, D. L., et al. (2021).
Production of class II MHC proteins in lentiviral vector-transduced HEK-293t cells for
tetramer staining reagents. Curr. Protoc. 1, e36. doi:10.1002/cpz1.36

Xiaomin, W., Junbao, Y., Eddie, J., I-Ting, C., Helena, R., and Kwok, W. W. (2020).
Increased islet antigen–specific regulatory and effector CD4+ T cells in healthy
individuals with the type 1 diabetes–protective haplotype. Sci. Immunol. 5,
eaax8767. doi:10.1126/sciimmunol.aax8767

Yáñez-Mó, M., Siljander, P. R.-M., Andreu, Z., Bedina Zavec, A., Borràs, F. E., Buzas,
E. I., et al. (2015). Biological properties of extracellular vesicles and their physiological
functions. J. Extracell. Vesicles 4, 27066. doi:10.3402/jev.v4.27066

Yang, J., Chow, I.-T., Sosinowski, T., Torres-Chinn, N., Greenbaum, C. J., James, E. A.,
et al. (2014). Autoreactive T cells specific for insulin B:11-23 recognize a low-affinity
peptide register in human subjects with autoimmune diabetes. Proc. Natl. Acad. Sci. 111,
14840–14845. doi:10.1073/pnas.1416864111

Zappasodi, R., Di Nicola, M., Carlo-Stella, C., Mortarini, R., Molla, A., Vegetti, C.,
et al. (2008). The effect of artificial antigen-presenting cells with preclustered anti-
CD28/-CD3/-LFA-1 monoclonal antibodies on the induction of ex vivo expansion of
functional human antitumor T cells. Haematologica 93, 1523–1534. doi:10.3324/
haematol.12521

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Ishina et al. 10.3389/fbioe.2023.1341685

https://doi.org/10.1093/cei/uxab008
https://doi.org/10.1093/cei/uxab008
https://doi.org/10.3389/fimmu.2018.03176
https://doi.org/10.3389/fimmu.2018.03176
https://doi.org/10.1021/ja044605x
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.1021/acsami.0c19955
https://doi.org/10.18632/oncotarget.24807
https://doi.org/10.18632/oncotarget.24807
https://doi.org/10.1038/s41587-019-0015-4
https://doi.org/10.1126/scitranslmed.ade3614
https://doi.org/10.1126/scitranslmed.ade3614
https://doi.org/10.1038/nnano.2017.56
https://doi.org/10.1038/nnano.2017.56
https://doi.org/10.1371/journal.pbio.0000065
https://doi.org/10.1073/pnas.1006545107
https://doi.org/10.1073/pnas.1006545107
https://doi.org/10.1517/14712590902849216
https://doi.org/10.1038/s41587-021-00836-4
https://doi.org/10.1021/jacs.1c09316
https://doi.org/10.1016/j.smim.2007.04.006
https://doi.org/10.1016/j.smim.2007.04.006
https://doi.org/10.3390/ijms231810522
https://doi.org/10.3390/ijms231810522
https://doi.org/10.1073/pnas.1714267114
https://doi.org/10.1038/nri2567
https://doi.org/10.1073/pnas.91.20.9461
https://doi.org/10.1073/pnas.91.20.9461
https://doi.org/10.1016/S0022-1759(03)00010-3
https://doi.org/10.1002/smll.202102643
https://doi.org/10.1002/smll.202102643
https://doi.org/10.1038/s41598-023-27604-5
https://doi.org/10.1038/s41598-023-27604-5
https://doi.org/10.1016/j.coi.2017.01.002
https://doi.org/10.1093/intimm/dxf048
https://doi.org/10.1093/intimm/dxf048
https://doi.org/10.1016/j.crmeth.2022.100388
https://doi.org/10.1016/j.crmeth.2022.100388
https://doi.org/10.3390/biomedicines11030796
https://doi.org/10.1002/cpz1.36
https://doi.org/10.1126/sciimmunol.aax8767
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1073/pnas.1416864111
https://doi.org/10.3324/haematol.12521
https://doi.org/10.3324/haematol.12521
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1341685

	Genetically engineered CD80–pMHC-harboring extracellular vesicles for antigen-specific CD4+ T-cell engagement
	Introduction
	Materials and methods
	Cells and culturing conditions
	Constructs
	Antibodies
	Transduction of Jurkat 76 TPR and HeLa cell lines
	Generation of EVs
	Immunostaining of cells and EVs
	Confocal microscopy
	Jurkat 76 TPR activation analysis
	T-cell in vitro stimulation or expansion and intracellular IFNγ staining
	Differentiation of MoDCs from monocytes
	Statistical analysis

	Results
	Generation of EVs carrying CD80 and pMHC molecules
	Modification of the Jurkat 76 TPR cell line
	EVs harboring cognate CD80–pMHC activate transgenic CD4+TCR+ Jurkat 76 TPR cells in an antigen-specific manner
	EVs induce the antigen-specific expansion of native CD4+ T cells from humans

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


