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Extracellular vesicles (EVs) have been actively explored for therapeutic appli-
cations in the context of cancer and other diseases. However, the poor tissue
retention of EVs has limited the development of EV-based therapies. Here we
report a facile approach to fabricating injectable EV hydrogels with tunable
viscoelasticity and gelation temperature, by metabolically tagging EVs with
azido groups and further crosslinking them with dibenzocyclooctyne-bearing
polyethylene glycol via efficient click chemistry. One such EV gel has a gelation
temperature of 39.4 °C, enabling in situ gelation of solution-form EVs upon
injection into the body. The in situ formed gels are stable for over 4 weeks and
can attract immune cells including dendritic cells over time in vivo. We further
show that tumor EV hydrogels, upon subcutaneous injection, can serve as a
long-term depot for EV-encased tumor antigens, providing an extended time
for the modulation of dendritic cells and subsequent priming of tumor-specific
CD8" T cells. The tumor EV hydrogel also shows synergy with anti-PD-1
checkpoint blockade for tumor treatment, and is able to reprogram the tumor
microenvironment. As a proof-of-concept, we also demonstrate that EV
hydrogels can induce enhanced antibody responses than solution-form EVs
over an extended time. Our study yields a facile and universal approach to
fabricating injectable EV hydrogels with tunable mechanics and improving the
therapeutic efficacy of EV-based therapies.

Extracellular vesicles (EVs) are nanosized vesicles secreted by nearly all
types of cells and inherit a variety of molecules including lipids, pro-
teins, RNAs, and other metabolites from the parent cells'”. Hence, they
play a critical role in cellular communication and have raised wide-
spread interest in exploring their diagnostic and therapeutic
applications®®. Diagnostically, EVs have been actively explored as the
blood biomarker for various types of cancers, based on the hypothesis
that cancer-secreted EVs can reach the blood circulation’™. Ther-
apeutically, EVs can transfer bioactive molecules from the parent cells
to the recipient cells, and thus modulate the function of recipient cells

and tune the intercellular interactions. For example, EVs derived from
mesenchymal stem cells (MSCs) are actively explored as therapeutics
for tissue injuries including spinal cord injury”?, myocardial
infarction®* and muscle injury®2°, with over 40 MSC EV-based
therapies under clinical trials* >, Starting from early 1980s, tumor-
secreted EVs have also been actively explored for the development of
cancer vaccines*°. Tumor EVs contain tumor-associated antigens
that can be processed and presented by antigen presenting cells in the
body®**, for subsequent elicitation of tumor-specific T cell
response*>°. While tumor EVs may inherit virulence factors or toxic
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metabolites from parent tumor cells, various clinical trials have
demonstrated their benign safety profiles as a promising candidate for
therapeutic cancer vaccines® **, However, existing tumor EV vaccines
are limited by the modest efficacy, partially due to the limited amount
of tumor antigens and insufficient activation of antigen presenting
cells in the body*. In current practice, EVs are often administered in a
solution form into the tissue of interest or systemically into the
bloodstream*®™*%, The poor tissue retention of EVs, despite the
administration of a high number of EVs or multiple doses, often
dampens the overall efficacy. To enhance the tissue retention of EVs,
efforts were made to encapsulate EVs in a hydrogel or scaffold*’~?,
which however is limited by the low EV loading efficiency and the lack
of control over the exposure of EVs to cells of interest.

Here we show that EV itself can serve as the main building block of
hydrogels, by metabolically tagging EVs and then crosslinking theminto a
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gel network via efficient click chemistry. We previously demonstrated
that metabolic glycan labeling of cells provides a facile approach to
generating chemically tagged EVs™. Once internalized by cells, unnatural
sugars bearing clickable chemical tags (e.g., tetraacetyl N-azidoace-
tylmannosamine (Ac4ManNAz)) can undergo the metabolic glycoengi-
neering processes, conjugate to proteins and lipids, and become
expressed on the cell membrane in the form of glycoproteins and
glycolipids**~°. Since EVs inherit a portion of the cell membrane, EVs
secreted by the labeled cells also carry the chemical tags (e.g., azido
group)®. These azido-tagged EVs can react with dibenzocyclooctyne
(DBCO)-functionalized 8-arm polyethylene glycol (PEG) via efficient click
chemistry®® to yield a fully crosslinked gel network (Fig. 1a). The gela-
tion temperature, stiffness, viscoelasticity, as well as the injectability of
the fabricated EV gels can be tuned by adjusting the concentration of EVs.
At certain concentrations, the mixture of azido-tagged EVs and DBCO-
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Fig. 1| Injectable EV hydrogels for depot vaccines. a Schematic illustration of
metabolic tagging of extracellular vesicles (EVs) and subsequent formation of EV
hydrogels via click chemistry. b EV hydrogels for therapeutic cancer vaccines.
Injectable EV hydrogels can persist for weeks in vivo, allowing for sustained

modulation of dendritic cells (DCs) that can process and present EV-encased tumor
antigens. Tumor antigen-presenting DCs can then migrate to lymph nodes to prime
tumor-specific CD8" T cells for eventual tumor killing. Figures a and b were created
using Biorender.
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Fig. 2 | Synthesis and characterization of EV hydrogels. a Schematic illustration
of labeling of cancer cells with azido group and subsequent secretion of azido-
labeled EVs (created using Biorender). b Cy5 fluorescence intensity of E.G7-OVA EVs
that were incubated with DBCO-CyS5 for 30 min (n =S5 technical replicates). Also
shown are the c average diameter (n =4 technical replicates), d relative con-
centration (n =4 technical replicates), and e TEM images of azido-labeled EVs and
control EVs derived from E.G7-OVA cells. f Proteomic analysis of azido-labeled and
control E.G7-OVA EVs. Two different batches of EVs were analyzed. Proteins with

o o

relatively higher concentrations are included. g Schematics showing the formation
of EV gels from azido-labeled EVs and DBCO-PEG via click chemistry. h Photos of
the mixture of DBCO-PEG and azido-labeled EVs or control EVs at 37 °C.

i Quantification of EV-N; before and after mixing with DBCO-PEG (n =3 technical
replicates). j Representative plots and k average storage moduli (G’) and loss
Moduli (G”) of formed EV gels (n = 4 technical replicates). | SEM image of EV gels. All
the numerical data are presented as mean + SD (two-tailed Student’s ¢ test was used;
0.01 <*P<0.05; *P<0.01; **P<0.001; ***P<0.0001).

PEG stays as a solution form at room temperature but rapidly forms a
hydrogel upon injection into the body. We further demonstrate that
injectable tumor EV hydrogels can serve as a long-term depot for EV-
encased tumor antigens, where dendritic cells (DCs) can sample, process,
and present the tumor antigens for subsequent priming of tumor-specific
CDS8' T cells (Fig. 1b). After injection, the EV hydrogels are stable for over
four weeks in situ, and lead to enhanced humoral and CTL responses than
the solution form of EVs. Adjuvants such as CpG oligonucleotides can

also be easily conjugated to EV hydrogels via efficient click chemistry to
further tune the CTL response and antitumor efficacy.

Metabolic tagging of EVs

To generate azido-labeled EVs, E.G7-OVA cells were incubated with
Acs;ManNAz, a commonly used metabolic labeling agent, for three
days, followed by the collection of EVs via ultrafiltration (100 kDa MW
cutoff) (Fig. 2a). Consistent with previous reports, Ac;ManNAz was
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able to metabolically label E.G7-OVA cells with azido groups (Supple-
mentary Fig. Sla, b)*. To confirm whether azido-labeled E.G7-OVA cells
can secrete azido-tagged EVs, EVs from Ac;ManNAz- or PBS-treated
E.G7-OVA cells were incubated with DBCO-CyS5 for 30 min, followed by
ultrafiltration to remove unreacted DBCO-Cy5. Compared to control
EVs, EVs from AcyManNAz-treated E.G7-OVA cells showed significantly
higher Cy5 fluorescence intensity (Fig. 2b), demonstrating the suc-
cessful metabolic tagging of EVs with azido groups. By quantifying the
fluorescence intensity of conjugated DBCO-Cy5, the surface density of
azido groups was estimated to be >4000 per EV (Supplementary
Fig. S2). The average size and relative concentration of labeled and
unlabeled EVs showed negligible differences, as determined by the
Nanoparticle Tracking System (NTA) (Fig. 2c, d, Supplementary
Fig. S3a, b). TEM images also confirmed a similar morphology and size
distribution between azido-labeled and unlabeled EVs (Fig. 2e).
Dynamic light scattering (DLS) confirmed a similar size distribution
and a zeta potential of -9.2 mV (Supplementary Fig. S4a, b). -10° pur-
ified EVs could be obtained after culturing 1 million E.G7-OVA cells for
three days. It is noteworthy that a fraction of EVs may come from FBS in
the culture medium, and future studies that aim to obtain purer EVs
should involve the removal of EVs from fetal bovine serum (FBS) prior
to cell cultures. We also verified the batch-to-batch consistency in
harvesting EVs from E.G7-OVA cells (Supplementary Fig. S3c, d). Pro-
teomic analysis confirmed the presence of various types of proteins in
EV and azido-labeled EV (Fig. 2f). Also, the protein composition
between different batches of EVs was consistent (Fig. 2f). These
experiments demonstrated that metabolic glycan labeling of the par-
ent cells can generate chemically tagged EVs without altering the
morphology and size of EVs.

EV hydrogels with tunable mechanics and gelation
temperature

To fabricate EV hydrogels, we functionalized 8-arm PEG with DBCO
(Supplementary Fig. S5), and mixed the synthesized DBCO-PEG
(20 mg/mL) with azido-labeled EVs (7 x 10°/mL) at 37 °C (Fig. 2g). The
mixture rapidly formed a hydrogel as a result of the click reaction
between DBCO and azido groups (Fig. 2h). In contrast, the mixture of
unlabeled EVs and DBCO-PEG failed to form a hydrogel even after days
(Fig. 2h). Indeed, the EV gel showed a high EV capturing efficiency
(>99%) during the gel formation process (Fig. 2i). The formed hydrogel
has a storage modulus (G’) of -13.5 kPa and loss modulus (G”) of -2 kPa
(Fig. 2j, k). We also performed SEM imaging of the formed EV hydro-
gels, which clearly revealed a crosslinked network of nanosized EVs
(Fig. 21). The EVs were tightly packed and formed a nanoporous gel
network (Fig. 2I).

To better understand the EV hydrogel system, we next studied the
gelation process and mechanical properties of EV gels formed with
varying concentrations of azido-labeled EVs. The final concentration of
DBCO-PEG was kept at 20 mg/mL, while the final concentration of EVs
was set at 7 x 10°/mL, 1.75 x 10°/mL, 1.17 x 10°/mL, 0.875 x 10°/mL, and
0.70 x10°/mL for EV gel-1, EV gel-2, EV gel-3, EV gel-4, and EV gel-5,
respectively. We first analyzed the gelation temperature of EV hydro-
gels via dynamic temperature ramp measurements, which showed a
decreased gelation temperature for higher EV concentrations
(Fig. 3a-c). In particular, EV gel-1 formed at an EV concentration of
7 x10°/mL and DBCO-PEG concentration of 20 mg/mL has a gelation
temperature of 39.4 °C (Fig. 3a). This gelation temperature (slightly
higher than body temperature) is especially useful for in vivo appli-
cations when the mixture of azido-labeled EVs and DBCO-PEG can stay
as a solution below the body temperature but forms a gel once injected
into the body. By fixing the temperature at 37 °C, higher EV con-
centrations resulted in more rapid gelation processes and higher sto-
rage moduli as expected (Fig. 3d, f). EV gels also exhibited a
viscoelastic behavior, with the relaxation half-life increasing with the
concentration of EVs (Fig. 3g, h, Supplementary Fig. S6). These

experiments demonstrated the tunability of the gelation temperature,
gelation time, storage moduli, and relaxation half-lives of EV hydrogels
by varying the concentration of azido-labeled EVs. Consistent with the
mechanical properties, EV gels with a decreased EV concentration
exhibited a higher porosity (Fig. 3i).

In vitro and in vivo stability of EV hydrogels

We next studied the stability of EV hydrogels. By immersing EV gels in
PBS, EV gel-1 showed a ~10% volume loss after 15 days and EV gel-4, which
is assumed least stable, showed a -17% volume loss after 15 days
(Fig. 4a—c), demonstrating the overall excellent stability of EV hydrogels
in vitro. We also examined the degradation of EV gels in 10% FBS at 37 °C,
which showed a 37% volume loss over a course of 21 days for EV gel-1
(Supplementary Fig. S7a-c). To study in vivo stability of EV hydrogels,
azido-labeled EVs were conjugated with DBCO-CyS5 and then mixed with
DBCO-PEG at room temperature, prior to subcutaneous injection into
the flank of Balb/c mice via an 18G needle. Mice were monitored via IVIS
imaging for three weeks (Fig. 4d). The mixture of EVs and DBCO-PEG was
in a liquid state at room temperature, but rapidly formed a gel-like bulge
after injection into the mice. The in situ formed EV gel showed minimal
degradation over the first five days, as evidenced by the negligible
changes in the gel volume and Cy5 fluorescence intensity (Fig. 4d, f).
Over the course of 21 days, EV gels remained stable at the injection site,
despite the gradual decrease of gel volume over time (Fig. 4d-f). It is
noteworthy that Cy5-conjugated EVs alone, upon subcutaneous injec-
tion, were rapidly cleared from the injection site within 2 h (Supple-
mentary Fig. S8). We envision the slow degradation of EV hydrogels
would enable the long retention of EV gels while allowing for the gradual
release of EV-encased contents over time. Among all gels, EV gel-1 with
rapid gelation at 37 °C, favorable mechanical properties, and good sta-
bility was used for subsequent experiments.

In vitro interactions of DCs and EV gels

Next, we studied the interaction between DCs and EV hydrogels, and
the processing and presentation of EV gel-encased antigens by DCs.
We first confirmed the presence of OVA protein in E.G7-OVA derived
EVs via western blot (Fig. 5a). We have also confirmed the presence of
TsglO1 and CD63, two common EV markers, in E.G7-OVA derived EVs
(Supplementary Fig. S9). Per the ELISA assay, the density of OVA pro-
tein was 2.9 x 107° ug per EV. Azido-labeled EVs were mixed with DBCO-
PEG at 37°C for 3 min to form the EV gel. We analyzed the release
kinetics of OVA protein from the EV gel by quantifying the released
OVA in the culture media at different times using ELISA assay. -48 ng of
OVA was released from EV gels over the course of 14 days (Fig. 5b),
which accounts for -2.3% of the loaded OVA (Fig. 5c), demonstrating
the stability of EV gels and sustained release of EV-encased molecules
over time. It is noteworthy that OVA shows a burst and much faster
release from conventional alginate hydrogel (Supplementary Fig. S10a,
b). We also analyzed whether EVs could be released from the EV gels by
incubating EV gels in PBS at 37°C and quantifying the number of
particles in PBS over time via NTA. Few particles were detected within
5 days and ~0.5% of initially loaded EVs were detected by day 9 (Sup-
plementary Fig. Sl1a, b), indicating that the vast majority of EVs remain
in the gels and gradually release the encased molecules over time. To
assess the interaction between EV gels and DCs, We stained bone
marrow-derived DCs (BMDCs) with Calcein AM, added them to the top
of the EV gel, and monitored BMDCs and EV gels over time. EV gels
remained stable for over 7 days (Fig. 5d-f). BMDCs mostly remained on
the surface of the EV gels and exhibited good viability and proliferation
over time (Fig. Se, f). We also confirmed the rapid uptake of EVs, via
conjugation of DBCO-CyS5 to azido-labeled EVs, by DCs (Supplemen-
tary Fig. S12a). Per confocal imaging, Cy5-conjugated EVs partially
overlaid with the early endocytic marker Rab5 at 30 min and late
endocytic marker LAMP-1 at 4 h (Fig. 5g). Flow cytometry analysis also
confirmed the uptake of Cy5-conjugated EVs by DCs (Supplementary
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Fig. 3 | EV hydrogels with tunable gelation temperature, storage moduli, and
stress relaxation half-lives. EV gels were formed by mixing 8-arm DBCO-PEG and
different concentrations of azido-labeled EVs. An EV concentration of 7 x 10°/mL,

1.75x10°/mL, 1.17 x 10°/mL, 0.875 x 10°/mL, and 0.70 x 10°/mL was used for EV gel-
1, EV gel-2, EV gel-3, EV gel-4, and EV gel-5, respectively. Shown are the changes of
storage moduli (G") and loss moduli (G”) of a EV gel-1, b EV-gel 2, and ¢ EV-gel 3 at

constant strain (y = 0.5%) during heating from 20 °C to 80 °C, measured at a heating
speed of 5 °C/min. Changes of G’ and G” over step time at 37 °C for d EV gel-1, e EV
gel-2, and f EV gel-3. g Representative stress relaxation curves and h stress
relaxation half-lives of EV gel 1-5. i Porosity of EV gels (n =4 technical replicates,
ANOVA with a post hoc Fisher’s LSD test was used. 0.01 <*P< 0.05; *P<0.01;
**P<0.001; ***P< 0.0001).

Fig. S12b). To study DC activation, we seeded BMDCs on top of the EV
gel, CpG-encapsulating EV gel (EV gel + CpG), or CpG-conjugated EV
gel (EV gel conjugated with DBCO-CpG, denoted as EV/CpG gel), or
incubated DCs with a solution of non-crosslinked EVs (with or without
CpG). Compared to untreated DCs, DCs treated with EV gels showed an
upregulated expression of CD86 (Fig. 5h). The incorporation of CpG,
either via physical encapsulation or covalent conjugation, further
increased CD86 expression on DCs (Fig. 5Sh). Compared to the solution
of non-crosslinked EVs and CpG, CpG-loaded EV gels showed a similar
DC activation effect (Fig. 5h). Similarly, CpG-conjugated EV gels also
managed to upregulate the expression of MHCII and MHCI-SIINFEKL
complexes on DCs, in comparison with EV gel alone or to the solution
of non-crosslinked EVs and CpG (Supplementary Fig. S13a, b). The
effect of EV gels on macrophages was also studied by incubating bone
marrow-derived macrophages with EV gel, CpG-encapsulating EV gel,
CpG-conjugated EV gel, EV alone, or the solution of non-crosslinked
EVs and CpG for 16 h, and examining the surface expression of CD163,
CD206, and CD86. Compared to the solution of non-crosslinked EVs
and CpG, EV gels slightly upregulated the expression of CD163 and
CD206 on macrophages (Supplementary Fig. Sl4a-c). To further
understand the interaction of DCs with EV gels, BMDCs were also

loaded into the EV gel, CpG-encapsulating EV gel, or CpG-conjugated
EV gel, and incubated for 16 h. Compared to untreated DCs, DCs in EV
gels expressed a higher level of CD86, and DCs in CpG-loaded EV gels
showed a further increased CD86 expression (Supplementary
Fig. S15a-c). It is noteworthy that BMDCs loaded into EV gels showed
high viability over time (Supplementary Fig. S16). We next studied
whether DCs can process and present E.G7-OVA EV-encased antigens
within the hydrogel. BMDCs were loaded into the EV gel, CpG-
encapsulating EV gel, or CpG-conjugated EV gel, or directly incubated
with the solution of OVA and CpG or the solution of EV alone for 16 h,
and then co-incubated with CFSE-stained OT-I cells for three days. DCs
pretreated with EV gels alone were able to improve the proliferation of
OT-I cells compared to non-pretreated DCs (Fig. 5i, j), indicating the
uptake and processing of EV-encased OVA antigens by DCs. Consistent
with the DC activation result, DCs pretreated with CpG-loaded EV gels
induced higher proliferation of OT-I cells than DCs pretreated with EV
gel alone (Fig. 5i, j).

Migration of immune cells to EV gel injection site
We next analyzed the immune cells that migrate to the subcutaneously
injected EV gels and the fibrotic tissue surrounding the EV gels. At 3
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Fig. 4 | EV hydrogels are stable in vitro and in vivo. a Photos of EV gel 1, EV gel 2,
EV gel 3, and EV gel 4 immersed in PBS for different times. An EV concentration of
7 x10°/mL, 1.75 x 10°/mL, 1.17 x 10°/mL, and 0.875 x 10°/mL was used for EV gel-1, EV
gel-2, EV gel-3, and EV gel-4, respectively. b Change in the volume of gels over time
in vitro (n = 4 technical replicates). ¢ Percentage of volume loss for EV gels over time
in vitro (n = 4 technical replicates). d-f Mice were subcutaneously injected with the

mixture of Cy5-conjugated/azido-labeled EVs and DBCO-PEG, which formed a gel
rapidly after injection. d IVIS images of mice at different times post injection.

e Change of EV gel volume over time (n =5 technical replicates). f Change of Cy5
fluorescence intensity of EV gels over time (n=>5 technical replicates). Numerical
data are presented as mean + SD.

days post the injection of EV hydrogels, among the CD45" population,
~17% were CDI11c" DCs (Fig. 6a), ~10% were CD11b*F4/80* macrophages
(Fig. 6b), ~10% were CD11b*Gr1" neutrophils (Fig. 6¢), and ~0.5% were
CD3" T cells (Fig. 6d). Compared to blank EV gels, CpG-conjugated EV
gels showed negligible changes in the percentage and number of DCs,
macrophages, neutrophils, and T cells at the gel site (Fig. 6a-e, Sup-
plementary Fig. S17a-c). DCs in the EV gels or CpG-conjugated EV gels
also expressed a similar level of CD86 and MHCII (Fig. 6f, g). To clarify,
most of the immune cells were in the surface layers of the nanoporous
EV gels, although a small number of cells might infiltrate into the gels
over time. We also analyzed the inflammatory responses at the gel site.
At 3 or 7 days post subcutaneous injection of EV gels or CpG-
conjugated EV gels, a capsule structure surrounding the EV gel was
formed (Fig. 6h). On day 3, the capsule tissue surrounding EV/CpG gels
showed a similar population of DCs and neutrophils and a slightly
higher population of CD4* and CD8" T cells in comparison with the
capsule structure surrounding EV gels (Fig. 6i-k, Supplementary
Fig. S18a, b). On day 7, the capsule structure surrounding EV/CpG gels
showed a slightly higher population of DCs and neutrophils than the
capsule structure surrounding EV gels (Fig. 61-n). The number of CD4"

and CD8' T cells showed negligible differences between EV/CpG gel
and EV gel (Supplementary Fig. S18c, d). We also measured the cyto-
kine levels at the EV gel injection site on day 3, which showed an
increase level of inflammatory cytokines such as TNF-a, IL-16, IL-12, and
M-CSF in mice injected with EV/CpG gel or EV gel than untreated mice
(Supplementary Fig. S19). The upregulated level of inflammatory
cytokines aligns with the infiltration of DCs, neutrophils, and other
immune cells (Fig. 61-n, Supplementary Fig. S18a-d), and likely con-
tribute to the sampling and presentation of EV-encased tumor antigens
by antigen presenting cells at the gel site. In a separate study, we also
analyzed the blood cells at 3, 6, and 9 days post administration of EV/
CpG gel and EV gel, which showed negligible differences in the number
of red blood cells, monocytes, lymphocytes, and granulocytes in
comparison with the untreated group (Supplementary Fig. S20a-c),
demonstrating the minimal effect of EV gel treatment on blood cell
populations.

CTL response of EV gels
After demonstrating the excellent in vivo stability of EV gels and the
migration of DCs and other immune cells to the gel site over time, we
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next studied whether EV gels can induce antigen-specific CTL
response. E.G7-OVA derived EVs were used for this study. C57BL/6
mice were subcutaneously injected with CpG-conjugated EV gel, CpG-
encapsulating EV gel, EV gel, the mixture of OVA (50 ug) and CpG
(50 ng), and PBS, respectively on day O (Fig. 7a). Each injected EV gel
contained 7x10® EVs and 2.067 pg OVA. Peripheral blood mono-
nuclear cells (PBMCs) were collected at different times for the analysis

of SIINFEKL-specific CD8" T cells. On day 6, a higher number of
SIINFEKL-specific CD8" T cells was detected in mice treated with CpG-
conjugated EV gels than in other groups (Fig. 7b, c). EV gels or the
mixture of EV gel and CpG also induced a higher frequency of IFN-y*
CDS8" T cells, upon ex vivo SIINFEKL restimulation®?, than the untreated
group (Fig. 7c). On day 9, all treatment groups showed a higher
number of SIINFEKL-specific CD8" T cells than the untreated group
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Fig. 5 | EV gels gradually release encased molecules, are biocompatible with
DCs, and enable the generation of antigen-presenting DCs in vitro. a Western
blot analysis of OVA in E.G7-OVA derived EVs. Pure OVA protein and EVs collected
from B16F10 cells were used as controls. b, ¢ EV gels (EV gel-1) were incubated at
37°C for up to 2 weeks. Aliquots of the medium were collected onday 1, 3, 5,9, and
14, respectively for ELISA assay to quantify the released OVA from EV gels.

b Accumulated release of OVA from EV gels over time (n = 6 technical replicates).
c Percentage of released OVA over time (n = 6 technical replicates). d-f Calcein AM-
stained DCs were loaded on top of the EV gel (4 mm diameter x 2 mm height) and
incubated at 37 °C. d Pictures of EV gels with or without DCs over time. Scale bar:
2 mm. e Fluorescence images of DCs on EV gels at different times. Scale bar:

100 um. f Quantification of DCs on EV gels over time (n = 4 technical replicates). ‘#’
denotes number. g CLSM images of DCs after incubation with EV-Cy5 for 30 min
and 4 h, respectively. DCs were stained with Rab5 primary antibody and FITC-

conjugated goat anti-rabbit secondary antibody, or Alexa Fluor 488-conjugated
anti-LAMP-1. Scale bar: 10 um. This experiment was repeated independently at least
three times with similar results. h Percentages of CD86" DCs after incubation with
different groups for 16 h (n = 6 technical replicates). DCs were added to the top of
EV gels (EV gel, CpG-conjugated EV gel, or CpG-encapsulating EV gel) or incubated
with the solution of non-crosslinked EVs (without or with CpG). i, j DCs were loaded
into EV gel, CpG-encapsulating EV gel, CpG-conjugated EV gel, or incubated with a
solution of OVA and CpG or the solution of EVs for 16 h, harvested, and then
cocultured with CFSE-stained OT-I cells for three days. Shown are (i) representative
CFSE histograms of OT-I cells and (j) proliferation index of OT-I cells in different
groups (n = 4 technical replicates). All the numerical data are presented as

mean = SD (ANOVA with a post hoc Fisher’s LSD test was used. 0.01 <*P< 0.05;
*P<0.01; **P< 0.00L; ***P<0.0001).

(Fig. 7d, e, Supplementary Fig. S21a, b). Compared to EV gel alone or
CpG-encapsulating EV gel, CpG-conjugated EV gels consistently
induced a higher frequency of SIINFEKL-specific CD8" T cells®® in
PBMCs on days 9 and 14 (Fig. 7d-g, Supplementary Fig. S21a, b). In the
subsequent prophylactic tumor study, all EV gel groups exhibited
slower tumor growth than the untreated group (Fig. 7h). Compared to
EV gel alone, CpG-conjugated EV gels resulted in slower tumor growth
(Fig. 7h). It is noteworthy that EV gel treatment did not induce any
noticeable toxicity to healthy tissues including spleen, liver, kidney,
heart, and lungs (Supplementary Fig. S22). These experiments
demonstrated that CpG-conjugated EV gels can effectively modulate
the DCs that arrive at the gel site and facilitate the processing and
presentation of EV-encased antigens by DCs, thereby enhancing the
antigen-specific CTL response.

Antitumor efficacy and antibody response of EV gel
vaccines

After demonstrating the enhanced CTL response and prophylactic
antitumor efficacy of CpG-conjugated EV hydrogels, we next evaluated
their therapeutic antitumor efficacy and potential synergy with anti-
PD-1 checkpoint blockade. C57BL/6 mice were inoculated with E.G7-
OVA tumors on day 0 and divided into 5 groups: the combination of
CpG-conjugated EV gel and anti-PD-1, CpG-conjugated EV gel, EV gel,
anti-PD-1, and PBS (Fig. 8a). EV gels were subcutaneously injected into
the flank of mice on day 9, while anti-PD-1 was injected on days 13, 16,
and 19, respectively (Fig. 8a). All treatment groups managed to slow
down the growth of tumors in comparison with the untreated group
(Fig. 8b). Compared to CpG-conjugated EV gel alone or anti-PD-1 alone,
the combination of CpG-conjugated EV gel and anti-PD-1 led to an
improved tumor control (Fig. 8c). These experiments demonstrated
the promise of EV gel-based cancer vaccines to induce enhanced CTL
response and antitumor efficacy, and the synergistic effect between EV
gel vaccines and checkpoint blockades. As a proof-of-concept
demonstration, we also evaluated the promise of the EV gel to
induce long-term humoral responses. C57BL/6 mice were injected with
CpG-conjugated EV gels, EV gels, or the mixture of EVs and CpG on day
0, followed by the analysis of anti-OVA titers in the serum at different
times. At all examined times (days 5, 7,12, and 18), EV gels consistently
generated higher anti-OVA titers than the bonus mixture of EV and
CpG (Fig. 8d-g). Compared to EV gels, CpG-conjugated EV gels showed
further increased anti-OVA titers from day 12 (Fig. 8d-g).

To understand the alteration of the tumor microenvironment as a
result of EV gel treatment, mice bearing E.G7-OVA tumors were treated
with CpG-conjugated EV gel, CpG-encapsulating EV gel, EV gel, the
mixture of OVA (50 pg) and CpG (50 ng), EV alone, the mixture of EV,
DBCO-PEG and CpG, and PBS, respectively. Tumors were harvested at
3 days post gel injection for immune cell analysis (Fig. 9a). Compared
to EV gel or other groups, CpG-conjugated EV gel resulted in an
increase in the number of intratumoral CD3" T cells and CD8' T cells
(Fig. 9b-d), along with an upregulated expression of CD69 on the

surface of intratumoral CD8" T cells (Fig. 9e). CpG-conjugated EV gel
also decreased the number of intratumoral regulatory T cells (Tregs)
(Fig. 9f), increased the CD8" T/Treg number ratio (Fig. 9g), increased
the number of intratumoral DCs (Fig. 9h), and upregulated the
expression of CD86 on the surface of intratumoral DCs (Fig. 9i), in
comparison with EV gel, EV alone, the mixture of non-crosslinked EVs,
DBCO-PEG and CpG. We also examined the expression of CTLA-4, PD-1,
and LAG-3 exhaustion markers on the surface of CD8" T cells in the
tumor (Fig. 9k-m). Compared to EV gel or no treatment group, CpG-
conjugated EV gels resulted in a slightly increased expression of CTLA-
4 and LAG-3 on intratumoral CD8" T cells (Fig. 9k-m). These experi-
ments demonstrated the ability of CpG-conjugated EV gels to repro-
gram the immunosuppressive tumor microenvironment. We also
analyzed the immune cells in the gel and surrounding skin tissues.
Compared to EV alone or untreated group, CpG-conjugated EV gels
increased the number of CD8" T cells, CD4" T cells, CD69°CDS8" T cells,
CDl1c" DCs, CD86" DCs, and F4/80" macrophages at the injection site
(Supplementary Fig. S23a-g). CpG-conjugated EV gels also resulted in
a higher number of CD11c* DCs, CD86*CD11c" DCs, and F4/80* mac-
rophages than EV gels (Supplementary Fig. S23e-g).

Discussion

Here we present an EV-based hydrogel system in which nanosized EVs
serve as the multifunctional backbone to form the crosslinked gel net-
work. The gelation temperature, gelation rate, storage and loss moduli,
and relaxation time of the formed EV gel can be fine-tuned by adjusting
the concentration of EVs. Our strategy is different from conventional
approaches that physically encapsulate EVs in an existing hydrogel net-
work, and enable the fabrication of EV-based gels with excellent stability
and tunable mechanics and injectability. One such EV hydrogel, formed
with an EV concentration of 7 x 10°/mL and DBCO-PEG concentration of
20 mg/mL, has a gelation temperature of 39.4 °C that is close to the body
temperature. We showed that the mixture of azido-labeled EVs and
DBCO-PEG stayed as a liquid at room temperature but could rapidly
form a crosslinked gel within 3min at 37°C. Similarly, when sub-
cutaneously injected into the flank of mice, the mixture immediately
formed a bulge at the injection site and remained as an intact gel even
after weeks. These EV hydrogels can function as a long-term depot of EVs
and EV-encased molecules for various applications.

We anticipate that the EV tagging and crosslinking approach can be
universally applied to various types of cells including stem cells,
immune cells, and bacteria, for the fabrication of corresponding EV gels.
The injectable and mechanically tunable EV gels could serve as a long-
term depot of EVs and EV-encased molecules for a variety of applica-
tions. For example, EV gels derived from mesenchymal stem cells could
find promising applications in regenerative medicine and immuno-
suppression. EV gels derived from bacteria could serve as a long-lasting
vaccine for the prevention and treatment of bacterial infections.

In the context of tumor EV vaccines, we show that the sub-
cutaneously injected EV gels can serve as a stable depot for EVs and EV-
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Fig. 6 | Immune cells including DCs migrate to subcutaneously injected EV gels.

of DCs at the gel site (n =4 mice). h Pictures of EV/CpG gel and EV gel at 7 days after

Mice were subcutaneously injected with the mixture of azido-labeled EVs (with or

without conjugation of DBCO-CpG) and DBCO-PEG, which formed gels rapidly after

injection. Gels were harvested after three days. Shown are percentages of a DCs,

subcutaneous injection. Also shown are the percentages of i DCs, j neutrophils, and
k T cells in the fibrous capsule surrounding the gel at 3 days post gel injection (n=4
mice). Percentages of 1 DCs, m neutrophils, and n T cells in the fibrous capsule

surrounding the gel at 7 days post gel injection (n =4 mice). All the numerical data are

b macrophages, ¢ neutrophils, and d T cells among CD45" cells at the gel site (n=4

mice). e Number of neutrophils, macrophages, DCs, and T cells at the gel site (n=4
mice). # denotes number. f CD86 MFI of DCs at the gel site (n = 4 mice). g MHCII MFI

presented as mean + SD (two-tailed Student’s ¢ test was used. 0.01 <*P< 0.05;
*P<0.01; **P<0.001; ***P<0.0001).

Nature Communications | (2025)16:3781


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59278-0

a b P=0.0307 c P<0.0001
P=0.0426 P=0.0207
E.G7JOVA Day 6 p=0.0486 D;\yﬁ Pm0.0135
) 15 8 5 P=0.0506 8 4- P=0.0082
| | T —— Day Ogq = £3 _-_
0 6 9 14 o3 = . .
* E 2 [ -1-3 2 Al -
EV/CpG gel . s P > -
EV gel+CpG PBMC analysis §1 I:—I % rf‘{ Fis . i 1 ’}‘ |_| léz‘
EV gel RO QPO N R S CIEN
OVA+CpG P2 GRS oS RN R 5
or Untreated d\o & SN NS @\Oz,\\ Q’e\ OQV“ 0&@
d P=0.0011 € f P=0.0077
P=0.0266 P=0.0952
Day 9 P=0.0033 Day 9 D+ay 14 P=0.0288
s 4~ P=0.047 4 @ =0.
i 6 é Z p 20 P=0.1601
23 - 515
e s B1o
2ot ‘ 2 £
] > —
£1 w [V . Z £05
R o ‘1 2] = 0 200 o
° X - ® N N
R X QXS @ BB & \ g 0<‘
0
g h = EVICpG gel 7 T%
P=0.0038
Day 14 P=0.0042 -+ EVgel+CpG|p g|§
_— & ~30001 « EV | _o S=
%4 P=0.0128 S ge 8 v
8| P=0.0180 £ OVA+CpG (=
.E u gzooo- -+ Untreated
29 : =
z I 2 1000-
e 0Q |"| 5
=0 > O o O g
@QQXOQ K XOQ (8\0 =
AR G 0 10 20 30
A2 Time (Day)

Fig. 7 | CpG-conjugated EV gels exhibit enhanced CTL response and antitumor
efficacy. a Timeframe of the vaccination study. EV gel, EV gel+CpG, EV/CpG gel,
OVA+CpG or PBS were subcutaneously injected into C57BL/6 mice on day 0. E.G7-
OVA tumor cells were inoculated on day 15. Shown are the percentages of (b, d, f)
MHCI-SIINFEKL tetramer® CD8" T cells and (c, e, g) IFN-r' CD8" T cells (after ex vivo
SIINFEKL restimulation) in PBMCs on day 6, 9, and 14, respectively (n =5 mice).

h Average E.G7-OVA tumor volume of each group over the course of the prophy-
lactic tumor study (n =5 mice). Statistical analyses on day 30 are provided. All the
numerical data are presented as mean + SD except for (h) where data are presented
as mean + SEM (ANOVA with a post hoc Fisher’s LSD test was used. 0.01 <*P< 0.05;
*P<0.0L; **P<0.001; ***P< 0.0001).

encased tumor antigens, providing an extended time for the modula-
tion of antigen presenting cells (e.g., DCs). Compared to the mixture of
OVA and CpG, EV hydrogels fabricated from E.G7-OVA-derived EVs
resulted in improved tumor control. EV gels also enable the conjuga-
tion of immunomodulatory agents such as CpG adjuvant for further
amplification of CTL response and antitumor efficacy. Compared to EV
gel alone, CpG-conjugated EV gels resulted in durable CTL response
and improved tumor control in both prophylactic and therapeutic
settings. In addition, CpG-conjugated EV gels showed a synergistic
effect with anti-PD-1 checkpoint blockade for cancer treatment. These
studies demonstrated the great promise of our EV hydrogel system for
vaccination applications. In previously explored EV-based vaccines,
EVs are largely administered in a free form and are expected to traffic

to DCs in the lymphatic tissues for subsequent T cell priming pro-
cesses, which inevitably suffers from a low efficiency**>*>**%, Our
injectable EV hydrogel system provides an alternative approach by
forming stable EV depots for sustained in situ modulation of DCs and
elicitation of antigen-specific T cell response.

To conclude, we have developed EV hydrogels with tunable vis-
coelasticity and injectability, by metabolically tagging EVs with azido
groups and crosslinking them with DBCO-PEG via click chemistry.
Upon subcutaneous injection, the EV hydrogel gel can be rapidly
formed in situ and are stable for over 4 weeks, with the gradual
attraction of immune cells including DCs. EV gels can induce the
activation of DCs and facilitate the processing and presentation of EV-
encased antigens by DCs, resulting in improved tumor control than
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Fig. 8 | CpG-conjugated EV gel shows synergy with a-PD-1 for tumor treatment
and induces enhanced antibody responses. a Timeframe of the therapeutic

tumor study against E.G7-OVA tumors for (a-d). E.G7-OVA tumor was inoculated on
day 0. EV/CpG gel or EV gel was subcutaneously injected on day 9. a-PD-1 was i.p.
administered on days 13, 16 and 19. b Individual tumor curves for each group.

c Average E.G7-OVA tumor volume of each group over the course of the therapeutic
tumor study (n =5 mice). Statistical analyses on day 38 are provided. d-g C57BL/6

mice were subcutaneously injected with EV/CpG gel, EV gel, the mixture of
uncrosslinked EV and CpG, or PBS on day 0. Shown are the anti-OVA IgG titers in the
serum of mice on d day 5, e day 7, f day 12, and g day 18, respectively (n =6 mice).
Anti-OVA titers were measured via ELISA assay. Data in (c) are presented as
mean + SEM and data in (d-g) are presented as mean + SD (ANOVA with a post hoc
Fisher’s LSD test was used. 0.01 <*P < 0.05; *P < 0.01; **P< 0.001L; ***P < 0.0001).

bolus vaccines. The covalent conjugation CpG to EV gels further
improves the CTL response and antitumor efficacy. We also demon-
strate the synergistic effect between CpG-conjugated EV gels and anti-
PD-1 checkpoint blockade for cancer treatment. This EV hydrogel
system provides a unique approach to amplifying the humoral and T
cell responses towards EV-encased antigens and improving the ther-
apeutic efficacy of EV-based therapies.

Methods

Materials and instrumentation

We purchased 8-Arm PEG-amine (20 kDa) from JenKem Technology
USA (Plano, TX, USA), DBCO-NHS from Click Chemistry Tools
(Scottsdale, AZ, USA), Ovalbumin (OVA) protein from InvivoGen (San
Diego, CA, USA), DBCO compounds from Sigma Aldrich (St. Louis, MO,
USA), and Ovalbumin Polyclonal Antibody HRP, goat anti-mouse-IgG
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Fig. 9 | CpG-conjugated EV gel reprograms the tumor microenvironment. E.G7-
OVA tumor was inoculated to C57BL/6 mice on day O, followed by the sub-
cutaneous injection of CpG-conjugated EV gel (EV/CpG gel), CpG-encapsulating EV
gel, EV gel, the solution of OVA and CpG, EV alone, the non-crosslinked solution of
EV, DBCO-PEG and CpG, or PBS on day 12. Tumors were harvested for analysis on
day 15. a Timeframe of immune cell analysis study. b % CD3" cells among CD45*
population (n=5 mice). ¢ % CD8" cells among CD45" population (n=5 mice). d %
CD4" cells among CD45" population (n =5 mice). e % CD69" cells among CD8"

population (n=5 mice). f % FoxP3" cells among CD45'CD3"CD4" population (n=35
mice). g Number ratio of CD8" T cells to Tregs (n =5 mice). h % CD1ic* DCs among
CD11b"CD45" population (n =5 mice). i % CD86" cells among CD11c* DCs (n=5
mice). j % CD86" cells among CD11b*F4/80" macrophages (n =5 mice). k % CTLA-4*
cells among CD8' T cells (n =5 mice). 1% PD-1" cells among CD8" T cells (n = 5 mice).
m % LAG-3" cells among CD8" T cells (n =5 mice). All the numerical data are pre-
sented as mean + SD (ANOVA with a post hoc Fisher’s LSD test was used. 0.01
<*P<0.05; *P<0.01; **P< 0.00L; ***P< 0.0001).

secondary antibody, HRP-conjugated streptavidin from Thermo Fisher
Scientific (Waltham, MA, USA). Primary antibodies including
fluorophore conjugated anti-CD45, anti-CD11b, anti-CD11c, anti-CD86,
anti-MHCII, anti-CD3, anti-CD4, anti-CDS8, anti-Gr-1, anti-F4/80, anti-
TER119, anti-CD15, anti-CD41, anti-Ly6C, anti-PD-1, anti-CTLA-4, anti-
LAG-3, and anti-FoxP3 were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). qEV isolation columns were purchased from
IZON Science (Christchurch, New Zealand). Mouse CD3" T cell isolation
kit, dynabeads, and LS separation columns were purchased from Mil-
tenyi Biotec (Bergisch Gladbach, Germany). FACS analyses
were performed on an Attune NXT. The fluorescence intensity

of solutions and cells was measured using a BioTek plate
reader (Winooski, Vermont, U.S.). Small molecules were characterized
using the Shimadzu LC40 ultra high-performance liquid chromato-
graphy/mass spectrometer. Proton nuclear magnetic resonance
spectra were collected on the Varian US00 or VXR500 (500 MHz)
spectrometer. Scanning electron microscopic (SEM) images were
taken with a Hitachi S-4800 High Resolution Scanning Electron
Microscope. Mechanical tests were performed on an AR-G2 rheometer
(TAInstruments, New Castle, DE, USA). The size and size distribution of
EVs were measured on a Nanoparticle Tracking Analysis (NTA) system
(Malvern, United Kingdom).
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Cell lines and animals

The E.G7-OVA cell line was purchased from American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in DMEM containing
10% FBS, 100 units/mL Penicillin G, 100 pg/mL streptomycin, and 50 pg/
mL G418 at 37 °C in 5% CO2 humidified air. Female C57BL/6 and OT-I
mice were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). All procedures involving animals were done in compliance with
National Institutes of Health and Institutional guidelines with approval
from the Institutional Animal Care and Use Committee at the University
of lllinois at Urbana-Champaign (IACUC protocol number 23201).

Synthesis of Ac;ManNAz

Acs;ManNAz was synthesized following a previously reported
method*®*, In brief, D-Mannosamine hydrochloride (10.0 mmol) and
triethylamine (11.0 mmol) were dissolved in methanol (100 mL), fol-
lowed by the addition of N-(2-azidoacetyl) succinimide (11.0 mmol) in
methanol (5 mL). After stirring at room temperature for 24 h, the sol-
vent was removed and the residue was re-dissolved in pyridine
(100 pL). Acetic anhydride (10 mL) was then added and stirred at room
temperature for another 24 h. The crude product was purified by silica
gel column chromatography using ethyl acetate/hexane (1/1, v/v) as
the eluent to yield a white solid (1/1 o/f isomers). The final compound
was characterized using 'H and ®C NMR spectrometry and mass
spectrometry. 'H NMR (CDCl;, 500 MHz): 6 (ppm) 6.66&6.60 (d,
J/=9.0Hz, 1H, C(O)NHCH), 6.04&6.04 (d, 1H, /=1.9 Hz, NHCHCHO),
5.32-5.35&5.04-5.07 (dd,/=10.2, 4.2 Hz, 1H, CH,CHCHCH), 5.22&5.16 (t,
J/=9.9Hz, 1H, CH,CHCHCH), 4.60-4.63&4.71-4.74 (m, 1H, NHCHCHO),
4.10-4.27 (m, 2H, CH,CHCHCH), 4.07 (m, 2H, C(O)CH,Ns), 3.80-4.04
(m, 1H, CH,CHCHCH), 2.00-2.18 (s, 12H, CH5C(0)). *C NMR (CDCl5,
500 MHz): 6 (ppm) 170.7,170.4, 170.3, 169.8, 168.6, 168.3, 167.5, 166.9,
915, 90.5, 73.6, 71.7, 70.5, 69.1, 65.3, 65.1, 62.0, 61.9, 52.8, 52.6, 49.9,
495,211, 21.0, 21.0, 20.9, 20.9, 20.9, 20.8. ESI MS (m/2): calculated for
C16H2oN4O10Na [NH’Na]+ 453.1, found 453.1.

Flow cytometry analysis of cells

Cells were incubated with Ac;ManNAz (50 uM) or PBS for 3 days. After
washing, cells were incubated with DBCO-Cy5 (10 uM) for 30 min and
were further washed prior to analysis on a flow cytometer.

EV isolation and characterization

E.G7-OVA cells (1x10°) were cultured in the presence of Ac;ManNAz
(50 pM) or PBS for 3 days. The cell culture media was collected on days
4 or 5, after which it was subjected to initial centrifugation at 350 x g
for 5min to remove cell debris and larger particles. The supernatant
was then collected and further purified using ultrafiltration. An Amicon
filter with a 100 kDa molecular weight cutoff was used for the ultra-
filtration to remove all molecules with molecular weights lower than
100 kDa. The ultrafiltration was conducted using centrifuge 5910 Ri
(Eppendorf) at 4347 x g for 40 min. At least 5 ultrafiltration washing
steps (using PBS, 4347 x g, 40 min) were performed to purify EVs. The
size and concentration of EVs were determined on the NTA instrument.
For the NTA, we used the Malvern NanoSight NS300 instrument. The
measurement volume was 500 uL. The length of the video was 10 secs
each and the number of videos taken was 5 per sample. The instrument
settings has been listed below: [Capture Settings: Camera Type:
SCMOS; Laser Type: Blue488; Camera Level: Manual settings used;
Slider Shutter: 1300; Slider Gain: 512; FPS 25.0; Number of Frames:
1498; Temperature: 22.5-22.5°C; Viscosity: (Water) 0.941-0.942 cP;
Dilution factor: Dilution not recorded; Syringe Pump Speed: 100.
Analysis Settings: Detect Threshold: 17; Blur Size: Auto; Max Jump
Distance: Auto: 2.0-14.8 pix]. To validate the presence of azido groups
on the surface of EVs, EVs derived from Ac,ManNAz-treated E.G7-OVA
cells were incubated with DBCO-Cy5 (10 uM) for 30 min, washed with
PBS via ultrafiltration (100 kDa Amicon filter, 4347 x g, 40 min), and the
Cys fluorescence intensity was measured on a plate reader.

Uptake of EVs by DCs

DC 2.4 cells were seeded onto coverslips in a 6-well plate at a density of
6 x10° cells per well and allowed to attach for 48 h. Cy5-conjugated EVs
(synthesized via the conjugation of EV-N; and DBCO-Cy5) or control
EVs were incubated with DC 2.4 cells at 37 °C for 1 h. After washing with
PBS, cells were fixed with 4% paraformaldehyde solution, followed by
the staining of cell nuclei and membrane with DAPI (blue) and cell
mask stain (green), respectively. The coverslips were mounted onto
microscopic slides with Prolong-gold and imaged under a confocal
laser scanning microscope.

TEM imaging of EVs

Isolated EVs were added onto formvar/carbon-coated TEM grids (Ted
Pella, Redding, CA), allowed to dry, negatively stained with 2% aqueous
uranyl acetate, and imaged with a JEOL 2100 TEM at 200 kV.

Fabrication of EV gels

E.G7-OVA cells (1x10°) were metabolically labeled with Ac,ManNAz
for three days, for subsequent secretion of azido-labeled EVs. Purified
azido-labeled EVs (7 x 10°/mL, 1.75 x 10°/mL, 1.17 x 10°/mL, 0.875 x 10%/
mL, or 0.7 x10°/mL final concentration) were then mixed with 8-arm
DBCO-PEG (20 mg/mL final concentration) for 3 min at 37 °C to form
EV gels. For some experiments, CpG adjuvant was incorporated into
the EV gel by either conjugating azido-labeled EVs with DBCO-modified
CpG and further mixing with 8-arm DBCO-PEG to form the crosslinked
EV/CpG Gel, or physically encapsulating CpG into EV gels.

Porosity measurement

EV gels were first placed in DI water for 1-2 h. EV gels were then placed
on a Kimwipe paper to dry one side of the gel, so that the water inside
the pores can come out through capillary action. The weight of gels
before and after the wicking assay was measured, and the porosity of
the gel was calculated as (W;-Wg)/Wi.

Gel volume analysis

EV gels were placed in the medium for 2 weeks at ambient tempera-
ture. The length and width of gels were monitored at different times,
and the volume of gels was calculated via V = (W?xL)/2.

EV measurement before and after EV gel formation

Initially, EVs were suspended in PBS, and the concentration of EVs in
PBS was measured using the Nanoparticle Tracking Analysis (NTA)
instrument. EVs in PBS were then mixed with DBCO-PEG to form the
gel. After the EV gel was formed, the remaining PBS solution that did
not incorporate into the gel was collected, and the gel was washed with
fresh PBS. The combined PBS solutions were analyzed by the NTA to
measure the concentration of EVs. The total number of EVs was cal-
culated by multiplying the concentration of EVs and the volume of EV
solution.

In vitro T cell proliferation Assay

EV gel, EV gel+ CpG, EV gel/CpG, and OVA+CpG were placed in a 96-
well plate containing 50k DCs per well. 100 k CFSE-stained OT-I cells
were added to the surface of the gel, allowing gels to absorb the
T cell-containing medium. Finally, T cell medium without IL-2
was added and incubated for 3 days prior to the flow cytometry
analysis.

In vivo stability of EV gels

Azido-labeled EVs were incubated with DBCO-Cy5 for 30 min, and
washed with PBS via ultrafiltration (4347 x g, 40 min) with an Amicon
centrifugal filter (100 kDa). Then, EV gels were formed in vivo by
injecting the mixture of Cy5 conjugated azido-labeled EVs with DBCO-
PEG into the flank of Balb/c mice. IVIS imaging was used to monitor the
release of Cy5-conjugated EVs at different time points.

Nature Communications | (2025)16:3781

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59278-0

Immune cell profile of EV gels

C57BL/6 mice were subcutaneously injected with the mixture of azido-
labeled EVs and DBCO-PEG. Gels were isolated from mice after 3 days,
disrupted, and passed through a 40 pm strainer to collect the cells.
Cells were then washed with PBS, stained with fluorophore-conjugated
antibodies, and run on a flow cytometer.

Interaction of BMDCs with EV gels

Bone marrow-derived DCs were stained with Calcein AM (10 pM) for
30 min and washed twice with PBS. After washing, cells were added to
the top of the EV gel (4 mm diameter x 2 mm height) and incubated at
37°C. The viability and proliferation of DCs on top of the gel were
monitored over a week using fluorescence microscopy. Pictures of EV
gels were taken over time.

Mechanical characterization of EV gels

All tests were performed on an AR-G3 rheometer (TA Instruments)
using a 20 mm plate (1.4 mm thickness). The strain sweep test was
performed under 0.1-100% strain at a frequency of 1Hz to determine
the linear viscoelastic region of EV gels at different temperatures to
ensure that the strain value falls within the linear elastic region. No pre-
stress or pressure was applied to the EV gels during the measurement.
Solutions of azido-labeled EVs and DBCO-PEG were mixed right before
depositing onto the surface plate of the rheometer for the measure-
ment of gelation temperature and time. The gelation temperature of
hydrogels for different concentrations of EVs was measured via oscil-
latory temperature ramp rheological experiments. The storage and
loss moduli of formed EV gels were measured by running the time
sweep test at 0.5% strain and 1 Hz frequency under room temperature.
The viscosity of hydrogels was determined using the flow sweep test
performed at 0.5% strain. The stress relaxation of gels was evaluated by
subjecting gels to a constant 15% strain.

Release of OVA from EV gel

EV gels (7 x 108 EVs) were incubated at 37 °C for up to 2 weeks in a 48-
well plate. 200 pL aliquots of media were collected on days 1, 3, 5, 9,
and 14, and sampled for ELISA assay to quantify the released OVA from
EV gels.

Proteomic analysis

EVs were collected and purified via ultrafiltration with an Amicon
centrifugal filter (100 kDa) and qEV column. Reduction, alkylation of
cysteines, and sequential digestion by LysC and trypsin were per-
formed followed by StageTip desalting. Proteins were analyzed on an
LC-MS by a trained staff in the Proteomic Analysis Core.

Western blot analysis of EVs

EVs were obtained from E.G7-OVA cell culture medium, with or without
AcyManAz, and subsequently purified using ultrafiltration (4347 x g,
40 min) and a qEV column. The purified EVs were lysed and assessed for
protein content using a BCA assay kit (Sigma, USA). Laemmli sample
buffer was added to the lysates, followed by boiling at 100 °C for 5 min.
Subsequently, 10 ug of proteins were loaded and electrophoresed on a
12% acrylamide gel (Tris-Glycine/SDS running buffer). The protein bands
were then transferred to a PVDF membrane (transfer buffer: 25 mM Tris
base, 1990 mM glycine, and 20% methanol), and the membrane was
stained with an HRP-conjugated OVA polyclonal antibody. EVs derived
from B16-F10 cells served as the negative control. EVs were also stained
with anti-Tsg101 and anti-CD63 and HRP-conjugated secondary antibody,
and visualized using chemiluminescence.

Endocytosis of EVs by DCs
DCs were seeded on the coverslips at a density of 6 x10° cells and
allowed to attach overnight. Cells were incubated with EV-Cy5 for

30 mins or 4 h and washed with PBS. Cells were stained with Rab5
antibody at a dilution of 1:50 and FITC-conjugated Goat anti-rabbit IGG
(H+L) or Alexa Fluor 488 conjugated LAMP-1 monoclonal antibody at
1:100 in 0.1% BSA and incubated at 4 °C followed by washing with PBS
and fixing the cells with 4% paraformaldehyde solution. Nuclei were
stained with DAPI at 1:5000 dilution followed by multiple washes with
PBS. The coverslips were mounted onto microscopic slides and
imaged using a confocal laser scanning microscope.

ELISA assay

96-well high binding ELISA plates were coated with 200 L of pure OVA
protein (0.1 ng/mL to 100 ng/mL) and EV samples (serial dilution from
1/2,1/10 to 1/10000) in coating buffer (3 replicates each) for overnight
at 4 °C. The plate was washed with PBST three times followed by the
addition of the blocking buffer (5% non-fat milk in PBST) to each well
and incubated for 2 h at room temperature in a shaking platform. The
plate was washed with PBST 3 times. 50 uL of horseradish peroxidase
(HRP) conjugated ovalbumin polyclonal antibody (1:5000) in blocking
buffer was added to each well and incubated at room temperature for
2 h. 100 pL of substrate was added to each well, allowing the color to
change for 15 min. Finally, 50 uL of stop solution (2 M sulfuric acid) was
added to terminate the enzymatic reaction. The optical density was
measured at a wavelength of 405 nm using a plate reader.

Immune cell analysis in fibrotic tissue

EV/CpG gels (7 x10® EVs and 12.72 ng of CpG) or EV gels (7 x 10® EVs)
were subcutaneously injected to C57BL/6 mice on day 0. On day 3 or
day 7, the fibrotic capsule surrounding the gels was harvested for
immune cell analysis. Fibrotic tissues were disrupted, digested, and
passed through cell strainers, stained with fluorophore-conjugated
antibodies, and analyzed using a flow cytometer.

Anti-OVA IgG titer detection

C57BL/6 mice were subcutaneously injected with EV/CpG gel (7 x 10° EVs
and 12.72 ng of CpG), EV gel (7 x 10® EVs), the mixture of EV (7 x 108 EVs),
DBCO-PEG, and CpG (12.72 ng), or PBS on day 0. Blood samples were
collected on day 5, 7, 12, and 18 respectively. Blood was centrifuged at
2000 x g for 5 min to collect the serum, which was stored at —80 °C until
further use. For the detection of anti-OVA IgG titers, 96-well high-binding
ELISA plates were coated overnight at 4 °C with OVA (20 pg/mL, 50 uL
per well) and were further blocked with the blocking buffer for 2h at
room temperature in on shaking platform. After 2-3 washing steps with
PBST, diluted serum samples (1/10, 1/100, 1/1000, 1/10000, 1/100000)
were added to triplicate wells. The plates were then incubated at room
temperature for 2 h followed by washing with PBST 10 times. Biotiny-
lated goat anti-mouse-IgG secondary antibody (1:500) in blocking buffer
was added to each well and incubated at room temperature for 2 h. After
washing with PBST 8 times, HRP-streptavidin (1:500) in PBST was added
to each well and incubated for 1h at room temperature. Peroxidase
activity was determined by adding 100 uL of the substrate solution to
each well for 30 min. Finally, 50 uL of stop solution (2 M sulfuric acid)
was added to terminate the enzymatic reaction. The color was quantified
by using a plate reader at 405 nm. The anti-OVA IgG titer was determined
by serum dilution.

Blood test

C57BL/6 mice were subcutaneously injected with an EV/CpG gel
(containing 7 x 108 EVs and 12.72 ng of CpG) or an EV gel (containing
7 %108 EVs) on day 0. Blood samples were collected via the retro-
orbital method at days 3, 6, and 9 post-injection of EV gels. White blood
cell (WBC), red blood cell (RBC), lymphocyte, monocyte, and granu-
locyte counts were assessed by staining the cells with anti-TER119, anti-
CD45, anti-CD3, anti-CD15, anti-CD19, anti-CD14, anti-CD41, and anti-
Ly6C, followed by flow cytometry analysis.
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Cytokine analysis

The levels of inflammatory cytokines at the injection sites of EV gel or
EV/CpG gel were assessed using a proteome profiling assay (Proteome
Profiler Mouse Cytokine Array Kit, Panel A). In brief, C57BL/6 mice
received subcutaneous injections of either an EV/CpG gel (containing
7x10® EVs and 12.72ng CpG) or an EV gel (containing 7 x10® EVs).
Three days after the injection, the supernatant of cells collected near
the gel injection site was processed for cytokine analysis. To prepare
the samples, the collected medium was centrifuged to eliminate dead
cells and debris. Reagents were prepared in accordance with the
manufacturer’s instructions (R&D, USA). The membranes were initially
blocked by incubating with Array Buffer 6 for 1h on a shaker. Each
sample was diluted by adding 1 mL of the collected medium to 0.5 mL
of Array Buffer 4, and the volume was adjusted to 1.5 mL with Array
Buffer 6. Then, 15 pL of the mouse cytokine detection antibody cock-
tail was added to each sample and incubated for 1h. Following the
incubation, the membranes were washed and incubated with the
antibody-sample mixture overnight at 4 °C. On the following day, the
membranes were washed again and incubated with Streptavidin-HRP
(1:2000) for 30 min at room temperature. After a final wash, 1 mL of
Chemi Reagent mix was applied to each membrane, which was then
exposed to a chemiluminescence imager for 2-5 min. Positive signals
on the membranes were identified using a transparency overlay tem-
plate provided by the manufacturer, aligning it with the reference
spots for each cytokine. Pixel densities (average signals from duplicate
spots) were analyzed using ImageJ software, with background signal
subtracted from the average signal.

Vaccination and prophylactic study

C57BL/6 mice were divided into five groups: EV/CpG gel (7 x 10® EVs
and 12.72 ng of CpG), EV gel + CpG (7 x10® EVs and 12.72 ng of CpG),
OVA (50 pg) and CpG (50 ng), EV gel (7 x 10* EVs), or PBS. EV gels or the
solution of OVA and CpG or PBS were subcutaneously injected into the
flank of mice on day 0. Blood was drawn on days 6, 9, and 14 for the
analysis of SIINFEKL-specific CD8" T cells in PBMCs®%. For tetramer
analysis, PBMCs were stained with fluorophore-conjugated SIINFEKL
tetramer, anti-CD3, anti-CD8, and e780 fixable viability dye for 20 min,
and analyzed on a flow cytometer. For IFN-y restimulation, PBMCs
were treated with SIINFEKL peptide for 1.5 h and Golgi plug for 2.5h,
and then stained with fluorophore-conjugated anti-CD3, anti-CD8, and
€780 fixable viability dye. Cells were further treated with the fixation &
permeabilization buffer and stained with fluorophore-conjugated anti-
IFN-y for flow cytometry analysis®’. On day 15, E.G7-OVA tumor cells
(100k cells in 50 pL of HBSS) were subcutaneously injected into C57BL/
6 mice. The tumor volume and body weight of the mice were measured
twice a week. Tumor volume was calculated using the formula L x W?/2
(L=long axis diameter; W =short axis diameter). The endpoint was
defined as the day the largest diameter of tumors reaches 20 mm, or
animals become moribund, or animals have a body weight loss of
>20%, or animals have a body condition of 2 or less on a 5 point scale.

Therapeutic tumor study of EV hydrogel vaccines

E.G7-OVA cells (500k cells in 50 pL of HBSS) were subcutaneously
injected into the right flank of C57BL/6 mice on day 0. When the
tumors reached a diameter of 5-7 mm, the mice were randomly divi-
ded into five groups: EV/CpG gel + a-PD-1, EV/CpG gel, EV gel, a-PD-1,
or PBS. Gels were injected on day 9. a-PD-1 (100 pg per dose) was
intraperitoneally injected on days 13, 16, and 19. The tumor volume and
mouse body weight were measured 2-3 times a week. Tumor volume
was calculated using the formula LxW?2 (L=long axis diameter;
W =short axis diameter)®’. The endpoint was defined as the day the
largest diameter of tumors reaches 20 mm, or animals become mor-
ibund, or animals have a body weight loss of >20%, or animals have a
body condition of 2 or less on a 5 point scale.

Tumor microenvironment analysis

C57BL/6 mice were assigned to seven experimental groups: EV/CpG
gel (7x10® EVs and 12.72ng CpG), EV gel + CpG (7 x10® EVs and
12.72 ng CpG), OVA (50 pg) and CpG (50 ng), EV gel (7 x10° EVs), EV
only (7 x 10® EVs), unconjugated EV + DBCO-PEG + CpG (7 x 108 EVs and
12.72ng CpG), or PBS. On Day 0, E.G7-OVA cells (200,000) were
washed with HBSS buffer and subcutaneously injected into the upper
right flank of the mice. On Day 12, the respective EV gel formulations
were injected subcutaneously. Tumors and gels were harvested on Day
15 for further analysis. For processing, tumors and gels were
mechanically disrupted using a syringe plunger, then passed through a
40 pm cell strainer and rinsed with 10 mL of RPMI. The resulting cell
suspension was collected, washed with PBS, and stained for flow
cytometry analysis.

Statistical analysis

For comparisons between two groups, we used two-tailed Welch'’s ¢
test or two-tailed Student’s ¢ test. For multiple comparisons, we used
one-way analysis of variance (ANOVA) with a post hoc Fisher’s LSD test.
The results were deemed significant at 0.01 <*P<0.05, highly sig-
nificant at 0.001 <*P < 0.01, and extremely significant at **P< 0.001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data for all figures have been provided and will be published
alongside this paper. All data underlying this study are available from
the corresponding author upon request. Source data are provided with
this paper.
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