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Abstract

Introduction Biomaterials that enable in situ recruitment and modulation of immune cells have demonstrated tremendous
promise for developing potent cancer immunotherapy such as therapeutic cancer vaccine. One challenge related to biomate-
rial scaffold-based cancer vaccines is the development of macroporous materials that are biocompatible and stable, enable
controlled release of chemokines to actively recruit a large number of dendritic cells (DCs), contain macropores that are
large enough to home the recruited DCs, and support the survival and proliferation of DCs

Methods Bio-adhesive macroporous gelatin hydrogels were synthesized and characterized for mechanical properties, porous
structure, and adhesion towards tissues. The recruitment of immune cells including DCs to chemokine-loaded bioadhesive
macroporous gels was analyzed. The ability of gels loaded with granulocyte-macrophage colony-stimulating factor (GM-
CSF) and tumor extracellular vesicles (EVs) to elicit tumor-specific CD8" T cell responses was also analyzed.

Results Here we develop a bioadhesive macroporous hydrogel that can strongly adhere to tissues, contain macropores that
are large enough to home immune cells, are mechanically tough, and enable controlled release of chemokines to recruit
and modulate immune cells in situ. The macroporous hydrogel is composed of a double crosslinked network of gelatin and
polyacrylic acid, and the macropores are introduced via cryo-polymerization. By incorporating GM-CSF and tumor EVs
into the macroporous hydrogel, a high number of DCs can be recruited in situ to process and present EV-encased antigens.
These tumor antigen-presenting DCs can then traffic to lymphatic tissues to prime antigen-specific CD8" T cells.
Conclusion This bioadhesive macroporous hydrogel system provides a new platform for in situ recruitment and modulation
of DCs and the development of enhanced immunotherapies including tumor EV vaccines. We also envision the promise
of this material system for drug delivery, tissue regeneration, long-term immunosuppression, and many other applications.
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Introduction new immunotherapies that can elicit persistent cytotoxic T

lymphocyte (CTL) response [13, 19, 32, 33]. Therapeutic

Cancer immunotherapy has reshaped the paradigm for can-
cer treatment in the clinic over the past decade, especially
with the success of checkpoint blockades and chimeric
antigen receptor (CAR) T cell therapies [10, 16, 26, 34].
However, the poor patient response rate, modest efficacy
against solid tumors, and occasionally severe side effect
have limited their utility and motivated the development of

Associate Editor Michael R. King oversaw the review of this
article

Joonsu Han and Rimsha Bhatta have contributed equally to this
work.

Extended author information available on the last page of the article

cancer vaccines that aim to modulate antigen presenting
cells (e.g., dendritic cells (DCs) with tumor antigens and
adjuvants has shown the promise to elicit tumor-specific
CTL response while exhibiting benign safety profiles, but
are limited by the modest therapeutic efficacy [12, 21, 36,
38, 47]. To further improve the CTL response and antitumor
efficacy, various types of neoantigen vaccines, tumor extra-
cellular vesicle (EV) vaccines, DC vaccines, nanovaccines,
and biomaterial scaffold-based vaccines have been actively
explored [6, 7, 29, 39, 42]. Among them, chemokine-loaded
biomaterial scaffolds such as poly(lactic-co-glycolic acid)
scaffold, mesoporous silica rods, pore-forming alginate
gels, and polymeric cryogels, upon administration, enable
the active recruitment of DCs and subsequent modulation

@ Springer


http://orcid.org/0000-0002-1157-8786
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-023-00770-2&domain=pdf

356

J.Hanetal.

of DCs in situ. [3, 11, 44, 52] For example, the recruited
DCs can be programmed by a pool of tumor antigens and
adjuvants preloaded into the biomaterial scaffold, before
migrating to the draining lymph nodes to prime antigen-
specific CD8* T cells [2, 9]. One challenge related to bio-
material scaffold-based cancer vaccines is the development
of macroporous materials that are biocompatible and stable,
enable controlled release of chemokines to actively recruit
a large number of DCs, contain macropores that are large
enough to home the recruited DCs, and support the survival
and proliferation of DCs [18].

Here report the use of a macroporous hydrogel system
that fulfills these requirements and could provide a new
platform for in situ recruitment and modulation of DCs and
the development of robust cancer vaccines. Hydrogels com-
posed of a robust gel network have demonstrated tremendous
promise for hemostasis, drug delivery, wound healing, and
other applications over the past several years [5, 17]. These
hydrogels are mechanically tough and show great stability
under physiological conditions. By incorporating amine-
reactive N-hydroxysuccinimidyl (NHS) functional groups
into the gel network, the hydrogels can also function as a
bioadhesive by adhering to amine-bearing tissues [50]. The
stable covalent linkage, together with the ability of the tough
gel network to dissipate energy from the adhesion layer,
resulted in strong and robust adhesion [14, 20, 41]. In this
study, we utilized a cryo-polymerization process to introduce
macropores (50-200 um) into the gel network and thus fab-
ricate macroporous hydrogels (Fig. 1). Further, chemokines

Fig. 1 Schematic illustration QD

such as granulocyte-macrophage colony-stimulating factor
(GM-CSF) can be encapsulated into the macroporous hydro-
gel for controlled release and active recruitment of DCs [45,
46]. We envision that GM-CSF-loaded macroporous hydro-
gels, upon administration into the body, can adhere to the
local tissue, retain at the administration site for a long period
of time, and gradually release GM-CSF to recruit DCs. The
recruited DCs can then become programmed within the
hydrogel by antigens and adjuvants, prior to their migration
to the draining lymph nodes for T and B cell priming. [1, 28]

To compose a functional cancer vaccine, tumor anti-
gens also need to be incorporated into the GM-CSF-loaded
macroporous hydrogel [23, 30]. Commonly used sources
of tumor antigens include killed tumor cells, tumor cell
lysates, tumor-derived EVs, and neoantigens [8, 35, 49].
Among them, killed tumor cells and tumor cell lysates are
easy to obtain, but the variety of unknown components
being released into the body often pose safety concerns [24].
Neoantigens that result from genetic mutation are relatively
tumor-specific. However, the costly, lengthy, and lowly suc-
cessful process of identifying neoantigens, which includes
the isolation of tumor cells, extraction of DNAs or RNAs,
sequencing, mutation analysis, epitope prediction, synthe-
sis of a large pool of peptides, and screening of potential
neoantigen candidates, has limited the development of neo-
antigen-based cancer vaccines [37, 51]. In contrast, tumor
EVs, the nanosized extracellular vesicles secreted by tumor
cells, exhibit a benign safety profile, are easy to isolate and
purify, and have shown the promise to elicit tumor-specific

of bio-adhesive macroporous s vy " X )

hydrogels for in situ recruitment @* a J/ 3 ‘) T cell priming

and modulation of DCs. NHS- A R4 ; i = 37 e :

bearing gels can strongly adhere S0 e I: :()::g:gf:)‘:les ﬁ”’>§< \ @}

to tissues, while releasing GM- U Hydr | / \ b\// ‘ —

CSF to actively recruit DCs. [ ‘ . @ ydroge ~2 - ©

The recruited DCs can then &,J p e a } SQ/\ N Tumor
process and present EV-encased © P killing

tumor antigens for subsequent
priming of antigen-specific
CDS8* T cells

@) Immature DC

Cancer Cell

@ Springer

@

Tissue

X

v}? Programmed DC @ Antigen-specific T cell

& GM-CSF & TumorEvs



Bio-adhesive Macroporous Hydrogels for In Situ Recruitment and Modulation of Dendritic Cells

357

CTL response [22, 40, 43]. In this study, by co-encapsulating
tumor EVs and GM-CSF into the bioadhesive macropoous
hydrogel, DCs can be actively recruited to the material site
to process and present EV-encased tumor antigens in situ,
before they migrate to lymphatic tissues to prime antigen-
specific CD8* T cells (Fig. 1).

Fig.2 Synthesis and characteri- (a) r
zation of macroporous hydro- !
gels. a Schematic illustration
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Results

Synthesis and Characterization of Bioadhesive

Macroporous Hydrogels

To synthesize the bioadhesive macroporous hydrogels,
acrylic acid NHS ester, methacrylated gelatin, acrylic acid,
and a-ketoglutaric acid (photoinitiator) were mixed and fro-
zen at — 80 °C to form ice crystals between polymer chains,
and then subjected to ultraviolet (UV) irradiation for 10 or
15 minutes (Fig. 2a). In this process, UV irradiation gener-
ated free radicals to initiate the co-polymerizatrion of acrylic
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acid NHS ester, methacrylated gelatin, and acrylic acid. As
the polymerization occurs within a fully frozen mixture, ice
crystals were well dispersed within the formed gel network.
By transferring to ambient temperature or 37 °C, the embed-
ded ice crystals would melt and result in the formation of a
macroporous gel network, as observed under the microscope
(Fig. 2b). Quantification of microscopic images revealed an
average diameter of 92 pm for 10-min UV irradiation and
83 um for 15-min UV irradiation (Fig. 2c). These macropo-
res are large enough to accommodate DCs and other immune
cells with a diameter of ~ 10 pm. The porosity of the formed
macroporous hydrogels can also be tuned by the UV irra-
diation time, with a porosity of 24.9% for 10-min UV irra-
diation (Fig. 2d). By increasing the UV irradiation time to
15 min, the porosity of gels decreased to 12.4% (Fig. 2d).
It is noteworthy that despite the presence of interconnected
macropores, the fabricated gels have a high elastic modu-
lus of ~ 1.4 MPa (Fig. 2e), indicating the superior mechanic
strength of the formed macroporous gels. When immersing
the half-dried macroporous gel in PBS at 37 °C, the gel can

Fig. 3 Bioadhesive properties
of macroporous hydrogels. a
pictures illustrating the peeling
test with porcine back skin. b
Force—displacement profiles
and c interfacial toughness of
gels towards porcine skin. d
pictures illustrating the lab-
shear test with porcine back
skin. e Force—displacement
profiles and f shear strength of
gels towards porcine skin. g
pictures illustrating the tensile
test with porcine back skin. h
Force—displacement profiles and
i tensile strength of gels towards
porcine skin. All the numerical
data are presented as mean +SD
(0.01<*P<0.05; **P<0.01;
*#%P <(0.001)
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rapidly swell with a much higher swelling ratio than conven-
tional nanoporous hydrogels (Fig. 2f), further confirming the
interconnected macroporous structure and the high mechani-
cal strength of the gel network.

Bio-adhesive Property of Macroporous Hydrogels

The NHS-bearing macroporous hydrogels are expected to
covalently conjugate to amine-bearing tissues while the
robust gel network is able to dissipate energy from the
interface, resulting in the formation of a stable adhesion
layer. To assess the adhesive property, macroporous gels
(24 x24x0.25 mm) were placed between two pieces of
porcine skin, and the adhesion strength was characterized
via a peeling test on an Instron. The peeling test revealed an
adhesion energy (interfacial toughness) of ~480 J/m? for the
macroporous hydrogel, which is significantly higher than the
control gel without NHS moieties (~190 J/m?) and the com-
mercial surgical sealant Dermabond (~ 60 J/m?) (Fig. 3a—c).
We also measured the shear strength of gels via a lap-shear
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test (Fig. 3d). The macroporous hydrogels showed a shear
strength of 90 kPa (Fig. 3e—f), which was again higher than
the control gel without NHS moiety and Dermabond. Simi-
larly, tensile tests showed a tensile strength of 67 kPa for
the macroporous hydrogel, in comparison with 45 kPa for
control gels without NHS moiety and 34 kPa for Derma-
bond (Fig. 3g—i). These experiments demonstrated that our
NHS-bearing macroporous hydrogels can strongly adhere
to tissues.

Cell Infiltration and Survival in Macroporous
Hydrogels

We next tested the biocompatibility and cell infiltration
efficiency of the macroporous hydrogel. A small volume of
ELA4 cells in DMEM (1.5 million cells in 10 uL of DMEM)
were added to the top of the macroporous hydrogel (6 mm in
diameter and 0.25 mm in height). Cells could easily infiltrate
into the gel and reach a loading efficiency of ~60% (Fig. 4a).

The loading efficiency decreased with the initial cell density,
as expected (Fig. 4b). Nevertheless, over 1 million cells can
be easily loaded into a thin macroporous hydrogel (6 mm
in diameter and 0.25 mm in height). The loaded EL4 cells
showed good viability over time, as evidenced by the fluores-
cence images of cells on days 3, 5, and 8 after staining with
Calcein AM (live cell stain) and Ethidium Homodimer-1
(dead cell stain) (Fig. 4c and d). Cells also showed good
proliferation within the gels over time. These experiments
demonstrated the good biocompatibility of the macroporous
hydrogel which supports the survival and proliferation of
loaded or infiltrated cells.

EV-Loaded Gels for DC Modulation In Vitro

After demonstrating that cells can be easily loaded into the
macroporous hydrogel and survive well within the gels,
we next incorporated tumor EVs into the gel and studied
whether DCs can process and present EV-encased antigens
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within the gel. EVs were isolated from the culture medium
of ovalbumin (OVA)-expressing E.G7-OVA cancer cells and
purified via centrifugation and size exclusion chromatogra-
phy. The size and size distribution of EVs was determined
by transmission electron microscopy (TEM) and dynamic
light scattering (DLS) (Fig Sla-b). The E.G7-OVA derived
EVs were then loaded together with bone marrow-derived
DCs (BMDCs) into macroporous hydrogels. After 16 h,
DCs were collected for antibody staining and flow cytom-
etry analysis. Compared to the control group without EVs,
DCs cultured within EV-loaded gels successfully expressed
SIINFEKL peptide antigen, the CD8 epitope of OVA, via
major histocompatibility complex I (MHC I) (Fig. 5a and
b). The expression levels of SIINFEKL increased with the
concentration of EVs in the gels (Fig. 5a and b). It is note-
worthy that the treatment of DCs with a high dose of EVs
also upregulated the expression of CD86 and MHCII, two
activation markers of DCs (Fig. 5c—f). These experiments
demonstrated that DCs can easily infiltrate into the macropo-
rous hydrogel and process and present EV-encased antigens
within the gel.

In Vivo DC Recruitment and Modulation by GM-CSF-
and EV-Loaded Gels

After demonstrating that macroporous hydrogels can
robustly adhere to tissues, easily load and support the sur-
vival of cells, and enable the processing of tumor EVs by
DCs within the gel, we next studied whether GM-CSF

Fig.5 DCs can process and (a)
present tumor EV-encased 20+
antigens within macroporous +
hydrogels. Gels were loaded So 154 w
with DCs and different amounts L9
of E.G7-OVA-derived EVs, 3% 101 P=0.0967
and incubated at 37 °C for o6 P=0.1750
16 h. a Percentage of MHCI- % % 5] hd P=0.6998
SIINFEKL™* DCs and b mean X .
MHCI-SIINFEKL fluorescence 0-
intensity (FI) of DCs after 16 h. & 2 6@%&’ 0
¢ Percentage of CD86" DC and LN
d mean CD86 FI of DCs after # of E.G7-OVA EVs
16 h. e Percentage of MHCIT*
DCs and f mean MHCII FI (d)
of DCs after 16 h. All the _ P<0.0001
numerical data are presented as 40000 P=0.2477
mean+SD (0.01 <*P<0.05; 30000- m
*##P<0.01; ***P <0.001) % P=0 5836
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loaded gels can actively recruit DCs in vivo. To load GM-
CSF and E.G7-OVA EVs, macroporous hydrogels were
half-dried via Kimwipe paper, followed by the addition
of EVs and GM-CSF to the top of gels. C57BL/6 mice
were divided into 4 groups: gel loaded with GM-CSF and
EVs, gel loaded with EVs alone, gel loaded with GM-CSF
alone, or blank gel (n=5 per group). On day 0, gels were
applied subcutaneously by cutting a small incision and
attaching the gel to the interior side of the skin (gel had a
distance from the incision site) (Fig. 6a). On day 4, gels
were harvested for immune cell analysis. At the time of
collection, gels remained strongly adhered to the skin and
were intact (Fig. S2). Flow cytometry analysis revealed
that the vast majority of cells present in the gels were
CD45" immune cells (Fig. 6b). Compared to gels loaded
with EVs alone or blank gels, gels containing GM-CSF
and EVs or gels containing GM-CSF alone recruited a
significantly higher number of CD11c* DCs (Fig. 6¢ and
d), demonstrating the ability of GM-CSF to mediate the
attraction of DCs in vivo. Among the recruited CD11c*
DCs, the percentage of activated DCs (i.e., CD86* popula-
tion) was higher in gels loaded with EVs, in comparison
with gels without EVs or blank gels (Fig. 6e). Gels con-
taining EVs also managed to yield a higher number of
SIINFEKL-presenting DCs than gels without EVs or blank
gels (Fig. 6f), demonstrating that the recruited DCs can
process EVs and present EV-encased SIINFEKL antigens
in situ. The macroporous hydrogel loaded with GM-CSF
and EVs also recruited CD11b*F4/80* macrophages and
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CDI11b*Gr1* neutrophils, but at a much lower number
than DCs (Fig. 6g and h, Fig. S3).

CTL Response of GM-CSF- and Tumor EV-Loaded
Gels

After demonstrating that bioadhesive macroporous hydro-
gels loaded with GM-CSF and E.G7-OVA EVs can actively
recruit DCs and generate SIINFEKL-presenting DCs in situ,
we next studied whether the gel-based cancer vaccine can
amplify systemic SIINFEKL-specific CTL response.
C57BL/6 mice were divided into five groups: gel loaded
with GM-CSF and E.G7-OVA EVs, gel loaded with EVs
alone, gel loaded with GM-CSF alone, blank gel, or no treat-
ment (n=6 per group) (Fig. 7a). Gels were attached to the
interior side of mouse back skin on day 0, followed by the

analysis of SIINFEKL-specific CD8* T cells in peripheral
blood mononuclear cells (PBMCs) over time. On day 4, a
higher number of SIINFEKL tetramert CD8" T cells was
detected in mice treated with gels encapsulating GM-CSF
and tumor EVs, in comparison with mice treated with blank
gels or gels encapsulating GM-CSF alone (Fig. 7b). Upon
ex vivo restimulation with SIINFEKL peptide, PBMCs col-
lected from mice treated with gels encapsulating GM-CSF
and tumor EVs also showed a higher frequency of IFN-y™*
CD8* T cells (Fig. 7c). A similar trend, i.e., a higher fre-
quency of SIINFEKL-specific CD8" T cells in mice treated
with gels encapsulating GM-CSF and tumor EVs than
mice treated with the blank gel, was also observed on day
8 (Fig. 7d and e). These experiments demonstrated that the
bioadhesive macroporous hydrogel loaded with GM-CSF
and tumor EVs can generate tumor antigen-presenting DCs
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Fig.7 Macroporous hydrogels loaded with GM-CSF and E.G7-
OVA EVs can generate SIINFEKL-specific CD8" T cell response.
a Timeline of the vaccination study. Gels loaded with E.G7-OVA
EVs and GM-CSF were attached to the interior side of back skin
in C57BL/6 mice on day 0, followed by the analysis of SIINFEKL-
tetramert CD8* T cells and IFN-y* cells (upon ex vivo SIINFEKL
re-stimulation) among CD8* T cells in PMBCs on day 4 and day
8. Shown are the percentage of b, d SIINFEKL tetramer* cells and
¢, e IFN-y* cells among CD8" T cells in PMBC on day 4 and day
8, respectively. All the numerical data are presented as mean+SD
(0.01<*P<0.05; #*P<0.01; ***P <0.001)

in situ and these DCs can migrate to lymphatic tissues to
prime antigen-specific CD8* T cells.

Discussion

Macroporous hydrogels that can well retain in the body and
enable long-term recruitment and modulation of immune
cells (e.g., DCs) hold tremendous promise for the devel-
opment of robust immunotherapies [4, 9, 46, 47]. Here
we introduce a new type of macroporous hydrogel that
has superior mechanic strength, supports the infiltration

@ Springer

and proliferation of cells within the macropores of the gel,
and strongly adhere to tissues upon administration. The
macropores were introduced via a cryo-polymerization
process where the polymerization of acrylic acid NHS
ester, GeIMA, and acrylic acid occurs in a frozen state.
After forming the gel network and allowing the ice crystals
to melt at ambient temperature, gels with a macroporous
structure were successfully synthesized [25]. The highly-
crosslinked and intertwined double network of gelatin and
polyacrylic acid confers a high mechanical strength to the
formed gel (~ 1.4 MPa elastic modulus), despite the pres-
ence of macropores (~ 80-90 um in diameter) within the gel
network (Fig. 2b—e). It is noteworthy that the macropore size
and porosity can be tuned by adjusting the duration of UV
irradiation during the polymerization process (Fig. 2b—e).
By increasing the UV irradiation time, a tighter gel network
can be formed, resulting in a smaller average macropore size
and porosity. The presence of hydrophilic polyacrylic acids
within the gel network favors the penetration of a high num-
ber of water molecules, as evidenced by the high swelling
ratio of the macroporous hydrogel (Fig. 2f). The swollen gel
network could further facilitate the infiltration of immune
cells including DCs in vitro and in vivo.

The incorporation of NHS moieties also allows the gel
to covalently conjugate to amine-bearing tissues via amine-
NHS chemistry. As the tough gel network can rapidly
dissipate the energy from the interface, a stable adhesion
layer can be formed between the gel and the tissue such as
skin (Fig. 3a—1). The much higher adhesion energy, tensile
strength, and shear strength than the commercial sealant
Dermabond attested to the superior adhesive property of the
macroporous hydrogel (Fig. 3a—i). The adhesive property
will allow for the attachment of the gel to different tissues for
long-term immunomodulation, hemostasis, drug delivery,
among many other applications. In this study, we demon-
strated the ability of the macroporous hydrogel to adhere to
the interior side of mouse back skin for in situ recruitment
and modulation of DCs. By encapsulating GM-CSF into
the gel, the gradient of GM-CSF at the gel site enabled the
active attraction of DCs in situ (Fig. 6a—e). DCs that arrives
at the gel site can easily infiltrate into the macropores of the
gel. While we purely rely on the diffusion mechanism to con-
trol the release of GM-CSF from gels in this study, further
tuning of the release kinetics of GM-CSF in future efforts
could lead to the improved recruitment of DCs.

Tumor EVs are a more benign source of tumor antigens
than inactivated tumor cells or tumor lysates, and have
been actively explored for the development of therapeutic
cancer vaccines in preclinical studies and clinical trials
[22, 40, 49]. However, the amount of tumor associated
antigens encased by the nanosized EVs could be mini-
mal, which is supported by our antigen presentation assay
where only a high number of E.G7-OVA-derived EVs
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were able to induce the presentation of SIINFEKL anti-
gen by DCs (Fig. 5a and b). This could partially explain
the limited antitumor efficacy of conventional tumor EVs
vaccines. In order to further improve the antigen presenta-
tion process and the overall CTL response, strategies that
enable the enhanced uptake and processing of EVs by DCs
are needed. In our strategy, by encapsulating tumor EVs
into the DC-recruiting macroporous hydrogel, the EVs can
be processed by a high number of DCs that are recruited
to the gel, resulting in the efficient presentation of EV-
encased antigens by DCs in situ (Fig. 6f). These DCs can
then traffic to lymphatic tissues to prime antigen-specific
CDS8* T cells. We have demonstrated the promise of GM-
CSF- and E.G7-OVA EV-loaded macroporous hydrogels
to elicit SIINFEKL-specific CTL response (Fig. 7). SIIN-
FEKL-specific CD8* T cells in PBMCs were detected
from day 4, which is consistent with previous reports on
macroporous material-based cancer vaccines [27, 45, 48].
The resultant CTL response and antitumor efficacy can
be further enhanced by incorporating DC-activating adju-
vants and cytokines. The combination of macroporous
hydrogel-based EV vaccines with existing immunothera-
pies such as checkpoint blockades and CAR T therapies
will also lead to enhanced efficacy against various types
of tumors. [15, 31]

Conclusion

To summarize, we have developed a new bioadhesive
macroporous hydrogel that enables in situ recruitment and
modulation of DCs. These hydrogels contain macropo-
res that are large enough to home immune cells, and are
mechanically tough with an elastic modulus of ~ 1.4 MPa.
Due to the presence of NHS moieties, the gel can cova-
lently conjugate to amine-bearing tissues and form a
robust adhesion layer with the assistance from the energy-
dissipating gel network. By encapsulating GM-CSF into
the gel and attaching the gel to mouse skin, a number of
DCs can be recruited in situ. We further demonstrated that
the recruited DCs can process tumor EVs preloaded in the
gel and present EV-encased antigens via MHC complexes,
and subsequently mediate the priming of antigen-specific
CD8™" T cells. Our bioadhesive macroporous hydrogel
system provides a platform for recruiting and modulat-
ing DCs in situ and developing enhanced immunotherapy
including tumor EV vaccines. Its bioadhesive property and
high mechanical strength also enable the stable attach-
ment towards tissues for long-term immunomodulation.
We also envision the promise of this material system for
drug delivery, tissue regeneration, long-term immunosup-
pression, and many other applications.

Materials and Methods
Materials

Acrylic acid N-hydroxysuccinimide ester, acrylic acid, gel-
atin methacrylate(gelMA), a-ketoglutaric acid, and gela-
tin were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without further purification. Porcine back
skin tissues for adhesion tests were purchased from Sierra
for Medical Science (Whittier, CA, USA). Poly (methyl
methacrylate) films with a thickness of 50 pm were pur-
chased from VWR International (Radnor, PA, USA). TEM
grids were purchased from Ted Pella (Redding, CA, USA).
BSA assay kit was purchased from Sigma (St. Louis, MO,
USA). Calcein AM and Ethidium Homodimer 1 were pur-
chased from Thermofisher (Waltham, MA, USA). Fluores-
cent images were taken with a EVOS microscope (Ther-
mofisher, Waltham, MA, USA). Mechanical tests were
performed with Criterion C43.104E (MTS, Eden Prairie,
MN). Recombinant murine GM-CSF was purchased from
PeproTech, Inc. (Cranbury, NJ, USA). Primary antibodies
used in this study, including Alexa Fluor 700-conjugated
anti-CD45 (Invitrogen), PE-conjugated anti-CD11b (Inv-
itrogen), PE/Cy7-conjugated anti-CD1 1¢ (Invitrogen), PE-
conjugated anti-CD86 (Invitrogen), PerCP/Cy5.5-conju-
gated anti-F4/80 (Invitrogen), FITC-conjugated anti-Gr-1
(Invitrogen), fluorescein isothiocyanate (FITC)-conjugated
anti-CD3-¢ (Invitrogen), PE-conjugated anti-CD8-o (Inv-
itrogen), and FITC-conjugated anti-MHCII (Invitrogen),
were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Fixable viability dye efluor780 was obtained
from Thermo Fisher Scientific (Waltham, MA, USA). All
antibodies were diluted according to the manufacturer’s
recommendations. FACS analyses were collected on
Attune NxT flow cytometers and analyzed on FCS Express
v6 and v7. Statistical testing was performed using Graph-
Pad Prism v8. Transmission electron microscopic images
of EVs were taken with a JEOL 2100. The size and size
distribution of EVs were measured with dynamic light
scattering (DLS).

Cell Line and Animals

The EL4 and E.G7-OVA cell lines were purchased from
American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in RPMI 1640 containing 10% FBS,
and 100 units/mL Penicillin/streptomycin (with 50 pg/mL
G418 for E.G7-OVA cells) at 37 °C in 5% CO, humidi-
fied air. Female C57BL/6 mice were purchased from Jack-
son Laboratory (Bar Harbor, ME, USA). Feed and water
were available ad libitum. Artificial light was provided in
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a 12/12 h cycle. The animal study protocol was reviewed
and approved by the Illinois Institutional Animal Care
and Use Committee (IACUC) of University of Illinois at
Urbana-Champaign.

Preparation of Macroporous Gelatin Hydrogels

A mixture consisting of 30% (w/w) acrylic acid, 10% (w/w)
gelatin, 1% (w/w) acrylic acid N-hydroxysuccinimde ester,
0.1% (w/w) gelMA, and 0.2% (w/w) a-ketoglutaric acid was
dissolved in deionized water. The solution was poured into a
PTFE mold and then frozen at —80 °C for 1 h. The fully fro-
zen mixture was cured under ultraviolet light (320 nm, 40 W
power) for 10 minutes.

Porosity Measurement

Macroporous gels were soaked in 1 mL of deionized water at
ambient conditions for a few hours. A gel wicking assay was
performed using an absorbent Kimwipe (Kimberly-Clark) that
touched only one side of the gel, allowing the water within the
pores to be drawn out by capillary force. The initial weight of
the gel (W,) and the final weight after the wicking assay (W)
were measured. The porosity was then calculated as 100% *
(W,—Wp/W,.

Pore Size Measurement

Macroporous hydrogels were immersed in PBS and examined
under an optical microscope. A minimum of 50 images were
taken from various regions of the hydrogels. The pore size was
measured in each image using ImageJ and the results were
averaged. These averages were then calculated over at least 50
images to determine the average pore size of the macroporous
hydrogels.

Gel Elastic Modulus Measurement

The modulus of elasticity of the NHS-bearing macroporous
hydrogels was determined by performing a compression test.
Hydrogels with a dimension of 25 mm X 25 mm X 250 pm
(W x L x H) were fully hydrated with deionized water and
placed on top of a mold with a 15 mm hole. The gel was firmly
clamped onto the mold and a rod with a diameter of 10 mm
was used to push down the gel for 12 mm on a mechanical
testing machine (Electroforce 3200). The modulus of elasticity
was calculated using the following equation:

Pa?
Woar = 0.0242ﬂ
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where W .. is the maximum deflection, P is the pressure
applied, a is the diameter of the gel, and h is the thickness
of the gel.

Adhesion Tests

Porcine tissues were preserved using 0.01% (w/v)
sodium azide solution to prevent degradation. 50 pm
poly(methylmethacrylate) films were attached to the tis-
sues using cyanoacrylate glue as a backing to prevent tissue
stretching. After washing the tissues with PBS, a gelatin
gel was applied to the tissue and pressed at 1 kPa for 5 se.
The samples were then stored in a wet environment for 24 h
to reach swelling equilibrium. The interfacial toughness of
the gel was measured using a peeling test. L-shaped alu-
minum fixtures were attached to polycarbonate sheets with
cyanoacrylate glue to guide the peeling test. The speci-
men was pulled at a constant speed of 50 mm/min using
an Electromechanical test frame (CRITERION C43.104E
Tall Dual Column 10 kN Frame) with a 200N load cell.
The interfacial toughness was calculated by dividing two
times the maximum force measured by the sample width.
The shear strength was measured using a standard lab-shear
test (ASTM D5868) with a 200N load cell. A lap-shear test
was conducted at a 50 mm/min peeling speed, and the shear
strength was calculated by dividing the maximum force by
the adhesion area. The tensile strength was measured using
a standard tensile test (ASTM D897) with a 200N load
cell. The tensile test was conducted at a 50 mm/min peel-
ing speed, and the tensile strength was calculated by divid-
ing the maximum force by the adhesion area. Porcine back
skins were attached to T-shaped aluminum fixtures using
cyanoacrylate glue to provide grip for the measurement.

In Vitro Antigen Presentation by DCs

Gels loaded with tumor-derived EVs were placed in 24-well
plate. After the gels were partially dried, 10 pL of medium
containing BMDCs was added on top of the gels. 1 mL of
fresh medium was then added after 15 minutes. After 16 h,
the cells in both the gel and the medium were collected and
stained with APC-conjugated anti-MHCI-SIINFEKL, PE/
Cy7-conjugated anti-CD11c, PE-conjugated anti-CD86,
FITC-conjugated anti-MHCII, and the fixable viability dye
efluor780 for 20 minutes prior to flow cytometry analysis.

In Situ Immune Cell Recruitment of Gels

C57BL/6 mice were divided into 4 groups: gel with EVs
(1% 10"/gel) + GM-CSF (2 pg/gel), gel with EVs (1 x 107/
gel), gel with GM-CSF (2 pg/gel), and blank gel (n=35 per
group). On day 0, gels were freshly prepared and subcutane-
ously implanted into the upper right flank of C56BL/6 mice
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(one gel per mouse). Gels were implanted 20 mm away from
the incision site to minimize the impact of inflammation at
the incision site on the immunomodulatory effect of gels. On
day 3, gels were harvested from mice and disrupted using a
syringe plunger, releasing contained cells. Cells were pel-
leted, washed, and stained for flow cytometry analysis. For
DC analysis, cells were stained with Alexa Fluor 700-conju-
gated anti-CD45, PE-conjugated anti-CD11b, PE/Cy7-con-
jugated anti-CD11c, PE-conjugated anti-CD86 for 20 min.
For neutrophil and macrophage analysis, cells were stained
with Alexa Fluor 700-conjugated anti-CD45, PE-conjugated
anti-CD11b, PerCP/Cy5.5-conjugated anti-F4/80, and FITC-
conjugated anti-Gr-1.

Isolation of E.G7-OVA Derived EVs

E.G7-OVA cells were cultured in T75 flasks for 3-4 days.
Cell culture medium containing the secreted EVs was col-
lected and concentrated via ultracentrifugation with an
Amicon centrifugal filter (100 kDa). EVs were washed with
PBS three times and resuspended in PBS. To further purify
EVs, a solution of EVs was passed through the qEV size
exclusion column. The size and concentration of EVs were
determined via Dynamic light scattering and Nanoparticle
Tracking Analysis (NTA).

TEM Imaging of EVs

The isolated EVs were carefully placed onto formvar/car-
bon-coated TEM grids followed by drying and negative
staining with 2% aqueous uranyl acetate. The prepared sam-
ples were imaged with a JEOL 2100 at 200 kV.

In Vivo Vaccination Study of EV-Loaded
Macroporous Gels

C57BL/6 mice were divided into 5 groups: gel with
EVs+ GM-CSF, gel with EVs, gel with GM-CSF, blank gel,
and untreated (n=26 per group). Gel with EVs+GM-CSF
was implanted in mice through a small incision, along with
the other groups on Day 0. Blood was drawn on day 4 and
8, respectively for analysis of SIINFEKL-specific CD8* T
cells via tetramer stain or IFN-y restimulation. For tetramer
analysis, PBMCs were stained with APC-conjugated SIIN-
FEKL tetramer, FITC-conjugated anti-CD3, PE-conjugated
anti-CD8, and €780 fixable viability dye for 20 min prior to
FACS assay. For IFN-y restimulation, PBMCs were stimu-
lated with SIINFEKL peptide for 1.5 h, treated with Golgi
plug for 2.5 h, stained with FITC-conjugated anti-CD3, PE-
conjugated anti-CD8, and €780 fixable viability dye, treated
with the fixation & permeabilization buffer, and stained
with APC-conjugated anti-IFN-y, prior to FACS assay. In
the following prophylactic tumor study, E.G7-OVA tumor

cells (0.1 million cells in 50 pL of HBSS) were subcuta-
neously injected into the upper flank of C57BL/6 mice
on day 9. The tumor volume of mice was measured every
3 days. The tumor volume was calculated using the for-
mula (length) X (width)?/2, where the long axis diameter
was regarded as the length and the short axis diameter was
regarded as the width.

Statistical Analyses

Statistical analysis was performed using GraphPad Prism
v6 and v8. Sample variance was tested using the F test.
For samples with equal variance, the significance between
the groups was analyzed by a two-tailed student’s t-test.
For samples with unequal variance, a two-tailed Welch’s
t-test was performed. For multiple comparisons, a one-
way analysis of variance (ANOVA) with post hoc Fisher’s
LSD test was used. The results were deemed significant at
0.01 < *P <0.05, highly significant at 0.001 < **P <0.01,
and extremely significant at ***P <0.001.
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