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ABSTRACT: Adjuvant treatment after surgical resection usually plays an important
role in delaying disease recurrence. Immunotherapy displays encouraging results in
increasing patients’ chances of staying cancer-free after surgery, as reported by recent
clinical trials. However, the clinical outcomes of current immunotherapy need to be
improved due to the limited responses, patient heterogeneity, nontargeted
distribution, and immune-related adverse effects. This work describes a programmable
hydrogel adjuvant for personalized immunotherapy after surgical resection. By filling
the hydrogel in the cavity, this system aims to address the limited secretion of
granzyme B (GrB) during immunotherapy and improve the low immunotherapy
responses typically observed, while minimizing immune-related side effects. The
TLR7/8 agonist imidazoquinoline (IMDQ) is linked to the self-assembling peptide
backbone through a GrB-responsive linkage. Its release could enhance the activation
and function of immune cells, which will lead to increased secretion of GrB and enhance the effectiveness of immunotherapy
together. The hydrogel adjuvant recruits immune cells, initiates dendritic cell maturation, and induces M1 polarized macrophages to
reverse the immunosuppressive tumor microenvironment in situ. In multiple murine tumor models, the hydrogel adjuvant suppresses
tumor growth, increases animal survival and long-term immunological memory, and protects mice against tumor rechallenge, leading
to effective prophylactic and therapeutic responses. This work provides a potential chemical strategy to overcome the limitations
associated with immunotherapy.

■ INTRODUCTION
Despite the successful removal of the visible tumor after
surgical resection, patients still face a high risk of recurrence
because of the microscopic residual disease left behind.
Adjuvant therapies, such as immunotherapy, targeted therapy,
and chemotherapy, are commonly employed to reduce the risk
of tumor relapse by stimulating antitumor T cell responses to
eliminate residual cancer cells.1,2 Although the current
immunotherapy, specifically immune checkpoint blockade
(ICB) treatment, has revolutionized cancer treatment, only a
fraction of patients respond positively to immunotherapy
alone. The immunosuppressive tumor microenvironment
(TME) is partly responsible for the modest therapeutic
responses.3,4 Furthermore, immunotherapy treatments are
often administered systemically, giving rise to the potential
for off-target effects and immune-related adverse effects. The
ongoing research focuses on improving their targeting
specificity, reducing immune-related side effects, and optimiz-
ing the balance between efficacy and safety.5−13 However, the
tumor rejection responses induced by immunotherapy still
need to be precisely controlled to amplify the immune
responses within the TME and minimize the immune-related
adverse effects.14

T cells play a crucial role in immunotherapy by recognizing
and killing tumor cells. One of the killing mechanisms of T
cells is the release of granzyme B (GrB), an aspartyl serine

protease located in the cytotoxic granules of cytotoxic T
lymphocytes (CTLs), natural killer (NK) cells, and lympho-
kine-activated killer cells. The cytotoxic GrB is liberated
following the cell recognition-based conjugation with target
cells, leading to apoptosis through caspase activation.15 Several
probes have been reported to visualize the activity of GrB in
situ, serving as assessing tools for immunotherapeutic
responses.16−21 Despite the significance of GrB in immuno-
therapy, its secretion and activity differ depending on the
specific therapy and individual patients because of the presence
of an immunosuppressive TME and immunotherapy resist-
ance. This variability will impact the therapeutic efficacy of
immunotherapies significantly.22,23 Thus, developing a GrB-
responsive immunotherapy represents a precise strategy for
minimizing immune-related side effects while maximizing the
effectiveness of immunotherapy by augmenting the secretion
of GrB, thereby potentially overcoming the limitations
observed in immunotherapy.
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Toll-like receptor (TLR) agonists are potent immune
stimulators of antigen-presenting cells (APCs) that have
shown great potential as adjuvants for cancer immunotherapy.
Among the family of TLRs, TLR7/8 is broadly expressed on
dendritic cells (DCs) and other APCs.24 Imidazoquinoline
(IMDQ) compounds, such as imiquimod and resiquimod
(R848), have been found to activate TLR7/8, and their
efficacy in gel and cream formulations has been evaluated in
clinical trials.25 However, TLR7/8 agonists can only be used
for topical treatment because of quick elimination and systemic
inflammation side effects. Recent efforts have been made to
deliver TLR7/8 agonists through physical entrapment and
TLR7/8 agonist-conjugated nanocarriers.26−33 Nonetheless,
effectively triggering the release of TLR7/8 agonists to their
free form at the disease site remains a challenge.31

This work describes a peptidic hydrogel adjuvant that
responds intelligently to GrB to achieve enhanced and
personalized postsurgical immunotherapy by filling the hydro-
gel into the cavity (Figure 1). We employed a GrB-cleavable
isoleucine−glutamic acid−phenylalanine−aspartic acid (IEFD)

linkage to connect the IMDQ at the C-terminal of the self-
assembling backbone.34 This strategy addresses the limited
secretion of GrB during immunotherapy by releasing the
immunomodulator into its free form, activating the immune
response, and further enhancing GrB secretion, while
minimizing immune-related side toxicity. The resultant
IMDQ-peptide conjugate and peptide scaffold could self-
assemble into the fibrous network and further undergo photo-
cross-linking to form a hydrogel, delivering tumor cells
undergoing immunogenic cell death (ICD). The hydrogel
adjuvant creates a localized inflammatory depot, facilitating the
infiltration of DCs and macrophages. The adjuvant properties
of the hydrogel allow for the local delivery of immunomodu-
lators and danger signals along with tumor antigens to
modulate immune responses, ultimately leading to the
establishment of durable immunity and the generation of
effective prophylactic responses. Furthermore, using this GrB-
activating system after surgical resection, the hydrogel adjuvant
could respond to the limited levels of GrB in the TME and
release IMDQ. The localized release of free IMDQ effectively

Figure 1. Composition of hydrogel adjuvant and the schematic mechanism for adjuvant-mediated postsurgical immunotherapy. (A) The structure
of peptide scaffold and GrB responsive IMDQ-peptide conjugate. (B) By filling the surgical cavity with the hydrogel, it creates a localized
inflammatory depot for infiltration of APCs. The localized release of IMDQ responses to GrB allowing for immune activation while minimizing
immune-related toxicity, which are crucial for further enhancing GrB secretion and establishment of long-term immunological memory to improve
personalized postsurgical immunotherapy.
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reprograms the immunosuppressive TME and further boosts
the immune responses against tumor cells. This targeted
activation amplifies the immune responses specifically at the
disease site, thus, reducing the potential for adverse effects in
healthy tissues.

■ RESULTS AND DISCUSSION
Characterization of Covalently Self-Assembled Pep-

tide Hydrogels. The short peptide-based hydrogels have
attracted growing attention in recent years, because they are
cost-effective, simple to prepare, and amenable for large
scale.35−38 Several hybrid systems combining covalent and
physical cross-linking have recently been developed, providing
functional platforms for molecular delivery.39−41 Herein, we
designed a short peptide, NapffGk(aa)k(aa) (Scheme S1),
where Napff represents the D-configuration self-assembled
block naphthalene−phenylalanine−phenylalanine that pro-
vides the noncovalent interactions such as hydrogen bonding
and aromatic−aromatic interactions. The peptide also contains
cross-linking monomers, denoted as aa, which can generate
covalent bonds through photoinduced cross-linking with
neighboring vinyl groups (Figure 1A). The use of D-amino
acid in self-assembling peptide hydrogels has been reported to
facilitate immunological outcomes and long-term antigen-
presentation compared to those of their enantiomeric counter-
parts. This possible reason is the prolonged antigen
persistence, reduced proteolytic susceptibility, and enhanced
immune cell recruitment.42 This study selected acrylic acid
(abbreviated as aa), which has been commercially used to
modify natural and synthetic polymers for applications in tissue
engineering and regenerative medicine, as a covalent bond-
forming unit.43 The peptide backbone is synthesized by a
standard Fmoc-based solid-phase peptide synthesis (SPPS).
The aa is conjugated to the lysine (K) of peptides by amide
bond condensation. For comparison, the NapffGkk peptide is
synthesized without the modification of aa. We also
synthesized NapGGGk(aa)k(aa) peptide and AcffGk(aa)k-
(aa) peptide, where the phenylalanine−phenylalanine (ff)
residues are substituted with glycine (G), and the Nap residue
is replaced with an acetyl group (Ac). The purity and
molecular weight of peptides are confirmed by liquid
chromatography−mass (LC−MS, Figure S1 and Table S1)
spectra and proton nuclear magnetic resonance (1H NMR,
Figures S2−S5). The GrB-responsive IMDQ-peptide con-
jugate Napff-(PEG3)2-IEFD-IMDQ, defined as IMDQ-pep, is
synthesized via a condensation reaction. This reaction involves
the amine group of IMDQ and the carboxyl group at the C-
terminus of a peptide that contains the D-configuration self-
assembled motif Napff and a poly(ethylene glycol) (PEG)
chain. The L-configuration GrB-responsive linker, IEFD, is
used to connect the two components (Scheme S2). The purity
and molecular weight of peptides are confirmed by LC−MS
spectra (Figure S6).
We first examined the gelation properties of peptide

scaffolds. The lithium phenyl (2,4,6-trimethylbenzoyl) phos-
phinate (LAP) is employed as a photoinitiator due to its low
toxicity, high solubility in water, and high reaction rate after
irradiation.44 After exposure to ultraviolet (UV) light (λ = 365
nm), only the NapffGk(aa)k(aa) peptide possesses the
necessary properties for gel formation among the tested
peptides. The other peptides fail to form hydrogels because of
a loss of cross-links and aromatic−aromatic interactions
(Figure S7). Thus, the NapffGk(aa)k(aa) peptide is selected

for the following characterization and subsequent biological
experiments.

LC−MS result indicates a reduction in the remaining
NapffGk(aa)k(aa) peptide with increasing irradiation time
(Figure 2A). After 10 min of irradiation, the solution (10.0

mM) contains some peptide monomers with a conversion rate
of 89.1%. To estimate the molecular weight of NapffGk(aa)-
k(aa) peptide after cross-linking, gel permeation chromatog-
raphy (GPC) is performed. The peak shifts to a shorter
retention time after the reaction, indicating the presence of a
higher molecular weight product (Mn = 2435 Da and Mw =
5704 Da) compared with the peptide monomers (Figure 2B).
Additionally, rheological transition during photoinduced
gelation of peptides is investigated. The peptide easily dissolves
in an aqueous solution and fails to form hydrogel prior to the
formation of a covalent bond. The value of the G′ surpasses the
G″ after 10 min of irradiation, indicating the conversion from
liquid to a hydrogel state (Figure 2C). These results
demonstrate the successful formation of covalent bonds within
the NapffGk(aa)k(aa) peptide hydrogel after UV irradiation
and the vital roles of both covalent and noncovalent
interactions in the gelation process.

Figure 2. Characterization of covalently self-assembled peptide
hydrogels and a hydrogel adjuvant. (A) The remaining NapffGk-
(aa)k(aa) peptide after irradiation is monitored by LC−MS. A
solution of peptide (10 mM) is irradiated with UV light (λ = 365 nm)
in the presence of LAP. (B) GPC spectra of NapffGk(aa)k(aa)
peptide (10 mM) before and after photo-cross-linking. (C) Time-
dependent rheological experiments of NapffGk(aa)k(aa) peptide (10
mM) after the irradiation. (D) The process for the production of IC +
IP@Gel. (E) SEM images of IC + IP@Gel. Purple, ICD cells; blue,
nanofibers formed by peptides. Scale bar: 1 μm. (F) The shear-
recovery measurement of IC + IP@Gel. (G) The release of IMDQ in
the presence and absence of GrB (50 μg/mL) was tested by HPLC.
(H) The SDS-PAGE analysis of released antigens from IC + IP@Gel.
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The transmission electron microscopy (TEM) images reveal
the formation of left-handed nanobelts with a diameter of ∼20

nm in the sample of NapffGk(aa)k(aa) peptide, which
transforms into nanofibers with larger width after photo-

Figure 3. Immune-activating efficacy of hydrogel adjuvant in vitro and in vivo. (A) Representative FCM analysis of CD86+MHCII+ DCs and (B)
the corresponding quantitative results. Production of IP10 (C) and IL12 cytokines (D) in the supernatants via ELISA. (E) Representative FCM
analysis of CD206+ macrophages and (F) corresponding quantitative results for IL4-conditioned BMDMs. Production of TNFα (G) and IL6
cytokines (H) in the supernatants via ELISA. BMDCs and BMDMs were incubated with NapffGk(aa)k(aa) peptide (100 μM), IMDQ-pep (10
μM), ICD cells (105 cells), and the mixture of IMDQ-pep (10 μM) and ICD cells for 12 h. (I) H&E staining of blank gel and IC + IP@Gel. (J) IF
staining images of F4/80+ and CD11c+ cells in blank gel and IC + IP@Gel over 3 and 7 days after injection. Scale bar: 50 μm. (K) Proportion of
infiltrated T cells (CD3+), macrophages (F4/80+), B cells (CD19+), NK cells (NK1.1+), and DCs (CD11c+) in blank gel and IC + IP@Gel over 7
days after injection (n = 3) that is determined using FCM. (L) Quantitative analysis of infiltrated CD86+MHCII+ DCs and CD86+ macrophages by
FCM over 7 days after injection (n = 3). (M) Fluorescence images of mice (n = 3) after Cy5-labeled IC + IP@Gel treatment and (N) relative
retention of free Cy5 and Cy5-labeled IC + IP@Gel in mice. (O) Serum levels (n = 3) of IL6 over time following s.c. injection of PBS, IC + IP@
Gel, and free R848. Data are depicted as mean ± SD. Statistical significance is calculated using one-way ANOVA analysis. *p < 0.05, **p < 0.005,
and ***p < 0.0005.
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cross-linking, indicating the morphology transitions of
assemblies after covalent bond formation. The IMDQ-pep
self-assembles into short nanofibers (Figure S8). Circular
dichroism (CD) spectra show that the NapffGk(aa)k(aa)
peptide exhibits characteristic signals near 200 and 220 nm
(Figure S9). No noticeable changes in the CD signals upon
irradiation of the peptide are observed. The Fourier transform
infrared (FTIR) spectra indicate that the − C�C− group of
acrylic acids at the wavelength of 1000 cm−1 is lost, suggesting
that the double bonds are fractured after the UV irradiation.45

The peptide exhibits a stretching band at approximately 1634
cm−1, indicating a β-sheet structure. The irradiated peptide
retains its secondary structure consistent with original
peptide.46

Characterization of IC + IP@Gel Adjuvant. The
hydrogel adjuvant, referred to as IC + IP@Gel, is obtained
by mixing the hydrogel formed by the NapffGk(aa)k(aa)
peptide with IMDQ-pep and tumor cells undergoing ICD
(Figure 2D). The scanning electron microscope (SEM) images
illustrate the formation of multiporous structures at the
macroscale through the nanofibers and the dispersion of cells
within the gel matrix, which enables the diffusion of antigens
through the gel and their interactions with immune cells
(Figure 2E). Moreover, the shear-recovery measurement
demonstrates that the hydrogel exhibits high shear-thinning
under high strain (100%) and rapid recovery upon strain
reduction (1%), indicating that IC + IP@Gel possesses
desirable injectable properties (Figure 2F).
The IC + IP@Gel is designed to maintain abundant

antigens and present payloads sustainably for interaction with
the surrounding cells. A GrB-cleavable linker is incorporated to
achieve localized release of IMDQ-pep into its free form. The
solubility of IMDQ-pep and its cumulative release are higher
than those of the Napff-PEG3-IEFD-IMDQ peptide (one
PEG3 chain as a linker, Figures S10 and S11), we thus retained
two PEG3 chains as the C-terminal modification of the self-
assembled sequence. The cleavage rate and specificity are
studied using high performance liquid chromatography
(HPLC). The IMDQ-pep shows high specificity toward GrB
with a maximum reaction rate (Vmax) value of 1.19 μM/min
and a Michaelis−Menten constant (Km) value of 57.2 μM
(Figure S12A), and it exhibits minimal response to other
enzymes, including trypsin and cathepsin B (CTSB, Figure
S12B). For comparison, an enzyme-nonresponsive IMDQ-
peptide conjugate Napff-(PEG3)2-EIDF-IMDQ is synthesized
to create IC + INP@Gel, in which IMDQ is conjugated to the
peptide backbone via a scrambled linker, EIDF (Figure S13).
An in vitro release study was conducted to investigate the
release of antigens and IMDQ from these formulations. The
samples are incubated with phosphate-buffered saline buffer
(PBS) at 37 °C in the absence and presence of GrB, and the
release of IMDQ and antigens are monitored over time using
HPLC and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis, respectively. The IC + IP@
Gel shows a controllable release of IMDQ compared to other
groups, and the release profile fits well to the first-order model
(Figure S14A). The release of IMDQ from IC + INP@Gel
barely increases in the presence of GrB. The cumulative release
of IMDQ from IC + IP@Gel in the presence of GrB reaches
approximately 15% after incubation for 7 days. In contrast, the
free IMDQ encapsulated in the hydrogel (IMDQ@Gel)
exhibits higher but uncontrolled burst release, indicating the
potential immune-related side effects (Figure 2G). Corre-

spondingly, SDS-PAGE analysis (Figure 2H) and quantitative
results (Figure S14B) indicate that the antigens are released in
a continuous and controllable manner from the IC + IP@Gel,
and the profile follows the first-order model. These results
demonstrate the ability of the IC + IP@Gel to achieve a
controlled and sustained release of IMDQ and antigens, which
is desirable for their interactions with immune cells to promote
the therapeutic efficacy of the adjuvant system and minimize
potential side effects.47

Immune-Activating Efficacy In Vitro. No significant
differences in cytotoxicity or inhibition of cell proliferation are
found against the normal human marrow stromal HS-5 cell
line, indicating that the NapffGk(aa)k(aa) peptide could be
applied to elicit the immune responses without raising
significant concerns for cytotoxicity (Figure S15).

The APCs, including macrophages and DCs, are employed
to investigate the immune-activating efficacy in vitro. Initially,
murine bone marrow derived DCs (BMDCs) are exposed to
the NapffGk(aa)k(aa) peptide, IMDQ-pep, and ICD cells.
The expression of CD86 and MHCII and the secretion of
cytokines are analyzed to assess the maturation and activation
of BMDCs. The flow cytometry (FCM, Figure S16) analysis
shows that compared to the negative control, the cells cultured
with NapffGk(aa)k(aa) peptide and ICD cells display higher
expression of CD86 (Figure S17A), which is a costimulatory
molecule that plays a crucial role in T-cell activation.48,49

However, the treatment of NapffGk(aa)k(aa) peptide and
ICD cells exhibit a lack of significant influence on the
expression of MHCII (Figure S17B). The frequency of
CD86+MHCII+ BMDCs treated with NapffGk(aa)k(aa)
peptide and ICD cells has no obvious change compared to
the negative control. In contrast, 60% of BMDCs treated with
IMDQ-pep is double-positively stained with CD86 and
MHCII, similar to the R848 positive control (Figure 3A,B).
Additionally, the secretion of cytokines, including interferon-
inducible protein-10 (IP10) and interleukin-12 (IL12), is
significantly increased following IMDQ-pep treatment (Figure
3C,D). These cytokines are known to contribute to the
chemoattraction of T cells, as well as augmented cytotoxicity of
T cells and NK cells.50,51 The results indicate that the IMDQ-
pep treatment triggers the upregulation of costimulatory
molecule and MHCII molecules, along with the secretion of
cytokines associated with immune cell activation. The
combination of IMDQ-pep and ICD cells treatment further
upregulates the CD86 expression but fails to affect the
population of CD86+MHCII+ BMDCs significantly and the
secretion of IP10. The expression of MHCII and IP10 could be
regulated by interferon γ (IFNγ),50,52,53 which is primarily
produced by activated immune cells. The counteracting effect
on the frequency of CD86+MHCII+ DCs and induction of
IP10 in DCs could be partly attributed to the interactions
between IFNγ and its receptor expressed in tumor cells,54 as
evidenced by the limited IFNγ level in the supernatant (Figure
S17C).

Furthermore, murine bone-marrow-derived macrophages
(BMDMs) are incubated with hydrogel adjuvant components
to investigate their polarization capacity. The FCM results
indicate that the IMDQ-pep treatment induces the expression
of CD86 (M1-related markers), suggesting the transformation
of macrophages from an M0- to an M1-phenotype (Figures
S18 and S19A). Enzyme-linked immunosorbent assay (ELISA)
measurements of protein levels reveal that the IMDQ-pep
treatment results in higher levels of secretion of tumor necrosis
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factor α (TNFα) and interleukin-6 (IL6) compared to the
control group (Figure S19B,C). This result indicates that
IMDQ-pep can elicit the production of proinflammatory
cytokines by macrophages. The repolarization of M2-like

macrophages to M1 phenotype is also evaluated in interleukin-
4 (IL4)-conditioned BMDMs, which express typical M2-like
macrophage marker CD206.55−57 Compared to the control
group, treatment with IMDQ-pep significantly decreases the

Figure 4. IC + IP@Gel vaccination induces prophylactic efficacy against B16F10 and MC38 tumors. (A) Schedule for vaccination, tumor
inoculation, and the prophylactic immune response test. (B) The average B16F10 tumor growth curves (n = 5). (C and D) The tumor growth
curves of individual animals. (E) Representative FCM analysis of CD3+CD8+ and CD3+CD4+ T cells in tumors at day 15 and (F and G)
corresponding quantitative results. (H) Representative FCM plots of Tem cells (CD44+CD62L−) in the spleens at day 15 and (I and J)
corresponding quantitative results. (K) The average MC38 tumor growth curves (n = 6). (L and M) The tumor growth curves of individual
animals. (N) H&E staining of tumors. Scale bar: 100 μm. (O) IF staining images and (P) quantitative analysis of infiltrated CD4+ and CD8+ T cells
in tumors. Scale bar, 20 μm. (Q) Production of TNFα and IFNγ cytokines in tumors. (R) Production of TNFα and IFNγ cytokines related to the
antigen-specific response in the spleens. Data are depicted as mean ± SD. Statistical significance is calculated using Student’s t test analysis. *p <
0.05, **p < 0.005, and ***p < 0.0005.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c00569
J. Am. Chem. Soc. 2024, 146, 8585−8597

8590

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00569/suppl_file/ja4c00569_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00569?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00569?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00569?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00569?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


expression of CD206 (Figure 3E, F). As expected, IMDQ-pep
treatment stimulates the production of proinflammatory
cytokines, as evidenced by the evaluated levels of TNFα and
IL6 in the supernatants. In contrast, the NapffGk(aa)k(aa)
peptide alone and ICD cells minimally induce the production
of cytokines (Figure 3G,H). These findings demonstrate the
efficacy of the hydrogel adjuvant components in stimulating
the maturation of DCs, the expression of M1-related markers,
and the secretion of proinflammatory cytokine. This result
indicates the potential of these components as immunomodu-
latory agents in antitumor therapies.
Immune Cell Infiltration, Degradation, and Toxicity

of IC + IP@Gel In Vivo. We next evaluated the immune
responses of the IC + IP@Gel adjuvant in vivo. We immunized
C57BL/6J mice subcutaneously (s.c.) at the tail base with a
single dose of the hydrogel adjuvant. On day 3 and day 7
postimmunization, the gel is collected for hematoxylin and
eosin (H&E) staining, immunofluorescence (IF) staining, and
FCM analysis. Results from H&E and IF staining show that the
blank gel itself induces the infiltration of macrophages toward
the scaffold on day 7, compared to that on day 3, when only
the gel scaffold is observed. However, IC + IP@Gel results in a
rapid influx of DCs and macrophages over time (Figure 3I,J).
Meanwhile, the FCM analysis of the gel scaffold collected on
day 7 postimplantation confirms the infiltration of immune
cells (CD45+), including DCs, macrophages, T cells, B cells,
and NK cells (Figures S20 and 3K). Moreover, the IC + IP@
Gel significantly increases the percentage of activated DCs and
M1-phenotype macrophages, a critical step in antigen
presentation and subsequent stimulation of tumor-specific
immunity.58 Whereas vaccination with blank gel alone results
in minimal induction of DC maturation and macrophage M1
polarization (Figure 3L). These results demonstrate the
potency of the IC + IP@Gel to recruit and generate antitumor
immune responses in vivo.59

Given that a large number of macrophages are observed in
the injected gel, the gel is supposed to be gradually engulfed by
phagocytes. The Cy5-labeled IC + IP@Gel is prepared for the
visualization and tracking of the gel in vivo (Figure S21 and
Scheme S3). Fluorescence images of mice indicate that the
Cy5-labeled IC + IP@Gel exhibits a relatively slight decrease
within the first 7 days, eventually disappearing entirely after
approximately 21 days, which suggests its excellent biodegrad-
ability and biocompatibility (Figure 3M,N). The local injection
of the free R848 drug leads to a high level of serum IL6,
indicating the potential for systemic toxicity and side effects. In
contrast, treating IC + IP@Gel minimizes the systemic
cytokine, indicating the safety of hydrogel adjuvant (Figure
3O). The chemical conjugation of IMDQ onto the peptide is
responsible for localized release and stimulation, contributing
to a decrease in immune-related adverse events.
Prophylactic Efficacy of IC + IP@Gel In Vivo. Healthy

C57BL/6J mice are implanted s.c. with IC + IP@Gel
containing ICD B16F10 cells twice before tumor inoculation
(Figure 4A). The effects of vaccination on tumor progression,
body weight, and immune responses are evaluated. Compared
with the PBS group, vaccination with IC + IP@Gel slows the
tumor progression (Figure 4B−D). The body weight of all
mice was not reduced throughout the experimental period,
indicating that the vaccination could not cause significant
adverse effects (Figure S22). The immune mechanism
underlying the antitumor effects is analyzed using FCM on
day 15 (Figures S23 and 4E). The proportion of CTLs (CD8+)

within the tumors increases markedly (1.86-fold increase) after
IC + IP@Gel vaccination compared to the PBS group (Figure
4F). Additionally, a higher frequency of infiltrated CD4+ T
cells (1.89-fold increase) is observed (Figure 4G), indicating
that IC + IP@Gel induces efficient antitumor immunity. To
investigate the immune memory effect of the hydrogel
adjuvant, splenocytes in a single-cell suspension are collected
and analyzed using FCM (Figures S24 and 4H). The IC +
IP@Gel vaccination expands the population of splenic CD8+
and CD4+ effector memory T (Tem) cells (4.23-fold increase
and 1.64-fold increase, respectively). In contrast, such effects
from the PBS group are limited (Figure 4I,J). The vaccination
significantly expands splenic Tem cells, indicating the
establishment of a durable immunity.

We further evaluated the prophylactic efficacy in a highly
immunogenic MC38 tumor model to demonstrate its broad
application. The IC + IP@Gel treated mice exhibit a
significant delay of tumor growth, with a tumor inhibition
rate of 40.2% (Figures 4K−M and S25). Throughout the
experimental period, there is no observable body weight loss
(Figure S26). A H&E analysis of the tumor section is
conducted to verify the prophylactic effect. The tumor cells in
the PBS group display typical morphologies, with no visible
apoptotic cells. In contrast, tumors treated with IC + IP@Gel
have extensively specific changes, such as apoptotic cells
marked by cell shrinkage and nuclear condensation, and
necrotic cells characterized by their pink cytoplasm with
vanished nuclei (Figure 4N). The IC + IP@Gel vaccination
results in a 1.43-fold and 1.58-fold higher fraction of infiltrating
CD8+ and CD4+ T cells, respectively (Figure 4O,P).
Additionally, it enhances the secretion of TNFα (1.37-fold
increase) and IFNγ (1.44-fold increase) within the tumors
compared to the PBS group, suggesting enhanced antitumor
immunity (Figure 4Q). Although the vaccination can enhance
the antitumor T cell responses, the presence of high levels of
intratumoral programmed cell death 1 ligand 1 (PD-L1)
counteracts these immune responses (Figure S27), contribu-
ting to the failure of complete tumor prevention. The IC +
IP@Gel vaccination leads to an expansion of CD8+ central
memory T cells (Tcm, 1.17-fold increase) and CD4+ Tem cells
(1.20-fold increase) compared to the PBS group (Figure S28).
Given the antitumor T cell responses mediated by both Tcm
and Tem subsets, we isolated the splenocytes to evaluate the
antigen-specific memory. After restimulating with MC38 cell
lysis in vitro, mice treated with IC + IP@Gel produce higher
levels of TNFα (24.78-fold increase and 8.88-fold increase
after 48 and 96 h incubation, respectively) and IFNγ (6.68-fold
increase and 3.02-fold increase after 48 and 96 h incubation,
respectively) in relative to the PBS group (Figure 4R). This
result suggests the establishment of protective T-cell immunity
and a fast response to the tumor antigens. Together, these
results offer critical evidence that IC + IP@Gel vaccination
effectively suppresses tumor growth and generates memory
immunity. The histology analysis of major organs shows no
significant difference between IC + IP@Gel-treated mice and
mice in the PBS group, suggesting that local treatment does
not cause noticeable systemic adverse effects on the mice
(Figure S29).
Therapeutic Efficacy in Postsurgical Tumor Recur-

rence Models. Having confirmed the prophylactic response
of IC + IP@Gel after in vivo injection, where it could function
as a therapeutic reservoir, we evaluated the synergistic
antitumor effects of IC + IP@Gel by using tumor recurrence
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models. The B16F10 cells are injected s.c. into the back of the
mice. On day 8 after inoculation, surgery is performed to
remove approximately 90% of the primary tumor tissue. The
resection space is then implanted with IC + IP@Gel.
Following the surgery, mice are administered four doses of
anti-PD-L1 antibody (Figure 5A). The mice did not experience
any significant decrease in weight during the experiment,
indicating that the treatments had no significant adverse effects
(Figure S30). All mice in the PBS group suffer from substantial
recurrent tumors and die within 13 days. Mice treated with
anti-PD-L1 alone exhibit fast tumor recurrence. Treatment
with IC + IP@Gel results in a 70.4% reduction in tumor
volume, while the IC + INP@Gel group experiences a 52.6%
reduction (Figure 5B,C). Furthermore, the administration of
IC + IP@Gel extends the survival of animals, with a median

survival time of 14.5 days (Figure 5D). These results suggest
that using IC + IP@Gel in the surgical area could significantly
reduce tumor growth and improve survival outcomes.

Lymph nodes are collected and analyzed using FCM on days
3 and 7 after treatment to investigate the changes in immune
responses in mice. On day 3, the treatment with IC + IP@Gel
leads to a significant increase in the ratio of activated DCs
(1.85-fold increase) and M1 phenotype macrophages (1.88-
fold increase) over the PBS group (Figure 5E,F). These
changes are essential for the cross-presentation and activation
of T cells. Similar findings are observed for the early activated
T cells. On day 7 after treatment, the IC + IP@Gel-treated
mice maintain a sustained high proportion of activated CD8+ T
cells (1.75-fold increase) and activated CD4+ T cells (1.52-fold
increase) compared to the PBS group (Figure 5G,H). These

Figure 5. Antitumor effect on the postsurgical B16F10 model. (A) Schedule for tumor cell inoculation, surgical resection, hydrogel injection,
immune response analysis, and antitumor effect evaluation. (B) The average tumor growth curves of mice (n = 10). (C) The tumor growth curves
of individual animals. (D) The survival curves of mice in different groups. Quantification of activated DCs (CD86+MHCII+CD11c+, E), M1
phenotype macrophages (CD86+, F), activated CD8+ T cells (CD69+, G), and activated CD4+ T cells (CD69+, H) in lymph nodes on days 3 and 7
by FCM analysis. Quantification of activated DCs (CD86+MHCII+CD11c+, I) and M2 phenotype macrophages (CD206+, J) in tumors on day 11
by FCM analysis. (K) Cytokines and chemokines secreted in tumor and serum of mice. Data are depicted as mean ± SD. Statistical significance is
calculated using Student’s t test and one-way ANOVA analysis. Differences in survival are determined using the Kaplan−Meier method, and the
overall p value is calculated by the log-rank test. *p < 0.05, **p < 0.005, and ***p < 0.0005.
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results suggest a trafficking of DCs and T cells and a continued
activation of T cells within the lymph nodes. The activity levels
of immune cells within the tumors are analyzed using FCM on
day 11 to profile the changes in the TME. The results show
that intratumoral activated DCs remain 1.40-fold higher than

the PBS group (Figure 5I), indicating the immune-activating
effect of IC + IP@Gel. Additionally, there is a 26.9% decrease
in the number of M2 phenotype macrophages after treatment
with IC + IP@Gel (Figure 5J). Furthermore, the secretion of
cytokines and chemokines in serum and tumor is evaluated

Figure 6. Antitumor effect on postsurgical MC38 model. (A) Schedule for tumor cell inoculation, surgical resection, hydrogel injection, immune
response analysis, tumor rechallenge, and antitumor effect evaluation. (B) The average tumor growth curves of mice (n = 9). (C) The tumor
growth curves of individual animals. (D) The survival curves of mice in different groups. (E) H&E staining and if staining images of hydrogel within
the tumor. The dashed line represents the implanted gel. (F) H&E staining of tumors. Scale bar: 20 μm. (G) IF staining images and (H)
quantitative analysis of infiltrated T cells (CD3+), secretion of GrB, infiltrated DCs (CD11c+), and M2 phenotype macrophages (CD206+) in
tumors on day 13. Scale bar: 20 μm. (I) Quantitative analysis of Tem cells in the spleens on day 90 using FCM. Data are depicted as mean ± SD.
Statistical significance is calculated using Student’s t test and one-way ANOVA analysis. Differences in survival are determined using the Kaplan−
Meier method, and the overall p value is calculated by the log-rank test. *p < 0.05, **p < 0.005, and ***p < 0.0005.
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using Luminex on days 7 and 11 (Figure 5K). Most cytokines
and chemokines in the blood show no apparent changes after
IC + IP@Gel injection. In tumoral tissues, the injection of IC
+ IP@Gel stimulates the production of TNFα (2.8-fold
increase) and IP10 (3.6-fold increase) to exert antitumor
activity 7 days post-treatment. Moreover, the concentrations of
cytokines and chemokines such as IL6 (19.1-fold increase),
TNFα (2.2-fold increase), IFNγ (50.8-fold increase), gran-
ulocyte-macrophage colony-stimulation factor (GM-CSF, 41.3-
fold increase), IP10 (4.6-fold increase), CC-chemokine ligand
3 (CCL3, 2.6-fold increase), and C−X−C motif chemokine
ligand 11 (CXCL11, 17.3-fold increase) further increase in the
following 4 days. These factors contribute to inhibiting tumor
angiogenesis and proliferation, the facilitation of immune cell
migration, and the correct function of CD8+ T cells.50,60−62

These observations suggest that local implantation of IC +
IP@Gel could reprogram the immunosuppressive TME and
enhance the antitumor T cell responses while minimizing
systemic toxicity.
The efficacy of IC + IP@Gel for the treatment of

postsurgical tumor recurrence is also evaluated using the
MC38 tumor model (Figure 6A). The body weights of mice
are not affected by surgery or local treatments (Figure S31).
All mice treated with PBS and blank gel developed fast tumor
recurrence. Mice treated with anti-PD-L1 alone slow tumor
growth but experience fast tumor recurrence during the
treatment-free period. In contrast, mice receiving IC + IP@Gel
and IC + INP@Gel show a greater ability to suppress tumor
growth (Figure 6B,C) and prolong survival time (Figure 6D)
in comparison to the other groups, indicating a potent ability
of hydrogel adjuvant to resist tumor recurrence.
Due to the superior response of animals to IC + IP@Gel

treatment compared to the PBS group, we analyzed the
infiltration of immune cells using H&E and IF staining of
tumor tissue on day 13. The remaining gel within the tumors
could be observed in the H&E staining image. Following IC +
IP@Gel treatment, IF images show the colocalization of GrB
staining with regions of CD3+ staining, the release of GrB into
the extracellular space, and its localization in the gel region
(Figure 6E). This result is essential for the controlled release of
IMDQ. The treatment with hydrogel adjuvant induces
histological changes, including the appearance of apoptotic
cells and necrotic cells (Figure 6F). Furthermore, the IF
staining images demonstrate that IC + IP@Gel-treated tumors
exhibit a higher number of infiltrated T cells (1.78-fold
increase), enhanced secretion of GrB (3.13-fold increase), and
a 3.93-fold increase in DC levels compared to the PBS group
(Figure 6G,H). The treatment of IC + IP@Gel leads to a 2.28-
fold increase in GrB secretion than the treatment with anti-PD-
L1 alone (Figure S32). This result suggests enhanced cytotoxic
activity of immune cells in the IC + IP@Gel-treated tumors. In
addition, the percentage of the immunosuppressive M2
phenotype cells in the IC + IP@Gel-treated mice decrease
by 80.1% relative to the PBS group (Figure 6G,H), indicating a
positive association with the tumoricidal microenvironment.
Encouragingly, complete tumor rejection is observed in 33%

of mice in the IC + IP@Gel group within 45 days, while
continuous tumor recurrence occurs and all mice die within 47
days in the IC + INP@Gel group, suggesting that IC + IP@
Gel is more effective in achieving long-term tumor suppression
(Figure 6D). This observed outcome is probably associated
with the release of immunomodulators from IC + IP@Gel.
These immunomodulators have the potential to enhance the

penetration into the tumor, thereby promoting the activation
and expansion of immune cells rather than limiting their
activation within the hydrogel. Tumor-free mice are
rechallenged with MC38 cells on the contralateral side of the
primary tumors to assess the establishment of immune
memory. After surveillance for another 45 days, no tumor
recurrence could be found, indicating the establishment of
long-term immunity against tumor recurrence after local
injection of IC + IP@Gel. 90 days after treatment, the spleens
and peripheral blood are collected and analyzed by using FCM
to examine memory immune cells. In the spleens of IC + IP@
Gel-treated mice, there is a significant increase in the
percentages of CD4+ Tem (1.68-fold increase) and CD8+

Tem (4.61-fold increase) cells compared to the mice of the
same age (Figure 6I). Meanwhile, mice injected with hydrogel
adjuvant did not exhibit any obvious changes in the
composition of immune cells in their blood (Figure S33),
indicating that the local treatment has no effect on the immune
cell population in the bloodstream.

These results collectively suggest that IC + IP@Gel
treatment promotes a favorable immune environment
characterized by increased DC activation and T cell infiltration,
enhanced secretion of cytotoxic molecules like GrB, and
reduced presence of immunosuppressive M2 phenotype cells.
Moreover, IC + IP@Gel treatment also induces the generation
of memory immune cells. These changes contribute to the
establishment of a tumoricidal microenvironment that is
favorable for inhibiting tumor growth, promoting antitumor
immune responses, and ultimately leading to long-term tumor
suppression.

■ CONCLUSION
In summary, this work describes a GrB-responsive adjuvant
leveraging peptide-based hydrogel depot technology to
improve the effectiveness of postsurgical immunotherapy.
This system releases the immunomodulator into its free form
in response to the limited secretion of GrB during
immunotherapy. The hydrogel adjuvant activates the immune
response and further enhances the secretion of GrB. This dual
mechanism of action helps to amplify and expand the
antitumor immune responses at disease sites, leading to an
enhanced therapeutic effect and establishing long-term
immunity while minimizing immune-related toxicity. The
GrB-activating system provides an intelligent strategy for
adjuvants to activate locally, thus improving the effectiveness
and safety of immunotherapy.
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